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Editorial on the Research Topic 
Apoptosis Induction/Suppression: A Feasible Approach for Natural Products to Treatment of Diseases

Apoptosis is recognized as the most important form of programmed cell death, which is involved in normal cell development, organ growth, and tissue homeostasis in multicellular organisms. Under normal conditions, there is a balance between cell death and proliferation every day in the human body, but the damage of this balance can cause some serious diseases.
There are two different case scenarios: 1) uncontrolled cell proliferation and insufficient cell apoptosis would result in cancers and autoimmune diseases; 2) excessive apoptosis in normal cells, in particular neural cells or cardiomyocytes, would lead to neurodegenerative diseases, such as Alzheimer’s disease and Parkinson’s disease, and ischemia injuries, such as myocardial infarction and stroke. Therefore, regulation of cell apoptosis is a useful strategy for the treatment of various diseases, especially cancers. Currently, increasing evidence has suggested that natural products derived from plants, animals, microorganisms, and minerals are beneficial for controlling some incurable and life-threatening diseases via regulating apoptosis, such as cancers, Alzheimer’s disease, Parkinson’s disease, stroke, etc.
The research topic “Apoptosis Induction/Suppression: A Feasible Approach for Natural Products to Treatment of Diseases” provide an academic platform to discuss the novel signal molecules for the apoptosis-related signal pathway, and how natural products can be used to treat several types of diseases through induction or suppression of apoptosis.
NATURAL PRODUCTS INDUCE APOPTOSIS IN TUMORS
Previous evidence suggested that the leading reasons for the development of cancers are closely related to the uncontrolled cell proliferation and insufficient apoptosis of cancer cells, therefore it’s no doubt that induction of apoptosis is an ideal strategy for treating and controlling different types of cancers. Tang et al. presented a review of the Tibetan herbal medicine for treating cancers by targeting apoptosis, and another review by Gan et al. summarized the plant polysaccharides which could be beneficial for controlling or treating different types of cancers by induction of apoptosis. In addition, Tian et al. gave a review regarding the anticancer effect of herbal medicine on colitis-associated cancer via induction of apoptosis. Besides, Lu et al. also reviewed the pharmacological effects of brucine, and found that this compound has promising antitumor effects against various cancers via apoptosis induction. Similarly, Zhang et al. indicated another known natural compound called matrine can also elicit apoptosis in different types of cancer cells. Using network pharmacology approach, Zhang et al. investigated the anti-lung cancer effect of active constituents from Rheum palmatum which is a known traditional herbal medicine widely used in China, and found that induction of apoptosis is the leading cause for the antitumor properties of this herbal medicine. Breast cancer is a life-threatening one in women with a high incidence rate, Saleem et al. investigated the anticancer effect of a natural monomer named Proscillaridin A, and the results suggested that this natural compound can induce apoptosis in breast cancer cells and the cell death is improved by blocking JNK-induced autophagy. Another paper by Peng et al. reported that the isoliquiritigenin derivative of 3′,4′,5′,4″-tetramethoxychalcone could treat the triple-negative breast cancer via inducing apoptosis. Xie et al. reported that alkaloids extracted from Moringa oleifera can inhibit prostate cancer cells growth related to apoptosis induction Yu et al. revealed that cantharidin induces apoptosis in acute myeloid leukemia cells by Nur77 related signaling pathway. Furthermore, Li et al. reported that eriodictyol inhibits the proliferation and metastasis of glioma cells by apoptosis induction via PI3K/Akt/NF-κB signaling pathway.
NATURAL PRODUCTS INHIBIT APOPTOSIS IN OTHER DISEASES
In contrary to cancers, anti-apoptosis is beneficial for treating some other disorders, such as ischemia-reperfusion (I/R) injury related diseases, bone loss related diseases, etc. Tian et al. investigated the effect of a Chinese herbal formula named Sanqi oral solution on renal I/R injury, and found that this herbal formula can ameliorate the renal IR injury via reducing apoptosis and enhancing autophagy which is involved in the ERK/mTOR pathway. Another study by Zhang et al. reported that a natural monomer of Aucubin can attenuates liver I/R injury by inhibiting inflammatory response, oxidative stress, and apoptosis. In addition, Li et al. gave a review regarding role of the mammalian mitochondrial permeability transition pore (MPTP) in the neuronal apoptosis of ischemic stroke, and suggested that MPTP is a potential target of herbal medicines for stroke treatment by apoptosis inhibition.
In the present topic, some scientific evidence also showed that natural herbal medicine could be used to treat bone loss related diseases. Wei et al. reported that betulinic acid can inhibit bone loss in ovariectomized mice and suppress RANKL-associated osteoclastogenesis by inhibition of the MAPK and NFATc1 pathways. Similarly, Zhan et al. and Ai et al. reported, respectively that vindoline and theaflavin-3,3′-Digallate can also inhibit RANKL-induced osteoclastogenesis and prevent ovariectomy-induced bone loss in mice by suppressing MAPK activation and ROS production. Sun et al. studied the effect of pregnenolone on osteoclast in vivo and in vitro, and found that this natural compound can inhibit osteoclast differentiation, LPS-induced inflammatory bone destruction, and ovariectomy-induced bone loss in mice. Furthermore, Wu et al. suggested that salvianolic acid A possesses anti-osteoarthritis potentials in mice via inhibiting the apoptosis of mouse chondrocytes.
Interestingly, in our topic, some researchers reported that natural agents are also beneficial for improving some complications of diabetes. Wang et al. reported that scutellarin can inhibit apoptosis in the liver of STZ-induced T2DM rats and in cultured LO2 cells treated with homocysteine. In addition, Wu et al. reported hyperoside could ameliorate diabetic retinopathy related to inhibiting apoptosis in rat retinal vascular endothelial cells (RVECs) induced by high glucose. Xie et al. studied the protective effect of ginsenoside Re on RF/6A cells, and found that this compound could reduce high-glucose-induced RF/6A injury through apoptosis inhibition via regulation of PI3K/Akt and HIF-1α/VEGF signaling pathways.
Besides, in our present topic, Fang et al. reported quercetin can attenuate d-GaLN-induced L02 cell injury by inhibition of oxidative stress and mitochondrial apoptosis. Shen et al. found that the extract of Erhuang formula, a Chinese herbal prescription, can improve renal fibrosis in diabetic nephropathy rats through inhibition of fibroblast proliferation and decrease of the expression of inflammation and fibrosis related factors. Liu et al. studied the Chinese herbal medicine formula of Sanhuang Xiexin decoction, and found that this formula could reduce the endotoxemia induced apoptosis.
We believe that our present topic shows the latest scientific research on regulation of apoptosis for natural products to treat different types of diseases, including fundamental theory and experiments in vitro and in vivo. These investigations suggest that apoptosis induction/suppression might be beneficial in the control of various diseases, including tumors, ischemia-reperfusion (I/R) injury related diseases, bone loss related diseases, complications of diabetes, etc. However, in the present research, some other important apoptosis related diseases have not been mentioned, such as the neurodegenerative diseases (Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease), autoimmune diseases (rheumatoid arthritis and lupus erythematosus), etc. Therefore, more investigations should be devoted in exploration of novel natural products with curative activities in neurodegenerative diseases, autoimmune diseases via apoptosis induction/suppression.
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Osteolytic bone diseases, for example postmenopausal osteoporosis, arise from the imbalances between osteoclasts and osteoblasts in the bone remodeling process, whereby osteoclastic bone resorption greatly exceeds osteoblastic bone formation resulting in severe bone loss and deterioration in bone structure and microarchitecture. Therefore, the identification of agents that can inhibit osteoclast formation and/or function for the treatment of osteolytic bone disease has been the focus of bone and orthopedic research. Vindoline (Vin), an indole alkaloid extracted from the medicinal plant Catharanthus roseus, has been shown to possess extensive biological and pharmacological benefits, but its effects on bone metabolism remains to be documented. Our study demonstrated for the first time, that Vin could inhibit osteoclast differentiation from bone marrow macrophages (BMMs) precursor cells as well as mature osteoclastic bone resorption. We further determined that the underlying molecular mechanism of action of Vin is in part due to its inhibitory effect against the activation of MAPK including p38, JNK, and ERK and intracellular reactive oxygen species (ROS) production. This effect ultimately suppressed the induction of c-Fos and NFATc1, which consequently downregulated the expression of the genes required for osteoclast formation and bone resorption. Consistent with our in vitro findings, in vivo administration of Vin protected mice against ovariectomy (OVX)-induced bone loss and trabecular bone deterioration. These results provided promising evidence for the potential therapeutic application of Vin as a novel treatment option against osteolytic diseases.




Keywords: vindoline, MAPK, osteoclast, osteoporosis, NFATc1



Introduction

Bone is a dynamic tissue that constantly undergoes remodeling via osteoblastic bone formation and osteoclastic bone resorption (Saito et al., 2019). This balanced homeostatic process ensures the continuous renewal and repair of bone tissue keeping it in an optimal working condition. Inevitably, various circumstances including environmental, physical, chemical, or metabolic changes can shift this balance towards elevated bone resorption, leading to excessive bone loss and deterioration of bone architecture (Del Puente et al., 2015). Compromised bone stability and bone strength often leads to increased fracture risks that seriously affect the quality of life and increase mortality rate of suffering patients (Xi et al., 2019). Postmenopausal osteoporosis is the most common form of osteoporotic bone loss, where one-third of the women over the age of 50 and more than 200 million people worldwide suffered from the disease (Reginster and Burlet, 2006; Harvey et al., 2010; Rachner et al., 2011).

Osteoclast differentiation from monocytic precursors of the hematopoietic stem cell lineage is a sequential process under the control of two key cytokines, macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-κB ligand (RANKL) (Teitelbaum, 2007). Binding of RANKL to receptor RANK on monocytic precursors initiates the activation of downstream signaling pathways and second messengers systems of which MAPK and nuclear factor-κB (NF-κB) pathways are most prominent (Asagiri and Takayanagi, 2007). These pathways synergistically induce the expression and activation of transcription factors, c-Fos and NFATc1, the latter is the definitive factor governing osteoclast differentiation (Takayanagi et al., 2002). Many osteoclast marker genes including those involved in osteoclast fusion and bone resorption are under the transcriptional control of NFATc1 (Sundaram et al., 2007). Hence, the RANKL-RANK signaling axis has been the prime target for identification or development of inhibitory agents for the therapeutic application in osteolytic conditions such as osteoporosis.

There have been growing interests in the search for naturally derived chemical agents and compounds that possess anti-osteoclastogenic and/or anti-resorptive properties in recent years. Vin is an indole alkaloid extracted from the medicinal plant Catharanthus roseus which has been shown to have anti-tumor, anti-diabetic, anti-apoptotic, anti-oxidant, and anti-inflammatory effects (Rasineni et al., 2010; Goboza et al., 2019). In spite of its impressive repertoire of biological benefits, the effect of Vin on osteoclast remains to be determined. Our present study found that Vin attenuated BMM-derived osteoclast formation as well as mature osteoclast bone resorptive function in vitro. Mechanistically we determined that Vin suppressed the activation of all three MAPK signaling pathways and intracellular ROS production consequently resulting in the repression of c-Fos and NFATc1 expression. Using a well-established model of ovariectomy (OVX)-induced bone loss in mice, we provided further evidence that Vin administration protected mice from the harmful effect of OVX on bone. In conclusion, these results provided evidence for the potential therapeutic application of Vin in osteolytic bone diseases such as osteoporosis.



Materials and Methods


Chemicals, Media, and Reagents

Compound Vin with a purity >98% was obtained from Chengdu Must Bio‐Technology Co., Ltd (Chengdu, Sichuan Province, China). α‐modified minimal essential medium (α‐MEM), penicillin–streptomycin solution and fetal bovine serum were purchased from Gibco (Thermo Fisher Scientific, Waltham, MA, USA). Cell Counting Kit‐8 (CCK-8) was bought from Sigma‐Aldrich (St Louis, MO, USA). The high affinity actin probe Rhodamine-conjugated phalloidin was from Molecular Probes (Eugene, OR, USA). RANKL and M-CSF were bought from PeproTech (Princeton, NJ, USA). All primary antibodies and second antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). Reactive Oxygen Species (ROS) Assay Kit was acquired from Beyotime Institute of Biotechnology (Jiangsu, China).



Osteoclast Culture and Differentiation Assay

Bone marrow macrophages (BMMs) were obtained by marrow flushing of femur and tibia excised from 6-week-old C57BL/6 mice. BMMs were cultured in α-MEM supplemented with 10% FBS, 1% penicillin-streptomycin solution, and 50 ng/ml M-CSF (referred to as complete α-MEM). Media were replenished every 2 days and the adherent BMMs were considered as osteoclast precursor cells that were used for subsequent experiments. For osteoclast differentiation, BMMs were seeded in the medium at a density of 6×103 cells/well and were allowed to adhere to the well surface overnight. The cells were then stimulated with 100 ng/ml RANKL without (mock control) or with various concentrations of Vin (1.25, 2.5, 5, or 10 μM). Media containing RANKL and Vin were replenished every 2 days for 5 days. Then the cells were stained for tartrate-resistant acid phosphatase (TRAP) activity assay. Micrographs of TRAP-stained cells were acquired using a light microscope, and the number and area of osteoclasts were quantified using ImageJ software (NIH, Bethesda, MD, USA).



Cytotoxicity Assay

The cytotoxic effect of Vin on BMM cell viability was examined using the CCK-8 Assay Kit. Briefly, BMMs seeded in 96-well plates in triplicates were treated without (mock control) or with different concentrations of Vin (1.25, 2.5, 5, 10, 20, or 40 μM) for 48 h. The cells were then incubated with CCK-8 reagent for 2 h, and the absorbance at the wavelength of 450 nm was measured using a Multiskan Spectrum microplate spectrophotometer (Thermo Fisher Scientific).



Intracellular ROS Generation Assay

Intracellular ROS production following RANKL stimulation was determined using DCFDA cellular ROS Assay Kit as per manufacturer's instruction and as previously described with minor modifications (Bae et al., 1997; Lee et al., 2005). In brief, BMMs were stimulated with RANKL without or with 5 or 10 μM of Vin for 48 h. Cells were washed quickly and then incubated with dichloro-dihydro-fluorescein diacetate (DCFH-DA) diluted 1:1,000 in HANKS buffer for 40 min. The oxidative conversion of DCFH-DA to highly fluorescent DCF by ROS was detected under fluorescence microscope. The mean fluorescence intensity was analyzed using ImageJ software (NIH).



Podosomal F-Actin Belt Immunofluorescence

To determine whether Vin affects the actin cytoskeleton, we performed F-actin staining on BMM-derived osteoclasts stimulated with RANKL without (mock control) or with 5 or 10 μM of Vin treatment for 5 days. After fixation with 4% paraformaldehyde (PFA) and permeabilization with 0.1% Triton X-100, cells were then stained with Rhodamine-conjugated phalloidin for 1 h. Nuclei were counterstained with DAPI for 5 min. Fluorescence images were acquired on a fluorescence microscope.



In Vitro Hydroxyapatite Resorption Assay

M-CSF-dependent BMMs were induced to form pre-osteoclasts by stimulation with RANKL for 3 days. The cells were then collected and reseeded in hydroxyapatite coated OsteoAssay plates (Corning Inc, Corning, NY, USA). Cells were allowed to settle and adhere to wells before treatment without (mock control) or with 5 or 10 μM of Vin. The treatment maintained for 48 h, with changing media once during the treatment. Finally, after the cells were removed, the resorption pits were observed under optical microscope and the percentage of the resorption area in the total area was quantified by ImageJ software.



Quantitative Real-Time Polymerase Chain Reaction (qPCR)

BMMs were cultured in 6-well plates and stimulated with RANKL with or without the addition of 5 or 10 μM of Vin for 5 days until the mature osteoclasts were observed in the Vin-free control group. Total RNA was extracted using TRIzol reagent (Life Technologies, Carlsbad, CA, USA). RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was used to reversely transcribe to complementary DNA (cDNA) from 1 μg of extracted total RNA in accordance with manufacturer's protocol (Thermo Fisher Scientific, Scoresby, Australia). cDNA was then used as template for qPCR using SYBR Green PCR Master Mix. Specific primers sequences were shown in Table S1 (Supplementary Material). The expression of these genes was normalized to the expression of internal housekeeping gene GAPDH using 2−ΔΔCT method.



Protein Extraction and Western Blot Assay

To examine the effects of Vin on early events of RANKL-activated signaling pathways, BMMs were serum-free starved for 3 h, pretreated without or with 10 μM Vin for 1 h, and then stimulated with 100 ng/ml RANKL for 5, 10, 20, 30 or 60 min. For late RANKL-activated signaling events, BMMs were stimulated with RANKL in the absence or presence of 10 μM Vin for 1, 3, or 5 days. The cells without RANKL and Vin treatment were used as untreated 0 time point control. The total cellular proteins (TCPs) were extracted and then separated by SDS-PAGE gel and transferred onto nitrocellulose membranes (Thermo Fisher Scientific, Shanghai, China). Membranes were blocked for non-specific immunoreactivity by incubation in 5% BSA for 1 h and then incubated with primary antibodies for 12 h with gentle shaking. After extensive washes, membranes were incubated with corresponding secondary antibodies for 1 h in the dark. Western blot images were acquired on an ImageQuant LAS-4000 System (GE Healthcare, Chicago, IL, USA).



Murine Model of Ovariectomy

All experiments were approved by the Ethics Committee of Guangxi Medical University. All animal experiments and surgical procedures were performed according to the guidelines of the Animal Care Committee of Guangxi Medical University. Twenty-four 11-week-old C57BL/6J female mice were randomly divided into 4 groups (6 mice in each group): Sham-operated (with normal saline injection), bilateral OVX group (with normal saline injection), OVX + low-dose Vin group (5 mg/kg body weight), and OVX + high-dose Vin group (10 mg/kg body weight). All mice were anesthetized with a solution of chloral hydrate, and received sham or OVX operation where a 0.5–0.8 cm incision was made along the midline of the back to remove the ovaries and part of the fallopian tube. Seven days later post-operation, mice were intraperitoneally injected every other day with either normal saline (Sham and OVX groups) or with Vin (low- and high-dose groups) for 6 weeks. Finally, all mice were sacrificed and tibias were resected for micro computed tomography (micro-CT) and histological assessment.



Micro-CT Analyses

Three-dimensional (3D) reconstructions of the tibial bone from each group were generated from images acquired on a high-resolution SCANCO μCT100 scanner (SCANCO Medical AG, Brüttisellen, Switzerland). A square region of interest (ROI) 0.5 mm below the growth plate were selected for analysis. The following morphometric parameters of bone volume to total volume (BV/TV), trabecular number (Tb. N), trabecular separation (Tb. Sp) and trabecular thickness (Tb. Th) were analyzed by SCANCO Evaluation software V6.5.3.



Histology and Histomorphometry Assessments

Following micro-CT analyses, tibias were decalcified with 12% EDTA and were embedded in paraffin blocks, which were then cut into sequential 5 μm sections for staining to detect TRAP activity. Sections were imaged under light microscopy at 40× and 100× magnification.



Statistical Analysis

In this study, all data obtained from three or more independent experiments were analyzed by Student' s t-test and presented as mean ± standard deviation (SD). The results with p-values < 0.05 were considered to be statistically significant (95% confidence interval).




Results


Vin Attenuated Osteoclast Differentiation and Intracellular ROS Production In Vitro

We first evaluated the cytotoxic effects of Vin (chemical structure shown in Figure 1A) on BMM cells. According to the result, Vin had no effect on BMM cell viability even at concentrations of up to 40 μM (Figure 1B). We next examined the effect of Vin on osteoclast differentiation. Large “pancake”-shaped multinucleated cells (≥3 nuclei) were considered as mature osteoclasts, which were intensely stained for TRAP activity when stimulated with RANKL, and the number of TRAP-positive osteoclasts decreased in a dose-dependent manner as the concentrations of Vin increased (Figures 1C–D). Interestingly, Vin appeared to also inhibit the size (measured in terms of % area) of osteoclasts formed (Figure 1E), suggesting that Vin may interfere with fusogenic process of monocytic precursors during osteoclast formation. We also evaluated the effects of Vin on osteoblasts. ALP staining showed no difference between the treatment and control groups. These results indicated that Vin had no effects on osteoblasts (Supplementary Figure 1).




Figure 1 | Vin attenuated RANKL‐induced osteoclast formation in vitro. (A) The chemical structure and formula of Vin. (B) Effect of Vin on BMM cell viability. M-CSF-dependent BMMs were treated with indicated concentrations Vin for 48 h and cell viability assessed using the CCK-8 assay (n = 3). (C) Representative light micrographs of the dose-dependent effect of Vin on RANKL‐induced osteoclast formation. M-CSF-dependent BMMs stimulated with 100 ng/ml RANKL without or with indicated of Vin for 5 days were fixed and stained for TRAP activity. BMMs without RANKL stimulation and Vin treatment served as untreated mock controls. (D and E) The number and size (as % area of total well area) of TRAP-positive osteoclasts with 3 or more nuclei were quantified. Data are presented as the mean ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001, relative to RANKL (+) controls. Scale bar, 200 μm.



Previous reports have shown that ROS plays important roles as secondary messengers in the regulation of osteoclast differentiation (Kim et al., 2017). Here we further showed that Vin treatment dose-dependently inhibited intracellular ROS in response to RANKL stimulation without affecting the number of BMMs (Figures 2A–C). In the presence of Vin, the conversion of DCFH-DA to highly fluorescent DCF by ROS was significantly inhibited. Together these data showed that Vin could effectively inhibit RANKL-induced osteoclast differentiation by blocking intracellular ROS production in vitro.




Figure 2 | Vin decreased intracellular ROS generation in BMMs. (A) Representative fluorescence micrograph of the effect of Vin on RANKL-induced intracellular ROS production. M-CSF-dependent BMMs stimulated with RANKL without or with 5 or 10 μM of Vin for 48 h were incubated with DCFH-DA for 40 min and the oxidative conversion of non-fluorescent DCFH-DA to highly fluorescent DCF was detected under fluorescence microscopy. (B) The mean fluorescence intensity of DCF were quantified for each treatment. (C) BMMs per well were counted. All data were confirmed in three independent experiments. Data are presented as the mean ± SD; **p < 0.01, and ***p < 0.001, relative to RANKL (+) controls. Scale bar, 200 μm.





Vin Inhibited Osteoclast Resorptive Function

Next, the effects of different concentrations of Vin on osteoclast function were evaluated. Mature osteoclasts were first stained with Rhodamine–phalloidin to assess morphological changes to actin cytoskeletal structure. The F-actin ring is a critical structure of actively resorbing osteoclasts derived from the reorganization of the inactive podosomal actin belt that circumscribes the cell periphery of mature osteoclasts. As shown in Figure 3, Vin treatment results in drastic reduction in the size of the podosomal belt consistent with the effect on osteoclast size observed in Figure 1E (Figures 3A, B). We also observed from the immunofluorescence images that a reduction in multinucleation in cells treated with Vin when compared to RANKL-treated only controls (Figure 3C) which further suggests that Vin inhibits precursor cell fusion.




Figure 3 | Vin inhibited mature osteoclast bone resorption in vitro. (A) Representative fluorescence micrographs for the effect of Vin on podosomal F-actin belt formation. BMM-derived osteoclasts stimulated with 100 ng/ml RANKL in the absence or presence of Vin (5 or 10 μM) for 5 days were fixed and actin cytoskeleton stained with Rhodamine-conjugated Phalloidin (red). Nuclei were counterstained with DAPI (blue). (B) Quantification of the osteoclasts treated with the indicated concentrations of Vin. (C) Quantification of the nuclei number per osteoclast. (D) Representative light micrographs of the effect of Vin on the resorptive activity of osteoclasts cultured on hydroxyapatite-coated culture plates. Equal number of pre-osteoclasts stimulated with 100 ng/ml RANKL for 3 days were seeded onto OsteoAssay plates and then treated without or with Vin (5 or 10 μM) for further 48 h. Cells were then removed and resorption pits visualized under light microscopy. (E) The percentage of resorption pit area relative to total well area was quantified for each experimental condition; (n = 3). Data are presented as the mean ± SD. **p < 0.01, and ***p < 0.001, relative to RANKL (+) or ‘0' control. Scale bar, 200 μm.



Given that Vin impaired podosomal actin belt formation a prerequisite for osteoclast function, we hypothesized that Vin would also block osteoclast bone resorption. To this end, osteoclast were cultured on hydroxyapatite coated OsteoAssay plates. After 48 h of treatment with or without different concentrations of Vin, resorptive activity of treated osteoclasts were assessed. As shown in Figures 3D, E, osteoclasts treated with Vin exhibited significantly reduced ability to effectively resorbed the hydroxyapatite coating. Compared to the control group, where osteoclasts resorbed 40% of total well area, osteoclasts treated with 5 μM of Vin resorbed only 20% of the total well area, whereas 10 μM Vin treatment reduced this down to only 5%. These results indicated that Vin can effectively inhibit mature osteoclast bone resorptive function.



Vin Blocked RANKL‐Induced Early Activation of MAPK and Subsequent Downstream Induction of NFATc1 During Osteoclast Formation

RANKL binds to the receptor RANK activates a cascade of signaling events via the adaptor protein TRAF6 and second messenger systems such as ROS (Boyle et al., 2003; Callaway and Jiang, 2015). Of the signaling pathways activated, NF-κB and MAPK are important in early phase of osteoclast differentiation process (Takayanagi, 2005). Hence we analyzed the impact of Vin treatment on the early activation of these two signaling cascades. The results revealed that the activation phosphorylation of ERK, JNK and p38 occur within minutes of RANKL stimulation–within 10 min and lasting 20 min for ERK, and within 5 min and lasting 60 min for both JNK and p38 (Figures 4A, B). On the other hand, Vin treatment significantly blocked the phosphorylation of all three MAPK members (ERK, JNK, and p38) (Figures 4A, B). The activation of NF-κB signaling involves the degradation of inhibitory IκBα which functions to retain p65/p50 NF-κB subunits in the cytoplasm. The degradation of IκBa occurs within minutes of RANKL stimulation and lasting for over 30 min (Figures 4C, D). During this time p65 is activated by phosphorylation enabling it to translocate from the cytoplasm to the nucleus to initiate transcription of target genes. Unlike the inhibitory effect on MAPK signaling, Vin treatment did not affect IκBα degradation and p65 activation phosphorylation. In conclusion, Vin had little effect on the NF-κB pathway but inhibited the RANKL-induced MAPK signaling pathway in osteoclasts.




Figure 4 | Vin blocked RANKL‐induced activation of MAPK signaling and subsequent NFATc1 induction. (A) Representative immunoblots for the effect of Vin on RANKL-induced phosphorylation of ERK, JNK, and p38 MAPKs. Total cellular proteins from BMM pretreated without or with 10 μM Vin for 1 h, and then stimulated with 100 ng/ml RANKL for 0, 5, 10, 20, 30, or 60 min were subjected to western blot analyses using specific antibodies against total and phosphorylated forms of ERK, p38, and JNK. (B) Relative changes in the phosphorylation status of ERK, JNK, and p38 relative to their respective total protein counterpart were quantified by densitometry; (n = 3). (C) Representative immunoblots for the effect of Vin on RANKL-induced degradation of IκBα and phosphorylation of NF-κB p65. Total cellular proteins from experimental conditions above were analyzed by western blot using specific antibodies against IκBα, and total and phosphorylated forms of p65. (D) Relative changes in the phosphorylation status of p65 relative to total p65, and total protein levels of IκBα relative to β-actin were quantified by densitometry; (n = 3). (E) Representative immunoblots for the effect of Vin on RANKL-induced expression of c-Fos and NFATc1. Total cellular proteins from BMM stimulated with RANKL without or with 10 μM Vin for 0, 1, 3, or 5 days were subjected to western blot analyses using specific antibodies against c-Fos and NFATc1. (F) Relative expression of c-Fos and NFATc1 relative to β-actin were quantified by densitometry; (n = 3). β-actin was used as internal loading control for all experimental conditions. Data are presented as the mean ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001.





Vin Repressed the Induction of NFATc1 and Expression of NFATc1 Target Genes

Next, protein extracts from BMM-derived osteoclasts treated without or with Vin for 1, 3, or 5 days were examined for the expression of c-Fos and NFATc1. As shown in Figure 4E, the induction of c-Fos at day 1 following RANKL stimulation precedes that of NFATc1 induction which occurs around day 3 and lasting throughout osteoclastogenesis. This expression pattern of NFATc1 coincides with the period where monocytic precursor cells are undergoing cellular fusion and maturation into multinucleated osteoclasts. In line with the blockade in MAPK signaling, both c-Fos and NFATc1 were significantly repressed following Vin treatment (Figures 4E, F).

Consistent with repression of NFATc1 induction, the expression of NFATc1, CTSK, MMP9, and TRAP were similarly downregulated following Vin treatment (Figures 5A–D) further strengthening the evidence that Vin is an effective inhibitor of osteoclast formation and function. Collectively our biochemical analysis provides a better understanding on the mechanism by which Vin inhibited osteoclast formation and function, i.e. via the blockade of MAPK activation and repressing NFATc1 induction.




Figure 5 | Vin reduced the expression of osteoclast marker genes. (A–D) Real-time qPCR was performed on RNA extracted from cells stimulated with 100 ng/ml RANKL without or with indicated concentrations of Vin for 5 days. The expression levels of CTSK, MMP9, NFATc1, and TRAP were normalized to GAPDH and then compared to RANKL (+) or “0” control to obtain relative fold change; (n = 3). Data are presented as the mean ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001.





Vin Lessened the Deleterious Effect of OVX-Induced Bone Loss in Mice

With promising in vitro results, we next established an in vivo OVX model to further validate the effect of Vin on osteoclast activity. Estrogen deficiency-mediated bone loss underlies postmenopausal osteoporosis in humans. Here in our murine model, 6-weeks after bilateral OVX, compared with Sham-operated mice, micro-CT 3D reconstructions of tibial bones showed marked reduction in bone volume and significant deterioration in trabecular bone architecture in experimental OVX mice (Figure 6A). On the other hand, Vin administration in particular high-dose (10 mg/kg body weight) treatment, considerably lessened the deleterious effect of OVX, protecting mice against bone loss and trabecular bone changes. Quantitative morphometric analysis of bone volume (BV/TV), and trabecular bone parameters (Tb. N, and Tb. Sp) further confirmed our micro-CT findings (Figures 6B–E). However, no significant effect was measured for Tb. Th in both OVX and OVX + Vin treated mice. By histological assessment of osteoclast number and activity by TRAP, we were able to see that OVX radically induced osteoclast formation and bone resorption when compared to Sham mice and this elevation in osteoclast number and activity was dose-dependently reduced following Vin administration (Figures 6F–H). Thus, taken together, our in vivo data provided additional evidence to support the potential use of Vin in the effective treatment or management of osteoclast-mediated osteolytic bone diseases such as postmenopausal osteoporosis.




Figure 6 | Vin lessened the deleterious effect of OVX-induced bone loss in mice. (A) Representative 3D reconstructions of micro‐CT scans of the tibia from Sham, OVX, OVX + low-dose Vin (5 mg/kg body weight), and OVX + high-dose Vin (10 mg/kg body weight). (B–E) Quantitative analyses of morphometric bone parameters of bone volume to tissue volume (BV/TV), trabecular number (Tb. N), trabecular separation (Tb. Sp) and trabecular thickness (Tb. Th) of each experimental condition. (F) Representative images of decalcified tibial bone tissue from mice in each experimental groups stained for TRAP activity. (G–H) Quantitative analyses of N.Oc/BS and Oc.S/B. Data are expressed as means ± SD. ns: no significance, *p < 0.05, **p < 0.01, and ***p < 0.001 relative to respective control group.






Discussion

Many osteolytic bone disease such as osteoporosis is often caused by elevated osteoclast formation and/or overactivation of bone resorptive activity (Li et al., 2019). This leads to substantial decrease in bone volume, reduced bone density and harmful deterioration of bone microarchitecture that consequently results in increased bone fragility, which is prone to fracture (Johnell and Kanis, 2006; Bartelt et al., 2018). Therefore, osteoclasts remain the primary cellular target for the identification and development of therapeutic agents that are effective in the treatment of osteoporosis. Currently, the therapeutic agents used clinically to treat osteoporosis are selective estrogen receptor modulators (SERMs), Denosumab (anti-RANKL antibody), bisphosphonates, parathyroid hormone, and health supplements including calcium and vitamin D (Cranney et al., 2002; Zur et al., 2018). However, side effects such as nephrotoxicity, osteonecrosis, endometrial cancer risk, and jaw bone necrosis limit the use of these agents (Khan et al., 2017). In recent years, interest in naturally-derived chemical agents and compounds has surged due to their wide range of biological and pharmacological effects, some of which possesses anti-osteoclastogenic and anti-resorptive properties (Chen et al., 2019). Our current study demonstrated that Vin, an indole alkaloid extracted from the medicinal plant Catharanthus roseus, can prevent OVX-induced bone loss in vivo by inhibiting MAPK signaling pathway and intracellular ROS production which consequently represses the induction NFATc1 during osteoclast differentiation.

Efficient osteoclast formation requires timely and unhindered activation of several key signaling pathways throughout the differentiation process (Theill et al., 2002). Of these, the MAPK and NF-κB signaling cascades are activated during the very early phase of RANKL stimulation. In resting unstimulated cells, NF-κB p65/p50 subunit dimers are retained in the cytoplasm (Hansen et al., 1994). Binding of RANKL to receptor RANK rapidly induces IκBα phosphorylation by IκB kinases (IKKs) leading to its subsequent degradation via the proteasomal degradative pathway (Nemeth et al., 2004; Mathes et al., 2008). This allows NF-κB p65 subunit to be activated by phosphorylation and transferred from the cytoplasm to the nucleus to transcriptionally activate the target gene (Xiu et al., 2014). Despite its importance in osteoclast formation, Vin treatment did not inhibit RANKL-induced IκBα degradation or p65 phosphorylation and therefore did not affect the activation of NF-κB signaling.

Concurrent with NF-κB activation, the MAPK signaling cascade consisting of three signaling members ERK, JNK and p38, are also activated by RANKL (Koh et al., 2006). Although all three MAPK members are required for effective osteoclast formation, JNK and ERK have also been shown to modulate osteoclast survival, whilst ERK also plays an important role in maintaining the polarity of osteoclasts during bone resorption (Li et al., 2002). Dephosphorylation of the threonine and/or tyrosine residues by various phosphatases such as dual-specificity MAPK phosphatases (MKPs), serine/threonine phosphatases and tyrosine phosphatases inactivate the activated MAPK (Bardwell et al., 2003). Interestingly, elevated ROS has been shown to inhibit MKPs function via oxidation and in recent years, RANKL-induced intracellular ROS production have been proved to be important second messengers in the regulation of efficient osteoclast formation (Kamata et al., 2005; Yip et al., 2005). We found that Vin treatment resulted in reduced phosphorylation of all three MAPK members and attenuated intracellular ROS production suggesting elevated actions of MKPs could be in part responsible for the inhibition of MAPK activation during RANKL-induced osteoclast formation. However, the exact MKP responsible for this effect will require further exploration.

The expression of c-Fos precedes NFATc1 and plays a role in the induction of NFATc1 via the activator protein-1 (AP-1) transcriptional complex (c-Fos/c-Jun dimers) (Wagner, 2010). Mice deficient in c-Fos or mice over-expressing a dominant negative c-Jun exhibits severe osteopetrosis on account of lack of osteoclast formation demonstrating the importance of the AP-1 transcriptional complex in osteoclast formation (Arai et al., 2012). In our study we showed that cells that were treated with Vin had repressed expression of c-Fos during the early (day 1) and intermediate stages (day 3) of osteoclast differentiation which is consistent with impaired MAPK activation.

The robust expression of NFATc1 during the intermediate and terminal stages of osteoclast differentiation is necessary for NFATc1-dependent transcriptional activation of target genes involved in osteoclast fusion and bone resorption (Kim et al., 2008). We showed in our biochemical and gene expression analysis that the induction of NFATc1 expression was delayed during osteoclast differentiation which consequently resulted in the downregulation of various NFAT-responsive genes involved in osteoclast fusion including CTSK, MMP9, and TRAP. The downregulation of the latter genes was in line with our cellular experiments showing the inhibitory effects of Vin on mature osteoclast bone resorption. We observed decreased formation of podosomal F-actin belt in mature osteoclasts which correlated with impaired hydroxyapatite resorption activity following Vin treatment. Collectively, based on our cellular and biochemical analyses we hypothesize that the underlying mechanism via which Vin depresses osteoclast formation and function is in part due to the suppression of MAPK activation and intracellular ROS production which consequently represses the induction of c-Fos and NFATc1. Nevertheless, a more in-depth analysis of the target and the potential mechanisms of Vin in the osteoclasts is required.

Osteoblasts were the main cells involved in bone formation and sever as an irreplaceable role in maintaining bone mass. Therefore, we investigated the effect of Vin on osteoblasts. Our results indicated that Vin exerts no effect on the differentiation of osteoblasts.

Considering the effect of Vin in vitro, we further examined the potential benefits of Vin treatment in bone loss induced by OVX mice model in vivo. This animal model is a well-established model for the investigation of effects of biological and chemical compounds estrogen deficiency-induced bone loss and closely mimics the characteristics and bone changes associated with postmenopausal osteoporosis (Komori, 2015). Micro CT and morphometric analysis showed that the administration of Vin particularly at high-dose (10 mg/kg of body weight) protected mice against the deleterious effect of OVX by enhancing bone volume and restoring trabecular bone microarchitecture. Histological assessments confirmed our in vitro data, showing that Vin treatment reduced the number of TRAP-positive osteoclasts present in bone suggesting that the protective effect of Vin was in part due suppression of osteoclast-mediated bone destruction. However, given that Vin has been previously reported to possess anti-inflammatory and antioxidant effects, we cannot rule out the possibility that these properties could have contributed to the biological effects of Vin on OVX-induced bone loss. Nonetheless, our study demonstrates for the first time that Vin possesses anti-osteoclastogenic and anti-resorptive properties which can be exploited to our benefit for the management or treatment of osteoclast-mediated osteolytic diseases such as osteoporosis.
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Diabetic nephropathy (DN) is one of the main causes of renal fibrosis and is associated with high morbidity and mortality. Traditional Chinese Medicine (TCM) therapy has a long history of usage in a clinical setting and its usage is increasing. ErHuang Formula (EHF), a Chinese herbal compound, has been clinically used in treating DN for more than 30 years. However, its mechanism of action is still unknown. This study was conducted to evaluate the effect of EHF on renal fibrosis in a DN rat model and explore its underlying mechanism. The DN rat model was established by high-sugar-fat diet combined with a single intraperitoneal injection of streptozotocin (STZ), and EFH extract (4, 2, 1 g/kg d−1) was administered orally for 8 weeks. The biochemical parameters (blood glucose, weight, Scr, BUN, UA, U-Alb and UAE) were analyzed. The pathological changes in renal tissue were observed by histological staining with H&E and Masson. The effect of EHF on the proliferation of NRK-49F cells was examined by CCK-8 assay and the levels of several inflammation and fibrosis related cytokines (IL-6, TNF-α, TGF-β1, Collagen I/III, MMP2/9) in serum and NRK-49F cell culture supernatants were detected by enzyme-linked immunoassay (ELISA). The mRNA levels of CXCL6, CXCR1, Collagen I/III, MMP2/9 in renal tissue were also measured by quantitative RT-PCR. Furthermore, the protein expression of PCNA, Collagen I/III, MMP2/9, CXCL6, CXCR1, p-STAT3, STAT3 in renal tissue and NRK-49F cells were determined by western blot. EHF improved the abnormal biochemical parameters and ameliorated the abnormal histology and fibrosis of renal tissue in a dose-dependent manner. EHF inhibited NRK-49F proliferation and decreased the expressions of inflammation and fibrosis related factors both in vitro and in vivo. Interestingly, the levels of Collagen I/III, PCNA, MMP2/9 and p-STAT3 were positively correlated with CXCL6. The amelioration of renal fibrosis in DN by EHF is related to CXCL6/JAK/STAT3 signal pathway, which is associated with inflammation and fibrosis of the tissue. These findings may have clinical implications for the treatment of DN.
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Introduction

Diabetic nephropathy (DN) is regarded as a microvascular complication of diabetes and represents the leading cause of cardiovascular disease and end-stage chronic kidney disease (Nagaishi et al., 2016). The incidence and prevalence of DN is growing significantly, and approximately 40% patients with diabetes have developed DN and 9% of the adult population is affected globally (Simpson et al., 2016; Alicic et al., 2017) and it has become one of the major threats to public health worldwide. Currently, the treatments of DN include intensive management of lipid, glycemic and blood pressure control as well as renin–angiotensin–aldosterone system blockade (Rossing et al., 2018). Nevertheless, none of these treatments are ideal for the treatment of DN and there is an urgent need to explore alternative therapeutic strategy.

Inflammation is considered a critical initiator in the pathophysiology of DN and several lines of evidence have shown that some cytokines and chemokines, such as nuclear factor-κB (NF-κB), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), transforming growth factor-β (TGF-β) and Soluble C-X-C chemokine ligand (CXCLs), play a vital role in the inflammatory response (Wada and Makino, 2013; Talsma et al., 2018). In addition, fibrosis related factors matrix metalloproteinases (MMPs) and collagen are also of important factors in DN. Therefore, controlling pro-inflammatory or pro-fibrotic mediators might be effective in the treatment of DN.

At present, several pathways are found to be associated with DN progression, such as Janus kinase-signal transducer and activator of transcription (JAK/STAT), PI3K/Akt, Wnt/β-catenin and microRNA-137/Notch1 signaling pathway (Li et al. 2015; Brosius et al., 2016; Han et al., 2018). Among these, JAK/STAT is the prominent pathway which can stimulate excessive proliferation and growth of glomerular mesangial cells, leading to DN (Marrero et al., 2006). Furthermore, increasing the activity of STAT3 or phosphorylated STAT3 (p-STAT3) can promote the proliferation of renal interstitial fibroblasts and the progression of renal fibrosis (Koike et al., 2014). Hence, it is reasonable to expect that inhibition of DN associated signaling pathways can improve the progression of renal fibrosis in DN.

Traditional Chinese Medicine (TCM) has been used for thousands of years for the treatment of a variety of disorders (Wen et al., 2017). This has led to clinical observations which have provided evidence of safety and efficacy of TCM usage including its use in the treatment of DN (Yan et al., 2016; Zhao et al., 2018).

Erhuang Formula (EHF), a Chinese herbal formula, is a hospital preparation of Shanghai Seventh People's Hospital, and has been used for more than 30 years for the treatment of kidney disease (Zhang et al., 2017). EHF is composed of Astragali radix, Rheiradix etrhizoma, Trigonellae semen, Achyranthis bidentatae radix, Vaccariae semen, Smilacis glabrae rhizoma, Curcumae rhizome (Table 1). EHF shows an obvious improvement in patients with chronic renal failure (CRF). We has reported previously that EHF ameliorated renal damage in adenine-induced CRF rats, and the mechanisms might involve in the inhibition of inflammation and fibrotic responses (Zhang et al., 2017). The two main Chinese medicines comprising EHF, A. radix (Huangqi) and R. etrhizoma (Dahuang) have been reported for the treatment of DN (Xu et al., 2011; Liao et al., 2017). However, it is unclear whether EHF exerts an effect on DN. Herein, the high-sugar-fat combined with streptozotocin (STZ)-induced DN rat model and a normal rat kidney fibroblast cell line NRK-49F were used to evaluate the effect of EHF on DN and explore its underlying mechanism of action.


Table1 | Different components of EHF.





Materials and Methods


Preparation of Erhuang Formula

Erhuang Formula (EHF) consists of seven Chinese herbal medicines, viz. Huang Qi, Zhi Da Huang, Hu Lu Ba, Huai Niu Xi, Wang Bu Liu Xing, Tu Fu Ling and E Zhu, which was prepared and purchased (Batch Number: 1412245, 1410211, 2014112503, 1411003, 2014120401, 2014112703, and 1408012, respectively) from Shanghai Chinese Medicine Pharmaceutical Technology Ltd. (Shanghai, China), as reported earlier (Zhang et al., 2017). The airdried herbs identified by authority were powdered and subjected to reflux extraction with 10 times water for 1 h. The aqueous extracts were filtered and collected. The extraction was repeated twice with the method introduced above, and then all the extracts were evaporated to dryness under reduced pressure. Finally, 1 g of prepared EHF extract was equivalent to 5 g of original crude herbs. The pulverized EHF extracts were dispersed and dissolved in stilled water for animal experiments.



High Performance Liquid Chromatography/Mass Spectrometry (HPLC/MS)

The compounds in EHF were analyzed by HPLC/MS, and the specific method of operation was reported previously (Zhang et al., 2017). An Agilent 1100 HPLC system and DAD and an LC/MSD Trap XCT ESI mass spectrometer (Agilent Technologies, MA, USA) were used for analysis. The separation was performed on a GS-120-5-C18-BIO chromatographic column (5 µm, 250 × 4.6 mm i.d.) with the column temperature set at 35 °C. A linear gradient elution of A (0.1% formic acid water) and B (acetonitrile) was used with the gradient procedure as follows: 0 min, B 5%, to 60 min B 40% (v/v). The flow rate was 1.0 ml/min and the injection volume was 10 µl. DAD was on and the target wavelength was simultaneously set at 210 nm. The split ratio to the mass spectrometer was 1:3. The acquisition parameters for negative ion mode were: collision gas, ultra-high purity helium (He), nebulizer gas (N2), 35 psi, drying gas (N2), 10 l/min, drying temperature, 350°C, HV, 3500 V, mass scan range, m/z 100–2,200, target mass, 500 m/z, compound stability, 100%, trap drive level, 100%. All the data were analyzed by Chemstation software.



Animal Experiments


Animal Model Preparation

Male SD rats (160–200 g) were obtained from Shanghai Sippr BK Laboratory Animals Ltd. (Shanghai, China). After feeding high-sugar-fat diet (67% basic feed, 10% lard, 20% sugar, 2.5% cholesterol, and 0.5% sodium cholate) for 8 weeks, the rats were given a single intraperitoneal injection of 35 mg/kg streptozotocin (STZ) (Sigma, S0130, dissolved in 0.01 M citrate buffer, pH 4.5). After 72 h, the rats with fasting and random blood glucose reading of above 13.8 mmol/l and 16.7 mmol/l, respectively, and displaying glycosuria as ++++ were considered diabetic. The DN rat was established when the uromicroprotein exceeded 30 mg/day, this occurred four weeks after STZ injection (Cao et al., 2016).




Experimental Groups and Administration

The DN model rats were randomly divided into DN model group, positive group (Metformin [H44023514], 300 mg/kg), EFH high (4 g/kg), middle (2 g/kg) and low (1 g/kg) dose group. A control group without any treatment was also established and each group contained six rats. The oral gavage of EHF was given once per day at a dose of 10 ml/kg for 8 weeks, while rats in DN model group and control group were orally gavaged daily with equivalent volumes of distilled water. The weight and blood glucose measurements were performed weekly for each group.



Sample Collection

After 8 weeks of EHF administration, urine specimen, blood samples from rat heart and renal tissues were collected and kept for corresponding examination. The urinary albumin concentration (U-Alb), uric acid (UA), urine albumin excretion (UAE), serum creatinine (Scr) and serum urea nitrogen (BUN) and were measured by automatic biochemical analyzer. The level of IL-6, TNF-α, TGF-β1, Collagen I, Collagen III, MMP2 and MMP9 in blood were detected by enzyme linked immunosorbent assay (Elisa). The expression of CXCL6, CXCR1, MMP2/9, Collagen I/III, TGFβ-1, JAK-STAT in renal tissues was determinated by quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) and Western blotting.



Cell Culture

Normal rat kidney fibroblast cell line NRK-49F cells were obtained from the Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai, China) and cultivated in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin solution at 37 °C in 5% CO2 incubator. The cells were observed as adherent cells under the microscope, and the rate of trypan blue staining living cells was over 95%.



CCK-8 Assay

The CCK-8 assay was used to evaluate the anti-proliferation effect of EHF on NRK-49F cells. NRK-49F cells were seeded at a density of 3 × 103 cells in 100 µl into each well of 96-well plates. After incubation at 37 °C overnight, the samples were divided into control group and experiment groups. The control group was treated with cell culture, while the experiment groups were treated with EFH in 0.01, 0.05, 0.1, 0.25, 0.5, 1 mg/ml. The CCK-8 reagent and serum-free solution (1:10) medium was then added to each well at each time point (0, 24, 48 and 72 h), followed by incubation for 1 h at 37 °C in 5% CO2. The optical density (OD) at 450nm was quantified using Elisa and the survival rate was calculated using the following equation: survival rate (%) = ODTest/ODControl × 100%.



Lentivirus Transfection

The NRK-49F cells were seeded in 6-well plates, grown overnight and transfected with CXCL6 overexpression lentivirus (GeneChem, Shanghai, China) to investigate the regulatory role of CXCL6. All of the transfections were performed using the Lipofectamine 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. A blank vector lentivirus was used as a negative control (NC). The expression of CXCL6 in cells following transfection was confirmed by Western blotting and qRT-PCR.



Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Analysis

Total RNA was extracted from renal tissues or NRK-49F cells using Trizol reagent (Invitrogen Carlsbad, CA, USA). The SYBR Green-based qRT-PCR (Thermo Fisher) was performed to examine the relative CXCL6, CXCR1, MMP2/9, Collagen I/III, TGFβ-1, JAK-STAT relative mRNA level, which were normalized with GAPDH. The primer sequences are listed in Table 2.


Table 2 | Gene primer pairs used for qRT-PCR.





Western Blotting Analysis

The tissue samples or cultured cells were lysed on ice for 30 min in RIPA buffer (Beyotime), supplemented with protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA). After centrifugation (12,000g) at 4°C for 20 min, the supernatant was harvested and the protein concentration was determined by using BCA assay kit (Thermo Fisher Scientific). Protein extracts were separated by sodium dodecyl sulfate–polyacrylamide gel and electroblotted onto a nitrocellulose membrane. To block the non-specific binding sites, the membranes were incubated with 5% non-fat milk at room temperature for 60 min, and then probed with primary antibodies overnight at 4°C. After washing three times with Tris-buffered saline with 0.1% Tween-20 (TBST), the membranes were incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody (Beyotime, Shanghai, China) at room temperature for 1 h. The specific proteins in the blots were visualized by using enhanced chemiluminescence (ECL, Millipore, Bredford, USA). The densities of the protein bands were quantified using Image J software (NIH, USA).



ELISA

The serum from rats and supernatants from cell culture were assayed for IL-6, TNF-α, TGF-β1, Collagen I, Collagen III, MMP2 and MMP9 by using a commercially available enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions. ALL the Elisa kits were purchased from Shanghai Maiye biological technology co., Ltd.



Histology

The tissue samples were fixed with 4% paraformaldehyde, dehydration and embedded in paraffin. General histology was visualized by hematoxylin and eosin (H&E) and Masson staining. The stained tissues were observed under an optical microscope, the renal fibrosis and collage deposition were estimated respectively.



Statistical Analysis

Statistical analysis was performed using SPSS 16.0 software and figures were made by GraphPad Prism 5.0. All experimental data were expressed as mean ± standard error (SEM) and analyzed with One-Way ANOVA test followed by Dunnett's test. Values of P <0.05 were considered to be significant.



Statement

The experiments were carried out in accordance with the principles of the Basel Declaration and recommendations followed by guidelines set from The Canadian Council on Animal Care. The protocol was approved by The Experimental Animal Ethical Committee of Seventh People's Hospital of Shanghai University of Traditional Chinese Medicine.




Results


Identification of Ten Compounds in EHF

The ten compounds were identified by HPLC/MS as reported previously (Zhang et al., 2017), including liquiritigenin, farnesene, vaccarin, pachymic acid, cycloastragenol, astilbin, 3, 5, 6, 7, 8, 3, 4′-heptemthoxyflavone, physcion, emodin, and curzerene. The detailed results were presented in the Supplementary Materials.



EHF Improved the Biochemical Parameters in DN Rats

The high-sugar-fat combined with STZ-induced DN model rats were used to investigate the effect of EHF on DN. The blood glucose before and after administrating of EHF is presented in Figure 1A. After the administration of EHF, the blood glucose was significantly decreased compared to the value prior to the administration of EHF and much lower than that in model group. The weight of rats in EHF groups improved markedly compared with model group, as shown in Figure 1B.




Figure 1 | EHF improved the biochemical parameters in DN rats. (A) The blood glucose was measured pre- and after-administration EHF. *p < 0.05, ***p < 0.001 versus pre-administration, ###p < 0.001 versus control group. (B) The weight of rats in each group. **p < 0.01, ***p < 0.001 versus model group. (C) The level of Scr, BUN, UA, U-Alb and UAE in each group was determined by automatic biochemical analyzer. *p < 0.05, **p < 0.01, ***p < 0.001 versus model group, ###p < 0.001 versus control group. n = 6.



The level of Scr, BUN, UA, U-Alb and UAE of rats in all groups is displayed in Figure 1C. The level of Scr, BUN, UA, U-Alb and UAE in the model group was significantly increased and Alb was decreased compared with the control group. As expected, in EHF groups, the level of Scr, BUN, UA, U-Alb and UAE was notably reduced compared with the model group, and the reduced effect was dose-dependent while the level of Alb was increased markedly.



EHF Improved the Abnormal Histology in DN Rats

The changes in athology of renal tissues were observed by histological staining with H&E and Masson to confirm the effect of EHF on DN. As demonstrated in Figures 2A and B, compared with control group, the kidney tissues samples from model group revealed typical damage, including glomerular sclerosis, glomerular mesangial cell proliferation, glomerular basement membrane thickening, tubular dilation and atrophy. Masson staining showed severe collagen fibrosis and inflammatory cell invasion in model group compared with control group. After treatment with EHF, these abnormalities were ameliorated differently the higher concentration of EHF showed better improvement.




Figure 2 | EHF improved renal pathological features in DN rats. (A) H&E staining of renal tissues. (B) Masson staining of renal tissues. (a), control group (b), model group (c), positive group (d), EHF-L (e), EHF-M (f), EHF-H.





EHF Reduced the Expression of Inflammation and Fibrosis Related Cytokines in DN Rats

To explore the effect of EHF on DN rats, several inflammation and fibrosis related cytokines in serum were detected by ELISA. As presented in Figure 3, in model group, the levels of IL-6, TNF-α, TGF-β1, Collagen I, Collagen III, MMP2 and MMP9 were increased significantly compared with the control group. However, there was a sharp reduction of these cytokines following treatment with different doses of EHF. The effect of EHF at 4 g/kg was similar to the positive group and all p values were less than 0.001, which was statistically significant.




Figure 3 | EHF reduced the expression of inflammation and fibrosis related cytokines in DN rats. (A) The levels of several inflammation and fibrosis related cytokines in peripheral blood were measured by ELISA. (B) Relative mRNA expressions of several inflammation and fibrosis related cytokines were determined by qRT-PCR. (C) The protein levels of several inflammation and fibrosis related cytokines were examined by Western blotting. ***p < 0.001 versus model group, ###p < 0.001 versus control group. n = 6.



The mechanisms of EHF on DN rats were investigated by determining the expression of several inflammation and fibrosis related cytokines in renal tissues, including CXCL6, CXCR1, MMP2, MMP9, Collagen I, Collagen III, PCNA, STAT and p-STAT. As shown in Figures 3B and C, except STAT, all of these cytokines were significantly upregulated both at mRNA and protein levels compared with control groups. In contrast, the level of these cytokines was reduced dramatically after intragastrical administration of EHF in a dose-dependent manner.



EHF Inhibited the Proliferation of NRK-49F Cells

As shown clearly in Figure 4, compared with the control group, treatment with EHF more than 0.1 mg/ml for 24, 48 and 72h resulted in a remarkable anti-proliferation in high-sugar (25 mmol/l) induced NRK-49F cells in a concentration- and time-dependent manner.




Figure 4 | EHF inhibited the proliferation of NRK-49F cells and decreased the expression of CXCL6 and CXCR1. (A) CCK8 analysis of NRK-49F cell proliferation. (B), (D) The mRNA and protein expressions of CXCL6 and CXCR1 in different EHF dose groups were examined by qRT-PCR and Western blotting. GAPDH was served as a loading control. (C), (E) The effect of 0.5 mg/ml EHF on the expression of CXCL6 and CXCR1 in CXCL6 overexpression NRK-49F cells was evaluated by qRT-PCR and Western blotting. *p < 0.05, **p < 0.01, ***p < 0.001 versus control group.





EHF Decreased the Expression of CXCL6 and CXCR1 in NRK-49F Cells

The expression of CXCL6 and CXCR1 in high-sugar (25 mg/ml) induced NRK-49F cells was evaluated by qRT-PCR and Western blotting. After treating with EHF (0.1 mg/ml, 0.25 mg/ml, 0.5 mg/ml), the expression of both CXCL6 and CXCR1 was significantly inhibited, and the inhibitory effect displayed concentration-dependent relationships (Figures 4B, 4D).

To further evaluate the effect of EHF on the expression of CXCL6 and CXCR1, lentivirus was transfected into high glucose (25 mM) induced NRK-49F cells to induce the overexpression of CXCL6, and then the transfected NRK-49F cells were treated with 0.5 mg/ml EHF. As shown in Figures 4C, the expression of CXCR1 and CXCL6 was measured by qRT-PCR and Western blotting. In the CXCL6 overexpression (OE) group, the levels of CXCL6 and CXCR1 were significantly increased. After treatment with EHF (0.5 mg/ml), both CXCL6 and CXCR1 restored to normal levels with different degrees, and had statistically significant differences compared with OE group.



EHF Reduced the Expression of Inflammation and Fibrosis Related Cytokines in NRK-49F Cells

To explore the underlying mechanism of anti-proliferation effect on EHF, several related cytokines involved in inflammation and fibrosis were examined. ELISA results are presented in Figure 5, after treatment with EHF, the levels of IL-6, TNF-α, TGF-β1, Collagen I, Collagen III, MMP2 and MMP9 in NRK-49F cell culture supernatants were reduced significantly compared with the control group and the Western blotting analysis showed the same results (Figure 5). The expressions of Collagen I, Collagen III, PCNA, MMP2, MMP9 and p-STAT3 in NRK-49F cells were significantly decreased by treatment with EHF. However, the expression of STAT3 had not been influenced and the expressions of these relative cytokines were positively correlated with the concentration of EHF.




Figure 5 | EHF reduced the levels of inflammation and fibrosis related cytokines in NRK-49F cells. (A, B) The levels of inflammation and fibrosis related cytokines were examined by ELISA and Western blotting. (C) The protein levels of key related cytokines in the control group, negative control (NC), CXCL6 overexpression group (OE), NC+0.5 mg/ml EHF (NC+0.5) and OE+0.5 mg/ml (OE+0.5) were determined by Western blotting. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control group.



To further elucidate the mechanism of anti-proliferation effect of EHF on NRK-49F cells, CXCL6 overexpression lentivirus was used to increase the expression of CXCL6. The inflammation and fibrosis related cytokines were detected by WB. The results displayed in Figure 5 indicate that in OE group, the levels of Collagen I, Collagen III, PCNA, MMP2, MMP9 and p-STAT3 were upregulated significantly. Consistent with previous results, EHF resulted in a remarkable inhibitory effect on the expression of above cytokines. The high expression of these cytokines induced by CXCL6 overexpression was significantly reduced by treatment with EHF (0.5 mg/ml). Furthermore, there was no significant difference in STAT3 level among these groups.




Discussion

A typical characteristic of DN is excessive deposition of extracellular matrix (ECM) proteins in the mesangium and renal tubule-interstitium of the glomerulus and basement membranes. ECM accumulation subsequently leads to the expansion of mesangial matrix and thickening of the glomerular and tubular basement membranes, eventually resulting in renal fibrosis, with high morbidity and mortality rates (Hu et al., 2015; Zanchi et al., 2017). Therefore, indentation of novel interventions to prevent the progression of DN is extremely important. Recently, researches focused on the TCM as a basic or complementary therapy for DN. EHF has been used to treat kidney diseases and renal fibrosis with a history of more than 30 years in clinical practice, and the ten compounds in EHF has been identified as reported previously (Zhang et al., 2017). It is necessary to further investigate its effect on DN and clarify its underlying mechanism. Previous studies have showed that high glucose could induce NRK-49F cells proliferation and activation to myofibroblasts (Chow et al., 2004; He et al., 2016). In the present study, the high-sugar-fat combined with STZ-induced DN rat model and NRK-49F cell were designed to evaluate the effect of EHF and explore its suggested mechanism.

In DN rat model, after treating with EHF, the blood glucose, weight and renal function markers (Scr, BUN, UA, UAC and UAE), as well as renal pathological features were ameliorated. The blood glucose, Scr, BUN, UA, UAC and UAE were lower in EHF group than that in model group. In addition, histological analysis showed that the degree of renal fibrosis was significantly reduced after EHF treatment. Combined with above findings, EHF had the potent possibility to prevent the development of DN in DN rat model.

It was reported that inflammatory cytokines, such as IL-6 and TNF-α, participate in the pathogenesis of DN (Navarrogonzález et al., 2011). Both IL-6 and TNF-α could promote macrophage activation and induce mesangial cell proliferation (Fan et al., 2018). In this study, the level of IL-6 and TNF-α was lower in EHF group compared to the model group, suggesting that EHF could exert anti-inflammatory effect in the treatment of DN. Moreover, proliferating cell nuclear antigen (PCNA) is closely related to the synthesis of DNA and plays an important role in the initiation of cell proliferation (Summary, 2017). In this manuscript, PCNA protein level was strongly suppressed by EHF, representing the anti-proliferative effect of EHF.

Meanwhile, other fibrosis related cytokines were also examined to explore the effect of EHF in renal fibrosis. MMPs were initially thought to have capacity to degrade ECM and anti-fibrosis effect. However, recent data suggests that the opposite might be true, particularly gelatinases (MMP-2, -9), which are the most relevant cytokines in the development of DN (Thrailkill et al., 2009). MMP2 could promote ECM production and accumulation in kidney cells (Tan and Liu, 2012), and MMP9 could stimulate renal fibrosis and epithelial mesenchymal transition (EMT) during obstructive nephropathy (Wang et al., 2010). Current evidence demonstrate that EMT can enable the tubular epithelial cells to obtain a mesenchymal phenotype which results in their transition into myofibroblasts (Zeisberg and Kalluri, 2004). It is well known that collagen I, III are interstitial matrix and fibril-forming collagens, as well as major components of ECM (Lei et al., 2014). Previous studies have showed increased collagen I, III expression can result in mesangial matrix expansion and glomerulosclerosis (Hu et al., 2015). TGF-β1 is also closely correlated with progressive renal fibrosis. It is clear that TGF-β1 can not only induce ECM deposition, but also stimulate fibroblasts into myofibroblasts (Schnaper et al., 2003; Schrijvers et al., 2004). In addition, TGF-β1 increases the expression of MMP-2 and collagen I, III. In this study, MMP-2,-9, collagen I, III and TGF-β1 were significantly downregulated in EHF group compared with model group, suggesting that EHF might treat DN through its anti-fibrosis effect.

It is worth pointing out that chemokines and their receptors have recently been shown to play an important role in DN (Ruster and Wolf, 2008; Duransalgado and Rubioguerra, 2014). One example is CXCL16/CXCR6, whose activation could accelerate tubulointersitial injury in DN via facilitate lipid accumulation in tubular epithelial cells (Hu et al., 2016). Interestingly, in our previous study, CXCL6 has been found to have a vital role in promoting fibrosis. CXCL6 might promote fibrosis-related factors to accelerate the development of renal fibrosis in DN by activating JAK/STAT3 signaling pathway (Sun et al., 2019). It is well established that the role of JAK/STAT signal pathway has been proven to contribute to the pathogenesis of DN (Marrero et al., 2006). STAT3 is a critical downstream regulator of JAK/STAT signal pathway. Increasing the activity of phosphorylated STAT3 (p-STAT3) could promote the proliferation of renal interstitial fibroblasts and the progression of renal fibrosis. In the present study, the expressions of CXCL6 and its receptor CXCR1 were decreased remarkably after treatment with EHF both at mRNA and protein level, suggesting that EHF could inhibit the expression of CXCL6/CXCR1. Furthermore, the level of p-STAT3 was higher in CXCL6 overexpression group than control group while reduced notably after treating with EHF, representing that the expression of p-STAT3 could be regulated by CXCL6. Taken as a whole, EHF might improve renal fibrosis in DN rats by inhibiting CXCL6/JAK/STAT3 signaling pathway.

In conclusion, this study confirmed that EFH might improve the renal fibrosis and prevent the development of DN. The possible mechanisms of EHF treating DN are summarized in Figure 6. EHF may treat DN through its anti-inflammatory, anti-proliferation and anti-fibrosis effect. Furthermore, EHF might improve renal fibrosis and prevent the development of DN by inhibiting CXCL6/JAK/STAT3 signaling pathway. Thus, EHF may be considered as a novel effective agent in the treatment of fibrotic kidney disorders and however, further studies are required in a clinical setting to support our observations.




Figure 6 | Flow diagram for suggested mechanisms of EHF on DN.
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Glioma is the most common type of malignant brain tumor. Due to its highly aggressive and metastatic features, glioma is associated with poor prognosis and a lack of effective treatments. Eriodictyol, a natural flavonoid compound, has been reported to possess anti-inflammatory and antioxidant effects. However, the anti-tumor effects of eriodictyol and the underlying mechanisms have rarely been reported. In this study, we found that eriodictyol has anti-tumor activity in lung, colon, breast, pancreas, and liver cancer, and most significantly in glioma cell lines. Eriodictyol dose- and time-dependently suppresses cell proliferation, migration, and invasion in U87MG and CHG-5 glioma cells. In addition, eriodictyol induces apoptosis in U87MG and CHG-5 cells, as evaluated by flow cytometry, immunofluorescence, and Western blot. Furthermore, eriodictyol downregulates the phosphoinositide 3-kinase (PI3K)/Akt/NF-κB signaling pathway in a concentration-dependent manner. Moreover, the effects of eriodictyol on the apoptosis of glioma cells are enhanced by LY294002 (a PI3K inhibitor) and reversed by 740 Y-P (a PI3K agonist). In a mouse xenograft model, eriodictyol not only dramatically suppressed tumor growth but also induced apoptosis in tumor cells. In summary, our data illustrate that eriodictyol effectively inhibits proliferation and metastasis and induces apoptosis of glioma cell lines, which might be a result of the blockade of the PI3K/Akt/NF-κB signaling pathway.
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Introduction

Glioma is the most prevalent type of malignant tumor in the central nervous system (CNS), and it represents 75% of malignant brain tumors (Lapointe et al., 2018). Due to its highly aggressive and metastatic features, even if glioma patients are treated with the “golden standard” strategies including surgery, radiotherapy, and chemotherapy, the prognosis remains poor (Stupp et al., 2005). According to an American survey, the 5-year survival rate of glioma patients is only 5% (Alexander and Cloughesy, 2017). Temozolomide (TMZ) is the most common drug used as glioma therapy, but the efficacy is often limited because of the side effects and the development of resistance. Therefore, it is particularly urgent to find new highly efficient and less-toxic anti-glioma drugs.

In recent years, natural compounds have become a hot research topic in preventing and treating cancer, due to their potential multiple targets and bioactivities and their limited toxicity (Efferth et al., 2019). Eriodictyol (Figure 1A), a natural flavonoid compound, is ubiquitous in fruits, vegetables, and several Chinese medicines (Minato et al., 2003; Zeng et al., 2016). In addition, it has been reported that eriodictyol exerts anti-inflammatory, antioxidant, and neuroprotective effects (He et al., 2018; Kwon and Choi, 2019; Lv et al., 2019). In in vitro studies, scientists have found that eriodictyol exerts its anti-inflammatory and antioxidant effects through Akt- and NF-κB-related signaling pathways (Xie et al., 2017; Liu and Yan, 2019). However, the anti-cancer activity of eriodictyol and its underlying mechanisms have been less explored. Ahmad et al. reported that the Akt/NF-κB signaling pathway plays a very important role in the development of cancers (Ahmad et al., 2013). Thus, we hypothesized that eriodictyol might have anti-tumor effects.




Figure 1 | Eriodictyol suppresses the proliferation of cancer cell lines in vitro. (A) The structure of eriodictyol. (B) Anti-cancer activity of eriodictyol. Several cancer cell lines were treated with different concentrations of eriodictyol (0, 25, 50, 100, 200, or 400 μM) for 48 h, and cell viability was measured by CCK-8 assay. (C) The treatment of four different glioma cell lines gave results similar to those presented in (B). (D, E) Glioma cell lines U87MG and CHG-5 were treated with varying concentrations of eriodictyol for 24, 48, or 72 h, and subjected to CCK-8 assay. (F) Cytotoxic effects of eriodictyol. Normal mouse astrocytes were treated with different concentrations of eriodictyol for 48 h, and cell viability was evaluated by CCK-8 assay. (G) U87MG cells, CHG-5 cells, and normal mouse astrocytes were treated with different concentrations of eriodictyol for 48 h, and then the cells were harvested for macrophage observation at 40× magnification. Data are presented as the mean ± SD of three experiments.



In this study, we focused on the activity of eriodictyol in cancers. Our findings indicate that eriodictyol has anti-tumor activity in lung, colon, breast, pancreas, liver cancer, and in glioma cell lines especially. Eriodictyol dramatically inhibits glioma cell growth, migration, invasion and induces apoptosis by blocking the PI3K/Akt/NF-κB signaling pathway. Moreover, the anti-glioma activities of eriodictyol were evaluated using a xenograft mouse model. We found that eriodictyol can inhibit tumor growth in nude mice by suppressing proliferation and enhancing apoptosis. Therefore, we conclude that eriodictyol might be used as a therapeutic agent against glioma.



Materials and Methods


Reagents

Temozolomide (TMZ) and eriodictyol (purity ≥ 98%) were purchased from Dalian Meilun Biotechnology, Co., Ltd. (Dalian, China) and dissolved in dimethyl sulfoxide (DMSO). The final concentration of DMSO in culture medium was ≤ 1 ‰. LY294002 and 740 Y-P were bought from MedChemExpress (MCE, United States). Hoechst 33342, the TUNEL apoptosis assay kit, and Lipo8000 were obtained from Beyotime Biotechnology, Co., Ltd. (Shanghai, China). The Annexin V–FITC/PI Apoptosis Detection Kit was purchased from Vazyme Biotech, Co., Ltd. (Nanjing, China). Antibodies against PI3K, phospho-PI3K (Y607), and Caspase-9 and goat anti-rabbit IgG H&L (IRDye 800CW) pre-adsorbed secondary antibodies were obtained from Abcam (Cambridge, United Kingdom). Antibodies against Akt, phospho-Akt (S473), Caspase-3, cleaved Caspase-3, cleaved Caspase-8, Bax, Bcl-2, Bcl-xL, and NF-κB were bought from Cell Signaling Technology (Danvers, MA, United States). Antibodies against Ki67, phospho-NF-κB (S536) and phospho-IκBα (S32/S36) were obtained from Affinity Biosciences (Zhenjiang, China). Antibodies against IκBα and PARP were purchased from ProteinTech Group, Inc. (Chicago, IL, United States). Antibodies against β-actin and the Cell Counting Kit-8 (CCK-8) were purchased from Bimake (Houston, TX, United States).



Cell Culture

Human glioma cell lines U87MG, A172, T98-G, the non-small cell lung cancer cell line NCI-H1975, the colorectal cancer cell line HCT116, the hepatoma cell line HepG2, and the pancreatic cancer cell line PANC1 were obtained from the cell bank of the Chinese Academy of Sciences (Shanghai, China). The human breast cancer cell line CAL148, the glioma cell line CHG-5, and primary mouse astrocytes were a gift from Associate Professor Li Xiaoli (College of Pharmacy, Chongqing Medical University, Chongqing, China). All cells were cultured in DMEM medium with 10% fetal bovine serum (FBS, Biological Industries, Kibbutz Beit-Haemek, Israel) and 1% penicillin/streptomycin in a humidified atmosphere of 5% CO2 at 37°C.



Cell Viability Assay

The effects of eriodictyol on viability were assessed using the CCK-8 assay. Cells were plated at 3 ×103 cells per well in 96-well plates. On the following day, 0–400 μM eriodictyol was added to the medium. After 24–72 h, cells were incubated with 10 μl CCK-8 for 2 h at 37°C with 5% CO2. Absorbance was measured at 450 nm using a SynergyH1 microplate spectrophotometer (BioTek).



Colony Formation Assay

U87MG and CHG-5 cells were plated in six-well plates (500 cells/well). After the cells were allowed to attach for 12 h, the cells were treated with different concentrations (0, 10, 20, 40 or μM) of eriodictyol, and the medium was changed every 3 days. After 12 days, the medium was discharged. The cells were washed with cold PBS, fixed in 4% paraformaldehyde for 30 min, and stained with 0.5% crystal violet solution for 15 min. After washing away excessive crystal violet and drying, the colonies were observed, and the results were analyzed using Image J software.



Wound Healing Assay

U87MG and CHG-5 cells were plated in six-well plates with DMEM containing 10% FBS. After the cells had 100% conﬂuent, a 200 μl pipette tip was used to scrape the wells to mimic wounds. The cells were gently washed twice with PBS to remove the detached cells and cultured in DMEM containing 2% FBS. The cells were treated with various concentrations (0, 25, 50, 100 μM) of eriodictyol. After 0, 12, and 24 h, the cells were photographed using a light microscope (Nikon, Japan) and the area of the wound was measured.



Transwell Migration Assay

Transwell chambers (8-μm pore size; 24-well) were used for migration assays (Costar; Corning Incorporated, Corning, NY, United States). U87MG and CHG-5 cells were plated into the upper chamber at 1 × 104 cells/well in 200 μl of serum-free DMEM, while the lower chamber was filled with DMEM containing 10% FBS. Various concentrations (0, 25, 50, 100 μM) of eriodictyol were added to the upper chambers. After 24 h incubation at 37°C, non-migrated cells were removed from the upper side of each chamber with a cotton swab. Cells on the lower side of the chamber were fixed with 4% paraformaldehyde for 30 min at room temperature and then stained with 0.5% crystal violet for 15 min. Migrated cells were counted at 100× magnification using a microscope (Nikon).



Transwell Invasion Assay

The Transwell chamber was pretreated with Matrigel (Corning, NY, United States) and dried at 37°C for 1 h. Other procedures were the same as for the Transwell migration assay. The results of the Transwell invasion assay were also calculated according to the number of transferred cells.



Cell Cycle Analysis

U87MG and CHG-5 cells were plated in six-well plates at a density of 2 × 105 cells per well. After 12 h, various concentrations (0, 25, 50, 100 μM) of eriodictyol were added to each well, and cells were incubated for an additional 48 h. Then both floating and adherent cells were collected and washed with PBS twice. Subsequently, the cells were fixed in 70% ethanol solution overnight and finally suspended in 50 μg/ml of PI solution containing 0.5% Triton X-100 and 2% RNase A. Finally, the cell cycle was determined using a CytoFLEX flow cytometer (Beckman Coulter, United States).



Flow Cytometric Analysis of Apoptosis

Similar to the cell cycle analysis, U87MG and CHG-5 cells were plated in six-well plates (2 × 105 cells/well), and treated with different concentrations (0, 25, 50, or 100 μM) of eriodictyol. After 48 h treatment, the cells were collected and washed with cold PBS and suspended in 100 μl of 1× binding buffer, followed by the addition of 5 μl of FITC Annexin V and 5 μl of PI and incubation for 10 min at room temperature in the dark. Finally, after the addition of 400 μl of 1× binding buffer, samples were analyzed with a CytoFLEX flow cytometer (Beckman Coulter).



Hoechst 33342 Analysis

U87MG and CHG-5 cells were plated in 24-well plates at a density of 1 × 104 cells per well. Different concentrations (0, 25, 50, or 100 μM) of eriodictyol were added to each well, and cells were incubated for 48 h. Subsequently, the cells were stained with Hoechst 33342 (10 μg/ml) for 10 min at 37°C in the dark. Subsequently, the cells were washed twice with PBS and observed by fluorescence microscopy at 200× magnification (Nikon).



TUNEL Assay for Eriodictyol-Induced Apoptosis

U87MG and CHG-5 cells were seeded into 24-well plates (1 × 104 cells/well) and incubated overnight. The cells were treated with different concentrations of eriodictyol for 48 h. Apoptosis was determined by TUNEL assay. The TUNEL assay was performed according to the instruction manual (Vazyme Biotech, China). Cells were photographed by fluorescence microscopy at 200× magnification (Nikon).



Western Blot Analysis

Cells and tumor tissues were lysed in RIPA buffer containing 1 mM protease inhibitor and 1 mM phosphatase inhibitor (Bimake, Houston, TX, USA). The protein concentration was measured by bicinchoninic acid (BCA) assay (BCA kit, Beyotime Biotechnology, China). Subsequently, proteins were separated by (6%, 8%, and 12%) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), electrotransferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA), and incubated with primary antibodies overnight at 4°C. Subsequently, the PVDF membranes were washed with TBST for three times and then incubated with secondary antibodies for 2 h at room temperature. Finally, protein bands were visualized by an Odyssey® CLx Imaging System (LI‐COR Biosciences, United States).



Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Briefly, total RNA was extracted following the instruction manual of the RNA extraction kit (TIANGEN Biotech, China), and 1 μg of total RNA was reverse transcribed to cDNA by using the All-in-One cDNA Synthesis SuperMix kit (Bimake). Then, qPCR was performed using the PCR kit according to the instructions. Expression values were normalized to the expression of β-actin. Primers used in this study were the following: Bax: 5′-TGCGTCCACCAAGAAGC-3′ (forward), 5′-TCCAGTTCGTCCCCGAT-3′ (reverse); Bcl-2: 5′-GCGGATTGACATTTCTGTG-3′ (forward), 5′-CATAAGGCAACGATCCCA-3′ (reverse); Bcl-xL: 5′-CCTGGGTTCCCTTTCCTT-3′ (forward), 5′-TCCTGGTCCTTGCATCTTT-3′ (reverse); β-actin: 5′-AGGGTGTTGTGGAGATGGG-3′ (forward), 5′-TGGCCTTGAGTTTCCTGCT-3′ (reverse).



Immunohistochemistry Staining

Tissue sections were dewaxed, soaked in ethanol, and then blocked with 3% H2O2 for 10 min. Next, the tissue sections were washed carefully by distilled water and blocked with 5% goat serum. Then the sections were incubated with primary antibodies overnight at 4°C. Subsequently, sections were washed with PBS and further incubated with secondary antibodies. Finally, tissue sections were stained with DAB and observed with a light microscope at 200× magnification (Nikon).



Xenograft Mouse Model

Nude mice (50% male and 50% female, 4–5 weeks old) were obtained from the Animal Ethics Committee of Chongqing Medical University and housed in a specific pathogen-free laboratory environment. The nude mice were injected subcutaneously with U87MG cells (5 × 106) to establish the xenograft model. When tumors had grown to about 50 mm3, mice were divided randomly into five groups and injected intraperitoneally with normal saline, 50, 100, or 200 mg/kg eriodictyol, or 50 mg/kg temozolomide once per day for 21 days. Tumor size and mouse body weight were measured every three days. After three weeks, all mice were sacrificed, and the tumors were excised, weighed, and fixed in 4% paraformaldehyde for further analysis.



Statistical Analysis

Statistical analysis was carried out using GraphPad 6.0 software. The results are presented as means ± SD or SEM. Data were analyzed using Student's t-test or ANOVA, and P < 0.05 was considered to indicate statistical significance.




Results


Eriodictyol Inhibits the Proliferation of Glioma Cells in Vitro

To evaluate the potential anti-cancer effect of eriodictyol on cancer cells, we treated several cancer cell lines (NCI-H1975 lung cancer, HCT116 colon cancer, CAL148 breast cancer, PANC1 pancreatic cancer, U87MG glioma, and HepG2 liver cancer cell lines) with different concentrations of eriodictyol (0, 25, 50, 100, 200, or 400 μM). After 48 h, the proliferation of cancer cell lines was examined through the CCK-8 assay. Our data demonstrate that eriodictyol could suppress cancer cell proliferation, especially in U87MG glioma cells (Figure 1B). Then, in order to further explore the anti-proliferation effect of eriodictyol on glioma cells, the CCK-8 assay was repeated with four glioma cell lines (U87MG, CHG-5, A172, and T98-G). The results are shown in Figure 1C. The growth of U87MG and CHG-5 glioma cells was significantly inhibited by eriodictyol treatment in a dose- and time-dependent manner (Figures 1D, E). IC50 values of eriodictyol for U87MG and CHG-5 cells were presented in Table 1. Moreover, the anti-proliferation effect of eriodictyol was strong on glioma cells but very weak on normal mouse astrocytes (Figures 1F, G).


Table 1 | Eriodictyol IC50 values for glioma cell lines.





Eriodictyol Inhibits Cell Colony Formation in U87MG and CHG-5 Cells

U87MG and CHG-5 cells were seeded into six-well plates and cultured with different concentrations of eriodictyol (0, 10, 20, or 40 μM) for 12 days. As shown in Figures 2A, B, the colony formation ability of U87MG and CHG-5 cells was dramatically inhibited by eriodictyol.




Figure 2 | Effects of eriodictyol on the colony formation ability of glioma cells. (A) U87MG and CHG-5 cells were treated with eriodictyol (0, 10, 20, or 40 μM) for 12 days, and stained with 0.5% crystal violet solution. (B) Quantification of the number of colonies. The data are shown as the mean ± SD of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group.





Eriodictyol Inhibits U87MG and CHG-5 Cell Migration and Invasion

The anti-migration and anti-invasion effects of eriodictyol on U87MG and CHG-5 cells were evaluated by wound healing and Transwell assays. Eriodictyol significantly inhibited the wound healing ability of U87MG and CHG-5 cells in a dose- and time-dependent manner (Figures 3A, B). Moreover, the Transwell assay showed that (i) eriodictyol markedly inhibited the migration ability of U87MG and CHG-5 cells, consistent with the wound healing assay, and (ii) the number of cells which passed through the membrane was obviously reduced with increasing eriodictyol concentrations (0, 25, 50, and 100 μM) (Figures 3C, D).




Figure 3 | Eriodictyol inhibits the migration and invasion of U87MG and CHG-5 cells in vitro. (A) The cell migration ability was determined by wound healing assay. (B) Quantification of the migrated cells. (C) The cell migration and invasion were determined by Transwell assay. (D) Quantification of the migrated and invasive cells. The data are shown as the mean ± SD of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group.





Eriodictyol Induces Cell Cycle Arrest at the S Phase in U87MG and CHG-5 cells

To investigate the effects of eriodictyol on the cell cycle, we treated U87MG and CHG-5 cells with eriodictyol for 48 h, and their cell cycle status was determined by flow cytometry. The data indicate that eriodictyol arrests the cell cycle at the S phase (Figures 4A, B).




Figure 4 | Eriodictyol induces cell cycle arrest in U87MG and CHG-5 cells. (A) U87MG and CHG-5 cells were treated with eriodictyol (0, 25, 50, or 100 μM) for 48 h, and cell cycle arrest was examined by flow cytometry. (B) Bar graphs showing the percentages of U87MG and CHG-5 cells in different phases.





Eriodictyol Significantly Induces Apoptosis in U87MG and CHG-5 cells

The effects of eriodictyol on glioma cell apoptosis were investigated by flow cytometry, Hoechst 33342 assay, and TUNEL assay. Firstly, the apoptotic effects on glioma cells (U87MG and CHG-5) were detected by Hoechst 33342 assay. The cell brightness, the degree of chromatin condensation, and nuclear fragmentation increased upon treatment with increasing eriodictyol concentrations (0, 25, 50, and 100 μM) (Figure 5A). Then, we used flow cytometry to further evaluate the anti-cancer effects of eriodictyol. As shown in Figures 5B, C, the number of apoptotic cells increased with increasing eriodictyol concentrations. Finally, we examined the apoptotic effects of eriodictyol by TUNEL assay. The fluorescence intensity of U87MG and CHG-5 increased upon eriodictyol treatment (Figure 5D).




Figure 5 | Eriodictyol induces apoptosis in U87MG and CHG-5 cells. (A, B) U87MG and CHG-5 were treated with eriodictyol (0, 25, 50, or 100 μM) for 48 h, and the effects of eriodictyol on apoptosis of glioma cells were determined by Hoechst 33342 analysis and flow cytometry. (C) Quantification of the apoptotic cells. (D) Cell apoptosis was detected by TUNEL assay. The data are shown as the mean ± SD of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group.





The Effects of Eriodictyol on the Expression of Apoptotic Markers

To further explore the apoptotic effects of eriodictyol on U87MG and CHG-5 cells, expression levels of a series of apoptosis-related proteins were measured by Western blot. As shown in Figure 6A, the expression levels of cleaved Caspase-3, 8, and 9, cleaved PARP, and Bax in U87MG and CHG-5 cells were increased upon eriodictyol treatment, while the expression levels of anti-apoptotic proteins (Bcl-2 and Bcl-xL) were decreased. Next, we detected the mRNA levels of Bax, Bcl-2, and Bcl-xL in U87MG and CHG-5 cells after treatment with eriodictyol. The changes in mRNA levels were consistent with our Western blot results (Figure 6B).




Figure 6 | Effects of eriodictyol on the expression of apoptosis markers in glioma cells. (A) U87MG and CHG-5 cells were treated with eriodictyol (0, 25, 50, or 100 μM) for 48 h, and the expression levels of cell apoptosis-related proteins were measured by Western blot. (B) The mRNA levels of Bax, Bcl-2, and Bcl-xL in U87MG and CHG-5 cells were measured by RT-qPCR after treatment with eriodictyol for 48 h. The data are shown as the mean ± SD of three experiments. **P < 0.01, ***P < 0.001 compared with the control group.





The Effects of Eriodictyol on the PI3K/Akt/NF-κB Signaling Pathway

To investigate the mechanisms by which eriodictyol induces apoptosis in glioma cells, we measured the levels of proteins in the PI3K/Akt/NF-κB signaling pathway by Western blot. The expression levels of p-PI3K, p-Akt, p-IκBα, and p-NF-κB were downregulated upon treatment with eriodictyol (Figure 7A).




Figure 7 | Eriodictyol-induced apoptosis of glioma cells is mediated by the PI3K/Akt/NF-κB signaling pathway. (A) Western blot analysis of the expression of PI3K/Akt/NF-κB signaling pathway proteins after treatment with eriodictyol (0, 25, 50, or 100 μM) for 48 h. (B) Viability of U87MG and CHG-5 cells as measured by CCK-8 assay. Cells were treated with or without eriodictyol (100 μM) for 48 h after PI3K agonist (740 Y-P, 25 μg/ml) or inhibitor (LY294002, 30 μM) pretreatment for 2 h. (C) The number of apoptotic cells was examined by flow cytometry after treatment as in (B). (D) Quantification of the apoptotic cells. (E) Expression levels of Bax, PARP, and PI3K/Akt/NF-κB signaling pathway proteins were measured by Western blot after treatment as in (B). The data are shown as the mean ± SD of three experiments. *P < 0.01, ***P < 0.001 compared with the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the eriodictyol group.





Activation of the PI3K/Akt/NF-κB Signaling Pathway Attenuates the Apoptotic Effects of Eriodictyol on U87MG and CHG-5 cells

To further investigate the mechanisms underlying eriodictyol-induced apoptosis in glioma cells, we measured cell viability by CCK-8 assay after treatment with eriodictyol, 740 Y-P (PI3K agonist), LY294002 (PI3K inhibitor), eriodictyol combined with 740 Y-P, or eriodictyol combined with LY294002. As shown in Figure 7B, eriodictyol significantly inhibited the cell viability of U87MG and CHG-5 cells. Moreover, 740 Y-P (25 μg/ml) reversed the eriodictyol-induced decline in cell viability, and LY294002 (30 μM) enhanced the effects of eriodictyol on cell viability. Next, we measured the rate of apoptotic cells by flow cytometry, and the results were consistent with our CCK-8 assay results (Figures 7C, D). The expression levels of apoptosis-related and PI3K/Akt/NF-κB signaling pathway proteins were measured by Western blot. The expression levels of Bax and cleaved PARP were increased by eriodictyol, while the opposite was observed for 740 Y-P (Figure 7E). Moreover, 740 Y-P significantly reversed the eriodictyol-inhibited phosphorylation of PI3K, Akt, IκBα, and NF-κB. Collectively, these results suggest that the eriodictyol-induced apoptosis of U87MG and CHG-5 cells might be correlated with the PI3K/Akt/NF-κB signaling pathway.



Eriodictyol Inhibits Glioma Growth and Induced Apoptosis in Xenograft Mouse Model

We also investigated the anti-cancer activities of eriodictyol in vivo. A xenograft mouse model was established using U87MG cells and nude mice (Figure 8A). We found that eriodictyol dose-dependently reduced the tumor volume and weight (Figures 8B, C). Furthermore, the weight loss of mice in the eriodictyol group was significantly smaller than that of the temozolomide group compared with the control group (Figure 8D). However, the anti-cancer effects of eriodictyol were weaker than those of temozolomide, even at high doses. After TUNEL staining, the number of TUNEL-positive cells in tumor tissue sections was increased after eriodictyol treatment. The number of Ki67-positive cells, however, decreased after eriodictyol treatment in a dose-dependent manner (Figures 9A, B). The expression levels in tumor tissue of Caspase-3 and Bax were measured by Western blot. As shown in Figure 9C, the expression levels of cleaved Caspase-3 and Bax were increased upon eriodictyol treatment. These results illustrate that eriodictyol could inhibit glioma growth in vivo.




Figure 8 | Eriodictyol inhibits glioma growth in vivo. (A) Nude mice were injected subcutaneously with U87MG cells to establish the xenograft model. When tumors had grown to about 50 mm3, mice were injected intraperitoneally with 50, 100, or 200 mg/kg eriodictyol or 50 mg/kg temozolomide once per day for 21 days. (B) The tumors were weighed at the end of the study. (C, D) Tumor volume and mouse body weight were measured every three days. All data are shown as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group.






Figure 9 | Eriodictyol inhibits proliferation and induces apoptosis of glioma cells in vivo. (A, B) Proliferation and apoptosis were examined in tumor tissue by Ki67 staining and TNUEL assay (magnification, 200×). (C) Expression levels of Caspase-3 and Bax in tumor tissue were measured by Western blot.






Discussion

Glioma is the most common and aggressive malignant tumor found in the CNS (Ostrom et al., 2017). Chemotherapy plays an important role in the treatment and prognosis of patients with glioma (Patil et al., 2013). However, the efficacy of current chemotherapies is not ideal due to side effects and the development of drug resistance. Therefore, the discovery of new drugs with more potency and less toxicity is essential.

Eriodictyol is a natural flavonoid compound. Previous studies have shown that eriodictyol exerts anti-inflammatory and antioxidant effects both in vitro and in vivo (Li et al., 2018; He et al., 2019). However, the effects of eriodictyol on cancer and its underlying mechanisms largely remain unexplored.

In the present study, we have investigated the anti-cancer effects of eriodictyol in human glioma cells in vitro and in vivo. Our results demonstrate that eriodictyol can significantly suppress proliferation, metastasis and induce apoptosis in glioma cells. First, we examined the anti-cancer activity of eriodictyol in various cancer cell lines, including lung, colon, breast, pancreas, liver cancer and glioma cell lines. In addition, we evaluated the cytotoxicity of eriodictyol on normal mouse astrocytes. Interestingly, we found that eriodictyol could inhibit the cell viability of many cancer cell lines, especially glioma cells, but slightly of normal mouse astrocytes, indicating that eriodictyol has high anti-tumor activity and low toxicity. Second, we assessed the effects of eriodictyol on the proliferation of glioma cells by colony formation assay. The results demonstrate that eriodictyol could significantly inhibit colony formation of glioma cells in a dose-dependent manner. The high invasiveness and fast migration of gliomas is one of the main reasons for poor prognosis in patients with glioma (Qi et al., 2017). Therefore, to improve the prognosis of patients with glioma, it is important to effectively inhibit invasion and migration of glioma. We evaluated the effects of eriodictyol on invasion and migration of glioma cells by wound healing and Transwell assays. The data show that eriodictyol markedly suppressed invasion and migration of human glioma cells. Moreover, we found that the cell cycle was arrested at the S phase upon eriodictyol treatment. This suggests that eriodictyol might induce DNA replication damage in glioma cells (Bailon-Moscoso et al., 2017). Similar to our findings, other anti-cancer flavonoid compounds, such as ampelopsin, quercetin, and baicalein also arrest the cell cycle at the S phase (Mu et al., 2016; Srivastava et al., 2016; Cheng et al., 2017).

Apoptosis, one of the main ways of cell death, plays a critical role in homeostasis in human bodies (Rubinstein and Kimchi, 2012). Induction of apoptosis in tumors is a key mechanism targeted by many anti-cancer drugs (Jiang et al., 2015). In this study, the effects of eriodictyol on apoptosis in glioma cells were detected by flow cytometry, Hoechst 33342 assay, and TUNEL assay. We observed that eriodictyol could markedly induce apoptosis in U87MG and CHG-5 glioma cells. Moreover, we also found that eriodictyol induced apoptosis in U87MG and CHG-5 cells by activating Caspase-3, 8, 9 and cleaving PARP. We further investigated the Bcl-2 protein family and discovered that the expression of Bax was increased and that of Bcl-2 and Bcl-xL was decreased after eriodictyol treatment. According to their roles in the regulation of apoptosis, the Bcl-2 family proteins can be divided into two groups, i.e., Bax, Bad, Bid, etc., which promote apoptosis, and Bcl-2 and Bcl-xL, which inhibit apoptosis. Upregulation of Bax and downregulation of Bcl-2 and Bcl-xL leads to (i) the release of cytochrome C from mitochondria, (ii) the activation of mitochondrion-dependent Caspase, and hence (iii) the induction of apoptosis in cells (Pena-Blanco and Garcia-Saez, 2018).

PI3K/Akt signaling plays a critical role in cellular proliferation, survival, and metabolism (Yang et al., 2016). The expression of PI3K/Akt signaling pathway proteins is aberrantly upregulated in a variety of cancers (Garcia-Echeverria and Sellers, 2008). Activation of the PI3K signaling pathway can promote cancer cell proliferation and suppress cancer cell death (Janku et al., 2018). The NF-κB signaling pathway is one of the most important signaling pathways regulating cellular inflammatory responses. In addition, NF-κB signaling also plays critical roles in cancer development (Hoesel and Schmid, 2013). Upregulation of the NF-κB signaling pathway, which induces NF-κB translocation from the cytoplasm to the nucleus, could promote cancer metastasis (Perkins, 2012). Therefore, targeting of the PI3K/Akt/NF-κB signaling pathway might be a promising strategy to treat cancer.

Zhang et al. reported that eriodictyol could increase insulin-stimulated glucose uptake in human hepatocellular carcinoma cells by regulating the PI3K/Akt signaling pathway (Zhang et al., 2012). In addition, eriodictyol was found to reduce nitric oxide, TNF-α, IL-6, and IL-1β production in LPS-stimulated RAW264.7 cells through blocking the MAPK/NF-κB signaling pathway (Lee, 2011). Therefore, we hypothesized that the mechanisms underlying the anti-glioma effects of eriodictyol might be mediated through regulation of the PI3K/Akt/NF-κB signaling pathway. The present study indicates that eriodictyol dose-dependently induces apoptosis through inhibiting the phosphorylation of PI3K, Akt, and NF-κB. To further verify whether the PI3K/Akt/NF-κB signaling pathway plays a key role in eriodictyol-elicited apoptosis, the PI3K agonist 740 Y-P and he PI3K inhibitor LY294002 were employed. The agonist 740 Y-P significantly reversed the eriodictyol-induced apoptosis. In addition, 740 Y-P also reversed the eriodictyol-mediated PI3K/Akt/NF-κB inactivation, Bax upregulation, and cleaved PARP upregulation. LY294002 promoted eriodictyol-induced cell apoptosis and PI3K/Akt/NF-κB inhibition. These results imply that eriodictyol-induced apoptosis of U87MG and CHG-5 cells is mediated, at last partially, via the PI3K/Akt/NF-κB signaling pathway.

Finally, we evaluated the anti-tumor effects of eriodictyol in vivo. In the xenograft mouse model, eriodictyol induced apoptosis of glioma cells and inhibited tumor growth in a dose-dependent manner. Ki67 staining showed that eriodictyol effectively inhibited tumor growth. Both TUNEL staining and Western blot demonstrated that eriodictyol could induce apoptosis in tumor cells in vivo. Moreover, the weight loss of mice in the eriodictyol group was significantly smaller than that in the temozolomide group, and insignificantly lower than in the control group, indicating that eriodictyol has lower toxicity than temozolomide. However, the anti-cancer effects of eriodictyol in vivo were weaker than those of temozolomide, even at high doses. This problem might be solved by modifying the structure of eriodictyol to enhance its anti-cancer activity. According to in vitro and in vivo studies, eriodictyol could be developed as a promising therapeutic agent for glioma. Our research is a preliminary study on the anti-cancer effect of eriodictyol. In the future, we will further investigate the mechanisms underlying the anti-glioma effects presented in the present study, and we will try to modify the structure of eriodictyol to improve its anti-glioma activity.



Conclusion

Our current study illustrates that the natural flavonoid eriodictyol could effectively inhibit glioma growth, possibly by inducing apoptosis through blocking the PI3K/Akt/NF-κB signaling pathway. These findings provide evidence that eriodictyol is a potential therapeutic agent to treat glioma patients in the future.
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Mammalian mitochondrial permeability transition pore (MPTP), across the inner and outer membranes of mitochondria, is a nonspecific channel for signal transduction or material transfer between mitochondrial matrix and cytoplasm such as maintenance of Ca2+ homeostasis, regulation of oxidative stress signals, and protein translocation evoked by some of stimuli. Continuous MPTP opening has been proved to stimulate neuronal apoptosis in ischemic stroke. Meanwhile, inhibition of MPTP overopening-induced apoptosis has shown excellent efficacy in the treatment of ischemic stroke. Among of which, the potential molecular mechanisms of drug therapy for stroke has also been gradually revealed by researchers. The characteristics of multi-components or multi-targets for ethnic drugs also provide the possibility to treat stroke from the perspective of mitochondrial MPTP. The advantages mentioned above make it necessary for us to explore and clarify the new perspective of ethnic medicine in treating stroke and to determine the specific molecular mechanisms through advanced technologies as much as possible. In this review, we attempt to uncover the relationship between abnormal MPTP opening and neuronal apoptosis in ischemic stroke. We further summarized currently authorized drugs, ethnic medicine prescriptions, herbs, and identified monomer compounds for inhibition of MPTP overopening-induced ischemic neuron apoptosis. Finally, we strive to provide a new perspective and enlightenment for ethnic medicine in the prevention and treatment of stroke by inhibition of MPTP overopening-induced neuronal apoptosis.
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Introduction

The mitochondrial permeability transition pore (MPTP) complex is a non-specific and -selective channel composed of multiple proteins, which is voltage-dependent and spans cytoplasm, outer mitochondrial membrane (OMM), inner mitochondrial membrane (IMM), and mitochondrial matrix. Excessive MPTP opening has been reported in relation to myocardial ischemia reperfusion injury (Morciano et al., 2017), hepatic ischemia-reperfusion injury (Panel et al., 2019), traumatic brain injury (Hånell et al., 2015), premature aging (Zhou et al., 2019), and Parkinson’s disease (Ludtmann et al., 2018). However, its structural composition of MPTP (Baines and Gutiérrez-Aguilar, 2018) and detailed regulatory mechanism in ischemic stroke are still poorly understood. To our knowledge, current evidences support the fact that MPTP is composed of voltage-dependent anion channel (VDAC) across the OMM, adenine nucleotide translocator (ANT) in the IMM, and cyclophilin D (CypD) in the mitochondrial matrix, which is responsible for sensing intracellular environmental oxidative stress injury, inflammatory cascade, pH imbalance, and ion disorders such as Ca2+ and Mg2+ ions in response to tissue ischemia (Kalani et al., 2018; Briston et al., 2019). These adverse factors, alone or together, can force persistent and irreversible MPTP opening beyond the range of physiological regulation, and thus inducing mitochondria-dependent apoptotic events. In addition, cytoplasmic hexokinase II (HK II) attached to VADC, the peripheral benzodiazepine receptor (PBR) on OMM and creatine kinase responsible for ATP production may be involved in the formation or regulation of MPTP (Zamzami and Kroemer, 2001). Possibly as a component of IMM and binding partner of CypD, the phosphate carrier (PiC) of mitochondria is responsible for the supply of inorganic phosphates required by ATP synthesis during oxidative phosphorylation of mitochondria (Brenner and Moulin, 2012; Bernardi et al., 2015; Solesio et al., 2016). However, whether PiC has a positive or negative effect on the structure and function of MPTP, it is still a matter of debate and disagreement. Figure 1 illustrates the canonical molecular composition of MPTP.




Figure 1 | Canonical mitochondrial MPTP molecular structure. Conventional MPTP complex is composed of VDAC, ANT, and CypD. Other factors could also stimulate MPTP opening.



In recent years, several other members involved in MPTP regulation responsible for cell fate decision have also been identified in succession. As one of the core components of IMM, RNAi-targeted silencing of the spastic paraplegia 7 gene blocked signal transmission between OMM and mitochondrial matrix by indirectly associating VDAC with CypD in the matrix, thereby abrogating overloaded Ca2+ and immoderate ROS evoked mitochondrial membrane potential (MMP) decline and MPTP-dependent cell death (Shanmughapriya et al., 2015). Except for the re-confirmation that ANT was the basic intimal component of MPTP, researchers had also found that other CypD-dependent components were involved in the composition of MPTP. Although the species destined for existence had not yet been identified, the authors suggested that PiC such as the Slc25a3 or F1FO ATP synthase may be involved, which still needed to be explored in a reasonable and rigorous in vivo and in vitro experiment (Karch et al., 2019). Further encouraging evidence suggested that F-ATP synthase was involved in the formation of MPTP, sensing Ca2+ concentration and subsequently mediating MPTP opening (Urbani et al., 2019). As the structure and functions of MPTP are gradually clarified, great quantities of studies have declared that abnormal MPTP conditions play a critical role in regulating cell fate in a variety of diseases. The VDAC has virtually no barrier effect on small molecules with molecular weights less than 5 kDa to circulate freely in the cytoplasm and mitochondrial matrix (Bonora and Pinton, 2019). As an intermediate bridge, ANT can interact directly with VDAC and CypD. And that is, ANT can alter OMM and IMM permeability by regulating VDAC and CypD, thus mediating the exchange of substances in the cytoplasmic matrix and the mitochondrial matrix (Chinopoulos, 2018). In a mouse model of heart failure, it had been substantiated that increased mitochondrial matrix Ca2+ caused by Ppif gene (encoding the synthesis of CypD protein) deficiency contributed to the remission of heart failure symptoms (Elrod et al., 2010). By further silencing CypD gene with in vitro siRNA and shRNA techniques on primary human pulmonary artery endothelial cells, and in vivo CypD knockout mice, evidence of CypD deficiency had been shown to promote angiogenesis, which may be partly due to increased mitochondrial matrix Ca2+ and nicotinamide adenine dinucleotide (NADH), activation of NAD+-dependent deacetylase sirtuin 1 (SIRT1) and serine-threonine kinase Akt signaling (Marcu et al., 2015). Evidence suggested that induced pluripotent stem cells (iPSCs) derived hepatocyte toxicity caused by valproic acid was associated with MPTP opening dependent mitochondrial apoptotic pathway (Li et al., 2015).


Causality Between Abnormal MPTP Opening and Apoptosis in Ischemic Stroke

Abnormalities of MPTP state are bound to trigger cellular dysfunction in ischemic stroke. We will briefly summarize the factors and related molecular mechanisms of MPTP opening-induced apoptosis after ischemic stroke. A large number of previous reports have shown that stroke-evoked decreased MMP, excessive mitochondrial reactive oxygen species (mtROS) (Zorov et al., 2014), endoplasmic reticulum stress (ERS), and excitatory amino acid toxicity all stimulated MPTP opening (Prentice et al., 2015), leading to mitochondrial edema, increased membrane permeability, corrupted cristae structure of IMM, and neuronal apoptosis. Notably, as the second messenger, Ca2+ is a stimulus of MPTP opening and also could be a landmark event after MPTP opening. However, from the actual effect, increased Ca2+ and depressed matrix Mg2+ and Mn2+ could all contribute to MPTP opening. In turn, evidence had announced that instantaneously MPTP opening could cause increased Ca2+ in microdomain of astrocytes, which was closely related to maintaining mitochondrial energy supply and stress response (Agarwal et al., 2017). The otherwise MPTP opening-prone factors are as following. Declined matrix PH, caused by protonation of histidine residues or loss of ANT and CypD signaling, could trigger MPTP to tend to shut down. Conversely, the increased matrix PH forces MPTP opening with its maximum openness at about 7.3 (Wang et al., 2016; Šileikytė and Forte, 2019). The formation of disulfide by oxidation on ANT dimer, oxidized pyridine nucleotides such as NAD+ and NADP+ all favor MPTP openness. Conversely, all the factors that inhibit MPTP opening may have a promising future in treating ischemic stroke. Ligands targeting VADC, ANT, CypD (Matsumoto et al., 1999), and TSPO/PBR targets have shown better inhibition of MPTP opening. Moreover, antioxidants such as propofol, metabolites such as glucose and creatine, coenzyme Q, glutamate, or Ca2+ chelators could limit MPTP opening (Zamzami and Kroemer, 2001; Brenner and Moulin, 2012).

It is well known that onset of ischemic stroke causes neurons to produce exorbitant mtROS, ERS, Ca2+ overload, and neuronal toxicity induced by excitatory amino acids. After that, neurons would raise the alarm of MMP decline, mitochondrial edema, elevated MMP and other signs of MPTP opening, which will eventually drive mitochondrial contents such as Cyto-c to be discharged into the cytoplasm and trigger apoptotic events. The results of in vivo animal evaluation have intimated that both transient and permanent cerebral ischemic insults can cause damage to mitochondrial ultrastructure of neuron, such as the appearance of swollen and condensate mitochondria, as well elevated matrix density caused by deposition of electron-dense material (Solenski et al., 2002). An ischemia-induced ROS elevation can favor MPTP opening, which in turn can lead to a subsequent surge in ROS production and a vicious cycle (Zorov et al., 2014). Therefore, inhibition of neuronal apoptosis by blocking MPTP opening would be a potential and promising strategy in the treatment of ischemic stroke. Further extensive in vivo and in vitro experimental evidence also suggested a positive effect of this therapy. In rat models of ischemic stroke, blocking MPTP opening by cyclosporine A had been shown to reduce infarcted volume of ischemic brain tissue (Matsumoto et al., 1999). As a ligand targeting CypD, pre-administration of cyclosporine A can protect primary rat neurons from OGD/R injury, involved mechanisms may be related to maintain mitochondrial integrity and inhibit MPTP opening-induced apoptosis by up-regulating Parkinson’s disease-associated protein DJ-1 (Tajiri et al., 2016). Further, the water-soluble coenzyme Q10 had been shown to protect the accumulation of glutamate-induced HT22 hippocampal neuron damage by inhibiting mitochondrial fragmentation and MPTP opening-induced apoptosis (Kumari et al., 2016). Furthermore, evidence had shown that intervention of MPTP opening inhibitor can reduce the expression of VDAC, manifesting by increased MMP, ATP supply, and improved cerebral ischemia injury symptoms in an in vitro rat model of MCAO (Wang et al., 2019a). The above evidence all conveys that ischemic stroke induced MPTP opening may be a factoid of neuronal apoptosis. Any measures to inhibit MPTP opening could repress cell apoptosis, thus exhibiting the role of anti-ischemic brain protection.

Explosive evidence corroborated that a sudden insult of ischemic stroke may break the balance between the anti-apoptotic and pro-apoptotic members of B-cell lymphoma-2 (Bcl-2) family, which may aggravate stroke condition. The results of ischemic stroke models with Bax gene knockout in vivo and in vitro showed that the improved ischemic neuron injury and decreased neuronal apoptosis were related to the decreased cytoplasmic Ca2+, which was a relatively upstream signal regulating the apoptosis of ischemic neurons (D’Orsi et al., 2015). A great deal of evidence has declassified such a fact that anti-apoptotic Bcl-2 and Bcl-xL can inhibit MPTP opening, whereas pro-apoptotic Bax and Bak proteins can stimulate MPTP opening (D’Orsi et al., 2017). Results from in vitro model of ischemic stroke in rats have shown that increased Bax/Bcl-2 ratio in ischemic insult could irritate MPTP opening, which may cause increased neuronal apoptosis (Andrabi et al., 2017; Andrabi et al., 2019). Actually, members in Bcl-2 family could also regulate two potential MPTP opening stimuli: Ca2+ homeostasis and energy metabolism of neurons (D’Orsi et al., 2017; Peña-Blanco and García-Sáez, 2018). The increased permeability caused by the formed Bax/Bak dimer on OMM contributed to the release or transfer of pro-apoptotic Cyto-c, Smac/Diablo and HtrA2/Omi from the mitochondrial matrix to cytoplasm (Arnoult et al., 2003). Further rat models of focal cerebral ischemia also demonstrated that overexpressed Bcl-2 protein could inhibit the rise of Cyto-c in cytoplasm, thereby preventing the occurrence of apoptotic DNA fragmentation events mediated by the transfer of AIF from mitochondria to nucleus (Zhao et al., 2004). While pro-apoptotic Bcl-xS-induced apoptosis via Bak also induced the exudation of mitochondrial Cyto-c, the formation of apoptosome composed of Cyto-c, Apaf-1 and Caspase-9, and the Caspase apoptotic cascade (Lindenboim et al., 2005; Zhang Q. et al., 2019). Visually breaking news, Bak/Bax macropores contribute to the outflow of mitochondrial contents such as Cyto-c and mitochondrial DNA into the cytoplasm, and thereafter inducing caspase-dependent cell apoptosis (McArthur et al., 2018). Amusingly, evidence also suggested that ROS and ERS could directly activate Bak/Bax-dependent apoptosis, showing condensed and hyperchromatic nucleus, loss of MMP, reduced Bcl-2, increased activation of Caspase-3/-9, PARP, and overexpressed Bak and Bax proteins (Seervi et al., 2018). Therefore, the formation of Bak/Bax macropores in mitochondrial OMM may serve as a hub for MPTP opening-induced mitochondrial apoptosis. Other factors involved in the regulation of MPTP opening after cerebral ischemia have also been reported. Accumulation of p53 in mitochondria has been corroborated to target CypD, leading to MPTP opening and neuronal apoptosis, which is independent of the formation of Bak/Bax macropores (Vaseva et al., 2012). It has been reported that activation of neuron mitochondrial cannabinoid receptor 1 after cerebral ischemia can help inhibit Ca2+ overload-induced MPTP opening and apoptosis (Cai et al., 2017). Another potential target involved in regulating mitochondrial MPTP in ischemic stroke was mitochondrial uncoupling protein 2 (UCP-2). Highly expressed UCP-2 has been demonstrated to inhibit apoptosis by activating redox signaling, evidenced by decreased ROS production, increased MMP and cleaved Caspase-3 protein expression (Mattiasson et al., 2003; Mehta and Li, 2009). The above analysis indicates that ischemic stroke is accompanied by an inevitable event of MPTP over-opening and apoptosis. Although the basic structure of MPTP has not yet been drastically uncovered and recognized. But a number of factors that regulate MPTP opening during the course of ischemic stroke have been exposed in the public eye. In the future, plenty of basic studies should be conducted to elucidate the molecular composition of MPTP and its relationship with ischemic neuron apoptosis. Meanwhile, natural product inhibitors targeting MPTP opening-evoked neuronal apoptosis are also worthy of further research in the treatment of ischemic stroke.




Progress in Stroke Prevention and Treatment by Regulating Mitochondrial MPTP Status in Ethnic Medicine

Ischemic stroke, which accounts for 71% of stroke, is the second and the first leading cause of death and disability worldwide and in China, respectively (Wu S. et al., 2019). In 2016, there were 9.5 million ischemic stroke patients worldwide, while in 2017, 2.7 million people died of ischemic stroke (Campbell et al., 2019). Although intravenous thrombolysis, antiplatelet aggregation, and anticoagulant therapy (Smith et al., 2019; Stoll and Nieswandt, 2019) could be used for the delivery of stroke therapies, but many apoplexy sequelae, characterized by ischemic contralateral or bilateral limb behavior disorders, memory decay, logopathy, dysphagia, and mood irritability (Zhao et al., 2016; Hou et al., 2020), have not yet cure. However, the ethnic medicine has manifested significant clinical efficacy in alleviating above unbearable symptoms or sequelae of stroke. In recent years, the mechanisms of action of drugs have also been gradually revealed. Remarkably, some of them, such as Danhong injection and Naoxintong capsule (Haiyu et al., 2016; Liu M. et al., 2016; Xu et al., 2020), have been officially approved by the China Food and Drug Administration (CFDA) and are bringing good news to stroke patients around the world. Next, we summarized the current officially authorized products, clinically effective traditional Chinese medicine (TCM) prescriptions, ethnic drugs, and effective monomer components based on literature review, trying to clarify the molecular mechanisms of natural products inhibiting neuronal apoptosis and improving ischemic brain from the perspective of mitochondrial MPTP.


Authorized Products for Stroke Improvement by Regulating Mitochondrial MPTP

With the policy guidance and inclination, as well as the accelerated modernization of TCM, tens of thousands of individuals dedicated to clinical and scientific research positions are gradually devoting themselves to the drug development and mechanism exploration of traditional medicine to prevent major diseases, such as stroke. Most ethnic drugs for treatment of ischemic stroke have the function of activating blood circulation to remove blood stasis or clear collaterals. NaoShuanTong capsule (Zhang H. et al., 2019), ShenQi Fuzheng injection (Cai et al., 2016), ShengMai injection (Yang et al., 2016), and PeiYuan TongNao capsule (Bai J. et al., 2019) have been reported to significantly improve the symptoms of ischemic stroke with few adverse events. In recent years, some antiapoptotic protective effects of cerebral ischemia have also been reported, such as XueShuanTong injection (Li et al., 2009) and QianCao NaoMaiTong mixture (Lu et al., 2016).

Most, such as Cerebralcare Granule® (Sun et al., 2010), DanHong injection (Xu J. et al., 2017; Li M. et al., 2018), and AnGong NiuHuang wan (Wang G. et al., 2014; Tsoi et al., 2019), can inhibit ischemia-evoked neuronal apoptosis by regulating bcl-2 family members. As a prescription commonly used in Tibetan medicine to treat ischemic sequelae, our research group proved that the anti-cerebral ischemia effect of ErShiWei ChenXiang pills may be related to its regulation of Bcl-2 family, inhibition of apoptosis, and increase of energy supply (Hou et al., 2020). While regulating Bcl-2 family members, AnNao tablets (Zhang et al., 2020) and YiQi FuMai powder injection (Cao et al., 2016; Xu Y. et al., 2017) may also be involved in inflammation and mitochondrial autophagy to maintain mitochondrial MMP and energy production. In addition, both TongXinLuo's regulation of AKT/ERK signaling (Yu et al., 2016; Cheng et al., 2017) and XingNaoJing injection's regulation of the PI3K-AKT pathway (Zhang Y. et al., 2018) ultimately contributed to the regulation of Bcl-2 and the inhibition of ischemic neuron apoptosis. In addition to the Bcl-2 family, it was reported that Zhenlong Xingnao capsule (Wei X. et al., 2019) and NaoLuoTong capsule (Bai M. et al., 2019) could also be through the regulation of NF-кB to confine ischemia induced inflammatory cascade process. Of course, multiple mechanisms of drugs have also been reported against ischemic neuron apoptosis. QingKaiLing injection could simultaneously inhibit oxidative stress, activation of NLRP3 inflamosome and AMPK signaling pathway, and thus inhibiting neuronal apoptosis (Cheng et al., 2012). PienTzeHuang capsule suppressed the inflammatory and apoptotic cascade of ischemia by regulating AKT/GSK-3β and the Bcl-2 family (Zhang X. et al., 2018). As a fatal blow to the body, disregardful ischemic stroke induced hypoimmunity was also one of the main culprits of exacerbating stroke. Noteworthy, XueSaiTong (Li et al., 2019) and Danggui-Jakyak-San (Kim et al., 2016) may mediate inflammatory responses by regulating STAT3 signaling pathway, and enhance immune function of the body, which were helpful to reduce symptoms of brain injury after ischemia. The above officially certified drugs’ information and specific mechanisms of action are shown in Supplementary Table 1, and Tables 1 and 2. Through in-depth comparative analysis, we found that although the above drugs prevailing in the market have good clinical efficacy, most of their active ingredients, in vivo pharmacokinetic parameters, and potential targeted organ toxicity have not been well evaluated. Importantly, the further regulation of apoptosis still has good research value and prospect. Although there is no direct evidence that they regulate MPTP to inhibit ischemic neuron apoptosis, their effect on members of the Bcl-2 family makes MPTP a potential target for anti-stroke drugs.


Table 1 | The in vivo mechanism underlying the inhibition of MPTP opening-induced neuronal apoptosis by authorized drugs in the treatment of ischemic stroke.




Table 2 | The in vitro mechanism underlying the inhibition of MPTP opening-induced neuronal apoptosis by authorized drugs in the treatment of ischemic stroke.





Prescription and Molecular Mechanisms in Regulating MPTP Openness of Ischemic Stroke

Clinical experience has proved that TCM has excellent efficacy in treating stroke, which can be seen in Huangdi Neijing. But at bottom it is the cold, hot, warm, cool, and other characteristics of drugs to balance the imbalance of Yin and Yang in the body under the condition of disease. In ischemic stroke, a variety of exogenous pathogens and dysfunction of the viscera can lead to poor blood flow or blood stasis, resulting in cerebral ischemia or hypoxia (Hou et al., 2020). Therefore, the clinic mainly focuses on promoting blood circulation to remove stasis, replenishing Qi to nourish blood, and nursing viscera. Extensive clinical and in vivo and in vitro studies have confirmed that prescriptions SiJunZi decoction (Yang et al., 2019), ShengMai san (Li et al., 2013), and YangYin TongNao granules (Wang et al., 2019f) have a significant effect on ischemic stroke. Of course, the regulation of oxidative stress and inflammatory response are also common mechanisms of prescription in the treatment of ischemic brain injury. The antioxidant and anti-inflammatory activities of ShengNaoKang decoction (Chen et al., 2014) could contribute to the inhibition of apoptosis and the alleviation of ischemic brain injury. Other studies have reported that HuangLian JieDu decoction (HJD) could inhibit ischemic neuron apoptosis by regulating PI3K/AKT and HIF-1α/VEGF (Zhang Q. et al., 2014). Further metabolomics (Zhu et al., 2018) and systemic pharmacology (Wang P. et al., 2019) studies have revealed that its anti-ischemic protective effect may also involve the Bcl-2 family such as Bak. Regulating vascular function and increasing cerebral blood flow supply is another effective strategy for stroke treatment. Abundant evidence demonstrated that BuYang HuanWu decoction (BHD) could increase cerebral blood by regulating HIF-1α/VEGF-related signaling pathways (Chen et al., 2019). Improving the mitochondrial ATP supply has also been shown to be an effective treatment for stroke. BHD has been reported to improve ischemic brain injury by reducing glutamate-mediated excitatory amino acid toxicity, resulting in enhanced ATP supply and weakened apoptosis (Wang et al., 2011). At the same time, the improved synaptic ultrastructure by BHD also contributed to the recovery of cerebral ischemia sequelae (Pan et al., 2017). Similarly, ShenGui SanSheng san could also improve the efficiency of citric acid cycle to improve the brain energy deficit after ischemia (Luo et al., 2019). Interestingly, as a cell-sensing oxygen sensor, most studies have also reported evidence of other TCM prescriptions regulating HIF-1α to inhibit apoptosis and inflammation in treatment of stroke, such as XueFu ZhuYu decoction (Lee et al., 2011) and TaoHong SiWu decoction (Yen et al., 2014). Members of the Bcl-2 family are also potential targets for prescription inhibition of apoptosis to improve ischemic brain injury. XiaoXuMing decoction (Lan et al., 2014), ShuanTongLing (Mei et al., 2017), and GuaLou Guizhi decoction (Zhang Y. et al., 2014) all have the potential to regulate the Bcl-2 family and inhibit caspase-dependent mitochondrial apoptosis, which has a similar mechanism to that of MuXiang You fang (Zhao et al., 2016) reported in our previous study. In addition to the Bcl-2 family, DiHuang YinZi (Hu et al., 2009) and DiDang tang (Huang et al., 2018) could also inhibit the generation of Ca2+ and improve MMP to inhibit the apoptosis of ischemic neurons by regulating the ERK signaling pathway. It has also been reported that HouShiHei san (Chang J. et al., 2016) could regulate PI3K/Akt signaling to inhibit the apoptosis of ischemic neurons. The specific mechanisms in vivo and in vitro of the above prescriptions are shown in Table 3.


Table 3 | The in vivo and in vitro mechanism underlying the inhibition of MPTP opening-induced neuronal apoptosis by TCM prescriptions in the treatment of ischemic stroke.



The above evidence indicates that most TCM prescriptions could more or less improve mitochondrial morphology and respiratory function by inhibiting neuronal Ca2+ overload through anti-oxidative stress and anti-inflammatory. Meanwhile, we note that most of them also regulates many members of the Bcl-2 family to inhibit ischemic neuron apoptosis. We, therefore, see the potential of drugs to indirectly inhibit MPTP opening to improve ischemic neuron apoptosis. Nevertheless, the unclear drug distribution of target organs and the intricate network of interactive targets should still drive us to further study.



Herbal Extracts and Molecular Mechanisms in Regulating MPTP Openness of Ischemic Stroke

The overall concept of TCM and the characteristics of treatment based on syndrome differentiation of ethnic medicine determine that prescriptions from diversified drug sources are mainly used in the treatment of diseases. The purpose is to comprehensively consider the functions of viscera to exorcize evil spirits while strengthening the body, and finally cure diseases. However, in addition to conventional prescriptions mentioned above, people have also discovered that the individual application of certain herbs also has the potential to treat diseases. Based on recent literature reports, most of them exhibit outstanding antioxidant effects, such as methanol extract of Artemisia absinthium (Bora and Sharma, 2010) and Colebrookea oppositifolia Smith (Viswanatha et al., 2018). As the most sensitive hippocampal neuron to ischemic invasion, studies have shown that Moringa oleifera seed extract could promote hippocampal nerve regeneration, enhance synaptic plasticity and cholinergic function to treat ischemic stroke (Zeng et al., 2019). More interestingly, Gynostemma pentaphyllum extract could protect OGD/R-induced rats isolated hippocampal slices damage by inhibiting neuronal Ca2+ overload and mitochondrial oxidative stress-induced MPTP opening (Schild et al., 2009), which may help to inhibit the MPTP opening-activated mitochondrial apoptotic cascade event. At the same time, herbs could regulate the expression level of anti-apoptotic and pro-apoptotic proteins of Bcl-2 family and inhibit mitochondrial apoptosis in the treatment of hypoxia brain injury. The specific in vivo and in vitro mechanisms of reported herbs for ischemic stroke treatment by inhibiting mitochondrial MPTP opening-induced neuronal apoptosis are shown in Tables 4 and 5. Figure 2 shows pictures of 16 representative herbs. It is world-renowned that superior immune enhancement of plant polysaccharides could prevent and cure many diseases. Previous investigations reported the anti-ischemic effects of Ganoderma lucidum polysaccharides (GLP) (Zhou et al., 2010), Lycium barbarum polysaccharide (LBP) (Wang T. et al., 2014; Zhao et al., 2017b), Panax notoginseng polysaccharides (PNP) (Dong et al., 2014), and Cistanche deserticola polysaccharides (CDP) (Liu et al., 2018) were associated with anti-oxidant activity and the regulation of Bcl-2 family members to maintain mitochondrial function and morphology. Furthermore, Achyranthes bidentata polypeptides (ABP) (Shen et al., 2010), astragalosides (Chiu et al., 2014), and phenolic acid extracts derived from Sargentodoxa cuneata (Bai M. et al., 2019) and Salvia miltiorrhiza (Hou et al., 2016; Yang et al., 2018; Wei Y. et al., 2016) also have potential anti-ischemic stroke effects. In conclusion, although the clinical treatment of ischemic stroke with a single herb is rare, a large number of definitive in vitro and in vivo and clinical reports are sufficient to support further studies. However, the mechanism of some herbs with better efficacy proved by experiments is still in the preliminary stage, and the ischemic brain protection mechanism of anti-neuronal apoptosis is worthy of further exploration. More promisingly, some ethnic herbs for stroke prevention, such as Tibetan medicine saffron (Ochiai et al., 2007) and Mongolian medicine Eerdun Wurile (Gaowa et al., 2018), have also been gradually reported in recent years. In the early stage, our research group also revealed that the anti-hypoxia brain protection effect of the Tibetan medicine Rhodiola crenulata was related to the regulation of the HIF-1α/microRNA 210/ISCU1/2(COX10) signal pathway to improve mitochondrial energy metabolism, inhibit oxidative stress and mitochondrial apoptosis (Wang et al., 2019c). Although the medication law of ethnic medicine for prevention and treatment of ischemic stroke is bound to limit the scope of effective single herbal medicine. But optimistically taking the long view, such a gradual herbal medicine research model should be warranted.


Table 4 | The in vivo mechanism underlying the inhibition of MPTP opening-induced neuronal apoptosis by herbal medicine in the treatment of ischemic stroke.




Table 5 | The in vitro mechanism underlying the inhibition of MPTP opening-induced neuronal apoptosis by herbal medicine in the treatment of ischemic stroke.






Figure 2 | Representative herbal images that may inhibit ischemic neuron apoptosis by regulating MPTP. Sixteen herbs are shown here.





Monomers and Molecular Mechanisms in Regulating MPTP Openness of Ischemic Stroke

As research continues, massive active ingredients for treating stroke have been identified from herbal medicines. According to literature reports, we summarized 29 monomer compounds that may target to inhibit mitochondrial MPTP overopening-induced neuronal apoptosis, including alkaloids, flavonoids, terpenoids, and phenolic acids. Figure 3 shows the structure information of these potential compounds. Tables 6 and 7 list the specific brain protective mechanisms of monomer compounds against ischemia-induced neuronal apoptosis. Notably, some of these compounds have been shown to regulate MPTP to improve ischemic stroke. The anti-oxidant and anti-inflammatory effects of hydroxy safflor yellow A (HSYA) and carboxyatractyloside could help to inhibit ischemia-induced MPTP opening and play a protective role against cerebral ischemia (Ramagiri and Taliyan, 2016). The anti-hypoxic effect of kaempferol was related to inhibition of mitochondrial fission, maintenance of mitochondrial integrity and function, and therefore repressing MPTP opening-induced apoptosis (Wu B. et al., 2017). In vivo and in vitro experiments showed that the protective effect of gallic acid (GA) on cerebral ischemia against apoptosis might be related to inhibition of oxidative stress response, Ca2+ and ROS overproduction-evoked MPTP opening, and the transfer of mitochondrial Cyto-c to the cytoplasm, and thus increasing mitochondrial ATP supply and MMP (Sun et al., 2014). The authors further illuminated that GA could inhibit MPTP-induced apoptosis by regulating ERK-CypD axis, which may make GA a natural MPTP opening inhibitor for treating ischemic stroke (Sun et al., 2017). Earlier studies have reported that the anti-oxidative stress and apoptotic properties of trans resveratrol (Agrawal et al., 2011) and resveratrol (Narayanan et al., 2015) may lead to a protective effect against ischemia. Subsequently, studies confirmed that OGD/R induced bEND3 cerebrovascular endothelial cell edema was associated with monocyte chemoattractant protein and intracellular Ca2+ overload, while resveratrol could maintain mitochondrial MMP by inhibiting ROS and elevated Ca2+ ions, thus improving hypoxic brain edema (Panickar et al., 2015). Excitingly, recent study has further demonstrated that the anti-anoxic brain protection of preadministrated resveratrol may be related to consolidating mitochondrial tolerance to anoxia and increasing VDAC level and energy synthesis (Khoury et al., 2019). However, on the contrary, picroside II could interdict release of pro-apoptotic factor Endo G into the nucleus driven by MPTP opening, ROS production and VDAC1 protein expression (Li S. et al., 2018). Therefore, it is worth further focus on VDAC, one of the main components of MPTP, as an interesting target for stroke treatment.




Figure 3 | The structural information of underlying compounds for regulation of MPTP opening to inhibit apoptosis in ischemic neurons. The structural formulae of 29 monomer compounds are shown in the figure.




Table 6 | The in vivo mechanism underlying the inhibition of MPTP opening-induced neuronal apoptosis by monomeric compounds in the treatment of ischemic stroke.




Table 7 | The in vitro mechanism underlying the inhibition of MPTP opening-induced neuronal apoptosis by monomeric compounds in the treatment of ischemic stroke.



In vivo and in vitro studies have shown that oxysophoridine could regulate Bcl-2 family members, and thereby counteracting mitochondria-mediated apoptosis. Meanwhile, it was possible to suppress Ca2+ overload of neurons and maintain mitochondrial MMP by anti-oxidative stress and inhibiting the toxicity of neuronal excitatory amino acids (Chen et al., 2013; Wang et al., 2013; Zhao et al., 2013). Oxysophocarpine could also limit hypoxia-induced neuronal apoptosis by inhibiting Ca2+ and increasing MMP (Zhu et al., 2014). Further studies have shown that the inhibitory effect of apoptosis was related to anti-inflammatory and down-regulation of MAPK signaling pathway (Zhao et al., 2017a). Similarly, aloperine (Ma et al., 2015), matrine, and oxymatrine (Zhao et al., 2015a; Zhao et al., 2015b; Liu Y. et al., 2019) may have the same protective effect against ischemic neuron apoptosis. As a reversible selective inhibitor of true cholinesterase, huperzine A has been shown to inhibit mitochondrial complexes I–IV, a-ketoglutarate dehydrogenase, and MMP decline after ischemia, which helps to eliminating excessive ROS and Ca2+ (Zheng et al., 2008). Considering the short in vivo half-life of tetramethylpyrazine, a novel compound containing tetramethylpyrazine and carnitine structures was synthesized. Further in vivo and in vitro results also confirmed that its anti-hypoxic brain protective effect was related to anti-oxidative stress and anti-inflammatory, ultimately maintaining the morphology and function of neurons and inhibiting neuronal apoptosis (Wang et al., 2017). Of course, there are other natural compounds that antagonize ischemia-infuriated morphological and functional disorders of brain mitochondria by regulating oxidative stress signals such as leonurine (Loh et al., 2010) and neferine (Wu C. et al., 2019).

Flavonoids resisting oxidative stress may drive the recovery of ischemia attacked neuron mitochondrial function, evidenced by increased mitochondrial biosynthesis and respiration, dampened Ca2+ production, and mitochondria edema, such as icariside II (Feng et al., 2018), as well quercetin and epicatechin in flavonols (Nichols et al., 2015). As an Nrf2 activator, mangiferin inhibited the nuclear translocation of two subunits of NF-κB, p65 and p50, and the superior antioxidant properties of mangiferin and morin inhibited Ca2+ overload and improved mitochondrial MMP, thus counteracting the lethal post-ischemic neuronal excitatory toxic damage and cascade apoptosis (Campos-Esparza et al., 2009). Other reports suggested that the protective effects of genistein (Qian et al., 2012), isorhamnetin (Li et al., 2016), and vitexin (Cui et al., 2019) against ischemia may involve both inflammation and inhibition of neuronal apoptosis. Most terpenoids also have antioxidant properties similar to those of alkaloids and flavonoids, which helped maintain mitochondrial morphology and respiratory function as well as ischemia-induced neuronal apoptosis, such as bilobalide (Schwarzkopf et al., 2013) and Swertiamain (Wang et al., 2019b). Studies have shown that the treatment time window of asiatic acid can be maintained for at least 12 h, which is related to the improvement of MMP and the inhibition of mitochondrial Cyto-c release (Krishnamurthy et al., 2009). The balanced redox effect of ginsenoside Rd may contribute to the improvement of cerebral injury symptoms (Ye et al., 2011a). Further evidence showed that Rd could improve mitochondrial respiratory function and increase ATP production by reducing ROS production, thereby maintaining MMP and inhibiting neuronal apoptosis (Ye et al., 2011b), which was similar to dehydrocostuslactone’s protection of rat hippocampal slices from OGD/R-induced damage (Zhao et al., 2018a). Astragalosides IV may maintain mitochondrial function and inhibit OGD/R-induced cortical neuronal apoptosis by regulating PKA/CREB signaling pathway (Xue et al., 2019). In vivo and in vitro evidence suggested that Salvinorin A played an anti-apoptotic and anti-hypoxia protective role in brain involving the reduction of ROS and Ca2+ production in cerebrovascular endothelial cells, the activation of AMPK/Mfn2 signaling pathway, and ultimately maintenance of mitochondrial morphology and MMP (Dong et al., 2019). As an excellent natural biological cross-linking agent and a specific inhibitor of mitochondrial uncoupling protein 2 (UCP2), in vivo studies have shown that genipin could improve mitochondrial energy metabolism by inhibiting UCP2-SIRT3 signaling pathway to mitigate oxidative stress injury and neuronal apoptosis after hypoxic brain injury (Zhao B. et al., 2019).

Other compounds such as taurine (Zhu et al., 2016) and echinacoside (Wei W. et al., 2019) could also regulate Bcl-2 family members through antioxidant stress, and inhibit mitochondrial apoptosis to improve hypoxic brain injury. Ischemic brain protection against neuronal apoptosis of phenolic acid compounds tetrahydroxystilbene glucoside (Wang et al., 2009), vanillin (Lan et al., 2019), curcumin (Zhang et al., 2017), and apocynin (Connell et al., 2012) may also further involved in the mechanism of anti-inflammatory, such as regulating the NF-κB and JNK, or targeting SIRT1. The antioxidant activity of quinones shikonin (Wang et al., 2010) and aloin (Chang R. et al., 2016), with a similar anti-cerebral ischemia action of rhein in our previous study (Zhao et al., 2018b), as well as phenylpropanoid compounds cinnamtannin D1 and trans-cinnamaldehyde (Panickar et al., 2015; Qi et al., 2016) from cinnamon might reduce the accumulation of Ca2+ and ROS, thus improving MMP to exert anti-ischemic neuron apoptosis. Through the above analysis of officially authorized drugs for the treatment of ischemic stroke, ethnic drug prescription, herbs, and monomer components, we found that most of them have the effect of anti-oxidative stress. The inhibition of overloaded Ca2+ and overproduced mtROS is the premise of drugs to reverse the decline of MMP after ischemia, improve mitochondrial respiratory function, and maintain the ATP supply of neurons. Although apoptosis might be the ultimate destination of neurons after ischemic stroke, we are pleasantly surprised to find that many adverse factors after ischemia might drive mitochondrial MPTP overopening. Meanwhile, we have previously discussed some potential proteins or oligomers that may be involved in regulating MPTP opening after cellular hypoxia, such as Bcl-2, Bax, Bcl-xL, and oligomer Bax/Bak of the Bcl-2 family. Through reviewing literatures, we also found that the above natural products could directly or indirectly inhibit MPTP overopening after ischemia. Furthermore, increased OMM permeability and collapsed mitochondrial membrane structures are inhibited. Ultimately, the integrity of the mitochondrial membrane and MMP are rescued, thus inhibiting the vicious cycle of excessive Ca2+ and mtROS production. As seen from the end results, caspase-dependent apoptosis triggered by the release of mitochondrial contents such as Cyto-c and AIF was blocked. Collectively, we have reason to believe that mitochondrial MPTP may be a potential target of natural products to inhibit neuronal apoptosis in treatment of ischemic stroke. Among the mechanisms, there may also be inflammation and oxidative stress signaling involved in MPTP opening and apoptosis. We summarized the mechanisms by which ethnic drugs may regulate MPTP to inhibit apoptosis of ischemic neurons, as shown in Figure 4. Among them, the mechanisms that have not been reported and elucidated still need to be further probed.




Figure 4 | A panoramic view of natural products inhibiting MPTP opening-induced neuronal apoptosis in the treatment of ischemic stroke. Any adverse stimuli after ischemic stroke could favor MPTP opening. However, natural products that inhibit MPTP opening could further prevent neuronal inflammation after ischemia, oxidative stress injury, and mitophagy, and finally repress ischemic neuron apoptosis.






Conclusion and Future Prospects

The literatures on targeted improvement of mitochondrial MPTP by ethnic medicine were reviewed systematically and purposefully. We were ecstatic to accept the trend that balanced mitochondrial MPTP was becoming a novel strategy for drug treatment of stroke (Briston et al., 2019). First, we identified that the process of stroke was associated with an abnormal over-opening of mitochondrial MPTP. Any factors that induced insufficient blood supply to the brain may lead to robust ROS, unbalanced intracellular Ca2+ homeostasis, decrease MMP, inflammation, and ERS. These detrimental events were doomed to be fatal to mitochondria and initiate changes in the three-dimensional conformation of mitochondrial MPTP, which would in turn aggravate the production of mitochondrial ROS, mitochondrial edema, the booming cytoplasmic Ca2+, the decline of MMP, and the reduction of ATP synthesis. To sum up, all these adverse biological events that caused the loss of the function of mitochondrial bilayer barrier would inevitably disrupt the material transfer between mitochondrial matrix and cytoplasm. Consequently, the activated mitochondrial dependent apoptosis was triggered according to an inherent set of biological procedures. And this process was regularly and strictly executed by mitochondria-emitted apoptosis signal, and delivered step by step. For instance, ischemia-induced MPTP opening leaded to the translocation of Cyto-c from mitochondrial matrix into cytoplasm, and binding with Apaf-1 and Caspase-9 to form apoptosome, thereby activating caspase-dependent programmed cell death pathways in ischemic/anoxic neurons. Secondly, we found piece by piece that ethnic drug prescriptions, herbal medicine, and monomer components could participate in regulation of excessive MPTP opening induced-ischemic neuronal apoptosis from different perspectives. We therefore concluded that mitochondrial MPTP, a very considerably intermediate link in apoptosis signaling, might be a novel target for natural products in treatment of stroke.

However, by weighing the pros and cons, the following aspects should be worthy to further optimization considering the anti-apoptotic brain protection effect of ethnic drugs through regulation of mitochondrial MPTP. First, the complexity and uncertainty of active ingredients penetrating blood brain barrier (BBB). Current methods for identifying active ingredients included high performance liquid chromatography (HPLC), mass spectrum, gas chromatography-mass spectrometer (GC-MS), or liquid chromatograph-mass spectrometer (LC-MS). However, the key problem lay in the selection and preprocessing of samples for content determination: the original herbs or prescription extracted by simple decoction, ultrasound or different proportions of organic reagents, animal serum or brain tissue homogenate after administration. Any test based on those ideas would simply identify specific monomer compounds contained in certain prescriptions or extracts. However, the premise of drug efficacy was to achieve a certain concentration in target organs or tissues such as specific brain regions to stimulate the transmission of anti-apoptotic protective signals. Slightly regretfully, the qualitative or quantitative identification methods mentioned above cannot completely represent the concentration of drug enrichment in cerebral ischemic regions. For this existing and confronting problems, we proposed that a microdialysis device coupled HPLC/MS would be a potential platform for screening active ingredients (Reyes-Garcés et al., 2019) or changeable pH value of brain microenvironment (Su and Ho, 2019). Moreover, distribution concentrations of different small molecule drugs targeting distinct brain regions could be dynamically presented in real time and in vivo by an integrated platform of high resolution laser confocal microimaging coupled with brain MS imaging (He et al., 2019; Liu C. et al., 2019). Finally, a multi-dimensional image of drug distribution in brain tissue was visually and stereoscopically constructed. Second, the rationality of in vivo and in vitro simulation of clinical stroke model in light of the complexity of BBB tissue structure (Sweeney et al., 2019). Currently, diverse in vivo stroke models for cerebral ischemia, or in vitro OGD/R-induced hippocampal slices or different neuron injury models, which were widely accepted and acquiescent, cannot reproduce the scene of changes in brain tissue structure and the specific molecular-mediated damage mechanisms yet. Therefore, the above existing stroke models needed to be further discussed. However, it was encouraging to note that our research group had successfully established in vitro co-culture models of cerebrovascular endothelial cell, astrocytes, and pericytes to simulate BBB (the data have not yet been published), referring to the organ-like models of multiple neurons co-culture or BBB previously reported (Bergmann et al., 2018). Of course, through establishment of in vitro neurovascular unit (NVU), we also strived to achieve real-time and rapid evaluation of natural small molecule compounds passing BBB, and to screen the quality markers of ethnic drugs and functional protein targets on a coupled microfluidic chip-mass spectrometry (MC-MS) platform (Wang et al., 2019d).

Third, the mechanisms of small molecular compounds acting on mitochondrial MPTP to inhibit apoptosis after ischemic stroke were unsophisticated. According to what we have learned, the conventional means demonstrating the interrelationship between drugs and MPTP were limited to the following. After intervention with MPTP inhibitors or agonists, conventional western blot, immunohistochemistry/fluorescence (Bonora et al., 2016), flow cytometry, and qRT-PCR were employed to evaluate the effect of drugs on changes in protein and gene expression that made up MPTP, such as VDAC and ANT. In addition, gene editing such as plasmids or viruses transfection of target gene vectors to overexpress or silence the target gene, or to completely knock out or down the target gene and observe the effect of drugs on MPTP were also some popular molecular biology methods. Certain proteins or protein complexes such as Bax/Bak dimerization, mtROS, oxidative stress, and inflammatory factors could regulate MPTP opening-induced cell apoptosis, thus providing indirect evidence for drug regulation of MPTP. The more intuitive evidence might be to detect some of triggering hallmarks after MPTP opening, such as mitochondrial swelling, decreased MMP and ATP production, and detection of fluorescent labeled cytoplasmic Ca2+ surge. However, none of the above methods could provide direct evidence of drug-MPTP-apoptosis. That is, it cannot be visualized that drugs confined MPTP opening, and thus inhibiting cell apoptosis. The deficiencies of the above mechanisms investigation included the limited understanding of MPTP and the limitations of current molecular imaging technologies. Therefore, more efforts were needed to explore the molecular basis and regulatory mechanism of MPTP. We also had reason to believe that the laser confocal high intentionality live cell real-time imaging and analysis system would be a robust alternative for probing drug targeted regulation of MPTP. Moreover, patch-clamp combined with two-photon living cell imaging technology also had potential prospects for detection of prophylaxis and treatment of ethnic drugs on post-stroke mitochondrial MMP and Ca2+ or other ion levels (Kislin et al., 2017; Wilson et al., 2018; Zhang et al., 2019c). In conclusion, we were optimistic that abnormal opening of mitochondrial MPTP-induced apoptosis would become a potential target for stroke treatment by ethnic medicine. Further, we conceived and constructed the systematic process and program of drugs regulating mitochondrial MPTP to inhibit apoptosis in ischemic stroke, as shown in Figure 5. However, objectively speaking, no matter how many preclinical investigations were merely paving the way for screening mitochondrial MPTP targeted candidates, clinical trials with large samples and multi-center joint evaluation of the clinical efficacy of candidates were still necessary to be carried out.




Figure 5 | Conceptual flowchart of combined multiple techniques for MPTP regulation by natural products on apoptosis of ischemic neurons. Mitochondrial MPTP is a novel target for the treatment of ischemic stroke. Determination of the distribution of natural products in distinct brain regions, reasonable in vivo and in vitro stroke models, and advanced MPTP imaging technologies will be conducive to the development of ethnic drugs targeting MPTP.
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Osteolytic bone disease is characterized by excessive osteoclast bone resorption leading to increased skeletal fragility and fracture risk. Multinucleated osteoclasts formed through the fusion of mononuclear precursors are the principle cell capable of bone resorption. Pregnenolone (Preg) is the grand precursor of most if not all steroid hormones and have been suggested to be a novel anti-osteoporotic agent. However, the effects of Preg on osteoclast biology and function has yet to be shown. Here we examined the effect of Preg on receptor activator of nuclear factor kappa B ligand (RANKL)-induced osteoclast formation and bone resorption in vitro, and potential therapeutic application in inflammatory bone destruction and bone loss in vivo. Our in vitro cellular assays demonstrated that Preg can inhibit the formation of TRAP+ve osteoclast formation as well as mature osteoclast bone resorption in a dose-dependent manner. The expression of osteoclast marker genes CTSK, TRAP, DC-STAMP, ATP6V0d2, and NFATc1 were markedly attenuated. Biochemical analyses of RANKL-induced signaling pathways showed that Preg inhibited the early activation of extracellular regulated protein kinases (ERK) mitogen-activated protein kinase (MAPK) and nuclear factor-κB, which consequently impaired the downstream induction of c-Fos and NFATc1. Using reactive oxygen species (ROS) detection assays, we found that Preg exhibits anti-oxidant properties inhibiting the generation of intracellular ROS following RANKL stimulation. Consistent with these in vitro results, we confirmed that Preg protected mice against local Lipopolysaccharide (LPS)-induced inflammatory bone destruction in vivo by suppressing osteoclast formation. Furthermore, we did not find any observable effect of Preg on osteoblastogenesis and mineralization in vitro. Finally Preg was administered to ovariectomy (OVX)-induced bone loss and demonstrated that Preg prevented systemic OVX-induced osteoporosis. Collectively, our observations provide strong evidence for the use of Preg as anti-osteoclastogenic and anti-resorptive agent for the potential treatment of osteolytic bone conditions.




Keywords: LPS (lipopolysaccharide), OVX model, osteoclast (OCs), ERK, RANKL (receptor activator of nuclear factor kappa-B ligand)



Introduction

Osteolytic bone diseases such as inflammatory bone destruction and post-menopausal osteoporosis share a common theme of deterioration and destruction of the microstructure of bone tissue leading to marked decreases in bone mass, skeletal fragility, and consequently increased risk of bone fractures. The main cause of osteolytic diseases is the imbalance in the bone remodeling leading to excessive osteoclast formation and bone resorption. Osteoclasts are multinucleated giant cells formed through the fusion of mononuclear cells of the monocyte/macrophage cell lineage (Boyle et al., 2003). They are the principle and only cell in the body capable of resorbing and degrading the mineralized bone matrix (Lacey et al., 2012).

Two key cytokines are needed to stimulate the commitment of mononuclear precursor cells to the osteoclast lineage. One is the macrophage-colony stimulating factor (M-CSF) and the other one is the receptor activator of nuclear factor kappa B ligand (RANKL). M-CSF contributes to the proliferation and survival of early mononuclear precursors. RANKL on the other hand drives the differentiation and fusion of precursor cells toward the osteoclast lineage. Both M-CSF and RANKL is required for subsequent mature osteoclast activation toward bone resorption (Udagawa et al., 1990; Lacey et al., 1998; Yasuda et al., 1998).

Binding of RANKL to its receptor RANK initiates a cascade of early signaling events that culminates in the induction and sustained activation of the master osteoclast transcription factor NFATc1 that regulates a host of genes involved in osteoclast differentiation and bone resorption (Ishida et al., 2002; Takayanagi et al., 2002; Asagiri et al., 2005; Crotti et al., 2008; Aliprantis et al., 2008; Feng et al., 2009). Among the many RANKL-induced signaling cascades involved in the induction of NFATc1, the nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK; ERK, p38, and JNK) signaling pathways, are considered the most important being activated early on in the differentiation process. Additionally, the level of reactive oxygen species (ROS) which are markedly elevated during osteoclast formation and bone resorption, also play important roles in the regulation of RANKL-induced signaling cascades (Garrett et al., 1990; Bhatt et al., 2002; Ha et al., 2004; Lee et al., 2005). The importance of these signaling molecules and transcription factors in osteoclast biology are exemplified by numerous genetic and pharmacological studies. Genetic deficiency of NF-kB, MAPK, c-Fos, and NFATc1 have led to osteopetrotic phenotypes in mice (Iotsova et al., 1997; Matsuo et al., 2000; Klein et al., 2006; Thouverey and Caverzasio, 2012), whereas pharmacological inhibition studies that impairs the activation of these signaling cascades show promise as therapeutic agents against osteolytic conditions (Zhang et al., 2018; Xiao et al., 2019; Wu et al., 2019).

Pregnenolone (Preg) is a natural endogenous steroid hormone and “grand” precursor of most if not all steroid hormones including estrogen, progesterone, testosterone, glucocorticoids, and mineralocorticoids (Henderson et al., 1950; Berg et al., 2002; Marx et al., 2011). Despite being the precursor steroid hormone, Preg and its metabolic derivatives have shown to exert anti-inflammatory, anti-cancer, and neuroprotective properties (Popovich et al., 2012; Elhinnawi et al., 2018; Cho et al., 2019). Furthermore, it has been suggested that Preg and heterocyclic analogues of Preg has potential as novel anti-osteoporotic agents by enhancing osteoblast differentiation and mineralization. However, the effects of Preg on osteoclast formation and bone resorption has yet to be investigated.

In this study, we showed that Preg can inhibit RANKL-induced osteoclastogenesis and bone resorption in a dose-dependent manner in vitro and protected mice against LPS-induced bone destruction and ovariectomy-induced bone loss in vivo. We found that Preg treatment was associated with the inhibition of early RANKL-induced activation of ERK MAPK and NF-κB signaling cascade which consequently attenuated the induction of c-Fos and NFATc1. Additionally, we also found Preg to exert anti-oxidant effects suppressing intracellular ROS production in response to RANKL. Collectively, our data suggests that Preg has potential as therapeutic agent against osteolytic conditions mediated by elevated osteoclast formation and bone resorption.



Materials and Methods


Media and Reagents

Preg was purchased from Tokyo Chemical Industry (TCI Development, Shanghai, China, purity>98%), dissolved in dimethyl sulfoxide (DMSO; Beyotime Institute of Biotechnology, Jiangsu, China) at stock concentration of 20 mM, and further diluted in culture media to working concentrations prior to use. Alpha modification of minimal essential medium (α-MEM) was from Hyclone (GE Healthcare, Chicago, IL, USA). Fetal bovine serum (FBS), L-glutamine, and penicillin and streptomycin (P/S) were obtained from Gibco (Thermo Fisher Scientific, Waltham, MA, USA). Recombinant mouse macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear factor-κB ligand (RANKL) were procured from R&D Systems (Minneapolis, MN, USA). Tartrate-resistant acid phosphatase (TRAP) staining kit acquired from Joytech Bio Inc (Zhejiang, China). Specific primary antibodies against NF-κB p65 (#4764), p-p65 (Ser536; #3033), IκBα (#4812), ERK1/2 (#4695), p-ERK1/2 (Thr202/Tyr204; #4370), p38 (#8690), p-p38 (Thr180/Tyr182; #4511), SAPK/JNK (#9252), p-SAPK/JNK (Thr183/Tyr185; #4668), β-actin (#4970), and GAPDH (#5174) were purchased from Cell Signaling Technology (Danvers, MA, USA). Fluorescently-labeled secondary goat anti-rabbit IgG antibody (IRDye 800CW; ab216773), Phalloidin-iFluor 488 Reagent (ab176753), and specific primary antibody against c-Fos (ab190289) were obtained from Abcam (Cambridge, UK). Specific primary antibody against NFATc1 (7A6; sc-7294) was from Santa Cruz Biotechnology (Dallas, TX, USA). 2-(4-Amidinophenyl)-6-indolecarbamidine (DAPI; C1002), ROS Assay Kit (S0033), and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) Alkaline Phosphatase Color Development Kit (C3206) were purchased from Beyotime Institute of Biotechnology. Alizarin Red S Solution (1%, pH4.2; G1452) was procure from Solarbio Life Sciences (Beijing, China). Prime Script RT Master Mix (#RR036A) and TB Green Premix Ex Taq (RR420A) were from Takara Bio Inc. (Shiga Prefecture, Japan).



Bone Marrow-Derived Macrophages (BMMs) and Bone Marrow-Derived Stroma Cells (BMSCs) Isolation

Mouse BMMs and BMSCs were isolated by flushing the tibias and femurs of 6-week old mice with α‐MEM supplemented with 10% FBS, 2 mM L‐glutamine and 1% P/S (complete α-MEM). BMMs were maintained in complete α-MEM containing 30 ng/ml M-CSF. BMSCs were maintained in α-MEM supplemented with 15% FBS, 2 mM L-glutamine, and 1% P/S. All cells were grown in a 37°C incubator with humidified atmosphere of 95% air and 5% CO2, and the medium was replaced every 2–3 d. Adherent cells were grown to 95% confluence and were either passaged or used for downstream applications.



Cell Viability Assay

Cell viability of BMMs and BMSCs were examined using the CCK-8 Cell Proliferation Assay Kit (Dojindo Molecular Technology, Kumamoto, Japan) in accordance with manufacturer’s protocol. The assay is based on the principle that the highly water-soluble tetrazolium salt, WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt] can be reduced to a water-soluble formazan dye by dehydrogenases in cells. The amount of formazan dye generated is directly proportional to the number of live cells. M-CSF-dependent BMMs or BMSCs were seeded in 96-well culture plates at a density of 6×103 cells/well and allowed to adhere overnight. Next day, cells were treated without or with various concentrations (2.5, 5, 10, and 20 μM) of Preg for 48 and 96 h after which 10 μl of CCK-8 reagent was added to each well and incubated for further 4 h. After incubation, the absorbance was measured at wavelength of 450 nm on a spectrophotometer microplate reader (SpectraMax M2, Molecular Devices, SV, USA) and the average OD values for each sample were analyzed using ImageJ software (NIH, Bethesda, MD, USA).



In Vitro Osteoclast Formation and Bone Resorption Assay

For osteoclast formation assays, BMMs seeded in 96-well plates at a density of 8×103 cells/well in complete α-MEM containing 30 ng/ml M-CSF and 50 ng/ml RANKL were treated without or with various concentrations (5–20 μM) of Preg for 7 d. Medium containing M-CSF, RANKL, and Preg were changed every 2 d. At the end of 7 d, cells were fixed with 4% paraformaldehyde (PFA) for 20 min and stained for TRAP activity. TRAP stained cells were imaged under light microscopy and the number and size (in terms of area) of TRAP+ve multinucleated osteoclasts with three or more nuclei were quantified using ImageJ software. For bone resorption assays, BMMs were cultured in six-well plates with 30 ng/ml M-CSF and 50 ng/ml RANKL for 3–4 d until small pre-osteoclast-like cells formed. Removed the cells with trypsin for 3 min and gently scraped them off and then centrifuge at 1,000 rpm for 5 min. Then equally reseed the cells onto hydroxyapatite-coated plates. Let the cells settle for 8 h, then treated with various concentrations (5, 10, and 20 μM) of Preg. After 4 d, adherent cells were incubated with 5% sodium hypochlorite solution for 15 min and then washed three times with PBS. Plates were air-dried and resorption pits visualized under light microscopy. The percentage of resorbed area relative to total well area for each experimental condition were measured using ImageJ software.



In Vitro Osteogenic Differentiation, and Alkaline Phosphatase (ALP) and Mineralization Activity

BMSCs seeded in 12-well plates at a density of 3×105 cells/well and grown to 90% confluence were then cultured in osteogenic medium containing 100 μM L-ascorbic acid, 10 mM β-glycerophosphate, and 100 nM dexamethasone without or with 10 or 20 μM for 7 d to induce osteogenic differentiation. Half osteogenic medium change was carried out every 2 d. At the end of the 7th day, cells were fixed in 4% PFA for 20 min and then stained for ALP activity using the BCIP/NBT ALP Color Development Kit as per manufacturer’s protocol. For the examination of bone mineralization activity, BMSCs were cultured in osteogenic medium and treated as described above for 21 d with half medium change every 2 d. At the end of the experimental period, cells were fixed in 4% PFA for 20 min at room temperature, washed three times with 70% alcohol, and then stained with 1% Alizarin Red S solution at room temperature for 30 min. Plates were air-dried before imaging under light microscopy. ALP and mineralization activity (expressed as percentage of control) were measured using ImageJ software.



RNA Extraction and Real-Time qPCR

Osteoclasts were generated from M-CSF-dependent BMMs after 7 d of culture with 50 ng/ml RANKL in the absence or presence of various concentration (5–20 μM). At the end of the culture period, total RNAs were extracted using TRIzol reagent (Thermo Fisher Scientific) as per manufacturer’s instructions. Complementary DNAs (cDNAs) were reversed transcribed using 1 μg of extracted total RNAs using Prime Script RT Master Mix and used as template for subsequent real time qPCR reactions. Real time qPCR was carried out on a qTOWER Real-time PCR Thermal Cycler (Analytik Jena, Jena, Germany) in reaction mixtures containing TB Green Premix Ex Taq, cDNA, and forward and reverse primers. The reaction conditions were 95°C for 3 min; followed by 40 cycles at 95°C for 10 s, 60°C for 20 s, and 72°C for 20 s; with a final extension step at 72°C for 20 s. The following primer sets based on mouse gene sequences were used: GAPDH (Forward:5'-ACCCAGAAGACTGTGGATGG-3', Reverse: 5'CACATTGGGGGTAGGAACAC-3'); CTSK (Forward: 5'-CTTCCAATACGTGCAGCAGA-3', Reverse: 5'-TCTTCAGGGCTTTCTCGTTC-3'); TRAP (Forward: 5'-CTGGAGTGCACGATGCCAGCGACA-3', Reverse: 5'-TCCGTGCTCGGCGATGGACCAGA-3'); NFATc1 (Forward: 5'-CCGTTGCTTCCAGAAAATAACA-3', Reverse: 5'-TGTGGGATGTGAACTCGGAA-3'); ATP6V0d2 (Forward: 5'-AAGCCTTTGTTTGACGCTGT-3', Reverse: 5'-TTCGATGCCTCTGTGAGATG-3'); and DC-STAMP (Forward: 5'-AAAACCCTTGGGCTGTTCTT-3', Reverse: 5'-AATCATGGACGACTCCTTGG-3'). Data were normalized to GAPDH using 2−ΔΔCT method.



Protein Extraction and Western Blot Analyses

To investigate early RANKL-induced signaling events, seeded BMMs were serum starved for 1 h, pre-treated without or with 20 μM Preg for 3 h, and then stimulated with 50 ng/ml RANKL for 5, 10, 20, 30, or 60 min. Unstimulated cells were used as time 0 mock controls. At the end of the experimental period, cells were lysed in cell lysis buffer containing radioimmunoprecipitation, protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific) and cleared by centrifugation. For western blot, 30 μg of cleared protein lysates were resolved by sodium dodecyl sulfate‐polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to nitrocellulose membranes using Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Hercules, CA, USA). Membranes were blocked with 5% skim milk for 1 h and then washed three times with TBST (Tris-buffered saline with 0.1% Tween 20). Membranes were incubated with specific primary antibody of interest (diluted 1:1,000) overnight at 4°C followed by incubation with appropriate fluorescently-labeled secondary antibody (IRDye; diluted 1:1,000) for 1 h at room temperature. Protein bands were visualized using the Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE, USA) and relative protein expression calculated from gray-scale blots using ImageJ software.



Intracellular ROS Assay

Intracellular ROS levels were detected using the ROS assay kit containing the cell-permeant fluorogenic dye, 2’,7’‐dichlorodihydrofluorescein diacetate (DCFH-DA). Upon entering cells, DCFH-DA is deacetylated to a non-fluorescent compound and then under elevated ROS conditions, is oxidized to highly fluorescent 2’,7’‐dichlorofluorescein (DCF). M-CSF-dependent BMMs seeded in 96-well plates at a density of 8×103 cells/well were stimulated with 50 ng/ml RANKL without or with 10 or 20 μM Preg for 3 d. At the end of 3 d, cells were incubated with 10 μM DCFH-DA for 40 min in the dark and DCF fluorescence visualized under a fluorescence microscope (Nikon Corporation, Tokyo, Japan). ROS levels were quantified by ImageJ software.



Flow Cytometric Analysis

BMMs were seeded in six-well plate at a density of 3×105 cells/well were stimulated with 50 ng/ml RANKL without or with 10 or 20 μM Preg for 3 d. At the end of 3 d, cells were incubated with 10 μM DCFH-DA for 40 min in the dark and detected with flow cytometry.



Cytoskeletal F-Actin Podosomal Belt Staining

M-CSF-dependent BMMs seeded in 96-well plates at a density of 8×103 cells/well and were stimulated with 50 ng/ml RANKL without or with 10 or 20 μM Preg for 7 d or until matured multinucleated osteoclasts formed. Cells were then fixed in 4% PFA for 20 min, permeablized with 0.5% Triton X-100 in PBS for 5 min, and then incubated with Phalloidin-iFluor 488 reagent in 1% BSA-PBS for 90 min at room temperature. Nuclei were counterstained with DAPI (5 μg/ml) for 5 min. Fluorescence images were captured under fluorescence microscopy.



Animal Ethics Statement

All animal experiments and models were approved and performed in accordance with the guidelines of the Animal Care Committee of Guangxi Medical University and the Guide for the Care and Use of Laboratory Animals of the National Institute Health (USA). All animals were housed in temperature controlled environment of 22–25°C with 12 h light/dark cycle and fed standard rodent chow and water ad libitum.



In Vivo LPS-Induced Calvarial Osteolysis Model

Twenty-four 8-week-old male C57BL/6 mice were randomly assigned into four groups (n = 6 mice per group): sham control (mock operation with PBS injection), LPS only (5 mg/kg bodyweight), LPS with low dose Preg (1 mg/kg bodyweight), and LPS with high dose Preg (10 mg/kg bodyweight). Mice were anesthetized via the use of isoflurane gas, and then all mice received subcutaneous injection over the sagittal midline suture of the calvarium. On day 0, sham control and LPS group received PBS or LPS and PBS injection respectively, whereas Preg treatment groups received LPS and Preg injections together. PBS and Preg was injected every other day over a 7 d period after which all mice were sacrificed. Calvarial bones were harvested, fixed in 4% PFA and processed for micro-CT and histological assessment. All mice behaved normally with no adverse effects or unexpected fatalities were observed throughout the experimental period.



In Vivo Ovariectomy (OVX)-Induced Bone Loss Model

Twenty-four 12-week-old female C57BL/6 mice were randomly allocated into four groups (n = 6 per group): sham control (mock operation with PBS injection), OVX group (with PBS injection), OVX with low-dose Preg (1 mg/kg bodyweight), and OVX with high-dose Preg (10 mg/kg bodyweight). Under isoflurane gas anesthesia, all mice except those in the sham control groups underwent bilateral ovariectomy to remove ovaries and fallopian tubes were ligated in order to induce bone loss and bone architectural deterioration. Mice in sham control group underwent surgery but ovaries were not removed. All mice were allowed one week of post-operative recovery prior to the commencement of treatment. All mice mice were intraperitoneally injected with PBS (sham and OVX groups) or with Preg (low- or high-dose groups) every 2 d over 4 weeks. After 4 weeks of treatment, all mice were sacrificed by cervical dislocation and tibias were removed, fixed in 4% PFA for 2 d and then processed for micro-CT scan and histological assessments.



Micro-Computed Tomography (μCT) and Histological Assessment

Three-dimensional reconstructions of the harvested bone samples (calvarias and tibias) were created from images acquired using the Skyscan 1176 high-resolution micro-CT scanner (Bruker; Billerica, MA, USA). For calvarial bone samples, image acquisitions were carried out at a voltage of 45 kV, a current of 550 μA, and isotropic resolution of 18 μm. For tibial bone samples image acquisitions parameters were a voltage of 50 kV, current of 450 μA, and isotropic resolution of 9 μm. A 0.5–0.75 mm thick aluminum filter was used for beam-hardening reduction. Quantitative morphometric analyses were carried out with a square region of interest (ROI) around the midline suture of calvarial bones or 0.5 mm below the tibial growth plate. Bone parameters analyzed for calvarial bone samples include bone volume/total volume (BV/TV) and percentage of porosity. For tibial bone samples BV/TV, bone surface to total volume ratio (BS/TV, mm−1), trabecular spacing (Tb.Sp, mm), and trabecular number (Tb.N, mm−1) were analyzed. Following μCT scanning, the fixed bone samples were decalcified in 10% EDTA for 2 weeks, and then embedded in paraffin blocks for sectioning into 5 μm thick sections. Sections were stained with hematoxylin-eosin or for TRAP activity, and imaged at 40X and 100X magnification under a light microscope (Nikon, Tokyo, Japan).



Statistical Analyses

All data in this study are presented as mean ± standard deviation or representative images of at least three independent experiments performed in triplicates unless otherwise specified. Statistical analyses were performed using SPSS 19.0 software (IBM Corporation, New York, NY, USA) adopting Student’s t-test or one-way analysis of variance (ANOVA). P values less than 0.05 or otherwise indicated were considered statistically significant.




Results


Preg Inhibited RANKL-Induced Osteoclastogenesis

Before we assess the effects of Preg (Figure 1A) on RANKL-induced osteoclast formation, we first established potential cytotoxic effects on BMM precursor cells using the CCK-8 viability assay. BMMs were treated with different concentrations of Preg for 48 and 96 h prior to incubation with CCK-8 reagent. As shown in Figures 1B, C, the viability of BMMs did not change after treatment with Preg for 48 and 96 h, indicating that Preg is not toxic to osteoclast precursor cells at concentrations up to 20 μM.




Figure 1 | Cytotoxicity of pregnenolone (Preg) on osteoclast precursor cells (A) Chemical structure of Preg. (B, C) BMM cell viability as assessed by CCK-8 assay following treatment without or with indicated concentrations of Preg for (B) 48 and (C) 96 h. Data presented as mean ± standard deviation (n = 3).



Having now established that Preg does not affect BMM cell viability, we next examined the effect of Preg on RANKL-induced osteoclast formation in vitro. M-CSF-dependent BMMs were stimulated RANKL in the absence or presence of different concentrations of Preg for 7 d. As shown in Figures 2A, B, a dose-dependent decrease in the total number of TRAP+ve multinucleated osteoclasts was observed following treatment with Preg. The number of TRAP+ve osteoclasts decreased from 84 ± 3 in untreated controls to around 17 ± 2 in group treated with 20 μM of Preg (p < 0.0001). The lowest concentration of Preg that significantly inhibited osteoclast formation was found to be 5 μM. Furthermore, the size or cell spread area of osteoclasts that managed to form under the inhibitory effects of Preg were similarly dose-dependently reduced (Figure 2C), indicating potential adverse effect on precursor cell fusion and/or cytoskeletal alterations. Consistent with these cellular effects, analysis of the expression of osteoclast marker genes showed a similar trend (Figure 2D). The expression of genes involved in osteoclast differentiation and precursor cell fusion such as NFATc1, and DC-STAMP were significantly suppressed in the presence of Preg treatment. Similarly, the expression of genes involved in the bone resorptive process such as TRAP and CTSK also dose-dependently reduced. The gene ATP6V0d2 which encodes the d2 subunit of the V-ATPase proton pump which has been implicated to be important for both precursor cell fusion and mature osteoclast bone resorption (Lee et al., 2006; Kim et al., 2008; Wu et al., 2009; Crasto et al., 2013; Takagi et al., 2017) showed a trend of decrease following Preg treatment. Collectively these results indicates that at the concentrations tested, Preg possess dose-dependent anti-osteoclastogenic effects with little adverse effects on cell viability.




Figure 2 | Pregnenolone (Preg) dose-dependently inhibits RANKL-induced osteoclast differentiation and gene expression in vitro. (A) Representative TRAP stained images of BMM-derived osteoclasts stimulated with RANKL for without or with indicated concentrations of Preg. The (B) number and (C) size (cell spread area) of TRAP+ve multinucleated osteoclasts with three or more nuclei were quantified. (D) The relative expression of osteoclast marker genes (TRAP, CTSK, DC-STAMP, NFATc1, ATP6V0d2, and c-Fos) following Preg treatment were quantified by real time PCR. Values presented as the mean ± standard deviation (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.





Preg Impaired Osteoclast Fusion and Bone Resorption In Vitro

As Preg treatment affects the spreading of the osteoclasts we thus examined the integrity of the actin cyskeleton. The formation of a podosomal actin “belt” around the individual osteoclasts is a characteristic feature of well-spread multinucleated osteoclast, as seen in the RANKL-only treated cells (Figure 3A). Consistent with previous TRAP stained results, treatment with Preg significant reduced osteoclast cell spread area, with Preg-treated osteoclasts markedly smaller than untreated controls (Figure 3B). Additionally, examination of the DAPI-stained nuclei in Preg treated and untreated groups, we observed a striking reduction in the average number of nuclei per osteoclasts (Figure 3C). In fact, cells treated with 10 and more so with 20 μM of Preg were of mononuclear in nature as compared to the multinucleated giant cells in untreated controls. These data combined with previous gene expression results strongly indicates that monocytic precursor cell fusion in response to RANKL is substantially arrested following Preg treatment.




Figure 3 | Pregnenolone (Preg) attenuated RANKL-induced osteoclast fusion and bone resorption. (A) Representative fluorescence images of actin stained BMM-derived osteoclasts stimulated with RANKL for 7 d with RANKL without or with 10 and 20 μM Preg. Actin cytoskeleton were stained Phalloidin-iFluor 488 (green) and nuclei with DAPI (blue). The (B) average cell size (cell spread area based on actin podosomal belt) and (C) average number of nuclei per osteoclasts were quantified. (D) Representative images of bone resorption by mature osteoclasts in the absence or presence of Preg. Pre-osteoclasts stimulated with RANKL for 3 d were reseeded onto hydroxyapatite-coated OsteoAssay plates and then treated without or with indicated concentrations of Preg for further 3 d. Cells were removed with sodium hypochlorite, and resorption pits were imaged under light microscopy. (E) The resorption area expressed as a percentage of total well area for each condition were quantified. Values presented as the mean ± standard deviation (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.



The ability to condense and form an intact cytoskeletal podosomal actin belt is a necessary perquisite for subsequent polarization of osteoclast toward bone resorption. Hence we next examined whether the bone resorptive function of mature osteoclast were impaired following Preg treatment. Osteoclasts were cultured on bone-mimicking hydroxyapatite coated substrate plates in the absence or presence of indicated concentrations of Preg. As shown in Figure 3D, a dose-dependent reduction in bone resorption was seen. Compared with untreated controls which shows extensive clearing of the hydroxyapatite substrate, osteoclasts treated with 20 μM of Preg exhibited almost no bone resorption (reduction of about 95%) with small pits scattered around the well (Figures 3D, E). No significant difference was observed between osteoclasts treated with the lowest concentration of Preg (5 μM) and with untreated controls. Approximately 25% and 35% reduction was seen in osteoclasts treated with 5 and 10 μM Preg respectively (Figure 3E). Thus at high doses, Preg not only inhibits osteoclast formation, but also bone resorption function mediated by mature osteoclasts.



Preg Suppressed RANKL‐Induced ROS Level In Vitro

Preg is the precursor or metabolic intermediate in the biosynthesis of most if not all steroid hormones including estrogens (Hu et al., 2010; Miller and Auchus, 2011). Estrogens are important steroid hormones in the regulation of both osteoblast and osteoclast formation and activity ((Novack, 2007; Imai et al., 2010). Furthermore, estrogens have been documented to possess potent anti-oxidant properties (Sack et al., 1994; Arnal et al., 1996; Sudoh et al., 2001; Lean et al., 2003; Reyes et al., 2006) and elevated ROS have been shown to induce osteoclast formation and activity(Garrett et al., 1990; Bax et al., 1992; Callaway and Jiang, 2015). Hence as a precursor to estrogen and its derivatives we investigated whether Preg has potential anti-oxidant effects against elevated ROS during the process of osteoclastogenesis. As shown in Figure 4A, the marked elevation in intracellular ROS levels following stimulation with RANKL was drastically inhibited following treatment with 10 and 20 μM Preg. The level of intracellular ROS in Preg treated cells were comparable to basal levels in untreated BMMs (Figure 4C). In order to confirm the inhibitory effect of Preg on intracellular ROS after RANKL stimulation, we also verified this by flow cytometry. The results showed that RANKL stimulation significantly increased the intracellular ROS level (Figure 4B). After treatment with 10 and 20 μM, There is a downward trend, but it is still higher than control cells (Figure 4D). Thus the data suggests that Preg may possess anti-oxidant properties.




Figure 4 | Pregnenolone (Preg) suppressed RANKL-induced intracellular ROS production. (A, B) BMMs were stimulated with RANKL in the absence or presence of indicated concentrations of Preg for 3 d and intracellular ROS was detected by the intracellular conversion of non-fluorescent DCFH-DA to highly fluorescent DCF. BMMs stimulated with M-CSF only was used as negative control. (C) The number of ROS positive cells were quantified. (D) The mean value of DCFH-DA were calculated. Values presented as the mean ± standard deviation (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.





Preg Attenuated the RANKL Downstream Activation of ERK/c-fos/NFATc1 Signaling Pathway

Osteoclast differentiation requires the timely and coordinated activation of various signaling pathways in response to RANKL stimulation. To determine the potential signaling pathways affected by Preg treatment, we examined early activation of two key RANKL-responsive signaling pathways, the NF-kB, and MAPK signaling cascades. As shown in the Figures 5A, B, the early activation of ERK MAPK as determined by the phosphorylation of ERK in response to RANLK was significantly attenuated following treatment with Preg. The activation phosphorylation of the other MAPK members, p38, and JNK was not affected by Preg treatment (Figures 5A, C, D). In terms of the early activation of the NF-κB signaling cascade, we only observed inhibition of IκBα degradation at the 5 and 60 min time points, whereas p65 phosphorylation was only inhibited at the 5 min time point (Figures 5A, E, F).




Figure 5 | Pregnenolone (Preg) inhibited the RANKL-induced activation of ERK and NF-κB signaling cascades, and the downstream induction of c-Fos and NFATc1. (A) To examine early RANKL signaling events, BMMs were serum-starved for 1 h, pre-treated with 20 μM Preg for 3 h, and then stimulated with RANKL for the indicated time. Total cellular protein were extracted and subjected to western blot analyses using specific antibodies against ERK and p-ERK, p38 and p-p38, JNK and p-JNK, IκBα, NF-κB p65 and p-p65, and β-actin. (B–F) Quantitative densitometric analysis of phosphorylated protein to total protein counterpart, or normalized to β-actin were conducted. (G) To examine downstream (late stage) RANLK signaling events, BMMs were treated with RANKL for 0, 1, 3, and 5 d. M-CSF-dependent BMMs were stimulated with RANKL without or with 10 and 20 μM Preg for 72 h. Total cellular proteins were extracted and subjected to western blot analyses using specific antibodies against NFATc1, c-Fos, and GAPDH. (H, I) Quantitative densitometric analysis of (h) NFATc1 and (i) c-Fos normalized to GAPDH were conducted. Values presented as the mean ± standard deviation (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.



The timely and coordinated activation of NF-κB and MAPK is necessary for the subsequent induction of c-Fos and NFATc1. NFATc1 is a crucial transcription factor required for precursor cell fusion and terminal osteoclast differentiation by transcriptionally regulating the expression of numerous osteoclast genes. We first examined the expression of NFATc1 during osteoclast formation. We found the expression of NFATc1 peaks at day 3. So we investigated the effect of Preg on NFATc1 and c-Fos on day 3. The expression of c-Fos and NFATc1 was induced 72 h after RANKL stimulation, but was drastically reduced when cells were cultured in the presence of Preg in a dose-dependent manner (Figures 5G–I). Together our biochemical analyses suggest that Preg inhibits osteoclast formation in part by suppressing intracellular ROS production and attenuating RANKL-induced activation of ERK MAPK and NF-κB signaling cascades which subsequent reduced the effective downstream induction of Fos and NFATc1.



Preg Protects Against LPS-Induced Osteoclast-Mediated Bone Loss In Vivo

Next, we investigated whether the promising in vitro cellular effect of Preg on osteoclast formation and bone resorption can be translated to protective outcomes against osteoclast-mediated bone destruction in vivo. LPS-induced calvarial bone destruction model to mimic inflammatory bone destruction. 3D reconstructions of the calvarial bone showed that when compared to sham controls, extensive bone destruction, loss of bone volume, and increased bone porosity around the midline suture of the calvarium was observed 7 d after the administration of LPS (Figures 6A, C, D). Histological assessments further showed abundant inflammatory cell infiltration and elevated numbers of TRAP+ve osteoclasts on the bone surface (Figures 6B, E). On the other hand, Preg treatment (both low and high doses) significantly lessened the destructive effects of LPS, reducing inflammatory cell infiltration and osteoclast activity. In particular, treatment with high dose Preg (10 mg/kg bodyweight) almost completely prevented LPS-induced bone destruction and bone loss, with bone volume almost comparable to that of sham controls (Figures 6A, C). The number of TRAP+ve osteoclasts in high dose Preg treated group were also comparable to sham controls indicating the inhibition of osteoclast formation and therefore activity (Figure 6E).




Figure 6 | Pregnenolone (Preg) protects against LPS-induced inflammatory osteolysis of mouse calvarium in vivo. (A) Representative 3D μCT reconstructions of mouse calvarium from each treatment group. All subcutaneous injections were conducted over the sagittal midline suture of the calvarium. sham and LPS (5 mg/kg body weight) received injections of PBS and LPS respectively. Preg treatment groups received injections of LPS and Preg (low—1 mg/kg or high—10 mg/kg) together. Injection were carried out every day over a 7 d period after which all mice were sacrificed. (B) Representative hematoxylin-eosin staining (H&E) (100X magnification) and TRAP (100X magnification) stained sections from each treatment group. Calvarial bones were decalcified in 10% EDTA for 2 weeks, embedded in paraffin for histological sectioning, and then stained with H&E and TRAP. (C–E) Quantitative analysis of (C) bone volume to total tissue volume (BV/TV), (D) percentage of porosity, and (E) the number of TRAP+ve cells were quantified. Values presented as the mean ± standard deviation (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.





Preg Does Not Affect Osteoblast Differentiation and Mineralization

Maintenance of bone homeostasis requires the balance but opposing functions of bone resorption by osteoclasts and bone formation by osteoblasts. Thus we examined whether Preg affects osteoblast differentiation and mineralization function. To this end, primary BMSCs were extracted from mice long bones and was first subjected to cell viability/cytotoxicity analysis as performed for BMMs. As shown in Figure 7A, treatment of BMSCs with indicated concentrations of Preg did not affect cell viability. Interestingly, at 96 h, significant elevation in cell proliferation was observed at 10 and 20 μM of Preg treatment. However, when BMSCs were cultured under osteogenic condition in the presence of 10 or 20 μM of Preg, no change was observed in alkaline phosphatase activity 7 d after osteogenic differentiation (Figures 7B, C). Similarly Preg treatment did not inhibit nor enhance mineralization activity after 21 d of osteogenic differentiation (Figures 7B, D). Next, we tested the expression of OPG and RANKL in vivo, and there was no significant difference regarding the expression of OPG and RANKL between the OVX and Preg treatment groups (Figure 7E). Thus despite enhancing BMSC cell proliferation at high doses, Preg does appear to enhance (or inhibit) osteogenic differentiation or mineralization activity of BMSCs.




Figure 7 | Pregnenolone (Preg) does not no affect the osteogenic differentiation and mineralization of BMSC-derived osteoblasts. (A) BMSC cell viability as assessed by CCK-8 assay following treatment without or with indicated concentrations of Preg for 48 and 96 h. (B) ALP and alizarin red S staining of BMSC-derived osteoblasts following osteogenic differentiation without or with 10 and 20 μM Preg for 7 and 21 d respectively. (C, D) ALP and mineralization activity relative to untreated controls were quantified. (E) The relative expression of OPG and RANKL in bone samples were quantified by real time PCR. Values presented as the mean ± standard deviation (n = 3); *p < 0.05.





Preg Prevented Systemic OVX-Induced Bone Loss In Vivo

Apart from the local suppressive effect of Preg on osteolysis, we further investigated whether Preg can be systemically used to prevent bone loss. Similar protective effects were seen in the OVX-induced bone loss model but only when mice were given high-dose of Preg (10 mg/kg bodyweight). No significant protective effects were observed when mice were given low dose of Preg (1 mg/kg bodyweight) over the 4 week experimental period (Figure 8). Three-dimensional reconstructions of the tibial bone tissue shows significant reduction in bone volume and trabecular bone loss after bilateral ovariectomy (Figures 8A, B). TRAP staining of the tibial bone sections shows significant enhancement in the total number of TRAP+ve osteoclasts and the number of osteoclasts lining the trabecular bone surface (Figures 8C–E). However, treatment with low dose Preg did not protect against OVX-induced bone loss and trabecular bone deterioration. Only at high doses of 10 mg/kg did Preg demonstrate its protective effect against OVX-induced reduction in trabecular bone via the suppression of osteoclast formation and activity. In addition, there was no significant difference in cortical bone thickness between OVX and Preg treatment groups. (Figure 8B). Thus collectively, and in general, Preg particular at high doses demonstrates protective against inflammatory bone destruction as well as postmenopausal bone loss via the inhibition of osteoclast formation and bone resorption. It is worth noting that no adverse effects were observed in mice treated with high dose Preg suggesting that Preg may exhibit a relatively safe in vivo drug profile.




Figure 8 | Pregnenolone (Preg) prevents bone loss in ovariectomized (OVX) mice in vivo. (A) Representative 3D μCT reconstructions of mouse tibial bone from sham (PBS injection), OVX (PBS injection), OVX with 1 mg/kg Preg (low dose), and OVX with 10 mg/kg Preg (high dose). (B) Quantitative bone morphometric parameters of bone volume to total tissue volume (BV/TV), bone surface to tissue volume (BS/TV, mm−1), trabecular spacing (Tb.Sp., mm), trabecular number (Tb.N., mm−1), cortical thickness (Ct.Th), and cortical bone mineral content (Ct.BMC) were measured. (C) Representative histological assessment of tibial bone sections stained for H&E and TRAP activity (40X and 100X magnification) to assess osteoclast activity. Tibial bone samples were decalcified in 10% EDTA for 2 weeks, embedded in paraffin blocks, sectioned and then stained with H&E and TRAP. (D, E) Quantitative assessment of (D) the total number of TRAP+ve cells and (E) the number of osteoclast per bone surface were conducted. Values presented as the mean ± standard deviation (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

Bone homeostasis is maintained by the balanced and coordinated activities of osteoclastic bone resorption and osteoblastic bone formation. Steroid hormones including sex hormones have a dramatic impact on bone growth, remodeling, and maintenance throughout life. Hence alterations in steroid hormone levels are important factors contributing to the development of many osteolytic bone diseases including post-menopausal osteoporosis and inflammatory bone destruction (Manolagas, 2013). For example, estrogen deficiency which leads to elevated osteoclast formation and activity is one of the major underlying causes of post-menopausal osteoporosis (Riggs et al., 1998; Raisz, 2005). Similarly declining androgen levels cause bone loss in men and increases bone remodeling (Katznelson et al., 1996; Daniell, 1997). Preg is an endogenous steroid and the grand precursor of almost all of the other steroid hormones including estrogen, progesterone, testosterone, and glucocorticoids, and mineralocorticoids (Henderson et al., 1950; Berg et al., 2002; Marx et al., 2011). As such is Preg has been termed the “mother or grandmother” hormone. Like estrogen, the level of Preg dramatically decline with age, with the levels at the age of 75 being 60% less than the levels produced in the mid 30s (Roberts, 1995; Morley et al., 1997). It has been proposed that Preg has potential as a novel anti-osteoporotic agent (Maurya et al., 2017). In our study we provided further evidence to support this claim. Preg was found to protect mice against both LPS-induced inflammatory bone destruction as well as OVX-induced bone loss in vivo via the inhibition of osteoclast formation and bone resorptive activity. In vitro cellular assays further confirmed a direct inhibitory effect of Preg on RANKL-induced osteoclast formation from primary BMMs and also mature BMM-derived osteoclast bone resorption. Our study did not find any effect of Preg on the osteogenic differentiation of BMSCs or downstream mineralization activity.

Induction of osteoclast formation involves the timely and efficient activation of various signaling cascades in monocytic precursor cells. Two key cytokines, M-CSF and RANKL, act in concert to regulate the activation of these signaling cascades that leads to monocytic cell differentiation, cytoskeletal rearrangement, cell fusion and maturation, and subsequent mature osteoclast bone resorption and survival. The NF-κB and MAPK (ERK, p38, and JNK) signaling cascades are among the earliest activated following binding of RANKL to receptor RANK. The canonical activation of NF-κB involves the rapid phosphorylation and proteasomal degradation of IκB proteins, which in turn allow for phosphorylation and nuclear translocation of unbound NF-κB p65 subunits, where it functions to transcriptionally activate target genes. Similarly, the MAPK signaling triad of ERK, p38 and JNK are activated by phosphorylation which enables nuclear translocation and binding to respective DNA response elements to cooperatively activate transcription of target genes. Genetic deletion or pharmacological inhibition these signaling cascades have been shown to arrest osteoclast formation and bone resorption (Karakawa et al., 2009; Kameda et al., 2013; Mediero et al., 2013; Ma et al., 2015; Jiao et al., 2017; Kim et al., 2018). The efficient early activation NF-κB and MAPK is necessary for the downstream induction and upregulation of transcription factors c-Fos and NFATc1. Importantly, NFATc1 has been regarded as the master transcription factor for osteoclast formation and function, transcriptionally regulating the expression of various osteoclast genes including DC-STAMP, ATP6V0d2, TRAP, CTSK, and NFATc1 itself (Kim et al., 2008; Kim et al., 2013; Liu et al., 2016; Chiu et al., 2017; Zeng et al., 2017; Pang et al., 2019). As with the loss of early signaling events, the lack of either c-Fos or NFATc1 results in abolishment of osteoclast formation leading to increase bone mass and osteopetrosis in mice (Asagiri et al., 2005; Arai et al., 2012; Toray et al., 2017). Using biochemical western blot assays, we showed that Preg treatment resulted in almost complete attenuation of RANKL-induced phosphorylation of ERK as well as marked inhibition of IκBα degradation and phosphorylation of p65. The inhibition of these early signaling cascades by Preg subsequently reduced the efficient induction of c-Fos and NFATc1. The attenuated induction of NFATc1 is line with decreased expression of osteoclast marker genes. Thus the anti-osteoclastogenic effects of Preg can in part attributed to the inhibition of ERK and NF-κB signaling and consequently the induction of c-Fos and NFATc1.

ROS have also been shown to activate osteoclast formation and activity via the regulation of signaling cascades (Garrett et al., 1990; Bax et al., 1992). Signaling cascades shown to be responsive to ROS levels include NF-κB, PI3K, and the MAPK’s JNK and p38 (Schreck et al., 1991; Finkel and Holbrook, 2000; Droge, 2002; Paolicchi et al., 2002). Treatment of BMMs with anti-oxidants was shown to decrease in RANKL-induced IκBα phosphorylation and degradation, as well as phosphorylation of MAPK members (Ha et al., 2004; Lee et al., 2005). Furthermore, numerous studies have shown dramatic reduction in anti-oxidant defenses in post-menopausal osteoporotic patients and mouse models of estrogen-deficiency osteoporosis, resulting in markedly elevated ROS levels and bone loss (Dou et al., 2016; Liu et al., 2019). In previous studies, it has been confirmed that Preg can promote the production of ROS (Li et al., 2017). However, in our studies, we showed that Preg treatment significantly reduced intracellular ROS levels during RANKL-induced osteoclast formation. To our knowledge, our study is the first to show that Preg exhibits potent anti-oxidant properties, and the effect of Preg on RANKL signaling cascade may involve the suppression of ROS induction.

Despite these interesting findings, the precise mechanism by which Preg exerts its biological effects in not well understood. In general, steroid hormones exert their biological effects by binding their intracellular receptors. As the grand precursor steroid, Preg, the mechanism of action is likely similar. However, a specific receptor for Preg has yet to be identified. Studies have shown that Preg can acts as an modulator of NMDA receptor and as an agonist of pregnane X receptor (PXR) (Malayev et al., 2002; Shizu et al., 2013; Smith et al., 2014; Chopra et al., 2015). Interestingly, both NMDA receptor and PXR have been shown to play a role in osteoclast formation and function. Activated NMDA receptors have been shown to involve in the induction of osteoclast formation via the NF-κB signaling pathway (Merle et al., 2003). Furthermore, specific antagonists of NMDA receptor inhibited osteoclast formation, osteoclast sealing zone formation and bone resorption (Merle et al., 2003). Likewise, PXR knockout mice was shown to exhibit osteopenia with reduced bone formation and enhanced bone resorption. Additionally, meclizine, a PXR agonists was found to prevent OVX-induced bone loss by inhibiting osteoclast formation. Mechanistically meclizine attenuated RANKL-induced activation of NF-κB, ERK and p38, and subsequent c-Fos and NFATc1 induction via PXR-dependent mechanism (Guo et al., 2017). Based on these data, it is tempting to suggest that Preg acts via both NMDA receptor (as an antagonist) and PXR (as an agonist) to exert its anti-osteoclastogenic and anti-resorptive effects. Further investigation is needed to verify this hypothesis. However, given that Preg serves as the grand precursor to almost all steroid hormones, we cannot rule out the possibility that the effects seen in our study is the result of the intracellular conversion of Preg into downstream effecter steroid hormones such as estrogen, which is renowned for its anti-osteoclastogenic and anti-resorptive effects. Such possibility will be topic of future investigations.

In all, our current study provides some interesting finding for the biological effects of Preg on osteoclast formation and activity. Preg was found to inhibit RANKL-induced differentiation of primary BMMs into multinucleated osteoclasts and subsequent downstream bone resorptive activity in vitro and prevented osteoclast-mediated inflammatory bone destruction and estrogen-deficiency induced bone loss in vivo. The anti-osteoclastogenic effect of Preg could be in part attributed to the suppression of RANKL-induced ROS generation and activation of ERK and NF-κB. This consequently attenuated the induction of c-Fos and NFATc1, key transcription factors for osteoclast formation and function. These results provide some promising evidence for the use of Preg in the prevention or therapeutic treatment of osteoclast-mediated osteolytic bone diseases.
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Triple-negative breast cancer (TNBC) is a subtype of breast cancer that accounts for the largest proportion of breast cancer-related deaths. Thus, it is imperative to search for novel drug candidates with potent anti-TNBC effects. Recent studies suggest that isoliquiritigenin (ISL) can significantly suppress the growth, migration, and invasion of breast cancer cells. We previously synthesized ISL derivatives and found that 3′,4′,5′,4″-tetramethoxychalcone (TMC) inhibits TNBC cell proliferation to a greater degree than ISL. The present study aimed to investigate the mechanisms underlying the anti-TNBC effects of TMC in vitro and in vivo. We show that TMC significantly inhibits the proliferative, migratory, and invasive abilities of MDA-MB-231 and BT549 cells. TMC induces apoptosis through the upregulation of Bax and downregulation of Bcl-2. PCR arrays demonstrate a significant decrease in miR-374a expression in TNBC cells after 24-h TMC treatment. MiR-374a is overexpressed in TNBC cells and has oncogenic properties. Real-time PCR analysis confirmed that TMC inhibits miR-374a in a dose-dependent manner, and luciferase assays confirmed that BAX is targeted by miR-374a. Further, we show that TMC increases Bax protein and mRNA levels by inhibiting miR-374a. TMC also attenuates TNBC tumor volumes and weights in vivo. These results demonstrate that TMC inhibits TNBC cell proliferation, foci formation, migration, invasion, and tumorigenesis, suggesting its potential to serve as a novel drug for treating TNBC through miR-374a repression.




Keywords: 3′,4′,5′,4″-tetramethoxychalcone, triple-negative breast cancer, apoptosis, miR-374a, Bax



Introduction

Breast cancer is the cancer most commonly diagnosed in females worldwide (Siegel et al., 2018), and part of its devastating impact is due to the existence of triple-negative breast cancer (TNBC) (Choi et al., 2019). TNBC is a subtype of breast cancer that is hormone-receptor negative and human epidermal growth factor receptor 2-negative (Perou et al., 2000), accounting for 15% to 20% of the global incidence of breast cancer (Mayer et al., 2014). Compared to other cancer subtypes, current targeted or endocrine therapies cannot treat TNBC, leading to its incidence being disproportionally associated with breast cancer-related deaths (Bianchini et al., 2016). Thus, it is imperative to search for alternative TNBC therapeutics with novel molecular targets.

MicroRNAs (miRNAs) are a class of small non-coding RNAs that negatively regulate their target genes through direct binding to the 3′ untranslated region (3′UTR) region of the targets (Peng et al., 2016b). Emerging evidence suggests that miRNAs play significant roles in the development and progression of cancers (Lin and Gregory, 2015) including breast cancer. MiR-374a is commonly expressed at high levels in various types of cancer (Miko et al., 2009; Huang et al., 2011; Namlos et al., 2012). The oncogenic abilities of miR-374a were first reported in non-small cell lung cancer (NSCLC), where it promoted cell migration and invasion (Miko et al., 2009; Wang et al., 2014). Additionally, miR-374a promotes cell proliferation, cell migration, cell invasion, and metastasis in hepatocellular carcinoma (Zhao et al., 2014; Liu et al., 2016). MiR-374a also promotes cell growth in gastric cancer through its direct interaction with SRCIN1 (Xu et al., 2015). Recent studies suggest that miR-374a can promote chemoresistance in gastric cancer (Ji et al., 2019). In breast cancer, miR-374a increases the percentage of migratory and invasive breast cancer cells and promotes metastasis through the Wnt and Akt pathways (Cai et al., 2013). Accordingly, miR-374a knockdown inhibits breast cancer cell proliferation, colony formation, migration, and invasion (Zhang et al., 2018). Additional studies indicate that miR-374a is upregulated in TNBC patients, and high expression of miR-374a promotes TNBC development (Son et al., 2019).

In recent times, Chinese medicines have been gaining acceptance as potent anticancer agents, with dramatic inhibitory effects on cancer cell growth and movement (Jun et al., 2018; Lei et al., 2019). Spatholobus suberectus Dunn (S. suberectus), a common Chinese herb used for treating blood-stasis related diseases, exerted potential anticancer effects (Kang et al., 2003; Kim et al., 2018; Lim et al., 2019). Especially, S. suberectus and flavonoids from S. suberectus, displayed a potent inhibitory effect on breast cancer (Peng et al., 2019b). S. suberectus could inhibit breast cancer cells migration through PI3K/AKT pathway and suppress breast cancer cells proliferation through lactate dehydrogenase (Wang et al., 2013b; Sun et al., 2016). Isoliquiritigenin (ISL), a natural flavonoid extracted from S. suberectus, exerts potent anti-cancer effects during breast cancer development (Lorusso and Marech, 2013; Wang et al., 2013a). In a previous study, we modified the ISL structure, synthesized its derivatives and found 3′,4′,5′,4″-tetramethoxychalcone (TMC) (Figure 1, Table S1) had a greater inhibitory effect on breast cancer cell viability than ISL, especially on MDA-MB-231 cells (Peng et al., 2016a). Further study found that it had a better anti-breast cancer effect on TNBC cells than cisplatin (Figure S1). Thus, the mechanisms underlying the effect of TMC on TNBC migration, invasion, and growth deserve further investigation.




Figure 1 | The chemical structure of tetramethoxychalcone (TMC) constructed using ChemBioDraw.



In the present study, we find that TMC inhibits TNBC proliferation through the induction of apoptosis and suppresses TNBC migration and invasion. TMC also inhibits TNBC foci formation and tumor growth. PCR arrays reveals that miR-374a is dramatically downregulated in response to 24h TMC treatment. MiR-374a directly targets BAX as revealed by luciferase assays. Additionally, miR-374a overexpression reverses the proapoptotic effects of TMC in TNBC. Taken together, our results indicate that TMC can be considered as a novel TNBC drug candidate due to its ability to regulate miR-374a expression.



Materials and Methods


Chemicals and Reagents

TMC was prepared as previously described (referred as compound 3 h) (Peng et al., 2016a), and its purity was >98%. Xylene, eosin Y, hematoxylin, and other commonly used chemicals were purchased from Sigma (St. Louis, MO). Primary and secondary antibodies were obtained from Cell Signaling Technology (Danvers, MA). ECL Advance reagent was purchased from Merck-Millipore (St. Louis, MO). RNAiso Plus reagent, SYBR Green master mix, and the PrimeScript RT Reagent Kit with gDNA Eraser were obtained from TaKaRa (Bio Inc., Shiga, JP). The MiRNeasy Mini Kit was obtained from Qiagen (Hilden, DE) and the TaqMan MicroRNA Reverse Transcription Kit was obtained from Ambion (Life Technologies, MA, USA).



Cell Culture

MDA-MB-231, BT549, MCF-10A, 4T1, 293T, and MCF-7 cells were incubated at 37°C in a 5% CO2 incubator purchased from American Type Culture Collection (ATCC, USA). MDA-MB-231, BT549 and 4T1 cells are TNBC cell lines. MCF-7 cells are hormone-receptor positive breast cancer cells. MCF-10A cells are normal human mammary epithelial cells. All growth mediums were supplemented with 10% fetal bovine serum (FBS), 1% penicillin, and 1% streptomycin from Gibico (Life Technologies, MA, USA), except for MCF-10A cells. MCF-10A cells were cultured in special keratinocyte serum-free medium. MDA-MB-231, BT549, and 293T cells were cultured in DMEM, while 4T1 and MCF-7 cells were cultured in RPMI 1640 medium.



CCK-8 Assay

MDA-MB-231 and BT549 cells were seeded in 96-well plates at a density of 5 × 103 cells/well. Two breast cancer cell lines were exposed to TMC for 24 h and 48 h. Cell viability was assessed using the CCK-8 kit obtained from MedChemExpress (NJ, USA) according to the manufacturer’s instructions. After TMC treatment, the cells were treated with 10 μl of the reagent for 2 h in a 5% CO2 incubator, and the absorbance at 450 nm was determined by enzyme-linked immunosorbent assay (ELISA) on a plate reader. These experiments were performed in triplicate.



Foci Formation Assay

Foci formation assays were performed as previously described (Tang et al., 2018). Briefly, MDA-MB-231 and BT549 cells were seeded at a density of 1 × 103 cells in six-well plates. Clones were stained with 0.5% crystal violet, and foci numbers were counted. The experiments were performed in triplicate.



Wound Scratch Assay

MDA-MB-231 and BT-549 cells were seeded at a density of 3 × 105 cells/ml into Culture-Inserts (Ibidi GmbH, Martinsried, DE) according to the manufacturer’s instructions. Images were recorded at the beginning and end of the experiment using a Zeiss Axio Lab A1 microscope (Oberkochen, DE). These experiments were performed in triplicate.



Chamber Migration and Invasion Assays

Chamber migration and invasion assays were performed for according to the instructions from Corning Inc (NY, USA). MDA-MB-231, and BT549 cells were seeded on the upper surface at a density of 1.25 × 105. After TMC treatment, migrating and invading cells were fixed with 4% PFA before 0.5% crystal violet staining. The remaining cells were imaged using a Zeiss Axio Lab A1 microscope and counted in triplicate in different fields of view.



Flow Cytometric Analysis

The apoptosis analysis kit, equipment, and software were purchased from BD Company (CA, USA). MDA-MB-231 and BT549 cells were seeded in 6-well plates at a density of 5 × 105 cells/well. The percentage of apoptotic cells after 24-h TMC treatment was detected using the Annexin V/PI staining apoptosis analysis kit according to the manufacturer’s instructions. Stained samples were analyzed by FACSAria SORP within 1 h. The experiments were performed in triplicate.



Immunoblotting

Protein extraction was performed using the Cell lysis buffer from Sigma. Protein (20 μg) was resolved on 10% SDS-PAGE gels and transferred onto PVDF membranes from Merck-Millipore (St. Louis, MO). After blocking with 5% bovine serum albumin (BSA), the membranes were incubated with primary antibodies against Bax, Bcl-2, and β-actin (loading control) at 4°C overnight. After probing with secondary antibody, Western blots were developed using ECL Advance reagent and evaluated using Image Lab Software from Bio-Rad (Kidlington, UK).



Quantitative Real-Time PCR

Total RNA was extracted using the RNAiso Plus reagent. Reverse-transcription of mRNA was performed using the PrimeScript RT Reagent Kit with gDNA Eraser, and real-time PCR experiments were performed using the SYBR Green master mix. GAPDH was selected as the loading control for mRNA expression analyses. miRNAs were extracted using the miRNeasy Mini Kit. miRNA reverse-transcription was conducted using the TaqMan MicroRNA Reverse Transcription Kit, and real-time PCR experiments were performed using the SYBR Green master mix. U6 was selected as the loading control for miRNA expression analyses. The corresponding primers for detecting BAX, GAPDH and U6 are listed in Table S2.



Xenograft Tumor Growth Assays

MDA-MB-231 cells (2 × 106) were inoculated into mammary gland fatpads of 4-week-old nude mice. After successful modeling, nude mice were randomly divided (n = 5) into a control group, low dose group (TMC, 20 mg/kg/d) and high dose group (TMC, 40 mg/kg/d). Twenty-one days after the intraperitoneal injection of TMC, the mice were euthanized and the tumor weights and volumes were measured. All animal experiments were performed according to the standard institutional guidelines of Sichuan University and Chengdu University of Traditional Chinese Medicine.



PCR Array

MiRNA extraction, reverse transcription, and real-time PCR reactions were performed as previously described. PCR arrays were performed using the miRNA miRNome PCR Panel from Qiagen according to the manufacturer’s instructions.



Luciferase Reporter Assay

The pMIR-REPOR miRNA Expression Reporter Vector System was used. We inserted the miR-374a-binding sequence of BAX (with or without mutation) to mimic the regulation of BAX by miR-374a through its 3′UTR. The primers used in these experiments are listed in Table S3. Dual-Glo Luciferase assays were performed according to the instructions from Promega (Madison, WI). The Renilla luciferase activity and firefly luciferase activity were recorded using a SpectraMax M5 (MD, USA).



Cell Transfection

MirVana miRNA-374a mimic and mirVana miRNA Mimic Negative Control were obtained from Ambion. Lipofectamine 2000 Transfection Reagent was purchased from Invitrogen (Life Technologies, MA, USA). Transfections were performed according to the manufacturer’s instructions. MiR-374a mimic or negative control were mixed with diluted Lipofectamine 2000 Transfection Reagent as 1:1 ratio and incubated for 15 min at room temperature. MiRNA-lipid complexes were added to MDA-MB-231 and BT549 cells (60%–80% coverage) on the plate. The cells were incubated at 37°C in a 5% CO2 incubator for 24 h.



Data Analysis

Statistical analysis was performed with GraphPad Prism 7.0 (USA). Two-tailed Student’s t-tests and one-way ANOVAs were used to evaluate statistical significance (*p < 0.05, **p < 0.01).




Results


TMC Suppresses TNBC Cell Viability and Foci Formation

We used CCK-8 assays to determine the effects of varying TMC concentrations (1, 5, 10, 20, 40, 80, and 100 μM) on MDA-MB-231 and BT549 cells (Figure 2A). The results suggested that TMC (> 5 μM) significantly inhibited TNBC cell proliferation after treatment for 24 and 48 h (p < 0.01). The IC50 values of 24-h TMC treatment of MDA-MB-231 and BT549 cells were 8.696 and 14.28 μM, respectively. The cytotoxic effect of TMC was further investigated through foci formation assays. As shown in Figures 2B, C, TMC also suppressed the foci forming ability of MDA-MB-231 and BT549 cells after 24-h treatment. These results suggest that TMC has an inhibitory effect on TNBC proliferation.




Figure 2 | TMC inhibits triple-negative breast cancer (TNBC) cell proliferation. (A) Cell viability of MDA-MB-231 and BT549 cells after exposure to TMC for 24 and 48 h. (B) Representative images and rate of foci formation in MDA-MB-231 and BT549 cells after 24-h treatment. (C) Number of foci in MDA-MB-231 and BT549 after TMC 24-h treatment.





TMC Inhibits TNBC Migration and Invasion

The effect of TMC on TNBC cell movement was determined by wound healing and chamber invasion assays. Results demonstrated that 24-h TMC treatment (> 1 μM) critically suppressed wound closure in MDA-MB-231 and BT549 cells, and the inhibitory effect increased with increasing drug concentration (p < 0.01) (Figures 3A, B). Chamber invasion assays demonstrated that MDA-MB-231 and BT549 cells had obvious invasive capacities, and 24-h TMC treatment reduced the number of invading cells (Figures 3C, D). TMC (2.5 μM) significantly inhibited the invasive ability of TNBC cells, however its suppressive effect was more mild in MDA-MB-231 cells than BT549 cells (p < 0.01). Taken together, these results indicate that TMC significantly inhibits the migratory and invasive capacities of MDA-MB-231 and BT549 cells.




Figure 3 | TMC suppresses TNBC cell migration and invasion. (A) Representative images and percentages of wound healing in MDA-MB-231 cells after exposure to TMC for 24 h. (B) Representative images and percentages of wound healing in BT549 cells after exposure to TMC for 24 h. (C) Representative images of chamber invasion assays in MDA-MB-231 and BT549 cells. (D) Percentages of invading cells in MDA-MB-231 and BT549 cells after exposure to TMC for 24 h. Compared with the control group (0 μM), *p < 0.05,**p < 0.01.





TMC Induces Apoptosis in TNBC Cells

We utilized the Annexin V/PI staining apoptosis analysis kit TMC to quantify apoptotic cells. The results demonstrated that 24-h TMC treatment (> 5 μM) increased the percentage of apoptotic MDA-MB-231 and BT549 cells (p < 0.01) (Figures 4A, B). The proapoptotic effect of TMC was enhanced with increased drug dosage. Further, Western blot analyses demonstrated that 24-h TMC treatment promoted Bax expression and repressed Bcl-2 expression in a dose-dependent manner in TNBC cells (Figure 4C). Bax is a proapoptotic factor that promotes mitochondrial apoptosis. BCL-2 is an anti-apoptotic factor that inhibits proapoptotic proteins and promotes cellular survival. Real-time PCR confirmed that TMC increased Bax mRNA levels in a dose-dependent manner (p < 0.01) (Figure 4D). Collectively, these findings suggest that TMC triggers apoptosis in MDA-MB-231 and BT549 cells by increasing Bax and decreasing Bcl-2 expression.




Figure 4 | TMC increases the percentage of apoptotic cells in TNBC. (A) Representative images of apoptosis in MDA-MB-231 and BT549 cells determined by flow cytometry analysis after exposure to TMC for 24 h. (B) Percentages of apoptotic cells in MDA-MB-231 and BT549 cells after exposure to TMC for 24 h. (C) Western blot analysis of Bax and Bcl-2 after exposure to TMC for 24 h. (D) Real-time PCR analysis of BAX expression after exposure to TMC for 24 h. Compared with the control group (0 μM), *p < 0.05,**p < 0.01.





TMC Restrains TNBC Tumor Formation

The in vivo anti-cancer effect of TMC was investigated using MDA-MB-231 xenografts. TMC was administered to nude mice through intraperitoneal injection at 20 mg/kg/d (low dose group) and 40 mg/kg/d (high dose group) for 21 days. The mice weights and tumor volumes were recorded every three days. Tumor volumes were calculated according to a standard formula: (mm3) = L × W2/2. The tumors and other corresponding tissues were collected and measured after sacrificing the mice. Results exerted that TMC drastically suppressed TNBC tumor volumes in both the low dose and high dose groups (p < 0.01) (Figures 5A, C). In addition, TMC administration significantly reduced tumor weights after 21-day treatment (p < 0.01) (Figure 5D). Mouse weight did not decrease dramatically after TMC administration, even in the high dose group (Figure 5B). TMA could increase Bax protein and mRNA levels, and decrease Bcl-2 protein and mRNA levels in vivo (Figures 5E, F). Altogether, these findings suggest that TMC significantly inhibits TNBC tumor growth without obvious cytotoxic effects on normal tissues.




Figure 5 | TMC represses TNBC tumorigenesis. (A) Tumor tissues collected at the end point. (B) Mice weights measured during the experiment. (C) Tumor volumes measured during the experiment. (D) Tumor weights at the end point. (E) Western blot analysis of Bax and Bcl-2 after TMC administration. (F) Real-time PCR analysis of BAX and BCL2 after TMC administration. Compared with the control group (0 μM), **p < 0.01.





TMC Downregulates Highly Expressed miR-374a in TNBC Cells

We used PCR arrays to determine the changes in miRNAs expression levels (at least 1.5-fold) in TNBC cells after exposure to 10 μM TMC for 24 h. MiR-374a decreased most significantly in all the varied miRNAs after TMC interference. Results displayed that TMC decreased the high expression of miR-374a in both MDA-MB-231 and BT549 cells (Figure 6A). Real-time PCR analysis confirmed that TMC significantly inhibited miR-374a in a dose-dependent manner in TNBC cells (p < 0.01) (Figure 6C). Additionally, miR-374a was expressed at low levels in normal breast cells and high levels in breast cancer cells, especially in TNBC cells (Figure 6B). Data from Array Express (https://www.ebi.ac.uk/arrayexpress/) showed that miR-374a was upregulated in TNBC tumor tissues compared to their peritumor breast tissues (Figure S2). Taken together, these results indicate that miR-374a is a potential oncogenic miRNA downregulated by TMC.




Figure 6 | TMC attenuates upregulation of miR-374a in TNBC. (A) PCR array analysis of varied miRNA expression in MDA-MB-231 and BT549 cells after exposure to TMC for 24 h. (B) Real-time PCR analysis of miR-374a in MCF-10A cells and various types of breast cancers. (C) Real-time PCR analysis of miR-374a in MDA-MB-231 and BT549 cells after exposure to TMC for 24 h. Compared with the control group (0 μM), *p < 0.05, **p < 0.01.





TMC Promotes BAX Expression in TNBC Cells Through Downregulation of miR-374a

Rnahybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid) predicted the direct interaction of miR-374a and the BAX 3′UTR, suggesting miR-374a as a negative regulator of BAX expression. Luciferase assays confirmed that miR-374a directly binded to the 3′UTR of BAX (Figure 7A). Real-time PCR analysis confirmed successful transfection of MDA-MB-231 and BT549 cells with the miR-374a mimic and miRNA negative control (Figure 7B). Data from Oncomine (https://www.oncomine.org/) demonstrated that BAX was expressed at low levels, while BCL2 was expressed at high levels in breast cancer tumors compared to normal tissues (Figures 7C, S3). Western blot results demonstrated that TMC increased Bax protein expression, and that upregulation of miR-374a partly reversed the effect of TMC (Figure 7D). Real-time PCR analysis exerted that TMC promoted Bax mRNA expression, and miR-374a upregulation partially blocked the TMC-induced increase in BAX (Figure 7E). Taken together, these data suggest that TMC increases Bax protein and mRNA levels through downregulation of miR-374a in TNBC cells.




Figure 7 | TMC promotes Bax protein and mRNA expression by decreasing miR-374a. (A) Dual luciferase reporter assays confirmed the direct binding of miR-374a to the BAX 3′UTR in 293T cells. (B) Real-time PCR analysis of miR-200c after exposure to TMC for 24 h following transfection of the miR-374a mimic or miRNA negative control. (C) BAX expression in breast cancer tissues and normal breast tissues according to data from the Oncomine database. (D) Western blot analysis of Bax after exposure to TMC for 24 h and miR-374a mimic interference. (E) Real-time PCR analysis of BAX after exposure to TMC for 24 h and miR-374a mimic interference. Compared with the control group (0 μM), *p < 0.05, **p < 0.01.






Discussion

Breast cancer is a clinically heterogeneous disease, and TNBC is the most aggressive subtype with the worst outcomes (Dent et al., 2007). Although there have been advancements in the multidisciplinary treatments available, therapeutic options for advanced TNBC remain limited (Isakoff, 2010; Wahba and El-Hadaad, 2015). The search for innovative and effective drug candidates becomes essential for the improvement of current TNBC treatments. Recently, research attention has shifted towards Chinese medicine, which is considered to contain compounds with potential anticancer properties. The active ingredients isolated from Chinese herbs have gradually been developed as novel therapeutic agents (Peng et al., 2019a). Interestingly, we previously identified a natural flavonoid, ISL, with cytotoxic effects on MDA-MB-231 proliferation. We synthesized an ISL derivative, TMC, with a stronger inhibitory effect on TNBC cell growth (Peng et al., 2016a). In the present study, we first found that TMC inhibited TNBC cell foci formation, migration, and invasion. Additionally, TMC suppressed tumor growth, indicating that TMC should be considered as a potential drug candidate for further investigation.

Apoptosis is a strictly organized process with the ability to attenuate tumor progression (Abotaleb et al., 2019). There are two major pathways involved in apoptosis: the extrinsic pathway and the intrinsic pathway. In the extrinsic pathway, binding of death signals to trimeric death ligands is an important mediator that activates signal transduction cascades (Igney and Krammer, 2002). In the intrinsic pathway, activated Bax and Bak mediate an increase in mitochondrial stress (Indran et al., 2011). Inhibiting anti-apoptotic Bcl-xL and Bcl-2 activates Bax and Bak (Fan et al., 2005). Our study found that TMC induced apoptosis in a dose-dependent manner in TNBC cells, and TMC affected proapoptotic Bax and anti-apoptotic Bcl-2, suggesting a mediator role for TMC in the intrinsic pathway. Additionally, TMC increased Bax mRNA expression, suggesting TMC with the capacity to modulate BAX levels either transcriptionally or post-transcriptionally.

BAX belongs to the BCL-2 protein family, and its activation drives mitochondria-dependent apoptosis. BH3-only members, such as BID and BAD, can directly engage BAX and convert it into an oligomerization form on the mitochondrial outer membrane, triggering apoptosis. Recent studies exerted that BAX activation was also affected by post-translational modifications, membrane anchors and the autonomous retro-translocation of BAX to the cytosol (Adams, 2019). We firstly reported that miR-374a directly binded the 3′UTR of BAX, negatively regulating Bax mRNA and protein levels. These results displayed that miR-374a affected apoptosis in TNBC cells in an oncogenic manner to promote tumor initiation. MiR-374a expression was increased by about 3.5-fold in TNBC tissue compared to adjacent normal tissues, which was associated with overall worse survival rates. In addition, miR-374a promoted cell survival, proliferation, and migration in TNBC cells, and induced tumor progression in vivo (Son et al., 2019). Our results confirmed the upregulation of miR-374a in various TNBC cell lines, including MDA-MB-231, 4T1, and BT549 cells. Our results also manifested that miR-374a promoted TNBC proliferation through the inhibition of apoptosis. These findings suggest TMC is a potential TNBC therapeutic target. Our study identified that TMC significantly inhibited miR-374a in TNBC cells, and upregulation of miR-374a partially reversed its effects on Bax mRNA and protein expression, indicating that TMC as a potent inhibitor of miR-374a in TNBC cells.



Conclusion

TNBC is a subtype of breast cancer without rapid and efficient therapies. TMC exerts anti-TNBC effects on cell proliferation and invasion, suggesting that TMC is a potential drug candidate for TNBC treatment. We also detect that TMC significantly downregulates miR-374a expression, and TMC increases Bax protein and mRNA levels through miR-374a downregulation. Luciferase assays confirms the direct interaction between miR-374a and the 3′UTR of BAX. Accordingly, we show that miR-374a is a negative regulator of Bax, affecting apoptosis in TNBC cells. TMC also represses TNBC tumor growth in vivo. Thus, this is the first report demonstrating that TMC inhibits tumor initiation and progression by modulating the miR-374a/BAX axis in TNBC.
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Brucine, a weak alkaline indole alkaloid, is one of the main bioactive and toxic constituents of Nux-vomica. Modern pharmacology studies and clinical practice demonstrate that brucine possesses wide pharmacological activities, such as anti-tumor, anti-inflammatory, analgesic, and the effects on cardiovascular system and nervous system, etc. However, its central nervous system toxicity severely limits its clinical application. Herein, the physicochemical properties, pharmacological activities, and toxicity of brucine were reviewed, and the novel strategies to address the toxicity issues were discussed, aiming to bring new insights into further research and application of this active component.
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Introduction

Brucine is extracted from the seeds of Strychnos nux-vomica L. (Loganiaceae), which are commonly known as Nux-vomica (Maqianzi) with bitter taste and high toxicity. There are 190 species of Strychnos nux-vomica L. in the world, and mainly distributed in tropical and subtropical areas (Shi et al., 2017). Nux-vomica is widely used as medicine in many southern Asian countries. In China, Nux-vomica has a long history to use for the treatment of different kinds of ailments, such as dyspepsia, nervous system diseases, and chronic rheumatism (Guo et al., 2018).

Brucine and their nitrogen are the main constituents of Nux-vomica. Brucine is usually used as an anti-inflammatory and analgesic drug to relieve arthritis and traumatic pain. Recent years, brucine displayed excellent anti-tumor effect on various tumors (Li et al., 2018; Qin et al., 2018). For hepatocellular carcinoma, brucine could inhibit the proliferation of HepG2 cells through regulating calcium concentration and depolarization of mitochondria (Shu et al., 2013). In bone metastasis nude mice model of breast cancer, brucine might inhibit tumor angiogenesis, growth, and bone metastasis by down-regulating vascular endothelial growth factor (VEGF) expression (Li et al., 2012). And brucine could inhibit the growth and migration of colorectal cancer cells LoVo by regulating Wnt/β-catenin signaling pathway (Shi et al., 2018).

Although brucine has an impressive profile in pharmacology research, severe central nervous system toxicity is the main obstacle to its clinical application (Guo et al., 2018). The therapeutic window is quite narrow, and the reported lethal dose 50% (LD50) value of brucine was 50.10 mg/kg (Chen et al., 2013), which severely limits its clinical application (Chen et al., 2012). In order to better understand the pharmacological and toxicological effects of brucine and provide theoretical basis for its future application, we summarized the physicochemical properties, pharmacological activities, and toxicity of brucine here. Furthermore, the novel strategies to address the toxicity issues of brucine were also discussed.



Physicochemical Properties, Extraction, and Purification of Brucine


Physicochemical Properties

Brucine (2, 3-dimethoxystrychnidin-10-one,C23H26N2O4), a weak alkaline indole alkaloid, is white crystalline powder with a molecular weight of 394. It can be easily dissolved in organic solvents such as ether, chloroform, ethanol, and methanol but not in water.

Pelletier and Caventou first isolated brucine from the Nux-vomica in 1819 (Tang et al., 2009). Brucine is structurally related to strychnine so that could be used as a tool for stereospecific chemical syntheses and had been used as an enantioselective recognition agent in chiral resolution. In 1919, Groth reported that tetrahydrate was the solid form of brucine. The Cambridge Structural Database (CSD) has collected different crystal forms of brucine including two anhydrous forms (Figure 1) (Groom et al., 2016).




Figure 1 | The structure of brucine.





Extraction and Purification

Some reports showed that brucine could be extracted from Nux-vomica powder by reflux extraction with acid water, ethanol, alkaline chloroform, or other solvents. Generally, extraction with ethanol has much better efficiency. When the total alkaloids of Nux-vomica processed by sand blanching were extracted by ammonia chloroform, water, acid water, or acid ethanol, the best effect was obtained through refluxing and extracting with 6-fold 50% alcohol (pH=5) for three times, 1 h for each time (Li et al., 2004). Considering acid ethanol would corrode equipment in industrial production which had low feasibility, this group then used neutral ethanol to extract raw brucine power. Meanwhile, microwave-assisted extraction method can improve the extraction rate of brucine. Although structure of brucine is similar to strychnine, brucine could be separated or purified by pH zone countercurrent chromatography or silica gel column chromatography (Li et al., 2010). Additionally, using silica gel column chromatography combined with semi-preparative high performance liquid chromatography (HPLC) to separate and purifying brucine was more simple and convenient (Wu et al., 2016a).




Quantitative Analysis of Brucine

With the deepening understanding of the role of brucine, its application has been more and more extensive. As an effective and toxic component, brucine quantitative analysis is particularly important.

The content of brucine is usually determined by HPLC, but if the treatment methods of brucine are different, the results will be different. The content of brucine in different processed products and different origins of Nux-vomica was monitored by HPLC and the results showed that the content of brucine in processed products of Nux-vomica ranked from high to low were fried products, sand blanching products, vinegar boiled products, camphor urine soaked products, vinegar boiled sand fried products, vinegar soaked products, vinegar soaked sand fried products. On the other hand, according to the different habitats, the content of brucine ranged from high to low which were Vietnam, Guangxi, India, Yunnan, Myanmar, Sichuan, Hubei, and Hainan (Wang and Qi, 2017). Using reverse phase high performance liquid chromatography (RP-HPLC) to determine the content of brucine in GuizhiStrychni and Strychnine tablets is accurate, sensitive, and reproducible (Lou, 2016). Meanwhile, the contents of brucine in rat plasma and tissue could be determined by liquid chromatography tandem mass spectrometry (LC-MS/MS) (Qin et al., 2012b; Li et al., 2019).



Pharmacological Activities


Anti-Tumor Effects

Recently, a large number of studies have proved that brucine can significantly inhibit several tumor cells through different mechanisms. (Table 1) (Agrawal et al., 2011; Guo et al., 2018; Qin et al., 2018; Ren et al., 2019).


Table 1 | The anti-tumor mechanisms of brucine.




Breast Cancer

Brucine could inhibit the bone metastasis of breast cancer by regulating the expression of bone metastasis-related factors such as matrix metallopeptidase 2 (MMP-2), chemokine (C-X-C motif) receptor (CXCR4), receptor of NF-κB ligand (RANKL), and osteoclastogenesis inhibitory factor (OPG) (Sun et al., 2017). Xu et al. also found that in the co-culture system of triple negative breast cancer cells MDA-MB-231 and murine osteoblasts MC3T3-E1, brucine could indirectly regulate osteoclasts by regulating the expression and secretion of OPG and RANKL, thus inhibiting osteoclast differentiation and bone absorption (Xu et al., 2019). Therefore, brucine can inhibit bone metastasis of MDA-MB-231 by regulating OPG/RANKL/RANK signal pathway.

By observing the effect of brucine on MDA-MB-231 and Hs578-T cell lines, as well as the expression of epithelial-to-mesenchymal transition (EMT) markers and matrix metalloproteinase (MMPs), studies found that the ability of migration, invasion or adhesion of MDA-MB-231, and Hs578-T cells decreased in a dose-dependent manner when treated with brucine (Li et al., 2018). These results proved the inhibitory effects of brucine on the bone metastasis of breast cancer. Moreover, brucine also could induce MCF-7 death in G2 phase and inhibit the expression of NF-κB subunit (p65) when used alone or in combination with gemcitabine (Serasanambati et al., 2015).



Liver Cancer

At present, brucine has been extensively studied in the treatment of hepatocellular carcinoma. Brucine inhibited the proliferation of HepG2 cells in vitro in a time- and dose-dependent manner. The mechanism might be that brucine first activated MAP kinase kinase-7 (MKK7) gene, and then the MKK7 kinase activated the pathway mediated by c-Jun N-terminal kinase (JNK) gene to induce apoptosis (Liang et al., 2017). Brucine continuously down regulated the expression level of HIF-1 response gene in vivo (Shu et al., 2013). Brucine could also inhibit the proliferation of HepG2 cells by inducing cell contraction, vesicle formation, and apoptotic body formation. At the same time, brucine significantly reduced the expression of cyclooxygenase-2 (COX-2) in HepG2 cells, but increased the expression of Caspase-3 and the activity of Caspase-3-like protease (Deng et al., 2006).



Hematological Tumor

Brucine also has certain inhibitory effect on hematological tumors. Xin et al. showed that brucine could inhibit the human monocytic leukemia cell line THP-1 cell growth in concentration- and time-dependent manners at the range of 50 to 400 ug/ml. Meanwhile, the expression of B cell lymphoma/lewkmia-2 (Bcl-2) gene was decreased while the expression of Bcl-2 associated protein (Bax) gene increased (Xin et al., 2014). Through regulating Bax/Bcl-2 balance and activating endogenous mitochondrial pathway,brucine couldalso induce the apoptosis of human chronic myeloid leukemia cell line KCL-22 in the concentration range of 50-400 ug/ml (Han et al., 2016).



Colorectal Cancer

It was showed that brucine was involved in the regulation of Wnt/β-catenin signaling pathway to inhibit the growth and migration of colorectal cancer cells LoVo in vitro and in vivo (Shi et al., 2018). Moreover, the inhibition of brucine on colon cancer proliferation was related to Wnt/β-catenin signaling pathway, in which the expression of dickkopf-related protein 1 (DKK1) increased significantly, while the expression of β-catenin decreased (Ren et al., 2019). Brucine could also inhibited the secretion of VEGF and the expression of mammalian target of rapamycin (mTOR) of Lovo cells, down-regulated the mRNA and phosphorylation protein expression of kinase insert domain receptor (KDR), protein kinase C α (PKCα), phospholipase C-γ (PLCγ), and v-raf-1 murine leukemia viral oncogene homolog 1 (RAF1), suggesting that brucine has the effect of inhibiting the angiogenesis by mediating the KDR signal pathway (Luo et al., 2013).

Brucine might inhibit the activation of signal transducer and activator of transcription (STAT3) phosphorylation in IL-6/STAT3 pathway to exert an antitumor effect on SW480 cells in vitro (Li et al., 2016). Meanwhile, brucine could induce apoptosis of Lovo cells in a dose-dependent manner by up-regulating Bax and Bcl-2, but down-regulating extracellular signal-regulated kinase 1/2 (ERK1/2), p38 and Akt protein phosphorylation (Zheng et al., 2013).



Other Cancer

In addition, brucine could significantly inhibit the proliferation of lung cancer cellA549 and induce apoptosis in a time-dependent manner by inhibiting the expression of COX-2 and releasing prostaglandin E2(PGE2) (Zhu et al., 2012). Brucine could also inhibit the proliferation of human lung cancer cell line PC-9 mainly by blocking the cell cycle at G0/G1 via down-regulating the expression of Cyclin D1, Cyclin E (Li et al., 2014).

When concentration of brucine was no more than 0.4 mg/ml, it might induce apoptosis of myeloma cells U266, and the effect of brucine on apoptosis was dose-dependent and time-dependent. RT-PCR was used to detect the changes of c-Jun expression after treatment with brucine or brucine combined with JNK specific inhibitor SP600125. It was found that brucine induced apoptosis of U266 cells through c-Jun phosphorylation. Therefore, brucine can induce apoptosis of U266 through JNK signaling pathway and c-Jun phosphorylation (Ma et al., 2013). Furthermore, experiments showed that brucine could reduce the expression of Bcl-2 and COX-2 in U251 glioma cells, up-regulate the expression of Bax, reduce the survival rate of glioma cells, and inhibit the growth of the xenografts in vivo (Wang et al., 2015).

Brucine could inhibit the growth of transplanted human gastric cancer cell line SGC-7901 and improve the weight loss of transplanted tumor in nude mice (Zhao et al., 2012). Agrawal et al., (2011) injected EAC cells into mice peritoneum to form ascites tumors, then treated with brucine at different doses. They found that brucine could induce anti-ascites tumor activity in a time-dose-dependent manner by reducing intraperitoneal angiogenesis and micro-vessel density in vivo.




Anti-Inflammatory and Analgesic Effects

Within traditional Chinses medicine (TCM), the applications of Nux-vomica are closely related to its anti-inflammatory and analgesic effects, definitely for brucine. Hu et al., (2008) first used the improved Franz diffusion cell method to investigate the transdermal permeability of brucine solution at different concentrations in vitro, through observing the writhing number of mice within 25 min. The results showed that the middle and high dosage groups had obvious analgesic effect, and brucine could be quickly eliminated after percutaneous absorption. But because of its short half-life, brucine was not conducive to the lasting exertion of analgesic effect.

Meanwhile, brucine significantly inhibited the response induced by nociceptive heat and mechanical stimulation In acute pain models (Yu et al., 2019). In the carrageenan-induced rat paw swelling experiment, Yin et al., (2003) found that the amount of PGE2 in the foot swelling site of mice in the brucine 30 mg/kg experimental group was significantly lower than that in the blank control group (P < 0.05). Using paw retraction threshold (PWT) and paw retraction latency (PWL) to measure pain behavior in rats showed that brucine regulated peripheral analgesia through potassium channel (Li and Ren, 2019).

Brucine usually leads to gastrointestinal irritation and systemic toxicity by oral administration. A new type of gel permeable material system used to transport brucine could inhibit rheumatoid arthritis and significantly reduce the ear swelling caused by xylene in mice. It could also relieve the pain of formalin injection in formalin test indicating it had analgesic effect (Wu et al., 2017). Brucine could inhibit the proliferation of HFLS-RA cells by activating JNK signaling pathway. High dose brucine (> 0.5 mg/ml) could significantly reverse the proliferation induced by tumor necrosis factor α (TNF-α), and further inhibit the cell viability. In conclusion, brucine significantly inhibited the proliferation of HFLS-RA induced by TNF-α by activating JNK signaling pathway (Tang et al., 2019).



Effects on Cardiovascular System

Li et al. (1997) observed the effects of brucine on action potential and contractile force of guinea pig papillary muscle by synchronous recording of contractile force with conventional microelectrode technique, displaying that brucine had an important effect on action potential induced by high K+ depolarized isoprenaline and histamine in isolated guinea pig papillary muscle. The mechanism might be that brucine blocked the Ca2+ channel in the myocardium then reduced the Ca2+ content in the myocardium, exhibiting a negative inotropic effect, and reducing the oxygen consumption of the myocardium. The above experiments showed that brucine had some antagonistic effect on arrhythmia.



Other Pharmacological Activities

Brucine has paralysis effect on sensory nerve endings. When given a large dose, brucine can block nerve and muscle conduction, showing an arrow-like effect. It was showed that the expression of Bcl-2 and caspase-3 increased in the Wistar rats’ brain cells, so that Bcl-2 and caspase-3 were involved in the pathophysiological process of rat brucine poisoning (Lei et al., 2010).

It was investigated that brucine inhibited VEGF-induced cell proliferation, chemotactic motility, and the formation of capillary-like structures in HUVECs in a dose-dependent manner. The mechanism might be that brucine suppressed VEGF- induced p-VEGFR2 kinase activity, and down-regulated levels of VEGF, NO, IL-6, IL-8, TNF-α, and IFN-γ in HUVECs (Saraswati and Agrawal, 2013).



Toxicity

Although Nux-vomica is widely used as a folk medicine, the poisonous properties have been known for centuries which limits its clinical application (Guo et al., 2018). As one of the ingredients of Nux-vomica, brucine is not only a medicinal component but also a toxic component (Wu et al., 2016b). Brucine has toxic effects on nervous system, immune system, urinary system, and digestive system. Serious central nervous system toxicity is the main obstacle of brucine clinical application. Toxicity has been shown to be related to dose and route of administration. In the toxic dose, brucine can cause severe convulsions, significantly increased blood pressure and even fatal poisoning. The route of administration also had a significant effect on the toxicity of brucine. In addition, it was found that the cytotoxicity of brucine was related to time and concentration, and brucine could be inserted into DNA double helix structure to interfere with DNA sequence (Liu et al., 2015).




Prospects

In summary, brucine is the significant component of Nux-vomica, which has many pharmacological effects, particularly its anti-tumor, anti-inflammatory and analgesic effects have been studied most deeply. At present, most antitumor tests had been done in vitro, which is easier to control and operate. However, to accurately evaluate the antitumor effects, more experimentations in vivo need to be carried out.

Although brucine has an impressive preclinical profile in pharmacology research, serious toxicity limits its clinical applications. We suppose the novel pharmaceutic formulations, including target drug delivery systems (DDS), may help to solve the toxicity problems and enhance its efficacy. At present, there are some new formulations of brucine have been reported, such as transdermal preparations, including nanoparticles, liposomes, and so on. Brucine immuno-nanoparticles (BIN) and brucine-load solid nanoparticles both could successfully reduce adverse drug reactions and delay the release in the body (Qin et al., 2012a; Qin et al., 2012b; Deng et al., 2018). In addition, when treated with BIN, the proliferation, adhesion, invasion, and metastasis of SMMC-7721 cells were inhibited. BIN was a kind of polyethylene glycol-polyacic acid copolymer with anti-AFP monoclonal antibody prepared by chemical coupling technology (Qin et al., 2012b). And in nude mice model with hepatocellular carcinoma, the brucine immuno-nanoparticles could inhibit the growth of tumorsby significantly reducing the secretion of α-fetoprotein (AFP) (Qin et al., 2018). Brucine-load solid lipid nanoparticles (B-SLN) not only had the ability to improve the activity but also reduce the toxicity (Guan et al., 2017).

However, they are still mainly in pre-clinical studies. How to prepare more safe and effective new dosage forms to expand the clinical application will be the hot spot of brucine research in the future. Meanwhile, the pharmacological and toxicological mechanisms of brucine are still not very clear. It’s necessary to investigate the mechanism of brucine and establish an effective evaluation system in the future.
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Colitis-associated cancer (CAC) is known as inflammatory bowel disease (IBD)-developed colorectal cancer, the pathogenesis of which involves the occurrence of apoptosis. Western drugs clinically applied to CAC are often single-targeted and exert many adverse reactions after long-term administration, so it is urgent to develop new drugs for the treatment of CAC. Herbal medicines commonly have multiple components with multiple targets, and most of them are low-toxicity. Some herbal medicines have been reported to ameliorate CAC through inducing apoptosis, but there is still a lack of systematic review. In this work, we reviewed articles published in Sci Finder, Web of Science, PubMed, Google Scholar, CNKI, and other databases in recent years by setting the keywords as apoptosis in combination with colitis-associated cancer. We summarized the herbal medicine extracts or their compounds that can prevent CAC by modulating apoptosis and analyzed the mechanism of action. The results show the following. (1) Herbal medicines regulate both the mitochondrial apoptosis pathway and death receptor apoptosis pathway. (2) Herbal medicines modulate the above two apoptotic pathways by affecting signal transductions of IL-6/STAT3, MAPK/NF-κ B, Oxidative stress, Non-canonical TGF-β1, WNT/β-catenin, and Cell cycle, thereby ameliorating CAC. We conclude that following. (1) Studies on the role of herbal medicine in regulating apoptosis through the Ras/Raf/ERK, WNT/β-catenin, and Cell cycle pathways have not yet been carried out in sufficient depth. (2) The active constituents of reported anti-CAC herbal medicine mainly include polyphenols, terpenoids, and saccharide. Also, we identified other herbal medicines with the constituents mentioned above as their main components, aiming to provide a reference for the clinical use of herbal medicine in the treatment of CAC. (3) New dosage forms can be utilized to elevate the targeting and reduce the toxicity of herbal medicine.
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Introduction

Colorectal cancer (CRC) is the third most common cause of malignancy incidence and death. In the United States alone, there were more than 140,000 newly diagnosed CRC patients and more than 50,000 deaths last year (2018) (Keum and Giovannucci, 2019). A recent epidemiological study announced that the early onset of CRC dominantly occurred among the white races and females (Glover et al., 2019). Though the overall CRC rates have been reducing over recent years, evidence shows that there is a trend of increasing incidence among young people. Family medical history only accounts for about 20% of CRC cases, while environmental factors, obesity, smoking, alcohol abuse, and inflammatory bowel disease (IBD), in particular, are the main contributors (Serebriiskii et al., 2019). Crohn’s disease (CD) and ulcerative colitis (UC) are the two defined IBD subtypes, and IBD-preceded CRC is known as colitis-associated cancer (CAC). Current data show that UC increases the cumulative risk of CAC by 18 to 20 percent, while CD increases the cumulative risk by 8 percent after 30 years. The exact overall increase in CAC prevalence in IBD patients depends on the severity and duration of the disease, the patient population analyzed, the availability of prophylactic colonoscopy in the general population, and the effectiveness of anti-inflammatory therapy (Al Bakir et al., 2018; Zhu et al., 2019). The chronic inflammation-cancer relationship was first mentioned about one and a half centuries ago and had been confirmed by numerous clinical trials. Recent studies indicate that the most apparent correlation between long-term inflammation and tumor progression is observed in CAC, owing to the genetic change and epigenetic alteration elicited by inflammation (Romano et al., 2016; Hnatyszyn et al., 2019).

To date, the underlying molecular biological mechanisms of CRC are not fully understood, while there is a certain correlation between inflammation and cancer development, and the vital role of cytokines and various immune mediators in chronic tumorigenesis has been recognized (Qu et al., 2018). Multiple processes like tumor initiation and metastasis are involved in colitis-associated neoplasia. The pathogenesis of CAC is reported to be affected by multiple pathways, including TGF-β/SMAD, WNT/β-catenin, NOD/TLR, NLRP3 inflammasome, and the cell cycle as well as apoptosis, etc. (Nasuno et al., 2014; Choi et al., 2017; Cao and Xu, 2019), among which apoptosis is most focused on since the loss of adenomatous polyposis coli (APC) and TP53 mutations are crucial in IBD-CRC formation and IBD neoplasia initiation (Rogler, 2014).

In clinical settings, several approaches are taken in the treatment of CAC. For example, COX-2 inhibitor, aminosalicylates (5-ASA), and ursodesoxycholic acid have been clinically applied to target pathways like NF-κ B and oxidative stress (Foersch and Neurath, 2014). Meanwhile, a series of western medicines exert considerable ameliorative effect on CAC through modulating apoptotic pathways in animal experiments; the most typical are tauroursodeoxycholic acid (Kim et al., 2019), celecoxib (Setia et al., 2014), and simvastatin (Cho et al., 2008). In addition, surgery, chemotherapeutic agents, and radiotherapy are employed for CAC patients in severe stage. Apart from western medicine mentioned above, there is a class of traditional herbal medicine, also known as ethnic drugs, that display great anti-CAC potential. At present, there are few reports on the treatment of CAC by herbal medicines through inducing apoptosis-associated signaling transductions, and there is a lack of relevant systematic review. In this article, we collect the details of the ameliorative effects of ethnic drugs on CAC, aiming to provide a reference for the future clinical use of ethnic dugs in CAC treatment.



Apoptosis in Normal Intestinal Epithelia

Defined as a highly modulated physiological process of cell death, apoptosis is activated and regulated by a class of specific genes (Kaczanowski, 2016; Ismail et al., 2019). Upon activation, cells become rounded and retract from those nearby, after which apoptotic bodies are formed through the blebbing of dynamic plasma membrane. Meanwhile, nucleus condensation and the hydrolysis of nuclear DNA into fragments can be observed (Dhuriya et al., 2019). Unlike pyroptosis, which can trigger inflammatory response, the cell membrane structure is not damaged, and no contents are released during the whole apoptosis process (Zhang et al., 2019). Functionally, apoptosis maintains homeostasis and keeps the dynamic balance of cell numbers, and, as a defense mechanism, it eliminates abnormal cells (Norbury and Hickson, 2001). In brief, apoptosis can be activated by two separate pathways, namely the intrinsic and extrinsic pathways, referring to mitochondrial and death receptor pathways, respectively (Pfeffer and Singh, 2018).

Specifically, apoptosis affects intestinal physiology through maintaining normal colonic epithelia, the colonic crypt structure, and organ size (Keku et al., 2008; Ismail et al., 2019). In mammalian large intestine, epithelial cells are generated by the stem cells of the colonic crypts. The colonic crypt structure is affected by both apoptosis at the top of the crypt and cell proliferation at the bottom (Wang Y. et al., 2016; Kim et al., 2017; López-Posadas et al., 2017). The imbalance of apoptosis will result in the failure of colonic epithelial cell homeostasis and the cleaning-up of abnormal colonic epithelial cells, which eventually leads to colorectal cancer.



Dysregulation of Apoptosis in CAC

As mentioned above, multiple genes have impacts on apoptosis, and the mutation or abnormal expressions of these genes may lead to apoptosis dysfunction. CAC is elicited from inﬂamed mucosa and progresses in the order of “inﬂammation-dysplasia-carcinoma” (Axelrad et al., 2016; Romano et al., 2016; Luo and Zhang, 2017). Prior to CAC, there is usually a long period of IBD. The typical characteristics of IBD are sustained mucosal inﬂammation with enhanced oxidative stress, promoted epithelium proliferation, and supported angiogenesis, which contributes to the initiation and progression of cancer (Romano et al., 2016; Luo and Zhang, 2017). It is reported that numerous cells or molecules, including immune cells, chemokines, stromal cells, epithelial cells, reactive oxygen species (ROS), and reactive nitrogen intermediates (RNI) and cytokines, participate in the modulation of the IBD microenvironment (Scarpa et al., 2014; Francescone et al., 2015).

Among them, ROS and RNI released by inflammatory cells directly damage colonic epithelium and, on the other hand, promote the genetic alterations driving carcinogenesis (Axelrad et al., 2016). The signaling transductions of JNK/MAPK and WNT/β-catenin are proved to be the key mechanism of colonic inflammation-tumor transformation (Kinugasa and Akagi, 2016). Besides, cytokines such as TNF-α, IL-1α/β, or IL-6 can trigger STAT3 signaling transduction and NF-κ B transcription, promoting tumor cell proliferation and survival as well as immune response (Klampfer, 2011; Kumari et al., 2016; Li et al., 2018). As a typical immune cell, the regulatory T cell is demonstrated to modulate the secretion of TNF-α or IL-6/11/22 so as to affect colonic cancer progression (Ju et al., 2017). On the other hand, TP53-mediated tumor cell apoptosis also exerts an important role in CAC pathogenesis. TP53 mutation is a key factor of apoptosis and is involved in IBD neoplasia initiation (Axelrad et al., 2016). Compared with p53, the dysfunction of which occurs early in CAC carcinogenesis, adenomatous polyposis coli (APC) gene mutation is elicited much later during the process of CAC tumorigenesis (Dyson and Rutter, 2012; Yaeger et al., 2016; Sanchez-Vega et al., 2018). It is reported that the loss of APC function will lead to insufficient β-catenin degradation, followed by the enhanced gene expression of survivin, and that survivin plays an important role in suppressing apoptosis through the inhibitory effect on caspase-3/7 and the release of cytochrome C. Moreover, some non-coding RNAs also play important roles in the apoptosis imbalance of CAC. miR-19a could promote CAC by regulating tumor necrosis factor alpha-induced protein 3-NF-κB feedback loops (Wang T. et al., 2016). It was found that miR-21-knockdown was associated with increased expression of PDCD4 gene and inhibition of NF-κ B activation as well as down-regulation of STAT3 and bcl-2 activation (Shi et al., 2016). In addition, it was reported that targeted deletion of mir-139-5p could activate MAPK, NF-κ B, and STAT3 signaling and decrease apoptosis and promote CAC (Zou et al., 2016). In summary, inhibition of apoptosis is a pivotal mechanism of CAC, and how to eﬀectively promote the apoptosis of colorectal cancer cells has clinical signiﬁcance for the treatment of CAC and may provide a feasible direction for the development of CAC-ameliorative drugs.



Molecular Targets of Apoptosis Affected by Herbal Medicines in CAC

Since apoptosis inhibition is a crucial factor in CAC pathogenesis, inducing apoptosis of colorectal cancer cells can be regarded as an effective way to treat CAC. Apoptotic pathways include intrinsic and extrinsic apoptotic pathways, both of which are correlated with multiple other pathways, such as TGF-β/SMAD, WNT/β-catenin, NOD/TLR, and NLRP3 inflammasome, during the molecular nosogenesis of CAC. Thus, drugs that can induce apoptosis by acting on key targets of those pathways are promising candidates for the future treatment of CAC. Herbal medicine is a treasure house of medicine with multiple components and targets, and they have been believed to exert definite curative effects in the treatment of colorectal diseases for centuries. The following will detail the studies of herbal medicines and their components, as well as formulas for the treatment of CAC through modulating both intrinsic and extrinsic apoptotic pathways.

As depicted in Figure 1, the intrinsic pathway is also referred to as the mitochondrial-dependent apoptotic pathway and is regulated by the B-cell lymphoma 2 (Bcl-2) family of proteins (Zaman et al., 2014; Wang et al., 2019). The Bcl-2 family consists of not only pro-apoptotic proteins (Bax, Bak, etc.), but also anti-apoptotic proteins (Bcl-2, Bcl-Xl, etc.) (Siddiqui et al., 2015; Warren et al., 2019). In terms of mechanism, a variety of apoptotic stimuli mediate the over-expressions of BH3-only proteins, followed by the activations of both Bax and Bak in cytoplasm (Glab et al., 2017). They are then transferred to mitochondrial membrane, forming transmembrane pores and meanwhile reducing mitochondrial membrane potential (MCMP). After that, cytochrome C release is triggered because of the elevated permeability of mitochondrial membrane, resulting in apoptosome formation and the conversion from procaspase-9 to caspase-9 (Hassan et al., 2014; Zaman et al., 2014). This complex then activates several downstream effector caspases, such as caspase-3/6/7, and further induces DNA fragmentation and cell death (Anania et al., 2016; Tengku Din et al., 2018). Moreover, X-linked inhibitor of apoptosis protein (XIAP) and survivin, which are from the inhibitor of apoptosis proteins (IAP) family, can directly bind and inhibit key effector caspases such as caspase-3/7/9, thereby preventing apoptosis (Park et al., 2017).




Figure 1 | Effects of herbal medicine on the intrinsic pathway of apoptosis.



Moreover, several other signaling pathways are also capable of regulating apoptosis through intrinsic means in the pathogenesis of CAC. Examples are as follows. (1) the activation of STAT3 induced by IL-6 is able to up-regulate the expression of several survival proteins like Bcl-2, Bcl-Xl, and survivin (Taniguchi and Karin, 2014; Siveen et al., 2014; Chonov et al., 2019). (2) NF-κ B, MAPK, and PI3K/AKT transductions are reported to initiate WNT/β-catenin signaling with or without APC, regulating apoptosis as well as neoplastic transformation(Mohammed et al., 2016), some of which also encode XIAP (Taniguchi and Karin, 2014; Romano et al., 2016; Evans et al., 2018). (3) The cyclin-dependent kinase inhibitor (CDKI) p21 is vital for p53-mediated G1/S boundary cell cycle arrest and cell senescence (Kim et al., 2017) (even although additional p53 target genes are also involved in the latter process).

The extrinsic pathway is also known as the death receptor-mediated apoptotic pathway. Shown in Figure 2, this pathway is primarily activated by extracellular signals that are normally recognized by the proteins of the tumor necrosis factor receptor (TNFR) family (also termed death receptors), such as Fas (also known as CD95 or Apo1), TRAIL-R, and TNFR (Ntuli, 2012; Sharma et al., 2019; Ian and Chaudhry, 2019). The extracellular signals mainly contain Fas ligand (Fas-L), TNF-related apoptosis-inducing ligand (TRAIL), and tumor necrosis factor (TNF), and the gene expression of Fas can be promoted by p53 (Goldar et al., 2015; Ray et al., 2016). The binding of ligands and their specific receptors then recruits death signal adaptor proteins, such as Fas-associated death domain (FADD) and TNF receptor-associated death domain (TRADD), to the death receptors (Zaman et al., 2014; Liu et al., 2017). After that, the death-inducing signaling complex (DISC) is formed by the oligomerized receptors and recruited adaptor proteins (Qiao and Benjamin, 2009). DISC can bind to procaspase-8 and produce active caspase-8, thereby promoting the activation of caspase-3/6/7 and leading to apoptotic events. In addition, the activation of caspase-8 is also a link between extrinsic and intrinsic pathways through the activation of BID (Green and Llambi, 2015). Cellular FLICE-like inhibitory protein (c-FLIP) is an inhibitor of DISC (Zaman et al., 2014). Not only inhibiting the intrinsic pathway, XIAP also plays a role in extrinsic pathway modulation through potently inhibiting executioner caspase-3/7 (Obexer and Ausserlechner, 2014). Furthermore, NF-κ B hyper-activation also can be observed in CAC for its contributions to the up-regulation of XIAP, c-FLIP, and p53 mutation (Grivennikov, 2013). The specific effects of herbal medicine on those signaling pathways are as follows.




Figure 2 | Effects of herbal medicine on the extrinsic pathway of apoptosis.




Monomers From Herbal Medicine

Of monomers, polyphenols are the most widely reported treatment for CAC (shown in Figure 3). A study conducted by Kim et al. demonstrated that administration of baicalein (1–10 mg/kg for 14 weeks) from Scutellaria baicalensis Georgi downregulated expressions of pro-caspase-3/8 so as to induce HCT-116 apoptosis through extrinsic means in a mouse model of colitis-driven colon cancer (Kim D. H. et al., 2013). Also from Scutellaria baicalensis Georgi, wogonoside (100 mg/kg/d for 15 weeks) was reported to increase the survival rate of AOM/DSS-induced CAC mice by decreasing tumor number, tumor size, average tumor load, and occurrence of large-sized adenomas through the reduction of NF-κ B p65, p-p65, PI3K, p-Akt, cyclin D1, and survivin levels, as well as cytokine secretion in tumor tissue (Sun et al., 2016). Analogously, Yang et al. indicated that oroxylin A (50-200 mg/kg/d for 100 days), an active ingredient in Scutellaria baicalensis Georgi, also exerted a CAC-ameliorative property. In their study, 5-aminosalicylic acid (5-ASA) was set as a positive drug. The underlying molecular mechanism included its inhibitory effect on STAT phosphorylation as well as the expressions of Bcl-2 and cyclin D. Besides, the Bax level was elevated after oroxylin A administration, suggesting that oroxylin A induced apoptosis through modulating the IL-6/STAT3 pathway in ADM/DSS-elicited mouse colitis-associated carcinogenesis (Yang et al., 2013). Furthermore, Zheng et al. demonstrated that silibinin (750 mg/kg for 10 weeks, dissolved in 0.5% carboxymethyl cellulose) from Silybum marianum (L.) Gaertn also ameliorated CAC by affecting STAT3/IL6R signaling transduction (Zheng et al., 2018). Similarly, in 2017, a study reported that nobiletin from dried tangerine peel and its colonic metabolites could suppress colitis-associated colon carcinogenesis. In the study, AOM/DSS induced CRC mice were fed an AIN93G diet supplemented with nobiletin (0.05 wt% in diet for 20 weeks), after which the incidence and multiplicity of colonic tumors were reduced, and there were also reductions in expression of iNOS and protein levels of cyclin D, CDK6, CDK4, and CDK2 and increased levels of p27 and p53 (Wu et al., 2017). Extracted from another famous herbal medicine named Curcuma longa L., curcumin (25 mg/kg/day for 62 days) promoted the accumulation of cells in G0/G1 phase and subsequently induced tumor cell apoptosis by regulating targets that involved WNT/β-catenin like cyclin D1 in AOM/DSS-challenged mice (Marjaneh et al., 2018). In addition, resveratrol (0.03 wt% in diet for 9 weeks) from white hellebore was demonstrated to reduce macroscopic lesions, dysplasia, and inflammation in colon of CAC model mice. The effect was attributed to downregulation of the levels of iNOS, COX-2, TNF-α, and p53 (Cui et al., 2010). Moreover, isoliquiritigenin (20–500 μg/ml in diet for 12 weeks) extracted from licorice could significantly reduce the incidence of tumor in colon of AOM/DSS-induced CAC mice, which involved the decrease of iNOS, COX-2, and CD206 levels (Feng, 2017)




Figure 3 | Molecular structures of reported anti-CAC compounds from herbal medicine.



Terpenoids have also been repeatedly reported to be used to treat CAC. In 2018, researchers found that pristimerin (0.0001~0.0005 wt% in diet for 10 weeks) isolated from Tripterygium wilfordii Hook F could inhibit cell proliferation and enhance apoptosis through regulating the cell cycle progression of colon cancer cells, because it was active in modulating targets like cyclin D1, CDC25A, p27, p21, caspase-3/7/8/9, and cleaved-PARP (Park et al., 2018). Besides, Celastrol, another main constituent in Tripterygium wilfordii Hook F, is also considered as a potential candidate for CAC therapy. Also, in a mouse model of CAC established by AOM/DSS treatment, celastrol (2 mg/kg/d for 14 weeks) was observed to significantly decrease the levels of oncogenic proteins such as p53 and β-catenin. In addition, the levels of TNF-α, IL-1β, IL-6, COX-2, and iNOS were also reduced through the inhibitory effect of celastrol on the NF-κ B signaling pathway (Lin et al., 2015). Triptolide (0.1,0.3,1m g/kg/d for 20 weeks), also extracted from Tripterygium wilfordii Hook F, was reported to suppress the development of colitis and colon cancer through inducing cell apoptosis and regulating the IL-6/JAK/STAT pathway by inhibiting cyclinD1/CDK4 expression and STAT3/IL6R/JAK1 levels, respectively (Wang et al., 2009).

In addition to polyphenols and terpenoids, oleuropein (50–200 mg/kg/d for 8 weeks) from Olea europaea L was confirmed to be a promising protective agent ameliorating CAC to do its ability to prevent colon inflammation, epithelial damage, and tumor formation in colon. Further investigations also utilized 5-ASA as positive drug and verified that the mechanism involves oleuropein’s positive effect on Bax and negative effect on p65, β-catenin, STAT3, and Akt expressions (Ginger et al., 2016). Similarity, embelin (50 mg/kg/d for 85days) from Embelia ribes Burm. F. is a well-known XIAP inhibitor and is capable of modulating p-STATS and IL-6 to decrease in the BrdUrd incorporation in dysplastic areas so that CAC progression is limited (Dai et al., 2014). In another study, parthenolide (2–4 mg/kg/d for 68 days) from Tanacetum parthenium significantly decreased the number of nodular, polypoid, and caterpillar−like tumors in the middle and distal colon of mice and meanwhile alleviated the severity of inflammation in the colons. Those effects are exerted through suppressing the expression of IκBα and p65, down-regulating the Bcl−2 and Bcl−Xl levels, and enhancing caspase-3 expression (Kim et al., 2015). Besides, crocin (0.005,0.01,0.02 wt% in diet for 15 weeks) from Crocus sativus L. was also proved to reverse the over-incidence of severe inflammation with mucosal ulcers and high-grade dysplastic crypts. The underlying mechanism is associated with its regulatory effect on NF-κ B, COX-2, iNOS, TNF-α, IL-1β, and IL-6 (Kawabata et al., 2012).



Herbal Medicine Extracts

Chung et al. conducted research to evaluate the effect of standardized ethanol extract from the aerial parts of Artemisia princeps Pampanini cv. Sajabal via (EAPP) on AOM/DSS-induced CAC, as depicted in Figure 4. The results showed EAPP (25 mg/kg/day, three times a week for 9 weeks) could inhibit the pro-inflammatory and pro-proliferative activities that were mediated by NF-κ B and trigger apoptotic response. Briefly, EAPP decreased p65 expression and protein levels of NF-κ B-dependent pro-survival genes, such as Bcl-2, XIAP, cFLIP, and survivin, as well as inducing caspase-3/8/9 activations (Chung et al., 2015). The hexane fraction of American ginseng (11.9mg/kg/d for 35/50 days) also suppressed CAC progression because it was capable of reducing macroscopic lesions and microscopic colon adenomas and meanwhile blocking inflammation and cancer markers. Mechanically, AG enhanced the p53 level and reversed the over-expressions of iNOS and COX-2 so as to induce apoptosis occurrence in inflammatory cells, CD4þ/CD25 effector T cells, and lymphocytes (Poudyal et al., 2012). In addition, another study found that American ginseng could significantly downregulate the expression of cytokines (IL-1α, IL-1β, IL-6, G-CSF, and GM-CSF) and restore the balance of the metabolomics and intestinal flora, especially increasing the expression of Firmicutes while downregulating Bacteroidales and Verrucomicrobia (Wang C. Z. et al., 2016). In the same CAC model, cocoa (5–10% in diet for 62 days) displayed considerable CAC-ameliorative properties by elevating the Bax and caspase-3 levels while diminishing levels of Bcl-Xl and pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-17), resulting in the reverse of shortening colon length and weight loss in AOM/DSS-challenged mice (Saadatdoust et al., 2015). As well as the signaling pathways mentioned above, the NF-κ B/JAK2/STAT3 signaling pathway was focused on in another study examining whether flavonoids extracted from Licorice prevented CAC development. Licorice flavonoids (0-100 mg/kg for 10 weeks) did affect apoptotic targets (Bax and Bcl-Xl), proliferation-associated targets (proliferating cell nuclear antigen (PCNA), p53, p21, and cyclinD1), and inflammation-associated targets (p-JAK2, p-STAT3, IKKα/β, and p-IκBα), showing considerable potential value of clinical use against CAC (Huo et al., 2016). In another CAC mouse model established by a food-borne carcinogen (2-Amino-1-methyl-6phenylimidazol [4, 5-b] pyridine [PhIP]) plus DSS, Trierpene extract isolated from Mushroom Ganoderma lucidum (GLT) exerted significant ameliorative effect. The tumor incidence and multiplicity were suppressed after GLT administration (0–500 mg/kg for 17 weeks), and the mechanism was revealed to be correlated with the inhibition of cyclin D1 and COX-2 expression in colon tissue (Sliva et al., 2012). Furthermore, a study showed that oral administration of ginger-derived nanoparticles (GDNPs) (0.3 mg/mouse/day for 19 weeks) could significantly reduce the incidence and growth of CAC in AOM/DSS-induced mice. The underlying molecular mechanisms were related to the down-regulation of proliferation marker cyclin D1 and pro-inflammatory cytokines such as IL-6, IL-1β, and TNF-α (Zhang M. et al., 2016). HLiu et al. reported that tea polysaccharides (TPS) (0–200mg/kg for 13weeks) from Camellia sinensis L.O. Kuntze inhibited AOM/DSS-induced development of CAC cancer, promoted the apoptosis ratio in a mouse model, and suppressed cell proliferation in CT26 cells via arresting the cell cycle through modulating the expression of cyclin D1, MMP-2, and MMP-9 (Liu L. Q. et al., 2018). Similarly, tea polyphenols, the main components of tea, exerted good effect on the treatment of CAC in mice. It was observed that tea polyphenols (0.1% in water for 42 days) inhibited the formation of tumor through down-regulating the expression of COX-2, TNF-α, IL-6, β-catenin, and C-myc and up-regulating the expression of IL-4 and IL-10 (Mo et al., 2017). As a kind of polysaccharide exerted from Lentinula edodes, Lentinan (0-20mg/kg for 7-21 days) could also produced anti-cancer effects in an AOM/DSS-induced CAC mice model by inhibiting the TLR4/NF-κ B signaling pathway (Perse and Cerar, 2012; Liu Y. et al., 2018).




Figure 4 | Reported anti-CAC herbal medicines. (A) Artemisia princeps Pampanini cv, (B) American ginseng, (C) Cocoa, (D) Licorice, (E) Mushroom Ganoderma lucidum, (F) Ginger, (G) Camellia sinensis L.O. Kuntze, (H) Lentinula edodes.





Chinese Medicinal Formulae

Shenling Baizhu San, presented in Figure 5, is also a well-known Chinese medicine formula, which is comprised of ten commonly used herbs (as shown in Table 2) and has been used for the treatment of gastrointestinal disorders for centuries. In the study of Lin et al., SBS (7.28 g/kg for 15 weeks) administration was able to significantly down-regulate the levels of neoplastic markers such as PCNA, β-catenin, and p53 as well as TGF-β1 and Wnt5a in a mouse model of CAC established by AOM/DSS treatment (Lin et al., 2015). Huangqin Decoction (HQD), composed of Scutellaria baicalensis Georgi, Paeonia lactiflora Pall, Glycyrrhiza uralensis Fisch, and Ziziphus jujuba Mill, is a famous formula from the Shang Han Lun that has been widely used in the ﬁght against gastrointestinal symptoms (Zhang et al., 2010; Chen et al., 2015). HQD (9.1g/kg/day for 16 weeks) was observed to increase the survival rate, prevent the shortening of colon length, and reduce the number of tumors, tumor size, and tumor load of AOM/DSS-induced CAC mice after oral gavage. Further research indicated that HQD could reduce the levels of TNF-α, IL-1β, IL-6, CSF-1, MCP-1, and COX-2, which suggested that HQD might improve CAC through its anti-oxidative and anti-inflammation properties (Chen et al., 2016). In addition, another canonical Chinese medicine prescription named ShaoYao decoction (SYD) was reported to have a mitigating effect on CAC. SYD includes nine herbs: Radix Paeoniae Alba, Radix Angelicae Sinensis, Rhizoma Coptidis L, Semen Arecae, Radix Aucklandiae, Radix Et Rhizoma Glycyrrhizae, Radix Et Rhizoma Rhei, Radix Scutellariae, and Cortex Cinnamomi. After receiving SYD (7.12 g/kg for 15 weeks), increased survival rate and reduced incidence and multiplicity of colonic neoplasms were detected in AOM/DSS-induced CAC mice. The authors concluded that the alleviating effects of SYD on CAC were through inhibiting the expression levels of PCNA, β-catenin, COX-2, and p53 in colon tissue. Moreover, the levels of IL-1β, IL-6, TNF-α, and NF-κ B were also down-regulated by SYD, suggesting that SYD might ameliorate CAC by suppressing NF-κ B activation (Lin et al., 2014).




Figure 5 | Anti-CAC formulas documented in ancient books. (A) The prescriptions of the Bureau of Taiping People’s Welfare Pharmacy describing Shenling Baizhu San. (B) ‘Shang Han Lun’ documenting Huangqin Decoction. (C) ‘Plain Questions - anthology on proper therapy for Qi disorder and pathogenesis to save life’ describing Shaoyao Decoction.






Herbal Medicines Based on the Above Active Components

The active components mentioned above for the treatment of CAC are also widely distributed in many medicinal plants (Figure 6). Crocin is a water-soluble carotenoid that is found in the stigma of saffron (Crocus sativus L.) and the fruit of gardenia (Gardenia jasminoides Ellis) (Pham et al., 2000). Embelin is a benzoquinone that is purified from the fruits of Embelia ribes Burm. F and is also found in other medicinal plants, such as Oxalis acetosella L. and Lysimachia punctata L. (Lu H. et al., 2016). Parthenolide, which is extracted from the shoots of feverfew (Tanacetum parthenium), is a kind of sesquiterpene lactone (Ghantous et al., 2013). Oleuropein is one of the most abundant active components contained in the leaves of the olive tree (Olea europaea L.), and it can be isolated from many other medicinal plants like Syringa pubescens Turcz, Ligustrum lucidum Ait, and Chionanthus virginicus L. (Hassen et al., 2015). It is of interest that most of the active constituents are either polyphenols or terpenoids. Among them, wogonoside, oroxylin A, baicalein, silibinin, nobiletin, curcumin, and resveratrol are polyphenols. Of note, wogonoside, oroxylin A, and baicalein are all active constituents of Scutellaria baicalensis Georgi., a Chinese traditional medicine that has been widely used for thousands of years. It is worth mentioning that oroxylin A is also found in Oroxylum indicum (L.) Kurz. (Lu L. et al., 2016). Silibinin is mainly derived from the seeds of milk thistle (Silybum marianum (L.) Gaertn.). In addition, nobiletin is mainly present in the peels of tangerine (Citrus tangerina), sweet orange (Citrus sinensis (L.) Osbeck), and bitter orange (Citrus aurantium L) (Li et al., 2014), curcumin has a two-century history and can be extracted from Curcuma longa L., Curcuma zedoaria (Christm.) Rosc., and Curcuma aromatica Salisb. (Aggarwal et al., 2007). Pure resveratrol was first isolated from the roots of white hellebore (Veratrum grandiflorum O. Loes) in 1940, and it has also been found to exist in the roots of Rheum rhaponticum L. (Huang et al., 2019). The active ingredient in licorice, which plays an anti-CAC role, is another polyphenol (Huo et al., 2016). In addition, Artemisia princeps Pampanini cv. Sajabal and cocoa are also rich in polyphenols (Ju et al., 2012).




Figure 6 | Other sources of reported monomers with anti-CAC properties.



Apart from polyphenols, terpenoids are the second-largest group of active constituents for CAC treatment, among which the typical ones are triptolide, celastrol, and pristimerin. Celastrol is a quinone methide triterpenoid first extracted from the root bark of the Chinese medicine ‘Thunder of God Vine’ (also known as Tripterygium wilfordii Hook F) in 1936 (Yang et al., 2006; Hou et al., 2019). Pristimerin (a species of quinone methide triterpenoid) and triptolide (a species of diterpenoid triepoxide) are also capable of being isolated from Tripterygium wilfordii Hook F (Kim H. J. et al., 2013; Hou et al., 2019; Zhang C. et al., 2017). It is surprising that these three components are all active constituents of Tripterygium wilfordii Hook F and that they are also abundant in the Celastraceae and Hippocrateaceae families (Kim H. J. et al., 2013; Venkatesha et al., 2016). Moreover, Ganoderma triterpenoids also exert considerable ameliorative effects on CAC (Sliva et al., 2012). The details of the sources of the main ingredients are as follows.



Adverse Effects

Overall, no serious adverse effects have been reported by the studies conducted in herbal medicine (Wu J. et al., 2019; Payab et al., 2020). There was reportedly a low risk of adverse events associated with the uses of American ginseng, Licorice, Ginger, and Lentinula edodes in maintaining well-being, decreasing nausea or vomiting in early-stage pregnant women, ameliorating postoperative sore throat, and preventing nodal metastasis in breast cancer patients, respectively (Arring et al., 2018; Stanisiere et al., 2018; Kuriyama and Maeda, 2019). However, heavy metal contents in Coca, such as nickel and aluminum, displayed potential adverse non-carcinogenic health effects in consumers (Salama, 2018). In one study, adverse effects like gastrointestinal, skin, and subcutaneous tissue disorders were observed after the consumption of Artemisia princeps Pampanini cv (Vitalone et al., 2012). As for Mushroom Ganoderma lucidum, most participants tolerate it well, and only three episodes of toxicity were recorded until 2016; two patients had nausea, and one experienced insomnia (Jin et al., 2016). Moreover, the mutagenicity and acute and subchronic toxicity of Camellia sinensis L.O. Kuntze was examined in a rat model, and the results indicated that the level of no observed adverse effects was 4.0 g/kg bw/day (Li et al., 2011).



Future Prospects

Conventional therapies for CAC include tauroursodeoxycholic acid (Kim et al., 2019), celecoxib (Setia et al., 2014), and simvastatin et (Cho et al., 2008). However, the high risk of side effects seriously influences the quality of life of patients. Furthermore, long-term use may lead to drug resistance and reduce efficacy. In recent years, more and more attention has been paid to the applications of herbal medicine to CAC treatment. Compared to synthetic drugs, herbal medicine exerts characteristics of multiple-targeting and correlatively low adverse effects. Over the past decades, numerous studies have been conducted to make advances in anti-CAC investigations of herbal medicine. On the basis of CAC pathogenesis, this work aimed to evaluate the efficacy, underlying mechanisms, and safety of reported herbal medicine in CAC treatment. To date, more than 20 kinds of herbal medicine are confirmed to have CAC-ameliorative properties, and the underlying mechanisms through apoptosis modulation are shown in Figures 1, 2 and Table 1. We found that apoptosis imbalance in CAC is closely related to anti-cancer gene mutations (TP53, APC, etc.) that are caused by oxidative stress occurrence and the abnormal signaling transductions of multiple pathways (such as MAPK, NF-κ B, and JAK/STAT) as well as the elevated expressions of anti-apoptotic proteins (such as Bcl-2/Xl, XIAP, and c-FLIP). At present, herbal medicines have been proved to be effective in preventing CAC progression by affecting apoptosis in both intrinsic and extrinsic ways, as well as regulating the MAPK, NF-κ B, and JAK/STAT pathways. Apparently, the majority of research efforts have mainly concentrated on the mechanisms involved in colonic inflammatory response and colon cancer apoptosis and metastasis, while modulation on the cell cycle arrest, Ras/Raf/ERK, and WNT/β-catenin pathways, respectively accounting for tumor cell proliferation, invasion, and premalignant lesion, have not been thoroughly studied. In addition, one study, through mitochondrial proteomics, identified an important differential protein named six-transmembrane epithelial antigen of prostate 4 (STEAP4), which was highly expressed and promoted mitochondrial iron accumulation and oxidative stress, thus promoting the occurrence of CAC. The study further found that the hypoxia/HIF–2 alpha/STEAP4/mitochondrial iron/mitochondrial ROS axis promoted colitis and colon cancer development (Xue et al., 2017). As yet, there have been no studies on the improvement of CAC by herbal medicine through modulating STEAP4 or related signaling pathways. Further studies are needed. On the other hand, the dose-effect relationship is a criterion for judging how well a drug works, and toxicity is supposed to be taken into consideration first when evaluating efficacy. We notice that, the dose range of monomer, extracts, and formula is 0–1000 μM/1–750 mg/kg (cell/animal), 0–2 mg/mL/0–500 mg/mL (cell/animal), and 0–16 μg/mL/7.12–9.1 g/kg (cell/animal), respectively. Generally, herbal medicines exert low toxicity and have no serious side effects even with a long period of use; the typical side effects are slight skin or gastrointestinal disorders like skin rash and nausea. This suggests that herbal medicines have a relatively wide range of safety (Payab et al., 2020).


Table 1 | Effects of the monomers, extracts, or formulas of herbal medicines on apoptosis-related pathway molecules.





Emerging evidence has shown that the efficacy of herbal medicine can be improved by promoting bioavailability by chemical structure modification and dosage form transformation. It is of note that herbal medicines, especially their monomer contents, have low oral bioavailability, in some cases no more than 1% (Wu J. S. et al., 2019). To date, some new, natural, and low-toxicity drug delivery systems have been developed in experimental studies, such as ginger-derived nanoparticles, that could target the inflamed bowel mucosa and show a promising direction for the prevention and treatment of IBD and CAC (Zhang M. et al., 2016).

In terms of ingredient categories, the active constituents of reported anti-CAC herbal medicines mainly include polyphenols, terpenoids, and saccharide. We therefore collected information on other herbal medicines that have the ingredients mentioned above as their main constituents (displayed in Table 2), even though there is no evidence indicating their CAC-ameliorative activation so far. For example, Zanthoxylum bungeanum Max (ZBM), also known as Szechuan pepper, has been used in the fight against gastrointestinal disorders for centuries. It is cultivated over a wide geographical range and has substantial production, much higher than that of other medicinal herbs (Li et al., 2016). The essential oil and pericarp of ZBM have been demonstrated to have a positive impact on experimental colitis via the regulation of the NF-κ B/PPAR-γ and TLR4-related signaling pathways, respectively (Zhang Z. et al., 2016; Zhang Z. et al., 2017), suggesting its great potential to be a CAC-ameliorative candidate. Similarly, the traditional Chinese medicine ‘Qing Dai (Indigo naturalis)’ also showed therapeutic effects on ulcerative colitis and could be a promising anti-CAC drug (Suzuki et al., 2013). Furthermore, it is worth mentioning that the active constituents responsible for the anti-CAC properties of herbal medicines like ginger, American ginseng, and Shaoyao decoction have not been clearly identified and still need further investigation.


Table 2 | Herbal medicines based on the above active components.



Last but not least, the existing studies on the herbal medicine-CAC relationship remain at the experimental level; data from clinical trials are limited. The effectiveness and the relevant underlying molecular mechanism through which herbal medicines play a role as anti-CAC drugs are still unclear. Our results confirm the effectiveness of herbal medicine such as Artemisia princeps Pampanini cv, American ginseng, and Licorice in the treatment for CAC through apoptosis modulation. However, there is still a desperate need to determine better anti-CAC drug candidates with more potent effects and lower levels of side effects. Furthermore, the pathogenesis of CAC has not been fully elucidated, and the apoptosis-related pathways regulated by herbal medicine are not fully explored. It will be meaningful to continue to track progress on the impact of herbal medicine on CAC.

To sum up, herbal medicines are promising drugs with multiple regulatory targets, especially in apoptosis-related pathways, while more knowledge is still needed before they meet clinical requirements and can be further applied to the prevention and therapy of CAC. In addition, more efforts are needed to promote the bioavailability of herbal medicines as well as their monomer contents so as to reach a balance between therapeutic efficacy and toxicological safety.
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High mobility group box-1 (HMGB1) plays an important role in various liver injuries. In the case of acute liver injury, it leads to aseptic inflammation and other reactions, and also regulates specific cell death responses in chronic liver injury. HMGB1 has been demonstrated to be a good therapeutic target for treating liver failure. Quercetin (Que), as an antioxidant, is a potential phytochemical with hepatocyte protection and is also considered to be an inhibitor of HMGB1. However, the mechanism of its hepatoprotective effects remains to be characterized. The present study explored whether the hepatoprotective effect of Que antagonizes HMGB1, and subsequent molecular signaling events. Our results indicated that Que protects L02 cells from d-galactosamine (d-GaLN)-induced cellular damage by reducing intracellular reactive oxygen species (ROS) production and apoptotic responses in the mitochondrial pathway. Immunofluorescence and Western blot assays showed that HMGB1 was involved in d-GaLN-induced L02 cell damage. Further research showed that after transfection with HMGB1 short hairpin RNA (shRNA), cell viability was improved, and intracellular ROS production and apoptosis were suppressed. When co-treated with Que, the expression of HMGB1 was decreased significantly, the expression of proteins in the corresponding signal pathway were further reduced, and the production of ROS and apoptosis were further suppressed. Molecular docking also indicated the binding of Que and HMGB1. Taken together, these results indicate that Que significantly improves d-GaLN-induced cellular damage by inhibiting oxidative stress and mitochondrial apoptosis via inhibiting HMGB1.
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Introduction

High mobility group box-1 (HMGB1) is an evolutionarily conserved nuclear DNA-binding protein widely found in eukaryotic cells, which has multiple conflicting functions (both inflammatory and cell protective), depending on its location (Kang et al., 2014; Musumeci et al., 2014). HMGB1 acts as a damage-associated molecular pattern (DAMP) molecule, when it is passively released after cell damage or actively secreted into the extracellular space, it communicates the occurrence of injury and inflammation to neighboring cells via the receptor for advanced glycation end products (RAGE) or toll-like receptor 4 (TLR-4) (Scaffidi et al., 2002; Huebener et al., 2015). HMGB1 contributes to aseptic inflammation and other responses in acute liver injury, playing a key role (Yang et al., 2017). It is also an important hepatocyte DAMP, which regulates specific cell death responses in chronic liver injury (Hernandez et al., 2018). Studies have shown that serum HMGB1 levels in patients with acute or chronic liver failure (ACLF) are significantly higher than those in healthy controls and patients with chronic hepatitis B (CHB) (Hu et al., 2017). Hepatocyte-derived HMGB1 is also involved in liver fibrosis. Blocking HMGB1 can partially prevent the consequences of mouse CCL4-induced liver fibrosis (Zhang et al., 2018). Moreover, the experiment targeting HMGB1 demonstrated it was a good therapeutic target for liver failure (LF) (Yamamoto and Tajima, 2017).

HMGB1 release induced by hepatic ischemic injury involves TLR-4-dependent reactive oxygen species (ROS) production and calcium-mediated signaling (Zhang et al., 2014). Due to the predominant role of hepatocytes in the biotransformation and metabolism of xenobiotics, ROS production constitutes a severe burden in liver pathophysiology in the progression of liver diseases (Klotz and Steinbrenner, 2017). The oxidized HMGB1 mediates apoptosis, and the production of HMGB1 is also a common downstream factor for multiorgan damage caused by apoptosis (Bai et al., 2017; Petrovic et al., 2017).

Quercetin (Que) (3,5,7,3′,4′-pentahydroxyflavone) (Figure 1) is a typical flavonol-type flavonoid commonly found in vegetables, fruits, nuts, beverages, and traditional Chinese herbs (Darband et al., 2018). Que has been reported to possess a broad array of biological effects, including antioxidative, anti-inflammatory, and anti-apoptotic effects (de Oliveira et al., 2016; Zheng et al., 2017). It is now largely utilized as a nutritional supplement and as a phytochemical remedy for a variety of hepatic diseases like hepatitis, cirrhosis, acute liver failure, alcoholic or non-alcoholic fatty liver disease, and fibrosis (Miltonprabu et al., 2017; Li et al., 2018). Que has exhibited strong defensive effects against apoptosis, inflammation, and ROS generation in the liver of experimental animals exposed to various hepatotoxicants (Zou et al., 2015; Wang et al., 2017).




Figure 1 | Protective effect of quercetin (Que) on d-galactosamine (d-GaLN)-induced cytotoxicity in L02 cells. (A) The chemical structure of Que. (B) Cells were treated with different concentrations of d-GaLN (25, 30, 35, 40, 45, 50 mM) (C) or Que (25, 50, 100 μM) for 12 h. (D) Cells were pre-treated with Que (25, 50, 100 μM) for 12 h and then co-treated with d-GaLN (45 mM) for 12 h. A Cell Counting Kit-8 (CCK8) assay was used to analyze cell viability. Data are presented as the mean ± SD,(*p < 0.05, **p < 0.01, n = 6);”ns” indicates not significant (p > 0.05).



As an antioxidant, Que is also considered to be an inhibitor of HMGB1 (Li et al., 2016). However, it is not well known if the hepatoprotective effect of Que occurs through the antagonism of HMGB1 and the ensuing molecular signaling events. Therefore, the aim of this study was to investigate whether Que could protect L02 cells by inhibiting HMGB1, in addition to examining the underlying mechanism of Que, in order to provide a theoretical basis for Que as a hepatoprotective drug targeting HMGB1.



Materials and Methods


Chemicals and Reagents

Quercetin was obtained from Sigma-Aldrich (St. Louis, USA; cat: Q4951); its purity ≥ 95%. d-Galactosamine (d-GaLN; cat: G1639) and dimethyl sulfoxide (DMSO; cat: D2650) were also obtained from Sigma-Aldrich (St. Louis, USA). Anti-HMGB1 (cat: ab79823), anti-TLR-4 (cat: ab13867), anti-NF-κB p65 (cat: ab32536), anti-iNOS (cat: ab178945), anti-COX-2 (cat: ab179800), anti-Bcl-2 (cat: ab182858), anti-caspase-9 (cat: ab202068), and anti-caspase-3 (cat: ab184787) antibodies were obtained from Abcam (Shanghai, China).



Cell Culture and Treatment

Normal human hepatocytes (L02 cells) obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) were maintained in DMEM media (HyClone, USA; cat: SH30243.01) supplemented with 10% (v/v) fetal bovine serum (FBS) (ExCell Bio, China; cat: FSP500), streptomycin at 37°C in a humidified atmosphere with 5% CO2. A Que stock solution was prepared in DMSO and diluted with culture media immediately prior to the experiment. Control cells were treated with an equal amount of DMSO alone at a final concentration of <0.1% (v/v).



Cell Viability Assay

To evaluate the IC50 of d-GaLN and the noncytotoxic concentration of Que on L02 cells, the effects of d-GaLN and Que on the viability of L02 cells were evaluated and counted using a Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, Japan; cat: CK04), according to the manufacturer’s instructions. Briefly, cells were grown on 96-well plates at a density of 1 × 104 for 12 h. After treatment with Que and/or d-GaLN for the indicated time, the cells were incubated with 10 μl of the CCK-8 solution. After incubation at 37°C for 2 h in a humidified CO2 incubator, the absorbance was monitored at 450 nm on a microplate reader (Thermo Scientific, USA). The cell viability was calculated by comparing the optical densities of samples to the control (media only) cells. The optical density of the formazan formed in control cells was taken as 100% viability.



TUNEL

The apoptotic response of L02 cells was identified using a TUNEL assay and a Fluorescein In Situ Cell Death Assay Kit (KeyGEN BioTECH, China; cat: KGA7072) according to the manufacturer’s instructions. The cells were cultured in a 12-well plate; after exposure to the desired experimental conditions, and L02 cells were fixed with 4% paraformaldehyde (PFA) for 30 min. After washing with PBS, 0.1% Triton X-100 was allowed to permeate for 5 min. With further washing, the reaction was carried out in a terminal deoxynucleotidyl transferase (TdT) buffer with fluorescein-labeled dUTP. The sample was then incubated with reagents at 37°C for 1 h in the dark with sealing to avoid evaporation of the reagents. After washing with PBS, the coverslips were mounted with an anti-fluorescent quenching sealer containing DAPI. The images were observed with a confocal laser scanning biomicroscope (Leica TCS SP8).



Flow Cytometry Analysis of Apoptosis

The ratios of apoptotic cells were measured with an Annexin V-FITC/PI Apoptosis Detection Kit (KeyGEN BioTECH, China; cat: KGA108). Briefly, after exposure to the desired experimental conditions, L02 cells were collected by trypsinization and centrifugation. Then, the cells were resuspended at room temperature and fixed in a solution of a binding buffer (195 μl of annexin V-FITC, 5 μl of annexin FITC, and 10 μl of propidium iodide (PI)) for 15 min in the dark. The percentages of apoptotic cells were analyzed by flow cytometry (BD LSR Fortessa). The apoptotic rate is the apoptotic cells/all cells.



Measurement of ROS

Intracellular ROS production was measured using an ROS assay kit (Beyotime, China; cat: S0033). The L02 cells were exposed to the desired experimental conditions, and the positive control group was incubated with Rosup for 30 min. The cells were then incubated with 10 μM CFH-DA for 30 min at 37°C. Then, the cells were collected and washed with serum-free DMEM, and ROS levels were measured by flow cytometry (BD LSR Fortessa).



Western Blot

Whole cell lysis was obtained using a RIPA lysis buffer and protease inhibitor according to the user’s protocol. Cytoplasmic and nuclear proteins were isolated using nuclear and cytoplasmic protein extraction kits (Beyotime, China; cat: P0028), according to the manufacturer’s instructions. Protein concentration was determined using a BCA protein assay kit. An equal amount of protein (30 μg) was separated by 10% to 15% SDS-PAGE and then electrotransferred onto a PVDF membrane. The membrane was blocked with 5% skim milk for 1 h and then incubated overnight at 4°C with the following antibodies: HMGB1, TLR4, caspase-3, caspase-9, Bax, Bcl-2, NF-κB, p65, iNOS, and COX-2. Then, the membrane was incubated with a secondary antibody for 1 h at room temperature. After washing 3 times with TBST, the reaction was detected with an enhanced chemiluminescent reagent (NCM Biotech, China; cat: P10100). A ImageQuantLAS4000 Chemiluminescence Imaging system was used to visualize the target proteins (GE Co., USA) and densitometry was performed using the Image J software version 1.80. Some results of western blot were presented in three technical replicates, the repeatability has been confirmed by independent experiments.



Immunofluorescence

Cells were seeded in 12-well plates and after exposure to the desired experimental conditions, were fixed in 4% PFA for 30 min, permeabilized in 0.5% Triton X-100 buffer for 20 min, and blocked with 5% BSA for 30 min. They were then incubated with a primary antibody (rabbit anti-human HMGB1 and rabbit anti-human TLR-4) at 4°C overnight, with the secondary antibody (FITC/TRITC-conjugated goat anti-rabbit IgG) incubated for 1 h. After being washed with PBST, slides were covered with an anti-fluorescent quenching sealer containing DAPI. Images were observed with a confocal laser scanning biomicroscope (Leica TCS SP8).



RNA Interference

Short hairpin RNA (shRNA) was applied to silence HMGB1 at the mRNA level, as well as at the protein level. The HMGB1 sh-RNA (5′-GCT CAAGGAGAATTTGTAA-3′) plasmid vectors (sh-HMGB1) were purchased from GeneCopoeia (Guangdong, China) and transfected into L02 cells with a negative control (sh-NC) using Lipofectamine™ 2000 (Invitrogen, Thermo Fisher Scientific, Inc.; cat: 11668019). After transfection for 36 h, qRT-PCR and immunoblotting assays were conducted to estimate the transfection efficiency.



Real-Time PCR

To detect the expression of HMGB1 mRNA, total RNA was extracted from the stably transfected cells using a RNAprep Pure Cell/Bacteria Kit (Tiangen, Beijing, China; cat: DP430), and cDNA was synthesized using a reverse transcriptase kit (Tiangen, Beijing, China; cat: KR116-02). The HMGB1 forward and reverse primers were 5′-ATATGGCAAAAGCGGACAAG-3′ and 5′-GCAACATCACCAATGGACAG-3′. The β-actin forward and reverse primers were 5′-TGGCACCCA GCACAATGAA-3′ and 5′-CTAAGTCATAGTCCGCCTAG AAGCA-3′. The melting curve data were analyzed to determine PCR specificity. Relative fold expressions were analyzed using the 2−ΔΔCt method, using β-actin Ct values as the internal reference in each sample.



Molecular Docking Simulations

Molecular docking method was used to study the binding mode of Que and HMGB1. The software Ledock with Lepro tools and the web server CB-Dock were used for performing molecular docking simulations (Zhang and Zhao, 2016; Liu et al., 2019) was obtained from the RCSB Protein Data Bank and a ligand file of Que in the MOL2 was obtained from the ZINC database. For LeDock, the receptor files were processed by the LePro tool. All parameters were set to default for sampling by a combination of simulated annealing and evolutionary optimization. Docking scores were calculated by the default scoring function. Ligplot software was used for 2D interaction visualization (Laskowski and Swindells, 2011). For CB-Dock, the two files were uploaded and submitted to the CB-Dock server. The result table listed Vina scores, cavity sizes, docking centers, and sizes of predicted cavities. Once a ligand in the table is selected, the structure in the interactive 3D graphics is visualized.



Statistical Analysis

All experiments were repeated three times. The results were expressed as the mean ± standard deviation (SD). GraphPad 7.0 statistical software was utilized for the statistical analyses. p values were computed by ANOVA with Tukey’s post hoc test. p < 0.05 was regarded as statistically significant.




Results


Que Protects L02 Cells Against d-GaLN-Induced Injury

d-GaLN is a commonly used experimental drug for causing hepatotoxic damage (Dejager and Libert, 2008; Gehrke et al., 2018). The results (Figure 1B) indicate that d-GaLN significantly reduced the viability of L02 cells in a dose-dependent manner. Treatment with a concentration of 45 mM d-GaLN for 12 h lowered the cell viability to 52.92% ± 5.93%. Therefore, this concentration was used in subsequent experiments. To investigate the protective effects of Que, the results (Figure 1C) indicate that treatment with less than 100 μM Que did not result in significant cell death. Then, cells were pretreated with 25 to 100 μM of Que for 12 h and then with 45 mM d-GaLN. The results (Figure 1D) showed that 25, 50, and 100 μM of Que significantly attenuated d-GaLN-induced cell death. The protective effects of 50 and 100 μM were significantly higher than those of 25 μM. Although there was no statistical difference, the cell viability of 50 μM was higher than that of 100 μM. Therefore, it was determined that pretreatment with 50 μM Que for 12 h followed by incubation with 45 mM d-GaLN for 12 h was the optimal condition for the following experiments.



Que Reduces L02 Cell Damage by Inhibiting ROS and Apoptosis

We analyzed the ROS production in L02 cells by measuring the DCF fluorescence intensity. The results (Figures 2A–C) indicated that d-GaLN significantly increased intracellular ROS accumulation, while intracellular ROS in the Que group (Figure 2D) was significantly reduced compared to the d-GaLN group.




Figure 2 | Flow cytometric analysis of the intracellular reactive oxygen species (ROS) levels in L02 cells. (A) Control group; (B) Rosup group; (C) Cells treated with d-GaLN (45 mM) alone; (D) Cells pre-treated with Que (50 μM) and then treated with d-GaLN (45 mM); (E) Cells pre-treated with sh-HMGB1 and then treated with d-GaLN (45 mM); (F) Cells pre-treated with sh-HMGB1 and Que (50 μM) and then treated with d-GaLN (45 mM); (G) Statistical results of ROS. Data are presented as the mean ± SD of three independent experiments (*p < 0.05, **p < 0.01); “ns” indicates not significant (p > 0.05).



Next, to determine the effect on apoptosis, we used a TdT-mediated dUTP nick end labeling (TUNEL) assay to observe the apoptosis caused by d-GaLN and calculate the apoptotic rates with annexin V-FITC/PI. d-GaLN significantly caused apoptosis in L02 cells (Figure 3) and increased apoptotic rates (Figures 4A, B). However, compared with the d-GaLN group, Que significantly reduced the increased apoptosis rate (Figure 4C). We further used Western blot to examine the effects of d-GaLN and Que on the expression of Bcl-2, Bax, caspase-9, and caspase-3 proteins in L02 cells (Figure 5). The results show that d-GaLN significantly increased the expression of Bax, ratio of cleaved caspase-9 and cleaved caspase-3, but decreased the expression of Bcl-2 in L02 cells. Compared with the d-GaLN group, Bax, ratio of cleaved caspase-9 and cleaved caspase-3 were decreased in the Que group, while Bcl-2 expression was increased. These results showed that Que can weaken d-GaLN-induced oxidative stress damage and apoptosis in L02 cells.




Figure 3 | Cell apoptosis was identified by (TdT-mediated dUTP nick end labeling) TUNEL analysis in L02 cells. Green fluorescence represents TUNEL-positive cells. Scale bar: 25 μm. All nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue fluorescence).






Figure 4 | The apoptotic rate of L02 cells was evaluated by flow cytometry after staining with annexin V-FITC/PI. (A) Control group; (B) Cells treated with d-GaLN (45 mM) alone; (C) Cells pre-treated with Que (50 μM) and then treated with d-GaLN (45 mM); (D) Cells pre-treated with sh-HMGB1 and then treated with d-GaLN (45 mM); (E) Cells pre-treated with sh-HMGB1 and Que (50 μM) and then treated with d-GaLN (45 mM); (F) The results of the apoptotic rate. Data are presented as the mean ± SD of three independent experiments (*p < 0.05, **p < 0.01).






Figure 5 | Effect of Que on the expression of d-GaLN-induced apoptosis-related proteins. (A, B, D, E) The relative expression levels of Bax/β-actin, Bcl-2/β-actin, ratio of cleaved caspase-9, and ratio of cleaved caspase-3. The data on quantified protein expressions were normalized by related β-actin (fold change of control); (C) Representative immunoblots for the Bax, Bcl-2, caspase-9, caspase-3, and β-actin proteins. Data are presented as the mean ± SD of three technical replicates (**p < 0.01).





HMGB1 Aggravates d-GaLN-Induced L02 Cell Damage

Previous studies have reported that HMGB1 aggravates damage to hepatocytes, while HMGB1 is also involved in apoptosis (Zhao et al., 2017; Wu et al., 2018). Thus, we investigated the effects of Que on HMGB1, also the expression of its receptor (TLR-4) by Western blot and immunofluorescence (IF). Figure 6 showed the increased expression of HMGB1 due to d-GaLN stimulation. Western blot also confirmed that due to the stimulation of d-GaLN, the total amount of HMGB1 and the ratio of HMGB1 in cytoplasm of L02 cells were increased. Moreover, the expression of TLR-4 in the d-GaLN group was significantly increased (Figures 8B, C), IF showed that TLR-4 was abundantly expressed in the cytoplasm and accumulated around the nucleus (Figure 8A). These indicated that the expression of HMGB1 was increased due to the stimulation of d-GaLN, which also affected the expression and distribution of its TLR-4 receptor.




Figure 6 | Effect of Que on d-GaLN-induced HMGB1 expression. (A) Immunofluorescence staining of HMGB1 expression under different treatment conditions. Scale bar: 25 μm; Arrows indicate the HMGB1. (B) Representative immunoblots for the HMGB1 in the nucleus, Histone H3, HMGB1 in the cytoplasm, and β-actin proteins. (C, D) Total HMGB1 and ratio of HMGB1 in cytoplasm under different exposure conditions by Western blot assay. The data on HMGB1 expression in the cytoplasm were normalized by related β-actin proteins, HMGB1 in the nucleus were normalized by related Histone H3 proteins (fold change of control). Data are presented as the mean ± SD of three technical replicates(*p < 0.05, **p < 0.01).




Thus, we investigated the function of HMGB1 in cell injury by d-GaLN. Cells were transfected with short hairpin RNAs (shRNA) targeting HMGB1. The sh-HMGB1 could achieve a reduction of ~50% for HMGB1 expression (Figures 7A, B). As shown in Figure 6, sh-HMGB1 downregulated the expression of HMGB1. And the expression of TLR-4 receptors in L02 cell injury caused by d-GaLN was also decreased (Figure 8). The results of CCK-8 (Figure 7C), TUNEL (Figure 3), and flow cytometry (Figures 2E and 4D) showed that sh-HMGB1 attenuated the loss of cell viability, inhibited intracellular ROS accumulation and apoptosis in d-GaLN-stimulated L02 cells. Consequently, HMGB1 seemed to be related to the injury caused by d-GaLN and may be involved in oxidative stress and apoptosis processes.




Figure 7 | The effect of Que on the viability of L02 cells after silenced HMGB1. The sh-HMGB1 was transfected into L02 cells, and its transfection efficiency was confirmed at (A) the mRNA level, by qRT-PCR; (B) and the protein level, by Western blot assay; (C) after silenced HMGB1, the CCK8 assay was used to analyze the cell viability of L02 cells under different exposure conditions. Data are presented as the mean ± SD (*p < 0.05, **p < 0.01, n = 3); “ns” indicates not significant (p > 0.05).






Figure 8 | The effect of Que on the HMGB1 signaling pathway. (A) Immunofluorescence staining of TLR-4 receptor expression under different treatment conditions. Scale bar: 75 μm; (B, C) the TLR-4, NF-κB P65, iNOS, and COX-2 protein expression levels were evaluated by Western blot assay. The data on quantified protein expressions were normalized by related β-actin proteins. (fold change of control). Data are presented as the mean ± SD of three technical replicates (*p < 0.05, **p < 0.01).





Silencing of HMGB1 Enhances the Effect of Que on d-GaLN-induced L02 Cells

The results of the CCK8 assay (Figure 7C), TUNEL (Figure 3), and flow cytometry (Figures 2F, G and 4E, F) confirmed that compared with Que and sh-HMGB1 alone, co-treatment with Que and sh-HMGB1, cell viability, ROS accumulation, and apoptosis were significantly ameliorated. We further examined changes in the expression of HMGB1 (Figure 6), when co-treated with Que and sh-HMGB1, the total amount of HMGB1 and the ratio of HMGB1 in the cytoplasm of L02 cells were decreased significantly. After silenced HMGB1, we analyzed changes in protein expression of related pathways by Western blot. Sh-HMGB1 significantly downregulated the expression of TLR-4, NF-κB-p65, iNOS, and Cox-2, similar to Que (Figure 8). Compared with Que and d-GaLN alone, when co-treated with Que and sh-HMGB1, the inhibition of TLR-4 receptor expression and other pathway proteins were significantly enhanced (Figure 8). These results indicated that Que attenuated d-GaLN-induced L02 cell damage by suppressing ROS generation and apoptosis, which may be controlled by the inhibition of HMGB1.



Structural Details of the Interaction Between HMGB1 and Que

To better understand the molecular mechanism of Que on HMGB1, molecular docking studies on Que were performed. Molecular docking assays showed that Que can bind to the active pocket of HMGB1 crystal structure (Figure 9A) and form two stable hydrogen bonds with the Gly7 and Asp12 amino residues of HMGB1 (Figure 9B). Logarithms of free binding energy calculated by Ledock and CB-Dock were −6.23 and −7.1 kcal/mol. The interaction between Que and HMGB1 may affect the conformation of HMGB1, thereby inducing its downstream signal transduction.




Figure 9 | The structural details of the interaction between HMGB1 and Que were obtained by the docking method. (A) Surface representation of HMGB1-Que complex. (B) The interaction zone with Que showed the residues of interactions.






Discussion

d-GaLN is a commonly used experimental drug that causes hepatotoxicity, and its mechanism involves GSH depletion and affecting RNA synthesis (Gehrke et al., 2018). Studies have also confirmed that d-GaLN alone leads to the potent intracellular generation of ROS in HepG2 cells (Bak et al., 2018) which can induce oxidative stress in the accumulation of ROS in hepatocytes in vitro and in vivo (Gonzalez et al., 2009; Wen et al., 2018). By inducing caspase-3 activation and DNA fragmentation in hepatocytes, d-GalN causes hepatocyte apoptosis (Lin et al., 2009). Mitochondria are the source and target of ROS (Zorov et al., 2014), and excessive production of ROS leads to the apoptosis of hepatocytes (Hong et al., 2018), and d-GaLN causes apoptosis in a manner closely related to this pathway. The results of this experiment showed that d-GaLN affected the viability of L02 cells, causing ROS accumulation and mitochondrial apoptosis.

HMGB1 acts as a DAMP factor, playing an important role in various liver injuries (Geng et al., 2015). It has a significantly greater increase than chronic hepatitis, particularly in severe liver injury (Zhou et al., 2011). However, previous studies have mostly focused on the role of HMGB1 as a pro-inflammatory factor (Wang et al., 1999), but in addition to inflammation, excessive apoptosis is also an important mechanism of cell death in liver failure (Komarov et al., 2016). Blocking HMGB1 can inhibit caspase-3 activation, thereby reducing apoptosis (Tan et al., 2018). Recent studies have shown that apoptotic cells activate macrophages to release HMGB1 (Velegraki et al., 2013). HMGB1 interacts with phosphatidylserine on the surface of apoptotic neutrophils, thereby inhibiting the clearance of neutrophils by macrophage phagocytic cells (Liu et al., 2008). By binding to DNA, late-stage apoptotic cells can release HMGB1 (Shi et al., 2018); the release of HMGB1 was also present in cells with late apoptosis (Pisetsky, 2014) After being released, caspase-3 can be activated by the HMGB1–TLR4 pathway, resulting in apoptosis (Zhang et al., 2019).

Meanwhile, there is also evidence to confirm that HMGB1 is essential for oxidative stress (Tang et al., 2011). In vitro, recombinant HMGB1 leads to the TLR-4-dependent activation of NADPH oxidase and increased ROS production (Zhang et al., 2015). TLR-4-dependent ROS production and calcium-mediated signaling are involved in the HMGB1 release induced by liver ischemia (Tsung et al., 2007). Further, the mitochondria play an important role in apoptosis by relocating intermembrane mitochondrial proteins, such as Bcl-2 and Bax (Bhola and Letai, 2016). The induction of ROS can regulate mitochondrial membrane potential, leading to apoptosis initiation in the mitochondrial pathway (Sinha et al., 2013). Therefore, we hypothesize that HMGB1-mediated apoptosis is caused by the mitochondrial release of apoptotic proteins caused by ROS. To the best of our knowledge, the results of this experiment have demonstrated, for the first time, that HMGB1 participated in d-GaLN-induced L02 cell injury. In the injured L02 cells, the expression of its TLR-4 receptor and signaling pathway factors also increased accordingly. Moreover, after silenced HMGB1, ROS production and apoptosis were significantly improved. Therefore, HMGB1 is closely related to the occurrence of oxidative stress and mitochondrial apoptosis.

Que is a commonly used dietary supplement flavonoid (D’Andrea, 2015); it can alleviate acute liver injury induced by lipopolysaccharide (LPS)/d-GalN through anti-inflammatory, antioxidative, and anti-apoptotic activity (He et al., 2019). Que also prevents oleic acid-induced ROS production and mitochondrial damage in HepG2 hepatocytes (Rafiei et al., 2019) and can protect against oxidative stress by inhibiting the iNOS/NF-κB pathway (Bahar et al., 2017). Meanwhile, Que is also a potential inhibitor of HMGB1 (Musumeci et al., 2014). In this experiment, we demonstrated that Que protects L02 cells from damage caused by d-GaLN. Moreover, we confirmed for the first time that the protective effect of Que on L02 cells is produced by inhibiting HMGB1 and subsequent oxidative stress and mitochondrial apoptosis mediated by the associated signaling pathway. And molecular docking showed that the high affinity of Que and HMGB1 is related to the hydrogen bonding with Gly7 and Asp12 residues. This binding may affect the conformation of HMGB1, thereby inducing its downstream signal transduction.



Conclusion

In conclusion, our current results indicate that HMGB1 was involved in d-GaLN-induced L02 cell injury. However, Que can inhibit HMGB1 to protect L02 cells from d-GaLN-mediated damage. This protective effect is associated with the inhibition of oxidative stress and mitochondrial apoptosis mediated by HMGB1. Further, molecular docking showed that hydrogen bonding with Gly7 and Asp12 residues are involved in the binding of Que and HMGB1. Therefore, our experimental results provide a theoretical basis for using Que as a hepatoprotective drug targeting HMGB1.
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Matrine is an alkaloid isolated from the traditional Chinese medicine Sophora flavescens Aiton. At present, a large number of studies have proved that matrine has an anticancer effect can inhibit cancer cell proliferation, arrest cell cycle, induce apoptosis, and inhibit cancer cell metastasis. It also has the effect of reversing anticancer drug resistance and reducing the toxicity of anticancer drugs. In addition, studies have reported that matrine has a therapeutic effect on Alzheimer's syndrome, encephalomyelitis, asthma, myocardial ischemia, rheumatoid arthritis, osteoporosis, and the like, and its mechanism is mainly related to the inhibition of inflammatory response and apoptosis. Its treatable disease spectrum spans multiple systems such as the nervous system, circulatory system, and immune system. The antidisease effect and mechanism of matrine are diverse, so it has high research value. This review summarizes recent studies on the pharmacological mechanism of matrine, with a view to providing reference for subsequent research.
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Introduction

Traditional Chinese medicine Kushen is the dry root of the leguminous plant Sophora flavescens Aiton, which has a long history of medicinal use in China. It is commonly used in the clinical treatment of traditional Chinese medicine for dysentery, eczema and pruritus. Compound Kushen Injection is a common dosage form of Kushen for clinical application, and the main component of Compound Kushen Injection is matrine. At present, Compound Kushen Injection has been put into clinical application in the adjuvant treatment of lung cancer (Wang et al., 2016), breast cancer (Ao et al., 2019), esophageal cancer (Zhang et al., 2018a), gastric cancer (Zhang et al., 2018b), colon cancer (Yu et al., 2017; Yang et al., 2018), liver cancer (Ma X. et al., 2016), and pancreatic cancer (Zhang et al., 2017). Compound Kushen injection is also used to relieve cancer-related pain (Guo et al., 2015). Matrine (molecular formula: C15H24N2O, molecular weight: 248.36 g/mol), a tetracyclo-quinolizindine alkaloid, is the main bioactive compound in Kushen, and more than 1 g of matrine can be extracted from 10 kg of Kushen (Lai et al., 2003; Liu X. J. et al., 2010). With the deepening of modern pharmacological research, the medicinal value of matrine has been further developed. At present, the basic researches on the antitumor and antiinflammatory effects of matrine are in a large volume, indicating that matrine has various pharmacological activities and potential for clinical application. In addition, matrine has a good prospect as a one-component drug in clinical practice, and single-component drugs have certain advantages over traditional Chinese medicine injections in quality control. In this paper, we summarized the pharmacological effects and mechanisms of matrine in order to provide reference for the follow-up study. Compared with the previous review of matrine (Rashid et al., 2019; Li et al., 2020), this paper makes comprehensive supplements of the pharmacological action and molecular mechanism of matrine.



Anticancer Activity

The antitumor activity of matrine is mainly manifested in inhibiting the proliferation of cancer cells, blocking cell cycle, inducing apoptosis and inhibiting the metastasis of cancer cells. At the same time, matrine can reverse the drug resistance of anticancer drugs and reduce the toxicity of anticancer drugs. The anticancer spectrum of matrine is very wide, and it can inhibit many kinds of cancer cells. The anticancer effect and mechanism of matrine are discussed in the following sections sorted by cancer types.


Lung Cancer

Lung cancer has the largest number of deaths among all cancers, and the 1-year survival rate of advanced patients is very low. There is always a great need for treatment in lung cancer (Blandin Knight et al., 2017). Matrine has a strong inhibitory effect on lung cancer cells. Matrine can block the cell cycle of lung cancer A549 cells in G1/G0 phase, upregulate the expression of microRNA (miR)-126, and then downregulate the expression of miR-126 target gene vascular endothelial growth factor (VEGF) and induce apoptosis (An et al., 2016). Matrine can also upregulate the expression of p53 and p21 and downregulate the expression levels of proliferating cell nuclear antigen (PCNA) and eukaryotic initiation factor 4E (eIF4E) to inhibit proliferation and migration (Lu et al., 2017). Matrine induces apoptosis in lung cancer cells, and also downregulates the expression of inhibitor of apoptosis protein (IAP) (Niu et al., 2014) and regulates the protein kinase B/glycogen synthase kinase-3β (AKT/GSK-3β) signaling pathway by regulating phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian rapamycin target protein (mTOR) signaling pathway (Xie et al., 2018). For A549, NCI-H358 cells, matrine activates the p38 pathway by inducing reactive oxygen species (ROS) production, leading to caspase-dependent apoptosis, and inhibition of the p38 pathway by SB202190 partially prevents matrine-induced apoptosis (Tan et al., 2013). Matrine can also inhibit the proliferation and migration of lung cancer LA795 cells by regulating transmembrane protein 16A (TMEM16A), and inhibit the tumor growth of LA795 transplanted tumor mice (Guo et al., 2018a). Epithelial-mesenchymal transition (EMT) is closely related to tumor metastasis. Matrine can inhibit EMT and inhibit metastasis in nonsmall cell lung cancer by inhibiting the expression of paired box 2 (PAX2) (Yang J. et al., 2017). In the aspect of antilung cancer resistance, matrine can reverse the cisplatin-resistant lung cancer cells against apoptosis by regulating the β-catenin/survivin signaling pathway (Wang et al., 2015a). The development of epidermal growth factor receptor (EGFR) inhibitors is one of the difficulties in the treatment of lung cancer with EGFR mutation. Matrine treatment can reduce the expression of IL6, inhibit the activation of Janus tyrosine kinase/signal transducer and activator of transcription 3 (JAK1/STAT3) signaling pathway, decrease the expression of B-cell lymphoma-2 (Bcl2), inhibit cell growth, induce apoptosis, and enhance the inhibitory effect of afatinib on H1975 cells (Chen et al., 2017).



Breast Cancer

Shao et al. (2013) reported that matrine can inhibit the proliferation of breast cancer MCF7, BT-474, and MDA-MB-231 cells, which may be related to the inhibition of inhibitory κ B kinase β (IKKβ) regulation of nuclear factor κ B (NF-κB) signaling pathway. Matrine can induce endoplasmic reticulum stress in MCF-7 cells, downregulate the expression of hexokinase II, inhibit energy metabolism, promote apoptosis (Xiao et al., 2017), and reverse the drug resistance of MCF-7/ADR cells. Adriamycin (ADR) accumulates in cells and induces apoptosis in MCF-7/ADR cells by modulating the PI3K/AKT signaling pathway (Zhou B. G. et al., 2018). Matrine can also regulate Wnt/β-catenin signaling pathway, inhibit the expression of VEGF, thereby inhibiting the proliferation of breast cancer 4T1, MCF-7 cells, inducing apoptosis, and inhibiting tumor growth in 4T1 tumor-bearing mice (Xiao et al., 2018).



Liver Cancer

Matrine can induce mitochondrial dysfunction in HepG2 cells, cause oxidative stress in cells, destroy cell energy metabolism, initiate endogenous apoptosis by regulating Mammalian STE20-like protein kinase 1/c-Jun NH2-terminal kinase (MST1/JNK) signaling pathway (Cao et al., 2019), and also inhibit mitosis through PINK1/PARKIN pathway, then promote apoptosis (Wei R. et al., 2018). Matrine is also capable of inducing caspase-independent programmed cell death via Bid-mediated AIF translocation (Zhou et al., 2014). Matrine can also induce autophagy in HepG2 cells and MHCC97L cells (Zhang et al., 2010; Yang and Yao, 2015). In hepatocellular carcinoma HepG2 cells, AMP-activated protein kinase (AMPK) signaling inhibits p53 and inhibits autophagy. After AMPK is inhibited, autophagy is converted to apoptosis (Xie et al., 2015). In addition, matrine has a proliferation inhibitory effect on cisplatin-purified liver cancer SMMC-7721 stem cell-like SMMC-7721-sphere cells (Wang H. et al., 2018). In addition, matrine can inhibit the migration and invasion of hepatoma cells by EMT via the Phosphatase and tensin homology deleted on chromosome ten (PTEN)/AKT pathway (Wang Z. et al., 2018). Matrine combined with resveratrol can better inhibit the proliferation of hepatoma cells and induce cell cycle arrest and endogenous apoptosis (Ou et al., 2014). When matrine combined with sorafenib, apoptosis of hepatocarcinoma cells can be induced by inhibiting miR-21 and upregulating PTEN expression (Lin et al., 2014).



Cholangiocarcinoma/Gallbladder Carcinoma

Matrine can induce choline cancer cell necrosis by increasing ROS production via the receptor-interacting protein 3/mixed lineage kinase domain like protein (Rip3/MLKL) pathway (Xu et al., 2017), and can also induce mitochondria-associated endogenous apoptosis in cholangiocarcinoma cells via the JAK2/STAT3 pathway (Yang et al., 2015). For gallbladder cancer cells, matrine can also inhibit proliferation and induce cell cycle arrest and apoptosis (Zhang et al., 2012).



Pancreatic Cancer

Pancreatic cancer is the lowest 5-year survival rate of all solid tumors and is expected to be the second leading cause of cancer-related deaths in the United States by 2030 (Moffat and Epstein, 2019). Matrine can inhibit the proliferation and migration of pancreatic cancer Panc-1 cells, induce ROS production, and induce apoptosis, which is related to ROS/NF-κB/matrix metalloproteinase (MMP) pathway (Huang and Xin, 2018). Matrine can also inhibit the proliferation of KRAS-mutated pancreatic cancer MIAPACA2 and 8988T cells, inhibit autophagy by downregulating STAT3, and inhibit mitochondrial energy production (Cho et al., 2018). Ma Y. et al. (2015) reported that matrine downregulates the expression of MT1-MMP via Wnt signaling pathway and inhibits pancreatic cancer cell migration and invasion. Matrine can inhibit the expression of PCNA and induce apoptosis in BxPC-3 and Panc-1 cells, and has no significant effect on human normal liver HL-7702 cells at the same dose. It can inhibit the growth of tumor xenograft tumors in vivo (Liu T. et al., 2010).



Gastric Cancer

Matrine can inhibit the proliferation and migration of gastric cancer SGC7901 cells by PI3K/AKT/uPA pathway (Peng et al., 2016). Matrine acts on gastric cancer SGC7901 cells, and miRNA screening revealed increased levels of eight miRNAs in the cell cycle pathway of target gene aggregation, while levels of 14 miRNAs in target mitogen-activated protein kinase (MAPK) signaling pathways were reduced (Li H. et al., 2014). Matrine can regulate the structure and subcellular distribution of vasodilator-stimulated phosphoprotein (VASP) in gastric cancer BGC823 cells, thereby inhibiting the adhesion and migration of cancer cells (Zhang et al., 2013). It has been reported that matrine can induce autophagy in gastric cancer SGC7901 cells, and at the same time, it can block the process of autophagy degradation by impairing the activity of lysosomal proteases, thus inducing death (Wang et al., 2013). However, studies have reported that matrine also induces protective autophagy, in which process matrine treatment does not directly inhibit the expression of AKT and its downstream effector mTOR and phosphorylation of p70 ribosomal protein S6 kinase (p70S6K), and inhibition of autophagy can enhance the killing of gastric cancer cells by matrine (Li et al., 2013).



Colon Cancer

Matrine can induce cell cycle arrest in G1/G0 phase and induce apoptosis in human colorectal cancer cell lines LS174T, Caco-2, SW1116, and Rko. Compared with oxaliplatin, matrine The LS174T nude mouse xenograft model has less influence on physical strength and body weight (Gu et al., 2018). Matrine can inhibit tumor growth in rats with colorectal cancer model, which is associated with inhibition of high mobility group protein box 1 (HMGB1) signaling pathway (Fan et al., 2018). For both LoVo cells and HT29 cells, matrine can also induce apoptosis (Chang et al., 2013; Zhang et al., 2014).



Prostate Cancer

Li et al. (2018) used the Hiseq 2500 high-throughput sequencing platform to screen the proliferation inhibition mechanism of matrine on prostate cancer PC-3 and DU145 cells. The results showed that matrine inhibited cell proliferation, migration, and invasion through Forkhead box protein O (FoxO) and PI3K/AKT signaling pathways. Induction of apoptosis. Studies have shown that matrine upregulates gadd45b expression via p38/JNK, ROS/gadd45b/p38 pathway, inhibits proliferation and migration of prostate cancer DU145, PC3 cells, and induces apoptosis (Huang et al., 2018), which is also associated with NF-κB pathway (Li Q. et al., 2016). Matrine can inhibit the proteasome CTLIKE activity by activating the unfolded protein response/endoplasmic reticulum (UPR/ER) pathway, arresting the cell cycle in the G0/G1 phase, inducing apoptosis of prostate cancer cells, and inhibiting tumor growth in vivo (Chang et al., 2018). The inhibition of matrine on PC-3 cells is also associated with the regulation of Bim and p27 expression (Bai et al., 2017). However, studies have shown that matrine can inhibit tumor growth in DU145 xenograft model mice, but it is not effective in PC-3 xenograft model mice (Huang et al., 2017).



Osteosarcoma

Matrine can induce apoptosis in human osteosarcoma MG-63 cells, but it also induces protective autophagy in MG-63 cells through extracellular signal-regulated kinase (ERK) signaling pathway, and inhibition of autophagy with chloroquine can enhance killing (Ma K. et al., 2016). Matrine also inhibits osteosarcoma cell proliferation and migration via the ERK/NF-kappaB signaling pathway (Li Y. et al., 2014). Matrine can also inhibit the growth of MNNG/HOS xenografts in vivo (Liang et al., 2012).



Leukemia

Matrine can inhibit the expression of hsa-mir-106 b-3p and upregulate the expression of CDKN1A in human acute lymphoblastic leukemia (ALL) cell line CCRF-CEM, thereby blocking the cell cycle at G0/G1 phase and inducing apoptosis (Tetik et al., 2018). Matrine can increase the production of ROS in human acute lymphoblastic leukemia B cells, leading to mitochondrial swelling and mitochondrial membrane potential decline, thus inducing apoptosis (Aghvami et al., 2018). Matrine can also inhibit the proliferation of AML cells by inducing apoptosis and autophagy, and inhibit the phosphorylation of AKT, mTOR, and their downstream substrates p70S6K and eukaryotic translation initiation factor 4E binding protein 1(eIF4EBP1) (Wu J. et al., 2017). Matrine can also upregulate the expression of NKG2D ligand (NKG2DL) in leukemia cell lines and primary leukemia cells, and enhance the killing effect of NK and CIK cells on leukemia K562 cells (Zhang L. et al., 2015). The killing effect of Matrine on K562 cells is also related to interleukin-6 (IL-6)/JAK/STAT3 pathway (Ma L. et al., 2015).



Other Cancers

Matrine can effectively inhibit the growth of glioblastoma multiforme (GBM) cells in vitro by inducing cell senescence, and downregulate the expression of insulin-like growth factor (IGF1), PI3K, and p-AKT. In an orthotopic xenograft model established by u251 and p3 cells transfected with luciferase, matrine inhibited tumor growth, and prolonged the overall survival of the animal model (Zhou W. et al., 2018). In addition, matrine can inhibit glioma cell metastasis and EMT, accompanied by inhibition of p38 MAPK and AKT signaling pathways (Wang et al., 2015b).

Matrine can induce mitochondrial-related endogenous apoptosis in retinoblastoma cells (Shao et al., 2014).

Matrine can regulate NF-κB to inhibit the migration and invasion of nasopharyngeal carcinoma cells (Sun and Xu, 2015).

Matrine can inhibit the proliferation of esophageal cancer Kyse-150 cells, induce ROS production and induce apoptosis. Matrine can destroy F-actin and nuclear structure. Morphological observation showed that the roughness and surface height of cell membrane increased with the increase of drug concentration (Jiang et al., 2018). Wang et al. (2014) reported that matrine acted on Eca-109 cells, induced apoptosis by upregulating p53 and p21, and arrested cell cycle in G0/G1 phase.

Matrine can significantly inhibit the proliferation and migration of cervical cancer cells by inhibiting p38 signaling pathway and inducing apoptosis (Wu X. et al., 2017).

Cisplatin is one of the first-line drugs for the treatment of urothelial bladder cancer (UBC), but its side effects and drug resistance become the limitations of its application. When the ratio of matrine to cisplatin was 2,000:1, it could synergistically inhibit UBC cells. The combination of the two drugs can inhibit the proliferation, invasion and EMT of UBC cells, induce cell cycle arrest and apoptosis, which is related to the signal pathway of VEGF/PI3K/AKT (Liao et al., 2017).

Matrine can inhibit the proliferation of rhabdomyosarcoma cells by inhibiting ERK signaling pathway and induce apoptosis (Yan et al., 2017). In combination with cisplatin, matrine can downregulate the expression of X-linked IAP (XIAP) and induce the apoptosis of rhabdomyosarcoma RD cells (Li L. et al., 2016).

Matrine combined with CYC116 can inhibit the proliferation of multiple myeloma RPMI8226 cells and induce apoptosis through PI3K/AKT pathway (Zhou et al., 2015).

It has been reported that matrine can inhibit the expression of miR-19b-3p and then upregulate PTEN, inhibit the proliferation and invasion of human A375 and SK-MEL-2 melanoma cell lines, and induce apoptosis (Wei Y. et al., 2018). Matrine can also upregulate PTEN expression and induce apoptosis in M21 cells (Jin et al., 2013).

Antitumor related studies of matrine are summarized in Table 1, and the mechanisms of actions are summarized in Figure 1.


Table 1 | Antitumor studies of matrine.








Figure 1 | Anticancer mechanisms of matrine. For tumor cells, matrine can induce caspase-mediated exogenous apoptosis by activating Fas/Fas-L and TRAIL. Matrine can also induce mitochondrial damage by promoting the proapoptotic genes Bax, Bid, Bad, Bim, and downregulating the apoptosis-inhibiting genes Bcl-2, Mcl-1, Bcl-XL, and release Cyt-C and AIF to promote endogenous Apoptosis. Matrine can inhibit tumor cell proliferation through the GP130/JAK/STAT pathway, and can also induce apoptosis and inhibit proliferation by downregulating the expression of survivin through wnt/β-catenin and LEF1/TCF1. Matrine can inhibit insulin-like growth factor (IGF1) and GF and then affect the expression of phosphatidylinositol 3-kinase (PI3k)/AKT, nuclear factor κB (NF-κB) signaling pathway, and p53, thereby promoting tumor cell apoptosis, inhibiting proliferation and invasion. Matrine can also induce autophagy through PI3K/AKT/mTOR signaling pathway, causing autophagy related cell death and inhibiting the expression of EGF and vascular endothelial growth factor (VEGF). Matrine can also upregulate E-cadherin, downregulate MMP2, MMP9, and vimentin to inhibit invadopodia, slug, and snail, so as to inhibit epithelial-mesenchymal transition (EMT) and prevent tumor cell invasion. In addition, matrine can also promote the expression of NKG2DL in tumor cells to promote the recognition and killing of NK cells to tumor cells.






Nonanticancer Activities

Matrine has therapeutic effects on Alzheimer's syndrome, encephalomyelitis, asthma, myocardial ischemia, rheumatoid arthritis (RA), and osteoporosis in vitro and in vivo. The spectrum of treatable diseases extends to many systems, such as nervous system, circulatory system, immune system and so on. Its mechanism is mainly to inhibit inflammation, reduce oxidative stress, regulate autophagy and apoptosis, etc. The antidisease effects and mechanisms of matrine are discussed in human body system and disease subsection below.


Neurological Diseases


Alzheimer's Syndrome

It is estimated that 24 million people worldwide suffer from dementia, most of whom are thought to have Alzheimer's disease (AD). Therefore, AD is a major public health problem and a recognized research focus. Innovative therapies are urgently needed to cure or alleviate the disease (Ballard et al., 2011). Matrine has the potential to treat Alzheimer's syndrome. Matrine can inhibit the cytotoxicity induced by Aβ42, inhibit the Aβ/RAGE signaling pathway in vitro. Matrine reduces the deposition of proinflammatory cytokines and Aβ in AD transgenic mice and reduces memory deficit (Cui et al., 2017). It has been reported that matrine can reverse the changes of Th17/Treg cytokines induced by Aβ42 injection in AD rats, downregulate the expression of retinoid-related orphan receptor γt (RORγt), upregulate the expression of fork head box p3 (Foxp3), a specific transcription factor of Th17 cells, improve the learning and memory abilities of AD rats, and alleviate the cognitive impairment of AD rats (Zhang Y. et al., 2015).



Cerebral Ischemia

Matrine can alleviate cerebral ischemic injury, reduce the level of malondialdehyde (MDA), upregulate the expression of superoxide dismutase (SOD), glutathione peroxidase (GSH-px), catalase (CAT), and inhibit the apoptosis of ischemic neurons (Zhao et al., 2015).



Spinal Cord Injury/Encephalomyelitis

Matrine can promote axon growth and functional recovery in spinal cord injury (SCI) mice. Through drug affinity response target stability (DARTS) system screening, Matrine can directly bind heat shock protein 90 (HSP90), through neutralization. Specific blockade of anti-HSP90 by antibody can inhibit the growth of axons induced by matrine, suggesting that the improvement of SCI by matrine depends on the regulation of HSP90 (Tanabe et al., 2018). Matrine can also upregulate the expression of protein lipid protein, increase the number of mature oligodendrocytes and promote the formation of axonal myelin sheath in mice with autoimmune encephalomyelitis, which is related to PI3K/AKT/mTOR signaling pathway (Liu S. Q. et al., 2017). Matrine acts on experimental autoimmune encephalomyelitis (EAE) rats, which can upregulate the level of NGF and its receptor TrkA, inhibit the apoptosis of oligodendrocyte (OLG), and delay the course of disease (Zhu et al., 2016). In addition, this effect is also related to the downregulation of IL-33/ST2 expression in spinal cord of EAE rats (Zhao et al., 2016).




Respiratory Diseases


Asthma

Matrine inhibits NF-κB signaling in airway epithelial cells and asthmatic mice, downregulates the expression of cytokine signaling 3 (SOCS3), and inhibits airway inflammation (Sun et al., 2016). Matrine can significantly reduce airway hyperresponsiveness (AHR) in asthmatic mice, and inhibit goblet cell hyperplasia, eosinophil infiltration and inflammatory response in lung tissue of asthmatic mice. Matrine also reduced the levels of Th2 cytokines and chemokines in bronchoalveolar lavage fluid and inhibited the production of OVA-IgE in serum. In addition, matrine treatment of activated BEAS-2B cells reduces the production of proinflammatory cytokines and eosinophil chemokines, as well as inhibits intercellular cell adhesion molecule (ICAM-1) expression and thus inhibits the adhesion of eosinophils and inflammatory BEAS-2B cells in vitro. Matrine can improve allergic asthma in mice and therefore has potential therapeutic potential (Huang et al., 2014).



Lung Injury

Matrine protects LPS-induced acute lung injury by inhibiting inflammatory responses, which may involve inhibition of ROS and tissue oxidative stress (Zhang et al., 2011).




Circulatory Diseases


Cardiac Fibrosis

Cardiac fibrosis is one of the pathological features of diabetic cardiomyopathy (DBCM). Matrine can block transforming growth factor β1/receptor-regulated Smad (TGFβ1/RSMAD) signal transduction, inhibit collagen production and deposition in cardiac tissue, and alleviate high glucose-induced left ventricle. Impaired function and cardiac compliance (Zhang et al., 2018c). High glucose incubation induced activating transcription factor 6 (ATF6) signaling activation in CFS cultured in vitro, thereby increasing ECM synthesis. Matrine can inhibit ATF6, reduce myocardial fibrosis, and improve left ventricular function (Liu et al., 2017b).



Myocardial Ischemia

Myocardial ischemia is an important pathological process of coronary artery disease and has an important impact on cardiovascular outcomes (Rezende et al., 2019). Control of myocardial ischemia plays a very important role in coronary artery disease. Zhao et al. reported that matrine can alleviate apoptosis of cardiac microvascular endothelial cells (CMECs) induced by ischemia/reperfusion, which is related to JAK2/STAT3 signaling pathway (Zhao et al., 2018). Guo et al. (2018b) reported that matrine alleviated myocardial ischemia/reperfusion injury in rats by activating JAK2/STAT3 pathway, upregulating the expression of HSP70 and inhibiting myocardial apoptosis.



Diabetic Cardiomyopathy

Excessive ROS production in DBCM activates TLR-4/MyD-88 signaling, leading to cardiomyocyte apoptosis, while matrine preconditioning improves cardiac function by inhibiting ROS/TLR-4 signaling pathway (Liu et al., 2015).



Cardiotoxicity

Matrine has antioxidant properties and can alleviate isoproterenol-induced acute cardiotoxicity in rats (Li et al., 2010).



Heart Failure

Matrine inhibits cardiomyocyte apoptosis through the β3-AR pathway and improves cardiac function in rats with heart failure (Yu et al., 2014).



Vascular Injury

Matrine has the potential to treat vascular injury induced by high-fat diet. Matrine can alleviate abnormal lipid metabolism and inflammation in mice fed with high-fat diet, and significantly reduce oxidized low-density lipoprotein (ox-LDL) induced human umbilical vein endothelial cells (HUVECs). Other lial cells, HUVECs) dysfunction, alleviate the reduction of nitric oxide release, reduce the production of ROS, increase the expression of phosphorylated AKT-Ser473 and endothelial nitric oxide synthase-Ser1177 (eNOS-Ser1177). It can also downregulate the expression of eNOS-Thr495, a negative regulator of eNOS controlled by protein kinase C α (PKCα). Computational virtual docking analysis (AutoDock Vina software) and biochemical analysis showed that matrine affected eNOS/NO by inhibiting PKCα, and the protective effect of matrine could be eliminated by using PKCα and PI3K inhibitors (Zhang et al., 2019). Liu et al. (2018) reported that matrine can reduce AGEs-mediated Notch signal activation in human coronary smooth muscle cells (HCSMC), downregulate the expression levels of nicd1, hes1, collagen I, collegen VIII, and collagen secretion in HCSMC, and block the precondition of atheromatous plaque formation.

A cause of diabetic angiopathy is a high level of advanced glycation end products in the blood. Matrine can alleviate the damage of advanced glycation end products to aortic endothelial cells by inhibiting the activation of nod-like receptor protein 3 (NLRP3) inflammatory body mediated by ROS (Zhang et al., 2018d). Liu et al. reported that advanced glycation end products can induce ROS to induce endothelial cell apoptosis, which can lead to diabetic vascular complications. Matrine restored phosphorylation of MKKK3/6 and p38 MAPK, nuclear translocation of nuclear factor-erythroid 2-related factor 2 (Nrf2), binding activity of antioxidant response elements and expression level, inhibited ROS production and endothelial cell apoptosis in vitro and in vivo (Liu et al., 2017a).




Digestive Diseases


Liver Fibrosis

Hepatic fibrosis is a wound healing reaction characterized by the accumulation of extracellular matrix after various liver injuries, which leads to the deformation of normal liver structure and develops into cirrhosis and even hepatocellular carcinoma (Lin et al., 2018). Controlling liver fibrosis in time can prevent the transformation of malignant diseases. Mahzari et al. (2018) reported that in two models of liver fibrosis with abnormal glucose metabolism induced by high fructose diet (HFRU), high fat diet (HF) and low dose streptozotocin (STZ), matrine intervention can upregulate heat-shock protein 72 (HSP72) to inhibit liver fibrosis and improve blood sugar level. For carbon tetrachloride (CCl4)-treated hepatic stellate cell inflammation and fibrosis models, matrine can inhibit the production of MCP-1 and reduce the infiltration of Gr1(hi) monocytes in liver tissue, reducing liver inflammation and fibrosis (Shi et al., 2013).



Fatty Liver

Matrine can inhibit blood sugar and lipid abnormalities in mice fed with high-fat diet and alleviate liver steatosis. Compared with metformin, matrine neither inhibits mitochondrial respiration nor activates AMPK in liver. The regulation of matrine is related to the activation of HSP72 (Zeng et al., 2015).



Pancreatic Fibrosis

Matrine can alleviate rat pancreatic fibrosis induced by Trinitrobenzene sulfonic acid. Matrine reduces glandular hyperplasia, reduces mitochondrial swelling of acinar cells, and downregulates α-smooth muscle actin (α-SMA), TGF-β, and collagen In addition, Smad2, TβR1, and TβR2 were significantly downregulated in mRNA and protein levels (Liu et al., 2019).



Colitis

Matrine can alleviate the symptoms of spontaneous colitis in IL-10 deficient mice and reduce the expression levels of IL-12/23p40, interferon-γ (IFN-γ), IL-17 in colon tissues (Wu et al., 2016).




Urinary System Disease


Adriamycin-Induced Nephropathy

Matrine can alleviate nephropathy caused by doxorubicin treatment via the Foxp3/RORγt pathway [111].




Immune System Disease


Rheumatoid Arthritis

Overproliferation and intrinsic resistance to apoptosis of fibroblast-like synoviocytes (FLS) are important pathogenesis of RA. Matrine can reduce arthritis index (AI) by acting on collagen-induced arthritis (CIA) model in rats. In vitro, matrine inhibits the proliferation of FLS, induces cell cycle arrest of G0/G1 cells, and inhibits the activation of JAK/STAT signaling pathway, thereby increasing the apoptotic rate in vitro (Yang Y. et al., 2017). Rat rheumatoid arthritis model is characterized by Th1/Th2 imbalance. Matrine reduces the level of Th1 cytokines, such as IFN-γ, tumor necrosis factor (TNF-α), IL-1β, by regulating the NF-κB signaling pathway, and increases Th2 cytokines (IL-4 and IL-10) to balance the Th1/Th2 axis (Niu et al., 2017).




Osteopathy


Osteoporosis

The imbalance between the osteogenic effects of osteoblasts and the osteoclasts of osteoclasts is one of the pathogenesis of postmenopausal osteoporosis. Secretion of estrogen causes an increase in the level of proinflammatory cytokines. Inflammation-induced osteoclast hyperactivity plays a crucial role in the imbalance. Matrine can inhibit osteoclastogenesis, inhibit inflammation and alleviate osteoporosis by regulating the NF-κB/AKT/MAPK pathway (Chen et al., 2017b).



Chondropathy

Matrine can inhibit the activation of MAPK and NF-κB in human chondrocytes in vitro to inhibit IL-1β-induced MMP expression, thereby inhibiting MMP degradation of extracellular matrix and inhibiting chondrocyte apoptosis (Lu et al., 2015).




Mental Disease


Anxiety and Depression Induced by Liver Injury

Matrine can alleviate neuro-inflammation and oxidative stress in the brain caused by acute liver injury, thus producing antianxiety and antidepression effects. CCl4 induces acute liver injury in mice. Matrine pretreatment can significantly improve anxiety and depression-like behavior, alleviate neuro-inflammation, downregulate the levels of proinflammatory factors TNF-α, IL-1β, and IL-6, and increase the levels of glutathione (GSH), catalase (CAT), and glutathione S-transferase in brain tissue of mice. The level of GST decreased the levels of MDA and nitrite in brain tissue, thus reducing the oxidative stress induced by CCl4. Matrine significantly reduced the contents of corticosterone, ammonia, glutamic oxalate transaminase, glutamic oxalate transaminase and creatinine, and significantly improved CCl4-induced liver morphological damage. Matrine treatment increased the levels of glial fibrillary acidic protein (GFAF) positive astrocytes, brain-derived neurotrophic factor (BDNF), and VEGF in the hippocampus of mice to promote neurogenesis and inhibit hippocampal neuronal apoptosis (Khan et al., 2019).




Cancer-Associated Skeletal Muscle Atrophy

Cancer cachexia is a complex condition secondary to systemic progressive dysfunction and tissue atrophy secondary to cancer. Cancer cachexia is characterized by systemic inflammation, negative energy, and protein balance, generally with weight loss associated with skeletal muscle atrophy, and adipose tissue depletion (Argiles et al., 2010; Fearon et al., 2011). Matrine can increase muscle fiber size and muscle mass in a mouse model of CT26 colon cancer cachexia in vivo. At the same time, it relieves cachexia symptoms such as body and organ weight loss. In vitro, matrine also attenuated dexamethasone, TNF-α, and conditioned medium-induced c2c12 myotube atrophy and apoptosis. This process is associated with activation of the AKT/mTOR/Foxo3α signaling pathway. In addition, matrine downregulates the expression of the E3 ubiquitin ligases muscle-specific RING finger protein 1 (MuRF1) and muscle atrophy F-box protein (MAFbx) (Chen et al., 2019).

Non-antitumor related studies of matrine are summarized in Table 2, and the mechanisms of actions are summarized in Figure 2.


Table 2 | Non-anticancer studies of matrine.







Figure 2 | Non-anticancer mechanisms of matrine. For normal cells, matrine can promote cell survival under various stress environments. Under oxidative stress conditions, matrine can inhibit reactive oxygen species (ROS) production, thus inhibiting high mobility group protein box 1 (HMGB1), nod-like receptor protein 3 (NLRP3)/ASC/CASP1 pathway and nuclear factor κ B (NF-κB pathway)–mediated inflammation. Matrine can also inhibit tumor necrosis factor (TNF)-α and IL-1 induced NF-κB and TAK/JNK/AP1 pathway-mediated inflammation. In addition, TGFβ/Smad/FOXP3/RORγt is also a pathway for matrine to inhibit inflammation. Matrine can also block CASP8 mediated exogenous apoptosis by inhibiting TLR4/MyD88 pathway, eIF2α/ATF4/CHOP mediated mitochondrial damage, Cyt-C release and CASP9 mediated endogenous apoptosis by inhibiting ER stress. Matrine can also inhibit GP130/JAK/STAT pathway mediated apoptosis. TGFβ/Smad, NOTCH/NICD, and miR455/ATF6 mediated fibrosis can also be inhibited by matrine. In addition, matrine can promote cell proliferation by activating Hsp90.






Discussion and Prospect

Cancer is one of the most serious diseases in the history of human health, for which the whole society bears a huge material and spiritual burden. In 2018, it is estimated that 18.1 million new cancer cases and 9.6 million cancer deaths will occur globally (Bray et al., 2018). With the development of cancer treatment methods, the overall survival rate of cancer has increased, but it is still not optimistic (Allemani et al., 2018). Currently, the main methods of cancer treatment are surgery, chemotherapy, radiotherapy, and targeted therapy. In recent years, immunotherapy represented by immuno-checkpoint inhibitors, chimeric antigen receptor-T (CAR-T) therapy and cancer vaccine has made tremendous progress (Yang, 2015). But immunotherapy is not applicable to all cancer patients (Beatty and Gladney, 2015). Although individual cancer vaccines have emerged to respond to individual mutations (Sahin and Tureci, 2018), the high cost of treatment makes it impossible to benefit most patients. In short, the treatment of cancer cannot meet the current situation.

Natural product therapy (NPT), as an alternative treatment for cancer, has attracted much attention. Many natural products have high potential for direct treatment of cancer (Newman and Cragg, 2016; Dutta et al., 2019), or have the effect of improving drug resistance and enhancing the efficacy of anticancer drugs. At present, the dosage forms are also constantly upgrading (Gerber et al., 2013; Watkins et al., 2015; Kashyap et al., 2019). Compared with targeted therapy and immunotherapy, natural products have great advantages in cost, which deserve further research and clinical promotion. Matrine is a natural product with a variety of activities and high conversion value.

Matrine can inhibit the proliferation of more than ten kinds of tumor cells, mostly by inducing apoptosis, blocking cell cycle and inhibiting cell migration. Matrine can also induce autophagy of tumor cells, such as hepatocellular carcinoma cells (Zhang et al., 2010; Xie et al., 2015; Yang and Yao, 2015), gastric cancer cells (Li et al., 2013; Wang et al., 2013), osteosarcoma cells (Ma K. et al., 2016), acute myeloid leukemia cells (Wu J. et al., 2017). In some tumors, such as hepatocellular carcinoma HepG2 cells (Xie et al., 2015), osteosarcoma MG-63 cells (Ma K. et al., 2016), it is protective autophagy. Matrine can be used in pancreatic cancer and gastric cancer. Inhibiting the protective effect of autophagy, blocking the degradation process of substrates and promoting apoptosis (Li et al., 2013; Wang et al., 2013; Cho et al., 2018). Autophagy is a biological process with multifaceted effects, which can promote cell survival and induce death (Jiang et al., 2019; Mirza-Aghazadeh-Attari et al., 2019). However, the nature of autophagy remains unclear in many studies, and needs to be further explored.

In addition, many derivatives of matrine also have antitumor, antifibrosis, and antiosteoporosis effects. Qian et al. reported that WM130, a matrine derivative, could inhibit the proliferation, invasion and migration of HCC cells by inhibiting EGFR/ERK/MMP-2 and PTEN/AKT signaling pathways and induce apoptosis of hepatocellular carcinoma cells (Qian et al., 2015). Matrine derivative WM-127 can induce cell cycle arrest and apoptosis of hepatocellular carcinoma HepG2, Hep3B, Huh7, LM3, SMMC-7721 by regulating Survivin/beta-catenin signaling pathway (Yin et al., 2018). Matrine derivatives (6aS, 10S, 11aR, 11bR, 11cS)-10-methylamino-dodecahydro-3a, 7a-diazabenzo (de) (MASM) can inhibit the proliferation, cell cycle and apoptosis of hepatocellular carcinoma cells through PI3K/AKT/mTOR and AKT/GSK3β/β-catenin signaling pathways, inhibit the growth of tumors and inhibit the dryness of tumor cells (Liu Y. et al., 2017). MASM can also inhibit ribosomal protein S5 (RPS5), and regulate PI3K/AKT, NF-κB, and MAPKS pathways to inhibit osteoclastogenesis. MASM has the potential to become a drug for osteoporosis (Chen et al., 2017a). Xu et al. reported that WM130, a matrine derivative, could inhibit apoptosis, ECM deposition, TGF-β/Smad and Ras/ERK pathways, HSC-T6 cell activation and hepatic fibrosis in rats (Xu et al., 2015).

Matrine can regulate noncoding RNA and then affect key molecules related to cancer progression, such as upregulation of miR-126 to inhibit VEGF (An et al., 2016), downregulation of miR-21 and miR-19b-3p, and alleviate the inhibition of PTEN (Lin et al., 2014; Wei Y. et al., 2018).

Matrine has strong antiinflammatory and antiapoptotic effects in nonneoplastic diseases, such as protecting normal cells in cell and animal models of AD (Cui et al., 2017), asthma (Sun et al., 2016), lung injury (Zhang et al., 2011), liver fibrosis (Shi et al., 2013), colitis (Wu et al., 2016). Matrine can also upregulate the expression of miR-455, thereby inhibiting fibrin synthesis and alleviating myocardial fibrosis (Liu et al., 2017b).

It is worth noting that matrine can inhibit proliferation and induce apoptosis in cancer cells, while for normal cells in pathological environment, matrine can inhibit apoptosis and maintain growth and proliferation (The signaling pathways and diseases related to the actions of matrine are summarized in Figure 3). NF-κB is involved in the inflammatory response and immune response of the body, and can regulate cell apoptosis and stress response (Pires et al., 2018). Matrine can inhibit NF-κB to inhibit the proliferation, invasion and apoptosis of tumor cells. When normal cells such as nerve cells, tracheal epithelial cells and chondrocytes are under stress, matrine can inhibit NF-κB to inhibit apoptosis and inflammation to maintain the survival of normal cells (Zhang et al., 2011; Lu et al., 2015; Cui et al., 2017; Niu et al., 2017). JAK/STAT regulate the expression of a variety of proteins involved in induction or prevention of apoptosis, and has also become a paradigm for membrane-to-nucleus signaling and explains how a broad range of soluble factors, including cytokines and hormones, mediate their diverse functions (Villarino et al., 2015; Bousoik and Montazeri Aliabadi, 2018). Matrine inhibits JAK/STAT pathway to inhibit tumor cell proliferation and inflammation in normal cells (Ma L. et al., 2015; Yang et al., 2015; Guo et al., 2018b; Zhao et al., 2018). The MAPKs in mammals include JNK, p38 MAPK, and ERK. These enzymes are serine-threonine protein kinases that regulate various cellular activities including proliferation, differentiation, apoptosis or survival, inflammation, and innate immunity. The compromised MAPK signaling pathways contribute to the pathology of diverse human diseases (Kim and Choi, 2015; Sun et al., 2015). Matrine negatively regulates the MAPK/ERK pathway, thereby inhibiting tumor cell proliferation and suppressing the inflammatory response or fibrosis in normal cells (Lu et al., 2015; Wang et al., 2015b; Peng et al., 2016; Yan et al., 2017). PI3Ks are crucial coordinators of intracellular signaling in response to the extracellular stimulators. The serine/threonine kinase AKT is a master regulator of many diverse cellular functions, including survival, growth, metabolism, migration, and differentiation. The signaling axis formed by PI3K and AKT, as well as the vast range of downstream substrates is thus central to control of cell physiology in many different contexts and tissues (Noorolyai et al., 2019; Sugiyama et al., 2019). Matrine inhibits the PI3K/AKT pathway in tumor cells, while the reverse occurs in normal cells (Niu et al., 2014; Xie et al., 2015; Liu S. Q. et al., 2017; Wu X. et al., 2017; Chen et al., 2019; Zhang et al., 2019). Moreover, for tumor cells, matrine induces oxidative stress leading to endogenous apoptosis in cells, while in ischemic disease models, matrine inhibits oxidative stress and thereby inhibits apoptosis of nerve cells and cardiac muscle cells. In different application environments, matrine has contradictory effects. In addition, natural compounds such as resveratrol (Ko et al., 2017; Xia et al., 2017), baicalein (Liu et al., 2016; Sowndhararajan et al., 2017), and quercetin (Li Y. et al., 2016; Massi et al., 2017) also have similar killing and protecting effects. However, there is still no reasonable and accepted explanation for this dualistic effect. We speculate that this phenomenon may be related to different cell properties. We can find tumor cells that cannot be inhibited by matrine and normal cells that cannot be protected in a stressful environment or even directly inhibited, and make a histological analysis of these cells, which may be helpful to find the mechanism of this phenomenon.




Figure 3 | Summary of signal pathways and diseases related to the actions of matrine. For tumor cells, matrine can inhibit proliferation and invasion, promote apoptosis and autophagic cell death, and enhance the cytotoxicity of NK cells. These effects are related to the inhibition of nuclear factor κ B (NF-κB), phosphatidylinositol 3-kinase (PI3K)/AKT, Wnt/β-catenin, mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) and cell cycle pathways, and promotion of PTEN, death receptor pathways. For normal cells, matrine can promote proliferation, inhibit apoptosis, inflammation and fibrosis. These effects are related to matrine inhibiting NF-κB, JAK/STAT, Hsp90, MAPK/ERK, TGFβ/Smad, death receptor, toll like receptor pathways, promoting PI3K/AKT, NOTCH pathways.



The underlying mechanism of matrine's selective killing of cells remains to be explored. The role of matrine in autophagy induction or inhibition needs to be further determined. In addition, the regulation of noncoding RNA by matrine may be an important way for matrine to play its role. Whether there are transcriptome-related intrinsic regulatory roles in all disease models needs to be further explored.

Last but not least, the pharmacokinetics of matrine in different modes of administration need to be further improved. The most common way to take matrine is oral administration. A liquid chromatography/tandem mass spectrometry (LC/MS/MS) developed method facilitated a clinical pharmacokinetic study after oral administration of a single dose of matrine soft gelatin capsules (100, 200 and 400mg) in a three-period crossover design. Dose-related linear trends were observed for the AUC0-t and the Cmax of matrine. The t1/2 and the Tmax of matrine were independent of the administered doses (Zhang et al., 2009). Another study explored the pharmacokinetics of matrine through intravenous injection or transdermal administration in rat liver, blood, skin and other organs and tissues, and found that transdermal administration is also a promising way (Tang et al., 2017). At present, there is no pharmacokinetic study of matrine for specific diseases.

In summary, matrine has a wide range of pharmacological effects and high development value, and further mechanism research needs to be carried out.
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Hyperglycaemia-induced retinal microvascular endothelial cell apoptosis is a critical and principle event in diabetic retinopathy (DR), which involves a series of complex processes such as mitochondrial dysfunction and oxidative stress. Ginsenoside Re (Re), a key ingredients of ginseng, is considered to have various pharmacologic functions, such as antioxidative, inhibition of inflammation and anti-apoptotic properties. However, the effects of Re in DR and the related mechanisms of endothelial cell injury induced by high glucose (HG) exposure remain unclear. The present study was designed to investigate and evaluate the ability of Re to ameliorate HG-induced retinal endothelial RF/6A cell injury and the potential mechanisms involved in the hypoxia-inducible factor-1-alpha (HIF-1α)/vascular endothelial growth factor (VEGF) signaling regulated by phosphoinositide 3-kinase (PI3K)/AKT pathway. Our results showed that preincubation with Re exerted cytoprotective effects by reversing the HG-induced decrease in RF/6A cell viability, downregulation of apoptosis rate and inhibition of oxidative-related enzymes, thereby reducing the excess intracellular reactive oxygen species (ROS) and HG-triggered RF/6A cell injury. In addition, Western blot analysis results showed ginsenoside Re significantly increased HIF-1α expression in the cytoplasm but decreased its expression in the nucleus, suggesting that it reduced the translocation of HIF-1α from the cytoplasm to the nucleus, and downregulated VEGF level. Moreover, this effect is involved in the activation of the PI3K/Akt pathway. LY294002, a PI3K inhibitor, was used to block the Akt pathway. Afterwards, the effects of Re on the regulation of apoptotic related proteins, VEGF and HIF-1α nuclear transcription was partially reversed. These findings suggested the exerting protective effects of ginsenoside Re were associated with regulating of PI3K/AKT and HIF-1α/VEGF signaling pathway, which indicates that ginsenoside Re may ameliorates HG-induced retinal angiogenesis and suggests the potential for the development of Re as a therapeutic for DR.
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Introduction

Diabetes mellitus (DM), a metabolic disease that mainly manifested as hyperglycemia, causes series of diabetes‐related vascular complications, such as diabetic encephalopathy, diabetic nephropathy, and diabetic retinopathy (DR) (Beckman and Creager, 2016; Zheng et al., 2018). DR, a common and severe microvascular complication of DM, is believed to be the main cause of blindness among working-age individuals worldwide (Keech et al., 2007). This long-term pathological process is triggered by hyperglycaemia during the development of diabetes and generally defined as two stages according to severity, non-proliferative DR (NPDR) and proliferative DR (PDR), which results in vision loss and reduce the quality of patients' life significantly (Aiello, 2014). Among a series of complex mechanisms involved in DR, oxidative stress induced by chronic hyperglycaemia has been identified as the principal pathogenic factor in various cell types (Kowluru and Chan, 2007).

These chronic complications of diabetes are important causes of death and disability, creating in a major public health burden. DR is defined as a serious microvascular complication in patients suffering from DM and the primary cause of blindness in working-age people of developed countries (Alswailmi, 2018; Cui et al., 2018; Liu et al., 2018). At present, the mechanisms leading to DR are not fully understood, but the common opinions insist that vascular endothelial cell migration and microvascular proliferation caused by vascular endothelial growth factor (VEGF) overexpression may be some of the most important mechanisms underlying the development of DR (Mazidi et al., 2017; Olivares et al., 2017; Shi et al., 2018). Hypoxia-inducible factor-1-alpha (HIF-1α), a major regulator of VEGF transcription, has been shown to be closely associated with hyperglycaemia and insulin secretion (Cui et al., 2018; Liu et al., 2018). In addition, increased reactive oxygen species (ROS) overexpression are frequently detected in the retinas of diabetic patients, and these levels can be improved by antioxidants. Excess ROS can result in the release of VEGF, a predominant factor that promotes neovascularization, leading to further stimulation of the inflammatory response (Zheng et al., 2009). Moreover, accumulating evidence has suggested that HIF-1α, a factor vital for hypoxic adaptation that interacts with ROS and the VEGF pathway, is also involved in endothelial dysfunction and apoptosis (Palmer et al., 1998; Pore et al., 2006; Jing et al., 2012). Hypoxia activates a range of target genes including HIF-1α which can further regulate of VEGF transcription, that considered to be the most important intraocular neovascularization factor (Wang et al., 2014). These reports suggest that HIF-1α/VEGF pathway is crucial for facilitating the process of DR, and diabetes-related injury are reduced after its genes are interfered with, by mechanisms which are related to Akt activation (Jo et al., 2014).

Thus, the amelioration of high glucose (HG)-triggered endothelial cell oxidative and apoptosis is a potential target for protecting against DR. Hence, it is vital to discover and apply new natural active ingredients targeting the HIF-1α/VEGF signal pathway that exert marked effects on the retina in patients with DM.

Panax notoginseng has a long history as a botanical drug in Asia and is used to treat diseases. Panax notoginseng saponins (PNS) are the most abundant extracts of the roots of Panax notoginseng and have long been used to treat diabetes (Zhang et al., 2016; Fan et al., 2017). Such as, notoginsenoside Ft1 was reported to enhance platelet aggregation through P2Y12 (Zhang et al., 2016), and notoginsenoside R1 inhibites HG-caused endothelial injury by regulating the oxidative stress process (Fan et al., 2017). Ginsenoside Re (Figure 1) is a protopanaxatriol-type ginsenoside extracted from Panax notoginseng and Panax ginseng (Xie et al., 2018). ginsenoside Re has multiple biological activities, including antidiabetes, antioxidative, anti-inflammatory, and antitumor effects (Meng et al., 2018). Moreover, a new evidence has shown that ginsenoside Re relieves hyperglycemia and hyperlipidemia in the diabetes model (Xie et al., 2005), and it regulates the redox state in streptozotocin-induced diabetic rats (Cho et al., 2006). Whareas, the function and the mechanisms of ginsenoside Re against diabetes-induced retinal injury remain unclear, and the mechanisms have not been determined via the HIF-1α/VEGF signal pathway.




Figure 1 | Chemical structure.



Furthermore, the activited phosphoinositide 3-kinase (PI3K)/Akt signaling pathway, which is critical for maintaining retinal cell function, can protect from the HG-induced retinal damage (Jacot and David, 2011). A recent study has shown that Re exerts its antioxidative effects through the PI3K/Akt signaling pathway (Nakaya et al., 2007).

According to these evidences, we hypothesized that ginsenoside Re may protect against HG-induced RF/6A cells injury via the PI3K/AKT regulated HIF-1α/VEGF signal pathway. Hence, this study was performed to explore the effects and mechanisms of ginsenoside Re against DR by HG-induced retinal vascular injury model. Firstly, our results indicate that Re can ameliorate the oxidative response and apoptotic injury in RF/6A cells and that the protective potential mechanism of ginsenoside Re may regulate PI3K/AKT and HIF-1α/VEGF pathway inhibition.



Methods


Cell Culture

The monkey retinal vascular endothelial RF/6A cells were obtained from American Type Culture Collection (ATCC). Cells were propagated in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS) at 37°C in the cell incubator with 5% CO2 and 95% air. The stock solution of ginsenoside Re (1 M) was preserved in dimethyl sulfoxide (DMSO) and diluted to different concentrations in serum-free medium before use. HG (50 mM) and LY294002 (50 μmol/L for 2 h) was prepared in serum-free medium immediately before incubation. The experimental design was shown in the Supplementary Material Table 2.



MTT Assay

The survival rate of RF/6A cells was detected with MTT assay. RF/6A cells were planted on a 96-well plate (1 × 105 cells/well). RF/6A cells were preincubation with ginsenoside Re as required, After rinsing with phosphate-buffered saline (PBS), the medium containing corresponding concentration of glucose was used to incubate sequentially. Afterwards, MTT was diluted to 1 mg/ml and then replaced in the plate followed by incubating at 37°C for 4 h. Next, 100 μl of DMSO was supplemented into each well. After shaking for 60s, the absorbance was detected at 560 nm.



Determination of ROS

Intracellular and mitrochoindrial ROS level was detected using a fluorescent probe DCFH-DA and an Image-iT LIVE Green ROS Detection Kit (Invitrogen, CA, USA). RF/6A cells were planted in 6-well plates (1 × 105 cells/well), rinsed with PBS, followed by treating with 10 μM DCFH-DA for 20 min at cell incubator. Mitochondrial ROS levels were determined with flow cytometry (BD Biosciences, USA).



Detection of Catalase, Malondialdehyde, Glutathione Peroxidase, and Lactate Dehydrogenase

The levels of redox markers, including catalase (CAT), malondialdehyde (MDA), glutathione peroxidase (GSH-Px), and lactate dehydrogenase (LDH), were evaluated with corresponding assay kits purchased from Nanjing Jiancheng Bioengineering Institute. RF/6A cells (1 × 105 cells/ml) were seeded in six-well plates. 3 μM Re was used to incubate the cells for 24 h, and then replaced with 50 mM HG. LDH release was detected using cell supernatant. And then intracellular LDH, MDA, CAT, and GSHPX activities were detected by cell disruption. LDH production was calculated with the rate of extracellular LDH to total LDH. The level of each oxidative stress indicator is presented as a percent of the control.



Detection of ΔΨm

ΔΨm was detected by JC-1 (Enzo Life Sciences International, USA) fluorescent dye labeling. In each group, RF/6A cells (1 × 105 cells/ml) seeded on 12-well plates were pretreated using ginsenoside Re (3 μM) for 24 h and then treated by HG (50 mM). Then the JC-1 working solution was used to treat cells cell incubator. The stained cells were rinsed twice with PBS followed by being photographed with a fluorescence microscope (Molecular Devices, USA). The Image J software was used to analyze the intensity of the fluorescence.



Quantification of the Apoptosis Rate

Annexin V-PI experiment was performed to quantify the ratio of apoptotic cells with flow cytometry. RF/6A cells (1 × 105 cells/well) were planted in six-well plates. 3 μM ginsenoside Re was used to treat cells for 24 h, after being rinsed with PBS, cells were treated with HG (50 mM) for 24 h. Then, the cells were treated with 100 μl of binding buffer supplemented with 5 μl annexin V and PI (1 μg/ml) for 15 min. 400 μl binding buffer was added followed by detecting with a FACSCalibur analysis (BD Biosciences, USA).



Detection of DNA Fragmentation

To quantify the proportion of DNA fragmentation in different groups of cells, Cells were cultured in six-well plates. After different treatments, 4% paraformaldehyde solution was used to fix the cells. Next, the cells were incubated with 0.1% Triton X-100 for 10 min, and then rinsed in the washing solution. The cells were incubated in the cell incubator with the terminal deoxynucleotidyl transferase in the kit for 1 h, rinsed with PBS, and treated with the configured anti-digoxigenin for half an hour. After being washed with PBS, RF/6A cells were incubated using DAPI. The pictures were obtained with the fluorescence microscope.



Western Blot Analysis

After extracting proteins and determining their concentration (unified to be 5 μg/μl), proteins of the same volume and concentration were added to the wells of the precast gel, then transferred to a membrane, as previously reported (Zhou et al., 2017). Next, Then the blocking solution was used to block the membrane for at least 2 h, following the primary antibodies against HIF-1α (ab203848; 1:2000), cleaved caspase-3 (ab32042; 1:500), cleaved caspase-9 (ab2324; 1:1000), VEGF ((sc-7269; 1:500), and lamin B (ab133741; 1:2000) and secondary antibodies were used to incubate with membranes. The membranes were washed by Tris Buffered saline Tween (TBST) for three times and then observed by the Molecular Imager System.



Statistical Analysis

Results are expressed as the mean ± standard error of the mean. The data of different groups were compared using Student's t-test or ANOVA by Prism 5.00. P value < 0.05 was considered significant.




Results


Ginsenoside Re Preconditioning Improved Cell Viability Against HG-Induced RF/6A Cell Injury

Based on related literature (Yan et al., 2015; Du et al., 2017), the potential toxic and injury effects of HG and Re on RF/6A cells were estimated by MTT detection. As demonstrated in Figure 2A, after the cells were pretreated with Re at a serious doses (0, 1, 3, 5, and 10 μM) for 24 h, no significance difference was revealed (P > 0.05). In contrast, the cell activity of RF/6A cells significantly decreased with increasing HG concentration (25, 50, and 100 mM) in a time-dependent manner (4, 8, 12, and 24 h; shown in Figure 2B). Treatment of RF/6A cells with HG (50 mM) for 24 h results in the 50% of cell viability reduction (P < 0.01, Supplementary Material Table 1). Thus, 50 mM HG and a 24-h treatment period was used in the following experiment.




Figure 2 | Ginsenoside Re protects RF/6A cells against HG-induced injury. (A) The effect of HG on RF/6A cells at different concentrations for various times. (B) The coincubation with Re and HG for 24 h. (C), The pretreatment with Re for 24 h, and incubation by HG for 24 h. (D) The toxic effect of Re treatment on RF/6A cells. (E) The pretreatment of Re (3 μM) for 24 h and the incubation with HG (50 mM) for another 24 h. Cell activity was tested by MTT. Morphological observation was conducted by an inverted microscope. The data are presented as the mean ± standard error of the mean (n = 5). ##P < 0.01 versus the control group; *P < 0.05, **P < 0.01 versus the HG group. Scale bar, 100 μm. HG, high glucose.



When the cells were preincubated with a serious doses of Re (0, 1, 3, 5, and 10 μM) for 24 h followed by 50 mM of HG treatment, cell viability changed markedly, and 3 μM of Re demonstrated a significant cytoprotective effect (Figure 2D). However, almost no protection was observed when Re at any concentration tested (0, 1, 3, 5, and 10 μM) was coincubated with HG for 24 h (Figure 2C, P > 0.05), which indicates that the protective effect of Re occurred merely in the context of preconditioning. Subsequently, the cytotoxic effect of Re was measured, the results indicates no significant difference (Figure 2A, P > 0.05). Moreover, morphological images showed that Re obviously reversed the cell shrinkage caused by HG induction, irregular shape, and opaque texture, etc. (Figure 2E), which was consistent with the above results. Thus, 3 μM ginsenoside Re was used in subsequent experiments.



Ginsenoside Re Suppressed HG-Induced Oxidation

To further assess the effects of ginsenoside Re on hyperglycaemia-induced RF/6A cell injury, the intracellular level of ROS, the enzymatic activities of LDH, MDA, CAT, and GSH-Px were detected. As exhibited in Figure 3, the production of intracellular ROS, LDH, and MDA were significantly upregulated in the HG-treated group (Figures 3A, B, P < 0.01; Figure 3C, P < 0.01 and Figure 3C, P < 0.01), indicating that HG exerts its cytotoxicity and injury. However, the pretreatment of Re evidently reduce the production of ROS (Figure 3B, P < 0.01), LDH (Figure 3C, P < 0.01) and MDA (Figure 3D, P < 0.01), indicating that significantly lessened HG-induced RF/6A cell cytotoxicity and injury. Furthermore, our reaches results revealed that the enzymatic activities of CAT and GSH-Px were markedly downregulated in HG group (Figure 3E, P < 0.01; Figure 3F, P < 0.01). Pretreatment with Re effectively increased the activities of CAT (Figure 3E, P < 0.05) and GSH-Px (Figure 3F, P < 0.05) in the HG-treated RF/6A cells. On the contrary, no significant differences were shown with Re incubation alone. The above data demonstrate that ginsenoside Re may protect against HG-triggered RF/6A cell injury and enhance anti-oxidative activity.




Figure 3 | Ginsenoside Re attenuated HG-induced RF/6A cell injury and oxidative stress. (A) ROS levels were monitored using a fluorescence microscope. (B) Statistical analysis of ROS fluorescence intensity. The enzymatic activities of LDH (C), MDA (D), CAT (E), and GSH-Px (F) were detected by spectrophotometry. The data are presented as the mean ± standard error of the mean (n = 5). ##P < 0.01 versus the control group; *P < 0.05, **P < 0.01 versus the HG group. Scale bar, 50 μm. ROS, reactive oxygen species; LDH, lactate dehydrogenase; MDA, malondialdehyde; CAT, catalase; GSH-Px, glutathione peroxidase.





Ginsenoside Re Improved Mitochondrial Function

The effect of HG on oxidative respiration is so severe and rapid that it directly destroys mitochondrial function and makes the mitochondrial membrane potential unbalanced, which in turn results in the production of apoptotic factors (Wang et al., 2018). In our study, ΔΨm was declined in HG-treated cells, as indicated by the results of JC-1 staining with flow cytometry. As demonstrated in Figures 4A, C, ginsenoside Re substantially protected against the ΔΨm loss caused by 50 μM glucose (P < 0.01). Conversely, the pretreatment of Re inhibited the decrease in ΔΨm in the mitochondria in HG-induced RF/6A cells (Figure 4C, P < 0.01). Moreover, mitochondrial ROS levels were evaluated to assess mitochondrial function. As shown in Figures 4B, D, there was an obviously increasing tendency in ROS generation in RF/6A cells at 24 h after HG treatment (P < 0.01), and this increase was ameliorated by the Re pretreatment (P < 0.05). The data indicated that the protective effect of Re involved reducing ROS production and improving mitochondrial function.




Figure 4 | Effects of ginsenoside Re on ΔΨm in HG-treated RF/6A cells. (A) Ginsenoside Re inhibited the HG-triggered reduction in ΔΨm. (B) Mitochondrial ROS production in RF/6A cells was detected with flow cytometry. (C) The ratio of red fluorescence to green fluorescence. (D) Analysis of ROS fluorescence intensity. The results are presented as the mean ± standard error of the mean (n = 5). ##P < 0.01 versus the control group; *P < 0.05, **P < 0.01 versus the HG group. Scale bar, 50 μm.





Ginsenoside Re Attenuated the HG-Triggered Apoptosis in RF/6A Cells

The widely accepted method of Annexin V/PI detection using flow cytometry was performed to evaluate the early apoptotic degree (Carew et al., 2006). The ratio of apoptotic RF/6A cells was examined by flow cytometry, which revealed a dramatic increase in the HG group (Figures 5A, C; P < 0.01). In contrast, Re treatment blocked this increase (Figures 5A, C; P < 0.01). In addition, TUNEL staining showed that DNA fragmentation was enhanced in HG-treated RF/6A cells, and Re treatment significantly reversed this phenomenon (Figures 5B, D; P < 0.01). The above findings confirm that Re can protect RF/6A cells from HG-induced apoptosis.




Figure 5 | Effects of Ginsenoside Re on HG-triggered apoptosis in RF/6A cells. (A) Distribution map of apoptotic cells detected by annexin V/PI double staining. (B) Representative images captured with fluorescence microscopy showing TUNEL-stained RF/6A cells. (C) Quantitative analysis of the ratio of annexin V/PI-positive cells to total cells. (D) The ratio of TUNEL-positive cells. The results are expressed as the mean ± SE of the mean (n = 5). ##P < 0.01 versus the control group; **P < 0.01 versus the HG group. Scale bar, 50 μm.





Ginsenoside Re Inhibited the HIF-1α-Mediated Activation of VEGF in Response to HG

Based on the above results that ginsenoside Re possesses protective effects and decreases intracellular ROS in HG-induced RF/6A cells, Western blot experiment was conducted to explore whether Re effected the HIF-1α and its downstream correlation pathway VEGF via reducing ROS and suppressing apoptosis, resulting in inhibiting malignant proliferation in DR. As shown in Figures 6A, E, F, the activated caspase-3 and caspase-9 levels were upregulated by HG treatment (cleaved caspase-3, P < 0.01; cleaved caspase-9, P < 0.01), and this phenomenon was notably reversed by Re incubation (cleaved caspase-3, P < 0.01; cleaved caspase-9, P < 0.05).




Figure 6 | Ginsenoside Re inhibited the HIF-1α-mediated activation of VEGF and apoptosis in response to HG. (A) Representative blots of HIF-1α, VEGF and apoptosis-related proteins in RF/6A cells. (B–F) Quantitative densitometric analysis of (B) nuclear HIF-1α, (C) cytoplasmic HIF-1α, (D) VEGF, (E) cleaved caspase-3, and (F) cleaved caspase-9. The results are presented as the mean ± SEM percentage of the control from three independent tests. ##P < 0.01 versus the control group; *P < 0.05, **P < 0.01 versus the HG group. VEGF, vascular endothelial growth factor.



In addition, the results suggested that HG (50 mM) treatment significantly increased VEGF level (Figures 6A, D; P < 0.01); however, Re (3 μM) reduced the HG-induced upregulation of VEGF levels (Figures 6A, D; P < 0.05). HIF-1-α plays a key role in process of oxidative stress, especially the excessive accumulation of ROS, triggering the translocation of genes related to endothelial damage and oxidation. In our study, HG pre-incubation significantly depressed HIF-1α level in the cytoplasm (Figures 6A, C; P < 0.05) but increased its expression in the nucleus (Figures 6A, B; P < 0.01). However, Re dramatically decreased the transcription of HIF-1α from the cytoplasm to the nucleus (Figures 6A–C; P < 0.05), indicating that ginsenoside Re may protect against HG-triggered RF/6A cells injury via the HIF-1α/VEGF signal pathway (Data Sheet 1).



Ginsenoside Re Inhibited HIF-1α Signaling Through the PI3K/Akt Pathway

Re enhanced the Akt phosphorylation which was suppressed by HG, as shown in Figures 7A, C, suggesting the critical role of Akt signaling pathway.




Figure 7 | Re protects RF/6A cells via regulation of the PI3K/Akt pathway. (A) Akt and p-AKT expression detected by Western blot. (B), The changes of related proteins after LY294002 (PI3K inhibitor) incubation. (C), Analysis of Akt and p-Akt expression. (D–H) Statistic analysis of related protein levels. The results are presented as the mean ± SEM percentage of the control from three independent tests. ##P < 0.01 versus the control group; *P < 0.05, **P < 0.01 versus the HG group.$$P < 0.01 versus the HG + Re group. PI3K, phosphoinositide 3-kinase.



Subsequently, The LY294002, a PI3K inhibitor, was added to confirm the effect of Akt signaling pathway on the HIF-1α and related apoptotic proteins. Data demonstrated that RF/6A Re exhibited downregulation of cleaved caspase-3 and cleaved caspase-9, which were inhibited by LY294002. Moreover, LY294002 reversed the downregulation of VEGF and nuclear HIF-1α, which was reduced by Re on HG-induced RF/6A cells (Figures 7B, D–H). In conclusion, these data (Data Sheet 1) indicate that ginsenoside Re mitigated HG-triggered apoptosis mediated by activation of HIF1-α/VEGF in a PI3K/Akt-dependent pattern.




Discussion

Diabetes is a serious and common chronic metabolic disease, which can result in a variety of diabetes‐related vascular complications or diseases, including diabetic nephropathy, diabetic encephalopathy, and DR (Beckman and Creager, 2016; Zheng et al., 2018). These chronic complications of diabetes are important causes of death and disability, creating in a major public health burden. DR is defined as a serious microvascular complication in diabetics and the major factor of blindness among working-age individuals in most nations (Alswailmi, 2018; Cui et al., 2018; Liu et al., 2018). At present, the mechanisms leading to DR are not fully understood, the general view is that vascular endothelial cell migration and microvascular proliferation caused by VEGF overexpression may be some of the most important mechanisms underlying the development of PDR (Mazidi et al., 2017; Olivares et al., 2017; Shi et al., 2018). Our study reports the impairment of retinal vascular endothelial cells by HG or states mimicking diabetes, and Re pretreatment was shown to exert protective effects against DR through the HIF-1α/VEGF signal in the HG-induced retinal vascular injury model. Hence, The results have profound significance for future research of Re and will increase a certain amount of data of Re as a DR treatment.

In the hyperglycaemic state, aldose reductase activity is increased, and flux through the polyol metabolic pathway can increase up to four times that under normal glucose conditions; consequently, large amounts of sorbitol and fructose accumulate in cells, and the osmotic pressure in retinal tissue changes at the early stage of DR, resulting in neovascularization to reduce hypoxia, which is the first physiological marker of DR (Minamiyama et al., 2010; Costa and Soares, 2013; Jiang et al., 2013; Mei et al., 2018). However, as endothelial cells are exposed to different blood pressure under physiological or pathological conditions, these indicators are difficult to evaluate and therefore are not covered in this study.

On the one hand, tissue hypoxia caused by the decrease in blood flow leads to insufficient energy metabolism by mitochondria, which increases ROS levels and induces the apoptosis of retinal cells in the early environment created by HG (Sifuentes-Franco et al., 2018), which was also proven by our researches. In HG-treated RF/6A cells compared to control cells, intracellular ROS, LDH, and MDA levels were markedly increased, but incubation with Re dramatically suppressed ROS, LDH, and MDA expression and upregulated the antioxidants CAT and GSH-Px level; these results further suggest that Re exhibits its cytoprotective function by reducing oxidative stress and improving mitochondrial function (Figures 3 and 4).

On the other hand, hypoxia can significantly increase HIF-1α expression, which induces overexpression of the HIF-1α-associated growth factor VEGF, leading to excessive formation of fibrovascular tissue on the retina and thereby increasing the risk and likelihood of blindness in diabetic patients (Boscia, 2010; Lang, 2012; Rhim et al., 2013; Das et al., 2015; Khodaeian et al., 2015; Mazidi et al., 2017; Tang et al., 2017; Liu et al., 2018). HIF-1α, a hypoxia response protein, is located in the cytoplasm under oxygen-rich conditions and migrates to the nucleus in an anoxic environment, thus promoting angiogenesis in conditions such as DR. The level of HIF-1 and the degree of its nuclear translocation are essential for regulating the oxidation process. It is a complex of two subunits, an oxygen dependent subunit (HIF-1α) and a constitutively expressed nuclear subunit (HIF-1β) (Hagen et al., 2004). Under physiological conditions, HIF-1α expressed in cytoplasm is resolved by 26S proteasome. In hypoxic process, HIF-1α is combined with HIF-1β and remains stable, thereby activating the expression of a series of genes, which are critical for regulating cell metabolism and physiological processes. (Lindenbaum et al., 1972; Cao et al., 2010).

At present, the relationship between HIF-1α and diabetic complications is gradually becoming more recognized. Refer to the past research of HIF-1α in diabetes complications including DR, HIF-1α has become a potential target, and the research of new drugs for treatment of DR will be of great significance for patients suffering from diabetes and its related chronic complications. In our study, how Re mediates the process of HIF-1α and HIF-1β binding is a very interesting point worthy of further study.

Moreover, numerous studies have found that AKT-associated signal is involved in the occurrence and development of DR. In addition, the steady state maintenance of endothelial function is closely related to the activation of PI3K and AKT, which can improve the energy metabolism of endothelial cells and promote cell survival (Huang and Sheibani, 2008). In this study, Re was also found to protect the endothelial cell damage induced by HG is related to the AKT signaling pathway, which was further verified by the treatment of LY294002 (Figure 8). Our results indicated that the protective effect of Re on HG-triggered RF/6A cells damage was involved in PI3K/Akt signal regulation.




Figure 8 | Ginsenoside Re exerts protective effects on retinal microvascular endothelial cells by ameliorating HG-induced retinal angiogenesis and apoptosis via the HIF-1α/VEGF signal pathway. It suggests that Ginsenoside Re may reduce cell oxidation injury and mitochondrial apoptosis leaded to by the excessive ROS, regulate the HIF-1α expression and inhibit the activity of VEGF via downregulation of oxidative stress and intracellular ROS induced by HG in RF/6A cells, which indicates ginsenoside Re may have an anti-angiogenesis effect in diabetic retinopathy via the PI3K/AKT mediated HIF-1α/VEGF signal pathway. HG, high glucose; RE, ginsenoside Re; DR, diabetic retinopathy; “?” means “uncertain.”



In conclusion, we found that the natural compound ginsenoside Re showed potential protective activity against DR. Therefore, our research may provide more evidence and basis for DR clinical new drug development. However, as endothelial cells are exposed to different blood pressure under physiological or pathological conditions, their responses largely differ depending on events like shear stress, mechanosensing. The aspects such as mechanosensing cannot be discharged from endothelial readouts. Therefore, these efficacy evaluations need to be further verified clinically.
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A Corrigendum on 


Ginsenoside Re Attenuates High Glucose-Induced RF/6A Injury via Regulating PI3K/AKT Inhibited HIF-1a/VEGF Signaling Pathway 
By: Xie W, Zhou P, Qu M, Dai Z, Zhang X, Zhang C, Dong X, Sun G and Sun X (2020). Front. Pharmacol. 11:695. doi: 10.3389/fphar.2020.00695


In the original article, there was a mistake in Figures 3, 5 and 7 as published. The marked symbols “+” and “-”in Figures 3B, C, Figures 5C, D and Figure 7C were misplaced. The corrected Figures 3, 5 and 7 appear below.




Figure 3 | Ginsenoside Re attenuated HG-induced RF/6A cell injury and oxidative stress. (A) ROS levels were monitored using a fluorescence microscope. (B) Statistical analysis of ROS fluorescence intensity. The enzymatic activities of LDH (C), MDA (D), CAT (E), and GSH-Px (F) were detected by spectrophotometry. The data are presented as the mean ± standard error of the mean (n = 5). ##P < 0.01 versus the control group; *P < 0.05, **P < 0.01 versus the HG group. Scale bar, 50 μm.






Figure 5 | Effects of Ginsenoside Re on HG-triggered apoptosis in RF/6A cells. (A) Distribution map of apoptotic cells detected by annexin V/PI double staining. (B) Representative images captured with fluorescence microscopy showing TUNEL-stained RF/6A cells. (C) Quantitative analysis of the ratio of annexin V/PI-positive cells to total cells. (D) The ratio of TUNEL-positive cells. The results are expressed as the mean ± SE of the mean (n = 5). ##P < 0.01 versus the control group; **P < 0.01 versus the HG group. Scale bar, 50 μm.






Figure 7 | Re protects RF/6A cells via regulation of the PI3K/Akt pathway. (A) Akt and p-AKT expression detected by western blot. (B) The changes of related proteins after LY294002 (PI3K inhibitor) incubation. (C) Analysis of Akt and p-Akt expression. (D–H) Statistic analysis of related protein levels. The results are presented as the mean ± SEM percentage of the control from three independent tests. ##P < 0.01 versus the control group; *P < 0.05, **P < 0.01 versus the HG group; $$P < 0.01 versus the HG+Re group.



The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Cancer has become a significant public health problem with high disease burden and mortality. At present, radiotherapy and chemotherapy are the main means of treating cancer, but they have shown serious safety problems. The severity of this problem has caused further attention and research on effective and safe cancer treatment methods. Polysaccharides are natural products with anti-cancer activity that are widely present in a lot of plants, and many studies have found that inducing apoptosis of cancer cells is one of their important mechanisms. Therefore, this article reviews the various ways in which plant polysaccharides promote apoptosis of cancer cells. The major apoptotic pathways involved include the mitochondrial pathway, the death receptor pathway, and their upstream signal transduction such as MAPK pathway, PI3K/AKT pathway, and NF-κB pathway. Moreover, the paper has also been focused on the absorption and toxicity of plant polysaccharides with reference to extant literature, making the research more scientific and comprehensive. It is hoped that this review could provide some directions for the future development of plant polysaccharides as anticancer drugs in pharmacological experiments and clinical researches.
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Introduction

Cancer is one of the most life-threatening diseases in the world (Zarei et al., 2016). In 2018, it has caused more than 9.6 million deaths as reported by the World Health Organization (WHO). The number of cancer patients continues to grow globally, despite the ongoing development of modern medical methods for preventing disease (López-Gómez et al., 2013; Surbone and Halpern, 2016; Srivastava et al., 2019). It is well known that the treatment of cancer is expensive and time-consuming. The result is that cancer places a huge burden on individuals, families, communities, and health systems, and causes tremendous harm in physical, emotional, and financial of patients (Veenstra et al., 2014; Li Y. et al., 2018; Saad et al., 2019).

The occurrence of cancer is mainly caused by a series of changes in the genome and epigenome (Shen and Laird, 2013). These changes cause the cells to continuously proliferate and escape apoptosis, thereby disrupting the homeostasis of the tissue (Khan et al., 2016). It has been found that promoting cancer cell apoptosis is one of the effective methods to treat cancer (Mortezaee et al., 2019b). That is also the main mechanism of chemo(radio)therapy which is the most common cancer treatment (Agool et al., 2011; Deng et al., 2012; Mortezaee et al., 2019a). However, most of these drugs will cause normal cells apoptosis and lead to serious physical damage (Cheki et al., 2018; Zhang H. et al., 2018), such as myelosuppression, cardiotoxicity, hepatotoxicity, nephrotoxicity, and gastrointestinal toxicity (Liu et al., 2018; Oun et al., 2018; Zhang Q. et al., 2018). Finding safe and effective treatments has been a long-term goal of improving cancer.

Natural products isolated from plants are gradually recognized for their high efficiency and safety (Bishayee and Sethi, 2016). In cancer treatment, plant extracts have been widely used (Sun et al., 2019; Zabaiou et al., 2019). Polysaccharide is one of the active ingredients in a lot of plants, and shows low toxicity and high efficiency in the treatment of cancer (Jiao et al., 2016; Khan et al., 2019). Such as plant polysaccharides from genus Astragalus, Ginseng, Schisandra, and many others have been shown to be selective for the cytotoxicity of tumor cells, so they can kill cancer cells without the usually associated side effects. And the detailed molecular mechanism mainly involves the inhibition of cancer cell proliferation through promoting apoptosis. In recent years, studies have found that a variety of plant polysaccharides can regulate cancer cells apoptosis in vivo and in vitro. However, no systematic studies have evaluated the ability of plant polysaccharides to induce apoptosis. Therefore, this article reviews plant polysaccharides by inducing cancer cells apoptosis via multiple pathways and multiple targets to treat cancer, as shown in Figures 1–3 and Table 1, hoping to provide a reference for the treatment of cancer by plant polysaccharides in subsequent studies.




Figure 1 | Mitochondrial apoptotic pathway in cancer induced by plant polysaccharides.  with different colors indicate inhibition/reduction,  and  with different colors indicate increase/promotion.






Figure 2 | Death receptor apoptotic pathway in cancer induced by plant polysaccharides.  with different colors indicate inhibition/reduction,  and  with different colors indicate increase/promotion.






Figure 3 | The regulation of other apoptosis signal conduction in cancer by plant polysaccharides  with different colors indicate inhibition/reduction,  and  with different colors indicate increase/promotion.




Table 1 | Effects of plant polysaccharides on apoptosis in cancer.










Cancer and Apoptosis

Globally, cancer has been a serious burden on society, and the incidence of cancer is increasing (Zhang H. et al., 2018). In majority cancers, such as lung cancer, breast cancer, liver cancer, stomach cancer, laryngeal cancer, and prostate cancer, genetic mutations are common features (Rosell and Karachaliou, 2015). One of the results of these genetic mutations is the inhibition of apoptosis. Cancer cells escape normal apoptosis, continue to proliferate, interfere with normal organs or tissues, and cause body damage or even death. Therefore, inducing apoptosis has always been one of the exact ways to inhibit cancer. The initiation of apoptosis is the opening or closing of a series of control switches after the corresponding signal stimulates the cell (Milisav et al., 2017). Different signal transduction triggers apoptosis in different ways (Zhang Q. et al., 2019). However, most of the apoptotic pathways eventually work by affecting a group of cysteine proteases called caspases which are revealed as the main executors of the apoptotic pathway due to their role in cleaving the major cellular substrate (Yaacoub et al., 2016). Caspase related to apoptosis is divided into two types, one is the initiator Caspases such as Caspase-2, Caspase-8, Caspase-9, and the other is the effector Caspases including Caspase-3, Caspase-6, Caspase-7 (Kopeina et al., 2018; Sadeghi et al., 2019). The initial Caspase is cleaved and activated under the action of foreign protein signals. The activated initiator cleaves and activates the effector, and finally lyses the cell substrate to cause apoptosis (Ludwig-Galezowska et al., 2011; Van Opdenbosch and Lamkanfi, 2019). Extrinsic death receptor pathway and mitochondrial pathway are two clear pathways that affect apoptosis. They can directly cause Caspase activation to exert a pro-apoptosis role through signaling of Bcl-2 family proteins such as Bcl-2, Bax, Bad, and TNF families such as TNF-R1, Fas, and TRAIL, respectively (Ludwig-Galezowska et al., 2011; Kaufmann et al., 2012). While most other pathways can indirectly affect Caspase proteins, such as MAPK, PI3K/AKT, and NF-κB pathways can regulate apoptosis-related genes and ultimately stimulate mitochondria and death receptors to activate Caspase (Panka et al., 2006; Rohlenova et al., 2016).



Apoptosis and Plant Polysaccharides

Over the past decades, more than a hundred plant polysaccharides have been discovered, and in vitro and in vivo studies have shown that most of them have good anticancer activity in a variety of cancers. Lung cancer mice were treated with Scleromitrion diffusum (Willd.) R.J.Wang (syn. Hedyotis diffusa Willd.) polysaccharide (SDP) which consists of glucose, galactose, mannose ratio of 2.0: 1.0: 1.0. High-dose SDP exhibited tumor inhibition rates comparable to cisplatin-positive drugs (Lin et al., 2019). After treatment with Citrus × aurantiifolia (Christm.) Swingle polysaccharide (CAs) in transplanted H22 cells in mice, the tumor suppression rate was as high as 58.85% (Zhao Y. et al., 2017). Moreover, Polygonatum sibiricum Redouté polysaccharide had obvious anti-tumor effect on H22 tumor bearing mice (Duan et al., 2014). Similarly, Saccharina japonica (J.E. Areschoug) C.E. Lane, C. Mayes, Druehl & G.W. Saunders (syn. Laminaria japonica) polysaccharide improved immunomodulatory activity and reduced tumor weight in H22-bearing mice. Simultaneously, the tumor suppression rate can reach 59.67% (Zhu et al., 2016). The effect of Achyranthes bidentata Blume polysaccharide (ABPS) on tumor growth depended on its dose. At the doses of 100 mg/kg and 50 mg/kg, ABPS inhibited the growth of mouse Lewis lung cancer by 5.36% and 40.06%, respectively. It was further found that the anti-cancer activity of ABPS was mediated by inducing cell cycle arrest, and that high-dose ABPS stimulated tumor growth was related to NK cell dysfunction, upregulation of IL-6 and TNF-α (Jin et al., 2007).

Clinically, plant polysaccharides also show good curative effects, and are often combined with radiotherapy and chemotherapy. As a result, the toxic and side effects of radiotherapy and chemotherapy can be reduced, while improving the efficacy. Ginkgo biloba L. exopolysaccharide (GBEP) capsules were administered orally to 30 patients with gastric cancer. Compared with before treatment, GBEP could reduce the tumor area by 73.4%. The changes of cell ultrastructure suggested that GBEP could induce tumor cell apoptosis and differentiation in patients with gastric cancer (Xu et al., 2003). In clinical trials, Ginseng polysaccharide injection was used in combination with chemotherapy to treat advanced malignancies such as lung, stomach and bowel cancer. The results showed that it could reduce the toxic and side effects of chemotherapy on patients, and improve the quality of life of patients, thereby enhancing the compliance of patient with chemotherapy. At the same time, Ginseng polysaccharide injection can improve the cellular immune function of patients and enhance the anti-cancer effect (Liu, 2008; Xu, 2015). In a phase II double-blind randomized placebo-controlled trial conducted by Astragalus polysaccharides (PG2), advanced head and neck squamous cell carcinoma (HNSCC) was treated with PG2 and chemoradiation. PG2 was found that have the ability to improve the quality of life and adverse reactions that may be related to radiotherapy (Hsieh et al., 2020). Clinical studies have confirmed that Astragalus polysaccharides (APS) combined with I125, cisplatin, gemcitabine and platinum, respectively, all can treat non-small cell lung cancer, improve the immune function of patient, reduce the toxicity and side effects of chemo(radio)therapy on patients, and improve the overall quality of life (Qin et al., 2009; Guo et al., 2012; Sun et al., 2014).

On the whole, plant polysaccharides have good effects on the treatment of cancer, and they have excellent clinical value as adjuvant drugs for tumor chemo(radio)therapy. Understanding the therapeutic mechanism of drugs is conducive to a more scientific understanding and development of drugs. Studies have found that polysaccharides can achieve anticancer effects through a variety of mechanisms, such as preventing cancer cell metastasis, enhancing immune activity, and inhibiting division, while the main mechanism is inducing apoptosis of cancer cells (Zong et al., 2012; Khan et al., 2019). Therefore, we will summarize and analyze the specific mechanism of inhibiting cancer by inducing apoptosis of cancer cells by plant polysaccharides.



Modulation of Apoptosis Pathway by Plant Polysaccharides in Cancer


Mitochondrial Pathway

The mitochondrial pathway begins with the apoptosis-regulating protein family represented by the Bcl-2 family (Wang et al., 2015). Stimulation of Bcl-2 homology 3 (BH3) proteins such as Bim, Bid, Bad, Puma, Noxa, may transiently interact with Bax or Bak, resulting in the inactivation of Bcl-2 and Bcl-XL and conformational changes of Bax and Bak (Prenek et al., 2017). Activated Bax and Bak can form higher-order homopolymers and stably insert into the outer membrane of mitochondria, which leads to the loss of MMP and promotes the formation of MOMP (Zhou X. et al., 2017; Heinicke et al., 2018). MOMP further promotes the release of cytochrome c into the cytoplasm, which is considered to be a key factor in apoptosis. Once cytochrome c is released, it and Apaf-1 co-activate the initiator Caspase and activate the end effector Caspase to induce apoptosis (Huang et al., 2015). A study in 2015 reported that after the treatment of Millettia pulchra (Voigt) Kurz (Yulangshan) polysaccharide (YLSPS), the apoptosis index of 4T1 cells obviously increased, and the primary breast cancer tumors significantly regressed. Related mechanisms have also been revealed, namely that YLSPS could induce mitochondrial-dependent apoptosis by reducing Bcl-2 levels and increasing Bax levels, releasing cytochrome c, and activating caspase-3 (Qin et al., 2019). An in vivo investigation showed that Astragalus membranaceus Fisch. ex Bunge polysaccharide (APS) inhibited 57.57% of breast cancer tumors by reducing the expression of Bcl-2 protein and up-regulating the expression of Bax, Caspase-9, and Caspase-7. Consequently, this study confirmed the effectiveness of APS in apoptosis regulation (Xie R.-D. et al., 2019). Glycyrrhiza inflata Batalin polysaccharide (GIAP1) dose-dependently inhibited the proliferation of SCC-25 cells via inducing apoptosis. The relevant mechanism was related to reduce Bax/Bcl-2 ratio, disrupt the MMP, and cause the release of cytochrome c to cytosol. Besides, GIAP1 triggered activation of capase-3 and Caspase-9, as well as the degradation of PARP (Zeng et al., 2015).

In normal cells, ROS can be promptly eliminated by antioxidants such as glutathione, superoxide dismutase and peroxidase, maintained at low levels, and harmless (Dong et al., 2019). However, in tumor cells, ROS production is excessive and cannot be cleared in time, leading to oxidative stress (Dong et al., 2019). If further stimulation is given to increase the production of ROS, it will aggravate oxidative stress and participate in mitochondrial pathway to induce apoptosis (Li et al., 2017a; Cho et al., 2018; Sun et al., 2018). It has been demonstrated that an alkaline polysaccharide (ADAPW) from Dipsacus asperoides C.Y.Cheng & T.M.Ai showed apoptosis in human osteosarcoma cell line HOS cells. This was because ADAPW caused a considerable intracellular ROS production, resulting in a remarkable change in MMP (Chen et al., 2013b). APS4, a novel cold-water-soluble polysaccharide was isolated from Astragalus membranaceus Fisch. ex Bunge, which had the potential to induce human gastric cancer MGC-803 cell apoptosis. APS4 significantly generated a large amount of ROS and then caused the collapse of MMP, the increase of the pro-apoptotic/anti-apoptotic (Bax/Bcl-2) ratios, ultimately the cleavage of PARP (Yu et al., 2019). Similarly, Sargassum wightii Greville ex J.Agardh polysaccharides induced the apoptosis in the breast cancer cells by increasing ROS generation, cleaving mitochondrial membrane and nuclei damage (Vaikundamoorthy et al., 2018).

P53 induces apoptosis mainly through the mitochondrial pathway (Zhang S. et al., 2019). The ability to induce apoptosis may depend on the transcription of the gene and may not be related to transcription (Zhao et al., 2012). Activated p53 moves to the nucleus and regulates the transcription of these pro-apoptotic genes such as Puma, Bax, Bak, Noxa and Bid (Zhao et al., 2012; Yamada and Yoshida, 2019). Additionally, at the beginning of apoptosis, p53 can directly interact with pro-apoptotic factors in mitochondria, activating Bax and/or Bak (Zhao et al., 2012; Yamada and Yoshida, 2019).Se-containing polysaccharides from Pyracantha fortuneana (Maxim.) H.L.Li (Se-PFPs) had required potential to combat breast cancer. It has been indicated that Se-PFP could inhibit 80% of breast cancer tumors by inducing apoptosis via promoting the expression of p53 and the further increasing Bax, Puma, and Noxa, decreasing Bcl2, and increasing Caspase-3 activity in MDA-MB-231 cells (Yuan et al., 2016). Similarly, it has been reported that peony seed dreg polysaccharides (CASS) triggered apoptosis in cervical cancer Hela cells and this was closely related to the accumulation of P53 by CASS, leading to the release of downstream mitochondrial factors cytochrome c to cytosol, the activation of initiator Caspases- 8 and -9, and subsequent the cleavage of Caspase-3 (Zhang F. et al., 2017). The expression of p53 was significantly increased in the treatment of Cymbopogon citratus (DC.) Stapf polysaccharide, which down-regulated the expression of anti-apoptotic factor Bcl-2, up-regulated the pro-apoptotic factor Bax, and induced cell DNA fragmentation. In addition, it could also up-regulate Caspase 3, down-regulate Bcl-2 family genes and promote the release of cytochrome c, and finally successfully achieved the induction of apoptosis to regulate reproductive cancer (Thangam et al., 2014).

Of course, there are many plant polysaccharides that could induce apoptosis of various cancer cells through the mitochondrial pathway similar to the above. The specific mechanism is shown in Figure 1 and Table 1.



Death Receptor Pathway

Activate death receptors and trigger the family of TNF, including TNF-R1, Fas (also known as CD95 or Apo-1 TNFRSF6), TRAIL receptors (TRAIL-R1, TRAIL-R2, also known as DR4 and DR5), DR3 and DR6, are also common apoptosis pathways (Zhou X. et al., 2017). These receptors are stimulated and involved by the corresponding ligand, leading to the aggregation of receptors, the recruitment of FADD, and subsequent accumulation of proCaspase-8, which in turn activates Caspase-8 (Huang et al., 2018). Activated Caspase-8 can directly activate Caspase-3, -7 and play a pro-apoptotic effect (Liang et al., 2018). Caspase-8 can also induce MOMP and trigger the release of cytochrome c by cleaving Bid, initiating the effect of Caspase activation and apoptosis (Zhou X. et al., 2017). Figure 2 depicts the pro-apoptotic activity of plant polysaccharides via death receptor pathway. Several plant polysaccharides have been found to affect death receptors. The anti-laryngeal cancer activity of Boschniakia rossica (Cham. & Schltdl.) B.Fedtsch. polysaccharide (BRP) was the result of its induction of apoptosis in Hep2 cells through death receptor-mediated pathway. The specific mechanism is that BRP promoted nitric oxide (NO) production and increased the secretion of TNF (Yao et al., 2017), and also increased the expression of death receptor DR5 and promoted pro-Caspase-3, pro-Caspase-8, pro-Caspase-9 and Bax cleavage, and reduced Bcl-2 (Wang et al., 2014). Qu et al. found that a polysaccharide, TFPB1, from the flower buds of Tussilago farfara L. exerted a pro-apoptotic effect in human lung cancer A549 cells, while up-regulating the expression of Fas, FasL, and Bax, and down-regulating the expression of Bcl-2 is one of the reasons (Qu et al., 2018). Death receptor-mediated extrinsic apoptotic pathway was involved in the Panax ginseng C.A.Mey. polysaccharide (PGP2a)-induced apoptosis in HGC-27 cells, which was manifested in that PGP2a increased significantly the expression of Fas and FasL, further promoted the cleavage of pro-Caspase-8, and activated Caspase-9 and Caspase-3 (Li C. et al., 2014). Ginger polysaccharide (GP), which consists of L-rhamnose, D-arabinose, D-mannose, D-glucose, and D-galactose in a molar ratio of 3.64: 5.37: 3.04: 61.03: 26.91, has been shown that have good effects in the induction of hepatocellular carcinoma HepG2 cells apoptosis. This may be related to up-regulate the expression of Bax, Fas, FasL, Caspase-3, p21, and p53, and down-regulate the expression of Bcl-2 (Wang et al., 2019). In lung cancer A549 cells, Gracilariopsis lemaneiformis (Bory de Saint-Vincent) E.Y.Dawson, Acleto & Foldvik polysaccharide (PGL) induced apoptosis by activating genes involved in the death receptor apoptotic pathway and that the Fas/FasL signaling pathway might play a critical role (Kang et al., 2017). Interestingly, Carthamus tinctorius L. polysaccharide (SPS) injection also inhibited 80% of lung cancer tumor growth in mice, probably due to its positive effect on TNF-α and IL-6 expression (Li J. Y. et al., 2016). Combination medication is often an effective way to treat disease. Chen et al. studied the effect of combination of Lycium barbarum L. polysaccharide (LBP) and TRAIL on MLL rearranged leukemic cells. The results showed that a significant increase in the expression level of DR5 receptor, Caspase-8, Caspase-3, Caspase-9, and Bad, indicating that LBP and TRAIL can further increase the sensitivity of MLL-ALL cell lines to TRAIL-induced apoptosis by increasing the expression level of DR5 receptors on cells (Chen C. et al., 2019).



The Regulation of Signal Conduction

Apoptosis can be induced not only directly through the mitochondrial pathway and death receptor pathway, but also by affecting their upstream signal transduction (Wei et al., 2011). Plant polysaccharides have been found that they could affect some upstream signal transduction such as MAPK Pathway, PI3K/AKT Pathway, NF-κB Pathway, as shown in Figure 3 and Table 1.


MAPK Pathway

Many of the signaling pathways that regulate cancer cell apoptosis are members of the MAPKs family (Papa et al., 2019). Extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 kinase are three well-defined MAPK subfamilies in mammals (Petrache et al., 1999). JNK promotes apoptosis through two different mechanisms. The translocation of activated JNK to the nucleus increases the expression of pro-apoptotic genes by activating c-Jun/AP1 dependent mechanisms (Dhanasekaran and Reddy, 2008). On the other hand, the activated JNK translocates to mitochondria and phosphorylates BH3 protein, thereby antagonizing Bcl-2 and Bcl-XL, and finally exert anti-apoptotic activity (Iurlaro and Muñoz-Pinedo, 2016). ERK is one of the anti-apoptotic members. ERK is usually deregulated in tumors due to mutations in Ras or B-Raf. It mainly exerts a anti-apoptotic effect by promoting the activity of anti-apoptotic proteins such as Bcl-2, Bcl-XL, Mcl-1, IAP, and inhibiting apoptotic proteins such as Bad and Bim (Westhoff and Fulda, 2009; Cagnol and Chambard, 2010).While p38 MAPK-dependent apoptosis is mediated by STAT1, CHOP, FAK, SMAD, cytochrome c, NF-κB, PTEN, and p53-mediated downstream events (Yokota and Wang, 2016). SCP, a polysaccharide from Schisandra chinensis (Turcz.) Baill., showed high cytotoxic potential in Caki-1 cells by inducing apoptosis, which was related to inhibit ERK1/2 phosphorylation and further induce apoptosis in the mitochondrial pathway (Liu et al., 2014). Aconitum coreanum (H.Lév.) Rapaics polysaccharide (CACP) could significantly inhibit the growth of hepatocellular carcinoma cells, and its tumor suppression rate could reach 45.9%, which is the result of CACP treatment activating the p-p38 MARK-dependent apoptosis pathway (Liang et al., 2015). It has been reported G. lemaneiformis polysaccharide-Nano-selenium particles (GLP-SeNPs) had high selectivity between normal cells and cancer cells, and could effectively and safely fight cancer. Its anticancer effect was mainly dependent on the MAPKs pathway. GLP-SeNPs were capable of upregulating the phosphorylation of pro-apoptotic kinases p38 and JNK in a dose-dependent trend, however, remarkably repressing the phosphorylation of antiapoptotic kinases AKT and ERK (Jiang et al., 2014). Cisplatin is one of common chemotherapy drugs that can kill cancer cells by mediating apoptosis. Interestingly, APS could increase the sensitivity of ovarian cancer SKOV3 cells to cisplatin, which may be related to APS activating JNK1/2 signalling pathway (Li C. et al., 2018).



PI3K/AKT Pathway

PI3K/AKT is involved in regulating cell proliferation, apoptosis and cell cycle, and is an anti-apoptotic pathway worth exploring (Franke et al., 2003; Liu et al., 2019). In tumor cells the PI3K/AKT signaling pathway is mostly activated (Xie et al., 2017). Activated AKT directly phosphorylates Ser136 of Bad, which binds to the 14-3-3 protein, promotes Bcl-2/Bcl-XL expression, thereby inhibiting apoptosis through the mitochondrial pathway (Chang et al., 2003; Arlt et al., 2013). In addition, AKT can inhibit apoptosis by activating NF-κB (Chang et al., 2003). Blocking this pathway can effectively promote cancer cell apoptosis to exert anti-cancer effect. SPS2p is a Scutellaria barbata D.Don polysaccharide that could inhibit the activation of the PI3K/AKT signaling pathway in colon cancer cells. This was demonstrated by the fact that SPS2p could promote HT29 cell apoptosis via down-regulating the ratio of p-AKT/AKT, and the expression of Bcl-2 (Sun et al., 2017). It was found that Aster tataricus L.f. polysaccharide (ATP-II) induced apoptosis in glioma cells by reducing the PI3K/AKT signaling pathway. Specifically, ATP-II down-regulated p-AKT protein expression and regulated the ratio of AKT-mediated pro-apoptotic and anti-apoptotic protein Bax/Bcl-2 (Du et al., 2014). Chen et al. studied the antitumor effect of G. inflata polysaccharide (GPSa) on human hepatocellular carcinoma cells and its mechanism, and it was found that GPSa had good anticancer activity in vitro and in vivo. The possible mechanism was that it promoted the apoptosis of H22 cells by influencing the P53/PI3K/AKT pathway (Chen et al., 2013a). In addition, Kwon and Nam found that Capsosiphon fulvescens (C.Agardh) Setchell & N.L.Gardner polysaccharide (Cf-PS) stimulated AGS cells significantly decreased Bcl-2 expression, activated Caspase-3, inactivated the PI3K/AKT pathway, and showed anti-gastric cancer activity (Kwon and Nam, 2007). In 2016, Li et al. reported that SPS inhibited tumor growth by reducing the expression of AKT, p-AKT, and PI3K and increasing mRNA levels of Bax and Caspase-3 (Li J. Y. et al., 2016). In hepatocellular carcinoma HepG2 cells, Cornus officinalis Siebold & Zucc. polysaccharide could promote the expression of apoptosis-related proteins Bax and Caspase-3, and inhibit the expression of Bcl-2 and PI3K/AKT pathway-related proteins, thus showing pro-apoptotic activity (Li and Sun, 2019). In the same way, CACP could promote apoptosis by inactivating the P13K/AKT signaling pathway and inhibit H22 cell growth in vitro and in vivo (Liang et al., 2015).



NF-κB Pathway

NF-κB is one of the key factors controlling the anti-apoptotic response (Namba et al., 2007). In the cytoplasm, NF-κB (p50/p65) and lkB combine to form a trimer, and p50/p65 is unable to undergo nuclear translocation in the resting state of cell (Yu et al., 2017). When cells are stimulated by specific external signals, IKKβ subunit of IKK is activated by phosphorylation, which in turn causes phosphorylation of Ser32 and Ser36 sites of IkBα (Hayden and Ghosh, 2004). Phosphorylated IkBα is then degraded to p50/p65 for nuclear translocation (Hayden and Ghosh, 2004; Oeckinghaus and Ghosh, 2009). Translocated NF-κB induces expression of anti-apoptotic genes, such as Bcl-Xl and Bcl-2, leading to enhance survival while avoiding apoptosis of most cells (Ward et al., 2004; Namba et al., 2007; Nguyen et al., 2014). Multiple chemotherapeutics play an anti-cancer role by blocking this pathway (Zhang K. et al., 2019). In OVCAR-3 cells, in addition to significantly affect the mitochondrial pathway, Polygala tenuifolia Willd. polysaccharide (PTP) treatment could reduce the expression of NF-κB, thereby triggering cell death signals in the programmed external pathway of tumor cells (Zhang et al., 2015). A similar mechanism was found in Hordeum vulgare L. polysaccharide (BP-1) to stimulate human colon cancer cells (HT-29). BP-1 could inhibit the transfer of NF-κB from the cytoplasm to the nucleus. This further affected apoptosis-related proteins, such as Bcl-2, promoted the release of cytochrome c from mitochondria to the cytoplasm, and the activation of Caspase-8 and Caspase-9 to induce apoptosis (Cheng et al., 2016). Furthermore, Portulaca oleracea L. Polysaccharide (POL-P3b) could inhibit the expression of TLR4, MyD88, TRAF6, AP-1, and NF-κB subunit P65 in HeLa cells, thereby inhibiting the TLR4/NF-κB pathway to induce Cervical cancer cells apoptosis (Zhao R. et al., 2017).




Other Pathways

Apoptosis is regulated by multiple targets and multiple pathways. In addition to the above mechanisms, plant polysaccharides can affect many other pathways to induce apoptosis. CREB is a major inductor of apoptosis activation, ASP could regulate the activation of Bcl-2 through CREB signaling pathway to induce apoptosis and to produce a profound antitumor effect on T47D cells (Zhou et al., 2015). Abnormal activation of STAT3 is necessary for the survival of many human cancer cells, and inhibition of JAK2/STAT3 pathway by inhibitors or siRNAs can reduce cell survival and induce apoptosis (Shu et al., 2011). Shen et al. reported that Pumpkin polysaccharide (PPPF)-induced apoptosis in HepG2 cells may be mediated by the JAK2/STAT3 signal transduction pathway (Shen et al., 2017). The expression, abundance, and activity of ERα were increased in most of breast cancers (Lundqvist et al., 2018). Sparganium stoloniferum (Buch.-Ham. ex Graebn.) Buch.-Ham. ex Juz. polysaccharide (SpaTA) could regulate the expression of ERα and activate its genomic functions by inducing the downstream estrogen pathway, and then further activated the Caspase cascade to exert apoptosis in an ERα-dependent manner (Wu Y. et al., 2017). Twist and its downstream AKR1C2 and NF1 genes can induce tumor progression, cell proliferation and tumorigenesis in HGC-27 cells. It has been found that PGP2a-induced gastric cancer HGC-27 cell apoptosis may be mediated by regulating the expression of Twist and its downstream genes (Li C. et al., 2014). G2/M phase arrest is closely related to early cell apoptosis. SPS induced lung cancer cells cycle arrest in the G2/M phase by reducing the expression of CDC25B and cyclin B1 (Li J. Y. et al., 2016).




The Absorption of Plant Polysaccharides In Vivo

Drugs must first enter the body in order to work, so the absorption pathways and bioavailability of plant polysaccharides should be discussed. Studies have found that polysaccharides may be absorbed by the intestine after oral administration. As early as 2014, Liao established a Caco-2 cell transport model and found that both Gastrodia polysaccharide and Grifola frondosa (Dicks). Gray polysaccharides could successfully transmembrane, and the polysaccharides remained basically unchanged without degradation. Further studies on its absorption pathway revealed that the uptake of two polysaccharides in the small intestinal cells is the clathrin heavy chain endocytosis pathway (Liao, 2014). A similar study was discovered in 2017. After oral administration of ASP, ASP could be absorbed through the large cell-drinking route and clathrin and small concave (or lipid raft) -related endocytosis, and enter the blood circulation to exert effect (Wang et al., 2017). While the absorption of Gynochthodes officinalis (F.C.How) Razafim. & B.Bremer (syn. Morinda officinalis F.C.How) polysaccharide in the small intestine was found to be accomplished through passive diffusion (Chen et al., 2012). However, in general, the oral absorption rate of polysaccharides is negatively affected by its molecular weight, and the bioavailability of most plant polysaccharides is low (Yi et al., 2014). To improve the bioavailability and pharmacological effects of bioactive polysaccharides, various particle delivery systems have been developed, such as liposomes, nanovesicles, nanoemulsions, and micelles (Li et al., 2017b; Ruttala et al., 2017). Morus alba L. (Fructus Mori) polysaccharides (MFP) were spheroidized by anti-solvent precipitation method. The oral bioavailability of MFP and its particles (MFP-NP1, MFP-NP2, MFP-NP3 and the size of their spheroidization is MFP-NP1> MFP-NP2> MFP-NP3) were evaluated by measuring the polysaccharide content in the plasma of mice. After 4 h of administration, the concentrations of MFP, MFP-NP1, MFP-NP2 and MFP-NP3 were 0.28, 0.58, 0.69, and 0.97μg/ml, respectively. The relative bioavailability of MFP- NP1, MFP- NP2, and MFP- NP3 are 4.81, 6.33, and 8.54 times, respectively, which are inversely related to their size (Chen and Fu, 2019). In addition, encapsulation of nanoencapsulated polysaccharides extracted from Taiwanofungus camphoratus (M. Zang & C.H. Su) Sheng H. Wu, Z.H. Yu, Y.C. Dai & C.H. Su (syn. Antrodia camphorata (M. Zang & C.H. Su) Sheng H. Wu, Ryvarden & T.T. Chang), enhanced its biological activity (Chang et al., 2015). The encapsulated nanoemulsion of Anthophycus longifolius (Turner) Kützing (syn. Sargassum longifolium (Turner) C.Agardh) polysaccharide was pretreated and sustainedly released in vitro, indicating an increase in its bioavailability (Shofia et al., 2018). Ophiopogon japonicus (Thunb.) Ker Gawl. polysaccharides (ROPs)-loaded liposomes showed more efficient and stronger antigen-specific immune responses than free ROPs (Fan et al., 2016). Interestingly, recent studies have shown that certain polysaccharides can inhibit tumors in the host. However, they cannot rely on absorption into the body to work due to their large molecular weight, but directly affect the gut microbiota. The gut microbiota has a symbiotic relationship with the host, plays a decisive role in host nutrition, immunity and metabolism, and it can regulate the effect of cancer treatment (Chen D. et al., 2019). For example, in a colorectal cancer mouse model, licorice and jujube polysaccharides positively regulated the intestinal microbial flora and affected certain metabolic pathways that are beneficial to the health of the host to exert antitumor effects (Zhang X. et al., 2018; Ji et al., 2020). After oral administration Dendrobium officinale Kimura & Migo (syn. Dendrobium huoshanense Kimura & Migo) polysaccharide, it could significantly change the physiological state of the intestine, enhance the function of the intestinal physiology, biochemistry and the intestinal immunological barrier, and regulate the composition of microbial population and microbial metabolism (Xie S. et al., 2019). In a study in 2019, D. officinale polysaccharide (DOP) was shown to have anti-breast cancer effects. But it was indigestible and non-absorbable, and eventually it was discovered that DOP exerted the effect by regulating the components of the intestinal flora related to anti-breast cancer (Li L. et al., 2019).



The Toxicity Analysis of Plant Polysaccharides

In the clinic, the treatment of cancer is a long-term process, so the study of drug toxicity is also necessary. The application of most plant polysaccharides to cancer shows no toxicity. Lung cancer was treated with SDP for 15 days, and all nude mice were observed to show no signs of death or toxicity. Further research found that SDP could induce A549 cells apoptosis, but had no significant effect on normal human fibroblasts WI38 (Lin et al., 2019). In addition, no mice died and no significant reduction in body weight was observed during 3 weeks of CAs-treated liver cancer, indicating that CAs have no significant toxicity to host animals (Zhao Y. et al., 2017). In one study, licorice polysaccharides have been shown to increase immune organ weight and index, activate immune cells, thereby inhibiting tumor growth, and had no toxic manifestations in CT 26 tumor-bearing mice (Ayeka et al., 2017). Chen et al. carried out a toxicity study of YLSP in male and female rats, and found that a single oral administration of 24 g/kg YLSP in the acute toxicity study did not cause toxicological symptoms or cause death. Also, in the chronic toxicity study, intragastric administration was performed for 26 weeks, followed by a 3-week recovery period, and no death or significant clinical symptoms were observed. In addition, no toxicity was found in measurements of body weight, food consumption, hematology, clinical biochemistry, organ weight (Chen et al., 2016). Male and female rats were given tamarind polysaccharide for 28 days without death and no pathological findings (Heimbach et al., 2013). In the toxicity test of Codonopsis pilosula (Franch.) Nannf. polysaccharide oral solution administered to rats, there were no significant changes in the general condition, behavior, hematology, blood biochemistry, and main organ pathology of rats in each group after 4 weeks of administration and two weeks after withdrawal (Hou et al., 2016). APS had no obvious toxicity in 30-day long-term toxicity test in rats. The growth and development of rats, viscera-body ratio, and other indicators did not show significant effects, and gross anatomy and histological observation showed no abnormal pathological changes (Liu and Xiao, 2011). In addition, plant polysaccharides from Aster tataricus, Panax ginseng, Angelica sinensis, Aralia elata (Miq). Seem., pumpkin and most others have no obvious toxic and side effects on normal cells or nude mice during the treatment process (Du et al., 2014; Li C. et al., 2014; Zhou et al., 2015; Liu et al., 2016b; Sun et al., 2016; Shen et al., 2017).



Conclusions and Perspectives

Multi-component plants and their extracts are often used to successfully treat various diseases, including suppressing cancer. Polysaccharides are active ingredients widely present in a large number of plants, and they can induce apoptosis through multiple targets and multiple pathways in the treatment of cancer. Therefore, in this review, we evaluated related articles that revealed how fifty plant polysaccharides can induce apoptosis and play a role in improving cancer cells in a multi-target, multi-path way. Mitochondrial-mediated pathway, death receptor pathway, and their upstream signal transduction such as MAPK pathway, PI3K/AKT pathway and NF-κB pathway are important pathways that affect apoptosis. As shown in Figures 1–3, plant polysaccharides can effectively play a pro-apoptotic effect and effectively improve cancer through these pathways. However, different plant polysaccharides can perform different apoptotic pathways, and different plant polysaccharides have different effects and mechanisms for different types of cancer, as shown in Table 1. And the high cancer cell apoptosis rate, cancer inhibition rate, and low cancer cell vitality reflect the superior anti-cancer effect of plant polysaccharides. The activity of polysaccharides is expressed in different units, which is difficult to compare with traditional anticancer drugs. However, at normal dosages, some plant polysaccharides had the same strength in inhibiting cancer as radiotherapy and chemotherapy. In addition, polysaccharide activity is closely related to structural characteristics, but plant polysaccharides are mostly mixtures in nature with complex structures and various types. Isolation, purification and structure determination of polysaccharides are difficult. Therefore, as shown in Table 1, the structural characteristics of most of the reported active polysaccharides are still unclear, and structure-activity relationships cannot be studied in detail. Nevertheless, the structural diversity and activity of polysaccharides depend to a large extent on their plant source. We have concluded that most of polysaccharides that induce apoptosis and produce anticancer activity come from these plants which are both functional foods and medical drugs, this is what we often call drug and food homology. In daily life, these plants are often widely used to supplement nutrition, and no serious physical injuries have been found. Therefore, in the research of anticancer drugs, we can pay close attention to these plants or their components that are homologous to medicinal and food products, which may have both strong biological activity and excellent safety.

In addition, we found that after oral administration some plant polysaccharides can be absorbed in the small intestine by passive diffusion, endocytosis, and so on. However, due to the large molecular weight of most polysaccharides, their bioavailability is still generally low. Using nanometer and liposome for encapsulation was found to improve their bioavailability and bioactivity. Subsequently, the effect of plant polysaccharides on the intestinal microflora provides us with new ideas. This can reveal why plant polysaccharides are not well absorbed but can inhibit tumor growth in vivo. So, in the subsequent research on the anticancer mechanism of plant polysaccharides, we can take influencing the gut microbiota as an important direction.

The ultimate purpose of the drug is to serve the clinic. Studies have shown that most plant polysaccharides have obvious anti-cancer effects and are non-toxic to normal organisms, ensuring clinical effectiveness and safety. However, the existing clinical research on plant polysaccharides is limited, and most polysaccharides have not been studied in human-specific clinical trials. One possible reason is that most plant polysaccharides are currently focused on anti-cancer mechanism research, but no overall animal experiments have been conducted to determine the efficacy of polysaccharides in vivo. Consequently, it is hoped that in the future research, the anticancer effect of plant polysaccharides in vivo can be comprehensively researched and entered into the clinical research stage as soon as possible.
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Background

Hyperoside (Hyp) is a flavonoid substance extracted from plants, which has the functions of anti-cancer, anti-inflammatory, and anti-oxidation. In the previous study, we found that Hyp reduced the injury of rat retinal vascular endothelial cells (RVECs) induced by H2O2.



Method

In the present research, we evaluated the protective effect of Hyp on the pathological damage of retina caused by high glucose of diabetes mellitus (DM) in in vitro and in vivo experiments. The effect of Hyp on cell viability, oxidative stress level, and apoptosis of RVECs was assessed.



Results

Hyp significantly reduced the of RVECs damage, oxidative stress level, and cell apoptosis induced by high glucose in vitro. In DM model rats, Hyp treatment could significantly reduce blood glucose levels and the pathological damage of retina caused by DM and increase the proliferation of RVECs while exerting the inhibition on apoptotic activity. Furthermore, Hyp treatment decreased the expressions of apoptotic proteins including caspase-3, caspase-9, and Bax in RVECs of DM rats, while increased the expression of anti-apoptotic protein Bcl-2.



Conclusion

Hyp may have protective effect on diabetes-induced retinopathy by reducing oxidative stress, inhibiting cell damage, and apoptosis induced by high glucose.
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Introduction

Diabetes is a metabolic disease which can lead to systematic complications including retinopathy, cardiovascular complications, and diabetic nephropathy. Among these complications, diabetic retinopathy can eventually lead to irreversible loss of vision or blindness. Currently, anti-vascular endothelial growth factor (VEGF) reagents and corticosteroids are broadly used in the clinic for treating this disease (Singer et al., 2016). Calcium dobesilate, which is an established vasoactive and angioprotective drug, has been used to treat diabetic retinopathy at the systematic and local ocular level with promising results (Haritoglou et al., 2009; Cai et al., 2017). However, these drugs may show some side effects, and not all patients respond to anti-VEGF agents. Therefore, it is necessary to further explore and develop new medicines to treat diabetic retinopathy.

Many studies show that medicinal plants are important resources for new drug research and development (Peng et al., 2018). Some studies have demonstrated that flavonoids have beneficial effects in treating diabetic complications (Testa et al., 2016). Based on many experiments, flavonoids have obvious anti-inflammation and anti-oxidative stress activities, which are highly beneficial in treating diabetic retinopathy. For example, polyphenol from cocoa could enhance the retinal silent mating type information regulation 2 homolog 1 (SIRT1) pathway in streptozotocin (STZ) induced-diabetic rats, thereby protecting the retina from oxidative stress damage in diabetes mellitus (Duarte et al., 2015). Treatment of another anti-oxidative flavonoid, eriodictyol, significantly attenuated inflammation and plasma lipid peroxidation in the retina, and preserved the integrity of blood-retinal barrier (BRB) (Bucolo et al., 2012).

Hyperoside (Hyp) is a flavonoid extracted from Hypericum and Crataegus species. The anti-oxidative activity of Hyp has been confirmed (Luna-Vazquez et al., 2013; El Hosry et al., 2016; Hao et al., 2016). Further studies have shown that Hyp also has anti-inflammatory (Sun et al., 2002) and anti-cancer (Ogawa et al., 2001; Hao et al., 2016) effects. In the STZ induced-diabetic rats, treatment of Hyp at 25 and 50 mg/kg doses for 30 days exhibited significant antihyperglycemic effect (Verma et al., 2013). This study also showed that Hyp could improve the function of pancreatic islets, increase glycolysis, and decrease gluconeogenesis. Regarding to diabetes-related complications, the protective effects of Hyp had been shown on diabetic nephropathy at early stage in a STZ induced-diabetic mouse model (Cai et al., 2017). Our previous results showed that Hyp could reduce the damage of isolated rat retinal vascular endothelial cells (RVECs) induced by H2O2 (Wu et al., 2013). However, the effect of Hyp on diabetic retinopathy and its possible mechanism remains to be elucidated. Therefore, this study was undertaken to examine the protective effect of Hyp on the damage of retina caused by high glucose of diabetes mellitus in in vitro and in vivo experiments, and its probable molecular mechanism.



Materials and Methods


Chemicals and Reagents

Hyperoside (purity≥98%) was purchased from Nanjing Zelang Medical Technological Co., Ltd (Nanjing, China). Superoxide Dismutase (SOD) and malondialdehyde (MDA) detection kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Reactive Oxygen Species (ROS) Assay Kit was purchased from Beyotime Institute of Biotechnology (Jiangsu, China). In situ cell death detection kit (12156792910) was purchased from Roche Diagnostics (Mannheim, Germany). All primers were synthesized by Invitrogen Corporation (Chengdu, China). SYBR Green real-time PCR Master Mix kit was purchased from Toyobo Corporation (Osaka, Japan). Anti-von Willebrand factor (vWF) antibody (ab201336) was purchased from Abcam (Cambridge, UK). Anti-Bax (sc-4239), anti-Bcl-2 (sc-509), anti-Cyto C (sc-13561), anti–caspase-3 (sc-7148), anti–caspase-9 (sc-81663) antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). HRP-conjugated goat anti-rabbit IgG (SA00001-2) or goat anti-mouse IgG (SA00001-1) was purchased from ProteinTech (Chicago, IL, USA).



Isolation, Culture, and Identification of Rat Retinal Vascular Endothelial Cells

Primary rat retinal vascular endothelial cells (RVECs) was obtained from retinas as described previously (Matsubara et al., 2000; Suzuki et al., 2003). Briefly, rats were sacrificed, eyes were removed rapidly, and placed into sterile HBSS solution supplemented with 1,000 U tobramycin for 30 min. Eyes tissues were separated 0.5 mm from the back of limbus corneae by cutting. After enucleation, tissues were rinsed with HBSS to eliminate the remaining retinal pigment epithelium. The retinas were finely cut into small pieces in tissue culture dishes and digested with three volumes of 0.25% collagenase for 90 min at room temperature. The mixture was filtered through 100-μm nylon mesh and centrifuged at 300g for 5 min. The pellets were re-suspended into DMEM supplemented with 10% FBS and seeded into fibronectin-coated dishes, and subsequently kept in 37°C incubator with 5% CO2. The cultured cells were identified by immunofluorescence staining using anti-vWF antibody.



Cell Viability, SOD Activity, MDA, and ROS Level of RVECs Induced by High Glucose

RVECs were adherent cultured in 96-well plates. After 6 h culture, the cells were pretreated with high glucose (30 mmol/L) for 24 h, then were incubated with Hyp (10 μg/ml) for 72 h. At 24, 48, and 72 h, respectively, 20 μl thiazolyl tetrazolium (MTT) solution (5 mg/ml, Roche) was added into each well in a total volume of 200 μl, and incubated for 4 h under dark. Thereafter, the supernatant was removed, DMSO (150 μl/well) was added to dissolve the produced formazan crystals. The absorbance was measured at 490 nm by multi-label Counter (Biotek Synergy 2). To measure the cell viability as a percentage, the absorbance of each sample was divided into the absorbance of the control and multiplied by 100. In the assay of SOD and MDA, the supernatant of cell culture were collected at 72 h after Hyp treatment. SOD activity and MDA level were measured according to the kit operation instruction. The ROS production was detected using 2′,7′-dichlorofluorescein diacetate (DCFH-DA) by flow cytometry. After the treatments, RVECs were harvested and resuspended in a serum-free medium containing DCFH-DA (10μM). After incubating for 30min at 37°C and washing with the serum-free medium, the fluorescent intensity of RVECs was measured using flow cytometry at 488nm excitation wavelength and 525nm emission wavelength.



Bax, Bcl-2, CytC, Caspase-9, and Caspase-3 mRNA Expression of RVECs Induced by High Glucose

As the group and treatment mentioned above, cultured cells were preincubated with high glucose (30 mmol/L) for 24 h and with Hyp (10 μg/ml) for 72 h. Total RNA was extracted and reverse transcribed into cDNA. Reactions were set up for real time PCR manufacturer's instructions (cDNA 2 µL, SYBR green mix 10 µL, 1 µL each forward or reverse primer (10 µM stock), 6 µL distilled water. The following primers were used: Bax, forward (5′-GGC GAT GAA CTG GAC AAC-3′) and reverse (5′-CCA AGG CAG CAG GAA GC-3′); Bal-2, forward (5′-GGC ATC TTC TCC TTC CAG-3′) and reverse (5′-CCC AGC CTC CGT TAT CC-3′); caspase-3, forward (5′-AGA TGT GGC TCT GTC C-3′) and reverse (5′-TGT GCT GTG GTC CTT-3′); caspase-9, forward (5′-GCA GTT GTG GGC GTT TC-3′) and reverse (5′-AGA GGC AGG AGG ATT GTT-3′); CytC, forward (5′-GGC TGC TGG ATT CTC-3′) and reverse (5′-GGC GAC ACC CTC ATA-3′); and β-actin, forward (5′-ACC CCG TGC TGC TGA CCG AG-3′) and reverse (5′-TCC CGG CCA GCC AGG TCC A-3′). Relative expression ratios were calculated according to the 2−△△Ct method. Each sample was analyzed in quadruplicate.



Experimental Animals and Group

Male Sprague Dawley (SD) rats (6–7 weeks old, 180–200 g) were purchased from SLAC Laboratory Animal Company (Shanghai, China) and housed in an animal facility with constant temperature (20–25°C), humidity (40–50%), and 12 h day and night switch light. Animals were supplied with sterile food and water. The research plan was approved by Ethics Committee of Army Medical University, and it adheres to international, national, and/or institutional guidelines for humane animal treatment and complies with relevant legislation.

Rats were randomly divided into two groups: normal control group (NG) and diabetes group (DG). All animals were supplied with normal rodent diet during the first week's acclimatization (considered as week 0). Subsequently, rats in NG were fed with the normal diet, while those in DG were fed with high-fat rodent pellet diet (HFD) for the duration of 4 weeks. Rats in DG were intraperitoneally injected with streptozotocin (STZ, 25 mg/kg) dissolved in 0.1 mM citric acid/sodium citric buffer (pH = 4.6) once a week for 8 weeks (Srinivasan et al., 2005; Wang et al., 2014). Before the injection, rats were fasted for 12 h. Rats in NG were injected with equivalent volume of 0.1 mM citric acid/sodium citric buffer solution. Next, DG rats were randomly divided into five groups: DG group; DG rats treated with 20 mg/kg Hyp (low-dose group, LG); DG rats treated with 50 mg/kg Hyp (medium-dose group, MG); DG rats treated with 100 mg/kg Hyp (high-dose group, HG), and DG rats treated with 50 mg/kg calcium dobesilate (positive control group, PG), respectively. Excluding the number of dead or unqualified blood glucose level animals in the process of modeling, the number of animals in each group was equal to 10 (n=10). Rats were daily treated with Hyp by intra-gastric administration once a day for additional 8 weeks. All animals were fed continuously according to their original feeding conditions during the whole experiment and sacrificed at the end of 20 weeks.



Blood Glucose and Histological Analysis

Blood glucose levels were monitored monthly using a blood glucose meter (Roche, Diagnostics, Mannheim, Germany). After sacrificed, eyeballs were quickly removed. The anterior segment and lens were removed, the retinal tissue around the papilledema was separated. The samples were fixed, dehydrated, and paraffin-embedded. HE staining was carried out to generate slices for light microscopy. The pathological changes of the retinas were analyzed.



Cell Viability and Cell Cycle Analysis

After treatment, retinas were isolated from all rats. RVECs was isolated from the retinas of rats in each groups as described above. Then, RVECs were seeded in 96-well plates pre-coated with fibronectin and cultured for 3 days. Cell viability was determined by MTT assay. In the cell cycle analysis, RVECs were harvested on day 3 and fixed in cold 70% ethanol for 18 h. After washing with PBS, cells were stained with propidium iodide (PI)/RNase dying solution (50 μg/ml PI and 10 μg/ml RNase). Cell cycles were analyzed on a BD FACSCalibur™ flow cytometer (BD Biosciences, CA, USA).



Cell Apoptosis

Cell apoptosis was detected with the TUNEL assay using an in situ cell death detection kit (Roche Diagnostics, 12156792910). The images were taken with a fluorescence microscope (Olympus) and analyzed by Image J software. Apoptotic cells were determined by direct visualization by fluorescence microscopy in three independent experiments. The percentage of apoptotic cells is equal to the number of apoptotic cells/(the number of normal cells + the number of apoptotic cells).



mRNA Expression by Real-Time RT-PCR in the In Vivo Experiment

RVECs derived from each group of rats were collected. Real time PCR reaction was made as described above. Briefly, total RNA was extracted and reverse transcribed into cDNA. Reactions were set up for real time PCR manufacturer's instructions. Relative expression ratios of Bax, Bcl-2, CytC, caspase-9, and caspase-3 were calculated according to the 2−△△Ct method. Each sample was analyzed in quadruplicate.



Protein Expression by Western Blot in the In Vivo Experiment

RVECs derived from each group of rats were collected and lysed in 100-μl RIPA buffer containing cOmplete™ Protease Inhibitor Cocktail (Roche, 11873580001). The cell lysates were centrifuged at the 10,000g for 20 min at 4°C, and the supernatant was kept for the Western blot assay. BCA method was used to determine the protein concentration in each cell lysate sample. 30 μg of protein was applied on SDS-PAGE. The protein gels were transferred onto PVDF membranes. The membranes were incubated with primary antibody anti-Bax (1:500), anti-Bcl-2 (1:500), anti-Cyto C (1:500), anti–caspase-3 (1:500), anti–caspase-9 (1:500) overnight at 4°C, and then incubated with secondary antibodies HRP-conjugated goat anti-rabbit IgG (1:2000) or HRP-conjugated goat anti-mouse IgG (1:5000) at room temperature for 1 h. Protein was detected using ECL system (Roche) and normalized by β-actin.



Statistical Analysis

Statistical analysis was performed with SPSS18.0 software. Data were represented by mean ± SD, analyzed by one-way ANOVA for cell viability, cell cycle analysis, cell apoptosis, and Western blotting. Unpaired T-test was used for blood glucose levels.




Results


Isolated Cells Consist of a Nearly Pure Population of Endothelium Origin

Immuno-fluorescence staining of vWF, a specific marker expressed on vascular endothelium was performed on all our cultured RVECs (Boeri et al., 1994). An example of such staining is shown in Supplementary Figure S1. Homogeneous staining of vWF can be seen on the cultured RVECs, indicating these cells consist of a nearly pure population of endothelium origin.



Hyp Reduces the Damage of RVECs Viability Induced by High Glucose In Vitro

The effect of Hyp on RVECs viability treated by high glucose (GLU) using MTT assay. As shown in Figure 1, Hyp only had no influence on RVECs viability compare to control group. GLU incubation could decrease the viability of RVECs at the different time points after treatment. Hyp treatment significantly reduced the damage of cell viability induced by GLU.




Figure 1 | The effect of Hyp on RVECs viability treated by high glucose (n=6). The viability of RVECs was measured by MTT assay. RVECs were adherent cultured in 96-well plates. The cells were pre-treated with high glucose (30 mmol/L) for 24 h and incubated with Hyp (10 μg/ml) for 72 h. At 24, 48, and 72 h, respectively, 20 μl MTT solution was added and incubated for 4 h under dark. Thereafter, the supernatant was removed, DMSO (150 μl/well) was added to dissolve the produced formazan crystals. The absorbance was measured at 490 nm by multi-label Counter. To measure the cell viability as a percentage, the absorbance of each sample was divided into the absorbance of the control and multiplied by 100. **P < 0.01 compared to Control; ##P < 0.01 compared to GLU. GLU, high glucose; Hyp, hyperoside.





Hyp Increases the SOD Activity, Reduces MDA and ROS Level of RVECs Induced by High Glucose In Vitro

SOD is an antioxidant metal enzyme and plays an important role in anti-oxidative system. MDA is a biomarker of oxidative stress. To investigate the effect of Hyp on oxidative damage of RVECs induced by GLU treatment, the SOD activity and MDA level in the supernatant of cell culture was measured. The results showed that GLU treatment significantly decreased SOD activity and increased MDA level in the supernatant of RVECs. The activity of SOD in the Hyp + GLU group is higher than that in the GLU group (Figure 2A). Hyp treatment significantly decreased the MDA (Figure 2B) and ROS (Figure 2C) level of in the supernatant of RVECs induced by GLU.




Figure 2 | The effect of Hyp on SOD activity and MDA level of RVECs induced by high glucose (n=6). RVECs were adherent cultured in 96-well plates. The cells were pre-treated with high glucose (30 mmol/L) for 24 h and incubated with Hyp (10 μg/ml) for 72 h. The supernatant of cell culture were collected. The SOD activity (A) and MDA level (B) in the supernatant of RVECs was measured according to the kit operation instruction. The ROS production (C) was detected using DCFH-DA by flow cytometry. **P < 0.01 compared to Control; ##P < 0.01 compared to GLU.





Hyp Reduces the Changes of Apoptotic Proteins and Anti-Apoptotic mRNA Expression Induced by High Glucose In Vitro

Caspase 3, caspase 9, Bax, and Cyto-C are several representative apoptosis regulatory proteins, Bcl-2 is a typical anti-apoptotic protein. And their expressions are closely correlated with cell apoptosis. By real-time PCR assay, the mRNA expression of pro-apoptotic and anti-apoptotic protein induced by GLU were measured. The results showed that GLU could increase the mRNA expression of these pro-apoptotic proteins and decrease the expression of anti-apoptotic protein. Treatment with Hyp significantly inhibited up-regulation of caspase 3, caspase 9, Bax, and Cyto-C mRNA and down-regulation of Bcl-2 mRNA induced by GLU (Figure 3).




Figure 3 | The effect of Hyp on the relative expression of caspase-3, caspase-9, Bax, Cyto-C, and Bcl-2 mRNA. Cultured cells in 6-well plates were pre-incubated with high glucose (30 mmol/L) for 24 h and with Hyp (10 μg/ml) for 72 h. Total RNA was extracted and reverse transcribed into cDNA. Reactions were set up for real time PCR manufacturer's instructions. Expression ratios were calculated according to the 2−△△Ct method. Each sample was analyzed in quadruplicate. (A) Bax mRNA; (B) Bcl-2 mRNA; (C) caspase-3 mRNA; (D) caspase-9 mRNA; (E) Cyto C mRNA. **P < 0.01 compared to Control; ##P < 0.01 compared to GLU.





Hyp Treatment Reduced the Blood Glucose Level and Pathological Damage of Retina in Diabetic Retinopathy Model Rat

To investigate the effect of Hyp on diabetes - induced damage of retinas, we established a diabetic retinopathy rat model by feeding the rats with HFD and injecting with STZ. The result showed that diabetic rats had high blood glucose level (over 11.1 mM) and displayed syndromes including excessive drinking, eating, and urination (data not shown). As shown in Figure 4A, the blood glucose level in diabetic retinopathy rat was much higher than that in normal control rats. Hyp treatment could decrease blood glucose levels in diabetic rats in a dose-dependent manner. Hyp has been found to increase glycolysis and decrease gluconeogenesis in STZ-induced hyperglycemia (Verma et al., 2013). In this study, diabetic rats were divided into groups and treated with Hyp at different doses (no treatment-DG, 20 mg/kg-LG, 50 mg/kg-MG, and 100 mg/kg-HG, respectively) for 2 months. As a positive control, a group of diabetic rats were treated with 50 mg/kg calcium dobesilate (PG). Histology analysis showed that the pathological changes of retina in the model rats were charactered by the obvious retinal edema, retinal detachment, subretinal basement membrane thickening. Compared with control group, the number of pericapillary cells decreased significantly, accompanied by interstitial hemorrhage, fibrosis, vitreous degeneration, and so on. After treatment with different doses of Hyp, the retinal damage was reduced, and the number of pericapillary cells was increased compared with the model group (Figure 4B). However, calcium dobesilate (50 mg/kg) appeared to elicit a larger reduction in the blood sugar level compared with 100 mg/kg Hyp.




Figure 4 | Effect of Hyp on the blood glucose level and histology analysis of the retina in diabetic retinopathy rats (n=10). (A) Effect of Hyp on the blood glucose level of diabetic rats. (B) Histology analysis of the retina in diabetic rats. NG: rats were fed with the normal diet; DG: rats were fed with high-fat rodent pellet diet for 4 weeks and intraperitoneally injecting with streptozotocin (STZ, 25 mg/kg) once a week for 8 weeks. LG: DG rats were treated with 20 mg/kg Hyp; MG: DG rats were treated with 50 mg/kg Hyp; HG: DG rats were treated with 100 mg/kg Hyp; PG: DG rats were treated with 50 mg/kg calcium dobesilate. Rats in LG, MG, HG or PG were treated with Hyp or calcium dobesilate once a day for additional 8 weeks. All animals were sacrificed at the end of 20 weeks. ##P < 0.01 compared to Control; ***P < 0.001 compared to DG.





High-Dose Hyp Enhanced the Cell Viability and Promoted the Cell Proliferation in Diabetic Retinopathy Model Rat

To further determine the function of Hyp on vascular endothelium, primary RVECs were isolated from diabetic rats without treatment or with treatment of different doses of Hyp. The replication status on the cultured RVECs was evaluated by flow cytometry. As shown in Figures 5A, B the “% gated” of G0/G1 or G2/M phase in RVECs treated with Hyp prominently decreased compared with RVECs in DG. And Hyp treatment increased the percentage of S phase RVECs in DG rats. It was similar to calcium dobesilate-mediated effect on RVECs. Furthermore, Hyp treatment significantly increased the mean fluorescence intensity of G0/G1 phase cells and reduced the mean fluorescence intensity of G2/M phase cells, but had no influence on S phase cells (Figure 5C). Meanwhile, we determined the cell viability of RVECs isolated from diabetic rats. The cell viability was obvious increasing in RVECs from DG rats treated by Hyp compared with that in the cells from DG rats (Figure 5D).




Figure 5 | Effect of Hyp on cell viability and cell cycle analysis of the retinal vascular endothelium cells (n=6). RVECs derived from each group of rats were harvested and fixed in cold 70% ethanol for 18 h. After washing with PBS, cells were stained with PI/RNase dying solution. Cell cycles were analyzed on a BD FACSCalibur™ flow cytometer. (A) Photograph of effect of Hyp on cell cycle of cultured RVECs by flow cytometry. Statistical analysis of effect of Hyp on % gated (B) and mean fluorescence intensity (C) of cell cycle in cultured RVECs. (D) Effect of Hyp on cell viability of cultured RVECs by MTT assay. ##P < 0.01 compared to NG; *P < 0.05, **P < 0.01, ***P < 0.001 compared to DG.





Hyp Alleviated Cell Apoptosis Level From Histological Aspect

To reveal the mechanism of the protective effect of Hyp on diabetic retinopathy, TUNEL staining was used to detect the cell apoptosis of primary RVECs isolated from diabetic rats without treatment or with treatment of different doses of Hyp. Treatment with Hyp significantly inhibited cell apoptosis compared with DG in a dose-dependent manner (Figures 6A, B). Calcium dobesilate, as positive control, had similar result.




Figure 6 | The effect of Hyp on cell apoptosis of RVECs from diabetic rats (n=6). Cell apoptosis was detected with the TUNEL assay using an in situ cell death detection kit. RVECs derived from each group of rats were harvested and fixed after 3 days' cultivation according to the manufacture instruction. The images were taken with a fluorescence microscope and analyzed by Image J software. (A) Photograph of effect of Hyp on cell apoptosis of cultured RVECs. (B) Percentage of apoptotic cells on cultured RVECs treated by Hyp. ##P < 0.01 compared to NG; **P < 0.01 compared to DG.





Hyp Leads to the Down-Regulation of Apoptotic Proteins and Up-Regulation of Anti-Apoptotic Proteins Expression in Diabetic Retinopathy Model Rat

To confirm the effect of Hyp on apoptosis, we detected the levels of apoptotic proteins from the RVECs from diabetic rats without or with different doses Hyp treatment. The results of real time PCR (Figure 7) and Western blot (Figure 8) showed that Hyp could decrease the levels of caspase-3, caspase-9, Bax, and Cyto-C in DG model rat in a dose-dependent manner. In contrast, anti-apoptotic protein Bcl-2 level was increased at medium-dose and high-dose Hyp treatment groups. These changes were consisted with the calcium dobesilate-treated group (PG). These results suggest that Hyp promotes proliferation possibly through inhibition of apoptosis of the RVECs.




Figure 7 | The effect of Hyp on apoptotic and anti-apoptotic mRNA expression of RVECs from diabetic rats (n=4). RVECs derived from each group of rats were harvested in the plates and cultured for 3 days. Total RNA was extracted and reverse transcribed into cDNA. Reactions were set up for real time PCR manufacturer's instructions. Relative expression ratios were calculated according to the 2−△△Ct method. Each sample was analyzed in quadruplicate. (A) Bax mRNA; (B) Bcl-2 mRNA; (C) caspase-3 mRNA; (D) caspase-9 mRNA; (E) Cyto C mRNA. ##P < 0.01 compared to NG; **P < 0.01 compared to DG.






Figure 8 | The effect of Hyp on Bax, Bcl-2, Cyto C, caspase-3, caspase-9 expression of RVECs from diabetic rats (n=4). (A) Photograph of protein expression by western blot. (B) Statistical analysis of protein expression by western blot. RVECs derived from each group of rats were collected and lysed in 100 μl RIPA buffer containing cOmplete™ Protease Inhibitor Cocktail. The cell lysates were centrifuged and the supernatant was kept. The protein concentration was determined by BCA method. 30 μg of protein was applied on SDS-PAGE. The protein gels were transferred onto PVDF membranes. Primary antibody anti-Bax, anti-Bcl-2, anti-Cyto C, anti–caspase-3, anti–caspase-9 (1: 500, overnight at 4 ℃), secondary antibodies HRP-conjugated goat anti-rabbit IgG (1:2000) or HRP-goat anti-mouse IgG (1:5000). Protein was detected using ECL system and normalized by β-actin. ##P < 0.01 compared to NG; *P < 0.05, **P < 0.01 compared to DG.






Discussion

Hyp extracts from hypericum or cartages and has shown anti-oxidative, anti-inflammatory effects. However, its effect and mechanism on diabetic retinopathy has not been reported. In the present study, using a rat STZ–induced diabetic retinopathy model and rat retinal vascular endothelial cells, we initially investigated the therapeutic effect of Hyp on ameliorating the diabetes-induced damage of retinas. Our results showed that Hyp had the potential protective effects on diabetic retinopathy through anti-oxidation, inhibiting cell damage and apoptosis of RVECs induced by high glucose.

Diabetic retinopathy is recognized to be a microangiopathy occurring with diabetes, which is characterized by blood retinal barrier (BRB) breakdown, capillary basement membrane thickening, loss of pericytes, and the development of acellular and occluded capillaries (De La Cruz et al., 2004). Diabetes is known as a systematic metabolic disease associated with elevated inflammation (Brooks-Worrell and Palmer, 2012) and reactive oxygen species (ROS) generation (Igarashi et al., 1998; Kaneto et al., 2010). Our previous results also showed that Hyp had anti-oxidative effect on liver injury both in vivo and in vitro (Xing et al., 2011; Xing et al., 2015). Previous reports demonstrated that Hyp reduced the blood glucose level in a dose-dependent manner (Verma et al., 2013). This infusive effect inspired us to study its role on retinopathy. These results are consistent with our present findings about increasing the SOD activity, reducing ROS, MDA, and blood glucose level.

The diabetic retinopathy model by high-fat diet combined with STZ injection method is a classical model (Maines et al., 2006; Zhou and Zhou, 2007). The STZ-induced diabetic rat model displays morphologic and functional changes in the retinal vasculature similar to those observed in the early stage of human DR (Yu et al., 2001). To ensure the success of the model, fasting blood glucose (FBG) of all DG rats was measured regularly before Hyp administration. The average level of FBG of all DG rats, which were included in the final randomized grouping and administration, was higher than 20 mM. And those rat whose FBG was lower than this standard were excluded. Our results suggested that Hyp could decrease the FBG level of DG rat, and reduce its retinal damage and increase the number of pericapillary cells compared with the model group. Therefore, treatment of Hyp in diabetic rats has been demonstrated the potential improvement of retinopathy.

Calcium dobesilate has been used to treat diabetic retinopathy at the systematic and local ocular level with promising results. In present study, it was used as positive control drug to evaluate the experiment system and protective extent of Hyp on diabetic retinopathy. However, it is slightly disappointing that Hyp (100 mg/kg) did not show better efficacy than calcium dobesilate (50 mg/kg) in decreasing blood glucose level and reducing retinopathy.

Apoptosis is an major contributor to neuronal cell death in the early course of diabetic retinopathy (Zhang et al., 2008). In early diabetic retinopathy, RVECs apoptosis mainly contributes to BRB breakdown (Xu et al., 2018). Our previous study found that Hyp could antagonize rat retinal vascular endothelial cell apoptosis induced by oxidative damage (Wu et al., 2013). In the present study, we have demonstrated that there is no significant difference in cell viability between Hyp treated group and control group at the same time-point by the MTT assay. Therefore, we think that the effect of Hyp on cell proliferation is not directly stimulation, but Hyp can reduce the damage of RVECs viability induced by high glucose. This is a part of the protective mechanism of hyperoside on diabetic retinopathy. Furthermore, we have also demonstrated that Hyp treatment significantly inhibited RVECs apoptosis of DG rat in a dose-dependent manner. The results of qPCR and Western blot showed that Hyp treatment leaded to the down-regulation of apoptotic proteins (caspase-3, caspase-9, Bax, and Cyto-C) and up-regulation of anti-apoptotic proteins (Bcl-2) expression. During cell apoptosis, caspase-8 and -9 play the role of the initiator to in response to proapoptotic signals. Caspase-3 is as the effector, which through the cleavage of several vital proteins finally induce an apoptotic phenotype. Cleaved-caspase-3 is the active form of caspase-3. As several representative molecules of apoptosis signaling pathway, we detect the expression of caspase-3 and caspase-8 as representatives in this paper, but not to observe cleaved-caspase-3 and cleaved caspase-8. However, we also detected some other apoptotic signal molecules, such as Bax, Bcl-2, and CytoC, to prove the effect of hyperoside on apoptotic signal. The rate of cell viability and S phase cells in the RVECs from DG rats treated with Hyp was also higher than that in the RVECs of DG group in the dose dependent manner. These results suggest that the protective effect of Hyp on the diabetic retinopathy was closely related with inhibiting cell damage and apoptosis of RVECs induced by high glucose.

Hyp has shown to prevent glomerular podocyte apoptosis in STZ-induced diabetic nephropathy (Zhou et al., 2012). In addition, Hyp was reported to attenuate inflammation in human umbilical vein endothelial cells (Sun et al., 2002). Endothelial cells subjected to the oxidative damage can be protected by Hyp treatment through its anti-apoptosis pathways such as regulating SIRT-1 and Bcl-2 family (Zhang et al., 2008), regulating Mcl-1 and Bid (Liu et al., 2016), or mediation of P38 expression (Hao et al., 2016). These findings are fairly similar with our findings. Therefore, further study is needed to illustrate the beneficial effect of Hyp in treatment of human diabetes. It has been reported that Hyp can inhibit apoptosis induced by hydrogen peroxide through p38/c-fos, thus protecting umbilical vein endothelial cells (Hao et al., 2016). Our results also showed that Hyp attenuated hydrogen peroxide-induced L02 cell damage via MAPK-dependent Keap1–Nrf2–ARE signaling pathway (Xing et al., 2011) or GSK-3β Inactivation (Xing et al., 2015). As known to all, these pathways are also closely related to cell apoptosis and proliferation. Therefore, we speculate that feedback regulation between MAPK-Akt and GSK3β signaling pathways may be a potential target for Hyp in the treatment of diabetic retinopathy.



Conclusion

In summary, our study investigates the therapeutic effects of Hyp on diabetic retinopathy. Administering Hyp in diabetic rats ameliorates the injury of retinas. The RVECs from diabetic rats show increasing of proliferation in histological and cell cycle analyses. The effects of Hyp in improvement of the RVECs could be due to its inhibitory effect on anti-oxidation, inhibiting cell damage and apoptosis induced by high glucose. Our data indicate that Hyp may be a potential candidate for drug development in the therapy of diabetic retinopathy.
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Osteoarthritis (OA) is a degenerative disease found in middle-aged and elderly people, which seriously affects their quality of life. The anti-inflammatory and anti-apoptosis pharmacological effects of salvianolic acid A (SAA) have been shown in many studies. In this study, we intended to explore the anti-inflammatory and anti-apoptotic effects of SAA in OA. We evaluated the expression of pro-inflammatory mediators and cartilage matrix catabolic enzymes in chondrocytes by ELISA, Griess reaction, immunofluorescence, and Western blot, which includes nitric oxide (NO), tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), prostaglandin E2 (PGE2), inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), MMPs (MMP-3, MMP-13), and ADAMTS-5. Bax, Bcl-2, and cleaved caspase-3 were also measured by Western blot methods. The results of this experiment in vitro showed that SAA not only inhibited the production of inflammatory mediators induced by IL-1β and the loss of cartilage matrix but also reduced the apoptosis of mouse chondrocytes induced by IL-1β. According to the results of immunofluorescence and Western blot, SAA inhibited the activation of the NF-κB pathway and MAPK pathway. The results of these in vitro experiments revealed for the first time that SAA down-regulated the production of inflammatory mediators and inhibited the apoptosis of mouse chondrocytes and the degradation of extracellular matrix (ECM), which may be attributed to the inhibition of the activation of NF-κB and MAPK signaling pathways. In the in vivo experiments, 45 mice were randomly divided among three groups (the sham group, OA group, and OA + SAA group). The results of animal experiments showed that SAA treatment for eight consecutive weeks inhibited further deterioration of OA. These results demonstrate that SAA plays an active therapeutic role in the development of OA.
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Introduction

Osteoarthritis (OA) is a joint degenerative disease that seriously affects the quality of life of patients, leading to reduced function and even disability, which brings a huge economic burden to patients, families, and society (Kon et al., 2012; Johnson and Hunter, 2014). OA tends to occur in the middle-aged and elderly population, and the incidence of OA is increasing in countries where population aging is progressing (Lee and Kim, 2017; Prashansanie Hettihewa and Gunawardena, 2018; Rezus et al., 2019). It was reported that OA not only led to joint pain, deformity, and dyskinesia but also increased the incidence of cardiovascular disease (Fernandes and Valdes, 2015). At present, more and more scholars have been investigating the molecular mechanism of OA (Lieberthal et al., 2015; Marchev et al., 2017). Therefore, it’s particularly important to further study and improve the pathogenesis of OA to prevent the progress of OA.

Normal articular cartilage contains many cartilage extracellular matrixes, which are mainly composed of collagen (mostly type II collagen) and proteoglycan. These are very important to the biomechanical properties of cartilage and provide key elastic supports for joint activities (Wieland et al., 2005; Sarin et al., 2019). Cartilage is the most important pathological tissue of OA. Chondrocytes are the only cellular components in tissues that are involved in joint degeneration. The main pathological changes are the gradual destruction of the extracellular matrix (ECM) and the apoptosis of chondrocytes (Thomas et al., 2007). At present, the pathogenesis of OA is not clear, but more and more studies showed that the development of OA was closely related to the secretion of cytokines. It’s noteworthy that IL-1β played an important role in the entire process of chondrocyte inflammation and apoptosis (Chen et al., 2018; Sun and Hu, 2019). During the pathogenesis of OA, the increase of IL-1β not only results in the production of pro-inflammatory factors, including matrix metalloproteinases (MMPs), thrombin sensitive protein motifs (ADAMTS), inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and prostaglandin E2 (PGE2), but also increases the expression of apoptosis-promoting factors (such as Bax and cleaved caspase-3) (Kim et al., 2000; Sharif et al., 2004; Smith, 2006; Echtermeyer et al., 2009; Cheng et al., 2011). A number of studies have shown that the expression of the IL-1β-induced pro-inflammatory factors was achieved through the NF-κB pathway. IL-1β led to the degradation of IκBα after phosphorylation and promoted the entry of nuclear factor NF-κB into the nucleus, which mediated the secretion of inflammatory factors in chondrocytes (Marcu et al., 2010; Hayden and Ghosh, 2011). Besides, the NF-κB signaling pathway induced by IL-1β was not only involved in the inflammatory reaction against chondrocytes but also involved in the apoptosis of chondrocytes (Zhang et al., 2015). The signal pathway of the mitogen-activated protein kinase (MAPK) family mainly includes extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 (Geng et al., 1996; Johnson and Lapadat, 2002). Previous studies have shown that the activation of JNK and p38-MAPK promoted inflammation and apoptosis, and the ERK signaling pathway was also essential for cell survival (Iwayama et al., 2011). In addition, there is evidence that the use of MAPK inhibitors helps to reduce the expression of IL-1β-induced MMPs and alleviate the extracellular matrix (ECM) degradation (Liacini et al., 2002; Xie et al., 2015). Therefore, inhibiting these inflammatory pathways and reducing apoptosis of inflammation-related chondrocytes were considered to be an effective method for the treatment of OA.

Salvianolic acid A (SAA) extracted from the roots of Salvia miltiorrhiza Bunge (an edible food), has been shown to have anti-inflammatory and anti-apoptosis effects in many diseases (Su et al., 2015). Previous studies have found that SAA could protect from myocardial ischemia/reperfusion injury by reducing the production of inflammatory mediators (Yuan et al., 2017). Treatment of SAA exerts myocardial protection through activating Trx and inhibiting the JNK signaling pathway (Zhou et al., 2019). Some scholars have found in animal experiments that SAA impairing NF-κB signaling and increasing the expression of Bcl-2 has an anti-apoptosis function on damaged brain tissues (Chien et al., 2016). SAA binds to Toll-like receptor 4 (TLR4) to prevent the potential effects of LPS-challenged acute kidney injury (Zeng et al., 2020). In addition, SAA decreased production of TNF-α, IL-6, iNOS, and COX-2 by inhibiting the activation of NF-κB and MAPK signal pathways in HK-2 cells (Huang et al., 2013; Zhang et al., 2018). However, the role of SAA in the development of OA through the MAPK and NF-κB signaling pathways needs further exploration. In the present work, we speculated that SAA may alleviate the progress of OA by inhibiting inflammation and related apoptosis and that MAPK and NF-κB signaling pathways may be involved in this process.



Materials and Methods


Reagents

Salvianolic acid A (98% in purity) was obtained from Solarbio (Beijing, China), and Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s Medium F12 (DMEM/F12) were purchased from Invitrogen (Carlsbad, CA, USA). Dimethylsulfoxide (DMSO) was purchased from Sigma Aldrich (St Louis, MO, USA), and SAA was dissolved in DMSO and stored at 4°C. Cell counting kit-8 and caspase-3 cellular activity assay kit were purchased from Beyotime (ShangHai, China). IL-1β was obtained from PeproTech Inc. (NJ, USA). Primary antibodies against collagenase type II, COX-2, iNOS, MMP-3, ADAMTS-5, Lamin B1, and GAPDH were purchased from Proteintech Group (WuHan, China) and JNK, p-JNK, ERK, p-ERK, p38, and p-p38 were obtained from CST (MA, USA). Antibodies against p65 and IκBα were purchased from Cell Signaling Technology Sigma Aldrich (St Louis, MO, USA). Cleaved caspase3, Bax, and Bcl-2 antibodies were obtained from Wanleibio (Shenyang, China). Enzyme-linked immunosorbent assay (ELISA) kits to detect prostaglandin E2 (PGE2) were purchased from R&D Systems (Minneapolis, MN, USA). The Mouse MMP-3 ELISA kit was obtained from Solarbio Life Science (Beijing, China). Griess reagents were obtained from Bio-Swamp Life Science (Shanghai, China). Goat anti-rabbit and anti-mouse IgG-HRP were supplied by Boster (Wuhan, China), and Alexa Fluor®488-labeled and Alexa Fluor®594-labeled goat anti-rabbit IgG (H+L) secondary antibody were purchased from Jackson ImmunoResearch (West Grove, PA, USA). The 4’,6-diamidino-2-phenylindole (DAPI) was purchased from Beyotime (Shanghai, China).



Primary Mice Chondrocyte Culture

Ten C57BL/6 mice (5 males and 5 females, 10-days-old) were sacrificed following ethical approval obtained from the Medical Ethical Committee of the Second Affiliated Hospital, Wenzhou Medical University, and following the guidelines of the Animal Care and Use Committee of Wenzhou Medical University. After euthanization of mice (Animal Center of Chinese Academy of Sciences, Shanghai, China), articular cartilage was obtained from the knee joint and hip joint of the mice. Firstly, the articular cartilage pieces of the knee and hip joint of mice were washed with PBS two to three times. Before incubation with 2 mg/ml (0.1%) collagenase II for 4 to 6 h at 37°C, digestion was performed with 5 ml 0.2% type II collagenase in 0.2% trypsin-EDTA solution for 45 min. The digested cartilage tissue was added to the centrifuge tube of 15 ml and then centrifuged at 1,000 rpm for 3 min at 37°C. Then, the sediment was re-suspended with cell culture medium, which contained DMEM/F-12(89%), FBS(10%), penicillin and streptomycin antibiotics (1%). And cell pellets were implanted into 100 mm culture flasks and then incubated in 5% CO2 at 37°C. Until the confluence rate of cartilage cells reached 80% ~ 90%, 0.25% trypsin-EDTA (Djibouti, Invitrogen) was used to harvest the cells after chondrocyte were treated with or without SAA and IL-1β. Then, at the appropriate concentration, these cells were seeded into 100 mm culture flasks. The isolated primary chondrocytes were transferred to cryotubes and placed in a refrigerator at -80°C for subsequent cell experiments. Only chondrocytes of the 1st to 3rd generations were used in the experiment to avoid phenotypic changes.



Effect of SAA on Chondrocyte Viability

After treatment, cell viability was assessed by a Cell Counting Kit-8 (CCK-8; Beyotime, ShangHai, China) according to the manufacturer’s instructions. Mouse chondrocytes were seeded in a 96-well plate at a density of 5 × 103 cells per well in 100 µL of DMEM/F-12 medium and incubated at 37°C. The cells were then pretreated with increasing concentrations (0, 6.25, 12.5, 25, 50, 100, and 200 μM) of SAA for either 24 h or 48 h. Next, 10 μl of CCK-8 solution was added in each well. Mouse chondrocytes were incubated for another 2 h at 37°C before optical density was calculated by spectrophotometer. All experiments were performed five times.



Caspase-3 Activity Test

The mouse chondrocytes were pretreated with SAA at various concentrations (0, 6.25, 12.5, and 25 μM) for 24 h with or without rat recombinant IL-1β (10 ng/ml) for another 24 h. After collecting and lysing chondrocytes, caspase-3 activity was determined immediately. The activity of caspase-3 in five groups of cartilage cells was detected by caspase-3 cellular activity assay kit (Beyotime, ShangHai, China) according to the manufacturer’s operating guidelines. In short, 40 μl of detection buffer, 50 μl of sample or lysate were sequentially added to the 96-well plate, followed by 10 μl of Ac-DEVD-pNA (2 mM) and divided into five groups with a similar treatment. Next, it was incubated at 37°C for 60-120 min. Finally, the absorbance of pNA catalyzed by caspase-3 in different samples was determined by using a microplate system at 405 nm. All experiments were performed five times.



ELISA and the Griess Reaction

Mouse chondrocytes were seeded in 6-well plates and exposed to different concentrations (0, 6.25, 12.5, and 25 μM) of SAA 24 h prior to treatment with IL-1β (10 ng/ml). The cells cultured for another 24 h, and then the Griess reagent used as previously described was used to measure the concentration of NO (Au et al., 2007). By using a spectrophotometer to take a measurement, the optical density of each sample was obtained. Besides, ELISA kits were used to measure the concentration of PGE2 and MMP-3 following the manufacturer’s guidelines. All experiments were performed five times.



Western Blot Analysis

Equal amounts of protein (40 ng) extracted from chondrocytes were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels and then transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad, USA) at a constant current (300 mA) for 1 to 2 h. The membrane was blocked with 5% skim milk for 2 h before incubation with the primary antibodies against collagenase type II (1: 1000), COX-2 (1: 1000), iNOS (1: 1000), MMP-3 (1: 1000), ADAMTS-5 (1: 1000), Lamin B1 (1: 1000), GAPDH (1: 1000), JNK (1: 1000), p-JNK (1: 1000), ERK (1: 1000), p-ERK (1: 1000), p38 (1: 1000), p-p38 (1: 1000), p65 (1: 1000), IκBα (1: 1000), Cleaved caspase-3 (1: 1000), Bax (1: 1000), and Bcl-2 (1: 1000) overnight at 4°C. Subsequently, the membranes were incubated with the corresponding secondary antibodies for 2 h at room temperature. Eventually, the blots were visualized by Enhanced Chemiluminescence (ECL) kit, and the intensities of these blots were quantified using Image Lab 3.0 software (Bio-Rad). All experiments were performed five times.



Immunofluorescence

Chondrocytes were seeded in 6-well plates and were treated with or without SAA (25 μM) for 24 h, and then stimulated with or without IL-1β (10 ng/ml) for another 24 h. PBS was used to wash the cells three times and then treated with 4% paraformaldehyde for 15 min. After fixation, the chondrocytes were rinsed three times. Next, cells were treated with 0.1% Triton X-100 at room temperature for another 15 min. Blocked with goat serum for 1 h, mouse chondrocytes were incubated overnight with the dilution of the primary antibodies (MMP-13 (1:200) and p65 (1: 200)) at 4°C. After washing with PBS, chondrocytes were incubated with Alexa Fluor®488-labeled and Alexa Fluor®594-labeled goat anti-rabbit IgG (H+L) secondary antibody (1:400) in darkness for 1 h. Finally, they were washed three times with PBS before and after incubation with 4,6-diamino -2- phenylindole (DAPI) for 10 min. We randomly captured five areas of each slide from different groups (the control group, the IL-1β group, and the IL-1β + SAA group) using a fluorescence microscope (Olympus Inc., Tokyo, Japan). Finally, observers who were not involved in the experiment evaluated the fluorescence intensity using the Image J software 2.1 (Bethesda, MDUSA). Five areas were randomly selected for observation with a fluorescence microscope (Olympus Inc., Tokyo, Japan). The calculation of the average fluorescence intensity was done by professional researchers who were blinded to the experiment. All experiments were performed five times.



TUNEL Method

The terminal deoxynucleotidyltransferase (TdT) dUTP nick end labelling (TUNEL) method was used to measure apoptotic DNA fragmentations of chondrocytes. Chondrocytes seeded in 6-well plates were treated with or without SAA (25 μM) for 24 h, and then stimulated with or without IL-1β (10 ng/ml) for another 24 h. PBS was used to wash the cells three times and then treated with 4% paraformaldehyde for 15 min. After fixation, chondrocytes were permeabilized with 0.2% Triton X-100 for 10 min at room temperature. Next, mouse chondrocytes were washed with PBS three times and then stained in situ using a cell death detection kit (Hoffmann-La Roche Ltd., Basel, Switzerland) according to the manufacturer’s instructions. After chondrocytes were stained with 40, 6-diamidino-2-phenylindole (DAPI), a Nikon ECLIPSE Ti microscope was used to observe apoptotic chondrocytes in each group. Finally, five areas were randomly selected for observation with a confocal laser scanning microscope (Leica Microsystems, Germany). The rate of TUNEL-positive cells in each field was calculated. All experiments were performed five times.



Establishment of the Mice OA Model

Forty-five 10-week-old C57BL/6 male wild-type (WT) mice were bought from the Animal Center of the Chinese Academy of Sciences (Shanghai, China). The animal experiment was authorized by the Animal Care and Use Committee of Wenzhou Medical University. Mice were randomly allocated to three groups (n = 15 mice per group): (1) the sham group, (2) OA group (received intraperitoneal injections of DMSO), and (3) OA +SAA group (received SAA dissolved in DMSO by intraperitoneal injections in equal doses). An OA model was made by surgical destabilization of the medial meniscus (DMM) as previously described (Vasheghani et al., 2015). In brief, under the anesthesia of mice, the right knee joint capsule was cut from the medial patellar tendon of the OA group and OA +SAA group mice, and the medial meniscus ligament was cut with microsurgical scissors, while the mice in the sham group only cut the joint capsule without damaging the medial meniscus ligament. Mice were sacrificed at the eighth week after surgery, and the knee joints of mice were collected for further histopathological analysis.



Histological Analysis

Firstly, 4% paraformaldehyde was used to fix the knee joint for 48 h at room temperature. The knee joint was decalcified in 10% EDTA solution at room temperature for 4 weeks, embedded in paraﬃn blocks, and cut into 6μm thick slices. Secondly, knee sections from different groups (the sham group, OA group, and OA + SAA group) were stained with Modified Safranine O-Fast Green FCF Cartilage Stain (S-O) Kit which was purchased from Solarbio (Beijing, China). 15 mice in each group (the sham group, OA group, and OA + SAA group) were used for histomorphometric scoring. The sliced pigmented knee joints were observed under a microscope by blind method, and the degree of articular cartilage damage was assessed using the Osteoarthritis Research Society International (OARSI) scoring system as previously described (Gerwin et al., 2010). According to the previous description (Permuy et al., 2015), we measured the thickness of the medial subchondral bone plate from the Safranin O stained sections via Axio Vision software. Cartilage evaluation was mainly done by researchers who did not participate in animal experiments.



Statistical Analysis

All in vitro experiments were performed five times, while in vivo studies were performed once. In cell culture experiments, ten C57BL/6 mice (5 males and 5 females, 10 days old) were sacrificed and used to extract chondrocytes. Through the CCK-8 experiment, we found that SAA has no toxic effect on chondrocytes in the range of 0-25 μM. In the Caspase-3 activity test, ELISA, Griess Reaction, and Western blot experiments, we divided the mice into five groups as follows: control, IL-1β, IL-1β + SAA (6.25 μM), IL-1β + SAA (12.5 μM), and IL-1β + SAA (25 μM). In the Immunofluorescence and TUNEL experiment, we divided the mice into three groups as follows: control, IL-1β, and IL-1β + SAA (25 μM). Finally, data was collected and statistically analyzed using SPSS statistical software version 16.0. In animal experiments, forty-five 10-week-old C57BL/6 male wild-type (WT) mice were randomly allocated to three groups (n = 15 mice per group): (1) the sham group, (2) OA group, and (3) OA +SAA group. We collected the knee joints of mice in each group and made them into 6μm thick slices and stained them with S-O staining. Then, we compared the thickness of the subchondral bone plate and the OARSI score to assess the degree of articular cartilage degradation. Finally, we used SPSS statistical software version 16.0 for statistical analysis.

The data of the experimental results are expressed by the mean ± standard deviation (SD), and then the statistical analysis was carried out by using the SPSS statistical software version 16.0. In this study, one-way analysis of variance (ANOVA) was used to compare multiple factors and verified the assumption of normality and tested the homogeneity of variance. Data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s test for statistical comparisons. The data differences between the groups were further analyzed and the average difference was expressed as a 95% confidence interval (CI). Nonparametric data (like OARSI score) were analyzed by the Kruskal-Wallis H test. P < 0.05 was regarded as having statistical significance. The following symbols were used to indicate statistical significance: * indicate P < 0.05, ** and ## indicate P < 0.01.




Results


Effect of SAA on the Toxicity of Cartilage Cells In Vitro

Figure 1A shows the molecular chemical structure of SAA. To ensure the safety of SAA on mouse chondrocytes, CCK-8 assay was used to detect the toxic effect of SAA on mouse chondrocytes. We observed the cytotoxic effects of SAA (0, 6.25, 12.5, 25, 50, 100, and 200 μM) at different concentrations on chondrocytes after 24 h and 48 h. As shown in Figures 1B, C, the results of the CCK-8 assay showed that SAA at 6.25, 12.5, and 25 μM had no obvious cytotoxicity effect on cultured mouse chondrocytes. Compared with untreated mouse chondrocytes, the higher concentration of SAA (50, 100, and 200 μM) reduced viability of chondrocytes. Therefore, SAA at a concentration of 0–25 μM were considered to be nontoxic concentrations and allowed to be used in subsequent experiments. From Figure 1D, we found that SAA reversed the cell viability treated with IL-1β.




Figure 1 | Pharmacological effect of SAA on mouse chondrocytes cultured in vitro. (A) Chemical structure of SAA. (B, C) The inhibitory effect of SAA on the growth of mouse chondrocytes at different concentrations (0, 6.25, 12.5, 25, 50, 100, and 200 µM) was determined by CCK-8 assay at 24 and 48 h. (D) The CCK-8 results of mouse chondrocytes induced by IL-1β (10 ng/ml) were observed 24 h after pre-treatment with SAA (0, 6.25, 12.5, and 25 µM). The data obtained in this picture are represented by mean ± standard deviation. In (A–C), *P < 0.05 and **P < 0.01, compared with the control group. In (D), significant differences between the two groups are expressed as **P < 0.01, n = 5 independent experiments.





Effect of SAA on the Expression of Inflammatory Mediators in IL-1β-Induced Mouse Chondrocytes

Next, to investigate whether SAA inhibited IL-1β-induced inflammation, Griess reaction, Western blot, and ELISA were used to detect the expression levels of NO, PGE2, TNF-α, IL-6, iNOS, and COX-2, respectively. PGE2, TNF-α, and IL-6 concentrations in the culture supernatant of mouse chondrocytes were measured by ELISA kits, while NO levels were measured using the Griess reaction. According to the results of the ELISA kits and Griess reaction (Figures 2A–D), in the IL-1β group, the expression of PGE2, TNF-α, and IL-6 and the production of NO were significantly higher than those in the untreated group, however, pretreatment with SAA reversed IL-1β-induced PGE2, TNF-α, IL-6, and NO production in a dose-dependent manner. Moreover, the results of Western blot (Figures 3A–C) showed that IL-1β (10 ng/ml) stimulation alone obviously increased the expression of inflammatory mediators (COX-2, iNOS) at the protein level, while mouse cartilage cells pretreated with SAA (12.5, 25 μM) for 24 h evidently down-regulated the expression of iNOS and COX-2.




Figure 2 | Effect of SAA pretreatment on the expression of inflammatory mediators (NO, TNF-α, IL-6, and PGE2) induced by IL-1β in mouse cartilage cells. (A) Determination of the content of nitrite in each group by Griess reaction. (B–D) ELISA was used to assess the concentration of TNF-α, IL-6, and PGE2 in each group. The data obtained in this picture are represented by mean ± standard deviation. ##P < 0.01, vs. control group; *P < 0.05, **P < 0.01, vs. group induced by IL-1β alone, n = 5 independent experiments.






Figure 3 | Effects of different concentrations of SAA on the expression of iNOS and COX-2 in mouse chondrocytes induced by IL-1β. After mouse chondrocytes pretreated with SAA (0, 6.25, 12.5, and 25 µM) were treated with IL-1β (10 ng/ml) for 24 h, (A–C) Western blot analysis was used to analyze protein expression levels of iNOS and COX-2. The data obtained in this picture are represented by mean ± standard deviation. ##P < 0.01, vs. control group; *P < 0.05, **P < 0.01, vs. group induced by IL-1β alone, n = 5 independent experiments.





SAA Plays a Protective Role in the ECM Degradation of Mouse Chondrocytes Induced by IL-1β

The effects of SAA on the metabolic activity of ECM in mouse chondrocytes were detected by Western blot and immunofluorescence. In the first place, we observed the effect of SAA on the expression of collagenase type II in mouse chondrocytes induced by IL-1β (10 ng/ml). As shown in Figures 4A, B, compared with the untreated cells, the production of type II collagen was significantly down-regulated after stimulation with IL-1β (10 ng/ml). However, it was worth noting that this IL-1β-induced down-regulation trend was reversed by SAA in a dose-dependent manner. Moreover, according to the results of Western blot (Figures 4A, C, D), we found that SAA inhibited the up-regulation of MMP-3 and ADAMTS-5 protein expression in mouse chondrocytes induced by IL-1β (10 ng/ml). As shown in Figure 4E, the inhibitory effect of SAA on MMP-3 expression in a concentration gradient was observed by ELISA. The results of the immunofluorescence staining showed that SAA inhibited the significant expression of MMP-13 in the cytoplasm (Figures 5A, B).




Figure 4 | Effect of SAA on ECM degradation of mouse chondrocytes. After mouse chondrocytes pretreated with SAA (0, 6.25, 12.5, and 25 µM) were treated with IL-1β (10 ng/ml) for 24 h, (A–D) Western blot was used to analyze the expression of type II collagen, ADAMTS-5, and MMP-3 protein. (E) ELISA was used to assess the concentration of MMPP-3 in each group. The data obtained in this picture are represented by mean ± standard deviation. ##P < 0.01, vs. control group; *P < 0.05, **P < 0.01, vs. group induced by IL-1β alone, n = 5 independent experiments.






Figure 5 | Immunofluorescence staining of the MMP-13 protein in mouse chondrocytes. (A) The expression of the MMP-13 protein (green) in the cytoplasm was analyzed by immunofluorescence after mouse chondrocytes pretreated with SAA (25 µM) were treated with IL-1β (10 ng/ml) for 24 h. (B) The fluorescence intensities of MMP-13 were determined using Image J software. The experiment was repeated three times. The data obtained in this picture are represented by mean ± standard deviation. ##P < 0.01, vs. control group; **P < 0.01, vs. group induced by IL-1β alone, n=5 independent experiments.





The Treatment of SAA Effectively Inhibits the Apoptosis of Mouse Chondrocytes

To detect whether SAA could inhibit the apoptosis of mouse chondrocytes induced by IL-1β (10 ng/ml), TUNEL staining and caspase-3 cellular activity assay kit were used to evaluate the apoptotic changes of chondrocytes. As shown in Figure 6B, we found that caspase-3 activity was increased under IL-1β stimulation, while the activity of caspase-3 in mouse chondrocytes decreased after pretreatment with SAA for 24 h. Bax and cleaved caspase-3 leading to chondrocyte apoptosis were significantly up-regulated by IL-1β. IL-1β decreased the expression of Bcl-2, which played an inhibitory role in the apoptosis of mouse chondrocytes. But, after pretreatment with SAA for 24 h, the tendency induced by IL-1β was reversed in a dose-dependent manner (Figures 6A, C–E). Most importantly, the results of TUNEL staining are consistent with those of WB. This more strongly illustrates that the treatment of SAA reduces the number of apoptotic chondrocytes (Figures 6F, G).




Figure 6 | Anti-apoptosis effect of SAA on mice. Mouse chondrocytes pretreated with SAA (0, 6.25, 12.5, and 25 µM) were treated with IL-1β (10 ng/ml) for 24 h. (B) The activity of caspase 3 was measured by a caspase 3 cell activity assay kit. (A, C–E) The expression levels of anti-apoptotic protein (Bcl-2) and apoptotic protein (Bax and cleaved caspase-3) were detected by Western blot analysis. (F, G) The number of apoptotic chondrocytes was determined using TUNEL staining and quantified. The data obtained in this picture are represented by mean ± standard deviation. ##P < 0.01, vs. control group; *P< 0.05, **P< 0.01, vs. group induced by IL-1β alone, n = 5 independent experiments.





Effect of SAA on NF-κB Activation of Mouse Chondrocytes

Numerous studies have shown that activation of the NF-κB pathway was associated with the progress of OA. The degradation of IκBα and the nuclear translocation of NF-κB (p65) indicated the activation of NF-κB signaling pathway. To investigate the mechanism of anti-inflammatory and anti-apoptosis effects of SAA, the expression of IkBα in cytoplasm and p65 in the nucleus of mouse cartilage cells were detected by Western blot. From Figures 7A–C, we found that mouse chondrocytes stimulated by IL-1β not only outstandingly promoted the degradation of IkBα in the cytoplasm but also induced p65 translocation into the nucleus. On the contrary, pretreatment with SAA reversed IL-1β-induced p65 and IkBα expression in a dose-dependent manner. Immunofluorescence results of p65 showed that the p65-active proteins were mainly localized in the cytoplasm of mouse chondrocytes without IL-1β pretreatment, while p65-active proteins were translocated into the nucleus in the IL-1β treatment group. (Figure 8A). However, SAA could greatly block the translocation of p65 from the cytoplasm to the nucleus (Figures 8A, B). These results suggested that SAA has a protective effect on mouse OA chondrocytes by inhibiting the activation of the NF-κB pathway.




Figure 7 | The effect of SAA on the activation of the NF-κB signal pathway induced by IL-1β. Mouse chondrocytes pretreated with SAA (0, 6.25, 12.5, and 25 µM) were treated with IL-1β (10 ng/ml) for 24 h. (A–C) The expression levels of IκBα in cytoplasm and p65 in nuclear were detected by Western blot analysis. The data obtained in this picture are represented by mean ± standard deviation. ##P < 0.01, vs. control group; *P < 0.05, **P < 0.01, vs. group induced by IL-1β alone, n = 5 independent experiments.






Figure 8 | Immunofluorescence staining of P65 protein in mouse chondrocytes. (A) Observation of the distribution of p65 proteins in the cytoplasm or nucleus by immunofluorescence staining. (B) p65 nuclear location/total ratio is quantitatively analyzed by Image J software. The experiment was repeated three times. The data obtained in this picture are represented by mean ± standard deviation. ##P < 0.01, vs. control group; **P < 0.01, vs. group induced by IL-1β alone, n = 5 independent experiments.





Effect of SAA on the MAPK Signaling Pathway

Recent studies have demonstrated that, in addition to the NF-κB pathway, the MAPK pathway was also closely related to the occurrence of OA. Therefore, we studied the possible mechanism of SAA in the IL-1β-induced MAPK pathway. As shown in Figures 9A–D, compared with the untreated group, p38, JNK, and ERK were significantly phosphorylated under the stimulation of IL-1β. Nevertheless, SAA pretreatment inhibited the activation of p38, JNK, and ERK. It was suggested that the protective effect of SAA on mouse chondrocytes may be related to the inhibition of the activation of the MAPK pathway.




Figure 9 | The effect of SAA on the activation of the MAPK signal pathway induced by IL-1β. Mouse chondrocytes pretreated with SAA (0, 6.25, 12.5, and 25 µM) were treated with IL-1β (10 ng/ml) for 24 h. (A-D) The expression levels of p38, p-p38, JNK, p-JNK, ERK, and p-ERK were detected by Western blot analysis. The data obtained in this picture are represented by mean ± standard deviation. ##P < 0.01, vs. control group; *P < 0.05, **P < 0.01, vs. group induced by IL-1β alone, n = 5 independent experiments.





Experimental Study on the Effect of SAA on Cartilage Degeneration in a Mouse Model of OA

We have demonstrated the efficacy of SAA in OA by applying SAA to the mouse OA model. Safranin O staining and OARSI score could be used to analyze the severity of OA. As shown in Figure 10A, comparing the results of Safranin O staining between the sham group and OA group, we found that the articular cartilage surface of the OA group showed greater cartilage wear and cartilage thickness reduction, and the difference was statistically significant (p < 0.01). However, after eight weeks of continuous treatment with SAA, mouse models of OA were not only repaired on the cartilage surface of the joint, but also reversed the decrease of cartilage thickness and subchondral cortical bone plate thickness (Figure 10C), which were significantly different from that in the OA group (P < 0.01). After a quantitative analysis of the OARSI score (Figure 10B), we also found that the mean of OARSI scores in the OA + SAA group was between the OA group and sham group, and there was a significant difference between the OA + SAA group and OA group (P < 0.01). The results revealed that in the mouse OA models, the development of OA was distinctly improved under the action of SAA.




Figure 10 | SAA plays a protective role in the deterioration of the mouse model of OA. (A) SafraninO staining was used to evaluate the morphological differences of mouse knee joint sections among the three groups (the sham group, the OA group, and the OA + SAA group); the yellow lines indicate the areas of subchondral cortical bone thickness. (B) International (OARSI) scores of the three groups. (C) Schematic diagram of subchondral cortical bone plate thickness. The data obtained in this picture are represented by mean ± standard deviation. ##P < 0.01, vs. sham group; **P < 0.01, vs. DMM group, n = 15 mice/group.






Discussion

As a part of the clinical syndrome of OA, articular cartilage degeneration is one of the causes of progressive pain and disability in many elderly people (Pap and Korb-Pap, 2015). The study found that obesity, old age, and other common factors in daily life will increase the prevalence of OA, so the prevalence of OA is still on the rise (Reijman et al., 2007). So far, no effective treatment for OA has been found (Saxby and Lloyd, 2017). At present, NSAIDs, a non-steroidal anti-inflammatory drug, is mainly used to relieve pain, redness, and swelling caused by OA, but these drugs produce a series of adverse reactions (Kowalski et al., 2011). Studies have also shown that the withdrawal rate of NSAIDs in patients with OA was very high, which was not conducive to the treatment of patients (Yilmaz et al., 2005). As a kind of traditional Chinese medicine, SAA has been found to have a variety of pharmacological effects, like protective effects for the heart and the brain. In this study, both in vitro and in vivo experiments confirmed that SAA exerted anti-inflammatory and anti-apoptotic effects.

Inflammatory cytokines played a major role in the development of OA. The up-regulation of IL-1β triggered a series of intracellular events, which not only led to the activation of protease and the high expression of inflammatory mediators, such as NO, COX-2, PGE2, and MMPs, but also inhibited the synthesis of ECM (Daheshia and Yao, 2008). Extensive evidence suggested that NO was associated with the pathogenesis of OA. NO was considered to be a decomposable factor, which was involved in the pathological process of OA by inducing apoptosis of chondrocytes, synthesis of MMPs, and expression of pro-inflammatory cytokines (Santoro et al., 2015). INOS was an enzyme responsible for NO production and a disruptive factor involved in the OA process. At the site of inflammation, COX-2 may be released in large quantities from synovial cells, participate in the inflammatory process, and cause cartilage damage (Chowdhury et al., 2006; Huang et al., 2009). Matrix metalloproteinases (MMPs), including MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13, were enzymes that could degrade all components of ECM. MMPs not only degraded collagen, but also degraded proteoglycan molecules, which played a dual role in matrix destruction. Moreover, some scholars confirmed that ADAMTS5 is also expressed in cartilage tissue and plays an important role in cartilage degradation (Santamaria et al., 2015). These studies demonstrated a strong correlation between inflammatory mediators and OA. Interestingly, our results suggested that SAA down-regulated the expression of inflammatory mediators and inhibited the catabolism of chondrocytes induced by IL-1β in a concentration-dependent manner, which was consistent with the anti-inflammatory effect of SAA in mouse macrophages (RAW264.7) reported by Huang et al. (2013).

Osteoarthritis cartilage degeneration is due to the destruction of ECM, while the synthesis and regeneration of ECM depends entirely on chondrocytes. Therefore, the survival of chondrocytes is very important for the maintenance of normal articular cartilage (Hwang and Kim, 2015). Previous studies have shown that endogenous or exogenous NO could induce chondrocyte apoptosis through a mitochondria-dependent mechanism (Wu et al., 2007). More importantly, the caspase family was closely connected with the apoptosis of eukaryotic cells. Some scholars believed that cleaved caspase-3 was the principal executor of apoptosis in the pathway of caspase-mediated apoptosis (Sharif et al., 2004). Bcl-2 family members also played an important role in the process of apoptosis. It could be divided into two categories. One was to promote cell death. For example, Bax allowed some ions and small molecules to enter the cytoplasm through the mitochondrial membrane, causing apoptosis. The other was anti-apoptosis. For example, Bcl-2 was a negative regulator of cell death and protected chondrocytes from apoptosis (Zamli and Sharif, 2011). What deserves our attention is that the anti-apoptotic effect of SAA has been found in other systems in the body. For example, SAA prevents hepatocyte apoptosis by regulating Bcl-2/Bax and caspase-3/cleaved caspase-3 signaling pathways (Wang et al., 2019). In the digestive system, SAA also protects IEC-6 cells from apoptosis by activating the Nrf2/HO-1 pathway (Zu et al., 2018). Besides, SAA relieves apoptosis and necrosis of H9c2 cells by inhibiting the ATO-induced MAPK pathway (Zhang et al., 2017). In this study, the apoptosis level of chondrocytes was evaluated by studying apoptosis-related proteins (Bax, cleaved caspase-3) as well as anti-apoptosis-related proteins (Bcl-2). We found that the results of Western blotting were consistent with those of TUNEL detection. A large number of inflammatory factors related to OA not only caused the degradation of cartilage ECM, but also led to chondrocyte inflammation-related apoptosis. Fortunately, we found that SAA significantly inhibited IL-1β-induced ECM degradation and chondrocyte apoptosis.

NF-κB is reported to be an essential transcriptional activator and is widely present in all eukaryotic cells. So far, it has been reported that NF-κB was involved in the inflammatory response, immune response, and cell death (Oeckinghaus and Ghosh, 2009). In the absence of inducer stimulation, NF-κB binds to IκBα in the cytoplasm in the form of inactivity. When stimulated by a variety of chemical and mechanical signals, IκBα was rapidly phosphorylated and degraded. Activated NF-κB enters the nucleus and triggers the expression of a large number of inflammatory factors and apoptosis-related molecules. Studies have shown that the NF-κB pathway, as the upstream of various inflammatory-related factors, plays an important role in cartilage degradation. Activation of NF-κB increases the expression of IL-1β, NO, COX-2, iNOS, and PGE2 and aggravates the destruction of articular cartilage. Previous studies have reported that Salvia miltiorrhiza (the source of SAA) reduces osteoarthritis-related cartilage degeneration by regulating the NF-κB signaling pathway (Xu et al., 2017). Not only that, inhibiting the activation of the NF-κB signaling pathway could also protect OA chondrocytes from apoptosis, as demonstrated by Chen et al. (Chen et al., 2018). In this study, we used the immunofluorescence method to detect the nuclear translocation of NF-κB p65 protein. The results showed that SAA inhibited the nuclear translocation of NF-κB p65, which was consistent with Western blot results. These results suggested that SAA played an anti-inflammatory and anti-apoptosis role in chondrocytes by inhibiting the activation of the NF-κB signaling pathway.

To further investigate the anti-inflammatory response of SAA in OA and the related apoptosis of chondrocytes, we studied the MAPK signaling pathway. As the main members of MAPK, ERK, p38, and JNK signaling pathways regulated many important cellular physiological and pathological processes, such as cell growth, cell differentiation, inflammatory response, and apoptosis (Plotnikov et al., 2011). Numerous studies have shown that the main biological reactions to p38 activation include the production and activation of inflammatory mediators, such as TNF-a, IL-6, and COX-2 (Hommes et al., 2003; Chung et al., 2017). Continuous activation of the JNK signaling pathway promotes apoptosis. Wang et al. reported that JNK was significantly phosphorylated during apoptosis of human SH-SY5Y cells, but apoptosis was significantly reduced after the inhibition of the JNK pathway (Wang et al., 2008). ERK is not only involved in inflammatory responses, but also involved in the regulation of many cytokines. It has been proven that inhibiting the activation of the ERK1/2 pathway helps to down-regulate the expression of catabolic factors related to the degradation of OA cartilage (Pelletier et al., 2003; Boileau et al., 2006; Saklatvala, 2007). The activation of the MAPK signaling pathway is likely to promote the inflammatory response and inflammation-related apoptosis of chondrocytes to a certain extent. However, our data indicated that SAA significantly inhibited the phosphorylation of JNK, ERK1/2, and p38. This suggests that SAA may protect chondrocytes from inflammation-related apoptosis by inhibiting the activation of the MAPK signaling pathway. In this study, we first revealed that SAA plays a protective role in IL-1β-induced inflammatory responses and related apoptosis, which may be attributed to the inhibition of the NF-κB and MAPK pathways. Unfortunately, our study does not clearly explain which of the two pathways NF-κB and MAPK played a more important role in inhibiting the inflammatory response and inflammation-related apoptosis. Therefore, the interaction of these signaling pathways in the development of OA will be further studied.

To observe the changes of articular cartilage and subcartilage bone in OA, the DMM mouse model has been used as the main model of OA in vivo. Pathological changes such as joint space stenosis, cartilage surface calcification, and cartilage erosion shown by the DMM mouse model were used as important evaluation indicators. In this experiment, we found that SAA could improve the pathological changes of OA and decrease the OARSI score of DMM mice through histological section staining analysis. The results of in vitro and in vivo experiments showed that the treatment of SAA alleviated the development of OA. This will also be a meaningful study as to whether prolonging the half-life of SAA in vivo is more beneficial to the protection of articular cartilage.



Conclusions

In conclusion, our study finally found that SAA may play an anti-inflammatory and anti-apoptotic role in the mouse OA model by blocking the activation of the NF-κB and MAPKs (JNK, ERK1/2, and p38) pathways. This provides new insight into some of the possible mechanisms for reducing the development of OA.
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Theaflavin-3, 3′-digallate (TF3) is extracted from black tea and has strong antioxidant capabilities. The aim of this study was to assess the influences of TF3 on osteoclastogenesis and explore the underlying mechanisms. TF3 efficiently decreased receptor activator of nuclear factor-kappa B ligand (RANKL)-induced osteoclast formation and reactive oxygen species (ROS) generation in a dose-dependent manner. Mechanistically, TF3 reduced ROS generation by activating nuclear factor erythroid 2-related factor 2 (Nrf2) and its downstream heme oxygenase-1 (HO-1) and also inhibited the mitogen-activated protein kinases (MAPK) pathway. Moreover, micro-computed tomography (CT) analysis, hematoxylin and eosin (H&E) staining, and TRAP staining of the femurs of C57BL/6J female mice showed that TF3 markedly attenuated bone loss and osteoclastogenesis in mice. Immunofluorescence staining, 2′,7′-dichlorofluorescein diacetate (DCFH-DA) staining, and measurement of the levels of malonaldehyde (MDA) and superoxide dismutase (SOD) revealed that TF3 increased the expression of Nrf2 and decreased the intracellular ROS level in vivo. These findings indicated that TF3 may have the potential to treat osteoporosis and bone diseases related to excessive osteoclastogenesis via inhibiting the intracellular ROS level.




Keywords: theaflavin-3,3′-digallate, osteoclast, reactive oxygen species, Nrf2, osteoporosis



Introduction

Bone, a highly active endocrine organ, undergoes constant remodeling throughout the whole life process. The homeostasis of bone remodeling is maintained in two ways. One is the osteoclastic resorption of old or damaged bone, and the other is the osteoblastic formation of new bone (Feng and McDonald, 2011). Once the balance is broken and bone resorption exceeds bone formation, diseases (e.g., osteoporosis, osteolysis, and periodontitis) may occur (Siddiqui and Partridge, 2016; Monasterio et al., 2019). Therefore, drugs that decrease osteoclastogenesis are clinically significant for ameliorating pathological bone loss.

Osteoclasts are the only cells absorbing bone tissue. They are a kind of polynucleated giant cell derived from mononuclear/macrophages in hematopoietic tissue (Ikeda and Takeshita, 2016). There are two basic factors influencing osteoclastogenesis: macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-kappa B ligand (RANKL). The former bonds to the receptor c-fms in the osteoclast precursors, increasing their proliferation and survival (Kubatzky et al., 2018). The latter can activate downstream signaling pathways during osteoclastogenesis, including the mitogen-activated protein kinase (MAPK) pathway (Boyle et al., 2003; Takayanagi, 2005). Subsequently, transcription factors of the nuclear factor of activated T-cells (NFATc1) and c-Fos may activate and regulate the differentiation of osteoclast precursors (Asagiri and Takayanagi, 2007).

Reactive oxygen species (ROS) are a kind of highly unstable free radical containing oxygen molecules, such as the superoxide anion (·O2-), hydrogen peroxide (H2O2), and hydroxyl radical (·OH) (Lepetsos et al., 2019). An increasing body of evidence indicates that intracellular ROS play a pivotal role in regulating osteoclastogenesis and bone resorption (Lee et al., 2005; Chen et al., 2019). Moreover, RANKL can elevate the intracellular ROS level in osteoclasts by a signaling cascade involving tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6), Rac1, and NADPH oxidase 1 (Nox1) (Lee et al., 2005). Meanwhile, ROS can be taken into account as a signaling messenger during RANKL-induced osteoclastogenesis (Ha et al., 2004). However, the role of ROS in RANKL-stimulated signaling has remained elusive. A certain degree of oxidative stress was indicated to promote the activation of the MAPK (ERK, JNK, p38) pathway (Hyeon et al., 2013). Therefore, to lessen the acceleration of ROS during the formation of osteoclasts, cells typically have protective mechanisms that respond to oxidative stress. One of the methods is to scavenge ROS by nuclear factor erythroid 2-related factor 2/Kelch ECH-associated protein 1 (Nrf2/Keap1) complex (Kanzaki et al., 2017). Nrf2, a transcription factor, participates in the regulation of cytoprotective enzymes. It is expressed in various cells, including osteocytes, osteoblasts, and osteoclasts. Under normal circumstances, Keap1 hitches Nrf2 in the cytoplasm and suppresses its activity. However, when cells are in oxidative stress, Nrf2 may be released from Keap1 and translocated into the nucleus (Kobayashi et al., 2004). Nrf2 then couples with the antioxidant response element (ARE), upregulating the expression of phase II detoxifying enzymes or antioxidant proteins, such as heme oxygenase-1 (HO-1), catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase 1 (GPx1) (Park et al., 2014; Sun et al., 2015; Tu et al., 2019). Previous studies demonstrated that antioxidants can attenuate osteoclastogenesis and bone loss by improving the expression of cytoprotective enzymes (Lee et al., 2014; Yamaguchi et al., 2018). Thus, these outcomes may assist the suppression of osteoclast formation by inhibiting ROS, which may be a latent strategy for the treatment of bone loss.

Theaflavin-3, 3′-digallate (TF3), one of the major components in black tea, is formed via polyreaction of (–)–epigallocatechin gallate (EGCG) and (–)–epicatechin gallate (ECG) (Hu et al., 2017). Moreover, it has been found that TF3 has practical pharmacological activities, such as being anti-inflammatory and antioxidant (Leung et al., 2001; Wu et al., 2017). Recently, a study conducted in Australia indicated that a higher intake of black tea decreased the risk of fracture in older women (Oka et al., 2012). Furthermore, previous studies demonstrated that TF3 inhibited the expression of matrix metalloproteinase 9 (MMP-9) and remedied calvarial osteolysis (Myers et al., 2015; Hu et al., 2017). However, the influences of TF3 on osteoclastogenesis, its activity in preventing osteoporosis, and the possible mechanisms have remained obscure.

With respect to the crucial role of ROS in osteoclast formation and the antioxidant activity of TF3, in the present study, we assumed that TF3 inhibits osteoclastogenesis through activating the Nrf2/Keap1 pathway, as well as inhibiting the MAPK pathway. In the current study, we examined the effects of TF3 both in vitro and in vivo as well as the potential mechanisms of TF3 in osteoclast formation.



Materials and Methods


Materials and Reagents

TF3 (purity>98%, Figure 1A), purchased from Shanghai Fulong Biotechnology Co., Ltd. (Shanghai, China) and analyzed by high-performance liquid chromatography (HPLC), was dissolved in pure ethyl alcohol, which was stored at -20°C with no direct light; the final concentration of absolute ethyl alcohol was lower than 0.1% after dilution. Alpha modification of Eagle’s minimum essential medium (α-MEM, penicillin–streptomycin solution, and fetal bovine serum (FBS) were acquired from HyClone Laboratories Inc. (Logan, UT, USA). Cell counting Kit-8 (CCK-8), Red Blood Cell Lysis Buffer, Nuclear and Cytoplasmic Protein Extraction kit, bicinchoninic acid (BCA) assay kit, 4′,6-Diamidino-2′-phenylindole dihydrochloride (DAPI), and Triton X-100 were purchased from Beyotime Biotechnology (Shanghai, China). Rhodamine-conjugated Phalloidin was obtained from Yeasen Biotech Co., Ltd. (Shanghai, China). M-CSF and RANKL were provided by PeproTech (Rocky Hill, NJ, USA). TRAP staining kit and 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Trizol reagent and Reverse Transcription Kit were purchased from TaKaRa (Otsu, Japan). Specific primary antibodies such as β-actin, Lamin B, Nrf2, HO-1, ERK, phosphor-ERK, JNK, phospho-JNK, p38, phosphor-p38, and CTSK were provided by Cell Signaling Technology (Danvers, MA, USA). Malondialdehyde (MDA) assay kit and SOD assay kit were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).




Figure 1 | Effects of TF3 on cell viability. (A) The chemical formula of TF3. (B) Cell viability of BMMs treated with various concentrations of TF3 (0, 1, 10, 20, 40, or 80 μM) for 5 days. n = 3, *P < 0.05 compared with control group (without TF3 treatment).





Cell Culture and Differentiation

Bone marrow macrophages (BMMs) were isolated from the tibias and femurs of 8-week-old C57BL/6 mice and cultured in α-MEM, containing 10% FBS, 100 U/ml of penicillin, and 100 μg/ml of streptomycin for 48 h. The cells were maintained in a humidified incubator with a 95% air/5% CO2 atmosphere at 37°C. We collected the suspension of non-adherent cells and purified using Red Blood Cell Lysis Buffer. Next, BMMs were planked in cell culture plates, which were treated with 50 ng/ml M-CSF and different concentrations of TF3 (0, 1, and 10 μM) for 3 days. After that, BMMs were induced with M-CSF (50 ng/ml) and RANKL (100ng/ml) in the presence of TF3 (0, 1, and 10 μM). The fluid was changed every two days for three times. All in vitro experiments were categorized into four groups: NC, negative control group, treated with only 50 ng/ml M-CSF; C, control group, stimulated with 50 ng/ml M-CSF and 100 ng/ml RANKL; L, low-concentration TF3 group, treated with 50 ng/ml M-CSF, 100 ng/ml RANKL, and 1 μM TF3; H, high-concentration TF3 group, treated with 50 ng/ml M-CSF, 100 ng/ml RANKL, and 10 μM TF3.



Cell Viability Assay

BMMs were seeded into 96-well plates with a density of 2×103 cells/well overnight. Cells were cultured in M-CSF (50 ng/ml) and various concentrations of TF3 (0, 1, 10, 20, 40, and 80 μM) for 5 days, respectively. The cells were then rinsed with phosphate-buffered saline (PBS), and the culture medium was replaced with a fresh culture medium containing 10 μl CCK-8 and 90 μl α-MEM. After incubation for 2 h at 37°C in the dark, the optical density (OD) was measured by a microplate reader at the wavelength of 450 nm.



In Vitro Osteoclastogenesis Assay

BMMs were seeded into a 24-well plate at a density of 6×105 cells/well and induced to osteoclasts as mentioned above. After 5 days, the medium was discarded and the cells were lightly washed thrice with PBS. Cells were then fixed with 4% paraformaldehyde at room temperature for 30 min and washed thrice with PBS for 5 min. Next, cells were stained using a TRAP staining kit at 37°C for 15 min in the dark incubator. TRAP-positive multinucleated cells containing at least three nuclei were taken into account as osteoclasts.



F-Actin Ring Formation Assay

BMMs were seeded into a 24-well plate at a density of 6×105 cells/well and induced to mature osteoclasts, as mentioned earlier. After the formation of osteoclasts, the medium was replaced with PBS to wash the cells three times. The cells were fixed as mentioned above, then permeabilized by 0.1% Triton X-100 for 15 min, and subsequently stained with rhodamine-conjugated phalloidin in the dark for 40 min. Afterward, the cells were irrigated thrice with PBS and counterstained with DAPI for 10 min to show nuclei. F-actin rings were photographed with a fluorescent microscope.



Intracellular ROS Assay

We used DCFH-DA, a fluorescent probe with the ability to permeate cells, to detect the levels of intercellular ROS. BMMs were seeded into a 24-well plate at a density of 2×104 cells/well overnight. Cells were treated with 50 ng/ml M-CSF for 3 days and then treated with or without 100 ng/ml RANKL, as well as with different concentrations of TF3 (0, 1, and 10 μM) for 4 h. Then the cells were flushed with PBS and incubated with α-MEM containing 10 μM DCFH-DA for 30 min in the dark. The cells were re-washed thrice with PBS, and the fluorescence signal was detected at 485 nm excitation and 538 nm emission settings under a fluorescence microscope.



Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

BMMs were seeded into a six-well plate with a density of 3×106 cells/well and cultured to osteoclasts as described above. Total RNA was extracted with Trizol reagent according to the manufacture’s instruction. We used 1 μg RNA to synthesize cDNA with a Reverse Transcription Kit. RT-qPCR was performed using an SYBR Green PCR kit. Each reaction was run for 40 cycles of 95°C for 15 s, 60°C as the annealing temperature for 30 s, and an extension step for 30 s at 72°C. Glyceraldehyde 3 phosphate dehydrogenase (GAPDH) served as a reference gene, and the mouse-specific primer sequences for GAPDH, TRAP, MMP-9, CTSK, Nrf2, HO-1, CAT, SOD, and GPx1 are shown in Supplementary Table S1. Data were analyzed with LightCycler96 software.



Western Blot Analysis

For Western blotting, BMMs were treated as explained above. The cells were lysed by Nuclear and Cytoplasmic Protein Extraction Kit and RIPA lysis buffer, respectively. The protein concentrations were assessed with a BCA kit. Proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene fluoride (PVDF) membranes. Next, the membranes were blocked with 5% bovine serum albumin (BSA) for 2 h and incubated with primary antibodies at 4 °C overnight. After washing, they were incubated with secondary antibodies for 2 h. The membranes were washed in TBST for 10 min, and protein bands were detected with a chemiluminescent reagent kit. Data were analyzed by Image J software (National Institutes of Health, Bethesda, MD, USA).



In Vivo Animal Model

This study was carried out in accordance with the recommendations of the Animal Ethics Committee of Tongji University, and all animal procedures were approved by the Animal Ethics Committee of Tongji University (Approval No. TJLAC-018-035; Shanghai, China). Animals were reared in ventilated cages with a 12-h light/dark cycle. The mice were fed on standard water and diet ad libitum. Herein, 24 8-week-old C57BL/6J female mice were randomly divided into four groups: sham-operated group, ovariectomized (OVX) group, OVX + low dose TF3 (1 mg/kg) group, and OVX + high dose TF3 (10 mg/kg) group. All mice were injected intraperitoneally one week after the surgery. Mice in sham-operated and OVX groups were injected with the same volume of PBS containing 1% absolute ethyl alcohol as control. Mice were injected three times every week. Animals were sacrificed after three months, and the bilateral lower limbs of each mouse were dissected and fixed in 4% paraformaldehyde.



Micro-Computed Tomography (CT) and Histological Assessments

Excess soft tissue was removed from the femurs, then they were prepared to undergo micro-CT scans. We selected 50 slices as a region of interest (ROI), which was under the growth plate by the height of 100 slices. Cancellous bone parameters within the ROI were analyzed. After scanning, femurs were decalcified and embedded in paraffin wax for sectioning, and sections with a thickness of 4 μm were cut. Hematoxylin and eosin (H&E) and TRAP staining methods were then performed. Slices were observed by light microscope.



Measurement of Levels of MDA and SOD

Blood samples were collected from the abdominal aorta of mice. The samples were deposited at room temperature for 30 min and then centrifuged at 4 °C for 15 min. We collected the supernatant, which was the serum of mice. Next, the concentrations of serum were assessed with a BCA kit. The levels of MDA and SOD in serum were determined by MDA assay kit and SOD assay kit according to the manufacturer’s instructions, respectively. The OD value was measured by a microplate reader at wavelengths of 530 nm and 450 nm, respectively.



Fluorescent Staining

The immunofluorescence staining was performed with paraffined sections of femurs. Rabbit anti-mouse Nrf2 antibody was diluted with PBS at 1:300, and the sections were incubated overnight at 4°C. The slides were rinsed with PBS and incubated with goat anti-rabbit IgG immunofluorescence secondary antibody (dilution, 1:1000) at 37°C for 1 h. The slides were washed thrice with PBS, followed by DAPI counterstaining. For in vivo ROS detection, mice were intravenously injected with 200μL DCFH-DA at 25 mg/kg and killed after 24 h, and cryosections were prepared according to previously described protocol (Chen et al., 2019). Sections were stained with rabbit anti-mouse CTSK antibody (dilution, 1:300) and goat anti-rabbit IgG immunofluorescence secondary antibody, which was followed by DAPI counterstaining. Images were obtained by using a fluorescence microscope.



Statistical Analysis

All in vitro experiments were repeated three times, and in vivo data were from six different mice. Data were statistically analyzed by SPSS 20.0 software (IBM, Armonk, NY, USA). All statistical graphs were drawn with GraphPad Prism 7.0 software (GraphPad Software Inc., San Diego, CA, USA). All data were presented as mean ± standard error of the mean (SEM). The statistical differences among groups were determined by one-way analysis of variance (ANOVA). P < 0.05 was considered statistically significant.




Results


Effects of TF3 on Cell Viability

To detect the cytotoxicity of TF3 (Figure 1A), we cultured BMMs with different concentrations (0-80 μM) of TF3 for 5 days. As shown in Figure 1B, TF3 did not have cytotoxicity at levels of less than 80 μM compared with the control group. Based on the results achieved, we selected 1 μM and 10 μM as target concentrations for subsequent experiments.



TF3 Inhibited RANKL-Induced Osteoclastogenesis and F-Actin Ring Formation In Vitro

To indicate the effects of TF3 on osteoclastogenesis, we induced BMMs to osteoclast. The negative control group without RANKL and TF3 had no osteoclast formation. The control group, stimulated by M-CSF and RANKL, exhibited a mass of TRAP-positive and multinucleated osteoclasts. It was also noted that the formation of osteoclasts was significantly suppressed by TF3 (Figure 2A). Furthermore, counting of TRAP-positive multinucleated osteoclasts indicated that osteoclast differentiation was inhibited by TF3 in a dose-dependent manner (Figure 2B).




Figure 2 | Effects of TF3 on RANKL-induced osteoclastogenesis and F-actin ring formation in vitro. (A) BMMs were treated with M-CSF and RANKL containing various concentrations of TF3 (0, 1, 10 μM) for 5 days, and TRAP staining was then performed. (B) TRAP+ multinucleated cells with more than three nuclei were counted as osteoclasts. (C) Representative images showing the F-actin formation in osteoclasts treated with TF3. n = 3, **P < 0.01 compared with C group. ##P < 0.01 compared with L group. Scale bar = 100 µm.



F-actin rings are dynamic and unique cytoskeletal structures that are a mark of the resorbing osteoclast (Cappariello et al., 2014; Thummuri et al., 2017). RANKL facilitates the formation of F-actin rings. Therefore, we examined the effects of TF3 on the formation of F-actin rings. The results of rhodamine-conjugated phalloidin staining showed that RANKL increased the formation of F-actin rings compared with the negative control group; however, TF3 suppressed the formation of F-actin under RANKL-induced condition (Figure 2C). The size and number of F-actin rings were decreased as the concentration of TF3 increased.



TF3 Suppressed RANKL-Induced ROS Generation by Enhancing the Expression of Antioxidant Genes

ROS have been found to be a vital mediator regulating the differentiation of RANKL-stimulated osteoclast (Lu et al., 2015). To indicate whether TF3 can affect intracellular ROS generation, we used a cell-permeable fluorescent probe, DCFH-DA, which is de-esterified endocellularly and oxidizes to a highly fluorescent 2′,7′-dichlorofluorescein (DCF). The results revealed that RANKL stimulation dramatically increased intracellular ROS generation compared with the without RANKL stimulation groups. Moreover, the inhibition of TF3 was dose-dependent (Figures 3A, B). Due to the antioxidant activity of TF3, we speculated whether TF3 could inhibit intracellular ROS generation by activating Nrf2. Next, to illustrate the conjecture, we detected the expression levels of Nrf2 and Nrf2-mediated downstream genes. The results of RT-qPCR indicated that TF3 upregulated the expression levels of Nrf2, HO-1, and CAT in a dose-dependent manner (Figures 3C–E). The expression levels of SOD and GPx1 were also upregulated by TF3 (Supplementary Figure S1). We also detected the mRNA expression of osteoclast-specific marker genes. The RANKL-induced osteoclastogenesis group showed significantly upregulated osteoclast-specific marker genes, including TRAP, CTSK, and MMP-9. The corresponding expressions of levels in groups containing TF3 were downregulated dose-dependently (Figures 3F–H). Therefore, it could be concluded that TF3 suppressed osteoclastogenesis by enhancing antioxidant enzymes as well as decreasing intracellular ROS generation.




Figure 3 | TF3 attenuates RANKL-induced ROS generation in vitro. (A) Representative images of RANKL-induced ROS generation detected by DCFH-DA in BMMs with different concentrations of TF3. (B) Quantification of the number of ROS-positive cells per field. (C-E) RT-qPCR analysis showed the expression levels of antioxidant genes in BMMs. (F–H) The mRNA expression of osteoclast-specific marker genes. n = 3, *P < 0.05, **P < 0.01 compared with C group. #P < 0.05, ##P < 0.01 compared with L group. Scale bar = 100 µm.





TF3 Activated the Nrf2/HO-1 Signaling Pathway and Inhibited RANKL-Induced Phosphorylation of the MAPK Pathway

We further studied the protein expression levels of Nrf2 and Nrf2-induced antioxidant protein HO-1. We observed dose-dependently incremental nuclear translocation of Nrf2 in the TF3 treatment groups (Figure 4A). TF3 also increased the expression level of Nrf2-mediated cytoprotective protein HO-1 (Figure 4B). It can be inferred from these results that TF3 alleviates the oxidative stress of osteoclast by upregulating the Nrf2/HO-1 signaling pathway.




Figure 4 | TF3 activated the Nrf2/HO-1 signal pathway and inhibited RANKL-induced phosphorylation of the MAPK pathway. (A) The effects of TF3 on the expression of Nrf2 in nucleus. (B) The influences of TF3 on the expression of HO-1. (C) The effects of TF3 on the MAPK pathway.  n = 3, *P < 0.05, **P < 0.01 compared with C group. #P < 0.05, ##P < 0.01 compared with L group.



The MAPK pathway is one of the most important pathways in the process of osteoclast formation. Meanwhile, ROS may play a substantial role in the activation of MAPK pathways. Thus, we examined the protein level of MAPK pathways in the case of elevated antioxidant enzymes. The results showed that phospho-ERK, phospho-JNK, and phospho-p38 were markedly suppressed by TF3 treatment compared with total protein, respectively (Figure 4C). Collectively, TF3 facilitated the activation of the Nrf2/HO-1 signaling pathway and inhibition of MAPK phosphorylation.



TF3 Reduced OVX-Induced Bone Loss and Osteoclast Formation In Vivo

We assessed whether TF3 could decrease bone loss and osteoclast formation in vivo (Figure 5A). We examined the influences of TF3 on an OVX mouse model. Micro-CT and H&E staining showed that bone loss was remarkably found in the OVX group compared with the sham-operated group. The loss of trabeculae was attenuated in low-dose and high-dose groups in a dose-dependent manner (Figures 5B, C). Quantitative analyses of trabecular bone parameters led to the same conclusions (Figures 5D–G).




Figure 5 | TF3 prevented OVX-induced bone loss and osteoclast formation in vivo. (A) Schematic illustration of the establishment of the OVX mice model and the experimental design. (B) Representative micro-CT images displayed the effects of TF3 on bone loss. Scale bar = 1 mm. (C) Representative images of H&E staining of decalcified bone sections. Scale bar = 100 μm. (D–G) Quantitative analyses of parameters related to bone microstructure, including BV/TV, BMD, Tb.N, and Tb.Th. (H) Representative images of TRAP staining of decalcified bone sections. Scale bar = 100 μm. (I) Quantitative analyses of N.Oc/BS. n = 6, *P < 0.05, **P < 0.01 compared with OVX group. #P < 0.05 compared with OVX + L group.



To further assess whether osteoclasts could be involved in the inhibitory effect of TF3 on bone loss caused by OVX, TRAP staining was used to count the number of osteoclasts. TRAP-positive multinucleated osteoclasts in the OVX group were significantly higher than those in the sham-operated, low-dose, and high-dose groups (Figure 5H). Furthermore, the number of osteoclasts in the high-dose group was lower than that in the low dose group. Histomorphometric analysis of the number of osteoclasts confirmed that TF3 treatment attenuated OVX-induced bone loss and reduced the number of osteoclasts as well (Figure 5I). The above-mentioned data suggested that OVX-caused bone loss was effectively prevented by TF3 in a dose-dependent manner in vivo. Moreover, we further confirmed that TF3 (1 mg/kg and 10 mg/kg) did not lead to tissue damage in vivo. After injection of TF3 for 3 months, no obvious histological changes were found in H&E staining in the heart, liver, spleen, lung, and kidney of mice (Supplementary Figure S2).



TF3 Remitted Oxidative Stress and Increased the Expression of Nrf2 In Vivo.

To examine the effects of TF3 on oxidative stress caused by OVX, we detected two indicators of oxidative stress. The serum MDA level in mice treated with TF3 was lower than that in OVX mice and decreased with an increase in TF3 dose (Figure 6A). The activities of SOD in the TF3 treatment groups were significantly higher than those in the OVX group and were enhanced with an increase in TF3 dose (Figure 6B). The results indicated that TF3 remitted oxidative stress caused by OVX. Therefore, we examined the expression of Nrf2 in femur. Immunofluorescence staining revealed that TF3 enhanced the expression of Nrf2 compared with the OVX group. Besides, we detected the ROS level in osteoclasts marked by CTSK in femur, and fluorescent staining showed that TF3 reduced the level of ROS in osteoclasts of femur compared with the OVX group (Figures 6C, D). Accordingly, TF3 reduced ROS generation in vivo by remitting oxidative stress and enhancing the expression of Nrf2.




Figure 6 | TF3 remitted oxidative stress and increased the expression of Nrf2 in vivo. (A) Serum SOD level in mice. (B) Serum MDA level in mice. (C) DCFH-DA staining and immunofluorescence staining of CTSK showed the intracellular ROS level in femur. (D) The immunofluorescence staining displayed the expression of Nrf2 in femur. n = 6. *P < 0.05, **P < 0.01 compared with OVX group. #P < 0.05 compared with OVX + L group. Scale bar = 100 μm.






Discussion

Osteoporosis is a systemic bone disease associated with a decrease in bone mass, destruction of bone microarchitecture, and increased risk of fracture (Compston et al., 2019). It is also closely associated with hyperactive osteoclast activity (Binder et al., 2009). Thus, intervention in osteoclast is highly significant for osteoporosis treatment. In the present study, we assessed the effects of TF3 on osteoclastogenesis and osteoporosis. Our results elucidated that TF3 inhibited osteoclastogenesis by reducing the ROS level and decreased bone loss during osteoporosis caused by OVX.

To determine the effects of TF3 on osteoclast formation and differentiation, we performed osteoclastogenesis assay and F-actin ring formation assay in vitro. The results showed that TF3 markedly reduced the quantity and size of osteoclasts and F-actin, which indicated that TF3 may be a new therapy for bone disease caused by overactive osteoclasts. Osteoclast formation is a complicated process influenced by a variety of factors, such as hormones, cytokines, and transcription factors. Recently, ROS have been identified as a vital mediator regulating RANKL-stimulated osteoclast differentiation (Lu et al., 2015). Thus, because of the antioxidant activity of TF3, we studied the mechanisms of this inhibitory effect of osteoclast formation, concentrating on the intracellular ROS level, Nrf2 signaling pathway, and MAPK pathway.

After stimulation with RANKL, TF3 suppressed the intracellular ROS level elevated by RANKL. The intracellular ROS level is maintained by the equilibrium between the rate of generation and the rate of elimination. Thus, we speculated that the decreased intracellular ROS level might be due to an enhanced ability of cells to scavenge ROS. Afterward, we detected several ROS scavengers, including CAT, HO-1, SOD, and GPx1. These genes were significantly upregulated by TF3 treatment in the present study. Previous research revealed that H2O2 is the major ROS resulting in osteoclast formation and activity (Bax et al., 1992; Fraser et al., 1996). Accordingly, CAT is an enzyme that decomposes H2O2 into oxygen and water (Hao and Liu, 2019). HO-1 plays a vital role in catalyzing heme liberated by oxidants (Hayashi et al., 1999).

Furthermore, we investigated the up-regulatory mechanism of these antioxidant genes. In fact, Nrf2, a vital transcriptional factor, exists widely in a variety of tissues (Yang et al., 2013) and induces the expression of numerous cytoprotective enzymes in response to oxidative stress, including HO-1, CAT, etc. (Bae et al., 2013; Cheleschi et al., 2017). Kanzaki et al. (2013) reported that osteoclasts could scavenge redundant ROS through the Nrf2 signaling pathway. In the present research, RANKL decreased the expression of Nrf2 to strengthen ROS signaling, while TF3 upregulated the levels of Nrf2 to scavenge ROS. Additionally, we examined the protein levels of Nrf2 and HO-1. Nrf2 is translocated from cytoplasm into the nucleus before it starts to work. Therefore, we detected the protein level of nuclear Nrf2. The results of Western blotting suggested that the level of nuclear Nrf2 in the control group was lowest and that TF3 upregulated the translocation of Nrf2 in a dose-dependent manner. The expression of HO-1 was consistent with Nrf2. At the same time, the results also indicated that the expression changes of antioxidant genes caused homologous changes in proteins. Hence, the mechanism of TF3-decreased ROS level may upregulate CAT and HO-1 expression through Nrf2.

An increasing amount of evidence indicates that activation of the MAPK pathway, containing three major family members (ERKs, JNKs, and p38), plays a significant role in RANKL-stimulated osteoclast differentiation and formation (Tanaka et al., 2006; Liao et al., 2019). ERK is vital for the survival of osteoclast, and JNK and p38 are also crucial for the differentiation and function of osteoclast (Lee et al., 2002; Koga et al., 2019). Moreover, ROS, as a second messenger, can activate the MAPK pathway (Lee et al., 2005). Therefore, based on the above-mentioned findings, we assessed whether TF3 suppressed osteoclastogenesis by inhibiting the MAPK pathway. Our results revealed that TF3 exerted significantly suppressive effects on phosphorylation of ERK, JNK, and p38 compared with the control group. A previous study reported that the MAPK pathway can enhance the translocation of Nrf2 into the cell nucleus under oxidative stress in cardiomyocytes, thereby increasing the level of antioxidative enzymes (e.g., HO-1) (Zhao et al., 2016). However, the relationship between Nrf2 and MAPK in osteoclasts needs to be further assessed in future studies.

Based on the in vitro results, we further studied the therapeutic effects of TF3 on osteoporosis in vivo using a classical OVX mouse model. In the current study, TF3 showed a protective effect on bone loss and reduced osteoclastogenesis, as verified by micro-CT, H&E staining, and TRAP staining. Our results were consistent with previously reported findings that TF3 can suppress osteoclastogenesis (Nishikawa et al., 2015; Hu et al., 2017) and OVX-caused bone loss. However, with respect to the pharmacological activity of TF3, the optimal dose for clinical treatment of osteoporosis may be worthy of further exploration. MDA is formed when oxygen free radicals attack unsaturated fatty acids in cell membranes, and it represents the degree of cell damage (Qin et al., 2019). SOD is one of the critical antioxidant enzymes, and the activity of SOD reflects the ability to scavenge oxygen free radicals (Zelko et al., 2002). TF3 can remit the oxidative stress by decreasing the level of MDA and increasing the level of SOD. Besides, TF3 can activate the expression of Nrf2 in femur, leading to a decrease in ROS in osteoclast.

In conclusion, the present study revealed that TF3 raised the level of antioxidant enzymes induced by Nrf2, decreased ROS generation, and inhibited the formation of osteoclasts in vitro and in vivo. Besides, TF3 also led to damping of the MAPK pathway (Figure 7). In addition, TF3 in vivo prevented osteoporosis and osteoclastogenesis caused by OVX. Therefore, TF3 may be an appropriate drug for osteoporosis caused by hyperactive osteoclast.




Figure 7 | A pattern for the inhibitory effect of TF3 on osteoclastogenesis. Beginning with RANKL binding to RANK, the MAPK pathway is activated, causing the amplification of NFATc1. Several osteoclast-specific genes, such as TRAP, CTSK, and MMP-9 are upregulated. ROS are involved in this process. Our results demonstrated that TF3 inhibits osteoclastogenesis by enhancing the expression of Nrf2-mediated antioxidant enzymes as well as by inhibiting the phosphorylation of the MAPK pathway. The upward-pointing bold arrow shows the enhanced effects of TF3, and the downward-pointing bold arrow displays the inhibitory effects of TF3.
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Osteoclasts with elevated bone resorption are commonly present in postmenopausal osteoporosis, and other osteolytic pathologies. Therefore, suppressing osteoclast generation and function has been the main focus of osteoporosis treatment. Betulinic acid (BA) represents a triterpenoid mainly purified from the bark of Betulaceae. BA shows multiple biological activities, including antitumor and anti-HIV properties, but its effect on osteolytic conditions is unknown. Here, BA suppressed receptor activator of nuclear factor‐κB ligand (RANKL)‐associated osteoclastogenesis and bone resorptive function, as assessed by tartrate‐resistant acid phosphatase (TRAP) staining, fibrous actin ring generation, and hydroxyapatite resorption assays. Mechanistically, BA downregulated the expression of osteoclastic-specific genes. Western blot analysis revealed that BA significantly interrupted ERK, JNK and p38 MAPK activation as well as intracellular reactive oxygen species (ROS) production, thus altering c-Fos and NFATc1 activation. Corroborating the above findings in cell-based assays, BA prevented ovariectomy-associated bone loss in an animal model. In conclusion, these findings suggest that BA can inhibit osteoclast generation and function as well as the RANKL signaling pathway, and might be used for treating osteoclast-related osteoporosis.
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Introduction

Osteoporosis features decreased bone mass and strength, and characteristic bone microstructure degradation with increasing bone brittleness and fractures (Xie et al., 2019). It is commonly found among middle-aged and elderly individuals, with postmenopausal women accounting for the vast majority of cases; this disease represents a serious threat to human life and health (Lewiecki, 2011). Ovarian endocrine dysfunction in postmenopausal women, with estrogen level decline, leads to elevated bone resorption as well as reduced bone mass (Somjen et al., 2011; Feng et al., 2014). Increased differentiation of osteoclasts with elevated bone resorption is one of the causes of osteoporosis.

Osteoclasts are produced by myeloid progenitor cell differentiation of bone marrow mononuclear macrophages, with the formation of multinucleated giant cells (Adamopoulos & Mellins, 2015). Many signaling molecules contributing to osteoclast induction and proliferation play positive or negative regulatory roles; the most critical two factors include macrophage colony stimulating factor (M-CSF) and receptor activator of nuclear factor-κB ligand (RANKL), which contribute to osteoclast differentiation (Boyle et al., 2003; Boyce, 2013). M-CSF represents the most important key parameter promoting preosteoclast survival and enhancing the activity of the RANK and RANKL complex (Koehler et al., 2019). RANKL interacts with RANK on pre-osteoclasts, leading to TNF receptor-associated factor 6 (TRAF6) recruitment (Yang et al., 2019). Next, TRAF6 induces a series of downstream molecular networks such as the nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) pathways, involving extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinases (JNK) and p38 mitogen-activated protein kinase (p38) (Yuan et al., 2015). These networks upregulate and activate transcription factors, including c-Fos and NFATc1, in a synergistic manner; meanwhile, NFATc1 constitutes the key molecule controlling the differentiation of osteoclasts (Takayanagi et al., 2002). Activating these downstream targets upregulates genes modulating OC differentiation and function such as those that encode tartrate-resistant acid phosphatase (TRAP), cathepsin K (CTSK) and matrix metalloproteinase 9 (MMP9), ultimately resulting in osteoclast maturation (Boyle et al., 2003). Additionally, reactive oxygen species (ROS) have been recognized as new messenger molecules for intracellular and extracellular regulation of osteoclast activity (Yip et al., 2005; Chen et al., 2019). RANKL induced signaling pathway is a therapeutic target for abnormal bone resorption.

Natural products and derived molecules are indispensable in developing novel treatments for osteoporosis (Raut et al., 2019). Betulinic acid (BA) represents a natural pentacyclic triterpenoid (chemical formula shown in Figure 1), which widely exists in Betula pubescens and a variety of plants. BA has multiple biological effects, including anticancer, antidepressant, antimalarial, liver protective, anti-inflammatory, anti-HIV, anthelmintic, antibacterial and antifungal, and antioxidant activities (Saneja et al., 2018). Therefore, BA belongs to a class of potential drug lead compounds with important value for the development of new therapeutics. However, the role of BA in osteoporosis has been rarely studied. We hypothesized that BA could suppress osteoclasts and thus prevent osteoclast-associated osteoporosis.




Figure 1 | BA inhibits RANKL-associated osteoclastogenesis in vitro. (A) Structure of BA. (B) BMM viability as assessed by CCK-8. (C) Representative micrographs of TRAP stained samples. BMMs were cultured with M-CSF (50 ng/ml) and RANKL (100 ng/ml), and administered different BA amounts for 5 days. (D, E) Quantification of TRAP-positive osteoclasts (n = 3/group). Cells showing ≥3 nuclei were considered osteoclasts. BA dose‐dependently decreased RANKL-associated OC formation. (F) Osteoclastogenesis was promoted by RANKL (50 ng/ml), and cells were administered 10 μM BA for different times. (G) Treatment times of BA. (H) TRAP‐positive cells showing ≥3 nuclei were quantitated after BA administration. Data are mean ± SD. *p <0.05, **p <0.01, ***p <0.001 vs. RANKL-induced control group (no BA administration). Scale bar = 1000μM. BA, Betulinic acid; BMM, bone marrow macrophage; CCK-8, cell counting kit-8; RANKL, receptor activator of nuclear factor‐κB ligand; TRAP, tartrate-resistant acid phosphatase.



Here, we tested BA’s effects on osteoclast generation and activation in vitro and explored the potential underlying mechanism. In addition, its therapeutic potential was assessed in a mouse model with osteolysis. Interestingly, BA could inhibit osteoclast generation and activity, decrease ROS production, downregulate c-Fos and NFATc1, and suppress the MAPK signaling pathway. Moreover, BA prevented ovariectomy (OVX)-induced osteoporosis in vivo. Taken together, the above findings provided novel insights into BA application for treating bone loss.



Materials and Methods


Materials

BA used in this experiment (≥98% purity) was provided by Chengdu Must Bio-Technology (Chengdu, China). α-Minimum essential medium (α‐MEM) and fetal bovine serum (FBS) were manufactured by Thermo Fisher Scientific (Thermo Fisher Scientific, Waltham, MA, USA). RANKL and M-CSF were provided by PeproTech (Princeton, NJ, USA). Cell Counting Kit-8 (CCK-8) assay and tartrate resistant acid phosphatase (TRAP) staining kits were provided by Sigma‐Aldrich (St. Louis, MO, USA). ROS detection kit was provided by Solarbio (Beijing, China). All primary and secondary antibodies were obtained from Cell Signaling (Danvers, MA, USA). DAPI and TRITC Phalloidin were obtained from Solarbio (Beijing, China).



Cell Culture and Osteoclast Differentiation In Vitro

Stock solutions of BA (100 mM) in DMSO were kept at −20°C in darkness, and diluted with phosphate buffered solution (PBS) to prepare the corresponding concentration when it was used. To obtain mouse bone marrow macrophages (BMMs), bone marrow cavities of the femur and tibia of 6-week old female C57BL/6 mice were flushed. A total of eight mice were sacrificed in the in vitro cell experiment. The mice were purchased from the animal experiment center of Guangxi Medical University. All experimental procedures involving animals had approval from the Animal Care Committee of Guangxi Medical University. Upon filtration and centrifugation, the cell suspension was added into a T75 culture flask with α‐MEM supplemented by 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 50 ng/ml M-CSF (complete medium). About 3–4 days later, in order to induce osteoclast differentiation, BMMs underwent seeding into 96-well plates at 8 × 103/well. After 24 h, the cells adhered to the plates, RANKL was added to the medium, in combination with various amounts of BA (1.25, 2.5, 5 and 10 µM) until mature osteoclasts were formed. Next, cells underwent fixation with 5% paraformaldehyde and staining using TRAP staining kit. Cells with >3 nuclei expressing TRAP were considered mature osteoclasts. BA’s effects on osteoclast differentiation at various stages were also determined. To this end, cells grown in 96-well plates in medium containing M-CSF (50 ng/ml) and RANKL (100 ng/ml), were administered BA on Days 1, 3, and 5, respectively, or continually on Days 1–7. Finally, osteoclasts in various wells were counted with ImageJ (NIH, Bethesda, MD, USA).



Cell Proliferation and Cytotoxicity Assays

CCK-8 was performed for detecting the cytotoxic effects of BA. First, BMMs seeded in 96-well plates at 8 × 103/well underwent incubation with M-CSF (50 ng/ml) for 14–16 h. This was followed by BA (1.25 to 40 µM) addition for stimulating the cells for 48 h. CCK-8 solution (10 µl/well) was added for incubation at 37°C in a humid environment with 5% CO 2 for 2 h. Finally, absorbance was obtained at 450 nm on a microplate reader (Multiskan Spectrum; Thermo Lab Systems, USA).



Intracellular ROS Generation Assay

ROS Assay Kit (Solarbio) was used to assess ROS levels. BMMs seeded in complete medium supplemented containing RANKL at 12 × 104/well in 6-well plates, and incubated without or with BA (5 or 10 μM) for 3 days. Afterwards, the medium was replaced by dichloro-dihydro-fluorescein diacetate (DCFH-DA) in 1 ml FBS-free α-MEM (1/1,000). Incubation was carried out for 30 min (37°C, 5% CO2) as directed by the manufacturer. DCFH-DA oxidation to DCF (intense fluorescence) by ROS was assessed under a fluorescence microscope. Data analysis was performed with ImageJ software (NIH).



Hydroxyapatite Resorption Assay

To evaluate BA’s effects on osteoclast resorption, BMMs cultured in complete α-MEM were administered 50 ng/ml RANKL for 3 to 4 days till small osteoclasts were observed. Then, cells were digested and seeded into hydroxyapatite-coated Osteo Assay plate, followed by incubation with M-CSF and RANKL in combination or not with BA (5 and 10 μM) till observation of mature osteoclasts. Some wells per group underwent washing with 10% bleach for removing cells, and hydroxyapatite resorption areas were imaged under a Nikon microscope (Nikon, Japan). Other wells underwent fixation and staining for TRAP activity as described above for osteoclast numbering. The resorbed area/well and the percent of resorbed area/osteoclast were employed for quantitating osteoclast activity. Quantitation of resorption pit areas employed ImageJ (NIH, USA).



Fibrous Actin (F‐Actin) Belt Formation Assay

BMMs were seeded onto a 96‐well plate at 8 × 103/well and incubated in presence of M-CSF (50 ng/ml) for 14–16 h. To induce mature osteoclasts, M-CSF (as above) and RANKL (100 ng/ml) were added, in combination or not of different concentrations of BA (5 and 10 µM). Following 5 days of culture, osteoclasts underwent fixation (4% PFA; ambient conditions, 20 min) and permeabilization (0.25% Triton X-100, 5 min). Next, blocking was carried out by incubation with 3% bovine serum albumin (BSA) for 2 h. This was followed by incubation with Rhodamine-conjugated phalloidin (Thermo Fisher Scientific) for actin staining; DAPI was employed for counterstaining. Fluorescence images were acquired on an automated microscope named BioTek Inc. Instruments (Lionheart LX, USA).



Quantitative Reverse‐Transcription Polymerase Chain Reaction (qRT-PCR)

The mRNA amounts of marker genes in osteoclasts were assessed by qRT-PCR. BMMs underwent seeding at 1 × 105 in 6-well plates containing complete α-medium supplemented with M-CSF (50 ng/ml) and RANKL (100 ng/ml). Meanwhile, different BA levels (2.5, 5 and 10 μM) were added for 5 days. When osteoclast formation occurred in the positive group, total RNA extraction was carried out with TRIzol reagent (Life Technologies, Carlsbad, CA, USA). Revert Aid First Strand cDNA Synthesis Kit was employed for reverse transcription. qRT-PCR was carried out with SYBR Green PCR Master Mix, and GAPDH was employed for normalization. The comparative Ct (ΔCt) method was used for analysis. The primers tested are listed in Table 1.


Table 1 | Primers for qRT-PCR.





Western Blot Analyses

BMM seeding was performed into 6-well plates at 5 × 105/well, followed by a 14 to 16-h incubation. Then, the cells in FBS-free medium underwent a 3-hour culture, with or without BA pretreatment for 1 h. Radio-immunoprecipitation assay (RIPA) buffer was employed to extract total protein upon stimulation with RANKL (100 ng/ml) for 0, 5, 10, 20, 30, and 60 min respectively. For long-acting analyses of RANKL, BMMs (1 × 105/well) underwent culture in complete medium with M-CSF (50 ng/ml) and RANKL (100 ng/ml), in combination or not with BA (10 µM) for 0, 1, 3, and 5 days, respectively. After cell lysis with chilled RIPA buffer (30 min), equal amounts of total protein in lysates were resolved by SDS-PAGE and electro-transferred onto nitrocellulose (NC) membranes. Blocking was carried out with 5% BSA, before incubation with specific primary antibodies for >12 h) at 4°C. Then, the membranes underwent incubation with corresponding secondary antibodies for 1 h at ambient. An Image Quant LAS-4000 Science Imaging System (GE Healthcare, USA) was employed to image immunoreactive bands, which were quantitated by the ImageJ software.



Ovariectomy (OVX) Murine Model Establishment

We examined BA’s effects on bone loss in mice by constructing an osteoporosis model (OVX mice). All experimental procedures involving animals had approval from the Animal Care Committee of Guangxi Medical University. Female C57/BL6 mice (10 weeks old) were randomized into four groups (n = eight per group): sham, OVX + PBS, OVX + 5 mg/kg BA, and OVX + 10 mg/kg BA groups. Extraction of bilateral ovaries and partial fallopian tube resection were performed in all mice except the sham group; intraperitoneal injection of penicillin (once daily) was given 3 days after the operation for preventing wound infection. After 1 week, the OVX + 5 mg/kg BA and OVX + 10 mg/kg BA groups were intraperitoneally injected BA (5 and 10 mg/kg, respectively) for treatment every other day for six weeks. The mice were weighed before each treatment, the corresponding drug dose of mice were calculated according to the high and low concentration groups, diluted with PBS to make a volume of 0.5 ml liquid medicine injected into each mouse. The remaining two groups were given the same amount of PBS as vehicle controls. Upon treatment, euthanasia was performed by excessive anesthesia. The tibias were removed and submitted to fixation with 4% formalin, and prepared for micro-CT and histological analyses.



Micro-CT and Histological Examinations

All collected mouse tibial specimens were scanned and analyzed by high‐resolution micro-CT (Sky scan; Bruker, USA). Quantitative morphometric assessments of bone features were carried out in a region of interest (ROI) delineated 0.5 mm below the growth plate. The bone indexes evaluated were: bone surface area/total volume (BS/TV), bone volume per tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular separation (Tb.Sp). For histopathological analysis, tibia specimens after fixation underwent decalcification with 12% ethylenediaminetetraacetic acid (EDTA; pH 7.4) for 14 days, followed by paraffin embedding to assess TRAP activity or perform hematoxylin, eosin (H&E) staining and immunohistochemical staining. Sample imaging was carried out under a light microscope, and cells positive for TRAP were counted with ImageJ.



Immunohistochemistry

The blank section of tibia tissues were dewaxed with xylene, then 3% H2O2 was used to block and inactivate endogenous peroxidase at 37°C for 15 min. After rinse with PBS, tissues sections were cooked in citric acid buffer for 10 min. The sections were incubated with primary antibody anti-RUNX2 (1:250; Abcam), anti-RANKL (1:200; Abcam) and anti-TNF-α (1:100; Abcam) at 4°C overnight, and then transferred to room temperature for 30 min. After washing with PBS, secondary antibody was added and incubated for 30 min at 37°C. 3’-Diaminobenzidine (DAB) reaction was performed, and hematoxylin was used as a counterstain. After photographing, Image-Pro Plus was used to measure the optical density of immunohistochemical positive expression in samples (Media Cybernetics, Inc., Rockville, MD).



Statistical Analysis

Data with mean ± SD were assessed by Student’s t test (group pair comparisons) or one-way analysis of variance (ANOVA; multiple group comparisons). P <0.05 indicated statistical significance. SPSS (SPSS, USA) was also used for data analysis.




Results


BA Attenuates RANKL-Induced Osteoclast Formation

We first examined BA’s effects on cytotoxicity and cell survival by CCK-8. The results indicated that at 10 μM or less, BA had no BMM cytotoxicity after 48 h of treatment (Figure 1B). However, cytotoxicity was observed at concentrations of 20 μM and above. According to these results, the maximum concentration of 10 μM was selected for subsequent experiments. At non-cytotoxic doses, various BA amounts were supplemented to BMM cultures alongside RANKL induction to assess the effects on osteoclastogenesis. The results showed that BA dose-dependently decreased osteoclast quantities and size, and this effect was maximal at 10 µM, as shown in Figure 1C. Analyzing TRAP-positive osteoclasts with ≥3 nuclei, four BA concentrations (1.25, 2.5, 5, and 10 μM) showed significant differences in cell amounts and area ratio (Figures 1D, E).

Next, BMMs were administered with BA (10 μM) for various times during stimulation by RANKL and M-CSF. Figures 1F, G depict the various times of BA administration and representative TRAP-staining images of osteoclasts. At Days 1 to 3, BA administration inhibited osteoclast differentiation to a greater extent in comparison with positive control-treated cells (Figure 1F). Mature osteoclasts (TRAP-positive and ≥3 nuclei) were quantitated (Figure 1H). In comparison with the early stage (Days 1 to 3), BA suppression of osteoclast differentiation was less pronounced compared with mid and late stages (Days 3 to 5 and 5 to 7, respectively). Jointly, the above findings demonstrated that BA dose-dependently reduced RANKL-associated osteoclast differentiation.



BA Reduces Osteoclastic Hydroxyapatite Resorption and F-Actin Belt Generation Associated With RANKL

Next, we assessed whether BA also impairs osteoclastic resorption. Mature osteoclasts were grown in hydroxyapatite-coated 96-well plates and administered BA (5 or 10 μM). In comparison with positive control-treated cells, hydroxyapatite resorption areas were reduced upon BA administration (Figure 2D). Based on TRAP staining, osteoclast amounts were observed in various wells (Figure 2G). Meanwhile, bone resorption areas were assessed with ImageJ. The results demonstrated that absorption areas after BA treatment were markedly decreased (Figure 2F). These findings suggested that BA decreased hydroxyapatite resorption areas by suppressing resorption function in osteoclasts instead of decreasing osteoclast amounts. Furthermore, BA’s effect was evaluated on F-actin belt generation, which is critically important in osteoclastic bone resorption. In this study, well-defined F-actin belts were found upon RANKL induction, while average cell nucleus numbers and F-actin belt areas were markedly decreased in BA treated groups (5 and 10 μM; Figures 2A–C). Notably, the areas of F-actin belts decreased by BA, indicating precursor cell fusion was suppressed.




Figure 2 | BA restrains F-actin belt formation and osteoclastic hydroxyapatite resorption triggered by RANKL while decreasing ROS levels in BMMs. (A) Representative images of formed F-actin belts as assessed by immunofluorescent staining with DAPI counterstaining. (B) Mean F-actin belt areas (n = 3). (C) Numbers of nuclei per osteoclast. (D) Representative micrographs of TRAP stained osteoclasts on hydroxyapatite coated plates. (E) Representative images for ROS production in presence or absence of BA in RANKL-treated BMMs. (F, G) Numbers of osteoclasts and areas of bone resorption assessed by the ImageJ software. (H) DCF intensities per cell indicating ROS levels. Data are mean ± SD. **p <0.01, ***p <0.001 vs. RANKL-induced control group (no BA administration). Scale bar = 1,000 μM, BA, Betulinic acid; DAPI, 4′,6‐diamidino‐2‐phenylindole; F-actin, fibrous actin.





BA Attenuates ROS Production in BMMs

To detect ROS amounts in cells DCFH-DA was employed, and BA’s effect on RANKL-associated ROS production was determined. The results revealed that BA also decreased cell ROS levels in RANKL-associated osteoclast formation (Figures 2E, F). In comparison with the RANKL-treatment only group, cells also administered BA showed remarkably reduced ROS-dependent conversion of DCFH-DA into DCF (Figures 2E, F). Thus, these data indicated that BA effectively inhibited osteoclast differentiation and cellular ROS production after RANKL induction.



BA Suppresses Osteoclastogenesis via RANKL-Activated MAPK Signaling

To further investigate the molecular mechanism of BA on RAKNL-induced osteoclast generation, osteoclast-associated pathways induced by RANKL were explored. Immunoblot demonstrated that the ratio of phosphorylated ERK to total ERK was markedly decreased after treatment with BA at 10, 20 and 30 min, respectively (Figures 3A, B). In addition, the ratio of phosphorylated p38 to total p38 in osteoclasts was altered just at 10 min (Figures 3A, D). Meanwhile, phosphorylated JNK to total JNK ratio was overtly reduced at 5, 10, 20 and 30 min, (Figures 3A, C). BA’s effect on ERK p38 phosphorylation was unclear (Figures 4A, B, D). Concerning the NF-κB pathway, a non-significant upregulation of IκBα and anti-phosphorylation of p65 were found (Figures 3E–G). The above findings suggested BA suppressed MAPK signaling, specifically inhibiting ERK, JNK and p38 activities, but not altering NF-κB signaling.




Figure 3 | BA suppresses osteoclastogenesis through RANKL-induced signaling pathways. (A) Representative immunoblot images for BA’s effects on ERK, JNK and p38 phosphorylation after RANKL induction. BMMs were administered with RANKL for various times in combination or not with 10 μM BA. (B–D) Ratios of phosphorylated ERK, JNK and p38 to total ERK, JNK and p38, respectively (n = 3). (E) Immunoblot images for BA’s effects on p65 degradation and IκB-α phosphorylation associated with RANKL at various time points. (F, G) Ratios of phosphorylated p65 and IκB-α to total p65 and β-actin, respectively. (n = 3 per group). (H) Immunoblot images for BA’s effects on NFATc1 and c-Fos protein levels. (I, J) Ratios of NFATc1 and c-Fos to β-actin (n = 3/group). Data are mean ± SD. *p <0.05, **p <0.01 vs. RANKL-induced control group (no BA administration). BA, Betulinic acid.






Figure 4 | BA downregulates the expression of osteoclast-specific genes. (A–F) The qRT‐PCR assay detected mRNA amounts of osteoclastogenesis-associated marker genes, including c-Fos, NFATc1, MMP9, CTSK, DC-STAMP and TRAP. (n = 3/group). Data are mean ± SD. *p <0.05, **p <0.01 vs. RANKL-induced control group (no BA administration). BA, Betulinic acid; PCR, polymerase chain reaction.





BA Abrogates RANKL‐Associated NFATc1 and c‐Fos Activation, and Downregulates NFATc1’s Target Genes

BA’s effects were assessed on the activation of NFATc1 and c-Fos, as downstream effectors of MAPK signaling. After BA administration, NFATc1 and c-Fos protein amounts were markedly decreased upon RANKL stimulation for 3 days (Figures 3H–J). These findings suggested that BA could downregulate multiple osteoclast marker genes. As shown by qRT-PCR, NFATc1’s target genes, such as c-Fos, NFATc1, MMP9, CTSK, DC-STAMP and TRAcP, were dose-dependently downregulated by BA at the mRNA level (Figures 4A–F). The above findings indicated that BA could reduce NFATc1 and c-Fos protein amounts, downregulating important osteoclast-specific genes controlled by NFATc1.



BA Administration Protects Against Bone Loss in Ovariectomy (OVX) Mouse Models

Based on the above effects of BA in cultured cells, we then assessed BA’s impact on bone loss in mice. OVX-induced bone loss represents a common model of estrogen deficiency-associated osteoporosis, which is broadly employed for mimicking human postmenopausal osteoporosis. In this study, compared with sham animals, OVX mice showed tibial bones with overt bone loss, substantial decrease of bone volume (BV/TV) and deteriorated trabecular bone architecture i.e., reduced Tb.Th and Tb.N (Figures 5A–E). Administration of BA, particularly at high levels (10 mg/kg) remarkably protected the animals from OVX-associated bone loss and trabecular deterioration. This beneficial effect of BA in OVX-associated bone loss was verified histopathologically. TRAP sections showed elevated bone volume and improved trabecular bone architecture as a result of reduced osteoclast activity on the bone surface (Oc.S/BS) following BA treatment (Figures 5F, G). H&E staining revealed that bone volume and surface in OVX mice were both well-preserved after BA treatment in comparison with the non-BA group (Figures 5F, G). The results of immunohistochemical assay showed that BA had no significant effect on the expression of RUNX2 in tibial tissues (Figure 6). The expression of RANKL and TNF-α in tibial tissue was also assessed by immunohistochemistry, and BA was found to attenuate the expression RANKL and TNF-α (Supplementary Figure 1), consistently with its inhibitory effect on osteoclastogenesis. Collectively, these findings revealed BA as a potent molecule for treating OVX-induced bone loss, via reduction of both osteoclast amounts and bone resorption.




Figure 5 | BA prevents bone loss in mice with ovariectomized (OVX)-induced osteoporosis. (A) Representative 3D reconstruction micro-CT images of tibial micro-architecture. (B–E) Quantitative micro-CT assessment of trabecular bone volume fraction (BV/TV), bone surface area/total volume (BS/TV), specific bone surface (BS/BV) and trabecular number (Tb.N). (F) Representative photographs of tibia samples after TRAP and H&E staining. (G) Quantitation of TRAP‐positive cells (n = 3). Data are mean ± SD. *p <0.05, **p <0.01, ***p <0.001 vs. OVX group. BA, Betulinic acid; OVX, ovariectomized.






Figure 6 | BA does not affect ovariectomized (OVX)-induced expression of RUNX2 ex vivo. The expression of RUNX2 protein in tibial tissues in each group was detected by immunohistochemistry, and the expression of RUNX2 in the images were brown or russet and indicated by the red arrow. RUNX2, runt-related transcription factor 2.






Discussion

Osteoporosis is a systemic osteopathy featuring reduced bone mass accompanied by elevated risk of fracture (Fuggle et al., 2019). Most commonly found in the elderly and postmenopausal women, postmenopausal osteoporosis (PMOP) accounts for the majority of cases. In postmenopausal women, there is a sudden drop in estrogen levels, causing osteoclast bone resorption to surpass osteoblast bone formation (Feng et al., 2014; Xin et al., 2018). Current FDA-approved treatment interventions mainly include two categories: (1) inhibitors of bone absorption, e.g. calcitonin bisphosphonates, and estrogen selective estrogen receptor modulators and (2) inducers of bone formation, including parathyroid hormone, growth hormones and statins. However, their side effects and long-term efficacy are concerning (Khosla & Hofbauer, 2017). Therefore, there is an urgent need for new and safer drugs for preventing or treating bone loss associated diseases. The current understanding of natural products indicates that they constitute a possible source of potential bone protective agents. Multiple biological and pharmacological in vitro and experimental studies have revealed that a variety of natural products could maintain or promote bone health with potentially beneficial effects and reduced side effects (Chaugule et al., 2019). BA from birch (B. pubescens) and a variety of plants, as a natural pentacyclic triterpene compound, has anti-human immunodeficiency virus (HIV), antibacterial, anti-inflammatory, antimalarial and anti-herpes simplex virus 1 (HSV-1) properties (Amiri et al., 2019). However, whether and how BA affects osteoclasts is unknown.

Osteoporosis represents a systemic skeletal pathology featuring reduced bone mass and bone tissue alteration at the microstructural level, with increased bone brittleness (Compston et al., 2019). This involves reduced bone mass with excessive activation of osteoclasts (e.g., Paget’s disease) commonly seen in osteoporosis and bone metastases (e.g., multiple myeloma) (Tsukasaki and Takayanagi, 2019). In cases with postmenopausal osteoporosis, bone mass loss is mainly caused by reduced estrogen accompanied by increased osteoclasts and elevated bone resorptive activity (Kou et al., 2019). In this study, we demonstrated that BA in mice with osteoporosis induced by OVX prevented bone loss. In addition, multiple assays were performed to determine BA’s effects on osteoclast differentiation in vitro and bone resorption associated with RANKL induction. We found that BA did not significantly reduced the number of osteoclasts cultured in hydroxyapatite coated plates. These results indicated that BA by inhibiting hydroxyapatite absorption reduces osteoclast function. In addition, BA markedly reduced the formation of F-actin belts that are required for osteoclast bone resorption. At the molecular level, BA downregulated CTSK and MMP-9 that contribute to osteoclast F-actin belt generation as well as bone resorption (Dodds et al., 2001; Wilson et al., 2009; Tanaka et al., 2013). Furthermore, qRT-PCR found downregulation of genes involved in osteoclast differentiation, including c-Fos, NFATc1, MMP-9, CTSK, DC-STAMP and TRAP.

The transcription factor NF-κB is critical for multiple cellular pathways; therefore, its suppression is considered an efficient approach for inhibiting osteoclast formation and bone resorption (Xu et al., 2009). As a result, multiple researchers have targeted NF-κB for osteopathy. Differentiation of osteoclasts from hematopoietic progenitors requires M-CSF and RANKL, which induce the proliferation progenitors/precursors and differentiation effects on more mature cells (Anesi et al., 2019). After RANKL stimulation of osteoclast progenitor cells and osteoclast surface RANK, intracellular segments of RANK recruit TRAF6 (Park et al., 2017), an essential upstream effector of the RANKL signal transduction pathway, which further mediates intracellular signal cascade after activation, including promoting the phosphorylation and subsequent degradation of NF-κB by inducing IKK phosphorylation, releasing NF-κB, initiating the transcription of corresponding genes, and ultimately regulating osteoclast differentiation and bone absorption (Boyce et al., 2015). IκBα degradation and nuclear translocation of p65 represent critical steps of NF-κB signaling induction in the generation of osteoclasts (Xu et al., 2009). Here, we observed no marked suppressive effects of BA on IκBα degradation or p65 phosphorylation, indicating the anti-osteoclastic effects of BA are not caused by NF-κB inactivation. Therefore, we hypothesized that another pathway, MAPK signaling, which encompasses JNK, p38, and ERK, is also induced by phosphorylation and in combination with NF-κB modulates the transcription of genes that initiate osteoclast formation (Choi et al., 2017). In pre-osteoclasts, ERK (ERK 1 and 2) and JNK (JNK1, 2 and 3) isoforms mostly control cell proliferation and apoptosis, respectively (Boyle et al., 2003; Ikeda et al., 2008; Lee et al., 2016). Of all p38 isoforms (α, β, γ, and δ), p38α shows high amounts in pre-osteoclasts as well as mature osteoclasts, with critical functions in osteoclast differentiation and bone resorption (Bohm et al., 2009). ERK signaling essentially comprises three protein kinases. Raf activation through interaction with Raf induces the MAPKKs MEK1 and MEK2, which control ERK1 and ERK2 activation (Kinoshita et al., 1997; Raman et al., 2007), resulting in the phosphorylation of multiple downstream effectors, e.g., c-Fos and NFATc1. Meanwhile, c-Fos and NFATc1, as essential transcription factors in osteoclastogenesis, are regulated by GM-CSF-induced ERK signaling (Lee et al., 2009). The osteoclastogenic protein RANKL induces the JNK pathway via TRAF6, promoting differentiation in osteoclasts (Ikeda et al., 2008; Otero et al., 2008). RANKL-induced activated JNK regulates the phosphorylation of the transcription factor c-Jun, which binds to c-Fos to form a complex that constitutes a critical transcription factor in the generation of osteoclasts (Grigoriadis et al., 1994; Ikeda et al., 2008). In addition, JNK signaling upregulates calcium/calmodulin-dependent protein kinase (CaMK), c-Fos, and NFATc1, which contribute to osteoclast lineage commitment (Chang et al., 2008; Park et al., 2015). The p38 pathway is important in the modulation of osteoclast formation and maturation, and consequently controls bone resorption and remodeling (Boyle et al., 2003; Cong et al., 2017). RANKL binding to RANK results in p38 phosphorylation in pre-osteoclasts via TRAF6, promoting osteoclast differentiation (Matsumoto et al., 2000; Boyle et al., 2003). Meanwhile, p38 activated via the RANKL-TAK1-MKK6 pathway phosphorylates NF-κB p65 on Serine 536, upregulating NF-κB and NFATc1 (Huang et al., 2006). As shown above, BA overtly reduced ERK phosphorylation and also inhibited p38 and JNK. Thus, MAPK signaling is important in BA-related inhibition of osteoclast differentiation. The above finding indicates that BA may suppress or modulate the activity of an upstream inducer of the ERK, p38, and JNK pathway.

NFATc1 and c-Fos, two critical downstream effectors of MAPK signaling, upregulate genes related to osteoclast differentiation, including TRAP (Acp5), MMP-9, DC-STAMP, CTSK, and so on (Lee et al., 2018). As shown above, both NFATc1 and c-Fos were downregulated by BA as shown by Western blot, confirming that BA downregulates proteins contributing to osteoclast differentiation. The elevation of intracellular ROS content affects osteoclast differentiation and the activation of MAPKs, including ERK, p38 and JNK, in multiple cell lines (Wang et al., 2016; Ohyama et al., 2018; Chen et al., 2019). Our biochemical assays indeed demonstrated that BA inhibited cellular ROS production during RANKL-associated osteoclastogenesis. Thus, the observed decrease of NFATc1 amounts after BA treatment may result from a combination of inhibited ERK, JNK and p38 MAPK signaling suppression and decreased intracellular ROS levels. Whether BA directly affects MAPK signaling or inhibits ROS production, indirectly affecting MAPK signaling, deserves further investigation. In addition, the mechanisms by which BA inhibits ROS production should be determined in future studies.

As the key functional cells of bone formation, osteoblasts are responsible for the synthesis, secretion and mineralization of bone matrix, it is very important for the maintenance of normal bone mass. Runx2 is an important regulatory factor in the differentiation of osteoblasts. Numerous in vitro and in vivo studies have found that overexpression of Runx2 can induce differentiation of mesenchymal stem cells into osteoblasts (Franceschi et al., 2007). Therefore, the expression of RUNX2 protein in tibial tissue was detected by immunohistochemical staining, and the results showed that BA had no effect on the expression of RUNX2, which indirectly indicated that BA had no effect on osteoblasts. We also detected the expression of RANKL and TNF-α in tibial tissue by immunohistochemistry, and found that BA attenuated their expression, in line with its suppressing effect on osteoclast formation and bone resorption.

In conclusion, BA exerts overt suppressive effects on osteoclast differentiation in vitro mainly through MAPK and NFATc1 signaling pathways, preventing bone loss in the mouse OVX model. Developing BA derivatives could provide novel and better candidate drugs for treating osteoporosis and other bone diseases.
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Cancer is a leading cause of death around the world. Apoptosis, one of the pathways of programmed cell death, is a promising target for cancer therapy. Traditional Tibetan medicine (TTM) has been used by Tibetan people for thousands of years, and many TTMs have been proven to be effective in the treatment of cancer. This paper summarized the medicinal plants with anticancer activity in the Tibetan traditional system of medicine by searching for Tibetan medicine monographs and drug standards and reviewing modern research literatures. Forty species were found to be effective in treating cancer. More importantly, some TTMs (e.g., Ophiocordyceps sinensis, Phyllanthus emblica L. and Rhodiola kirilowii (Regel) Maxim.) and their active ingredients (e.g., cordycepin, salidroside, and gallic acid) have been reported to possess anticancer activity by targeting some apoptosis pathways in cancer, such as Bcl-2/Bax, caspases, PI3K/Akt, JAK2/STAT3, MAPK, and AMPK. These herbs and natural compounds would be potential drug candidates for the treatment of cancer.
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Introduction

Apoptosis, which is also known as programmed cell death, is beneficial to normal cell development, organ growth, and the dynamic balance of tissues (Rogers and Almenri, 2019). Apoptosis is a normal physiological process that plays an important role in the development and dynamic balance of organisms (Xu et al., 2015). Defects in apoptosis occur in most types of cancer, such as lung, female breast, prostate, liver, thyroid, and bladder cancers. A large number of studies have shown that regulating and inducing apoptosis are feasible ways for treating cancer (Hoshyar and Mollaei, 2017; Yoon et al., 2018). In vitro and in vivo experiments have demonstrated that the mechanism of apoptosis encompasses extremely complex processes and involve many biological factors, and failure to induce apoptosis is one of the major obstacles to cancer treatment (Li-Weber, 2013). From a mechanistic perspective, apoptosis can be activated by the intrinsic mitochondrial or extrinsic death receptor apoptotic pathway. The intrinsic mitochondrial apoptotic pathway is activated when cells sense directly or indirectly intracellular or extracellular stimuli, such as DNA damage, reactive oxygen species, hypoxia, and Ca2+ (Tompkins and Thorburn, 2019). These stimuli ultimately disrupt mitochondrial function by inducing the expression and activation of proapoptotic Bcl-2 family members, such as Bcl-2, Bcl-xL, Bax, and Bak (Hoshyar and Mollaei, 2017). By contrast, stimulated extrinsic death receptors can induce the sequential activation of caspase-3, which cleaves target proteins and leads to apoptosis (Tompkins and Thorburn, 2019). Therefore, the development of anticancer agents with apoptosis pathway-related targets has become an important strategy for cancer treatment.

Natural medicines, including plants, animals, and minerals, are the gifts of nature to humans and play an important role in fighting various diseases. Many anticancer drugs that are commonly used in modern medicine, such as paclitaxel, camptothecin, matrine and vinblastine, are derived directly or indirectly from natural sources. Therefore, new anticancer drugs can be discovered from natural plants. In the course of more than 2,000 years of history, a complete theoretical system has been established for traditional Tibetan medicine (TTM). TTM has played an important role in the prevention and treatment of various diseases, such as “Zhui-nai” (འབྲས་ནད།), which is similar to cancer in modern medicine (Bauer-Wu et al., 2014). TTM believes that “Zhui-nai” is caused by external factors invading the body, resulting in the dysfunction of the three “stomach fire”. These abnormalities can cause indigestion and increase bad blood, which ultimately lead to the dysfunction of the mei-nian loong (རླུང་མེ་མཉམ།), neng-xiao tripa (མཁྲིས་པ་འཇུ་བྱེད།), and baekan ni-mu-xie (བད་ཀན་མྱག་བྱེད།) (Yutuo, 1983). In TTM, unclean substances in the body and physical weakness are important factors in the development of cancer. Therefore, TTM with tonic, heat-clearing and detoxification functions can be used to treat cancer. In recent years, TTM has received extensive attention worldwide owing to its unique advantages in terms of preventing and treating cancer. TTM can directly inhibit the growth of cancer cells, induce apoptosis, and suppress tumor growth through multi-target pathways (Yadav et al., 2017; Bhardwaj et al., 2018; Tao et al., 2019). In addition, TTM combined with radiotherapy or chemotherapy can significantly reduce adverse reactions and enhance the patient’s immunity and quality of life (Liu et al., 2016a; Liu et al., 2016b; Colapietro et al., 2018). Numerous TTM monographs and research papers have documented some natural medicines and prescriptions for cancer treatment. However, no consensus has been reached in most records, resulting in a lack of systematic summarization, induction, and arrangement.

In this study, information on natural Tibetan medicines used in treating cancer was sampled by performing a bibliographic investigation of TTM monographs and drug standards. The names, species, families, and medicinal parts of TTMs with anticancer effect were introduced in detail. These data can provide a good reference for the development and utilization of TTMs. Moreover, recent research progress on some anticancer TTMs and their active ingredients that can induce apoptosis in cancer cells was introduced in detail. These herbs and natural compounds would be potential drug candidates for the treatment of cancer.



Methods

Some Tibetan medicine monographs and medicinal materials standards, such as “Jing Zhu Materia Medica”, “Drug Standards of Tibetan Medicine” and “Chinese Tibetan Medicine”, were searched for information on natural Tibetan medicine for cancer treatment. Data collected from these documents included names, species, families, and medicinal parts. The botanical names of plants are mainly derived from references, and verified through the “Flora of China (http://frps.eflora.cn/)” and Medicinal Plant Names Services: Royal Botanic Gardens, Kew databases based on their Chinese names. In addition, in order to obtain the active ingredients and biological/pharmacological effects of the selected species, online Chinese databases (e.g., Wanfang and CNKI) and international databases (e.g., NCBI, Web of Science, and Science Direct) were searched with cancer, apoptosis and/or Latin names as search keywords.



Results and Discussion


Understanding of Cancer in Traditional Tibetan Medicine

TTM is an important part of traditional medicine worldwide. In the history of more than 2,000 years, TTM has established a complete theoretical system and a unique diagnostic style. It has played an important role in the prevention and treatment of various diseases, including cancer. TTM has a unique understanding of the occurrence and development of cancer. According to the ancient literature of TTM, the hard lump with the size of Qinggang nucleus in the body is called “Zhui-nai” (འབྲས་ནད།) (Yutuo, 1983). “Zhui-nai” is similar to cancer in modern medicine. TTM believes that the occurrence of cancer is closely related to “loong” and “bad blood”. In general, when the loong, tripa and baekan maintain a relative balance in the body, normal physiological and psychological functions can be achieved. When they are in an unbalanced state, especially the “loong” disorder will lead to an increase in “bad blood”, and then the pathological state of “Zhui-nai” is manifested.

The classification of cancer by TTM is generally consistent. According to the “Four Books of Pharmacopeia”, two classification methods, namely, etiology and lesion location classification, are applied (Yutuo, 1983). Eighteen broad types of cancer are classified by etiology classification. By contrast, cancer are classified in to inside and outside according to lesion location classification. Outside cancers can be divided into flesh, bone and pulse cancer, and the inside cancer includes lung, heart, liver, spleen, kidney, stomach, intestine, rectum, and bladder cancers (Figure 1). Outside cancers are equivalent to the superficial and soft tissue tumors of modern medicine. Inside cancers mainly refer to abdominal and organ tumors.




Figure 1 | Understanding of cancer in traditional Tibetan medicine system.



The treatment of cancer by TTM can be summarized as follows: The first step is the inhibition, breaking down, and/or dissolution of tumor growth. The second step is the regulation and maintenance of the balance among the loong, tripa, and baekan, cleaning of diseased tissues, and control of inflammation. Finally, target tissues and organs are healed and repaired, and the systemic immune system is restored to normal. In TTM, unclean substances in the body are considered important factors in the development of cancer. Therefore, TTMs with tonic, and heat-clearing, detoxifying functions are usually used to treat cancer (Table 1 and Figure 2). TTM prescriptions for cancer treatment are mainly based on the six tastes (i.e., sweet, sour, salty, bitter, astringent, and pungent). These tastes transform sequentially into three gastropyretic phases, which become into three post-digestive taste profiles (sweet, sour, and bitter) (Bauer-Wu et al., 2014; Dhondrup et al., 2019). Prescription medicines include medicinal plants, animals, and/or minerals, which are processed by powdering, boiling, concentration, and mixing (Dimaer, 2012). TTM also uses some mineral medicines in the treatment of cancer, such as Margarita, Margaritifera concha, Magnetitum, and Cinnabaris, but their modern research is scarce.


Table 1 | Anticancer medicinal plants commonly used in Tibetan traditional medical system.









Figure 2 | Tibetan medicinal plants with anticancer activity. (A) Ophiocordyceps sinensis (Berk.) G.H. Sung, J.M. (B) Crocus sativus, (C) Rhodiola crenulata, (D) Rhodiola kirilowii, (E) Meconopsis integrifolia, (F) Meconopsis racemosa, (G) Meconopsis horridula, (H) Phyllanthus emblica, (I) Phlomis younghusbandii, (J) Pterocephalus hookeri, (K) Gentianopsis paludosa, (L) Justicia adhatoda L. (syn. Adhatoda vasica Nees), (M) Phlomoides rotata (Benth. ex Hook.f.) Mathiesen (syn. Lamiophlomis rotata (Benth.) Kudo.), (N) Stellera chamaejasme.





Apoptotic Pathway as a Target of TTM in the Treatment of Cancer

Apoptosis, which is known as programmed cell death, is a widely important mechanism of cell growth inhibition in cancer cells. Therefore, the apoptotic pathway is an important target for cancer treatment (Tompkins and Thorburn, 2019). By collating the literature of Tibetan medicines with anticancer activity, up to now, these anticancer TTMs were found among forty species, such as Ophiocordyceps sinensis (Berk.) G.H. Sung, J.M., Crocus sativus L., Phyllanthus emblica L., Rhodiola species, Mirabilis himalaica (Edgew.) Heimerl, Terminalia chebula Retz. Some TTMs can kill cancer cells by inducing apoptosis. In the following sections, we will focus on introducing the TTMs and their compounds whose therapeutic mechanisms are related to apoptosis (Tables 2 and 3).


Table 2 | Antiapoptosis mechanism of TTM extract related to cancer.




Table 3 | Antiapoptosis mechanism of the active ingredient of TTM related to cancer.






TTMs That Alter the Bcl-2/Bax Ratio

The Bcl-2 family has both proapoptotic and surviving members, which play important roles in regulating apoptosis (Rogers and Almenri, 2019). As an antiapoptotic protein, Bcl-2 is mainly distributed in the outer membrane of mitochondria, the inner surface of cell membrane, endoplasmic reticulum and nuclear membrane. On the contrary, Bax is a proapoptotic member of Bcl-2 family. Therefore, the proportional relationship between Bax/Bcl-2 plays a key role in mitochondrial mediated apoptosis (Li J. et al., 2018). In addition, many TTMs have been found to induce apoptosis by regulating the balance of Bcl-2 family members.

Cancer is recognized to be the result of three factors dysfunction (loong, tripa and baekan), especially under the inverse of the loong. According to the ancient Tibetan medicine classics, TTMs with tonic, clearing heat, and detoxifying functions are used to treat cancer. O. sinensis (Figure 2), which is known as Ya-er-zha-geng-bu (Tibetan: དབྱར་རྩྭ་དགུན་འབུ།), Dong-chong-xia-cao (Chinese name) or cordyceps (English name), is considered as one of the most valued Tibetan medicines (Qinghai Institute for Drug Control, 1996). In the theory of Traditional Chinese medicine and Tibetan medicine, O. sinensis is pungent flavor and warm-natured, and used for hundreds of years in traditional medicine as a tonic for the bronchitis, phthisis, pneumonia, lung heat, and impotence nocturnal emission (Dimaer, 2012). It’s worth noting that O. sinensis has a wide range of pharmacological properties, such as anti-inflammatory, cell cycle disruption, immune enhancement, induction apoptosis, etc. So it is widely used and concerned as an anticancer agent. Previous studies have found that water extract of O. sinensis combined with methotrexate could significantly prolong the survival time of mice inoculated with cancer cell sarcoma and inhibit the metastasis of tumor cells by inducing apoptosis (Nakamura, et al., 2003). An exopolysaccharide fraction from O. sinensis could significantly inhibit the metastasis of B16 melanoma cells and decreased the levels of Bcl-2 in the lungs and livers at a dose concentration of 120 mg/kg (Zhang et al., 2005). Treatment of A549 lung cancer cells with protein extract of O. sinensis could increase in Bax/Bcl-2 ratio, significantly upregulate mRNA levels of Bax, tumor necrosis factor-α (TNF-α), interleukin-1, and interleukin-12 (Wang Y.X. et al., 2018). Tinospora cordifolia (Willd.) Hook.f. & Thomson (Tibetan: Le-zhe) is one of the most widely used in TTM, has immunomodulatory, antitumor, anti-angiogenesis, and antimetastatic activity in various in vivo models. Aqueous ethanolic extract of T. cordifolia could block C6 glioma cells in G0/G1 phase and G2/M phase, inhibit the expression of G1/S phase specific protein cyclin D1 and antiapoptotic protein Bcl-xl, and thus produce its antiproliferation and apoptotic inducing effect in concentration range of 250–350 μg/ml (Ali and Dixit, 2013).

Some active ingredients of TTMs that alter the Bcl-2/Bax ratio have been found and identified. Cordycepin, a 3-deoxyadenosine (Figure 3), is the predominant functional component of the fungus Ophiocordyceps species, has antitumor effects or apoptosis in brain cancer, human oral squamous cancer, thyroid carcinoma cancer, gallbladder cancer, liver cancer, breast cancer, and lung cancer (Wu et al., 2007; Chen Y. et al., 2010; Aramwit et al., 2015; Chaicharoenaudomrung et al., 2018). Cordycepin (5.11–15.34 μM) could inhibit cell proliferation and induce apoptosis in a dose-dependent manner. It was demonstrated that cordycepin could decrease the expression levels of Bcl-2 and caspase-3, increase the expression levels of proapoptotic protein Bax, and cleaved caspase-3 (Wang Z. et al., 2016). Notably, the study showed that cordycepin (125–500 μM) could induce the mitochondria mediated apoptosis signal pathway of human liver cancer HepG2 cells through upregulation of the ratio of Bax/Bcl-2, and initiating the FADD mediated signal pathway (Shao et al., 2016). Mirabijalone E (Figure 3), which was isolated from M. himalaica, has been reported to increase of Bax expression level and decrease of Bcl-2 level and activation of caspase-3 (Linghu et al., 2014). In addition, chebulagic acid (Figure 3) which was isolated from the fruits of T. chebula, could induce apoptosis by DNA fragmentation assay, PARP cleavage, cytochrome c release from the mitochondria and alteration of Bcl-2/Bax ratios in COLO-205 cell line (with an IC50 of 25μM) (Reddy et al., 2009).




Figure 3 | Natural compounds with anticancer activity in TTM by targeting apoptosis pathway.





TTMs That Activate Caspases

Caspases are a family of cysteine proteases and play an important role in apoptotic and inflammatory signaling pathways. During the process of tumorigenesis, significant loss or inactivation of major members of the caspase family leading to impaired apoptosis induction, causing the serious imbalance of growth dynamics, and eventually to abnormal growth of human tumors (Rogers and Almenri, 2019). Caspases are divided into promoter groups (caspase-8/9/10) and executive groups (caspase-3/6/7). Re-activation of caspase to restore the apoptosis-induced pathway is a key molecular approach to the development of anticancer agents. Restoring apoptosis induction by caspase reactivation is a key molecular mechanism for the development of anticancer agents. Most studies have found that TTMs could induce apoptosis via caspase activation.

Saffron (Figure 2) is an edible spice and colorant found in the dried stigmas of Crocus sativus L. and has been used in TTM as an herb to treat various diseases, such as cancer. Over the past two decades, studies have been conducted on the therapeutic applications of saffron, which have been found to have anticancer, antitumor (in vivo and in vitro) and antimutagenic potential. Modern pharmacological studies have been proved that saffron can treat a variety of cancers, such as lung, breast, skin, and prostate cancers. In human lung cancer (A549 and H446), saffron extract (0.25–8.0 mg/ml) could suppress proliferation and induce apoptosis in a dose- and time-dependent manner and has significant anticancer effects via caspase-3/8/9 mediated cell apoptosis (Liu et al., 2014). The crocin family includes various glycosyl esters of which six types have been detected in saffron and is the main active substance of saffron. Previous studies have shown that crocin (0.2–1.0 mmol/L) could induce ovarian cancer HO-8910 cells’ apoptosis by increasing p53 and Fas/APO-1 expression and activating the apoptotic pathway regulated by Caspase-3 (Xia, 2015). In addition, crocin could induce apoptosis on human breast cancer cells (MCF-7) through a caspase-8-dependent mitochondrial pathway, involving p53 expression, Bax conformation, and mitochondrial membrane potential loss (Lu et al., 2015).

Dracocephalum tanguticum Maxim. (Labiatae) is a commonly used TTM for treating arthritis, hepatitis, and ulcer. In recent years, D. tanguticum has been used to treat glioblastomas. Wang et al. (2011) found that the chloroform extract of D. tanguticum stimulated caspase-3 cleavage and inhibited the expression of p21 protein with induction of glioblastomas cells (T98) apoptosis. The ethanol extract of Meconopsis integrifolia (Maxim.) Franch. and total flavonoid of Oxytropis falcata Bunge could block cell cycle processes and induce mitochondrial dependent apoptosis in human leukemia K562 cells and hepatoma SMMC-7721 cells by the release of cytochrome C, activation of Caspase-3/9 (Fan et al., 2015a; Chen et al., 2017). The ethanol extract of Stellera chamaejasme L. induced apoptosis significantly improved the activity of caspase-3/8/9, increased Fas and TNF-α expression (Liu X.N et al., 2012). Carum carvi L. essential oil has an efficient novel apoptosis inducer for human colon cancer cells (HT-29 and Huvec) by up-regulation Caspase-3 gene expression (Khatamian et al., 2019).

Ellagic acid (Figure 3), an important small molecular compound, was isolated from some TTMs, such as P. emblica, T. chebula, and T. billerica. Similarly, ellagic acid is a polyphenolic compound found in fruits and berries such as pomegranate, strawberry, raspberry, and blackberry. A large number of studies have reported the anticancer effects of ellagic acid on most types of cancer, such as colorectal, breast, prostate, lung, and liver cancers (Ceci et al., 2018). Hagiwara et al. (2010) found that ellagic acid activated apoptosis pathway associated with caspase-3 activation in human leukemia HL-60 cells. Notably, ellagic acid could enhance the chemotherapeutic sensitivity of 5-Fluorouracil and induce apoptosis by regulating the Bcl-2/Bax ratios and activating caspase-3 in colorectal carcinoma cells (HT-29) (Kao et al., 2012). In addition to the mechanisms mentioned above, ellagic acid induced apoptosis by regulating ROS, PI3K/Akt, JAK2/STAT3, MAPK, and NF-κB pathway in cancer cells (Bisen et al., 2012; Ceci et al., 2018).



TTMs That Activate Reactive Oxygen Species

Reactive oxygen species (ROS) are substances produced by all aerobic cells to regulate cell development, growth, survival and death. ROS are generally present in all aerobic cells in relative balance with biochemical antioxidants. When this balance is disrupted by mitochondria excess production of ROS and/or depletion of antioxidants, oxidative stress may occur, which eventually leads to mitochondrial swelling, depolarization of mitochondrial membrane potential, and release of apoptosis-inducing proteins (Wang R. et al., 2016; Chaicharoenaudomrung et al., 2018). Oxidative stress is a major apoptotic stimulus for cancer cells, which require particularly high energy metabolism in the process of rapid growth and proliferation. Therefore, the production of ROS may enhance the proapoptotic mechanism of cancer cells and provide important targets for the treatment of cancer. TTMs have been reported to induce apoptosis of cancer cells by production of ROS.

P. emblica, a euphorbiaceous plant, is widely distributed in subtropical and tropical regions of China, India, Indonesia, and Malay Peninsula (Liu X.L. et al., 2012). The dried fruits of P. emblica is one of the famous plants used in traditional medicinal systems such as Ayurvedic medicine, Tibetan traditional medicine, Chinese herbal medicine, and Thai traditional medicine (Zhang Y.J. et al., 2004; Ngamkitidechakul et al., 2010). In traditional medicine Tibetan system, P. emblica is called “Ju-ru-re” (Tibetan: སྐྱུ་རུ་ར།). It is the most frequently used formulations in TTM (Li et al., 2018a). The extensive use of P. emblica in traditional medicines and food products has led to a large number of pharmacological activity studies. Up to now, a large number of biological activities have been reported, such as anti-inflammatory, antioxidant, antitumor, and immunomodulatory effects. It is noted that the aqueous extract of P. emblica (25–100 μg/ml) could induce apoptosis on human hepatoma cells (HepG2) by reducing production of ROS and increasing the levels of glutathione (Shivananjappa and Josi, 2012).

Swertia mussotii Franch., which is known as “Di-da” (Tibetan: ཏིག་ཏ།), was reported in the classic book of Tibetan medicine “Jing Zhu Materia Medica” that S. mussotii has the clearing heat and detoxifying functions. Recent studies have shown that S. mussotii has significant anticancer activity. Wang H. et al. (2018) reported that ethanol extract of S. mussotii was able to induce apoptosis in gastric cancer cells (MGC-803 and BGC-823) through depolymerization of cytoskeletal filaments, S phase arrest, disrupted mitochondrial transmembrane potential and increased cytoplasmic levels of ROS. Similarly, Meconopsis horridula Hook. f. & Thomson ethanol extract induced murine leukemia L1210 cell apoptosis and inhibited proliferation through G2/M phase arrest, and ROS were involved in the process (Fan et al., 2015b). Gallic acid, 3,4,5-trihydroxybenzoic acid (Figure 3), which can be found in various natural products, such as green tea, grapes, Punica granatum L., P. emblica, Galla chinensis Mill., and many other fruits plants. Gallic acid known to affect several pharmacological and biochemical pathways have strong antioxidant, antimutagenic, anti-inflammatory, and anticancer properties (Karimi-Khouzani et al., 2017; Limpisophon and Schleining, 2017; Silva et al., 2017; Ahmed et al., 2018). Therefore, gallic acid has been recognized as an inducer of apoptosis in cancer cell lines. It has been reported that gallic acid could induce apoptosis by ROS-dependent mitochondrial pathway in most cancer cells, such as colon cancer HCT-15 cells, small cell lung cancer H446 cells, prostate cancer DU145 cells, cervical cancer HeLa cells, melanoma A375.S2 cells (Lo et al., 2010; You et al., 2010; Subramanian et al., 2016; Wang R. et al., 2016). TC-2 (Figure 3) is a new clerodane diterpenoid from Tinospora cordifolia (Willd.) Hook.f. & Thomson. It has been confirmed that TC-2 induced apoptosis of colon cancer cells (HCT) cells by triggering ROS production (Sharma et al., 2018). In addition, cordycepin (Figure 3) inhibited cell growth and induced apoptosis on human brain cancer cells (SH-SY5Y and U251), related to ROS-mediated apoptosis pathway, accompanied by upregulation the expression of P53, Bax, Caspase-3/9, and downregulation the levels of Bcl-2, GPX and SOD (Chaicharoenaudomrung et al., 2018).



TTMs Targeting PI3K/Akt and JAK2/STAT3

The phosphatidylinositol-3 kinase (PI3K) signaling pathway is involved in many cancer processes. Meanwhile, the serine/threonine specific protein kinase Akt, the main downstream effector of PI3K, is frequently activated (Chen, 2016). In addition, Akt is a key regulator of the survival, proliferation, differentiation, apoptosis, and metabolism of cancer cells. Therefore, in recent years, PIK/Akt has received considerable attention in cancer research. Signal transducer and activator of the activator of transcription 3 (STAT3) can regulate the cancer cell proliferation, apoptosis and survival by activating Janus kinase 2 (JAK-2) (Lv et al., 2016; Hoshyar and Mollaei, 2017).

Rhodiola species are genera of perennial plants of the family Crassulaceae, which grow in high-altitude and cold areas in China, such as Tibet, Sichuan, Yunnan, and Qinghai (Xia et al., 2005). Among these species, Rhodiola crenulata and R. kirilowii are the most commonly used species of Hong-jing-tian as folk medicine in China. Modern studies have shown that Rhodiola species possesses a wide range of pharmacological activities, such as anti-altitude sickness, immunomodulatory, anti-inflammatory, antifatigue, and anticancer activities (Kumar et al., 2010; Tao et al., 2019). It is noteworthy that R. kirilowii was reported to show potential anticancer activity. It has been found that ethanol extract of R. kirilowii in the concentration range of 10–40 mg/ml inhibited human breast cancer cells (MDA-MB-231 and HUVEC) migration and invasion, and significantly decreased phosphorylation of Akt and PKC on PI3K/Akt signaling pathway (Wang and Lin 2015). Salidroside (Figure 3), a p-hydroxyphenethyl-β-D-glucoside, was isolated from Rhodiola species, has been reported to exhibit extensive anticancer effects. It has been verified that salidroside induced apoptosis and autophagy in human colorectal cancer cells (HT-29) through inhibition of PI3K/Akt/mTOR pathway at 0.5, 1 and 2 mM (Fan et al., 2016). In addition, salidroside also induced apoptosis in renal cell carcinoma (A498 and 786-0), and reduced the levels of p-STAT3 and p-JAK2 at a concentration of 60 μM (Lv et al., 2016).

Pterocephali herba is the whole herb of the perennial plant Pterocephalus hookeri (C.B. Clarke) Höeck, a member of the Dipsacaceae family. P. hookeri has clearing heat and detoxifying functions in TTM. It is mainly used to treat rheumatoid arthritis and influenza. Recent research found that n-butanol extracts of P. hookeri with 50–200 μg/ml inhibited proliferation and induced apoptosis on Hep3B cancer cells, blocked PI3K/Akt pathway, and regulated the levels of Bcl-2 family proteins (Guo C. et al., 2015). Waltonitone (Figure 3), a pentacyclic triterpenoid of ursane type compound, was isolated from Gentiana waltonii, inhibited the cell growth, and induced apoptosis on hepatocellular carcinoma a BEL-7420 cells by modulating Akt and ERK1/2 pathway (Zhang et al., 2009). In addition, 2-acetyl-benzylamine (Figure 3) isolated from Justicia adhatoda L. (syn. Adhatoda vasica Nees) (0.42, 0.84, and 1.68 mM) could induce apoptosis, inhibit the expression of JAK2/STAT3, and regulate Bcl-2/Bax ratios in MOLM-14 and NB-4 cells (Balachandran, et al., 2017).



TTMs That Downregulate the NF-κB Pathway

The nuclear factor-kappa B (NF-κB) pathway is one of the most important cellular signal transduction pathways involved in immunity, inflammation, proliferation, and apoptosis. Most of studies showed that NF-κB played a key role in cancer progression. Activation of NF-κB leads to either upregulation of antiapoptotic genes (FLIP, cIAP, survivin, Bcl-2, and Bcl-XL) or downregulation of apoptotic genes (Li et al., 2017). Therefore, the combination of chemotherapy drugs with NF-κB inhibitors is considered to be an effective therapeutic strategy for the treatment of cancer.

Berberis aristata, known as Ji-er-wa (Tibetan: སྐྱེར་པའི་བར་ཤུན།) in TTM, has been widely used to treat inflammation and diabetes (Belwal et al., 2020) due to its anti-inflammatory and immune-potentiating properties. Serasanambati et al. (2015) found that different concentrations (125, 250, and 500 μg/ml) of the methanolic extracts of B. aristata could significantly inhibit cell migration and induce apoptosis in human breast cancer cells (MCF-7). Berberine and palmatine are isoquinoline alkaloids (Figure 3), which can be extracted from some medicinal plants, such as Berberis aristata, B. kansuensis, B. diaphana, B. vernae, and Coptis chinensis (Serasanambati et al., 2015; Li et al., 2018b; Neag et al., 2018; Sheng et al., 2018). Berberine exhibits multiple biologic effects with low toxicity, and the antitumor activities in various human cancer cells have been reported (Yip and Ho, 2013; Zhao et al., 2017; Yao et al., 2018). Berberine (80–160 µmol/l) induced apoptosis by suppressing NF-κB nuclear translocation via Set9-mediated lysine methylation, decreasing the levels of miR21 and Bcl-2 (Hu et al., 2012). Meanwhile, berberine (10, 50, and 100 μM) could inhibit the growth of HepG2 cells by promoting apoptosis through the NF-κB p65 pathway (Li et al., 2017). It is worth noting that palmatine-induced apoptosis was associated with decreased activation of NF-κB and downstream target gene FLIP (Hambright et al., 2015).

Gentianopsis paludosa (Hook.f.) Ma is an annual Gentianaceae plant. As a traditional Tibetan medicinal material, it has been widely used as an herb in China because of its clearing heat and detoxifying functions. Lu et al. (2016) found that ethanol extract of G. paludosa could induce apoptosis of colon cancer cells (SW480), and the mechanism might be partly related to the NF-κB signaling pathway. In addition, some compounds of TTMs can also downregulate the NF-κB pathway. Cordycepin (75, 110, and 145 μmol/L) could inhibit the proliferation and induct the apoptosis of A549 cells dose-dependently, increase the expression of Bax and cleaved caspase-3, decrease the expression of Bcl-2, and the mechanism of action was achieved by inhibiting the NF-κB pathway (Zhang et al., 2015). Choi et al. (2009) showed that gallic acid (5, 10, 25, and 50 μM) inhibited inflammatory responses caused in A549 lung cancer cells by other stimuli, including lipopolysaccharide, IFN-γ, and interleukin-1β, and further downregulated the expression of NF-κB-regulated antiapoptotic genes.



TTMs That Mediate the MAPK Pathway

Mitogen-activated protein kinases (MAPKs) belong to an evolutionarily conserved and ubiquitous signal transduction superfamily of Ser/Thr protein kinases. The MAPK pathway is involved in the growth, development, proliferation, and differentiation of various cells. The MAPK pathway, involving its major subgroups ERK1/2, JNK, and p38 MAPK, is involved in physiological processes such as the growth, development, proliferation, and differentiation of various cells (Zhao H. J. et al., 2015). More and more studies have shown that the MAPK pathway plays important roles in the process of apoptosis transduction and is significantly related to the occurrence and development of breast, ovarian, esophageal, colon, stomach, and liver cancers (Yoon et al., 2018).

It is worth noting that Phyllanthus emblica L. can induce cancer cell apoptosis through the MAPK pathway. Zhao H.J. et al. (2015) found that the tannin fraction of P. emblica (15, 30, and 60 mg/L) dose-dependently induced apoptosis of human lung squamous carcinoma cells (NCI-H1703) by suppressing the expression of p-ERK1/2, MMP-2/9, upregulating the expression of p-JNK. Therefore, the tannin fraction of P. emblica induced apoptosis via the MAPK/MMP pathways. Furthermore, berberine, a famous small molecule compound from TTM, also has the function of regulating MAPK pathway. Zheng et al. (2014) and Kim et al. (2015) reported similar results that berberine-induced apoptosis was mediated by activation of the p38 MAPK signaling pathway via the death receptor ligand FOXO3a, p53, and FasL. In another study, berberine also promoted the rate of apoptosis of NSCLC cells by the suppression of the MMP-2, Bcl-2/Bax, and modulating the miR-19a/TF/MAPK signaling pathway (Chen et al., 2019).



TTMs That Activate AMPK Pathway

The AMP-activated protein kinase (AMPK), which is a conserved heterotrimeric protein kinase, is an important “energy sensor” regulating intracellular metabolism and energy balance and is very sensitive to changes in AMP/ATP ratio (Pan et al., 2017). AMPK is rapidly activated when cellular energy metabolism is abnormal, such as starvation, hypoxia, and ischemia (Ortiz et al., 2014). A series of studies have found that AMPK has strong proapoptotic potential under activated conditions. In summary, AMPK can be an important target for the treatment of cancer.

In addition to the mechanisms described above, berberine can also be used to treat cancer by activating AMPK. It was found that after berberine (12.5 and 50 μM) pretreatment of hepatocellular carcinoma cells (HepG2), the levels of p-AMPK and p-Akt were significantly increased. In addition, activation of AMPK was associated with caspase-dependent mitochondrial pathway apoptosis, coupled with mitochondrial cytochrome c release and activation of Caspase-3/9, with a dose-dependent increase in the Bax/Bcl-2 ratio. Therefore, berberine could selectively inhibit HepG2 cells’ growth by inducing AMPK-mediated caspase-dependent mitochondrial pathway apoptosis (Yang and Huang, 2013). Moreover, berberine (10 and 80 μM) enhanced Doxorubicin sensitivity of drug-resistant in MCF-7/MDR breast cancer cells via AMPK/HIF-1α/P-gp pathway and directly induced apoptosis through the AMPK/p53 pathway (Pan et al., 2017).

Salidroside has a wide range of pharmacological activities, especially antiplateau hypoxia and immune-enhancing effects. It has been reported that salidroside can reduce superoxide dismutase (SOD) level in the mitochondria and improve endurance exercise performance. Therefore, it can be considered that salidroside reduces the production of SOD due to its effect on oxygen consumption, resulting in the change of ATP and finally the activation of AMPK. This was discovered in bladder cancer cells (UMUC3) by Liu et al. (2011). It is worth noting that salidroside could induce the autophagy-related apoptosis on human acute monocytic leukemia cells (THP-1 and U937) through AMPK activation via downregulating p62, p-PI3K, p-AKT, and p-mTOR expressions and upregulating Beclin1, LC3II and AMPK expressions (Ge et al., 2019).




Conclusion Remarks

Traditional medicines are the gifts of nature to humans. Many drugs that are commonly used in modern medicine, such as artemisinin, paclitaxel, camptothecin, and ephedrine, are derived directly or indirectly from these natural medicines. TTM is an ancient health system and part of the world’s traditional medical system. This system uses various treatments and personalized approaches to prevent and treat a wide range of diseases, especially chronic diseases, such as cancer.

In this review, we attempt to summarize the traditional Tibetan medical theory on the knowledge and treatment of cancer. The results showed that, in TTM, the direct cause of cancer is the shrinking and aggregating of “bad blood” owing to the reverse effect of loong (Figure 1). In addition, we review the natural Tibetan medicines traditionally used in the Tibetan system of medicine for cancer treatment. More importantly, some TTMs and their effects on apoptotic pathways are summarized in Table 4. Most TTMs exert anticancer effects through multiple components and multiple pathways. As previously mentioned, apoptosis is one of the main mechanisms by which TTM induces cancer cell death. Therefore, the molecular mechanisms of Tibetan medicine targeting apoptosis pathways are worthy of further study. However, in addition to apoptosis pathway targets, other cell death pathways may be triggered by TTMs. For example, some TTMs show anticancer activity by enhancing immunity. In order to fully evaluate the anticancer potential of these TTMs and their active ingredients, multidisciplinary approaches should be integrated to conduct pharmacological studies and reveal their mechanisms of action.


Table 4 | Summary of traditional Tibetan medicine and apoptotic pathway targets.



In addition, current research on TTMs is insufficient and limited. First, according to statistics (Jia and Zhang, 2016), 3,105 natural medicines have been used in the Tibetan medicine theory system. However, only 40 species have been demonstrated to possess cancer-related biological activity, and most species still lack sufficient experimental evidence. For example, brag-zhun is a natural exudate from rock stratum, which sometimes contains animal feces. Brag-zhun and its preparations are commonly used in Tibetan medicines for cancer therapy. However, to date, reports on the biological activity of the medicine associated with cancer are unavailable. Similarly, Swertia chirayita (Roxb. ex Fleming) H. Karst. and Halenia elliptica D.Don also lack cancer-related research. Given the high frequency of natural medicines being used in the treatment of cancer, supplementing these gaps in research is necessary. Secondly, although some compounds that are isolated from TTMs exhibit cancer-related biological activities, their cellular and molecular mechanisms, and possible synergies among these compounds have not been clearly elucidated. Third, TTM mainly uses prescriptions to treat cancer in clinic, but relevant research to support their application is limited. Only studies involving Yukyung Karne have been reported. Addressing these limitations in future research is necessary. Moreover, although some Tibetan herbal medicines can induce the death of cancer cells through the apoptotic pathways in vitro, these herbs have a weak anticancer effect on animal models. Therefore, in vivo experiments are necessary to verify the anticancer effects and molecular mechanisms of these TTMs.

In conclusion, this review provides the first compilation of data on TTM for cancer treatment. We found that some TTMs (e.g., O. sinensis, P. emblica, and Rhodiola kirilowii) and their active ingredients (e.g., cordycepin, salidroside, and gallic acid) have good anticancer activity. The molecular mechanisms are mainly through targeting some apoptotic pathways in cancer, for example, Bcl-2/Bax, caspases, PI3K/Akt, JAK2/STAT3, MAPK, and AMPK. These herbs and natural compounds would be potential drug candidates for cancer treatment and deserve further research and development.
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Background

Acute myeloid leukemia (AML) is a hematopoietic malignancy characterized by uncontrolled proliferation and accumulation of myeloblasts in the bone marrow (BM), blood, and other organs. The nuclear receptors Nur77 is a common feature in leukemic blasts and has emerged as a key therapeutic target for AML. Cantharidin (CTD), a main medicinal component of Mylabris (blister beetle), exerts an anticancer effect in multiple types of cancer cells.



Purpose

This study aims to characterize the anti-AML activity of CTD in vitro and in vivo and explore the potential role of Nur77 signaling pathway.



Study Design/Methods

The inhibition of CTD on cell viability was performed in different AML cells, and then the inhibition of CTD on proliferation and colony formation was detected in HL-60 cells. Induction of apoptosis and promotion of differentiation by CTD were further determined. Then, the potential role of Nur77 signaling pathway was assessed. Finally, anti-AML activity was evaluated in NOD/SCID mice.



Results

In our study, CTD exhibited potent inhibition on cell viability and colony formation ability of AML cells. Moreover, CTD significantly induced the apoptosis, which was partially reversed by Z-VAD-FMK. Meanwhile, CTD promoted the cleavage of caspases 8, 3 and PARP in HL-60 cells. Furthermore, CTD obviously suppressed the proliferation and induced the cell cycle arrest of HL-60 cells at G2/M phase. Meanwhile, CTD effectively promoted the differentiation of HL-60 cells. Notably, CTD transiently induced the expression of Nur77 protein. Interestingly, CTD promoted Nur77 translocation from the nucleus to the mitochondria and enhanced the interaction between Nur77 and Bcl-2, resulting in the exposure of the BH3 domain of Bcl-2, which is critical for the conversion of Bcl-2 from an antiapoptotic to a proapoptotic protein. Importantly, silencing of Nur77 attenuated CTD-induced apoptosis, reversed CTD-mediated cell cycle arrest and differentiation of HL-60 cells. Additionally, CTD also exhibited an antileukemic effect in NOD/SCID mice with the injection of HL-60 cells into the tail vein.



Conclusions

Our studies suggest that Nur77-mediated signaling pathway may play a critical role in the induction of apoptosis and promotion of differentiation by CTD on AML cells.
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Introduction

Leukemia is a kind of malignant clonal disease originating from hematopoietic stem cells. It is characterized by uncontrolled hematopoietic cell proliferation, differentiation disorder, and inhibition of apoptosis leading to normal blood cell reduction (Banta et al., 2018). Acute myeloid leukemia (AML) is the most common acute leukemia in adults. AML incidence is age-dependent, rising markedly in patients aged ≥60 years. In Europe, ageing of the population contributes to the increase in AML incidence from 3.48 in 1976 to 5.06 patients per 100,000 people in 2013 (Roman et al., 2016). In China, there were 75,300 newly increased cases and 53,400 leukemia patient deaths in 2015 (Chen et al., 2016). In 2019, the United States is expected to add 61,780 leukemia patients and 22,840 deaths. Among them, AML patients are expected to add 21,450 new cases and 10,920 patient deaths. In terms of morbidity and mortality statistics, the number of men is higher than women (Siegel et al., 2019). At present, AML efficacy is greatly limited by severe side effects, multiple drug resistance, and expensive costs (Burnett et al., 2011; O’Donnell et al., 2017).

The orphan nuclear receptor subfamily (NR4A) is a family of three highly homologous orphan nuclear receptors with a variety of physiological and pathological effects that are reported to be dysregulated in a variety of cancer types (Beard et al., 2015; Banta et al., 2018). The orphan nuclear receptor Nur77 is a protein encoded by NR4A1 and plays an important regulatory role in cell proliferation, apoptosis, differentiation, inflammation, atherosclerosis, metabolism, DNA repair, and tumorigenesis (Chintharlapalli et al., 2005; Lee et al., 2009; Boudreaux et al., 2012). Accumulating evidence has shown that Nur77 plays a dual role in promoting or inhibiting tumors depending on the specific cellular environment. It is reported that Nur77 is overexpressed in a variety of cancer cells and tissue samples, resulting in increased proliferation and survival in these cells and tissues, such as: prostate cancer (Wu et al., 2018), breast cancer (Xie et al., 2016), and so on. In recent years, Nur77 has been found to be an important tumor suppressor gene in AML. The expression loss of Nur77 is a common feature of AML patients (Boudreaux et al., 2012). Targeted activation of Nur77 expression has been shown as a potential novel approach for intervention in the treatment of AML (Boudreaux et al., 2019).

Mylabris, the dried body of blister beetle (Mylabris phalerata and M. cichorii), has been used in traditional Chinese medicine (TCM) for more than 2,000 years. Cantharidin (CTD) is found to be the major bioactive component of mylabris. In recent studies, it has been found that CTD and its derivatives, such as Cantharidic acid and norcantharidin, inhibited leukemia cell proliferation, induced apoptosis, caused cell cycle arrest, and potentiated the inhibitory effects of chemotherapy drugs (, 2001; Dorn et al., 2009; Liao et al., 2011; Sun et al., 2016; Wang et al., 2018). However, the potential molecular mechanisms are still not fully understood. Thus, it is interesting for us in this study to discover whether Nur77-related signaling pathway plays an important role in the anti-AML activity of CTD, which may provide the evidence for the traditional use of mylabris in cancer treatment.

In the current study, we characterized the effect of CTD on apoptosis and differentiation of HL-60 cells, and the potential role of Nur77-mediated signaling pathway was carefully investigated.



Materials and Methods


Chemicals and Reagents

CTD (purity ≥98%, product number: MB6525) was purchased from Dalian Meilun Biotechnology Co., Ltd. and added with an appropriate amount of DMSO solution to dissolve into a 32 mM stock solution, stored at −20°C for further use. The antibodies against caspase 3, cleaved caspase 3, cleaved caspase 8, Cyclin E, Cyclin B1, CDK2, p21, p27, and p53 were obtained from Wanlei Biotechnology (Shenyang, China). The antibodies against Nur77, PARP, cleaved PARP, c-Jun, Jun-B, Bcl-2, and Bax were purchased from Santa Cruz Biotechnology (CA, USA). The antibodies against β-actin, mouse, or rabbit IgG were obtained from Sigma-Aldrich (St. Louis, MO, USA). Hoechst 33342 was obtained from Wanlei Biotechnology (Shenyang, China). Other chemicals were obtained from Sigma-Aldrich, unless indicated otherwise.



Cell Culture

AML cell lines HL-60, Kasumi-1, and OCL-AML3 and human normal 293T and HUVEC cells were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). AML cells were grown in RPMI-1640 medium (Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, USA) and 1% penicillin/streptomycin (Invitrogen, USA). HUVEC cells were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 1% penicillin/streptomycin. All cells were maintained at 37°C in a 5% CO2 and 95% humidified atmosphere.



Cell Viability Assay

Cell viability was evaluated by the cell counting kit-8 (CCK-8) (Dojindo, Shanghai, China) assay. Cells (8 × 104 cells/ml) were treated with various concentrations of the CTD. After 72 h of incubation, cells were added with 10 μl of CCK-8 for each well. The optical density (OD) was determined at a wavelength of 450 nm using a microplate reader (Biotek, USA). Cell viability was expressed as a percentage of that of the control (untreated) cells.



Cell Proliferation Assay

Cell Proliferation Assay was determined using trypan blue solution (Sigma, St. Louis, MO, USA). Cells (5× 104 cells/ml) were treated with various concentrations of the CTD separately for 24, 48, 72, 96, 120 h and then stained with trypan blue (0.4%). The viable cells were counted using a hemocytometer.



Colony Formation Assay

Colony forming units were assayed in methylcellulose (StemCell Technologies, Canada) supplemented with 10% FBS and 1% penicillin/streptomycin. Vehicle or CTD was added to methylcellulose containing 2,500 cells in a 24-well plate. Colonies were evaluated microscopically 14 days after plating.



Apoptosis and Cell Cycle Analysis by Flow Cytometry

Cells were harvested, washed, and incubated in the binding buffer containing Annexin V-FITC and propidiumiodide (PI) for apoptosis analysis. Cells for cell cycle analysis were fixed, incubated with RNase A, and then stained with PI in the dark. Flow cytometry analyses were performed on a BD LSR Fortessa Cell Analyzer (BD Biosciences, San Jose, CA, USA). Data were analyzed using Flow Jo 7.6.1 software (Tree Star, Inc., Ashland, OR, USA).



Hoechst 33342 Staining

After treatment, HL-60 cells were centrifuged and collected in Eppendorf tubes. Then, cells were fixed with 4% paraformaldehyde in PBS for 10 min and washed with 1× PBS for three times. Hoechst 33342 (10 mg/ml) stock solution was diluted with 1× PBS (1:2,000) and then added into each well. The plates were protected from light exposure and kept at room temperature for 10 min. Finally, the plates were washed with 1× PBS for three times again. Cells with fluorescence were observed and photographed under a fluorescence microscope (Leica DM4000B, Wetzlar, Germany).



Wright–Giemsa Staining

Morphological assessment of differentiation was performed using Wright–Giemsa (Leagene, China) staining according to the manufacturer’s protocol on slides prepared by cytospin of HL-60 cells after 96 h treatment. The morphology of cells was examined under a light microscope.



Nitro Blue Tetrazolium (NBT) Reduction Assay

After 96 h treatment, cells were incubated with NBT solution at 37°C for 30 min. The cells capable of reducing NBT (J&K, Beijing, China) were measured by counting the number of cells containing the precipitated formazan particles in 200 cells of three random visions. 12-O-Tetradecanoylphorbol-13-acetate was used to stimulate the formation of formazan.



CD11b Detected by Flow Cytometry

Cells were collected and washed twice with ice-cold PBS. Then, cells were incubated with the direct fluorescein isothiocyanate-labeled anti-CD11b antibody (BD Biosciences, San Jose, CA, USA) on ice for 30 min, washed twice with PBS, and the level of antibody binding to the cells was quantified using flow cytometry (BD Biosciences, San Jose, CA, USA).



Construction and Production of Nur77 shRNA Lentivirus Vector

Nur77 specific small hairpin RNA (shNur77) and shRNA control with nontargeting sequence were constructed based on the lentivirus-based RNAi vector pLKO.1 shRNA/GFP/Neo (GeneChem Co. Ltd.). The human shNur77 target is 5′-TACACAGGAGAGTTTGACA-3′. Lentiviral vectors were packaged through cotransfecting 293T cells with the ViraPower Lentiviral Expression Systems (Invitrogen, USA) following the instructions provided by the manufacturer. After 48 h, the transfection efficiency was monitored. Lentiviral particles were collected within 48–72 h after transfection. Stable cells were then generated as follows: HL-60 cells in 6-well plate were infected with the filtered media containing lentiviruses of shNur77 or nonspecific pLKO.1 shRNA. After 48 h, the media was changed to fresh media containing puromycin and hygromycin B for stable cell selection. Cells were subsequently passed and reached 100% confluence in a 10 cm dish in 3–4 weeks  (Wang et al., 2017).



Animal Studies

This animal experiment was conducted under the supervision of the Southwestern University Institutional Animal Care and Use Committee, in accordance with the approved protocol with the animal ethic clearance proof (ID: XXYL (2018) 05). NOD/SCID mice were purchased from Beijing Vital River Laboratory Animal Technologies Co. Ltd (license number: SCXK (Beijing) 2016-0006). Mice were housed under SPF condition in Southwest University. All experiments conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication, eighth edition, 2011) and were conducted under the supervision of the Southwestern University Institutional Animal Care and Use Committee, in accordance with the approved protocol. Mice were sublethally irradiated with 2.4 Gy. 24 h later, HL-60 cells were injected into the tail vein (5 × 106 cells/mouse). Mice were randomly divided into three groups (n = 6 per group) respectively. After 7 days, mice in two treatment groups were intravenously given every three days with CTD dissolved in 200 μl of saline at doses of 0.2 mg/kg and 0.4 mg/kg, respectively. Mice in the control group were intravenously given with saline (200 μl). The survival time of each group of mice was recorded. Mice were euthanized 42 days after the injection of HL-60 cells.



Western Blotting Analysis

Cells were harvested and suspended into 80 ml of lysis buffer containing protease inhibitors (Beyotime, China) and the concentration of the protein extract was determined using the BCA protein assay kit (Beyotime, China). Sixty micrograms of protein was diluted in sample loading buffer and heated at 95°C for 5 min. The denatured proteins were separated by 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. The membranes were blocked for 40 min at room temperature in tris-buffered saline containing 5% BSA and 0.1% tween 20, followed by overnight incubation at 4°C, separately, with specific primary antibodies which detect proteins involved in various cell signaling pathways. The membranes were washed and incubated with the appropriate secondary antibody at room temperature for 1 h. Blots were visualized using a standard enhanced chemiluminescence system (Bio-Rad Labs, USA).



Immunohistochemistry, and Hematoxylin–Eosin (HE) Staining

Immunohistochemistry and HE staining were performed as described previously (Giunta et al., 2015; Wang et al., 2017).



Statistical Analysis

All data were presented as the mean ± SD. The significant difference in the study was examined using Student’s t test or one-way ANOVA. A p-value of less than 0.05 was considered to be significant. All calculations were performed using Prism 5.03 (GraphPad Software Inc., San Diego, CA, USA).




Results


CTD Inhibited Cell Growth of AML Cells

To investigate whether CTD has an inhibitory effect on AML cells, we first measured the viability of three AML cell lines after CTD treatment for 72 h with CCK-8 assay. As shown in Figures 1A–C, CTD significantly inhibited the viability of HL-60, Kasumi-1 and OCI-AML3 cells. Notably, HL-60 (IC50 = 6.21 μM) and Kasumi-1 (IC50 = 8.00 μM) cells are more sensitive to CTD than OCI-AML3 (IC50 = 2 8.70 μM) cells. In view of the high activity against AML cells, CTD was further investigated to evaluate its selectivity against AML cells over normal cells. The results in Figure 1D indicated that CTD exhibited relatively weak inhibition on the viability of HUVEC cells with IC50 value of 75.63 μM. The selectivity index for HL-60 and normal cells was 12.2, which indicated that CTD could selectively eliminate AML cells with relatively low toxicity against normal cells. To investigate the effect of CTD on the colony formation ability of AML cells, HL-60 cells were treated with different concentrations of CTD (0, 2, 4, 6 μM) for 14 days. As shown in Figure 1E, the number of colonies formed by HL-60 cells was remarkably suppressed by 4 and 6 μM of CTD compared with control (p < 0.001). Morphologically, the size of colonies also obviously reduced after 4 and 6 μM of CTD treatment.




Figure 1 | CTD inhibited the growth of AML cells. (A–D) HL-60, Kasumi-1, OCI-AML3, and HUVEC cells were treated with CTD as indicated for 72 h. Cell viability was measured using CCK-8 assay. (E) HL-60 cells were cloned in methylcellulose and treated with CTD as indicated. Two weeks later, colonies >50 μm in diameter were counted. The colony images were a representative of three independent experiments. Values are presented as the means ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 vs control.





CTD Induced Apoptosis in HL-60 Cells

To determine whether the inhibition of viability of HL-60 cells by CTD was attributed to the activation of apoptotic cell death, we evaluated the apoptosis level by flow cytometry with Annexin V/PI staining. As shown in Figure 2A, 4 and 6 μM of CTD significantly induced the apoptosis of HL-60 cells. Then, we further determined the apoptosis by Hoechst 33342 staining. After treatment with CTD, many more cells with condensed and fragmented nuclei were observed in HL-60 cells treated with 4 and 6 μM of CTD than those in the control (Figure 2B). As caspase-mediated apoptosis is one of the most common apoptosis pathways, we then determined the influence of Z-VAD-FMK, a pan-caspase inhibitor, on the apoptosis induced by CTD. Figure 2C showed that Z-VAD-FMK (50 μM) significantly mitigated the inhibitory effect of CTD (4 and 6 μM) on the viability of HL-60 cells (p < 0.01). Furthermore, several apoptosis-relevant proteins were determined by western blotting after HL-60 cells treated with CTD for 48 h. Figure 2D indicated that CTD obviously reduced the level of pro-caspase 3, pro-caspase 8, and pro-PARP and enhanced the level of cleaved-caspase 3, cleaved-caspase 8, and cleaved-PARP.




Figure 2 | CTD induced apoptosis of HL-60 cells. HL-60 cells were treated with CTD as indicated for 48 h. (A, B) Apoptotic cells were determined by flow cytometry and Hoechst 33342 staining (n = 3). (C) HL-60 cells were pre-treated with the pan-caspase inhibitor Z-VAD-FMK for 2 h and then treated with CTD as indicated for 48 h. Cell viability was measured using CCK-8 assay. (D) HL-60 cells were treated with CTD as indicated for 48 h and then apoptosis-related proteins were detected by Western blotting. The blots were a representative of three independent experiments. The scale bar is 100 μm. Values are presented as the means ± SD. **p < 0.01, ***p < 0.01 vs control.





CTD Caused Cell Cycle Arrest of HL-60 Cells

In order to determine the effect of CTD on the cycle arrest of HL-60 cells, we first evaluated the influence of CTD on the proliferation of HL-60 cells. The Trypan Blue dye exclusion test was performed in HL-60 cells with CTD treatment for 120 h. As shown in Figure 3A, CTD significantly inhibited the proliferation of HL-60 cells in a concentration-dependent manner. Notably, 8 and 16 μM of CTD completely suppressed the proliferation of HL-60 cells. Then, we determined the effect of CTD on the cell cycle distribution of HL-60 cells by flow cytometry with PI staining. Figure 3B showed that 4 μM of CTD induced an obvious cell cycle arrest at G2/M phase in HL-60 cells. To further explore the potential mechanisms of CTD on G2/M cell cycle arrest, the expression of cell cycle related proteins was detected by Western blotting after HL-60 cells treated by CTD for 48 h. We found that 4 μM of CTD obviously down-regulated the protein level of cyclin E, cyclin B1, and CDK2, and up-regulated the protein level of p27 and p53 (Figure 3C).




Figure 3 | CTD suppressed proliferation and induced cell cycle arrest in HL-60 cells. (A) HL-60 cells were treated with CTD as indicated for 120 h, and cell proliferation assay was performed by trypan blue exclusion. (B) HL-60 cells were treated with CTD as indicated for 48 h. After RNase A treatment and PI staining, cell cycle was determined by flow cytometry quantitatively (n = 3). (C) The cell cycle related proteins were detected by Western blotting after treatment with CTD as indicated for 48 h. The blots were a representative of three independent experiments. Values are presented as the means ± SD.





CTD Promoted Differentiation of HL-60 Cells

To examine the effect of CTD on myeloid differentiation of AML cells, Wright–Giemsa staining was first performed to detect the morphologic changes of HL-60 cells treated with CTD for 96 h. As shown in Figure 4A, CTD (1 to 4 μM) obviously induced the differentiation of HL-60 cells as evidenced by the change in morphological features such as reduced nuclei/cytoplasm ratio and condensed, distorted, and stab form of nuclei. Moreover, Figures 4B, C showed that CTD significantly increased the NBT and α-NAE positive cells at 2 and 4 μM (p < 0.01). To further characterize the differentiation mediated by CTD, we determined the expression of CD11b, a marker of myeloid differentiation, by flow cytometry. Results in Figure 4D showed that CTD obviously increased the fluorescence intensity of CD11b in HL-60 cells with 2.6-fold of increase for 4 μM of CTD.




Figure 4 | CTD induced differentiation of HL-60 cells. HL-60 cells were treated with CTD as indicated for 96 h and then subjected to (A) Wright–Giemsa staining, white arrow points to nuclear chromatin condensation. (B) NBT reduction staining, (C) α-NAE staining and (D) CD11b determination with flow cytometry (n = 3). **p < 0.01 vs control.





Mitochondrial Localization of Nur77 and Subsequent Bcl-2 Transformation Are Involved in CTD-Induced Apoptosis of HL-60 Cells

Previous studies demonstrate that loss of Nur77 expression is a key pathological factor in the development of AML, and pharmacological target of Nur77 provides a novel approach for the therapeutic intervention in AML (Mullican et al., 2007; Boudreaux et al., 2019). Thus, we determined the influence of CTD on the expression of Nur77. As shown in Figure 5A, CTD up-regulated the expression of Nur77 in a concentration-dependent way. To explore the potential role of Nur77 in the anti-AML activity of CTD, we constructed HL-60shNur77 cell line and HL-60pLKO.1 cell line by stable transfection of HL-60 cells with shNur77 and a pLKO.1 vector, respectively. Figure 5B showed that the level of Nur77 in HL-60shNur77 cells was significantly lower than that in HL-60pLKO.1 cells. Then, we determined the role of Nur77 in CTD-mediated apoptosis. Flow cytometry analysis demonstrated that the apoptosis rate in HL-60shNur77 cells with CTD treatment partially reduced than that in HL-60pLKO.1 cells with CTD treatment (Figure 5C), indicating the critical role of Nur77 in CTD-induced apoptosis. Accumulating evidence indicates that the key mechanism of apoptosis induction by Nur77 is the translocation of Nur77 from the nucleus to the mitochondria where Nur77 binds Bcl-2 to convert it from an antiapoptotic to a proapoptotic protein (Li et al., 2000; Lin et al., 2004; Kolluri et al., 2008; Thompson et al., 2010; Banta et al., 2018). To examine whether CTD can affect the localization of Nur77 to mitochondria, we isolated the mitochondrial protein and cytosolic protein from HL-60 cells with or without CTD treatment. Our results of Western blotting (Figure 5D) showed an obvious increase in the level of Nur77 in mitochondria and a decrease in the level of Nur77 in the cytosol, suggesting that CTD promoted the translocation of Nur77 to the mitochondria. To determine the influence of CTD on the interaction between Nur77 and Bcl-2, we performed coimmunoprecipitation after HL-60 cells were treated with CTD or vehicle for 24 h. The results showed that the interaction between Nur77 and Bcl-2 increased in HL-60 cells after CTD treatment (Figure 5E). Previous studies indicated that the interaction between Nur77 and Bcl-2 led to the exposure of the BH3 domain in Bcl-2, which is critical for the functional conversion of Bcl-2 (Lin et al., 2004). To determine the effect of CTD on the conformational change of Bcl-2, we performed a flow cytometry with a specific antibody against the BH3 domain of Bcl-2. Our results in Figure 5F demonstrate that CTD remarkably enhanced the fluorescence intensity of Bcl-2(BH3) in HL-60 cells treated by CTD for 24 h.




Figure 5 | CTD promoted mitochondrial localization of Nur77 and subsequent Bcl-2 transformation. (A) HL-60 cells were treated with CTD as indicated for 48 h and then subjected to Western blotting for the detection of Nur77 protein level. (B) Western blotting detection of the expression of Nur77 in HL-60shNur77 cells and HL-60ShNC cells. (C) HL-60shNur77 cells and HL-60pLKO.1 cells were treated with or without 4 μM CTD for 48 h, respectively. Apoptotic cells were determined by flow cytometry (n = 3). (D) After treatment of HL-60 cells with or without 4 μM CTD for 24 h, cell lysates were subjected to Western blotting for analyzing Nur77 and HSP60 in mitochondria (M) and Nur77 and α-tubulin in cytoplasm (C). (E) HL-60 cells were treated with or without 4 μM CTD for 24 h. Cell lysates were immunoprecipitated with anti-Nur77 or anti-Bcl2 antibody, and then Nur77 and Bcl-2 were detected by Western blotting. Input, cell lysates without IP process is set as a positive control. IgG, IP with anti-immunoglobulin G (IgG) is set as a negative control. The blots are a representative of three independent experiments. (F) HL-60 cells were treated with CTD for 24 h and then Bcl2 BH3 Domain Exposure was determined by flow cytometry with an antibody against Bcl-2 (BH3) (n = 3).





Nur77 Is Required for CTD-Induced Cell Cycle Arrest and Differentiation of HL-60 Cells

It has been reported that Nur77 plays a key role in the differentiation of AML cells (Mullican et al., 2007). We first determined the potential role of Nur77 in the CTD-induced cell cycle arrest. It can be seen that the percentage of G2/M phase in the CTD-treated HL-60shNur77 cells was lower than that in the CTD-treated HL-60pLKO.1 cells, with a reduction of 7.02% (Figure 6A). Then, we further determined whether Nur77 was involved in the CTD-induced differentiation of HL-60 cells. Our results in Figure 6B showed that CTD-treated HL-60shNur77 cells exhibited lesser NBT positive cells than CTD-treated HL-60pLKO.1 cells (p < 0.01). Moreover, the CD11b level in HL-60shNur77 cells after CTD treatment for 96 h also obviously reduced compared with that in HL-60pLKO.1 cells (Figure 6C). Meanwhile, we also determined the level of differentiation-related transcription factors c-Jun and Jun B, which were reported to be the Nur77-mediated downstream mechanism (Mullican et al., 2007). The western blotting results indicate that the expression of Jun B and c-Jun obviously increased in HL-60 cells after treatment with CTD for 48 h (Figure 6D).




Figure 6 | Effect of silencing Nur77 on the cell cycle arrest and differentiation in HL-60 cells. (A) HL-60pLKO.1 and HL-60shNur77 cells were administered with or without 4 μM CTD for 48 h, and then the cell cycle was detected by flow cytometry (n = 3). (B) HL-60pLKO.1 and HL-60shNur77 cells were treated with or without 4 μM CTD for 96 h and then the number of positive cells was counted by the NBT reduction assay. (C) HL-60pLKO.1 and HL-60shNur77 cells were treated with or without 4 μM CTD for 96 h, and then CD11b level was detected by flow cytometry (n = 3). (D) HL-60 cells were treated with CTD as indicated for 48 h. Western blot was used to detect the expression of Jun B and c-Jun. The blots are a representative of three independent experiments. **p < 0.01 vs control.





Antileukemic Activity Effect of CTD in NOD/SCID Mice

To further investigate the antileukemic effect of CTD in vivo, HL-60 cells were injected into the tail vein of NOD/SCID mice after sublethally irradiating with 2.4 Gy. The diagnosis of a leukemia model is difficult, in the early days, we chose to observe the animal’s mental state and whether the body hair was shrunk to initially judge the effect of modeling. Observing the morphological changes of the mice two days after modeling, it can be seen that compared with before modeling, the mice have obvious wrinkles on their body hair and poor mental state (Supplementary Figures 1A, B). There is no direct literature reference on CTD acting on the AML model or using NOD/SCID mice. We integrated relevant studies and finally selected the doses of 0.2 and 0.4 mg/kg for the experiments (Huan et al., 2012; Zhang et al., 2017). After 6 weeks of treatment, NOD/SCID mice in the vehicle group were dispirited with low appetite, showed down-bent gait, wrinkled fur, and slow movement, while those in the 0.2 and 0.4 mg/kg of CTD groups behaved more normally, especially in the high dose (0.4 mg/kg) group (Figure 7A). The survival curve of the mice was plotted by recording the survival time of each group of mice. As shown in Figure 7B, CTD prolonged the survival time of mice in the 0.2 and 0.4 mg/kg of CTD groups compared with those in the vehicle group. Three weeks after the administration, blood indexes related to blood tests were used to judge the validity of the modeling. The determination of blood physiological parameters showed that WBC (Figure 7C) decreased, and RBC (Figure 7D) increased in both 0.2 and 0.4 (p < 0.01) mg/kg CTD groups compared with those in the vehicle group. Moreover, the hepatomegaly was significantly reduced in mice treated with 0.2 (p < 0.05) and 0.4 (p < 0.001) mg/kg of CTD compared with those in the vehicle group (Figures 7E, F). Meanwhile, the splenomegaly was also remarkably decreased in mice treated with 0.2 (p < 0.001) and 0.4 (p < 0.001) mg/kg of CTD compared with those in the vehicle group (Figures 7E, G). The HE staining results in Figure 7H showed that an obvious infiltration was observed in the liver and spleen of mice in the vehicle group, with different degrees of swelling and diffuse growth of tumor cells. Compared with the vehicle group, the histopathological changes were alleviated, and the infiltration was also relieved in the CTD groups. Notably, the 0.2 mg/kg of the CTD group was more obvious than those in the 0.4 mg/kg of CTD group. Immunohistochemical staining results in Figure 7I revealed that the expression of CD45, a pan-leukocyte marker, was obviously reduced in 0.2 and 0.4 mg/kg of CTD compared with those in the vehicle group.




Figure 7 | Antileukemic activity of CTD in NOD/SCID mice. Mice were sublethally irradiated with 2.4 Gy and then were randomly divided into three groups as indicated (n = 6). After 24 h, HL-60 cells were injected into the tail vein (5 × 107 cells) of mice in corresponding groups. After one week, CTD (0.2 and 0.4mg/kg) was given via intraperitoneal injection, while vehicle group was administrated with normal saline once every 3 days. (A) The physical status was compared. (B) Kaplan–Meier curves showing overall survival of mice. (C) White blood cells (WBC) level; (D) Red blood cells (RBC) level. (E–G) The weight of the spleen and liver was compared between CTD and vehicle groups. (H) HE staining of spleen and liver. The H&E staining of mouse liver, with small focus of extramedullary ematopoiesis (black arrows) in all samples. The H&E staining of mouse spleen, lympho/histiocytic hyperplastic lesion with mitotic figure (black arrows), scattered or clustered, small cell body, low cytoplasm, coarse nuclear chromatin (400×, scale is 50 μm). (I) Immunohistochemical staining of CD45, the white arrow points to the positive expression of CD45 which is stained tan (400×, scale is 50 μm). The images were a representative of three independent experiments. Values are presented as the means ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 vs vehicle.






Discussion

Mylabris has been used as a folk medicine for more than 2,000 years with the function of breaking blood and removing phlegm, dispersing and eliminating dysentery, and attacking poisonous acne. It is frequently prescribed in formula for the treatment of various tumors in clinical practice. CTD, the active principle ingredient in Mylabris, has been used as an anticancer agent in China, particularly for hepatoma and oesophageal carcinoma. In this study, our results demonstrated that CTD markedly inhibited the viability of AML cells. HL-60 exhibited the highest sensitivity to CTD with an IC50 of 6.21 µM. Moreover, CTD potently induced the apoptosis of HL-60 cells as reflected by flow cytometry analysis and Hoechst staining. Apoptosis of cells can be carried out in a variety of ways. The extrinsic pathway of apoptosis is triggered by the recruitment of corresponding ligands to the intracellular death domain and subsequent activation of initiator caspase 8, which is one of the caspase enzymes critical for the activation of downstream effector caspases (Kumar et al., 2005). Our results showed that CTD promoted the cleavage of caspase 8, followed by the activation of caspase 3 and PARP. Consistently, Efferth T et al. previously demonstrated that CTD caused oxidative stress and subsequently triggered DNA damage and p53-dependent apoptosis in leukemia cells (Efferth et al., 2005; Efferth, 2005).

There is increasing evidence that loss of Nur77 is closely related to the development of AML (Boudreaux et al., 2012). It has been reported that activation of Nur77 pathway is involved in the apoptosis inducing effect of norcantharidin in melanoma cells (Liu et al., 2011). We thereby examined the effect of CTD on Nur77 expression. Our result of Western blotting showed CTD induced the expression of Nur77. Silencing Nur77 reduced the apoptotic rate of CTD-promoted HL-60 cells. This indicates that Nur77 may play a regulatory role in CTD-induced apoptosis of HL-60 cells. One of the pathways of Nur77-mediated apoptosis is related to the mitochondria localization of Nur77 and subsequent Bcl-2 conformational change. It was found that when Nur77 is localized to mitochondria, it can interact with anti-apoptotic Bcl-2, induce a conformational change of Bcl-2 protein by binding ligand binding domain (LBD) to the N-terminal loop of Bcl-2, and promote the exposure of Bcl-2 pro-apoptotic BH3 domain, resulting in the conversion of Bcl-2 from an anti-apoptotic into a proapoptotic molecule (Lin et al., 2004). Therefore, we subsequently investigated the potential effect of CTD on Nur77 translocation and Bcl-2 conformational change. Western blotting showed that CTD obviously increased the enrichment of Nur77 in the mitochondria. It is suggested that CTD-induced apoptosis may be highly correlated with the translocation of Nur77. Furthermore, our immunoprecipitation and flow cytometry results showed that CTD promoted the binding between Nur77 and Bcl-2 and increased the exposure of the BH3 domain of Bcl-2, which indicating Nur77-mediated conformational change and the functional switching of Bcl-2 may be involved in CTD-induced apoptosis.

The multi-step transformation leads to hematopoietic progenitor cells becoming resistant to cell death through unlimited cell cycles. Meanwhile, increased proliferation predisposes these cells to mutations and may contribute to leukemia transformation. In our study, we found that CTD significantly inhibited the proliferation of HL-60 and Kasumi-1 cells and induced the cycle arrest of HL-60 cells at G2/M phase. Each phase of the cell cycle is regulated by several cyclin-dependent kinases (CDKs) that bind to the corresponding cyclins to regulate cell cycle progression (Zhou et al., 2016; Otto and Sicinski, 2017). P21, p27, and p53 act as CDK inhibitors and play a corresponding role in different processes of cell cycle. It has been found that p53 regulates mammalian responses to DNA damage, inhibits G2/M cell cycle, inhibits Cyclin B1 transcription, and plays an important role in controlling tumor development (Innocente et al., 1999). P21 directly controls the cell cycle through p53 and p53-independent pathways and is involved in maintaining G1 cell cycle arrest (El-Deiry, 2016). P27 inhibits the binding of some cyclins to CDKs and prevents the onset of tumors consequently (Roy and Banerjee, 2015). Our Western Blot results showed that CTD up-regulated the expression levels of p53 and p27 in HL-60 cells, but had no significant effect on the expression of p21. In addition, CTD down-regulated the expression levels of cyclin B1, cyclin E, and the cyclin-dependent kinase CDK2. It is indicated that CTD blocked the G2/M phase arrest of HL-60 cells by regulating these cell cycle-related proteins and blocked the abnormal proliferation of HL-60 cells. Accumulating evidence demonstrated that many anticancer compounds trigger apoptosis with G2/M cell cycle arrest. Anticancer drugs that induce G2/M checkpoint regulation disorders can be classified into two categories. An abolition of the G2/M checkpoint affects the entry of damaged cells into mitosis and further induces apoptosis (Kawabe, 2004). Another approach is to promote G2/M checkpoints and subsequently induce apoptosis (Weir et al., 2007). In our study, the results indicate that the increased population of G2/M cells may have a great positive relation with elevated apoptotic population.

Cell cycle arrest is an essential early event in cell differentiation (Chen et al., 2013). Emerging evidence demonstrated that Nur77 played a key role in the differentiation of HSCs and myeloid progenitors (Mullican et al., 2007). Moreover, Nur77 was also found to be a modulator in the differentiation of Ly6C-monocytes (Hanna et al., 2011), suggesting the critical role of Nur77 in differentiation. Thus, we then determined the ability of CTD to induce differentiation in HL-60 cells. Our results of the Wright–Giemsa staining and NBT reduction assay showed that CTD obviously induced the differentiation of HL-60 cells. Such an effect was further confirmed by the detection of myeloid differentiation marker CD11b. Importantly, silencing Nur77 reduced CTD-mediated cell cycle arrest and increase of the rate of NBT positive cells in HL-60 cells and partially attenuated the effect of CTD on the expression of CD11b. Transcription factors c-Jun and Jun B are major members of the AP-1 family (Castellazzi et al., 1991). It has been found that the decrease of c-Jun and Jun B levels in AML mice was correlated with the blockage of differentiation, the increase of self-renewal, and the promotion of the development of AML cells (Steidl et al., 2006). Emerging evidence also indicates that c-Jun and Jun B are the downstream mechanism of Nur77 and related to Nur77-mediated differentiation (Mullican et al., 2007). Our results demonstrated that CTD up-regulated the expression of c-Jun and Jun B. These results indicate that Nur77 is required for the differentiation of CTD-induced acute myeloid leukemia cells.

In conclusion, CTD inhibited the viability of AML cells and induced the apoptosis of HL-60 cells, which was shown to be correlated with the mitochondria localization of Nur77 and subsequent Bcl-2 conformational change. Furthermore, CTD also suppressed the proliferation, induced the G2/M cell cycle arrest and promoted the differentiation of HL-60 cells, which was also found to be related to Nur77-mediated signaling pathway. Together, our study demonstrates that Nur77-mediated signaling pathway played a critical role in the anti-AML effect of CTD.
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Breast cancer is the most heterogenous cancer type among women across the world. Despite concerted efforts, breast cancer management is still unsatisfactory. Interplay between apoptosis and autophagy is an imperative factor in categorizing therapeutics for cancer treatment. Proscillaridin A (PSD-A), a well-known cardiac glycoside used for cardiac arrest and arrythmias, has been unveiled in many cancer types but the underlying mechanism for apoptosis and autophagy in breast cancer is not fully understood. In our study, PSD-A restricted cell growth, inhibited STAT3 activation and induced apoptosis and autophagy in breast cancer cells via ROS generation and Ca+2 oscillation. Pretreatment of NAC and BAPTA-AM restored PSD-A induced cellular events in breast cancer cells. PSD-A induced apoptosis via DNA fragmentation, caspase-cascade activation, PARP cleavage, mitochondrial dysfunction, Bax/Bcl-2 proteins modulation and ER chaperone GRP78 inhibition along with decreased phosphorylation of ERK1/2. Inhibition of STAT3 activation was found to be associated with decreased phosphorylation of SRC. Moreover, PSD-A induced events of autophagy i.e. conversion of LC3-I to LC3-II, and Atg3 expression via JNK activation and decreased mTOR and AKT phosphorylation. In this study, pretreatment of SP600125, a JNK inhibitor, reduced autophagy and enhanced STAT3 inhibition and apoptosis. Additionally, SB203580, a commercial p38 inhibitor, stimulated STAT3 activation and improved autophagic events rate in breast cancer cells, displaying the role of the MAPK signaling pathway in interplay between apoptosis and autophagy. Our data suggest that the rate of apoptotic cell death is improved by blocking JNK-induced autophagy in PSD-A treated MCF-7 and MDA-MB-231 breast cancer cells.
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Introduction

Breast cancer is the most prevalent heterogeneous type of disease with a high incidence and mortality rate. It is the second leading cause of cancer-related death in women after lung cancer (Yuan et al., 2017). In the United States, 246,660 new cases (29% of all cancer cases) were estimated among women in 2016 (Siegel et al., 2016). According to American Cancer Society Cancer Facts and Figures 2018, 266,120 new invasive breast cancer cases among women and over 2,550 cases in men are projected to be diagnosed that speculate approximately 40,920 women’s and 480 men’s deaths in 2018 (Sharma and Kumar, 2018).

Breast cancer has been classified into different molecular subtypes, specifically, based on presence or absence of hormone receptors (HR+/HR-) for estrogen or progesterone and excessive level of human epidermal growth factor receptor 2 (HER2+/HER2-). Furthermore, Luminal A (HR+/HER2-) and Luminal B (HR+/HER2+) are hormone receptor positive breast cancer subtypes, accounting for 70-80% of all breast cancer types (Haque et al., 2012). Triple negative breast cancer (TNBC) is a basal-like, aggressive subtype of breast cancer that accounts for 15-20% of other breast carcinomas, specifically among African-American young women (Sturtz et al., 2014). TNBC is identified by the absence of estrogen receptor, progesterone receptor, and overexpression of human epidermal growth factor receptor-2 (HR-/HER2-). Comparative to Luminal A and Luminal B, TNBC is highly recurrent and distantly metastatic breast cancer and irresponsive to commonly used hormone therapies to treat breast cancer due to lack of specific target sites (Qian et al., 2013).

Currently, chemotherapy, radiotherapy and hormone based remedies along with surgery (as first line therapy) has improved the five year survival rate of breast cancer patients (Ramezanpour et al., 2011). Besides this, the efficacy of presently available therapeutic drugs has been limited by notable side effects. Moreover, the heterogeneity of breast carcinoma imparts major challenges in the treatment and management of breast cancer. Tumor heterogeneity is one of the most important factors in the emergence of drug resistance in breast cancer (Ellsworth et al., 2017). In a large proportion of patients, drug resistance leads to tumor recurrence and metastasis. In addition, TNBC is highly associated with high metastasis to brain and lung in women under 50 years of age. Endocrine therapies are not successful in curing TNBC which has become an utmost clinical challenge. In the current scenario, novel therapeutic agents are needed to be identified for both HR+ and HR- breast carcinomas that could evade drug resistance emergence and cancer heterogeneity with low cytotoxicity.

For breast cancer management, the concept of complementary and alternative medicinal (CAM) therapy along with conventional therapy is emerging that clearly advocates for the significance of plant based traditional drugs. Active compounds in herbal medicines may overcome drug resistance by targeting multiple signaling pathways. Cardiac glycosides (CGs) are diverse, natural compounds of steroidal framework with sugar portion at position 3 (C-3) and unsaturated lactone ring at position 17 (C-17). Cardenolides and bufadienolides are sub-groups of CGs containing five-membered unsaturated butyrolactone ring and six-membered unsaturated pyrone ring respectively (Maryam et al., 2018). CGs, extracts of Digitalis purpurea L., are used to treat cardiac disorders like cardiac arrest, cardiac arrhythmias and heart congestions. Physiologically, these glycosides inhibit Na+/K+-ATPase pump which leads to boost sodium and calcium ions level inside the cell. In some recent findings, it has been suggested that several important cellular processes are regulated by additional modes of actions of Na+/K+-ATPase which highlights the novel potential role of cardiac glycosides in various diseases including cancer (Prassas and Diamandis, 2008).

Multiple factors like cell metabolism, survival, host defense, growth and differentiation are mediated by an important transcription factor identified as signal transducer and activator of transcription 3 (STAT3). It is activated indefatigably in cancer cells as compared to normal cells, provoking new approaches to inhibit STAT3 activation for the suppression of tumor growth. It has been disclosed that some of the current therapeutic drugs activate STAT3 can lead to resistance. Therefore, new drug discoveries in reverence to STAT3 inhibition would improve consequences of breast cancer treatment qualitatively, and more importantly, for both ER+ and ER- breast cancer. In the present study, we have revealed the anticancer activity of cardiac glycoside “PSD-A” in MCF-7 and MDA-MB-231 breast cancer cell lines. Cytotoxic effect of these Na+/K+ inhibitors has been well known for many years but the molecular mechanism is not well understood. This study reflects that PSD-A induces apoptosis and autophagy and inhibits STAT3 activation in breast cancer cell lines. Moreover, we have cross checked the impact of STAT3 inhibition and cross talk between mitogen-activated protein kinase (MAPK) family proteins on apoptosis and autophagy. In some cases, autophagy maintains cancer cell survival and mediates resistance to therapies during metabolic stress conditions (Degenhardt et al., 2006). Therefore, we have disclosed the impact of autophagy on apoptotic activity of PSD-A.



Materials and Methods


Chemicals and Reagents

PSD-A (Figure 1A) with the highest purity grade of >98% was purchased from EXTRASYNTHESE (Genay, France). Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine serum (FBS) was purchased from Gibco (Eggenstein, Germany) while trypsin with or without EDTA was obtained from Gibco (Canada). Penicillin and streptomycin as well as acridine orange stain were purchased from Solarbio Co. Ltd. (Beijing, China). Cell counting kit-8 (CCK-8) was purchased from Bimake (China). Dimethyl sulfoxide (DMSO), phenyl methyl sulfonyl fluoride (PMSF) and protease inhibitor cocktail were obtained from Sigma-Aldrich (St. Louis, MO). Hoechst-33258 stain was purchased from Beyotime Institute of Biotechnology (Nanjing, China). Reactive oxygen species (ROS) assay kit, mitochondrial membrane potential assay kit (JC-1), annexin V-FITC apoptosis detection kit, crystal violet (CV) stain, fluo-3 AM and N-Acetyl-L-cysteine (NAC) were purchased from Beyotime Biotechnology (Haimen, Jiangsu, China). BAPTA-AM, SB203580 and SP600125 were purchased from Selleckchem (Munich, Germany) while epidermal growth factor (EGF) was procured from PeproTech (Rocky Hill, USA). Recombinant human STAT3 protein was procured from abcam (Cambridge, MA).




Figure 1 | Antiproliferative and cytotoxic effect of PSD-A in breast cancer cells. (A) Chemical structure of PSD-A (Source: PubChem CID:222154) (B, C) MCF-7 and MDA-MB-231 cells were treated with indicated concentrations of PSD-A for 24 h. CCK-8 cell counting kit was used to measure cell viability. (D) Changes in morphology of MCF-7 and MDA-MB-231 cells were observed after 24 h PSD-A treatment using phase contrast microscope (Leica, DMIL LED). (E) MCF-7 and MDA-MB-231 cells were treated with indicated concentrations of PSD-A for 24 h and 300 cells/well were seeded into a 6-well plate within DMEM. After 10 days, formed colonies were fixed with 4% paraformaldehyde (PFA) and stained with crystal violet (CV). (F) Stain taken by the colonies was dissolved in methanol and optical density (OD) was measured at 595 nm. (D) Scale bar is 100 μm. (B, C, F) Data are expressed as Mean ± SD while all experiments were performed in triplicate independently. Columns with different superscript letters differ significantly (p < 0.05).



Primary antibodies for PARP, cleaved PARP, caspase-3, cleaved caspase-3, caspase-9, cleaved caspase-9, Bax, STAT3 and p-STAT3 (Tyr 705), proto-oncogene tyrosine-protein kinase SRC and p-SRC, Atg3, LC3 I/II, BiP/GRP78, AKT and p-AKT, p38 MAPK and p-p38 MAPK, c-Jun N-terminal kinase (JNK) and p-JNK, extracellular signal-regulated kinase (ERK1/2) and p-ERK1/2 were purchased from Cell Signaling Technology (Beverly, MA). Bcl-2, SHP-2, Beclin-1, ATF4, mTOR, p-mTOR and GAPDH were procured from Proteintech (Wuhan, China). Goat anti-rabbit and goat anti-mouse secondary antibodies were obtained from Sigma-Aldrich (St. Louis, MO).



Cell Culture

Human MCF-7 and MDA-MB-231 breast cancer cell lines were purchased from American Type Culture Collection (Manassas, VA, USA). Cells were cultured in high glucose DMEM supplemented with 10% FBS, 100 units/mL penicillin and 100 μg/mL streptomycin. The cells were kept in a completely humidified atmosphere with 5% CO2 at 37°C.



Cell Treatment and Cell Viability Assay

PSD-A was dissolved in DMSO with its final concentration of 0.5% and DMSO treated cells with the same concentration were used as control. A CCK-8 kit was used to determine cell viability according to the manufacturer’s instructions. Briefly, MCF-7 and MDA-MB-231 were seeded in 96-well microtiter plates with density of 3 ×103 cells/well/100 µL and treated with different concentrations of PSD-A for 24h as indicated. Following treatments, 10 µL of CCK-8 solution was added to each well and kept for 3h at 37°C and OD was recorded at a wavelength of 450 nm by using a fluorescence microplate reader (Synergy neo HTS multimode microplate reader, BioTek). All experiments were performed in triplicate and cell viability was calculated using following formula.

	

where “sample” shows optical density (OD) of drug treated cells with CCK-8 solution while “blank” represents OD value of culture medium with CCK-8 but without cells.



Microscopic Observations of Cell Morphology

MCF-7 and MDA-MB-231 cells were cultured in 96-well plates for 24 h at 37°C and treated with indicated concentrations of PSD-A for next 24 h. Morphological changes in both cell lines were observed and then photographed by phase contrast microscope (Leica, DMIL LED).



Clonogenic Assay

MCF-7 and MDA-MB-231 cells were treated with indicated concentrations of PSD-A for 24 h. Cells were washed, trypsinized and 500 cells/well were seeded into a 6-well plate in DMEM. Cells were allowed to form colonies at 37°C for 7 days in a humidified atmosphere. Old media was replaced with fresh DMEM after each 24 h. Once colonies were formed, cells were washed and fixed with 4% paraformaldehyde (PFA) for 15 min and stained with crystal violet for 20 min in the dark. Colonies were washed with PBS and photographed. Proliferative ratio of cells was enumerated by adding methanol in each well to dissolve crystal violet taken by colonies. Absorbance was measured at 595 nm by fluorescent spectrophotometer (Synergy neo HTS multi-mode microplate reader, BioTek).



Hoechst 33258 Staining for Nuclear Morphology

MCF-7 and MDA-MB-231 cells were treated with indicated concentrations of PSD-A for 24 h. Cells were washed, collected and fixed in 4% PFA at room temperature for 30 min. Cells were washed twice with PBS and incubated with Hoechst stain 33258 (20 µg/mL) for 20 min in the dark at room temperature. Cells were collected, washed with PBS to remove extra stain and resuspended in PBS. Nuclear morphology of the cells was observed under a fluorescence microscope (Leica, DMI 4000B). Stained cells/100 cells were counted in three different fields to determine apoptotic percentage.



Apoptosis Assay

Apoptotic effect of PSD-A was determined by annexin V-FITC/PI double staining apoptosis detection kit according to the manufacturer instructions. Briefly, MCF-7 and MDA-MB-231 cells were cultured in 6-well plates and treated with indicated concentrations of PSD-A for 24 h. Cells were washed with PBS, collected and resuspended in 1X binding buffer. The samples were incubated with 5 µL annexin V-FITC and 10 µL PI in the dark for 15 min and percentage of apoptosis was analyzed by flow cytometry (BD Accuri C6).



Evaluation of Intracellular Reactive Oxygen Species (ROS) Generation

ROS generation was determined according to the manufacturer’s instruction by using ROS assay kit (Beyotime, China). Briefly, MCF-7 and MDA-MB-231 cells were seeded in 96-well plates and treated with indicated concentrations of PSD-A for 24 h and 50 nM for the indicated time constraints in presence or absence of NAC to evaluate ROS generation in dose and time dependent fashion respectively. Cells were then incubated with 2´, 7´-dichlorofluorescein–diacetate (DCFH-DA) dissolved in serum-free DMEM (1:1000) in the dark for 30 min. Cells were washed with DMEM and DCF fluorescence was measured by fluorescence microplate reader (Synergy neo HTS multi-mode microplate reader, BioTek) with excitation and emission wavelengths of 488 nm and 525 nm respectively.



Determination of Mitochondrial Membrane Potential (ΔΨm)

Mitochondrial membrane potential (MMP) was determined by using mitochondrial membrane potential assay kit with JC-1 (Beyotime, China). Briefly, MCF-7 and MDA-MB-231 cells were treated with 25 nM, 50 nM and 100 nM concentrations of PSD-A for 24 h. Cells were washed with serum-free DMEM and incubated in JC-I working solution for 20 min in the dark at 37°C. After washing, cells were re-suspended with JC-1 dying buffer and JC-1 monomer fluorescence distribution (with excitation λ 490 nm and emission λ 530 nm) and j-aggregates (with excitation λ 525 nm and emission λ 590 nm) was measured using fluorescent spectrophotometer (Synergy neo HTS multimode microplate reader, BioTek). MMP of MCF-7 and MDA-MB-231 cells for control and treated groups was calculated by decrease in red/green fluorescence intensity ratio.



Measurement of Intracellular Free Ca+2

Fluo-3 AM, a fluorescent probe, was used to detect intracellular free Ca+2 as described previously (Maryam et al., 2018). Briefly, cells were cultured in 96-well plates and treated with indicated concentrations of PSD-A in the presence or absence of BAPTA-AM for 24 h. Cells were washed and resuspended in serum-free medium. The samples were incubated with 5 µM Fluo-3 AM for 30 min in the dark. Cells were washed with PBS and analyzed at 480 nm excitation and 525 nm emission wavelengths using a microplate reader (Synergy neo HTS multimode microplate reader, BioTek).



Surface Plasmon Resonance (SPR) Analysis

SPR analysis was performed as we mentioned earlier (Khan et al., 2020). Briefly, to validate direct interaction of PSD-A with STAT3, a series of PSD-A ascending concentration gradient from 39.0625 nM to 5000 nM was monitored on a C5 sensor chip immobilized with STAT3. PSD-A was injected with flow rate of 30 µL/min. Association and dissociation time was set to 90.1 sec and 90.4 sec respectively.



Acridine Orange Staining

Acridine orange staining was performed as described previously (Kim et al., 2017). Briefly, cells were treated with different concentrations of PSD-A for 24 h. Cells were incubated with 1 µM acridine orange stain for 25 min in dark at 37°C. Cells were washed with PBS and images were taken using a fluorescence microscope (λex = 488 nm, λem = 515 nm).



Immunoblotting

MCF-7 and MDA-MB-231 cells were treated with indicated concentrations of PSD-A for indicated time in the presence or absence of NAC, BAPTA-AM, EGF, SP600125 and SB203580. Cells were collected and washed twice with cold PBS. After washing, cells were lysed with radio immunoprecipitation assay RIPA (Beyotime Biotechnology) supplemented with 2% sodium fluoride (NaF) and 1% phenylmethylsulfonyl fluoride (PMSF) on ice for 30 min. Cells were centrifuged at 12000 rpm for 15 min and supernatant was collected in ice chilled tubes. A BCA protein assay kit (Beyotime Biotechnology) was used to determine protein concentrations by spectrophotometer (Synergy neo HTS multimode microplate reader, BioTek).

Equal amounts of proteins (30-40 µg) were loaded and separated on 10-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were then transferred to polyvinylidene difluoride (PVDF) membranes. After transfer, PVDF membranes were blocked in 5% skim milk for 1 h. After three times wash with Tris-buffered saline-tween (TBST), membranes were incubated in corresponding primary antibodies at 4°C overnight. Membranes were washed with TBST three times and incubated with HRP-conjugated goat anti-rabbit IgG or goat anti-mouse IgG secondary antibodies for 1 h at room temperature. After washing membranes with TBST, ECL plus chemiluminescence kit was used to detect immune-reactive bands in DNR bioimaging system MicroChemi 4.2. All immunoblots were repeated three times and GAPDH was measured as loading control in each blot. Variations in proteins expression was determined using ImageJ software.



Statistical Analysis

Results were expressed as mean ± SD for three different experiments and compared statistically with untreated (control) or within treated groups using one-way ANOVA followed by Tukey’s Multiple Comparison Test. For comparison of only two groups, student t-test was used. P < 0.05 was measured to be statistically significant.




Results


PSD-A Induces Anti-Proliferative and Cytotoxic Effect in Breast Cancer Cells

MCF-7 (triple positive) and MDA-MB-231 (triple negative) breast cancer cells were used in particular to evaluate the anti-proliferative and cytotoxic effects of PSD-A. A CCK-8 cell counting kit was used to measure cell viability of both MCF-7 and MDA-MB-231 cell lines in the presence or absence of PSD-A. We found a remarkable dose-dependent decrease in cell viability percentage among PSD-A treated groups compared to the untreated (Figures 1B, C). IC50 values for MCF-7 and MDA-MB-231 cells at the 24 h time point were found to be approximately 40 nM and 38 nM respectively, evaluating PSD-A to be equally effective for both triple positive and triple negative breast cancer cell lines. Therefore, we preferred both MCF-7 and MDA-MB-231 cells for further comparative mechanistic study. 25, 50 and 100 nM were the most suitable PSD-A concentrations for both cells among whole concentration gradient from 6.25 to 200 nM.

To explore the effect of PSD-A on morphology of breast cancer cells, we exposed both cell lines to the indicated concentrations of the drug for 24 h. We observed that PSD-A induced several morphological changes typically related to the cell death, i.e. lost cellular geometry, rounded in shape and floating on the media surface (Figure 1D). Further, we performed clonogenic assay to evaluate growth inhibitory and anti-proliferative effect of PSD-A in MCF-7 and MDA-MB-231 cells. For the purpose, we exposed cells to the indicated concentrations of PSD-A and allowed the treated cells for several days to make colonies. Compared to the normal, we found a significant decrease in the number of colonies (Figure 1E). We further quantified the rate of cell proliferation by dissolving crystal violet stain (attained by the cells) in methanol. As shown in Figure 1F, a significant decrease was found in the uptake of crystal violet (CV) stain in treated cells compared to the untreated. Collective data of CCK-8 assay, morphological examination and clonogenic assay reveal that PSD-A inhibits proliferation and induces cytotoxic effect in MCF-7 and MDA-MB-231 breast cancer cell lines.



PSD-A Induces Mitochondrial Apoptotic Cell Death via ROS Generation and Intracellular Ca+2 Accumulation in MCF-7 and MDA-MB-231 Breast Cancer Cells

PSD-A is well-known to induce apoptotic cell death in various cancer types (He et al., 2018; Maryam et al., 2018). More specifically, CGs are exposed to be involved in induction of apoptosis via DNA fragmentation (McConkey et al., 2000). In order to ascertain mode of cell death, we performed Hoechst-33258 staining to analyze DNA fragmentation in PSD-A treated breast cancer cells compared to the non-treated. We found intensified DNA fragmentation in PSD-A treated cells in a dose-dependent manner as shown in Figures 2A, B. PSD-A induced apoptotic cell death was further confirmed by flow cytometry. Both cell lines, MCF-7 and MDA-MB-231, were treated with the indicated concentration of PSD-A for 24 h and stained with annexin V-FITC and PI for detection of apoptosis. Flow cytometry analysis revealed the substantial increase in percentage of annexin V-positive cells (early apoptosis) in both MCF-7 and MDA-MB-231 cells in dose-dependent fashion (Figures 2C, D). Further, we proved PSD-A induced apoptotic cell death in breast cancer cells via analyzing expression of apoptotic hallmarks i.e. cleavage of caspase-9, caspase-3 and poly (ADP ribose) polymerase (PARP) along with total caspase-9, caspase-3 and PARP. PSD-A increased the expression of cleaved caspase-9, cleaved caspase-3 and cleaved PARP in MDA-MB-231 cells. Similarly, cleaved caspase-9 and cleaved PARP was significantly increased in PSD-A treated MCF-7 cells, however, caspase-3 was not detected during western blotting analysis as MCF-7 human breast cancer cells are deficient of caspase-3 (Figure 2E). Total caspase-9, caspase3, and PARP were decreased in dose-dependent fashion. Above collected data indicated that PSD-A induces apoptosis in breast cancer cells in dose-dependent manner.




Figure 2 | Induction of apoptosis in breast cancer cells. (A) MCF-7 and MDA-MB-231 cells were treated with indicated concentrations of PSD-A for 24 h and stained with Hoechst 33258 for nuclear morphological changes. Scale bar is 100 μm. (B) Among 100 cells in three different fields, cells with stained nuclei were counted to determine percentage of DNA fragmentation. (C, D) Breast cancer cells were treated with 25, 50 and 100 nM concentrations of PSD-A for 24 h, stained with Annexin V-FITC and PI and analyzed by flow cytometry. Percentage of apoptosis was presented in graphical format. (E) After PSD-A treatment for 24 h, protein extracts were prepared and analyzed by western blotting to measure expression level of caspase- 9, cleaved caspase-9, caspase-3, cleaved caspase-3, PARP and cleaved PARP; the hallmarks of apoptosis. GAPDH was used as loading control. (B, D, E) Data are expressed as Mean ± SD while all experiments were performed in triplicate independently. Columns with different superscript letters differ significantly (p < 0.05).



Next, we were interested to know whether PSD-A induces ROS generation in MCF-7 and MDA-MB-231 cells in both dose and time-dependent manner. For the purpose, we treated cells with indicated concentration of PSD-A for indicated time intervals and stained the cells with 2´, 7´-dichlorofluorescein-diacetate (DCFH-DA). We found significant and gradual increase in ROS level in both cell types treated with ascending dose gradients of PSD-A (Figure 3A). Likewise, we observed significant elevation of ROS in time-dependent fashion with early rise at 2 h treatment, reaching maximum at 6 h and starting to decrease at 8 h treatment. However, pretreatment with NAC (5mM), a ROS scavenger, partially inhibited PSD-A induced ROS generation at the highest time point of 6 h as shown in Figure 3B. Following measurement of ROS levels, we determined change in mitochondrial membrane potential (ΔΨm) to authenticate effect of PSD-A in mitochondrial apoptosis. As indicated in Figure 3C, we noticed significant decrease in MMP in both MCF-7 and MDA-MB-231 cells. In previous studies, it has been shown that PSD-A increases intracellular Ca+2 level (Li et al., 2018). Therefore, we determined the effect of PSD-A in MCF-7 and MDA-MB-231 cells by using Fluo-3AM. Our data demonstrated that PSD-A increased intracellular Ca+2 level in both cell types in a dose-dependent manner. However, pretreatment of BAPTA-AM (15 µM), a Ca+2 chelator, significantly inhibited intracellular Ca+2 accumulation in the presence of indicated concentration of PSD-A (Figure 3D).




Figure 3 | PSD-A induces mitochondrial apoptosis dependent of ROS and intracellular Ca+2 accumulation. (A) MCF-7 and MDA-MB-231 cells were treated with indicated concentrations of PSD-A for 24 h and stained with DCFH-DA to determine dose-dependent intracellular ROS level. (B) Cells were treated with PSD-A (50 nM) for 2, 4, 6 (in presence and/or absence of NAC) and 8 h. Cells were stained with DCFH-DA and ROS generation was measured compared to the control. (C) Cells were treated with 25, 50 and 100 nM of PSD-A for 24 h and stained with JC-1 solution to measure MMP level. (D) MCF-7 and MDA-MB-231 cells were treated with PSD-A for 24 h and intracellular free Ca+2 was measured using Fluo-3 AM. (E) Cells were exposed to the indicated concentrations of PSD-A for 24 h and pro-apoptotic Bax and anti-apoptotic Bcl-2 protein expressions were determined by western blotting. (F) Cells were treated with PSD-A (50 nM) in presence or absence of NAC (5 mM) and BAPTA-AM (15 µM), PARP and cleaved PARP expression was measured by western blotting. (G) Cells were treated with PSD-A for 24 h and expression of GRP78 and ATF4 was determined by western blotting. (E–G) GAPDH was used as internal control. (A–G) Graphical data are expressed as Mean ± SD while all experiments were performed in triplicate independently. Columns with different superscript letters differ significantly (p < 0.05).



Henceforth, augmented ROS and dissipated MMP levels imposed us to find the effect of PSD-A over Bcl-2 family proteins modulation. Therefore, we measured the expression of Bax and Bcl-2 proteins in PSD-A treated MCF-7 and MDA-MB-231 cells compared to the untreated. We found a significant increase in the expression of Bax while also finding a substantial decrease in Bcl-2 proteins in both cell types (Figure 3E). Above mentioned data suggests that PSD-A induces mitochondrial apoptosis in breast cancer cells. After finding parallel targeted hallmarks for mitochondrial apoptosis, we were interested to know whether ROS generation and intracellular Ca+2 oscillation takes part in PSD-A-induced apoptosis or not. Hence, we measured the expression of PARP and cleaved PARP in the presence or absence of NAC and BAPTA-AM. We found that pretreatment of NAC decreased PSD-A induced PARP cleavage up to a low significant level while that of BAPTA-AM significantly decreased PARP cleavage in both cell types indicating the dynamic role of intracellular Ca+2 in apoptosis (Figure 3F).



PSD-A Promotes ER Stress in MCF-7 and MDA-MB-231 Breast Cancer Cells

Immunoglobulin heavy chain binding protein (BIP), also known as GRP78, is the main regulator of ER function that facilitates and assembles the folding of new proteins, targets misfolded proteins for degradation and controls the activation of transmembrane ER stress sensors (Yang et al., 2016). In case of ER stress, GRP78 expression is elevated, correlates  with tumor development and counteracts the apoptosis-inducing potential of ER stress (Mhaidat et al., 2009). Due to intracellular Ca+2 imbalance and its role in apoptosis, we hypothesized the possible role of PSD-A in ER stress chaperones modulation. Surprisingly, we found a substantial inhibitory effect of PSD-A on cytoprotective ER chaperone GRP78 in both cell lines in dose-dependent fashion. Moreover, we noticed significant increase in expression of activating transcription factor 4 (ATF4) that assumes a positive role of PSD-A in the initiation of ER stress (Figure 3G).



PSD-A Inhibits Constitutive and EGF-Induced STAT3 Activation

Janus Kinase (JAK)-Signal transducer and activator of transcription 3 (STAT3) pathway is vigorously triggered in multiple cancer types leading to cell survival, proliferation and resistance to the anticancer therapeutics (Shou et al., 2016). Thus, we investigated the role of PSD-A in STAT3 inhibition in MCF-7 and MDA-MB-231 cell lines. As shown in Figure 4A, PSD-A significantly inhibited STAT3 activation by suppressing its phosphorylation at tyrosine 705 in both triple positive and triple negative breast cancer cells. Next, we used epidermal growth factor (EGF) to induce STAT3 activation in MCF-7 and MDA-MB-231 cells. As shown in Figure 4B, EGF (10 ng/mL) treatment resulted in STAT3 activation. However, pretreatment with PSD-A significantly inhibited EGF-induced STAT3 activation. Our data indicate that PSD-A inhibits both constitutive and EGF-induced STAT3 activation. In a previous study, we have simulated by molecular docking that PSD-A could directly bind STAT3 (Maryam et al., 2018). Here, we used the SPR technique to verify whether PSD-A directly targets STAT3 in preventing EGF-induced STAT3 activation, as given in Figures 4C, D. We observed a time- and dose-dependent binding of PSD-A with STAT3 with an equilibrium dissociation constant (KD) of around 0.1598 µM. Our results provide enough evidence for validation of direct interaction of PSD-A with STAT3.




Figure 4 | PSD-A inhibits constitutive and EGF-induced STAT3 activation via ROS generation and intracellular Ca+2 accumulation. (A) Cells were treated with indicated concentrations of PSD-A for 24 h and protein extracts were prepared using RIPA buffer. Expression of p-STAT3/STAT3 was measured by western blotting. (B) The cells were pretreated with the PSD-A (50 nM) for 4 h and stimulated with EGF (10 ng/mL) for 10 min. Whole cell lysates were subjected to western blotting to determine the p-STAT3/STAT3 expression. (C, D) Time and dose-dependent binding affinity of PSD-A with STAT3 was evaluated by SPR analysis (E) Expression of p-SRC/SRC and (F) SHP-2 were measured by western blotting. (G) Cells were exposed to PSD-A (50 nM) in presence or absence of NAC (5 mM) and BAPTA-AM (15 µM) for 24 h and expression of p-STAT3/STAT3 was measured by western blotting. (A, B, E–G) GAPDH was used as internal control. Graphical data are expressed as Mean ± SD while all experiments were performed in triplicate independently. Columns with different superscript letters differ significantly (p < 0.05).



As SRC family kinases and MAPKs are the upstream signaling molecules for activation of STAT3, we therefore measured expression levels of p-SRC and SRC. We found a significant decrease in expression levels of p-SRC in PSD-A treated cells compared to the untreated (Figure 4E). Similarly, we measured the expression level of one of the members of protein tyrosine phosphatases (PTPs); SHP-2 that negatively regulates STAT3 activation. We did not find any significant change in SHP-2 expression as indicated in Figure 4F. The data showed that PSD-A mediated SRC inhibition might be associated with inhibition of STAT3 activation.

Previous studies clearly indicate that ROS generation and intracellular Ca+2 oscillation is involved in STAT3 inhibition (Zhang et al., 2015; Lu et al., 2017). Therefore, we were interested to know their impact in PSD-A induced STAT3 inhibition in MCF-7 and MDA-MB-231 cells. As shown in Figure 4G, pretreatment of NAC and BAPTA-AM invigorated STAT3 activation in PSD-A treated cells up to some extent. This data suggests that inhibition of STAT3 activation by PSD-A is slightly dependent on ROS generation as well as Ca+2 oscillation inside the cells.



PSD-A Induces Autophagy in MCF-7 and MDA-MB-231 Breast Cancer Cells

In this study, we explored the competence of PSD-A to induce autophagy for the first time in any cancer type. Foremost, we treated MCF-7 and MDA-MB-231 cells with indicated concentrations of PSD-A for 24 h and stained with acridine orange dye. To measure intense autophagic induction, we counted acridine orange stained cells per 100 cells in 3 different fields. Acridine orange is an organic basic dye that enters through plasma membrane of the cell and emits orange light upon protonation in acidic parts of the cells i.e. lysosomes. In our experiments, PSD-A treated cells indicated increased autophagic vacuolization compared to the untreated in a dose-dependent way as shown in Figures 5A, B. To further validate autophagic induction in breast cancer cells, we measured the protein levels of Beclin-1, Atg3, and the conversion of LC3-I to LC3-II which are the hallmarks of autophagy induction. Surprisingly, we did not find any obvious change in expression of Beclin-1; the key regulator of autophagy. However, the expression of Atg3 and conversion of LC3-I to LC3-II was significantly increased in PSD-A treated cells (Figure 5C).




Figure 5 | PSD-A induces autophagy in MCF-7 and MDA-MB-231 cells. (A) Cells were exposed to PSD-A for 24 h, stained with acridine orange (AO) stain and photographed under fluorescence microscope. Scale bar is 100 μm. (B) Three different fields were selected and number of AO stained cells were counted/100 cells. (C) After exposing cells to indicated concentrations of PSD-A for 24 h, protein lysates were prepared and protein expression of Beclin-1, Atg3, and LC3-I/LC3-II was determined by western blotting. (D) Cells were exposed to PSD-A (50 nM) in presence or absence of NAC (5 mM) and BAPTA-AM (15 µM) for 12 h and expression of LC3-I/LC3-II was measured by western blotting. (C, D) GAPDH was used as loading control. (B–D) Graphical data are expressed as Mean ± SD while all experiments were performed in triplicate independently. Columns with different superscript letters differ significantly (p < 0.05).



Similar to the apoptosis, autophagy is triggered by ER stress and ER stress-dependent Ca+2 release (Høyer-Hansen and Jäättelä, 2007). After verifying immersion of ROS and Ca+2 oscillation in apoptosis, we were interested to find their role in autophagy. As shown in Figure 5D, pretreatment of NAC and BAPTA-AM reduced LC3 expression in MCF-7 and MDA-MB-231 cells providing enough evidence in support of their role in the initiation of autophagy. However, further detailed mechanistic study is needed to explore Ca+2 induced autophagy in PSD-A treated cells.



MAPK Signaling Pathway Controls the Balance of PSD-A Induced Apoptosis and Autophagy in MCF-7 and MDA-MB-231 Cells

The MAPK pathway is activated by extracellular stimuli i.e. UV radiations and ER stress and converts the stimulus to a wide range of cellular responses. More specifically, JNK plays a dual role in the cell’s fate, promoting cell survival on one hand and cell death on another (Tournier, 2013). Therefore, we were interested in elaborating on the effect of PSD-A treated cells on the MAPK signaling pathway. First, our data indicate that PSD-A significantly increased phosphorylation of JNK and p38 without affecting total JNK and p38 in both cell lines (Figure 6A). Secondly, pretreatment of commercial inhibitors SP600125 (JNK inhibitor) and SB203580 (p38 inhibitor) successfully inhibited their phosphorylation confirming a definite inhibitory effect as indicated in Figures 6B, C.




Figure 6 | PSD-A induces JNK and p38 activation. (A) MCF-7 and MDA-MB-231 cells were treated with indicated concentrations of PSD-A for 8 h and expression level of p-JNK/JNK and p-p38/p38 was measured by western blotting. (B) Cells were treated with PSD-A (50 nM) for 8 h in presence and/or absence of SP600125 (20 µM) and protein expression for p-JNK/JNK was measured by western blotting. (C) Cells were treated with PSD-A (50 nM) for 8 h in presence and/or absence of SB203580 (10 µM) and protein expression for p-p38/p38 was measured by western blotting. (A–C) GAPDH was used as internal control. Graphical data are expressed as Mean ± SD while all experiments were performed in triplicate independently. Columns with different superscript letters differ significantly (p < 0.05).



In recent studies, it has been suggested that MAPK, especially p38 MAPK and JNK, play a vital role in cross talk between apoptosis and autophagy (Sui et al., 2014; Moosavi et al., 2018). Besides, autophagy has a dual role; pro-death and pro-survival, depending on the cell type and stimuli (Kondo et al., 2005). For that reason, we had a concern to know the role of JNK and p38 in PSD-A induced apoptosis and autophagy. In our data, JNK inhibition by SP600125 promoted PSD-A initiated PARP cleavage leading to the apoptotic activity and reduced autophagic response in the cells by preventing LC3 expression. Furthermore, SP600125 enhanced STAT3 inhibition in PSD-A treated cells that signifies the role of STAT3 inhibition endorsing apoptosis. Also, to amplify role of p38 in PSD-A induced apoptosis and autophagy, we determined the levels of apoptosis and autophagic markers under pretreatment of SB203580. Surprisingly, 10 µM SB203580 pretreatment resulted in slight enhancement of PARP cleavage in MCF-7 cells only and conversion of LC3 in both cell types, nevertheless, pretreatment of SB203580 slightly restored PSD-A induced STAT3 inhibition in MDA-MB-231 cells (Figure 7A). All above outcomes designate that inhibition of JNK-induced autophagy promotes apoptosis in PSD-A treated breast cancer cells.




Figure 7 | Effect of PSD-A over MAPK pathway and mTOR/AKT pathways in breast cancer cells. (A) Cells were treated with PSD-A (50 nM) in presence and/or absence of SP600125 (20 µM) and SB203580 (10 µM) for 8 h and expression level of PARP, cleaved PARP, LC3-I/LC3-II and p-STAT3/STAT3 was measured. (B) Cells were treated with PSD-A for 24 h and phosphorylation of ERK1/2 was determined by western blotting. (C) Cells were treated with PSD-A for 24 h and phosphorylation of mTOR and AKT was determined by western blotting. (A–C) GAPDH was used as internal control. Graphical data are expressed as Mean ± SD while all experiments were performed in triplicate independently. Columns with different superscript letters differ significantly (p < 0.05).



Further, to understand the underlying mechanism, we extended our study and measured the expression of p-ERK/ERK, p-mTOR/mTOR and p-AKT/AKT. As shown in Figure 7B, PSD-A decreased phosphorylation of ERK1/2 in a dose-dependent manner after 24 h treatment. AKT/mTOR signaling is one of the main regulatory pathway in cancer cells that negatively regulates autophagy (Liu et al., 2019). Our results showed that PSD-A decreased the expression of p-mTOR/mTOR and p-AKT/AKT in dose-dependent way after 24 h of drug exposure (Figure 7C). From all above data, we assume that PSD-A induces JNK and p38 MAPK activation where JNK leads to induce autophagy via inhibiting AKT/mTOR signaling pathway and p38 MAPK controls the cross talk of MAPKs in PSD-A induced apoptosis and autophagy.




Discussion

Breast cancer, the most common type of cancer among women as well as second leading cause of cancer related mortality, has become a serious concern to global researchers (Karia et al., 2018). Surgery and radiotherapy are the first possible approaches to eradicate breast cancer but these tactics have severe side effects. Chemotherapy along with radiotherapy has already improved the 5-year survival rate in breast cancer patients (Nooshinfar et al., 2016) but hormone-independent breast cancer type is highly metastatic and more resistant to chemotherapy, limiting the effectiveness in therapy of these cancer types (Siegel et al., 2012). Therefore, it is important to identify new natural compounds with promising anticancer activity in ER-positive as well as ER-negative breast cancer types with endurable side effects.

CGs, primarily used in clinics for treatment of cardiac arrest, are now well-known for their antitumor activity by targeting multiple signaling pathways in various cancer types (Slingerland et al., 2013). PSD-A, bufadienolide cardiac glycoside, is famous for its anticancer property including breast cancer but the exact underlying mechanism still needs to be explored. More importantly, current ongoing cytoprotective responses of multiple cancer types to the CGs therapies in vitro have been noticed (Sun et al., 2018) that have forced us to elaborate with deep mechanistic study in both ER-positive and ER-negative breast cancer cells. In this study, we have investigated the anticancer mechanism of PSD-A in MCF-7 and MDA-MB-231 breast cancer cells. Some interesting underlying aspects were disclosed in this study that will not only augment PSD-A to be among the best possible therapeutics for curing breast cancer in the future but also will be imposed to enhance sensitivity for currently available drugs.

Firstly, PSD-A has been shown to exert cytocidal effect in MCF-7 and MDA-MB-231 cells in extremely low concentrations of 25, 50 and 100 nM by interacting with several novel cellular targets. Some of the unique characteristics of PSD-A disclosed in this study include, generation of ROS and intracellular Ca+2 accumulation leading to mitochondrial apoptosis, DNA fragmentation, mitochondrial membrane potential dissipation, caspases and PARP cleavages, Bax/Bcl-2 proteins modulation and generation of ER stress via inhibition of cytoprotective ER chaperone GRP78. In addition to all of the above, PSD-A was found to be involved in the inhibition of constitutive and EGF-induced STAT3 activation in breast cancer cells via targeting upstream tyrosine kinases. For the first time, PSD-A was unveiled to induce autophagy in any cancer type. In the current study, the role of MAPK signaling pathways in mediation of apoptosis and autophagy has also been documented.

Prior to the mentioned mechanistic study, we exposed MCF-7 and MDA-MB-231 cells to different concentrations of PSD-A and checked the cell viability. We observed a very significant cytotoxic effect of PSD-A on both cell types; thus, we sustained our study with both ER-positive and ER-negative representative cell lines. PSD-A has been well-known for its anti-proliferative and cytotoxic effect in different cancer types including lung cancer (Li et al., 2018; Maryam et al., 2018), prostate cancer (He et al., 2018) and more importantly in breast cancer along with the effect of various other CGs (Winnicka et al., 2008). To elucidate the precise cytotoxic effect of PSD-A on breast cancer, we observed obvious cytocidal morphological changes in treated cell lines. We performed a clonogenic assay to check the proliferative ability of cells under PSD-A treatment. We observed a significant decrease in the number of colonies in both cells representing anti-proliferative ability of PSD-A in breast cancer cells.

CGs inhibit Na+/K+ ATPase pump resulting in an increased level of Ca+2 inside the cell. This increase in Ca+2 level is the main driving force to rehabilitate cardiac contractile ability of heart muscles to prevent cardiac arrest (Calderón-Montaño et al., 2014). More recently, it has been justified that intracellular Ca+2 elevation and high ROS level induces apoptosis in cancer cells while intracellular Ca+2 intensification can also induce autophagy (Smaili et al., 2012; Li et al., 2018; Moosavi et al., 2018). In our study, we used NAC (ROS scavenger) and BAPTA-AM (a calcium chelator) to illuminate the role Ca+2 and ROS in PSD-A induced apoptosis and autophagy. Ca+2 is a universal intracellular messenger which regulates functional viability of mitochondria, ER and lysosomes (Berridge et al., 2000). In mitochondria, an elevated Ca+2 level induces more ATP production via increasing electron transport chain (ETC) activity. This rise is accompanied by increased leakage of free electrons resulting in formation of free superoxide ions. These free radicles, peroxides and oxygen molecules are collectively known as reactive oxygen species (ROS). After accumulation of ROS, it oxidizes cellular components including nucleotides of DNA. Thus, mitochondrial Ca+2 plays an interesting role in the mediation of survival and death pathways. The high Ca+2 level dissipates the mitochondrial membrane potential and leads to initiate intrinsic apoptotic pathway (Chandra et al., 2006). In this study, we established that PSD-A elevated Ca+2 and ROS level and induced mitochondrial apoptosis in MCF-7 and MDA-MB-231 cells via intracellular Ca+2 load and ROS generation. We measured expression levels of intrinsic apoptotic markers i.e. cleaved caspase-9, cleaved caspase-3 and cleaved PARP. We found a significant increase in expression of these biomarkers. Moreover, we determined mitochondrial membrane potential and the expression of Bax and Bcl-2 proteins; imperative markers for mitochondrial apoptosis. Dissipative change in MMP along with Bax/Bcl-2 proteins modulation was observed in treated cells. We justified the role of Ca+2 and ROS in apoptosis by using NAC and BAPTA-AM which significantly restored PSD-A induced PARP cleavage.

We further assessed the role of PSD-A over ER chaperone. ER acts as a calcium reservoir and uses calcium for communication with other cell organelles. It is well-known that disturbance in ER calcium balance leads to extensive and irreversible damage and activates ER-specific cell death pathways (Smaili et al., 2012). GRP78, an ER chaperone, is involved in ER stress response and over expressed specifically in case of inhibition of ER ATPase and calcium depletion in ER (Garcia-Prieto et al., 2013). In contrast, PSD-A significantly inhibited GRP78 and increased ATF4 expression in dose- dependent fashion suggesting that PSD-A may not interact with ER ATPase. However, further in-depth study is required to understand the exact underlying mechanism of inhibition of GRP78 by PSD-A.

Until now, constitutive activation of STAT3 has been reported in numerous studies resulting into cancer proliferation, survival, progression and chemo-resistance (Kim and Yoon, 2016). Aberrant STAT3 activation is facilitated by irregularities in non-receptor tyrosine kinases i.e. JAKs and SRC as well as MAPKs and PTPs (Garcia et al., 2001; Chun et al., 2015). In previous studies, PSD-A has been found to inhibit STAT3 activation in prostate cancer (He et al., 2018) and A549 lung cancer cells (Maryam et al., 2018). In our data, PSD-A inhibited STAT3 activation by preventing phosphorylation of SRC. PSD-A did not affect PTPs like SHP-2. Impact of PSD-A over TPA and IL-6 induced STAT3 activation has been disclosed previously in lung cancer (Maryam et al., 2018). In this study, we determined that PSD-A is capable of inhibiting EGF-induced STAT3 activation in breast cancer cells. Moreover, Yan Lu and his coworkers have already reported that intracellular Ca+2 homeostasis restores STAT3 activation and protects BV2 microglia against hypoxia-induced inflammation and apoptosis (Lu et al., 2017). Likewise, the role of oxidative stress in the inhibition of STAT3 activation in lung cancer has already been conferred (Maryam et al., 2017). In this study, we determined for the first time that inhibition of STAT3 activation relies on Ca+2 disbalance and ROS generation in PSD-A treated breast cancer cells. For this purpose, we pretreated cells with BAPTA-AM and NAC respectively and then exposed to PSD-A for the indicated time period. We observed that calcium chelator and ROS scavenger reinstated the STAT3 activation up to a slight significant level suggesting role of Ca+2 and ROS in inhibition of STAT3 activation.

CGs are well-known for their ability to induce autophagy in various cancer types (Wang et al., 2012; Hu et al., 2014). In this study, PSD-A has been unveiled for the first time to induce autophagy in breast cancer cells. For the purpose, we determined the expression level of different autophagic markers, more specifically LC3 I/II. Formation of acidic vesicular organelles (AVOs) is one of the hallmarks in autophagy sequester through cytoplasmic proteins. We stained acidic vesicles inside the autophagic cells and determined the higher rate of autophagy in PSD-A treated cells. The evidences suggest that calcium- induced-ER stress is the suitable condition for initiation of autophagy (Shi et al., 2011). Moreover, ROS- dependent autophagy has previously been well-noticed in various cancers (Wu et al., 2018; Yang et al., 2018). Therefore, we were interested to explore whether PSD-A induced autophagy is ROS and Ca+2-dependent. By using NAC and BAPTA-AM, we were able to declare that PSD-A induces autophagy via ROS generation and Ca+2 buildup inside and cell.

The role of MAPK signaling pathways has always been exemplary in cancer studies. Signaling cascade of MAPK, comprising JNK, p38 and ERK1/2, are involved in cellular survival as well as death. Most of the times, JNK and p38 initiates cascade leading towards cell death while ERK1/2 promotes cell survival (Sui et al., 2014; Ren et al., 2017). Previous reports indicate that PSD-A increased phosphorylation of p38 and JNK leading towards apoptotic death in A549 lung cancer cells (Maryam et al., 2018). Interestingly, JNK, due to its dual role in death and survival pathway, induces autophagic events due to numerous stimulatory actions including ER stress (Ogata et al., 2006). Researchers have revealed that ROS-dependent JNK activation can trigger both apoptosis and autophagy at same time (Wong et al., 2010). More importantly, dopaminergic-specific neurotoxin MPP+ induced autophagy has been reported to be aroused by oxidative stress, mediated by JNK activation and inactivated by AKT/mTOR signaling pathway (Rodriguez-Blanco et al., 2012). Therefore, we were interested in intricating the role of MAPK and mTOR/AKT signaling in PSD-A induced apoptosis and autophagy. In our study, PSD-A activated JNK and p38 very early in its exposure while inhibited mTOR and AKT phosphorylation along with inhibition of ERK1/2 phosphorylation in 24 h treatment. We investigated the possible role of JNK and p38 in apoptosis and autophagy by using their pharmacological inhibitors. In our study, SP600125 (JNK inhibitor) successfully inhibited JNK activation, improved PSD-A induced PARP cleavage and reduced conversion of LC3-I to LC3-II suggesting that PSD-A induces JNK activation leading to autophagy. Moreover, pretreatment of SP600125 facilitated inhibition of STAT3 activation suggesting its role in stimulating apoptotic rate via inhibiting JNK-dependent autophagy.

The role of p38 MAPK in mediation of apoptosis and autophagy in response to the chemotherapeutics has become an intensive field in cancer studies. In both, apoptosis and autophagy, p38 MAPK plays dual role i.e. positive as well negative regulator (Sui et al., 2014). Earlier, role of p38 MAPK and SB203580 in apoptosis and autophagy has been well documented in SW620 colorectal cancer (Xue et al., 2015). In our data, SB203580 inhibited p38 phosphorylation, improved PARP cleavage in MCF-7 cells and elevated rate of LC3-I conversion in to LC3-II.

In conclusion, we have evidenced the anticancer activity of PSD-A along with the detailed underlying mechanism in both ER-positive and ER-negative breast cancer cells. PSD-A induced mitochondrial apoptotic cell death via ROS generation and intracellular Ca+2 accumulation. Moreover, PSD-A inhibited cytoprotective ER stress chaperone GRP78. Also, the comprehensive molecular mechanism of inhibition of STAT3 activation by PSD-A has been disclosed for the first time in breast cancer cells. We have, firstly, evaluated the role of PSD-A in initiation of JNK-dependent autophagic events via mTOR/AKT pathway. Our data reveal that the blocking of autophagy improves apoptotic death via involving STAT3 but further investigations are still needed to get a complete understanding of cross talk between apoptosis and autophagy. Also unravelling the limitation of in vivo approach in current mechanistic study would give a better understanding to step forward for pre-clinical tactics. A schematic model for the molecular mechanism of PSD-A has been shown in Figure 8. Taken together, our data suggest that PSD-A not only can become potential anticancer therapeutics for breast cancer but can also augments anti-tumor activity of available drugs due to its multi-facet anticancer properties that need to be explored further.




Figure 8 | A schematic model for molecular mechanism of PSD-A-induced anticancer activity in MCF-7 and MDA-MB-231breast carcinoma cells.
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Liver ischemia-reperfusion injury (IRI) is a common clinical event with high morbidity in patients undergoing complex liver surgery or having abdominal trauma. Inflammatory and oxidative stress responses are the main contributing factors in liver IRI. The iridoid glucoside aucubin (AU) has good anti-inflammatory and antioxidative effects; however, there are no relevant reports on the protective effect of glucosides on hepatic IRI. The purpose of this study was to determine whether AU pretreatment could prevent liver IRI and to explore the mechanism. Sprague–Dawley rats were randomly divided into five groups. The sham operation and IRI control groups were given intraperitoneal injections of normal saline, while the AU low-dose (AU-L) group, AU medium-dose (AU-M) group, and AU high-dose (AU-H) group were given intraperitoneal injections of AU at doses of 1, 5, and 10 mg/kg/day, respectively. After 10 d, liver IRI (70% liver ischemia for 1 h, reperfusion for 6 h) was surgically established in all groups except the sham group. Our results confirmed that liver injury was significantly aggravated after hepatic ischemia-reperfusion. AU alleviated the increase of transaminase and pathological changes induced by ischemia-reperfusion and improved liver damage. AU could also ameliorate the inflammatory and oxidative stress responses induced by ischemia-reperfusion and reduced expression of high mobility group protein (HMG)B1, receptor for advanced glycation end-products (RAGE), tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and reactive oxygen species (ROS). Moreover, AU reduced ischemia-reperfusion-induced mitochondrial dysfunction and cells apoptosis, increased peroxisome proliferator-activated receptor γ coactivator (PGC)-1α and uncoupling (UCP)2 protein expression, and reduced caspase-3, cleaved caspase-3, and Cytochrome P450 proteins (CYP) expression. To determine expression levels of the Toll-like receptor (TLR)-4/nuclear factor-κB (NF-κB) pathway-related proteins in vitro and in vivo, we also measured TLR-4, myeloid differentiation factor88 (MyD88), NF-κB P65, p-P65, I-kappa-B-alpha (IκB-α), and p-IκB-α levels. The results showed that AU effectively inhibited activation of the TLR-4/NF-κB signaling pathway. In conclusion, we showed for the first time a hepatoprotective effect for AU in liver IRI, which acted by inhibiting the HMGB1/TLR-4/NF-κB signaling pathway, oxidative stress, and apoptosis. Pretreatment with AU may be a promising strategy for preventing liver IRI.




Keywords: ischemia-reperfusion, liver, inflammation, oxidative stress, apoptosis, aucubin



Introduction

Liver ischemia–reperfusion injury (IRI) is a type of liver injury caused by reperfusion after ischemic injury (Jimenez-Castro et al., 2019; Taner and Heimbach, 2019). Its clinical manifestation occur after the liver regains its blood supply with patients presenting a series of deterioration phenomena, such as liver function injury, jaundice, and even multiple organ failure (Donadon et al., 2016). The pathogenesis of IRI is closely related to aseptic inflammatory response, oxidative stress level, energy metabolism disorder, and cell apoptosis and autophagy (Go et al., 2015; Li et al., 2015; Olthof et al., 2017; Kan et al., 2018; Xu et al., 2019).

High mobility group protein B1 (HMGB1) is a highly conserved nuclear protein that is widely distributed in mammalian cells. When the body is injured, nuclear HMGB1 is acetylated and transferred to the cytoplasm (Liu et al., 2011). Extracellular HMGB1 binds to Toll-like receptor (TLR)-2, TLR-4, TLR-9, and receptor for advanced glycation end-products (RAGE), which promotes the release of reactive oxygen species (ROS), cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β, and other inflammatory signals, thereby activating the inflammatory response (Zhang et al., 2017). Therefore, HMGB1 has been regarded as a potential target for the treatment of inflammatory responses and infection (Andersson and Tracey, 2011).

TLRs are extensively studied transmembrane protein receptors known for being the first line of defense against pathogen invasion. They play a key role in inflammation, immune cell regulation, cell proliferation, and apoptosis (Hua and Hou, 2013). TLR-4 is the most studied TLR and plays an important role in the process of heart, brain, kidney, and liver IRI (Zhao et al., 2014; Chen et al., 2016; Kadono et al., 2017; Liu et al., 2017). Meanwhile, RAGE is a member of the immunoglobulin superfamily and acts as a cellular signal transduction receptor that binds to ligands such as AGE and HMGB1. Although RAGE does not mediate renal injury or renal IRI (Dessing et al., 2012), it does play an important role in heart, liver, lung, and limb IRI (Sharma et al., 2013; Zhao et al., 2017; Wang et al., 2018; Mi et al., 2019). In addition to TLR-4 and RAGE specifically, the TLR-4/NF-κB signaling pathway is also known to play an important role in the pathogenesis of liver IRI (Zeng et al., 2009; Sherif and Al-Shaalan, 2018).

Drugs and ischemic pretreatment methods are commonly used in clinical practice in effort to prevent liver IRI; however, there have not been any significant breakthroughs regarding research on drug pretreatment to protect against liver IRI. One approach to identifying potential therapeutic agents is to consider substances used in traditional Chinese medicine. For instance, the main active ingredient of traditional Chinese medicines Eucommia ulmoides, Rehmannia glutinosa, and plantain is the iridoid glucoside aucubin (AU), whose chemical name is β-d-glucopyranoside (Figure 1). AU provides moist heat, analgesic, antihypertensive, liver protection, and antitumor effects (Park, 2013; Ma et al., 2019). In the carbon-tetrachloride-mediated acute liver injury model (Chang et al., 1983) and nonalcoholic fatty liver model (Shen et al., 2019), AU improves liver injury through its anti-inflammatory and antioxidative effects. Recent studies in mice have indicated that AU is able to improve cardiac dysfunction mediated by ischemia through its anti-inflammatory, antioxidative, and antiapoptotic effects (Duan et al., 2019). However, potential protective effects of AU in liver IRI have not yet been reported. Therefore, the purpose of the current research was to evaluate the efficacy of pretreatment with AU to reduce the extent of liver IRI and to determine whether inhibition of the HMGB1/TLR-4/NF-κB signaling pathway and reduction of oxidative stress levels and apoptosis may play a protective role in preventing liver IRI.




Figure 1 | Chemical structural formula of aucubin.





Materials and Methods


Experimental Animals

A single batch of specific pathogen-free male Sprague–Dawley rats with a body weight of 200 ± 20 g were provided by the Experimental Animal Center of Zunyi Medical University and housed at the center under a controlled environment of 18–20°C with a 12-h light/dark cycle and free access to standard chow and tap water. The animals were handled according to the Guidelines for the Operation and Management of Laboratory Animal Facilities and all protocols were approved by the Medical Ethics Committee of Zunyi Medical University (approval no: ZMUER2016-2-054).



Experimental Design


Animal Experiments

Forty Sprague–Dawley rats were randomly divided into 5 groups of 8 rats each. The sham operation group and control IRI group received intraperitoneal injections of normal saline while the AU low-dose (AU-L), AU medium-dose (AU-M), and AU high-dose (AU-H) groups were treated with intraperitoneal injections of AU (purity ≥ 98%; Solarbio, Beijing, China) at doses of 1, 5, and 10 mg/kg/day (Wang et al., 2017), respectively. After 10 consecutive days of pretreatment, the rats were subjected to liver IRI as detailed below.



Cell Experiments

The normal human hepatocyte line HL7702 (LO2) was purchased from the cell bank of Chinese Academy of Sciences (Shanghai, China). LO2 cells were divided into a normal cell (NC) group, empty plasmid transfection (EPT) group, TLR-4 over-expression (OE) group, TLR-4 overexpression + AU (AU) group, and TLR-4 over-expression + TLR-receptor inhibitor (TAK) group. The TLR-receptor inhibitor used was TAK-242 (purity ≥ 99.95%), which was purchased from MedChemExpress (Shanghai, China). Cells of the different groups were seeded into six-well plates and RPMI-1640 medium containing 10% fetal bovine serum, 100 g/ml penicillin, and 100 g/ml streptomycin was added. The cells were cultured at 37°C in an incubator containing 5% CO2 for 48 h.




Cell Transfections

LO2 cells were cultured in six-well plates as described for the cell experiments. The supplemented RPMI-1640 medium was changed when the cells reached 50% confluence. The cells were then transfected for 48 h with TLR-4 overexpression plasmid (NMID: NM_138554.1) or empty lentivirus plasmid by (multiplicity of infection; MOI = 10). Polybrene was used to improve transfection efficiency (4 μg/ml). Expression efficiency of green fluorescent protein (GFP) was observed using a fluorescence microscope.



Liver IRI Model

The in vivo liver IRI model was established as previously described (Uto et al., 2019). Briefly, rats were anesthetized with 60 mg/kg pentobarbital (Zunyi Medical University Affiliated Hospital, Zunyi, China) (Alva et al., 2018). The anesthetized rats were placed in a supine position on the operating table and the abdominal hair removed. To disinfect the surgical area, 10% iodine and 75% ethanol were applied and a midline abdominal incision was then made. The hepatoduodenal ligament was dissected and the portal vein and hepatic artery were occluded using a vascular clamp to block blood supply to the median and left liver lobes, producing 70% liver ischemia. A change in the color of the middle and left liver lobe from bright red (Figure 2A) to a pale color (Figures 2B, C) marked success of the ischemic model. After 1 h of ischemia, the blood vessel clamp was released and a reperfusion time of 6 h was allowed. The color of ischemic liver gradually changed from dark red to bright red, which indicated success of the reperfusion (Figure 2D). The sham operation group underwent dissection of the hepatoduodenal ligament but liver blood-flow was not blocked. The success rate of establishing the rat HIRI model in this study was 100%.




Figure 2 | Model of liver IRI. (A): liver is not ischemic; (B): liver ischemia; (C): after 1 h of liver ischemia; (D); after 6 h of liver reperfusion.





Collection of Blood and Liver Specimens

After 6 h of reperfusion, the rats were euthanized by cervical dislocation under anesthesia and blood and liver specimens were immediately harvested. We collected 5 ml of blood from the liver inferior vena cava and allowed it to stand at room temperature until the blood coagulated. The clotted blood was centrifuged it at 3000 rpm for 10 min and the serum collected. The serum samples were then stored at −80°C until analysis to determine levels of inflammatory factors, such as TNF-α, IL-1β, and HMGB1, and evaluation of liver function. Part of the specimens of ischemic liver tissue were fixed in a 10% neutral buffered formalin solution, and the other part was embedded in optimal cutting temperature compound (OCT) to make 10-μm thick frozen sections. The remaining fresh ischemic liver specimens were stored at −80°C until analysis.



Liver-Tissue Homogenate Preparation

Liver tissue specimens were added to pre-cooled 0.86% of normal saline and fully ground using a SCIENTZ-48 high-flux tissue grinder (15,000 rpm, 10 s, 5 times). The ground tissue was then centrifuged at 13,000 rpm, 10 min at 4°C. The supernatant (10% liver homogenate) was collected and stored at −80°C until analysis.



Determination of Liver Function

The separated sera were cryopreserved and transported to the laboratory of Affiliated Hospital of Zunyi Medical University. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels were determined using an AU5800-automatic biochemical analyzer (Beckman Coulter, California, USA).



Liver Histopathological Examination and Scoring Criteria

The formalin-fixed liver specimens were transported to the Department of Pathology, Affiliated Hospital of Zunyi Medical University, and embedded in paraffin. Tissue sections were cut at 5-μm thickness and stained with hematoxylin and eosin (H&E). The stained sections were then examined under a light microscope. Histopathological scores ranged from 0 to 4 for each microscopic field evaluated, according to Suzuki’s liver injury criteria (Suzuki et al., 1993). Specifically, the scoring criteria were as follows: 0 = no hepatocyte injury; 1 = very few cells with hyperemia, vacuolization, or single cell necrosis; 2 = a few cells with hyperemia, vacuolization, or necrotic area < 30%; 3 = majority cell hyperemia, vacuolization, or necrosis area < 60%; and 4 = severe hemorrhage and necrotic area > 60%.



Oxidative Stress Markers

The levels of oxidative stress markers malondialdehyde (MDA) and superoxide dismutase (SOD) were measured in the 10% liver homogenates. The amounts were determined using an MDA Kit (Beyotime, Shanghai, China) and SOD Kit (Njjcbio, Nanjing, China), according to the instructions provided by the manufacturers.



Fluorescence Probe Techniques

Frozen liver sections were labeled for ROS superoxide anion using dihydroethidium (DHE) (Beyotime, Shanghai, China) and the nuclei were fluorescently labeled using 4′,6-diamidino-2-phenylindole (DAPI) stain (Beyotime). The sections were examined using a CellSens Dimension Imaging System (Olympus, Tokyo, Japan). Superoxide anion (red fluorescence) was observed using an excitation wavelength of 535 nm and the nuclei (blue fluorescence) observed using an excitation wavelength of 364 nm (Alexandra et al., 2020). The fluorescence area (pixel) of superoxide anion in different visual fields of the same size was counted by Image Pro Plus 6.0 software.



Inflammatory Markers Evaluation

The expression of inflammatory factors TNF-α, IL-1β, and HMGB1 in serum was determined using commercially available enzyme-linked immunosorbent assays (ELISA; CUSABIO, Shanghai, China). Standards and experimental serum samples (100 µl) were added to wells of a 96-well plate and incubated at 37°C for 2 h. The liquid was then removed and 100-µl biotin-labeled antibody working solution was added to each well and incubate for an additional 1 h. The wells were then washed three times with washing buffer. Horseradish peroxidase-labeled avidin working solution (100 µl) was added to each well and incubated for 1 h. After removing the liquid and washing the wells five times, substrate solution (90 µl) was added and the plate incubated in the dark 37°C for 30 min. Finally, 50-µl stop solution was added to each well and the optical density (OD) values measured at 450 nm using a microplate reader.



Real-Time Quantitative Reverse Transcription Polymerase Chain Reaaction (RT-qPCR)

HMGB1, TLR-4, and RAGE mRNA concentrations were quantitatively determined using RT-qPCR. Briefly, total RNA was isolated using RNAiso Plus reagent (TAKARA, Tokyo, Japan) and analyzed by spectrophotometer (A260/A280) to determine RNA concentrations. The RNA was reverse transcribed into complementary DNA (cDNA) and stored at −20°C until PCR analysis. For qPCR analysis, we amplified target mRNAs in the cDNA using a TB Green Premix Ex Taq II kit (TAKARA). The reactions for each of the target mRNAs consisted of 25-μl volumes including 12.5 μl TB Green Premix Ex Taq II, 1 μl specific forward primer, 1 μl specific reverse primer, 2 μl cDNA, and 8.5 μl sterile water. A standard PCR amplification procedure was performed using a two-step PCR cycle profile. Step 1 was 95°C for 30 s (1 cycle) followed by Step 2 of 95°C for 5 s and 60°C for 30 s (40 cycles). Analysis of each specimen for each target was repeated 3 times. Gene transcription was analyzed via the 2−ΔΔCQ method using β-actin expression as a reference. Primer sequences of target genes are shown in Table 1.


Table 1 | Primer sequences of target genes HMGB1, TLR-4, RAGE, and β-actin.





Immunoprecipitation

Total protein was extracted using non-denatured lysate containing protease inhibitor. The protein concentration was determined using a bicinchoninic acid (BCA) protein assay kit (Solarbio). Briefly, 1 mg protein sample, 1 µg normal IgG, and 20 µl Protein A+G Agarose were combined and slowly shaken at 4°C for 2 h. The mixtures were then centrifuged at 2500 rpm, 5 min and the supernatant collected. Then, 1.44 µg HMGB1 primary antibody was added to each supernatant and incubate at 4°C overnight. The following day, 40 µl Protein A+G Agarose was added and the samples slowly shaken at 4°C for 3 h followed by centrifugation at 2500 rpm, 5 min. The supernatant was removed and the pellet washed 5 times with phosphate-buffered saline (PBS). Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer was added to each sample and the proteins separated by electrophoresis.



Western Blotting

Liver tissue or adherent cells were added to RIPA high-efficiency lysate buffer containing protease inhibitor and phosphatase inhibitor to extract total protein. Protein concentration was measured using the BCA protein assay kit and SDS-PAGE loading buffer was added to prepare the protein samples for electrophoresis. Appropriate amounts of protein were separated by SDS-PAGE and the protein then transferred to a polyvinylidene fluoride membrane. The membrane was blocked with 5% skimmed milk for 2 h (phosphorylated protein was blocked using 5% bovine serum albumin) and then incubated with primary antibody overnight at 4°C. The membranes were washed 3 times in tris-buffered saline and Tween 20 (TBS-T) for 5 min each. Goat anti-rabbit horseradish-peroxidase-labeled secondary antibody (1:2000; Proteintech, Wuhan, China) was added to the membranes and incubated for 1 h at room temperature. The membranes were washed 3 times with TBS-T for 10 min each. The protein bands were visualized by exposure to ultrasensitive chemiluminescence reagent ECL and using a ChemiDoc MP imaging system (Bio-Rad, Hercules, CA, USA). Image Lab version 6.0 gel imaging system software (Bio-Rad) was used to analyze the gray value of the target strip. Details on the primary antibodies, including their source and working dilutions are shown in Table 2.


Table 2 | Primary antibody dilution ratio, suppliers, prefecture and countries.





Cell Viability Tests

To determine the appropriate concentrations of AU and TLR-receptor inhibitor TAK-242, the Cell Counting Kit-8 (CCK-8) method was used to detect cell viability and proliferation. LO2 cells were seeded into 96-well plates (3×103 cells/well) and incubated overnight. The cells were then incubated for 48 h with medium containing various concentrations of AU or TAK-242. Finally, CCK-8 reagent (10 µl/well) was added and further incubated for an additional 2 h. Absorbance was measured at a wavelength of 450 nm using a microplate reader.



Statistical Analysis

All experiments and results were performed and analyzed in a blinded manner. All data were statistically analyzed using SPSS version 23 software (International Business Machines Corporation, IBM, New York, USA). The Kolmogorov–Smirnov test was used as a distribution normality test. One-way analysis of variance (ANOVA) was used for comparison between groups. When assumed variance was equal, the least significant difference (LSD) method was used for multiple comparisons between groups. When assumed variance was not equal, the Dunnett’s T3 method was used for multiple comparisons between groups. Results are expressed as the mean ± SD. Histopathological grading did not conform to a normal distribution; therefore, nonparametric comparisons were performed using Pearson’s chi-square test. When n ≤ 40 or T ≤ 1, Fisher exact probability method was used. Significance was defined as P ≤ 0.05.




Results


AU Effects on Liver Function Tests

An automatic biochemical analyzer was used to detect serum levels of AST and ALT (Table 3). Compared with those of the sham operation group, serum levels of AST and ALT were significantly elevated in the AU-L, AU-M, AU-H, and IRI groups (P < 0.05). Compared with serum levels of AST and ALT in the IRI group, levels were significantly reduced in the AU-L, AU-M, and AU-H groups (P < 0.05) with the most significant reduction being in the AU-M group (P < 0.01).


Table 3 | Effects of liver IR combined with intraperitoneal administration of aucubin (1, 5, and 10 mg/kg for 10 days) on serum ALT and AST levels in experimental rats.





AU Effects on Liver Oxidative Stress Markers

Commercial MDA and SOD kits were used to measure MDA and SOD levels in liver homogenates (Table 4). Compared with that in the sham operation group, liver homogenate levels of MDA were significantly elevated in the AU-L, AU-M, AU-H, and IRI groups (P < 0.05). However, SOD levels were not significantly different in the sham operation group compared to those in the AU-M group (P > 0.05). The remaining three AU-treated groups had significant reductions in SOD levels (P < 0.05). Compared with the IRI group, liver homogenate levels of MDA were significantly reduced in the AU-L, AU-M, AU-H, and IRI groups (P < 0.05) and SOD levels were significantly elevated (P < 0.05).


Table 4 | Effects of liver IR combined with intraperitoneal administration of aucubin (1, 5, and 10 mg/kg for 10 days) on liver homogenate MDA and SOD levels in experimental rats.





AU Effects on Liver Inflammatory Markers

ELISA was used to detect serum levels of TNF-α, IL-1β, and HMGB1 (Table 5). Compared with levels in the sham operation group, serum levels of TNF-α, IL-1β, and HMGB1 were all significantly elevated in the AU-L, AU-M, AU-H, and IRI groups (P < 0.05). Meanwhile, serum levels of TNF-α, IL-1β, and HMGB1 were significantly reduced in the AU-L, AU-M, and AU-H groups compared with those in the IRI group (P < 0.05) with the most significant reduction being in the AU-M group (P < 0.01).


Table 5 | Effects of liver IR combined with intraperitoneal administration of aucubin (1, 5, and 10 mg/kg for 10 days) on serum TNF-α, IL-1β, and HMGB1 levels in experimental rats.





AU Effects on Liver Histopathology

By comparing liver function, inflammatory factors, and oxidative stress levels among the groups of rats, we found that AU (5 mg/kg) had a better protective effect on liver IRI. Thus, the sham operation, AU-M, and IRI groups were selected for follow-up experiments. H&E staining was performed on the three groups of liver tissues to evaluate histopathological changes (Figure 3). In the sham operation group, hepatocytes had normal morphology, arrangement, and hepatic cord structure (Figures 3A, D). In contrast, histopathological manifestations in the IRI group included hepatocyte edema, vacuolation, flaky necrosis, and extensive hemorrhage (Figures 3C, F). Meanwhile, in the AU-M group, hepatocytes showed only mild degeneration, some edema, and occasional focal hemorrhage (Figures 3B, E).




Figure 3 | Three groups of liver sections were stained with H&E. Magnifications were low (100×) and high (200×) (scale bar=100 μm and 50 μm, respectively). The sham operation group showed normal pathology (A, D). In the IRI group, the cells showed obvious degeneration and necrosis with extensive hemorrhage (arrow) (C, F). The AU-M group showed mild degeneration and edema of the hepatocytes with occasional bleeding (B, E).





AU Effects on Histopathological Score

To quantitate the differences in histopathology among the sham operation, AU-M, and IRI groups, histopathological scores were compared. Fisher’s exact test showed that the histopathological score differences among the sham, AU-M, and IRI groups were significant (P < 0.05; Table 6).


Table 6 | Comparison of histopathological scores between sham operation, AU-M, and IRI groups.





AU Effects on Liver ROS

To determine ROS concentrations in the sham operation, AU-M, and IRI groups, superoxide anions and nuclei were stained using fluorescent techniques. Compared with the sham operation group, the areas of superoxide anion fluorescence in the AU-M and IRI groups were significantly increased (P < 0.05). Meanwhile, the area of superoxide anion fluorescence in the AU-M group was significantly decreased (P < 0.05) compared with that in the IRI group (Figure 4).




Figure 4 | Effects of liver IR combined with intraperitoneal administration of aucubin (5 mg/kg, for 10 days) on liver ROS levels in experimental rats. Superoxide anion was expressed by red fluorescence, and nuclei by blue fluorescence; magnification was 400× and scale bar = 100 μm (A). The red fluorescence area was counted by Image Pro Plus 6.0 software analysis (B). Statistical analyses were performed using the Kolmogorov–Smirnov test followed by one-way ANOVA method. All data were expressed as mean ± SD. αSignificant difference from the sham operation group at P < 0.05. βSignificant difference from the IRI group at P < 0.05.





AU Effects on Liver CYP-D

Expression levels of CYP-D in the IRI group were significantly increased compared with those in the sham operation group (P < 0.05). Furthermore, expression of CYP-D in the AU-M group were significantly decreased (P < 0.05) compared with those in the IRI group (Figure 5A).




Figure 5 | Effects of liver IR combined with intraperitoneal administration of aucubin (5 mg/kg, for 10 days) on protein expression of CYP-D (A) and mRNA expression of HMGB1 (B), TLR-4 (C), and RAGE (D) in the hepatic tissues of experimental rats. Statistical analyses were performed using the Kolmogorov–Smirnov test followed by One-Way ANOVA method. All data were expressed as mean ± SD. αSignificant difference from the sham operation group at P < 0.05. βSignificant difference from the IRI group at P < 0.05.





AU Effects on HMGB1, TLR-4, and RAGE mRNA Expression

Expression of HMGB1, TLR-4, and RAGE mRNA in the IRI group were each significantly increased compared with those in the sham operation group (P < 0.05). Furthermore, expression of HMGB1, TLR-4, and RAGE mRNA in the AU-M group were each significantly decreased (P < 0.05) compared with those in the IRI group (Figures 5B–D).



AU Effects on the HMGB1/TLR-4/NF-κB Signaling Pathway

Expression levels of HMGB1, TLR-4, RAGE, interferon regulatory factor 1 (IRF-1), P65, phospho-NF-κB P65 (P-P65), phospho-I kappa B alpha (P-IκB-α), TNF-α, and IL-1β proteins in the IRI group were significantly higher than those in the sham operation group, while IκB-α expression was significantly lower (P < 0.05). Compared with those in the IRI group, expression levels of HMGB1, TLR-4, RAGE, IRF-1, P65, P-P65, P-IκB-α, TNF-α, and IL-1β proteins were significantly decreased in the AU-M group and protein expression of IκB-α was significantly increased (P < 0.05). In addition, we also found that the acetylation level of HMGB1 decreased significantly after AU pretreatment and the amount of NF-κB entering the nuclei was also significantly reduced (P < 0.05) (Figure 6).




Figure 6 | Effects of hepatic IR combined with intraperitoneal administration of aucubin (5 mg/kg, for 10 days) on quantification data and expression of HMGB1 (A), TLR-4 (B), RAGE (C), IRF-1 (D), P65 (E), p-P65 (F), IκB-α (G), p-IκB-α (H), TNF-α (I), IL-1β (J), acetylation HMGB1 (K), and intranuclear p-P65 (L), protein detected by Western blotting in the liver tissues of experimental rats. Statistical analyses were performed using the Kolmogorov–Smirnov test followed by one-way ANOVA method. All data were expressed as mean ± SD. αSignificant difference from the sham operation group at P<0.05. βSignificant difference from the IRI group at P < 0.05.





AU Effects on the Mitochondria-Mediated Apoptosis Pathway

Expression levels of caspase-3 and cleaved caspase-3 proteins in the IRI group were significantly higher compared to those in the sham operation group, while PGC-1α and UCP2 protein expression was significantly lower (P < 0.05). Compared with those in the IRI group, expression levels of caspase-3 and cleaved caspase-3 protein were significantly decreased in the AU-M group and expression of PGC-1α and UCP2 proteins were significantly increased (P < 0.05) (Figure 7).




Figure 7 | Effects of hepatic IR combined with intraperitoneal administration of aucubin (5 mg/kg, for 10 days) on quantification data and expression of PGC-1α (A), UCP2 (B), caspase-3 (C), and cleaved caspase-3 (D), protein detected by Western blotting in the liver tissues of experimental rats. Statistical analyses were performed using the Kolmogorov–Smirnov test followed by one-way ANOVA method. All data were expressed as mean ± SD. αSignificant difference from the sham operation group at P < 0.05. βSignificant difference from the IRI group at P < 0.05.





Effects of AU and TAK-242 on LO2 Cell Viability

CCK-8 assays revealed that 2–256 µM AU had no toxic effect on LO2 cells (Figure 8A). Furthermore, 2–32 µM AU promoted the proliferation of LO2 cells. The TLR-receptor inhibitor TAK-242 had no toxic effect on LO2 cells at concentrations of 0.125–16 µM (Figure 8B).




Figure 8 | Effects of aucubin and TAK-242 on LO2 cell viability (A, B) and expression of TLR-4 (C–E), MyD88 (F), p-p65 (G), and p-IκB-α (H) proteins. Statistical analyses were performed using the Kolmogorov–Smirnov test followed by One-Way ANOVA method. All data were expressed as mean ± SD. αSignificant difference from the NC group at P < 0.05. βSignificant difference from the OE group at P <0.05. κSignificant difference from the TAK group at P < 0.05.





In Vitro Effects of AU on TLR-4/NF-κB Signaling Pathway Proteins

Western blotting results showed that the expression level of TLR-4 in the EPT group was not significantly changed compared with that in the NC group, but the level of TLR-4 expression in the OE group was significantly increased (P < 0.05). Pretreatment with AU (8 µM) and TAK-242 (4 µM) was able to inhibit protein expression of TLR-4, MyD88, p-p65, and p-IκB-α (Figures 8E–H).




Discussion

Liver IRI is a complex pathophysiological process involving multiple factors and is an important cause of poor prognosis and multiple organ failure in patients with complex liver surgery and liver transplantation (Pagano et al., 2018). Our current research showed that liver ischemia for 1 h followed by reperfusion for 6 h led to a significant increase in ALT and AST levels. At the same time, a series of characteristic pathological changes occurred, such as hepatocyte edema, hemorrhage, and partial hepatic parenchymal cell necrosis, which are consistent with the results of previous studies (Cai et al., 2017; Su et al., 2017). Pretreatment of rats with AU significantly improved transaminase and liver histopathological changes following liver IR. Similar protective effects were observed in a carbon-tetrachloride-induced liver injury model (Chang et al., 1983), nonalcoholic fatty liver disease model (Lee et al., 2013), and hyperlipidemia model (Shen et al., 2019). However, previous studies have not reported a protective effect of AU on IRI in important organs. The current study was the first regarding the protective effects of AU in liver IRI models.

Previous studies have demonstrated that the early stage of liver IR is characterized by oxidative-stress responses and release of ROSs that directly lead to liver cell damage (Li et al., 2016). MDA is the most important metabolite of membrane lipid peroxidation, which can aggravate cell membrane damage and alter the activity of key enzymes in the mitochondria. Meanwhile, SOD is a vitally important member of the antioxidant metalloenzymes (Xu et al., 2019). MDA, SOD, and ROS are able to directly respond to oxidative stress (Abdel-Gaber et al., 2019). AU has shown good anti-inflammatory and antioxidant effects in both acute lung injury (Qiu et al., 2018) and gastric mucosal injury (Yang et al., 2017) models. However, whether there are similar pharmacological effects in liver IRI models has not been previously studied. Our current study found that liver MDA and ROS levels were significantly increased and SOD levels were significantly decreased in the IRI group compared with those in the sham operation group, which is consistent with previous studies. Compared with that of the IRI group, AU pretreatment significantly reduced the levels of MDA and ROS, while significantly increasing the levels of SOD. This indicated that AU also had good antioxidant activity in the liver IRI model.

In addition to the oxidative stress response, the aseptic inflammation response of liver cells is also an important pathological mechanism that mediates liver IRI (Nakamura et al., 2017). The results of the current study revealed that serum levels of TNF-α, IL-1β, and HMGB1 in the IRI group were significantly higher compared to those in the sham operation group. Following pretreatment with AU, expression of TNF-α, IL-1β, and HMGB1 were each significantly lower compared to those in the IRI group, indicating that AU exhibited a good anti-inflammatory effect.

The TLR-4/NF-κB signaling pathway is a classic pathway that mediates inflammation and plays an important role in ischemic injury of the heart, brain, liver, lung, and other important organs (Sharma et al., 2013; Chen et al., 2016; Kadono et al., 2017; Liu et al., 2017; Zhao et al., 2017). During liver IR, ROS promote expression of the early response transcription factor IRF-1, enhance activity of histone acetyl transferase, and promotes acetylation of HMGB1 (Tsung et al., 2007; Doyle and Fitzpatrick, 2010; Evankovich et al., 2010; Yu et al., 2017). Acetylated HMGB1 is transferred from intracellular to extracellular environments, binds to TLR-4 and RAGE, activates the nuclear transcription factor NF-κB P65, inhibits IκB-α kinase activity, and mediates the release of inflammatory factors TNF-α and IL-1β (Xie et al., 2018). In order to determine whether AU exerts its anti-inflammatory effects through the HMGB1/TLR-4/NF-κB signaling pathway, we selected the medium dose of AU for subsequent experiments. We found that expression of HMGB1, TLR-4, and RAGE at both the mRNA and protein levels in the IRI group was significantly increased compared with that in the sham operation group. Furthermore, expression levels of NF-κB-pathway-related proteins IRF-1, P65, P-P65, and P-IκB-α were significantly increased and IκB-α protein expression was significantly reduced. Overall, these findings were consistent with previous studies (Koh et al., 2013; Qiao et al., 2014; Kim et al., 2017; Yu et al., 2017). After AU pretreatment, expression of HMGB1, TLR-4, and RAGE mRNA as well as HMGB1, TLR-4, RAGE, IRF-1, P65, P-P65, and P-IκB-α protein was significantly lower in the AU-M group compared with that in the IRI group. In contrast, expression of IκB-α protein was significantly increased. In addition, in vitro experiments also showed that the expression levels of TLR-4, MyD88, p-P65, and p-IκB-α proteins in LO2 cells overexpressing TLR-4 were significantly reduced following AU pretreatment. Both the in vivo and in vitro experimental results provide evidence that AU was able to reduce the inflammatory response caused by liver ischemia and reperfusion by inhibiting the HMGB1/TLR-4/NF-κB signaling pathway.

Previous studies have suggested that mitochondrial UCP2 is able to slow the process of oxidative phosphorylation, inhibit ATP production, cause cell energy metabolism disorders, and induce apoptosis (Chan et al., 2001; Stuart et al., 2001; Serviddio et al., 2008). Wan et al. (Wan et al., 2008) demonstrated the mitigation of liver IRI in obese ob/ob mice by inhibiting UCP-2 expression in fatty liver. However, the current view is that UCP2 has a double effect in the IRI model. UCP2 can also prevent ATP production and reduce the activity of mitochondria and cells and eliminate ROS produced by IRI, resulting in a protective role in liver IRI (Bi et al., 2019; Wu et al., 2019). To determine whether AU had an effect on apoptosis induced by liver IR, we measured the expression of PGC-1α, UCP2, and apoptosis execution proteins caspase-3 and cleaved caspase-3. We observed that expression of PGC-1α and UCP2 proteins was significantly reduced compared with that in the sham operation group, and levels of caspase-3 and cleaved caspase-3 were significantly increased. These findings were consistent with the previous results of Bi et al. (Le Minh et al., 2011; Bi et al., 2019). However, after AU pretreatment, PGC-1α and UCP2 expression was significantly increased and levels of caspase-3 and cleaved caspase-3 were significantly decreased. This indicated that AU was able to increase mitochondrial activity, inhibit ROS production, and reduce apoptosis by increasing PGC-1α and UCP2 protein expression, and thereby play a protective role in liver IRI.



Conclusions

AU decreased liver IRI by (I) reducing liver transaminase activity and liver histopathological changes; (II) inhibiting oxidative stress by reducing MDA and ROS levels and increasing SOD levels in the liver; (III) regulating the HMGB1/TLR-4/NF-κB signaling pathway to reduce expression of inflammatory factors such as HMGB1, TNF-α, and IL-1β and inhibit the inflammatory response of liver cells; and (IV) increasing mitochondrial activity that inhibits ROS generation and decreasing expression of apoptotic protein caspase-3 that inhibits apoptosis. The current study showed that AU was able to significantly reduce the degree of liver IRI through its anti-inflammatory, antioxidative, and antiapoptotic effects. The results are summarized in Figure 9. Although our findings provide new insight into AU and it protective activity in liver IRI, the specific mechanism through which AU regulates mitochondria injury mediated apoptosis remains unclear and further research is needed.




Figure 9 | Aucubin attenuates liver ischemia-reperfusion injury by inhibiting the HMGB1/TLR-4/NF-κB signaling pathway, oxidative stress, and apoptosis. The molecular mechanism implicates downregulation of the HMGB1/TLR-4/NF-κB signaling pathway, oxidative stress level, mitochondrial dysfunction, and apoptosis.
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Ischemia-reperfusion (I/R) induced acute kidney injury (AKI) is a significant health problem with high morbidity and mortality, yet prophylaxis strategies and effective drugs are limited. Sanqi oral solution (SQ) is a formulated medicine widely used in clinical settings to treat various renal diseases via enriching qi and activating blood circulation while its role on I/R-AKI remains unclear. Herein, by establishing rat I/R-AKI models, we intended to investigate the effect of SQ on the prevention of I/R-AKI and explore its underlying mechanisms. We demonstrated that SQ treatment significantly attenuated renal dysfunction of I/R-AKI, alleviated histological damages, inhibited renal apoptosis, and enhanced autophagy. Further investigation proved that SQ could significantly inhibit the activation of ERK and mTOR signaling pathways. Moreover, its renoprotective effect can be abolished by autophagy inhibitor 3-methyladenine (3-MA). Collectively, our results suggest that SQ exerts renoprotective effects on renal I/R injury via reducing apoptosis and enhancing autophagy, which are associated with regulating ERK/mTOR pathways.




Keywords: renal ischemia-reperfusion (I/R), acute kidney injury (AKI), Radix Astragali, Radix Notoginseng, apoptosis, autophagy, extracellular signal-regulated kinase (ERK), mammalian target of rapamycin (mTOR)



Introduction

Acute kidney injury (AKI) is a worldwide health problem associated with high morbidity, mortality, and heavy socioeconomic burdens (Chertow et al., 2005; Bellomo et al., 2012; Lewington et al., 2013; Zuk and Bonventre, 2016). Besides acute consequences, AKI can easily deteriorate and further lead to chronic kidney disease or even end-stage renal disease (Venkatachalam et al., 2010; Leung et al., 2013). Renal ischemia/reperfusion (I/R) injury is usually caused by hypovolemic shock, kidney transplantation, cardiac or vascular surgery, trauma, and heart infarction (Jakobsson et al., 2014; Benck et al., 2015), and therefore serves as one of the leading causes of AKI in clinical settings (Malek and Nematbakhsh, 2015; Zuk and Bonventre, 2016). However, the current treatment options of I/R-AKI still largely remain supportive management, and prophylaxis strategies and effective drugs are indeed limited.

Chinese herbal medicine has been adopted to effectively treat various diseases for thousands of years based on the essence of “treatment based on syndrome differentiation”. From the perspective of traditional Chinese medicine (TCM), the pathogenesis of I/R-AKI can be classified as Qi deficiency and blood stasis, which may be prevented or cured through the replenishment of Qi and activation of blood circulation. Sanqi oral solution (SQ), consisting of Radix Astragali (Astragalus membranaceus Fisch. ex Bunge) and Radix Notoginseng [Panax notoginseng (Burkill) F.H.Chen], is a patented formula and ready-made pharmaceutical preparation in Guangdong Provincial Hospital of Chinese Medicine (Wei et al., 2013; Tian et al., 2019; Xu et al., 2019). It is an effective formulated product to treat some renal diseases via benefiting Qi and activating blood, yet its role on I/R-AKI remains unclear.

Increasing investigations have substantiated the possible pathological mechanisms underlying I/R-AKI over the past decades, nevertheless, the complex pathophysiology of I/R-AKI has not been fully understood. It is a complicated process which involves initial injury in the early stage of ischemia and secondary leision after reperfusion. During acute ischemia, the renal blood flow is restricted which leads to the primary injury of renal cells. After reperfusion, blood and oxygen are reintroduced into renal tissues, which aggravate the injury by cascade reactions including oxidative stress, inflammation increase, cellular apoptosis, autophagy, necrosis, or even ferroptosis (Sutton and Molitoris, 1998; Sheridan and Bonventre, 2000). Among the abovementioned research advances, apoptosis and autophagy are two critical possible mechanisms in the pathogenesis of I/R-AKI. Apoptosis is a form of cell suicide mediated by caspase activation and is essential for development and homeostasis. Accumulating reports have indicated that I/R-induced cell death is closely associated with apoptosis (Oberbauer et al., 2001; Bonegio and Lieberthal, 2002; Yingjie et al., 2019). Autophagy is a process of delivering long-lived proteins, cellular macromolecules, and intracellular organelles to lysosomal for degradation and recycling. By recycling toxic material into new cellular components, autophagy supports anti-stress responses and energy maintenance in response to numerous stresses (Levine and Kroemer, 2008; Mizushima and Komatsu, 2011). According to published records, autophagy may be either up-regulated or down-regulated in I/R-AKI models, and act as a "double-edged sword" which may ameliorate or exacerbate renal injury (Baehrecke, 2005; Suzuki et al., 2008; Jiang et al., 2010; Decuypere et al., 2014; Decuypere et al., 2015).

In our previous study, we have identified that the major compositions of SQ include ginsenosides, notoginsenoside R1, calycosin, and so on (Tian et al., 2019; Xu et al., 2019). Among these compositions, ginsenoside Rg 1, notoginsenoside R1 and calycosin are capable of reducing apoptosis (Chen et al., 2001; Liu B. et al., 2016; Huang et al., 2017; Tong et al., 2019; Zhai et al., 2019), notoginsenoside R1 and calycosin also exhibit effects on activating autophagy in HT29 cells, podocytes or renal mesangial cells (Huang et al., 2017; Wen et al., 2020). Yet, their roles on renal I/R injury and tubular cells have never been elucidated and deserves to be addressed.

Given these findings, we intended to investigate whether SQ can ameliorate renal injury in I/R-AKI rats and explore the mechanisms involved, focusing mainly on apoptosis and autophagy. Our results demonstrate that SQ exerts renoprotective effects on renal I/R injury via reducing apoptosis and enhancing autophagy, which are associated with regulating ERK/mTOR pathways.



Materials and Methods


Chemicals and Reagents

Pierce® BCA Protein Assay Kit was obtained from Thermo Scientific. Bax (2772), cleaved Caspase 3 (9664), SQSTM1/p62 (5114), Beclin1 (3495), p-ERK1/2 (4370), ERK1/2 (4695), p-mTOR (5536), mTOR (2983), HRP-linked anti-rabbit IgG (7074), HRP-linked anti-mouse IgG (7076) antibodies, and DAB Substrate Kit were purchased from Cell Signaling Technology. Bcl-2 (ab196495) antibody was obtained from Abcam. LC3 (M186-3) was purchased from MBL International. β-actin (BM0627) was from Boster Biological Technology. Enhanced chemiluminescence (ECL) reagent was obtained from Millipore. In Situ Cell Death Detection Kit (11684795910) was obtained from Roche Diagnostics GmbH. 3-Methyladenine (3-MA) were purchased from Selleck Chemicals.



Preparation and Analysis of SQ

SQ was mass manufactured by Guangdong Provincial Hospital of Chinese Medicine (Guangzhou, China) and approved by the Drug Administration of Guangdong Province to produce for clinical use (Cantonese medicine production number: Z20071155). In line with the standards of Chinese Pharmacopoeia, SQ was extracted from two crude drugs: Radix Astragali and Radix Notoginseng, at a concentration of 0.333 and 0.056 g/mL, respectively, whose botanical name of each herb can be checked and validated in https://mpns.science.kew.org/mpns-portal/. Their botanical samples (batch number: 181111) have been kept for posterity in the Pharmaceutical Preparation Department of Guangdong Provincial Hospital of Chinese Medicine and can be accessed from in the future whenever needed.

Furthermore, in order to ensure the quality of SQ in the present study, the major chemical components of SQ were profiled. In brief, the analysis for quality control was carried out by an Agilent 1200 HPLC system with DAD detector. The LC separation was performed over a Kinetex C18 column (4.6 × 100 mm, 2.6 μm, Phenomenex Inc., Torrance, USA) at 30 °C. Samples were eluted by gradients according to the elution program as following: 0–12 min, 88–80% A; 12–26 min, 80–74% A; 26–40 min, 74–35% A. The UV detection wavelengths were set at 205 and 284 nm.

Since SQ has been chemically characterized and batch produced by Guangdong Provincial Hospital of Chinese Medicine, it holds the same composition and chemical profiles as described in our previous article (Xu et al., 2019). The composition and chemical constituent analysis are shown in Supplementary Table S1 and Supplementary Figure S1.

According to the clinical guidelines of SQ, its human-rat equivalent dosage was calculated. For rats in the current study, 6.3 mL/kg/d (low dose) or 12.6 mL/kg/d (high dose) of SQ was administered intragastrically.



Animals

Adult male Sprague-Dawley rats weighting 200–250 g were provided by the Medical Experimental Animal Center of Guangdong Province and maintained in Experimental Animal Center of Guangdong Provincial Hospital of Chinese Medicine. The rats were housed under standard environmental conditions (21–25 °C, 50-60 % humidity, and 12 h/12 h light/dark cycle) and allowed free access to water and food. All of the procedures were performed in accordance with the international guidelines for the care and use of laboratory animals and approved by the Institutional Animal Care and Use Committee at Guangdong Provincial Hospital of Chinese Medicine.



Renal I/R Experiment

All rats were randomly divided into four groups: (1) sham group, (2) I/R-AKI model group, (3) I/R-AKI + SQ-low group, and (4) I/R-AKI + SQ-high group. The I/R-AKI model rats were anesthetized with intra-peritoneal injection of 1% pentobarbital sodium (40 mg/kg), and received renal ischemia, with bilateral pedicles clamped by nontraumatic clamps for 40 min, and then 24 h reperfusion. Successful ischemia and reperfusion were confirmed visually by the immediate change in the kidney color (ischemia: from red to atropurpureus, and reperfusion: from atropurpureus to red). The sham control rats were subjected to the identical surgery except for renal pedicle clamping. For other two groups, SQ was administrated daily by oral gavage at the dose of 6.3 mL/kg/d (SQ-low) or 12.6 mL/kg/d (SQ-high) from 7 days before the operation to the next day after the surgery, and the rats underwent the same surgical procedures as I/R-AKI model group. A corresponding volume of distilled water was administered to rats in sham and model groups. In this experiment, the success rate of modeling was 91%.

Within 24 h, there were 2 rats died, one of which in the model group, and another one in I/R-AKI + SQ-low group, leading to a 6.25% mortality rate. After 24 hours’ reperfusion, all rats were sacrificed and blood samples were collected. Kidneys were removed and preserved for further analysis.



Renal Function Detection

In this study, we measured blood urea nitrogen (BUN) and serum creatinine (SCR) levels to detect the renal function. Blood samples were collected and then centrifuged in condition of 3,000 rpm for 15 min at room temperature. The serum samples were analyzed by the clinical laboratory of Guangdong Provincial Hospital of Chinese medicine.



Histological Analysis

All rats were anesthetized with pentobarbital sodium and sacrificed. Kidneys were fixed with 4% buffered paraformaldehyde for 48 h and embedded in paraffin. The paraffin were then sectioned into 3 μm thick and stained with hematoxylin and eosin (H&E) to estimate the tissue damage.



Immunohistochemistry

Immunohistochemical assay was used to the measure the expression of cleaved Caspase 3 in kidney slices. The kidneys were fixed, paraffin-embedded and cut into 3 μm slices. After being dewaxed and hydrated, the tissue slices were sequentially incubated with 3% hydrogen peroxide (H2O2) to block endogenous peroxidase activity, with albumin bovine fraction for blocking, and with anti-cleaved Caspase 3 antibody (1:500) overnight. Followed by secondary antibody and 3,3’3′-Diaminobenzidine (DAB) kit, the samples were examined under Olympus IX71 microscope (bright-field) equipped with an Olympus DP73 digital camera. Ten fields were randomly selected for each sample. The brown color was considered as positive staining according to the standard protocol.



TUNEL Assay

Terminal transferase dUTP nick end labeling (TUNEL) staining was employed to identify apoptotic cells in renal tissues. The tissue slices were dewaxed and rehydrated according to the standard protocol, then were incubated with proteinase K working solution (10–20 μg/mL in 10 mM Tris/Hcl, pH 7.4–8) for 30 min at room temperature. After rinsing twice with PBS, each slice was added 50 μL TUNEL reaction mixture which was obtained by adding 5 μL enzyme solution to 450 μL label solution. The slides were incubated in a humidified atmosphere for 60 min at 37°C in the dark. After rinsing with PBS for 3 times, samples were embedded with antifade and analyzed under a fluorescence microscopy. For quantification, 10 representative fields were selected from each tissue section and the amount of TUNEL positive cells per mm2 was evaluated.



Western Blot Analysis

The renal tissues were weighted to extract protein and their concentrations were detected by Pierce® BCA Protein Assay Kit. The protein samples (20–50 μg) were then resuspended in 5× sample buffer and boiled, and electrophoresed on a 10 or 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDF membranes. Membranes were incubated with blocking buffer for 2 h, hybridized with primary antibodies (SQSTM1/p62, Beclin1, LC3, Bcl-2, Bax, cleaved Caspase 3, p-Erk1/2, Erk1/2, p-mTOR, mTOR, 1:1,000) overnight at 4 °C and followed by secondary antibodies (HRP-labeled anti-rabbit or anti-mouse IgG, 1:3,000, 2 h). The protein bands were visualized using ECL reagent, then signals were captured and quantified by Image Lab System (Bio-Rad Laboratories, Inc.).



Statistical Analysis

All experiments were performed at least three times independently. Statistical analysis of all data was performed by using SPSS 22.0 and GraphPad Prism 7. The data were presented as means ± standard deviation (SD). Statistical comparisons were carried out by one-way analysis of variance (ANOVA) followed by Tukey’s test. *p<0.05 was considered to indicate a statistically significant difference.




Results


Identification of Chemical Constituents in SQ

SQ was identified by HPLC/MS and the chemical constituents are shown in Supplementary Figure S1.



SQ Attenuates I/R-Induced Renal Dysfunction and Histopathological Changes

Serum creatinine (SCR) and blood urea nitrogen (BUN) are two biological indexes to indicate the function of kidney filtration (Baum et al., 1975; Finco and Duncan, 1976). AKI is characterized by an abrupt decrease of the glomerular filtration rate, and thus leading to creatinine and urea retention in plasma (Bellomo et al., 2012; Zuk and Bonventre, 2016; Manoeuvrier et al., 2017), so we firstly detected the SCR and BUN levels in all groups. As expected, compared with sham group, the I/R model exhibited dramatic higher levels of SCR and BUN. Treatment of SQ partly antagonized these changes, with partly reduction of SCR and BUN (Figure 1).




Figure 1 | SQ attenuates I/R-induced renal dysfunction and histopathological changes. (A) Representative HE staining of renal tissues. (B) Jablonski grade to reflect tubular injury calculated from HE staining. (C) BUN and SCR levels which indicated the function of kidney filtration. Data were presented as means ± SD, **p < 0.01 and ***p < 0.001 versus Sham group, ###p < 0.001 versus I/R group. n = 6 in each group.



Histological examination by H&E staining can reveal the lesions in kidney,and Jablonski grade is the standard histopathological method to estimate the injury of kidney tubules (Jablonski et al., 1983). Therefore, we next conducted histological analysis. From the H&E staining, we can clearly observe that the renal I/R injury led to obvious cell swelling, intraluminal necrotic cellular debris, interstitial congestion, and luminal narrowing in renal tissues. Significantly, SQ treatment ameliorated these damages. Accordingly, Jablonski grade was notably increased in I/R-AKI group in comparison with the sham group. In contrast to the model group, SQ significantly reduced the histopathologic grade (Figure 1).



SQ Reduces Apoptosis in I/R-AKI Rats

Apoptosis is a programmed cell death characterized by energy-dependent biochemical mechanisms and morphologic changes, including shrinkage of the cell and nucleus, chromatin condensation, and DNA fragmentation, followed by rapid engulfment of the cellular corpse by macrophages and neighboring viable epithelial cells (Bonegio and Lieberthal, 2002). Ample evidences have corroborated that apoptosis are involved in renal tubular epithelial cells in I/R-AKI (Kaushal et al., 2004; Havasi and Borkan, 2011; Yang et al., 2019; Yingjie et al., 2019), thus the extent of apoptosis was assessed in renal tissues by TUNEL staining, which labels 3’-OH ends of DNA by endonucleases that are activated during apoptosis. Our results showed that I/R injury led to the number of TUNEL-positive cells dramatically increase in renal tissues, while SQ blocked the changes significantly. To better understand the molecular mechanism, we performed Western blot to test the changes of apoptosis-related proteins. As shown in Figure 2, up-regulation of pro-apoptotic protein Bax and down-regulation of anti-apoptotic protein Bcl-2 were observed in the I/R model group, which were reversed by SQ treatment. Furthermore, apoptosis marker cleaved Caspase 3, was tested by Western blot and then confirmed by immunohistochemical assay. Western blot bands showed that I/R injury strikingly enhanced the levels of cleaved Caspase 3 in renal tissues, which can be counteracted by SQ treatment, in a dose-dependent manner. In line with the immunoblotting, immunohistochemistry results of cleaved Caspase 3 revealed similar trends.




Figure 2 | SQ reduces apoptosis in I/R-AKI. (A) Representative western blot of apoptosis-related proteins: Bcl-2, Bax, and cleaved Caspase 3. (B) Quantitative analysis of western blot results. β-actin was used as loading control. (C) Representative images of TUNEL assay in each group. (D) Representative images of immunohistochemical assay of cleaved Caspase 3 expression in each group. (E) Quantitative analysis of TUNEL and immunohistochemical stainings. Data were presented as means ± SD, *p < 0.05 and ***p < 0.001, versus Sham group, #p < 0.05, ##p < 0.01, and ###p < 0.001 versus I/R group. n = 3 in each group.





SQ Enhances Autophagy in I/R-AKI Rats

In order to determine whether autophagy was implicated in the process of I/R-AKI and drug treatment, we tested autophagy-related proteins by Western blot. To our surprise, compared with the sham-operated controls, the model group displayed down-regulated autophagy, with decrease in LC3II/LC3I, striking increase of SQSTM1/p62 and mild elevation of Beclin1. In contrast to the model group, higher dose of SQ enhanced autophagy, with significant increase of LC3II/LC3I and Beclin1, as well as marked decline of SQSTM1/p62 (Figure 3).




Figure 3 | SQ enhances autophagy in IR-AKI. Representative western blot of autophagy markers: Beclin1, SQSTM1/p62, and LC3, and the corresponding quantitative analysis. β-actin was used as loading control. Data were presented as means ± standard deviation (SD), *p < 0.05 and ***p < 0.001 versus Sham group, #p < 0.05 and ###p < 0.001 versus I/R group. n = 3 in each group.





SQ Protects Renal I/R Injury Through Regulating ERK/mTOR Pathways

It has been reported that extracellular signal-regulated kinase 1/2 (ERK1/2) is abnormally activated during apoptosis (Sabbatini et al., 2006; Zeng et al., 2012; Liu D. et al., 2016; Kong et al., 2019), thus closely related to the pathological process of I/R injury. Given that SQ suppressed I/R-induced oxidative stress and apoptosis, we sought to explore the possible changes of ERK1/2 activation. Western blot analysis revealed that renal I/R injury induced a distinct activation of ERK, as a result of ERK1/2 phosphorylation, which could be recovered by SQ treatment (Figure 4). Moreover, considering that the pathway of mammalian target of rapamycin (mTOR) have been shown to inhibit autophagy in various models and cell types (Kim and Guan, 2015), we also checked whether SQ had an influence on mTOR. Western blot bands showed that the level of p-mTOR/mTOR was significantly increased upon I/R injury, which could be diminished by SQ treantment, in a dose-dependent manner (Figure 4). Taken together, our results suggested that ERK and mTOR pathways are involved in the protective effect of SQ.




Figure 4 | Effects of SQ on ERK and mTOR signaling pathways in I/R-AKI. Representative western blot of p-ERK, ERK, p-mTOR, and mTOR, and the corresponding quantitative analysis. Data were presented as means ± SD, *p < 0.05 and ***p < 0.001 versus Sham group, #p < 0.05 and ##p < 0.01 versus I/R group. n = 3 in each group.





The Protective Effect of SQ Could Be Blocked by Autophagy Inhibitor 3-MA

Since the above data demonstrated that SQ was capable of reducing apoptosis and enhancing autophagy, these findings also prompted us to investigate the possible relationship of apoptosis and autophagy during the process. For this purpose, autophagy inhibitor 3-MA was utilized. Although the low and high doses of SQ exerted indistinguishable effects of attenuating I/R-induced renal dysfunction and histopathological changes (without statistically difference), the high dose showed better capability of reducing apoptosis (Figure 2) as well as enhancing autophagy (Figure 3). Therefore, we applied the high dose of SQ in later experiment. Rats were randomly divided into four groups: sham control, I/R-AKI model, I/R-AKI + SQ-high, and I/R-AKI + SQ-high + 3-MA. The operation was induced using the same method described before (Methods: renal I/R experiment), with a 92% success rate of modeling in this round of experiment. SQ was administrated daily by oral gavage at the dose of 12.6 mL/kg/d from 7 days before the operation to the next day after the surgery. 3-MA was intraperitoneally injected at the dose of 400 nM before the wounds of belly were sutured during the surgery.

Within 24 h, there were 2 rats died, one of which in the model group, and another one in I/R-AKI + SQ-high + 3MA group, leading to a 6.25% mortality rate. After 24 hours’ reperfusion, rats were sacrificed and blood samples were collected. Kidneys were removed and processed for analysis.

By performing HE staining and renal function detection, we found that SQ combined with 3-MA showed worse histological damages and renal functions than SQ alone (Figure 6). Consistently, further analysis by Western blot, immunohistochemistry and TUNEL assays revealed that, in comparison with SQ alone, 3-MA combination treatment aggravated renal damages by increasing apoptosis (Figure 7).




Discussion

AKI is a worldwide health problem with high morbidity and characterized by rapid deterioration of kidney function (Chertow et al., 2005; Bellomo et al., 2012; Lewington et al., 2013; Zuk and Bonventre, 2016). Renal I/R injury occurs in lots of clinical settings, such as hypovolemic shock, kidney transplantation, cardiac or vascular surgery, trauma, heart infarction, and therefore serves as one of the leading risk factors for perioperative AKI (Malek and Nematbakhsh, 2015). Despite the improvement in understanding and management of I/R-AKI in recent years, prophylaxis strategies and effective drugs are still limited up till now. As a formulated medicine, SQ have been utilized in clinic to treat renal diseases for more than 20 years, mainly through benefiting Qi, promoting blood circulation, and removing stasis. Moreover, some of the components in SQ have been scientifically proven to possess anti-apoptosis or autophagy-regulating properties. Previous researches have reported that Astragalus membranaceus plus Panax notoginseng can synergistically ameliorate renal injury in diabetic nephropathy partly through inhibiting apoptosis (Zhai et al., 2019) or promoting autophagy (Wen et al., 2020). Calycosin, one of the major components in Astragalus membranaceus, has been verified to inhibit oxidative stress-induced cardiomyocyte apoptosis via activating estrogen receptor-α/β (Liu B. et al., 2016). Another active component Astragaloside IV can not only suppress apoptosis in mammary epithelial cells (Wang F. et al., 2019) or cerebral I/R Injury (Zhang et al., 2019), but also enhance autophagy via mTORC1 signalling (Lin et al., 2020) or SIRT-NF-κB p65 axis (Wang X. et al., 2019), and can reduce complement membranous attack complex induced podocyte injury through decreasing ERK expression (Zheng et al., 2012). Ginsenoside Rg1, the main component in Panax notoginseng, was capable of protecting pheochromocytoma (PC12) cells against dopamine-induced apoptosis (Chen et al., 2001). Meanwhile, notoginsenoside R1 has been documented to play therapeutic effects on various organs I/R Injuries (Guo et al., 2019; Tong et al., 2019), as well as attenuate glucose-induced podocyte injury via the inhibition of apoptosis and the activation of autophagy through PI3K/Akt/mTOR pathway (Huang et al., 2017). Nevertheless, the role of SQ on renal I/R injury have never been elucidated. Therefore, in the current study, by establishing rat I/R-AKI model, the renoprotective effect of SQ and its underlying mechanisms were demonstrated.

AKI is defined as sudden reduction or even loss of kidney function resulting in the accumulation of end products of nitrogen metabolism (urea) and creatinine (Bellomo et al., 2012; Zuk and Bonventre, 2016; Manoeuvrier et al., 2017), so we firstly detected the SCR and BUN levels in all groups. Herein, following a standard protocol, we clamped both renal pedicles for 40 min followed by 24 h recovery to establish the I/R-AKI model. BUN, SCR, and histopathological scores were detected after I/R injury, which can be used to evaluate the level of tubular damage and renal function. The experimental evidence showed that SQ can partly attenuate renal dysfunction and significantly decrease Jablonski grades in I/R-AKI rats (Figure 1), which presents the effects on protecting renal injury and tubular damage.

In the I/R-AKI, both in ischemia and reperfusion stages, there exist the imbalance of local tissue oxygen supply and demand as well as accumulation of waste products of metabolism. As a consequence of this mismatch, the tubular epithelial cells undergo injury and with increasing time or severity of injury, leading to various cell death pathways including necrosis, apoptosis, autophagy, or ferroptosis, which codetermine the cell fate of death or survival, thus resulting in organ functional impairment of water and electrolyte homeostasis and reduced excretion of waste products of metabolism (Bonventre and Yang, 2011). For decades, apoptosis has been proposed as one of the leading cell death pathway responsible for the pathogenesis of I/R-AKI (Bonegio and Lieberthal, 2002; Havasi and Borkan, 2011). TUNEL staining well labeled 3’-OH ends of DNA by endonucleases that are activated during apoptosis and therefore gave us the direct manifestation of apoptosis. Caspases are a family of structurally related cysteine proteases that play a key role in the execution of apoptosis. Bax and Bcl-2, two members in Bcl-2 family, are regulatory factors of extreme importance in apoptosis. Bax is a proapoptotic protein which enhances apoptosis by causing mitochondrial membrane depolarization, while Bcl-2 is an antiapoptotic protein which inhibits apoptosis by preventing cytochrome C release into the cytoplasm (Kaushal et al., 2004). In line with previous researches, our results also showed that I/R injury induced distinct apoptosis in renal tissues, evidencing by the increase of TUNEL-positive cells, up-regulation of cleaved Caspase 3 and Bax, as well as down-regulation of Bcl-2. Furthermore, SQ treatment reversed above changes, suggesting its antiapoptotic effects (Figure 2).

In recent years, with the increasing insight into mechanisms, there is a growing consensus that apoptosis and autophagy are intricately connected in various diseases including I/R-AKI (Chien et al., 2007; Kaushal, 2012; Suzuki et al., 2019; Zhao et al., 2019). Autophagy is a highly regulated process of delivering long-lived proteins, cellular macromolecules, and intracellular organelles to lysosomal for degradation and recycle, which supports anti-stress responses and energy maintenance (Levine and Kroemer, 2008; Mizushima and Komatsu, 2011). The microtubule-associated protein light chain 3 (LC3) takes a central part in the formation of autophagic vacuoles and detection of LC3 I to LC3II conversion is the most reliable method to assess the level of autophagy (Mizushima and Yoshimori, 2007; Klionsky et al., 2016). SQSTM1/p62 can bind LC3, thus serving as a selective substrate of autophagy. Inhibition of autophagy often correlates with increased level of p62, and decreased p62 level is associated with autophagy activation (Larsen et al., 2010). Beclin1, the mammalian homologue of the yeast Agt6, forms a protein complex with class III phosphatidyl inositol-3 kinase within the autophagosome and may indicate the level of autophagy in some extent (Cao and Klionsky, 2007). Autophagy has been proved to be closely implicated in the process of I/R-AKI, but it may be either up-regulated or down-regulated, and have dual roles in different situations (Decuypere et al., 2015). The concept of a dual effect of autophagy has been supported by the findings of all the reports on in vivo autophagy modulation in renal I/R injury: autophagy was protective when ischemia time was short (20–40 min), but detrimental after more prolonged ischemia (40–60 min) (Decuypere et al., 2014). Ischemia of 40 min likely represents the ‘‘fatal’’ turning point above which autophagy transforms from a cell survival into a cell death pathway in the examined models, but the turning point will likely vary according to the species, strain, gender and the type (warm or cold) and length of ischemia in the studied model (Decuypere et al., 2014). Moreover, prolonged ischemia in I/R-AKI is often associated with a decrease of autophagic flux rather than an increase for the following reasons: the consumption and depletion of essential autophagic components after long starvation periods, the reactivation of mTOR activity and the inhibition of master regulators of autophagy such as ATG3, AMBRA1 and Beclin1 by caspases, which are activated in response to prolonged stress (Pallet, 2014).

In our study, by detecting the expression level of LC3, Beclin1 and SQSTM1/p62, we found that autophagy was decreased in I/R-AKI rats when ischemia for 40 min and reperfusion for 24 h, which matched the results of I/R-AKI models in which applied the same ischemia period (40 min) (Nakagawa et al., 2012; Lempiainen et al., 2013; Decuypere et al., 2015). However, the reason why autophagy varies in different ischemia period remains unclear and dynamic autophagy changes need to be explored in future work. Contrasting to I/R-AKI model rats, higher dose of SQ could significantly enhance autophagy, with the significant increase of LC3II/LC3I and Beclin1, as well as the marked decline of SQSTM1/p62 (Figure 3).

To better explore the protective mechanism of SQ in I/R-AKI, we further examined some pathway-related proteins. ERK signaling has been documented to be abnormally activated during apoptosis (Collier et al., 2016; Liu D. et al., 2016; Kong et al., 2019), and mTOR pathway plays a vital role in mediating autophagy (Kim and Guan, 2015). Western blot bands revealed that renal I/R injury increased the phosphorylation of ERK and mTOR, which could be counteracted by SQ treatment, in a dose-dependent manner (Figure 4).

Although the crosstalk between ERK and mTOR signaling pathway has not been specifically addressed in previous studies, several lines of evidence suggest that they may be interacted in some conditions (Krab et al., 2008; Liu et al., 2019). ERK may influence TSC1/2 to regulate mTOR (Ma et al., 2005; Zhu et al., 2014), or collaborated with mTOR via phosphatase DUSP6 (Bermudez et al., 2008). Our findings demonstrated their crosstalk in renal I/R injury and SQ treatment. In agreements with numerous investigations which have proved that mTOR pathway negatively regulate autophagy, herein, the variation trends of mTOR in different groups (Figure 4) were consistent with the changes of autophagy markers (LC3, Beclin1 and SQSTM1/p62) in Figure 3.

Given the findings that SQ reduced apoptosis and enhanced autophagy in I/R-AKI, we next intended to investigate the possible relationship of apoptosis and autophagy during the process. 3-Methyladenine (3-MA) is a PI3K inhibitor that inhibits autophagosomes sequestration at an early stage resulting in reduced LC3-II/LC3-I and the number of autophagy structures (Seglen and Gordon, 1982). To further confirm the renoprotective effect of autophagy and SQ, 3-MA was administered in I/R-AKI + SQ rats. Compared with I/R-AKI + SQ group, the ratio of LC3-II/LC3-I significantly decreased while the expression of p62 significantly increased in the I/R-AKI + SQ + 3-MA group, indicating that 3-MA inhibited autophagy successfully (Figure 5). By performing HE staining and renal function detection, we can clearly observe that inhibiting autophagy (I/R-AKI + SQ + 3-MA) aggravated histological damages and renal function (Figure 6). Later analysis by Western blot, immunohistochemistry and TUNEL assays, revealed that inhibiting autophagy led to the exacerbation of apoptosis during the process (Figure 7).




Figure 5 | 3-MA suppresses autophagy in I/R-AKI rats with SQ treatment. Representative western blot of PI3K III related autophagy protein SQSTM1/p62 and LC3, and the corresponding quantitative analyses. β-actin was used as loading control. Data were presented as means ± SD, *p < 0.05 and ***p < 0.001 versus Sham group, ##p < 0.01 versus I/R group, ^p < 0.05, ^^p < 0.01 versus I/R+SQ-H group. n = 3 in each group.






Figure 6 | 3-MA aggravates renal damages in I/R-AKI rats with SQ treatment. (A) Representative HE staining of kidney tissues. (B) Jablonski grade to reflect tubular injury calculated from HE staining. (C) BUN and SCR to indicate the function of kidney filtration. Data were presented as means ± SD, **p < 0.01, and ***p < 0.001 versus Sham group, ###p < 0.001 versus I/R group, ^p < 0.05 versus I/R+SQ-H group. n = 6 in each group.






Figure 7 | 3-MA enhances apoptosis in I/R-AKI rats with SQ treatment. (A) Representative western blot of apoptosis-related protein Bcl-2, Bax, Caspase 3 (B) Quantitative analysis of western blot results. β-actin was used as loading control. (C) Representative images of TUNEL assay in each group. (D) Representative images of immunohistochemical assay of cleaved Caspase 3 expression in each group. (E) Quantitative analysis of TUNEL and immunohistochemical stainings. Data were presented as means ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001 versus Sham group, ##p < 0.01, and ###p < 0.001 versus I/R group. ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 versus I/R+SQ-H group. n = 3 in each group.





Conclusion and Future Perspectives

Taken together, our results suggest that SQ plays a considerable role in ameliorating renal injury in I/R induced AKI through reducing apoptosis and enhancing autophagy, which are associated with regulating ERK/mTOR pathways. Future studies would be necessary to investigate more time points covering the entire I/R injury process, explore deeper mechanisms of SQ treatment and its active components, as well as the relationship of interlinked cell death pathways during I/R-AKI.
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Rheum palmatum L. (RPL) is a known traditional herbal medicine with the functions of “heat-clearing and damp-drying” in traditional Chinese medicine. Its anti-cancer effect against lung cancer has been confirmed previously, but the related mechanisms and active substances for its action has been little studied. This study adopted the network pharmacology, built the network map of drug ingredients and disease targets (DDN), and discussed the effective components of RPL and its possible mechanisms. All constituents of RPL were collected through database search and literature mining, and the potential active constituents were screened. The inverse pharmacophore matching model was used to predict the targets of active ingredients, and the method was supplemented by database retrieval and literature mining. Compounds-target data were inputted into Cytoscape software to build the DDN of RPL, and functional annotation analysis and pathway enrichment analysis were carried out. Finally, 20 active compounds were screened, which acted on 817 targets. A total of 22,418 lung cancer-related targets were collected, and 761 overlapped with drug targets. By bioinformatics annotation of these overlapping genes, a total of 235 gene ontology (GO) functional annotation analyses and 46 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were obtained. It was found that the enrichment of GO and KEGG was associated with apoptosis, suggesting RPL plays an anti-lung cancer role via inducing cell apoptosis. Subsequent cell experiment results showed RPL and its active constituents inhibited the proliferation of A549 cells and reduced clone formation rate of A549 cells via induction of apoptosis. In this study, the pharmacodynamic basis and mechanism of RPL against lung cancer were studied from the perspective of systematic pharmacology, which would be beneficial for further elucidating the anticancer effect of RPL on lung cancer.




Keywords: network pharmacology, traditional Chinese medicine, lung cancer, apoptosis, Rheum palmatum L. (Dahuang)



Introduction

Lung cancer, as a malignant tumor of respiratory system, is also one of the most common tumors worldwide and the leading cause of cancer death in both men and women (Peng et al., 2015; Bray et al., 2018). Although surgery, chemotherapy, radiotherapy and targeted drugs have achieved great progress in the prevention and treatment of lung cancer, the death rate of lung cancer patients is still very high. It is reported that the 5-year survival rate of patients with early stage lung cancer is 45–65%, while the 5-year survival rate of patients with advanced lung cancer is only 14% (Syed et al., 2016). Increasing evidences have suggested that herbal medicines are good resources for finding novel drugs, and previous investigations have also demonstrated that lots of extracts or monomers isolated from herbal medicines have the potentials for prevention or treatment of lung cancers (Ma et al., 2012; Peng et al., 2015). Rheum palmatum L. (RPL), belonging to the Polygonaceae family, is a known herbal medicine in traditional Chinese medicine (TCM), and modern pharmacological studies have found that RPL has various pharmacological activities including anti-inflammatory, anti-tumor, bacteriostatic, hemostatic, lipid-lowering, and hypotensive effects (Lee et. al., 2012; Jeong et al., 2017; Park et al., 2018). In addition, a growing number of studies have found that RPL extract and its monomers can induce apoptosis in various human cancer cells (Chiu et al., 2009; Ma et al., 2012). Emodin, which is an important natural constituent in plants of Polygonaceae family, such as Rheum palmatum, Polygonum cuspidatum, and Rumex japonicas can inhibit the proliferation of human lung adenocarcinoma A549 cells (Zhang and Guo, 2011; Peng et al., 2013; Li Z. et al., 2019). Nho et al. found that RPL extract can inhibit breast cancer cell migration, movement, and invasion in a concentration-dependent manner in vitro (Nho et al., 2015). In 2008, Su et al. found that emodin, a natural anthraquinone derivative from RPL, can induce apoptosis of human lung adenocarcinoma cells (Su et al., 2005).

In recent years, TCM has been widely accepted as a supplement or alternative medicine for the treatment of diseases due to its good therapeutic effect and low toxic and side effects. However, TCM has the characteristics of multiple components, multiple targets, and multiple pathways, which leads to its unclear therapeutic mechanism and medicinal substance basis, and limits its promotion and development. Network pharmacology can systematically analyze the interaction network of drug components, protein targets, diseases, genes, and other elements, which coincides with the overall concept of TCM treatment. Therefore, the application of network pharmacology to the study of TCM is scientific and necessary. At present, more and more scholars have applied network pharmacology to the research on the material basis and mechanism of action of TCM on various diseases (Jiang et al., 2019; Xiong et al., 2019). In this study, network pharmacology was used to study the active ingredients and mechanism of action of RPL against lung cancer and in combination with in vitro experiments to provide scientific evidence for the anti-lung cancer effect of RPL.



Materials and Methods


Active Components Screening

All the chemical components of RPL were retrieved from TCM systematic pharmacology database (TCMSP; http://lsp.nwu.edu.cn/tcmsp.php), integrated pharmacology-based research platform of TCM V2.0 (TCMIP; www.tcmip.cn/TCMIP/index.php/Home/Index/All) and TCM integrated pharmacology database (TCMID, https://omictools.com/tcmid-tool), and supplemented by literature mining. Oral bioavailability (OB) is an important parameter to measure the pharmacokinetic process (absorption, distribution, metabolism and excretion) of drugs in vivo as well as druggability. Drug-Likeness (DL) refers to the physical and chemical properties related to good clinical efficacy, such as solubility, stability, biological properties, etc. Therefore, it is also known as the similarity between the molecule to be tested and the drug molecule, which has a considerable indicator role in the development of new drugs. Compounds with high properties of OB and DL are not drugs but have the potential to become drugs, so these two parameters are often used to screen for active compounds. The compounds of RPL were screened for activity using the TCMSP platform and the DL prediction tool provided by the molsoft website (http://www.molsoft.com/docking.html), and compounds meeting DL ≥ 0.18 and OB ≥30% were selected as candidate active ingredients. Searching for the standard names and specific structures of the active candidate compounds in SciFinder (https://scifinder.cas.org/), PubChem (https://pubchem.ncbi.nlm.nih.gov/), and ChemSpider (http://www.chemspider.com/), and use ChemDraw 14.0 to draw the structures of these compounds, which are stored in MOL format.



Establishment of Target Library

Information on target proteins of candidate compounds was collected from the TCMSP database and TCMID, and the target proteins of these compounds were obtained by searching Pubmed database. In addition, in order to retrieve the completeness, we also use Pharmmapper online database (http://www.lilab-ecust.cn/pharmmapper/) and Swiss Target Prediction database (http://www.swisstargetprediction.ch/) looking for compound rhubarb targets. In simple terms, the candidate compounds are uploaded to an online database, the species are restricted to human sources, and potential targets are identified through high-throughput screening. These targets were combined and the repeated target sets of small molecular compounds were deleted. Online Mendelian Inheritance in Man (OMIM; https://omim.org/), DisGeNET (http://www.disgenet.org/), TTD (http://db.idrblab.net/ttd/), and GeneCards (https://www.genecards.org/) were used to search the therapeutic targets related to lung cancer, and the repeated targets were removed to construct the target set of the disease. Finally, the two targets were collected by R software and the intersection was taken as the protein target library of this study. Standard names for all protein targets were identified through UniProt (http://www.uniprot.org/).



Network Construction

Cytoscape is a software that graphically displays the network, analyzes and edits the data, and visualizes it. At the same time, it contains a large number of functional plug-ins for in-depth analysis of the network, adding rich annotation information. Based on the previous steps, we prepared the data pairs of active compounds and disease target genes with R software, imported the data pairs into cytoscape software, and constructed the network map of drug ingredients and disease targets (DDN). In the network diagram, the nodes represent drugs, active ingredients, target genes, and diseases, and the edges represent the interrelationships among the nodes. In addition, the network analyzer plug-in is used to calculate Degree, Closeness, Node-betweenness, K-coreness, Edge-betweenness, and other important parameters to assess the topological properties of each node in the networks in order to make clear the more important composition of RPL and their targets, further scientific and rational interpretation of its molecular mechanisms for the treatment of lung cancer.



Protein-Protein Interaction Network

The regulation of various biological processes in the body is not regulated by a single protein or gene, but through a complex regulatory network. There is a certain degree of signal transduction between different signaling pathways and targets, so the effective components of drugs are more likely to exert their effects by acting on multiple proteins or multiple signaling pathways. String (https://string-db.org/) is an open source online database that can be used to analyze known and predicted interactions between proteins. The target proteins were uploaded to the string database, and the study species were limited as human sources. Download the protein interaction relationship, save it as TSV format, import it into the Cytoscape software, and construct the protein-protein interaction network diagram (PPI) in which each node represents a protein, and the connection between nodes represents the interaction between two proteins. Meanwhile, cytoHubba tool is used to analyze the core regulatory genes of PPI network.


Bioinformatic Annotation

Proteins from the combined target library were uploaded to Funrich or R software for functional annotation analysis and pathway enrichment analysis, including gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. The GO enrichment analysis includes cellular component (CC), biological process (BP), and molecular function (MF), showing 10 remarkably rich terms in each category, with bar charts drawn by Funrich software. The results of KEGG pathway enrichment were used to explain the potential molecular mechanism of RPL for lung cancer and the bar and bubble diagrams of the significant KEGG pathway were drawn by the R language tool. P < 0.05 was considered statistically significant in this study.




Experimental Validation


Chemicals and Reagents

Fetal bovine serum (FBS), phosphate buffered saline (PBS), penicillin-streptomycin, trypsin-EDTA and dulbecco modified eagle medium (DMEM) were purchased from GIBCO (Grand Island, NY, USA). Dimethyl sulfoxide (DMSO) was provided by Sigma-Aldrich Co. (St. Louis, MO, USA). The 4 ,6-diamidino-2- phenylindole (DAPI) and Annexin V-FITC/PI apoptosis kits were obtained from the US Everbright® Inc (Suzhou, China). Cell Counting Kit-8 (CCK8) detection kit was obtained from the Beijing 4A Biotech Co., Ltd (Beijing, China). Annexin V-FITC/PI apoptosis kits were purchased from BOSTER biological technology company (Wuhan, China). The paraformaldehyde and crystal violet staining solution were obtained from Chengdu Kelong Chemical reagent factory (Chengdu, China). All the used reference substances were purchased from the PUSH Bio-Technology Co. (https://www.push-herbchem.com/, Chengdu, China) with the purity over 98%.



Preparation of the Lyophilized Powder of RPL Extracts

The herbal medicine was purchased from the Neautus Chinese Herbal Pieces Ltd. Co. (Chengdu, China), and identified by Prof. Chunjie Wu (School of Pharmacy, Chengdu University of TCM). A voucher specimen for future reference has been deposited in Department of Chinese Medicinal Processing, School of Pharmacy, Chengdu University of TCM, Chengdu, China (no. 2019091701#).

The crude herbal medicine (126 g) was powered and refluxed with eight times 70% ethanol (1:8, w/v) for 30 min, then the filtrates were concentrated, and the ethanol was recovered using a rotary evaporator, subsequently the extracts were freeze-dried by a LGJ-12B freeze dryer (Shanghai GIPP Co. Ltd, Shanghai, China). Furthermore, the HPLC assay of the RPL extracts was carried out, and the results showed the main constituents in RPL are anthraquinones such as Sennoside A, B, Rhein and Aloe-emodin and its glucoside, emodin and its glucoside, Chrysophanol and its glucoside, etc (Figure S1).



Cell Culture

Human lung cancer cell line A549 and human umbilical vein endothelial cells (HUVEC) were purchased from the Beina Biological Co. (Beijing, China), and cultured at 37°C in a humidified atmosphere of 5% CO and 95% air in sterile DMEM medium with 10% FBS and supplemented with 100 U/mL penicillin, 100 U/mL streptomycin.



Cell Activity Detection

CCK-8 assays were carried out to detect the effect of RPL on A549 cell and HUVEC cell activity. Briefly, the cells were seeded into 96-well plate (1×104/well) and cultured for 12h at 37°C. After that, cells were treated with different does of RPL for 24h in a 5% CO2 incubator at 37°C, 10 µL CCK-8 was added to each well and incubated for 1h. The optical density (OD) values were measured at 450 nm using a microtablet reader (Bio-RAD, USA). Each experiment was repeated three times individually.



Plate Clone Formation Assay

Cells were seeded in 6 well plates with 1000 cells per well for 24 h of drug intervention (RPL 0.2, 0.4, and 0.6 mg/mL). Continue incubation for 14 days, then wash twice with PBS, and stained with Crystal Violet Staining (Sangon Biotech, China). The colony formation was observed under a microscope, and five fields were randomly selected for counting. Each experiment was repeated three times.



DAPI Staining

DAPI staining was used to determine whether the activity inhibition of RPL on A549 cells was related to apoptosis induction in accordance with previous reported methods. The cells were incubated with different concentrations of RPL (0.2, 0.4, and 0.6 mg/mL) for 24 h and fixed with 4% paraformaldehyde at room temperature for 15 min. The cells were then stained with DAPI solution at room temperature for 10 min and washed in PBS, and the image data were observed and recorded under an Olympus IX71 inverted fluorescence microscopy (Olympus, Tokyo, Japan). Each experiment was repeated three times.



Apoptosis Assay by Flow Cytometer

Cell apoptosis was detected by flow cytometry (CytoFLEX FCM, Beckman Coulter Inc., Atlanta, Georgia, USA). The A549 cells were seeded on six-well plates for 12 h and treated with different concentrations of RPL (0.2, 0.4, and 0.6 mg/mL) for 24 h. After that, the cells were collected, washed, and centrifuged. According to the manufacturer’s instructions of Annexin V/PI apoptosis kit, the cells were resuscitated with 500 μL of binding buffer, mixed with 5μL of Annexin V-FITC and PI, and incubated at room temperature in dark for 15 min. The cell apoptosis was detected by ﬂow cytometry analysis. Each experiment was repeated three times.



Statistical Analysis

Results were expressed in terms of mean and standard deviation (SD), and all statistical comparisons were evaluated using one-way analysis of variance (ANOVA) and significant differences between the mean values were measured using the Duncan’s multiple-range tests.

P < 0.01 means the difference is statistically significant.





Results


Screening of Active Components

A total of 1380 compounds in RPL were found through database and literature searching. According to the screening results of OB and DL, the OB and DL values of 16 compounds were considered to be “Qualified”, indicating that these 16 compounds had good proprietary properties and were potential active ingredients of RPL in the treatment of lung cancer. Furthermore, some important monmers with low properties of OB and OL in RPL which were reported to possess anti-lung cancer tumors were also included in this study, such as the emodin, resveratrol, chrysophanol, and physcion. At the end of, we obtained 20 potential active ingredients in the RPL, including one terpenoids (Mutatochrome), two steroids (Daucosterol, β-sitosterol), four flavonoids (Eupatin, Catechin, Procyanidin B-5,3’-O-gallate, gallic acid-3-O-(6’-O-galloyl)-glucoside), 13 anthraquinones (Toralactone, Torachrysone-8-O-β-D-(6’-oxayl)-glucoside, Sennoside E, Sennoside D, Rhein, Physciondiglucoside, Palmidin A, Emodin-1-O-β-D-glucopyranoside, Aloe-emodin, emodin, resveratrol, chrysophanol, and physcion), and the detail information of these compounds is listed in Table 1.


Table 1 | The main molecular descriptors for the potential active components.





Screening of Potential Targets

A total of 22,418 targets related to lung cancer were obtained from OMIM, DisGeNET, TTD, and GeneCards database, and a total of 817 potential targets of 20 active compounds of RPL were collected. As shown in the Venn diagram in Figure 1, a total of 761 potential anti-lung cancer targets were obtained through a combined collection of common targets. Part of the target information is shown in Table 2. Interestingly, most of the targets of the 20 active compounds in RPL are contained in these 761 targets.




Figure 1 | Venn diagram of the potential anti-lung cancer targets.




Table 2 | Degree of core regulatory genes analyzed by Cytoscape.





PPI and Hub Genes of RPL Against Lung Cancer

According to the predictions results of the String, and with the help of cytoscape software, the interaction between proteins was visualized, including 761 nodes and 6840 edge (Figure 2A). The top 20 hub genes were screened out according to the degree of nodes, including INS, AKT1, TP53, ALB, IL6, EGFR, VEGFA, MYC, SRC, TNF, CASP3, HSP90AA1, STAT3, ESR1, MAPK8, CTNNB1, MTOR, CCND1, ERBB2, and APP. The interaction between these genes is shown in Figure 2B. Among these genes, INS, AKT1,TP53 and ALB have the highest node degrees, which are 291, 275, 269, and 258, respectively (Figure 2C and Table 2). It is suggested that INS, AKT1, TP53, and ALB may be three key targets for anti-cancer activity of RPL for lung cancer.




Figure 2 | PPI and hub genes of RPL against lung cancer. (A) Interaction between proteins. (B) Interaction between these genes. (C) Genes with highest node degrees.





Network Analysis of Targets

A total of data pairs of active compounds and disease target genes were prepared by R software, and the DDN constructed is shown in Figure 3. This network contains 783 nodes (761 genes, 20 chemicals, 1 drug, and 1 disease) and 2047 edges. In this network, the yellow and red hexagons represent drug and disease, the magenta circle is the protein target, and the green red diamond is the compound. The degree of a node is the number of edges connected to the node, and the higher the degree, the more nodes in the network are directly related to the node, indicating that the node is more important in the network. According to our results, C18, C17, C6, C2, C10, C9, C20, C19, and C16 are linked to more than 100 genes, which are considered to be the main active components for RPL against lung cancer (Table 3).




Figure 3 | Network analysis of targets. A total of data pairs of active compounds and disease target genes were prepared by R software, and the DDN was constructed.




Table 3 | Degree of 16 active components analyzed by Cytoscape.





GO Functional Enrichment Analysis

Three types of GO functional annotation analyses were performed for these potential target genes, and the cellular component (CC), biological process (BP) and molecular function (MF) were included. The analysis results as shown in Figure 4, the images show only the top 20 related functions. The enriched GO functions for target genes included the membrane raft, membrane microdomain, membrane region, vesicle lumen and cytoplasmic vesicle lumen in the CC category (Figure 4A); response to steroid hormone, response to antibiotic, response to oxidative stress, reactive oxygen species metabolic process and regulation of apoptotic signaling pathway in the BP category (Figure 4B); kinase activity, endopeptidase activity, protein tyrosine kinase activity and heme binding in the MF category (Figure 4C).




Figure 4 | GO functional enrichment analysis. (A) Cellular component category. (B) Biological process category. (C) Molecular function category.





KEGG Pathway Enrichment Analysis

The enrichment analysis of the KEGG pathway involved in these target genes was carried out by R language software. The results showed that a total of 533 genes were involved in the enrichment, and 46 pathways significantly correlated with target genes were finally obtained (P ≤ 0.05). The top 20 pathways are shown in Figure 5 and Table 4, mainly including EGFR tyrosine kinase inhibitor resistance, Apoptosis, PI3K-Akt signaling pathway, Apoptosis-multiple species, MAPK signaling pathway, and p53 signaling pathway. Through extensive literature search, these signaling pathways are directly or indirectly related to the occurrence and development of lung cancer, suggesting that these signaling pathways may be closely related to the mechanism of anticancer effect of RPL in lung cancer.




Figure 5 | (A) Histogram of KEGG enrichment results; (B) Bubble diagram of KEGG enrichment results.




Table 4 | KEGG pathway enrichment analysis.



More and more evidence shows that the abnormal regulation of apoptosis gene plays an important role in the occurrence and development of cancer. Therefore, it is generally accepted that inducing apoptosis of tumor cells is a feasible and most direct treatment for cancer. Interestingly, consistent with the results of the previous GO functional annotation, the KEGG pathway also enriched the apoptotic pathways, suggesting that RPL may play an anti-lung cancer role by inducing apoptosis in lung cancer cells (Figure 6). Based on the results of these predicted molecular mechanisms and network analyses, we designed experiments to test our hypothesis at the cellular level.




Figure 6 | The potential apoptotic pathway for anticancer effects of RPL against lung cancer.





RPL Inhibits the Proliferation of A549 Cell

CCK-8 was used to investigate the effect of RPL on the activity of A549 cells. As can be seen from Figure 7A, RPL at series concentrations (0–1.2 mg/mL) showed the ability to inhibit the proliferation of A549 cells with an obvious concentration-dependent manner. More importantly, RPL did not significantly inhibit HUVEC cells, suggesting that it did not seem to have a significant effect on the viability of normal cells (Figure 7B).




Figure 7 | Cytotoxic effects of RPL on A549 cells (A) and HUVEC cells (B). Cells were treated with RPL (0, 0.75, 1.5, 3.0, 6.0, 12, and 24 µg/mL) for 24 h. Finally, CCK-8 assays were carried out to detect the cytotoxic effects of candidate drugs. The IC50 values were calculated for evauation of the cytotoxic effects of candidate drugs.





Cloning Formation Assay

Consistent with CCK-8 results, RPL significantly inhibited the cloning formation of A549 cells compared with the control cells (Figure 8), and the inhibition was concentration-dependent (0.2, 0.4, and 0.6 mg/mL). Taken together, these results suggest that RPL could inhibit the proliferation of A549 cells.




Figure 8 | Effects of RPL on cloning formation of A549 cells. Cells were treated with RPL (0.2, 0.4, and 0.6 mg/mL) for 14 days and then stained with crystal violet. The colony formation was observed under a microscope, and five fields were randomly selected for counting. Data were expressed as mean ± SD (n = 3), and asterisk indicated significant difference, ***p < 0.001 vs. control.





RPL Induces Aapoptosis in A549 Cells

Previous results suggested that RPL had a significant anti-proliferation effect on A549 cells. To determine whether this anti-proliferation effect was related to apoptosis, DAPI staining and flow cytometry were used to detect the apoptosis-inducing effect of RPL on A549 cells. As shown in Figure 9A, the experimental results showed that weak fluorescence could be observed in the control A549 cells (intact nucleus) after DAPI staining. On the contrary, A549 cells treated with RPL (0.2, 0.4, and 0.6 mg/mL) showed significantly increased fluorescence brightness, suggesting that the nucleus underwent morphological changes of apoptosis, such as nuclear condensation and nuclear shrinkage. Subsequent flow cytometric analysis further confirmed the pro-apoptotic effect of RPL. As can be seen from the Figure 9B, with the increase of RPL concentration ranging from 0.2 to 0.6 mg/mL, the apoptosis rate of A549 cells increased gradually (P < 0.01, P < 0.01, P < 0.01, respectively, vs. untreated A549 cells). These results suggest that RPL can induce apoptosis of human lung cancer cells.




Figure 9 | Apoptotic induction acitivities of RPL on A549 cells. Cells were treated with RPL (0.2, 0.4, and 0.6 mg/mL) for 24 h, and the apoptotic effects of RPL were detected by (A) DAPI staining assay with a fluorescence microscope and (B) flow cytometric analysis with Annexin V-FITC and PI staining. ***p < 0.001 vs. control.





Monmers in RPL Possess Cytotoxic Effects on A549 Cells via Induction of Apoptosis

Furthermore, we studied the cototoxic effects of some avialiable monmers in RPL on the lung cancer cell line of A549, and our present results showed that these monmers in RPL including emodin, resveratrol, aloe-emodin, rhein, chrysophanol, and physcion show significant inhibitory effects on the proliferation of A549 cells with the IC50 values below 40μg/mL (9.31, 16.76, 7.01, 9.48, 28.45, and 36.29 μg/mL for emodin, resveratrol, aloe-emodin, rhein, chrysophanol, and physcion, respectively) (Figure 10).




Figure 10 | Cytotoxic effects of emodin (A), resveratrol (B), aloe-emodin (C), rhein (D), chrysophanol (E), and physcion (F) on A549 cells. Cells were treated with the candidate drugs (0, 0.75, 1.5, 3.0, 6.0, 12, and 24 µg/mL) for 24 h. Finally, CCK-8 assays were carried out to detect the cytotoxic effects of candidate drugs. Each experiment was repeated three times individually. The IC50 values were calculated for evauation of the cytotoxic effects of candidate drugs.



Then, we also investigated whether the anti-proliferative effects of these monmers are related to indcution of apoptosis or not. Interesting, our results suggested that all the testing monmers from RPL showed obvious pro-apoptic potentials on A549 cells (Figure 11).




Figure 11 | Apoptotic induction activities of emodin, resveratrol, aloe-emodin, rhein, chrysophanol, and physcion on A549 cells. Cells were treated with candidate drugs (6 µg/mL) for 24 h, and the apoptotic cells were detected by staining with Annexin V-FITC/PI followed by flow cytometry analysis. Data were expressed as mean ± SD (n = 3), and asterisk indicated significant difference, **p < 0.01 vs. control.






Discussion

It’s no doubt that TCMs can be used to prevent or treat various difficult miscellaneous diseases (Newman and Cragg, 2016; Long et al., 2020), and also promising resources for discovering more candidate drugs for treating tumors. Due to the TCMs are characterized as “multi-components”, “multi-targets,” and “multi-approaches,” it would take a lot of manpower, material resources, and time to study the effects and mechanisms of herbal medicines by routine pharmacological experiments, which is also the big gap for wide acceptance and use of herbal medicine in clinic.

Network pharmacology enables rapid screening of drugs and targets, as well as analysis of pathways of action, greatly reducing the time and cost of drug development. In addition, network pharmacology can systematically analyze the interaction between drugs and diseases, which is basically consistent with the overall concept of TCMs. Meanwhile, it also provides new ideas and technical means to study the material basis and mechanism of action of TCMs. In this study, network pharmacology was used to study the potential active compounds and possible targets of RPL in the treatment of lung cancer, combined with in vitro experiments for verification, to scientifically and systematically clarify the material basis and mechanism of RPL in the treatment of lung cancer.

RPL is a famous TCM which has been used for thousands of years with the functions of “attacking stagnation, clearing damp and heat, purging fire, cooling blood, removing stasis and detoxifying” and is currently used for treating various diseases, such as high fever, constipation, abdominal pain, and tumor, etc (Aichner and Ganzera, 2015; Liu et al., 2016). In our present results, 20 potential compounds from RPL were screened, and interestingly these 20 compounds have appeared in the drug ingredients and disease targets (DDN), indicating that anti-tumor effects of RPL might be closely related to these 20 compounds mentioned above, including one terpenoids, two steroids, six flavonoids, and seven anthraquinones. According to the degree of each compound in DDN, the compounds numbered C2 (Torachrysone-8-O-β-D-(6’-oxayl)-glucoside), C6 (Procyanidin B-5,3’-O-gallate), C9 (Mutatochrome), C10 (gallic acid-3-O-(6’-O-galloyl)-glucoside), C15 (Aloe-emodin), C17 (Emodin), C18 (Resveratrol), C19 (Chrysophanol), and C20 (Physcion) are considered as the main active components of RPL for anti-lung cancer. Some of these mentioned compounds, such as aloe-emodin, emodin, and resveratrol have been reported to can be used for treating lung cancer (Peng et al., 2013; Dong et al., 2016; Dong et al., 2020). In addition, Mao et al. reported that Procyanidins can play an anti-lung cancer activity by inhibiting inflammation and inducing tumor cell apoptosis, and the mechanism of action is related to the inhibition of cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2) eicosan-like pathway and the initiation of caspase-3 apoptosis pathway, suggesting that Procyanidins can be used as a potential preventive and therapeutic drug against lung cancer, which has been also supported by a recent clinical study (Mao et al., 2016; Mao et al., 2019).

Furthermore, our results also suggest that INS, AKT1, EGFR and TP53 are the key targets of anticancer activities of active compounds in RPL. INS, which encoded insulin in the body, plays a crucial role in regulating carbohydrate and lipid metabolism. Growing reports have suggested that insulin may increase the risk of certain cancers, such as prostate, rectal, breast and pancreatic cancers (Hsing et al., 2001; Goodwin et al., 2002; Stolzenberg-Solomon et al., 2005; Limburg et al., 2006; Albanes et al., 2009). A case cohort study in 2017 found that higher insulin levels and insulin resistance may increase the risk of lung cancer (Argirion et al., 2017). In addition, Hayakawa et al. found that patients with non-small cell lung cancer (NSCLC) would further develop resistance to the available treatments by activating insulin-like growth factor-1 receptor (IGF1R) (Hayakawa et al., 2020). In addition, it’s reported that INS plays an important role in the proliferation and metastasis of NSCLC cells (Li S. et al., 2019). AKT is an important kinase in the PI3k-AKT pathway, which is catalyzed by PI3K to migrate to the cell membrane and activate (Zhang et al., 2019). Activated Akt regulates the proliferation and growth of cells and is also involved in the apoptosis and glucose metabolism. In addition, insulin also activates the Akt signaling pathway to conservatively execute the insulin metabolic response in tumor cells, driving the metabolism of tumor cells. Thus, AKT has become an attractive intervention target for the development of antitumor drugs. Alpha subunit protein kinase B (AKT1) is an important member of the AKT family, and current studies have confirmed that AKT1, as an important regulatory factor, is in a state of disorder in various tumors, such as prostate cancer, osteosarcoma, ovarian cancer, and endometrial cancer, leading to uncontrolled proliferation of tumor cells, apoptosis defects, and enhanced metastasis and invasion ability of tumor (Alwhaibi et al., 2019; Huo et al., 2019; Wang J. et al., 2019). Rao et al. found that AKT1 is a key metastasis regulator in NSCLC cells, and in vitro inhibition of AKT1 can promote invasion and metastasis of NSCLC cells with K-RAS or EGFR mutations (Rao et al., 2017). It has been reported that long non-coding RNAs can inhibit the proliferation and invasion of NSCLC cells by targeting the AKT1 signaling pathway (Zhang et al., 2018). Another study also found that MicroRNAs can inhibit cell proliferation, migration and invasion of lung cancer, regulate cell cycle distribution and epithelial-mesenchymal transition (EMT), the mechanism of which is related to down-regulation of AKT1 expression (Wu et al., 2019). Epidermal growth factor receptor (EGFR) is a glycoprotein that plays an important role in physiological processes such as proliferation, apoptosis and differentiation of cell by activating the calcium signaling pathway, MAPK signaling pathway and PI3K/AKT signaling pathway (Carlisle et al., 2007). As an important anticancer gene, the inactivation of p53 plays an important role in tumor formation, and increasing studies have found that the p53 plays a crucial role in retarding tumor cell cycle, promoting tumor cell apoptosis and inhibiting tumor angiogenesis (Bi et al., 2018; Li P. et al., 2019; Wang et al., 2020).

For analysis of the GO function annotation of the target genes, it revealed that the related target cell components for anticancer activity of this herbal medicine include nucleus cytoplasm, exosomes, cytosol, lysosome, and extracellular region; its biological processes are involved in metabolism, energy pathways, apoptosis, neurotransmitter metabolism, and protein metabolism and others; and the related molecular functions are associated with catalytic activity, protein serine/threonine kinase activity, ligand-dependent nuclear receptor activity, cysteine-type peptidase activity, and carboxy-lyase activity. What’s more, KEGG pathway analysis revealed these genes were significantly enriched in a variety of cancer pathways, nitrogen metabolism, neurotrophin signaling pathway, EGFR tyrosine kinase inhibitor resistance, platinum drug resistance, and apoptosis pathways.

Collectively, the GO and KEGG pathway analysis suggested that induction of apoptosis appeared to be a potential way for the anticancer activities of RPL against lung cancer. Abnormal proliferation and insufficient apoptosis in tumor cells are the main causes of lung cancer. Therefore, inhibiting the proliferation and inducing apoptosis of lung cancer has become a feasible strategy for the treatment of lung cancer. A large number of studies have also found that mechanisms of many natural anticancer drugs against lung cancer are related to the regulation of different signaling pathways to inhibit the proliferation of lung cancer cells and induce the apoptosis of lung cancer cells (Wang S. et al., 2019; Han et al., 2020; Hu et al., 2020). Therefore, we subsequently designed corresponding in vitro experiments in order to prove the prediction results of network pharmacology. CCK-8 results showed that RPL could inhibit the proliferation of A549 cells with a concentration-dependent manner. Furthermore, we carried out the CCK-8 assays on a normal human cell line of HUVECs to evaluate the toxicological effect RPL. Importantly, RPL does not appear to inhibit the growth of normal HUVEC cells. Furthermore, RPL treatment can also reduce the clone formation rate of A549 cells, further proving that this TCM can inhibit the proliferation ability of A549 cells. The results of DAPI staining and flow cytometry results showed that the anti-proliferation effect of RPL on lung cancer cells was related to the induction of apoptosis. Furthermore, we also determined the apoptotic effects of some characteristic constituents in RPL against lung cancer cells of A549, including emodin, resveratrol, aloe-emodin, rhein, chrysophanol, and physcion. From the results of CCK-8 and flow cytometry assays, it’s showed that all of the 6 monomers exhibited the IC50 values below 50μg/mL, and could induce significant apoptosis in A549 cells. All these experimental results confirmed the prediction results of network pharmacology.

Based on the experimental evidences of previous works and our studies, it’s suggested that RPL can play an anticancer role by inducing apoptosis of lung cancers. However, some works are also needed to be devoted in the further mechanisms of this plant for anti-lung cancers via induction of apoptosis. In addition, we also reported some active constituents with anti-lung cancer properties in this plant, however the in vivo experiments for confirming their activities are also necessary. Besides, from the results of our study, it’s also suggested that the application of network pharmacology to the study of TCM is a scientific and feasible method.



Conclusion

This study is the first to apply network pharmacology method to study the material basis and action mechanism of RPL against lung cancer. The results showed that 16 active ingredients in RPL had potential anti-lung cancer activity, involving 563 target genes related to lung cancer. Our results showed that C2 (Torachrysone-8-O-β-D-(6’-oxayl)-glucoside), C6 (Procyanidin B-5,3’-O-gallate), C9 (Mutatochrome), C10 (gallic acid-3-O-(6’-O-galloyl)-glucoside), C15 (Aloe-emodin), C17 (Emodin), C18 (Resveratrol), C19 (Chrysophanol), and C20 (Physcion) are the main active components of RPL in the treatment of lung cancer. INS, AKT1, EGFR, and TP53 are the hub genes of RPL in the treatment of lung cancer. The mechanism of RPL against lung cancer is related to 134 signaling pathways, and the key mechanism of RPL against lung cancer may be related to inducing lung cancer cell apoptosis. These network pharmacological predictions were verified in subsequent cell experiments. This study studied the pharmacodynamic basis and mechanism of RPL on lung cancer from the perspective of systematic pharmacology, providing a scientific basis for further elucidating the effect of rhubarb on lung cancer.
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Moringa oleifera Lam. (M. oleifera) is valuable plant distributed in many tropical and subtropical countries. It has a number of medicinal uses and is highly nutritious. M. oleifera has been shown to inhibit tumor cell growth, but this effect has not been demonstrated on prostate cancer cells. In this study, we evaluated the inhibitory effect of M. oleifera alkaloids (MOA) on proliferation and migration of PC3 human prostate cancer cells in vitro and in vivo. Furthermore, we elucidated the mechanism of these effects. The results showed that MOA inhibited proliferation of PC3 cells and induced apoptosis and cell cycle arrest. Furthermore, MOA suppressed PC3 cell migration and inhibited the expression of matrix metalloproteinases (MMP)-9. In addition, MOA significantly downregulated the expression of cyclooxygenase 2 (COX-2), β-catenin, phosphorylated glycogen synthase 3β, and vascular endothelial growth factor, and suppressed production of prostaglandin E2 (PGE2). Furthermore, FH535 (β-catenin inhibitor) and MOA reversed PGE2-induced PC3 cell proliferation and migration, and the effects of MOA and FH535 were not additive. In vivo experiments showed that MOA (150 mg/kg) significantly inhibited growth of xenograft tumors in mice, and significantly reduced the protein expression levels of COX-2 and β-catenin in tumor tissues. These results indicate that MOA inhibits the proliferation and migration, and induces apoptosis and cell cycle arrest of PC3 cells. Additionally, MOA inhibits the proliferation and migration of PC3 cells through suppression of the COX-2 mediated Wnt/β-catenin signaling pathway.
Keywords: Moringa oleifera alkaloids, prostate cancer PC3 cells, cell growth and migration, COX-2-wnt/β-catenin signaling pathway
INTRODUCTION
Prostate cancer is the second most common malignant tumor in men worldwide, and the fifth leading cause of cancer-related death (Siegel et al., 2017). In more than 180 countries around the world, the incidence of prostate cancer has increased from 1.10 million to 12.76 million from 2012 to 2018 (Torre et al., 2015; Ferlay et al., 2019). Development of diagnostic techniques has improved the screening rate of prostate cancer, but clinical treatment strategies are limited by slow progress of basic science research. Traditional treatments such as prostate cancer hormone blocking therapy and surgery can significantly improve the survival of hormone-dependent patients. However, no effective treatments exist for hormone-independent prostate cancer.
Cyclooxygenase (COX) is a key rate-limiting enzyme involved in conversion of arachidonic acid to prostaglandins (PG). There are three COX subtypes, including COX-1, COX-2, and COX-3. COX two plays an important role in tumor cell growth, invasion, and metastasis through regulation of PGE2 synthesis (Singh and Katiyar, 2013). Moreover, PGE2 can activate the GSK3β/β-catenin pathway via G-protein coupled receptors (EP2 and EP4), resulting in transcription of oncogenes such as c-myc, cyclin D1, and vascular endothelial growth factor (VEGF), and growth and migration of tumor cells. In addition, a number of studies have reported that COX-2 was highly expressed in prostate cancer and stimulated prostate cancer cell proliferation (Gupta et al., 2000; Dandekar and Lokeshwar, 2004; Richardsen et al., 2010). Therefore, regulation of the expression of COX-2 and its downstream signaling pathways has received increased attention as a target for treatment of prostate cancer.
Development of novel anti-tumor drugs from natural sources has received increased interest in recent years. Moringa oleifera Lam. (M. oleifera) is one of the Moringaceae, and it is a valuable plant distributed in many tropical and subtropical countries (Abdull Razis et al., 2014). A large number of studies have shown that M. oleifera induces strong anti-proliferative effects, and induces apoptosis in human hepatoma cells (Sadek et al., 2017), cervical cancer cells (Jafarain et al., 2014), human oral epidermoid carcinoma cells (Sreelatha et al., 2011), breast cancer cells, and colon cancer cells (Al-Asmari et al., 2015). Alkaloids are a class of organic compounds with nitrogen-containing moieties that have been shown to exert antitumor effects. Studies have shown that methanolic extracts of M. oleifera inhibited proliferation of U266B1 human multiple myeloma cells, A549 lung cancer cells, HepG2 liver cancer cells, HT-29 colon cancer cells, and IM-32 human neuroblastoma cells, and alkaloids are believed to exert these effects (Elsayed et al., 2015). However, the molecular mechanisms of M. oleifera alkaloid (MOA)-induced inhibition of growth and migration of prostate cancer cells have not been characterized. The present study investigated the role of MOA in inhibition of growth and migration of PC3 prostate cancer, and explored the potential mechanisms underlying these effects.
MATERIALS AND METHODS
Preparation of M. oleifera alkaloids
The leaves of M. oleifera was obtained from Yunnan Tianyou Technology Development Co., Ltd. in Dehong Prefecture, Yunnan Province, China (Batch No. 20190001S), and identified by Professor Jiang-miao Hu (Kunming Institute of botany, Chinese Academy of Sciences). A voucher specimen (No. YSTY-14) was deposited in the Engineering Research Center of development and utilization of Food and Drug Homologous Resources, Ministry of Education, Yunnan Agricultural University, Kunming, China. M. oleifera leaf powder (10 kg) was extracted three times with 50% ethanol for 24 h each time. The extracts were filtered, combined, concentrated, and the ethanol was evaporated. The aqueous solution obtained following concentration was adjusted to pH 2 with 10% HCl, then extracted three times with ethyl acetate. The acidified water solution was adjusted to pH 10 using a sodium hydroxide solution and extracted three times with chloroform. The chloroform extracts were combined, and the chloroform was evaporated to yield 30 g of alkaloids (0.3% yield, w/w).
Cell Lines and Culture
Ten cancer cell lines (U251, A431, A375, Hela, PC3, HepG2, MDA-MB-231, HuTu80, HCT116, and HT29) and human normal prostate epithelial RWPE-1 cells were purchased from the Chinese Academy of Science (Shanghai, China). The cells were cultured in DMEM High Glucose, 1:1 DMEM:F12 or RPMI 1640 medium (HyClone, Novato, CA, United States) supplemented with 10% fetal bovine serum (BI, CA, United States) and penicillin-streptomycin (Solarbio, Beijing, China) in a 5% CO2 incubator maintained at 37°C.
Cell Viability Assay
Ten cancer cell lines (U251, A431, A375, Hela, PC3, HepG2, MDA-MB-231, HuTu80, HCT116, and HT29; 1 × 104 cells/well) were cultured in 96-well plates. When cells reached 90% confluence, they were treated with MOA (0, 20, 40, 80, 160, or 320 μg/ml) for 48 h, and untreated cells served as controls (0 μg/ml). Twenty microliters of MTT (Sigma-Aldrich, Saint Louis, MO, United States) solution was added to each well to a final concentration of 5 mg/ml, and the cells were incubated for 4 h. Following incubation, the media was discarded. Two hundred microliters of DMSO was added to each well, and the plates were shaken for 10 min. Absorbance was measured at 492 nm. The half maximal inhibitory concentration (IC50) values were calculated as the drug concentrations necessary to inhibit 50% proliferation as compared to untreated control cells.
The PC3 cells and human normal prostate epithelial RWPE-1 cells (1 × 104 cells/well) were seeded in 96-well plates for 24 h and treated with different concentrations of MOA (0, 20, 40, 80, 160 or 320 μg/ml) for 24, 48, or 72 h. After 24, 48, and 72 h, the cell viability was evaluated by the MTT assay according to the manual.
The PC3 cells (1 × 104 cells/well) were seeded in 96-well plates for 24 h. PC3 cells were pretreated with PGE2 (20 μM) for 1 h, then with β-catenin inhibitor FH535 (2.5 μM) for 1 h, and finally treated with MOA (40 μg/ml) for 48 h. After 48 h, the cell viability was evaluated by the MTT assay according to the manual.
Colony Formation Assay
PC3 cells and human normal prostate epithelial RWPE-1 cells (1,000 cells/well) were cultured in 6-well plates (NEST, Jiangsu, China), then treated with MOA (0, 20, 40, or 80 μg/ml) for 24, 48, or 72 h. After culturing for 15 days, the cells were fixed in methanol and stained with 0.1% crystal violet for 15–30 min. After washing multiple times, the plates were allowed to dry, the cells were photographed, and crystal (Aladdin, Shanghai, China) violet was dissolved using 10% glacial acetic acid (Aladdin, Shanghai, China). Absorbance was measured at 560 nm, and statistical analysis was performed.
Analysis of Apoptosis and Cell Cycle Using Flow Cytometry
The PC3 cells and human normal prostate epithelial RWPE-1 cells were seeded in 6-well plates at a density of 2 × 105 cells/well, then treated with MOA (0, 20, 40, or 80 μg/ml) for 48 h. The cells were harvested, washed twice with PBS, and centrifuged. Then, 100 μl of Annexin-V/FITC and PI dye (Sigma, United States) was added, and the cells were incubated for 20 min at room temperature in the dark. The cells were analyzed using flow cytometry (BD, FACSCalibur, CA, United States). The percentage of apoptotic cells was determined using FlowJo software (Treestar, United States).
The PC3 cells were seeded in 6-well plates at a density of 2 × 105 cells/well, then treated with MOA (0, 20, 40, or 80 μg/ml) for 48 h. The cells were fixed in 70% ethanol overnight at 4°C in a refrigerator, then incubated with RNase-containing PI dye (Yeasen, Shanghai, China) for 30 min at 37°C. Cell cycle was evaluated using flow cytometry (BD, FACSCalibur, United States). The percentage of cells in each cell cycle stage was determined using FlowJo software (Treestar, United States).
Wound Healing Migration Assay
PC3 cells were seeded in 60 mm plates at a density of 1 × 106 cells/plate. The cells were allowed to adhere, and a sterilized micro-pipette tip was used to scratch across the cell layer. The cells were then treated with MOA (0, 20, or 40 μg/ml) for 48 h. The scratches were photographed using an inverted microscope at the beginning and end of the experiment, and the results were analyzed using Image-pro and GraphPad Prism 5. Each experiment was repeated independently in triplicate.
Cell Migration Assay
Two hundred microliters of PC3 cells suspensions (serum-free medium containing 3 × 105 cells) containing different concentrations of MOA (0, 20, or 40 μg/ml) were added to the upper chamber of a transwell apparatus. Eight hundred microliters media containing 10% FBS with different concentrations of MOA was added to the lower chambers. The cells were incubated for 48 h, and the cells were washed with PBS three times, fixed in methanol for 30 min, stained with 0.1% crystal violet (Aladdin, Shanghai, China) for 30 min, then visualized and photographed. The cells were then incubated in 33% glacial acetic acid for 10 min, and absorbance was measured at 570 nm.
Two hundred microliters of PC3 cells suspensions (serum-free medium containing 3 × 105 cells) containing PGE2 (20 μM), β-catenin inhibitor FH535 (2.5 μM), or different concentrations of MOA (0, 20, or 40 μg/ml) were added to the upper chamber of a transwell apparatus. Eight hundred microliters media containing 10% FBS with different concentrations of MOA was added to the lower chambers. The cells were incubated for 48 h, the cell migration rate was evaluated by the cell migration assay according to the manual.
Western Blot Analysis
PC3 cells were collected after 48 h of treatment with different concentrations of MOA (0, 20, or 40 μg/ml), and total protein was extracted using RIPA buffer. Protein concentration was measured using a BCA protein assay kit (Beyotime, Shanghai, China). Proteins were separated on 10% SDS polyacrylamide gels and transferred to 0.45 μm polyvinylidene fluoride membranes (Millipore, MA, United States). The membranes were blocked with 5% skim milk (BD, United States) for 60 min, then incubated with primary antibodies against Bax, Bcl-2, CyclinE, p21, MMP9 (1:500, Wanglei biology, Shenyang, China), COX-2, β-catenin (1:1,000, abcam, MA, United States), GSK-3β, phosphorylated glycogen synthase 3β (P-GSK-3β), VEGF (1:200, Santa Cruz Biotechnology, CA, United States), and β-actin (1:1,000, abcam, MA, United States) overnight at 4°C. The membranes were washed with PBST three times, then incubated for 1 h with HRP-conjugated secondary IgG antibody (1:10,000, R&D Systems, United States), and the signal was detected using ECL western blotting substrate (Proteinsimple, FluorChem E).
Tumor tissues were collected and total protein was extracted using RIPA buffer, the protein levels of COX-2 and β-catenin were determined by Western blotting.
Confocal Fluorescence Microscopy
Human PC3 cells (2 × 106) were seeded in confocal dishes (Corning, United States), and incubated with MOA (0, 20, or 40 μg/ml) for 48 h. The cells were fixed in 4% paraformaldehyde for 20 min at room temperature, washed three times with PBS, and permeabilized with PBS containing 0.5% Triton-X-100 for 15 min at room temperature. The cells were then washed three times with PBS. Five percent BSA was added to the cells, and they were incubated overnight at 4°C. The cells were then incubated with a β-catenin antibody (1:50, Abcam, San Francisco, CA, United States) overnight at 4°C, washed three times, then incubated with a secondary antibody (goat Alexa 647 and mouse IgG, 1: 200, Abcam, CA, United States) for 1 h at room temperature. Then, DAPI was added and the cells were incubated at room temperature for 15 min to stain the cell nucleus. Cells were visualized using a confocal fluorescence microscope (Olympus Corporation, FV500).
Prostaglandin E2 Immunoassay
PC3 cells (1 × 106/plates) were seeded in 60-mm plates and treated with MOA (0, 20, or 40 μg/ml) for 48 h. The cells were collected, and total protein was extracted using RIPA lysis buffer and quantified. The levels of PGE2 in the cell lysates were measured using enzyme linked immunosorbent assay (ELISA) (MEIMIAN, Jiangsu, China) according to the manufacturer’s instructions.
Xenograft Model in Nude Mice
Eighteen male BALB/C nude mice (5–6 weeks old) were purchased from Changzhou Cavans Laboratory Animal Co., Ltd. and all mice were subcutaneously injected with PC3 cells (4 × 106 cells per mouse). After 2 weeks, the mice were randomly divided into three groups of six mice each, including a control group (saline), an MOA-150 mg/kg group, and an MOA-300 mg/kg group. All mice underwent oral gavage for 26 days, and tumor size was measured every 2 days using a caliper (volume mm3 = length × width × width/2). The mice were then euthanized with CO2, and tumor tissues were excised, and stored in formalin at −80°C until use. The animal experiment protocols were reviewed and approved by the Institutional Animal Ethical Committee of Yunnan Agricultural University (IACUC-20190410-26).
Immunohistochemistry Assay
Tumor tissues were embedded in paraffin and sectioned (3 μm). The sections were dehydrated and subjected to antigen retrieval using 0.01 M sodium citrate. The sections were then placed in 3% H2O2 solution and incubated for 25 min. After blocking for 30 min with 5% BSA, the sections were incubated with primary antibodies [anti-COX2 and β-catenin (1:100, Wang lei biology, Shenyang, China)] overnight. On the next day, the sections were incubated with horseradish peroxidase-linked secondary antibodies for 30 min, stained with 3,3′-diaminobenzidine (DAB) for 2 min, then counterstained with hematoxylin for 1 min. Photographs were taken using an Olympus microscope (Olympus, 4M05688).
Statistical Analysis
All data were presented as the mean ± standard error of the mean (SEM) of at least three replicate experiments. Statistical analysis was performed using GraphPad Prism 5 (San Diego, CA, United States). Differences between two groups were analyzed using Student’s t test and differences among three or more groups were analyzed using one-way ANOVA. p < 0.05 was considered statistically significant.
RESULTS
M. oleifera alkaloids Inhibited Proliferation of PC3 Cells
To determine the anti-cancer effects of MOA, 10 cancer cell lines (U251, A431, A375, Hela, PC3, HepG2, MDA-MB-231, HuTu80, HCT116, and HT29) were treated with MOA (0, 25, 50, 100, 200, 400, or 800 μg/ml) for 48 h. IC50 of the cell lines were 459.3, 564.4, 876.2, 125.5, 95.95, 283, 413, 237.7, 276.9, and 379 μg/ml, respectively (Figure 1A). These results demonstrated that MOA induced a selective inhibitory effect against PC3 cells.
[image: Figure 1]FIGURE 1 | The effect of MOA on the proliferation of PC3 and RWPE-1 cells. (A) The half maximal inhibitory concentration (IC50) of ten tumor cell lines following treatment with MOA (0–320 μg/ml) for 48 h. (B) Cell viability of PC3 and RWPE-1 cells following MOA (0–320 μg/ml) treatment for 24, 48, and 72 h (C,D) Analysis of the colony formation ability of PC3 and RWPE-1 cells following treatment with MOA (0, 20, 40, and 80 μg/ml) for 24, 48, and 72 h. The cellular colony formation rates are expressed as fold changes. Results are expressed as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 μg/ml.
To further investigate the effects of MOA on human prostate cancer PC3 cells and human normal prostate epithelial RWPE-1 cells proliferation, PC3 and RWPE-1 cells were treated with MOA (0, 20, 40, 80, 160, or 320 μg/ml) for 24, 48, and 72 h, then analyzed using the MTT and colony formation assays. The results showed that MOA decreased viability of PC3 cells in a dose-dependent manner (Figure 1B). Colony formation assay results indicated that MOA significantly decreased the number of colonies of PC3 cells compared to the control group (p < 0.001) (Figure 1C). However, when the dose of MOA was as high as 80 μg/ml, it had no effect on the cell viability and cloning rate of RWPE-1 cells (Figures 1B,D). These results demonstrated that MOA significantly reduced proliferation of PC3 cells, but has no effect on normal cells.
M. oleifera alkaloids Induced PC3 Cell Apoptosis and Cell Cycle Arrest
To determine whether MOA inhibited growth of PC3 cells due to increased apoptosis and cell cycle arrest, we analyzed the cell cycle profile and determined the percentage of apoptotic cells following MOA treatment. The results showed that MOA increased the apoptosis rate of PC3 cells in a dose-dependent manner. Specifically, the percentage of apoptotic cells following treatment with 40 μg/ml and 80 μg/ml for 48 h resulted in 23.95 ± 3.25% (p < 0.05) and 69.24 ± 2.76% (p < 0.001) apoptotic cells, respectively, which was significantly greater than that in control cells (10.00 ± 2.98%). However, MOA has no effect on the apoptosis rate of RWPE-1 cells (Figure 2A). Furthermore, the percentage of S phase cells in PC3 cells increased from 17.15 ± 0.19% in control cells to 28.16 ± 1.24% (p < 0.01), 32.57 ± 1.36% (p < 0.001), and 39.82 ± 1.23% (p < 0.001) in response to treatment with 20, 40, and 80 μg/ml MOA for 48 h, and the percentage of cells in G1 phase decreased from 48.47 ± 1.76% in control cells to 35.41 ± 0.33% (p < 0.01), 37.88 ± 5.03%, and 28.96 ± 0.37% (p < 0.001) in response to treatment with 20, 40, and 80 μg/ml MOA for 48 h (Figure 2B).
[image: Figure 2]FIGURE 2 | Treatment with MOA induced PC3 cell apoptosis and cell cycle arrest. PC3 and RWPE-1 cells were treated with MOA (0, 20, 40, and 80 μg/ml) for 48 h. The apoptosis of PC3 and RWPE-1 cells (A), and cell cycle of PC3 cells (B) were determined by flow cytometry. The apoptosis proteins Bax and Bcl-2 (C), and the cell cycle proteins cyclin E and p21 (D) of PC3 cells were detected by western blotting, with β-actin as a loading control. Quantification of relative Bax, Bcl-2, cyclin E, and p21 protein levels. Results are expressed as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 0 μg/ml.
We also evaluated the expression levels of proteins associated with apoptosis and the cell cycle in PC3 cells using western blotting. As shown in Figure 2C, MOA increased the expression of Bax and decreased the expression of Bcl-2, which caused a significantly increased ratio of Bax to Bcl-2. Furthermore, MOA significantly increased the expression of p21 and decreased the expression of CyclinE in a dose-dependent manner (Figures 2C,D). These results suggested that MOA inhibited cell proliferation by inducing apoptosis and cell cycle arrest in PC3 cells.
M. oleifera alkaloids Inhibited PC3 Cell Migration
Cancer cells typically show strong migration ability. We evaluated the effects of MOA on PC3 cell migration using the wound healing and transwell assays. The results showed that MOA significantly suppressed migration of the PC3 cells (Figure 3A). Furthermore, the transwell migration assay showed that MOA significantly weakened the migration ability of PC3 cells (Figure 3B). We then examined the expression levels of migration-related proteins using western blotting. The results showed that MOA (40 μg/ml) significantly decreased the expression levels of MMP9 (p < 0.05) in PC3 cells compared with those in control cells (Figure 3C). These results suggested that MOA inhibited PC3 cell migration.
[image: Figure 3]FIGURE 3 | Treatment with MOA inhibited PC3 cell migration. PC3 cells were treated with MOA (0, 20, and 40 μg/ml) for 48 h, and cell migration was assessed using the wound healing assay (A) and transwell assay (B). (C) The migration protein MMP9 was detected by western blotting, with β-actin as a loading control. Results are expressed as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 0 μg/ml.
M. oleifera alkaloids Inhibited the Expression of Cyclooxygenase-2 and Reduced the Production of Prostaglandin E2 in PC3 Cells
To determine whether MOA inhibited PC3 cell proliferation and migration through modulation of COX-2 expression, we determined the levels of COX-2 in PC3 cells using western blotting. The results showed that MOA significantly decreased the expression of COX-2 compared to that in untreated control cells (Figure 4A). We then quantified PGE2, a major arachidonic acid metabolite produced by COX-2. The results showed that treatment with 20 and 40 μg/ml MOA reduced the levels of PGE2 in PC3 cells from 531.86 ± 14.60 pg/mg protein in control cells to 406.06 ± 36.42 pg/mg protein (p < 0.05) and 382.00 ± 24.01 pg/mg protein (p < 0.01), respectively (Figure 4B). These results showed that MOA suppressed proliferation and migration of PC3 cells by inhibiting the expression of COX-2, and reducing production of PGE2.
[image: Figure 4]FIGURE 4 | Treatment with MOA inhibited PC3 cell proliferation and migration via the COX-2 mediated Wnt/β-catenin signaling pathway. Western blotting was used to examine the protein levels of COX-2 (A), β-catenin, GSK-3β, P-GSK-3β, and VEGF (C) in PC3 cells treated with MOA (0, 20, and 40 μg/ml) for 48 h. (B) The levels of PGE2 were measured in cell lysates using a PGE2 immunoassay kit. (D) Subcellular localization of β-catenin protein was determined using immunofluorescence. (E,F) Cell viability and cell migration were analyzed using the MTT and transwell assays. PC3 cells were treated with PGE2 (20 μM) and MOA (40 μg/ml), with or without FH535 (2.5 μM) for 48 h. The results are expressed as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 0 μg/ml, ###p < 0.001 vs. PGE2 group.
Treatment With M. oleifera alkaloids Inhibited PC3 Cell Proliferation and Migration Via Cyclooxygenase-2 Mediated Wnt/β-Catenin Signaling Pathway
Studies have shown that activation of the β-catenin signaling pathway by PGE2 contributes to growth, invasion, and metastasis of cancer cells. To further explore the mechanisms underlying MOA-mediated inhibition of growth and migration of PC3 cells, the expression levels of β-catenin signaling pathway proteins were assessed using western blotting. Treatment with MOA decreased the expression of β-catenin, P-GSK-3β, and VEGF in a dose-dependent manner (Figure 4C). Furthermore, confocal fluorescence microscopy showed that the expression of β-catenin in the nucleus of MOA-treated PC3 cells was lower than that in untreated control cells (Figure 4D).
To determine the role of PGE2 and β-catenin in PC3 cell proliferation and migration, we treated cells with PGE2 (20 μM) and FH535 (2.5 μM) (an inhibitor of β-catenin) for 48 h, and measured cell proliferation and migration using the MTT and transwell assays. The results showed that PGE2 significantly enhanced proliferation (p < 0.05) and migration (p < 0.05) of PC3 cells, and FH535 significantly inhibited PGE2-mediated proliferation (p < 0.001) and migration (p < 0.001) of PC3 cells (Figures 4E,F). We then treated PC3 cells with PGE2 (20 μM) and MOA (40 μg/ml), with or without FH535 (2.5 μM), for 48 h. The results showed that MOA significantly inhibited PGE2-mediated proliferation (p < 0.001) and migration (p < 0.001) of PC3 cells, and the inhibitory effects of MOA and FH535 on PGE2-mediated proliferation and migration were not additive (Figures 4E,F). These results demonstrated that MOA inhibited PC3 cell growth and migration through the COX-2 mediated Wnt/β-catenin signaling pathway.
M. oleifera alkaloids Inhibited PC3 Cell Growth Via the Cyclooxygenase-2-Mediated Wnt/β-Catenin Signaling Pathway In Vivo
To evaluate the inhibitory effects of MOA on tumor growth in vivo, we used a xenograft tumor model. As shown in Figures 5A,B, tumor volume was significantly decreased in response to MOA (150 mg/kg) treatment from day 14. Treatment with MOA (150 mg/kg) significantly decreased tumor weights from 1.59 ± 0.14 g in the control group to 1.16 ± 0.10 g (p < 0.05), which was a tumor inhibition rate of 25.16% (Figure 5C). Comparison of body weights indicated that treatment with MOA did not induce toxicity (Figure 5D). To determine whether MOA inhibited PC3 cell growth via COX-2-mediated Wnt/β-catenin signaling in vivo, we determined the protein levels of COX-2 and β-catenin in tumor tissues using immunohistochemistry and western blotting. The results showed that treatment with MOA significantly decreased the expression levels of COX-2 (p < 0.05) and β-catenin (p < 0.01) as compared to those in the control group (Figures 5E,F). These results suggested that MOA inhibited PC3 cell xenograft tumor growth via the COX-2-mediated Wnt/β-catenin signaling pathway.
[image: Figure 5]FIGURE 5 | Treatment with MOA inhibited growth of subcutaneous xenograft tumors in vivo. (A) Photographs of tumors derived from nude mice in the control, 150 and 300 mg/kg MOA groups (n = 6 per group). Changes in tumor volumes (B), tumor weights (C), and body weights (D) from the three groups of nude mice. (E) Representative photographs of IHC staining of COX-2 and β-catenin in tumors from nude mice. (F) Western blotting analysis was used to determine the protein levels of COX-2 and β-catenin, with GAPDH as a loading control. Results are expressed as the mean ± SEM of three independent experiments. *p < 0.05 and **p < 0.01 vs. control.
DISCUSSION
M. oleifera is a traditional herbal medicine in India, and a large number of studies have reported that the extracts of various parts of M. oleifera (leaf, stem bark, pods, and seeds) inhibit growth of tumor cells. Water extracts of M. oleifera leaves have been shown to inhibit growth of lung cancer, liver cancer (Jung et al., 2015), oral cancer (Sreelatha and Padma, 2011), pancreatic cancer (Berkovich et al., 2013), and esophageal cancer cells (Tiloke et al., 2016). Ethanol extracts of M. oleifera leaves have been shown to inhibit growth of breast cancer (Diab et al., 2015), colon cancer (Al-Asmari et al., 2015), leukemia (Diab et al., 2015), and cervical cancer cells (Atawodi et al., 2010). Ethanol extracts of M. oleifera stem bark have been shown to inhibit growth of breast cancer cells (Al-Asmari et al., 2015). Water extracts of M. oleifera pods have been shown to inhibit growth of colon cancer cells (Budda et al., 2011). M. oleifera seed oil has been shown to inhibit growth of breast cancer cells (Diab et al., 2015). In addition, active compounds such as polyphenols and flavonoids in M. oleifera leaves and seeds have been shown to exert anti-tumor effects (Khor et al., 2018), and MOA have been hypothesized to be potential anti-cancer agents (Elsayed et al., 2015). In this study, we demonstrated that MOA inhibited growth and migration of prostate cancer PC3 cells in vitro and in vivo, and this effect resulted from inhibition of COX-2-mediated activation of the β-catenin signaling pathway.
Alkaloids are a class of organic nitrogen-containing compounds that exert analgesic, anti-spasmodic, anti-bacterial, anti-inflammatory, blood pressure-lowering, anti-asthmatic, and anti-tumor effects. The anti-tumor effects of alkaloids are potent, and these compounds exhibit low toxicity, which has led to increased interest in alkaloids as therapeutic agents. Researchers in China have screened more than 1000 natural medicinal plants for anti-tumor effects, and nearly 100 Chinese herbs have been shown to exert anti-tumor effects. Studies have shown that these anti-tumor effects may be largely due to the effects of alkaloids. Few studies have evaluated the activity of MOA. One study showed that the MOA α-l-rhamnosyl oligoglycoside isolated from M. oleifera leaves exerted cardioprotective effects (Panda et al., 2013; Cheraghi et al., 2017). MOA-trigonelline has been used to treat hyperglycemia, hyperlipidemia, insulin resistance, and diabetic auditory neuropathy (Oldoni et al., 2019); MOA-benzylamine decreased weight gain, fasting plasma glucose, and TC and increased glucose tolerance in insulin-resistant C57BL/6 mice (Iffiú-Soltész et al., 2010). However, the anti-tumor activity of MOA and their main active ingredients have not been characterized. In this study, we found that MOA inhibited growth and migration of PC3 cells. Although we performed LTQ-Orbitrap high resolution mass spectrometry analysis on MOA, some highly abundant compounds were not identified. Therefore, further systematic analysis of MOA is needed to identify other bioactive components.
Although many studies have proved that alkaloids have serious toxicity, there are also a large number of research have found that alkaloids have very little toxicity to normal cells. Noscapine is an alkaloid that inhibited the growth of breast cancer MCF-7 and MDA-MB-231 cells by inducing apoptosis, but is less toxic to normal breast cancer cell lines (MCF-10F); Papaverine and colchicine inhibited the growth of HT29, T47D, and HT1080 cell lines by inducing apoptosis, but they are not toxic to normal mouse embryonic fibroblast NIH3T3 cell lines. In addition, the alkaloids of evodiamine and rutaecarpine, which isolated from Evodia rutaecarpa, inhibited the proliferation of A375-S2, HeLa, MCF-7, THP-1, and L929 cells by inducing apoptosis, but these alkaloids did not impart any toxicity in normal human peripheral blood mononuclear cells (Mondal et al., 2019). In this study, we also found that MOA (20–80 μg/ml) did not impart any toxicity toward human normal prostate RWPE-1 cells. Interestingly, MOA at a dose of 150 mg/kg had a significant inhibitory effect on the tumor size and weight of PC3-inoculated mice, however, when the dose of MOA reaches 300 mg/kg, it had no significant effect on the tumor size and weight. We did notice that tumors in the sacrificed mice treated with high dosage of MOA started ulcerating. The results suggest that MOA may suppress the tumor growth of PC3 at low dose but exhibit no antitumor effect at high dose due to interruption of the inflammation balance of mice.
Studies have shown that alkaloids such as atrine (Huang et al., 2017), tetrandrine (Kou et al., 2016), mahanine (a plant-derived carbazole alkaloid) (Sinha et al., 2006), alpha-chaconine (a biologically active compound in potato extracts) (Reddivari et al., 2010), and berberine (Huang et al., 2015) inhibited invasion and induced apoptosis of prostate cancer cells. These studies indicated that alkaloids may be potential agents for treatment of prostate cancer. In this study, we found that MOA inhibited PC3 cell proliferation in a dose-dependent manner, as determined using the MTT and colony formation assays. Apoptosis is widely believed to be the major antiproliferative mechanism of anticancer drugs in many tumor cell types, and cell cycle is a determinant factor of cell growth and division. Therefore, in this study, we further analyzed the effects of MOA on cell apoptosis and cell cycle arrest of PC3 cells. We found that the percentage of apoptotic PC3 cells increased significantly, and cells were arrested in S phase, following treatment with MO. Western blot analysis showed that MOA significantly promoted Bax expression while suppresed Bcl-2 expression. Bcl-2 family played an essential role in cellular apoptotic process, in which Bcl-2 was with anti-apoptotic activity, whereas Bax was a pro-apoptotic member (Ding et al., 2011). Therefore, the results showed that MOA inhibited PC3 cell proliferation by inducing cell apoptosis. In addition, MOA treatment decreased the expression of cyclin E while enhanced the expression of p21. In the regulation of cell cycle G1/S phase, the network system of cyclins, cyclin-dependent kinases (CDKs), and cyclin-dependent kinases inhibitors (CDKIs) plays an important role in this process. CyclinE is a member of the cyclin protein family, and an important positive regulator involved in the G1/S conversion of the cell cycle. P21 was a CDKIs which bound to and inhibited the activity of cyclin-CDK complexes. In our study, the decreased expression of cyclinE and increased expression of p21 by MOA treatment indicated that cell cycle was arrest by MOA, which was responsible for the inhibitory effect of MOA on PC3 cells proliferation.
Cell migration plays an important role in many physiological and pathological processes, such as tissue repair and tumor cell metastasis. In this study, MOA significantly inhibited PC3 cell migration by using the wound healing and transwell assays. Matrix metalloproteinases (MMPs) promote tumor cell invasion and metastasis by breaking down the basement membrane and extracellular matrix. MMP2 and MMP9 are members of the MMPs family, and they have the function of decomposing the collagen of basement membrane. It is known that the malignant degree of different types of tumors is positively correlated with the excessive expression of MMP2 and MMP9. In this study, MOA significantly decreased the expression of MMP9. The results suggest that MOA suppressed PC3 cell migration and inhibited the expression of MMP9.
Onset and development of tumors are closely related to increased expression of COX-2 (Hashemi Goradel et al., 2019). Many studies have shown that COX-2 is overexpressed during progression of prostate cancer (Gupta et al., 2000; Dandekar and Lokeshwar, 2004; Richardsen et al., 2010). In addition, PGE2, an arachidonic acid metabolite produced by COX-2, is a mitogen and contributes to development of prostate cancer (Madrigal-Martinez et al., 2019). Therefore, targeting COX-2 is a promising strategy for treatment of prostate cancer. We evaluated the inhibitory effect of MOA on COX-2 in prostate cancer PC3 cells in vitro and in vivo. The results showed that MOA significantly inhibited COX-2 protein expression in PC3 cells, and significantly inhibited PGE2 secretion. These results indicated that MOA inhibited PC3 cell growth and migration through inhibition of COX-2, and subsequent inhibition of production of PGE2.
The Wnt signaling pathway plays an important role in cell proliferation, differentiation, migration, apoptosis, and tumor development. Disruption of the classical Wnt/β-catenin pathway is one of the most common abnormalities associated with human malignancies (Nusse and Clevers, 2017). Abnormal activation of the Wnt/β-catenin signaling has been shown in a number of malignancies including colon cancer, prostate cancer, ovarian cancer, and breast cancer (Mohammed et al., 2016). Activation of the classical Wnt signaling pathway results in stabilization of β-catenin in the cytoplasm, and subsequent translocation to the nucleus (Shi et al., 2015). In the absence of Wnt ligands, cytoplasmic β-catenin is degraded by a complex comprised of the scaffold protein Axin, adenomatous polyposis coli (APC), GSK3β, and casein kinase 1 (CK1). This prevents β-catenin from entering the nucleus, which prevents transcription of downstream target genes (Dihlmann and von Knebel Doeberitz, 2005). In the presence of Wnt ligands, Wnt binds to receptors on the cell membrane and recruits Axin to the cell membrane, which results in dissociation of the degradation complex. This dissociation allows free β-catenin to accumulate in the cytoplasm and to enter the nucleus. In the nucleus, β-catenin binds to the transcription factor T cell factor/lymphoid enhancer factor (TCF/LEF) to promote transcription of downstream target genes (Xu et al., 2016). A previous study found that the Wnt/β-catenin pathway played a key role in the pathogenesis of prostate cancer through regulation of angiogenesis, drug resistance, cell proliferation, and apoptosis (Pashirzad et al., 2019). Another study showed that β-catenin was not expressed, or was expressed at low levels, in normal prostate tissue, but was highly expressed in prostate cancer tissues (Chen et al., 2004). In our study, we showed that MOA inhibited the expression of β-catenin in vitro and in vivo. In addition, MOA significantly inhibited phosphorylation of GSK3β in a dose-dependent manner, which indicated that MOA inhibited the Wnt/β-catenin signaling pathway.
Numerous studies have shown a link between COX-2/PGE2 and Wnt/β-catenin signaling in development of many cancers, including lung cancer (Singh and Katiyar, 2013), skin cancer (Prasad and Katiyar, 2014), breast cancer (Tu et al., 2014), colorectal cancer (Castellone et al., 2005), and neuroblastoma (Jansen et al., 2015). In addition, a number of studies have shown that the COX-2/PGE2/β-catenin signaling pathway may be a potential target to inhibit cancer cell growth and migration. For example, tanshinone IIA has been shown to downregulate VEGF levels by inhibiting the expression of COX-2 and Wnt/β-catenin signaling, which resulted in inhibition of colon cancer cell growth (Ma et al., 2018). Total flavonoids from Radix Tetrastigmae have been shown to inhibit Hep-G2 cell proliferation through inhibition of the COX-2/Wnt/β-catenin signaling pathway (Qinglin et al., 2017). Furthermore, meloxicam has been shown to inhibit proliferation and migration of hepatoma cells by targeting COX-2/PGE2 to regulate activation of the β-catenin signaling pathway (Li et al., 2016). In addition, magnolol has been shown to inhibit migration of non-small cell lung cancer cells by targeting PGE2 to regulate activation of the β-catenin signaling pathway (Singh and Katiyar, 2013). In our study, MOA inhibited PC3 cell proliferation and migration by inhibiting the COX-2/PGE2/β-catenin signaling pathway.
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Scutellarin (SCU) is an active ingredient extracted from Erigeron breviscapus (Vaniot) Hand.-Mazz. Its main physiological functions are anti-inflammatory and antioxidant. In this study, we established a STZ-induced model of type 2 diabetes (T2DM) and a homocysteine (Hcy)-induced apoptosis model of LO2 to investigate whether SCU can alleviate liver damage by regulating Hcy in type 2 diabetes. Biochemical analysis indicated that SCU could improve the lipid metabolism disorder and liver function in diabetic rats by downregulating the levels of triglycerides (TG), cholesterol (CHO), low-density lipoprotein (LDL), alanine transaminase (ALT) and aspartate transaminase (AST), and by upregulating the level of high-density lipoprotein (HDL). Interestingly, SCU also could down-regulate the levels of Hcy and insulin and enhance the ability of type 2 diabetic rats to regulate blood glucose. Mechanistically, our results indicated that SCU may control the level of Hcy through regulating the levels of β-Cystathionase (CBS), γ-Cystathionase (CSE) and 5,10-methylenetetrahydrofolate (MTHFR) in liver tissue, and up-regulate folic acid, VitB6 and VitB12 levels in serum. Furthermore, SCU inhibits apoptosis in the liver of T2DM rats and in cultured LO2 cells treated with Hcy. Together, our findings suggest that SCU may alleviate the liver injury thorough downregulating the level of Hcy in T2DM rats.
Keywords: scutellarin, type 2 diabetes, Hcy, liver tissue, apoptosis
INTRODUCTION
As the changes of living standard and the dietary structure, there are approximately 425 million people worldwide with diabetes (Hallberg et al., 2019b). The diseases induced by these factors have now spread all over the world, and have no trend of remission (Hallberg et al., 2019a). Currently, approximately 79% of adults with diabetes live in low- and middle-income countries (Misra et al., 2019). Among these complications, vascular lesions are an important factor in a series of damage to tissues and organs (Wen et al., 2019). Among them, the probability of death from diabetes patients due to cardiovascular complications is 3–4 times that of non-diabetics (Monnier et al., 2019). Numerous studies have shown that homocysteine (Hcy) is involved in the development and progression of many vascular complications (Hasan et al., 2019).
Hcy is an intermediate of methionine metabolism and is metabolized in the body mainly through the remethylation pathway and the sulfur transfer process. The concentration of Hcy is closely related to the exon polymorphism C677T of methylentetrahydrofolate reductase (MTHFR) gene, and the level of Hcy in human serum carrying 677T allele tends to increase (Huang et al., 2018). In patients with type 2 diabetes, methionine-methylation is weakened, and decreased clearance of Hcy is one of the causes of hyperhomocysteinemia (HHcy) in patients with type 2 diabetes (Wijekoon et al., 2005). For every 5 μmol/L increase in circulating Hcy concentration, the risk of diabetic nephropathy increases by about 4 times (Ma et al., 2019). Domestic and foreign scholars hold the same view on the relationship between Hcy and diabetes, and believe that the serum Hcy level of diabetic patients is higher than that of normal people. Hcy increases the risk of oxidative stress damage (Dos Santos et al., 2019). Hcy can also cause apoptosis through two pathways, endoplasmic reticulum stress and mitochondrial stress (Zhang et al., 2017b).
Scutellarin (SCU) is an active ingredient extracted from the Erigeron breviscapus (Vaniot) Hand.-Mazz. It has been made into capsules and injections. Most studies have demonstrated that anti-inflammatory and antioxidant are the main biological activities of SCU (Mo et al., 2018). It has been reported that SCU can improve diabetes mellitus inflammation through Nrf2/HO-1 signaling pathway (Liu et al., 2019). Furthermore, Zhang et al. (Zhang et al., 2017a) found that SCU not only inhibits the inflammatory response, but also down-regulates the levels of caspase-3 and caspase-9 in arthritic rats. It indicated that SCU can alleviate the occurrence of apoptosis to some extent.
In this study, we established a model of type 2 diabetes and Hcy-induced apoptosis in LO2 cells to study the effect of SCU on the content of Hcy and the changes of its metabolic pathway-related factors in type 2 diabetes, and to explore whether SCU can alleviate the apoptosis of liver cells in type 2 diabetes. This study will provide a scientific basis for SCU treatment of type 2 diabetes and its complications.
METHODS
Reagents and Antibodies
SCU (purity 98%) was purchased from Honghe Qianshan Bioengineering Co., Ltd. (Honghe, China). Streptozocin (STZ) (T1507) and Rosiglitazone (2A-11884-1) were obtained from Multi Sciences (lianke) Biotech, CO. LTD. (Hangzhou, China). Antibodies to detect β-actin (#4970), Cleaved caspase-3 (#9664), procaspase-3 (#12742), cleaved caspase-3 (#9579), CES (#19689), CBS (#22273), MTHFR (#25164), MTR (# 68796S) were ordered from Cell Signaling Technology (Danvers, MA, United States). The ELISA kit to detect Hcy (#E031-1-1), VitB6, VitB12 and Folic acid were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Construction and Grouping of Animal Models
Adult male SD rats (180–200 g), obtained from the Experimental animal center of Kunming Medical University, China, were kept under standardized conditions: room temperature, 22 ± 2°C; relative humidity 45–55%; 12-h light/dark cycle in the animal facility with free access to food and water.
Two weeks after the adaptive feeding of the rats, the normal group continued to give a normal diet. The remaining rats were fed with high-fat, high-sugar (HFHS) diet (15% lard, 30% sucrose, 2% cholesterol, 1% sodium cholate, 5% protein powder, and 47% regular diet). After 8 weeks of feeding, rats were injected with 35 mg/kg STZ intraperitoneally to induce the model of type II diabetes, and then treated with normal diet until the end of the experiment. STZ was freshly prepared in ice-cold citrate buffer (0.1 M, pH 4.35). Animals whose fasting blood sugar level was higher than 16.7 mmol/L three days after STZ injection were successfully moulded.
After seven days of the injection of STZ, oral administration of SCU and Rosiglitazone was treated the rats at the dose of 100 (Low dose, LD) or 200 mg/kg/d High dose, HD) and 5 mg/kg/d Rosiglitazone during 8 weeks.
Cell Culture
Human normal LO2 liver cells were ordered from American Type Culture Collection. The cells were cultured at 37°C in a 5% CO2 incubator with RPMI1640 and 10% fetal bovine serum. LO2 cells were pretreated with SCU for 4 h and then induced by 1.5 mM Hcy for 24 h.
Biochemical Index Detection
FBG levels were measured by Glucose meter (Accu-Check Performa, Germany). TG and CHO levels were measured by automatic biochemical analyzer. The levels of insulin, homocysteine, folic acid, vitamin B6, vitamin B12, IL-1, IL-6, TNF-a were detected by ELISA kit. The level of MDA, SOD and GSH was determined by Thiobarbituric acid (TBA) method, hydroxylamine method and microplate method respectively by following the instructions of manufacturer.
H&E, Immunohistochemical and Terminal deoxynucleotidyl transferase dUTP nick end labeling Staining
Taken a small piece of tissue and fixed it in 10% paraformaldehyde. After washing with tap water, it was subjected to a series of operations such as dehydration, transparent, paraffin embedding and sectioning for HE staining. For Immunohistochemical detection, paraffin sections were repaired with citric acid, antibody was added to each section respectively (CBS 1:50; CSE 1:500; MTHFR 1:100; MTR 1:100; Caspase-3 1:1,000) at 4°C incubation overnight. Secondary antibody was added and incubated at room temperature for 15 min. After staining with hematoxylin for 10 min, it was differentiated with ethanolic hydrochloric acid for 20 s and rinsed with water for 10 min. After dehydration with ethanol, it was made transparent with xylene, sealed with a neutral gel. For TUNEL staining, after dewaxing the liver paraffin section, the section was added to the proteinase K for 30 min, and the mixture solution of TdT enzyme and Biontin-dUTP (TdT: Biontin-dUTP = 1:9) was incubated in 37°C for 1 h, then the Converter-AP solution was added in 37°C incubate for 20 min; The BCIP/NBT solution and the nucleus red were subjected to a color reaction, and the AEC aqueous sealing tablets were used for sealing.
Western Blotting
Total protein was extracted with RIPA lysate added with PMSF, then quantified by BCA and finally the protein concentration was pulled to 5 μg/μl. The protein was loaded at 40 μg, and the protein was separated by SDS-PAGE 8% gel and transferred to a polyvinylidene fluoride (PVDF) membrane and blocked with 5% milk for 120 min at room temperature. Then, the membrane was incubated with CBS polyclonal antibody (1:1,000), CSE polyclonal antibody (1:4,000), MTR polyclonal antibody, MTHFR polyclonal antibody (1:2,000), Cleaved caspase-3 polyclonal antibody (1:1,000), procaspase-3 polyclonal antibody (1:1,000) and β-actin polyclonal antibody (1:4,000) overnight at 4°C.
CCK-8 Assay
LO2 cells (1 * 103 cells per well) were seeded in a 96-well plate, and treated with 0.5, 1.0, 1.5, 2.0, and 3.0 mM Hcy, or 0.1, 0.3, 0.9 mM SCU respectively. The cytotoxicity of SCU was measured at 24 h using a CCK8 assay kit. The absorbance was read at 450 nm according to the instructions.
Apoptosis Assay
LO2 cells were pretreated with 0.1, 0.3, 0.9 mM SCU for 4 h, and then induced with 1.5 mM Hcy for 24 h. After treatment, the cell culture solution and adherent cells were collected into a 15 ml centrifuge tube, centrifuged at 1,000 rpm for 5 min, the supernatant was poured out, and 500 μl buffer was added to the tube in order to suspend the cells. The data was measured by flow cytometer according to the instruction.
Statistical Analysis
Statistical analysis was conducted using SPSS 13.0 software. The data were measured by mean ± standard deviation (x ± s). One-way ANOYA was used for comparison among groups. p < 0.05 indicating that the difference was statistically significant.
RESULTS
Scutellarin Improves Dyslipidemia and Liver Function in Type 2 Diabetic Rats
The Sprague Dawley rats were feed with high-fat and high-sugar (HFHS) diet, and injected with STZ to generate the type 2 diabetic models (Figure 1A). The structure of SCU was shown in Figure 1B. The diabetic rats were treated with SCU or Rosiglitazone which served as a positive control. We found that SCU can inhibit the increase of liver weight and liver weight/body weight induced by high-fat and high-sugar (HFHS) diet and STZ treatment (p < 0.05) (Figures 1C–E). Besides, SCU could improve the lipid metabolism by downregulating the level of serum triglyceride (TG), cholesterol (CHO), and low-density lipoprotein (LDL) and upregulating the level of high-density lipoprotein (HDL) induced by HFHS diet and STZ treatment (p < 0.05) (Figure 1F). Furthermore, SCU improve the liver function by inhibiting the level of alanine transaminase (ALT) and aspartate transaminase (AST) (Figure 1G). A similar finding was observed when treated with T2DM rats with Rosiglitazone (Figures 1C–F). Together, these results indicate that SCU is able to improve the dyslipidemia and liver function in type 2 diabetic rats.
[image: Figure 1]FIGURE 1 | SCU can regulate blood glucose and insulin levels in type 2 diabetic rats. (A) Animal experiment process. (B) The molecular structure of SCU (Source from Guidechem, Hangzhou Dinghao Technology Co. LTD., China). (C) Body weight. (D) Liver weight. (E) liver/body weight. (F) The concentration of TG, CHO, LDL, HDL. (G) The concentration of ALT and AST. (H) The concentration of fasting blood glucose. (I) IPGTT of rats. (J) AUC of IPGTT. (K) Serum insulin levels. (L) Insulin resistance index. (M–O). The concentration of IL-6. TNF-α, and IL-1. #Represents the statistically significant difference from the normal group (p < 0.05), *Represents the statistically significant difference from the model group (p < 0.05). (P) HE staining of Liver tissue. (A) Normal group, (B) model group. (C) SCU low dose treatment group. (D) SCU high dose treatment group. (E) Rosiglitazone treatment group. *Represents the statistically significant difference from the model group (p < 0.05). Bar = 20 μm.
Scutellarin Regulates Blood Glucose and Insulin Levels in Type 2 Diabetic Rats
Next, the level of blood glucose was detected by Glucose meter. The results showed that the level of blood glucose was increased after HFHS diet and STZ treatment, while such increase was attenuated by SCU treatment. Rosiglitazone was also got the similar result with SCU (Figure 1H). Then the status of glucometabolic was detected by Intraperitoneal Glucose Tolerance Test (IPGTT) and the blood glucose area under the curve (AUC) was calculated by the formula: AUC = (FBG/2 + 1 h BG + 2 h BG/2) × 1 h mmolh/L. After an empty stomach injection of glucose, the blood glucose began to decrease in the normal group after 15 min. However, in the type 2 diabetes model group, the blood glucose concentration of the rats began to decrease after 60 min. After SCU treatment, the blood glucose began to decrease 30 min later. There was no significant difference between the SCU treatment group and the Rosiglitazone treatment group (Figures 1I,J).
Furthermore, the level of serum insulin and inflammatory factors were detected by ELISA kit. The results showed that SCU could inhibit the upregulation of the insulin induced by HFHS diet and STZ treatment (Figure 1K). At the same time, insulin resistance index (HOMA-IR) were calculated by the formula INS*GLU/22.5. Consistently, SCU treatment reduced the HOMA-IR value significantly (p < 0.05) (Figure 1L). SCU also inhibited the level of IL-6, TNFα and IL-1 induced by HFHS diet and STZ treatment. Interestingly, the high dose SCU group showed more effective than Rosiglitazone (Figures 1M–O). In addition, the histopathological changes of liver were evaluated by HE staining. In the normal group, the hepatic lobule structure was intact and the hepatocytes were arranged neatly. In the model group, the hepatocytes were arranged messily and the secretion of inflammatory factors was increased, while such disorder was improved by SCU treatment (Figure 1P). Together, these results showed that SCU could improve insulin resistance and inhibit inflammation of the liver in T2DM rats.
Scutellarin Improves Oxidative Stress and Hepatic Apoptosis in Type 2 Diabetic Rats
Then we investigate the effect of SCU treatment on regulation of the xidative stress and hepatic apoptosis in T2DM rats. The malondialdehyde (MDA) induces lipid peroxidation and is cytotoxic. It can reflect the degree of tissue peroxidation damage. The superoxide dismutase (SOD) is an antioxidant enzyme that can eliminate harmful substances produced in the process of metabolism. The glutathione (GSH) has antioxidant and detoxifying effects. The levels of MDA, SOD and GSH in serum and liver were measured. The results showed that the level of MDA was increased and the levels of SOD and GSH were decreased in the model group compared with the normal group (p < 0.05), suggesting an increased level of oxidative stress in T2DM rats. Interestingly, SCU and Rosiglitazone treatment normalized the levels of MDA, SOD and GSH in T2DM rats. It was worth to note that SCU showed better the therapeutic effect of on regulation of SOD and GSH than Rosiglitazone (Figures 2A–C). Since the oxidative stress can induce cell apoptosis, we then measured the level of Caspase-3 which is a key factor in the apoptotic pathway. The T2DM rats had a higher level of Caspase-3 protein than normal rats, while the SCU treatment reduced the Caspase-3 level in a dose dependent manner. It is worth to note that SCU conducted such effect better than Rosiglitazone did (Figures 2D,E). In addition, TUNEL staining showed that the T2DM rats had a significant number of apoptotic cells in their liver while no obvious apoptotic cells were observed in the liver of normal rats. Interestingly, SCU treatment resulted in a decreased number of apoptotic cells in T2DM rats in a dose dependent manner. Although Rosiglitazone treatment inhibited the cell apoptosis, it was less effective than high-dose of SCU (Figure 2F). Together, these results demonstrated that SCU improves oxidative stress and inhibits hepatic apoptosis in type 2 diabetic rats.
[image: Figure 2]FIGURE 2 | SCU can improve oxidative stress and hepatic apoptosis in type 2 diabetic rats. (A) MDA levels in serum and liver tissue. (B) SOD levels in serum and liver tissue. (C) GSH levels in liver tissue. (D) Immunohistochemical detection of Caspase-3. (E) Western blot detection of Caspase-3 (Procaspase-3 and Cleaved caspase-3). (F) TUNEL staining of liver tissue. A. normal group; B. model group; C. SCU low dose treatment group; D. SCU high dose treatment group; E. Rosiglitazone treatment group. #Represents the statistically significant difference from the normal group (p < 0.05), *Represents the statistically significant difference from the model group (p < 0.05).
Scutellarin Reduces the Level of Hcy in Type 2 Diabetic Rats
High concentration of Hcy is closely associated with oxidative stress in type 2 diabetes mellitus. We found that the level of serum Hcy in the model group was increased compared with that in the normal group (p < 0.05), and it was decreased after SCU or Rosiglitazone treatment (p < 0.05). There was no difference in efficacy between SCU and Rosiglitazone (Figure 3A). The related enzyme and cofactors of Hcy metabolism were also detected by ELISA, immunohistochemical and western blot. CSE and CBS were related with the trans-sulfur pathway of Hcy metabolism. The results showed that the expression of CSE and CBS in the liver tissue of the model group was down-regulated compared with that in the normal group (p < 0.05). After SCU and Rosiglitazone treatment, the expression of CSE and CBS was up-regulated, and SCU has a stronger ability to regulate CSE than Rosiglitazone (p < 0.05) (Figures 3B,C). VitB6 as the cofactor of CSE and CBS was lower in the model group than in the normal group (p < 0.05), and increased after SCU treatment (p < 0.05), but Rosiglitazone did not have much control over the level of VitB6 (Figure 3D).
[image: Figure 3]FIGURE 3 | SCU can down-regulate Hcy levels in type 2 diabetic rats. (A) The levels of serum Hcy. (B) Western blot detection of CSE, CBS, MTHFR and MTR. (C) Immunohistochemistry results of CSE, CBS, MTHFR and MTR. A. normal group; B. model group; C. SCU low dose treatment group; D. SCU high dose treatment group; E. Rosiglitazone treatment group. (D) The level of Serum VitB6, VitB12 and folic acid. #Represents the statistically significant difference from the normal group (p < 0.05), *Represents the statistically significant difference from the model group (p < 0.05).
MTHFR and MTR were related with the methylation pathway of Hcy metabolism. The expression of MTHFR in the model group was lower than that in the normal group (p < 0.05), while the expression of MTR was comparable between the model group and the normal group. After SCU treatment, the expression of MTHFR and MTR was up-regulated (p < 0.05). The trend of immunohistochemistry and western blot was consistent (Figures 3B,C). The cofactors in the methylation pathway, folic acid and VitB12 were reduced in the model group (p < 0.05), and were elevated after treatment (p < 0.05), the therapeutic effects of SCU and Rosiglitazone were not much different (Figure 3D). Together, these results suggest that SCU might inhibit cell apoptosis through reducing the level of Hcy in T2DM rats.
Scutellarin can Inhibit Apoptosis of LO2 Cells Induced by Hcy
To determine the influence of SCU on apoptosis induced by Hcy, the LO2 cells were treated with Hcy and SCU. The results showed that Hcy inhibit the proliferation activity of LO2 cells in a dose-dependent manner, in contrast, while SCU has no significant influence on the cytotoxicity of LO2 cells by CCK8 assay (Figure 4A). Meanwhile, the apoptosis of LO2 cells were significantly induced by Hcy in a dose dependent manner (Figure 4B), and SCU can reverse that change in a dose dependent manner by flow cytometry analysis (Figure 4C). In addition, Hcy upregulated the expression of Cleaved caspase-3, while this upregulation was repressed by SCU treatment in the LO2 cells (Figures 4D,E). The above results showed that SCU can inhibit apoptosis of LO2 cells induced by Hcy.
[image: Figure 4]FIGURE 4 | SCU can inhibit apoptosis of LO2 cells induced by Hcy. (A) The effect of Hcy and SCU on the LO2 cells viability. (B) The effect of Hcy on the LO2 cells apoptosis. (C) The effect of SCU on the Hcy-induced LO2 cells apoptosis model. (D) The effect of Hcy on Caspase-3 in LO2 cells. (E) The effect of SCU on Hcy-induced LO2 cells apoptosis model. #Represents the statistically significant difference from the normal group (p < 0.05), *Represents the statistically significant difference from the model group (p < 0.05).
DISCUSSION
Hcy is one of the independent risk factors for the development and progression of atherosclerosis in the body. As a sulfur-containing amino acid, the mechanism of Hcy metabolism in the body mainly through the remethylation pathway and the sulfur transfer pathway. In the remethylation pathway, methionine synthase (MTR) catalysis is required, with VitB12 as a cofactor, which can make 5-methyl-tetrahydrofolate with folic acid as a cofactor. Meanwhile, the MTHFR catalyzes the conversion to tetrahydrofolate, and the methyl is bind by Hcy to form methionine. In the sulfur transfer pathway, CBS with VitB6 as a cofactor converts homocysteine to cystathionine. Cysteine and α-ketobutyrate are further produced by the action of CSE (Taysi et al., 2015). The changes of Hcy levels are affected by genetic and non-genetic factors, and MHTFR gene defects can lead to elevated levels of Hcy (Tang et al., 2017). Abnormalities in folic acid, VitB6 and VitB12 in the diet can also lead to an increase of Hcy levels (Caldeira-Araujo et al., 2019). A large number of studies have shown that Hcy is increasing in type 2 diabetes. Some scholars have found that Hcy can also cause mitochondrial dysfunction in human umbilical vein endothelial cells, activate the PERK pathway, and cause apoptosis (Zhang et al., 2017c). At the same time, Hcy also induces endoplasmic reticulum stress, thereby strengthening the umbilical vein endothelial cells in patients with type-2 diabetes mellitus (Mao et al., 2016).
Therefore, it is necessary to find an agent of lower toxicity to target the metabolism of Hcy and alleviate liver injury in type 2 diabetes. Natural compound has low toxicity and high efficacy. It is very interesting to search for the pharmaceutical values of a natural compound in chemoprevention and chemotherapy (Feng et al., 2012). SCU is considered to be less toxicity (Chan et al., 2012; Uzuner et al., 2012). In addition, we also found that SCU at 1mM had no effect on cell activity (Figure 4A). At present, tens of millions of patients use SCU and related pharmaceutical preparations every year in China. Previous studies have shown that SCU can treat and prevent diabetes and its complications (Jiang et al., 2016; Chledzik et al., 2018). It was reported that SCU can inhibit hyperglycemia-induced apoptotic cells and morphologic impairments in testes of diabetic rats (Long et al., 2015). SCU could regulate myocardial Ca (2+)-cycling proteins and have protective effect on diabetic cardiomyopathy (Wang et al., 2010). Besides, SCU could inhibit high glucose-mediated vascular inflammation (Luo et al., 2008). In contrast, HHcy cause the oxidized stress and inflammation and promote vasculopathy in the complication from type 2 diabetes. (Doupis et al., 2010; Hu et al., 2019; Tawfik et al., 2019). However, the effects of SCU on hepatocyte apoptosis have not been studied above in type 2 diabetes. By studying the effect of SCU on Hcy metabolism, we studied the effect of SCU on hepatocyte apoptosis in type 2 diabetes in vitro and in vivo.
In our studies, we found that SCU can decrease the levels of serum TG, CHO, glucose, insulin and improve insulin resistance induced by HFHS diet and STZ treatment. SCU can inhibit oxidative stress and apoptosis of liver tissue and cells, and then attenuate HFHS and STZ-induced pathologic change of liver. The specific molecular mechanisms of by which SCU improve type 2 diabetes model were to upregulate the key enzyme of Hcy metabolism MTHFR, MTR, CBS and CSE with their cofactor VitB12, VitB6 and folic acid. The apoptosis mechanism of type 2 diabetic hepatocytes is relatively complex, and more studies on SCU in type 2 diabetic liver disease are needed in the future. In conclusion, SCU promoted the clearance of Hcy and improved HFHS and STZ-induced hepatic impairment.
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Endotoxemia is characterized by initial uncontrollable inflammation, terminal immune paralysis, significant cell apoptosis and tissue injury, which can aggravate or induce multiple diseases and become one of the complications of many diseases. Therefore, anti-inflammatory and anti-apoptotic therapy is a valuable strategy for the treatment of endotoxemia-induced tissue injury. Traditional Chinese medicine exhibits great advantages in the treatment of endotoxemia. In this review, we have analyzed and summarized the active ingredients and their metabolites of Sanhuang Xiexin Decoction, a famous formula in endotoxemia therapy. We then have summarized the mechanisms of Sanhuang Xiexin Decoction against endotoxemia and its mediated tissue injury. Furthermore, silico strategy was used to evaluate the anti-apoptotic mechanism of anisodamine, a well-known natural product that widely used to improve survival in patients with septic shock. Finally, we also have summarized other anti-apoptotic natural products as well as their therapeutic effects on endotoxemia and its mediated tissue injury.
Keywords: endotoxemia, anti-apoptosis, immunosuppression, herbal medicine, sanhuang xiexin decoction, anisodamine
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INTRODUCTION
Possible sources of plasma endotoxin are bacteria from infected local tissues, blood, respiratory tract, digestive tract, food, or other ingested matter (Munford, 2016). The intestinal and other epithelial cells, such as those of the skin or lungs, are the first line of defense against endotoxins entering the bloodstream. Bacteria release bacterial lipopolysaccharide (LPS) or endotoxins mainly through lymphatic channels (e.g., small intestinal lymphatic system) and thoracic duct into the circulation from infected parts. Furthermore, LPS can also be absorbed from the gastrointestinal mucosa, especially the damaged intestinal mucosa (Brenchley, 2006) into the portal circulation. Erridge (Erridge, 2011) and Deitch (Deitch, 2012) showed that the largest source of LPS detected in the peripheral venous blood was from the small intestine. In addition, blood-borne bacteria can release LPS directly into the bloodstream to cause diseases, such as N. meningitidis (Ovstebo et al., 2005; Coureuil et al., 2014) and E. coli (Simpson et al., 2000). However, when the amount of endotoxin is overloaded, the host defense fails to eliminate and control the infection, leading to endotoxemia or even sepsis (Piwowar, 2014). In addition to endotoxemia/sepsis, excessive amounts of LPS are also implicated in the pathogenesis of a range of diseases, such as atherosclerosis, alcoholic liver disease, autoimmunity, metabolic syndrome, renal injury, multiple organ failure, depression, and chronic fatigue. Interestingly, these diseases both share a common pathophysiological basis: the imbalance between induction of apoptosis and resistance to apoptosis (Manco et al., 2010).
Apoptosis is a conserved process of programmed cell death characterized by chromatin fragmentation and condensation, membrane blebbing, and nuclear collapse. Apoptosis also plays important roles in a variety of physiological processes, including embryogenesis, tissue remodeling, immune response, and carcinogenesis (Kerr et al., 1972; Williams, 1991). In this process, cells that are no longer needed or that will be detrimental to an organism or tissue are disposed of in a highly ordered manner. This process can effectively block the development of inflammatory responses and tumorigenesis. Figure 1 illustrates how endotoxemia occurs, with six apoptosis hallmarks and related assays to distinguish apoptosis cells from normal healthy ones.
[image: Figure 1]FIGURE 1 | Schematic diagram of endotoxin damage and the detection of apoptotic cells.
It has been shown that various herbal ingredients exhibit potent anti-apoptotic effects and improve the survival rate in experimental endotoxemia models. In the last decade, an increasing number of studies have emphasized that the reduced incidence of various endotoxin-related pathologies is closely related to herbal medicine, which is a good source of beneficial natural anti-inflammatory, anti-oxidative stress, and anti-coagulant bioactive compounds. Moreover, the active ingredients of many herbs have been used to treat endotoxemia and its complications with impressive efficacy. For example, the administration of anisodamine significantly improved the survival rate of septic shock. Considering the complexity of the apoptosis-related endotoxemia mechanisms and the fact that the modulatory effects of herbs are difficult to be systematically presented in various experimental studies. Therefore, we wrote this review to provide a general and descriptive overview of the potential role and underlying mechanisms of apoptosis-related progression in endotoxemia, as well as biomarkers and assays for endotoxemia, and the bidirectional regulation of apoptosis in endotoxemia by herbal components and their metabolism (especially Sanhuang Xiexin decoction and Anisodamine).
This review explores these issues by taking a novel perspective on apoptosis regulation in the treatment of endotoxemia. It begins with the herbal ingredients that may affect the inflammatory response, visceral protection, and apoptosis of endotoxemia in vitro and in vivo. How the major herbal ingredients are metabolized will then be discussed, followed by a summary of these metabolites and their effects. The review concludes by considering the influencing factors that determine whether herbal ingredients regulating apoptosis are advantageous in therapeutic endotoxemia.
ENDOTOXEMIA IS ASSOCIATED WITH VARIOUS DISEASES
Numerous variables can be activated in endotoxemia, including circulating glucocorticoid, cytotoxic T lymphocytes, oxygen free radicals, nitric oxide, heat shock proteins, FAS ligand, and pro-inflammatory cytokines (e.g., TNF-α, IL-1, and IL-6); all of these factors may initiate apoptosis (Harjai et al., 2013). Recently, regulation of the apoptotic process has been considered as a new therapeutic strategy for the treatment of endotoxemia and its complications (Eduardo and Fresno, 2013). Therefore, an in-depth understanding of the molecular regulation of endotoxin-induced apoptosis could provide a scientific basis for the intervention and treatment of the various diseases mentioned in Figure 1.
ETX INDUCES APOPTOSIS IN VITRO AND IN VIVO
ETX receptors could be divided into the following categories: scavenger receptor (SR), lipopolysaccharide-binding protein (LBP), cluster of differentiation antigen 14 (CD14) (Ulevitch and Tobias, 1995), β2-integrins (such as CD11/CD18), and Toll-like receptors (TLRs). They are extensively distributed on the surface of immune cells such as monocytes, macrophages, and neutrophils and play an important role in the recognition and elimination of ETX in the host. The binding of LPS to LBP activates transmembrane receptors such as SR, β2-integrins, and TLRs to transmit signals into the cell. These signals further promote the activation of transcription factors and induce the expression of pro-inflammatory genes. The expression of these overproduced pro-inflammatory products can further cause the induction of apoptosis. Apoptosis is induced by the intrinsic (mitochondrial) pathway and the extrinsic (death receptor-mediated) pathway (Danial and Korsmeyer, 2004). The intrinsic pathway involves mitochondria and depends mainly on Bcl2 family proteins and caspase 9/7/6/3 (Hengartner, 2000; Leist and Jäättelä, 2001). The extrinsic pathway is involved in death signaling, such as TNF-α with TNF receptor 1 (TNFR1). Then, the activation of death signaling further activates caspase-8, which cleaves procaspase-3 into its active form and activates various genes such as P53, Fas, Bcl2, and NF-κB alone (Micheau and Jürg, 2003; Peter and Krammer, 2003). In contrast, the NF-κB signaling cascade and p53 activate pro-apoptotic Bcl2 family proteins and inhibit anti-apoptotic Bcl2 family proteins and inhibitors of apoptotic proteins (cIAPs) via transcription, as well as several other p53 targets such as BAX, Noxa (Latin for damage, a BH3 protein involved only in regulating cell death decisions), p53-upregulated apoptosis regulator (PUMA) and BID to trigger apoptosis. Furthermore, p53 also transactivates several other genes that may contribute to apoptosis, including phosphatase and tensin homolog deleted on chromosome-10 (PTEN), APAF1, Perp, and genes that cause elevated levels of reactive oxygen species (ROS). The overproduction of ROS leads to extensive oxidative damage to all components of mitochondria. Mitochondrial DNA damage induced by ROS further disrupts the oxidative phosphorylation of mitochondria, which leads to a range of human diseases. Herbal ingredients are often involved in the treatment of endotoxemia with anti-inflammatory, antioxidant, and anti-apoptosis effects, which are interrelated and affect each other. Interestingly, however, there is no one-to-one correlation between anti-inflammatory/antioxidant and anti-apoptotic/pro-apoptotic.
Endotoxin has been reported to significantly induce apoptosis in vitro and in vivo (O’Brien and Abraham, 2004; Neff et al., 2006; Li et al., 2018). ETX can directly stimulate the production of cytokines by monocytes-macrophages to activate the body’s local or overall immune system against bacterial infections. On the other hand, if the infection is severe, large amounts of ETX in the body come into contact with mononuclear-macrophages and release vast inflammatory cytokines such as TNF-a leading to an uncontrolled inflammatory response. In addition, ETX stimulates the production of large amounts of nitric oxide (NO) by inducing non-calcium-dependent inducible nitric oxide synthase (INOS) in vascular cells. ETX also activates monocytes, macrophages, and neutrophils, and further promotes the expression of apoptosis-related receptors, such as Fas, TLR-2, and CD14, which can also induce apoptosis and tissue damage (Hotchkiss et al., 2002). Apoptosis of parenchymal cells can lead to dysfunction in multiple organs, while apoptosis of immune cells manifests as impaired host immune tolerance and immunosuppression (Hotchkiss et al., 2005), ultimately leading to septic shock, systemic inflammatory response syndrome (SIRS), organ dysfunction syndrome (MODS), and death. Interestingly, in sepsis, both pro- and anti-apoptotic members of the apoptosis-related pathway are upregulated, but the ratio is more favorable to the pro-apoptosis. In addition, lymphocytes are susceptible to endotoxin-induced apoptosis, with increased apoptosis of CD4+ T cells (Jäättelä and Tschopp, 2003), B cells, and follicular dendritic cells in the spleen of patients, while oxidative stress can lead to apoptosis of thymocytes (Fehsel et al., 1995). Although there is evidence that granulocytes can limit inflammatory damage through apoptosis, this is macrophage-dependent because the phagocytosis of apoptotic cells by macrophages effectively prevents the release of toxic content from dead cells. If a large number of macrophages undergo apoptosis, the apoptotic granulocytes will eventually lyse and release toxic molecules such as elastase and myeloperoxidase from neutrophils, major base proteins (MBP) from eosinophils, Eos cationic protein (ECP), and Eos-derived neurotoxin (EDN), leading to further uncontrolled inflammatory responses. However, the non-immune cells are mainly parenchymal cells of the liver, lung, and intestine (Suzuki et al., 2011; Liu H. et al., 2015; Guo et al., 2019), while cardiomyocytes (Liu et al., 2013; Zhang et al., 2015; Tian et al., 2019) and nerve cells (Peña et al., 2011; Reichardt et al., 2017) of apoptosis have also been reported.
ANTI-APOPTOSIS MECHANISM OF HERBAL MEDICINE IN ENDOTOXEMIA
It has been observed that various herbal ingredients can improve the healing of endotoxemia, not only through anti-inflammatory effects, but also through their regulation of apoptosis in many types of immune cells (including lymphocytes and macrophages), endothelial cells, and parenchymal cells in different solid organs, especially heart, liver, and lung (Cheng et al., 2014). Although apoptosis has been extensively studied in various diseases such as cancer, neurodegenerative diseases, and HIV infection, its role in sepsis and its regulation as a novel therapeutic approach in the treatment of endotoxemia has attracted attention in recent years.
Sanhuang Xiexin Decoction and Its Metabolites
Sanhuang Xiexin decoction was firstly described in the Synopsis of Golden Chamber by Zhongjing Zhang of the Eastern Han Dynasty and is a classical formula widely used in Chinese medicine to treat fire and detoxify. It is composed of Rhizoma Rhei (Rheum palmatum L.), Rhizoma Coptidis (Coptis chinensis Franch), and Radix Scutellaria (Scutellaria baicalensis Georgi). Previous studies have shown that Sanhuang Xiexin Decoction has effective therapeutic effects on endotoxemia through anti-inflammation (Lo et al., 2005a; Lo et al., 2005b). Other recent studies have shown that it also possesses potent anti-apoptotic activity. The main anti-apoptotic ingredients are aloe-emodin, coptisine, and baicalin. Figure 2 depicts its formula and the metabolic steps and products of coptisine and baicalin in vivo. For example, aloe-emodin can attenuate myocardial infarction and cardiomyocyte apoptosis (Yu et al., 2019). The metabolites are rhein, aloe-emodin sulfates/glucuronides, and rhein sulfates/glucuronides (Yu et al., 2016). Among them, rhein exhibited significant anti-apoptosis in endotoxemia and showed significant protective effects against endotoxin-induced kidney injury (Yu et al., 2015). Coptisine, a major compound from Rhizoma Coptidis that clears heat and dampness, purging fire for removing the toxin has been reported to exhibit protective effects on HaCaT keratinocytes by blocking the mitochondria-dependent apoptotic pathway (Choi, 2019). Furthermore, baicalin is the most reported anti-apoptotic component of Sanhuang Xiexin Decoction, showing anti-apoptotic effects in a variety of cell types, including cardiomyocytes (Liou et al., 2011; Liou et al., 2012), C2C12 myoblast (Pan et al., 2019), arterial endothelial cells (Shou et al., 2017), neuronal cells (Zheng, et al., 2015), hepatic stellate cells (Wu et al., 2018a; Wu et al., 2018b), endplate chondrocytes (Pan et al., 2017), renal cells (Zhu et al., 2016) and colonic epithelial cells (Yao et al., 2016). Baicalein 6-O-β-D-glucopyranuronoside (Akao et al., 2013) and baicalein (Wang et al., 2015) are the main metabolites of baicalin that inhibit the apoptosis of intestinal epithelial cells, thus reducing the chance of endotoxemia in cirrhosis (Liu Y. et al., 2015) and cardiomyocyte injury (Zhu et al., 2019).
[image: Figure 2]FIGURE 2 | Metabolic pathways of main components of Sanhuang Xiexin Decoction.
Molecular Docking Prediction of Anisodamine for Anti-Apoptotic Treatment of Endotoxemia
Anisodamine is a well-known natural product that is widely used to improve the survival of patients with septic shock. The binding capacity of anisodamine and its 23 intracorporal metabolites (Chen et al., 2005) to endothelial cell apoptosis-related receptors was evaluated by molecular docking technology. As shown in Figure 3, anisodamine and its metabolites bind mainly to TNFR1 and APO3 with high affinity. Other individual metabolites, such as N-demethyl-6 beta hydroxytropine and 1-sulfate conjugated hydroxyanisodamine also bind to FAS and APO2 with strong affinity. Thus, the therapeutic effect of anisodamine on endotoxemia involves molecular mechanisms associated with apoptosis. However, further evaluation regarding the molecular mechanisms of anisodamine in vitro and in vivo is necessary.
[image: Figure 3]FIGURE 3 | Molecular docking of anisodamine binding with apoptosis receptor of endothelial cells.
Other Anti-Apoptosis Ingredients Derived From Herbal Medicines
As seen in Figure 4, immune paralysis and organ damage are the main culprits for the poor prognosis of endotoxemia. Many herbal ingredients are effective in the treatment of endotoxemia by inhibiting apoptosis. Their effects, target organs/cells, dosage, relevant targets, and indications have been summarized in Table 1. The activation of the TLR4/NF-κB pathway leads to exacerbation of inflammation and apoptosis, which in turn leads to worsening endotoxemia. Therefore, inhibition of inflammation, oxidative stress, and apoptosis is a new research focus in the treatment of endotoxemia (Guan et al., 2019; Li et al., 2019; Zhao et al., 2020).
[image: Figure 4]FIGURE 4 | Schematic diagram of the molecular mechanism of endotoxin-induced apoptosis.
TABLE 1 | Effect of herbal ingredients on anti-apoptosis related pathway molecular (excepted those mentioned in the text).
[image: Table 1]Meng et al. confirmed that sanguinarine attenuates ETX-induced inflammation and apoptosis by blocking the TLR4/NF-κB pathway (Meng et al., 2018). However, in general, the mechanism of herbal ingredients based on this pathway for the treatment of endotoxemia is less studied, and it remains to be verified whether the inhibition of this pathway signal can be used to evaluate and screen potential herbal ingredients. Furthermore, leukocyte adhesion molecules have been suggested as new targets for the development of anti-inflammatory agents (Mukaida et al., 1996), which is mainly attributed to the enhancement of TNF-α-induced apoptosis by β2 integrins (CD11/CD18) at 4 and 8 h after ETX stimulation (Walzog et al., 1997). Moreover, free total rhubarb anthraquinones (FTRAs) attenuated intestinal injury and enhanced intestinal barrier function by regulating intestinal immune function in rats with endotoxin-induced acute pancreatitis (Xiong, et al., 2018). In addition, endotoxemia can also induce apoptosis through oxidative stress. For example, piperlongumine exhibits prominent anti-inflammatory effects by inhibiting the ETX-induced p65 NF-κB signaling cascade and markedly suppresses cytokine storm production, which is closely associated with ROS-mediated induction of late apoptosis and reduced expression of anti-apoptotic Bcl2 protein (Thatikonda et al., 2020). To sum up, Figure 4 reveals how the recognition signals of endotoxin, inflammation, and oxidative stress responses induce apoptosis directly or indirectly. These herb ingredients show significant therapeutic effects on endotoxin, inhibiting endotoxin-induced elevation in Ca2+ and adhesion factors, and activation of signaling pathways such as TLR4/NF-κB, MAPK, PI3K-AKT, and mTOR/STAT3.
FUTURE PROSPECTS
In conclusion, numerous studies have shown that the anti-apoptotic treatment of endotoxemia can improve immunosuppression and protect parenchymal organ function. A range of bacterial components such as ETX can induce a cellular stress response and induce apoptosis. However, ETX, as a caspase inhibitor, can inhibit apoptosis by engaging its O-antigen (O Ag) moiety to directly bind caspases, contributing to the successful colonization of bacteria to support their intracellular propagation (Günther et al., 2019), but to the detriment of humans. In addition, it is interesting to note that many anti-apoptotic herbal ingredients in endotoxemia exhibit pro-apoptotic activity in cancer. For example, salidroside increases survival in endotoxemic mice (Guan et al., 2011) and has been reported to inhibit apoptosis in bone marrow mesenchymal stem cells (Wei et al., 2013), H9c2 cardiomyocytes (Sun et al., 2018), pulmonary arterial smooth muscle cells (Gui et al., 2017), pheochromocytoma cells (Hu et al., 2016), neural stem cells (Yan et al., 2018), cardiomyocytes (Zhu et al., 2015) and umbilical vein endothelial cells (Chen and Wu, 2014), while inducing apoptosis in colorectal cancer cells (Fan et al., 2016) gastric cancer AGS cells (Rong et al., 2020). It is thus clear that anti-apoptosis is not a single effective approach for the treatment of endotoxemia with herbal medicine, but must be combined with anti-inflammation, anti-oxidative stress, and anticoagulation to improve the prognosis of patients with endotoxemia. In addition, it should be noted that the anti-apoptotic activity of herb ingredients is also affected by the pathological state of the host. In any case, anti-apoptotic therapy plays an important role in endotoxemia but has long been neglected, and a considerable number of experimental studies on endotoxemia do not involve the detection of apoptotic-related indicators. This suggests that the impact of apoptosis on the pathophysiological process of endotoxemia should be emphasized and that anti-apoptosis is a potential new approach for the treatment of endotoxemia.
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ABBREVIATIONS
APAF1, Apoptotic protease activating factor-1; BAK1, B-Cell leukemia-2 antagonist killer-1; BAX, Bcl2 associated X-protein; Bcl2, B-Cell leukemia-2; BID, BH3 interacting death domain; BIM, B-Cell leukemia-2 interacting protein; CLSM, Confocal laser scanning microscopy; ECP, Eos cationic protein; EDN, Eos-derived neurotoxin; ETX, endotoxin; FADD, Fas-associated via death domain; FasL, Fas ligand; FM, Fluorescence microscopy; ICAD, Inhibitor of caspase-activated dNase; INOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; MBP, Major base proteins of eosinophils; MODS, organ dysfunction syndrome; MOMP, Mitochondrial outer membrane permeabilization; NO, nitric oxide; OM, Optical microscopy; PTEN, phosphatase and tensin homolog deleted on chromosome-10; PUMA, p53-upregulated modulator of apoptosis; p53AIP1, p53-regulated apoptosis-inducing protein-1; RIP, Receptor-interacting protein; ROS, reactive oxygen species; SIRS, systemic inflammatory response syndrome; TNFR1, TNF receptor 1; TLM, Transmission electron microscopy; TRADD, Tumor necrosis factor receptor-1-associated death domain
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Herbal medicine

Punicalagin (PNG)

Thaliporphine

Apocynin

Stevioside

Soybean ol oiive oi

Cordyceps sinensis

Garlic

Salvia miltiorrhizae

Sophocarpine

Astragalusroot

Astragalin

Matrine

Green teapolyphenols,
catechins, flavandiols, flavanols,
phenolicacids

Siniinjection

12-O-Tetradecanoyl-phorbol
13-Acetate (TPA)
Strawberry

Betulinicacidderivative BAS

Garlic oildiallyldisulfide dially!
trisuffide

Rubiaceae-typecycio-peptide
(RA-V)

Cinnamaldehyde (CA)
Linalool (LIN)
Grylusbimaculatus

Extracts (GBE)

Scytonemin

Effects

Anti-apoptosis, nephroprotection, anti-
inflammation, anti-oxidant

Anti-inflammation, anti-apoptosis;
radioprotection

Hepatocyte protection, anti-apoptosis,
anti-oxidation

Anti-apoptosis, anti-oxidation, anti-
inflammation, immunoregulation

Anti-inflammation, immunoregulation

Anti-apoptoss, anti-inflammation,
immunoregulation

Anti-inflammation, pro-apoptosis,
immunoregulation, anti-platelet, anti-
hypertension, antioxidation

Improve microcirculation, anti-
inflammation, antioxidation, anti-
apoptosis, mucosal protection,
macrophage protection
Anti-inflammation, anti-apoptosis,
antioxidation

Gytoprotection, anti-apoptoss,
immunoregulation

Antioxidation, anti-apoptosis, anti-
inflammation, antianaphylaxis

Anti-inflammation, antioxidation, anti-
fibrosis, antiviral

Anti-apoptosis, geno protective,
antioxidation

Anti-apoptosis
Anti-apoptosis

Anti-inflammation, antioxidation, anti-
apoptosis

Immunoregulation

Anti-inflammation, antioxidation, anti-
apoptosis
Anti-inflammation

Anti-inflammation

Anti-apoptosis, anti-inflammation,
antioxidation

Antiprolferative

Related targets

1: Serum Cr, NGAL, KIM-1, IL-18,
TNF-q, IL-6; MDA, NO, MPO, iNOS.
Bax/Bel2, caspase-3/-8/-9

1: P38/NF-xB pathway; TNF-a,
caspase 3, serum cTnl, LDH, Reverse
steeper EDPVR, Gentler ESPVR

1: PI3K/AKUMTOR pathway

1: Hydroperoxides, MDA, SOD,
NADPH, POX

1: CAT, SOD, G-POX

|: SOD, CAT, GSH, MDA, NO, DPPH;
TNF-q, IL-1B, IL-6

1: AST, ALT

1: Mitochondrial pathway, Apoptosis
of lymphocyte, Caspase-8, Bax, Bel-
X, caspase-3, TNF-q, IL-6

1: PI3K/Akt phosphorylation

1: NF-xB, TNF-a, AST, NO, AST,
caspase-3/-6, PARP

1: Phosphorylation of MAPK (ERK1/2),
SOD, IL-10

1: TNF-a, IL-6

1: IL-10, STRAIL/Apo-2L.

1: pB5NF-xB, PLA2, Bax

1: p38/AINK, NF-xB, PIBK/AKT, Bel-xl,
H;0z, Oz, NO, CYP2E/NRF2, CYPE2,
ROS, ALT, ALT, ALP, AST, IL-1p, TNF-
a, IL-6, Cyto-C, Apaf1, caspase-9/-3
1: SOD, CAT, GSH, SOD1, Nrf2

1: ROS, caspase-3, p53,
mitochondrial membrane
depolarization

1: Bol2

1: NF-xB, MAPK, TLR4, JNK
pathways; eotaxin-1, ROS, caspase-
3, NADPH, PLCy1-PKCB2-NADPH
1: Akt, ERK

1: NF-xB, MIP-2, MPO, MDA, TNF- a,
IL-6, IL-8, ALT, AST, LDH, ALP, NO,
SICAM-1, caspase-3

1: AST, ALT, TB, ALB, NO

1: TAC

1: MABP, iNOS, PI, IL-6, IL-18, ET-
1,NO

1: NF-B

1: G/EBP, p38 MAPK

1: NF-xB, NO, iNOS, CAT, SOD, ROS,
Caspase 3, PiBa, TNF-q, IL-1p, IL-6
1: PAMPK, SIRT1463, PGC1a, GPX,
GR, GST, IL-10, Nrf2-AMPK

1: NF-xB, TNF-q, IL-2, IL-4, IL-6, IL-
17A, IFN-y, NO, Activated LY, CD4"
Teelcalcineurin activity

1: nitrate/nitrite

1: NF-B, NO, IL-8, IL-6, MCP-1,
P-p65, P-IkBa

1: PIBK/AKT, TAK1 + TAB2

1: NF-«B, TLR4/MD2, MyD88,
NLRP3, ASC, caspase-1, TNF-a, IL-
1B, IL-18, nitrate/nitrite, IFN-y,
HMGB-1

1: ROS, NO, IL-6, TNF-a, TG, TLR4,
P-JNK, P-p38, OHdG, p-MLCK,
p-ROCK, p-S1cFK

1: cdc28C, p-cdc2sC, Cel
cycleregulatory kinases, GST-PLK,
GST-Tie2, Protein kinase A, Protein
kinase Cp2, CDK1/cyclin B, GST-
Myt1, GST-checkpoint kinase 1, GST-
polo-like Kinase 1

Endotoxemia
related indications

Sepsis complication of acute
Kidney injury

Cardiac depression

Endotoxemia

Acute liver injury

Sepsis compiications of acute
lung injury and acute respiratory
distress syndrome
Sepsisshock compiication of
hepaticdysfunction

Preeclampsia

Severe acute pancreatits;
obstructive jaundice

Septiciver injury

Endotoxemia

Allergic airway diseases;
peribronchial eosinophilia

Acute liver injury,
Hepaticischermia

Liver damage

Septic shock
Endotoxemia

Human dermalfibroblast
Inflammationliver injury

Delayed hypersensitivity

Intestinaldamage

Septic shock

Endotoxemia

Alcoholic liver diseases
Intestinal inflammation

Endotoxemia
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GAPDH Forward: 5"AACTTTGGCATTGTGGAAGG 3"
Reverse: 5°ACACATIGGGGGTAGGAACA-3
c-Fos. Forward: 5-GTGAAGACCGTGTCAGGAGG-3
Reverse: 5-TCTGOGCAAAAGTCCTGTGT-3"
MMPO Forward: 5-GAAGGCAMCCCTGTGTGTT
Reverse: AGAGTACTGCTIGCCCAGGA -3
TRACP Forward: ACGGCTACTTGOGGTTTCA-
Roverse: 5-TCCTTGGGAGGCTGGTCTT3
cTSK. Forward: AGGCGGCTATATGACCACTG-3"
Roverse: TCTICAGGGCTTTCTCRTTC 3"
NFATC1 Forward: 5 GGTGCTGTCTGGCCATAACT <
Roverse: 5 GAAACGCTGGTACTGGCTTC 3
DC-STAMP  Forvard: 5- TCTGCTGTATCGGCTCATCTC -3

Roverse: 5-ACTCCTIGGGTICC TTGCTT-3"
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