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Editorial on the Research Topic 


The Challenge of New Therapeutic Approaches for Unmet Therapeutic Needs


In light of the recent worldwide emergency caused by the coronavirus disease (COVID-19), it has become even more urgent that we solve unmet medical needs (UMNs). The COVID-19 pandemic has placed national health systems, as well as scientific research communities under enormous pressures in terms of drug repositioning, which is considered to be the quickest possible transition from bench to bedside for UMNs (Singh et al., 2020). Conceived before the pandemic occurred, this Research Topic is topical and relevant to this context but does not fully address the pitfalls of COVID-19 management. As many working in this area are aware, the larger the disease burden, the greater the degree to which important needs are not met. Consistently, clinical testing and the approval of new medicines involves an accelerated authorization procedure. According to the article 4 paragraph 2 of the Commission Regulation EC (No. 507/2006 of 29 March 2006), the conditional authorization of medicinal products for human use (falling within the scope of Regulation, EC No. 726/2004 of the European Parliament and the Council UMN) takes place when there is “a condition for which there exists no satisfactory method of diagnosis, prevention or treatment in the Union or, even if such a method exists, in relation to which the medicinal product concerned will be of major therapeutic advantage to those affected”.

This topic is focused around a review by Scavone et al. entitled “The New Paradigms in Clinical Research: From Early Access Programs to the Novel Therapeutic Approaches for Unmet Medical Needs”, an extended review which describes the regulatory framework and the more importantly, criticism of new drugs covering UMNs. The other 16 papers in this Research Topic include reviews and research papers which cover an apparent and high heterogeneity of subjects. This collection aims to reflect on a number of important UMNs in different medical areas, to address the lack of a real consensus on the definition and interpretation of UMN (Vreman et al., 2019). Consistently, a search on PubMed.gov using the keyword “unmet therapeutic needs” retrieves 5,100 results, with a variety of specific therapeutic areas that reflect the complexity of the topic. The above definition of UMN includes the concept of “satisfactory method” or, in other words, “adequate treatment” and “major therapeutic advantage”, also meaning “significant benefit”. This implies: (i) a degree of disease severity or burden; (ii) a lack of effective drugs; (iii) the existence of non-responders among the treated patients; (iv) poor adherence to the prescribed regimen affecting the extent of concordance or compliance in medicine taking, and therefore conditioning the pharmacotherapy response; (v) the need for safer drugs; and (vi), that the route of drug administration is eventually related to the delivery formulation, to improve both the pharmacokinetic and the compliance in medicine taking. These are the main areas covered by the papers collected in the present Research Topic.

One of the areas where the UMNs are evident is oncology. The burden of cancer and mortality is associated with a need to face up to these different challenges (Smith et al., 2015). This Research Topic includes several exemplary studies. For instance, the paper “Transcriptome-Wide Effects of Sphingosine Kinases Knockdown in Metastatic Prostate and Breast Cancer Cells: Implications for Therapeutic Targeting” by Alshaker et al., which studied oncogenic signaling to explore the potential advantages of certain molecular therapy combinations in targeting prostate and breast cancers, which reveals the importance of the RNA transcriptome microarray analysis.

A research snapshot article by Sakhnevych et al. on “Mitochondrial Defunctionalization Suppresses Tim-3-Galectin-9 Secretory Pathway in Human Colorectal Cancer Cells and Thus Can Possibly Affect Tumor Immune Escape”, further indicates the importance of understanding oncogenic signaling and how it controls immune escape. This enables medical practitioners to select the correct therapeutic targets and develop new approaches for immunotherapy of cancer.

Personalized medicine emphasizes the importance of predicting which patients can experience the best benefits, as well as in anticipating adverse effects. A paper from Giri and Aittokallio on how “DNMT Inhibitors Increase Methylation in the Cancer Genome” approaches this topic, identifying 638 novel hypermethylated molecular targets that influence responses to DNA methyltransferase inhibitors. The synergic effect of different compounds to improve the long-term survival of oncologic patients subjected to conventional chemotherapy is another topic of interest. Accordingly, a prototype for a novel antileukemic therapy is described by Trachtenberg et al., exploring the “Synergistic Cytotoxicity of Methyl 4-Hydroxycinnamate and Carnosic Acid to Acute Myeloid Leukemia Cells via Calcium-Dependent Apoptosis Induction”.

The topic of dose reduction, as a way of limiting multiple the side effects of chemotherapeutic regimens, is critical to solving at least part of the UMNs in oncology. Paclitaxel together with other microtubule inhibitors, such as nocodazole and vinorelbine dose-response curves, were investigated by Potashnikova et al. in the study “Non-linear Dose Response of Lymphocyte Cell Lines to Microtubule Inhibitors”, who demonstrate, at the cellular level, how the dose can influence the clinical response in terms of cell cycle arrest and cell death. The development of new formulations, and how these are applied to oncology is also reported. The paper on “Paclitaxel-Loaded Nanosponges Inhibit Growth and Angiogenesis in Melanoma Cell Models” by Clemente et al. assess the problem of how an already existing agent, like paclitaxel, could increase the positive efficacy/risk ratio through an innovative technological approach, based on nanoformulation.

A wide spectrum of nanoformulations is constantly under investigation, to address the need for improving the pharmacological and therapeutic properties of drugs (Bamrungsap et al., 2012). Apart from the study of paclitaxel-loaded nanosponges cited above, an example of functionalized gold nanoparticles is also described by Yasinska et al. The paper “Targeting of Basophil and Mast Cell Pro-Allergic Reactivity Using Functionalised Gold Nanoparticles”, discuss how gold nanoparticles can be used as a platform for the non-toxic delivery of signaling inhibitors, circumventing the side effects of toxic agents such as calcineurin inhibitors, and thus furnishing potential new antiallergic drugs based on a disease-modifying approach (targeting allergic effector cells).

The review articles by Ingusci et al. on “Gene Therapy Tools for Brain Diseases“ and by Chazot et al. on “Histamine and Delirium: Current Opinion” focus the attention on another therapeutic area known to present a number of UMNs, the area of cognitive disorders and other central nervous system disorders, including neurodegenerative diseases. The specific topic of brain disease is very complex and wide. The UMNs in this context are related to unique biological/pathological mechanism(s) that reflect the many as yet unaddressed facets of diseases (Smith et al., 2019). Therefore, as described by Ingusci S. and colleagues, gene therapy represents an attractive option that could address this gap. This Research Topic reports a paper on the search for new antiepileptic drugs is reported, however, an exhaustive exploration of the UMNs for brain disease would require a dedicated issue in itself. Another paper on how “Embelin Prevents Seizure and Associated Cognitive Impairments in a Pentylenetetrazole-Induced Kindling Zebrafish Model” by Kundap et al. discusses the development of a new drug, embelin (produced by Embelia ribes), a potential candidate against chronic epilepsy-related cognitive dysfunction with an improved efficacy/risk ratio (retarding seizure and improving cognitive impairment).

This Research Topic also includes another approach to different therapeutic areas such as pathological bone resorptive diseases, osteoporosis, periodontitis, and rheumatoid arthritis. Outlining the novel imidazole derivative KP-A038, Ihn et al. describe the “Inhibitory Effect of KP-A038 on Osteoclastogenesis and Inflammatory Bone Loss Is Associated With Downregulation of Blimp1”. Durante et al. also write about the “Effects of PARP-1 Deficiency and Histamine H4 Receptor Inhibition in an Inflammatory Model of Lung Fibrosis in Mice”. Their focus on lung fibrosis, is based on the new target identification approach, expanding this concept to the possibility of a combination strategy to improve the benefit/risk ratio adding the selective inhibition of the histamine H4 receptor to non-toxic doses of selective PARP-1 inhibitors.

This idea of the identification of a new potential target to solve pitfalls in the effectiveness of existing therapies reflects the review “Glucocorticoid-Induced Leucine Zipper: A Novel Anti-inflammatory Molecule” by Bereshchenko et al., which provides a clear and complete description, focusing on how a consolidated therapeutic area like inflammation, should involve the design of new therapeutic approaches to improve the glucocorticoids benefit/risk ratio.

According to the WHO, cardiovascular diseases (CVDs) are the leading cause of death worldwide. Therefore, CVDs represent another important area in which UMNs persist. Two papers approach this specific topic: the one by Huang et al. entitled “Rolipram, a PDE4 Inhibitor, Enhances the Inotropic Effect of Rat Heart by Activating SERCA2a” and another by Loi et al. on how “Metformin Protects the Heart Against Hypertrophic and Apoptotic Remodeling After Myocardial Infarction”. The first used the prototype of phosphodiesterase-4 inhibitors to validate this target in developing agents for the treatment of heart failure. The second one examined the opportunity of a drug repositioning approach in the treatment of hypertrophic remodeling after myocardial infarction. As an approach, the latter could have important clinical benefits in reducing the experimental time and is based on a well-known commercially available drug-like metformin in the specific.

Some research on UMNs examines polychemical medical approaches, such as those used in Traditional Chinese Medicine, as a possible way to fill that gap (Cheng, 2015). In the paper “Epigoitrin, an Alkaloid From Isatis indigotica, Reduces H1N1 Infection in Stress-Induced Susceptible Model in vivo and in vitro” by Luo et al., this approach is validated by the consistency of preparation, evidence-based clinical efficacy, safety, and knowledge of the mechanism of action.

In conclusion, this Research Topic (containing 3 review articles, 1 mini-review, 3 brief research reports, 1 research snapshot, and 9 original research papers) explores and exemplifies the main challenges in approaching the UMNs. These include: (i) the identification of disease etiopathology and the underlying determinant molecules; (ii) the development of new drugs against novel targets or agents with higher selectivity for existing targets to improve the positive efficacy/risk ratio of the available therapeutic options; and (iii), new strategies for drug administration that could offer better clinical outcomes.
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Stress has been proven to modulate an individual’s immune system through the release of pituitary and adrenal hormones such as the catecholamines, growth hormone, and glucocorticoids. These signal molecules can significantly alter the host immune system and make it susceptible to viral infection. In this study, we investigate whether epigoitrin, a natural alkaloid from Isatis indigotica, provides protection against influenza infection by reducing the host’s susceptibility to influenza virus under stress and its underlying mechanism. To support it, the mouse restraint stress model and the corticosterone-induced stress model were employed. Our results demonstrated that epigoitrin significantly decreased the susceptibility of restraint mice to influenza virus, evidenced by lowered mortality, attenuated inflammation, and decreased viral replications in lungs. Further results revealed that epigoitrin reduced the protein expression of mitofusin-2 (MFN2), which elevated mitochondria antiviral signaling (MAVS) protein expression and subsequently increased the production of IFN-β and interferon inducible transmembrane 3 (IFITM3), thereby helping to fight viral infections. In conclusion, our study indicated that epigoitrin could reduce the susceptibility to influenza virus via mitochondrial antiviral signaling.

Keywords: epigoitrin, influenza virus, stress-induced susceptibility, MFN2, MAVS


INTRODUCTION

Influenza A viruses (IAVs), highly contagious pathogens, are responsible for severe respiratory infection in humans and animals worldwide with pandemic potential (Chen et al., 2018). At present, antiviral drugs and vaccines are the main treatment for IAVs infection. Due to the high mutation rate and antiviral-drug-resistant strains of IAVs (Kumar et al., 2018), developing vaccines and anti-viral drugs for IAVs infection are still full of challenges. Hence, there is an urgent need to identify novel antiviral therapies or complementary strategies.

Many herbal extracts or natural products have been demonstrated to possess potent anti-influenza, preventive and immunomodulatory effects. The dry root of Isatis indigotica (Ban Lan Gen, BLG), a traditional Chinese medicine, has been used for anti-influenza in clinics over thousands of years in China (Zhou and Zhang, 2013). Chemical studies showed that BLG contains various compounds such as alkaloids, nucleosides, amino acids, organic acids (Xiao et al., 2014). Epigoitrin as an alkaloid was used as a marker compound of BLG in the 2015 edition of the Chinese Pharmacopoeia (National Pharmacopoeia Commission, 2015). It has previously been reported that epigoitrin exerts antiviral activity against influenza A1 virus FM1 via inhibiting virus attachment and multiplication in vitro (Xiao et al., 2016). However, no in vivo pharmacological studies confirmed the anti-influenza activities. Our previous studies indicated that restraint stress could increase the susceptibility to the influenza virus in mice and provide a useful model basis for evaluating the effectiveness of the herbal medicinal product and natural products (He et al., 2011; Tang et al., 2014; Chen et al., 2017). It is well known that stressful events take a toll in the development of disease, especially in infectious disease. Stressors can increase susceptibility to infectious agents, dysregulate the humoral and cellular immune responses to pathogens and increase the risk of catching infectious diseases. Restraint is a commonly used stressor for mice. Mice are placed in tubes with holes such that they can breathe and move forward or backward but cannot turn around, which is often applied overnight during the most active time for mice (Glaser and Kiecolt-Glaser, 2005). Moreover, influenza and pneumonia are the fifth leading cause of death among individuals over 50 years old, which was related to greater immunological impairments associated with distress or depression in the old than that in the young (Glaser and Kiecolt-Glaser, 2005). Accordingly, stress-related immune disorders may be a core mechanism behind multiple infectious diseases, and if antiviral drugs or compounds have the ability to regulate stress-mediated immune disorders, they might play a more important role in the treatment of influenza. In this study, we employed the restraint-stress induced susceptible model to investigate the preventive effects of epigoitrin on influenza infection and its related mechanisms.



MATERIALS AND METHODS

Compounds

Epigoitrin with 98% purity was purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Oseltamivir was obtained from Yichang Changjiang Pharmaceutical Co., Ltd. (Wuhan, China). Corticosterone was purchased from Sigma (MO, United States).

Virus

The human HlN1 prototype strain, mouse-adapted A/FM/1/47 virus (Smeenk and Brown, 1994), was provided by College of Veterinary Medicine of South China Agricultural University (Guangzhou, China). Viruses were propagated in the allantoic cavities of specific-pathogen-free fertilized eggs. The allantoic fluid containing virus was harvested and stored in aliquots at −80°C until used. Median tissue culture infective dose (TCID50) was measured in MDCK cells and calculated according to the Reed-Muench formula after serial dilution of the stock. Amounts of 10 TCID50 value were used for viral infection in all the cell experiments.

Mice and Experimental Design

Specific-pathogen-free male Kunming mice with 4 weeks of age and weighing 12–15 g were purchased from Guangdong Medical Laboratory Animal Center (Guangzhou, China). The animals performed in this study were housed in plastic cages and lived under standard laboratory conditions. Animal experiments were approved by the Animal Care and Use Committee of Jinan University (Approval ID: SYXK 20150310001) and performed in compliance with the National Institute of Health’s Guide for the Care and Use of Laboratory Animals (7th edition, United States).

To evaluate the anti-influenza virus effects of epigoitrin on mice loaded with restraint stress, mice were randomly distributed to six groups: Control, Virus, “Restraint + Virus,” Oseltamivir (30 mg/kg/d oseltamivir + restraint + virus), Epigoitrin-L (88 mg/kg/d epigoitrin + restraint + virus), and Epigoitrin-H (176 mg/kg/d epigoitrin + restraint + virus). Oseltamivir and epigoitrin were administered orally to mice for 7 consecutive days, while other groups were received oral administration of water only. After the first day of administration, mice except those in Control and Virus groups were physically restricted in the plastic centrifuge tube of 50 mL with holes for 22 h. On the second day after restraint, mice were anesthetized by inhalation of diethyl ether vapor and then were inoculated intranasally with 500 PFU Influenza virus in PBS. Subsequently, the daily changes of mice in survival and their typical influenza symptoms, including hunched back, ruffled fur, altered respiration and unresponsiveness, were observed and recorded for 21 days or until death. The morbidity of the mouse was estimated when its weight was decreased over 1 g⋅d−1. The survival rate was also calculated.

Mice were weighed and euthanized after 5 days post infection (dpi), and the lungs were removed and weighed. The lung index was calculated according to the formula: Lung index (mg/g) = lung weight/body weight. Samples of lung tissue were reserved for histopathological examination, virus titers, and western blotting analysis.

The second animal experiment was conducted to investigate the effect and mechanism of epigoitrin on type I IFN secretion in stressed mice. Mice were distributed at random to five groups: Control, Virus, “Restraint+Virus,” Epigoitrin-L, and Epigoitrin-H. The following treatment was the same as described above. The lung tissues were collected to determine the protein expressions related with IFN-β and MAVS signaling. To explore the effects of epigoitrin on corticosterone level, Mice were randomly divided into four groups: Virus, “Restraint+H1N1,” Epigoitrin-L and Epigoitrin-H. On the second day after restraint, mice were challenged with virus. Blood samples were collected from the heart to determine the plasma corticosterone levels. For investigating the anti-viral activity against H1N1 in unstressed mice, Mice were orally administered with epigoitrin-L (88 mg/kg/d epigoitrin + virus) and epigoitrin-H (176 mg/kg/d epigoitrin + virus) for 7 days prior to H1N1 infection. After 5 dpi, Lung samples were collected for TCID50 assay.

Histological Analysis of Lung Injury

The lungs of the mice were fixed in 10% neutral buffered formalin and processed routinely. Paraffin sections, 5–10 μm thick, were stained with hematoxylin and eosin and then examined under microscopy in a blinded fashion. Pathological changes were scored based on the criteria (Fang et al., 2011): 0, no pneumonia; 1, mild interstitial pneumonia (<25% of the lung); 2, moderate interstitial pneumonia (25–50% of the lung); 3, severe interstitial pneumonia (>50% of the lung). The sums of scores of different animals were averaged.

Quantification of Cells and Measurement of Cytokines From Bronchoalveolar Lavage Fluid (BALF)

Mice were anesthetized after 5 dpi and lungs were lavaged by instillation and withdrawal of 1 ml PBS through a tracheal cannula and BAL fluid (BALF) was collected. Total BAL cell numbers were determined using a hemocytometer. After centrifuged at 1500 rpm at 4°C for 5 min, Supernatants were collected to determine the levels of TNF-α and IL-1β using enzyme-linked immunosorbent assay (ELISA) kits (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer’s protocol, and compared with known standards. Cell pellets were resuspended in 200 μl PBS and cellular infiltration was assessed on Wright-Giemsa-stained slides (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Determination of Corticosterone Level in Plasma

Corticosterone was extracted from the plasma and quantified by HPLC as we previously reported (Chen et al., 2017). Briefly, the plasma was collected from blood samples pretreated with 10 μl of heparin after centrifugation at 2500 × g for 10 min. Cortisol solution (100 μl, 500 ng/ml) as an internal standard was mixed into plasma (1 ml), and then were extracted by mixing with 2 ml of ethyl acetate thoroughly for three times. The organic phase was collected, washed, and evaporated under nitrogen. The residue was dissolved and analyzed by HPLC with a UV detection at 254 nm (Agilent 1200).

Cell Culture and Treatment

Human alveolar epithelial cell line (A549) and Madin-Darby canine kidney (MDCK) cells were grown at 37°C in 5% CO2 atmosphere in Dulbecco’s modified Eagle’s medium (DMEM; high glucose, with L-glutamine) supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin, and 100 μg/ml streptomycin. For simulating the stress-induced susceptibility to influenza virus infection in vitro, corticosterone, an indicator of the stress response, was employed to establish a “Corticosterone + Virus” A549 cell model. Cells were treated with corticosterone (100 μM) for 48 h and then infected with 10 TCID50 for 12 h. Based on the “Corticosterone + Virus” model, we then evaluate the antiviral activity of epigoitrin against IAVs. Cells pretreated for 2 h with different concentrations of epigoitrin were challenged with corticosterone for 48 h in the presence of epigoitrin prior to infection, then was infected with H1N1 influenza virus of 10 TCID50 for 1.5 h. Twelve hours post infection (hpi), the cells were harvested for RT-qPCR and TCID50 assay.

Viral RNA Quantification by RT-qPCR

Total RNA was extracted using TRIzol reagent (Invitrogen) at indicated time according to manufacturer’s instructions. RNA concentrations were determined by optical density measurement at 260 nm on a spectrophotometer (Thermo Fisher Scientific) and cDNA was synthesized from the purified RNA by both random and oligo (dT) priming using an iScript cDNA synthesis kit (Bio-Rad). Intracellular NP and IFN-β RNA levels were measured using the SYBR green method (Applied Biosystems) on a reverse transcription (RT) machine (CFX ConnectTM; Applied Biosystems) and the relative values of Actin. The fold induction of viral RNA or innate immune genes over the levels of induction for either mock-infected cells or DMSO-treated control cells was calculated. Primer sequences were as follows: NP forward, 5′-CAGGTACTGGGCCATAAGGAC-3′, and reverse, 5′-GCATTGTCTCCGAAGAAATAAG-3′; IFN-β forward, 5′-CTTACAGGTTACCTCCGAAACTGAA-3′, and reverse, 5′-TTGAAGAATGCTTGAAGCAATTGT-3′; Actin forward, 5′-TGACGTGGACATCCGCAAAG-3′, and reverse, 5′-CTGGAAGGTGGACAGCGAGG-3′.

TCID50 Assay

Briefly, a confluent monolayer of MDCK cells grown in 96-well plates were washed two times with PBS and then inoculated with threefold serial dilution of the virus-containing supernatants in DMEM for 2 h. The inoculum was removed, and cells washed and incubated with 200 μL DMEM containing 1 μg/mL TPCK-trypsin. After 48 h of incubation, the cytopathic effect was scored microscopically, and the TCID50 dose was calculated according to the Reed–Muench methods.

Immunofluorescence Assay (IFA)

Cells from each group were fixed with 4% paraformaldehyde for 30 min, and then were permeabilized with 0.1% Triton-X100 for 5 min. After blocking with 2% bovine serum albumin for 20 min, they stained with a rabbit polyclonal antibody against NP (GTX125989) or a mouse Monoclonal antibody against MFN2 (ab56889, Abcam, United States) in 1:100 dilution at 4°C for 12 h. The secondary antibodies conjugated with Alexa Fluor 488 anti-mouse IgG in 1:200 dilution or 555 conjugated goat-rabbit IgG (Life Technology, NY, United States) in 1:200 dilution were applied for 45 min at room temperature. Nuclei were counterstained with DAPI (Beyotime, Shanghai, China), and the cells were visualized and analyzed using a confocal laser scanning microscope.

Lung Histopathology and Virus Titers

Lungs from each group of mice after 5 dpi were removed and immediately fixed in 4% buffered formalin. Subsequently, the lung tissue was embedded in paraffin wax and 4 μm thick sections were sliced and stained with hematoxylin and eosin (H&E). For determination of virus titer in lung, lung tissues from euthanized mice were aseptically removed and homogenized in DMEM plus antibiotics to achieve 10% (w/v) suspensions, followed by centrifuged at 1400 g for 20 min at 4°C. TCID50 assay was performed to determine the infectivity of virus in the supernatant as described above.

EGFP-MFN2 Plasmid Transfection

A549 cells were cultured on 6-well plate (NEST Biotech) in 50000 cells/ml and subsequently prepared for EGFP-MFN2 (TransGen Biotech) transfection to reach 50–60% confluence. A non-targeting vector (TransGen Biotech) was used as negative control. The transfection, using Lipofectamine® LTX & PLUSTM Reagent (Invitrogen), was carried out as described in the instructions of the manufacturer. Forty eight hours after transfection, cells were infected with 10 TCID50 H1N1 for 2 h. Subsequently, cells were performed to western blotting analysis at 12 hpi.

Western Blotting Analysis

For immunoblotting analysis, lung samples and cell lysates lysed by RIPA buffer (Beyotime, China) were resolved by SDS–PAGE and transferred to the polyvinylidene fluoride membrane (Millipore, United States). Immunoblots were visualized by the ECL system (Fdbio Science, China). The following antibodies were used in immunoblotting analysis: antibodies for anti-IFITM3 (1:2,000), anti-MFN2 (1:2,000), anti-IFN-β (1:500) antibody and anti-IL-1β (1:1,000) were from Abcam. β-actin antibody (1:2,000) was purchased from Fude Biotechnology. Anti-phospho-IRF3 (1:1,000), and anti-TNF-α (1:2,000) antibodies were purchased from Cell Signaling Technology. Anti-MAVS (1:500) antibodies were obtained from Proteintech Group. β-actin was used as an internal control and the relative densities of the measured protein were quantified by image J software.

Statistical Analysis

All data are expressed as mean ± standard deviation (SD) from at least three independent experiments. Differences during experiments were analyzed by unpaired one-way ANOVA (Tukey test) of the GraphPad Prism 5 system. Kinetics of mortality and morbidity are analyzed by Kaplan–Meier curves and log-rank test with Bonferroni adjustment. A value of P < 0.05 was defined as statistically significant.



RESULTS

Protective Effects of Epigoitrin on Influenza Infection in Restraint-Stress Mice

To establish a susceptible animal model, mice were loaded with restraint stress for 22 h before H1N1 virus challenge were employed. The experimental mice were monitored daily for 21 days. Compared with “H1N1” group, the emergence of clinical symptoms, including lack of appetite, inactivity, ruffled fur, a hunched posture and respiratory distress had an earlier tendency in “Restraint stress + H1N1” group (Figure 1A). Moreover, the morbidity of “Restraint stress + H1N1” group increased to 100% (Figure 1B). These results suggested that restraint stress could exacerbate clinical development of influenza disease and make the host susceptible to the influenza virus. Based on this model, the protective effects of epigoitrin against H1N1 virus in mice were investigated. As shown in Figures 1C,D, mice in the “Restraint stress + H1N1” group had a higher morbidity rate (100% vs. 83%) and lower mean time to sickness (6.33 ± 0.89 vs. 8.43 ± 5.36 days) compared to the “H1N1” alone group. Likewise, the survival rate of “Restraint stress + H1N1” group decreased from 71 to 50.0% compared with the “H1N1” alone group (P < 0.01), and the mean day to death (MDD) decreased from 17.29 ± 6.16 to 10.86 ± 5.7 days (P < 0.05). However, the administration of epigoitrin at 176, 88 mg/kg/d saved 50 and 29% of “Restraint stress + H1N1” group, respectively, and prolonged MDD with a lower morbidity sign. As a positive control, oseltamivir remarkable decreased the morbidity rate to 38% and markedly raised the survival rate to 92%. These results demonstrated that epigoitrin treatment effectively increased survival rate and protected mice from lethal infection with influenza.
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FIGURE 1. Epigoitrin attenuated the morbidity and mortality caused by influenza infection in stressed mice. (A,B) Healthy curve and morbidity caused by influenza infection in restraint mice. (C,D) Survival curve and mortality caused by influenza infection in restraint mice. “W/O epigoitrin” indicates without epigoitrin treatment. Epigoitrin-H and Epigoitrin-L, respectively, represent the higher dose of epigoitrin (176 mg/kg/d) and the lower dose of epigoitrin (88 mg/kg/d). The difference was considered statistically significant at ∗P < 0.05 vs. H1N1 group; #P < 0.05 and ##P < 0.01 vs. “Stress+H1N1” group. Data were obtained from 10–14 animals in each group.



Effects of Epigoitrin on Influenza Infection in the Lung of Restraint-Stress Mice

To further evaluate the therapeutic efficacy of epigoitrin against influenza infection in stressed mice, virus titers in the lung were measured after 5 dpi. No virus was detected in lung tissues of the Control group. The virus titer in “Restraint stress + H1N1” group was significantly higher than that in “H1N1” alone group (4.35 ± 0.50 vs. 2.40 ± 0.39 Log10 TCID50/ml), whereas virus titer were 2.55 ± 0.25 Log10 TCID50/ml and 4.13 ± 0.37 Log10 TCID50/ml in the high- and low-dose epigoitrin-treated groups (Figure 2A), respectively. H1N1 virus titers in stressed mice after epigoitrin treatment markedly decreased. Histopathological examination by H&E staining was performed to investigate pathological changes after virus infection. As shown in Figure 2C, mild inflammatory cell infiltration was observed in the lungs of mice infected H1N1 virus. More severe inflammatory cell infiltration in the interstitium and alveoli (Figure 2D) were found in the “Restraint stress +H1N1” group. Meanwhile, a higher lung index and histopathological score presented in the “Restraint stress + H1N1” group (Figures 2B,C), compared to the “Virus” alone group. In contrast, treatment with oseltamivir, or epigoitrin-H significantly reduced the numbers of total cell and infiltration of neutrophils, monocytes and lymphocytes in BALF (Figures 2E,F) with a lower index and histopathological score. Moreover, epigoitrin treatment effectively lowered TNF-α and IL-1β levels in BALF from “Restraint stress + H1N1” group (Figure 2G).
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FIGURE 2. Epigoitrin protected against pneumonia caused by influenza infection in stressed mice. (A,B) The effects of epigoitrin on the viral titres in the lungs (n = 4) and the lung index (n = 6). (C,D) Lung pathological scores (n = 3) and histopathologic changes on the 5th day after influenza virus challenge, stained by H&E (scale bar = 50 μm). (E,F) Effects of epigoitrin on the changes of types of infiltrated inflammatory cells and cell numbers in BALF (scale bar = 100 μm). (G) Effects of epigoitrin on the levels of TNF-α, IL-1β in BALF (n = 4). The difference was considered statistically significant at ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. H1N1 group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. “Stress+H1N1” group.



Epigoitrin Improved the MAVS Antiviral Signaling Pathway in Restraint Stressed Mice

Previous studies had suggested that restraint stress-induced influenza viral susceptibility was closely related to innate immunity (Glaser and Kiecolt-Glaser, 2005). After infection, H1N1 virus mRNA was recognized by RIG-I/MAVS/IRF3 pathway and induced type I IFNs secretion, which could suppress viral replication, boost adaptive immunity, and limit acute lung injury (Arimori et al., 2013; McNab et al., 2015). To confirm that the differences in virus pathogenicity between the “Restraint stress + Virus” and epigoitrin groups were due to an improvement in type I IFNs pathway, the expression levels of protein related to this pathway were evaluated. The protein expressions of MAVS, IFN-β and IFITM3 were assayed in the lung tissue. Large increases in the protein expressions of MAVS, IFN-β, and IFITM3 were observed upon viral infection. Compared to the “H1N1” group, restraint stress obviously reduced these protein expressions with a higher MFN2 level. However, this process was improved by epigoitrin treatment (Figure 3A). Stressors could activate the hypothalamic-pituitary-adrenal axis and thereby trigger increases in stress hormone levels, which lead to dysregulation of immune function. Our previous study revealed that restraint stress-induced influenza viral susceptibility was specifically associated with corticosterone secretion (Chen et al., 2017). Hence, effects of epigoitrin on corticosterone level in the plasma of stressed mice were investigated. As show in Figures 3B,C, restraint stress significantly elevated the plasma corticosterone levels and the expression of MFN2 and virus nucleoprotein (NP) in lungs of mice. Interestingly, Epigoitrin-H and Epigoitrin-L had no significant effects on the plasma corticosterone level, but decreased the protein level of MFN2 and NP in stressed mice. It could be inferred that restraint stress-induced influenza viral susceptibility might be associated with corticosterone secretion. Epigoitrin treatment would boost resistance to influenza through the mitochondrial antiviral signaling pathway independent of inhibiting corticosterone secretion.


[image: image]

FIGURE 3. Epigoitrin improved MAVS antiviral signaling after influenza infection in stressed mice. (A) Effects of epigoitrin on MFN2, MAVS, IFN-β, and IFITM3 protein expressions in the lung tissues. (B) Effects of epigoitrin on corticosterone level in the plasma. (C) Effects of epigoitrin on MFN2, NP protein expressions in the lung tissues. Actin was used as an internal control and the relative densities of the measured protein were quantified by image J software. ∗∗∗P < 0.001 vs. H1N1 group; ns, no significance (P ≥ 0.05) vs. Stress+H1N1 group.



Epigoitrin Reduced H1N1 Viral Expression in Corticosterone-Loaded A549 Cell

According to the results of animal experiments (Figure 3B), restraint stress-induced influenza viral susceptibility was associated with corticosterone secretion. Thus, corticosterone was utilized to establish a stress-induced susceptibility model in vitro. The gene expression of NP was assessed to reflect the viral replication level. As shown in Figure 4A, the intracellular viral abundance in the cells treated with corticosterone and H1N1 was significantly higher than that in cells only treated with virus at 12 and 24 hpi. The susceptibility to H1N1 infection caused by corticosterone is independent of viral entry, because there was no statistically significant difference in NP gene expression between the two groups level at 1 hpi. Based on this model, we examined the antiviral effects of epigoitrin. A dose-dependent inhibition in the mRNA expression of NP was observed in cells pretreated by epigoitrin compared with levels in untreated cells after corticosterone load (Figure 4B). However, this preventive effect of epigoitrin on NP gene expression in H1N1 susceptibility model may be not due to its direct antiviral ability, because epigoitrin pretreatment had no significantly inhibitory effect on the expression of viral gene NP in A549 cell (Figure 4C) and virus titer in the lungs of unstressed mice after H1N1 infection (Figure 4D). These result were consistent with the fact that pre-treatment with epigoitrin didn’t exert a prophylaxis effect on H1N1 infection (Xiao et al., 2016).
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FIGURE 4. Epigoitrin reduced H1N1 viral expression in corticosterone-loaded A549 cell. (A) A549 cells were treated with or without corticosterone (100 μM) for 48 h before viral infection and the NP gene expression were measured by RT-qPCR at the indicated time. (B,C) Effects of epigoitrin on the NP gene expression in H1N1-infected A549 cell pretreated with or without corticosterone. (D) Effects of epigoitrin on the viral titers of lungs in stressed or unstressed mice (n = 4). The difference was considered statistically significant at ∗∗P < 0.01, ∗∗∗P < 0.001 vs. H1N1 group; #P < 0.05 vs. corticosterone +H1N1 group; ns, no significance (P ≥ 0.05) vs. H1N1 group.



Epigoitrin Inhibited H1N1 Replication Through Promoting IFN-β Generation in Corticosterone-Induced Viral Susceptibility Model

To further investigate the protective effect of epigoitrin on reducing influenza susceptibility in vitro, NP protein levels and virus titers were measured. As shown in Figure 5A, no immunofluorescence of viral NP was found in the “Control” and “Corticosterone” group. A significant increase of red fluorescence intensity (Figure 5B) and virus titer (Figure 5C) were observed in H1N1-infected cells with corticosterone pretreatment, which could be attenuated by epigoitrin treatment. Moreover, in cells pretreated with corticosterone, the expression levels of H1N1-triggered IFN-β gene (Figure 5D) and protein (Figure 5E) were significantly reduced, while epigoitrin treatment improved their production and reduced viral NP protein.
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FIGURE 5. Epigoitrin inhibited H1N1 replication and promoted IFN-β generation after influenza infection in stress cell model. (A) Cells stained for influenza A virus NP at 12 hpi (red) and the cell nuclei were stained by DAPI (blue). Bar = 50 μm. (B) The total fluorescent intensity was determined to reflect the levels of NP. (C) Related infectious viral titer was detected by TCID50 assay. (D,E) Effects of epigoitrin on IFN-β gene and protein expression were analyzed by qRT-PCR and Western blotting. The difference was considered statistically significant at ∗∗P < 0.01, ∗∗∗P < 0.001 vs. H1N1 group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. corticosterone +H1N1 group.



MFN2 Was Engaged in the Regulation of IFN-β Production by Epigoitrin in Corticosterone-Induced Viral Susceptibility Model

The antiviral RIG-I-like Receptor (RLR) signaling played a key role for IFN-β production in the mammalian immune response during H1N1 infection. Accumulated findings had unveiled that mitochondrial dynamics participated in RLR signaling transduction, functioning as signaling platforms and contributing to effector responses (West et al., 2011). MFN2, a mitofusin protein, had been shown to interact with MAVS and suppressed MAVS activating the IFN-β generation (Yasukawa et al., 2009). To examine the effects of MFN2 overexpression on H1N1 infection, we transfected cells with EGFP-MFN2 for western blot analysis. H1N1-infected cells showed higher IFN-β, an indicator of RLR signaling activation, and lower NP production when compared to cells transfected with MFN2. Moreover, higher MAVS expression was also noted in H1N1-infected cells without MFN2 transfection while lower antiviral activity appeared in the MFN2-overexpressing cells (Figure 6A). Hence, to explore whether epigoitrin could down-regulate the level of MFN2 protein and improved the MAVS antiviral signaling in H1N1 susceptibility model. Increased MFN2 protein was detected in both “Corticosterone” and “Corticosterone +Virus” groups, which resulted in a decreased level of the MAVS antiviral signaling-related proteins, MAVS, p-IRF3, and IFITM3. However, epigoitrin treatment could reduce the MFN2 protein expression and improve MAVS antiviral signaling-related proteins production (Figure 6B). We also determined the effect of epigoitrin on MFN2 expression by immunofluorescence and the results were coincided with that from western blotting (Figure 6C).


[image: image]

FIGURE 6. MFN2 was involved in the regulation of IFN-β production by epigoitrin in stress cell model. (A) Effects of EGFP-MFN2 overexpression on H1N1 infection. (B) The levels of protein expression by the MFN2, MAVS, p-IRF3, and IFITM3 gene relative to the level of β-actin expression were determined using the respective antibodies. (C) Representative fluorescence images showing the levels of MFN2 protein expression. Bar = 20 μm.





DISCUSSION

Previously, we had utilized restraint stress, a commonly used stressor to establish mouse H1N1 susceptibility model and evaluate the anti-viral effect of medicines and compounds. Based on this model the protective effect of epigoitrin on influenza susceptibility in vivo was evaluated. Our results showed that substantially increased morbidity and mortality in restraint stress animals challenged with H1N1 virus. Moreover, restraint stress also significantly increased the virus titer and induced excessive production of pro-inflammatory cytokines such as IL-1β, TNF-α, which aggravated pathological changes of the lung tissues in H1N1-infected mice. In comparison, treatment with epigoitrin prior to infection led to improvement of these pathological indicators and reduced the risk of influenza virus infection in restraint-stressed mice.

The principal peripheral effectors of the stress system are glucocorticoids, which are regulated by the hypothalamic–pituitary–adrenal axis (Chrousos, 2009). Studies indicated that restraint stress-induced influenza viral susceptibility was associated with corticosterone secretion (Konstantinos and Sheridan, 2001; Chen et al., 2017). Thus, we utilized corticosterone to establish an A549 cell stress model, and evaluated the preventive effects of epigoitrin on H1N1 infection. In the present study, we found that corticosterone in vitro could disrupt the interferon innate immune pathways and increased influenza viral susceptibility, which eventually facilitated its own replication in host cells. This effect of corticosterone-induced immunosuppression on virus infection is improved by epigoitrin. Epigoitrin treatment could improve the MAVS antiviral signaling and promoted the generation of IFN-β in corticosterone-loaded A549 cells and stressed mice following H1N1 infection.

Mitochondria were essential for triggering the cellular innate immune responses via MAVS against invading viruses, especially RNA viruses. This subsequently activated a signaling cascade that resulted in the phosphorylation and nuclear translocation of IRF3, leading to the expression of type I IFN (Iwasaki and Pillai, 2014). MFN2 acted as an inhibitor in regulating MAVS signaling independent of its function in mitochondrial fusion (Yasukawa et al., 2009). In accordance with this report, we also observed that overexpressed MFN2 dampened the generation of IFN-β following viral infection and increased H1N1 replication. The expression of MFN2 was considerably increased under restraint stress and corticosterone load, which was reduced by epigoitrin to improve the activation of MAVS antiviral signaling. These data indicated that epigoitrin could improve the suppression of innate immunity by restraint stress via downregulating MFN2 expression (Figure 7). Nevertheless, we do not know the underlying mechanism, further studies are required to investigate it.
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FIGURE 7. Schematic diagram of the mechanism of Epigoitrin-induced attenuation of H1N1 pathogenesis in the susceptible model.



In summary, our results demonstrated that epigoitrin reduced the susceptibility to H1N1 virus and the production of pro-inflammatory cytokines to alleviate pneumonia in restraint-stressed mice. Based on both the restraint-stressed mice model and corticosterone-loaded A549 cell model, epigoitrin was found to maintain MAVS antiviral signaling following H1N1 infection to ensure IFN-β production.
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Despite several innovative medicines gaining worldwide approval in recent years, there are still therapeutic areas for which unsatisfied therapeutic needs persist. For example, high unmet clinical need was observed in patients diagnosed with type 2 diabetes mellitus and hemophilia, as well as in specific age groups, such as the pediatric population. Given the urgent need to improve the therapy of clinical conditions for which unmet clinical need is established, clinical testing, and approval of new medicines are increasingly being carried out through accelerated authorization procedures. Starting from 1992, the Food and Drug Administration and the European Medicines Agency have supported the so-called Early Access Programs (EAPs). Such procedures, which can be based on incomplete clinical data, allow an accelerated marketing authorization for innovative medicines. The growth in pharmaceutical research has also resulted in the development of novel therapeutic approaches, such as biotech drugs and advanced therapy medicinal products, including new monoclonal antibodies for the treatment of asthma, antisense oligonucleotides for the treatment of Duchenne muscular dystrophy and spinal muscular atrophy, and new anticancer drugs that act on genetic biomarkers rather than any specific type of cancer. Even though EAPs and novel therapeutic approaches have brought huge benefits for public health, their implementation is limited by several challenges, including the high risk of safety-related label changes for medicines authorized through the accelerated procedure, the high costs, and the reimbursement and access concerns. In this context, regulatory agencies should provide the best conditions for the implementation of the described new tools.
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INTRODUCTION

The development of a new medicine is a long, expensive and risky process. The entire time that passes from the R&D phase until the drug’s marketing approval can last up to 15 years, and it is characterized by extremely high costs, usually exceeding $1.2 billion (Saadi and White, 2014). At the initial phase, before clinical trials can be carried out in humans, preclinical studies on animals, which are mainly aimed to characterize the mechanisms of action, the toxicity, the dosage or route of administration of the new medicine, are provided (Andrade et al., 2016). Based on the positive results of preclinical research, the new drug can be evaluated in humans during the four main phases of the clinical development. In particular, phase I–III studies are those that evaluate the efficacy and safety profile of the new drug in humans until the marketing authorization. Differently from phase I studies, which involve healthy patients and whose study design is relatively simple, phase II and III studies enroll patients affected by the disease for which the new drug is indicated, and are characterized by a more structured study design, which is usually randomized and controlled (randomized controlled trials, or RCTs). Once the new medicine is authorized, based on data demonstrating the positive benefit/risk profile, the real-world effectiveness and safety of the drug is assessed during phase IV studies (Auricchio et al., 2017; Mascolo et al., 2017). In this last phase, pharmacovigilance is included. Therefore, the “clinical value” of a new drug is observed during a rigorous clinical program, in which it is compared with the best available treatments, if they exist (Morgan et al., 2008). Apart from the traditional design of RCT, in recent years further study designs, including umbrella, basket and platform trials, were developed and applied to new therapies, especially in the area of oncology research (Simon, 2017). The reason for the introduction of these new study designs lies in the discovery of cancer genomic features and consequently in the development of target therapies able to recognize specific oncogenes.

Despite RCTs representing the highest level of the evidence-based medicine pyramid, they suffer from several limitations in predicting effectiveness, which mainly include the limited duration, the highly controlled setting, and the exclusion of frail populations, including children, the elderly, pregnant women, as well as patients affected by multiple diseases and those receiving concomitant medications (Wang et al., 2018). Furthermore, during the premarketing phase, the efficacy and safety data are frequently evaluated using a non-inferiority or equivalence study design and surrogate outcomes. Considering these limitations, the real value of a new drug can be confirmed only when it will be used in real life conditions (Oyinlola et al., 2016).



UNMET CLINICAL NEEDS AND EARLY ACCESS PROGRAMS

Generally, the main objective of the development of a new medicine is to respond to an unmet medical need (Kaplan et al., 2013; U.S. Department of Health and Human Services, 2014). Indeed, when a new medicine obtains the marketing authorization, the respective regulatory agency performs a global evaluation of the clinical benefit associated to the new drug as well as an evaluation of the therapeutic need. This latter action is carried out through the analysis of the global burden of the disease for which the new drug is indicated and the prediction of the trend of the disease’s burden. Both evaluations are based on epidemiological and demographic data. Those assessments include the evaluation of the Disability-Adjusted Life Year (DALYs), which is a measure of mortality and disability associated with a clinical condition, and the efficacy and safety profiles of medicines already available for treating that disease. In addition, unmet clinical need is further demonstrated when the new drug has significant effects on serious outcomes, if it demonstrates efficacy in patients who do not tolerate or do not respond to the available drug therapies, and better safety/compliance/drug-drug interactions profiles (Ujeyl et al., 2012). Although several innovative therapies were recently approved worldwide, there are still therapeutic areas for which unsatisfied therapeutic needs persist (Figure 1). Indeed, the so-called “white spots” – clinical conditions for which no efficacious treatments are approved – still exist among pharmaceutical pipelines (Papaluca et al., 2015). For example, a high unmet clinical need was observed in patients diagnosed with type 2 diabetes mellitus (T2DM), which represents an increasing health concern worldwide and is a leading risk factor for cardiovascular diseases. Bennett et al. (2014) evaluated outcomes in T2DM patients in United Kingdom general practice and described the unmet clinical need in T2DM as the failure to meet targets for blood pressure, total cholesterol, or glycated hemoglobin levels. The authors suggested that conventional therapies for T2DM are not able to manage all the clinical aspects of this condition; thus, there is a need for new therapeutic agents in order to alleviate the health and economic burden associated with T2DM (Bennett et al., 2014). Unmet needs were identified also in the management of hemophilia. Indeed, even though several improvements were made in this field, the development of inhibitors, namely the immune response that occurs in patients treated with clotting factor concentrates, negatively affects treatment (Dargaud et al., 2016). A high rate of unmet clinical needs is also found in specific age groups, such as the pediatric population. For these patients, the lack of data from the premarketing development, including the lack of age-specific dose and long-term efficacy and safety data, has significant impact on pharmacological treatments. This is particularly true in the case of psychiatric disorders, which still represent a challenge in children and adolescents (Pozzi et al., 2018; Rafaniello et al., 2018). Indeed, drugs indicated for these conditions are frequently used as off-label in children, based on data from RCTs that have involved only adult patients (Capuano et al., 2014; Persico et al., 2015; Rafaniello et al., 2016). Similarly, the therapeutic area of respiratory diseases, such as asthma, still represents a concern for children. Once again, this is mainly related to the lack of clinical efficacy and safety evidence, but also to the limited availability of non-steroid-based alternative therapies for children < 6 years of age (Lindly et al., 2016).


[image: image]

FIGURE 1. Main unmet medical needs in therapeutic areas.



Given the urgent need to improve the therapeutic armamentarium of particular clinical conditions for which unmet clinical need is confirmed, clinical testing and approval of new medicines are increasingly carried out through accelerated authorization procedures. As a matter of fact, both the Food and Drug Administration (FDA) and the European Medicines Agency (EMA) have supported the so-called “Early Access Programs” (EAPs). Since 1992, the FDA has introduced the “Priority Review” or “Fast Track,” designed to make available new drugs for the treatment of serious or life-threatening diseases (conditions associated with morbidity that have significant impact on specific factors, such as survival or day-to-day functioning) without therapeutic alternatives. For these drugs the “breakthrough designation” can be expected. The FDA’s “Fast track” imposes on the pharmaceutical company lower standards than the regular procedure (U.S. Department of Health and Human Services, 2014). Similarly, in the European context, specific regulatory procedures, including approval under exceptional circumstances as well as conditional and accelerated approval, have been introduced in order to accelerate the marketing authorization of a new drug. With such procedures, the marketing authorization application should be based on incomplete clinical data (even data from phase II studies), and its evaluation can be reduced from 210 to 150 days if the applicant provides sufficient justification for an accelerated assessment (Figure 2; European Medicines Agency, 2018). Furthermore, the EMA has recently introduced new tools to support the EAPs, Adaptive Licensing and PRIority Medicines (PRIME). The first one is a prospective authorization process that allows an initial approval based on limited scientific evidence only for a small group of patients. When further evidence is collected, the drug’s access can be expanded to larger patients’ populations (Vella Bonanno et al., 2017). In 2016, EMA implemented the PRIME scheme, which offers early and enhanced dialog between the EMA and the pharmaceutical industry in order to enhance development plans and speed up the evaluation process (European Medicines Agency, 2017). In Table 1, a few examples of medicines evaluated within the PRIME scheme are reported.
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FIGURE 2. Traditional vs. accelerated development and approval process.



TABLE 1. Medicines evaluated in PRIME scheme.
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NOVEL THERAPEUTIC APPROACHES

Whilst regulatory agencies have promoted EAPs, which have increased over time during the past 25 years (Beaver et al., 2018), the growth in pharmaceutical research has resulted in the discovery and development of novel therapeutic approaches, mainly represented by biotech drugs and gene-, cell- and tissue-therapies. Starting from the marketing approval of the first monoclonal antibody in 1986, the entire class of biotech drugs has grown significantly. In 2013, the global sales revenue for all mAbs was almost $75 billion, representing half of the total sales of all biopharmaceutical products (Ecker et al., 2015). Most of these novel therapeutic approaches are indicated for the management of different diseases with recognized unmet medical needs. For example, until recently the pharmaceutical armamentarium of asthma included muscarinic antagonists, beta2-agonists and corticosteroids, but approximately half of patients do not adequately respond to the available therapies. For this condition, four monoclonal antibodies (mAbs) recently obtained the marketing authorization (Bateman et al., 2008; Swedin et al., 2017). Omalizumab is a recombinant humanized mAb that binds to the FC portion of the IgE antibody, preventing the binding of IgE to high-affinity IgE receptors on mast cells and basophils and the release of inflammatory mediators induced by allergen exposure (Thomson and Chaudhuri, 2012; Sattler et al., 2017). Mepolizumab, benralizumab, and reslizumab are anti-IL-5 mAbs that bind IL-5Rα, causing apoptosis of eosinophils and basophils through the antibody-dependent cellular cytotoxicity (Farne et al., 2017; Chung, 2018). Currently, these mAbs are indicated as add-on treatment in adults, adolescents and children aged ≥6 years with severe persistent allergic (omalizumab) and refractory eosinophilic (mepolizumab, benralizumab, and reslizumab) asthma inadequately controlled with other available treatments.

Among novel therapeutic approaches, Advanced Therapy Medicinal Products (ATMPs), including cell-, gene-, and tissue-engineered therapies, are particularly noteworthy, especially in the field of neurodegenerative and neuromuscular diseases, for which effective treatments have been limited. The antisense oligonucleotides (ASOs) are synthetic single-stranded strings of nucleic acids, which selectively bind to specific pre-messenger ribonucleic acid (pre-mRNA)/mRNA sequences leading to an alteration of the synthesis of proteins. The FDA approved in 2016 two ASOs for the treatment of Duchenne muscular dystrophy and spinal muscular atrophy. Their role was envisaged also in further clinical conditions, such as Huntington’s disease, amyotrophic lateral sclerosis and Alzheimer’s disease (Wurster and Ludolph, 2018). It should be highlighted that in most cases ATMPs are indicated for the treatment of very rare conditions but, unlike traditional drugs that are administered with a certain frequency, they require administration only once, which is then able to provide for years or for the entire life the biological activity and clinical benefit. This is the case, for example, with axicabtagene ciloleucel, also known as CAR-T therapy, which is indicated for the treatment of diffuse large B-cell lymphoma.

Lastly, a new generation of anticancer drugs is going to be developed. Recently, Drilon et al. (2018) have performed a phase I/II trial, using a basket design, in order to evaluate the safety and efficacy of larotrectinib, a selective inhibitor of TRK proteins, in 55 patients with NTRK genetic alterations regardless of tumor types (Ghosh and Tabrizi, 2017). According to its peculiar pharmacodynamic features, larotrectinib acts on genetic biomarkers rather than any specific type of cancer. On the basis of the efficacy and safety data of this cutting-edge cancer therapy, in November 2018 the FDA granted Priority Review for larotrectinib for the treatment of adult and pediatric patients with locally advanced or metastatic solid tumors harboring an NTRK gene fusion (Drilon et al., 2018). Furthermore, in cancer settings as well as in other therapeutics areas, new drug-drug and drug-antibody combinations are increasingly emerging as therapeutic approaches to fulfill several unmet needs. For example, in the treatment of hemophilia the conjugation of immunogenic peptides to a non-immunogenic protein carrier, such as in the case of the recombinant FVIII–Fc fusion protein, decreases the immunogenicity of FVIII, leading to better clinical outcomes. Similarly, in the treatment of leukemia, the conjugation of PEG to the native asparaginase enzyme leads to fewer allergic reactions than asparaginase enzyme alone (U.S. Food and Drug Administration, 2018). New antibody-drug conjugates (ADCs), mainly indicated for the treatment of hematological and solid malignancies, are currently in the late stage of clinical development but are already showing promising results (Lieuw, 2017). Furthermore, the combination therapy of multiple drugs turned out to be useful also in the treatment of T2DM or hypertension, leading to better glycemic, and blood pressure control. Despite these advantages, it should be stressed that the combination therapy of multiple drugs might increase treatment complexity and adverse events that affect long-term adherence (Mittermayer et al., 2015; Parslow et al., 2016). For these new drug-drug and drug-antibody combinations, a regular approval procedure is required, unless conditions for accelerated approval (confirmation of unmet need) exist. This is currently true also for new combination therapies, such as the polypill indicated for the treatment of hypertension or ADCs used in cancer settings; therefore, even though the individual drugs are already authorized, new approval is required. The novel therapeutic approaches do not necessarily refer solely to new medicines but also to already-existing ones that are used for different indications. This is the case, for example, with exenatide, a glucagon-like peptide-1 receptor agonist used for the treatment of T2DM, whose role is currently being evaluated for the treatment of Parkinson’s disease (PD). Although available medications for PD have strong therapeutic effects, they are not able to stop the progression of the disease. Exenatide has demonstrated a neuro-protective effect in preclinical models of PD. In a clinical study that enrolled 62 patients with moderate PD, conflicting results were obtained (Cimmaruta et al., 2018). New drugs, including those based on pluripotent stem cell therapy, are currently evaluated in clinical programs for the management of PD. Recent literature indicates that stem cells might represent a potential approach for developing novel treatment strategies for PD in humans (Athauda et al., 2017; Yasuhara et al., 2017).



THE CHALLENGES OF NEW PARADIGMS IN CLINICAL RESEARCH

Even though the new tools of clinical research and the discovery of novel therapeutic approaches have brought huge novelties and benefits, their implementation is limited by several challenges. First, EAPs should be applied only in fully justified circumstances in order to ensure the patient’s safety. Furthermore, since the majority of EAPs are based on surrogate endpoints, the use of the new medicine in real life conditions must prove that it is able to improve the patient’s health status and quality of life (patient-relevant endpoint), demonstrating significant benefit and a good safety profile. However, the interpretation of efficacy and safety data from clinical studies, especially when they are not complete, is extremely critical. Indeed, several medicines that underwent fast-track procedures by the FDA were withdrawn for safety reasons; this was the case with valdecoxib and rofecoxib, which were withdrawn due to an increased risk of cardiovascular events, and cerivastatin, which was associated with an increased risk of hepatic adverse events (Zhang et al., 2018). Similarly, the results of a recent study by Mostaghim et al. (2017) revealed that accelerated pathway drugs are associated to higher risks of safety-related label changes, including changes to boxed warnings and contraindications, compared with non-accelerated pathway drugs (Chary, 2016).

Another peculiar aspect of recently authorized therapies is their extremely high costs. As previously reported, except for rare cases, the novel therapeutic approaches are mainly represented by biological products and advanced therapies (Mostaghim et al., 2017). Those substances are characterized by highly complex development procedures as well as by large-scale molecules with huge heterogeneity (Abou-El-Enein et al., 2016; Scavone et al., 2017a,b). Given these intrinsic characteristics and considering the difficulties in their development, those medicines are defined by higher costs compared to traditional ones. For example, the new monoclonal antibodies targeting the PCSK9 had an average cost that exceed 8,000€/patient/year, while statins cost almost 50€/patient/year (Agenzia Italiana Del Farmaco, 2017; Scavone et al., 2017c). Understandably, the investment made in R&D should be at least partially reclaimed. In order to overcome issues related to the high costs of innovative medicines, each EU member state has implemented regulatory tools for reimbursement of medicinal products, the so-called Managed Entry Agreements (MEAs). These contracts, which are stipulated between the pharmaceutical industry and the payers/regulatory agencies, allow conditional access to the market for new drugs with unclear efficacy and safety profiles. Therefore, their objective is to improve access to new medicines in the context of uncertainty and high price. The use of MEAs has been implemented in several countries, including the United Kingdom (where MEAs are defined as “patient access schemes”), Italy, Belgium, and Australia. For example, in Italy the modulation of price and reimbursement schemes are planned by using two categories of MEAs, which include the health outcomes-based agreements (payment by result, risk sharing, and success fee) and the finance-based agreements (cost-sharing agreements and capping) (Mallya et al., 2017; Scavone et al., 2018).

Lastly, apart from the cost and safety concerns of new medicines approved through EAPs, a further challenge is represented by the lack of knowledge and infrastructure necessary for the storage, distribution and administration of the new therapeutics; this is true especially for the advanced therapy medicinal products (cell-, gene-, and tissue-engineered therapies) (Ferrario et al., 2017).



CONCLUSION

Despite the progress made in the field of clinical research, unmet therapeutic needs are still identified in several clinical areas (Miller, 2009; Taiwo et al., 2010; Aceves, 2014; Markowitz, 2015; Morrow et al., 2017). It is notable, for instance, that multidrug-resistant infections are rapidly increasing worldwide, but very few antibiotics able to treat these infections are currently under development. Therefore, this research area should be prioritized in the pharmaceutical industries’ pipeline.

Recent developments in clinical research have also placed a series of challenges for regulatory agencies, which are required to create the best conditions for the implementation of the described new tools. Although the application of EAPs improves the patient’s access to new medicines, obtaining new data on their real effectiveness and safety might be a concern. In this context, at least for EU countries, it is expected that the forthcoming application of Regulation No. 536/2014 on clinical trials will facilitate the conduct of clinical trials also in real-life conditions. Indeed, the active participation of patient organizations in clinical research will lead to better study designs, but also to improved reliability of study results and better applicability to patients in the real world. This will lead to increased knowledge of the effectiveness and safety profile of drugs also approved through EAPs. Furthermore, since Regulation No. 536/2014 introduces an authorization procedure based on a single submission via a single EU portal, clinical trial data on effectiveness and safety will be easily accessible. A further step for the better collection of clinical data would be the implementation of a health database and registries, whose potential are undisputed.

Finally, regarding the high costs characterizing new therapeutic approaches, it is advisable that price and reimbursement tools (i.e., MEAs), such as those used in several EU and non-EU countries, may also be applied in other countries. This will lead to an increased access to innovative therapies. Lastly, in order to further implement clinical research, especially in the field of ATMPs, a strengthening in research infrastructures and research training is what is required.
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Metformin Protects the Heart Against Hypertrophic and Apoptotic Remodeling After Myocardial Infarction
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Cardiovascular complications are the most prevalent cause of morbidity and mortality in diabetic patients. Metformin is currently the first-line blood glucose-lowering agent with potential relevance to cardiovascular diseases. However, the underpinning mechanisms of action remain elusive. Here, we report that metformin represses cardiac apoptosis at least in part through inhibition of Forkhead box O1 (FoxO1) pathway. In a mouse model of ischemia-reperfusion (I/R), treatment with metformin attenuated cardiac and hypertrophic remodeling after 14 days of post-reperfusion. Additionally, cardiac expression of brain-like natriuretic peptide (BNP) was significantly reduced in metformin-treated mice after 14 days of cardiac I/R. In cultured H9C2 cells, metformin counteracted hypertrophic and apoptotic responses to metabolic or hypoxic stress. FoxO1 silencing by siRNA abolished anti-apoptotic effect of metformin under hypoxic stress in H9C2 cells. Taken together, these results suggest that metformin protects the heart against hypertrophic and apoptotic remodeling after myocardial infarction.
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INTRODUCTION

The most prevalent form of diabetes mellitus in patients is type 2 diabetes (T2D) (Kannel and McGee, 1979). This form of metabolic disorders, which accounts for 90–95% of those with diabetes, circles subjects with insulin resistance and relative insulin deficiency (Kharroubi and Darwish, 2015). T2D mediates various cardiovascular manifestations, which have become the major cause of morbidity and mortality in the diabetic population (Townsend et al., 2016). A causative relationship between heart failure (HF) and diabetes has been well demonstrated (Aneja et al., 2008). HF is a frequent complication in diabetes mellitus with poor outcomes and five-year survival rates of <25% (Zinman et al., 2015). Diabetic cardiomyopathy (DCM) is the clinical condition associated with cardiac abnormalities mediated by diabetes. It has been estimated that DCM affects approximately 12% of the diabetic patients and may lead to HF and death (Aneja et al., 2008). The pathogenesis of DCM remains obscure, but is clearly of significant clinical priority, given the strong association of diabetes with HF and cardiovascular mortality (Zinman et al., 2015).

Cardiac hypertrophy, oxidative stress, inflammation, apoptosis, and uncontrolled interstitial fibrosis are the major features of DCM (Aneja et al., 2008). Decline in cardiac function linked to DCM is attributable to initial rise in heart mass and unbalanced interventricular septal thickening. Cardiac hypertrophic reprogramming includes accelerated protein synthesis, up-regulation of atrial and brain natriuretic peptides and abnormal sarcomeric organization (Liu et al., 2016). Myocardial hypertrophic remodeling, triggered by signaling cascades in response to stress, is initially adaptive process. However, extended cardiac hypertrophy as a consequence of pathological stress leads to excessive production of reactive oxygen species, activation of apoptotic and inflammatory cascades which play a key role in DCM (Borner and Monney, 1999; Hunter and Chien, 1999; Clerk et al., 2003). These processes ultimately results in initiation of pro-fibrotic reprogramming and impaired cardiac function (Wynn and Ramalingam, 2012).

Metformin is currently the first-line blood glucose-lowering agent with potential relevance to cardiovascular diseases for the treatment of T2D. Two large-scale clinical trials suggested that apart from its antihyperglycemic effect, metformin has other potential effects. Metformin preserves cardiac function and prevents the incidence of myocardial infarction in patients with diabetes (UK Prospective Diabetes Study [Ukpds] Group, 1998; Holman et al., 2008). Compared with other glucose-lowering agents, use of metformin was associated with reduced risk of cardiovascular mortality and morbidity in patients with T2D (King et al., 1999). The potential mechanism of action of metformin involves activation of adenosine monophosphate-activated protein kinase (AMPK) and glucose metabolism (Gundewar et al., 2009; Sasaki et al., 2009; Paiva et al., 2010). Several studies reported that metformin may also acts via AMPK-independent pathways (Xu et al., 2014). However, the exact molecular mechanisms by which metformin regulates cardiac cell functions remain elusive.

In the present study, we show that metformin counteracts myocardial hypertrophy and apoptosis in a mouse model of cardiac I/R. Furthermore, we show that metformin could protect against stress-induced cardiac apoptosis through FoxO1 pathway.



MATERIALS AND METHODS

Cell Culture

The rat embryonic cardiomyoblast cell line H9C2 was cultured in DMEM medium (Life Technologies) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin in a humidified atmosphere of 95% air-5% CO2 at 37°C. Cells were treated with 5 mM metformin 30 min before cell stress. In order to induce metabolic stress, H9C2 cells were exposed to 2-deoxy-D-glucose (2 mM) in 0% medium for 24 h. For hypoxic treatment cells were maintained at 37°C under hypoxic atmosphere (5% CO2, 1% O2, balance N2) for 24 h.

Cell Transfection

H9C2 cells were seeded into 24-well plates and cultured with DMEM medium (Life Technologies) supplemented with 10% FBS and 1% penicillin–streptomycin in a humidified atmosphere of 95% air-5% CO2 at 37°C. Cells were transfected with FoxO1 siRNA and siRNA control at a final concentration of 200 nmol/L using Lipofectamine 2000 transfection reagent (Life Technologies) according to the manufacturer’s instructions.

Histology

Oregon Green 488 coupled-wheat germ agglutinin (WGA) labeling was used in immunohistochemical preparations of 10-μm heart cryosections. The evaluation of cardiac structural alterations was performed using ImageJ software.

Evaluation of Apoptosis

Cardiac apoptosis was measured using the Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay according to manufacturer’s instructions (Promega). Briefly, cells fixed in 4% PFA were first incubated in 0.2% TritonX-100 for 5 min, then in Equilibration Buffer for 10 min. A solution which contained 5 μl of nucleotide mix and 1 μl of rTDT enzyme in 45 μl equilibration buffer was added for each well for 1 h at 37°C in the dark. Then, after adding saline sodium citrate and washing with phospho buffered saline (PBS) the slides were incubated with Dapi for 15 min. To detect and count the number of apoptotic cells, three fields of view were randomly selected per conditions in cardiac tissue.

Animal Studies

Animal investigations conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1985) and were performed in accordance with the recommendations of the French Accreditation of the Laboratory Animal Care (approved by the local Centre National de la Recherche Scientific ethics committee).

Three-month-old wild-type male C57BI/6J mice purchased from Janvier Labs were maintained in a temperature-controlled room (25°C) with a natural day/night cycle and fed a standard chow diet and given ad libitum access to water. A mouse model of I/R was used as previously described (Boal et al., 2016). The mice were intubated and placed under mechanical ventilation after undergoing general anesthesia with an intraperitoneal injection of ketamine (125 mg/kg) and xylazine (10 mg/kg). A left parasternotomy was performed to expose hearts, and a 0.4 mm polyethylene suture was placed around the left anterior descending coronary artery. A snare was placed on the suture, and regional myocardial ischemia was produced by tightening the snare. After 30 min of ischemia, the occlusive snare was released to initiate reperfusion. Sham-operated control mice underwent the same surgical procedures except that the snare was not tightened. Intraperitoneal (i.p.) treatment with metformin (5 mg/kg/day) in a final volume of 100 μl was started 15 min after the onset of reperfusion and maintained for 14 days. Animals were randomly divided into four groups as follows:

(1) Control+PBS (C) group (n = 5);

(2) Control+Metformin (C+M) group (n = 5);

(3) I/R+PBS (I/R) group (n = 5);

(4) I/R+Metformin (I/R+M) group (n = 5).

Quantitative RT-PCR Analysis

Total RNAs were isolated from mouse heart and cultured H9C2 cells using the GenEluteTM Mammalian Total RNA Miniprep Kit (Sigma-Aldrich). Total RNAs (500 ng) were reverse transcribed using High Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM) in the presence of random hexamers. Real-time quantitative PCR was performed as previously described (Boal et al., 2016). The expression of target mRNA was normalized to GAPDH mRNA expression. Sequence of the forward and reverse primer for BNP: Forward: 5′-GCACAAGATAGACCGGATCG-3′ Reverse: 5′-CCCAGGCAGAGTCAGAAAC-3′.

Statistical Analysis

Statistical comparison between two groups was performed by Student’s t-test, while comparison of multiple groups was performed by One-way ANOVA followed by a Bonferroni’s post hoc test using GraphPad Prism version 5.00 (GraphPad Software, Inc.). Data are expressed as mean ± SEM.



RESULTS

Metformin Inhibits Cell Hypertrophy in Response to Metabolic and Hypoxic Stress

In the first set of experiments, we investigated whether metformin affects metabolic- or oxidative stress-induced hypertrophic responses in vitro. As shown in Figure 1, cell treatment with 2 mM 2-deoxyglucose (2DG) for 24 h demonstrated significant increase in cell size. Metformin prevented cell hypertrophy in the presence of 2DG as compared to control untreated H9C2 cells (Figure 1). When H9C2 cells were exposed to hypoxic stress (1% O2), significant increase in hypertrophy was observed after 24 h (Figure 2). As shown in Figure 2, in the presence of metformin (5 mM), hypoxia-induced hypertrophy was markedly abolished in H9C2 cells. Thus, these data demonstrated that metformin prevents metabolic- or hypoxia-induced hypertrophy in H9C2 cells.
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FIGURE 1. Metformin attenuates cell hypertrophy in response to metabolic stress. (A) Representative images of H9C2 cells exposed to vehicle (C) or 2 mM 2-deoxyglucose (2DG) for 24 h in the presence or absence of 5 mM metformin (M). (B) Quantification of cell area from (A). Data represents the mean ± SEM from at least three independent experiments. Scale bar is 100 μm. Statistical analysis was carried out by one-way ANOVA: ∗∗∗P < 0.001 between indicated conditions.
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FIGURE 2. Metformin prevents hypoxia-induced cell hypertrophy. (A) Representative images of H9C2 cells subjected to normoxia (N) or hypoxia (H) for 24 h in the presence or absence of 5 mM metformin (M). (B) Quantification of cell area from (A). Scale bar is 100 μm. Data represents the mean ± SEM from at least three independent experiments. Statistical analysis was carried out by one-way ANOVA: ∗∗∗P < 0.001 between indicated conditions.



Metformin Inhibits Cell Apoptosis in Response to Metabolic Stress and Hypoxia

Excessive apoptotic cell death in human and animal hearts has been linked to ischemic and dilated cardiomyopathies (Narula et al., 1996; Olivetti et al., 1997; Saraste et al., 1997). In order to determine whether metformin affects apoptotic responses to metabolic or oxidative stress, we examined the effects of metformin on 2DG- or hypoxia-induced cell apoptosis by TUNEL staining. As shown in Figure 3, exposure of H9C2 cells to 2 mM 2DG for 24 h induced an increase in TUNEL positive cells. Treatment of H9C2 cells with metformin was able to attenuate 2DG-induced apoptotic cell death (Figure 3). Importantly, hypoxia-induced cell apoptosis was declined in metformin-treated cells as compared to control untreated cells (Figure 4).
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FIGURE 3. Metformin abolishes cell apoptosis in response to metabolic stress. (A) Representative images of TUNEL staining of cultured H9C2 cells exposed to 2 mM 2-deoxyglucose (2DG) in the presence or absence of 5 mM metformin (M). (B) Quantification of apoptosis from (A). Scale bar is 100 μm. Data represents the mean ± SEM from at least three independent experiments. Statistical analysis was carried out by one-way ANOVA: ∗∗∗P < 0.001 between indicated conditions.
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FIGURE 4. Metformin protects against hypoxia-induced apoptosis in H9C2 cells. (A) TUNEL staining of apoptotic cells subjected to normoxia (N) or hypoxia (H) in the presence or absence of 5 mM metformin (M). (B) Quantification of TUNEL-positive cells from (A). Scale bar is 100 μm. Data represents the mean ± SEM from at least three independent experiments. Statistical analysis was carried out by one-way ANOVA: ∗∗∗P < 0.001 between indicated conditions.



Metformin Prevents H9C2 Cells From Hypoxia-Induced Apoptosis Through FoxO1 Pathway

The FoxO1 transcriptional factor plays an essential role in the regulation of apoptosis, energy metabolism and oxidative stress (O’Connor and Barr, 2009). We next examined whether knockdown of FoxO1 could affect anti-apoptotic effects of metformin. At 24 h after FoxO1 siRNA addition, qRT-PCR analysis showed that FoxO1 expression level was significantly decreased as compared to control cells receiving scrambled siRNA (Figure 5). Analysis of TUNEL-stained cells exposed to hypoxia for 24 h, demonstrated that metformin significantly reduced cell apoptosis in control siRNA transfected cells. However, FoxO1 silencing by siRNA abrogated the effects of metformin on cell apoptosis, suggesting that anti-apoptotic activity of metformin is FoxO1-dependent (Figure 6).
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FIGURE 5. Silencing of FoxO1 gene expression in H9C2 cells. HC92 cells were transfected with a control siRNA (siControl) or with a siRNA against Foxo1 (siFoxo1) and FoxO1 expression level was measured by qRT–PCR. Data are presented as mean ± SEM. Student’s t–test: ∗∗P < 0.01 between two conditions.
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FIGURE 6. Metformin prevents H9C2 cells from hypoxia-induced apoptosis through FoxO1 pathway. (A) Representative images of TUNEL staining of H9C2 cells transfected with control siRNA (siControl) or siRNA targeting FoxO1 (siFoxO1). Scale bar is 25 μM. (B) Quantification of apoptotic cells from (A). Data are presented as mean ± SEM. Statistical analysis was carried out by one-way ANOVA: ∗P < 0.05 vs. control, #P < 0.05 between indicated conditions.



Metformin Treatment Reduces Cardiac Hypertrophy in a Mouse Model of Cardiac I/R Injury

Considering in vitro effects of metformin on cellular stress responses, we next investigated in vivo activity of metformin on cardiac hypertrophic reprogramming in a mouse model of myocardial I/R injury. To examine the translational potential of metformin, in vivo study was designed to determine whether treatment with metformin (5 mg/kg/day, i.p.) initiated 15 min after the onset of reperfusion and maintained for 14 days induced cardioprotection in mice subjected to cardiac I/R. Histological analyses of cardiac sections stained with WGA (Figures 7A,B) demonstrated a significant decrease in myocyte hypertrophy in metformin-treated mice as compared with vehicle-treated mice. To further confirm the anti-hypertrophic effects of metformin, we examined expression of BNP, a marker of ventricular hypertrophy, in cardiac sections from vehicle- or metformin-treated mice after 14 days of I/R. As shown in Figure 7C, treatment of mice with metformin prevented I/R-induced up-regulation of BNP as compared to control mice.
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FIGURE 7. Metformin treatment reduces cardiac hypertrophy in I/R-challenged hearts. (A) Representative images of wheat germ agglutinin (WGA) staining of heart frozen tissue sections. Mice were subjected to 30 min of cardiac ischemia and 14 days of reperfusion. Metformin treatment (5 mg/kg/day, i.p.) started at 15 min of post-reperfusion and continued for 14 days. Scale bar is 25 μM. (B). Quantification of cell size from (A). (C). qRT-PCR analysis of the expression level of the hypertrophic marker BNP. Data are presented as mean ± SEM. Statistical analysis was carried out by one-way ANOVA: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 between indicated conditions.



Metformin Treatment Blunts Apoptotic Response to Cardiac I/R Injury

We next examined the effects of metformin on cardiac apoptosis in I/R-challenged hearts (Figure 8). In the group of vehicle-treated mice after myocardial infarction the number of apoptotic cells was significantly increased compared with control group (15.2% vs. 1.9%, P < 0.001). As shown by TUNEL staining in Figure 8, metformin treatment (5 mg/kg/day, i.p.) for 14 days markedly reduced cardiac apoptosis after I/R injury as compared to vehicle-treated mice (1.1% vs. 15.2%, P < 0.001, respectively).
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FIGURE 8. Metformin treatment protects against cardiac apoptosis in I/R-challenged hearts. (A). TUNEL staining of cardiac tissue from vehicle- or metformin-treated mice subjected to 30 min of cardiac ischemia and 14 days of reperfusion. Metformin treatment (5 mg/kg/day, i.p.) started at 15 min of post-reperfusion and continued for 14 days. Scale bar is 100 μM. (B). Quantification of apoptotic cells from (A). Data are presented as mean ± SEM. Statistical analysis was carried out by one-way ANOVA: ∗∗∗P < 0.001 between indicated conditions.





DISCUSSION

The primary prominent features of the diabetic myocardium are cardiac hypertrophic reprogramming and activation of cell death programs (Bugger and Abel, 2014). We found that metformin, a drug commonly used in the treatment of T2D, attenuates cardiac hypertrophy and apoptosis in vitro and in vivo. In addition, we described FoxO1-dependent mechanism of anti-apoptotic effects of metformin in cardiomyoblasts exposed to stress. These studies implicate activation of myocardial apoptotic and hypertrophic reprogramming in the pathogenesis of adverse ventricular remodeling and suggest that metformin provides cardioprotective effects against I/R injury.

Metformin, according to the American Diabetes Association’s current clinical practice recommendations, remains a first line pharmacological agent for T2D (American Diabetes Association, 2018) that can reduce risk of cardiovascular events and death (Holman et al., 2008). The beneficial effects of metformin on cardiac function have been attributed to direct actions on cell metabolism, endothelial function, platelet reactivity and calcium homeostasis (Kirpichnikov et al., 2002). Our studies demonstrated that metformin treatment blunts in vitro and in vivo hypertrophic and apoptotic responses to cardiac I/R injury. In H9C2 cells exposed to metabolic or oxidative stress, metformin inhibited apoptotic cell death. The rat cardiomyoblast cell line H9C2 has emerged as a valuable tool for studying pathophysiology of cardiac remodeling processes and mechanisms of disease progression in hypertrophic cardiomyopathy (Hescheler et al., 1991). The reason for the wide popularity of H9C2 cell model is that they have well-characterized properties in terms of morphology and cardiac molecular physiology (Watkins et al., 2011). We also demonstrated that a significantly decreased hypertrophic response to I/R was observed in hearts of C57BL/6 mice that exhibit functional and structural abnormalities recapitulating human cardiac remodeling processes (Eguchi et al., 2012).

Several lines of evidence suggest that maladaptive cardiac hypertrophy is one of the most common features of DCM (Aneja et al., 2008). At the level of cardiomyocytes, hypertrophic response is characterized by an increase in cell size, accelerated protein synthesis, profound organization of the sarcomere and fetal gene reprogramming (Dorn et al., 2003; Frey et al., 2004). Stress-induced reactivation of fetal genes in the failing heart plays a pivotal role in the progression of ventricular remodeling and HF in humans and in mouse models (Frey et al., 2004). Importantly, we found that treatment with metformin decreases BNP expression in I/R-challenged hearts suggesting that metformin can counteract activation of pro-hypertrophic gene program in the failing myocardium.

Results from this study demonstrated that metformin inhibits stress-activated apoptotic cell death via FoxO1 pathway. FoxO-family proteins including FoxO1, FoxO3, FoxO4, and FoxO6 orchestrate various physiological and pathological functions by controlling the expression of genes associated with cell cycle arrest, apoptosis, DNA damage repair, oxidative stress resistance and cell metabolism (Accili and Arden, 2004; Huang and Tindall, 2007; Eijkelenboom and Burgering, 2013). A recent study reports that metformin regulates FoxO1 activities in endothelial cells (Li et al., 2015). Another study (Arunachalam et al., 2014) supports the notion that metformin can negatively regulate FoxO1-dependent apoptotic gene transcription and cell cycle. Our in vitro results suggest that metformin represses cell apoptosis through FoxO1 pathway in H9C2 cells. In line with these data, a recent study found that cardiomyocyte expression of FoxO1 inhibits cell hypertrophic growth and calcineurin phosphatase activity (Ni et al., 2006).

The adult heart is comprised of terminally differentiated myocytes that are responsible for contractile performance. In this context, the failing heart displays more pronounced adverse effects as a consequence of excessive cell death. The limited capacity of the myocardium to efficiently regenerate highlights the importance of preservation of resting cardiomyocytes to support contractile function. Maintenance of cardiovascular homeostasis depends on cardiac cell death and renewal, and excessive apoptotic loss of cardiomyocytes has been implicated in many cardiovascular diseases (Narula et al., 1996). The results of our study have demonstrated that metformin inhibits cardiac apoptosis in I/R-challenged mice, suggesting that metformin can prevent cell loss in the failing heart. Recent studies found that metformin may inhibit cell apoptosis in kidney and cisplatin-induced acute kidney injury (Li et al., 2016) indicating the anti-apoptotic potential of metformin in peripheral organs. Further studies are necessary to explore the potential mechanisms of action and biological effects of metformin in non-metabolic disorders.

In conclusion, metformin prevented cardiac hypertrophy, and ultimately abolished myocardial apoptosis through FoxO1 pathway. These findings provide new insights into the role of hypertrophic and apoptotic remodeling in the failing heart and deepen our understanding of how metformin regulates cardiac cell decisions in response to stress. Altogether, these data suggest that metformin could have cardiovascular benefit for diabetic patients.
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This study was designed to investigate the hemodynamic effect of rolipram, a phosphodiesterase type 4 (PDE4) inhibitor, in normal rat hearts both in vivo and in vitro and its underlying mechanism. The pressure-volume loop, isolated heart, and Ca2+ transients triggered by field stimulation or caffeine were used to analyze the hemodynamic mechanism of rolipram. The results demonstrated that rolipram (3 mg/kg, ip) significantly increased the in vivo rat heart contractility by enhancing stroke work, cardiac output, stroke volume, end-systolic volume, end-diastolic volume, end-systolic pressure, heart rate, ejection fraction, peak rate of rise of left pressure (+dp/dtmax), the slopes of end-systolic pressure-volume relationship (slope of ESPVR) named as left ventricular end-systolic elastance, and reduced the slopes of end-diastolic pressure-volume relationship (slope of EDPVR). Meanwhile, the systolic blood pressure, diastolic blood pressure, and pulse pressure were significantly enhanced by rolipram. Also, rolipram deviated normal ventricular-arterial coupling without changing the arterial elastance. Furthermore, rolipram (0.1, 1, 10 μM) also exerted positive inotropic effect in isolated rat hearts by increasing the left ventricular development pressure, and +dp/dtmax in non-paced and paced modes. Rolipram (10 μM) increased the SERCA2a activity, Ca2+ content, and Ca2+ leak rate without changing diastolic Ca2+ level. Rolipram had significant positive inotropic effect with less effect on peripheral vascular elastance and its underlying mechanism was mediated by increasing SERCA2a activity. PDE4 inhibition by rolipram resulted in a positive inotropic effect and might serve as a target for developing agents for the treatment of heart failure in clinical settings.

Keywords: PDE4, rolipram, P-V loop, Ca2+ transient, SERCA2a


INTRODUCTION

Over 60 cyclic nucleotide phosphodiesterase (PDE) isozymes have been grouped into 11 classes based on their hydrolysis substrates and biochemical features (Knight and Yan, 2012). Of the 11 PDE families, at least 7 members, which are PDE1, 2, 3, 4, 5, 8, and 9, appear to be expressed in the myocardium (Kim and Kass, 2017). PDE1, 2, and 3 hydrolyze both cAMP and cGMP, PDE4 and 8 hydrolyze cAMP only, and PDE5 and 9 only hydrolyze cGMP (Knight and Yan, 2012). Except PDE9, all other six members involve the cardiac physiological and pathological activities (Miller and Yan, 2010). PDE3 inhibitors which further stimulate the force or frequency of the heart have been serving as inotropic agents for treating acute heart failure (Miller and Yan, 2010). With an increased risk of mortality for the chronic use of PDE3 inhibitors, the interest for developing the PDE inhibitors as the treatment of chronic heart failure has been reduced in the mid-1990s (Eschenhagen, 2013). However, due to the many more PDE subtypes and their inhibitors that have been discovered, the interests for developing potential drugs targeting PDEs have been reignited (Eschenhagen, 2013). Specifically, the selective PDE5 inhibitors have been used for the treatment of erectile dysfunction and pulmonary hypertension, and a selective PDE4 inhibitor (roflumilast) was recently licensed for the treatment of chronic obstructive lung disease (Maurice et al., 2014). All these diseases treated by the selective PDE5 or PDE4 inhibitors are associated with increased cardiovascular risk (Eschenhagen, 2013). Meanwhile, the clinical and basic studies for treating heart failure based on targets of selective PDEs are still ongoing.

The small, highly diffusible molecule, cAMP exerts multiple, discrete receptor-specific responses in the same cells (Fertig and Baillie, 2018). Such multiple responses of cAMP are based on compartmentalization of cAMP signaling by restricting the number and identity of PKA-phosphorylated substrates (Zaccolo and Pozzan, 2002) and the fine control by the subcellular localization of PDEs that degrade cAMP (Fertig and Baillie, 2018). Among the six PDE families which are expressed in the myocardium, PDE4 appears to be predominantly in the heart (Eschenhagen, 2013). More than 20 isoforms belong to four different PDE4 genes, PDE4A, 4B, 4C, and 4D, with PDE4A, 4B, and 4D detected in the hearts (Kostic et al., 1997), with PDE4 and D5 interacting with β-arrestin (Bolger et al., 2003), PDE4B and 4D with the cardiac L-type Ca2+ channel (Leroy et al., 2011), PDE4B with ryanodine receptor (RyR) (Fertig and Baillie, 2018), PDE4D with SERCA2a (Beca et al., 2011), PDE4D3 with slow delayed rectifier potassium current IKS channel (Terrenoire et al., 2009; Parks et al., 2014). The cellular integrated function of PDE4 is based on the distribution of the localized PDE4 subtypes and cAMP levels which are affected by adrenergic stimulation (Fertig and Baillie, 2018). Therefore, the functions of PDE4 in the myocardium may differ by sex (Parks et al., 2014), age (Park et al., 2012), species (Richter et al., 2011), cell types (Molina et al., 2014), and pathological status (Zheng et al., 2014).

The studies on cellular, biochemical, molecular, and structural changes in the heart tissue induced by PDE4 inhibitors have been extensively performed (Kim and Kass, 2017). The studies of non-selective PDE4 inhibitor on cardiac hemodynamics both in vivo and in vitro are still lacking. This study aimed at investigating the effects of rolipram, a PDE4 inhibitor, on the hemodynamics from both in vivo and isolated heart and the underlying cellular Ca2+ handling mechanism. In addition, the present study addresses the potential clinical benefit of PDE4 inhibitor for the treatment of heart failure and provides additional information for understanding the precise regulation of subtypes of PDE4 in the heart.



MATERIALS AND METHODS


Chemicals

Rolipram with a purity of more than 99.56% was purchased from MedChemExpress (MCE) in Shanghai (China) with the catalog number of HY-16900. All other chemicals were purchased from Sigma-Aldrich (USA). Rolipram was dissolved in DMSO at room temperature and used on the same day.



In vivo Left Ventricular and Arterial Hemodynamic Parameters Recording

The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication No. 85-23, revised 1996). Male Sprague Dawley rats (300–350 g) (from the laboratory animal center of Nanjing University of Chinese Medicine) were used in this study. Experiments were performed as previously described (Li et al., 2017). Briefly, the rats were anesthetized by 20% urethane (5 ml/kg, ip) and their right carotid arteries were inserted with two pressure and volume microsensors’ catheter (MILLAR, SPR-901, 840-8,188, Houston, USA) connected to a PowerLab 4/30 data acquisition system (AD Instruments, PowerLab4/30, Australia). The two pressure sensors at the microtip of catheter were placed in the aorta or left ventricle for each and used to measure the pressures of arterial or left ventricular pressures simultaneously. Rolipram (3 mg/kg) dissolved in DMSO less than 0.5 ml was injected intraperitoneally. DMSO (0.5 ml) had no measurable effects on the hemodynamic parameters studied. The control values were recorded after the hemodynamic parameters remained constant and before injection of rolipram. Rolipram’s effects were recorded after all parameters reached constant values with usually longer than 30 min. The pressure and volume sensors in the left ventricle were set to analyze the pressure-volume relationship (P-V loop). The hemodynamic parameters were analyzed with Labchart 8 from AD Instruments including stroke work, cardiac output, heart rate, stroke volume, end-systolic volume, end-diastolic volume, end-systolic pressure, end-diastolic pressure, ejection fraction, and +dp/dtmax (peak rate of rise of left ventricular pressure), Slope of linear regression’ ESPVR (end-systolic pressure-volume relationship) which is also named as left ventricular end-systolic elastance, Slope of linear regression’ EDPVR (end-diastolic pressure-volume relationship). Furthermore, the systolic blood pressure, diastolic blood pressure, pulse pressure, arterial elastance which is the ratio of end-systolic pressure to stroke volume, and ventricular-arterial coupling were analyzed.



In vitro Intraventricular Pressure Recording From Isolated Rat Hearts

The selection and anesthesia of rats for ex vivo experiments were the same as that of in vivo experiment described above and the methods used were described previously (Li et al., 2017). Briefly, the hearts were then perfused in the Langendorff non-recirculating mode, at a perfusion pressure of 80 mmHg, with a perfusion solution (37°C) containing (in mM): NaCl 117, KCl 5.7, CaCl2 1.8, MgCl2 1.7, NaHCO3 4.4, NaH2PO4 1.5, HEPES 20, Glucose 11 gassed with 95% O2 plus 5% CO2 (pH 7.4 with NaOH). Rolipram was dissolved in DMSO and then transferred to perfusion solutions to reach the final concentrations of 0.1, 1, and 10 μM, respectively. The control perfusion solutions contained the same concentrations of DMSO as that in rolipram groups. During the experiments, these different concentrations of rolipram from low to high concentration order were added to the perfusion solution and infused via retrograde perfusion of the coronary artery. The hemodynamic parameters of control or rolipram (0.1, 1, 10 μM) were recorded when isolated heart contraction reached constant level with rolipram perfusions longer than 10 min for each concentration. Their intraventricular pressures under non-isovolumic condition of contraction were measured by a pressure and volume microtip catheter (MILLAR, SPR-901, 840-8,188, Houston, USA) inserted into the left ventricle via the left atrium. The hearts were beating spontaneously (non-paced) or stimulated at a rate of 4 Hz (paced). The paced isolated hearts were stimulated between left and right atrium at 5 V. Left ventricular developed pressure was calculated as the difference between the peak systolic pressure and end-diastolic pressure. Also, the heart rate only in non-paced setting and + dp/dtmax were calculated.



Ca2+ Transient Recording of Adult Rat Left Ventricular Myocytes Triggered by Field Stimulation

For isolation of adult rat left ventricular myocytes, the rat ventricular myocytes were obtained by enzymatic dissociation as previously described (Li et al., 2017). The excised whole heart was first perfused at 37°C with a perfusion solution (37°C) containing (in mM): NaCl 117, KCl 5.7, CaCl2 1.8, MgCl2 1.7, NaHCO3 4.4, NaH2PO4 1.5, HEPES 20, Glucose 11 gassed with 95% O2 plus 5% CO2 (pH 7.4 with NaOH). The heart was then perfused with the same buffer with the addition of 2.0 mg/ml collagenase type II and 0.1 mg/ml Protease Type for 50 min. Following removal of both atria and the right ventricle, the left ventricular myocytes were gently separated with forceps in the buffer without collagenase. Rod-shaped non-contracting cells with clear striations were used.

For Ca2+ transient recording triggered by field stimulation, adult rat left ventricular myocytes were loaded with the membrane-permeable acetoxymethyl ester form of the fluorescent Ca2+ indicator Fluo-4 AM (5 μM) for 30 min at 37°C. Fluo-4 was excited at 488 nm (Lambda DG-4, Sutter instruments, USA) and emitted fluorescence measured with a 515-nm-long pass filter. The region of interest was restricted to a single cell with the aid of an adjustable window. The Ca2+ transient amplitudes were calculated as a difference of the peak and diastolic fluorescent values. Background fluorescence levels were used to correct raw fluorescence data. Ca2+ spark fluorescent intensity of Fluo-4 loaded in myocytes was recorded at imaging frequency of 100 Hz during electrical pacing (1 Hz, 15 V, alternating polarities) with two platinum electrodes. The extracellular solution contained (in mM): NaCl 117, KCl 5.7, NaHCO3 4.4, MgCl2 1.7, HEPES 20, Glucose 20, Taurine 20, CaCl2 1.8, pH 7.4 with NaOH. After the constant imaging of control was recorded, rolipram (10 μM) in the extracellular solution was perfused for longer than 5 min and then its constant Ca2+ transient effect was recorded. Images were recorded with an ANDOR ZYLA-5.5-CL3 CCD camera (AndorTechnologe, EU) connected to an inverted microscope (Olympus IX53, Olympus, Tokyo, Japan) that was synchronized by a real-time analog-digital processor unit and Meta fluor acquisition software (64-bit, version 7.8.10.0, Molecular Device, USA).

The decaying phase of Ca2+ transient involves two components, which are a fast component dominated by sarcoplasmic reticulum (SR) Ca2+-ATPase type 2a (SERCA2a) and slow component dominated mainly by Na+/Ca2+ exchanger (NCX) and sarcolemmal Ca2+-ATPase (PMCA). Isolation of two components was analyzed by the theory and method of plasma concentration-time curve with two exponential fitting following intravenous administration of a drug in human.



Functional Isolations of Na+/Ca2+ Exchanger (NCX) and Sarcolemmal Ca2+-ATPase (PMCA) From the Decaying Phase of Caffeine-Evoked Ca2+ Transients

The decaying phase of Ca2+ transient by field stimulation is mediated mainly by SERCA2a, NCX, and PMCA. The NCX and PMCA control the decaying phase of caffeine-evoked Ca2+ transient in normal Tyrode’s solution (NT) in which caffeine prevents the effect of SERCA2a on SR Ca2+ concentration gradient formation by widely opening RyR2. Also, PMCA function can be isolated from decaying phase of the caffeine-evoked Ca2+ transient in the condition of Na+, Ca2+-free solution which deactivates NCX activity. The rate constants of decline of caffeine-evoked Ca2+ transient in normal Tyrode’s solution and Na+, Ca2+-free solution were used to analyze the functions of mixed NCX plus PMCA and PMCA alone. The detailed methods were previously described (Choi and Eisner, 1999; Maczewski and Mackiewicz, 2008; Schulte et al., 2016). Briefly, immediately after stopping the field stimulation when the steady Ca2+ transient was obtained, caffeine (20 mM) was perfused to myocytes in normal Tyrode’s solution to obtain the decaying rate constant of combined activity of NCX and PMCA. To calculate the decaying rate constant of PMCA alone, Ca2+ leak rate, and Ca2+ content, Na+,Ca2+-free solution was perfused before caffeine (20 mM) perfusion. The normal Tyrode’s solution contained (in mM): NaCl 134, KCl 4, MgCl2 1, HEPES 10, Glucose 11, CaCl2 1, adjusted to pH 7·4 with NaOH. The Na+, Ca2+-free solution contained (in mM): LiCl 130, HEPES 10, Glucose 11, MgCl2 1, KCl 4, adjusted to pH 7.4 with KOH. For control experiment, normal Tyrode’s solution was used to record functional isolations of NCX and PMCA. Rolipram (10 μM) was added to recording chamber for at least 10 minutes to maximize its effects on NCX and PMCA. The effects of control or rolipram on combined function of NCX plus PMCA or PMCA only were performed in different group cells and t-test was used to analyze significant differences.



Statistical Analyses

All values are expressed as mean ± SEM. t-test and one-way ANOVA were used as appropriate and data analysis was performed using SPSS 11.0. Differences with p < 0.05 were deemed statistically significant.




RESULTS


Rolipram Increased Left Ventricular Inotropy of Rat Heart in vivo

To examine the hemodynamic effects of rolipram on the rat heart and peripheral vessels, the pressure-volume loop (P-V loop) technique was used to measure the left ventricular pressure-volume and aortic pressure simultaneously. Rolipram (3 mg/kg, ip) significantly enhanced the stroke work, cardiac output, stroke volume, end-systolic pressure, heart rate, ejection fraction, and +dp/dtmax, and decreased the end-systolic volumes, end-diastolic volume compared with control (p < 0.05, n = 6) without significantly changing end-diastolic pressure. Also, the slope of ESPVR (Ees) was increased and the slope of EDPVR was reduced as shown in Table 1. Figure 1 shows the representative original simultaneous recordings of the left ventricular pressure, volume, and aortic pressure and the derivative relationship of P-V loop. The higher and wider P-V loop induced by rolipram indicates increased left ventricular pressure and stroke volume. Moreover, the steeper slope of ESPVR (Ees) induced by rolipram indicates the increased contractile function which is independent of preload. The smoother slope of EDPVR reflects decreased diastolic stiffness compared with control as shown in Figure 2. The arterial hemodynamic effective changes indicated that rolipram increased the systolic blood pressure, diastolic blood pressure, and pulse pressure as shown in Table 2. Moreover, rolipram decreased the ventricular-arterial coupling, indicating rolipram had inotropic effect without significant arterial elastance change. Figure 3 shows the simultaneous recordings of rat left ventricular and aortic pressure versus time course.



TABLE 1. Pressure-volume relationship analysis in normal and rolipram (3 mg/kg) treated anesthetized rats.
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FIGURE 1. (A) Original simultaneous recordings of left ventricular pressure, aortic blood pressure and left ventricular volume versus time before and after rolipram (3 mg/kg, ip) to an anesthetized rat. (B) The derivative steady-state P-V loops of left ventricular pressure versus its volume before and after rolipram (3 mg/kg, ip) at marked time points.
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FIGURE 2. The continuous multi P-V loops’ recordings when the rat inferior vena cava was blocked before (A) and after (B) intravenous injection of rolipram (3 mg/kg) to an anesthetized rat. The slope of ESPVR is formatted by linear regression of multi end-systolic pressures and the slope of EDPVR by linear regression of multi end-diastolic pressures.
 



TABLE 2. Effects of rolipram (3 mg/kg, ip)on aortic blood pressure and ventricular-arterial coupling in anesthetized rats.
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FIGURE 3. Original simultaneous recordings of left ventricular pressures (A) and aortic blood pressures (B) versus time course before and after rolipram (3 mg/kg, ip) to an anesthetized rat.
 



Rolipram Increased Left Ventricular Inotropy of Isolated Rat Hearts

To further investigate the direct effect of rolipram on the heart, the isolated non-paced and paced rat hearts were used to analyze the inotropic and chronotropic effects of rolipram. The pacing was used to rule out the frequency-induced inotropic effect and 4-Hz pacing was chosen to match the non-paced heart rate as shown in Figure 4. As documented in Table 3, rolipram (0.1, 1, 10 μM) increased the left ventricular developed pressure, heart rate, and +dp/dtmax in non-paced mode in a concentration-dependent manner. In paced mode, rolipram (0.1, 1, 10 μM) also increased in a concentration-dependent manner the left ventricular developed pressure and +dp/dtmax with a fixed heart rate of 240 beats per min.
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FIGURE 4. Representative rat left ventricular pressure curves from the isolated rats in non-paced (A) and paced modes (B) before and after perfusion of rolipram (0.1, 1, 10 μM) with the same concentrations of DMSO.
 



TABLE 3. Effects of rolipram in isolated rat hearts in the conditions of nonpacing and pacing modes.
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Rolipram Enhanced the Ca2+ Uptake of Field Stimulation-Induced Ca2+ Transient by Facilitating SERCA2a Activity

Rolipram (10 μM) significantly enhanced the amplitude of Ca2+ transient from rat left ventricular myocytes without changing the diastolic baseline fluorescence intensity (proportional to cytoplasmic Ca2+ level) as shown in Table 4. The separated decaying phases were fitted by two exponential equations according to method of plasma concentration-time curve fitting following intravenous administration of a drug in human. The representative fitting curves with fast and slow components are presented in Figure 5. Rolipram (10 μM) remarkably enhanced the fast component rate constant (α) and decreased the slow component rate constant (β) as shown in Table 4, indicating that rolipram enhanced SERCA2a activity and reduced the combined activity of NCX and PMCA.



TABLE 4. Kinetic analysis of rolipram’s effecton Ca2+ transient induced by field stimulation in left ventricular myocytes.
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FIGURE 5. Representative curves of Ca2+ transients induced by field stimulation and the fittings by two exponential equations. (A and B) are original Ca2+ transient curves triggered by field stimulation before and after rolipram (10 μM). (C and D) are decaying phase curves of Ca2+ transients by deleting the fast rise phase before and after rolipram (10 μM). The decay phase curves and fittings are presented as the relationships of timing of ms in X axis to the log10 fluorescence intensities in Y axis before (E) and after rolipram (10 μM) (F). The decaying phases are expressed as an equation of y = A*e−αt + B*e−βt. The equation in fast component is described as y = A*e−αt and slow one as y = B*e−βt.
 



Rolipram Had No Direct Effects on Combined NCX and PMCA Activities in Caffeine-Induced Ca2+ Transient

To further analyze the decreased rate constant of NCX and PMCA activities in field stimulation-induced Ca2+ transient, caffeine-induced Ca2+ transient experiment was performed. In this condition, SERCA2a activity was abolished due to the opening of RyR2 by caffeine and the decaying phase mainly was mediated by NCX and PMCA. The result in Figure 6A shows that rolipram (10 μM) did not significantly change the rate constant of combined activity of NCX and PMCA (rNCX + PMCA) from 0.190 ± 0.006 in control to 0.190 ± 0.008 (p < 0.05, n = 11). The representative curves of caffeine-induced Ca2+ transients in normal Tyrode’s solution before and after rolipram (10 μM) injection are shown in Figure 7.
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FIGURE 6. The histograms show the statistical results of decaying rate constants of Ca2+ extrusion by combined activity of NCX and PMCA (A), PMCA alone (B), Ca2+ contents (C) and Ca2+ leak rates of real leak value to Ca2+ content (D). The t-test was used to analyze the data in control and rolipram-treated rat left ventricular myocytes. *
p < 0.05 vs respective control, n = 11 for all groups.
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FIGURE 7. Representative curves of Ca2+ transient induced by caffeine in normal Tyrode’s solution (NT) before (A) and after (B) rolipram (10 μM). The rNCX + PMCA is presented as decaying phase rate constant which is dominated by combined activity of NCX and PMCA to extrude Ca2+ to outside cell.
 



Rolipram Increased the Diastolic Ca2+ Leak Rate and SR Ca2+ Content Without Direct Effect on PMCA Activity in Caffeine-Induced Ca2+ Transient

To further isolate the activity of PMCA by rolipram from combined activity of NCX and PMCA, the Na+ and Ca2+-free extracellular solution was used to block the activity of NCX. In this condition, the Ca2+ transient decaying phase is mainly mediated by PMCA. Rolipram (10 μM) had no effect on PMCA activity based on insignificant rate constant (rPMCA) change from 0.025 ± 0.002 in control to 0.025 ± 0.002 (p < 0.05, n = 11) as shown in Figure 6B. However, rolipram (10 μM) significantly increased SR Ca2+ content from 559.0 ± 40.2 in control to 662.0 ± 44.2 (Figure 6C) (p < 0.05, n = 11) and enhanced the diastolic Ca2+ leak rate from 6.9% ± 0.3 in control to 9.1% ± 0.7 (Figure 6D) (p < 0.05, n = 11). The representative Ca2+ transient curves induced by caffeine in Na+ and Ca2+-free extracellular solution are presented in Figure 8.
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FIGURE 8. Representative curves of Ca2+ leak, SR Ca2+ content, and Ca2+ transient induced by caffeine before (A) and after (B) rolipram (10 μM) in the conditions of Na+ and Ca2+-free extracellular solution following steady field stimulation-induced Ca2+ transient in normal Tyrode’s solution (NT). The rPMCA is presented as decaying phase rate constant which is dominated by activity of PMCA alone to extrude Ca2+ to outside cell.
 




DISCUSSION

Three subtypes of PDE4 (PDE4A, B, D) are expressed in rat heart (Fertig and Baillie, 2018). Although their fundamental mechanism involving hydrolysis of cAMP is clear, their functions, especially in vivo, are not dissected due to their differential compartment distribution and basal level of hydrolysis substrates (Miller and Yan, 2010). In this P-V loop study, we underlined that rolipram, a PDE4 inhibitor, significantly increased the rat heart rate and contractility based on its enhanced end-systolic left ventricular pressure, stroke volume, cardiac output, ejection fraction, slope of ESPVR, and reduced end-systolic volume. Meanwhile, rolipram increased the systolic, diastolic blood pressure and pulse pressure without changing the arterial elastance which is proportional to the peripheral vascular resistance. Rolipram mismatched the rat normal ventricular-arterial coupling by reducing the normal value in control to the low level indicating that rolipram exerted positive inotropy with insignificant vascular effect in normal rats. However, the decreased effect on ventricular-arterial coupling by rolipram might be beneficial in heart failure of rats which have higher value of ventricular-arterial coupling (Cheng et al., 2008; Ky et al., 2013).

The in vivo positive inotropic effect of rolipram is under the condition of basal β-adrenergic tension by neurohumoral regulation. To elucidate whether this positive inotropic effect is independent of basal β-adrenergic stimulation, the isolated rat heart perfusion experiment was used. The results demonstrated that rolipram significantly enhanced rat left ventricular developed pressure, heart rate, and +dp/dtmax in vitro in a concentration-dependent manner. This effect occurred in both non-paced and paced models, and was independent of heart rate as reported (Beca et al., 2011). The increased inotropy by rolipram indicated that there is intrinsic cAMP content which exists in subcellular compartmentation independent of β-adrenergic stimulation.

To investigate the mechanism underlying the positive inotropic effect, the Ca2+ transient recording of rat left ventricular myocyte was used to analyze the effect of rolipram on Ca2+ handling. Ca2+ transient is composed of a fast rise phase mediated by Ca2+ release from SR to cytoplasm via RyR2 and a recovery phase or decaying phase by mainly re-uptaking Ca2+ from cytoplasm to SR via SERCA2a and extruding Ca2+ from cytoplasm to outside cell via NCX and PMCA. Rolipram increased the amplitude of Ca2+ transient induced by field stimulation without changing the diastolic Ca2+ level. The shape and amplitude of Ca2+ transient are determined mainly by RyR2, SERCA2a, NCX, and PMCA. First, the decaying phase was fitted by two exponential equations of type y = A*e−αt + B*e−βt, which follows the method of concentration-time curve fitting following intravenous administration of a drug in human. The decaying phase fast component rate constant of “α” represents the activity of SERCA2a and slow one of “β” represents the activity of combined NCX and PMCA. Rolipram significantly increased the SERCA2a activity and decreased the combined NCX and PMCA activity based on their decaying rate constants’ changes. Second, to isolate the decreased activities of NCX and PMCA by rolipram in field stimulation-induced Ca2+ transient, caffeine-induced Ca2+ transient experiments which inactivate SERCA2a activity were used in conditions of normal Tyrode’s solution or Na+ and Ca2+-free extracellular solution. The results indicated that rolipram failed to change the rate constants of activities of combined NCX and PMCA or PMCA alone. This result apparently differed from the fitting data in field stimulation-induced Ca2+ transient experiment in which rolipram reduced the combined activities of NCX and PMCA. The discrepancy might be due to that the robust increased SERCA2a activity compressed the abilities of NCX and PMCA to extrude the Ca2+ to outside cell during the relaxation in field stimulation-induced Ca2+ transient and the direct effect of rolipram on activities of NCX and PMCA in caffeine-induced Ca2+ transient remained unchanged. This explanation also helps to understand the mechanism underlying the increased SR Ca2+ content by rolipram, in which SERCA2a re-uptaked more Ca2+ into to SR by rolipram and passively reduced Ca2+ extrusion to outside cell via NCX and PMCA by reducing cytoplasmic diastolic Ca2+ concentration without enhancing Ca2+ entry from outside cell via L-type Ca2+ channel (Kerfant et al., 2007; Beca et al., 2011). Third, rolipram enhanced the Ca2+ leak rate in the caffeine-induced Ca2+ transient experiment. However, diastolic Ca2+ level was not changed in field stimulation-induced Ca2+ transient experiment. The balancing effects by enhanced re-uptaking function of SERCA2a and increased Ca2+ leak might explain these data. The Ca2+ leak occurs during the relaxation period and is easily measured by caffeine-induced Ca2+ transient experiment in the condition of inactivating SERCA2a (caffeine widely opens RyR2 and make SR membrane has no effect on building Ca2+ concentration gradient) and NCX (0 Na+ and 0 Ca2+ were added to external solution to abolish NCX activity). However, RyR2 activity which mediates the Ca2+ transient rise phase was not analyzed due to the limitation in this study with slow sampling of 10 ms. Even though, the peak shape of field stimulation induced-Ca2+ transient demonstrated that there was a sharp peak in control and a blunt one in rolipram-treated groups (data was not shown). The peak shape is determined by decay “tail” RyR2 Ca2+ release, Ca2+ leak, and start of SERCA2a activity. The underlying mechanism still needs further investigation. Many studies have reported that PDE4 inhibition increased the PLB phosphorylation which enhances the activity of SERCA2a and RyR2 phosphorylation level (Kerfant et al., 2007). Moreover, the inhibition of PDE4 by rolipram increased the NCX current which was used to determine the Ca2+ content of cytoplasm (Kerfant et al., 2007; Beca et al., 2011). In our study, we measured the combined rate constant of NCX and PMCA activities and not NCX current. Furthermore, the direct effect of rolipram on NCX might be not equal to one in the global effect with the involvement of SERCA2a.

Although this study addressed the inotropic effects of rolipram both in in vivo and in vitro and its underlying mechanism was mediated by enhancing the SERCA2a activity, however, there are still a few limitations in this study. First, PDE4 constitutes a large fraction of the total PDE activity in rodent heart than in human heart (Eschenhagen, 2013), suggesting the data in this study should be applied to humans cautiously. Secondly, the mechanism of enhanced SERCA2a activity by rolipram still needs to be further explored, such as involvement with p-phospholamban mediated by PKA, CaMKII, protein phosphatase, etc.

In conclusion, rolipram, a PDE4 inhibitor, exerted positive inotropic effect both in vivo and in vitro without insignificant peripheral arterial elastance, which resulted in the mismatched ventricular-arterial coupling in normal rats. The inotropic effect was mediated by Ca2+ handling in which rolipram enhanced SERCA2a activity and Ca2+ leak and reduced NCX and PMCA activities. However, rolipram had no direct effects on rate constants of NCX and PMCA. These results indicated that this PDE4 inhibitor may serve as a potential positive inotropic agent for the treatment of heart failure.
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Glucocorticoids (GCs) are the most commonly used drugs for treatment of autoimmune and inflammatory diseases. Their efficacy is due to their ability to bind cytoplasmic receptors (glucocorticoid receptors, GR) and other cytoplasmic proteins, thus regulating gene expression. Although GCs are potent life-saving drugs, their therapeutic effects are transitory and chronic use of GCs is accompanied by serious side effects. Therefore, new drugs are needed to replace GCs. We have identified a gene, glucocorticoid-induced leucine zipper (GILZ or tsc22d3), that is rapidly and invariably induced by GCs. Human GILZ is a 135-amino acid protein that mediates many GC effects, including inhibition of the NF-κB and MAPK pathways. Similar to GCs, GILZ exerts anti-inflammatory activity in experimental disease models, including inflammatory bowel diseases and arthritis. While transgenic mice that overexpress GILZ are more resistant, GILZ knockout mice develop worse inflammatory diseases. Moreover, the anti-inflammatory effect of GCs is attenuated in GILZ-deficient mice. Importantly, in vivo delivery of recombinant GILZ protein cured colitis and facilitated resolution of lipopolysaccharide-induced inflammation without apparent toxic effects. A synthetic GILZ-derived peptide, corresponding to the GILZ region that interacts with NF-κB, was able to suppress experimental autoimmune encephalomyelitis. Collectively, these findings indicate that GILZ is an anti-inflammatory molecule that may serve as the basis for designing new therapeutic approaches to inflammatory diseases.

Keywords: glucocorticoid-induced leucine zipper, recombinant GILZ protein, GILZ, GILZ-derived peptide, anti-inflammatory molecules


INTRODUCTION: GLUCOCORTICOID-INDUCED LEUCINE ZIPPER (GILZ) IS A GLUCOCORTICOID (GC)-INDUCIBLE GENE

Glucocorticoids (GCs) are important hormones able to regulate homeostasis of virtually all organs and tissues of the human body. GCs act mainly as regulators of transcriptional activity of a large number of genes, but also by control of epigenetic mechanisms (Cain and Cidlowski, 2017; Zannas and Chrousos, 2017). GCs have anti-inflammatory and immunosuppressive activities that involve nearly all arms of the inflammatory response. Accordingly, GCs are widely used for therapy. However, although GCs are potent anti-inflammatory drugs, their clinical effects are transitory and chronic use of GCs is accompanied by serious side effects, such as hypertension, hyperglycemia, osteoporosis, mood disorders and Cushing’s syndrome, that lead to discontinuation of therapy (Ayroldi et al., 2014). Therefore, new drugs that can substitute for GCs may provide a critical aid in suppressing inflammation. Most of the effects mediated by GCs, at physiological and pharmacological concentrations, are mediated by interactions with the glucocorticoid receptor (GR) (De Bosscher et al., 2003). GR is predominantly located in the cytoplasm as a multiprotein complex called the receptosome. After GC/GR interaction and consequent conformational changes, GR dissociates from the complex and translocates into the nucleus, where, as a dimer, it interacts with other transcription and coactivator factors and binds to specific DNA sequences, called glucocorticoid recognition elements (GREs). Almost all the effects of GCs, therapeutic and unwanted, are mediated by GR activity. Extensive efforts to separate beneficial from harmful gene activation by modulating GR activity have not yielded any success and GC toxicity is still a big issue in clinical practice. Since GC-induced effects are mostly due to the modulation of target gene expression, we initiated studies aimed at identifying proteins induced by GC treatment that mediate the anti-inflammatory effects, but not the side effects, of GCs. This is an emerging approach in drug design and is based on the development of peptide and mimetic drugs with decreased toxicity and enhanced specificity compared with conventional anti-inflammatory molecules.

Glucocorticoid-induced leucine zipper (GILZ, or tsc22d3) was discovered in our laboratory as a gene rapidly induced by dexamethasone (DEX), a synthetic GC (D’Adamio et al., 1997; Cannarile et al., 2001). In silico and mutational analyses of the GILZ promoter showed that at least three canonical GREs are present in the proximal region of the GILZ transcriptional start site (Asselin-Labat et al., 2004; Wang et al., 2004). More than 100 papers have been published showing that GILZ is one of the earliest transcriptional targets of GR, thus indicating that it is a good candidate as a downstream GC-induced effector molecule. GC signaling can also induce epigenetic modifications, such as changes in histone methylation and acetylation (Vockley et al., 2016). We have observed that GILZ binds and inhibits histone deacetylases in myoblasts, suggesting GILZ may also be involved in the effect of epigenetic changes induced by GCs (Bruscoli et al., 2010).

Of note, responsiveness of GC-inducible genes to activated GR may also be dependent on chromatin accessibility of the regulatory regions (enhancers and promoters) that may be influenced and affected by environmental stimuli. These epigenetic changes might influence expression of GC-induced genes, including GILZ (John et al., 2011; Stavreva et al., 2015). On the other hand, the secretion of GCs itself is a classic endocrine response to environmental exposures, including stress. Consequently, GILZ, induced by GCs, is produced in response to stressful events such as tissue damage, infection, anxiety or depression. Notably, it has been shown that major depressive disorder (MDD) patients with reduced GILZ expression in the hippocampus and amygdala showed a smaller hippocampal volume, suggesting the involvement of GILZ in stress-related disorders such as depression and anxiety (Frodl et al., 2012).

In this review, we describe experimental evidence suggesting that GILZ mediates the anti-inflammatory effects of GCs and that GILZ-based molecules have anti-inflammatory properties.



GILZ MEDIATES THE ANTI-INFLAMMATORY ACTIVITY OF GCs

In recent years, several laboratories including our own have produced a large amount of experimental evidence that supports the role of GILZ as a mediator of the anti-inflammatory activity of GCs (Figure 1) (Ayroldi et al., 2014; Ronchetti et al., 2015). GILZ is involved in the modulation of the same signaling immune responses and inflammation-related pathways implicated in GC-induced anti-inflammatory and immunosuppressive activities (Figure 1), suggesting that targeting GILZ can constitute a new approach to the treatment of inflammatory/autoimmune diseases.
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FIGURE 1. GILZ’s effects in cells of the immune system. Green arrows indicate positive regulation, red lines indicate negative regulation. Neut, neutrophils; Mϕ, monocytes/macrophages; DC, dendritic cells; B, B cells; Treg, T regulatory cells; Th17, T helper Type-17 cells; Th2, T helper Type-2 cells; Th1, T helper Type-1 cells; Thy, thymocytes.



Glucocorticoid-induced leucine zipper was initially cloned in 1997 by comparing gene expression profiles of DEX-treated versus untreated murine T cells in differential display assays (D’Adamio et al., 1997). In this work, D’Adamio et al. (1997) showed that GILZ is involved in the regulation of T cell apoptosis. GILZ expression protects T cells from activated induced cell death through inhibition of Fas and FasL expression. The discovery of a human GILZ ortholog by Cannarile et al. (2001) indicated that GILZ is expressed and is induced by GCs in all peripheral blood cells, including T lymphocytes, monocytes and granulocytes. GILZ is also expressed in several other non-lymphoid tissues, and is ubiquitously upregulated by GCs (Cari et al., 2015). Much experimental evidence shows that GILZ interacts with several transcription factors and cellular signaling pathways (Table 1). Among those, GILZ physically interacts with essential factors in the control of inflammatory processes, including subunit p65 of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), c-Jun/c-Fos heterodimer (named Activator protein-1, AP-1), Raf-1, Ras, and CCAAT-enhancer-binding proteins (CEBPs) (Figure 2), as discussed in detail in the following sections, suggesting it has a remarkable central role in the control of inflammation.

TABLE 1. GILZ protein binding partners.
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FIGURE 2. Molecular interactions of GILZ in the control of inflammation. Schematic representation of GILZ’s protein and its functional domains: N-Ter, N-terminal region (1–60 amino acids); TSC, TGF-β stimulated clone box (61–75 amino acids); LZ, leucine zipper domain (76–97 amino acids); PER, proline (P) and glutamic acid (E) rich region (98–137 amino acids). Proteins with characterized region of interaction are represented above GILZ protein diagram or aside, when specific regions of interaction have not been characterized yet. Raf-1, Raf-1 Proto-Oncogene, Serine/Threonine Kinase; RAS, Ras Proto-Oncogene, GTPase; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; cJun/cFos, proto-Oncogene components of an heterodimer also named Activator protein-1, AP-1; SMADs, Mothers against decapentaplegic homolog proteins; CEBPs, CCAAT-enhancer-binding proteins.





GILZ INTERACTION WITH NF-κB AND MAPK/ERK PATHWAYS IN INFLAMMATION

So far, the most relevant evidence of anti-inflammatory GILZ activities is related to interference with the NF-κB and Mitogen-Activated Protein Kinase (MAPK)/extracellular signal–regulated kinases (ERK) pathways. NF-κB is a transcription factor essential for the modulation of inflammatory and immune responses by controlling cytokine and chemokine production. Although NF-κB plays an essential, beneficial role in normal physiology, inappropriate regulation of NF-κB activity has been implicated in the pathogenesis of diseases including rheumatoid arthritis (RA), inflammatory bowel diseases (IBDs), osteoarthritis, atherosclerosis, asthma, multiple sclerosis (MS), and cancer (Barnes and Karin, 1997; Dai et al., 2009; Lawrence, 2009; Ben-Neriah and Karin, 2011).

Interference with NF-κB transcriptional activity by GCs in monocytes, macrophages, neutrophils, dendritic cells (DCs) and T lymphocytes is very important for the inhibition of the inflammatory response. We proposed that GILZ up-regulation induced by GCs is another way in which GCs control the activation of NF-κB. Ayroldi et al. (2001) demonstrated that GILZ directly binds to NF-κB and inhibits its activation (Figure 2). They showed that GILZ overexpression blocks nuclear translocation of the NF-κB/p65 subunit and it prevents the induction of pro-inflammatory NF-κB target genes in thymocytes, for example Interleukin-2 (IL-2) (Ayroldi et al., 2001; Di Marco et al., 2007). GILZ also mimics the effects of GCs on the differentiation of mature T cells, since GILZ overexpression in T cells of GILZ transgenic mice induces downregulation of the T helper (Th)-1 response and upregulation of the Th-2 response (Cannarile et al., 2006). The shift toward a Th2 response correlates with inhibition of NF-κB nuclear translocation in CD4+ T lymphocytes of intestinal lamina propria, and as a consequence, GILZ transgenic mice are less susceptible to Th1-mediated colitis.

Subsequent experimental evidence, obtained using several in vitro and in vivo models, further supported the link between anti-inflammatory activity of GILZ and inhibition of NF-κB. Berrebi et al. (2003) showed that GC inhibition of macrophage activation is at least in part achieved by GILZ-mediated inhibition of NF-κB. GILZ is constitutively expressed in mouse and human macrophages and in human monocytes, and is upregulated by GCs (Cannarile et al., 2001; Berrebi et al., 2003). In the THP-1 macrophage cell line, GILZ binds to the p65/NF-κB subunit and inhibits the expression of costimulatory molecules CD80 and CD86 and the production of chemokines Regulated on Activation, Normal T Cell Expressed and Secreted (RANTES) and Macrophage inflammatory protein 1 (MIP-1), thus mimicking the effect of GC treatment on macrophages (Berrebi et al., 2003). It has also been shown that GILZ mediates immunosuppressive effects in DCs. Overexpression of GILZ led to a tolerogenic effect of DCs in mediating T-cell activation by interfering with the NF-κB pathway (Cohen et al., 2006; Benkhoucha et al., 2014).

Beside the reported functions on cells of the immune system, GILZ has also been implicated in regulation of epithelial and endothelial inflammatory response. Indeed, GILZ silencing in human alveolar macrophages led to increased pro-inflammatory response and NF-κB activity (Hoppstadter et al., 2012). GILZ is also expressed in epithelial cells and GILZ peptide in human airway epithelial BEAS-2B cell line suppressed NF-κB activation (Eddleston et al., 2007). Furthermore, GILZ is expressed in synovial endothelial cells in RA, where it has been suggested to modulate inflammatory leukocyte recruitment via NF-κB. GILZ overexpression inhibits endothelial cell adhesive function through decreased expression of E-selectin, Intercellular Adhesion Molecule 1 (ICAM-1), C-C Motif Chemokine Ligand 2 (CCL2), C-X-C Motif Chemokine Ligand 8 (CXCL8), and Interleukin-6 (IL-6) and inhibition of Tumor Necrosis Factor (TNF)-stimulated leukocyte rolling, adhesion, and transmigration. Moreover, GILZ is downregulated in human umbilical vein endothelial cells by pro-inflammatory TNFα. Again, the anti-inflammatory effect of GILZ on endothelial cells involves the inhibition of NF-κB (Hahn et al., 2014). Moreover, GILZ-mediated inhibition of NF-κB nuclear translocation diminishes Cyclooxygenase 2 (COX-2) expression in bone marrow mesenchymal stem cells (MSCs) that were implicated in the pathogenesis and progression of RA (Chen and Tuan, 2008). GILZ expression was detected in the synovium of patients with RA and of mice with collagen-induced arthritis (CIA), and the severity of the disease was enhanced by GILZ silencing (Beaulieu et al., 2010; Ayroldi et al., 2014). The role of GILZ in the anti-inflammatory effect of MSCs in RA involves modulation of Th17 response toward a regulatory phenotype (Luz-Crawford et al., 2015). Another study confirmed that GILZ acts as a negative regulator of IL-17 production by T cells (Jones et al., 2015). GILZ expression in salivary gland is decreased in a mouse model of Sjögren’s syndrome, and GILZ overexpression inhibits production of IL-17 in salivary gland cells, suggesting that GILZ represents a potential target for diagnosis and treatment of Sjögren’s syndrome (Qin et al., 2015). Biological functions of Th17 cells are usually associated with pro-inflammatory activity implicated in the pathogenesis of autoimmune diseases. Yosef et al. (2013) proposed a dynamic regulatory network that comprises distinct Th17 cells with pro-inflammatory or regulatory activities. They indicated GILZ as a potential marker of Th17 cells with a non-pathogenic status (Yosef et al., 2013).

It has also been shown that GILZ dampens the pro-inflammatory effects of TNFα in human adipocytes by inhibiting p65/NF-κB nuclear translocation (Lee et al., 2016).

We have also shown that GILZ plays an important role in the homeostasis of B-cells (Bruscoli et al., 2015, 2018). GILZ deficiency leads to increased B-cell survival through elevated NF-κB activity and B-Cell CLL/Lymphoma 2 (Bcl-2) overexpression. B lymphocytosis observed in gilz deficient mice suggests that GILZ could be implicated in the pathogenesis of B-cell disorders such as hematological and/or autoimmune/inflammatory diseases. In this regard, a recent study reports a reduced GILZ expression in B cells of patients with systemic lupus erythematosus (SLE) (Jones et al., 2016).

The influence of GILZ on the expression of Bcl-2 family members is consistent with observations indicating that GILZ overexpression inhibits apoptosis in T lymphocytes through down-regulation of Bcl-2 Interacting Mediator Of Cell Death (Bim), a pro-apoptotic member of the Bcl-2 family (Asselin-Labat et al., 2004). GILZ also inhibits apoptosis in cardiomyocytes, where the pro-survival isoform of Bcl-XL protein is overexpressed when GILZ is overexpressed (Aguilar et al., 2014).

Interestingly, it has been shown that a GILZ-based peptide inhibits p65/NF-kB activation in lipopolysaccharide (LPS)-stimulated THP-1 myeloid cell line (Srinivasan et al., 2014). More recently, another study showed that a peptide corresponding to the 98–134 amino acids of GILZ inhibits LPS-induced p65/NF-kB nuclear translocation in retinal Müller cells (Gu et al., 2018a).

Collectively, these findings suggest that GILZ or GILZ-based peptides mimic the effect of GCs on NF-κB inhibition and GILZ expression is sufficient to achieve efficacious suppression of NF-κB-induced inflammation (Ngo et al., 2013; Ayroldi et al., 2014).

Many anti-inflammatory effects of GCs depend on cross-talk with the MAPK signaling pathway. We have shown that GILZ interacts with the MAPK pathway by binding to Raf-1 and Ras (Figure 2) (Ayroldi et al., 2002, 2007). GILZ interaction with activated Ras results in inhibition of both the Phosphoinositide 3-kinase (PI3K)/Akt and ERK pathways, thus dampening cell growth (including tumor cell growth) and differentiation. Also, GILZ mediates DEX-induced inhibition of the MAPK/ERK pathway in human airway epithelial cells (Liu et al., 2013). Specific genetic ablation of GILZ in myeloid cells resulted in an increased susceptibility to LPS-induced macrophage activation through hyperactivity of the MAPK/ERK pathway (Hoppstadter et al., 2015). Furthermore, in cooperation with Annexin-1, another mediator of anti-inflammatory effects of GCs, GILZ inhibits LPS-induced macrophage activation by enhancement of the ERK and JUN N-Terminal Kinase (JNK) MAPK pathways (Yang et al., 2009), and neutrophil migration into inflamed tissues (Ricci et al., 2017). In addition, GILZ also inhibits neutrophil activation in a mouse model of C. albicans infection (Ricci et al., 2019).

Inhibition of oncoprotein Ras affects both the MAPK and PI3k/Akt pathways that are involved in cell survival and activation of immune responses. Forkhead family (Fox) transcription factors are mediators in the PI3K/Akt pathway in the homeostasis of immune cells, including T lymphocytes (Peng, 2008). Among these factors, FoxO3 is phosphorylated and inactivated by activated Akt. It has been shown that GILZ inhibits FoxO3 activity and is part of a PI3K/Akt-FoxO3 signaling pathway that controls cell proliferation (Latre de Late et al., 2010).

A recent interesting report by Hoppstadter et al. (2016) showed that GILZ is induced in macrophages by curcumin, a natural product with anti-inflammatory properties. Hoppstadter et al. (2016) showed that curcumin inhibits inflammatory activities of the NF-κB and MAPK/Erk pathways and subsequent TNFα production via GILZ (Hoppstadter et al., 2016).



GILZ AND OTHER INFLAMMATORY SIGNALING PATHWAYS

GILZ is able to inhibit the function of AP-1, a transcription factor pivotal for activation of immune cells during inflammation (Schonthaler et al., 2011). GILZ heterodimerizes with components of AP-1, c-Fos and c-jun (Mittelstadt and Ashwell, 2001), and GILZ overexpression inhibits production of IL-2, a cytokine that plays a central role in T-cell homeostasis and activation (Ayroldi et al., 2001; Mittelstadt and Ashwell, 2001; Di Marco et al., 2007). T-cell activation, also through IL-2 production, suppresses GILZ expression (D’Adamio et al., 1997; Ayroldi et al., 2001; Asselin-Labat et al., 2004). This reciprocal inhibitory activity between T-cell activation and GILZ expression indicates that GILZ is important to maintain T-cell anergy, thus suggesting that modifications of GILZ expression and/or functions may have relevant effects in the control of inflammatory processes. Recently, we demonstrated that in GILZ-deficient mice, interferon-γ (IFNγ) production by B cells is increased, depending at least in part on enhanced AP-1 transcriptional activity. GILZ binds AP-1, inhibits its nuclear translocation and hence dampens AP-1-mediated transcriptional activation of IFNγ promoter, thus regulating B cell activities and the development of inflammatory diseases (Bruscoli et al., 2018).

As already mentioned, GILZ, like GCs, supports T cell differentiation toward the Th2 phenotype (Cannarile et al., 2006). An appropriate balance between inflammatory and anti-inflammatory signals is dependent on the regulated activity of different T cell subpopulations and the ability of tissue to regulate the immune response (Hall et al., 2011). In particular, T regulatory (Treg) cells participate in modulation of inflammatory response and their deregulation has been shown to be involved in many inflammatory diseases (Rudensky, 2011). It is now clear that Treg induction is important for GC-induced therapeutic effects. GCs are able to synergize with Transforming growth factor beta (TGF-β) in regulating the expression of Foxp-3, a transcription factor essential for Treg generation (Rudensky, 2011; Bereshchenko et al., 2014). Foxp-3 expression is in fact induced by TGF-β pathway activation that is due to Mothers against decapentaplegic homolog (SMAD) protein phosphorylation; interaction of TGF-β with specific receptors induces SMAD phosphorylation and consequently increases Foxp-3 expression. Bereshchenko et al. (2014) showed that GILZ is necessary for GC-mediated Treg cell induction. This effect is due to GILZ interaction with SMAD proteins, thus synergizing with the TGF-β activity in enhancing FoxP3 expression (Bereshchenko et al., 2014). Notably, the therapeutic effect of GCs was lacking in a colitis model in GILZ knockout mice (Bereshchenko et al., 2014).

CEBPs are leucine zipper (LZ) transcription factors involved in diverse cellular responses including cell proliferation and differentiation, and also in inflammatory processes. There are several studies indicating a role for CEBP members in mediating GC effects (Roos and Nord, 2012). CEBPs are transcription factors that hetero-dimerize with many other proteins, including GC-target proteins such as MAPK phosphatase 1(MKP1)/dual specificity phosphatase 1 (DUSP1) (Kassel et al., 2001).

It has been shown that GILZ binds CEBPδ and inhibits peroxisome proliferator-activator receptor (PPAR)-gamma 2 expression, thus resulting in inhibition of differentiation adipogenesis in MSCs (Shi et al., 2003). Moreover, GILZ overexpression inhibits CEBPα expression and function, thus promoting osteogenesis in MSCs (Zhang et al., 2008). Although there is no direct evidence that GILZ is involved in the control of immunoregulatory molecules produced by MSCs, as GCs do, the aforementioned evidence supports the idea that GCs also affect CEBP activity through GILZ expression. Thus, more studies are warranted to understand the interplay between GILZ and CEPBs in mediating the anti-inflammatory effects of GCs in MSCs.

Serum/Glucocorticoid Regulated Kinase 1 (SGK1) is another important kinase that participates in the control of inflammation. Aberrant SGK1 expression is observed in a wide variety of diseases, including lung fibrosis, diabetic nephropathy, glomerulonephritis, obstructive nephropathy, liver cirrhosis, pancreatitis, and Crohn’s disease (Artunc and Lang, 2014). Pharmacologic inhibition of SGK1 or suppression by small interfering RNA enhances pro-inflammatory cytokine production (including TNF, IL-12, and IL-6) in Toll Like Receptor (TLR)-activated monocytes. Lack of SGK1 results in increased phosphorylation of inhibitor of NF-kB kinase (IKK) and inhibitor of NF-kB Alpha (IκBα), and consequent increased NF-κB/p65 transcriptional activity in LPS-stimulated cells (Zhou et al., 2015). Interestingly, both SGK-1 and GILZ are up-regulated by aldosterone in the kidney and regulate the activity of Epithelial Na(+) Channel (ENaC), a sodium transport channel (Bhalla et al., 2006). More recently, it has been reported that reduced SGK-1 and GILZ expression was concomitant with increased IL-6 expression in patients with MDD (Frodl et al., 2012). These indications suggest a possible cooperation of SGK-1 and GILZ in the control of inflammatory response pathways.

Many members of the nuclear receptor superfamily are involved in the modulation of inflammation. In particular, the PPARs, like GR, have anti-inflammatory properties because they reduce expression of several pro-inflammatory cytokines, chemokines and cell adhesion molecules. Three isoforms, PPAR-α, PPAR-β/δ, and PPAR-γ, form heterodimers with retinoic acid receptors. Deficiency of PPAR-α in mice impairs DEX-induced inhibition of NF-κB, TNF-α production, cell migration, and COX-2 production. Moreover, PPAR-α contributes to the transcriptional up-regulation of GILZ by GCs (Cuzzocrea et al., 2008). GILZ over-expression inhibits PPAR-γ2 expression and blocks adipocyte differentiation (Zhang et al., 2008). The interplay between PPARs, GCs and GILZ is still not well characterized, and further studies are warranted to clarify whether GILZ also affects PPAR functions in inflammatory processes.

Estrogen receptor (ER), another member of the nuclear receptor superfamily, regulates GILZ expression. Tynan et al. (2004) showed that estrogens modulate GILZ expression in MCF-7 human breast cancer cells. Again, crosstalk between the GR and ER nuclear receptor members in inflammation might be therapeutically relevant and anti-inflammatory activity of GILZ may play a relevant role in this interplay (Cuzzocrea et al., 2007).

Together, these studies indicate that GILZ acts as a factor necessary for the maintenance of quiescence of immune cells. GILZ is downregulated upon activation of many cell types, including T and B lymphocytes, macrophages and DCs (D’Adamio et al., 1997; Lebson et al., 2011; Bruscoli et al., 2018; Hoppstadter et al., 2019), and is required for their proper activation, maturation and differentiation.



GILZ STRUCTURE-BASED DESIGN OF PUTATIVE ANTI-INFLAMMATORY MOLECULES

The mouse GILZ gene encodes a 137-amino acid (aa) LZ protein (D’Adamio et al., 1997). Human GILZ is a 135-aa protein, almost identical to its murine homologue (97% identity) (Cannarile et al., 2001). GILZ is composed of three domains—a TGF-β-stimulated clone (TSC) box (aa positions 40–75), a central LZ domain (aa 76–97), and a C-terminal domain endowed with a proline and glutamic acid rich (PER) region (aa 98–137). We also characterized a transcriptional variant, named long (L)-GILZ, that shares with GILZ all the conserved domains including the TSC box, LZ, and PER region, but differs in the N-terminal domain, and is encoded by an upstream alternative exon 1 (Bruscoli et al., 2012). Unlike most LZ proteins, which are usually transcription factors, GILZ isoforms do not contain a basic-rich region, and so far there has been no formal demonstration of direct binding to DNA; GILZ is mostly located in the cytoplasm, although it may also be present in the nucleus (Shi et al., 2003).

Different domains have been identified as essential for direct protein–protein binding interactions with different molecules. For example, the TSC-box domain is important for binding with Ras, while Raf-1 binds the N-terminal portion of GILZ. Both Raf-1 and Ras are activators of MAPK/ERK and PI3K/Akt pathways and GILZ expression negatively modulates both pathways (Ayroldi et al., 2002, 2007; Asselin-Labat et al., 2004; Venanzi et al., 2014). Interestingly, both c-Fos and c-Jun, proteins containing LZ domains and components of the transcription factor AP-1, are efficiently retained by the GILZ N-terminal portion (aa 1–60), which lacks the LZ domain necessary for homo-dimerization, indicating that the LZ domain is not necessary for GILZ to bind AP-1 components (Di Marco et al., 2007). This evidence opens an interesting question about the role of the LZ domain in GILZ. Usually, a LZ region is a protein–protein interaction motif in which there is a leucine every seventh residue in an α-helix over a short stretch of protein, forming a stable coiled-coil structure. This motif is important for homo- and heterodimerization with a similar motif to promote specific DNA binding by a basic region adjacent to the LZ motif. The LZ model was originally proposed on the basis of the leucine distribution in LZ regions of proteins. It is now known to be common to over 40 proteins, including C/EBPs, Myc, Fos, Jun, and cAMP Responsive Element Binding Protein (CREB), involved in stress responses and the regulation of cell survival and proliferation (Jindrich and Degnan, 2016). LZ proteins can also associate with non-identical partners to form heterodimers composed of two different subunits, thus greatly expanding the repertoire of functions that these proteins can display. Although the LZ domain of GILZ is highly conserved, it has not yet been demonstrated to be necessary for hetero-dimerization with other LZ proteins. It is possible that the presence of the TSC-box domain, close to the LZ domain, limits the capacity of the GILZ LZ domain to bind other LZ family proteins. Interestingly, GILZ also binds to other LZ proteins such as CEBPα, CEBPβ and CEBPγ, but the region responsible for direct binding has not yet been identified (Shi et al., 2003; Pan et al., 2014).

Importantly, much experimental evidence reporting GILZ overexpression in mice, as well as in vivo delivery of recombinant GILZ protein, suggests that GILZ mimics some of the anti-inflammatory effects of GCs, including inhibition of T cell activation/differentiation and macrophage activation (D’Adamio et al., 1997; Ayroldi et al., 2001; Berrebi et al., 2003; Cannarile et al., 2009; Pinheiro et al., 2013; Bereshchenko et al., 2014; Hoppstadter et al., 2015), thus supporting the idea that GILZ protein may serve as a basis for rational drug design to achieve similar anti-inflammatory effects to GCs but with reduced side effects.

The first demonstration that recombinant GILZ protein has anti-inflammatory effects was by Cannarile et al. (2009), when a transactivator of transcription (TAT)–GILZ fusion protein, injected subcutaneously in a mouse model of Dinitrobenzene sulfonic acid (DNBS)-induced colitis, was found efficacious in ameliorating signs of colon inflammation (Cannarile et al., 2009). It has also been demonstrated that hydrodynamic delivery of GILZ-expressing vectors containing the TAT–GILZ sequence was sufficient to prevent LPS-induced lethal inflammation (shock) (Pinheiro et al., 2013). In addition, Vago et al. (2015) have shown that TAT–GILZ fusion protein efficiently induces a pro-apoptotic program in vivo that promotes resolution of neutrophilic inflammation induced by LPS. Recently, it was shown that in vivo administration of TAT–GILZ fusion protein in a mouse model of acute kidney injury exerts protective effects by promoting neutrophil and T cell polarization toward an anti-inflammatory phenotype (Baban et al., 2018).

The use of GILZ-derived peptides containing the critical aa 120–123 necessary for GILZ interaction with NF-κB (Di Marco et al., 2007) has been shown to effectively counteract neuroinflammation in a mouse model of MS (Srinivasan and Janardhanam, 2011). Recently, an in vivo injection of GILZ-based peptide prevented light-induced photoreceptor apoptosis and protected the retina from degeneration in Sprague Dawley rats, thus demonstrating the therapeutic efficacy of GILZ-based peptide in degenerative retinal diseases (Gu et al., 2018b).

The inhibitory effect on neuroinflammation was also reported in a study where transgenic mice overexpressing GILZ showed reduced damage and inflammation upon spinal cord injury (SCI) compared with wild-type controls (Esposito et al., 2012). Interestingly, a different study showed that, in the same SCI model, genetic ablation of GILZ in T lymphocytes led to reduced lesions and inflammation, suggesting that GILZ is involved in inflammatory processes upon SCI (Mazzon et al., 2014). This apparent contradiction is probably because, apart from its direct immunomodulatory role on T cells (D’Adamio et al., 1997; Ronchetti et al., 2015) GILZ is also expressed in neurons and may have functions in cells involved in neuronal damage (Srinivasan and Lahiri, 2017). Further studies are warranted to define the role of GILZ in the central nervous system.

Finally, forced GILZ overexpression in endothelial cells inhibits their activation and production of chemoattractant molecules, through NF-κB inhibition, thus reducing leukocyte recruitment to the site of inflammation (Cheng et al., 2013).



CONCLUSION

Data indicate that GILZ protein and GILZ-based molecules have therapeutic efficacy and are non-toxic to cells and mice. Therefore, novel drugs in the area of “inflammatory/autoimmune” diseases, including chronic, acute and lethal inflammation (shock), can be developed based on GILZ and its molecular interactions. Moreover, those drugs will be of interest for many inflammation-based degenerative diseases and possibly cancer. In the near future, we propose to identify novel anti-inflammatory drugs designed on the basis of the GILZ protein structure and described molecular interactions of GILZ that have been characterized in recent years. The efficacy, toxicity and molecular effects of these drugs will be evaluated in cellular systems and in established in vivo models of IBD and RA. A combination of experimental and computational techniques, together with a deep knowledge of the determinants of protein–protein and protein–ligand interactions, is necessary for the successful design of small compounds based on GILZ that will be efficacious for the treatment of inflammatory and autoimmune diseases.
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Sphingosine kinases 1 and 2 (SK1 and SK2) are proto-oncogenic isozymes expressed in many human tumors and associated with chemoresistance and poor prognosis. They are well-recognized therapy targets and their inhibition was shown to induce tumor volume reduction and chemosensitization in multiple cancer models. Oncogenic signaling is extremely complex and often cross-regulated. Designing molecular therapies and their combinations requires rational approaches to avoid redundant targeting or developing resistance. In this study, we have performed RNA transcriptome microarray analysis of two breast and two prostate metastatic cancer cell lines treated with siRNAs targeting SK1 or SK2. In prostate cancer cell lines SK1 knockdown (KD) has significantly changed expression of several genes including downregulation of NSUN2, G3BP2 and upregulation of ETS1. SK2 KD also affected expression of multiple genes including downregulation of CAPZA1 NSUN3 and ADPGK and upregulation of VDAC1, IBTK, ETS1, and MKNK2. Similarly, in breast cancer cells SK1 KD led to downregulation of NSUN2, NFATC3, CDK2, and G3BP2 and upregulation of GTF2B, TTC17, and RAB23. SK2 KD in breast cancer cells has decreased expression of ITGAV and CAPZA1 and increased expression of GTF2B and ST13. Gene-set enrichment analysis of known biochemical pathways showed that in prostate and breast cell lines SKs KD have altered multiple pathways. SK1 KD altered chromatin assembly, regulation of G1/S transition and mitosis, Wnt and MAP kinase signaling and cell motility. SK2 KD altered RAS protein signal transduction, regulation of MAP kinase and serine/threonine kinase activity, cell motility, small GTPase mediated signal transduction and phosphatidylinositol 3-kinase (PI3K) signaling. Through genome-wide microarray analysis, we have identified important molecular pathways affected by SK1 and SK2 KD. It appears that while KD of both genes leads to a decrease in individual pro-tumorigenic genes, there is a universal cellular response resulting in upregulation of several known pro-survival and pro-tumorigenic pathways such as MAPK, RAS, and PI3K, which may mediate cancer resistance to anti-SKs therapies. Our data point out to the potential advantage of certain molecular therapy combinations in targeting prostate and breast cancer. Further signaling studies are required to confirm the individual involvement of identified pathways.

Keywords: sphingosine kinase, gene knockdown, DNA microarray, transcriptome, breast cancer, prostate cancer, molecular targets, targeted therapy


INTRODUCTION

Sphingosine kinases 1 and 2 (SK1 and SK2) are proto-oncogenic enzymes expressed in multiple human tumors (Alshaker et al., 2013). They convert proapoptotic lipid second messenger sphingosine to anti-apoptotic sphingosine-1-phosphate. SKs display different subcellular localization and tissue expression patterns. SK1 is a constitutively active cytosolic enzyme, that translocates to the plasma membrane upon phosphorylation at Ser225. SK2 is localized mainly in the nucleus where it has a role in DNA synthesis and histone H3 acetylation (Song et al., 2018).

There is compelling evidence that SK1 activation contributes to cancer progression and leads to oncogenic transformation, increased tumor growth and impairment of apoptosis (reviewed in Alshaker et al., 2013; White et al., 2016). SK1 is a tumor-associated enzyme: high levels of SK1 expression have been shown in various human tumors such as brain, breast, colon, lung, ovary, stomach, uterus, kidney, rectum, and small intestine, where they enhance tumor neovascularization and metastatic potential by promoting motility and invasion of cancer cells (Cuvillier, 2007; Shida et al., 2008; Pyne et al., 2012). High levels of SK1 expression or activity are associated with a poor prognosis in several human cancers, making it a key pathway in the search for targeted therapies (Pyne et al., 2012). SK2 is predominantly localized to cell organelles and its role in cell proliferation/apoptosis is less well studied. However, several studies showed a critical role of SK2 for epidermal growth factor-stimulated migration of breast cancer cells, growth of tumor xenografts and lung cancer chemoresistance (Song et al., 2018).

Multiple SK1 and SK2 inhibitors have been synthesized and assayed in different biological systems. Selective SK1 inhibitors such as SK1-I or SK-F have been demonstrated to efficiently induce apoptosis in cancer cells (Paugh et al., 2008; Alshaker et al., 2018). A sphingosine analog FTY720 was shown to inhibit SK1 and induce cancer cell apoptosis (Wang et al., 1999; Permpongkosol et al., 2002), chemo- and radiosensitization (Pchejetski et al., 2010; Alshaker et al., 2017; Wang et al., 2017). Several studies have indicated an anti-tumorigenic role of a specific SK2 inhibitor ABC294640 (Antoon et al., 2011; Beljanski et al., 2011; Song et al., 2018).

Oncogenic signaling pathways are complex. Intervention with a single pathway usually leads to multiple pathways being affected due to cross-regulation. Based on this rationale, identifying signaling “hubs” has become popular in molecular therapy design, hoping that by targeting one key molecule, multiple signaling pathways can be regulated. This, however, can lead to undesirable side effects. Furthermore, targeting only one pathway does not always lead to desired effects due to the presence of parallel signaling pathways leading to the same end-point, prompting the use of combined therapies. Care should be taken in the creation of combined therapeutic interventions utilizing compounds that could target independent or compensatory pathways and therefore have synergistic effects. The rationale for such combinations could be derived from studying the gene expression and pathways regulation.

In this study, we have used for the first time RNA transcriptome microarray technology to investigate the transcriptome-wide effects of SK1 and SK2 downregulation. This approach mimics the therapeutic targeting of SKs by inhibitors and allows mapping the affected/unaffected signaling cascades. Our data provide useful insight for creating more robust therapeutic combinations for cancer targeting.



MATERIALS AND METHODS

Cell Culture and Reagents

Human breast cancer cell lines MDA-MB-231 and BT-549 and human prostate cancer cells lines PC-3 and DU145 were purchased from ATCC (Manassas, VA, United States), and maintained in RPMI with 10% FCS, 50 U/ml penicillin, 50 μg/ml streptomycin and 2 mM glutamine (Sigma-Aldrich, St. Louis, MO, United States). Cell lines were kept in culture for up to 30 passages. Cells were seeded to reach 70–80% confluence by the end of the treatment. All chemicals unless specified were from Sigma Aldrich (Poole, United Kingdom).

RNA Interference

Cells were seeded at a density to reach 30–50% confluence by the day of transfection. Cells were transfected as described previously (Alshaker et al., 2014, 2015) using siRNA directed against SK1 and SK2 as pooled four independent sequences and non-targeting siRNA as a negative control combined with HiPerFect (Qiagen, West Sussex, United Kingdom). Optimal knockdown (KD) was obtained 72 h post-transfection and verified by qRT-PCR.

RNA Extraction, cDNA Synthesis and qRT-PCR

Isolation of total RNA from cancer cells was performed using the RNeasy Mini kit (Qiagen, Valencia, CA, United States) as per manufacturer’s instructions. RNA quantity and purity was measured using a NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific, Loughborough, United Kingdom). Reverse transcription was performed using Precision nanoScriptTM Reverse transcription kit (PrimerDesign Ltd., Southampton, United Kingdom). qRT-PCR was done as already described (Alshaker et al., 2014, 2017). Ct values were exported and analyzed using qbase software (Biogazelle NV, Zwijnaarde, Belgium).

RNA Microarray

RNA was normalized to an input amount of 99.9 ng and underwent reverse transcription. sscDNA was purified using magnetic beads and fragmented using UDG. Fragmented sample was hybridized to Affymetrix Clariom S human arrays at 45°C overnight. Stained arrays are scanned to generate intensity data. All reagent kits and arrays were purchased from Thermo Fisher Scientific, Loughborough, United Kingdom.

Sphingosine Kinase Activity

Sphingosine kinases 1 and 2 assay was performed using radiolabeling as previously described (Pchejetski et al., 2011; Alshaker et al., 2014, 2015), in conditions favoring either SK1 or SK2 activity (Liu et al., 2000).

Statistical Analysis

qRT-PCR data are presented as the mean values of at least three independent experiments normalized to control ± standard error of the mean (SEM) calculated using GraphPad Prism. Statistical significance between two groups was conducted by unpaired Student’s t-test. P-value of <0.05 is considered statistically significant.

DNA microarray analyses were performed in R version 3.4.3. Gene-level signal estimates were derived from CEL files generated from Affymetrix Clariom S human arrays using the multi-array analysis (RMA) algorithm (Irizarry et al., 2003) implemented in Bioconductor package oligo version 1.42.0 (Carvalho and Irizarry, 2010). Differential expression analysis was performed using the limma version 3.34.4: linear models were determined for each transcript cluster (gene) and an estimate for the global variance calculated by an empirical Bayes approach (Smyth, 2004). A moderated t-statistic was computed for each transcript cluster with the resulting p-values adjusted for multiple testing using Benjamini and Hochberg’s method to control the false discovery rate. Those transcript clusters with an adjusted p-value less than 0.05 were considered to be significantly differentially expressed between the two groups.

Gene ontology biological process and hallmarks of cancer gene sets were tested in gene set enrichment analysis using the clusterProfiler package, version 3.6 (Yu et al., 2012). The t-statistic generated in the differential expression analyses was used as the metric, with all entrez genes as the background and a cut-off p-value of 0.05 after multiple testing using the false discovery rate.



RESULTS

Chemotherapy and molecular therapy are currently used in treatment of locally advanced and metastatic prostate and breast cancers. Among those cancers, androgen-independent prostate tumors and triple negative breast tumors are considered the most aggressive form of the disease. As a model of those diseases, we have chosen two metastatic androgen-insensitive prostate cancer cells lines PC-3 and DU145 and two metastatic triple negative breast cancer cell lines MBA-MB-231 and BT-549. SK1 and SK2 downregulation was achieved by transfection with four pooled sequences siRNA (Qiagen) for 72 h and verified using qRT-PCR (Figure 1). It is interesting to note that in PC-3 and BT-549 cells KD of SK1 caused a significant increase in SK2 expression (55 and 45%, respectively), however this effect was not present in MDA-MB-231 and DU145 cells (Figure 1). These results were confirmed on the enzyme level using SK1 and SK2 activity (Figure 1).
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FIGURE 1. SK1/SK2 knockdown in prostate and breast cancer cell lines. Human breast cancer cell lines MDA-MB-231 and BT-549 and human prostate cancer cells lines PC-3 and DU145 were transfected with SK1 and SK2 siRNA and gene knockdown was assessed by qRT-PCR (A,B). SK1 and SK2 activity was assessed using radiolabeling assay (C,D). Data mean values of at least three independent experiments normalized to control ± SEM. ∗∗p < 0.01, ∗∗∗p < 0.001.



DNA CHIP analysis was performed on all samples in triplicate using Affymetrix Clariom S microarray. Genes were determined to be significantly differentially expressed using a moderated t-test (p (0.05; Benjamin Hochberg multiple testing correction applied). SK1 and SK2 regulated genes exhibited tissue specific differences. As expected, SK1 and SK2 were shown to be down-regulated by respective siRNA pools (for clarity, these effects are not shown in Figures 2–5).
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FIGURE 2. Altered gene expression in response to SK1 knockdown (KD) in prostate cancer cell lines. Human prostate cancer cells lines PC-3 and DU145 were transfected with SK1 siRNA and Affymetrix Clariom S human array was performed as described in materials and methods. Differential expression analysis was performed using the limma version 3.34.4: linear models were determined for each transcript cluster (gene) and an estimate for the global variance calculated by an empirical Bayes approach. A moderated t-statistic was computed for each transcript cluster with the resulting p-values adjusted for multiple testing using Benjamini and Hochberg’s method to control the false discovery rate. Those transcript clusters with an adjusted p-value less than 0.05 were considered to be significantly differentially expressed between the two groups; bars, SEM.
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FIGURE 3. Altered gene expression in response to SK1 knockdown (KD) in breast cancer cell lines. Human breast cancer cell lines MDA-MB-231 and BT-549 were transfected with SK1 siRNA and Affymetrix Clariom S human array was performed as described in materials and methods. Differential expression analysis was performed using the limma version 3.34.4: linear models were determined for each transcript cluster (gene) and an estimate for the global variance calculated by an empirical Bayes approach. A moderated t-statistic was computed for each transcript cluster with the resulting p-values adjusted for multiple testing using Benjamini and Hochberg’s method to control the false discovery rate. Those transcript clusters with an adjusted p-value less than 0.05 were considered to be significantly differentially expressed between the two groups; bars, SEM.
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FIGURE 4. Altered gene expression in response to SK2 knockdown (KD) in prostate cancer cell lines. Human prostate cancer cells lines PC-3 and DU145 were transfected with SK2 siRNA and Affymetrix Clariom S human array was performed as described in materials and methods. Differential expression analysis was performed using the limma version 3.34.4: linear models were determined for each transcript cluster (gene) and an estimate for the global variance calculated by an empirical Bayes approach. A moderated t-statistic was computed for each transcript cluster with the resulting p-values adjusted for multiple testing using Benjamini and Hochberg’s method to control the false discovery rate. Those transcript clusters with an adjusted p-value less than 0.05 were considered to be significantly differentially expressed between the two groups; bars, SEM.
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FIGURE 5. Altered gene expression in response to SK2 knockdown (KD) in breast cancer cell lines. Human breast cancer cell lines MDA-MB-231 and BT-549 were transfected with SK2 siRNA and Affymetrix Clariom S human array was performed as described in materials and methods. Differential expression analysis was performed using the limma version 3.34.4: linear models were determined for each transcript cluster (gene) and an estimate for the global variance calculated by an empirical Bayes approach. A moderated t-statistic was computed for each transcript cluster with the resulting p-values adjusted for multiple testing using Benjamini and Hochberg’s method to control the false discovery rate. Those transcript clusters with an adjusted p-value less than 0.05 were considered to be significantly differentially expressed between the two groups; bars, SEM.



In prostate cancer cells SK1 KD induced downregulation of expression of ten genes and upregulation of five genes (Figure 2, only genes identically regulated in both cell lines are shown). Among the genes downregulated by SK1 were G3BP stress granule assembly factors G3BP1 and G3BP2 [involved in nuclear factor kappa B (NFκB), RAS and Wnt signaling], phosphoribosyl pyrophosphate synthetase 2 (PRPS2), involved in multiple biosynthesis pathways like purine synthesis, NOP2/Sun RNA methyltransferase family member 2 (NSUN2) which regulates mRNA translation and NADH:ubiquinone oxidoreductase subunit A2 (NDUFA2), a subunit of complex I of the respiratory chain. SK1 KD increased expression of IBTK (inhibitor of Bruton tyrosine kinase) and notably ETS1 (ETS proto-oncogene 1, transcription factor).

In breast cancer cells SK1 KD (Figure 3) has decreased the expression of E2F5 (E2F transcription factor 5), NSUN2, nuclear factor of activated T-cells 3 (NFATC3) which regulates transcription, PRPS2, cyclin dependent kinase 2 (CDK2), known regulator in the cell cycle, G3BP stress granule assembly factors G3BP1 and G3BP2, vesicle-associated membrane-protein-associated protein B (VAPB) involved in vesicle trafficking and N-acetylglucosamine kinase (NAGK), involved in metabolism. SK1 KD has notably increased expression of RAB23 (encodes a small GTPase of the RAS oncogene superfamily).

In prostate cells, SK2 KD affected expression of 25 genes (Figure 4) including downregulation of capping actin protein of muscle Z-line alpha subunit 1 (CAPZA1), involved in inhibition of autophagy and epithelial-mesenchymal transition (EMT), NSUN3 (NOP2/Sun RNA methyltransferase family member 3, mRNA translation), ADP dependent glucokinase (ADPGK), involved in EMT in cancer cells and kelch domain containing 10 (KLHDC10), which regulates oxidative stress. SK2 KD increased expression of voltage dependent anion channel 1 (VDAC1) oncogene, regulator of mammalian target of rapamycin (mTOR), inhibitor of Bruton tyrosine kinase (IBTK), antiproliferative, ataxin 10 (ATXN10) which activates the RAS-MAP kinase pathway, ETS proto-oncogene 1 (ETS1), transcription factor, ubiquitin conjugating enzyme E2 R2 (UBE2R2) involved in ubiquitination and cell differentiation, MAP kinase interacting serine/threonine kinase 2 (MKNK2), protein phosphatase 2 regulatory subunit B′alpha (PPP2R5A) and WEE1 G2 checkpoint kinase (WEE1), cell cycle regulator.

On the other hand, SK2 KD in breast cancer (Figure 5) has downregulated expression of integrin subunit alpha V (ITGAV), belongs to the integrin alpha chain family which may regulate angiogenesis and cancer progression and capping actin protein of muscle Z-line alpha subunit 1 (CAPZA1), regulates growth of the actin filament and increased expression of general transcription factor IIB (GTF2B), zinc finger DHHC-type containing 20 (ZDHHC20) and ST13, Hsp70 interacting protein, involved in the assembly process of glucocorticoid receptor.

We have then performed a functional analysis of identified genes for the gene-set enrichment of known biochemical pathways upon SK1 and 2 KD. We have investigated the changes for gene ontology biological process pathways (Figure 6 and Supplementary Tables S1–S4) and hallmarks of cancer gene sets (Tables 1–4). SK1 and SK2 KD had different effect on pathway enrichment which was also cell line dependent, although there were several common pathways shared between both cell lines and both SKs. Gene-set enrichment analysis of gene ontology biological process enrichment pathways showed that in prostate cancer cells SK1 KD has induced downregulation of pathways linked with DNA conformation change, chromatin assembly and regulation of G1/S transition of mitotic cell cycle and notably enrichment of Wnt signaling pathway, cell motility and MAP kinase activity (Supplementary Table S1, examples of linked pathways shown in Figure 6). In breast cancer cells SK1 KD has induced a downregulation of pathways responsible for DNA replication and repair, cell cycle (G1/S), p53, enrichment in Wnt signaling and vesicle-mediated transport pathways (Supplementary Table S2, examples of linked pathways shown in Figure 6). In prostate cancer cells, SK2 KD has enriched RAS protein signal transduction, MAP kinase, protein serine/threonine kinase, cell motility, small GTPase and phosphatidylinositol 3-kinase signaling pathways (Supplementary Table S3, examples of linked pathways shown in Figure 6) while in breast cancer cells it induced Wnt signaling, small GTPase mediated signal transduction, MAP kinase, endosomal transport and RAS protein signal transduction pathways and downregulated DNA repair pathway (Supplementary Table S4, examples of linked pathways shown in Figure 6).
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FIGURE 6. Gene-set enrichment analysis of gene ontology biological process enrichment pathways. Human prostate cancer cells lines PC-3 and DU145 (A,B) and human breast cancer cell lines MDA-MB-231 and BT-549 (C,D) were transfected with SK1 (A,C) and SK2 (B,D) siRNA and Affymetrix Clariom S human array was performed as described in materials and methods. Gene ontology biological process and hallmarks of cancer gene sets were tested in gene set enrichment analysis using the clusterProfiler package, version 3.6. The t-statistic generated in the differential expression analyses was used as the metric, with all Entrez Genes as the background and a cut-off p-value of 0.05 after multiple testing using the false discovery rate.



TABLE 1. Gene-set enrichment analysis of hallmark of cancer enrichment pathways in response to SK1 KD in breast cancer cells.
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TABLE 2. Gene-set enrichment analysis of hallmark of cancer enrichment pathways in response to SK1 KD in prostate cancer cells.
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TABLE 3. Gene-set enrichment analysis of hallmark of cancer enrichment pathways in response to SK2 KD in breast cancer cells.
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TABLE 4. Gene-set enrichment analysis of hallmark of cancer enrichment pathways in response to SK2 KD in prostate cancer cells.
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Gene-set enrichment analysis of hallmarks of cancer pathways has shown several important pathways regulated by SK1/SK2 KD. SK1 KD in breast cancer cell lines downregulated Myc, G2/M cell cycle and E2F pathways (Table 1) and upregulated KRAS, IL2/signal transducer and activator of transcription (STAT)5 and tumor necrosis factor (TNF)/NFκB pathways. Prostate cancer cell lines similarly had G2/M, E2F and additionally p53 pathways downregulated, and KRAS, IL2/STAT5, TNF/NFκB and additionally EMT pathways upregulated by SK1 KD (Table 2).

Sphingosine kinase 2 KD had similar effects to SK1 in breast cancer cells downregulating KRAS, G2/M and E2F pathways and upregulating EMT and p53 pathways (Table 3). On the contrary, in prostate cancer cells SK2 KD has upregulated G2/M and E2F pathways (Table 4).



DISCUSSION

In the last decade SK inhibitors have shown significant potential for cancer treatment. There are dozens of papers proving their antitumour efficacy in vitro and in vivo (reviewed in Alshaker et al., 2013) and two molecules are already in clinical trials: SK1 inhibitor phenoxodiol (Veyonda) for prostate cancer, non-small cell lung cancer and sarcoma; and SK2 inhibitor ABC294640 (opaganib) for advanced solid tumors and multiple myeloma. These inhibitors are often proposed to be used as “sensitisers” to chemo- and radiotherapy and can be used as free drugs or in nanoparticle settings (Alshaker et al., 2017; Wang et al., 2017; Yee et al., 2017). Their specificity has significantly increased with the recent discovery of SK1 structure (Wang et al., 2013) and the use of computer modeling methods (Alshaker et al., 2018).

Cancer progression is mediated by multiple mutations and involves activation of a wide variety of signaling pathways, many of which are cross-regulated or lead to similar downstream events (reviewed in Garland, 2017). For example, in cancer cell, a mutation in receptor tyrosine kinase can activate multiple signaling pathways and subsequent transcription factors leading to gene expression, while each of these pathways can be also mutated or activated independently, creating a highly complex web of signaling. The typical molecular targeting therapy approach is to block these pathways (e.g., tyrosine kinases, mTOR, MAPK, PARP, CDK, etc.) with specific inhibitors. Aside from few cases (such as BCR-Abl), where one major mutation is responsible for cancer progression, it appears that switching off one pathway is usually insufficient to completely block cancer cell growth and induce cell death. Ordinarily, targeted cancer monotherapy can end up with bypass mechanisms. Resistant clones of cancer cells evolve that can compensate for the switched off pathway by upregulating other independent pathways.

Several approaches can be used to circumvent this phenomenon. First, improved drug delivery may allow achieving higher drug concentrations in the tumor leading to higher efficacy. Second, the employment of several combined targeted or non-targeted therapies or agents that interfere with multiple cell-signaling pathways may allow making multiple hits on the cell proliferation machinery. Finally, a combination of these approaches can possibly provide a significant benefit both in terms of efficacy and reducing side effects (Alshaker et al., 2017; Wang et al., 2017).

When designing the successful drug combinations, one may consider which pathways are implicated in proliferation and chemoresistance in the target system, as well as the known crosstalk between these pathways. For example, if a pro-survival pathway A activates a pro-survival pathway B, but doesn’t affect the pro-survival pathway C, targeting both A and B is redundant while targeting A and C may have synergistic therapeutic effect.

We have conducted this study to identify which signaling pathways are universally or tissue specifically regulated by SK1 and SK2 in prostate and breast cancers. More importantly, we questioned which common cell proliferation pathways are upregulated as compensatory mechanisms and may be responsible for resistance to anti-SK therapies. Considering that SK inhibitors may reach clinic in near future, this knowledge would allow us to hypothesize which combinational therapies may have synergistic effects.

Across all four cell lines investigated SK1 KD downregulated expression of NSUN2 (mRNA translation), PRPS2 (purine synthesis) and G3BP1,2 (NFκB, RAS, and Wnt signaling) (Figures 2, 3). Other notable genes decreased by SK1 KD were NDUFA2 in prostate and E2F5, NAGK, VAPB, NFATC3, CDK2 in breast cancer cell lines. SK2 KD universally downregulated expression of CAPZA1 (inhibition of autophagy and EMT) and also decreased expression of NSUN3, ADPGK and KLHDC10 in prostate and ITGAV in breast cancer cell lines (Figures 4, 5). From these data it appears that SK targeting carries a significant antiproliferative effect through downregulation of expression of several genes which are relevant for cell survival and division. However, individually SK1 and SK2 KD have led to upregulation of multiple genes (IBTK, GTF2B, VDAC1, GTF2B, ETS1, TTC17, IBTK, ZDHHC20, RAB23, ATXN10, ST13, ETS1, PPP2R5A, MKNK2, UBE2R2, WEE1) that regulate transcription, cell cycle, EMT, cell motility, serine/threonine kinases, small GTPases, phosphatidylinositol 3-kinase (PI3K), HSP70, Wnt, mTOR, RAS and MAPK signaling pathways (Jiang-Hua et al., 2014; Hu et al., 2018; Liu et al., 2018). It is very likely that these pathways represent a cellular “compensatory” response and may be potentially contributing to SK-inhibitor resistance.

Sphingosine kinases 1 and 2 KD has up- and downregulated a significant number of genes in individual cell lines (Supplementary Table S5). This number was reduced to 15 and 25 genes for SK1 and SK2 KD, respectively, in prostate cells and 25 and 8 genes for SK1 and SK2 KD, respectively, in breast cancer cells (Figures 2–5, 7). There was some concordance of SK-regulated genes between the tissues. Five genes (DPH2 G3BP1, G3BP2, NSUN2, and TTC17) were similarly regulated by SK1 KD in prostate and breast cancer cells (Figure 7). SK2 KD has regulated CAPZA1, ELMOD2, and HACD2 in a similar fashion across all four cell lines (Figure 7). There was no overlap between SK1 and SK2 regulated genes.
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FIGURE 7. Venn diagram of genes regulated by SK1/SK2 knockdown (KD) in prostate and breast cell lines. Human breast cancer cell lines MDA-MB-231 and BT-549 and prostate cancer cells lines PC-3 and DU145 were transfected with SK1 or SK2 siRNA and Affymetrix Clariom S human array was performed as described in materials and methods. Numbers of significantly regulated genes common to prostate or breast cell lines are shown in outer semicircles and the number of genes universally regulated by SK1 or SK2 KD in all cell lines is shown in the middle. These universal genes are listed below the circles.



While individual genes may provide insight into altered signaling, gene-set enrichment analysis may demonstrate a bigger picture of significant pathways modulated by SK KD. Gene-set enrichment pathway analysis showed that in all cell lines SK1 KD decreased DNA conformation and replication pathways, while SK2 KD did not decrease any major pro-proliferative pathways. In contrast, there is a clear concordance in pathways upregulated in response to SK KD. SK2 KD has upregulated RAS, MAPK and small GTPase pathways, while SK1 KD has increased Wnt signaling in all four cell lines (Supplementary Tables S1–S4). In tissue specific manner, SK1 and SK2 KD individually have also increased cell motility, vesicular transport, cell motility, Rho, PI3K and serine/threonine kinase pathways. Similar to individual genes, these pathways are likely to represent the “compensatory” response of cancer cells to SKs KD and may contribute to developing resistance for anti SK therapies.

Gene-set enrichment analysis of hallmarks of cancer pathways has shown that several important pathways are upregulated in response to SK1/SK2 KD, most notably KRAS, IL2/STAT5, EMT and TNF/NFκB (SK1 KD) and EMT, G2/M and E2F (SK2 KD) (Tables 1–4). Interestingly, several well-known pathways implicated in cancer progression or apoptosis were unaffected by SK KD (such as BCL2, PARP, or many transcription factors). These pathways are also therapeutic targets and concurrent use of their inhibitors and SK inhibitors may have therapeutic advantage. For example, if one were to use SK1 inhibitor in prostate cancer, adding PI3K inhibitor may be of particular benefit as SK1 KD is upregulating PI3K pathway which may mediate resistance. Same goes for e.g., Ras pathway and SK2 in both prostate and breast cancer cells. Conversely G1/S and G2/M are both significantly inhibited by SK1 KD in breast cancer cells, therefore adding cell cycle inhibitors may be of no additional benefit.

There were no previous studies investigating transcriptome in response to SK1 KD. An opposite study was performed by Pham et al. (2014), who have transfected NIH3T3 cells with SK1 and analyzed transcriptome identifying multiple genes regulated by artificially increased SK1. There, however, may be significant difference between genes regulated by baseline SK1 activity or its absence (as in our case) and artificial SK1 overexpression. From comparison of both studies it is also clear that SK1-regulated genes are tissue and cell line specific. Angerer et al. (2018) have described transcriptome profiling of peripheral blood immune cell populations in multiple sclerosis patients before and during treatment with a sphingosine-1-phosphate receptor modulator fingolimod (also an SK1 inhibitor in higher doses) identifying QGAP2, MYBL1, and PTPN12 that were consistently expressed at significantly higher transcript levels in response to continued administration of fingolimod in CD8+, CD4+ and CD19+ cells. Fingolimod has S1P receptor affinity at nanomolar range but requires micromolar levels to inhibit SK1 (Pchejetski et al., 2010), and it is unlikely that such levels were achieved in human patients. In addition to designing combined therapies, our data may also provide an insight into the potential side effects of therapeutic SKs inhibition. Many of the identified pathways are linked with tissue development, DNA repair, apoptosis and many other pivotal physiological processes.

As any pharmacological compounds, most SK inhibitors are not uniquely targeting SKs. Some of them have higher affinity toward SK1 (e.g., SK1-I) or SK2 (e.g., ABC294640), while others inhibit both SKs (e.g., SKI-II). They may also affect activity of other kinases. We therefore focused on using a “clean method” of SKs downregulation. It is, however, possible that siRNAs may have different effect on gene expression than pharmacological inhibitors.



CONCLUSION

Through genome-wide microarray, we have identified important molecular pathways affected and not affected by SK1 and SK2 signaling. Multiple pathways such RAS, MAPK, small GTPase, Wnt and PI3K were upregulated in response to SK KD. Additionally, several well-known pathways implicated in cancer progression or apoptosis were unaffected by SK KD (such as BCL2, PARP). Co-targeting of these pathways may present a viable therapeutic option to overcome SK inhibitor resistance in prostate and breast cancer. Further signaling studies are required to confirm the individual involvement of the identified pathways.
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Calcineurin inhibitors potentially prevent pro-allergic mediator release from basophils and mast cells but are rarely used systemically due to ubiquitous expressions of target signaling proteins. However, specific targeting of allergic effector cells with these inhibitors could circumvent unwanted side effects. We recently demonstrated the biocompatibility of gold nanoparticles (AuNPs) as a platform for non-toxic delivery of signaling inhibitors due to unique physicochemical properties of these nanomaterials. Since AuNPs can be conjugated with both anti-allergic drugs and antibodies or other proteins that specifically recognize basophils and mast cells, our aims were to assess specific targeting of allergic effector cell function using AuNPs conjugated with the calcineurin inhibitor ascomycin. Purified human basophils and LAD2 human mast cells were used for investigations with AuNPs conjugated either to CD203c antibodies or containing stem cell factor (SCF), respectively, which were amine-coupled to acidic groups of reduced glutathione (GSH). GSH was also used as a spacer for immobilization of ascomycin on the gold surface. AuNPs conjugated with anti-CD203c and ascomycin strikingly blocked IgE-dependent degranulation of both purified basophils and those present in mixed leukocyte preparations, suggesting specific targeting of these cells. In contrast, LAD2 mast cell responses were not inhibited using anti-CD203c-containing nanoconjugates but were when the conjugates contained SCF. Successful targeting of allergic effector cells using gold nanoconjugates indicates that this technology may have therapeutic potential for the treatment of allergies by specifically delivering highly effective signaling inhibitors with reduced side effects.
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INTRODUCTION

Inflammatory mediator release, (e.g., histamine) from basophils and mast cells plays a major role in contributing to the symptoms of allergic reactions and these cells may also support the underlying tendency for an individual’s immune system to respond in a pro-allergic manner (reviewed in Varricchi et al., 2018). In terms of anti-allergic therapy, it is therefore desirable to target these cells and limit their ability to release inflammatory and immunomodulatory mediators. Several pharmacological inhibitors of intracellular signaling, (e.g., Syk and calcineurin inhibitors) have been shown to substantially reduce the ability of mast cells and basophils to release allergic mediators following stimulation of the high-affinity IgE receptor (Fc𝜀RI) (Oliver et al., 1994; Zuberbier et al., 2001; Plath et al., 2003; Matsubara et al., 2006; Rossi et al., 2006; Harrison et al., 2007). However, due to the ubiquitous expressions of intracellular signals systemic clinical use of these inhibitors is problematical in terms of potential side effects and adverse drug reactions. It is therefore desirable to be able to specifically target effector cells involved in human allergy with drugs that are known to prevent allergen-induced cell activation and the release of pro-inflammatory mediators.

We recently reported the proof-of-principle that gold nanoparticles (AuNPs) could be used to specifically target basophils and other cell types with certain signal transduction inhibitors (Gibbs et al., 2014; Yasinska et al., 2018). Furthermore, compared to most other nanomaterials, AuNPs are relatively non-toxic (Deng et al., 2011; Pissuwan et al., 2011) and are easily conjugated with pharmacological agents and antibodies/antigen-binding peptides (Ma et al., 2010; Gibbs et al., 2014; Yasinska et al., 2018). Moreover, we observed that AuNPs display inherent anti-inflammatory properties themselves by neutralizing the effects of IL-1β (Sumbayev et al., 2013), a cytokine that contributes to allergic inflammation, particularly in asthma.

As a specific marker for mast cells and basophils, we chose CD203c [the ectonucleotide pyrophosphatase/phosphodiesterase family member 3 (ENPP-3)] since it is currently the only known membrane-associated protein that is almost exclusively expressed on both human mast cells and basophils (Bühring et al., 2001; Ghannadan et al., 2002). This marker has been employed in flow cytometric assays for clinical diagnostics regarding basophil activation (Boumiza et al., 2003; Kleine-Tebbe et al., 2006). Its biological function in these cells is not clear but its surface expression is upregulated by priming factors involved in allergic diseases, such as IL-3, and during allergic responses of these cells (Hauswirth et al., 2007; Ono et al., 2010).

Given the above statements, our main aim was to specifically target and inhibit the function of primary human basophils and LAD2 mast cells using AuNPs conjugated to anti-CD203c and ascomycin. Furthermore, we characterized our AuNP-based nanoconjugates (NCJ) using synchrotron radiation circular dichroism (SRCD) spectroscopy. We also compared the effects of NCJ containing anti-CD203c to those conjugated to stem cell factor (SCF). This may allow mast cell-selective targeting since SCF binds to KIT, a receptor that is highly expressed in mature mast cells (other cells include immature haemopoietic stem cells, melanocytes and interstitial cells of the Cajal).



METHODS

Generation and Characterization of NCJ

Synthesis of 5 nm AuNPs was performed essentially as described previously (Sumbayev et al., 2013; Gibbs et al., 2014; Yasinska et al., 2018). Briefly, 5 ml of aqueous gold (III) chloride trihydrate (10 mM) and 2.5 ml of aqueous sodium citrate (100 mM) were added to 95 ml of milliQ-water in a round bottom flask equipped with a magnetic stirrer. The solution (which has a pale yellow appearance) was cooled down to 1–2°C. Under vigorous stirring 1 ml of aqueous sodium borohydride (4°C, 0.1 M) was added and the solution (which should have a dark red appearance) was then stirred for further 10 min on an ice bath before being allowed to warm up to room temperature. NCJ were generated as described before using glutathione as a linker to immobilize one molecule of anti-CD203c antibody or SCF per 1 nanoparticle. The rest of the surface was covered by glutathiolated (through –COOH group) ascomycin (maximum 1,000 molecules per nanoparticle) (Gibbs et al., 2014; Yasinska et al., 2018). The same principle was adopted for the generation of SCF-containing NCJ (where SCF was employed instead of anti-CD203c). Nanomaterials were characterized using SRCD spectroscopy as described previously (Yasinska et al., 2018).

Briefly, SRCD measurements were conducted using 10 cm path length cell with 3 mm aperture diameter and capacity of 800 μl using the Module B with a 1 nm increment, 1s integration time and 1.2 nm bandwidth at 23°C (Hussain et al., 2012; Yasinska et al., 2018). The results obtained were analyzed using CDAPPs program (Hussain et al., 2012, 2015) and Origin software (OriginLabTM).

Basophil Isolation and Purification

Basophils, were isolated from buffy coat blood (purchased from the NHS Blood and Transplant service following ethics approval (NHS REC 12/WM/0319) by Ficoll-density centrifugation and purified further (to >90%) by immunomagnetic cell sorting using commercial kits, as previously described (Gibbs et al., 2008). Basophil purities were determined by alcian blue staining.

LAD2 Mast Cells

LAD2 cells were generously provided to us by Dr. A. Kirshenbaum and Prof. D. Metcalfe (NIH, Bethesda, United States) and cultured in Stem-Pro-34 serum-free media in the presence of 100 ng/ml SCF as previously reported (Kirshenbaum et al., 2003). Human SCF protein was produced in Escherichia Coli and purified following established protocols (Wang et al., 2008). Cells were sensitized with 100 ng/ml polyclonal IgE (Amsbio, Abingdon, United Kingdom) 24 h before the experiments.

Cell Stimulation and Histamine Release Assay

Cells were re-suspended in HEPES-buffered Tyrode’s solution (containing 1 mM CaCl2) and pre-incubated with or without either NCJ or ascomycin alone (5 or 100 nM) for 15 min at 37° before stimulation (either anti-IgE (1 μg/ml), fMLP (100 nM) or buffer alone) for 30 min. Following centrifugation, histamine content were determined in the supernatants and lysed cell pellets by spectrofluorometric analysis based on the method described by Shore et al. (1959). Histamine releases were calculated by dividing histamine content in respective supernatants by that present in equivalent cell lysates × 100%. Net histamine releases were then calculated by subtracting spontaneous secretions and the results then presented as percentage inhibitions of net histamine release caused by the stimulus alone.

Statistical Analysis

Each experiment was performed at least three times. When comparing two events at a time we used a two-tailed Student’s t-test. Multiple comparisons were performed by ANOVA test and post hoc Bonferroni correction was applied. Statistical probabilities (p) were shown in the figures as ∗ for p < 0.05; ∗∗ for p < 0.01 and ∗∗∗ for p < 0.001.



RESULTS

Our first objective was to characterize the NCJs using far-UV CD spectra of the components, the materials and compounds comprising the anti-CD203c- and ascomycin-conjugated AuNPs (Figures 1A–F) by use of SRCD spectroscopy (Figure 1G). Our observations confirmed that immobilization of both antibody and the drug was successful.
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FIGURE 1. Characterization of nanoconjugates using synchrotron radiation circular dichroism (SRCD) spectroscopy. (A–F) Nanomaterials and compounds which were analyzed using SRCD spectroscopy. (G) Observed far-UV spectra of anti-CD203c antibody, ascomycin and all possible types of functionalised gold nanoparticles. Data are the mean values of four independent experiments.



Next, we compared the effects of NCJs and ascomycin alone on histamine release from purified human basophils stimulated either with anti-IgE (Figures 2A,B and Supplementary Figures 1A,B) or the N-formylated tripeptide fMLP (Figure 2C and Supplementary Figures 1C,D). In agreement with our previous observations (Gibbs et al., 2014) NCJs containing ascomycin and anti-CD203c substantially inhibited IgE-dependent basophil histamine release and this level of inhibition was similar to that seen with 100 nM ascomycin alone. Our current results also include the effects of NCJs without ascomycin, which did not show any inhibitory properties. In contrast, NCJs were less effective at inhibiting histamine release from basophils induced by fMLP, although the inhibitory effects with NCJs were still significantly greater than those seen with ascomycin alone at the highest concentration (Figure 2C).
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FIGURE 2. Effect of NCJs on histamine release from human basophils and LAD2 mast cells. Cells were preincubated for 15 min either with NCJs, ascomycin or buffer alone before stimulation for 30 min, after which histamine releases were assessed. All results are shown as percentage inhibition of histamine release ± SEM. ∗ and ∗∗ denote significant differences from control using a paired Student’s t-test (p < 0.05 or p < 0.01, respectively). Panel A Scheme illustrating the interaction of a NCJ containing anti-CD203c with a human basophil and subsequent ascomycin delivery. Panel B Basophils stimulated with anti-IgE (n = 4). Results were first corrected from spontaneous releases (5.4 ± 1.1%) and percentage inhibition calculated from net anti-IgE-induced release in the absence of NCJs or inhibitors (25.3 ± 4.1%). Panel C Basophils stimulated with fMLP (n = 4). Results were first corrected from spontaneous releases (4.2 ± 1.2%) and percentage inhibition calculated from net fMLP-induced release in the absence of NCJs or inhibitors (31.6 ± 4.0%). Panel D Comparison of the inhibitory effects of NCJs and ascomycin alone in purified (>90% pure) and unpurified (<2% pure) human basophils stimulated with anti-IgE. Spontaneous histamine releases (4.6 ± 0.5% for purified basophils, 3.2 ± 0.7% for unpurified basophils) were first subtracted and the results expressed as percentage inhibition of histamine release caused by anti-IgE alone (net releases were 14 ± 2.7% for purified basophils, 14.2 ± 2.5% for unpurified basophils) (n = 8). Panel E Scheme illustrating interaction of a NCJ containing SCF with LAD2 mast cell and subsequent ascomycin delivery. Panel F Effect of NJCs on histamine release from LAD2 cells stimulated with anti-IgE (n = 6). Results were first corrected from spontaneous releases (15.7 ± 0.5%) and percentage inhibition calculated from net anti-IgE-induced release in the absence of NCJs or inhibitors (15.9 ± 0.7%). Panel G Effect of different NJCs on histamine release from purified human basophils stimulated with anti-IgE. Results were first corrected from spontaneous releases (4.0 ± 0.3%) and percentage inhibition calculated from net anti-IgE-induced release in the absence of NCJs or inhibitors (10.6 ± 1.0%).



We next asked whether the striking inhibitory properties of NCJs regarding the abrogation of IgE-dependent histamine release from purified basophils were matched in unpurified basophil preparations. Indeed, NCJs had similar inhibitory effects in both preps, while ascomycin alone was less effective (especially at the lower, 5 nM, concentration), presumably due to specific basophil targeting by the NCJs and greater distribution of the free drug between basophils and contaminating peripheral blood mononuclear cells (Figure 2D and Supplementary Figure 2).

Surprisingly, NCJs containing anti-CD203c were not effective at inhibiting anti-IgE-induced histamine release from LAD2 mast cells (Figures 2E,F and Supplementary Figure 3). The effects of ascomycin alone were also less effective than previously observed for basophils, possibly owing to requiring longer preincubation periods than for basophils. Non-etheless, anti-CD203c-containing NCJ were even less effective at inhibiting histamine release from LAD2 mast cells than the moderate inhibition seen with ascomycin alone. In contrast, when coupled to SCF, the inhibitory actions of NCJ were restored to levels greater than seen for ascomycin alone. We also observed that SCF-containing NCJs were moderately (though significantly) effective at inhibiting basophil-derived histamine release, though the inhibitory properties were considerably less compared to anti-CD203c-containing NCJs (Figure 2G).



DISCUSSION

Our SRCD spectroscopy results demonstrate that immobilization of ascomycin and anti-CD203c on the gold surface of AuNPs doesn’t affect the antibody secondary structure, based on unchanged shape of the respective SRCD spectrum curves (Figure 1G; successful immobilizations of targeting agents on AuNPs is shown in Supplementary Figure 4). This explains preserved biochemical activity of the antibody upon its immobilization on the gold surface. This is confirmed by the functional activities of the NCJs in terms of targeting and inhibiting histamine release from allergic effector cells. For basophils, this inhibitory action was clearly due to the presence of ascomycin on the NCJs, since no effects were observed using NCJs without ascomycin conjugation. Furthermore, the inhibitory actions of ascomycin were more pronounced in terms of inhibiting IgE-dependent histamine release compared to fMLP. As a result, ascomycin-containing NCJs were also less effective at inhibiting fMLP-induced basophil histamine release.

The concentration of ascomycin delivered into basophils within the NCJs was maximally 5 nM, based on stoicheometrical calculations on the number of ascomycin molecules fused to each nanoparticle and the number of nanoparticles incubated with basophils (Gibbs et al., 2014). The increased inhibitory effect of these NCJs compared to incubation with 5 nM ascomycin alone supports that the NCJs facilitate specific cellular targeting. Furthermore, we obtained the same results with the NCJs in both pure and unpure basophils preparations, whereas 5 nM ascomycin alone displayed less inhibitory effects on unpure basophils than pure basophils. This suggests that ascomycin, which is a relatively lipophilic molecule, would otherwise disperse into various cell populations in vivo, lowering its effective concentration in basophils and increasing the likelihood of side effects (thus emphasizing the need for cell-specific targeting using NCJs).

In terms of the effects of NCJs on LAD2 mast cells, anti-CD203c conjugation surprisingly failed to target these cells, where no significant inhibition of IgE-dependent histamine release was observed in contrast to ascomycin alone. Indeed, we observed that LAD2 cells expressed barely detectable levels of CD203c (Supplementary Figure 5A). This suggests that CD203c may be absent in certain aberrant mast cell disorders although it is be widely expressed both on a variety of human primary mast cells as well as in vitro cultured mast cells and other human mast cell lines (Ghannadan et al., 2002; Andersen et al., 2008; Cop et al., 2017). The LAD2 cell line is derived from a patient with mast cell leukemia/sarcoma (Kirshenbaum et al., 2003). However, neoplastic mast cells from systemic mastocytosis patients have, in contrast to our observations with LAD2 cells, been shown to overexpress CD203c (Hauswirth et al., 2008). This would advocate the use of NCJs containing anti-CD203c (or single chain antibodies/peptides against this protein) to target most other human mast cells and highlights the limitations of LAD2 mast cells in these particular studies.

An alternative mast cell-specific marker is CD117 (KIT), which binds SCF. Our results clearly showed, in contrast to anti-CD203c-containing NCJs, that NCJs containing SCF significantly inhibited LAD2 cell histamine release much more than ascomycin alone. This verifies the concept of specific drug delivery into mast cells using NCJs and shows that CD117 could be used to specifically target mast cells in tissues where other KIT-positive cells (present mainly in the bone marrow) are absent. We assumed that basophils could not be targeted with SCF-containing NCJs since, other than during development, they are generally considered to be CD117/KIT negative (Han et al., 2008). Indeed, Western blot analysis of LAD2 and basophil lysates clearly demonstrated high KIT expression in LAD2 mast cells whereas it was undetectable in basophils (Supplementary Figure 5B). However, SCF-containing NCJs still gave rise to a moderate inhibition of histamine release from basophils. This suggests that SCF may non-specifically interact with some of the basophil cell surface-based receptors or have a moderate affinity to some of them. The second scenario is more likely given that SCF is known to stimulate chemotaxis and the survival of peripheral blood basophils (Heinemann et al., 2005).

We conclude that AuNP-based NCJs are highly effective both at targeting human allergic effector cells and substantially blocking their function by delivering anti-allergic agents. However, expensive stability as well as in vivo safety testing will need to be conducted in before this technology can be developed further as a new therapeutic approach in a clinical setting.
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The Tim-3-galectin-9 secretory pathway is known to protect various types of cancer cells against host immune surveillance. We found that pharmacologically induced mitochondrial dysfunction leads to a reduced galectin-9 expression/exocytosis in human colorectal cancer cells and re-distribution of this protein (the effect described for various cellular proteins) into mitochondria.
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RESULTS

It has recently been discovered that the immune receptor Tim-3 (T cell immunoglobulin and mucin domain-containing protein 3) and it's ligand galectin-9 determines the capability of various types of malignant cells [e.g., acute myeloid leukemia (AML), colorectal cancer] to escape host immune surveillance (Kang et al., 2015; Gonçalves Silva et al., 2017; Sakhnevych et al., 2018; Yasinska et al., 2018b). Also, some of the galectin family members (for example galectin-3) were found to be able to protect AML and colorectal cancer cells against apoptosis through mitochondrial stabilization in a B cell lymphoma protein (Bcl) 2-dependent manner (Lee et al., 2013; Ruvolo, 2016). We asked whether galectin-9 has the same intracellular anti-apoptotic activity in addition to its extracellular immunosuppressive role. We used a pharmacological inhibitor 5-[(4-bromophenyl)methylene]-a-(1-methylethyl)-4-oxo-2-thioxo-3-thiazolidineacetic acid (BH3I-1, Figure 1A), a synthetic cell permeable Bcl-XL antagonist, which induces apoptosis via inhibition of interactions between the BH3 domain and Bcl-XL thus defunctionalyzing mitochondria. We found that BH3I-1 was capable of inducing apoptosis in Colo 205 colorectal adenocarcinoma cells of epithelial origin (based on increased caspase-3 activity and decreased viability of the cells, Figure 1A). Silencing either galectin-9 or its receptor and possible trafficker Tim-3 did not affect the pro-apoptotic activity of BH3I-1 suggesting that galectin-9 is unlikely to display anti-apoptotic activity in this case. Interestingly, the action of BH3I-1 did not affect the activity of mammalian target of rapamycin (mTOR) translational pathway as seen from its capability to phosphorylate eukaryotic initiation factor-4E-binding protein (eIF4E-BP, Figure 1B). Obviously, one could suggest that Colo 205 cells accumulate galectin-9 on their surface and inside the cells based on FACS analysis (Figure 1C). Reduced levels of surface-based Tim-3 might indicate its masking by galectin-9 (Yasinska et al., 2018a). BH3I-1 does not affect the ability of Colo 205 cells to secrete galectin-9 (Figure 1D) but significantly reduces its surface presence (Figure 1E) as measured by on-cell assay. Colo 205 cells accumulate the Tim-3-galectin-9 complex (Figure 1F) at a level comparable to THP-1 AML cells (K562 chronic ML cells expressing traces of galectin-9 were used as a negative control). Both proteins are also clearly detectable in Colo 205 cells by Western blot (Figure 1G) and treatment with BH3I-1 reduces intracellular levels of galectin-9. Importantly, Western blot analysis of Colo 205 mitochondrial extracts showed that the Tim-3-galectin-9 complex is accumulated in mitochondria upon stimulation with BH3I-1 (Figure 1H). The intracellular levels of galectin-9 mRNA were significantly reduced upon stimulation with BH3I-1, as detected by quantitative real-time PCR (qRT-PCR, Figure 1I).
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FIGURE 1. Pro-apoptotic defunctionalization of mitochondria reduces galectin-9 expression and leads to its redistribution in human Colo 205 colorectal adenocarcinoma cells. Colo 205 cells were exposed to 100 μM BH3I-1 for 24 h followed by (A) detection of cell viability using an MTS test and colorimetric assay of caspase-3 activity. Cell viability was also tested for normal and Tim-3 or galectin-9 knockdown Colo 205 cells. (B) Following 24 h of exposure to BH3I-1 S65-phosphorylation levels of eIF4E-BP were analyzed by Western blot. (C) Surface presence and total cellular levels of Tim-3 and galectin-9 were analyzed in Colo 205 cells using FACS. (D) Secreted levels of galectin-9 were analyzed in Colo 205 cells following 24 h of exposure to BH3I-1 by ELISA. (E) Surface levels of galectin-9 in non-treated and BH3I-1-stimulated Colo 205 cells were compared using an on-cell assay. (F) The presence of Tim-3-galectin-9 complex in Colo 205 cells was confirmed using Western blot analysis (bands were appearing at around 70 KDa, better detectable when temperature denaturation is not applied). THP-1 cells were used as a positive and K562 as a negative control. (G) Levels of Tim-3 and galectin-9 were analyzed in Colo 205 lysates following 24 h of exposure to BH3I-1 by Western blot. (H) Mitochondrial extracts were obtained from non-treated and BH3I-1-stimulated Colo 205 cells and subjected to Western blot analysis to detect Tim-3 and galectin-9. Total protein levels were measured using a Bradford assay and equal protein amounts were loaded onto the gels. (I) Galectin-9 mRNA levels were analyzed in non-treated Colo 205 cells and those exposed to BH3I-1 using qRT-PCR. In the scheme galectin-9 is abbreviated as G9. Quantitative results are shown as mean values (crucial mean values are written inside respective bars) ± SEM of 3–6 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control. The scheme in the centre of the figure is based on our work on Tim-3-galectin-9 secretory pathway (Gonçalves Silva et al., 2017).



Interestingly, the ability of Colo 205 cells to secrete galectin-9 is lower compared to THP-1 AML cells and the levels of secretion in both cell types are proportional to cellular Tim-3 levels (Supplementary Figure 1). This further supports conclusion regarding the involvement of Tim-3 in galectin-9 secretion (Gonçalves Silva et al., 2017).

We have also investigated two other types of epithelial cells—non-malignant human kidney RC-124 and malignant human HepG2 hepatoma cells. Both cell types have abundant mitochondria, however they are often [especially non-malignant, like RC-124—confirmed by a direct chemical measurement as described of the drug-associated bromine (Sollo et al., 1971) uptake in these cells, data not shown] less permeable for inhibitors of this type compared to colorectal cancer and AML cells. Therefore, 6 h of exposure to 1 mM H2O2 was used in order to defunctionalize mitochondria (Nicholas et al., 2011). We found that galectin-9 levels were significantly reduced in both cell types but the Tim-3-galectin-9 complex was only accumulated in the mitochondria of HepG2 and not RC-124 cells (Supplementary Figure 2).



MATERIALS AND METHODS

Commercially available Colo 205, RC-124, HepG2, THP-1, and K562, accompanied by authentication certificates, were used in this study. Mitochondria isolation, Western blot, on-cell assays, qRT-PCR, ELISA, and FACS analysis were performed as described before (Nicholas et al., 2011; Gonçalves Silva et al., 2016, 2017; Yasinska et al., 2018a). Detailed description of materials and methods used is provided in Supplementary Information.



DISCUSSION

Our results indicate that colorectal cancer cells operate the Tim-3-galectin-9 secretory pathway, where Tim-3 acts as a galectin-9 binding partner and possible trafficker. Pro-apoptotic mitochondrial dysfunction leads to a decreased transcription of galectin-9 mRNA leading to its reduced translation. However, exocytosis of galectin-9 is affected by mitochondrial defunctionalization leading to a re-distribution of the Tim-3-galectin-9 complex into mitochondria where galectin-9 could possibly interact with mitochondrial glycoproteins. The physiological relevance of this process is unclear but may well be a part of the regulated cell suicide programme which might involve transfer of galectin-9 into mitochondria so that it can't be involved in protection of a dying cell thus allowing its smooth elimination. Our further studies indicate that this phenomenon might be applicable mainly to malignant epithelial cells (Figure 1, Supplementary Figure 2). Importantly, targeted defunctionalization of mitochondria in malignant cells may be a novel strategy for anti-cancer immunotherapy since it reduces cell surface presence of galectin-9 capable of suppressing anti-cancer activity of cytotoxic lymphoid cells.
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Delirium is a very common, but refractory clinical state, notably present in intensive care and in the growing aging community. It is characterized by fluctuating disturbances in a number of key behavioral features, namely cognition, mood, attention, arousal, and self-awareness. Histamine is arguably the most pleotropic neurotransmitter in the human brain, and this review provides a rationale, and proposes that this neuroactive amine plays a role in modulating the characteristic features of delirium. While centrally permeable H1 and H2 histamine receptor antagonists have pro-delirium potential, we propose that centrally permeable H3 histamine receptor antagonists may provide an exciting new strategy to combat delirium. The Histamine H4 receptor may also have an indirect inflammatory neuroglial role which requires further exploration.
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INTRODUCTION

What Is Delirium?

Delirium is a very common, but refractory clinical state, notably commonly present in intensive care and in the growing aging community, with occurrence rates ranging from 14 to 56%, and hospital mortality rates ranging from 25 to 33% (Leslie and Inouye, 2011). It is characterized by fluctuating disturbances in arousal, attention, cognition, mood, and self-awareness, which can arise acutely, either in the absence of prior intellectual impairment or superimposed on chronic intellectual impairment in the growing aging population. The rise and development of delirium has been associated with increased morbidity, persistent functional decline, increased nursing time, higher hospital costs, increased length of hospital stay, and higher rates of nursing car home placement. Worryingly, delirium is a common, serious, and refractory source of mortality in intensive and community care across the age range, but is only recently being addressed in the United Kingdom, Europe and worldwide (Leslie and Inouye, 2011). Delirium in older hospitalized patients is of particular concern because patients aged 65 years and over currently account for more than half of all days spent in hospital care.

Delirium is a neurobehavioral syndrome caused by dysregulation of neuronal activity often secondary to serious systemic disturbances. Over time, a number of theories have been proposed in an attempt to explain the processes leading to the development of delirium (Maldonado, 2015; Herling et al., 2018). Each proposed complementary theory has focused on combinations of specific mechanisms or pathological processes (e.g., dopamine excess or acetylcholine deficiency, inflammatory responses), observational qualitative evidence (e.g., sleep deprivation, aging), or empirical scientific data (e.g., specific pharmacological agents such as opioids) or intraoperative hypoxia state association with postoperative delirium) (Maldonado, 2013; Egberts et al., 2018). The literature suggests that many factors or mechanisms included in these theories lead to a final common outcome associated with an alteration in neurotransmitter synthesis, function, and/or availability that triggers the complex behavioral and cognitive changes reported in delirium. In general, the most commonly described neurochemical changes associated with delirium include deficiencies in acetylcholine and/or melatonin, together with excess in glutamate and monoamines dopamine and noradrenalin, and bi-directional activity alterations (e.g., decreased or increased activity, depending on delirium presentation and trigger) in serotonin, γ-aminobutyric acid (GABA) and/or, importantly, histamine (Maldonado, 2013). The unknown nature of etiology for most types of delirium and the complete lack of placebo-controlled Randomized Controlled drug Trials, the lack of any FDA-approved drug treatment for delirium and the wide ranging nature of drugs with multiple chemical neurotransmitter pathways affected (variable across NHS Trust hospitals) used to treat it is clearly a major problem. Furthermore the lack of effective non-pharmacological approaches is also problematical (Wade et al., 2015, 2019; Richards-Belle et al., 2018) Without understanding more about the underlying nature of the pathways involved how can we hope to effectively and rationally treat it?

In this short commentary, we offer a rationale for a new pharmacological strategy to combat delirium. We propose that central histamine is a significant player in all of the clinical features of delirium; while H1 and H2 histamine-targeted antihistamines should be treated with care, a centrally acting histamine H3 receptor antagonist, with appropriate diurnal pharmacokinetic properties, may provide a novel and effective strategy for preventing or combatting delirium. We discuss the key evidence base and potential mechanisms underpinning these proposals and clinical implications.



HISTAMINE AND ANATOMICAL FRAMEWORK RELEVANCE TO DELIRIUM COGNITION, MOOD AND WAKEFULLNESS

Arousal stems from the wakefulness of a person and awareness is the individual’s ability to perceive his/her environment. In both these behavioral states, histamine has a primary role to play. Diminished alertness, delayed reaction times, and somnolence are common manifestations of allergy treatments with use of classic first-generation (CNS-permeant) anti-histamines, thus evidencing that histamine is required for arousal/wakefulness and awareness/attention. The evidence became stronger with the report that histidine decarboxylase (HDC) knockout mice, which lack histamine, display increased paradoxical sleep, sleep-wake cycle modifications, and are unable to remain awake under diurnal high vigilance (narcolepsy) (Parmentier et al., 2002). The mammalian, including human, waking state is maintained by continual activation of neuromodulatory aminergic neurotransmitters [dopamine, noradrenaline (NA), acetylcholine and notably histamine], hypocretin/orexinergic (Oxergic), and selective excitatory glutamatergic and inhibitory GABAergic pathways (Korotkova et al., 2005; Yu et al., 2018). Cortical activation is one of the physiological signs of wakefulness and requires robust cholinergic, noradrenergic, serotonergic and, importantly, histaminergic tones. Histamine controls these features through the extensive influence of ascending branches from the tuberomammillary nucleus (TMN) in the hypothalamus to all parts of the brain, including the prefrontal cerebral cortex, various limbic regions and the basal ganglia (Yu et al., 2018). Monoaminergic neurons comprising noradrenergic (locus coeruleus: LC), serotonergic (raphe nuclei, RN) and histaminergic (TMN) neurons project to the cerebrocortex, thalamus and brainstem are known together as the center of sleep regulation (Oh et al., 2018; Yu et al., 2018). Furthermore, Oxergic cell bodies in the hypothalamus densely project to LC, TM and RN, which suggests a strong link between monoaminergic and Oxergic neurons, again in the control of wakefulness. It is well established that the Oxergic wake-active neurons provide a major excitatory drive onto TMN histamine neurons (Lin et al., 2011), and this could be a key way that orexin promotes arousal, through amplifying its effects via the histaminergic system. During the wake state, TMN histamine/GABA-ergic neurons are co-active in parallel and their ascending histamine/GABA fibers release histamine and GABA into the prefrontal cortex (PFC), neocortex (Ctx) and striatum (Str) (Lin et al., 2011). Glutamatergic pyramidal neurons in the PFC send excitatory projections back to the histamine neurons in the TMN, reinforce wakefulness, attention and consciousness (Lin et al., 2011). The Histamine-GABA-ergic neurons are silenced during Non-REM sleep by preoptic GABAergic neurons. Histamine-only projections from the TMN also excite cholinergic neurons into the basal forebrain, and the axons of these excited cholinergic neurons release acetylcholine throughout the cortex (the fundamental basis for high attention together with productive cognitive function). We suggest that when the brain is exposed to these neuromodulators appropriately, we are wakeful, attentive and conscious, importantly, without delirium. This this overall neuronal anatomical framework provides the mechanistic basis for the influence of histamine upon delirium, through auto- and hetero-presynaptic and postsynaptic functions, respectively.



HISTAMINE RECEPTOR SUBTYPE-DEPENDENT EFFECTS

Histamine elicits its physiological action via four G-protein couple receptor (GPCR subtypes, namely H1, H2, H3, and H4 receptors, expressed widely and differentially throughout the body, including the CNS (reviewed in Panula et al., 2015). In terms of the brain, H1, H2, H3 receptors play clear roles in neuronal function, post- and pre-synaptically, and, interestingly, the H4R appears to influence neuronal function indirectly through modulating activated microglia (Zhou et al., 2018). Histamine driven H1 and H2 receptor-mediated actions are mostly excitatory, while H3 receptors act as inhibitory auto- and heteroreceptors (Panula et al., 2015). Histamine-mediated excitation was blocked by a CNS-permeable H1 receptor antagonist, mepyramine, in 78% of cells and by cimetidine, a CNS-permeable H2 receptor antagonist, in 42% of cells (Korotkova et al., 2005). Histamine H3 heteroreceptor function modulates cholinergic, GABA-ergic, as well as noradrenergic function (Panula et al., 2015) (Figure 1).
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FIGURE 1. Schematic how manipulating the central histaminergic system by blocking the histamine receptors can potentially modify delirium symptom induction and maintenance through manipulating levels of histamine (HIS) through autoreceptors, acetylcholine (Ach) and noradrenalin (NA), through heteroreceptors binding to histamine receptors, acetylcholine receptor (AChR) and AdR (adrenergic receptors, respectively. (A) H1 and H2 histamine receptor antagonists. (B) H3 receptor antagonists.





HISTAMINE H1 RECEPTOR CNS PHYSIOLOGY

Histamine H1 receptors occur throughout the CNS, with particular high densities in regions involved in arousal and waking, notably the thalamus and cortex, and neurochemically the cholinergic, noradrenergic, dopaminergic, and serotonergic nuclei. H1 receptor activation causes excitation in many brain regions (brain stem, thalamus, hypothalamus, cortex, amygdala, striatum) through Gq11 protein and direct block of leak K+ conductance or phospholipase C, inositol trisphosphate (IP3), and diacylglycerol (DAG) mediation (discussed in Obara et al., 2019). IP3 releases Ca2+ from internal stores and activates a number of Ca2+-dependent processes, including the opening of a cation channel of the transient receptor potential canonical (TRPC) type or stimulation of a Na+–Ca2+-exchanger. Furthermore, the elevated intracellular Ca2+ can stimulate NO synthase and, consequently, guanylate cyclase. On the other hand, Ca2+-dependent K+ channels can be opened, leading to hyperpolarization and inhibition, for instance, in hippocampal pyramidal neurons.



H2 HISTAMINE RECEPTOR CNS PHYSIOLOGY

Histamine H2 receptors are also widely distributed in the mammalian brain (reviewed in Panula et al., 2015). The highest densities of histamine H2 receptors are found in the basal ganglia, hippocampus, amygdala and cerebral cortex, with modest expression levels in the cerebellum and hypothalamus (Panula et al., 2015; Monczor and Fernandez, 2016). A similar distribution of the histamine H2 receptor occurs in the brain of humans and rodents. H2 histamine receptor antagonists decreased significantly the hypothalamic NA content by 21–32%. Activation of the histamine H2 receptor in the brain inhibits nerve cells and blocks long-lasting afterhyperpolarization and accommodation of firing in cortical and thalamic neurons (Haas and Reiner, 1988). However, if this afterhyperpolarization block continues for an protracted period, it can lead to potentiation of excitation in rodent and in human brain, resulting in enhanced synaptic plasticity (Brown et al., 1995). Therefore, H2 receptor antagonism can suppress plasticity. RT-PCR revealed that while mRNA for the H1 receptor was expressed in 77% of isolated LC neurons, mRNA for the H2 receptor was in 41% and H3 receptors in 29% of LC neurons. These findings underline the coordination between aminergic systems and suggest that the arousal induced by the histamine system could involve excitation of noradrenergic neurons in the LC (Korotkova et al., 2005).



H3 RECEPTORS CNS PHYSIOLOGY

H3 receptors, pre-synaptic inhibitory GPCRs, inhibit voltage-activated Ca2+ channels, on the terminals of histaminergic axons themselves (as an autoreceptor) and many types of neurons (heteroreceptor), which leads to reduced transmitter release of histamine, and acetylcholine, noradrenalin, serotonin, GABA, glutamate (heteroreceptors), respectively (reviewed in Panula et al., 2015). Despite H3 receptors being predominantly presynaptic receptors, regulating the release of neurotransmitters such as acetylcholine and histamine in most areas of the brain, in a particular part of the brain, namely the striatum, the vast majority of these receptors are actually postsynaptic, affecting signaling throughout the basal ganglia. Because the basal ganglia are centrally involved in several major neurological and psychiatric disorders, this aspect requires consideration. Constitutive activity in vivo and the possibility of dimerization shown in vitro for the H3 receptor has been reported (summarized in Panula et al., 2015), but relevance to physiological function of these functional and structural features and, therefore, to modulating delirium, is unclear.



H4 RECEPTORS CNS PHYSIOLOGY

A number of recent experimental studies suggest that systemic inflammation contributes to the pathophysiology of delirium in both elderly and post-trauma delirium. A common raised inflammatory cytokine linked to delirium in these studies is IL-6. Histamine via the histamine H4 receptor is known to play a key role in activating systemic inflammation through activation of microglia, mast cells and immune dendritic cells, with consequent production of proinflammatory factors TNF-α and, notably, IL-6 (Desai and Thurmond, 2011; Simon et al., 2011; Vasunilashorn et al., 2015; Ngo et al., 2017; Zhou et al., 2018). A rise in microglia H4R has been implicated in Parkinson’s disease, in which delirium has been a recently recognized feature. This offers a possible role for the H4R in the neuroinflammatory components of delirium.



HISTAMINE RECEPTOR SUBTYPE CONNECTIONS IN THE DELIRIUM CLINICAL SETTING AND WAKEFULLNESS

Histamine H1 and H2 Receptors

Drug-induced delirium is often seen in clinical practice. Even before it was discovered that histamine was a transmitter in the brain, first generation anti-histamines (i.e., H1 receptor antagonists) were noted historically to be sedatives (eg., Monnier et al., 1967). Interestingly, H1 receptor antagonists, for example, doxepin (at low concentrations), are making a comeback to treat primary insomnia (Yeung et al., 2015). Histamine and H1Rs are involved in maintaining arousal and cognition in humans, and that the severity of clinical symptoms is correlated to the amount of antihistamine that has penetrated into the brain (Tashiro et al., 2002). It was noted, as far back as the 1980s, that delirium was a rare side-effect of both H1 and H2 antagonists (reviewed in Yanai et al., 2017) (Table 1). First generation H1 anti-histamines significantly increased daytime sleepiness and nocturnal sleep quality. Some, including cetirizine and hydroxyzine, seemed to also have negative influences on mood states. Outpatients who received cetirizine and hydroxyzine treatments reported higher scores on the depression, anxiety, and fatigue sub-scales compared to those who received desloratadine, levocetirizine, and rupatadine (Clegg and Young, 2011). The sedating antihistamines are non-specific in their actions and often have marked anticholinergic effects. Features of overdose include tachycardia, blood pressure disturbances, dry mouth, ataxia, psychosis, convulsion and, notably, agitation (Clegg and Young, 2011).

TABLE 1. The implication of histaminergic system and drugs to delirium.
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The second generation CNS-sparing H1 antihistamine, betahistine is not normally known to induce delirium, but an investigation in a side-effects databases did reveal several cases in which delirium may have been present, even though the term, delirium, was not actually used. In this case, delirium was potentially due to the combination of an elevated betahistine plasma level and, significantly, a damaged blood-brain barrier due to cerebral infarctions, confirmed both by computed tomography (CT) and Magnetic resonance imaging (MRI) scans (Hoenders and Wilterdink, 2004). It is noted that caution is often required when prescribing antihistamine H1 antagonists for people at risk of delirium and considered individual patient assessment is recommended. In contrast, a small, recent study showed cyproheptadine, a first generation anti-H1 antihistamine, with its range of diverse effects was proposed to be a potential option for prevention of postoperative delirium. In this pilot study, cyproheptadine significantly decreased the incidence, but not severity of postoperative delirium (this may relate to its central-permeability). In contrast, the main negative feature of promethazine (another first generation H1 antihistamine) is delirium, the probability of which can be predicted from the dose ingested by the individual (Page et al., 2009).

Studies on the association between CNS negative symptoms (psychosis, agitation, hallucinations, mental status changes, disorientation, confusion, irritability, a greatly reduced level of consciousness or hostility all underpinning delirium) and H2 blockers have been explored previously. These reactions generally occur during the first 2 weeks of therapy and resolve within 3 days of drug withdrawal, although long term use in critical care or the community may prove problematical. The estimated incidence of CNS negative symptoms is 0.2% or less in outpatients, but significantly higher, 1.6 to 80% in long-term hospitalized patients.

CNS side effects such as mental confusion (major facet of delirium) develop in elderly patients and in patients with severe renal or hepatic impairment. Cimetidine is CNS-permeable in the elderly and critically ill patients (with compromised blood-brain barrier). Cimetidine is frequently associated with these “delirium” reactions; however, no clear evidence exists that one H2 blocker is more likely than another to cause such a reaction (Cantú and Korek, 1991). It has been noted that for people at risk of delirium, certain drug combinations are to be prescribed with care. Caution is also required when prescribing antihistamine H2 antagonists for people at risk of delirium and a considered individual patient assessment is advocated. Many case studies have been reported to support this policy. One example was a “serious” case of severe mania leading to hospitalization in a 42-year-old alcohol-dependent 4 days after ranitidine introduction (Mauran et al., 2016). Histamine H2 receptor antagonists may also cause acute or chronic cognitive impairment. These effects are often associated with some of the H2-histamine receptor antagonists, eg., cimetidine (Tagamet) again, but are unusual with ranitidine (Zantac), potentially again due to their respective CNS permeability (Mauran et al., 2016). An old study showed that that a large dose of H2-receptor antagonists (50–259 micrograms ivt) decreased hypothalamic NA content (Nowak, 1980). A comparison was made between two groups of patients in a small study who were treated with H2 antagonists or proton pump inhibitors (PPI group) for anastomotic ulcer prevention following surgical treatment of esophageal cancer. It was noted that the incidence of delirium was significantly lower in the PPI group than in the H2 group. Significantly, in the 11 patients from the H2 group who developed delirium, discontinuation of H2 antagonists resulted in a significant reduction in the delirium rate score. This study indicated that switch from H2 blockers to PPIs reduced delirium and, thus, providing an appropriate strategy to combat drug-induced delirium using antiulcer drugs (Fujii et al., 2012). The ventrolateral preoptic nucleus is a sleep-promoting nucleus located in the basal forebrain. A commonly used intravenous anesthetic, propofol, had been reported to induce sleep and augment the firing rate of neurons in ventrolateral GABAergic preoptic nucleus, but the underlining mechanism is yet to be clearly determined. Interestingly, the propofol-induced inhibition of inhibitory postsynaptic currents on noradrenalin-inhibited neurons have been shown to be mediated by histaminergic H1 and H2 receptors (Liu et al., 2017).

Opioids and Histamine Interactions

An interaction between histaminergic and opioidergic systems within the CNS was proposed three decades ago, suggesting that analgesia produced by opioids may be associated with release of histamine and the stimulation of histamine receptors at the supraspinal (central) level (Nishibori et al., 1985). Many more recent studies have shown that histamine receptor antagonists can modulate the analgesic action of opioids, however, the site and mode of action of this interaction differs between the spinal or supraspinal level, and depends on the subtype of histamine receptor (Mobarakeh et al., 2002, 2006, 2009; Stein et al., 2016). A series of studies have also shown than in H1R and H2R KO mice, morphine-induced antinociception was significantly augmented when compared to the wild-type controls in models of acute pain. Therefore, anti-histamines should be prescribed with caution in people at risk of delirium, but this should be tempered by the observation that untreated severe pain can itself trigger delirium.

Rationale for Use of H3 Antagonists for Future Development?

Cortical activation (EEG desynchronization) is one of the salient signs of wakefulness, attention and enhanced cognitive function, and requires high histaminergic, and cholinergic, noradrenergic, and serotonergic tones, controlled by H3 auto- and heteroreceptor action, respectively. Arousal induced by the histamine system through the H3 histamine heteroreceptor blockade is believed to largely involve excitation of noradrenergic neurons in the LC. As discussed above, the Histamine H3 receptor is expressed on and controls a population of the TM histamine/GABA-ergic neurons which are co-active in parallel and their ascending histamine/GABA fibers release histamine and GABA onto the PFC. Glutamatergic pyramidal neurons in the PFC send excitatory projections back to the histamine neurons in the TMN, reinforcing wakefulness, attention and consciousness. Selective blockade of the H3-autoreceptor with an H3 receptor antagonist would be predictive to drive this positive reinforcement.

Histamine promotes wakefulness by tonic control over sleep-generating mechanisms in the preoptic/anterior hypothalamus, and cholinergic neurons seem to be implicated. The role of histamine indicates that the histaminergic system also influences attention and learning and memory performance by modulating the release of ACh, although some cognitive effects of histamine and histaminergic agents occur independent of ACh. H3R antagonists are well known to enhance cognition and rescue cognitive deficits in preclinical models and modulate neurotransmission (Chazot, 2010), through, in particular, acetylcholine (ACh) release in the cortex and hippocampus, two key brain areas involved in memory processing. It has been recently shown that histamine H3 receptor antagonist/inverse agonists require the integrity of brain histamine system to successfully elicit physiological and procognitive effects in the mouse (Provensi et al., 2016). Perfusion of the TMN with the H3 inverse agonist/antagonist (ABT-239) differentially increased histamine release from the TMN, NBM, and PFC, but not from the STR or NAcc. When administered locally, ABT-239 (H3 receptor antagonist) again increased histamine release from the NBM, but not from the NAcc. As defined by their sensitivity to ABT-239, histaminergic neurons establish distinct pathways according to their terminal projections, and can differentially modulate neurotransmitter release in a brain region-specific manner (Munari et al., 2013; Provensi et al., 2016). This implies independent functions of subsets of histamine neurons according to their terminal projections, with relevant consequences for the development of specific compounds that affect only subsets of histamine neurones, thus increasing target specificity. The selective mode of action is currently believed to be due to the respective levels of presynaptic H3Rs expressed on the TMN and cholinergic neurons (Giannoni et al., 2009). This requires formal confirmation. Overall, we provide an anatomical, pharmacological and physiological rationale for developing a CNS-permeable H3 histamine receptor antagonist/inverse agonist as a strategy for combatting the range of components of delirium.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

Brown, R. E., Fedorov, N. B., Haas, H. L., and Reymann, K. G. (1995). Histaminergic modulation of synaptic plasticity in area CA1 of rat hippocampal slices. Neuropharmacology 34, 181–190. doi: 10.1016/0028-3908(94)00138-I

Cantú, T. G., and Korek, J. S. (1991). Central nervous system reactions to histamine-2 receptor blockers. Ann. Intern. Med. 114, 1027–1034. doi: 10.7326/0003-4819-114-12-1027

Chazot, P. L. (2010). Therapeutic potential of histamine H3 receptor antagonists in dementias. Drug News Perspect. 23, 99–103. doi: 10.1358/dnp.2010.23.2.1475899

Clegg, A., and Young, J. B. (2011). Which medications to avoid in people at risk of delirium: a systematic review. Age Ageing 40, 23–29. doi: 10.1093/ageing/afq140

Desai, P., and Thurmond, R. L. (2011). Histamine H4 receptor activation enhances LPS-induced IL-6 production in mast cells via ERK and PI3K activation. Eur. J. Immunol. 41, 1764–1773. doi: 10.1002/eji.201040932

Egberts, A., Wijnbeld, E. H., Fekkes, D., van der Ploeg, M. A., Ziere, G., Hooijkaas, H., et al. (2018). Neopterin: a potential biomarker for delirium in elderly patients. Front. Neural Circuits 12:4.

Fujii, S., Tanimukai, H., and Kashiwagi, Y. (2012). Comparison, and analysis of delirium induced by histamine H2 receptor antagonists and proton pump inhibitors in cancer patients. Case Rep. Oncol. 5, 409–412. doi: 10.1159/000341873

Giannoni, P., Passani, M. B., Nosi, D., Chazot, P. L., Shenton, F. C., Medhurst, A. D., et al. (2009). Heterogeneity of histaminergic neurons in the tuberomammillary nucleus of the rat. Eur. J. Neurosci. 29, 2363–2374. doi: 10.1111/j.1460-9568.2009.06765.x

Haas, H. L., and Reiner, P. B. (1988). Membrane properties of histaminergic tuberomammillary neurones of the rat hypothalamus in vitro. J. Physiol. 399, 633–646. doi: 10.1113/jphysiol.1988.sp017100

Herling, S. F., Greve, I. E., Vasilevskis, E. E., Egerod, I., Bekker Mortensen, C., Møller, A. M., et al. (2018). Interventions for preventing Intensive care unit delirium in adults. Cochrane Database Syst. Rev. 11:CD009783. doi: 10.1002/14651858.CD009783.pub2

Hoenders, H. J., and Wilterdink, J. (2004). Delirium in a 73-year-old man after many years of unwise use of betahistine. Ned. Tijdschr. Geneeskd. 148,2338–2341.

Korotkova, T. M., Sergeeva, O. A., Ponomarenko, A. A., and Haas, H. L. (2005). Histamine excites noradrenergic neurons in locus coeruleus in rats. Neuropharmacology 49, 129–134. doi: 10.1016/j.neuropharm.2005.03.001

Leslie, D. L., and Inouye, S. K. (2011). The importance of delirium: economic and societal costs. MPH J. Am. Geriatr. Soc. 59(Suppl. 2), S241–S243. doi: 10.1111/j.1532-5415.2011.03671.x

Lin, J. S., Anaclet, C., Sergeeva, O. A., and Haas, H. L. (2011). The waking brain: an update. Cell Mol. Life Sci. 68, 2499–2512. doi: 10.1007/s00018-011-0631-8

Liu, Y., Zhang, Y., Qian, K., Zhang, L., and Yu, T. (2017). Histaminergic H1 and H2 receptors mediate the effects of propofol on the noradrenalin-inhibited neurons in rat ventrolateral preoptic nucleus. Neurochem. Res. 42, 1387–1393. doi: 10.1007/s11064-017-2187-y

Maldonado, J. R. (2013). Neuropathogenesis of delirium: review of current etiologic theories and common pathways. Am. J. Geriatr. Psychiatry 21,1190–1222. doi: 10.1016/j.jagp.2013.09.005

Maldonado, J. R. (2015). “Delirium,” in Handbook of Consultation-Liaison Psychiatry, 2nd Edn, eds H. Leigh and J. Streltzer (New York, NY: Springer International Publishing), 157–187.

Mauran, A., Goze, T., Abadie, D., Bondon-Guitton, E., Chevrel, P., Schmitt, L., et al. (2016). Mania associated with ranitidine: a case report and review of literature. Fundam. Clin. Pharmacol. 30, 294–296. doi: 10.1111/fcp.12201

Mobarakeh, J. I., Sakurada, S., Hayashi, T., Orito, T., Okuyama, K., Sakurada, T., et al. (2002). Enhanced antinociception by intrathecally-administered morphine in histamine H1 receptor gene knockout mice. Neuropharmacology 42, 1079–1088. doi: 10.1016/S0028-3908(02)00058-8

Mobarakeh, J. I., Takahashi, K., Sakurada, S., Kuramasu, A., and Yanai, K. (2006). Enhanced antinociceptive effects of morphine in histamine H2 receptor gene knockout mice. Neuropharmacology 51, 612–622. doi: 10.1016/j.neuropharm.2006.05.003

Mobarakeh, J. I., Takahashi, K., and Yanai, K. (2009). Enhanced morphine-induced antinociception in histamine H3 receptor gene knockout mice. Neuropharmacology 57, 409–414. doi: 10.1016/j.neuropharm.2009.06.036

Monczor, F., and Fernandez, N. (2016). Current knowledge and perspectives on histamine H1 and H2 receptor pharmacology: functional selectivity, receptor crosstalk, and repositioning of classic histaminergic ligands. Mol. Pharmacol. 90, 640–648. doi: 10.1124/mol.116.105981

Monnier, M., Fallert, M., and Battacharya, I. C. (1967). The waking action of histamine. Experientia 23, 21–22. doi: 10.1007/BF02142244

Munari, L., Provensi, G., Passani, M. B., and Blandina, P. (2013). Selective brain region activation by histamine H3 receptor antagonist/inverse agonist ABT-239 enhances acetylcholine and histamine release and increases c-Fos expression. Neuropharmacology 70, 131–140. doi: 10.1016/j.neuropharm.2013.01.021

Ngo, L. H., Inouye, S. K., Jones, R. N., Travison, T. G., Libermann, T. A., Dillon, S. T., et al. (2017). Methodologic considerations in the design and analysis of nested case-control studies: association between cytokines and postoperative delirium. BMC Med. Res. Methodol. 17:88. doi: 10.1186/s12874-017-0359-8

Nishibori, M., Oishi, R., Itoh, Y., and Saeki, K. (1985). Morphine-induced changes in histamine dynamics in mouse brain. Neurochem. J. 45, 719–724. doi: 10.1111/j.1471-4159.1985.tb04051.x

Nowak, J. Z. (1980). Effects of histamine H1- and H2-receptor antagonists on dopamine, noradrenaline and serotonin systems in rat brain. Pol. J. Pharmacol. Pharm. 32, 451–461.

Obara, I., Telezhkin, V., Alrashdi, I., and Chazot, P. L. (2019). Histamine receptors and neuropathic pain relief. BJP (in press).

Oh, J., Petersen, C., Walsh, C. M., Bittencourt, J. C., Neylan, T. C., and Grinberg, L. T. (2018). The role of co-neurotransmitters in sleep and wake regulation. Mol. Psychiatry doi: 10.1038/s41380-018-0291-2 [Epub ahead of print].

Page, C. B., Duffull, S. B., Whyte, I. M., and Isbister, G. K. (2009). Promethazine overdose: clinical effects, predicting delirium and the effect of charcoal. QJM 102, 123–131. doi: 10.1093/qjmed/hcn153

Panula, P., Chazot, P. L., Cowart, M., Gutzmer, R., Leurs, R., Liu, W. L., et al. (2015). International union of basic and clinical pharmacology. XCVIII. Histamine receptors. Pharmacol. Rev. 67, 601–655. doi: 10.1124/pr.114.010249

Parmentier, R., Ohtsu, H., Djebbara-Hannas, Z., Valatx, J. L., Watanabe, T., and Lin, J. S. (2002). Anatomical, physiological, and pharmacological characteristics of histidine decarboxylase knock-out mice: evidence for the role of brain histamine in behavioral and sleep-wake control. J. Neurosci. 22, 7695–7711. doi: 10.1523/JNEUROSCI.22-17-07695.2002

Provensi, G., Costa, A., Passani, M. B., and Blandina, P. (2016). Donepezil, an acetylcholine esterase inhibitor, and ABT-239, a histamine H3 receptor antagonist/inverse agonist, require the integrity of brain histamine system to exert biochemical and procognitive effects in the mouse. Neuropharmacology 70, 131–140. doi: 10.1016/j.neuropharm.2013.01.021

Richards-Belle, A., Mouncey, P. R., Wade, D., Brewin, C. R., Emerson, L. M., Grieve, R., et al. (2018). Psychological outcomes following a nurse-led preventative psychological intervention for critically ill patients (POPPI): protocol for a cluster-randomised clinical trial of a complex intervention. BMJ Open 8:e020908. doi: 10.1136/bmjopen-2017-020908

Simon, T., Laszlo, V., Lang, O., Buzas, E., and Falus, A. (2011). Histamine regulates relevant murine dendritic cell functions via H4 receptor. Front. Biosci.3:1414–1424. doi: 10.2741/e343

Stein, T., Souza-Silva, E., Mascarin, L., Eto, C., Fin, F. E., and Tonussi, C. R. (2016). Histaminergic pharmacology modulates the analgesic and anti-dematogenic effects of spinally injected morphine. Anesth. Analg. 123, 238–243. doi: 10.1213/ANE.0000000000001326

Tashiro, M., Mochizuki, H., Iwabuchi, K., Sakurada, Y., Itoh, M., Watanabe, T., et al. (2002). Roles of histamine in regulation of arousal and cognition: functional neuroimaging of histamine H1 receptors in human brain. Life Sci. 72, 409–414. doi: 10.1016/S0024-3205(02)02276-2

Vasunilashorn, S. M., Ngo, L., Inouye, S. K., Libermann, T. A., Jones, R. N., Alsop, D. C., et al. (2015). Cytokines and postoperative delirium in older patients undergoing major elective surgery. Dement Geriatr. Cogn. Disord. 39, 116–124.

Wade, D. M., Moon, Z., Windgassen, S., Harrison, A., Morris, L., and Weinman, J. (2015). Non-pharmacological interventions to reduce ICU-related psychological distress: a systematic review. Minerva Anestesiol. 82, 465–478.

Wade, D. M., Mouncey, P. R., Richards-Belle, A., Wulff, J., Harrison, D. A., Sadique, M. Z., et al. (2019). Effect of a nurse-led preventive psychological intervention on symptoms of posttraumatic stress disorder among critically ill patients: a randomized clinical trial. JAMA 321, 665–675. doi: 10.1001/jama.2019.0073

Yanai, K., Yoshikawa, T., Yanai, A., Nakamura, T., Iida, T., Leurs, R., et al. (2017). The clinical pharmacology of non-sedating antihistamines. Pharmacol. Ther. 178, 148–156. doi: 10.1016/j.pharmthera.2017.04.004

Yeung, W. F., Chung, K. F., Yung, K. P., and Ng, T. H. (2015). Doxepin for insomnia: a systematic review of randomized placebo-controlled trials. Sleep Med. Rev. 19, 75–83. doi: 10.1016/j.smrv.2014.06.001

Yu, X., Franks, N. P., and Wisden, W. (2018). Sleep and sedative states induced by targeting the histamine and noradrenergic systems. Front. Neural Circuits. 12:4. doi: 10.3389/fncir.2018.00004

Zhou, P., Homberg, J. R., Fang, Q., Wang, J., Li, W., Meng, X., et al. (2018). Histamine-4 receptor antagonist JNJ7777120 inhibits pro-inflammatory microglia and prevents the progression of Parkinson-like pathology and behaviour in a rat model. Brain Behav. Immun. 76, 61–73. doi: 10.1016/j.bbi.2018.11.006

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

Copyright © 2019 Chazot, Johnston, Mcauley and Bonner. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 10 April 2019
doi: 10.3389/fphar.2019.00367






[image: image]

Inhibitory Effect of KP-A038 on Osteoclastogenesis and Inflammatory Bone Loss Is Associated With Downregulation of Blimp1

Hye Jung Ihn1†, Taeho Lee2†, Doohyun Lee2, Jong-Sup Bae2, Sang-Hyun Kim3, Il Ho Jang4, Yong Chul Bae5, Hong-In Shin6 and Eui Kyun Park6*

1Institute for Hard Tissue and Bio-tooth Regeneration, Kyungpook National University, Daegu, South Korea

2College of Pharmacy, Research Institute of Pharmaceutical Sciences, Kyungpook National University, Daegu, South Korea

3Department of Pharmacology, School of Medicine, Kyungpook National University, Daegu, South Korea

4Department of Oral Biochemistry and Molecular Biology, School of Dentistry, Pusan National University, Yangsan, South Korea

5Department of Oral Anatomy and Neurobiology, School of Dentistry, Kyungpook National University, Daegu, South Korea

6Department of Oral Pathology and Regenerative Medicine, School of Dentistry, Institute for Hard Tissue and Bio-tooth Regeneration, Kyungpook National University, Daegu, South Korea

Edited by:
Vadim V. Sumbayev, University of Kent, United Kingdom

Reviewed by:
Luca Vanella, Università degli Studi di Catania, Italy
Michael Danilenko, Ben-Gurion University of the Negev, Israel

*Correspondence: Eui Kyun Park, epark@knu.ac.kr

†These authors have contributed equally to this work

Specialty section: This article was submitted to Experimental Pharmacology and Drug Discovery, a section of the journal Frontiers in Pharmacology

Received: 17 December 2018
Accepted: 25 March 2019
Published: 10 April 2019

Citation: Ihn HJ, Lee T, Lee D, Bae J-S, Kim S-H, Jang IH, Bae YC, Shin H-I and Park EK (2019) Inhibitory Effect of KP-A038 on Osteoclastogenesis and Inflammatory Bone Loss Is Associated With Downregulation of Blimp1. Front. Pharmacol. 10:367. doi: 10.3389/fphar.2019.00367

Excessive osteoclastic activity results in pathological bone resorptive diseases, such as osteoporosis, periodontitis, and rheumatoid arthritis. As imidazole-containing compounds possess extensive therapeutic potential for the management of diverse diseases, we synthesized a series of imidazole derivatives and investigated their effects on osteoclast differentiation and function. In the present study, we found that a novel imidazole derivative, KP-A038, suppressed receptor activator of nuclear factor-κB ligand (RANKL)-mediated osteoclastogenesis and bone-resorbing activity in vitro and attenuated lipopolysaccharide (LPS)-induced bone destruction in vivo. KP-A038 significantly inhibited the induction of nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) and the expression of its target genes, including tartrate-resistant acid phosphatase (Acp5), cathepsin K (Ctsk), dendritic cell-specific transmembrane protein (Dcstamp), and matrix metallopeptidase 9 (Mmp9). KP-A038 upregulated the expression of negative regulators of osteoclast differentiation, such as interferon regulatory factor-8 (Irf8) and B-cell lymphoma 6 (Bcl6). Consistently, KP-A038 downregulated the expression of B lymphocyte-induced maturation protein-1 (Blimp1 encoded by Prdm1), a repressor for Irf8 and Bcl6. Moreover, administration of KP-A038 reduced LPS-induced bone erosion by suppressing osteoclast formation in vivo. Thus, our findings suggest that KP-A038 may serve as an effective therapeutic agent for the treatment and/or prevention of bone loss in pathological bone diseases, including osteoporosis and periodontitis.
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INTRODUCTION

Bone remodeling comprises of resorption of aged or damaged tissue by osteoclasts and replacement of new bone by osteoblasts, which is delicately regulated in a steady physiological state. This process occurs continuously to maintain skeletal integrity and strength and mineral homeostasis. Enhanced osteoclast differentiation and resorbing activity lead to loss of bone mass and architectural deterioration of bone tissue, which is mainly responsible for osteolytic bone diseases, including osteoporosis, periodontitis, and rheumatoid arthritis (Manolagas and Jilka, 1995; Sato and Takayanagi, 2006; Bartold et al., 2010). Therefore, various studies have focused on the development of novel treatments targeting osteoclast formation and activation to prevent and treat osteolytic lesions.

Osteoclasts, the only cells capable of degrading the bone matrix, are formed through multiple steps, including proliferation, differentiation of monocyte/macrophage lineage progenitors into mononuclear preosteoclasts, fusion of preosteoclasts, and activation to break down bone (Chambers, 2000; Teitelbaum, 2000). Mature osteoclasts exhibit unique morphological characteristics, including a ruffled border membrane and an actin ring structure (Teitelbaum, 2011). Osteoclast differentiation and function are governed by two essential factors: macrophage-colony stimulating factor (M-CSF), required for the survival and proliferation of progenitor cells, and receptor activator of nuclear factor-κB ligand (RANKL), primarily involved in differentiation to osteoclasts (Feng and Teitelbaum, 2013). Upon binding of RANKL to its receptor RANK, intracellular signaling pathways, such as mitogen-activated protein kinases (MAPKs) and nuclear factor-kappa B (NF-κB), are activated, which eventually lead to the induction of nuclear factor of activated T-cells cytoplasmic 1 (NFATc1), a key regulator of osteoclast differentiation (Wong et al., 1998; Lee and Kim, 2003). The transcriptional activity of NFATc1 is repressed by several negative regulators, such as interferon regulatory factor-8 (IRF-8), v-Maf musculoaponeurotic fibrosarcoma oncogene family member protein B (MafB), and B-cell lymphoma 6 (Bcl6) (Kim et al., 2007; Zhao et al., 2009; Park-Min et al., 2013). During osteoclast differentiation, RANKL-induced B lymphocyte-induced maturation protein-1 (Blimp1, encoded by Prdm1) upregulation acts as a transcriptional repressor of these anti-osteoclastogenic transcription factors (Nishikawa et al., 2010).

Imidazole is a heterocyclic ring compound with molecular formula C3H4N2 and is a major constituent of various biological molecules, such as histidine, vitamin B12, and biotin (De Luca, 2006). Imidazole derivatives have been reported to exhibit a broad spectrum of biological and pharmacological effects, including anti-inflammatory, antiviral, antitumor, antifungal, and antimycobacterial activity, and numerous commercial drugs, like cimetidine, azithromycin, and metronidazole, contain imidazole nucleus in their structure (Fukui et al., 1982; el-Feky and Abd el-Samii, 1995; Johnson et al., 1999; Banfi et al., 2006). Due to these favorable and beneficial activities, studies have focused on the development of imidazole-based drugs in the pharmaceutical field (De Luca, 2006). Previous studies related to bone metabolism have revealed that imidazole and its analogs could suppress bone resorption, and a substituted imidazole, 4-nitroimidazole derivative, could inhibit RANKL-mediated osteoclast differentiation (Heersche and Jez, 1981; Chen et al., 2006). In addition, zoledronic acid, a potent third-generation bisphosphonate, contains an imidazole ring in the side chain (Paiva-Fonseca et al., 2014). However, it can induce unwanted adverse effects ranging from common to rare (Lambrinoudaki et al., 2008).

In order to develop a novel antiresorptive agent, we synthesized a series of imidazole derivatives and investigated their effects on osteoclastogenesis and bone-resorbing activity. In the present study, we demonstrated that KP-A038 significantly suppressed RANKL-mediated osteoclastogenesis in vitro and reduced lipopolysaccharide (LPS)-induced inflammatory bone erosion in vivo.



MATERIALS AND METHODS

Antibodies and Reagents

Antibodies against phospho-p38, phospho-JNK, phospho-ERK, and phospho-IκBα were purchased from Cell Signaling Technology (Danvers, MA, United States). Anti-NFATc1 antibody was purchased from BD PharmingenTM (San Diego, CA, United States), and antibody against IRF8 was obtained from Santa Cruz Biotechnology. Recombinant M-CSF and RANKL were obtained from R&D Systems (Minneapolis, MN, United States). Fetal bovine serum (FBS) and α-minimum essential medium (α-MEM) were obtained from Gibco BRL (Grand Island, NY, United States). KP-A038 is the imidazobenzimidazole compound of in-house chemical library and the chemical name of KP-A038 is (2-([1,1′-biphenyl]-4-yl)-1-(2-(piperidin-1-yl)ethyl)-1H-benzo[d]imidazo[1,2-a]imidazole (Figure 1). KP-A038 was synthesized as described previously (Supplementary Figure S1; Kim et al., 2014), and dissolved in DMSO for further experiments.
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FIGURE 1. Chemical structures of KP-A038.



In vitro Osteoclast Differentiation

Mouse bone marrow cells isolated from the tibiae and femora of 6–8 week-old male C57/B6L mice (Dae Han Bio Link Co., LTD., Chungbuk, South Korea) were incubated in α-MEM supplemented with 10% FBS (Ihn et al., 2017; Yoon et al., 2018). After 24 h, non-adherent cells were collected and cultured in α-MEM containing 10% FBS and M-CSF (30 ng/mL) for 3 days to generate bone marrow-derived macrophages (BMMs). BMMs were plated in 96-well plates and incubated in osteoclast-inducing media containing 20 ng/mL RANKL and 10 ng/mL M-CSF with or without various concentrations of KP-A038. The media were changed every 2 days until mature osteoclasts were formed. The cells were fixed in 4% paraformaldehyde, and formation of osteoclasts was determined using an Acid Phosphatase, Leukocyte (TRAP) staining kit (Sigma-Aldrich, St. Louis, MO, United States). TRAP-positive multinucleated cells (MNCs) with more than three nuclei were scored as osteoclast-like cells.

Cell Viability Assay

The cytotoxic effect of KP-A038 on cell viability was determined using Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies Inc., Rockville, MD, United States) following the manufacturer’s instructions. BMMs seeded in 96-well plates (3 × 103 cells/well) were cultured in α-MEM containing 10% FBS and M-CSF (10 ng/mL) in the presence or absence of various doses of KP-A038 for 3 days. The media were replaced with fresh medium containing 10% CCK-8, and the cells were incubated at 37°C for 2 h. The absorbance at 450 nm was measured using a 96-well microplate reader (Bio-Rad Laboratories, Hercules, CA, United States).

Quantitative Real-Time PCR

Bone marrow-derived macrophages were cultured in 6-well plates with or without 5 μM KP-A038 in osteoclast-inducing media. Total RNA was extracted using TRI-solution (Bioscience, Seoul, South Korea) according to the manufacturer’s instructions. cDNA was synthesized using SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, United States). Real-time PCR was performed using a LightCycler 1.5 real-time PCR system (Roche Diagnostics, Basel, Switzerland) and the SYBR Premix Ex Taq (Takara Bio Inc., Shiga, Japan) (Ihn et al., 2018). The primer sequences used in real-time PCR analysis were: Acp5, 5′-TCCCCAATGCCCCATTC-3′ and 5′-CGGTTCTGGCGATCTCTTTG-3′; Ctsk, 5′-GGCTGTGGAG GCGGCTAT-3′ and 5′-AGAGTCAATGCCTCCGTTCTG-3′; Mmp9, 5′-AAAGACCTGAAAACCTCCAACCT-3′ and 5′-GCCCGGGTGTAACCATAGC-3′; Dcstamp, 5′-CTTC CGTGGGCCAGAAGTT-3′ and 5′-AGGCCAGTGC TGACTAGGATGA-3′; Nfatc1, 5′-ACCACCTTTCCGCAACCA-3′ and 5′-TTCCGTTTCCCGTTGCA-3′; Irf8, 5′-GA TCGAACAGATCGACAGCA-3′ and 5′-AGCACAGCGTAA CCTCGTCT-3′; Bcl6, 5′-ATGAGATTGCCCTGCATTTC-3′ and 5′-TTCTTCCAGTTGCAGGCTTT-3′; Ifng, 5′-TCAAGT GGCATAGATGTGGAAGAA-3′ and 5′-TGGCTCTGCAGGATT TTCATG-3′; Prdm1, 5′-TTCTTGTGTGGTATTGTCGGG ACTT-3′ and 5′-TTGGGGACACTCTTTGGGTAGAGTT-3′.

Immunoblotting

Cells were lysed with RIPA buffer containing protease and phosphatase inhibitors. Equal volume of cell lysates (25 μg of protein) was loaded onto 10% sodium dodecyl sulfate-polyacrylamide gels, followed by transfer to nitrocellulose membranes (Whatman Inc., Florham Park, NJ, United States). The membranes were placed in a blocking solution [3% non-fat dry milk in TBS-T (25 mM Tris–HCl, pH 7.4, 150 mM NaCl, and 0.2% Tween 20)] for 1 h. After blocking, the membranes were incubated with specific primary antibodies (1:1000) at 4°C overnight. Following incubation with secondary antibodies, protein signals were detected using WesternBright ECL (Advansta, Menlo Park, CA, United States), and imaged with an X-ray film or by using chemiluminescence imager (Azure Biosystems, Inc., Dublin, CA, Unites States).

Staining of Actin Rings

Bone marrow-derived macrophages grown on glass coverslips were cultured with 10 ng/mL M-CSF and 20 ng/mL RANKL in the presence or absence of 5 μM KP-A038. The cells were washed with phosphate buffered saline, fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100. F-actin was stained with rhodamine conjugated phalloidin (Cytoskeleton, Denver, CO, United States), and 4’,6-diamidino-2-phenylindole dihydrochloride (Santa Cruz Biotechnology, Santa Cruz, CA, United States) was used for nuclei staining. The images were acquired using a BX51 Fluorescent Microscope (Olympus, Tokyo, Japan).

Resorption Pit Assay

Bone marrow-derived macrophages were placed on bone slices (IDS Nordic Bioscience, Herlev, Denmark) and incubated with M-CSF (10 ng/mL) and RANKL (20 ng/mL) to induce differentiation of BMMs into multinucleated osteoclasts. After 3 days, the cells were treated with vehicle or 5 μM KP-A038 for 2 days. The cells removed with 1 N NaOH for 20 min, followed by staining with hematoxylin to identify the areas of resorption pits. The resorbed areas were measured using the i-Solution image analysis program (IMT i-Solution, Daejeon, South Korea).

In vivo LPS-Induced Bone Loss

All animal experiments were approved by the Animal Care and Use Committee at Kyungpook National University and were conducted in accordance with the guidelines for the care and use of laboratory animals. To study the effect of KP-A038 on in vivo bone destruction, 8-week-old C57/B6L mice were intraperitoneally injected with KP-A038 (30 mg/kg) or vehicle daily for 9 days, and LPS (5 mg/kg) was intraperitoneally administered to the mice on days 2 and 6, as previously described (Ihn et al., 2015a). On day 10, the mice were euthanized by cervical dislocation under anesthesia with avertin. The femurs were isolated and fixed in 4% paraformaldehyde for 18 h.

Micro-CT and Histomorphometric Analysis

The fixed femurs were scanned using high-resolution μCT (Skyscan 1272; Kontich, Belgium) with a source voltage of 60 kV, current of 166 μA, and resolution of 14 μm. Bone morphometric parameters, including bone volume per total volume (BV/TV), bone mineral density (BMD), trabecular separation (Tb. Sp.), and trabecular number (Tb. N.) were analyzed using CTAn software (Bruker; Kontich, Belgium). Micro-CT 3D images of trabecular bones in the distal femurs were generated using CTAn/CTVol software (Bruker; Kontich, Belgium).

For histology, the fixed femurs were decalcified in 12% EDTA and embedded in paraffin, and the histological tissue sections were stained with hematoxylin and eosin and TRAP.

Statistics

Experiments were conducted three times, and all data are presented as mean±standard deviation (SD). Statistical significance was evaluated by the two-tailed Student’s t-test or one-way analysis of variance (ANOVA) with Tukey’s multiple comparison post hoc test. p < 0.05 or p < 0.01 was considered statistically significant.



RESULTS

KP-A038 Prevents LPS-Induced Bone Resorption in vivo

To examine the in vivo efficacy of KP-A038 in osteoclast formation and bone resorption, we used an LPS-induced bone erosion model. Mice were intraperitoneally administered with LPS on days 2 and 6 and received vehicle or KP-A038 daily for 9 days. Injection of KP-A038 alone did not cause adverse events, including death, abnormal behavior, sickness, and distress or change bone parameters (Supplementary Figure S2). Administration of LPS led to a reduction in trabecular bone mass of femurs, and this LPS-mediated bone loss was suppressed by co-injection with KP-A038 (Figure 2A). Three-dimensional morphometric analysis of distal femurs showed that BV/TV, BMD, and Tb. N were significantly reduced in LPS-treated group (Figure 2B). Such reduction in bone parameters was attenuated by KP-A038 treatment (Figure 2B). In correlation with μCT images and analysis of bone parameters, the histological sections stained with hematoxylin and eosin or TRAP showed that KP-A038 effectively suppressed LPS-induced osteoclast formation and subsequent bone loss in vivo (Figure 3).
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FIGURE 2. KP-A038 mitigated femoral bone loss induced by LPS in vivo. (A) Representative micro-CT images of distal femurs of three groups. (B) Quantification of bone volume per tissue volume (BV/TV), bone mineral density (BMD), trabecular separation (Tb. Sp), and trabecular number (Tb. N) from each group. n = 5 (10 legs) in each group. ∗p < 0.05.
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FIGURE 3. Histological analysis of the effect of KP-A038 on LPS-mediated bone destruction. Fixed femurs were decalcified and sectioned. The sections were stained with hematoxylin and eosin (upper panel) and tartrate-resistant acid phosphatase (TRAP, middle and lower panel). The number of osteoclasts was analyzed in the TRAP-stained slices (right graph). n = 5 (10 legs) in each group. ∗p < 0.05.



KP-A038 Inhibits RANKL-Induced Osteoclast Formation in vitro

To clarify whether KP-A038 affects the viability of osteoclast progenitors, CCK-8 assay was performed using primary BMMs cultured with M-CSF and various doses of KP-A038 for 3 days. As shown in Figure 4C, KP-A038 at concentrations of up to 5 μM did not decrease the rate of proliferation and survival of BMMs. Hence, 5 μM KP-A038 was chosen for subsequent in vitro studies. As primary BMMs are capable of differentiating into multinucleated osteoclasts in response to M-CSF and RANKL, we first examined the effect of KP-A038 on osteoclast formation in BMMs. Primary cultured BMMs were treated with KP-A038 (1 μM or 5 μM) in osteoclast-inducing media supplemented with M-CSF and RANKL. RANKL promoted the formation of osteoclasts (TRAP-positive MNCs) from progenitors (BMMs) in the vehicle-treated control group, whereas treatment with KP-A038 markedly suppressed osteoclast formation in a concentration-dependent manner (Figure 4A). In the presence of 5 μM KP-A038, the number of TRAP-positive MNCs was reduced by 96% (Figure 4B).
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FIGURE 4. KP-A038 inhibited RANKL-mediated osteoclastogenesis without cytotoxicity. (A) BMMs were incubated in osteoclastogenic medium supplemented with M-CSF (10 ng/mL) and RANKL (20 ng/mL) in the presence of KP-A038 or vehicle. The cells were stained to evaluate TRAP activity. (B) The number of osteoclast-like cells was quantified. (C) BMMs were cultured with M-CSF (10 ng/mL) and various doses of KP-A038 for 3 days. Cell viability was assessed by CCK-8 assay. ∗∗p < 0.01.



KP-A038 Attenuates the Expression of Osteoclast-Specific Markers as Well as the Formation of Actin Rings

We next evaluated the mRNA and protein expression levels of osteoclast-specific markers during RANKL-induced osteoclast differentiation via real-time PCR and western blotting to further determine its inhibitory role in osteoclastogenesis. Consistent with the decreased osteoclast formation, treatment with KP-A038 (5 μM) downregulated the mRNA levels of Acp5, Ctsk, Dcstamp, Mmp9, and Nfatc1, which are required for osteoclast formation and/or bone resorption (Figures 5A,B). In addition, the induction of both cathepsin K (Ctsk) and NFATc1 proteins and the nuclear expression of NFATc1 were decreased by treatment with 5 μM KP-A038 (Figures 5C,F).
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FIGURE 5. KP-A038 suppressed the expression of osteoclast-specific markers and the formation of actin rings. (A–C) BMMs were incubated in osteoclastogenic medium with KP-A038 (5 μM) or vehicle for the indicated times. The mRNA (A,B) and protein (C) expression levels of markers were evaluated by real-time PCR and western blot analysis, respectively. (D) BMMs were seeded on glass coverslips and cultured with M-CSF (10 ng/mL) and RANKL (20 ng/mL) in the presence or absence of 5 μM KP-A038. Cells were fixed, and F-actin structures and nuclei were visualized by staining with rhodamine-conjugated phalloidin and 4’,6-diamidino-2-phenylindole dihydrochloride, respectively. Quantification of the percentage of (E) osteoclasts with actin rings and (F) cells with nuclear NFATc1. ∗p < 0.05, ∗∗p < 0.01.



An essential step in the generation of multinucleated osteoclasts is cell-cell fusion, and DC-STAMP is a key regulator of this process (Yagi et al., 2005). In accordance with the decreased induction of Dcstamp, we found that the number of multinucleated giant cells with actin ring structure was significantly decreased by KP-A038 treatment (Figures 5D,E).

KP-A038 Impairs the Bone-Resorbing Function of Osteoclasts

We next examined if KP-A038 affects the bone-resorbing activity of osteoclasts. BMMs were plated on bone slices in osteoclastogenic media to generate multinucleated osteoclast-like cells. Then, the cells were treated with vehicle or 5 μM KP-A038 in osteoclast-inducing media for 2 days. Analysis of resorption pit showed that KP-A038 treatment significantly reduced the formation of resorption pits compared to vehicle treatment, which resulted in formation of larger resorbed areas. Addition of KP-A038 resulted in an 87% reduction of the resorbed area (Figure 6A), thereby suggesting that KP-A038 directly attenuates the bone-resorbing function of osteoclasts.
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FIGURE 6. KP-A038 attenuated osteoclastic resorption activity and modulated the expression of negative regulators of osteoclastogenesis. (A) BMMs were seeded on bone slices and incubated in osteoclast- inducing medium. After 3 days, vehicle or 5 μM KP-A038 was added to the cell culture for 24 h and the resorptive areas were quantified using the i-Solution program (right graph). (B,C) BMMs were pretreated with vehicle or KP-A038 (5 μM) for 1 h followed by stimulation with RANKL (50 ng/mL) for indicated periods. Phosphorylation of ERK, JNK, p38, and IκBα was assessed by western blot analysis. β-actin was used as the loading control. (D,F) The mRNA expression of Irf8, Ifng, Bcl6, and Prdm1 was analyzed by real-time PCR. (E) BMMs were cultured with M-CSF (10 ng/mL) and RANKL (20 ng/mL) in the presence or absence of 5 μM KP-A038 for indicated times. The protein expression of IRF-8 and Blimp1 was evaluated by immunoblotting. ∗p < 0.05, ∗∗p < 0.01.



KP-A038 Inhibits the Repression of Negative Regulators of Osteoclast Differentiation

To understand the molecular mechanism of the inhibitory action of KP-A038 in osteoclast differentiation and function, the effect of KP-A038 on RANKL-stimulated MAPK and NF-κB signaling pathways was examined. Serum-starved BMMs were stimulated with RANKL after pretreatment with vehicle or 5 μM KP-A038 for 1 h. Stimulation with RANKL led to activation of MAPKs (ERK, p38, and JNK) and IκBα within 15 min in control cells, and pretreatment with KP-A038 had no effect on the phosphorylation levels of MAPKs and IκBα, indicating that KP-A038 does not affect the MAPK and NF-κB signaling pathways (Figures 6B,C).

RANKL-RANK signaling pathways ultimately converge on the induction of NFATc1, which is the main transcriptional regulator of osteoclastogenesis, and its activity is negatively regulated by IRF-8 and Bcl6 during osteoclast differentiation (Zhao et al., 2009; Miyauchi et al., 2010). Hence, we examined the expression levels of anti-osteoclastogenic genes, such as Irf8, Ifng, and Bcl6. While the mRNA expression of Irf8, Ifng, and Bcl6 was downregulated by RANKL stimulation in vehicle-treated control group, such downregulation was blocked in the presence of 5 μM KP-A038 (Figure 6D). As shown in Figure 6E, IRF-8 protein expression was similarly upregulated in a time-dependent manner. Blimp1 (encoded by Prdm1) is known to function as a transcriptional repressor of IRF-8 and Bcl6, and Blimp1-mediated Irf8, and Bcl6 suppression is critical for osteoclast differentiation (Zhao et al., 2009; Miyauchi et al., 2010). Consistent with increased Irf8 and Bcl6 expression, Blimp1 mRNA and protein levels were reduced in the presence of KP-A038 (Figures 6E,F).



DISCUSSION

Although the bone is remodeled through coordinated destruction and deposition, and the remodeling process is strictly regulated, abnormal bone remodeling can arise due to various causes, inducing skeletal diseases ranging from mild to severe. In particular, enhanced osteoclastogenesis and resorbing activity of mature osteoclasts causes destructive bone diseases. Therefore, the suppression of osteoclast differentiation and bone-resorbing function of mature osteoclasts is an important aspect for preventing and treating osteolytic diseases. In the current study, we observed that KP-A038, a novel imidazole compound, possessed anti-osteoclastogenic activity via downregulation of NFATc1 and modulation of the expression of negative regulators of osteoclast differentiation. Consistent with the suppression of osteoclast differentiation in vitro, results from the in vivo LPS-induced bone destruction study demonstrated that KP-A038 protected against bone loss by attenuation of osteoclast formation.

RANKL-RANK signaling ultimately causes the induction of NFATc1, which acts as a key transcription factor of osteoclastogenesis. Even though RANKL signaling is required for osteoclast differentiation, embryonic stem cells lacking NFATc1 fail to undergo osteoclast differentiation even in the presence of RANKL (Takayanagi et al., 2002). Furthermore, ectopic expression of NFATc1 in BMMs leads to osteoclast differentiation without RANKL signaling (Takayanagi et al., 2002). Overexpression of NFATc1 in osteoclast precursors lacking c-Fos, a pivotal regulator of early activation of NFATc1, rescues osteoclast differentiation in vitro (Matsuo et al., 2004). Aliprantis et al. (2008) reported that osteoclast-specific NFATc1 deficiency causes osteopetrosis due to impaired osteoclast differentiation. These in vivo and in vitro studies have established the essential role of NFATc1 in osteoclast formation and function. We demonstrated that KP-A038 treatment markedly downregulated both mRNA and protein levels of NFATc1, resulting in inhibition of osteoclastogenesis (Figures 5B,C). As expected, downregulation of NFATc1 by KP-A038 treatment attenuated the expression of direct transcriptional target genes, including Acp5, Ctsk, Dcstamp, and Mmp9 (Figure 5A). Among them, DC-STAMP is essential for cell-to-cell fusion, which is a critical process to generate MNCs and reorganize the actin cytoskeleton during osteoclast differentiation (Yagi et al., 2005). Due to the reduced Dcstamp levels, KP-A038 treatment suppressed the formation of actin rings (Figure 5D). Our study suggested that KP-A038 might target NFATc1 leading to inhibition of osteoclast differentiation and impairment of cellular fusion.

The activation of signaling molecules, like MAPKs and NF-κB involved in the RANKL/RANK signaling pathway, is an early cellular event of osteoclast differentiation, eventually leading to the induction NFATc1 (Iotsova et al., 1997; Mizukami et al., 2002). To understand the molecular mechanisms of inhibition of osteoclast differentiation and bone-resorbing function, we analyzed the extent of phosphorylation of the signaling molecules. Although our studies showed that KP-A038 definitely reduced the expression of NFATc1 and its target genes, KP-A038 treatment did not inhibit the activation of RANKL-mediated MAPKs and NF-κB (Figures 6B,C). Previously we screened and identified several chemicals from our in-house chemical library that exerted inhibitory effects on osteoclast differentiation and bone resorption. Although those compounds exhibited anti-osteoclastogenic and antiresorptive activities with a similar inhibitory concentration, the inhibitory mechanism and chemical structure of the compounds were quite distinct one another (Ihn et al., 2015a,b, 2017, 2018). In particular, unlike our previous compounds, KP-A038 did not inhibit an early RANKL-RANK signaling pathways (Figures 6B,C), suggesting different mode of action of KP-A038 from our previous chemicals. RANKL/RANK signaling has also been shown to downregulate various transcriptional repressors, including MafB, IRF-8, and Bcl6, which act as anti-osteoclastogenic factors via downregulating NFATc1 expression (Kim et al., 2007; Zhao et al., 2009; Miyauchi et al., 2010). Nishikawa et al. found that a transcriptional repressor of the negative regulators of NFATc1, Blimp 1 (Prdm1), is induced by RANKL stimulation, and Blimp 1-mediated suppression of anti-osteoclastogenic factors is necessary for osteoclastogenesis (Nishikawa et al., 2010). Therefore, forced expression of the negative regulators leads to impaired osteoclast differentiation. Among them, IRF-8 suppresses NFATc1 autoamplification and its transcriptional activity, and Bcl6 inhibits the expression of NFATc1 and its target genes associated with osteoclastogenesis and bone resorption (Zhao and Ivashkiv, 2011). In our study, KP-A038 prevented the downregulation of negative regulators of osteoclastogenesis, and in particular, the mRNA and protein expression of IRF-8 was strongly induced in the presence of KP-A038 (Figures 6D,E). Consistently, KP-A038 suppressed both mRNA and protein levels of Blimp1 (Prdm1) (Figures 6E,F). These results indicated that the inhibitory effect of KP-A038 on osteoclastogenesis might be in part mediated by the failure of repression of negative regulators. Further studies would be necessary to identify the primary target (s) for KP-A038.

The major role of osteoclasts is to break down the bone matrix, which is termed as bone resorption. Various antiresorptive drugs, such as bisphosphonates and selective estrogen receptor modulators have been clinically used for preventing further loss of bone density (Migliaccio et al., 2007). Therefore, we evaluated the effect of KP-A038 on bone-resorbing function by resorption pit assay. KP-A038, at a concentration that inhibited osteoclast differentiation, considerably suppressed the ability of osteoclasts to degrade the calcified bone matrix (Figure 6A), indicating that KP-A038 exhibits not only anti-osteoclastogenic but also antiresorptive activity.

Lipopolysaccharide is a structural constituent of the outer membrane of gram-negative bacteria and it functions as a potent stimulator of bone loss. The production of inflammatory cytokines in response to LPS is increased, which directly and indirectly contributes to stimulation of osteoclastogenesis and inflammatory bone loss (Wada et al., 2004; Islam et al., 2007). Especially, alveolar bone destruction mediated by inflammatory responses in the oral cavity can lead to tooth loss (Pihlstrom et al., 2005). For that reason, it is critical to prevent the balance of two opposing activities (bone formation and bone resorption) from breaking for maintenance and regeneration of alveolar bone and supporting tissue (Larsson et al., 2016). Consistent with its inhibitory effect on osteoclast differentiation and function in vitro, KP-A038 attenuated the femoral bone destruction induced by LPS (Figure 2). Administration of KP-A038 decreased the numbers of TRAP-positive osteoclasts as well as bone resorption in vivo (Figure 3), indicating that KP-A038 may have the potential to not only protect from the risk of inflammatory bone loss in periodontitis but also to contribute to bone regeneration in the oral cavity.



CONCLUSION

Developing alternative agents that modulate excessive osteoclast formation and bone resorption is an important and urgent task. The results of this study demonstrated that KP-A038 exhibited anti-osteoclastogenic and antiresorptive properties by inhibiting the induction of NFATc1 via modulating the expression of negative regulators of osteoclastogenesis. Furthermore, KP-A038 protected against LPS-induced femoral bone loss in vivo. Our results suggest that KP-A038 might serve as a novel antiresorptive agent for osteoclast-related diseases.
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Epilepsy is a neuronal disorder associated with several neurological and behavioral alterations characterized by recurrent spontaneous epileptic seizures. Despite having more than 20 anti-epileptic drugs (AEDs), they only provide a symptomatic treatment. As well as, currently available AEDs also displayed cognitive alterations in addition to retarding seizure. This leads to the need for exploring new molecules that not only retard seizure but also improve cognitive impairment. Embelin (EMB) is a benzoquinone derivative which has already demonstrated its pharmacological potentials against arrays of neurological conditions. The current study developed a chronic kindling model in adult zebrafish by using repeated administration of small doses of pentylenetetrazole (PTZ) and a single dose of Kainic acid (KA) to investigate the associated memory impairment. This has been done by using the three-axis maze which is a conventional method to test the learning ability and egocentric memory in zebrafish. As well as, the ameliorative potential of EMB has been evaluated against chronic epilepsy-related memory alterations. Moreover the expression level of pro-inflammatory genes such as C-C motif ligand 2 (CCL2), toll-like receptor-4 (TLR4), tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1) and interferon-γ (IFN-γ) were evaluated. The level of several neurotransmitters such as γ-aminobutyric acid (GABA), acetylcholine (Ach) and glutamate (Glu) was evaluated by liquid chromatography-mass spectrometry (LC-MS). The results showed that daily dose of PTZ 80 mg/kg for 10 days successfully induces a kindling effect in zebrafish, whereas the single dose of KA did not. As compared to control, the PTZ and KA group demonstrates impairment in memory as demonstrated by the three-axis maze. The PTZ group treated with a series of EMB doses (ranging from 0.156 to 0.625 mg/kg) was found to have retarded seizure as well as significantly reduces epilepsy-induced memory alteration. In addition, EMB treatment reduces the expression of inflammatory markers implicating its anti-inflammatory potential. Moreover, levels of GABA, Ach, and glutamate are increased in EMB administered group as compared to the PTZ administered group. Overall, findings demonstrate that EMB might be a potential candidate against chronic epilepsy-related cognitive dysfunction as EMB prevents the seizures, so we expect it to prevent the associated neuroinflammation and learning deficit.
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HIGHLIGHTS

- A repeated small dose of PTZ (80 mg/kg) (kindling) for 10 days produces chronic epilepsy like condition in adult zebrafish.

- EMB was reported to reduce epileptic seizures and improve long term memory as evidenced by a three-axis maze test.

- EMB demonstrated an anti-inflammatory effect via downregulating several inflammatory markers (CCL2, TLR4, IL-1, and IFN-γ) in the epileptic brain.

- EMB might be a potential candidate against chronic epilepsy and related cognitive dysfunction as well as can overcome the limitations of mainstream AEDs.



INTRODUCTION

Epilepsy is a neurologic disorder affecting more than 70 million people worldwide (Singh and Trevick, 2016). Epilepsy is mainly characterized by the occurrence of spontaneous recurrent seizures (SRS) and high prevalence of comorbidities, such as cognitive impairments, depression, and anxiety, affecting the lives of individuals (Keezer et al., 2016). Chronic epilepsy is characterized by repeated unpredictable seizures, impairing memory in 30–40% of patients under long-term anti-epileptic drugs (AEDs) treatment, so epilepsy and AEDs both are responsible for memory problems (Helmstaedter, 2002; Canevini et al., 2010; Zhang et al., 2017). Despite there being more than 20 mainstream AEDs, they only provide symptomatic treatment rather than interfering with the disease’s mechanism, and 30% of patients do not respond to current AEDs (Remy and Beck, 2005; Chen et al., 2018). These data indicate the pressing need to develop novel and innovative therapy that can reduce seizures and maintain good memory status. Despite recent advances in research, the underlying pathomechanism of epilepsy is still less known. However, findings are emerging that implicate the role of inflammation in epilepsy (Vezzani, 2005; van Vliet et al., 2018; Paudel et al., 2018b). High mobility group box 1 (HMGB1) protein is an initiator and amplifier of neuroinflammation and has been implicated in seizures via activating toll-like receptor 4 (TLR4) (Ravizza et al., 2017; Paudel et al., 2018a). Moreover, C-C motif ligand 2 (CCL2), tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1) and interferon-γ (IFN-γ) have been implicated in seizure generation as well as found to be up-regulated during a seizure (Marchi et al., 2014; Dey et al., 2016).

Local or systemic administration of kainate in rodents leads to repetitive limbic seizures and status epilepticus (SE), lasting for several hours. It is a useful model of temporal lobe epilepsy (TLE) in rodents (Dal-Pizzol et al., 2000). Kainic acid (KA) is an epileptogenic and the neuroexcitotoxic agent acting on specific kainate receptors (KARs) in the central nervous system (CNS) (Zheng et al., 2011). The complete seizure characterization of KA-induced epilepsy is studied in zebrafish and it produces continuous seizures with neuronal toxicity (Alfaro et al., 2011; Menezes et al., 2014; Mussulini et al., 2018). Traditional models like the maximal electroshock seizure (MES) and pentylenetetrazole (PTZ) seizure models have been instrumental for pre-clinical screening for a long time, however, these models have limited themselves in identifying novel compounds with improved efficacy against different chronic disorders (Löscher, 2011). A PTZ induced acute seizure model has been already developed in adult zebrafish and recapitulates all the clinical phenotypes of seizure (Mussulini et al., 2013; Kundap et al., 2017). Kindling is a chronic animal model of epilepsy that has been extensively studied to understand the underlying mechanism of epileptogenesis (Kandratavicius et al., 2014). In addition, kindling is a phenomenon where a sub-convulsive stimulus (either chemical or electrical), if applied repetitively and intermittently, will ultimately lead to the generation of full-blown convulsions (Dhir, 2012a). The study was conducted by using PTZ kindling discusses detail methodology to execute a chemical induced kindling in mice (Dhir, 2012a). A number of different promising models which fulfill this criterion have been developed over recent years, but has not been modeled in zebrafish (Wilcox et al., 2013). Moreover, the understanding of the molecular involvement underlying such diseases is still under study and it is preventing adequate therapeutic outcomes (Samarut et al., 2016). Various numbers of pre-clinical models have been studied to investigate the role of different brain functions and understand the structure of disease development (Samarut, 2016).

In recent days, zebrafish disease models has received increased attention due to its genetic similarity to humans, economic value, and its suitability as an alternative for a human disease model and for large-scale drug screenings (Shams et al., 2018). Zebrafish has rapid embryonic development as compared to rodents, as well as easy cellular observation and phenotypic analysis, which makes it a better model to study the neurological aspect of a brain disorder.

The three-axis maze is a method to evaluate learning ability and egocentric memory in zebrafish. In a three-axis maze, fish are required to navigate a route based on x (forward/backward), y (horizontal) and z (vertical) axes (Nasir et al., 2012). Egocentric navigation is an evidence-based process, where fish navigate to the feeding ring independent of environmental cues and deals directly with the spatial relationship between subject and reward goal (Nasir et al., 2012).

Embelin (EMB) (2,5-dihydroxy-3-undecyl-1,4 benzoquinone) is the main component in the red berry fruits produced by Embelia ribes (Dubéarnès et al., 2015). EMB has been studied extensively using various in-vitro and in-vivo animal models and have exhibited strong anti-convulsant, anxiolytic and anti-depressant properties as well as improving conditions such as sickness behavior, Huntington’s disease (HD), multiple sclerosis (MS), cerebral ischemia and traumatic brain injury (TBI) (Mahendran et al., 2011; Poojari, 2014). Moreover, earlier findings reported that EMB significantly inhibited seizures induced by electroshock and PTZ in a dose-dependent manner (Shankar et al., 2012). In spite of the huge pharmacological significance of EMB, no study has earlier reported the ameliorative potential of EMB against PTZ kindling induced chronic epilepsy and related cognitive alterations using zebrafish as an animal model.

The current investigation developed a protocol of PTZ kindling in an adult zebrafish. A small amount of proconvulsant drug (PTZ) was administered for a period of 10 days in order to produce progressive chronic epilepsy like behavior. To KA-treated fish, as per rodent model, we tried to induce chronic epilepsy by administrating a single dose of KA-3 mg/kg the day before the start of the experiment. The seizure scores were calculated, and the three-axis maze trial was performed in order to check the memory status and seizure progression on a daily basis. The same procedure was employed in the fish pretreated with EMB and the effect of EMB was analyzed. In addition, fold change of neuroinflammatory genes and neurotransmitter levels were quantified in order to confirm the positive effect of EMB against chronic epilepsy induced cognitive dysfunction model in adult zebrafish.



MATERIALS AND METHODS


Experimental Equipment and Chemicals List

All analytical grade reagents were used unless specified otherwise. Water was purified and filtered with a specific liquid chromatography-mass spectrometry (LC-MS) filter using a Milli-Q system from Millipore (Bedford, MA, USA). Glutamate, γ-aminobutyric acid (GABA), KA, and PTZ were purchased from Sigma Aldrich (USA). The pure form of plant extract of EMB was purchased from YUCCA Enterprises, Mumbai, India. Ethanol 95% (EtOH) was purchased from Kolin Chemicals Co. Ltd, Korea, methanol (MeOH), chloroform (CHCl3), isopropanol (IPA), and formic acid (FA) was purchased from Friedemann Schmidt Chemicals, Parkwood 6147, Western Australia.



Zebrafish Maintenance and Housing Conditions

Adult zebrafish (Danio rerio) of heterozygous wild-type-AB stock (standard short-fin phenotype) were obtained from the Institute of Molecular and Cell Biology (IMCB), 61 Bioplis Drive Proteos, Singapore 138673. All fish were kept in the Monash University Malaysia fish facility at 28°C, with a 10/14 h dark/light cycle (white incident light off at 10 pm, white incident light on at 8 am) under standard aquarium conditions. Care was taken to maintain system water pH between 6.8–7.1 by using an electronic pH pen (Classic PH Pen Tester, Yi Hu Fish Farm Trading, Singapore 698950) and intensity of light was maintained at 250 Lux to get the uniform light all over the housing area. Fish were fed, thrice a day to ensure a constant source of nourishment. Nutrition for fish was maintained by Tropical TetraMin® Flakes and live brine shrimps Artemia from Bio-Marine (Aquafauna, Inc. United States). Circulating water system with zebrafish tank which is equipped with constant aeration having (36 × 26 × 22 cm) tank dimensions (Kundap et al., 2017). Monash Animal Research Platform (MARP), Australia, approved all the zebrafish experimental procedures (MUM-2017-03) (MARP-2017-003).

During the experimental procedure the animals were housed individually in each tank of 3 L in size. The animals were not fed in the home tank as they received the food a reward during each trial daily. The fish that did not reach the feeding ring (goal chamber) were fed once in the home tank. To avoid the encounter of aggressive behavior with each other and to individually track the behavior of each fish individually, the fish were housed separately in each tank (Parker et al., 2012). The water temperature of 28°C was maintained the same as the system water, with 7.2 pH, the light–dark cycle of 14/10 h, and intensity of light was maintained at 250 Lux to get uniform lighting all over the housing area.



Animal Grouping/Randomization and Treatment

Groups of animals exposed to drug treatment were divided as follows. Animals selected for testing were randomized as per the groups with n = 12. The experiment was not blinded as videos were recorded and then manually analyzed and checked by two investigators individually for confirmation. The fish were pre-treated with embelin and then exposed to PTZ before the start of the three-axis maze trial. The behavior recording for an epilepsy seizure score and transfer latency was recorded daily for the period of 10 days for each fish. Animal treated with embelin were observed for its epilepsy behavior, cognitive performance in three-axis maze and biochemical changes. Later on, the zebrafish brains were isolated for LC-MS/MS studies and gene expression analysis. For experimental procedure and drug administration follow Figure 1.
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FIGURE 1. Experimental setup and design procedure. (A) Represents the flowchart represents the scheme for EMB treatment, PTZ administration and behavior recording for epilepsy and three-axis maze used in the study. (B) Acrylic white experimental box of Three-axis maze with different openings from start chamber to goal chamber (feeding ring).
 

Set 1: Development of chronic epilepsy induced cognitive problems in zebrafish.


Group I: Vehicle control; Group II: PTZ 80 mg/kg; Group III: KA 3 mg/kg.


Set 2: Elucidating the therapeutic potential of EMB against chronic epilepsy induced cognitive dysfunction.

EMB and PTZ were dissolved in 10% DMSO.


GroupI: Vehicle control (10% DMSO); GroupII: Pentylenetetrazole (PTZ)–80 mg/kg; Group III: Embelin (EMB)–0.156 mg/kg + PTZ; Group IV: Embelin (EMB)–0.312 mg/kg + PTZ; Group V: Embelin (EMB)–0.625 mg/kg + PTZ.



Software and Equipment

The Smart V3.0.05 tracking software (Pan Lab, Harvard Apparatus), the Sony (Handycam HDR-PJ340E) video camera and Sony Camcorder stands were used for the automated tracking of zebrafish swimming patterns and locomotion parameters. The Applied Biosystems StepOnePlusTM Real-Time PCR System was used for the gene expression study. The MilliQ system from Millipore (Bedford, MA, United States) was used to produce pure water for the experiment purpose. The equipment used for quantifying brain neurotransmitters was the Agilent 1,290 Infinity UHPLC, coupled with the Agilent 6410 Triple, Quad LC/MS. Fish tank −10 liters capacity (PETCO-Pet keeper, Malaysia), The syringe used for intraperitoneal injection was Hamilton syringe 700–702 series 25 μl along with BD disposable needle–30G (Becton Dickinson, USA).



Procedure for Zebrafish Anesthesia and Intraperitoneal Injection

PTZ and the EMB were intraperitoneally infused into the zebrafish as indicated by the convention given by Kundap et al. (2017) and is given beneath. At the point when different intraperitoneal infusions were required, the infusions were given at alternating lateral ends, instead of the midline between the pelvic fins. Each zebrafish was caught individually utilizing a fish holding net, and after that moved into an anesthesia arrangement (30 mg/L Benzocaine). The fish were kept into the anesthesia water for 30 s until they stop moving. The zebrafish was taken out once anesthetized and weighed afterward to calculate the dose and subsequently the infusion volume. A delicate sponge roughly 20 mm in stature was soaked with water and set inside a 60 mm Petri dish. A cut between 10 and 15 mm inside and out was made in the sponge to control and hold the fish for the intraperitoneal infusion. The intraperitoneal infusion was given while utilizing a dismembering magnifying lens by embeddings the needle into the midline between the pelvic fins. An appropriate volume was then injected into the zebrafish, after considering the body weight of the zebrafish.

All intraperitoneal infusions were administered into the stomach pit at an area back to the pelvic support, utilizing a 10 μl Hamilton syringe (700 arrangement, Hamilton 80400) (Stewart et al., 2011). The experiment was performed in a separate behavior room with the room temperature kept between 26 and 30°C and humidity between 50 and 60%. All zebrafish were acclimatized in the said behavior room for 2 h prior to the experiment for minimizing any novel tank response. Other precautions taken include using a small injection volume of 10 μl per gram of fish and using a 30-gauge needle. The zebrafish were restrained in water saturated sponge under benzocaine anesthesia to reduce the distress inflicted on the zebrafish (Barbosa et al., 2012). This intraperitoneal injection technique was found to be effective in zebrafish (Kundap et al., 2017) and did not cause any mortality throughout the experiment. After the intraperitoneal injection, the zebrafish was immediately transferred to an observation tank.



Seizure Score Analysis


PTZ-Induced Seizure Score

PTZ is a proconvulsant drug. As per earlier reported studies, PTZ at 220–250 mg/kg dose produces full-blown seizures in zebrafish (Banote et al., 2013). In order to produce kindling effect, PTZ at lower doses (80 mg/kg) was administered daily for 10 days which was almost 1/3 of the actual dose reported earlier. Kindling is a process by which a seizure or other brain event is initiated and its recurrence is made more likely (Dhir, 2012). The PTZ Kindling model is well established in rodents and in other animals so in accordance to those animal model the dose of PTZ administration is calculated for zebrafish (80 mg/kg dose/10 days) (Ohno et al., 2010). After the fish was prone to seizures for at least 10 days it was observed for its locomotor behavior, three-axis maze memory analysis, and other biochemical alterations. For the EMB treated group fish were pre-treated with a single dose of EMB dissolved in 10% DMSO prior to daily PTZ administration. However, in the control group fish were pre-treated with 10% DMSO and the distilled water was administered to maintain the same number of injection in all the groups.

PTZ injected zebrafish displays unique seizure characters, intensities and latency in generating the different seizure scores. PTZ induced seizure behavior will remain around 10 min after the PTZ administration and gradually decrease with time. The PTZ injected adult zebrafish were then transferred to the observation tank water for behavior and the three-axis maze test. The behavior of the zebrafish was then recorded for 10 min after recovery from anesthesia and the video was later viewed using a computer to determine the highest seizure score during the 10 min. The zebrafish seizure score was recorded as per the earlier scoring protocol (Banote et al., 2013; Mussulini et al., 2013; Kundap et al., 2017) and is given below.

Score 1–Short swim mainly at the bottom of the tank.

Score 2–Increased swimming activity and high frequency of opercula movement.

Score 3–Burst swimming, left and right movements as well as the erratic movements.

Score 4–Circular movements.

Score 5–Clonic–tonic full body system rhythmic contractions.

Score 6–Fall at the bottom of the tank.

Score 7–Death



KA-Induced Seizure Score

Throughout the time of pre-exposure to KA, the behavior of the zebrafish was monitored for 10 min after the fish was fully recovered from anesthesia. The seizure behavior for KA-induced seizure was modified from the earlier findings (Menezes et al., 2014) and described below.

Score 1–Rigidity and hyperventilation of the animal.

Score 2–Whirlpool-like swimming behavior.

Score 3–Rapid muscular uncontrol movements from right to left.

Score 4–Abnormal and spasmodic muscular contractions.

Score 5–Rapid whole-body clonus-like convulsions.

Score 6–Sinking to the bottom of the tank and spasms for several minutes.

Score 7–Death.

Under the directives of the Monash Animal Research Platform (MARP)-Australia, the PTZ dose was standardized at 80 mg/kg of zebrafish body weight in order to produce the kindling seizure progression. The dose of KA-3 mg/kg (single dose) (Alfaro et al., 2011) was titrated in order to produce the maximum survival of zebrafish in a group for more than 48 h until day-10. The highest observed seizure score was the highest seizure score noted within the entire 10 min duration of the recording. The zebrafish swimming pattern and locomotion parameters were determined via analysis using the Smart tracking software.




Three-Axis Maze Test and Behavior Analysis

In the three-axis maze (Figure 1) fish are required to navigate a route based on x (forward/backward), y (lateral) and z (depth) axes and is designed as a measure of spatial memory. The maze is constructed from white 0.25″ acrylic held together with acrylic epoxy and sealed with aquarium sealant. The maze consists of a 20 × 20 × 60-cm tank divided into five 12 × 20 × 20-cm chambers with a 7 × 7-cm window cut into the corner or center of each insert as shown in Figure 1. A floating NutraFin Max feeding ring (PetCo, Inc.) was attached to the end of the maze in the goal chamber. The walls and inserts of the maze are constructed of white acrylic to minimize any external visual cues that could be used by the fish as markers. In addition, the maze was uniformly illuminated from above to minimize shadows and visual cues external to the maze. With the inserts in place, fish swim from one chamber to another through the windows in the inserts to reach a food reward in the goal chamber. The order of inserts in the maze was constant throughout the experiment, to allow the route to remain constant until the feeding ring as shown in Figure 1.

The detailed specifications regarding the maze were as per the given standard protocol (Nasir et al., 2012). Transfer latencies (TL) were recorded from day-1 to day-10 post-PTZ administration. An inflexion ratio (IR–day-1) = (TL0-TL1)/(TL1), (IR-day-2) = (TL0-TL2)/(TL2) rest as follows was calculated, where TL0 is the initial latency(s) at day-0 and TL1 and TL2 is the latency(s) at the Day-1 and day-2 trial respectively. The IR was calculated as compared to day-0 to measure the amount of memory increase each day with the progression of days/treatment. The behavior recordings during seizure activity and the three-maze test were analyzed to track the locomotor patterns. Tracking of the locomotor pattern was done by using the computer software SMART v3.4-Panlab Harvard Apparatus®.


Training

The fish were food-deprived for 1 day prior to the start of both the training and testing periods and are not fed outside of the maze throughout the duration of the experiment. Training consisted of two back-to-back trials on the day before testing. During training, the inserts were removed from the maze; the fish were netted from their home tank and placed at the end of the maze opposite the feeding ring. A small amount of Tetramin flakes was placed in the feeding ring, and fish were trained to swim the length of the maze to receive food. The fish were permitted to feed for more than 30 s up to maximum 1 min before being netted and returned to their home tank. Training allows the fish to acclimatize to the testing apparatus and to learn the location of the feeding ring at the opposite end of the tank. Food-deprived fish learn to associate the testing apparatus with food and actively search for the feeding ring when the inserts will be present. Training is necessary in order to avoid novel tank anxiety effect in fish during the actual testing period. Food deprivation is part of the experimental procedure. The reason behind food-deprivation is that fish learn to associate the testing apparatus with food and actively search for the feeding ring when the inserts are present. After repeated trials fish learn the task to reach the feeding ring and eat the food (Nasir et al., 2012).



Testing

Testing consists of one trial per day for 10 consecutive days. Vehicle control animals will be administered I.P with vehicle agent first and then administered with distilled water before placing it in the maze. For the PTZ treated group, each fish was administered with an 80 mg/kg dose I.P daily prior to the testing period. The fish were habituated for 10 min after PTZ administration to check the memory test in the three-axis maze. For the KA-treated group, each fish was administered with 3 mg/kg dose at the start of the experiment on day-1. For the EMB treated group, the fish was pre-treated with EMB (0.156/0.312/0.625 mg/kg) daily prior to the administration of PTZ. After specific treatment, the fish are placed in the start chamber and the response latency to reach the feeding ring in the last chamber is recorded. Fish will be allowed to feed for more than 30 s maximum up to 1 min before being returned to their home tanks. If fish failed to complete the maze within 10 min, they are fed and returned back to the home tank.



Gene Expression

Gene expression studies were carried out to determine the expression level of several inflammatory genes such as CCL2, HMGB1, TLR4, IFN- γ, TNF-α and IL-1. All the brain samples were collected in ice-cold 200 μl TRIzol® reagent (Invitrogen, Carlsbad, CA, USA) and immediately stored at −80°C until further usage. The study was divided into three steps such as isolation of mRNA, synthesis of cDNA strand and then real-time PCR to estimate the level of genes expressed.


Isolation of RNA and First Strand cDNA Synthesis

The mRNA was isolated by following the manufacturer’s protocol. In brief, brain tissue was properly homogenized in TRIzol® reagent, mixed with chloroform and centrifuged at 13,500 rpm (revolutions per minute) for 15 min at 4°C. The upper aqueous supernatant was transferred into new tubes and isopropanol was added, mixed and was incubated for 10 min at room temperature and later centrifuged for 10 min at 13,500 rpm at 4°C. The supernatant was discarded, and the pellets were subjected to rinsing with 75% ethanol. Then, the pellets were left for air drying between 5 and 8 min of air drying. Finally, nuclease-free water was added to each tube to dissolve the mRNA pellet. The concentration and purity of the isolated mRNA were measured by using a NanoDrop Spectrophotometer. The mRNA samples were converted into cDNA using Omniscript Reverse-transcription Kit (QIAGEN) according to the manufacturer’s protocol.

All the primer sets were provided by Qiagen (NL).

CCL2: Dr_ccl2_1_SG QuantiTect Primer Assay (Cat no: QT02205763) TLR4: Dr_tlr4ba_va. 1_SG QuantiTect Primer Assay (Cat no: QT02198539).

IFN-G: Dr_ifng1-2_1_SG QuantiTect Primer Assay (Cat no: QT02064328).

TNF-α: Dr_tnf_1_SG QuantiTect Primer Assay (Cat no.QT02097655).

IL-1: Dr_il1rapl1a_1_SG QuantiTect Primer Assay (Cat no.QT02131850).

eef1a1b: Dr_eef1a1b_2_SG QuantiTect Primer Assay (Cat no.QT02042684).




Estimation of Neurotransmitters by LC/MS-MS

Glutamate, GABA, and Ach are significant neurotransmitters to study epilepsy and cognition. These neurotransmitters were analyzed using the LC-MS/MS technique. All the standard neurotransmitters were prepared in methanol (0.1% formic acid) as a stock solution of 1 mg/ml and were kept at 4°C until use. Standards for calibration were prepared from the original stock solution. Serial dilution from 100–2000 ppb was used for calibration. The brain was homogenized in 200 μl of ice-cold methanol (0.1% formic acid). The homogenate was vortex-mixed for 1 min and then centrifuged at 18,000g for 10 min at 4°C. Finally, the supernatant was pipetted and placed into vials for LC-MS/MS analysis.

LC-MS/MS was run on an Agilent 1,290 Infinity UHPLC, coupled with Agilent 6,410 Triple, Quad LC/MS, ZORBAX Eclipse plus C18 RRHD 2.1 × 150 mm, 1.8-micron (P/N 959759–902) auto-sampler system (Agilent Technologies, Santa Clara, CA, USA). The samples were separated on a SMol-RRHD-Eclipse-C18-8 (15) UHPLC-160129-00011-Pos-DMRM used at 30°C. The mobile phase consisting of 0.1% formic acid in water (Solvent A) and acetonitrile with 0.1% formic acid (Solvent B) was used with a gradient elution: 0–3 min, 50% B; 3–6 min, 95% B; 06–07 min, 95% B at a flow rate of 0.1 ml/min. ESI-MS/MS Conditions were set as follows: ESI ion source, positive ion polarity, gas temperature 325°C, drying gas flow 9.0 L/min, nebulizer pressure 45 psi, Vcap 4,000 V. MS acquisition of GABA, Glu, ACh was performed in electrospray positive ionization multiple reaction monitoring (MRM) mode.




Statistical Analysis

The data were analyzed by GraphPad Prism v.7.02 (San Diego, CA) with repeated measure (mixed model) two-way ANOVA followed by Bonferroni post-test to compare replicated means by row. Data are presented as means and standard errors of the mean (SEM) to assess the differences in seizure, latency and inflexion ratio. The results acquired for neurotransmitter levels and gene expression between treatments and control were analyzed by one-way ANOVA and subsequent Dunnett’s multiple comparison tests. A p of <0.05 indicates statistical significance.




RESULTS


Daily Administration of PTZ Induces Chronic Epilepsy in Adult Zebrafish

Daily administration of small doses of PTZ for 10 days induced full-blown seizures in zebrafish. It was observed that 80 mg/kg dose of PTZ cause a gradual increase in seizure scores from day-4 until day-10. Seizure score increase from score 1.5 to score 5 from day-1 to day-10. In addition, a single dose of KA-induced epileptic seizures, however, it was not able to maintain a high seizure score on daily observation and the score was eventually reduced from score 5 at day-1 to no seizure to score 1 at day-10 (Figure 2AI).
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FIGURE 2. Daily administration of PTZ induces chronic epilepsy in adult zebrafish. (AI) Represents the seizure progression pattern of PTZ and KA from day-1 to day-10 with F-value of 413.7, DF-18 and mean square–19.41; (AII) represents transfer latency, the time taken by PTZ and KA-treated fish against a control group. PTZ (80 mg/kg) and KA–3 mg/kg significantly increase the time taken to reach the feeding ring. The data were analyzed by GraphPad Prism v.7.02 (San Diego, CA) with repeated measure (mixed model) Two-way ANOVA followed by Bonferroni post-test to compare replicated means by row. Data are presented as means and standard errors of the mean (SEM) to assess the differences in seizure, latency, and inflexion ratio: with F-value of 22.24, DF-18 and mean square–70,622 *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. (B) Locomotor tracking pattern of a single representative fish in a treated group with the proconvulsant drug at day-10 in three-axis maze.
 

Moreover, in the three-axis maze, it was observed that all the fish from the control group showed a significant decrease in time taken to reach the feeding ring (goal chamber) from day-1 to day-10 and it was less than 100 s (Figure 2AII). However, all the fish from PTZ and KA-treated group found to worsen the cognitive function in zebrafish on observation of three-axis maze study. Indeed, the latency to reach the feeding chamber was high in PTZ and KA-treated fish when compared to the control group (Figure 2AII). It was observed that PTZ treated fish took more than 450 s to reach the feeding ring until day-10. However, the time was increased to 250 s in KA-treated fish when compared to the control group as shown in Figure 2AII.



Daily Administration of EMB Ameliorates PTZ Seizures and Memory Decline

PTZ at 80 mg/kg, when administrated daily for 10 days, produces kindling like behavior with a continuous unprovoked seizure. Fish, when treated with EMB, ameliorates the gradual increase in seizure generated due to PTZ kindling (Figure 3AI). It was found that EMB-0.156 mg/kg to EMB-0.625 reversed chronic epilepsy induced due to PTZ kindling and maintained a low seizure score from day-1 to day-10. All the animals from PTZ treated group demonstrated disruption in cognitive functions when analyzed on the three-axis maze model (Figure 3AII). Due to the alteration in cognitive functions induced due to PTZ kindling, fish get lost in the maze compartment of the three-axis maze. The tracking pattern of PTZ administered fish demonstrated complex behavior patterns, as well as not being able to analyze the path towards the feeding ring and hence spending more time in each compartment. As seen in Figure 2, the time is taken, and distance traveled by PTZ kindled fish to reach the feeding ring was higher as compared to the control group. Simple and straight tracking pattern was observed in the control group which might be due to the continuous daily trial of control fish in the three axis maze for 10 days. As the fish was treated daily with a single dose of EMB prior to PTZ administration, EMB ameliorated the epileptic seizure generated from PTZ kindling and improved the locomotor tracking pattern. EMB pre-treated fish with a dose ranging from 0.156 to 0.625 mg/kg demonstrated simple and improved tracking patterns similar to the control group on the 10th day of three-maze trial shown in Figure 3. Due to PTZ kindling effects, epileptic fish exhibited loss in memory function which is detrimental for egocentric navigation. EMB (0.156–0.625 mg/kg) significantly improved maze navigation times and reduced performance errors in the three-axis maze with P-value significant *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
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FIGURE 3. Daily administration of EMB ameliorates PTZ seizures and memory decline. (AI) Represents the seizure progression pattern of EMB against PTZ kindling from day-1 to day-10 with F-value of 106.4, DF-36 and mean square–5.489. (AII) Represents transfer latency, the time taken by EMB treated fish against PTZ treated fish. (AIII) Represents the inflexion ratio of EMB treated group compared to the PTZ treated group. The data were analyzed by GraphPad Prism v.7.02 (San Diego, CA) with repeated measure (mixed model) Two-way ANOVA followed by Bonferroni post-test to compare replicated means by row. Data are presented as means and standard errors of the mean (SEM) to assess the differences in seizure, latency and inflexion ratio with Fvalue of 9.850, DF-36 and mean square–41,046, *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. (B) Locomotor tracking pattern a single representative fish in a treated group with EMB against PTZ treated, control and PTZ negative control at day-10 in a three-axis maze.
 



Estimation of Neurotransmitters by LC/MS-MS

Neurotransmitter analysis was performed to check the amount of chemical change in the brain after chronic epilepsy treatment. Neurotransmitter analysis by LC/MS-MS demonstrated a significant reduction (*
p < 0.05) in the level of GABA in the PTZ administered group when compared to the control groups. Significant elevation in the level of GABA was observed on the EMB (0.156 mg/kg) (**
p < 0.01) and the EMB (0.625 mg/kg) (*
p < 0.05) administered groups when compared to the PTZ group (Figure 4). The level of glutamate was non-significantly different between the control group and the PTZ treated group. However, there was a significant elevation in EMB (0.156 mg/kg) (**
p < 0.01), EMB (0.312 mg/kg) (*
p < 0.05) and the EMB (0.625 mg/kg) (**
p < 0.01), administered group when compared to PTZ injected group. However, the brain Ach level was significantly decreased on the PTZ administered group as compared to the control group. In addition, there was significant upregulation in the level of Ach in EMB (0.156 mg/kg) (***
p < 0.001) and the EMB (0.625 mg/kg) (***
p < 0.001) treated group when compared to the PTZ treated group shown in Figure 4.
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FIGURE 4. Neurotransmitters analysis in zebrafish brain after 10 days of three-axis maze trial. (A) Represents the concentration of GABA in the zebrafish brain. (B) Represents concentration of glutamate in the zebrafish brain with F-value = 3.976, R-square = 0.4429, p = 0.0156. (C) Represents the ratio of glutamate over GABA showing a significant increase in glutamate levels against PTZ treated group with F-value = 5.5.4, R-square = 0.5240, p = 0.0037. (D) Represents concentration of acetylcholine (Ach) in the zebrafish brain with F-value = 41.86, R-square = 0.9331, p = 0.0001. In each neurotransmitter analysis, all the control and EMB treated groups are compared with negative control PTZ treated group. Data are represented as mean ± SEM, n = 5 and statistically analyzed by one-way ANOVA followed by Dunnett’s test *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
 



EMB Pre-treatment, Reverse Epilepsy That Affects Expression Levels of Several Inflammatory Genes

CCL2 mRNA expression level was non-significantly upregulated in the PTZ treated group when compared with the control group. However, CCL2 mRNA expression level was significantly down-regulated in EMB (0.156 mg/kg) (*
p < 0.05) and the EMB (0.312 mg/kg) (*
p < 0.05) treated group as compared to the PTZ administered group. In addition, there was non-significant downregulation in the CCL2 mRNA expression level on EMB (0.625 mg/kg) treated group when compared to the PTZ treated the group as shown in Figure 5A.
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FIGURE 5. EMB pre-treatment, reverse epilepsy that affects expression levels of several inflammatory genes. (A) Represents graph plot for CCL2 mRNA expression in the zebrafish brain with F-value = 3.564, R-square = 0.4712, p = 0.0292. (B) Represents graph plot of TLR-4 mRNA expression in the zebrafish brain with F-value = 12.98, R-square = 0.7644, p = 0.0001. (C) Represents graph plot for INF-γ mRNA expression in the zebrafish brain with F-value = 5.414, R-square = 0.5751, p = 0.0059. (D) Represents graph plot of IL-1 mRNA expression levels in the zebrafish brain with F-value = 12.4, R-square = 0.7121, p = 0.0001. (E) Represents graph plot of TNF-α mRNA expression in the zebrafish brain with F-value = 1.127, R-square = 0.2198, p = 0.3788. In each gene, all the control and EMB treated groups are compared with negative control PTZ treated group. Data are represented as mean ± SEM, n = 5 and statistically analyzed by one-way ANOVA followed by Dunnett’s test *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
 

TLR4 mRNA expression was significantly (***
p < 0.001) decreased in the control group when compared to the PTZ treated group. When compared to the PTZ administered group, TLR4 mRNA expression level was decreased in EMB (0.312 mg/kg) (*
p < 0.05) and the EMB (0.625 mg/kg) (**
p < 0.01). However, non-significant downregulation of TLR4 mRNA expression level was observed in the EMB (0.156 mg/kg) treated group when compared to the PTZ treated group as shown in Figure 5B.

TNF-α mRNA expression was non-significantly upregulated in the control group as compared to the PTZ treated group. However, no significant difference was observed in the TNF-α expression levels in all the EMB (0.156, 0.312 and 0.625 mg/kg) treated group when compared to PTZ treated group as shown in Figure 5C.

IL-1 mRNA expression was found to be significantly (***
p < 0.001) down-regulated in the control group when compared with the PTZ administered group. An IL-1 mRNA expression level was significantly (***
p < 0.001) down-regulated in the EMB (0.156 and 0.312 mg/kg) treated group as compared to the PTZ treated group. However, non-significant downregulation of the IL-1 mRNA expression level was observed in EMB (0.625 mg/kg) treated group when compared to the PTZ treated the group as shown in Figure 5D.

Significant (*
p < 0.05) downregulation in the level of INF-γ mRNA expression was observed in the control group as compared to the PTZ treated group. However, INF-γ mRNA expression was found to be significantly downregulated in EMB (0.156 mg/kg) (*
p < 0.05) and in the EMB (0.312 mg/kg) (**
p < 0.01) the treated group as compared to the PTZ treated group. In comparison with the PTZ administered group, non-significant downregulation in INF-γ mRNA expression levels was observed in the EMB (0.635 mg/kg) treated group as shown in Figure 5E.




DISCUSSION

The development of new drug treatment for chronic epilepsy induced cognitive dysfunction has largely stalled with very minor advances over the past few decades (Witt and Helmstaedter, 2017). In fact, in addition to minimizing seizures, the currently available AEDs produces cognitive alterations in around one-third of the epileptic patients (Witt and Helmstaedter, 2017). Herein, current study utilizes multifaceted approach and for the very first time develop PTZ kindling induced chronic epilepsy which significantly altered memory as compared to KA. We also evaluated the therapeutic potential of EMB against PTZ kindled chronic epilepsy and related cognitive alterations. In addition to that, modulation of several neurotransmitters and inflammatory genes by EMB treatment of varying doses (0.156, 0.312 and 0.612 mg/kg) has opened new therapeutic approach to deal with epilepsy and related memory problems (van Vliet et al., 2018).

Chronic epilepsy is a complex brain disorder exhibiting multiple underlying known and unknown causes with poorly understood mechanisms (Staley, 2015). Impairment of learning and memory is frequently observed in long-term epileptic patients and chronic epilepsy (Paudel et al., 2018b). To the best of our knowledge, current options to treat epilepsy only help with seizures and do not help to improve cognitive impairment, or standard AEDs contribute to impaired memory in patients with epilepsy (Santulli et al., 2016). In relation to that, current investigation shed light on the development of natural product-based novel therapy of using pro-inflammatory targets that can ameliorate chronic seizure as well as associated cognitive alterations (Barker-Haliski et al., 2017).

In spite of growing interest of utilizing zebrafish as an experimental model, much more remained to learned about the spatial cognitive abilities of zebrafish in the epileptic condition as compared to more widely used mammalian species (Meshalkina et al., 2017a). Zebrafish is one of the most emerging model systems to study neurologically related disorders and memory function (Fontana et al., 2018). Use of zebrafish as a model system is considered to be one of the most highly productive animal models with low cost, ease in doing an in-vivo pharmacodynamic study and easy tracking analysis of behavior study (Khan et al., 2017). Recently, a large number of studies related to PTZ-kindling are conducted on rodents which have high cost and is a time-consuming procedure (Kumar et al., 2016; Shimada and Yamagata, 2018). It is also known that once the rodents and large animals are epileptic they become difficult to handle, which is exactly opposite to zebrafish model (Meshalkina et al., 2017b). Zebrafish are easy to handle and inject, they are cost-effective, easy to maintain and feed, can adapt to new conditions quickly and produce a robust accurate result (Kearney, 2018). Moreover, zebrafish as an experimental model has been significantly important in the investigation elucidating epilepsy-related cognitive alterations (Stewart and Kalueff, 2012; Kundap et al., 2017).

Seizure-like behavioral and neurophysiological responses can be evoked in adult zebrafish by various genetic modifications and pro-convulsive chemicals that collectively strengthen the growing utility of this model for studying epilepsy (Kalueff et al., 2014). Moreover, learning and memory function can be tested in the zebrafish using various types of mazes like the T or Y axis maze, light/color preference test and three-axis maze (Nasir et al., 2012). In the neurological translational research, many advances have been made in understanding CNS and epilepsy-related problems, but there is still a lack of an animal model that can fully recapitulate the clinical phenotypes of human epilepsy-related cognitive dysfunction. In this regard, there is an increased understanding about the usability of zebrafish as an animal model in epilepsy research and has been demonstrated the features of human epilepsy (Mussulini et al., 2013, 2018).

PTZ (80 mg/kg) kindling acts via GABAA receptor induces epileptic seizures and disrupts the cognitive function for 10 days in adult zebrafish as observed on the three-axis maze test. Repeated administration of PTZ produces a chronic epilepsy-like condition in zebrafish along with the significant loss of cognitive performance in one of the three-axis mazes which is considered to be one of a complex maze. Repeated administration of small doses of PTZ (80 mg/kg) successfully induces a chronic epilepsy-like condition at least for 10 days as evidenced by increased seizure score. These findings were in agreement with an earlier reported study conducted using PTZ in a rat model reporting impaired memory and epileptic seizures (Golechha et al., 2010). Similar findings were reported earlier regarding PTZ kindling in rodents, where administration of PTZ resulted in a progressive increase in sensitivity of epileptic seizures (Löscher, 2017). Similarly, in the present study, a single dose of KA (3 mg/kg) failed to maintain the progressive increase in seizure sensitivity throughout the experiment. This finding was different from the findings from rodents where a single high dose of KA produces full-blown seizure (Demars et al., 2018). This might be due to the virtue (ability of excellence or performance) of zebrafish and its regenerative property which regenerates the damaged neurons and makes the fish less sensitive (Ceci et al., 2018). These findings implicate that a single dose of KA (3 mg/kg) lack (reduced in sensitivity or less sensitive) produce long term sensitivity in zebrafish for epileptic seizures.

The cognitive behavior of PTZ treated fish showed that latency to reach the feeding ring was high in PTZ treated fish as compared to the control group. It might be because PTZ treated fish could not find their way to the feeding ring and get repeatedly lost and backtrack to the previous compartment instead of moving forward to the feeding ring. This implies that PTZ kindling impairs memory in adult zebrafish. Interestingly, latency to reach the feeding ring in KA-treated fish was less than the PTZ treated group but was higher than the control group. This implies that though a single dose of KA (3 mg/kg) does not maintain a chronic epilepsy-like stage for 10 days, it still manages to disrupt the memory function for 10 days. All these findings are in agreement with the earlier findings reporting cognitive alteration in epileptic conditions (Black et al., 2010; Leeman-Markowski and Schachter, 2016). We observed that pre-treatment with different EMB doses rescued the fish from the epileptic stage as well as ameliorating its cognitive function. In addition, pre-treatment also reduces seizure scores and seizure intensity until day 10 as compared to PTZ treated fish. This finding strengthens the usability of EMB against chronic seizure-induced cognitive disruptions. However, evaluating the ameliorative potential of EMB against a range of seizure models and related cognitive impairments would further verify this statement.

Neurotransmitters play a crucial role in regulating neuronal excitation and maintaining normal behavior of the cognitive function (Moavero et al., 2017). Hypoactivity GABA leads to the increase in higher dopamine release, causing dopaminergic neurons to influence the GABAergic system to shut down through the GABAA receptor (Werner and Coveñas, 2011). Moreover, glutamate hyperactivity is influenced by n-methyl-D-aspartate (NMDA) receptor, inhibiting serotonin release via postsynaptic glutaminergic receptors, which can induce epileptic seizures (Lewerenz and Maher, 2015). In the current investigation, in the EMB treated group the level of GABA was found to be significantly rescued back to control level as compared to the PTZ treated group, implicating the release of dopamine causing epileptic seizures. Also, an increase in the level of GABA in EMB treated group helps in controlling epileptic seizures. On the other hand, the level of glutamate was found to be elevated in the EMB treated group in comparison to the PTZ treated group, however, it does not affect epileptic behavior because the inhibitory GABA was controlling the hyperexcitation of neurons from glutamate (Medrihan et al., 2014). Ach has a crucial role in regulating attention, learning and short-term memory (Klinkenberg et al., 2011). Moreover, Ach has been implicated in controlling the release of glutamate in the brain during epileptic activity (Belousov et al., 2001). The current study documented the increased level of Ach in the EMB treated group compared to the PTZ treated group and reported a similar line of neurotransmitter levels as observed in our earlier studies after PTZ administration (Kundap et al., 2017).

The alteration of neurotransmitter is closely associated during the epileptic event. Many studies have shown the drastic increase in the level of inhibitory neurotransmitters like GABA in the epileptic brain (Swaminathan et al., 2018). The study suggests that proinflammatory biomarkers contribute to regulation of epilepsy-associated biochemical changes CNS. The neuroinflammatory markers like IL-1 TNF-α and INF-ϒ play an important role in regulating GABA expression and transportation of extracellular GABA in the brain (Su et al., 2015). The TLR-4 and RAGE inflammatory pathway is stimulated by one of the most important pro-inflammatory cytokines knows as HMGB1, which is responsible for the release of glutamate and causing hyperexcitability of the brain during epilepsy (Paudel et al., 2019).

There is an increased understanding of the role of inflammation in epileptic seizure (Vezzani and Granata, 2005; Vezzani et al., 2013). Inflammatory mediators are produced by glia, neurons, endothelial cells of the blood-brain barrier (BBB), and peripheral immune cells and might contribute to the onset and perpetuation of seizures in various types of epilepsy (Liu and Huang, 2011). Induction of recurrent seizures or single prolonged seizures by chemoconvulsants or electrical stimulation triggers rapid induction of inflammatory mediators in brain regions and upregulates CCL2 expression (Vezzani et al., 2011). Moreover, findings are emerging implicating the same inflammatory pathways in epilepsy and related neurobehavioral comorbidities including cognitive dysfunctions (Mazarati et al., 2017; Paudel et al., 2018b). Current study reported an increased level of CCL2 in PTZ kindled group. These findings are in corroboration with earlier findings reporting upregulation of CCL2 in the epileptic brain (Bozzi and Caleo, 2016). Interestingly, EMB treatment reduces the expression level of CCL2 as compared to the PTZ treated group. These findings are in agreement with the earlier findings reporting anti-inflammatory activities of EMB (Lee et al., 2018). These results are in line with the recent finding of anti-inflammatory activity of EMB in A549 cells and epithelial cell line (Ahmed, 2017).

TLR4 is the principal receptor for HMGB1 and has been implicated in seizure generation (Iori et al., 2017). The contribution of TLR4 in seizure generation is more than that of RAGE (Iori et al., 2013). This makes TLR4 worth exploring against several seizure models in order to elucidate the contribution of TLR4 in seizure generation. Similar to earlier findings (Maroso et al., 2010), we observed an increased level of TLR4 in the PTZ administered group suggesting its role in a seizure. EMB pre-treatment reduces the expression level of TLR4 which might be due to the prevention of epileptic seizure by EMB pre-treatment. The increased level of HMGB1 and TLR4 after pro-convulsant administration in current investigation supports the notion that HMGB1-TLR4 signaling may contribute to generating and perpetuating seizures (Maroso et al., 2010).

The effect of TNF-α on seizures depends mainly on its endogenous brain levels and the receptor subtypes predominantly stimulated by this cytokine (Vezzani and Granata, 2005). Few studies have reported the seizure inhibiting activity of TNF-α mainly via p75 receptors. Generally, the levels of TNF-α found to be elevated in seizure conditions, either in rodents (Ashhab et al., 2013) or in adult zebrafish (Choo et al., 2018). Surprisingly, we currently observed a non-significant decrease in the level of TNF-α after PTZ administration. However, this finding is in corroboration with the earlier reported study, reporting a decrease in TNF-α levels even after the pro-convulsant (pilocarpine) administration in rats (Marchi et al., 2007).

It was reported that IL-1 mediates upregulation of NMDA receptor in PTZ induced seizures causing epileptogenesis in the rat model (Yi et al., 2017). In an experimental model of status epilepticus (SE) triggered by electrical stimulation, brain mRNA expression level of IL-1 has been elevated (De Simoni et al., 2000). In a similar line, brain mRNA expression level of IL-1 was upregulated after PTZ administration. On the other side, EMB pre-treatment reduced the brain mRNA expression level of IL-1 suggesting its plausible anti-inflammatory potential.

IFN-γ plays an important role in the development of the brain’s excitatory seizure pathways, and it has been associated with the development of limbic seizures (Borham et al., 2016). IFN-γ has been implicated in the seizure generation; this makes IFN-γ worth exploring in the current investigation. We observed an increased level of IFN-γ after PTZ administration, which is in support of an earlier study reporting elevated IFN-γ level in epileptic condition (Mao et al., 2013). Interestingly, EMB pre-treatment decreases the level of IFN-γ which might be since EMB pre-treatment prevents the epileptic seizure which in turn helps in preventing neuroinflammation. These overall findings from the current study suggest the possible anti-inflammatory potential of EMB in addition to seizure retarding and related memory improving potential. More studies describing the fact that embelin in the absence of PTZ or seizures can reduce neuroinflammation can be the point of interest for further researchers.



CONCLUSION

Herein, we conclude that EMB suppresses seizure-like behavior and improves cognitive function altered due to a chronic epilepsy condition. EMB significantly modulates inflammatory genes affected by seizure and also affects neurotransmitter levels, which eventually improves the cognitive status of the animals. Moreover, behavioral observation, neurotransmitter analysis and gene expression results suggest that EMB can reverse learning and memory dysfunction associated with chronic epilepsy in a zebrafish model. Though we developed a KA-induced seizure model, we did not assess the ameliorative effect of embelin against KA-induced seizure and related cognitive alterations as a single KA dose did not produce chronic epilepsy like behavior similar to PTZ kindling. We acknowledge this part as a limitation of the current study. However, overall findings suggest that EMB has potential therapeutic value for the management of epilepsy and related cognitive alterations in experimental studies. However, further work is highly recommended to evaluate the therapeutic effects of EMB against genetic models and to compare its efficacy with current AEDs.
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DNA methyltransferase inhibitors (DNMTi) decitabine and azacytidine are approved therapies for myelodysplastic syndrome and acute myeloid leukemia, and their combinations with other anticancer agents are being tested as therapeutic options for multiple solid cancers such as colon, ovarian, and lung cancer. However, the current therapeutic challenges of DNMTis include development of resistance, severe side effects and no or partial treatment responses, as observed in more than half of the patients. Therefore, there is a critical need to better understand the mechanisms of action of these drugs. In order to discover molecular targets of DNMTi therapy, we identified 638 novel CpGs with an increased methylation in response to decitabine treatment in HCT116 cell lines and validated the findings in multiple cancer types (e.g., bladder, ovarian, breast, and lymphoma) cell lines, bone marrow mononuclear cells from primary leukemia patients, as well as peripheral blood mononuclear cells and ascites from platinum resistance epithelial ovarian cancer patients. Azacytidine treatment also increased methylation of these CpGs in colon, ovarian, breast, and lymphoma cancer cell lines. Methylation at 166 identified CpGs strongly correlated (|r|≥ 0.80) with corresponding gene expression in HCT116 cell line. Differences in methylation at some of the identified CpGs and expression changes of the corresponding genes was observed in TCGA colon cancer tissue as compared to adjacent healthy tissue. Our analysis revealed that hypermethylated CpGs are involved in cancer cell proliferation and apoptosis by P53 and olfactory receptor pathways, hence influencing DNMTi responses. In conclusion, we showed hypermethylation of CpGs as a novel mechanism of action for DNMTi agents and identified 638 hypermethylated molecular targets (CpGs) common to decitabine and azacytidine therapy. These novel results suggest that hypermethylation of CpGs should be considered when predicting the DNMTi responses and side effects in cancer patients.
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INTRODUCTION

DNA methyltransferase inhibitors (DNMTi) are widely used as chemical tools for hypomethylating the genome, with an aim to understand the role of DNA methylation in multiple processes (e.g., X-chromosome inactivation and DNA imprinting) and as an anti-cancer therapy (Minkovsky et al., 2015; Ramos M.P. et al., 2015; Bohl et al., 2018). At present, two DNMTi drugs, decitabine and azacytidine, have been approved for treating patients with myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML) (Döhner et al., 2017; Bohl et al., 2018), and are also being tested as therapeutic options in multiple solid cancers (Fu et al., 2011; Singal et al., 2015; Lee et al., 2018). However, treatment response rates have remained very low in both solid and hematological cancers patients (Derissen et al., 2013; Nervi et al., 2015; Koch et al., 2018). At the same time, DNMTi treatment incurs considerable side effects (e.g., bleeding, anemia, and joint pain). Attempts are being made to improve treatment efficacy (e.g., by testing combinations of DNMTis with other anticancer agents) and safety (e.g., by stratifying cancer patients into DNMTi responders and non-responders) (Nervi et al., 2015) of the drugs. However, the precise prediction of drugs that show synergy with DNMTi in combination as well as distinguishing the drug responders from the non-responders are challenging tasks and are currently compromised by our incomplete knowledge of the drug mechanisms of action in various cancer-types (Ramos F. et al., 2015; Wang et al., 2018).

Hypomethylation of the genome is one of the principal mechanisms behind the therapeutic benefit of DNMTi treatment and hypomethylated targets of the drugs (e.g., CpGs, genes, genomic region, pathways) have been functionally well-characterized in multiple cancer cell lines and other model systems (Sarkar et al., 2013; Tobiasson et al., 2017; Koch et al., 2018). However, DNMTi induced hypomethylation of the genome is not sufficient to clearly understand DNMTis’ response and side effects (Ramos F. et al., 2015; Wang et al., 2018), suggesting presence of additional mechanisms by which DNMTis’ may modulate their responses. Therefore, there is a critical need to better understand the mechanism of action of DNMTis’ in more details, including their molecular targets in various cancer cells. Only a few studies indicated that DNMTi treatment can also lead to DNA hypermethylations in specific cell types, probably due to an increased expression of DNA methylating enzymes (Broday et al., 1999; Kastl et al., 2010; Chowdhury et al., 2015). For example, Kastl et al. (2010) reported an increase in the mRNA level of DNMT1, DNMT3a, and DNMT3b genes in docetaxel-resistant MCF7 cells, as compared to drug-sensitive cells when treated with decitabine. However, we currently lack the information of the genomic location and function of molecular targets in the cancer genome that can resist the DNA demethylation and show hypermethylation in response to DNMTi treatment.

In the present work, we hypothesized that DNMTi treatment causes hypermethylation in the genome, and therefore we systematically investigated the extent of hypermethylated CpGs, their location, and biological role by analyzing cell line and primary tumor data. Since colon cancer tissue has revealed silencing of various tumor suppressor genes due to hypermethylation (Huidobro et al., 2012), and especially the HCT116 cell line has widely been utilized to study DNA methylation and its role in regulating gene expression in colon cancer (De Carvalho et al., 2012; Yang et al., 2014), we selected HCT116 cell line as our primary disease model to discover novel hypermethylated CpGs. We validated the findings in a panel of 53 other cancer cell lines (e.g., lymphoma, colon, ovarian, and breast cancer), as well as in bone marrow cells of 2 primary leukemia patients, 2 PBMCs and 2 ascites samples of ovarian cancer patients. There was a significant correlation in the methylation of a fraction of identified CpGs and corresponding genes’ expression in HCT116 cell line indicating that the identified hypermethylated CpGs are clinically functional. Our work aims at initiating the search of hypermethylation in the response to DNMTi treatment in cancer cells and tissues as a novel mechanism by which one could predict in future the therapeutic and adverse effects of DNMTis in multiple cancer sub-types (i.e., stratified medicine), or even in individual cancer patients (i.e., personalized medicine).



MATERIALS AND METHODS

Processing of Published Methylation Data

To identify CpGs with increased methylation after decitabine treatment, we re-analyzed the DNA methylation (Illumina 450K platform, GSE51810) data from the study of Yang et al. (2014), where colon cancer HCT116 cells were treated with decitabine (0.3 mM) for 72 h. Cells were maintained in McCoy’s 5A medium, supplemented with 10% fetal bovine serum along with 1% penicillin/streptomycin after drug treatment, and followed through 5, 14, 24, 42, and 68 days. The increase in DNA methylation in HCT116 cells were validated using methylation data from the study of Han et al. (2013) (Illumina 450K, GSE41525), where HCT116 and T24 bladder cancer cell lines were treated with 0.3 and 1 μM of decitabine, respectively, for 24 h, and Illumina 450K assay was performed for both untreated and decitabine-treated cells. We also tested the increase in DNA methylation of identified CpGs using DMSO (as mock treatment) and decitabine-treated (0.06 μM for 72 h) MCF7 breast cancer cells using data generated by Leadem et al. (2018) (Illumina 450K platform, GSE97483). These cells were cultured in Minimum Essential Medium (MEM) with 10% fetal bovine serum).

Further, we validated our findings identified in cell lines using DNA methylation data from primary bone marrow mononuclear cells (Illumina 450K platform, GSE20945-GPL13534) from two freshly diagnosed acute myelogenous leukemia patients (IDs 1107 and 1307) and one healthy control (BM) (Tsai et al., 2012). The frozen primary cells were thawed and cultured in Poietics HPGM supplemented with 50 ng/ML human thrombopoietin, 25 ng/mL stem cell factor, 50 ng/mL Flt-3 ligand, 10 ng/mL recombinant human IL-3, 10 ng/mL recombinant human IL-6, 10 ng/mL recombinant human GM-CSF and 1 ng/mL recombinant human G-CSF, as specified in Tsai et al. (2012). These cells have been treated with 10 nM of decitabine or PBS (control) for 72 h with daily medium change. DNA methylation for patient 1307 was assessed at day 3 as well as day 14 and for patient 1107 at day 7. We also analyzed genome wide DNA methylation (Illumina Infinium 27K Beadchip, GSE31826) profile of 14 peripheral blood mononuclear cells (PBMC), 8 tumor biopsies and 6 ascites samples from recurrent, platinum resistant epithelial ovarian cancer patients, before and after treatment with decitabine (Matei et al., 2012). Patients have been treated with decitabine (Eisai) at 10 mg/m2 given intravenously daily for 5 days. The methylation for each sample was measured before treatment at day 1 (control) and after decitabine treatment at day 8 (treated). The comparison of treated and control samples was done using the paired Wilcoxon non-parametric test on the basis of 16 common CpGs (out of 638) with hypermethylation.

We extended our discovery analyses also to another DNMTi inhibitor, azacytidine, by re-analyzing DNA methylation data (Illumina 450K, GSE45707) for untreated and azacytidine-treated (5 mM for 72 h) lymphoma U937 cell line. We further re-analyzed additional methylation (Illumina 450K platform, GSE57342) and gene expression data (GSE57343) from 26 breast cancer cell lines (MDA231, SKBR3, HCC38, ZR7530, HCC1937, CAMA1, MDA415, HCC1500, BT474, EFM192A, MDA175, MDA468, MDA361, HCC1954, BT20, ZR751, HCC1569, EFM19, T47D, MDA453, MCF7, HCC1187, HCC1419, MDA436, SUM149, and SUM159), 12 colorectal cancer cell lines (SW48, HCT116, HT29, RKO, SW480, Colo320, Colo205, SW620, SNUC-1, CACO-2, SK-CO1, and Colo201), and 13 ovarian cancer cell lines (TykNu, CAOV3, OAW28, OV2008, ES2, EF27, Kuramochi, OVKATE, Hey, A2780, OVCAR3, OVCAR5, and SKOV3) measured after mock treatment and 0.5 μM azacytidine treatment for 72 h (Li et al., 2014). The cells were cultured and maintained under recommended conditions for each cell line (Li et al., 2014).

To investigate the alteration in methylation status of identified probes in cancerous tissue and their role in gene expression regulation, TCGA level 3 HumanMethylation 450K data and normalized RNA-seq gene expression profiles for colon adenocarcinoma (COAD) patients (both tumor and adjacent healthy tissue samples) were downloaded using the FireBrowse tool1.

In all the analysis, methylation status at a CpG site was measured as beta value (β), which is the ratio of the methylated probe intensity and the overall intensity (sum of methylated and unmethylated probe intensities designed for a particular CpG in 450K beadchip). β ranges from 0 to 1, indicating no methylation (β = 0) to complete methylation of the CpGs (β = 1). We performed appropriate quality control of the published data before their downstream analysis as described previously (Giri et al., 2017). As a part of quality control, we removed all the CpGs with missing values and CpGs assessed by probes that have a tendency of cross-hybridization, as specified in the supplementary file of Chen et al. (2013). To remove any possible bias due to design differences in the type of probes (the type I and type II probes) present in the Illumina 450K platform, we performed BMIQ normalization (Teschendorff et al., 2013) to the DNA methylation data from the TCGA samples before correlation and differential methylation analysis. All other data processing was done using local inbuilt commands in R.

Identification of Probes With Increased Methylation in HCT116 Cell Line

We calculated the difference in methylation level of CpGs before and after treatment with decitabine in HCT116 cell line at day 5 in data from Yang et al. (2014) (GSE51810). CpG that showed an increase in β-value of greater than or equal to 0.10 (Δβ ≥ 0.10) between untreated control and decitabine treated HCT116 cells were identified as hypermethylated CpGs. The population doubling time reported by Yang et al. (2014) was used for correlation analysis with methylation level of identified CpGs. We estimated population doubling time as 24 h for untreated cells and 34, 38, 31, 28, 26, and 25.5 h for treated cells at time points of 5, 14, 24, 42, and 68 days.

Gene Expression Data Analysis

We downloaded gene expression profiles of untreated control and decitabine treated HCT116 cell lines at 5, 14, 24, and 42 days (GSE51811, Illumina HumanHT-12 V4.0 expression beadchip) from the same study of Yang et al. (2014). The downloaded data were log2-transformed and normalized using robust spline normalization (RSN) method as implemented in the lumi package in R (Du et al., 2008). Pearson correlation between methylation and gene expression across different time points in HCT116 cell line was assessed using the cor.test function of R.

Normalized RNA-seq data of TCGA colon adenocarcinoma patients downloaded from FireBrowse tool1 were further normalized using voom function in the limma package (Ritchie et al., 2015), and these data were Z-transformed before the differential and correlation analyses. Wilcoxon non-parametric test was used to identify differentially methylated and differentially expressed genes between TCGA adenocarcinoma tumors and adjacent healthy tissue samples (FDR < 0.05). Only those adenocarcinoma samples that had both DNA methylation and gene expression information were used for the correlation analyses.

In order to find the possible reasons for absence of hypermethylation by low dose treatment with azacytidine in breast cancer cell lines, we extracted and compared the gene expression DNMT3A, DNMT3B, DNMT1, and DNMTL across 26 breast cancer, 12 colorectal cancer, and 13 ovarian cancer cell lines at day 3 (after azacytidine treatment) using gene expression data from Li et al. (2014) (GSE57343). We downloaded the processed gene expression data of azacytidine treated cells normalized to mock treated respective controls and compared across cell lines of different tissue types.

Gene Annotation and Pathway Enrichment Analysis

Identified CpGs were annotated for their location in the genome based on annotation file provided by Illumina2. Gene ontology and pathway enrichment analysis of the genes corresponding to CpGs with hypermethylation were done using GeneCodis (Tabas-Madrid et al., 2012). Statistical enrichment was assessed by FDR corrected p-values from hypergeometric test for separate ontology terms and pathways. GENEMANIA (Zuberi et al., 2013) was used to construct and visualize the interaction network between genes and the transcription factor regulating them. Key term enrichment analysis for the genes corresponding to CpGs was done using DAVID (Huang Da et al., 2009).



RESULTS

DNMTi Treatment Increases Methylation of a Small Portion of the CpGs

After quality control, we re-analyzed a total of 369886 CpGs across the genome of HCT116 colon cancer cells from Yang et al. (2014), and identified hypermethylation (Δβ ≥ 0.10) of 638 CpGs in 393 unique genes after 5 days of decitabine treatment (0.3 mM for 72 h), as compared to untreated cells (Figure 1A). Most of the loci were hypomethylated in the genome (median β = 0.18), and after decitabine treatment, a median increase of 0.12 (Δβ = 0.12, p < 0.0005) in methylation level was observed for these sites. The detailed list of the identified CpGs is provided in Supplementary Table 1. Change in methylation at 34 of the identified CpGs were strongly correlated (Pearson correlation coefficient > 0.80, FDR <0.05) with the population doubling time of HCT116 cell lines after decitabine treatment (Supplementary Table 2), indicating that methylation at a fraction of identified CpGs affects proliferation and growth of cancer cells. However, most of the identified sites loss their hypermethylation by day 10 (Figure 1) suggesting that the observed hypermethylation is transient. Re-analysis of another methylation data for HCT116 cell line from the Han et al. (2013) study validated our finding, as we found a corresponding increase in methylation level (median Δβ = 0.09) at 583 common CpGs after decitabine treatment (0.3 μM for 24 h) (Figure 1B). These results indicate that the increase in DNA methylation at most of the identified sites starts as early as 24 h after the DNMTi treatment and lasts up to at least day 5. The result suggests that there are CpGs that not only resist the demethylation in response to DNMTi but also show transient hypermethylation.
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FIGURE 1. Decitabine treatment increases DNA methylation levels of a subset of CpGs. (A) Scatter plots showing DNA methylation patterns of 638 differentially methylated CpGs between untreated control cells (x-axis) and decitabine-treated cells (y-axis) at various time points in the study of Yang et al. (2014). (B) Violin plot showing the median methylation level (horizontal line) and distribution patterns (density and IQR) of the identified 583 CpGs in untreated and 0.3 μM decitabine-treated HCT116 cells after 24 h in the study of Han et al. (2013). The statistical significance was assessed using the non-parametric Wilcoxon test. ∗∗∗p < 0.0005.



Further, we also tested the effect of decitabine on identified differentially methylated CpGs in a bladder cancer cell line (T24). An increase in median DNA methylation levels (median Δβ = 0.14, p < 0.0005) at 616 common CpGs was observed after the drug treatment (1 μM for 24 h) in T24 cells (Figure 2A) in contrast to a significant decrease in the methylation level of other CpGs present in the 450K beadchip (median Δβ = −0.14) as shown in Supplementary Figure 1. However, we did not observe any increase in methylation level of 590 common identified CpGs (median Δβ = −0.01, p < 0.0005) in breast cancer MCF7 cell line treated with 0.06 μM of decitabine for 72 h (Figure 2B). Replication of the results in multiple cancer cell lines indicates that hypermethylation in the cancer genome is a common effect of decitabine treatment that can contribute to DNMTis’ response.
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FIGURE 2. Increase in methylation of identified CpGs is cell line-specific. (A) Methylation level of 616 identified probes common in untreated and decitabine-treated (1 μM for 24 h) bladder cancer T24 cell line. An increase in median DNA methylation levels (median Δβ = 0.14) at 616 common CpGs was observed after the drug treatment. (B) Methylation level of 590 identified probes common in mock (DMSO) and decitabine-treated (0.06 μM for 72 h) breast cancer MCF7 cell line. We observed a smaller decrease in methylation level (median Δβ = –0.01, p < 0.005) when the cells were treated with lower dose (0.06 μM) of decitabine in MCF7 cell lines. The statistical significance was assessed using the non-parametric Wilcoxon test. ∗∗∗p < 0.0005.



To study the effect of another DNMT inhibitor, azacytidine, on methylation of identified CpGs, we next re-analyzed 450K data from 52 pan-cancer cell lines. We found a significant increase in methylation of identified CpGs in 9 out of 13 ovarian cancer cell lines (median Δβ > 0.03), 3 out of 26 breast cancer cell lines (median Δβ > 0.01), and in 9 out of 12 colon cancer cell lines (median Δβ > 0.02), and in 1 lymphoma cell line (U937, median Δβ > 0.06) after azacytidine treatment (Figures 3A–D). Validation of the observed hypermethylation at identified target CpGs in multiple cancer types (bladder, ovarian, breast, and lymphoma cancer cell lines) suggests that hypermethylation in the genome is a shared phenomenon in response to multiple DNMTi agents and that the degree of the hypermethylation is cancer- and cell line-specific.
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FIGURE 3. Azacytidine treatment increases methylation of identified sites in a subset of cell lines. Change in median methylation level of identified CpGs in (A) 13 ovarian cancer cell lines (B) 26 breast cancer cell lines, and (C) 12 colon cancer cell lines. The bar plot represents the difference in the median methylation level of identified CpGs between cells treated with 0. 5 μM azacytidine (test group) or carboplatin (mock group) after 72 h. (D) Scatter plot showing the distribution of methylation level of identified probes in untreated (control) and treated cells (5 mM of azacytidine for 72 h) in U937 lymphoma cell lines. The statistical significance was assessed using the non-parametric Wilcoxon test. ∗p < 0.05, ∗∗p < 0.005.



Identified CpGs Show Trend of Hypermethylation in AML and Ovarian Cancer Primary Cells

To investigate the CpGs identified in the HCT116 colon cancer cells in primary patient samples, we analyzed hypermethylation of identified CpGs in mononuclear cells from bone marrow sample of two primary AML patients (Figure 4). Increase in DNA methylation (Δβ = 0.06, p = 4.68 × 10−7 at day 7) was observed at the identified CpGs after decitabine treatment in the bone marrow mononuclear cells of one patient (ID 1107) but not of the healthy control (median Δβ = −0.02, p = 0.26 at day 3), suggesting that hypermethylation in response to DNMTi might be specific to cancerous cells but not to healthy cells (Figure 4). We also observed trend of hypermethylation at identified CpGs (median Δβ = 0.06, p = 0.76) at day 3 in another primary leukemia patient (ID 1307) that was lost by day 14 (median Δβ = −0.01, p = 2.13 × 10−35) (Figure 4). This result again suggests that hypermethylation at identified sites after DNMTi treatment is transient also in primary leukemia cancer cells, similarly as was observed in the HCT116 cell line model. Further, significant hypermethylation was observed in 2 out of 14 PBMCs (P2 and P3) and 2 out of 6 ascites (A1 and A2) samples of platinum resistant epithelial ovarian cancer patients treated with decitabine as compared to untreated paired samples (Supplementary Figure 2). Validation of the hypermethylation at identified CpGs in the PBMCs and ascites samples treated with clinically used dose of decitabine (10 nM) further confirm our findings. We did not either observe hypermethylation in any of the eight tumor biopsy samples (Supplementary Figure 2) from the ovarian cancer patients which might be because of the requirement of higher dose of drug to result in the same effect in solid cancer as compared to PBMC and ascites samples.
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FIGURE 4. Pirate plot show the median methylation level (horizontal colored line) and distribution pattern (mean ± standard error as vertical black line) of the identified 638 CpGs in untreated and treated (10 nM of decitabine) mononuclear cells from a healthy bone marrow (BM) sample and two primary leukemia patient samples (IDs 1307 and 1107), based on the data from the study of Tsai et al. (2012). DNA methylation assay for the patient 1307 was performed at days 3 and 14. For the patient 1107, the assay was performed only at day 7. The median methylation level is indicated in each plot. The statistical significance was assessed using the paired non-parametric Wilcoxon test. NS, not significant. ∗∗∗p < 0.0005.



The Methylation of Identified CpGs Correlates With Expression of Corresponding Genes

To discover the functional role of methylation in differentially methylated CpGs, we correlated DNA methylation level of identified CpGs and expression levels of the corresponding genes at multiple time points (0, 5, 14, 24, and 42 days) measured in HCT116 cell line after decitabine treatment. The distribution of correlation coefficients for 130 CpGs in promoter and 200 CpGs in gene body area has been shown in Figure 5A. A strong correlation (|r|≥ 0.80) between the gene expression and DNA methylation profiles was observed at 27% of loci (166 CpGs in 153 genes) in HCT116 cells, out of them, 47 CpGs corresponding to 44 genes were nominally significant (p < 0.05) (Supplementary Table 3) indicating that observed hypermethylations affect cellular function by altering gene expression in cancer cell lines. The correlation between gene expression and DNA methylation suggests that the increase in DNA methylation is functional and causes transcriptional changes that affects cellular processes (e.g., cell proliferation).
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FIGURE 5. DNA methylation at hypermethylated sites affects gene expression in HCT116 cell lines and TCGA colon adenocarcinoma samples. (A) Histogram depicts density of Pearson correlation coefficients (PCCs) between DNA methylation and gene expression for 130 CpGs in promoter region (left panel) and 200 CpGs in gene body area (right panel). The PCCs were calculated using DNA methylation of a CpGs and the expression level of corresponding genes at day 0 (untreated cells), 5, 14, 24, and 42 days after decitabine treatment. Further, 53 promoter CpGs and 78 gene body CpGs showing a strong methylation-expression correlation (|r| ≥ 0.8) in HCT116 cell lines were selected and their methylation levels were compared between cancerous (n = 273) and adjacent healthy tissues (n = 19) samples in TCGA colon cancer data. A significant difference in methylation level (FDR < 0.05) was observed at 38 promoter and 73 gene body CpGs. (B) Heatmap showing the methylation level of these 38 promoters (left panel) and 73 gene body (right panel) CpGs in healthy tissue and colon cancer tissue. Subsequently, the expression level of genes corresponding to CpGs showing significant methylation differences in TCGA colon cancer data were compared and 19 genes corresponding to significant CpGs in promoter region, and 38 genes corresponding to the significant CpGs in gene body region were found differentially expressed (FDR < 0.05). (C) Heatmap showing the expression profile of genes with significant differences in adjacent healthy tissue (n = 19) and colon cancer samples (n = 273).



Genes Corresponding to the Identified CpGs Show Differential Expression in Cancerous Tissue

We further investigated the pathological relevance of the increased methylation at identified CpGs using DNA methylation and gene expression profile of normal and cancerous tissue from TCGA colon adenocarcinoma patients. Out of 638 CpGs discovered in HCT116 cell line, we extensively investigated the methylation of CpGs in promoter and gene body area in TCGA data as methylations at these locations have a major effect on gene expression (Yang et al., 2014; Koch et al., 2018). We selected 53 promoter CpGs and 78 gene body CpGs showing a strong methylation-expression correlation (| r|≥ 0.8) in HCT116 cell lines and their methylation levels were compared between cancerous (n = 273) and adjacent healthy tissues (n = 19) samples in TCGA colon cancer data. This analysis revealed differential methylation of 38 promoter CpGs and 73 gene body CpGs in cancer tissue (Figure 5B and Supplementary Table 4). Subsequently, the expression level of genes corresponding to CpGs showing significant methylation differences in TCGA colon cancer data were compared and the analysis revealed significant difference (FDR < 0.05) in expression of 19 and 38 genes corresponding to differentially methylated CpGs at promoter and gene body area in colon cancer tissue respectively (Figure 5C and Supplementary Table 5). The analysis suggests that DNMTi treatment increases methylation at CpGs that involved in the pathology of cancer and hence such alteration can contribute to the therapeutic response of the drugs.

Genes With Increased Methylation Are Enriched in Cancer-Related Pathways and Are NFAT, LEF1, and MAZ-Regulated

We next investigated the functions of the genes corresponding to the identified CpGs using the GeneCodis (v2) gene set enrichment analysis tool. Gene ontology enrichment analysis revealed that five out of the 10 (50%) most significant GO processes (FDR = 0.05) were related to transcription regulation, which is one of the key functional role of DNA methylation in order to control gene expression (Figure 6A). Notably, the list of enriched genes included well-known oncogenes, such as AFF3, CTNND2, ELK4, ESR1, PAX3, TRRAP, and WHSC1L1. The pathway enrichment analysis revealed that olfactory transduction and p53 signaling pathway were overrepresented (FDR = 0.05) in the gene set with increased methylation (Figure 6B), and alternating splicing was enriched as the major keyword (fold enrichment = 1.27, FDR = 0.000132, Figure 6C). Identified CpGs were also enriched in the enhancer region (p = 3.36 × 10−4) of the genomes (Supplementary Figure 3).
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FIGURE 6. Gene ontology (GO) and pathway enrichment analyses of genes corresponding to differentially methylated CpGs. (A) Top-10 most significantly enriched cellular processes are shown as a bar plot. The lengths of the bars denote the number of genes present in each of the top GO categories. (B) Pie-chart showing the significantly enriched pathways for the genes. The number of genes present in each pathway group is shown along with the hypergeometric test p-value corrected for multiple testing as implemented in the DAVID tool. (C) The keywords enrichment analysis for the genes is shown as a bar chart. The length of the bar represents the number of genes enriched for each keyword, the FDR-corrected p-value is shown at the top. ∗FDR < 0.05; ∗∗FDR < 0.005; ∗∗∗FDR < 0.0005.



Furthermore, enrichment analysis among the transcription factors regulating these identified genes revealed that 59 genes were regulated by lymphoid enhancer-binding factor 1 (LEF1) (p = 2.1 × 10−8, Table 1 and Supplementary Figure 4A), 51 genes by MYC Associated Zinc Finger Protein (MAZ) (p = 4.07 × 10−8, Table 1 and Supplementary Figure 4B) and 47 of genes were regulated by the nuclear factor of activated T-cells (NFATC1, p = 1.48 × 10−8, Supplementary Figure 4C). Enrichment of genes in cancer-related pathways, especially in the p53 tumor suppressor pathway and the olfactory pathway, suggests that hypermethylation in the identified sites affects cancer cell proliferation and apoptosis.

TABLE 1. Top five transcription factor enriched in gene set corresponding to identified 638 CpGs and its regulated genes.
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DISCUSSION

Our study indicates that a clinically feasible dose of decitabine (0.3 to 300 μM) treatment causes a transient increase in DNA methylation level of a small fraction of CpGs in the colon cancer genome. The use of 3-day exposure with such doses in vitro produces a quick increase in DNA methylation that may reflect the immediate response of cells to external stimuli. The transient increase in methylation (that vanishes 10 days after treatment) at identified targets also suggests that the response is mainly a temporary alteration of transcript level of certain genes, rather than permanent shut down or enhancement of their expression.

The further study of the hypermethylation in primary bone marrow mononuclear cells from AML patients, peripheral blood cells and ascites from epithelial ovarian cancer patients indicated that hypermethylation of subsets of the identified CpGs is an important mechanism behind DNMTi effects against primary cancer cells, which, as expected, varies across patients and cancer types. Additionally, the absence of hypermethylation in normal bone marrow mononuclear cells indicates that the hypermethylation is limited to cancerous tissues and cell lines. However, a future study exploring hypermethylation at identified CpGs in pre- and post-treated cancerous tissue types (e.g., kidney, skin, brain), in comparison to corresponding healthy cells, is needed to detail the tissue-specificity of the hypermethylation at the identified CpGs.

We did not observe hypermethylation in case of breast cancer MCF7 cell lines treated with low dose (0.06 μM) of decitabine, nor in 20 out of 26 breast cancer cell lines treated with 5 mM of azacytidine (low dose), even though the same dose of azacytidine was sufficient to hypermethylate the CpGs in colon and ovarian cancer cell lines. It suggests that lower doses of DNMTi agents are not sufficient to hypermethylate the identified CpGs in all the cancer cell lines, which could be because of their molecular peculiarities. For example, lower change in expression level of DNA methylating enzymes DNMT3A was observed in breast cancer cell lines 3 days after azacytidine treatment, as compared to colon and ovarian cancer cell lines (Supplementary Figure 5). DNMT3A is a de novo methylating enzyme and have been associated with CpGs hypermethylation phenotype in AML (Spencer et al., 2017). Further, the expression level of DNMT3A and DNMT3B have been associated with sensitivity to decitabine cytotoxic response in embryonic cells (Oka et al., 2005), testicular germ cell tumor (Beyrouthy et al., 2009) and have also shown to be predictive of decitabine treatment response in patient-derived xenograft model for triple negative breast cancer (Yu et al., 2018). Differences in expression of DNMT enzymes, together other molecular differences (e.g., genetic mutations or epigenetic differences) may resists breast cancer cells against the hypermethylation in response to DNMTi at a lower dose. However, a detailed mechanistic study will be needed to understand the absence of hypermethylation in breast cancer cells in relation with DNMT3A or DNMT3B levels and other molecular heterogeneity.

Additionally, genes associated with identified CpGs were enriched among olfactory receptor and p53 pathways. P53 pathway regulates DNA repair and apoptosis in HCT116 cells (Li et al., 2015), and there is growing evidence for the involvement of olfactory receptor pathway in cancers of non-olfactory tissues such as prostate (Neuhaus et al., 2009), lung (Giandomenico et al., 2013; Kalbe et al., 2017), and colon cancers (Morita et al., 2016). For instance, olfactory receptor OR51B4 is highly expressed in colon cancer HCT116 cells and the activation of the receptor by its ligand (Troenan) inhibited cell proliferation and apoptosis by phosphorylation of p38, mTOR, and Akt kinases (Weber et al., 2017). The available literature therefore suggests that identified hypermethylation can affect colon cancer cells proliferation and apoptosis through olfactory receptor pathway. However, a detailed mechanistic study is warranted to decipher the exact role of hypermethylation at identified CpGs in cellular growth through p53 and olfactory receptor pathways.

Further, enriched transcription factor LEF1 is implicated in tumorigenesis and cancer cell proliferation, migration, invasion, and stemness in multiple cancer (e.g., colorectal cancer, AML, oral squamous cell carcinoma) (Santiago et al., 2017). Moreover, the methylation at a fraction of CpGs was positively correlated with the population doubling time of HCT116 cells indicating the role of identified CpGs in cell division, and proliferation. Enrichment of genes among the cancer-related pathways involved in cell proliferation and apoptosis suggests a non-random selection of CpGs for hypermethylation in order to alter the cellular dynamics (e.g., population doubling time). We consider that increased in methylation at identified CpGs can contribute to the drug response in multiple cancer types partly by altering the cell division rate. The methylation levels at identified CpGs could be useful to design better treatment strategies (e.g., predicting the DNMTi responders and non-responders), and to understand side effects due to higher drug dose (e.g., the increase in DNA methylation at identified CpGs could be an indicator for degree of possible toxic effect). These novel findings therefore warrant further analyses in a number of cancer types using either pre-clinical animal studies or clinical treatment data from cancer patients with baseline molecular profiles available.

There are multiple reasons to suggest that at least one key mechanism underlying the anti-tumor responses to DNMTi treatment may involve hypermethylation of specific genes in cancer cells. First, we showed an increase in DNA methylation at identified CpGs in more than one type of cancer cells. Second, as defined for an epigenetic change, these sustained changes persist for significant periods of time (at least more than 5 days) after a transient, subsequently withdrawn, drug exposure (in this case 72 h). Third, the expression patterns for a subset of the genes are different between cancer and normal tissue types. Importantly, these changes are induced by drug doses that do not acutely kill cells and, thus, allow the transient alterations in gene methylation patterns to act on emerging molecular changes to cells after DNMTi therapy.

In summary, our findings suggest that DNMTi mediates its therapeutic effect through a complex mechanism of action, and therefore a generalized pattern for the activity is challenging to find as DNMTi treatment causes hypermethylation at certain loci and hypomethylation at others. Hence, the effects of DNMTi on cancer tissues should be analyzed at the individual gene level, rather than at the entire genomic level, and separately for each tissue type and even for each cancer patient. Further, any attempt to predict DNMTi response should also incorporate the hypermethylated targets of the drugs along with the hypomethylated targets of the drugs. However, a functional mechanistic study in more advanced model systems and several human tissue types will be required for further revealing how the increase in methylation at identified loci alters treatment response and the pathological burden of disease. We hope that these identified targets associated with hypermethylation have broad implications for further research on DNMTi response mechanisms in multiple cancer types.
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Microtubule (MT) inhibitors show anti-cancer activity in a wide range of tumors in vitro and demonstrate high clinical efficacy. To date they are routinely included into many chemotherapeutic regimens. While the mechanisms of MT inhibitors’ interactions with tubulin have been well-established, the relationship between their concentration and effect on neoplastic cells is not completely understood. The common notion is that tumor cells are most vulnerable during division and all MT inhibitors block them in mitosis and induce mitotic checkpoint-associated cell death. At the same time multiple evidence of more subtle effects of lower doses of MT inhibitors on cell physiology exist. The extent of efficacy of the low-dose MT inhibitor treatment and the mechanisms of resulting cell death currently present a critical issue in oncology. The prospect of MT inhibitor dose reduction is promising as protocols at higher concentration have multiple side effects. We assessed cell cycle changes and cell death induced by MT inhibitors (paclitaxel, nocodazole, and vinorelbine) on human lymphoid B-cell lines in a broad concentration range. All inhibitors had similar accumulation effects and demonstrated “trigger” concentrations that induce cell accumulation in G2/M phase. Concentrations slightly below the “trigger” promoted cell accumulation in sub-G1 phase. Multi-label analysis of live cells showed that the sub-G1 population is heterogeneous and may include cells that are still viable after 24 h of treatment. Effects observed were similar for cells expressing Tat-protein. Thus cell cycle progression and cell death are differentially affected by high and low MT inhibitor concentrations.
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INTRODUCTION

The importance of microtubule (MT) dynamics for cell motility (Liao et al., 1995), migration (Kaverina and Straube, 2011), and division (Jordan et al., 1993) has been well-established. The multi-aspect effect of suppressed microtubule dynamics makes MT inhibitors an important part of most anti-cancer chemotherapeutic regimens by inhibiting tumor growth (antimitotic effect) and metastasis (antimigration effect) (Dumontet and Jordan, 2010).

Microtubule inhibitors encompass several classes of compounds with varying mechanisms of interactions with tubulin (Perez, 2009) that disrupt MT dynamics by either stabilizing or de-stabilizing them. MT inhibitors of the first generation widely used in clinics (taxanes, vinca alkaloid derivatives) have certain drawbacks, including neurotoxic effects (Windebank, 1999), neutropenia (Donehower and Rowinsky, 1993) and loss of efficacy against advanced forms of some cancers (Sève et al., 2008). Clinical limitations in treatment of solid tumors and hematologic malignancies prompted further research for analogs with improved clinical characteristics, recently introducing vinflunine, epothilones, indibulin, and many other (Bennouna et al., 2008; Cortes and Vidal, 2012).

Varying effects of high and low MT inhibitor concentrations on different aspects of cell physiology have been described for a number of cell models (Grigoriev et al., 1999; Yang et al., 2010). The first meta-analysis focused on efficacy and toxicity of low-dose versus conventional-dose chemotherapies has been published recently (Xie et al., 2017) and provided data on low-dose chemotherapy advantages.

Microtubule inhibitors are integrated into a variety of chemotherapy schemes for B-cell malignancies, including the curative regimens of non-Hodgkin lymphomas (Bates et al., 2016). Their anti-cancer effects extend beyond their ability arrest mitosis and include their potential to induce apoptosis at all cell cycle phases (Bates and Eastman, 2017). The physiological consequences of MT dynamics inhibition are still poorly understood; the elucidation of its pleiotropic effects on cell death and cell cycle will provide novel therapeutic strategies. In this study we sought to determine the lowest efficient concentration of several MT inhibitors and tested their dose-dependent effects on cell death and mitotic arrest on B-cell lines RPMI8866 and its Tat-expressing modification RPMI8866-Tat-GFP. B-cell lymphomas (Burkitt lymphoma, DLBCL, and B-CLL) are one of the most common comorbid conditions for HIV-infected patients (Gopal et al., 2013). B-cell oncogenesis in HIV patients is related to Tat viral protein that enters B-lymphocytes, acts as a transcription factor in oncogenic cascades (Vendrame et al., 2014; Musinova et al., 2016) but also has cytoplasmic targets including MTs (de Mareuil et al., 2005). To our knowledge, no current research describes the effect of MT inhibitors on Tat-expressing B-cells.



MATERIALS AND METHODS

Cell Lines and Microtubule Inhibitors

Human B-cell [RPMI8866 and Tat-GFP expressing RPMI8866 (RPMI8866-Tat-GFP)] and T-cell (Jurkat) lines were used in the study. Cells were maintained in EX-CELL Medium (SAFC Biosciences, United States) supplemented with L-glutamine and 10% FBS (Paneco, Russia). The effects of three MT inhibitors on cell cycle and cell death were evaluated in the study: paclitaxel (taxol; Sigma, United States), nocodazole (Biochem, United States) and vinorelbine (Sigma, United States). MT inhibitors were added to the medium 24 h prior to analysis at final concentrations of 3; 10; 30; 100; 300; and 1000 nM.

Fluorescence Staining

Propidium iodide for DNA staining: The protocol for cell cycle analysis in suspension cells was published previously (Potashnikova et al., 2018).

Anti-caspase 3 immunostaining kit: PE-conjugated antibodies against active caspase 3 (BD, United States) were used to assess percentages of apoptotic cells. Cell fixation, permeabilization and staining were performed using supplied buffers based on the manufacturer’s instructions.

Multi-label cell cycle and apoptosis staining: live cell suspensions of RPMI8866 and RPMI8866-Tat-GFP were simultaneously stained with tetramethyl-rhodamine ethyl ester (TMRE) for membrane potential, Hoechst33342 for DNA and annexin V-Alexa Fluor 647 (all Thermo Fisher Scientific, United States) for phosphatidylserine externalization. RPMI8866 cells were also stained with CellEvent fluorescent caspase 3/7 substrate (Thermo Fisher Scientific, United States): RPMI8866-Tat-GFP cells were not stained with CellEvent to avoid fluorescence signal conflict. The staining protocol was published previously (Vorobjev and Barteneva, 2016).

Flow Cytometry

Cells were analyzed using a FACSAria SORP cell sorter at Ex.407 nm/Em.425–475 nm for Hoechst33342, Ex.488 nm/Em.515–535 nm for CellEvent, Ex.561 nm/Em.575–590 nm for TMRE, PI and anti-caspase3-PE and Ex.640 nm/Em.663–677 nm for annexin V-Alexa Fluor 647. Flow cytometry data were acquired and analyzed using FACS Diva v.6.1.3 software (BD, United States). Each measurement was performed at least in triplicate.

Fluorescence Microscopy

Cell suspensions simultaneously stained with TMRE, Hoechst33342, CellEvent and annexin V-Alexa Fluor 647 were analyzed using a Nikon Ti Eclipse microscope under PlanApo 60×/1.4 objective. Images were recorded by Hamamatsu ORCA FLASH2 digital camera, using the following filter sets: Ex.450–490 nm/Em.510–540 nm; Ex.340–380 nm/Em.435–485 nm; Ex.530–560 nm/Em.573–640 nm and Ex.595–645 nm/Em.665–715 nm.

Statistical Analysis

Data from biological repeats were calculated as mean and standard deviation and plotted in GraphPad Prism software (United States). Unpaired t-test (95% confidence interval) was used as significance test.

Electron Microscopy

Cells were fixed in 4% glutaraldehyde (Ted Pella, United States) in 0.1 M Sørensen phosphate buffer for 2 h, post-fixed with 1% osmium tetroxide (Sigma, United States) for 1 h, dehydrated in ethanol and propylene oxide and embedded in Spi-pon 812 epoxy resin (SPI Inc., United States). Ultrathin sections were cut using an LKB III ultramicrotome (LKB), stained with uranyl acetate and lead citrate, and photographed using a JEM-1400 electron microscope (Jeol, Japan)1.



RESULTS

The Mitostatic Response to Various MT Inhibitor Concentrations Is Non-linear

We tested the mitostatic effect of three common stabilizing (paclitaxel) and depolymerizing (nocodazole, vinorelbine) MT inhibitors, on RPMI8866, RPMI8866-Tat-GFP (B-lymphocytes) and Jurkat (T-lymphocytes) cell lines. Linear gates were set to determine cell percentages at different cell cycle stages on DNA content curves (Figures 1A–C).
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FIGURE 1. RPMI8866 B-lymphocytes untreated (control) and treated with paclitaxel (concentration range 3, 10, 30, 100, 300, and 1000 nM) for 24 h. (A–C) DNA content curves in individual samples assessed by flow cytometry after propidium iodide staining and linear gates set to determine sub-G1, G0/G1, S, and G2/M cell cycle populations. 50 000 events were analyzed per sample. (A) Normal cell cycle distribution in control cells; G2/M comprises 19% cells, sub-G1 comprises 5% cells. (B) G2/M accumulation after 10 nM paclitaxel treatment; G2/M comprises 38% cells, sub-G1 comprises 25% cells. (C) G2/M accumulation after 1000 nM paclitaxel treatment; G2/M comprises 63% cells, sub-G1 comprises 15% cells. (D) Data from biological repeats on sub-G1, G0/G1, S, and G2/M population distributions were presented as mean percentages with SD on a histogram. Each measurement was performed at least in triplicate. (E) Miscorrelation of sub-G1 population numbers and caspase 3-positive cell numbers after paclitaxel treatment. The largest sub-G1 peak is observed at 10 nM paclitaxel while the largest caspase 3-positive population is observed at 300 nM paclitaxel.



Microtubule inhibitors uniformly prompted cell accumulation in G2/M in a non-linear fashion: we found “trigger” concentrations sufficient to accumulate cells in G2/M phase that fell into 10–100 nM range for all inhibitors and cell lines. Concentrations below the “trigger” retained cell cycle distribution close to normal. For example, for 3 nM paclitaxel we observed 46% cells in G0/G1, 22% cells in S, and 18% in G2/M for RPMI8866 cells compared to 53% cells in G0/G1, 20% cells in S, and 18% in G2/M in control (Figure 1D). Concentrations above the “trigger” increased the G2/M population peak with a subsequent decrease of the G1 peak (Figures 1B,C and Supplementary Figure S1). Similar response patterns were achieved for every MT inhibitor; however, paclitaxel graphs were chosen as most representative.

The Sub-G1 Population on DNA Content Curves Likely Represents Apoptotic Cells but Its Percentage Does Not Correlate With Percentages of Caspase-3 Positive Cells

The number of cells with sub-G1 DNA content increased significantly in every MT inhibitor concentration compared to untreated control (p < 0.05, unpaired t-test) (Figures 1A–C and Supplementary Figure S1). Hypodiploid amounts of DNA can be explained by nucleic acid degradation in late apoptosis. Intriguingly, the largest sub-G1 populations did not correspond to the highest MT inhibitor concentrations. Sub-G1 cell percentages did not significantly differ at “trigger,” sub-“trigger” and high MT inhibitor concentrations. The only significant difference was obtained for paclitaxel: the highest percentage of cells in sub-G1 (21%) was present in 10 nM paclitaxel; that was significantly increased compared to 3, 300, and 1000 nM paclitaxel and insignificantly different from 30 to 100 nM paclitaxel (p < 0.05, unpaired t-test). To assess apoptosis levels, cells were immunostained for active caspase 3. Lack of correlation between sub-G1 and caspase 3-positive cell percentages was observed (Figure 1E) as the number of caspase 3-positive cells at 10 nM paclitaxel (13%) was similar to the numbers of caspase 3-positive cells in the range of 3–100 nM paclitaxel. To further investigate the apparent contradiction between the results obtained by DNA content analysis and anti-caspase 3 staining a novel protocol for live cell analysis was developed and tested on B-lymphocytes.

Live Cell Staining With Hoechst33342 Provides Similar Results to PI Staining and Allows a Simultaneous Multi-Parameter Apoptosis Assessment

Live cell suspensions of RPMI8866 and RPMI8866-Tat-GFP were simultaneously stained with TMRE, Hoechst33342, CellEvent fluorescent caspase 3/7 substrate and annexin V-Alexa Fluor 647. Combined DNA content and apoptotic marker cell labeling was visualized using flow cytometry and fluorescence microscopy. Hoechst33342-based DNA content analysis provided a dose response pattern similar to PI staining with G2/M peak shift at “trigger” concentrations (Supplementary Figure S2). Dying cells exhibit the typical pattern of apoptotic events (Vorobjev and Barteneva, 2015): the gradual TMRE fluorescence decrease corresponding to mitochondrial membrane potential (MMP) loss, CellEvent fluorescence corresponding to caspase 3 activation and annexin V surface staining corresponding to phosphatidylserine externalization (Figures 2D–I). This result was confirmed by electron microscopy (Figures 2J–N): multiple apoptotic cells were detected in the paclitaxel-treated specimen. Early stages were characterized by chromatin marginalization; at later stages, cell volume decreased markedly, accompanied by cytoplasm condensation. Dead cells had destroyed plasma membranes and cytoplasmic organelles, but inside them the residuals of nuclei were still distinguishable.
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FIGURE 2. RPMI8866 B-lymphocytes untreated (control) and treated with paclitaxel (10 and 1000 nM) for 24 h. (A–C) DNA content curves in individual samples assessed by flow cytometry after Hoechst33342 staining and linear gates set to determine sub-G1, G0/G1, S, and G2/M cell cycle populations [colored subpopulations correspond to live cells (green), apoptotic cells (brown), hypodiploid cells (purple) and cell debris (blue) as gated on dot plots (D–F)]. 50 000 events were analyzed per sample. (A) Normal cell cycle distribution in control cells; G2/M comprises 18% cells, sub-G1 comprises 6% cells. (B) G2/M accumulation after 10 nM paclitaxel treatment; G2/M comprises 30% cells, sub-G1 comprises 26% cells. (C) G2/M accumulation after 1000 nM paclitaxel treatment; G2/M comprises 49% cells, sub-G1 comprises 19% cells. (D,F,H) Dot plots representing simultaneous staining of RPMI8866 B-lymphocytes with Hoechst33342, TMRE, annexin V-Alexa Fluor 647, and CellEvent. Region gates are set to determine live cells (green), apoptotic cells (brown), hypodiploid cells (purple) and cell debris (blue) based on Hoechst33342 vs. annexin V staining. (D) Normal apoptosis rate in control cells. Region gates are set to live cells (green) – 89.4%, apoptotic cells (brown) – 3.2%, hypodiploid cells (purple) – 0.6% and cell debris (blue) – 6.8% based on Hoechst33342 vs. annexin V staining. The colors of the gated populations remain the same in the TMRE vs. Hoechst33342 and CellEvent vs. annexin V graphs. (F) G2/M and sub-G1 accumulation after 10 nM paclitaxel treatment. Region gates are set to live cells (green) – 69.0%, apoptotic cells (brown) – 4.9%, hypodiploid cells (purple) – 13.5% and cell debris (blue) – 12.6% based on Hoechst33342 vs. annexin V staining. The colors of the gated populations remain the same in the TMRE vs. Hoechst33342 and CellEvent vs. annexin V graphs. (H) G2/M accumulation after 1000 nM paclitaxel treatment. Region gates are set to live cells (green) – 67.0%, apoptotic cells (brown) – 13.3%, hypodiploid cells (purple) – 1.6% and cell debris (blue) – 18.1% based on Hoechst33342 vs. annexin V staining. The colors of the gated populations remain the same in the TMRE vs. Hoechst33342 and CellEvent vs. annexin V graphs. (E,G,I) Fluorescence images of cells untreated (control) and treated with paclitaxel (10 and 1000 nM) for 24 h. Simultaneous staining of RPMI8866 B-lymphocytes with Hoechst33342 (blue), TMRE (red), annexin V-Alexa 647 (yellow), and CellEvent (green). Scale bar – 10 μm. (E) Control cells; top two images correspond to live cells with bright nuclear Hoechst33342 and mitochondrial TMRE fluorescence, bottom two images correspond to an apoptotic cell with CellEvent staining in the nucleus and surface annexin V and cell debris with a dim nucleus and surface annexin V. (G) 10 nM paclitaxel treatment; top two images correspond to live cells with bright nuclear Hoechst33342 and mitochondrial TMRE fluorescence, third image corresponds to an apoptotic cell with CellEvent staining in the nucleus and surface annexin V, bottom image corresponds to aneuploid (hypodiploid) cell with dim mitochondrial TMRE fluorescence and micronuclei. White arrowheads indicate micronuclei. (I) 1000 nM paclitaxel treatment; top two images correspond to live cells with bright nuclear Hoechst33342 and mitochondrial TMRE fluorescence, bottom two images correspond to apoptotic cells with CellEvent staining in the nucleus and surface annexin V with/without micronuclei. White arrowheads indicate micronuclei. (J–N) Electron microscopy of cells at various stages of apoptosis after 10 nM paclitaxel treatment. Scale bar – 2 μm. (J) Normal cell with typical RPMI8866 lymphocyte morphology. (K) Chromatin marginalization. (L) Decrease of cell volume and condensation of cytoplasm (cell shrinkage). (M) Early stage of cell destruction (secondary necrosis). (N) Cellular debris inside which the residual chromatin and cytoplasmic organelles can be distinguished.



Sub-G1 cell accumulation was observed at various rates upon MT inhibitor treatment and was most prominent in 10 nM paclitaxel (26%) (Figures 2A–C). The sub-G1 population was heterogeneous and contained cell debris with apoptotic markers and low MMP and cells with no apoptotic markers, hypodiploid DNA content and a two-fold decreased MMP compared to live cells with normal ploidy. Median TMRE fluorescence intensity was 976 a.u. for cell debris, 22380 a.u. for hypodiploid cells and 48265 a.u. for normal live cells (Figures 2F–G). Differences were statistically significant (p < 0.05). Fluorescence microscopy revealed live cells, apoptotic cells, cell debris and a fraction of small-sized live cells, often with micronuclei and dim mitochondria, in all MT inhibitor-treated specimens (Supplementary Figure S3).



DISCUSSION

It was shown that MT inhibitor concentrations sufficient for cell motility suppression can be lower than those needed for mitotic arrest (Kapoor and Panda, 2012; Molina et al., 2013). One of the thrilling questions is whether cytotoxic effects can be exerted at low concentrations of MT inhibitors. To answer this, we opted for a multi-parameter simultaneous cell cycle and cell death assessment. The proposed approach was derived from the two protocols described previously (Vorobjev and Barteneva, 2016; Potashnikova et al., 2018). It provides an easy and robust way to separately estimate the cytotoxic and mitostatic effects of microtubule inhibitors. The staining is suitable for high-throughput flow cytometry and imaging flow cytometry, as well as for microscopic evaluation of apoptosis kinetics in heterogeneous cell populations after chemotherapeutic treatment.

Using such an approach we described the non-linear dose response to an array of MT inhibitors, which seems to be universal. The “trigger” concentrations fall between 10–30 nM for paclitaxel, 30–100 nM for nocodazole and 10–30 nM for vinorelbine. Increasing dosages do not significantly alter G2/M accumulation. Despite the controversial data on B-cell responses to various types of MT inhibitors (Beswick et al., 2006; Frezzato et al., 2014) in our experiments the pattern of response to all compounds was similar for all cell lines. Our data on cell cycle accumulation and cell death percentages after MT inhibitor treatment correspond to the published data on adherent cells (Di Cesare et al., 2017).

Cells accumulated in G2/M phase die via apoptosis, exhibiting mitochondrial membrane potential (MMP) decrease, caspase activation and phosphatidylserine externalization. A sub-G1 population on DNA content curves includes late apoptotic cells and cell debris. However, at low paclitaxel concentrations this population also includes particularly large numbers of cells with MMP decreased only two-fold compared to normal cells and no markers of apoptosis. This explains the miscorrelation between sub-G1 and caspase 3-positive cell percentages observed in a range of paclitaxel concentrations. Such addition biases the interpretation of sub-G1 population as homogeneous and invariably apoptotic. Sub-G1 cells were described in other cell models as potentially non-viable products of aberrant mitosis (Demidenko et al., 2008) resulting from MT inhibition. Using fluorescence microscopy we visualized cells with smaller nuclei, often with micronuclei, and dim TMRE staining that fit the description of such cells. While their viability has to be further investigated, they present a distinctly different pattern of response to MT inhibitors compared to standard G2/M-accumulating cells that has to be accounted for.

Interestingly, MT inhibitors had the same effect on Tat-expressing B-lymphocytes (Supplementary Figures S1, S2). Despite some evidence of Tat protein interactions with microtubules (de Mareuil et al., 2005) RPMI8866-Tat-GFP cells do not differ from normal RPMI8866 lymphocytes in their MT inhibitor responses. The relevance of our findings for HIV-associated non-Hodgkin’s lymphoma model is important for treating such patients.

Thus cell cycle arrest and cell death may be differentially affected by high and low doses of MT inhibitors which has a big therapeutic potential in oncology.
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FIGURE S1 | Lymphocytes treated with MT inhibitors (concentration range 3, 10, 30, 100, 300, and 1000 nM) for 24 h and stained for DNA content with propidium iodide. Data from biological repeats on sub-G1, G0/G1, S, and G2/M population distributions presented as mean percentages with SD on a histogram. Graphs in columns represent RPMI8866 B-lymphocytes, RPMI8866-Tat-GFP B-lymphocytes and Jurkat T-lymphocytes, respectively. Graphs in rows represent paclitaxel, nocodazole and vinorelbine, respectively. Jurkat cells were previously known to respond to MT inhibitors and were therefore used as control.

FIGURE S2 | Lymphocytes treated with MT inhibitors (concentration range 3, 10, 30, 100, 300, and 1000 nM) for 24 h and stained for DNA content with Hoechst33342. Data from biological repeats on sub-G1, G0/G1, S, and G2/M population distributions presented as mean percentages with SD on a histogram. Graphs in columns represent RPMI8866 B-lymphocytes and RPMI8866-Tat-GFP B-lymphocytes, respectively. Graphs in rows represent paclitaxel, nocodazole and vinorelbine, respectively.

FIGURE S3 | Fluorescence image galleries of RPMI8866 B-lymphocytes treated with a low dose of MT inhibitor 10 nM paclitaxel for 24 h. Simultaneous staining with Hoechst33342 (blue), TMRE (red), annexin V-Alexa 647 (yellow), and CellEvent (green). Scale bar – 10 μm. (A) Live cells with normal morphology have bright round nuclei, bright mitochondrial TMRE fluorescence and bear no apoptotic markers. (B) Apoptotic cells have TMRE-negative mitochondria, CellEvent caspase substrate staining co-localized with nuclear staining and surface-bound annexin V indicating phosphatidylserine externalization. (C) Cell debris and late apoptotic cells have smaller size, irregular shape, TMRE-negative mitochondria, deformed nuclei, often with CellEvent staining, and surface-bound annexin V indicating phosphatidylserine externalization. (D) small-sized cells with small nuclei, micronuclei, few TMRE-dim mitochondria, and no apoptotic markers. White arrowheads indicate micronuclei.



FOOTNOTES

1 For Original Research articles, please note that the Material and Methods section can be placed in any of the following ways: before Results, before Discussion or after Discussion.
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Acute myeloid leukemia (AML) is a malignant hematopoietic disease with poor prognosis for most patients. Conventional chemotherapy has been the standard treatment approach for AML in the past 40 years with limited success. Although, several targeted drugs were recently approved, their long-term impact on survival of patients with AML is yet to be determined. Thus, it is still necessary to develop alternative therapeutic approaches for this disease. We have previously shown a marked synergistic anti-leukemic effect of two polyphenols, curcumin (CUR) and carnosic acid (CA), on AML cells in-vitro and in-vivo. In this study, we identified another phenolic compound, methyl 4-hydroxycinnamate (MHC), which among several tested phytochemicals could uniquely cooperate with CA in killing AML cells, but not normal peripheral blood mononuclear cells. Notably, our data revealed striking phenotypical and mechanistic similarities in the apoptotic effects of MHC+CA and CUR+CA on AML cells. Yet, we show that MHC is a non-fluorescent molecule, which is an important technical advantage over CUR that can interfere in various fluorescence-based assays. Collectively, we demonstrated for the first time the antileukemic activity of MHC in combination with another phenolic compound. This type of synergistically acting combinations may represent prototypes for novel antileukemic therapy.

Keywords: acute myeloid leukemia, curcumin, carnosic acid, methyl 4-hydroxycinnamate, calcium-dependent apoptosis


INTRODUCTION

Acute myeloid leukemia (AML) is a devastating hematological malignancy characterized by poor survival, particularly for older patients, and high relapse rate. In the past four decades, there have been no major changes in the standard AML chemotherapy regimen. Although in 2017–2018 eight new promising AML drugs were approved by the U.S. Food and Drug Administration (FDA) (Stone, 2017; Rowe, 2018), their impact on long-term patient survival is yet to be determined. Various natural and synthetic phenolic compounds have been shown to possess anti-leukemic potential in preclinical models (De Martino et al., 2011), curcumin (CUR) being one of the most studied polyphenols (Kelkel et al., 2010). However, the majority of in vitro studies employed high supraphysiological concentrations of CUR (Lin et al., 2008; Zhang et al., 2017; Martínez-Castillo et al., 2018) which induced generalized cellular stress events leading to cell death, such as oxidative stress (Lin et al., 2008; Yoon et al., 2012), ER stress (Lin et al., 2008; Cao et al., 2013), or mitochondrial damage (Yoon et al., 2012; Cao et al., 2013; Xu et al., 2015). We have previously shown that CUR combined with another polyphenol, carnosic acid (CA), at noncytotoxic concentrations of each agent synergistically and selectively killed AML cells by inducing massive apoptosis both in vitro and in vivo (Pesakhov et al., 2010, 2016). This synergistic effect was not accompanied by cellular stress and was specifically mediated by cytosolic calcium ([Ca2+]cyt) overload (Pesakhov et al., 2010, 2016).

In the current study, we examined whether in addition to CUR some other phytochemicals are capable of synergizing with CA against AML cells. Thus, following screening of several phenolic compounds and a sesquiterpene lactone we identified another synergistically acting combination comprised of the phenolic acid derivative methyl 4-hydroxycinnamate (MHC) and CA. MHC is found in several plants, such as green onion (Allium cepa) (Xiao and Parkin, 2007) or noni (Morinda citrifolia L.) leaves (Zhang et al., 2016), and has potential chemopreventive activity (Xiao and Parkin, 2007). To the best of our knowledge, MHC has not been previously tested as an antileukemic agent. Here, we report that the cytotoxic effect of the MHC+CA combination is very similar to that of CUR+CA, both phenomenologically and mechanistically. Furthermore, in contrast to CUR, which is highly fluorescent, and thus is known to interfere with fluorescence-based assays (Nelson et al., 2017), MHC had no detectable fluorescence when tested by flow cytometry in a wide range of wavelengths (FL1–FL10).



MATERIALS AND METHODS


Materials

Curcumin (≥90%) and carnosic acid (98%) were purchased from Cayman Chemicals (Ann Arbor, MI, USA) and Chemlin UK (Nanjing, China), respectively. Methyl 4-hydroxycinnamate (96%) was synthesized by Dr. Katarzyna Sidoryk (Chemistry Department, Pharmaceutical Research Institute, Poland), as described previously (Sidoryk et al., 2018). zVAD-fmk was purchased from AdooQ BioScience (Irvine, CA, USA). Propidium iodide (PI), 2-aminoethoxydiphenyl borate (2-APB), Arabinosylcytosine (Ara-C), and staurosporine (STS) were purchased from Sigma (Rehovot, Israel). Annexin V-APC was obtained from BioLegend (San Diego, CA, USA). Fluo-3/AM, 2′,7′-dichlorofluorescein-diacetate (DCFH-DA), dihydrorhodamine 123 (DHR) and tetramethylrhodamine methyl ester (TMRE) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). RPMI 1640 medium and heat-inactivated fetal bovine serum (FBS) were purchased from Gibco-Invitrogen (Carlsbad, CA, USA). Hank's buffered salt solution (HBSS), Ca2+/Mg2+-free phosphate buffered saline (PBS), penicillin, streptomycin, and HEPES were purchased from Biological Industries (Beit Haemek, Israel). Stock solutions of curcumin (5 mM) and carnosic acid (10 mM) were prepared in absolute ethanol and methyl 4-hydroxycinnamate (50 mM) in DMSO.



Cell Culture and Enumeration

Human AML cell lines, such as KG-1a stem-like cells (CCL-246.1) and HL60 myoblastic cells (CCL-240), were purchased from American Type Culture Collection (Rockville, MD). Cells were cultured in RPMI 1640 medium supplemented with 10% FBS, penicillin (100 U/ml), streptomycin (0.1 mg/ml), and 10 mM HEPES (pH = 7.4) in a humidified atmosphere of 95% air and 5% CO2, at 37°C. Cells were enumerated in Vi-Cell XR cell viability analyzer (Beckman Coulter Inc., Fullerton, CA) using an automatic trypan blue exclusion assay. The number of viable (trypan blue-impermeable) cells was counted directly, and cell viability was calculated as the percentage of viable cells relative to the total (viable + dead) cell count.



Acridine Orange and Ethidium Bromide Staining

Cells were collected by centrifugation and double stained with 14 μg/ml acridine orange and 14 μg/ml ethidium bromide, as described previously (Pesakhov et al., 2010). Nuclear morphology of stained cells was examined by fluorescent microscopy at a magnification of 400x.



Annexin V/Propidium Iodide Assay

Cells were washed with PBS then stained with annexin V-APC and PI, as described previously (Pesakhov et al., 2016). Percentages of apoptotic cells were determined by flow cytometry in a Gallios instrument (Beckman Coulter, Miami, FL). For each analysis 10,000 events were recorded, and the data were processed using Kaluza software, version 2.1 (Beckman Coulter).



Determination of Intracellular Levels of Reactive Oxygen Species (ROS)

The intracellular ROS levels were determined as described previously (Pesakhov et al., 2010) using the oxidation-sensitive fluorescent probes DCFH-DA and DHR. Cells were harvested, washed with HEPES-supplemented HBSS (pH = 7.3) and loaded with 5 μM DCFH-DA or DHR. Cells were then incubated in a shaking water bath at 37°C, for 15 min in the dark. Fluorescence intensity was analyzed by flow cytometry, as described above.



Determination of Mitochondrial Membrane Potential

Cells were harvested, washed with HEPES-supplemented HBSS (pH = 7.3) and loaded with TMRE (100 nM), for 30 min in the dark, washed and resuspended in serum-free medium. Changes in mitochondrial membrane potential were assessed by flow cytometry.



Measurement of Cytosolic Calcium Levels ([Ca2+]cyt)

To evaluate changes in steady-state [Ca2+]cyt, cells were harvested, washed and incubated with 2.5 μM Fluo-3/AM in calcium (2 mM)-supplemented Ringer's solution (Levin-Gromiko et al., 2014; Pesakhov et al., 2016) at room temperature for 30 min in the dark. Cells were then washed, resuspended in Ca2+-free Ringer's solution and analyzed by flow cytometry.



Western Blot Analysis

Western blotting was performed using whole cell extracts, as described before (Pesakhov et al., 2016). The following primary antibodies were used: caspase-3 from Santa Cruz Biotechnology (sc-7272; 1:500); cleaved caspase-3 from Cell Signaling Technology (#9661; 1:1,000) and poly(ADP-ribose) polymerase (PARP) from Enzo (BML-SA253; 1:5,000).



Statistical Analysis

All experiments were conducted at least three times. Statistically significant differences between two experimental groups were estimated by unpaired two-tailed Student's t-test. The significance of the differences between the means of several subgroups was assessed by one-way ANOVA with Tukey multiple comparison post-hoc analysis. A P < 0.05 was considered statistically significant. The synergy between the effects of two compounds was determined as described previously (Danilenko et al., 2001; Pesakhov et al., 2010). Briefly, two compounds (A and B) were considered to show enhancement in the particular experiment if the effect of their combination (AB) was larger than the sum of their individual effects (AB>A+B), the data being compared after subtraction of the respective control values from A, B, and AB. Detailed analysis of the interaction between two compounds was performed by the combination index (CI) method (see Supplementary Material). The statistical analyses were performed using GraphPad Prism 6.0 software (Graph-Pad Software, San Diego, CA).




RESULTS


MHC and CUR, but Not Other Tested Phytochemicals, Similarly Synergize With CA to Induce Apoptotic Cell Death in AML Cells

We first performed pilot experiments in HL60 cells to determine the maximal non-cytotoxic concentrations (MNC) of several phytochemicals (Supplemental Figure S1) for further screening of these compounds for the ability to cooperate with CA in inducing AML cell death. Figure 1A demonstrates that, when applied alone at the MNC for 72 h, the phenolic compounds MHC, CA, rosmarinic acid (RosA), silibinin (SIL), resveratrol (RES), quercetin (QRC), and the sesquiterpene lactone parthenolide (PTL) reduced HL60 viable cell numbers to a varying extent (by 10–40%), without significantly affecting cell viability (Supplemental Figure S1). However, besides CUR, only MHC could strongly synergize with CA in reducing viable cell numbers, as determined in KG-1a, HL60, and U937 AML cells (Figure 1A and Supplemental Figures S2A,D). The analysis of interaction between MHC and CA in KG-1a cells shows a strong synergy at different concentrations of the two compounds, as indicated by very low (< < 1) Combination Index values (Supplemental Figures S2B,C). A synergistic decrease in cell viability, i.e., in the percentage of viable cells relative to the total cell count, was observed only in samples treated with MHC+CA or CUR+CA (Supplemental Figure S1), though this effect was less pronounced compared to a decrease in viable cell numbers (Figure 1A). This may be due to inhibition of cell proliferation in addition to cytotoxicity. Furthermore, some of the cells can be completely destroyed following combined treatments, a phenomenon not uncommon in cell culture studies. Thus, the proportion of dead cells in cultures remaining after CUR+CA and MHC+CA treatments (Figure 1A) might be underestimated when using trypan blue exclusion assay (Supplemental Figure S1).
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FIGURE 1. MHC is similar to CUR in the ability to synergize with CA in inducting anti-leukemic effects on AML cells. (A) Changes in viable cell numbers. HL60 cells were treated with different phenolic compounds (in μM): CUR, MHC, rosmarinic acid (RosA), silibinin (SIL), resveratrol (RES), quercetin (QRC), parthenolide (PTL) and/or 10 μM CA, for 72 h. Viable cell numbers were determined by the trypan blue exclusion assay. The data are the means ± SD (n = 3). (B) Apoptosis induction. KG1a cells were treated for 8 h in the presence or absence of zVAD (50 μM). The extent of apoptosis was determined by the annexin V/PI binding assay. (C) Western blot analysis of caspase-3 and PARP cleavage in HL60 cells treated with MHC or CUR with or without CA, for 24 h. (D) Changes in nuclear morphology. KG-1a cells were treated with the indicated compounds, for 8 h, followed by staining with acridine orange (green fluorescence) and ethidium bromide (red fluorescence). Stained cells were examined under fluorescence microscope at 400x magnification. Cells treated with 10 μM Ara-C, for 8 h, were used as the positive control. Arrows indicate late apoptotic cells and/or apoptotic bodies. (E,F) Assessment of the intracellular ROS. KG-1a cells were treated with the indicated compounds, for 4 h, followed by loading with DCFH2-DA (E) or DHR (F). DCF and rhodamine-123 fluorescence was measured by flow cytometry. Averaged geometric means of fluorescence intensities (MFI) ± SD from three independent experiments are shown. H2O2 (0.5 mM) was used as the positive control. (G) Assessment of the mitochondrial membrane potential. KG-1a cells were treated with the indicated compounds, for 2 h, followed by loading with TMRE. Averaged MFI ± SD were measured in 3 independent experiments. The uncoupler FCCP (1 μM, 10 min) was used as the positive control. Synergistic effect (AB>A+B): ¥, p < 0.05; $, p < 0.01; Student's t-test. AU, arbitrary units. (B) ***p < 0.001; one-way ANOVA with Tukey multiple comparison post-hoc analysis.



In analogy with the previously characterized CUR+CA combination (Pesakhov et al., 2010, 2016), MHC+CA-induced cytotoxicity was accompanied by an induction of caspase-dependent apoptosis (Figure 1B and Supplemental Figure S3B) that was manifested by a rapid zVAD-inhibitable cleavage of caspase 3 and PARP (Figure 1C and Supplemental Figures S2E, S3A). Notably, although the combinations were cytotoxic to all three cell lines tested (Figure 1A and Supplemental Figures S2A,D), KG-1a cells were the most sensitive, as demonstrated by a more rapid cleavage of caspase-3 or PARP (8 h; Supplemental Figure S3A) than in HL60 and U937 cells (24 h; Figure 1C and Supplemental Figure S2E). In contrast, neither combination significantly affected cell death in PBMC samples. This was evidenced both by the annexin V/PI assay (Supplemental Figure S4A) and by continuous real-time monitoring for the appearance of low-area (shrunk) cells in the IncuCyte Live-Cell Analysis System (Supplemental Figures S2F, S4B,C). U937 cells treated with MHC+CA and PBMCs treated with staurosporine, a known apoptosis inducer, exhibited a marked time-dependent increase in the proportion of low-area cells (Supplemental Figures S2F, S4B,C and Supplemental Videos) which are considered apoptotic/dead (Majno and Joris, 1995).

As expected, apoptosis of AML cells was accompanied by shrinkage and fragmentation of the nuclei and chromatin condensation (Figure 1D). On the other hand, we have not observed the signs of necrotic cell death, such as uniformly stained (in orange) nuclei of regular size or larger, which usually exhibit normal morphology. Importantly, the induction of apoptosis was not preceded by intracellular ROS accumulation (Figures 1E,F) or changes in the mitochondrial membrane potential (Figure 1G).



A Synergistic Induction of Apoptosis by the MHC+CA Combination Is Mediated by Intracellular Calcium Accumulation

Since CUR+CA-induced apoptosis was previously found to be mediated by a sustained [Ca2+]cyt overload, we next examined whether MHC+CA also kills AML cells by a Ca2+-dependent mechanism (Pesakhov et al., 2016). Indeed, using the cytosolic Ca2+ indicator Fluo-3 we found that, similar to CUR+CA, the MHC+CA combination applied to KG-1a cells caused a sustained elevation of [Ca2+]cyt and that this effect was prevented by 2-APB known to antagonize inositol trisphosphate receptors (IP3R) and store-operated Ca2+ channels (Figures 2A,C) (Dobrydneva and Blackmore, 2001; Yanamandra et al., 2011; Littlechild et al., 2015). Likewise, 2-APB abrogated the induction of apoptosis in MHC+CA-treated cells (Figures 2B,D). The latter inhibitory effect was associated with an almost complete block of MHC+CA-induced caspase-3 and PARP cleavage by 2-APB (Figure 2E).
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FIGURE 2. Similar to CUR+CA, the MHC+CA combination induces calcium-dependent apoptosis in the KG-1a cell line. Cells were treated with MHC+CA or CUR+CA in the presence or absence of 2-APB (25 μM). (A,C) Steady-state cytosolic calcium levels were measured after 4 h of incubation. (A) Typical histograms obtained from Fluo-3 loaded cells in a representative experiment. (C) Averaged Fluo-3 MFI ± SD from three independent experiments. (B,D,E) The extent of apoptosis was determined by the annexin V/PI binding assay, after 8 h of incubation. (B) Typical flow cytometric data obtained in a representative experiment. The data were analyzed after setting threshold for CUR+CA auto-fluorescence. (D) Averaged percentages of apoptotic cells ± SD (n = 3). (E) Representative Western blots showing caspase-3 and PARP cleavage (n = 3). ***p < 0.001; one-way ANOVA with Tukey multiple comparison post-hoc analysis.





Fluorescence Properties of CUR and MHC

CUR is known as a fluorescent molecule and is considered a pan-assay interference compound (PAINS) (Nelson et al., 2017). Furthermore, CUR is unstable in aqueous solutions (Wang et al., 1997) and various antioxidants, including phenolic compounds, have been shown to stabilize CUR in buffers and to increase its plasma levels in animals (Nimiya et al., 2016; Nelson et al., 2017). Screening of CUR-treated and otherwise unstained AML cell samples over the entire standard set of flow cytometer channels (FL1–FL10) revealed noticeable CUR fluorescence in half of these channels, FL1–FL3 and FL9–FL10 (Supplemental Figures S5A,B). Furthermore, CUR fluorescence was found to increase in the presence of the antioxidant CA (Supplemental Figure S5C). This made it necessary to utilize fluorophores, which can be detected in the “CUR-insensitive” range of wavelengths, or, if not possible, to set threshold fluorescence parameters using unstained CUR ± CA-treated cells. For instance, in the annexin V/PI assay we utilized allophycocyanin (APC)-labeled annexin V (e.g., Figure 2B and Supplemental Figure S3B) for measurements in FL6, instead of the most commonly used fluorescein isothiocyanate (FITC)-labeled annexin V which has green fluorescence detected in FL1. Threshold for orange CUR+CA fluorescence in the propidium iodide (FL3) channel was set as described above (Figure 2B and Supplemental Figure S3B). Interestingly, we found that 2-APB strongly enhanced CUR+CA fluorescence in PI-stained cells (Figure 2B). In contrast to CUR, MHC did not exhibit auto-fluorescence under any experimental conditions of this study (Figure 2B, Supplemental Figures S3B, S5), and thus did not require any adjustments in fluorescence-based assays.




DISCUSSION

The major novel finding of this study is that, similar to CUR (Pesakhov et al., 2016), MHC is capable of synergistically cooperating with another phenolic compound, CA, at low concentrations of each agent in inducing profound cytotoxicity to AML cells, but not to normal PBMCs (Supplemental Figure S4) in vitro. This similarity was evidenced by a comparable ability of the two combinations to induce caspase- and calcium-dependent apoptosis (Figures 1B, 2B,D and Supplemental Figures S2E, S3) which was not associated with increased generation of ROS (Figures 1E,F) or reduction in the mitochondrial membrane potential (Figure 1G). Interestingly, no such cooperation was observed between MHC and CUR (data not shown) or between CA and other phytochemicals tested here (Figure 1A and Supplemental Figure S1). These findings suggest that comparable apoptosis-inducing activities of MHC+CA and CUR+CA may be due to certain structural similarities between MHC and CUR molecules, such as the presence of the 4-hydroxyl group at the aromatic ring and the α,β-unsaturated carbonyl group (Supplemental Figure S6). Apart from the above similarities, we found that MHC is a non-fluorescent molecule (Supplemental Figure S5) which made it technically superior to CUR, a widely recognized PAINS compound (Nelson et al., 2017). Further mechanistic and translational studies are needed to evaluate the therapeutic potential of the MHC+CA combination. This and similar combinations of synergistically acting natural or synthetic phenolic compounds may represent molecular prototypes for the design of novel modalities in AML therapy and/or prevention.
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Pulmonary fibrosis is the most frequent form of interstitial lung disease. Effective therapies are not yet available; novel therapeutic approaches are needed for counteracting fibrosis. Poly(ADP-ribose) polymerases are enzymes, involved in DNA repair and cell apoptosis. PARP-1 deficient mice exhibited reduced lung fibrosis in response to bleomycin treatment compared to wild-type controls. Histamine H4 receptors (H4Rs) have been recognized as a new target for inflammatory and immune diseases, and H4R ligands reduced inflammation and oxidative stress in lung tissue. The aim of the study was to evaluate the cross-talk between PARP-1 and H4R in a model of bleomycin-induced lung fibrosis in PARP-1−/− and WT mice. Animals were treated with bleomycin or saline by intra-tracheal injection. JNJ7777120, an H4R antagonist, or VUF8430, an H4R agonist, were administered i.p for 21 days. Airway resistance to inflation was evaluated, and lung tissues were processed for PARylated protein content, oxidative stress evaluation, and histology of small bronchi. The levels of pro-inflammatory (IL-1β and TNF-α), regulatory (IL-10), and pro-fibrotic (TGF-β) cytokines were evaluated. The deposition of αSMA was determined by immunofluorescence analysis. The results indicate that JNJ7777120 reduces PARylated protein production, decreases oxidative stress damage, and MPO, a marker for leukocyte tissue infiltration, in PARP-1−/− mice. A significant decrease in the production of both IL-1β and TNF-α and a significant increase in IL-10 levels are observed in mice treated with H4R antagonist, suggesting a crucial anti-inflammatory activity of JNJ7777120. The smooth muscle layer thickness, the goblet cell relative number, and collagen deposition decreased following JNJ7777120 administration. The H4R antagonist treatment also reduces TGF-β production and αSMA deposition, suggesting an important role of JNJ7777120 in airway remodeling. Our results show that PARylation is essential for the pathogenesis of pulmonary fibrosis and propose that PARP-1 and H4Rs are both involved in inflammatory and fibrotic responses. JNJ7777120 treatment, in a condition of PARP-1 inhibition, exerts anti-inflammatory and anti-fibrotic effects, reducing airway remodeling and bronchoconstriction. Therefore, selective inhibition of H4Rs together with non-toxic doses of selective PARP-1 inhibitors could have clinical relevance for the treatment of idiopathic pulmonary fibrosis.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a severe and progressive lung disease with approximately 3 years of median survival from the time of diagnosis and great associated morbidity, with wide-ranging negative effects on quality of life (Swigris et al., 2005). Despite recent advances in understanding the disease pathobiology, IPF remains a disease with a poor prognosis and an incompletely understood pathogenesis. In the last few years, the European Medicines Agency and the Food and Drug Administration (FDA) approved the use of nintedanib and pirfenidone as new safe drugs for IPF treatment. However, effective treatments are not available, and new therapeutic strategies are needed as alternative options when the standards of care are not sufficient or effective (Wynn, 2007; Paz and Shoenfeld, 2010).

Despite an unknown etiology, many studies identified a significant genetic risk associated with the development of IPF, such as SFTPC, MUC5B, and telomerase mutations; however, mechanisms by which genetic risk factors promoting IPF remain unclear (Allen et al., 2017). It has been proposed that pulmonary fibrosis is due to an augmented proliferation of fibroblasts with massive formation and accumulation of extracellular matrix (ECM) proteins (e.g., vimentin, collagen, and fibronectin) that eventually damage lung function (Wilson and Wynn, 2009). Deposition of “scar” tissue in the interstitium of the lung causes an alteration in the homeostatic cross-talk between epithelial and mesenchymal cells. Epithelial cells secrete anti-fibrotic mediators like prostaglandin E2 (PGE2) (Lama et al., 2002); thus, the loss of epithelial cells results in lower levels of PGE2, which in turn, can allow resident fibroblasts to proliferate and differentiate into alpha-smooth muscle actin (αSMA) positive myofibroblasts (Kolodsick et al., 2003). Additionally, the release of the transforming growth factor-β (TGF-β), the most potent pro-fibrotic growth factor, promotes apoptosis of epithelial cells while simultaneously prevents apoptosis in lung fibroblasts (Thannickal and Horowitz, 2006). The apoptosis paradox allows resident fibroblasts to accumulate and become myofibroblasts. Myofibroblasts, organized into agglomerations of cells known as fibroblastic foci, are highly secretory cells producing an excessive tissue matrix, especially collagen, and highly contractile cells causing distortion of the alveolar architecture. When the synthesis of new collagen by myofibroblasts overcomes its degradation rate, pulmonary fibrosis occurs leading to the accumulation of collagen (Wynn, 2008), the common pathological hallmark of fibrotic disorders. This process results in multiple alterations in the lung structure, with progressive thickening of the air-blood membrane and airway stiffening; these lesions impair both gas diffusion and ventilation/perfusion relationship, with reduction or loss of gas exchange capacity (Plantier et al., 2018).

Poly(ADP-ribose) polymerases (PARPs) are enzymes, involved in DNA repair and apoptosis. PARP-1 is the most abundant member of the PARP family and the most widely studied enzyme of this class. PARP-1 is activated upon binding to single- and double-strand DNA breaks via its N-terminal zinc finger domains (Ali et al., 2012; Langelier et al., 2012). Once activated by DNA damage, PARP-1 widely poly(ADP-ribosyl)ates itself and promotes the enrollment of DNA repair proteins that are required for lesion processing and repair. However, when DNA damage is severe, PARP-1 becomes over-activated leading to excessive consumption of NAD+ and consequently to depletion of ATP that results in cellular dysfunction and necrotic cell death.

It has been reported that PARP activation characterizes a key pathway in many pathophysiological conditions associated with inflammation and oxidative stress. Interestingly, genes targeting approaches and the use of non-selective inhibitors have shown that PARP-1 is involved in a number of fibrotic diseases affecting the heart (Pacher et al., 2002), liver (Mukhopadhyay et al., 2014), vessels (Abdallah et al., 2007), and lungs (Genovese et al., 2005). Moreover, recent studies demonstrated that genetic depletion and pharmacological inhibition of PARP-1 reduced pulmonary fibrosis in an animal model of bleomycin-induced lung injury (Hu et al., 2013; Lucarini et al., 2017), suggesting that PARylation is important for myofibroblast differentiation and for the pathogenesis of the disease.

Histamine H4 receptor (H4R) has been identified as a novel target for inflammatory and immune disorders (Gschwandtner et al., 2013). Recent studies demonstrated that H4Rs are involved in the prevention of fibronectin-induced lung fibroblast migration, suggesting these receptors as new targets for the treatment of lung fibrosis (Kohyama et al., 2010). Moreover, H4R antagonists significantly reduce goblet cell hyperplasia and collagen deposition in a model of allergic asthma (Masini et al., 2013) and decrease inflammation and oxidative stress in a bleomycin-induced lung injury model (Rosa et al., 2014; Lucarini et al., 2017).

However, the cellular mechanism underlying the beneficial effects of H4R antagonists in lung diseases are not completely understood, and this topic needs to be investigated in details.

The aim of the present study is to evaluate a possible involvement of PARP-1 in the H4R antagonists’ beneficial effects in reducing airway inflammation and remodeling. For this purpose, we evaluated the effects of the H4R-selective antagonist, JNJ7777120, and of the H4R agonist, VUF8430, in an in vivo model of bleomycin-induced lung fibrosis, in PARP-1 knock-out and in wild-type mice.



MATERIALS AND METHODS


Drugs and Reagents

Compound JNJ7777120 (JNJ; 1-[(5-chloro-1H-indol-2-yl)carbonyl]-4-methylpiperazine), a potent and selective H4R antagonist, has been used at a concentration of 2.5 mg/kg of body weight (b.wt.). This compound was kindly provided by Dr. Robin Thurmond (Janssen Research & Development, USA). Compound VUF8430, (VUF; 2-[(aminoiminomethyl)amino] ethyl carbamodithioic acid ester, S-(2-guanidylethyl)-isothiourea), an H4R agonist, (Sigma-Aldrich, San Louis, MO, USA), was used at a concentration of 2 mg/kg b.wt. Bleomycin (Merck-Millipore, Burlington, MA, USA) was used at a concentration of 0.05 IU for each mouse and dissolved in 50 μl of saline, in order to obtain the bleomycin-induced model of lung fibrosis. The drug doses and frequency of administrations were selected according to previous papers (Rosa et al., 2014; Lucarini et al., 2016).



Animals

Male wild-type (WT) C57BL/6 mice, approximately weighing 25–30 g and 8–9 weeks old, purchased from a commercial dealer (Harlan, Udine, Italy), and male C57BL/6 PARP-1 deficient mice (PARP-1−/−) (Wang et al., 1995), comparable in mice strain, age, and weight with WT mice, were used for the experiments. All the animals were fed with standard diet and water at libitum and housed under a 12 h light/dark photoperiod at 22°C for at least 48 h before the experiments.

The study protocol complied with the recommendations of the European Economic Community (86/609/CEE) and the Declaration of Helsinki on animal experimentation and was approved by the animal Ethical and Care Committee of the University of Florence (Florence, Italy) and by the Italian Health Ministry (Authorization n 874/2017-PR). Experiments were performed at the Centre for Laboratory Animal Housing and Experimentation (CeSAL) at the University of Florence. The ARRIVE guidelines were considered (McGrath et al., 2010).



Surgery and Treatments

Seventy mice (30 WT and 40 PARP-1−/−) were anesthetized with zolazepam/tiletamine (Zoletil, 50/50 mg/ml, Virbac Srl, Milan, Italy; 50 μg/g, in 100 μl of saline, i.p.); 50 of them (20 WT and 30 PARP-1−/−) were intra-tracheally treated with bleomycin (0.05 IU in 50 μl of saline), and the other 20 (10 WT and 10 PARP-1−/−) were intra-tracheally treated with 50 μl of saline (referred to as non-fibrotic negative controls, Naive).

Ten bleomycin-treated WT and 10 bleomycin-treated PARP-1 deficient mice received two daily intra-peritoneal (i.p.) injections of 100 μl of JNJ solution (2.5 mg/kg; i.p.), after bleomycin administration and for the next 21 days. These are referred to as Bleomycin+JNJ treated groups. Ten bleomycin treated PARP-1−/− mice received two daily intra-peritoneal injection of 100 μl of VUF solution (2 mg/kg; i.p.), after bleomycin administration and for the next 21 days. These are referred to as Bleomycin+VUF treated group. Ten WT mice and 10 PARP-1−/− mice were treated only with vehicle (PBS) and referred to as fibrotic positive controls (Bleomycin+Vehicle).



Functional Assay of Fibrosis

At the end of the treatment period, all mice were subjected to the measurement of airway resistance to inflation and static lung compliance, functional parameters for fibrosis-induced lung stiffness. The measurement is performed using a constant volume mechanical ventilation method with constant number of breaths in a minute; the static compliance determination is performed applying a positive end-expiratory pressure of 3 cm H2O, to mimic spontaneous ventilation (Pini et al., 2010, 2012; Manni et al., 2016). Briefly, a 22-gauge cannula (Venflon 2; Viggo Spectramed, Windlesham, UK, 0.8 mm diameter) was inserted into the trachea of the anesthetized mouse. The animal was ventilated with a small-animal respirator (Ugo Basile, Comerio, Italy) adjusted to deliver a tidal volume of 0.8 ml at a rate of 20 strokes/min. A high-sensitivity pressure transducer (settings: gain 1, chart speed 25 mm/sec.; P75 type 379; Harvard Apparatus Inc., Holliston, MA, USA) connected to a polygraph (Harvard Apparatus Inc. Edenbridge, UK; settings: gain 1, chart speed 25 mm/s) was used to register the changes in lung resistance to inflation, defined as the pressure at airway opening (PAO). Changes in lung resistance to inflation, expressed as millimeters on the chart and registered for at least 3 min, were carried out not less than 40 consecutive tracings of respiratory strokes and then averaged. For static lung compliance determination, multiple linear regression was used to fit pressure and volume in each individual mouse to the linear model of the lung (Manni et al., 2016).



Lung Tissue Sampling

After PAO measurements, the animals were killed with lethal dose of anesthetic drugs. The whole left lungs were removed and fixed with 4% paraformaldehyde in PBS for histological analysis. The right lungs were weighed, quickly frozen, and stored at −80°C. For biochemical measurements, the samples were thawed at 4°C, homogenized on ice in 50 mM Tris-HCl buffer (180 mM KCl and 10 mM EDTA, pH 7.4), and then centrifuged for 30 min at 10,000 g at 4°C, unless otherwise reported. The homogenized supernatants were collected.



Histology and Assessment of Collagen Deposition, Goblet Cell Hyperplasia, and Smooth Muscle Layer Thickness

Six μm thick histological sections were cut from the paraffin-embedded lung samples. In order to minimize artefactual differences in the staining process, all sections were stained in a single session. A digital camera connected to a light microscope equipped with an ×20 objective was used to randomly take photomicrographs of the histological slides. Computer-aided densitometry was performed to obtain quantitative assessment of the stained sections. The free-share ImageJ 1.33 image analysis program1 was used to measure optical density (OD) and surface area. For each measured parameter, values are means ± SEM of the OD measurements (arbitrary units) of individual mouse (five images each) from every experimental groups (tested blind).

The assessment of lung collagen was obtained by staining the histological sections with a simplified Azan method for collagen fibers (Smolle et al., 1996), omitting azocarminium and orange G to reduce parenchymal tissue background. OD measurements of the aniline blue-stained collagen fibers were performed after selection of a correct threshold to eliminate aerial air spaces and bronchial/alveolar epithelium (Formigli et al., 2007). To confirm the assessment of lung collagen, the Picrosirius red staining was carried out; the sections were stained in 0.1% Direct Red 80/Sirius Red F3B (Sigma-Aldrich) in saturated picric acid at room temperature for 1 h, and then they were differentiated in 0.5% acetic acid, prior to dehydration, clearing, and mounting (Lattouf et al., 2014; Marcos-Garcés et al., 2017).

Moreover, lung tissue sections were stained with hematoxylin and eosin or with periodic acid-Schiff (PAS) staining for mucins in order to obtain morphometry of smooth muscle layer thickness and bronchial goblet cell number, respectively, both key markers of airway remodeling. Digital microphotographs of small-sized bronchi were taken randomly. The thickness of the bronchial smooth muscle layer was measured on the digitized images using the above-mentioned software. Total bronchial epithelial cells and PAS-stained goblet cells were counted on bronchial cross-section profiles, and the percentage of goblet cells was calculated.



Western Blot Analysis of PARylated Protein Content

For determination of PARylated protein content in the lung, tissues were homogenized in RIPA buffer plus a cocktail of protease inhibitors and centrifuged at 12,000 g for 5 min. Supernatants were collected, and total protein levels were measured using Micro BCA Protein Assay (ThermoFisher Scientific, Waltham, MA, USA). Thirty μg of proteins were used for Western blot analysis, with a mouse monoclonal anti-PAR(10H) antibody (Alexis Biochemicals, Florence, Italy) diluted 1:1,000 in PBS-T containing 5% non-fat dry milk. The PAR(10H) monoclonal antibody recognizes poly(ADP-ribose) synthesized by PARP enzymes. A suitable peroxidase-conjugated secondary antibody (diluted 1:5,000 in PBS-T containing 5% non-fat dry milk) was used to determine the binding of the primary antibody. The loading transfer of equal amounts of proteins was controlled by reblotting the membrane with an anti-β-actin antibody (diluted 1:20,000 in 5% non-fat dry milk-PBS-T, Sigma-Aldrich). Bands were visualized by enhanced chemiluminescence (Luminata Crescendo Western HRP substrate, Merck Millipore) and quantified by densitometric analysis with the ImageJ software.



Determination of Transforming Growth Factor-β (TGF-β), Interleukin-1β (IL-1β), Tumor Necrosis Factor-α (TNF-α), and Interleukin-10 (IL-10)

The levels of TGF-β, the main profibrotic cytokine involved in fibroblast activation, and two pro-inflammatory cytokines, IL-1β and TNF-α, were measured on aliquots (20 μl) of lung samples homogenated in PBS by using the FlowCytomix assay (Bender Medsystems GmbH, Vienna, Austria), following the protocol provided by the manufacturer. Briefly, suspensions of anti-TGF-β, IL-1β or TNF-α-coated beads were incubated with the supernatant samples and then with biotin-conjugated secondary antibodies and streptavidin-phycoerythrin. Fluorescence was read with a cytofluorimeter (CyFlow® Space, Partec, Carate Brianza, MB, Italy).

The levels of the anti-inflammatory cytokine IL-10 were measured on aliquots (100 μl) of lung homogenate supernatants by using the mouse IL-10 ELISA Ready-SET&Go!® assay (eBioscience, San Diego, USA), following the protocol provided by the manufacturer. Values are indicated as means ± SEM of 10 individual mice from each group and expressed as pg/μg of total proteins determined over an albumin standard curve.



Determination of αSMA Deposition

Immunofluorescence analysis was performed as previously described (Lucarini et al., 2014). Briefly, histological sections of 5 μm thick were deparaffinized and boiled for 10 min in sodium citrate buffer (10 mM, pH 6.0, Bio-Optica, Milan, Italy) for antigen retrieval. A pre-incubation in 1.5% bovine serum albumin (BSA) in PBS, pH 7.4 for 20 min at RT was necessary to minimize the unspecific binding; whereupon, the sections were incubated overnight at 4°C with rabbit monoclonal anti-αSMA antibody (1:200 ABCAM, USA) followed by goat anti-rabbit Alexa Fluor 488-conjugated IgG (1:300 Invitrogen, San Diego, CA, USA) for 2 h in the dark at RT. Negative controls were performed with non-immune rabbit serum substituted for the primary antibody. The counterstaining of nuclei was obtained with 4′,6-diamidino-2-phenylindole (DAPI). Representative images were acquired with an Olympus BX63 microscope coupled to CellSens Dimension Imaging Software version 1.6 (Olympus, Milan, Italy). αSMA expression was quantified by densitometric analysis of fluorescence signal intensity, measured on digitized images using ImageJ software2. Twenty regions of interest (ROI) were evaluated for each sample. Values are expressed as mean ± SEM of the OD measurements (arbitrary units) of individual mouse from the different experimental groups.



Determination of 8-Hydroxy-Deoxyguanosine (8-OHdG)

Lung DNA isolation was performed as previously described (Lodovici et al., 2000) with minor modifications. In brief, lung samples were homogenized in 1 ml of 10 mM PBS, pH 7.4, sonicated on ice for 1 min, added to 1 ml of 10 mM Tris-HCl buffer, pH 8, containing 10 mM EDTA, 10 mM NaCl, and 0.5% SDS, and incubated for 1 h at 37°C with 20 μg/ml RNase 1 (Sigma-Aldrich). Samples were incubated at 37°C overnight in the presence of 100 μg/ml proteinase K (Sigma-Aldrich). The mixture was extracted with chloroform/isoamyl alcohol (10:2, v/v). DNA was precipitated from the aqueous phase with 0.2 volumes of 10 M ammonium acetate, solubilized in 200 μl of 20 mM acetate buffer, pH 5.3, and denatured at 90°C for 3 min. The extract was supplemented with 10 IU of P1 nuclease (Sigma-Aldrich) in 10 μl and incubated for 1 h at 37°C with 5 IU of alkaline phosphatase (Sigma-Aldrich) in 0.4 M phosphate buffer, pH 8.8. All the procedures were performed in the dark. The mixture was filtered by an Amicon Micropure-EZ filter (Merck-Millipore), and 100 μl of each sample were used for 8-OHdG determination by using an ELISA kit (JalCA, Shizuoka, Japan), following the instructions provided by the manufacturer. The absorbance of the chromogenic product was measured at 450 nm. The results were calculated from a standard curve based on an 8-OHdG solution and expressed as ng of 8-OHdG/ng of total DNA.



Determination of Myeloperoxidase Activity (MPO)

Frozen lung samples were weighed and homogenized (10 μl/mg of tissue) in 0.2 M phosphate buffer solution (PBS), pH 6, supplemented with protease inhibitors (1 mM PMSF, 20 μg/ml leupeptin, 1 μg/ml pepstatin, 1 mg/ml Pefabloc SC, and 2.5 μg/ml aprotinin, Sigma-Aldrich) and were centrifuged at 10,000 g at 4°C for 30 min. MPO was measured in the supernatants with a specific immunoassay kit (CardioMPO; PrognostiX, Cleveland, OH), according to the manufacturer’s instructions (Pini et al., 2010). Total protein concentration in the lung tissue samples was determined over an albumin standard curve. The results are expressed as picomoles/mg of protein. Values are means ± SEM of individual mice from different experimental groups.



Statistical Analysis

Data were reported as mean values (±SEM) of individual average measures of the different animals per group, for each assay. Significance of differences among the groups was evaluated by one-way ANOVA followed by Newman-Keuls post hoc test for multiple comparisons. Calculations were made with Prism 5 statistical software (GraphPad Software, Inc., USA). A probability value p < 0.05 was considered significant.




RESULTS


Functional Assay of Fibrosis (PAO)

Intra-tracheal administration of bleomycin causes an increase in airway stiffness leading to a clear-cut elevation of the pressure in airway opening (PAO) (Masini et al., 2005). Intra-tracheal delivery of bleomycin to rodents results in an intense inflammatory reaction within the first week, followed by the development of fibrosis by day 14, with maximal responses at day 21. Therefore, bleomycin administration caused a significant increase in airway stiffness, as judged by the elevation of PAO in the fibrotic positive controls (Bleomycin+Vehicle) compared with the non-fibrotic negative ones (Naïve), both in WT and PARP-1−/− mice (Figure 1).


[image: image]

FIGURE 1. Spirometric evaluation. Bar graph and statistical analysis of differences in PAO values (means ± SEM) between different experimental groups (n = 10 animals per group). **p < 0.01 and ***p < 0.001 vs. Bleo+Vehicle of each related group WT or PARP−/− (Bleo = Bleomycin).
 

After 21 days, the treatment with JNJ significantly reduces PAO both in WT and in PARP-1−/− mice, in comparison to the relative group of animals treated with Vehicle; while VUF treatment seems to be not significantly effective in reducing the bleomycin-induced airway stiffness (Figure 1). The selected doses were based on previous papers (Pini et al., 2012; Lucarini et al., 2016). These results confirm our previous observation that H4R ligands could have beneficial effects in decreasing lung fibrosis in WT (Lucarini et al., 2016) and in PARP-1−/− animals, indicating that the treatment with H4R antagonists exerts its beneficial effects also in situation of PARP-1 deletion.



Changes in PARP-1 Activity

It has been demonstrated that bleomycin administration increases PARP activity in mouse lung tissues (Genovese et al., 2005). Moreover, previous studies provided evidence that PARylated protein levels, the major products of PARP activity, are significantly increased in lung homogenates of WT mice treated with bleomycin, while the treatment with HYDAMTIQ, a potent PARP-1/2 inhibitor, dose-dependently, prevents this PARylation (Lucarini et al., 2017).

To evaluate the effects of intra-tracheal administration of bleomycin on PARP activity, we investigated the formation of polyADP ribose (PAR) polymers in mouse lung tissues in WT and PARP-1−/− mice. As shown in Figure 2 and in Supplementary Figure 1, Western blot analysis with anti-PAR antibodies report an increase in PARylated protein content in lung homogenates of WT and in PARP-1−/− mice treated with bleomycin (Vehicle), compared to non-fibrotic controls (Naїve). Treatment with the H4R antagonist reduces the PARylated protein content in WT animals. Interestingly, our results indicate a reduction of PARylated protein levels in the lung tissues of PARP-1−/− mice treated with JNJ, compared to those treated with VUF, suggesting a positive role of H4R antagonism in suppressing catalytic activity of PARP enzymes different from PARP-1.
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FIGURE 2. PARP activity. (A) Western blot analysis of PARylated protein content in lung samples from each experimental group. (B) Densitometric analysis was normalized on β-actin (n = 10 animals per group). *p < 0.05 and **p < 0.01 vs. Bleo+Vehicle of each related group WT or PARP−/− (Bleo = Bleomycin).
 



Histological and Morphometric Analysis

Acute inflammatory events and deposition of collagen fibers cause a pathological remodeling of the parenchyma of the lungs. Morphological observation and computer-aided densitometry on Azan-stained sections (Figure 3A) reveal a significant increase in collagen deposition in the lungs of all bleomycin-treated animals (Vehicle) compared to the non-fibrotic negative controls (Naïve). As already published, in WT animals, H4R antagonists reduce the deposition of collagen fibers in lungs compared to Vehicle (Rosa et al., 2014; Lucarini et al., 2016). The treatment with JNJ causes an important and significant reduction of the amount of lung collagen fibers in PARP-1−/− mice compared to Vehicle group. A slight effect is reported in VUF treated mice. To confirm the assessment of lung collagen, the Picrosirius red was used as second staining method; this specific staining for collagen (Lattouf et al., 2014; Marcos-Garcés et al., 2017) confirms the results obtained with Azan staining (Figure 3B).
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FIGURE 3. Evaluation of lung fibrosis. (A) Representative micrographs of Azan-stained sections from mice of the different experimental groups. Collagen fibers are stained deep blue. The lung from fibrotic controls treated with vehicle show marked fibrosis in peribronchial stroma, which is absent in non-fibrotic negative control lungs (Naïve) and reduced in JNJ treated animals. Bar graph showing the optical density (OD) (means ± SEM) of Azan-stained collagen fibers of the different experimental groups (n = 10 animals per group). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Bleomycin+Vehicle of each related group. (B) Representative micrographs of Picrosirius red-stained sections from mice of the different experimental groups. Collagen fibers are stained in red. Bar graph showing the optical density (OD) (means ± SEM) of Picrosirius red-stained collagen fibers of the different experimental groups (n = 10 animals per group). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Bleomycin+Vehicle of each related group.
 

We also evaluated the bronchial remodeling by measuring the number of goblet cells and the thickness of the smooth muscle layer, key histological parameters of inflammation-induced adverse airway remodeling (Bai and Knight, 2005). These two parameters are increased after intra-tracheal injection of bleomycin, both in WT and PARP-1 deficient mice. The treatment with JNJ significantly reduces the percentage of PAS-positive goblet cells over bronchial epithelial cells (Figure 4A), as well as the thickness of the airway smooth muscle layer (Figure 4B). On the contrary, VUF administration has no effect on both histological parameters, confirming our previous published results that on the effect of H4R antagonists on goblet cells and thickness of the smooth muscle layer in lungs, (Rosa et al., 2014; Lucarini et al., 2016).
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FIGURE 4. (A) Goblet cell hyperplasia. Representative micrographs of PAS-stained sections. Bar graph showing fraction of goblet cells (% means ± SEM) in the different experimental groups (n = 10 animals per group). *p < 0.05 and ***p < 0.001 of vs. Bleo+Vehicle of each related group. (B) Evaluation of muscular remodeling. Smooth muscle thickness was assessed by computer aided morphometry on H&E-stained lung sections. Representative micrographs of the sections. Bar graph showing the thickness of the muscular fiber (means ± SEM) in the different experimental groups (n = 10 animals per group). **p < 0.01 and ***p < 0.001 vs. Bleo+Vehicle of each related group.
 



TGF-β Signaling Pathway

An increased TGF-β expression and an amplified TGF-β signaling through Smad pathways contribute to the establishment and development of pulmonary fibrosis (Leask and Abraham, 2004; Chen et al., 2013; Chitra et al., 2015). Our results clearly indicate that TGF-β, a major pro-fibrotic cytokine, is increased in the vehicle groups, both in WT and PARP-1−/− mice. Systemic administration of JNJ causes a significant decrease of the levels of TGF-β in WT as well as PARP-1−/− animals, while the treatment with the H4R agonist has no effect on the production of this cytokine (Figure 5A). These results demonstrate the anti-fibrotic activity of JNJ both in WT and in PARP-1−/− mice.


[image: image]

FIGURE 5. (A) Evaluation of TGF-β1 production. Bar graph showing lung tissue levels of the profibrotic cytokine TGFβ1 (means ± SEM) of the different experimental groups (n = 10 animals per group). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Bleo+Vehicle of each related group. (B) Evaluation of fibroblast activation. Immunofluorescence staining of lung tissue sections labeled with alpha smooth muscle actin (αSMA) (green) and nuclei (blue) counterstained with DAPI (20×). Images in the panels show the inhibition of αSMA expression, a marker of the transformation of fibroblasts into myofibroblasts (n = 10 animals/group). (C) Bar graph shows the optical density (means ± SEM) in the different experimental groups (n = 10 animals per group). *p < 0.05 and **p < 0.01 vs. Bleo+Vehicle. (Bleo = Bleomycin).
 



Fibroblast Activation

Transforming growth factor-β signaling has been reported to regulate the expression of αSMA, a marker of fibroblast activation, and myofibroblasts differentiation (Martin et al., 2007; Conte et al., 2014). To investigate the expression of αSMA during the fibrotic process, we performed immunofluorescence analysis in mouse lung tissues. Our results show a significant increase of αSMA levels in bleomycin-exposed PARP-1−/− animals (Figures 5B,C). Treatment with JNJ significantly reduces αSMA levels in lung tissue of PARP-1−/− mice compared to the vehicle group. Systemic administration of the H4R agonist provides no changes in αSMA lung levels. These results indicate that the use of an H4R antagonist, in the absence of PARP-1 enzyme, reduces the activation of fibroblasts and myofibroblasts differentiation and consequently the development of progressive fibrotic disease in bleomycin-exposed animals.



Effects of H4R Ligands on Pro-Inflammatory Cytokine Production

Chronic inflammation is determined by pathological wound-healing response, resulting in the accumulation of permanent scar tissue at the site of injury and consequently in the development of progressive fibrotic disease (Wynn and Ramalingam, 2012). Based on this evidence, we evaluated the late (21 days after challenge) inflammatory response to bleomycin by measuring the pro-inflammatory cytokines IL-1β and TNF-α, in lung homogenates of WT and PARP-1−/− mice. Bleomycin treatment increases the levels of IL-1β and TNF-α both in WT and PARP-1−/− mice; of note, in PARP-1−/− mice, this increase is less pronounced in comparison to WT mice. The systemic administration of JNJ significantly reduces the increase in both groups of animals, but in PARP-1−/− mice, this reduction is more evident. The treatment with VUF is not effective in the reduction of inflammatory cytokine production (Figures 6A,B).
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FIGURE 6. Determination of IL-1β (A), TNF-α (B), and IL-10 (C) levels in the supernatant of lung tissue homogenates. The values are expressed as pg/μg of total proteins (n = 10 animals per group). Values are mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Bleo+Vehicle of each related group (Bleo = Bleomycin).
 

In order to confirm the anti-inflammatory activity of the H4R antagonist, we evaluated the levels of interleukin-10 (IL-10), the most potent anti-inflammatory cytokine involved in resolution of different acute and chronic inflammatory diseases (Ajuebor et al., 1999). Our results report a significant increase in the production of IL-10 in WT and PARP-1−/− mice treated with JNJ in comparison to PARP-1−/− mice treated with vehicle or VUF (Figure 6C).

Our findings support the hypothesis that H4R antagonism exerts anti-inflammatory and anti-fibrotic effects in a model of bleomycin-induced lung fibrosis.



Determination of Leukocyte Lung Infiltration and of Oxidative Stress Marker

Lung MPO is a peroxidase enzyme abundantly expressed in neutrophils and monocytes/macrophages granules, and it is considered a reliable marker for leukocyte accumulation in inflamed tissues (Mullane et al., 1985). Levels of MPO were very low in the Naïve groups of both WT and PARP−/− mice; MPO levels increased significantly in the bleomycin-treated mice (Vehicle groups of WT and PARP−/− mice). A significant decrease in MPO was demonstrated after treatment with JNJ in WT and PARP−/− groups of animals in comparison to Vehicle; treatment with VUF has some non-significant effects (Figure 7A).
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FIGURE 7. (A) MPO levels, a marker for leukocyte infiltration, are shown in the histogram. Values are expressed as mean ± SEM, expressed as picomoles per milligram of lung tissue protein (n = 10 animals per group) ***p < 0.001 vs. Bleo+Vehicle of each related group (Bleo = Bleomycin); #p < 0.05 vs. Bleo+VUF. (B) Evaluation of oxidative stress parameter in lung tissue. Bar graph shows the levels of 8-OHdG, a marker of free radicals-induced by DNA damage, (mean ± SEM) in the different experimental groups (n = 10 animals per group). *p < 0.05, **p < 0.01 vs. Bleo+Vehicle of each related group (Bleo = Bleomycin).
 

The determination of 8-OHdG, a biological marker of DNA damage under oxidative stress, demonstrates that it is significantly increased in bleomycin-exposed animals (Vehicle), compared with non-fibrotic negative ones (Naïve). Interestingly, our results show a significant reduction of 8-OHdG levels in WT and PARP-1−/− animals treated with JNJ (Figure 7B), but not with VUF.




DISCUSSION

Pulmonary fibrosis is an unmet medical need with a median survival of ~3 years since diagnosis. It is often severe and difficult to manage, resulting in a chronic condition that negatively affects the quality of life. The pharmacological therapy of pulmonary fibrosis is challenging, and for many patients, effective treatment is lacking. Therefore, novel therapeutic strategies are required (Wynn, 2007; Paz and Shoenfeld, 2010).

Recent studies demonstrated the involvement of PARP enzymes in modulating airway inflammation and fibrosis. Particularly, PARP-1 inhibition improves functional, biochemical, and morphometric parameters in an in vivo allergen-induced asthma-like reaction model (Lucarini et al., 2014) and in a bleomycin-induced pulmonary fibrosis model (Lucarini et al., 2017).

Histamine H4 receptor (H4R), the last discovered histamine receptor subtype, is functionally expressed and distributed in white blood cells, mast cells, eosinophils, dendritic cells, and T cells (Gutzmer et al., 2009). Recent evidence strongly suggests that H4R ligands might be exploited as potential therapeutics in modulating allergy, inflammation, autoimmune disorders, and possibly cancer. In an animal model of allergic airway inflammation, H4R-knockout mice present lower inflammation, reduced pulmonary infiltrate of lymphocytes and eosinophils, and an attenuated Th2 response (Dunford et al., 2006). Moreover, blocking H4R in a model of pulmonary fibrosis alleviates the inflammatory response, reducing COX-2 expression and activity, leukocyte infiltration, TGF-β production, and collagen deposition (Lucarini et al., 2016).

Although these findings suggest a promising therapeutic use for H4R antagonists in the modulation of chronic lung diseases, the biochemical basis underlying the protective and beneficial effects of these drugs are unknown and need to be further elucidated.

Here, we tested the possible role that PARP-1 may have in the mechanism of action of H4R antagonists. Briefly, we demonstrate that JNJ, a selective antagonist of the histamine H4R, exerts its anti-inflammatory and anti-fibrotic properties independently of PARP-1 signaling pathway, in an in vivo mouse model of bleomycin-induced lung fibrosis.

Chronic inflammation is determined by pathological wound-healing response, resulting in the accumulation of scar tissue and consequently in the development of progressive fibrotic disease (Wynn and Ramalingam, 2012). Our model of pulmonary fibrosis is well described and widely accepted and includes an acute inflammatory phase (7–9 days), followed by a chronic inflammatory infiltrate and fibrotic process in the next 2 weeks, with maximal responses at day 21 (Moore and Hogaboam, 2008).

Therefore, we evaluated the inflammatory response to bleomycin in lung homogenates of WT and PARP-1−/− mice. The results show that the treatment with JNJ significantly reduces the production of IL-1β and TNF-α pro-inflammatory cytokines and the activity of MPO, as well as the levels of 8-OHdG, a reliable marker of oxidative stress, in WT and in PARP-1−/− mice. Collectively, our results demonstrate that H4R antagonist’s anti-inflammatory and anti-fibrotic effects are not dependent on PARP-1 expression, thus adding further evidence on the role of H4R in controlling leukocyte trafficking and pro-inflammatory responses (Zampeli and Tiligada, 2009).

Previous data demonstrated a role for histamine and H4R in the production of TGF-β, the major pro-fibrotic cytokine, and in fibroblast activation (Cowden et al., 2010). The cytokine TGF-β has been proposed to play a key role in lung fibrosis (Tatler and Jenkins, 2012), and drugs able to control TGF-β expression and/or signaling seem to be active in reducing fibroblast activation and clinical progression of the disease (Bonniaud et al., 2005). The TGF-β overexpression has been repeatedly associated to lung fibrosis (Sime et al., 1997), and the administration of TGF-β neutralizing antibodies was able to prevent the disease.

Here, we report the positive effects of the H4R antagonist on the lung TGF-β pathway, showing that the treatment with JNJ significantly reduces TGF-β levels also in PARP-1−/− mice. Thus, our results indicate that H4R antagonists can ameliorate lung fibrosis independently of PARP-1 expression. To further confirm the effects of the H4R antagonist JNJ, we performed experiments also with VUF8430, introduced as a selective H4R agonist. Surprisingly, in our model, VUF has some unexpected effects in reducing features of lung injury, in functional assay as well as α-SMA and collagen deposition. This discrepancy could be explained because this H4R agonist with minor modification on imidazole moiety has affinity also for H3R (Lim et al., 2009), thus reducing the endogenous release of histamine and H4R activation.

PARP-1 activity contributes to lung fibroblast activation and induces their proliferation with increased expression of αSMA, which plays a pivotal role in lung fibrosis (Hu et al., 2013). In order to confirm the above results, we demonstrate a significant reduction of αSMA levels in PARP-1−/− mice treated with JNJ, suggesting that the use of an H4R antagonist, in the absence of PARP-1 enzyme, strongly reduces the activation of fibroblasts and the differentiation of myofibroblasts, consequently blocking the development of progressive fibrotic disease.

Overall, these findings suggest that PARylation is a key factor for the pathogenesis of pulmonary fibrosis and provide evidence that PARP-1 and H4R are independently involved in the signaling pathways activated during inflammatory and fibrotic processes. The association of PARP-1 deficiency and H4R antagonist treatment exerts a cross-talk response with anti-inflammatory and anti-fibrotic effects, decreasing bronchoconstriction and airway inflammation, as also shown by the reduction of the percentage number of goblet cells and the thickness of the smooth muscle layer, key parameters of inflammation-induced adverse airway remodeling.

Actually, the treatment of idiopathic pulmonary fibrosis is based on the use of either pirfenidone, a drug able to reduce the production of fibrogenic mediators, such as TGF-β, and inflammatory mediators, such as TNFα and IL-1β (Inomata et al., 2015), or nintedanib, a tyrosine kinase inhibitor able to reduce the transduction pathway of growth factor receptors, such as platelet-derived growth factor receptor, fibroblast growth factor receptor, and vascular endothelial growth factor receptor, and to reduce the transduction pathways leading to cell activation and proliferation (Nanthakumar et al., 2015). Both agents have recently been introduced into clinical practice showing their ability to ameliorate lung fibrotic processes; however, it is still not clear whether these agents have a clinically meaningful efficacy in long-term patient survival (Karimi-Shah and Chowdhury, 2015). Effective therapies to contrast airway inflammation and remodeling are not available, and novel therapeutic strategies are needed as alternative options when the standards of care are not enough.

In this study, we showed that the beneficial effects of H4R antagonists in reducing progressive pulmonary fibrosis are not dependent upon PARP-1.

In conclusion, the therapeutic potential of the combination of H4R antagonists with non-toxic doses of selective PARP-1 inhibitors could significantly reduce the development of pulmonary fibrosis. Although JNJ itself is emerging as a promising therapeutic agent in lung inflammation, the combination with PARP inhibitors could have an advantage over the single drug for the potentiating effect on the inhibition of inflammatory and pro-fibrotic parameters.
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Neurological disorders affecting the central nervous system (CNS) are still incompletely understood. Many of these disorders lack a cure and are seeking more specific and effective treatments. In fact, in spite of advancements in knowledge of the CNS function, the treatment of neurological disorders with modern medical and surgical approaches remains difficult for many reasons, such as the complexity of the CNS, the limited regenerative capacity of the tissue, and the difficulty in conveying conventional drugs to the organ due to the blood–brain barrier. Gene therapy, allowing the delivery of genetic materials that encodes potential therapeutic molecules, represents an attractive option. Gene therapy can result in a stable or inducible expression of transgene(s), and can allow a nearly specific expression in target cells. In this review, we will discuss the most commonly used tools for the delivery of genetic material in the CNS, including viral and non-viral vectors; their main applications; their advantages and disadvantages. We will discuss mechanisms of genetic regulation through cell-specific and inducible promoters, which allow to express gene products only in specific cells and to control their transcriptional activation. In addition, we will describe the applications to CNS diseases of post-transcriptional regulation systems (RNA interference); of systems allowing spatial or temporal control of expression [optogenetics and Designer Receptors Exclusively Activated by Designer Drugs (DREADDs)]; and of gene editing technologies (CRISPR/Cas9, Zinc finger proteins). Particular attention will be reserved to viral vectors derived from herpes simplex type 1, a potential tool for the delivery and expression of multiple transgene cassettes simultaneously.
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Introduction

Even if scientific research has made great progress over the last decade in identifying pathogenic mechanisms and treatment strategies, neurological disorders affecting the central nervous system (CNS) are still incompletely understood. The majority of these disorders lack a cure or, at least, reasonably effective treatments. Reasons are certainly multifold and include the complexity of the CNS, the limited regenerative capacity of the tissue, and the difficulty in conveying conventional drugs to the organ across the blood–brain barrier (BBB). Neurons, the principal cells of the nervous tissue, are not only morphologically and physiologically heterogeneous, but also strictly organized to form complex circuits. Neural stem cells ensure only a limited replacement of only specific neuronal types. The BBB expresses a selective permeability for molecules that possess a limited range of molecular weight and lipophilicity, preventing the entry of large-molecule drugs and of the majority of small-molecule drugs.

In this context, gene therapy is emerging as an attractive therapeutic option, because it can result in a stable or inducible expression of therapeutic gene(s), and can allow a nearly specific expression in target cells. Although much remains to be done before it becomes routine practice, the potential of gene therapy for the treatment of CNS diseases is amply demonstrated by numerous preclinical and clinical studies (Simonato et al., 2013).

A large part of the work needed to finally reach the stage of clinical application consists in the refinement of the tools needed for a safe, targeted, and regulated gene delivery. In this review, we will discuss the most commonly used gene therapy tools for delivery in the CNS and the strategies that can be employed for regulating therapeutic gene expression.

Gene Therapy

The idea behind gene therapy derives from an assumption of great simplicity: by introducing into the cells the “correct” copy of a defective gene whose malfunction causes a disease, its product, a functional protein, will be able to revert the pathological phenotype. This assumption may be correct for monogenic diseases caused by alterations in the coding sequence or in regulatory regions of a single gene, and if these alterations lead to loss of function without production of a pathogenic protein. However, many diseases have a pattern of multiple altered genes. Moreover, the regulation of gene expression is often complex and difficult to reconstruct. According to a new, broader definition, all drugs that contain an active substance that includes or consists of a recombinant nucleic acid (DNA or RNA), administered to a human being for the purpose to adjust, repair, replace, add, or remove a gene sequence, can be defined gene therapy (Klug et al., 2012).

The introduction of a functional gene, called transgene, within the cell nucleus is a complex operation that starts with the choice of a delivery system (gene therapy vector). A good vector should fulfill many requirements (Kay et al., 1997; Gardlik et al., 2005; Shillitoe, 2009):


	Manipulation: the vector should be easily manipulated for recombination and propagation in suitable hosts.

	High cloning capacity: the vector should allow the introduction of one or more genes and regulatory sequences that guarantee the desired spatial and temporal restriction of transgene expression.

	Minimal invasiveness: the vector should not cause uncontrolled or undesired alterations of the host genome. The integration of a vector into the cellular genome can induce insertional mutagenesis.

	Selectivity for the cellular target: the transgene should be expressed exclusively in the target cells.

	Absence of immunogenicity: the vector should not contain genes that induce immune responses or other factors that may be harmful to the body.

	Stability over time: the vector should be transferred unaltered in the cell progeny and/or must allow a correct and prolonged expression of the transgene(s).



Available gene therapy vectors belong to two broad categories: viral and nonviral vectors.

Nonviral Vectors

Nonviral vectors offer some advantages, like reduced pathogenicity, low cost, and simple production techniques (Zhang et al., 2004; Ramamoorth and Narvekar, 2015). However, DNA delivered by nonviral vectors must overcome a number of extracellular and intracellular barriers, limiting the efficiency of transfection (Howell et al., 2003; Matsumoto et al., 2009). In fact, the transfection efficiency is limited by the premature release of the genetic material into the bloodstream and its subsequent degradation by serum nucleases when administered intravenously, while the endocytosed DNA is in large part degraded along the endosome/lysosome pathway before it reaches the nucleus (Ogris et al., 1999; Perez-Martinez et al., 2011).

In addition to direct injection and microinjection of DNA into the nucleus, physical methods and chemical carriers have been developed to improve delivery of naked DNA to cells and tissues (Li and Huang, 2006; Ramamoorth and Narvekar, 2015). Commonly used nonviral delivery tools are cationic polymers and cationic lipids, whose efficiency is dependent on cationic charge, saturation, and linker stability (Jayant et al., 2016). Several strategies have been explored to increase the stability of DNA in the circulation. Polyethylene glycol (PEG) is one example (Dufes et al., 2005; Huang et al., 2007). Another approach is the use of bio-responsive polymers that exploit the chemical–physical properties of the biological microenvironment (pH, presence of reducing agents, etc.) to promote the release of the genetic material exclusively intracellularly. Other tested strategies are acetyl bonds, which degrade at the pH of the endosomal environment (Knorr et al., 2007; Wolff and Rozema, 2008), or disulfide bridges, which are reduced in the cytosol (Piest et al., 2008).

Viral Vectors

Independent of their origin, order, and family, viruses have evolved very fine strategies to reach and penetrate specific cellular targets. Their use in gene therapy lies in their innate ability to deliver and express genetic information into host cells. Replication-defective viral vectors (Bouard et al., 2009) commonly derive from wild-type viruses in which the therapeutic gene(s) are inserted into the viral genome by replacing the “wild” genes essential for the lytic cycle, thereby preventing the virus to replicate and exert cytotoxic effects in target cells. These genes, however, can be replaced by trans-acting factors through the development of specific cell lines or the use of helper viruses during the manufacturing process (Zhou et al., 1996; Von Seggern et al., 1998; Morris et al., 2010). Among all viral vectors, the most characterized and used for targeting the CNS have been derived from retroviruses, adenoviruses, adeno-associated viruses, and herpes simplex viruses (Teschemacher et al., 2005; Bourdenx et al., 2014; Artusi et al., 2018). These vectors differ in payload capacity, cell tropism (Table 1), and ability to integrate into the host genome, which may affect the duration of transgene expression. Advantages and disadvantages, potential CNS application, and side effects for each of the above-mentioned vectors will be briefly discussed below.





	
Table 1 | Main features of the most commonly employed viral vectors for CNS gene therapy.





	
Viral vector


	
Payload 


	
Tropism





	
Retrovirus vectors

Lentiviruses


	
up to 9 kb


	
Proliferating and quiescent cells





	
Adenovirus vectors

1st generation (subtype C)

Helper-dependent (gutless)


	
7–10 kb

~ 35 kb


	
Dividing and non-dividing cells

Respiratory epithelium (blood cells)

Highly efficient in targeting hepatocytes, less in lung, cardiac muscle, vascular neuronal tissue or dendritic cells





	
Adeno-associated vectors


	
~4.8 kb


	
Different serotypes with different tropism; typical is tropism for hepatocytes, myocytes, and neuronal cells





	
Herpes Simplex 1 vectors

Replication-competent (oncolytic)

Replication-defective

Amplicon vectors


	
~40 kb

30–50 kb

up to 150 kb


	
Actively dividing tumor cells like glioblastoma, hepatocellular carcinoma or melanoma cells

Nondividing neuronal cells

Neurons, glial cells, epithelial cells









Retroviral/Lentiviral Vectors

The Retroviridae family consists in a broad range of small RNA viruses whose common feature is to replicate through a DNA intermediate. γ-Retrovirus and lentivirus belong to this family (Cooray et al., 2012). The former is more suitable for ex vivo gene therapy applications, because it does not efficiently infect nondividing cells and because it is difficult to reach high viral titers (Gardlik et al., 2005). The latter infects both proliferating and quiescent cells, ensuring long-term gene expression in the absence of inflammatory responses (Case et al., 1999; Sutton et al., 1999; Sakuma et al., 2012).

While the lentiviral integrative nature ensures stable and persistent expression of the transgene, it also entails the risk of insertional mutagenesis. However, gene editing allowed to develop safe lentiviral vectors with specific integration sites (Lombardo et al., 2007). To increase the safety of lentiviral vectors, the viral genome can be split in multiple plasmids, thereby making recombinant virus generation very unlikely (Milone and O’Doherty, 2018). In addition, envelope glycoproteins (gp) can be pseudotyped to redirect viral particles to specific targets (Yee et al., 1994; Aiken, 1997; Sinclair et al., 1997; Maurice et al., 2002; Verhoeyen et al., 2003).

Since lentiviral vectors transduce neurons effectively, they have been tested for the treatment of Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Azzouz et al., 2002; Jarraya et al., 2009; Palfi et al., 2014; Katsouri et al., 2016; Palfi et al., 2018).

Adenoviral Vectors

Adenoviruses are linear double-stranded DNA viruses with a genome size of 35–40 kb encoding approximately 30–40 genes. There are 100 serotypes of adenovirus, 57 of which have the potential to infect humans. These are divided into seven subgroups, A to G, that differ in cellular tropism (Khare et al., 2011; Lee et al., 2017). The most frequently utilized for gene therapy are types 2 and 5 (Campos and Barry, 2007), both belonging to subtype C (Chang et al., 2008).

Adenoviral vectors transduce efficiently dividing and nondividing cells, with no risk of integration in the host cell genome (Lee et al., 2017). Their main limitations are high immunogenicity; transient transgene expression (from 2 weeks to a few months); and high risk of cytopathic effects (Christ et al., 1997; Ritter et al., 2002; Lowenstein and Castro, 2003; Lowenstein and Castro, 2004; Cucchiarini, 2016). New generations of adenoviral vectors partially overcome these limitations (Lowenstein and Castro, 2002; Gardlik et al., 2005; Campos and Barry, 2007).

Adenoviral vectors have been widely studied for the treatment of tumors (Dobbelstein, 2004; Rein et al., 2006; Sharma et al., 2009; Lenman et al., 2018). In addition, preclinical studies have been conducted in rodent models of PD and Huntington disease (HD) (Choi-Lundberg et al., 1998; Bemelmans et al., 1999).

Adeno-Associated Vectors

Adeno-associated viruses (AAVs) are small, non-enveloped, single-stranded DNA viruses belonging to the Parvoviridae family. Despite the size limitation, they are considered the most promising vehicle for gene therapy targeting the CNS because they are clinically safe and effective in transducing dividing and quiescent cells, while capable of establishing a long-term transgene expression. More than 150 clinical trials with a good safety profile and significant clinical benefit in many genetic diseases used AAV vectors (Penaud-Budloo et al., 2018). The AAV genome contains only three genes, replication (rep), assembly (aap), and capsid (cap) (Naso et al., 2017), necessary for viral replication, integration, and packaging (Berns and Giraud, 1996; Nakai et al., 1999; Musatov et al., 2002). AAVs can persist in the host cell in an episomal state, only a small fraction integrating into the host cell genome (Bouard et al., 2009).

More than 12 different AAV serotypes have been isolated (Duan, 2016). Each of these has specific features, including: differences in cellular tropisms (Nakai et al., 2005; Mandel et al., 2006), depending on different capsid surface proteins (Kaludov et al., 2001; Wu et al., 2006; Bell et al., 2011; Shen et al., 2011); differences in transduction efficiency; and differences in ability to evade the host immune response and to cross the BBB (Zhang et al., 2011; Yang et al., 2014). Many serotypes transduce efficiently neurons and glial cells (Davidson et al., 2000; Wang et al., 2003a; Burger et al., 2004; Aschauer et al., 2013). Refinement of AAV vector features and increased brain uptake have been obtained by pseudotyping approaches, like mixing of capsids and genome from different viral serotypes (Grimm et al., 2008; Mao et al., 2016; Hammond et al., 2017); insertion of peptide motifs from phage libraries (Chen et al., 2009); or enrichment of the capsid through random incorporation of peptide motifs (Choudhury et al., 2016; Deverman et al., 2016; Korbelin et al., 2016; Chan et al., 2017).

Owing to the small sized genome, AAV vectors are capable of accommodating less than 5 kb of exogenous DNA (Wang et al., 2014; Chira et al., 2015). However, strategies are under development for delivering larger genes. One approach could be using truncated forms of genes and/or promoters that maintain the properties of their full-length counterpart (Wang et al., 2000; Kodippili et al., 2018; Zhang et al., 2018). An alternative strategy has been developed by taking advantage of the AAV innate ability to undergo a genomic intermolecular recombination that can give rise to head-to-tail DNA concatamerization (Yan et al., 2005). In this context, the DNA sequence of an oversized expression cassette can be split and packaged in two (Duan et al., 1998; Yan et al., 2000; Duan et al., 2001; Ghosh et al., 2008; Trapani et al., 2014) or even three (Maddalena et al., 2018) independent AAV vectors. Upon concomitant infection of the host, these multiple vectors may give rise to DNA concatamers, which can reconstitute the whole cassette (Maddalena et al., 2018). The efficiency of this multiple-vector strategy is obviously significantly lower than the single-vector strategy (Duan et al., 2001), and attempts are ongoing to improve the situation (Ghosh et al., 2008).

The therapeutic potential of AAV-based gene therapy has been tested in many different neurological disorders (Kaplitt et al., 2007; Eberling et al., 2008; Worgall et al., 2008; Christine et al., 2009; Souweidane et al., 2010; Mittermeyer et al., 2012; Rafii et al., 2014; Tardieu et al., 2014; Mendell et al., 2017).

Herpes Simplex Vectors

The first Herpesvirus vector has been derived from Herpes Simplex Virus type 1 (HSV-1) (Palella et al., 1988), an enveloped ubiquitous virus with a double-stranded linear DNA genome. Hallmarks of HSV-1 are the short replication cycle and the ability to travel via retrograde axonal transport from the primary infection site to the sensory neurons of the CNS, where it establishes a life-long latency in an episomal form (Studahl et al., 2017). Since then, three types of HSV-1 based vectors have been developed: replication-competent, replication-defective, and amplicon vectors (Artusi et al., 2018). Replication-competent vectors are used in oncology for their ability to complete a lytic cycle in the presence of permissive cellular environments (Ikeda et al., 2000; Todo, 2008). Replication-defective and amplicon vectors are tested as gene transfer tools for the CNS (Goverdhana et al., 2005; Berges et al., 2007).

The large genome (152 kb) of HSV-1 encodes about 80 genes, half of which can be removed to make room for up to 50 kb of foreign DNA in the case of replication-defective vectors and up to 150 kb for amplicon vectors (Simonato et al., 2000). HSV-1 vectors maintain high infectivity, ability of both retrograde and anterograde transport, and potential to establish a latent infection in the episomal form (Lachmann, 2004). Traditional limitations in their application are residual toxicity towards the infected cells (Goverdhana et al., 2005) and the short-term expression of the transgene due to rapid silencing mechanisms (Lachmann et al., 1996).

New HSV-Based Vectors for Delivering Multiple Expression Cassettes

Disorders of the CNS are often not a result of single gene mutation or of a single molecular mechanism but have instead a multifactorial origin. As a result, the therapeutic gene(s) and/or the regulation sequence to be delivered very often exceed the payload capacity of viral vectors (Thomas et al., 2003). HSV-1 vectors represent an attractive solution for this issue, because of their large genomic size and capacity to host large amounts of foreign DNA. As noted above, however, the first generations of replication-defective HSV-1 vectors were hindered by highly significant limitations, including toxicity and short-term expression of the transgenes (Marconi et al., 1999). Many recent studies have been aimed to solve these problems.

The HSV productive cycle is characterized by a temporally regulated cascade of gene expression, during which three distinct classes of transcripts are expressed in a sequential manner. The immediate early genes (IE or α) are first expressed, followed by the early (E or β) and late (L or γ) genes. IE genes are required not only for establishment of a lytic reproductive cycle, but also to overcome innate immune responses, to block cell division, and to prevent host cell apoptosis and epigenetic repression of viral genes. The engineering of mutant HSV-1 vectors devoid of α genes shuts off viral replication and remarkably reduce cytotoxicity (Krisky et al., 1998). Deletion of two IE genes, ICP4 and ICP27, gave rise to the first (ΔICP4) and second (ΔICP4/27) generation of HSV-1 vectors (Shepard and DeLuca, 1991; Wu et al., 1996). These early generations were able to establish a long-term expression without the ability to reactivate, but the residual presence of ICP0 was responsible of cytotoxic effects in transduced cells. The consequent deletion of ICP0 gave rise to a third generation of vectors that were devoid of toxicity but displayed short-term expression of the transgene (Samaniego et al., 1997). To overcome this hurdle, a novel generation of HSV-1 vectors (Figure 1) was engineered by inserting the transgene expression cassette into the viral latency-associated transcript locus, a genome region that is protected from silencing during latency by the presence of insulator sequences (CTRL) that act as boundary elements to shield the locus against epigenetic modifications (Bloom et al., 2010). This new generation of highly defective vectors offers a large payload capacity while displaying no sign of toxicity upon in vitro infection of diverse cell types (Miyagawa et al., 2015). The in vivo injection of this new class of HSV-based vectors into different brain regions of naive rats yielded a robust and persistent (up to 6 months) neuron-specific expression of transgenes inserted in the ICP4 locus, without evidence of toxicity or inflammatory cell infiltration, suggesting that the ICP4 locus may be an option to achieve a sustained and prolonged transgene expression in neurons (Verlengia et al., 2017). A further modification of the viral backbone (the deletion of the UL41 gene that may contribute residual toxicity) further improved the levels of transgene expression. UL41-deleted vectors displayed an improved, long-lasting and neuron-specific transgene expression without any evidence of toxicity (Miyagawa et al., 2017). Recently, in order to overcome the rapid transcriptional repression of transgenes cloned outside the ICP4 locus, the backbone was further engineered with specific cellular anti-silencing elements, inserted to prevent the formation of heterochromatin at the transgene promoter level. Different types of anti-silencing elements were evaluated, but the most effective in increasing neuronal transgene expression in both in vitro and in vivo assays was A2UCOE (Han et al., 2018). In conclusion, these new replication-defective backbones seem to hold the features and the flexibility of options needed for gene therapy applications in the CNS.


[image: ]

Figure 1 | Schematic drawing of the genomes of new HSV-1 vectors. Compared to the wild-type genome (A), the derivative vectors JDNI7 (B) and JDNI8 (C) are deleted for the joint region and the ICP0, ICP4, and ICP27 immediate-early genes, while the ICP22 immediate-early gene is converted to early-expression kinetics by promoter modification. Moreover, both viral backbones are engineered for the insertion of a ubiquitin C promoter (UbCp)-mCherry cassette within the ICP4 locus. The JDNI7 (B) backbone is further modified by the insertion of a CAG promoter-eGFP expression cassette into the LAT (Latency Associated Transcript) intron region, flanked by the LATP2 enhancer region, and CTCF-binding motifs (CTRL2). The last generation of HSV-based vectors, JDNI8 (C), is also deleted for UL41, the gene encoding the virion host shutoff (vhs) protein.



Amplicon vectors (Figure 2) are the other promising class of HSV-1-based vectors. Amplicons maintain all structural, immunological, and host range properties of the wild-type virus, but only two elements, the viral origin of replication (ori) and the capsid packaging sequence (pac), are retained from their original genome, the other part consisting of a concatemer repetition of the foreign DNA (Epstein, 2009b). The major advantage of this gene transfer tool is that the total deletion of viral genes allows the insertion of up to 150 kb of exogenous DNA. The number of concatameric repeats depends on the size of the expression cassette, i.e., short sequences allow the insertion of more copies of the gene of interest. Furthermore, the complete absence of all viral genes strongly reduces the risk of reactivation, complementation, or recombination with latent HSV-1 genomes (Epstein, 2009a). The downside is that amplicon propagation is rather difficult, because cell lines able to complement all viral proteins in trans are not available. Therefore, first generation of amplicon vectors was propagated by transfection of amplicon plasmids into cells, which were then superinfected with an HSV-1 helper virus. Unfortunately, this approach leads to a significant (about 1%) contamination with helper virus (Pechan et al., 1996). A promising alternative is the use of the LaL helper virus, in which the packaging sequence can be deleted by Cre-lox specific-site recombination, reducing the helper contamination to 0.05–0.5% (Zaupa et al., 2003). Despite the fact that amplicon vectors have been widely used for exploring the mechanisms of CNS function, only few studies have focused on their use for gene therapy (Cuchet et al., 2007). Recently, ultrapure amplicons produced using a highly defective helper virus have been employed to silence brain-derived neurotrophic factor (BDNF) expression in an animal model of epilepsy (Falcicchia et al., 2016). Apart from the production difficulties, amplicon vectors suffer from a relatively short-time expression of the transgenes in the living organism. Most likely, the presence of bacterial sequences in the amplicon genome causes transgene silencing by forming inactive chromatin (Suzuki et al., 2006). Therefore, the current research in this field focuses on the development of new, helper virus independent production techniques and on means to obtain long-term expression of the transgene.


[image: ]

Figure 2 | Schematic representation of an amplicon vector. The amplicon plasmid contains the sequences for viral DNA replication (ori, blue) and the packaging signal (pac, red), flanking the transgene expression cassette. In the presence of an HSV-1 helper virus in permissive cells, the amplicon DNA plasmid is replicated as head-to-tail concatemers, cleaved into 150 kb linear DNA and packaged in HSV capsids.



Cargo

Genes Encoding Therapeutic Proteins

The question that comes together with the development of suitable vectors for gene transfer in the CNS is which genes to transfer. The first, most obvious option is genes encoding a therapeutic protein. This may be the correct copy of a defective gene whose malfunction causes the disease, but also a gene encoding a therapeutic protein that could not be peripherally administered, not being able to cross the BBB. In this last instance, the protein could be diffusible (i.e., produced and secreted by the infected cell) to produce a by-stander effect in adjacent cells (Simonato, 2014).

Apart from genes encoding therapeutic proteins, however, there are other cargo options for CNS gene therapy vectors, like gene editing, chemogenetic, and optogenetic tools.

Gene Editing Tools

A step forward was made in gene therapy with the development of gene editing tools that can correct genetic defects directly in the host DNA. These tools generate a double strand break (DSB) at a precisely desired location, and the break allows to take advantage of the fine strategies that cells have evolved to detect and repair DNA damage. The DSB can lead to gene disruption by non-homologous end joint (Lieber, 2010), or gene addition or repair by homologous recombination using an exogenously supplied repair template (Li and Heyer, 2008). The most promising gene editing system is the Clustered Regularly Interspaced Short Palindromic Repeats/Cas (CRISPR/Cas) system (Gaj et al., 2016; Ahmad et al., 2018). The delivery platforms described in this review are obviously essential for this new and powerful therapeutic tool.

Chemogenetic and Optogenetic Tools

The complexity of the mammalian brain has no comparison: dozens of billions of interconnected neurons, with complex morphology and circuit interaction, capable of exchanging electrical signals with a precise temporal scan in the order of milliseconds. A great challenge is to develop the ability to control only one type of cell in the brain without affecting others. Electrical, physical, pharmacological, and genetic methods are traditionally used to manipulate cells and synapses (Carter and Shieh, 2015). However, all these methods lack temporal and spatial resolution and can cause stimulation, inhibition, or inactivation of off-target cells and processes. To overcome these limitations, new genetic tools referred to as “chemogenetic” and “optogenetics” have been developed.

Designer Receptors Exclusively Activated by Designer Drug

Chemogenetics is the processes in which proteins are engineered to interact specifically with a small molecule (Sternson and Roth, 2014). Different proteins involved in CNS disorders have been engineered to this aim, including enzymes (Bishop et al., 1998; Cohen et al., 2005; Dar et al., 2012), and G protein-coupled receptors (GPCRs; Zemelman et al., 2003; Magnus et al., 2011). The latter include allele-specific GPCRs (Strader et al., 1991), Receptors Activated Solely by a Synthetic Ligand (RASSLs; Coward et al., 1998), and Designer Receptors Exclusively Activated by Designer Drugs (DREADDs; Armbruster et al., 2007). The first chemogenetically engineered GPCR was the β-adrenergic receptor (Strader et al., 1991). Following mutations at the β-adrenergic receptor binding site, the responsiveness to the natural ligand disappeared and a new specificity was obtained to ketonic and catechol esterase agonists. Several years later, RASSLs receptors were developed, based on human κ-opioids, that lost their affinity for the endogenous peptide ligand (dynorphin) and gained specificity for small and safe drugs such as spiradoline (Coward et al., 1998).

Together with optogenetics, the DREADDs technology is currently the most used tool for in vivo manipulation of the activity of genetically defined neuronal populations. An example of DREADDs technology is the use of modified muscarinic receptors, hM3Dq for stimulation and hM4Di for inhibition, which have lost their affinity for endogenous acetylcholine, but can be activated by a synthetic ligand (clozapine-N-oxide, CNO) that crosses the BBB (Armbruster et al., 2007; Alexander et al., 2009). Compared to previous techniques, chemogenetics based on DREADDs confers the ability to regulate and manipulate in a non-invasive manner the activity of specific neuronal circuits. Combined with the set of gene therapy tools described above, DREADDs can be delivered and almost selectively expressed in the neuronal subpopulation of interest, for example serotoninergic (Teissier et al., 2015; Urban et al., 2016) or glutamatergic neurons (Krashes et al., 2014; Zhu et al., 2014; Zhu et al., 2016).

DREADDs are useful tools for basic scientific research but may also refine gene therapy approaches for neurodegenerative disorders in which changes in neuronal activity play an important role. Neuronal hyperactivity and hyperexcitability of the cerebral cortex and hippocampus are common features of epilepsy and AD (Badawy et al., 2009; de Haan et al., 2017). On demand attenuation of seizures was achieved after delivery of AAV vectors carrying the hM4Di receptor under the control of the CamkIIα promoter (Katzel et al., 2014). Moreover, transient cholinergic-specific stimulation led to a striking improvement in motor scores in a rodent model of PD including gait and postural abnormalities (Pienaar et al., 2015).

Optogenetic Approaches

The term optogenetics indicates a methodology that allows to control the activity of specific neurons within intact neuronal circuits (Deisseroth, 2011). The idea of using the light as a tool to control neuronal function was originally put forward by Francis Crick (Crick, 1979). In the 1970s, biologists discovered that some microorganisms generate proteins that, in response to visible light, regulate the flow of charges across the membranes (Oesterhelt and Stoeckenius, 1971). These proteins, termed opsins, are photosensitive trans-membrane proteins that, when illuminated at defined frequencies, induce transmembrane ion fluxes and, thereby, changes in the electrical activity of the cell. There are two major classes of opsins, which differ in sensitivity to light and absorption properties, and cause activation or inhibition of neurons (Deisseroth, 2015):


	Channelrhodopsin (ChR): a blue light activated cation-channel from Chlamydomonas reinhardtii, used to excite neurons (Nagel et al., 2003);

	Halorhodopsin (NpHR): a yellow light activated chloride-pump from Natronomonas pharaonic, used to inhibit neurons (Chow et al., 2010).



Through viral vectors, the gene coding for an opsin can be integrated into target neurons, leading to expression of the opsin protein on the membrane. A nearby source of light, set on the right wavelength and frequency, can then interact with it, activating or inhibiting neuronal activity. The introduction of mutations to existing opsin variants allowed to overcome certain problems associated with light delivery. For example, the ChR chETA mutant displays faster channel closing and increased temporal control (Gunaydin et al., 2010). The C1V1 mutant can be excited by longer wavelengths, allowing deeper penetration of the tissue (Yizhar et al., 2011). At the same time, light delivery tools have been improved and optimized for in vivo studies (Liu et al., 2015).

The use of optogenetics as therapeutic tools for neurological disorders has been investigated in PD, AD, and epilepsy (Kravitz et al., 2010; Zahedi et al., 2013; Seeger-Armbruster et al., 2015). Enhanced excitation of pyramidal neurons is a common feature of many forms of epilepsy, and its control may lead to therapeutic effects. NpHR delivery into these neurons promptly and dramatically reduced seizures upon light stimulation. Enhancing inhibitory activity of interneurons via transfection of the excitatory opsin ChR also resulted in reduced seizure frequency and severity upon light stimulation (Krook-Magnuson et al., 2013). Optical inhibition of the subthalamic nucleus in PD models significantly improved akinesia and ameliorated levodopa-induced dyskinesia (Yoon et al., 2014; Yoon et al., 2016).

Regulation of Gene Expression

As previously mentioned, precise regulation of gene expression is essential for any gene therapy approach. A good gene regulation system should be adjustable over a broad dose range; should exert no off-target effect; does not influence endogenous gene expression; should be region or cell speciﬁc; and should allow to quickly turn off and on transgene expression (Naidoo and Young, 2012). Regulation of gene expression, in terms of increasing or decreasing levels of a specific gene product or in terms of directing the information to a desired target tissue, can occur at different levels. In this section, we will discuss the gene regulation strategies currently used in gene therapy, e.g., at the transcriptional level, by means of tissue specific and inducible promoters; and at post-transcriptional level, by means of RNA interference techniques.

Transcriptional Level: Tissue Specific and Inducible Promoters

Regulation or RNA transcription depends on the euchromatin and heterochromatin state and on the interaction of transcription factors with regulatory DNA elements, including promoters (Table 2), insulators, enhancers, and silencers.





	
Table 2 | Regulation of gene expression at transcriptional level.





	
Promoter


	
Specificity


	
Size (bp)


	
Details 


	
References





	
CAG 


	
Ubiquitous 


	
1,718


	
Hybrid construct consisting of the cytomegalovirus (CMV) enhancer fused with the chicken beta-actin promoter


	
(Qin et al., 2010)





	
EF1α


	
Ubiquitous 


	
1,179


	
Human elongation factor 1 alpha promoter


	
(Qin et al., 2010)





	
UBC


	
Ubiquitous 


	
1,177


	
Human ubiquitin C promoter


	
(Qin et al., 2010)





	
SV40


	
Ubiquitous 


	
627


	
Simian virus 40 promoter


	
(Qin et al., 2010)





	
CMV


	
Ubiquitous 


	
589


	
Human cytomegalovirus immediate early enhancer and promoter


	
(Qin et al., 2010)





	
PGK


	
Ubiquitous 


	
511


	
Mouse phosphoglycerate kinase 1 promoter


	
(Qin et al., 2010)





	
Syn1


	
Neuron


	
495


	
Human synapsin 1 promoter


	
(Kugler et al., 2001; Kugler et al., 2003; McLean et al., 2014)





	
NSE


	
Neuron


	
1,800


	
Neuron-specific enolase promoter


	
(Peel et al., 1997)





	
GFAP


	
Astrocytes 


	
681–2,200


	
	
(Smith-Arica et al., 2000; Lee et al., 2008)





	
MAG


	
Oligodendrocytes 


	
1,500–2,200


	
Human myelin associated glycoprotein


	
(von Jonquieres et al., 2013)





	
MBP 


	
Oligodendrocytes 


	
1,900


	
Myelin basic promoter


	
(von Jonquieres et al., 2016)





	
F4/80


	
Microglia


	
667


	
	
(Rosario et al., 2016)





	
CD68


	
Microglia 


	
460


	
	
(Rosario et al., 2016)





	
PAG


	
Glutamatergic neurons


	
2,400


	
Phosphate-activated glutaminase promoter


	
(Rasmussen et al., 2007)





	
vGLUT


	
Glutamatergic neurons


	
7,000


	
Vesicular glutamate transporter promoter


	
(Rasmussen et al., 2007)





	
GAD


	
GABAergic neurons


	
10,000


	
Glutamic acid decarboxylase promoter


	
(Rasmussen et al., 2007)





	
Tetracycline ON/OFF system


	
Inducible promoter


	
	
Advantages: rapid in vivo induction or inhibition kinetics, low toxicity. Limitations: high basal transgene expression.


	
(Gossen et al., 1995; Xiong et al., 2006) 





	
Rapamycin regulation system


	
Inducible promoter


	
	
Advantages: low basal expression, trigger by low doses, crosses BBB. Limitations: immunosuppressive properties of rapamycin.


	
(Rivera et al., 1996)









Ubiquitous and Tissue-Specific Promoters

Promoters are the main elements that determine the strength and cellular specificity of gene expression. Ubiquitous and constitutive promoters are strongly active in a wide range of cells and tissues. Therefore, ubiquitous expression promoters are used in gene therapy when targeting a specific cell type is not required, i.e., transgene expression is sought in the broadest possible spectrum of cells. Promoters frequently employed to drive exogenous DNA expression in a non-cell specific manner include cytomegalovirus (CMV) immediate-early; enhancer/chicken-β actin (CAG); human ubiquitin C (UBC); simian virus 40 early (SV40); human elongation factor 1α (EF1α); and mouse phosphoglycerate kinase 1 (PGK). Previous works have described the relative strengths of commonly used transcriptional regulatory elements both in vitro and in vivo (Pasleau et al., 1985; Martin-Gallardo et al., 1988; Oellig and Seliger, 1990; Yew et al., 1997; Manthorpe et al., 1993; Hartikka et al., 1996). CAG, EF1α, and CMV are the strongest among those analyzed. However, the CMV promoter exerts variable results, being very strong in some cell types and rather weak in others (Qin et al., 2010).

The use of cell-type specific promoters may be useful for confining the transgene expression to a specific cell type. Limitations for their use in gene therapy include their low level of expression and their large genomic size. In principle, however, specifically labeling a population of neurons or glial cells might allow to achieve the therapeutic goal without incurring in off-target effects. The synapsin-1 (Syn1) and the neuron-specific enolase (NSE) promoter are used for their ability to selectively drive transgene expression in neurons (Peel et al., 1997; Kugler et al., 2001; Kugler et al., 2003; McLean et al., 2014), while the glial fibrillary acidic protein (GFAP) promoter results in astrocyte-specific expression (Smith-Arica et al., 2000; Lee et al., 2008). Transgene expression can be specifically targeted to oligodendrocytes by the myelin basic protein (MBP) (von Jonquieres et al., 2013) or the human myelin associated glycoprotein (MAG) promoter, the latter in both a full-length and a truncated version (von Jonquieres et al., 2016). High level of microglial cells specificity can be obtained with the F4/80 promoter (Rosario et al., 2016).

The balance between excitatory and inhibitory signals, basically the equilibrium between glutamatergic and GABAergic neurotransmission, can be often disrupted in diseases like epilepsy. Therefore, targeting specifically GABAergic or glutamatergic neurons may be needed for many applications. The phosphate-activated glutaminase (PAG) or the vesicular glutamate transporter (vGLUT) promoter ensures ~90% glutamatergic neuron-specific expression, whereas the glutamic acid decarboxylase (GAD) promoter ensures ~90% GABAergic neuron-specific expression (Rasmussen et al., 2007).

Promoters are not the only elements necessary for transcriptional regulation. Combining regulation elements of different kinds such as promoters, enhancers, introns, and polyadenylation signals by creating hybrid sequences allows modulation of the expression levels. The levels of transgene expression may be strongly influenced by a rapid epigenetic silencing of the exogenous promoters. To protect the promoter and the whole expression cassette from heterochromatization, insulator elements have been tested for their ability to maintain transcriptionally competent whole portions of DNA, regardless of the tissue type and the integration site (Chung et al., 1993; Bell et al., 1999). As reviewed extensively elsewhere, these protective elements are divided into enhancer-blocking insulators, whose function is mediated by the CTCF-binding factor (Gaszner and Felsenfeld, 2006; Phillips and Corces, 2009) and barrier insulators, whose mechanism of action is less known (West et al., 2002; Gaszner and Felsenfeld, 2006; Raab and Kamakaka, 2010). The first well-characterized vertebrate insulator derived from the chicken β-globin locus associated with a constitutive DNAse I, the hypersensitive site-4 called cHS4 (Chung et al., 1993). cHS4 exhibits both enhancer-blocking activity and barrier activity (Yao et al., 2003). Many studies concerning the delivery of retroviral vectors showed that the inclusion of the cHS4 element allows to increase transgene expression (Rivella et al., 2000; Emery, 2011). Others, such as the ubiquitous chromatin opening element (UCOE) derived from the human HNRPA2B1-CBX3 locus (A2UCOE), show increased stability of transgene expression due mainly to resistance to DNA methylation-mediated gene silencing (Zhang et al., 2010). Other elements to consider include enhancer elements, whose insertion significantly affects the expression levels of the transgene (Hartikka et al., 1996). Often used in genetic engineering is the CMV enhancer (eCMV), whose presence in cultured cells strongly increases the expression of the transgene when under the control of PDGF-β (platelet-derived growth factor-β) promoter, conferring efficient neurons specific gene expression (Yew et al., 1997; Gruh et al., 2008).

Inducible Promoters

For many applications, it is desirable to modulate the expression of the transgene by switching it on or off. Unregulated long-term overexpression of certain transgenes can cause side effects in the CNS, such as aberrant reorganization of the tissue and activation of compensative pathways and/or inactivation/saturation of activated pathways. A finer regulation can be achieved using inducible promoters. These systems are obtained by incorporating in the vector (or in a separate vector) a cassette driving the constitutive expression of a transcription factor (transactivator) able to activate or block the expression of the transgene depending on the availability of a soluble molecule that can be administered systemically.

The Tet On/Tet Off Regulation System

A commonly used regulation system is based on the mechanism of tetracycline resistance in prokaryotes. Two variants are available (Figure 3), both relying on tetracycline to deactivate (Tet-off system) or activate gene expression (Tet-on). In the Tet-off system, the transgene is under the transcriptional control of the tet operator (tetO), a fragment of DNA responsive to the transactivator tTA, composed of the tet-repressor (tetR) fused to the VP16 viral protein transactivation domain. The transgene is expressed only when tTA binds tetO in the absence of doxycycline, an analogue of tetracycline. Otherwise stated, the presence of tetracycline or its analog in the culture medium or in the organism reversibly induces the transactivator to detach from the operator, causing the transgene to “switch off.” The Tet-on system was developed by inducing random mutations in the tetR. One mutation resulted in a protein with opposite function, which was named reverse tet-repressor (rtetR). This mutant protein, when fused to the VP16 transactivation domain (reverse transactivator, rtTA), drives transgene expression only in the presence of doxycycline (Gossen et al., 1995).
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Figure 3 | Tetracycline regulation system. In this example, the constitutively active human cytomegalovirus promoter (pCMV) drives the expression of the tetracycline transactivator (tTA) or of the tetracycline reverse transactivator (rtTA), consisting respectively of the tet-repressor (tetR) or reverse tet-repressor (rtetR) fused to the VP16 transactivation domain. Tet-off: tTA binds the tet operator (tetO) to drive transgene expression in the absence, but not in the presence of doxycycline (dox). Tet-on: rtTA binds to tetO and drives transgene expression in the presence, but not in the absence of dox.



Tetracycline-based regulatory systems hold a great potential for gene therapy applications. They ensure rapid in vivo induction or inhibition kinetics (Xiong et al., 2006) and low toxicity—tetracycline and its derivatives have been used for decades for their antimicrobial activity (Pasquale and Tan, 2005). Limitations are mainly due to high basal transgene expression, in particular when the expression is driven by a constitutive promoter. Recently, a second generation of tetracycline-regulated system containing a shortened CMV minimal promoter was found to increase regulation efficiency and display low basal expression (Agha-Mohammadi et al., 2004). Modifications in the tetO sequence (TRE-tight1) driven by an NSE were found to improve gene expression efficiency and to reduce the leaky basal transcription (Tian et al., 2009).

For CNS applications, it is necessary to obtain adequate concentrations of doxycycline in the brain, which is difficult due to the limited ability of this drug to cross the BBB (Nau et al., 2010). However, new rtTA variants containing mutations in the doxycycline contact domain enhance sensitivity to doxycycline, resulting in a reduction of the concentrations required for transgene regulation (Das et al., 2004; Zhou et al., 2006). The majority of CNS applications involving the tetracycline-regulated system used viral vectors for the construct delivery, e.g., lentiviruses (Georgievska et al., 2004; Pluta et al., 2005), adenoviruses or AAVs (Ebert et al., 2005; Lee et al., 2005; Le Guiner et al., 2014), and resulted in a tightly regulated gene expression. For example, the lentiviral vector-mediated delivery of GDNF regulated by a Tet-on system in a PD rat model resulted in a precise regulation of transgene expression and in neuroprotection of nigral DA neurons (Chen et al., 2014).

The Rapamycin Regulation System

The rapamycin regulation system is based on the interaction between two inactive transcription factors, a DNA binding domain and a DNA transcriptional activation domain. Each transcription factor is fused to heterologous binding domains for rapamycin. The DNA binding domain is fused to three copies of the FK-binding protein (FKBP), while the DNA activation domain is fused to a lipid kinase, FKBP12 rapamycin-associated protein (FRAP) (Rivera et al., 1996; Kang et al., 2008). Rapamycin allows their interaction, thus forming an active, heterodimeric transcription factor that drives the expression of the transgene (Figure 4).
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Figure 4 | Rapamycin regulation system. In this example, the constitutively active human cytomegalovirus promoter (pCMV) drives the expression of two transcription factors, one consisting of the FK-binding protein (FKBP) fused to a DNA binding domain (in green), the other consisting of an FKBP12 rapamycin-associated protein (FRAP) fused to a DNA activation domain (in red). Rapamycin enables dimerization of the transcription factors and the resulting heterodimer is able to drive expression of the transgene of interest.



This system holds many of the features required for clinical use. First, rapamycin is a clinically approved drug, used as an antifungal and antitumor molecule that can be administered orally and can cross the BBB (Dutta et al., 2014). Second, the system ensures low basal expression of the transgene in the absence of rapamycin, but can be triggering by low doses of the drug (Naidoo and Young, 2012). The limitations are mainly related to the immunosuppressive properties of rapamycin, dependent on blockade of the mTOR signaling pathways. The rapamycin analogues “rapalog” (e.g., AP21967) were engineered by adding substituents that prevent the binding to mTOR (Bayle et al., 2006).

A limited number of studies tested this system in the CNS by delivering it through lentiviral (Vogel et al., 2008), AAV (Sanftner et al., 2006), and HSV-1-based vectors (Wang et al., 2003b). A dose-dependent response to rapamycin was observed after delivering into the rat striatum a rapamycin regulated AAV2-GDNF vector, by evaluating GDNF biogenesis and accumulation under various rapamycin dosing regimens. In addition, chronic administration with clinically compatible regimens of rapamycin provided GDNF protein levels similar to those reported to be neuroprotective in PD animal models (Hadaczek et al., 2011).

Post-Transcriptional Gene Regulation

The term “post-transcriptional gene regulation” refers to approaches designed to enhance degradation or block translation of a target mRNA. The prototypical example is RNA interference (RNAi, Figure 5), a physiological and evolutionarily conserved gene silencing mechanism normally present in eukaryotic cells, which is mediated by a group of noncoding small RNAs (Mattick and Makunin, 2006). Although many types of small RNAs have been identified, the main classes seem to be short interfering RNAs (siRNAs), microRNAs (miRNAs), and piwi-interacting RNAs (piRNAs) (Gomes et al., 2013). Guided by the interaction with Argonaute proteins, these small RNAs can mediate the degradation or the inhibition of translation of a specific mRNA, making it possible to fine-tune gene expression (Hock and Meister, 2008). In 2018, the US Food and Drug Administration approved Patisiran, the first ever RNAi therapy licensed for clinical use. Patisiran is a formulation of lipid nanoparticles that can be intravenously administered to deliver siRNAs designed to suppress the production of transthyretin, which aggregates into amyloid fibrils that cause nerve damage in patients with hereditary transthyretin amyloidosis (Coelho et al., 2013; Adams et al., 2018).
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Figure 5 | RNA interference-gene silencing pathways mediated by siRNA or miRNA. Even though siRNAs precursors are commonly delivered into the target cells as exogenous double-stranded RNAs (A) while the pre-miRNA hairpin structure is exported from the nucleus after nuclear transcription and processing (B), in the cytoplasm these small RNA sequences both share common pathways of maturation and target mRNA recognition, which respectively involve DICER cleavage and association of one strand of the duplex with the RNA-induced silencing complex (RISC). Both the siRNA-RISC and the miRNA-RISC complexes may then sequence-specifically hybridize the target mRNA, leading to mRNA degradation or to translation repression.



Neurodegenerative diseases resulting from a single gene mutation that causes gain-of-function or accumulation of a mutant protein are potential candidates for RNAi. Unfortunately, RNA molecules do not cross the BBB, thus requiring the use of viral or nonviral vectors for CNS delivery. This may result in widespread changes in expression levels in unrelated genes due to nonspecific degradation of nontarget mRNAs (Jackson et al., 2003; Persengiev et al., 2004; Scacheri et al., 2004) and saturation of endogenous silencing pathways (Grimm et al., 2006).

For example, RNAi has been investigated in HD, an autosomal-dominant neurodegenerative disorder caused by a CAG trinucleotide repeat expansion in the huntingtin (HTT) gene (Kremer et al., 1994). A potential therapeutic strategy for HD is to reduce mutant HTT expression by using shRNA or miRNA molecules against HTT mRNA. Using RNAi against HTT mRNA does not imply the down-regulation of only the mutated protein, but also of the wild-type protein that plays an important role in neuronal survival (Reiner et al., 2003). To reduce off-target effects, a series of bioinformatic programs have been developed to predict the hypothetical target mRNAs for each specific miRNA. These programs take into account target complementarity, evolutionary conservation among species, and the thermodynamic stability of the heteroduplex formed by the interaction between miRNAs and mRNAs (Reynolds et al., 2004). Several studies have shown a significant reduction in HTT mRNA together with improved motor function in mouse models of HD upon brain delivery of AAV vectors encoding for shRNA designed to target HTT mRNA (Harper et al., 2005; Rodriguez-Lebron et al., 2005). However, evidence of side effects prompted new studies using artificial miRNAs for gene silencing. This approach improved the therapeutic effect in the absence of any detectable detrimental effect up to 9 months after treatment (Boudreau et al., 2009; Drouet et al., 2009), and has been employed in many subsequent preclinical studies not only on HD (Miniarikova et al., 2016; Pfister et al., 2017; Pfister et al., 2018) but also on superoxide dismutase 1-linked amyotrophic lateral sclerosis (Foust et al., 2013; Borel et al., 2018).

New promising tools acting at a post-transcriptional level are short antisense oligonucleotides (ASO, Figure 6) with RNA/DNA-based structures that can sequence-specifically hybridize RNA, turning it into a target for RNase H-mediated degradation (Wu et al., 2004). The main advantages of ASOs are a higher affinity to target compared with small RNAs, which results in decreased or null off-target toxicity, and the ability to cross the cell membrane to bind RNAs in the cytoplasm or even in the nucleus (Geary et al., 2015). ASOs have been intensively tested in human neurodegenerative disorders. For example, ASOs that selectively decrease human tau mRNA have been shown to reduce tau protein deposition and neuronal loss in a mouse model of AD (DeVos et al., 2017). Moreover, ASOs developed for targeting the mutated form of HTT (mHTT) are currently in clinical development for HD. Initial results with a non-allele specific ASO indicate absence of toxicity and reduced levels of mHTT (Tabrizi et al., 2019). Clinical trials with allele-specific ASOs for mHTT are also ongoing (Potkin and Potkin, 2018).
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Figure 6 | Gene silencing by delivery of antisense oligonucleotides (ASO). Cell-delivered ASOs can act as translation repressors with different mechanisms. If ASOs reach the nucleus (A), they can form heteroduplexes with the pre-mRNA, which can result in inhibition of 5’ cap formation, recruitment of RNAse H, and mRNA degradation. They may also even act as splicing modulators. In the cytoplasm (B), ASOs can hybridize with the target mRNA, leading to RNAse H-mediated degradation or to steric block of ribosome binging, resulting in impaired translation.



Conclusions

The rapid progress of viral and nonviral vector systems has increased the probability of success of CNS gene therapy as an alternative to existing pharmacological treatments. However, all the delivery systems developed thus far have advantages and disadvantages and, therefore, the search for an ideal one continues. A lesson learned from the research performed to date is that delivery tools do not necessarily adapt to all applications, but should be chosen according to the specific situation and need. Understanding the rules of transcriptional and post-transcriptional gene regulation will allow to improve our techniques. In addition, optogenetic and chemogenetic approaches can provide a precise temporal and spatial regulation of gene expression, and the recent introduction of genome-editing technologies allows the direct manipulation of the genome. Therefore, even if more work will be needed to overcome the remaining hurdles, gene therapy now holds a strong promise to become a safe and effective option for CNS diseases in the not too distant future.
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This study investigated the effects of free paclitaxel (PTX) and PTX-loaded in pyromellitic nanosponges (PTX-PNS) in reducing in vitro and in vivo melanoma cell growth and invasivity, and in inhibiting angiogenesis. To test the response of cells to the two PTX formulations, the cell viability was evaluated by MTT assay in seven continuous cell lines, in primary melanoma cells, both in 2D and 3D cultures, and in human umbilical vein endothelial cells (HUVECs) after exposure to different concentrations of PTX or PTX-PNS. Cell motility was assessed by a scratch assay or Boyden chamber assay, evaluating cell migration in presence or absence of diverse concentrations of PTX or PTX-PNS. The effect of PTX and PTX-PNS on angiogenesis was evaluated as endothelial tube formation assay, a test able to estimate the formation of three-dimensional vessels in vitro. To assess the anticancer effect of PTX and PTX-PNS in in vivo experiments, the two drug formulations were tested in a melanoma mouse model obtained by B16-BL6 cell implantation in C57/BL6 mice. Results obtained were as follows: 1) MTT analysis revealed that cell proliferation was more affected by PTX-PNS than by PTX in all tested cell lines, in both 2D and 3D cultures; 2) the analysis of the cell migration showed that PTX-PNS acted at very lower concentrations than PTX; 3) tube formation assay showed that PTX-PNS were more effective in inhibiting tube formation than free PTX; and 4) in vivo experiments demonstrated that tumor weights, volumes, and growth were significantly reduced by PTX-PNS treatment with respect to PTX; the angiogenesis and the cell proliferation, detected in the tumor samples with CD31 and Ki-67 antibodies, respectively, indicated that, in the PTX-PNS-treated tumors, the tube formation was inhibited, and a low amount of proliferating cells was present. Taken together, our data demonstrated that our new PTX nanoformulation can respond to some important issues related to PTX treatment, lowering the anti-tumor effective doses and increasing the effectiveness in inhibiting melanoma growth in vivo.

Keywords: paclitaxel, melanoma, angiogenesis, tumor growth, mouse model, nanosponges

Introduction

Melanomas are a heterogeneous group of aggressive and highly metastatic tumors (Radovic et al., 2012), representing the deadliest form of skin cancer. Nearly half of patients with metastatic melanomas harbor a valine–glutamine substitution in codon 600 of the serine/threonine kinase BRAF (BRAFV600 mutation) (Davies et al., 2002). BRAF inhibitors (BRAFi) target selectively the BRAF V600E/K genetic alteration and are widely used to treat melanoma patients harboring BRAFV600 mutation. Treatment with BRAFi results in high response rates. However, responses are short-lived, with a median time to progression of 5.1–8.8 months (Flaherty et al., 2010; Robert et al., 2015). The addition of a MEK inhibitor to a BRAFi extends the median duration of response from 5.6 to 9.5 months (Long et al., 2017).

Similar results have been observed in patients treated with anti–PD-1 (tumor programmed death ligand 1) monotherapy or a combination of anti–PD-1 and anti–CTLA-4 agents. A recent overall survival (OS) analysis of the phase 3 KEYNOTE-006 trial showed a 33-month OS rate of 50% in patients receiving pembrolizumab monotherapy, an anti-PD-1 monoclonal antibody (Robert et al., 2017). Despite the efficacy of BRAF-targeted and PD-1-related immune therapies in treating metastatic melanoma, a significant number of patients exhibit resistance. Although chemotherapeutic drugs, including dacarbazine, cisplatin, and paclitaxel (PTX), have been used, alone or in combination, without significant survival rate improvement (Bhatia et al., 2009), some patients with metastatic melanoma present remarkable responses to chemotherapeutic agents, even in the absence of a response to modern targeted therapies and immunotherapies (Simon et al., 2017).

PTX was originally isolated from the bark of the Pacific yew tree, Taxus brevifolia, and phase II clinical trials suggested that it had clinical activity in melanoma (Walker et al., 2005). In addition to the microtubule-stabilizer function and the induction of cytotoxicity, PTX has been found to induce immunogenic cell death, which results in augmented CD8+ T cell priming and cytotoxic activity (Song et al., 2017), regulating the immunosuppressive microenvironment in tumor (Pfannenstiel et al., 2010). However, free PTX showed non-selective distribution and poor water solubility (less than 0.3 μg/ml) (Konno et al., 2003). The common PTX formulation approved consists of Cremophor EL® and ethanol solution, but these solvents present severe side effects. To overcome these limitations, PTX has been embedded in drug nanotherapeutics, including albumin and polymeric micelle nanoparticles to treat several types of tumors (Sofias et al., 2017). These nanoformulations can reduce serious adverse effects of PTX, like allergic reactions, nephrotoxicity, and neurotoxicity, but some of them showed insufficient solubilizing capacity and poor stability (Mittal et al., 2018). For instance, Abraxane®, human serum albumin-bound PTX nanoparticle, approved by FDA in 2005, reduced off-targeted side effects and improved antitumor efficacy, but after i.v. administration, Abraxane® rapidly dissociates into the individual constituents. Moreover, the pharmacokinetics and the biodistribution of PTX are not improved (Chen et al., 2018). Thus, identification of non-toxic formulations capable to deliver PTX to the target site and release it in a sustained manner is needed to avoid the nonspecific biodistribution and to prevent the toxicity due to excessive dose of the drug. The novel pyromellitic nanosponges (PNS) showed the capability to act as PTX nanocarrier able to store and release it slowly and in a prolonged manner.

In this paper, we compare the effectiveness of free PTX and PTX-loaded PNS (PTX-PNS) in inhibiting in vitro and in vivo melanoma cell growth and invasiveness and in inhibiting angiogenesis.

Materials and Methods

Preparation of PTX-Loaded Pyromellitic Nanosponges

PNS were synthetized by reacting β-cyclodextrin with pyromellitic anhydride as crosslinking agent at 1:4 molar ratio (CD/cross-linker). To transform the coarse PNS powder into a nanoformulation suitable for intravenous administration, a top down method was tuned. PNS were suspended in saline solution (NaCl 0.9% w/v) at the concentration of 10 mg/ml and homogenized using a high-shear homogenizer Ultra-Turrax (10 min, 24,000 rpm). Then, a high-pressure homogenization (HPH) step was performed to reduce the PNS size, using a high-pressure homogenizer (EmulsiFlex C5, Avastin, 90 min, 500 bar). The PNS nanosuspension was then purified by dialysis (membrane cutoff 12,000 Da). PTX-PNS were obtained by adding PTX solubilized in 50 µl of isopropanol to the blank PNS nanosuspension. The mixture was stirred at room temperature for 24 h.

Physico-Chemical Characterization of PTX-Loaded Pyromellitic Nanosponges

Size, polydispersity index, and zeta potential values of blank and PTX-PNS were measured by dynamic light scattering using a 90 Plus particle sizer (Brookhaven Instruments Corporation, USA). The measurements were performed using diluted PNS samples at a fixed angle of 90° and at a temperature of 25 °C. For zeta potential determination, the samples were placed in the electrophoretic cell, where an electric field of about 15 V/cm was applied.

The PNS morphology was evaluated by transmission electron microscopy (TEM) analysis, using a Philips CM 10 transmission electron microscope. PNS samples were sprayed on Formvar-coated copper grid and air-dried before observation.

Paclitaxel High Performance Liquid Chromatography (HPLC) Quantitative Determination

PTX quantitative determination was carried out by HPLC analysis using a pump (Perkin Elmer Pump 250B, Waltham, MA) equipped with a spectrophotometer detector (Flexar UV/Vis LC spectrophotometer detector, Perkin Elmer, Waltham, MA). A reverse phase Agilent TC C18 column (150 cm × 4.6 mm, pore size 5 μm; Agilent Technologies, Santa Clara, CA, USA) was used. The column was eluted with acetonitrile/water (60:40) at a flow rate of 1 ml/min. PTX was detected at 227 nm with a UV/vis detector. The drug concentration was calculated using the external standard method from a standard calibration curve.

In vitro Release Studies

The release kinetics of PTX from PTX-PNS was in vitro evaluated. In vitro drug release studies were conducted in a multi-compartment rotating cell, comprising a donor chamber separated from the receiving phase by a cellulose membrane (Spectrapore, cut-off = 12,000 Da); 1 ml of PTX-PNS was placed in the donor chamber. The receiving chamber contained 1 ml of phosphate buffer 0.05 M (pH 7.4 or pH 5.5) added with 10% ethanol to assure drug solubility. The receiving phase was withdrawn at regular intervals and completely replaced with the same amount of fresh buffer to maintain sink conditions. The concentration of PTX in the withdrawn samples was detected by HPLC.

Cell Cultures and Treatments

The following human melanoma cell lines were used: A375 from the American Type Culture Collection (ATCC; Manassas VA), M14, JR8, RPMI7932, PCF-2, and LM from Dr. Pistoia (Gaslini Institute, Genoa, Italy). The mouse melanoma B16-BL6 cell line was obtained from RIKEN, Saitama, Japan (RIKEN is Japan’s largest comprehensive research institution renowned for high-quality research in a diverse range of scientific disciplines). These cells were cultured in RPMI1640 medium, except A375 that were cultured in DMEM. Both media were supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 μg/ml streptomycin in a 5% CO2, 37 °C incubator. Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical veins by trypsin treatment (1%) and cultured in M199 medium with the addition of 20% FCS, 100 U/ml penicillin, 100 μg/ml streptomycin, 5 UI/ml heparin, 12 μg/ml bovine brain extract, and 200 mM glutamine. HUVEC were grown to confluence in flasks and used at the 2nd–5th passages. Use of HUVEC was approved by the Ethics Committee of the “Presidio Ospedaliero Martini” of Turin and conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from patients.

PTX was purchased from Bristol-Myers Squibb (Chester, UK).

Isolation and Characterization of Primary Melanoma Cells

The primary melanoma cell line (PMel) was isolated from a 77-year-old Caucasian male patient with a superficial spreading melanoma in vertical growth phase, showing infiltration of the papillary dermis and cutaneous ulceration without metastasis. The study was approved by the Committee for human Biospecimen Utilization (ChBU—Department of Medical Sciences, University of Turin). Written informed consent was obtained from the patient for tissue to be used in research.

The tissue sample, used for the primary cell culture establishment, was collected from the “left-over tissue” (residual tissue not used for diagnostic and therapeutic purposes) at the Department of Medical Sciences, Pathology Unit, University of Torino (Italy), in sterile tubes containing 10 ml of RPMI serum free medium, supplemented with 1% penicillin-streptomycin-fungizone. Primary cell culture isolation was performed as described by Annaratone et al. (2013) with minor modifications. Briefly, the tissue sample was washed three times with the same medium, then finely minced by surgical blades into approximately 1×1 mm fragments which were incubated at 37 °C with collagenase type IV (1 mg/ml; 1∶1 RPMI, final volume 10 ml), for 3–5 h until complete disaggregation of fragments was obtained. Digested tissue samples were shaken vigorously by hand to disaggregate possible residual large clumps. Collagenase activity was blocked by addition of 10 ml of RPMI with 10% FBS. After centrifugation at 800 rcf for 6 min, the cell pellets were re-suspended in complete culture medium. The final cell suspension was seeded in petri dishes as passage 0 and kept in a humidified incubator with 5% CO2 at 37 °C in DMEM-F12 medium supplemented with 10% FBS, 10 ng/ml human epidermal growth factor (EGF), 5 mg/ml insulin, 400 ng/ml hydrocortisone, 1% L-glutamine, and 1% penicillin-streptomycin-fungizone (Sigma-Aldrich). Culture medium was changed first at the time of cell attachment and, subsequently, three times a week. After three passages, the cells were characterized for two specific melanoma markers, S100 and HMB45 by immunocytochemistry (ICC). ICC was performed by using an automated slide processing platform (Ventana BenchMark XT Autostainer, Ventana Medical Systems, Tucson, AZ, USA). The anti-S00 and the anti-HMB45 antibodies were purchased from DAKO and used following the manufacturer’s instructions (Milan, Italy). Both markers were positive (data not show), confirming the isolation of melanoma-type cells. PMel cells were maintained in standard 2D cell cultures, in DMEM-F12 medium supplemented as described above.

Spheroid Formation of Primary Melanoma (PMeI) Cells

PMel cells, cultured in standard 2D condition, were dissociated with trypsin-EDTA into single-cell suspensions. The cells were then seeded on ultra-low attachment (ULA) 96-well flat-bottom plates (Sigma). Optimal seeding densities were established such that melanoma spheroids for both primary cell lines testes fell within a size range of 200 to 500 µm in diameter on day 8, considering appropriate for initiating experimental studies. Representative images of PMel tumor spheroids obtained on day 8, starting from 1×104 cells/well, are showed in the Supplementary data, Fig. S1

MTT Assay

The toxic effect of PTX or PTX-PNS was determined through the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as previously described (Ciamporcero et al., 2018). This colorimetric assay may be interpreted as a measure of both cell viability and cell proliferation (Sylvester, 2011). Cells were seeded (0.8 – 1.5 × 103 cells/well) in 100 μl of serum-supplemented medium and treated with different concentrations of PTX and PTX-PNS. Untreated cells or cells treated with the empty PNS were used as control. After 72 h, the drug was removed and MTT assay was performed. The optical density (OD) of treated and untreated cells was determined at a wavelength of 570 nm with a microplate reader after 4 h of incubation. Controls were normalized to 100%, and the readings from treated cells were expressed as % of viability inhibition. Eight replicates were used to determine each data point, and five different experiments were performed.

WST-1 Assay

The cytotoxic effect of PTX or PTX-PNS on PMel spheroids was determined by using the 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) reagent (Roche, Italy). Cells were seeded (0.8 – 1.5 ×103 cells/well) in 100 μl of serum-supplemented medium and treated with different concentrations of PTX, PTX-PNS, or PNS. After 72 h, the drug was removed and the WST-1 assay was performed. The OD of treated and untreated cells was determined at a wavelength of 450 nm with a microplate reader after 4 h of incubation. Controls were normalized to 100%, and the readings from treated cells were expressed as % of viability inhibition. Eight replicates were used to determine each data point, and five different experiments were performed.

Crystal Violet Assay

For the quantitative determination of cells adhering to the plate after the 6 h treatment with different concentrations of PTX, PTX-PNS, or PNS, the violet crystal test was used. The violet crystal is a water-soluble dye with affinity for neutral pH DNA, soluble at acidic pH. The cells were washed after treatment, fixed, and stained with crystal violet-methanol. After careful washing, acetic acid was added and the reading was made with a spectrophotometer at 595 nm. The controls were normalized to 100%, and the readings from treated cells were expressed as % of viability inhibition. Four replicates were used to determine each data point, and five different experiments were performed.

Cell Motility Assays

In the wound-healing assay, after starvation for 24  h in serum-free medium, HUVECs were plated onto six-well plates (106 cell/well) and grown to confluence. Cell monolayers were wounded by scratching with a pipette tip along the diameter of the well, and they were washed twice with serum-free medium before their incubation with diverse concentrations of PTX, PTX-PNS, or PNS. Drug concentrations that were not cytotoxic were used for this assay. In order to monitor cell movement into the wounded area, five fields of each wound were photographed immediately after the scratch (T0) and after 24 h (Dianzani et al., 2014). The endpoint of the assay was measured by calculating the reduction in the width of the wound after 24 h and compared to T0, which is set at 100%. The area of wound healing was calculated by using the ImageJ software (Schneider et al., 2012).

In the Boyden chamber (BD Biosciences, San Jose, CA) invasion assay, cells (2 × 103) were plated onto the apical side of 50 μg/ml Matrigel-coated filters (8.2-mm diameter and 0.5-μm pore size; Neuro Probe, Inc.; BIOMAP snc, Milan, Italy) in serum-free medium with or without increasing concentration of PTX, PTX-PNS, or PNS. Nontoxic drug concentrations were used for this assay. Medium containing VEGF-α (10 ng/ml) was placed in the basolateral chamber as a chemo attractant for HUVEC and FCS 20% for melanoma cancer cells (A2058 and B16-BL6). After 6 h, cells on the apical side were wiped off with Q-tips. Cells on the bottom of the filter were stained with crystal violet, and all the fields were counted with an inverted microscope.

Tube Forming Assay

Nontoxic drug concentrations were used for the tube formation assay. HUVECs were seeded onto 48-well plates (5×104/well) previously coated with 75 μl of growth factor-reduced Matrigel, with or without increasing concentration of PTX, PTX-PNS, or PNS. The morphology of the capillary-like structures formed by the HUVECs was analyzed by an inverted microscope after 6 h of culture, and photographed with a digital camera. Tubule formation was analyzed with an imaging system (Image-Pro Plus Software for microimaging, Media Cybernetics, version 5.0, Bethesda, MD, USA). Tube formation was evaluated by counting the total number of tubes in three wells, and five different experiments were performed. The results were expressed as % inhibition of untreated control cell.

In vivo Experiments

Eight-week-old female C57BL6/J mice (Charles River Laboratories, Wilmington, MA, USA) were injected subcutaneously (s.c.) with B16-BL6 cells (105 cells/mouse). The mice were bred under pathogen-free conditions in the animal facility of the Department of Health Sciences (UPO, Novara, Italy). All experimental procedures were done according to Europeans Guidelines and our Institution’s ethics commission. After 7 days from the injections, when average tumor dimension reached 5 mm3, mice were randomized in a blind fashion into homogenous groups (5 mice per group) and assigned to different treatments. Free PTX or PTX-PNS dissolved in NaCl 0.9% were administrated by tail injection (100 μl/mouse) at the dose of 2.5 mg/kg, every 4 days, for four times. Control mice were injected with empty PNS dissolved in PBS. Treatment-related toxicity was determined by monitoring mouse weight weekly. The tumor size was measured with a caliper, and mice were sacrificed 4 days after the last injection. Euthanasia, collection of tumor samples, tumor weight, and volume determination were performed after 2 weeks from the beginning of treatments.

Histology and Immunofluorescence Anti-CD31 and Anti-Ki-67 on Tumor Sections

Immediately after dissection, tumor samples were embedded in OCT compound (Killik, Bio Optica Milano SpA) and stored at −80 °C until use. Tumor tissues were cut with a cryostat (thickness 4–5 µm) and treated with 4% paraformaldehyde (Sigma-Aldrich) diluted in PBS for 5 min at room temperature to fix the sample on the glass slides. The samples were then blocked with 5% normal goat serum (R&D System) in PBS for 1 h in order to block nonspecific sites to which the primary antibody could bind. To detect CD31 and Ki-67 expression, the primary antibodies used were a polyclonal rabbit anti-CD31 (Abcam, Cambridge, UK) or a monoclonal mouse anti-human Ki-67 antigen (DAKO); both diluted 1:50 and were incubated over night at 4°C in a humid chamber. The secondary antibody used was an anti-rabbit Ig Alexa Fluor 488-conjugated (Thermo-Fisher), or an anti-mouse Ig Alexa Fluor 546-conjugated (Thermo-Fisher); both diluted 1:400, respectively. Then, the sections were stained with 0.5 mg/ml of the fluorescent dye 4,6-diamidino-2-phenylindole-dihydrochloride (DAPI, Sigma-Aldrich) for 5 min to highlight cell nuclei and then mounted using prolong anti-fade mounting medium (SlowFade AntiFADE Kit, Molecular Probes Invitrogen). The sections were then observed by a fluorescence microscope (Leica, Italy) and analyzed by Image Pro Plus Software for micro-imaging 5.0 (Media Cybernetics, version 5.0, Bethesda, MD, USA). Tumor microvessel density (MVD) was measured by evaluating the CD31-positive area; the numbers of positive cells for Ki-67 was calculated in the total tumor area per field upon slide scanning (Panoramic midi II, 3D HISTECH, Budapest, Hungary). Hematoxylin and eosin (Sigma Aldrich, Milan, Italy) staining was performed to assess morphological changes.

Statistical Analysis

Data were expressed as means ± SD. Significance between experimental groups was determined by one-way ANOVA followed by the Bonferroni multiple comparison post-test using GraphPad InStat software (San Diego, CA, USA). Values of p ≤ 0.05 were considered significant.

Results

Physico-Chemical Characterization of PTX-PNS

The physico-chemical parameters of PNS before and after loading with PTX are reported in Table 1. The PNS nanoformulations showed average diameters of about 300 nm and a negative surface charge. The drug incorporation slightly affected the physico-chemical characteristics. The zeta potential value remained enough high to avoid aggregation phenomena.





	
Table 1 | Physico-chemical characteristics of blank and PTX-loaded PNS formulations.





	
Formulation


	
Average diameter

± SD (nm)


	
Polydispersity

index


	
Zeta potential

± SD (mV)





	
Blank PNS


	
307.2 ± 10.6


	
0.22 ± 0.01


	
−33.6 ± 4.5





	
PTX-PNS


	
316.8 ± 12.1


	
0.20 ± 0.02


	
−28.4 ± 3.7









TEM analysis showed the spherical morphology of PNS and confirmed their nanoscale sizes, due to the high pressure homogenization step. Figure 1 (panel A) reports the TEM image of PTX-loaded PNS.
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Figure 1 | Characterization of PNS formulations. (A) TEM image of PTX-loaded PNS; (B) In vitro release kinetics of PTX from PTX- loaded PNS as a function of pH (pH 7.4 or pH 5.5).



PNS were able to load PTX in a good extent, showing an encapsulation efficiency of about 96.5% and a loading capacity of about 8%.

The release profile of PTX from PTX-PNS was investigated in vitro at two pH values (Figure 1, panel B). Prolonged in vitro release kinetics was demonstrated, and no initial burst effect was observed. The sustained release of PTX from the PTX-PNS confirmed the drug incorporation in the PNS polymer matrix. The percentage of PTX released from the PNS was about 4% at pH 7.4 and 10% at pH 5.5 after 24 h, indicating an enhanced release kinetics at acidic pH.

Effect of PTX and PTX-PNS on Cell Proliferation

To compare the response of cells to free PTX and PTX-PNS, we first analyzed cell viability after 72 h of exposure to different concentrations of PTX (from 10-7 to 10-9 M) and PTX-PNS or PNS (from 10-10 to 10-13 M). MTT analysis revealed that cells were more affected by PTX-PNS than by free PTX. The effective concentrations ranged from 10-7 to 10-8 M for the free PTX in all cell lines; from 3×10-9 to 10-13 M PTX-PNS in A2058, JR8, PCF2; from 3×10-9 to 3×10-12 M PTX-PNS in M14; and from 3×10-9 to 10-12 M PTX-PNS in A375, RPMI7932, and B16-BL6 (Figure 2). The empty PNS did not show any toxicity even at highest doses, and the MTT values were similar to those obtained in untreated cells.
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Figure 2 | Inhibition of melanoma cell proliferation following PTX and PTX-PNS treatment. Cells were treated with increasing concentrations of PTX (from 10-7 to 10-9 M) or PTX-PNS (from 10-10 to 10-13 M) for 72 h. The results are expressed as % inhibition of control and are the mean ± SD of five separated experiments. **p < 0.01 vs control and PNS, *p < 0.05 vs control and PNS, §§p < 0.01 vs PTX, §p < 0.05 vs PTX.



Effect PTX and PTX-PNS in Inhibiting Growth of 2D and 3D Cultures of Primary Melanoma Cells

In primary melanoma PMel cells, PTX and PTX-PNS showed an inhibitory activity of growth at different doses. PTX was effective at doses ranging from 10-5 to 10-9 M, whereas PTX-PNS was effective at doses ranging from 10-9 to 10-13 M. The empty PNS did not show any toxicity (Figure 3A). In 3D spheroids, PTX inhibited the growth at concentrations ranging from 10-5 to 10-9M, whereas PTX-PNS inhibited growth at concentrations ranging from 10-9 to 10-13 M (Figure 3B).
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Figure 3 | Inhibition of primary melanoma cell growth following PTX and PTX-PNS treatment. Primary melanoma cells (A) in 2D or (B) in 3D cultures were treated with increasing concentrations of PTX (from 10-5 to 10-9 M) or PTX-PNS (from 10-9 to 10-13 M) or PNS (10-9 M) for 72 h. The results are expressed as % inhibition of control and are the mean ± SD of five separated experiments. **p < 0.01 vs control and PNS, §§p < 0.01 vs PTX.



Effect of PTX and PTX-PNS in Inhibiting Cell Migration

Tumor growth is favored by tumor angiogenesis, which is continuously activated in cancer resulting in the accumulation of immature and chaotic blood vessels. The acquisition of endothelial cell motility represents the first step of angiogenesis. In order to find the PTX and PTX-PNS nontoxic concentrations in HUVECs, which can be used in the migration test, MTT analysis was performed after 24 h. HUVECs were cultured in the presence and absence of titrated amounts of the different formulations. Results demonstrated that PTX concentration ranging from 10-8 to 10-10 M and PTX-PNS concentrations ranging from 10-12 to 10-14 M were nontoxic for HUVEC cells at 24 h (Supplementary Data, Figure S2). Thus, PTX concentrations in the range of 10-8–10-10 M and PTX-PNS concentrations from 10-12 to 10-14 M were chosen for the wound-healing migration test. Analysis of cells ability to migrate into the scratch showed that only PTX-PNS inhibited HUVEC migration at 10-12 M (Figure 4A and B), while PTX was unaffective.
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Figure 4 | Wound-healing assay of HUVEC treated with different concentrations of PTX and PTX-PNS. A scratch was made through the HUVEC layer, and then, cells were cultured in the absence (C) or in presence of PTX (from 10-8 to 10-10 M) or PTX-PNS (from 10-12 to 10-14 M) or PNS (10-12 M) for 24 h. (A) Microphotographs of the wounded area were taken immediately after the scratch (0 h) and after 24 h, in order to monitor cell migration into the wounded area. (B) The graph shows mean ± SD (n = 5) of assay endpoints measured by calculating the reduction in the width of the wound after 24 h and compared to T0 which is set at 100%. The area of wound healing was calculated by using the ImageJ software. ∗∗p < 0.01 vs C, §p < 0.05 vs PTX.



To confirm these results, cell motility was measured by using a Boyden chamber assay, assessing the capability of directional migration and invasion. In order to find the PTX and PTX-PNS concentrations that were not cytotoxic in HUVECs and melanoma cells, crystal violet assay was performed after 6-h treatments with titrated amounts of the diverse formulations. Results demonstrated that cell viability was not affected by any concentration of the drug formulations tested (Supplementary data, Table S1). The invasion experiments demonstrated that PTX and PTX-PNS inhibited HUVEC invasion in a concentration dependent-manner; PTX was active at 10-8–10-9 M, whereas PTX-PNS affected cell invasion at concentrations ranging from 10-12 to 10-13 M (Figure 5A). Similar results were obtained for human and mouse melanoma cell lines (Figure 5B and C). Representative images of crystal violet staining Matrigel-coated filters of the Boyden chambers were reported in Supplementary Data, Figure S3.
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Figure 5 | Effect of PTX and PTX-PNS on motility of HUVEC (A), A2058 (B), and B16-BL6 (C) assessed by Boyden chamber assay. HUVECs were plated onto the apical side of Matrigel-coated filters in the presence and absence of either PTX (from 10-8 to 10-10 M) or PTX-PNS (from 10-12 to 10-14 M). Medium containing VEGF-α (10 ng/ml) or FCS 20% was placed in the basolateral chamber as a chemoattractant for HUVECs or melanoma cell line, respectively. After 6 h, cells on the apical side were wiped off with Q-tips. Cells on the bottom of the filter were stained with crystal violet, and all counted with an inverted microscope. Data are expressed as mean ± SD (n = 5) of number of migrated cells. ∗∗p < 0.01, vs VEGF-α or FCS, §§p < 0.01, vs PTX.



PTX and PTX-PNS inhibit angiogenesis

The effect of PTX and PTX-PNS on angiogenesis was evaluated in endothelial tube formation assay, which is able to estimate the formation of three-dimensional vessels in vitro. HUVECs were seeded onto 24-well plates (5×104 cell/well) previously coated with 75 μl of growth factor-reduced Matrigel (BD Biosciences), in the absence or presence of nontoxic concentrations of PTX (10-7–10-10M) or PTX-PNS (10-10–10-14M) (Supplementary Data, Table S1). The morphology of capillary-like structures formed by HUVEC was analyzed 6 h after culturing. The results showed that PTX and PTX-PNS dose-dependently inhibited endothelial tube formation (Figure 6A). Quantification of the inhibition is shown in Figure 6B. PTX inhibited tube formation at the doses ranging from 10-7 to 10-9 M, whereas PTX-PNS were more effective inhibiting tube formation at the doses ranging from 10-10 to 10-13 M.
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Figure 6 | Tube formation assay of HUVEC treated with different concentrations of PTX or PTX-PNS. HUVEC were plated in the presence and absence of PTX (from 10-7 to 10-10 M) or PTX-PNS (from 10-10 to 10-14 M). (A) The morphology of the capillary-like structures formed by the HUVEC was analyzed by an inverted microscope after 6 h of culture, and photographed with a digital camera. (B) The graph shows the tube formation, evaluated by counting the total number of tubes in three wells of five different experiments. The results were expressed as % inhibition of untreated control cells. Data are expressed as mean ± SD. ∗∗p < 0.01, vs.VEGF-α or FCS, ∗p < 0.05, vs VEGF-α or FCS, §§p < 0.01, vs. PTX, §p < 0.05, vs PTX.



PTX and PTX-PNS Anticancer Effect in Xenograft Tumor Model

To assess the anticancer effect of PTX and PTX-PNS in in vivo experiments, we implanted B16-BL6 cells, in C57/BL6 mice, and we treated animals with the two drug formulations. Results showed that tumor weights (Figure 7A), volumes (Figure 7B), and growth (Figure 7C) were significantly reduced by PTX-PNS treatment compared to those detected in the mice treated with either PBS, empty PNS, or free PTX at the dose of 2.5 mg/kg. By contrast, PTX did not show any significant effect. Analysis of tumor vasculature was assessed by staining CD31 in the tumor sections and showed that vascular density (MVD) was significantly lower in the tumors from mice treated with PTX-PNS than in those treated with either PBS, empty PNS, or free PTX (Figure 8A and B). The number of positive cells for Ki-67 (Figure 8C and D) confirmed previous results. All treatments were well tolerated by the animals without significant weight loss in any group.
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Figure 7 | In vivo experiments on mouse melanoma model. C57BL6/J mice were injected subcutaneously with B16-BL6 cells (105 cells/mouse). 7 days after the tumor injection, mice were treated every 4 days for 2 weeks by i.v. injection of PTX, PTX-PNS, and PNS (2.5 mg/kg, 100 μl/mouse) or the same volume of NaCl 0.9% as control (five mice/group). Mice were sacrificed at the end of the experiment. Graphs show (A) tumor weight (mg, mean ± SD), (B) tumor volume curves (cm3, mean ± SD), and (C) tumor growth (cm3, mean ± SD). Tumors were evaluated every 4 days, after the first treatment performed at T1 (i.e., when they were palpable). Data are expressed as mean ± SD. ∗p < 0.05, vs VEGF-α or FCS, §§p < 0.01, vs. PTX, §p < 0.05, vs PTX.
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Figure 8 | (A) Microphotographs of CD31 staining from a representative experiment (green; magnification 200x). (B) Tumor microvessel density (MVD) determined as the percentage of CD31-positive area on the tumor sections. Three randomly selected areas from three tumors from each group were analyzed.  (C) Microphotographs of Ki-67 staining from a representative experiment (red; magnification 200x). (D) % of Ki-67-positive cells among tumor cells. Three randomly selected areas from three tumors from each group were analyzed. *p < 0.05 vs C and PNS, §p < 0.05 vs PTX.



Discussion

The use of nanodelivery systems offers some advantages that can improve the therapeutic efficacy of anticancer drugs. Indeed, nanoformulations could increase drug concentration at the tumor site, decreasing the total dose administered, and subsequently reducing the side effects (Duchene et al., 2016, Prasad et al., 2018). In particular, cyclodextrin-based nanosponges (NS) have been proposed for cancer nanotherapeutic development (Trotta et al., 2012, Trotta et al., 2014; Swaminathan et al., 2016). The use of NS as nanocarrier for PTX delivery was previously investigated. PTX was encapsulated in NS obtained by reacting CDs with diphenylcarbonate as cross-linker (Ansari et al., 2011).

The in vivo behavior of PTX-NS was studied after oral administration to rats, showing an increase of the drug oral bioavailability (Torne et al., 2010). Moreover, PTX showed the capability to be incorporated in a great extent in another type of NS, obtained using carbonyldiimidazole as crosslinking agent (Mognetti et al., 2012). Here, we evaluated the use of PNS as nanovehicle of PTX. Previously, PNS showed non-toxic effect in vitro and in vivo in acute and repeated dose toxicity studies (Shende et al., 2015). PNS were able to incorporate PTX, increasing its apparent aqueous solubility. Indeed, it has an extremely low aqueous solubility (less than 0.3 µg/) and it is currently dissolved in a mixture of Cremophor EL® (polyoxyethyleneglycerol triricinoleate 35) and dehydrated ethanol (1:1 v/v) in the commercial intravenous dosage form. The PTX incorporation in the PNS nanostructure was confirmed by the slow and prolonged in vitro release kinetics of the drug from PTX-NS. Interestingly, results demonstrated that PTX-PNS inhibited melanoma cell growth more effectively than free PTX. The inhibitory activity on cell proliferation was effective on all of the melanoma cell lines used in this study, including a PMel. Moreover, the cytotoxicity of PTX-PNS was displayed at concentrations which were a thousand times lower than those displayed by free PTX. PTX-PNS significantly inhibited the proliferation of primary tumor cells in both 2D and 3D melanoma cell cultures with the same effectiveness. Results on melanoma spheroid 3D cultures were particularly relevant since 3D-cultured cells acquired morphological and cellular features which are more similar to solid tumors than 2D cultures. In particular, Ma et al. (2012) compared nanoparticle penetration properties of different culture systems and reported that 3D spheroids of HeLa cells displayed similar morphologic features of human solid tumors, including a resistance to chemotherapeutics that could not be observed in 2D cultures. In line with this observation, it has been suggested that 3D spheroids may be a useful simplified model of tumor tissue for in vitro testing of anticancer therapeutics (Edmondson et al., 2014; Huang et al., 2015).

The effectiveness of PTX-PNS in 3D cultures demonstrated that this nanoformulation is effective on a tumor-like environment mimicking several features of tumors involved in chemotherapy resistance such as three-dimensional architecture, cell–cell interaction, and hypoxia.

Cancer metastasis is associated with stimulation of cancer cell migration and invasion of the neighboring tissues. In line with previous results, PTX-PNS inhibited cell melanoma invasion at concentrations which were much lower than those displayed by free PTX.

Cancer progression is also associated with stimulation of tumor neoangiogenesis producing newly formed vessels to feed the tumor. This process involves endothelial cell migration and generation of tubule-like structures to form vessels. PTX can reduce endothelial cell migration at concentrations ranging from 10-7 to 10-9 M, according to previous reports showing taxane effects on cell migration (Ballestrem et al., 2000). However, also in this case, PTX-PNS was much more effective in inhibiting HUVEC migration and invasion than free PTX. A similar pattern in in vitro tubulogenesis of endothelial cells was observed, since the inhibitory effect of PTX was obtained at nanomolar concentrations, in line with previous data from Taraboletti et al. (2002). Intriguingly, PTX-PNS were able to inhibit tubulogenesis at lower concentrations, than free PTX.

Finally, we demonstrated that PTX-PNS was more effective than PTX in inhibiting the in vivo growth of melanoma cells in a mouse model also. Indeed, both the weight, the volume, and the growth of melanoma were significantly reduced in mice treated with PTX-PNS whereas no significant inhibition was obtained with the same dose of free PTX. The results on angiogenesis and proliferation rate of tumor cells in vivo are in agreement with the in vitro experiments since the microvessel density in the tumor and the percentage of Ki-67 positive cells was significantly decreased by treatment with PTX-PNS, whereas no significant effect was obtained upon treatment with free PTX.

Taken together, our data demonstrated that our new PTX nanoformulation can respond to some important issues related to PTX treatment, such as solubility and toxicity. The PTX incorporation in nanosponges might allow to lower the anti-tumor doses and increase its effectiveness in inhibiting melanoma cell model.
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FIGURE S1 | Spheroids obtained from primary melanoma cell line PMel.

FIGURE S2 | Effect of PTX and PTX-PNS treatments on HUVEC cell viability assessed by MTT assay at 24h.

FIGURE S3 | HUVECs, A2058 and B16-BL6 cells photographed after the invasion test.

TABLE S1 | Effect of PTX and PTX-PNS treatments on HUVEC, A2058, and B16-BL6 on cell viability assessed by crystal violet staining at 6h.
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Rare disease
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Kinetic parameters Control Rolipram (10 uM)

hssion (%) 100£35 102213
Alurgines (%) 100 £ 6.0 12229°
« 5204032 635083
p 030003 0.26+0.08"

wsl%): Normalized baseline fluorescence intensity of Ca?* transient as 100% in
CONtrol; Alumpess (%); Normalized fluorescence intensity amplitude of Ca?* transient as
100% i control; a: rate constants of fast component mediated by SERCA2a activityin
decaying phase of Ca®* transient; f: rate constants of siow component mediated by
NCX and PMCA activities in decaying phase of Ca®* transient. Data are expressed as
Mean + SEM, Paired t-test was used, °p < 0.05 compared with their respective
conirols. n = 6.
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Kinetic parameters Control Rolipram

Stroke work (mmHg p) 5970+ 1682 9,664 +214.4"
Cardiac output (u/min) 20,260 + 538.6 32,442 £ 8192
Stroke volume (u) 6807 810"
end-systolic volume (yl) 79213 46227
end-diastolic volume (yl) 147£17 13337
end-systolic pressure (mmHg) 8820 11025
end-diastolic pressure (mmHg) 28:0.1 25+03
Heart rate (op) 20869 370+58"
Ejection fraction (%) 4604 66+ 1.1
) 4306+3278 9,005 + 756.7*
Siope of ESPVR (Ees) 1.246 £ 0030 1.699 £ 0031
Siope of EDPVR 0108 £0.010 0,080 = 0.008*

+0lp/dltp, Peak rate of rise of left pressure; Slope of ESPVR, the slopes of end-systolic
pressure-volume relationship or left ventricular end-systolic elastance (Ees); Siope of
EDPVR, the siopes of end-diastolic pressure-volume relationship; mean + SEM, n = 6.
“p < 0.05 vs respective control. All parameters for rolipram were under condition of
inraperitoneal injection except Ees and slope of EDPVR for rolipram by intravenous
injection.
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Kinetic parameters Control Rolipram

Systolic blood pressure (mmHg) 90224 116218
Diastolic blood pressure (mmHg) 48214 61233
Pulse pressure (mmHg) 42226 5528
Ea (mmHg/p) 1292 £ 0027 1.264 £ 0,036
Ea/Ees 1.041 £ 0087 0.746 £ 0.082"

Ea, arterial elastance; Ea/Ees: Ventricular-arterial coupling; mean + SEM, n = 6.
*0 < 0.05 vs respective control.
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Nonpacing

Pacing (4 Hz)

LVDP (mmHg) HR (bpm) +dp/dty, (MmHg/s)  LVDP (mmHg) HR (bpm) +dp/ it (MMH/s)
Control 3923 177 £386 991+21.0 38:24 240 1,230 +24.7
Rolpram (0.1 M) 42521 18924.1° 1,027 £ 358 44226 240 1,308 £ 34.4°
Rolpram (1 uM) 42:23 192.£38" 1,061+349" 48124 240 1,465 1 26.4"
Rolipram (10 M) 47229 200 4.1 1132 £ 3584 52222 240 1655 £ 2854

LVDP: left ventriculer developed pressure; HR: heart rate; +P/dtys peak rate of rise of left ventricular pressure. Rolipram was dissolved in DMSO before reaching the desired.
concentrations and control perfusion solution also contained the same concentration of DMSO s that in rolipram groups. Deta are expressed as Mean = SEM,
SenlioE -« D0k el 1M oot At < 006 ve. TN Groticn is s pasod el Deovs modes respaatvsic

6.0 <005vs
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