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Chronic inflammation is a common underlying factor in osteoarthritis (OA) and most age-related degenerative diseases. As conventional therapies help only in partial alleviation of symptoms in OA, stem cell-based therapies and herbal supplements are being widely explored. Thymoquinone (TQ), an active ingredient of Nigella sativa is reported to have immunomodulatory, anti-inflammatory and antioxidant properties. We evaluated the effects of TQ on bone marrow MSCs (BM-MSCs) derived from OA patients and its interrelated pathways in inflammation and age-related degenerative diseases using Ingenuity Pathway Analysis (IPA) as well as possible molecular targets using SwissTargetPrediction. BM-MSCs were derived from OA patients and their stemness properties were characterized by studying the MSCs related CD surface marker expression and differentiation into adipocytes, osteoblasts, and chondrocytes. Treatment with TQ (100 nM–5 μM) demonstrated cell death, especially at higher concentrations. MTT assay demonstrated a significant concentration-dependent decrease in cell viability which ranged from 20.04% to 69.76% with higher doses (300 nM, 1 μM, and 5 μM), especially at 48h and 72h. Additional cell viability testing with CellTiter-Blue also demonstrated a significant concentration-dependent decrease in cell viability which ranged from 27.80 to 73.67% with higher doses (300 nM, 1 μM, 3 μM, and 5 μM). Gene expression analysis following treatment of BM-MSCs with TQ (1 and 3 μM) for 48h showed upregulation of the anti-inflammatory genes IL-4 and IL-10. In contrast, the pro-inflammatory genes namely IFN-γ, TNF-α, COX-2, IL-6, IL-8, IL-16, and IL-12A although were upregulated, compared to the lower concentration of TQ (1 μM) they were all decreased at 3 μM. The pro-apoptotic BAX gene was downregulated while the SURVIVIN gene was upregulated. IPA of the molecular interaction of TQ in inflammation and age-related degenerative diseases identified canonical pathways directly related to synaptogenesis, neuroinflammation, TGF-β, and interleukin signaling. Further screening led to the identification of 36 molecules that are involved in apoptosis, cell cycle regulation, cytokines, chemokines, and growth factors. SwissTargetPrediction of TQ identified potential molecular targets with high probability. TQ exerted anti-inflammatory effects and therefore can be a useful adjuvant along with conventional therapies against inflammation in OA and other age-related degenerative diseases.

Keywords: stem cells, osteoarthritis, thymoquinone, inflammation, aging, ingenuity pathway analysis, SwissTargetPrediction


INTRODUCTION

Physiological age-related decline in function of the various tissues in the human body is inevitable. However, chronic infections and diseases accompanying aging process of different tissues may result in pathological degeneration of the respective tissue. Age-related degenerative diseases are associated with cellular and biochemical damage contributing to both functional and structural degeneration of the organ systems (da Costa et al., 2016; Cole and Franke, 2017; Ramalingam et al., 2018). Such degenerative processes become commonly manifested as neurological diseases (Alzheimer’s and Parkinson’s) bone and joint diseases (OA, rheumatoid arthritis, and osteoporosis), retinal diseases (macular degeneration, glaucoma, cataract, and diabetic retinopathy) or cardiovascular diseases (atherosclerosis, hypertension, and valvular stenosis). Aging related chronic diseases and degenerative disorders have major economic and social implications. Therefore, they need serious interventional strategies (Tarailo-Graovac et al., 2016; Ramalingam et al., 2018).

Osteoarthritis is a degenerative disease, especially of the weight-bearing joints including knees, pelvis and lumbosacral spine. Also, the joints that are most commonly used such as the interphalangeal and metacarpal joints are prone to develop OA. Although OA was once considered to be a non-inflammatory arthropathy, current knowledge indicates the presence of underlying chronic inflammation. Aging, obesity, traumatic injuries, and genetic causes are some of the major risk factors which predispose to the development of OA (Wang et al., 2011). The underlying pathology in OA is the articular cartilage damage associated with inflammation, swelling of the joint, pain, stiffness, loss of mobility and long-term incapacitation due to poor intrinsic healing ability (Mobasheri et al., 2014; Kalamegam et al., 2018a). Conventional therapy includes modification of lifestyle factors, exercises, analgesics, cyclo-oxygenase inhibitors especially in early OA with partial cartilage damage (Ondresik et al., 2017), and surgical management including microfracture (Pridie drilling), mosaicplasty or total knee replacement in chronic OA with full-thickness cartilage destruction (Quinn et al., 2018).

Studies using animal models have provided a great understanding of the cellular and molecular changes that prevails in OA. Dysregulation of the TGF-β superfamily, Notch, Indian hedgehog, and Wnt/β-catenin signaling pathways become involved in induction and activation of catabolic events leading to development and progression of OA (Lin et al., 2009; Sassi et al., 2014). Importantly, ‘inflammaging’ which is a state of low-grade inflammation with an upregulated immune response is understood to be the underlying etiology in almost all age-related degenerative diseases (Franceschi et al., 2000). All joint structures including articular cartilage, synovial membrane, subchondral bone, and ligaments become involved in orchestrating the inflammation. Activated MMPs lead to progressive catabolic events in OA (Shen et al., 2017) which probably also hinder the effective repair by the stem or progenitor cells reported to be present within the joint tissue including infrapatellar fat stem cells (Stocco et al., 2019) and synovial ligament stem cells (Amemiya et al., 2019).

Mesenchymal stem cells (MSCs) derived from various sources and/or their secretory factors are used in the management of many chronic diseases including OA. The hWJSCs derived from the umbilical cord are reported to have several advantages such as hypoimmunogenicity, anti-inflammatory, and wide differentiation potential compared to other existing MSCs (Fong et al., 2010; Gauthaman et al., 2012). This property may be an advantage to overcome immune rejection upon transplantation, reduce local inflammation and contribute to the overall tissue recovery. However, controlling the underlying inflammatory activity in OA is essential for the stem cells to present within the joint structures or from other sources to integrate and contribute to cartilage repair or regeneration.

Nigella sativa (NS) is a medicinal plant and TQ, its main active chemical component is reported to have analgesic, diuretic, antihypertensive, antidiabetic, anticancer, immunomodulatory, anti-inflammatory and antioxidant properties (Shuid et al., 2012). Given the role of inflammation in age-related degenerative diseases and the anti-inflammatory properties of both naïve MSCs as well as the phytochemical TQ, we in the present study analyzed the effect of TQ on MSCs derived from OA patients using in vitro and in silico studies. Additionally, we evaluated the role of TQ and inflammation in age-related degenerative diseases using IPA and identified the precise molecular targets of TQ using SwissTargetPrediction.



MATERIALS AND METHODS


Isolation and Culture of Human BM-MSCs

Bone marrow aspirates (∼5–6 ml) were collected from OA patients (n = 10) who underwent total knee replacement at the Department of Orthopaedics, King Abdulaziz University Hospital, Jeddah, following informed consent. The samples collected in heparinized tubes were transferred to the lab and processed immediately under sterile conditions according to our earlier established protocols (Gari et al., 2016; Kalamegam et al., 2016). Briefly, the bone marrow aspirate (2 ml/T-175 cm2 tissue culture flask) was cultured using Dulbecco’s Modified Eagle’s medium (DMEM; Life Technologies, Thermo Fisher Scientific, Waltham, MA, United States), supplemented with 10% fetal bovine serum (FBS; Life Technologies, Thermo Fisher Scientific, Waltham, MA, United States), 2 mM GlutaMax and antibiotics (penicillin (50 IU), streptomycin (50 μg/ml). The freshly plated bone marrow aspirate in the complete growth medium was cultured in a 5% carbon dioxide (CO2) incubator with humidified atmospheric air at 37°C.



Flow Cytometry Analysis of CD Markers

BM-MSCs related CD markers expression was analyzed from cells of early passages (P1-P3) using FACS analysis as reported earlier (Kalamegam et al., 2016). Briefly, the cells were trypsinized upon reaching 70% confluence, using 0.25% Trypsin-EDTA (Life Technologies, Thermo Fisher Scientific, Waltham, MA, United States), centrifuged at 500 g × 5 min. The cell pellet was reconstituted in 3% FBS and aliquots containing 1 × 105 cells/tube were used to screen for MSC related CD markers. The antibodies used were as follows: MSC isotype cocktail (negative control); MSC cocktail 1 (containing CD45-APC, CD105-FITC, and CD73-PERCP) and MSC cocktail 2 (containing CD29-PERCP, CD34-PE, CD44-PECy7, and CD90-FITC). Respective CD markers cocktail was added to the individual samples and incubated in the dark at 4°C for 30 min.



Cell Morphology

The morphology of BM-MSCs isolated from the OA patients was analyzed to understand the biological characteristics and the effect of TQ. Briefly, 2 × 104 cells/well were plated in a 24-well plate and allowed to attach overnight. Fresh culture medium was added to the cells the next day and the culture continued using the standard culture conditions for 24, 48, and 72 h. The effect of TQ on the morphology of BM-MSCs derived from OA patients was evaluated by treating the cells plated as above and using different concentrations of TQ (100 nM, 300 nM, 1 μM, 3 μM, and 5 μM) for 24, 48, and 72 h. Phase-contrast images were obtained from each experimental arms at respective time points using inverted phase-contrast optics (Nikon, Tokyo, Japan).



Cell Metabolic Activity


MTT Assay

The proliferation of BM-MSCs isolated from OA patients and the effect of TQ was evaluated based on the cell metabolic activity. Briefly, 2 × 104 cells/well were plated in a 24-well plate and allowed to attach overnight. Fresh culture medium was added to the cells the next day and culture continued using standard culture conditions with TQ at different concentrations (100 nM, 300 nM, 1 μM, 3 μM, and 5 μM) for 24, 48, and 72 h. At the end of each time point, the spent medium was removed and replaced with 200 μl of fresh medium containing 20 μl of MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide). The cells were incubated under the standard culture conditions for 4 h and the mitochondrial hydrogenases present within the metabolically active cells helped in the reduction of the MTT reagent. The medium was then removed and the intracellular formazan crystals, that formed due to the reduction of MTT reagent, were solubilized using dimethyl sulfoxide (DMSO, 200 μl). The plate was maintained in the dark for 30 min and then the absorbance at 570 nm with a reference wavelength at 630 nm was measured using a spectrophotometer (SpectraMax i3 Multimode reader, Molecular Devices, United States). The percentage of inhibition was calculated as control/Test-control∗100 and IC50 was estimated as reported earlier (Khan et al., 2016).



CellTiter-Blue® Assay

Briefly, 1 × 104 cells/well were plated in a 96-well plate and allowed to attach overnight. Fresh culture medium containing TQ (100 nM – 5 μM) was added to the cells the next day and the cells cultured for 24, 48, and 72 h as above. At the end of each time point, 20 μl CellTiter®-Blue cell viability reagent was added to each well and incubated for further l 2 h to allow the reduction of resazurin to highly fluorescent resorufin. The fluorescence was measured at 590 nm using the SpectraMax® i3x Multi-Mode microplate reader (Molecular Devices, LLC, San Jose, CA, United States). The values were plotted against drug concentrations and IC50 was determined (Ibrahim et al., 2019).




Differentiation Potential of BM-MSCs


Adipocytic Differentiation

The BM-MSCs (5 × 104 cells/well) were seeded into a 6-well plate and cultured to obtain 60% confluence in a complete culture medium. The cells were then differentiated using StemPro® adipocyte differentiation kit (A10070-01, Thermo Fisher Scientific). The cells for adipocytic differentiation were cultured in basal medium fortified with adipocytic supplement (StemPro®) for up to 14 days with fresh media change every 72 h. The control cells were cultured using the differentiation basal medium alone. Following differentiation, the cells were fixed in 4% formaldehyde solution for 30 min, rinsed with PBS twice and stained with Oil Red O (Sigma) to visualize the lipid vacuoles.



Chondrocytic Differentiation

The BM-MSCs (5 × 104 cells/well) were seeded into a 6-well plate and differentiated along the chondrocytic lineage using StemPro® chondrocyte differentiation kit (A10071-01, Thermo Fisher Scientific). The basal differentiation medium was supplemented with chondrogenic supplement (StemPro®) and the cells were cultured for up to 21 days with fresh media change every 72 h. The differentiated cells were then fixed in 4% formaldehyde solution for 30 min and stained with freshly prepared toluidine blue solution and analyzed for positive staining using light microscopy.



Osteoblastic Differentiation

The BM-MSCs (5 × 104 cells/well) were seeded into a 6-well plate and differentiated along the osteoblastic lineage using StemPro® osteoblast differentiation kit (A10072-01, Thermo Fisher Scientific). The basal differentiation medium was fortified with osteogenic supplement (StemPro®) and the cells were cultured for up to 21 days with fresh medium every 72 h. The differentiated cells were then fixed in 4% formaldehyde solution for 30 min, stained with Alizarin red (Sigma) solution, and analyzed for positive staining using light microscopy.




Gene Expression Assay

The effect of TQ on inflammation and apoptosis-related genes in BM-MSCs isolated from the OA patients was evaluated using quantitative real-time polymerase chain reaction (qRT-PCR). Briefly, 3 × 105 cells/T25 cm2 flask was plated and treated with two optimal concentrations of TQ (1 and 3 μM) for 48 h. The total RNA was isolated after 48 h using a Qiagen RNeasy kit (Qiagen, Germany) according to the manufacturer’s instructions. First-strand cDNA was synthesized with random hexamers using reverse transcriptase kit (Promega, Madison, WI, United States). qRT-PCR was performed using SYBRGreen master mix (Life Technologies, Thermo Fisher Scientific, Waltham, MA, United States). The following genes related to inflammation (IFN-γ, TNF-α, COX-2, IL-6, IL-8, IL-16, IL-12A, IL-4, and IL-10) and apoptosis (BAX, BCL2, and SURVIVIN) were analyzed using StepOnePlusTM real-time PCR system (Thermo Fisher Scientific, Waltham, MA, United States). Primers were obtained from earlier published reports and the primer sequences are shown in Table 1.


TABLE 1. The genes and primer sequences used for real-time quantitative reverse transcription PCR.
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SwissTargetPrediction

To identify the beneficial effects of TQ in relation to AD and OA, their targets prediction was performed using the SwissTargetPrediction web tool1 with an update on bioactivity data, retrained and redefined similarity thresholds (Daina et al., 2019). The ligand-based target prediction was performed based on the similarity between the query molecule and the compiled curated collection using 2D and 3D similarity measures within a larger bioactivity data of ChEMBL version 23. A combined score of higher than 0.5 indicates that the molecules share a common protein target. In reverse screening, the combined score helps to calculate the probability to target a given protein. The dual based reverse screening demonstrates high performance in predicting macromolecular targets.



Ingenuity Pathway Analysis

Functional analysis was used to predict the molecular interactions of TQ with OA, and age-related degenerative diseases using IPA software (Qiagen, United States). The endogenous chemical TQ was imported into the IPA software to generate the interacting molecules. The molecules were then used in the expression analysis to predict signaling mechanisms, targets and their association to TQ, OA, and age-related degenerative diseases using direct or indirect relationship. Network predictions based on the input of molecules were generated using algorithms contained in the Ingenuity Knowledge Base. Fischer’s Exact test was carried out to calculate the p-value, indicating the probability of each biological function associated with the network.



Statistical Analysis

Statistical analyses were performed using the statistical package for social sciences (SPSS) version 21. Students’ t-test or One-way ANOVA was used for analysis between controls and treated groups. The values were expressed as mean ± SEM (Standard error of the mean) from a minimum of three experimental replicates. Asterisk (∗) indicates the statistical significance of P < 0.05.




RESULTS


CD Marker Characterization of Derived BM-MSCs

The BM-MSCs were successfully isolated with all samples obtained from OA patients. These BM-MSCs demonstrated a high expression of positive MSCs related CD surface markers namely CD29 (99.9%), CD44 (99.5%), CD73 (99.9%), CD90 (99.8%), and CD105 (99.7%) in early passages (Figure 1). These cells were negative for the hematopoietic markers namely CD34 (0.2%) and CD45 (0.1%) (Figure 1).
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FIGURE 1. Representative histogram of the CD surface markers on BM-MSCs derived from osteoarthritis patients, using fluorescent activated cell sorting (FACS). The MSC positive surface CD markers namely CD73, CD90, CD105, CD29, CD44, and the MSC negative surface CD markers namely CD34, CD45 are shown. The independent CD marker antigens were tagged with different fluorochromes. All the MSC positive CD surface markers demonstrated more than 90% positivity, and their histograms were considerably shifted to the right compared to their respective isotype controls. ISO, isotype; PE, phycoerythrin; APC, allophycocyanin; FITC, Fluorescein isothiocyanate; DAP-4′,6-diamidino-2-phenylindole.




BM-MSCs Morphology and Growth Characteristics

The stem cell precursors/nucleated cells in marrow aspirates adhered and formed small colonies of cells by days 5–7 (colony forming units). These cells rapidly expanded and reached 65–70% confluence by day 10. At initial passages, these cells appeared as thin spindle-shaped cells resembling fibroblasts (Figures 2A,B). The non-adherent cells, dead cells, and RBCs were removed with medium changes thus allowing expansion of the BM-MSCs.
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FIGURE 2. Phase contrast images showing primary cultures of bone marrow mesenchymal stem cells (BM-MSCs) derived from osteoarthritis patients at (A) early passage (P0) and (B) later passage (P5). Black and white arrows indicate the adherent fibroblast cell and dead floating cell, respectively. (C) Normal cell proliferation of BM-MSCs at 24, 48, and 72 h. The values are expressed as mean ± SEM of three different experiments. * indicates statistical significance (p < 0.05).


The derived BM-MSCs showed good expansion of cells with subsequent passages. There was a time-dependent increase in cell numbers at 24, 48, and 72 h, as demonstrated by the MTT assay (Figure 2C). The increase in the percentage of cell proliferation was 87.39% and 277.42% at 48 and 72 h compared to 24 h and these increases were statistically significant (Figure 2C).



Differentiation Potential of BM-MSCs

The BM-MSCs showed differentiation into adipocytes, osteoblasts, and chondrocytes following culture in the respective differentiation medium. The cells cultured using StemPro® adipocyte differentiation kit (A10070-01 Thermo Fisher Scientific) demonstrated lipid vacuolations as early as 10 days and their numbers and size increased when cultured up to 21 days. These differentiated cells demonstrated positive staining with oil red O (Figures 3Ai–iii). The BM-MSCs cultured using StemPro® chondrocyte differentiation kit (A10071-01, Thermo Fisher Scientific) demonstrated loss of fibroblastic morphology and attained rounded or polygonal shape. When cultured for 21 days, they formed small cell clusters which demonstrated positive staining with Alcian blue compared to the control (Figures 3Bi–iii). The BM-MSCs cultured using StemPro® chondrocyte differentiation kit (A10072-01, Thermo Fisher Scientific) demonstrated granular cell deposits as early as day 14 and they became denser at 21 days of culture. These differentiated cells demonstrated positive staining with Alizarin red, indicative of calcium mineralization (Figures 3Ci–iii).
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FIGURE 3. In vitro differentiation images of the bone marrow mesenchymal stem cells (BM-MSCs) into adipocytes (Ai–Aiii), chondroblasts (Bi–Biii) and osteobalsts (Ci–Ciii) respectively. (Ai,Bi,Ci) represent respective controls; (Aii,Bii,Cii) are the differentiated images; (Aiii,Biii,Ciii) are the magnified images of the boxed area. (D) Phase contrast images of the BM-MSCs derived from osteoarthritis patients treated with different concentrations (100 nM, 300 nM, 1, 3, and 5 μM) of thymoquinone (TQ) for 24h, 48h, and 72h. An increase in cell death of BM-MSCs with time following treatment with higher concentrations of TQ was noted.




Effect of Thymoquinone on BM-MSCs Morphology

Phase-contrast microscopy of BM-MSCs treated with TQ at different concentrations ranging from 100 nM to 5 μM for 48 h demonstrated various morphological changes including loss of their characteristic fibroblastic shape, cell shrinkage and membrane damage resulting in death. Mild to moderate increase in cell numbers were observed at lower concentrations while higher concentrations caused more cell death and a decrease in cell numbers (Figure 3D).



Effect of Thymoquinone on BM-MSCs Metabolic Activity

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay of BM-MSCs treated with TQ at different concentrations (100 nM, 300 nM, 1 μM, 3 μM, and 5 μM) for 24, 48, and 72 h showed a decrease in cell viability with increasing concentrations of TQ compared to the control (Figure 4A). However, only the decreases observed in cell viability with 3 μM (37.84%) and 5 μM (61.08%) of TQ at 24 h; 3 μM (34.72%) and 5 μM (69.76%) of TQ at 48 h; and 300 nM (20.04%), 1 μM (24.40%), 3 μM (40.91%), and 5 μM (65.67%) at 72 h of TQ were statistically significant (P < 0.05) compared to their respective controls (Figure 4A). The IC50 value at 48 h following MTT assay was 3.78 ± 0.52 μM.
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FIGURE 4. Cell proliferation [(A) MTT assay; (B) Cell-titer Blue assay] of bone marrow mesenchymal stem cells (BM-MSCs) derived from osteoarthritis patients treated with different concentrations (100 nM, 300 nM, 1, 3, and 5 μM) of thymoquinone (TQ) for 24h, 48h, and 72h. Mean decreases in cell proliferation were observed in increasing concentrations of TQ. Some of these decreases with higher concentrations were statistically significant compared to the control. The values are expressed as mean ± SEM of three different experiments. *indicates statistical significance (p < 0.05).


CellTiter Blue® assay of BM-MSCs treated with TQ at different concentrations (100 nM – 5 μM) also showed a decrease in cell viability with increasing concentrations of TQ compared to the control (Figure 4B). The decrease in cell viability observed with 300 nM (29.49%), 1 μM (41.05%), 3 μM (67.71%), and 5 μM (70.20%) of TQ at 24 h; 1 μM (42.97%), 3 μM (72.22%), and 5 μM (73.67%) of TQ at 48 h; and 300 nM (27.80%), 1 μM (37.94%), 3 μM (56.40%), and 5 μM (60.47%) of TQ at 72 h were statistically significant (P < 0.05) compared to their respective controls (Figure 4B). The IC50 value at 48 h following CellTiter Blue® assay was 1.74 ± 0.34 μM.



Gene Expression Analysis

The BM-MSCs treated with TQ (1 and 3 μM) for 48 h were evaluated for the expression of inflammation and apoptosis-related genes. The following pro-inflammation related genes namely INF-γ, TNF-α, COX-2, IL-6, IL-8, IL-16, and IL-12A showed upregulation compared to the control (GAPDH). The fold increases in gene expression were as follows: INF-γ by 65.46 and 16.89; TNF-α by 19.80 and 7.41; COX-2 by 15.05 and 2.94; IL-6 by 36.20 and 21.50; IL-8 by 9.72 and 5.51; IL-16 by 17.08 and 5.86; and IL-12A by 2.87 and 1.02 following treatment with TQ 1 and 3 μM, respectively (Figure 5). However, the expression of these pro-inflammatory genes was more upregulated at a lower concentration (1 μM) than at 3 μM of TQ (Figure 5). The anti-inflammatory genes namely IL-4 and IL-10 were upregulated compared to the control. The fold increases for IL-4 were 14.95 and 20.12; and for IL-10 the fold increases were 4.53 and 5.65, following treatment with TQ 1 and 3 μM, respectively (Figure 5). The pro-apoptotic BAX gene demonstrated an insignificant (low) expression compared to the control. In contrast, both the anti-apoptotic BCL2 and SURVIVIN genes demonstrated an upregulation compared to the control. The fold increases for BCL2 were 12.97 and 14.41, and for SURVIVIN the fold increases were 10.63 and 22.26 following treatment with TQ 1 and 3 μM, respectively (Figure 5).
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FIGURE 5. Gene expression analysis of pro-inflammatory (INF-γ, TNF-α, COX-2, IL-6, IL-8, IL-16, and IL-12A); anti-inflammatory (IL-4 and IL-10) and apoptotic (BAX, BCL2 and SURVIVIN) related genes in bone marrow mesenchymal stem cells (BM-MSCs) derived from osteoarthritis patients treated with 1 μM and 3 μM of thymoquinone (TQ) for 48h, using quantitative real-time PCR. Data analysis and relative quantitation were performed using the comparative Ct method (ΔΔCt). ∗ and † indicates statistical significance (p < 0.05) compared to the control and TQ 1 μM respectively.




SwissTargetPrediction

Thymoquinone is identified to target the following molecular/biochemical pathways namely, G-protein coupled receptor; transcription factors; oxidoreductase; lyase; cytochrome P450; kinase; ligand-gated ion channels and hydrolase. Although more bioactive targets were curated based on 2D and 3D similarity measures, the above targets are among the top 15 curated based on our query molecule (Figure 6). Most of the protein targets identified using the latest SwissTargetPrediction (2019 version) have high probability value (Figure 6) and are potential therapeutic targets for age-related degenerative diseases including OA.
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FIGURE 6. SwissTargetPrediction showing the top biomolecular targets for thymoquinone.




Ingenuity Pathways Analysis of Inflammation Network

Ingenuity pathway analysis core analysis of TQ in relation to inflammation and its association with OA (Figure 7A) and age-related degenerative diseases (Figure 7B) using Ingenuity Knowledge Base reference sets identified top canonical pathways, diseases, upstream regulators, biological and toxicological functions. IPA of TQ and OA identified TGF-β signaling, receptor-activated of NF-kB (RANK) signaling and IL signaling. Diseases of the joints associated with inflammation included OA, rheumatoid arthritis (RA), rheumatic disease and connective tissue tumor. Screening of OA or aging and their closely related diseases led to the identification of 36 molecules that are involved in apoptosis, cell cycle regulation, cell signaling, cytokines, chemokines, and growth factors (Table 2). Similarly, IPA of TQ and aging, in particular neurodegeneration, identified few canonical pathways directly related to synaptogenesis signaling, synaptic long term depression, synaptic long term potentiation, neuroinflammation signaling and neuroprotective role of Thimet oligopeptidase (THOP1). The neurological conditions associated with inflammation included AD, dementia, basal ganglia disorders, progressive neurological diseases, amyotrophic lateral sclerosis, neuromuscular disease, motor neuropathy, glioma, glioblastoma, astrocytoma, and neuroblastoma (Table 2).
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FIGURE 7. Ingenuity pathway analysis of genes/molecules that are regulated by thymoquinone in relation to Alzheimer’s disease and inflammation (A), and osteoarthritis and inflammation (B).



TABLE 2. The common interacting molecules in Alzheimer’s disease, osteoarthritis, and closely related diseases.
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DISCUSSION

Chronic inflammation is one of the common underlying pathology leading to articular cartilage tissue damage in OA. The poor cartilage regeneration capacity in OA and the associated inflammation recruits endogenous molecules and activates a cascade of pro-inflammatory cytokines, which in turn cause cartilage degradation, joint structure deformity, and function (Scanzello, 2017). Although the BM-MSCs were derived from OA patients, these cells demonstrated the biological properties of having fibroblastic phenotype, adherence to tissue culture plastic and differentiation into adipocytes, osteoblasts, and chondrocytes, thus fulfilling the stipulated minimal criteria of MSCs (Dominici et al., 2006). The BM-MSCs expansion in culture either in the presence or absence of TQ was indirectly assessed based on the cell metabolic activity (MTT and CellTiter-Blue® assays). It was evident that TQ at higher concentrations (5 μM) led to morphological changes and cell death compared to lower concentrations. In the present study, we identified that the IC50 concentration of TQ to be 3 μM based on the mean concentrations from two different assays (MTT and CellTiter-Blue®) at 48 h. The concentrations of TQ and their cellular effects varied from 0.1 to 100 μM based on the purity of the compound, the cell types used and the nature of the studies (Muralidharan-Chari et al., 2016; Aziz et al., 2018; Bordoni et al., 2019).

In the present study, we observed that the pro-inflammatory genes namely IFN-γ, TNF-α, COX-2, IL-6, IL-8, IL-16, and IL-12A were upregulated compared to the control. However, compared to the lower concentration (1 μM) of TQ, these pro-inflammatory genes were downregulated at the higher concentration (3 μM). TQ was reported to downregulate pro-inflammatory genes such as IL-1, TNF-α, and toll-like receptors (TLR2, TLR4) and attenuate rheumatoid arthritis via the NFkB pathway (Arjumand et al., 2019). Earlier in vitro and in vivo animal studies have reported that TQ reduces pro-inflammatory cytokines such as TNF-α, COX-2, and IL-6 in the brain, Schwann cell culture and peritoneal mast cells (Chen et al., 2016; Ikhsan et al., 2018). TQ is also reported to offer neuroprotection by reducing the pro-inflammatory cytokines in IFN-γ activated microglial cells via NF-kB dependent signaling (Cobourne-Duval et al., 2018). Interestingly, we also observed that the anti-inflammatory cytokines IL-4 and IL-10 were upregulated compared to the control at both 1 and 3 μM. As such TQ may impart the dual benefit of upregulating the anti-inflammatory cytokines and partially down-regulating the pro-inflammatory cytokines. In addition to anti-inflammatory effects, TQ was also reported to have anti-cancer and antioxidant effects. For example, in combination with cisplatin, TQ demonstrated an increased expression of the pro-apoptotic BAX and decreased anti-apoptotic BCL2 in a ovarian carcinoma (SKOV3) cell line (Liu et al., 2017). In the present study we observed that BAX gene expression was much decreased compared to BCL2 with 3 μM concentration of TQ. Furthermore, SURVIVIN gene expression was upregulated with both 1 and 3 μM concentrations of TQ indicating that TQ, in fact, might offer protection to normal cells, unlike the karyotypically abnormal cancer cells. However, at a further higher concentration of TQ (5 μM) we observed more cell death, and hence it will be prudent to study the effectiveness of TQ on other types of stem cells and normal tissue-specific cells to determine the optimal concentration before its therapeutic consideration.

In silico analysis using Ingenuity Knowledge Base identified decreased MPO enzyme and increased heme oxygenase 1 (HMOX1) in both OA and aging. MPO enzyme released following neutrophil oxidative burst response is reported to cause non-specific tissue damage in AD (Gellhaar et al., 2017). Interestingly, a 7,8-Dihydroflavaone commonly present in plants protects against OA by increasing HMOX1 (Cai et al., 2019) and also increased spatial memory in a rodent model of aging (Castello et al., 2014).

Further, we also noted TQ interaction with caspases, MMPs, and ROS in both OA and age-related neurodegenerative diseases. Activation of caspases, MMPs, and oxidative stress are associated with cell damage including those of chondrocytes in OA and neuronal cells in age-related neurodegenerative diseases (Youssef et al., 2018; Li et al., 2019). The link between oxidative stress and inflammation is well established and also the fact that inflammation is one of the pathological states in both OA and age-related neurodegenerative diseases. In response to oxidative stress, the inflammatory cells are reported to release NF-κB mediated pro-inflammatory mediators. More evidence points to the association of ROS and neuroinflammation leading to neurodegeneration (Rojo et al., 2014). TQ is also reported to reduce oxidative stress, mediate MAPK and apoptosis pathways and protect against neurotoxicity in rats via its anti-oxidant and anti-apoptotic effects (Tabeshpour et al., 2019). As such targeting the mediators of inflammation will, therefore, be an effective strategy in the management of age-related degenerative diseases.

Cyclin D4 activity is important for the G1/S transition of the cell cycle; however, their levels were reported to be disproportionately higher in age-related degenerative diseases. Synthetic CDK4 inhibitors demonstrated the protection of primary rat cortical neurons and PC12 cells that were deprived of nerve growth factor or exposed to β-amyloid toxicity (Sanphui et al., 2013). Inflammatory agents like LPS interact with toll-like receptor 4 (TLR4) and activate MAPK and its related family including extracellular regulated kinase, c-JNK, and p38MAPK (Xu et al., 2017). Interestingly, TQ is known to reduce the ROS levels by reduction of NADPH-oxidase, and also exerts anti-inflammatory effects by activation of adenosine-monophosphate activated protein kinase and Sirtuin-1 in activated BV2 microglial cells (Velagapudi et al., 2017). TQ also inhibits the inflammatory effects of the proinflammatory cytokine TNF-α by activation of p38/JNK via apoptosis-regulated signaling kinase 1 in rheumatoid arthritis synovial fibroblasts (Umar et al., 2015). Also, a recent study reported that TQ exerts anti-inflammatory effects by reduction of TNF-α, TLR-2, TLR-4, and Interleukin-1 in rheumatoid arthritis (Arjumand et al., 2019). Furthermore, the IL-1β induced inflammation in chondrocytes in OA is inhibited by TQ via suppression of NF-kB and MAPK signaling pathways (Wang et al., 2015).

Apart from the standard use of cyclooxygenase (COX) inhibitors or cholinesterase inhibitors for OA and age-related neurodegenerative disease (AD), respectively, alternative therapies including nutritional supplements and herbal preparations are also commonly used to reduce inflammation and improve general health (Tian et al., 2010; Wang, 2013). TQ, the active ingredient of Nigella sativa is reported to have anti-inflammatory and antioxidant properties which therefore can complement conventional therapies for additive effects (Jakaria et al., 2018). We also observed in the present study that TQ at lower concentrations did not affect the proliferation of BM-MSCs derived from OA patients. The molecular targets of TQ as identified by SwissTargetPrediction include mainly the enzymes (kinase, ligase, oxidoreductase, and phosphatase) and family of G-protein coupled receptors. Further studies on the effect of TQ or the paracrine molecules of MSCs on the above molecular targets will help to understand the precise mechanism of TQ and/or MSCs secretions in limiting the pathology in age-related degenerative diseases.

The secretions from MSCs are also reported to have immunomodulatory, anti-inflammatory, anti-apoptotic, neuroprotective and neurotrophic effects (Vizoso et al., 2017). hWJSCs isolated from the human umbilical cord have both embryonic and MSC properties in addition to several advantages compared to other existing MSCs. The hWJSCs have also been differentiated into many different cell types including osteocytes, chondrocytes, and neurons (Fong et al., 2010, 2012). Besides, the hWJSCs have immunomodulatory, anti-inflammatory, anti-apoptotic, anti-cancer effects (Kalamegam et al., 2018b). Therefore, in addition to conventional pharmacological agents, the use of stem cells/stem cell factors and/or TQ as therapeutics will help regeneration of the damaged tissue and also reduce the pathological changes associated with age-related degenerative diseases.



CONCLUSION

Aging is inevitable and inflammation is a common pathology in most of the age-related degenerative diseases. The present study revealed that TQ has moderate anti-inflammatory effects and therefore has the potential to be used in therapeutics. TQ, either alone or in combination with conventional pharmacological agents will help in reducing the inflammation associated with inflammatory joints and age-related degenerative diseases. However, confirmation of our in vitro and in silico results with in vivo animal studies will help to understand the underlying mechanism and their real therapeutic benefits.
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GAPDH F: 5GCACCGTCAAGGCTGAGAAC 3’
R: 5" GGATCTCGCTCCTGGAAGATG 3
IFN-y F: 5'-CCCTCACACTCAGATCATCTTCT-3
R: 5'-GCGTTGGACATTCAAGTCAG-3
TNF-a F: 5" GGTGCTTGTTCCTCAGCCTC &
R: 5" CAGGCAGAAGAGCGTGGTG 3’
COX-2 F: 5 TTCAAATGAGATTGTGGGAAAATTGCT 3
R: 5" AGATCATCTCTGCCTGAGTATCCTT 3’
IL-6 F: 5 CCACTCACCTCTTCAGAA 3’
R: 5'GCGCAAAATGAGATGAGT &
IL-8 F: &-AGACAGCAGAGCACACAAGC-3
R: 5’-ATGGTTCCTTCCGGTGGT-3
IL-16 F: 5-TAGTCCTTCCTACCCAATTTCC-3'
R: 5'-TTGGTCCTTAGCCACTCCTTC-3'
IL-12A F: 5'-CACTCCCAAAACCTGCTGAG-3
R: 5-TCTCTTCAGAAGTGCAAGGGTA-3
IL-4 F: 5'-TGGATCTGGGAGCATCAAGGT-3
R: 5'-TGGAAGTGCGGATGTAGTCAG-3'
IL-10 F: 5-GCTCTTACTGACTGGCATGAG-3
R: 5'-CGCAGCTCTAGGAGCATGTG-3
BAX F: 5'GGCTGGGATGCCTTTGTG 3
R: 5" CAGCCAGGAGAAATCAAACAGA &'
BCL-2 F: 5 TGGAGCTGCAGAGGATGATTG &
R: 5" GCTGCCACTCGGAAAAAGAC 3
SURVIVIN F: 5-ACCAGGTGAGAAGTGAGGGA-3
R: 5’-AACAGTAGAGGAGCCAGGGA-3

F, forward primer; R, reverse primer.
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