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Abstract

:

Diclofenac, a nonsteroidal anti-inflammatory drug (NSAID) used to treat inflammatory diseases induces cellular toxicity by increasing the production of reactive oxygen species (ROS) and impairing autophagic flux. In this study, we investigated whether diclofenac induces cancer cell death and the mechanism by which diclofenac causes cell death. We observed that diclofenac induces mitotic arrest with a half-maximal effective concentration of 170 μM and cell death with a half-maximal lethal dose of 200 µM during 18-h incubation in HeLa cells. Cellular microtubule imaging and in vitro tubulin polymerization assays demonstrated that treatment with diclofenac elicits microtubule destabilization. Autophagy relies on microtubule-mediated transport and the fusion of autophagic vesicles. We observed that diclofenac inhibits both phagophore movement, an early step of autophagy, and the fusion of autophagosomes and lysosomes, a late step of autophagy. Diclofenac also induces the fragmentation of mitochondria and the Golgi during cell death. We found that diclofenac induces cell death further in combination with 5-fuorouracil, a DNA replication inhibitor than in single treatment in cancer cells. Pancreatic cancer cells, which have high basal autophagy, are particularly sensitive to cell death by diclofenac. Our study suggests that microtubule destabilization by diclofenac induces cancer cell death via compromised spindle assembly checkpoints and increased ROS through impaired autophagy flux. Diclofenac may be a candidate therapeutic drug in certain type of cancers by inhibiting microtubule-mediated cellular events in combination with clinically utilized nucleoside metabolic inhibitors, including 5-fluorouracil, to block cancer cell proliferation.
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1. Introduction


Non-steroidal anti-inflammatory drugs (NSAIDs) are chemical inhibitors of cyclooxygenase enzyme (COX), conferring pain relief and reducing inflammation. Most NSAIDs inhibit both COX-1 and COX-2 and have severe side effects, such as renal toxicity, stomach irritation, cardiac diseases, and hepatotoxicity [1,2,3,4]. NSAIDs are proposed to increase mitochondrial oxidative stress by inhibiting the mitochondrial electron transport chain complex I and thereby inducing the production of superoxide anions from leaked electrons [5,6]. Increased mitochondrial reactive oxygen species (ROS) elicit apoptotic cell death. Diclofenac, an NSAID, is implicated in hepatotoxicity by impairing autophagic flux and lysosome function [7]. Diclofenac induces the production of mitochondrial ROS and, therefore, increased accumulation of damaged mitochondria followed by mitochondrial dysfunction [6,7]. Considering that rapamycin-induced autophagy ameliorates diclofenac-induced cell death, the inhibition of autophagic flux by diclofenac followed by increased levels of ROS is a major cause of hepatotoxicity. Which cellular target of diclofenac is modified during autophagic flux and the mechanism by which diclofenac affects the autophagy process have not been determined.



Macroautophagy (hereafter referred to as autophagy) is a critical physiological event in relieving oxidative stress and protecting cells from ROS-induced death. Increased intracellular ROS result in autophagy initiation by inhibiting mTORC1 activity, disrupting the association of Beclin-1 with Bcl-2, which is a negative regulator of Beclin-1, and increasing the expression of autophagy effectors such as LC3, p62, and autophagy-related gene 5 (ATG5) [8,9,10]. This autophagic induction is important in reducing oxidative stress by removing damaged mitochondria and other malfunctioned organelles and to maintain intracellular redox balance. Autophagy is actively implicated in cell survival based on the observations that in vivo knockout of Atg5 [11] or Atg7 [12] in the central nervous system of mice causes neuronal cell death and the deletion of Beclin-1 in Caenorhabditis elegans triggers programmed cell death [13]. These studies support the concept that autophagy is required for cell survival. Several works have shown that types of cell death vary depending on which stages of autophagy are inhibited. The inhibition of early autophagy by genetic deletion of autophagy-related genes such as Beclin-1, Atg5, or VPS34 induces apoptosis without autophagic vacuoles [14]. However, the blocking of late autophagy by genetic depletion of the LAMP2 lysosomal protein or the administration of lysosomal inhibitors (such as chloroquine and bafilomycin A, an inhibitor of vacuolar ATPase into cells) causes autophagic cell death with vacuoles [14,15]. In nutrient-starved cells, the inhibition of autophagy results in an accelerated apoptosis following caspase activation [15]. Prolonged inhibition of mitophagy (a form of autophagy that selectively degrades damaged mitochondria) is thought to induce an increase in mitochondrial ROS levels. The resulting cytosolic hydrogen peroxide (H2O2) can inhibit autophagy further and finally achieve irreversible apoptotic cell death. A recent study revealed the H2O2-dependent inhibition of early autophagy in aged cells. ATG3 and ATG7 are two critical effectors for autophagosome formation. Thiol residue oxidation of ATG3 and ATG7 by exogenous H2O2 molecules or endogenous H2O2 molecules in aged mouse aorta inhibits the conjugation of LC3 to phosphatidylethanolamine and autophagy progression such as autophagosome formation, maturation, and autophagosome–lysosome fusion [16]. The proposal that the mutual inhibition between autophagy and apoptosis exists to some degree [17] is supported by redox homeostasis in the cell. In cells under mild oxidative stress, autophagy is activated to reduce ROS levels and protect cells from apoptosis. On the other hand, in cells under high oxidative stress, autophagy is inhibited through the inactivation of autophagy-related proteins by H2O2 molecules followed by the accumulation of damaged mitochondria and cell death, including apoptosis. H2O2 acts as a promoter for growth and proliferation and many cancer cells have a high level of H2O2 compared to normal cells [18]. Some cancer cells have high autophagy activity and require autophagy for growth and maintenance [19]. Based on the previous findings, a candidate agent that both inhibits autophagy and compromises redox balance will be a promising therapeutic drug for certain types of cancer.



Experimental, epidemiologic, and clinical studies have reported that the use of NSAIDs is associated with the prevention of tumorigenesis and the inhibition of cancer progression [20,21,22]. A variety of NSAIDs show inhibitory effects on tumor cell growth but their cell death-inducing mechanism does not seem to be associated with COX inhibition because the growth half-maximal inhibitory concentration (IC50) of tested NSAIDs is 58–400 times as high as COX-1 IC50 or COX-2 IC50 in cultured cancer cells [20]. With regard to cell toxicity, diclofenac is suggested to suppress autophagy progression through ROS production and induced lysosomal defect [7]. Depending on the cancer cell type and stage, autophagy not only acts as a suppressor of tumorigenesis, but also works as a promoter of tumor growth and resistance to chemotherapies [19,23,24,25].



Here, we have examined whether diclofenac affects cancer cell cycle progression and the mode of action of diclofenac on cytotoxicity to cancer cells. We found that diclofenac inhibits mitotic progression by destabilizing microtubules in HeLa and HepG2 cells. The inhibition of microtubule polymerization by diclofenac results in compromised autophagic flux and the fragmentation of mitochondria and the Golgi apparatus, indicating apoptosis. We observed that the combination of diclofenac with 5-fluorouracil, a clinically used DNA replication-inhibiting anticancer drug, confers a synergistic anti-proliferative effect.




2. Materials and Methods


2.1. Materials


Diclofenac sodium (D6899), paclitaxel (T7402) (taxol), and nocodazole were from Sigma Aldrich (St. Louis, MO, USA). For flow cytometry, RNase and propidium iodide were obtained from Sigma Aldrich. Rapamycin (TLRL-rap) and normal horse serum were from Invitrogen (Carlsbad, CA, USA). Rotenone and bafilomycin A1 (B1793) were purchased from Sigma Aldrich (St Louis, MO, USA). SAR405 (HY-12481), a Vps34 inhibitor, was from Medchem Express (Monmouth Junction, NJ, USA). MitoSOX™ Red mitochondrial superoxide indicator and Hochest 33342 were from Invitrogen (Carlsbad, CA, USA). Adenovirus expressing mCherry-GFP-LC3 was obtained from Byung-Hoon Lee (Seoul National University, Seoul, South Korea). HeLa cells stably expressing histone H2B–GFP were obtained from J.H. Lee (Ajou University, Suwon, South Korea). Mouse monoclonal antibodies to α-tubulin (A11126) were obtained from Sigma Aldrich (St. Louis, MO, USA). The plasmids for mammalian cell expression of mCherry-WDFY (WD repeat and FYVE domain-containing) and GFP-LC3 were obtained from Won Do Heo (KAIST, Daejeon, South Korea) and from Hyung Jin Son (Ewha Womans University, Seoul, South Korea), respectively. Rabbit polyclonal antibodies to LC3 (L8918) and mouse monoclonal antibodies to β-actin (A2228) were purchased from Sigma Aldrich (St Louis, MO, USA). Mouse monoclonal antibodies to p62 (ab56416) were from Abcam (Cambridge, UK). Rabbit monoclonal antibodies to mTOR (2983) and to LAMP1 (9091) were purchased from Cell Signaling Technology (Beverly, MA, USA). Mouse monoclonal antibodies to Golgin-97 (A-21270) were from Thermo Fisher Scientific (Waltham, MA, USA). Alexa Fluor 488–conjugated secondary antibodies to rabbit IgG (A11034), Alexa Fluor 546–conjugated secondary antibodies to mouse IgG (A11030), Alexa Fluor 647–conjugated secondary antibodies to mouse IgG, and Alexa Fluor 546-conjugated secondary antibodies to rabbit IgG (A11035) were purchased from Invitrogen (Carlsbad, CA, USA). 4–6-Diamidino-2-phenylindole (DAPI) was from Roche (Basel, Switzerland) and mounting solution Fluoromount-G (0100-01) was from Southern Biotech (Birmingham, AL, USA). The EZ-cytox cell viability assay kit was from Daeilbiotech (Suwon, South Korea). For cell transfection, the Neon Transfection system kit (MPK10096) was from Invitrogen (Carlsbad, CA, USA).




2.2. Cell Culture and Transfection


HeLa, HepG2, AsPC-1, and MIA PaCa-2 cells were obtained from ATCC (Manassas, VA, USA) and cultured in high-glucose Dulbecco’s modified eagle medium (LM001-05, Welgene, Gyeongsan, South Korea) containing 10% (v/v) fetal bovine serum (Gibco, Carlsbad, CA, USA) and 1% penicillin/streptomycin (Hyclone, Waltham, MA, USA). For starvation to induce autophagy, cells were cultured in Earle’s balanced salt solution (EBSS; CA006-050, GenDEPOT, Katy, TX, USA). All cells were grown at 37 °C in a humidified atmosphere of 5% CO2 incubator. For infection of mCherry-GFP-LC3 adenovirus, HepG2 cells were seeded in 12-well plates and incubated with the adenovirus the following day for 16 h. For transfection of mCherry-WDFY and GFP-LC3 into HepG2 cells, Neon electroporation (Invitrogen, Carlsbad, CA, USA) was performed according to manufacturer’s directions.




2.3. Immunofluorescence and Confocal Microscopy


Immunofluorescence analysis was performed as described previously, with some modifications [26]. Cells were cultured in 12-well dishes containing cover slips (diameter, 18 mm) coated with poly-L-lysine for immunofluorescence staining. To stain β-tubulin of LAMP1 (lysosome marker), cells were fixed for 10 min in 100% methanol or 4% formaldehyde in phosphate-buffered saline (PBS). The cells were incubated with blocking solution (5% normal horse serum, 0.1% Triton X-100 in PBS) for 30 min. The cells then were incubated with primary antibodies in blocking solution for 30 min at room temperature (anti-LAMP1, 1:200 dilution; anti-Golgin97, 1:500). After washing three times with PBS, cells were incubated with Alexa Fluor-conjugated secondary antibodies at a 1:1000 dilution in blocking solution. To stain DNA, DAPI, (0.2 μg/mL) was used. Samples were mounted onto slide glasses using Fluoromount-G (Southern Biotech, Birmingham, AL, USA). The fluorescence images were obtained using a confocal microscope (LSM 880 Airy, Carl Zeiss, Göttingen, Germany) located at Fluorescence Core Imaging Center (Ewha Womans University, Seoul, South Korea). To image live HeLa cells stably expressing histone H2B–GFP, cells were cultured in 12-well dishes containing cover slips (diameter, 18 mm). Confocal images were acquired using an LSM 880 Airy microscope equipped with an incubation chamber in an atmosphere of 5% CO2 to measure chromosomal condensation and cell rounding and then analyzed with Zen software (Carl Zeiss, Göttingen, Germany) or NIS Elements software 3.1 (Nikon, Tokyo, Japan).




2.4. Quantitative Analysis of Images


To measure autophagic flux, autophagosomes were counted as yellow spots (mCherry+/GFP+) and autolysosomes were counted as red spots (mCherry+/GFP−) in cells expressing mCherry-GFP as described previously [27]. A colocalization module was used to measure overlapping spots. For measuring mean intensity, three or four z-stack images were merged and analyzed by NIS Elements software 3.1.




2.5. Flow Cytometry


Flow cytometry was conducted with a FACS Calibur flow cytometer (BD sciences, San Jose, CA, USA). For analysis of cell cycle stage, cells (5 × 105/mL) were washed twice with ice-cold PBS, fixed overnight at 4 °C in 70% ethanol, and stained with 1 mL of a solution containing RNase (50 μg/mL) and propidium iodide (50 μg/mL) for 30 min at 37 °C without light. For data analysis, FlowJo 7.6 (BD sciences, San Jose, CA, USA) was used to estimate cell cycle phases.




2.6. Cell Viability Assay


Cell viability was measured using EZ-cytox water-soluble tetrazolium salt (Daeilbiotech, Suwon, Korea) according to the manufacturer’s manual. Cells (104 cells per well of a 96-well plate) were seeded and incubated for 14 h. Cells were treated with various concentrations of tested chemicals for 18 h. A 10-μL aliquot of a detection reagent in the kit was added into each well (100 μL) and incubated for 1 h for 37 °C The absorbance at 450 nm was measured using a SpectraMax M Series Multi-Mode Microplate Readers (Molecular Devices, San Jose, CA, USA) at the Fluorescence Core Imaging Center.




2.7. Microtubule Polymerization Assessment


A microtubule assay was performed to investigate the effects of diclofenac on microtubule polymerization. HeLa cells were seeded in 12-well dishes containing cover slips (diameter, 18 mm) coated with poly-L-lysine. Cells were incubated in a medium containing tested chemicals at 37 °C for 6 h or 37 °C for 3 h and placed on ice for 3 h. Cells were fixed and subjected to immunofluorescence staining in accordance with Section 2.3 using antibodies to α-tubulin (1:10,000 dilution).




2.8. In Vitro Tubulin Polymerization Assay


To investigate whether diclofenac affects microtubule polymerization directly, an in-vitro tubulin polymerization assay was performed using the tubulin polymerization assay kit (BK006P; Cytoskeleton, Denver, CO, USA) according to the manufacturer’s instructions. The mixtures contained tubulin in the presence of 0.01% dimethyl sulfoxide (DMSO) and one of the following: 10 µM taxol, 10 µM nocodazole, or diclofenac (0.17 mM or 1.7 mM). These mixtures were incubated at 37 °C for 30 min. The absorbance at 340 nm was measured to monitor tubulin polymerization using SpectraMax M Series Multi-Mode Microplate Readers (Molecular Devices, San Jose, CA, USA).




2.9. Immunoblot Analysis


Cells were harvested and sonicated with cold lysis buffer (20 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 5% glycerol, 0.1% NP-40, 1 mM Na3VO4, 5 mM NaF, 10 μg/mL aprotinin, 10 μg/mL leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 mM DTT, and a phosphatase inhibitor cocktail [Sigma Aldrich, St. Louis, MO, USA]). The homogenates were centrifuged at 12,000× g, 4 °C for 15 min. The resulting supernatants were used for immunoblot analyses. Samples were loaded onto a sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and separated by electrophoresis. The proteins were transferred onto an activated polyvinylidene difluoride membrane with 0.45 μm pore size (Millipore, Darmstadt, Germany) using methanol with transfer buffer (3.03 g/L Tris, 14.17 g/L glycine, 20% methanol). The membrane was incubated with 5% bovine serum albumin in tween-20 Tris-buffered saline at room temperature for 20 min using a rocker, followed by incubation at 4 °C overnight on a rocker with antibodies (1:2000 dilution). Immune complexes were detected with horseradish peroxidase conjugated secondary antibodies (Bio-Rad, Hercules, CA, USA) and enhanced with chemiluminescence reagents (Ab Frontier, Daejeon, Korea) using the IQ800 imaging system (GE Healthcare, Sweden). The abundance of target proteins was quantified by densitometric analysis of immunoblots. To measure protein concentrations, Bradford assay (Bio-Rad) data were acquired using a SpectraMax M2 Microplate Reader (Molecular Devices, San Jose, CA, USA) at the Fluorescence Core Imaging Center.




2.10. Mitochondrial Network Analysis


HepG2 cells were cultured in 12-well dishes containing cover slips (diameter, 18 mm,) coated with poly-L-lysine. Cells were treated with tested chemicals. For co-treatment of n-acetylcysteine and diclofenac, n-acetylcysteine was added into cells 1 h prior to diclofenac treatment. To stain mitochondria, cells were incubated with 250 nM of Mitotracker (M7512; Invitrogen, Carlsbad, CA, USA) for 30 min at 37 °C. Cells were fixed with 4% formaldehyde, washed with PBS, and observed using a confocal microscope (LSM 880; Carl Zeiss, Göttingen, Germany). Quantitative analysis for mean rod/branch length and median rod/branch length was performed to measure the fragmented mitochondrial network using the Mitochondrial Network Analysis (MiNA) toolset applied with NIH Image J (Bethesda, MD, USA) as described previously [28].




2.11. MitoSOX Imaging


HepG2 cells were cultured in a 96-well plate at a density of 400,000 cells. The next day, cells were incubated with a medium containing 1 μM MitoSOX for 10 min at 37 °C. Cells were then washed with PBS three times and treated with test chemicals for 8 h. For co-treatment of n-acetylcysteine and diclofenac, n-acetylcysteine was added to cells 1 h prior to diclofenac treatment. Cells were washed with PBS three times and then incubated with a medium containing 3 μM Hoechst 33342 for 10 min to visualize nuclear DNA. Live cells were observed using an ImageXpress Confocal HT.ai (Molecular Devices, San Jose, CA, USA) at the Fluorescence Core Imaging Center. Quantitative analysis was performed to measure the mean value of red fluorescence intensity per cell with MetaXpress 6 software (Molecular Devices, San Jose, CA, USA). A cell boundary was determined using the nucleus signal with Hochest 33342 and a custom module.




2.12. Statistical Analysis


All quantitative data are presented as means ± SD from multiple experiments. Data were analyzed using Student’s t-test on Sigma Plot 10.0 software (Inpixon, Palo Alto, CA, USA). A p-value < 0.05 was considered statistically significant.





3. Results


3.1. Diclofenac Inhibits Mitotic Progression in HeLa Cells


Diclofenac is the most potent autophagy inhibitor among five tested NSAIDs (including aceclofenac, etodolac, sulindac, and ketorolac) and induces hepatotoxicity via harmful ROS production [7]. High levels of H2O2 induce cell cycle arrest at the G0 and G1 phases [29,30]. To examine the effect of diclofenac on cell growth and proliferation, we tested whether diclofenac induces cytotoxicity via cell cycle arrest. HeLa cells stably expressing a human histone H2B conjugated with green fluorescent protein (H2B-GFP) were used to monitor mitotic progression by estimating chromosome condensation. Early mitotic cells were scored on the basis of chromosome condensation in rounded cells (Figure 1A–C). The number of mitotic cells increased by 5 times in cells treated with 300 μM of diclofenac for 18 h compared with untreated cells. GFP signal represents the nucleus in H2B-GFP HeLa cells. We carried out flow cytometry experiments to monitor cell cycle arrest in HeLa cells (Figure 1D–F). Diclofenac induced mitotic arrest until 300 μM was reached (Figure 1C), and the percentage of mitotic cells decreased at >300 μM diclofenac (Figure 1F). Prolonged incubation with higher diclofenac concentrations caused mitotic cell death through a mitotic catastrophe because of deranged mitotic spindle formation [31]; consequently, the cells on the culture plate became detached. Figure 1F shows that the pool of subG1 cells increased slightly at concentrations above 140 μM diclofenac compared to untreated control cells (Figure 1F), indicating that a small portion of the cell death pool was captured by flow cytometry analysis.



The mitotic arrest effect of diclofenac (300 µM) was as low as that of nocodazole (100 nM) by 50% in HeLa cells. Cell viability assays using tetrazolium salt revealed that diclofenac treatment for 18 h induces cell death in a concentration-dependent manner up to a concentration of 400 μM (Figure 1G). Extensive chromosome instability of HeLa cells may cause resistance to cell death [32] induced by treatment with high concentrations of diclofenac. Diclofenac results in G2/M arrest with a half-maximal effective concentration of 170 μM and a death-inducing effect with a half-maximal lethal dose of 200 µM in HeLa cells.




3.2. Diclofenac Induces Microtubule Depolymerization


Both nocodazole, a microtubule destabilizing drug, and taxol, a microtubule stabilizer, induce mitotic arrest at the metaphase or metaphase/anaphase boundary by changing spindle microtubule dynamics [33,34]. To test for the same effect in diclofenac, we performed cold-induced microtubule depolymerization experiments [35]. Fluorescence intensity of α-tubulin in HeLa cells incubated at 37 °C for 6 h or at 37 °C for 3 h followed by 4 °C for 3 h indicates that diclofenac induces microtubule depolymerization (Figure 2A). Depolymerization activity of diclofenac at 170 μM and 200 μM is greater than that of nocodazole at 100 nM. As expected, taxol (100 nM) induces microtubule polymerization (see Figure 2A). Thus, we observe that diclofenac weakens the overall microtubule network in HeLa cells. Figure 2B offers a graphical display of relative fluorescence intensity of α-tubulin from Figure 2A.



Immunofluorescence experiments indicate that diclofenac also induced microtubule depolymerization and affected localization of lysosomes in HepG2 cells (Figure 2C). In an EBSS (nutrient-starved) medium, lysosomes and autophagosomes are relocated in the perinuclear area to resolve increased intracellular pH [36]. Although lysosomes were distributed well into the cytosol in the presence of nutrients (Fed, Figure 2C top row), perinuclear clustering of lysosomes appeared in the absence of nutrients (Starved, Figure 2C middle row) as reported in previous studies [36,37]. However, diclofenac treatment resulted in the abnormal location of lysosomes near the edges of the plasma membrane in cells (Figure 2C bottom row, yellow box) and reduced numbers of perinuclear lysosomes (Figure 2C bottom row, white box).



To examine whether diclofenac interferes with microtubule polymerization directly, we performed an in vitro assay to monitor tubulin polymerization. Figure 2D shows that 1.7 mM diclofenac (a concentration 10 times higher than that for mitotic arrest in HeLa cells) inhibits tubulin polymerization more effectively than does 10 µM nocodazole (a concentration 100 times higher than that for mitotic arrest in HeLa cells). The effects of diclofenac on microtubule depolymerization were observed in HeLa and HepG2 cells.




3.3. Diclofenac Inhibits Autophagy Flux


The formation and maturation of autophagic vacuoles depends on the cytoskeleton network, including actin and microtubule polymerization [37,38]. We monitored which stage of autophagy was affected by diclofenac using the adenoviral expression of mCherry-GFP-LC3, which is an efficient tool for tracking autophagic flux [39]. Autophagosomes appear as yellow spots (mCherry+/GFP+) and autolysosomes appear as red spots (mCherry+/GFP−), in cells expressing mCherry-GFP-LC3 because GFP is acid-labile and mCherry is acid-stable in the lumen of lysosomes [27,40]. Analysis of the spot number ratio of autolysosomes (mCherry+GFP−) to autophagosomes (mCherry+GFP+) is useful for estimating the transition from autophagosome to autolysosome. To assess the autophagic vacuole number, we incubated HepG2 cells in a nutrient-starved (EBSS), medium containing rapamycin (an inducer of autophagy by inhibiting mTorc1 [41]) or bafilomycin A (a vacuolar-type H+-ATPase and a blocker of autophagy by inhibiting acidification of the lumen of the lysosome) [42]. We observed that the administration of diclofenac into HepG2 cells increases total autophagic vacuole number compared with control cells (vehicle), and increases the spot number ratio of autophagosomes to autolysosomes more than nutrient-starved cells (EBSS) and rapamycin-induced autophagic cells (Figure 3A–C). This result indicates that diclofenac inhibits the fusion of autophagosomes with lysosomes or increases the pH in the lumen of autolysosomes. An increase in autolysosome size can indicate dysfunction of lysosomes and can lead to accumulation of enlarged autolysosomes [27] as shown in cells treated with bafilomycin A1. In diclofenac-treated cells, autolysosome size is twice as large as that in nutrient-starved cells (Figure 3D), indicating diclofenac may induce an increase in lysosomal pH similar to the result in a previous report [7]. Immunoblot analysis (Figure 3E,F) revealed that diclofenac induced an increase in LC3-II protein level during 8 h of incubation compared with control cells. The levels of p62 and mTOR protein in the lysates from diclofenac-treated cells were the same as those from control cells and bafilomycin A-treated cells. This result indicates that diclofenac works as an autophagy inhibitor like bafilomycin A but not as an autophagy inducer like rapamycin.



To examine the effect of diclofenac on the fusion of autophagosomes and lysosomes, we carried out a colocalization of GFP-LC3 with LAMP1, a lysosomal membrane protein. The relative ratio of lysosome-trapped GFP-LC3 spots to total GFP-LC3 spots was reduced in diclofenac-treated cells by 65% compared with bafilomycin A-treated cells and by 30% compared with control cells under nutrient-starved conditions (Figure 3E,F), indicating that diclofenac inhibits the fusion of autophagosomes and lysosomes strongly. We observed many GFP-LC3 spots in the LAMP1-positive enlarged lysosomes in bafilomycin A-treated cells but very few in diclofenac-treated cells. This suggests that the major inhibitory step of autophagy by diclofenac is the fusion of autophagosomes and lysosomes that is dependent on microtubule polymerization, whereas the major inhibitory step of autophagy by bafilomycin A is lysosomal degradation that requires low luminal pH.




3.4. Diclofenac Inhibits Microtubule-Dependent Phagophore Movement at the Early Step of Autophagy


Autophagy depends on the cytoskeleton network [38]. We investigated the influence of diclofenac on phagophore formation, the initial step of autophagy. Phagophores appear at the endoplasmic reticulum or other membrane as class III phosphoinositide 3-kinase (Vps34) is activated by means of a complex including Beclin-1, Atg14, and Vps15 [43]. Phosphatidylinositol (3) phosphate (PtdIns(3)P) is produced on the phagophore by activated Vps34. We monitored phagophore formation using a PtdIns(3)P reporter, a WD repeat and FYVE domain-containing 3 (WDFY3) [27,44,45]. In nutrient-starved HepG2 cells (vehicle) expressing GFP-LC3 and mCherry-WDFY3, both autophagosomes (LC3 spots) and phagophores containing PtdIns(3)P (WDFY3-positive spots) increased (Figure 4A top row). SAR405, a Vps34 inhibitor [46], restrained the formation of autophagosomes and phagophores (Figure 4A bottom row). Diclofenac inhibits autophagosome formation and elicits compromised phagophore formation. Aggregated large phagophores were observed in diclofenac-treated cells (Figure 4A middle row). Quantification reveals that WDFY3-positive spot number was reduced but sum fluorescence intensity was not changed in diclofenac-treated cells compared with control cells (vehicle) (Figure 4B). This result demonstrates that diclofenac suppresses the appropriate distribution of phagophores in the microtubule network but has little effect on phagophore formation. Considering that formation and expansion of the omegasome [47], a ring-like initial extension on the endoplasmic reticulum, depends on actin polymerization [38], the inhibitory effect of diclofenac is specific for microtubule polymerization but not for actin polymerization. We reasoned that microtubule depolymerization by diclofenac results in the inhibition of microtubule-dependent phagophore movement followed by autophagosome formation.




3.5. Diclofenac Induces Fragmentation of Mitochondria and the Golgi during Cell Death


Fragmentation of mitochondria and the Golgi appears prior to irreversible cell death in cells under stresses such as increased ROS, increased cytosolic calcium ion, and endoplasmic reticulum stress [48,49]. Because Golgi fragmentation and mitochondrial dynamics are dependent on the microtubule network [50,51], we examined the effect of diclofenac as a microtubule destabilizer and autophagy inhibitor on mitochondria and Golgi morphology. Mitochondrial fragmentation in a single cell was quantified as a mean rod/branch length or a median rod/branch length using the ImageJ MiNA toolset [28]. Diclofenac caused mitochondrial network fragmentation in both nutrient-rich and nutrient-starved HepG2 cells (Figure 5A–D). The administration of n-acetylcysteine, a precursor of the antioxidant glutathione, into cells containing diclofenac did not alleviate mitochondrial fragmentation. We measured mitochondrial ROS levels using MitoSOX. Diclofenac induced mitochondrial ROS accumulation in HepG2 cells (Figure 5E,F). The treatment of n-acetylcysteine results in a decrease in mitochondrial ROS levels in nutrient-rich cells but not in nutrient-starved cells. In nutrient-starved cells, diclofenac further increased mitochondrial ROS accumulation by inhibiting autophagy flux. Administration of n-acetylcysteine did not neutralize the effect of diclofenac.



The Golgi is typically found as a stacked ribbon in the perinuclear region of the cell but reorganizes to peripheral sites under certain conditions including mitosis [52]. Inhibition of the activator for ADP-ribosylation factors leads to disassembly of Golgi by releasing many Golgi peripheral-membrane proteins [53]. Golgi fragmentation arises irreversibly by activated caspases during apoptosis [54]. Golgi fragmentation also occurs as an early pathological event prior to apoptosis in neurodegenerative diseases [55]. We measured Golgi fragmentation using Golgin97 fluorescence intensity in the perinuclear region of HepG2 cells treated with diclofenac, rapamycin, rotenone (an inducer of mitochondrial ROS production), and control cells (0.1% DMSO; vehicle). The Golgi was well-organized in the perinuclear region of control cells and rapamycin (a potent inducer of autophagy)-treated cells (Figure 5G,H). Rotenone and diclofenac treatment resulted in Golgi fragmentation and the collapsed Golgi was dispersed in the cytosol. This result is consistent with that of the cell viability assay using tetrazolium salt (compare upper and lower histograms in Figure 5H). Taken together with the result of mitochondrial fragmentation, the data show Golgi fragmentation can be an indicator of early cell death. Diclofenac induces mitochondria and Golgi fragmentation by destabilizing the microtubule network. This effect of diclofenac precedes an increase in H2O2 level. Superoxide anions, which are produced by mitochondria, mediate autophagy in nutrient-starved cells [56], and those produced by damaged mitochondria can be removed by superoxide dismutase 1. Therefore, superoxide dismutase 1 can further increase the cytotoxic effect of diclofenac by reducing autophagy.




3.6. Diclofenac in Combination with 5-Fluorouracil Induces Synergistic Cytotoxicity on Cancer Cells


Drugs affecting microtubule polymerization have anticancer potential by inhibiting cell cycle progression and inducing cell death [57,58]. A representative agent is taxol, which increases microtubule stabilization, passes the mitotic spindle assembly checkpoint, and produces chromosomal instability followed by cell death [59,60]. We examined whether diclofenac induces cancer cell death more efficiently in combination with 5-fluorouracil than either drug does alone in HeLa cells and two pancreatic cancer cell lines (AsPc-1 and MIA PaCa-2) (Figure 6). The synergistic cytotoxicity of diclofenac with 5-fluorouracil was observed in all three types of cancer cells. In HeLa cells, treatment with 100 µM of diclofenac and 100 µM of 5-fluorouracil in combination showed cytotoxicity, whereas each treatment alone does not induce cell death. Similar synergistic cytotoxicity was observed in the two pancreatic cancer cell lines. Intriguingly, cytotoxicity of diclofenac to AsPc-1 and MIA PaCa-2 cells is more than 10 times greater than it is to HeLa cells. We reason that pancreatic cancer cells are highly sensitive to the treatment with diclofenac because these cells rely on upregulation of basal autophagy for their survival [61]. The results indicate that diclofenac can be a potent anticancer drug for certain types of cancers in combination with conventional anticancer medicines such as 5-fluorouracil.





4. Discussion


The IC50 of the NSAID diclofenac for Cox-2 is three times lower than that for Cox-1, indicating that diclofenac is a selective Cox-2 inhibitor [20]. Several studies have suggested that diclofenac has a preventive role against cancer. The inhibition of cell proliferation by diclofenac depends on reduced Cox-2 activity in chemical carcinogen-induced colon cancer in rats [62]. Although NSAIDs show the effects of cancer prevention by inhibiting inflammation via control of Cox activity, NSAIDs have also shown effects of cancer prevention independent of Cox activity [20,63]. However, the molecular mechanism by which a certain NSAID works for antineoplastic activity remains elusive and seems to differ according to cancer cell type and NSAID used.



In this study, we propose a mode of action of diclofenac for specially induced cancer cell death (Figure 7). Diclofenac inhibits microtubule polymerization directly in vitro. Destabilized mitotic spindle filaments at metaphase elicit compromised spindle assembly checkpoints and interference with the formation of the spindle assembly checkpoint complex (Cdc20, Mad2, and BubR1), which is required to ensure proper mitotic progression [64]. Thus, cell death is induced by disturbing spindle assembly checkpoints, leading to chromosome mis-segregation, and aneuploidy, as has been reported in previous researches [65,66]. With respect to the regulation of autophagy, diclofenac appears to induce oxidative stress and lysosomal dysfunction [7]. We found that diclofenac specifically blocks the movement of phagophores and the fusion of autophagosomes and lysosomes due to microtubule destabilization. The inhibition of autophagy increases the accumulation of fragmented mitochondria and Golgi, and thereby produces cellular ROS from damaged mitochondria and gives rise to cell death. We observed that administration of the n-acetylcysteine antioxidant did not ameliorate mitochondrial fragmentation, indicating that inhibition of autophagy flux precedes increased ROS. We propose microtubules as cellular targets of diclofenac.



We demonstrated that diclofenac induces cancer cell death in combination with 5-fluorouracil. Several compounds disturbing the microtubule network result in anti-proliferation activity [51,58]. Most cancer cells display aneuploidy in their chromosomes while normal cells are euploid [67]. Aneuploidy is linked to genome instability, and further increasing genome instability has been a conventional and efficient strategy for cancer treatment. Both 5-fluorouracil and gemcitabine, two pyrimidine nucleoside antimetabolites, have been approved for the treatment of many cancers, including non-small cell lung cancer, pancreatic cancer, and breast cancer. They inhibit DNA replication and increase genome instability, ultimately inducing cell death [68,69]. Taxol, in combination with 5-fluorouracil or gemcitabine, results in cancer cell death synergistically through perturbation of the mitotic spindle assembly checkpoint followed by mitotic arrest [60]. Our data show that diclofenac in combination with 5-fluorouracil induces synergistic cell death in HeLa (cervical cancer), AsPc-1 (pancreatic cancer), and MIA PaCa-2 (pancreatic cancer) cells. Together with evidence that highly active autophagy is found in a variety of cancer types [70], our results showing that diclofenac inhibits autophagy through microtubule destabilization suggest the repositioning of diclofenac for combinational therapy with DNA replication-inhibiting drugs such as 5-fluorouracil and gemcitabine.



Long-term use of diclofenac can result in hepatotoxicity. For this reason, the appropriate in vivo concentration of diclofenac required to reach therapeutic effect on cancer tumors should be determined. Epidemiological studies show diclofenac has been implicated in liver injury from hepatotoxicity in the United States (53%; estimated incidence: 1–9 cases per 100,000 persons) [2,71]. Therapeutic doses of diclofenac for anti-inflammation are from 2 to 25 µM in human plasma [72]. In an overdose case with oral ingestion of 1500 mg of diclofenac, the plasma concentration reached 190 µM for 7 h [73]. The recommended dosage of diclofenac for the relief of osteoarthritis is 100 to 150 mg/day. When the maximum dose (150 mg/day) is allowed for oral ingestion, the plasma concentration seems to be 19 µM for 7 h and 5 µM for 24 h. Considering that diclofenac showed a half-maximal effective concentration of 170 μM for mitotic arrest and a half-maximal lethal dose of 200 µM for HeLa cells during 24 h-incubation, oral ingestion of 150 mg of diclofenac per day does not seem to be enough to induce anti-proliferation and death against cancer cells. However, the anticancer effect of diclofenac may vary according to the tumor type and location the body. In a systemic study [74] involving a pharmacokinetic analysis on oral diclofenac intake between 25 and 150 mg in humans, the time to reach maximal plasma concentrations is between 1.5 and 2 h after drug administration. Furthermore, the mean half-life in plasma concentrations is 1.2 h following a decline with a mono-exponential function. Diclofenac clearance takes between 3 and 4 h, consequently eliminating 90% of the drug. After an oral intake of 50 mg of diclofenac, the maximal diclofenac plasma concentration is 5.7 μM, and the clinically allowed maximum diclofenac dose for adult humans is 150 mg per day because of heart failure and chronic hepatic impairment. Given that the half-maximal lethal dose of diclofenac for HeLa cells is 200 µM, an oral intake of 50 mg of diclofenac is insufficient to achieve its antitumor activity.



We found that diclofenac is 100 times stronger in cytotoxic effect on AsPC-1 and MIA PaCa-2 pancreatic cancer cells than on HeLa cells (Figure 6). In combination with 5-fluorouracil, the minimum concentrations of diclofenac are from 1 to 100 µM for synergistic cell death, depending on cancer cell types. Autophagy was reported to be upregulated in pancreatic cancer [75,76], which is the one of most lethal cancers given that the 5-year survival rate of pancreatic cancer patients is about 10% in the United States [77]. Diclofenac can be a promising anticancer drug for cancers that show activated autophagy and deficiency of spindle assembly checkpoint. For combination therapy with 5-fluorouracil or gemcitabine, the effective concentration of diclofenac to kill in vivo cancer needs to be determined in the future in a variety of cancers while monitoring hepatotoxicity at the same time.



Structural stability and distribution of many cellular organelles depend on the microtubule network. Stress granules containing ribonucleoprotein and mRNA are generated by acute stress conditions, including oxidative stress. Microtubules control mobility and dynamics of stress granules [78]. Diclofenac induces chronic oxidative stress instead of acute stress and, for this reason, investigation into the relevance of diclofenac to control stress granule dynamics is of interest.




5. Conclusions


In this study, we demonstrate that microtubule destabilization by diclofenac, an NSAID, causes mitotic arrest and inhibition of phagophore movement and fusion of autophagosomes with lysosomes on the microtubule filament during autophagy. Diclofenac induces cancer cell death via compromised spindle assembly checkpoints and increased ROS. Diclofenac in combination with 5-fluorouracil, a DNA replication-inhibiting drug, has death-inducing effects on cancer cells. Pancreatic cancer cells, which have high basal autophagy, are particularly sensitive to cell death by diclofenac. These findings suggest the repositioning of diclofenac in combination with agents to block DNA replication for treatment of certain types of cancers.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/antiox11051009/s1, Figure S1: Uncropped western blots related with Figure 3E.





Author Contributions


Conceptualization, S.C. and D.K.; data curation, S.C., S.K. and J.P.; funding acquisition, D.K.; investigation, S.C., S.K., J.P., S.E.L., C.K. and D.K.; methodology, S.C., S.K. and J.P.; supervision, D.K.; visualization, S.C., S.K., J.P. and C.K.; Writing–original draft, S.C. and D.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by grants from the National Research Foundation of Korea (2021R1A6A1A10039823) and from the Korea Basic Science Institute (National Research Facilities and Equipment Center) funded by the Ministry of Education (2019R1A6C1010020 and 2021R1A6C103A408).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article or supplementary material.




Acknowledgments


The authors would like to thank the members of Kang laboratory and Ewha Fluorescence Core Imaging Center for technical assistance. We appreciate Byung-Hoon Lee for providing mCherry-GFP-LC3 adenovirus and other reagents.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mitchell, J.A.; Warner, T.D. COX isoforms in the cardiovascular system: Understanding the activities of non-steroidal anti-inflammatory drugs. Nat. Rev. Drug Discov. 2006, 5, 75–86. [Google Scholar] [CrossRef] [PubMed]

	



Schmeltzer, P.A.; Kosinski, A.S.; Kleiner, D.E.; Hoofnagle, J.H.; Stolz, A.; Fontana, R.J.; Russo, M.W. Liver injury from nonsteroidal anti-inflammatory drugs in the United States. Liver Int. 2016, 36, 603–609. [Google Scholar] [CrossRef] [PubMed]

	



Sostres, C.; Gargallo, C.J.; Arroyo, M.T.; Lanas, A. Adverse effects of non-steroidal anti-inflammatory drugs (NSAIDs, aspirin and coxibs) on upper gastrointestinal tract. Best. Pract. Res. Clin. Gastroenterol. 2010, 24, 121–132. [Google Scholar] [CrossRef]

	



Wongrakpanich, S.; Wongrakpanich, A.; Melhado, K.; Rangaswami, J. A Comprehensive Review of Non-Steroidal Anti-Inflammatory Drug Use in The Elderly. Aging Dis. 2018, 9, 143–150. [Google Scholar] [CrossRef] [PubMed]

	



Bindu, S.; Mazumder, S.; Bandyopadhyay, U. Non-steroidal anti-inflammatory drugs (NSAIDs) and organ damage: A current perspective. Biochem. Pharmacol. 2020, 180, 114147. [Google Scholar] [CrossRef] [PubMed]

	



Sandoval-Acuna, C.; Lopez-Alarcon, C.; Aliaga, M.E.; Speisky, H. Inhibition of mitochondrial complex I by various non-steroidal anti-inflammatory drugs and its protection by quercetin via a coenzyme Q-like action. Chem. Biol. Interact. 2012, 199, 18–28. [Google Scholar] [CrossRef]

	



Jung, S.H.; Lee, W.; Park, S.H.; Lee, K.Y.; Choi, Y.J.; Choi, S.; Kang, D.; Kim, S.; Chang, T.S.; Hong, S.S.; et al. Diclofenac impairs autophagic flux via oxidative stress and lysosomal dysfunction: Implications for hepatotoxicity. Redox Biol. 2020, 37, 101751. [Google Scholar] [CrossRef]

	



Redza-Dutordoir, M.; Averill-Bates, D.A. Interactions between reactive oxygen species and autophagy: Special issue: Death mechanisms in cellular homeostasis. Biochim. Biophys. Acta Mol. Cell Res. 2021, 1868, 119041. [Google Scholar] [CrossRef]

	



Scherz-Shouval, R.; Elazar, Z. Regulation of autophagy by ROS: Physiology and pathology. Trends Biochem. Sci. 2011, 36, 30–38. [Google Scholar] [CrossRef]

	



Guo, Q.Q.; Wang, S.S.; Zhang, S.S.; Xu, H.D.; Li, X.M.; Guan, Y.; Yi, F.; Zhou, T.T.; Jiang, B.; Bai, N.; et al. ATM-CHK2-Beclin 1 axis promotes autophagy to maintain ROS homeostasis under oxidative stress. EMBO J. 2020, 39, e103111. [Google Scholar] [CrossRef]

	



Hara, T.; Nakamura, K.; Matsui, M.; Yamamoto, A.; Nakahara, Y.; Suzuki-Migishima, R.; Yokoyama, M.; Mishima, K.; Saito, I.; Okano, H.; et al. Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice. Nature 2006, 441, 885–889. [Google Scholar] [CrossRef] [PubMed]

	



Komatsu, M.; Waguri, S.; Chiba, T.; Murata, S.; Iwata, J.; Tanida, I.; Ueno, T.; Koike, M.; Uchiyama, Y.; Kominami, E.; et al. Loss of autophagy in the central nervous system causes neurodegeneration in mice. Nature 2006, 441, 880–884. [Google Scholar] [CrossRef] [PubMed]

	



Takacs-Vellai, K.; Vellai, T.; Puoti, A.; Passannante, M.; Wicky, C.; Streit, A.; Kovacs, A.L.; Muller, F. Inactivation of the autophagy gene bec-1 triggers apoptotic cell death in C. elegans. Curr. Biol. 2005, 15, 1513–1517. [Google Scholar] [CrossRef] [PubMed]

	



Boya, P.; Gonzalez-Polo, R.A.; Casares, N.; Perfettini, J.L.; Dessen, P.; Larochette, N.; Metivier, D.; Meley, D.; Souquere, S.; Yoshimori, T.; et al. Inhibition of macroautophagy triggers apoptosis. Mol. Cell Biol. 2005, 25, 1025–1040. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Polo, R.A.; Boya, P.; Pauleau, A.L.; Jalil, A.; Larochette, N.; Souquere, S.; Eskelinen, E.L.; Pierron, G.; Saftig, P.; Kroemer, G. The apoptosis/autophagy paradox: Autophagic vacuolization before apoptotic death. J. Cell Sci. 2005, 118, 3091–3102. [Google Scholar] [CrossRef]

	



Frudd, K.; Burgoyne, T.; Burgoyne, J.R. Oxidation of Atg3 and Atg7 mediates inhibition of autophagy. Nat. Commun. 2018, 9, 95. [Google Scholar] [CrossRef]

	



Maiuri, M.C.; Zalckvar, E.; Kimchi, A.; Kroemer, G. Self-eating and self-killing: Crosstalk between autophagy and apoptosis. Nat. Rev. Mol. Cell Biol. 2007, 8, 741–752. [Google Scholar] [CrossRef]

	



Verschoor, M.L.; Wilson, L.A.; Singh, G. Mechanisms associated with mitochondrial-generated reactive oxygen species in cancer. Can. J. Physiol. Pharmacol. 2010, 88, 204–219. [Google Scholar] [CrossRef]

	



Santana-Codina, N.; Mancias, J.D.; Kimmelman, A.C. The Role of Autophagy in Cancer. Annu. Rev. Cancer Biol. 2017, 1, 19–39. [Google Scholar] [CrossRef]

	



Gurpinar, E.; Grizzle, W.E.; Piazza, G.A. NSAIDs inhibit tumorigenesis, but how? Clin. Cancer Res. 2014, 20, 1104–1113. [Google Scholar] [CrossRef]

	



Rayburn, E.R.; Ezell, S.J.; Zhang, R. Anti-Inflammatory Agents for Cancer Therapy. Mol. Cell Pharmacol. 2009, 1, 29–43. [Google Scholar] [CrossRef] [PubMed]

	



Thun, M.J.; Henley, S.J.; Patrono, C. Nonsteroidal anti-inflammatory drugs as anticancer agents: Mechanistic, pharmacologic, and clinical issues. J. Natl. Cancer Inst. 2002, 94, 252–266. [Google Scholar] [CrossRef] [PubMed]

	



White, E. The role for autophagy in cancer. J. Clin. Investig. 2015, 125, 42–46. [Google Scholar] [CrossRef] [PubMed]

	



Amaravadi, R.K.; Yu, D.; Lum, J.J.; Bui, T.; Christophorou, M.A.; Evan, G.I.; Thomas-Tikhonenko, A.; Thompson, C.B. Autophagy inhibition enhances therapy-induced apoptosis in a Myc-induced model of lymphoma. J. Clin. Investig. 2007, 117, 326–336. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.Y.; Xia, B.; White, E. Autophagy-mediated tumor promotion. Cell 2013, 155, 1216–1219. [Google Scholar] [CrossRef]

	



Kim, S.; Heo, S.; Brzostowski, J.; Kang, D. Endosomal mTORC2 Is Required for Phosphoinositide-Dependent AKT Activation in Platelet-Derived Growth Factor-Stimulated Glioma Cells. Cancers 2021, 13, 2405. [Google Scholar] [CrossRef]

	



Kim, S.; Choi, S.; Kang, D. Quantitative and qualitative analysis of autophagy flux using imaging. BMB Rep. 2020, 53, 241–247. [Google Scholar] [CrossRef]

	



Valente, A.J.; Maddalena, L.A.; Robb, E.L.; Moradi, F.; Stuart, J.A. A simple ImageJ macro tool for analyzing mitochondrial network morphology in mammalian cell culture. Acta Histochem. 2017, 119, 315–326. [Google Scholar] [CrossRef]

	



Phalen, T.J.; Weirather, K.; Deming, P.B.; Anathy, V.; Howe, A.K.; van der Vliet, A.; Jonsson, T.J.; Poole, L.B.; Heintz, N.H. Oxidation state governs structural transitions in peroxiredoxin II that correlate with cell cycle arrest and recovery. J. Cell Biol. 2006, 175, 779–789. [Google Scholar] [CrossRef]

	



Yuan, Z.; Schellekens, H.; Warner, L.; Janssen-Heininger, Y.; Burch, P.; Heintz, N.H. Reactive nitrogen species block cell cycle re-entry through sustained production of hydrogen peroxide. Am. J. Respir. Cell Mol. Biol. 2003, 28, 705–712. [Google Scholar] [CrossRef]

	



Castedo, M.; Perfettini, J.L.; Roumier, T.; Andreau, K.; Medema, R.; Kroemer, G. Cell death by mitotic catastrophe: A molecular definition. Oncogene 2004, 23, 2825–2837. [Google Scholar] [CrossRef] [PubMed]

	



McClelland, S.E.; Burrell, R.A.; Swanton, C. Chromosomal instability: A composite phenotype that influences sensitivity to chemotherapy. Cell Cycle 2009, 8, 3262–3266. [Google Scholar] [CrossRef] [PubMed]

	



Jordan, M.A.; Toso, R.J.; Thrower, D.; Wilson, L. Mechanism of mitotic block and inhibition of cell proliferation by taxol at low concentrations. Proc. Natl. Acad. Sci. USA 1993, 90, 9552–9556. [Google Scholar] [CrossRef] [PubMed]

	



Zieve, G.W.; Turnbull, D.; Mullins, J.M.; McIntosh, J.R. Production of large numbers of mitotic mammalian cells by use of the reversible microtubule inhibitor nocodazole. Nocodazole accumulated mitotic cells. Exp. Cell Res. 1980, 126, 397–405. [Google Scholar] [CrossRef]

	



Ferrara, M.; Sessa, G.; Fiore, M.; Bernard, F.; Asteriti, I.A.; Cundari, E.; Colotti, G.; Ferla, S.; Desideri, M.; Buglioni, S.; et al. Small molecules targeted to the microtubule-Hec1 interaction inhibit cancer cell growth through microtubule stabilization. Oncogene 2018, 37, 231–240. [Google Scholar] [CrossRef]

	



Korolchuk, V.I.; Saiki, S.; Lichtenberg, M.; Siddiqi, F.H.; Roberts, E.A.; Imarisio, S.; Jahreiss, L.; Sarkar, S.; Futter, M.; Menzies, F.M.; et al. Lysosomal positioning coordinates cellular nutrient responses. Nat. Cell Biol. 2011, 13, 453–460. [Google Scholar] [CrossRef]

	



Aplin, A.; Jasionowski, T.; Tuttle, D.L.; Lenk, S.E.; Dunn, W.A., Jr. Cytoskeletal elements are required for the formation and maturation of autophagic vacuoles. J. Cell Physiol. 1992, 152, 458–466. [Google Scholar] [CrossRef]

	



Kast, D.J.; Dominguez, R. The Cytoskeleton-Autophagy Connection. Curr. Biol. 2017, 27, R318–R326. [Google Scholar] [CrossRef]

	



Pankiv, S.; Clausen, T.H.; Lamark, T.; Brech, A.; Bruun, J.A.; Outzen, H.; Overvatn, A.; Bjorkoy, G.; Johansen, T. p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy. J. Biol. Chem. 2007, 282, 24131–24145. [Google Scholar] [CrossRef]

	



Mizushima, N.; Yoshimori, T.; Levine, B. Methods in mammalian autophagy research. Cell 2010, 140, 313–326. [Google Scholar] [CrossRef]

	



Renna, M.; Jimenez-Sanchez, M.; Sarkar, S.; Rubinsztein, D.C. Chemical inducers of autophagy that enhance the clearance of mutant proteins in neurodegenerative diseases. J. Biol. Chem. 2010, 285, 11061–11067. [Google Scholar] [CrossRef] [PubMed]

	



Yoshimori, T.; Yamamoto, A.; Moriyama, Y.; Futai, M.; Tashiro, Y. Bafilomycin A1, a specific inhibitor of vacuolar-type H(+)-ATPase, inhibits acidification and protein degradation in lysosomes of cultured cells. J. Biol. Chem. 1991, 266, 17707–17712. [Google Scholar] [CrossRef]

	



Mizushima, N. Autophagy: Process and function. Genes Dev. 2007, 21, 2861–2873. [Google Scholar] [CrossRef] [PubMed]

	



Axe, E.L.; Walker, S.A.; Manifava, M.; Chandra, P.; Roderick, H.L.; Habermann, A.; Griffiths, G.; Ktistakis, N.T. Autophagosome formation from membrane compartments enriched in phosphatidylinositol 3-phosphate and dynamically connected to the endoplasmic reticulum. J. Cell Biol. 2008, 182, 685–701. [Google Scholar] [CrossRef]

	



Wu, D.J.; Gu, R.; Sarin, R.; Zavodovskaya, R.; Chen, C.P.; Christiansen, B.A.; Zarbalis, K.S.; Adamopoulos, I.E. Autophagy-linked FYVE containing protein WDFY3 interacts with TRAF6 and modulates RANKL-induced osteoclastogenesis. J. Autoimmun. 2016, 73, 73–84. [Google Scholar] [CrossRef] [PubMed]

	



Ronan, B.; Flamand, O.; Vescovi, L.; Dureuil, C.; Durand, L.; Fassy, F.; Bachelot, M.F.; Lamberton, A.; Mathieu, M.; Bertrand, T.; et al. A highly potent and selective Vps34 inhibitor alters vesicle trafficking and autophagy. Nat. Chem. Biol. 2014, 10, 1013–1019. [Google Scholar] [CrossRef]

	



Ariosa, A.R.; Klionsky, D.J. Autophagy core machinery: Overcoming spatial barriers in neurons. J. Mol. Med. 2016, 94, 1217–1227. [Google Scholar] [CrossRef]

	



Arnoult, D. Mitochondrial fragmentation in apoptosis. Trends Cell Biol. 2007, 17, 6–12. [Google Scholar] [CrossRef]

	



Nakagomi, S.; Barsoum, M.J.; Bossy-Wetzel, E.; Sutterlin, C.; Malhotra, V.; Lipton, S.A. A Golgi fragmentation pathway in neurodegeneration. Neurobiol. Dis. 2008, 29, 221–231. [Google Scholar] [CrossRef]

	



Cole, N.B.; Sciaky, N.; Marotta, A.; Song, J.; Lippincott-Schwartz, J. Golgi dispersal during microtubule disruption: Regeneration of Golgi stacks at peripheral endoplasmic reticulum exit sites. Mol. Biol. Cell 1996, 7, 631–650. [Google Scholar] [CrossRef]

	



Vona, R.; Mileo, A.M.; Matarrese, P. Microtubule-Based Mitochondrial Dynamics as a Valuable Therapeutic Target in Cancer. Cancers 2021, 13, 5812. [Google Scholar] [CrossRef] [PubMed]

	



Colanzi, A.; Suetterlin, C.; Malhotra, V. Cell-cycle-specific Golgi fragmentation: How and why? Curr. Opin. Cell Biol. 2003, 15, 462–467. [Google Scholar] [CrossRef]

	



Chardin, P.; McCormick, F. Brefeldin A: The advantage of being uncompetitive. Cell 1999, 97, 153–155. [Google Scholar] [CrossRef]

	



Lane, J.D.; Lucocq, J.; Pryde, J.; Barr, F.A.; Woodman, P.G.; Allan, V.J.; Lowe, M. Caspase-mediated cleavage of the stacking protein GRASP65 is required for Golgi fragmentation during apoptosis. J. Cell Biol. 2002, 156, 495–509. [Google Scholar] [CrossRef]

	



van Dis, V.; Kuijpers, M.; Haasdijk, E.D.; Teuling, E.; Oakes, S.A.; Hoogenraad, C.C.; Jaarsma, D. Golgi fragmentation precedes neuromuscular denervation and is associated with endosome abnormalities in SOD1-ALS mouse motor neurons. Acta Neuropathol. Commun. 2014, 2, 38. [Google Scholar] [CrossRef]

	



Chen, Y.; Azad, M.B.; Gibson, S.B. Superoxide is the major reactive oxygen species regulating autophagy. Cell Death Differ. 2009, 16, 1040–1052. [Google Scholar] [CrossRef]

	



Bates, D.; Eastman, A. Microtubule destabilising agents: Far more than just antimitotic anticancer drugs. Br. J. Clin. Pharmacol. 2017, 83, 255–268. [Google Scholar] [CrossRef]

	



Singh, P.; Rathinasamy, K.; Mohan, R.; Panda, D. Microtubule assembly dynamics: An attractive target for anticancer drugs. IUBMB Life 2008, 60, 368–375. [Google Scholar] [CrossRef]

	



Arnal, I.; Wade, R.H. How does taxol stabilize microtubules? Curr. Biol. 1995, 5, 900–908. [Google Scholar] [CrossRef]

	



Yvon, A.M.; Wadsworth, P.; Jordan, M.A. Taxol suppresses dynamics of individual microtubules in living human tumor cells. Mol. Biol. Cell 1999, 10, 947–959. [Google Scholar] [CrossRef]

	



Yang, S.; Wang, X.; Contino, G.; Liesa, M.; Sahin, E.; Ying, H.; Bause, A.; Li, Y.; Stommel, J.M.; Dell’antonio, G.; et al. Pancreatic cancers require autophagy for tumor growth. Genes Dev. 2011, 25, 717–729. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, J.; Sanyal, S.N. Diclofenac, a selective COX-2 inhibitor, inhibits DMH-induced colon tumorigenesis through suppression of MCP-1, MIP-1alpha and VEGF. Mol. Carcinog. 2011, 50, 707–718. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Chen, F.; Shang, L. Advances in antitumor effects of NSAIDs. Cancer Manag. Res. 2018, 10, 4631–4640. [Google Scholar] [CrossRef] [PubMed]

	



Lara-Gonzalez, P.; Pines, J.; Desai, A. Spindle assembly checkpoint activation and silencing at kinetochores. Semin. Cell Dev. Biol. 2021, 117, 86–98. [Google Scholar] [CrossRef] [PubMed]

	



Cohen-Sharir, Y.; McFarland, J.M.; Abdusamad, M.; Marquis, C.; Bernhard, S.V.; Kazachkova, M.; Tang, H.; Ippolito, M.R.; Laue, K.; Zerbib, J.; et al. Aneuploidy renders cancer cells vulnerable to mitotic checkpoint inhibition. Nature 2021, 590, 486–491. [Google Scholar] [CrossRef] [PubMed]

	



Mason, J.M.; Wei, X.; Fletcher, G.C.; Kiarash, R.; Brokx, R.; Hodgson, R.; Beletskaya, I.; Bray, M.R.; Mak, T.W. Functional characterization of CFI-402257, a potent and selective Mps1/TTK kinase inhibitor, for the treatment of cancer. Proc. Natl. Acad. Sci. USA 2017, 114, 3127–3132. [Google Scholar] [CrossRef]

	



Zack, T.I.; Schumacher, S.E.; Carter, S.L.; Cherniack, A.D.; Saksena, G.; Tabak, B.; Lawrence, M.S.; Zhsng, C.Z.; Wala, J.; Mermel, C.H.; et al. Pan-cancer patterns of somatic copy number alteration. Nat. Genet. 2013, 45, 1134–1140. [Google Scholar] [CrossRef]

	



Toschi, L.; Finocchiaro, G.; Bartolini, S.; Gioia, V.; Cappuzzo, F. Role of gemcitabine in cancer therapy. Future Oncol. 2005, 1, 7–17. [Google Scholar] [CrossRef]

	



Longley, D.B.; Harkin, D.P.; Johnston, P.G. 5-fluorouracil: Mechanisms of action and clinical strategies. Nat. Rev. Cancer 2003, 3, 330–338. [Google Scholar] [CrossRef]

	



Lazova, R.; Camp, R.L.; Klump, V.; Siddiqui, S.F.; Amaravadi, R.K.; Pawelek, J.M. Punctate LC3B expression is a common feature of solid tumors and associated with proliferation, metastasis, and poor outcome. Clin. Cancer Res. 2012, 18, 370–379. [Google Scholar] [CrossRef]

	



Rostom, A.; Goldkind, L.; Laine, L. Nonsteroidal anti-inflammatory drugs and hepatic toxicity: A systematic review of randomized controlled trials in arthritis patients. Clin. Gastroenterol. Hepatol. 2005, 3, 489–498. [Google Scholar] [CrossRef]

	



Shah, I.; Barker, J.; Naughton, D.P.; Barton, S.J.; Ashraf, S.S. Determination of diclofenac concentrations in human plasma using a sensitive gas chromatography mass spectrometry method. Chem. Cent. J. 2016, 10, 52. [Google Scholar] [CrossRef] [PubMed]

	



Netter, P.; Lambert, H.; Larcan, A.; Godbillon, J.; Gosset, G. Diclofenac sodium-chlormezanone poisoning. Eur. J. Clin. Pharmacol. 1984, 26, 535–536. [Google Scholar] [CrossRef] [PubMed]

	



Davies, N.M.; Anderson, K.E. Clinical pharmacokinetics of diclofenac. Therapeutic insights and pitfalls. Clin. Pharmacokinet. 1997, 33, 184–213. [Google Scholar] [CrossRef]

	



Endo, S.; Nakata, K.; Ohuchida, K.; Takesue, S.; Nakayama, H.; Abe, T.; Koikawa, K.; Okumura, T.; Sada, M.; Horioka, K.; et al. Autophagy Is Required for Activation of Pancreatic Stellate Cells, Associated With Pancreatic Cancer Progression and Promotes Growth of Pancreatic Tumors in Mice. Gastroenterology 2017, 152, 1492–1506. [Google Scholar] [CrossRef]

	



Piffoux, M.; Eriau, E.; Cassier, P.A. Autophagy as a therapeutic target in pancreatic cancer. Br. J. Cancer 2021, 124, 333–344. [Google Scholar] [CrossRef]

	



Mizrahi, J.D.; Surana, R.; Valle, J.W.; Shroff, R.T. Pancreatic cancer. Lancet 2020, 395, 2008–2020. [Google Scholar] [CrossRef]

	



Nadezhdina, E.S.; Lomakin, A.J.; Shpilman, A.A.; Chudinova, E.M.; Ivanov, P.A. Microtubules govern stress granule mobility and dynamics. Biochim. Biophys. Acta 2010, 1803, 361–371. [Google Scholar] [CrossRef]








[image: Antioxidants 11 01009 g001 550] 





Figure 1. Diclofenac inhibits mitotic progression in HeLa cells. (A) HeLa cells expressing human histone H2B conjugated with green fluorescent protein were incubated in a medium containing vehicle (0.1% dimethyl sulfoxide [DMSO]), nocodazole (Noc, 100 nM), or various concentrations of diclofenac (DCF) for 18 h and then observed using a Nikon A1R confocal microscope. Scale bar, 50 µm. The arrows show mitotic cells. (B,C) The percentage of mitotic cells was evaluated on the basis of chromosome condensation. Data are presented as means ± SD from three independent experiments (n = 186–337 cells). Cells were treated with 100 nM of nocodazole (Noc) or 300 µM of diclofenac (DCF). (D–F) HeLa cells were incubated in a medium containing vehicle (0.1% DMSO), nocodazole (Noc, 100 nM) or various concentrations of diclofenac (DCF) for 18 h. Cell cycle stages were determined by flow cytometry. Cells containing 2n or 4n DNA are shown in histograms in part (D). The percentage of cells at G2 and mitosis (G2/M) (E) or at each stage (F) is displayed on the base of the histogram. Diclofenac causes mitotic arrest. Data are presented as means ± SD from three independent experiments. (G) Cell viability assay using a water-soluble tetrazolium salt (EZ-cytox) shows that diclofenac with a half-maximal lethal dose of 200 µM has a cytotoxic effect on HeLa cells. Data are presented as means ± SD from three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001 (Student’s t-test). 
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Figure 2. Diclofenac induces microtubule depolymerization. (A) Confocal microscopy of HeLa cells stained with antibodies to α-tubulin (green) after incubation at 37 °C (upper panel) for 6 h or at 37 °C for 3 h followed by 4 °C for 3 h. Cells were incubated in a medium containing vehicle (0.1% dimethyl sulfoxide [DMSO]), nocodazole (100 nM), taxol (100 nM), or diclofenac (170 µM, 200 µM). Nuclei were stained with 4–6-diamidino-2-phenylindole (DAPI, blue). (B) Quantitative analysis of mean fluorescence intensity of α-tubulin. Data are presented as means ± SD from three independent experiments (n = 52–60 cells). * p < 0.05; ** p < 0.01 (Student’s t-test). (C) Confocal microscopy of HepG2 cells stained with antibodies to α-tubulin (green) and LAMP1 (red) after incubation in a medium containing vehicle (0.1% DMSO) or diclofenac (500 µM) under fed (Dulbecco’s modified eagle medium, 10% fetal bovine serum) conditions or starved (Earle’s balanced salt solution) conditions for 8 h. Nuclei were stained with DAPI (blue). Representative images are shown. (n = 14–18 cell). Areas enclosed by the white boxes are shown at higher magnification. Yellow boxes indicate the edges of the plasma membrane. Three independent experiments were performed. Scale bar, 10 µm; scale bar in magnification; 2 µm. (D) In vitro tubulin polymerization. Polymerization activity was monitored in the presence of DMSO (0.01%, vehicle), taxol (10 μM), nocodazole (10 μM), or diclofenac (0.17 mM and 1.7 mM) for 30 min at 37 °C as the increase in A340 nm. Two independent experiments were performed. 
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Figure 3. Diclofenac inhibits the fusion of autophagosomes and lysosomes. (A) Confocal microscopy of HepG2 cells expressing mCherry-GFP-LC3 were incubated in a medium containing vehicle (0.1% dimethyl sulfoxide [DMSO]), Earle’s balanced salt solution (EBSS), rapamycin (0.25 µM), diclofenac (500 µM), or bafilomycin A1 (100 nM) for 8 h. Autophagosomes appear as yellow spots (mCherry+/GFP+) and autolysosomes appear as red spots (mCherry+/GFP−) in merged images. Nuclei were stained with 4–6-diamidino-2-phenylindole (DAPI, blue). (B) Quantification of autophagic vesicle number as the sum of autophagosome (mCherry+/GFP+, yellow) spot and autolysosome (mCherry+/GFP−, red) spot number per cell. (C) Ratio of number of autophagosomes (AP) to autolysosomes (AL) per cell. (D) Size of autophagosomes and autolysosomes was quantified by diameter, perimeter, length, and width of each spot. Data are presented as means ± SD from three independent experiments (n = 15 cells). (E) HepG2 cells were incubated in a medium containing vehicle (0.1% DMSO), EBSS, rapamycin (0.25 µM), diclofenac (500 µM), or bafilomycin A1 (100 nM) for 8 h. Total cell lysates were subjected to immunoblot analysis with antibodies to the indicated proteins. Uncropped western blots in Figure S1 (F) The relative immunoblot intensities of LC3-II, p62, and mTor normalized by those of actin were also determined as means ± SD from three independent experiments. (G) Nutrient-starved (EBSS-treated) HepG2 cells expressing GFP-LC3 were incubated in a medium containing vehicle (0.1% DMSO), diclofenac (500 µM), or bafilomycin A1 (100 nM) for 8 h. Cells were then subjected to immunofluorescence analysis with antibodies to LAMP1 (lysosomal marker, red) and observed using confocal microscopy. Nuclei were stained with DAPI. (H) Quantification of the ratio of LC3 spots in the lysosome (trapped LC3 spots) to total LC3 spots. Lower values on the Y-axis indicate that a small number of LC3 spots exist in the lysosomes. Data are presented as means ± SD from three independent experiments (n = 29–39 cells). * p < 0.05; ** p < 0.01; *** p < 0.001 (Student’s t-test). Scale bar, 20 µm; scale bar in inset, 2 µm. 
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Figure 4. Diclofenac inhibits phagophore movement followed by autophagosome formation. (A) Nutrient-starved (Earle’s balanced salt solution) HepG2 cells expressing GFP-LC3 and mCherry-WDFY (PtdIns(3)P reporter) were incubated in a medium containing vehicle (0.1% dimethyl sulfoxide), diclofenac (500 µM), or SAR405 (500 nM) for 8 h. Nuclei were stained with 4–6-diamidino-2-phenylindole. Images were obtained from confocal microscopy. Scale bars, 20 µm; scale bar in insets, 2 µm. (B) Quantification of images from (A). The number of LC3 spots (left) and WDFY spots (middle) per cell. Relative sum intensity of WDFY fluorescence per cell (right) was measured, which reveals all PtdIns(3)P signals including aggregates as shown in diclofenac-treated cells. Data are presented as means ± SD from three independent experiments (n = 20–28 cells). *** p < 0.001 (Student’s t-test). 
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Figure 5. Diclofenac induces fragmentation of mitochondria and the Golgi during cell death. (A,C) Fed (A, Dulbecco’s modified eagle medium, 10% fetal bovine serum) or nutrient-starved (C, Earle’s balanced salt solution) HepG2 cells were incubated in a medium containing vehicle (0.1% dimethyl sulfoxide [DMSO]), n-acetylcysteine (2 mM), diclofenac (500 µM), or diclofenac (500 µM) with n-acetylcysteine (2 mM) for 8 h. Cells were stained with Mitotracker dye to measure mitochondria morphology. Images were obtained from confocal microscopy. Red line represents mitochondrial morphological skeleton for quantification. Scale bars are shown in each image. (B,D) Quantitative analysis for mitochondrial fragmentation. Ratio of mean rod length to branch length or that of median rod length to branch length of mitochondrial skeleton network per cell was calculated using the Mitochondrial Network Analysis toolset applied with Image J. Data are presented as means ± SD from three independent experiments (n = 9–13 cells). (E,F) Detection of mitochondrial reactive oxygen species using MitoSOX red. HepG2 cells were incubated in a medium containing vehicle (0.1% DMSO), rotenone (100 µM), rapamycin (0.25 µM), or diclofenac (500 µM) for 8 h. Cells were then imaged using a high-content imaging system (ImageXpress Confocal HT.ai) and red fluorescence mean intensity per cell was quantified. Data are presented as means ± SD from three independent experiments (n = 1589–2574 cells). Scale bar, 50 µm. (G) HepG2 cells were incubated in a medium containing vehicle (0.1% DMSO), rotenone (100 µM), rapamycin (0.25 µM), or diclofenac (500 µM) for 8 h. Cells were then subjected to immunofluorescence analysis with antibodies to Golgin97 (red). Nuclei were stained with 4–6-diamidino-2-phenylindole. Images were obtained from confocal microscopy. Scale bar, 20 µm; scale bar in inset, 2 µm. (H) Relative mean intensity of Golgin97 fluorescence in the perinuclear region of the cell is presented as means ± SD from three independent experiments (upper histogram, n = 42–50 cells). Cell viability assay using a water-soluble tetrazolium salt (EZ-cytox) is presented as means ± SD from three independent experiments (lower histogram). * p < 0.05; ** p < 0.01; *** p < 0.001 (Student’s t-test). 
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Figure 6. Cytotoxic effects of diclofenac alone or in combination with 5-fluorouracil on HeLa cells and two human pancreatic cancer cell lines (AsPc-1 and MIA PaCa-2 cells). (A–I) Cells were seeded into 96-well plates and treated with 5-fluorouracil and diclofenac alone or in combination, and cell survival was assessed 18 h after the treatment using EZ-cytox water-soluble tetrazolium salt assay. HeLa, AsPc-1, and MIA PaCa-2 cells were treated with 5-fluorouracil, diclofenac, or 5-fluorouracil plus diclofenac in combination at indicated concentrations where cytotoxicity or no cytotoxicity was observed. Combination treatment of 5-fluorouracil and diclofenac synergistically inhibited cell proliferation. Data are presented as means ± SD from three independent experiments. n.s, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001 (Student’s t-test). 
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Figure 7. A model illustrating the death-inducing effect of diclofenac on cancer cells. Diclofenac induces microtubule depolymerization by direct binding. During the metaphase of mitosis, unattached kinetochores on chromosomes (caused by destabilization of mitotic spindles) initiate prolonged mitotic arrest followed by cell death. Diclofenac also inhibits microtubule-mediated phagophore mobilization and fusion of autophagosomes with lysosomes. Inhibited autophagy induces cell death through increased reactive oxygen species (ROS). 
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