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Abstract

:

Photodynamic therapy (PDT) is a minimally invasive cancer therapy that combines the accumulation of photosensitizers such as porphyrins in cancer cells with laser irradiation. I have previously reported that mitochondrially derived reactive oxygen species (ROS) regulate the expression of a porphyrin transporter, heme carrier protein 1 (HCP1), and increase porphyrin accumulation in cancer cells. Tumors that contain activated macrophages, referred to as tumor-associated macrophages (TAMs), have been reported to have increased malignancy. TAMs produce nitric oxide (NO), via the expression of inducible NO synthase (iNOS), and the highly reactive nitrogen species, peroxynitrite, which is produced by the reaction of NO with superoxide. Here, I examined the relationship between peroxynitrite, HCP1 expression, and intracellular porphyrin uptake in the murine macrophage cell line RAW264. RAW264 cells were activated by lipopolysaccharide (LPS) treatment which resulted in increased iNOS expression and NO production. Additional X-ray irradiation resulted in the generation of ROS and the subsequent generation of peroxynitrite. Importantly, LPS and X-ray co-treatment significantly enhanced HCP1 expression and porphyrin accumulation in cells, suggesting that the peroxynitrite upregulates the porphyrin transporter, HCP1. Therefore, TAMs may be effectively targeted with PDT, and tumor progression may be suppressed in general by agents that target the activation of macrophages.






Keywords:


peroxynitrite; nitric oxide; reactive oxygen species; porphyrin; HCP1












1. Introduction


Society is continuing to age, and as it does so, the number of cancer patients is increasing worldwide. Surgery is a primary method used for cancer therapy; however, in the elderly population there are a large number who take anticoagulants to treat thrombosis, which leaves them at risk of severe bleeding during any surgical procedure.



Photodynamic therapy (PDT) is a cancer therapy that uses laser irradiation and a photosensitizer that has tumor-specific accumulation, such as porphyrins [1]. Irradiation with low energy of a specific wavelength tuned to the photosensitizer initiates a photochemical reaction that produces a reactive oxygen species (ROS), namely, singlet oxygen, which leads to the death of cancer cells via apoptosis or necrosis [2]. Thus, PDT is a non-invasive and promising therapy for the treatment of patients with cancer. However, the mechanism underlying the tumor-selective accumulation of porphyrins has not been completely elucidated.



In order to address this, I focused on a proton-coupled folate transporter, referred to as heme carrier protein 1 (HCP1), which has been identified as a heme transporter. It has previously been reported that both heme and porphyrins are transported into cells via HCP1 [3,4,5]. HCP1 is also reported to be regulated by ROS derived from mitochondria [6]. ROS, especially superoxide, are generated from mitochondria, as well as by the actions of NADPH oxidase (NOX) and xanthine oxidase. However, mitochondria are the main producers of superoxide because electrons that leak from the mitochondrial electron transport chain regularly react with oxygen. It is well known that increased oxidative stress can act as a signaling event that leads to the development of a variety of chronic diseases [7]. Overgeneration of ROS has been observed in cancer cells, and it has been shown to be related to cancer progression [8]. In recent years, macrophages have been reported to infiltrate tumor tissues, where they are referred to as tumor-associated macrophages (TAMs) and are associated with increased tumor malignancy [9]. Activated macrophages express inducible nitric oxide synthase (iNOS), which produces nitric oxide (NO) [10], a reactive compound that mediates many types of signaling events. In addition to activating signaling pathways, NO is able to react with superoxide to produce peroxynitrite, a highly reactive nitrogen-containing compound [11]. In this study, I used the murine macrophage cell line RAW264 treated with lipopolysaccharide (LPS) and irradiated with X-rays to mimic activated TAMs and examined the relationship among peroxynitrite levels, HCP1 expression, and cellular porphyrin uptake. LPS is an activator of macrophages and can induce iNOS expression [12]. In addition, cells irradiated with X-rays often overproduce ROS, especially superoxide derived from mitochondria [13]. Therefore, these systems were used to generate peroxynitrite, and the effect of porphyrin accumulation was studied.




2. Materials and Methods


2.1. Cell Culture


The mouse macrophage cell line, RAW264, was provided by the Riken Cell Bank (Ibaraki, Japan). RAW264 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 4 mM L-glutamine, 3.7 g/L sodium bicarbonate, 4.5 g/L glucose, and 1.0 mM sodium pyruvate (Sigma-Aldrich Co. LLC, St. Louis, MO, USA); 10% fetal bovine serum (Cytiva, Marlborough, MA, USA); and 1% penicillin/streptomycin (Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37 °C in a humidified atmosphere containing 5% CO2.




2.2. Detection of LPS-Induced NO Production


RAW264 cells were activated by LPS to induce iNOS expression, and the intracellular production of NO was confirmed using a fluorescence-microscopy-based method. Briefly, cells were seeded in a 35 mm glass-bottom dish and incubated overnight. Cells were then treated with 0 or 1 µg/mL LPS for 24 h at 37 °C. Next, the cells were incubated with 10 µM diaminofluorescein-FM diacetate (DAF-FM DA; Goryo Chemical Inc., Hokkaido, Japan) for 30 min at 37 °C to detect intracellular NO production. The DAF-FM DA fluorescence was observed using a CSU-10 confocal laser scanning unit (Yokogawa Electric Co., Tokyo, Japan) coupled to an Eclipse Ti-U inverted microscope with a PlanAPO 20 objective lens (Nikon Co., Tokyo, Japan) and a C5810-01 color chilled 3CCD camera (Hamamatsu Photonics K.K., Shizuoka, Japan). The excitation and emission wavelengths for DAF-FM DA were 488 and 515 nm, respectively. Prior to DAF-FM DA treatment, the cells were incubated with 100 µM 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, sodium salt (carboxy-PTIO) (Dojindo Laboratories, Kumamoto, Japan), an NO scavenger, for 2 h at 37 °C.




2.3. Detection of Intracellular ROS Production After X-ray Irradiation


Intracellular ROS production after X-ray irradiation was measured using a fluorescence-microscopy-based method. Cells were seeded in a 35 mm glass-bottom dish and incubated overnight. Cells were irradiated with X-rays using an MBR-1505R X-ray irradiation unit (Hitachi Medical Corporation, Tokyo, Japan). The machine was operated at 120 kV and 3.2 mA with a 0.5 mm aluminum filter. The dose rate was 1 Gy/min at a focus-to-surface distance of 30 cm, and the total dose was 20 Gy. After further incubation for 0.5, 1.5, 3.5, and 24 h, cells were incubated with modified Hanks’ balanced salt solution (HBSS) containing 10 mM HEPES, 1 mM MgCl2, 1 mM CaCl2, 8.3 mM glucose, and 10 µM hydroxyphenyl fluorescein (HPF) (Goryo Chemical Inc.) for 30 min at 37 °C, and the HPF fluorescence was observed using the same method as that described above. HPF is a detector of intracellular highly ROS and can explicitly demonstrate intracellular ROS generation [14].




2.4. Measurement of Intracellular Peroxynitrite


Intracellular peroxynitrite production was measured after LPS treatment and X-ray irradiation. RAW264 cells were seeded in 96-well cell culture plates at a density of 2 × 104 cells/well and incubated overnight. Cells were treated with 0 or 1 µg/mL LPS for 24 h at 37 °C and subjected to Cell MeterTM Fluorimetric Intracellular Peroxynitrite Assay Kit *Green Fluorescence* (AAT Bioquest, Inc., Sunnyvale, CA, USA). This kit contains a specific fluorescent probe for peroxynitrite detection that emits green fluorescence upon reaction with peroxynitrite. Briefly, the cells were irradiated with 20 Gy X-rays as described above. Four hours after X-ray irradiation, cells were washed with phosphate-buffered saline (PBS) and a fluorometric analysis was performed using an Infinite M200 microplate reader (Tecan Group Ltd., Männedorf, Switzerland). The excitation and emission wavelengths were 490 and 530 nm, respectively.




2.5. Hematoporphyrin Dihydrochloride (HpD) Uptake


Intracellular porphyrin accumulation was estimated by detecting porphyrin fluorescence after LPS treatment and X-ray irradiation. RAW264 cells were seeded in 35 mm cell culture dishes at a density of 5 × 105 cells/well and incubated overnight. Cells were treated with 0 or 1 µg/mL LPS for 24 h at 37 °C and then irradiated with 20 Gy X-rays by the method described above. After further incubation for 24 h, the cells were treated with 20 µM hematoporphyrin dihydrochloride (HpD) (Santa Cruz Biotechnology Inc., Dallas, TX, USA) in the culture medium for 6 h at 37 °C, and the cells were washed twice with PBS. Cells were dissolved in 200 µL of radioimmunoprecipitation assay (RIPA) cell lysis buffer, and the fluorescence of the cell lysate was measured using an Infinite M200 microplate reader (Tecan Group Ltd.). The excitation and emission wavelengths were 405 and 625 nm, respectively.




2.6. Western Blotting


Both the expression of intracellular iNOS following LPS treatment and changes in the expression levels of HCP1 after LPS and X-ray irradiation were examined by Western blot analysis. To assess iNOS expression, RAW264 cells were treated with 0 or 1 µg/mL LPS for 24 h; then, cells were harvested and proteins were extracted using RIPA cell lysis buffer. For HCP1 detection, the cells were irradiated with 20 Gy X-rays after LPS treatment, and cell lysates were prepared after a further 24 h incubation. The cell lysis protein samples were mixed with 2× Western blotting sample buffer containing 100 mM Tris-HCl (pH 6.8), 4% (w/v) sodium dodecyl sulfate (SDS), 12% (v/v) 2-mercaptoethanol, 20% (v/v) glycerol, and 0.01% (w/v) bromophenol blue, and heated at 95 °C for 5 min. The proteins were separated by electrophoresis on 10% (w/v) polyacrylamide gels at 80 V for 90 min. The separated proteins were then electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Burlington, MA, USA) at 2 mA/cm2 for 70 min. The membranes were blocked by immersion for 60 min in 5% (w/v) skim milk dissolved in PBS-Tween (PBS-T). After blocking, the membranes were incubated with the following primary antibodies overnight at 4 °C: mouse anti-NOS2 antibody (Santa Cruz Biotechnology Inc.) diluted at 1:200 or mouse anti-HCP1 antibody (Santa Cruz Biotechnology Inc.) diluted at 1:100. After incubation with the primary antibodies, the membranes were washed three times with PBS-T for 10 min and incubated with mouse IgGκ light chain binding protein conjugated to horseradish peroxidase (mIgGκ BP-HRP) (Santa Cruz Biotechnology Inc.) diluted at 1:1000 for 3 h at 25 °C as a secondary antibody. The secondary antibody solution was removed, and the membranes were washed three times with PBS-T. A luminescence substrate solution, namely, Immobilon Forte Western HRP substrate (Merck Millipore), was applied to the membranes, and luminescence was detected using a FluorChemFC2 (Alpha Innotech Co., San Leandro, CA, USA). An anti-β-actin antibody (Santa Cruz Biotechnology Inc.) was used to detect the β-actin protein as the sample loading control.




2.7. Statistical Analysis


Statistical analysis was performed using SPSS Statistics 24 software (International Business Machines Corporation, Armonk, NY, USA). Scheffe’s test or Tukey’s test was used to compare more than two data sets, and Student’s t-test was used to compare two data sets. p < 0.05 and p < 0.01 were considered to indicate statistically significant differences. All data are presented as mean ± standard deviation.





3. Results


3.1. LPS-Induced NO Production and iNOS Expression in RAW264 Macrophage Cells


Intracellular production of nitric oxide (NO) was detected using the fluorescent probe DAF-FM DA. Non-fluorescent DAF-FM DA, which permeates the cell membrane, accumulates in cells; the ester bonds are hydrolyzed by intracellular esterase, generating membrane-impermeable DAF-FM, which emits a green fluorescent signal on reacting with NO. In this experiment, LPS-only treatment was performed to confirm cellular activation by LPS-induced iNOS and subsequent NO production in RAW264 cells. The left panel in Figure 1a shows the DAF-FM fluorescence in cells treated with 0 or 1 µg/mL LPS for 24 h. Clear DAF-FM fluorescence, which appeared as discrete dots, was apparent in RAW264 macrophage cells following treatment with 1 µg/mL LPS. Notably, treatment with the NO scavenger carboxy-PTIO suppressed the increase in NO generation. The bar graph in Figure 1a represents a quantitation of the fluorescent signals and shows that there was a significant increase in fluorescence intensity in 1 µg/mL LPS-treated cells compared to 0 µg/mL treated cells. Figure 1b shows the expression levels of endogenous inducible nitric oxide synthase (iNOS) in RAW264 macrophages treated with 0 or 1 µg/mL LPS for 24 h, as assessed by Western blotting. There was a significant increase in iNOS levels following treatment with 1 µg/mL LPS. These results indicate that treatment of the mouse macrophage cell line RAW264 with LPS induces iNOS expression and subsequent NO production.




3.2. Intracellular ROS Production Following X-ray Irradiation


To confirm the increase in ROS production in RAW264 macrophages following irradiation by X-rays and to optimize conditions for further experiments, cells were irradiated with 0 or 20 Gy of X-rays. Intracellular ROS levels were then assessed using the fluorescent probe HPF, which emits a green fluorescent signal following its reaction with ROS. Figure 2a shows fluorescence microscopy images of cells irradiated with either 0 Gy or 20 Gy of X-rays for the indicated times. There was a clear increase in fluorescent signal in cells irradiated with 20 Gy of X-rays at all the assessed time points. The ratio of fluorescence intensity was then normalized to the fluorescence intensity of the 0 Gy control at each respective time point. The relative intensity was found to be the highest at 4 h after irradiation (Figure 2b). These results indicate that 20 Gy X-ray irradiation causes the generation of intracellular ROS in RAW264 cells, with the highest ROS levels being observed 4 h after irradiation. These incubation and irradiation times were used for the subsequent experiments.




3.3. Generation of Peroxynitrite Following Co-treatment with LPS and X-rays


Peroxynitrite is a highly reactive oxidant that is synthesized by the reaction of NO and superoxide [15]. The production of peroxynitrite was assessed after LPS treatment and X-ray irradiation using a fluorescent-probe-based assay. Figure 3 shows that cellular peroxynitrite generation was significantly increased by LPS and X-ray irradiation. In addition, LPS treatment induced iNOS expression to generate elevated levels of NO in RAW264 cells, and ROS production was enhanced by X-ray irradiation, as mentioned above. Indo et al. reported that X-ray irradiation induced cellular ROS production derived from mitochondria and that the primary source of ROS is superoxide [16]. Thus, I hypothesized that peroxynitrite production was increased by the reaction of NO and superoxide from mitochondria caused by X-ray irradiation.




3.4. Elevated Accumulation of Hematoporphyrin in Cells


Intracellular porphyrin accumulation was evaluated in RAW264 macrophages following co-treatment with LPS and X-rays. Cells were exposed to HpD for 6 h after LPS treatment and X-ray irradiation, and the fluorescence derived from porphyrin in the cells was measured. Figure 4 shows that porphyrin fluorescence was enhanced by 1 µg/mL LPS treatment compared to the untreated control, and X-ray irradiation at 20 Gy also increased porphyrin fluorescence in cells, though it was not significant in the present study. Furthermore, co-treatment with LPS and X-rays significantly augmented the fluorescence compared to non-LPS-treated, 1 µg/mL LPS-treated, or 20 Gy X-ray non-LPS-treated cells. These results suggest that the peroxynitrite produced by LPS and X-ray co-treatment enhances the accumulation of intracellular porphyrin.




3.5. Enhancement of the Expression of the Porphyrin Transporter


The expression levels of the porphyrin transporter HCP1 were then evaluated by Western blotting. LPS treatment or X-ray irradiation alone increased expression levels of HCP1 compared to that in non-treated cells, although these differences were not significant (Figure 5). However, the combination treatment with both LPS and X-rays significantly enhanced HCP1 expression compared to non-treated and LPS or X-ray solely treated cells. These results indicate that the NO produced by LPS treatment and the ROS induced by X-ray irradiation react together to generate the reactive nitrogen species (RNS) peroxynitrite, which then increases the expression levels of HCP1.





4. Discussion


PDT is a technique that is already used for the clinical treatment of cancer. However, the mechanism underlying the cancer-specific accumulation of porphyrin remains unclear. Endocytosis via the low-density lipoprotein (LDL) receptor and the inactivation of ferrochelatase, which is an enzyme that inserts iron ions into porphyrin and synthesizes heme, have been reported to be associated with the accumulation of intracellular porphyrin [17,18]. I previously reported that mitochondrial ROS upregulate the expression of HCP1 and enhance the effect of cancer therapy by PDT [6]. I also reported that HCP1 is a downstream target of hypoxia-inducible factor (HIF)–1α, and that NO stabilizes HIF–1α by inhibiting prolyl hydroxylase, thereby regulating HCP1 expression [19]. In this study, I showed that the NO induced by LPS treatment and the ROS generated by X-ray irradiation together upregulated HCP1 expression levels and increased cellular porphyrin uptake. It is likely that the effect on HCP1 levels is mediated by peroxynitrite, which is an RNS produced by the reaction with NO and superoxide.



NO and ROS together produce peroxynitrite, and the rate constant is quite fast [20]. In support of this, when RAW264 cells stimulated by LPS—which have increased iNOS levels and a resultant increase in NO levels—are irradiated with X-rays, there is an increase in the intracellular production of peroxynitrite (Figure 3). Although high levels of increase were not observed in the present study, the induction of intracellular peroxynitrite production stimulated by LPS or irradiation was recently reported using a novel detection probe [21]. Peroxynitrite is also formed in vivo and plays numerous roles as a signal mediator in the development of many diseases, such as chronic inflammatory diseases, carcinogenesis, and neurodegenerative disorders [11,22]. In the tumor microenvironment, TAMs expressing iNOS promote tumor growth, invasion, immune evasion, and the acquisition of drug resistance [23]. Activated macrophages also produce superoxide via NOX activation and form peroxynitrite in the presence of NO and superoxide. This peroxynitrite could result in the oxidation and nitration of both proteins and lipids, leading to changes in cellular signaling [24]. In PDT, NO- and H2O2-producing agents have been reported to enhance sensitization to PDT [25,26]. They are thought to directly enhance the effect of PDT, but the effect of the RNS peroxynitrite has not been reported. The non-steroidal anti-inflammatory drug indomethacin has been used as an ROS inducer; it has been reported to enhance the cancer-specific accumulation of porphyrin and the overexpression of manganese superoxide dismutase (MnSOD, a mitochondrial superoxide scavenging enzyme) decreased HCP1 expression and the subsequent PDT effect [27]. These results suggest that the removal of superoxide by MnSOD could prevent the synthesis of peroxynitrite and the accumulation of intracellular porphyrin. In numerous types of cancer cells, elevated expression of iNOS, increased NO production, and the overgeneration of ROS have been reported [28,29,30,31]. In addition, TAMs possibly help to promote the expression of HCP1 in tumor cells via the production of peroxynitrite, as shown in Figure 3 and Figure 5, and may therefore lead to effective phototherapy.



In conclusion, a highly reactive nitrogen species, peroxynitrite, is generated in the mouse macrophage cell line RAW264 through the production of NO, which is produced as a result of the upregulated expression of iNOS by LPS treatment, and ROS, which is mainly superoxide derived from mitochondria, produced by irradiation with X-rays. It was observed that the cellular production of peroxynitrite contributed more toward upregulating the expression of HCP1 and enhanced intracellular porphyrin accumulation. This macrophage-mediated mechanism may therefore enhance the effect of PDT to suppress tumor growth. This knowledge could be used to develop novel agents and therapies targeting the activation of macrophages. To confirm this in humans, further studies including photoirradiation should be conducted using in vivo models.
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Figure 1. Intracellular nitric oxide (NO) and inducible NO synthase (iNOS) levels in RAW264 macrophages following treatment with 0 or 1 µg/mL lipopolysaccharide (LPS) for 24 h. (a) Intracellular NO production was assessed using the fluorescence probe diaminofluorescein-FM diacetate (DAF-FM DA). Carboxy-PTIO was used for NO scavenging. Statistical significance was assessed using Scheffe’s test. Data are shown as mean ± standard deviation. ** p < 0.01. (b) Expression of iNOS assessed by Western blotting. Statistical significance was determined using Student’s t-test. Data are shown as mean ± standard deviation; n = 3. * p < 0.05. 
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Figure 2. Production of intracellular reactive oxygen species (ROS) in RAW264 macrophages following X-ray irradiation as assessed using the fluorescent probe hydroxyphenyl fluorescein (HPF). (a) Representative fluorescence images of cells treated with either 0 Gy or 20 Gy of X-rays over time. (b) Ratio of the fluorescence signals (20 Gy/0 Gy) at each respective time point. Statistical significance was assessed using Scheffe’s test. Data are shown as mean ± standard deviation. ** p < 0.01. 
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Figure 3. Intracellular levels of peroxynitrite in RAW264 macrophages treated with 0 or 1 µg/mL lipopolysaccharide (LPS) for 24 h followed by irradiation with 0 Gy or 20 Gy X-rays. Statistical significance was assessed using Tukey’s test. Data are shown as mean ± standard deviation; n = 12. * p < 0.05, ** p < 0.01. 
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Figure 4. Intracellular accumulation levels of hematoporphyrin dihydrochloride (HpD) in RAW264 macrophages after treatment with lipopolysaccharide (LPS) and X-rays. Cells were exposed to HpD for a total of 6 h. Statistical significance was assessed by Tukey’s test. Data are shown as mean ± standard deviation; n = 4. * p < 0.05, ** p < 0.01. 






Figure 4. Intracellular accumulation levels of hematoporphyrin dihydrochloride (HpD) in RAW264 macrophages after treatment with lipopolysaccharide (LPS) and X-rays. Cells were exposed to HpD for a total of 6 h. Statistical significance was assessed by Tukey’s test. Data are shown as mean ± standard deviation; n = 4. * p < 0.05, ** p < 0.01.



[image: Applsci 11 03503 g004]







[image: Applsci 11 03503 g005 550] 





Figure 5. Levels of heme carrier protein 1 (HCP1) in RAW264 macrophages after treatment with lipopolysaccharide (LPS) and X-rays as assessed by Western blotting. Statistical significance was tested by Tukey’s test. Data are shown as mean ± standard deviation; n = 12. * p < 0.05, ** p < 0.01. 
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