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Abstract

:

High levels of oxidative stress are implicated in hypoxia, a physiological response to low levels of oxygen. Evidence supports a connection between this response and depression. Previous studies indicate that tryptophan hydroxylase can be negatively affected in hypoxia, impairing serotonin synthesis and downstream pathways. Some studies also hypothesize that increasing hypoxia-inducible factor-1 (HIF-1) levels may be a new therapeutic modality for depression. Hence, this study delved into the influence of hypoxia on the cellular response to drugs designed to act in depression. By the induction of hypoxia in SH-SY5Y cells through a hypoxia incubator chamber or Cobalt Chloride treatment, the effect of Mirtazapine, an antidepressant, and other drugs that interact with serotonin receptors (TCB-2, Dextromethorphan, Ketamine, Quetiapine, Scopolamine, Celecoxib, and Lamotrigine) on SH-SY5Y cellular viability and morphology was explored. The selection of drugs was initially conducted by literature search, focusing on compounds with established potential for employment in depression therapy. Subsequently, we employed in silico approaches to forecast their ability to traverse the blood–brain barrier (BBB). This step was particularly pertinent as we aimed to assess their viability for inducing potential antidepressant effects. The effect of these drugs in hypoxia under the inhibition of HIF-1 by Echinomycin was also tested. Our results revealed that all the potential repurposed drugs promoted cell viability, especially when hypoxia was chemically induced. When combined with Echinomycin, all drugs decreased cellular viability, possibly by the inability to interact with HIF-1.
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1. Introduction


Oxygen is essential for the normal functioning of the human body. Indeed, decreased levels of oxygen (hypoxia) lead to high levels of stress, culminating in processes such as inflammation, brain injury, cardiovascular defects, mitochondrial oxidative stress, and apoptosis, failing in the maintenance of homeostasis. Inadequate oxygen delivery to the tissues, low blood supply, or low levels of oxygen in the blood are usually the basis of this process [1,2,3,4]. Hypoxia is also implicated in anxiety and depressive disorders. Studies indicate that hypoxia can disrupt the normal neurohormonal balance in the brain, increasing the potential for depressive symptoms [5]. Indeed, in people that live at high altitudes and are chronically exposed to hypoxia, increased suicide rates are observed, possibly connected to the hypoxic exposure. Indeed, increased altitude can contribute to the reduced partial pressure of arterial oxygen (PaO2) and, because the brain partial pressure of oxygen is limited by this parameter, to reduced brain oxygen, a risk factor for mood disorders [6,7,8]. It is also suggested that in situations of hypoxia, the enzyme that produces serotonin (tryptophan hydroxylase) may not function normally due to lack of oxygen saturation, decreasing serotonin synthesis, which is connected with depressive disorders [7]. The dysfunction of the serotonin receptor 1A (5-HT1A) plays a key role in the development of depression [9]. A study that focused on the effects of hypoxia on this receptor revealed that after the exposure of cells to hypoxia, a significant reduction in ligand binding was observed, along with the disruption of downstream signaling of the 5-HT1A receptor, particularly cAMP-mediated signaling [10]. Nevertheless, besides the well-known role of serotonin receptors in depression, there are other important players, particularly neurotrophic and inflammatory factors, hypothalamic-pituitary-adrenal (HPA) axis, epigenetic modifications, oxidative stress, and imbalance in neurotransmitter levels besides serotonin, such as dopamine and glutamate. Thus, exploring hypoxia in the context of depression may involve different targets [11].



In response to hypoxia, there are adaptive responses. One of the most important regulators of this response is the major transcription factor denominated Hypoxia-inducible factor-1 (HIF-1). This dimeric complex presents an alpha subunit (HIF-1α), highly sensitive to oxygen and degraded by the proteasome in normoxic cells [12]. Under hypoxic conditions, HIF-1 targets genes especially related to angiogenesis, cell proliferation/survival, and glucose/iron metabolism, which are essential to cell survival in hypoxic environments [13]. Indeed, some studies hypothesize that increasing the levels of HIF-1 may be a new therapeutic alternative to depression by facilitating creatine metabolism in the brain [14]. Additionally, the administration of the potent HIF-1 inhibitor topotecan worsened the severity of the depressive-like symptoms in an experimental model of depression in rats [15]. Another study also revealed that FG-4592 (an inhibitor of prolyl hydroxylase) improved depressive-like symptoms by mediating neurogenesis and synaptic plasticity through HIF-1 [16].



The molecular and cellular characterization of the hypoxia response and pathways involved in this mechanism is greatly possible due to hypoxia models in cell culture [1]. Thus, our study aims to understand the effect of Mirtazapine, a classical antidepressant [17], and other drugs with the reported potential to be repurposed in the therapy of depression, namely TCB-2, Dextromethorphan, Ketamine, Quetiapine, Scopolamine, Celecoxib, and Lamotrigine [18,19,20], on human neuroblastoma SH-SY5Y cells under hypoxia and under inhibition of HIF-1 by Echinomycin, a potent HIF-1α inhibitor that binds to DNA by bifunctional intercalation, blocking the binding of HIF-1α [21]. In a preliminary phase, we conducted a screening of multiple potential drugs that interact mainly with serotonin receptors to identify potential candidates for repurposing in depression treatment. Considering the neurological nature of depression and our focus on evaluating the effect of these compounds on neuroblastoma cells, our drug selection criteria were centered on their ability to cross the blood–brain barrier (BBB), a highly selective and protective barrier that separates the bloodstream from the brain’s extracellular fluid and is important to control the entry of drugs into the brain. Thus, we identified TCB-2, Dextromethorphan, Ketamine, Quetiapine, Scopolamine, Celecoxib, and Lamotrigine as promising candidates for repurposing in the treatment of this disorder. Subsequently, their effects on SH-SY5Y cells under hypoxic conditions and in combination with Echinomycin were assessed. To induce hypoxia, we used a hypoxia incubator chamber and Cobalt Chloride (CoCl2), usually used as a hypoxia-mimetic agent that can block HIF-1α protein degradation under normoxic conditions and can circumvent a common problem faced with the use of the hypoxia chamber, particularly the exact regulation of oxygen levels. Indeed, the use of CoCl2 in vitro increases HIF-1α/2α in a dose- and time- dependent manner, similar to that observed in hypoxia [1,22].



Our main findings reveal that the above-mentioned drugs could induce cellular viability, especially when combined with CoCl2, possibly by inducing HIF-1-related adaptive pathways. Additionally, to explore the role of these drugs on HIF-1 signaling, we combined them with Echinomycin under a hypoxic environment induced by CoCl2, revealing that all drugs decreased cellular viability, possibly by the inability to interact with HIF-1 signaling, inhibited by Echinomycin. Thus, our study highlights the possible role of hypoxia in depression, which is a common and complex disorder, urgent to be deeply studied [11].




2. Materials and Methods


2.1. Materials


Dulbecco’s modified Eagle’s medium (DMEM; cat. no. FG0415) and fetal bovine serum (FBS; cat. no S0615) were obtained from Millipore Sigma (Merck KGaA, Darmstadt, Germany). Penicillin/streptomycin (cat. no. P4333), thiazolyl blue tetrazolium bromide (MTT; cat. no. M5655), Dextromethorphan hydrobromide (cat. no. D9684-5G), Scopolamine hydrobromide (cat. no. PHR1470-500MG), Celecoxib (cat. no. PZ0008-5MG), and Cobalt (II) Chloride hexahydrate (cat. no. 255599-5G) were obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Mirtazapine (cat. no. 19994), Quetiapine hemifumarate (cat. no. 14152), and Lamotrigine (cat. no 14428) were purchased from Cayman Chemical Company (Ann Arbor, MI, USA). TCB-2 (cat. no. 2592) was purchased from Tocris (Bristol, UK), and Ketamine Hydrochloride (cat. no. DRE-C14531000) was obtained from LGC Standards (Middlesex, UK). The hypoxia incubator chamber was obtained from StemCell (Vancouver, British Columbia, Canada; cat no. 27310).




2.2. Preliminary Screening of Drugs with Potential for Repurposing in the Treatment of Depression


To identify the best drug candidates for this study, several compounds with documented potential to be repurposed in depression treatment were screened using ADMET Predictor® (Version 10.4; Simulation Plus Inc., Lancaster, CA, USA). The selection of compounds for our study was predicated upon their capacity to cross the blood–brain barrier (BBB), as we intended to evaluate their potential antidepressant effect in neuroblastoma cells.



The chemical structure of each drug was generated in MedChem Designer (Version 5.5.; Simulation Plus Inc., Lancaster, CA, USA) through SMILES input and subsequently imported into ADMET Predictor® as MOL files. All drugs were characterized according to their physicochemical and pharmacokinetic properties. This analysis encompassed lipophilicity parameters, molecular weight, solubility, BBB permeability, and other drug’s attributes estimated by this software tool.




2.3. Cell Culture


SH-SY5Y cell line was purchased from American Type Culture Collection (Manassas VA, USA). Cells were incubated at 37 °C (5% CO2) and cultured in DMEM, 10% FBS, and 1% penicillin (1000 U/mL)/streptomycin (10 mg/mL), according to recommendations. Before each new assay, cells were trypsinized (0.25% trypsin-EDTA) and centrifuged. The seeding was conducted with a density of 1.0 × 105 cells/mL in 96-well plates (200 μL/well).




2.4. Cell Treatments


Mirtazapine was prepared as previously described [23]. All the compounds were dissolved in DMSO (0.1% in cell culture medium), except Scopolamine (sterilized water 0.1% in cell culture medium) and CoCl2 (sterilized water 1% in cell culture medium). For Mirtazapine, TCB-2, Dextromethorphan, Ketamine, Quetiapine, Scopolamine, Celecoxib, and Lamotrigine, concentrations of 10 nM and 20 µM were tested. For CoCl2 and Echinomycin, concentrations tested ranged 0.1–1 mM and 0.1–5 nM, respectively. All the treatments were tested for a period of 48 h. Vehicles were composed of DMSO 0.1% or sterilized water 1%. For double or triple combinations, they were composed of, respectively, DMSO 0.2%/sterilized water 2% and DMSO 0.3%/sterilized water 3%.




2.5. Cell Morphology Visualization


Cells were observed and photographed after each treatment (48 h) using Leica DMI6000 B Automated Microscope (Leica, Wetzlar, Germany).




2.6. MTT Assay


After exposure to the different treatments for 48 h, cellular viability was evaluated by thiazolyl blue tetrazolium bromide (MTT) assay. First, the culture medium was removed, and then MTT (0.5 mg/mL in PBS) was added to each plate well (100 µL/well) following a 3h period of incubation at 37 °C, protected from the light. Finally, MTT was removed and DMSO (100 µL/well) was added to the cells to dissolve the formed crystals. Then, 570 nm absorbance values were obtained from the automated microplate reader (Tecan Infinite M200, Zurich, Switzerland).




2.7. Hypoxia Models


For the induction of hypoxia, we used CoCl2 or the hypoxia chamber, as described in the introduction. For hypoxia induced with the chamber, each plate was placed in the hypoxia incubator chamber with a 2% O2, 10% CO2, and 88% N2 atmosphere. For hypoxia induced with CoCl2, we applied to the cells 0.1 mM CoCl2 for 48 h.




2.8. Statistical and Data Analyses


The results were expressed as mean ± SEM of three independent experiments. Statistical analyses between each vehicle and treatments and between treatments were carried out with one-away ANOVA followed by Dunnett’s or Tukey’s multiple comparisons test, respectively. Statistical significance was considered when p < 0.05. Statistical analyses and graphical construction were carried out using the software GraphPad Prism 8.02 (San Diego, CA, USA).





3. Results


3.1. Drugs with Potential for Repurposing in Depression Treatment


Several drugs were analyzed for inclusion in our study (Table 1) using ADMET predictor®. Indeed, the selection of drugs was initially guided by literature search, focusing on compounds with established potential for employment in depression therapy. Then, the selection criteria for the compounds were centered on their ability to cross the BBB. According to our predictions, Mirtazapine, TCB-2, Dextromethorphan, Ketamine, Quetiapine, Scopolamine, Celecoxib, and Lamotrigine demonstrated a high capacity to cross BBB. Therefore, these compounds were selected to proceed with our study.




3.2. The Effect of the Hypoxia Incubator Chamber on SH-SY5Y Cellular Viability and Morphology


To evaluate the effect of a hypoxic environment (2% O2, 10% CO2, and 88% N2 atmosphere) on the SH-SY5Y cells, we first compared both vehicles under hypoxia or normoxia conditions (21% O2). For hypoxia, one plate was placed in the hypoxia incubator and the other plate was placed under normoxia conditions. After 48 h, cellular viability was evaluated with MTT assay (Figure 1). Cellular morphology assessment was also carried out (Figure 2). All the procedures are described in Section 2.



These results reveal that the exposure of cells to hypoxia for 48 h did not differ from normoxia conditions. Indeed, absorbance values of 0.26 ± 0.01 (for normoxia conditions) and 0.27 ± 0.01 (for hypoxia conditions) were obtained. Cellular morphology was also similar in both conditions, revealing morphologically normal cells.




3.3. The Effect of the Hypoxia Incubator Chamber on SH-SY5Y Cellular Viability and Morphology after Drug Application


After the evaluation of the effect of a hypoxic environment on the SH-SY5Y cells, Mirtazapine (Figure 3A and Figure 4A,B), TCB-2 (Figure 3B and Figure 4C,D), Dextromethorphan (Figure 3C and Figure 4E,F), Ketamine (Figure 3D and Figure 4G,H), Quetiapine (Figure 3E and Figure 4I,J), Scopolamine (Figure 3F and Figure 4K,L), Celecoxib (Figure 3G and Figure 4M,N), and Lamotrigine (Figure 3H and Figure 4O,P) were added to these cells in concentrations of 10 nM and 20 μM, for 48 h, aiming to understand the effect of these drugs under a hypoxic environment. After that, cell viability was assessed using MTT (Figure 3), and morphological changes in the cells were also evaluated (Figure 4). Figure 5 demonstrates the effect of every single drug under normoxic conditions. All the procedures are described in Section 2.



Our results reveal that in general, all drugs led to similar values of cellular viability, identical to the values obtained with the vehicle. It is important to note that only Mirtazapine 20 µM increased cell viability under hypoxia (123.36 ± 2.98%). On the other hand, Nimodipine (20 µM) and Scopolamine (10 nM and 20 µM) decreased cell viability. Indeed, these drugs led to cell viability values of, respectively, 77.42 ± 2.24%, 90.47 ± 1.88%, and 88.35 ± 1.10%. These values were consistent with cellular morphology.




3.4. The Effect of Chemically Induced Hypoxia with Cobalt Chloride on SH-SY5Y Cellular Viability and Morphology


Aiming to choose the most suitable concentration of CoCl2 to chemically induce hypoxia, this compound was added to the cells for a period of 48 h, in crescent concentrations (0.1–1 mM), based on previous studies [24,25]. Cell viability values were obtained by MTT assay (Figure 6), and cellular morphology is represented in Figure 7. All the procedures are described in the Section 2.



These results demonstrate that CoCl2 decreased cellular viability in a concentration-dependent manner. Indeed, Figure 7 clearly shows that higher concentrations of this compound lead to fewer and more damaged cells, evidenced by a more rounded/small morphology. According to previous studies [24], we selected the concentration of CoCl2 that led to near half damage of the cells, ensuring that the damage response induced by hypoxia could be observed without damaging all the cells. Given this, we chose CoCl2 0.1 mM (62.11 ± 3.17%) to induce hypoxia in the cells.




3.5. The Effect of Chemically Induced Hypoxia with Cobalt Chloride on SH-SY5Y Cellular Viability and Morphology after Drug Application


After the evaluation of the most suitable concentration of CoCl2 to chemically induce hypoxia in the SH-SY5Y cells, CoCl2 0.1 mM was combined with 10 nM and 20 μM of Mirtazapine (Figure 8A and Figure 9B,C), TCB-2 (Figure 8B and Figure 9D,E), Dextromethorphan (Figure 8C and Figure 9F,G), Ketamine (Figure 8D and Figure 9H,I), Quetiapine (Figure 8E and Figure 9J,K), Scopolamine (Figure 8F and Figure 9L,M), Celecoxib (Figure 8G and Figure 9N,O), and Lamotrigine (Figure 8H and Figure 9P,Q), aiming to understand the effect of these drugs on cells in chemically induced hypoxia, for 48 h. Cell viability was assessed using MTT (Figure 8), and morphological changes in the cells were also evaluated (Figure 9). All the procedures are described in Section 2.



Our results reveal that all the drugs, at both concentrations, increased cell viability values, compared to the cells treated with CoCl2 only. Indeed, Figure 9 clearly shows a higher number of cells after all the treatments, compared to CoCl2 only (Figure 7B).




3.6. The effect of Echinomycin and the Combination of Echinomycin with Cobalt Chloride on SH-SY5Y Cellular Viability and Morphology


Aiming to select the most suitable concentration of Echinomycin to inhibit HIF-1 DNA-binding and transcriptional activity, this compound was added to the cells for a period of 48 h, in crescent concentrations (0.1–5 nM), based on previous studies [26,27]. It is important to note that for this study, Echinomycin is used as a selective inhibitor of the HIF-1 protein and, thus, this drug should not induce high levels of cell death under normoxia. Cell viability values were obtained by MTT assay (Figure 10), and cellular morphology is represented in Figure 11. All the procedures are described in the Section 2.



Analyzing our results, it was evident that Echinonymcin decreased cellular viability in a concentration-dependent manner. Figure 11 clearly shows that higher concentrations of this compound lead to fewer and more damaged cells, evidenced by a more rounded/small morphology. Based on this data, we selected the concentration of 0.5 nM Echinomycin to proceed with the studies of inhibition of HIF-1 activity. Indeed, this concentration did not cause significant cell death under normoxic conditions. Additionally, when combined with CoCl2 0.1 mM, this drug slightly decreases cell viability (5.48%), compared to CoCl2 alone.




3.7. The Effect of Echinomycin and the Combination of Echinomycin with Cobalt Chloride on SH-SY5Y Cellular Viability and Morphology after Drug Application


After the evaluation of the most suitable concentration of Echinomycin to inhibit the activity of HIF-1, Echynomicin 0.5 nM was combined with CoCl2 0.1 mM and to 10 nM and 20 μM of Mirtazapine (Figure 12A and Figure 13B,C), TCB-2 (Figure 12B and Figure 13D,E), Dextromethorphan (Figure 12C and Figure 13F,G), Ketamine (Figure 12D and Figure 13H,I), Quetiapine (Figure 12E and Figure 13J,K), Scopolamine (Figure 12F and Figure 13L,M), Celecoxib (Figure 12G and Figure 13N,O), and Lamotrigine (Figure 12H and Figure 13P,Q), aiming to understand the effect of these drugs on cells in a chemically induced hypoxic environment with the inhibited activity of the adaptational response induced by HIF-1 protein in a hypoxic environment, as explained in the Section 1. Cell viability was assessed using MTT (Figure 12), and morphological changes in the cells were also evaluated (Figure 13). All the procedures are described in the Section 2.



To analyze these results, we compared the values of cellular viability obtained with the combination of CoCl2 and repurposed drugs with the values of cell viability obtained with the introduction of Echinomycin in these combinations. Our results revealed that all the drugs, at all the concentrations tested when combined with Echinomycin under hypoxia induced by CoCl2, decreased cell viability. These values were significant with Dextromethorphan 20 µM (69.45 ± 11.37%), Ketamine 20 µM (82.81 ± 12.42%), Quetiapine 10 nM (72.89 ± 1.93%) and 20 µM (48.21 ± 5.28%), and Nimodipine 20 µM (46.28 ± 5.39%). It is important to note the consistency between the MTT results and morphological evaluation of the cells. Indeed, in general, cells presented more rounded/small morphology after the introduction of Echinomycin to the drug combinations with CoCl2, revealing higher levels of cell damage.





4. Discussion and Conclusions


Several pieces of evidence highlight a connection between hypoxia and mood disorders [5,6,7,8]. Indeed, drugs that increase the expression of HIF-1 may be a promise in the therapeutic treatment of depression [13,14,15]. In this study, we aimed to explore the connection between hypoxic environments and the effect of non-cytotoxic (Figure 5) low (10 nM) and high (20 µM) concentrations of Mirtazapine [23] and other drugs with the potential to be repurposed as antidepressant drugs in SH-SY5Y human neuroblastoma cells, a cell line widely used in the research of neuropsychiatric and neurological disorders and mechanisms [28]. In fact, multiple drugs that were originally developed for different medical conditions have demonstrated promise in the treatment of depression. For this reason, several drugs were screened for BBB permeability. Our predictions identified Mirtazapine, TCB-2, Dextromethorphan, Ketamine, Quetiapine, Scopolamine, Celecoxib, and Lamotrigine as drugs with a high ability to cross this membrane and, therefore, these compounds were included in our study.



To induce hypoxia in cells, we exposed the cells to a hypoxia incubator chamber enriched with a 2% O2, 10% CO2, and 88% N2 atmosphere, contrasting with the 21% O2 present in normoxic conditions [29]. Additionally, we exposed the cells to CoCl2, which is widely used to artificially induce hypoxia in the cells, defined as chemical hypoxia [30]. Indeed, as described in the Section 1, this methodology of hypoxia induction is widely used because information regarding the methodology is available in the literature, it is substantially cheaper, and it can circumvent the difficulties in the regulation of the composition of O2/CO2 in studies with the hypoxia chamber [1]. Additionally, by controlling the concentration of CoCl2 added to the cells, there is the possibility of manipulating the response of the cells in a desirable period of study. Indeed, in our study, using the SH-SY5Y human neuroblastoma cells, we observed that the induction of hypoxia with the hypoxia incubator chamber showed practically no differences compared to normoxia conditions (Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5), contrary to what we can observe through the induction of hypoxia with CoCl2, where lower cellular viability values were observed, comparing to a normoxic environment. In fact, the use of CoCl2 allowed us to observe a cellular response to the hypoxia stimulus for 48 h, which is why we continued this study with this model of chemical induction of hypoxia. After testing the drugs in a hypoxic environment induced by CoCl2, it was found that all these drugs increased cell viability (Figure 7 and Figure 8). Several mechanisms may explain these results. Indeed, the relationship between hypoxia and high levels of oxidative stress is known [31]. Previously, we studied the role of Mirtazapine in the production of oxygen free radicals, realizing that this drug tends to reduce oxidative stress [32], a mechanism that can also explain the responses observed with Mirtazapine in the context of hypoxia. However, a mechanism that could be behind these observed responses could be the increase in HIF-1 expression, important in cell proliferation/survival in hypoxic environments [12]. Thus, to understand whether the drugs were inducing this factor, we inhibited HIF-1 with Echinomycin, a potent HIF-1 inhibitor that works by inhibiting its DNA-binding and transcriptional activity [20]. Interestingly, our data revealed that all drugs decreased in cell viability when combined with Echinomycin (Figure 12 and Figure 13). Thus, we hypothesized that the increase in HIF-1 expression is possibly the mechanism behind the increase in cellular viability caused by the drugs in a hypoxic environment, despite the need for additional studies to confirm this hypothesis. Indeed, in particular, some studies state that Celecoxib [33] down-regulate HIF-1 expression. However, it is important to note that these responses may depend on the cellular/animal system under study, as well as the dosages/concentration of the drugs. Nevertheless, all these drugs present potential antidepressant characteristics [17,18,19] by interacting with inflammatory responses, neuronal factors, oxidative stress levels, neurotransmitters levels, and related pathways and/or HIF-1 expression, as evidenced in this manuscript. Table 2 lists examples of targets of these drugs known to be involved in depression, such as serotonin receptors. Little is known about the role of HIF-1 in depression, being a controversial topic of studies [15,34]. This initial investigation promotes further research into the involvement of hypoxia and HIF-1 in depression. This research holds great significance and exhibits potential for advancing depression therapy. Molecular biology techniques would be valuable as a next step. Indeed, Western blot analysis of HIF-1α protein levels to confirm our hypothesis would be valuable, as well as to understand how the different levels of hypoxia correlate with depression. Also, testing in other cell lines, including primary cell lines, would be very interesting regarding the translatability of findings.







Author Contributions


Conceptualization, A.C. and N.V.; methodology A.S.C., L.M. and N.V.; formal analysis, A.S.C. and N.V.; investigation, A.S.C., L.M., A.C. and N.V.; resources, N.V.; writing—original draft preparation, A.S.C.; writing—review and editing, A.S.C., L.M., A.C. and N.V.; supervision, N.V.; project administration, N.V.; funding acquisition, N.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financed by FEDER—Fundo Europeu de Desenvolvimento Regional funds through the COMPETE 2020—Operational Programme for Competitiveness and Internationalisation (POCI), Portugal 2020, and by Portuguese funds through Fundação para a Ciência e a Tecnologia (FCT) in the framework of the project IF/00092/2014/CP1255/CT0004 and CHAIR in Onco-Innovation at FMUP.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


A.S.C. acknowledges FCT for funding her PhD grant (SFRH/BD/146093/2019).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Muñoz-Sánchez, J.; Chánez-Cárdenas, M.E. The use of cobalt chloride as a chemical hypoxia model. J. Appl. Toxicol. 2019, 39, 556–570. [Google Scholar] [CrossRef] [PubMed]

	



Lee, P.; Chandel, N.S.; Simon, M.C. Cellular adaptation to hypoxia through hypoxia inducible factors and beyond. Nat. Rev. Mol. Cell Biol. 2020, 21, 268–283. [Google Scholar] [CrossRef] [PubMed]

	



Bhutta, B.S.; Alghoula, F.; Berim, I. Hypoxia. In StatPearls; StatPearls Publishing: St. Petersburg, FL, USA, 2022. [Google Scholar]

	



Akyuva, Y.; Nazıroğlu, M. Resveratrol attenuates hypoxia-induced neuronal cell death, inflammation and mitochondrial oxidative stress by modulation of TRPM2 channel. Sci. Rep. 2020, 10, 6449. [Google Scholar] [CrossRef] [PubMed]

	



Burtscher, J.; Niedermeier, M.; Hüfner, K.; van den Burg, E.; Kopp, M.; Stoop, R.; Burtscher, M.; Gatterer, H.; Millet, G.P. The interplay of hypoxic and mental stress: Implications for anxiety and depressive disorders. Neurosci. Biobehav. Rev. 2022, 138, 104718. [Google Scholar] [CrossRef]

	



Kanekar, S.; Bogdanova, O.V.; Olson, P.R.; Sung, Y.H.; D’Anci, K.E.; Renshaw, P.F. Hypobaric Hypoxia Induces Depression-like Behavior in Female Sprague-Dawley Rats, but not in Males. High Alt. Med. Biol. 2015, 16, 52. [Google Scholar] [CrossRef]

	



Young, S.N. Elevated incidence of suicide in people living at altitude, smokers and patients with chronic obstructive pulmonary disease and asthma: Possible role of hypoxia causing decreased serotonin synthesis. J. Psychiatry Neurosci. 2013, 38, 423. [Google Scholar] [CrossRef]

	



Kious, B.M.; Kondo, D.G.; Renshaw, P.F. Living High and Feeling Low: Altitude, Suicide, and Depression. Harv. Rev. Psychiatry 2018, 26, 43–56. [Google Scholar] [CrossRef] [PubMed]

	



Kaufman, J.; DeLorenzo, C.; Choudhury, S.; Parsey, R.V. The 5-HT1A receptor in Major Depressive Disorder. Eur. Neuropsychopharmacol. 2016, 26, 397. [Google Scholar] [CrossRef]

	



Dutta, A.; Sarkar, P.; Shrivastava, S.; Chattopadhyay, A. Effect of Hypoxia on the Function of the Human Serotonin1A Receptor. ACS Chem. Neurosci. 2022, 13, 1456–1466. [Google Scholar] [CrossRef]

	



Otte, C.; Gold, S.M.; Penninx, B.W.; Pariante, C.M.; Etkin, A.; Fava, M.; Mohr, D.C.; Schatzberg, A.F. Major depressive disorder. Nat. Rev. Dis. Prim. 2016, 2, 16065. [Google Scholar] [CrossRef]

	



Hellwig-Bürgel, T.; Stiehl, D.P.; Wagner, A.E.; Metzen, E.; Jelkmann, W. Review: Hypoxia-inducible factor-1 (HIF-1): A novel transcription factor in immune reactions. J. Interferon Cytokine Res. 2005, 25, 297–310. [Google Scholar] [CrossRef]

	



Lee, J.W.; Bae, S.H.; Jeong, J.W.; Kim, S.H.; Kim, K.W. Hypoxia-inducible factor (HIF-1)alpha: Its protein stability and biological functions. Exp. Mol. Med. 2004, 36, 1–12. [Google Scholar] [CrossRef]

	



Kang, I.; Kondo, D.; Kim, J.; Lyoo, I.K.; Yurgelun-Todd, D.; Hwang, J.; Renshaw, P.F. Elevating the level of hypoxia inducible factor may be a new potential target for the treatment of depression. Med. Hypotheses 2021, 146, 110398. [Google Scholar] [CrossRef] [PubMed]

	



Zenko, M.Y.; Юpьeвич, З.M.; Rybnikova, E.A.; Aлeкcaндpoвнa, P.E. Antidepressant-like action of hypoxic postconditioning is accompanied by the up-regulation of hippocampal HIF-1α and erythropoietin. Med. Acad. J. 2019, 19, 41–46. [Google Scholar] [CrossRef]

	



Li, G.; Zhao, M.; Cheng, X.; Zhao, T.; Feng, Z.; Zhao, Y.; Fan, M.; Zhu, L. FG-4592 Improves Depressive-Like Behaviors through HIF-1-Mediated Neurogenesis and Synapse Plasticity in Rats. Neurotherapeutics 2020, 17, 664–675. [Google Scholar] [CrossRef] [PubMed]

	



Correia, A.S.; Vale, N. Antidepressants in Alzheimer’s Disease: A Focus on the Role of Mirtazapine. Pharmaceuticals 2021, 14, 930. [Google Scholar] [CrossRef]

	



Ebada, M.E. Drug repurposing may generate novel approaches to treating depression. J. Pharm. Pharmacol. 2017, 69, 1428–1436. [Google Scholar] [CrossRef]

	



Correia, A.S.; Silva, I.; Oliveira, J.C.; Reguengo, H.; Vale, N. Serotonin Type 3 Receptor Is Potentially Involved in Cellular Stress Induced by Hydrogen Peroxide. Life 2022, 12, 1645. [Google Scholar] [CrossRef]

	



Kimmey, B.A.; Ostroumov, A.; Dani, J.A. 5-HT2A receptor activation normalizes stress-induced dysregulation of GABAergic signaling in the ventral tegmental area. Proc. Natl. Acad. Sci. USA 2019, 116, 27028–27034. [Google Scholar] [CrossRef]

	



Kong, D.; Park, E.J.; Stephen, A.G.; Calvani, M.; Cardellina, J.H.; Monks, A.; Fisher, R.J.; Shoemaker, R.H.; Melillo, G. Echinomycin, a small-molecule inhibitor of hypoxia-inducible factor-1 DNA-binding activity. Cancer Res. 2005, 65, 9047–9055. [Google Scholar] [CrossRef]

	



Bae, S.; Jeong, H.J.; Cha, H.J.; Kim, K.; Choi, Y.M.; An, I.S.; Koh, H.J.; Lim, D.J.; Lee, S.J.; An, S. The hypoxia-mimetic agent cobalt chloride induces cell cycle arrest and alters gene expression in U266 multiple myeloma cells. Int. J. Mol. Med. 2012, 30, 1180–1186. [Google Scholar] [CrossRef]

	



Correia, A.S.; Fraga, S.; Teixeira, J.P.; Vale, N. Cell Model of Depression: Reduction of Cell Stress with Mirtazapine. Int. J. Mol. Sci. 2022, 23, 4942. [Google Scholar] [CrossRef]

	



Lee, H.S.; Jeong, G.S. Protective Effects of 6,7,4′-Trihydroxyflavanone on Hypoxia-Induced Neurotoxicity by Enhancement of HO-1 through Nrf2 Signaling Pathway. Antioxidants 2021, 10, 341. [Google Scholar] [CrossRef] [PubMed]

	



Yoo, S.Y.; Yoo, J.Y.; Kim, H.B.; Baik, T.K.; Lee, J.H.; Woo, R.S. Neuregulin-1 Protects Neuronal Cells Against Damage due to CoCl2-Induced Hypoxia by Suppressing Hypoxia-Inducible Factor-1α and P53 in SH-SY5Y Cells. Int. Neurourol. J. 2019, 23, S111–S118. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yang, J.; Li, H.; Wang, X.; Zhu, L.; Fan, M.; Wang, X. Hypoxia Promotes Dopaminergic Differentiation of Mesenchymal Stem Cells and Shows Benefits for Transplantation in a Rat Model of Parkinson’s Disease. PLoS ONE 2013, 8, e54296. [Google Scholar] [CrossRef]

	



Vlaminck, B.; Toffoli, S.; Ghislain, B.; Demazy, C.; Raes, M.; Michiels, C. Dual effect of echinomycin on hypoxia-inducible factor-1 activity under normoxic and hypoxic conditions. FEBS J. 2007, 274, 5533–5542. [Google Scholar] [CrossRef]

	



Jantas, D. Cell-based systems of depression: An overview. In Herbal Medicine in Depression; Springer: Cham, Switzerland, 2016; pp. 75–117. [Google Scholar] [CrossRef]

	



McKeown, S.R. Defining normoxia, physoxia and hypoxia in tumours—Implications for treatment response. Br. J. Radiol. 2014, 87, 20130676. [Google Scholar] [CrossRef] [PubMed]

	



Wagatsuma, A.; Arakawa, M.; Matsumoto, H.; Matsuda, R.; Hoshino, T.; Mabuchi, K. Cobalt chloride, a chemical hypoxia-mimicking agent, suppresses myoblast differentiation by downregulating myogenin expression. Mol. Cell. Biochem. 2020, 470, 199–214. [Google Scholar] [CrossRef]

	



McGarry, T.; Biniecka, M.; Veale, D.J.; Fearon, U. Hypoxia, oxidative stress and inflammation. Free Radic. Biol. Med. 2018, 125, 15–24. [Google Scholar] [CrossRef]

	



Correia, A.S.; Cardoso, A.; Vale, N.; Correia, A.S.; Cardoso, A.; Vale, N. Significant Differences in the Reversal of Cellular Stress Induced by Hydrogen Peroxide and Corticosterone by the Application of Mirtazapine or L-Tryptophan. Int. J. Transl. Med. 2022, 2, 482–505. [Google Scholar] [CrossRef]

	



Sun, Y.Z.; Cai, N.; Liu, N.N. Celecoxib Down-Regulates the Hypoxia-Induced Expression of HIF-1α and VEGF Through the PI3K/AKT Pathway in Retinal Pigment Epithelial Cells. Cell. Physiol. Biochem. 2017, 44, 1640–1650. [Google Scholar] [CrossRef] [PubMed]

	



Shibata, T.; Yamagata, H.; Uchida, S.; Otsuki, K.; Hobara, T.; Higuchi, F.; Abe, N.; Watanabe, Y. The alteration of hypoxia inducible factor-1 (HIF-1) and its target genes in mood disorder patients. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2013, 43, 222–229. [Google Scholar] [CrossRef] [PubMed]

	



Nofziger, J.L.; Paxos, C.; Emshoff, J.; Mullen, C. Evaluation of dextromethorphan with select antidepressant therapy for the treatment of depression in the acute care psychiatric setting. Ment. Health Clin. 2019, 9, 76. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, C.P.; Traynelis, S.F.; Siffert, J.; Pope, L.E.; Matsumoto, R.R. Pharmacology of dextromethorphan: Relevance to dextromethorphan/quinidine (Nuedexta®) clinical use. Pharmacol. Ther. 2016, 164, 170–182. [Google Scholar] [CrossRef] [PubMed]

	



Zanos, P.; Gould, T.D. Mechanisms of Ketamine Action as an Antidepressant. Mol. Psychiatry 2018, 23, 801. [Google Scholar] [CrossRef]

	



Tiger, M.; Veldman, E.R.; Ekman, C.J.; Halldin, C.; Svenningsson, P.; Lundberg, J. A randomized placebo-controlled PET study of ketamine’s effect on serotonin1B receptor binding in patients with SSRI-resistant depression. Transl. Psychiatry 2020, 10, 159. [Google Scholar] [CrossRef]

	



Kapur, S.; Seeman, P. NMDA receptor antagonists ketamine and PCP have direct effects on the dopamine D(2) and serotonin 5-HT(2)receptors-implications for models of schizophrenia. Mol. Psychiatry 2002, 7, 837–844. [Google Scholar] [CrossRef] [PubMed]

	



Mechanism of Action of Quetiapine—Psychopharmacology Institute. Available online: https://psychopharmacologyinstitute.com/publication/mechanism-of-action-of-quetiapine-2109 (accessed on 5 January 2023).

	



Chernoloz, O.; El Mansari, M.; Blier, P. Effects of sustained administration of quetiapine alone and in combination with a serotonin reuptake inhibitor on norepinephrine and serotonin transmission. Neuropsychopharmacology 2012, 37, 1717–1728. [Google Scholar] [CrossRef]

	



Lochner, M.; Thompson, A.J. The muscarinic antagonists scopolamine and atropine are competitive antagonists at 5-HT3 receptors. Neuropharmacology 2016, 108, 220–228. [Google Scholar] [CrossRef]

	



Abbasi, S.H.; Hosseini, F.; Modabbernia, A.; Ashrafi, M.; Akhondzadeh, S. Effect of celecoxib add-on treatment on symptoms and serum IL-6 concentrations in patients with major depressive disorder: Randomized double-blind placebo-controlled study. J. Affect. Disord. 2012, 141, 308–314. [Google Scholar] [CrossRef]

	



Kim, K.J.; Jeun, S.H.; Sung, K.W. Lamotrigine, an antiepileptic drug, inhibits 5-HT3 receptor currents in NCB-20 neuroblastoma cells. Korean J. Physiol. Pharmacol. 2017, 21, 169–177. [Google Scholar] [CrossRef] [PubMed]








[image: Membranes 13 00800 g001] 





Figure 1. Comparative effect of induced hypoxia (with the hypoxia incubator) vs. normoxia on SH-SY5Y cell lines, 48 h. The results represent the mean ± SEM of three independent experiments. 
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Figure 2. Representative images (100 × total magnification) of SH-SY5Y cells under (A) hypoxia and (B) normoxia. 
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Figure 3. Effect of 48 h incubation of 10 nM and 20 μM of (A) Mirtazapine, (B) TCB-2, (C) Dextromethorphan, (D) Ketamine, (E) Quetiapine, (F) Scopolamine, (G) Celecoxib, and (H) Lamotrigine on the viability of SH-SY5Y cells, under hypoxia conditions, determined by MTT assay. The results represent the mean ± SEM of three independent experiments, expressed as the percentage of the hypoxia vehicle (100%). Statistically significant ** p < 0.01 and *** p < 0.001 vs. vehicle. 
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Figure 4. Representative images (100 × total magnification) of SH-SY5Y cells under hypoxia conditions. Cells were treated with (A) Mirtazapine 10 nM, (B) Mirtazapine 20 µM, (C) TCB-2 10 nM, (D) TCB-2 20 µM, (E) Dextromethorphan 10 nM, (F) Dextromethorphan 20 µM, (G) Ketamine 10 nM, (H) Ketamine 20 µM, (I) Quetiapine 10 nM (J) Quetiapine 20 µM, (K) Scopolamine 10 nM, (L) Scopolamine 20 µM, (M) Celecoxib 10 nM, (N) Celecoxib 20 µM, (O) Lamotrigine 10 nM, and (P) Lamotrigine 20 µM. The vehicle is represented in Figure 2A. 
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Figure 5. Effect of 48 h incubation of 10 nM and 20 μM of Mirtazapine, TCB-2, Dextromethorphan, Ketamine, Quetiapine, Scopolamine, Celecoxib, and Lamotrigine on the viability of SH-SY5Y cells, under normoxia conditions, determined by MTT assay, 48 h. The results represent the mean ± SEM of three independent experiments, expressed as the percentage of the vehicle (100%). Statistically significant * p < 0.05. 
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Figure 6. Effect of 48 h incubation of 0.1–1 mM of CoCl2, determined by MTT assay. The results represent the mean ± SEM of three independent experiments, expressed as the percentage of the vehicle (100%). Statistically significant **** p < 0.0001 vs. vehicle. 
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Figure 7. Representative images (100 × total magnification) of SH-SY5Y cells after 48 h exposure to (A) 1% sterilized water (vehicle), (B) CoCl2 0.1 mM, (C) CoCl2 0.25 mM, (D) CoCl2 0.5 mM, and (E) CoCl2 1 mM. 
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Figure 8. Effect of 48 h incubation of CoCl2 0.1 mM in combination with 10 nM and 20 μM of (A) Mirtazapine, (B) TCB-2, (C) Dextromethorphan, (D) Ketamine, (E) Quetiapine, (F) Scopolamine, (G) Celecoxib, and (H) Lamotrigine on the viability of SH-SY5Y cells, determined by MTT assay. The results represent the mean ± SEM of three independent experiments, expressed as the percentage of the vehicle (100%). Statistically significant * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. vehicle. 
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Figure 9. Representative images (100 × total magnification) of SH-SY5Y cells treated with (A) 0.2%DMSO/2% sterilized water (vehicle), (B) CoCl2 0.1 mM + Mirtazapine 10 nM, (C) CoCl2 0.1 mM + Mirtazapine 20 µM, (D) CoCl2 0.1 mM + TCB-2 10 nM, (E) CoCl2 0.1 mM + TCB-2 20 µM, (F) CoCl2 0.1 mM + Dextromethorphan 10 nM, (G) CoCl2 0.1 mM + Dextromethorphan 20 µM, (H) CoCl2 0.1 mM + Ketamine 10 nM (I) CoCl2 0.1 mM + Ketamine 20 µM, (J) CoCl2 0.1 mM + Quetiapine 10 nM, (K) CoCl2 0.1 mM + Quetiapine 20 µM, (L) CoCl2 0.1 mM + Scopolamine 10 nM, (M) CoCl2 0.1 mM + Scopolamine 20 µM, (N) CoCl2 0.1 mM + Celecoxib 10 nM, (O) CoCl2 0.1 mM + Celecoxib 20 µM, (P) CoCl2 0.1 mM + Lamotrigine 10 nM, and (Q) CoCl2 0.1 mM + Lamotrigine 20 µM. 
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Figure 10. Effect of 48 h incubation of CoCl2 0.1 mM, Echinomycin 0.1 nM-5 nM, and the combination of CoCl2 0.1 mM with Echinomycin 0.1 nM–5 nM on the viability of SH-SY5Y cells, determined by MTT assay. The results represent the mean ± SEM of three independent experiments, expressed as the percentage of the vehicle (100%). Statistically significant * p < 0.05 and ** p < 0.01 vs. vehicle. 
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Figure 11. Representative images (100 × total magnification) of SH-SY5Y cells treated with (A) 0.2%DMSO/2% sterilized water (vehicle), (B) CoCl2 0.1 mM, (C) Echinomycin 0.1 nM, (D) Echinomycin 0.5 nM, (E) Echinomycin 1 nM, (F) Echinomycin 5 nM, (G) CoCl2 0.1 mM + Echinomycin 0.1 nM, (H) CoCl2 0.1 mM + Echinomycin 0.5 nM (I) CoCl2 0.1 mM + Echinomycin 1 nM, and (J) CoCl2 0.1 mM + Echinomycin 5 nM. 
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Figure 12. Effect of 48 h incubation of the combination of CoCl2 0.1 mM, Echinomycin 0.5 nM and 10 nM/20 μM of (A) Mirtazapine, (B) TCB-2, (C) Dextromethorphan, (D) Ketamine, (E) Quetiapine, (F) Scopolamine, (G) Celecoxib, and (H) Lamotrigine on the viability of SH-SY5Y cells, determined by MTT assay. The results represent the mean ± SEM of three independent experiments, expressed as the percentage of the vehicle (100%). Statistically significant * p < 0.05 and ** p < 0.01. 
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Figure 13. Representative images (100 × total magnification) of SH-SY5Y cells treated with (A) 0.3%DMSO/3% sterilized water (vehicle), (B) Echinomycin 0.5 nM + CoCl2 0.1 mM + Mirtazapine 10 nM, (C) Echinomycin 0.5 nM + CoCl2 0.1 mM + Mirtazapine 20 µM, (D) Echinomycin 0.5 nM + CoCl2 0.1 mM + TCB-2 10 nM, (E) Echinomycin 0.5 nM + CoCl2 0.1 mM + TCB-2 20 µM, (F) Echinomycin 0.5 nM + CoCl2 0.1 mM + Dextromethorphan 10 nM, (G) Echinomycin 0.5 nM + CoCl2 0.1 mM + Dextromethorphan 20 µM, (H) Echinomycin 0.5 nM + CoCl2 0.1 mM + Ketamine 10 nM, (I) Echinomycin 0.5 nM + CoCl2 0.1 mM + Ketamine 20 µM, (J) Echinomycin 0.5 nM + CoCl2 0.1 mM + Quetiapine 10 nM, (K) Echinomycin 0.5 nM + CoCl2 0.1 mM + Quetiapine 20 µM, (L) Echinomycin 0.5 nM + CoCl2 0.1 mM + Scopolamine 10 nM, (M) Echinomycin 0.5 nM + CoCl2 0.1 mM + Scopolamine 20 µM, (N) Echinomycin 0.5 nM + CoCl2 0.1 mM + Celecoxib 10 nM, (O) Echinomycin 0.5 nM + CoCl2 0.1 mM + Celecoxib 20 µM, (P) Echinomycin 0.5 nM + CoCl2 0.1 mM + Lamotrigine 10 nM, and (Q) Echinomycin 0.5 nM + CoCl2 0.1 mM + Lamotrigine 20 µM. 
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Table 1. Physicochemical properties of Mirtazapine, TCB-2, Dextromethorphan, Ketamine, Quetiapine, Scopolamine, Celecoxib, and Lamotrigine.
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	Drug
	Molecular Weight (g/mol)
	Diffusion

Coefficient (cm2/s×05)
	LogP
	LogD
	Solubility (mg/mL)
	BBB

Permeability





	Mirtazapine
	265.36
	0.782
	2.659
	2.282
	0.269
	High



	TCB-2
	234.50
	0.893
	2.341
	0.251
	4.469
	High



	Dextromethorphan
	271.41
	0.760
	3.806
	2.280
	0.088
	High



	Ketamine
	237.73
	0.849
	2.602
	2.552
	0.148
	High



	Quetiapine
	406.00
	0.646
	2.701
	1.993
	0.359
	High



	Scopolamine
	301.00
	0.771
	1.372
	1.152
	3.557
	High



	Celecoxib
	381.38
	0.701
	3.808
	3.807
	0.006
	High



	Lamotrigine
	259.06
	0.917
	1.998
	1.998
	0.029
	High










 





Table 2. Summary of the targets known to be involved in depression for the drugs studied in this work and connected with serotonin receptors.
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	Drug
	Targets Connected to Depression
	References





	Mirtazapine
	Adrenergic α2, 5-HT2A and 5-HT3 receptors
	[16]



	TCB-2
	5-HT2A
	[19]



	Dextromethorphan
	NMDA, Sigma 1 and AMPA receptors, SERT
	[35,36]



	Ketamine
	AMPA, 5-HT2, 5-HT1B and D2 receptor, BDNF
	[37,38,39]



	Quetiapine
	5-HT2A and 5-HT1A receptors
	[40,41]



	Scopolamine
	5-HT3 and AMPA receptors
	[42,19]



	Celecoxib
	IL-6 levels
	[43]



	Lamotrigine
	5-HT3 receptor, Voltage-sensitive sodium channel
	[19,44]







5-HT1A: Serotonin receptor type 1A; 5-HT1B: Serotonin receptor type 1B; 5-HT2A: Serotonin receptor type 2A; 5-HT3: Serotonin receptor type 3; NMDA: N-methyl-D-aspartic acid; AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; SERT: Serotonin transporter; D2: Dopamine receptor type 2; BDNF: Brain-derived neurotrophic factor; and Il-6: Interleukin 6.
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