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Abstract

:

Elevated amounts of copper are considered to be contributing factor in the progression of neurodegenerative diseases as they promote oxidative stress conditions. The aim of our study was to examine the effects of ethanolic extract of propolis (EEP) against copper-induced neuronal damage. In cultured P19 neuronal cells, EEP exacerbated copper-provoked neuronal cell death by increasing the generation of reactive oxygen species (ROS) and through the activation of caspase-3/7 activity. EEP augmented copper-induced up-regulation of p53 and Bax mRNA expressions. Neurotoxic effects of EEP were accompanied by a strong induction of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression and decrease in the expression of c-fos mRNA. SB203580, an inhibitor of p38 mitogen-activated protein kinase (MAPK) prevented detrimental effects of EEP, whereas SP600125, an inhibitor of c-Jun N-terminal kinase (JNK), exacerbated EEP-induced neuronal cell death. Quercetin, a polyphenolic nutraceutical, which is usually present in propolis, was also able to exacerbate copper-induced neuronal death. Our data indicates a pro-oxidative and apoptotic mode of EEP action in the presence of excess copper, wherein ROS/p53/p38 interactions play an important role in death cascades. Our study also pointed out that detailed pharmacological and toxicological studies must be carried out for propolis and other dietary supplements in order to fully recognize the potential adverse effects in specific conditions.
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Key Contribution: For the first time, the study demonstrated neurotoxic effect of ethanolic extract of propolis in the presence of excess copper. Although propolis is widely used and generally considered as a safe natural remedy, the obtained results suggest that caution is required during its administration in certain medical conditions.










1. Introduction


Oxidative stress is a condition that is characterized by increased accumulation of reactive oxygen species (ROS) that overwhelm the intracellular antioxidative defense. Although ROS have an important physiological function, mainly as signaling molecules in redox-sensitive signaling pathways, their accumulation has harmful effects on neuronal viability. Previous studies have demonstrated that oxidative stress underlies pathological processes in neurodegeneration, contributing to the development and progression of various disorders such as Alzheimer’s and Parkinson’s disease [1,2].



Oxidative stress can be induced by increased accumulation of copper ions. Copper is essential for electron-transfer reactions in diverse biological processes, but in certain conditions (environmental pollution, accidents, excess dietary intake, inborn errors of copper metabolism and specific medical cases), it may accumulate in unbound forms and trigger ROS-generating reactions [3]. This increase in ROS may further induce oxidative damage to biological macromolecules and modulate intracellular transduction pathways, compromising neuronal function and viability [4,5]. Besides, copper itself may bind to thiol (-SH) groups of various proteins and disturb their functions, which additionally threatens cellular homeostasis [6]. Ultimately, ROS-initiated deleterious events end in neuronal death. In a cell type-, concentration- and time-dependent manner, copper-induced signaling pathways may trigger intrinsic and extrinsic caspase-dependent and caspase-independent apoptosis [5,7,8]. Elevated concentrations of copper are reported in patients suffering from various neurodegenerative disorders and copper dyshomeostasis is considered as a contributing factor to the onset and progression of pathological processes implicated in neurodegeneration [3,9,10]. Accordingly, therapeutic strategies based on the prevention of copper-mediated oxidative stress conditions could be a promising approach in neuroprotection.



Dietary supplements of natural origin that possess antioxidative activity are often taken as an adjuvant therapy intended to prevent or delay oxidative stress-induced injury in neurodegeneration. It is believed that they may improve well-being by re-establishing redox homeostasis and exert beneficial effects on cognitive and motor impairments [11]. There is, however, compelling evidence to suggest that natural agents with anti-oxidative activity may also exert pro-oxidative effects, particularly in the presence of transition metal ions that initiate a Fenton reaction and ROS generation [11,12,13]. Propolis, a heterogeneous resinous product collected by honey-bees, is a popular natural remedy that can be easily obtained at many health food and drug stores. Due to its well-documented biological effects, such as being antioxidant, anti-inflammatory, immunomodulatory, antimicrobial and anticancer, propolis and its extracts are used to treat various clinical conditions in traditional and modern medicine [14,15]. Previous studies have demonstrated neuroprotective actions of methanol, ethanol or water extracts of propolis against oxidative stress-induced damage in different cellular models and brain tissue. Its beneficial effects were mostly attributed to free-radical scavenging activity of propolis components. In particular, methanol extracts of propolis protected non-differentiated SH-SY5Y neuroblastoma cells against hydrogen peroxide (H2O2)-induced oxidative stress by suppressing ROS generation [16], whereas ethanol and water extracts of propolis were effective against H2O2-induced death of PC12 cells differentiated into mature neurons. Ethanolic extracts were also able to reduce brain infarction at 24 h after the occlusion in a model of focal cerebral ischemia [17].



To our knowledge, effects of propolis have never been studied in copper-induced oxidative neuronal injury. Hence, the aim of our study was to investigate the effects of ethanolic extract of propolis (EEP) on copper-provoked neurodegeneration and to clarify the molecular and cellular mechanisms of its action.




2. Results


Authenticity of the propolis resin sample was confirmed by the FTIR spectra and the results are depicted in Figure 1.



The spectrum confirms the presence of various propolis compounds but due to their enormous number (see Tables 2 and 3 in ref. [18]), it is impossible to identify any of these compounds individually. Nonetheless, some qualitative information can be extracted; and according to Franca et al. [19], the strong absorption at 1683 cm−1 could be due to C=O stretchings of flavonoids and lipids. The bands at 1634, 1602 and 1513 cm−1 can be attributed to aromatic rings, while the strongest absorption at 1160 cm−1 could be assigned to hydroxyl group vibrations, the C-O stretchings and C-OH bendings.



2.1. Propolis Exacerbated Copper-Induced Neuronal Injury in P19 Neuronal Cells


At first, we studied the effect of EEP on the viability of differentiated P19 neuronal cells. As expected, EEP reduced survival only when present at very high concentrations, from 50 µg/mL and above (Figure 2A). We previously demonstrated that copper in a dose-dependent manner decreases the viability of P19 neuronal cells [5]. In experiments aimed at resolving the effect of EEP on the viability of P19 cells exposed to excess copper (0.5 mM and 0.75 mM CuSO4), we found that small, non-toxic concentrations of EEP could exacerbate the neurotoxic effects of copper. Thus, in moderate oxidative stress induced by treatment with 0.5 mM CuSO4, toxic effects were observed for 5, 10 and 20 µg/mL EEP (Figure 2B). Concentrations of 50 and 100 µg/mL also enhanced copper-induced cell death. The highest applied concentration (100 µg/mL EEP) exhibited similar effects in physiological medium and in the presence of excess copper. The neurotoxic effect of small concentrations of EEP was particularly pronounced in the presence of 0.75 mM CuSO4. For example, 5 µg/mL EEP decreased survival by 93.2% in P19 neuronal cells which were concomitantly treated with 0.75 mM CuSO4 (from 28.8% to 2.0%), whereas in the presence of 0.5 mM CuSO4, cell survival was reduced by 32.2% (from 69.2% to 46.9%). As presented in Figure 2C, all investigated concentrations promoted copper-induced neuronal cell death in severe copper-induced oxidative stress, including concentrations in a range of 1–20 µg/mL that were not toxic per se. When oxidative stress was induced by exposure to 1 mM H2O2, 1–20 µg/mL of EEP were without any significant effects, whereas higher concentrations (50, 70 and 100 µg/mL) exacerbated H2O2-induced neuronal death (Figure 2D).




2.2. Propolis Promoted ROS Generation and Caspase-3/7-Activity in P19 Neurons Exposed to Excess Copper


We used the cell permeable substrate, 2′,7′- dichlorofluorescin diacetate to monitor the effects of low concentrations of EEP (1–5 µg/mL) on ROS generation in physiological conditions (Figure 3A), and in a moderate and severe copper-induced oxidative environment. Data analysis revealed that 2 and 5 µg/mL of EEP significantly exacerbated ROS accumulation in the presence of 0.5 mM CuSO4 (Figure 3B). ROS levels were increased by 29% (2 µg/mL) and 72% (5 µg/mL) in comparison to cells exposed to 0.5 mM CuSO4. In the more severe oxidative environment, the increase in ROS generation was significant only for 5 µg/mL of EEP (one-way ANOVA and Dunnett’s test). In the presence of 0.75 mM CuSO4, 1 µg/mL EEP up-regulated ROS amounts by 35%, 2 µg/mL EEP by 58% and 5 µg/mL by 365%. According to statistical analysis, effects of all applied concentrations of EEP on ROS levels were statistically significant (P = 0.0012 for 1 µg/mL EEP; P < 0.0001 for 2 and 5 µg/mL EEP; unpaired t-test).



As up-regulation of ROS mediates caspase activation, and caspase activation is implicated in certain models of neuronal cell death [20,21], we tested whether the pro-oxidant activity of EEP could result in an increased activation of executioner caspases-3/7. The results show that in physiological conditions, EEP does not modulate caspase-3/7 activity (Figure 3D), but it did promote caspase activation in a dose-dependent manner in the presence of 0.5 mM CuSO4 (Figure 3E). Statistical analysis by one-way ANOVA followed by Dunnett’s test indicated a significant effect of only 5 µg/mL in severe oxidative injury (Figure 3F), whereas data analysis using t-test indicated a significant effect of all applied concentrations on caspase-3/7 activity (P = 0.011 for 1 µg/mL, P = 0.002 for 2 µg/mL and P < 0.001 for 5 µg/mL). Taken together, obtained results suggest that the apoptosis-inducing effect of EEP due to increased ROS production probably underlies detrimental effects of EEP on neuronal viability.




2.3. EEP Promoted Copper-Induced Up-Regulation of Bax and p53 Gene Expressions, Stimulated Transcription of GAPDH mRNA and Reduced Copper-Promoted Expression of c-fos Gene


The transcription factor p53 has an important role in the regulation of oxidative-stress driven neurodegeneration [22]. Hence, we analyzed the effect of EEP on copper-mediated stimulation of p53 mRNA expression. As we previously reported, exposure to excess copper promotes p53 gene expression [5]. In P19 neurons exposed to 0.75 mM CuSO4, p53 mRNA was up-regulated by 143% compared to control group, whereas in the presence of 5 μg/mL EEP, an additional increase of 63% was observed (Figure 4A). We also examined changes in Bax expression as Bax is a transcriptional target of p53 with a crucial role in membrane permeabilization and pro-apoptotic release of death mediators. Expression of Bax mRNA was almost doubled (86%) following copper treatment, and 5 μg/mL EEP markedly promoted up-regulation of Bax mRNA expression by 276% (Figure 4B). On the other hand, copper-induced decrease in the expression of anti-apoptotic protein Bcl-2 was not affected by EEP co-treatment (Figure 4C). We also looked for changes in the expression of glyceraldehyde-3-phosphate (GAPDH), a metabolic enzyme that may sense oxidative stress and participate in cell death events after nuclear translocation [23]. Exposure to 0.75 mM CuSO4 did not affect transcriptional level of GAPDH, whereas EEP strongly up-regulated expression of GAPDH. Statistically, the maximal effect was achieved at 1 µg/mL EEP (Figure 4D). Finally, we analyzed the expression of c-fos mRNA, an immediate early oxidative stress response gene [24]. As represented in Figure 4E, copper highly promoted c-fos expression (more than 2.5-fold), whereas the presence of EEP prevented c-fos up-regulation.



Puma, a downstream p53 target, has been identified as an important regulator of Bax activation and neuronal apoptosis during oxidative stress [22]. Thus, we analyzed the expressions of p53 and Puma at the protein level. We detected approximately a threefold increase of p53 amount in copper-induced oxidative stress (Figure 5A) and a striking up-regulation of Puma expression (Figure 5B). However, neither of these effects were affected by EEP treatment, although there was a trend toward increase in the expression for p53. Similarly, copper induced marked decrease in the expression of NME1/NME2 proteins, which may limit oxidative stress in mammalian cells [25], but the presence of EEP did not modify the copper-mediated down-regulation of NME1/NME2 expression at the protein level (Figure 5C).




2.4. Neurotoxic Effects of EEP in The Presence of Excess Copper was Prevented by SB203580, The p38 Kinase Inhibitor, and Exacerbated by SP6000125, the JNK Pathway Inhibitor


The p38/p53 signaling may contribute to apoptotic response in oxidative stress-induced neuronal cell death [26]. To determine whether p38 MAP kinase was involved in p53-mediated neuronal cell death, we treated P19 neuronal cells with CuSO4 along with 2 or 5 μg/mL EEP and in the presence/absence of SB203580, a p38 inhibitor. In mild oxidative stress induced by exposure to 0.5 mM CuSO4, effect of 10 µM SB203580 on EEP-induced reduction of neuronal viability was not detected by the MTT assay (Figure 6A). On the contrary, in severe copper-induced oxidative conditions, SB203580 was able to completely prevent the toxic effects of 2 µg/mL of EEP (Figure 6B).



The c-Jun N-terminal kinases (JNK) is also activated in response to oxidative injury and may affect survival outcome [27]. In P19 neuronal cells exposed to 0.5 mM CuSO4, a significant pro-death effect of SP600125, a JNK inhibitor, was observed for 5 μg/mL EEP (Figure 6C). In severe oxidative injury induced by treatment with 0.75 mM CuSO4, SP600125 promoted additional decrease in the viability of neuronal cells treated with 2 μg/mL EEP (Figure 6D). Altogether, these results suggest that depending on the severity of neuronal damage and the applied concentration of EEP, effects of EEP on the reduction of neuronal survival are, at least in part, mediated through p38 and JNK signaling in P19 neuronal cells.




2.5. Quercetin Induced Similar Effects as Propolis and Promoted Copper-Induced Death of P19 Neuronal Cells


Quercetin glycosides represent the important flavonoid fraction found in propolis [28]. Hence, we analyzed the effects of quercetin during severe copper-induced oxidative stress in P19 neuronal cells to see if we could observe effects that are similar to those of EEP. We exposed P19 neuronal cells to 0.75 mM CuSO4 concomitantly with 3, 30 or 150 µM (1, 10 and 50 µg/mL) quercetin. We applied this range of quercetin concentrations based on previous studies, where we evaluated the neuroprotective potential of quercetin against mild and severe hydrogen-peroxide induced oxidative stress in P19 neuronal cells [29,30]. As determined by MTT assay and represented in Figure 7, 30 µM quercetin augmented neurotoxic effects of copper and reduced survival of P19 neuronal cells from 35.4 to 18.3%. Similar results were obtained using trypan blue staining (data not shown).





3. Discussion


Our study revealed that EEP at small, per se, non-toxic concentrations, exacerbate copper-induced death of P19 neuronal cells. EEP augmented ROS production and promoted caspase-3/7 activity. The detrimental effect of EEP was prevented in the presence of the p38 inhibitor; suggesting that pro-oxidative and p38-mediated pro-apoptotic mechanisms contributed to the toxic outcome of EEP treatment. Although neuroprotective actions of propolis have been reported [17,31], its antiproliferative and cytotoxic effects are well-documented in different human cancer cells [32,33,34,35].



The chemical composition of propolis is very complex and varies with the season and the flora of the region from which it originates. It contains at least 300 compounds of which more than 100 can be found in any given sample [14]. The bioactive components of propolis include fatty, aliphatic and aromatic acids, esters, flavonoids, aromatic aldehydes, beta-steroids and terpenes, among others [17,18,32]. Previous analysis of the Croatian propolis sample revealed that EEP contained 40.2% of total flavonoids, including quercetin [36]. In this study, the authenticity of the propolis was confirmed by measuring FTIR spectra (Figure 1). In general, there is a nice agreement in peak positions with the spectrum reported in Franca et al. [19]. Differences in relative intensities are most likely due to the different origin of the propolis samples. However, if compared with the spectra of flavanols as presented and interpreted by Baranovic and Segota [37], one is prompted to conclude that the main characteristics of the 1700–1000 cm−1 region can be attributed to the flavanols that have been detected in propolis by other methods [38].



It has been recognized that propolis may induce DNA damage in the presence of transition ions. Flavonoids that are commonly found in different propolis samples are also recognized as DNA-damaging agents. Accordingly, it is proposed that flavonoids in propolis act as electron carriers from transition metals to molecular oxygen, thus, generating superoxide anion and H2O2, which are responsible for direct pro-oxidant actions and harmful effects on viability [39].



Increased generation of ROS leads to depletion of endogenous antioxidant defense and induces oxidative stress. The transcription factor p53 has an important role in neuronal response to oxidative injury. Rapid increase in p53 levels and stimulation of its activity are involved in neuronal cell death in various types of oxidative damage, including exposure to excess copper [5,40,41,42]. Bax, a pro-apoptotic member of the Bcl-2 family, is a transcriptional target of p53, and in p53-mediated neuronal cell death, Bax is required for caspase-3 activation [20]. PUMA is another transcriptional target of p53 with important role in neuronal cell death during oxidative stress. Puma associates with Bax and promotes its activation and may inactivate all anti-apoptotic members of the Bcl-2 family [43].



In P19 neuronal cells exposed to copper, we found an increased expression of p53, Bax and PUMA, thus, confirming the p53-dependent, pro-apoptotic mechanism of copper-provoked neuronal cell death (Figure 4). Expression of p53 and Bax mRNA was further augmented in the presence of EEP. In the presence of a DNA damaging stimulus, such as oxidative stress, transcription factor NF-κB may induce transcription of p53 gene, whereas in turn p53 regulates expression of Bax gene. NF-κB can regulate expression of p53 directly via κB sites in the promotor sequence of the p53 gene [44]. Although p53 increased at the protein level, it did not reach any statistical significance (Figure 5A). Nonetheless, the observed trend of up-regulation, taken together with the p53 mRNA enhancement, strongly suggests that p53-mediated pro-apoptotic mechanisms could be involved in neurotoxic effects of EEP. In general, the diversity of p53-mediated responses is determined by selective transactivation of target genes depending on the severity of stress stimulus. Besides promoting expression of pro-apoptotic genes, p53 may induce apoptotic effects through transcriptional inhibition of survival genes such as Bcl-2 [40]. We indeed observed that copper-induced cell death was associated with decreased expression of Bcl-2, but similarly to PUMA, EEP did not further affect levels of Bcl-2 mRNA. Previous studies have revealed that in a concentration-dependent manner, propolis and its major compounds may reduce survival by inducing either a p53-dependent cell death, which is accompanied by up-regulation of p53 and its downstream targets, or a p53-independent death without changes in the gene expression profile of p53 [33,34,35,45]. Such findings indicate a complicated and heterogeneous nature of cellular and molecular events that could be triggered by propolis and result in decreased cellular viability.



Yet, another transcriptional target of p53 whose upregulation and nuclear translocation has been found in neurons following apoptotic stimuli is GAPDH [40,46]. A growing body of evidence suggests an important role of GAPDH in sensing oxidative stress and induction of neuronal cell death. GAPDH may stimulate p53 expression and phosphorylation, and activate p53-mediated cell death cascade [23]. In P19 neuronal cells, the toxic effects of EEP were accompanied by the up-regulation of both p53 and GAPDH mRNA, which is fascinating and certainly warrant further studies to reveal if EEP-induced GAPDH up-regulation contributes to neuronal death through p53/GAPDH-mediated mechanism.



Detrimental effects of EEP on the survival of P19 neuronal cells were associated with prominent ROS increase and resulted in the up-regulation of caspase-3/7 activity (Figure 3). Part of the observed increase in ROS levels could be attributed to direct ROS production through the Fenton chemistry. On the other hand, crosstalk between p53 and ROS, and interdependence of their signalling pathways may also have a strong impact on redox homeostasis and ultimately neuronal cell viability [47]. Namely, p53 has an important role in the regulation of cellular ROS production, whereas ROS in turn may modulate transactivation of p53 target genes. Besides typical pro-apoptotic proteins such as Bax and PUMA, among p53-induced genes are ROS-generating enzymes whose up-regulation may increase ROS levels, and hence, contribute to oxidative stress, caspase-3/activation and apoptosis. In addition, an alternative way to enhance ROS production could be through p53-mediated suppression of antioxidant genes [48]. Taken together, we suggest that EEP-induced increase of ROS production could be elicited, at least in part, via p53-dependent mechanisms; a mechanism that was also observed in cancer cells [49].



In postmitotic neurons, MAPK have an important role in intracellular signalling during oxidative stress-response and apoptosis [50]. Depending on the cell type and type of the injury, activation of MAPK cascades can promote either neuronal cell death or survival. MAPKs mediate their effects through phosphorylation of specific effector proteins, mostly transcription factors [27]. For example, in polychlorinated biphenyls (PCBs)-induced toxicity, downregulation of ERK2 phosphorylation resulted in enhanced expression of repressor element-1 silencing transcription factor (REST), leading to neuronal death [51]. In neurons exposed to methylmercury (MeHg), increased phosphorylation of p38 was involved in up-regulation of REST, histone deacetylase 4 (HDAC4) and specificity protein 1 (Sp1) and Sp4 expression that ended in brain-derived neurotrophic factor (BDNF) reduction and neuronal death. Further studies revealed that microRNA (miR)206 regulated REST and Sp4 at transcriptional level through the activation of the transcription factor JunD, a nuclear substrate of both JNK and ERK [52,53]. In neuronal cell death, MAPK may regulate apoptotic cascade through the specific phosphorylation of p53. Phosphorylation of p53 may increase its stability, which in turn may contribute to increase in p53 expression and transcriptional activity. Additionally, the p38 signalling pathway is often activated in response to toxic drugs and oxidative stress, and have an important role in p53 phosphorylation, enhancing its pro-apoptotic effects [26,40,54]. In P19 neuronal cells, we demonstrated a neuroprotective effect of SB203580 a p38 inhibitor. Our results indicate that an interplay between p53, ROS and p38 may contribute to EEP-provoked neuronal cell death in the presence of excess copper. Similarly, the importance of p53/p38 functional interactions was observed in UV-induced cellular stress [55]. More importantly, caffeic acid phenethyl ester (CAPE), one of the most important bioactive compounds of propolis, as well as propolis extracts, may activate the p38 pathway, induce p53 and Bax and initiate apoptosis in cancer cells [32]. In a vicious circle, p53-induced ROS may have an important role in p38 activation, whereas, p38-mediated phosphorylation of p53 preserves full activation of p53 and thus, ROS generation [54]. Accordingly, inhibition of p38 pathway was effective against apoptosis induced by a wide variety of oxidative stressors [50,56].



JNK is another MAPK kinase whose activation is increased in response to ROS [24]. In contrast to SB203580, effect of EEP on the copper-induced neuronal cell death was exacerbated in the presence of the JNK inhibitor SP600125. Thus, our results suggest that JNK activation is beneficial in neurons exposed to excess copper and EEP. Although JNK is usually perceived as an apoptosis-inducing protein, stress-related induction of JNK activity is still controversial. Different outcomes may be attributed to different JNK isoforms, which may have specific roles in stress responses and regulation of gene expressions. The protective role of JNK activations has been demonstrated in neuronal cells in several different death paradigms [57,58,59]. Oswald and co-authors [24] argued that JNK/AP-1 system is the most important adaptive response to ROS in neurons as it promotes transcription of antioxidant proteins. This is in agreement with our results, which demonstrates a protective effect of JNK activation in P19 neuronal cells. As AP-1 is a heterodimer composed of transcription factors Fos and Jun, perhaps the EEP-induced decrease in c-fos might contribute to decreased AP-1 activity, decreased ability to cope with oxidative stress, and ultimately, neurotoxic effects. In contrast to our results, protective effects of JNK inhibition were observed in oxidative stress-conditions in non-neuronal cells. The mechanism of this effect was at least in part mediated through the nucleoside diphosphate kinase activity of the NME1 protein (NDPK-A, Nm23-H1), which prevented JNK activation and reduced oxidative stress level [25]. In P19 neuronal cells, we observed a prominent reduction of NME1/NME2 protein expression levels in a copper-enriched environment. This might indicate an involvement of NME1/NME2 in JNK signaling and ROS generation in P19 neuronal cells exposed to copper and EEP, an effect that may require clarification in further studies.



As mentioned previously, the flavanol quercetin and its derivatives are usually found in propolis samples of different geographical and seasonal origin [36,60,61]. In P19 neuronal cells, we observed that non-toxic concentration of quercetin may exacerbate toxic effects of copper in severe oxidative stress. Similar to propolis, quercetin is anticipated as a safe supplement that may improve human well-being by re-gaining redox homeostasis. Thus, our results are particularly interesting as they indicate a general neurotoxic potential of phytopharmaceutical in a copper-enriched environment. Considering that elevated levels of copper are found in the blood of patients with neurodegenerative diseases, this study also emphasizes that caution is required if prolonged supplementation with natural products is included as adjuvant therapy in these patients. Safety and efficacy are the two major concerns regarding the long-term usage of herbal formulations. Our study indicates that supplements appreciated by their antioxidant effects may switch to a prooxidant action in the presence of metal ions. Ortho-dihydroxyl groups, which are present in phenolic components of propolis, are able to chelate with Cu2+ and induce this pro-oxidant activity [62]. Detrimental effects of phenolic compounds such as quercetin, can be explained in paradoxical terms: they become toxic as a result of their protection. This means that, although ROS are neutralized, reactive oxidation products with toxic potentials are concomitantly formed [63]. Thus, in the presence of quercetin, Cu2+ can be reduced to Cu+, forming a semiquinone radical (semioxidized quercetin). This radical undergoes a second electron transfer reaction with molecular oxygen, generating ortho-quinone and superoxide anion (O2•). In the next step, superoxide anion reacts with catalytic Cu+ to give hydrogen peroxide, which is via a Fenton-type reaction converted into hydroxyl radical (•OH). Hence, re-oxidation of Cu+ to Cu2+ leads to the new generation of ROS [62]. If this mechanism underlies ROS generation in P19 neuronal cells, it is intriguing how this prooxidant cascade exerts stronger effects at small concentrations of EEP. As suggested by Filipe et al. [64], one possibility is that the prooxidant mechanism at higher concentrations is still operative, but less visible because the antioxidant activity (ROS scavenging, metal chelation) prevails.




4. Conclusions


For the first time, we report here the neurotoxic effects of ethanolic extract of propolis in the presence of excess copper ions. We suggest that the underlining mode of action of its detrimental effects is related to p53-mediated mechanisms and Fenton chemistry that promote ROS generation and p38 activation, thus leading to caspase-3/7 activation and initiation of an apoptotic cascade. Further studies are needed to confirm these neurotoxic effects of EEP in conditions of copper overload in animals and human subjects and to reveal, in more detail, the molecular mechanisms of its toxicity and possible pathological outcomes of prolonged propolis consumption.




5. Materials and Methods


5.1. Chemicals


All-trans retinoic acid (ATRA), cytosine-arabinofuranoside (AraC), 2′7′-dichloro-fluorescein diacetate (DCF-DA), 3-(4,5-dimethylthiazol-2yl)2,5-dyphenyl-2H-tetrazolium bromide (MTT), hydrogen peroxide solution and quercetin dihydrate were purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA). Culture medium (Dulbecco’ Modified Eagle’s Medium (DMEM)), foetal bovine serum (FBS), trypsin, antibiotics, L-glutamine and supplements for differentiation of P19 cells were also purchased from Sigma-Aldrich (St. Louis, MO, USA) or Gibco (Paisley, UK). SP600125 and SB203580 were from Alfa Aesar (Ward Hill, MA, USA). EEP was obtained as previously described [57]. All other chemical used were of analytical grade.



In order to confirm the authenticity of the propolis, infrared spectra of EEP were recorded with an ABB Bomem Mb102 Fourier transform infrared (FTIR) spectrometer at room temperature. For each infrared spectrum, 30 interferograms were collected with a nominal resolution of 4 cm−1. The reference spectra were recorded under the same conditions. The spectra were collected on a MKII Golden Gate single reflection attenuated total reflection (ATR) accessory.




5.2. P19 Cell Culturing and P19 Neuronal Differentiation


Undifferentiated P19 cells were grown in DMEM medium (high-glucose) supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 units/mL penicillin G and 100 µg/mL streptomycin (growth medium) in a humidified atmosphere of 5% CO2 at 37 °C.



5.2.1. Neuronal Differentiation of P19 Cells


P19 Embryonal Body Formation (DIV 0-4)


Neuronal differentiation of P19 cells was induced by exposure to 1 µM ATRA for 4 days. Individual cells (1 × 106) were seeded in 10 cm bacteriological grade Petri dishes containing 10 mL of induction medium (DMEM supplemented with 5% FBS, 2 mM L-glutamine and antibiotics). ATRA was added immediately after plating. Aggregates (embryonal bodies) of P19 cells were formed after 1–2 days. After two days, the media was changed by transferring suspension to a 15 mL conical tube.



Aggregates were allowed to settle and after removal of old media, they were resuspended in fresh medium containing ATRA and returned to the same Petri dish. Aggregates were grown in a humidified atmosphere for two more days.




P19 Neuronal Differentiation (DIV 4-8)


After the fourth day of ATRA treatment, P19 cells were plated on treated tissue-culture plastics for complete neuronal differentiation and maturation. P19 embryonal bodies were harvested, washed twice with phosphate buffer saline (PBS) and resuspended in 2 mL of 0.05% trypsin-1mM EDTA in PBS. Cells were incubated for 10 min, dissociated by pipetting after addition of 5 mL of growth medium, collected by centrifugation (1250 rpm, 5 min) and resuspended in growth medium. For optimal neuronal differentiation, single cells at a density of 105 cells/cm2 were plated and grown in growth medium for 2 days. Since serum inhibits neuronal production and favors the growth of astrocytes and fibroblasts, after 2 days the medium was changed to serum-free differentiation medium containing DMEM supplemented with insulin, transferrin, selenium and ethanolamine solution (ITS-X, Gibco), 0.5 mM L-glutamine and antibiotics (neuron-specific medium) and cells were differentiated for additional 2 days. As P19 cells differentiate into a mixed population of neurons, fibroblasts and astrocytes, mitotic inhibitor AraC was added at 10 μM concentration to inhibit the proliferation of non-neuronal cells. Complete neuronal maturation of P19 neurons was confirmed by immunofluorescence staining against neuron specific marker β-III tubulin, 8 days after the initiation of ATRA treatment [21].






5.3. Drug Treatment


To examine the effects of propolis on copper-induced neuronal cell death, we used P19 neuronal cells at DIV8. Each batch of cultured cells was divided into control and drug treated groups. For dose-response studies, cells were exposed to different concentrations of EEP for 24 h. Stock solution of EEP was prepared in DMSO (100 mg/mL) and diluted with DMEM medium to final concentrations (1–100 μg/mL). Activation of JNK and p38 signaling was investigated using SP6000125 and SB203580, respectively. SP6000125 is an inhibitor of c-Jun N-terminal kinase (JNK), whereas SB203580 was used to elucidate the role of p38 signaling. Both inhibitors were present for 1 h prior and during the exposure to EEP in combination with 0.5 and 0.75 mM CuSO4.




5.4. Assessment of Cell Death


To evaluate cell survival after exposure to EEP and CuSO4, we used a colorimetric MTT assay. The estimation of neuronal cell viability was based on the ability of NAD(P)H-dependent oxidoreductase enzymes to reduce MTT to water-insoluble purple formazan crystals, proportional to the number of metabolically active cells. P19 neurons (DIV4) were plated in 96-well culture plates at a density 30 × 103 cells/well, fully differentiated for additional 4 days and then treated. At the end of the treatment period, 0.5 mg/mL MTT in neuron-specific medium (P19 cells) was added (40 μL/well) and incubated for 3 h at 37 °C. The formazan dye was dissolved by adding 160 μL of dimethyl sulfoxide (DMSO) and the absorbance was recorded with an automatic microplate reader at 570 nm.




5.5. Detection of ROS Levels


Intracellular accumulation of ROS as an indicator of general oxidative stress level was determined by the routinely used assay that utilizes lipophilic probe 2′,7′- dichlorofluorescin diacetate, DCF-DA. This non-fluorescent compound accumulates within cells, and after deacetylation by intracellular esterases reacts with endogenous ROS forming highly fluorescent product dichlorofluorescein (DCF). To evaluate ROS generation, P19 neurons (DIV4) were plated in 96-well white plates (Nunc) at a density of 30 × 103 cells/well in 100 μL of complete growth medium, differentiated and treated at DIV8 with CuSO4 and EEP. At 24 h after treatment, P19 neurons were incubated with 100 μM DCF-DA in PBS for 1 h, rinsed with PBS, and incubated for an additional 1 h in PBS. Oxidation of DCF-DA to DCF was measured on a plate reader (Fluoroskan Ascent FL, Thermo Scientific, Waltham, MA, USA) at the excitation wavelength of 485 nm, and emission wavelength of 538 nm. The detected fluorescent intensities were normalized to the number of viable cells.




5.6. Determination of Caspase -3/7 Activity


Activity of caspase-3/7 enzymes was measured using the Apo-ONE® Homogeneous Caspase-3/7 assay (Promega, Madison, WI, USA). These two members of the caspase family are the key effector enzymes in caspase-dependent apoptosis. To perform the assay, an optimized cell permeabilization buffer and non-fluorescent caspase substrate Z-DEVD-rhodamine 110 were mixed (50 µL) and added directly to treated P19 neurons grown in equal amount of the culture medium. The sample was shaken for 5 min and then incubated at RT in the dark for 4 h. Cleavage of the DEVD peptides by activated caspase-3/7 releases the rhodamine 110 which becomes intensely fluorescent when excited. The amount of generated fluorescent product is proportional to the amount of caspase-3/7 cleavage activity in each sample. The plate was read on a plate reader (Fluoroskan Ascent FL, Thermo Scientific, Waltham, MA, USA) at the excitation wavelength of 485 nm, and emission wavelength of 538 nm.




5.7. Determination of mRNA Levels by Semi-Quantitative RT-PCR Method


Expressions of Bcl-2, Bax, c-fos, p53, and GAPDH at the transcriptional level were examined by semiquantitative RT-PCR analysis according to the method previously described [29]. Briefly, cDNAs were amplified and analyzed during the two consecutive cycles in the log phase of PCR reactions. PCR primers, annealing temperatures, and numbers of cycles are listed in Table 1. The reactions were performed in a Perkin Elmer 9600 thermocycler and amplified products (10 µL) were electrophoretically separated on a 1.5% agarose gel and stained with ethidium bromide (0.5 µg/mL). Optical densities of detected bands were analyzed with ImageJ NIH software 1.0. Expression of the housekeeping gene TATA-box binding protein (TBP) mRNA was used as an internal standard for normalization.




5.8. Western Blot Analysis of p53, PUMA and NME1/2 Expression


The expression of proteins was analyzed in total cell extracts. Following treatment, P19 neurons grown in 25 cm2 flasks were washed twice with PBS, lysed by scrapping into 100 μL of RIPA buffer (Sigma Aldrich, St. Louis, MO, USA) containing protease inhibitors (Complete, Mini, EDTA-free Protease Inhibitor Cocktail Tablets; Roche, Indianapolis, IN, USA) and sonicated. The protein concentration was determined using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Waltham, MA, USA). A standard curve was developed using a series of bovine serum albumin dilutions in the 100 μg/mL to 1500 μg/mL range, and a linear plot of concentration vs. absorbance (at 570 nm) was generated to determine protein concentration in different samples. Equal amounts of proteins were boiled for 2 min, loaded on 11% sodium dodecyl sulphate-polyacrylamide gels, separated by electrophoresis and transferred to nitrocellulose membranes (Whatman, GE Healthcare, Life Sciences, Berlin, Germany). Non-specific binding was blocked by 5% non-fat milk in Tris-buffered saline containing 0.05% Tween 20 (TBST) for 1 h at RT. Membranes were incubated overnight with the primary antibody and then for 2 h at RT by appropriate secondary antibody.



A total of 40 µg of proteins were loaded for p53 detection, and 20 µg for PUMA and Nme1/Nme2 detection. Blots were incubated with primary anti-p53 antibody (clone Pab 1801: sc-98; Santa Cruz Biotechnology; 1:500), anti-PUMAα/β antibody (G-3, sc-374223; Santa Cruz Biotechnology; 1:500) and anti NME1/NME2 antibody (kindly provided by I. Lascu and S. Volarević; 1:3000). Anti-β-actin antibody (AC-15, Sigma-Aldrich; 1:5000) was used for normalization. Peroxidase-labelled anti-mouse IgG (Amersham ECL mouse IgG; 1:5000) or anti-rabbit IgG (Cell Signaling Technology; 1:3000) were used as secondary antibodies. All immunoblots were processed using the Western Lightning® Plus-ECL Enhanced Chemiluminescence Substrate (PerkinElmer, Waltham, MA, USA). Relative intensities of the bands were quantified by using ImageJ NIH software after detection on Alliance 4.7 (UVItec Cambridge, London, UK).




5.9. Statistical Analysis


Data are presented as the mean ± standard error mean (SEM). Statistical comparisons were made by t-test or one-way analysis of variance (ANOVA) followed by Dunnett’s or Tukey test using GraphPad Prism software. The normality of the data distribution was verified using the D’Agostino-Pearson omnibus test. A P < 0.05 was considered statistically significant.








Author Contributions


Conceptualization, M.J.J.; Data curation, M.J.J.; Formal analysis, V.R., J.V., P.U., N.H. and G.B.; Funding acquisition, M.J.J.; Investigation, V.R., J.V., P.U., G.B., N.H. and M.J.J.; Validation, J.V., N.O. and M.J.J.; Writing—original draft, M.J.J.; Writing—review and editing, V.R., J.V., G.B. and N.O. All authors approved the final version of the manuscript.




Funding


This work was financed by the Croatian Ministry of Science, Education and Sports and by the project of the Catholic University of Croatia (“Effect of propolis on the survival of neurons exposed to toxic concentrations of copper”, HKS-2018-2).




Acknowledgments


The authors thank N. E. B. Saidu for English language editing.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kim, G.H.; Kim, J.E.; Rhie, S.J.; Yoon, S. The Role of Oxidative Stress in Neurodegenerative Diseases. Exp. Neurobiol. 2015, 24, 325–340. [Google Scholar] [CrossRef][Green Version]

	



Liu, Z.; Zhou, T.; Ziegler, A.C.; Dimitrion, P.; Zuo, L. Oxidative Stress in Neurodegenerative Diseases: From Molecular Mechanisms to Clinical Applications. Oxid. Med. Cell Longev. 2017, 2017, 2525967. [Google Scholar] [CrossRef]

	



Gaetke, L.M.; Chow-Johnson, H.S.; Chow, C.K. Copper: Toxicological relevance and mechanisms. Arch. Toxicol. 2014, 88, 1929–1938. [Google Scholar] [CrossRef][Green Version]

	



Jomova, K.M.; Valko, M. Advances in metal-induced oxidative stress and human disease. Toxicology 2011, 283, 65–87. [Google Scholar] [CrossRef] [PubMed]

	



Jazvinscak Jembrek, M.; Vlainic, J.; Radovanovic, V.; Erhardt, J.; Orsolic, N. Effects of copper overload in P19 neurons: Impairment of glutathione redox homeostasis and crosstalk between caspase and calpain protease systems in ROS-induced apoptosis. Biometals 2014, 27, 1303–1322. [Google Scholar] [CrossRef] [PubMed]

	



Letelier, M.E.; Sánchez-Jofré, S.; Peredo-Silva, L.; Cortés-Troncoso, J.; Aracena-Parks, P. Mechanisms underlying iron and copper ions toxicity in biological systems: Pro-oxidant activity and protein-binding effects. Chem. Biol. Interact. 2010, 188, 220–227. [Google Scholar] [CrossRef] [PubMed]

	



Kawakami, M.; Inagawa, R.; Hosokawa, T.; Saito, T.; Kurasaki, M. Mechanism of apoptosis induced by copper in PC12 cells. Food Chem. Toxicol. 2008, 46, 2157–2164. [Google Scholar] [CrossRef]

	



Paris, I.; Perez-Pastene, C.; Couve, E.; Caviedes, P.; Ledoux, S.; Segura-Aguilar, J. Copper dopamine complex induces mitochondrial autophagy preceding caspase-independent apoptotic cell death. J. Biol. Chem. 2009, 284, 13306–13315. [Google Scholar] [CrossRef]

	



Ventriglia, M.; Bucossi, S.; Panetta, V.; Squitti, R. Copper in Alzheimer’s disease: A meta-analysis of serum, plasma, and cerebrospinal fluid studies. J. Alzheimers Dis. 2012, 30, 981–984. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.D.; Zhang, W.; Wang, Z.Y.; Zhao, P. Serum Copper, Zinc, and Iron Levels in Patients with Alzheimer’s Disease: A Meta-Analysis of Case-Control Studies. Front. Aging Neurosci 2017, 9, 300. [Google Scholar] [CrossRef]

	



Martin, K.R.; Appel, C.L. Polyphenols as dietary supplements: A double-edged sword. Nutr. Diet. Suppl. 2010, 2, 1–12. [Google Scholar] [CrossRef]

	



Azmi, A.S.; Sarkar, F.H.; Hadi, S.M. Pro-oxidant activity of dietary chemopreventive agents: An under-appreciated anti-cancer property. F1000Res 2013, 2, 135. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Ren, Z.; Zhang, J.; Chuang, C.C.; Kandaswamy, E.; Zhou, T.; Zuo, L. Role of ROS and Nutritional Antioxidants in Human Diseases. Front. Physiol. 2018, 17, 477. [Google Scholar] [CrossRef]

	



Orsolic, N.; Sirovina, D.; Gajski, G.; Garaj-Vrhovac, V.; Jazvinscak Jembrek, M.; Kosalec, I. Assessment of DNA damage and lipid peroxidation in diabetic mice: Effects of propolis and epigallocatechin gallate (EGCG). Mutat. Res. 2013, 757, 36–44. [Google Scholar] [CrossRef]

	



Pasupuleti, V.R.; Sammugam, L.; Ramesh, N.; Gan, S.H. Honey, Propolis, and Royal Jelly: A Comprehensive Review of Their Biological Actions and Health Benefits. Oxid. Med. Cell Longev. 2017, 2017, 1259510. [Google Scholar] [CrossRef] [PubMed]

	



Ni, J.; Wu, Z.; Meng, J.; Zhu, A.; Zhong, X.; Wu, S.; Nakanishi, H. The Neuroprotective Effects of Brazilian Green Propolis on Neurodegenerative Damage in Human Neuronal SH-SY5Y Cells. Oxid. Med. Cell Longev. 2017, 2017, 7984327. [Google Scholar] [CrossRef]

	



Shimazawa, M.; Chikamatsu, S.; Morimoto, N.; Mishima, S.; Nagai, H.; Hara, H. Neuroprotection by Brazilian Green Propolis against In vitro and In vivo Ischemic Neuronal Damage. Evid. Based Complement. Alternat. Med. 2005, 2, 201–207. [Google Scholar] [CrossRef] [PubMed]

	



Kalogeropoulos, N.; Konteles, S.J.; Troullidou, E.; Mourtzinos, I.; Karathanos, V.T. Chemical composition, antioxidant activity and antimicrobial properties of propolis extracts from Greece and Cyprus. Food Chem. 2009, 116, 452–461. [Google Scholar] [CrossRef]

	



Franca, J.R.; De Luca, M.P.; Ribeiro, T.G.; Castilho, R.O.; Moreira, A.N.; Santos, V.R.; Faraco, A.A. Propolis--based chitosan varnish: Drug delivery, controlled release and antimicrobial activity against oral pathogen bacteria. BMC Complement Altern. Med. 2014, 14, 478. [Google Scholar] [CrossRef]

	



Cregan, S.P.; MacLaurin, J.G.; Craig, C.G.; Robertson, G.S.; Nicholson, D.W.; Park, D.S.; Slack, R.S. Bax-dependent caspase-3 activation is a key determinant in p53-induced apoptosis in neurons. J. Neurosci 1999, 19, 7860–7869. [Google Scholar] [CrossRef]

	



Jazvinscak Jembrek, M.; Radovanovic, V.; Vlainic, J.; Vukovic, L.; Hanzic, N. Neuroprotective effect of zolpidem against glutamate-induced toxicity is mediated via the PI3K/Akt pathway and inhibited by PK11195. Toxicology 2018, 406–407, 58–69. [Google Scholar] [CrossRef] [PubMed]

	



Steckley, D.; Karajgikar, M.; Dale, L.B.; Fuerth, B.; Swan, P.; Drummond-Main, C.; Poulter, M.O.; Ferguson, S.S.; Strasser, A.; Cregan, S.P. Puma is a dominant regulator of oxidative stress induced Bax activation and neuronal apoptosis. J. Neurosci. 2007, 27, 12989–12999. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, D.; Chin, K.; Wang, M.; Liu, F. Disruption of the nuclear p53-GAPDH complex protects against ischemia-induced neuronal damage. Mol. Brain 2014, 7, 20. [Google Scholar] [CrossRef] [PubMed]

	



Oswald, M.C.W.; Garnham, N.; Sweeney, S.T.; Landgraf, M. Regulation of neuronal development and function by ROS. FEBS Lett. 2018, 592, 679–691. [Google Scholar] [CrossRef][Green Version]

	



Peuchant, E.; Bats, M.L.; Moranvillier, I.; Lepoivre, M.; Guitton, J.; Wendum, D.; Lacombe, M.L.; Moreau-Gaudry, F.; Boissan, M.; Dabernat, S. Metastasis suppressor NM23 limits oxidative stress in mammals by preventing activation of stress-activated protein kinases/JNKs through its nucleoside diphosphate kinase activity. FASEB J. 2017, 31, 1531–1546. [Google Scholar] [CrossRef]

	



Cardaci, S.; Filomeni, G.; Rotilio, G.; Ciriolo, M.R. p38(MAPK)/p53 signalling axis mediates neuronal apoptosis in response to tetrahydrobiopterin-induced oxidative stress and glucose uptake inhibition: Implication for neurodegeneration. Biochem. J. 2010, 430, 439–451. [Google Scholar] [CrossRef]

	



Martindale, J.L.; Holbrook, N.J. Cellular response to oxidative stress: Signaling for suicide and survival. J. Cell Physiol. 2002, 192, 1–15. [Google Scholar] [CrossRef][Green Version]

	



Zheng, Y.Z.; Deng, G.; Liang, Q.; Chen, D.F.; Guo, R.; Lai, R.C. Antioxidant Activity of Quercetin and Its Glucosides from Propolis: A Theoretical Study. Sci. Rep. 2017, 7, 7543. [Google Scholar] [CrossRef][Green Version]

	



Jazvinscak Jembrek, M.; Vukovic, L.; Puhovic, J.; Erhardt, J.; Orsolic, N. Neuroprotective effect of quercetin against hydrogen peroxide-induced oxidative injury in P19 neurons. J. Mol. Neurosci. 2012, 47, 286–299. [Google Scholar] [CrossRef]

	



Jazvinscak Jembrek, M.; Vlainic, J.; Cadez, V.; Segota, S. Atomic force microscopy reveals new biophysical markers for monitoring subcellular changes in oxidative injury: Neuroprotective effects of quercetin at the nanoscale. PLoS ONE 2018, 13, e0200119. [Google Scholar] [CrossRef]

	



Swamy, M.; Norlina, W.; Azman, W.; Suhaili, D.; Sirajudeen, K.N.; Mustapha, Z.; Govindasamy, C. Restoration of glutamine synthetase activity, nitric oxide levels and amelioration of oxidative stress by propolis in kainic acid mediated excitotoxicity. Afr. J. Tradit. Complement. Altern. Med. 2014, 11, 458–463. [Google Scholar] [CrossRef] [PubMed]

	



Sawicka, D.; Car, H.; Borawska, M.H.; Nikliński, J. The anticancer activity of propolis. Folia. Histochem. Cytobiol. 2012, 50, 25–37. [Google Scholar] [CrossRef][Green Version]

	



Begnini, K.R.; Moura de Leon, P.M.; Thurow, H.; Schultze, E.; Campos, V.F.; Martins Rodrigues, F.; Borsuk, S.; Dellagostin, O.A.; Savegnago, L.; Roesch-Ely, M.; et al. Brazilian red propolis induces apoptosis-like cell death and decreases migration potential in bladder cancer cells. Evid. Based. Complement. Alternat. Med. 2014, 639856. [Google Scholar] [CrossRef] [PubMed]

	



Frión-Herrera, Y.; Díaz-García, A.; Ruiz-Fuentes, J.; Rodríguez-Sánchez, H.; Sforcin, J.M. Brazilian green propolis induced apoptosis in human lung cancer A549 cells through mitochondrial-mediated pathway. J. Pharm. Pharmacol. 2015, 67, 1448–1456. [Google Scholar] [CrossRef]

	



Salim, E.I.; Abd El-Magid, A.D.; Farara, K.M.; Maria, D.S. Antitumoral and Antioxidant Potential of Egyptian Propolis Against the PC3 Prostate Cancer Cell Line. Asian Pac. J. Cancer Prev. 2015, 16, 7641–7651. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Benkovic, V.; Knezevic, A.H.; Dikic, D.; Lisicic, D.; Orsolic, N.; Basic, I.; Kosalec, I.; Kopjar, N. Radioprotective effects of propolis and quercetin in gamma-irradiated mice evaluated by the alkaline comet assay. Phytomedicine 2008, 15, 851–858. [Google Scholar] [CrossRef] [PubMed]

	



Baranovic, G.; Segota, S. Infrared spectroscopy of flavones and flavonols. Reexamination of the hydroxyl and carbonyl vibrations in relation to the interactions of flavonoids with membrane lipids. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2018, 192, 473–486. [Google Scholar] [CrossRef]

	



Boisard, S.; Le Ray, A.M.; Gatto, J.; Aumond, M.C.; Blanchard, P.; Derbré, S.; Flurin, C.; Richomme, P. Chemical composition, antioxidant and anti-AGEs activities of a French poplar type propolis. J. Agric. Food Chem. 2014, 62, 1344–1351. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, Y.C.; Wang, Y.H.; Liou, C.C.; Lin, Y.C.; Huang, H.; Liu, Y.C. Induction of oxidative DNA damage by flavonoids of propolis: Its mechanism and implication about antioxidant capacity. Chem. Res. Toxicol. 2012, 25, 191–196. [Google Scholar] [CrossRef]

	



Culmsee, C.; Mattson, M.P. p53 in neuronal apoptosis. Biochem. Biophys. Res. Commun. 2005, 331, 761–777. [Google Scholar] [CrossRef]

	



Wong, H.K.; Fricker, M.; Wyttenbach, A.; Villunger, A.; Michalak, E.M.; Strasser, A.; Tolkovsky, A.M. Mutually exclusive subsets of BH3-only proteins are activated by the p53 and c-Jun N-terminal kinase/c-Jun signaling pathways during cortical neuron apoptosis induced by arsenite. Mol. Cell Biol. 2005, 25, 8732–8747. [Google Scholar] [CrossRef]

	



Chatoo, W.; Abdouh, M.; Bernier, G. p53 pro-oxidant activity in the central nervous system: Implication in aging and neurodegenerative diseases. Antioxid. Redox. Signal. 2011, 15, 1729–1737. [Google Scholar] [CrossRef]

	



Fricker, M.; O’Prey, J.; Tolkovsky, A.M.; Ryan, K.M. Phosphorylation of Puma modulates its apoptotic function by regulating protein stability. Cell Death Dis. 2010, 1, e59. [Google Scholar] [CrossRef]

	



Aleyasin, H.; Cregan, S.P.; Iyirhiaro, G.; O’Hare, M.J.; Callaghan, S.M.; Slack, R.S.; Park, D.S. Nuclear factor-(kappa)B modulates the p53 response in neurons exposed to DNA damage. J. Neurosci. 2004, 24, 2963–2973. [Google Scholar] [CrossRef]

	



Draganova-Filipova, M.N.; Georgieva, M.G.; Peycheva, E.N.; Miloshev, G.A.; Sarafian, V.S.; Peychev, L.P. Effects of propolis and CAPE on proliferation and apoptosis of McCoy-Plovdiv cell line. Folia Med. (Plovdiv) 2008, 50, 53–59. [Google Scholar]

	



Chen, R.W.; Saunders, P.A.; Wei, H.; Li, Z.; Seth, P.; Chuang, D.M. Involvement of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and p53 in neuronal apoptosis: Evidence that GAPDH is upregulated by p53. J. Neurosci. 1999, 19, 9654–9662. [Google Scholar] [CrossRef]

	



Wang, D.B.; Kinoshita, C.; Kinoshita, Y.; Morrison, R.S. p53 and mitochondrial function in neurons. Biochim. Biophys. Acta 2014, 1842, 1186–1197. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Liu, B.; Chen, Y.; St Clair, D.K. ROS and p53: A versatile partnership. Free Radic. Biol. Med. 2008, 44, 1529–1535. [Google Scholar] [CrossRef]

	



Xuan, H.; Li, Z.; Yan, H.; Sang, Q.; Wang, K.; He, Q.; Wang, Y.; Hu, F. Antitumor Activity of Chinese Propolis in Human Breast Cancer MCF-7 and MDA-MB-231 Cells. Evid. Based Complement. Alternat. Med. 2014, 2014, 280120. [Google Scholar] [CrossRef]

	



Wu, F.; Wang, Z.; Gu, J.H.; Ge, J.B.; Liang, Z.Q.; Qin, Z.H. p38(MAPK)/p53-Mediated Bax induction contributes to neurons degeneration in rotenone-induced cellular and rat models of Parkinson’s disease. Neurochem. Int. 2013, 63, 133–140. [Google Scholar] [CrossRef] [PubMed]

	



Formisano, L.; Guida, N.; Laudati, G.; Boscia, F.; Esposito, A.; Secondo, A.; Di Renzo, G.; Canzoniero, L.M. Extracellular signal-related kinase 2/specificity protein 1/specificity protein 3/repressor element-1 silencing transcription factor pathway is involved in Aroclor 1254-induced toxicity in SH-SY5Y neuronal cells. J. Neurosci. Res. 2015, 93, 167–177. [Google Scholar] [CrossRef] [PubMed]

	



Guida, N.; Laudati, G.; Mascolo, L.; Valsecchi, V.; Sirabella, R.; Selleri, C.; Di Renzo, G.; Canzoniero, L.M.; Formisano, L. p38/Sp1/Sp4/HDAC4/BDNF Axis Is a Novel Molecular Pathway of the Neurotoxic Effect of the Methylmercury. Front. Neurosci. 2017, 11, 8. [Google Scholar] [CrossRef] [PubMed]

	



Guida, N.; Valsecchi, V.; Laudati, G.; Serani, A.; Mascolo, L.; Molinaro, P.; Montuori, P.; Di Renzo, G.; Canzoniero, L.M.; Formisano, L. The miR206-JunD Circuit Mediates the Neurotoxic Effect of Methylmercury in Cortical Neurons. Toxicol. Sci. 2018, 163, 569–578. [Google Scholar] [CrossRef] [PubMed]

	



Bragado, P.; Armesilla, A.; Silva, A.; Porras, A. Apoptosis by cisplatin requires p53 mediated p38α MAPK activation through ROS generation. Apoptosis 2007, 12, 1733–1742. [Google Scholar] [CrossRef] [PubMed]

	



Gong, X.; Liu, A.; Ming, X.; Deng, P.; Jiang, Y. UV-induced interaction between p38 MAPK and p53 serves as a molecular switch in determining cell fate. FEBS Lett. 2010, 584, 4711–4716. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Dewil, M.; dela Cruz, V.F.; Van Den Bosch, L.; Robberecht, W. Inhibition of p38 mitogen activated protein kinase activation and mutant SOD1(G93A)-induced motor neuron death. Neurobiol. Dis. 2007, 26, 332–341. [Google Scholar] [CrossRef] [PubMed]

	



Maher, P. How protein kinase C activation protects nerve cells from oxidative stress-induced cell death. J. Neurosci. 2001, 21, 2929–2938. [Google Scholar] [CrossRef]

	



Zheng, L.; Ishii, Y.; Tokunaga, A.; Hamashima, T.; Shen, J.; Zhao, Q.L.; Ishizawa, S.; Fujimori, T.; Nabeshima, Y.; Mori, H.; et al. Neuroprotective effects of PDGF against oxidative stress and the signaling pathway involved. J. Neurosci. Res. 2010, 88, 1273–1284. [Google Scholar] [CrossRef] [PubMed]

	



Aihara, K.; Kuroda, S.; Kanayama, N.; Matsuyama, S.; Tanizawa, K.; Horie, M. A neuron-specific EGF family protein, NELL2, promotes survival of neurons through mitogen-activated protein kinases. Brain Res. Mol. Brain Res. 2003, 116, 86–93. [Google Scholar] [CrossRef]

	



Huang, S.; Zhang, C.P.; Wang, K.; Li, G.Q.; Hu, F.L. Recent advances in the chemical composition of propolis. Molecules 2014, 19, 19610–19632. [Google Scholar] [CrossRef]

	



Tlak Gajger, I.T.; Pavlovic, I.; Bojic, M.; Kosalec, I.; Srecec, S.; Vlainic, T.; Vlainic, J. The Components Responsible for the Antimicrobial Activity of Propolis from Continental and Mediterranean Regions in Croatia. CJFS 2017, 35, 376–385. [Google Scholar] [CrossRef]

	



Iwasaki, Y.; Hirasawa, T.; Maruyama, Y.; Ishii, Y.; Ito, R.; Saito, K.; Umemura, T.; Nishikawa, A.; Nakazawa, H. Effect of interaction between phenolic compounds and copper ion on antioxidant and pro-oxidant activities. Toxicol. In Vitro 2011, 25, 1320–1327. [Google Scholar] [CrossRef] [PubMed]

	



Boots, A.W.; Li, H.; Schins, R.P.; Duffin, R.; Heemskerk, J.W.; Bast, A.; Haenen, G.R. The quercetin paradox. Toxicol. Appl. Pharmacol. 2007, 222, 89–96. [Google Scholar] [CrossRef]

	



Filipe, P.; Haigle, J.; Silva, J.N.; Freitas, J.; Fernandes, A.; Mazière, J.C.; Mazière, C.; Santus, R.; Morlière, P. Anti- and pro-oxidant effects of quercetin in copper-induced low density lipoprotein oxidation. Quercetin as an effective antioxidant against pro-oxidant effects of urate. Eur. J. Biochem. 2004, 271, 1991–1999. [Google Scholar] [CrossRef] [PubMed]








[image: Toxins 11 00273 g001 550]





Figure 1. Attenuated total reflectance (ATR) FTIR spectrum of propolis resin with the wavenumbers of the dominant bands depicted. 
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Figure 2. Ethanolic extract of propolis (EEP) exacerbated copper-induced neuronal death in P19 neurons. P19 neurons were obtained from the mouse embryonal carcinoma cells in the presence of all-trans retinoic acid (ATRA). Measurements are performed at 24 h from the beginning of treatment with copper and EEP. (a) P19 neurons were incubated with increasing concentrations of EEP (1–100 µg/mL) for 24 h and their viability was assessed by an MTT assay. Both non-toxic and toxic concentrations of EEP augmented neuronal death induced by exposure to 0.5 mM CuSO4 (b) and 0.75 mM CuSO4 (c). This effect of EEP on the reduction of the neuronal viability was not evident when oxidative stress was induced by exposure to 1 mM H2O2 (d). Data are expressed as means ± SEM from four to six independent experiments performed in quadruplets. aP < 0.05; bP < 0.01; cP < 0.001 and dP < 0.0001 one-way ANOVA followed by Dunnett’s multiple comparison test. 
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Figure 3. Effect of EEP on reactive oxygen species (ROS) production and caspase-3/7 activity in copper-induced oxidative stress in P19 neuronal cells. At 24 h from the beginning of exposure to EEP (1–5 µg/mL) and/or CuSO4 (0.5 and 0.75 mM), accumulation of ROS was quantified by an assay based on the generation of fluorescent products from the 2′,7′- dichlorofluorescin diacetate. In physiological conditions small concentrations of EEP did not affect intracellular ROS amounts (a), whereas in the presence of 0.5 and 0.75 mM CuSO4 (b,c, respectively), EEP stimulated production of dangerous oxidative species. EEP applied alone also did not modify basal level of caspase-3/7 activity (d), but induced caspase activation in the presence of copper ions (e,f). Data are expressed as mean ± SEM from 4–6 independent experiments performed in triplicate. Data were analyzed by one-way ANOVA followed by Dunnett’s post hoc test after exposure to 0.5 mM CuSO4 and by t-test after exposure to 0.75 mM CuSO4 (aP < 0.05, bP < 0.01, cP < 0.001 and dP < 0.0001 versus copper-treated groups). 
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Figure 4. Effects of EEP on the expression of p53, Bax, Bcl-2, GAPDH and c-fos mRNA in copper-induced oxidative stress. At 24 h from the beginning of concomitant treatment with 0.75 mM CuSO4 and EEP (1–5 µg/mL), transcriptional expression of p53, Bax, Bcl-2, GAPDH and c-fos was determined by semiquantitative RT-PCR method. Total RNA from treated P19 neurons was extracted and reverse transcribed into cDNA. cDNA was further amplified by using specific primers and band intensities were normalized to the expression of the housekeeping gene TATA-box binding protein (TBP). Exposure to copper up-regulated expression of p53 (a) and Bax (b) mRNAs, and EEP further promoted transcription of these pro-apoptotic genes. EEP did not affect copper-induced decrease of Bcl-2 gene expression (c). In the presence of EEP, expression of GAPDH gene was highly promoted (d). Copper also induced expression of c-fos gene, and this effect was significantly reduced in the presence of EEP (e). Data are expressed as mean ± SEM from at least 6 independent RT-PCR analysis following three independent total RNA isolation. Data were analyzed by one-way ANOVA followed by post hoc Tukey’s test (aP < 0.05, bP < 0.01 and dP < 0.0001 versus control; * P < 0.05, *** P < 0.001 and **** P < 0.0001 versus copper-treated group). Representative agarose gels are shown in (f). 
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Figure 5. Effects of EEP on the expression of p53, PUMAα/β and NME1/NME2 in copper-induced oxidative stress. 24 h from the beginning of treatment with 5 µg/mL EEP and 0.75 mM copper, proteins (40 µg for p53; 20 µg for PUMAα/β and NME1/NME2) of total cell extracts were separated on 11% SDS polyacrylamide gel electrophoresis and electrophoretically transferred to nitrocellulose a membrane. Blots were probed with primary antibodies, followed by the appropriate horseradish peroxidase-labelled secondary antibody. Immunoreactivity was detected using enhanced chemiluminescence. β-actin was used as loading control for normalization. Data are expressed as mean ± SEM from up to four immunoblots of three independently prepare cell lysates. Western analysis revealed copper-induced increase in (a) p53 (bP < 0.01), (b) PUMA α/β (cP < 0.001) and (c) NME1/NME2 (dP < 0.01) protein expressions. Following densitometric analysis, obtained data were analyzed with one-way ANOVA followed by Tukey’s test. Representative Western blots are presented in (d). 
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Figure 6. Modulation of copper-induced neurotoxic effects of EEP by the p38 inhibitor SB203580 and JNK inhibitor SP600125. P19 neuronal cells were treated with 10 µM SB203580 or 10 µM SP600125 for 1 h prior to and during the concomitant treatment with copper (0.5 and 0.75 mM) and EEP (2 and 5 µg/mL). At 24 h from the beginning of treatment with copper and EEP, neuronal cell viability was determined by the MTT assay. In moderate oxidative injury, SB203580 did not modify neuronal cell viability (a), whereas in severe oxidative conditions, toxic effects of 2 μg/mL EEP was prevented by the p38 inhibitor (b). Detrimental effects of the inhibition of JNK signaling were evidenced in neuronal cells exposed to both 0.5 mM (c) and 0.75 mM CuSO4 (d). Values are expressed as means ± SEM from 5 independent experiments performed in quadruplets. Data were analyzed by one-way ANOVA followed by post-hoc Tukey’s test (aP < 0.05, cP < 0.001 and dP < 0.0001 versus copper treated group; * P < 0.05, ** P < 0.01 and **** P < 0.0001 versus copper + EEP-treated group). 
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Figure 7. Quercetin exacerbated copper-induced neuronal death in P19 cells. P19 neuronal cells were exposed to different concentrations of quercetin (3, 30 and 150 µM) and 0.75 mM CuSO4. Neuronal viability was determined 24 h from the beginning of treatment using the MTT assay. Quercetin-augmented copper-induced neuronal death at 30 µM. Data are expressed as means ± SEM from five independent experiments performed in quadruplets. dP < 0.0001 versus control group; **P < 0.05 versus Cu + EEP group (one-way ANOVA followed by post hoc Tukey’s test). 
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Table 1. Primer sequences and conditions used for PCR amplifications.
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	Gene
	Primer Sequence

(5′ → 3′)
	Product Length (bp)
	Annealing Temp. (°C)
	Number of Cycles





	Bcl-2
	F: GGAGATCGTGATGAAGTACATAC

R: CCTGAAGAGTTCCTCCACCACC
	373
	58
	27–28



	Bax
	F: ATCGAGCAGGGAGGATGGCT

R: CTTCCAGATGGTGAGCGAGG
	470
	62
	27–28



	c-fos
	F: GAATGGTGAAGACCGTGTCAGG

R: CGTTGCTGATGCTCTTGACTGG
	456
	60
	24–25



	p53
	F: AGAGACCGCCGTACAGAAGA

R: CTGTAGCATGGGCATCCTTT
	231
	62
	31–32



	GAPDH
	F: ACCACAGTCCATGCCATCAC

R: TCCACCACCCTGTTGCTGTA
	452
	60
	19–20



	TBP
	F: ACCCTTCACCAATGACTCCTATG

R: ATGATGACTGCAGCAAATCGC
	190
	60
	26–27
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