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Abstract

:

Background: Alzheimer’s disease (AD) is a common neurodegenerative disorder without effective treatment. Thymoquinone (TQ) has demonstrated potential in exhibiting anti-inflammatory, anti-cancer, and antioxidant characteristics. Despite TQ’s neuroprotection effect, there is a scarcity of information regarding its application in AD research, and its molecular trajectories remain ambiguous. Thus, the objective of the current investigation was to examine the potential beneficial effects and underlying mechanisms of TQ in scopolamine (SCOP)-induced neuronal injury to mimic AD in vivo model. Methods: Thirty mice were divided into normal, SCOP, and TQ groups. The Y-maze and pole climbing tests were performed to measure memory and motor performance. Afterwards, histopathological and immunohistochemical examinations were carried out. Furthermore, peroxisome proliferator-activated receptor gamma (PPAR-γ) signaling pathway-related proteins and genes were detected with an emphasis on the role of miR-9. Results: TQ has the potential to ameliorate cognitive deficits observed in SCOP-induced AD-like model, as evidenced by the improvement in behavioral outcomes, histopathological changes, modulation of the expression pattern of PPAR-γ downstream targets with a significant decrease in the deposition of amyloid beta (Aβ). Conclusions: TQ provided meaningful multilevel neuroprotection through its anti-inflammatory and its PPAR-γ agonist activity. Consequently, TQ may possess a potential beneficial role against AD development.
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1. Introduction


Alzheimer’s disease (AD) is a neurological disorder that causes memory loss and other cognitive difficulties [1]. According to research by Brookmeyer et al. (2007), this type of dementia is common among the elderly and has a high mortality rate [2]. The health burden associated with AD is tremendous, and it is anticipated to increase substantially by 2050 [3].



The etiology of AD remains unclear; however, two prominent pathological features are observed: the presence of senile plaques and the deposition of neurofibrillary tangles. The neurotoxic senile plaques are composed of amyloid beta (Aβ) peptide resulting from the proteolytic cleavage of amyloid precursor protein (APP) by β-site amyloid precursor protein cleaving enzyme-1 (BACE-1), w hereas the neurofibrillary tangles are composed of aberrant tau protein filaments [4,5]. Consequently, this triggers a cascade of events that culminate in neurodegeneration, oxidative stress, synaptic dysfunction, and neuroinflammation [1,6]. Furthermore, decreased acetylcholine and glutamatergic deficits play a crucial part in the etiology of AD [4]. For this reason, N-methyl-D-aspartic acid receptor antagonists and acetylcholinesterase inhibitors have been validated as AD therapy [7,8]. The drawbacks of the currently available treatments and poor therapeutic efficacy have driven the researchers to develop novel approaches [9]. It is, therefore, worthwhile to investigate the efficacy of possible neuroprotective agents for AD [10].



MicroRNAs (miRNAs) have been recognized as a promising subject for exploring the pathophysiology of AD [11]. Mounting data have revealed that many circulating miRNAs, including miR-29, miR-146, and miR-9, are implicated in the Aβ-induced pathogenesis of AD [12,13,14]. Multiple research groups have shown that depletion of miR-9 is potentially connected with the progression of AD [15,16,17], and its overexpression ameliorates Aβ1–42-induced synaptotoxicity [18]. The findings supported the hypothesis that miR-9 could be intricately linked to the amelioration of AD. Thus, it can be inferred that miR-9 could potentially serve as a crucial modulator of AD.



Other signaling pathways have also been concerned in the pathogenesis of AD. The nuclear factor kappa B (NF-κB) transcription factor has been implicated as a risk factor for neurodegeneration and the advancement of AD [19,20]. Upon stimulation, inhibitory kappa B kinase (IKK) complex phosphorylates Inhibitory kappa B subunit alpha (IκB-α) and initiates its degradation in the proteasome, resulting in a rapid nuclear transport of NF-κβ protein [21,22]. NF-κB-induced activation further led to the upregulation of AβPP/BACE1 expression, resulting in Aβ accumulation [23]. Moreover, peroxisome proliferator-activated receptor gamma (PPAR-γ) has been shown to inhibit Aβ and tau accumulation, lessen neuroinflammation, and enhance memory [24].



Natural substances have captured much more attention owing to their content of many biologically active compounds [25,26,27]. Thymoquinone (TQ), the primary bioactive constituent of the volatile oil extracted from Nigella sativa seeds, has been studied extensively for its diverse range of biological properties [28,29]. Numerous investigations shed light on the neuroprotective effect of TQ on mitigating the progression of AD symptoms by inhibiting NF-κB activation [30,31,32]. Nevertheless, the precise molecular mechanisms underlying these benefits remain poorly comprehended.



Scopolamine (SCOP) is a competitive, nonselective muscarinic acetylcholine receptor antagonist that is frequently used to cause cognition and memory deficits in animal models by blocking cholinergic neurotransmission [33]. This pattern of memory dysfunction is similar to that in patients who suffer from AD [34].



Consequently, the present study endeavors to experimentally induce an AD-like model via SCOP in mice and to examine the ability of TQ to enhance cognitive impairment and restoration of synaptic proteins through its PPAR-γ agonist activity with a particular focus on miR-9, which may lead to decreased deposition of amyloid β, the major hallmark of AD.




2. Results


2.1. Behavioral Performance


Figure 1a shows the results of the Y-maze behavioral test. There was a significant decline (↓ 51.65%, p < 0.001) in the cumulative percent of spontaneous alteration (% SA) of the total of seven days in the SCOP group compared to the normal control. Pretreatment with TQ increased the cumulative % SA by 22.88% relative to SCOP but it was non-statistically significant (p = 0.219). Regarding the performance of the mice in the pole climbing test, the SCOP group exhibited significant increase in the cumulative time required to reach the ground (↑ 81.93%, p < 0.001) compared to normal mice. TQ-pretreated mice showed significant less cumulative time (↓ 40.84, p = 0.035) to reach the base relatively to the SCOP group (Figure 1b).




2.2. Histopathological Examination


Figure 2 shows a photomicrograph of a section of the cerebral cortex (a1) of a normal control mouse showing normal pyramidal cells and granular cells (arrow) with some astrocytes (red arrow head). The CA1 (a2) and CA3 (a3) regions showed molecular layer (M), pyramidal layer (P), and polymorphic layer (PL). The pyramidal layer of CA1 expressed 4-5 compact layers of small pyramidal cells (arrow) most with vesicular nuclei, whereas that of CA3 region expressed few layers of large pyramidal cells (arrow) also with vesicular nuclei and some astrocytes (red arrow head). The dentate gyrus area (a4) showed molecular layer (M), granular layer (G), and astrocytes (red arrow head). The hematoxylin and eosin (H & E) staining of cerebral cortex (b1) of a SCOP mouse revealed some irregular darkly stained pyramidal cells with pyknotic nuclei and surrounded by haloes (arrows). Other pyramidal cells appeared with faintly stained cytoplasm and nuclei (curved arrow). There were also dilated congested blood vessels (BV) with inflammatory cells in it (C), multinuclear giant cells (star), and extensive neuropil vacuolization (square). The CA1 area (b2) showed numerous degenerated neurons (arrows) and many vacuolation, whereas the CA3 area (b3) revealed also numerous degenerated neurons (arrows) and large congested blood vessel (BV). There were darkly stained nuclei (arrows) and vacuolated cytoplasm (V) in the dentate gyrus region (b4). TQ-pretreated group showed normal pyramidal cells and granular cells (arrow), but there were some congested blood vessels (BV) in the cerebral cortex (c1). The CA1 area (c2) expressed molecular layer (M), pyramidal layer (P), and polymorphic layer (PL), but there were cells with pyknotic nuclei (arow) and also some congested blood vessels (BV). The CA3 area (c3) showed slight improvement compared to SCOP only group, but there were cells with pyknotic nuclei (arow) and some congested blood vessels (BV). The dentate gyrus region (c4) revealed molecular layer (M), granular layer (G), and multiple congested blood vessels (BV). Regarding the quantification of the pyramidal cells, the SCOP group showed significant decrease (p < 0.001) by 56.29% compared to the normal control. The TQ-pretreatment significantly (p < 0.001) increased the number of the cells by 85.6% compared to the SCOP group as presented in Figure 2.



Figure 3 shows staining of the brain tissue with Congo red. Staining of the brain tissue of a normal mouse showed normal cerebral cortex (a1), normal CA1 (a2), normal CA3 (a3), and normal dentate gyrus (a4) with no detectable microscopic abnormalities. Photomicrographs of the same examined brain regions of SCOP mouse showed multiple congophilic amyloid plaques (White arrow). TQ-pretreated mouse revealed minimal amyloid deposition in all examined brain areas. The morphometric analysis showed significant (p < 0.001) drop in the count of amyloid plaques in the TQ-pretreated group by 77.99% compared to the SCOP group as displayed in Figure 3.




2.3. Immunohistochemical Examination


Figure 4 represents the immune-staining of NF-κB. All examined regions of the brain of the normal control showed negligible expression of NF-κB (a1, a2, a3, and a4). In contrast, the photomicrograghs of SCOP control group revealed severe expression of NF-κB (b1, b2, b3, and b4) (Black arrow). Pre-treatment with TQ showed minimal reaction toward NF-κB antibody (c1, c2, c3, and c4). The quantitative measurement showed that SCOP significantly (p < 0.001) increased NF-κB by 12.04 folds compared to the normal control. In contrast, pretreatment of the mice with TQ significantly (p < 0.001) lowered NF-κB by 62.68% relatively to the disease control group (Figure 4).



Regarding the immunostaining of phosphorylated tau protein (Ptau), photomicrographs of the control group showed very mild deposition of the precipitated protein. The SCOP group exhibited sever reaction toward the added antibody, which reflect highly deposited amount of Ptau protein (Red arrow). Pre-treatment with TQ showed moderate expression of Ptau. In a quantitative term, the SCOP group significantly (p < 0.001) elevated Ptau by 38 fold compared to normal, whereas TQ significantly (p < 0.001) decreased Ptau by 58.33% relatively to the disease control group as shown in Figure 5.




2.4. Effect on Mitochondrial Membrane Potential


Figure 6 shows staining of cellular mitochondria in the studied groups. Normal control group was effectively stained with tetramethylrhodamine, methyl ester (TMRM) and gave multiple green fluorescent spots, indicating massive number of lived intact mitochondria. In contrast, SCOP-treated group exhibited minimal fluorescence signals. Pretreatment with TQ restored the mitochondrial membrane potential (MMP) and showed reasonable fluorescent spots. In terms of CTCF, the SCOP group significantly (p < 0.001) decreased CTCF by 77.01% compared to the normal control, whereas TQ-pretreatment significantly (p = 0.047) increased CTCF by 69.57% compared to SCOP only group.




2.5. Effect on Inflammatory Cytokines


Induction of the disease by SCOP significantly (p < 0.001) increased the serum level of TNF-α and IL-6 by 4.18 and by 1.76 fold, respectively, compared to the normal control. Pretreatment with TQ significantly (p < 0.001) decreased the serum level of the cytokines by 38.99 and by 33.76%, respectively, in comparison with the SCOP group as presented in Table 1.




2.6. Effect on IκB-α and IKK-α


The SCOP group exhibited significant (p < 0.001) decrease in the concentration of IκB-α by 69.35% with a significant (p < 0.001) increase by 3.57 fold in the concentration of IKK-α versus the normal control. In contrast, pretreatment with TQ has reversed the concentration of these proteins by 1.08 fold for IκB-α and by 13.7% for IKK-α (p < 0.001 and p = 0.118, respectively vs. SCOP group) as presented in Figure 7.




2.7. Effect on miR-9, PPAR-γ, NF-κB, BACE-1, and Synapsin-2


Figure 8 shows that the SCOP group significantly downregulated PPAR-γ, synapsin-2, and miR-9 (66.28, 80.06, and 85.15%, respectively, p < 0.001) with a significant upregulation for NF-κB, and BACE-1 (13.37 and 4.37 folds, respectively, p < 0.001) compared to the normal control group. Relatively to the SCOP group, pretreatment with TQ showed a significant upregulation for PPAR-γ, synapsin-2, and miR-9 (1.09, p = 0.005; 2.06, p = 0.001; and 2.19, p = 0.016 folds, respectively) with a significant downregulation for NF-κB and BACE-1 (65.43 and 42.59%, p < 0.001, respectively).




2.8. Effect on Amyloid Beta


SCOP has significantly elevated the amyloid content in the brain of the disease control group (44.37 folds vs. normal p < 0.001). On the other hand, protection of the mice with TQ has significantly lowered the concentration of Aβ1–42 by 47.1% relatively to the SCOP only (p < 0.001) as shown in Figure 9.





3. Discussion


To the best of our knowledge, the current study provides evidence of the impact of TQ therapy on SCOP-triggered neurodegeneration in mice, with a particular focus on its modulatory effect on the PPAR-γ signaling pathway. The findings of the current investigation indicated that SCOP-induced cognitive impairment led to distortion of histopathological findings and the deposition of amyloid plaques in various brain regions. These findings were consistent with a general decline in the percentage of spontaneous alternations and an increase in cumulative time in pole climbing behavioral tests, which were in line with other recent studies [35,36], indicating the cognitive impairment of SCOP in rats. On the other hand, the administration of TQ resulted in a notable enhancement of the aberrant histopathological alterations and a rise in the count of pyramidal cells. Additionally, it successfully counteracted the cognitive impairment and motor deficiencies induced by SCOP, as documented by Poorgholam et al. (2018), who elucidated that TQ ameliorated learning functioning and memory loss in a rat model of AD [37].



A plethora of studies has indicated that the activation of PPAR-γ-dependent mechanism can improve cognitive deficits and reduce Aβ deposition in AD [38,39]. Intriguingly, the activation of PPAR-γ was found to inhibit several transcription factors that play a role in inflammation, including NF-κB [40]. Consequently, the activation of PPAR-γ leads to reduction in inflammation by suppressing NF-κB [41]. In addition, Dehmer et al. (2004) reported that the administration of PPAR-γ agonists leads to downregulation of IKK-α with concomitant increase in the level of IκB-α and a decrease in the nuclear translocation of NF-κB [42]. Alternatively, it has been reported that PPAR-γ modulated APP processing through the negative regulation of BACE-1 expression and promoted Aβ clearance [38,43].



Additionally, Xiang et al. (2012) has documented that SCOP reduced PPAR-γ activity leading to memory impairment, which was reversed by the effect of PPAR-γ agonist [44]. Furthermore, treatment with PPAR-γ agonist can lead to a reduction in the deposited Ptau protein [45]. In line with this notion, our experimental model revealed a conspicuous downregulation in PPAR-γ gene expression with significant elevated level of Aβ and Ptau, the two hallmarks of AD. Nonetheless, pretreatment with TQ, a PPAR-γ agonist, counteracted the effect of SCOP, which could explain its beneficial role against SCOP-induced neuronal injury and cognitive impairment. In line with our findings, according to Chen et al. (2018), TQ-induced activation of PPAR-γ has been found to decrease spinal cord injury [46]. Moreover, a contemporary study has reported that TQ enhanced the cognitive deficits caused by ischemic stroke via activation of PPAR-γ [47]. Another study reported the neuroprotective effect of TQ also through reducing the level of Ptau in aluminum chloride-induced AD-like model [48]. These findings highlighted a novel molecular path where TQ ameliorated memory problems in AD through upregulation of PPAR-γ.



NF-κB is a transcriptional protein that is activated by various factors associated with AD pathogenesis [20]. The activation of NF-κB is contingent upon the phosphorylation by IKK-α, which leads to the degradation of inhibitory protein IκBα and the consequent translocation of NF-κB to the nucleus [21]. This transcription factor is responsible for regulating the expression of various inflammatory cytokines, such as TNF-α and IL-6 [49]. Furthermore, the activation of NF-κB signaling pathway stimulates the expression of BACE-1, generation of proinflammatory cytokines, and deposition of Aβ, leading to a detrimental cycle of neuroinflammation [20].



The outcomes of our study exhibited a significant inhibition of NF-κB, which was augmented by SCOP administration. Concurrently, the SCOP administration elicited a significant elevation in the concentration of IKK-α, while suppressing the level of lκB-α. On the contrary, TQ-pretreated mice demonstrated a reversal in the levels of the defined proteins. Consistent with these results, our study has indicated a notable increase in the concentrations of the proinflammatory cytokines, TNFα and IL6, among the SCOP cohort. Nevertheless, the TQ intervention succeeded in minimizing the concentrations of these cytokines. Consistent with our findings, it was elucidated that TQ could impede neuroinflammation triggered by SCOP and subsequently repressed proinflammatory mediators through regulation of the PI3K/Akt/NF-κB signaling hub [50], and modulation of Toll-like receptors [51]. More importantly, TQ exhibited inhibitory effects on osteoclastogenesis via reduction in phosphorylation of IKKα/β, thereby suppressing the activation of NF-κB [52]. Taken altogether, this is the primary attempt that illustrates the inhibitory effect of TQ on the activation of NF-κB and the alleviation of consequent mechanism-induced neuronal degeneration through the activation of PPAR-γ.



Mitochondrial impairment is widely recognized as a significant contributor to the pathogenesis of AD [53]. A growing body of evidence suggested that dysregulation of MMP may occur due to oxidative stress and neuroinflammation [53,54]. Furthermore, the process of excessive phosphorylation of tau protein has been observed to impede mitochondrial transport at the synapse, causing severe oxidative stress [55]. Surprisingly, PPAR-γ agonist may play a role in regulating mitochondria and mitigating its dysregulation in AD, as elucidated by previous study [56]. Our findings have indicated that the MMP was disrupted following the administration of SCOP, which is consistent with preceding studies [57,58,59], indicating the cognitive impairment due to oxidative stress induced by SCOP. However, TQ administration resulted in the prevention of mitochondrial dysfunction and the restoration of MMP. The findings of our study are consistent with recent investigations indicating that TQ may possess neuroprotective properties hampering the mitochondrial membrane depolarization, ROS generation, and Aβ deposition in neurotoxicity model [30,60].



MicroRNAs are widely recognized as a significant factor that affects cognitive performance by disrupting genes crucial to the progression of AD. Interestingly, miR-9 has been identified as a critical regulator of BACE-1 enzyme, which plays a vital role in the accumulation of Aβ [11]. Additionally, a study conducted by Hébert, et al. found that the increase in BACE-1/beta secretase expression in AD is linked to the depletion of miR-9 [12]. More importantly, miR-9 has been documented to impede the NF-κB signaling trajectory in different models [61,62,63]. To the best of our knowledge, this study is the first to elucidate the effect of TQ on miR-9 in SCOP-induced neurodegeneration. In the present study, after administration of SCOP, a significant reduction in the miR-9 gene expression was observed, which was significantly reversed by TQ pretreatment. Our results are in harmony with other studies elucidating the correlation between the reduction in miR-9 and the inhibition of neuroinflammation [14,64,65]. Furthermore, it has been reported that the upregulation miR-9 expression led to improvement in learning and memory capabilities, lessening Aβ aggregation, and tau accumulation [66,67].



BACE-1 is the primary enzyme responsible for the initiation of Aβ accumulation, and its inhibition is considered a key strategy to impede the progression of AD [68,69]. Mechanistically, the activation of PPAR-γ leads to the suppression of BACE-1 gene expression and inhibition of Aβ production [70,71]. These findings suggested that PPAR-γ plays a regulatory role in the functioning of BACE-1, and its activation can effectively impede the activity of BACE-1. In the current study, administration of SCOP increased the level of BACE-1, going in the same direction with other a recent study [72]. Nevertheless, the pretreatment by TQ exhibited a counteractive impact on the influence of SCOP. This conclusion aligns with prior studies that showed the neuroprotective properties of TQ via downregulation of BACE-1 in various models of AD [73,74]. This, in turn, provides additional evidence that TQ hindered accumulation of Aβ by controlling the expression of BACE-1 via PPAR-γ-dependent mechanism.



It is well known that the inhibition of synapsin-2 is linked to intricate memory impairment, disruption of the synaptogenesis process, and aggregation of Aβ [75], which can be attributed to the NF-κB activation [76]. Intriguingly, Li et al. (2017) has established a correlation between synaptic proteins and miR-9. In this context, Osthole exerts its neuroprotective effect by boosting the synaptic proteins levels, leading to elevation in miR-9 expression [66]. Furthermore, Chiang et al. (2014) have documented the advantageous impacts of PPAR-γ agonists in enhancing synaptic plasticity and preventing neuronal degeneration [77]. Our model has demonstrated a considerable reduction in synapsin-2 level, which is in harmony with Zhang et al. (2022) demonstrating memory impairment and synaptic damage in rats [78]. Conversely, our research represents the initial attempt that highlights the aptitude of TQ to elevate synapsin-2 concentration. The outcomes of this study validated the findings of a prior study, which demonstrated that ginsenoside enhanced cognitive function by increasing synapsin-2 expression in the hippocampus [79]. Additionally, Beker et al. (2018) has stated that TQ improves synaptic plasticity, thereby facilitating the proliferation of new neurons and enhancing neuronal viability [32].



Ultimately, TQ’s ability to hinder neurodegeneration and cognitive decline reflects its capacity to upregulate synapsin-2 expression via the activation of the PPAR-γ signaling trajectory.




4. Materials and Methods


4.1. Animals


Adult male Albino mice were obtained from The Egyptian Organization for Biological Products and Vaccines (VACSERA, Cairo, Egypt). The mice were subjected to suitable laboratory conditions, including controlled temperature (25 ± 1 °C), relative humidity (55 ± 5%), and a 12 h light–dark cycle. The mice were also provided with a standard diet and tap water ad libitum and were acclimatized for about one month at the animal facility. The study protocol was approved by the Research Ethical Committee (Faculty of Science, Menoufia University, Shibin El-Kom, Egypt, FGE123) and it complies with the Guide for the Care and Use of Laboratory Animals (National Research Council).




4.2. Experimental Design


Thirty mice (n = 10) were randomly divided into three groups; mice in the 1st group were injected i.p. with normal saline and received corn oil orally (normal control group), mice in the 2nd group were injected with SCOP dissolved in normal saline at a dose of 0.5 mg/kg i.p. and received corn oil orally [80] for 7 consecutive days (SCOP group) starting from the eighth day until the fourteenth day, and the mice in 3rd group were received TQ dissolved in corn oil at a dose of 50 mg/kg/day intra-gastrically [81] starting from day one and continued for 14 days (SCOP + TQ group).




4.3. Behavioral Tests


The animals were transferred into the testing room at least 1 h before the commencement of behavioral tests in order to adapt. The testing room’s temperature and humidity were similarly adjusted to those of a typical home. The behavioral tests were performed from the eighth day until the fourteenth day 30 min after SCOP injection. The day of SCOP induction was designated to be D1 and the end was at D7.



The Y-maze task is used to measure spontaneous alternation behavior and exploratory activity. The dimensions of the Y-shaped holding cage were 40 cm (length), 30 cm (height), and 15 cm (width). Each mouse was placed in one trial and allowed to freely discover the maze for 5–8 min. Subsequent inserts into the three arms on overlapping triplet sets constituted an alternating pattern. Alternations and the total number of switches were registered. The alternation, expressed as percentage, was determined by dividing the number of actual alternations by the number of possible alternations (defined as the total number of arm entries minus two) [53]. The motor function was also evaluated using a pole climbing procedure. Each mouse was placed at the top of a pole with uphill head position and the time taken by the mouse to correct his head down and descend to the floor was registered. The time of 120 s was clocked for mouse who dropped from the pole [53].




4.4. Sample Collection


At the end of the experiment, the mice were sacrificed under light halothane anesthesia and blood samples were collected in plain vacutainers to separate the serum for determination of inflammatory cytokine. The brain tissue was extracted, washed, and divided into parts. One part was kept in 10% buffered formalin for histopathological and immunohistochemical examination, whereas another part was immediately homogenized for visualization of mitochondria with a specific fluorescent dye. The other parts were maintained in −80 °C for further biochemical analyses.




4.5. Histopathological Examination


Part of the paraffin blocks was sectioned at 4–5 m and stained with Hematoxylin and Eosin (H&E) for visualization of pathological changes. Other blocks were stained with Congo red for visualization of Aβ [82]. The pathologist was evaluated the histological changes in four brain regions: cerebral cortex, CA1, CA3, and dentate gyrus using a light microscope at ×400 and ×200 magnification for H&E and Congo red, respectively. The morphometry was determined via a subjective counting of the number of the pyramidal cells for H&E saining and the number of Aβ for Congo red staining.




4.6. Immunohistochemical Examination


The paraffin blocks from the studied groups were sectioned and immunostained with anti-NF-κB P65 polyclonal antibody purchased from Elabscience® (Cat. No.:E-AB-93051, Houston, TX, USA). Additionally, recombinant anti-tau (phospho T231) antibody (abcam, Cat. No.: ab151559, Cambridge, UK) was used to determine the presence of Ptau in the brain sections. The amount of NF-κB and Ptau were determined by calculating the average area percent expression of randomly selected fields in each region.




4.7. Determination of Mitochondrial Membrane Potential


Mitochondrial membrane potential (MMP) was determined directly in the tissue by using image-iT™ TMRM reagent (Thermo Fisher Scientific, Waltham, MA, USA). TMRM is a cell-permeant dye that is taken by the active mitochondria and emits a fluorescence signals. Briefly, the tissue has been fixed on a microscopical slide and mixed with 10 μL of the staining solution and followed by incubation for 30 min at 37 °C in dark. The fluorescence signals were detected with the green filter of FLoid™ Cell Imaging Station (Thermo Fisher Scientific, Waltham, MA, USA). Fluorescence intensity was evaluated by ImageJ software (version 1.53K) to calculate corrected total cell fluorescence (CTCF) using the equation: [(integrated density − (area of selected cell × mean fluorescence of background readings)] [53].




4.8. Determination of Inflammatory Cytokines


The serum levels of tumor necrosis factor-alpha (TNF-α; Cat. No. E-EL-M3063) and interleukin-6 (IL-6; Cat. No. E-EL-M0044) were determined by using commercial ELISA kits supplied from Elabscience® (Houston, TX, USA) according to the supplier’s instructions. Briefly, a volume of 100 μL of sample was introduced to the 96- well plate and subjected to incubation for 1 h at 37 °C. After that, 100 μL of biotinylated detection Ab working Solution and HRP conjugate working solution were added, followed by incubation at 37 °C for 1 h and 30 min, respectively. After the introduction of substrate solution and stop solution, the absorbance was taken at 450 nm for both TNF-α and IL-6.




4.9. Determination of IκB-α and IKK-α


IκB-α (MyBioSource, San Diego, CA, USA, Cat. No: MBS3806541) and IKK-α (MyBioSource, San Diego, CA, USA, Cat. No: MBS728866) were determined by using commercial ELISA kits according to the manufacturer’s instructions. Briefly, a total volume of 50 μL of standards and samples was added to a 96-well plate. This was followed by the addition of 100 μL HRP-conjugate and allowed for incubation at 37 °C for 1 h. After the introduction of substrate solution and stop solution, the absorbance was taken at 450 nm for both proteins.




4.10. Determination of PPAR-γ, NF-κB, BACE-1, Synapsin-2, and miR-9


PPAR-γ, NF-κB, BACE-1, synapsin-2, and miR-9 gene expression was determined using qRT-PCR. Total RNAs were isolated from the brain tissue homogenate using a RNeasy Mini Kit (Qiagen, Hilden, Germany). Then, the extracted RNAs were reverse transcribed into cDNAs by using EasyScript® First-Strand cDNA Synthesis SuperMix (TransGen Biotech Co., Ltd., Beijing, China). After that, the cDNAs were amplified with QuantiNova SYBR Green PCR Kit (Qiagen, Hilden, Germany). Samples were normalized to the expression of β-actin housekeeping gene. The primer sequences used are expressed in Table 2.



For the expression of miR-9, miRNA was isolated from brain tissue homogenate using miRNeasy® Micro Kit followed by using miRCURY LNA RT Kit and miRCURY LNA SYBR® Green PCR Kit for reverse transcription and amplification steps, respectively. The SNORD68 housekeeping was used as a reference control. All Kits used for detection of miR-9 were supplied from Qiagen (Hilden, Germany). The results were expressed as relative quantification (RQ = 2−∆∆Ct) to the normal control.




4.11. Determination of Amyloid Beta


The brain content of Aβ (1–42) was determined by using commercial ELISA kits supplied from Elabscience® (Houston, TX, USA, Cat. No. E-EL-M3010) according to the supplier’s instructions as described for the inflammatory cytokines.




4.12. Determination of Phosphorylated Tau Protein (Ptau)


The brain content of Ptau was determined by immunohistochemistry by using recom-binant anti-tau (phospho T231) antibody (abcam, Cat. No.: ab151559, Cambridge, UK).




4.13. Statistical Analysis


Data were analyzed via one-way analysis of variance (ANOVA) followed by Tukey as a post hoc test using SPSS software (Version 22.0). GraphPad Prism software (version 6.01) was used for figures. In all analyses, a p value of <0.05 was considered statistically significant.





5. Conclusions


The present study revealed that TQ has a positive impact on cognitive dysfunction and behavioral performance in SCOP-induced neurotoxicity. This is achieved through reactivation of the downregulated PPAR-γ signaling pathway, which linked to NF-κB inflammatory cascade. This modulation involved upregulation of miR-9 concomitantly with restoration of the MMP and decreasing the inflammatory mediators. This multilevel of neuronal protection has decreased the deposited amyloid plaques. The potential effectiveness of TQ offers a promising avenue as a protective agent against AD, contingent upon the upregulation of miR-9, which is linked to the inhibition of NF-κB and activation of PPAR-γ.
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Figure 1. Effect on behavioral tests. (a) Y-maze test and (b) Pole climbing test. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus normal control and b: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, SA%: percent of spontaneous alteration. 
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Figure 2. Effect on histopathological examination by hematoxylin and eosin stain and its morphometric analysis. Four different brain regions were examined: 1: cerebral cortex, 2: CA1 area, 3: CA3 area, and 4: dentate gyrus area. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus normal control and b: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, PL: polymorphic layer, P: pyramidal layer, M: molecular layer, G: granular layer, BV: blood vessel, C: inflammatory cells, V: vacuolated cytoplasm, Red arrow head: astrocytes. 
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Figure 3. Effect on histopathological examination by Congo red staining and its morphometric analysis. Four different brain regions were examined: 1: cerebral cortex, 2: CA1 area, 3: CA3 area, and 4: dentate gyrus area. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, White arrow: Amyloid plaques deposition. 
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Figure 4. Effect on immunohistochemistry for NF-κB and its morphometric analysis. Four different brain regions were examined: 1: cerebral cortex, 2: CA1 area, 3: CA3 area, and 4: dentate gyrus area. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus normal control group and b: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells. Black arrow: NF-κB expression. 
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Figure 5. Effect on immunohistochemistry for Ptau and its morphometric analysis. Four different brain regions were examined: 1: cerebral cortex, 2: CA1 area, 3: CA3 area, and 4: dentate gyrus area. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus normal control group and b: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, Ptau: phosphorylated tau protein. Red arrow: Ptau deposition. 
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Figure 6. Effect on mitochondrial membrane potential and its quantitative measurement by CTCF. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus normal control group and b: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, CTCF: corrected total cell fluorescence, green spots: Lived intact mitochondria. 






Figure 6. Effect on mitochondrial membrane potential and its quantitative measurement by CTCF. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus normal control group and b: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, CTCF: corrected total cell fluorescence, green spots: Lived intact mitochondria.



[image: Molecules 28 06566 g006]







[image: Molecules 28 06566 g007] 





Figure 7. Effect on the brain content of IκB-α and IKK-α. (a) IκB-α and (b) IKK-α. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus normal control group and b: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, IκB-α: Inhibitory kappa B subunit alpha, IKK-α: inhibitory kappa B kinase subunit alpha. 
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Figure 8. Effect on the brain content of (a) PPAR-γ, (b) NF-κB, (c) BACE-1, (d) synapsin-2, and (e) miR-9. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus normal control group and b: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, PPAR-γ: peroxisome proliferator-activated receptor gamma, NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells, BACE-1: β-site amyloid precursor protein cleaving enzyme 1. 
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Figure 9. Effect on the brain content of amyloid beta. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus normal control group and b: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, Aβ1–42: amyloid beta sequence 1–42. 






Figure 9. Effect on the brain content of amyloid beta. Data are presented as the mean ± SD, n = 10, and were analyzed using one-way ANOVA followed by Tukey post hoc test, p < 0.05. a: significant versus normal control group and b: significant versus SCOP group. SCOP: scopolamine, TQ: thymoquinone, Aβ1–42: amyloid beta sequence 1–42.



[image: Molecules 28 06566 g009]







 





Table 1. Effect of TQ on inflammatory cytokines.
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