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Transcriptomic analysis: the protection of over-expression thioredoxin reductase 1 in Parkinson’s disease
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Abstract
Background
Parkinson’s disease (PD) is the second most common neurodegenerative disease. The pathologic characteristic feature is the loss of dopaminergic neurons in the substantia nigra (SN). However, the biochemical mechanisms are unclear.
A large number of studies have shown that oxidative damage is the primary cause of PD. Hence, antioxidants could become a suitable option to treat PD. The thioredoxin (Trx) system represents a useful, potentially disease-relevant oxidation–reduction system. Thioredoxin reductase 1 (TR1) is a significant component of the Trx system.

Methods
The overexpression lentivirus (LV) or LV-TR1 in the TR1-A53T model of PD by the stereotactic brain, and successful overexpression of LV or LV-TR1 in the MPP+-induced cellular model by LV or LV-TR1 transfection.

Results
We confirmed that interleukin-7 mRNA levels increased in MPP+ compared to that in the control and MPP+-TR1 groups using quantitative polymerase chain reaction. The γ-H2AX level was increased in the Tg-A53T group compared to that in the TR1-A53T group by western blotting. The expression of Na+-K+-ATP was decreased in the MPP+ group compared to that in the control and MPP+-TR1 groups by high content screening. Tg-A53T(the C57BL/6 mice transferred with mutant human a-syn); TR1-A53T(A53T mice which were injected TR1-LV 2 µl in SNc on two sides with minipump).The mice were fed for 10 months. control (the N2a cells cultivated with DMEM); MPP+(the N2a cells dealt with MPP+(1 mM) 48 h), MPP+-LV (the N2a cells over-expressed LV for 24 h then dealt with MPP+(1 mM) 48 h). MPP+-TR1(the N2a cell over-expressed TR1-LV for 24 h then dealt with MPP+(1 mM) 48 h).
From the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, we confirmed that the overexpression of TR1 in SN pars compacta cells decreased oxidative stress, apoptosis, DNA damage, and inflammatory response and increased NADPH, Na+-K+-ATP, and immune response in this PD model.

Conclusions
Our study shows that overexpressed TR1 can be developed as a neuroprotective agent for PD. Therefore, our findings demonstrate a new targeted protein for the treatment of PD.
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Background
Parkinson’s disease (PD) is a neurodegenerative disease. There are more than 6.1 million individuals enduring PD worldwide [1]. Patients with PD experience a major deficit in their quality of life, including their motor [2] and nonmotor symptoms.
PD is a multifactorial disease whose mechanism cannot be confirmed [3]. Multiple factors including genetic mutations [4], neuroinflammation [5], and neuronal excitotoxicity [6] can help explain the reasons underlying the development of PD symptoms. Neuroinflammation and neuronal excitotoxicity illustrate the machinery of an excess of apoptosis and the deficiency of dopaminergic neurons during the progression of PD. The primary clinical symptom of PD is a decrease in dopamine levels in the substantia nigra (SN) and striatum [7]. However, the exact reason for this neurodegeneration remains unknown.
Accumulating evidence suggests that oxidative damage may be involved in several diseases, including tumors, aging, and neurodegenerative diseases [8]. This is because the overproduction of reactive oxygen species (ROS) causes antioxidant systems [9].
The oxidant damage theory has begun to explain the etiology and pathogenesis of PD. Oxidative stress may cause the degeneration of dopaminergic neurons [10] through inadequate removal of ROS or overproduction in cells and tissues, thereby resulting in the oxidant–antioxidant imbalance that induces damage to various cellular components. Moreover, antioxidants may decrease oxidative damage, provide symptomatic relief, and reduce side effects. Recent studies have suggested that excessive oxidative stress is a pivotal factor that contributes to the development and clinical progression of PD [11].
Thioredoxin reductase (TR) has versatile functions including cell growth and differentiation [12]. TR1 plays a critical role in defending against oxidative stress. The brain contains a mass of TR1. To estimate the modification of the disease potential of TR1 in PD, where SN neurons are decreasing and when under stress from exposure to MPTP, we investigated the downregulation of TR1 expression in a mouse model of PD [13]. Thus, we applied a mouse model of PD over-expression of α-syn (A53T) in dopaminergic neurons of the SN, leading to reliable and progressive neurodegeneration [14]. This model is much more similar to the disease process than the toxin models. MPP+ is commonly used to generate PD cell models [15]. This study aimed to determine whether TR1 overexpression protects A53T mice and N2a cells from MPP+-induced PD both in vitro and in vivo, thus potentially providing a protective enzyme for PD.

Methods
Animals
Tg-A53T mice that had overexpressed α-syn were purchased from the Jackson Laboratory and were fed in the animal feeding room of Lanzhou University. The mice were housed in a humidity- and the temperature-controlled environment with a 12/12 light/dark cycle and lights on at 7:30 AM. There were three mice in each group, and the timeline of the study protocol was as follows.

Cell lines and cell culture
N2a cells were purchased from the Shanghai Cell Research Centre. They were incubated in humidified atmosphere with 5% CO2 and 95% O2 at 37 °C. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone), which contained 10% fetal bovine serum and penicillin–streptomycin-amphotericin B solution and changed every 2 days.

Stereotactic injection of lentivirus-TR1 or lentivirus vectors
Tg-A53T mice were anesthetized after feeding for 3 months. A total volume of 2 μl containing 1 × 1011 gcs of LV-TR1 vectors was purchased from Shanghai Genechem Co. Ltd. (Cat. No. 00295557) and was injected into the SN. Eye ointment was used to prevent dehydration of the mouse eye. The stereotactic process was performed as described previously [16]. The following coordinates were used: − 4.3 mm ventral, − 3.2 mm lateral, and − 1.2 mm anterior. The wound was sutured. Seven months after LV-TR1 injection, mice were sacrificed by cervical dislocation, and brain tissues were collected for analysis.

Immunofluorescence
In brief, sections were blotted using rabbit anti-Na+-K+-ATP at 4 °C overnight. The Na+-K+-ATP-positive cells were confirmed by monoclonal anti-antibody for 1 h at 37 °C; CY3 (Cat No. RS38111, Immunoway) for 2 h at room temperature. The N2a cells were washed using 0.01 mol/L phosphate-buffered saline, and a high-intensity screening microscope was used to acquire the fluorescence images. Immunofluorescence analysis was performed according to the average fluorescence intensity of each cell.

RNA sequencing and quantitative polymerase chain reaction (qPCR) analysis
RNA sequencing was performed by OE Biotech Co. Ltd. (Shanghai, China). It was performed according to the method described by Liu et al. [17]. Different genes were determined by p value < 0.05 and |Fold Change|> 2.0 or < 0.5.The discovery was according to KEGG pathway enrichment and GO function analyses.
The qPCR analysis was performed according to the method described by Liu et al. [17]. Total RNA from the brain was isolated using the TRizol reagent kit. The concentration of the total RNA was measured by the NanoDrop 2000 spectrophotometer. Reverse transcription was accomplished by PrimeScript RT Master Mix. The Bio-Red system was used to analysis by q-PCR with SYBR premix Ex Taq. Genes primers IL-7 (forward, 5′-TTGCTGCACTGTCATTTGATCC-3′, reverse, 5′-GTCTGCAATCCTAGCCTGCCTTA-3′).The reaction conditions were 95 °C for 10 s, followed by 40 cycles of 95 °C for 5 s and 64 °C for 30 s. The different level was quantified by the 2−ΔΔCq method.

Western blot analysis
Proteins were denatured in bromophenol blue, separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (12% acrylamide) and transferred onto a polyvinylidene fluoride (PVDF) membrane. The membrane was incubated using 5% skim milk powder in Tris-buffered saline with 0.1% Tween 20. The membranes were incubated with primary antibodies against TR1, γ-H2AX, or tyrosine hydroxylase (TH) (Abcam). The membranes were incubated using glyceraldehyde 3-phosphate dehydrogenase (Proteintech). The PVDF membranes were then blotted with a secondary antibody, and the bands were tested using contrast-enhanced chemiluminescence.

Malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione (GSH) production analysis
Lipid peroxidation determination, MDA, SOD, and GSH measurement kits were obtained from Nanjing Jiancheng Bioengineering Institute. The assay was performed as the manufacturer’s instructions.

Statistical analysis
Data are expressed as mean ± standard error of the mean. Differences between groups were analyzed using SPSS Statistics 26.0 software (IBM, Armonk, NY, USA) by Student’s t test. Statistical significance was set at P < 0.05. GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA) is used to draw the column chart, AI 2019 software (Adobe, Los Altos, CA, USA) was used to design the figures.


Results
The mRNA expression profiles in RNA-seq suggested differential expression of 150 mRNAs between the Tg-A53T and TR1-A53T groups, of which the expression levels of 62 mRNAs were increased and those of 88 mRNAs were decreased (Fig. 1A). The heat map shows the expression profiles of all mRNAs (Fig. 1D). The volcano plot indicates mRNAs that were significantly expressed between the two groups (Fig. 1C).[image: ]
Fig. 1mRNA expression profiles in the Tg-A53T and TR1-A53T groups. A Upregulation and downregulation of mRNAs in the Tg-A53T group compared to the TR1-A53T group. B, C Scatter plot illustrating mRNA expression profiles in Tg-A53T and TR1-A53T. Red represents upregulated genes and green represents downregulated genes. Black represents genes with no significant difference in expression. D Heat map and hierarchical clustering show the global expression of mRNA in Tg-A53T compared to the TR1-A53T group. Red and blue indicate high and low relative expressions, respectively. Tg-A53T (C57BL/6 mice transferred with mutant human a-syn); TR1-A53T (A53T mice injected with lentivirus-TR1 2 µl in substantia nigra pars compacta (SNc) on each side with minipump). Mice are fed for 10 months


The expression of TR1 and TH in the midbrain of Tg-A53T was lower in the Tg-A53T group than in the WT group. Additionally, the expression of TR1 and TH significantly increased in the midbrain of TR1-A53T mice that in Tg-A53T mice. There were increased levels of GSH and SOD in the TR1-A53T group than those in the Tg-A53T group and decreased MDA expression in TR1-A53T than in the Tg-A53T group. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis suggested 31 substantially enriched pathways, many of which are relevant to the nervous system, immune system, biosynthesis of other metabolic pathways, neurodegenerative diseases, signal transduction, transport and catabolism, cell motility, cell growth, and death in the Tg-A53T group compared with those in the TR1-A53T group Fig. 2.[image: ]
Fig. 2Expression of TR1 and tyrosine hydroxylase (TH), oxidative damage, and total (up and down) differentially expressed mRNAs in Tg-A53T mice compared to TR1-A53T mice. A The expression of TR1 and TH is examined in the midbrain of the WT and Tg-A53T groups. B Relative expression of TR1 and TH. C The expression of TR1 and TH is examined in the midbrain in the Tg-A53T and TR1-A53T groups. D Relative expression of TR1 and TH. *p < 0.05, Tg-A53T vs. TR1-A53T group. E GSH, SOD, and MDA levels. F The bar indicates the p value (–log-transformed) the number of changed mRNAs in each pathway. The p value (Fisher p value) denotes the significance of the pathway correlated to the conditions. A lower p value (p value ≤ 0.05, considered statistically significant) denotes a more significant correlation


KEGG pathway analysis showed that the expression of cytokines, IL-15, and IL-7 was upregulated in the Tg-A53T group compared with that in the TR1-A53T group. The mRNA expression of IL-7 was upregulated in MPP+ compared with that in MPP+-TR1 in the control, MPP+, MPP+-LV, and MPP+-TR1 groups Fig. 3. [image: ]
Fig. 3Overexpression of TR1 decreases the expression of interleukin (IL)-7, IL-15, and cytokines in Tg-A53T than that in the TR1-A53T group. A, B KEGG pathway analysis of cytokine expression in the Tg-A53T and TR1-A53T groups. B Enlargement in A. C, D KEGG pathway analysis the expression of interleukin (IL)-15 in Tg-A53T and TR1-A53T groups. D Enlargement in C. E, F KEGG pathway analysis of the expression of IL-7 in the Tg-A53T and TR1-A53T groups. F The enlargement in E. G mRNA expression of IL-7 in control, MPP+, MPP+-LV, and MPP+-TR1 groups. Control (N2a cells cultivated with DMEM); MPP+ (N2a cells used MPP+(1 mM) for 48 h), MPP+-LV (N2a cells overexpressing lentivirus for 24 h then used MPP+ (1 mM) for 48 h. MPP+-TR1 (N2a cells overexpressing lentivirus-TR1 for 24 h, followed by MPP.+ (1 mM) for 48 h


KEGG pathway analysis showed that the expression of BRCA2 and CUL4 was upregulated in the Tg-A53T compared to the TR1-A53T; the expression of γ-H2AX was upregulated in Tg-A53T compared with the TR1-A53T group Fig. 4.[image: ]
Fig. 4Overexpression of TR1 decreases the expression of BRCA2, CUL4, and γ-H2AX in the Tg-A53T group compared to the TR1-A53T group. A, B KEGG pathway analysis of the expression of BRCA2 in the Tg-A53T and TR1-A53T groups. B Enlargement in A. C, D KEGG pathway analysis of the expression of CUL4 in the Tg-A53T and TR1-A53T groups. D The part of enlargement in C. E, F The expression of γ-H2AX in the SNc in the midbrain of the mice. *p < 0.05, Tg-A53T mice vs. TR1-A53T mice


KEGG pathway analysis showed that the expression of cxIII was upregulated in Tg-A53T compared with the TR1-A53T group, while the expression of NADPH was downregulated in Tg-A53T compared with that in the TR1-A53T group Fig. 5.[image: ]
Fig. 5Overexpression of TR1 increases the expression of NADPH and decrease cytochrome b (cxIII) in Tg-A53T compared with the TR1-A53T group. A, B KEGG pathway analysis of the expression of cxIII in the Tg-A53T and TR1-A53T groups. B Enlargement in A. C, D KEGG pathway analysis of the expression of NADPH in the Tg-A53T and TR1-A53T groups. D Part of the enlargement in C


KEGG pathway analysis showed that the mRNA level of Na+-K+-ATP was down-regulated in the Tg-A53T compared to that of the WT group, and the mRNA level of Na+-K+-ATP was down-regulated in the Tg-A53T compared to that of the TR1-A53T group; the expression of Na+-K+-ATP decreases in the MPP+ compared with that of the control (*p < 0.05); the expression of Na+-K+-ATP decreases in the MPP+ compared with MPP+-TR1 (**p < 0.05) in the N2a cells that were separated from the control, MPP+, MPP+-LV, and MPP+-TR1 groups Fig. 6.[image: ]
Fig. 6Over-expression of TR1 increases the expression of Na+-K+-ATP in PD mouse and cell models. A KEGG pathway analysis of the expression of Na+-K+-ATP in the Tg-A53T and WT groups. B Enlargement in A. C KEGG pathway analysis of the expression of Na+-K+-ATP in the Tg-A53T and TR1-A53T groups. D The part of enlargement in C. E The expression of Na+-K+-ATP in control, MPP+, MPP+-LV, and MPP+-TR1 groups by immunofluorescence. F Relative average fluorescence intensity of Na+-K+-ATP. *p < 0.05, MPP+vs. control group, **p < 0.05, MPP+vs. MPP+-TR1 group. WT (normal C57BL/6 mice). Control (N2a cells cultivated with DMEM); MPP+(N2a cells used MPP+(1 mM) for 48 h), MPP+-LV (N2a cells overexpressing lentivirus for 24 h then used MPP+ (1 mM) for 48 h. MPP+-TR1(N2a cells overexpressing lentivirus-TR1 for 24 h, followed by MPP.+(1 mM) for 48 h)


KEGG pathway analysis showed that the expression of chemokine, C3, and C4 was down-regulated in the Tg-A53T compared to that of the TR1-A53T group. KEGG pathway analysis suggested that the expression of TLR2 and CD14 was downregulated in the Tg-A53T compared to that of the TR1-A53T group Fig. 7.[image: ]
Fig. 7Over-expressed TR1 can increase the expression of chemokine, C3, C4, TLR2, CD14 in the Tg-A53T mice compared to TR1-A53T mice. A KEGG pathway analysis of chemokine expression in the Tg-A53T and thioredoxin reductase 1 (TR1)-A53T groups. B Enlargement in A. C KEGG pathway analysis of the expression of C3 in the Tg-A53T and TR1-A53T groups. D The part of enlargement in C. E KEGG pathway analysis the expression of C4 in Tg-A53T and TR1-A53T groups. F Enlargement in E. G KEGG pathway analysis of the expression of TLR2 and CD14 in the Tg-A53T and TR1-A53T groups. F Part of the enlargement in E



Discussion
We can deduct from the KEGG pathway analysis that antioxidative activity has a critical role in the TR1-A53T group compared with that in the Tg-A53T group. To counteract the redox stress, SN pars compacta (SNc) cells have to boost their antioxidant capacity exhaustively to maintain a sensitive redox balance in the PD model.
We demonstrated that the overexpression of TR1 can increase NADPH expression levels and prevent an increase in ROS. ROS can produce many mitochondria-associated events such as apoptosis [18]. However, antioxidant enzymes, including TR, can disrupt cellular ROS homeostasis and defense against oxidative damage, thereby regulating many biological processes, including cell differentiation, death, and proliferation [19]. In contrast, ROS can damage proteins, DNA, and lipids, resulting in cell death by causing a series of redox imbalances. To counteract the redox stress, SNc cells have to boost their antioxidant capacity to maintain a sensitive redox balance in the PD model.
DNA damage is in advance of the degeneration of dopamine neurons in Tg-A53T mice [20] in our previous study. In this study, we suggested that overexpression of TR1 in the PD model decreases the levels of BRCA2, CUL4, and γ-H2AX compared with that of Tg-A53T; therefore, TR1 can protect against the DNA damage as shown in the vivo and in vitro experiments in the PD model (Fig. 4).
This study revealed that improving the level of TR1 may inhibit dopaminergic neuronal death. Moreover, overexpression of TR1 protects Tg-A53T against synaptic loss induced by TH, the mechanisms driving the switch during PD progression and their correlation remain to be elucidated.
Our study suggests that overexpression of TR1 in Tg-A53T can reduce inflammation. Neuroinflammation has been repeatedly linked to neurodegeneration, including PD, and inflammation can enhance α-syn aggregation, propagation, and progression of the disease [21]. Increased activation of the production of pro-inflammatory cytokines alters the neuronal function and increases cell death in models of PD and other neurodegenerative diseases [22, 23]. IL-1β and IL-6 result in neuronal dysfunction in PD [24]. Cytokines are known to trigger microglial activation, potentially contributing to nigrostriatal pathway injury. As dopaminergic neurons express a wide range of cytokine receptors, they are suggested to be responsive to these inflammatory mediators, which are derived from or activate microglia. This confirms the involvement of microglia in the initiation of anti-inflammatory events, pointing toward the existence of multiple phenotypes in PD and distinct functions during disease progression. Cytokines may diffuse easily from the brain through the blood–brain barrier [25]. In this study, we showed that overexpression of TR1 in Tg-A53T in the midbrain, the expression of IL-7, cytokines, and IL-15 is downregulated in TR1-A53T compared with Tg-A53T. Therefore, overexpression of TR1 in the SN of the midbrain can inhibit inflammation in Tg-A53T, the reason for which is unknown.
Our study suggests that overexpression of TR1 in Tg-A53T cells can increase the immune response. C3 is the central complement system protein and is involved in both classical and alternative pathway cascades. C4, in addition to C3, is a marker of the classical complement pathway. Both C3 and C4 are acute-phase proteins. Complement-mediated neuroinflammation has also been reported in neurodegenerative diseases [26]. Targeting the immune system is a promising strategy for the treatment of PD. The immunization of WT using α-syn can reportedly decrease protein accumulation in neuronal cell bodies, reduce neurodegeneration [27], and increase CD4+ T cells and microglial activation [28].
Toll-like receptors (TLRs) play a critical role in innate immunity by recognizing conserved motifs primarily found in microorganisms, and dysregulation of their signaling may be implicated in α-syn dysfunction. As detected in PD, TLR, possibly exerting proinflammatory effects under certain conditions, triggers downstream signaling pathways, promoting inflammation and oxidative stress in patients with PD. Thus, the gut microbiota and TLRs represent potential targets for PD treatment. In contrast, TLR2 and TLR4 might be essential for clearing misfolded α-syn; hence, being neuroprotective [29]. TLR2 and TLR4 are the most convincing evidence of PD. We found that overexpression of TR1 in the Tg-A53T cells in the midbrain, the expression of TLR2 was upregulated in the TR1-A53T than that in the Tg-A53T group. Therefore, overexpression of TR1 can increase immunology. From Chupakhin E et al. [30] study, we know that TR can defense against oxidative stress and consider an anti-cancer drug target, anti-inflammation, and neonatal hyperoxic lung injury. The mechanism of TR1 improving immunity will be further studied in the future.

Conclusion
In summary, this study demonstrates the neuroprotective actions of over-expression TR1 in inflammation, the immune response, Na+-K+-ATP, DNA damage, and in cell apoptosis in Tg-A53T by the KEGG signal pathway. The current findings may suggest a novel paradigm to study the pathology of PD and to provide a new disease-modifying therapeutic approach.
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