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Abstract

:

Researchers have revealed that Rhus verniciflua heartwood, which contains fustin as an important component, possesses antioxidant-mediated, anti-mutagenic, and anti-rheumatoid arthritis characteristics. Additionally, out of the numerous plant-derived secondary metabolites, there are various research papers concentrating on flavonoids for potential advantages in neurological illnesses. The current study aims to assess the neuroprotective potential of fustin in rodents over 3-nitropropionic acid (3-NPA)-induced Huntington’s disease (HD)-like consequences. The efficacy of fustin 50 and 100 mg/kg was studied with multiple-dose administrations of 3-NPA, which experimentally induced HD-like symptoms in rats for 22 days. At the end of the study, several behavioral tests were performed including a beam walk, rotarod, and grip strength tests. Similarly, some biochemical parameters were assessed to support oxidative stress (reduced glutathione—GSH, superoxide dismutase—SOD, catalase—CAT, and malondialdehyde—MDA), alteration in neurotransmitters (gamma-aminobutyric acid—GABA—and glutamate), alteration in brain-derived neurotrophic factor activity, and nitrite levels. Additionally, pro-inflammatory parameters were carried out to evaluate the neuroinflammatory responses associated with streptozotocin such as TNF-α, IL-1β, and COX in the perfused brain. The fustin-treated group exhibited a significant restoration of memory function via modulation in behavioral activities. Moreover, 3-NPA altered biochemical, neurotransmitters, brain protein levels, and neuroinflammatory measures, which fustin efficiently restored. This is the first report demonstrating the efficacy of novel phytoconstituent fustin as a potential future candidate for the treatment of HD via offering neuroprotection by subsiding the oxidative and enzymatic activity in the 3-NPA experimental animal paradigm.
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1. Introduction


Degeneration of neurons occurs when neurons lose their structure or function over time [1]. Neurodegenerative proteinopathies are caused by a malfunctioning protein in the brain. Essentially, these disorders result in the progressive and discriminating loss of appropriate neuronal systems due to the accretion of misfolded proteins [2]. The polyglutamine (poly Q) tract generated by the CAG nucleotide triplet repeat induces polyglutamine-induced protein aggregation, which is a cornerstone of Huntington’s disease (HD) [3]. The previous line of research also demonstrated that the HD gene is located on chromosomal 4p16 and expresses huntingtin a 348 kDa glycoprotein that is abundantly distributed throughout synapses [4]. Excitotoxicity, energy deprivation, oxidative damage, inflammatory response, and protein expression are among the mechanisms through which neurodegeneration proceeds in HD [5].



By oxidative phosphorylation, mitochondria also produce adenosine triphosphate (ATP) and are the engine of the cell. They have a vital function in oxidative regulation, and program cell death, in addition to producing ATP [6]. Each impairment in mitochondrial biogenesis results in a variety of ailments. Numerous pieces of scientific evidence, including animal and human research, indicate that mitochondria play an important role in metabolic conditions such as diabetes, and neurologic illnesses such as HD, Alzheimer’s disease (AD), and Parkinson’s disease (PD) [6]. Previous data revealed how mitochondrial alteration relates to delayed neurodegeneration. Nevertheless, the molecular and physiological alterations that occur as neurodegenerative disorders advance are still not known [7].



Neurotoxin generated 3-Nitropropionic acid (3-NPA) from a complexioned milky vetch which is known to hinder the mitochondrial complex, resulting in deficiencies in the cellular components [6,7,8]. Since it impedes succinate dehydrogenase (SDH), it causes both striatal and oxidative responses similar to HD, which is an inherited disease that is typically expressed within the fourth decade of life [9,10]. The neurotoxic potential is induced via oxidative damage triggered by cellular energy loss. According to research, reactive oxygen species are among the primary sources of neuronal cell death in neurological conditions [11,12,13,14]. Several studies have found oxidative stress biomarker changes associated with HD [15,16,17]. 3-NPA-induced neurodegeneration is a prominent experimental model often employed to investigate the pathophysiology of HD [18]. In humans, 3-NPA-induced neurodegeneration is linked to immediate encephalitis, which is accompanied mostly by the emergence of delayed-onset dementia and locomotor defects [19].



Earlier studies hypothesized the significance of oxidative impairment in 3-NP-induced behavior, metabolic, and molecular impairment in rodents, as well as its putative amelioration by a substance of natural origin such as Withania somnifera. Notably, inflammation induced by microglial expressions plays a critical role in neurodegeneration such as seen in PD [20], AD [21], and HD [22]. Inflammatory mediators-induced neurodegeneration is triggered in part by prolonged and uncontrolled stimulation of microglia, as well as the enormous synthesis of inflammatory cytokines [23,24]. Among the primary inflammatory agents that cause the death of neurons is nitric oxide (NO), generated in microglia through the enzyme nitric oxide synthase (iNOS) [25]. Accordingly, inhibiting iNOS diminished microglial overexpression in neurodegeneration, demonstrating the importance of levels of NO in microglia-associated neurodegeneration [26].



A cofactor of tyrosine hydroxylase and phenylalanine hydroxylase, tetrahydrobiopterin (BH4) is needed for NOS activity [27]. Molecular oxygen and tetrahydrobiopterin are used by tyrosine hydroxylase to acclimatize tyrosine into levodopa (L-DOPA) [27]. This enzyme is the first step in BH4 synthesis and is the rate-determining enzyme [28]. In recent years, alternatives to conventional treatments with minimal side effects have gained increasing attention. Diverse natural compounds are appropriate for providing neuroprotective effects from neurodegeneration because of their accessibility, minimal price, better safety tolerances, and broad selection of therapeutic potential [29]. There have been several epidemiological studies focusing on flavonoids’ possible benefits for neurodegenerative diseases among the wide variety of plant-derived secondary metabolites. According to the amount of oxidation of the central C ring, hydroxylation pattern, and substitution at position 3 of the rings, there are over 5000 different flavonoids (flavones, flavanols, flavanones, anthocyanidins, and isoflavones). Glycosylation or alkylation are two ways of creating diversity within any group [30]. Toxicodendron vernicifluum (Stokes) F.A. Barkley (syn. Rhus verniciflua or vernicifera Stokes, Anacardiaceae), the lacquer tree, also known as sumac and heartwood of Rhus verniciflua, contains fustin (Figure 1), an active component [31]. Heartwood is not allergenic and has traditionally been used to treat rheumatoid arthritis and as a food additive. Researchers have recently discovered that Rhus verniciflua heartwood, which encompasses fustin, has anti-mutagenic, anti-arthritis, and antidiabetic properties mediated by antioxidants [32,33,34,35]. The findings of previous studies advise that fustin is neuroprotective against 6-OHDA-induced cell death and streptozotocin-induced cognitive impairment [36,37]. Fustin’s C-ring contains no double bonds [(2R,3R)-3,3′,4′,7-Tetrahydroxyflavan-4-one]. Fustin has two stereocenters and four stereoisomers, making it a flavan. Acacia vestita, Acacia carneorum, and other organisms contain fustin as a natural product. This study aims to determine if fustin can inhibit the development of Huntington’s disease in rodents induced by 3-NPA.




2. Methods


2.1. Animals


In the current protocol, male adult Wistar rats (220–280 gm body weight) were employed (n = 6). Animals were kept in the rodent care facilities under conventional lab settings including room temperature, humidity, and a 12:12 h light/dark cycle. Animals were provided with unrestricted food and water access. The present investigational method was authorized by the Animal Ethical Board (IAEC/TRS/PT/022/016), and all studies are carried out ensuring they met the criteria of the CPCSEA, Govt. of India.




2.2. Chemicals


The following chemicals were employed in the study: 3-NPA, malondialdehyde (MDA), succinate dehydrogenase (SDH), catalase (CAT), glutathione-S-transferase (GST), reduced glutathione (GSH), brain-derived natriuretic factor (BDNF), interleukins (IL-1β), tumor necrosis factor (TNF-α) and cyclooxygenase (COX) (MyBioSource, San Diego, CA, USA), measurement kit ATP estimate kit (Sigma-Aldrich, Inc., St. Louis, MO, USA), and fustin (>98%, stability ≥ 4 years, SKL, Mumbai, Maharashtra, India).




2.3. Experimental Design


The planned examination was based on previously reported data with minor adjustments. For the present study, rodents were categorized into five clusters n = 6. Normal saline (cluster-I), 3-NPA control (cluster-II), 3-NPA + fustin 100 mg/kg (cluster-III), and 3-NPA + fustin 50 mg/kg (cluster-IV), and fustin 100 mg/kg per se soluble in dimethyl sulfoxide (cluster-V). Initially, entire rats were exposed to acclimatization under standard laboratory settings for one week. For the quick induction of neurotoxicity in rodents, 3-NPA (10 mg/kg., i.p.) in saline was administered once daily for 15 days based on earlier reported data [38,39].



Similarly, during the 8th to 22nd days, the normal saline group received 3 mL/kg of saline, while the control group (3-NPA) received 3 mL/kg oral 0.5% sodium carboxymethyl cellulose 1 h after 3-NPA (10 mg/kg i.p) administration. The test group (50 mg/kg p.o.), and control group (100 mg/kg p.o.) received fustin. During the study, 1 h after the oral administrations, clusters II, III, and IV were given 3-NPA 10 mg/kg (i.p.). Throughout the experimental scheme, behavioral investigations were performed on the rodents. The rats lacked homogenate in their brain tissue on the last day of the experiment. The established homogenate was employed for the assessment of many biological components, comprising oxidative stress, endogenous (enzymatic and non-enzymatic activity) antioxidants, pro-inflammatory markers, neurotransmitter levels, and complex-II activity in the brain.




2.4. Behavioural Assessment


2.4.1. Narrow Beam Walking Test


In this paradigm, a short beam was joined by a circular steel rod (0.5 mm × 2.0 cm × 120 cm). The beam was lifted 1 m just above the base floor. A sawdust-filled box was placed beneath the beam to soften the landing for the rats. Animals were given 5 min to acclimatize to their unfamiliar setting before starting training. The number of slips and the time it would require a rat to travel the beams from one side to another was documented in every experiment. The value was established by combining the three measured transfer latencies and the inter-trial duration lasting 2 min [40].




2.4.2. Grip Strength Test


Gripping a horizontally tied cable latency was regarded as an excellent indicator of muscular gripping strength. Each rodent could hang by utilizing its forepaws on a 2 mm × 35 metal wire that was stretched horizontally at a maximum of 50 cm above a padded base. The period spent by each rodent holding the cable while immobile was documented [41].




2.4.3. Rotarod Workout


Motor synchronization, grip strength, and rodent’s integrity were assessed at weekly intervals using a rotarod apparatus, similar to previously published data with slight modification [40,42]. The rotarod equipment is composed of four equal portions of a non-slippery shaft. To acclimate each animal to the apparatus, former training was employed. During the training, the rats were put on a 7 cm-diameter rotating shaft in both tests which was maintained at a speed of 25 rpm/min. To assess drop-down latency, a duration restriction of 180 s was put in place [43,44].





2.5. Biochemical Assessment


2.5.1. Preparation of Homogenate


After decapitating the animals, the brain was removed and rinsed through isotonic saline (ice-cold). Different brain sections from individual animals (cortex, striatum, and hippocampus) were homogenized in phosphate buffer (ice-cold) (0.1 M, pH 7.4). Post-homogenization the obtained homogenate was subjected to centrifugation followed by biochemical estimation by employing supernatant [45,46].




2.5.2. Brain Oxidative Parameters


Lipid Peroxidation and Endogenous (Enzymatic and Non-Enzymatic) Antioxidants


The production of MDA through the process of lipid peroxidation is an indicator of cellular damage. We assessed cellular damage in this experiment by detecting MDA levels within brain tissue homogenate. Previously, a tissue sample (0.1 mL) was mixed with a thiobarbituric acid reaction mixture (2 mL), which included 0.67% solution (1 mL) of thiobarbituric acid and 10% trichloroacetic acid solution (1 mL). Afterwards, the set reaction mixture was boiled for 30 min in a water bath, then cooled for 10 min in ice-cold water. Following cooling, the resultant mixture was subjected to centrifuge for ten minutes at (4830× g); the resultant supernatant was put forward for absorbance which was measured at 532 nm on a UV spectrophotometer (Shimadzu, Mumbai, Maharashtra, India). The assessment data were analyzed using previously reported data, and by employing an extinction coefficient of 1.56 × 105 M−1 cm−1 expressed in nmol MDA/mg wet mass of tissues [47].



Using slight adjustments, GSH was calculated using the data available. After mixing homogenate and trichloroacetic acid (10%) with identical volumes, 1 mL of supernatant was separated, and the 5,5′-dithio-bis-2-nitrobenzoic acid (DTNB) reagent (0.5 mL) was added to phosphate buffer (3 mL 0.2 M, pH 8) and 0.5 mL of DTNB. Afterwards, the absorbance at 412 nm of the miscellaneous solutions was calculated. The values were obtained by employing an extinction coefficient of 1.36 × 103 M−1 cm−1 and are reported in nmol GSH/mg wet weight of tissue [48].



CAT enzymes reduce oxidative stress in tissues by decomposing hydrogen peroxide (H2O2). CAT was measured using the Claiborne (1985) technique, with slight changes. 0.5 M phosphate buffer (pH 7) was mixed with 30 mM H2O2 (1 mL) per ml to obtain the results. This chemical process was initiated by the addition of 0.1 mL of the homogenate. A spectrophotometric measurement at 240 nm was conducted to measure the reduction in absorbance rate caused by the breakdown of H2O2. An extinction coefficient of 43.6 M−1 cm−1 was cast off to compute CAT activity and it was expressed as micromole per gram of wet tissue mass [49].



The amount of SOD was determined using the previously reported method [50].





2.5.3. SDH (Complex-II)


In the process of transforming succinic acid into fumaric acid, potassium ferricyanide is used as an electron acceptor. In the present experiment, 0.05 mL mitochondrial suspension was mixed with 0.2 M, 1.5 mL phosphate buffer (pH 7.8), 0.6 M, 0.2 mL succinic acid (pH 7.8), and 0.3 mL BSA (1% w/v). Water was used as a control to measure succinate dehydrogenase by measuring a decrease in absorbance at 420 nm for 3 min. SDH expressed as in nmol/min/g [42].




2.5.4. Enzyme-Linked Immunosorbent Assay


The appropriate brain slices were excised and homogenized to create 10% saline samples. Following that, centrifugation was undertaken, and the total protein content in the homogenates was evaluated as per previously reported data [51]. The homogenates were also employed to screen GST, BDNF, COX, IL-1β, TNF-α, GABA (gamma-aminobutyric acid), glutamate, and nitrate levels using several widely viable ELISA assays.





2.6. Statistical Analysis


To scrutinize the data concerns in the current investigation, we cast-off GraphPad Prism 5 (Dotmatics, Boston, MA, USA) for Windows. The outcomes were plotted as mean ± standard error mean (S.E.M.). A one-way analysis of variance (ANOVA) was undertaken, followed by Tukey’s multiple evaluation assessment, to investigate the degree of implication and display the deviation among the limits within an individual group. Statistical significance was defined as p value less than 0.05.





3. Results


3.1. Behavioural Analysis


3.1.1. Effect of Fustin on Narrow Beam Walk Assessment


Figure 2 represents the outcome of fustin administration on the narrow beam walk behavioral assessment. The findings of the current research revealed that animals from the 3-NPA-control group took longer to traverse the wooden deck (p < 0.001) than rats in the conventional saline-treated group. Conversely, animals given a high dosage of fustin (100 mg/kg) reinstated typical cognitive performance by substantially decreasing the time necessary to walk across the beam (p < 0.001). Correspondingly, when associated with the 3-NPA-control, a small dosage of fustin (50 mg/kg) slightly reinstated typical cognitive performance by a marked decline in the time necessary to walk across the beam (p < 0.001). Nevertheless, one-way ANOVA (Tukey’s post hoc) parametric assessment discovered that the fustin group’s performance showed no effect on the time throughout beam walk factors in experimental animal models.




3.1.2. Influence of Fustin on the Grip Strength Test


Figure 3 represents the outcome of fustin administration on the grip strength test behavioral assessment. The findings of the current research exposed that animals in the 3-NPA-control had a remarkably lower potential of falling (p < 0.001) than rats in the conventional saline-treated group as a hallmark of declined skeletal muscle activity. Conversely, animals given a high dosage of fustin (100 mg/kg) reinstated typical skeletal muscle strength, as seen by their improved time before falling (p < 0.001). Correspondingly, compared with 3-NPA-control group, a small dosage of fustin (50 mg/kg) moderately reinstated typical skeletal muscle strength, again indicated by improved time before falling (p < 0.01). Nevertheless, one-way ANOVA (Tukey’s post hoc) parametric assessment publicized that the fustin group had no effect on fall time in rats.




3.1.3. Effect of Fustin on Rotarod Paradigm


Figure 4 symbolizes the consequence of fustin on a rotarod test evaluation. The findings of the current research shows that rats in the 3-NPA-control showed a significantly shorter fall time (p < 0.001) than rats in the conventional saline-treated group, a hallmark of declined skeletal muscular activity. Conversely, animals given a high dosage of fustin (100 mg/kg) reinstated typical skeletal muscle strength by significantly (p < 0.001) enhanced fall latency levels compared to the 3-NPA group. Correspondingly, when equated with 3-NPA-control, a small dosage of fustin (50 mg/kg) moderately reinstated typical skeletal muscle strength by enhanced fall off time duration (p < 0.001). Nevertheless, one-way ANOVA (Tukey’s post hoc) parametric assessment showed that the fustin group had no effect on the fall off time in rats. In the present investigation we evaluated its ability to interfere with normal muscle strength in rats, which was found to decrease significantly in the 3-NPA-treated group as compared with normal saline treatment. Simultaneously, we also evaluated the same effects in the per se treated group to rectify whether drug treatment alone had any interference with normal muscle activity in rats.





3.2. Biochemical Assessment


3.2.1. Influence of Fustin on Brain Oxidative and Endogenous (Enzymatic and Non-Enzymatic) Antioxidants Parameters in Experimental Animal Models


Figure 5A–D shows the consequence of fustin on several oxidative factors. In the assessment, when compared with the normal saline-treated animals, 3-NPA-induced animals exhibited considerable (p < 0.001) elevation in MDA activity as a crucial indicator for ROS. Equally, in an alternative set of experiments, 3-NPA-induced rats presented a considerable decrease in oxidative markers including CAT, GSH, and SOD in the brain perfusion (p < 0.001). Conversely, animals given a high dosage of fustin (100 mg/kg) showed a pointed decline in the increased MDA activity, and re-established reduced GSH, CAT, and SOD levels in the brain tissue perfusion (p < 0.001). Correspondingly, while related to the 3-NPA-control group, a small dosage of fustin (50 mg/kg) showed a less pointed (p < 0.05) decline in the increased MDA activity, and moderately re-established reduced GSH, CAT (p < 0.05), and SOD (p < 0.01) levels in the brain tissue perfusion. Nevertheless, one-way ANOVA (Tukey’s post hoc) parametric assessment publicized that the fustin group showed no effect on any of the above-mentioned biochemical paradigms in the rats.




3.2.2. Influence of Fustin on Brain Pro-inflammatory Markers in Experimental Animal Models


Figure 6A–C shows the effect of fustin on several pro-inflammatory markers. In the analysis, compared with a normal saline-treated group, 3-NPA-induced animals had a highly substantial increase (p < 0.001) in IL-1β, TNF-α, and a significant decline in the COX level as a key biomarker for inflammatory responses occurred within the neuronal tissues. On the contrary, animals given a high dosage of fustin (100 mg/kg) showed a remarkable decline in the increased IL-1β, and TNF-α (p < 0.001), and a moderate decline in the COX level (p < 0.01) in the brain tissue perfusion. Correspondingly, when compared to the 3-NPA-control, a small dosage of fustin (50 mg/kg) showed a significant (p < 0.001) decline in the increased IL-1β, TNF-α, and a minimal re-establishment of the declined level of COX in the brain tissue perfusion (p < 0.05). Nevertheless, one-way ANOVA and Tukey’s post hoc parametric test exposed that the fustin group had no effect on any of the above-mentioned biochemical paradigms in the rats.




3.2.3. Influence of Fustin on Enzymatic Activity in Experimental Animal Models


Figure 7A,B shows the effect of fustin on several enzymatic activities. In the investigation, compared with a normal saline-treated group, 3-NPA-induced animals had a highly substantial decline (p < 0.001) in GST and SDH-II activity as a key biomarker for neurodegeneration within the brain tissues. On the contrary, animals given a high dosage of fustin (100 mg/kg) remarkably restored the decline in GST, and SDH-II activity (p < 0.001). While associated with the 3-NPA-group, a lower dosage of fustin (50 mg/kg) less significantly (p < 0.05), and more significantly (p < 0.001) restored the decline of the GST, and SDH-II activity, respectively. Nevertheless, one-way ANOVA and Tukey’s post hoc parametric assessment showed that the fustin group had no effect on any of the above-mentioned biochemical paradigms in the rats.




3.2.4. Influence of Fustin on Neurotransmitter Levels in Experimental Animal Models


Figure 8A,B displays the effect of fustin on several enzymatic activities. In the investigation, compared with a normal saline-treated group, 3-NPA-induced animals had a considerably high decline (p < 0.001) in GABA level and an increased level of glutamate as a key biomarker for alteration in the normal neuronal activity. On the contrary, animals given a high dosage of fustin (100 mg/kg) had a remarkably restored level of GABA, and showed a decrease in the levels of previously raised glutamate (p < 0.001). Additionally, while associated with the 3-NPA-control group, a small dosage of fustin (50 mg/kg) less significantly (p < 0.05) restored the decline of GABA, and decreased the elevated levels of glutamate, respectively. Nevertheless, one-way ANOVA (Tukey’s post hoc) parametric assessment showed that the fustin group had no effect on any of the levels of the above-mentioned neurotransmitter in the rats.




3.2.5. Influence of Fustin on BDNF Activity in Experimental Animal Models


Figure 9 displays the effect of fustin on BDNF activity. In the investigation, compared with the normal saline-treated group, 3-NPA-induced animals had a considerably high depletion in the brain BDNF activity (p < 0.001) which signifies potency of 3-NPA in denaturation of the brain and neuronal tissues. We found that one-way ANOVA (Tukey’s post hoc) parametric analysis exposed a daily high dose of fustin (100 mg/kg) treatment resulted in a significant variation in BDNF activity (p < 0.001), whereas a low dose of fustin showed minimal decline in the brain BDNF activity (p < 0.05) when associated with the 3-NPA-control in rats.




3.2.6. Influence of Fustin on Nitrite Level in Experimental Animal Models


Figure 10 depicts the outcome of fustin on nitrite levels in the brain tissue. In the study, compared with the normal saline-treated group, 3-NPA-induced animals had a considerable rise in their nitrite levels (p < 0.001), which signifies the potency of 3-NPA in its alteration of the brain and neuronal activities. In our findings, one-way ANOVA (Tukey’s post hoc) parametric analysis revealed that daily low and high doses of fustin (100 mg/kg) treatment resulted in a significant decline in the nitrite level (p < 0.001), whereas fustin showed no clinical alteration in the nitrite level when associated with the 3-NPA-control in rats.






4. Discussion


Fustin was investigated as a possible neuroprotective drug towards 3-NPA-induced neurotoxicity in rodents in the present investigation for HD. The preceding study has demonstrated the hazardous capability of 3-NPA, a mitochondrial toxic which triggers HD-like manifestations [18]. In this study, we discovered that 3-NPA caused severe HD-like characteristics in experimental animals. Multiple experimental studies revealed that 3-NPA treatment had a significant impact on mouse locomotor skills [52]. Moreover, we evaluated standard control rodents with 3-NPA-controlled rodents in our investigation and discovered that 3-NPA-treated rats experienced significant changes, such as a significant decline in several behavioral and biochemical parameters. Furthermore, during the testing we found that animals treated with both doses (50 mg, and 100 mg/kg) of fustin successfully restored their cognitive performance as compared with the control-treated group, under assessment of several behavioral paradigms including the narrow beam walk assessment, grip strength test, and rotarod paradigm. Results reveal that alteration in behavioral and biochemical parameters is a key aspect of HD [53].



In our present research, we included multiple biochemical estimates to highlight changes related to HD in preclinical animals. The primary focus of laboratory tests was on oxidative indicators, inflammatory component measurement, changes in various specific enzymes, neurotransmitter measurement, and protein analysis. Prior studies looked at the role of many oxidative markers in the etiology of HD, with a focus on CAT, GSH, GR, SOD, LPO, and GPx in the hippocampus and neural cells. Furthermore, investigations have shown a significant decrease in the levels of numerous indicators such as CAT, GSH, GR, and SOD in 3-NPA-generated rodent models for HD [54,55]. As in the current study, 3-NPA-treated rats have considerably lower degrees of CAT, GSH, and SOD in the rat brain, as well as higher amounts of MDA. Using fustin for a subsequent 15 days post-inducement substantially maintained the above-mentioned biomarkers, indicating that fustin is a prospective neuroprotective agent in HD-like manifestations.



Interestingly, similar research found that a decrease in the level of neurotransmitters was apparent throughout chemical-induced neurotoxicity. Moreover, serotonin, norepinephrine, dopamine, GABA, and glutamate have also been recognized as crucial candidates in the pathology of HD [56,57,58,59]. We examined the quantities of different monoamine neurotransmitters and complementary amino acids in tissue homogenate in this investigation. Further, in our investigation we saw that glutamate and GABA levels were drastically altered by the infusion of 3-NPA. On the contrary, fustin therapy enhances the above indicators greatly in experimental animals.



Earlier studies have revealed that BDNF and nitrite levels are lower in HD experimental animals [60]. Furthermore, this drop is attributable to ROS-increased production, BDNF mRNA downregulation, and alteration of huntingtin protein expression [61]. Likewise, we discovered that rodents treated with 3-NPA have substantial changes in BDNF and aberrant nitrite levels. Furthermore, pre-treatment with fustin greatly reverses the above-mentioned nitrite downregulations and enhanced levels of BDNF, indicating a neurodefensive effect in 3-NPA-induced neurotoxicity in rodents. Numerous studies show that neurotoxicity is linked to significant increases in pro-inflammatory level mediators, including TNF-α, COX and IL-1β [40,62]. In our investigation, we discovered that 3-NPA infusion significantly impacted the concentrations of each of the abovementioned indicators that were substantially decreased by fustin injection, indicating the anti-neuroinflammatory activity of fustin mediated via antioxidant activity. These findings demonstrated that fustin, a flavonoid, may also contribute to neuroprotective effects via improvement in behavioral activities, endogenous (enzymatic and non-enzymatic) antioxidant function and also reduces the concentration of neurotoxins by preventing oxidative stress, maintained the BDNF, GST, SDH-II complexes, nitrite levels, TNF-α, IL-1β, COX, GABA, and glutamate level in the brain. To the best of our knowledge, this is the first report on the use of a novel phytoconstituent fustin that offered neuroprotection by subsiding enzymatic and oxidative activity in the 3-NPA-induced HD experimental animals paradigm. The limitations of the study are its short duration and the use of minimal animals. The present investigation aimed to find out the neuroprotective efficiency of fustin, but further molecular studies are required to elaborate its specific potential on a molecular basis to serve more works in the near future and confirm our findings related to the cognitive recovery from fustin treatment. In addition, higher doses of fustin could be tested in preclinical and clinical studies for HD.




5. Conclusions


The present study shows the first appealing use of fustin as an effective neuroprotectant, with the capability to progress some biochemical markers of redox damage and inflammation, as well as boost the altered neurotransmitter in 3-NPA-induced neurotoxicity in experimental animals. Moreover, we showed that fustin exhibits neuroprotective properties via downregulating the various protein biomarkers such as BDNF, SDH-II complexes, and nitrite levels. Interestingly, fustin was also found to be protective against HD-like symptoms in this model via regulating monoaminergic neurotransmission. This could result in the creation of low-cost flavonoid alternatives for HD treatment. The current findings of the study revealed that fustin has the possibility to be a useful natural constituent in the management of neurological illnesses such as HD.







Author Contributions


Conceptualization I.K.; Methodology, N.S.; writing—original draft preparation and funding acquisition, M.N.B.-J. and S.J.G.; writing—review and editing, A.F.A., F.A.A.-A., S.A.A., O.Y.A. and A.M.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research project was funded by Princess Nourah bint Abdulrahman University, Researchers Supporting Project number (PNURSP2022R108), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.




Institutional Review Board Statement


The study was approved by the Institutional Animal Ethics Committee as per Committee for the Purpose of Control and Supervision of Experiments on Animals guidelines (IAEC/TRS/PT/022/016).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This research project is supported by Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2022R108), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Uttara, B.; Singh, A.V.; Zamboni, P.; Mahajan, R. Oxidative stress and neurodegenerative diseases: A review of upstream and downstream antioxidant therapeutic options. Curr. Neuropharmacol. 2009, 7, 65–74. [Google Scholar] [CrossRef] [PubMed]

	



Hariharan, A.; Shetty, S.; Shirole, T.; Jagtap, A.G. Potential of protease inhibitor in 3-nitropropionic acid induced Huntington’s disease like symptoms: Mitochondrial dysfunction and neurodegeneration. Neurotoxicology 2014, 45, 139–148. [Google Scholar] [CrossRef] [PubMed]

	



Everett, C.; Wood, N. Trinucleotide repeats and neurodegenerative disease. Brain 2004, 127, 2385–2405. [Google Scholar] [CrossRef]

	



Cattaneo, E.; Rigamonti, D.; Goffredo, D.; Zuccato, C.; Squitieri, F.; Sipione, S. Loss of normal huntingtin function: New developments in Huntington’s disease research. Trends Neurosci. 2001, 24, 182–188. [Google Scholar] [CrossRef] [PubMed]

	



Arning, L.; Nguyen, H.P. Huntington disease update: New insights into the role of repeat instability in disease pathogenesis. Med. Genet. 2022, 33, 293–300. [Google Scholar] [CrossRef]

	



Beal, M.F.; Ferrante, R.J.; Henshaw, R.; Matthews, R.T.; Chan, P.H.; Kowall, N.W.; Epstein, C.J.; Schulz, J.B. 3-Nitropropionic acid neurotoxicity is attenuated in copper/zinc superoxide dismutase transgenic mice. J. Neurochem. 1995, 65, 919–922. [Google Scholar] [CrossRef]

	



Borlongan, C.V.; Koutouzis, T.K.; Sanberg, P.R. 3-Nitropropionic acid animal model and Huntington’s disease. Neurosci. Biobehav. Rev. 1997, 21, 289–293. [Google Scholar] [CrossRef]

	



Butterfield, D.; Howard, B.J.; LaFontaine, M.A. Brain oxidative stress in animal models of accelerated aging and the age-related neurodegenerative disorders, Alzheimer’s disease and Huntington’s disease. Curr. Med. Chem. 2001, 8, 815–828. [Google Scholar] [CrossRef]

	



Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Genesis, modulation, and regeneration of skeletal muscle. In Molecular Biology of the Cell, 4th ed.; Garland Science: New York, NY, USA, 2002. [Google Scholar]

	



Kokotas, H.; Petersen, M.B.; Willems, P.J. Mitochondrial deafness. Clin. Genet. 2007, 71, 379–391. [Google Scholar] [CrossRef]

	



Reddy, P.H. Role of mitochondria in neurodegenerative diseases: Mitochondria as a therapeutic target in Alzheimer’s disease. CNS Spectr. 2009, 14, 8–13. [Google Scholar] [CrossRef]

	



Beal, M.F. Mitochondrial dysfunction in neurodegenerative diseases. Biochim. Biophys. Acta Bioenerg. 1998, 1366, 211–223. [Google Scholar] [CrossRef]

	



Brouillet, E.; Guyot, M.C.; Mittoux, V.; Altairac, S.; Condé, F.; Palfi, S.; Hantraye, P. Partial inhibition of brain succinate dehydrogenase by 3-nitropropionic acid is sufficient to initiate striatal degeneration in rat. J. Neurochem. 1998, 70, 794–805. [Google Scholar] [CrossRef]

	



Herrera-Mundo, M.N.; Silva-Adaya, D.; Maldonado, P.D.; Galván-Arzate, S.; Andrés-Martínez, L.; Pérez-De La Cruz, V.; Pedraza-Chaverrí, J.; Santamaría, A. S-Allylcysteine prevents the rat from 3-nitropropionic acid-induced hyperactivity, early markers of oxidative stress and mitochondrial dysfunction. Neurosci. Res. 2006, 56, 39–44. [Google Scholar] [CrossRef]

	



Browne, S.E.; Ferrante, R.J.; Beal, M.F. Oxidative stress in Huntington’s disease. Brain Pathol. 1999, 9, 147–163. [Google Scholar] [CrossRef]

	



Montilla, P.; Túnez, I.; Muñoz, M.C.; Salcedo, M.; Feijóo, M.; Muñoz-Castañeda, J.R.; Bujalance, I. Effect of glucocorticoids on 3-nitropropionic acid-induced oxidative stress in synaptosomes. Eur. J. Pharmacol. 2004, 488, 19–25. [Google Scholar] [CrossRef]

	



Kumar, P.; Padi, S.S.V.; Naidu, P.S.; Kumar, A. Effect of resveratrol on 3-nitropropionic acid-induced biochemical and behavioural changes: Possible neuroprotective mechanisms. Behav. Pharmacol. 2006, 17, 485–492. [Google Scholar] [CrossRef]

	



Túnez, I.; Montilla, P.; del Carmen Munoz, M.; Medina, F.J.; Drucker-Colín, R. Effect of transcranial magnetic stimulation on oxidative stress induced by 3-nitropropionic acid in cortical synaptosomes. Neurosci. Res. 2006, 56, 91–95. [Google Scholar] [CrossRef]

	



Patočka, J.; Bielavský, J.; Cabal, J.; Fusek, J. 3-Nitropropionic acid and similar nitrotoxins. Acta Med. 2000, 43, 9–13. [Google Scholar] [CrossRef]

	



Gao, H.-M.; Hong, J.-S.; Zhang, W.; Liu, B. Synergistic dopaminergic neurotoxicity of the pesticide rotenone and inflammogen lipopolysaccharide: Relevance to the etiology of Parkinson’s disease. J. Neurosci. 2003, 23, 1228–1236. [Google Scholar] [CrossRef]

	



Salvati, K.; Beenhakker, M. Astrocyte Receptor Rebirth. Epilepsy Curr. 2019, 19, 196–198. [Google Scholar] [CrossRef]

	



Sapp, E.; Kegel, K.B.; Aronin, N.; Hashikawa, T.; Uchiyama, Y.; Tohyama, K.; Bhide, P.G.; Vonsattel, J.P.; DiFiglia, M. Early and progressive accumulation of reactive microglia in the Huntington disease brain. J. Neuropathol. Exp. Neurol. 2001, 60, 161–172. [Google Scholar] [CrossRef] [PubMed]

	



Brook, I. Microbiology and management of periodontal infections. Gen. Dent. 2003, 51, 424–428. [Google Scholar] [PubMed]

	



Erny, D.; Hrabě de Angelis, A.L.; Jaitin, D.; Wieghofer, P.; Staszewski, O.; David, E.; Keren-Shaul, H.; Mahlakoiv, T.; Jakobshagen, K.; Buch, T. Host microbiota constantly control maturation and function of microglia in the CNS. Nat. Neurosci. 2015, 18, 965–977. [Google Scholar] [CrossRef] [PubMed]

	



Liu, P.-W.; Chen, M.-F.; Tsai, A.P.-Y.; Lee, T.J. STAT1 mediates oroxylin a inhibition of iNOS and pro-inflammatory cytokines expression in microglial BV-2 cells. PLoS ONE 2012, 7, e50363. [Google Scholar] [CrossRef]

	



Mander, P.; Brown, G.C. Activation of microglial NADPH oxidase is synergistic with glial iNOS expression in inducing neuronal death: A dual-key mechanism of inflammatory neurodegeneration. J. Neuroinflamm. 2005, 2, 20. [Google Scholar] [CrossRef] [PubMed]

	



Thöny, B.; Auerbach, G.; Blau, N. Tetrahydrobiopterin biosynthesis, regeneration and functions. Biochem. J. 2000, 347, 1–16. [Google Scholar] [CrossRef]

	



Alp, N.J.; Channon, K.M. Regulation of endothelial nitric oxide synthase by tetrahydrobiopterin in vascular disease. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 413–420. [Google Scholar] [CrossRef]

	



Enogieru, A.B.; Haylett, W.; Hiss, D.C.; Bardien, S.; Ekpo, O.E. Rutin as a potent antioxidant: Implications for neurodegenerative disorders. Oxid. Med. Cell. Longev. 2018, 2018, 6241017. [Google Scholar] [CrossRef]

	



Bakoyiannis, I.; Daskalopoulou, A.; Pergialiotis, V.; Perrea, D. Phytochemicals and cognitive health: Are flavonoids doing the trick? Biomed. Pharmacother. 2019, 109, 1488–1497. [Google Scholar] [CrossRef]

	



Li, M.-C.; Zhang, Y.-Q.; Meng, C.-W.; Gao, J.-G.; Xie, C.-J.; Liu, J.-Y.; Xu, Y.N. Traditional uses, phytochemistry, and pharmacology of Toxicodendron vernicifluum (Stokes) F.A. Barkley—A review. J. Ethnopharmacol. 2021, 267, 113476. [Google Scholar] [CrossRef]

	



Choi, W.-S.; Eom, D.-S.; Han, B.S.; Kim, W.K.; Han, B.H.; Choi, E.-J.; Oh, T.H.; Markelonis, G.J.; Cho, J.W.; Oh, Y.J. Phosphorylation of p38 MAPK induced by oxidative stress is linked to activation of both caspase-8-and-9-mediated apoptotic pathways in dopaminergic neurons. J. Biol. Chem. 2004, 279, 20451–20460. [Google Scholar] [CrossRef]

	



Park, K.-Y.; Jung, G.-O.; Lee, K.-T.; Choi, J.; Choi, M.-Y.; Kim, G.-T.; Jung, H.-J.; Park, H.-J. Antimutagenic activity of flavonoids from the heartwood of Rhus verniciflua. J. Ethnopharmacol. 2004, 90, 73–79. [Google Scholar] [CrossRef]

	



Jamal Gilani, S.; Nasser Bin-Jumah, M.; Al-Abbasi, F.A.; Shahid Nadeem, M.; Afzal, M.; Sayyed, N.; Kazmi, I. Fustin ameliorates hyperglycemia in streptozotocin induced type-2 diabetes via modulating glutathione/Superoxide dismutase/Catalase expressions, suppress lipid peroxidation and regulates histopathological changes. Saudi J. Biol. Sci. 2021, 28, 6963–6971. [Google Scholar] [CrossRef]

	



Gilani, S.J.; Bin-Jumah, M.N.; Al-Abbasi, F.A.; Nadeem, M.S.; Afzal, M.; Sayyed, N.; Kazmi, I. Fustin Ameliorates Elevated Levels of Leptin, Adiponectin, Serum TNF-α, and Intracellular Oxidative Free Radicals in High-Fat Diet and Streptozotocin-Induced Diabetic Rats. ACS Omega 2021, 6, 26098–26107. [Google Scholar] [CrossRef]

	



Park, B.C.; Lee, Y.S.; Park, H.-J.; Kwak, M.-K.; Yoo, B.K.; Kim, J.Y.; Kim, J. Protective effects of fustin, a flavonoid from Rhus verniciflua Stokes, on 6-hydroxydopamine-induced neuronal cell death. Exp. Mol. Med. 2007, 39, 316–326. [Google Scholar] [CrossRef]

	



Afzal, M.; Al-Abbasi, F.A.; Kazmi, I.; Imam, S.S.; Alshehri, S.; Ghoneim, M.M.; Almalki, W.H.; Nadeem, M.S.; Sayyed, N. Fustin Inhibits Oxidative Free Radicals and Inflammatory Cytokines in Cerebral Cortex and Hippocampus and Protects Cognitive Impairment in Streptozotocin-Induced Diabetic Rats. ACS Chem. Neurosci. 2021, 12, 4587–4597. [Google Scholar] [CrossRef]

	



Binawade, Y.; Jagtap, A. Neuroprotective Effect of Lutein Against 3-Nitropropionic Acid–Induced Huntington’s Disease–Like Symptoms: Possible Behavioral, Biochemical, and Cellular Alterations. J. Med. Food 2013, 16, 934–943. [Google Scholar] [CrossRef]

	



Mehan, S.; Monga, V.; Rani, M.; Dudi, R.; Ghimire, K. Neuroprotective effect of solanesol against 3-nitropropionic acid-induced Huntington’s disease-like behavioral, biochemical, and cellular alterations: Restoration of coenzyme-Q10-mediated mitochondrial dysfunction. Indian J. Pharmacol. 2018, 50, 309. [Google Scholar] [CrossRef]

	



Khan, A.; Jamwal, S.; Bijjem, K.; Prakash, A.; Kumar, P. Neuroprotective effect of hemeoxygenase-1/glycogen synthase kinase-3β modulators in 3-nitropropionic acid-induced neurotoxicity in rats. Neuroscience 2015, 287, 66–77. [Google Scholar] [CrossRef]

	



Elbaz, E.M.; Senousy, M.A.; El-Tanbouly, D.M.; Sayed, R.H. Neuroprotective effect of linagliptin against cuprizone-induced demyelination and behavioural dysfunction in mice: A pivotal role of AMPK/SIRT1 and JAK2/STAT3/NF-κB signalling pathway modulation. Toxicol. Appl. Pharmacol. 2018, 352, 153–161. [Google Scholar] [CrossRef]

	



Kumar, P.; Padi, S.; Naidu, P.; Kumar, A. Cyclooxygenase inhibition attenuates 3-nitropropionic acid-induced neurotoxicity in rats: Possible antioxidant mechanisms. Fundam. Clin. Pharmacol. 2007, 21, 297–306. [Google Scholar] [CrossRef] [PubMed]

	



Bishnoi, M.; Chopra, K.; Kulkarni, S.K. Modulatory effect of neurosteroids in haloperidol-induced vacuous chewing movements and related behaviors. Psychopharmacology 2008, 196, 243–254. [Google Scholar] [CrossRef] [PubMed]

	



Datta, S.; Jamwal, S.; Deshmukh, R.; Kumar, P. Beneficial effects of lycopene against haloperidol induced orofacial dyskinesia in rats: Possible neurotransmitters and neuroinflammation modulation. Eur. J. Pharmacol. 2016, 771, 229–235. [Google Scholar] [CrossRef] [PubMed]

	



Durg, S.; Kumar, N.; Vandal, R.; Dhadde, S.B.; Thippeswamy, B.; Veerapur, V.P.; Badami, S. Antipsychotic activity of embelin isolated from Embelia ribes: A preliminary study. Biomed. Pharmacother. 2017, 90, 328–331. [Google Scholar] [CrossRef] [PubMed]

	



Shaikh, A.; Dhadde, S.B.; Durg, S.; Veerapur, V.; Badami, S.; Thippeswamy, B.; Patil, J.S. Effect of Embelin against Lipopolysaccharide-induced Sickness Behaviour in Mice. Phytother. Res. 2016, 30, 815–822. [Google Scholar] [CrossRef] [PubMed]

	



Wills, E. Mechanisms of lipid peroxide formation in animal tissues. Biochem. J. 1966, 99, 667. [Google Scholar] [CrossRef]

	



Ellman, G. Tissue sulphydryl groups. Arch. Biochem. Biophys. 1959, 82, 70–77. [Google Scholar] [CrossRef]

	



Luck, H. Methods of enzymatic analysis. In Enzyme Assays In Vivo; Academic Press: New York, NY, USA; London, UK, 1963. [Google Scholar]

	



Kono, Y. Generation of superoxide radical during autoxidation of hydroxylamine and an assay for superoxide dismutase. Arch. Biochem. Biophys. 1978, 186, 189–195. [Google Scholar] [CrossRef]

	



Lowry, O.H. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951, 193, 265–275. [Google Scholar] [CrossRef]

	



Geddes, J.W.; Bondada, V.; Pang, Z. Mechanisms of 3-nitropropionic acid neurotoxicity. In Mitochondrial Inhibitors and Neurodegenerative Disorders; Springer: Berlin/Heidelberg, Germany, 2000; pp. 107–120. [Google Scholar]

	



Abdelfattah, M.S.; Badr, S.E.; Lotfy, S.A.; Attia, G.H.; Aref, A.M.; Abdel Moneim, A.E.; Kassab, R.B. Rutin and selenium co-administration reverse 3-nitropropionic acid-induced neurochemical and molecular impairments in a mouse model of Huntington’s disease. Neurotox. Res. 2020, 37, 77–92. [Google Scholar] [CrossRef]

	



Brouillet, E.; Jacquard, C.; Bizat, N.; Blum, D. 3-Nitropropionic acid: A mitochondrial toxin to uncover physiopathological mechanisms underlying striatal degeneration in Huntington’s disease. J. Neurochem. 2005, 95, 1521–1540. [Google Scholar] [CrossRef]

	



Túnez, I.; Tasset, I.; Pérez-De La Cruz, V.; Santamaría, A. 3-Nitropropionic acid as a tool to study the mechanisms involved in Huntington’s disease: Past, present and future. Molecules 2010, 15, 878–916. [Google Scholar] [CrossRef]

	



Gipson, T.A.; Neueder, A.; Wexler, N.S.; Bates, G.P.; Housman, D. Aberrantly spliced HTT, a new player in Huntington’s disease pathogenesis. RNA Biol. 2013, 10, 1647–1652. [Google Scholar] [CrossRef]

	



Reyes-Lagos, J.J.; Echeverría-Arjonilla, J.C.; Peña-Castillo, M.Á.; García-González, M.T.; del Rocio Ortiz-Pedroza, M.; Pacheco-Lopez, G.; Vargas-Garcia, C.; Camal-Ugarte, S.; Gonzalez-Camarena, R. A comparison of heart rate variability in women at the third trimester of pregnancy and during low-risk labour. Physiol. Behav. 2015, 149, 255–261. [Google Scholar] [CrossRef]

	



Kumar, A.; Ratan, R.R. Oxidative stress and Huntington’s disease: The good, the bad, and the ugly. J. Huntingt. Dis. 2016, 5, 217–237. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, J.; Yang, L.; Zhou, S.-m.; Guan, S.-y.; Yang, L.-k.; Shi, Q.-x.; Zhao, M.-G.; Yang, Q. Effect of Praeruptorin C on 3-nitropropionic acid induced Huntington’s disease-like symptoms in mice. Biomed. Pharmacother. 2017, 86, 81–87. [Google Scholar] [CrossRef]

	



Shalaby, H.N.; El-Tanbouly, D.M.; Zaki, H.F. Topiramate mitigates 3-nitropropionic acid-induced striatal neurotoxicity via modulation of AMPA receptors. Food Chem. Toxicol. 2018, 118, 227–234. [Google Scholar] [CrossRef]

	



Zuccato, C.; Cattaneo, E. Role of brain-derived neurotrophic factor in Huntington’s disease. Prog. Neurobiol. 2007, 81, 294–330. [Google Scholar] [CrossRef]

	



Aliaghaei, A.; Boroujeni, M.E.; Ahmadi, H.; Bayat, A.-H.; Tavirani, M.R.; Abdollahifar, M.A.; Pooyafar, M.H.; Mansouri, V. Dental pulp stem cell transplantation ameliorates motor function and prevents cerebellar atrophy in rat model of cerebellar ataxia. Cell Tissue Res. 2019, 376, 179–187. [Google Scholar] [CrossRef]








[image: Biomedicines 10 03021 g001 550] 





Figure 1. Fustin Structure. 
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Figure 2. Effect of fustin on beam walk test against 3-nitropropionic acid-induced Huntington’s-like effects in rats. Values are expressed as mean ± S.E.M. (n = 6). Values are statistically significant at # p < 0.05 vs. negative control group, *** p < 0.001 vs. 3-nitropropionic acid, respectively (One-way ANOVA followed by Tukey’s test). 
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Figure 3. Effect of fustin on gripping strength against 3-nitropropionic acid-induced Huntington’s-like effects in rats. Values are expressed as mean ± S.E.M. (n = 6). Values are statistically significant at # p < 0.05 vs. negative control group, *** p < 0.001 vs. 3-nitropropionic acid, respectively (One-way ANOVA followed by Tukey’s test). 
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Figure 4. Effect of fustin on rotarod test against 3-nitropropionic acid-induced Huntington’s-like effects in rats. Values are expressed as mean ± S.E.M. (n = 6). Values are statistically significant at # p < 0.05 vs. negative control group, *** p < 0.001 vs. 3-nitropropionic acid, respectively (Two-way ANOVA followed by Tukey’s test). 
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Figure 5. Effect of fustin on endogenous parameters against 3-nitropropionic acid-induced Huntington’s-like effects in rats (A) MDA, (B) GSH, (C) CAT, (D) SOD. Values are expressed as mean ± S.E.M. (n = 6). Values are statistically significant at # p < 0.05 vs. negative control group, * p < 0.05 vs. 3-nitropropionic acid, ** p < 0.01 vs. 3-nitropropionic acid, *** p < 0.001 vs. 3-nitropropionic acid, respectively (One-way ANOVA followed by Tukey’s test). 






Figure 5. Effect of fustin on endogenous parameters against 3-nitropropionic acid-induced Huntington’s-like effects in rats (A) MDA, (B) GSH, (C) CAT, (D) SOD. Values are expressed as mean ± S.E.M. (n = 6). Values are statistically significant at # p < 0.05 vs. negative control group, * p < 0.05 vs. 3-nitropropionic acid, ** p < 0.01 vs. 3-nitropropionic acid, *** p < 0.001 vs. 3-nitropropionic acid, respectively (One-way ANOVA followed by Tukey’s test).



[image: Biomedicines 10 03021 g005]







[image: Biomedicines 10 03021 g006 550] 





Figure 6. Effect of fustin on brain pro-inflammatory markers against 3-nitropropionic acid-induced Huntington’s-like effects in rats (A) COX, (B) IL-1β, (C) TNF-α. Values are expressed as mean ± S.E.M. (n = 6). Values are statistically significant at # p < 0.05 vs. negative control group, * p < 0.05 vs. 3-nitropropionic acid, ** p < 0.01 vs. 3-nitropropionic acid, *** p < 0.001 vs. 3-nitropropionic acid, respectively (One-way ANOVA followed by Tukey’s test). 
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Figure 7. Effect of fustin on enzymatic activity against 3-nitropropionic acid-induced Huntington’s-like effects in rats (A) GST, (B) SDH. Values are expressed as mean ± S.E.M. (n = 6). Values are statistically significant at # p < 0.05 vs. negative control group, * p < 0.05 vs. 3-nitropropionic acid, ** p < 0.01 vs. 3-nitropropionic acid, *** p < 0.001 vs. 3-nitropropionic acid, respectively (One-way ANOVA followed by Tukey’s test). 
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Figure 8. Effect of fustin on neurotransmitter levels against 3-nitropropionic acid-induced Huntington’s-like effects in rats (A) GABA, (B) Glutamate. Values are expressed as mean ± S.E.M. (n = 6). Values are statistically significant at # p < 0.05 vs. negative control group, * p < 0.05 vs. 3-nitropropionic acid, *** p < 0.001 vs. 3-nitropropionic acid, respectively (One-way ANOVA followed by Tukey’s test). 
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Figure 9. Effect of fustin on BDNF activity against 3-nitropropionic acid-induced Huntington’s-like effects in rats. Values are expressed as mean ± S.E.M. (n = 6). Values are statistically significant at # p < 0.05 vs. negative control group, * p < 0.05 vs. 3-nitropropionic acid, *** p < 0.001 vs. 3-nitropropionic acid, respectively (One-way ANOVA followed by Tukey’s test). 
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Figure 10. Effect of fustin nitrite level against 3-nitropropionic acid-induced Huntington’s-like effects in rats. Values are expressed as mean ± S.E.M. (n = 6). Values are statistically significant at # p < 0.05 vs. negative control group, *** p < 0.001 vs. 3-nitropropionic acid, respectively (One-way ANOVA followed by Tukey’s test). 
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