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Abstract 



Purpose: Chrysin (CHR) is a naturally occurring flavonoid found in the human diet, recognized for its 

potential in preventing neurodegenerative diseases. However, its limited water solubility restricts its 

bioavailability and therapeutic applications. To address this issue and bolster the neuroprotective 

properties of CHR for potential nutraceutical or medicinal use, we investigated a novel compound, 

LQFM280, formed by conjugating CHR with β-d-glucose tetraacetate.  

Methods: We conducted both in vitro (using SH-SY5Y cells, mutant STHdhQ111/Q111 cells, and wild-

type STHdhQ7/Q7 cells), and in vivo (mice) neurotoxicity experimental models induced by 3-

nitropropionic acid, which mimic biological changes akin to Huntington's disease in humans. 

Results: Compared to non-glycosylated CHR, LQFM280 showed superior in vitro effects in preventing 

neurotoxicity caused by increased mitochondrial vulnerability due to mutant huntingtin. In vivo findings 

demonstrated that LQFM280 has heightened efficacy in mitigating weight loss, memory and locomotor 

impairment, oxidative stress, and disruptions in the antioxidant defense system, as well as succinate 

dehydrogenase, and cholinesterase activities induced by 3-nitropropionic acid.  

Conclusion: These findings underscore the significant enhancement of chrysin's neuroprotective effects 

through glycosylation with β-d-glucose tetraacetate, positioning it as a promising candidate for use as a 

nutraceutical or food supplement to promote health benefits. 

 

Keywords: Glycosylated chrysin; Antioxidant; Anticholinesterase; Neuroprotection; Nutraceutical; 

Huntington disease 

 

 

 

 

 

1. Introduction 



 Chrysin (CHR), a naturally occurring flavonoid abundant in honey and propolis, exhibits many 

biological activities (Gao et al., 2021). Its potential spans from combating oxidative stress and 

inflammation to thwarting neurodegeneration and carcinogenesis. Given its presence in the human diet, 

CHR holds promise for preventing various diseases, including cancers, diabetes, Alzheimer's, and 

Parkinson's (Stompor-Goracy et al., 2021). However, despite its therapeutic potential, CHR faces 

challenges due to its low solubility in water and under physiological conditions, resulting in limited 

bioavailability. To overcome these limitations, researchers are exploring methods to enhance its 

pharmacokinetic properties, making it more suitable for medicinal purposes (Zhang et al., 2020; Naseri 

et al., 2023; Okoh et al., 2024). 

One promising approach involves utilizing carbohydrates as drug carriers, offering advantages 

such as targeted delivery, efficient transfection, and low toxicity (Chen and Huang, 2019). This strategy 

has gained significant traction, especially in delivering drugs to specific treatment areas. Notably, 

glycosylation has emerged as a chemical tool to improve the bioavailability of flavonoids like CHR, 

thereby enhancing their pharmacokinetic properties and therapeutic potential (Zhu et al., 2016; Wang et 

al., 2022). By addressing these challenges, CHR could become a more effective agent in combating 

various diseases, opening directions for novel treatments and interventions. 

Indeed, recent research has illuminated the potential of glycosylated CHR derivatives, such as β-

d-glucose tetraacetate (LQFM280; Figure 1), in combatting neurotoxicity. A study on Swiss mice 

demonstrated LQFM280's superior protective effects against aluminum-induced neurotoxicity compared 

to non-glycosylated CHR (Okoh et al., 2024). Notably, aluminum's neurotoxic properties bear 

similarities to the alterations observed in Alzheimer’s disease (Choudhury et al., 2023), making 

LQFM280's efficacy particularly relevant in the context of neurodegenerative disorders. The enhanced 

effects of LQFM280 were attributed to its heightened ability to traverse the cell membrane, accessing 

the cytoplasm where its antioxidant properties could manifest. This study underscored the promise of 

LQFM280 as a neuroprotective agent, presenting new avenues for treating neurodegenerative disorders. 



In light of these findings, further exploration of LQFM280's neuroprotective effects is imperative. 

Experimental models employing various toxins are crucial for understanding its efficacy in addressing 

diverse neurodegenerative disorders. Therefore, we conducted a study to assess LQFM280's protective 

effects against toxicity induced by 3-nitropropionic acid (3-NP), a mitochondrial complex II toxin found 

in infested plants and fungi that promotes neuronal damage resembling the pathogenetic events of 

Huntington’s disease (HD) (Binienda et al., 1998; Bendiksen Skogvold et al., 2022). A study 

demonstrated that the mutant huntingtin protein, which plays a role in the onset and progression of HD, 

increases cell vulnerability to mitochondrial complex II inhibition by 3-NP (Ruan et al., 2004). This 

results in cell death through mitochondrial membrane depolarization, calcium overload, and the 

subsequent opening of the mitochondrial transition pore. Additionally, this neurotoxin also mimics the 

pathogenetic events of HD in animal models by crossing the blood-brain barrier (BBB) and eliciting 

neurotoxic effects in the brain (Dhadde et al., 2016; Shalaby et al., 2018). By investigating LQFM280's 

efficacy against 3-NP-induced toxicity in vitro and in vivo models, we aim to further elucidate its 

potential as a therapeutic agent for neurodegenerative disorders like HD. This research endeavor holds 

promise for advancing our understanding of LQFM280's neuroprotective capabilities, which corroborate 

its potential beneficial applications in nutrition and healthcare. 

 

2. Materials and Methods 

2.1. Chemicals 

3-Nitropropionic Acid (3-NP), Dimethyl sulfoxide (DMSO), Tween 80%, Ketamine, Xylazine 

Hydrochloride, Acetylthiocholine (ATCh), Butyrylthiocholine (BTCh), 2,4- dinitrophenylhydrazine 

(DNPH), 5,5′-Dithiobis (2-nitrobenzoic acid) (DTNB), Epinephrine bitartrate, Malondialdehyde 

(MDA), Bovine Serum Albumin (BSA) and Sodium Dodecyl Sulfate (SDS) were obtained from Sigma 

Chemical (St. Louis, MO, USA). All other chemicals were obtained in an analytical grade or from other 

standard commercial suppliers. 

 



2.2. Obtaining of CHR and LQFM280  

 CHR was obtained from Sigma Chemical (St. Louis, MO, USA; CAS number 480-40-0). The 

LQFM280 compound assessed in this study corresponds to the same sample utilized in the investigation 

conducted by Okoh et al. (2024). Comprehensive information concerning the synthesis and identification 

of this compound can be found in the aforementioned study. 

 

2.3 Cell cultures 

 SH-SY5Y human neuroblastoma cells (catalog no. 94030304, European Collection of 

Authenticated Cell Cultures, Health Security Agency, Porton Down, Salisbury, UK)  were routinely 

grown in Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS), 2 mM l-glutamine, 50 U/mL penicillin, and 50 μg/mL streptomycin at 37 °C in a humidified 

incubator with 5% CO2. Immortalized murine striatal cell lines STHdhQ7/Q7 and STHdhQ111/Q111 

were obtained from Coriell Cell Repository (Camden, New Jersey). These two cell lines express wild-

type or mutant forms, respectively, of Huntingtin, the protein underlying HD (Ruan et al., 2004). The 

striatal cell lines were cultured in DMEM supplemented with 8% FBS, 50U/ml penicillin, 50 µg/ml 

streptomycin, and 2mM l-glutamine at 33°C in a humidified incubator with 5% CO2. 

 

2.4 In vitro neuroprotective activity 

SH-SY5Y cells were seeded in a 96-well plate at 2 × 104 cells/well, incubated for 24 h, and 

subsequently treated with studied compounds (1.25 and 2.5 µM) for 1 h. Then, cells were treated with 3-

NP (20 mM) for 2 h. The viability of SH-SY5Y cells was then measured using the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as previously described (Di Martino et al., 2020). 

Briefly, the treatment was replaced with MTT in Hanks’ Balanced Salt Solution (0.5 mg/mL) for 2 hours 

at 37 °C in 5% CO2. The formazan crystals were solubilized in isopropanol after washing with Hanks’ 

Balanced Salt Solution. The amount of formazan was then determined at 570 nm (reference filter 690 

nm) by plate reader VICTOR™ X3 (PerkinElmer). Data are expressed as a percentage of neurotoxicity 



versus untreated cells. STHdhQ7/Q7 and STHdhQ111/Q111 cells were seeded in a 96-well plate at 2 × 

104 cells/well, incubated for 24 h, and subsequently treated with the studied compounds (0.63 and 1.25 

µM) for 1 h. Then, cells were treated with 3-NP (10 mM) for 2 h. At the end of the treatments, the cell 

viability was measured using the MTT. Data are expressed as a percentage of neurotoxicity versus 

untreated cells. 

 

2.5 Animals 

For the experiment, we used male Swiss mice that were 8 weeks old. The animals were kept at a 

stable room temperature of 22 ± 2 °C and in a controlled cycle of 12 hours of light/darkness, with free 

access to food and water. All experimental procedures were carried out between 08:00 and 16:00. The 

animal experiments were carried out with strict adherence to the guidelines set forth by the Regulations 

of the National Council for the Control of Animal Experimentation (CONCEA) for the Production or 

Use of Animals in Teaching Activities or Scientific Research (3rd edition). Additionally, the experiments 

were conducted in accordance with the ARRIVE (NC3Rs – National Center for Replacement, 

Refinement, and Reduction of Animals in Research) guidelines and in compliance with the 

recommendations outlined in the National Research Council’s Guide for the Care and Use of Laboratory 

Animals (8th edition). All protocols employed in the study received approval from the Ethics Committee 

on Animal Use at the Federal University of Goiás (CEUA-UFG), as declared in the amendment protocol 

number CEUA-UFG 053/2016, dated 03/07/2022. 

 

 

2.6 Experimental procedure 

For this study, the animals were randomly assigned to four groups (n = 10): Control, 3-NP, 

Chrysin (CHR), and LQFM280. The animals received two treatments over 30 days. In the first treatment, 

administered orally (p.o.), the Control and 3-NP groups received a vehicle solution (2% DMSO, 3% 

Tween 80, and 0.9% saline), while the CHR and LQFM280 groups received their respective compounds 



at a dose of 1 mg/kg. In the second treatment, administered intraperitoneally (i.p.) one hour after the first 

treatment, the Control group received normal saline (10 mL/kg), and the 3-NP, CHR, and LQFM280 

groups received the 3-NP toxin at a dose of 20 mg/kg, administered every three days. At the end of the 

treatments, behavioral and biochemical tests were performed (Figure 2). 

The 3-NP animal model was based on the works of Abdelfattah et al. (2020) and Campos et al. 

(2024). The 20 mg/kg dose of 3-NP was selected based on our own standardization, as it was the most 

effective in inducing behavioral and cellular alterations in mice under our experimental conditions. The 

dosing for CHR and LQFM280 was determined based on our previous study (Okoh et al., 2024), where 

the lowest dose (1 mg/kg) showed a neuroprotective effect comparable to that of higher doses (3 and 10 

mg/kg). Consequently, a 1 mg/kg dose was chosen for CHR and LQFM280 in this study. 

 

2.7 Behavioral tests 

2.7.1 Chimney test (CMT) 

The test was performed weekly, and the test was used to evaluate the locomotor activity of the 

animals, following the methodology previously described by Brito et al. (2018). It involves assessing the 

capacity of the animals to climb in a backward direction through a vertical acrylic tube, while measuring 

the time it took for them to climb the entire tube within a 30-second timeframe.  

 

 

 

2.7.2 Locomotor activity test by rotarod (LAR) 

The motor skills and resistance behavior of the animals follow the method previously described 

by Collenberg et al. (2019). During the training phase, animals were placed on the apparatus and rotated 

at a speed of 10 rpm for 5 minutes. In the retention phase, the rotarod was set to accelerate at 5 rpm every 

5 seconds until 50 rpm, and the length of time the animals remained on the apparatus was recorded with 



a maximum time of 5 minutes. The latency to fall off the rotarod in seconds was measured for all test 

phases. 

 

2.7.3 Open field test (OFT) 

The locomotor and exploratory behavior of the animals was evaluated by OFT using the 

procedure described by Antiorio et al. (2022). The open field is divided into nine squares, and each 

animal was placed individually in the center of the arena. To evaluate their exploratory activity, the 

number of segments crossed by each animal, adhering to the four-paw criterion, was recorded during a 

5-minute session. 

 

2.7.4 Step-down avoidance test (SDPAT) 

The long-term memory was evaluated by SDPAT using the protocol described by Li et al. (2023). 

During the training session, the animals received an electric shock of 0.5 mA/s upon reaching a second 

platform with all four paws. This platform was positioned parallel to the initial platform where the 

animals were initially placed. Twenty-four hours later, the animals underwent a subsequent trial without 

the application of an electric shock. The recorded latency time for animals to reach the second platform 

was noted. If the animals displayed a prolonged latency period in reaching the second platform compared 

to what was observed during the training session, it indicated successful memory acquisition. The latency 

time (measured in seconds) represents the duration the animal spends on the initial platform before 

descending onto the second platform with all four paws. 

2.8 Tissue collection and preparation 

Twenty-four hours following the final behavioral test, the animals were anesthetized 

intraperitoneally using ketamine and xylazine hydrochloride. Subsequently, they were euthanized 

through decapitation, and the striatum was carefully dissected and isolated. The extracted samples were 

homogenized in 50 mM potassium phosphate buffer (KPB) with a pH of 7.4, using a ratio of 1 part 

sample to 6 parts buffers (w/v). The resulting homogenate (HT) was then subjected to centrifugation at 



8000 x g for 10 minutes, producing the low-speed supernatant (S1). Both the HT and S1 fractions were 

preserved and utilized for the subsequent assay procedures. For succinate dehydrogenase (SDH) 

estimation the striatum was homogenized in ice-cold extraction buffer solution (10mM Tris-HCl, pH 7.4, 

0.44M sucrose, 10mM EDTA and 0.1% BSA). The homogenates were centrifuged at 3354 × g and 4 °C 

for 30 min to get the supernatants. The supernatants once again were centrifuged at 3354 × g and 4 °C 

for 45 min. The mitochondrial pellets were collected, washed with extraction buffer and the solutions 

were centrifuged at 3354 ×g and 4 °C for 45 min. The pellets were re-suspended in suspension buffer 

(0.44M sucrose in 10mM Tris-HCl, pH 7.4) and the mitochondrial suspensions were used for the 

estimation of SGH activity. 

 

2.9 Biochemical assays  

2.9.1 Lipid peroxidation (LPO) levels 

The measure of thiobarbituric acid reactive substances (TBARS) was performed as previously 

described by Campos et al. (2022). The striatum HT fractions were incubated with thiobarbituric acid, 

acetic acid (pH 3.4), and SDS at 95°C for 60 minutes. The reaction product was spectrophotometrically 

determined at 532 nm. An MDA curve was performed to interpret the results, which are expressed as 

MDA equivalents in nmol/mg protein. 

 

 

2.9.2 Carbonyl protein (CP) levels  

The striatum HT fractions were incubated with DNPH in 2 mol/L HCl for 1 h and after 

denaturation buffer, ethanol, and hexane were added to each tube and the final mixture was vortexed for 

40 sec and centrifuged at 3000 x g for 10 min. The supernatant obtained was discarded. The pellet was 

washed with ethanol-ethyl acetate (1:1 v/v) and re-suspended in denaturation buffer. The sample was 

vortexed for 5 min and was used to measure absorbance at 370 nm. The results were expressed as nmol 

of carbonyl content/mg protein. (Campos et al., 2022).  



 

2.9.3 Superoxide dismutase (SOD) activity 

The SOD activity was determined spectrophotometrically following the method described by 

Okoh et al. (2024). The striatum S1 fractions were mixed with 60 mmol/L of epinephrine bitartrate (pH 

10), and the color intensity was measured at 480 nm. The enzymatic activity was expressed as units (U) 

of SOD per mg of protein. 

 

2.9.4 Catalase (CAT) activity 

The CAT activity was measured following the method of Okoh et al. (2024). The striatum S1 

fractions were mixed with H2O2 and sodium phosphate buffer at pH 7.0. The rate of H2O2 decomposition 

was spectrophotometrically measured at 240 nm and used to calculate the enzymatic activity, which was 

expressed in U of CAT per mg of protein. One unit of enzyme was defined as the amount needed to 

decompose one micromole of H2O2 per minute at pH 7.0 and 25°C. 

 

2.9.5 Glutathione Peroxidase Activity (GPx) 

Following the protocol described by Okoh et al. (2024), the striatum S1 fractions were incubated 

with a reaction mixture containing glutathione reduced (GSH), NADPH, sodium azide, and glutathione 

reductase (GR). Then, H2O2 was added to initiate the reaction, which was allowed to proceed for a fixed 

time. The decrease in absorbance due to NADPH oxidation was measured at 340 nm. The activity of 

GPx was expressed in U of GPx/mg protein.  

 

2.9.6 Cholinesterases (ChEs) activity 

The ChEs enzyme activities were measured following the methods previously described by 

Campos et al. (2022). The striatum S1 fractions were mixed with 0.3 mmol/L of DTNB and 0.45 mmol/L 

of ATCh or BTCh as substrates for acetylcholinesterase (AChE) and butyrylcholinesterase (BChE), 

respectively. The enzymatic reaction was initiated, and the enzyme activities were measured 



spectrophotometrically at 412 nm for 5 minutes. The activities of AChE and BChE were expressed by 

μmol of ACThE/min/mg of protein and μmol of BTChE/min/mg of protein, respectively. 

 

2.9.7 Succinate dehydrogenase (SDH) – Complex II activity  

According to the protocol described by Campos et al. (2024), the mitochondrial suspension was 

added to the reaction mixture of phosphate buffer (0.2 M, pH 7.8), succinic acid (0.6 M, pH 7.8), (1% 

w/v) of BSA, and potassium ferricyanide (0.3 M). To measure the succinate dehydrogenase, the decrease 

in absorbance at 420 nm for 3 min using water as a blank was assayed. Values were expressed in nmol 

of succinate oxidized (SCT)/ min/ mg of protein. 

 

2.9.8 Protein content determination  

According to the protocol described by Campos et al. (2024), the total protein concentration was 

determined using the Bradford reagent with BSA as the standard. 

 

2.10 Histopathological and morphometric analysis 

The striatum tissue specimens were preserved in a 4% paraformaldehyde for 24h. Following this 

fixation process, the specimens underwent a gradual dehydration procedure using a series of ethanol 

solutions, were further clarified in xylol, and subsequently impregnated in paraplast (Histosec, Merck, 

Darmstadt, Germany). The paraffin-embedded tissues were then sliced into 5 μm sections using a Leica 

microtome (Leica RM2155, Nussloch, Germany). The sections were subjected to staining using thionine 

acetate and were subsequently examined under a Zeiss Axioscope A1 light microscope (Zeiss, Germany). 

To assess neurodegeneration, a morphometric analysis was conducted to determine the percentage (%) 

of neuronal death in the striatum region. This analysis involved the examination of 30 photomicrographic 

fields (six fields per animal, n = 5 animals per group). The percentage (%) of necrotic neurons was 

determined relative to the total neuron count in each photomicrographic field. Data analysis was 

conducted using Image Pro-Plus software version 6.1 (Media Cybernetics Inc., Silver Spring, MD, USA). 



 

2.11 Data presentation and statistical analysis 

Experimental data were presented as mean(s) ± S.E.M. The data were analyzed using inferential 

statistical methods, incorporating both parametric and non-parametric approaches. Initially, a parametric 

ANOVA was conducted, with rigorous checking of essential assumptions, including residual normality 

assessed by the Shapiro-Wilk test and homoscedasticity of variances verified by the Levene test. When 

homogeneity of variances was not confirmed, ANOVA was adjusted using Welch’s correction. If the 

normality assumptions for the parametric ANOVA model were not verified, a non-parametric ANOVA 

model, specifically the Kruskal-Wallis test, was employed. In cases of rejecting the null hypothesis in 

the ANOVA model, pairwise comparisons were performed. If the assumptions of normality were 

verified, the Student’s t-test was applied, with Welch’s correction used in the absence of 

homoscedasticity. If normality was not verified, non-parametric tests, such as the Mann-Whitney test, 

were used. To control for Type I error in the combined interpretation of pairwise comparison results, the 

Holm-Bonferroni correction was applied, ensuring the necessary statistical rigor for multiple testing. .  

For post-hoc multiple comparisons, we used the Dunn test. For the two-way ANOVA, due to the lack of 

normality in the residuals, we chose to use the Aligned Rank Transform (ART) test, which transforms 

the data to meet the assumptions of parametric ANOVA and then applies conventional ANOVA. For 

post-hoc multiple comparisons, we used the Tukey´s test.  All calculations and graph generation were 

carried out using RStudio (version 4.4.1) and GraphPad Prism (version 8.0.1) softwares. 

 

3. Results 

3.1 In vitro neuroprotective activity  

The neuroprotective effects of CHR and LQFM280 were first investigated against the 

neurotoxicity induced by 3-NP in SH-SY5Y cells, which exhibit characteristics of dopaminergic neurons 

(Kovalevich and Langford, 2013). We used concentrations of CHR and LQFM280 that have been 

previously shown not to be associated with in vitro neurotoxicity (Okoh et al., 2024). The parametric 



ANOVA with Welch’s correction, showed a difference between the groups (F 4, 21 = 129.1, p < 0.001). 

The Mann-Whitney test evidenced that the treatment of SH-SY5Y cells with CHR 2.5 μM (37.45 ± 1.35 

%) and LQMF280 2.5 μM (16.18 ± 0.68 %) significantly reduced the neurotoxicity induced by 3-NP 20 

mM (47.18 ± 0.94 %) (p < 0.001). The reduction of neurotoxicity was greater with LQFM280 than CHR 

(p < 0.001). At the concentration of 1.25 μM, only LQFM280 (25.09 ± 1.46 %) decreased the 

neurotoxicity evoked by 3-NP. These results indicate that both compounds have neuroprotective effects, 

but the LQFM280 is the most potent compound (Figure 3). 

To assess the effectiveness of CHR and LQFM280 in preventing neurotoxicity caused by 

increased mitochondrial vulnerability due to mutant huntingtin, we also treated mutant 

STHdhQ111/Q111 and wild-type STHdhQ7/Q7 cells with the studied compounds and 3-NP. The mutant 

STHdhQ111/Q111 cells treated with 3-NP 10 mM, in the absence of the studied compounds, showed 

higher sensitivity to its neurotoxicity than the wild-type STHdhQ7/Q7 cells (30% vs. 10%), confirming 

the increased mitochondrial vulnerability mediated by mutant huntingtin protein. Regarding the 

treatment with CHR and LQFM280, we used concentrations up to 1.25 μM, which were not associated 

with in vitro neurotoxicity (data not shown). 

For wild-type STHdhQ7/Q7, the non-parametric ANOVA showed difference between the groups 

(Chi-squared = 15.528, df = 4, p < 0.0001) and Mann-Whitney test showed that treatment with LQFM280 

0.6 μM (2.33 ± 0.46 %) and 1.25 μM (1.76 ± 0.66 %) significantly reduced the neurotoxicity evoked by 

3-NP (p = 0.023 and p = 0.0043, respectively) (Figure 4 A). For the mutant STHdhQ111/Q111 cells, 

non-parametric ANOVA showed difference between the groups (Chi-squared = 33.44, df = 4, p < 0.0001) 

and Mann-Whitney test showed that the LQFM280 0.6 μM (20.35 ± 0.62 %) and LQFM280 1.25 μM 

(20.74 ± 1.38 %) significantly reduced the neurotoxicity evoked by 3-NP (p = 0.0069 and p < 0.0002, 

respectively). The treatment with CHR 1.25 μM (20.25 ± 0.87 %) significantly decreased the 

neurotoxicity only in mutant STHdhQ111/Q111 cells (p = 0.0002) (Figure 4B). Taken together, these 

results confirm the highest neuroprotective potency of LQFM280. 

 



3.2 Behavioral tests 

3.2.1 Body Weight Gain 

Body weight gain was assessed by calculating the difference between the weights of the animals 

before and after the treatments. The non-parametric ANOVA showed differences between the groups 

(Chi-squared = 16.223, df = 3, p < 0.0001). The Mann-Whitney comparations revealed that 3-NP group 

exhibited weight loss (-2.66 ± 0.7 g) when compared to the control group (0.90 ± 0.54 g), p = 0.016. Both 

the CHR 1 mg/kg (1.40 ± 0.60 g) and LQFM280 1 mg/kg (2.10 ± 0.34 g) groups demonstrated protection 

against weight loss when compared to the 3-NP group (p = 0.020 and p = 0.0004, respectively). 

Furthermore, there was significant difference between the LQFM280 1 mg/kg and CHR 1 mg/kg groups 

(p = 0.049) (Figure 5). 

 

 

 

 

3.2.2 Chimney test (CMT)  

As depicted in Figure 6A, the results of the two-way ANOVA, using the Aligned Rank Transform 

(ART) test, revealed a significant difference between the groups (F 3, 396 = 73.03 p < 0.0001). Similarly, 

there was a significant difference in the administration progression of 3-NP or vehicle (F 10, 396 = 48.74, 

p < 0.0001) and a significant interaction between the treatments and the number of 3-NP or vehicle 

administrations (F30, 396 = 5.89, p = 0.0001). Tukey’s post hoc comparations showed no significant 

difference between the groups until the third administration of 3-NP or vehicle (p > 0.05). However, 

starting from the fourth until the tenth administration of 3-NP or vehicle, the 3-NP group exhibited an 

increase in climbing time when compared to the control group (p < 0.001). In addition, in the fourth until 

the tenth administration of 3-NP, the CHR 1 mg/kg and LQFM280 1 mg/kg groups presented an 

improvement of climbing time when compared with 3-NP group (p < 0.05). 

 



3.2.3 Locomotor activity test by rotarod (LAR)  

Parametric ANOVA with Welch’s correction showed a significant difference among the groups 

(F 3, 33 = 28.421 and p < 0.0001). Student’s T test revealed that the 3-NP group displayed a reduction in 

the retention time of the fall (5.71 ± 0.90 s) when compared to the control group (33.51 ± 3.96 s) (p = 

0.0005). Both the CHR 1 mg/kg (15.75 ± 1.62 s) and LQFM280 1 mg/kg (23.05 ± 2.75 s) groups 

demonstrated protection against the reduction in latency time when compared to the 3-NP group (p < 

0.0001 and p = 0.0008, respectively). Additionally, the LQFM280 1 mg/kg group differed significantly 

from the CHR 1 mg/kg group (p = 0.036) (Figure 6B). 

 

3.2.4 Open Field Test (OFT) 

Parametric ANOVA showed a significant difference among the groups (F 3, 33 = 28.421 and p < 

0.0001). Student’s T test revealed that the animals in the 3-NP group (50.50 ± 3.02) exhibited a reduction 

in the number of crossings when compared to the control group (74.14 ± 6.03) (p = 0.018). CHR 1 mg/kg 

(56.11 ± 3.62) was not different when compared to the 3-NP group (p = 0.51). In the other hand, 

LQFM280 1 mg/kg (73.0 ± 2.18) group demonstrated an increased number of crossings when compared 

to the 3-NP group (p < 0.0001). Furthermore, the LQFM280 1 mg/kg group differed significantly from 

the CHR 1 mg/kg group (p = 0.0075) (Figure 6C). 

 

3.2.5 Step-down avoidance test (SDPAT)  

Parametric ANOVA with Welch’s correction showed a significant difference among the groups 

(F 3, 33 = 80.866 and p < 0.0001). Student’s T test revealed that in trial session, the animals of the 3-NP 

group exhibited a shorter latency time (5.18 ± 0.82 s) when compared to the control group (49.98 ± 4.22 

s) (p < 0.0001). Both the CHR 1 mg/kg (22.22 ± 1.85 s) and LQFM280 1 mg/kg (34.64 ± 2.64 s) groups 

showed a significant increase in latency time compared to the 3-NP group (p < 0.0001). Additionally, 

the LQFM280 1 mg/kg group differed significantly from the CHR 1 mg/kg group (p = 0.0003) (Figure 

7). 



 

3.3 Biochemical analyses  

3.3.1 Lipid peroxidation (LPO) level 

 Parametric ANOVA showed a significant difference among the groups (F 3, 27 = 27.80, p < 

0.0001). Student’s T test revealed an increase in LPO levels in the 3-NP group (8.97 ± 0.29) when 

compared to the control group (5.68 ± 0.29) (p < 0.0001). Both the CHR (5.68 ± 0.29) and LQFM 1 

mg/kg (6.70 ± 0.29) groups exhibited a decrease in MDA levels when compared to the 3-NP group (p = 

0.017 and p < 0.0001, respectively). Furthermore, the LQFM280 1 mg/kg group differed significantly 

from the CHR 1 mg/kg group (p = 0.014) (Figure 8A). 

 

 

 

3.3.2 Carbonyl Protein (CP) level  

Parametric ANOVA showed a significant difference among the groups (F 3, 27 = 18.95, p < 

0.0001). Student T test indicated that the 3-NP group (0.51 ± 0.03) exhibited an increase in CP level 

when compared to the control group (0.34 ± 0.02) (p = 0.002). Both the CHR (0.40 ± 0.01) and LQFM 

1 mg/kg (0.33 ± 0.02) groups demonstrated a decrease in CP levels when compared to the 3-NP group 

(p = 0.0052 and p = 0.0006, respectively). Additionally, the LQFM280 1 mg/kg group differed 

significantly from the CHR 1 mg/kg group (p = 0.023) (Figure 8B). 

 

3.3.3 Superoxide dismutase (SOD) activity 

. Parametric ANOVA with Welch’s correction showed a significant difference among the groups 

(F 3, 31 = 46.235, p < 0.0001). Student T test revealed a significant reduction in SOD activity in the 3-NP 

group (14.13 ± 1.28) when compared to the control group (47.18 ± 4.15) (p < 0.0001). Both the CHR 

(28.37 ± 2.30) and LQFM 1 mg/kg (49.0 ± 3.27) groups demonstrated an increase in SOD activity when 



compared to the 3-NP group (p = 0.0006 and p < 0.0001, respectively). Furthermore, the LQFM280 1 

mg/kg group differed significantly from the CHR 1 mg/kg group (p = 0.0004) (Figure 8C). 

 

3.3.4 Catalase (CAT) activity 

Parametric ANOVA showed a significant difference among the groups (F 3, 31 = 21.04, p < 

0.0001). Student’s T test revealed a significant decrease in CAT activity in the 3-NP group (6.12 ± 0.26) 

when compared to the control group (10.37 ± 0.32) (p < 0.0001). CHR (7.03 ± 0.49) group did not differ 

when compared to the 3-NP group (p = 0.1598). In the other hand, LQFM280 1 mg/kg (9.22 ± 0.50) 

group demonstrated an increase in CAT activity when compared to the 3-NP group (p = 0.0004). Further, 

the LQFM280 1 mg/kg group differed significantly from the CHR 1 mg/kg group (p = 0.0228) (Figure 

8D). 

 

3.3.5 Glutathione peroxidase (GPx) activity 

The GPx activity results are presented in figure 8E. Parametric ANOVA showed a significant 

difference among the groups (F 3, 31 = 19.84, p < 0.0001). Wilcoxon test indicated that the 3-NP group 

(1.57 ± 0.15) exhibited a significant decrease in GPx activity when compared to the control group (2.81 

± 0.23) (p < 0.0001). Both the CHR (2.55 ± 0.10) and LQFM 1 mg/kg (3.27 ± 0.27) groups showed an 

increase in GPx activity when compared to the 3-NP group (p = 0.0004 and p < 0.0001, respectively). 

Furthermore, the LQFM280 1 mg/kg group differed significantly from the CHR 1 mg/kg group (p < 

0.05) (Figure 8E). 

 

3.3.6 Succinate dehydrogenase (SDG) activity 

Non-parametric ANOVA showed a significant difference among the groups (Chi-squared = 

32.105, df = 3, p < 0.0001). The Mann-Whitney test revealed that the 3-NP group (18.95 ± 0.66) exhibited 

a significant decrease in SDG activity when compared to the control group (51.96 ± 2.26) (p < 0.0001). 

Both the CHR (29.99 ± 1.24) and LQFM 1 mg/kg (40.45 ± 1.34) groups showed an increase in SDG 



activity when compared to the 3-NP group (p = 0.061 and p = 0.0005). Furthermore, the LQFM280 1 

mg/kg group differed significantly from the CHR 1 mg/kg group (p = 0.046) (Figure 8F). 

 

3.3.7 Cholinesterases Activities 

The AChE activity results are presented in figure 8G. Parametric ANOVA showed a significant 

difference among the groups (F 3, 36 = 31.31, p < 0.0001). Student T test showed that the 3-NP group 

(16.03 ± 0.77) exhibited a greater activity when compared to the control group (6.14 ± 0.83) (p < 

0.0001). Both CHR (11.85 ± 0.83) and LQFM 1 mg/kg (8.74 ± 0.54) groups demonstrated a decrease 

in AChE activity when compared to the 3-NP group (p = 0.0054 and p < 0.0001). Additionally, the 

LQFM280 1 mg/kg group differed significantly from the CHR 1 mg/kg group (p = 0.012). 

The BChE activity results are presented in figure 8H. Parametric ANOVA showed a significant 

difference among the groups (F 3, 32 = 47.10, p < 0.0001). Student T test revealed that the 3-NP group 

(2.14 ± 0.12) displayed a greater activity when compared to the control group (0.59 ± 0.10) (p < 0.0001). 

Both CHR (1.11 ± 0.07) and LQFM 1 mg/kg (0.82 ± 0.08) groups showed a decrease in BChE activity 

when compared to the 3-NP group (p < 0.0001). Furthermore, the LQFM280 1 mg/kg group differed 

significantly from the CHR 1 mg/kg group (p = 0.046). 

 

3.3.8 Histopathological and morphometric analysis 

The morphological and morphometric data presented in Figure 9. Non-parametric ANOVA 

showed a significant difference among the groups (Chi-squared = 36.017, df = 3, p < 0.0001). The Mann-

Whitney test indicate that the control group (0.43 ± 0.15) exhibited a low rate of neuronal death. . The 

striatum of control animals showed intact neurons, with a voluminous and oval cell body and with lower 

intensity of thionine staining. These cells had a voluminous nucleus with an evident nucleolus. As 

expected, exposure to 3-NP (2.74 ± 0.43) resulted in a significant increase in striatum neuronal death (p 

< 0.0001). Necrotic neurons were characterized by cytoplasmic and nuclear hyperstaining, as well as 

irregular neuronal cell body morphology. Treatment with CHR (1.83 ± 0.32) and LQFM280 (0.81 ± 



0.20) effectively reduced the percentage of neuronal death (p = 0.016 and p < 0.0001). Moreover, the 

neuroprotective effect was more pronounced in the LQFM280 group compared to the CHR group (p = 

0.0158). 

 

4. Discussion   

Initially, we would like to draw attention to the fact that the literature reports some limitations in 

using 3-NP as an animal model for HD, including its inability to reproduce dyskinetic movements in 

rodents similar to those observed in primates (Túnez et al., 2010). However, 3-NP is a toxin commonly 

used to induce HD-like symptoms in experimental animals for research aimed at drug discovery and 

development for HD (Upadhayay et al., 2023), which is the focus of this study.  

CHR is a bioactive flavonoid previously reported to possess antioxidant and neuroprotective 

effects against toxicity induced by 3-NP in the striatum of male Wistar rats (Thangarajan et al., 2016). 

Given the challenges of CHR reaching target tissues such as the brain, we demonstrate here that CHR 

glycosylated with β-d-glucose tetraacetate (LQFM280) exhibits enhanced effects compared to non-

glycosylated CHR. Although further tests are necessary to confirm the beneficial effects of LQFM280 

on mitochondrial dysfunction, our results indicate that LQFM280 protects against impairments in 

mitochondrial function, as evidenced by the restoration of succinate dehydrogenase activity and in vitro 

findings showing that LQFM280 more effectively prevents neurotoxicity caused by the increased 

mitochondrial vulnerability due to mutant huntingtin. Moreover, LQFM280 shows superior efficacy in 

preventing weight loss, memory impairment, oxidative stress, and alterations in antioxidant defense 

systems, succinate dehydrogenase, and cholinesterase activities induced by 3-NP. These initial findings 

provide convincing evidence that LQFM280 is a more suitable compound for medicinal applications, 

such as in the treatment of HD.  

In this study, the administration of 3-NP for 30 days mimicked HD-like symptoms, including 

reduced body weight and impaired locomotor and cognitive functions, as previously reported (Túnes et 



al., 2010; Sharma et al., 2021). One of the factors contributing to body weight loss induced by 3-NP is 

the inhibition of the SDH enzyme, which blocks ATP synthesis, leading to a bioenergetic failure (Souza 

et al., 2014; Thangarajan et al., 2016; Kadir et al., 2022). Consistent with this, our findings indicated 

SDH activity inhibition, explaining the observed weight loss in animals treated only with 3-NP. 

Conversely, both CHR and LQFM280 prevented the impairment of SDH activity caused by 3-NP, 

thereby protecting against weight loss. Additionally, LQFM280 exhibited a superior effect compared to 

CHR in both SDH activity and weight loss evaluations, suggesting greater potency. 

Previous studies have shown that CHR nanoparticles significantly inhibit SDH activity in normal 

mouse liver, human fibroblasts (Ragab et al., 2022), and pancreatic and lung cancer cells (Ragab et al., 

2023). Our study demonstrates that CHR glycosylation, used as a drug delivery system, enhances CHR's 

neuroprotective efficacy. Glycosylation of compounds for medicinal purposes offers advantages such as 

simplicity of obtaining and the absence of production difficulties on a large scale when compared to 

nanoparticles and liposomes (Okoh et al., 2024). 

Regarding behavioral parameters, systemic administration of 3-NP significantly reduced the 

mean fall time in the LAR task, decreased the number of crossings in the OFT, and prolonged the time 

to climb in the CMT task, indicating striatal lesions and motor defects. These findings align with previous 

studies demonstrating similar movement disabilities following 3-NP administration (Ramachandran and 

Thangarajan, 2016; Manjari et al., 2022; Rabie et al., 2024; Haddadi et al., 2024). CHR and LQFM280 

treatments protected against locomotor disturbances induced by 3-NP, with LQMF280 showing a more 

pronounced effect compared to CHR. Additionally, 3-NP induced memory impairment, consistent with 

previous studies (Kumar and Kumar, 2009; Lum et al., 2023; Rabie et al., 2024; Haddadi et al., 2024). 

On the other hand, both treatments mitigated memory impairment, with LQFM280 exhibiting an 

enhanced effect compared to CHR. 

This study also demonstrated that 3-NP administration increased AChE and BChE activities, 

consistent with dysfunctional cholinergic neurotransmission in HD animal models (D'Souza and 

Waldvogel, 2016; Deng and Reiner, 2016). Increased enzyme activity could lead to decreased striatal 



ACh levels, inhibiting neurotransmission and resulting in locomotor and memory impairment 

(Mohammed and Mansour, 2021). CHR and LQFM280 treatments protected against the increase in 

cholinergic enzyme activities induced by 3-NP. LQFM280 exhibited enhanced cholinesterase inhibitory 

effects compared to CHR, further supporting its superior protective characteristics. 

Another important finding was the oxidative stress and apoptosis induced by 3-NP in the mice's 

striatum, as these events are key pathological features of 3-NP-induced neurotoxicity (Upadhayay et al., 

2023). CHR attenuated oxidative stress and prevented apoptosis induced by 3-NP, consistent with 

previous findings (Thangarajan et al., 2016). In addition, LQFM280 reduced oxidative stress biomarkers 

(MDA and CP levels), enhanced the antioxidant defense system (SOD, CAT, and GPx activities), and 

reduced apoptosis to a greater extent than CHR. Thus, LQFM280 demonstrates superior neuroprotective 

effects against oxidative damage induced by 3-NP, positioning it as a more advantageous compound for 

mitigating oxidative stress. 

The findings of this study demonstrate that LQFM280, a derivative of CHR, exhibits superior 

neuroprotective effects compared to the lead flavonoid in countering 3-NP toxicity. However, it is 

important to note that these results represent the first evidence of the potential neuroprotective effects of 

LQFM280, and further studies are necessary to fully characterize its interactions with biological systems, 

including bioavailability assessments. 

Additionally, this study supports the use of flavonoid glycosylation as a promising strategy to 

enhance the pharmacological properties of these compounds for medicinal purposes. Considering that 

nutraceuticals are formulations of nutrients designed to prevent and treat diseases (Puri et al., 2022), this 

research provides valuable insights into the optimal preparation of CHR as a natural compound for health 

benefits, including its potential application in treating Huntington's disease (HD) and other 

neurodegenerative disorders. Specifically, in this case, the glycosylation of CHR with β-d-glucose 

tetraacetate (LQFM280) proved to be more effective than non-glycosylated CHR. 

 



5. Conclusion 

Our findings indicate that LQFM280 is a promising compound with greater potential than CHR 

for the prevention or treatment of diseases, particularly HD. Specifically, the oral administration of 

LQFM280 demonstrated potential neuroprotective effects in Swiss mice, as evidenced by improvements 

in mitochondrial function, reduction of oxidative stress, restoration of cholinergic system balance, 

enhanced neuronal survival, and improved locomotor and cognitive performance. However, further 

research involving additional parameters is necessary to fully validate these conclusions. Additionally, 

expanded studies are warranted to evaluate the effects of LQFM280 on other neurodegenerative 

disorders, such as Parkinson's disease, and to explore its potential as a nutraceutical for promoting overall 

health benefits. 
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Figure 1: Structure chemical of chrysin (A) and LQFM280 (B). 

 

Figure 2: Schematic representation of the experimental procedure.  

 

Figure 3: Effects of CHR and LQFM280 against the neurotoxicity induced by 3-NP acid in SH-SY5Y 

cells. Cells were treated with studied compounds (1.25 and 2.5 µM) for 1 h and then with 3-NP acid (20 

mM) for 2 h. At the end of the treatments, the cell viability was measured using MTT assay as reported 

in the Methods section. Data are expressed as a percentage of neurotoxicity vs untreated cells and 

reported as mean ± SEM of at least three independent experiments (*p< 0.05 and ***p< 0.001 vs cells 

treated with 3-NP acid, §§§ p < 0.001 vs cells treated with CHR using a parametric ANOVA with Welch’s 

correction and Mann-Whitney test). 

 

Figure 4: Effects of CHR and LQFM280 against the neurotoxicity induced by 3-NP acid in wild-type 

STHdhQ7/Q7 (A) and mutant STHdhQ111/Q111 (B) cells. Cells were treated with studied compounds 

(0.63 and 1.25 µM) for 1 h and then with 3-NP acid (10 mM) for 2 h. At the end of the treatments, the 

cell viability was measured using MTT assay as reported in the Methods section. Data are expressed as 

a percentage of neurotoxicity vs. untreated cells and reported as mean ± SEM of at least three independent 

experiments (*p<0.05, **p<0.01, and ***p<0.001 vs. cells treated with 3-NP acid, § p < 0.05 vs cells treated 

with CHR, using non-parametric ANOVA with Mann-Whitney test). 

 

Figure 5: Effect of the treatments in body weight gain (final – initial) in mice. Data are represented as 

the mean ± SEM for n = 12 to 15 animals per group. Statistical analysis was performed with non-

parametric ANOVA followed by Mann-Whitney test. +++ p < 0.001, when compared to control group. 

***p < 0.001, when compared to 3-NP group. # p < 0.05, when compared CHR vs LQFM280 groups.   

Figure 6: Effect of the treatments on the locomotor and exploratory behavioral of the animals. (A) 

Climbing test (time in seconds), (B) Rotarod test (fall time in seconds) and (C) open field test  (number 



of crossings). Data are represented as the mean ± SEM for n = 12 to 15 animals per group. Data were 

analyzed by: A) two-way ANOVA followed by Tuckey’s post-hoc test; *p < 0.05 means the difference 

between control and 3-NP group; #p < 0.05 means the difference between CHR and 3-NP group; +p < 

0.05 means the difference between LQFM280 and 3-NP group; B) parametric ANOVA with Welch’s 

correction followed by Student’s T test, and C) non-parametric ANOVA followed by Student’s T test; 

++p < 0.01 and ++++p < 0.0001, when compared to control group. ***p < 0.001 and **** p < 0.0001, when 

compared to 3-NP group, ####p < 0.0001, when compared CHR vs LQFM280 groups. 

 

Figure 7: Effect of the treatments on memory performance of the animals in the step-down passive 

avoidance test (latency in seconds). Data were analyzed by parametric ANOVA with Welch’s correction 

followed by Student’s T test. ++++ p < 0.0001, when compared to control group. ****p < 0.0001, when 

compared to 3-NP group. ###p < 0.001, when compared CHR vs LQFM280 groups.  

 

Figure 8: Biochemical results are described as the mean ± SEM (n = 10). (A) MDA (nmol of MDA/mg 

of protein) and (B) CP (nmol of carbonyl protein/mg of protein) levels, (C) SOD (U/mg of protein), (D) 

CAT (U/mg of protein), (E) GPx (U/mg of protein), (F) SDH (nmol of SCT oxidized/min/mg of protein), 

(G) AChE (μmol of ACThE/min/mg of protein) and (H) BChE (μmol of BTChE/min/mg of protein) 

activities. In the Figures A, B, D, G and H) data were analyzed with parametric ANOVA followed by 

Student’s T test; C) Parametric ANOVA with Welch’s correction followed by Student’s T test; E) 

Parametric ANOVA followed by Mann-Whitney test; F) Non-parametric ANOVA followed by Mann-

Whitney test. ++++p < 0.0001, when compared to control group, *p < 0.05, **p < 0.01 and ****p < 0.0001, 

when compared to 3-NP group, #p < 0.05, ###p < 0.001 and ####p < 0.0001, when compared CHR vs 

LQFM280 groups. 

Figure 9: Histological sections of the striatum stained with thionine revealed a predominance of normal, 

healthy neurons in the control group, characterized by an oval cell body with a prominent nucleus and 

visible nucleoli (areas highlighted by the black square). In the 3-NP group, a large number of 



hyperchromatic neurons with irregular shapes were observed. The inset of the 3-NP photomicrograph 

shows a detailed view of a necrotic cell (arrow). These neurons exhibited typical characteristics of 

neuronal death (arrows). In the CHR and LQFM280 groups, the frequency of hyperchromatic neurons 

(arrows) was low, similar to that in the control group. The graph illustrates the effect of the treatments 

on the frequency (%) of cell death. Data are represented as the mean ± SEM (n = 5 animals per group). 

Statistical evaluation was performed with non-parametric ANOVA followed by Mann-Whitney test. +++p 

< 0.001, when compared to control group, ***p < 0.001, when compared to 3-NP group, ####p < 0.0001, 

when compared CHR vs LQFM280 groups. 
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	2.2. Obtaining of CHR and LQFM280
	CHR was obtained from Sigma Chemical (St. Louis, MO, USA; CAS number 480-40-0). The LQFM280 compound assessed in this study corresponds to the same sample utilized in the investigation conducted by Okoh et al. (2024). Comprehensive information concer...
	2.9.5 Glutathione Peroxidase Activity (GPx)


