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Abstract 

Objectives: To evaluate whether the glycosylation of chrysin (CHR) enhances its protective 

effects against aluminum-induced neurotoxicity. 

Methods: To compare the antioxidant, anticholinesterase, and behavioral effects of CHR with 

its glycosylated form (CHR bonded to beta-D-glucose tetraacetate, denoted as LQFM280), we 

employed an integrated approach using both in vitro (SH-SY5Y cells) and in vivo (aluminum-

induced neurotoxicity in Swiss mice) models. 

Key findings: LQFM280 demonstrated higher antioxidant activity than CHR in both models. 

Specifically, LQFM280 exhibited the ability to exert antioxidant effects in the cytoplasm of 

SH-SY5Y cells, indicating its competence in traversing neuronal membranes. Remarkably, 

LQFM280 proved more effective than CHR in recovering memory loss and counteracting 

neuronal death in the aluminum chloride mice model, suggesting its increased bioavailability 

at the brain level. 

Conclusions: The glycosylation of CHR with beta-D-glucose tetraacetate amplifies its 

neuroprotective effects, positioning LQFM280 as a promising lead compound for safeguarding 

against neurodegenerative processes involving oxidative stress. 

 

Key words: Chrysin; Glycosylated chrysin; Antioxidant; Anticholinesterase; Neuroprotection.  

  

1. Introduction 

Chrysin (CHR), a flavone known as 5,7-dihydroxyflavone, is primarily sourced from 

honey, passion fruit, and propolis [1]. This compound holds significant promise as a 

phytochemical for addressing neurodegenerative disorders due to its established antioxidant 

and protective properties against cognitive decline and neurodegeneration. It has shown 

effectiveness in countering conditions induced by cerebral ischemia/reperfusion, 1-methyl-
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1,2,3,6-tetrahydropyridine, 6-hydroxydopamine, and 3-nitropropionic acid [1-6]. Recent 

research conducted by our research group has further revealed CHR's ability to mitigate 

neurotoxicity induced by aluminum through its antioxidant and anti-cholinesterase effects [7]. 

Aluminum is notably recognized as a toxic substance known for its capacity to cross the blood-

brain barrier (BBB). This breach of the BBB results in oxidative stress and mitochondrial 

dysfunction [8]. Consequently, these occurrences play a role in the buildup of amyloid-beta 

peptides and tau proteins, which are strongly linked to Alzheimer's disease. Additionally, 

aluminum exposure can disrupt the expression of genes closely linked to Parkinson's disease 

[9]. 

Despite CHR's notable neuroprotective potential, its poor bioavailability poses a 

significant hurdle for medicinal use [10-15], given that the pharmacokinetic attributes of CHR 

significantly impact its biological effects. Addressing these limitations could involve 

enhancing its pharmacokinetic properties to render it more suitable for medicinal purposes. To 

this end, research has shown that liposomal and nanoparticle formulations of CHR enhance its 

bioavailability and, consequently, its therapeutic effects [16,17]. Nonetheless, there are 

persisting challenges associated with these formulations. These challenges encompass issues 

such as large-scale production, ensuring biocompatibility, addressing safety concerns, 

managing intellectual property matters, complying with regulatory requirements, and assessing 

overall cost-effectiveness when compared to existing therapies [18-20]. 

In this context, researchers have been evaluating carbohydrates as potential drug 

carriers and as a more viable alternative. Carbohydrates offer attributes such as targeted 

delivery, efficient transfection, and low toxicity. This approach has gained significant traction 

in delivering drugs effectively to specific treatment areas [16,20]. Notably, this strategy has 

been successful with flavonoids, where glycosylation has emerged as a chemical tool to 
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enhance the bioavailability of these compounds [21], thereby improving their pharmacokinetic 

properties [16,22,23]. 

Considering the aforementioned details, and with the objective of developing a novel 

approach to enhance CHR's bioactivity while overcoming challenges associated with other 

formulations hindering its therapeutic application, we designed and synthesized glycosylated 

CHR, termed (2R,3R,4S,5R)-2-(acetoxymethyl)-6-((5-hydroxy-4-oxo-2-phenyl-4H-chromen-

7-yl) oxy) tetrahydro-2H-pyran-3,4,5-triyl triacetate (LQFM280) (Figure 1). Therefore, we 

compared the antioxidant and neuroprotective effects of CHR and LQFM280 using an in vitro 

model with human neuroblastoma SH-SY5Y cell line and an in vivo mouse model of 

neurotoxicity induced by exposure to AlCl3 that shares pathogenetic events of Alzheimer's 

disease, including cognitive impairment and neuronal death in hippocampus.  

 

2. Materials and Methods 

2.1  Chemicals 

Acetylthiocholine (ATCh), aluminium chloride (AlCl3), 2,2′-azinobis-(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS•+), butyrylthiocholine (BTCh), 2-7-

dichlorodihydrofluorescein diacetate (H2DCF-DA), 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT), 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), 2,4-

dinitrophenylhydrazine (DNPH), eosin, epinephrine bitartrate,  ethylenediaminetetraacetic acid 

(EDTA), glutathione oxidized (GSH), glutathione reductase (GR), hematoxylin, 

malondialdehyde (MDA), nicotinamide adenine dinucleotide phosphate (NADPH), serum 

albumin (BSA), sodium dodecyl sulphate (SDS) and tert-butyl hydroperoxide (t-BuOOH) were 

acquired from Sigma Chemical (St. Louis, MO, USA). Acetate and potassium phosphate were 

obtained from Vetec (Rio de Janeiro, Brazil). Methanol with analytical grade was supplied by 
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J.T. Baker (Phillipsburg, NJ). All other chemicals and electrolyte solutions were acquired with 

analytical grade or from reputable standard commercial vendors. 

 

2.2 Synthesis of LQFM280 

The reactions were monitored using thin-layer chromatography (TLC) on Whatman 60 

F254 silica plates under UV light at 254 and 365 nm. 1H and 13C-NMR spectra were obtained 

using a Bruker Avance III 500 NMR spectrometer at 25°C in CDCl3 solvent, referencing 

chemical shifts to TMS in ppm and coupling constants in Hz. Infrared spectra were recorded 

on a Perkin-Elmer Spectrum Bx-II FT-IR System. Melting points were determined using a 

Marte melting point apparatus without corrections. 

For organic solution preparation, anhydrous sodium sulfate was used for desiccation, 

and organic solvents were evaporated under reduced pressure using a rotary evaporator. Mass 

spectrometry (MS) analysis was conducted using a Thermo Scientific Q Exactive hybrid 

Quadrupole Orbitrap mass spectrometer with Xcalibur software. Sample preparation involved 

dilution in methanol, and for positive mode, formic acid was added before ESI(+) analysis. 

ESI(+) source conditions included specific settings for gas flow, temperature, and voltages. 

Mass spectra were acquired with 16,500.00 resolving power and analyzed using Data Analysis 

software (Bruker Daltonics). 

Colorless single crystals were examined using Mo-Kα radiation and APEX 2 suite for 

data reduction, corrected for absorption with SADABS. The compound crystallized in space 

group P21, with one molecule per unit, solved with SHELXT, and refined with SHELXL-2014 

using WinGX software components, including ORTEP-3 [24] and SHELXL-2014 [25]. 

Bromide glucose (4, Figure 2) (1616 mg, 3.93 mmol), tetrabutylammonium iodide 

(1451 mg, 3.93 mmol) and CHR (1) (998 mg, 3.93 mmol) were vigorously agitated by blending 

30 mL of CH2Cl2 with 20 mL of 1 M NaOH, and this process occurred at room temperature 
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for a duration of 30 minutes (Figure 2). Following that, the reaction was processed by 

introducing 50 mL of AcOEt and then sequentially rinsing the organic phase with 50 mL of 

H2O, repeating this washing procedure three times. The organic layer was dehydrated using 

sodium sulfate (Na2SO4), then subjected to vacuum concentration. The resulting crude product 

was further purified through recrystallization in isopropanol, yielding 373 mg of the product at 

a 16% yield. The product appeared as a beige solid with a melting point of 186 ºC and exhibited 

an Rf value of 0.20 (using a hexane/AcOEt mixture in a ratio of 70:30). 

IRmax (KBr) cm−1: 3480 ( OH), 3077 ( C-H), 2965 ( C-H), 1760 ( C=O), 1660 

( C=O) and 1619( C=C) (Fig. S1, Supplementary material); 1H NMR (500.13 MHz) 

CDCl3/TMS (δ): 5.20 (1H, d, 7.3, H-2); 5.29 (1H, dd, 9.2; 7.3, H-3); 5.33(1H, dd, 9.2; 8.7, H-

4); 5.15 (1H, dd, 10.0; 8.7, H-5); 3.95 (1H, ddd, 10.0; 6.0; 2.4, H-6); 4.28 (1H, dd, 12.3; 6.0, 

H-7); 4.21(1H, dd, 12.3; 2.4, H-7); 6.61 (1H, d, 2.2, H-9); 6.68 (1H, s, H-12); 6.46 (1H, d, 2.2, 

H-16); 7.87 (2H, m, H-18 and H-22); 7.53 (2H, m, H-19 and H-22); 7.55 (1H, m, H-20); 2.04 

(1H, s, H-24); 2.06 (1H, s, H-26.); 2.10 (1H, s, H-28); 2.07 (1H, s,H-30); 12.71 (1H, s, C15-

OH) (Fig. S2A-B and Table 1, Supplementary material). 2D NMR (HSQC/HMBC – 500.13 

and 125.76 MHz) CDCl3/TMS (δ): 98.3 (C-2); 71.1 (C-3); 72.5 (C-4); 68.4 (C-5); 72.6 (C-6); 

62.0 (C-7); 162.2 (C-8); 95.7 (C-9); 157.6 (C-10); 164.4 (C-11); 106.1(C-12); 182.5 (C-13); 

107.1(C-14); 162.5 (C-15); 100.0 (C-16); 131.2 (C-17); 126.3 (C-18 and C-22); 129.1 (C-19 

and C-22); 132.0 (C-20); 170.0 (C-23); 20.5 (C-24); 169.3 (C-25); 20.5 (C-26); 170.4 (C-27); 

20.5 (C-28); 169.1(C-29); 20.5 (C-30) (Fig. S3-6 and Table 1, Supplementary material). MS: 

[M+H]+ m/z of 585.15980; Error: 0.799 (Fig. S7, Supplementary material). 

 

2.3. In vitro tests 

2.3.1 Cell culture 
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Human neuronal SH-SY5Y cells were obtained from the Lombardy and Emilia 

Romagna Experimental Zootechnic Institute (Italy). These cells were cultured as part of our 

routine procedures in Dulbecco's Modified Eagle Medium, which included phenol red and was 

supplemented with 2 mM L-glutamine, 50 μg/mL streptomycin, 50 U/mL penicillin and 10% 

fetal bovine serum. The cell culture was consistently maintained at a temperature of 37°C in a 

humidified incubator with a 5% CO2 atmosphere. To ensure experimental consistency, SH-

SY5Y cells were utilized for all experiments at passage numbers below 12. This practice was 

adopted to prevent potential alterations in cellular phenotype and to avoid cellular senescence. 

Stock solutions of the compounds were initially prepared in dimethyl sulfoxide (DMSO) at a 

concentration of 20 mM. Afterward, these initial stock solutions underwent additional dilution 

within the complete medium to attain the required compound concentrations, with careful 

attention to keeping the final DMSO concentration below 0.1%. 

 

2.3.2 Neuronal Viability 

Neuronal viability was assessed by measuring the reduction of MTT to its insoluble 

formazan, following the methodology as previously described [26]. In brief, SH-SY5Y cells 

were seeded in a 96-well plate at a density of 2 × 104 cells per well and incubated for 24 hours. 

Following that, the cells were exposed to different concentrations of the investigated 

compounds, spanning from 1.25 to 40 μM, for a duration of 24 hours under controlled 

conditions at 37°C in a 5% CO2 atmosphere. After the treatment period, the culture medium 

was replaced with MTT dissolved in Hank's Balanced Salt Solution (HBSS) at a concentration 

of 0.5 mg/mL. The cells were incubated with MTT for 2 hours at 37°C in a 5% CO2 

environment. Following this incubation, the cells were rinsed with HBSS to remove any 

residual MTT. The formazan crystals that had developed were subsequently dissolved using 

isopropanol. The quantification of formazan was carried out by measuring absorbance at 570 
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nm, employing a reference filter at 690 nm, utilizing a VICTOR™ X3 multilabel plate reader 

from PerkinElmer, Waltham, MA, USA. The results were presented as percentages relative to 

untreated cells, providing a measure of cell viability. 

 

2.3.3 Antioxidant activity 

The evaluation of antioxidant activity in neuronal SH-SY5Y cells was conducted 

following the procedures outlined in a previous study [27]. The cells were first plated in a 96-

well plate at a density of 3 × 104 cells per well and allowed to incubate for 24 hours. 

Subsequently, they were treated with H2DCF-DA at a concentration of 10 μg/mL for 30 

minutes at room temperature. Subsequently, cells were treated with varying compound 

concentrations (2.5 to 5 μM) and t-BuOOH (100 μM) for 30 minutes. Intracellular reactive 

oxygen species (ROS) formation was quantified using a VICTOR™ X3 multilabel plate reader 

(excitation at 485 nm, emission at 535 nm), and data were expressed as fold increases in ROS 

due to t-BuOOH. Total antioxidant activity (TAA) was evaluated in cytosolic and membrane-

enriched cell fractions. SH-SY5Y cells (4 × 106 cells per dish) were cultured for 24 hours at 

37°C in a 5% CO2 environment. After treatment with the test compounds (5 μM) for 2 hours, 

cells were washed with cold PBS, collected in 1 mL of PBS, and centrifuged (10 minutes, 

10,000 g, 4°C). After removing the supernatant and another PBS wash, the pellet was 

reconstituted in 600 μL of 0.05% Triton X-100. Homogenized cells stood at 4°C for 30 minutes. 

Then, cytosolic and membrane-enriched fractions were separated by centrifugation (15,000 g, 

15 minutes, 4°C). TAA in cell fractions was assessed by measuring the ABTS•+ radical cation 

discoloration, indicating absorbance quenching at 740 nm. Data were compared to a Trolox 

standard antioxidant concentration-response curve and expressed as μmol of trolox equivalent 

antioxidant activity per mg of protein (μmolTE/mg protein). 
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2.4 In vivo tests 

2.4.1 Animals 

The experiments were carried out using male Swiss mice weighing between 25 to 30 

grams. These mice were kept in a controlled environment with a consistent temperature of 22 

± 2°C and a regulated light/dark cycle of 12 hours. They had continuous access to both food 

and water throughout the study. All experimental procedures were carried out between 08:00 

and 16:00. The animal experiments strictly adhered 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 to protocol 

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

 

2.4.2 Experimental design 

The animals were randomly allocated to ten groups (n = 8 – 10):  control; aluminium 

chloride 100 mg/kg (AlCl3) dissolved in distilled water (adjusted pH to 7.4); CHR control 10 

mg/kg (CCHR-10); LQFM280 control 10 mg/kg (CLQFM-10); chrysin 1 mg/kg (CHR-1), 

chrysin 3 mg/kg (CHR-3), chrysin 10 mg/kg (CHR-10), LQFM280 1 mg/kg (LQFM-1), 

LQFM280 3 mg/kg (LQFM-3) and LQFM280 10 mg/kg (LQFM-10). In the initial treatment, 

the control and AlCl3 groups were administered a standard saline solution, whereas all the other 

groups received their designated doses of CHR or LQFM280. One hour later the animals of 
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control, CCHR-10 and CLQFM-10 groups received distilled water (adjusted pH 7.4), while 

other groups were treated with AlCl3 100 mg/kg. The treatments were daily administered by 

oral gavage at volume of 10 μL/10 g of animal for 45 days. At the end of the treatments the 

behavioral and biochemical tests were performed. The rationale for the dosing of AlCl3, CHR 

and LQFM280 were based on our previous studies [7,28], considering that the Al dose 

promotes significant alterations for neurodegeneration analysis and, for the test compounds, 

the aim was to find a minimal dose that presents significant results and comparing the range of 

effects between them. The CCHR-10 and CLQFM-10 groups were used as control compounds 

in the experimental tests to see if they pose any form of effect or toxicity when administered 

alone. Considering these compounds alone didn’t show any effect, we don’t present their 

results in here. 

 

2.5 Behavioral tests 

2.5.1 Chimney test (CMT) 

The test assessed the locomotor activity of the animals, following the methodology 

previously described [29]. It involved evaluating the animals' capacity to climb in a backward 

direction through a vertical acrylic tube, while measuring the time it took for them to traverse 

the entire length of the tube within a 30-second timeframe. 

 

2.5.2 Open field test (OFT) 

The test evaluated the animals' exploratory behavior, employing the procedure 

previously described [30]. The open field was subdivided into nine squares, and each animal 

was individually positioned in the center of the arena. To assess their exploratory activity, the 

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

during a 5-minute session. 



12 
 

2.5.3 Step-down passive avoidance test (SDPAT) 

The SDPAT was carried out to assess long-term memory, using a procedure that had 

been previously outlined [31]. 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 

situated parallel to the initial platform where the animals were initially positioned. 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 recorded. 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. 

 

2.6 Tissue collection  

The animals were subjected to intraperitoneal anesthesia using a combination of 

ketamine and xylazine hydrochloride. After the completion of the last behavioral test, the 

animals were sacrificed by decapitation 24 hours later. The hippocampus was extracted and 

then homogenized in a solution of 0.1 mol/L potassium phosphate buffer (KPB) at a pH of 7.4, 

utilizing a ratio of 1:6 (w/v). The resulting homogenate was subjected to centrifugation at 8000 

x g for a duration of 10 minutes, leading to the collection of the supernatant fractions (S1), 

which were subsequently employed in the assays. 

 

2.7 Biochemical assays 

2.7.1    Cholinesterase (ChEs) activity 

The experiment was conducted in accordance with the procedure previously described 

[7]. The samples were subjected to incubation with DTNB (0.3 mmol/L) along with 
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acetylthiocholine (ATCh) or butyrylthiocholine (BTCh) (0.45 mmol/L) as substrates for 

acetylcholinesterase (AChE) and butyrylcholinesterase (BChE), respectively. The activities of 

AChE and BChE were subsequently determined spectrophotometrically over a 5-minute 

duration, with measurements taken at a wavelength of 412 nm. The results were subsequently 

presented as μmol ACTh/min/mg protein for AChE and μmol BCTh/min/mg protein for BChE. 

 

2.7.2  Lipid peroxidation (LPO) levels 

The LPO was measured following the method previously described [32]. Briefly, the 

samples were incubated with thiobarbituric acid, acetic acid (pH 3.4) and SDS at 95 °C for 60 

min and the reaction product was spectrophotometrically determined at 532 nm. 

Malondialdehyde (MDA) curve was used as a standard to determine the LPO values of the 

samples and the results expressed as equivalents of MDA in nmol/mg protein. 

 

2.7.3 Carbonylated protein (CP) levels  

The analysis was performed according to the method detailed in a prior publication [7]. 

In brief, the samples were subjected to incubation with DNPH, a denaturation buffer, hexane, 

and ethanol. Afterward, the samples were centrifuged, the resulting pellet was resuspended in 

a buffer, and the absorbance was measured using a spectrophotometer at a wavelength of 370 

nm. The outcomes of this analysis were quantified and expressed as nmol of carbonyl content 

per milligram of protein. 

 

2.7.4 Superoxide dismutase (SOD) activity 

Enzyme activity was assessed in accordance with the protocol outlined by Thomaz et 

al. (2018) [32]. The samples were subjected to incubation with epinephrine bitartrate at a 

concentration of 60 mmol/L and pH 10. Following this incubation, the intensity of the sample's 
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color was measured at a wavelength of 480 nm. The superoxide dismutase (SOD) activity was 

quantified and expressed in units (U) of SOD per milligram of protein. 

 

2.7.5 Catalase (CAT) activity 

Enzyme activity was determined using the method previously described [32]. The 

samples were incubated with hydrogen peroxide (H2O2) at a concentration of 86 mmol/L, in 

the presence of sodium phosphate buffer at pH 7.0. The intensity of the resulting color was 

then measured spectrophotometrically at a wavelength of 240 nm. The catalase (CAT) activity 

was quantified and expressed in units (U) of CAT per milligram of protein. 

 

2.7.6 Glutathione peroxidase (GPx) activity 

The determination of GPx activity followed the procedure outlined by Campos et al. 

(2022) [7]. The samples were subjected to incubation with a mixture containing sodium azide, 

oxidized glutathione (GSH), glutathione reductase (GR), EDTA, NADPH, and sodium 

phosphate buffer. Subsequently, the color intensity of the samples was measured 

spectrophotometrically at a wavelength of 340 nm. The results were quantified and expressed 

in units (U) of GPx per milligram of protein. 

 

2.7.7 Protein content determination  

The total protein concentration was assessed using the Bradford method [33]. 

 

2.8 Histopathological and morphometric analysis 

The hippocampal tissue specimens were preserved by submerging them in a 4% 

paraformaldehyde solution for a duration of 24 hours. Following this fixation process, the 

specimens underwent a gradual dehydration procedure using a series of ethanol solutions, were 
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further clarified using xylol, and subsequently encased 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 of the hippocampus 

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 necrotic neurons 

(cells resembling necrosis) within the CA1 region of the hippocampus. This analysis involved 

the examination of 30 photomicrographic fields (6 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). 

 

2.9      Data presentation and statistical analysis 

The data are expressed as the mean (s) ± standard error of the mean (S.E.M). Statistical 

assessments were conducted utilizing one-way analysis of variance (ANOVA) followed by 

Tukey's multiple comparisons test or Student's t-test, as deemed appropriate for the specific 

analyses. Statistical significance was defined as p < 0.05. All calculations were carried out 

using GraphPad Prism 8.0 software, based in San Diego, California, USA 

(https://www.graphpad.com). 

 

3.         Results 

3.1 Synthesis of LQFM280    

As illustrated in Fig. 2(A), the synthetic route began through reaction between -D-

glucose pentaacetate (2) and HBr/AcOH 33% (v/v) at room temperature, during 2 hours, to 

offer (4) at quantitative yield [34]. In turn, the glycosylation of (2) was carried out with (4) 
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under phase transfer catalysis (PTC), using TBAI, NaOH 1M and CH2Cl2, at room temperature 

for 30 minutes, to offer (3) in 16% of yield [35]. Through 1H and 13C NMR spectra, the -

anomer was confirmed. The anomeric hydrogen (H-2) was observed as a doublet at δ 5.20 with 

a coupling constant of 7.3 Hz, typical for H-2/H-3 trans-diaxial coupling. This hydrogen 

presented a cross-peak with the anomeric carbon at δ 98.3 on HSQC. The ORTEP Fig. 2(B) 

(Supplementary material) support the -anomer. 

 

3.2 In vitro tests 

The evaluation of neurotoxicity for CHR and LQFM280 was conducted using SH-

SY5Y neuronal cells to establish a non-toxic concentration range. Following a 24-hour 

exposure to a range of compounds concentrations (1.25–40 μM), the neuronal viability was 

assessed by MTT assay. Importantly, treatment with concentrations up to 5 μM of CHR and 

LQFM280 had no discernible impact on neuronal viability (data not presented). Consequently, 

we opted to utilize concentrations of 2.5 μM and 5 μM for CHR and LQFM280 in subsequent 

antioxidant activity experiments. 

The assessment of antioxidant activity for CHR and LQFM280 was initially carried out 

in SH-SY5Y neuronal cells exposed to t-BuOOH-induced ROS formation. After a 30-minute 

treatment with the compounds (2.5 μM and 5 μM) and t-BuOOH (100 μM), ROS levels was 

measured using the fluorescent probe H2DCF-DA. As illustrated in Figure 3, both CHR and 

LQFM280 demonstrated a substantial reduction in ROS formation in neuronal SH-SY5Y cells 

across all tested concentrations. Notably, this antioxidant effect exhibited a dose-dependent 

relationship, with the highest ROS inhibition observed at 5 μM (CHR, 59%; LQFM280, 41%). 

To further assess the capacity of CHR and LQFM280 to exhibit antioxidant activity at 

the neuronal level, we measured the TAA in both cytosolic and membrane-enriched fractions 

of neuronal SH-SY5Y cells treated with 5 μM of each compound for a duration of 2 hours. The 
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membrane fractions from the treated neuronal SH-SY5Y cells showed a notable enhancement 

in TAA compared to untreated cells, as illustrated in Figure 4A. Notably, the recorded increase 

in membrane TAA was significantly more pronounced in neuronal SH-SY5Y cells treated with 

LQFM280 (6.08 μmolTE/mg protein) compared to those treated with CHR (3.82 μmolTE/mg 

protein). Notably, LQFM280, unlike CHR, exhibited a significant increase in the baseline TAA 

levels within the cytosolic fraction of neuronal SH-SY5Y cells. This suggests that LQFM280 

has the ability to penetrate neuronal membranes and exert antioxidant activity within the 

cytoplasm, as depicted in Figure 4B. 

 

3.3 Behavioral tests 

3.3.1 CMT and OFT 

Mice performances in the CMT and OFT are presented in Table 1. The results showed 

that none of the treatments affected the spontaneous locomotor and exploratory activities of 

the animals (p > 0.05). 

 

3.3.2 SDPAT 

The AlCl3 group showed a significant decrease in the animals' latency time to move 

from the initial platform to the second platform when compared with the control group (p < 

0.0001). CHR-3 and CHR-10 groups, except CHR-1 (p>0.05), increased the latency time 

comparing with the AlCl3 group (p < 0.0001). In addition, LQFM-1-, LQFM-3 and LQFM-10 

showed a significant increase in latency time in relation to the AlCl3 group (p < 0.001) (Table 

1). Comparing the latency times between equal doses of LQFM280 and CHR, it was observed 

that LQFM280 significantly increased the latency time in all doses (Figure 5). 

 

3.4 Biochemical assays 
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3.4.1 AChE activity  

AlCl3 group showed a significant increase in AChE activity when compared with 

control group (p < 0.0001). In addition, the CHR-3 and CHR-10 groups, except CHR-1 

(p>0.05), showed significantly decrease in AChE activity when compared with the AlCl3 (p < 

0.0001). In the same way, the LQFM-1, LQFM-3 and LQFM-10 showed a significant decline 

in AChE activity comparing with AlCl3 group (p < 0.0001) (Table 2). When compared the 

AChE activity between equal doses of LQFM280 and CHR, it was observed that LQFM280 

significantly decreased the enzyme activity in all doses (Figure 6A). 

 

3.4.2 BChE activity  

AlCl3 group displayed a noteworthy rise in BChE activity in comparison to the control 

group (p < 0.0001). In addition, the CHR-1, CHR-3 and CHR-10 groups showed significantly 

decrease in BChE activity when compared with the AlCl3 (p < 0.0001). Similarly, the LQFM-

1, LQFM-3and LQFM-10 demonstrated a significant decrease in BChE activity when 

compared to the AlCl3 group (p < 0.0001) (Table 2). Comparing the BChE activity between 

equal doses of LQFM280 and CHR, it was observed that LQFM280-1 and LQFM-3 

significantly decreased the enzyme activity (p < 0.05) (Figure 6B). 

 

3.4.3 LPO levels  

AlCl3 group significantly increased the MDA levels when compared with the control 

group (p < 0.0001). CHR-1, CHR-3 and CHR-10 groups decreased the MDA levels when 

compared with the AlCl3 (p < 0.0001). Similarly, the LQFM-1, LQFM-3 and LQFM-10 

showed a significant decline in MDA levels when compared with the AlCl3 group (p < 0.0001) 

(Table 2). Comparing equal doses of LQFM280 and CHR, it was observed that LQFM280 

significantly declined the MDA levels in all doses (Figure 7A). 
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3.4.4 CP levels  

The AlCl3 group exhibited a significant increase in CP levels compared to the control 

group (p < 0.0001). CHR-1, CHR-3 and CHR-10 groups decreased the CP levels when 

compared with the AlCl3 (p < 0.0001). Similarly, the LQFM-1, LQFM-3 and LQFM-10 

declined the CP levels when compared with the AlCl3 group (p < 0.0001) (Table 2). Comparing 

equal doses of LQFM280 and CHR, it was observed that LQFM280 significantly declined the 

MDA levels in all doses (Figure 7B). 

 

3.4.5 SOD activity 

AlCl3 group decreased the SOD activity when compared with the control group (p < 

0.0001). CHR-3 and CHR-10, except CHR-1 group (p>0.05), increased the SOD activity when 

compared with the AlCl3 (p < 0.0001). In addition, the LQFM-1, LQFM-3 and LQFM-10 

increased the SOD activity when compared with the AlCl3 group (p < 0.0001) (Table 2). 

Comparing equal doses of LQFM280 and CHR, LQFM280 significantly enhanced the enzyme 

activity in all doses (Figure 7C). 

 

3.4.6 CAT activity 

AlCl3 group significantly decreased in CAT activity when compared with control group 

(p<0.0001). More so, CHR-10 group group, except CHR-and CHR-3 groups (p > 0.05), 

showed a substantial elevation in CAT activity in comparison to the AlCl3-treated group (p < 

0.0001). On the other hand, all doses of glycosylated CHR molecule; LQFM-1, LQFM-3  and 

LQFM-10 showed a significant increase in CAT activity when compared to the AlCl3 group (p 

< 0.001) (Table 2). By comparing the CAT activity between equal doses of LQFM280 and 

CHR, it was observed that LQFM280 significantly enhanced the enzyme activity in all doses 

(Figure 7D). 
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3.4.7 GPx activity  

AlCl3 group significantly decreased the GPx activity when compared with control 

group (p<0.0001). CHR-1, CHR-3 and CHR-10 groups demonstrated a notable rise in GPx 

activity when compared to the AlCl3-treated group (p < 0.0001). Similarly, LQFM-1, LQFM-

3 and LQFM-10 significantly increased GPx activity when compared to the AlCl3 group (p < 

0.0001) (Table 2). Comparing the GPx activity between equal doses of LQFM280 and CHR, 

it was observed that LQFM280 significantly enhanced the enzyme activity in all doses (Figure 

7E). 

 

3.4.8 Histopathology 

 Morphological and morphometric data indicated that control animals had a low rate of 

neuronal death. As expected, AlCl3 exposure caused a considerable increase in neuronal death 

(Figure 8). CHR treatment was able to reduce the percentage of neuronal death at all doses, 

however the effect was more pronounced in the CHR-3 and CHR-10 groups. On the other hand, 

treatment with LQFM280 was equally effective in preventing neuronal loss at all doses used. 

Comparing both compounds, it was notable that dose of 1 mg/kg of LQFM280 presented a 

significant decrease of neuronal death when compared with the same dose of CHR (Table 3).   

 

4. Discussion 

The results demonstrated that daily oral administration of LQFM280 for 45 consecutive 

days prevented the oxidative imbalance, neuronal death and cognitive impairment induced by 

AlCl3 in Swiss mice Additionally, LQFM280 exhibited a significant antioxidant effect in the 

cytoplasm of SH-SY5Y human neuronal cells. These effects of LQFM280 were more potent 

than CHR, which corroborates findings indicating that glycosylation of natural products like 

flavonoids can impact their pharmacological properties [23,36-39]. 



21 
 

The administration of AlCl3 at a consistent dosage of 100 mg/kg/day for a duration of 

45 days, resulted in marked cognitive impairment as demonstrated by the SDPAT behavioral 

test. It is known that cognitive dysfunction assessments can yield false positive results if the 

studied compounds interfere with the animals' motor activity [7]. In this regard, the findings 

indicated that the treatments did not influence the animals' locomotor activity, as confirmed by 

the mice's performance in OFT and CT tests. In light of these observations, both CHR and 

LQFM280 treatments restored the memory impairment caused by Al, with LQFM280 

exhibiting a more pronounced effect. Additionally, the cognitive decline induced by Al is 

linked to dysfunction in the cholinergic system, resulting in increased cholinesterase activity 

[40-42]. In turn, this study, showed that LQFM280 effectively reduced both AChE and BChE 

activities more substantially than CHR, aligning with LQFM280's superior capacity to enhance 

cognitive function. 

Cognitive decline is often accompanied by oxidative stress triggered by Al [41,42]. In 

this investigation, AlCl3 elevated the levels of LPO and CP while reducing CAT, SOD and 

GPx activities in the hippocampus, consistent with earlier reports [7, 40,43-45]. As anticipated, 

CHR countered the oxidative stress provoked by Al, given its role as a natural antioxidant and 

its established neuroprotective effect in experimental models of brain oxidative damage [7,46-

48]. Conversely, this study highlights that the chrysin bonded to beta-D-glucose tetraacetate 

(LQFM280) enhances CHR's effectiveness in safeguarding against lipoperoxidation (LPO and 

CP) and in restoring the activities of CAT, SOD, and GPx enzymes. These findings were 

corroborated by histological analysis, indicating that LQFM280 provided maximum 

neuroprotection against neuronal death at the lowest dose used. 

LQFM280 differs from CHR due to the insertion of the beta-D-glucose tetraacetate 

group, which explains its heightened effects against Al-induced neurotoxicity. This observation 

aligns with the findings for quercetin flavonoid, where glycosylation increased bioavailability 
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and brain-targeting ability, consequently enhancing neuroprotective effects [39]. Consistent 

with these results and specifically related to CHR, a study demonstrated that inserting a 

glycoside containing a galactose group into the CHR molecule to obtain the chrysin-β-D-

galactopyranoside compound significantly boosted its in vitro anti-tumor, antioxidant, and 

antimicrobial activities [49]. 

In fact, it has been observed that systems mediated by lectin receptors and glucose 

transporter subtype I (GLUT1), located on the surface of cells, possess the ability to selectively 

recognize and transport glucose, galactose, and various other glycosides. This mechanism leads 

to the formation of glycosyl-drug delivery system conjugates, facilitating the targeted 

concentration of drugs within tissues, organs, and cells [20]. This approach has been validated 

for cancer treatment drugs, where drug glycosylation offers advantages in terms of targeted 

delivery, resulting in improved drug concentration at the treatment site and thereby maximizing 

therapeutic effects while minimizing drug toxicity [16]. Regarding the brain, the BBB presents 

a barrier that restricts the transport of drugs from the bloodstream into the brain. GLUT1, which 

is highly expressed on the surfaces of cerebral capillary walls, has the capacity to specifically 

recognize and transport glucose as well as similar compounds. This emphasizes the potential 

for improving drug targeting to the brain through the direct glycosylation of drug molecules 

[20]. In this regard, our in vitro results indicate that LQFM280 exhibits greater antioxidant 

activity compared to CHR in SH-SY5Y cells. Furthermore, it's noteworthy that LQFM280, 

unlike CHR, has the capability to penetrate the cell membrane and access the cytoplasm, where 

it exerts its antioxidant effects. Interestingly, the presence of several types of GLUTs, including 

GLUT1, has been reported in SH-SY5Y cells suggesting their involvement in the intracellular 

transport of LQFM280 [50,51]. The in vitro findings strongly support LQFM280's capability 

to traverse intricate biological barriers, including the intestinal barrier and the BBB. 
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Consequently, this property enables LQFM280 to exhibit more pronounced antioxidant and 

neuroprotective effects within the brain compared to CHR. 

Ultimately, the data from this study confirm that CHR bonded to a beta-D-glucose 

tetraacetate serves as an effective pharmaceutical tool for achieving a best pharmacological 

efficacy. In doing so, it addresses a crucial challenge to achieve the clinical application of CHR 

for the treatment of diseases, including neurodegenerative ones. In addition, from a 

pharmaceutical marketing perspective, CHR glycosylation proves advantageous compared to 

alternative strategies for the same purpose. It emerges as a more favorable option due to its 

simplicity in obtaining and the absence of production difficulties on a large scale, high cost, 

intellectual property concerns, and other challenges associated with the production of 

nanoparticles or liposomes. 

 

5. Conclusions 

This study revealed, for the first time, that CHR bonded to a beta-D-glucose tetraacetate 

(LQFM280) amplifies its neuroprotective effects in comparison to unmodified CHR. These 

findings align with previous studies indicating that glycosylation of flavonoids enhances their 

pharmacokinetic properties by improving drug or drug delivery system binding to transporters, 

thereby facilitating their passage through tissues, organs, and cells. This discovery not only 

corroborates with the potential of compound glycosylation as an effective approach for aiding 

its traversal through biological barriers but also underscores LQFM280's viability as a lead 

compound for safeguarding against neurodegenerative processes associated with oxidative 

stress. 
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Figure captions  

Figure 1: Structural design of LQFM280 (3) from chrysin (1) and -D-glucose pentaacetate 

(2). 

 

Figure. 2: (A) Synthetic route of LQFM280 (3). (B) ORTEP of suitable single crystals of the 

LQFM280 (3) compound for X-ray diffraction were obtained by slow evaporation in 

isopropanol solution. 

 

Figure 3. Antioxidant activity of CHR and LQFM280 against ROS formation induced by t-

BuOOH in neuronal SH-SY5Y cells. Cells were treated with CHR and LQFM280 (2.5 – 5 μM) 

and t-BuOOH (100 μM) for 30 min. At the end of treatment, the ROS formation was evaluated 

by probe H2DCF-DA as described in the methods section. Data are represented as mean ± SEM 

of three independent experiments. Statistical analysis was performed using one-way ANOVA 

followed by Tukey’s Post Hoc Test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 vs 

cells treated with t-BuOOH). 

Figure 4. Effects of CHR and LQFM280 on TAA of membrane (A) and cytosolic (B) fractions 

of neuronal SH-SY5Y cells. The cellular fractions were submitted to the ABTS methods after 

2 h of incubation with 5 μM of compound as described in method section. The results obtained 

for each cellular fraction sample were expressed as μmol of TE per mg of protein. Data are 

represented as mean ± SEM of three independent experiments. Statistical analysis was 

performed using one-way ANOVA followed by Tukey’s Post Hoc Test (**p< 0.01 and ***p 

< 0.001 and ****p < 0.0001 versus untreated cells; §§§p< 0.001 versus cells treated with CHR 

in the membrane and +++p< 0.001 versus cells treated with CHR in the cytoplasm). 
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Figure 5: Comparison between CHR and LQFM280 doses on the passive avoidance test of the 

mice in the SDPAT. Data are represented as mean ± SEM (n = 10) and statistically analyzed 

by Student's t-test. * p < 0.05 

 

Figure 6: Comparison between CHR and LQFM280 doses on the AChE (μmol ACTh/min/mg 

of protein) (A) and BChE (μmol BCTh/min/mg of protein) (B) activities in the hippocampus 

of the mice. Data are represented as means ± SEM (n = 10) and statistically analyzed by 

Student's t-test. *** p = 0.0004; **** p < 0.0001; * p = 0.029; # p = 0.04; ### p = 0.0005   

 

Figure 7: Comparison between CHR and LQFM280 doses on the LPO  (nmol MDA /mg of 

protein) (A) and PC (nmol /mg of protein) (B) levels, SOD (U /mg of protein) (C), CAT (U 

/mg of protein) (D) and GPx (U /mg of protein) (E)  activities in the hippocampus of the mice. 

Data are represented as means ± SEM (n = 10) and statistically analyzed by Student's t-test. * 

p = 0.017; **** p < 0.0001; # p = 0.044; ## p = 0.003; ++++ p < 0.0001;  p = 0.0002;  p < 

0.0001    

 

Figure 8: Histological sections of the CA1 region of the hippocampus. Thionine acetate 

staining method. Arrows indicate necrotic neurons displaying intense purple staining. All CHR 

and LQFM280 treatments promoted a marked reduction in necrotic neurons. Scale bar: 20 µm. 
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Tables 

Table 1: Effect of the treatments on the behavioral tests in Swiss mice.  

 
Control AlCl3 CHR-1 CHR-3 CHR-10 LQFM-1 LQFM-3 LQMF-10 

CMT 8,45 ± 1,02 10,58 ± 1,28 9,93 ± 1,74 8,96 ± 0,63 10,95 ± 0,92 10,33 ± 1,10 11,07 ± 1,34 11,18 ± 1,53 

OFT 119,4 ± 11,93 116,4 ± 9,04 117,6 ± 10,0 123,8 ± 11,8 121,7 ± 8,98 137,2 ± 14,69 129,3 ± 19,25 133,5 ± 13,82 

SDPAT  126,20 ± 16,98+ 9,18 ± 0,45 45,57 ± 4,20 85,03 ± 5,21* 90,16 ±9,03* 74,98 ± 12,60 105,2 ± 14,04 120,3 ± 9,83 

CMT (climbing in seconds), OFT (crossing in numbers) and SDPAT (latency time in seconds). Data are represented as means ± SEM (n = 10). 

Symbols indicate statistically different from AlCl3 group, analyzed by ANOVA test followed by Tukey's post-hoc test.  p < 0.001; + p < 0.0001; * p 

< 0.00001.  
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Table 2: Effect of the treatments on the biochemical parameters in the hippocampus of the Swiss mice.  

 
Control AlCl3 CHR-1 CHR-3 CHR-10 LQFM-1 LQFM-3 LQMF-10 

AChE 10,71 ± 1,51+ 36,20 ± 2,56 31,69 ± 2,20 28,69 ± 1,87+ 22,06 ± 1,70+ 23,46 ± 0,80+ 20,42 ± 0,27+ 16,66 ± 1,54+ 

BChE 1,23 ± 0,04+ 3,27 ± 0,19 1,92 ± 0,17+ 1,92 ± 0,09+ 1,17 ± 0,05+ 1,50 ± 0,06+ 1,43 ± 0,08+ 1,17 ± 0,12+ 

LPO 2,91 ± 0,11+ 7,39 ± 0,64 4,55 ± 0,33+ 4,39 ± 0,34+ 3,41 ± 0,15+ 3,56 ± 0,24+ 2,49 ± 0,08+ 2,38 ± 0,10+ 

CP 2,59 ± 0,22+ 6,90 ± 0,21 4,85 ± 0,36+ 4,33 ± 0,40+ 3,71 ± 0,21+ 3,84 ± 0,32+ 3,45 ± 0,21+ 2,80 ± 0,18+ 

SOD 87,09 ± 4,43+ 25,42 ± 1,91 27,13 ± 3,43 48,78 ± 6,23+ 55,37 ± 3,19+ 51,05 ± 0,94+ 79,69 ± 1,18+ 86,49 ± 1,66+ 

CAT 7,78 ± 0,66+ 2,28 ± 0,19 2,19 ± 0,40 2,15 ± 0,15 4,66 ± 0,18+ 4,39 ± 0,17 4,73 ± 0,21 6,34 ± 0,35 

GPx 7,23 ± 0,28+ 2,91 ± 0,14 4,14 ± 0,15+ 4,89 ± 0,26+ 6,01 ± 0,18+ 6,01 ± 0,22+ 6,26 ± 0,16+ 6,94 ± 0,21+ 

AChE (μmol ACTh/mg protein), BChE (BCTh/mg protein), LPO (nmol MDA/mg protein), CP (nmol/mg protein), SOD, CAT and GPx (U/mg 

protein). Symbols indicate statistically different from AlCl3 group, analyzed by ANOVA test followed by Tukey's post-hoc test.  p < 0.001; + p < 

0.0001.  
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Table 3. Effect of treatments on the relative frequency (%) of necrotic neurons in the CA1 hippocampus layer of the Swiss mice.  

Data are represented as means ± SEM (n = 5). ANOVA test followed by Tukey's post-hoc test. Superscript letters indicate statistically significant 

differences between groups; b ≤ 0.0001, c ≤ 0.001.

  Control AlCl3 CHR-1 CHR-3 CHR-10 LQFM-1 LQFM-3 LQMF-10 

Necrosis 

(%) 
2.0 ± 0.3a  10.5 ± 0.9b  4.9 ± 0.6c  2.0 ± 0.3a 2.7 ± 0.4a  2.2 ± 0.2a  1.9 ± 0.3a  2.0 ± 0.3a  
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Figures 

Figure 1 
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Figure 2 
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Figure 4 
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Figure 6 
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Figure 7 
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Figure 8 

 


