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ABSTRACT 

Background: Glycation is a non-enzymatic reaction between amino groups within proteins and reducing sugars, leading 

to advanced glycation end products (AGEs). AGEs can induce protein cross-linking and accumulate in various tissues. 

Their buildup contributes to complications associated with chronic disease. Although antiglycation agents like 

aminoguanidine are well documented, there is a significant need for more effective AGE inhibitors to address various 

pathogeneses and complications. Syzygium aromaticum, commonly known as clove, has several medicinal properties, 

including antimicrobial and antioxidant effects that contribute to reduced oxidative stress. However, its impact on 

glycation and related biochemical parameters has not been thoroughly investigated. 

Objectives: This study aims to evaluate the impact of clove bud extract on BSA glycation and elucidate its mechanism of 

action through molecular simulations. 

Methods: The antiglycation effects of clove bud extract were evaluated by quantifying glycation-induced changes in BSA 

structure and aggregation following glucose-mediated glycation and subsequent treatment with varying extract 

concentrations. UV spectroscopy and fluorescence-based assays (Congo red and Thioflavin T) were used to assess these 

changes. At the same time, molecular docking and dynamics simulations explored the underlying molecular interactions 

between clove bud components and BSA. 

https://doi.org/10.31989/ffhd.v15i11.1762
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Results: The results demonstrated that clove bud extract at a 600 µg/ml concentration significantly decreased the 

browning intensity by 54.38%. When combined with glycated BSA, the extract reduced the aggregation index and 

mitigated glycation-induced alterations in BSA's secondary structure, indicating its potential to inhibit glycation and 

prevent AGE formation. Increasing the dosage of clove bud extract resulted in a decrease in Thioflavin T-specific 

fluorescence in the samples. Molecular docking studies revealed several compounds within the clove extract interact 

with glycation-prone residues on BSA, specifically lysine and arginine. Molecular simulation studies further confirmed 

that all tested compounds form stable complexes with BSA when simulated under aqueous conditions, which mirror 

physiological environments.  

 

Novelty of the Study: This study presents novel findings on the inhibitory effects of clove bud extract on the glycation 

process of bovine serum albumin (BSA), demonstrating its potential as a natural inhibitor of glycation. 

 

Conclusion: These findings underscore the potential of clove bud as a natural inhibitor of glycation and glycation-induced 

protein aggregation. 

 

Keywords: Clove; glycation; Oxidative stress, aggregation; BSA; molecular docking; molecular dynamics simulation, 

Pathogenesis. 
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INTRODUCTION 

Glycation is a chemical reaction between free amino 

groups in biological macromolecules (primarily proteins) 

and reducing sugars or metabolic intermediates 

produced during glycation. The product of this process is 

known as advanced glycation end products (AGEs). These 

AGEs are highly reactive and can form cross-links within 

proteins; some of them also exhibit specific fluorescence 

properties [1]. At the onset of hyperglycemia, it 

accelerates the glycation process, leading to the 

formation of AGEs that ultimately accumulate as protein 

aggregates in various tissues [2]. Significantly, glycation-

induced structural and functional changes in proteins 

contribute to diabetes-related complications, including 

neuropathy, nephropathy, retinopathy, and 

cardiovascular issues [3, 4]. The accumulation of AGEs 

damages tissues by generating reactive oxygen species 

(ROS) and altering the expression of specific genes. The 

altered expression of genes related to NADPH oxidase 

and antioxidant enzymes may contribute to diabetic 

complications and certain age-related disorders [5]. 

Serum albumin, a major transport protein, is crucial 

for the transport of numerous exogenous and 

endogenous compounds. Given its abundance among 

plasma proteins, it is particularly susceptible to 

glycation—a process where sugars react with amino 

groups. This glycation reaction can lead to protein 

fibrillation, which results in the formation of amyloid-like 

aggregates. Unfortunately, these aggregates can cause 

neuronal toxicity [6]. The severity of these pathological 

complications induced by glycation warrants the need to 

identify or develop effective glycation inhibitors. While 

aminoguanidine is a well-known antiglycation agent, its 

severe adverse effects led to its withdrawal during the 

third phase of clinical trials [7]. Consequently, there 

remains a critical need to develop inhibitors of AGEs 

(advanced glycation end products) that can mitigate the 

complications associated with diabetes. 

Numerous plant extracts and phytocompounds 

have been documented to inhibit glycation [8]. In a study 

examining natural extracts, C. cochinchinense 

demonstrated potent inhibition of glycation, achieving 

over 90% inhibition at 2.5 μg/ml. Similarly, Cortex 

magnoliae officinalis extract showed comparable 

glycation inhibition, but at a higher concentration of 6.25 

μg/ml during in vitro glycation of BSA [9]. Withania 

somnifera ethanolic extract showed promise as an 

antiglycation agent. Its effect on tail tendon collagen in 

male Wistar rats was comparable to that of metformin. 

Researchers attributed this antiglycation effect to the 

antioxidant properties of the plant’s active components. 

Notably, treatment with Withania extract led to a 79% 

increase in solubility in the pepsin-treated tail tendon, 

indicating reduced collagen cross-linking [10-11]. Other 

plant extracts, including Aralia taibaiensis, Asparrausi 

officinalis, Acanthopanax senticosus, Ophiopogon 

japonicus, Panax notoginseng, Poria cocos, and Polygala 

tenuifolia, also exhibited significant antiglycation effects 

in glucose-mediated glycation of BSA at a concentration 

of 1 mg/ml [11].  Recent studies have reported that 

natural products, including polyphenols derived from the 

leaves of Apium graveolens (celery) and broccoli seed 

extract, exhibit anti-glycation properties [12-13].  

Syzygium aromaticum (clove), a member of the 

Myrtaceae family, is cultivated in tropical regions such as 

Indonesia, Sri Lanka, southern India, Brazil, China, and 

Malaysia [14]. This plant is renowned for its diverse 

medicinal properties, which act through various 

mechanisms of action [15]. Clove flower buds have been 

shown to inhibit the glycation of BSA, as indicated by 

reduced BSA migration in PAGE analysis on day 30 when 

treated with 10 μg/ml clove extract [16-17]. Clove bud 

extract is rich in phenolic compounds, including eugenol, 

eugenol acetate, and gallic acid. These compounds 

contribute to its potent antioxidant properties. These 

compounds neutralize free radicals, thereby mitigating 

oxidative stress and reducing the risk of chronic diseases, 
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including cardiovascular disorders, cancer, and 

neurodegenerative conditions [18]. However, recent 

advancements in analytical techniques, such as HPLC and 

GC-MS, have enabled precise quantification of its 

bioactive components. Additionally, in vitro and in vivo 

studies using cellular and animal models have 

demonstrated its protective effects against oxidative 

stress. Novel assays such as ORAC, DPPH, and ABTS are 

used to measure its antioxidant capacity, while 

nanotechnology applications, including 

nanoencapsulation, enhance its stability and 

bioavailability [19]. Despite these findings, a 

comprehensive investigation into the effects of clove bud 

extract on glycation and its underlying mechanisms 

remains unexplored. This study aims to evaluate the 

impact of clove bud extract on BSA glycation and 

elucidate its mechanism of action through molecular 

simulations. 

 

MATERIAL AND METHODS 

Materials: BSA lyophilized powder, purity ≥96%, Glucose 

≥99.5% purity, Thioflavin T, and Congo Red having a 

purity of ≥97.0%, sodium azide having purity of ≥99.5%. 

Dimethyl sulfoxide (DMSO), Hydrochloric Acid (36%), 

Ethanol (≥99.5% pure), and Methanol (≥99.9% pure) 

were sourced from Merck, Darmstadt, Germany. All 

other solvents and reagents used were of HPLC grade, 

ensuring high purity and suitability for analytical 

applications. 
 

Gathering Clove Buds and Extract Preparation: Clove 

buds, air-dried and acquired from an herbal supplier in 

Buraydah, Qassim, were used for extraction. The 

methanolic extraction process followed a standardized 

approach similar to that in prior tests [20]. Initially, the 

cloves were washed with distilled water and dried in a 

shaded area. Once dehydrated, they were finely ground 

using a digital grinder. For extraction, 100 grams of 

powdered cloves were macerated in 1000 mL of 97% 

methanol at 37°C with 24 hours of continuous stirring 

using a magnetic stirrer. After extraction, the mixture 

was filtered using Whatman filter paper under ambient 

conditions, with a temperature below 40°C. The resulting 

methanolic extract was stored at 4°C. The yield 

percentage of the extract was calculated using the 

formula: 
 

𝑌𝑖𝑒𝑙𝑑(%) =
𝑊𝑒𝑖𝑔ℎ𝑡𝑜𝑓𝑠𝑎𝑚𝑝𝑙𝑒𝑒𝑥𝑡𝑟𝑎𝑐𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑤𝑒𝑖𝑔ℎ𝑡𝑜𝑓𝑠𝑎𝑚𝑝𝑙𝑒
× 100 

 

Clove bud extract is a complex mixture of 

compounds, dominated by eugenol, which constitutes 

72-90% of the extract. Other significant components 

include β-caryophyllene (5-12%), α-humulene (0.55-

1.2%), and eugenyl acetate (1-6%), gallic acid (1.5-2.5%), 

quercetin glucuronide (0.5-1%), and chlorogenic acid 

(0.1-0.5%). The extract's qualitative composition features 

phenylpropanoids like eugenol and its derivatives, 

sesquiterpenes including β-caryophyllene and α-

humulene, monoterpenes such as limonene and β-

pinene, and other compounds like vanillin and methyl 

salicylate. The composition can vary with factors like 

geographical origin, extraction method, and storage. 

These variables influence its aroma, flavor, and biological 

activities [19-22]. 
 

Incubation of clove bud extract with in vitro glycation 

system: The in vitro glycation assay of bovine serum 

albumin (BSA) adhered to the standard protocol [23] with 

recent adaptation [24]. Sterile experimental conditions 

were ensured through autoclaved, closed-capped glass 

vials. BSA at 0.010 g/mL and glucose at 0.50 M were 

mixed in a 100 mM phosphate buffer with pH 7.4. The 

reaction mixture was supplemented with varying 

concentrations of clove bud extract (ranging from 50 to 

600 µg/ml). The prepared vials were then stored at 37°C 

for 15 days in a dark environment to facilitate glycation. 

Following incubation, the glycated BSA samples were 

diafiltrated overnight at 37°C against 50 mM phosphate 

buffer (pH 7.4) to remove excess glucose. The BSA 

quantification was performed based on its specific molar 

extinction coefficient. After dialysis, the samples were 
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stored at -20°C pending further analysis. This procedure 

was meticulously replicated thrice to ensure the 

reliability of the data obtained. 

 

Effect of clove bud extract on browning in glycated 

samples: The extent of browning in glycated specimens 

is a robust indicator of glycation levels24. After post-

dilution with distilled water, browning intensity was 

quantified spectrophotometrically by measuring 

absorbance at 420 nm in a 1 cm path length 

spectrophotometric cell23. These measurements were 

conducted in triplicate to ensure data accuracy. The 

relative browning intensity, expressed as a percentage, 

was calculated using the pertinent equation [24]. 
 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑏𝑟𝑜𝑤𝑛𝑖𝑛𝑔 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜

=
(𝑁𝑐 − 𝑁𝑠)

𝑁𝑐
× 100 

The absorbance of the test solution having BSA and 

glucose system (lacking extract) or the control is Nc; the 

absorbance of the test solution with BSA and glucose 

system (with extract or the treated solution) is Ns. 

 

Effect of clove bud extract on protein aggregation index: 

The aggregation index is an indirect metric for 

quantifying sample protein aggregation levels. As 

delineated earlier25, this index is recognized as an indirect 

indicator of protein aggregation. The percentage of 

protein aggregation index for various glycated samples 

was calculated by measuring absorbance at 280 nm and 

340 nm using spectrophotometry. 
 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛𝑎 𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥(%)

=
𝑁340

(𝑁280 − 𝑁340)
× 100 

 

N340 is the absorbance of the test sample at 340 nm, 

and N280 is the absorbance of the same sample at 280 nm. 

 

Determination of fibrillar state by Congo red assay: 

Congo red has an affinity for amyloid structures through 

the electrostatic interactions between its negatively 

charged sulfonic acid groups and the positively charged 

amino acid residues present on the surfaces of protein 

molecules, as elucidated earlier [26] and followed as 

earlier [27]. Glycation can stimulate this process. The 

preparation of Congo Red was conducted according to 

the protocols specified in prior research24. The assay 

measured the absorbance of AGEs-modified BSA alone, 

AGEs-BSA in the presence of clove bud extract, native 

BSA, and a background control containing Congo red. For 

the assay, 0.10 mL of Congo red was mixed with 0.50 mL 

of either AGEs-BSA or native BSA, and the mixture was 

incubated at 37°C for 10 minutes. Following incubation, 

the absorbance at 530 nm was recorded for each sample 

to assess the presence of amyloid fibrils. 
 

𝐴𝑚𝑦𝑙𝑜𝑖𝑑 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛(%)

=
(𝑁𝑐 − 𝑁𝑠)

𝑁𝑐
× 100 

 

The absorbance of the test solution having BSA and 

glucose system (lacking extract) or the control is Nc; the 

absorbance of the test solution with BSA and glucose 

system (with extract or the treated solution) is Ns. 

 

Biophysical investigations: Protein aggregation can be 

assessed using various methodologies in both in vivo and 

in vitro settings. Techniques such as transmission 

electron microscopy/atomic force microscopy 

(TEM/AFM), molecular probes, and spectroscopic 

methods, such as circular dichroism (CD) and Fourier-

transform infrared spectroscopy (FTIR), have been used 

to quantify aggregation in vitro. In contrast, indicators 

such as changes in the enzymatic activity of a folding 

reporter or fluorescence variations of the target protein 

indicate alterations in aggregations. Additionally, 

fluorescence microscopy facilitates the direct 

observation of target protein aggregation in living cells 

without perturbation. In this context, a suite of 

biophysical analyses was employed, including absorption 

spectroscopy, thioflavin T emission spectroscopy for 

amyloid identification, and fluorescence assays targeting 

AGEs to evaluate the efficacy of clove bud extract in 

mitigating protein aggregation. A standard solution of 

BSA was prepared at a concentration of 1000 µg/ml in a 
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0.020 M sodium phosphate buffer at pH 7.4. BSA at a 0.2 

mg/ml concentration was subjected to non-enzymatic 

glycation with 0.5 M glucose within the same buffer at an 

ambient of 37°C for 15 days to induce glycation. A control 

sample comprising solely BSA in an identical phosphate 

buffer was a reference. To preclude bacterial 

contamination, sodium azide was introduced at a 

concentration of 3 mM. Following incubation, the 

solutions underwent dialysis against a 0.1 M sodium 

phosphate buffer at pH 7.4 and a temperature of 4°C. To 

assess the preventive capability of clove bud extract 

against glycation product formation and AGE 

accumulation, BSA (0.2 mg/ml) was reacted with 0.5 M 

glucose in the presence of the extract at concentrations 

ranging from 50 to 600 µg/ml in 0.020 M sodium 

phosphate buffer at pH 7.4. The propensity for AGE 

formation and resistance to glycation was analyzed using 

various biophysical techniques. 

UV Absorption: Ultraviolet absorption spectroscopy was 

performed with the utmost precision using a PerkinElmer 

Lambda 25 dual-beam spectrophotometer. The 

spectrophotometer meticulously scanned the spectral 

profiles of assorted samples and distinguished them by 

their glycated and non-glycated states across the 

wavelength range of 240 to 500 nm. The absorbance 

intensities corresponding to each sample were 

quantitatively assessed at the specific wavelength of 280 

nm, ensuring the accuracy of our results [28]. 

AGE-specific fluorescence study: The inhibitory effect on 

fluorescent AGE formation was thoroughly assessed 

using a Shimadzu RF-5301PC spectrofluorometer. 

Fluorescence was excited at 350 nm, and emission 

spectra were recorded from 400 to 480 nm. The 

apparatus was set with a slit width of 3 nm for both the 

excitation and emission paths, ensuring the validity of our 

findings [28]. To correct the inner filter effect in 

fluorescence spectroscopy, the following formula was 

used in all the data calculations in this study [29]: 

Fcorrected  = Fmeasured × 10(A
ex

/2 + A
em

/2) 

Where, Fcorrected is the corrected fluorescence 

intensity, Fmeasured is the measured fluorescence intensity, 

Aex = Absorbance of the sample at the excitation 

wavelength, and Aem = Absorbance of the sample at the 

emission wavelength. 

Thioflavin T-specific fluorescence study: The 

comprehensive thioflavin T-specific fluorescence study 

investigated the ability of clove bud extract to suppress 

fibril formation induced by glycation. Each specimen was 

treated with a 6 M solution of Thioflavin T, and 

subsequent fluorescence measurements were taken, 

spanning an emission wavelength range of 450-600 nm. 

In contrast, the excitation wavelength was fixed at 440 

nm. For both excitation and emission pathways, the 

spectrophotometer was configured with a slit width of 10 

nm, ensuring the thoroughness of our research [28]. 

Molecular Docking: Researchers have discovered that 

certain compounds, including gallic acid, chlorogenic 

acid, quercetin glucuronide, eugenol, and trihydroxy-15-

octadecenoic acid, are active constituents of clove buds 

[30-31]. Molecular docking of these compounds with BSA 

was performed to examine binding affinity and binding 

sites. To perform these calculations, we utilized 

AutoDock Vina, a software known for its accuracy and 

computational efficiency compared to the standard 

AutoDock [32-33]. The three-dimensional crystal 

structure of BSA was obtained from the RCSB Protein 

Data Bank (PDB: 4F5S). We removed all water molecules 

from the receptor to prevent interference during docking 

calculations. Additionally, we merged non-polar 

hydrogens and assigned Kollman charges, saving the 

modified structure in PDBQT format using MGL Tools-

1.5.634. For the docking simulations, we defined a grid 

with dimensions of 94 Å × 62 Å × 76 Å, with a 1 Å spacing, 

effectively covering the entire BSA molecule. The grid 

center coordinates were x = 8.806, y = 23.323, z = 

102.451. The 3D structures of ligands were taken from 
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the PubChem database in SDF format. Using Chimera 

1.14, we converted it to PDB format and made the ligand 

flexible by identifying its rotatable bonds. Finally, the 

ligand structure was saved in PDBQT format. Post-

modeling analyses were conducted using Discovery 

Studio 2024 and PyMOL 3.0. 

Molecular dynamics simulations: Furthermore, we 

investigated the behavior of BSA and the complexes with 

phytocompounds of clove buds using molecular 

dynamics (MD) simulations. To perform these 

simulations, we employed the Amber99SB-ILDN force 

field in GROMACS 2018 [35-36]. The topology of ligands 

was prepared using the Amber99sb force field in the 

Antechamber package of AmberTools19 [37]. 

Subsequently, we solvated the systems in cuboidal boxes 

using the TIP3P water model. To maintain charge 

neutrality, we introduced 16 sodium ions, then added 

150 mM NaCl to match physiological salt levels. The 

energy minimization was performed using the steepest 

descent method to eliminate weak Van der Waals 

interactions. After the energy minimization, the system 

underwent equilibration in two distinct stages. In the first 

stage, simulations were performed using the NVT 

ensemble, which maintains a fixed volume while 

regulating the temperature. The temperature was 

maintained at 310 K using the V-rescale thermostat, and 

this phase lasted for 1 nanoseconds38. Subsequently, the 

second stage employed the NPT ensemble, wherein both 

pressure (1 bar) and temperature (310 K) were 

maintained. This was achieved using the Parrinello-

Rahman barostat, and the system was allowed to 

equilibrate for an additional 1 nanosecond39. The MD 

simulations were performed over 50 nanoseconds, 

during which we saved 5,000 frames at 10-ps intervals. 

Before analysis, we corrected the trajectory for periodic 

boundary conditions (PBC). Using Gromacs utilities, root 

mean square deviation (RMSD), radius of gyration (Rg), 

root mean square fluctuation (RMSF), solvent accessible 

surface area (SASA), and hydrogen bonds analysis were 

performed. Additionally, we evaluated the binding 

energies between ligands and BSA, as well as the 

contribution of each residue to the overall energy, using 

MM-PBSA calculations [40].

Software and Statistical Analysis: Data analysis and 

statistical evaluations were performed using the IBM 

SPSS Statistics 30.0.0. Given that the study involves 

comparing multiple treatment groups to a single glycated 

control, a one-way ANOVA followed by a post hoc test, 

such as Dunnett's test, was used for the analysis. Error 

bars represent the Mean ± Standard Deviation (SD). 

The following software packages were used for in 

silico studies. 

Discovery Studio 2024: Used for post-modeling analyses 

of molecular docking results. 

PyMOL 3.0: Utilized for visualization and analysis of 

molecular docking results. 

GROMACS 2018.1: Employed for molecular dynamics 

simulations. 

AmberTools19: Used for topology preparation of ligands 

for molecular dynamics simulations. 

AutoDock Vina: This software was used for performing 

molecular docking simulations. 

MGL Tools-1.5.6: Used to prepare the receptor and 

ligand structures for use with AutoDock Vina. 

Chimera 1.14: Used for converting ligand structures from 

SDF to PDB format and preparing flexible ligands. 
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 RESULTS  

Browning intensity investigation 

We investigated the impact of clove bud extract on 

browning reactions, specifically its ability to mitigate 

early glycated-BSA formation. We measured the 

absorbance at 420 nm to determine the variation in 

intensity between glycated-BSA samples treated with 

clove extract and untreated glycated-BSA samples. 

Intense brown pigments become apparent during the 

initial phase of the three-step chemical process, leading 

to the formation of AGEs. Our results demonstrate that 

the addition of clove bud extract significantly reduces the 

browning intensity in glycated-BSA samples. At a 600 

concentration of µg/ml, the clove bud extract suppressed 

browning intensity by 54.38% at the end of the study 

period. Conversely, maximal browning, equivalent to 

100% browning, was observed in the glycated BSA 

samples that were incubated without the extract (Fig. 1). 

Glycoproteins and advanced glycation end products 

(AGEs) represent distinct stages in nonenzymatic 

browning. Initially, glycoproteins emerge due to covalent 

crosslinking between proteins and reducing sugars. 

Subsequently, AGEs are the ultimate products of this 

browning reaction [41].  

Fig 1. Decrease in browning intensity when clove bud extract is present. BSA was kept in the presence of glucose for 15 days. In sample 

1 (red column), it is thought to have glycated to 100% of its original state (browning). Sample 2-11 (magenta columns) contained 50, 75, 100, 150, 200, 

250, 300, 400, 500, and 600 µg/ml of clove buds, and browning or glycation is displayed to be lower as the extract concentration increases. BSA was kept 

for the same period (15 days) in sample 12 (green column) without extract or glucose. The p-value was found to be lower than 0.05 (n=3, p < 0.05). 

Effect of methanol extract on protein aggregation 

Index; Protein aggregation resulting from glycation 

occurs when the carbonyl group of glucose interacts 

with proteins. This glycation process leads to structural 

and functional changes in proteins, and it can occur 

at various sites, including the side chains and N-

terminal groups of polypeptides. Additionally, 

glycation promotes the formation of protein 

aggregates by triggering the clustering of carbonyl 

groups bound to proteins. The formation and 

implications of protein aggregates in various 

diseases have been extensively studied. In this study, 

we investigated the impact of clove bud extract on the 

formation of amyloid cross-structures when 

incubated with sugars and proteins. By analyzing the 

aggregation index, we found that clove bud extract 

reduced the formation of amyloid cross-structures. The 

BSA-glycation system exhibited the highest level of 

aggregation. However, the clove bud extract significantly 

attenuated glycation-induced aggregation in glycated 

BSA. Figure 2 showed that samples of glycated BSA 

incubated with clove bud extract demonstrated a lower 

aggregation index than those without extract. Maillard 

reactions have a significant impact on the functional 

properties of proteins. Notably, these reactions can lead 

to protein unfolding and aggregation [42].  
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Fig 2. Reduction in aggregation index when clove bud methanol extract is present. Sample 1 is BSA kept with glucose for 15 days and 

displayed the highest aggregation index and, consequently, the maximum glycation. Clove bud (magenta column) methanol extract was present in samples 

2-11 at concentrations ranging from 50, 75, 100, 150, 200, 250, 300, 400, 500, and 600 µg/ml. The aggregate index is demonstrated to decrease as the 

clove bud extract concentration increases (magenta column). Sample 12 (green column) contained BSA that was kept alone and displayed a minimum 

aggregation index. The p-value significance was noticed to be a value lower than 0.05 (n=3, p < 0.05). 

Congo red (CR) assay: Glucose has been found to cause 

changes in the secondary structure of BSA, making the 

glycation-prone sites more accessible to the solvent on 

the surface area. The Congo Red (CR) method, which 

involves measuring specific absorption at 540 nm after 

binding, is a well-established technique for assessing the 

presence of cross-structures in glycated proteins 24,43. In 

our experiments, CR-glucose samples exhibited an 

increase in intensity at 540 nm, indicating the presence 

of amyloid-specific structures. However, with the 

addition of clove extract, the glycation-induced 

alteration of the native BSA's canonical secondary 

structure was reduced. As observed in Fig. 3, the 

glycated samples treated with clove bud extract 

demonstrated a dose-dependent reduction in BSA 

fibrillation. 

Fig 3. Cross amyloid structures are reduced when clove bud extract is present (magenta column). Sample 1 is BSA that has been 

placed with glucose over fifteen days; it is believed to have 100% amyloid fibrils in the current study as it has been determined to have the maximum 

structural modifications. The cross-amyloid structures appear reduced with increasing clove bud extract concentration in Sample 2-11, which contained 

50, 75, 100, 150, 200, 250, 300, 400, 500, and 600 µg/ml of extract (magenta column). Sample 12 (green column), which contained BSA only (incubated 

alone), displayed the fewest cross-amyloid structures. The p-value significance was noticed to be a value lower than 0.05 (n=3, p < 0.05). 
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UV-Absorption studies: Proteins undergo 

conformational changes because of non-enzymatic 

glycation. Previous studies have observed a significant 

absorption peak at 280 nm in BSA samples incubated 

with glucose alone, indicating notable hyperchromicity 

compared to native BSA incubated without glucose. This 

hyperchromicity at 280 nm in non-enzymatically 

glycosylated samples may be attributed to alterations in 

aromatic residues and the microenvironment of amino 

acid residues 28. Interestingly, our findings demonstrate 

that as the concentration of clove bud extract increased, 

the hyperchromicity observed in the different samples 

significantly decreased, as shown in Fig. 4. These results 

suggest that the extract may play a role in mitigating the 

conformational changes induced by non-enzymatic 

glycation in proteins.  

Fig 4. Absorbance declines when clove bud extract is present. Sample 1 is BSA incubated with glucose for 15 days, and it appears to exhibit 

the most significant structural changes. 50, 75, 100, 150, 200, 250, 300, 400, 500, and 600 µg/ml of extract were present in samples 2-11 (magenta column). 

Sample 12 (green column) contained BSA that had been incubated without any extract or glucose. The p-value significance was noticed to be a value lower 

than 0.05 (n=3, p < 0.05). 

Effects of extract on fluorescent AGE formation: As 

reported in previous studies, BSA samples incubated with 

glucose exhibited the highest fluorescence intensity at 

450 nm 28,44. To evaluate the anti-glycation activity of 

clove bud extract, a methanol extract of clove buds was 

tested on the fluorescent AGE formation in BSA samples 

incubated with glucose. BSA is a major plasma protein 

that can undergo glycation and form AGEs. The 

fluorescence intensity of AGEs at 450 nm reflects the 

degree of glycation. As observed in Fig. 5, BSA samples 

incubated with glucose alone showed the highest 

fluorescence intensity, indicating the highest level of 

glycation. However, when clove bud extract was added 

to the BSA-glucose mixture, the fluorescence intensity 

decreased in a dose-dependent manner, reaching the 

lowest level at 600 µg/ml of clove bud extract. This 

indicates that clove bud extract can inhibit the glycation 

of BSA and prevent the formation of AGEs. Clove bud 

extract may contain phenolic compounds that can 

scavenge reactive carbonyl species and block the 

glycation reaction. These findings highlight the potential 

of clove bud extract in the field of biochemistry and 

pharmacology, offering a promising avenue for future 

research and applications. 
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Fig 5. Fluorescence intensity (at 450 nm) declines when clove bud extract is present. Sample 1 is BSA incubated with glucose for 15 

days, and it appears to exhibit the most significant structural changes. 50, 75, 100, 200, 250, 300, 400, 500, and 600 µg/ml of extract were present in 

samples 2-11 (magenta column). Sample 12 (green column) contained BSA that had been incubated without any extract or glucose. The p-value significance 

was noticed to be a value lower than 0.05 (n=3, p < 0.05). 

Effect of clove bud extract on the formation of 

glycation-induced fibrils: Thioflavin T (ThT) is commonly 

utilized to investigate the formation of amyloid fibrils in 

glycated samples [28]. In its free state, ThT exhibits weak 

fluorescence. However, upon interaction with fibrils 

formed in glycated proteins, ThT's fluorescence intensity 

increases significantly. In the case of BSA glycated by 

glucose, ThT fluorescence at 480 nm increases, indicating 

the formation of fibrils due to BSA glycation. Our study 

found that as the dosage of clove bud extract in the 

incubated samples increased, there was a gradual 

reduction in ThT-specific fluorescence at 480 nm in the 

presence of the extract (Fig. 6). The most robust ThT-

specific fluorescence at 480 nm was observed in BSA 

treated with glucose alone. These findings suggest that 

clove bud extract protects against the synthesis of AGEs 

induced by glycation. Still, they also reassure us about 

the increasing level of protection displayed by the 

extract, alongside the concentration of clove bud extract 

used. 

Fig 6. Fluorescence intensity (at 480 nm) declines when clove bud extract is present. Sample 1 is BSA incubated with glucose for 15 

days, and it appears to exhibit the most significant structural changes. 50, 75, 100, 150, 200, 250, 300, 400, 500, and 600 µg/ml of extract were present in 

samples 2-11 (magenta column). Sample 12 (green column) contained BSA that had been incubated without any extract or glucose. The p-value significance 

was noticed to be a value lower than 0.05 (n=3, p < 0.05). 
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Molecular Docking: We conducted molecular docking 

studies involving the ligands and BSA to examine the 

interaction. Notably, these ligands exhibited a range of 

affinity toward BSA. Quercetin glucuronide showed the 

highest affinity towards BSA out of all docked 

compounds. The binding affinity of chlorogenic acid, 

eugenol, gallic acid, quercetin glucuronide, trihydroxy-

15-octadecenoic acid with BSA was found to be -7.7, -6.6,

-6.2, -9.3, and -7.1 kcal/mol. The overlap of all ligands in

BSA is shown in Fig. 7A. Arg435, Ile455, Ser428, Ala193, 

Ser192, Glu424, Thr190, Leu189, His145, Arg144, 

Asp108, Arg458, and Pro110 of BSA interacted with 

chlorogenic acid via different non-covalent forces (Fig. 

7B). Similarly, eugenol interacted with Phe550, Phe508, 

Phe506, Gln579, Ley574, Ala527, Leu528, Val575, His534, 

Leu531, Phe501, and Thr578 and its interaction diagram 

is shown in Fig 7C. For the complexation of gallic acid with 

BSA, Cys391, Thr448, Cys436, Cys437, Gly433, Leu429, 

Phe402, Val432, Leu452, Tyr410, Arg409, Leu406, 

Asn390, and Leu386 were involved (Fig 7D). Moreover, 

molecular docking revealed that His145, Asp108, Arg458, 

Leu189, Ala193, Glu424, Ser428, Arg427, Lys431, Leu454, 

Ile455, Tyr451, Thr190, Arg435, Glu186, Arg196, Ser192, 

and Arg144 of BSA were interacting with quercetin 

glucuronide as presented in Fig. 7E. The binding of 

trihydroxy-15-octadecenoic acid with BSA involved 

Val215, Gly327, Leu330, Leu326, Glu353, Leu346, Ala349, 

Arg208, Val481, Lys350, Leu480, Ser479, Phe205, Ala209, 

Ala212, Asp323, and Lys211 residues Fig 7F. In protein 

glycation, lysine residues are known to be the most 

susceptible to glycation. Numerous proteins, including 

hemoglobin, lysozyme, and albumin, have highlighted 

lysine as a hotspot for this chemical modification. 

Notably, arginine, histidine, and cysteine have also been 

documented to undergo glycation45. Interestingly, many 

tested compounds of clove bud have been found to 

interact directly with BSA's arginine and lysine residues. 

Once the ligand masks these glycation-prone residues, 

the chances of glucose and glycation attachment are 

reduced.  

Fig 7.  Molecular docking analysis of BSA–ligand complexes (A) Overlap of all docked poses of ligands in BSA. (B) Two-

dimensional representation of docked HSA-chlorogenic acid complex. (C) Two-dimensional representation of docked HSA-eugenol 

complex. (D) Two-dimensional representation of docked HSA-gallic acid complex. (E) Two-dimensional representation of docked HSA-quercetin 

glucuronide complex. (F) Two-dimensional representation of docked HSA-trihydroxy-15-octadecenoic-acid complex.  
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Molecular dynamics simulations: To explore the stability 

and behavior of the BSA and the complexes in an aqueous 

environment, we conducted molecular dynamics (MD) 

simulations. We chose the docked conformation with the 

lowest binding energy for these simulations. We 

performed root-mean-square deviation (RMSD) analysis, 

which tracks how each system's backbone deviates from 

its initial structure over time. Notably, the RMSD of apo 

BSA showed some deviations but eventually stabilized in 

the early simulation stage (as depicted in Fig. 8A). 

Similarly, all complexes exhibited similar RMSD yet 

consistently remained below 0.4 nm throughout the 

simulation. This data suggests that all systems achieved 

stability in the early simulation stage [46]. Calculating 

average RMSD values, we found them to be 0.247 nm for 

apo BSA, 0.226 nm for BSA-chlorogenic acid complex, 

0.290 nm for BSA-eugenol complex, 0.293 nm for BSA-

gallic acid complex, 0.272 nm for BSA-quercetin 

glucuronide complex, and 0.276 nm for BSA-trihydroxy-

15-octadecenoic acid complex. We also calculated the

root mean square fluctuations (RMSF) of Cα atoms of all 

residues of BSA in the absence and presence of ligands 

(Fig. 8B). Even in the presence of ligands, most BSA 

residues exhibited an RMSF of 0.20 nm, indicating the 

stability of ligands when in a complex with BSA [46]. 

Furthermore, our RMSF analysis of ligands showed some 

movement at the binding site in BSA (Fig. 8C), potentially 

influencing interactions with neighboring residues [46].  

Fig 8. Molecular dynamics analysis of BSA–ligand complexes (A) Root mean square deviation (RMSD) of apo BSA, BSA-

chlorogenic acid complex, BSA-eugenol complex, BSA-gallic acid complex, BSA-quercetin glucuronide complex, and BSA-trihydroxy-

15-octadecenoic acid complex during 50 ns MD simulation. (B) Average root mean square fluctuation (RMSF) of residues of BSA without or with 

chlorogenic acid, eugenol, gallic acid, quercetin glucuronide, or trihydroxy-15-octadecenoic acid. (C) Average RMSF of atoms of chlorogenic acid, eugenol, 

gallic acid, quercetin glucuronide, or trihydroxy-15-octadecenoic acid.  

To explore how , we investigated key parameters, 

including the radius of gyration (Rg), solvent-accessible 

surface area (SASA), potential energy, and total energy47. 

Fig. 9A depicts the Rg values for BSA in the presence and 

absence of ligands. Notably, Rg remained consistently 

around 2.7 nm throughout the simulation. Similar trends 

in Rg for all complexes were observed throughout the 

simulation.  For example, the average Rg values for apo 

BSA, BSA-chlorogenic acid complex, BSA-eugenol 

complex, BSA-gallic acid complex, BSA-quercetin 

glucuronide complex, and BSA-trihydroxy-15-

octadecenoic acid were 2.724, 2.676, 2.743, 2.712, 2.670, 

and 2.718 nm, respectively. These findings suggest that 

binding ligands induced minimal changes in BSA’s 

compactness. Fig. 9B shows the SASA profiles of BSA and 

the complexes over simulation time. The average SASA 

values were 290.683 nm2 for apo BSA, 287.775 nm2 for 

BSA-chlorogenic acid complex, 292.134 nm2 for BSA-

eugenol complex, 288.573 nm2 for BSA-gallic acid 

complex, 286.753 nm2 for BSA-quercetin glucuronide 

complex, and 289.255 nm2 for BSA-trihydroxy-15-

octadecenoic acid complex, indicating the overall 

stability. These negligible variations in Rg and SASA of 

complexes compared to apo BSA indicate their stable 

nature under physiological conditions [46], roughly the 

same as those of apo BSA.  
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Fig 9.  Effect of ligand binding on compactness of BSA (A) Radius of gyration of apo BSA, BSA-chlorogenic acid complex, BSA-

eugenol complex, BSA-gallic acid complex, BSA-quercetin glucuronide complex, and BSA-trihydroxy-15-octadecenoic acid complex 

during 50 ns MD simulation. (B) Solvent accessible surface area (SASA) of apo BSA, BSA-chlorogenic acid complex, BSA-eugenol complex, BSA-gallic 

acid complex, BSA-quercetin glucuronide complex, and BSA-trihydroxy-15-octadecenoic acid complex during 50 ns MD simulation. (C) Potential energy 

(PE) and total energy (TE) of apo BSA, BSA-chlorogenic acid complex, BSA-eugenol complex, BSA-gallic acid complex, BSA-quercetin glucuronide complex, 

and BSA-trihydroxy-15-octadecenoic acid complex during 50 ns MD simulation.  

hydrogen bonds with BSA compared to other ligands. 

Furthermore, we also examined the hydrogen bond 

existence profile (Fig. 10B-F), which revealed the 

hydrogen bond presence throughout the trajectory. In 

the binding of chlorogenic acid, eugenol, gallic acid, 

quercetin glucuronide, trihydroxy-15-octadecenoic acid 

with BSA, Glu424, Leu505, Leu429, Asn457, and Asp323 

exhibited the highest occupancy of 29.9%, 29.3%, 56.8%, 

79.50%, and 33.5%, respectively.  

We conducted hydrogen bond analysis to explore 

the interaction between ligands and BSA (Fig. 10A). The 

average number of hydrogen bonds formed by 

chlorogenic acid, eugenol, gallic acid, quercetin 

glucuronide, and trihydroxy-15-octadecenoic acid with 

BSA was determined to be 2.350, 0.353, 1.021, 2.940, and 

0.858, respectively. It is evident from the data that 

chlorogenic acid and quercetin glucuronide formed more 

. 

Fig 10. Several hydrogen bonds were formed by Chlorogenic acid, eugenol, gallic acid, quercetin glucuronide, or trihydroxy-
15-octadecenoic acid with BSA during 50 ns simulation. (B) Hydrogen bond existence map of BSA-chlorogenic acid complex. (C) Hydrogen 

bond existence map of BSA-eugenol complex. (D) Hydrogen bond existence map of BSA-gallic acid complex. (E) Hydrogen bond existence map of BSA-

quercetin glucuronide complex. (F) Hydrogen bond existence map of BSA-trihydroxy-15-octadecenoic acid complex
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We also explored the impact of ligand binding on 

BSA's secondary structure. Figure 11A presents the 

average percentages of various secondary structure 

elements in BSA, both with and without ligands. When 

BSA was simulated alone, the percentages of coils, bends, 

turns, α-helices, and 3-helices in apo BSA were 12.746, 

6.433, 12.082, 65.207, and 3.484%, respectively. 

Remarkably, these components showed negligible 

changes upon ligand binding. For instance, in the BSA-

eugenol complex, the average percentages of coils, 

bends, turns, α-helices, and 3-helices were 12.822, 6.551, 

12.798, 65.129, and 2.647%, respectively. This negligible 

alteration in secondary structure further confirms the 

stability of all complexes under physiological conditions 

[48]. Moreover, we employed principal component 

analysis (PCA), a standard statistical technique for 

analyzing large-scale motion in biological 

macromolecules, to examine the flexibility in BSA with 

and without ligands. PCA reduces the dimensionality of a 

dataset while retaining essential information, as 

characterized by its eigenvectors [49]. We compared the 

flexibility parameters of BSA when it was alone versus 

when it formed a complex with the ligands. The two-

dimensional projections of the eigenvectors for BSA and 

the complex are shown in Fig. 11B. Interestingly, all 

complexes occupied a similar conformational space in 

the two-dimensional projection to that of apo BSA. The 

data suggest that the flexibility of BSA remained 

relatively unchanged following the complexation of 

ligands. To highlight differences, we also visualized free 

energy landscapes (FELs) for apo BSA and the complexes 

(Fig. 12). Notably, over a 50 ns MD simulation, apo BSA 

exhibited three energy minima. Whereas, in trajectories 

of BSA-chlorogenic acid complex, BSA-eugenol complex, 

BSA-gallic acid complex, BSA-quercetin glucuronide, and 

BSA-trihydroxy-15-octadecenoic acid, there were four, 

four, three, one, and eight energy minima points. 

Fig 11. Effect of ligand binding on the secondary structure of BSA (A) Average percentage of secondary structure in BSA 

without or with chlorogenic acid, eugenol, gallic acid, quercetin glucuronide, or trihydroxy-15-octadecenoic acid. (B) Projection of 

eigenvectors of apo BSA, BSA-chlorogenic acid complex, BSA-eugenol complex, BSA-gallic acid complex, BSA-quercetin glucuronide complex, and 

BSA-trihydroxy-15-octadecenoic acid complex. 
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Fig 12. Effect of ligand binding on free energy change in BSA (A) Free energy landscape of apo BSA. (B) Free energy landscape 

of BSA-chlorogenic acid complex. (C) Free energy landscape of BSA-eugenol complex. (D) Free energy landscape of BSA-gallic acid 

complex. (E) Free energy landscape of BSA-quercetin glucuronide complex. (F) Free energy landscape of BSA-trihydroxy-15-octadecenoic acid 

complex. 

Finally, we employed MM-PBSA calculations to 

dissect the various energies involved in complex 

formation, each exerting a positive or negative influence 

on the overall binding [50]. In protein-ligand interactions, 

non-covalent forces play a pivotal role. Among these 

forces, van der Waals forces, hydrogen bonds, 

electrostatic forces, and hydrophobic contacts are 

particularly prominent [51]. The energies associated with 

this complex formation are summarized in Table 1. In the 

complexation of chlorogenic acid to BSA, van der Waals 

energy (-27.076 kcal/mol) and electrostatic energy (-

14.605 kcal/mol) were predominant, while a small 

contribution from SASA (-3.816 kcal/mol) energy. For 

eugenol and BSA interactions, van der Waal energy (-

22.784 kcal/mol) was predominant, with a small 

contribution from electrostatic energy (-3.371 kcal/mol) 

and SASA (-2.721 kcal/mol) energy. Similar results were 

obtained for gallic acid, where van der Waals energy 

(-24.138 kcal/mol) was a significant contributor, 

and electrostatic (-5.006 kcal/mol) and SASA 

(-2.474 kcal/mol) energies made less significant 

contributions. The remaining two ligands (quercetin 

glucuronide and trihydroxy-15-octadecenoic acid) also 

showed a similar pattern in which a significant 

portion of energy came from van der Waals energy and 

a lesser portion of energy was contributed by 

electrostatic and SASA energies. Interestingly, the 

positive values showed that polar solvation energy 

(PSA) impeded the overall binding process. Overall, 

the binding energy for the complexation of chlorogenic 

acid, eugenol, gallic acid, quercetin glucuronide, 

and trihydroxy-15-octadecenoic acid with BSA was 

-9.487, -15.476, -13.629, -24.718, and -26.387 kcal/

mol, respectively.  
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Table 1. MM-PBSA binding energies (kcal/mol) of the compounds of clove bud extract with BSA. 

Energy         LIGANDS 

Chlorogenic acid Eugenol Gallic acid Quercetin glucuronide Trihydroxy-15-

octadecenoic acid 

vdW -27.076±0.465 -22.784±0.284 -24.138±0.163 -52.193±0.426 -43.614±0.381 

Elec -14.605±0.887 -3.371±0.244 -5.006±0.142 -20.621±0.564 -12.033±0.564 

PSA 35.963±0.722 13.408±0.309 18.005±0.255 53.040±0.738 34.219±0.592 

SASA -3.816±0.037 -2.721±0.016 -2.474±0.011 -4.989±0.022 -4.982±0.021 

BE -9.487±0.593 -15.476±0.285 -13.629±0.205 -24.718±0.501 -26.387±0.454 

vdW is van der Waal energy; Elec is Electrostatic energy; PSA is Polar solvation energy; SASA is SASA energy; and BE is overall Binding energy.  

The MM-PBSA analysis also provides insights into 

the energy contributions from individual amino acids. 

Table 2 highlights vital energy-contributing residues 

within BSA. When examining the interaction between 

chlorogenic acids, several amino acids stand out as 

significant contributors: Lys106 (-0.677 kcal/mol), Lys114 

(-0.542 kcal/mol), Lys116 (-0.580 kcal/mol), Arg143 (-

0.653 kcal/mol), Arg144 (-1.199 kcal/mol), Leu189 (-

1.152 kcal/mol), Ala193 (-0.856 kcal/mol), Arg194 (-0.583 

kcal/mol), Arg196 (-1.449 kcal/mol), Ile455 (-0.618 

kcal/mol), Arg458 (-3.046 kcal/mol), and Lys465 (-0.715 

kcal/mol). Similarly, Arg208 (-2.422 kcal/mol), Ala209 (-

0.577 kcal/mol), Ala212 (-1.297 kcal/mol), Val215 (-0.897 

kcal/mol), Val234 (-0.739 kcal/mol), Lys322 (-0.513 

kcal/mol), Ala324 (-0.691 kcal/mol), Leu326 (-1.369 

kcal/mol), Gly327 (-0.996 kcal/mol), Leu330 (-0.677 

kcal/mol), Tyr331 (-0.481 kcal/mol), and Lys350 (-1.338 

kcal/mol) were the primary energy contributing residues 

in binding of trihydroxy-15-octadecenoic acid with BSA. 

Interestingly, numerous lysine and arginine residues 

were among the top energy-contributing residues of BSA. 

It is well known that lysine and arginine are the primary 

sites for glycation [52]. The compounds present in clove 

bud extract may mask these glycation-prone residues, 

which could be a possible mechanism of glycation 

inhibition [47].  

Table 2. Total energies (kcal/mol) of primary energy contribute residues of BSA to the interaction with compounds of clove 

bud extract with BSA. 

Chlorogenic acid Eugenol Gallic acid Quercetin glucuronide Trihydroxy-15-

octadecenoic acid 

Residues Total Energy Residues Total Energy Residues Total Energy Residues Total Energy Residues Total Energy 

Lys106 -0.677±0.018 Phe506 -0.649±0.046 Leu386 -0.442±0.021 Arg185 -0.736±0.048 Arg208 -2.422±0.080 

Lys114 -0.542±0.153 Phe508 -0.597±0.034 Ile387 -0.928±0.038 Lys187 -0.639±0.021 Ala209 -0.577±0.035 

Lys116 -0.580±0.080 Lys524 -0.108±0.039 Asn390 -0.570±0.064 Leu189 -2.927±0.065 Ala212 -1.297±0.034 

Arg143 -0.653±0.026 Ala527 -0.867±0.033 Phe402 -0.641±0.024 Thr190 -0.916±0.062 Val215 -0.897±0.037 

Arg144 -1.199±0.092 Leu528 -0.233±0.026 Leu406 -0.730±0.021 Ala193 -1.613±0.038 Val234 -0.739±0.029 

Leu189 -1.152±0.084 Glu530 -0.114±0.053 Arg409 -0.950±0.067 Arg194 -1.156±0.033 Lys322 -0.513±0.031 

Ala193 -0.856±0.034 Leu531 -0.794±0.047 Lys413 -0.415±0.056 Arg196 -1.488±0.063 Ala324 -0.691±0.041 

Arg194 -0.583±0.031 Val546 -0.161±0.032 Leu429 -0.729±0.044 Arg435 -1.306±0.069 Leu326 -1.369±0.033 

Arg196 -1.449±0.050 Met547 -0.514±0.041 Val432 -0.753±0.033 Leu454 -1.558±0.054 Gly327 -0.996±0.034 

Ile455 -0.618±0.034 Phe550 -1.035±0.063 Gly433 -0.428±0.023 Ile455 -1.551±0.048 Leu330 -0.677±0.023 

Arg458 -3.046±0.159 Leu574 -0.461±0.030 Leu452 -1.199±0.023 Arg458 -3.806±0.137 Tyr331 -0.481±0.030 

Lys465 -0.715±0.036 Val575 -0.130±0.015 Arg484 -0.579±0.063 Val461 -0.693±0.021 Lys350 -1.338±0.052 
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DISCUSSION 

Antioxidants from various plant and dietary sources play 

a significant role in disease management through 

different mechanisms [53-57]. This study explored the 

antiglycation potential of clove bud extract, focusing on 

its ability to inhibit glycation-induced alterations in BSA. 

The results demonstrated a significant reduction in AGE 

formation, with a 54.38% decrease in browning intensity 

at 600 µg/ml, highlighting its promise as a natural 

inhibitor of protein glycation and its associated 

complications. These findings align with previous studies 

on plant extracts such as Cortex magnoliae 

officinalis [58], Withania somnifera [59], and C. 

cochinchinense [60], which also exhibit potent 

antiglycation effects, albeit often at lower 

concentrations. The variation in effectiveness may stem 

from differences in active compound concentrations and 

extraction methods. 

The study elucidated the mechanism of action 

through molecular docking and dynamics simulations, 

revealing that clove compounds interact with glycation-

prone residues, such as lysine and arginine, on BSA. This 

interaction is consistent with prior research, which 

identifies lysine residues as highly susceptible to 

glycation in proteins such as hemoglobin and albumin 

[61-64]. By binding to these residues, clove compounds 

may sterically hinder glucose interaction with BSA, 

preventing AGE formation. Molecular dynamics 

simulations further supported this by demonstrating 

stable complexes between clove compounds and BSA 

under physiological conditions, indicating a targeted and 

sustained inhibitory effect [65]. The reduction in protein 

aggregation, as indicated by the decreased aggregation 

index, underscores the extract's ability to mitigate 

glycation-induced protein damage, a critical factor in 

diabetes-related complications. This effect is likely linked 

to both reduced AGE formation and the preservation of 

BSA's secondary structure, as evidenced by Congo red 

and UV-Vis spectroscopy data. Such preservation is vital, 

as glycation can severely impair protein functionality 

[62]. The study also compared its findings with similar 

research, which demonstrated clove bud extract's ability 

to counteract oxidative stress in human neuroblastoma 

SH-SY5Y cell lines [65]. This aligns with the current study's 

emphasis on clove's bioactive compounds and their 

synergistic effects, suggesting broader therapeutic 

potential, including for neurodegenerative diseases such 

as Alzheimer's disease (AD).  

Clove bud extract demonstrates significant 

antiglycation and antioxidant properties in both in vitro 

and in vivo studies, effectively inhibiting advanced 

glycation end products (AGEs) and protecting against 

protein oxidation [66]. While laboratory studies highlight 

its potential, challenges such as metabolism and 

bioavailability complicate translating these effects into 

living organisms. Research indicates that cloves and their 

active component, eugenol, have beneficial effects in 

vivo, although these effects are often less pronounced 

than those observed in vitro [67]. In zebrafish models, 

clove extract exhibits notable antiglycation, 

hypolipidemic, and anti-atherosclerotic effects [68]. 

Moreover, it shows promising anticancer activities in 

breast carcinoma models by reducing tumor frequency 

and modifying cancer-related gene expression in vivo, as 

well as inducing antiproliferative and pro-apoptotic 

effects in MCF-7 cells in vitro [69]. 

Our in vitro results demonstrate that clove bud 

extract can significantly inhibit glycation; however, 

translating this finding into a food ingredient or 

therapeutic application requires a realistic approach and 

further research. Culinary use typically involves small 

amounts of cloves, such as a teaspoon in a stew or a pinch 

in spice blends, making it unlikely that dietary intake 

alone would reach the laboratory concentration used 

(approximately 600 µg/mL in a closed system). 

Nonetheless, regular cooking or slight supplementation 

may increase exposure to active components, especially 

eugenol, which seems to be fairly bioavailable. Safety has 
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been confirmed for typical culinary use; however, 

concentrated supplements should be approached with 

caution. High doses of eugenol have been linked to liver 

stress, so careful monitoring is necessary during any high-

dose regimen. Moving beyond in vitro results requires 

thorough in vivo validation and ultimately clinical trials to 

determine safe and effective dosages and real-world 

results. Biomarkers such as circulating AGE levels 

(measured by AGE-specific fluorescence or ELISA) and 

clinical glycation indicators, such as glycated albumin or 

HbA1c, which relate to the observed mechanisms, are 

valid for these studies. Tools like molecular docking 

provide helpful clues but do not replace biological 

confirmation; further study of active compounds and 

potential synergistic effects with other antiglycation 

agents are essential next steps. Overall, clove bud extract 

shows promise as a natural candidate for reducing 

glycation-related damage, with possible uses in both diet 

and medicine—provided that proper dosing, safety, and 

efficacy are confirmed through targeted, biomarker-

based research. 

CONCLUSION 

Syzygium aromaticum, commonly known as clove, is 

recognized for its medicinal properties, but its effects on 

glycation have only recently been explored. This study 

examines the impact of clove bud extract on glycation, 

focusing on BSA. The extract significantly inhibited 

glycation, reducing browning intensity and aggregation 

index in glycated BSA while preserving its secondary 

structure, highlighting its protective role. Molecular 

docking revealed that clove compounds interact with 

glycation-prone amino acids such as lysine and arginine, 

suggesting a targeted antiglycation mechanism. 

Molecular dynamics simulations confirmed the stability 

of these interactions under physiological conditions, 

supporting the potential of clove extract as an effective 

antiglycation agent in biological systems. These findings 

position clove bud extract as a promising natural 

therapeutic for diabetes-related complications and other 

glycation-linked conditions. The field of antiglycation 

research has advanced in understanding glycation, a non-

enzymatic reaction that produces advanced glycation 

end products (AGEs), which are associated with chronic 

diseases. This study highlights achievements, such as 

identifying natural compounds, including clove bud 

extract with potent antiglycation properties, and 

limitations, including a lack of in vivo evidence and 

variability in the composition of natural extracts. Future 

research should investigate the effects of clove bud 

extract on a broader range of proteins, explore its specific 

antiglycation mechanisms, and examine combination 

therapies to enhance its efficacy. Addressing these gaps 

will be crucial for advancing antiglycation strategies in 

clinical applications. While progress has been made, 

further exploration is needed to fully realize the 

therapeutic potential of clove bud extract and other 

natural inhibitors in the management of glycation-

related diseases. 

List of abbreviations: AGEs: Advanced Glycation End 

Products; BSA: Bovine Serum Albumin; CD: Circular 

Dichroism; DPPH: 2,2-Diphenyl-1-picrylhydrazyl; FTIR: 

Fourier-Transform Infrared Spectroscopy; MD: Molecular 

Dynamics; PDB: Protein Data Bank; PE: Potential Energy; 

RG: Radius Of Gyration; RMSD: Root Mean Square 

Deviation; RMSF: Root Mean Square Fluctuation; ROS: 

Reactive Oxygen Species; SASA:  Solvent Accessible 

Surface Area; TE: Total Energy; ThT: Thioflavin T. 
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