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Abstract

:

Glycation of various biomolecules contributes to structural changes and formation of several high molecular weight fluorescent and non-fluorescent, advanced glycation end products (AGEs). AGEs and glycation are involved in various health complications. Synthetic medicines, including metformin, have several adverse effects. Natural products and their derivatives are used in the treatment of various diseases due to their significant therapeutic qualities. Allium sativum (garlic) is used in traditional medicines because of its antioxidant, anti-inflammatory, and anti-diabetic properties. This study aimed to determine the anti-glycating and AGEs inhibitory activities of garlic. Biochemical and biophysical analyses were performed for in vitro incubated human serum albumin (HSA) with 0.05 M of glucose for 1, 5, and 10 weeks. Anti-glycating and AGEs inhibitory effect of garlic was investigated in glycated samples. Increased biochemical and biophysical changes were observed in glycated HSA incubated for 10 weeks (G-HSA-10W) as compared to native HSA (N-HSA) as well as glycated HSA incubated for 1 (G-HSA-1W) and 5 weeks (G-HSA-5W). Garlic extract with a concentration of ≥6.25 µg/mL exhibited significant inhibition in biophysical and biochemical changes of G-HSA-10W. Our findings demonstrated that garlic extract has the ability to inhibit biochemical and biophysical changes in HSA that occurred due to glycation. Thus, garlic extract can be used against glycation and AGE-related health complications linked with chronic diseases in diabetic patients due to its broad therapeutic potential.
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1. Introduction


Non-enzymatic glycation reaction involves the binding of sugars (glucose, fructose, ribose, etc.) to free ε-amino groups of proteins in the absence of enzymes. The reaction is classically covalent, in which a sugar protein complex is formed through N-glycoside bonding, via a cascade of chemical responses described by the chemist Maillard [1]. AGEs are endogenous compound groups formed by non-enzymatic reactions [2,3]. Glycation exerts structural alteration of proteins, adversely affecting their physiological functions. Normal physiologic conditions lead to progressive increase in AGE formation with aging [4]. However, the process is accelerated under hyperglycemic conditions and in other inflammatory diseases [5,6,7,8]. AGEs can even be ingested through food [9].



With aging, protein glycation products tend to get deposited and subsequently build up in the tissues of living organisms [10]. Many age-related degenerative alterations occur due to protein degradation, deterioration of protein functionality, and development of toxic molecules leading to the activation of inflammatory pathways. Collectively, these changes often remain undetected by the individual, until clinical manifestation [11]. Glyceraldehyde derived AGEs are toxic and are referred to as toxic AGEs (TAGE) due to induction of cellular dysfunction and association with lifestyle related diseases such as cardiovascular diseases, hypertension, insulin resistance, diabetic complications, Alzheimer’s disease, and cancer [11,12,13,14,15,16,17,18,19].



Glycation is one of the main sources in the generation of reactive oxygen species (ROS) by oxidative pathways. The close links between glycation and oxidation are supported by various studies, wherein autoxidation of glucose is essential to the non-enzymatic glycation of protein [9,20]. Increasing concentrations of sugars proportionately lead to ROS levels, causing oxidative and carbonyl stress, resulting in increased rates of AGEs formation. Expression of receptor for AGEs (RAGE) is increased in some cells under conditions of inflammation and in patients with diabetes. The binding of AGEs to their respective receptors located on macrophages activates nuclear factor-κB through p21ras and mitogen-activated protein kinase pathway of signaling and induces oxidative stress [21,22].



The effect of AGEs induced toxicities are difficult to reduce by simple lifestyle changes. Hence, adoption of preventive medicine is an ideal preventative strategy to combat damage caused by glycation. The side effects of long-term intake of synthetic medicinal compounds are usually greater as compared to natural products. Due to their therapeutic qualities, several plants and their products have been employed in the treatment of diseases [23]. Natural products, such as marine organisms, plants, microbes, animals, and have been utilized in traditional medicine to cure and relieve various ailments since ancient times [24].



The potential inhibition of AGEs through the use of natural products is both advisable and recommended. Synthetic inhibitors of glycation have been already discussed by many previous researchers. Various synthetic antiglycating compounds have been reported with the ability to inhibit the attachment of sugars with protein (e.g., inositol), inhibiting the last stage of glycation (e.g., aminoguanidine), cross-link breakers (e.g., N-henacylthiazolium bromide), inhibiting Amadori product (e.g., ethanol), and radical scavenging properties like amlodipine [2]. Antioxidants have also been identified as a way to protect cell organelles, organs, and tissues from oxidative stress and to avoid oxidative damage pathogenesis. Garlic and its various active components have been shown to play a vital role in illness management due to various health benefits (anti-inflammatory, antioxidant, anti-cancer, etc.) associated with regular consumption [25]. Some of garlic’s anti-diabetic health-promoting properties include hyperinsulinemia, promotion of antioxidant levels, and catalase activity [26]. Garlic has been recently reported to have several beneficial health effects, such as lowering of high blood pressure [27], hepatoprotection [25], cardiovascular atherosclerotic protection [28], immunomodulator effect [29], and anti-schistosomal properties [30].



In this investigation, the therapeutic potential of garlic was studied using some biochemical parameters like antioxidants, ketamine, and carbonyl compounds. Antiglycating and anti-AGEs potential of garlic were studied using biophysical techniques such as UV-absorption, tryptophan specific fluorescence, and AGEs specific fluorescence. In this study, we use different concentrations of garlic extract to identify their inhibitory effects on biochemical and biophysical changes during HSA glycation.




2. Materials and Methods


Trichloroacetic acid, ascorbic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric chloride, Folin–Ciocalteau reagent, potassium ferricyanide, gallic acid, quercetin, trypsin, and Congo red were purchased from Sigma Co. St. Louis, MO, USA. Hydrochloric acid, aluminum chloride, mono sodium dihydrogen phosphate, DMSO, ethanol, methanol, disodium hydrogen phosphate, sodium hydroxide, sodium carbonate, and hydrogen peroxide were purchased from Merck, Darmstadt, Germany. All the reagents and chemicals were of analytical grade. The solvents used were of HPLC grade. Peripheral blood mononuclear cells (PBMCs) were isolated by using Ficoll-Hypaque gradients technique and cells were suspended in complete media.



2.1. Biochemical Experiments


2.1.1. Preparation of Aqueous Garlic Extract


Soft-necked varieties of garlic, i.e., Allium sativum var sativum were obtained from the local markets in Hail, KSA. The soft neck variety was further verified by an expert in our college working in this area of research. The aqueous extract was prepared according to the previously published method with slight modifications [31]. Garlic (50 g) was homogenized in cold 0.9% NaCl (75 mL), in the presence of some crushed ice. The highest speed of the blender was used for homogenization, in 1 min bursts for a total of 12 min. The homogenized mixture was filtered through cheesecloth and centrifuged at 2000× g for 10 min. The resultant clear supernatant was made up to 100 mL with saline. After sample preparation, small aliquots were stored at −20 °C for further use. Concentration of the aqueous garlic extract was calculated based on the total garlic used and the final volume of the extract (100 mm of aqueous extract contained 50 g of garlic, 500 mg/mL).



The confirmatory tests for phenolic compounds and flavonoids were followed as described previously [23]. An alkaline reagent test was used to validate the presence of flavonoids in several plant extracts. To ensure the existence of phenolic content, the FeCl3 test was utilized [23].




2.1.2. Total Phenol Content


Folin–Ciocalteu reagent was used to estimate total phenol content as described by a previously published article [32]. Gallic acid (50, 75, 100, 125, 150, 200, and 250 μg/mL) was used as reference. Total phenolic content in garlic extract was determined from the calibration plot and was expressed as mg gallic acid equivalents (GAE). All assays were performed in triplicates. Results were expressed as mg gallic acid equivalent per g dry extract.


Total phenolic content (TPC) = C × V/M








where ’C’ is the concentration of gallic acid in mg/mL that was obtained from gallic acid calibration curve, ´V´ is the volume of plant extract in mL, and ´M´ is the weight of pure plant extract in grams (g).




2.1.3. Total Flavonoid Content


The determination of total flavonoid content in garlic extract was completed using aluminum chloride (AlCl3) colorimetric method as described in previous articles [33,34]. Quercetin (20–250 µg/mL) was used to prepare the calibration curve. In brief, 500 µL of garlic extract (50 µg/mL) or standard quercetin solution were added to 500 µL of AlCl3 (2%). The resultant solutions were incubated for 1 h with intermittent shaking. A spectrophotometer was used to record the absorbance of individual reaction mixture at 430 nm against blank (ethanol). The blank was ethanol because 2% AlCl3 solution was prepared in ethanol. The total flavonoid content was calculated as quercetin equivalent (mg/g) (mg QUE/g).


Total flavonoid content (TFC) = Z × V/m








where Z is the concentration of quercetin (mg/mL); V is the volume (mL) of sample used in the extraction; m is the weight of pure dried sample used (g).




2.1.4. Hydrogen Peroxide Radical Scavenging


Hydrogen peroxide scavenging ability of garlic extract (0.78–100 µg/mL) was determined according to methods published previously [35]. UV visible spectrophotometer was used to measure the absorbance of H2O2 at a constant wavelength (230 nm), against phosphate buffer devoid of H2O2 (blank). Phosphate buffer was used as blank because hydrogen peroxide solution was prepared in phosphate buffer. Ascorbic acid (AsA) is a naturally occurring organic molecule having antioxidant capabilities that also serves as a redox buffer, reducing and neutralizing reactive oxygen species. Therefore, ascorbic acid was used as a standard antioxidant in our experiment. The experiment was performed in triplicate. The percentage of scavenged H2O2 was calculated using the following equation:


Percentage of scavenged H2O2 = [(Oc − Os)/Oc] × 100








where Oc = absorbance of control. Os = absorbance in the presence of extract.




2.1.5. Modification of HSA by Glucose


Glycation of HSA was carried out as described previously with slight changes [1,4]. HSA samples were prepared at a concentration of 15 μM in 20 mM phosphate buffer saline (PBS) (pH 7.4) with 0.05 M of D-glucose. To maintain sterile conditions, all the reaction mixtures were filtered through a 0.22 μm Millipore filter into pre-autoclaved capped vials and incubated for 1, 5, and 10 weeks (G-HSA-1W, G-HSA-5W, and G-HSA-10W, respectively) at 37 °C in the dark. Solutions of HSA without glucose were also stored with the test samples under identical experimental conditions and served as non-modified control. Post-incubation, to remove unbound glucose, the solutions were extensively dialyzed against PBS and subsequently stored at −20 °C. Protein concentrations were measured by the nanodrop as well as the Bradford method.



Glycation inhibition activity of natural product ‘garlic’ extract was analyzed at different concentrations (0.78–100 µg/mL). Different concentrations of garlic extract were added to the reaction mixture at the start of the reactions.




2.1.6. Detection of Ketoamines by Nitroblue Tetrazolium (NBT) Reagent


HSA samples glycation was quantified by a published colorimetric procedure using NBT [36] with a slight modification. Bovine serum albumin (BSA) (150.5 μM) was incubated with 0.5 M glucose for 20 days at 37 °C in 20 mM PBS, resulting in protein modification and ketoamines formation [37]. Native (N)-HSA and G-HSA samples (50 μL) were added in duplicate to the wells of microtiter plates. One hundred microliters of NBT reagent (250 μM in 0.1 M carbonate buffer, pH 10.35) were added to each well and further incubated for 2 h at 37 °C. The plate was read on a Microplate reader at 550 nm. The amount of G-HSA in the sample was calculated using the standard curve constructed with glycated HSA. Garlic extract was added at different concentrations (0.78–100 µg/mL) to detect its anti-glycation activity.




2.1.7. Determination of Protein-Bound Carbonyl Content


The protein-bound carbonyl content in subject sera was analyzed as per Levine et al. [38]. Carbonyl content in N-HSA and G-HSA samples was also estimated. The results were expressed as the number of nanomoles of carbonyl groups per milligram of sample protein, using the equation: ε379 nm = 22,000 M−1cm−1. Garlic extract was added at different concentrations (0.78–100 µg/mL) to detect its anti-glycation activity.




2.1.8. Toxicity of Garlic Extract


The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltratrazolium bromide (MTT) assay was performed as previously described [39] with slight modifications. Briefly, 1 × 104 cells/mL PBMCs in complete RPMI medium, with or without the addition of garlic extract (0.78–100 µg/mL), were incubated for different durations (24–48 h) at 5% CO2 and 37 °C. Thereafter, the cells were treated with 100μL of MTT (5 mg/mL). Four hours later, the entire medium, including MTT solution, was removed from the microplate. The remaining formazan crystals were dissolved in DMSO (50 μL). Absorbance was measured at 570 nm using a 96-well microplate reader (Accuris, SmartreaderTM 96, NJ, USA). Untreated cells were considered as a negative control. The percentage of cytotoxicity was calculated using the background-corrected absorbance as follows:


   %   cytotoxicity =    1 −  absorbance   of   experimental   well     absorbance   of   negative   control   well    × 100  













2.2. Biophysical Experiments


2.2.1. Assay of AGE-Fluorophores


The fluorometric analysis of the AGE pentosidine was analyzed at an excitation wavelength of 375 nm. The peak was observed in the range of 300–400 nm [40]. Excitation and emission slit widths were 10 nm. All protein solutions were of the same concentration (60 μM). Different concentrations (0.78–100 µg/mL) of garlic extract were added to the reaction mixture to detect their inhibitory effect on the formation of the AGE pentosidine.




2.2.2. UV and Tryptophan Specific Spectral Studies


UV absorption profiles of N-HAS, G-HSA samples were recorded on a Shimadzu spectrophotometer (model UV-1700; Koyota, Japan), in the wavelength range of 260 ± 360 nm, using quartz cuvette of 1 cm path length. Hypochromicity at 280 nm was calculated using the following equation:


  %    Hypochromicity   at   280   nm =     Absorbance   of   N - HSA - Absorbanceof   G - HSA     Absorbance   of   N - HSA    × 100  











Tryptophan specific fluorescence was measured in non-glycated, glycated, and glycated samples with garlic extracts (0.78–100 µg/mL), using a Hitachi model F2000 spectrofluorometer (NJ, USA). Samples were analyzed at an excitation wavelength of 285 nm. An emission spectrum in the range of 290–440 nm was used for tryptophan fluorescence [4].





2.3. Statistical Analysis


All results were expressed as mean ± SD. Multiple comparisons between data were made using software OriginPro v6.1 followed by Student’s t-test. The p-value for significance was set at <0.05.





3. Results


3.1. Biochemical Analysis


3.1.1. Phytochemical Screening


The preliminary observations of aqueous extracts of garlic extract are shown in Table 1. An alkaline reagent test was used to validate the presence of flavonoids in several plant extracts. To ensure the existence of phenolic content, the FeCl3 test was utilized [23]. Total phenolic compounds in garlic extract were determined to be 21.45 ± 0.02 mg gallic acid equivalent/g dry weight of the extract. It is indeed important to keep in mind that phenolic contents are a significant means of protection against infections and oxidative stress. To calculate the total flavonoid content of the extract, the colorimetric AlCl3 test was used, employing quercetin as reference. The total flavonoid content was found to be 16.58 ± 0.03 mg quercetin equivalents (QE)/g dry weight of the extract.




3.1.2. Hydrogen Peroxide (H2O2) Radical Reducing Ability


The percentage ability of garlic extract to reduce hydrogen peroxide is shown in Figure 1. The hydrogen peroxide reducing activity of garlic extract is found to increase in a dose-dependent manner. The maximum reducing activity is shown by 100 µg/mL of garlic extract. This antioxidant activity is supposed to be linked to the high content of polyphenolic compounds found in the extract. Further increase in the concentration of garlic extract (200, 400, 800 µg/mL) showed increased reducing activity (data not shown).



Ascorbic acid (AsA) is a naturally occurring organic molecule having antioxidant capabilities that also serves as a redox buffer, reducing, and neutralizing reactive oxygen species. Ascorbic acid has a better reaction and is more reactive, thus within a short period of time, say 15 min, a steady absorbance value emerges. Therefore, ascorbic acid was used as a standard antioxidant in our experiment.




3.1.3. Formation of Ketoamines


Early reactions between free amino groups and D-glucose, which may also include a small proportion of lysyl residues, can lead to the formation of ketoamine, which is an early glycation product. Glycation induced ketoamine formation in our reaction samples was estimated colorimetrically using NBT method [36]. HSA samples were incubated with D-glucose (0.05 M) for different time durations, and the subsequent generation of ketoamines was detected. High amounts of ketoimines were found in all glycated samples of HSA [G-HSA-10W (6.6 ± 0.4), G-HSA-5W (6.1 ± 0.5), and G-HSA-1W (5.5 ± 0.4) moles/mol HSA] (Figure 2a). Moreover, a significant (p < 0.001) difference in the amount of ketoamine moieties found in glycated samples vs. N-HSA was established (0.21 ± 0.10 moles/mol HSA).



It has been studied that glycation causes alteration of blood proteins (albumin). These proteins inherently have important functions which may be compromised due to the substantial changes in their conformation. We conducted different sets of experiments to detect the anti-glycation role of garlic extract. Different concentrations of garlic extracts were mixed with glycation reactions. Aminoguanidine is a well-known anti-glycation agent used as a control in all the analyses.



N-HSA, G-HSA-10W, and G-HSA-10W samples with garlic extracts were analyzed for the formation of ketoamines. No significant differences were observed between G-HSA-10W samples alone or in presence of garlic extract (Figure 2b). Ketoamines formed at an early stage of glycation and the formation of these cannot be inhibited significantly by garlic extracts alone as well in presence of aminoguanidine. Aminoguanidine is one of the best known synthetic anti-glycating agents that has the ability to inhibit the last stage of glycation [2]. Therefore, aminoguanidine was used as control in this result as well as in all other analyses.




3.1.4. Estimation of Protein Bound Carbonyl Compounds


Carbonyl compounds bound to the HSA molecules were estimated and served as overall protein oxidation markers. Significantly high (p < 0.001) amounts of protein-bound carbonyl groups were detected in G-HSA-10W (3.6 ± 0.44 nanomoles/mg of HSA) sample followed by G-HSA-5W (2.2 ± 0.33 nanomoles/mg of HSA) and G-HSA-1W (1.2 ± 0.31 nanomoles/mg of HSA) as compared to the N-HSA sample (Figure 3a). Negligible amounts of carbonyl groups bound to protein were found in non-glycated samples of HSA (0.02 ± 0.01 nanomoles/mg of HSA).



Formation of carbonyl content in G-HSA-10W showed significant reduction (p < 0.001) when varying garlic extract concentrations 25, 50, and 100 µg/mL were added (Figure 3b). The concentration of 25 µg/mL of garlic extract was found to be most effective in decreasing the carbonyl content formation in glycation reactions. Moreover, no further appreciable change in carbonyl content was detected with further increase in extract concentrations. The addition of lower concentration of garlic extract (6.25 and 12.5 µg/mL) also showed a significant difference compared to G-HSA-10W sample (Figure 3b).




3.1.5. Toxicity of Garlic Extract


To analyze the toxicity of the garlic extract, freshly isolated PBMCs were used (Figure 4) in MTT assay. Varying concentrations (0.781–100 μg/mL) of garlic extract all showed very low cytotoxicities (3–5.1%) (Figure 4). Even using a higher concentration of the extract (100 µg/mL), no significant PBMCs death was observed. Control samples including PBMCs were incubated for similar durations (0, 12, 24, and 48 h) without garlic extracts. This result showed that garlic extract is not toxic towards blood cells.





3.2. Biophysical Analyses


3.2.1. AGE Pentosidine Formation


Modified and non-modified HSA samples were analyzed for the fluorophore pentosidine, which is an important AGE compound. A significant (p < 0.001) amount of pentosidine specific fluorescence (260 AU) was observed in G-HSA-10W as compared to N-HSA (Figure 5a). HSA sample glycated for 5 weeks also showed high pentosidine fluorescence (p < 0.01). However, HSA sample glycated for only 1 week showed less pentosidine fluorescence.



Significant (p < 0.01) decrease in AGE pentosidine formation in the reaction mixture was observed at the concentration of 12.5 µg/mL of garlic extract. Furthermore, higher concentrations (25, 50, and 100 µg/mL) of the extract exhibited highly significant (p < 0.001) inhibition in the formation of pentosidine (Figure 5b).




3.2.2. UV and Tryptophan Spectral Analyses


Overall spectral analysis was completed for glycated and non-glycated protein molecules by measuring all the samples at 280 nm. Significant differences in the UV intensities were observed between non-glycated (0.43 OD) vs. G-HSA-10W (0.16 OD; p < 0.001) samples followed by G-HSA-5W (0.32 OD; p < 0.05) (Figure 6a). However, G-HSA-1W did not show a significant change compared to N-HSA. The hypochromicity in UV intensities after 5 and 10 weeks of incubation of the glycation reaction indicated protein folding.



The UV intensity of G-HSA-10W increased to near UV intensity of N-HSA, when garlic extracts were introduced into the reaction mixture. However, significant increase in the UV intensity was observed mainly at 12.5 µg/mL of garlic extract. This shift further increased with the increase in extract concentrations (25, 50, and 100 µg/mL) (Figure 6b). Hence, garlic extract (12.5 µg/mL or more) reduces the protein folding of HSA molecule and helps in retaining the normal protein structure, which was altered by the glycation.



HSA protein molecule has a single tryptophan residue. Fluorescence analysis of tryptophan residue indicates site-specific changes in the molecule due to glycation. All the samples were analyzed for fluorescence emission spectra over 290–430 nm, with an excitation wavelength of 285 nm. Emission spectra showed maximum intensity at 330 nm for N-HSA (25.3 AU), G-HSA-1W (23.0 AU), and G-HSA-5W (20.1 AU). However, the G-HSA-10W exhibited 8.7 AU intensity at 320 nm (Figure 7a). This change in the emission spectra, showing a 10 nm blue shift, and a significant fluorescence intensity (N-HSA vs. G-HSA-10W), was due to glycation. Glycation may induce tryptophan microenvironment protein folding, leading the tryptophan residue away from polar to a more nonpolar environment.



The above result showed significant tryptophan microenvironment alterations in HSA molecules due to glycation. In this result, we examined the inhibition in tryptophan microenvironment changes exerted by the different concentrations of the extract. Extract concentration of 12.5 µg/mL showed a respectable increase in tryptophan fluorescence (14.0 AU) in the glycation mixture vs. glycation reaction without extract (8.7 AU) (Figure 7b). Moreover, the 25 µg/mL concentration of extract exhibited both significant increase in the fluorescence intensity (20.1 AU) towards the native protein and blueshift of ∼10 nm occurs. This result shows higher concentrations (12.5 µg/mL or more) of garlic extract inhibit changes in the tryptophan microenvironment and induce the exposure of tryptophan residue to a polar environment.






4. Discussion


Glucose and other sugars can chemically react with macromolecules (proteins, phospholipids, fatty acids, and nucleic acids) in vivo; an inevitable metabolic process. However, these changes are substantially low under normal physiological conditions. Under adverse and abnormal conditions, such as hyperglycemia, under extreme stress, aging and other chronic diseases, glucose and other sugars can react with the biomolecules in an accelerated manner [1,4,7]. These reactions can produce many other chemical products and intermediates such as ketoamines, carbonyl compounds, and AGEs. It has been observed in previous studies that glycation of protein induces structural alterations, which may potentially decrease the functional efficiency of these protein molecules [41].



Natural products and their compounds are usually harmless, affordable, and have traditionally been utilized to treat various human illnesses since antiquity. According to a World Health Organization (WHO) survey, more than 80% of people use traditional plant-based medicines for their primary health care [42]. Natural products and secondary metabolites have previously been mentioned as promising sources of therapeutically relevant biomolecules for drug development [43].



Synthetic medications like ibuprofen, warfarin, and diclofenac have grown in popularity over time, despite the fact that they have a variety of adverse effects. Many medicinal plants have a wide range of medical uses, and are widely utilized due to their low toxicity, minimum side effects, and potent dynamic healing effects. Garlic is a herbaceous perennial belonging to the Amaryllidaceae plant family. It is among the most potent medicinal plants and has traditionally been used in herbal medicine to prevent and cure a wide variety of illnesses, including cardiovascular disease, atherosclerosis, hyperlipidemia, thrombosis, hypertension, and diabetes [25]. Garlic is considered one of the more potent antioxidant natural products, a staple in our diets for centuries. In this study, garlic extract showed high contents of phenolic as well as flavonoid compounds.



Detectable forms of chemical damage induced by glycation include AGEs, lipid peroxidation products, ROS modified amino acids, chlorine and nitrogen, and racemized amino acids [24]. Several serious diseases, including aging, inflammation, cancer, diabetes, cardiovascular disease, arthritis, cataracts, muscular degeneration, and impaired wound healing, are linked to oxidative stress and ROS. Moreover, oxidative stress and high glucose levels can damage blood proteins concomitantly with the formation of TAGE. Total phenolic content and flavonoid content of garlic extract was found to be in accordance with a previous report [25]. This investigation shows that garlic extract (100 µg/mL) shows 31.63% H2O2 reducing activity which was comparable to the previously published reducing ability of garlic extract at a concentration of 100 µg/mL [25].



Our data shows that incubation of HSA with D-glucose leads to the formation of ketoimine, as high amounts of ketoimines were found in all glycated samples of HSA. The formation of ketoamines was highest in G-HSA-10W, indicating that incubation time greatly impacts the degree of glycation. This is in accordance with previous studies where the high degree of glycation is related to the duration of incubation [1,44]. Although ketoimines decreased in the presence of garlic extract, however, the difference was not significant.



The carbonyl content of the protein is considered a hallmark of protein oxidation. α-dicarbonyl compounds are intermediary products of a glycation reaction, which undergo a multistep reaction to produce AGEs [4]. A high content of carbonyl compounds was detected in the glycated HSA sample, which significantly decreased in the presence of garlic extract with a concentration of 6.25 µg/mL or more. This finding also supports the antioxidant properties of garlic extract compounds. Our results of decreased carbonyl content of glycated protein in the presence of garlic extract are in accordance with the results of Garmia et al. [45]. Moreover, an even higher extract concentration (100 µg/mL) did not show any toxicity towards freshly isolated PBMCs.



Pentosidine is one of the well-known AGE molecules. Glycated samples exhibited high fluorescence intensities indicative of pentosidine. G-HSA-10W had the highest fluorescent intensity compared to native HSA. However, garlic extract showed protection against the pentosidine formation, and this protection increased with an increase in the concentration of garlic extract. Thus, our data demonstrates that garlic extract significantly protects HSA against gluco-oxidation and cross-linking, caused by glycation.



Glycation of HSA contributes to alteration in the structure of HSA, resulting in a decrease in absorbance at 280 nm or hypochromicity. These changes markedly reduced when garlic extract was added to the reaction mixture, in a dose-dependent manner. Hence, there is an increase in hyperchromicity in the presence of garlic extract. This data is in accordance with a previous study involving the protecting ability of a garlic compound (i.e., alliin,) against structural changes in superoxide dismutase caused by glycation [46]. AGEs are aggregated high molecular weight compounds and have specific fluorescence spectra [1]. In this study, autofluorescence was used for AGEs formation analysis. HSA incubated with glucose showed characteristic AGEs specific fluorescence spectra. This may be due to tryptophan microenvironment alterations in HSA molecules due to glycation. This study shows that higher concentrations of garlic extract inhibit changes in the tryptophan microenvironment and induced the exposure of tryptophan residue to a polar environment. Hence, garlic extract showed protection from AGEs formation. Our biophysical analysis for protection of glycated sample by garlic extract is in accordance with the previous reports of Anwar and Younus who showed that alliin of garlic extract protected HSA from glycation induced structural changes and formation of AGEs [46].



Our data demonstrates that garlic extract was observed to suppress the formation of ketoamine, carbonyl compounds, and AGEs, produced due to the glycation reaction in a dose-dependent manner. Furthermore, prevention of structural alterations in glycated HSA samples were observed on addition of garlic extract. The presence of polyphenolic components may be responsible for the anti-glycating and anti-AGEs production actions of garlic extract. As a result, our findings show that antioxidant activity, polyphenolic content, and suppression of AGEs formation activity of garlic extract might be responsible for the therapeutic potential and benefits of garlic extract, including prevention of diabetes and its associated complications.




5. Conclusions


Glycation reaction with biomolecules produces excessive biochemical compounds, which may directly or indirectly exert negative effects on human health. Several benefits have been shown due to the consumption of natural products. Garlic and its active components have been shown to play a vital role in illness management. Garlic extract showed good antioxidant, anti-glycating, AGEs generation inhibition activity. Garlic extract has the capacity to decrease the glycation burden on blood proteins. As a result of our findings, we believe that garlic extract might be employed as prospective medication candidates with broad therapeutic potential in various medical disciplines such as in diabetic patients.
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Figure 1. Percentage H2O2 scavenging activity of garlic extract. Various concentrations of garlic extract (0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, and 100 µg/mL) (blue column). The red column belongs to 100 µg/mL of standard antioxidant “Ascorbic acid”. 
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Figure 2. Formation of ketoamines in the process of glycation with different incubation times (1, 5, and 10 weeks) (a). Effect of garlic extract on the formation of ketoamines in the process of HSA glycation (b), different concentrations of garlic extract (0.78–100 µg/mL) were incubated with glycation reactions for 10 weeks. All the reactions were incubated under similar conditions. Data is presented as mean ± SD values. t test was adopted for the comparison between the non-glycated and glycated samples as well as between G-HSA-10W alone or with garlic extracts. 
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Figure 3. Formation of protein bound carbonyl content in the non-glycated and glycated samples of HSA (a). Effect of garlic extract on the formation of protein bound carbonyl content in the process of HSA glycation (10 weeks) with different concentrations (0.78–100 µg/mL) (b). All the reactions were carried out under similar experimental conditions. Data is presented as mean ± SD values. t test was adopted for comparison between non-glycated and glycated samples of HSA, and significance was calculated. 
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Figure 4. Freshly isolated PBMCs were incubated with different concentrations of garlic extract (0.781–100 µg/mL) and durations (0–48 h) of incubations. 
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Figure 5. AGE molecule pentosidine specific fluorescence was recorded for non-glycated and glycated HSA samples (a). Effect of garlic extract on the formation of AGEs (pentosidine) during glycation of HSA (10 weeks) with different concentrations (0.78–100 µg/mL) of garlic (b). Data presented as mean ± SD values. t test was adopted for comparison between non-glycated vs. glycated HSA samples and significance was calculated. 
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Figure 6. UV-spectra were analyzed for N-HSA, G-HSA-1W, G-HSA-5W, and G-HSA-10W (a). Effect of garlic extract on the overall protein structure changes during glycation of HSA (10 weeks) with different concentrations (0.78–100 µg/mL) (b). All the sample readings were recorded in the range of 260–360 nm. Data is presented as mean ± SD values. t test was adopted for the comparison between N-HSA vs. G-HSA-1W, G-HSA-5W, and G-HSA-10W. 
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Figure 7. Tryptophan fluorescence emission spectra were estimated for N-HSA, G-HSA-1W, G-HSA-5W, and G-HSA-10W (a). Effect of garlic extract on the protein microenvironment structure alteration during glycation of HSA (10 weeks) with different concentrations (0.78–100 µg/mL) (b). All the samples were excited with a wavelength of 285 nm. Data is presented as mean ± SD values. t test was adopted for the comparison between N-HSA vs. G-HSA-1W, G-HSA-5W, and G-HSA-10W. 
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Table 1. Secondary metabolites in garlic.
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	Preliminary Screening
	Garlic Extract





	Weight of dry powder
	50 g



	Yield
	5.19%



	Extract
	Aqueous



	Flavonoid
	+



	Polyphenolic compounds
	+



	Total phenolic compounds
	21.45 ± 0.02 mg gallic acid equivalent/g dry weight of extract



	Total flavonoid content
	16.58 ± 0.03 mg quercetin

equivalent/g dry weight of the extract
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