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The current study is aimed at studying the inhibitory eﬀect of glycyrrhizic acid (GA) on D-ribose-mediated protein glycation via
various physicochemical analyses and in silico approaches. Being a potent free radical scavenger and a triterpenoid saponin, GA
plays a vital role in diminishing the oxidative stress and thus could be an eﬀective inhibitor of the nonenzymatic glycation process.
Our data showed that varying concentrations of GA inhibited the in vitro BSA-AGEs via inhibiting the formation of
fructosamines, ﬂuorescent AGEs, scavenging protein carbonyl and hydroxymethyl furfural (HMF) content, and protection against
D-ribose-induced modiﬁcation of BSA as evident by increased free Arg and Lys residues in GA-treated Gly-BSA samples.
Moreover, GA also attenuated D-ribose-induced alterations in the secondary structure of BSA by protecting the α-helix and βsheet conformers and amide-I band delocalization. In addition, GA attenuated the modiﬁcation in β-cross amyloid structures of
BSA and in silico molecular interaction study too showed strong binding of GA with higher number of Lys and Arg residues of
BSA and binding energy (ΔG) of -8.8 Kcal/mol, when compared either to reference standard aminoguanidine (AG)-BSA complex
(ΔG: -4.3 Kcal/mol) or D-ribose-BSA complex (ΔG: -5.2 Kcal/mol). Therefore, GA could be a new and favorable inhibitor of the
nonenzymatic glycation process that ameliorates AGEs-related complications via attenuating the AGE formation and glycationinduced multiple protein modiﬁcations with a reduced risk of adverse eﬀects on protein structure and functionality; hence, it could
be investigated at further preclinical settings for the treatment and management of diabetes and age-associated complications.

1. Introduction
Diabetes is a group of metabolic disorders characterized by
long-term hyperglycemia which in turn leads to the initiation and progression of severe diabetes-associated ailments
[1–3]. The nonenzymatic glycosylation, a multistep reaction, implicates excessive chemical attachment of sugars to
proteins, nucleic acids, and lipids without the involvement
of enzymes, resulting in the generation of early glycation

products (EGPs), known as Amadori products, which on
further oxidation generates dicarbonyl compounds to form
irreversible and highly reactive cross-linked structures
known as advanced glycation end products (AGEs) [4, 5].
The production of AGEs remains an irreversible phenomenon and continues to accumulate indeﬁnitely in various
body tissues that results in further cross-linking or modifying intracellular and extracellular proteins and in generating
reactive oxygen radicals [6]. Thus, the exorbitant formation
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and accumulation of AGEs in the tissues is a signiﬁcant contributor to diabetic ailments such as nephropathy, retinopathy, and neuropathy [1, 7, 8].
Various strategies have been considered to inhibit the
glycation reaction due to the complex processes leading to
AGE formation involving several pathways, intermediates,
and end products. However, the amino groups (mostly
lysine or arginine) make proteins more susceptible to
glycation-induced oxidative modiﬁcation resulting in structural alterations and functional changes [9, 10]. Many proteins like albumin from bovine serum (BSA) and human
serum (HSA), as well as low-density lipoprotein (LDL), were
previously analyzed for their glycation-induced oxidative
alterations [4, 5, 8]. Albumin is directly exposed to the alterations in glucose level which make them a very susceptible
molecule for glycation. It has been identiﬁed that glycation
induces modiﬁcation of 34 lysine residues (out of 59) of
albumin as well as amyloid-like ﬁbrillation of albumin which
further exhibits impaired functions [5, 11]. On the other
hand, from our previous studies, it is clearly validated that
upon in vitro glycation of albumin, AGEs are produced
more quickly with D-ribose [4, 5, 8]. D-ribose, a reducing
monosaccharide, is a major constituent of many key biomolecules and produces glycated adducts (AGEs) when it reacts
with albumin [4, 8].
Through various scientiﬁc studies, it has been well documented that inhibition of nonenzymatic glycosylation reaction can be a beneﬁcial approach to counter secondary
complications of chronic diabetes. Many pharmacological
approaches, together with the use of inhibitors, were established to constrain the glycation reaction and consequent
glycation signaling pathway [4, 5, 12, 13]. Several agents,
natural or chemically synthesized, which have been suggested as glycation inhibitors are either limited to the
in vitro studies or are related with unwanted complications
[5, 12, 13]. Considering the side eﬀects of synthetic compounds, there is a need for an alternative approach to prevent nonenzymatic glycation [4, 5, 12].
Nonenzymatic glycation reaction can be delayed in the
human system by adopting robust lifestyles that includes
minimum exposure to oxidants, radiation, smoke, and oxidized foods as well as consumption of antioxidant-rich diet
[1, 4]. Natural products having numerous pharmacological
activities were evaluated in vitro and in vivo for their capability to prevent distinct ailments along with the AGE
formation [3–5, 14–17]. One of the biologically active compounds is glycyrrhizic acid (GA), which is getting attention
nowadays and is a major constituent found in the root of
the genus Glycyrrhiza (Leguminosae) or licorice plants
[18]. The chemical structures of GA (a triterpenoid saponin)
and aminoguanidine (AG) are illustrated in Figures 1(a) and
1(b), respectively. GA is well known for its exceptional pharmacological properties including antioxidant, stimulant,
anti-inﬂammatory, antigastric ulcer, antihepatotoxic, and
antiviral properties [18–21]. There are few reports that mentioned the antidiabetic activity of GA in animals [22], and
only one report depicted the beneﬁcial eﬀect of GA on the
AGE/RAGE axis in an animal model [23]. As yet, no scientiﬁc research elaborates the role of GA in attenuating nonen-
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zymatic glycation-induced structural alterations of protein
by using various biochemical/biophysical and in silico
approaches. Thus, based on the above descriptions, the current work was meant to decipher the preventive property of
GA against the EGPs and AGEs as well as the beneﬁcial
eﬀect with respect to glycation-mediated multiple protein
modiﬁcations, particularly amyloid ﬁbrillation and protein
aggregation by implying various physicochemical and in
silico molecular interaction studies.

2. Materials and Methods
8-Aninilo-1-napthalene sulphonate (ANS), D-ribose, thiobarbituric acid (TBA), congo red (CR), sodium dihydrogen
phosphate, 2,4-dinitrophenyl-hydrazine (DNPH), BSA,
nitro-blue tetrazolium (NBT), sodium chloride, guanidine
hydrochloride, and disodium hydrogen phosphate were procured from Hi-Media labs, India. 2,4,6-Trinitrobenzene-1sulphonic acid was obtained from G-Biosciences. Standard
drug AG, 9,10-phenanthrenequinone, thioﬂavin-T (ThT),
and GA were purchased from Sigma Aldrich Co. USA.
2.1. In Vitro BSA Glycation/Antiglycation Assay. The in vitro
glycation of BSA was performed using D-ribose under sterile
condition. In short, BSA (0.5 mg/mL) was incubated with Dribose (80 mM) in 100 mM phosphate buﬀer saline (PBS)
(pH 7.4) at 37°C, containing 0.05% sodium azide with and
without addition of GA and AG (reference antiglycating
agent) at a concentration of 5, 25, and 50 μM, respectively,
for 18 days. The sample mixture was then dialyzed thoroughly against PBS to eliminate all unrelated constituents.
The reactive mixture with BSA and 80 mM D-ribose (GlyBSA) was used as a glycation control, and native BSA was
used as a control. The doses of BSA, D-ribose, and AG were
chosen based on formerly established protocols [4, 5]. However, the GA concentration used in this study was chosen
based on previously published report showing that GA is
nontoxic and safe up to 1000 μM [24, 25]. The GA and
AG were dissolved in ddH2O.
2.2. Physicochemical Analysis and Characterization
2.2.1. Investigation of Hyperchromicity via UV-Vis
Spectroscopy. It is well known that protein glycation results
in increased absorbance due to various glycation adduct formation, referred to as hyperchromicity [4, 5]. Hence, we
analyzed the signiﬁcant changes in BSA’s absorption pattern
on glycation or antiglycation for 18 days regularly using the
Eppendorf BioSpectrometer. The spectral analysis of native
and Gly-BSA with and without AG/GA (5, 25, and 50 μM)
was studied using a wavelength of 200-800 nm. The belowmentioned equation was used to determine the glycation
inhibitory activity of GA and AG, and results were obtained
in terms of hyperchromicity percentage at 280 nm [4, 5]: %
hyperchromocity = ½ðAbsorbance of glycated sample −
Absorbance of native or Inhibitor‐treated sampleÞ/
Absorbance of glycated sample × 100:
2.2.2. Conﬁrmation of Amadori Products via NBT Reduction
Assay. Protein glycosylation results in the Amadori product
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Figure 1: (a) 2D structures of glycyrrhizic acid (PubChem ID: 14982). (b) 2D structures of aminoguanidine hydrochloride (PubChem ID:
14982). Retrieved from PubChem database (https://pubchem.ncbi.nlm.nih.gov/). (c) % hyperchromicity in native BSA, Gly-BSA, and GA/AG-treated Gly-BSA. The data represented the mean ± SEM of three independent experiments. Signiﬁcant diﬀerence vs. native BSA at
###
p < 0:001 and vs. Gly-BSA at ∗∗∗ p < 0:001.

formation or ketoamines that initiate further rearrangement
and cyclisation reactions leading to the AGE formation.
These ketoamines are known as early glycation products
(EGPs). Thus, the NBT assay was performed daily (for 18
days) to determine EGP generation in native and Gly-BSA
with and without addition of GA and AG at 5, 25, and
50 μM concentrations using Eppendorf BioSpectrometer [5,
26]. In brief, 20 μL of native, Gly-BSA, GA, and AG (5, 25,
and 50 μM) samples were added to 180 μL NBT (0.25 mM)
dye dissolved in sodium carbonate-bicarbonate buﬀer
(100 mM, pH 10.8) and incubated for 10 min at 37°C, and
the OD was measured at 525 nm.
2.2.3. Analysis of Carbonyl Content. In all the samples, carbonyl content (CC) was assessed by DNPH assay as previously
described [4, 5]. The absorption was recorded at 360 nm, and
the molar extinction coeﬃcient of 22,000 M−1 cm−1 was used
to interpret the data as DNPH reacted/mg protein [5].
2.2.4. Determination of HMF Content via TBA Assay. The
hydroxymethylfurfural (HMF) content of all the samples
mentioned above were determined by TBA assay. In each
of the (100 μL) samples mentioned above, 400 μL oxalic acid
was mixed, boiled for 1 h, and cooled for 10 min. After that,

the reaction mix was precipitated by putting TCA, 500 μL
(40%), and kept for centrifugation at 8000 rpm (24°C) for
10 min. Following the centrifugation, supernatant was collected, and 500 μL of TBA (0.05 M) was mixed and incubated
for 1/2 h at 40°C. The absorption was measured at 443 nm
using TBA as blank. The HMF content was calculated using
a molar extinction coeﬃcient of 40,000 M−1 cm−1 [4, 5].
2.2.5. Detection of Intrinsic Fluorescent AGEs by Fluorescence
Spectroscopy. Fluorescence spectra was recorded by exciting
the samples, i.e., native and Gly-BSA, in the presence or
absence (5, 25, and 50 μM) of GA and AG at 370 nm on ﬂuorescence spectrophotometer. The ﬂuorescence emission
intensity (FI) was recorded at 360-600 nm, and the percentage variation in FI for all of the samples was calculated using
the equation below [27]: %Increase/Decrease in FI = ½ðFI of
glycated sample − FI of native or inhibitor‐treated sampleÞ/FI
of glycated sample × 100:
2.2.6. Investigation of AGEs-Speciﬁc Amide-I Band via FTIR
Spectral Studies. The FTIR analysis of native and Gly-BSA
with and without (5, 25 and 50 μM) GA and AG was documented on Perkin Elmer Spectrum version 10.03.06 [4].
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2.2.7. CD Spectral Analysis. Far-UV circular dichroism (CD)
analysis of all the samples at varying concentrations with
and without inhibitors was executed with a J-815 Jasco spectropolarimeter [4, 5]. The results were read by K2D2 software (http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d2/).
2.2.8. TNBS Assay to Determine Lysine Modiﬁcation. Lysine
content in glycation modiﬁed and unmodiﬁed albumin in
the presence or absence of GA (5, 25, and 50 μM) and AG
(50 μM) were determined by using TNBS as described earlier. The absorbance was recorded at 346 nm using blank
[5, 28]. Percentage of free lysine residue was estimated via
the following calculation: %Free lysine residues = ½ðAbs:of
Gly‐BSA – Abs:of Native BSA or GA‐/AG‐treated Gly‐BSAÞ/
Abs:of Gly − BSA × 100.
2.2.9. Analysis of Free Arginine Residues. Quantiﬁcation of
arginine modiﬁcation in unglycated, glycated, and GA/AG-treated glycated samples was determined via phenanthroquinone as mentioned previously [5, 29]. The FI of the
above samples was evaluated by exciting the samples at
312 nm, and the emission spectra were measured from
350-450 nm.
2.2.10. Detection of Protein Aggregation via Congo Red
Binding Assay. The protein aggregation in unmodiﬁed
BSA, glycated, and GA-/AG-treated glycated BSA samples
was measured using a speciﬁc dye for amyloid detection,
i.e., CR. The CR binding assay was determined by the
method previously described [5, 30]. Brieﬂy, 100 μL
(pH 7.4) CR solutions (100 μM) was mixed with 500 μL of
the abovementioned samples and incubated for 20 min.
The absorbance was recorded from 400 to 700 nm (wavelength) for all the samples.
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Decrease in ANS FI = ½ðFI of Gly‐BSA − FI f unmodified or
inhibitor‐treated Gly‐BSAÞ/FI of Gly‐BSA × 100:
2.2.13. Molecular Docking Studies of D-Ribose, GA and AG
with BSA. The PDB structure of the BSA (PDB ID: 4F5S)
was extracted from Brookhaven Protein Data Bank, http://
www.rcsb.org, and energy minimized, in order to conduct
molecular docking tests. The ligands D-ribose (PubChem
ID: 10975657), GA (PubChem ID: 14982) and AG (PubChem ID: 2146) were exported separately from the PubChem database, https://pubchem.ncbi.nlm.nih.gov/, as
particular sdf ﬁles for docking experiments against BSA. In
silico docking was executed by PyRx Autodock vina as
described in previous reports [34–36].
2.2.14. Statistical Analysis. For entire biochemical measurements, samples were taken in triplicate, and statistics was
provided as mean ± SEM. ANOVA was used to test statistical signiﬁcance via GraphPad Prism version 4.02 for Windows (GraphPad App, San Diego, USA) as mentioned in
earlier reports [8, 37].

3. Results
3.1. Eﬀect of GA on In Vitro BSA-AGE Formation. The data
illustrated in Figure 1(c) clearly depicted that D-ribose
(80 mM) caused 85.79% BSA glycation that results in augmented hyperchromicity (18th day). However, addition of
Gly-BSA with 5, 25, and 50 μM GA illustrated a marked
decrease in hyperchromicity with a maximum decline of
12.35% detected in 50 μM-treated sample, when matched
to the Gly-BSA. AG (standard drug), at 5, 25 and 50 μM
concentration, also displayed declined hyperchromicity with
45.17%, 24.2%, and 17.24%, in Gly-BSA-administered samples, respectively, when compared to the Gly-BSA sample
(Figure 1(c)).

2.2.11. Measurement of Amyloid Fibrils Using ThT
Fluorescence Assay. The protein ﬁbrillation was calculated
using ThT, a benzothiazole dye. This dye exhibits increased
ﬂuorescence when interacting with amyloid ﬁbrils. Therefore,
the amyloid ﬁbril formation was evaluated in the current study
in all the samples mentioned above using a ThT method as
described previously [31]. The Agilent Cary Eclipse Spectroﬂuorimeter was used to measure the FI. The FI was calculated
by exciting the samples at 440 nm, and the emission spectra
were measured from 460 to 600 nm [5]. The percentage variation in FI for each sample was quantiﬁed as %Increase/
Decrease in FI = ½ðFI of glycated sample − FI of native or GA‐/
AG‐treated sampleÞ/FI of glycated sample × 100:

3.2. GA Reduces the Level of EGPs in Gly-BSA. NBT reduction assay was used to measure the ketoamines/EGPs/Amadori product colorimetrically. During incubation (9th day),
BSA alone showed insigniﬁcant ketoamine, while Gly-BSA
had a maximum ketoamine level (98.46%). After 9 days of
incubation, the ketoamines/Amadori products began transforming into AGEs. However, treatment of Gly-BSA with
5, 25, and 50 μM GA signiﬁcantly decreased the ketoamine
content by 59.53%, 79.15%, and 90.30%, respectively. On
the contrary, in AG-treated Gly-BSA, the ketoamine level
was also decreased but to a lesser extent than GA, which is
only 6.61% at 50 μM (Figures 2(a) and 2(b)).

2.2.12. ANS Fluorescence Spectral Analysis. The ANS is a
well-known extrinsic ﬂuorescent dye that emits signiﬁcantly
more ﬂuorescence due to the hydrophobicity of a binding
position and the constrained mobility of ANS, as a result of
structural changes and when attaching to protein clumps [5,
32]. ANS binding with all the samples mentioned above was
evaluated by using the previously published method [33].
ANS concentration used was 5 μM. ANS ﬂuorescence was
measured at 525 nm via following equation, and the results
have been denoted as arbitrary units (a.u.): %Increase/

3.3. GA Scavenges Protein-Bound Carbonyl Contents. Nonenzymatic glycation leads to elevated protein-bound carbonyl level, a remarkable protein oxidation biomarker [1,
4]. From outcomes presented in Figure 2(c), it was evident
that BSA glycated with D-ribose displayed an obvious rise
in CC by 96.39% compared to the native BSA which was
prominently diminished in the presence of GA in a dosedependent manner. The carbonyl scavenging potential of
GA was observed to be 87.11% at 50 μM in GA-treated
Gly-BSA samples. Moreover, AG also reduced the bound
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Figure 2: (a, b) Eﬀect of GA and AG on NBT reduction. The data is representative of the mean ± SEM of three independent assays. (c)
Carbonyl content in native BSA, Gly-BSA, and GA-/AG-treated Gly-BSA. The data represented the mean ± SEM of three independent
experiments. Signiﬁcant diﬀerence vs. native BSA at ###p < 0:001. Signiﬁcant diﬀerence vs. Gly-BSA at ∗∗∗ p < 0:001. (d) HMF content of
native BSA, Gly-BSA, and GA-/AG-treated Gly-BSA. The data represented the mean ± SEM of three independent experiments.
Signiﬁcant diﬀerence vs. native BSA at ###p < 0:001. Signiﬁcant diﬀerence vs. Gly-BSA at ∗∗∗ p < 0:001.

carbonyl groups by 46.24%, 69.48%, and 83.20% in 5, 25,
and 50 μM-treated samples, respectively.
3.4. GA Declines the HMF Content in Gly-BSA. HMF content level was estimated to be highest on 9th day by
99.76% in Gly-BSA, whereas the low HMF content level
was observed in native BSA. On the other hand, addition
of GA (5, 25, and 50 μM) considerably reduced the HMF
content level by 53.87%, 72.62%, and 89.85%, respectively.
Treatment with AG also showed decreased HMF content
by 48.85%, 68.81%, and 86.47% in 5, 25, and 50 μMtreated Gly-BSA samples, respectively, when matched with
Gly-BSA (Figure 2(d)).
3.5. GA Reduces the Formation of Fluorescent BSA-AGEs. In
order to assess ﬂuorescent AGE inhibition, ﬂuorescence
spectroscopy was done in all samples. The excitation of
samples was done at 370 nm, and the emission spectrum
was detected in the wavelength array of 350-600 nm. Our
results showed that native BSA did not exhibit any emis-

sion spectra, while Gly-BSA exhibited a marked rise of
99.41% in ﬂuorescence intensity (FI). However, GA significantly decreased FI with marked inhibition of 93.70%
observed at 50 μM, while AG-treated Gly-BSA samples (5,
25, and 50 μM) also exhibited a decline in FI by 64.4%,
79.9%, and 90.23%, respectively, in comparison to GlyBSA (Figures 3(a) and 3(b)).
3.6. GA Restores Amide-I Bond in Gly-BSA. The structural
modiﬁcation in protein, i.e., the position of amide-I band
in native BSA and Gly-BSA as well as in the presence or
absence of GA/AG was determined by FTIR spectral analysis. The result presented in Figure 4(a) showed that GlyBSA observed an alteration in peak position of amide-I band
from 1636.93 to 1690.52 cm−1, while the addition of diﬀerent
concentrations of GA markedly reinstated the peak position
of the amide-I band, when matched with glycated BSA. On
the other hand, 50 μM AG treatment also restored the alteration in Gly-BSA to1652.14 cm-1 (Figure 4(b)).
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3.7. GA Restores the Structural Alterations in Gly-BSA. Further, secondary structural changes were also measured via
CD spectral studies, which depicted that secondary structure, i.e., α-helix (84:3 ± 1:79%) and β-sheet (1:72 ± 0:17%)
of native BSA remained unchanged, whereas Gly-BSA
showed modiﬁcation in both α-helix i.e., from 84:3 ± 1:79
% to 62:6 ± 1:63%) and β-sheet, i.e., from 1:78 ± 0:14% to
3:79 ± 0:25%). Though, when treated with diﬀerent doses
(5, 25, and 50 μM) of GA signiﬁcantly restored the structural
alteration of α-helix and β-sheet to a normal level in a
concentration-dependent manner. The restoration in structural alteration was observed to be maximum in 50 μMtreated samples in both α-helix (83:53 ± 1:75%) and β-sheet
(1:74 ± 0:11%) (Figure 5(a)). Moreover, 50 μM AG also
restored both α-helix (from 62:6 ± 1:63 to 69 ± 1:71%) and
β-sheet (from 3:79 ± 0:21 to 2:89 ± 0:16%), but to a lesser
extent than GA when compared to Gly-BSA (Figure 5(b)).
3.8. Eﬀect of GA on Modiﬁcation of Free Lysine Residues.
Lysine residues in native BSA and Gly-BSA with and

without GA and AG were estimated by TNBS assay.
Figure 6(a) showed that Gly-BSA exhibited a signiﬁcant
decrease of 15.34% free lysine content in comparison with
the corresponding BSA value. This decrease in the percentage of free lysine content was markedly increased by varying
concentrations (5, 25, and 50 μM) of GA-treated Gly-BSA.
The maximum increase in percentage lysine content was
found to be in 50 μM by 84.08%, followed by 25 μM
(61.12%) and 5 μM (47.4%), respectively. Moreover, AG also
showed an increase in percentage lysine content by 39.72%,
54.63%, and 76.53% in 5 μM-, 25 μM-, and 50 μM-treated
Gly-BSA samples, respectively.
3.9. Eﬀect of GA on Free Arginine Residues in Gly-BSA. The
native BSA and Gly-BSA with and without GA and AG were
also assayed for free arginine residues as determined by phenanthrenequinone assay. The level of arginine was 92.12% in
native BSA and 16.03% in Gly-BSA. However, treatment
with 5, 25, and 50 μM of GA simultaneously augmented free
arginine level with major increase in the percentage of
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Figure 5: (a, A) GA preserves the secondary structures in D-ribose-mediated protein glycation. Far UV CD (190-260 nm) spectra of native
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vs. native BSA at ###p < 0:001. Signiﬁcant diﬀerence vs. Gly-BSA at ∗∗∗ p < 0:001. (b, A) AG preserves the secondary structures in Dribose-mediated protein glycation. Far UV CD (190-260 nm) spectra of native BSA, Gly-BSA, and AG-treated Gly-BSA samples. The
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diﬀerence vs. Gly-BSA at ∗∗∗ p < 0:001.
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reacted arginine residues was observed in 50 μM (86.99%)
followed by 25 μM (76.63%) and 5 μM (51.59%). The standard drug AG at 5, 25, and 50 μM concentrations also
increase the arginine content by 42.5%, 58.3%, and 77.1%,
respectively (Figure 6(b)).
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ipation of common residues during binding of GA and Dribose with BSA signiﬁes the competitive inhibition of glycation process (Figure 8).

4. Discussion
3.10. GA Restrain Glycation Induced Aggregation and
Fibrillation of BSA. The extent of formation of aggregates
during glycation was determined by CR binding assay. In
this background, we observed that Gly-BSA depicted an
96.46% increase in CR-speciﬁc absorption compared to the
native BSA. Addition of diﬀerent concentrations (5, 25,
and 50 μM) of GA signiﬁcantly decreased the CR-speciﬁc
absorbance with major decline of 80.70% was observed after
addition of 50 μM GA to Gly-BSA samples followed by
25 μM (61.85%) and 5 μM (44.03%)-treated Gly-BSA samples, respectively. Moreover, AG also exhibited the similar
pattern but the reduction was less (71.13%) as compared to
GA-treated Gly-BSA at 50 μM concentration (Figures 7(a)
and 7(b)). Our result here also depicted that Gly-BSA
showed a signiﬁcant rise of 91.09% in ThT-speciﬁc ﬂuorescence when matched with the corresponding native BSA.
This signiﬁcant upsurge in ThT-speciﬁc ﬂuorescence was
markedly decreased in GA-administered Gly-BSA samples.
The maximum reduction in Tht-speciﬁc ﬂuorescence was
observed in 50 μM (80.13%) of GA-treated Gly-BSA samples. Also, reference drug whereas AG illustrated a reduction 76.36% at same concentration, compared to Gly-BSA
(Figure 7(c)).
3.11. Impact of GA on ANS Binding in Gly-BSA. Figure 7(d)
showed that Gly-BSA resulted in a major increase in ANS
particular ﬂuorescence by 97.37%, when matched with the
native BSA. However, we reported that treatment with GA
resulted in marked decrease in ANS FI with highest decrease
of 82% observed in sample treated with 50 μM GA. Moreover, AG too illustrated a decreased in the ANS ﬂuorescence
by 40.34%, 56.62%, and 75.22% in Gly-BSA samples treated
with 5, 25, and 50 μM, respectively, compared to the corresponding native BSA.
3.12. In Silico Study on Molecular Interaction of GA with
BSA. In order to validate the in vitro antiglycation potential
of GA, we used computer-aided molecular docking
approach and reported that GA showed strong binding with
BSA (binding energy, ΔG, of -8.8 Kcal/mol), whereas, the
binding of AG to the BSA was comparatively weaker (ΔG:
-4.3 Kcal/mol), when matched with that of GA. The binding
of GA with BSA involved its interaction with the Glu186,
Lys187, Thr190, Arg194, Arg217, Gln220, Lys294, Pro338,
Glu339, Tyr340, Ala341, Val342, Arg435, Lyr436, Pro446,
Asp450, and Tyr451, whereas AG-BSA complex was stabilized by the interaction with Arg194, Leu197, Trp213,
Ala341, Val342, Ser343, Asp450, Ser453, and Leu454. Moreover, D-ribose also interacted with identical residues as
reported in AG-BSA-complex formation (ΔG: -5.2 Kcal/mol). Most importantly, both GA and AG interacted with
BSA at similar sites and their interaction shared common
residues Arg194, Ala341, Val342, and Asp450; hence, partic-

The posttranslational alteration of proteins or amino acids
through reducing sugars such as D-ribose is termed as nonenzymatic glycation that results in generating EGPs and irreversible heterogenous by-products known as AGEs [1]. AGE
formation, accumulation, and interaction with their receptors, i.e., RAGE are considered to demonstrate a noteworthy
part in diabetes-related secondary complications as well as in
development of Alzheimer’s disease and cardiovascular disease (CVD) [2, 8, 38, 39]. Several molecular strategies have
been proposed to counteract AGE formation and accumulation, particularly, based on inhibiting the development of
EGPs and AGEs, carbonyl scavenging, AGEs-RAGE signaling, or interference with cellular eﬀects of AGEs [1, 5, 8,
40]. Proteins present in serum are frequently observed to
undergo nonenzymatic glycation. Albumin, the most abundant human plasma protein, is a common target which contains three domains (I, II, and III), and among these,
domains II and III are known to be major binding regions
for drugs like warfarin and ibuprofen [11]. Any alteration
in the albumin structure can disturb its drug/molecule binding aﬃnity which in turn has profound consequences on
therapeutic modulations in diabetic patients. Glycation
may also aﬀect the persistence as well as plasma protein
binding eﬃcacy of diﬀerent drugs, thus making the inhibition of glycation-induced modiﬁcation of macromolecules
a major therapeutic strategy in metabolic syndromes [2, 41].
Several small molecules from natural sources (i.e., iridin
and tocotrienol) or chemically synthesized compounds that
inhibit any one of the above glycation pathways are now
gaining signiﬁcant attention owing to their beneﬁcial ability
to minimize incidence and death associated with diabetesrelated complications and other pathogenesis [4, 5, 42]. This
is the preliminary study that reports the inhibitory activity of
GA against the formation of EGPs and AGEs and the protective eﬀect towards glycation-induced multiple protein
modiﬁcations which was based on various physicochemical
and in silico molecular interaction studies.
The results from the current study clearly depicted that
D-ribose-induced BSA glycation led to a substantial rise in
hyperchromicity due to the generation of glycation adducts
(particularly AGEs) and glycation-induced alteration of the
protein conformers, which was markedly supressed by GA
treatment. This protective eﬀect of GA might be due to
GA’s interference with the early attachment of carbonyl
group of D-ribose with the free amino groups of protein,
hence inhibiting Gly-BSA formation [5, 11]. During the
intermediate stage of glycation, unsteady, reversible Schiﬀ
bases are produced that contribute in the development of
EGPs, which is clinically used as an indicator for glycemic
indexing in the identiﬁcation of diabetic subjects [5]. The
protective eﬀects of GA on D-ribose-induced protein modiﬁcations are well justiﬁed by previous reports demonstrating
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Figure 7: (a, b) Congo red binding assay of native BSA, Gly-BSA, and GA- and AG-treated Gly-BSA. Absorbance was recorded in the range
of 400-700 nm, and the data is the average of three determinants. The data represented the mean ± SEM of three independent experiments.
(c) Thioﬂavin T- (ThT-) speciﬁc extrinsic ﬂuorescence of native BSA, Gly-BSA, and GA-/AG-treated Gly-BSA samples. The samples were
excited at 370 nm, and the emission was recorded at 485 nm. The data represented the mean ± SEM of three independent experiments.
Signiﬁcant diﬀerence vs. native BSA at ###p < 0:001. Signiﬁcant diﬀerence vs. Gly-BSA at ∗∗∗ p < 0:001. (d) ANS-speciﬁc ﬂuorescence
spectra of native BSA and Gly-BSA in the presence or absence of varying concentrations of GA and AG. The samples were excited at
380 nm, and the emission was recorded between 500 and 600 nm. The data represented the mean ± SEM of three independent
experiments. Signiﬁcant diﬀerence vs. native BSA at ###p < 0:001. Signiﬁcant diﬀerence vs. Gly-BSA at ∗∗∗ p < 0:001.

the beneﬁcial eﬀects of other natural compounds, i.e., iridin
and tocotrienol [4, 5].
Ketoamine estimation is a widely adopted method that
measures level of EGPs/Amadori products. Thus, the NBT
method was used for assessing the protective eﬀect of GA
against EGPs [43, 44]. From our results, we observed that
the level of EGPs/Amadori product was signiﬁcantly increased
in Gly-BSA; however, addition of varying concentrations of
GA reduced the formation of EGPs or Amadori products in
a dose-dependent manner. This apparent decline in the
absorption can be attributed to the potent antioxidant eﬀects
of GA [5, 45, 46] and its ability to mask the amino acid
residues that are the more prone to glycoxidative modiﬁcations. Therefore, EGP inhibition might be beneﬁcial in evading the highly reactive and lethal AGEs [44].
Furthermore, CC, which is a major protein oxidation
biomarker, was assessed during the process of glycation.
CC is generated during the EGPs or Amadori product for-

mation and contributes to the AGE accretion in tissues [4,
33]. The scavenging of carbonyl compounds by natural
and synthetic agents has been shown to be potent method
for inhibition of nonenzymatic glycation reaction [4, 5]. In
the current work, protein CC and HMF level was increased
in the Gly-BSA sample, and upon treatment with GA, it
was evident that the CC and HMF level was considerably
reduced. Hence, the above explanations advocate the beneﬁcial function of GA as a powerful carbonyl scavenger or
against these EGPs, which might be due to its free radical
scavenging activity [44].
It is well known that ﬂuorescence and cross-linking are
some of the characteristics of AGEs [4, 8]. Therefore, autoﬂuorescence was used to assess the formation of ﬂuorescent
AGEs when Amadori products or EGPs were found to be
diminished, an indication for the transition of EGPs into
AGEs [38]. Our results reported that Gly-BSA showed an
increased FI and the level of ﬂuorescent-AGEs was greatly

Oxidative Medicine and Cellular Longevity

AG-BSA complex

GA-BSA complex

D-Ribose-BSA complex

10

(a)

(b)

Figure 8: Molecular binding of D-ribose, GA, and AG with BSA (PDB ID: 4F5S). (a) Binding of GA (ΔG: -8.8 Kcal/mol), AG (ΔG:
-4.3 Kcal/mol), and D-ribose (ΔG: -5.2 Kcal/mol) in the binding pocket of BSA while BSA has been represented as hydrophobic surface.
(b) Enlarged view of interaction of D-ribose, GA, and AG with the interacting residues of BSA.

reduced in a dose-dependent manner in GA-treated GlyBSA samples, which might be due to GA’s antioxidant
potential resulting in the diminution of ﬂuorogenic AGEs,
thus, increasing the protein stability [44]. These ﬁndings
are well in accordance with the previous reports depicting
the inhibitory eﬀects of natural compounds against ﬂuorogenic AGE formation [4, 5].
Furthermore, glycation also causes conformational
changes in the proteins resulting in a secondary structural
change from helical to beta-sheet conformers. In this context, Far UV-CD spectrum study was performed to evaluate
the structural changes in Gly-BSA before and after treatment with GA. Our results depicted the structural shift
and changeover in both α-helix and β-sheets in Gly-BSA,
resulting in substantial damage and instability in protein
secondary structure, which is similar to the results documented in earlier published reports [4, 5]. However, it was
also observed that treatment with GA markedly protected
both the α-helix and β-sheets against glycation-induced
conformational alterations in albumin which might be due
to the diminished level of AGEs as well as reactive oxygen
species (ROS) in GA-treated BSA samples. In contrast,

AG also protected structural changes but to a lesser extent
than GA which may be due to its prooxidant nature [5,
47]. Hence, these results inferred strong in vitro antiglycating ability for GA because GA could have interacted with
BSA and inhibited dicarbonyl and ROS formation during
protein oxidation and loss of secondary structure of the
protein [4, 5].
FTIR is also one of the sophisticated methods opted for
analyzing the protein secondary structural changes, and the
FTIR spectra contain amide-I, C = O and amide-II, N-H
bonds in the range of 1500–1700 cm-1 [48, 49]. In the same
context, our FTIR spectral studies also demonstrated the
shift in amide-I band position as well as increased transmission intensities in D-ribose-induced Gly-BSA, when
matched to unmodiﬁed BSA. Such structural perturbations
due to the delocalization of amide-I band of Gly-BSA were
markedly restored by GA treatment. These ﬁndings are
well in agreement with previously published reports [4,
5]. In comparison, 50 μM AG exhibited somewhat lesser
improvement in amide-I peak position in Gly-BSA that
may be owing to AG’s prooxidant behaviour against proteins at low concentrations [5, 50].
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Proteins having higher Lys and Arg contents are considered to be more vulnerable to glycation modiﬁcation leading
to the progression of some AGEs such as carboxyethyl lysine
(CEL), carboxymethyl lysine (CML), and vesperlysine
(VESP) [1]. Mass spectral analysis has revealed that BSA
contains 583 residues and 59 of which are Lys and 23 are
Arg and that serve as prone glycation sites [5, 44]. Thus, estimating the level of free lysine and arginine might provide
information about the protective eﬀects of GA against glycation. In the current study, free Lys and Arg levels were signiﬁcantly decreased in case of Gly-BSA which depicts their
engagement and covalent modiﬁcations with D-ribose leading to the formation of EGPs and AGEs [5]. However,
simultaneous treatment of Gly-BSA with GA markedly alleviated the free Lys and Arg residues and this reduced interaction between D-ribose and Lys/Arg residues could have
possibly resulted in restricted glycation, ROS generation,
and di-carbonyl-mediated protein oxidation [5, 51, 52].
Nonenzymatic glycation is well known to modulate protein structure and induces aggregation and ﬁbrillation [5, 52]
which is an important phase in the prognosis and growth of
various neurological diseases as well as diabetic complications [1, 52]. Most commonly, the CR dye is used for the
detection/characterization of amyloid aggregates, whereas
ThT dye is commonly implied to characterize amyloid ﬁbrils
[53]. The data from our study depicted that Gly-BSA exhibited higher binding aﬃnity for CR as well as the ThT-speciﬁc
ﬂuorescence was also higher in Gly-BSA, when compared to
unmodiﬁed BSA. These ﬁndings validated the hypothesis
that glycation leads to the development of amyloids and
ﬁbrillar accretion which could also be correlated with the
pathogenesis of neurological and diabetic complications.
Our ﬁndings are in well agreement with the earlier available
reports supporting the use of CR and ThT dyes for the characterization of protein aggregation [54–56]. Nevertheless, we
observed that the presence of GA in the glycation milieu
markedly protected against the formation of amyloids and
ﬁbrillar accretion in BSA as evident by diminished CR binding as well as ThT-speciﬁc ﬂuorescence assays. Recently, iridin, a 7-glucoside of irigenin and a natural antioxidant, has
also been reported with similar protective activities [5].
It is apparent from the above results that GA can inhibit
the protein damage and aggregation caused by AGEs most
speciﬁcally by interacting with glycation susceptible positions of proteins, i.e., lysine and arginine. Similarly, various
dyes, such as ANS, exhibiting extrinsic ﬂuorescence phenomenon, are commonly known to emit ﬂuorescence once
exposed to the hydrophobic areas, particularly inner apolar
surfaces of the proteins once their counterparts are exposed
following the protein modiﬁcations [5, 47]. In continuation,
we also reported that Gly-BSA possesses higher ANSspeciﬁc ﬂuorescence which conﬁrms the structural transition
and unfolding patterns in Gly-BSA that eventually exposed
the Gly-BSA’s interior apolar surfaces and allowed ANS to
combine its hydrophobic milieu. However, such structural
alterations and protein unfolding were markedly decreased
in GA-treated Gly-BSA with the maximum reduction
observed in Gly-BSA treated with 50 μM GA. These results
are consistent with the previously published reports demon-
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strating the protective eﬀects of natural compounds against
di-carbonyl-induced protein modiﬁcations [5, 52]. This
overall protective eﬀect of GA against glycation-mediated
protein modiﬁcations could be attributed to its antioxidant
and anti-AGEs capability, allowing GA to scavenge the free
radicals and consequently attenuate glycation-induced multiple protein modiﬁcations.
In addition to abovementioned in vitro physiochemical
experiments, the molecular interaction studies of GA and
AG were also performed to explore the binding patterns of
these compounds to form GA-BSA and AG-BSA complexes,
respectively. The results from our molecular docking
analysis showed that GA forms a more stable complex with
BSA than AG, as evident by their binding energies (ΔG:
-8.8 Kcal/mol and ΔG: -4.3 Kcal/mol, respectively). It is well
reckoned that presence of Lys and/or Arg residues makes
proteins more susceptible to glycation-mediated oxidative
modiﬁcations and consequently leads to structural changes
and altered functionality [1, 5]. Therefore, masking these
Lys and Arg residues by diﬀerent synthetic or natural inhibitors may become a key mechanism for antiglycation therapeutics. Similarly, the most signiﬁcant result of our in silico
research was that the binding of GA with BSA involved three
Lys residues (Lys187, Lys294, and Lys436) and three Arg
residues (Arg194, Arg217, and Arg435), which are the most
prone sites for the glycation of BSA. In contrast, no Lys residue was involved in the binding of AG with BSA, while it
involved only one Arg residue of BSA which is also considered the preferred site for glycation (Arg194). These ﬁndings
revealed that GA is more a potent antiglycation agent than
AG as it binds to BSA with higher binding energy than AG
as well as one molecule of GA occupies more Lys and Arg
residues of BSA and challenges D-ribose for available sites
on BSA for glycation.
In contrast, binding of AG with BSA was weaker than
GA and it masks only one preferred glycation site of the
BSA (Arg194). These ﬁndings suggest that the antiglycation
potential of GA might be attributed to its antioxidant potential [45] as well as its ability to mask higher number of preferred glycation sites of the BSA than AG. Our results from
in silico molecular modelling studies are consistent with the
previous report that demonstrated that eugenol exhibits high
binding aﬃnity for surface Lys residues on albumin resulting
in protection against glycation-induced protein modiﬁcations [12]. The binding pattern of GA against BSA in the
current study is well supported by the high aﬃnity interaction of GA as well as other terpenoids, i.e., lycopene preferably with the hydrophobic residues of distinct molecular
targets, i.e., high mobility group box 1 [57], HMG-CoA
reductase [34], and SARS-CoV-2-speciﬁc spike glycoprotein
and Nsp-15 [58].

5. Conclusion
In summary, the above results are initial demonstration of
GA-mediated fortiﬁcation against in vitro D-riboseinduced nonenzymatic glycation of albumin. Being a free
radical scavenger, GA exerted protection at multiple stages
of glycation reaction via inhibiting the generation of EGPs
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and AGEs, ﬂuorescent AGEs, scavenging protein CC and
HMF content, and protection against D-ribose-induced
modiﬁcation of BSA as evident by increased free Arg and
Lys residues in GA-treated Gly-BSA samples. Moreover,
GA also attenuated D-ribose-induced alterations in the secondary structure of BSA by protecting the α-helix and βsheets and amide-I band delocalization. In addition, GA
also inhibited the protein damage and aggregation caused
by AGEs as evident by reduced CR binding and ANS as
well as ThT-speciﬁc ﬂuorescence, which might be achieved
via interaction of GA with glycation-susceptible sites of
BSA. Moreover, our in vitro ﬁndings are well justiﬁed by
in silico data which further revealed that masking of Lys
and Arg residues by GA is perhaps another insight accountable for eﬀective antiglycation property of GA. Based on
this, we concluded that GA possesses signiﬁcant antiglycation activity and future in vivo and large-scale clinical studies are needed to establish its role as an antiglycation
therapeutic agent.

Data Availability
The data used to support the results of the study are contained in this article.

Oxidative Medicine and Cellular Longevity

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Conflicts of Interest
The authors claim that they have no conﬂict of interest to
declare.

[12]

Authors’ Contributions
Sahir Sultan Alvi, Rabia Nabi, and Saheem Ahmad contributed equally to this work.

[13]

Acknowledgments
MSK acknowledge the generous support from Research Supporting Project (RSP-2021/352) by King Saud University,
Riyadh, Kingdom of Saudi Arabia.

[14]

[15]

References
[1] R. Nabi, S. S. Alvi, M. Saeed, S. Ahmad, and M. S. Khan, “Glycation and HMG-CoA reductase inhibitors: implication in diabetes and associated complications,” Current Diabetes Reviews,
vol. 15, no. 3, pp. 213–223, 2019.
[2] R. Nabi, S. S. Alvi, A. Shah et al., “Ezetimibe attenuates experimental diabetes and renal pathologies via targeting the
advanced glycation, oxidative stress and AGE-RAGE signalling in rats,” Archives of Physiology and Biochemistry,
vol. 2021, pp. 1–16, 2021.
[3] F. Akhter, S. Sultan Alvi, P. Ahmad, D. Iqbal, B. M. Alshehri,
and M. S. Khan, “Therapeutic eﬃcacy of Boerhaavia diﬀusa
(Linn.) root methanolic extract in attenuating streptozotocininduced diabetes, diabetes-linked hyperlipidemia and
oxidative-stress in rats,” Biomedical Research and Therapy,
vol. 6, no. 7, pp. 3293–3306, 2019.
[4] R. Nabi, S. S. Alvi, R. H. Khan, S. Ahmad, S. Ahmad, and M. S.
Khan, “Antiglycation study of HMG-R inhibitors and tocotrienol against glycated BSA and LDL: a comparative study,”

[16]

[17]

[18]

International Journal of Biological Macromolecules, vol. 116,
pp. 983–992, 2018.
R. Nabi, S. S. Alvi, M. S. Shah et al., “A biochemical & biophysical study on in-vitro anti-glycating potential of iridin against
D-Ribose modiﬁed BSA,” Archives of Biochemistry and Biophysics, vol. 686, article 108373, 2020.
S. Y. Rhee and Y. S. Kim, “The role of advanced glycation end
products in diabetic vascular complications,” Diabetes and
Metabolism Journal, vol. 42, no. 3, pp. 188–195, 2018.
V. Jakuš, M. Sapák, and J. Kostolanská, “Circulating TGF-β1,
Glycation, and Oxidation in Children with Diabetes Mellitus
Type 1,” Experimental Diabetes Research, vol. 2012, Article
ID 510902, 7 pages, 2012.
R. Nabi, S. S. Alvi, A. Shah et al., “Modulatory role of HMGCoA reductase inhibitors and ezetimibe on LDL-AGEsinduced ROS generation and RAGE-associated signalling in
HEK-293 Cells,” Life Sciences, vol. 235, p. 116823, 2019.
N. Rabbani and P. J. Thornalley, “Glycation research in amino
acids: a place to call home,” Amino Acids, vol. 42, no. 4,
pp. 1087–1096, 2012.
N. Rabbani, A. Ashour, and P. J. Thornalley, “Mass spectrometric determination of early and advanced glycation in
biology,” Glycoconjugate Journal, vol. 33, no. 4, pp. 553–
568, 2016.
B. X. Huang, H. Y. Kim, and C. Dass, “Probing threedimensional structure of bovine serum albumin by chemical
cross-linking and mass spectrometry,” Journal of the American
Society for Mass Spectrometry, vol. 15, no. 8, pp. 1237–1247,
2004.
P. Singh, R. H. Jayaramaiah, S. B. Agawane et al., “Potential
dual role of eugenol in inhibiting advanced glycation end
products in diabetes: proteomic and mechanistic insights,” Scientiﬁc Reports, vol. 6, no. 1, 2016.
P. J. Thornalley, “Use of aminoguanidine (Pimagedine) to prevent the formation of advanced glycation endproducts,”
Archives of Biochemistry and Biophysics, vol. 419, no. 1,
pp. 31–40, 2003.
S. S. Alvi, I. A. Ansari, and M. S. Khan, “Pleiotropic role of
lycopene in protecting various risk factors mediated atherosclerosis,” Annals of Phytomedicine, vol. 4, pp. 54–60, 2015.
A. Hashim, S. S. Alvi, I. A. Ansari, and M. Salman Khan,
“Phyllanthus virgatus Forst extract and it’s partially puriﬁed
fraction ameliorates oxidative stress and retino-nephropathic
architecture in streptozotocin-induced diabetic rats,” Pakistan
Journal of Pharmaceutical Sciences, vol. 32, pp. 2697–2708,
2019.
S. S. Alvi, P. Ahmad, M. Ishrat, D. Iqbal, and M. S. Khan, “Secondary metabolites from rosemary (Rosmarinus oﬃcinalis L.):
structure, biochemistry and therapeutic implications against
neurodegenerative diseases,” in Natural Bio-active Compounds, Springer Singapore, 2019.
P. Ahmad, S. S. Alvi, and M. Salman Khan, “Functioning of
organosulfur compounds from garlic (allium sativum linn) in
targeting risk factor-mediated atherosclerosis: a cross talk
between alternative and modern medicine,” in Natural Bioactive Compounds, Springer Singapore, 2019.
G. el-Saber Batiha, A. Magdy Beshbishy, A. el-Mleeh, M. M.
Abdel-Daim, and H. Prasad Devkota, “Traditional uses, bioactive chemical constituents, and pharmacological and toxicological activities of Glycyrrhiza glabra L. (fabaceae),”
Biomolecules, vol. 10, no. 3, p. 352, 2020.

Oxidative Medicine and Cellular Longevity
[19] B. Dunumala, V. Paheerathan, and R. Piratheepkumar, “Evaluation of antioxidant and phytochemical analysis of water
extracted root powder of Glycyrrhiza Glabra,” Sri Lanka Journal of Indigenous Medicine (SLJIM), vol. 5, pp. 424–428, 2020.
[20] X. Sun, X. Duan, C. Wang et al., “Protective eﬀects of glycyrrhizic acid against non-alcoholic fatty liver disease in mice,”
European Journal of Pharmacology, vol. 806, pp. 75–82, 2017.
[21] X. Su, L. Wu, M. Hu, W. Dong, M. Xu, and P. Zhang, “Glycyrrhizic acid: a promising carrier material for anticancer therapy,”
Biomedicine & Pharmacotherapy, vol. 95, pp. 670–678, 2017.
[22] R. Rani, S. Dahiya, D. Dhingra, N. Dilbaghi, K. H. Kim, and
S. Kumar, “Evaluation of anti-diabetic activity of
glycyrrhizin-loaded
nanoparticles
in
nicotinamidestreptozotocin-induced diabetic rats,” European Journal of
Pharmaceutical Sciences, vol. 106, pp. 220–230, 2017.
[23] Y. Okuma, K. Liu, H. Wake et al., “Glycyrrhizin inhibits traumatic brain injury by reducing HMGB1-RAGE interaction,”
Neuropharmacology, vol. 85, pp. 18–26, 2014.
[24] H. T. Chan, C. Chan, and J. W. Ho, “Inhibition of glycyrrhizic
acid on aﬂatoxin B1-induced cytotoxicity in hepatoma cells,”
Toxicology, vol. 188, no. 2-3, pp. 211–217, 2003.
[25] S. Hou, F. Zheng, Y. Li, L. Gao, and J. Zhang, “The protective
eﬀect of glycyrrhizic acid on renal tubular epithelial cell injury
induced by high glucose,” International Journal of Molecular
Sciences, vol. 15, no. 9, pp. 15026–15043, 2014.
[26] R. N. Johnson, P. A. Metcalf, and J. R. Baker, “Fructosamine: a
new approach to the estimation of serum glycosylprotein. An
index of diabetic control,” Clinica Chimica Acta, vol. 127,
pp. 87–95, 1983.
[27] M. Y. Arfat, J. M. Ashraf, Z. Arif, and K. Moinuddin, “Alam,
Fine characterization of glucosylated human IgG by biochemical and biophysical methods,” International Journal of Biological Macromolecules, vol. 69, pp. 408–415, 2014.
[28] P. Cayot and G. Tainturier, “The quantiﬁcation of protein
amino groups by the trinitrobenzenesulfonic acid method: a
reexamination,” Analytical Biochemistry, vol. 249, no. 2,
pp. 184–200, 1997.
[29] R. E. Smith and R. MacQuarrie, “A sensitive ﬂuorometric
method for the determination of arginine using 9,10-phenanthrenequinone,” Analytical Biochemistry, vol. 90, no. 1,
pp. 246–255, 1978.
[30] W. E. Klunk, R. F. Jacob, and R. P. Mason, “[19] Quantifying
amyloid by congo red spectral shift assay,” Methods in Enzymology, vol. 309, pp. 285–305, 1999.
[31] C. Xue, T. Y. Lin, D. Chang, and Z. Guo, “Thioﬂavin T as an
amyloid dye: ﬁbril quantiﬁcation, optimal concentration and
eﬀect on aggregation,” Royal Society Open Science, vol. 4,
no. 1, 2017.
[32] R. Chaudhuri, Y. Cheng, C. R. Middaugh, and D. B. Volkin,
“High-throughput biophysical analysis of protein therapeutics
to examine interrelationships between aggregate formation
and conformational stability,” The AAPS Journal, vol. 16,
no. 1, pp. 48–64, 2014.
[33] D. Matulis, C. G. Baumann, V. A. Bloomﬁeld, and R. E. Lovrien, “1-Anilino-8-naphthalene sulfonate as a protein conformational tightening agent,” Biopolymers, vol. 49, no. 6,
pp. 451–458, 1999.
[34] S. S. Alvi, D. Iqbal, S. Ahmad, and M. S. Khan, “Molecular
rationale delineating the role of lycopene as a potent HMGCoA reductase inhibitor:in vitroandin silicostudy,” Natural
Product Research, vol. 30, no. 18, pp. 2111–2114, 2016.

13
[35] S. Sultan Alvi, I. A. Ansari, I. Khan, J. Iqbal, and M. S. Khan,
“Potential role of lycopene in targeting proprotein convertase
subtilisin/kexin type-9 to combat hypercholesterolemia,” Free
Radical Biology & Medicine, vol. 108, pp. 394–403, 2017.
[36] S. S. Alvi, I. A. Ansari, M. K. Ahmad, J. Iqbal, and M. S. Khan,
“Lycopene amends LPS induced oxidative stress and hypertriglyceridemia _via_ modulating PCSK-9 expression and ApoCIII mediated lipoprotein lipase activity,” Biomedicine &
Pharmacotherapy, vol. 96, pp. 1082–1093, 2017.
[37] G. Wang, Z. Liu, M. Li et al., “Ginkgolide B mediated alleviation of inﬂammatory cascades and altered lipid metabolism
in HUVECs via targeting PCSK-9 expression and functionality,” BioMed Research International, vol. 2019, Article ID
7284767, 12 pages, 2019.
[38] L. Egaña-Gorroño, R. López-Díez, G. Yepuri et al., “Receptor
for advanced glycation end products (RAGE) and mechanisms
and therapeutic opportunities in diabetes and cardiovascular
disease: insights from human subjects and animal models,”
Frontiers in Cardiovascular Medicine, vol. 7, p. 37, 2020.
[39] P. Ahmad, S. S. Alvi, D. Iqbal, and M. S. Khan, “Insights into
pharmacological mechanisms of polydatin in targeting risk
factors-mediated atherosclerosis,” Life Sciences, vol. 254, article 117756, 2020.
[40] A. Elosta, M. Slevin, K. Rahman, and N. Ahmed, “Aged garlic
has more potent antiglycation and antioxidant properties
compared to fresh garlic extract _in vitro_,” Scientiﬁc Reports,
vol. 7, no. 1, 2017.
[41] R. Nabi, S. S. Alvi, S. Alouﬃ et al., “Amelioration of
neuropilin-1 and rage/matrix metalloproteinase-2 pathwayinduced renal injury in diabetic rats by rosuvastatin,” Archives
of Biological Sciences, vol. 73, pp. 21–21, 2021.
[42] T. Miyata and C. Van Ypersele De Strihou, “Angiotensin II
receptor blockers and angiotensin converting enzyme inhibitors: implication of radical scavenging and transition metal
chelation in inhibition of advanced glycation end product formation,” Archives of Biochemistry and Biophysics, vol. 419,
pp. 50–54, 2003.
[43] X. L. Li, A. G. Zhou, L. Zhang, and W. J. Chen, “Antioxidant
status and immune activity of glycyrrhizin in allergic rhinitis
mice,” International Journal of Molecular Sciences, vol. 12,
pp. 905–916, 2011.
[44] P. Jud and H. Sourij, “Therapeutic options to reduce advanced
glycation end products in patients with diabetes mellitus: a
review,” Diabetes Research and Clinical Practice, vol. 148,
pp. 54–63, 2019.
[45] S. M. Tsao and M. C. Yin, “Antioxidative and antiinﬂammatory activities of asiatic acid, glycyrrhizic acid, and oleanolic acid in human bronchial epithelial cells,” Journal of
Agricultural and Food Chemistry, vol. 63, pp. 3196–3204,
2015.
[46] C. Xu, C. Liang, W. Sun, J. Chen, and X. Chen, “Glycyrrhizic
acid ameliorates myocardial ischemic injury by the regulation
of inﬂammation and oxidative state,” Drug Design, Development and Therapy, vol. 12, pp. 1311–1319, 2018.
[47] P. Chowdhury, “Aminoguanidine (AG) induces induced both
pro- and antioxidant eﬀect in AR42J cells, a rat pancreatic
tumor cell line,” Annals of Clinical & Laboratory Science,
vol. 47, pp. 572–580, 2017.
[48] H. Cao, T. Chen, and Y. Shi, “Glycation of human serum albumin in diabetes: impacts on the structure and function,” Current Medicinal Chemistry, vol. 22, pp. 4–13, 2014.

14
[49] H. Yang, S. Yang, J. Kong, A. Dong, and S. Yu, “Obtaining
information about protein secondary structures in aqueous
solution using Fourier transform IR spectroscopy,” Nature
Protocols, vol. 10, no. 3, pp. 382–396, 2015.
[50] P. Chowdhury, M. E. Soulsby, and J. L. Scott, “Eﬀects of aminoguanidine on tissue oxidative stress induced by hindlimb
unloading in rats,” Annals of Clinical and Laboratory Science,
vol. 39, pp. 64–70, 2009.
[51] H. H. Ruiz, R. Ramasamy, and A. M. Schmidt, “Advanced glycation end products: building on the concept of the “common
soil” in metabolic disease,” Endocrinology, vol. 161, no. 1, 2020.
[52] P. S. S. Khaki, A. Feroz, A. A. Siddiqui, S. M. Qadri, F. Amin,
and B. Bano, “Glycation induced conformational alterations
in caprine brain cystatin (CBC) leads to aggregation via passage through a partially folded state,” International Journal of
Biological Macromolecules, vol. 106, pp. 917–929, 2018.
[53] E. I. Yakupova, L. G. Bobyleva, I. M. Vikhlyantsev, and A. G.
Bobylev, “Congo Red and amyloids: history and relationship,”
Bioscience Reports, vol. 39, 2019.
[54] N. Sattarahmady, F. Khodagholi, A. A. Moosavi-Movahedi,
H. Heli, and G. H. Hakimelahi, “Alginate as an antiglycating
agent for human serum albumin,” International Journal of
Biological Macromolecules, vol. 41, pp. 180–184, 2007.
[55] N. Sattarahmady, A. A. Moosavi-Movahedi, M. Habibi-Rezaei
et al., “Detergency eﬀects of nanoﬁbrillar amyloid formation
on glycation of human serum albumin,” Carbohydrate
Research, vol. 343, pp. 2229–2234, 2008.
[56] M. Wördehoﬀ and W. Hoyer, “α-Synuclein aggregation monitored by thioﬂavin T ﬂuorescence assay,” Bio-Protocol, vol. 8,
2018.
[57] G. Vergoten and C. Bailly, “Analysis of glycyrrhizin binding to
protein HMGB1,” Medicine in Drug Discovery, vol. 7, article
100058, 2020.
[58] S. K. Sinha, S. K. Prasad, A. Islam et al., “Identiﬁcation of bioactive compounds from Glycyrrhiza glabra as possible inhibitor of SARS-CoV-2 spike glycoprotein and non-structural
protein-15: a pharmacoinformatics study,” Journal of Biomolecular Structure and Dynamics, vol. 2020, 2020.

Oxidative Medicine and Cellular Longevity

