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Organosulfurs, S-allyl cysteine
and N-acetyl cysteine sequester
di-carbonyls and reduces carbonyl
stress in HT22 cells
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Diabetes, characterized by high blood glucose level, is a progressive metabolic disease that leads to
serious health complications. One of the major pathological consequences associated with diabetes
is the accumulation of highly reactive carbonyl compounds called advanced glycation end products
(AGEs). Most of the AGEs are dicarbonyls and have the potential to covalently modify proteins
especially at the lysine residues in a non-enzymatic fashion (a process termed as glycation) resulting
in the functional impairment and/or toxic gain in function. Therefore, non-toxic small molecules

that can inhibit glycation are of interest for the therapeutic intervention of diabetes. In the present
communication, we have investigated the effect of organosulfurs (S-allyl cysteine, SAC and N-acetyl
cysteine, NAC) that are major principal components of Allium sativa against the glycation of different
proteins. We discovered that both SAC and NAC are potent anti-glycating agents. We also found that
both SAC and NAC reduce ROS level and inhibit apoptosis caused by protein glycation.

Diabetes is a disease caused due to chronic increase in blood sugar level, a condition called hyperglycemia’.
Diabetes is associated with various clinical complications including, diabetic neuropathy, nephropathy, retin-
opathy, cataract, and risk of myocardial infarction etc>™*. One of the primary pathological consequences of
hyperglycemia are the formation of highly reactive carbonyl compounds called advanced glycation end products
(AGEs)*®. The formation of such AGE:s initiates with a glycation reaction when the free amino (-NH,) group
of protein lysine residue attacks the electrophilic carbonyl (-CO) group of reducing sugar in a nucleophilic
addition reaction, forming an unstable Schift’s base, Aldimine. This Schiff’s base further undergoes Amadori
rearrangement forming a stable ketoamine compound (Amadori product). The Amadori product then forms
1,2-dicarbonyl compounds (glyoxal, GO; methylglyoxal, MGO) or 2,3-dicarbonyl compounds (1-deoxygluco-
sone, 1-DG). Additionally, AGEs are formed via oxidative and non-oxidative rearrangements of the Amadori
products and subsequent condensation reaction between the dicarbonyls and side chain of lysine, cysteine and
arginine residues (e.g., N-carboxymethylysine, CML; N-carboxyethylysine, CEL, imidazolone derivatives, etc.)’.
Thus, different dicarbonyls/AGEs are accumulated under diabetic conditions®. AGEs are also considered to be
20,000-fold more reactive than their precursor molecules in terms of glycation reaction and therefore, are rela-
tively highly cytotoxic®. The process of glycation has been known to consequently alter structure and functional
properties of enzymes and/or even results in the formation of high order oligomeric species further exhibiting
toxic gain of function’. Furthermore, elevated level of such AGEs may interfere with the normal cellular processes
because of their interaction with cellular receptors including RAGE and TLRs'*!!. These consequences are con-
sidered to be the main cause of toxicity, increase in oxidative stress, inflammation and apoptosis associated with
hyperglycemia. Therefore, proper management and control of AGE production or inhibition of protein adduct
formation is clinically important. The existence of various glycated proteins and other AGE-associated cellular
toxicities in diabetes has encouraged researchers for identification of molecules that can inhibit glycation. One
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of the widely used hypoglycemic agents, Metformin is believed to reduce a-dicarbonyl levels and inhibits AGE
formation by binding to MGO or 3-deoxyglucosone or by upregulating detoxifying enzymes in vivo'?*%. Other
guanidino compounds have also been known to be anti-glycating agent because of their ability to form com-
plex with AGEs'>'°. Traditionally, various herbs and plant-based products have been used for the treatment of
diabetes'”. These include Azadirachta indica, Caesalpinioideae, Pachira aquatic, Gongronema latifolium, Allium
sativum, Carthamus tinctorius, Ferula assa-foetida, Bauhinia, Gymnema sylvestre, etc'®-21. Of these, Allium sativa
commonly called garlic has been shown to be highly effective hypoglycemic plant??. One major and most abun-
dant principal component in Allium sativa is S-allyl cysteine (SAC)*. Nowadays, attention has been paid on the
use of SAC for different human diseases because of its potent anti-oxidant, anti-inflammatory, anti-arthritis,
anti-diabetic and anti-atherogenic properties**-?”. However, not much is known about its anti-glycation proper-
ties. To date, there has been no systematic studies about the use of SAC on this front. In the present manuscript,
we have made systematic investigation of the effect of SAC and its analogue NAC, for anti-glycating properties.
Using Carbonic anhydrase (CA), we have systematically investigated the effect of SAC/NAC as anti-glycating
agent(s) against MGO-induced covalent modification by analyzing various biophysical and biochemical param-
eters. We have chosen CA because it is a serum protein, elevated in type 2 diabetes and its glycation in vivo has
already been reported®®-**. We have further examined these properties on HT22 cells by analyzing cytotoxicity,
ROS levels and apoptosis. We discovered that SAC and NAC are very potent anti-glycating agent. Since NAC is
an FDA approved drug for the treatment of triple negative breast cancer, the study implicates that it should be
repurposed for the treatment of diabetes.

Materials and methods

Materials. Carbonic anhydrase (CA, from bovine erythrocytes), Bovine serum albumin (BSA, from bovine),
Transthyretin (TTR, from human plasma), and other chemicals were purchased from Sigma-Aldrich chemical
Co. S-allyl 1-cysteine (SAC) was purchased from Cayman Chemicals. Methylglyoxal (MGO), Glyoxal (GO),
Fructose, 8-Anilinonaphthalene-1-sulfonic acid (ANS), Dinitrophenyl hydrazine (DNPH), p-Nitrophenyl
acetate (p-NPA), 2-Thiobarbituric acid (TBA) and N-acetyl L-cysteine (NAC) were also obtained from Sigma
Chemical Co.

Preparation of protein stock solutions and determination of concentrations. All protein solu-
tions were dialyzed at 4 °C using 0.1 M KClI solution and then filtered using Millipore syringe filter (0.22 um).
Concentration of protein samples were calculated using & molar extinction coefficient values of CA as
57,000 M~! cm™! at 280 nm, 43,824 M~ cm™! for BSA (at 280 nm) and 77,600 M~ cm™ for TTR (at 280 nm).
All experimental protein samples were prepared using degassed 0.05 M potassium phosphate buffer (at pH 7.4)
containing 0.1 M KCL

Protein covalent modification by MGO, GO and fructose. For the covalent modification of proteins
with the AGEs, all protein samples were incubated in presence of MGO, GO and Fructose (1 mM each) in
0.05 M potassium phosphate buffer, pH 7.4 at 37 °C. For investigating the effect of AGEs, the protein samples
were pre-exposed to NAC/SAC (0.25-1 mM) and then added MGO/GO/Fructose to it. The modified protein
samples in such a way were further used for subsequent analyses.

Estimation of carbonyl content using DNPH. Total protein carbonyl content was determined follow-
ing the method described by Levine et al.>!. Briefly, 2,4-dinitrophenyl hydrazine (DNPH) (0.1% w/v in 2N HCL)
was added to MGO-treated protein samples and kept in dark for 1 h at room temperature to allow the forma-
tion of colored hydrazone product. Equal volume of 20% trichloroacetic acid (TCA) was then added to stop the
reaction and centrifuged (5000 rpm for 15 min) to obtain a pellet. Unbound DNPH was removed by washing
the pellets 2-3 times using 1 ml of ethyl acetate:ethanol (1:1 v/v) solution. Pellets were air-dried and dissolved
in 6.0 M GdmCl (pH 7.0). Solubilised hydrazones were lastly measured at 370 nm and concentration of DNPH-

derivatized proteins was determined using molar extinction coefficient of 22,000 M~! cm™.

Measurement of AGE adduct fluorescence. This was carried out by measuring the AGE-specific fluo-
rescence of the modified samples in a Perkin Elmer LS 55 Spectrofluorimeter in a 3 mm quartz cell with excita-
tion and emission slits set at 10 nm”. For this, samples were excited at 370 nm and emission spectra were col-
lected from 390 to 550 nm. Necessary blanks were subtracted for all samples.

Measurement of di-tyrosine formation. Di-tyrosines have also been analyzed by measuring their spe-
cific fluorescence pattern in a Perkin Elmer LS 55 Spectrofluorimeter in a 3 mm quartz cell with excitation and
emission slits set at 10 nm*2. To check the formation of di-tyrosine moieties, protein samples were excited at
330 nm and emission spectra were collected from 350 to 500 nm. Necessary blanks were subtracted.

Measurement of fluorescence spectra of proteins. Fluorescence spectra were measured in a Perkin
Elmer LS 55 Spectrofluorimeter in a 3 mm quartz cell with excitation and emission slits set at 10 nm. Concentra-
tion of proteins used was 0.5 mg/ml (i.e. 15 uM for CA, 7.5 pM for BSA and 36 uM for TTR). Protein samples
(CA, BSA and TTR) were excited at 295 nm, while the emission spectra were recorded from 300 to 500 nm.

Measurement of ANS fluorescence spectra. For ANS binding assay the protein samples were excited
at 360 nm and emission spectra were recorded from 400 to 600 nm. Concentration of proteins used was 0.5 mg/
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ml (i.e. 15 pM for CA, 7.5 uM for BSA and 36 pM for TTR). ANS concentration was kept 16-fold than that of
protein concentration. Necessary blanks were subtracted for each sample. Each spectrum was repeated at least
three times.

Activity measurement of CA. Enzyme activity of CA was carried out by monitoring the hydrolysis of
p-nitrophenyl acetate (pNPA) at 400 nm for 3600 s in 0.05 M phosphate buffer at 37 °C. The enzyme concentra-
tion used was 1 uM and substrate was kept 1 mM?.

Circular dichroism (CD) measurements. Adducted protein samples were subjected to CD measure-
ments using Jasco J-810 spectropolarimeter with at least three accumulations and proper blanks were subtracted
from each of the readings. For Far-UV spectra, wavelength scans were recorded from 200 to 240 nm. Similarly
for near-UV spectra, wavelength scans were recorded from 250 to 320 nm. Protein concentration used for CD
measurement was 9 pM for CA, 4.5 uM for BSA and 21.5 uM for TTR. Cells of 0.1 and 1.0 cm path lengths were
used for the measurements of far- and near-UV CD spectra, respectively.

Dynamic light scattering (DLS) measurements. DLS measurements were carried out in a Malvern
Zetasizer MicroV to obtain hydrodynamic diameter of unmodified and modified proteins at 37 +0.1 °C. Protein
samples were filtered through a 0.22 pm filter. Measurements were made at fixed angle of 90° using an incident
laser beam of 689 nm. Fifteen measurements were made for each sample with an acquisition time of 30 s at a sen-
sitivity of 10%. Data were analyzed using Zetasizer software to get hydrodynamic diameter which is a measure
of standard deviation of size of the particle. Protein concentration used was 30 uM.

TEM imaging. Protein samples were placed on copper grids and air dried. Negative staining was done with
1.0% uranyl acetate and samples were again allowed to air dry. Finally, samples were examined under FEI Tecnai
G2-200 kV HRTA transmission electron microscopy operating at 200 kV.

Absorption spectroscopy studies. Absorption spectra of MGO and SAC co-incubated samples were
measured using JASCO V-660 UV-Vis Spectrometer equipped with peltier controller in the wavelength range of
240-400 nm at 37 °C. Cell of 1 cm path-length was used for the measurement.

2-Thiobarbituric acid (2-TBA) method. 2-TBA reagent (0.1 mM) was added to the samples and incu-
bated at 90 °C for 1 h (adapted from Alam et. al., 2016 with minor modification)*. Thereafter, absorbance of the
pink-colored complex was measured at 532 nm. Necessary blanks were subtracted during all the measurements.

Cell lines and maintenance of cell culture. HT22 cells were grown in cell culture flasks containing
DMEM growth media supplemented with antibiotic/antimycotic solution obtained from Himedia (catalog num-
ber-A002), 10% fetal bovine serum (Brazilian origin) and 0.25% Trypsin-EDTA (catalog number-25200-072)
obtained from Gibco. The cells were maintained in a CO, incubator (New Brunswick, Galaxy 170R, Eppendorf)
at 37 °C supplied with 5% CO, and relative humidity of about 98%.

Cell viability assay. Onto a 96-well plate, HT22 cells were first seeded at a density of 5x 10° cells/well and
incubated for 24 h. Seeded cells were treated with 15 uM of BSA, BSA and MGO (1 mM) mixture, and BSA,
MGO and SAC/NAC (0.25 mM and 1 mM) for 24 h and 20 ul of MTT reagent (5 mg/ml stock) was then added
to each of the well and kept for 4 h at 37 °C. Thereafter media was discarded from each well and 50 pl of DMSO
was added to solubilize the formazan crystals. After incubation for 20 min in dark, absorbance was recorded
at 570 nm using an microplate reader (Fluostar Optima, BMG Labtech, Ortenberg, Germany). Percent of cell
viability was calculated using the equation:

Mean absorbance of treated cells

Percent of cell viability = 100.

Mean absorbance of vehicle treated cells

ROS analysis. HT22 cells (0.1 x 10° cell/ml), under standard conditions, were seeded in a 12-well plate con-
taining DMEM media and allowed to attach for 24 h. The attached cells were treated with 15 uM of BSA, BSA-
MGO mixture, and BSA-MGO-SAC/NAC (0.25 mM and 1 mM) for 24 h and the media was removed. Following
this, DCFH-DA dye (25 uM) was added to each well and incubated in dark for 30 min at room temperature.
DCFH-DA deacetylates to DCFH, which further is converted into fluorescent compound DCF in presence of
intracellular ROS. Unbound dye was removed by washing the cells with 1x PBS. Intracellular ROS generation
was analysed using fluorescence microscopy by exciting the samples at 488 nm (blue laser irradiation). Fluores-
cence intensity of each image was further quantified using Image J software and plotted in a bar plot.

Apoptosis measurements. The stages of apoptosis were assessed using Acridine orange (AO: 100 pg/
ml)/Ethidium bromide (EB: 100 ug/ml) dye mixture following the method described by Takahashi et al. (2004).
HT22 cells (0.05x 10° cells/well) were seeded in a 24-well plate containing DMEM media for 24 h for attach-
ment. The attached cells were then treated with 15 uM of BSA, BSA and MGO (1 mM) mixture, and BSA, MGO
and SAC/NAC (0.25 mM and 1 mM) mixtures for 24 h. Thereafter, the cells were then fixed with 4% formalde-
hyde and stained with 500 ul of AO/EB dye mixture (in 1x PBS). Cells were then kept in dark for 15 min and

Scientific Reports |

(2023) 13:13071 | https://doi.org/10.1038/s41598-023-40291-6 nature portfolio



www.nature.com/scientificreports/

stain was washed with 1x PBS before visualizing under a fluorescence microscope (Evos, Floid). Fluorescence
intensity of each image was further quantified using Image J software and plotted in a bar plot.

Statistical analysis. All graphs were plotted using GraphPad Prism 5.04 software (GraphPad software, San
Diego, USA). One-way ANOVA was used to compare the datasets. All analyses were carried out at 95% confi-
dence level (CI) and considered to be significant at statistical probability (p-value) <0.05.

Ethics approval and consent to participate.
included in the study.

Not applicable as no plant material or animal study is

Results

SAC inhibits glycation of CA by MGO. Since MGO is a dicarbonyl compound, it reacts with side-chain
amino group of lysine to form an amide linkage leaving the other carbonyl group free. Therefore, the extent of
adduct formation is directly proportional to the amount of free carbonyl group generated that can be detected
using DNPH dye™®. It is seen in the Fig. 1A that there is no significant increase in the total carbonyl content at day
1 of MGO-adducted CA while there is a sharp increase at day 7. However, upon addition of SAC, the carbonyl
content decreases in a concentration-dependent manner (0.25-1 mM) indicating that SAC prevents glycation of
CA. We have chosen day 7 for the analysis because there is no significant increase in the total carbonyl content
of MGO-adducted CA till day 4 beyond which it gradually increases till day 7 that ultimately drops at day 8
(Supplementary Fig. S1). It has previously been reported that glycated peptides with MGO exhibit peculiar fluo-
rescence emission at 440 nm when excited at 370 nm’. Furthermore, AGEs could also bring about changes in the
overall conformation of protein resulting in dimer formation between two nearby tyrosine residues that emits
fluorescence at 420 nm??, Following similar protocols, we have further measured the AGE-adduct specific fluo-
rescence and di-tyrosine fluorescence of the modified protein samples in presence of SAC (Fig. 1B,C). Figure 1B
shows that modified protein exhibits AGE-adduct specific fluorescence and the fluorescence intensity is reduced
upon addition of different SAC concentrations. It is also seen in Fig. 1C that there is subsequent reduction in
di-tyrosine fluorescence in presence of different concentrations of SAC.

Covalent adduct formation with MGO has been known to bring about conformational alterations that might
render impairment of enzyme activity’. Protection of the CA by SAC from covalent adduct formation by MGO
should therefore, be reflected at structural and functional levels. Enzymatic assay shows that there is 100% loss
in functional activity of the MGO-adducted CA but is reversed by around 50% upon addition of SAC (1 mM)
(Fig. 1D). Furthermore, it is also seen in Supplementary Fig. S2 that upon addition of different concentrations
of SAC there is dose-dependent recovery of the enzyme activity (Supplementary Fig. S2). Far- and Near-UV CD
measurements revealed different structural alteration both in the secondary and tertiary levels upon modifica-
tion by MGO (Fig. 1E,F). There is no significant change in the CD signal at around 218 nm (Fig. 1E) whichisa
signature of B-sheeted proteins. Figure 1F also shows that there is an increase in signals at 275 nm and 290 nm.
Bands at 275 nm and 290 nm reflect asymmetry of Tyr and Trp residues, respectively. This increase in the intensi-
ties at 275 nm and 290 nm might be because of changes in the relative orientation of the planar chromophores in
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Figure 1. SAC suppresses glycation of CA by MGO. Effect of SAC on the total carbonyl content (A), MGO-
adduct fluorescence (B) and di-tyrosine fluorescence (C). Activity status of MGO-modified CA in the absence

and presence of SAC (D). Panels (E) and (F) represents the far-UV and near-UV CD of the modified CA in
presence of SAC. The concentration of MGO used was 1 mM.
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these aromatic residues, indicating an overall alteration in the micro-environment of the chromophoric groups.
This is further supported by the observed hyperchromicity of the Trp fluorescence spectra upon modification
indicating that the micro-environment of the Trp is perturbed by glycation (Supplementary Fig. S3A). It is also
seen in this figure that addition of SAC reverses the structural alteration caused by MGO. We have further probed
the packing of the hydrophobic core of modified protein by performing ANS binding assay because ANS is a
hydrophobic dye that can specifically bind to the hydrophobic clusters of the protein when exposed to the solvent.
ANS binding was evident from the hyperchromicity accompanied with a slight blue shift in MGO-modified CA in
absence of SAC (Supplementary Fig. S3B). Interestingly, upon addition of SAC, the native state protein integrity
remains intact as there is nearly identical ANS binding behavior between native CA and SAC treated samples.

SAC prevents formation of cross-linked oligomers in CA.  Since, protein glycation has been shown
to result in protein crosslinks in many proteins (although not true in general)***’, we were curious to investigate
what effect SAC and MGO have in oligomerization status of CA. Using DLS, we have systematically analyzed
the oligomer formation of the MGO-modified protein in absence and presence of SAC. Table 1 depicts the size
distribution by volume recorded at different time frames. Raw data of the DLS measurements are also given
in Supplementary Fig. S4. It is seen in Table 1 that formation of multimers/oligomers appears at day 8. Since,
formation of oligomers initiates from day 8, we analysed oligomeric properties in presence of SAC at day 8
only. Figure 2A,B shows that addition of SAC results in the prevention of oligomer formation. For instance, in

CA native | MGO treated
Day 1 4.845+0.41 |4.731+0.34
Day 2 4.890+0.33 | 4.899+0.63
Day 3 4.740£0.70 | 4.790+0.85
Day 4 4.873+£0.40 | 4.758+1.19
Day 5 4.838+0.52 |4.921+0.57
Day 6 4.855+£0.60 | 4.420+0.76
Day 7 4.667+0.36 | 5.219+1.11

1257 +15.5 (92.8%)
465.4+37.5 (7.2%)

Day8 |5.008+0.63

Table 1. Hydrodynamic diameter of MGO-modified CA at different time frames. The vales in parentheses
represents percent volume fractions of the species present.
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Figure 2. Effect of SAC on the nature of oligomers formed by MGO-modification of CA. Size distribution by
volume of MGO-modified CA in absence (A) and presence (B) of SAC. TEM images of MGO modified CA in
absence (C) and presence (D) of SAC.
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presence of 1 mM MGO, there was formation of multiple oligomers ranging from 400 to 1200 nm in size. How-
ever, in the presence of 1 mM SAC, there was appearance of the native CA with a volume fraction of 98% while
only 0.5-2% are left as oligomeric species. TEM images also implicates that there is amorphous aggregates of
the MGO-modified proteins which upon pre-exposure to SAC, results in disappearance of the oligomeric spe-
cies (Fig. 2C,D). The overall results indicate that SAC prevents CA against formation of cross-linked oligomers.

SAC fails to reverse modification of MGO-adducted CA.  Next, we have investigated the effect of SAC
on the reversal of pre-adducted CA. Figure 3A,B show that the total carbonyl content and AGE-adduct fluores-
cence intensity of the MGO-adducted CA in the absence and presence of SAC are almost identical indicating
that SAC could not influence the pre-adducted CA. Enzymatic activity analysis further confirmed that SAC
could not reverse the functional activity of MGO-modified CA as the percent activity in absence and presence
of SAC are nearly similar (Fig. 3C). Tryptophan fluorescence spectra of the modified CA with and without SAC
are also not significantly different indicating the failure of SAC to restore structural perturbations induced by
MGO (Fig. 3D).

Mechanism of inhibition of covalent modification of CA by MGO. First of all, we measured the
time dependent changes in the AGE-adduct fluorescence in the presence of different SAC concentrations. Anal-
ysis of this time dependent AGE-adduct fluorescence (Fig. 4A) of the modified CA in presence of SAC revealed
that SAC treatment decreases the reactivity of MGO toward CA. The decrease in reactivity might be due to the
formation of complex between MGO and SAC. To investigate for this possibility, we have firstly co-incubated
MGO and SAC and measured the product formation using two different methods, one by directly measuring the
MGO concentration and the other using TBA method (Fig. 4B) (see “Discussion” for detail)***°. We observed
that there was decrease in the absorbance of MGO upon addition of different concentration of SAC (Fig. 4C). It
is also seen in Fig. 4C that there is an increase in TBA-MGO product in absence of SAC but is decreased upon
addition of SAC in a concentration dependent manner. Figure 4D also shows that the MGO-SAC complex
exhibits AGE-adduct specific fluorescence similar to that of the glycated proteins. If complex between MGO and
SAC is indeed formed, there should be a good correlation between the fall in MGO concentration with the rise
in complex formation. For this we have analysed the plot of absorbance at 277 nm versus fluorescence intensity
at 440 nm (see Supplementary Fig. S5). We observed a positive linear association with R? value of 0.95. Taken
together the results indicate that SAC has the potential to trap MGO.

Inhibitory effect of SAC is true to other glycating agents. To get a better insight if SAC is effective
against carbonyl stress in general, we extended our work on two more glycating agents, glyoxal (GO) and fruc-
tose. We have included fructose to investigate if SAC could also inhibit glycation induced by AGE precursor,
reducing sugars. First of all, we carried out modification of CA by GO (1 mM) and fructose (1 mM) and the
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Figure 3. Effect of SAC on the reversibility of covalently modified CA by MGO. Total carbonyl content (A)
and AGE-specific fluorescence spectra (B) of CA pre-exposed to MGO in presence of SAC. Panels (C) and (D)
represents enzyme activity status and tryptophan fluorescence spectra (D) respectively of the modified samples
in presence of SAC.
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spectra of MGO upon incubation with different concentrations of SAC (B), decrease in TBA-MGO product
with increasing concentration of SAC (C) and AGE specific fluorescence of different co-incubated MGO-SAC
mixtures (D).

modified proteins have been analyzed for the extent of glycation by measuring total carbonyl content (Fig. 5A,B)
and AGE-adduct fluorescence (Fig. 5C,D). It is seen in the figures that there is an increase in the total carbonyl
content as well as AGE-specific fluorescence in the presence of both GO or fructose indicating that the protein
is glycated. However, upon addition of SAC, there is 70-90% decrease in the AGE-adduct fluorescence inten-
sity with varying concentration of SAC. The results indicate that SAC inhibits glycation of CA by both GO and
fructose. To further confirm, we have also pre-exposed CA to different concentrations of SAC and glycating
agents are then added. Such co-incubated samples have been analysed for tryptophan fluorescence to assess the
structural alteration (Fig. 5G,H) and enzyme activity (Fig. 5E,F). It is seen in Fig. 5E,F that there is 70% and 90%
reversal in the enzyme activities upon addition of SAC in case of GO and fructose respectively. Nearly identical
Trp fluorescence spectra as compared to the unmodified control (Fig. 5G,H) further support the premise that
SAC inhibits structural alteration caused by both the GO and fructose.

Inhibitory effect of SAC in not confined to CA. To investigate the generality of the protective effect of
SAC against MGO-induced covalent modification, we extended our work on two more serum proteins, BSA
and TTR. For this, both the proteins have been exposed to 1 mM MGO in the absence and presence of SAC.
Figure 6A,E show that SAC inhibits glycation of both BSA and TTR as evident from the decrease in the total
carbonyl content. We again confirmed these results by measuring other parameters associated with glycation
including AGE-adduct fluorescence (Fig. 6B,F) and di-tyrosine fluorescence (Fig. 6C,G). Far-UV CD measure-
ments of BSA (Fig. 6D) shows that SAC treatment brings the altered spectral behavior of MGO-modified BSA
back to its native state. However, in case of TTR, there is nearly identical spectra of modified protein as com-
pared to that with native TTR (Fig. 6H). Taken together, the results led us to believe that the ability of SAC to
inhibit MGO-induced covalent adduct formation in proteins is true in general.

SAC suppresses cytotoxic effect of MGO-adducted BSA in HT-22 cells.  For this, we examined the
cytotoxic effect of MGO by using glycated BSA. Briefly, cells were exposed to BSA alone (control), MGO-BSA,
MGO-BSA-SAC (different concentrations of SAC) mixtures. Cells were grown for 24 h and viability of the cells
were analysed using MTT assay (Fig. 7). It is seen in figure that addition of BSA does not largely affect the per-
cent cell viability while treatment with MGO-BSA results in drastic decrease in the percent cell viability (around
70%). It is also seen in this figure that in the presence of MGO-BSA-SAC (with 1 mM SAC), there was around
20% increase in the cell viability. However, there was no significant effect in the presence of MGO-BSA-SAC
(with 250 uM SAC).
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Figure 5. Effect of SAC on the glycation of CA induced by GO and fructose. Total carbonyl content (A,B),
AGE-specific fluorescence (C,D), activity status (E,F) and tryptophan fluorescence spectra (G,H) of CA glycated
by GO and fructose in presence of SAC. The concentration of GO and fructose used were 1 mM each.

SAC reduces ROS generation in HT22 cells induced by MGO-adducted BSA. We have further
analyzed the BSA, MGO-BSA and MGO-BSA-SAC treated cells for ROS levels using DCHF-DA dye. DCHE-
DA is a fluorescent dye and is cleaved by intracellular esterases at the two ester bonds, producing H2DCE. This
non-fluorescent product accumulates in cells and subsequent oxidation yields a fluorescent product, DCE. Fluo-
rescence microscope images show large increase in ROS levels with MGO-BSA treatment but is reduced upon
addition of SAC (Fig. 8). Bright field images also show that the cell morphologies are not largely perturbed by the
presence of MGO-BSA or MGO-BSA-SAC (Fig. 8). Relative ROS levels have also been quantified by analysing
the fluorescence intensity of the images (see Supplementary Fig. S6). It is seen in the figure that there is 40-75%
decrease in the ROS levels upon addition of SAC compared to the cells treated with BSA-MGO.

SAC prevents apoptosis of HT-22 cells induced by MGO-adducted BSA.  We further analyzed the
MGO-BSA treated cells for the induction of apoptosis with the help of AO/EB dye (Fig. 9). For this, cells were
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Figure 6. Effect of SAC in preventing the MGO-induced glycation of BSA and TTR. Total carbonyl content

(A) AGE specific fluorescence (B) and di-tyrosine fluorescence spectra (C), far-UV CD spectra (D) of MGO-
modified BSA. Total carbonyl content (E) AGE specific fluorescence (F) and di-tyrosine fluorescence spectra
(G), far-UV CD spectra (H) of MGO-modified TTR.
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Figure 7. Effect of SAC on the cytotoxicity of HT22 cells induced by glycated BSA. Percent viability of cells in

the presence of MGO-BSA, and MGO-BSA-SAC mixtures. The concentrations of BSA and MGO used were

15 uM and 1 mM respectively.

again treated with MGO-BSA or MGO-BSA-SAC and allowed to grow for 24 h and then stained with AO/EB
dye. AO penetrates normal and early apoptotic cells with intact membranes, fluorescing green when bound to
DNA. EB, on the other hand, only enters cells with damaged membrane (late apoptotic and dead cells), emitting
orange-red fluorescence. As evident, the fluorescence microscopic images show slight/no sign of apoptosis in
BSA alone treated cells (Fig. 9). Indeed, the cells displayed uniform bright green fluorescence with intact nuclear
architecture, attributing to healthy viable cells. In case of MGO-BSA treatment, the number of late apoptotic
cells increased as evident from disappearance of bright green fluorescence and appearance of bright orange-red
fluorescence. However, in case of MGO-BSA-SAC treated cells, there was decrease in orange-red fluorescence
and appearance of bright green fluorescence in a concentration-dependent fashion. Furthermore, relative reduc-
tion in percent apoptotic cells have also been quantified by analysing the green/red fluorescence intensity of the
images (see Supplementary Fig. S7). It is seen in the figure that there is ~ 10-40% decrease in the number of
apoptotic cells upon addition of SAC compared to the cells treated with BSA-MGO.

NAC inhibits glycation of proteins by MGO. To investigate the effect of NAC against MGO-induced
covalent modification of proteins, we first assessed the change in total carbonyl content, AGE-adduct fluores-
cence and di-tyrosine fluorescence. Figure 10A shows gradual decrease in the total carbonyl content of MGO-
treated CA in presence of NAC in a concentration-dependent fashion. Concomitantly, there is decrease in both
AGE-adduct fluorescence (Fig. 10B) and di-tyrosine fluorescence (Fig. 10C) in a NAC concentration dependent
manner indicating that NAC inhibits MGO-induced protein glycation. Loss of activity with MGO treatment and
eventual recovery (around 75%) upon addition of NAC also support the premise that NAC inhibits glycation
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Figure 8. Effect of SAC on ROS levels induced by glycated BSA. Fluorescence microscopy of ROS images in
HT?22 cells in the presence of MGO-BSA, and MGO-BSA-SAC mixtures. The concentrations of BSA and MGO
used were 15 pM and 1 mM respectively.
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Figure 9. Effect of SAC on the apoptotic status of HT22 cells induced by glycated BSA. Fluorescence
microscopy image of HT22 cells representing apoptotic status in the presence of MGO-BSA, and MGO-BSA-
SAC mixtures. Cells stained with acridine orange, ethidium bromide, and AO/EB mixture are labeled as AO, EB
and merged respectively. The concentrations of BSA and MGO used were 15 pM and 1 mM respectively.

of CA by MGO (Fig. 10D). Furthermore, it is also seen in figure S8 that upon addition of different concentra-
tions of NAC there is dose-dependent recovery of the enzyme activity (Supplementary Fig. S8). Far-UV and
near-UV CD spectra of the MGO-modified CA in the presence of NAC have also been procured to assess the
structural alterations (Fig. 10E,F). It is seen in figure that there is reduction in the secondary (as evident from
the decrease in CD signal at 218 nm) (Fig. 10E) and tertiary contacts (as evident from the decrease in CD signal
at 275 and 290 nm regions) (Fig. 10F) with MGO treatment and reversal of the spectral property nearly identi-
cal to that of the native protein upon addition of NAC. The results indicate that similar to SAC, NAC could also
prevent structural alterations brought about by the MGO-induced modification. It is also seen in Fig. 10G that
there is a decrease in the MGO-TBA product upon addition of NAC in a concentration dependent manner.
Figure 10H also shows that the MGO-NAC complex exhibits AGE-adduct specific fluorescence and there is
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Figure 10. Effect of NAC in suppressing the glycation of CA by MGO. Effect of NAC on the total carbonyl
content (A), time dependent MGO-adduct fluorescence (B) and time dependent di-tyrosine fluorescence (C),
activity status (D), far-UV (E) and near-UV CD (F) spectra of MGO-modified CA in the absence and presence
of NAC. Decrease in MGO-TBA product in presence of NAC (G), increase in AGE specific fluorescence (H) in
presence of different concentrations of NAC. Size distribution by volume of MGO-modified CA in absence (I)
and presence (J) of NAC. TEM images of MGO modified CA in absence (K) and presence (L) of NAC.
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observed hyperchromicity with increasing concentration of NAC. The results indicate that similar to SAC, NAC
also prevents MGO-induced protein modification by virtue of its potential to form complex with MGO.

We again analysed if the oligomerization of CA because of MGO-induced modification is suppressed in pres-
ence of NAC by performing DLS measurements (Fig. 101, J) and TEM imaging (Fig. 10K,L). Figure 101, ] shows
that there is appearance of monomeric species with 5.3 nm in size (volume fraction of 99%). There is only 1%
species existing in the aggregated state with 25 nm in size. Furthermore, TEM images of the modified protein
samples also show that there is complete disappearance of the large size spherical species and also reduction in
the amyloidogenic oligomeric species upon addition of NAC (Fig. 10K,L).

NAC protects HT22 cells from the MGO-induced cytotoxic effects. Using similar experimental
conditions as in case of SAC treatment, the effect of NAC on HT22 cells have also been examined. Firstly, we
analyzed the suppressive ability of NAC against the cytotoxic effect of MGO. For this, cells were exposed to
MGO-BSA-NAC (different concentrations of NAC) and measured cell viability. The results are then compared
with that of the previously measured values in presence of MGO-BSA. It is seen in Fig. 11A that there is around
70% increase in cell viability as compared to MGO-BSA samples upon addition of NAC. Fluorescence micro-
scope images further show large decrease in the ROS level as compared to the MGO-BSA control upon addition
of NAC indicating a marked decrease in the ROS levels (Fig. 11B). Relative ROS levels have also been quantified
by analysing the fluorescence intensity of the images (see Supplementary Fig. S9). It is seen in the figure that
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Figure 11. Effect of NAC against MGO-induced cytotoxicity in HT22 cells. Percent viability of cells in the
presence of MGO-BSA, and MGO-BSA-NAC mixtures (A). Fluorescence microscopy of ROS images (B) and
apoptotic status (C) of HT22 cells in the presence of MGO-BSA, and MGO-BSA-NAC mixtures.
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there is ~ 100% decrease in the ROS levels upon treatment with NAC as compared to the cells treated with BSA-
MGO. Figure 11C also shows that there is complete reduction of orange-red fluorescence and appearance of
more green fluorescence as compared to the MGO-BSA treated cells indicating that NAC is rescuing cells from
apoptosis. Furthermore, upon quantifying the relative reduction in percent apoptotic cells it is seen that there is
~ 98-100% decrease in the number of apoptotic cells upon addition of NAC compared to the cells treated with
BSA-MGO (Supplementary Fig. S10). The results confirmed that similar to SAC, NAC is also a potential anti-
glycating agent.

Discussion

Of all the organosulfurs present in garlic, SAC is the most abundant component®, Therefore, we have first of
all investigated the anti-glycating potential of SAC on CA?-*. Our results in Fig. 1A-F and Supplementary
Fig. S2A,B indicate that SAC protects CA from the covalent modification by MGO in terms of the extent of
glycation, AGE-specific fluorescence, di-tyrosine fluorescence, structural and functional consequences. Since
MGO is a dicarbonyl compound, adducted MGO has one free carbonyl that can attack lysine residues on other
polypeptide chain forming cross-linked oligomers. Using DLS, we have firstly, monitored the time-frame for
the appearance of such oligomers (Table 1 and Supplementary Fig. S4). Indeed, there was no increase in the
hydrodynamic diameter of CA up to day 7 but on day 8, there was appearance of oligomeric species. Therefore, all
other measurements and analyses of oligomers in presence of SAC have been carried at day 8 only. As expected,
SAC prevents formation of oligomers as evident from the appearance of monomeric species in the SAC treated
samples (Fig. 2A-D). In order to further investigate the behavior of the glycation kinetics in absence and pres-
ence of SAC, we further performed the measurement of time-dependent kinetics of glycated CA (Supplementary
Fig. S11). We observed that in absence of SAC, the oligomerization of glycated protein exhibits a conventional
sigmoidal nature of aggregation curve consisting of lag phase, log phase and the final aggregates. Interestingly,
it appears that glycated CA completes the aggregation kinetics by 11th day. It is also evident in the figure that
in presence of SAC there was complete absence of the logarithmic as well as final aggregates formed indicating
the potent inhibitory effect of SAC against aggregation of glycated CA (Supplementary Fig. S11). In support
previously, it has been shown that aged garlic extract and SAC could prevent crosslinking of BSA and lysozyme
induced by glucose and MGO and subsequently reduces the formation of CML*. Our data on Figs. 5A-H, and
6A-H further revealed that the effect of SAC is independent of the protein or glycating used. Taken together,
the results confirmed that SAC protects proteins against MGO-induced glycation.

Next, we investigated what effect SAC has on the already MGO-adducted CA. For this, we exposed CA with
MGO so as to allow covalent modification to take place and then added SAC in the samples. We then analyzed
the effect of SAC by examining 3 parameters, i.e., extent of glycation (Fig. 3A,B), enzyme activity (Fig. 3C) and
structural consequences (Fig. 3D). It is evident from the figures that there is no significant effect of SAC on the
total carbonyl content, AGE-specific fluorescence and consequently no reversal of enzyme activity or native state
structure compared to the glycated controls. Thus, all measurements collectively revealed that SAC does not have
any significant effect on the reversal of MGO-adducted CA (Fig. 3). Taken together, the results led us to believe
that SAC exhibits differential behaviors on the adducted and non-adducted CA.

The differential effect of SAC, i.e., failure to reverse the MGO-bound CA (Fig. 3) but its suppressive potential
when CA is pre-exposed to SAC (Figs. 1, 2) suggest that SAC might not be allowing binding of MGO to CA. A
time-dependent decrease in the AGE-specific fluorescence in presence of SAC indicates that it perhaps works
by lowering the reactivity of MGO to CA (Fig. 4A). Previous studies have demonstrated that there was reduc-
tion in the reactivity of MGO by forming complexes with certain amino acids, short peptides, phytochemicals,
etc*!*2, Therefore, we thought it would be worthwhile to investigate if SAC forms covalent adduct with MGO
thereby not allowing the MGO to interact with the protein. A more direct way of analyzing complex formation
is by measuring the amount of free MGO upon co-incubation with SAC. We monitored the MGO concentration
by measuring its absorbance at 277 nm as MGO has an absorption maximum at this wavelength. It is evident
in Fig. 4B that upon increasing SAC concentration, the absorbance of MGO (at 277 nm) decreases (Fig. 4C)
indicating the formation of MGO-SAC complex. Another method for measuring the concentration of free MGO
involves the use of 2-thiobarbituric acid (TBA) as a probe®***. TBA reacts with MGO species generating a colored
product with an absorbance maximum at 532 nm. It is speculated that MGO on binding with SAC would remain
unreactive to TBA thereby resulting in the decrease in absorbance compared to the samples of MGO alone. As
expected, MGO and SAC co-incubated samples show gradual decrease in absorbance at 532 nm with increasing
concentration of SAC (Fig. 4B). Thus, our results led us to believe that SAC forms complex with MGO directly.
In the second experiment, we excited the complex at the same wavelength conventionally used to detect glycated
proteins and monitored the emission spectra (Fig. 4D). We observed identical emission spectral behavior as that
of the glycated proteins and there was hyperchromicity with increasing concentration of SAC. The results further
confirmed that the MGO-SAC complex thus formed is a conventional amide linkage type. We conclude that SAC
inhibits MGO-induced covalent modification of CA by virtue of its potential to form amide linkage complex.

Cellular glucose uptake is highest in the neuronal cells**** and MGO or GO are the potential biomarkers of
myocardial infarctions®. Furthermore, AGEs are not only synthesized in the neuronal cells but can cross blood
brain barrier and accumulate in brain cells*®. With these notions, we carried out cellular studies of the effect of
SAC as antiglycation agent in HT22 cells (a mouse hippocampal neuronal cell line). Previously, glycated BSA has
been used to study glycation effect in cellular and animal models. Similarly, in the present study, first of all, we
glycated BSA with MGO and this glycated protein is used to induce cytotoxicity to the cells. It is seen in Fig. 7
that there is a decrease in the cell proliferation upon treatment with glycated BSA and is reversed upon addition
of SAC. Accumulation of glycated proteins are known to cause oxidative stress*”*® and eventual apoptosis of
cells***. For this we have further analyzed the effect of SAC on ROS level (Fig. 8) and extent of apoptosis (Fig. 9).
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It is seen in figure that glycated BSA brings about large increase in the ROS level and a concomitant increase in
the extent of apoptosis. Indeed, treatment with BSA-MGO results in the early apoptotic to late apoptotic cells as
evident from the appearance of yellow-green and bright red fluorescence respectively. However, upon addition
of SAC, there is large reduction in ROS levels (Fig. 8) and concomitant recovery of healthy cells (Fig. 9). Thus,
SAC protects HT22 cells against MGO-induced toxicities.

SAC is an organosulfur compound and therefore, we have additionally investigated the effect of NAC (another
organosulfur present in garlic)! as anti-glycating agent (Fig. 10). Our results in Fig. 10A-L indicate that NAC
prevents CA from covalent modification by MGO and hence protects structure and functional integrity. Similar
to SAC, the mechanism involves complex formation between MGO and NAC via amide linkage type of bond-
ing. It is also evident in Fig. 11A that NAC has robust effect of protecting cell viability against the cytotoxicity
caused by BSA-MGO mixture. Consequently, there is large protection against apoptosis (Fig. 11C) by virtue of
its effect to lower oxidative stress (Fig. 11B) caused by the glycated protein. The results on NAC and SAC further
conclude that organosulfurs are potent anti-glycating agents.

Diabetic patients require stringent control and proper management throughout their life, failure of which
results in chronic pathological conditions including neurodegeneration and cardiovascular complications etc.
The current regime for the management of diabetes focusses on regulating blood sugar levels®. Around 26%
of the total diabetic patients are insulin users®. Therapy with human insulin analogue is found to be dramati-
cally effective in lowering blood glucose in patients. Other drugs include Metformin, Sulfonylureas, Glinides,
Dipeptidyl peptidase-4 (DPP-4) inhibitors®*** and glucagon like peptide-1 (GLP-1) receptor agonists etc. Since,
protein, DNA and lipid glycation is a major pathological event associated with diabetes, our results indicate that
organosulfurs should be employed as anti-glycating agent. In particular, NAC is an FDA approved drug for the
treatment of triple negative breast cancer™. It is also used to treat acetaminophen poisoning®. Interestingly, in
addition to this present study, NAC has also been reported to reduce oxidative stress caused by glycated proteins
in animal and cellular models®®*. Furthermore, studies also support that NAC is a promising drug for diabetes-
related cardiovascular complications including, high blood pressure®, platelet monocyte conjugation®, cardiac
function®>%, congenital heart defects®, etc. Therefore, attempt should be made to repurpose NAC for the treat-
ment of diabetes as an adjuvant therapy or separately.

Conclusions

Our study indicates that organosulfurs, NAC and SAC exhibit strong anti-glycating potential and therefore,
should be employed for the treatment or management of diabetes. Mechanistically the effect is due to the forma-
tion of adduct with carbonyl compounds thereby protecting the proteins from glycation (please refer Diagram 1
for details). Since, NAC is an FDA approved drug, it can be directly repurposed for the treatment of diabetes.
Organosulfurs range from s-Allyl mercaptocysteine, SAMC; Diallyl trisulfide, DATS; Diallyl disulfide, DADS;
Alliin, etc®. Further research should be conducted to identify most effective organosulfur with less side effects.
Although, use of certain antibiotics has been reported to trigger diabetes®®®’, organosulfur antibiotic like penicil-
lin and sulfonilamide may also be employed as anti-diabetic pills. Of course, penicillin is currently used for the
treatment of diabetic foot infections®. Recently organosulfurs have been advantageous for therapeutic inter-
vention of several diseases including cardiovascular diseases®, cancer® and neurodegenerative diseases’, etc.
This study further expands the repertoire for the use of organosulfurs for the treatment of diabetes. The study
also indicates that use of garlic could be beneficial for the treatment of diabetes. Despite of having advantages
of using garlic or organosulfurs there are also associated risk factors. For instance, high garlic intake causes
allergies, develop respiratory dysfunction like asthma, cough and even gastrointestinal troubles”'~">. Study also
reported that prolonged use of organosulfurs also develop adverse distress including disturbed metabolism and
increased inflammatory response.
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Received: 1 February 2023; Accepted: 8 August 2023
Published online: 11 August 2023

References
. Association, A. D. Diagnosis and classification of diabetes mellitus. Diabetes Care 32, $62 (2009).
. Fong, D. S. et al. Retinopathy in diabetes. Diabetes Care 27, s84-s87 (2004).
. Satirapoj, B. Nephropathy in diabetes. Adv. Exp. Med. Biol. 771, 107-122 (2013).
. Feldman, E. L. et al. Diabetic neuropathy. Nat. Rev. Dis. Primers 5, 1-18 (2019).
. Vlassara, H. & Uribarri, J. Advanced glycation end products (AGE) and diabetes: Cause, effect, or both?. Curr. Diabetes Rep. 14,
453 (2014).
. Singh, V. P, Bali, A,, Singh, N. & Jaggi, A. S. Advanced glycation end products and diabetic complications. Korean J. Physiol.
Pharmacol. 18, 1 (2014).
7. Sharma, G. S. et al. Structural and functional characterization of covalently modified proteins formed by a glycating agent, glyoxal.
ACS Omega 6, 20887-20894 (2021).
8. Mostafa, A. A. et al. Plasma protein advanced glycation end products, carboxymethyl cysteine, and carboxyethyl cysteine, are
elevated and related to nephropathy in patients with diabetes. Mol. Cell Biochem. 302, 35-42 (2007).
9. Gu, M. . et al. Glycolaldehyde, an advanced glycation end products precursor, induces apoptosis via ROS-mediated mitochondrial
dysfunction in renal mesangial cells. Antioxidants 11, 934 (2022).
10. Senatus, L. M. & Schmidt, A. M. The AGE-RAGE axis: Implications for age-associated arterial diseases. Front. Genet. 8, 187 (2017).
11. Pathomthongtaweechai, N. & Chutipongtanate, S. AGE/RAGE signaling-mediated endoplasmic reticulum stress and future pros-
pects in non-coding RNA therapeutics for diabetic nephropathy. Biomed. Pharmacother. 131, 110655 (2020).

G W N =

(=2}

Scientific Reports |

(2023) 13:13071 | https://doi.org/10.1038/s41598-023-40291-6 nature portfolio



www.nature.com/scientificreports/

12. Kinsky, O. R. et al. Metformin scavenges methylglyoxal to form a novel imidazolinone metabolite in humans. https://doi.org/10.
1021/acs.chemres-tox.5b00497.

13. Beisswenger, P. J., Howell, S. K., Touchette, A. D., Lal, S. & Szwergold, B. S. Metformin reduces systemic methylglyoxal levels in
type 2 diabetes. Diabetes 48, 198-202 (1999).

14 Ruggiero-Lopez, D. et al. Reaction of metformin with dicarbonyl compounds. Possible implication in the inhibition of advanced
glycation end product formation. Biochem. Pharmacol. 58, 1765-1773 (1999).

15. Hou, E E, Boyce, J., Chertow, G. M., Kay, J. & Owen, W. E. Aminoguanidine inhibits advanced glycation end products formation
on beta2-microglobulin. J. Am. Soc. Nephrol. 9, 277-283 (1998).

16. Abbas, G. et al. Antiglycation therapy: Discovery of promising antiglycation agents for the management of diabetic complications.
Pharm. Biol. https://doi.org/10.3109/13880209.2015.102808054,198-206 (2015).

17 Salehi, B. et al. Antidiabetic potential of medicinal plants and their active components. Biomolecules 9, 551 (2019).

18. Kanetkar, P, Singhal, R. & Kamat, M. Gymnema sylvestre: A memoir. J. Clin. Biochem. Nutr. 41, 77 (2007).

19. Satyanarayana, K., Sravanthi, K., Anand Shaker, I. & Ponnulakshmi, R. Molecular approach to identify antidiabetic potential of
Azadirachta indica. J. Ayurveda Integr. Med.

20 Rodrigues, A. P. & Pastore, G. M. A review of the nutritional composition and current applications of monguba (Pachira aquatica
Aubl.) plant. J. Food Compos. Anal. 99, 103878 (2021).

21 Rizvi, S. I. & Mishra, N. Traditional Indian medicines used for the management of diabetes mellitus. J. Diabetes Res. 2013, 1-11
(2013).

22 Wang, J., Zhang, X., Lan, H. & Wang, W. Effect of garlic supplement in the management of type 2 diabetes mellitus (T2DM): A
meta-analysis of randomized controlled trials. Food Nutr. Res. 61, 1377571 (2017).

23. Mikaili, P, Maadirad, S., Moloudizargari, M., Aghajanshakeri, S. & Sarahroodi, S. Therapeutic uses and pharmacological properties
of garlic, shallot, and their biologically active compounds. Iran. J. Basic Med. Sci. 16,1031 (2013).

24. Saravanan, G., Ponmurugan, P.,, Kumar, G. P. S. & Rajarajan, T. Antidiabetic properties of S-allyl cysteine, a garlic component on
streptozotocin-induced diabetes in rats. J. Appl. Biomed. 7, 151-159. https://doi.org/10.32725/jab.2009.017.html (2009).

25. Ho, S. E,, Ide, N. & Lau, B. H. S. S-allyl cysteine reduces oxidant load in cells involved in the atherogenic process. Phytomedicine
8,39-46 (2001).

26. Bi, ., Wang, W,, Du, ], Chen, K. & Cheng, K. Structure-activity relationship study and biological evaluation of SAC-Garlic acid
conjugates as novel anti-inflammatory agents. Eur. J. Med. Chem. 179, 233-245 (2019).

27. Saravanan, G. & Ponmurugan, P. Beneficial effect of S-allylcysteine (SAC) on blood glucose and pancreatic antioxidant system in
streptozotocin diabetic rats. Plant Foods Hum. Nutr. 65, 374-378 (2010).

28. Ibrahim, S.I. et al. Effect of hyperglycemia on erythrocyte carbonic anhydrase and lactic acid in type II diabetic subjects. J. Diabetes
Mellitus 6, 158-165 (2016).

29. Di Fiore, A., Supuran, C. T., Scaloni, A. & De Simone, G. Human carbonic anhydrases and post-translational modifications: A
hidden world possibly affecting protein properties and functions. J. Enzyme Inhib. Med. Chem. 35, 1450 (2020).

30. Kardoush, M. I., Ward, B. ]. & Ndao, M. Serum carbonic anhydrase 1 is a biomarker for diagnosis of human Schistosoma mansoni
infection. Am. J. Trop. Med. Hyg. 96, 842-849 (2017).

31. Levine, R. L. et al. Determination of carbonyl content in oxidatively modified proteins. Methods Enzymol. 186, 464-478 (1990).

32. Muir, R,, Forbes, S., Birch, D. J. S., Vyshemirsky, V. & Rolinski, O. J. Collagen glycation detected by its intrinsic fluorescence. J.
Phys. Chem. B 125, 11058-11066 (2021).

33. Suraj Sharma, G., Kumar, T. & Rajendrakumar Singh, L. N-homocysteinylation induces different structural and functional con-
sequences on acidic and basic proteins. https://doi.org/10.1371/journal.pone.0116386.

34 Zeb, A. & Ullah, E. A simple spectrophotometric method for the determination of thiobarbituric acid reactive substances in fried
fast foods. J. Anal. Methods Chem. 2016, 1-5 (2016).

35. Sharma, G. S., Warepam, M., Bhattacharya, R. & Singh, L. R. Covalent Modification by glyoxals converts cytochrome c into its
apoptotically competent state. Sci. Rep. 9, (2019).

36. Iannuzzi, C. et al. D-ribose-glycation of insulin prevents amyloid aggregation and produces cytotoxic adducts. Biochim. Biophys.
Acta 1862, 93-104 (2016).

37. Sirangelo, I. et al. Hydroxytyrosol selectively affects non-enzymatic glycation in human insulin and protects by AGEs cytotoxicity.
Antioxidants 10, 1127 (2021).

38. Mukhopadhyay, S., Ghosh, A. & Kar, M. Methylglyoxal increase in uremia with special reference to snakebite-mediated acute renal
failure. Clin. Chim. Acta 391, 13-17 (2008).

39. Sun, Q, Faustman, C., Senecal, A., Wilkinson, A. L. & Furr, H. Aldehyde reactivity with 2-thiobarbituric acid and TBARS in
freeze-dried beef during accelerated storage. Meat Sci. 57, 55-60 (2001).

40. Ahmad, M. S, Pischetsrieder, M. & Ahmed, N. Aged garlic extract and S-allyl cysteine prevent formation of advanced glycation
endproducts. Eur. J. Pharmacol. 561, 32-38 (2007).

41 Wang, W, Yagiz, Y., Buran, T. J. & do Nunes, C. N. & Gu, L.,. Phytochemicals from berries and grapes inhibited the formation of
advanced glycation end-products by scavenging reactive carbonyls. Food Res. Int. 44, 2666-2673 (2011).

42. Hipkiss, A. R. & Chana, H. Carnosine protects proteins against methylglyoxal-mediated modifications. Biochem. Biophys. Res.
Commun. 248, 28-32 (1998).

43. Mergenthaler, P, Lindauer, U., Dienel, G. A. & Meisel, A. Sugar for the brain: The role of glucose in physiological and pathological
brain function. Trends Neurosci. 36, 587 (2013).

44. Goyal, M. S. & Raichle, M. E. Glucose requirements of the developing human brain. J. Pediatr. Gastroenterol. Nutr. 66, S46 (2018).

45. Daiber, A. et al. Redox-related biomarkers in human cardiovascular disease—Classical footprints and beyond. Redox Biol. 42,
101875 (2021).

46. Kong, Y. et al. Progress of RAGE molecular imaging in Alzheimer’s disease. Front. Aging Neurosci. 12, 227 (2020).

47. Gillery, P. Stress oxydant et glycation des protéines au cours du diabéte sucré. Ann. Biol. Clin. (Paris) 64, 309-314 (2006).

48. Nowotny, K., Jung, T., Hohn, A., Weber, D. & Grune, T. Advanced glycation end products and oxidative stress in type 2 diabetes
mellitus. Biomolecules 5, 194 (2015).

49. Chuang, P. Y, Yu, Q,, Fang, W,, Uribarri, J. & He, J. C. Advanced glycation endproducts induce podocyte apoptosis by activation
of the FOXO4 transcription factor. Kidney Int. 72, 965-976 (2007).

50. Lan, K. C. et al. Advanced glycation end-products induce apoptosis in pancreatic islet endothelial cells via NF-xB-activated
cyclooxygenase-2/prostaglandin E2 up-regulation. PLoS ONE 10, e0124418 (2015).

51. Dewi, A. D. R, Kusnadi, J. & Shih, W.-L. Comparison of the main bioactive compounds and antioxidant activity from garlic water-
soluble and garlic oil. KnE Life Sci. 3, 20 (2017).

52. Spanakis, E. G. et al. Diabetes management using modern information and communication technologies and new care models.
Interact. J. Med. Res. 1, €8 (2012).

53. Dalal, M. R. et al. Are patients on basal insulin attaining glycemic targets? Characteristics and goal achievement of patients with
type 2 diabetes mellitus treated with basal insulin and physician-perceived barriers to achieving glycemic targets. Diabetes Res.
Clin. Pract. 121, 17-26 (2016).

54 Gallwitz, B. Clinical use of DPP-4 inhibitors. Front. Endocrinol. (Lausanne) 10, 389 (2019).

55. Kasina, S. V. S. K. & Baradhi, K. M. Dipeptidyl peptidase IV (DPP IV) inhibitors. 1-5 (2022).

Scientific Reports|  (2023) 13:13071 | https://doi.org/10.1038/s41598-023-40291-6 nature portfolio


https://doi.org/10.1021/acs.chemres-tox.5b00497
https://doi.org/10.1021/acs.chemres-tox.5b00497
https://doi.org/10.3109/13880209.2015.102808054,198-206
https://doi.org/10.32725/jab.2009.017.html
https://doi.org/10.1371/journal.pone.0116386

www.nature.com/scientificreports/

56. Kwon, Y. Possible beneficial effects of N-acetylcysteine for treatment of triple-negative breast cancer. Antioxidants 10, 1-22 (2021).

57. Heard, K. J. Acetylcysteine for acetaminophen poisoning. N. Engl. J. Med. 359, 285 (2008).

58 Dludla, P. V. et al. N-Acetyl cysteine ameliorates hyperglycemia-induced cardiomyocyte toxicity by improving mitochondrial
energetics and enhancing endogenous Coenzyme Q9/10 levels. Toxicol. Rep. 6, 1240-1245 (2019).

59. Pazdro, R. & Burgess, J. R. Differential effects of a-tocopherol and N-acetyl-cysteine on advanced glycation end product-induced
oxidative damage and neurite degeneration in SH-SY5Y cells. Biochim. Biophys. Acta 1822, 550-556 (2012).

60. Vasdev, S., Singal, P. & Gill, V. The antihypertensive effect of cysteine. Int. J. Angiol. 18,7 (2009).

61. Treweeke, A. T. et al. N-Acetylcysteine inhibits platelet-monocyte conjugation in patients with type 2 diabetes with depleted
intraplatelet glutathione: A randomised controlled trial. Diabetologia 55, 2920 (2012).

62. Crespo, M. ], Cruz, N., Altieri, P. I. & Escobales, N. Chronic treatment with N-acetylcysteine improves cardiac function but does
not prevent progression of cardiomyopathy in syrian cardiomyopathic hamsters. J. Cardiovasc. Pharmacol. Ther. 16, 197-204
(2011).

63. Liu, C. et al. N-Acetyl Cysteine improves the diabetic cardiac function: Possible role of fibrosis inhibition. BMC Cardiovasc. Disord.
15, 1-8 (2015).

64. Moazzen, H. et al. N-Acetylcysteine prevents congenital heart defects induced by pregestational diabetes. Cardiovasc. Diabetol.
13,1-13 (2014).

65 Shang, A. et al. Bioactive compounds and biological functions of garlic (Allium sativum L.). Foods 8, 246 (2019).

66. Park, S.]. et al. Association between antibiotics use and diabetes incidence in a nationally representative retrospective cohort
among Koreans. Sci. Rep. 11, 1-10 (2021).

67. Mikkelsen, K. H., Knop, E. K., Frost, M., Hallas, J. & Pottegard, A. Use of antibiotics and risk of type 2 diabetes: A population-based
case-control study. J. Clin. Endocrinol. Metab. 100, 3633-3640 (2015).

68. Vazquez-Prieto, M. A. & Miatello, R. M. Organosulfur compounds and cardiovascular disease. https://doi.org/10.1016/j.mam.
2010.09.009.

69. Pandey, P. et al. Updates on the anticancer potential of garlic organosulfur compounds and their nanoformulations: Plant thera-
peutics in cancer management. Front. Pharmacol. https://doi.org/10.3389/fphar.2023.1154034 (2023).

70. Khan, H., Singh, T. G., Dahiya, R. S. & Abdel-Daim, M. M. a-Lipoic acid, an organosulfur biomolecule a novel therapeutic agent
for neurodegenerative disorders: An mechanistic perspective. Neurochem. Res. 47, 1853-1864 (2022).

71. Nacaroglu, H. T., Ayman, F. N. & Celebi, M. Garlic allergy: A rare cause of anaphylaxis in infants. Asthma Allergy Immunol. 18,
102-104 (2020).

72. Almogren, A., Shakoor, Z. & Adam, M. H. Garlic and onion sensitization among Saudi patients screened for food allergy: A hospital
based study. Afr. Health Sci. 13, 689 (2013).

73. Ma, S. & Yin, . Anaphylaxis induced by ingestion of raw garlic. Foodborne Pathog. Dis. 9,773-775 (2012).

Acknowledgements
The authors are thankful to the Researchers Supporting Project (No. RSP2023R379), King Saud University,
Riyadh, Saudi Arabia for supporting this work.

Author contributions

L.R.S. conceived the idea. R.B., S.S. and S.G. performed the experiments. L.R.S. and R.B. wrote the manuscript.
PR, N.A, M.K.P, M.S.A. and A.K.M. helped to review the manuscript. All the authors approve of their respec-
tive co-authorships.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-40291-6.

Correspondence and requests for materials should be addressed to A.K.M. or L.R.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

Scientific Reports |

(2023) 13:13071 | https://doi.org/10.1038/s41598-023-40291-6 nature portfolio


https://doi.org/10.1016/j.mam.2010.09.009
https://doi.org/10.1016/j.mam.2010.09.009
https://doi.org/10.3389/fphar.2023.1154034
https://doi.org/10.1038/s41598-023-40291-6
https://doi.org/10.1038/s41598-023-40291-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Organosulfurs, S-allyl cysteine and N-acetyl cysteine sequester di-carbonyls and reduces carbonyl stress in HT22 cells
	Materials and methods
	Materials. 
	Preparation of protein stock solutions and determination of concentrations. 
	Protein covalent modification by MGO, GO and fructose. 
	Estimation of carbonyl content using DNPH. 
	Measurement of AGE adduct fluorescence. 
	Measurement of di-tyrosine formation. 
	Measurement of fluorescence spectra of proteins. 
	Measurement of ANS fluorescence spectra. 
	Activity measurement of CA. 
	Circular dichroism (CD) measurements. 
	Dynamic light scattering (DLS) measurements. 
	TEM imaging. 
	Absorption spectroscopy studies. 
	2-Thiobarbituric acid (2-TBA) method. 
	Cell lines and maintenance of cell culture. 
	Cell viability assay. 
	ROS analysis. 
	Apoptosis measurements. 
	Statistical analysis. 
	Ethics approval and consent to participate. 

	Results
	SAC inhibits glycation of CA by MGO. 
	SAC prevents formation of cross-linked oligomers in CA. 
	SAC fails to reverse modification of MGO-adducted CA. 
	Mechanism of inhibition of covalent modification of CA by MGO. 
	Inhibitory effect of SAC is true to other glycating agents. 
	Inhibitory effect of SAC in not confined to CA. 
	SAC suppresses cytotoxic effect of MGO-adducted BSA in HT-22 cells. 
	SAC reduces ROS generation in HT22 cells induced by MGO-adducted BSA. 
	SAC prevents apoptosis of HT-22 cells induced by MGO-adducted BSA. 
	NAC inhibits glycation of proteins by MGO. 
	NAC protects HT22 cells from the MGO-induced cytotoxic effects. 

	Discussion
	Conclusions
	References
	Acknowledgements


