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Mechanistic insights into S-allyl cysteine’s
insulin-mimetic role: glucose uptake, receptor
kinase interaction, and sensitivity recovery in
skeletal myotubes
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S-Allyl cysteine (SAC), the most abundant sulfur-containing compound present in black garlic, has several
biological activities including antioxidant and anti-inflammatory effects, accounting for multiple beneficial
roles, among which protection against insulin resistance is proposed herein. Despite these evidences, a
mechanistic study supporting its direct involvement in modulating insulin response and in counteracting
insulin resistance is still missing. The aim of this study is to evaluate the molecular mechanism of action of
SAC in the insulin-dependent metabolic response. For this purpose, the effects of SAC on protein syn-
thesis, glucose uptake, and GLUT4 translocation were assessed in C2C12 skeletal myotubes. The inter-
action of SAC with the insulin receptor was studied by molecular docking analyses and differential scan-
ning calorimetry. Finally, the counteracting role of SAC against insulin resistance was studied in a C2C12
palmitic acid-induced insulin resistance model. Our results showed that SAC, like insulin, stimulates
protein synthesis, glucose uptake and GLUT4 plasma membrane translocation in skeletal myotubes.
These last effects were reduced in the presence of the insulin receptor antagonist S961. Moreover,
docking and calorimetry results demonstrated the interaction of SAC with the insulin receptor kinase
domain. Furthermore, SAC both prevents and reverses the development of palmitic acid-induced insulin
resistance significantly, restoring glucose uptake to the levels detected in non-insulin-resistant cells.
Altogether, these data provide mechanistic insights into the insulin-mimetic role of SAC, paving the way
for future research on new compounds capable of preventing insulin resistance and the consequent
onset of metabolic syndrome.

insulin secretion from the pancreas, and the consequent
hyperglycemia induces glucose uptake in skeletal and cardiac

Under physiological conditions, insulin regulates glucose
metabolism in muscle, liver, and adipose tissue. The binding
to its receptor (INSR) starts a signaling cascade that finely
regulates glucose uptake from the blood into target cells."? In
particular, the skeletal muscle is the primary site for the dispo-
sal of ingested glucose. During the postprandial phase, the
increase in the plasma glucose concentration stimulates
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muscle and adipose tissue.? The impaired response to insulin
of target tissues, defined as insulin resistance (IR), entails the
onset of metabolic-related dysfunctions, characterized by the
inhibition of cellular glucose uptake, gluconeogenesis, lipoly-
sis, and glycogenolysis."”>* Several diseases including type II
diabetes mellitus (T2DM), cardiovascular disease, nonalco-
holic fatty liver disease (NAFLD), and metabolic syndrome are
clinically associated with IR.>® Although the mechanisms
underlying IR are not fully elucidated, several studies agree
that lipid oversupply from high-fat, high-calorie nutrition or
excessive adipose lipolysis could be the most common risk
factor for developing IR. Indeed, adipose tissue in obese
people releases pro-inflammatory cytokines and plasma free
fatty acids (FFA), resulting in the accumulation of lipotoxic
lipid metabolites, which contribute to the onset of IR.>*” The
first approach in the prevention and treatment of IR is an
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intensive lifestyle modification. The Mediterranean Diet, as a
hypocaloric scheme characterized by a daily consumption of
vegetables, legumes, cereals, and extra virgin oil as the princi-
pal source of fat, is proven to be the best dietary approach with
a considerable improvement of IR in obese patients.?
Moreover, constant physical activity is recommended to
enhance muscle insulin sensitivity.” The second, often necess-
ary, is the pharmacological approach. The principal drugs like
metformin, oral sulfonylureas, oral sodium-glucose cotran-
sporter 2 (SGLT2) inhibitors, oral dipeptidyl peptidase 4
(DPP4) inhibitors, oral a-glucosidase, injectable glucagon-like
peptide 1 (GLP1) receptor agonists, and injectable insulin cur-
rently prescribed for IR have the ultimate function of stimulat-
ing insulin secretion or increasing insulin sensitivity.” Besides
this, in recent years, there has been a growing interest in
plant-derived bioactive metabolites due to their potential pro-
tective and glucose metabolism-modulating properties. Among
these, garlic (Allium sativum) has been one of the most studied
dietary sources for health benefits. In particular, S-allyl
cysteine (SAC) is the most abundant sulfur-containing com-
pound present in black garlic (BG), a form of aged garlic
obtained from raw garlic via the Maillard reaction under high-
temperature and high-humidity conditions.'® The antioxidant
and anti-inflammatory activities of SAC are frequently reported
in the literature,">'* and its anti-cancer,"® anti-hepatotoxic,"*
anti-hypertensive,”> and neuroprotective effects are also
known.'>'® We have previously demonstrated the protective
effects of SAC on endothelial dysfunction, another important
hallmark of metabolic syndrome, by increasing hydrogen
sulfide (H,S) and nitric oxide (NO) release."” Since the impact
of SAC on glucose metabolism has so far only been studied
in vivo in streptozotocin-induced diabetic rats,'®'® this study
aims to evaluate, at cellular and molecular levels, the effects of
SAC on key elements of metabolic health and insulin pathway,
using an in vitro model of skeletal muscle cells (C2C12).
Moreover, building on a recent report®® showing that a mole-
cule closely related to SAC, S-Allylmercaptocysteine, can bind
and activate the insulin receptor, we hypothesized a similar
mechanism for SAC. To achieve the above-mentioned aims
and explore this hypothesis, glucose uptake and GLUT4
(glucose transporter type 4) translocation were investigated, in
both the presence and the absence of S961, an insulin receptor
inhibitor. Moreover, the interaction of SAC with the insulin
receptor was studied through molecular docking and differen-
tial scanning calorimetry (DSC). Finally, the potential role of
SAC in preventing or reversing IR was evaluated in a C2C12
palmitate-induced insulin resistance model.

Materials and methods
Reagents

Unless otherwise specified, materials were obtained from
Sigma Aldrich (Merck Group, Darmstadt, Germany). Plastics
and reagents for cell cultures were obtained from Euroclone
(Euroclone, Pero, Italy). 2-NBDG (2-(N-(7-nitrobenz-2-oxa-1,3-
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diazol-4-yl)amino)-2-deoxyglucose) for glucose uptake assay
(code N13195), the cell permeant dye CellROX® Green Reagent
for oxidative stress detection (code C10444), the Click-iT® Plus
OPP Protein Synthesis Assay Kit (code C10456), and the rabbit
polyclonal antibody against GLUT-4 (code PA5-23052) were
obtained from Thermo Fisher Scientific (Thermo Fisher
Scientific, Waltham, MA, USA). The CellTiter 96® AQueous
One Solution Cell Proliferation Assay, based on the use of the
tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt] (MTS code G3580) was obtained from Promega Corp.
(Madison, WI, USA).

The insulin receptor antagonist S961 (code 051-86) was pur-
chased from Phoenix Pharmaceuticals Inc. (Burlingam, CA,
USA). Antibodies for immunoblotting experiments were pur-
chased from different providers: anti-AKT (pan) (C67E7) rabbit
monoclonal (code 4691) and anti-p-AKT (Ser473) (D9E) XP®
rabbit monoclonal (code 4060) were obtained from Cell
Signalling Technology Inc. (Danvers, MA, USA); mouse mono-
clonal anti-B-actin (code A5316) was obtained from Merck/
Sigma Aldrich; horseradish peroxidase-conjugated secondary
antibodies were provided by Proteintech (Rosemont, IL, USA);
and anti-rabbit (code SA00001-2) and anti-mouse (code 31430)
antibodies were provided by Thermo Fisher Scientific.

Cell cultures

The mouse myoblast cell line C2C12 (ECACC 91031101, lot
171044) was purchased from the European Collection of
Authenticated Cell Cultures (ECACC, Salisbury, UK) and cul-
tured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin, and 2 mM t-glutamine in a humidi-
fied atmosphere of 5% CO, at 37 °C. Cultures were plated at a
density of 2 x 10* cells per cm?® on tissue plastic dishes and
sub-cultured before reaching 70% confluence. For all experi-
ments, cells were seeded at a density of 10 x 10> cells per cm?
on 96-well plates, coverslips, and glass bottom dishes (VWR
Int., Radnor, PA, USA) to enhance adhesion. After cells
reached confluence, differentiation was induced by changing
the medium to DMEM supplemented with 2% horse serum
(HS) for an additional five days. Except for the cell viability
and ROS production assay, the day before the experiments,
C2C12 cells were starved for 24 h in glucose and serum-free
DMEM.

Crystal violet staining

Cellular viability was studied using crystal violet staining since
MTT or similar assays could not be used due to chemical inter-
ference of reducing substances in the cellular medium (sulfhy-
dryl-containing compounds such as SAC) with tetrazolium
salts, as done in a previous work.>" C2C12 cells were plated in
96—well plates at a density of 10 x 10* cells per cm” (3300 cells
per well). Once differentiated, cells were treated with SAC at
different concentrations (10 pM, 100 pM, 500 uM, 1 mM, and
10 mM) for 4 or 24 h, 16 wells for each condition as technical
replicates. The effect on cell growth was estimated by staining

This journal is © The Royal Society of Chemistry 2025
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with crystal violet: cells were fixed in 2.5% glutaraldehyde in
PBS for 20 min and then stained with crystal violet (0.1% in
20% methanol); the plates were allowed to dry, and then the
dye was solubilized in acetic acid (10%, v/v) and the absor-
bance was read at 595 nm in a microplate reader (Infinite M
Plex, Tecan Switzerland). Data were expressed as the percen-
tages of absorbance referred to the control condition; the per-
centage values of three independent experiments (biological
replicates) were then summarized and expressed as mean +
standard error of mean (SEM).

MTS assay

Cell viability following palmitate treatment was studied by
CellTiter 96® AQueous One Solution Cell Proliferation Assay,
since, unlike treatment with SAC, there were no problems of
interference with the dye MTS. C2C12 cells were grown in
96-well plates as described for crystal violet staining; once
differentiated, cells were treated with palmitate at different
concentrations (0.25 mM, 0.5 mM, 0.75 mM, and 1 mM) for
24 h (16 wells for each condition as technical replicates). Then,
the effect on cell viability was estimated by MTS staining: after
removal of culture medium, 10 pL of MTS were added to 50 pL
of fresh medium in each well, followed by 30 minutes of incu-
bation at 37 °C. During this time, MTS was bioreduced by
metabolically active cells into a soluble and colored formazan
product, whose absorbance, directly proportional to the
number of viable cells, was read at 490 nm using an Infinite M
Plex microplate reader. Data were expressed as percentages of
absorbance referred to the control condition; percentage
values of four independent experiments (biological replicates)
were then analyzed to calculate mean + SEM.

Reactive oxygen species (ROS)

C2C12 cells, grown on 96-well black plates at a density of 10 x
10° cells per cm? (3300 cells per well), once differentiated were
pretreated with 20 pM menadione (as a positive control) for
1 h alone or in combination with 100 pM SAC for 30 min (16
wells for each condition as technical replicates); the cells were
loaded with 5 pM CellROX® green probe for the last 30 min in
the dark. Then, the cells were washed two times with PBS, and
the fluorescence was acquired using a microplate reader
(Infinite M Plex) at 485g,/520g, nm. The fluorescence intensity
was expressed in percentage as the mean value of the resulting
fluorescence for each condition compared to the control of
three independent experiments (biological replicates) + SEM.
In another set of experiments, the effect of palmitate on ROS
production was examined. Cells were grown as before on
96-well black plates, and after differentiation, two lanes (16
wells as technical replicates) were treated with 0.75 mM palmi-
tate for 24 h. Next, two lanes were treated with 20 pM mena-
dione (as a positive control) for 1 h; the cells were loaded with
5 pM CellROX® green probe for the last 30 min in the dark
and the microplates were processed as described above. The
fluorescence intensity was expressed in percentage as the
mean value of the resulting fluorescence for each condition

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

compared to the control; four independent experiments (bio-
logical replicates) were performed.

Glucose uptake measurements

Differentiated C2C12 cells plated in black clear-bottom 96-well
plates (10 x 103 cells per cm?) were starved for 24 h in DMEM
glucose and serum-free medium. Cells were treated with
100 pM SAC and simultaneously loaded with 100 pM of
2-NBDG in glucose and serum-free DMEM for 30 min in the
dark (16 wells for each condition as technical replicates).
Insulin (100 nM) was used as a positive control. For the experi-
ments, with the insulin receptor inhibitor (S961), cells were
treated with 100 pM SAC or 100 nm insulin for 30 min, in com-
bination or not with 10 nM S961 (60 min). After two washes in
PBS, the cells were lysed with a buffer containing 0.1 M
KH,PO, and 1% Triton X-100, pH 10, and the fluorescence
intensity was recorded using a microplate reader (Infinite M
Plex) at 465g,/540g, nm. The fluorescence intensity was
expressed in percentage as the mean value of the resulting
fluorescence for each condition compared to the control of
three independent experiments (biological replicates) + SEM.
For live cell imaging, cells were plated in glass-bottom dishes
(10 x 10® cells per cm?) and differentiated. The treatment was
carried out as described above. After two washes in PBS, the
cells were directly observed in confocal microscopy. The fluo-
rescence images were acquired using a confocal microscope
(Leica Stellaris 5, Leica Microsystems, Germany) at 488 nM
with a 60x Uplan FI (NA 1.25) oil-immersion objective.
Fluorescence variations were calculated by defining and
measuring regions of interest (ROIs) using the Image]
software.

Protein synthesis assay

Differentiated C2C12 cells plated in glass-bottom dishes (10 x
10% cells per cm?®) were treated with 100 pM SAC or 100 nM
insulin for 60 min in glucose and serum-free DMEM. Then, a
Click-iT® Plus OPP Protein Synthesis Assay Kit was used fol-
lowing the protocol. Briefly, after the initial incubation with a
Click-iT® OPP working solution, cells were fixed for 15 min in
4% paraformaldehyde and permeabilized with PBS 0.5%
Triton for 15 min. Then, the Click-iT® Plus OPP reaction cock-
tail was added, and the HCS NuclearMask™ Blue Stain was
performed. Finally, nascent protein synthesis was assessed by
measuring the signal intensity by confocal microscopy (Leica
Stellaris 5) at 488 nm. For the quantification analysis, ten inde-
pendent fields of each experimental condition were analyzed
using the Image] software, using the ‘3D object counter’ tool.
Biological replicates were performed three times.

GLUT4 translocation

Differentiated C2C12 cells plated on glass coverslips (10 x 103
cells per cm?) were starved for 24 h in glucose and serum-free
DMEM. Cells were treated with 100 pM SAC or 100 nM insulin
for 30 min in combination or not with 10 nM S§961 (60 min) in
glucose and serum-free DMEM. Then cells were fixed for
40 min in 4% paraformaldehyde dissolved in 0.1 M phosphate

Food Funct., 2025,16, 9227-9240 | 9229


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo03746h

Open Access Article. Published on 28 October 2025. Downloaded on 4/3/2026 1:01:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

buffer, pH 7.3. After three washes with PBS, cells were incu-
bated for 20 min with 0.3% Triton and 1% bovine serum
albumin in PBS and stained for 24 h at 4 °C with the primary
polyclonal antibody anti-GLUT4 in a ratio of 1/100. Cover
slides were washed twice with PBS and incubated for 1 h at
room temperature with the secondary antibody, anti-rabbit
Alexa Fluor 568 (Thermo Fisher Scientific) in a ratio of 1/1000.
After two washes in PBS, coverslips were mounted on standard
slides with DABCO and observed using a confocal microscope
(Leica Stellaris 5). GLUT4 staining measurements of both the
cell periphery and the cell interior were performed using the
Image] software. Briefly, for each myotube, the enlarged plugin
was employed to design an ROI band of 5 pm around the
plasma membrane, and the fluorescence intensities of both
the band and the cellular inside were collected.

The data from three independent experiments were
expressed as peripheral/internal fluorescence and summarized
to calculate mean + SEM.

Immunoblotting

C2C12 cells were seeded on plastic dishes, 20 cm” of growth
area, at a density of 10 x 10> cells per cm” in 10% FCS DMEM,
and, after differentiation in DMEM + 2%HS, the cells were
starved for 24 h in glucose and serum-free DMEM. Cells were
then treated with 100 nM insulin or 100 pM SAC for 30 min.
Cell monolayers were lysed in 200 pL of RIPA lysis buffer
(Thermo Fisher Scientific) containing a phosphatase inhibitor
cocktail (PhosSTOP, Roche, Mannheim, Germany) forced
through a 1 mL syringe needle and centrifuged at 10 000 rpm
for 5 min at 4 °C. Proteins (30 pg per lane) were resolved on
12% SDS-PAGE, transferred onto a polyvinylidene fluoride
(PVDF) membrane, (Thermo Fisher Scientific) in a cold trans-
fer buffer (25 mM Tris pH 8.3, 192 mM glycine, 0.1% SDS,
20% methanol) and blocked for 1 h at 37 °C in TBST (10 mM
Tris pH 7.5, 0.1 M NacCl, 0.1% Tween 20) plus 5% non-fat dry
milk. Blots were incubated overnight at 4 °C with primary anti-
bodies (1:1000 rabbit monoclonal anti-AKT and anti-pAKT;
1:2000 mouse monoclonal anti-B-actin) in TBST containing
1% non-fat dry milk. Membranes were then washed three
times in TBST with weak shaking and incubated for 1 h at
room temperature with secondary antibodies (anti-rabbit,
1:10.000; anti-mouse, 1:20.000) in TBST containing 1% non-
fat dry milk, followed by a second set of three washes with
TBST. Bands were visualized by chemiluminescence with
Western Lightning Plus-ECL (PerkinElmer, Waltham, MA,
USA). The protein levels were determined using the Image]
software; for each condition, the ratio of p-AKT/AKT was evalu-
ated and then normalized against INS as a positive control.
The comparison of the p-actin band intensity ensured equal
protein loading. The results of 7 = 6 independent experiments
(biological replicates) were averaged and expressed in percen-
tage as mean + SEM.

Mouse insulin receptor

The protein kinase domain (Leu1067-Gly1296) of the Mouse
Insulin Receptor, UniProt ID: Q9WTL4, was purchased from
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Abbexa (Milton, Cambridge CB4 0GJ, UK) in a lyophilized
form. The pre-lyophilization buffer consisted of PBS, pH 7.4,
containing 0.01% sarcosyl and 5% Trehalose. The protein con-
centration was 13.8 uM after reconstitution.

Differential scanning calorimetry (DSC)

The DSC experiments were conducted using a VP-Capillary
DSC (Malvern Instruments Ltd Worcestershire, UK), as
reported previously.”>** The protein was analyzed in the
absence and presence of 150 pM SAC. Each sample was pre-
incubated at 25 °C for 10 minutes before the run in a water
bath, 200 pL of sample was placed in the cell and then 200 pL
of PBS buffer was placed in the reference cell. The temperature
was increased from 25 °C to 90 °C at a 90 °C h™" scan rate
after an equilibration of 10 minutes at 25 °C. Data analysis was
performed using Origin.

In silico molecular docking studies

The three-dimensional structure of the tyrosine kinase recep-
tor of the human insulin receptor was obtained from the RCSB
database, PDB ID: 2AUH.>* 2AUH contains the insulin receptor
tyrosine kinase in complex with Grb14, so the coordinates
Grb14 were removed from the PDB file. Molecular docking was
performed using the YASARA (10.1093/bioinformatics/btu426)
structure, version 23.9.9, operating under Windows 11 Pro an
HP OMEN 880-102 nL workstation (Intel Core i7-8700K, 2.8
GHz CPU, and 1 GB memory). The 3D structure of SAC was
downloaded as an .sdf file from PubChem, energy minimized
with YASARA, and saved as the .pdb file. Docking of each
ligand to the “receptor” file was carried out using the YASARA-
embedded AutoDock VINA algorithm® by using the
“dock_run.mer” macro exploiting 999 runs. The YASARA
macro performs structure preparation of the ligand, docking
to the receptor, and results sorting by binding energy/pre-
dicted binding affinity. In YASARA, results are ranked by
binding energy, where more positive energies indicate stronger
binding and negative energies equate to no binding.>® Best
poses were to predict the most probable binding site between
the protein and the ligand.

Palmitic acid preparation and treatments

A palmitic acid (PA) solution was prepared according to Sun
et al.”’ Briefly, sodium palmitate powder (100 mM) was dis-
solved in H,O by heating for 10 min at 70 °C with agitation
using a thermomixer, and bovine serum albumin (BSA) was
dissolved in H,O to a concentration of 10% (wt/vol) at 55 °C
with agitation. Then, equal volumes of the two solutions (1: 1)
were mixed to obtain a 50 mM stock solution and stored at
—20 °C. The cells were treated with 0.75 mM PA for 16 h in
glucose and serum-free DMEM alone or in combination with
100 pM SAC. In the last 30 min, cells were stimulated with 100
nM insulin or 100 pM SAC and simultaneously loaded with
100 pM of 2-NBDG in glucose and serum-free DMEM (16 wells
for each condition as technical replicates), as explained above.

This journal is © The Royal Society of Chemistry 2025
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Statistical analysis

Data are expressed as mean * standard error of the mean
(SEM); statistical analyses were performed using ANOVA (one-
way analysis of variance) followed by Bonferroni’s multiple
comparison test. Differences with p < 0.05 were considered
statistically significant.

Results

SAC does not affect C2C12 cells’ viability and has antioxidant
activity on menadione-treated cells

To initially assess the effect of SAC on cell viability, C2C12 cells
were treated with increasing concentrations of the molecule
(10-100-500 uM, 1-10 mM) for 4 and 24 hours, and then crystal
violet staining was performed. As shown in Fig. 1A, SAC has no
significant impact on C2C12 cell viability at any tested concen-
tration after 4 hours of exposure; a reduction in cell viability is
only observed with the highest concentration (10 mM) after
24 hours of treatment (Fig. 1B). Thus, the following experiments
were performed with 100 pM SAC, which showed no cytotoxic
effects at either of the time points tested. In addition to the cell
viability tests, further experiments were conducted to verify the
antioxidant activity of SAC in our cellular model using the
CellROX® green probe. The cells were pre-treated with 20 pM
menadione (MEN), a known inducer of reactive oxygen species
(ROS), for 1 hour either alone or in combination with 100 pM
SAC (30 minutes). As expected, MEN leads to increased fluo-
rescence, indicating an enhancement in intracellular ROS pro-
duction. In contrast, SAC alone does not affect the ROS concen-
tration but significantly reduces the increase in ROS production
induced by MEN. These results highlight a protective role of
SAC against oxidative stress in C2C12 cells (Fig. 1C).
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SAC enhances insulin signalling, glucose uptake, and protein
synthesis in C2C12 skeletal muscle cells

Although some studies highlighted a protective role of SAC or
astaxanthin-SAC diester in both Streptozotocin-induced diabetic
rats or pancreatic beta cell lines, there are no data on the direct
cellular mechanisms by which SAC could affect glucose and
protein metabolism in insulin-dependent tissues.'®***° Given
these premises, our aim was to evaluate the effect of SAC on key
parameters of the insulin response in skeletal muscle, such as
AKT phosphorylation, a key protein in the insulin signalling
cascade, glucose uptake, and protein synthesis, by using the
C2C12 cellular model. First, western blot experiments were con-
ducted to evaluate the effect of 100 uM SAC on p-AKT. As shown
in Fig. 2A and B, after 30 min treatment with SAC, AKT phos-
phorylation is significantly increased compared to the control
condition. Given these results, the glucose uptake was assessed
following a 30-minute treatment with the positive control insulin
(100 nM) and SAC (100 puM) using the 2-NBDG fluorescent
glucose analog. As shown in Fig. 2C and D, SAC significantly
increases the fluorescence intensity, indicating an enhanced
glucose uptake, comparable to what is observed with insulin.
Next, the impact of SAC on protein synthesis was evaluated using
a Click-iT® Plus OPP Protein Synthesis Assay Kit, which allows
the staining of newly translated proteins. As can be observed in
the representative images (Fig. 2E ) and the corresponding
quantification graph (Fig. 2F), SAC can stimulate de-novo protein
synthesis similarly to insulin after a 60-minute treatment.

SAC-mediated effects on glucose uptake and GLUT4
translocation are reduced by the insulin receptor antagonist
S961

Given these preliminary results about the insulin-like behavior
of SAC on glucose uptake and protein synthesis, we wondered
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Fig. 1 Effect of SAC on C2C12 cellular viability and ROS production. (A and B) Bar graph summarizing the effect on the cellular viability of increasing
concentrations of SAC (10-100-500 pM and 1-10 mM) after 4 (A) or 24 (B) hours of treatment. Crystal violet absorbance was read at 595 nm. (C)
Bar graph summarizing the effect on ROS production in menadione-treated cells (20 uM and 1 hour) alone or in combination with SAC (100 uM and
30 minutes) loaded with CellROX® green probe (5 pM and 30 minutes). Fluorescence was evaluated using a microplate reader (485¢,/520¢,, nm).
Data in percentage referred to the control condition of n = 3 independent experiments are represented as mean + SEM. ***p < 0.001 (ANOVA fol-
lowed by the Bonferroni post hoc test). The values are as follows: (A) Ctrl: 101.28 + 1.62; 10 pM: 97.28 + 1.50; 100 pyM: 98.53 + 1.43; 500 pM: 100.57
+1.82; 1 mM: 100.11 + 1.85; and 10 mM: 92.02 + 1.34. (B) Ctrl: 100.28 + 1.78; 10 pM: 108.81 + 2.25; 100 pM: 102.38 + 3.40; 500 pM: 107.06 + 3.17;
1 mM: 107.60 + 4.84; and 10 mM: 81.59 + 3.29. (C) Ctrl: 97.07 + 1.24; MEN: 166.38 + 3.47; SAC: 89.16 + 0.84; and MEN + SAC: 124.32 + 4.31.
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60 minutes) and SAC (100 pM and 60 minutes), thus suggesting a role of SAC in enhancing protein synthesis. Scale bars: 30 ym. Differences in
marked spots between control and treatments are also represented in a 3D surface plot model. (F) Bar graph summarizing the quantification of
marked spots following insulin and SAC treatment under the same conditions described in (E). For each experiment, ten independent fields of each
experimental condition were analyzed using the Imaged software. No significant differences were observed between insulin and SAC stimulation.
Data in percentage referred to the control condition of n = 3 independent experiments are represented as mean + SEM. ***p < 0.001 (ANOVA fol-
lowed by the Bonferroni post hoc test). The values are as follows: (D) Ctrl: 95.27 + 7.49; Ins: 158.10 + 7.63; and SAC: 150.57 + 8.02. (F) Ctrl: 96.56 +
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whether this effect might be modulated by direct binding to
the insulin receptor. This hypothesis was based on previous
findings by Luo et al, who demonstrated that
S-Allylmercaptocysteine , another molecule extracted from
black garlic, directly interacts with the insulin receptor in the
binding site for the growth factor receptor binding protein 14
(GRB14), thus disrupting its inhibitory interaction with the
receptor tyrosine kinase domain.?’ To verify the potential
involvement of the insulin receptor in the modulation of SAC
activities in C2C12 cells, we performed glucose uptake
measurements and GLUT4 translocation from the cytoplasm
to the plasma membrane with the immunofluorescence stain-
ing, in the presence of the insulin receptor antagonist S961.
Cells were treated with insulin (100 nM) or SAC (100 puM) for
30 minutes, either alone or in combination with $961 (10 nM
and 1 hour). As shown in Fig. 3A and B, co-treatment with
S961 significantly reduces the glucose uptake induced by both
insulin and SAC treatment alone. Moreover, while GLUT4
translocation is promoted by both insulin and SAC treatment,
the co-treatment with S961 significantly reduced these effects,
restoring the GLUT4 membrane levels to near the control one
(Fig. 3C and D). Taken together, these results support the
hypothesis of the involvement of insulin receptor in mediating
the SAC effect on glucose metabolism.

This was also confirmed by in silico experiments with mole-
cular docking. Clustering analysis of the top 20 docking poses,
based on binding energy values calculated using AutoDock
Vina, revealed a consistent cluster centered around 4.9 kcal
mol ™, suggesting a preferred binding site for SAC. The resi-
dues most frequently involved in SAC binding include R1039,
11042, E1043, R1131, M1153, R1155, Y1163, K1165, G1169,
L1170, and L1171 with pY1163 (phosphotyrosine) present in
19 out of 20 top poses.

pY1163 is a known site of post-translational modification
involved in insulin receptor activation and regulation. Its inter-
action with SAC suggests potential competitive binding with
endogenous regulators such as GRB14 and PTP1B. The identi-
fied binding region partially overlaps with the GRB14
binding site (Fig. 3E and F) reported in the crystal structure
(PDB ID: 2AUH), which involves R1131, E1134, D1150,
Y1163, K1165, G1169, and L1170.** This area also includes
key residues of the activation loop (A-loop), particularly
Y1158, Y1162, and Y1163, whose phosphorylation is essential
for kinase activation. The docking results suggest that SAC
may partially and dynamically displace GRB14 from the
kinase domain, without inducing its complete dissociation.
Such an effect could hinder access by PTP1B to phosphotyro-
sines, thereby contributing to the transient maintenance of
receptor phosphorylation and activation. The moderate
binding energy (~4.9 kcal mol™') suggests a transient or
reversible interaction, consistent with a non-covalent regulat-
ory effect. Additionally, the predicted hydrogen bonds are
primarily located in the peripheral regions of the catalytic
core, supporting the hypothesis that SAC binding could
induce local destabilization of the kinase domain without
directly occluding the active site.

This journal is © The Royal Society of Chemistry 2025
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SAC modulates conformational stability of insulin receptor
kinase domain

Differential scanning calorimetry (DSC) was employed to inves-
tigate the thermal stability of the insulin receptor kinase
domain (INSR) in the absence and presence of the ligand SAC.
In the absence of ligand (Fig. 4, black line), the protein
showed a melting temperature of 66.8 °C. The shape and
sharpness of the thermogram clearly indicate a well-folded
cooperative unfolding transition, consistent with a compact
and thermodynamically stable conformation. The unfolding
process 1is irreversible, as rescan did not result in the for-
mation of any detectable peak.

Upon addition of 150 pM SAC, the melting temperature
shifted to 58.7 °C (Fig. 4, red line), indicating ligand-induced
destabilization of the overall protein fold, as also indicated by
a Tonser decrease from 50 °C to 38 °C and the enlargement of
the peak. This behavior suggests that SAC interacts with the
receptor, altering its conformational equilibrium, increasing
local flexibility, and resulting in the destabilization of the
structure. This effect is consistent with the hypothesis that
SAC binds near the activation loop (A-loop), modulating its
conformational stability in the absence and presence of the
ligand. Moreover, in this case, the unfolding process is
irreversible.

Palmitic acid did not affect cellular viability and ROS
production

To investigate if SAC specifically counteracts palmitate-
induced insulin resistance by activating the insulin pathway,
rather than acting through a general cytoprotective/antioxidant
mechanism, we evaluated the viability of C2C12 treated for
24 h at different concentrations of palmitic acid (PA) (from
0.25 mM to 1 mM). As shown in Fig. 5A, PA did not affect
C2C12 viability at any of the tested concentrations. Moreover,
the changes in intracellular ROS production were evaluated,
using the CellROX® green probe. While the positive control
menadione (20 uM, 30 min), as expected, significantly
increased ROS production in comparison to the control con-
dition, treatment with 0.75 mM PA for 24 hours did not
enhance the fluorescence intensity and so ROS release
(Fig. 5B) in our cellular model.

SAC prevents palmitic acid-induced insulin resistance in
C2C12 myotubes

On the basis of the previous findings, we hypothesized a
potential role of SAC in preserving the insulin receptor func-
tion under conditions of an impaired insulin receptor acti-
vation, ie. in insulin resistance. To investigate this mecha-
nism, we first developed an in vitro protocol to generate
insulin-resistant C2C12 cells. Elevated plasma levels of free
fatty acid (FFA) are well known to have an essential role in the
pathogenesis of insulin resistance in skeletal muscle.>** Among
them, palmitic acid (PA) is the most commonly used inducer
of insulin resistance in in vitro models.?" Differentiated C2C12
cells were treated with 0.75 mM PA for 16 hours alone or in
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Fig. 3 Interaction with the insulin receptor mediates SAC effects. (A) Representative confocal microscopy images of C2C12 cells loaded with a
100 pM 2-NBDG probe for 30 minutes and treated with insulin (100 nM and 30 minutes) and SAC (100 yM and 30 minutes) alone or in combination
with S961 (10 nM, 1 hour). Scale bars: 30 pm. Confocal microscopic images (60x) are presented in pseudocolor (LUT = fire) to better show the fluor-
escence intensity variations. (B) Bar graph showing the reduction in glucose uptake after S961 co-treatment with insulin or SAC under the same
experimental condition described in (A). No significant differences were observed between insulin and SAC stimulation. Fluorescence was evaluated
using a microplate reader (465g,/540¢,, Nm). Data in percentage referred to the control condition of n = 3 independent experiments are represented
as mean + SEM. **p < 0.01 (SAC vs. SAC + S961 p = 0.009), ***p < 0.001, (ANOVA followed by the Bonferroni post hoc test). (C) Representative con-
focal microscopy images (60x) of GLUT4 immunofluorescence staining. After insulin (100 nM) and SAC (100 pM) 30-minute treatment, the fluor-
escence signal is localized to the peripheral plasmalemma, thus suggesting the GLUT4 translocation, while following the co-treatment with S961,
the signal is prevalently cytoplasmic, similar to the control condition. Scale bars: 30 um. (D) Bar graph summarizing the quantification of GLUT4
translocation using the ImageJ software (see Methods for details). Fluorescence was detected at 568 nm. For each experiment, ten independent
fields of each experimental condition were analyzed. No significant differences have been observed between insulin and SAC stimulation. Data in
percentage referred to the control condition of n = 3 independent experiments are represented as mean + SEM. **p < 0.01 (SAC vs. SAC + S961 p =
0.006), ***p < 0.001, (ANOVA followed by the Bonferroni post hoc test). (E) Visual representation of the docking poses clusterization, where hydro-
gen bonds are shown in red. (F) Spatial visualization of the SAC binding cleft on INSR, highlighting the GRB14 interaction (orange alpha helical
domain). The values are as follows: (B) Ctrl: 96.77 + 4.82; Ins: 137.54 + 5.10; SAC: 135.12 + 8.22; Ins + S961: 94.59 + 4.83; SAC + S961: 105.41 + 5.48;
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Fig. 5 Palmitic acid did not affect the cellular viability and ROS pro-
duction in C2C12 cells. (A) Bar graph summarizing the effect on the cel-
lular viability of increasing concentrations of palmitic acid
(0.25-0.50-0.75-1 mM) after 24 hours of treatment. The absorbance
was read at 490 nm. (B) Bar graph summarizing the effect on ROS pro-
duction in menadione-treated cells (20 pM and 1 hour) or palmitic acid-
treated cells (0.75 mM and 24 hours) loaded with a CellROX® green
probe (5 pM and 30 minutes). Fluorescence was evaluated using a
microplate reader (485¢,/520g,, Nnm). Data in percentage referred to the
control condition of n = 4 independent experiments are represented as
mean + SEM. ***p < 0.001 (ANOVA followed by the Bonferroni post hoc
test). The values are as follows: (A) Ctrl: 99.60 + 0.28; 1 mM: 92.93 +
3.38; 0.75 mM: 94.12 + 2.37; 0.50 mM: 97.39 + 1.96; and 1 mM: 94.87 +
2.49. (B) Ctrl: 100.00 + 1.50; MEN: 198.50 + 7.67; and PA: 96.41 + 2.10.

combination with 100 pM SAC. Cells were then treated or not
with insulin (100 nM) and loaded with the 2-NBDG probe in
the last 30 minutes (Fig. 6A). As shown in Fig. 6B and C, cells
have become insulin resistant after 16 hours of PA treatment,
as evidenced by their impaired response to acute insulin
stimulation compared to cells untreated with PA. However, the
addition of SAC together with PA (16 h) prevents this con-
dition, as cells respond to an acute insulin pulse; indeed, the
levels of insulin-induced glucose uptake are significantly
higher in 16 h PA + SAC-treated cells with respect to only 16 h

This journal is © The Royal Society of Chemistry 2025
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PA-treated cells, suggesting that SAC could prevent the estab-
lishment of insulin resistance.

SAC reverses insulin resistance in palmitic acid-treated
C2C12 myotubes

Given the role of SAC in preventing PA-induced insulin resis-
tance following a 16-hour treatment, we also investigated a
potential role of the molecule in exerting an acute reversion of
the insulin resistance state. To test this mechanism, C2C12
cells were treated with 0.75 mM PA for 16 hours. Then, the
cells were then treated or not for 30 min with insulin (100 nM)
or SAC (100 uM) and loaded with the 2-NBDG probe (Fig. 7A).
As shown in representative images and expressed in the sum-
marizing graph (Fig. 7B and C), in PA-treated cells, SAC
restored the glucose uptake extent to the level detected in non-
insulin-resistant cells treated with insulin or SAC. This
suggests that SAC, in addition to preventing insulin resistance,
could also reverse an established downregulation of insulin
response if acutely applied to insulin-resistant myotubes.

Discussion

The present work investigates the effect of S-allyl cysteine
(SAC), a bioactive compound found in black garlic and black
garlic extracts for dietary supplements, on key aspects of meta-
bolic health and insulin pathway using an in vitro model of
skeletal muscle cells (C2C12). Specifically, this research pre-
sents the following three main findings: first, we found that
SAC enhances insulin signalling, glucose uptake, and protein
synthesis in C2C12 skeletal muscle cells. Second, we demon-
strated that SAC interacts with the insulin receptor kinase
domain, thus enhancing glucose uptake and GLUT4 transloca-
tion to the plasma membrane. Finally, we showed that SAC
prevents and reverses insulin resistance in palmitic acid-
induced insulin-resistant myotubes.

To date, in vivo and in vitro studies have mainly focused on
the antioxidant and anti-inflammatory effects of SAC. Indeed,
Saravan and Ponmurugan reported in their study on streptozo-
tocin-induced diabetic rats that SAC prevented the increased
levels of lipid peroxidation markers, reduced reactive oxygen
free radicals, and improved the activities of tissue antioxidant
enzymes.'®'® Instead, Gupta et al. demonstrated that SAC pro-
tected C2C12 skeletal muscle cells from H,0,-induced
atrophic effects by decreasing the ROS levels, lipid peroxi-
dation, and cytokine levels.** Our study on the antioxidant
effect of SAC is in accordance with these works, as 100 uM SAC
(30 minutes) significantly reduces the increase in ROS pro-
duction induced by menadione, highlighting a protective role
of SAC against oxidative stress on C2C12 cells (Fig. 1C).
Besides the well-known antioxidant and anti-inflammatory
activities of SAC, to our knowledge, there are no data on the
direct cellular mechanisms by which SAC could affect glucose
and protein metabolism in insulin-dependent tissues, in par-
ticular in skeletal muscle. To verify the possible involvement of
SAC in modulating glucose metabolism, we first analyzed the
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Fig. 6 SAC prevents the condition of insulin resistance in palmitic acid-treated C2C12 cells. (A) Experimental timeline. C2C12 cells were treated
with PA (0.75 mM) for 16 hours alone or in combination with SAC (100 pyM). In the last 30 minutes, cells were treated or not with insulin (100 nM)
and loaded with a 2-NBDG probe. (B) Representative confocal microscopic images of C2C12 cells loaded with a 100 uM 2-NBDG probe for
30 minutes and treated with palmitate (0.75 mM and 16 hours) + SAC (100 uM and 16 hours) and +insulin (100 nM and 30 minutes). Scale bars:
30 pum. Confocal microscopic images (60x) are presented in pseudocolor (LUT = fire) to better show the fluorescence intensity variations. (C) Bar
graph summarizing the effect of PA and the prevention with SAC in insulin-resistant cells under the same experimental condition described in (B).
Fluorescence was evaluated using a microplate reader (465¢,/540¢,, nm). Data in percentage referred to the control condition of n = 3 independent
experiments are represented as mean + SEM. **p < 0.01 (insulin + PA vs. insulin + PA + SAC p = 0.008), ***p < 0.001 (ANOVA followed by the
Bonferroni post hoc test). The values are as follows: (C) Ctrl: 100.00 + 6.49; Ins: 155.78 + 9.82; PA: 106.88 + 8.04; PA + Ins: 106.45 + 5.91; PA + SAC:

99.47 + 6.31; and PA + SAC + Ins: 145.25 + 10.33.

impact of SAC on the insulin signalling pathway, performing
western blot analyses for p-AKT. As shown in Fig. 2A and B,
SAC significantly enhances AKT phosphorylation in compari-
son to non-treated cells. We then conducted glucose uptake
experiments using the 2-NBDG fluorescent glucose analog
(Fig. 2C and D). It was found that 100 pM SAC significantly
enhanced glucose uptake in a similar way to what we observed
with 100 nM insulin. Moreover, we evaluated the effect of SAC
on the de novo protein synthesis, using a Click-iT® Plus OPP
Protein Synthesis Assay Kit. SAC was able to stimulate protein
synthesis similarly to insulin after a 60-minute treatment
(Fig. 2E and F). Given these preliminary results, we wondered

9236 | Food Funct, 2025, 16, 9227-9240

if the insulin-like behavior of SAC might be modulated by
direct binding to the insulin receptor. In a previous study, Luo
et al. have demonstrated that S-Allylm, another molecule
highly present in black garlic, directly interacts with the
insulin receptor in the binding site for the growth factor recep-
tor binding protein 14 (GRB14), disrupting its inhibitory inter-
action with the receptor tyrosine kinase domain.*® To verify
our hypothesis, we performed glucose uptake and GLUT4
staining experiments in the presence or absence of the insulin
receptor inhibitor S961. In 10 nM S961-treated cells, both
glucose uptake and GLUT4 translocation are significantly
reduced when stimulated with 100 pM SAC or 100 nM insulin,

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 SAC reverts an insulin-resistance condition in the palmitic acid-treated C2C12 cells. (A) Experimental timeline. C2C12 cells were treated with
PA (0.75 mM) for 16 hours. In the last 30 minutes, cells were treated or without insulin (100 nM) and SAC (100 pM) and loaded with the 2-NBDG
probe. (B) Representative confocal microscopy images of the C2C12 cells loaded with a 100 uM 2-NBDG probe for 30 minutes and treated with pal-
mitate (0.75 mM and 16 hours) + SAC (100 uM and 30 minutes) and + insulin (100 nM and 30 minutes). Scale bars: 30 um. Confocal microscopy
images (60x) are presented in pseudocolor (LUT = fire) to better show the fluorescence intensity variations. (C) Bar graph summarizing the effect of
PA and reversion with SAC in insulin-resistant cells in the same experimental condition described in (B). No significant differences were observed
between insulin and SAC stimulation. Fluorescence was evaluated using a microplate reader (465,/540¢,, nm). Data in percentage referred to the
control condition of n = 4 independent experiments are represented as mean + SEM. ***p < 0.001 (ANOVA followed by the Bonferroni post hoc
test). The values are as follows: (C) Ctrl: 100.00 + 6.72; Ins: 155.79 + 5.40; SAC: 157.69 + 5.81; PA: 99.17 + 4.52; PA + Ins: 101.06 + 7.15; and PA +

SAC: 140.15 + 5.53.

thus supporting the idea of the involvement of the insulin
receptor in mediating the effect of SAC on glucose metabolism.
The results of differential scanning calorimetry (DSC) experi-
ments highlight a clear interaction between SAC and the
insulin receptor kinase domain (INSR), evidenced by a leftward
shift in the thermogram. This indicates a reduction in thermal
stability upon ligand binding. While ligand interactions often
lead to increased protein stability, as typically observed for
inhibitors, this is not always the case for positive modulators
or allosteric activators, as suggested in the case of SAC.*
Molecular docking simulations further support the atypical
nature of the interaction. SAC does not appear to bind near

This journal is © The Royal Society of Chemistry 2025

the canonical ATP-binding site, typically targeted by competi-
tive inhibitors, but instead localizes to a distinct regulatory
region near the binding interface of GRB14. The best-scoring
docking poses (energy ~ 4.9 kcal mol™") consistently involved
residues such as R1039, M1153, and notably pY1163,
suggesting a binding mode that is structurally peripheral and
likely allosteric in nature. This site lies outside the catalytic
cleft, yet within a functionally important region involved in the
regulation of activation. The binding mode of SAC appears to
be transient and only partially buried, as hydrogen bonding
and contact residues are predominantly located in lateral
domains (Fig. 3E and F), not in the deeply buried catalytic
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core. This supports the hypothesis that SAC does not stabilize
the receptor structure, but rather induces flexibility or disrupts
native interactions, potentially leading to local unfolding or
rearrangement. This correlates with the observed decrease in
Tm (Fig. 4), consistent with ligand-induced destabilization.
Functionally, SAC may compete with the endogenous inhibi-
tory adaptor GRB14, which binds to the same regulatory
surface. GRB14 inhibits INSR by acting as a pseudosubstrate
and stabilizing its inactive conformation. SAC could partially
displace GRB14, thereby alleviating its inhibitory effect
without fully replacing it. This partial displacement may be
sufficient to restore a residual basal activity of the kinase,
enabling phosphorylation of downstream effectors, as
observed in cell-based assays. In addition, PTP1B, the phos-
phatase responsible for dephosphorylating Y1163 and inacti-
vating the receptor, may also be affected. If SAC binds in a way
that alters the positioning of GRB14 without fully removing it,
the access of PTP1B to the activation loop could be sterically
hindered. Thus, SAC may act as a dual modulator, both reliev-
ing GRB14-mediated inhibition and preventing phosphatase-
driven inactivation. Taken together, these findings support a
model in which SAC exerts positive allosteric modulation of
INSR activity, not by classical activation, but by interfering
with negative regulatory mechanisms. This may explain the
observed insulin mimetic activity of SAC in vitro and support
further exploration of SAC-like compounds as non-competitive
modulators of insulin signaling. These molecular observations
align well with the cellular effects previously reported for SAC,
reinforcing its potential as a pharmacological tool or lead com-
pound for modulating insulin receptor signaling.

The second goal of this work was to evaluate the potential
role of SAC in preventing or reversing insulin resistance in a
palmitate-induced insulin-resistant C2C12 model.

The skeletal muscle is the major site for the disposal of
ingested glucose in healthy individuals. In insulin-resistant
states, these insulin-stimulated glucose disposals are markedly
impaired. Although the mechanisms responsible for the onset
of insulin resistance are not yet fully elucidated, the role of
increased free fatty acids (FFAs) is now well established.*
According to Yudhani et al.,*' to induce insulin resistance in
our cellular model, C2C12 cells were treated with palmitic acid
(0.75 mM) for 16 hours. Before proceeding with the induction
of insulin resistance, the effects of 24-hour treatment with PA
on C2C12 cytotoxicity and intracellular ROS production were
evaluated. Our results manifested that PA did not affect cellu-
lar viability at any tested concentration (Fig. 5A). Moreover,
0.75 mM PA did not enhance ROS production in comparison
to the positive control menadione (Fig. 5B). Therefore, to
evaluate the effect of SAC on the insulin-resistant state, cells
were treated with 0.75 mM PA for 16 h. As shown in Fig. 6 and
7, C2C12 cells were considered insulin resistant after 16 hours
of treatment with PA, since they no longer responded to acute
insulin stimulation in terms of glucose uptake. However, the
co-treatment of SAC for 16 hours with PA (Fig. 6) restored the
ability of C2C12 cells to respond to insulin, demonstrating an
effect of SAC in preventing insulin resistance. Moreover, the
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addition of 100 pM SAC during the final 30 minutes of PA
treatment was sufficient to rescue the effect of palmitic acid,
supporting an effect of SAC also in reversing insulin resistance
(Fig. 7). In our hypothesis, this effect could be mediated by the
ability of SAC in preserving the insulin receptor activity and in
reverting its impairment, rather than in restoring PA-induced
lipotoxicity, as in our model, PA was not cytotoxic and did not
affect ROS production. This hypothesis is supported by the
study of Luo et al., in which S-Allylmercaptocysteine restored
the downstream IRS-1/AKT/GSK3b signaling in ethanol-treated
hepatocytes through direct binding with the insulin receptor.?®
Despite our findings, there are some limitations in the present
study. First of all, the study was conducted only in vitro, using
a cellular model of normal and insulin-resistant skeletal myo-
tubes. A study in animal models, and subsequently in
humans, will be necessary to confirm our results and assess
the effects of SAC. Moreover, while the present work focuses
on the molecular mechanisms underlying the insulin-mimetic
effects of SAC, we acknowledge that additional confirmatory
experiments aimed at the measurement of binding affinity
(isothermal titration calorimetry) and kinetics (surface
plasmon resonance) are required to further validate the
binding between SAC and the insulin receptor. Therefore,
future studies will be specifically dedicated to the full bio-
physical characterization of the ligand-receptor complex.

Conclusions

In conclusion, our study highlights the beneficial role of SAC
obtained from black garlic and black garlic extracts for dietary
supplements. SAC works primarily through its antioxidant pro-
perties and through binding to the insulin receptor, resulting
in the regulation of glucose metabolism in C2C12 skeletal
muscle cells. In particular, SAC, like insulin, promotes de novo
protein synthesis, GLUT4 translocation from the cytoplasm to
the plasma membrane, and thus glucose uptake. Furthermore,
SAC can prevent and reverse the condition of insulin resistance
in C2C12 cells. Taken together with our previous findings
about the protective role of SAC on endothelial health,'” our
results support and reinforce the potential use of SAC as a
useful bioactive compound for the prevention and the onset of
metabolic syndrome, a pathologic condition characterized by
insulin resistance, dyslipidemia and hypertension, nowadays
considered as a “Global epidemic”. Moreover, the high oral
bioavailability and remarkable plasma stability of SAC, consist-
ently reported across animal and human studies®® together
with its excellent safety profile, showing no adverse effects
below 250 mg kg™ and only mild toxicity at supraphysiological
doses above 500 mg kg™ *,** further strengthen its suitability as
a nutritionally relevant bioactive compound. These features
support its potential inclusion in nutraceutical strategies
aimed at preventing or mitigating MetS and related metabolic
disorders.

This journal is © The Royal Society of Chemistry 2025
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