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1. Introduction
Diabetes mellitus is a major global health challenge, 

with Type 2 Diabetes (T2D) accounting for approximately 
90% of all cases [1, 2]. The International Diabetes Federa-
tion (IDF) estimates 537 million individuals are living 
with diabetes in developed regions [1], while The Lancet 
reports over 800 million globally, a fourfold increase 
since 1990, with prevalence doubling from 7% to 14% 
by 2022 [3]. In the Philippines, 2021 data reported 4.3 
million diagnosed and 2.8 million undiagnosed cases [4]. 

Persistent hyperglycemia promotes the formation 
of advanced glycation end-products (AGEs) through 
non-enzymatic glycation of proteins, lipids, and nucleic 
acids [5, 6]. AGEs impair biomolecular functions, con-
tribute to diabetic complications, and activate receptors 
that exacerbate oxidative stress [6, 7]. 

In addition to genetic predisposition, modifiable 
factors such as aging, obesity, and physical inactivity 

influence DNA methylation (DNam) patterns in tissues 
including pancreatic islets, adipose, and skeletal mus-
cle [8–10]. Epigenetic dysregulation has emerged as a 
critical mechanism in T2D pathophysiology.

While metformin remains the standard first-line 
therapy due to its efficacy in lowering glycated hemoglo-
bin (A1C), reducing weight, and improving cardiovascu-
lar outcomes [11], its limitations, including the risk of 
lactic acidosis, highlight the need for alternative inter-
ventions. Among emerging approaches, metal-based 
therapeutics, particularly zinc (Zn) complexes, have 
shown promise due to Zn’s insulin-mimetic and antioxi-
dant properties [12]. Zn complexation with amino acids 
or peptides has been shown to enhance its bioavailability 
and physiological effects. Notably, Zn complexes with 
L-carnosine [13] and L-cysteine [14] have demonstrated 
such benefits, with the Zn-L-carnosine complex being an 
approved anti-ulcer agent.
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This study investigates the 
zinc-monocysteine complex (ZMC), a 
previously unexplored compound, for 
its potential to address key pathological 
features of T2D. In silico molecular 
docking and in vitro analyses were con-
ducted to evaluate its effects on glucose- 
and methylglyoxal (MGO)-induced pro-
tein glycation, protein structural 
changes, and DNAm alterations. With 
combined properties, Zn and L-cysteine 
(CYS), ZMC presents a potential thera-
peutic candidate with a promising ther-
apeutic role in T2D. Preliminary phar-
macological profiling supports it 
potential for further development in 
T2D management.

2.  Planning (methodology) of 
research

The methodology comprises the 
following experiments designed to char-
acterize and evaluate the biological ac-
tivity of ZMC:

1. Synthesize ZMC and confirm 
its structural integrity using NMR, FT-
IR, UV-Visible spectroscopy, elemental 
analysis (CHN), and Powder X-ray Dif-
fraction (PXRD).

2. Investigate the inhibitory ef-
fect of ZMC on AGE formation and its 
ability to preserve protein secondary 
structure using BSA-glucose and MGO 
model systems.

3. Evaluate the binding interactions of ZMC 
with DNA methyltransferase (DNMT1) via molecular 
docking approach.

4. Examine the modulatory effect of ZMC on 
DNAm in C2C12 and HEK293T cells using a fluoro-
genic synthetic molecule/protein hybrid probe.

3. Materials and methods
3. 1. Synthesis and instrumentation
The synthesis of ZMC, illustrated in Fig. 1, was 

performed according to the published protocol by Tate 
and Newsome [15], with minor modifications. 
A CYS (10 g) solution was prepared by dissolving it in 
200 mL water, maintaining a 100 mmol concentration. 
Zn powder (26 g) was added at a molar ratio 0.3:2 (CYS:Zn). 
At room temperature, the solution was mixed for 30 min, 
followed by reflux at 85°C for 2 h with continuous stir-
ring. Filtration discarded the solid residue, and a dry 
ice-acetone bath froze the filtrate. Lyophilization of the 
frozen solution yielded a dehydrated white powder. NMR 
spectroscopy (700 MHz Bruker AvanceNeo), UV-visible 
absorption (JASCO V-730 spectrophotometer), IR ab-
sorption (JASCO FT/IR-4600 spectrometer), powder 
x-ray diffraction (Bruker D2 Phaser 2nd Generation), and 
elemental analysis (CHN Analyzer Micro Cord ER 
JM10) confirmed the formation of the product. 

3. 2. Congo red binding assay
A dye-based binding test was carried to establish 

whether ZMC could potentially suppress β-amyloid 
cross-structure development in BSA. The assay was per-
formed according to the published experimental conditions 
outlined Miroliaei et al. [16]. Briefly, four groups of solu-
tions: non-glycated (NG) [BSA only], glycated (GLY) 
[BSA (10 mg/mL) and D-glucose (90 mg/mL), and GLY in 
the presence of ZMC (10 mM, 5 mM, and 1 mM) and 10 mM 
aminoguanidine (AG). Each solution was dissolved in 
3.0 mM sodium-azide containing 0.2 M phosphate-buffered 
saline (PBS, pH 7.4). The final volume was 1.8 mL for incu-
bation. For 24 h, glycated groups were incubated at 60°C to 
speed up the reaction. On the other hand, the NG was sub-
jected to incubation at room temperature. Subsequent to in-
cubation, half of the test samples were added to 0.5 mL of 
75-μM Congo red solution in 10% (v/v) PBS-ethanol. The 
remaining half was then used for background correction. 
The absorbance measurements were obtained via a CLAR-
IOstar® plus multimode microplate reader (BMG Labtech, 
Germany) at λmax of 530 nm. Moreover, an identical experi-
ment was conducted with 60 mM MGO instead of glucose.

3. 3. AGE inhibition assays
In this assay, the inhibitory effect of the complex as 

an anti-sequestering agent against AGE formation was deter-
mined. The published protocol outlined by [17] was the basis 
for the reaction model systems with minimal alterations.

Fig. 1. Zinc-monocysteine complexation under acidic aqueous conditions: 
a – synthesis zinc-monocysteine complex under acidic aqueous conditions; 

b – ionization of elemental zinc in acidic medium: under pH ~2, provided by 
the dissociated HCl from L-cysteine HCl·H2O, Zn0 undergoes proton-driven 

oxidation to Zn2⁺ with the concurrent evolution of H2 gas. This reaction 
initiates the metal-ligand coordination cascade with cysteine; c – proposed 

reaction mechanism for the formation of zinc-monocysteine complex

a

b

c
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BSA-glucose model system.
Solutions of 10 mg/mL BSA and 90 mg/mL glucose 

were prepared separately using PBS (pH 7.4). Subsequently, 
the BSA-glucose mixture solution was allowed to react in 
the presence or absence of ZMC (10 mM, 5 mM, and 1 mM). 
The NG BSA solution served as the control in the experi-
ment. Additionally, 300 µL of NaN3 was incorporated into 
each test solution prior to a 7-day incubation at 37°C. The 
fluorescence intensity was then recorded using a CLARIO-
star® plus multimode microplate reader (BMG Labtech, 
Germany) at 360 nm (λexcitation) and 420 nm (λemission). Em-
ploying AG as the standard, the percent inhibition of AGE 
formation of the test samples was expressed in terms of 
change relative to NG control.

BSA-MGO model system.
The BSA-MGO model system was prepared first by 

independently dissolving 2 mg/mL BSA and 400 mg/mL 
MGO in PBS (pH 7.4). The succeeding steps of the protocol 
was identical to the BSA-glucose model, except that the in-
cubation time was 5 days in the same dark environment at a 
constant temperature of 37°C. The AGE fluorescence mea-
surement was done at 340 nm (λexcitation) and 420 nm (λemission). 
Also, inhibition of AGE formation of the test samples was 
expressed in terms of change relative to NG control. 

3. 4. Molecular docking study
Target protein and ligand preparation.
The three-dimensional crystal structure of human 

DNA methyltransferase (DNMT), DNMT1 (PDB: 4wxx), 
was retrieved from RCSB Protein Data Bank and rendered 
in UCSF Chimera v1.18. The protein structure was prepared 
as a PDBQT file using MGL Tools. ZMC and standard 
5-aza-2’-deoxycitidine (AzadC) SMILES, were converted 
into a SYBYL mol2 file using Avogadro, followed by tor-
sion analysis and PDBQT rendering with MGL Tools.

Molecular docking simulation.
Molecular docking was performed using Autodo-

ckVina v1.5.7 with a united-atom scoring function, utiliz-
ing the Perl search string command for high throughput 
screening. The DNMT1 crystal structure was prepared by 
removing existing co-crystallized ligands and water mole-
cules. Ligand and protein structure was minimized, add-
ing missing hydrogen atoms and assigning charges using 
the Gasteiger method (pH 7.40) via Amber’s Antechamber 
module. Docking followed a “flexible ligand into flexible 
active site” protocol, allowing ligand flexibility and tor-
sion within a grid box covering the enzyme’s binding 
cavity. The model with the best affinity was selected for 
post-dock analysis. Protein-ligand interactions and resi-
dues were visualized using PyMOL v3.1.3.1, LigPlot+ 
v2.2.9, and BIOVIA Discovery Studio. The RMSD value 
between the co-crystallized and re-docked ligand for the 
protein complex was below 2 Å (1.176 Å), indicating that 
the docking protocol reliably reproduced the experimental 
binding poses and that the predicted ligand-protein confor-
mations are accurate.

3. 5. Live-Cell imaging of methylated DNA
To visualize epigenetically modified DNA in C2C12 

and HEK293T cells treated with or without ZMC, a live-

cell imaging approach was employed using a hybrid fluo-
rogenic probe system [18].

Cell culture work.
HEK293T and C2C12 cells were cultured in Dulbec-

co’s Modified Eagle Medium (DMEM (+)) with penicil-
lin-streptomycin (PET). After incubation, the culture medi-
um was aspirated, and the cells were washed three times 
with 2 mL of PBS (washing was not required for HEK293T 
cells). Subsequently, 1 mL of PET was added to each dish, 
with an additional 1 mL of PBS for HEK293T cells. The 
dishes were incubated in a CO2 incubator for 3 min. Follow-
ing incubation, 2 mL of DMEM (–) was added, and the cells 
were gently pipetted to facilitate detachment. The cell sus-
pension was collected into a 15 mL tube and centrifuged at 
1000 rpm for 3 min, and the supernatant was aspirated. A 
4 mL of DMEM (–) was added to the tube, and the suspen-
sion was thoroughly homogenized. A 20 μL aliquot of the 
36 cell suspension was loaded onto an Invitrogen cytometer 
slide and quantified using the cell counter, with the 

“20-field” option selected to ensure accurate cell counting.
Transfection and confocal microscopy workflow 

for cultured cells.
Transfection was performed by preparing two solu-

tions: one containing 14.55 µL OPTI-MEM mixed with 
0.45 µL Lipofectamine 3000, and another containing 
12.61 µL OPTI-MEM, 0.55 µL Plus reagent, and 0.592 µL 
HA-PYP3R-MBD1-112 plasmid. The first solution (13.75 µL) 
was combined with the second to a final volume of 27.5 µL, 
which was added to the cells and incubated for 24 h. For 
pre-imaging, culture medium was aspirated, wells washed 
once with 100 µL Hank’s Balanced Salt Solution (HBSS), 
then incubated with 1 mL serum-free DMEM (pH 7.4) con-
taining 1 µL of 2 mM PYP-ligand-conjugated Oxazole 
Yellow (YOCNB) at 25°C for 1 h. After aspirating, wells 
were washed three times with 100 µL HBSS and supple-
mented with 100 µL DMEM plus 10% FBS. Cell viability 
and adherence were confirmed prior to imaging. Confocal 
microscopy was performed using a Zeiss LSM 880 with a 
Plan Apochromat 63x/1.4 oil objective, exciting at 463 nm 
and detecting emission at 551 nm; images were analyzed 
using Zeiss LabScope software.

3. 6. Statistical analysis
The experimental assays were performed in three 

independent trials, each performed in triplicate. Results 
are expressed as ± standard error of the mean (n ≥ 3). 
Where necessary, parameters were compared using 
ANOVA followed by Dunnett’s post-hoc test, with statis-
tical significance that was determined using an alpha 
value of 5% (α = 0.05). A p-value of < 0.05 was consid-
ered statistically significant. Data analysis was carried 
using a GraphPad Prism v10.2.3 (394).

4. Results
4. 1. 1H, 13C NMR, and HSQC spectral analyses
Fig. 2, a, b present the recorded 1H and 13C NMR 

spectra of the synthesized compound, respectively, which 
demonstrate its high purity. In comparison to the free CYS 
spectra provided in Fig. 2, d, downfield shifts of the peaks 
were observed, indicating the formation of a cyclic Zn salt 
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with CYS [19]. As reported by Tate and Newsome, the 
slightly lower chemical shift for the CH2 group in the salt 
form, compared to that of the free acid, suggests the bind-
ing of Zn to CYS [15]. A distinct splitting of the CH2 group 
indicates that the cyclic salt is rigid, resulting in non-equiv-

alence of the two protons in the CH2 group. This is further 
confirmed by the HSQC spectrum in Fig. 2, c, which pro-
vides crucial information regarding the molecular connec-
tivity, specifically the correlation between the carbon and 
proton atoms within the complex.

Fig. 2. NMR spectral analysis of zinc-monocysteine complex (ZMC): a – 1H NMR spectra of ZMC cyclic hydrochloride: 
1H NMR (700 MHz, D2O) δ 4.00 (t, J = 5.7 Hz, 1H), 3.15 – 2.97 (q-d, 2H) ppm; b – 13C NMR spectra of ZMC:  

13C NMR (176 MHz, D2O) δ 172.42 (C=O), 55.76 (CH), 24.74 (CH2) ppm;  
c – HSQC spectra of ZMC: 13C NMR (176 MHz, D2O) δ 55.76, 25.05, 24.74; 1H NMR (700 MHz, D2O) δ 4.00, 3.15, 2.97; 

d – Comparative 1H NMR spectral analysis of ZMC and L-cysteine (stacked mode)

a b

c

d
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4. 2. FT-IR spectral analysis
The complexation of Zn with CYS 

molecule was studied using FT-IR spec-
troscopy in ATR, with spectra of both 
ZMC and the free CYS shown in Fig. 3. 
The CYS spectrum exhibits typical bands: 
a large broad band between 3500–3000 cm-1 
(A) which corresponds to the NH3

+ asym-
metric stretch and a weak narrow signal 
attributed to thiol (-SH) group is observed 
at 2611 cm-1 (B). The asymmetric and sym-
metric C=O stretching modes of the car-
boxylate (-COO-) are observed at 1741 and 
1520 cm-1 (C), respectively, while the less 
intense peaks at 1628 and 1573 cm-1 (C) 
belongs to the asymmetric and symmetric 
bending of NH3

+ [20]. In 
the ZMC spectrum, the 

-SH band is absent, con-
firming the Zn-S bond 
formation [21]. The sig-
nal at 2569 cm-1 (E) indi-
cates NH3

+ stretching, 
not the thiol group [20]. 
Additionally, the carbon-
yl stretch 1741 cm-1 is 
less intense in ZMC, in-
dicating that Zn binding 
via the thiol and carbox-
ylate groups induced the 
reduction of electron 
density on the C=O, 
weakening the bond [22]. 
This could explain the 
decrease in IR intensity. 
The presence of broader 
O-H stretching band and 
the O-H bending band at 
1622 cm-1 (F) suggests 
the presence of solvate 
water in the complex. 
This broad O-H stretch 
indicates that the water 
molecule is likely hydro-
gen-bonded to the com-
plex, possibly interacting 
with the CYS or Zn [23]. 
However, the fully amor-
phous nature of ZMC 
may have also contribut-
ed to the broadening of the bands. Slight shifts in 
other vibrational frequencies in ZMC may be attribut-
ed to changes in charge distribution, as CYS bind to 
Zn, which has low electronegativity [24]. Furthermore, 
a series of sawtooth peaks (stretching vibrations of 
C-N and C-C) between 1480–1090 cm-1(D) suggests 
the possible formation of a ring structure [25]. Table 1 
presents the key FTIR spectral features that distin-
guish free CYS from ZMC, highlighting shifts associ-
ated with metal-ligand coordination.

4. 3. UV-Visible spectral analysis
The coordination of metal ions to ligands induced 

a reorganization of the metal’s d-orbital electronic con-
figuration, which alters its overall electronic struc-
ture [26]. For transition metal ions that exhibit electronic 
absorption in the visible spectrum, ligand coordination 
causes shifts in the electronic configuration, resulting to 
observable changes. These color variations can, therefore, 
serve as an effective means to identify the coordination 
environment of the metal ion [27]. In the case of ZMC, no 
color change was observed upon complexation due to its 

Fig. 3. FT-IR spectra of ZMC and free CYS ligand
Table 1

Comparison of key FT-IR spectral features between free cysteine and zinc-monocysteine 
complex

Vibrational 
mode

Functional 
group  

assignment

CYS 
(cm⁻1) ZMC (cm⁻1) Change upon 

complexation Interpretation

N–H asymmet-
ric stretching NH3⁺ group

3000–3500 
(broad, 
intense)

3000–3500 
(broad, 

weaker)

Reduced inten-
sity

Indicates altered 
hydrogen bonding, 

possibly due to 
solvate water or metal 

interaction

S–H stretching Thiol (–SH) 
group 2611 Absent Disappearance 

of –SH peak
Confirms Zn–S bond 

formation
N–H stretching 
(shoulder/over-

tone)

NH3⁺ overtone 
or interaction 

band
— 2569 New weak band 

appears

May indicate NH3⁺–Zn 
interaction or overtone 

shift

C=O asymmet-
ric stretching

Carboxylate  
(–COO⁻) 1741 Strongly 

diminished

Substantial 
reduction in peak 

intensity

Suggests coordination 
of Zn to carboxylate 

oxygen

C=O symmet-
ric stretching –COO⁻ group 1520 Altered / 

shifted
Slight spectral 

changes

Reflects electron 
redistribution at car-

boxylate site

NH3⁺ bending NH3⁺ group 1628, 1573 1622 Small shift and 
band merging

Possible interaction with 
water molecules or Zn 

center

O–H stretching 
& bending

Hydro-
gen-bonded 

water

Not ob-
served

3000–3500 
(broad), 1622

New broad 
bands appear

Indicates presence of 
solvate water in the 

complex

C–N / C–C 
stretching

Aliphatic back-
bone / cyclic 

features
1480–1090

1480–1090 
(sawtooth 

peaks)

Sawtooth pattern 
becomes prom-

inent

Suggests ring forma-
tion, supporting cyclic 

Zn–CYS complex
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d10 configuration, which prevents d-d transitions, result-
ing in the absence of absorption bands above 400 nm. 
Consequently, ZMC is expected to be diamagnetic. The 
observed results are consistent with the reported UV data 
for Zn complexes of L-glutamic acid and L-aspartic 
acid [28]. While UV-visible spectroscopy is not ideal to 
detect the complexation of Zn with CYS, the minimal 
bathochromic shift (or red shift) in its absorption maxima 
indicates that the electronic environment of CYS was 
altered upon interaction with Zn, as depicted in Fig. 4. 
This can also be associated with the formation of a more 
stable complex [29].

4. 5. Elemental analysis
CHN analysis confirms the percentage composi-

tion of carbon, hydrogen, and nitrogen in our synthe-
sized complex. The theoretical percentages of carbon, 
hydrogen, and nitrogen were calculated based on the 
established molecular formula of ZMC, as reported by 
Tate and Newsome, and were subsequently compared to 
the values obtained from elemental analysis. Minor dis-
crepancies (within ±0.4%) likely result from trace im-
purities. The analysis indicates that ZMC (cyclic salt) 
consists of one molecule Zn and one molecule of CYS, 
as shown in Fig. 2 above. Moreover, elemental analysis 
confirms the presence of one molecule of solvate water, 
likely due to the compound’s hygroscopic nature, which 
results in moisture uptake during analysis. This is cor-
roborated by the IR spectrum, which supports the pres-
ence of water but does not suggest its integration into 
the core structure of the expected complex. The elemen-
tal data for ZMC is presented in Table 2.

4. 6. Powder XRD analysis
The phase of the lyophilized ZMC was determined 

by powder x-ray diffraction (PXRD), which revealed no 
detectable diffraction features as shown in Fig. 5. PXRD 
patterns lacked distinct Bragg peaks, confirming its com-
pletely amorphous nature. This finding agrees with the 

FT-IR spectrum, where the amorphous complex exhibited 
broadened bands, similar to the behavior observed in 
amorphous urea ices compared to their crystalline coun-
terparts [30]. A synthesis of zero-valent iron nanoparticles 
has also been reported, with the absence of characteristic 
peaks, indicating that the material is amorphous [31]. 
Structural changes from the complexation reaction and 
synthesis conditions likely disrupted the crystalline struc-
ture of CYS, leading to its amorphization [32].

4. 7. ZMC Protects BSA from glycation-in-
duced damage

Congo red assay was employed to evaluate ZMC’s 
ability to inhibit β-sheet aggregation in BSA glycation 
models. As expected, the GLY showed the highest Congo 
red absorbance, indicative of pronounced β-sheet forma-
tion. Treatment with ZMC at concentrations 1, 5, and 
10 mM significantly reduced absorbance, with 5 mM and 
10 mM showing inhibition levels comparable to AG, rel-
ative to native NG BSA controls, in both BSA-glucose 
and BSA-MGO model systems, as shown in Fig. 6.

4. 8. ZMC effectively inhibits glycation in BSA-
based models

ZMC significantly inhibited AGE formation in both 
BSA-glucose and BSA-MGO models, as shown in Fig. 7. 

In glucose-induced glycation, GLY 
showed a 2.71-fold increase in AGE 
fluorescence relative to NG. ZMC 
treatment at 10 and 5 mM significantly 
reduced AGE levels, with the most 
pronounced effect at 5 mM (p < 0.0001), 
surpassing AG, while 1 mM showed no 
significant inhibition. In the MGO 

model, 1 mM ZMC significantly (p < 0.05) reduced AGE 
formation, though difference from CYS was not statistical-
ly significant, despite a downward trend. When comparing 
5 mM and 1 mM complex concentrations in the glucose 
and MGO model, respectively, ZMC demonstrated superi-
or antiglycation activity over CYS.

Fig. 4. UV-visible spectra of ZMC and CYS with 
corresponding λmax (nm) values

Fig. 5. Powder x-ray diffraction pattern of the synthesized 
ZMC. The absence of characteristic peaks indicates the 

amorphous nature of the complex

Table 2
C, H, and N analysis of zinc-monocysteine complex

Complex Mol. formula  
(Hill System)

Mol. wt.  
(g/mol) Color

Elemental analysis
Observed (theoretical)

%C %H %N
ZMC C3H8ClNO3SZn 238.99 white 14.68 (15.08) 3.49 (3.37) 5.66 (5.86)
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Fig. 6. Effects of ZMC treatment on glucose- and MGO-induced BSA secondary structural changes, compared to 
the glycated (GLY) control and standard treatment, aminoguanidine (AG): upper panels: BSA-glucose model; lower 

panels: BSA-MGO model. Data are presented as mean ± SEM from three independent experiments (n = 3), each 
performed in triplicate (technical replicates averaged for each experiment). Statistical analysis was performed using 

ordinary one-way ANOVA followed by Dunnett’s multiple comparison post hoc test. Significance indicates differences 
relative to the GLY control: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001

Fig. 7. ZMC effectively sequesters glucose and MGO, in comparison to the glycated (GLY) control and the standard 
treatment, aminoguanidine (AG): upper panels: BSA-glucose model; lower panels: BSA-MGO model. Data are 

presented as mean ± SEM from three independent experiments (n = 3), each performed in triplicate (technical replicates 
averaged for each experiment). Statistical analysis was performed using ordinary one-way ANOVA followed by 

Dunnett’s multiple comparison post hoc test. Significance indicates differences relative to the GLY control: *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001
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4. 9. Molecular docking of protein target analysis
Molecular docking simulations were conducted us-

ing AutoDock Vina to assess the binding interaction of 
ZMC with human DNMT1 (PDB: 4wxx). AzadC, a known 
DNMT inhibitor, served as the positive control. The ligand 
formed hydrogen bonds with the target protein, as illustrat-
ed in the 3D and 2D binding interaction models shown 
in Fig. 8, 9, respectively. The ligand generated 10 docking 

conformations per receptor, with a maximum of 5 hydro-
gen bonds per complex. ZMC exhibited Gibbs free energy 
(ΔG) binding affinity of –5.1 kcal/mol for DNMT1, as 
shown in Fig. 8, a. In comparison, AzadC demonstrated 
stronger binding with ΔG value of –6.8 kcal/mol for the 
same receptor, as shown in Fig. 8, b. These more negative 
ΔG values indicate stronger ligand-receptor binding, as 
lower ΔG correlates with higher binding affinity [33].

Fig. 8. Three-dimensional presentation of the binding interactions between ligands and  
protein receptors with their respective Gibbs free energy:  

a – ZMC and DNMT1: 4wxx; b – AzadC and DNMT1: 4wxx

a

b

Fig. 9. Two-dimensional interactions between protein receptors and binding ligands:  
a – ZMC and DNMT1: 4wxx; b – AzadC and DNMT1: 4wxx

a b
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4. 10. Methylated DNA imaging in living cells
To explore the potential effects of ZMC in DNAm 

modulation, a fluorogenic synthetic molecule/protein 
hybrid probe was employed for live-cell imaging. In 
C2C12 cells, ZMC treatment visually reduced fluores-
cence intensity, with signal levels appearing similar to 
those of AzadC, as shown in Fig. 10. In contrast, CYS 
lead to a clear increase in fluorescence. In HEK293T 
cells, AzadC again eliminated fluorescence, confirming 
its strong inhibitory effect. ZMC displayed a visually 
lower signal than CYS, suggesting a potential inhibitory 
effect on DNMTs. However, these observations are based 
solely on visual inspection, and quantitative analyses are 
needed to confirm differences in methylation levels.

5. Discussion
The complex pathophysiology of T2D required 

multifaceted therapeutic strategies that extend beyond 
glycemic control. To the authors’ knowledge, this study 
is the first to evaluate the therapeutic potential of ZM, a 
zinc-cysteine complex, as a promising multi-target agent 
capable of mitigating protein glycation, modulating epi-
genetic dysregulation, and potentially alleviating oxida-
tive stress in T2D. 

The zinc-cysteine complex studied here demon-
strates characteristic consistent with stable metal-ligand 
coordination, involving bidentate binding through thiol 
and carboxylate groups. This coordination likely contrib-
utes to its bioactivity, reflecting mechanisms seen in 
natural metalloproteins where zinc plays a crucial struc-
tural and catalytic role [20, 21]. The presence of hydro-
gen-bonded water molecules in the complex may further 
enhance its stability and biological interactions [23]. 

Changes in the electronic environment due to zinc coor-
dination may influence the compound’s function as 
well [28, 29].

While CYS possesses inherent antiglycation proper-
ties [34], its combination with zinc appears to enhance bio-
logical activity. Zinc is known for its antioxidative, an-
ti-apoptotic, and redox-modulating effects, which contribute 
to cellular stability and protection against glycation-induced 
damage [35–37]. The superior performance of ZMC com-
pared to CYS alone may be attributed to this additive syner-
gy. Similar improvements have been reported in other zinc-
based conjugates, such as carnosine-zinc complexes, which 
outperform AG in antiglycation assays [38]. The synergistic 
interaction between zinc and CYS in ZMC resembles natu-

ral zinc-cysteine coordi-
nation found in metallo-
proteins, which are 
essential for enzymatic 
catalysis and structural 
integrity [39, 40].

Molecular dock-
ing studies demonstrat-
ed that ZMC exhibits 
moderate affinity to-
ward DNA methyl-
transferase DNMT1, 
forming multiple hy-
drogen bonds at their 
binding sites [41]. Al-
though its binding en-
ergy was lower than 
that of the reference 
compound AzadC, the 
observed molecular in-
teractions suggest po-
tential for further struc-
tural optimization to 
enhance epigenetic 
modulation. Zinc acts 
as a structural cofactor 
in chromatin-associat-

ed zinc-finger proteins and DNMTs, influencing gene 
regulation and methylation patterns [42]. Disruption in 
zinc homeostasis have been linked to both global hy-
pomethylation and gene-specific hypermethylation, 
which are associated with insulin resistance and diabetic 
complications [43–46]. While the binding energy of 
ZMC (−5.1 kcal/mol) is lower than that of the standard, 
such moderate affinities can still be biologically relevant, 
particularly when supported by additional stabilizing in-
teractions and favorable cellular properties. Given ZMC’s 
multifunctional profile and low cytotoxicity, the ob-
served affinity remains within a range that warrants 
further investigation through quantitative and in vivo 
studies. Aberrant DNA methylation patterns are increas-
ingly investigated as biomarkers for early detection and 
diseases stratification in T2D [47, 48]. Hence, com-
pounds capable of modulating DNMT activity may offer 
valuable therapeutic potential in metabolic diseases.

Fig. 10. Live-cell imaging of methylated DNA (Scale bar: 20 µm): a – effects of ZMC (30 µM), 
CYS (10 mM), and AzadC (25 µM) on fluorescence in nuclei. PYP3R-MBD1-112-expressing 
C2C12 cells were pretreated in the presence of the tested compounds except for the control;  

b – effects of ZMC, CYS, and AzadC on fluorescence in nuclei. Identical experimental 
conditions were applied, except that HEK293T cells were used instead of C2C12 cells

a b
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Supporting this potential, preliminary live-cell 
imaging using methylation-sensitive fluorescent probes 
suggests that ZMC may influence DNA methylation dy-
namics, although quantitative validation remains neces-
sary. While these early findings do not confirm epigene-
tic modulation, they indicate a possible role for ZMC in 
influencing methylation status. 

Its confirmed effects on glycation, along with its 
emerging potential for epigenetic modulation, position 
ZMC as a strong candidate for further development in the 
treatment of T2D. Given that AG exhibits toxicity above 
10 mM [49], ZMC’s activity at lower concentrations, sup-
ported by previous studies showing minimal cytotoxicity 
at relevant doses [14, 50], further reinforces its therapeu-
tic promise. Future work should include in vivo valida-
tion, mechanistic studies, and structural refinement to 
optimize ZMC’s efficacy and safety in diabetic models.

Practical relevance. This study highlights the 
therapeutic potential of ZMC as a multi-target agent 
for T2D, addressing not only glycemic imbalance but 
also underlying mechanisms such as protein glycation 
and aberrant DNA methylation. Its in vitro efficacy sup-
ports its promise for future development as an orally ad-
ministered adjunct or alternative therapy aimed at miti-
gating disease progression and complications. However, 
to ensure its safety and therapeutic efficacy, comprehen-
sive preclinical toxicity studies are essential before ad-
vancing toward clinical application.

Research limitations. This study acknowledges 
several limitations that warrant further investigation. 
While the current findings provide compelling in vitro 
evidence of ZMC’s therapeutic potential, further investi-
gation using more physiologically relevant models such 
as advanced cellular systems and in vivo animal models 
of type 2 diabetes is essential to enhance translational 
value. Additional studies should assess the antioxidant 
capacity of ZMC through both cell-based and cell-free 
assays to clarify its role in mitigating oxidative stress. It 
is also recommended to evaluate its potential to enhance 
glucose uptake in C2C12 cells and its ability to mitigate 
reactive species generated under glucolipotoxicity condi-
tions. Furthermore, elucidating the mechanism of action 
in vivo, particularly in relation to metabolic and epigene-
tic regulation, may provide deeper insights into its thera-
peutic relevance. Addressing these gaps will be critical in 
advancing ZMC from a promising candidate to a clinical-
ly meaningful intervention for type 2 diabetes.

Prospects for further research. Given the promis-
ing preliminary findings, several key directions are propose 
to advance the development and clinical relevance of ZMC 
in type 2 diabetes therapy. Future studies should evaluate its 
efficacy and safety in diabetic animal models to establish in 
vivo relevance. Investigating its impact on glucose uptake, 
insulin sensitivity, and oxidative stress in target cells such as 
skeletal muscle and adipocytes may clarify its metabolic 
role. Further exploration of its epigenetic effects, particular-
ly on DNA methylation, could provide insight into its regu-
latory mechanisms. Structural optimization and formula-
tion improvements may enhance bioavailability and 
therapeutic performance. Studies combining ZMC with 

existing antidiabetic agents could also reveal potential syn-
ergistic effects. These efforts will be essential to support 
ZMC’s progression toward clinical application.

6. Conclusions
This study presents the first focused investigation 

of ZMC as a potential multi-target therapeutic for T2D. 
Beyond glycemic control, ZMC addresses two critical 
molecular drivers of T2D: protein glycation and aberrant 
DNA methylation. The successful synthesis and structur-
al characterization of ZMC confirmed a stable, amor-
phous cyclic salt via bidentate coordination, supported by 
NMR, FT-IR, UV-Vis, elemental analysis, and PXRD 
data. Biological assays demonstrated that ZMC signifi-
cantly inhibits AGE formation and protects protein struc-
ture in both glucose- and MGO-induced models.

Molecular docking and live-cell imaging suggest 
that ZMC may influence DNA methylation through in-
teractions with DNMT1. However, no direct quantitative 
evidence, such as DNMT expression analysis, CpG pro-
filing, or global methylation quantification, was obtained. 
Incorporating imaging-based quantification alongside 
molecular assays in future work would strengthen sup-
port for ZMC’s proposed epigenetic effects.

Overall, ZMC shows promise as an integrative 
therapeutic candidate that combines antiglycation activi-
ty with potential epigenetic modulation. While these in 
vitro results are encouraging, validation in advanced cell 
systems and animal models is essential to assess its effi-
cacy, safety, and metabolic impact. Future efforts should 
explore structural refinement, formulation strategies, 
and synergy with existing treatments. By bridging meta-
bolic and epigenetic mechanisms, ZMC exemplifies a 
novel approach in diabetes therapy aimed at modifying 
disease progression at its molecular roots.
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