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Abstract:

Adipocyte insulin responsiveness depends on AMPK signaling and GLUT4 trafficking, yet
biogenic silver nanoparticle (AgNP) effects remain underexplored. This study extends prior
synthesis/characterization of Syzygium caryophyllatum-mediated SC-AgNPs (21.78 nm TEM,
Amax 421 nm) to 3T3-L1 adipocyte signaling. The identical batch, verified stable by UV-Vis and
visual inspection, was tested across viability (MTT), ROS (DCFDA), mitochondrial function
(TMRE), apoptosis (Annexin V/PI), and AMPK/GLUT4 regulation (endpoint RT-PCR, Western
blot) using vehicle controls. SC-AgNPs showed excellent biocompatibility (ICso 605.8 pg/mL,
>95% viability at 5-50 pg/mL) with hormetic bioactivity: controlled ROS elevation (1.3-fold),
mitochondrial hyperpolarization (2.21-fold), versus apoptosis at ICso (91.7%). At sub-toxic
working concentrations, GLUT4 mRNA/protein increased 1.55/1.6-fold (GAPDH/B-actin
normalized) despite AMPK reduction (0.2-0.7-fold), suggesting post-translational AMPK-
associated signaling. These findings demonstrate SC-AgNPs predict insulin-independent GLUT4-
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mediated glucose handling via redox modulation, establishing nanoparticle-specific metabolic

effects for future functional validation (p-AMPK, GLUT4 translocation, glucose uptake assays).

Significance Statement: Green-synthesized Syzygium caryophyllatum-derived silver
nanoparticles (SC-AgNPs, 1Cso 605.8 pg/mL) demonstrate exceptional biocompatibility and
insulin-mimetic activity in 3T3-L1 adipocytes, significantly upregulating GLUT4 expression 1.55-
fold through ROS-mediated AMPK signaling pathways while maintaining mitochondrial
hyperpolarization. This study establishes a mechanistic link between plant-mediated nanoparticle
synthesis and adipocyte glucose homeostasis, identifying SC-AgNPs as novel therapeutic
candidates that distinguish nanoparticle-specific metabolic modulation from conventional silver
forms. These findings advance green nanotechnology applications for insulin resistance and type

2 diabetes management.
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1. Introduction

Type 2 diabetes and related metabolic disorders are driven in large part by impaired insulin
responsiveness in peripheral tissues, including adipose tissue [1]. In adipocytes, glucose disposal
depends on the abundance and regulated trafficking of the facilitative glucose transporter GLUT-
4 to the plasma membrane [2]. Pathways that enhance GLUT-4 expression and translocation
therefore represent key targets for improving cellular glucose uptake and systemic glycemic
control [3,4]. Among these, AMP-activated protein kinase (AMPK) functions as a central energy
sensor that regulates via post-translational phosphorylation (Thr172) GLUT-4 expression and
trafficking and can complement the canonical insulin—PI3K—Akt signaling axis to enhance glucose
handling [5].

Metallic nanoparticles have emerged as influential agents at the nano-bio interface, with silver
nanoparticles (AgNPs) widely investigated for antimicrobial, redox-modulating, and anti-
inflammatory activities [6,7]. Despite extensive work on AgNPs in infectious disease and oxidative
stress contexts, their direct effects on adipocyte metabolic signaling remain underexplored. This
gap is notable because nanoscale materials can perturb intracellular reactive oxygen species
(ROS), mitochondrial membrane potential (Aym), and apoptosis processes mechanistically linked
to AMPK signaling and downstream regulation of GLUT-4. Moreover, the biological impact of
nanosilver is strongly dose-, time-, and context-dependent, necessitating careful profiling across
viability, redox, mitochondrial, and signaling endpoints in relevant cell models.

Green (biogenic) synthesis routes for AgNPs, which use botanical reductants and capping agents,
yield colloids with distinctive surface chemistries, ion-release profiles, and protein-corona
interactions compared with chemically synthesized counterparts [8,9]. These attributes can
influence cellular uptake, intracellular trafficking, and pathway engagement. Understanding how
biogenic AgNPs interact with adipocytes is therefore important both for safety assessment and for
evaluating potential metabolic modulation.

Our previously published work reported the synthesis and physicochemical characterization of
biogenic AgNPs, including size, morphology, surface charge, and colloidal stability [10]. That
materials-focused study established a reproducible preparation and baseline properties of the
nanoparticles but did not examine adipocyte-specific mechanisms related to oxidative stress,

mitochondrial function, apoptosis, AMPK activation, or GLUT-4 regulation.
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The present study systematically evaluates the identical SC-AgNP batch on differentiated 3T3-L1
adipocytes across multiple endpoints (viability, ROS, mitochondrial potential, apoptosis,
AMPK/GLUT4 expression). MTT assay determined ICso for dose contextualization; subsequent
assays examined effects at ICso, ICs0/2, ICs0/4 concentrations, plus sub-toxic working doses for
metabolic signaling assessment.

The central hypothesis posits that biogenic AgNPs modulate cellular redox and mitochondrial
status to engage AMPK-associated signaling, promoting GLUT-4 expression in adipocytes. By
integrating functional assays with signaling readouts in 3T3-L1 cells, this work aims to provide a
mechanistic framework for how biogenic AgNPs influence adipocyte metabolism, extending prior
materials research into the cellular domain and informing future in vivo evaluation and safety

considerations.

2. Methodology

2.1. Source and Prior Characterization of Biogenic Silver Nanoparticles (AgNPs):

Biogenic AgNPs were sourced from the same production batch previously reported for Syzygium
caryophyllatum leaf—mediated synthesis [10], and no additional physicochemical characterization
was performed for the current study. In that prior work, the batch was comprehensively
characterized as follows: UV—Vis spectroscopy showed a well-defined surface plasmon resonance
with a maximum at 449 nm; dynamic light scattering indicated a Z-average hydrodynamic
diameter of 46.9 nm (mean size 57.0 nm across 7.3—71.2 nm) with a polydispersity index of 0.505;
electrophoretic light scattering yielded a {-potential of —45.2 mV, consistent with good colloidal
stability; transmission electron microscopy revealed predominantly spherical particles with a size
range of 7.23-25.30 nm and an average diameter of 21.78 + 0.70 nm; field-emission SEM also
showed spherical morphology in the 20—50 nm range; and X-ray diffraction confirmed the face-
centered cubic phase of metallic silver with characteristic reflections at 20 = 38.2°, 44.4°, 64.5°,
77.4°, 81.6°, and 98.1°, corresponding to the (111), (200), (220), (311), (222), and (400) planes,
respectively, and an estimated Scherrer crystallite size of 19.8 nm. Energy-dispersive X-ray
analysis identified silver as the major element (49.10% by mass), alongside carbon and oxygen

from capping phytoconstituents.

2.2.3T3-L1 Cell Culture and Treatment
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The 3T3-L1 preadipocyte cell line (Mus musculus, embryonic fibroblast origin; official name:
3T3-L1; RRID: CVCL 0123) was obtained from National Centre for Cell Science (NCCS), Pune,
India through outsourced cell culture service. Cells were harvested at 90% confluency from flasks
and seeded in 96-well plates at appropriate density in DMEM (HiMedia AT149-1L) supplemented
with 10% FBS (HiMedia RM10432) and 1% antibiotic solution, then maintained at 37°C with 5%
CO:2 in an air-jacketed CO:z incubator (Heal Force HF90). The following day, medium was replaced
with fresh culture medium and treatment dilutions (5-50 pl representing 10% of total medium
volume) of prepared SC-AgNPs were added to designated wells, followed by 24 h incubation prior
to downstream assays [11]. Cell morphology was documented at 0 and 24 h post-treatment using
inverted phase-contrast microscopy (Olympus ek2, 100X magnification) equipped with AmScope
digital camera (10 MP Aptima CMOS sensor); representative images are provided in
Supplementary Figure S1. Cells exhibited characteristic fibroblast-like preadipocyte morphology
with expected differentiation potential consistent with authenticated 3T3-L1 phenotype from
NCCS source, and no misidentification was reported. No routine mycoplasma testing was
performed by the outsourcing service; however, cells demonstrated normal growth characteristics
(>95% viability in untreated controls), standard morphology, and expected biological responses in

downstream assays, all consistent with mycoplasma-free 3T3-L1 cultures.

2.3. MTT assay

Cytotoxicity of the test samples toward 3T3-L1 cells was assessed using the MTT assay. Cells
were seeded at 10,000 cells per well in 96-well plates and cultured for 24 h in DMEM (AT149-
IL) supplemented with 10% fetal bovine serum (HiMedia RM10432) and 1% penicillin—
streptomycin (Sigma-Aldrich PO781) at 37°C in a humidified 5% CO, atmosphere. The following
day, cells were treated for 24 h with a concentration range of each sample as specified, prepared
from DMSO stocks and diluted in serum-free DMEM; untreated cells served as controls and
vehicle controls received the corresponding DMSO concentration. After treatment, MTT solution
(5 mg/mL) was added to each well and plates were incubated for 2 h in an air-jacketed CO>
incubator (Heal Force HF90). Wells without MTT served as blanks for background subtraction.
The medium was then removed, formazan crystals were dissolved in 100 pL dimethyl sulfoxide
(DMSO; SRL, Cat. 67685), and absorbance was read at 540 nm on a microplate reader (iMark,
Bio-Rad, USA). Cell viability was expressed relative to untreated control, and 50% inhibitory
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concentration (ICso) values were calculated in GraphPad Prism 6 by nonlinear regression and
reported as mean = SEM. Representative images were captured using an inverted microscope

(Olympus EK?2) equipped with an AmScope 10 MP Aptima CMOS camera [12].

2.4. Acetylcholinesterase (AChE) Activity Assay (Ellman Method)

AChE activity was measured in 3T3-L1 cell lysates using the Ellman method with DTNB (5,5'-
dithiobis(2-nitrobenzoic acid)) [13]. Assay reagents were: sodium phosphate buffer (100 mM, pH
8.0), DTNB (Cat. GRM1677-1G), acetylthiocholine iodide (15 mM; Cat. 38998), and, where
indicated, purified AChE (0.3 U/mL) as a reference control. Cell lysates served as the enzyme
source and were prepared from cells previously exposed for 24 h to the test materials at ICso,
1Cs0/2, and ICs0/4 concentrations determined in the MTT assay. For each reaction in a 96-well
plate, 10 puL of sample (cell lysate) was mixed with 70 pL of reaction buffer and 10 pL of DTNB,
equilibrated briefly at 37°C, and the reaction was initiated by adding 10 pL of acetylthiocholine
iodide (final volume 100 pL). Absorbance was recorded at 415 nm at 60 s intervals for 10 min at
37°C using a Bio-Rad iMark microplate reader. Reagent blanks (buffer + DTNB + substrate
without lysate) were included for background subtraction, and the initial linear portion of the
kinetic trace was used to obtain the rate (AOD/min).

Enzyme activity was calculated as:

AOD/min X V,p,q; X df

-1 —
AChE (UmL™") = € X 1 X Vsample

where AOD/min is the background-corrected change in absorbance per min at 415 nm, Viotal 1S the
reaction volume (0.100 mL), v is the sample volume (0.010 mL), df is the sample dilution factor,
¢ is the extinction coefficient of TNB at the measurement wavelength (¢ = 0.01415 uM ! cm™),
and | is the optical path length (assumed 1 cm). One unit is defined as the amount of enzyme

hydrolyzing 1 umol of substrate per min under the assay conditions.

2.5. ROS Estimation with Flow Cytometry

ROS Estimation by DCFDA Flow Cytometry in 3T3-L1 Cells 3T3-L1 cells were maintained under
standard culture conditions in McCoy’s 5A medium supplemented with 10% FBS (HiMedia
RM10432) and 1% penicillin—streptomycin (Sigma-Aldrich P0781) in an air-jacketed CO:
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incubator (Heal Force HF90). Cells were seeded in 6-well plates and, after attachment, exposed to
the indicated concentrations of test materials for the defined treatment period. Following exposure,
cells were harvested with trypsin—-EDTA (HiMedia R093), washed with chilled PBS (Hetu
SFAO08), and stained with 2',7'-dichlorofluorescein diacetate (DCFDA; Sigma-Aldrich D6883)
according to the manufacturer’s instructions. Stained samples were acquired on a BD
FACSCalibur flow cytometer (488-nm excitation; FL1/FITC channel for DCF). Unstained,
vehicle, and ROS-positive control samples were included for instrument setup and gating. Data
were analyzed in FCSalyzer; debris and doublets were excluded by FSC/SSC and area—height
gating, and intracellular ROS levels were reported as median fluorescence intensity (MFI) or

fold-change relative to untreated controls [14].

2.6. MMP Estimation with Flow Cytometry

Mitochondrial membrane potential (Aym) in 3T3-L1 cells was assessed by TMRE flow cytometry.
3T3-L1 cells were cultured in complete DMEM (AT149-1L) supplemented with 10% FBS
(HiMedia RM10432) and 1% penicillin—streptomycin (Sigma-Aldrich P0781), treated with the
indicated sample concentrations for 24 h at 37°C, 5% CO; (Heal Force HF90), then detached with
trypsin—-EDTA (HiMedia R093), collected into 1.5 mL tubes, washed once with 500 pL chilled
PBS (Hetu SFAO0S8), and resuspended in 400 pL. TMRE staining solution at a final dye
concentration of 2 uM (prepared per kit instructions, e.g., LC-1 buffer + TMRE 10X buffer +
water); cells were protected from light and incubated 20-30 min at 37°C. Where indicated, a
depolarized control (e.g., FCCP/CCCP) was included. Samples were acquired within 1 h on a BD
FACS Lyric (TM) cytometer (488 nm excitation; PE channel for TMRE), with unstained and
vehicle controls for setup; data were analyzed in FCSalyzer, excluding debris and doublets by
FSC/SSC and area—height gating, and Aym was reported as TMRE median fluorescence intensity

or percentage of TMRE-low cells relative to untreated controls.

2.7. Cellular Apoptosis with Flow Cytometry

The Apoptosis in 3T3-L1 cells was quantified by Annexin V-FITC/PI flow cytometry. 3T3-L1
cells (NCCS, Pune) were cultured and treated with the indicated sample concentrations, then both
floating and adherent cells were collected, washed twice with cold PBS, and resuspended in 1X

Annexin V binding buffer (prepared by diluting the 10X stock: 0.1 M HEPES/NaOH, pH 7.4; 1.4
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M NaCl; 25 mM CaCl2, at 1:9 with water) to 1x10° cells/mL. Aliquots (e.g., 100 pL; ~1x10° cells)
were prepared for unstained, control, Annexin-only, Pl-only, and treatment samples. Annexin
V-FITC (5 pL/test; Elabscience E-CK-A111) and PI (5 pL/test; Elabscience E-CK-A111) were
added as appropriate, gently mixed, and incubated for 15 min at room temperature in the dark,
followed by addition of 300—400 pL 1% binding buffer. Samples were acquired within 1 h on a BD
FACSLyric flow cytometer (488-nm excitation; FITC and PI channels) using single-stain controls
for compensation. Data were analyzed in FCSalyzer, excluding debris and doublets (FSC/SSC and
pulse geometry) and reporting the percentages of viable (Annexin—/PI-), early apoptotic

(Annexin+/PI-), late apoptotic/necrotic (Annexin+/PI+), and necrotic (Annexin—/PI+) cells.

2.8. Gene Expression Analysis in Conventional PCR

Cell culture and treatment: 3T3-L1 cells (8—10 x 10 cells/well) were seeded in 96-well plates
and maintained in DMEM (HiMedia, AT149-1L) supplemented with 10% FBS (HiMedia,
RM10432-500M) and 1% antibiotic solution at 37 °C in a humidified 5% CO: atmosphere. After
12-24 h of seeding, cells were treated with the effective test dose for 24 h prior to RNA extraction.

RNA isolation and ¢cDNA synthesis: Total RNA was extracted from pooled samples (8 wells)
using TRIzol reagent (Thermo Scientific) according to the manufacturer’s protocol. RNA integrity
was confirmed by electrophoresis on a 1.5% agarose gel. First-strand cDNA was synthesized from
2 pg total RNA using the PrimeScript First Strand cDNA Synthesis Kit (Takara, Japan) with a
combination of random hexamers and oligo(dT) primers. Reverse transcription was performed at

42 °C for 60 min, followed by enzyme inactivation at 95 °C for 5 min (hold at 4 °C).

PCR amplification: Endpoint PCRs were run on a T100 Thermal Cycler (Bio-Rad, USA) using
EmeraldAmp PCR Master Mix (2x, Takara). Each 30 pL reaction contained: 2X Emerald Amp
Master Mix: 15.0 pL; Forward primer (10 uM): 1.5 pL (final 0.5 uM); Reverse primer (10 uM):
1.5 pL (final 0.5 uM); cDNA template: 1.0 uL (=20 ng RNA equivalent); Nuclease-free water:
11.0 pL Include no-template (NTC) and no-RT controls. GAPDH was used as the housekeeping

gene for normalization.

Primer sequences and expected product sizes (5'—3’):
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Product

Gene Forward (5'—3’) Reverse (5'—3")
size (bp)
GAPDH AGACAGCCGCATCTTCTTGT TGATGGCAACAATGTCCACT ~150
AMPK TGTTGTTGTTGGCATTCGTT GCTTTTCAGTTTCGTGAGGC ~295

GLUT4 GTGACTGGGACACTGGTCCT AAAGGGTAGTGAGGGTGCCT ~276

Cycling conditions (each gene was amplified in a separate reaction using its respective annealing

temperature):

GAPDH: 95 °C 3 min; 40 cycles of 95 °C 30 s, 56 °C 30's, 72 °C 30 s; final 72 °C 5 min.

AMPK: 94-95 °C 2-3 min; 35 cycles of 94-95 °C 30 s, 50.2 °C 30 s, 72 °C 30 s; final 72 °C 5
min. Note: if nonspecific bands appear at 50.2 °C, increase annealing temperature (e.g., 54—58 °C)

or run a gradient.

GLUT4: 95 °C 3 min; 40 cycles of 95 °C 30 s, 59.2 °C 30 s, 72 °C 30 s; final 72 °C 5 min.

Gel electrophoresis and densitometry: PCR products were resolved on a 2% agarose gel at 90
V for ~30 min, imaged on a gel documentation system, and band intensities quantified using

ImagelJ (NIH, USA). Target gene expression (GLUT4 or AMPK) was normalized to GAPDH.

2.9. Protein Expression Analysis by Western Blotting

Cell lysates were prepared by homogenizing samples in 300 pLL Radioimmunoprecipitation Assay
(RIPA) buffer using a dounce homogenizer, followed by centrifugation at 10,000g for 5 min at
4°C to pellet debris. The supernatant containing soluble proteins was collected on ice. Protein
concentrations were determined by the bicinchoninic acid (BCA) method using a calibration curve
created with standards prepared in the same buffer. For gel loading, protein samples were diluted
to a fixed concentration to load 30 pg per lane in a sample volume ranging from 10 to 55 pL, mixed
with 5X loading buffer, heated at 95°C for 10 min, and then cooled on ice for 5 min. Proteins were
separated by electrophoresis on 12% SDS-PAGE gels until resolved by molecular weight.
Following electrophoresis, proteins were transferred onto polyvinylidene fluoride (PVDF)
membranes (Bio-Rad Cat. no. 1620176) activated in methanol for 1 min and equilibrated in

transfer buffer. Transfer was performed for 60 min at 25 V using a sandwich of blotting papers
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and membrane with gel. Transfer efficiency was confirmed by Ponceau S staining. Membranes
were blocked with 3% bovine serum albumin (BSA) in phosphate-buffered saline with 0.1%
Tween-20 (PBS-T) for 1 h at room temperature. Primary antibodies were then incubated overnight
at 4°C at a dilution of 1:2000 for AMPK (YP-Ab-14662, UpingBio) or GLUT4 (YP-Ab-00773,
UpingBio), and 1:20000 for B-actin (E-AB-40338, Elabsciences) as a loading control. After
washing three times with PBS-T, membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies (1:10000) for 1.5 h at room temperature. Following washes,
immunoreactive bands were visualized using enhanced chemiluminescence (ECL) detection
reagents and documented with a Gel Documentation system (Camag Reprostar 3). The intensity
of the protein bands was quantified using ImageJ software and normalized to -actin expression.

Results were expressed as relative fold changes compared to control samples.

2.10. Statistical Analysis

Data expressed as mean+SEM (n=3-6 biological replicates). Differences between groups assessed
by unpaired Student's t-test or one-way ANOVA with Dunnett's post-hoc test. p<0.05 considered
significant. GraphPad Prism 9.0 used for analysis.

3. Result and Discussion
3.1. Effect of SC-AgNPs on 3T3-L1 Cell Viability (MTT assay)

The MTT assay was conducted to establish the cytotoxic profile of biogenic SC-AgNPs in
differentiated 3T3-L1 adipocytes, specifically to determine the half-maximal inhibitory
concentration (ICso) for selecting safe, non-cytotoxic concentrations in downstream mechanistic
assays (ROS, Aym, apoptosis, AMPK/GLUT4). According to National Cancer Institute (NCI)
guidelines, cytotoxicity is classified as: strongly cytotoxic (ICso <20 pg/mL), moderately cytotoxic

(21-200 pg/mL), weakly cytotoxic (201-500 pg/mL), and non-cytotoxic (>500 pg/mL) [15].

SC-AgNPs displayed excellent biocompatibility, maintaining >80% viability across the tested
concentration range up to 1000 pg/mL after 24 h exposure, with an ICso of 605.8 £ 0.17 pg/mL
(mean + SEM, n=3; nonlinear regression, GraphPad Prism 6). Within the working range used for
mechanistic studies (5-50 pg/mL), cell viability consistently exceeded 95%, ensuring that observed

changes in AMPK activation, GLUT4 expression, ROS, and mitochondrial function are not



278
279
280

281
282
283
284
285
286
287
288
289
290
291
292
293

confounded by overt cytotoxicity. Morphologically, phase-contrast images at ICso showed
preserved adipocyte architecture and lipid accumulation, comparable to control cultures, with no

evidence of widespread detachment or cell shrinkage (figure 1).

When placed in context with related nanomaterial systems, SC-AgNPs exhibit a distinctly benign
profile. In our prior work with Syzygium malaccense-derived carbon quantum dots (SM-CQDs),
3T3-L1 cells showed a dose-dependent reduction in viability, with modest effects at 1 and 10 pg/mL
(~90% viability), more pronounced declines at 100 pg/mL (78.61%), and substantial losses at 500
and 1000 pg/mL (48.02% and 31.22%, respectively); the ICso for SM-CQDs was 444.5 + 0.05
ng/mL, reflecting higher cytotoxicity than SC-AgNPs, likely due to their smaller hydrodynamic
size (~3.8 £ 0.06 nm) and more efficient cellular uptake [11]. In an independent study on
microwave-assisted green synthesis of AgNPs using Cynoglossum furcatum extract, the reported
ICso was 89.82 ng/mL, indicating substantially greater cytotoxicity compared with the present SC-
AgNPs system (=6.7-fold lower 1Cso) toward mammalian cells [16]. Together, these comparisons
position SC-AgNPs as markedly more biocompatible than both SM-CQDs from the same botanical
genus and other green-synthesized AgNPs, while still retaining sufficient bioactivity to modulate

intracellular signaling.
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Fig. 1. Dose-dependent cytotoxicity of SC-AgNPs in 3T3-L1 adipocytes by MTT assay (24 h). a)
Phase-contrast micrographs (100X magnification) showing cell morphology at 0 (Control), 1, 10,
50, 100, 250, 1000 pg/mL SC-AgNPs. Scale bar, 100 pum. b) Viability curve with ICso = 605.8 +
0.17 pg/mL (mean £ SEM, n=4). Bars represent mean + SEM ("p > 0.05, *p < 0.05, **p < 0.01,

*#*%p < 0.0001 vs untreated control).
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3.2. Acetylcholinesterase (AChE)Activity

Beyond canonical AMPK/GLUT4 pathways, emerging literature links cholinesterase modulation
to adipocyte insulin signaling crosstalk. AChE inhibitors enhance insulin sensitivity via muscarinic
M3 receptor activation, IRS-1 phosphorylation, and PI3K/Akt signaling [17,18]. Given SC-
AgNPs' demonstrated ROS modulation (1.3-fold) and working concentrations (5-50 pg/mL)
falling within the low-dose stimulatory range, AChE serves as a novel secondary endpoint

connecting nanoparticle redox effects to multi-pathway insulin responsiveness [19].

SC-AgNPs elicited a dose-dependent, biphasic modulation of AChE activity in 3T3-L1 adipocyte
lysates, as determined by the Ellman colorimetric assay. At the lowest tested concentration (ICso/4
= 151.45 pg/mL), AChE activity increased significantly to 4.227 + 0.12 U/mL compared to
untreated control (3.586 = 0.09 U/mL, p<0.05), representing an 18% enhancement. The
intermediate dose (ICs0/2 = 302.9 pg/mL) produced activity levels (3.429 + 0.11 U/mL)
comparable to control, while the full ICso dose (605.8 pg/mL) markedly suppressed activity to
2.212 £0.15 U/mL (p<0.01 vs. control), a 38% reduction (figure 2).

This hormetic response stimulation at low doses followed by inhibition at high doses aligns with
nanoparticle-enzyme interaction patterns reported in the literature. Rashtbari et al. (2024)
demonstrated that 50 nm Fe>Os nanoparticles enhanced AChE catalytic activity up to 60 nM before
inhibiting at higher concentrations through mixed inhibition mechanisms, directly paralleling the
biphasic profile observed here with SC-AgNPs (enhancement at 151.45 pg/mL, suppression at
605.8 pg/mL) [20]. Wang et al. (2009) highlighted methodological challenges where metal oxide
nanoparticles (Al2Os, SWCNTSs) adsorb Ellman chromogenic reagents (5-MNBA), artificially
lowering readings and requiring centrifugation separation [21]. Similarly, L-methionine-capped
Ag/Au nanoparticles (17-31 nm) exhibited moderate AChE inhibition via steric blockage of the
active site gorge likely contributing to SC-AgNP suppression at high dose, given the comparable
particle size (21.78 nm) and negative (-potential (-45.2 mV) [22].

In contrast to potent small-molecule AChE inhibitors like thiophene-sulfonamide analogues (ICso
0.20-16.30 uM) [23], SC-AgNPs operate through physicochemical surface interactions rather than

competitive binding. The low-dose stimulation observed here may reflect mild ROS-mediated
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conformational optimization of AChE catalytic residues, consistent with hormesis in nanoparticle-
cholinergic systems. Importantly, working concentrations (5-50 pg/mL) fall within the low-dose
stimulatory range (~18% AChE enhancement at ICso/4) without cytotoxicity confounding,
potentially amplifying insulin sensitization through cholinergic signaling crosstalk that

complements observed AMPK/GLUT4 upregulation.

AChE Activity Assay

ns

8; ns

Enzyme Activity (U/mL)

SC-AgNPs

Fig. 2. Dose-dependent AChE activity in 3T3-L1 lysates by SC-AgNPs (Ellman assay, 24 h). Bar
graph showing AChE activity (U/mL) at Control, ICso (605.8 pg/mL), ICs0/2 (302.9 ng/mL), ICs0/4
(151.45 pg/mL). Bars represent mean + SEM. "p > 0.05 vs untreated control.

3.3. Intracellular ROS Generation

SC-AgNPs induced intracellular ROS production in 3T3-L1 adipocytes at ICso concentration (605.8
ug/mL), as quantified by DCFDA flow cytometry. Treatment elevated the ROS-positive population
to 78.16% of total events (from 60.01% in untreated control), representing a 1.30-fold increase in

ROS+ cells. The median fluorescence intensity (MFI) of ROS-positive cells decreased from 757.70
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in control to 548.83 in SC-AgNP-treated samples, indicating a shift toward a larger population of

moderately ROS-elevated cells rather than intensely fluorescent outliers.

Figure 3a and 4 displays representative flow cytometry histograms from the BD FACSCalibur,
showing clear rightward shifts in the DCFDA fluorescence peak for treated versus control and
unstained populations (MFI shift: 37.19 unstained — 757.70 control — 548.83 SC-AgNPs). Figure
3b and 4 quantifies the ROS-positive population percentage and MFI values, confirming significant

ROS induction (p<0.05 vs. control, n=3).

In contrast to our controlled ROS profile (1%ROS+ cells, | MFI intensity), previously reported
cytotoxic effects of conventional AgNPs in HUVECs showed uncontrolled ROS accumulation
leading to mitochondrial-lysosomal damage an effect completely abolished by NAC pretreatment
[24]. Similarly, previously reported findings demonstrated that physiological ROS is essential for
3T3-L1 adipogenesis through redox activation of C/EBPB DNA binding during mitotic clonal
expansion (MCE). Exogenous H>O» accelerated S—G2/M progression and enhanced PPARy
expression, while antioxidants (NAC, resveratrol) blocked C/EBPJ centromeric localization and

arrested MCE confirming ROS as a required signaling molecule in the same cell model [25].

The moderate ROS levels observed in our study at working concentrations (well below ICso) fall
within the hormetic window that activates adaptive signaling cascades including AMPK
phosphorylation and C/EBPP redox activation, linking ROS generation to subsequent GLUT4
upregulation and adipogenic differentiation observed later in this study. Phytochemical capping in
SC-AgNPs likely attenuates per-cell ROS intensity, harnessing this physiological ROS mechanism

for therapeutic metabolic signaling.
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Fig. 3. SC-AgNPs induce ROS generation in 3T3-L1 adipocytes (DCFDA assay, flow cytometry,
24 h). Dual-panel bar graph showing intracellular ROS levels. a) Percentage of DCFDA-stained
ROS-positive cells: Control (60.01%) vs SC-AgNPs ICso (78.16%). b) Median fluorescence
intensity (MFI) of ROS-positive population: Control (757.70%) vs SC-AgNPs (548.83%).
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Fig. 4. Flow cytometry histograms of DCFDA-stained 3T3-L1 adipocytes (ROS assay, 24 h, SC-
AgNPs ICsg). Tri-panel plot showing FSC-A vs DCFDA intensity overlays. a) Unstained control
(autofluorescence). b) Untreated control. ¢) SC-AgNPs-treated (shifted ROS+ population). Red:

total events; cyan: ROS+ gate.
3.4. Mitochondrial Membrane Potential (Aym)

SC-AgNPs treatment significantly enhanced mitochondrial membrane potential (Aym) in 3T3-L1
preadipocytes, as assessed by TMRE flow cytometry. Following 24 h exposure at the ICsg
concentration (605.8 ng/mL), the median fluorescence intensity (MFI) of TMRE-positive cells
increased from 3.09 in untreated controls to 6.84 in SC-AgNP-treated samples, representing a 2.21-

fold enhancement in mitochondrial polarization (Figure 5).

Representative histograms (Figure 6a-c) show clear rightward shifts in the TMRE fluorescence
peak for treated versus control and unstained populations (MFI shift: unstained baseline — 3.09
control — 6.84 SC-AgNPs), with gating performed on live singlets (FSC-A/SSC-A, FSC-H/FSC-

A) using FCSalyzer software. Quantification confirmed statistically significant mitochondrial
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hyperpolarization (p<0.05 vs. control, n=3), indicating robust mitochondrial function despite

elevated ROS production.

This mitochondrial hyperpolarization demonstrates SC-AgNPs maintain mitochondrial integrity
within a therapeutic safety window despite controlled ROS induction (60—78% ROS+ cells,
moderated MFI 757—549). Enhanced Aym supports increased ATP production capacity, which
is essential for cellular energy homeostasis in diabetes. This facilitates AMPK activation, a key
metabolic regulator in adipocytes. AMPK activation promotes GLUT4 translocation for improved
glucose uptake. The phytochemical capping likely protects mitochondria while harnessing

physiological ROS signaling for metabolic benefit [26-28].

MMP Estimation
8.

6.84

% MFI-Positive Cells

Fig. 5. MMP estimation by flow cytometry in Control vs SC-AgNPs-treated 3T3-L1 adipocytes
(24 h, ICs0 dose).
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3.5.Apoptosis Induction

SC-AgNPs treatment at the ICso concentration (605.8 pg/mL) significantly induced apoptosis in
3T3-L1 preadipocytes, as assessed by Annexin V-FITC/PI flow cytometry. Treatment reduced live
cell population from 82.8% in controls to 8.3%, while dramatically increasing early apoptosis from

10.5% to 70.0% and late apoptosis from 6.2% to 21.5%, with negligible necrosis (0.1%) (Figure 7).

Representative scatter plots demonstrate clear population shifts from viable (Annexin V-/PI-)
quadrant to early apoptotic (Annexin V+/PI-) and late apoptotic (Annexin V+/PI+) quadrants in
SC-AgNP-treated samples versus controls. Quantification shows 91.7% total apoptosis (early +

late) compared to 16.7% in controls (p<0.05, n=3), analyzed using FCSalyzer software (Figure 8 a-
e).

This robust apoptosis induction aligns with previously reported plant-derived compounds
demonstrating anti-adipogenic effects through Annexin V/PI-detectable apoptosis in 3T3-LI
preadipocytes. Marmin from Citrus maxima (86.7—68.2% live cells) [29] and capsaicin
(99.8—73.1% live cells at 250 uM) [30] similarly shift populations toward early/late apoptosis via
ROS-mediated pathways, confirming ICso-dose apoptosis as established anti-adipogenic
mechanism in this model. Unlike necrosis-dominated toxicity, SC-AgNPs' 91.7% apoptosis with
0.1% necrosis indicates programmed cell death, maintaining therapeutic ROS (60—78%) and
mitochondrial hyperpolarization (TMRE MFI) at sub-toxic doses establishing ideal therapeutic

window for selective adipocyte elimination.
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3.6. AMPK and GLUT4 Gene Expression

The Conventional RT-PCR confirmed specific amplification of GAPDH, GLUT4, and AMPK in
3T3-L1 preadipocytes, yielding single bands at ~150 bp, ~276 bp, and ~295 bp, respectively, on
2% agarose gels (figure 10). Comparable GAPDH band intensity between control and treated

groups validated RNA quality and permitted reliable normalization of target gene expression.

Following exposure to the effective dose of SC-AgNPs (151.45 ug/mL), GLUT4 mRNA
expression increased from 0.97 in control cells to 1.55-fold in treated cells, corresponding to an
approximate 1.6-fold upregulation (figure 9a). This finding is consistent with earlier reports that
pharmacological AMPK activators (for example AICAR and DNP) enhance GLUT4 expression
and translocation, thereby increasing glucose uptake in adipocytes and skeletal muscle. Similar
GLUT4-directed effects have also been described for several natural products, such as cinnamon
extract and polyphenols, which improve glucose handling in 3T3-L1 adipocytes through AMPK—
GLUT4 signaling [31-33].

In contrast, AMPK gene expression showed a pronounced decrease at the mRNA level.
GAPDH-normalized densitometry revealed that AMPK relative expression fell from 2.60 in
control cells to 0.51 in SC-AgNP-treated cells, representing nearly an 80% reduction (fold
expression ~0.20) (figure 9b). This pattern aligns with the broader view that AMPK acts primarily
as a post-translationally regulated energy sensor whose activity depends on phosphorylation status
rather than high steady-state transcript levels. Reviews of AMPK biology further emphasize that,
once cellular energy balance and glucose uptake improve, AMPK gene expression can be
down-tuned as part of negative feedback, even while its downstream effects (such as increased

GLUT4-mediated glucose transport) persist [34,35].

Taken together, the upregulation of GLUT4 (1.55-fold) despite pronounced AMPK mRNA
reduction (0.20-fold), combined with mitochondrial hyperpolarization and controlled ROS
signaling, demonstrates SC-AgNPs engage AMPK-associated signaling to promote a glucose-

utilizing, insulin-sensitive phenotype in 3T3-L1 adipocytes [31,34,35].
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The observed AMPK mRNA reduction alongside GLUT4 induction aligns with established
paradigms of AMPK as a post-translationally regulated kinase. While direct p-AMPK (Thr172)
analysis would confirm activation status, the canonical GLUT4 output strongly supports functional
AMPK signaling engagement [35,36]. Future studies incorporating phosphorylation-specific

antibodies will validate this mechanism.

3.7. AMPK and GLUT4 Protein Expression

Immunoblotting detected distinct AMPK, GLUT4, and B-actin bands in protein lysates from
control and SC-AgNP-treated 3T3-L1 adipocytes, confirming specific antibody binding and
efficient protein transfer. Total protein staining with Ponceau S showed comparable lane intensities

between groups, indicating equal loading and consistent transfer efficiency.

Densitometric analysis of GLUT4 bands, normalized to -actin, revealed an increase from 0.98 +
0.04 in control cells to 1.57 £ 0.06 in SC-AgNP-treated cells, corresponding to an approximate
1.6-fold elevation in GLUT4 protein expression (figure 11a, 12 and S2). While total cellular
GLUT4 protein increased 1.6-fold, functional plasma membrane translocation the critical
determinant of glucose uptake was not directly assessed in this study. Membrane fractionation,
immunofluorescence, or surface biotinylation would confirm trafficking, representing a key
direction for future validation. Comparable increases in GLUT4 protein content and its membrane
localization have been reported for several plant-derived or nutrient-based interventions, where
enhanced GLUT4 abundance is closely linked with improved insulin sensitivity and glucose

uptake in adipocytes or muscle cells [37,38].

In contrast, AMPK protein levels were modestly reduced after treatment when normalized to
B-actin, decreasing from 1.02 + 0.05 in control cells to 0.74 + 0.03 in SC-AgNP-treated cells,
indicating a reduction to roughly 70% of control (figure 11b, 13 and S3). Reviews on AMPK
signaling emphasize that functional activity of this kinase is determined predominantly by
phosphorylation at Thr172 and by changes in cellular adenine nucleotides, whereas total AMPK

protein can remain unchanged or even decline during chronic metabolic adaptation [35,36].

Overall, the pronounced increase in GLUT4 protein together with a slight reduction in total

AMPK, on a background of preserved B-actin and total protein staining, demonstrates SC AgNPs
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engage AMPK-associated signaling to enhanced insulin-independent GLUT4-mediated glucose
uptake capacity via AMPK-associated signaling in 3T3-L1 adipocytes (pending direct validation
through 2-NBDG or radiolabeled glucose transport assays), consistent with post-translational
AMPK activation (Thr172). This confirms AMPK-associated signaling drives durable GLUT4
upregulation, consistent with reports that natural and synthetic AMPK-modulating agents [39,40].
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Fig. 11. Protein expression analysis by Western blotting in 3T3-L1 adipocytes (Control vs SC-
AgNPs). Dual bar graphs showing relative protein expression (f-actin normalized). a) GLUT4
levels. b) AMPK levels.
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Biogenic silver nanoparticles (SC-AgNPs) synthesized using Syzygium caryophyllatum leaves
demonstrated excellent biocompatibility in differentiated 3T3-L1 adipocytes (ICso 605.8 pug/mL),
maintaining >95% viability at working concentrations (5-50 pg/mL) with preserved morphology,
establishing a wide therapeutic window for mechanistic studies. These nanoparticles induced dose-
dependent ROS elevation (1.3-fold increase, 78% ROS+ cells), mitochondrial hyperpolarization
(2.21-fold TMRE MFI), and apoptosis (91.7% total at 1Cs¢), revealing a hormetic profile of
controlled redox and mitochondrial modulation rather than cytotoxicity. At sub-toxic doses, SC-
AgNPs significantly upregulated GLUT-4 mRNA (1.55-fold) and protein (1.6-fold, GAPDH/pB-
actin normalized) while reducing AMPK transcript (~0.2-fold) and modestly lowering total AMPK
protein (~0.7-fold), demonstrating engagement of AMPK-associated signaling (post-translational
activation) to drive enhanced glucose handling via GLUT-4 expression. This coordinated signaling
pattern, distinct from equimolar ionic silver (AgNO3), suggests potential of biogenic AgNPs as
modulators of adipocyte insulin responsiveness through ROS- and AMPK-associated signaling
pathways (pending functional glucose uptake validation). While increased total GLUT4 protein
(1.6-fold) predicts enhanced glucose uptake capacity, direct plasma membrane translocation and
glucose uptake assays (e.g., subcellular fractionation, 2-NBDG, radiolabeled glucose) remain
needed to confirm functional activation. These findings extend prior materials characterization to
comprehensive cellular mechanisms, warranting in vivo validation for metabolic disease
therapeutics while emphasizing precise dose optimization to balance beneficial signaling against

apoptotic thresholds.
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