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Abstract

Obesity and related metabolic disorders are increasing at alarming rates worldwide,
posing a major public health challenge. Current anti-obesity therapies are limited
by toxicity and adverse side effects, highlighting the need for alternative strategies.
Nanotechnology offers a promising approach, with gold nanoparticles (AuNPs)
attracting significant attention in biomedical applications due to their unique
physicochemical properties and potential therapeutic effects. This study investigated
the anti-lipogenic effects of citrate-capped AuNPs (CAuNPs) on differentiated 3T3-
L1 adipocytes. The 14 nm cAuNPs were synthesized using the citrate reduction
method and characterized using UV-vis spectroscopy, dynamic light scattering
(DLS), and transmission electron microscopy (TEM). The effects of cAuNPs were
evaluated on cell viability, lipid accumulation, and gene expression in 3T3-L1 cells
and differentiated 3T3-L1 adipocytes. CAuNPs were non-cytotoxic to 3T3-L1 cells at
concentrations up to 400 nM. Qil Red O (ORO) staining revealed a concentration-
dependent reduction in lipid accumulation, with the maximal effect at 72 h. Gene
expression analysis using RT? PCR arrays identified 35 differentially expressed genes,
with significant alterations in genes related to adipogenesis and lipid metabolism.
Functional enrichment and protein—protein interaction (PPi) network analyses
highlighted modulation of PPAR signalling and key hub genes involved in adipocyte
function. These findings demonstrated that cAuNPs exert anti-adipogenic effects by
altering molecular pathways associated with lipid storage, suggesting their potential
as a nanotechnology-based strategy for obesity management. Future in vivo studies
will be essential to assess their therapeutic efficacy and safety in order to advance
AuNPs as innovative anti-obesity agents.

Keywords 3T3-L1 differentiated adipocytes, Anti-lipogenic effects, Gold nanoparticles,
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1 Introduction

Obesity has become a global health crisis, affecting both developed and developing
nations and posing significant public health challenges [1] . It is associated with serious
metabolic diseases such as type 2 diabetes [2], cardiovascular diseases [3, 4], hyperten-
sion [3], dyslipidaemia [2], and some types of cancers [5], not limited to endometrial,
breast, ovarian, prostate, liver, gallbladder, kidney, and colorectal cancers [6]. The socio-
economic burden imposed by these diseases is particularly pronounced in emerging
economies like South Africa, where healthcare systems are already under strain [7].
Management of obesity presents significant challenges due to the complex nature of the
disease and the limitations of current treatment strategies. Existing approaches, includ-
ing lifestyle modifications, pharmacological interventions, and surgical procedures,
often fall short in providing effective solutions for many patients [8]. The anti-obesity
drugs that are commercially available, while potentially beneficial in the short term,
often result in serious side effects with long-term use, limiting their efficacy and patient
compliance [9]. These limitations, coupled with the increasing prevalence of obesity
worldwide, underscore the urgent need for novel anti-obesity compounds that can offer
more effective and sustainable treatment options with minimal adverse effects.

The evolution of materials science has revolutionized biomedical applications, partic-
ularly through the development of nanomaterials [10]. While both organic and inorganic
nanomaterials play a significant role in disease therapeutics, the inorganic nanomate-
rials (metal-based nanoparticles, MNPs) demonstrated several advantages due to their
unique properties [11]. AuNPs possess unique physicochemical properties, including
high surface-to-volume ratio, tunable size and shape, and ease of functionalization, mak-
ing them ideal candidates for biomedical applications [12]. They are among the MNPs
that were shown to have multiple bioactivities such as antimicrobial [13], antidiabetic
[14], anticancer [15], lipid lowering [16], and anti-inflammatory activities [17]. Thus,
AuNPs have emerged as a promising alternative treatment strategy for obesity. Their
potential to modulate cellular processes and their ability to be targeted to specific tissues
could offer new avenues for addressing the complex pathophysiology of obesity [18]. In
a previous study, Wusu et al. demonstrated that 14 nm cAuNPs altered the expression
of genes related to fatty acid and lipid metabolism in human colorectal adenocarcinoma
(Caco-2) cells [19]. These findings suggested potential anti-lipogenic and anti-obesity
effects of cAuNPs. Thus, the current study aimed to investigate the effects of cAuNPs
on differentiated 3T3-L1 adipocytes, a widely used in vitro model for adipocytes. The
3T3-L1 cells differentiate from pre-adipocytes into mature adipocytes, accumulating
lipids and expressing key adipogenic genes, providing an ideal system for studying the
direct effects of cAuNPs on adipocyte biology and function [20, 21]. By examining the
impact of cAuNPs on lipid accumulation, gene expression, and metabolic pathways in
these cells, we aim to gain insights into their potential as novel therapeutic agents for
obesity management.

2 Materials and methods

2.1 cAuNPs synthesis and characterization

cAuNPs were synthesized as previously described [22]. Briefly, 1mM hydrogen tetra-
chloroaurate (Sigma, St Louis, USA) was added into boiling distilled water under con-
tinuous stirring at 650 rpm. Then, 1% (w/v) solution of sodium citrate (Sigma-Aldrich)
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was added into the boiling solution. The heat was turned off after the solution changed
colour from pale yellow to ruby red and continued to stir for 60 min. Heating was dis-
continued once a visible colour change was observed, and the mixture was stirred for an
additional 60 min at room temperature to ensure complete nanoparticle formation.

The cAuNPs were washed three times with distilled water, followed by centrifugation
at 14 000 rpm. Optical characterization was performed using UV-visible (UV-vis) spec-
trophotometry (POLARstar Omega plate reader, BMG Labtech, Offenburg, Germany)
in the 400—-800 nm range. Morphological analysis was conducted on a High-Resolution
TEM (HRTEM,; FEI Tecnai G2, Oregon, USA) operated at 200 kV, and particle core size
distribution was determined by analysing TEM images with Image] software (National
Institute of Health, Bethesda, Maryland, USA). Hydrodynamic size and colloidal stability
were assessed using DLS (Malvern Nano-ZS90 Zeta- sizer, Worcestershire, UK).

The cAuNPs concentration was estimated from UV-vis spectra using the Beer-Lam-
bert law equation [23], and the inductively coupled plasma optical emission spec-
trometry (ICP-OES) on a Varian 710-ES ICP-OES (CA, USA) as previously described
elsewhere [18].

2.2 Effect of cAuNPs on 3T3-L1 cells

2.2.1 Preadipocyte differentiation

The 3T3-L1 cells were purchased from the American Type Culture Collection (Manas-
sas, Virginia, USA), and they were a gift from the Biomedical Research and Innovation
Platform (SAMRC, Tygerberg, Cape Town). The cells were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM; Lonza, Verviers, Belgium) supplemented with 10% foe-
tal bovine serum (FBS; Gibco, Mannheim, Germany) and 1% penicillin-streptomycin
cocktail (Lonza) in a 37 °C humidified incubator with 5% CO,. To differentiate 3T3-L1
pre-adipocytes into adipocytes, 3 x 10* cells/mL were seeded in a 96-well plate and incu-
bated for 48 h. Then, the medium was replaced with MDI induction media, composed
of DMEM containing 10% FBS, 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich),
1 uM dexamethasone (Sigma-Aldrich), and 10 pg/mL insulin (Roche, Germany) for 48
h [24]. Cells were maintained in a DMEM with 10 pg/mL insulin for another 48 h, fol-
lowed by DMEM/10% FBS until cells were fully differentiated into mature adipocytes by
day 10. As a negative control to determine if there was no auto differentiation of the pre-
adipocytes into adipocytes, 3T3-L1 pre-adipocytes (undifferentiated) followed the entire
10-day process in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin
[25].

2.2.2 Cellviability analysis

The 3T3-L1 cells (undifferentiated and differentiated) were prepared as described
in 2.2.1. The culture medium was replaced every 2 days, and at day 10 with 100 pL of
DMEM containing 0—-400 nM cAuNPs for 24 to 72 h in three separate 96-well micro-
plates. In the negative control cells, culture medium without treatments was added.
Following respective incubation periods, the treatments were removed and replaced
with 100 pL of 1:10 WST-1 cell proliferation reagent (Roche, Mannheim) prepared in
DMEM, followed by incubation at 37 °C for 3 h. Additional wells containing the same
range of cAuNPs concentrations without the WST-1 were used to determine if there was
interference of the cAuNPs with the assay. Absorbance was recorded at 440 nm on a
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PolarSTAR Omega plate reader with background subtraction at 630 nm. The cell viabil-
ity was expressed as percentage cell viability of treated samples relative to the negative
control cells, multiplied by 100% [25].

2.2.3 OROstaining

Lipid accumulation was assessed using ORO staining, a fat-soluble diazo dye that specif-
ically stains neutral triglycerides and lipids by forming a red-coloured complex through
hydrophobic interactions [26]. Undifferentiated and differentiated 3T3-L1 cells treated
with 0-400 nM cAuNPs, were washed twice with 1x Dulbecco’s phosphate buffered
saline (DPBS; Lonza) and then fixed with 10% neutral buffered formalin (Sigma-Aldrich)
for 15 min at room temperature. After fixation, the cells were then incubated with 0.7%
(v/v) ORO (Sigma-Aldrich) stain for 30 min at room temperature. The ORO stain was
removed and rinsed three times with distilled water (dH,0). Images of the stained cells
were observed and captured using an EVOS XL Core imaging System microscope (Invi-
trogen, USA). To quantify the lipid accumulation, the ORO stain was eluted with iso-
propanol and the absorbance was measured at 490 nm using a POLARstar Omega plate
reader. The cells were then washed with dH,O and re-stained with 0.5% (v/v) crystal
violet (CV; Sigma-Aldrich) solution extracted with 70% (v/v) ethanol for 5 min at room
temperature. Following the removal of the CV dye, the cells were washed three times
with 1x DPBS and the absorbance was measured at 570 nm using a POLARstar Omega
plate reader. ORO absorption values were normalized against CV absorption values
(ORO/CV) and expressed as the relative triglyceride content of the treated samples
compared to control cells [25] .

2.3 Adipogenesis RT? PCR array analysis

2.3.1 RNA extraction, reverse transcription, and gPCR

Cells were seeded at 2x 10° cells/mL in T25 cm? culture flasks and differentiated into
adipocytes as described previously. Thereafter, the cells were treated with 12.5 nM
cAuNPs in DMEM for 24 h. Untreated differentiated 3T3-L1 adipocytes were used as
a negative control. At the end of the treatment, the cells were washed thrice with 1x
DPBS and total RNA was extracted from the cells using the RNeasy Mini Kit (Qiagen,
Maryland, USA) according to the manufacturer’s instructions. RNA concentration was
determined using a NanoDrop One/Onec Microvolume UV-vis Spectrophotometer
(Thermo Scientific, Schwerte, Germany) and Qubit™ RNA High Sensitivity (HS) and
Broad Range (BR) Assay Kit (Life Technologies, Carlsbad, CA, USA). Complementary
DNA (cDNA) was synthesized using the RT? First Strand kit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions. The cDNA was amplified using RT*> SYBR®
Green qPCR Mastermix (Qiagen) on a ready to use Mouse Adipogenesis RT? Profiler
PCR Array (PAMM-049ZA; Qiagen) to evaluate expression pattern of genes encoding
pro/anti-adipogenic, pro/anti-white adipose tissue (WAT) and pro/anti-brown adipose
tissue (BAT) transduction pathways. PCR analysis was conducted on the QuantStudio™
3 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) at the SAMRC
Primate Unit and Delft Animal Centre (Delft, Western Cape, South Africa) and data
analysis using online GeneGlobe Data Analysis Centre (Qiagen, Germany) [25] .
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2.3.2 Analysis of gPCR data

CT values obtained from qPCR experiments were exported and processed using the
GeneGlobe online platform (http://www.qiagen.com/geneglobe). CT values from contr
ol and treatment groups were normalized against four housekeeping genes: beta-actin
(ACTP), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta-glucuronidase
(GUSP), and heat shock protein 90 alpha family class f member 1 (HSP90AB1). The sta-
bility of the four reference genes was evaluated using the RefFinder algorithm, which
integrates geNorm, NormFinder, BestKeeper, and comparative Delta-Ct approaches.
Relative gene expression was calculated using the 2722t method. Ct values exceeding
35 were excluded, as they were considered below the detection threshold. Gene expres-
sion results were expressed as fold change relative to the control group. Genes with a
fold change > 1.5 were considered differentially expressed, and statistical significance was
determined at p <0.05.

2.3.3 Functional enrichment analysis of DEGs

Gene enrichment analysis was performed to identify the biological pathways and
functions associated with the DEGs in differentiated 3T3-L1 adipocytes treated with
cAuNPs. The analysis was conducted using the ShinyGO v8.0 computational tool. The
upregulated (n=18) and downregulated (n=17) DEGs were used as input for enrich-
ment analysis. The DEGs were analysed for over-representation in the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways, as well as in the three Gene Ontology
(GO) categories: Biological Process (BP), Cellular Component (CC), and Molecular
Function (MF). Enrichment analysis in ShinyGO was performed with the default param-
eters, including a false discovery rate (FDR) correction for multiple testing to ensure
statistical significance. The analysis generated a list of enriched GO terms and KEGG
pathways, which provided insights into the functional roles and biological processes
associated with the upregulated and downregulated DEGs following treatment with
cAuNPs. Enriched terms with an adjusted p-value of <=0.05 were considered statistically
significant. The results were visualized as enrichment plots and bar graphs to illustrate
the most significantly enriched pathways and GO terms in both gene sets, thereby eluci-
dating the molecular mechanisms underlying the cellular response to cAuNPs in differ-
entiated 3T3-L1 adipocytes.

2.3.4 Protein-protein interaction (PPi) network analysis of DEGs

STRING module in Cytoscape was used to investigate the PPi and identify key hub
genes among DEGs in differentiated 3T3-L1 adipocytes treated with cAuNPs. The gene
lists were analyzed separate for upregulated (n=18) and downregulated (n=17) DEGs.
The gene symbols were uploaded into the STRING module within Cytoscape (v. 3.10.2),
and a PPi network was constructed based on a confidence score of >0.4. The interac-
tion networks were visualized to identify functional connections among the DEGs,
revealing direct and indirect relationships based on known and predicted interactions.
Subsequently, the hub genes for upregulated and downregulated DEGs were identified
using the CytoHubba plugin in Cytoscape. The gene lists were input into CytoHubba,
and node scores were calculated using the degree method to determine the top five hub
genes from both upregulated and downregulated gene sets. The degree method, which

counts the number of connections each node has within the network, was chosen due
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to its ability to identify genes with the highest number of direct interactions, thus high-
lighting their centrality and potential biological significance in the context of cAuNPs
treatment.

2.4 Statistical analysis

The data are expressed as the mean + standard error of the mean (SEM) of three inde-
pendent experiments. Cell viability (WST-1) assay and ORO staining comparisons were
performed using two-way analysis of variance (ANOVA). Statistical analysis was per-
formed using GraphPad Prism v 6.1 software (San Diego, CA, USA). Differences were
considered to be statistically significant when the p-value was <0.05.

3 Results and discussion

Synthesis of AuNPs has attracted significant attention in various fields, particularly in
biomedical applications. The unique physicochemical properties of AuNPs offer promis-
ing potential for the development of nanomedicine, that are target specific with sustain-
able effects [27]. Our group, has over the years, extensively investigated the potential
of AuNPs-based therapies for combating obesity through in vitro [18, 28], in vivo, and
ex vivo studies [18]. A study by Wusu et al. demonstrated that untargeted cAuNPs
downregulated genes involved in lipid metabolism, particularly those associated with
steatosis, phospholipidosis, cholestasis, and fatty acid metabolism [19]. These findings
suggested potential anti-lipogenic and anti-obesity effects of cAuNPs, warranting fur-
ther exploration of their effects on adipocytes. In the current study, we investigated the
effects of cAuNPs on differentiated 3T3-L1 adipocytes to confirm and extend the under-
standing of their potential anti-obesity properties.

3.1 Physicochemical properties of cCAUNPs

cAuNPs with an average core diameter of 14 nm were synthesized via the citrate-reduc-
tion method, producing particles with characteristic features consistent with previously
reported studies [18, 22, 28]. The UV-vis absorption spectrum revealed maximum absor-
bance of the cAuNPs at 521 nm (Fig. 1a. The DLS measurements indicated a slightly
higher average hydrodynamic diameter of 16.14 nm (Fig. 1b), reflecting the hydration
layer formed by citrate and water molecules surrounding cAuNPs surface [29]. Citrate
acted as both a reducing and stabilizing agent, capping the AuNPs surface to prevent
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Fig. 1 Physicochemical properties of the cAuNPs. a UV-vis spectrum, b hydrodynamic size from DLS, ¢ Zeta poten-
tial, d HRTEM, and e core size distribution
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Fig. 2 Differentiation of 3T3-L1 cells into adipocytes. a Differentiated cells following MDI induction showing in-
tracellular lipid droplet accumulation; b undifferentiated cells maintained in DMEM lacking lipid droplets. Images
were captured using an EVOS XL Core imaging system under identical imaging conditions for all groups at 10x
magnification
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Fig. 3 Effects of cAuNPs on differentiated and undifferentiated 3T3-L1 cell viability. 3T3-L1 cells were treated with
0and 400 nM cAuNPs for a 24 h; b 48 h and ¢ 72 h. Cell viability was assessed using WST-1 assay. Data are presented
as the mean + SEM of three independent experiments. No statistically significant differences were observed
aggregation and providing colloidal stability, which also influences cellular interactions
and uptake. The cAuNPs had a good colloidal stability in aqueous solution with a zeta
potential ({-potential) or surface charge of — 28.7 mV (Fig. 1c). HRTEM confirmed that
the cAuNPs were spherical, with a core diameter of 14.20 nm (Fig. 1d, e).

These physicochemical properties are critical, as they can significantly influence
nanoparticle interactions with biological systems. The nanoscale size enables efficient
cellular uptake while minimizing cytotoxicity and contributes to particle stability in both
aqueous and biological environments. The negative surface charge reduces aggregation
and enhances biocompatibility. Moreover, the uniform spherical morphology supports
predictable cellular responses, which are essential for reliable in vitro studies [30].

3.2 Effects of cCAuNPs on cell viability and proliferation

The 3T3-L1 preadipocytes were fully differentiated into mature adipocytes at day 10
post-MDI induction, as evidenced by the presence of visible lipid droplets, confirming
successful adipocyte differentiation (Fig. 2a). In contrast, undifferentiated 3T3-L1 cells
maintained under the same conditions without MDI treatment showed no lipid droplets
(Fig. 2b), ruling out auto-differentiation and validating the cell model.

The effect of 14 nm cAuNPs on the viability of differentiated and undifferentiated 3T3-
L1 cells was evaluated using the WST-1 assay. As shown in Fig. 3, the cAuNPs showed
no significant differences between the control group and the evaluated doses at any of
the tested time points. The cell proliferation rates at 48 h (Fig. 3b) and 72 h (Fig. 3¢c)
showed a slight insignificant increase in the percentage of cell viability, especially for the
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Fig. 4 Effect of cAUNPs on the lipid content of 3T3-L1 differentiated cells stained by ORO dye. a Undifferenti-
ated 3T3-L1 preadipocytes, b differentiated 3T3-L1 adipocytes. Red colour represents lipid droplets representing
intracellular lipid content. Images were captured using an EVOS XL Core imaging system under identical imaging
conditions at 40x magnification
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Fig. 5 Effect of cAuNPs on lipid content of 3T3-L1 cells stained by ORO dye quantitative representation. a 24 h.
b 48 h. ¢ 72 h. Data are expressed as mean+S.EM, (n=3). ****p<0.0001, *p < 0.05 compared to untreated undif-
ferentiated controls

undifferentiated cells, thus, indicating a noncytotoxic effect and biocompatibility of the
cAuNPs on 3T3-L1 cells. These findings align with previous studies demonstrating the
biocompatibility of AuNPs, where non-cytotoxic effects in fibroblast and adipocyte cell
models exposed to similar-sized cAuNPs were reported [31-33]. Similarly, Yi et al. found
that cAuNPs enhanced proliferation in mammalian cells without affecting viability [33].
Additionally, Thovhogi et al. [18] and Wusu et al. [19] observed that cAuNPs exhibited
minimal cytotoxicity to colorectal cancer (Caco-2) cells at lower concentrations (< 12.5
nM). However, at higher concentrations, a decline in Caco-2 cell viability was noted sug-
gesting a concentration-dependent response [19].

3.2.1 Reduction of lipid content in 3T3-L1 differentiated adipocytes

The anti-adipogenic effect of cCAuNPs was evaluated using ORO staining in the 3T3-L1
cells at concentrations of 0-400 nM. Microscopic examination of ORO-stained cells
showed no obvious visual differences in lipid droplet accumulation (Fig. 4a—c). How-

ever, quantitative analysis of the solubilized dye as shown in Fig. 5, cAuNPs treatment
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resulted in a concentration-dependent reduction of lipid accumulation in differentiated
3T3-L1 adipocytes. The inhibitory effects of the treatment on adipogenesis were clear on
the three timepoints, and was highest at 72 h, which showed statistical significance even
at the lowest concentration of 25 nM. The capacity to achieve substantial lipid reduction
at low concentrations emphasizes the efficacy of cAuNPs and their therapeutic poten-
tial in developing anti-obesity therapies. These findings were comparable with those of
previous studies demonstrating the ability of cAuNPs to modulate lipid metabolism.
Akter et al. [31] and Chen et al. [34] reported reductions in lipid accumulation in adi-
pocytes treated with AuNPs at higher concentrations. In contrast, our study shows that
lipid inhibition occurs at significantly lower doses (< 400 nM). Additionally, AuNPs sup-
pressed adipogenesis by modulating oxidative stress and gene expression, these mecha-
nisms may contribute to the lipid-reducing effects observed in this study [33, 35].

3.3 Effects of CAuUNPs on gene expression levels of adipogenic genes

The RT? Profiler PCR array data revealed that a total of 35 out of 84 genes were differ-
entially expressed in differentiated 3T3-L1 adipocytes treated with 12.5 nM of cAuNPs,
with 18 genes upregulated and 17 genes downregulated (Table 1). Among which, the
expression of 5 genes, DIk1, Kif2, RunxItl, Rxra, and VDR was downregulated in all
genes and significantly altered compared to the other DEGs. Each of these genes play a
role in adipocyte function and lipid metabolism. DlkI and RunxIt1 are typically involved
in anti-adipogenic processes, where their downregulation specifically signals a reduc-
tion in adipogenesis, as both genes are inhibitors of early adipocyte differentiation (Sul,
[36]). DIkI has a well-defined role in preventing premature fat cell development [37],
while RunxItl restrains adipocyte differentiation [38]. By downregulating these genes,
cAuNPs may help reduce the formation of new fat cells, which could be beneficial in
controlling excessive lipid accumulation within tissues. This effect is particularly valu-
able in managing adipose tissue expansion and associated cellular processes.

Similarly, Rxra and Vdr play pivotal roles in regulating lipid metabolism within adipo-
cytes. Rxra encodes a receptor that mediates retinoid and fatty acid signalling, essential
for lipid storage and mobilization [39], while Vdr, the gene for the vitamin D receptor,
affects both adipocyte differentiation and lipid accumulation [40]. The observed down-
regulation of these genes by cAuNPs suggested that the nanoparticles may be actively
reducing the adipocyte’s capacity for lipid storage, aligning with a broader metabolic
shift towards lipid mobilization rather than retention. Meanwhile, Kif2, recognized
for its anti-WAT effects, was also downregulated, implying that its suppression could
encourage pathways that promote energy expenditure [41]. WAT, the primary site of
fat storage, contrasts with BAT, which is involved in thermogenesis and energy dissipa-
tion [42]. By downregulating KIf2, cAuNPs may foster an environment where adipocytes
shift towards a more energy-dissipative state, supporting a metabolic profile that favours
energy usage over storage.

In addition to the downregulated genes that showed statistically significant changes,
several upregulated genes (Adig, Adipoq, Fabp4, Prdm16, Ucpl, Bmp2, and Klf4), despite
not reaching significance, displayed expression patterns that may have biological rele-
vance in adipocyte function and metabolism. Each of these genes play a role in adipocyte
differentiation, lipid metabolism, or thermogenic regulation. Adipog encodes adipo-
nectin, a key adipokine involved in insulin sensitivity and lipid homeostasis [43], while
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Table 1 Up- and downregulated DEGs in differentiated 3T3-L1 adipocytes treated with cAUNPs

Gene Description Gene Gene Function
Symbol
Upregulated
Adipogenin Adig Adipokines
Adiponectin, C1Q and collagen domain containing Adipoq Adipokines; PPARy Targets
Bone morphogenetic protein 2 Bmp2 Pro-WAT
CcAMP responsive element binding protein 1 Crebpl Pro-Brown Adipose Tissue
Complement factor D (adipsin) Ctd Adipokines; PPARy Targets
Fatty acid binding protein 4, adipocyte Fabp4 PPARy Targets;
Pro-Adipogenesis
Fibroblast growth factor 2 Fgf2 Pro-Adipogenesis
Kruppel-like factor 4 (gut) Klif4 Pro-WAT
Nuclear receptor subfamily 0, group B, member 2 Nrob2 Anti-Brown Adipose
Tissue
Nuclear receptor subfamily 1, group H, member 3 Nrih3 Anti-Brown Adipose
Tissue
Peroxisome proliferator activated receptor alpha Ppara Pro-Brown Adipose Tissue
PR domain containing 16 Prdm16 Pro-Brown Adipose Tissue
Resistin Retn Adipokines; PPARy Targets
Secreted frizzled-related protein 1 Sfrpl Pro-Adipogenesis
Secreted frizzled-related protein 5 Sfrp5 Pro-Adipogenesis
Sonic hedgehog Shh Anti-Adipogenesis
Uncoupling protein 1 (mitochondrial, proton carrier) Ucpl Pro-Brown Adipose Tissue
Wingless-related MMTV integration site 5B Wnt5b Pro-Adipogenesis
Downregulated
Adrenergic receptor, beta 2 Adrb2 Anti-Adipogenesis
Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) Agt Hormones; PPARy Targets
CCAAT/enhancer binding protein (C/EBP), beta Cebpb Pro-Adipogenesis
CCAAT/enhancer binding protein (C/EBP), delta Cebpd Pro-Adipogenesis
Delta-like 1 homolog (Drosophila) DIk1* Anti-Adipogenesis
Dickkopf homolog 1 (Xenopus laevis) Dkk1 Pro-Adipogenesis
Fibroblast growth factor 1 Fgf1 Pro-Adipogenesis
GATA binding protein 3 Gata3 Anti-WAT
Kruppel-like factor 2 (lung) Kif2* Anti-WAT
Lamin A Lmna Pro-Adipogenesis
Leptin Lep Adipokines
Nuclear receptor co-repressor 2 Ncor2 Anti-Adipogenesis
Retinoid X receptor alpha Rxra* Pro-Adipogenesis
Runt-related transcription factor 1; translocated to, 1 (cyclin D-related) Runx7t1* Anti-Adipogenesis
Transcription factor 7-like 2, T-cell specific, HMG-box Tcf712 Anti-Adipogenesis
Vitamin D receptor VDR* Anti-Adipogenesis
Wingless related MMTV integration site 10b Wnt10b Anti-Brown Adipose
Tissue

*Statistically significant at p<0.05

Fabp4 mediates fatty acid transport and is a downstream target of PPARy [44], linking
it to lipid storage. Prdm16 and Ucpl are canonical regulators of BAT [45], promoting
energy expenditure, whereas Bmp2 and KIf4 support adipocyte differentiation and matu-
ration [46]. The concurrent upregulation of these genes may reflect coordinated modula-
tion of adipogenic and energy-dissipating pathways, complementing the downregulation
of anti-adipogenic and lipid storage genes. Together, these patterns suggest that cAuNPs
may favour a metabolic shift toward energy mobilization and thermogenic potential in
3T3-L1 adipocytes.
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Fig. 6 Functional Enrichment Analysis of upregulated genes in cAuNP-treated 3T3-L1 adipocytes. a Enriched

KEGG pathways. b Gene Ontology Biological process (BP) terms. ¢ Gene Ontology Cellular Component (CC) terms.
d Gene Ontology Molecular Functions (MF) terms

Downregulated Genes

(a) KEGG Pathway (b) Biological Processes
N. of Genes
Thyroid cancer = © N ofGenes Fat cell diferentiation = ! @
Basal cell carci 5 2 Positive reg. of developmental proc. = @ . 10
e 3 Negative reg. of transcription DNA-templated = @ ® 12
.4 Negative reg. of nucleic acid-templated transcription = @ ®
Parathyroid hormone synthesis secretion as . 5 Negative reg. of RNA biosynthetic proc. = @ ® 16
Gastric cancer & ®s Negative reg. of nucleobase-containing compound metabolic proc. = ®
ight ventricular 4 :
Broastcancer- @ Tissue development = @
Cushing syndrome = . Reg. of developmental proc. =@ -log10(FDR)
Hippo signaling pathws . ~log10(FDR) Reg. of transcription DNA-templated ~@ ® 77
Tiiecitonsl n a0 P ® 25 Reg. of nucleobase-containing compound metabolic proc. -8 ®7s
ranscriptional misregulation in cancer = ® 30 s oAl ®7s
Chemical carcinogenesis-receptor activat . . s Cell differentiation @ -
Pathways in cancer =@ Cellular developmental proc. @ e o
20 40 60 10 20 30 40
Fold Enichment Fold Enrichment
() Cellular Components (d) Molecular Functions
CHOP-C/EBP complex = . Vitamin D response element binding = N. of Genes
Beta-calenin-TCF7L2 complex = + N.ofGenes Nuclear glucocorticoid receplor binding = » .2
CateninTCF7L2 complex = . .25 Nuclear retinoid X receptor binding = * .a
® 50 Nuclear receptor binding =@ P
® 75 RNA polymerase II-specific DNA-binding transcription factor binding -8 ® s
DNA-binding transcription factor binding 8
Nuclea ® 100 ncing transodpty nang ® 10
Transcription factor binding @
RNA polymerase Il transcription regulal
e g s Signaling receplor activator activity -®
Trensatesion gl anpe 38 RNA polymerase Il cis-regulatory region sequence-specific DNA binding -8
Pk o merase  cis-regul - i
Receptor complex = @ -og10(FOR) poly gy gon o8P ing og10(FOR)
Ch Py is-regulatory region sequence-specific DNA binding
Civomos ( X3 DNA-binding transcription factor activity RNA polymerase Il-specific <8 ® 35
Nuclear protein-containing complex = @ o3 DNA-binding transcription factor activity 8 ® 40
Nucleoplasm =@ o4 Transcription regulator activity -8 ® 45
Nuclear lumen -@ DNA binding -9 ® 50

0 100 200 300 400
Fold Enrichment

02560050
Fold Enrichment

Fig. 7 Functional Enrichment Analysis of downregulated genes in cAuNP-treated 3T3-L1 adipocytes. a Enriched
KEGG pathways. b Gene Ontology Biological process (BP) terms. ¢ Gene Ontology Cellular Component (CC) terms.
d Gene Ontology Molecular Functions (MF) terms

3.3.1 Analysis of KEGG pathways in the DEGs

Functional enrichment analysis was performed to elucidate the biological significance
of the DEGs in differentiated 3T3-L1 adipocytes treated with cAuNPs. The analysis was
conducted separately for upregulated (n=18) and downregulated (n=17) genes using
ShinyGO v8.0, and revealed significant enrichment in several key pathways and biologi-
cal processes as shown in Figs. 6 and 7. KEGG pathway enrichment analysis provided
insights into the pathways that may mediate the biological response to cAuNPs in dif-
ferentiated 3T3-L1 adipocytes. Among the 18 upregulated genes, the top three KEGG
pathways enriched by fold enrichment were the PPAR signalling pathway, Basal cell car-
cinoma, and signalling pathways regulating pluripotency of stem cells (Fig. 4a). Notably,
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the PPAR signalling pathway plays a critical role in regulating lipid metabolism, adipo-
genesis, and energy homeostasis. Activation of PPAR signalling pathway suggested that
cAuNPs treatment may enhance lipid metabolism. The enrichment of pathways asso-
ciated with cell pluripotency may also point to the potential for regenerative effects in
adipose tissues.

Additionally, the KEGG pathway analysis of the 17 downregulated genes indicated
that a significant number of DEGs are involved in pathways associated with cancer, with
the top three pathways enriched being Thyroid cancer, Basal cell carcinoma, and Acute
myeloid leukaemia (Fig. 5a). The presence of cancer-related pathways suggested that
cAuNPs treatment may exert anti-tumorigenic effects, particularly by suppressing genes
involved in uncontrolled cell proliferation. This is of particular interest given the link
between obesity and increased cancer risk, indicating that cAuNPs may influence both
metabolic and cancer-related pathways. Furthermore, research has shown that hyper-
plastic adipogenesis shares certain mechanisms with oncogenic pathways, suggesting
that cAuNPs might exhibit effects that extend beyond traditional lipid metabolism.

3.3.2 Analysis of gene ontology in the DEGs

In addition to KEGG pathway analysis, GO enrichment analysis of both upregulated
and downregulated genes provided further insights into the BP, CC and MF affected by
cAuNPs treatment (Fig. 6). GO enrichment analysis for the upregulated genes revealed
significant over-representation of 15 BP terms, including brown fat cell differentia-
tion, fat cell differentiation, and positive regulation of Wnt signalling pathway (Fig. 6a).
The upregulation of brown fat cell differentiation is particularly important, as BAT is
involved in energy expenditure and thermogenesis, thereby promoting fat burning. In
addition, the positive regulation of the Wnt signalling pathway is relevant for its role
in controlling adipogenesis and glucose metabolism. These findings suggested that
cAuNPs may positively influence adipocyte differentiation and metabolic regulation,
offering potential anti-obesity effects. The analysis also identified enrichment in 9 CC
terms (Fig. 4b) and 15 MF terms (Fig. 6¢). For the downregulated genes, 12 BP terms
were enriched, including fat cell differentiation, positive regulation of developmental
processes, and negative regulation of transcription DNA-templated (Fig. 7b). The sup-
pression of fat cell differentiation and transcriptional regulation may reflect a protec-
tive mechanism against excessive adipogenesis and unregulated fat accumulation. In
addition, 15 CC terms (Fig. 6¢) and 14 MF terms (Fig. 7d) were enriched, indicating the
involvement of these genes in diverse cellular functions.

3.3.3 Protein interaction network analysis of DEGs

The PPi analysis revealed complex interaction networks among the DEGs in differen-
tiated 3T3-L1 adipocytes treated with cAuNPs (Fig. 8). For the upregulated genes, key
nodes within the network demonstrated high connectivity, indicating their central role
in adipogenic and adipokine-related processes (Fig. 8a). The hub gene analysis identified
Adipoq, Retn, Fabp4, Fgf2, and Bmp2 as the top five hub genes among the upregulated
DEGs, ranked in order of their connectivity (Fig. 8b). These genes are involved in adi-
pokine production, adipogenesis, and the differentiation of adipose tissues, suggesting a
role in the response of adipocytes to cAuNPs.
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Hub gene analysis of upregulated genes. ¢ PPi network of downregulated genes. d Hub gene analysis of down-
regulated genes

For the downregulated DEGs, the hub gene analysis highlighted Cebpb, Rxra, Lep,
Ncor2, and Cebpd as the top five genes (Figs. 8c and 8d). These genes are primarily asso-
ciated with adipogenesis, adipokine signalling, and nuclear receptor activity, indicating
their potential role in the suppression of adipogenic pathways in response to cAuNDPs.
Together, these findings suggested that cAuNPs may modulate both pro- and anti-adip-
ogenic gene expression in differentiated adipocytes, affecting key regulatory pathways
involved in adipose tissue metabolism and function.

The observed anti-adipogenic effects of cCAuNPs are likely mediated through modula-
tion of key transcription factors and adipogenic genes. Downregulation of Cebpb and
Cebpd, which are early regulators of PPARy and C/EBPa, suggests that cAuNPs inhibit
adipogenesis at an upstream level. Despite upregulation of Fabp4, the overall reduction
in lipid accumulation indicates disruption of lipid storage processes, potentially through
PPAR signalling and energy-dissipating pathways. Downregulation of Rxra and Vdr fur-
ther highlights interference with the adipogenic network, supporting a shift towards
decreased adipocyte differentiation and lipid accumulation. These results are consistent
with previous reports showing that AuNPs can inhibit adipogenesis by targeting PPARy
and C/EBPa pathways [32, 35].

Several studies have demonstrated the anti-obesity effects of AuNPs in both in vitro
and in vivo models. Akter et al. reported that AuNPs reduced lipid accumulation in
adipocytes by modulating key metabolic pathways [31], while Ansari et al. found that
AuNPs inhibited adipogenesis through the downregulation of PPAR-y and C/EBP-«
[35]. Chen et al. demonstrated that AuNPs enhanced mitochondrial activity and pro-
moted lipolysis, leading to a reduction in adipose tissue mass [34]. Gao et al. observed
improvements in glucose metabolism and insulin sensitivity in a high-fat diet-induced
obesity model [47]. Functionalized AuNPs were also shown to suppress lipid accumula-
tion in both HepG2 and 3T3-L1 cells [33], highlighting their potential in obesity man-
agement. Furthermore, Simu et al. found that PEGylated AuNPs inhibited adipocyte
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differentiation by activating the AMPK signalling pathway [32], while Li et al. demon-
strated significant reductions in body weight and fat mass in obese rats following AuNP
treatment [48]. These findings suggest that AuNPs could serve as promising therapeutic
agents for obesity by inhibiting adipogenesis, promoting lipolysis, and improving meta-
bolic function.

4 Conclusion

In this study, 14 nm cAuNPs demonstrated low to no cytotoxic effects on both differen-
tiated and undifferentiated 3T3-L1 cells, suggesting that the cAuNPs are biocompatible.
Quantitative assays demonstrated that cAuNPs reduced lipid accumulation in a concen-
tration dependent manner, supporting their anti-adipogenic effects. Gene expression
analysis revealed regulation of key genes involved in lipid metabolism and adipogen-
esis, providing insights into the molecular mechanisms underlying these effects. Path-
way enrichment analyses, including KEGG and GO, indicated that cAuNPs activate lipid
metabolism pathways and promote thermogenesis while downregulating genes involved
in adipogenesis. These changes in gene expression suggested that cAuNPs may support
a shift towards an energy-expending cell phenotype, indicating potential anti-obesity
effects. Collectively, these findings suggest that cAuNPs have therapeutic potential in
metabolic health management, particularly in reducing lipid accumulation in adipose
tissue. Notably, the anti-obesity effects of AuNPs have been demonstrated in vivo, as sig-
nificant improvements in body composition in a rat model of diet-induced obesity were
reported. Nevertheless, further research is necessary to evaluate the effects of cAuNPs in
in vivo models, optimize AuNPs formulation for clinical use, and investigate long-term
safety to fully understand their potential in therapeutic applications for the management
and treatment of obesity and obesity-related diseases.

Acknowledgements
The manuscript is part of the MSc thesis by Mrs A Hyera, full thesis is available online "https://hdl.handle.net/10566/1338
3’ the University of the Western Cape Library Sciences has granted permission to publish.

Author contributions

AH - Investigation, Formal analysis, Writing - original draft preparation, project administration; JRS - Methodology,

Formal analysis, Supervision, Resources, Writing-review and editing; AOF -Methodology, Formal analysis, Writing-

review and editing; KBG -Methodology, Formal analysis, Writing-review and editing; ZM - Investigation, Formal analysis,
Writing-review and editing; AMM - Conceptualization, Methodology, Resources, Writing-review and editing; MM -
Conceptualization, Methodology, Resources, Writing-review and editing; NRSS - Conceptualization, Methodology, Formal
analysis, Supervision, Resources, Writing-review and editing. All authors have read and agreed to the published version of
the manuscript.

Funding
The study was funded by UWC Nanotechnology Platform and the DSTI Master of Science in Nanoscience Programme.

Data availability

The microarray datasets generated and analyzed during the current study are available in the NCBI Gene Expression
Omnibus repository, available at https.//www.ncbi.nlm.nih.gov/geo/query/acc.cgi? acc=GSE310135, accession number:
GSE310135.

Declarations

Ethics approval and consent to participate
Not applicable.

Clinical trial number
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 3 November 2025 / Accepted: 18 May 2026


https://hdl.handle.net/10566/13383
https://hdl.handle.net/10566/13383
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi

Hyera et al. Discover Nano (2026) 21:243

Published online: 06 June 2026

References

1.

2.

20.

21

22.

23.

24.

25.

26.
27.

28.

29.
30.

32.

WHO. 2020. Obesity and overweight. World Health Organization. Available at: https.//www.who.int/news-room/fact-sheet
s/detail/obesity-and-overweight [Accessed 15 April 2023].

Kawasaki N, Asada R, Saito A, Kanemoto S, Imaizumi K. Obesity-induced endoplasmic reticulum stress causes chronic
inflammation in adipose tissue. Sci Rep. 2012;2(1):1-7.

Kumar S. Cardiovascular disease and its determinants: Public health issue. J Clin Med Kaz. 2017;3(53):6-11.

Umer A, Kelley GA, Cottrell LE, Giacobbi Jr P, Innes KE, Lilly CL. Childhood obesity and adult cardiovascular disease risk fac-
tors: a systematic review with meta-analysis. BMC Public Health. 2017;17(1):1-24.

Hidayat K, Du X, Chen G, Shi M, Shi B, Qin LQ, Su Q. Abdominal obesity and lung cancer risk: systematic review and meta-
analysis of prospective studies. Nutrients. 2016;8(12):810.

Recalde M, Pistillo A, Davila-Batista V, Leitzmann M, Romieu |, Viallon V, Freisling H, Duarte-Salles T. Longitudinal body mass
index and cancer risk: a cohort study of 2.6 million Catalan adults. Nat Commun. 2023;14(1):3816.

Owolabi EO, Goon D, Adeniyi OV, Seekoe E. Adult obesity in South Africa: prevalence, associated factors, and health risk.
Int J Environ Res Public Health. 2022;19(4):2639.

Gadde KM, Martin CK, Berthoud HR, Heymsfield SB. Obesity: pathophysiology and management. J Am Coll Cardiol.
2018;71(1):69-84.

Bays HE, Weinstein R, Law C, Canovatchel W. Canagliflozin: effects in overweight and obese subjects without diabetes
mellitus. Obesity. 2022;22(4):1042-9.

Pelaz B, Alexiou C, Alvarez-Puebla RA, Alves F, Andrews AM, Ashraf S, Balogh LP, Ballerini L, Bestetti A, Brendel C, Bosi S.
Diverse applications of nanomedicine. ACS Nano. 2017;11(3):2313-81.

Jeevanandam J, Barhoum A, Chan YS, Dufresne A, Danquah MK. Review on nanoparticles and nanostructured materials:
history, sources, toxicity and regulations. Beilstein J Nanotechnol. 2018;9(1):1050-74.

Elahi N, Kamali M, Baghersad MH. Recent biomedical applications of gold nanoparticles: A review. Talanta.
2018;184:537-56.

Shaikh S, Nazam N, Rizvi SMD, Ahmad K, Baig MH, Lee EJ, Choi . Mechanistic insights into the antimicrobial actions of
metallic nanoparticles and their implications for multidrug resistance. Int J Mol Sci. 2019;20(10):2468.

Pourmadadi M, Shokrollahi E, Mohammadi-Samani S, Zolghadr AR. 2022. Synthesis of gold nanoparticles using Calligo-
num comosum extract: Antidiabetic, anticancer, and antibacterial activities. Journal of Biomaterials Science, Polymer Edition,
33(8), pp.1050-1068.

Sibuyi NR, Moabelo KL, Meyer M, Onani MO, Dube A, Madiehe AM. Nanotechnology advances towards development of
targeted-treatment for obesity. J Biotechnol Mol Sci. 2019;17(1):122.

Chen H, Dorrigan A, Saad S, Hare DJ, Cortie MB, Valenzuela SM. In vivo study of spherical gold nanoparticles: inflammatory
effects and distribution in mice. PLoS ONE. 2018;8(2):e58208.

Kim JH, Kim JH, Kim KW, Kim MH, Yu YS. Intravenously administered gold nanoparticles pass through the blood-retinal
barrier depending on the particle size, and induce no retinal toxicity. Nanotechnology. 2009;20(50):;p505101.

Thovhogi N, Sibuyi N, Meyer M, Onani M, Madiehe A. Targeted delivery using peptide-functionalised gold nanoparticles to
white adipose tissues of obese rats. J Nanopart Res. 2015;17(2):1-12.

Wusu DA, Sibuyi NR, Fadaka AO, Meyer M, Madiehe AM. Citrate-capped gold nanoparticles with a diameter of 14 nm alter
the expression of genes associated with stress response, cytoprotection and lipid metabolism in CaCo-2 cells. Nanotech-
nology. 2022;33(10):105101.

Ruiz-Ojeda FJ, Rupérez Al, Gomez-Llorente C, Gil A, Aguilera CM. Cell models and their application for studying adipogenic
differentiation in relation to obesity: a review. Int J Mol Sci. 2016;17(7):1040.

Zebisch K, Voigt V, Wabitsch M, Brandsch M. Protocol for effective differentiation of 3T3-L1 cells to adipocytes. Anal Bio-
chem. 2012;425(1):88-90.

Sosibo NM, Keter FK, Skepu A, Tshikhudo RT, Revaprasadu N. Facile attachment of TAT peptide on gold monolayer pro-
tected clusters: synthesis and characterization. Nanomaterials. 2015;5(3):1211-22.

Haiss W, Thanh NT, Aveyard J, Fernig DG. Determination of size and concentration of gold nanoparticles from UV -Vis
spectra. Anal Chem. 2007;79(11):4215-21.

Sung HK, Doh KO, Son JE, Park JG, Bae Y, Choi S, Nelson SM, Cowling R, Nagy K, Michael IP, Koh GY. Adipose vascular endo-
thelial growth factor regulates metabolic homeostasis through angiogenesis. Cell Metabol. 2011;13(1):81-94.

Mbengashe A, Sharma JR, Sibuyi NRs. 2023. Investigation of the anti-obesity effects of citrate-capped gold nanoparticles
on 3T3-L1 cells and their genetic profiling. MSc Mini thesis, available online: https://hdl.handle.net/10566/13383
Ramotowski, R.S., 2012. Lipid reagents. Lee and Gaensslen’s Advances in Fingerprint Technology, pp.83-96.

Nejati K, Dadashpour M, Gharibi T, Mellatyar H, Akbarzadeh A. Biomedical applications of functionalized gold nanopar-
ticles: a review. J Cluster Sci. 2022;33:1-16.

Sibuyi NR, Thovhogi N, Gabuza KB, Meyer MD, Drah M, Onani MO, Skepu A, Madiehe AM, Meyer M. Peptide-functionalized
nanoparticles for the selective induction of apoptosis in target cells. Nanomedicine. 2017;12(14):1631-45.

Nanocomposix. Zeta potential analysis of nanoparticles. San Diego: Nanocomposix. 2012;1(1):1-6.

lelo |, Rando G, Giacobello F, Sfameni S, Castellano A, Galletta M, Drommi D, Rosace G, Plutino MR. Synthesis, chemi-
cal-physical characterization, and biomedical applications of functional gold nanoparticles: A review. Molecules.
2021;26(19):5823.

Akter R, Ling L, Rupa EJ, Kyupark J, Mathiyalagan R, Nahar J, Won LJ, Hyun KD, Murugesan M, Yang DC, Kang SC, Kwak GY.
Binary Effects of Gynostemma Gold Nanoparticles on Obesity and Inflammation via Down regulation of PPARy/CEPBa and
TNF-a Gene Expression. Molecules. 2022;27(9).

Simu SY, Ahn S, Castro-Aceituno V, Singh P, Mathiyalagan R, Jiméénez-Péérez ZE, Hurh J, Oi LZ, Hun NJ, Kim YJ, Yang DC.
Gold Nanoparticles Synthesized with Fresh Panax ginseng Leaf Extract Suppress Adipogenesis by Down regulating PPAR y
/CEBP a Signaling in 3T3-L1 Mature Adipocytes. J Nanosci Nanotechnol. 2018;19(2):701-708.

Page 15 of 16


https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://hdl.handle.net/10566/13383

Hyera et al. Discover Nano (2026) 21:243

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Yi MH, Simu SY, Ahn S, Aceituno VC, Wang C, Mathiyalagan R, Hurh J, Batjikh |, Ali H, Kim YJ, Kim S, Yang DC. Anti-obesity
Effect of Gold Nanoparticles from Dendropanax morbifera Lééveille by Suppression of Triglyceride Synthesis and

Down regulation of PPARy and CEBPa Signaling Pathways in 3T3-L1 Mature Adipocytesand HepGz2 Cells. Curr Nanosci.
2020;16(2):196-203.

Chen H, Ng JPM, Tan'Y, McGrath K, Bishop DP, Oliver B, Chan YL, Cortie MB, Milthorpe BK, Valenzuela SM. Gold nanopar-
ticles improve metabolic profile of mice fed a high-fat diet. J Nanobiotechnology. 2018;16(1).

Ansari SA, Bari A, Ullah R, Mathanmohun M, Veeraraghavan VP, Sun Z. Gold nanoparticles synthesized with Smilaxglabra
rhizome modulates the anti-obesity parameters in high-fat diet and streptozotocin induced obese diabetes rat model. J
Photochem Photobiol B, Biol. 2019;201.

Sul HS, Minireview. Pref-1: role in adipogenesis and mesenchymal cell fate. Mol Endocrinol, 2009;23(11):1717-25.

Wang Y, Sul HS, Kim KH. Pref-1, a preadipocyte secreted factor that inhibits adipogenesis. J Nutr. 2006;136(12):2953-2956.
Rochford JJ, Semple RK, Laudes M, Boyle KB, Christodoulides C, Mulligan C, Lelliott CJ, Scheja L, Sethi JK, Vidal-

Puig A, O'Rahilly S. ETO/MTGS is an inhibitor of C/EBPB activity and a regulator of early adipogenesis. Mol Cell Biol.
2004,34(5):965-80.

Lefebvre P, Benomar Y, Staels B. Retinoid X receptors: common heterodimerization partners with distinct functions. Trends
Endocrinol Metabolism. 2010;21(11):676-83.

Wong KE, Kong J, Zhang W, Szeto FL, Ye H, Deb DK, Brady MJ, Li YC. Targeted expression of human vitamin D receptor in
adipocytes decreases energy expenditure and induces obesity in mice. J Biol Chem. 2011;286(39):33804-10.

Wu J, Srinivasan SV, Neumann JC, Lingrel JB. The KLF2 transcription factor does not affect the formation of preadipocytes
but inhibits their differentiation into adipocytes. Biochemistry. 2005;44(33):11098-105.

Rosen ED, Spiegelman BM. What we talk about when we talk about fat. Cell. 2014;156(1-2):20-44.

Engin A. 2017. Adiponectin-resistance in obesity. Obes lipotoxicity, pp415-41.

Garin-Shkolnik T, Rudich A, Hotamisligil GS, Rubinstein M. FABP4 attenuates PPARy and adipogenesis and is inversely cor-
related with PPARy in adipose tissues. Diabetes. 2014;63(3):900-11.

Jiang N, Yang M, Han Y, Zhao H, Sun L. PRDM16 regulating adipocyte transformation and thermogenesis: a promising
therapeutic target for obesity and diabetes. Front Pharmacol. 2022;13:870250.

Liu GS, Chan EC, Higuchi M, Dusting GJ, Jiang F. Redox mechanisms in regulation of adipocyte differentiation: beyond a
general stress response. Cells. 2012;1(4):976-93.

Gao L, HuY, Hu D, LiY,Yang S, Dong X, Alharbi SA, Liu H. Antiobesity activity of gold nanoparticles synthesized from
Salacia chinensis modulates the biochemical alterations in high-fat diet-induced obese rat model via AMPK signaling
pathway. Arab J Chem. 2020;13(8):6589-6597.

LiW,Wan H,Yan S, Yan Z, Chen Y, Guo P, Ramesh T, Cui Y, Ning L. Gold nanoparticles synthesized with Poria cocos modu-
lates the anti-obesity parameters in high-fat diet and streptozotocin induced obese diabetes rat model. Arab J Chem.
2020;13(7):5966-5977.

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

Page 16 of 16



	﻿Citrate reduced gold nanoparticles lowered lipid content in differentiated 3T3-L1 adipocytes by altering the expression of adipogenic genes
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿cAuNPs synthesis and characterization
	﻿2.2﻿ ﻿Effect of cAuNPs on 3T3-L1 cells
	﻿2.2.1﻿ ﻿Preadipocyte differentiation
	﻿2.2.2﻿ ﻿Cell viability analysis
	﻿2.2.3﻿ ﻿ORO staining


	﻿2.3﻿ ﻿Adipogenesis RT﻿2﻿ PCR array analysis
	﻿2.3.1﻿ ﻿RNA extraction, reverse transcription, and qPCR
	﻿2.3.2﻿ ﻿Analysis of qPCR data
	﻿2.3.3﻿ ﻿Functional enrichment analysis of DEGs
	﻿2.3.4﻿ ﻿Protein-protein interaction (PPi) network analysis of DEGs

	﻿2.4﻿ ﻿Statistical analysis
	﻿3﻿ ﻿Results and discussion
	﻿3.1﻿ ﻿Physicochemical properties of cAuNPs
	﻿3.2﻿ ﻿Effects of cAuNPs on cell viability and proliferation
	﻿3.2.1﻿ ﻿Reduction of lipid content in 3T3-L1 differentiated adipocytes


	﻿3.3﻿ ﻿Effects of cAuNPs on gene expression levels of adipogenic genes
	﻿3.3.1﻿ ﻿Analysis of KEGG pathways in the DEGs
	﻿3.3.2﻿ ﻿Analysis of gene ontology in the DEGs
	﻿3.3.3﻿ ﻿Protein interaction network analysis of DEGs

	﻿4﻿ ﻿Conclusion
	﻿References


