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ABSTRACT

The rising worldwide obesity rate is associated with various metabolic disorders such as hypertension, stroke, type 2 
diabetes, cancer, and exacerbation of health challenges throughout the world. Lagerstroemia speciosa offers multiple 
health benefits, including anticancer, cardiovascular, nephroprotective, hypertension, insulin sensitivity, anti-
diabetic, and inflammation-related conditions. The present study explored the comparative anti-adipogenic effects 
of different extracts and spherical gold nanoparticles (Au-NPs) synthesized with fresh L. speciosa leaf (LS-Au-NPs) 
using 3T3-L1 mature adipocytes. Cell viability was assessed using an MTT assay, and reactive oxygen species (ROS) 
production was evaluated using the 2′,7′-dichlorodihydrofluorescein diacetate method. The gene expression pattern 
of key adipogenic genes, peroxisome proliferator-activated receptor gamma, CCAAT/enhancer binding protein alpha, 
and ap2 was quantified using reverse transcription polymerase chain reaction. Results demonstrated that leaf extracts 
and Au-NPs were non-toxic to 3T3-L1 cells up to a specific concentration and significantly reduced ROS generation, 
lipid accumulation, and triglyceride content in induced obese cells. Aqueous, supercritical fluid extraction (SFE) 
extract, and AuNPs exhibited the most potent effects, while the methanol extract showed moderate effects, and 
the n-hexane extract had negligible effects on gene expression regulation. Altogether, these results showed that all 
effective treatments significantly downregulated the transcriptional adipogenic genes, reflecting their potent anti-
obesity potential. SFE exhibited more pronounced effects due to the non-toxicity of the solvent. Thus, the plant leaf 
is a rich source of phenolic and flavonoid compounds that coat the surface of Au-NPs and help to reduce excess lipid 
and triglyceride content in the cells.

1. INTRODUCTION

Obesity is a significant health concern throughout the world, 
impacting billions of people. The current trends indicate that by 2030, 
approximately 3.3 billion individuals and 57.8% of adults worldwide 
will experience overweight and obesity [1]. It is a metabolic syndrome 
that develops when the energy consumption rate exceeds the energy 
utilization rate, leading to an increase in fat cell number and size through 
hypertrophy and hyperplasia [2]. Abnormal expansion can contribute 
to various endocrine and metabolic illnesses, including hypertension, 
insulin resistance, and dyslipidemia, all of which elevate the risk of 
type 2 diabetes mellitus disease [3]. Major drivers of this epidemic 
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include diet with high in cholesterol, sugars, and saturated fat, 
combined with a sedentary lifestyle that can lead to disruption of gene 
expression and transcription factor activity, promoting triglyceride 
content and lipid accumulation within body organs [4]. Furthermore, 
an extremely high-fat diet leads to hyperlipidemic conditions, which 
subsequently increase the production of reactive oxygen species 
(ROS), differentiation of adipocytes, and the fatty acid oxidation 
process [5]. Peroxisome proliferator-activated receptor gamma 
(PPAR-γ), CCAAT/enhancer binding protein alpha (C/EBP-α), and 
ap2 are the most critical transcription factor that controls the process 
of lipid storage, adipocyte differentiation, and fatty acid oxidation 
process [6]. The whole process of adipogenesis occurs in two stages: 
Clonal expansion and terminal differentiation. During expansion, 
cells express specific proteins and activate transcription factors 
C/EBP-α and PPAR-γ. These activated transcription factors then 
perform the function of terminal differentiation and accumulation of 
lipid droplets [7].
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Approved standard drugs (orlistat and sibutramine) primarily 
emphasize energy intake reduction, while, till now, no approved 
medication can target the energy expenditure process [8]. Despite that, 
persistent use of anti-obesity synthetic drugs can lead to severe effects 
on the whole body’s organs [9]. Therefore, the development of novel, 
natural, traditional treatments that effectively cure obesity and related 
metabolic disorders with severe effects is essential. Recent research 
has shown that various medicinal herbs offer tremendous beneficial 
effects in addressing obesity complications [10]. Their natural 
compounds promote lipolysis, inhibit adipogenesis, and restrict lipid 
droplet formation within 3T3-L1 preadipocytes by downregulating 
PPAR-γ, C/EBP-α, and ap2 genes.

Lagerstroemia speciosa is a beneficial medicinal plant from 
the Lythraceae family, native to tropical regions of Australia, 
Malaysia, the Philippines, India, and southern China [11]. More 
than 35 phytoconstituents, namely ellagic acid, corosolic acid, 
quercetin, and flavones, have been identified and isolated from the 
L. speciosa [12]. The plant performs diverse biological activities, 
namely hepatoprotective, nephroprotective, and inhibition of 
tumor necrosis factor alpha production [13], xanthine oxidase 
inhibition [14], antimicrobial, antioxidant, anticancer, anti-
obesity, hypolipidemic [11], analgesic, gastrointestinal [15], 
diuretic, thrombolytic [16], cardiovascular [17], anti-diabetic, 
anti-cancer [18], anti-hepatic steatosis [19], anti-ulcerative colitis, 
treat hypertension [20], urinary dysfunctions, and gastrointestinal 
disturbances [21].

Previous investigations demonstrated that L. speciosa leaf extract shows 
promising in vivo and in vitro anti-cancer activity against the A549 
cell line and lung tumorigenesis mouse model, respectively [22]. The 
presence of key phytocompounds such as corosolic acid and ethanolic 
extract shows tremendous anti-adipogenic/obesity activity in 
high-fat-diet-induced albino rats [23]. Treatment with DLBS3233 
fraction mitigates insulin resistance in women with polycystic ovary 
syndrome [24]. Synthesized silver nanoparticles from the flower buds 
of L. speciosa against clinical pathogenesis and dose-dependent anti-
cancer activity on osteosarcoma (MG-63) cells [25].

A practical approach to increasing the bioavailability of plant-based 
compounds is the development of nanosized formulations [26]. 
Nanoparticles improve the therapeutic efficacy and bioavailability of 
phytocompounds by increasing their surface area. Smaller nanoparticles 
are more easily taken up by macrophage cells, enhancing therapeutic 
rates [27]. Despite promising preclinical findings, clinical evidence 
supporting the therapeutic efficacy of plant molecular analysis in the 
context of anti-obesity remains limited. Therefore, the present study has 
been taken to evaluate the comparative effects of aqueous methanol, 
Supercritical Fluid Extraction (SFE), n-hexane, and synthesized gold 
nanoparticles (Au-NPs) on lipid accumulation, ROS generation, 
triglyceride levels, and regulation of relative adipogenic m-RNA gene 
expression in mature adipocytes. The novelty of the present work lies 
in the innovative nanoparticle formulation from L. speciosa and the 
comparative extraction approach, enabling enhanced anti-adipogenic 
activity over conventional extracts.

2. MATERIALS AND METHODS

2.1. Sample Collection
Based on the morphology and literature study, fresh mature leaf tissue 
samples in the early summer season were collected from the local 
area of M.D. University, Rohtak (Latitude 28.8770° N and Longitude 

76.6211° E), having 28.8770° N and 76.6211° E geographical 
attributes. All samples are carefully brought to the laboratory for further 
processing. Plant samples are authenticated by the CSIR-National 
Institute of Science Communication and Policy Research (CSIR-
NIScPR), Dr. K S Krishnan Marg, Pusa Campus, New Delhi - 110012, 
having authentication no. NIScPR/RHMD/Consult/2022/4075-76.

2.2. Extract Preparation using Different Solvents
Collected samples were rinsed with tap water and deionized water 
to remove extraneous matter. The leaf tissue samples were air-dried 
and chopped into fine pieces, followed by grinding into a fine powder 
using a mixer grinder, and then extracted with different solvents, such 
as aqueous, methanol, and n-hexane, by taking 10–15 g fresh tissue 
samples in 300 mL distilled water, boiling for 35 min. The extracts 
were filtered using the Whatman No. 1 filter paper, and the solvent was 
subsequently evaporated by keeping the samples in a rotary evaporator 
InKarp (model no RV21A & RV31A Rotary Evaporator) at 37℃ [28].

2.3. Leaf Extract Preparation using SFE
Sample jackets of machine vials are packed with 10 g of leaf-powdered 
plant material. Static extraction mode was operated during extraction 
by using CO2 as a carrier gas. The flow rates were kept at 1 mL/min 
at 240°C and 260 MPa pressure in the SFE extractor machine. The 
sample was collected in the collection tube, which was evaporated at 
37°C, i.e., room temperature, to eliminate residual CO2. The extract 
was then lyophilized (Hyper cool HC3110). The lyophilized samples 
were stored at 4°C for further analysis [29].

2.4. Phytochemical Screening
Preliminary phytochemical screening was performed for terpenoids, 
protein and amino acids, glycosides, alkaloids, saponins, carbohydrates, 
steroids, flavonoids, and phenols as previously described method with 
slight modifications [30].

2.5. Synthesis of Au-NPs
Au-NPs were synthesized from L. speciosa leaves using a standard 
protocol with slight modifications [31]. In a 500 mL conical flask, the 
fresh filtered leaf extract was reacted with a 0.5 mM concentration 
solution of tetrachloroaurate salt (HAuCl4) in 9:1 (HAuCl4 salt: plant 
extract) at room temperature under constant static conditions. The 
reaction mixture immediately changed color from slightly pale yellow 
to ruby pink in 3  min, confirming the synthesis of Au/L-speciosa 
nanoparticles. Ultraviolet (UV)-visible spectra were performed at 
546 nm to confirm the Au-NPs synthesis.

2.6. Characterization of Synthesized Nanoparticles
Nanoparticle reduction was initially confirmed using a double-
beam UV-vis spectrophotometer (Shimadzu, 2450). The reduced 
nanoparticle emulsion was dried into powder form using a Hyper-
COOL HC3110 lyophilizer. Fine-dried crystal samples were collected 
in air-tight amber tubes for further structural and compositional 
analysis using field emission scanning electron microscopy (FE-
SEM) at Guru Jambheshwar University, Hisar, Transmission Electron 
Microscopy (TEM) at SAIF-CIL Panjab University, Chandigarh, 
Fourier-Transform Infrared Spectroscopy (FTIR), and X-ray 
diffraction (XRD) at the Department of Physics at Maharshi Dayanand 
University, Rohtak. The functional group of compounds responsible 
for bio-reduction was analyzed using FTIR. The size and stability 
were studied using a Zeta-Sizer and Zeta Potential. The crystallinity 
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of nanoparticles was investigated by XRD. Shape and morphological 
characters were analyzed using SEM. The average size distribution 
was studied using TEM.

2.6.1. Zeta potential/zeta sizer study
The Malvern 7.13 particulate analyzer system was used to measure the 
stability potential of the nanomaterial. The ±30-mV zeta potential value 
of the dissolved suspension signifies strong electrostatic repulsion and 
stable dispersion of Au-NPs. The ±20 mV potential is necessary for the 
steric and electrostatic combined effect [32].

2.6.2. Attenuated total reflection (ATR)-FTIR study
The sample (2 mg) was prepared by thoroughly distributing the Au-NPs 
in a matrix of dry KBr, which was compressed to form a transparent 
disc. KBr served as a reference for analyzing the test material. The 
spectra were scanned in the range of 600–3600 cm-1 at a resolution of 
4 cm-1 using an ATR-FTIR instrument (Bruker) [33].

2.6.3. XRD analysis
The crystallinity of the synthesized nanoparticles was examined using 
a benchtop Rigaku MiniFlex 600 X-ray diffractometer equipped with 
Cu Kα radiation (λ = 1.540598 Å) operated at 40  kV voltage and 
15 mA current. The diffraction patterns of nanoparticles were traced in 
the diffraction range of 2θ, having 10–90° [34]. The average crystallite 
size  of the Au-NPs was calculated using the Debye-Scherrer equation, 
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2.6.4. SEM
The FE-SEM was employed to examine the surface morphology of the 
synthesized Au-NPs [35]. The samples were coated on a slide and then 
mounted with platinum in an auto fine coater. After that, the sample 
was subjected to examination using FE-SEM JEOL (Semtrac Japan).

2.6.5. TEM
An aliquot of 10 μL sample was placed on a copper grid covered with 
a formvar-carbon film of 300 mesh size. The covered copper grid was 
undisturbed for drying for at least 1 h and then placed in a vacuum 
chamber [36]. Interplanar spacing of crystal planes was analyzed at a 
voltage of 200 kV with high-resolution TEM (HR-TEM) micrograph 
digital analysis (version 3.0).

2.7. 3T3-L1 cell culture and maintenance
3T3-L1 fibroblasts were purchased from American Type  Culture 
Collection (ATCC) and cultured in basal medium [Dulbecco’s 
Modified Eagle Medium (DMEM, Cat. no. 12- 604F, Lonza, Basel, 
Switzerland) supplemented with 1% penicillin-streptomycin (Cat. 
no. 15140122, GIBCO) and 10 % v/v FBS (Cat. no. ATCC 092910154, 
MP Biomedicals). Cell cultures were maintained in accordance with 
ATCC procedures.

2.7.1. Differentiation of 3T3-L1 cells
80% confluent, 3T3-L1 pre-adipocytes were differentiated into 
adipocytes by supplementing the differentiation medium (basal media 
supplemented with 0.5 mM IBMX, 1μg/ml insulin, and 0.1 μM DMS) 
for 48h. Subsequently, the induced cells were cultured in a maintenance 
medium (basal medium supplemented with 1 μg/mL insulin) for 
8–14 days, with media replacement on alternate days.

2.8. Cell Viability Assessment
Percent cell viability was assessed using an MTT assay. 3T3-L1 
preadipocyte cells were seeded at a density of 1 × 104 cells per well 

into a 96-well plate and incubated overnight prior to achieving 80% 
confluency; the cells were treated with different concentrations, 
namely 50, 100, and 200 μg/mL of leaf extract, and their synthesized 
Au-NPs for 24 h. Upon treatment, the media were changed with MTT 
(1 mg/mL), and cells were kept in the dark for 4 h at 37℃. Resulting 
formazan crystals produced by the metabolically active/functional 
cells were liquefied in DMSO, and the absorption value was recorded 
at 570 nm with the help of a microplate reader (Spectra Max M5e, 
Molecular Devices LLC), according to the previously described 
method [37]. The cytotoxicity values of the tested compounds and 
nanoparticles are determined using the formula:

OD of test sample (mean) 100
OD of Contr

% Cell viabili
ol (mean)

ty= ×

2.9. Lipid Staining
Cells were thoroughly washed with phosphate-buffered saline (PBS) 
and fixed with 4% (v/v) formaldehyde in PBS for 20 min. Cells were 
rinsed thrice with PBS and 60% isopropanol for 5 min. Subsequently, 
staining was performed with 0.2% Oil-Red-O (ORO) solution (Cat. 
no O-0625, Sigma-Aldrich) prepared in isopropyl alcohol (IPA) for 
10  min at room temperature. After staining, the cells were washed 
with 60% IPA to remove excess dye, and the stained lipids were 
examined at ×20 magnification using a microscope. Stained cells were 
subjected to incubation in 100% isopropanol for 10 min to quantify 
lipid accumulation and extract the ORO dye from the lipid droplets. 
Absorbance was recorded at 570 nm using a microplate reader [38].

2.10. ROS Analysis
ROS production was assessed using 2′,7′-dichlorodihydrofluorescein 
diacetate (H2DCFDA) dye to measure ROS levels. 3T3-L1 
preadipocytes were cultured to full confluence, induced to differentiate 
into adipocytes, and subjected to specified treatments. Following 
treatment (50, 100, and 200 µg/mL), the cells were rinsed with PBS 
and exposed to 10 μM H2DCF-DA dye for 30 min in a dark condition 
within an incubator maintained at 37°C with 5% CO2. Subsequently, 
the fluorochrome was removed, and the cells were rinsed with PBS 
before being examined under fluorescence microscopy, employing 
appropriate excitation and emission wavelengths for green fluorescence 
between 485 nm and 530 nm, respectively [39].

2.11. Triglycerides Estimation
The cells underwent an 8-day differentiation process followed by 
treatment with various doses of 50, 100, and 200 µg/mL. After treatment, 
the cells underwent two washes with PBS buffer, and then, 2  mL of 
hexane:  IPA (3:2) solution was added and incubated for 30 min. The 
resulting supernatant was transferred to fresh, labeled tubes, and placed 
in a fume hood for evaporation. The lipids were then reconstituted 
in 0.4 mL of a standard diluent (×1). In a 96-well plate, samples and 
standards (10 µL each) were added to designated wells, followed by 
150 µL of a diluted enzyme mixture solution. The plate was gently 
covered and kept in the dark for 30  min at 37°C. Absorbance was 
subsequently recorded at 530–550 nm using a microplate reader [40].

2.12. RNA Extraction and Gene Expression Analysis
The gene expression was performed according to standard reverse 
transcription polymerase chain reaction (PCR) MIQE guidelines [41]. 
Total RNA was extracted from adipocytes after 48 h of treatment from 
days 8 to 10 using a previously standardized triazole (RNA extraction 
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agent) based method [42]. The cells were washed in PBS and 
homogenized in 1 mL of triazole. The homogenate was then vortexed, 
and 200 μL ice-cold chloroform was added, followed by incubation 
for 3–5 min. The mixture was centrifuged at 12,000 rpm for 15 min 
for layer separation. The top transparent layer was carefully collected 
in a fresh tube, to which an equal volume of chilled isopropanol was 
added and incubated for 10 min at 4°C. RNA pellet was obtained by 
centrifugation for 15 min at 12,000 rpm, and was subsequently washed 
with freshly prepared 75% ethanol (molecular grade ethanol prepared 
in nuclease-free [NF] water). RNA pellet was eluted in 30–40 μL of 
NF-water. Extracted RNA quality was assessed using a 1.2% agarose 
gel and quantified using a spectrophotometer (Nanodrop, Thermo 
Scientific, USA). A good quality RNA was then subjected to DNase 
treatment followed by reverse transcription for cDNA synthesis 
using a commercially available kit (Thermofisher Scientific, DNase, 
and RevertAid cDNA synthesis kit). Gene expression analysis was 
performed using quantitative Real-time PCR (Quantitative PCR 
[qPCR]) employing iTaq Universal SYBR Green Supermix (Bio-Rad, 
California, United States) using different primers [Table 1]. qPCR was 
carried out on CFX96 Touch Real-Time PCR Detection System (Bio-
Rad) conditions having (initial denaturation at 95°C, 2 min, followed 
by denaturation at 95°C, 5 s; annealing/extension at 60°C for 30 s) × 
40 cycles, final extension was done at 60°C for 5 min and melt curve 
conducted between 60°C and 95°C with 0.5°C/5 s increase. Data 
were interpreted using the 2-ΔΔct approach, with β-actin serving as a 
housekeeping gene for normalization.

2.13. Statistical Analysis
The data are depicted as the mean ± standard error of the mean, calculated 
from triplicate measurements. Data analysis was performed using 
GraphPad Prism 8 software to ensure statistical accuracy and reliability. 
Statistical differences between groups were evaluated using one-way 
ANOVA, followed by Tukey’s post hoc test for multiple comparisons. 
Statistical significance was presented as P* < 0.05, ** <0.01, and *** 
<0.001 versus the control group, as used in the results.

3. RESULTS

3.1. Phytochemical Analysis
Preliminary phytochemical analysis revealed the presence of a diverse 
range of phytochemical classes such as terpenoids, protein and 
amino acids, glycosides, alkaloids, saponins, carbohydrates, steroids, 
flavonoids, and phenols [Table 2].

3.2. Au-NPs Using Leaf Extract
HAuCl4 acts as a gold precursor, and the extract of L. speciosa performs 
the dual function of stabilizing and reducing agent in the synthesis 
process. The color change was observed, which is the primary 
indication of bio-reduction of HAuCl4 after adding the extract, as 
shown in Figure 1. The reaction mixture immediately changed color 
from pale yellow to ruby pink in 3 min, confirming the synthesis of 
Au-NPs.

3.3. UV-Visible Spectroscopy
The UV-visible spectra confirm the presence of Au-NP synthesis from 
leaf extract. The results show that tetrachloroaurate addition results 
in the appearance of a sharp peak at 546  nm; however, there is no 
apparent peak for the extract [Figure 2].

3.4. Zeta Potential/Zeta Sizer Study
The ±30 mV zeta potential value of the dissolved suspension is needed 
for the stability of Au-NPs. The ±20 mV potential is necessary for the 
steric and electrostatic combined effect. [43]. The zeta potential value 
−32.8 was recorded for leaf extract-synthesized Au-NPs [Figure  3]. 
Thus, the Au-NPs show values within permissible acceptable stability 
limits. Nanomaterials are in the size range of 1–100 nm in diameter. 
The average size of 75  nm was recorded [Figure  4]. The zeta size 
results also concur with the size permissible limits [44].

3.5. XRD
XRD patterns of the powdered sample indicated that the synthesized 
Au-NPs are crystalline. XRD spectrum results depict an intense peak 
at 2θ = 38.10, 45.20, 64.70, 77.40, and 82.10, which correspond to the 
111, 200, 220, 311, and 222 planes, indicating that the Au-NPs adopt 
face center cubic structure [Figure 5]. However, the crystal structure of 
pure metallic Au-NPs is observed.

3.6. FTIR
ATR-FTIR analysis of the synthesized Au-NPs shows various 
functional groups based on different frequency ranges, namely 
1002 cm-1 representing the C-C and C-O stretching [45], 1318 cm-1 

represents the C-N and aromatic amine [46], 1517 cm-1 represents the 
N-H bond [47], 1742 cm-1 indicates the presence of CHO or aldehyde 
group [48], and 3647 cm-1 indicates the presence of the OH alcoholic 
functional group [49] as depicted in Figure 6 and Table 3.

3.7. SEM
The analyzed FE-SEM images revealed that the generated particles 
mainly consist of spherical, poly-crystalline nature. Crystalline Au-
NPs are examined using different magnifications, namely ×25,000 and 
×50,000 for the particle size and morphological analysis. The resulting 
finding concluded that the synthesized gold particles have an average 
size within the 39.4–57.4 nm range [Figure 7].

3.8. TEM
The result obtained from the leaf extract of L. speciosa indicates the 
size and shape of the nanoparticles. Nanoparticles synthesized in 
the present study range from 1 nm to 100 nm, as shown in the HR-
TEM images. TEM results support the conclusive finding of the SEM 
regarding shape and size. Selected area electron diffraction (SAED) 
pattern and XRD peak of spherical shape purified nanoparticles lie 
in their ability to confirm phase structure and crystallinity. SAED 
produces a diffraction pattern in the form of a concentric ring, and each 

Table 1: List of primers used in expression analysis.

S. No. Gene Gene Forward sequence (5’‑3’) Reverse sequence (5’‑3’)

1 Beta‑actin β‑ACTIN ACTCCTATGTGGGTGACGAG CACGGTTGGCCTTAGGGTT

2 CCAAT enhancer‑binding protein alpha C/EBP‑α CAGGGCAGGAGGAAGATACA GGAAACCTGGCCTGTTGTAA

3 Fatty acid‑binding protein FABP‑4/ap2 TCAGCGTAAATGGGGATTTGGT GTCGACTTTCCATCCCACTTC

4 Peroxisome proliferator‑activated receptor gamma PPAR‑γ TCGCTGATGCACTGCCTAG GGGTCAGCTCTTGTGAATGG
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Table 2: Qualitative phytochemical analysis of the Lagerstroemia speciosa 
fruit extract.

Compound 
types

Specific test Positive 
indication

Results

Alkaloids Wagner’s reagent test White/creamy 
ppt

++

Carbohydrates Molish test Red 
precipitate

+

Glycosides Benedict’s test Precipitate +

Saponins Hemolytic assay Foam +

Terpenoids Liebermann‑Burchard’s 
test

Pink‑purple 
color

++

Steroids Salkowski test Red color +

Phenols Lead acetate test Dark‑green +++

Protein and 
amino acids

Ninhydrin test Purple color ++

Flavonoids Alkaline reagent test Crimson color +
(+) indicated the presence/intensity of the phytochemical group in the tested sample.

ring corresponds to the (111), (201), (220), (311), and (222) planes, 
matching the XRD result. The complementarity between the XRD and 
SAED ring patterns confirms the phase purity [Figure 8]. Results show 
similar trends as reported in previous studies [50].

3.9. Effect of Different Extracts and their Au-NPs on Cell 
Viability
The findings demonstrate that increasing the concentration of 
aqueous, SFE, and biogenic GNPs to 200 μg/mL does not show 
severe cytotoxicity, but in the case of methanol and n-hexane extract, 
it clearly shows cytotoxicity above 100μg/ml. The percentage cell 
viability for aqueous (200 μg/mL), methanol (100 μg/mL), SFE 
(200 μg/mL), n-hexane (100 μg/mL), and AuNPs (200 μg/mL) 

Figure 2: Comparative ultraviolet-visible absorption spectra of leaf extract 
and synthesized gold nanoparticles.

Figure 3: Zeta potential values of the synthesized Lagerstroemia speciosa 
gold nanoparticles.

Figure 4: Zeta size distribution values of the synthesized gold nanoparticles.

Figure 5: X-ray diffraction pattern of synthesized gold nanoparticles.

Figure 1: Fresh leaf of Lagerstroemia speciosa (a), aqueous leaf extract (b), 
aqueous gold nanoparticles (Au-NPs) solution (c), ruby pink colloidal solution 

of synthesized Au-NPs (d).

a b c d
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Figure 6: Attenuated total reflection-Fourier-transform infrared spectroscopy 
spectra of gold nanoparticles synthesized from leaf extract.

at optimal suitable dose is 79.50 ± 05.87, 75.17 ± 09.58, 75.31 ± 
14.17, 79.73 ± 01.76, and 81.01 ± 04.49, respectively [Figure 9]. 
The findings are consistent with the results of previous studies [51]. 
Treatment inhibits cell viability in a dose-dependent manner. The 
cytotoxic activity of L. speciosa leaf extracts prepared in different 
solvents was assessed through dose-response curves using linear 
regression analysis and showed acceptable linearity, with R2 
values of 0.967 (L-AQ), 0.8818 (L-MET), 0.9552 (L-SFE), 0.806 
(L-HEX), and 0.9595 (L-AuNPs). The cytotoxic activity was 
evaluated through three independent experiments, and the IC50 
values are reported as mean ± standard error of the mean (µg/mL). 
The IC50 values obtained for the respective extracts were 366.243 ± 
27.271 µg/mL, 227.797 ± 23.249  µg/mL, 309.772 ± 29.969 µg/mL, 
240.191 ± 13.758 µg/mL, and 328.492 ± 21.115 µg/mL [Table  4 
and Figure 10].

Figure 8: (a-c) High-resolution-transmission electron microscopy characterization of gold nanoparticles (AuNPs) on electron micrographs showed that LP-AuNPs 
are predominantly spherical in shape and crystalline in nature.

3.10. Effect of Extracts and Au-NPs Treatment on Lipid 
Accumulation Inhibition
Morphological alterations were observed in L. speciosa extracts and 
Au-NPs subjected to 3T3-L1  cells, transitioning from a spindle-
like appearance before differentiation to a rounded shape post-
differentiation. In addition, microscopic examination of ORO-stained 
lipid droplets within the cells indicated a dose-dependent reduction 
in lipid content in the case of extracts and Au-NPs-treated cells 
compared to the control group. Absorbance measurements indicated 
a concentration-dependent decrease in lipid accumulation in 3T3-L1 
adipocytes. After treatment, the control or untreated cells exhibited 
the highest lipid droplet accumulation compared to the treated cells. 
Au-NPs-treated cells resulted in the highest reduction in lipid content 
(44.13%), followed by SFE (40.65%), aqueous (39.67%), methanol 
(27.02%), and n-hexane extract (15.41%) [Figures 11 and 12].

3.11. Effect of Au-NPs and Leaf Extracts on ROS Level
The process of adipogenesis, in which preadipocytes develop into 
mature adipocytes, is induced in the presence of dexamethasone, 
methyl isobutyl xanthine, and insulin [52]. Free fatty acids have 
been reported to generate ROS in various cell types, including 
adipocytes. The amount of ROS produced or reduced was quantified 
based on fluorescent intensity. The present investigation reveals that 
pretreatment with L. speciosa leaf aqueous, methanol, hexane, SFE, 
and AuNPs reduced the ROS production to 22.99%, 17.41%, 07.46%, 
30.30%, and 43.35%, respectively, in 3T3-L1 cells at the maximum 
dose (200 µg/mL) compared with the control [Figure 13]. However, 
leaf methanol, hexane, SFE, and Au-NPs show significant change 
at the middle dose (100  µg/mL), also as compared to the control. 
The reduction in ROS was subsequently visualized using a confocal 
microscope, with cells subjected to different concentrations of 50, 100, 
and 200 µg/mL, while untreated cells served as controls. The images 

Figure 7: Field emission scanning electron microscopy image of gold nanoparticles at 50,000 magnification (a), energy dispersive X-ray scanning electron 
microscopy selected area (b), Energy-Dispersive X-ray microanalysis of gold nanoparticles (c).

a b c

cba
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Table 3: Fourier‑transform infrared spectroscopy frequency range and 
functional groups present in the synthesized gold nanoparticles.

S. No. Frequency range (cm‑1) Functional group

1. 665 Halogen group

2. 787 C‑C, aromatic compounds

3. 1002 C‑C, C‑O stretching, either group 

4. 1318 C‑N stretch, aromatic amine 

5. 1457 C=O stretching 

6. 1517 N‑H bond and amine groups

7. 1645 C=O stretching

8. 1697 C=O bond and aromatic ketones

9. 1742 CHO, aldehyde groups

10. 2360 P‑, phosphine group

11. 3616 O‑H group

12. 3647 OH, alcoholic groups

13. 3673 N‑H, amide bond

14. 3744 OH, group of amides

Table 4: IC50 values of different leaf extract and synthesized gold 
nanoparticles.

Test samples IC50 values

L‑AQ 366.243±27.271

L‑MET 227.797±23.249

L‑SFE 309.772±29.969

L‑HEX 240.191±13.758

L‑AuNPs 328.492±21.115
Results as Mean±SEM of triplicate.

demonstrated a similar trend in ROS reduction, as shown in Figure 14. 
This decrease in ROS production highlights the therapeutic potential 
of L. speciosa as a promising treatment for ROS-related ailments.

3.12. Effect of Extracts and AuNPs on Triglyceride 
Accumulation
Treatment with leaf aqueous extract (100 and 200 µg/mL) resulted in a 
decrease in the triglyceride level by 59.29% and 56.95%, respectively. 
100 and 200  µg/mL leaf methanol extract significantly lowers the 
triglyceride level by 62.75% and 57.56%, respectively, compared 
with the control. 100 µg/mL leaf SFE extract significantly reduced the 
triglyceride content by 57.87%. Further, leaf AuNPs (100 and 200 µg/
mL) significantly lower the triglyceride level in 3T3-L1 adipocytes 
by 63.26% and 48.61%, respectively, compared with the control 
[Figure 15].

3.13. Effect on mRNA Expression Levels of Adipogenic Genes
Pre-treatment with leaf aqueous and AuNPs (100 and 200  µg/mL) 
significantly downregulated the mRNA expression levels of adipogenic 
genes (PPAR-γ, CEBP-α, and ap2/FABP4) compared with the control. 
However, methanol and SFE extracts show significant downregulation 
of these genes at higher doses (200 µg/mL). Further, the n-hexane 

leaf extract displayed no considerable effect on adipogenic markers 
[Figure 16].

Figure 9: The effect of different doses of Lagerstroemia speciosa leaf extracts 
and gold nanoparticles on the cell viability of 3T3-L1 adipocytes. All values 

are expressed as mean ± standard error of the mean, n = 3.

Figure 10: IC50 values of different leaf extracts and synthesized gold 
nanoparticles.
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Figure 11: Effects of Lagerstroemia speciosa leaf extracts and gold nanoparticle treatment on the accumulation of lipids in 3T3-L1 cells. Oil-Red-O staining of 
the treated cells versus the controls.

Figure 12: Different doses of Lagerstroemia speciosa leaf extracts and gold nanoparticles affect the cellular lipid accumulation in differentiated 3T3-L1 
adipocytes. All values are expressed as mean ± standard error of the mean, n = 3.

Figure 13: Effect of Lagerstroemia speciosa leaf extracts and their synthesized gold nanoparticles on markers reactive oxygen species level in 3T3-L1 adipocyte 
cells. All values are expressed as mean ± standard error of the mean, n = 3.
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Figure 15: Effects of different leaf extracts of Lagerstroemia speciosa on triglyceride accumulation in 3T3-L1 adipocyte cells at different concentrations. All 
values are expressed as mean ± standard error of the mean, n = 3.

Figure 14: Effective inhibition of reactive oxygen species production by Lagerstroemia speciosa leaf extracts and gold nanoparticles in 3T3-L1 cells imaged by 
confocal microscope using the H2DCFDA dye.
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4. DISCUSSION

Obesity is one of the significant health issues adversely affecting nearly 
all physiological functions of the body, leading to co-morbidities such as 
diabetes mellitus, cardiovascular diseases, cancers, poor mental health, 
and many more [53-55]. Anti-obesity medications are pharmacological 
agents that modulate one of the three key metabolic mechanisms of 
body weight management, i.e., altering appetite, consuming calories, 
or metabolism. The possible adverse effects of these drugs (enhanced 
cardiovascular stroke, depression, suicidality, formation of kidney 
stones, and hyperoxaluria) outweigh their beneficial effects. The dismal 
history and depressing track record of anti-obesity medications serve as 
sufficient evidence for the need to look for alternative treatment options 
[56,57]. Natural products, particularly medicinal plants in the form of 
pure compounds or extracts, are widely available on the market as 
alternatives to conventional treatments and their associated challenges 
[58]. Phytochemicals can exhibit anti-adipogenic effects through 
diverse molecular mechanisms, by the inhibition of digestive enzymes 
(amylase and pancreatic lipase), regulation of appetite, and reduction 
in the accumulation of white adipose tissue (WAT) or promotion of 
WAT browning [59]. L. speciosa is a medicinal and horticultural 
plant containing bioactive phytochemicals widely reported to have 
hypoglycemic, anti-hypolipidemic, antioxidant, anti-diabetic, and anti-
obesity activity [60]. In the present study, the leaf extract of L. speciosa 
in different solvents such as water, methanol, SFE, and hexane and leaf-
mediated Au-NPs were used to assess the impact of these extracts on 
lipolysis, lipolysis, and adipogenesis in 3T3-L1. Adipogenesis plays a 
critical role in the development of obesity [1]. In obesity, adipose tissue 
grows by hypertrophy (cell size increase) and hyperplasia (cell number 
increase) to store more lipids [61]. Increasing lipid deposition in 
adipocytes is a crucial aspect of adipogenesis. The present investigation 
found that leaf aqueous, SFE extract, and Au-NPs treatments showed 

an inhibitory effect on adipogenesis and lipid accumulation in 
3T3-L1  cells at their maximum doses. While n-hexane showed no 
significant change after treatment, as shown in Oil-Red O staining, it 
reduced the lipid droplet size and suppressed oil droplet accumulation 
on differentiated cells. Furthermore, research findings revealed the 
reduced lipid accumulation in the triglyceride assay after treatment with 
leaf aqueous, SFE extract, and AuNPs. These extracts show inhibitory 
effects on lipid accumulation and triglyceride content. Down-regulation 
of CEBP-α, PPAR-γ, Jak-2, STAT3, and ap2 expression in 3T3-L1 cells 
in the recently reported results follows similar trends in the obesity 
control approach [36]. Panax ginseng leaf shows similar trends of 
PPAR-γ/CEBP-α and aP2 signaling suppression in the case of 3T3-
L1 mature adipocytes [62]. In silico targeting of PPAR-γ/CEBP-α in 
the case of Terminalia ferdinandiana follows a similar trend of obesity 
regulation [63]. Ethanolic leaf extract of Pinus koraiensis down-
regulates the expression of the PPAR-γ/CEBP-α transcriptional gene by 
activating the AMPK pathway, which results in controlling obesity. The 
present study also revealed the same results [64]. In addition, another 
study on the DLBS3733 fraction from L. speciosa lowers fat droplets 
by inhibiting adipogenesis and lipogenesis [65]. Adipocyte maturation 
and fat storage occur during the onset and progression of obesity. 
Adipocytes, during differentiation, produced an increased amount of 
ROS, which could possibly be due to the activation of NADPH oxidase 
and an increase in the concentration of fatty acids [66]. Findings from 
the study demonstrate that treatment with leaf extracts and AuNPs of L. 
speciosa at different doses decreased ROS production in 3T3-L1 cells. 
Adipocyte differentiation during adipogenesis is mainly induced by C/
EBP-α and PPAR-γ [67]. PPAR-γ and C/EBP are key transcriptional 
signaling molecules of adipogenesis, resulting in the expression of 
genes associated with lipolysis, lipogenesis, adipocyte protein 2, and 
insulin sensitivity, including glucose transporter 4 [68]. The reduction of 

Figure 16: Effect of leaf extracts and gold nanoparticles of Lagerstroemia speciosa on adipogenesis markers in 3T3-L1 adipocyte cells. All values are 
expressed as mean ± standard error of the mean, n = 3.
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adipose tissue level has recently been considered an effective approach 
in obesity management, and based on the present findings, leaf aqueous, 
methanol, SFE extracts, and leaf Au-NPs treatment at different dosages 
inhibited adipogenesis, as confirmed by the reduction of adipogenic 
marker genes, which include PPAR-γ, C/EBP-α, and aP2. The present 
study lacks a complete upstream pathway, such as AMPK, MAPK, and 
NF-κB analysis, which elucidates the link between nanoparticle action 
and adipogenic signaling cascade. However, further in vivo studies 
incorporating Western blot analysis are required to validate conclusive 
findings.

The pharmacokinetics, biodistribution, long-term safety, and 
immunogenicity of Au-NPs are size-  and surface-dependent. Smaller 
size of Au-NPs typically exhibits extended circulatory half-lives 
compared to larger particles. Their surface modification significantly 
influences opsonization and circulation time. Across multiple studies, 
the liver and spleen are the principal sinks for systemically administered 
Au-NPs due to Kupffer cell uptake. Au-NPs can persist in organs long-
term, potentially causing mild inflammation or fibrosis, warranting 
chronic toxicity evaluation. In vitro exposure of 3T3-L1 cells with Au-
NPs internalizes primarily through endocytosis. The uptake potential 
determines the intracellular concentration, which later on affects the 
downstream biological processes such as lipid accumulation, ROS 
generation, triglyceride accumulation, and modulation of gene expression 
of adipogenic markers, namely C/EBP-α, PPAR-γ, and aP2. Previously 
reported results with synthesized Au-NPs with fresh Panax ginseng 
leaf extract suppress adipogenesis by downregulating PPAR-γ and C/
EBP-α signaling in 3T3-L1 mature adipocytes [62]. Similar kinds of 
reports of Cinnamomum verum biosynthesized Au-NPs in obesity control 
approaches are described in recent findings after detailed characterization 
through FE-SEM, TEM, FTIR, and XRD techniques [69]. The decreased 
lipid accumulations and triglyceride storage in 3T3-L1 cells in the present 
study might be due to the downregulation of PPAR/CEBP signaling and 
downstream genes by leaf extracts and Au-NPs of L. speciosa. Based on 
cytotoxicity analysis, the developed nanoparticles demonstrate a favorable 
biosafety profile and potential human applicability, showing minimal 
toxicity and good biocompatibility, thereby supporting their promise for 
clinical translation.

5. CONCLUSION

Recent investigations have intensely focused on obesity and its 
related metabolic disorders. To explore potential therapeutic tools 
for addressing obesity and obesity-triggered problems, the study 
investigates the comparative effect of L. speciosa leaf extract and its 
synthesized nanoparticles. The results showed a significant reduction 
in the ROS generation level. Treatment with different leaf extracts 
and Au-NPs also decreases the lipid accumulation and triglyceride 
content within the cells. Adipogenic factors PPAR-γ and C/EBP-α 
are downregulated after treatment with plant extract and Au-NPs. 
Aqueous, SFE extract, and Au-NPs show maximum effects, methanol 
extract shows a moderate effect, and n-hexane shows a negligible 
impact on gene expression regulation. As the present study is in vitro, 
further in vivo studies are required to validate these results, confirm 
their safety, and support developing and applying novel herbal 
nanoparticles for human health benefits.
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