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KEYWORDS Abstract Recently, with the development of metal nanostructure synthesis technology, Au nanos-
Sargassum siliquastrum; tructures (AulNPs) are synthesized using seaweed extract without using an organic solvent and
Sargassum horneri; applied to the pharmaceutical field. In this regard, in this study, AuNPs biosynthesis was mediated
AuNPs; through extracts of two brown algae (Sargassum siliquastrum [SS] and Sargassum horneri [SH])
Adipogeneis without the use of stabilizers or surfactants. In addition, we investigated the effects of SS-AuNPs

(SS-functionalized AuNPs) and SH-AuNPs (SH-functionalized AuNPs) on adipogenesis in adipo-
cytes and their underlying molecular mechanisms. A rapid and simplified synthesis of SS-AuNP and
SH-AuP was achieved using aqueous extracts of SS and SH. The morphology, structure and com-
position of SS-AuNPs and SH-AuNPs were characterized by DLS, FTIR, UV-Vis spectroscopy,
HR-TEM and EDS analysis. The stable monodisperse SS-AuNPs and SH-AuPs were synthesized
with mean sizes of 17.47 + 0.13 nm and 21.0 + 2.74 and zeta potentials of —31.9 £+ 0.75 and
—34.57 + 4.43, the biosynthetic AuNPs with the face-centered structure of SS-AuNPs and SH-
AuPs had crystalline characteristics, and many functional groups that play an important role in
the biological reduction present in the SS and SH extracts were adsorbed on the surfaces of the
SS-AuNPs and SH-AuPs. This study was conducted to investigate the effect of SS-AuNPs and
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SH-AuPs on adipogenesis in adipocytes. SS-AuNPs and SH-AuPs reduced morphological changes
and increased lipid accumulation by approximately 80% compared with that in mature adipocytes
(MDI-induced). This result was accompanied by a reduction in the triglyceride content. SS-AuNPs
and SH-AuPs suppressed lipid accumulation by downregulating C/EBPa, PPARY, SREBP 1, FAS,
and aP2 mRNA and protein expression. Furthermore, SS-AuNPs and SH-AuPs induced the
mRNA and protein expression of UCP1, PRDM16, and PGCla to increase mitochondrial biogen-
esis in mature adipocytes and effectively induced brown adipogenesis. SS-AuNPs and SH-AuPs
have potent anti-adipogenic effects and can be used as potential therapeutic agents for obesity.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metal nanostructures are used as biosensors and gene-targeted drug
delivery systems in the medical field because of their easy surface mod-
ification, uniform particle size distribution, and excellent stability
(Machado et al., 2021; Andleeb et al., 2021). Metal nanostructures
vibrate free electron clouds through mutual interference with electro-
magnetic waves of external light to form surface plasmon resonance
and exhibit biocompatibility properties. Specifically, Au nanostruc-
tures (AuNPs) can be easily integrated with biological molecules
because of their low biotoxicity, and their ability to adsorb various
organic ligands to the surface (Holisova et al., 2021; Boomi et al.,
2020; Nayem et al., 2020). AuNPs can be synthesized using physical
and chemical methods. For physical synthesis, expensive equipment
is required, and controlling the size of nanostructures is difficult. In
the case of chemical synthesis, the process is simple but expensive
and has the side effect of reducing agents. Accordingly, active research
is being conducted to devise a method for AuNPs biosynthesis without
the use of organic solvents (Park, S. Y. et al., 2020; Jun et al., 2020).
Natural resource-derived extracts have been used as reducing agents
and stabilizers as they impart positive biological activity when applied
to humans. As a result, there is increasing interest in various scientific
fields such as medicine and the environment (Lee, K. X. et al., 2020;
Khan et al., 2019).

Obesity is caused by an imbalance in food intake and energy use
and can lead to serious diseases such as inflammation, type 2 diabetes,
and arteriosclerosis. The aforementioned three diseases are collectively
referred to as “metabolic syndrome” (Molina-Ayala et al., 2022; Yang
et al., 2021; Vasileva et al., 2021). Because this geriatric disease occurs
in the most active individuals in society, the economic loss is great, and
the cost of prevention and treatment is highest in the pharmaceutical
and health industries. Adipocytes and adipose tissues play important
roles in obesity (Sprenger et al., 2022; Jee et al., 2021; Borah et al.,
2021). They are simultaneously metabolic organs that integrate multi-
ple physiological pathways and endocrine organs that secrete hor-
mones and cytokines essential for systemic insulin sensitivity and
energy production. Adipocytes store fat in the form of triglycerides
(TGs). When available glycogen sources in the body are depleted by
exercise or fasting, they break down stored TGs to promote energy
generation and play a pivotal role in maintaining blood sugar home-
ostasis. However, the normal differentiation process of preadipocytes
into adipocytes occurs abnormally through hyperdifferentiation. Obe-
sity at the cellular level is caused by an increase in the number and vol-
ume of adipocytes through the promotion of their proliferation and
differentiation. Therefore, controlling adipogenesis the process of dif-
ferentiation from preadipocytes to mature adipocytes is an important
step in obesity treatment (Moon et al., 2013; Ho et al., 2012; Abbas
et al., 2022).

The aberrant differentiation process of adipocytes involves the
interaction of several markers, including nutrients and hormones,
and is precisely regulated by positive and negative interactions of mole-
cules involved in insulin-related signaling pathways and various tran-
scription factors. These interactions also lead to morphological

changes in adipocytes and changes in gene expression levels at the tran-
scriptional stage. Transcription factors, such as C/EBP, PPAR, and
ADDI1/SREBP 1C, play essential roles in regulating adipocyte differ-
entiation. These transcription factors regulate the expression of
adipocyte-specific genes, such as FAS and aP2, and induce the activa-
tion of fat metabolism and adipocyte differentiation (Yan et al., 2022;
Pinto et al., 2021; Ree et al., 2021). Therefore, research is necessary to
identify candidate molecules that inhibit adipocyte differentiation and
reduce adipocyte production and fat accumulation. The in vitro cell
line model 3 T3-L1 pre-adipocytes is mainly used to study adipocyte
proliferation and differentiation. When treating 3 T3-L1 pre-
adipocytes with hormone stimulants such as 3-isobutyl-1-
methylxanthine, dexamethasone, or insulin (MDI), they undergo a
mitotic clonal expansion phase in which cell division is resumed. At
the same time, the expression of specific genes involved in the develop-
ment of adipocytes, such as C/EBPa, PPARY, SREBP 1, FAS, and
aP2, appears, and finally, the process of adipocyte differentiation pro-
gresses(Park, M. et al., 2022; Lim et al., 2021; Du et al., 2022).
Recently, research is being conducted to develop various functional
materials using seaweed extract to utilize the biological benefits of sea-
weed. Sargassum siliquastrum (SS) and Sargassum horneri (SH) are
brown algae that grow beneath reef waters. Their composition includes
dextrose, crude fiber, fat, crude protein, pure protein, ash, iron, cal-
cium, amino acids, phosphorus, and other minerals. SS and SH are
mainly distributed in Korea, Japan, and China, where young individ-
uals are edible (Fernando et al., 2020; Herath et al., 2021; Dias et al.,
2021). SS and SH have antioxidant, antibacterial, anticancer, anti-
inflammatory,  blood-pressure  lowering, lipid-lowering, and
radioisotope-excretion properties (Kim et al., 2021; Lee, J. I. et al.,
2013; Dias et al., 2021). Therefore, in this study, we examined the effect
of SS-AuNPs (SS-functionalized AuNPs) and SH-AuNPs (SH-
functionalized AuNPs) on MDI-induced mature adipocytes and the
potential mechanism for mediating its effects. According to our review
of the literature, this study is the first comparative examination of SS-
AuNPs and SH-AuNPs for selective biosynthesis using brown algae.

2. Material and methods

2.1. Preparation of SS and SH extracts

SS and SH were provided by Jeju Technopark Biodiversity
Research Institute (voucher specimens No. JBRI-16030(SS),
No. JBRI-16072(SH)). Specimens of SS and SH are deposited
at the Herbarium of the Jeju Institute of Biological Diversity in
Jeju, and SS and SH were identified by Dr. Wookjae Lee (Jeju
Technopark, Jeju). SS and SH specimens were harvested from
the shores of Jeju Island in Jeju Province, Korea. They were
cleaned and dried in a cool place. SS and SH specimens were
dehydrated and uniformed into a fine powder (HMF-3100S,
Hanil Electric, Seoul, Korea) by using an electric mixer. We
used 40-50 mesh standard test sieves to separate and obtain
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the smallest possible sizes of the SS and SH powders. Next, we
prepared the SS and SH extract solutions: 10 g each of well-
ground SS and SH was mixed in 300 mL of % ethanol and
extracted at room temperature for 12 h, they were then cen-
trifuged at 6000 x g for 10 min to obtain a supernatant. The
SS and SH extracts were filtered and concentrated using a
rotary vacuum evaporator (Buchi Rotavapor R-144, Buchi
Labortechnik, Flawil, Switzerland) and freeze-dried. The SS
and SH powders were preserved at — 80 °C until needed.
The SS and SH powders were dissolved in an aqueous solution
at a concentration of 4 mg/mL by using SS and SH-AuNPs
media. The solution was then filtered and sterilized using a
0.2 um syringe filter.

2.2. Synthesis of AuNPs factionalized with SS and SH extract

AuNPs was synthesized by optimizing the concentration, tem-
perature, and reaction time of the SS and SH extracts and
metal precursors. First, an aqueous solution of 1 M
HAuCl4--3H20 was added to the filtered SH extract (4 mg/
mL) and incubated in water at 80 °C for 15 min. Next, the
tubes containing the colloid were placed on ice for 5 min.
The color of the suspension changed to dark purple, indicating
the successful synthesis of SS and SH-AuNPs.

2.3. Physicochemical characterization of SS and SH-AuN Ps

The formation of SS-AuNPs and SH-AuNPs was analyzed
using an Ultrospec 6300 pro-UV-Vis spectrophotometer
(Amersham Biosciences, Buckinghamshire, UK) within a
wavelength range of 300-800 nm. The size, zeta potential,
and polydispersity index (PDI) values of the SS-AuNPs and

SH-AuNPs were determined using a Zetasizer Nano-ZS90
(Malvern Panalytical, Malvern, UK). The morphology and
particle size distributions of SS-AuNPs and SH-AuNPs were
obtained using high-resolution transmission electron micro-
scopy (HR-TEM; ALOS F200X (Thermo Scientific, Oregon,
USA) operated at a potential of 200 kV. For confirming that
SS-AuNPs and SH-AuNPs were synthesized from SS and
SH extracts, Fourier-transform infrared (FTIR) spectra were
analyzed using a Spectrum GX spectrometer (Perkin Elmer
Inc., Boston, MA, USA) equipped with potassium bromide
pellets.

2.4. Pre- and mature adipocyte culture and treatment

Mouse 3 T3-L1 pre-adipocytes (CL-173, Lot:70047755) were
obtained from the American Type Culture Collection (Manas-
sas, VA, USA) and cultured in Dulbecco’s modified eagle med-
ium/ nutrient mixture F-12 containing 10% fetal bovine serum
and 1% penicillin—streptomycin. To obtain mature adipocytes,
we incubated pre-adipocytes as aforementioned until they
reached confluence. The medium was replaced 2 d later and
differentiation was induced using the 3 T3-L1 Differentiation
Kit (BioVision, Milpitas, CA, United States). The adipocytes
were incubated for 3 d in the differentiation medium (MDI dif-
ferentiation medium: 1 pM dexamethasone, 500 pM IBMX,
1.5 pg/mL insulin, and 1 pM rosiglitazone). Adipocytes cul-
tured for 3 d were cultured for an additional 2 d in Dulbecco’s
modified eagle medium/ nutrient mixture F-12 containing
1.5 pg/mL insulin. Thereafter, the culture medium of the adi-
pocytes was replaced every 2 d. Next, we evaluated the anti-
adipogenic effect by administering SS and SH-AuNPs (10—
20 pg/mL) 2 h before exposure to the MDI differentiation
medium for 9 d (Fig. 1).

Adipocyte Differentiation and Treatment
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Lipid droplets
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Fig. 1

Experimental design of pre- and mature- adipocyte culture and treatment.
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2.5. Cell viability of pre- and mature adipocytes

The Cell Counting Kit 8 (CCK 8) Assay Kit (Sigma-Aldrich—
Merck KGaA, Burlington, MA, USA) was used for cell viabil-
ity assays using pre- or mature adipocytes. Cells were seeded in
a 48-well plate at a concentration of 1 x 10* cells and incu-
bated at 37 °C with 5% CO,. After 2 d of incubation, SS
and SH-AuNPs were pretreated with 0, 1, 2.5, 5, 10, 20, and
40 pg/mL for 2 h and then either treated or not treated with
MDI differentiation medium. CCK-8 reagent was added to
each well at a concentration of 1/100, wrapped in foil, and
incubated for 4 h. Cells were quantified by measuring the
absorbance at 450 nm using a Wallac Victor plate reader (Per-
kin Elmer Corp., Nerwalk, CT).

2.6. Lipid droplet measurement using Oil Red-O and Nile-red
staining

After inducing adipocyte differentiation for 9 d, the cells were
stained on day 9 using a lipid (Oil Red-O) staining kit (BioVi-
sion, Milpitas, CA, United States) and Nile-red staining kit
(Abcam, Cambridge, UK). Briefly, mature adipocytes were
washed twice with phosphate-buffered saline, fixed with 10%
formalin, and stained with Oil Red-O solution for 1 h at room
temperature. After 1 h, the Oil Red-O staining solution was
removed, and images of the stained lipid droplets were taken
with an optical microscope. For the quantification of lipid dro-
plets, the Oil Red-O staining reagent remaining in the cells was
dissolved in isopropanol and separated, and the absorbance
was measured at 490 nm. For Nile-Red staining, 4,000 preadi-
pocytes were cultured in 8-well chamber slides (Thermo Fisher
Scientific Life Sciences); next, mature adipocytes were induced
using the aforementioned method. Mature adipocytes were
rinsed with phosphate-buffered saline, fixed with 10% forma-
lin buffer, and stained with Nile-Red solution for 30 min at
room temperature. Images of the stained lipid droplets were
captured using a confocal microscope (LSM 800, Carl Zeiss,
Jena, Germany) and quantified based on a fluorescence unit
using a fluorescent dye in a flow cytometer (Fit NxT Flow
Cytometer; Thermo Fisher Scientific, Inc.).

2.7. TG analysis

To control intracellular TG levels, we inoculated pre-
adipocytes at 2 x 10° cells per well in six wells, and reagent
treatment and differentiation were induced according to the
aforementioned method. A triglyceride colorimetric assay kit
(Cayman Chemical Company, MI, USA) was used to measure

Table 1 Primer sequences used for the qPCR analysis.

TG levels. The protein concentration in the cell lysate was
determined using the Bio-Rad protein assay Kkit.

2.8. Reverse-transcription quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted from the adipocytes by using the
RNeasy Mini Kit (Qiagen GmbH). RNA concentration was
determined using a NanoDrop spectrophotometer (Thermo
Scientific, USA). Subsequently, cDNA was synthesized using
a high-dose ¢cDNA reverse kit (Applied Biosystems, CA,
USA). The relative quantification of gene expression was per-
formed using SYBR Green qPCR Master Mix (Applied
Biosystems, Bio-Rad Laboratories, Inc.) and Bio-Rad Chro-
mo4™ (Applied Biosystems, CA, USA). Samples were ampli-
fied in triplicate in 96-well plates, with 40 cycles at 95 °C for
15 s and 58 °C for 40 s. The primers used are listed in Table 1.
Data were analyzed using 22T,

2.9. Western blotting

Adipocytes were lysed using a mammalian protein extraction
reagent (Thermo Fisher Scientific, USA) containing a protease
inhibitor (Sigma-Aldrich, USA). The mixture was placed on
ice for 30 min, shaken every few minutes, and then centrifuged
at 12,000 rpm under 4 °C for 10 min. The supernatant was col-
lected, and the protein concentration was measured using the
Bio-Rad protein assay kit (Bio-Rad Laboratories, Inc.). Mini -
PROTEAN Precast Gels (Bio-Rad Laboratories, Inc.) were
prepared, and the samples were loaded after protein denatura-
tion. A Hybond polyvinylidene difluoride membrane (Amer-
sham, Amersham, UK) was cut out, and the protein was
transferred to the membrane. The membranes were blocked
for 1 h and incubated overnight at 4 °C with diluted primary
antibodies. The primary antibodies used are listed in Table 2.
The membranes were then washed three times and incubated
with horseradish peroxidase-conjugated secondary antibody
for 1 h at room temperature. After washing, the membranes
were made to react with enhanced Pierce ECL Western blot-
ting substrate (Thermo Fisher Scientific, USA). The relative
intensities of the bands were determined using ImageQuant
TL (version 8.1; Amersham, Amersham, UK).

2.10. Immunofiuorescence assay

For the immunofluorescence assay, 4,000 preadipocytes were
cultured in 8-well chamber slides (Thermo Fisher Scientific
Life Sciences); next, mature adipocytes were induced by the

Gene Forward primer Reverse primer

C/EBPu, TGGTGATTTGTCCGTTGTCT GGA AACCTGGCCTGTTGTAAG
PPARy GGTGATTTGTCCGTTGTCT GCTTCAATCGGATGGTTCTTC
SREBP-1 TAGAGCATATCCCCCAGGTG GGTACGGGCCACAAGAAGTA
FAS GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT
aP2 GGATTTGGTCACCATCCGGT TTCACCTTCCTGTCGTCTGC

UCPI CCTGCCTCTCTCGGAAACAA GTAGCGGGGTTTGATCCCAT
PRDM1I6 CAGCACGGTGAAGCCATTC GCGTGCATCCGCTTGTG

PGClua ATGTGCAGCCAAGACTCTGTA CGCTACACCACTTCAATCCAC

GAPDH

AGGTCGGTGTGAACGGATTTG

TGTAGACCATGTAGTTGAGGTCA
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Table 2 Antibody information of western blot assays.

Antibody Company Catalogue Species Dilusion
C/EBPo. Cell Signaling #8178 Rabbit 1:500
PPARy Cell Signaling #2435 Rabbit 1:500
SREBP-1 Santa Cruz sc-365513 Mouse 1:1000
FAS Cell Signaling #3180 Rabbit 1:500
aP2 Cell Signaling #2120 Rabbit 1:500
UCPI Santa Cruz sc-293418 Mouse 1:1000
PRDM1I6 Abcam ab106410 Mouse 1:500
PGClua Santa Cruz sc-518025 Mouse 1:500
p-actin Santa Cruz sc-47778 Goat 1:1000

aforementioned method. Adipocytes were treated with 0.1%
Triton X-100 serum for 30 min and then fixed with 4%
paraformaldehyde for 30 min. Permeabilized adipocytes were
then blocked with 1% bovine serum albumin in phosphate-
buffered saline with Tween 20 for 1 h and incubated overnight
with antibodies against uncoupling protein 1 (UPC1) (Alexa
Fluor 488 Conjugate, 1:200, Cell Signaling Technology) at
4 °C. Adipocytes were washed three times with phosphate-
buffered saline and then incubated with DAPI mounting med-
ium (Sigma-Aldrich; Merck KGaA) for 30 s at 37 °C in the
dark. Adipocytes were visualized using a Zeiss LSM 800 con-
focal laser scanning microscope (Zeiss, Germany).

2.11. Statistical analysis

Statistical analyses were performed using GraphPad Prism 4.0
(GraphPad Software, San Diego, CA, USA). Comparisons of
multiple groups were performed using a one-way analysis of
variance and Tukey’s post hoc test. Statistical significance
was set at p value < 0.05. Data are presented as
mean =+ standard deviation (SD).

3. Results

3.1. Physicochemical characterization of SS-AuNPs and SH-
AuNPs

The SS and SH extracts served as both reducing-capping and
stabilizing agents for the reduction and formation of metal
salts during the synthesis of AuNPs. The maximum localized
surface plasmon resonance peaks of SS-AuNPs and SH-
AuNPs were confirmed to be at 528 nm and 525 nm, respec-
tively, as determined by UV-Vis spectroscopy. Table 3 shows
the size, zeta potential, and polydispersity indices of SS-
AuNPs and SH-AuNPs measured using the scattering method.
The average sizes of SS-AuNPs and SH-AuNPs were 17.47 +
0.13 nm and 21.0 £ 2.74 (Fig. 2A). To verify the stability of
AuNPs, we analyzed the zeta potential values and confirmed
that the zeta potentials of SS-AuNPs and SH-AuNPs showed

Table 3 Size and Zeta potential of SH-NPs.

stable values of —31.9 + 0.75 and —34.57 £ 4.43, respectively.
For observing the shape, size, and dispersion of the biosynthe-
sized SS-AuNPs and SH-AuNPs, a final analysis was per-
formed using HR-TEM. We assessed the TEM image and
confirmed that, in addition to other shapes such as pentagons,
hexagons, and octagons, most of the nanostructures were
spherical and well dispersed without agglomeration. The diam-
eters of SS-AuNPs and SH-AuNPs shown in the TEM images
were approximately 11.39-27.81 nm and 7.85-25.63 nm,
respectively (Fig. 2B and C). In the high-angle annular dark-
field (HAADF) mode of HR-TEM, the distribution of Au in
SS-AuNPs and SH-AuNPs was confirmed through the red
particle image (Fig. 2D). The selected area electron diffraction
(SAED) mode of the HR-TEM shown in Fig. 2E demonstrates
that the synthesized nanostructures have a crystalline struc-
ture. The bright rings correspond to the (111), (200), (220),
and (311) lattice planes, indicating that SS-AuNPs and SH-
AuNPs were face-centered cubic structures. The energy-
dispersive X-ray spectroscopy (EDX) spectra of SS-AuNPs
and SH-AuNPs are displayed in Fig. 2F. SS-AuNPs and SH-
AuNPs show peaks at 0.2-0.5, 2-2.4, and 9.5-9.8 keV. FTIR
analysis was performed to determine the function of the SS
and SH extracts in reducing the capping and stabilizing agents.
Using FTIR spectra, we integrated the analysis of potential
biomolecules and functional chains responsible for biosynthe-
sis on SS-AuNPs and SH-AuNPs surfaces with SS and SH
extracts. The analysis of the SS and SH extracts and SS-
AuNPs and SH-AuNPs demonstrated the following: the peaks
at 3412(SS) correspond to 3421(SS- AuNPs), 3411(SH) corre-
spond to 3423(SH- AuNPs), 1397(SS) correspond to 1401(SS-
AuNPs), and 1396(SH) correspond to 1398(SH- AuNPs)
em™!, corresponding to the stretching of — OH bonds in
polyphenols or alcohols, which are chemicals found in brown
algae. The peaks at 1592(SS) and 1587(SH) correspond to
1599(SS- AuNPs) and 1595(SH- AuNPs) cm ™!, respectively,
corresponding to the NH stretching vibration of the amine
group. The peak at 1078(SS) corresponds to 1079(SS- AuNPs)
cm-1, which is due to the CO stretching of the alcohol (Fig. 2G
and H). This suggests that potential biomolecules and func-
tional chains, including amino acids, primary and tertiary ami-

Sample Zeta potential (mV) Average size (nm) Polydispersity index
SS-AuNS —31.9 + 0.75 17.47 + 0.13 0.374
SH-AuNS —34.57 + 443 21.0 + 2.74 0.360
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Fig. 2  Physicochemical characterization and cell viability of SS-AuNPs and SH-AuNPs. Hydrodynamic size (A), HR-TEM images at
low (B, Scale bar = 10 nm.) and high (C, Scale bar = 200 nm.), HAADF imaging (D, Scale bar = 200 nm.), (E) SAED patterns, (F) EDS,
(G, H) FTIR analysis, and (I, J), XRD (K, L) cell viability of SS-AuNPs and SH-AuNPs.

nes, polysaccharides, and others present in SS and SH extracts,
act as capping and reducing agents in the synthesis of AuNPs.
In addition, the crystalline properties of SS-AuNPs and SH-
AuNPs were confirmed by XRD analysis. At 20 = 37.77°,
43.74°, 64.50° and 77.33°, the Bragg reflection peaks corre-
spond to the (111), (200), (220) and (311) planes, respec-
tively. The XRD patterns of SS-AuNPs and SH-AuNPs
showed that, unlike SS and SH extracts, these AuNPs had a
crystalline structure (Fig. 2I and J).

3.2. Effect of SS-AuNPs and SH-AuNPs on Oil Red-O staining
activity and TG accumulation

To investigate the viability of SS-AuNPs and SH-AuNPs
against pre- and mature adipocytes, we measured cell viability
by using the CCK-8 assay. CCK-8 is an adipocyte viability
assay method in which water-soluble tetrazolium salt is
reduced to formazan by adipocyte dehydrogenase in a culture
medium. Formazan is proportional to the number of living
adipocytes and was confirmed through final colorimetric
assays. Our results confirmed that there was no effect on cell
viability in pre- and mature adipocytes after treatment with
SS-AuNPs and SH-AuNPs at concentrations up to 40 pg/mL
for 24 h (Fig. 2 K and L). Thus, concentrations of SS-

AuNPs and SH-AuNPs of 10 and 20 pg/mL, respectively, were
used in this study. For determining the effect of SS-AuNPs and
SH-AuNPs on adipogenic differentiation, lipid accumulation
in pre- and mature adipocytes was monitored using an Oil
Red-O staining assay. MDI-treated preadipocytes initiated
adipogenic differentiation, and Oil Red-O staining indicated
marked intracellular lipid droplet accumulation on day 9.
Lipid droplet accumulation was not observed in the preadipo-
cytes without MDI induction. The number of globular cells in
mature adipocytes was higher in adipocytes treated with MDI
for up to 9 d (Fig. 3A). The preadipocytes finally differentiate
into mature adipocytes. We cultured pre- and mature adipo-
cytes for 9 d in the presence of SS-AuNPs and SH-AuNPs
and then identified lipid droplets that accumulated in the cyto-
plasm. Adipocytes store lipid droplets related to differentiation
into mature adipocytes, and it was confirmed that the accumu-
lation of lipid droplets decreased in adipocytes cultured with
SS-AuNPs and SH-AuNPs (Fig. 3A). Quantification of the
extracted Oil Red-O staining confirmed that the accumulation
of lipid droplets in adipocytes treated with SS-AuNPs and SH-
AuNPs (10 and 20 pg/mL, respectively) decreased in a
concentration-dependent manner (Fig. 3B). The TG content
was measured to investigate the effects of the metabolites on
lipid metabolism. Differentiation into mature adipocytes. It
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can be confirmed that TGs accumulate as our results showed
that MDI-induced TG content in mature adipocytes was sig-
nificantly increased. SS-AuNPs and SH-AuNPs (10 and
20 pg/mL) reduced intracellular TG levels in a dose-
dependent manner, without affecting cell viability. SH- AulNPs
inhibited TG accumulation more effectively than SS- AuNPs
at the same concentration (Fig. 3C). No significant differences
were observed in the Oil Red-O staining activity or TG-
accumulation in the pre-adipocyte treatment group. These
findings show that SS-AuNPs and SH-AuNPs suppressed lipid
accumulation in mature adipocytes.

3.3. Effect of SS-AuNPs and SH-AuNPs on Nile-Red staining
activity

Nile-Red Staining Kit (excitation/emission: 550/640 nm) was
used for the quantitative fluorescence detection and measure-
ment of intracellular lipid droplets using confocal microscopy
and flow cytometry. Nile-red reagent fluoresces only in lipo-
philic environments and is an excellent reagent for visualizing
intracellular lipid droplets through fluorescent staining.
Fig. 4A shows a panel of confocal microscopy images for visu-
alizing lipid droplets from pre- and mature adipocytes incu-
bated with Nile-Red solution for 1 h. Mature adipocytes
(MDI-induced) showed significantly increased lipid droplets,
and pretreatment with SS-AuNPs and SH-AuNPs dramati-
cally reversed the accumulation of lipid droplets (Fig. 4A).
Next, we quantified these results: cellular lipid levels in pre-

Control

A

SS-AuNPs 10 SS-AuNPs 20

and mature adipocytes were quantified using flow cytometry
(Fig. 4B). Additionally, per the flow cytometry results, cellular
lipid levels in mature adipocytes were 67.1% higher than in
preadipocytes, and cellular lipid levels in the SS-AuNPs and
SH-AuNPs-pretreated groups were reduced to 27.8% and
23.0%, respectively, of those in mature adipocytes (Fig. 4B).

3.4. Effects of SS-AuNPs and SH-AuNPs on the mRNA and
protein expression of adipogenesis

Induction of MDI into preadipocytes, whose growth has been
stopped by intercellular junctions, initiates differentiation into
mature adipocytes. In this process, transcription factors for
early adipogenesis, including C/EBPa, SREBP-1, and PPAR,
are activated, and these transcription factors interact to pro-
mote their expression. This C/EBPa and PPAR interaction
induces the expression of FAS and aP2, which are then
involved in final lipogenesis (Yan et al., 2022; Qin et al.,
2022; Pinto et al., 2021). To detect the effect of SS-AuNPs
and SH-AuNPs on the transcription of adipogenic factors,
we determined the expression of C/EBPa, PPARy, SREBP-1,
FAS, and aP2 mRNA in pre- and mature adipocytes. The
expression of these genes was significantly higher in mature
adipocytes than in preadipocytes. Compared to the mature
adipocytes (MDI-induced), the expression of C/EBPa,
PPARg, SREBP-1, FAS, and aP2 mRNA decreased signifi-
cantly after pretreatment with SS-AuNPs and SH-AuNPs at
a concentration of 20 pg/mL (Table 4). To further explore

SS-AuNPs 20 SH-AuNPs 20 MDI

MDI SH-AuNPs 10 SH-AuNPs 20
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Fig. 3  Oil Red-O staining activity and TG accumulation of SS-AuNPs and SH-AuNPs. (A) Oil Red O staining and morphological

changes (B) Quantitation of Oil Red O staining activity (Scale bar

100 pm) and (C) triglyceride content.
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Fig.4 Nile-Red staining activity of SS-AuNPs and SH-AuNPs. Nile-red staining activity was detected by confocal microscopy (A, Scale
bar = 100 pm) Nile-red staining activity was detected by flow cytometry (B).

the effect of SS-AuNPs and SH-AuNPs on the translation of
adipogenic factors in mature adipocytes, we determined the
expression of C/EBPa, PPARg, SREBP-1, FAS, and aP2 pro-
teins in pre- and mature adipocytes. Compared to preadipo-
cytes, mature adipocytes (MDI-induced) showed significant
upregulation of the expression of C/EBPa, PPARg, SREBP-
1, FAS, and aP2, and these effects were downregulated by
the pretreatment with SS-AuNPs and SH-AuNPs (Fig. 5). In
addition, the mRNA and protein expression of C/EBPa,
PPARg, SREBP-1, FAS, and aP2 in pre-adipocytes were not
significantly different from those in the control group when
pretreated with 20 pg/mL SS-AuNPs and SH-AuNPs. These
results demonstrated that SS-AuNPs and SH-AuNPs exhibited
anti-adipogenic activity by downregulating adipogenic factors.

3.5. Effects of SS-AuNPs and SH-AuN Ps on the mitochondrial
thermogenesis in mature adipocyte

White adipocytes and brown adipocytes are present in adipose
tissue. White adipocytes store excess energy, such as TGs,
whereas brown adipocytes simultaneously have high UCP1

expression and a large number of mitochondria. These brown
adipocytes contribute to the regulation of energy expenditure
stored in adipocytes (Zhao, B. et al., 2021; Zhao, D. et al.,
2021; Gu et al., 2021). Immunofluorescence was performed
to confirm mitochondrial biogenesis and UCP1 expression
and characteristics of brown adipocytes. Mature adipocytes
were stained with MitoTracker (red), which specifically binds
to mitochondria, and then with FITC (green)-conjugated
UCPI1 antibody. In the case of SS-AuNPs and SH-AuNPs pre-
treatment, more intense red fluorescence was observed in the
cytoplasm of mature adipocytes, and UCP1 also exhibited
mitochondrial colocalization in the cytoplasm (Fig. 6A).
PGC-1a, an important regulator of mitochondrial biogenesis
and characteristic of brown adipocytes, induces the expression
of UCP1 and PRDM 16, and PRDM16 acts as an important
factor in the development of brown adipocytes(Botezelli
et al., 2020; Park, S. J. et al., 2019). To further investigate
the mechanism of the browning effect of SS-AuNPs and SH-
AuNPs, we measured the mRNA and protein expression levels
of phosphorylated UCP1, PRDM16, and PGCla. In mature
adipocytes, the SS-AuNPs and SH-AuNPs pretreatments sig-
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Table 4 mRNA expression of C/EBPx,PPARy,SREBP-1, FAS and Adiponectin gene of each group.

C/EBPo. PPARy SREBP-1 FAS Ap2
control 0.08 + 0.02 0.04 + 0.01 0.08 + 0.02 0.09 + 0.02 0.07 + 0.03
SS-GNP (20 pg/ml) 0.07 £ 0.01 0.05 £ 0.02 0.07 £ 0.01 0.06 £ 0.02 0.08 + 0.02
SH-GNP (20 pg/ml) 0.08 = 0.02 0.05 £ 0.01 0.08 = 0.02 0.06 = 0.02 0.07 = 0.02
MDI 1.00 £ 0.03%# 1.00 + 0.04% 1.00 + 0.03%* 1.00 + 0.03%* 1.00 + 0.03%
SS-GNP (10 pg/ml) + MDI 0.64 £ 0.04™ 0.75 £ 0.05* 0.64 + 0.04™ 0.65 £+ 0.04™ 0.76 £ 0.06*
SS-GNP (20 pg/ml) + MDI 0.32 + 0.04™ 0.23 + 0.05™ 0.32 + 0.04™ 0.26 + 0.05™ 0.15 + 0.03""
SH-GNP (10 pg/ml) + MDI 0.70 £ 0.04* 0.70 =+ 0.01* 0.70 + 0.04* 0.79 £ 0.03* 0.69 + 0.05*
SH-GNP (20 pg/ml) + MDI 0.19 £ 0.06™ 0.25 + 0.05™ 0.19 + 0.06™ 0.20 £ 0.03™ 0.20 + 0.08™
Note: *P < 0.05,”"P < 0.01.
Control +
MDI - - - + + o+ o+ o+ o+
SS-AuNPs (ug/ml) - 20 - 10 20 - -
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Fig. 5
AuNPs on C/EBP, PPAR, SREBP-1, FAS, and aP2 expression.

nificantly upregulated the mRNA expression of UCPI,
PRDMI16, and PGCla (Table 5). The protein levels of
UCP1, PRDM16, and PGCla were also evaluated. The pre-
treatment of mature adipocytes with SS-AuNPs and SH-
AuNPs increased the protein expression of UCP1, PRDM]16,
and PGCla. These results suggest that SS-AuNPs and SH-
AuNPs can upregulate mitochondrial biogenesis in mature
adipocytes and increase the expression of brown adipogenesis
marker genes.

4. Discussion

AuNPs are classified as nanomaterials that constitute an ideal
platform for various biomedical applications by constituting
all types of structured nanoparticles through a single physico-
chemical property (HolisSova et al., 2021; Lee, K. X. et al.,
2020). The exponential increase in the production of AuNPs
places a substantial burden on the environment. In the past

Downregulation of C/EBPa, PPARYy, SREBP-1, FAS, and aP2 by SS-AuNPs and SH-AuNPs. (A) Effect of SS-AuNPs and SH-

decade, research has been conducted to devise new eco-
friendly and inexpensive synthesis methods that deviate from
the existing approaches that toxic chemicals. Plant extracts,
plant biomolecules, and biological materials such as bacteria,
fungi, and algae are eco-friendly approaches for safe, alternate
modes of production (Nayem et al., 2020; Lee, K. X. et al.,
2020; Khan et al., 2019). SS and SH are traditional Chinese
medicines that are abundant in the coastal waters of China,
Japan, and Korea. SS and SH are edible brown algae used
as savory, nutritious sea vegetables in China and Korea. Addi-
tionally, studies on the treatment and prevention of metabolic
syndromes, such as diabetes, obesity, high blood pressure, and
hyperlipidemia using SS and SH have been conducted (Kim
et al., 2021; Fernando et al., 2021; Herath et al., 2021). The
major biomolecules of SS and SH include sterols such as sul-
fated polysaccharides, fucosterol, and cholesterol, and various
functional groups such as muramic acid, glucuronic acid, algi-
nic acid, and vinyl derivatives, which can act as reducing and
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Fig. 6 Upregulation of mitochondrial thermogenesis by SS-AuNPs and SH-AuNPs. (A) Effect of SS-AuNPs and SH-AuNPs on
mitochondrial biogenesis. Scale bar = 100 um. (B) Effect of SS-AuNPs and SH-AuNPs on UCP1, PRDM16, and PGCla expression.

Table 5 mRNA expression of UCPI, PRDM16 and PGCla of each group.

UCPI PRDMI6 PGClo.

MDI 1.00 + 0.01 1.00 + 0.03 1.00 + 0.01
SS-GNP (10 mg/ml) + MDI 3.12 + 0.23% 2.81 + 0.17 3.06 + 0.48*
SS-GNP (20 mg/ml) + MDI 7.30 + 0.29™ 570 + 0.727 8.12 + 0.78™
SH-GNP (10 mg/ml) + MDI 2.62 + 0.42 3.43 + 0.31% 3.70 + 0.34*
SH-GNP (20 mg/ml) + MDI 7.97 £ 0.92" 7.26 + 0.917 8.39 + 0.417

Note: *P < 0.05,”P < 0.01.

capping agents and surface-bound proteins; these residual
amino acids in nanoparticles help cap and stabilize nanoparti-
cles (Ko et al., 2021; Han, Kim et al., 2021; Han, Jayawardena
et al., 2021). Therefore, in this study, extracts of SS and SH,
representing brown algae, were used as reducing-capping and
stabilizing agents for AuNPs synthesis. SH and SS extracts
covering the surface are eco-friendly, biocompatible, and serve
as functional residues compared with the base chemical. The
formation of SS-AuNPs and SH-AuNPs was confirmed by
observing the color change from pale yellow to red-violet in
the SS and SH extracts with maximum SPR peaks at 528 nm
and 525 nm, respectively. The crystal structure and spherical
shape (size: 17.4-21.0 nm) were confirmed by DLS and HR-
TEM analysis, respectively. Based on the FTIR results, the
functional groups present in the SS and SH extracts were ana-
lyzed to determine their role in the reduction, capsulation, and
stabilization processes. Notably, there are limitations to ana-
lyzing the exact mechanism and active ingredients involved
in the biosynthesis of SS-AuNPs and SH-AuNPs. Several envi-
ronmental conditions (eg pH, pressure, temperature) are con-
sidered to influence rather than simply biosynthesis by the
biological components of an applied organism. An easily used
method for the synthesis of AuNPs is the reduction of chemi-
cals by a reducing agent in the presence of a stabilizer. Unfor-
tunately, many reducing agents consume capital and energy,
and many toxic chemicals such as surfactants and thiols are
used. However, synthesis from algae affords AuNPs that are

cost-effective, clean and harmless to the environment. Never-
theless, recent studies have not yet fully demonstrated the com-
plex interactions between AuNPs synthesized by algae.
Obesity is a global health problem in modern society, and
many studies are being conducted to alleviate obesity-related
complications. Obesity is related to the enlargement of adipose
tissue by the accumulation of TGs and the production of
lipids, which is an energy source for adipocytes (Yang et al.,
2021; Soundharrajan et al., 2020; Moon et al., 2013). Obesny
results from an energy imbalance that can be controlled
through lipid metabolism in adipocytes. Many studies have
been conducted to suppress adipogenesis by reducing the dif-
ferentiation into mature adipocytes using preadipocytes (Lim
etal., 2021; Du et al., 2022; Qin et al., 2022). This study inves-
tigated the anti-adipogenic effects of SS-AuNPs and SH-
AuNPs through a reliable adipogenesis-related mechanism.
Adipose tissue enlargement is proportional to the size and
number of lipid droplets in mature adipocytes. We confirmed
that SS-AuNPs and SH-AuNPs reduced lipid droplets in
mature adipocytes by using Oil Red-O and Nile-Red staining
methods. TGs are a major form of fatty acid storage in adipo-
cytes and other tissues whose increased intracellular accumula-
tion may contribute to obesity. TG production was inhibited
by SS-AuNPs and SH-AuNPs. Further studies were conducted
to elucidate the signaling mechanisms related to lipid metabo-
lism in adipocytes by reducing lipid accumulation in the SS-
AuNPs and SH-AuNPs groups. PPAR-y and C/EBPa,
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SREBP-1c act as major adipogenic transcription factors in adi-
pocyte differentiation and lipid droplet formation. These genes
regulate the transcription of FAS, a multienzyme protein cat-
alyzing fatty acid synthesis in adipocytes, and aP2, which pro-
motes transport of lipids to specific cellular compartments
through storage of lipid droplets. In particular, SREBP-1c
increases the expression of genes involved in fatty acid biosyn-
thesis and triglyceride maturation, and PPAR- y promotes glu-
cose metabolism, leading to C/EBPa expression and
activation. Together with PPAR-y and C/EBPa, SREBP-1c
is a central regulatory transcription factor for preadipocyte
differentiation, and these genes are linked to FAS and aP2
as adipose-specific enhancers. Specifically, FAS and aP2 are
markers of mature adipocytes responsible for morphological
changes in adipocytes and lipid accumulation. We confirmed
that SS-AuNPs and SH-AuNPs repressed the transcription
and translation of PPPARY, C/EBPa, SREBP-1c, FAS, and
aP2 genes. These results suggest that SS-AuNPs and SH-
AuNPs exert an anti-adipogenic effect by reducing these tran-
scription factors and mature adipocyte markers in adipocytes.

In mammalian adipose tissue, white adipocytes store
energy, and brown adipocytes consume energy. Brown adipo-
cytes have abundant mitochondria and convert energy into
heat via rapid glucose consumption and fatty acid oxidation
by separating the respiratory chain (Rahman and Kim, 2020;
Bai et al., 2021; Hao et al., 2020). Controlling obesity through
energy consumption by promoting brown fat in white adipo-
cytes is being investigated as a potential therapeutic strategy.
UCP1, PRDM16, and PGCla are representative markers for
inducing brown adipogenesis in adipocytes with the ability to
generate heat. UCP1 is a mitochondrial inner membrane pro-
tein that plays an important role in dissipating energy from
adipocytes in relation to mitochondrial biogenesis and thermo-
genesis. PGC-1a, a transcriptional coactivator of UCP1, can
stimulate peroxisomal activity, the expression of the tricar-
boxylic acid cycle, and mitochondrial fatty acid oxidation.
PRDM 16 also plays an important role in increasing mitochon-
drial function and gene expression and promoting brown adi-
pogenesis in adipocytes (Tang et al., 2021; Park, S. J. et al.,
2019; Botezelli et al., 2020). In this study, SS-AuNPs and
SH-AuNPs effectively induced brown adipogenesis in mature
adipocytes, leading to small multilocular lipid droplets and
increased mitochondrial biogenesis. In contrast, it was con-
firmed that the transcription and translation of UCPI,
PRDM16, and PGCla, which are representative markers of
brown adipogenesis in adipocytes, were also upregulated by
SS-AuNPs and SH-AuNPs.

5. Conclusion

The facile, eco-friendly, and non-hazardous synthesis of SS-AuNPs
and SH-AuNPs has been successfully prepared using extracts of SS
ad SH as reducing agents, capping agents, and stabilizing agents.
The formation of SS-AuNPs and SH-AuNPs was confirmed by UV-
spec, DLS, HR-TEM, EDS analyses. Based on cell-based experiments,
we demonstrated that SS-AuNPs and SH-AuNPs can reduce lipid
accumulation in adipocytes by downregulating adipogenesis target
proteins and upregulating brown adipogenesis. We also found that
the pretreatment with SS-AuNPs and SH-AuNPs in mature adipocytes
downregulated the protein expression of PPPARYy, C/EBPa, SREBP-
lc, FAS, and aP2 genes and upregulated UCPl, PRDM16, and

PGCla expression and mitochondrial biogenesis. These results demon-
strate the potential pharmacological effects of SS-AuNPs and SH-
AuNPs in obesity-related metabolic syndrome.
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