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Abstract: Polyphenols and other compounds with antioxidant properties are found in plants and are
one of the main antioxidants proven to reduce body weight and the risk of insulin resistance. Still,
the mechanism behind the protective effects against obesity remains unclear. Thus, the study aims to
assess the impact of flavonoid-rich arriheuk extract, a purple wheat extract, on mitochondrial function
using 3T3-L1 adipocytes and investigate the molecular mechanism behind its protective effects against
adipogenesis and lipolysis. The study findings strongly indicate that arriheuk significantly suppressed
triglyceride levels and inhibited the expression of transcription factors like C/EBPx and PPARY in
3T3-L1 adipocytes. Furthermore, treatment with arriheuk suppressed the expression of SREBP1c
and FAS proteins linked to lipogenesis. In addition, treatment with arriheuk extract decreased the
mRNA levels of adipogenic transcription factors, increased glycerol release, and inhibited adipocyte
differentiation. Interestingly, the arriheuk-mediated PGC-1a expression triggered mitochondrial
biogenesis by promoting the AMPK phosphorylation and SIRT1 expression in adipocytes. Also,
arriheuk suppressed adipogenesis and elicited browning through the AMPK- and SIRT1-associated
pathways. Collectively, these findings strongly suggest that arriheuk extract regulates browning
in 3T3-L1 white adipocytes by triggering the AMPK/SIRT1 pathway, indicating the prospective
applications of arriheuk as a functional food to control obesity.
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1. Introduction

Obesity is a complicated condition caused by an unbalanced energy metabolism due
to excessive fat accumulation that induces multiple health risks, including diabetes mellitus,
hypertension, and cardiovascular diseases [1-3]. Thus, obesity is one of the most prominent
health issues in our modern society. Based on the National Health and Nutrition Exam-
ination Survey, the risk of hypertension, diabetes, metabolic disease, and cancer is more
than two-fold among obese individuals. Obesity and its associated metabolic disorders
have significantly increased throughout the world, contributing to morbidity and mortality.
Adipocytes exhibit characteristics that influence the homeostasis of the metabolism, which
is a potential therapeutic target for obesity. It is well known that white adipose tissue (WAT)
is ideally designed to store energy as triglycerides (TGs) [3-5]. In addition, lipogenesis
and lipolysis modulate the buildup of lipids in WAT, a process that involves transcription
factors, proteins, and enzymes. Moreover, AMP-activated protein kinase (AMPK) and
sirtuin 1 (SIRT1) are considered fuel-sensing enzymes [6,7], while transcription factors
like CCAAT enhancer-binding protein alpha (C/EBPw), sterol regulatory element-binding
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protein 1c (SREBP-1c), and peroxide proliferative activated receptor gamma (PPARy) are
known to regulate differentiation and control several downstream genes involved in the
lipid metabolism [8]. PGC-1 is regarded as a master regulator owing to its involvement
in thermogenesis at the molecular level and as a transcription coactivator, which makes it
essential for the differentiation of brown adipocytes [9]. Thus, AMPK, SIRT1, and PGC-1
established a network for energy sensing that regulates mitochondrial energy expendi-
ture. Therefore, obesity is linked to the disruption of the AMPK/SIRT1 pathway, which
potentially plays a vital role in the development of obesity. Therefore, natural products
that promote lipolysis or restrict fat formation with fewer adverse effects are needed for
managing obesity.

Wheat (Triticum aestivum) is a widely cultivated staple crop used in a variety of
cuisines. Wheat bran, a byproduct of wheat processing, typically represents up to 20% of
the grain’s weight and up to 55% of total dietary fiber [10-12]. Furthermore, polyphenols
present in wheat have antioxidant and anti-inflammatory properties [13,14]. Interestingly,
flavonoids are abundant in the aleurone layers of purple-colored wheat and confer a
significant nutritional advantage over common wheat [5,14-17]. There is a great deal
of interest in applying germination processes that can substantially improve nutritional
and health benefits of grains by increasing the amount of bioactive phytochemicals in the
sprouts [15]. Moderately hydrophobic polyphenolic fractions and hydrophilic peptidic
fractions were found in wheat sprouts [16]. The presence of a total phenolic compound
content is correlated with high antioxidant activity [17]. Moreover, the high antioxidant
capacity of wheat sprouts can support their use as food supplements to act against diseases
induced by free radicals [18]. “Arriheuk’ is a purple colored wheat variety developed by
the National Institute of Food Science, Wanju, of the Republic of Korea, under the breeding
program to promote the production and consumption of domestic wheat [18]. There is
currently great interest in the application of germination processes that can significantly
enhance the dietary and health benefits of grains by increasing the content of bioactive
phytochemicals in the sprouts [15]. Moderately hydrophobic polyphenolic fractions and
hydrophilic peptidic fractions were found in wheat sprouts [16]. The presence of the total
phenolic compound content is correlated with high antioxidant activity [17]. The high
antioxidant capacity of wheat sprouts can support their use as food supplements to act
against the diseases induced by free radicals [18]. The nutritional benefits of this purple
wheat are of interest to health enthusiasts due to its high levels of polyphenolic compounds.
The flavonoids in the arriheuk enhance metabolic control in obesity by lowering lipogenesis,
oxidative stress, and inflammation [19]. These beneficial flavonoids are primarily derived
from the wheat hull (primarily bran) and aleurone layer. This study aims to assess the
anti-adipogenic effect of the arriheuk extracts in 3T3-L1 adipocytes and to investigate the
potential regulatory mechanisms with a special focus on AMPK/SIRT1 signaling.

2. Materials and Methods
2.1. Extraction and Purification of Purple Wheat (Arriheuk)

Purple wheat (arriheuk) used in this study was provided by the National Institute of
Food Science, Wanju, Republic of Korea. The black wheat was finely powdered, dried, and
extracted with either hot water or ethanol for general applications. Specifically, the aleurone
layer was removed from the wheat and extracted with the same amount of hot water/50%
ethanol/70% ethanol at room temperature (18 £ 2 °C) for 12 h. This process was repeated
twice. The resultant solvent was filtered, concentrated at 60 °C under 100 hPa pressure, and
lyophilized using a freeze dryer. The yield was determined by dividing the weight of the
lyophilized powder by the weight of the raw material. The total flavonoid content (TFC)
of the arriheuk extracts were determined by high-performance liquid chromatography
(HPLC) as suggested in the previous study with minor modifications in Table 1 [18].
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Table 1. Flavonoids in the prepared arriheuk extract.

Concentration of Flavonoids (ug/g)

Ethanol-Water (50-0) Ethanol-Water (70-30) Water

Gallic acid 648.6 407.0 479.7
Protocatechin 1343.2 640.5 528.7
Caffeic acid 2170.6 1284.4 890.9
Isovanillic acid 1567.4 1161.7 526.6
p-coumaric 377.4 267.3 112.8
Ferulic acid 478.9 275.4 388.0

2.2. 3T3-L1 Cell Culture and Differentiation

The culture of 3T3-L1 preadipocytes was performed as previously reported [20]. Briefly,
3T3-L1 preadipocytes were cultured for 48 h in DMEM with fetal bovine serum (FBS) and
1% penicillin/streptomycin. Regarding the differentiation of adipocytes, preadipocytes
were induced by adding 1 ug/mL insulin, 1 mM dexamethasone, and 0.5 mM 3-isobutyl-
1-methylxanthine and co-treated with 2, 10, or 50 ug/mL of arriheuk (WEA, 50EEA, and
70EEA) for 3 days. The induction medium was changed with 1 pg/mL insulin for another
5 days, and a fresh medium was changed every 2 days. Cells were cultured under a
controlled humidified atmosphere at 37 °C with 5% CO,.

2.3. MTT Assay

The MTT assay was carried out to assess the metabolic activity of 3T3-L1 cells. 3T3-L1
cells (1 x 10° cells/well) were cultured for 24 h. Next, the culture medium was substituted
with a culture medium having 100 ug/mL arriheuk extracts. After 24 h, the cells were
incubated at 37 °C for 4 h with 10 pL of MTT solution (Sigma, St. Louis, MO, USA).
Absorbance was measured using absorbance at 590 nm using a multiwell plate reader.

2.4. Oil Red O Stain

Oil Red O staining was employed to determine the accumulation of intracellular lipids
and performed as described previously [20]. The cultured cells were treated with wheat
extracts for 24 h. After 24 h, cells were rinsed with PBS, fixed, and stained with Oil Red O
solution at room temperature. Later, the cells were treated with isopropyl alcohol to get rid
of unbound dye, and Oil Red O spectra were measured at 490 nm using a Fluoroskan™ FL
microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Immunoblotting Analysis

Immunoblotting was performed as previously described [21]. Homogenates of 3T3-L1
cells were separated using MA, USA), p-HSL (#45804, Cell Signaling, MA, USA), HSL
(#4107, Cell Signaling), UCP-1 (#sc-293418, Santa Cruz, CA, USA), PGC-1a (#sc-518025,
Santa Cruz), SIRT1 (#8469, Cell Signaling), AMPK (#5832, Cell Signaling), and p-AMPK
(#2535, Cell Signaling). All the band intensities were quantified with Image] (NIH, Bethesda,
MD, USA).

2.6. Immunofluorescence

Immunofluorescence was performed as suggested in the previous reports [20]. The
differentiated adipocytes were fixed, washed, and permeabilized with 0.1% Triton X-100.
The cells were incubated overnight at 4 °C against UCP1 (#sc-293418, Santa Cruz). Then,
the cells were labeled with a fluorescence-conjugated anti-mouse IgG-TRITC (#A16071,
Thermo Fisher Scientific). Then, the nuclear counterstaining was done with Hoechst 33342
(#H3570, Thermo Fisher Scientific). Finally, the cells were mounted and imaged with the
EVOS M5000 Cell Imaging System (Thermo Fisher Scientific).
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2.7. Nile Red Staining

Neutral lipid staining in mature adipocyte cells was carried out as suggested in
previous investigations [20]. Briefly, differentiated 3T3-L1 cells were stained with 0.5 ug/mL
Nile red solution (#N1142, Thermo Fisher Scientific) for 10-15 min at room temperature.
Then, cells were thoroughly washed and counterstained with 4,6-diamidino-2-phenylindole
(DAPI). Next, cells were mounted and imaged with EVOS M5000 Cell Imaging System
(Thermo Fisher Scientific).

2.8. Determination of Adipogenesis and Lipolysis in 3T3-L1 Cells

The regulation of energy balance is dependent upon lipolysis. Triglycerides (TGs)
are hydrolyzed during lipolysis to produce glycerol and free fatty acids (FFAs). Thus, to
determine the extent of lipolysis, the free glycerol, FFA, and TG concentrations in the cell
culture medium were measured. Glycerol was measured using Glycerol Cell-Based Assay
kit (#K977-100, BioVision, Milpitas, CA, USA). Isoproterenol (#SLBK3425V, Sigma) was
used as a positive control for the assay. TG concentration was measured with Triglyceride
from BioVision. The results of the TG levels were expressed as % of triglycerides compared
to control. Isoproterenol (#SLBK3425V, Sigma) was used as a positive control for the assay.
FFA was assessed using FFA assay kit (K612-100, BioVision).

2.9. Gene Expression Analysis

Gene expression analysis was carried out as suggested in previous investigations [20].
Briefly, the total RNA was isolated with Trizol solution (#15596026, Invitrogen, Carlsbad,
CA, USA), and cDNA was synthesized using the oliogo dT primer kit (#6110A, TaKaRa
Bio Inc., Shiga, Japan). The primer sequences used for PCR in this investigation are listed
in Table 2. QRT-PCR was carried out with SYBR® Premix Ex Taq ™ master mix (#RR041A,
TaKaRa Bio Inc.,) on an ABI PRISM 7500 Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA). For the quantification of PCR products, the Ct method was adopted.
The level of 3-actin expression was used to calibrate each sample.

Table 2. Real-time PCR primer sequences.

Gene Sense (5'-3') Antisense (5'-3")
SREBP-1c CTGTTGGTGCTCGTCTCCT TTGCGATGCCTCCAGAAGTA
PPARYy GATGACAGCGACTTGGCAAT TGTAGCAGGTTGTCTTGAATGT
FAS ATCCTGGCTGACGAAGACTC TGCTGCTGAGGTTGGAGAG
C/EBPx GACTTGGTGCGTCTAAGATGAG TAGGCATTGGAGCGGTGAG
[3-actin AAGACCTCTATGCCAACACAGT AGCCAGAGCAGTAATCTCCTTC

2.10. Statistical Analysis

GraphPad Prism v8.0 (GraphPad Software, San Diego, CA, USA) was used to
analyze the investigational data. For multiple comparisons, one-way ANOVA with
Tukey’s post hoc test was performed. Data are expressed as the mean + SEM. p < 0.05
indicates statistical significance.

3. Results
3.1. Cell Viability and Cytotoxicity of Arriheuks in 3T3-L1 Cells

The cell viability remains similar in all the groups (Figure 1A). The fat accumulation
in the groups treated with 50, 100, and 200 pg/mL of arriheuk hot water and ethanol
extracts (50EEA and 70EEA) demonstrated dose-dependently reduced fat accumulation,
which was lower than the control group (Figure 1B). These findings suggest that arriheuk
produced from ethanol is of higher quality than arriheuk extracted from water, as the total
flavonoid content of the ethanol extract is greater than the water extracts. Moreover, all
the extracts markedly alleviate lipid accumulation on 3T3-L1 adipocytes, displaying the
dose-dependent differentiation compared to differentiated cells (Figure 1C,D). Lipolysis
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Qil-Red O stain

involves the breakdown of intracellular TGs, making it the primary constituent of lipid
droplets. In this study, arriheuk administration significantly decreased the intracellular
TG content compared to other groups (Figure 1E). These significant findings suggest that
arriheuk can effectively inhibit adipocyte differentiation and lipid accumulation.
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Figure 1. Effect of arriheuk on cell proliferation and lipid accumulation in 3T3-L1 cells. (A) 3T3-L1
cells were incubated with or without (50, 100, and 200 ng/mL, respectively) WEA, 50EEA, and 70EEA
for 48 h. (A) Cell viability was evaluated by the MTT test. (B) Quantification of lipid accumulation.
(C) Representative images showing Oil Red O-stained cells treated with 100 pg/mL arriheuk extracts
extracted by different methods. (D) Quantification of lipid droplets of Oil Red O-stained cells (treated
with 100 ug/mL arriheuk extracts). (E) Intracellular TG levels. Oil Red O-stained cells images were
captured at 200x magnification. The scale bar indicates 50 pm. Data are presented as mean & SEM.
n=3* p <0.05 vs. non-DM group, * p < 0.05 vs. DM group. DM, differentiated medium; non-DM,
undifferentiated group; WEA, hot water purple wheat extract; 50EEA, 50% ethanol purple wheat
extract; 70EEA, 70% ethanol purple wheat extract.

3.2. The Effect of Arriheuk on Transcription Factors of Adipogenesis

The expressions of adipogenesis factors were evaluated to determine whether arriheuk
reduces adipocyte differentiation. PPAR-y and C/EBP« are considered to be the primary
transcription factors and are highly expressed in adipose tissue. Thus, the protein and
gene expressions of PPARy, C/EBP«, FAS, and SREBP-1c were analyzed to determine the
effects of arriheuk on adipogenesis-related genes. Arriheuk treatment significantly reduced
the expression of PPAR-y, FAS, SREBP-1c, and C/EBP«x proteins (Figure 2A,B). Similar
observations were recorded with respect to the mRNA levels of PPAR-y, FAS, SREBP-1c,
and C/EBP« (Figure 2C).

3.3. Arriheuks Increase Glycerol Release and the Phosphorylation of HSL in Differentiated
3T3-L1 Adipocytes

Adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) are the major
determining enzymes for lipolysis in adipocytes. These proteins serve a crucial role in
regulating fat accumulation and its breakdown. Therefore, the lipolytic effect of arriheuk
on differentiated 3T3-L1 adipocytes was assessed based on its ability to induce glycerol
levels in the culture medium and the intracellular phosphorylation of HSL and ATGL. In
this study, arriheuk suppressed the levels of ATGL and p-HSL proteins (Figure 3A,B), while
glycerol and free fatty acid (FFA) release were significantly increased (Figure 3C,D).
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Figure 2. Effects of arriheuk on the expression of adipogenic factors in 3T3-L1 cells. Adipocyte
differentiation was triggered with 100 pg/mL arriheuk. (A) Immunoblotting of PPARy, FAS, C/EBP«,
and SREBP-1c and (B) respective quantification analysis. (C) mRNA expression levels of PPARy,
C/EBP«, SREBP-1c, and FAS. Data are presented as mean + SEM. n =3, # p < 0.05 vs. non-DM group,
*p <0.05 vs. DM group. DM, differentiated medium; non-DM, undifferentiated group; WEA, hot
water purple wheat extract; 50EEA, 50% ethanol purple wheat extract; 70 EEA, 70% ethanol purple
wheat extract.
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Figure 3. Effects of arriheuk on lipolysis determined by measuring the glycerol release and the
expression of ATGL, HSL, and pHSL in differentiated 3T3-L1 adipocytes. Adipocyte differentia-
tion was induced in the presence of 100 pg/mL arriheuk. (A) Protein expression levels of ATGL,
p-HSL, and HSL were analyzed by immunoblotting and (B) quantification analysis. (C) Glycerol
release concentrations in different groups. (D) Free fatty acid contents in different treatments. Data
are presented as mean = SEM. n = 3, * p < 0.05 vs. DM group. DM, differentiated medium; non-DM,
undifferentiated group; WEA, hot water purple wheat extract; 50EEA, 50% ethanol purple wheat
extract; 70EEA, 70% ethanol purple wheat extract.

3.4. Arriheuk Regulates Mitochondria Biogenesis and Induces 3T3-L1 Browning

All factors involved in the browning of fat were examined to understand the potential
molecular mechanism underlying the arriheuk-induced browning of fat. Additionally, the
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Nile red staining was performed to visualize the fat accumulation. Mitochondrial DNA
(mtDNA) was also evaluated as a proxy biomarker of mitochondrial health. Furthermore,
cells were treated with an adipocyte differentiation cocktail and treated with arriheuk to
measure brown fat markers such as PGC-1x and UCP-1. Here, treatment with arriheuk
controlled the fat accumulation (Figure 4A) and improved the mitochondrial function indi-
cated by the levels of mtDNA (Figure 4B). Moreover, the arriheuk treatment upregulated
the expression levels of PGC-1x and UCP1 in 3T3-L1 adipocytes (Figure 4D-G).

> C
A B 2 120- 2.0-
o —
.‘é 90 * g * * *
50EEA 70EEA 9 * ¥ S 1.5
 — 5
; o 60+ T 1.0
3 E £
13 e <
P o 304 % 0.5
b4 4
° €
= 0
s 0.0
N (< e 2 ™
LSRG ?, NS 0“\*(" 6’5”
D E > 120+
2
50EEA 70EEA
£ 904
- [
< 2
a S 60+
= o
o S
o iC 30
o
@)
=}
2.0 3
DM WEA 50EEA 70EEA 'g 'S
—-s.-.—-——-édUCPJ 51.5 ';Z’
- - - E —
—— —— — —— o— 4 (3-2CtiN |§ I%
%‘ 0.5 (I)
= &
oe 0= N ok o
S RACAASE M

Figure 4. Arriheuk promotes mitochondrial biogenesis in 3T3-L1 adipocytes cells. Adipocyte differ-
entiation was induced in the presence of 100 pg/mL arriheuk. (A) Representative images showing Nile
red staining. All the images were acquired using a confocal microscope. Scale bar = 20 um and (B) quan-
titative analysis of Nile red staining activity. (C) Quantification of adipocyte mtDNA normalized to total
genomic DNA by qPCR. (D)Representative confocal micrographs of immunofluorescence staining of
UCPI1 (scale bar, 20 um), and (E) quantification of staining intensity. (F) Immunoblotting of UCP-1 and
PGC-1a and (G) quantify cation analysis of UCP-1 and PGC-1c. Data are presented as mean + SEM. n
=3,%*p <0.05 ** p <0.01 vs. DM group. DM, differentiated medium; WEA, hot water purple wheat
extract; 50EEA, 50% ethanol purple wheat extract; 70EEA, 70% ethanol purple wheat extract.

3.5. Effect of Arriheuk on the SIRT1-AMPK Axis in 3T3-L1 White Adipocytes

AMPK restores the energy balance during metabolic stress [6] and suppresses adipocyte
differentiation during differentiation. Thus, we investigated whether arriheuk activates the
metabolic shift-associated SIRT1-AMPK signaling axis in 3T3-L1 adipocytes. Treatment
with arriheuk recovered SIRT1 and p-AMPK protein expressions and SIRT1 activity in
differentiated 3T3-L1 cells (Figure 5A). Moreover, the p-AMPK/AMPK ratio was elevated
with the arriheuk treatment (Figure 5B). These findings suggest that arriheuk extract inhibits
adipocyte differentiation and lipolysis via the AMPK-SIRT1 axis.
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Figure 5. The effects of arriheuk on the expression of SIRT1, p-AMPK, and AMPK in 3T3-L1
adipocytes. Adipocyte differentiation was induced in the presence of 100 ug/mL arriheuk. Differen-
tiated 3T3-L1 cells were treated with WEA, 50EEA, and 70EEA. (A) Immunoblotting of SIRT1, AMPK,
and p-AMPK. (B) Quantification of SIRT1 and p-AMPK/AMPK ratio. Data are presented as a mean
+ SEM. n = 3, # p < 0.05 vs. non-DM group, * p < 0.05 vs. DM group. DM, differentiated medium;
non-DM, undifferentiated group; WEA, hot water purple wheat extract; 50EEA, 50% ethanol purple
wheat extract; 70EEA, 70% ethanol purple wheat extract.

4. Discussion

Antioxidants help in obesity management. The antioxidants and flavonoids present in
the arriheuk extract potentially influence mitochondrial biogenesis, but the mechanism by
which they prevent obesity is unclear. Arriheuk, purple wheat extract is a rich source of
polyphenolic compounds. Hence, arriheuk consumption could benefit obesity. Thus, this
study aims to investigate the anti-adipogenic effect of the extract of arriheuk (Purple wheat
extract, PWE) in 3T3-L1 adipocytes and potential regulatory mechanisms with a special
focus on AMPK/SIRT1 signaling.

Firstly, cytotoxicity assays reveal that arriheuk is non-toxic, as treatment with arriheuk
did not alter cell viability. These observations show the potential use of arriheuk as a func-
tional food to manage obesity. Here, the mitochondrial biogenesis and AMPK activation
during 3T3-L1 adipocyte differentiation were evaluated to understand the effect of the
underlying mechanism behind the positive implications of arriheuk. The findings strongly
suggest that arriheuk positively affects lipogenesis and adipocyte differentiation via a
metabolic shift that regulates fat accumulation. During 3T3-L1 adipocyte differentiation,
arriheuk extracts significantly inhibited lipid accumulation by suppressing SREBP-1C,
PPARy, C/EBP«, and FAS expressions. Specifically, adipocyte differentiation necessitates
SREBP-1c, which induces the expression of PPARy and FAS expressions [22]. Furthermore,
the expression of transcription factors like C/EBPa and PPARY facilitates lipogenesis [23].
Also, these transcription factors are crucial to regulators that mediate the pathogenesis of
metabolic diseases such as obesity [24]. Here, the suppression of the transcription factors
with arriheuk is evident in 3T3-L1 adipocytes. Arriheuk in adipocytes is correlated with
the expression of UCP-1 and PGC-1 proteins, supporting the observation that arriheuk
decreases intracellular fat accumulation in adipocytes.

Furthermore, during the early phases of adipocyte differentiation, C/EBPf and
C/EBP$ are expressed and induce the expression of C/EBPx and PPARy, which are the
most significant modulators of adipogenesis. PPARY is the critical regulator of adipocyte
proliferation and differentiation [25]. Previous reports indicate that PPARy-deficient cells
cannot differentiate into mature adipocytes amid the ectopic expression of numerous
pro-adipogenic factors [26]. Additionally, PGC-1x and UCP1 stimulate mitochondrial
biogenesis and oxidative phosphorylation during cellular energy metabolism [27,28]. Thus,
these genes are crucial biosynthetic markers for the replication and synthesis of mitochon-
drial DNA. Arriheuk elevated the expression levels of UCP-1, PGC-1«, and PPARYy in
3T3-L1 adipocytes.
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AMPK, an important modulator of energy metabolism, influences the expression of
key factors involved in mitochondrial biogenesis and energy expenditure in BAT, regulating
lipid metabolism. The enhanced AMPK increases nicotinamide phosphoribosyltransferase
(NAMPT), which helps to maintain fatty acid oxidation via mitochondrial respiration.
Additionally, fatty acid oxidation increased the NAD™ levels [29]. Enhanced NAMPT and
NAD* trigger SIRT1 activity and stimulate PGC-1x deacetylation and activation [30]. Ad-
ditionally, PGC-1 is activated by AMPK via either direct phosphorylation or by facilitating
SIRT1-dependent deacetylation. Additionally, the ability of BAT to dissipate energy as
heat suggests the anti-inflammatory actions of BAT, where UCP-1 regulates the release of
heat [31], regulating thermogenesis. Collectively, PGC-1« functions as key regulator of
mitochondrial biogenesis and influence UCP-1, which influences mitochondrial function
by modulating energy expenditure, heat production, and ROS levels. This complex rela-
tionship between PGC-1, UCPs, and mitochondrial biogenesis is positively regulated by
arriheuk in 3T3-L1 adipocytes to maintain cellular energy homeostasis, where physiological
processes such as metabolism, thermogenesis, and oxidative stress response are regulated
to exert beneficial effects. Previously, SIRT1 activated PGC-1 via deacetylation and AMPK,
thereby directly mitochondrial DNA transcription [32]. Here, treatment with arriheuk
significantly revived p-AMPK and SIRT1 protein expression levels.

Interestingly, caffeic acid (3,4-dihydroxycinnamic acid, CA) and its derivatives com-
monly occur in plant species, especially as major secondary metabolites in coffee and
tea. Isovanillic acid (IA) is long recognized as beneficial in obesity and type 2 diabetes
management. Also, polyphenols like CA and IA acid are known to inhibit lipid oxida-
tion and ROS formation in vitro and in vivo. Evidence suggests that CA and IA induce
non-shivering thermogenesis by primarily impacting adipogenic differentiation via AMPK
activation. Here, the observations of the study strongly suggest a close connection be-
tween mitochondrial biogenesis and AMPK/SIRT1 activation. Also, it is indicated that
the arriheuk-linked reduction in adipogenesis and mitochondrial biogenesis are directly
linked to AMPK/SIRT1 activation. Thus, AMPK/SIRT1 is a likely therapeutic target for
obesity and its metabolic effects. Together, the observations of the study confirmed that
arriheuk regulates obesity by suppressing adipogenic factors and promoting thermogenesis
involving AMPK-SIRT1-PGC-1.

Limitations of This Study

The current investigation provides conclusive evidence on the underlying mechanism
of arriheuk against adipocyte differentiation and obesity. However, further in vitro tests
with AMPK/SIRT1 knockout technologies are necessary to validate the suggested mech-
anism. Additionally, similar in vivo tests are necessary to corroborate the investigation
observations. These advanced in vitro and in vivo studies confirm the differentiation and
browning of adipocytes through AMPK activation. Also, other compounds in the wheat
extract apart from polyphenolic compounds may be involved in the beneficial effect and
must be investigated to validate the contribution of polyphenolic compounds.

5. Conclusions

In summary, this study reports that arriheuk inhibited lipid and TG accumulation in
3T3-L1 adipocytes. Additionally, the beneficial effects of arriheuk can be attributed to the
AMPK/SIRT1/PGC-1 signals that regulate adipocyte differentiation. Thus, arriheuk can be
regarded as a functional food that can prevent mitochondrial dysfunction and adipocyte
differentiation associated with obesity.

Author Contributions: Conceptualization, G.-H.L.; data curation, M.-K.P. and Y.Y.; methodology,
K.-HXK. and Y.Y,; writing—original draft preparation, G.-H.L.; review and editing, G.-H.L. and Y.Y.
All authors have read and agreed to the published version of the manuscript.



Foods 2023, 12, 2727 10 of 11

Funding: This study was supported by the Rural Development Administration’s Food Science
Institute’s “Maximum Production Technology of Colored Wheat Useful Ingredients and Development
of Regional Specialized Processed Products (PJ014543) project”.

Data Availability Statement: Data is contained within the article.

Acknowledgments: Purple wheat (Arriheuk) used in this study was provided by the National
Institute of Food Science, Wanju, Republic of Korea.

Conflicts of Interest: Young Yoon and Min-Kyung Park were involved in the work. Specifically,
Young Yoon designed and supervised the study along with Geum-Hwa Lee. Min-Kyung Park
performed the experiment with Kyung Hoon Kim. All the authors declare that Young Yon and
Min-Kyung Park from Imsil Cheese & Food Research Institute, Imsil, Republic of Korea, do not have
a conflict of interest related to the work.

References

1.  Carbone, S.; Canada, ].M.; Billingsley, H.E.; Siddiqui, M.S.; Elagizi, A.; Lavie, C.J. Obesity paradox in cardiovascular disease:
Where do we stand? Vasc. Health Risk Manag. 2019, 15, 89-100. [CrossRef] [PubMed]

2. Hales, CM,; Carroll, M.D.; Fryar, C.D.; Ogden, C.L. Prevalence of Obesity among Adults and Youth: United States, 2015-2016; National
Center for Health Statistics (U.S.): Hyattsville, MD, USA, 2017; Volume 288, pp. 1-8.

3. Whitlock, G.; Sherliker, P.; Clarke, R.; Emberson, ].; Halsey, J. Body-mass index and cause-specifi ¢ mortality in 900,000 adults:
Collaborative analyses of 57 prospective studies. Lancet 2009, 373, 1083-1096.

4. Li,Y,;Li, Z; Ngandiri, D.A.; Llerins Perez, M.; Wolf, A.; Wang, Y. The Molecular Brakes of Adipose Tissue Lipolysis. Front. Physiol.
2022, 13, 826314. [CrossRef] [PubMed]

5. Song, Z.; Xiaoli, A.M.; Yang, F. Regulation and Metabolic Significance of De Novo Lipogenesis in Adipose Tissues. Nutrients 2018,
10, 1383. [CrossRef]

6. Hardie, D.G.; Ross, FA.; Hawley, S.A. AMPK: A nutrient and energy sensor that maintains energy homeostasis. Nat. Rev. Mol.
Cell Biol. 2012, 13, 251-262. [CrossRef]

7. Ruderman, N.B.; Julia Xu, X.; Nelson, L.; Cacicedo, ].M.; Saha, AK,; Lan, F; Ido, Y. AMPK and SIRT1: A long-standing
partnership? Am. J. Physiol.-Endocrinol. Metab. 2010, 298, E751-E760. [CrossRef] [PubMed]

8.  Nguyen, M.T.; Csermely, P,; Soti, C. Hsp90 chaperones PPARgamma and regulates differentiation and survival of 3T3-L1
adipocytes. Cell Death Differ. 2013, 20, 1654-1663. [CrossRef]

9. Wang, S.; Pan, M.H.; Hung, W.L.; Tung, Y.C.; Ho, C.T. From white to beige adipocytes: Therapeutic potential of dietary molecules
against obesity and their molecular mechanisms. Food Funct. 2019, 10, 1263-1279. [CrossRef] [PubMed]

10. Junejo, S.A.; Geng, H.; Wang, N.; Wang, H.; Ding, Y.; Zhou, Y.; Rashid, A. Effects of particle size on physiochemical and in vitro
digestion properties of durum wheat bran. Int. J. Food Sci. Technol. 2019, 54, 221-230. [CrossRef]

11. Martin-Diana, A.B.; Garcia-Casas, M.].; Martinez-Villaluenga, C.; Frias, J.; Penas, E.; Rico, D. Wheat and Oat Brans as Sources of
Polyphenol Compounds for Development of Antioxidant Nutraceutical Ingredients. Foods 2021, 10, 115. [CrossRef]

12. P, N.PV, Joye, L]. Dietary Fibre from Whole Grains and Their Benefits on Metabolic Health. Nutrients 2020, 12, 3045. [CrossRef]

13. Jimenez-Pulido, I].; Daniel, R; Perez, ].; Martinez-Villaluenga, C.; De Luis, D.; Martin Diana, A.B. Impact of Protein Content on
the Antioxidants, Anti-Inflammatory Properties and Glycemic Index of Wheat and Wheat Bran. Foods 2022, 11, 2049. [CrossRef]

14. Tome-Sanchez, I.; Martin-Diana, A.B.; Penas, E.; Bautista-Exposito, S.; Frias, ].; Rico, D.; Gonzalez-Maillo, L.; Martinez-Villaluenga,
C. Soluble Phenolic Composition Tailored by Germination Conditions Accompany Antioxidant and Anti-inflammatory Properties
of Wheat. Antioxidants 2020, 9, 426. [CrossRef] [PubMed]

15. Bohmdorfer, S.; Oberlerchner, ].T.; Fuchs, C.; Rosenau, T.; Grausgruber, H. Profiling and quantification of grain anthocyanins in
purple pericarp X blue aleurone wheat crosses by high-performance thin-layer chromatography and densitometry. Plant Methods
2018, 14, 29. [CrossRef]

16. Francavilla, A.; Joye, L.]. Anthocyanins in Whole Grain Cereals and Their Potential Effect on Health. Nutrients 2020, 12, 2922.
[CrossRef]

17.  Sharma, S.; Chunduri, V.; Kumar, A.; Kumar, R.; Khare, P.; Kondepudi, K.K.; Bishnoi, M.; Garg, M. Anthocyanin bio-fortified
colored wheat: Nutritional and functional characterization. PLoS ONE 2018, 13, e0194367. [CrossRef]

18. Jin, HY; Jeon, S.H.; Kim, K.H.; Kang, C.S.; Choi, H.S.; Youn, Y. Phytochemical components and physiological activities of purple
wheat bran ‘Arriheuk’ extracts. Korean J. Food Preserv. 2021, 28, 372-383. [CrossRef]

19. Gomes, ].V.P; Rigolon, T.C.B.; Souza, M.S5.d.S.; Alvarez-Leite, ].I; Lucia, C.M.D.; Martino, H.S.D.; Rosa, C.d.O.B. Antiobesity
effects of anthocyanins on mitochondrial biogenesis, inflammation, and oxidative stress: A systematic review. Nutrition 2019, 66,
192-202. [CrossRef] [PubMed]

20. Lee, G.H,; Peng, C.; Lee, H.Y,; Park, S.A.; Hoang, T.H.; Kim, ] H.; Sa, S.; Kim, G.E.; Han, ].S.; Chae, H.]. D-allulose ameliorates

adiposity through the AMPK-SIRT1-PGC-1alpha pathway in HFD-induced SD rats. Food Nutr. Res. 2021, 65, 7803. [CrossRef]


https://doi.org/10.2147/VHRM.S168946
https://www.ncbi.nlm.nih.gov/pubmed/31118651
https://doi.org/10.3389/fphys.2022.826314
https://www.ncbi.nlm.nih.gov/pubmed/35283787
https://doi.org/10.3390/nu10101383
https://doi.org/10.1038/nrm3311
https://doi.org/10.1152/ajpendo.00745.2009
https://www.ncbi.nlm.nih.gov/pubmed/20103737
https://doi.org/10.1038/cdd.2013.129
https://doi.org/10.1039/C8FO02154F
https://www.ncbi.nlm.nih.gov/pubmed/30735224
https://doi.org/10.1111/ijfs.13928
https://doi.org/10.3390/foods10010115
https://doi.org/10.3390/nu12103045
https://doi.org/10.3390/foods11142049
https://doi.org/10.3390/antiox9050426
https://www.ncbi.nlm.nih.gov/pubmed/32423164
https://doi.org/10.1186/s13007-018-0296-5
https://doi.org/10.3390/nu12102922
https://doi.org/10.1371/journal.pone.0194367
https://doi.org/10.11002/kjfp.2021.28.3.372
https://doi.org/10.1016/j.nut.2019.05.005
https://www.ncbi.nlm.nih.gov/pubmed/31310961
https://doi.org/10.29219/fnr.v65.7803

Foods 2023, 12, 2727 11 of 11

21.

22.

23.
24.

25.
26.

27.

28.

29.
30.

31.
32.

Lee, H.-Y.; Lee, G.-H.; Hoang, T.-H.; Park, S.-A.; Lee, J.; Lim, J.; Sa, S.; Kim, G.E.; Han, J.S.; Kim, | ; et al. d-Allulose Ameliorates
Hyperglycemia Through IRElx Sulfonation-RIDD-Sirt]l Decay Axis in the Skeletal Muscle. Antioxid. Redox Signal. 2022, 37,
229-245. [CrossRef] [PubMed]

Khalilpourfarshbafi, M.; Gholami, K.; Murugan, D.D.; Abdul Sattar, M.Z.; Abdullah, N.A. Differential effects of dietary flavonoids
on adipogenesis. Eur. ]. Nutr. 2019, 58, 5-25. [CrossRef]

Farmer, S.R. Transcriptional control of adipocyte formation. Cell Metab. 2006, 4, 263-273. [CrossRef]

Liu, P; Hsieh, P; Lin, H.; Liu, T.; Wu, H.; Chen, C.; Chen, Y. Grail is involved in adipocyte differentiation and diet-induced obesity.
Cell Death Dis. 2018, 9, 525. [CrossRef] [PubMed]

Ghaben, A.L.; Scherer, PE. Adipogenesis and metabolic health. Nat. Rev. Mol. Cell Biol. 2019, 20, 242-258. [CrossRef] [PubMed]
Rosen, E.; Eguchi, J.; Xu, Z. Transcriptional targets in adipocyte biology. Expert Opin. Ther. Targets 2009, 13, 975-986. [CrossRef]
[PubMed]

Chen, L.; Qin, Y;; Liu, B.; Gao, M.; Li, A,; Li, X.; Gong, G. PGC-lalpha-Mediated Mitochondrial Quality Control: Molecular
Mechanisms and Implications for Heart Failure. Front. Cell Dev. Biol. 2022, 10, 871357. [CrossRef]

Si, Y.; Palani, S.; Jayaraman, A.; Lee, K. Effects of forced uncoupling protein 1 expression in 3T3-L1 cells on mitochondrial function
and lipid metabolism. J. Lipid Res. 2007, 48, 826-836. [CrossRef]

Jeon, S.M. Regulation and function of AMPK in physiology and diseases. Exp. Mol. Med. 2016, 48, €245. [CrossRef]

Koh, J.H.; Kim, ].Y. Role of PGC-1alpha in the Mitochondrial NAD(+) Pool in Metabolic Diseases. Int. ]. Mol. Sci. 2021, 22, 4558.
[CrossRef]

Marlatt, K.L.; Ravussin, E. Brown adipose tissue: An update on recent findings. Curr. Obes. Rep. 2017, 6, 389-396. [CrossRef]
Nisoli, E.; Clementi, E.; Paolucci, C.; Cozzi, V.; Tonello, C.; Sciorati, C.; Bracale, R.; Valerio, A.; Francolini, M.; Moncada, S.J.
Mitochondrial biogenesis in mammals: The role of endogenous nitric oxide. Science 2003, 299, 896-899. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1089/ars.2021.0207
https://www.ncbi.nlm.nih.gov/pubmed/35166127
https://doi.org/10.1007/s00394-018-1663-8
https://doi.org/10.1016/j.cmet.2006.07.001
https://doi.org/10.1038/s41419-018-0596-8
https://www.ncbi.nlm.nih.gov/pubmed/29743578
https://doi.org/10.1038/s41580-018-0093-z
https://www.ncbi.nlm.nih.gov/pubmed/30610207
https://doi.org/10.1517/14728220903039706
https://www.ncbi.nlm.nih.gov/pubmed/19534570
https://doi.org/10.3389/fcell.2022.871357
https://doi.org/10.1194/jlr.M600343-JLR200
https://doi.org/10.1038/emm.2016.81
https://doi.org/10.3390/ijms22094558
https://doi.org/10.1007/s13679-017-0283-6
https://doi.org/10.1126/science.1079368
https://www.ncbi.nlm.nih.gov/pubmed/12574632

	Introduction 
	Materials and Methods 
	Extraction and Purification of Purple Wheat (Arriheuk) 
	3T3-L1 Cell Culture and Differentiation 
	MTT Assay 
	Oil Red O Stain 
	Immunoblotting Analysis 
	Immunofluorescence 
	Nile Red Staining 
	Determination of Adipogenesis and Lipolysis in 3T3-L1 Cells 
	Gene Expression Analysis 
	Statistical Analysis 

	Results 
	Cell Viability and Cytotoxicity of Arriheuks in 3T3-L1 Cells 
	The Effect of Arriheuk on Transcription Factors of Adipogenesis 
	Arriheuks Increase Glycerol Release and the Phosphorylation of HSL in Differentiated 3T3-L1 Adipocytes 
	Arriheuk Regulates Mitochondria Biogenesis and Induces 3T3-L1 Browning 
	Effect of Arriheuk on the SIRT1–AMPK Axis in 3T3-L1 White Adipocytes 

	Discussion 
	Conclusions 
	References

