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Length of primary cilia, which involves cell cycle reentry and disassembly of cilia, promotes cell mitosis. It is known that the cilia
length in adipose tissue of the high-fat diet (HFD) animals was shortened and accompanied by increased adipogenesis. Male
C57BL/6Nmice were randomly divided into groups.+emice group was given the normal fat diet (NFD/saline), HFDmice group
for 4 weeks, and then HFD was also treated for the next 4 weeks with saline (HFD/saline), Ecklonia cava extract (HFD/ECE), or
pyrogallol-phloroglucinol-6, 6-bieckol, a segment of ECE (HFD/PPB). We evaluated the effect of ECE and PPB on modulating
cilia length of visceral adipose tissue and decreasing adipogenesis by decreasing cell cycle reentry using an HFD-fed mouse model.
ECE and PPB decreased physiological changes, which increased by HFD, but ECE and PPB decreased the upregulation of the IL-6/
STAT3/AURKA signaling pathway, which is involved in cilia disassembly. In addition, ECE or PPB elongated the cilia and
decreased cyclin A2 and Cdk2 expression, which promote cell cycle reentry, and decreased the adipogenesis genes. PPB and ECE
restored cilia length and decreased adipogenesis through modulating the IL-6/STAT3/AURKA pathway and decreasing cell cycle
reentry in the visceral adipose tissue of HFD/saline mice group.

1. Introduction

Cilia are the extruding structure of eukaryotic cells. +ey are
classified into motile and immotile cilia [1, 2]. +e motile
cilia are present in the respiratory tract, while immotile cilia
are present in almost every cell in the body [1, 2]. Immotile
cilia, which are also called primary cilia, act as a sensor and
are involved in signal transduction by sensing environ-
mental information [1, 2].

Primary cilia are also involved in regulating the cell cycle.
Primary cilia are present during G0 and G1, and in S/G2,
they are resorbed before entering mitosis [3]. +e primary

cilium’s presence keeps cells in a quiescent state and pro-
hibits cell proliferation, while cell division is initiated when
the cilium is resorbed into the cell [4]. Resorption or dis-
assembly, when cilium retracts into the cell, leads to the
reentry of cells into the cell cycle by initiating mitosis [5].

White adipose tissue enlarges by both hypertrophy
(increasing adipocyte size) and hyperplasia (increasing ad-
ipocyte number) [6, 7]. Differentiation of adipocyte pre-
cursor cells inherent in adipose tissue leads to adipocyte
hyperplasia and this process is called adipogenesis [8]. +e
primary cilium is also involved in adipogenesis by regulating
the cell cycle entering [9].
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Mutations in proteins related to cilia formation lead to
various diseases such as Bardet–Biedl syndrome or Alstrom
syndrome 1. +ose diseases showed primary cilium defects
and were accompanied by obesity [10–12]. Several studies
showed that both primary obese adipose tissue and adipose-
derived mesenchymal stem cells (ASCs) from obese human
subjects showed shorter cilia than lean control subjects [13].
It is known that a high-fat diet (HFD) leads to the defect of
primary cilia and enhances cell cycle reentry at an early stage
of adipogenesis, which increases adipogenesis [14].

In obesity, the expansion of adipose tissue leads to
chronic inflammation and hypoxia in the adipose tissue, and
preadipocytes and adipocytes are often exposed to inflam-
matory cytokines such as interleukin (IL)-6 or tumor ne-
crosis factor-alpha (TNF-α) [15, 16]. TNF-α and IL-6 are
known to involve in the shortening of cilia in ASC [13]. IL-6
regulates various downstream genes by activating the signal
transducer and activator of transcription (STAT) 3 [17]. One
downstream of IL-6 is aurora kinase A (AURKA), a vital
regulator of cilium disassembly [18]. AURKA is directly
regulated by the IL-6/Janus kinase 2 (JAK2)/STAT3 pathway
via c-myc [19]. TNF-α also initiates the upregulation of the
JAK1/STAT3/STAT5 pathway [20]. +e mitotic kinases
polo-like kinase 1 (Plk1) and AURKA are crucial during
cilia’s disassembly process [21]. By mitogen stimulation
during the early G1 phase, Plk1 inhibits the extension of the
axoneme via activation of kinesin family member 2A
(Kif2A), which is a potent microtubule depolymerase [21].
Plk1 cooperates with AURKA in the disassembly process of
primary cilia [22]. Furthermore, activation of kinesin family
member 24 (Kif24) ensures ciliary disassembly from the S
phase of mitosis [23]. AURKA is increased in ASCs of obese
adipose tissue, and it was increased in the ASCs of lean
adipose tissue by treatment of IL-6 and TNF-α [18]. Inhi-
bition of AURKA restores the cilium length of obese ASC
and IL-6-treated lean ASCs [18].+ose results suggested that
AURKA is a major downstream signal, which was upre-
gulated by IL-6 [18].

Ecklonia cava is a brown alga species abundant in Korea
and Japan [24]. Previously, our group reported that E. cava
extract (ECE) decreased leptin resistance in adipose tissue
induced by HFD via decreasing inflammation of adipose
tissue [25]. Pyrogallol-phloroglucinol-6, 6-bieckol (PPB),
one segment of ECE, is known that has an anti-obesity effect
by decreasing the inflammation of the fat tissue in the HFD-
fed animal model [26]. Previous studies showed that ECE or
PPB attenuated obesity by decreasing inflammation in the
adipose tissue. It has not been revealed whether ECE or PPB
affects cilia length modulation, which is related to adipo-
genesis by decreasing adipose tissue inflammation [25, 26].
In the present study, we evaluated whether ECE or PPB
decreased IL-6, which eventually led to a decrease in the
signal pathway of JAK2/STAT3/AURKA related to cilia
disassembly in the visceral adipose tissue of HFD-fed ani-
mals. +e effects of ECE and PPB on restoring cilia length of
adipocyte, which was accompanied by decreasing signals
related to cilia shortening such as Plk1, Plk4, Kif2A, and
Kif24, were also evaluated. We also evaluated whether ECE
and PPB decreased proteins that enhance cell cycle entry

such as cyclin A2 and cyclin-dependent kinase 2 (Cdk2),
which eventually attenuated adipogenesis in the visceral
adipose.

2. Materials and Methods

2.1. Prepared ECE and PPB from E. cava. +e extract was
obtained from the Aqua Green Technology Co., Ltd. (Jeju,
Republic of Korea). Briefly, the raw materials of E. cava,
washed with pure water, were air-dried at ambient tem-
perature for 48 hours and finely ground, and 50% ethanol
was added and heated at 85 degrees for 12 hours. +ereafter,
the ECE was subjected to filtration and concentration, heat
sterilized at high temperature for one hour, and then spray-
dried [25–28].

+e PPB, one of the four phlorotannins of E. cava, was
isolated in the same method as in the previous studies
[25–28]. Briefly, a column was charged with an organic
stationary phase using centrifugal partition chromatography
in a two-phase solvent system mixing distilled water, ethyl
acetate, methanol, and mixture of n-hexane (ratio 7:7:3:2).
+e mobile phase was charged to the column in descending
order (flow rate of 2mL/min) and separated. +e purity of
the isolated PPB was measured to be about 91.24% [25–28]
and used in this study.

2.2.HFD-FedMiceModel. Animal experiments in this study
were conducted in accordance with the ethical principles
announced by the Institutional Animal Care and Use
Committee of Gachon University (approval number: LCDI-
2019-0130). +e 7-week-old male C57BL/6N mice were
purchased from Orient Bio (Seongnam, Republic of Korea)
and they were bred while maintaining a constant temper-
ature of 22°C to 23°C, relative humidity of 45% to 50%, and
dark/light cycle at 12-hour intervals. After one week of
adaption, the mice were haphazardly assigned to six groups
as follows: a group ingested a regular normal fat diet (NFD)
for 4 weeks and followed by oral administration of 0.9%
normal saline with NFD intake for 4 weeks (1, NFD/saline).
After consuming a 45% HFDs (Research diet Inc., NY, USA)
for 4 weeks, 0.9% saline (2, HFD/saline), 50, 100, and
150mg/kg/day of ECE (3–5, HFD/ECE 50, 100, and 150) or
2.5mg/kg/day of PPB (6, HFD/PPB) by oral administration
with a 45% HFD for the next 4weeks. Eight weeks after the
start of treatment, all mice were measured for mice body
weight and fat mass by Minispec MQ Series (Bruker, MA,
USA) before sacrifice [28, 29].

2.3. Adipocyte Size Measure. To measure the size of adi-
pocytes in visceral fat, the adipose tissue slides were stained
with hematoxylin & eosin. +e adipose tissue slides were
deparaffinized with xylene and then rehydrated using pro-
gressive ethanol solution (100%, 90%, 80%, and 70%) for 1
minute each step. After rinsing the slides with running
water, the slides were immersed in hematoxylin solution and
washed with tap water for 3 minutes. +e tissue slides were
immersed into the eosin solution for 1 minute and washed
with running water. Cover slides were mounted using
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xylene-based DPX solution (Sigma-Aldrich, MO, USA) and
visualized with an optical microscope (BX53M; Olympus,
Japan). +e adipocytes size of visceral fat tissue was deter-
mined by randomly capturing 10 visceral fat images and the
adipocyte area wasmeasured from the cross-sectional area of
the adipocyte membrane by the Image J software (NIH, DC,
USA) [28, 29].

2.4. Western Blot for Primary Cilia. +e frozen visceral fat
was homogenized with the RIPA buffer (EzRIPA, ATTO,
Tokyo, Japan) containing phosphatase and proteinase in-
hibitors. +e lysed adipose tissues were subjected to soni-
cation and then centrifuged at 4°C for 15 minutes at a speed
of 14,000× g. For the separation of the equal amount of
extracted visceral fat proteins, it was loaded on 8–12%
polyacrylamide gels using electrophoresis (Bio-Rad Labo-
ratories, CA, USA) and transferred onto polyvinylidene
fluoride membranes (Millipore, MA, USA) by a Power-
Station (ATTO). After blocking using 5% skim milk for 1
hour at room temperature, the membrane was washed with
Tris-buffered saline containing 0.1% Tween 20 (TTBS). +e
primary antibodies listed Supplementary Table 1 (Table S1)
were incubated at 4°C for overnight. After washing the
membrane tagged with the primary antibodies with TTBS, it
was incubated with horseradish peroxidase-conjugated
secondary antibodies (Vector Laboratories, CA, USA) and
rinsed again using TTBS. Subsequently, it was developed
using a chemiluminescence detection solution (GE
Healthcare, IL, USA) to visualize the proteins on the
membrane. Western blot images obtained through visuali-
zation were analysed using the Image J software (NIH, DC,
USA) [30, 31].

2.5. Immunofluorescence for Primary Cilia. For tissue
staining, the visceral adipose tissue paraffin blocks, sectioned
to a thickness of 7 μm, were placed on gelatin-coated slides
and dried at 37°C for overnight. +e adipose tissue placed on
the coated slides was deparaffinized with xylene and pro-
gressive ethanol (100%, 90%, 80%, and 70%) and then
washed three times with phosphate-buffered saline (PBS).
After that, we removed the PBS and the tissue slides in-
cubated with animal serum for antigen-antibody blocking
and anti-Arl13b primary antibody (Proteintech; IL, USA)
and rinsed it with PBS. +e tissues were loaded for 1 hour at
room temperature with Alexa Fluor 488 (Invitrogen; MA,
USA) and then washed with PBS. Finally, tissue slides
washed with PBS were incubated with a nucleus staining
solution (4′, 6-diamidino-2-phenylindole; DAPI) for 5
minutes and then removed using PBS. After that, the slides
were prepared for confocal imaging using vector shield
solution (Vector Laboratories, CA, USA). +e Arl13b pos-
itive cilia were visualized and analysed using a confocal
microscope (LSM 710, Carl Zeiss, Oberkochen, Germany) at
the core facility for cell-to-in vivo imaging. At least 20
confocal images of the Arl13b positive cilia were randomly
captured. Cilia length measurements in visceral fat tissue
were determined by drawing a line across the cilia in the

proximal or distal region using the Image J software (NIH,
DC, USA) [32, 33] using Arl13b as the cilium marker [13].

2.6.QuantitativeReal-TimePolymeraseChainReaction (qRT-
PCR). +e visceral adipose tissue finely pulverized using
liquid nitrogen was incubated with 1mL of RNAiso Plus
reagent (TAKARA, Shiga, Japan) at room temperature for 5
minutes. +e lysed samples were centrifuged at a speed of
12,000× g at 4°C for 5 minutes, and then the supernatant is
collected and transferred to a new tube. +e transferred
supernatants were vigorously mixed with 0.2mL of chlo-
roform (Amresco, OH, USA), incubated at room temper-
ature for 5 minutes, and then centrifuged at 12,000× g for 15
minutes at 4°C. At this time, the collected aqueous phase was
mixed with 0.25mL of isopropanol, placed at room tem-
perature for 10 minutes, and then centrifuged at 12,000× g

for 10 minutes at 4°C again. +e extracted RNA pellets were
thoroughly washed with cold 75% ethanol and centrifuged at
7,500× g at 4°C for 5 minutes, and then the supernatant was
discarded to dry the RNA pellet. +e dried pellet was dis-
solved using 20–30 μL of diethylpyrocarbonate (DEPC)-
treated water, and the concentration and quality of the
extract RNA were measured by a Nanodrop 2000 (+ermo
Fisher Scientific, MA, USA). For qRT-PCR, the extracted
RNA was synthesized as complementary DNA (cDNA)
using a cDNA synthesis kit (PrimeScript™, TAKARA)
according to the protocol provided by the manufacturer. To
determine the RNA level, qRT-PCR was performed, and the
primers (listed in Table S2) used were mixed with DEPC-
treated water and placed in a 384-well plate. After that, the
cDNA template and SYBR green reagent (TAKARA) were
further aliquoted and then verified by the qRT-PCR in-
strument (Bio-Rad, CA, USA).

2.7. Statistical Analysis. In order to verify the significance of
the differences between animals, the D’Agostino & Pearson
omnibus normality test was conducted, and then 6 groups
were compared by the Kruskal–Wallis test, followed by a post
hoc test using Mann–Whitney U test. +e dam study was
verified using an unpaired t-test. All results are expressed as
mean± standard deviation, and the statistical significance was
represented as follows: ∗, vs. NFD/saline; $, vs. HFD/saline; #,
vs. HFD/ECE100; †, vs. HFD/PPB. +e statistical analyses
used in this study were determined by SPSS statistics 20
software (IBM Corporation, Armonk, NY, USA).

3. Results

3.1. ECE and PPB Reduced Body Weight, Fat Weight, and
Adipocyte Size of the Visceral Adipose Tissue of HFDAnimals.
+e body weight of HFD animals was significantly higher
than that of NFD animals (Figure 1(a)). +ere was a sig-
nificant decrease in the HFD/ECE100, ECE150, or PPB
groups. +e fat weights of HFD animals were significantly
higher than those of NFD animals (Figure 1(b)). It showed a
significant decrease in the HFD/ECE50, ECE100, ECE150,
or PPB. +e most prominent decreasing effect was shown at
the HFD/ECE150. +e adipocyte sizes of HFD animals were
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significantly higher than those of NFD animals (Figures 1(c)
and 1(d)). It showed a significant decrease in the HFD/
ECE50, ECE100, ECE150, or PPB. +e most prominent
decreasing effect was shown at HFD/ECE150.

3.2. ECE and PPB Restore the Upregulation of IL-6/JAK2/
STAT3/AURKA in the Visceral Adipose Tissue of HFD
Animals. +e expression of IL-6 in the adipose tissue of
HFD animals showed a significant increase than that of NFD
animals (Figures 2(a) and 2(c)). It showed a significant
decrease in the HFD/ECE50, ECE100, ECE150, or PPB.
+ere was no significance among the HFD/ECE50, ECE100,
ECE150, or PPB groups.

+e expression ratio of phosphorylated JAK2 and total
JAK2 (p-JAK2/JAK2) in the adipose tissue of HFD

animals showed a significant increase than that of NFD
animals (Figures 2(a) and 2(c)). It showed a significant
decrease in the HFD/ECE50, ECE100, ECE150, or PPB.
+ere was no significance among the HFD/ECE50,
ECE100, ECE150, or PPB.

+e expression of p-STAT3/STAT3 in the visceral adi-
pose tissue of HFD animals showed a significant increase
than that of NFD animals (Figures 2(a) and 2(d)). It showed
a significant decrease in the HFD/ECE50, ECE100, ECE150,
or PPB. +ere was no significance among the HFD/ECE100,
ECE150, and PPB.

+e expression of p-AURKA/AURKA in HFD ani-
mals’ visceral adipose tissue showed a significant increase
than that of NFD animals (Figures 2(a) and 2(e)). It
showed a significant decrease in the HFD/ECE50,
ECE100, ECE150, or PPB.
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Figure 1: ECE and PPB decreased body weight, fat weight, and visceral adipocyte size in HFD animals. C57BL/6N male mice were fed a
regular NFD or HFD for 4 weeks, and then NFD or HFD were also treated for the next 4 weeks with various substances. (a) Body weight; (b)
fat weight increased in HFD mice, but ECE and PPB reduced; ((c), (d)) H&E stained visceral adipocyte size also decreased in ECE and PPB
administrative mice and measured by using the Image J software. Scale bar� 100 μm. All data are shown as mean± S.D. ∗∗, p< 0.01, vs.
NFD/saline; $p< 0.05, vs. HFD/saline; #p< 0.05, vs. HFD/ECE100; †p< 0.01, vs. HFD/PPB (Mann–Whitney U test). ECE, Ecklonia cava
extract; H&E, hematoxylin & eosin, HFD, high-fat diet; NFD, normal fat diet; PPB, pyrogallol-phloroglucinol-6, 6-bieckol.
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3.3. ECE and PPB Restored the Cilia Length of Adipocytes,
WhichWas Decreased by HFD in the Visceral Adipose Tissue.
Like the previous study, the cilium length was measured
using ADP-ribosylation factor-like protein 13B (Arl13b)
staining as the cilium marker [13]. +e cilium length of
adipocytes in the visceral adipose tissue of HFD animals was
significantly shorter than that of NFD animals (Figures 3(a)
and 3(b)). It showed a significant increase in the HFD/
ECE150 or PPB. +e mRNA expression of Arl13b showed a
significant decrease in the visceral adipose tissue of HFD
animals than that of NFD animals (Figure 3(c)). It showed a
significant increase in the HFD/ECE50, ECE100, ECE150, or
PPB. +e most prominent increasing effect was shown at
HFD/ECE150 group.

3.4. ECEandPPBReduced the SignalPathway,Which Induced
Decreasing Cilia Length. Plk1 and Plk4 are mitotic kinase
genes, and Kif2A and Kif24 are two depolymerase genes,
which are crucial regulators for both mitosis and deciliation

[18, 34]. +e expressions of Kif2A and Kif24 showed a
significant increase in visceral adipose tissue of HFD animals
than that of NFD animals (Figures 4(a)–4(c)).+ose showed a
significant reduction in the HFD/ECE50, ECE100, ECE150,
or PPB. +e decreasing effects on Kif2A and Kif24 were most
prominent at HFD/ECE150 group. +e expressions of Plk1
and Plk4 showed a significant increase in visceral adipose
tissue of HFD animals than that of HFD animals (Figures 4(a),
4(c), and 4(d)). +ose showed a significant decrease in the
HFD/ECE50, ECE100, ECE150, or PPB. +e decreasing ef-
fects on Plk4 were most prominent at HFD/ECE100, ECE150,
or PPB group (Figures 4(a) and 4(e)).

3.5. ECE and PPB Reduced Cell Cycle Reentry and Adipo-
genesis in the Visceral Fat of HFD-Fed Animals. Cyclin A2
and Cdk2 are the main proteins to promote cell cycle entry
[9]. HFD showed a significant increase in the expression of
Cdk2 in the adipose tissue, and it showed a significant
decrease in the HFD/ECE or PPB groups (Figure 5(a)). +e
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Figure 2: ECE and PPB restore upregulation of IL-6/JAK2/STAT3/AURKA in visceral adipose tissue of HFD animals. (a)+e protein levels
of IL-6/JAK2/STAT3/AURKA in visceral adipose tissue of HFD mice were assessed by Western blot. (b–e) Quantitative graphs of
representative Western blot images. +e protein levels were normalized to β-actin. Increased protein levels were restored by ECE and PPB
administration. All data are shown as mean± S.D. ∗∗, p< 0.01, vs. NFD/saline; $p< 0.05, vs. HFD/saline; #p< 0.05, vs. HFD/ECE100;
†p< 0.01, vs. HFD/PPB (Mann–Whitney U test). AURKA, aurora kinase A; ECE, Ecklonia cava extract; IL-6, interleukin 6; JAK2, janus
kinase 2; HFD, high-fat diet; NFD, normal fat diet; p-AURKA, phosphorylated AURKA; p-JAK2, phosphorylated JAK2; p-STAT3,
phosphorylated signal transducer and transcription 3; PPB, pyrogallol-phloroglucinol-6, 6-bieckol; STAT3, signal transducer and tran-
scription 3.
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most prominent decreasing effect was shown at HFD/
ECE100 and ECE150 group. HFD showed a significant
increase in the expression of Cyclin A2, and it showed a
significant decrease in the HFD/ECE or PPB groups
(Figure 5(b)). +e most prominent decreasing effect was
shown at HFD/ECE150 group. We evaluated adipogenesis
with mRNA expressions of peroxisome proliferator-acti-
vated receptor gamma (Pparc), CCAAT enhancer-binding
protein alpha (Cebp-α), sterol regulatory element-binding
protein-1 (Srebp-1), and fatty acid synthase (Fasn), which
are frequently used as adipogenesis markers [9]. +e ex-
pression of Pparc showed a significant increase in the ad-
ipose tissue of HFD/saline, and it showed a significant
decrease in the HFD/ECE or PPB (Figure 5(c)). +e most
prominent decreasing effect was shown at HFD/ECE150 and
PPB groups. +e expression of Cebp-α showed a significant
increase in the adipose tissue of HFD/saline group, and it
showed a significant decrease by treatment of ECE or PPB
(Figure 5(d)). +e most prominent decreasing effect was
shown at HFD/ECE100 and ECE150 groups. +e expression
of Srebp-1 showed a significant increase in the adipose tissue
of HFD/saline group, and it showed a significant decrease in
the HFD/ECE or PPB groups (Figure 5(e)). +e most
prominent decreasing effect was shown at HFD/ECE150.
+e expression of Fasn showed a significant increase in the
adipose tissue of HFD animals, and it showed a significant
decrease in the HFD/ECE or PPB groups (Figure 5(f)). +e
most prominent decreasing effect was shown at HFD/
ECE150 group.

4. Discussion

Energy access induced by calorie overload or overeating
leads to enlargement of already mature adipocytes (hyper-
trophy) and storage of more fat [35]. Hypertrophy prog-
resses until the adipocyte size reaches the limit of fat storage,

and then hypertrophy stimulates a process of increasing
adipocyte number [36]. Enlarged adipocytes secrete various
hormones and cytokines to increase the recruitment of
preadipocytes and the differentiation of preadipocytes into
mature adipocytes [37].

Adipocyte hypertrophy is a typical finding in overweight
or obesity, while adipocyte hyperplasia likely occurs at a later
stage of obesity and rather represents the severity of obesity
[38, 39]. In our study, the body weight and fat weight showed
a significant increase by HFD, and those showed a significant
decrease by administration of ECE or PPB. HFD showed a
significant increase the adipocyte size in the visceral adipose
tissue, and it showed a significant decrease by administration
of ECE or PPB. Adipocyte hypertrophy is related to changes
in biological pathways such as hypoxia, inflammation, and
angiogenesis and leads to adipose tissue dysfunction [40].
Hypertrophic adipose tissue secretes inflammatory cyto-
kines such as IL-6 and TNF-α, which involve the patho-
physiology of metabolic diseases like increased insulin
resistance [41]. IL-6 and TNF-α are also related to the
control of cilia length [13]. It is known that obesity induced
shortening of primary cilia in ASCs [13]. ASCs from obese
female subjects who had a body mass index (BMI) of over
35 kg/m2 showed shorter cilia length, which decreased
around 36% than lean control subjects with BMI of less than
24 kg/m2 [13].

When TNF-α was treated in the ASCs from lean control
subjects, the cilia length was shortened [13]. Furthermore,
treating IL-6 to ASCs from lean control subjects shortened
cilia length [13]. Cilia length shortening by treating TNF-α
and IL-6 in ASCs from lean subjects is accompanied by
increased expressions of AURKA, Plk1, Plk4, and Kif2A
[13]. It is known that the AURKA gene is upregulated by
c-myc via IL-6/JAK2/STAT3 signaling pathway [19]. When
MLN8054 inhibited AURKA, a small-molecule inhibitor of
AURKA, the ciliary length of obese ASCs was restored [13].
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Figure 3: ECE and PPB restore the cilia length of visceral adipocytes in HFD animals. (a)+e fluorescence images show Arl13b positive cilia
(green) and nuclei (DAPI; blue) in the visceral adipocytes and (b) cilia length was measured by zen 2012 software (Zeiss microscopy image
software). White arrows indicate cilia in the adipocyte and large magnification images show single cilia. Scale bar� 50 μm. (c) +e mRNA
levels of Arl13b in visceral adipose tissue of HFDmice were measured by qRT-PCR. All data are shown as mean± S.D. ∗∗, p< 0.01, vs. NFD/
saline; $p< 0.05, vs. HFD/saline; #p< 0.05, vs. HFD/ECE100; †p< 0.01, vs. HFD/PPB (Mann–Whitney U test). Arl13b, ADP-ribosylation
factor-like protein 13B; ECE, Ecklonia cava extract; HFD, high-fat diet; NFD, normal fat diet; PPB, pyrogallol-phloroglucinol-6, 6-bieckol.
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Cilia length of obese ASCs by treating MLN8054 was in-
creased by 51.9% compared with nontreated obese ASCs
[13]. MLN8054 also restored the cilia length of IL-6-treated
lean ASCs [13]. +us, those results suggested that AURKA is
a major effector that shortens cilia through IL-6, which
prominently secretes in the obese adipose tissue. In our
study, the IL-6 expression in the visceral fat tissue from
animals fed HFD was significantly upregulated than that of
NFD-fed animals, which showed a significant decrease by
oral administration of both ECE and PPB. Moreover, the
downstream processes of IL-6, JAK2/STAT3/AURKA were
significantly upregulated in the visceral adipose tissue of
HFD-fed animals than that of NFD-fed animals. +ose
signal pathways were significantly downregulated by oral
treatment of ECE and PPB.

In our study, the cilia length of visceral adipose tissue of
HFD-fed animals was significantly shorter than that of NFD-
fed animals. +e decreased cilia length was significantly
restored by oral treatment of ECE or PPB. Moreover, the
Arl13b expression in the visceral adipose tissue of HFD-fed

animals was significantly lower than that of NFD-fed ani-
mals. It is known that the absence of Arl13b protein induced
decreased cilia length and structural defects in the ciliary
axoneme [42]. Like a previous study [9], this study also
confirmed that HFD significantly upregulated the expression
of Kif2A, Kif24, Plk1, and Plk4, and that were significantly
downregulated by oral administration of ECE and PPB,
which was accompanied by the shortening of cilia length.

AURKA is one of the mitotic kinases [43, 44]. When the
catalytic activity of AURKA is increased, the histone
deacetylase-6 (HDAC-6) phosphorylation is induced, which
results in upregulation of HDAC-6-dependent tubulin
deacetylation and destabilization of the ciliary axoneme
[5, 45]. AURKA suppresses the primary cilia assembly, af-
fecting G1 progression and knockdown of AURKA-induced
G0/G1 arrest [45]. +us, AURKA has an essential role in
controlling cell cycle reentry by modulation of cilia length.

A previous study showed that primary cilia involved in
adipogenesis with mouse stromal vascular fractions (SVFs)
cultures from visceral adipose tissue [9]. +e primary cilium
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Figure 4: ECE and PPB modulated the cilia pathway in visceral adipose tissue of mice fed HFD. (a) +e protein expression levels of Kif2A,
Kif24, Plk1, and Plk4 in visceral adipose tissue of mice fed HFD were measured by Western blot. ((b)–(e)) Quantitative graphs of
representative Western blot images. +e protein expression levels were normalized to β-actin. Increased protein expression levels were
restored by ECE and PPB administration. All data are shown as mean± S.D. ∗∗, p< 0.01, vs. NFD/saline; $p< 0.05 and $$p< 0.01, vs. HFD/
saline; #p< 0.05, vs. HFD/ECE100; †p< 0.01, vs. HFD/PPB (Mann–Whitney U test). ECE, ecklonia cava extract; HFD, high-fat diet; Kif2A,
kinesin family member 2A; Kif24, kinesin family member 24; NFD, normal fat diet; Plk1, Polo-like kinase 1; Plk4; polo-like kinase 4, PPB,
pyrogal-lol-phloroglucinol-6, 6-bieckol.
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was evaluated at four main adipocyte differentiation stages:
subconfluent dividing preadipocytes, confluent pre-
adipocytes, differentiating preadipocytes, and mature adi-
pocytes filled with lipid droplets [9]. Cilia were not detected,
or very short cilia were detected in the subconfluent dividing
preadipocytes, and it was elongated after confluence the
preadipocyte [9]. Cilia length was reached longest at the
early stage of adipogenesis and then progressively got
shortened by adipogenesis. Finally, it was almost dis-
appeared in mature adipocytes [9].

Preadipocytes, in which cilia were pharmacologically
removed with chloral hydrate, stayed at S and G2/M phases
[9]. Chloral hydrate-treated SVFs showed increased cyclin
A2 and CDK2, which were the main proteins for promoting
cell cycle entry [9]. Moreover, disrupted cilia by knockdown
Kif3a and Ifg88 increased cell number in G2/M by pro-
moting cell cycle reentry and expression of cyclin A2 and
CDK2 proteins [9]. HFD induced cilia length shortening and
increased adipogenic genes’ (Pparc, Cebp-α, Srebp-1, and
Fasn) transcription in visceral SVFs, accompanied by

increased cyclin A2 and CDK2 protein [9]. In our study, the
expression of CDK2 and cyclin A2 showed a significant
increase in the visceral adipose tissue of HFD-fed animals,
and those showed a significant decrease by administration of
ECE or PPB. +e expressions of adipogenesis genes’ (Pparc,
Cebp-α, Srebp-1, and Fasn) showed a significant increase in
the visceral adipose tissue of HFD-fed animals, and those
showed a significant decrease by administration of ECE or
PPB (Figure 5).

Previously, our group showed that ECE or PPB de-
creased inflammation in the adipose tissue, accompanied by
decreased expression of IL-6 or TNF-α [25, 26]. +us, ECE
or PPB showed decreased body weight and fat deposition
and adipose tissue dysfunction [25, 26]. However, it has not
been evaluated whether ECE or PPB modulated cilia length
related to cell cycle reentry and adipogenesis. In the present
study, our results showed that ECE or PPB could restore cilia
length, which was decreased by HFD. +e signal pathway
involved in cilia length restoring is probably IL-6/JAK2/
STAT3/AURKA. Accompanied by increasing this pathway,
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Figure 5: ECE and PPB reduce cell cycle reentry and adipogenesis in visceral adipose tissue of HFDmice with saline.+emRNA levels of (a)
Cdk2, (b) cyclin A2, (c) pparc, (d) cebp-α, (e) srebp-1, and (f) fasn in visceral adipose tissue of HFDmice measured by qRT-PCR. All results
are shown as mean± S.D. ∗∗, p< 0.01, vs. NFD/saline; $p< 0.05, vs. HFD/saline; #p< 0.05, vs. HFD/ECE100; †p< 0.01, vs. HFD/PPB
(Mann–Whitney U test). Cdk2, cyclin-dependent kinase 2; cebp-α, CCAAT-enhancer binding protein alpha; ECE, Ecklonia cava extract;
fasn, fatty acid synthase; HFD, high-fat diet; NFD, normal fat diet; pparc, proliferator-activated receptor gamma; PPB, pyrogal-lol-
phloroglucinol-6, 6-bieckol; Srebp-1, sterol regulatory element-binding protein-1.
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Kif2a, Kif24, Plk1, and Plk4 involved in cilia disassembly
were increased by HFD. As cilia length decreased, the ex-
pression of genes related to cell cycle reentry and adipo-
genesis increased. ECE and PPB decreased the expression of
adipogenesis genes.+ose results suggested that ECE or PPB
could decrease adipogenesis by modulating cilia length. In
addition to ECE or PPB’s well-known function, which de-
creased inflammation in adipose tissue, which involves
adipose tissue dysfunction, ECE or PPB decreased adipo-
genesis. +us, ECE or PPB seems to have the potential to use
as a treatment for obesity.

5. Conclusions

In the study, PPB and ECE restored cilia length and de-
creased adipogenesis through modulating the IL-6/JAK2/
STAT3/AURKA pathway in the visceral adipose tissue of
HFD-fed animals (Figure 6).

Data Availability

All data are contained within the article.

Conflicts of Interest

+e authors declare that they have no conflicts of interest.

Authors’ Contributions

Seyeon Oh and Myeongjoo Son contributed equally to this
work.

Acknowledgments

+e authors are grateful to Aqua Green Technology Co., Ltd.
(Jeju, Republic of Korea), for assisting in the preparation of
the ECE and PPB.+is research was part of a project entitled

“Development of functional food products with natural
materials derived from marine resources” (grant no.
20170285) funded by the Ministry of Oceans and Fisheries,
Republic of Korea and by the Gachon University (grant no.
GCU-202002460001).

Supplementary Materials

Table S1. List of antibodies for Western blot. Table S2. List of
primers for quantitative real-time polymerase chain reaction
(qRT-PCR). (Supplementary Materials)

References

[1] E. C. M. Mariman, R. G. Vink, N. J. T. Roumans et al., “+e
cilium: a cellular antenna with an influence on obesity risk,”
British Journal of Nutrition, vol. 116, no. 4, pp. 576–592, 2016.

[2] S. C. Goetz and K. V. Anderson, “+e primary cilium: a
signalling centre during vertebrate development,” Nature
Reviews Genetics, vol. 11, no. 5, pp. 331–344, 2010.

[3] F. L. Archer and D. N. Wheatley, “Cilia in cell-cultured fi-
broblasts. II. Incidence in mitotic and post-mitotic BHK 21-
C13 fibroblasts,” Journal of Anatomy, vol. 109, pp. 277–292,
1971.

[4] H. Goto, A. Inoko, and M. Inagaki, “Cell cycle progression by
the repression of primary cilia formation in proliferating
cells,” Cellular and Molecular Life Sciences, vol. 70, no. 20,
pp. 3893–3905, 2013.

[5] E. N. Pugacheva, S. A. Jablonski, T. R. Hartman, E. P. Henske,
and E. A. Golemis, “HEF1-dependent Aurora A activation
induces disassembly of the primary cilium,” Cell, vol. 129,
no. 7, pp. 1351–1363, 2017.

[6] K. H. M. Kwok, K. S. L. Lam, and A. Xu, “Heterogeneity of
white adipose tissue: molecular basis and clinical implica-
tions,” Experimental & Molecular Medicine, vol. 48, no. 3,
p. e215, 2016.

High fat diet-fed mouse ECE or PPB administration
in High fat diet-fed mouse

Adipocytes with dysfunctional cilia Adipocytes with functional cilia

Shortened cilia Regular cilia

Increased cilia disassembly

Up-regulated IL-6/JAK2/STAT3/AURKA

Induced cell cycle reentry

Increased adipogenesis

Decreased cilia disassembly

down-regulated IL-6/JAK2/STAT3/AURKA

Reduced cell cycle reentry

Decreased adipogenesis

Figure 6: Graphical summary proposed scheme for the mechanism illustrating the regulation of primary cilia by ECE or PPB in a high-fat
diet-fed mice.

International Journal of Endocrinology 9

https://downloads.hindawi.com/journals/ije/2022/8486965.f1.docx


[7] U. Smith, “Abdominal obesity: a marker of ectopic fat ac-
cumulation,” Journal of Clinical Investigation, vol. 125, no. 5,
pp. 1790–1792, 2015.

[8] S. P. Poulos, M. V. Dodson, M. F. Culver, and G. J. Hausman,
“+e increasingly complex regulation of adipocyte differen-
tiation,” Experimental Biology and Medicine, vol. 241, no. 5,
pp. 449–456, 2016.

[9] N. Qiu, W. J. Fang, H. S. Li, Z. M. He, Z. S. Xiao, and Y. Xiong,
“Impairment of primary cilia contributes to visceral adiposity
of high fat diet-fed mice,” Journal of Cellular Biochemistry,
vol. 119, no. 2, pp. 1313–1325, 2018.

[10] D.-F. Guo, H. Cui, Q. Zhang et al., “+e BBSome controls
energy homeostasis by mediating the transport of the leptin
receptor to the plasma membrane,” PLoS Genetics, vol. 12,
no. 2, Article ID e1005890, 2016.

[11] N. F. Berbari, R. C. Pasek, E. B. Malarkey et al., “Leptin re-
sistance is a secondary consequence of the obesity in cili-
opathy mutant mice,” Proceedings of the National Academy of
Sciences, vol. 110, no. 19, pp. 7796–7801, 2013.

[12] T. Hearn, C. Spalluto, V. J. Phillips et al., “Subcellular lo-
calization of ALMS1 supports involvement of centrosome and
basal body dysfunction in the pathogenesis of obesity, insulin
resistance, and type 2 diabetes,” Diabetes, vol. 54, no. 5,
pp. 1581–1587, 2005.

[13] A. Ritter, A. Friemel, N.-N. Kreis et al., “Primary cilia are
dysfunctional in obese adipose-derived mesenchymal stem
cells,” Stem Cell Reports, vol. 10, no. 2, pp. 583–599, 2018.

[14] A. Ritter, F. Louwen, and J. Yuan, “Deficient primary cilia in
obese adipose-derived mesenchymal stem cells: obesity, a
secondary ciliopathy?” Obesity Reviews, vol. 19, no. 10,
pp. 1317–1328, 2018.

[15] O. Pampliega and A. M. Cuervo, “Autophagy and primary
cilia: dual interplay,” Current Opinion in Cell Biology, vol. 39,
pp. 1–7, 2016.

[16] C. Vaisse, J. F. Reiter, and N. F. Berbari, “Cilia and obesity,”
Cold Spring Harbor Perspectives in Biology, vol. 9, no. 7,
Article ID a028217, 2017.

[17] D. Junk, B. Bryson, and M. Jackson, “HiJAK’d signaling; the
STAT3 paradox in senescence and cancer progression,”
Cancers, vol. 6, no. 2, pp. 741–755, 2014.

[18] I. Sánchez and B. D. Dynlacht, “Cilium assembly and dis-
assembly,” Nature Cell Biology, vol. 18, no. 7, pp. 711–717,
2016.

[19] K. Sumi, K. Tago, T. Kasahara, andM. Funakoshi-Tago, “Aurora
kinase A critically contributes to the resistance to anti-cancer
drug cisplatin in JAK2 V617F mutant-induced transformed
cells,” FEBS Letters, vol. 585, no. 12, pp. 1884–1890, 2011.

[20] S. Miscia, M. Marchisio, A. Grilli et al., “Tumor necrosis factor
alpha (TNF-alpha) activates Jak1/Stat3-Stat5B signaling
through TNFR-1 in human B cells,” 3e Molecular Biology
Journal of the American Association for Cancer Research,
vol. 13, no. 1, pp. 13–18, 2002.

[21] T. Miyamoto, K. Hosoba, H. Ochiai et al., “+e microtubule-
depolymerizing activity of a mitotic kinesin protein KIF2A
drives primary cilia disassembly coupled with cell prolifera-
tion,” Cell Reports, vol. 10, no. 5, pp. 664–673, 2015.

[22] K. H. Lee, Y. Johmura, L. R. Yu et al., “Identification of a novel
Wnt5a-CK1ε-Dvl2-Plk1-mediated primary cilia disassembly
pathway,” 3e EMBO Journal, vol. 31, no. 14, pp. 3104–3117,
2012.

[23] S. Kim, K. Lee, J. H. Choi, N. Ringstad, and B. D. Dynlacht,
“Nek2 activation of Kif24 ensures cilium disassembly during
the cell cycle,” Nature Communications, vol. 20, p. 8087, 2015.

[24] E. Y. Park, E. H. Kim, M. H. Kim, Y W. Seo, J. I. Lee, and
H. S. Jun, “Polyphenol-rich fraction of brown alga ecklonia
cava collected from gijang, Korea, reduces obesity and glucose
levels in high-fat diet-induced obese mice,” Evidence-Based
Complementary and Alternative Medicine, vol. 2012, Article
ID 418912, 11 pages, 2012.

[25] M. Son, S. Oh, J. Choi et al., “+e phlorotannin-rich fraction
of ecklonia cava extract attenuated the expressions of the
markers related with inflammation and leptin resistance in
adipose tissue,” International Journal of Endocrinology,
vol. 2020, Article ID 9142134, 11 pages, 2020.

[26] J. Choi, S. Oh, M. Son, and K. Byun, “Pyrogallol-phlor-
oglucinol-6, 6-bieckol alleviates obesity and systemic in-
flammation in a mouse model by reducing expression of
RAGE and RAGE ligands,” Marine Drugs, vol. 17, no. 11,
p. 612, 2019.

[27] M. Son, S. Oh, J. T. Jang, K. H. Son, and K. Byun, “Pyrogallol-
Phloroglucinol-6 6-bieckol on attenuates high-fat diet-in-
duced hypertension by modulating endothelial-to-mesen-
chymal transition in the aorta of mice,” Oxidative Medicine
and Cellular Longevity, vol. 2021, Article ID 8869085,
12 pages, 2021.

[28] K. A. Byun, S. Oh, M. Son, C. H. Park, K. H. Son, and K. Byun,
“Dieckol decreases caloric intake and attenuates nonalcoholic
fatty liver disease and hepatic lymphatic vessel dysfunction in
high-fat-diet-fedmice,”Marine Drugs, vol. 19, no. 9, p. 495, 2021.

[29] M. Son, S. Oh, H. S. Lee et al., “Ecklonia cava extract at-
tenuates endothelial cell dysfunction by modulation of in-
flammation and Brown adipocyte function in perivascular fat
tissue,” Nutrients, vol. 11, no. 11, p. 2795, 2019.

[30] H. M. Kim, K. A. Byun, S. Oh et al., “A mixture of topical
forms of polydeoxyribonucleotide, vitamin C, and niacin-
amide attenuated skin pigmentation and increased skin
elasticity by modulating nuclear factor erythroid 2-like 2,”
Molecules, vol. 27, no. 4, p. 1276, 2022.

[31] S. Oh, N. K. Rho, K. A. Byun et al., “Combined treatment of
monopolar and bipolar radiofrequency increases skin elas-
ticity by decreasing the accumulation of advanced glycated
end products in aged animal skin,” International Journal of
Molecular Sciences, vol. 23, 2022.

[32] J. Schindelin, I. Arganda-Carreras, E. Frise et al., “Fiji: an
open-source platform for biological-image analysis,” Nature
Methods, vol. 9, no. 7, pp. 676–682, 2012.

[33] M. Son, S. Oh, J. Choi et al., “Attenuation of inflammation and
leptin resistance by pyrogallol-phloroglucinol-6, 6-bieckol on
in the brain of obese animal models,”Nutrients, vol. 11, no. 11,
p. 2773, 2019.

[34] V. Korobeynikov, A. Y. Deneka, and E. A. Golemis, “Mech-
anisms for nonmitotic activation of aurora-a at cilia,” Bio-
chemical Society Transactions, vol. 45, no. 1, pp. 37–49, 2017.

[35] T. McLaughlin, C. Craig, L. F. Liu et al., “Adipose cell size and
regional fat deposition as predictors of metabolic response to
overfeeding in insulin-resistant and insulin-sensitive humans,”
Diabetes, vol. 65, no. 5, pp. 1245–1254, 2016.

[36] P. R. Johnson and J. Hirsch, “Cellularity of adipose depots in
six strains of genetically obese mice,” Journal of Lipid Re-
search, vol. 13, pp. 2–11, 1972.

[37] V. Pellegrinelli, S. Carobbio, and A. Vidal-Puig, “Adipose
tissue plasticity: how fat depots respond differently to path-
ophysiological cues,” Diabetologia, vol. 59, no. 6,
pp. 1075–1088, 2016.

[38] L. B. Salans, E. S. Horton, and E. A. Sims, “Experimental obesity
in man: cellular character of the adipose tissue,” Journal of
Clinical Investigation, vol. 50, no. 5, pp. 1005–1011, 1971.

10 International Journal of Endocrinology



[39] P. Arner and K. L. Spalding, “Fat cell turnover in humans,”
Biochemical and Biophysical Research Communications,
vol. 396, no. 1, pp. 101–104, 2010.

[40] B. Gustafson, S. Gogg, S. Hedjazifar, L. Jenndahl,
A. Hammarstedt, and U. Smith, “Inflammation and impaired
adipogenesis in hypertrophic obesity in man,” American Journal
of Physiology-Endocrinology And Metabolism, vol. 297, no. 5,
pp. E999–E1003, 2009.

[41] P. Arner and D. Langin, “Lipolysis in lipid turnover, cancer
cachexia, and obesity-induced insulin resistance,” Trends in
Endocrinology and Metabolism, vol. 25, no. 5, pp. 255–262,
2014.

[42] T. Caspary, C. E. Larkins, and K. V. Anderson, “+e graded
response to Sonic Hedgehog depends on cilia architecture,”
Developmental Cell, vol. 12, no. 5, pp. 767–778, 2007.

[43] E. A. Nigg, “Mitotic kinases as regulators of cell division and
its checkpoints,”Nature ReviewsMolecular Cell Biology, vol. 2,
no. 1, pp. 21–32, 2001.

[44] M. Carmena, S. Ruchaud, and W. C. Earnshaw, “Making the
auroras glow: regulation of aurora A and B kinase function by
interacting proteins,” Current Opinion in Cell Biology, vol. 21,
no. 6, pp. 796–805, 2009.

[45] A. Inoko, M. Matsuyama, H. Goto et al., “Trichoplein and
aurora a block aberrant primary cilia assembly in proliferating
cells,” Journal of Cell Biology, vol. 197, no. 3, pp. 391–405, 2012.

International Journal of Endocrinology 11


