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Acaudina molpadioides has been long used as traditional medicinal resources and reported to demonstrate
various important bioactivities such as anticoagulation, antithrombosis, anti-hyperglycemia and anti-
cancer. However, its lipid lowering activity is yet to be fully explored. Proprotein convertase subtilisin/
kexin type 9 (PCSK9) is an enzyme that enhances the lysosomal degradation of hepatic low density
lipoprotein receptor (LDLR) resulting in excessive accumulation of the plasma levels of LDL-
cholesterols (LDL-C) which subsequently accelerate atherosclerosis. In the present study, A. molpadioides
fractions were subjected to promoter-reporter luciferase assay to determine its role as PCSK9 inhibitors.
It was found both fractions (EFA and EFB) reduced the transcriptional activity of PCSK9 promoter. Among
the seven 50end deletion constructs of PCSK9 promoter, fragments D1 (�1,711/�94), D3 (�709/�94) and
D4 (�440/�94), were suppressed in the presence of both fractions whereas D2 (�1,214/�94), and, D6
(�351/�94) as well as D7 (�335/�94) were inhibited only by EFA and EFB, respectively. Further tran-
scription factor binding sites prediction using MatInspector software discovered various potential cis-
regulatory elements namely, PPAR, KLFs, RBPJ-kappa and SREBP that may potentially be involved in ame-
liorating the transcriptional activity of PCSK9. Immunofluorescence staining was used to evaluate the
effects of both fractions on LDL-C and LDLR. Results showed that levels of LDL-C uptake in EFA-treated
cells were 69.1% followed by EFB at 32.6%, as compared to untreated control after 24 h treatment. The
LDLR protein distribution was induced by 62.41% and 32.2%, which corresponded to an increase in
LDL-C uptake in both EFA and EFB treatment, respectively. Hence, the inhibition of PCSK9 by bioactive
compounds in EFA and EFB could be another promising therapeutic agent in reducing the cholesterol
levels and atherosclerosis by targeting PCSK9.
� 2021 The Authors. 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

Atherosclerosis is a chronic autoimmune inflammatory
response in the walls of arteries. It is the major cause of heart dis-
ease, stroke, and the leading cause of morbidity and mortality
worldwide (Virani et al., 2020). Atherosclerosis is characterized
by a build-up of fatty deposits and necrotic plaque formation in
the arterial walls due to lipid oxidation, persistent inflammation
and subsequent immune response disturbances (Sega et al.,
2019). It is well established the primary risk factor for atheroscle-
rosis was a constant elevated blood lipid levels (Nelson, 2013). In
addition, there are also other risk factors that lead to the develop-
ment of this pathophysiological condition such as sedentary life-
style, smoking habit, obesity, diabetes mellitus, hypertension,
gender and family history with complex genetic susceptibility to
the disease (Bentzon et al., 2014).

Current available commercialized drugs were developed by tar-
geting proteins that are responsible in reducing the plasma lipids
as a constant elevated level of LDL-C is associated with the occur-
rence of atherosclerosis. Statins are the most widely used drugs
that function to decrease the levels of plasma lipids by inhibiting
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the synthesis of endogenous lipids. However, these drugs produced
residual risk or adverse effects such as myalgia or myopathy
(Melendez et al., 2017) and liver damage (Wang et al., 2016). Statin
treatment also increases blood levels of glucose and glycosylated
haemoglobin, and, may lead to the onset of diabetes if the patient
was obese with elevated triglycerides and glucose level (Judge,
et al., 2010; Crandall et al., 2017). In some patients, the clinical
benefits of statin treatment decrease overtime once LDL levels
were reduced to a certain level. Therefore it is necessary to over-
come such limitations of statin therapy by imploring other target
and proprotein convertase subtilisin/kexin type 9 (PCSK9) may
offer an alternative target for hypercholesterolemic patients whom
are statins intolerance (Chae et al., 2018).

PCSK9 is predominantly expressed in adult liver cells and syn-
thesized as a 72 kDa zymogen. It is secreted into the plasma after
going through maturation process by self-engaged autocatalytic
cleavage in the endoplasmic reticulum to form a heterodimer of
a prosegment of 122 amino acids and a 60 kDa active form
(Seidah et al., 2003). It plays a pivotal role in controlling the levels
of plasma LDL-C by binding to extracellular domain of hepatic low
density lipoprotein receptor (LDLR). The formation of PCSK9-LDLR
complex leads to the intracellular degradation of LDLR in lyso-
somes and reduction in the number of LDLR presence on the hep-
atocytes, which in turn, increase in the levels of plasma LDL-C
(Zhang et al., 2007; McNutt et al., 2009; Seidah et al., 2014). In
addition, gain of function mutations of PCSK9 in human leads to
an increase in the binding affinity of the enzyme to LDLR, thus
enhances the degradation of LDLR (Abifadel et al., 2003; Allard
et al., 2005). By contrast, loss of function mutations causes the
defects in PCSK9 and decreases the levels of LDL-C which results
in a reduction in cardiovascular risks (Cohen et al., 2006) (Fig. 1A).
Fig. 1. The correlation of PCSK9 and statin in regulating the metabolism of LDL-C in the P
extracellular domain of LDLR at the cell surface. The PCSK9/LDLR-LDL-C complex ente
degradation of both PCSK9 and LDLR, decreasing the number of LDLRs available for c
regulation by the binding of SREBP2, HNF1 and PPAR to their corresponding binding si
cholesterol depletion due to inhibitory activity of statin, increases the expression of bot
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PCSK9 expression is mainly regulated at the transcriptional
levels. Various transcription factor binding sites have been identi-
fied that play a significant role in mediating the rate of PCSK9 gene
transcription. Sterol regulatory element binding protein (SREBP)-2
and SREBP-1c are transcription factors that bind to sterol binding
element (SRE) present on PCSK9 promoter which triggers the
upregulation of PCSK9 gene expression (Costet et al., 2006; Jeong
et al., 2008). Proximal to SRE, a binding site to hepatocyte nuclear
factor 1 (HNF1)-a is identified and responsible in increasing the
transcription of PCSK9 (Li et al., 2009). In addition, a binding site
located between SRE and HNF1 site is designated for histone
nuclear factor P (HINFP) (Fig. 1B). This transcription factor
increases the PCSK9 transcription by histone H4 acetylation via
the formation of the complex of HINFP, its cofactor nuclear protein
of the ATM locus (NPAT) and the histone acetyltransferase cofactor
transformation/transcription domain-associated protein (TRRAP)
(Li and Liu, 2012). Another transcription factor, peroxisome
proliferator-activated receptor gamma (PPARc), also induces
PCSK9 gene expression upon the binding by its ligand and dephos-
phorylation by inhibition of ERK1/2 activity (Duan et al., 2012)
(Fig. 1B).

Despite statin being the most prescribed LDL-C lowering drug,
molecular findings showed that statin treatment increased the
expression of SREBP-2 and HNF1a which resulted in higher induc-
tion of PCSK9 than LDLR transcription alone which enhanced
PCSK9 mediated LDLR degradation (Dong et al., 2010; Nozue,
2017) (Fig. 1C). In conjunction to this, statin therapy alone is still
inadequate to achieve LDL-C target in some high-risk patients
(Crossey et al., 2015). Thus, the administration of both statins
and PCSK9 inhibitors will be an effective strategy in ensuring LDLR
would not be degraded by statin-induced PCSK9. The side effects of
CSK9 and LDLR are synthesized in the liver. The secreted PCSK9 protein binds to the
rs via the endosomal pathway and is directed to the lysosomal compartment for
learance of LDL-C particles (A). The gene expression of PCSK9 is subjected to the
tes on PCSK9 promoter (B). Activation of SREBP2, under conditions of intracellular
h PCSK9 and LDLR (C).
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statins have urged researchers to discover natural products with
good hypolipidemic effects and lower toxicity.

Due to the rich oceanic biodiversity, marine organisms are valu-
able sources of nutritious foods as well as represent novel reser-
voirs for biologically active secondary metabolites (Bordbar et al.,
2011). One of the marine resources that show various biological
activities is Acaudina molpadioides. This unique marine organism
commonly known as sea potato and belongs to the Holothuroidea
family (Wang et al., 2019a, 2019b). Mainly, it can be found in the
intertidal zone in Langkawi Island situated at the west coast of
Peninsular Malaysia (Halim et al., 2017). In addition, sea potato
was also used as medicinal resource and consumed as traditional
healthy food and in China, Japan, Korea, and some south eastern
Asian countries (Wang et al., 2012). Conventionally, it is used as
traditional medicine for heart disease treatment in Malaysia
(Halim et al., 2017). An array of studies has also reported its anti-
tumor, antioxidant, anticoagulant, antihypertensive, antihyper-
glycemic, antiadipogenic and anti-inflammatory effects (Wang
et al., 2019a, 2019b) (Table 2).

However to date, there is still no study that has been carried out
in elucidating the role of A. molpadioides in regulating the gene
expression of PCSK9 as well as the potential cis-acting elements
that may be responsible in modulating the PCSK9 promoter activ-
ity, which in turn, inducing the expression of LDLR and uptake of
LDL-C by liver cells.
2. Materials and methods

2.1. Preparation of enhanced fractions from A. molpadioides

A. molpadioides sample was collected from the intertidal zone of
Pulau Langkawi, Kedah, Malaysia and identified taxonomically by
Professor Noraznawati Ismail, a marine biologist in Universiti
Malaysia Terengganu (Fig. 2). The enhanced fractions of A. molpa-
dioides were prepared using medium pressure liquid chromatogra-
phy (MPLC) according to previous report with some modification
(Gul-e-Saba et al., 2018). Briefly, the samples were chopped after
cleaning and freeze–dried to remove the water content. Subse-
quently, 10 g of the dried sample was macerated in the methanol
and subjected to extraction process. The polarity of the solvents
was increased starting with hexane then followed by methanol.
The mixture was filtered and concentrated using rotary evaporator
(Buchi). The methanolic extract of A. molpadioides was treated
using the HLB cartridge which was priorly conditioned by flowing
through 3 mL of absolute methanol followed by 3 mL of deionised
Fig. 2. Acaudina molpadioides is an invertebrate marine organism, commonly
known as sea potato and belongs to the Holothuroidea family. It is widely
consumed by locals in South Eastern Asian countries as traditional healthy food. The
figure shows sea potato that was collected from the intertidal zone of Pulau
Langkawi, Kedah, Malaysia.
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water. After that, 5 g of the dried methanol extract was reconsti-
tuted with 50 mL of MeOH:H2O (in the ratio of 8:2) + 0.1 % TFA
(Trifluoroacetic acid). The mixture was centrifuged at 14,000 rpm
for 15 min at 4 �C. The eluent was collected into tube and dried
using MiVac Quattro dryer. Dried extract was reconstituted with
3 mL of 90:10 H2O: MeOH + 0.1% TFA and filtered through
0.2 mM polytetrafluoroethylene (PTFE) filter if un-dissolved sample
persisted. The sample mixture was then loaded into MPLC Flash
Chromatography and the parameter used was a gradient of H2O:
MeOH + 0.1% TFA (0–100%) with flow rate of 5 mL. Fine packing
material used in the stationary phase was silica gel which enables
high resolution (5–15 mM beads). 10 mL of fraction was collected
into each tube. Every 10 tubes were pooled and designated as
one fraction. The collected fractions were concentrated using
rotary evaporator for further study. A total of 10 fractions were col-
lected and subjected to preliminary promoter-reporter screening
against PCSK9. From the assay only two fractions exhibited potent
inhibitory activity against PCSK9, hence the fractions were desig-
nated as enhanced fraction A and B (EFA and EFB), respectively.

2.2. PCSK9 promoter-reporter plasmid

In order to determine the regions of the PCSK9 promoter that
played an important role in mediating the inhibitory actions of A.
molpadioides on the transcriptional activity of PCSK9 promoter,
seven 50end deletion constructs of 2 kb PCSK9 promoter were used
and designated as D1 (�1,711/�94), D2 (�1,214/�94), D3
(�709/�94), D4 (�440/�94), D5 (�392/�94), D6 (�351/�94)
and D7 (�335/�94) (Jeong et al., 2008). The potential binding sites
responsible in modulating PCSK9 trancription activity on the pro-
moter were predicted using MatInspector software (Cartharius
et al., 2005).

2.3. Treatment of HepG2 cells with A. molpadioides enhanced fractions

HepG2 cells were purchased from American Type Culture Col-
lection (ATCC, USA) and maintained in minimum essential medium
(MEM) supplemented with 10% (v/v) FBS, 1% (v/v) 1 mM sodium
pyruvate and 1% (v/v) 100 mM penicillin–streptomycin. Cells were
cultured in T25 cell culture flask and incubated at 37�C in humid-
ified incubator supplied with 5% (v/v) CO2. After reaching 70–80%
confluence, HepG2 cells were washed twice with PBS before the
treatment with two A. molpadioides fractions designated as EFA
and EFB for a requisite time.

2.4. Transient transfection and luciferase assay

Cells were seeded into a clear bottom 96-well plate at 4 � 105

cells per well in a volume of 100 mL and grown overnight at
37 �C in humidified incubator in the presence of 5% (v/v) CO2. Tran-
sient transfection assay was carried out using Lipofectamine� Plus
Reagent (Invitrogen) according to the manufacturer’s instruction.
Solution A consisted of 1.5 mL Lipofectamine� solution diluted in
25 mL of serum free media Opti-MEM. Solution B was prepared
by diluting 0.5 mL plus reagent, 2 mg of PCSK9 promoter-
luciferase plasmid and 0.5 mg pRL-TK plasmid in 25 mL Opti-
MEM. Both solutions were mixed gently and incubated for
30 min at room temperature. The medium in 96-well plate was
discarded and the cells were washed twice with PBS before 90 mL
Opti-MEM was added into each well. Subsequently, 10 mL of the
mixture was pipetted into each well and incubated for additional
5 h before treatment. The culture medium was then replaced with
fresh low serum medium (0.5% FBS) containing a series of two-fold
dilutions of EFA or EFB (3.13 – 50 mg/mL) and incubated for 24 h.
20 mM berberine sulphate (BBR) was used as the positive control
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(Jia, et al., 2014) and 1% (v/v) dimethyl sulfoxide (DMSO) as nega-
tive control.

After treatment, PCSK9 promoter activity was determined by
using Dual Glo Luciferase Assay System (Promega). Briefly, 90 mL
Dual Glo� Luciferase Reagent was added into each well and incu-
bated for 10 min at room temperature in low light condition. Fire-
fly luminescence was then measured using Glomax-multi Plus
microplate reader (Promega). Subsequently, 90 mL Dual Glo� Stop
& Glo� reagent was added to the plate and incubated for 10 min
in low light condition to measure Renilla luminescence. The firefly
luciferase activity of individual transfections was normalized to
the Renilla luciferase activity.

2.5. Quantitative Real-time PCR

Total cellular RNA was isolated from HepG2 cells and lysed with
TRIzol reagent (ThermoFisher). The lysate was mixed with chloro-
form and centrifuged for 10 min at 16,200g at 4 �C. The top aque-
ous phase, which contained RNA, was collected, mixed with
isopropanol and centrifuged for 10 min at 12,000g at 4 �C. RNA pel-
let was washed with 75% (v/v) ethanol, resuspended in RNase-free
water and subjected to RQ1 RNase-free DNase (Promega) at 37 �C
for 30 min followed by incubation at 65 �C for 10 min.

Real time-PCR (qPCR) was performed using iTaqTM Universal
SYBR� Green One-Step Kit (Bio-Rad) master mix according to the
manufacturer’s instruction. The gene primers used in this study
were enlisted in Table 1. Each reaction contained 150 ng of
Table 2
Biological compounds of A. molpadioides with the potential activity in reducing the progre

Compound / metabolites Biological activities

Cerebroside Reduces monosaturated fatty acid biosynthesis

Cerebroside Increases insulin sensitivity, reduces serum and hepatic L
attenuates inflammation by decreasing the levels of inflam

Fucosylated
polysaccharide
sulfate

Anticoagulant activity

Fucoidan Attenuates TGF-b1 signal which associated with the impr
inflammation

Peptides Anti-angiotensin converting enzyme (ACE) activity

Fucosylated chondroitin
sulfate

Promotes antiadipogenic activity by increasing b-catenin,
expression of SREBP-1c, PPARc and C/EBPa.

Fucoidan Exhibits antiadipogenic activity by modulating theWnt/b-c
1c PPARc and C/EBPa, while SREBP-1c

Fucoidan Antihypertensive activity
Fucosylated chondroitin

sulphate
Mitigates hyperglycaemia /insulin resistance by increasing

Cerebroside Ameliorates nonalcoholic fatty liver disease (NAFLD) throu
hepatic triglyceride (TG) and total cholesterol (TC) levels

Collagen Antioxidant activity
Cerebroside Antitumor activity by inducing apoptosis
Collagen Potent antioxidant activity by preventing the injury of ne

Table 1
The sequences of primers used in Real-Time PCR.

Names Primers Sequences (50-30)

PCSK9 (Jeong et al., 2008) Forward GGCAGGTTGGCAGCTGTTT
Reverse CGTGTAGGCCCCGAGTGT

b-actin
Forward TCACCCTGAAGTACCCCATC
Reverse CCATCTCTTGCTCGAAGTCC
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DNase-treated RNA, 10 mL of 2x SYBR� Green qPCR reaction mix
(BIORAD), 0.6 mL of 10 mM each of the forward primer and reverse
primer (Table 1), 0.25 mL of iScript reverse transcriptase for one
step qPCR and nuclease free water to make up the total reaction
volume of 20 mL. All the samples were run in triplicate. One-step
Real-Time PCR was carried out using CFX6 Real-Time PCR Detec-
tion System (Bio-Rad) with an initial reverse transcription reaction
at 50 �C for 10 min, polymerase activation and DNA denaturation at
95 �C for 1 min, followed by 39 cycles of denaturation step at 95 �C
for 10 sec, annealing step at 59 �C for 30 sec and extension at 72 �C
for 30 sec. Melt curve analysis was then carried out at 95 �C for
1 min, 55 �C for 1 min and 40 cycles of 70 �C for 10 sec, with
0.5 �C increment for each cycle. Expression of PCSK9 mRNA was
analyzed using Bio-Rad CFX (Gene Expression Analysis) software
and calculated by the comparative cycle threshold (Ct) method.
The target mRNA Cts were normalized with housekeeping gene
b-actin.
2.6. LDL-C uptake and LDLR immunofluorescence assays

The uptake of LDL-C by LDLR was determined by using LDL
uptake assay kit (Abcam�) and was carried out according to the
manufacturer’s instructions. For cell treatment, HepG2 cells were
first cultured in 96-well plate at 3 � 104 cells/well and allowed
to grow for two days. Cells were subsequently treated with EFA
or EFB for requisite times. The medium was then replaced with
100 mL/well of human LDL-conjugated DyLightTM 550 working
solution and incubated for 4 h. The degree of LDL-C uptake was
observed at wavelengths 540 and 570 nm and the image was
acquired using high content screening system (Molecular Devices)
and MetaXpress� 5.1. Fluorescence intensity was measured and
analysed with ImageJ.

Subsequently, the cells were washed with TBS and fixed with
100 mL/well of Cell-Based Assay Fixative Solution for 10 min. Cells
were then washed continuously with TBST (0.1% (v/v) Triton-X in
TBS) 3 times for 5 min each. The wells were then blocked by incu-
bating the plate for 30 min with 100 mL/well of Cell-Based Assay
Blocking Solution, followed by incubation with 100 mL/well of Rab-
ssion of atherosclerosis.
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bit Anti-LDL primary antibody for 1 h. The cells were then washed
with TBST and incubated with DyLight TM 488-Conjugated Goat
Anti-Rabbit IgG secondary antibody in the dark for 1 h. The inten-
sity of fluorescence stained LDLR was observed at the wavelengths
485 and 535 nm. Images were acquired using high content screen-
ing system (Molecular Devices) and MetaXpress� 5.1. Fluorescence
intensity was measured and analysed with ImageJ.
2.7. Statistical analysis

All experimental data were shown as the mean value ± SD. Stu-
dent’s t-test was carried out to compare statistical significance of
means between test sample and the control group. Multiple groups
were analysed with one-way analysis of variance (ANOVA) using
SPSS 25 where means were separated with Duncan’s multiple
range test group at P value < 0.05.
3. Results

3.1. A. molpadioides inhibits PCSK9 gene expression in HepG2 cells

As shown in Fig. 3A, the transcriptional activity of PCSK9 pro-
moter was decreased in dose dependent manner when the cells
Fig. 3. The effects of A. molpadioides enhanced fractions, EFA (A) and EFB (B) on
human proprotein convertase subtilisin/kexin type 9 (PCSK9) promoter activity.
HepG2 cells were transfected with a recombinant pGL3 reporter plasmid compris-
ing the human PCSK9 promoter sequence linked to firefly luciferase gene. The
transfected cells were then treated with various concentrations of EFA and EFB for
24 h, and subsequently subjected to luciferase assay. The transcriptional activity of
PCSK9 promoter was decreased in dose dependent manner in both EFA and EFB
(except at 3.125 lg/mL)-treated HepG2 cells with 20 mM berberine sulphate as
positive control and 1% (v/v) dimethyl sulfoxide (DMSO) as negative control. Each
value represents the mean ± SD of three independent experiments (each in
triplicate reaction). Multiple comparisons were done using one-way analysis of
variance (ANOVA) where means with different letters were separated with
Duncan’s multiple range test group at p < 0.05.
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were treated with EFA from 3.13 to 50 lg/mL. At concentration
25 and 50 mg/mL, the transcriptional level of PCSK9 was signifi-
cantly reduced by 58.9% and 76.3% as compared to negative control
(DMSO), respectively. Nevertheless, there was no significant differ-
ence between the reduction induced by 25 and 50 mg/mL EFA, and,
BBR treatment. The transcriptional activity of PCSK9 treated with
EFB produced similar dose dependent pattern as EFA. Interestingly,
all concentrations used to treat HepG2 cells exerted a significant
inhibition than to that of untreated control except at 3.125 lg/
mL, ranging between 21.7% and 64.5%. However, there were no sig-
nificant differences in HepG2 cells treated with EFB between con-
centration 6.25 to 50 mg/mL and the positive control (Fig. 3B).

In order to determine the inhibitory action of EFA and EFB on
PCSK9 promoter activity was also observed at the steady-state
levels of mRNA, real-time PCR was carried out. Cells were treated
with the similar concentrations as used in transient transfection
assay for 24 h. As shown in Fig. 4A, the mRNA expression levels
of PCSK9 were closely followed the inhibitory effects of EFA on
PCSK9 promoter activity. At all concentrations used, PCSK9 mRNA
levels were significantly decreased than to that of untreated con-
trol between 51% and 71% with 25 lg/mL produced the lowest
levels at 51%.

In EFB treated HepG2 cells, concentrations 6.25, 12.5, 25 and
50 mg/mL also exhibited a significant reduction in PCSK9 mRNA
expression as compared to untreated control. By contrast,
Fig. 4. The effect of A. molpadioides fractions, EFA (A) and EFB (B) on proprotein
convertase subtilisin/kexin type 9 (PCSK9) mRNA expression. HepG2 cells were
cultured until 80% confluence prior to treatment with EFA and EFB, 20 mM berberine
sulphate as positive control and 1% (v/v) dimethyl sulfoxide (DMSO) as negative
control, for 24 h. Total cellular RNA was isolated and subjected to real time-PCR
analysis. Both EFA and EFB produced the lowest PCSK9 mRNA level at 25 mg/mL.
Multiple comparisons were done using one-way analysis of variance (ANOVA)
where means with different letters were separated with Duncan’s multiple range
test group at p < 0.05.
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3.125 mg/mL EFB did not produce any significant change on the
levels of PCSK9 mRNA (Fig. 4B).
3.2. A. molpadioides may potentially regulate the regulation of PCSK9
expression via cis-acting elements presence in PCSK9 promoter

In order to delineate the A. molpadioides inhibitory elements on
PCSK9 promoter, 50-end deletion constructs of PCSK9 promoter
namely D1 (�1,711/�94), D2 (�1,214/�94), D3 (�709/�94), D4
(�440/�94), D5 (�392/�94), D6 (�351/�94) and D7 (�335/�94)
were transiently transfected into HepG2 cells (Jeong et al., 2008),
and, treated with either EFA or EFB. BBR was used as positive con-
trol and DMSO as negative control. It was demonstrated that EFA
significantly decreased the transcriptional activity of promoter
D1, D2, D3, and D4 by 76%, 19%, 82% and 46% of untreated control,
respectively, suggesting that cis-acting elements present in these
three fragments were responsible in mediating the inhibitory
action of EFA (Fig. 5). In contrast, transcriptional activity of pro-
moter fragments D5 and D6 was increased when the cells were
treated with EFA. BBR also decreased PCSK9 transcriptional activity
of promoter fragments D1, D2, D3, D4 and D5.

As shown in Fig. 5, EFB significantly decreased the transcrip-
tional activity of promoter fragment D1, D3, D4, D6 and D7 by
61%, 79%, 85%, 50% and 78% of untreated control, respectively.
However, there was a significant increase in promoter fragments
D2 promoter activity in EFB treated cells. It is interesting to note
that both EFA and EFB significantly decreased the transcriptional
activity of promoter fragments D1, D3 and D4 which indicate that
cis-acting elements presence in these fragments were responsible
in mediating the inhibitory effect of the fractions on PCSK9 tran-
scriptional activity.
3.3. Analysis of PCSK9 promoter reveals potential binding sites for
transcription factors in reducing transcriptional activity

The prediction analysis of transcription factor binding site
(TFBS) that may potentially be present in the PCSK9 promoter
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

D1 D2 D3

R
el

at
iv

e 
lu

c i
fe

ra
se

 a
ct

iv
ity

(fo
ld

 ch
an

ge
)

PCSK9 p
Berberine sulphate 20 µM Negative control

***

****
***

*

*

******
***

Fig. 5. Proprotein convertase subtilisin/kexin type 9 (PCSK9) promoter constructs analy
24 h with 25 mg/mL of A. molpadiodes EFA and EFB, with 20 mM berberine sulphate as po
and EFB significantly decreased the transcriptional activity of promoter fragments D1(-1
elements presence in between these fragment regions were responsible in mediating th
means ± standard deviation and unpaired t-test was perform with * p < 0.05; **p < 0.00
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was carried out using MatInspector software. TFBS analysis
showed that four binding sites were predicted between the region
�1711/�1214 of the D1 promoter fragment. Two binding sites for
PPAR (PPRE) were present between regions �1521/-1499 and
�1506/�1484. A Krüppel like factor (KLF) binding site was also dis-
covered upstream of the PPRE binding site, between region
�1629/�1611. Sterol regulatory element binding proteins binding
sites, sterol regulatory element (SRE) was identified at location
�1237/�1223.

Deletion of 497 bp from the 50 proximal region of D1 to produce
D2 fragment revealed another four PPRE between regions
�1200/�1178, �1116/�1094, �746/�724 and �739/�717,
respectively. By contrast, no similar binding sites were found in
D3, D4, D5, D6 and D7 fragments (Fig. 6). Analysis of a region
between �709 and �440 of the 50 end of D3 fragment revealed
the presence of the recombination signal binding protein for
immunoglobin kappa J region (RBPJ – kappa) binding site between
regions �549/�537.

Further sequential deletion analysis of 269 bp region of 50-end
from D3 to produce D4 promoter fragment uncovered additional
KLF binding sites between region �434/�416 and �430/�412,
respectively. The deletion of a small segment of 48 bp from D4 to
produce subsequent D5 fragment revealed the binding site for hep-
atocyte nuclear factor 1(HNF1) between region �387/�371. The
predicted sterol regulatory element binding proteins binding sites,
sterol regulatory element (SRE) was identified at 50 end of D6 pro-
moter fragment at �346/�337. Additional transcription factor
binding sites namely SP1 (�192/176 and �197/�179) were found
to be present within D7 fragment.
3.4. A. molpadioides enhances LDL-C uptake and upregulates LDLR
expression.

In order to determine the inhibitory effects of A. molpadioides on
transcriptional activity and mRNA levels of PCSK9, led to an
increase in the levels of LDL-C uptake and LDLR, immunofluores-
D4 D5 D6 D7

romoter construct
Enhanced fraction A Enhanced fraction B
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**

**

***

*
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***

sis. HepG2 cells that were transfected with each fragment (D1-D7) was treated for
sitive control and 1% (v/v) dimethyl sulfoxide (DMSO) as negative control. Both EFA
711/-94 bp), D3(-709/-94 bp) and D4(-440/-94 bp) which indicated that cis-acting
e inhibitory effect of A. molpadioides on PCSK9 transcriptional activity. Values are
1 and ***p < 0.001.



Fig. 6. Schematic of the distribution of the predicted potential transcription binding
sites on the PCSK9 promoter. The transcriptional start site (TSS) is indicated by the
arrow. MatInspector software was used to predict transcription factor binding sites
on the PCSK9 promoter. PPRE, peroxisome proliferator response element ; KLF,
Krüppel like factor; SRE, sterol regulatory element; RBPJ-kappa, recombination
signal binding protein for immunoglobin kappa J; HNF1, hepatocyte nuclear factor
1; SP1, specificity protein 1.
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cence assays were carried out utilising respective labelled fluores-
cence markers.

Treatment with EFA at 24 h produced the highest intensity in
cells stained with LDL-DyLightTM 550 (yellow fluorescence). EFB
also produced higher intensity in stained cells than to that of
untreated control but lower than EFA-treated cells (Fig. 7). ImageJ
analysis demonstrated that the levels of LDL-C uptake were the
highest at 69.1% (1.69 folds) when the cells were treated with
EFA whereas EFB treatment produced 32.6 % (1.33 folds) increase
in LDL-C uptake as compared to untreated control (Fig. 8A). BBR
treatment increased the LDL-C uptake at 47.4% (1.47 folds)
(Fig. 8A).

As shown in Figs. 3 and 4, both EFA and EFB decreased the levels
of PCSK9 gene expression. It was widely demonstrated from previ-
ous studies that PCSK9 was responsible in preventing the recycling
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Fig. 7. LDL-C uptake and LDLR protein expression on HepG2 cells treated with 25 mg/mL
v) dimethyl sulfoxide (DMSO) as negative control. HepG2 cells were treated with the m
duration, the culture medium was replaced with 100 mL/well LDL-DyLightTM 550 working
content screening (HCS) with filters capable of measuring excitation and emission wavele
the highest intensity in cells stained with LDL-DyLightTM 550 (yellow fluorescence) indi
increase in LDLR expression (green fluorescence). For LDLR expression, HepG2 cells were i
Antibody and were subsequently incubated in the dark for one hour with 100 mL/well of
with high content screening (HCS) fluorescein detection (excitation/emission = 485/535
measured with ImageJ. Scale bar: 50 mm.
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back of LDLR to the cell surface, thus, reducing the levels of LDLR
presence on the cell membrane to induce the uptake of LDL-C. In
order to determine the effects of EFA and EFB on the levels of LDLR
protein, cells were treated with the fractions individually and
stained with Rabbit Anti-LDL Receptor Antibody. Interestingly,
EFA-treated cells produced the highest intensity-stained cells
(green fluorescence) which closely followed the pattern observed
in LDL-C uptake (Fig. 7). Specifically, the LDLR protein levels were
significantly increased by 62.4% as compared to untreated control
(Fig. 8B). Similar pattern was also observed for cells treated with
EFB of which LDLR protein was significantly upregulated by
32.3%, closely followed to that LDL-C uptake levels (Fig. 8B). As
expected, BBR treatment increased the cell intensity (Fig. 7) and
protein expression of LDLR by 59% (Fig. 8B).
4. Discussion

Acaudina molpadioides or locally known as sea potato has gained
popularity among researchers in recent decades, not only due to
their nutritive value, but also due to their potential health benefits
and therapeutic uses (Khotimchenko, 2018). It has a long history as
a traditional food and folk medicine which can be explored as a
potential source of high-value components for functional foods
and the nutraceutical industry (Zulfaqar et al., 2016). With the dis-
covery of PCSK9 as a regulator of LDL-C uptake by liver cells, more
studies are required to elucidate the mechanisms through which
the natural products may play an important in modulating the
expression of this protein as therapeutic intervention in the treat-
ment of hypercholesterolemia and the outset of atherosclerosis.

Several bioactive compounds were isolated from A. molpa-
dioides that produced various biological and pharmacological activ-
ities such as the use of fucoidan as an agent to reduce side-effects
of gastrointestinal mucosits during chemotherapy (Zuo et al.,
2015), beneficial effect of cerebroside in ameliorating non-
alcoholic fatty liver disease (Xu et al., 2011), inhibition of angioten-
Enhanced fraction BEnhanced fraction A

A. molpadioides EFA and EFB, 20 mM berberine sulphate as positive control and 1% (v/
ediators for 24 h and the LDL-C uptake was observed. At the end of the treatment
solution and incubated for additional 3 to 4 h. Stained cells were observed with high
ngths 540 and 570 nm, and acquired with MetaXpress� 5.1. EFA treatment produced
cating an increase in LDL-C uptake as compared to EFB treatment, in line with the
ncubated for one hour with 100 mL/well of diluted Rabbit Anti-LDL Receptor Primary
diluted DyLightTM 488-Conjugated Secondary Antibody. Stained cells were observed
nm) and acquired with MetaXpress� 5.1. Fluorescence intensity was analysed and



Fig. 8. The effect of A. molpadioides enhanced fractions A and B (EFA and EFB) on
LDL-C uptake (A) and LDLR translocation (B). ImageJ analysis was carried out by
measuring the fold change value of the fluorescence intensity of treated cells over
the fluorescence intensity of the untreated cells or negative control, 1% (v/v)
dimethyl sulfoxide (DMSO). EFA treatment induced the highest level of LDL-C
uptake followed by the positive control, 20 mM berberine sulphate (BBR). Collec-
tively, EFA appeared to show better potential in upregulating LDL-C uptake
concomitantly with an increase in LDLR as compared to EFB. Multiple groups were
analysed with one-way analysis of variance (ANOVA) where means with different
letters were separated with Duncan’s multiple range test group at p < 0.05.
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sin converting enzyme (ACE) for hypertension management (Zhao
et al., 2009; Jiang et al., 2018) and sources of antioxidants (Bordbar
et al., 2011). A. molpadioides derived fucosylated chondroitin sul-
phate was reported to be antiadipogenic by decreasing the expres-
sion of SREBP-1c, PPARc and C/EBP indicating the possibility of
interaction with PCSK9 gene (Xu et al., 2015). More recent study
also showed that cerebroside derived from A. molpadioides pos-
sessed anti atherosclerosis properties by decreasing atherosclerotic
lesion formation via reducing serum and hepatic LDL level, and
attenuated inflammation by decreasing the levels of inflammatory
cytokines, such as CRP, TNFa and IL-6 (Zhang et al., 2018). How-
ever, no definitive information has yet available on the effect of
as lipid lowering mediator through PCSK9 down regulation
pathway.

In this study, the effects of two enhanced fractions of A. molpa-
dioides (EFA and EFB) in regulating the PCSK9 gene expression as
well as the levels of LDLR protein and LDL-C were investigated
using HepG2 as the model system. As shown in Figs. 3, 7 and 8,
both EFA and EFB reduced the levels of PCSK9 mRNA levels which
led to a corresponding increase in the LDLR protein levels and LDL-
C uptake in the liver cells. However, the lowest concentration of
EFB at 3.125 lg/mL did not produce any significant effect on PCSK9
promoter activity (Fig. 3) and mRNA expression (Fig. 4) as com-
pared to untreated control. Various studies also demonstrated
the differential regulation of gene expression at different concen-
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trations of natural products. For example, a fraction prepared from
a marine sponge Xestospongia muta produced a bell-shaped effect
of SR-B1 gene expression, of which, at lower concentrations pro-
duced either no significant change or slightly higher gene expres-
sion as compared to control, and reduced to the lower levels
than to that of control at higher concentrations (Azemi et al.,
2019). It is tempting to speculate that the presence of relative dif-
ferent ratio of compounds in EFB at lower and higher concentra-
tions that may act as repressors may be responsible in regulating
the differential regulation of PCSK9 gene expression. In addition,
synthesised mRNA is also subjected to post-transcriptional regula-
tion including degradation whereby lower concentration, EFB may
exert less degradation activity which in turn, increased the mRNA
stability of PCSK9 (Latchman, 2011).

It was widely reported that the suppression of PCSK9 expres-
sion prevents lipid-bound LDLR that are endocytosed by the cells
from being targeted to lysosomal degradation and therefore
increases in the recycling of LDLR into the cell surface and induces
the uptake of LDL-C (Zhang et al., 2007). In addition, loss-of-
function PCSK9 mutations results in hypocholesterolaemia due to
an increase in the presence of LDLR on the cell surface (Cameron
et al., 2006; Cohen et al., 2006).

Transient transfection of 50 end deletion of PCSK9 promoter
fragments strongly indicates that transcriptional control at the
promoter levels played a major role in regulating inhibitory effects
of both fractions of A. molpadioides. This result is in agreement with
other studies that reported various natural products modulate the
gene expression of PCSK9 via transcriptional activity of the pro-
moter. Welsh onion ethanol extract was shown to reduce PCSK9
mRNA levels by inhibiting the transcriptional activity of SREBP-2
and HNF1a cis-acting elements (Choi et al., 2017). In addition, ber-
berine also reduces PCSK9 gene expression via both SREBP and
HNF1a binding sites although the involvement of SRE is dependent
on the binding of HNF1a to its corresponding binding site (Li et al.,
2009). Interestingly, SRE was not involved in mediating the inhibi-
tory effect of curcumin but the compound reduced the PCSK9
mRNA levels by regulating the transcriptional activity of HNF1a
binding sites (Tai et al., 2014). Other natural products such as quer-
cetin, resveratrol and epigallocatechin gallate (EGCG) were
reported to decrease the levels of PCSK9 gene expression primarily
via a reduction in the interaction of SREBP and its binding sites
(Adorni et al., 2020). In fact, several studies demonstrated that
PCSK9 promoter constituted the primary functional region con-
taining cis-regulatory elements vital for PCSK9 gene transcriptions
(Jeong et al., 2008) by interacting with various proteins, including
SREBP-1/2, HNF1a, farnesoid X receptor (FXR), and PPARc (Langhi
et al., 2008; Wu et al., 2012).

Our study demonstrated that different transcription factors and
respective binding sites were involved in mediating the inhibitory
effects of EFA and EFB on PCSK9 mRNA levels. Although, the tran-
scriptional activity of D1, D3 and D4 promoter fragments was
reduced by both EFA and EFB, however, only EFA reduced D2
whereas EFB inhibited D6 and D7 promoter activity (Fig. 5). By con-
trast, transcriptional activity of fragments D5 and D6, as well as
fragment D2 was increased when the cells were treated with EFA
and EFB, respectively.

Upon analysis the promoter region between �1711 and �1214
that present only in D1 promoter, 3 potential binding sites of PPRE,
KLF binding site as well as SRE were identified. PPRE is a binding
site for PPAR isoforms (PPARa, b/d and c) and upon activation by
the binding of ligands or phosphorylation, these isoform then bind
to PPRE to modulate the target genes (Adams et al., 1997;
Issemann and Green, 1990; Shalev et al., 1996). It was widely
reported that fenofibrate, an agonist of PPARa inhibited the
expression of PCSK9 in liver cells (Lambert et al., 2006) and
reduced the circulating plasma PCSK9 concentrations in mice
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(Lambert et al., 2008). In addition, PPARa activation was reported
to attenuate the inducing effects of statin by repressing the PCSK9
promoter activity (Kourimate et al., 2008). Therefore, the com-
pounds present in EFA and EFB may act as agonists for PPARa to
inhibit the transcriptional activity of PPRE present in the region
�1711/�1214.

The differential activity of D2 promoter fragment by EFA and
EFB could also be mainly caused by PPAR isoforms due to numer-
ous PPAR binding sites projected on the respective PCSK9 frag-
ment. In contrast to the PPRE present in the region
�1711/�1214, PPRE in the region between �1214 and �709 is
speculated to be the binding sites for a different isoform of PPAR.
In fact, Sun et al., (2017) demonstrated that PPRE present in this
region (�739/�717) is the binding site for PPARc.

PPARc serves as a master regulator of adipogenesis and macro-
phages differentiation in normal and pathophysiological condi-
tions such as inflammation, type-2 diabetes, obesity and
atherosclerosis (Burgermeister and Seger, 2008). It was also
reported that PPARc acts as anti-atherogenic effects such as reduc-
ing plaque inflammation as well as inducing reverse and direct
cholesterol transport to the liver (Chinetti et al., 2000; Fruchart,
2001). However, Sun et al., (2017) reported that PCSK9 gene
expression was increased by the binding of PPARc to PPRE. There-
fore, PPARc may exert its athero-protective role via other mecha-
nisms than to that of PCSK9. By contrast, PPARa was
demonstrated to downregulate the levels of PCSK9 expression
(Kourimate et al., 2008; Lambert et al., 2008). Therefore, it is
tempting to speculate that EFA reduced the D2 fragment of PCSK9
promoter activity via activating PPARa whereas EFB induced
PPARc that led to an increase in D2 transcriptional activity.

The presence of various binding sites for transcription factors
between �709 and �392 may explain the role of the interaction
between these cis-acting elements and their respective transcrip-
tion factors in mediating the inhibitory effects of PCSK9 D3 and
D4 promoter activity.

Several members of the mammalian Krüppel-like factor, KLF,
family were demonstrated to be key players in the transcription
network regulating physiological and pathophysiological processes
of cardiovascular diseases and metabolic homeostasis including
preadipocyte formation, adipogenesis and lipogenesis (Pei et al.,
2011; Fan et al., 2017). Basic Krüppel-like factor (BKLF) or KLF3
is primarily a repressor of the transcription. It was reported that
KLF3 inhibits transcription by recruiting to its N terminal repres-
sion domain the co-repressor C-terminal binding protein (CtBP)
(Suzuki et al., 2005). In addition, another member of KLF family,
KLF5 was demonstrated to induce the gene expression of PPARa
by binding to its binding site present on PPARa promoter
(Drosatos et al., 2016; Roe et al., 2016). Therefore, the inhibitory
action of KLFs on PCSK9 found in this study may be mediated via
two different but related mechanisms; (1) by direct binding of
KLF3 to its binding sites at locations �1629 /�1611 as well as at
�434/�416 and �430/�412 which may explain a decrease in D1
and D4 promoter activity when treated with both fractions, respec-
tively; and (2) by binding of KLF5 to PPARa promoter and activat-
ing the expression of PPARa, which in turn increasing the binding
of PPARa to PPRE present in the region between �1,214 and �709
that may cause a decrease in EFA and EFB-treated D1 transcrip-
tional activity.

The recombination signal binding protein for immunoglobulin
kappa J region (RBPJ) also known as CSL or CBF1 is a DNA-
binding protein that integrates signals from multiple pathways
including the Notch pathway (Foldi et al., 2016). It was reported
that the Notch pathway plays an important role in atherosclerotic
plaques formation and progression by acting on every cellular type
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involved in this process. Notch signalling antagonizes inflamma-
tion effect in endothelial and vascular smooth muscle cells
(Fortini et al., 2014). However, to date no study has detailed the
interaction or linked between Notch dependent or independent
RBPJ with PCSK9 gene promoter. Therefore, it is tempting to
hypothesize that the RBPJ-kappa may also act as transcriptional
repressor to PCSK9 gene transcription.

Interestingly, when the region containing KLF binding sites and
RBPJ was removed to produce D5 fragment (�392/�94), treatment
with EFA and EFB increased the PCSK9 promoter activity by 2.0 and
1.48 folds, respectively suggesting both fractions increased the
expression PCSK9 via the binding of HNF1 to the HNF1 binding site
at location �386/�374. HNF1 binding site on the PCSK9 promoter
region is another critical regulatory sequence motif of PCSK9 tran-
scription (Li et al., 2009). Previously, rosuvastatin treatment was
demonstrated to cause a strong induction of PCSK9 gene via the
binding of HNF1a to the PCSK9 promoter and attenuated LDLR
mediated LDL-C clearance (Dong et al., 2017). A small-molecule
PCSK9 inhibitor 7030B-C5 was reported to be profoundly reduced
atherosclerosis progression, and showed dual benefits in lipid and
glucose metabolism through reducing the binding of HNF1a and
FoxO1/3 to respective binding sites (Wang et al., 2020). In addition,
Dong et al. (2010) reported that BBR suppressed PCSK9 transcrip-
tion through the HNF1 motif present at �386/�374 which is also
observed in this study where BBR treatment on human liver cells
reduced the transcriptional activity of D5 promoter fragment.

The prediction analysis of transcription factor binding site in
present study revealed SRE like motif in 50end region of D6 frag-
ment between the regions �350 bp to �335 bp. It is in agreement
with a study by Duan et al. (2012). In addition, MatInspector anal-
ysis also predicted the presence of binding sites for Sp1in fragment
D7 and both of these predicted binding sites are also reported by
Jeong et al. (2008). SRE plays an important role in inducing the
gene expression of PCSK9 and normally worked in concert with
HNF1 and Sp1 to exert its positive effects (Li et al., 2009; Adorni
et al., 2020).

In this study, deletion of the D5 proximal region harbouring the
HNF1 binding site attenuated the inhibitory effects of BBR treat-
ment and induced D6 promoter fragment activity despite the pres-
ence of an intact SRE, which is consistent with the previous finding
(Li et al., 2009). EFA also modulated the promoter activity of D6
fragment in similar manner. By contrast, EFB reduced the promoter
activity of D6 fragment. Therefore, it is interesting to hypothesise
that the upregulation of D5 fragment by EFA treatment via HNF1
motif may be SREBP-dependant but the binding of EFA-activated
SRE to induce D6 fragment may not be dependent upon the bind-
ing of HNF1. It is also interesting to speculate that the reduction of
D6 promoter activity in EFB-treated cells may due to the decrease
in SREBP which indicate that HNF1 binding may be facilitated by
other transcription factor.

It was demonstrated that Sp1 worked synergistically with
SREBPs and mutational analysis of both sites led to an attenuated
effects of sterol on D6 and D7 PCSK9 promoters (Jeong et al.,
2008) indicating the importance of SRE and Sp1 in mediating the
transcriptional activity of PCSK9. However, Li et al. (2009) demon-
strated that the mutation of Sp1 site modestly attenuated basal
PCSK9 promoter activity in a manner that was not associated with
sterol suppression. Putative Sp1 sites downstream of SRE failed to
exhibit a significant impact on EFA-modulated PCSK9 transcription
suggesting either Sp1 alone did not cause any significant effects on
PCSK9 gene expression or EFA did not increase the binding of Sp1
to its binding site. The upregulatory effects of EFA of D6 promoter
activity found in this study may be mediated mostly by the binding
of SREBP to SRE and not via Sp1. It is also interesting to note that
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the inhibitory effects of EFB on D6 and D7 promoter fragments
were not caused by the interaction of SREBP and Sp1 or may due
to the reduction of SREBP and Sp1 protein levels as compared to
the untreated control, respectively.

5. Conclusion

The collective results of current study gave significant insight
on the potential of A. molpadioides as PCSK9 inhibitor. EFA has
shown better potential in upregulating LDL-C uptake concomi-
tantly with the increase of LDLR expression compared to EFB. This
study is the first to report the possible involvement of other tran-
scription factors especially KLFs besides the commonly reported
PPARs, SREBP and HNF1 in PCSK9 gene regulation. Therefore, it is
interesting to hypothesize that inhibitory effects of EFA as well
as EFB on PCSK9 promoter activity were mainly mediated by the
KLF transcription factors. In addition, the negative effects of KLF
may be more dominant than to that of the positive effects of SRE
in mediating the inhibitory action of EFA. This study also high-
lighted the complexity and the need of additional studies required
for a better understanding of the critical pathways involved that
could alter the disease course. Further mutational analysis and
interaction of transcription factors with the respective binding
sites would identify the transcription factors that are responsible
in downregulating PCSK9 gene expression in the presence of the
bioactive properties in EFA. Identification of the promising bioac-
tive properties in EFA and the elucidation of mechanisms of action
of the transcription factors involved in mediating PCSK9 gene
expression may lead to the discovery of possible therapeutic inter-
ventions for lowering the plasma lipid levels.
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