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Aims Blood flow patterns play an important role in the localization of atherosclerosis in the sense that low-flow state is
pro-atherogenic, and helical flow is protective against atherosclerosis. Proprotein convertase subtilisin/kexin type 9
(PCSK9) regulates cholesterol metabolism via low-density lipoprotein receptor (LDLr) degradation and is highly
expressed in the atherosclerotic tissues. This study was designed to investigate the role of different blood flow pat-
terns in the regulation of PCSK9 expression.

Methods We designed an experimental model guider to generate stable helical flow. Our data showed that compared with

and results normal flow, low-flow state induces whereas helical flow inhibits PCSK9 expression in the rabbit thoracic aorta in
an inflammatory state. Our data also identified that TLR4-MyD88-NF-kB signalling plays an important role in
PCSK9 expression. On the other hand, TRIF pathway had almost no effect. Further studies showed that the signals
downstream of NF-kB, such as pro-inflammatory cytokines (IL-1B, IL-18, MCP-1, IL-6, TNF-a, IL-12, IFNy, and GM-
CSF) directly influence PCSK9 expression. Interestingly, high fat diet further enhanced PCSK9 expression in an in-
flammatory milieu.

Conclusions These observations suggest a link between abnormal flow patterns and PCSK9 expression in inflammatory states,
which may qualify helical flow and pro-inflammatory cytokines as potential targets to treat PCSK9-related cardio-
vascular diseases.
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1. Introduction

Local haemodynamic factors, especially blood flow induced wall shear
stress, play an essential role in the development of atherosclerosis.’
Shear stress patterns are determined by the direction and magnitude of
blood flow.? For example, undisturbed laminar flow refers to smooth
streamlined flow associated with high shear stress and disturbed flow at
the site of arterial branch points or curvatures is associated with low
shear stress. Steady laminar blood flow (associated with high shear
stress) occurring in large straight segments of arterial bed is atheropro-
tective. Disturbed flow (associated with low shear stress) occurring at
branch points and curvature permits accumulation of atherogenic par-
ticles and decreases the transport of anti-atherogenic oxygen from the
blood to the arterial wall. Helical flow is seen in regions of ascending
aorta that are twisted with a non-planar geometry, with helices on the
aortic cross-sections and secondary rotations.> Helical flow has many
positive physiological roles, such as eliminating areas of flow stagnation,
preventing the accumulation of atherogenic lipids, and enhancing oxygen
transport.*

Proprotein convertase subtilisin/kexin type 9 (PCSK9) plays a regula-
tory role in cholesterol homeostasis by promoting low-density lipopro-
tein receptor (LDLr) degradation. PCSK9 inhibition has emerged as a
novel drug therapy to treat hypercholesterolaemia and related cardio-
vascular diseases.” Although the vast majority of the studies has focused
on the role of PCSK9 in LDLr expression in the liver, an increasing body
of evidence suggests that PCSK9 gene is also present in extra-hepatic tis-
sues. Recent studies showed that PCSK9 is highly expressed in vascular
endothelial cells,® smooth muscle cells,” and macrophages,”® and its ex-
pression is regulated by many pro-inflammatory factors, such as lipopoly-
saccharide (LPS). Studies in atherosclerotic tissues show intense
expression of PCSK9 in the affected regions,”°
that local PCSK9 expression may influence the development of

raising the possibility

atherosclerosis.

This study was designed to study the influence of various types of
blood flow (normal flow, low flow, and helical flow) on PCSK9 expres-
sion along the aorta.
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2. Methods
2.1 Helical flow guider design

A helical flow guider for the test vessels was fabricated to generate a sta-
ble helical flow in the test vessels. The guider had an axial length of
6.5 mm. The internal diameters of its inlet and outlet were 2 and 3 mm,
respectively. The helical flow guider model was created using the
computer-aided design software SolidWorks 2006. In order to meet the
requirement of size and precision, the guider was fabricated using a pho-
tosensitive resin with laser rapid prototyping technology.

2.2 Model information

Normal flow (or low flow) and helical flow simulations were used wall-
free geometries. To minimize the influence from outlet boundary condi-
tions, straight extensions were set at the outlets, equalling to nine times
the diameter of the vessel.

2.3 Mesh information

Computational meshes in the vessel model were carried out using ANSYS
ICEM CFD (ANSYS Inc., Canonsburg, PA, USA). After an appropriate
mesh independence investigation, the final volume meshes for the normal
flow model and helical flow model were 782 789 and 1 316 523, respec-
tively. In order to capture the velocity gradient in the boundary layer, high-
density mesh elements were applied near the vessel walls, which specified
with initial thickness in 0.001 mm and total thickness in 0.05 mm.

2.4 Governing equations
Flow simulations are based on the 3D incompressible Navier—Stokes
and continuity equations:

p(%—l:ﬁ-u‘Vu):-Vp—i—V% (1

V-u=0 Q)

where u and p represent the fluid velocity vector and pressure,
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respectively. p is blood density (p =1060 kg/m3) and t denotes the
stress tensor.

Blood was assumed to be an isotropic, incompressible, homogeneous,
laminar, non-Newtonian fluid. The Carreau model was applied to calcu-
late the blood viscosity.

2.5 Boundary condition

To ensure fully developed velocity profiles at the inlet, a parabolic inflow
profile was used in the inlet cross-section, assuming Qinow = 3.3 mL/s
based the experimental measurements. A rigid-wall no-slip boundary
condition was implemented at the model walls. At the outlet, a specified
pressure in 100 mmHg was applied as described previously.

2.6 Numerical scheme

The governing equations of blood flow were resolved by means of
ANSYS FLUENT CFD (ANSYS Inc., Canonsburg, PA, USA), which used
finite volume method. The SIMPLE algorithm was utilized for the pres-
sure—velocity coupling. A coupled solver was performed with a second-
order upwind scheme for the momentum spatial discretization. The con-
vergence criterion was set to be 10 for both continuity and velocity
residuals.

2.7 Animals and diets

Male New Zealand Rabbits (Laboratory Animal Center, Peking
University, China) approximately 12 weeks old and weighing on average
3.0+ 0.1 kg were kept as per the protocol approved by the institutional
committee on animal use. All animal care complied with the ‘Principles
of Laboratory Animal Care’ (NIH no. 85-23, revised 1985) and the
‘Guide for the Care and Use of Laboratory Animals’ (NRCC, 8th edition,
revised 2011). Rabbits were reared in rooms under natural conditions
with an ambient temperature ranged from 25°C to 28°C and relative air
humidity at 50%. A 12 h light to12 h dark cycle was used throughout the
study. All rabbits were allowed to acclimatize for 1 week, and then were
divided into four groups (n=7) and fed standard rabbit diet or high fat
diet (HFD; prepared with mixing standard diet (SD) with extra 15% fat,
by fortifying with corn oil and lard, in a ratio of 2:1), the experimental pe-
riod lasted 12 weeks. To induce an inflammatory condition, LPS at 10 pg/
kg was administered intravenously every 3 days.

2.8 Preparation of arterial segments

Rabbits were anaesthetized with a mixture of xylazine (2.5 mg/kg) and
ketamine (25 mg/kg) given through the right marginal ear vein. Cannulae
were then advanced approximately 2 mm into the each end of the aorta,
enabling their tips to lay beyond any regions liable to have been damaged
during the excision procedure. After a ligature was tied around each can-
nula as close to the tip as possible, the cannulated vessel was dissected
from the body. Aortas were flushed slowly to wash out any remaining
blood. In order to minimize damage to the endothelium, the aorta was
pressurized throughout the experiment by a reservoir placed 1.0m
above the artery and filled with Krebs—Henseleit solution. The aorta was
thoroughly examined for leakage in situ by pressing the aorta; any points
on the aorta that leaked were sealed by coagulation with an electrical ful-
gurator. During the entire process, Krebs—Henseleit solution was con-
stantly applied to the outer surface of the aorta to prevent it from

drying.

2.9 Perfusion solution and perfusion system
For each experiment, cell culture medium 1640 containing foetal calf se-
rum (FBS, 10%), penicillin (1001U/mL), and streptomycin (100 mg/mL;
Sigma, St Louis, MO, USA) was freshly prepared as the experimental per-
fusion solution, in which chemical inhibitors or peptides (2 h prior to LPS
treatment) were added for another 12 h. The pH value of the perfusion
solution was adjusted to 7.2.

Figure 1F shows a schematic drawing of the experimental perfusion
system. It consisted of a head tank, a downstream collecting reservoir, a
peristaltic flow pump with flow meter (FH100; Thermo Fisher Scientific)
to circulate the perfusion fluid (1640, cell culture medium) and a blender
of air and CO, with a constant temperature at 37°C. All of the compo-
nents of the perfusion system were connected using tygon tubing. The
flow rate was controlled by adjusting peristaltic pump. The harvested ar-
tery with the metal frame was immersed in Krebs—Henseleit solution
and then connected horizontally to the perfusion system.

2.10 Treatment with chemical inhibitors or
specific inhibitor peptide set, and
recombinant rabbit proteins

To investigate the role of TR4 pro-inflammatory cytokines signalling in
regulation of PCSK9 expression, different inhibitors, peptide sets, or re-
combinant proteins were used as follows.

2.10.1 In vitro

Prior 2 h treatment with LPS at 20 ng/mL, the following inhibitors were
treated: TLR4 inhibitor TAK-242 (Millipore, Burlington, MA, USA) at
1TuM, TLR4 Inhibitor Peptide Set at 100uM (Nowvus Biologicals,
Littleton, CO, USA); MyD88 inhibitory peptide Pepinh-MYD at 20 uM
(InvivoGen, San Diego, CA, USA), MyD88 Inhibitor Peptide Set at
100 uM (Novus Biologicals, Littleton, CO, USA); TRIF inhibitory peptide
Pepinh-TRIF at 40 pM (InvivoGen, San Diego, CA, USA), TRIF monoclo-
nal antibody at 1 ug/mL (Novus Biologicals, Littleton, CO, USA); NF-xB
inhibitors BAY 11-7085 at 10 M and Helenalin at 10 uM (Santa Cruz,
Dallas, TX, USA). Control for chemical inhibitors: DMSO; Control for
the peptide: specific control peptide.

2.10.2 In vivo

In HFD group, prior 2 h to LPS injection, the following inhibitors were
injected: TLR4 inhibitor TAK-242 at 2 mg/kg body weight, MyD88 inhibi-
tory peptide Pepinh-MYD at 1 mg/kg body weight, TRIF inhibitory pep-
tide Pepinh-TRIF at 1 mg/kg body weight, and NF-kB inhibitor Helenalin
at 5 mg/kg body weight.

Recombinant rabbit proteins were treated as indicated concentration
under normal flow for 12 h: IL-18 (Cat. ab209157, Abcam, Cambridge,
MA, USA) at 4ng/mL, IL-18 at 50ng/mL (Cat. MBS2030884,
MyBioSource, San Diego, CA, USA), MCP1 at 100ng/mL (Cat.
ab151202, Abcam, Cambridge, MA, USA), IL-6 at 20ng/mL (Cat.
RP1281U-100, Kingfisher Biotech, Saint Paul, MN, USA), TNF-o at 50 ng/
mL (Cat. 5670-TG-025/CF, Novus Biologicals, Littleton, CO, USA), IL-
12 at 10ng/mL (Cat. GR104270, Genorise Scientific, Glen Mills, PA,
USA), IFN-v at 10 ng/mL (Cat. ab93911, Abcam, Cambridge, MA, USA)
and GM-CSF at 2 ng/mL (Cat. ab209131, Abcam, Cambridge, MA, USA).

2.11 Enzyme-linked immunosorbent assay
Secretion of PCSK9, IL-1B, MCP-1, IL-6, TNFa, IL-12, and IFNy was mea-

sured in rabbit sera or aorta by using a rabbit enzyme-linked immunosor-
bent assay (ELISA) kit for PCSK9, IL-1B, IL-18, MCP-1, IL-6, TNFa, IL-12,
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IFNYy, and GM-CSF (MyBioSource, Inc,, San Diego, CA, USA); Rabbit
ELISA kit for IL-18 and GM-CSF were from LSBio (Seattle, WA, USA).

2.12 Western blot

Protein aorta were purified with RIPA Lysis Buffer System (Santa Cruz,
CA, USA) and loaded onto 12% Mini-PROTEAN® TGX™ Precast Gel
(Bio-Rad, CA, USA) for electrophoresis. The size-separated proteins
were then transferred to Hybond ECL Nitrocellulose Membranes (GE
Healthcare, NJ, USA). After blocking with 5% BSA buffer for 1h, the
membranes were incubated with primary antibody at 1:3000 dilution
overnight at 4°C. After washing with PBS containing 0.1% Tween-20,
membranes were incubated with secondary antibody for 1 h and signals
were detected with Pierce ECL Western Blotting Substrate (Thermo
Scientific, IL, USA). Intensity quantification of the bands was obtained
with Image ] software and normalized to B-actin. Antibody directed at
PCSK9 was from Biocompare (South San Francisco, CA, USA).

2.13 Real-time quantitative polymerase

chain reaction

Total RNA was reverse transcribed at 42°C with SuperScript Il (Life
Technologies). Relative mRNA levels for each sample were quantified
based on Ct (the amplification cycle threshold) normalized to GAPDH
as an endogenous MRNA standard. Rabbit primers (Applied Biosystems)
used were as follows: PCSK9 rabbit- Forward 5'-aggcacaggctgatccacttct-
3’ Reverse 5'-agcagcccaacaactcectcate-3’; LDLR rabbit- Forward 5'-caaa-
gagtgcgcgaccaatgagtge-3’ 5'-tcgtgccggttggtgaagaagaggta-3';
GAPDH  rabbit- Forward 5'-ggccgcccagaacatcatce-3' Reverse  5'-

Reverse
gccagecccageatcgaaggtagag-3'.

2.14 Statistical analysis

Data are presented as means + standard deviation, representative of five
rabbit per genotype (n =5 with experiments in vitro) or seven rabbit per
genotype (n=7 with experiments in vivo) from three independent
experiments. The significances between two groups were tested by un-
paired t-test. Multiple comparisons were analysed by one-way ANOVA,
followed by Tukey’s post hoc comparisons test. Statistical analysis was
performed with GraphPad Prism 7.00 (GraphPad Software, La Jolla, CA,
USA). P-values of <0.05 were considered to be statistically significant.

3. Results

3.1 General flow pattern and helicity
First, we created an experimental model guider to generate stable helical
flow (Figure 1A). Figure 1B show the model of normal, low, and helical
flow as well as mesh details near the vessel wall. Figure 1C, D shows the
flow patterns (velocity vectors at seven sections along the vessels)
obtained numerically for the normal flow group and the helical flow
group. As evident from the figure, helical flow was spiral. Note that there
was no spiral flow in the normal flow group. The numerical simulation
revealed that when compared with the normal flow group, the velocity
profile in the helical flow shifted away from the tube centre in the helical
flow group. The simulation also revealed that the spiral flow created by
the flow guider was attenuated progressively along the vessel.

In order to better characterize the flow in the helical flow model, hel-
icity was defined by the following equation:

H=(V xV)-V

Figure 1E shows the area-weighted average of helicity of the flow at
different cross-sections along the vessel. Helicity, indicator of the inten-
sity of helical flow, created by the flow guider is the highest at the origin
of the test vessel, and it decreases along the vessel and drops drastically
at 10 mm from origin.

Based on this simulation, the flow system shown in Figure 1F was used
in the following experiments.

3.2 Blood flow patterns regulate PCSK9
expression mediated by TLR4 signalling

To investigate the influence of different types of blood flow on PCSK9
expression, normal flow (steady laminar shear stress at 12 dynes/cm?),
low flow (steady laminar shear stress at 3 dynes/cm?), and helical flow
(same flow rate as normal flow) were applied in the straight segment of
the rabbit thoracic aorta (length: 2.1 cm). As shown in Figure 2A, B, com-
pared with normal flow, low-flow state resulted in enhanced PCSK9 ex-
pression (both mRNA and protein). Consistent with the data in
Figure 1E, helical flow resulted in inhibition of PCSK9 expression in the
first 0.9 cm from the start point, then PCSK9 expression increased grad-
ually along the thoracic aorta as helical flow decreased progressively, and
reached a constant value at 1.5 cm, when it became same as the corre-
sponding value in the normal flow.

PCSK9 promotes LDLr intracellular degradation and contributes to
development of atherosclerosis, we therefore investigated if blood flow-
mediated PCSK9 expression determines LDLr degradation along the
aorta. Our observations indicated that compared with normal flow, low-
flow state inhibited LDLr expression whereas helical flow highly en-
hanced LDLr expression (both mRNA and protein) in the first 0.9 cm
from start point (Figure 2C, D). These observations suggest that PCSK9
expression regulates LDLr expression in the arterial segments in states
of altered flow, and PCSK9 and LDLr expression are inter-twined.

TLR4 is a member of the toll-like receptor (TLR) family that triggers
innate immune responses to defend against invading microorganisms.
TLR4 recognizes LPS and is the only known TLR that is able to activate
both MyD88- and TRIF signalling, in the induction of pro-inflammatory
cytokines and type | interferon, respectively.11 We and others have
shown that LPS is a powerful inducer of PCSK9 in endothelial cells,
smooth muscle cells, and macrophages.é”m Here, we posited that TLR4
signalling may play an important role in LPS-mediated PCSK9 expression
under different flow conditions. To test this hypothesis, several inhibitors
of TLR4, MyD88, TRIF, and NF-kB were applied.

As helical flow significantly inhibits PCSK9 expression in the length be-
tween 0 and 0.6cm, we used these sections to study the following
experiments from Figure 3A to Figure 3D.

TAK-242 is a small-molecule inhibitor of TLR4 signalling. It inhibits the
production of LPS-induced inflammatory factors by binding to the intra-
cellular domain of TLR4."> As shown in Figure 3A, TAK-242 as well as
specific TLR4 inhibitor peptide set significantly inhibited PCSK9 expres-
sion in states of normal flow, low flow, and helical flow. Treatment with
the MyD88 inhibitor Pepinh-MYD and its specific inhibitor peptide set
also markedly reduced PCSK9 expression (Figure 3B). In contrast, treat-
ment with TRIF inhibitor Pepinh-TRIF and its antibody had almost no ef-
fect on PCSK9 expression (Figure 3C). As TRIF is not involved in LPS-
induced PCSK9 expression, we focused only on TLR4-MyD88 signalling.
NF-xB is a downstream signal in the TLR4-MyD88 pathway and regu-
lates LPS-induced pro-inflammatory cytokines secretion.”® As shown in
Figure 3D, treatment with two different NF-kB inhibitors Bay11-7085
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Figure 2 Flow patterns regulate PCSK9 expression. (A, B) Compared with normal flow, helical flow inhibits whereas low flow induces PCSK9 expression
at both mRNA and protein levels. (C, D) Helical flow up-regulates whereas low flow down-regulates LDLr expression. The straight segments of the rabbit
thoracic aorta were used in (A) to (D), treated with LPS (20 ng/mL) in the perfusion medium for 12 h. Bar graphs represent data compiled from three inde-
pendent experiments (n=>5 rabbit per genotype), shown as mean + standard deviation. The significances between two groups were tested by unpaired
t-test; Multiple comparisons were analysed by one-way ANOVA, followed by Tukey’s post hoc comparisons test (*P < 0.05, **P < 0.01; ****P < 0.0001).

and Helenalin markedly decreased PCSK9 expression. Of note, com-
pared with the normal flow group, PCSK9 expression was the lowest in
helical flow group whereas it was highest in the low-flow group.

3.3 PCSK9 distribution along the aorta of
rabbits fed HFD

HFD pre-disposes to development of atherosclerosis. To investigate if
HFD would influence PCSK9 expression in sites destined to develop ath-
erosclerotic sites, rabbits were fed SD or HFD for 12 weeks. Saline or
LPS (10 pg/kg) were given intravenously to rabbits every 3 days.

First, we confirmed that LPS in a dose of 10 pg/kg every 3 days had no
effect on the survival of rabbits during the 12 weeks period (Figure 4A).
The PCSK9 levels in serum were highest at 3 days, and gradually de-
creased from days 4 to 8, then stabilized subsequently (Figure 4B). Next,
we observed that LPS significantly enhanced PCSK9 levels in serum in
both SD and HFD-fed groups; but PCSK9 levels were much higher in
HFD-fed rabbits compared with SD-fed group (Figure 4C).

As PCSK9 was highest on day 3 with LPS treatment, we chose this
time point for subsequent experiments (Figure 4E-G).

Figure 4D is a schematic diagram of different sections of aorta
showing different flow patterns along its length. Shear stress is low

and flow is disturbed at the aortic branch points and aorta-iliac bifur-
cation. In thoracic aorta and iliac arteries, shear stress is high and
blood flow is relatively steady.15 In the ascending aorta, shear stress
is high and blood flow is helical.'® As shown in Figure 4E, PCSK9 se-
cretion was higher in all regions of aorta in LPS-treated animals, and
were highest in aortic branch points and in the aorto-iliac bifurcation
compared with the saline-treated control group (P<0.0001). Of
note, PCSK9 secretion was near normal or low in regions of helical
flow (vs. thoracic aorta). It is also of note that PCSK9 secretion was
similar in the regions of aorta when the animals had been given sa-
line, and the differences became evident when the animals had been
given LPS.

Consistent with these data, LDLr expression in LPS-treated group
was much lower at aortic branch points, thoracic aorta, aorto—iliac bifur-
cation and iliac artery than in the ascending aorta (Figure 4F). But no dif-
ference in the ascending aorta. ELISA analysis for PCSK9 and pro-
inflammatory cytokines (IL-1pB, IL-18, MCP-1, IL-6, TNFa, IL-12, IFNY,
and GM-CSF) showed that LPS markedly induced PCSK9 and the pro-
inflammatory cytokines (Figure 4G).

Separate groups of rabbits were administered TLR4 inhibitor TAK-
242, MyD88 inhibitor Pepinh-MYD, TRIF inhibitor Pepinh-TRIF, and
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P < 0.0001).

NF-kB Helenalin to investigate the role of TLR4-MyD88-TRIF-NF-xB
signalling in PCSK9 expression along the aorta prior to administration of
LPS. As shown in Figure 5A, administration of TAK-242, Pepinh-MYD,
and Helenalin significantly reduced PCSK9 expression along the aorta.
Pepinh-TRIF treatment, on the other hand, had no effect on PCSK9
expression.

On the basis of the aforementioned data, it can be concluded that
TLR4-MyD88-NF-kB signalling pathway plays a key role in the regulation

of PCSK9 expression, particularly when the animals are given a potent in-
flammatory stimulus LPS. NF-kB translocation induces expression of var-
jous pro-inflammatory genes, and plays a critical role in regulating the
survival, activation, and differentiation of innate immune cells and inflam-
matory T cells."”

As expected, LPS treatment induced an increase in all pro-
inflammatory cytokines (IL-1pB, IL-18, MCP-1, IL-6, TNFa, IL-12, IFNYy,
and GM-CSF) measured in the serum (Figure 5B).
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Figure 4 Distribution of PCSK9 expression along the aorta. (A) Rabbit survival rate in different groups with or without LPS treatment. (B) In HFD groups,
PCSK9 levels in first 30 days after LPS treatment. Data were normalized to HFD +- saline, set control HFD + LPS = 1 (0 day). (C) LPS treatment significantly
induces serum PCSK9 levels in both SD and HFD groups, measured by ELISA at 4, 8, and 12 weeks. (D) Schematic drawing of flow patterns along the aorta.
(E) PCSK9 levels along the aorta with or without LPS treatment on day 3 HFD, measured by ELISA. LPS induces PCSK9 expression in thoracic aorta, aorta
arch branch points, aorta—iliac bifurcation, and iliac artery but not in ascending aorta. PCSK9 levels are highest in aortin arch branch points and aorta—iliac bi-
furcation. (F) ELISA analysis of LDLr expression along the aorta with or without LPS treatment on day 3 HFD. (G) ELISA analysis for expression of PCSK9
and pro-inflammatory cytokines at aorta arch bifurcation on day 3 HFD, set control without LPS = 1 in each group. Bar graphs represent data compiled
from three independent experiments (n =7 rabbit per genotype), shown as mean + standard deviation. The significances between two groups were tested
by unpaired t-test; Multiple comparisons were analysed by one-way ANOVA, followed by Tukey’s post hoc comparisons test (**P < 0.01; **#*P < 0.0001).

3.4 Pro-inflammatory cytokines induce
PCSK9 expression

To clarify the role of the pro-inflammatory cytokines in the induction of
PCSK9 expression, under normal flow condition of 12 dynes/cmz,

straight segments of the rabbit thoracic aorta were treated with recom-
binant IL-1p, IL-18, MCP-1, IL-6, TNF-a, IL-12, IFNYy, and GM-CSF. Each
of these pro-inflammatory cytokines induced a several-fold increase in
PCSK9 expression in aortic segments (Figure 6A). Importantly, low-flow
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Figure 5 TLR4 signalling regulates distribution of PCSK9 expression along the aorta. (A) Effect of TLR4 inhibitor TAK-242, MyD88 inhibitor Pepinh-MYD,
TRIF inhibitor Pepinh-TRIF, and NF-kB Helenalin on PCSK9 levels, measured by ELISA. (B) LPS injection induces expression of pro-inflammatory cytokines
IL-1B, IL-18, MCP-1, IL-6, TNFa, IL-12, IFNYy, and GM-CSF. Measured by ELISA in serum on day 3 HFD group; rabbits treated with or without LPS. Bar
graphs represent data compiled from three independent experiments (n = 7 rabbit per genotype), shown as mean + standard deviation. The significances be-
tween two groups were tested by unpaired t-test; Multiple comparisons were analysed by one-way ANOVA, followed by Tukey’s post hoc comparisons test

(P < 0.01; *#+5P < 0.0001).

regions showed a several-fold increase in the expression of a variety
cytokines (P<0.0001). On the other hand, regions with helical flow
revealed a significant decrease in expression of each of these cytokines
(P<0.02; Figure 6B).

To confirm if pro-inflammatory cytokines directly induce PCSK9 ex-
pression, we focused on IL-1p, IL-6, TNF-0, and IFNYy and investigated
their roles in regulation of PCSK9 expression in low-flow state. As
shown in Figure 6C, IL-1B, IL-6, TNF-a, and IFNY significantly induced
PCSK9 expression. Concurrently, LDLr expression fell. We also con-
firmed that NF-kB was upstream of inflammatory cytokines (Figure 6D),
because low-flow state induced and helical flow inhibited NF-kB expres-
sion compared with that of normal flow.

4. Discussion

Atherosclerosis generally develops in the regions of branch points and
bifurcation, where blood flow is likely to be low and disturbed and shear
stress to be high. On the other hand, regions with helical flow are rela-
tively protected from deposition of atherosclerotic lipids and subsequent
development of atherosclerosis."™ Molecular mechanisms underlying
these observations relative to the localization of atherosclerosis along
the arterial bed remain unclear.

Previous studies have shown intense PCSK9 expression in atheroscle-
rotic tissues from mice and humans.”'® In vitro studies have shown
PCSKS9 is highly expressed in aortic endothelial cells and smooth muscle
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cells, especially during a low-flow state.® The present studies revealed in-
tense PCSK9 expression in regions with low flow, but low PCSK9 ex-
pression in regions with helical flow. These alterations in PCSK9
expression were identified when the arterial tissues were exposed to a
small priming concentration of LPS in vitro and were subsequently con-
firmed in rabbits given LPS intravenously. These observations suggest a
strong link between blood flow types and PCSK9 expression during an
inflammatory state.

We created a helical flow model with internal diameters of 2 mm inlet
and 3 mm at the outlet using a flow guider. This is the smallest diameter
that can induce stable helical flow, evident from high helicity in the first
20 mm of the vascular segment. In the in vitro setting, we confirmed that
different types of blood flow (steady normal flow, low flow, and helical
flow) regulate PCSK9 expression. Next, in the in vivo setting, we showed
differences in PCSK9 expression in different regions of aorta. PCSK9 ex-
pression became evident only after the segments of aorta were primed
with small concentrations of LPS, as well as when the rabbits had been
treated with a small non-lethal dose of the inflammatory stimulus LPS
(10 pg/kg per 3 day). As expected the flow-mediated PCSK9 also modu-
lated LDLr expression.

To clarify the role of dyslipidaemic state in PCSK9 regulation, rabbits
were fed HFD for a period of 12 weeks. Again the survival rate of rabbits
given small doses of LPS along with HFD was similar to that in rabbits
given SD. Again, we observed that PCSK9 expression was highest in aor-
tic branch points and aortic—iliac bifurcation where flow is disturbed and
lowest in the aortic arch region where the flow is predominantly helical.
Thus it appears that there is a marked variation in PCSK9 expression in
different regions of aorta and this variation depends on the flow state.
We showed that dyslipidaemia alone is a potent inducer for PCSK9 ex-
pression, especially under inflammatory conditions.

TLRs are required for pathogen recognition as part of the innate im-
mune system. The TLRs regulate expression of pro-inflammatory cyto-
kines and also the immune responses to infection. Among TLRs, TLR4
acts as a receptor for LPS and activates NF-kB to promote an inflamma-
tory response.’® In this study, we demonstrate a link between TLR4 and
PCSK9 expression. With the use of a variety of inhibitors of different
pathways of TLR4 signalling, we showed that TLR4-MyD88-NF-kB path-
way, but not the TLR4-TRIF, is the key pathway in the regulation of
PCSK9 expression along the aorta. Of note, LPS enhanced the serum
levels of several pro-inflammatory cytokines, and treatment with recom-
binant proteins directed at these cytokines induced PCSK9 expression in
the thoracic aorta.

It is generally believed that liver-secreted PCSK9 is the main source of
circulating PCSK9, which degrades LDLr, leading to hyperlipidaemia.
However, two significant contributors to atherosclerotic plaque pro-
gression are smooth muscle cells and macrophages in the media. Both
smooth muscle cells and macrophages are not directly exposed to circu-
lating PCSK9. We have shown that smooth muscle cells® and macro-
phages8 secrete large amount of PCSK9 under inflammatory conditions.
On the basis of this background, we believe that extra-hepatic PCSK9,
particularly from vascular cells, may play a key role in the development
of atherosclerosis. In addition, compared with native LDL, oxidized LDL
(ox-LDL) contributes to foam cells formation and is an important event
in atherogenesis. In a previous study,® we showed that in an inflamma-
tory milieu elevated levels of PCSK9 stimulate the expression of SRs
(principally LOX-1) and ox-LDL uptake in macrophages, and thus might
contribute to the process of atherogenesis. In a complementary study,
Liu and Frostegard'® recently showed that PCSK9 plays a role in ox-
LDL-induced dendritic cell maturation and activation of T cells from

human blood and atherosclerotic plaque. This indicates that PCSK9 may
have other functions besides LDLr degradation. Previously, we suggest
that in keeping with a previous study,zo'21
induces helical flow in the aortic arch, which reduces PCSK9 secretion

it is the aortic torsion that

and the luminal surface LDL concentration in the aortic arch, protecting
it from atherogenesis.

Besides ox-LDL, many modified LDL, e.g. acetylated LDL and aggre-
gated LDL, may lead to foam cell formation.”> Furthermore, LDL and
very LDL can be atherogenic without lipoprotein modification.”!
However, no clinical study suggests that PCSK9 inhibition results in inhi-
bition of clinically relevant endpoints independent of cholesterol lower-
ing. Further studies need to be performed to clarify if PCSK9 can
regulate uptake or accumulation of LDL, modified LDL and VLDL. As
atherogenesis is the process of formation of plaques that often occurs in
the intima layer of arteries, further studies need to be performed to clar-
ify the importance of local vs. circulating PCSK9 concentrations.

Taken together, our results show that different flow types act as regu-
lators for PCSK9 expression in an inflammatory milieu, via TLR4-
MyD88-NF-kB pro-inflammatory cytokines signalling pathway. Our
findings highlight helical flow and pro-inflammatory cytokines as critical
regulators of PCSK9 secretion. We also anticipate that these findings will
trigger future studies aimed at prevention of pro-inflammatory cytokines
in treatment with PCSK9-related cardiovascular diseases.
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Proprotein convertase subtilisin/kexin type 9 (PCSK9) regulates low-density lipoprotein receptor degradation and plays key roles in hypercholestero-
laemia and related cardiovascular diseases. In this study, we show that helical flow which is associated with atherosclerosis induces more PCSK9 than
linear flow. Further, pro-inflammatory cytokines directly determine PCSK9 levels. As upstream pathway, TLR4-MyD88-NF-kB signalling plays an im-
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