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Atherosclerosis (AS) commonly occurs in the regions of the arterial tree with

haemodynamic peculiarities, including local flow field disturbances, and

formation of swirling flow and vortices. The aim of our study was to confirm

low-density lipoprotein (LDL) concentration polarization in the vascular

system in vitro and in vivo, and investigate the effects of LDL concentration

polarization and flow field alterations on atherosclerotic localization. Red

fluorescent LDL was injected into optically transparent Flk1: GFP zebrafish

embryos, and the LDL distribution in the vascular lumen was investigated

in vivo using laser scanning confocal microscopy. LDL concentration at the

vascular luminal surface was found to be higher than that in the bulk. The

flow field conditions in blood vessel segments were simulated and

measured, and obvious flow field disturbances were found in the regions

of vascular geometry change. The LDL concentration at the luminal surface

of bifurcation was significantly higher than that in the straight segment, poss-

ibly owing to the atherogenic effect of disturbed flow. Additionally, a stenosis

model of rabbit carotid arteries was generated. Atherosclerotic plaques were

found to have occurred in the stenosis group and were more severe in the

stenosis group on a high-fat diet. Our findings provide the first ever definite

proof that LDL concentration polarization occurs in the vascular system in
vivo. Both lipoprotein concentration polarization and flow field changes are

involved in the infiltration/accumulation of atherogenic lipids within the

location of arterial luminal surface and promote the development of AS.
1. Introduction
Atherosclerosis (AS) usually starts at the curves, branches and narrow areas of

arteries. To date, several theories have been proposed on the pathogenesis of

AS, including inflammation, lipid infiltration and response-to-injury theories.

However, these theories cannot fully explain the localization of atherogenesis.

AS commonly occurs in the regions of arterial trees with haemodynamic

peculiarities, including local disturbances of flow field in space and formation

of swirling flow and vortices [1–4]. Concentration of low-density lipoprotein

(LDL) across the arterial luminal surface is a critical step in AS development

[5–7]. Flow field changes significantly affect the accumulation and distribu-

tion of LDL, and regional variations in flow field may thus contribute to the

localization of AS [8–13].

A haemodynamic hypothesis [14] was proposed based on studies

involving numerical simulation and measurement of the luminal surface
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concentration of LDL in vitro to better explain the localization

of AS [14–16]. The hypothesis assumes that infiltration of

blood vessel wall results in a higher concentration of athero-

genic lipids at the luminal surface than that in the bulk,

which is a concept well known in engineering. The athero-

genic lipid concentration at the luminal surface may vary

according to location in the arterial tree because of regional

differences in the near-wall blood flow velocity, blood

pressure and vascular permeability. The luminal surface con-

centrations of atherogenic lipids in the low-speed blood flow,

disturbed flow and low shear stress regions are much higher

than that in the high-speed laminar flow region. High LDL

concentrations could damage the functions of endothelial

cells and influence the biological behaviours of smooth

muscle cells and monocytes. The haemodynamic hypothesis

provides a new perspective for studies on the localization

and pathogenesis of AS.

Several recent studies involving numerical simulations

[17,18] or in vitro experiments [19,20] indicate that polariz-

ation of LDL concentration is indeed present in the vascular

system. However, all the studies published to date have

been limited to numerical simulations in computers and

in vitro experimental methods, and have not reported the

phenomenon of lipoprotein concentration polarization by

real-time and quantitative methods in vivo. Furthermore,

the effects of such polarization of LDL concentration and

changes in flow field on AS were not investigated in vivo,

thus limiting the significance of the results. Additionally, no

systematic in-depth study about the relationship between

lipoprotein concentration polarization and development of

AS has been conducted.

Zebrafish are commonly used as animal models because

of their relatively low-cost maintenance, rapid development

and ease of genetic manipulation. Moreover, the optical

transparency of the developing fish, together with the avail-

ability of sophisticated imaging techniques, enables direct

visualization of complex phenomena at the whole organism

level. Recently, zebrafish have emerged as a powerful tool

for cardiovascular research and in vivo investigations of lipo-

protein biology [21–24]. Here, we further investigated the

validity of the haemodynamic hypothesis by observing

polarization of LDL concentration in vivo in zebrafish, using

laser scanning confocal microscopy (LSCM). A controllable

animal model of rabbit was established [25,26] to study

the effects of flow field changes and LDL concentration polar-

ization on the development of AS via flow field surveys

and pathology detection. Our findings further support
the haemodynamic hypothesis and provide experimental

evidence of AS pathogenesis.
2. Material and methods
2.1. Animals
The animal housing and surgical procedures were in accordance

with the Guide for the Chinese Animal Care and Use Committee

Standards, which conforms to the Guide for the Care and Use of

Laboratory Animals published by the US National Institutes of

Health (NIH publication no. 85-23, revised in 1996). All animal

procedures were also performed in accordance with protocols

approved by the Animal Ethics Committee of Chongqing Univer-

sity. NIH guidelines for the care and use of laboratory animals

(NIH publication no. 85-23, revised in 1985) were observed.

2.1.1. Zebrafish
Flk1: green fluorescent protein zebrafish (Flk1: GFP), in which

endothelial cells express GFP, were provided by the Developmen-

tal Biology Laboratory at Tsinghua University, PR China. The

UCSD Institutional Animal Care and Use Committee approved

our protocol for zebrafish maintenance and experimental

procedures. To study the distribution of lipoprotein in vascular

lumen, 1,10-dioctadecyl-3,3,30,30-tetramethyl-indocarbocyanine

perchlorate–LDL (DiI–LDL, 200 mg ml21) purchased from Biome-

dical Technologies Inc. (USA) [22,27,28] was used. DiI–LDL was

injected into Flk1: GFP embryo blood circulating at 48 hours

post-fertilization (h.p.f.) (n ¼ 60) via microinjection. The control

group was injected with phosphate-buffered saline (PBS). The

injection site is displayed in figure 1. The zebrafish embryos

were anaesthetized (short exposure to 0.02% Tricaine), awakened

using fresh water, and then released in the fish tank. The fishes

were euthanized via prolonged exposure to 0.02 per cent Tricaine.

2.1.2. Rabbits
Forty-eight New Zealand white rabbits were provided by the

Animal Laboratory Centre of Chongqing Medical University, PR

China. A local vascular stenosis model was generated by perform-

ing gel-silica pipe ring surgery on rabbit carotid arteries based on

our previously published method [25]. This was carried out to

further test the effect of LDL concentration polarization and flow

field changes on the development and localization of AS. Rabbits

received premedication using intramuscular fentanyl/fluanizone,

0.3–0.4 ml kg21 (Hypnorm, Jansen). Anaesthesia was induced

with midazolam (0.2–0.4 ml kg21) and, following intubation,

was maintained with a mixture of nitrous oxide, oxygen (1 : 1

ratio) and 1 per cent halothane. When their lash reflex disappeared,

they were fixed on their back, and the hair around their neck
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Figure 2. Red fluorescence intensity analysis. Flk1: GFP embryos at 52 h.p.f.; embryos injected with Dil-LDL at 48 h.p.f. (n ¼ 56/60); endothelial cells are green and
Dil-LDL is red. (a) Red fluorescence intensity analysis in straight vascular segments. (i,iii,v) Stills from three time points ((i) t ¼ 0, (iii) t ¼ 2.22 and (v) t ¼ 8.88 s)
in electronic supplementary material, movie S1. (ii,iv,vi) Fluorescence intensity analysis chart; the small lattice marks the sample taken at the three time points. (b)
Red fluorescence intensity analysis of the vascular bifurcation region. (i,iii,v) Stills from three time points ((i) t ¼ 1.674, (iii) t ¼ 2.511 and (v) t ¼ 13.671 s) in
electronic supplementary material, movie S3. (ii,iv,vi) Fluorescence intensity analysis chart; the small lattice marks the sample taken at the three time points.
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was removed and antisepticised normally. A 4 cm long cut was

made along the midline of the neck between the thyroid and the

breastbone, and the subcutaneous tissue and neck muscles were

removed layer by layer. The trachea was then exposed, and the

midpiece of the left common carotid artery (LCCA) was separated

from the left carotid sheath by about 2 cm. The LCCA was then

covered with an 8 mm long segment of medical gel-silica pipe

(with stenosis degree of 40%). Surgical silk thread was used for

ligation, and the right common carotid artery without gel-silica

pipe was used as a sham operation control.

Post-operative analgesia (buprenorphine 0.3 mg kg21) was

administered every 8 h for the first 24–48 h, together with

broad-spectrum antibiotics. Each experimental group was fed

with different cholesterol concentrations: rabbits in the stenosis

group (n ¼ 24) were fed (150 g every day for two months) with

either a normal (n ¼ 12) or high-fat diet (with 1% cholesterol

(Sigma) and 5% lard in normal diet) (n ¼ 12), and those in the

control group (n ¼ 24) were fed (150 g every day for two

months) with either a normal (n ¼ 12) or high-fat diet (with 1%

cholesterol (Sigma) and 5% lard in normal diet) (n ¼ 12) to pro-

duce varying LDL concentrations in the blood. The normal and

high-fat diets for the rabbits were provided by the Animal

Laboratory Center of Chongqing Medical University.

2.2. Fluorescence analyses
The images used for fluorescence analysis were randomly

obtained from the electronic supplementary material, movies

S1 and S3. Samples were collected from luminal surfaces to the

centre of blood vessels at five different locations (different
colours to distinguish) in every random image (figure 2). The

intensity of red fluorescence at different locations of vascular

lumen was analysed using IMAGE-PRO PLUS v. 6.0 software

(Media Cybernetics).

2.3. Flow field determinations
2.3.1. Local stenosis flow field numerical simulation
A geometric model of local stenosis arteries was established

(figure 3a), and the governing equations and boundary condition

were created. It is assumed that the vessel wall is rigid, and blood

is an incompressible Newtonian fluid with viscosity: m ¼

3.5 mPa s21, blood density: r ¼ 1.05 � 103 kg m23. Under these

assumptions, the Navier–Stokes equations of steady flow are

r � u ¼ 0 ð2:1Þ

and

rðr � uÞu ¼ �rPþ mr2 � u; ð2:2Þ

where rP is the gradient of the blood pressure, r � u is the diver-

gence of the velocity and r2 � u is the vector Laplace operator

of u.

Boundary condition:

u ¼ 2u0 1� r
R

� �2
� �

; when x ¼ 0; v ¼ 0; w ¼ 0; ð2:3Þ

where u, v, w are the velocity vectors in the x-, y- and z-direction,

respectively, u0 is the entrance speed, r is the diameter of stenosis

blood vessel section and R is the diameter of straight blood

vessel sections.
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Figure 3. Analysis of flow field in the vascular stenosis region. (a) Schematic showing the geometric model of local stenosis arteries. The stenosis vessel segment is
an axisymmetric tube. r (0.075 cm) is the diameter of the stenosis blood vessel section, R (0.125 cm) is the diameter of the straight blood vessel sections. (R 2 r)/R
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and mesh dividing. (c) Schematic illustrating the PIV system. (d,e) Distribution of flow field in the vascular stenosis region determined via (d ) simulation and (e) PIV
determination.
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Then, a three-dimensional model of a stenotic blood vessel

(with stenosis degree of 40%) was established using GAMBIT soft-

ware. The diameter of the vessel inlet was 0.25 cm with same

diameter as that of a rabbit carotid artery (figure 3a). The

three-dimensional model was meshed in 49 680 units using

GAMBIT software, and the result of model meshing was saved in

mesh format (figure 3b). The FLUENT software could set the

boundary conditions and simulate flow field when the graph

of mesh was imported.

2.3.2. Determination of particle image velocimetry of local
stenosis flow field

Particle image velocimetry (PIV) flow field test technology has

been applied to successfully study different cardiovascular flow

field models, including the vascular bifurcation model [30]. In

this study, Plexiglass material with 1 mm thick walls was used

to produce a model of a stenotic blood vessel (with stenosis

degree of 40%). The diameter of straight sections of the circular

tube was 10 mm, and that of the stenosis section was 5 mm.

The length of the stenosis section was 8 mm, whereas the

Reynolds number (Re) was 500. Pulse laser power was 120 mJ

per pulse. CCD resolution was 2048 � 2048, and pixel dimensions

were 7 � 7 mm.

Set-up of the PIV system (figure 3c): in order to keep the fluid

physical properties and flow field tracer particle concentration

stable during the experiment, circulating water was used.

System water flow rate was controlled by upstream and down-

stream water tank levels. Water flowed into the downstream

tank and mixed with water in the upstream tank with the help

of a peristaltic pump. The PIV light source was calibrated to

make the light source through the horizontal plane of central

axis in tube. The PIV camera was fixed on the top of the collec-

tion points. Image of stenosis section was collected 30 min after

a stable cycle by controlling the pulse frequency of the light

sheet and sampling frequency of the camera. The results were

then analysed using image processing software.
2.4. Lipid analyses
Blood (1 ml) was drawn from the veins around the ears of the rab-

bits at two months after surgery and immediately diluted in 5 ml

ice-cold PBS–ethylenediaminetetraacetic acid (Versene from

Invitrogen). After centrifugation, 1 : 10 diluted plasma was col-

lected and used for analysis. Low-density lipoprotein cholesterol

(LDLC) was detected using the fully automatic biochemistry

analyser Sapphire 600 at Chongqing University Hospital.

Rabbits were sacrificed at two months after surgery by

venous injection of an overdose of sodium pentobarbital sol-

ution. A portion of the arterial tissue was used for cholesterol

analysis, and the remainder was taken for histological analysis.

The arterial tissue was ground on ice and homogenized, and

its protein content was determined. An equal volume of fresh

15 per cent alcohol-soluble potassium hydroxide was added in

arterial tissue slurry, and it was shocked until the cell lysate

was clear. The protein component was removed after adding

6 per cent trichloroacetic acid, and an equal volume of

hexane–isopropanol (solution volume ratio is 4 : 1) was added

in this solution, then upper organic phase was collected after cen-

trifugation (15 000g for 5 min at 48C). The solution of upper

organic phase was treated by vacuum freeze drying for 90 min

at 658C, and 0.1 ml of mobile phase was added in the solution

when it is cooling at room temperature, then supernatant was

collected after centrifugation (15 000g for 5 min at 48C). The

cholesterol content of the arterial wall was measured by high

performance liquid chromatography.
2.5. Histology
The arterial tissue samples were subsequently fixed in 4 per cent

Zn–formalin for 2 days at 48C, decalcified in 0.5 mol l21 PBS–

EDTA for 7 days at 48C, then gradually equilibrated with

25 per cent sucrose in PBS, ending in 100 per cent optimal cutting

temperature compound, and finally frozen using dry ice and iso-

propanol. Ten micrometre serial sections were collected and kept
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at 2808C, then stained with Oil red O to analyse lipoprotein

accumulation in the rabbit carotid artery. The tissues were

paraffin-embedded, sectioned, deparaffinized and stained. Sec-

tions stained with hematoxylin–eosin and Verhoeff and Van

Giesom (Sigma) were respectively used to assess the pathology

and elastic fibres of the rabbit carotid artery. All the sections

were observed under an optical microscope.

2.6. Laser scanning confocal microscopy
The rabbit carotid artery was isolated, hyalinized [31] and then

perfused with media containing DiI–LDL. The LDL concen-

tration distribution in the artery was measured using an LSCM

along the z-axis to determine the polarization of LDL concen-

tration in the vascular system. To observe LDL distribution and

deposits in vivo using a confocal microscope, zebrafish embryos
were fixed with 1.5 per cent low melting agarose to maintain

normal blood circulation. A Leica confocal microscope (SP5)

was used to screen LDL mobility in straight and bifurcate vascular

segments. Images of embryos were acquired in one- or two-

channel modes (figure 4a). The excitation wavelengths were 488

and 561 nm for the green and red channels, respectively. A 10�
objective was used to record the movies with each frame capturing

a focal plane of 512 � 512 square pixels. The imaging sites are

displayed in figure 1.

2.7. Statistical analysis
Data in the graphs are presented as means + s.e. Statistical

differences between experimental groups were evaluated using

one-way ANOVA followed by Student’s t-test (*p , 0.05 and

**p , 0.01).
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3. Results
3.1. Low-density lipoprotein concentration distribution

in straight vascular segments
Previous studies have proved via numerical simulations

that lipoprotein concentration polarization exists [15,16].

Measurement of LDL concentration distribution along the

z-axis of the rabbit carotid artery in vitro using LSCM showed

that the luminal surface concentration of LDL was higher

than that in the bulk (figure 5). LDL concentration polarization

in vivo was further confirmed by injecting DiI–LDL into Flk1:

GFP embryo blood circulating at 48 h.p.f. Fluorescence distri-

bution was observed using LSCM at 52 h.p.f. (see the

electronic supplementary material, movies S1 and S2; figures

1 and 4a). The presence of mobile red particles in the injection

group indicated LDL distribution in zebrafish vessels (figure

4a(i)–(iii)), which was invisible in the control (figure 4a(iv)–

(vi)). Quantitative measurements of red fluorescence intensity

revealed that LDL concentration exhibited a gradient distri-

bution from the blood vessel wall to the axis both in the

arteries (figures 4b and 2a) and the veins (figures 4c and 2a).

These results provide strong evidence of the existence of LDL

concentration polarization in the vascular system.
3.2. Flow field in stenosis and low-density lipoprotein
concentration distribution in bifurcations

Flow field alterations caused by vascular geometry changes

significantly affect LDL concentration distribution [8,9]. Pre-

vious research showed that the flow field disturbance

occurred at bifurcation vessel section [32]. To further deter-

mine whether the disturbance of flow field presented in

stenosis vessel section, a stenotic vascular model was estab-

lished using GAMBIT software (figure 3b), and a flow field

was simulated using FLUENT software. Our numerical simu-

lation results showed that flow field remained unchanged

at the straight vessel section. However, flow field changed
rapidly at the entry point of the stenosis vessel section,

and significant disturbance in the flow field and vortices

was observed in the stenosis vessel section (figure 3d ). The

flow field of the stenotic vascular region was measured

in vitro using PIV (figure 3e). The results showed obvious

flow field disturbances and formation of local swirling flow

regions, distinct vortices and secondary flows in the region

of vascular geometry changes. According to the haemo-

dynamic hypothesis [15,16], lipoprotein concentration on

the luminal surface is not necessarily uniform because of

lipoprotein concentration polarization and regional flow

field changes in the vascular system. To support this hypoth-

esis, DiI–LDL was injected into Flk1: GFP embryos blood

circulating at 48 h.p.f. and LDL fluorescence distribution

was observed using LSCM at 52 h.p.f. (see the electronic

supplementary material, movie S3; figures 1 and 6a). Quanti-

tative measurements of red fluorescence intensity revealed

that LDL concentration at the luminal surface of bifurcation

was significantly higher than that at the straight surface

(figures 6b and 2b). These results demonstrate that LDL concen-

tration at the luminal surface in which the flow field altered

drastically was significantly higher than that in the straight vas-

cular segment. The majority of lipid deposits were observed in

the caudal vein at 72 h.p.f. (figures 7 and 1); at the same site

the LDL permeated into sub-endothelial of caudal vein seriously

(figure 7, arrow).
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3.3. Vascular lipid accumulation in rabbit
carotid arteries

Our results indicated that LDL concentration polarization

and flow field could cause the LDL concentration to increase

locally in rabbit carotid arteries. The LDLC concentration of

rabbits on high-fat diet was notably higher than of those on

normal diet in the control group (figure 8a). Significant

lipid accumulation was found in both normal and high-fat

diet-fed stenosis groups (figure 8c(iii)(iv)), although changes

were more obvious in the stenosis group fed with a high-

fat diet (figure 8c(iv)). No lipid accumulation was observed

in the control group (figure 8c(i)(ii)). The total cholesterol con-

tent of the vessel wall was also measured. The cholesterol

content in the stenosis group was markedly higher than in

the control group, and the amount of cholesterol in the steno-

sis group fed with a high-fat diet was significantly higher

than that fed with a normal diet (figure 8b).

3.4. Vascular lesions in rabbit carotid arteries
Pathological sections of rabbit carotid arteries were observed.

The results showed conspicuous pathological changes in the

stenosis group (figure 9b(iii)(iv)) but not in the control

group (figure 9b(i)(ii)); significant changes were observed in

the stenosis group with high-fat diet (figure 9b(iv)). In

addition, the elastic fibres were disorganized and some of

the internal elastic plates were broken in the stenosis group

(figure 9c(iii)(iv)), especially in those on high-fat diet

(figure 9c(iv)). However, the elastic fibres were neatly arranged

in the control group (figure 9c(i)(ii)). Finally, changes in the

diameter of the rabbit carotid artery were assayed. The diam-

eter in the stenosis group was conspicuously larger than

that in the control group and more apparent in the stenosis

group with high-fat diet (figure 9a). These results suggested

that hyperlipidaemia mainly facilitated the development

of AS, whereas LDL concentration polarization and flow

field changes played crucial roles in the development and

localization of AS.
4. Discussion
Studies on cardiovascular diseases, including the pathogenesis

of AS, have been given considerable attention in recent years.

Autopsy findings have demonstrated branches, curves and
stenotic parts with complex geometric configurations in

the vasculature, called ‘atherosclerotic localizations’, that are

highly susceptible to AS. These AS localizations are closely

associated with alteration of haemodynamic forces [1–4].

Abnormality in the flow field is an important factor contri-

buting to atherosclerotic lesions. Lipoprotein concentration

polarization and flow field changes appear to lead to the altera-

tion of atherogenic lipid transportation across the arterial

luminal surface, causing vascular diseases such as lipoprotein

deposition, blood platelet accumulation and intima thickening.

Previous in vitro studies have shown that LDL concentra-

tion polarization exists in the vascular system [17–20,33–36].

In our study, the transparent segment of the rabbit carotid

artery was vertically scanned along the z-axis using the

computed tomography scanning capability of LSCM. Our

results indicated that the LDL concentration at the luminal

surface was higher than that in the bulk. DiI–LDL was

injected into the circulatory system of the Flk1: GFP zebrafish

embryo, after which its distribution in the vessel was

observed via LSCM. Our findings indicate that LDL concen-

tration polarization exists in the vascular system in vivo. This

is the first report of the occurrence of LDL concentration

polarization in the vascular system in vivo, and provides a

new perspective for lipid studies in vivo.

Because the cardiovascular system is a non-homogeneous

and complex circulating system, the existence of LDL concen-

tration polarization in the vascular system can be explained

not only by the semi-permeable nature of endothelium to

macromolecules, but also by particle–particle interaction

[37–39] and haemodynamics action. Possible mechanisms

of particle–particle interaction as it applies to platelets

include exclusion- and shear-induced mixing [37,40]. The

exclusion mechanism refers to the displacement of platelets

towards the wall by red blood cells (RBCs) as they migrate

towards the vessel centreline—a phenomenon which is typi-

cally observed in blood vessels and microchannels narrower

than 300 mm. The shear-induced mixing mechanism refers

to local enhancement of LDL diffusivity caused by the

rotation and random motion of RBCs in the shear field.

Haemodynamics action refers to the fact that the main mode

of flow inside blood vessels is shear flow and velocity distri-

bution along the tube cross section appears like a parabola:

velocity along the vessel wall surface is zero and is maximal

at the centre of the vessel [41,42]. Because the vessel wall sur-

face is not completely smooth, LDL can be slowed down



normal diet

(a)
(b)

(c)

(i) (ii)

(iii) (iv)

0

100

200

300

400

500

600

700

800

900

high-fat diet
0

5

10

15

20

25

normal diet

co
nt

ro
l

st
en

os
is

high-fat diet

control group

n.s.

**

**
**

normal diet

to
ta

l c
ho

le
st

er
ol

 le
ve

l o
f 

ar
te

ri
al

 w
al

l (
m

g 
g–1

)

L
D

L
C

 c
on

ce
nt

ra
tio

n 
of

 r
ab

bi
t (

g  
dl

–1
)

high-fat diet normal diet high-fat diet

stenosis group

Figure 8. Hypercholesterolemia and lipid accumulation in rabbits. Forty-eight New Zealand white rabbits (both male and female) were operated on to generate the
stenosis model of a local blood vessel (stenosis group, n ¼ 24). Rabbits in the control group did not undergo any operation (control group, n ¼ 24). The stenosis
and control group animals were fed either a normal diet or high-fat diet separately for two months. (a) Serum LDLC concentration of rabbit after two months
(n ¼ 24 in each group, both male and female; **p , 0.01). (b) Total cholesterol level of rabbit arterial wall after two months (n ¼ 12 in each group, both male
and female; **p , 0.01). (c) Oil red O staining for lipid accumulation in the rabbit carotid artery. Control group with a (i) normal and (ii) high-fat diet for two
months. Stenosis group with a (iii) normal and (iv) high-fat diet for two months. Scale bars, (i – iv) 20 mm.

rsif.royalsocietypublishing.org
JR

SocInterface
10:20121053

8

close to the wall surface, which contributes to a certain degree

to LDL concentration polarization [43]. In summary, the exist-

ence of LDL concentration polarization in the vascular system

may be caused by the mutual effects of the semi-permeable

nature of the endothelium, particle–particle interaction and

haemodynamics action.
It was shown that very high concentrations of LDL exist in

the recirculation zone of distal vascular stenosis through

computer simulations and semi-permeable membrane experi-

ments [44]. Numerical simulations of PIV determination of

flow field conditions of the stenosis vessels were carried out,

and the results were coincident with the previous bifurcation
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vessel section research [32]. Significant flow field disturbances,

distinct vortices and swirling flow were observed in the regions

of vascular geometry changes. High incidence of stagnation

occurs at locations where vortices form, resulting in deposition

of LDL carried by blood flow. Additionally, we also found that

the LDL concentration at the luminal surface of bifurcation was

notably higher than that in the straight segment in vivo. There

are two possible mechanisms that could increase LDL uptake

into the vessel wall of branches, curves, and stenotic parts

with significant flow field changes and contribute to the local-

ization of AS. One is concentration polarization of LDL, which

could be caused by the mutual effects of the semi-permeable

nature of endothelium, particle–particle interaction and

haemodynamics action, and the other is an increase in per-

meability of LDL passing through the endothelium in

response to the wall shear stress induced by significant flow

field disturbances [45,46]. Together, these results suggest that

both LDL concentration polarization present in the vascular

system in vivo and flow field changes lead to significantly

increased LDL concentration; in animals with markedly altered

vascular geometry, this results in the penetration and

deposition of LDL in the local regions.

The majority of lipid deposits were observed in the caudal

vein, and LDL permeated into sub-endothelium at the same

regions of caudal veins in zebrafish embryos. The presence

of lipid deposits in the veins can be explained by huge

changes in vascular geometry and the fact that at this stage

of development, large arteries and veins connect directly,

not via a capillary network, in the zebrafish circulatory

system. In adult zebrafish, lesions were found only in the

dorsal aorta but not in the caudal vein [22]. Why do athero-

sclerotic diseases occur only in the arteries? Several recent

studies on the relationship between flow field and AS have

found that flow field changes not only exist in arteries but

also in veins. Therefore, this phenomenon is not explained

fully by the effect of wall shear stress on endothelial cells.

However, this phenomenon can be easily explained by sev-

eral points derived from the theory of mass transport. First,

lipid can penetrate the artery vessel wall more easily because

it is a high-pressure system. Second, lipid is easily retarded in

the artery wall because the artery wall is thick, and it cannot

easily permeate out of the wall, and cannot be easily dis-

charged by the lymphatic system that can blow down foreign

matter in the adventitia of the artery wall. Conversely, the

vein is a low-pressure system with very thin walls, and lipids

easily permeate out of the artery wall and can be discharged

easily by the lymphatic system. Thus, the phenomenon of

atherosclerotic diseases occurring only in arteries can be

explained by the theory of mass transport.

A gel-silica pipe was set on the rabbit carotid artery straight

segment to generate a stenosis model of the local blood vessel.

This was carried out to further examine the effect of LDL

concentration polarization and flow field changes on the devel-

opment and localization of AS. Although the serum LDL

cholesterol in the high-fat diet group was significantly higher

than that in the normal diet group, atherosclerotic plaque

only formed in the stenosis group. Additionally, intimal

thickening, limitations of vascular lumen and increases in

cholesterol concentration were observed in the stenosis

group, much like in human atherosclerotic lesions.

This study elucidates LDL concentration polarization and

flow field changes in relation to AS development and localiz-

ation. LDL concentration polarization and modification of
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flow field may result in LDL concentrations at the luminal

surface where vascular geometry changes more significantly

than in straight segments. Local accumulation of LDL

increases the opportunities for contact with the vascular

wall, making the penetration and deposition of LDL multipli-

cative, affecting the permeability of endothelial cells, and

inducing intimal hyperplasia and atherosclerotic plaque

formation and development. These findings can provide

important theoretical guidance and beneficial biophysical

insights into AS prevention and treatment.
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