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Turbulent blood flow plays an essential localizing role in the
development of atherosclerotic lesions in experimentally induced
hypercholesterolaemia in rats
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Summary

Taking into account that atherosclerosis is a focal disease and high levels of plasma
cholesterol are closely correlated with its pathogenesis, it is a challenge to explain
how equal concentrations of cholesterol bathing the endothelium can produce local,
rather than global, effects on arteries. The focal distribution of atherosclerotic lesions
has been considered to be dependent, at least in part, on hydrodynamic factors. The
present study was carried out to further test the hypothesis that these forces are an
important localizing factor in rats feeding a hypercholesterolaemic diet and submit-
ted to infra-diaphragmatic aortic constriction. These animals develop a normotensive
prestenotic region with laminar blood flow that serves as control for a normotensive
poststenotic region with turbulent blood flow. Our findings clearly demonstrated
that the combination of turbulent blood flow and low wall shear stress (WSS) in the
presence of hypercholesterolaemia and oxidative stress creates conditions to the
formation of focally distributed incipient atherosclerotic lesions observed in the post-
stenotic segment. In contrast, only diffuse fatty streaks could be observed in the
normotensive prestenotic segment with laminar blood flow and normal WSS in the
presence of hypercholesterolaemia and oxidative stress. Although haemodynamic
forces are not by themselves responsible for the pathogenesis of atherosclerosis, they
prime the local vascular wall in which the lesion develop. Further studies are
required to establish how haemodynamic forces are detected and transduced into
chemical signalling by the cells of the artery wall and then converted into patho-
physiologically relevant phenotypic changes.
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The link between plasma levels of cholesterol and athero-
sclerosis was for the first time experimentally demonstrated
in rabbits, almost a century ago, by Anitschkow and Chala-
tow (Anitschkow & Chalatow 1913). Since then, epidemio-
logical (Anderson et al. 1987; Assmann et al. 2002), clinical
trial (Klag et al. 1993; Grundy et al. 2004) and experimental
data (Lichtman et al. 1999; Hartvigsen et al. 2007) have
been demonstrating that high levels of plasma cholesterol
are closely associated with the pathogenesis of atherosclero-
sis. Traditional theories on the pathophysiology of this rela-
tionship involve oxidized low-density lipoprotein (LDL) and
deposition, modification, and cellular uptake of cholesterol
and release of inflammatory and growth factors resulting in
smooth muscle cell proliferation and collagen matrix pro-
duction (Ross 1986; Steinberg et al. 1989). Taking into
account that atherosclerosis is a focal disease, it is a chal-
lenge to explain how equal concentrations of cholesterol
bathing the endothelium can produce local rather than glo-
bal effects on arteries. As there are numerous reproducible
sites that are prone to developing atherosclerosis (Malek
et al. 1999; VanderLaan et al. 2004), a localizing element
should be operating. The focal distribution of atheroscle-
rotic lesions has been considered to be dependent, at least
in part, on hydrodynamic factors. Previous study using a
model of abdominal aorta stenosis with a U-shaped clip,
showed deposits of lipids, as revealed by in vivo staining
with Oil red O injected directly into the circulation, imme-
diately upstream to the throat of the stenosis, related to
high shear stress, and immediately downstream to the
throat of the stenosis, related to low shear stress (Zand
et al. 1991).

The present study was carried out to further test the
hypothesis that haemodynamic forces are an important
localizing factor that primes the local vascular wall in rats
feeding a hypercholesterolaemic diet and submitted to infra-
diaphragmatic aortic constriction. These animals developed
a normotensive prestenotic region with laminar blood flow
and normal wall shear stress (WSS) that served as control
for a normotensive poststenotic region with turbulent blood
flow and low WSS.

Materials and methods

Experimental protocol

Hypercholesterolaemia was induced in male rats, weighing
156.10 = 1.14 g, feeding a standard diet supplemented with
4% cholesterol (Dolder AG, Basel, Switzerland), 1% cholic
acid (Sigma Chemical CO., St Louis, MO, USA), and 0.5%
2-thiouracil (Sigma) (Burstein et al. 1997). This hypercholes-
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terolaemic diet started to be offered 2 days before surgery.
The animals submitted to surgical abdominal aorta stenosis
consumed the hypercholesterolaemic diet for more than
28 days. The Committee on Animal Research of the Univer-
sity of Sdo Paulo approved all protocols.

Animal surgery

The animals were anaesthetized with ether and the abdomi-
nal aorta constricted just below the diaphragm as previously
described (Rossi & Peres 1992). Briefly, the aorta was
exposed through a left flank incision and a 0.94 mm dia-
meter probe in L was placed next to the vessel. The aorta
was constricted with a ligature of cotton thread around the
probe tip, which was immediately removed, thus reducing
the vessel lumen to the diameter of the probe. This experi-
mental model was previously used in our laboratory to pro-
duce alteration of blood flow in the poststenotic aorta
segment (Prado & Rossi 2006; Prado et al. 2006).

Harvesting and preparation of aortas for high resolution
light microscopy

After 28 days, the aortas were rapidly excised from the
trunk down to the iliac bifurcation, washed at a pressure-
perfusion of 100 mmHg with phosphate-buffered saline
(PBS) through the ascending aorta and followed by per-
fusion-fixation with phosphate-buffered 10% formalin for
1-2 min and then immersed non-pressurized in the same fix-
ative for 24 h at room temperature. After fixation, the
adventitial tissue was removed and the aortic tubes proximal
and distal to the stenosis were transversally cut into 5-6 mm
long segments. The samples were then dehydrated, embed-
ded in Historesin (Leica Instruments, Heidelberg, Germany),
serially cut at 2 pum, stained with toluidine blue, and
examined in a light microscope.

Cross sections (n = 9), exactly perpendicular to the long
axis of the aorta from each vascular segment, were morpho-
metrically evaluated at magnification x400. The absolute
thickness of the intima and media, the cross-sectional area
of the lumen and the perimeter in both prestenotic and post-
stenotic segments were measured as previously described
(Rossi & Colombini-Netto 2001; Prado et al. 2006).
Measurements were made by a skilled observer blinded to
the treatment groups. The diameter was calculated according
to the formula d = 2Va/n, where a is area of the aorta
lumen expressed in mm? and = is 3.14. Morphometric anal-
ysis was performed using videomicroscopy with the LEICA
QWIN software (Leica Imaging Systems Ltd, Cambridge, UK)
in conjunction with a Leica microscope (Leica DMR; Leica

© 2008 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 89, 72-80



74 C. M. Prado et al.

Microsystems Wetzlar GmbH, Wetzlar, Germany), video-
camera (Leica DFC300FX; Leica Microsystems AG, Heerb-
rugg, Switzerland), and an on-line computer.

Immunobhistochemistry

For immunohistochemical staining, aortas (z = 6) were har-
vested as above and embedded in paraffin. Immunolabelling
was done in triplicate and performed for 3-nitrotyrosine
(1:100; Upstate, Lake Placid, NY, USA). Sections 5 pum thick
were placed on silane-coated slides, deparaffinized, washed
in PBS, and then submitted to heat-induced antigen, endo-
genous peroxidase inhibition, and non-specific antibody
binding block. After, the sections were incubated with the
primary antibody. Antigen was visualized with a labelled
streptavidin biotin peroxidase technique (Vectastain ABC kit;
Vector Laboratories, Burlingame, CA, USA) with diamino-
benzidine (DAB) substrate. Sections were then counter-
stained with haematoxylin, coverslipped, and examined by
two skilled blinded observers. The effect of a standard chow
diet and the hypercholesterolaemic diet on the 3-nitrotyro-
sine expression in the non-constricted infra-diaphragmatic
aortas of rats was also evaluated. The immunoreactivity
intensity and extension was graded in a semi-quantitative
arbitrary scale 0 to 3: 0, no reaction; 1, mild reaction; 2,
moderate reaction and 3, strong reaction.

Transmission electron microscopy (TEM)

The aortas (n = 4) were excised as described for high reso-
lution light microscopy. After fixation with 2.5% glutar-
aldehyde in cacodylate buffer (pH 7.3) for 2h and
postfixation with osmium tetroxide for 2 h, the aortic tubes
proximal and distal to the stenosis were dehydrated in
ascending concentrations of acetone, and, subsequently,
embedded in Araldite® (Polysciences, Warrigton, PA, USA).
Ultrathin sections were obtained from selected areas with a
diamond knife in a Sorvall MT-5000 ultramicrotome
(DuPont Co., Wilmington, DE, USA), double-stained with
uranyl acetate and lead citrate, and examined in a Zeiss
EM109 electron microscope (Carl Oberkéchen,
Germany) at 80 kV.

Zeiss,

Doppler

Aorta duplex ultrasonography (7 = 6) under ether anaest-
hesia was performed 4 weeks after surgery using an Acuson
Aspen apparatus (Acuson Corp., Mountain View, CA, USA)
equipped with color Doppler facility and multi-frequency
linear electronic transducer at 11 MHz. The rats were lying

in the supine position. The aorta was visualized by ultra-
sonography. Doppler was performed in the region of steno-
sis, upstream and downstream.

Wall shear stress was calculated using the Poiseuille for-
mula: t = 4nBFR/n(kr)?, where 1 is WSS (dyne/cm?), n is
the blood viscosity (0.03 poise), BFR is blood flow rate
(ml/min), n is 3.14, k is 1.25 (the shrinkage index, which is
the ratio of artery diameter before and after plastic embed-
ding), and 7 is the arterial radius (cm).

Blood pressure

To assess the mean arterial blood pressures proximal and
distal to the aortic constriction in anaesthetized animals
(ketamine 74 mg/kg i.p. and xylazine 8 mg/kg i.p.), carotid
and femoral pressures, respectively, were obtained 24 h and
14 and 28 days after surgery (n = 7 each day). With the ani-
mals under anaesthesia, a polyethylene catheter (PE-10)
filled with heparinized saline was introduced and positioned
either in the carotid artery and exteriorized in the neck or in
the femoral artery and exteriorized in the groin. Immediately
after surgical preparation, when haemodynamic was stable,
mean carotid and femoral pressures were recorded by con-
necting the catheter to a PE-50 polyethylene catheter con-
nected to the pressure transducer Powerlab (ADInstruments,
Castle Hill, NSW, Australia). The mean carotid and femoral
blood pressures of anaesthetized animals weighing 150 g
and receiving hypercholesterolaemic diet for 2 days were
also measured, simulating the time 0 of the experiment
immediately before surgery.

Blood analysis

The serum concentration of total cholesterol was measured
before and 4 weeks after the hypercholesterolaemic diet
(n = 10 each day) by a spectrophotometric method using a
commercially available kit (Cobas Mira; Roche Diagnostics,
Basel, Switzerland).

Statistical analysis

Data were analysed using a GRAPHPAD PRISM statistic pro-
gram (GraphPad Software Inc., San Diego, CA, USA). For
analysis of differences between the prestenotic and post-
stenotic segments, Student’s #-test was performed. Compari-
son of immunoreactivity intensity grade of 3-nitrotyrosine
was made with the Kruskal-Wallis and Dunn’s multiple
comparison tests. A level of significance of 5% was chosen
to denote differences between means. Unless specified, data
are presented as mean = standard error.
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Results

Cholesterol level

The mean total serum cholesterol level at the beginning of
the experiment was 62.63 = 4.73 mg/dl. After 4 weeks, the
level was markedly higher, 554.70 + 64.78 mg/dl (mean =
standard deviation).

Blood pressure

The mean carotid and femoral blood pressure under hyper-
96.00 = 1.73 and 94.00 =
1.78 mmHg before surgery of abdominal aorta constriction
(day 0) respectively. After 24 h of surgery, the femoral blood
pressure decreased 9.34% (89.00 = 1.57 mmHg) in compari-
son with values in carotid blood pressure (98.17
+ 0.98 mmHg) (P < 0.001). The carotid and femoral blood
pressures at day 14 (98.60 = 3.52 and 94.20 = 1.91 mmHg
respectively) and at the end of the experiment (day 28)
(96.83 = 1.54 and 95.20 = 0.66 mmHg respectively) were
similar (Figure 1).

cholesterolaemic diet were

Doppler

Four weeks after surgery, the blood flow rate in the pre-
stenotic segment was 48.12 = 3.62 ml/min and in the post-
stenotic segment was markedly lower, 20.22 =+ 2.47 ml/min
(Figure 2a).
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Figure 1 Mean carotid and femoral blood pressure of animals
(n = 7 each day) submitted to surgical abdominal aorta stenosis
and feeding hypercholesterolaemic diet during the 28-day period
of study. ***P < 0.001.
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Figure2 (a) Blood flow rate (ml/min). Box and whisker plot
graph shows the batches of data in prestenotic and poststenotic
aortas at day 28 of the experiment. (b) Wall shear stress mean
values (dyne/cm?) in prestenotic and poststenotic aortas at day
28 of the experiment (7 = 6). (c) Color Doppler shows a lami-
nar flow in the prestenotic segment characterized by orange-red
colour. In the poststenotic segment, a mixed of orange-red and
blue colour was seen characterizing turbulent blood flow.

The WSS
33.72 = 2.80 dyne/cm? and in the poststenotic segment was
markedly lowered 15.91 = 2.15 dyne/cm? (Figure 2b).

Color Doppler in the prestenotic segment could demon-

value in the prestenotic segment was

strate a preserved laminar flow and the orange-red colour
near the aorta wall meaning slower rate of laminar flow. In
the poststenotic segment, a mixed of orange-red and blue
was seen characterizing turbulent flow (Figure 2c¢).

High resolution light microscopy

The gross examination revealed that both prestenotic and
poststenotic segments were similar. The use of plastic
embedding allowed 2 pum thick sections with good resolution
of structural details to be examined. The light microscopic
study of the prestenotic segment revealed diffusely distri-

buted foci of small flat lesions corresponding microscopically
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Figure 3 Panels A and B show representative aspects of the prestenotic and poststenotic aorta with high resolution light microscopy
(a) (n = 9) and transmission electron microscopy (b) (7 = 4). The appearance did not differ from that reported for mammalian aorta.
Panels C and D show representative views of the prestenotic small flat lesions corresponding to fatty streaks characterized by intimal
foam cells accumulation with high resolution light microscopy (c) and a few vacuolated mononuclear and smooth muscle cells with
transmission electron microscopy (d). Panels E and F show representative views of the poststenotic raised incipient atherosclerotic
lesions composed of mononuclear and smooth muscle cells, many of them vacuolated, with high resolution light microscopy (e) and
vacuolated mononuclear cells and a great number of vacuolated smooth muscle cells surrounded by extracellular matrix with
transmission electron microscopy (f). End, endothelial cell; iel, internal elastic lamina; smc, smooth muscle cell; mc, mononuclear cell;
arrow, migration of smooth muscle cell from the media to the intima. In a, ¢ and e, bar magnification=20 um; in b, d and f, bar

magnification=5 pm.

to fatty streaks characterized by intimal foam cells accumu-
lation (Figure 3c) contrasting with the delicate dominant
structure of the intima in most of the aorta wall (Figure 3a).
In contrast, in the poststenotic segment focally distributed
incipient atherosclerotic lesions characterized by raised focal
lesions within the intima composed of smooth muscle cells,
mononuclear cells and extracellular matrix were seen
(Figure 3e). The remaining intima of the poststenotic
segment appeared delicate similar to that observed in the
prestenotic segment.

Transmission electron microscopy

In the prestenotic and poststenotic segments most of the
intima appeared no different from that reported for mamma-
lian aorta (Figure 3b), except for the focal lesions referred
above. The small flat lesions observed in the prestenotic seg-
ment, corresponding to fatty streaks at the high resolution
light microscopic study, were composed of mononuclear and
smooth muscle cells with vacuolated cytoplasm surrounded
by collagen matrix localized in the subendothelial space
(Figure 3d). Smooth muscle cells migrating from the media
into the intima could also be seen (Figure 3d,f). In the post-
stenotic segment, the incipient atherosclerotic lesions at the
high resolution light microscopy study were composed by

vacuolated mononuclear cells and great number of smooth
muscle cells, many of then vacuolated surrounded by colla-
gen matrix (Figure 3f).

Morphometry

The constriction of the abdominal aorta resulted in a mean
reduction of 80% of the luminal infra-diaphragmatic aorta.
Grossly no poststenotic dilatation was seen at the end of the
experiment.

Table 1 shows the data of the intima and media thick-
nesses, luminal area, perimeter, diameter, WSS and blood
flow rate of the prestenotic and poststenotic aorta segments.

When the percentile frequency distribution of intima
thickness in the prestenotic segment was plotted, the small
flat lesions can be evidenced. The percentile frequency distri-
bution of intima thickness in the poststenotic segment can
clearly demonstrate the occurrence of marked intimal thick-
ening, corresponding to the incipient atherosclerotic lesions
absent in the prestenotic segment (Figure 4).

Immunobhistochemistry

The immunohistochemical analysis revealed an increased
expression of 3-nitrotyrosine in endothelial and, mainly,
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Table 1 Intima and media thickness, luminal area, perimeter,
diameter (7 = 9), blood flow rate and wall shear stress (17 = 6)
of the prestenosis and poststenosis segments of the infra-abdom-
inal aorta submitted to constriction

Prestenosis Poststenosis

segment segment
Intima thickness (um) 6.99 = 1.41 7.80 = 1.61
Media thickness (um) 94.81 + 8.67 81.07 = 9.01*
Luminal area (mm) 1.87 £ 0.30 1.69 = 0.22
Perimeter (mm) 6.66 = 0.44 6.26 = 0.75
Diameter (mm) 1.53 £ 0.13 1.46 = 0.10
Blood flow rate (ml/min) 48.12 = 9.85 20.22 + 6.05***
Wall shear stress (dyne/cm?) 33.72 =791 15.91 = 5.66**

Values are mean = standard deviation.
*P < 0.05, **P < 0.001, ***P < 0.0001.

0.50+
— n )
) :' \‘ Prestenosis
* i
k) Y
c ! \
K] I
3 P
S 0.25- b
0 | \
oy :' ! Poststenosis
c \
g ’ Foci of intimal thickening
g
[T
0.00-

0 10 20 30 40
Intima thickness (um)

Figure 4 Percentile frequency distribution of intimal thickness.
When the percentile frequency distribution of intima thickness
in the prestenotic and poststenotic segments was plotted, the
small flat lesions can be evidenced. The occurrence of marked
intimal thickening, corresponding to the raised incipient
atherosclerotic lesions, absent in the prestenotic segment,

can be clearly demonstrated.

smooth muscle cells in the prestenotic (Figure 5c) and more
markedly in the poststenotic segments (Figure 5d) of aortas
from animals feeding hypercholesterolaemic diet in compari-
son with control aortas of animals feeding standard chow
diet (Figure S5a). Non-constricted aortas from rats given
the hypercholesterolaemic diet (Figure 5b) also showed an
increased expression of 3-nitrotyrosine similar to that of
the aorta prestenotic segment. Figure Se shows the result of
the semi-quantitative evaluation of 3-nitrotyrosine immuno-
reactivity intensity grade.
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Figure 5 Immunohistochemistry (n = 6). The analysis revealed
an increased expression (brown stained features) of 3-nitrotyro-
sine in endothelial and smooth muscle cells in the prestenotic
(panel ¢) and more markedly in the poststenotic (panel d) seg-
ments of aortas from animals feeding hypercholesterolaemic
diet. Aortas of animals feeding normal chow diet (panel a) show
expression of 3-nitrotyrosine mainly in endothelial cells. Non-
constricted aortas from rats given the hypercholesterolaemic diet
also showed an increased expression of 3-nitrotyrosine (panel b)
in endothelial and smooth muscle cells, comparable to that of
the aorta prestenotic segment. Bar magnification=50 pm. The

graph (panel e) shows the results of the semi-quantitative
evaluation of 3-nitrotyrosine immunoreactivity intensity grade.

Discussion

It is well-known that diet-induced hyperlipidemia and
atherosclerotic lesions develop more easily in some species
than in others. Rats are generally considered to be resistant
to naturally occurring and experimentally induced athero-
sclerosis (Vesselinovitch 1988; Moghadasian 2002). High
doses of dietary cholesterol combined with bile acids and
experimentally induced hypothyroidism has been demon-
strated to help the development of atherosclerotic lesions in
rats (Burstein et al. 1997), these extremes in dietary protocol
being required to induce significant hypercholesterolaemia.
In the present study, rats given a hypercholesterolaemic diet
developed a nine times higher mean blood cholesterol level
when compared with that of rats fed a standard rat chow
diet. In addition, the abdominal aorta constriction associated
with diet-induced hypercholesterolaemia produced a normo-
tensive prestenotic segment with laminar blood flow and
normal WSS and a normotensive poststenotic segment with
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turbulent blood flow and low WSS. It has been demonstrated
that this model of aorta constriction produces a hypertensive
prestenotic segment and a normotensive poststenotic segment
(Rossi & Peres 1992; Barton et al. 2001; Prado & Rossi
2006; Prado et al. 2006). The presence of normotension in
aortic prestenotic segments in hypercholesterolaemic animals
can be ascribed to the diet supplemented with thiouracil,
which is known to induce hypothyroidism and hypotension
in rats (Delia & Thompson 1988).

Hypercholesterolaemia has been extensively associated
with endothelial cell dysfunction, considered a key early step
in the atherogenic process (Dickhout et al. 2005), and con-
sequent increased vascular production/release of superoxide
anions (Ohara et al. 1993; Warnholtz et al. 1999). Because
3-nitrotyrosine was noted previously by immunohisto-
chemistry in human atherosclerotic lesions (Luoma et al.
1998), 3-nitrotyrosine expression in both prestenotic and
poststenotic was assessed. An increased presence of 3-
nitrotyrosine in endothelial and smooth muscle cells was
detected in the prestenotic and more markedly in the post-
stenotic aorta segments of rats given a hypercholesterolaemic
diet in comparison with the 3-nitrotyrosine expression in the
infra-diaphragmatic aorta from rats fed a standard chow
diet. Control animals given the hypercholesterolaemic diet
also showed an increased expression of 3-nitrotyrosine in
endothelial and smooth muscle cells, comparable to that
observed in the prestenotic segments. Hypercholesterolaemic
diet has been demonstrated to strikingly increase the expres-
sion of 3-nitrotyrosine in endothelium, smooth muscle layers
and adventitia of the aorta in rabbits (Adachi et al. 2002).
The even more pronounced expression of 3-nitrotyrosine in
the poststenotic segments is very likely due to an additional
factor, haemodynamic alterations. This assumption is sup-
ported by recent study on human coronary arteries showing
that 3-nitrotyrosine is present in arterial regions exposed to
oscillatory shear stress (curvatures and bifurcations), but not
in arterial regions exposed to pulsatile shear stress (straight
segments) (Hsiai et al. 2007). The increased presence of
3-nitrotyrosine indicates an increased production of nitric
oxide and superoxide anions that interact to produce per-
oxynitrite, a powerful oxidant causing damage to multiple
cells constituents, including proteins (Koppenol et al. 1992).
The accumulation of 3-nitrotyrosine, which is the footprint
of nitric oxide oxidation/inactivation by reactive oxygen
species, supports the supposition of endothelial cell dysfunc-
tion elicited by hypercholesterolaemia. Although nitrotyro-
sine is considered an emergent inflammatory marker for
atherosclerosis (Shishehbor et al. 2003), the mechanism by
which peroxynitrite formation contributes to atherogenesis
remains uncertain.

Diffuse foci of small flat lesions corresponding to fatty
streaks, contrasting with the dominant delicate structure of
the intima in most of the aorta wall, were seen in the pre-
stenotic segment. These small flat lesions could be evidenced
when the percentile frequency distribution of intima thick-
ness was plotted. Electron microscopically, vacuolated
mononuclear and smooth muscle cells surrounded by scanty
extracellular matrix could be evidenced. Laminar blood flow
and normal WSS have been considered as atheroprotective
(Dardik et al. 2005). The presence of these small flat lesions
may be attributed to endothelial cell dysfunction related to
hypercholesterolaemia and oxidative stress. In contrast, the
poststenotic segment showed normal intima appearing deli-
cate, similar to that observed in the prestenotic segment,
except for focally distributed incipient atherosclerotic lesions
characterized by raised intimal focal lesion composed of vac-
uolated mononuclear cells and a great number of vacuolated
and non-vacuolated smooth muscle cells and extracellular
matrix. These incipient atherosclerotic lesions, absent in the
prestenotic segment, could be clearly demonstrated when the
percentile frequency distribution of intima thickness was
plotted. No qualitative morphologic alterations were
observed in the media layer in both segments, except for its
decreased mean thickness in the poststenotic segment, which
can be due to variations in the wall thickness observed in
the length of the aorta (Guo et al. 2002). It has been demon-
strated that the haemodynamic environment, mainly shear
stress and blood flow pattern, is a determinant of the suscep-
tibility to the development of atherosclerotic lesions in
branches, curvatures and bifurcations of elastic and mus-
cular arteries (Davies 2000; Suo et al. 2007). Several mecha-
nisms have been proposed from in vitro studies to account
for the association between low WSS and the formation of
local atheroma, including modulation of endothelial function
and structure and regulation of endothelial gene expression
(Malek & Izumo 1995; Resnick & Gimbrone 1995), modifi-
cation of bulk transport of lipid (Fatouraee et al. 1998) and
promotion of monocyte adhesion to the endothelial wall
(Honda et al. 2001).

In summary, the present study clearly demonstrated that
the combination of turbulent blood flow and low WSS in the
presence of hypercholesterolaemia and oxidative stress cre-
ates conditions to the formation of focally distributed incipi-
ent atherosclerotic lesions observed in the poststenotic
segment. In contrast, only diffuse fatty streaks could be
observed in the normotensive prestenotic segment with laminar
blood flow and normal WSS in the presence of hyper-
cholesterolaemia and oxidative stress. In other words, turbu-
lent blood flow plays an essential localizing role in plaque
formation in experimentally induced hypercholesterolaemic
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rats. Although haemodynamic forces are not by themselves
responsible for the pathogenesis of atherosclerosis, they
prime the local vascular wall in which the lesion develop.
Further studies are required to establish how haemodynamic
forces are detected and transduced into chemical signalling
by the cells of the artery wall and then converted into patho-
physiologically relevant phenotypic changes.
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