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Abstract

Aim—Inherent fundamental difference exists among arteries of different sizes. The purpose of
this study was to evaluate the relation between regional difference of wall shear stress (WSS) in
various sizes arteries and contents of nitrite and NO synthase (NOS) isoforms.

Methods—Five different conduit arteries in a wide range of diameter (1-8 mm) were examined
in the hind limbs of 13 pigs. Blood flow rate and outer diameter were measured in vivo to
determine WSS. Arterial tissues were harvested for the measurement of nitrite and NOS protein
contents. The concentration of nitrite, a product of NO synthesis, was determined by high-
performance liquid chromatography method. Western blot analysis was used to assess the protein
contents of endothelial NOS (eNOS), inducible NOS (iNOS) and neuronal NOS (nNOS).

Results—Our data show that WSS increases with a decrease in artery diameter. Nitrite level
increases with increasing WSS and hence decreases with artery diameter. The eNOS protein
contents decrease with an increase in diameter. No significant difference for iNOS and nNOS
protein contents was found with different artery diameter. A significant positive correlation
between tissue nitrite and eNOS protein contents was also observed. Finally, the WSS-normalized
eNOS is not significantly different in various size vessels.

Conclusion—Regional difference in blood flow has no effect on iNOS and nNOS protein
contents in these conduit arteries. Regional difference in eNOS expression and nitrite contents
may be related to the WSS-induced NO by the endothelium under normal physiological
conditions.
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Mechanical forces elicited by the flow of blood (shear stress) and pressure (strain) cause
acute releases of nitric oxide (NO) (Sessa et al. 1994, Awolesi et al. 1995). NO is implicated
in the regulation of numerous cellular functions throughout the systemic circulation
including the maintenance of low arterial tone at rest, inhibition of leucocyte—endothelial
interactions, attenuation of platelet aggregation and inhibition of smooth muscle cell
proliferation (Celermajer 1997, Rudic et al. 1998).

There is evidence suggesting that heterogeneity of function exists within different size
vessels (Kuo et al. 1995). The vascular wall consists of three different functional and
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structural compartments. Smooth muscle cells constitute the media layer, whereas
endothelial cells constitute the intima and physiologically perceive the wall shear stress
(WSS) at the interface between the flowing blood and the arterial wall. It has been shown
that both endothelium and vascular smooth muscle can produce NO (Pollock et al. 1993,
Boulanger et al. 1998). Although the vasculature constantly produces NO, and endothelial-
derived NO is now recognized as a major mechanism regulating vascular tone and local
blood flow (Chandran et al. 1998), a direct relation between the size of vessels, blood flow
and the WSS-induced NO production under physiological conditions is unavailable.

Nitric oxide synthase (NOS) is a family of isozymes catalysing the production of NO. NO
produced by endothelial NOS (eNOS) acts as a vasodilator in the cardiovascular system, NO
produced by neuronal NOS (nNOS) is known to act as a neurotransmitter/neuromodulator in
both the central and the peripheral nervous systems, and the NO produced by inducible NOS
(iNOS) acts as a cytotoxic effector in the immune system (Chandran et al. 1998). The eNOS
expression has been thought to be responsible for shear stress-induced NO generation in
endothelial cells (Cooke et al. 1990, Nishida et al. 1992). A low-level expression of INOS
has been recently found to occur, however, constitutively in the blood vessels, heart and
other tissues under normal conditions (Park et al. 1996). The expression of nNOS, on the
other hand, was first observed in the brain (Bredt et al.1990) and has since been found in
vascular smooth muscle cells (Boulanger et al. 1998). Although these studies demonstrate
that NOS is expressed in blood vessels, the potential role of the different NOS isoforms in
the regulation of blood flow-induced NO in normal vessel wall remains to be determined.

Here, we quantified the relation between shear stress, nitrite contents and NOS protein
contents in different sizes of arteries. We chose segments of five conduit arteries from the
hind limb of pig: abdominal aorta, common iliac artery, femoral artery, superficial femoral
artery and a small branch of the femoral artery. The main goal of the study was to: (1)
determine the level of shear stress in different sizes of arteries in vivo, (2) quantify tissue
contents of nitrite in relation to arterial diameter, (3) determine the correlation between
protein contents of eNOS, iNOS and nNOS and NO production, and (4) evaluate the role of
WSS on protein contents of eNOS, iNOS and nNOS and NO production. We found that
nitrite contents increase with decrease in artery diameter under physiological conditions and
the regional difference in nitrite largely associated with eNOS and eNOS content is largely
determined by WSS. Our findings underscore the relation between NO, NOS and
dimensions of arteries.

Materials and methods

Animal preparation

Thirteen normal Yorkshire swine of either sex with age of 13-16 weeks and body weight of
32-35 kg were used in this study. The animals were anaesthetized with ketamine (33 mg
kg™1) and atropine (0.05 mg kg~1), and anaesthesia was maintained with isoflurane (1-2%).
Ventilation with 100% O, was provided with a respiratory pump. All animal experiments
were performed in accordance with nationaland local ethical guidelines, including the
Institute of Laboratory Animal Research guidelines, Public Health Service policy, the
Animal Welfare Act, and an approved University of Indiana-Purdue University, Indianapolis
protocol regarding the use of animals in research.

Flow rate and arterial size

The superficial femoral artery, femoral artery and a small branch of the femoral artery were
carefully exposed. Water-resistant carbon particles were used to mark each artery segment to
measure axial changes as described in a previous publication (Guo et al. 2006). The rate of
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blood flow was measured by use of appropriate size flow probes, which were connected to a
flow-meter (Transonic Systems, Ithaca, NY, USA). The pigs were then subjected to a
midline abdominal incision. The common iliac artery and abdominal aorta close to the
common iliac bifurcation was exposed, and the rate of blood flow was measured. The
external geometry of each artery was photographed to obtain the outer diameter and in vivo
axial length with the aid of a dissecting microscope. After the pig was killed by an injection
of a saturated KCI solution through the jugular vein to arrest the heart, the segments of these
arteries were isolated immediately. The length and cross section of each segment was
photographed. The morphological measurements of the in vitro axial length, inner and outer
circumference, wall thickness and wall area were made from the images by using a
morphometric analysis system (Sigma Scan; Aspire Software International, Ashburn, VA,
USA).

The loaded inner radius of the vessel was determined from the incompressibility assumption.
The incompressibility condition for a cylindrical vessel can be expressed as:

where ry and rj are the outer and inner radii at the loaded state respectively. A, = I/l is the
stretch ratio in the axial direction where | and |, are the vessel length in the loaded and no-
load state, respectively, and A, is the wall area in the no-load state.

Wall shear stress

The wall shear stress, WSS, can be evaluated if the diameter and flow rate are known,
assuming a laminar, incompressible Newtonian flow through a rigid cylindrical vessel as
given by the following equation:

nD? 2

where Q and D represent the volumetric flow rate and inner diameter of the vessel and u
denotes the viscosity of blood which was assumed to be a constant value of 4 cP.

Nitrite/nitrate measurements

A portion of each isolated artery segment was coarsely grounded in methanol in ice bath. A
homogenate (approx. 100-300 xL in total volume) was then centrifuged at 800 g at 4 °C for
10 min and the supernatant was assayed for nitrite (NO, ™) and nitrate (NO3™). The nitrite
and nitrate ion concentrations in solution were measured by the combination of a diazo
coupling method and high-performance liquid chromatography (ENO-20 NOy Analyser;
EiCom, Kyoto, Japan). The method for NOy analysis has been described in detail previously
(Zeballos et al. 1995). Briefly, the peaks of detected voltage for nitrite and nitrate were
converted into nitrite and nitrate concentrations by use of calibration solutions. The signals
were corrected for contamination by subtraction of the control nitrite concentration.
Endogenous NO production was evaluated as the concentration of nitrite or nitrate per unit
volume of arterial wall (nmol mm™3).

Western blot analysis

The remaining artery segments were homogenized in a lysis buffer containing 50 mmol L1
S-glycerophosphate, 100 zmol L™1 sodium orthovanadate, 2 mmol L~ magnesium chloride,
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1 mmol L™ EGTA, 0.5% Triton X-100, 1 mmol L~1 DL-dithiothreitol, 20 zmol L1
pepstatin, 20 zmol L™1 leupeptin, 0.1 U mL~1 aprotinin and 1 mmol L1 phenylmethyl-
sulfonyl fluoride, and then incubated on ice for 1 h. The sample was centrifuged at 1000 g
for 15 min at 1 °C and the supernatant was collected. The total protein was measured using
the BCA kit (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of protein (25 g
for eNOS, 40 ug for iINOS and nNOS) were loaded and electrophoresed in 10% SDS-PAGE
gel and transferred onto a ployvinylidene difluoride membrane. After being blocked for 2 h
in 6% dried milk in TBS-Tween buffer, the membrane was incubated overnight at 4 °C with
specific primary antibody [1 : 1000 dilution for eNOS, 1 : 500 dilution for iNOS and nNOS
in blocking buffer, provided by BD Transduction Laboratory, San Jose, CA, USA (catalogue
numbers 610296, 610431 and 610308 respectively)]. The membrane was then rinsed,
incubated with horseradish peroxidase-conjugated secondary antibody for 2 h (1 : 3000
dilution in blocking buffer, Bio-Rad). The protein of specific NOS isoforms was detected by
enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ, USA) and evaluated
by densitometry (SigmaScan; Aspire Software International). All samples from each group
were simultaneously probed with anti-$-actin, a mouse monoclonal antibody (primary
antibody 1 : 1000 dilution in blocking buffer, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) to correct for sample loading.

Statistical analysis

Results

All values for morphological and shear stress calculation, quantitative analysis for Western
blot and NO metabolite (nitrite) measurements were expressed as mean + SE. Significance
of the differences between the different groups was evaluated using the two-way anova or t-
test. The results were considered statistically significant when P < 0.05 (two-tailed).

Wall shear stress and artery diameter

The blood flow and outer diameter of differently sized arteries were directly measured in
vivo in anaesthetized pig. The mean systemic blood pressure measured at the femoral artery
was 88 £ 12 (mean £ SD) mmHg. The mean outer diameter of segments from five different
arteries were:7.8 £ 0.4 mm (mean + SD) for abdominal aorta, 5.4 = 0.7 mm for the the
common iliac artery, 3.7 £ 0.5mm for the femoral artery, 2.5 + 0.2 mm for the superficial
femoral artery and 1.1 + 0.3 mm for a branch of the femoral artery. The inner diameter and
WSS were calculated according to Eqns 1 and 2 respectively. Figure 1 shows the variation
of WSS as function of inner diameter of the porcine artery. The WSS significantly decreased
with an increase in diameter (P < 0.01). The curve was fitted by a linear least-square fit.

Nitrite and artery diameter

In the present study, the measurement of nitrate was not very stable. Hence, the NO
concentration was only measured as nitrite, a more reliable NO marker than nitrate by using
the current method. The measured concentration of nitrite by the ENO-20 NO, Analyzer
ranged from approx. 200 to 1000 nv (minimum detectable concentrations are <5 nw). The
variation of nitrite concentrations was normalized to arterial wall volume, as shown in
Figure 2, in relation to arterial diameter and WSS. The nitrite contents per unit volume of
arterial wall showed a significant decrease with an increase in diameter (P < 0.01) and a
significant increase with an increase in WSS (P < 0.01). The curves were fitted by second-
order polynomials.
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NOS and artery diameter

Figure 3 shows Western blot and quantitative analysis of eNOS, iNOS and nNOS protein
contents in five different sizes of arteries. The band at 140 kDa for eNOS, 130 kDa for iNOS
and 150 kDa for nNOS was detected. The final value for three NOS isoforms densitometry
was computed as the ratio of NOS to S-actin. The anti-f-actin antibody reacted with a 42
kDa protein corresponding to the size of g-actin. The eNOS protein contents relative to total
soluble protein significantly decreased with an increase in diameter (P < 0.05) as shown in
Figure 3b. No significant difference for iNOS and nNOS protein contents relative to total
soluble protein was found with a change in artery diameter. Figure 3c shows the relation
between eNOS protein contents normalized to the surface area of the arterial endothelium
and inner diameter. The relative densitometric unit of protein contents was expressed as
pixel. Luminal surface area was calculated as the product of arterial luminal circumference
and segment length for each arterial segment. The eNOS protein contents per unit
endothelial surface area decreased with an increase in diameter (P < 0.05). As expected, a
significant increase for eNOS protein contents was observed with increasing WSS (P < 0.05,
data not shown). Figure 4 shows the variation of eNOS protein contents per unit WSS with
inner diameter. The eNOS contents relative to total soluble protein per unit WSS and eNOS
contents normalized to the surface area of the arterial endothelium per unit WSS were both
found to have no significant dependence on diameter (P > 0.05).

Nitrite and NOS

A positive correlation between eNOS protein contents and nitrite contents (P < 0.05) is
shown in Figure 5. The data were fitted with a linear least-square fit.

Discussion

We quantified the tissue contents of nitrite and NOS protein contents in different sizes of
arteries from porcine hind limb under normal physiological conditions. The major findings
are that (1) shear stress is inversely related to vessel diameter; (2) nitrite and eNOS contents
are inversely related to diameter; (3) iINOS and nNOS protein contents do not vary with
diameter; (4) eNOS protein content shows a positive correlation with tissue nitrite contents;
and (5) the WSS-normalized eNOS content and eNOS/endothelial surface area did not vary
with vessel diameter. Our results demonstrate regional difference in eNOS expression and
nitrite contents may be related to the WSS-induced NO by the endothelium under normal
physiological conditions.

Shear stress and artery diameter

Wall shear stress is an important regulator of vascular diameter, vascular wall remodelling,
homeostasis and inflammatory responses (Ibrahim et al. 2003). Accurate measurement of
WSS is very difficult in vivo due to the pulsatility of flow. In conduit arteries where the
blood flow is generally laminar and unidirectional, however, WSS is thought to be directly
related to the velocity and the viscosity of the blood but inversely related to the vessel
diameter (Gnasso et al. 2001). WSS, an important determinant of endothelial function and
gene expression, has been previously assumed to be constant along the arterial tree (Giddens
et al. 1993). In the present study, in vivo measurements have shown a decrease in WSS as
the diameter of artery increases (Fig. 1). Our data show that a sevenfold increase in diameter
causes a 66% decrease in WSS implying a non-uniform distribution of wall shear rates in the
arterial system similar to recent reports (Wu et al. 2004, Stroev et al. 2007).
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Nitrite and artery diameter

Nitric oxide is an endogenous auto-regulator of blood flow. An increase in blood flow
results in an increase in NO production and dilation in heart and blood vessels (Lamontagne
etal. 1992, Ueeda et al. 1992). Nitrite is a stable metabolite of NO. The presence of nitrite
in an artery reflects NO synthesis and release in the blood vessel. As NO can be generated
physiologically from vascular smooth muscle cells (Boulanger et al. 1998) and endothelial
cells (Pollock et al. 1993), the nitrite contents was normalized relative to the arterial wall
volume in the study. Our data show that the nitrite content per unit of arterial wall volume
decreases with increasing arterial diameter, but increases with increasing WSS (Fig. 2). This
result implies that the observed nitrite content gradient may be associated with regional
differences in WSS caused by blood flow.

eNOS and artery diameter

Vascular endothelial cells are constantly exposed to shear stress due to blood flow, and NO
is known to be mainly released from the endothelial cell (Cooke et al. 1990). Some studies
have reported that mechanical deformation of the endothelium by well-defined flow-induced
shear stress increases eNOS mRNA, protein and enzymatic activity in vitro (Noris et al.
1995, Ranjan et al. 1995). Furthermore, a previous study in our group has verified that the
expression of eNOS is restricted to the endothelium of the mouse aorta (Guo et al. 2006). In
the present study, Western blot analysis suggests that eNOS protein content is greater in
small arteries than in larger arteries (Fig. 3b). As the endothelium is a single cell layer, we
normalized eNOS protein contents to the surface area of the arterial endothelium. A similar
increase in eNOS protein content per unit area of arterial endothelium was observed as the
diameter of artery increases (Fig. 3c). Our data demonstrate that protein contents of eNOS
increase with an increase in WSS due to the variation of artery diameter. Our data also show
that there are no differences in eNOS content in various conduit vessels when eNOS content
is normalized with respect to WSS (Fig. 4). This implies that WSS may be responsible, at
least in part, for the regional difference in eNOS content in various diameter vessels under
physiological conditions.

Contrary to our findings, Laughlin et al. (2003) found that eNOS protein content is greater
in the endothelial cells of larger coronary arterioles than in the endothelial cells of small
coronary arterioles. This difference may be explained by the different distribution of blood
flow-induced shear stress in resistance vasculature and in large conduit arteries. It is also
possible that different mechanisms independent of haemodynamics are involved in the
regulation of vascular eNOS protein expression in peripheral large arteries and resistance
small arteries.

NNOS/iNOS and artery diameter

It is well accepted that shear stress is a powerful stimulus for the modulation of eNOS
protein expression (Woodman et al. 1999), which is the primary source of NO in vessels
(Nishida et al. 1992). It was recently reported that shear stress, however, can induce iNOS in
vascular smooth muscle cells (Gosgnach et al. 2000) and endothelium in vitro (Ozawa et al.
2004). In addition, positive immunostaining for nNOS has been observed in pulmonary
artery and vein endothelial cells and smooth muscle cells of human cerebral blood vessels
(Tomimoto et al. 1994). In the present study, the Western blot measurement confirms both
iNOS and nNOS protein expression along the arterial tree of pig hind limb. Moreover, when
normalized to the total cellular protein of vessel segments, no significant difference was
found in iINOS and nNOS protein contents with an increase in arterial diameter (Fig. 3b).
Our findings suggest that a regional difference in blood flow has no effect on iNOS and
nNOS protein contents in porcine arteries.
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NO production and NOS

Wall shear stress is known to increase NO production by endothelial cells (Cooke et al.
1990), which is generally thought to be ascribed to eNOS up-regulation (Nishida et al. 1992,
Noris et al. 1995). An in vitro study by Papadaki et al. (1998) demonstrated that nNOS
protein content in human aortic smooth muscular cells is regulated by fluid flow, and flow-
induced NO production is independent of iNOS induction. In the present study, we found
that the concentration of nitrite (an indicator of NO synthesis) within blood vessels changes
similar to the eNOS protein contents with a decrease in artery diameter. Nitrite contents are
strongly correlated with eNOS protein expression. Our data show a significant linear
relationship between the nitrite and the eNOS protein contents (Fig. 5). No correlation was
observed between nitrite and iNOS or nNOS protein contents (data not shown). The NO
formation derived from eNOS in conduit arteries could be involved in several mechanisms,
including: (1) increased eNOS protein expression; (2) increased eNOS activity without
altered eNOS content; and (3) increased activity of pathways responsible for stimulation of
eNOS activity. It is reported that eNOS can be rapidly phosphorylated by shear stress and
enhances the production of NO via activation of the protein kinase B/Akt pathway
(Dimmeler et al. 1999, Fulton et al. 1999). Our finding indicates that eNOS protein
expression may play an important role in the release of WSS-induced NO production under
normal physiological conditions. The evaluation of the contribution of NOS activity to
WSS-induced NO formation remains a task for the future.
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Figure 1.

Relationship between wall shear stress (WSS) and inner diameter of porcine hind limb
arteries. The change in WSS with inner diameter (D) is statistically significant (P < 0.05).
The solid line is a least-square fit of the following form: WSS = —1.04D + 16.6 (R2 = 0.98).
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Figure 2.

Relationship between nitrite concentration per unit volume of arterial wall and (a) inner
diameter and (b) wall shear stress (WSS). The change in nitrite concentration (N) with inner
diameter (D) and WSS are statistically significant (P < 0.05). The solid lines are polynomial
regression curves of the forms: N = 7.1E-04D?—8.3E—03D + 2.8E—02 (R? = 0.96) and N =
5.2E—04WSS2-1.1E—02WSS + 5.7E—02 (R? = 0.99).
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Figure 3.

(a) Western blots of nitric oxide synthase (NOS) isoform protein expression for different
diameters of arteries. (b) Quantitative analysis of NOS protein contents relative to total
soluble protein for various diameter arteries. Bar graph shows mean data of protein
densitometries computed as the ratio of protein to S-actin. *Statistically significant
differences among the five groups of vessels (P < 0.05). (c) Quantitative analysis of
endothelial NOS (eNOS) protein contents normalized to the surface area of the arterial
endothelium. Protein densitometries are expressed as pixel, a relative densitometric unit.
The differences are statistically significant among the five groups of vessels (P < 0.05).
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Figure 4.
(a) A quantitative analysis of endothelial nitric oxide synthase (eNOS) protein content per

unit wall shear stress (WSS) for different diameter vessels. The variation is not significantly
different among five groups of vessels (P = 0.647). (b) Quantitative analysis of eNOS
protein contents normalized to the surface area of the arterial endothelium per unit WSS for
different diameter vessels (P = 0.417).
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Figure 5.

Relationship between (a) endothelial nitric oxide synthase (eNOS) protein contents (eNOS/
p-actin), (b) eNOS protein contents normalized to the surface area of the arterial
endothelium (eNOS mm~2) and nitrite concentration (N). The solid lines are least-square fit
of the following forms: eNOS/g-actin = 1.4E—02N + 2.8E—03 (R2 = 0.21, P < 0.05) and
eNOS mm~2 = 2.0E-04N + 1.4E-03 (R2 = 0.30, P < 0.05).
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