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Abstract

Endothelial dysfunction and oxidative stress contribute to the atherosclerotic process that includes
stiffening of large peripheral arteries. In contrast, our laboratory previously reported a paradoxical
increase in cerebro-vascular compliance in LDLr~~:hApoB*/* atherosclerotic (ATX) mice (7). We
hypothesized that prevention of cerebral artery endothelial dysfunction with a chronic dietary
antioxidant intake would normalize the changes in cerebral artery wall structure and biomechanics
and prevent the decline in basal cerebral blood flow associated with atherosclerosis. Three-month-
old ATX mice were treated, or not, for 3 mo with the polyphenol (+)-catechin (CAT; 30 mg-kg
~L.day~1) and compared with wild-type controls. In isolated, pressurized cerebral arteries from
ATX mice, CAT prevented endothelial dysfunction (deterioration of endothelium-dependent, flow-
mediated dilations; £< 0.05), the inward hypertrophic structural remodeling (increase in the wall-
to-lumen ratio; £< 0.05), and the rise in cerebrovascular compliance (rightward shift of the stress-
strain curve measured in passive conditions, reflecting mechanical properties of the arterial wall; P
< 0.05). Doppler optical coherence tomography imaging in vivo confirmed these findings, showing
that cerebral compliance was higher in ATX mice and normalized by CAT (P < 0.05). CAT also
prevented basal cerebral hypoperfusion in ATX mice (P < 0.05). Active remodeling of the
cerebrovascular wall in ATX mice was further suggested by the increase (£ < 0.05) in pro-
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metalloproteinase-9 activity, which was normalized by CAT. We conclude that, by preserving the
endothelial function, a chronic treatment with CAT prevents the deleterious effect of severe
dyslipidemia on cerebral artery wall structure and biomechanical properties, contributing to
preserving resting cerebral blood flow.

Keywords

polyphenol; optical coherence tomography; pressurized arteries; cerebrovascular compliance; wall
remodeling

Atherosclerosis is associated with endothelial dysfunction (11, 16), an increased production
of reactive oxygen species (ROS) (21), and changes in the compliance and structure of large
elastic peripheral and small cerebral arteries (7, 46), and it is a major risk factor for stroke
(47). The term compliance refers to the changes in volume contained within an artery for a
given change in transmural pressure and reflects the degree of arterial elasticity. The term
capacitance, also used in this context, specifically refers to the volume of blood in the vessel
wall, for a given pressure. Thus highly distensible vessels display a higher compliance/
capacitance than stiff vessels. Our laboratory previously reported that, in severely
dyslipidemic, spontaneously atherosclerotic (ATX) LDLr~/~:hApoB*/* mice, which develop
lesions in large peripheral arteries (aorta, renal, and carotid arteries), are hypertensive, and
exhibit cerebral hypoperfusion and cognitive decline (7, 11, 16), cerebral and carotid arteries
display opposite changes in vascular compliance in vitro (7) and in vivo (4); while, as
expected, carotid arteries stiffen, cerebrovascular compliance increases with atherosclerosis.
Our laboratory recently proposed that the compliance of cerebral arteries is dependent on the
endothelial function (7), while that of the carotids is more influenced by the mechanical
stress imposed to the wall by the cardiac cycle, as it has been suggested by others (1, 7, 17,
30). These conclusions were indirectly validated through the use of three experimental
approaches: 7) ivabradine that reduces heart rate (HR) and thus mechanical stress,
maintained endothelial function and cerebrovascular compliance; 2) metoprolol worsened
cerebral endothelial function and the compliance; and 3) exposure to physical training
normalized the endothelial function and cerebrovascular compliance, without reducing
mechanical stress (7). Endothelial function and cerebral compliance seem, therefore, tightly
associated.

Another way to protect the endothelium is the use of anti-oxidants. The efficiency of
antioxidant therapy to reduce the progression of an evolving lesion in the aorta, to lower
proinflammatory mediators, to reverse endothelial dysfunction, and to reduce ROS
accumulation in the vasculature has been demonstrated in animal models (9, 16, 27, 52).
These mouse models of atherosclerosis (i.e., ApoE ™~ and LDLr~/~:hApoB*/*) rarely
develop lesions in the cerebral vasculature before the age of 6 mo; however, the benefits of
antioxidants clearly extended to the brain and cerebral arteries function (11): our laboratory
reported that catechin (CAT), a polyphenol with antioxidant properties and member of the
flavonoid family (48), significantly preserved flow-mediated dilations (FMD) of cerebral
resistance arteries and improved cerebral blood flow (CBF) responses to neuronal
stimulations and cognitive functions in ATX mice (11). It is not known, however, if CAT
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restores the structural changes leading to an increased compliance of cerebral arteries. These
biomechanical alterations could contribute, in addition to the endothelial dysfunction and the
higher myogenic responses, to the decreased capacity of the brain to autoregulate its
perfusion. To the best of our knowledge, the effects of CAT on the structure of the cerebral
arteries in mice with severe dyslipidemia and developing atherosclerotic lesions in
conductance arteries have not been reported. The objective of this study was to demonstrate
that, by improving cerebrovascular endothelial function, CAT prevents adverse wall
remodeling; we hypothesized that this would contribute to maintain basal CBF. Accordingly,
we found not only that CAT prevents the remodeling of cerebral resistance arteries occurring
in LDLr~'~:hApoB*/* mice, but it also normalizes the cerebrovascular compliance, measured
ex Vvivo in passive conditions, as well as in vivo, and improves basal CBF. These combined
beneficial effects could, therefore, contribute to the protective effects of CAT on basal CBF
regulation previously reported with polyphenols (11, 44, 45).

MATERIALS AND METHODS

The procedures and protocols were approved by our institutional animal ethical committee
and performed with the Guide for the Care and Use of Laboratory Animals of Canada and
the Guide for the Care and Use of Laboratory Animals published by the US National
Institutes of Health (National Institutes of Health Publication No. 85-23, revised 1996).

Experiments were conducted on posterior cerebral arteries (PCA) isolated from 6-mo-old
(mo) male C57BL/6 wild type (WT) (n= 15) (Charles River Laboratories, St-Constant, QC,
Canada) used as controls, and from 6-mo male ATX mice (LDLr/~:hApoB-100**) (n= 27)
(11, 16, 41). ATX mice were randomly assigned to receive, or not (7= 17), a 3-mo (from 3-
to 6-mo) (+)-catechin hydrate (Sigma-Aldrich Canada, Oakville, Ontario, Canada) treatment
(ATX+CAT; 30 mg-kg~1-day~1; n=10) (11) in the drinking water. At 6 mo, mice were
anesthetized (44 mg/kg ketamine, 2.2 mg/kg xylazine) and blood was collected; the plasma
was frozen at —80°C. The brain was removed from the cranial cavity and frozen at -80°C, or
placed in ice-cold physiological salt solution (PSS) for reactivity and compliance studies.
The carotid arteries were removed and placed in ice-cold PSS for compliance studies.

Plasma parameters

Tail cuff

Total cholesterol, low-density lipoproteins, high-density lipoproteins, triglycerides, and
glucose levels were measured at the Montreal Heart Institute clinical biochemistry
laboratory (Montreal, QC, Canada). VEGF level was quantified with the Fluorokine MAP
Mouse VEGF Kit (R&D Systems, Minneapolis, MN).

For n=6 -9 mice in each group (WT, ATX, and ATX+CAT mice), HR and blood pressure
were monitored weekly from 3 to 6 mo by tail-cuff plethysmography (Kent Scientific,
Torrington, CT). Mice were inserted in a holder on a heated platform 15 min before pressure
measurements. When the tail reached 30°C, 30 recordings were collected. Mice were trained
for five sessions 3 wk before (baseline) starting the weekly recording at 3 mo.
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Reactivity studies

PCA were isolated, cannulated at both ends, and pressurized, as previously described (13).
The media used for the isolated vessels was PSS (pH 7.4, mmol/l: 130 NaCl, 4.7 KCl, 1.18
KH,POy4, 1.17 MgS0Oy4, 14.9 NaHCO3, 1.6 CaCl,, 0.023 EDTA, and 10 glucose) aerated
with 12% 05/5% C0O2/83% N,. FMD were induced on phenylephrine (10 pM) (Sigma-
Aldrich Canada, Oakville, Ontario, Canada) preconstricted arteries (13). Arteries were
perfused with PSS. A single cumulative curve (from 0 to 20 dyn/cm?, with 2 dyn/cm? steps
between 0 and 10 dyn/cm?, followed by two 5 dyn/cm? steps, at constant pressure of 60
mmHg) was performed on each segment (7). The flow rate through the lumen (Q) (ml/s)
required to match a given shear stress value (<, dyn/cm?) was calculated for each point on
the curve according to [Q = (tr/3)/4n)], where m represents the viscosity (0.009 Poise), and r
the inside radius (cm). The applied calculated shear stress was in the physiological range (~
0 -25 dyn/cm?) (31, 36). The data are presented as the percentage of dilation for every shear
stress value.

Measurements of ex vivo cerebral arteries biomechanics and structure

PCA and carotid arteries were used for the in vitro assessment of the compliance, measured
in passive conditions to reflect mechanical properties of the vascular wall. Passive pressure-
diameter curves were conducted in a Ca?*-free PSS containing 1 mM of EGTA and 10 pM
of sodium nitroprusside to abolish myogenic tone and to solely assess the mechanical
properties of the arteries. Lumen diameter and outer diameter changes were measured after
each increment in the intraluminal pressure (from 10 to 120 mmHg, with a first 10-mmHg
step followed by 20-mmHg steps for PCA and from 60 to 180 mmHg with 20-mmHg steps
for carotid arteries) to calculate the structural and mechanical parameters of the arterial wall.
The wall thickness (um) was calculated according to [(external diameter — lumen
diameter)/2] for the values obtained at 10 mmHg. The wall-to-lumen ratio was calculated
according to wall thickness/lumen diameter for the values obtained at 10 mmHg. For the
structural parameters (lumen diameter, wall thickness, and wall-to-lumen ratio), the values
are only presented at 10 mmHg to eliminate the effect of distensibility, but in noncollapsed
vessels. The circumferential wall strain (strain, %) was calculated according to [(D -

D10 mmHg)/ Dro mmHgl, Where Dis the internal diameter at a given pressure, and Dig mmHg IS
the initial diameter at the initial pressure. The circumferential wall stress (stress, dyn/cm?)
was calculated according to [(P x 1,334 x D)/2 x wall thickness], where P is the given
intraluminal pressure (1 mmHg = 1,334 dyn/cm?). The stress-strain relationship was

calculated by fitting the data to a nonlinear exponential curve (stresszstressgmam), where
stressy is the value when strain equals 0, and f is a constant representing Young'’s elastic
modulus.

The incremental distensibility (1D; %/mmHg), which represents the percentage of change of
the arterial internal diameter for each millimeters of mercury change in intraluminal
pressure, was calculated according to [(Dy — Dg)/(Dy x A P) x 100], where Dy is the internal
diameter before the pressure increment, D is the internal diameter after the pressure
increment, and AP is the change in intraluminal pressure (10 or 20 mmHg).
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In vivo estimation of cerebrovascular compliance and basal cerebral blood

Compliance and basal CBF of small brain arteries located in the somatory-sensory cortex, a
region supplied by the middle cerebral artery (MCA) and its branches, were measured in
vivo using a Doppler optical coherence tomography system previously described (4, 11).
Our gold standard consisted in controlled measures of viscous flow in phantoms (4).
Acquisitions were made to quantitatively assess basal CBF over the cardiac cycle. The
system used is based on a superluminescent diode emitting near infrared light at 870 nm
with a bandwidth of 65 nm. Light on the sample was 2.5 mW, yielding a sensitivity of 106
dB with a dynamic range of 76 dB. Acquisition was done at a frequency of ~15 kHz, which
gives a maximum detectable Doppler speed of 3 mm/s. Lateral and axial resolutions were 10
and 7 um, respectively. At 6 mo, mice were anesthetized (2 g/kg, urethane), and a
tracheotomy was performed. The mice were placed in a stereotaxic stage, and the skin on the
top of the scalp was removed to image the somatosensory cortex with a x10 water
microscope objective. Body temperature was kept at 37°C with a heating pad until the
experiment was completed. HR was monitored during the experiment, but neither blood
pressure nor blood gases were recorded. Acquisitions were done on a 800-pum by 800-um
field of view; the depth of penetration allowed imaging of structures up to 600 um beneath
the surface. We calculated the absolute CBF (nl/s) as previously described (11) in the
imaged arteries and all of its visible collateral branches, normalized by the cross-sectional
area (mm?). CBF values were compared between WT, ATX, and CAT-treated ATX mice, in
animals with similar HRs (409 + 10, 423 £ 10, and 438 * 7 beats/min, respectively) during
acquisitions. CBF was measured in a region supplied by the MCA, while arterial function/
structure was assessed in the PCA, but both arteries derive from the internal carotid and
form an independent domain in the circle of Willis of the mouse brain (35).

For compliance, imaged arteries with similar diameter were found at the interface between
the skull and the brain at a depth of ~400 pm. Image reconstruction yielded a quantitative
average value of blood flow (Qay, m3/s) and a vascular cross-sectional area (Aay, M?). The
cardiac profile of the vessel flow was determined using an ECG gated reconstruction
technique. Change in blood speed [6; arbitrary units (AU)] and in vessel area (6 4; AU)
between diastole and systole was obtained from this profile. The blood viscosity (n; cP) was
calculated for each vessel using the vessel diameter and hematocrit calculated according to a
previously described formula (40). A local compliance evaluator (nl/Pa) can be obtained
with:

Compliance={[(A,,)*/Q,] x [(6,+1) x 8, /8,] x 10} /n

Isolation of cerebral vessels and Western blot

Whole brain vessels were isolated as previously described (26). For Western blot analysis,
30 pg of cerebral vessels proteins were mixed with a discontinuous Laemmli buffer and
loaded on a 10% acrylamide SDS-PAGE gels. After 45 min of migration at 200 V, gels were
transferred on nitrocellulose. Membranes were incubated with an anti-VEGF (1: 1,000,
Abcam, Cambridge, MA). a-Actin was used as a loading control (anti-a-actin 1:100 000,
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Sigma-Aldrich Canada, Oakville, Ontario, Canada). Quantification was made by
densitometric analysis using Quantity One software.

Gelatin zymography
Zymography using gelatin-containing gels was performed as described previously (23).
Briefly, a modified Laemmli buffer without mercaptoethanol was added to the vessel
proteins samples, without heating, on a 6% SDS-polyacrylamide gel containing 1% gelatin.
Migration was conducted at 4°C and 20 mA for 1 h, followed by a migration (90 V) for 2 h.
After migration, SDS was removed from the gel by washing 5 x 10 min with 2.5% (vol/vol)
Triton X-100 at room temperature. Gels were incubated in a zymography buffer (38 mM
Tris-HCI, pH 7.4, 13 mM CaCly, 10 pM ZnCly, 0.02% NaN3, and 0.03% Brij 35) at 37°C for
72 h and then stained with Coomassie brilliant blue. Gelatinolytic activity was visualized as
clear bands against the dark background. Samples of purified human pro-matrix
metalloproteinase (MMP)-9 (Chemicon International) and pro-MMP-2 (Enzo Life Sciences,
Plymouth Meeting PA) were used as positive controls. Quantification was made by
densitometric analysis using Gimp 2.6 software. To test if CAT could directly inhibit
MMP-9, we incubated gels in a zymographic buffer containing 3.1 uM CAT. This
concentration represents the approximate CAT absorption per day and per mouse if the
absorption rate were equal to 100%.

Statistics

“n’” refers to the number of animals used in each protocol. Results are presented as means +
SE. Unpaired Student’s #test and one-way ANOVA were used, when adequate. A value of P
< 0.05 was considered statistically significant. Statistical analyses were mostly performed
with GraphPad Prism 5 (GraphPad Software, La Jolla, CA). Statistical analyses of basal
CBF were performed with SPSS 19.0 (SPSS, Chicago, IL): 191 measurements of basal CBF
were obtained from 10 mice in which similar HR was simultaneously recorded; therefore,
the parameter CBF was analyzed using generalized estimating equations to take into account
correlated data. The CBF was positively skewed, so inverse Gaussian and gamma
distributions were tested with different link functions [identity, log, power (-2)]. Two
working correlation structures were also tested: exchangeable and unstructured. The
goodness of fit quasi-likelihood under independence criterion was used to compare the
choices of distributions, link functions, and working correlation structures. The best results
were obtained with the inverse Gaussian distribution, the log link function, and the
exchangeable correlation structure. For each group of mice, CBF marginal means were
estimated and compared with pairwise contrasts using the Sidak approach for adjusting the
significance level. This method provides tighter bounds than the Bonferroni approach.

RESULTS

Phenotype of WT and ATX mice

The body weight was similar in WT and ATX mice and was not affected by CAT treatment
(Table 1). Nonfasting plasma lipids were higher in ATX compared with WT mice, while
glucose was lower (Table 1). CAT further increased plasma levels of total cholesterol and
low-density lipoprotein-cholesterol, but did not affect those of glucose (Table 1). Blood
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pressures assessed by tail-cuff were higher in 6-mo ATX compared with age-matched WT
mice, while pulse pressure and HR were similar between both groups (Table 2). CAT
affected significantly neither blood pressure, pulse pressure, nor HR in conscious mice
(Table 2).

Carotid artery compliance

Compared with 6-mo WT mice, carotid arteries from 6-mo ATX mice were less compliant,
as illustrated by a leftward shift of the passive stress-strain curve and a trend for a lower 1D
between 100 and 120 mmHg (Fig. 1, Aand C). The calculated values of Young’s elastic
modulus in ATX mice, however, were not significantly different compared with those
calculated in WT mice (B =39 + 9 x 1073 vs. 44 + 6 x 1073, ATX vs. WT mice). CAT did
not prevent carotid stiffness associated with severe dyslipidemia (Fig. 1, Aand C).

Cerebral artery structure, compliance, and endothelial function

In contrast to carotid arteries, cerebrovascular compliance increased in ATX mice, as shown
by a rightward shift of the passive stress-strain curve (Fig. 18) and by a lower value of
Young’s elastic modulus compared with WT mice (B =40+ 2 x 1073 vs. 60 + 2 x 1073,
ATX vs. WT mice, P<0.05). ID was also higher in ATX mice between 20 — 40 and 60 — 80
mmHg compared with WT mice (Fig. 10). CAT fully normalized the increase in
cerebrovascular compliance associated with severe dyslipidemia: it prevented the shift of the
passive stress-strain curve (Fig. 158) and the decrease of Young’s elastic modulus (B =50
+2x 1073 vs. 60 £ 2 x 1073, ATX+CAT vs. ATX mice, P< 0.05). This was attributable to a
significant decrease of 1D between 10 —20 and 40 — 60 mmHg (Fig. 1 D). Interestingly, at
low pressures (10 —20 mmHg), cerebral arteries isolated from ATX+CAT mice were even
less distensible than those from WT mice (Fig. 1D).

We studied the structural properties of the PCA by ex vivo measurement of the internal and
external diameter in passive conditions at 10 mmHg. PCA from ATX mice exhibited a
hypertrophic inward remodeling suggested by a decreased lumen diameter and a thickening
of the vessel wall, leading to an increased wall-to-lumen ratio compared with arteries from
WT mice (Fig. 2, A, C, and D). External diameters did not change among groups (Fig. 25).
CAT prevented this adverse wall remodeling (Fig. 2, A and D). Accordingly, the calculated
cross-sectional areas were higher in cerebral arteries from ATX mice (7,007 + 373 ym?, n=
17) than from WT mice (5,910 337 um?, n= 15, £< 0.05), and this tended to be prevented
by CAT (6,640 + 441 um2, n= 10) (data not shown).

Endothelium-dependent FMD were significantly reduced in cerebral arteries from ATX mice
from 4 to 20 dyn/cm?, compared with FMD observed in WT mice (Fig. 3). CAT improved
endothelial function at low and moderate physiological values of shear stress (31) (between
6 —10 dyn/cm2) compared with untreated-ATX mice (Fig. 3). In CAT-treated mice, however,
the FMD curve is biphasic, suggesting that the protective effect of CAT could be lost for
shear stresses > 10 dyn/cm? (Fig. 3).

Neither contractile nor dilatory properties of the smooth muscle were affected by
atherosclerosis and/or CAT treatment: phenylephrine or potassium-induced contractions
were very similar in WT, ATX, and ATX+CAT mice (data not shown). In addition, sodium
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nitroprusside induced identical endothelium-independent dilations in WT and ATX mice,
with similar sensitivity (pD2 in WT: 6.91 £ 0.19, in ATX: 6.82 £ 0.08) and efficacy (Emax in
WT: 81 + 3%, in ATX: 74 + 6%). These data indicate that, in contrast to the endothelial
function, vascular smooth muscle contractile properties are unlikely affected by
atherosclerosis and/or CAT.

In vivo estimation of cerebrovascular compliance and basal cerebral blood

Using the Doppler optical coherence tomography imaging system, the local compliance
evaluator was estimated for intracranial arteries of similar diameter (WT: 94 £5 pm, n=10
mice; ATX: 107 £ 12, n= 10 mice; ATX+CAT: 80 £ 5, 7= 4 mice; the measurement was
performed in 2 to 5 vessels per mouse). In agreement with the data collected ex vivo, the
local in vivo cerebral compliance evaluator was higher in ATX than in WT mice (P< 0.05)
and was normalized by CAT (P< 0.05) (Fig. 4A). We measured simultaneously basal CBF
(nl/s) in the selected arteries and all visible collateral branches (diameters were ranging from
2110 279 pm, WT: 67 £ 3 um, n7=161; ATX: 68 £ 3 um, n=105; ATX+CAT: 63 + 3 um, 7
=90), and they were normalized by vessels cross-sectional areas (mm?2). Each 7 represents
5.4 £ 0.4 (up to 8) volume acquisitions of an artery of interest and surrounding collateral
branches (up to 7) in WT, ATX, and ATX+CAT mice. CBF was reduced in ATX mice, as
previously reported (11), and was corrected by CAT (P < 0.05) (Fig. 4B).

MMP-9 activity in cerebral blood vessels

VEGEF levels

Pro-MMP-9 activity, the nonactivated form of MMP-9, increased in cerebral vessels from
ATX mice (Fig. 5) and was prevented by CAT (Fig. 5). Pro-MMP-2 activity was not
detectable (Fig. 5).

Plasma levels of VEGF were similar in WT and ATX mice; CAT, however, reduced
circulating VEGF levels compared with untreated-ATX mice (Fig. 64). In contrast, protein
expression of VEGF in mouse cerebral blood vessels was similar between groups (Fig. 6, B

and O).

DISCUSSION

We recently proposed the hypothesis that the endothelium regulates structural and
biomechanical properties of cerebral arteries (7). Accordingly, we now report for the first
time that, in severely dyslipidemic and moderately hypertensive mice, the preservation of the
endothelial function by a chronic treatment with the polyphenol CAT prevented the
paradoxical increase in cerebral artery wall compliance, measured both in vitro and in vivo,
and impeded the hypertrophic inward remodeling. Importantly, these protective effects of
CAT were associated with an improved basal CBF in ATX mice. The combined beneficial
effects of CAT on endothelial function, cerebral artery structure, and compliance could,
therefore, contribute to the observed maintenance of an adequate cerebral perfusion.

The preventive use of CAT and polyphenols has been shown to improve endothelial function
and limit plaque progression by us (11, 16) and others (3, 22, 27). In addition, polyphenols
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have been shown to slow the decline in the learning ability associated with brain
hypoperfusion (11, 53) and to display neuroprotective effects, partly by preserving
endothelial function, possibly through a reduction in lipid peroxidation (19, 20). Whether the
prevention of changes in cerebral structural and biomechanical properties, via endothelial
preservation, could play a role in the neuroprotective effects of CAT was never tested. Our
data suggest that CAT could impede cerebral remodeling and hypoperfusion induced by
dyslipidemia indirectly by protecting the endothelial integrity through its anti-oxidant
activity: our laboratory previously reported that 3-mo treatment of ATX mice with CAT
significantly reduced the abnormal superoxide production in the aorta and cerebral arteries
(11). We also reported that CAT increased Mn-super-oxide dismutase expression in the
cerebral circulation of the ATX mouse, which could further contribute to the beneficial
effect of CAT (11). The antioxidant effect of CAT was associated with the preservation of
the endothelial function: indeed, CAT preserved cerebrovascular endothelial nitric oxide
synthase (eNOS) activity induced by either acetylcholine or flow, which was decreased in 6-
mo ATX mice (7, 11) and nearly abolished at 12 mo of age (12). The endothelial
dysfunction in cerebral arteries from ATX mice was characterized by the fact that the lower
endothelium-dependent dilations were insensitive to eNOS inhibition; one of the
mechanisms by which CAT prevented endothelial dysfunction was by maintaining the
sensitivity to eNOS inhibitors (7, 11). In the present study, we demonstrate that CAT also
prevents structural and biomechanical alterations in the cerebrovasculature of ATX mice; the
combined beneficial effects of CAT on superoxide accumulation in cerebral arteries, eNOS-
dependent dilation, and increase in antioxidant enzyme such as Mn-superoxide dismutase,
likely protected the cerebral arteries and prevented their remodeling. Altogether, these data
suggest that endothelial dysfunction in the cerebrovasculature, related to the prooxidative
environment associated with severe dyslipidemia and atherosclerosis, contributes to
remodeling, leading ultimately to hypoperfusion.

Oxidative stress-associated inflammation is a known stimulus for arterial wall remodeling
(8, 43). A reduction in vascular oxidative stress and global inflammation (evidenced by a
reduction in plasma VEGF levels, Fig. 6A) could, therefore, prevent the abnormal
remodeling of cerebral arteries from ATX mice. ROS production by vascular cells, mainly
under the control of NADPH oxidases, is known to trigger vascular smooth muscle cell
(VSMC) hyperplasia and/or hypertrophy (33, 50). Very little is known about the involvement
of ROS in cerebral artery remodeling associated with atherosclerosis. It was previously
reported that treatment of spontaneously hypertensive rats with the O scavenger Tempol
improved the structure of the MCA independently of blood pressure reduction, suggesting as
well that ROS contribute to the remodeling of the cerebral vasculature (39). Likewise, in the
present study, CAT prevented the reduction of lumen diameter and the thickening of the
cerebral arterial wall without reducing blood pressure, suggestive of a free radical-dependent
inward hypertrophic remodeling (29) of PCA isolated from ATX mice. These macroscale
parameters (lumen diameter, wall thickness, and wall-to-lumen ratio) cannot characterize the
cellular and molecular modifications; nonetheless, the inward hypertrophic remodeling
implies that there is an increase of material into the arterial wall.
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CAT could also prevent cerebral remodeling by inhibiting MMP activity and VSMC
proliferation (28, 51), since degradation of the extracellular matrix by MMPs stimulates the
migration and proliferation of VSMC and intimal thickening (18, 32). In the context of
cerebral ischemia, gelatinases MMP-2, and especially MMP-9, contribute to the pathological
process by disturbing the cerebral vasculature integrity, leading to neuroinflammation, brain
edema, and hemorrhages (2, 37). In this context, (-)-epigallocatechin gallate has been
reported to limit brain infract size and neuronal damage by inhibiting MMP-9 activity (37,
38). In the present study, we demonstrate that MMP-9 activity was significantly higher in
cerebral vessels from ATX mice than from WT mice and that a chronic treatment for 3 mo
with CAT significantly prevented this rise in MMP-9 activity (Fig. 5). Thus MMP-9 activity
was impacted by the long-term treatment with the antioxidant, confirming that ROS trigger
MMP-9 activity (54). On the other hand, since it has been reported that CAT could have a
direct inhibitory effect on MMP activity (10, 14, 15, 38), we tested the effect of acute
addition of CAT directly in the zymography buffer: adding 3.1 uM CAT to cerebrovascular
proteins from ATX mice did not acutely reverse the activation of MMP-9 and did not inhibit
the activity of recombinant pro-MMP-9 (data not shown). Thus the effects of CAT on
MMP-9 activity are not direct, but modulated on the long term and possibly linked to
endothelial preservation. There are known interrelationships between cerebrovascular
compliance and eNOS (6), and nitric oxide inactivates MMP-9 in peripheral arteries through
the MMP-9/nitric oxide/tissue inhibitor of MMP complex (42, 49). The relationship between
eNOS and MMP-9 is unknown in cerebral arteries. It is possible, however, that, since CAT
preserves cerebral eNOS activity by scavenging ROS, this will result in MMP-9 inactivation
and thus changes in wall structure/compliance. This hypothesis remains to be proven, by the
use of MMP-9 inhibitor, for example, since doxacyclin prevented the remodeling of the
MCA of stroke-prone hypertensive rats (39). Nonetheless, our data reveal that, in a
prooxidant and proinflammatory environment, cerebral endothelial dysfunction is associated
with MMP-9 activation. Taking into account that mouse cerebral arteries lack external
elastica lamina and adventitia (25), such increase in pro-MMP-9 activity would most likely
perturb vessel wall extracellular matrix composition and structure, leading to the weakening
of the walls. The beneficial antioxidant effects of CAT on eNOS activity revealed by the
improved FMD could, therefore, contribute to the reduction of MMP-9 activity observed in
this study and, therefore, prevent changes in compliance and in wall remodeling.

In accordance with its protective effect on endothelial function (Fig. 3), structure and
biomechanics (Figs. 1, Band D, 2, and 4A4), CAT improved basal CBF (Fig. 458). This
contrasts with our recent work showing that CAT did not improve the basal cerebral
perfusion in 6-mo ATX mice (11). This dissimilarity can be explained by at least two
reasons. First, the anesthetic used during basal CBF measurement is different; we changed
pentobarbital sodium used in Ref. 11 to urethane to maintain a normal physiological
metabolic activity. Indeed, pentobarbital strongly reduces HR (172 + 4 beats/min compared
with 492 + 5 beats/min with urethane); urethane, therefore, permits to maintain a resting HR
similar to that measured in conscious, unrestrained animals [504 + 15 beats/min (7)].
Second, the present work includes arteries in a larger range of vessel size, by considering an
artery and all its collateral branches within 600-um depth. For these reasons, we would like
to propose that we have now optimized the method for the precise measurement of basal
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CBF in a single artery. Nonetheless, the improvement in basal CBF observed in this study by
CAT could be challenged in conditions needing higher shear stresses, such as during mental
and physical exercises. Indeed, in CAT-treated mice, the FMD curve is biphasic, suggesting
that the protective effect of CAT is limited and does not allow for an optimal chronic
endothelial cell repair and maintenance; this prevents a physiological endothelial response
for shear stresses >10 dyn/cm? (Fig. 3) and could lead to inadequate cerebral perfusion. This
limited effect of CAT contrasts with the preservation of FMD over the whole range of shear
stresses obtained after 3 mo of voluntary exercise in ATX mice (Fig. 4C in Ref. 7),
suggesting that the long-term outcome of CAT and voluntary exercise on CBF may be
different, despite similar beneficial effect of CAT and physical training on cerebral
compliance and their absence of effect on carotid stiffness (Fig. 1 and Ref. 7).

There is, however, a limitation to the interpretation of our results of CBF: the large
variability in resting HR in WT and ATX mice revealed that resting HR is positively
correlated with basal CBF (data not shown). Since blood pressure was not recorded during
imaging of the cerebral vessels, the impact of resting HR on blood pressure and CBF will
need to be assessed in further studies. In mice, in which resting HR was similar among
groups, however, a reduction in basal CBF was observed in ATX mice, and this
hypoperfusion was prevented by CAT treatment.

Why, however, do cerebral and carotid arteries from ATX mice display opposite changes in
vascular compliance? ATX mice are slightly hypertensive (7), and atherosclerotic plaques
develop in the aorta, the renal arteries, the carotids, but not in the cerebral arteries (11, 16).
Carotid plaque is associated with carotid stiffening, and this likely lowers the “buffering”
capacity of the carotids, promoting the propagation of the pulse pressure to small vessels in
the brain (34). Since cerebral arteries lack external elastic lamina and adventitia (24), these
hemodynamic changes would likely be sufficient to weaken the wall of the cerebral arteries.
In addition, the changes associated with atherosclerosis in the composition or in the
organization of structural elastin and collagen fibers are likely to have more impact in the
mechanical properties of conductance arteries, such as carotids, than in cerebral arteries (5).
We believe, however, that the fundamental difference between carotid and cerebral changes
in compliance resides in the relative role of the endothelium and their sensitivity to
biomechanical stress: the carotid artery wall is directly exposed to the mechanical stress.
Thus carotid stiffness can be prevented by reducing HR, for example, with the pacemaker
current inhibitor ivabradine or the p-blocker metoprolol (7). In contrast, in cerebral arteries
that develop myogenic responses and are less exposed to mechanical stress, compliance is
mostly regulated by the endothelium: the better the endothelial function, the lower the
cerebrovascular compliance (7). The mechanical stress only amplifies cerebral endothelial
dysfunction, favoring remodeling. Accordingly, we demonstrate in the present study that
CAT preserves both cerebral endothelial function and compliance, while carotid stiffness is
not improved. The endothelium is, therefore, a key player regulating the cerebrovascular, but
not carotid, biomechanical properties. To the best of our knowledge, a direct endothelium-
dependent regulation of cerebrovascular compliance has never been reported. Because the
increase in compliance and endothelial dysfunction we observed were triggered by a chronic
exposition of cerebral vessels to the pathological environment created by atherosclerosis,
only indirect evidence can be provided.
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In conclusion, our results extend from our laboratory’s previous studies (7, 11) by
demonstrating that preservation of the endothelial function by CAT improves
cerebrovascular wall biomechanics. The mechanism of action of CAT likely involves a
reduction in cerebral ROS availability, preserving eNOS, which subsequently could reduce
MMP-9 activity and prevent the changes in structure and compliance. These combined
effects lead to an improved basal CBF. Therefore, the observed preservation of cognitive
function by CAT in ATX mice (11) goes beyond the sole improvement of the endothelial
function. It demonstrates that the cerebral artery wall is an integrated system, and that
strategies aiming at preventing cerebrovascular dysfunction and the associated cognitive
decline will likely need to integrate biomechanics as a determinant functional parameter.
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Fig. 2.
Effect of a chronic treatment with CAT of 6-mo LDLr~/~:hApoB*/* (ATX) mice, on the

structural changes occurring in cerebral arteries. A: vessel lumen diameter; B: vessel
external diameter; C. vessel wall thickness; D. wall-to-lumen ratio. Values are means + SE
of 10 =17 mice. *P< 0.05 vs. WT mice. *P< 0.05 vs. ATX mice.
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Effect of a chronic treatment with CAT of 6-mo LDLr~/~:hApoB*/* (ATX) mice on in vivo
cerebral compliance expressed as the local compliance evaluator (nl/Pa) (A) and basal
cerebral blood flow (CBF; nl/s) normalized to arterial area (mm?2) and evaluated in the
microvasculature (B). A: values are means *+ SE of 10 mice for WT and ATX mice and of 4
mice for ATX+CAT mice. B: values are means + SE of 78 vessels for WT mice, 25 for ATX
mice, and 88 for ATX+CAT mice. *£< 0.05 vs. WT mice. *£< 0.05 vs. ATX mice.

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 28.



1duosnue Joyiny YHID 1duasnue Joyiny YHIO

1duasnuel Joymny YHID

Bolduc et al. Page 20

o od
A oo 5\0“6

0\
Y WT ATX ATX+CAT
Mouse pro-MMP-9
105 kDa
Human pro-MMP-9
92 kDa
Human pro-MMP-2
72 kDa
Fig. 5.

A: representative example of zymography illustrating pro-matrix metalloproteinase
(MMP)-9 activities of cerebral vessels from WT, LDLr~~: hApoB*/* (ATX) mice, and ATX
treated with CAT. B: each set of experiment was normalized to a reference sample (loaded in
every experiments). Values are means + SE of 6 mice. au, Arbitrary units. *£< 0.05 vs. WT
mice. *P< 0.05 vs. ATX mice.

w
N
o

]

-
3,1
1

pro-MMP-9 activity (a.u.)
o

DW=

S
=)

WT ATX ATX+CAT

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 28.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duasnuel Joymny YHID

Bolduc et al.

Page 21

A 100
g X
D
L £
[ P,
w 504
) /
w
>
o 254 /
s 5 Y,
wWT ATX ATX+CAT
B WT ATX

ATX+CAT

VEGF .,‘ “ ” 38 kDa

o-actin | g — & 42kDa

c 1.59

1.0

T

VEGF/a-actin

0.0

Fig. 6.

WT

ATX ATX+CAT

A: effect of a chronic treatment of 6-mo LDLr~:hApoB** (ATX) mice with CAT on
plasma VEGF level. B: representative example of Western blot illustrating VEGF protein
expression of total cerebral vessels from WT and ATX mice treated, or not, with CAT. C.
graph represents the protein expression normalized to a reference sample (loaded in every
experiment) and after normalization with smooth muscle a-actin. Values are means + SE of

4 -5 mice. “P< 0.05 vs. ATX mice.
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