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Vascular structural and functional changes: their
association with causality in hypertension: models,
remodeling and relevance

Robert MKW Lee1, Jeffrey G Dickhout2 and Shaun L Sandow3,4

Essential hypertension is a complex multifactorial disease process that involves the interaction of multiple genes at various loci

throughout the genome, and the influence of environmental factors such as diet and lifestyle, to ultimately determine long-term

arterial pressure. These factors converge with physiological signaling pathways to regulate the set-point of long-term blood

pressure. In hypertension, structural changes in arteries occur and show differences within and between vascular beds, between

species, models and sexes. Such changes can also reflect the development of hypertension, and the levels of circulating humoral

and vasoactive compounds. The role of perivascular adipose tissue in the modulation of vascular structure under various disease

states such as hypertension, obesity and metabolic syndrome is an emerging area of research, and is likely to contribute to the

heterogeneity described in this review. Diversity in structure and related function is the norm, with morphological changes being

causative in some beds and states, and in others, a consequence of hypertension. Specific animal models of hypertension have

advantages and limitations, each with factors influencing the relevance of the model to the human hypertensive state/s.

However, understanding the fundamental properties of artery function and how these relate to signalling mechanisms in real

(intact) tissues is key for translating isolated cell and model data to have an impact and relevance in human disease etiology.

Indeed, the ultimate aim of developing new treatments to correct vascular dysfunction requires understanding and recognition of

the limitations of the methodologies used.
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INTRODUCTION

The structure of the arterial tree and its influence on blood vessel
function is an important determinant of long-term blood pressure (BP)
regulation. In this review, the relationship between changes in vascular
structure and function, and their association with causality in hyperten-
sion is clarified. The data examined are predominantly from in vivo
studies of animal models of hypertension, as they relate to that in
humans. Primary structural changes that contribute to hypertension
development are separated from secondary adaptive changes in response
to hypertension (summarized, Table 1). Indeed, on this point the
definition of ‘in vivo’ is critical, and here it refers to data from vessels of
hypertensive animals and those treated with anti-hypertensives; as well as
those subjected to surgical interventions to alter pressure or flow. Data
from in vitro studies using cell or organ culture are not expressly
considered here, because such methods often induce states that do not
reflect normal physiology.1 Further, comparison of vascular structure
between groups needs to be conducted under a defined standard state.

For this reason, only results from vessels fixed under maximal relaxation
are considered. By setting this standard, a critical appraisal of real changes
that occur in vascular structure-function relationships can be made.
To be considered primary changes, the following criteria apply,

whereby the;

i. Change precedes hypertension development.
ii. Treatment affecting these changes also alters BP, such that after
treatment withdrawal, BP remains lower.

To be considered secondary adaptive changes, the following criteria
apply, whereby the;

i. Change occurs after hypertension development.
ii. Prevention of hypertension development with drug therapy,
or intervention to lower local BP (for example, selective
ligation of blood vessels or vascular beds) prevents such changes.
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Arteries are classified according to their location and branch point,
size and structural characteristics; the latter showing variability within
and between beds, between sexes and species, and in development,
ageing and disease (for example refs 2–4; Tables 2,3).

STRUCTURAL CHANGES IN DIFFERENT ARTERY TYPES

Conduit or elastic arteries
Conduit or elastic arteries are characterized by the presence of distinct
internal and external elastic lamina (IEL/EEL, respectively), and of
alternating medial elastin and smooth muscle cell (SMC) layers; with
such vessels having a relatively thick adventitia compared with other
arteries. These vessels include aorta, hepatic, renal, iliac, femoral, brachial
and superior mesenteric arteries, and provide a low resistance path for
blood supply to the limbs and visceral organs.5 The vasa vasorum
provides a distinct blood supply to the outer media and adventitia of
such thick-walled vessels, and is present in the aortic media of large
mammals such as humans, cows and horses; but absent in vessels with
o29 lamellar units in the media,6 where it can have a role in large artery
disease.7 Thus, vasa vasorum is absent in the aorta of mice, rats and
rabbits; animals commonly used as models of human hypertension. The
total number of aortic medial lamellar units is increased with age during
growth, although the increase is less for small (for example, 10% in
guinea pigs), over larger animals (for example, 100% in humans6).
In rat superior mesenteric arteries, lumen diameter is 500–900 μm,8

with 6.5 SMC layers in 3–12 week Wistar Kyoto rats (WKY);9 where
the media occupies 62 and 54% of the vessel wall in young compared
older animals, respectively.10 The media contains 20% and 14%
collagen and elastin, respectively, whereas the adventitia consists of
71% and 12% collagen and elastin, respectively; with fibroblasts (16%)
and nerves (o1%) occupying the remaining volume.6 In human

thoracic internal artery, perivascular adipose tissue (PVAT) is com-
posed of white fat, compared with rat aorta, which is composed of
mostly brown fat.11 Rat vena cava PVAT contains a mixture of white
and brown fat cells,12 whereas Wistar rat mesenteric and main renal
arteries are surrounded by white fat cells (see Figure 113). The ratio of
cross-section area (CSA) of PVAT to CSA of vessel wall is 11:1 in the
thoracic aorta (Lee, RMKW and Gao, YJ, unpublished observations).

Resistance arteries
Resistance arteries are also known as muscular or reactive arteries, due to
the presence of mostly SMC in the media. Fragments of EEL are present
in some larger resistance vessels, but these are usually visible only with
electron microscopy. In adult rats, vessel diameter ranges from 120 to
280 μm in the first/second order mesenteric artery branch (large muscular
artery) to 70–110 μm in the second/third order branch (‘small’ muscular
artery7). In both large and small muscular arteries from WKY, media
occupies ~60–65% of the total vessel wall, and no age-related changes in
this proportion occur.10 In muscular arteries and arterioles, endothelial
cells (ECs) can communicate directly with the SMC through holes
(fenestrae) in the IEL by forming close contacts, some of which contain
gap junctions (with an area of ⩽0.08 μm2 14,15), at a proportion of EC-
SM projections.16,17 Gap junctions of similar size to those between EC
and SMC are also present among the medial SMCs, whereas significantly
larger gap junctions are present between ECs.18 The ratio of CSA of
PVAT to CSA of vessel wall is 126:1 in the third order branch of rat
mesenteric arteries (Lee, RMKW and Gao YJ, unpublished observations).

Arterioles
Arterioles are vessels with 1–2 SMC layers as the most distal segments
of the vascular supply; linking to the capillary and subsequent venous

Table 1 Structural changes in different orders of blood vessels

Vessel type Hypertrophy Causative or adaptive? References

Conduit/elastic arteries Increase in medial mass of aorta in SHR owing to hypertrophy of smooth muscle cells associated with

the development of polyploidy

Adaptive 29–31

Thickened media wall of superior mesenteric in SHR with established hypertension Adaptive 31

Thickened media wall in carotid artery and main renal artery of pre-hypertensive SHR Causative 25,48

Thickened aortic medial wall owing to elastin and collagen in DOCA model Adaptive 39

Increased cross-sectional area of aortic media owing to hyperplasia of smooth muscle cells in DOCA

model

Adaptive 40

Aortic medial enlargement in rats made hypertensive by surgical constriction of subdiaphramatic aorta Adaptive 43

Muscular/resistance

arteries

Hypertrophy of medial wall in large mesenteric arteries of pre-hypertensive SHR and SHR with

established hypertension

Causative 33,47,50,51

Hypertrophy of medial wall in mesenteric arteries of DOC-NaCl and Dahl salt-sensitive rats Causative 39,40,44

Hypertrophy of vessel wall in basilar and superior cerebellar arteries of SHR and SP-SHR Causative 52

Increased media:lumen ratio in SHR and SP-SHR vs. WKY Causative 52

Increase in medial wall in renal vasculature owing to increase in smooth muscle cell layers Causative 48

Arterioles Increased medial thickness, smooth muscle cell layers, adventitial area and media:lumen ratio in

cremaster muscle arteriole in obesity

Causative 53

Veins Medial hypertrophy in portal vein and vena cava in SHR with established hypertension

No structural change in small mesenteric or portal vein of adult SHR

Further studies need to be done

54

Capillaries Capillary rarefaction leads to increase in blood pressure

Salt reduction increases capillary density and improves functional and structural capillary rarefactions

that occur in human hypertension

Abbreviations: DOCA, deoxycorticosterone acetate; SHR, spontaneously hypertensive rat; SP-SHR, stroke-prone SHR; TPR, total peripheral resistance; WKY, Wistar Kyoto rat.
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networks. Like larger arteries, arteriole properties vary in a vascular
bed-specific manner. The IEL can consist of an intermittent mesh-like
elastin network, or as a continuous elastin sheet; the latter with
intermittent perforating holes, in the same manner as that in arteries.
In mature rodents, arterioles are from ~20 to 70 μm in diameter, with
variability relating to specific vascular beds. In rat iris and mesenteric
arterioles of ~ 40 μm diameter, the IEL is intermittent in the former
and a continuous sheet in the latter19 (and Sandow, SL, unpublished
observations). Proximal (‘1A’) arterioles in the cremaster muscle of the
rat are up to ~ 170 μm in diameter and have a continuous IEL (albeit
with holes),20 whereas the distal end of this vessel of o~80 μm in
diameter has a discontinuous-intermittent IEL (Sandow, SL,
unpublished observations); with arterioles of the hamster cheek pouch
of ~ 80 μm diameter having an intermittent IEL.18 Relative to overall
vessel diameter, the arteriolar adventitia is usually thin; but can also be
sparse to thick, depending on the vascular bed, species (see compara-
tive citations above) and developmental state; at least in arterioles of
the rat iris (Sandow, SL, unpublished observations).

SITE OF VASCULAR RESISTANCE AND RELATION TO

HYPERTENSION

Around 70–90% of vascular resistance is modulated by muscular
arteries and arterioles; with a significantly lesser contribution
from conduit vessels (~10–30%). Notably however, in the cerebral
circulation, large arteries play a major role in the regulation of blood
flow.21 This is especially relevant in studies of hypertension because
microcirculation studies of different vascular beds of spontaneously
hypertensive rats (SHR) show that small arterioles control only
10–15% of the total normal resistance, as compared with 60-70%
controlled by small arteries and large arterioles.22 In the cremaster

muscle of SHR and WKY, ~ 65% of the pre-capillary pressure fall
occurs in arteries with a diameter 4100 μm.23 Direct measurement of
BP in conscious adult rats show that 31% of systemic BP was
dissipated proximal to the base of the mesenteric arcade, and that
arcade arteries can contribute substantially to the control of peripheral
resistance.24 Furthermore, in the mesenteric8 and renal25 vascular beds
of adult SHR, increased SMC layers occur only in arteries/arterioles
470 μm in diameter. Among the intestinal arterioles in SHR, SMC
hypertrophy underlies significant changes in the wall.26 These results
indicate that in hypertension, most structural changes occur in
muscular resistance arteries. Thus, such vessels have a critical role in
the control of vascular resistance in hypertension, simply because
constriction of these arteries will increase BP, irrespective of whether
changes occur in downstream vessels or not. In this review, in small
animals such as rats, arteries with a diameter of 100–300 μm are
considered resistance vessels; irrespective of the evidence supporting
this being mainly circumstantial.27

Changes in conduit arteries
Much of the early work on structural changes in hypertension focused
on large elastic vessels such as aorta. In the SHR aorta, it was surmised
that increased BP facilitated the secondary adaptive structural changes;
given that these are absent in young SHR prior to increased BP,28 and
treatment that lowered BP also prevented wall thickening.29 The
increased medial mass of SHR aorta was largely owing to SMC
hypertrophy associated with polyploidy.30,31 Chronic treatment of
SHR from gestation to 28 weeks of age with nadolol, a β-adrenoceptor
blocker, did not prevent hypertension development, but reduced
polyploidy SMC incidence in the aorta, indicating that polyploidy
SMC development in hypertension is mediated by β-adrenoceptors.32

Table 2 Causative factors for changes in vascular structure

Mechanism Evidence References

Sympathetic nervous system Sympathetic activity increased in large proportion of human hypertensive patients 89

Tachycardia present in pre-hypertensive SHR was good predictor of eventual BP outcome 90

Higher innervation density in cerebral arteries of SHR vs. WKY 1 day after birth 93

Higher innervation density in mesenteric arteries of SHR vs. WKY 10 days after birth 93

Neonatal sympthectomy prevented hypertension development and structural/functional changes in mesenteric arteries of SHR 93

Neonatal treatment with capsaicin prevented hypertension in SHR 101

Renin–angiotensin System Ang II infusion induced hypertension development and increased medial area of mesenteric vessels 179

Ang II infusion caused changes in mesenteric artery and aorta PVAT function 13

Ang II infusion caused structural and functional changes in mesenteric arteries that are associated with hypertension

development and cardiac hypertrophy

13

ACE inhibitor treatment of SHR before and after birth prevented hypertension development and cardiac hypertrophy 50

ACE inhibitor treatment in SHR prevented medial wall hypertrophy and an increase in SMC layers in mesenteric arteries

through induction of SMC apoptosis

106,115,116

AT1 receptor antagonist treatment lowered BP and decreased wall thickness in mesenteric arteries but did not lower BP

permanently

106

ACE inhibitor treatment caused production of Ang-(1–7) and accumulation of bradykinin 109

Infusion of Ang-(1–7) lowered BP in SHR 111,112

Treatment with epalapril in young SHR prevents further development of vascular hypertrophy of renal vessels 117

Treatment of enalapril in adult SHR reversed vascular hypertrophy in mesenteric arteries and some large renal vessels 116

DNA synthesis/apoptosis Newborn SHR superior and large mesenteric arteries are similar to WKY suggesting structural changes occur after birth

through differentiation of myofibroblasts or proliferation of SMC

76

Autoradiographic studies show higher large mesenteric artery SMC labeling in SHR than WKY after 1 week post birth, but

similar in older age groups

77

At 6 weeks when SHR BP becomes higher than WKY, higher labeling in SHR SMC found in aorta, renal artery, femoral artery 78

1–2 week SHR have lower incidence of apoptotic SMC than WKY 79
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In the superior mesenteric artery, a thickened medial wall was found
only in SHR with established hypertension,33 suggesting that as in the
aorta, the change was likely also an adaptive response. However, in SHR
treated in utero with vasodilator hydralazine, which prevented hyperten-
sion development, medial hypertrophy progress was unaffected, indicat-
ing that other intrinsic factors besides elevated BP underlie vascular
remodeling in this vessel.34 In the carotid artery, the medial wall is
already thickened in 135 and 15 day old36 SHR. In a similar manner, in
the main renal artery, a thicker medial wall is present in pre-
hypertensive SHR, compared with age-matched WKY.25 These results
suggest that changes in the carotid and main renal artery are likely
primary changes related to hypertension development in SHR. However,
these arteries are not typical of large elastic vessels such as the aorta. The
media of the carotid artery consists mostly of SM, and the main renal
artery resembles the superior mesenteric moreso than the aorta.
Notably, no structural change occurs in the femoral artery of female
SHR as compared with normotensive male Sprague-Dawley rats.37

In most other non-SHR hypertensive models, a thickening of the
aortic medial wall also occurs, but the specific changes differ. In the
deoxycorticosterone acetate model, medial enlargement owing to
increased elastin and collagen occurs in the thoracic aorta in one,38

but not in another study.39 Instead, an increase in medial CSA occurs in
the abdominal aorta, owing to SM hyperplasia.39 Hyperplasia of SMC is
involved in the enlargement of the medial wall in deoxycorticosterone
acetate/ NaCl hypertensive rats,40 and aortic wall in rabbits made
hypertensive by partial abdominal aortic constriction above both
kidneys.41 In renal hypertensive rats, an increase in medial SMC mass
occurs, but the specific type of SMC change (that is, hyperplasia or
hypertrophy) was not reported.42 In rats made hypertensive by surgical
constriction of the sub-diaphragmatic aorta, medial enlargement was
due to SMC hypertrophy,43 which was also involved in increased medial
mass in the superior mesenteric of Dahl salt-sensitive hypertensive rats.44

Thus, specific changes in the medial wall of elastic vessels in
hypertension are highly dependent on the vessel type and animal
model examined. In the SHR, changes such as hypertrophy of aortic
SM are adaptive, following in response to hypertension, whereas those
in carotid and the main renal artery are primary and may contribute
to hypertension development. In other animal models, changes
associated with SM hyperplasia or hypertrophy are likely associated
with the types of stimulus in the respective models. For instance,
medial SMC hypertrophy in animal models may be induced by
increased Angiotensin II (Ang II) production; as suggested from
studies showing that Ang II induced SMC hypertrophy in culture,43,44

and reversal of aortic medial hypertrophy by Ang II block.45 The
Goldblatt hypertensive rat is an example of where SMC hypertrophy
contributes to the increased medial mass in the aorta, which was
accompanied by an increase in DNA ploidy.46

The changes in conduit arteries are summarized in Table 1.

Changes in resistance arteries
In most hypertension models, consistent changes are observed in large
arterioles and muscular arteries. As above, these vessels are of primary
importance for the control of blood flow and pressure, and thus for
the control of vascular resistance. In rat mesenteric arteries (diameter
120–280 μm), medial wall hypertrophy occurs in SHR at the
pre-hypertensive phase of hypertension development,47 indicating
changes in this type of vessel are primary, thus contributing to such
development. Medial wall hypertrophy persists in SHR during the
early and established phases of hypertension development.10 In SHR
treated in utero with hydralazine, which prevented hypertension
development, medial hypertrophy still occurred;34 and treatmentT
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withdrawal after 26 weeks resulted in increased BP within 2 days;48

supporting the primary nature of the vascular remodeling in these
mesenteric arteries. Similar results in such vessels also occur in SHR
treated with hydralazine from 4 weeks of age.49 Notably, the wall of
the relaxed hypertrophied vessels did not encroach upon the
mesenteric artery lumen in male SHR where most of the studies were
done. In the female SHR, however, the superior and muscular
mesenteric artery lumen is smaller with no change in the CSA of
the total vessel wall, compared with WKY,50 thus illustrating a
gender-based difference in structural change in SHR. In the
deoxycorticosterone acetate–NaCl40 and Dahl salt-sensitive genetic
hypertensive rats,44 medial wall hypertrophy again occurs without a
change in lumen diameter under maximal relaxation. Based on the
increased SM layers and SMC length,51 the medial hypertrophy in
these animal models of human hypertension is attributed to both SMC
hypertrophy and hyperplasia.
In the cerebral circulation, vessel wall hypertrophy occurs in the

basilar (lumen diameter, 200–345 μm) and superior cerebellar arteries
(lumen diameter, 115–270 μm) from SHR and stroke-prone SHR
(SP-SHR), characterized by an increase in SMC layer numbers.52 No
difference in basilar artery lumen size occurs among SHR, SP-SHR
and WKY, but in the superior cerebellar, lumen was smaller in
SP-SHR than SHR. In the posterior cerebral artery (lumen diameter,
90–230 μm), even though SMC layer numbers were higher in SHR
and SP-SHR than WKY, medial wall hypertrophy occurs only in
SP-SHR; mainly because these vessels are larger in the SP-SHR than
SHR and WKY; given the larger lumen size. Nevertheless, media-to-
lumen ratio was higher in SHR and SP-SHR than WKY.52 These
results show that even among the hypertensives, there are differences
in the specific changes between animal strains and vascular beds.
In the renal vasculature, with the exception of pre-glomerular

arterioles, all renal arteries of pre-hypertensive SHR show an increased
medial wall; the CSA in most instances being due to increased SMC
layers, indicating that a primary change contributed to hypertension
development.25 A similar change also occurs in adult SHR, with no
change in the lumen size in the renal arteries.25 Treatment of SHR
in utero with hydralazine to prevent hypertension development did not
change the development of vascular remodeling in the renal arteries of
SHR, showing that these are not secondary adaptive changes due to
hypertension development.47 Withdrawal of hydralazine treatment
results in a rapid BP rise to hypertensive levels within 1–2 days,
showing the importance of these changes in the development of
hypertension.48

The changes in muscular arteries are summarized in Table 1.

Vascular changes in arterioles
Arteriolar medial and adventitial area and media-to-lumen ratio can
be altered in hypertension. For example, in the cremaster muscle
arteriole of the hypertensive (and hyper-insulinemic, -lipidemic and
-glycemic) diet-induced obese rat, media-to-lumen ratio and IEL
thickness is increased and adventitia thickened compared with
non-obese control.53 Of note, few studies have examined anatomical
arteriolar remodeling in sufficient resolution (such as with
electron microscopy) to clarify whether such changes are typical of
hypertension; or indeed, causative to hypertension.

Vascular changes in veins
Medial hypertrophy in the portal vein and vena cava of 6-month old
SHR has been reported,54 and based on parabiotic pair experiments, a
circulating factor was suggested as causative.55 However, in small
mesenteric veins (lumen diameter, 366–377 μm56) and the portal
vein57 of adult SHR, no change in vessel wall structure occurs.
Further clarifying studies are needed to examine whether structural
hypertension-related changes occur in the venous system.

Hyperplasia or hypertrophy of SMC in hypertension?
The general medial hypertrophy associated with hypertension in
arteries is due to SM hypertrophy and/or hyperplasia, with the specific
cause of medial enlargement varying between forms of hypertension
(as well as between models) and between vascular beds. Some of the
controversy on this issue is owing to methodology. Suggested
hyperplastic changes in SM were partly based on cultured SMC data
from SHR and WKY, and these cells were often derived from thoracic
aorta.58–62 This is in spite of the findings from studies of intact tissues
that medial hypertrophy in SHR thoracic aorta is a secondary adaptive
response, owing to hypertrophy and polyploidy of SMC, as discussed
above (per, ‘Changes in conduit arteries’). These studies also failed to
show that the multi-nucleated and polyploid nature of some SMC in
SHR aorta occurred or was maintained in their culture systems.
Polyploid SMC proliferate at a much slower rate than diploid SMC,
and a need to consider ploidy changes when evaluating in vitro SMC
growth kinetics is required.63 It is possible that the SMCs derived from
the thoracic aorta of SHR and WKY were diploid; and yet studies
using cultured aortic SMC from SHR and WKY made conclusions
that were applied to the entire vasculature generally; when this is an
inherently invalid premise. Cell isolation and culture have significant
effects on SMC growth kinetics; as a further example of cell isolation-
and stress-induced phenotypic drift (see ref. 1). Indeed, SMC derived
from mesenteric arteries grow at a much slower rate than that from
aorta.64,65 Unfortunately, to date, systematic studies comparing the
growth characteristics of isolated SMC from mesenteric arteries
(and resistance vessels in general) normotensive and hypertensive
models has not been conducted.
In studies of SMC growth, several limitations occur when using

isolated such cells. Primarily, these involve the phenotypic changes
that arise as a result of the isolation and culture process; being
stress- or experimental/condition-specific. Indeed, even with the same
agonist, such as Ang II, the SMC growth response can be due to
hypertrophy or hyperplasia, depending on the cell isolation and
culture methods, and the presence other growth co-factors,66 includ-
ing chemokines.67,68 In a similar manner, the lack of modulating
influence of other vascular cells such as the innervation, endothelium
and adventitial mediator cells in an isolated cell system can limit the
relevance of data obtained. Further, unlike in isolated SMC, in intact
cultured segments or strips of human, pig, rabbit or rat arteries,69 only
a small fraction of the medial cells of an intact vessel can be stimulated

Figure 1 Critical key interactions between hypertension and vascular
remodeling.
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to synthesize DNA. In a similar manner to isolated and cultured cell
states, the use of organ culture to reportedly simulate in vivo
conditions is also of limited relevance given that wall properties alter
with culture conditions.70 Thus, considerable caution needs to be
exercised in drawing conclusions relating data obtained from isolated
cells or tissues to that from intact vessels.
Earlier morphometric studies also contributed to some of the

abovementioned confusion. Based on the reported absence of change
in SMC length in SHR mesenteric arteries compared with WKY,71,72

an assumption was made in the protocol for the measurement of
vascular changes in hypertension that the length of SMC in the SHR
mesenteric arteries was similar to WKY.10 This led to the conclusion
that the increased SMC layers in the mesenteric arteries of SHR was
due to SMC hyperplasia10 (see also ref. 73). Other studies also arrived
at the same conclusion for mesenteric arteries26,74 and renal
vasculature25 of WKY and SHR. Such data supported the concept
that during hypertension development, SMC hyperplasia is a major
contributor to medial hypertrophy. In time, this concept became so
entrenched such that authors of reviews generally accepted it a priori.
With the advent of confocal microscopy and appropriate staining
techniques for serial sectioning and serial reconstruction, two fixation
methods were applied, in vitro and in situ, to the mesenteric vascular
bed of young SHR and WKY, and the volume of the medial wall and
lumen, numerical density of SMC nuclei, SMC and nuclear length
were measured.51 Both methods of fixation yielded similar results
showing that increased SMC length is responsible for vascular
hypertrophy in the mesenteric arteries of SHR. There are several
explanations of why earlier studies suggested that SMC hyperplasia is a
major contributor to medial wall hypertrophy in hypertension, as
clarified above. Furthermore, three-dimensional reconstruction (two
paragraphs, below) via confocal microscopy allowed vascular structure
to be assessed directly and without the bias that came with estimating
cell number from single histological sections.75

Cell proliferation and apoptosis
The structure of superior and large mesenteric arteries from newborn
SHR is similar to that of WKY, indicating that structural changes in
these SHR vessels occur after birth either through differentiation of
existing myofibroblasts, or SMC proliferation.76 Autoradiographic
studies showed that SMC density was similar between superior
mesenteric artery from SHR and WKY at 1, 2 and 4 weeks after
birth, whereas in the primary and secondary mesenteric branches,
SMC density was higher in SHR than WKY at 1 week after birth; but
became similar in older age groups.77 These results suggest that
increased SMC DNA synthesis may have a role in hypertension
development in SHR. Given that medial hypertrophy in these vessels
was due to SMC hypertrophy,51 the increased DNA synthesis resulted
from larger SMCs rather than an increased cell number. At ~ 6 weeks
of age when SHR BP differentiates and becomes higher than WKY,
a higher SMC density occurs in large conduit vessels such as aorta,
renal and femoral artery of SHR compared with WKY, but no
difference occurs in resistance arteries from mesenteric and renal
vascular beds.78 These data suggest that the elevated DNA synthesis in
large arteries of 6-week old SHR represents a secondary adaptive
response to the marginally elevated BP.78

Another potential contributor to medial hypertrophy in SHR vessels
relates to apoptosis. In first order mesenteric arteries from young
1–2-week old SHR, apoptotic SMC incidence is lower than in WKY;79

although at ~ 1% of total medial SMCs,79 the impact of this change
was unlikely to be significant. Notably, in second order mesenteric
arteries of 8 and 12, but not young 4-week old SHR, medial SMC

apoptosis was significantly increased compared with WKY.80 Thus,
apoptosis may exert a role in resistance artery remodeling during
hypertension development79,80 (for review, see refs 47,81). Indeed,
given that this development begins ~ 6 weeks of age in SHR,47,82 these
data are consistent with SMC apoptosis exerting a role in resistance
artery remodeling during hypertension development79,80 (for review,
see refs 47,81). Thus, in SHR mesenteric artery, vascular remodeling
associated with increased medial thickness and BP is potentially
developmentally related to increased cell size and an altered apoptotic
SMC incidence.

Three-dimensional confocal reconstructions
Three-dimensional confocal reconstruction of tissues ex vivo allows for
statistically valid measurement of blood vessel characteristics such as
medial, luminal and adventitial volume and SMC nuclei and layer
numbers. This method thereby facilitates the evaluation of vessel
structure and its effect on BP development, via eliminating the
distortion associated with embedding, sectioning and potential
investigator bias;83 although fixation remains a (minor) distortion
issue. Regardless, confocal microscopy is optimal as thin noninvasive
sections, similar to those used for electron microscopy, can be
produced and the distance between these optical sections, in terms
of tissue volume, can be precisely known.83 Such confocal methods
have shown that medial volume of site-matched mesenteric resistance
vessels in SHR at 4 weeks of age is significantly larger than in WKY
(~16 800 vs. 11 200 μm3 μm− 1 length of artery, respectively) when
only a small difference in BP between these strains exist at the young
age.83 Further, SM layer numbers in the media of these vessels are
increased in SHR compared with WKY (4.1 vs 2.7, respectively) and
correlation analysis revealed that the increase in SMC layers accounted
for 81% of the medial volume increase.83 Confocal microscopy
also shows that increased medial volume in pre-hypertensive SHR
mesenteric arteries is due to increased SMC length;50 whereby medial
volume expansion occurs in SHR, and not WKY, without a lumen
change in the maximally relaxed state. Further, SMC density is less in
SHR compared with WKY, whereas SMCs (and their nuclei) are
longer in SHR than that WKY.50 Interestingly, in basilar artery of
SP-SHR, SMCs have an abnormal orientation, with discrete regions of
SMC at an altered angle of orientation in the XY plane84 (for review,
see ref. 85), suggesting abnormal SMC and adventitial cell interaction
(for review, see ref. 85).
In the adventitia of rat mesenteric and basilar artery, confocal

imaging shows a higher cell density and heterogeneous morphology in
SP-SHR and L-NAME-induced hypertensive rat models over
control84,86 (for review, see ref. 85), consistent with the increased
role of sympathetic constrictor and sensory dilator innervation in
hypertension (see following section, below); and increased adventitial
stiffening with elevated pressure load and stress.87 Confocal data
further show that Ang II-infused rats display significantly increased
media-to-lumen ratio and a significantly higher expression of vascular
cell adhesion molecule 1 in mesenteric arteries compared with
untreated control, with these effects being abolished by peroxisome
proliferator-activated receptor α docosahexaenoic acid.88 Thus, these
data show that lowering BP by docosahexaenoic acid is associated with
improved endothelium-dependent relaxation (EDR) and altered
vascular structure in Ang II-infused rats.88

Confocal studies also show that drug-mediated correction of
hypertension has implications for vessel structure. A combined
treatment with the angiotensin-converting enzyme inhibitor (ACEI;
see also ‘Renin–angiotensin section’, below) quinapril and HMG-CoA
reductase inhibitor (and cholesterol medication) atorvastatin lowered
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systolic BP in both SHR and WKY rats.89 Confocal myography found
a decrease in medial thickness and volume and SMC layer number in
mesenteric arteries; in addition to a decrease in the media-to-lumen
ratio in the interlobular arteries from quinapril and atorvastatin
treated SHR, but not in WKY rats.89

MECHANISMS OF VASCULAR REMODELING IN VIVO
ASSOCIATED WITH HYPERTENSION DEVELOPMENT

Sympathetic nervous system
In humans, sympathetic activity is increased in a significant number of
patients with hypertension, and the increase in sympathetic drive is
widespread across many organs (summarized in Table 2).90 A similar
state occurs in rat models, where vessel function is altered in
sympathectomy (for example, ref. 91) potentially and likely reflecting
anatomical observations; per examples, below. In the SHR, tachycardia
in pre-hypertensive young rats is a good predictor of eventual BP
outcome, and this correlation occurs even among normotensive rats.92

In order to demonstrate the essential role of the sympathetic nervous
system in the development of hypertension multiple methods have
been used to induce sympathectomy. However, traditional methods
using sympatholytic agents such as guanethidine, or anti-nerve growth
factor, were ineffective in the SHR, partly because of the resistance of
the SHR to these agents.93 The failure to induce sympathectomy using
the common sympatholytic agents in neonates is also related to the
sympathetic perivascular plexus developing earlier in vessels of SHR
than WKY.91 In cerebral arteries, a higher innervation density occurs
in SHR compared with WKY 1 day after birth. Sympathectomy with
guanethidine and anti-nerve growth factor after birth reduced cerebral
artery nerve density in SHR and SP-SHR, but did not cause complete
sympathectomy, as is the case in WKY.94 Mesenteric arteries were not
innervated at birth, and a higher innervation density was present by
10 days after birth in SHR compared with WKY.94 The only effective
method to achieve complete sympathectomy in SHR is a combination
of guanethidine and anti-nerve growth factor after birth, which
eliminates sympathetic nerves in the mesenteric arteries of SHR and
WKY.94,95 Such sympathectomy prevents hypertension development
and structural and functional changes in SHR mesenteric arteries;95

thus showing the trophic influence of sympathetic nerves on vascular
changes and hypertension development in SHR. Sympathetic nerves
also have a trophic influence on cerebral artery remodeling
during hypertension development in the SHR and SP-SHR.52 In
sympathectomized SHR, circulating levels of catecholamines from the
adrenal medulla still cause a higher BP than in WKY.95 Adrenal
demedullation caused a further decrease in BP to WKY levels, which is
associated with increased lumen size in muscular arteries.96

Sympathectomy alone or in combination with demedullation
increased adventitia size in both hypertensive and normotensive
animals.95–97

The effects of other perivascular nerve types, such as the sensory
population, on vascular remodeling and hypertension development are
unclear. Neonatal sympathectomy with anti-nerve growth factor and
guanethidine did not destroy all the nerves surrounding the blood
vessels of SHR and WKY.94 Vasoactive intestinal peptide is 50–100
times more potent than acetylcholine as a vasodilator98 through its
endothelium-mediated nitric oxide (NO) activity.99 Vasoactive intest-
inal peptide-containing fiber density was higher in veins and superior
mesenteric artery of SP-SHR than WKY, and lower in cerebral arteries
of SP-SHR than of WKY; although no difference occurs in mesenteric
resistance arteries of these strains. Sympathectomy reduced nerve
density in all the peripheral vessels, but had little effect on cerebral
arteries.100 Substance P-containing nerves are involved in the control

of the mesenteric artery myogenic response.101 Neonatal SHR treat-
ment with capsaicin, which destroyed substance P-containing sensory
nerves also prevented hypertension development;102 although via an
unknown mechanism. The density of substance P-containing nerves is
similar between SP-SHR and WKY in the peripheral vessels, but
higher in cerebral arteries of WKY than SP-SHR. Sympathectomy
reduced the density of these nerves in the peripheral vessels, but
increased the density in some cerebral arteries of SP-SHR.100 Thus, it
is unlikely that substance P is involved in hypertension development,
at least not in the SHR. The density of neuropeptide Y containing
nerves was higher in the peripheral vessels of SP-SHR than WKY, and
sympathectomy caused a near-complete removal of these nerves,100

which may be related to the association of sympathetic and sensory
innervations.

Renin–angiotensin system
Infusion of Ang II has a significant effect on vascular morphology,
hypertension development and BP; including a sensory innervation-
mediated affect. In maximally relaxed vessels, Ang II infusion
increased the polyamine concentration and medial area in rat
mesenteric arteries.103 The increased medial wall area was mediated
by angiotensin II type 1 (AT1) receptors,

104 and Ang II infusion also
caused changes in PVAT function in the aorta and mesenteric arteries,
and structural and functional changes in the latter that are associated
with hypertension development.105

Studies of antihypertensive treatment on artery structure have
helped unravel the mechanisms underlying vascular changes in
hypertension. Among the different types of anti-hypertensives,
treatment with ACEI have significant effects on vascular structure.
Treatment of SHR with the ACEI captopril, before and after birth
prevented hypertension development, structural and functional
changes of mesenteric arteries and cardiac hypertrophy.50 Smaller
lumen size in female SHR was normalized to that in WKY. In superior
and large mesenteric arteries, captopril treatment prevented medial
hypertrophy, and the increased number of SMC layers.50 Treatment of
SHR beginning at 3 weeks of age for 12 weeks with an AT1 receptor
antagonist L-158-809, lowered BP and decreased wall thickness in
mesenteric arteries, but did not prevent hypertension permanently, as
treatment withdrawal caused an increase in BP to hypertensive levels,
and an increase in wall thickness to the level of untreated control.106

Notably, ACE inhibition is effective in delaying the redevelopment
of hypertension following inhibitor withdrawl or calcium
channel blocker (nitrendipine) administration.107,108 Interestingly,
a permanent inhibition of the potentiating effects of Ang II on the
nerve-mediated response was achieved with AT1 receptor blocker
treatment.106 In contrast, treatment of adult (15-week old) SHR with
the ACEI perindopril was more effective than treatment with an AT1
receptor blocker; since after 10 weeks of treatment and the switching
of the drugs between the two treatment groups, BP was increased in
the group switched from ACEI to AT1 blocker, whereas BP decreased
in the group switched from AT1 blocker to ACEI.109 The better BP
control achieved via treatment with an ACEI is likely due to its effects
on the vascular wall; ACEI induced a thinner wall than did the AT1
blocker. Other effects of ACEI include the production of other
vasoactive products such as angiotensin 1–7 (Ang-(1–7)) and an
accumulation of bradykinin.109 Treatment of SHR with ACEI
increased plasma levels of Ang-(1–7), 5–50-fold,110,111 and infusion
of Ang-(1–7) in SHR reduced BP.111,112 This aspect is interesting in
view of Ang-(1–7) being the only factor identified to date as the
diffusible EDR factor released by PVAT,113 thereby providing a local
source of Ang-(1–7) in the modulation of vascular structure and
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function. Of interest, other receptor-mediated mechanisms may also
play a role in SM proliferation in hypertension. For example, in
cultured aortic vascular SM the D4 dopamine receptor has an
inhibitory effect on proliferation of, and is suggested to play a
regulatory role in AT1a receptor expression, where its role is preserved
in SHR over WKY.114

The effect of ACEI on vascular structure is in many cases likely
related to its ability to induce SMC apoptosis. Treatment of 10-week
old SHR with the AT1 blocker losartan or ACEI enalapril for 4 weeks
increased the SMC apoptosis rate, resulting in a reduction in medial
mass and SMC number.115 Treatment of adult (15-week old) SHR
with quinapril for 10 weeks caused vascular remodeling through the
induction of medial SMC apoptosis in rat mesenteric arteries, and
reduced the augmented contractile response and improved EDR.116

These results suggest that Ang II has an inhibitory effect on SMC
apoptosis. Interestingly, the response to ACEI differs between
mesenteric and renal arteries. In mesenteric artery of adult SHR and
WKY, quinapril reduced the media thickness-area and media-to-
lumen ratio, but in renal vessels, only the media-to-lumen ratio of the
interlobular arteries from SHR was reduced.116 In contrast, treatment
of young SHR with enalapril for 10 weeks significantly reduced the
media-to-lumen ratio of interlobar and interlobular arteries.117 These
data show that in young SHR, treatment with enalapril prevented
further development of vascular hypertrophy in the renal vessels,
whereas in adult SHR with established hypertension, reversal of
vascular hypertrophy was possible in the mesenteric, but only in
some larger renal arteries.116 Treatment with ACEI also prolonged the
lifespan of SHR after treatment withdrawal through reduced damage
to the brain and kidneys.118 In addition to its effect on SMC growth
and thereby vascular remodeling in hypertension,66 Ang II also affects
stroke development.119,120 In SP-SHR, the myogenic response of
middle cerebral artery in response increased pressure was lost prior
to stroke development.121 Treatment of SP-SHR with ACEI prevented
or delayed the onset of stroke by preserving the cerebral artery
myogenic response.120

Alteration in response to changes in flow and/or pressure
In the cerebral circulation, arteries respond to changes in pressure or
flow by constriction or relaxation, as the autoregulatory mechanism.
Thus, an increase in pressure or flow will induce constriction to
protect small vessels downstream, whereas vessels will dilate in
response to a decrease in pressure or flow, to maintain adequate
perfusion to vessels downstream.
Hemodynamic changes are powerful inducers of arterial structural

change. An elevated blood flow usually increases lumen size due to the
increased fluid shear force applied on the vessel wall.122 Given that it
occurs soon after the elevation of blood flow, the luminal expansion
via an acute elevation of blood flow is mainly a functional adjustment,
whereas permanent changes in vascular dimensions owing to chronic
increased blood flow are associated with changes in cellular and
extracellular components of vascular tissue.123,124 Vasodilation
associated with an acute elevation of blood flow involves the releases
of vasodilators such as NO and/or prostaglandins125,126 from the
endothelium, and/or the activation of specific ion channels.127

Although mesenteric blood flow in SHR is similar to that of
WKY,128,129 arterioles from young SHR are subject to a significant
increase in shear rate compared with WKY and older SHR.130

A higher blood flow velocity in mesenteric arterioles from SHR
compared with WKY has been reported.131 Thus, arteries from SHR
are subject to increased blood flow and pressure. By using the ligation
method of Unthank et al.,132 responses to chronic increased blood

flow in an in vivo environment can be examined; whereby small
mesenteric arteries exposed to increased blood flow become thicker
with larger diameter, due to hyperplasia and / or hypertrophy of SMC.
The endothelium appears to be involved in this response as its removal
prevented vascular changes associated with altered flow,122,133

consistent with endothelium-mediated growth factor action.134,135

Gao et al.,136 applied the ligation method in mesenteric arteries of
11–12-week old SHR and WKY for 7–10 days, and studied vascular
changes with an emphasis on SMC growth and apoptosis. In WKY,
increased blood flow resulted in a reduction of apoptotic SMC, no
change in wall-to-lumen ratio, and an increase in lumen diameter, the
number of SMC layers, and the proliferating cell nuclear antigen
(PCNA)-positive SMC. In SHR, elevated blood flow increased vessel
wall thickness and SMC layer numbers, and the wall-to-lumen ratio,
and PCNA-positive SMC; but with no change in lumen size or the
number of apoptotic SMC. These results show that mesenteric arteries
from hypertensive and normotensive rats respond to an increase in
blood flow differently. They also showed that an alteration in blood
flow is a powerful modulator of vascular remodeling even in the
presence of hypertension as in the case of SHR. The mechanism
involved in causing vascular changes due to a chronic increase in
blood flow is not known.

Endothelium-mediated mechanisms
Endothelium-dependent relaxation and constriction (EDC), and the
balance therein are key mechanisms for the control of vascular tone
and thus of blood flow, pressure and tissue perfusion. Defects in the
mechanisms of EDR and EDC are associated with the etiology of
hypertension (for example, for review, see refs 2,137,138). Indeed,
extensive animal model data, supported by studies from human
subjects showed that defects in all mechanisms of EDR and EDC
have significant implications for hypertension. However, whether
these are a cause or consequence of an elevated BP is not fully
clarified. Here, a brief outline of the EDR-EDC mechanisms that
contribute to hypertension, and their potential association with arterial
remodeling is presented.
In the normal state, the mechanisms of EDR and EDC have

different contributions in and between vascular beds, between species
and sexes, and during development and ageing. This variability in
specific mechanisms also applies in disease; including hypertension.
The specific alterations in dilator and constrictor pathways are diverse
and in part relate to the relative and differential contribution of
specific mechanisms of EDR as endothelium-derived hyperpolariza-
tion (EDH), NO and cyclooxygenase; and of EDC action, including
that of endothelin, superoxide and thromboxane. The characteristics
of remodeling also differ in and between vascular beds, between
species and sexes, and during development and ageing; but do not
appear to be directly related to the mechanism of EDR that are altered
in hypertension (Table 3). Indeed, typical conduit and resistance
arteries and arterioles show diversity in EDR and specific structural
and remodeling characteristics with hypertension associated with a rat
model of diet-induced obesity (Table 3). Given the apparent lack of
association of remodeling and altered EDR mechanisms, alterations in
EDC may also not be directly linked to arterial remodeling. However,
ultrastructural data on this latter point are not available.
Does arterial remodeling and hypertension arise as a cause or

consequence of altered EDR and EDC? As above, whereas this is
unknown, there are correlative ultrastructural and functional data that
allude to whether or not this is the case. However, a significant caveat
to this is that the morphological and ultrastructural characteristics of
remodeling show significant diversity between different vascular beds,
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even within the same hypertensive animal model (Table 3) and do not
change in a consistent manner in different vascular beds. Indeed, these
data may be considered to be consistent with the generalized dogma of
reduced lumen diameter and increased medial area underlying
essential hypertension in resistance vessels, such as mesenteric and
cremaster muscle arteries, as compared with conduit vessels such as
the saphenous and femoral arteries and aorta.91,139

Of note, EDH-dependent myoendothelial gap junctional coupling
was absent in the saphenous artery (as a conduit vessel) of the adult
normotensive control rat, but present in the hypertensive diet-induced
obese rat, which also exhibited no change in medial area or media-to-
lumen ratio compared with control;140 but also exhibited impaired
NO-mediated EDR and increased endothelial caveolae density.141

Interestingly, EDH-dependent myoendothelial gap junctional coupling
was present in the saphenous artery of the juvenile 14-day-old
rat in contrast to the saphenous from the normal 16-week-old
adult animal.142 Indeed, developmental BP in normotensive rats
peaks at ~ 6–10 weeks of age.82 In combination, assuming that
myoendothelial gap junction presence reflects the same overall
function in the saphenous artery from young and hypertensive animals
(being primarily a dilator mechanism; but also related to
differentiation134,135), these data suggest that the remodeling associated
with the EDH-dependent myoendothelial coupling mechanism is not
directly or solely related to elevated BP. However, given the additional
significant functional and anatomical changes that occur in develop-
ment and disease, altered myoendothelial coupling will likely have
implications for the conduction of endothelium-dependent responses,
in development and disease,137,143 with future studies being required
to address this issue.
As above, the specific signalling mechanisms associated with EDH

are diverse within and between vascular beds, species, ageing,
development and disease. Regardless, as a component of EDR a
fundamental underlying mechanism of EDH involves small and/or
intermediate conductance calcium-activated potassium channel
(S/IKCa) activation. However, other signalling mechanisms associated
with EDH can be both conserved and diverse within and between
vascular beds. For example, the contribution of (in some cases,
microdomain-related) inward rectifying potassium channels (Kir),
Na-K-ATPase, and inositol-1,3,5-trisphosphate-mediated Ca2+

release3,144,145 varies in and between different arteries, as above, to
be associated with both similar and different underlying signalling
pathways, depending on the artery. In this regard, changes in
EDH-related S/IKCa-Kir-Na-K-ATPase expression and activity have
been reported in different arteries in the same model of obesity-related
hypertension. In contrast to the conduit saphenous artery, in 4th order
mesenteric (resistance) arteries from the hypertensive diet-induced
obese rat model, the myoendothelial coupling density was unchanged
and the media-to-lumen ratio increased146 (Table 3). In the
mesenteric artery from the hypertensive diet-induced obese rat,
EDH was due to an increased contribution of IKCa and decreased
SKCa and Kir, compared with normotensive control.
In cremaster muscle arterioles (as a typical microvascular resistance

vessel) of the hypertensive diet-induced obese rat, SMC layers, media-
to-lumen ratio, wall thickness and medial area were increased; whereas
vessel diameter was not significantly different from that in the
normotensive control53 (Table 3). As above, these observations again
reflect the diversity in remodeling between different vessels in the same
model of hypertension; and that also occur between models of
hypertension.147 Interestingly, in the hypertensive diet-induced obese
rat, cremaster muscle arteriole endothelial caveolae density was
decreased, and NO synthase (S) activity and NO activity induced;20

all of which contrast to observations from the conduit saphenous
artery in this model.141

In the caudal artery of the hypertensive adult SHR rat, SMC layers,
medial area and myoendothelial gap junction density is increased, and
vessel diameter decreased compared with age-matched normotensive
WKY.15 In contrast to the hypertensive diet-induced obese rat model,
such changes are consistent with the general view that such increased
medial area and reduced lumen diameter may underlie elevated BP.
However, the implications of such observations are complicated by the
diversity in mechanisms between vascular beds and the genetic
diversity between comparative strains of SHR between laboratories
(for example, refs 148,149).
Based on these data, and as above, the ultrastructural characteristics

of remodeling of the vessel wall in hypertension are diverse with
differences among various vascular beds in the same model of
hypertension as well as between models and vascular beds. Reflecting
on this, there are diverse changes in the contribution of mechanisms
of EDH and NO between beds in the same animal model. For EDH
and related myoendothelial gap junctional coupling these involve
dramatic changes from absence to presence and other subtle changes
such as alterations in the specific contribution of K+ channels.146

However, these data do not support a direct link between the
ultrastructural remodeling, EDR and the presence of hypertension.

Elastic lamina, extracellular matrix (ECM) and integrins
The vascular ECM contains several elements, including elastin,
collagen and integrins, as well as various other proteins, which
collectively have a significant mechanical role in the vascular wall;
serving as a mechanism to influence stiffness and elasticity, with clear
implications for remodeling in hypertension (for review, see
refs 150–152). Specifically, the ECM modulates several aspects of
artery function, which can be altered in hypertension; albeit in a
differential manner depending on the vessel location and form of the
disease or model. Such ECM activities include interrelated factors, as
mechanisms to; (1) sense two-way events where ECM mechanical
forces are transferred into SMCs/ECs, and where vasomotor events are
transmitted to the ECM, thereby modulating vascular cell adhesion;152

(2) control mechanical forces associated with increased pulse pressure
that are transmitted to the progressively smaller arteries; such as that
associated with large vessel stiffening in, for example, hypertension
and atherosclerosis; (3) influence cell positioning; including reputed
changes in SMC-SMC longitudinal interactions that occur with
chronically elevated constriction (albeit in culture conditions);153,154

(4) provide communication pathways between EC and SMC
projections, contacts and related coupling sites associated with gap
junction and/or microdomain signalling activity;16,137,155 and
(5) facilitate the control of longitudinal and radial force generation
associated with tissue movement.152

PVAT
In most in vitro studies of vascular structure and function, the PVAT
layer outside the adventitia was generally removed, partly because it
was thought to have little if any vascular function, and also as it is
easier to study vessel structure and function in the absence of said
layer (for example, refs 138,144). However, adipose tissue is an
important endocrine and metabolic organ. It is known to release
many substances that can cause vascular SM relaxation and
constriction.153 These include leptin,156 hydrogen sulfite,157

omentin,158 adiponectin159 and palmitic acid methyl ester.160 Notably,
PVAT causes dilation of mesenteric resistance arteries;161 and conduit
vessels such as human internal thoracic artery,11 as well as in large
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veins of the rat.12 Importantly, in pressurized mesenteric arteries,
lumen diameter is larger in arteries with intact PVAT than in arteries
with PVAT removed, in both control and hypertensive rats, indicating
that factors released by PVAT are functional under resting conditions,
and that it can play an important role in the control of tone.105,113

PVAT modulates vascular function through two distinct
mechanisms: (1) the release of a transferable relaxing factor, which
induces EDR through NO release and subsequent KCa channel
activation and (2) an endothelium-independent mechanism involving
hydrogen peroxide and a subsequent activation of soluble guanylyl
cyclase.162 Subsequent studies have shown that this transferable
relaxation factor acting through the endothelium is Ang-(1–7), with
a mechanism involving Mas receptors and NO release.113,160 Using
Mas-knockout and wild-type mice, it was confirmed that Mas
receptors are essential in mediating the EDR induced by PVAT;
thereby highlighting the important role of Ang-(1–7) in the control of
vascular function through PVAT.160 In contrast, in the vein, the
endothelium-independent PVAT-mediated mechanism inhibiting
constriction is absent.163

PVAT function is altered under pathological conditions such as
obesity,158,164,165 and hypertension,105,156,163,166 and is characterized
mostly by an attenuation of PVAT effects on agonist-mediated
constriction. However, in diabetes, acute and chronic hyperglycemia
potentiated PVAT-modulated EDR; with hyperglycemia having no
effect on the endothelium-independent relaxation pathway.167

Interestingly, an absence of adipose tissue (lipoatrophy) induces
hypertension in these animals; which appears likely owing to the
absence of a PVAT enhanced contractile response to agonists, and an
upregulation of vascular AT1 receptors.162 PVAT also potentiates
vasoconstriction induced by nerve stimulation through superoxide-
mediated by Ang II production;13,168 and potentially via PVAT-
mediated activation of SM large conductance KCa,

168 and macrophage
activity.169

Antihypertensive treatment also affects PVAT function. Treatment
of SHR with atorvastatin restored the PVAT-mediated inhibition of
noradrenaline-induced constriction.170 Chronic treatment of obese
mice with melatonin also restored the anti-contractile effect of
PVAT.171 Whether PVAT is involved in the modulation of vascular
remodeling in hypertension is largely unknown. However, given that
Ang-(1–7) is the PVAT-mediated EDR factor, and that per above,
PVAT function is altered in hypertension, the role of Ang-(1–7) on
vascular remodeling in hypertension deserves further study. Notably,
SHR treatment with an ACEI and an angiotensin receptor antagonist
increased plasma levels of Ang-(1–7),172 and Ang-(1–7) inhibits SM
cell growth.173 Thus, it is feasible that vascular remodeling associated
with ACEI treatment is associated with Ang-(1–7), in at least some
models and forms of hypertension.
An emerging area of research relates to the modulation of drug

action by PVAT. Propofol, a commonly used anesthetic, causes
hypotension owing to vascular SM relaxation, through its direct or
indirect vasodilator effects (see ref. 174). PVAT enhances the relaxa-
tion effect induced by propofol in rat aorta through both ED and
endothelium-independent pathways.175 In the ED pathway, propofol
induced NO release via PVAT and activation of endothelial potassium
channels to hyperpolarize SM, resulting in relaxation; whereas the
endothelium-independent pathway involved the release of hydrogen
peroxide by PVAT and subsequent activation of soluble guanylyl
cyclase.175 This is in contrast to thiopental, another popular anesthetic
until recently, where thiopental-induced relaxation was acting through
an endothelium-independent pathway, and the presence of PVAT,
endothelium, or both attenuated this relaxation response induced

through Ang II-dependent and ED mechanisms, respectively.175 The
interaction of PVAT with drugs (and notably, anesthetics with broad
and as yet uncharacterized effects), including those in the treatment of
hypertension and diabetes, will be an important area for future work.
Of note, PVAT is absent in cerebral arteries and intramuscular

arteries of the heart, and therefore local control of vascular function by
substances released by PVAT is absent; although such vessels may still
react to circulating factors released by adipose tissue. Indeed, further
work in this area may provide insight into the disease process leading
to the development of stroke and coronary artery disease.

CONCLUSIONS

Vascular changes in hypertension are complex, and are closely
associated with both the development of hypertension alone, and
the response to changes in the circulating levels of hormones and
vasoactive compounds. The specific composition of any given artery
and the changes that occur therein in disease, differ within and
between vascular beds, in development, ageing and between species
and sexes. The role of PVAT in the modulation of vascular structure
under various disease states such as hypertension, obesity and
metabolic syndrome is an emerging area of research, and is likely to
contribute to the heterogeneity described above.
Among the in vitro methods used to study vascular structure, it is

critical to understand and appreciate the limitations of the methods
used. For example, the use of the vascular myograph system is ideal for
functional studies (pioneered by Mulvany and Halpern176), but is not
suitable for quantitative morphological work; particularly on small
diameter vessels (for review/summary, see refs 177,178). For
meaningful morphometric studies, blood vessels must be fixed
in situ in a consistent and ideally a maximally relaxed state, so that
accurate measurement of lumen size and vessel wall parameters can be
carried out on tissue in a uniform state between preparations
(for review/summary, see ref. 177).
The use of cell and organ culture to study the pathological processes

in hypertension is problematic. Although the use of these systems has
yielded significant advances in the understanding of vascular cell and
tissue function at the cellular and molecular levels, they are most
useful in ‘proof of principle’ experiments, such as demonstrating that
Ang II induce SMC, or blood vessel hypertrophy. However, when
utilized to study changes between hypertensive and normotensive
vessels, or cells derived from these vessels, culture conditions rather
than tissue origin significantly influence the results. Other limitations
in such methods include phenotypic change owing to the culture
methods themselves, primarily as stresses on the isolated cells and
organs; as being artificial from the intact vessel state. Unfortunately,
the limitations of the use of cell and tissue culture are often
underplayed or ignored. Indeed, when comparisons of culture and
the intact vessel state are conducted, the results generated therein are
usually different, thus supporting critical consideration of the culture
state and the data generated therein.
Differences in the etiology of specific forms of hypertension occur,

and the characteristics of vessel remodeling reported in hypertension
show significant variation in the literature; even for the same vessel
under apparently equivalent conditions. Other factors that contribute
differences in reported morphology, but that are often overlooked,
include differences in age, sex, genotype between laboratories,149 as
well as differences in methodology of how remodeling was assessed;
including drawing conclusions from disparate data sets (such as
isolated cell to intact vessels); without adequate consideration of these
issues.
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Understanding the fundamental properties of artery function and
how these relate to signalling mechanisms in real tissues is key to
translating isolated cell and intact tissue data. Indeed, the ultimate
aim of developing new treatments to correct vascular dysfunction
requires understanding and recognition of the limitations of the
methodologies used.
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