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Abstract

Objective—Increased vascular stiffness is central to the pathophysiology of aging, hypertension,
diabetes and atherosclerosis. However, relatively few studies have examined vascular stiffness in
both the thoracic and abdominal aorta with aging, despite major differences in anatomy,
embryological origin and relation to aortic aneurysm.

Approach and Results—The two other unique features of this study were 1) to study young
(9+1 years) and old (26+1 years) male monkeys, and 2) to study direct and continuous
measurements of aortic pressure and thoracic and abdominal aortic diameters in conscious
monkeys. As expected, aortic stiffness, 3, was increased p<0.05, 2-3 fold, in old vs. young
thoracic aorta, and augmented further with superimposition of acute hypertension with
phenylephrine. Surprisingly, stiffness was not greater in old thoracic aorta than young abdominal
aorta. These results can be explained in part by the collagen/elastin ratio, but more importantly, by
disarray of collagen and elastin, which correlated best with vascular stiffness. However, vascular
smooth muscle cell stiffness, was not different in thoracic vs. abdominal aorta in either young or
old monkeys.

Conclusions—Thus, aortic stiffness increases with aging as expected, but the most severe
increases in aortic stiffness observed in the abdominal aorta is novel, where values in young
monkeys equaled, or even exceeded, values of thoracic aortic stiffness in old monkeys. These
results can be explained by alterations in collagen/elastin ratio, but even more importantly by
collagen and elastin disarray.
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INTRODUCTION

Increased vascular stiffness is not only an important mechanism for hypertension, but is also
an important mechanism mediating some of the adverse outcomes in hypertension, aortic
aneurysm, rupture and dissectionl~4. However, increased aortic stiffness is most commonly
associated with aging®®. It is likely that all elderly individuals suffer from increased
vascular stiffness to a more or less degree. Although aortic stiffness has been studied
extensively in aging, and almost all studies agree that it is increased with aging, relatively
few studies have studied vascular stiffness in both the thoracic and abdominal aorta, also
examining the influences of aging. This comparison is important as there are major
differences due to anatomy, wall thickness and even embryological origin, and clinical
importance related to aneurysm development10-12, Furthermore, there is no consensus in the
literature on the extent to which aging increases aortic stiffness in the thoracic vs. abdominal
aorta. A major reason for this is that relatively few studies have been specifically designed
to examine both thoracic and abdominal aortic stiffness in both young and old animals or
clinical subjects.

There are also limitations in models and techniques used to assess the increase in vascular
stiffness with aging. Whereas it is generally agreed that studies in human subjects are most
relevant to understanding human pathophysiology, even these studies have limitations. First,
most older human subjects have evidence of atherosclerosis on autopsy, which in itself is a
major cause of increased aortic stiffness3 14, Secondly, these studies utilize in vitro
techniques from autopsied material or in vivo techniques based on echo or MRI, which
allow only a snapshot in time for aortic stiffness measurement. These latter arguments also
pertain to prior animal studies as well. In addition, for many experiments in animals,
anesthesia is required for these measurements, which by itself, has a major impact on
vascular stiffness.

To obviate these problems, we developed techniques to measure vascular stiffness
instantaneously and continuously in conscious animals without the complicating influences
of recent surgery or anesthesia. To accomplish this, ultrasonic crystals were implanted on
opposing surfaces of the thoracic and abdominal aorta and a pressure gauge was implanted
in the aorta to provide beat by beat measurements of arterial pressure and diameter (Fig. 1),
which are the critical variables required for assessing vascular stiffness, at baseline and in
response to acute hypertension, induced by phenylephrine. An important feature of the
current investigation was to measure both thoracic and abdominal aortic stiffness in the
same animals, in order to address the lack of information and reconcile the controversy in
the literature on differences in thoracic vs. abdominal aortic stiffness with aging.
Furthermore, most prior studies in the literature have studied rodents, which is problematic
for the study of aging, since rodents only live 2-3 years. Accordingly, we utilized non-
human primates as the subjects in the current investigation, which not only are closer to
humans phylogenetically, but also have lifespans of 25 to 40 years. An additional goal was
to determine the mechanism of the increases, e.g., was it due to increased collagen or
decreased elastin or to other factors. One important mechanism involves increases in
stiffness of the vascular smooth muscle cells'® 16, This was accomplished by measuring the
stiffness of isolated vascular smooth muscle cells with atomic force microscopy.
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MATERIALS AND METHODS

Materials and Methods are available in the online-only Data Supplement.

RESULTS

Hemodynamic Characteristics

Although heart rate and mean arterial pressure were not different in old vs. young monkeys,
the aortic pulse pressure was increased in the old monkeys (45+2.8mmHg), compared with
young monkeys (38+2.3mmHg). In old monkeys, the aortic pulse diameters of both thoracic
(0.19£0.02mm) and abdominal (0.06+0.01mm) aorta were markedly lower than those in the
thoracic (0.47£0.12mm) and abdominal (0.09+0.01mm) aorta of young monkeys, suggesting
both segments of the aorta were stiffer in aging monkeys (p<0.05). The calculated aortic
stiffness index (j3), based on aortic pressure and aortic diameter was increased in both the
thoracic and abdominal aorta in old monkeys compared to young ones (p<0.05, Fig. 2A), it
was also greater in the abdominal aorta compared with thoracic aorta in young as well as old
monkeys (p<0.05, Fig. 2A). Interestingly, abdominal aortic stiffness in young monkeys
(33+5.0) equaled that in thoracic aorta in old monkeys (31+3.8).

Increased Aortic Stiffness with Acute Hypertension

Using phenylephrine to pharmacologically elevate aortic pressure, the continuous changes of
mean arterial pressure and diameters and the corresponding aortic stiffness changes were
monitored. Phenylephrine increased arterial pressure similarly in both young and old
monkeys, but pulse diameters of both thoracic and abdominal aorta in old monkeys were
significantly decreased more in old compared to those in young monkeys (Fig. 1). In
addition, the reduction in pulse diameter of abdominal aorta of both young and old monkeys
was more than in the thoracic aorta. The aortic stiffness, presented as stiffness index (j3)
increased more in response to phenylephrine in old monkeys as compared to young ones in
both the abdominal and thoracic aorta (Fig. 2B).

Change in Extracellular Matrix

Aortic elastin and collagen were stained and compared. Collagen density was increased
more in the abdominal aorta compared with thoracic aorta of old monkeys. Also, collagen
density increased more in the abdominal aorta in old monkeys than abdominal aorta in
young monkeys. These data indicate, that this is one mechanism mediating the greater
stiffness in the abdominal aorta compared with the thoracic aorta in old monkeys and also,
greater increases in stiffness in the abdominal aorta of old monkeys compared with
abdominal aorta in young monkeys (Fig. 3A). The elastin density was decreased in both the
abdominal and thoracic aorta in old monkeys, suggesting that this is an important
mechanism underlying the increased stiffness in the abdominal, compared with the thoracic
aorta (Fig. 3B). Furthermore, elastin density was lower in the abdominal vs. the thoracic
aorta in both old and young monkeys, suggesting that this is an important mechanism
underlying the increased stiffness in the aging abdominal, compared with the thoracic aorta
(Fig. 3B).
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The changes in collagen and elastin resulted in a significantly increased ratio of collagen to
elastin in aging monkeys, as well as in abdominal aorta, compared with thoracic aorta, in
both age groups (Fig. 3C, p<0.05). Using a subjective grading system, the severity of
disarray of elastic fibers was compared blindly between thoracic and abdominal aorta and
between both young and old monkeys. Elastin showed more marked disarray in old
monkeys than young monkeys for both the abdominal and thoracic aorta (Fig. 4A, p<0.05),
and elastin disarray was even greater in the abdominal aorta of young monkeys than in the
thoracic aorta of old monkeys (Fig. 4B, p<0.05). Examples of elastin and collagen disarray
levels of 1, 5 and 10 are shown in Fig. 4C. Collagen disarray was also increased in old vs.
young abdominal aorta and in old vs. young thoracic aorta. Regression analysis
demonstrated that all parameters of the extracellular matrix correlated with the increased
stiffness, but that the best correlations were for elastin density and elastin disarray (Fig. 5).

Vascular Smooth Muscle Cell Stiffness

Vascular smooth muscle cells (VSMCs) were isolated from fresh thoracic and abdominal
aorta, and using atomic force microscopy, the stiffness of single VSMCs was studied with
force-indentation relationship by comparing required force for similar generated indentation.
For both the thoracic aorta and abdominal aorta VSMC stiffness, directly relate to force-
indentation, was increased in the old vs. the young monkeys, but there was no significant
difference in abdominal vs. thoracic VSMC stiffness either in young or old monkeys (Fig.
6). It is suggesting the aging induced increases in aortic stiffness found in vivo was partially
due to the increased intrinsic stiffness in VSMC, but that the regional differences in stiffness
between the thoracic and abdominal aorta could not be explained by this mechanism.

DISCUSSION

Increased vascular stiffness is a typical paradigm associated with aging®. Numerous studies
on this topic have documented increased aortic stiffness with aging, but many of the studies
did not examine the mechanism and there is controversy among those studies, which did
examine mechanisms. There is also controversy about differences in thoracic vs. abdominal
aortic stiffness with aging and the mechanisms involved®-8: 17-20  despite the clinical
importance of this topic for renal perfusion or for abdominal aortic aneurysm, which
exceeds thoracic in frequency?L. There is even relatively little known about regional aortic
stiffness and its mechanisms in the absence of aging'”~1°. The present investigation
addressed these topics and the results were significant in two major areas; 1) the
mechanisms of aortic stiffness that differ with aging, and 2) the differences in aortic stiffness
and its mechanisms in the thoracic vs. abdominal aorta.

There are several features of this study that are novel and may be responsible for any
differences from the literature. First of all measurements of aortic dimensions were recorded
from implanted ultrasonic crystals on the thoracic and abdominal aorta to permit direct and
continuous measurements of aortic diameters along with pressure for stiffness calculations.
This is an important difference from the majority of prior work, where aortic stiffness was
calculated from indirect measurements of pulse wave velocity or from in vitro specimens.
Secondly, the current studies were conducted in non-human primates, a model
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phylogenetically closer to humans and quite different from the majority of prior studies
conducted in rodents. Whereas, it would be best to study the effects of aging on human
aortas, it is difficult to obtain measurements in older patients that are entirely free from
atherosclerosis or some intimal changes, which can increase stiffness, whereas the aging
monkey is free from these complicating effects.

We found, as expected, that aortic stiffness was increased in the old compared to the young
monkey. We also found that abdominal aortic stiffness was greater than thoracic aortic
stiffness, even in the young monkey. The magnitude of the difference was not expected, as
reflected by the increased abdominal aortic stiffness in young monkeys matching, or
exceeding, the levels of increased aortic stiffness observed in the thoracic aorta of old
monkeys. Supporting these results the measurements of collagen and elastin density in the
aorta were almost identical in the old thoracic and young abdominal aorta. These marked
differences in thoracic vs. abdominal aortic stiffness with aging and even within the same
age group help resolve the prior controversy in the literature on this topic.

Most studies attribute the increased aortic stiffness with aging to changes in the extracellular
matrix, i.e., increases in collagen and/or decreases in elastin, which would both increase
vascular stiffness?2-24. Importantly, very few studies measured both aortic stiffness, in vivo,
and extra cellular matrix changes, in vitro, as we did. Studies found that the mechanism for
the increase in stiffness was an increase in collagen and decrease in elastin?2 25, We found
no increase in collagen density in the thoracic aorta but an increase in collagen density in the
abdominal aorta of old monkeys, but a clear decrease in elastin in both the old thoracic and
abdominal aorta. Other studies measured collagen and elastin with aging, although they did
not measure aortic stiffness, in vivo. However, even for those studies there is no consensus,
with studies finding either an increase in collagen?2 25-28 or no change?® or a decrease in
elastin?2 23. 30 or no change?®. Interestingly some studies even showed an increase in
elastin?’ 31, which should act to decrease aortic stiffness. As noted above, fewer studies
have examined both thoracic and abdominal aortic stiffness with aging, in vivo%-8: 17-20,
Although isolated in vitro studies have found that abdominal stiffness is increased more with
aging32, most prior studies, in vivo, found that increases in thoracic aortic stiffness with
aging were greater than, or similar to that of abdominal aortic stiffness®-8: 17-20 which is the
reverse of our data. Interestingly, hypertension without aging, an important disease
associated with increased aortic stiffness, has been shown to exhibit greater abdominal than
thoracic aortic stiffness33: 34,

These conclusions, quite different from ours, might be explained by baseline differences. If
baseline abdominal aortic stiffness is greater than thoracic in young subjects, then the
change in old compared to the young expressed as a change from baseline would necessarily
be less for the abdominal aorta, due to the difference in the initial baseline values
(neglecting that absolute values are greater in the aging abdominal aortas). For example,
with our data, the % increase in abdominal aortic stiffness with aging in the abdominal aorta
(71%) was less than in the thoracic aorta (204%), even though the absolute values for
stiffness were greater in the aging abdominal aorta (55+5.9), compared with absolute values
for stiffness in the thoracic aorta (31+3.8). However, almost none had looked at extracellular
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matrix mechanisms at the same time comparing regional aortic stiffness measurements
within the same age group.

As noted above, we found significantly greater increases in abdominal compared to thoracic
aortic stiffness, both with aging and even in young animals. In contrast to the thoracic aorta,
collagen rose by 34% in the abdominal aorta with aging, and was greater than that observed
in the thoracic aorta. Elastin was decreased in the abdominal compared to the thoracic aorta
in young animals, but was decreased to even lower levels with aging. Consistent with our
finding that abdominal aortic stiffness in the young monkeys equaled that of thoracic
stiffness in old monkeys, the abdominal aortic collagen and elastin levels in young monkeys
equaled those values observed in the thoracic aorta for old monkeys, emphasizing the
importance for studying regional aortic stiffness changes with aging.

Simply, basal levels of collagen and elastin were not the only mechanism explaining why
stiffness was greater in the abdominal aorta both in young and old monkeys. We also
observed marked disarray of both collagen and elastin with aging and more in abdominal vs.
thoracic aorta. In fact, the marked disarray of elastin and collagen in the young abdominal
aorta is likely responsible for the unexpected increased aortic stiffness observed even in the
absence of aging. The elastin and collagen disarray correlated better with stiffness than did
elastin and collagen content. It is surprising that these marked architectural disarray changes
we observed in the aging aorta with increased stiffness have not been noted extensively in
the past, even though isolated observations have previously found disarray in aortas related
to aneurysm35-37, hypertension38 and aging3°.

Since increased aortic stiffness, even in the absence of aging, is almost uniformly observed
in hypertension, we also utilized a hypertensive challenge with phenylephrine to examine
how increasing arterial pressure affected thoracic and abdominal aortic stiffness with aging.
The increases in stiffness with hypertension were significantly greater in the old vs. the
young monkey in both the abdominal and thoracic aorta, despite equivalent increases in
aortic pressure. These findings help explain why combined age and hypertension affects
aortic stiffness more severely than in young animals??.

One limitation to the regional measurements of aortic stiffness is that the chronically
instrumented monkeys only had an implanted thoracic aortic catheter to measure pressure,
but diameters were measured in both the thoracic and abdominal aorta. Accordingly, in
terminal experiments after sedation we also measured regional thoracic and abdominal aortic
pressures using a Millar micromanometer so that thoracic and abdominal stiffness could be
calculated using the regional measurement of aortic pressure. The data from these
experiments plotted against those when only thoracic aortic pressure was measured in the
conscious animals showed a highly linear relationship with an r2 of 0.97 (Supplemental Fig.

).

There are other mechanisms mediating increased vascular stiffness with aging, e.g., at the
level of the endothelium or VSMC15: 40, We have previously shown, using atomic force
microscopy to measure isolated VSMC elasticity, that this is an important mechanism
mediating the increased aortic stiffness in aging and hypertension>: 40, Although we cannot
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conclude the extent to which this mechanism was important, since we did not perform any
experiments eliminating VSMC stiffness and showing less total aortic stiffness, there are
several lines of reasoning that support a role for the VSMC stiffness mechanism. First, it is
logical that if one component of the aortic wall becomes stiffer, e.g., VSMCs, it likely
contributes to the aggregate increased aortic stiffness, which results from several
mechanisms. Secondly, our prior studies showed that VSMC stiffness is an important
mechanism mediating the increased aortic stiffness in aging and hypertension® 40, We also
used these techniques in the current investigation and confirmed the increases in VSMC
stiffness with aging in the thoracic aorta and abdominal aorta. However, there was no
significant difference in thoracic vs. abdominal aortic VSMC stiffness, indicating that this
mechanism could not explain the increased stiffness in the abdominal aorta and that the
extracellular matrix mechanisms were more important. It is also likely that the mechanism
of increased VSMC stiffness contributed to the augmented stiffness observed with
phenylephrine in the present investigation, as we previously demonstrated that angiotensin
increased VSMC stiffness in VSMCs from both SHR and WKY control rats?6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Demonstration that increases in abdominal aortic stiffness are more important
than those in the thoracic aorta with aging and that abdominal aortic stiffness
in the young animals was equal to or greater than that of thoracic aorta in
aging animals.

Demonstration that the mechanism of the differences with aging and the
differences in the thoracic and abdominal aorta were due to changes in
collagen and elastin density and more novel, in collagen and elastin disarray.

Novelty also due to use of the non-human primate model, which is more
relevant to human aging than rodent studies and the combined study of direct
and continuous measurement of aortic diameters in both the thoracic and
abdominal aorta along with aortic pressure in vivo followed by in vitro
studies of isolated vascular smooth muscle stiffness and collagen and elastin
histology.

The results of this study are directly relevant not only to the pathophysiology
of aging, but also other diseases involving vascular stiffness, in particular
hypertension, diabetes and atherosclerosis.

The results are also relevant to the understanding of aortic aneurysm.
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Fig. 1.
(A) Chronically instrumented, conscious monkeys were connected to a tether, but otherwise

unrestrained in their cage during recording. (B) The aorta was instrumented with descending
thoracic aortic catheters for measurement of aortic pressure and ultrasonic dimension
crystals on opposing surfaces of the thoracic and abdominal aorta for measurement of aortic
diameters. Examples of responses to acute phenylephrine induced hypertension are shown in
a young monkey (C) and in and old monkey (D). Stiffness reflected by reduced aortic
diameter excursion was increased more in old monkeys with phenylephrine than in young
monkeys.
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In chronically instrumented conscious monkeys, (A) baseline aortic stiffness was greater in
old monkeys for both the thoracic and abdominal aorta, but interestingly abdominal aortic
stiffness in young monkeys equaled thoracic aortic stiffness in old monkeys. (B) In response
to phenylephrine (PE), aortic stiffness was dramatically increased in old monkeys compared

to young monkeys. *p<0.05 by ANOVA.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

A

Collagen density (%)

(@

Collagen/Elastin Ratio

o
o

w
(@)

N
o

-
o

15

10

Page 14

W

=
i 25 - .
* —
;\;20 1
b *
=15 - ;
OC.) *
©
£ 10 4
»
®
w 5 4
i I 0 I
Thoracic Aorta Abdominal Aorta Thoracic Aorta Abdominal Aorta
*
* B Young monkey
‘ 1 Old monkey
*
—

ol -

Thoracic Aorta Abdominal Aorta

Fig. 3.
(A) Using picrosirius red staining, collagen density was increased more in abdominal aorta

of old monkeys, compared with abdominal aorta in young monkeys or thoracic aortic
collagen in either old or young monkeys. (B) Using aldehyde fuchsin staining, elastin
density was less in both abdominal aorta compared with the thoracic aorta in both old and
young monkeys and decreases were greater in both abdominal and thoracic aorta in old
monkeys. (C) Collagen to elastin ratio was increased with aging in both thoracic and
abdominal aorta, but increases were greater in the abdominal aorta. *p<0.05 by ANOVA.
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Fig. 4.
The disarray of elastin and collagen was subjectively graded in a blinded manner from level

1 as the best to level 10 as the most severe disarray, as shown in Table 1. (A) The elastin
disarray was greater in abdominal aorta vs. thoracic aorta for both old and young monkeys
and was greater in old monkeys vs. young monkeys for both the thoracic and abdominal
aorta. (B) The collagen disarray was also greater in old vs. young monkeys. Examples of
elastin and collagen disarray levels of 1, 5 and 10 are shown in (C). *p<0.05 by Mann-
Whitney U-Test and Kruskal-Wallis test.
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Extracellular Matrix Correlation with Stiffness
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Correlation between stiffness and extracellular matrix was compared for (A) collagen
density, (B) elastin density, (C) collagen disarray, (D) elastin disarray and (E) ratio of
collagen to elastin density. All parameters showed a linear correlation between stiffness and
the extracellular matrix. The best correlations were for elastin disarray and collagen
disarray.
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Fig. 6.

Agrtic vascular smooth muscle cells (VSMC) were isolated from young and old male
monkeys. The AFM force-indentation measurements are directly related to VSMC stiffness.
All the individual data are plotted in (A), with white squares representing thoracic aorta and
white circles for abdominal aorta. The data for young monkeys are on the left and old
monkeys on the right. The horizontal lines show the average data for old monkeys and
young monkeys. VSMC stiffness was greater in old vs. young monkeys, but these
differences were not greater in abdominal, compared with thoracic aorta, as reflected by the
almost complete overlap of data, indicating that this mechanism was not responsible for the
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greater increases in abdominal aortic stiffness in old monkeys. The average data are shown
in (B), *p<0.05 by ANOVA.
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