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Hypertension induces significant aortic remodelling, often adaptive but
sometimes not. To identify immuno-mechanical mechanisms responsible
for differential remodelling, we studied thoracic aortas from 12956 /SvEvTac
and C57BL/6 ] mice before and after continuous 14-day angiotensin II infu-
sion, which elevated blood pressure similarly in both strains. Histological
and biomechanical assessments of excised vessels were similar at baseline,
suggesting a common homeostatic set-point for mean wall stress. Histology
further revealed near mechano-adaptive remodelling of the hypertensive
129S6/SvEvTac aortas, but a grossly maladaptive remodelling of C57BL/
6] aortas. Bulk RNA sequencing suggested that increased smooth muscle
contractile processes promoted mechano-adaptation of 12956/SvEvTac
aortas while immune processes prevented adaptation of C57BL/6 J aortas.
Functional studies confirmed an increased vasoconstrictive capacity of
the former while immunohistochemistry demonstrated marked increases in
inflammatory cells in the latter. We then used multiple computational biome-
chanical models to test the hypothesis that excessive adventitial wall stress
correlates with inflammatory cell infiltration. These models consistently pre-
dicted that increased vasoconstriction against an increased pressure coupled
with modest deposition of new matrix thickens the wall appropriately, restor-
ing wall stress towards homeostatic consistent with adaptive remodelling. By
contrast, insufficient vasoconstriction permits high wall stresses and exuber-
ant inflammation-driven matrix deposition, especially in the adventitia,
reflecting compromised homeostasis and gross maladaptation.

1. Introduction

Homeostasis is a ubiquitous biological process by which certain key regulated
variables are maintained near target values, often called set-points [1]. The
literature is replete with reports that flow-induced wall shear stress and
pressure-induced intramural stress tend to be maintained near individual set-
points in the aorta, thus suggesting the existence of a mechanical homeostasis
at the tissue level [2-5]. In cases of preserved blood flow but sustained elevations
of blood pressure, homeostatic restorations of intramural stress require the wall to
thicken proportional to the fold increase in blood pressure [6]. Notwithstanding
many reports of such homeostatic mechano-adaptations, there are also reports
wherein wall thickening is excessive, often fibrotic, thus reflecting a compromised
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mechanical homeostasis [7,8]. It has been shown further that
infiltrating inflammatory cells can play key roles in these
cases of fibrotic aortic remodelling [9,10], yet it remains unclear
what drives the excessive inflammatory response. Indeed,
inflammation is essential for promoting a homeostatic adap-
tation in other cases of altered haemodynamics in central
arteries [11,12], hence there is a pressing need to determine
what drives inflammatory transitions from promoting to
preventing mechanical homeostasis at the tissue level.

The goal of this work was to understand better the
immuno-mechanical mechanisms that underlie homeostatic
aortic remodelling or its loss in hypertension. Our specific
approach was motivated by two critical observations. First,
hypertension induced by chronic infusion of angiotensin II
(Angll) at a moderate rate (490 ng kg™’ min~') causes an
inflammation-mediated fibrotic remodelling of the thoracic
aorta in C57BL/6 [9] but not C57BL/6;12956/SvEvTac mice
[13]. Second, although it may be natural to conjecture that
these differences are due mainly to genetic background, the
thoracic aorta but not the infrarenal abdominal aorta experi-
ences fibrotic remodelling in high rate (1000 ng kg™ min™")
Angll-infused Apoe™~ mice on a pure C57BL/6 background
[14]. It is thus more than genetic background and more than
just the rate of infusion of a pro-inflammatory substance
(AnglI) that is used to induce the hypertension. In this work,
we employ consistent experimental methods to contrast
directly the gene expression, composition, material properties
and function of thoracic aortas from C57BL/6] and 12956/
SvEvTac mice before and after two weeks of chronic Angll
infusion. We then use these diverse data to inform multiple
independent computational models of wall stress to uncover
immuno-mechanical mechanisms that can drive either adap-
tive or maladaptive hypertensive aortic remodelling in mice.
Our experimental-computational findings point to the particu-
lar importance of levels of mechanical stress in the adventitia
relative to the baseline set-point value as drivers of infiltrating
immune cells.

2. Methods

This section provides a brief summary of the methods employed.
Additional details are provided in electronic supplementary
material, Content 1.

2.1. Animals

Adult male mice were obtained from Jackson Laboratory and
Taconic Biosciences. Blood pressure was measured using a standard
tail-cuff before and after infusion of Angll at 1000 ng kg™' min™"
for two weeks using subcutaneous osmotic mini-pumps. The
two-week duration was motivated by previous observations
that Angll-induced hypertensive remodelling tends not to differ
in mice over two-to-four weeks of infusion [15,16]. Following eutha-
nasia, four groups of descending thoracic aortas were harvested for
study (1 = 5-8 per group): normotensive (control) and hypertensive
(Angll-infused) C57BL/6 J and 12956 /SvEvTac.

2.2. Experiments on excised aortas

Aortas were mounted between glass micropipettes, stretched
to their in vivo length, pressurized and subjected to a series of con-
traction/relaxation protocols using potassium chloride (KCI),
Angll, phenylephrine (PE), acetylcholine and N,-nitro-L-arginine
methyl ester (L-NAME). Vessels were then rendered passive,
preconditioned mechanically and subjected to a standardized

biaxial testing protocol consisting of cyclic pressurization at
three levels of increasing axial stretch and cyclic axial extension
at four levels of increasing pressure. Formalin-fixed sections of
the tested vessels were stained for collagen, elastin, smooth
muscle and ground substance. The resulting images were used
to quantify mass fractions of said constituents. A separate set of
aortas was snap frozen immediately after excision and used for
next-generation bulk RNA sequencing, yielding differentially
expressed genes, gene ontologies and pathways across groups.

2.3. Computational models

Three independent computational biomechanical modelling
approaches were used to describe and interpret the acquired biax-
ial biomechanical testing data. First, a thin-walled, uni-layered
model was used incorporating a neo-Hookean plus four fibre
family strain energy function. Second, a thick-walled, bi-layered
model was used to study changes in load bearing separately for
the media and adventitia, with and without vasoconstriction.
Third, a growth and remodelling approach was adopted to
study our hypothesis that differences in contractility could
differentiate between adaptive and maladaptive remodelling.

2.4, Statistics

Data are presented as means +standard errors and analysed
using one- or two-way analysis of variance (ANOVA), as appro-
priate, with post hoc Bonferroni tests; p <0.05 was considered
significant. Differential gene expression was determined by
bulk RNA sequencing and considered for multiple comparisons
using the Benjamini-Hochberg method.

3. Results

3.1. Similar baseline material composition, properties
and function across mouse strains suggest a
common homeostatic state

Mechanical homeostasis within elastic arteries tends to main-
tain circumferential wall stress and material stiffness near
target values [17], the latter of which reflects the underly-
ing structural composition and organization of the arterial
wall. Differences in baseline thoracic aortic composition
were modest (non-significant) between age- and sex-matched
normal adult C57BL/6 ] and 12956 /SvEvTac mice (electronic
supplementary material, Content 1, tables S1 and S2), consist-
ent with the modest differential gene expression (electronic
supplementary material, Content 1, figure S1). With regard to
the primary load-bearing constituents, percentages of medial
elastic fibres, smooth muscle cells and fibrillar collagens were
36.5% versus 39.5%, 38.4% versus 40.1% and 23.2% versus
17.7% in the C57BL/6] and 12956/SvEvTac aortas, respect-
ively. The slightly higher (non-significant) medial collagen in
the C57BL/6 ] aortas was offset by a slightly lower glycosami-
noglycan amount; percentages of adventitial collagen fibres
were nearly identical (approx. 99.4%) in both strains.
Although the primary biological process associated with the
differentially expressed genes (DEGs) at baseline was extracellu-
lar matrix organization (electronic supplementary material,
figure S1), the biaxial biomechanical properties were yet similar
statistically (electronic supplementary material, table S3 and
figure S2; raw biomechanical data in electronic supplementary
material, Content 2). For example, baseline passive circum-
ferential wall stress and material stiffness at comparable
strain-specific systolic pressures (130 versus 133 mmHg) were
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Figure 1. Chronic Angll infusion causes marked medial and adventitial thickening in thoracic aortas from (57BL/6 J, but not 12956/SvEvTac, mice. (a) Representative
histological section. (b) Cross-sectional area of four major wall constituents in the media (below dotted line) and adventitia (above dotted line); quantification in
electronic supplementary material, table S1. (c) Collagen content stratified to thick (red/orange, electronic supplementary material, table S2) and thin (yellow/green,
electronic supplementary material, table S2) fibres. Bars denote statistically significant differences (p < 0.05, two-way ANOVA with post hoc Bonferroni test).

311 versus 301 kPa and 1.91 versus 1.85 MPa for the C57BL/6 ]
and 12956 /SvEvTac aortas, respectively. The overall baseline
contractile capacity of the smooth muscle cells was also similar
for the two strains (electronic supplementary material, table S4
and figure S3), with membrane depolarization via 100 mM KCI
resulting in —19% and —23% reductions in outer diameter and
—38% and —43% reductions in circumferential wall stress in the
C57BL/6] and 12956/SvEvTac aortas, respectively; these
measurements were at a common distension pressure of
90 mmHg but strain-specific values of axial stretch, which
were also comparable (1.49 versus 1.45). Similarities in these
and other histo-mechanical metrics across these two strains
support the existence of common homeostatic biomechanical
set-points arising from similar baseline gene expression and
microstructural features.

3.2. Distinct hypertensive remodelling across mouse strains
results from marked differential gene expression

Mechano-adaptive arterial remodelling in hypertension
requires the wall to thicken to offset the increase in blood
pressure [5]. Whereas elevation of blood pressure following
two weeks of AngllI infusion was similar in both strains (base-
line systolic pressures of 127 and 133 mmHg and hypertensive

pressures of 167 and 175 mmHg for the C57BL/6 ] and 12956/
SvEvTac mice, respectively), wall thickening was very differ-
ent. The hypertensive thoracic aorta thickened dramatically
(approx. 1.9-fold) in the C57BL/6] mice due to medial and
especially adventitial thickening; by contrast, the aortic wall
thickened modestly (approx. 1.13-fold) in the 12956/SvEvTac
mice (figure 1). See also electronic supplementary material,
table S1, which quantifies the intima-media thickness, IMT.
Of particular note was the dramatic increase in loaded cross-
sectional collagen area fraction in the C57BL/6] adventitia
(2.35-fold increase, p = 0.004), with a trend towards thicker
fibres in the media (1.75-fold increase, p = 0.078). By contrast,
per cent adventitial and medial collagen fractions did not
change significantly in the 12956/SvEvTac aortas.

Bulk RNA sequencing (figure 2 and electronic sup-
plementary material, figure S4) confirmed marked increases
in genes encoding structural proteins of the extracellular
matrix in the hypertensive C57BL/6 ] mice, with significant
increases in collagens Collal, Col3al and Col5al as well as
fibronectin Fnl, among others. Transcripts for matrix metallo-
proteinases Mmp2, Mmpl2 and Mmp13, among others, were
also increased. Full gene expression tables are in electronic
supplementary material, Content 3. Because transcriptional
changes were seen in both the C57BL/6 ] and 12956 /SvEvTac
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Figure 2. () Angll-induced differential gene expression (after versus before infusion) quantified by bulk RNA sequencing. Note, in particular, the upregulation of
matrix and inflammatory markers and downregulation of contractile markers in the Angll-induced hypertensive (57BL/6 J aortas. *p < 0.05 for differential gene
expression. Horizontal brackets indicate significant (p < 0.05) differences between the differential gene expressions of the two strains (interaction effect). Angll,
angiotensin Il infusion. (b—d) Gene ontology (GO) analyses revealed that biological processes associated with immune processes and inflammation were significantly
upregulated in Angll-infused (57BL/6 aortas relative to 12956/SvEvTac aortas, whereas muscle and its contraction were significantly upregulated in Angll-infused

12956/SvEvTac aortas relative to (57BL/6 aortas.

aortas, these data suggested marked matrix remodelling in both
strains though with increased accumulation only in C57BL/6 J.
Despite modest differences in expression of Smad2/Smad3
(figure 2), the TGF-p signalling pathway was not significantly
different between strains (molecular signatures database
(MSigDB), p = 0.24). Because it is difficult to distinguish newly

synthesized or remodelled matrix from the extant matrix,
functional readouts such as those from careful biomechanical
phenotyping become essential (see below).

Gene ontology studies revealed distinct primary biological
processes for the fibrotic C57BL/6] and modestly adapted
129S6/SvEvTac aortas (figure 2). Most notably, immune/
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Figure 3. (a) Representative (D45 immunohistochemistry. (b) Normalized loaded (D45 cell cross-sectional area. Bars denote statistically significant differences
(p < 0.05, two-way ANOVA with post hoc Bonferroni test); quantification in electronic supplementary material, table S5. (¢) Thoracic aortas from 12956/SvEvTac
mice show greater vasoconstriction to potassium chloride (KCI), angiotensin Il (Angll) and phenylephrine (PE) than those from (57BL/6 J mice and this difference
increased after Angll-induced hypertension; in contrast, endothelial-dependent vasodilatation is affected modestly by hypertension in both strains. Plots show nor-
malized outer diameter as a function of time during ex vivo vasoactive testing for all four groups. Lines indicate mean values; shaded areas indicate the standard
error. Vertical dotted lines indicate 600-s washout steps. Actual outer diameter responses are in electronic supplementary material, figure S3; values and statistics are
in electronic supplementary material, table S4. ACh, acetylcholine; L-NAME, N,,-nitro-L-arginine methyl ester. (d—f) Hypertension-induced changes in wall thickness
correlate positively with (D45" cell presence (d), but strongly and negatively with the ability of the smooth muscle to contract to Angll and other stimulants (e,f).
Statistical comparison (electronic supplementary material, table S7) identified contractility as the stronger predictor of wall thickness/remodelling. Lines represent
linear regressions, with 95% confidence intervals shown with grey shading. Wall thicknesses were evaluated at a common pressure of 100 mmHg but individual axial
stretches.

inflammatory processes were significantly increased in the
C57BL/6] aortas relative to the 12956/SvEvTac aortas and,
conversely, contractile processes were significantly increased
in the 12956 /SvEvTac aortas relative to the C57BL/6 | aortas.
Similarly, MSigDB pathway-based analyses emphasized
increased TNF-a signalling in C57BL/6 J aortas and increased
myogenesis in 12956/SvEvTac aortas (electronic supplemen-
tary material, figure S4). Particularly increased was the gene

for cytokine interleukin-6 (I6) in the hypertensive C57BL/6 ]
aortas (figure 2). Immuno-staining confirmed a significant
increase in inflammatory cells (CD45", a pan-leucocyte
marker, and CD68", a macrophage marker) within the hyper-
tensive C57BL/6 ] aortas, both in the media and especially in
the adventitia where there was the most dramatic accumulation
of collagen (figure 3; electronic supplementary material, tables
S5 and S6). The number of immune cells was similar in the
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129S6/SvEvTac aortas between baseline and hypertension. By
contrast, ex vivo isobaric and axially isometric contraction
studies revealed a significantly greater contractile response
by the hypertensive 12956/SvEvTac aortas to high KCl, PE
and especially Angll as indicated by the active reduction in
outer diameter (figure 3). It is noted that increased smooth
muscle contraction in vivo in response to the exogenous
Angll would be expected to alter the pressure-distended state
in which the extracellular matrix turned over.

3.3. Smooth muscle contractility is a key determinant of
wall stress in hypertensive aortic remodelling

Mean wall stress, and thus material stiffness, depend directly on
the distending pressure as well as the luminal radius and wall
thickness, the latter two of which depend on the nonlinear
mechanical behaviour of the wall and the contractile state. In
particular, increased contractility reduces mean wall stress (o)
by decreasing the luminal radius 2 and increasing the wall thick-
ness h (with oy = Pa/h by Laplace’s law where P is pressure)
[18]. Consistent with bulk RN Aseq identification of upregulated
contractile processes in the 129S56/SvEvTac aortas, ex vivo
smooth muscle contraction in response to PE and AnglI reduced
wall stress dramatically (by 72% and 46%, respectively). By con-
trast, reductions in wall stress in response to PE and AngII were
significantly less in the C57BL/6 J aortas, 49% and 24 %, respect-
ively (electronic supplementary material, table S4, figure 3).
Importantly, the twofold greater reduction in wall stress ex
vivo in 12956/SvEvTac than C57Bl/6] aortas in response to
Angll suggests that the smooth muscle cells were better able
to vasoconstrict the aorta in vivo in response to the exogenous
AnglI stimulus, thus reducing wall stress in vivo. Indeed, this
difference in contractility to Angll also presented in the (normo-
tensive) control groups (electronic supplementary material,
table S4, figure 3), suggesting that this difference was not a
consequence of the chronic infusion of AnglI

These differences in smooth muscle cell contractile capacity
between strains manifested despite similar overall increases in
smooth muscle percentage within the media, which were
20.9% and 27.3% in the 129S6/SvEvTac and C57BL/6 aortas,
respectively (electronic supplementary material, table S1).
Taken together, these data are consistent with an increased con-
tractile phenotype in the 12956/SvEvTac and an increased
synthetic phenotype in the C57BL/6 ] aortas. Again, therefore,
the need for functional readouts is clear as transcriptional and /
or histological measurements alone are not sufficient to reveal
tissue-level consequences.

Given that the histological, transcriptional, mechanical and
functional data consistently suggested the importance of
inflammation in the fibrotic remodelling and contractility in
the near adaptive remodelling, we used overall wall thickness
as a metric of mechano-adaptation. There was a strong corre-
lation between fibrotic thickening and CD45" cell staining
and an even stronger inverse correlation between thickening
and contractility (figure 3, electronic supplementary material,
table S7). Recalling our prior results in Apoe™~ mice wherein
the thoracic aorta was fibrotic but the infrarenal aorta was
not [14], we tested the hypothesis that the adaptive capacity
of the infrarenal aorta associated with a greater contractile
capacity against Angll in those mice. New experiments con-
firmed this hypothesis, revealing that ex vivo vasoconstriction
in response to exogenous Angll resulted in a 26.3% reduction
in circumferential wall stress in the Apoe™/~ infrarenal aorta

but only a 3.9% reduction in the descending thoracic aorta [ 6 |

(electronic supplementary material, figure S5). Indeed, vaso-
constriction-based reductions in wall stress were similarly
low in the ascending thoracic aorta (10.2%) and the suprarenal
aorta (2.0%) in these mice, regions that also exhibited excessive
wall thickening [14].

Taken together, these findings are consistent with the
hypothesis that modest hypertension-induced deviations in
wall stress from the common homeostatic target value lead
to adaptive remodelling, whereas large deviations in wall
stress from normal can stimulate an inflammatory response
and fibrotic remodelling [14]. That is, inflammation can be
stimulated when normal mechanobiological responses are
not sufficient, or rapid enough, to reduce perturbations to
homeostasis [1]. Towards this end, recall that the greatest
accumulation of collagen in hypertension was in the adventi-
tia, the site of greatest CD45" cell staining. There was,
therefore, a need to delineate changes in wall stress by layer.

3.4. Biomechanical computations suggest that excessive
adventitial wall stress drives inflammation

The collagen-rich adventitia tends to serve as a protective
sheath in elastic arteries, increasing its load carrying in cases
of elevated blood pressure to protect the more vulnerable
smooth muscle cells and elastic fibres of the medial layer [19].
Changes in wall stress have long been known to drive arterial
remodelling [4,5]. Here, we used three different, but related,
computational approaches to independently evaluate changes
in wall stress across the four primary groups of mice, baseline
and hypertensive C57BL/6] and 129S6/SvEvTac. First, we
used the universal Laplace solution, which is independent of
reference configuration and constitutive assumptions and
always yields the correct mean value of wall stress (including
in thick-walled vessels having transmural stress gradients,
which tend to be lessened by residual stresses in arteries).
Because it is not possible to assess basal tone in conscious
mice, we used the extremes of passive only and maximum con-
tractile to bound the in vivo state. Electronic supplementary
material, figure S6 shows that mean wall stress was restored
to within its normal range in all but one of the six hypertensive
129S6/SvEvTac aortas when including smooth muscle contrac-
tility, but not in six of the seven hypertensive C57BL6 ] aortas.
Indeed, wall stresses in four of the seven hypertensive C57BL/
6 J aortas were well below homeostatic target values, consistent
with a maladaptive fibrotic response.

Findings from a bi-layered model of wall stress that
accounts for layer-specific nonlinear material behaviours
(figure 4) suggested further that the adventitia tends initially
to carry an increasing proportion of the pressure-induced
load in hypertension, which is modulated by smooth muscle
associated vasoconstriction (panels a versus b and c). Impor-
tantly, the model also suggested that, because of the greater
contractile response of the 12956/SvEvTac than the C57BL/
6] aorta to exogenous Angll both before and after two weeks
of induced hypertension, the initial degree of increase in
adventitial wall stress was greater in the C57BL/6 ] than that
in the 129S6/SvEvTac aorta (panel c). Interestingly, the
model suggested that the remodelling experienced by the
129S6/SvEvTac aorta over two weeks of hypertension was
adaptive, preserving medial and especially adventitial wall
stress within 15% of homeostatic (e.g. 220 versus 194 kPa); by
contrast, the remodelling experienced by the C57BL/6 ] aorta

9£€0LZ07 ‘8L ua3uf 20S Y °f  yisi/jeunol/bio buiysijgndAiaposiesol



Downloaded from https://royal societypublishing.org/ on 10 November 2021

hypertensive pressure

normotensive pressure

(a) passive b) passive (©) Angll ) maximally
contracted contracted

800 —_ 57 — C57
§ 129S6 12986
; 600 acute

= pressure

- elevation — ————

S 400 — —_— IL

&) —

[

E

§ 200 l— |

S —_—

0
(@ 03] 8 (m
800 — 57 --= C57 Angll

< 12956 12956 Angll
@/ 600 after 2 wks

% of Angll

2 infusion

Tg 400 —_— —

e ]

% 200 S e A LT i |

= "--l--.__ 1 /T | il |
2 E— oo g

£ i

0
0 02 04 06 08 1.0
normalized radius (—)

(i) C57 @) 129S6 (k)
750 7501
2500 500 500
=

0 /
250 500 75, 250 500 45
(Lm) (m)

0 02 04 0.6 08 1.0
normalized radius (—)

7504

250

0 02 04 0.6 08 1.0
normalized radius (—)

0 02 04 06 08 1.0
normalized radius (—)

C57 Angll 0 12986 Angll l400
A oy _
300 &
2
hoo Z
=
=
2
[}
100 Lg
=
2
5
0

Figure 4. (a—h) Calculated transmural distributions of circumferential Cauchy wall stress. Thin, horizontal lines represent the mean circumferential stress calculated
using Laplace’s law. (a,e) The medium carries most of the circumferential wall stress under normotensive conditions, as appropriate for storing elastic energy during
systole that can be used during diastole to work on the distending fluid. (b) A simulated acute increase in blood pressure causes more load to be borne by the
adventitia, (c) which can be reversed through vasoconstriction to angiotensin Il (Angll). (d) shows the vessel in a maximally contracted state (phenylephrine + L-
NAME) to provide an upper-bound reference behaviour. Even when maximally contracted, in contrast to the 12956/SvEvTac aorta, the (57BL/6 J aorta is unable to
reduce its overall (Laplace) stress towards the normotensive value. (f) If only considering passive mechanical properties, Angll-induced hypertension and remodelling
would cause adventitial load bearing to surpass medial load bearing in 12956/SvEvTac but not in (57BL/6 ) aortas, yet (g,h) the 12956/SvEvTac aorta is able to
negate this in vivo through vasoconstriction. These simulations support the correlative finding of figure 3 that increased smooth muscle contraction plays a key role in
the appropriate remodelling of the aorta in the 12956/SvEvTac mice. Shaded areas indicate the standard error; (e) replicates (a), for easy comparison to (~h). (i-/)
illustrate the large effect of maximum contraction (*denotes contracted state; arrows indicate contraction) on geometry and stress; see electronic supplementary

material, Content 4, Video.

resulted in excessive wall thickening with adventitial wall
stress falling well below its target value (panel g). These find-
ings motivated the use of a third model, which calculates the
time-course of changes in wall composition, properties and
function while delineating medial and adventitial remodelling
via mechano- and immuno-mediated mechanisms (figure 5
and electronic supplementary material, figure S7). This
model also suggested that it was the increased inflammation-
mediated thickening of the wall, especially in the adventitia
where wall stress increased markedly, in the C57BL/6 ] aorta

that drove the maladaptation while it was the contractile-
mediated regulation of wall stress that enabled an adaptive
remodelling of the 12956 /SvEvTac aorta.

4, Discussion

There are many reports of differences in vascular phenotype
between 12956 /SvEvTac and C57BL/6 ] mice. Capillary den-
sity increases more quickly in Sv129 than in C57BL/6 mice
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Figure 5. Computational growth and remodelling predictions of responses following early then sustained 1.34- or 1.32-fold increases in systolic pressure ((a), model
input): medial (med., (b)) and adventitial (adv., (e)) thickness (with quantities normalized to values at time 0 prior to Angll infusion) as well as (d) luminal radius
and mean circumferential (circ., (c) and axial (f)) stress for the C57BL/6 J (black) and 12956/SvEvTac (grey) mice. Simulations are shown for a simultaneous increase
in smooth muscle tone from day 0 (passive behaviour) to respective Angll-appropriate levels under hypertensive conditions at day 7, then preserved. Stress-mediated
inflammatory effects are computed internally by the model, resulting in a marked inflammatory response for the (57BL/6 J but not the 12956/SvEvTac aorta
(electronic supplementary material, figure S7 L). Shown, too, are means = standard errors of experimental values (squares with whiskers), noting that the
model was informed by pre-hypertensive values, hence the simulations are predictions, not descriptions, of measured quantities. Note the dramatic increase in
adventitial and medial thickness for the (57BL/6 J aorta, and associated decrease in stress, by day 14, consistent with a delayed but exuberant production of
inflammatory collagen primarily within the adventitia (electronic supplementary material, figure S7G).

following hind-limb ischaemia [20]; mutations to the gene
that encodes fibrillin-1 (Fbn1) and causes Marfan syndrome
result in an earlier disease presentation in 129/Sv than in
C57BL/6 mice [21]; mechanical consequences of elastin hap-
loinsufficiency are greater in C57BL/6 J;Eln™/~x129X1/Sv]
mice than in C57BL/6 ];Eln” ~ mice [22]; and the atherosclero-
tic burden in the aortic arch of Apoe™~ mice is greater on a
129S6 than a C57BL/6 ] background [23] (further discussion
in electronic supplementary material, Content 1). Interest-
ingly, it was recently suggested that it is two key modifier
genes (Map2k6 and Mmpl7) that increase aortopathy in
Marfan syndrome in 12956 relative to C57BL/6 ] mice [24].
We confirmed that both of these genes are expressed at
higher levels in 12956/SvEvTac than in C57BL/6] aortas.
Although Map2ké (encoding MEK6) is upstream of p38
MAPK, which has been implicated in the fibrotic response
in C57BL/6] mice [9,10], and Mmpl7 (encoding MT4-
MMP) is involved in activating inflammatory mediators
that include TNF-a (recall electronic supplementary material,
table S4), these two genes were not among the top 100 DEGs
herein and they did not differ significantly between strains
following Angll infusion. Thus, we focused primarily on
functional readouts, with the present findings demonstrating
that many baseline compositional, mechanical and functional
metrics for the normotensive thoracic aorta are similar
between these two strains consistent with common mechan-
ical homeostatic set-points. Although both circumferential
wall stress and material stiffness are highly mechano-regu-
lated in large arteries [6,17], we focused on wall stress as a

surrogate marker of mechano-adaptation despite-quantifying
multiple biomechanical metrics.

The renin-angiotensin system plays a central role in many
cases of hypertension, hence chronic infusion of Angll in
mice is a well-accepted and widely used model [25]. Notwith-
standing its clinical relevance, interpretations of arterial
remodelling in Angll infusion studies can be complicated
by the myriad effects of this peptide. Angll increases blood
pressure, which increases mechanical stress in the wall, but
it is also pro-inflammatory. Cell culture, ex vivo perfusion,
and in vivo (e.g. aortic banding) studies all show that
increased mechanical stress/stretch drives differential gene
expression in medial smooth muscle cells and adventitial
fibroblasts, often leading to increased extracellular matrix
turnover, namely, synthesis of matrix proteins and matrix-
degrading enzymes [8,9,26-29]. Conversely, cell culture and
ex vivo perfusion studies show that AnglI alone can similarly
drive matrix turnover, again via both increased matrix and
matrix-degrading enzymes [9,26,28,30,31]. AnglI also directly
induces the production of monocyte chemoattractant protein-
1 (MCP-1) and IL-6, both of which drive inflammation
[32,33]. In all of these cases, these effects of Angll are
through the AT; receptor (AT;, in mice in most cases except
contractility, which is driven by AT;y,) [34].

Importantly, the density of AT; receptors increases from
the thoracic aorta to the infrarenal abdominal aorta [34],
hence one cannot explain the aforementioned fibrosis of the
thoracic aorta or its absence in the infrarenal aorta in
Angll-infused Apoe™~ mice on a C57BL/6 background [14]
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based solely on the pro-inflammatory actions of Angll via
AT;R. Noting that the density of the ATy, receptor is approxi-
mately threefold higher than that of the ATy, in all regions
[34] supports; however, the hypothesis that increased
vasoconstriction in the infrarenal aorta against exogenous
Angll may be protective by reducing wall stress (electronic
supplementary material, figure S5). Our RNAseq data
revealed that AT, transcripts were elevated in the C57BL/
6] relative to the 12956/SvEvTac thoracic aortas, but not
significantly (figure 2). Hence, it does not appear that the
pro-inflammatory action of Angll acting locally via ATy,
alone was responsible for the marked fibrosis in the former
but not the latter. Transcripts for collagens (Collal, Col3al,
Col5al) were increased in hypertensive aortas from both
C57BL/6] and 12956/SvEvTac mice, though more so in the
C57BL/67] aortas consistent with the marked fibrosis therein
and a prior report [9,10]. Transcripts for MMP-2 and -13 were
also higher in the C57BL/6 ] aortas, emphasizing that it was
turnover of matrix with increased accumulation in the fibrotic
case. Markers of cell proliferation (Pcna) and apoptosis
(Casp3) were similarly higher in the C57BL/6] aortas, again
consistent with an increased turnover (figure 2 and electronic
supplementary material, figure S8). There were surprisingly
few significant differences in integrin transcripts between
the two strains, though transcripts for as and B; increased
more in the 12956/SvEvTac aortas. Most importantly, how-
ever, consistent with the gene ontology studies indicating
more immune processes in the C57BL/6 ] and more contrac-
tile processes in the 12956 /SvEvTac aortas, the transcript for
IL-6 (II6) was markedly higher, consistent with prior studies
[35], and those for smooth muscle myosin heavy chain and
alpha actin (Myhll and Acta2) were markedly lower in the
C57BL/6 aortas (figure 2). Notably, the amount of medial
smooth muscle tissue staining (greater in C57BL/6 Angll
than 12956 /SvEvTac Angll aortas; electronic supplementary
material, table S1) does not explain the observed strain differ-
ence in contraction. That is, differences in smooth muscle
phenotype, not percentage, were likely responsible for the
contractility difference.

Given consistent results of the three independent biome-
chanical models of wall stress (figures 4 and 5, electronic
supplementary material, figures S6 and S7), it appears that
the increased contractility against the exogenous Angll in
the 12956/SvEvTac aortas reduced pressure-induced wall
stress significantly, especially in the adventitia, thus allowing
modest wall thickening to restore the modestly perturbed
wall stresses back towards homeostatic. By contrast, it
appears that the excessive wall stress in the C57BL/6]
aortas, especially in the adventitia, contributed to the recruit-
ment of inflammatory cells to the adventitia (figure 3 and
electronic supplementary material, figure S3, tables S5
and S6) to help lower wall stress by stimulating further
production of the matrix; such production was excessive,
however, resulting in a fibrotic adventitia (figure 1) reflective
of lost homeostasis. A protective role of increased smooth
muscle contractility is supported further by prior experiments
that revealed that the degree of increasing adventitial fibrosis
in the thoracic aorta of Angll-infused C57BL/6 mice corre-
lates directly with diminished vasoconstrictive strength [16].
Interestingly, aortic remodelling is also modest-to-moderate
in all regions in noradrenaline (norepinephrine)-induced
hypertension [36], noting that these regions are all highly
vasoconstrictive to PE ex vivo in mice on a C57BL/6

background (electronic supplementary material, figure S5). [ 9 |

Other in vivo studies that support the importance of the
degree of wall stress in dictating the degree of adventitial remo-
delling include an integrin knockout model and the use of an
anti-hypertensive drug to reduce the pressure-induced wall
stress, both in C57BL/6 mice. The former showed that disrup-
tion of the oy-integrin subunit (which binds collagen) did not
affect blood pressure in Angll-infused mice, but nevertheless
blunted carotid artery (especially adventitial) remodelling
[36], suggesting that it is the value of the sensed stress that
stimulates the remodelling response. The latter showed that
hydralazine reduces the blood pressure elevation in AngIlI-
infused mice (despite the persistence of a pro-inflammatory
peptide), which in turn reduced the accumulation of adventitial
collagen [9]. Hence, whether the sensed wall stress was reduced
by increased contractility, integrin disruption or pressure
reduction, in each case the degree of collagen accumulation
was reduced significantly in the adventitia.

That increased wall stress, particularly in the adventitia,
precedes an inflammation-driven accumulation of matrix is
consistent with the timing observed previously in Angll-
infused Apoe™~ mice (figs 3 and 4 in ref. [14]), and consistent
with the concept that inflammation can either promote or pre-
vent tissue homeostasis. Namely, inflammation can be engaged
when normal homeostatic mechanisms are either not sufficient
or rapid enough to resolve the perturbation; large pertur-
bations can lead, however, to marked inflammation that
prevents homeostasis [1]. The present study highlights the
role of smooth muscle contractility in modulating this wall
stress. Towards this end, it is important to rethink of the univer-
sal Laplace equation as oy = Pa(P,C)/h(P,C), where P is the
pressure and C is the contractility, with luminal radius a gov-
erned by both P and C (i.e. a=a(P, C)) and similarly for wall
thickness (h=h(P, C)). Pressure-induced increases in radius
and decreases in thickness (isochorically) can thus be offset
by contraction-induced decreases in radius and increases in
thickness, thus decreasing the degree of perturbation of wall
stress from its homeostatic target.

There is, of course, a need to study in more detail both the
time-course of pressure elevation and associated remodelling
in other elastic as well as muscular arteries. We only studied
the thoracic aorta after two weeks of Angll-induced hyperten-
sion in each model, thus we do not know whether the
remodelling might have become maladaptive at longer times
in the 12956 /SvEvTac mice. We have shown previously, how-
ever, that Angll-induced hypertensive remodelling in C57BL/
6 aortas tends not to differ over two to four weeks of infusion
[15,16] and that hypertension induced in C57BL/6;129S6
mice over longer periods (13-18 weeks) by a high salt diet
plus L-NAME did not cause adverse fibrotic remodelling in
these vessels [13,37]. Interestingly, large (elastic) arteries tend
to remodel more in response to hypertension and ageing than
do medium-sized (muscular) arteries [38], which have greater
contractile responsiveness [39]. Comparisons of the time-
course of remodelling of arteries within different locations
within the same mouse models would thus be expected to be
informative. There is also a need to consider other models of
induced hypertension and a need to study mice having other
genetic backgrounds. Prior findings in mixed C57BL/6;12956
mice, which also have similar baseline compositions and prop-
erties, were similar to the present findings for the 12956/
SvEvTac mice when infused with AnglI (electronic supplemen-
tary material, tables S8 and S9). Finally, we note that rates of
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hypertensive remodelling may differ across species; for
example, it takes approximately two months for vessels to
adapt to hypertension in rabbits [40] and likely more than a
month in rats [41].

In conclusion, we acknowledge the extreme biological
complexity of hypertensive remodelling of the aorta and that
different genetic backgrounds further complicate the interpret-
ation of data. Nevertheless, histological, transcriptional,
mechanical, functional and computational findings herein all
suggest a detrimental role of excessive mechanical stress-
mediated inflammation in promoting adventitial fibrosis in
(Angll-infused C57BL/6 ] mice) hypertension and conversely
a protective role of enhanced smooth muscle contractility in
reducing wall stress and thereby promoting mechanical
homeostasis without the need to invoke inflammatory support,
which can otherwise prevent rather than promote homeostasis
depending on the perturbation in haemodynamic loading.

5. Perspectives

— Baseline aortic composition, mechanical properties and
vasoconstrictive capacity are similar in C57BL/6 and
12956 aortas, suggesting common homeostatic biomechani-
cal targets.

— Aortic remodelling in response to chronic Angll-induced
hypertension differs dramatically between C57BL/6
and 12956 mice, with gross collagen accumulation and
over-thickening of the wall in the former and modest
thickening in the latter.

— RNA sequencing-based gene ontologies show increased
immune/inflammatory processes in hypertensive C57BL/
6 but increased contractile processes in 12956 mice, con-
firmed by histology and ex wvivo contraction studies.
Fibrotic thickening correlated positively with increased
inflammation and negatively with increased contractility.
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