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Aims Vascular stiffness increases with age and independently predicts cardiovascular disease risk. Epigenetic changes, in-
cluding histone modifications, accumulate with age but the global pattern has not been elucidated nor are the regu-
lators known. Smooth muscle cell-mineralocorticoid receptor (SMC-MR) contributes to vascular stiffness in ageing
mice. Thus, we investigated the regulatory role of SMC-MR in vascular epigenetics and stiffness.

....................................................................................................................................................................................................
Methods
and results

Mass spectrometry-based proteomic profiling of all histone modifications completely distinguished 3 from 12-
month-old mouse aortas. Histone-H3 lysine-27 (H3K27) methylation (me) significantly decreased in ageing vessels
and this was attenuated in SMC-MR-KO littermates. Immunoblotting revealed less H3K27-specific methyltransferase
EZH2 with age in MR-intact but not SMC-MR-KO vessels. These ageing changes were examined in primary human
aortic (HA)SMC from adult vs. aged donors. MR, H3K27 acetylation (ac), and stiffness gene (connective tissue
growth factor, integrin-a5) expression significantly increased, while H3K27me and EZH2 decreased, with age. MR
inhibition reversed these ageing changes in HASMC and the decline in stiffness genes was prevented by EZH2
blockade. Atomic force microscopy revealed that MR antagonism decreased intrinsic stiffness and the probability of
fibronectin adhesion of aged HASMC. Conversely, ageing induction in young HASMC with H2O2; increased MR,
decreased EZH2, enriched H3K27ac and MR at stiffness gene promoters by chromatin immunoprecipitation, and
increased stiffness gene expression. In 12-month-old mice, MR antagonism increased aortic EZH2 and H3K27 meth-
ylation, increased EZH2 recruitment and decreased H3K27ac at stiffness genes promoters, and prevented ageing-
induced vascular stiffness and fibrosis. Finally, in human aortic tissue, age positively correlated with MR and stiffness
gene expression and negatively correlated with H3K27me3 while MR and EZH2 are negatively correlated.

....................................................................................................................................................................................................
Conclusion These data support a novel vascular ageing model with rising MR in human SMC suppressing EZH2 expression

thereby decreasing H3K27me, promoting MR recruitment and H3K27ac at stiffness gene promoters to induce vas-
cular stiffness and suggests new targets for ameliorating ageing-associated vascular disease.
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1. Introduction

Ageing is a universal physiological process and potent risk factor for car-
diovascular disease (CVD). The population over 65 years of age is
expected to increase to 22% by 2040 and over 40% of people over
65 years are expected to die of CVD.1 Vascular stiffness is one of the
principal consequences of cardiovascular ageing and is associated with in-
creased risk of coronary heart disease, stroke, and cardiovascular death,
independent of blood pressure.1 Vascular stiffness is measured non-
invasively by pulse wave velocity (PWV) and increases with age in males
and females2,3 but the mechanism is unknown. The haemodynamic con-
sequence of aortic stiffening is increased pulse pressure, which damages
the microvasculature in downstream organs thereby contributing to age-
ing-related dysfunction of the kidney, heart, and brain. Thus, enhanced
understanding of the process of vascular stiffness during cardiovascular
ageing is necessary to identify rational new anti-ageing targets to prevent
the adverse impact of ageing on cardiovascular health.

Vessel stiffness is a composite of the intrinsic stiffness of vascular cells,
the composition of the extracellular matrix (ECM), and the attachments
between the cells and matrix.4 Pathologically, vascular ageing is charac-
terized by increased fibrosis, involving accumulation of collagen in the
medial and adventitial layers of the remodelled artery,3 and decreased
elasticity of the vessel wall due to an increment in matrix metalloprotei-
nase (MMP) activity that reduces elastin integrity.3,5,6 Vascular smooth
muscle cells (SMCs) contribute to all aspects of vascular stiffness as they
evolve towards a senescence phenotype with advancing age. This

includes production of ECM components and MMPs that contribute to
vascular fibrosis and elastin degradation, cytoskeletal changes that affect
intrinsic SMC stiffness, and modulation of surface proteins that interact
with the ECM.6 Specifically, SMC produce connective tissue growth fac-
tor (CTGF), which promotes collagen synthesis. In addition, the SMC ac-
tin cytoskeleton attaches to the ECM through integrin proteins located
at focal adhesions. The upstream regulators driving ageing-related
changes in expression of SMC genes are not clear, but greater under-
standing could identify novel anti-ageing targets.

Ageing is associated with epigenetic changes that modulate gene ex-
pression independent of the DNA sequence.7,8 One such epigenetic
mechanism is post-translational modifications of histone proteins around
which DNA is packaged to form nucleosomes. Such chromatin modifica-
tions modulate nucleosome structure to regulate the accessibility of
DNA regulatory sequences to transcription factors thereby regulating
gene and protein expression.9 The activity of histone-modifying enzymes
(methyltransferases, acetylases, deacetylases) in cardiovascular tissues
have been associated with hypertension and cardiac hypertrophy in ani-
mal models8 and epigenetic mechanisms have been implicated in SMC
phenotype modulation that contributes to vascular injury and athero-
sclerosis.10,11 However, global ageing-induced changes in histone modifi-
cations in the vasculature have not been interrogated nor is it clear how
this may be regulated to contribute to vascular stiffness in the ageing
vasculature.

The aldosterone-binding mineralocorticoid receptor (MR) plays a
critical role in blood pressure regulation12,13 and has been implicated in
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vascular stiffness.14,15 In humans, vascular stiffness and fibrosis are in-
creased in patients with primary hyperaldosteronism16 and MR antago-
nist treatment decreased vascular stiffness.17 The MR is a hormone-
activated transcription factor that regulates vascular gene transcription
by binding to DNA regulatory elements.18 Previous studies of our group
reveal that MR expression increases with age in mouse vessels and that
old mice treated with mineralocorticoid receptor antagonist or with the
MR genetically knocked out from SMC (SMC-MR-KO) are protected
from ageing-induced vascular fibrosis and stiffness14,15,19,20 but this has
never been tested on human samples. Vascular gene expression profiling
revealed that in aged mice, SMC-MR-KO promotes a global shift to de-
creased expression of a fibrosis-associated gene network that includes
CTGF, integrin-a5, and matrix metalloprotease-2 (MMP2), genes that
promote vascular stiffness. However, the mechanism by which the MR in
SMC drives vascular ageing and whether contributes similarly to ageing
in human SMC has never been explored.

Here we investigate the mechanism driving vascular stiffness gene ex-
pression with ageing by characterizing global changes in histone modifica-
tions in the ageing mouse vasculature comparing MR-intact to SMC-MR-
KO mice by mass spectrometry. We identify a mechanism by which MR
down-regulates the histone-modifying enzyme EZH2 to alter histone-H3
lysine-27 (H3K27) modifications and allowing MR recruitment to stiffness
target genes to drive vascular stiffness in ageing mice and in primary low
passage human SMC and human aortic tissue from young vs. old people.

2. Methods

2.1 Human tissue
De-identified human aortic tissue was obtained post-mortem from the
NIH-supported National Disease Research Interchange and hence the

Figure 1 Mineralocorticoid receptor (MR) and stiffness gene expression increase with age in primary human aortic smooth muscle cells (HASMC).
Primary HASMC were compared from adult (average age 40s) vs. aged (average age late 70s) donors. (A) Representative immunoblots and quantification
of MR protein expression by immunoblotting. n = 9 for each age group. (B) Representative HASMC images of senescence-associated (SA) b-galactosidase
staining and quantification of SAb-galactosidase staining. n = 4 of each age group. (C) Representative immunoblots and quantification of protein expression
of select stiffness genes: connective tissue growth factor (CTGF), matrix metalloproteinase 2 (MMP2), and integrin-a5. n = 7 for each age group. Dot plots
show the individual data points and bars indicate the mean with error bars indicating the SEM for relative protein expression normalized to GAPDH.
Results were analysed using Student’s t-test. *P < 0.05, **P < 0.01.
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medical ethics committee of participating centre (Tufts Medical Center)
deemed this research to be exempt from human subjects research
requirements.19

2.2 Human cell culture and treatment
Human aortic smooth muscle cell (HASMC) were treated with the MR
antagonist spironolactone (1lM, Research Plus, Inc, Barnegat, NJ),
EZH2 inhibitor GSK126 (15mM, MedChemExpress, Monmouth
Junction, NJ), or H2O2 (1lM, Sigma Aldrich, Saint Louis, MO) compared
to their respective vehicle (DMSO or water), for 24, 48, and 72 h and
cells harvested for mRNA (see Supplementary material online, Table S1),
protein, and/or chromatin immunoprecipitation (ChIP) studies (see
Supplementary material online, Table S2).

2.3 Animal studies
All mice were treated in accordance with US National Institutes of
Health standards and all procedures were approved by the Tufts
University Institutional Animal Care and Use Committee and conformed
to the NIH guidelines for the care and use of laboratory animals.
Twelve-month-old WT (C57BL/6J background) male mice were
implanted in the subscapular region with pellets containing either pla-
cebo or spironolactone (two consecutive 60 day release pellets at 20 mg
kg-1day-1, Innovative Research of America) for total 120 days. Mice were
anaesthetized using an induction chamber with 4% isoflurane mixed with
0.5 L/min of 100% O2. During the surgery, 1.5% isoflurane with 0.5 L/min
O2 was maintained for analgesia. At the indicated time points, animals
were euthanized by terminal blood and tissue harvest under isoflurane
inhalation. Mice with tamoxifen-inducible SMC-specific deletion of MR
gene (Nr3c2) were generated by crossing floxed MR (MRf/f) mice with
SMA-Cre-ERT2 mice as previously described.14,19

2.4 Statistical analysis
Statistical analysis for the proteomic data was performed as described.21

For all other measurements, values are presented as mean ± SEM.
Differences between two groups were analysed using Student’s t-test.
Differences between multiple groups (mice ± spironolactone or ± SMC-
MR at different ages) were analysed by two-way ANOVA followed by
Tukey’s post hoc test. Pearson correlation coefficients were calculated to
determine correlations in human tissue. Statistical analyses were per-
formed using GraphPad Software Inc. version 8. Statistical significance
was set at P < 0.05.

3. Results

3.1 MR expression increases with donor
age in primary human SMCs
Vascular MR mRNA expression increases with age in rodents,22,23 but
this has never been tested in humans, nor has protein been tested due to
lack of a mouse MR antibody. Thus, MR protein was first quantified in pri-
mary low passage HASMCs from adult (average age 44 years) compared
to aged (average age 78 years) donors. MR protein expression was 2.5
times higher in SMC from aged compared with adult cells (P < 0.05,
Figure 1A). SMC from aged donors also demonstrated increased senes-
cence as measured by senescence-associated b-galactosidase (SAb-gal)
staining, confirming maintenance of the ageing phenotype when cells are
cultured in vitro (Figure 1B). We further measured protein expression of
stiffness genes previously shown to be influenced by the presence of

SMC-MR in ageing mouse vessels. CTGF and integrin-a5 were increased
significantly (P < 0.05) in aged compared to adult HASMC (Figure 1C),
while MMP2 expression did not significantly change with age in HASMC.

3.2 Global changes in histone post-
translational modifications distinguish
young from aged mouse aortas
To explore the impact of ageing on epigenetic histone modifications in
the vasculature, chromatin was isolated from six aortas each from young
(3 month) and older (12 month) mice with MR present vs. SMC-MR-KO
littermates at each age; 12 months of age was chosen as a time-point in
which aortic fibrosis and stiffness are already evident in ageing mice and
stiffness gene expression is attenuated when aged mice lack SMC-MR.14

Chromatin was digested to peptides and the levels of 68 histone post-
translational modification states were quantified by mass spectrometry,
as described.21 Principal component analysis of the mass spectrometry
data revealed that the histone modification state readily and completely
discriminates between young and old vessels (Figure 2A, principal
Component 2 axis). Among the young aortas, the histone modification
profile does not distinguish between the MR-intact vs. SMC-MR-KO ves-
sels suggesting a limited role for SMC-MR in the histone modification
state of young vessels. However, among the old aortas, principal
Component 1 separated the vessels by genotype, with most of the aged
MR intact mice falling on the left, further from the young vessels, and all
of the old SMC-MR-KO vessels falling on the right (Figure 2A).

Hierarchical clustering of the histone marks similarly revealed a sub-
stantial difference in the global chromatin modification profile of old vs.
young vessels that is further modified by the presence of SMC-MR only
in the aged vessels (Figure 2B). All of the young mice cluster together on
the left, without segregation by genotype. There is only one old aorta
that clusters with the young vessels and that vessel came from a SMC-
MR-KO mouse. Among the old vessels, there is further clustering with
most of the MR-intact old vessels clustering together on the right and
furthest away from the young vessels.

Marker selection analysis was next used to identify specific histone
modifications that significantly distinguish between old and young vessels
(Figure 2C).24 H2AK9ac increased and H2B acetylation state changed
with age. Moreover, of the 10 histone marks that differ with age with a
False discovery rate (FDR) < 0.05, 7 were changes in modification of
H3K27 with an overall decrease in methylation and an increase in acety-
lation with advancing age (Figure 2C). Specifically, H3K27 mono
(H3K27me1) and di-methylation (H3K27me2) marks are decreased in
vessels from old mice (regardless of the methylation state of the H3K36
on the same peptide), and the suppression of H3K27 methylation
appears attenuated in the absence of SMC-MR.

3.3 Ageing-associated changes in histone-
modifying enzymes in mouse aorta and in
primary human SMC
To begin to explore the mechanism for ageing-associated changes in the
H3K27 histone modification pattern, we examined expression of
enzymes implicated in histone methylation, including the H3K27 methyl-
transferase EZH2, the H3K27 demethylase UTX, and the histone meth-
yltransferase G9a.25 We also quantified Cyclic adenosine
monophosphate Response Element Binding (CREB)-binding protein
(CBP) and PCAF/p300, MR transcriptional co-activators with histone
acetyltransferase activity.26 Protein was quantified first in aortic lysates
from young vs. old MR-intact and SMC-MR-KO mice (Figure 3A).

3389MR and histone modifications in vascular ageing
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Expression of PCAF/p300, G9a, and UTX all increased significantly with
ageing in mouse aorta but this was independent of the presence of SMC-
MR. Expression of the H3K27 methyltransferase, EZH2 was significantly
reduced in old compared with young MR-intact mice. The decline in
EZH2 with age was not evident in SMC-MR-KO aortas, resulting in signif-
icantly higher EZH2 expression in aortas from old SMC-MR-KO vs. MR-
intact littermates. Similarly, CBP expression was significantly increased in

old compared with young MR-intact mice and was significantly decreased
in vessels from aged SMC-MR-KO mice compared to aged MR-intact
littermates.

We next examined whether these ageing-associated changes in
H3K27 post-translational modifications and histone-modifying enzymes
identified in mouse vessels are also present in adult vs. aged primary hu-
man cells (Figure 3B and C). In HASMC, H3K27 methylation was lower

Figure 2 Proteomic profiling of all aortic histone modifications from young and old mouse aortas distinguishes old from young vessels. Mass spectrom-
etry-based profiling of histone modifications was performed on mouse aortic chromatin from 3 month and 12 month old mineralocorticoid receptor
(MR)-intact and smooth muscle cells (SMC)-MR knock out littermates. (A) Principal component analysis (PCA) comparing the histone proteomic data
and plotting by co-ordinates for principal Components 1 and 2, colour-coded by the age and genotype of each vessel. Principal Component 2 separates
all vessels by age and principal Component 1 further separates most of the old MR-intact from old SMC-MR-KO vessels. (B) Hierarchical cluster analysis
of global histone modification patterns in MR-intact and SMC-MR-KO mice young and old. Red indicates an increase and blue a decrease in the amount of
each histone modification relative to the mean for all vessels. (C) Marker selection analysis identifies specific histone modifications that significantly distin-
guish young from old vessels. Histone modifications with a FDR < 0.05 are listed. ac, acetyl; me, methyl.

3390 J. Ibarrola et al.



Figure 3 Ageing-associated changes in histone modifications and histone-modifying enzymes in mouse aortas and primary human aortic SMC (HASMC).
(A) Representative immunoblots and quantification of protein expression of enzymes involve in the methylation (me; EZH2, G9a, UTX) and acetylation (ac;
CBP, PCAF/P300) of histones in aortas from mice with MR-intact vs. SMC-MR-KO. n = 6–7 of each age group. (B) Representative immunoblots and protein
expression of mono (me1), di (me2), and tri (me3)-methylation and acetylation of histone 3 (H3) lysine 27 (H3K27) in primary HASMC from adult and aged
donors. n = 6–12 of each age group. (C) Representative immunoblots and quantification of protein expression of enzymes involve in the methylation (EZH2,
G9a, UTX) and acetylation (CBP, PCAF) of histone H3 in HASMC from adult and aged donors. Dot plots show the individual data points and bars indicate
the mean with error bars indicating the SEM of protein expression normalized to b-tubulin or histone modifications normalized to total histone H3. n = 6–8
of each age group *P < 0.05; **P < 0.01. Mouse aorta results were analysed using two-way ANOVA with Tukey’s post hoc test. Human cell results were ana-
lysed using Student’s t-test.

3391MR and histone modifications in vascular ageing
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and acetylation was higher in primary cells from aged vs. adult donors.
Specifically, there was a significant decrease in H3K27me2 and
H3K27me3 and increase in H3K27ac in aged vs. adult human SMC
(Figure 3B). Also consistent with the mouse vessels, expression of the
methyltransferase, EZH2, was significantly reduced and the acetyltrans-
ferase, CBP, was increased in aged SMCs compared to adult cells
(Figure 3C). The levels of the other histone-modifying enzymes (Ga9,
UTX, and PCAF) did not differ with age in human SMCs. The decline
with age in EZH2 is consistent with decreased H3K27 methylation and
the rise in CBP could mediate acetylation of MR target promoters.
Moreover, these two protein changes were consistent between mouse
vessels and human cells. Thus, further studies focused on EZH and CBP.

3.4 MR inhibition in aged HASMC reverses
the ageing EZH2/H3K27/stiffness
phenotype
To test whether MR is driving the ageing phenotype in HASMC, cells
from aged donors were treated with the MR antagonist spironolactone
and the impact on histone-modifying enzyme expression, H3K27 modifi-
cations, stiffness gene expression, and SMC stiffness and adhesion prop-
erties were quantified. As expected, pharmacological MR inhibition did
not significantly impact MR protein or mRNA expression (see
Supplementary material online, Figure S1A and B). MR inhibition signifi-
cantly increased EZH2 mRNA (see Supplementary material online,
Figure S1C) and protein (Figure 4A) after 48 h, supporting that the lower
levels of EZH2 in aged HASMC is at least in part driven by the MR. CBP
mRNA was unchanged by MR inhibition (see Supplementary material
online, Figure S1C) although protein expression increased suggesting that
high CBP in aged HASMC is not transcriptionally regulated by the MR
and that spironolactone might affect CBP at a post-transcriptional level.
Consistent with the rise in EZH2, spironolactone treatment significantly
increased H3K27me1 and H3K27me3 in association with decreased
H3K27ac (Figure 4B). MR inhibition also significantly reduced the mRNA
and protein level of the stiffness genes CTGF, MMP2, and integrin-a5 af-
ter 48 h (see Supplementary material online, Figure S1D–E). To test
whether EZH2 histone methyltransferase activity is necessary for sup-
pression of fibrosis genes with MR inhibition, aged HASMCs were
treated for 48 h with spironolactone alone or co-treated with the EZH2
inhibitor GSK126. EZH2 inhibition for 48 h in HASMCs significantly de-
creased H3K27 methylation, confirming the efficacy of GSK126 inhibi-
tion of EZH2 function (see Supplementary material online, Figure S2).
EZH2 inhibition with GSK126 prevented the spironolactone-induced re-
duction of CTGF and integrin-a5 (Figure 4C), further supporting that
EZH2 contributes to the gene regulatory changes mediated by MR
inhibition.

Atomic force microscopy was next used to explore whether these
molecular changes driven by SMC-MR impact intrinsic HASMCs stiffness
(Figure 4D–F). MR inhibition significantly decreased the intrinsic stiffness
of aged SMC (Figure 4E). Next, using an Atomic Force Microscopy
(AFM) probe coated with fibronectin, the probability of adhesion of
SMC integrins to fibronectin was quantified by measuring the frequency
of an adhesion-rupture event between the coated probe and the SMC
membrane.27 Treatment with MR antagonist significantly reduced the
probability of adhesion of aged SMC to fibronectin (Figure 4F) consistent
with the decrease in the integrin-a5 (fibronectin receptor) expression
(Figure 4C).

3.5 Induction of an ageing phenotype in
young HASMC induces MR and the
epigenetic shift to decreased H3K27
methylation
This ageing mechanism was next tested in primary HASMC from young
donors treated with H2O2, a previously identified inducer of an ageing
phenotype in cultured cells.28 We first confirmed that H2O2 treatment
for 48 h significantly increased SAb-gal staining consistent with promot-
ing cell senescence (Figure 5A). H2O2 treatment also significantly in-
creased MR mRNA (see Supplementary material online, Figure S3A) and
protein expression (Figure 5B) after 24 and 48 h. There was a concomi-
tant decrease of EZH2 and an increase of CBP expression (Figure 5C,
Supplementary material online, Figure S3B) consistent with the pheno-
type seen in aged HASMC and mouse vessels (Figure 3). The changes in
histone-modifying enzymes further associated with a significant decrease
in H3K27me1 at 24 h, H3K27me3 at 48 h, and increased H3K27ac at
both times (Figure 5D).

3.6 Induction of ageing in HASMC
increases enrichment of MR and acetylated
H3K27 at stiffness gene promoters and
promotes stiffness gene expression
The epigenetic shift induced by H2O2 treatment of young HASMC also
associated with a significant increase in mRNA expression (see
Supplementary material online, Figure S3C) and protein level of the three
representative stiffness genes, CTGF, MMP2, and integrin-a5 (Figure 5E).
To test whether the H2O2-induced changes in global histone modifica-
tions altered locus-specific histone modifications at the stiffness gene
promoters, ChIP-qPCR was performed using H3K27ac antibody. H2O2

treatment for 24 h significantly increased enrichment of H3K27ac over
IgG control antibody at the promoters of the CTGF and integrin-a5
genes with no significant change in H3K27ac enrichment at the MMP2
promoter (Figure 5F). Since these three stiffness genes are putative SMC-
MR target genes, we tested whether MR is recruited to these sites in
HASMC by ChIP-qPCR with anti-MR antibody. H2O2 treatment signifi-
cantly increased enrichment of MR over IgG at the promoters of all
three stiffness gene promoters (Figure 5G). Primers targeting exon 2 of
each gene, an atypical site for MR binding or gene regulation, were simul-
taneously tested as a negative control revealing no enrichment of
H3K27ac or MR at those sequences (see Supplementary material online,
Figure S3D and E).

3.7 MR inhibition in old mice reverses the
epigenetic mechanism and attenuates
vascular stiffening
To test if this MR-driven epigenetic vascular ageing mechanism can be
modulated in vivo, 12-month-old mice were treated with the MR antago-
nist spironolactone vs. placebo by subcutaneous pellet for 4 months at a
dose that does not significantly alter blood pressure in mice (see
Supplementary material online, Figure S4). Spironolactone treatment
in vivo significantly increased aortic EZH2 expression without affecting
CBP (Figure 6A), further supporting that MR regulates EZH2 (but not
CBP) expression in the ageing vasculature. This was associated with a sig-
nificant increase in global mono and tri-methylation and decreased acety-
lation of H3K27 on histones isolated from mouse aortas from
spironolactone-treated mice (Figure 6B). To examine if EZH2 is recruited
to the stiffness gene promoters to induce locus-specific changes in
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Figure 4 MR inhibition in aged human cells reverses the impact of ageing on histone modifications, stiffness gene expression, and SMC stiffness. HASMCs
from aged human donors were treated with vehicle or the MR antagonist spironolactone for 24, 48, and 72 h. Protein was quantified by immunoblotting rela-
tive to vehicle treatment at each time and representative immunoblots are shown for: (A) histone-modifying enzymes (EZH2 and CBP). n = 17 of each age
group; (B) histone modifications [mono- (me1), di- (me2), tri (me3)-methylation, and acetylation (ac)] of H3K27. n = 10–17 of each age group. (C) HASMCs
from aged human donors were treated with vehicle, MR antagonist spironolactone ± EZH2 inhibitor GSK128 for 48 h. Representative immunoblots and
protein was quantification for stiffness genes (CTGF, MMP2, Integrin-a5) n = 6. (D) Schematic of a fibronectin (FN) functionalized AFM tip and probe inter-
acting with the surface of a single SMC. Representative force curve as the probe is lowered (red) to indent the cell surface and induce upward deflection of
the probe (indentation force) and is then retracted (blue) to rupture adhesions formed between fibronectin on the AFM tip and integrins on the SMC. AFM
was performed on HASMC from aged donors treated with vehicle or spironolactone for 48 h. (E) SMC stiffness was calculated from the rising portion of
the approach curve, n = 9 of each age group and (F) SMC adhesion to fibronectin was quantified by determining the probability of adhesion events (# of force
curves with at least one adhesion event/total # of force curves collected) in HASMC. Dot plots show the individual data points and bars indicate the mean
with error bars indicating the SEM in relative protein expression normalized to GAPDH (A and C) or histone modifications normalized to total histone H3
(B), n = 9 of each age group. Results were analysed using Student’s t-test (A, B, E, and F) or two-way ANOVA (C) with Tukey’s post hoc test. (A and B)
*P < 0.05. vs. respective vehicle at each time (C–F) *P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 5 Induction of an ageing phenotype in young HASMC drives changes in MR, histone modifications, and stiffness gene expression. Primary human
aortic SMC (HASMC) from adult donors (age 40s) were treated with hydrogen peroxide (H2O2) for the indicated time (24–72 h) to induce an ageing phe-
notype. (A) Representative HASMC images of SAb-galactosidase staining and quantification of SAb-galactosidase staining in HASMCs treated with vehicle or
H2O2 for 24 h to confirm induction of cell senescence, n = 4. Protein was quantified by immunoblotting and representative immunoblots are shown for: (B)
MR, n = 16; (C) histone-modifying enzymes EZH2 and CBP, n = 16; (D) histone modifications [mono- (me1), di- (me2), tri (me3)-methylation and acetylation
(ac)] of H3K27, n = 12–19. (E) and stiffness genes (CTGF, MMP2, Integrin-a5), n = 12–16. (F and G) Chromatin immunoprecipitation (ChIP)-qPCR was per-
formed in chromatin isolated from HASMC treated with vehicle or H2O2 for 24 h followed by PCR with primers specific to the CTGF, MMP2, and Integrin-
a5 promoter gene loci. ChIP was performed in cells treated with vehicle (white bar) or H2O2 (grey bar) compared to control IgG with antibodies specific
for: (F) H3K27 acetyl to indicate open chromatin, n = 4 experiments; or (G) MR to indicate the degree of MR enrichment at the promoter, n = 4 experiments.
Dot plots show the individual data points and bars indicate the mean with error bars indicating the SEM in relative protein expression normalized to
GAPDH (B, C, and E) or to total histone H3 (D). Protein results were analysed using two-way ANOVA (treatment, time) with Tukey’s post hoc test. ChIP
results were analysed using Student’s t-test. *P < 0.05 vs. vehicle.
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Figure 6 Mineralocorticoid receptor antagonism attenuates epigenetic and gene expression changes with decreased vascular fibrosis and stiffness in aged
mice. Twelve-month-old mice were treated with placebo (black) or MR antagonist (spironolactone, grey) for 4 months and aortas were isolated for protein
quantification and ChIP (A–E). Representative immunoblots and protein quantification are shown for: (A) histone-modifying enzymes (EZH2 and CBP),
n = 8–9; (B) histone modifications [mono- (me1), di- (me2), tri (me3)-methylation and acetylation (ac)] of H3K27, n = 8–9; and (E) and stiffness genes,
CTGF, MMP2, Integrin-a5, n = 8–9. Relative protein expression is normalized to tubulin (A and E) or to total histone H3 (B). ChIP-qPCR data quantifies en-
richment of (C) EZH2, n = 5 or (D) H3K27ac, vs. control IgG at the CTGF, MMP2, and Integrin-a5 promoter gene loci, n = 5. (F) Aortic stiffness measured by
abdominal aortic pulse wave velocity (PWV) at randomization (12 months) and again after 2 (14 months) and 4 (16 months) months of treatment with pla-
cebo or spironolactone (n = 15–19 mice per group). (G) Vascular fibrosis quantified in aorta sections stained with Masson’s trichrome after the 4 months
treatment with spironolactone or placebo. Representative images are displayed and scale bar = 10lm, n = 9. Dot plots show the individual data points and
bars indicate the mean with error bars indicating the SEM. (A–E and G) Results were analysed using Student’s t-test. (F) PWV results were analysed using
two-way ANOVA with Tukey’s post hoc test, n = 4–8 of each age group. *P < 0.05, **P < 0.01.
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histone modifications, ChIP-qPCR was performed using EZH2 or
H3K27ac antibody (but not MR as there is no mouse MR-specific anti-
body). Spironolactone treatment significantly increased enrichment of
EZH2 over IgG at the promoter region of the three stiffness genes
(Figure 6C) and this was associated with decreased enrichment of
H3K27ac at the same sites (Figure 6D). Protein expression of the stiffness
genes, CTGF and integrin-a5, was significantly reduced in old mice
treated with spironolactone compared to placebo, with no significant im-
pact on MMP2 expression (Figure 6E). To assess the impact of these
gene regulatory changes on the vasculature, PWV was measured to
quantify vascular stiffness during spironolactone treatment and vascular
fibrosis was assessed by histology at the end of the 4 months of treat-
ment. In placebo-treated mice, vascular stiffness increased progressively
from 12 to 14 and then 16 months and this was prevented by spironolac-
tone, resulting in significantly decreased vascular stiffness in spironolac-
tone vs. placebo-treated mice at 14 and 16 months of age (Figure 6F).
Vascular fibrosis was also significantly reduced in mice treated with spiro-
nolactone (Figure 6G).

3.8 Correlations of MR, histone
modifications, and stiffness gene protein
levels in human aortic tissue of with
advancing age
Finally, we measured key proteins involved in this ageing pathway in hu-
man aortic tissue lysates and tested correlations with increasing age.
Protein was isolated from aortic tissue from 11 individuals ranging in age
from 29 to 72 years and immunoblotting was used to quantify MR,
EZH2, H3K27 modifications, and stiffness genes. MR expression signifi-
cantly positively correlated with age as did the stiffness genes CTGF,
MMP2, and integrin-a5 (Figure 7A). H3K27 tri-methylation showed a sig-
nificant negative correlation with age, while H3K27 acetylation trended
in the opposite direction but was not statistically significant (Figure 7B).
Although the correlation of EZH2 expression with age was not statisti-
cally significant, when EZH2 expression was compared to MR protein
levels, there was a significant negative correlation in human vessels
(P = 0.0176, Figure 7C), suggesting that EZH2 is linked more closely to
the level of MR than to age itself in human tissue.

4. Discussion

These data support a new vascular ageing mechanism in which MR con-
trols global histone post-translational modifications to regulate expres-
sion of genes that contribute to SMC and aortic stiffness. Specifically, we
demonstrate for the first time that: (i) MR expression increases with age
in primary, low passage, human aortic SMC, and correlates with age in
whole aortic tissue from ageing humans; (ii) the global proteomic profile
of histone modifications in mouse vessels changes profoundly with age-
ing with a significant overall decrease in H3K27 methylation; (iii) expres-
sion of the H3K27 methyltransferase EZH2 decreases with age in mouse
vessels and in human SMCs in a MR-dependent manner and negatively
correlates with MR expression in whole human aortic tissue; (iv) the age-
ing-induced decline in EZH2 associates with reduced H3K27 methyla-
tion and increased H3K27 acetylation in vitro and in vivo; (v) these
epigenetic changes in ageing human SMC and mouse vessels correspond
with increased expression of the vascular stiffness genes, CTGF and
integrin-a5, previously identified vascular MR target genes; (vi) induction
of an ageing phenotype in human SMC associates with increased MR

enrichment and H3K27 acetylation at these stiffness gene promoters;
and (vii) inhibition of MR in aged mice and aged HASMC reverses the en-
tire process; increasing EZH2 and H3K27 methylation, increasing locus-
specific EZH2 enrichment and decreasing H3K27 acetylation at stiffness
gene promoters, decreasing vascular expression of CTGF and integrin-
a5, and decreasing the stiffness and adhesiveness of aged human SMC
in vitro by AFM and mouse aortic stiffness and fibrosis in vivo. Overall,
these results are consistent with the model in graphical abstract in which
rising MR in ageing vascular SMCs down-regulates EZH2 to globally shift
to a more open chromatin thereby allowing MR to be recruited to pro-
moters to transcriptionally up-regulate target genes involved in vascular
stiffness. This mechanism provides multiple potential targets to prevent
vascular stiffness in ageing humans, an independent risk factor for ad-
verse cardiovascular outcomes and a mediator of organ damage with
ageing.

Enhanced MR activity, particularly in the vasculature, has been impli-
cated in many cardiovascular disorders including hypertension, athero-
sclerosis, and heart failure,29 all of which increase in incidence with
ageing. In this study, we demonstrated for the first time that MR expres-
sion increases with age in primary human SMC and in human aortic tis-
sue, as had previously been shown in mice.14,15 The positive correlation
between age and MR expression in whole human aorta supports that
the culture conditions model MR expression in the intact vessel.
Previous studies show that MR expression increases in the setting of
other cardiovascular risk factors like obesity or hypertension30 as well as
in kidney fibrosis.31 MR is a hormone-activated transcription factor that
is activated by aldosterone (and in some tissues glucocorticoids) to con-
tribute to vascular dysfunction, fibrosis, and stiffness.14,15,19 The enzyme
11b-hydroxysteroid dehydrogenase Type 2 locally converts glucocorti-
coids to metabolites with poor affinity for the MR. Previous studies of
our lab demonstrated that 11b-HSD is expressed and functions inacti-
vates cortisol in HASMCs32 supporting that aldosterone is likely the
main agonist in these cells. However, one conundrum in clinical studies is
that MR antagonists are often found to be beneficial even when hor-
mone levels are not elevated.32 The finding that MR itself increases in the
ageing vasculature may explain its role in driving ageing vascular pathol-
ogy even in the absence of elevated hormone levels. Particularly since
MR has been shown to be activated in a hormone-independent manner
by angiotensin II signalling and oxidative stress-dependent Rac1 signalling,
both of which also increase with age.18,33

Epigenetic changes have been shown to accumulate in ageing tissues
resulting in global changes in gene transcription that drives the ageing
phenotype.7 Epigenetic changes include altered patterns of histone post-
translational modifications, DNA methylation, and expression of non-
coding RNAs. DNA is wrapped around nucleosomes composed of two
copies each of H2A, H2B, H3, and H4. Changes in histone modifications
have been implicated in SMC phenotype switching that contributes to
CVD,9 but have not been interrogated systematically in vascular ageing.
Here global histone modification proteomic profiling was performed for
the first time in single mouse aortas revealing profound changes in bulk
vascular histone modification that distinguished young from old vessels
with 100% discrimination by PCA. Ageing vessels also had significant
changes in the pattern of H2B(1–29) acetylation and increased
H2AK9ac, modifications which deserve further investigation. Here we
focused on the shift from H3K27 methylation to acetylation, as this mod-
ification integrated most of the top epigenetic changes, was reproduced
in human cells, and was reversed by MR antagonism in vitro and in vivo.
Also, decreased H3K27me2 and increased H3K27ac have been previ-
ously found in SMC from human carotid plaques compared to healthy
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Figure 7 Correlations between age and protein levels of mineralocorticoid receptor (MR), histone-modifying enzymes, histone modifications, and stiff-
ness marker genes in human aortic tissue. Immunoblotting was performed in aortic tissue from adult donors from a range of ages. (A) Correlation between
increasing age and MR, CTGF, MMP2, and Integrin-a5 protein in human aortic tissue. (B) Correlations between age and H3K27 modifications normalized to
total H3 in human aortic tissue. (C) Correlation of aortic EZH2 protein level with age of the donor or with MR expression in human aortic tissue, n = 11.
Pearson correlation coefficients and the degree of significance are indicated in each graph.
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arteries.34 In those studies, the healthy arteries were also from younger
donors, further supporting a potential role for this epigenetic mechanism
in vascular disease in ageing humans.34,35 H3K27 methylation silences
genes by compacting chromatin. Once the methyl groups are removed,
DNA-binding transcription factors, such as the MR, can bind to DNA
regulatory elements to which they recruit histone acetyltransferases, in-
cluding CBP and P300, which acetylate H3K27 to promote gene expres-
sion (Graphical abstract).9 Indeed, we confirmed that in aged HASMC,
MR, and H3K27ac are enriched at stiffness gene promoters resulting in
increased expression of CTGF, a key driver of collagen expression and fi-
brosis, and integrin-a5, the fibronectin receptor and component of focal
adhesions that link the SMC cytoskeleton to the ECM. Moreover, this
mechanism is reversed by MR antagonism in aged human SMC in vitro,
resulting decreased SMC stiffness and adhesion to fibronectin by AFM,
and in vivo in aged mice, with a decrease in vascular stiffness by PWV.
This is also consistent with published findings that SMC-MR-KO mice are
protected from vascular stiffness with ageing.14,19

Investigation of histone-modifying enzymes yielded ample data sup-
porting that EZH2 is negatively regulated by MR in the ageing vascula-
ture. Indeed, EZH2 declined with age in mouse vessels and this was
reversed by MR antagonism or deletion from SMC. This was consistent
with decreased EZH2 in aged human SMC, which increases with MR
blockade. EZH2 is a methyltransferase, which mono-, di-, and tri-
methylates H3K27.36 EZH2 has been extensively studied in cancers
where it is activated to drive tumour growth, cancer cell proliferation,
and metastasis.33 While epigenetic mechanisms have been studied in the
pathogenesis of heart failure,37 a role for EZH2 in ageing and specifically
in vascular stiffness, has not previously been explored. Some studies sug-
gest a role of EZH2 in the vascular function.38,39 EZH2 regulates cell ad-
hesion and angiogenesis,40 maintains vasculature integrity via MMP9,38

and induces the proliferation of pulmonary SMCs.41 Here we show that
MR induces a decline in EZH2 with age, which may contribute to vascu-
lar stiffness by de-methylation and activation of stiffness genes. This is
supported by the observation that in aged mice, MR inhibition increased
EZH2 expression and enrichment at the promoter stiffness genes and in
SMC from aged humans, MR inhibition decreases vascular stiffness gene
expression in an EZH2-dependent manner. Interestingly, in cells from
patients with Hutchinson–Gilford Progeria syndrome, a rare condition
of rapid early ageing, EZH2 expression and H3K27me3 was found to be
decreased.42 Our data support overlap between the epigenetic mecha-
nism driving universal vascular ageing as well as the rare premature age-
ing in progeria and suggests common therapies (MR antagonists) may be
applied. Conversely, this study raises the possibility that EZH2 inhibitors
under development for cancer therapy43 may accelerate vascular stiff-
ness and promote premature vascular ageing.

Once H3K27 is de-methylated, it can be acetylated by histone acetyl-
transferases, of which there are many. We focused on two specific his-
tone acetyltransferase proteins, PCAF/P300 and CBP, because they
were previously reported to function as a MR co-activators to induce
expression of MR target genes.26 In our study, CBP was consistently in-
creased with age in mouse vessels and HASMCs and it was induced by
H2O2 in cultured SMCs. However, whether CBP is directly regulated by
the MR is less clear. While the ageing-induced rise in aortic CBP expres-
sion in MR-intact mice was prevented in SMC-MR-KO (but not PCAF/
P300), MR inhibition did not decrease CBP expression in vitro or in vivo.
CBP and P300 have been shown to be increased in abdominal aortic tis-
sue from aneurysm patients vs. controls44 and to increase with age in the
heart45 where they contribute to cardiac dysfunction. Thus, our findings
are consistent with other studies implicating CBP as a driver of

cardiovascular ageing pathology and suggests that the mechanism could
involve co-activation of MR target genes; however, further studies are
needed to clarify the detailed mechanisms.

One of the principal drivers of vascular stiffness is vascular fibrosis.5,14

We previously found that MR antagonism or SMC-MR-KO attenuates
vascular stiffness and fibrosis with aging14 in association with down-
regulation of stiffness genes including CTGF, MMP2, and integrin-a5.14 In
this study, CTGF and integrin-a5 appear to be true SMC-MR vascular
ageing target genes that are regulated through this epigenetic mecha-
nism. Both are increased in aged vs. young mouse vessels and human
cells and decrease with MR inhibition or SMC-MR deletion. H2O2-in-
duced ageing of SMC increases H3K27ac and MR enrichment by ChIP at
the CTGF and integrin-a5 promoters as well as expression of the
mRNA and protein and this is reversed by MR inhibition in vivo. CTGF is
an established MR target gene in multiple tissues including heart, kidney,
and vessels where it promotes the production and extracellular deposi-
tion of collagen thereby contributing to fibrosis in many pathological
conditions.29,46 Integrin-a5 and integrin-b1 together form the fibronectin
receptor, which links the SMC actin cytoskeleton with the ECM and has
been implicated in vascular stiffness in ageing.47 We focused on integrin-
a5 because expression profiling showed it is specifically increased with
age in mouse aorta, is decreased in aorta from aged SMC-MR-KO mice
compared to MR-intact littermates,14 and was found by others to be in-
creased in vessels exposed to hypertension in a SMC-MR-dependent
manner.48 We propose that through this epigenetic mechanism, rising
MR in ageing SMC drives transcription of CTGF, to promote extracellu-
lar collagen deposition, and integrin-a5, which mediates focal adhesions
between SMC and the ECM to contribute to vascular stiffness
(Graphical abstract).

The results for MMP2 are nuanced and suggest regulation by MR as
well as other factors. While MMP2 expression is not increased in aged
vs. young HASMC, when aged SMC are treated with MR antagonist,
MMP2 goes down and when young HASMCs are treated with H2O2,
MMP2 rises and MR localizes to MMP2 promoter. In vivo, spironolactone
treatment did not significantly decrease MMP2 protein but it did de-
crease H3K27ac at the MMP2 promoter. These data suggest that the
level of MMP2 expression in the vasculature is a composite of the impact
of ageing with other stressors, which may include oxidative stress, and
that MMP2 may be regulated by MR and other competing mechanisms
depending on the pathologic milieu. This is important because MMP2 is
implicated in the pathogenesis of abdominal aortic aneurysm (AAA), a
vascular disease that is tightly linked with age, but also exacerbated by
other factors including smoking and hypertension. In mouse models of
AAA, MR drives aneurisms and MR antagonism is beneficial.49

Interestingly, a panel of histone H3 post-translational modifications were
examined in different models of AAA with distinct changes in H3K27me
depending on the model and timing of disease progression.50 Thus, fu-
ture studies are needed to understand MR regulation of MMP2 in the
ageing vasculature with clinical implications for AAA progression and
treatment.

This study has several limitations that we have attempted to mitigate.
First, mouse ageing is not completely analogous to human ageing. To ad-
dress this, we integrate data from mouse models with studies in human
primary cells and whole human tissue thereby providing greater confi-
dence in the veracity of mechanisms when they are reproduced in multi-
ple models. Similarly, cell culture studies are limited by changes in
cellular functions when grown on plastic and without surrounding cells.
We address this by using only low passage primary cells and by compar-
ing key findings to the results in whole human tissues. Our human tissue
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.
sample size is also small and spans a large age range. While this limits the
conclusions that can be drawn from the results, we mitigate the limita-
tion by combining the tissue results with the data from cells and mice.
Finally, the MR antagonist spironolactone is a very potent MR inhibitor
but is not totally specific. This limitation is mitigated by using both MR an-
tagonism and SMC-specific MR deletion and focusing on findings that im-
plicate the MR consistently across multiple models.

Despite these limitations, this study provides several novel insights.
We show for the first time that MR rises with age in human SMC and
vessels where it drives vascular pathology. We also characterize the
global histone post-translational modification profile of ageing vessels
and show profound changes that completely distinguish young from old
vessels. The combined data support a model (Graphical abstract) in
which rising SMC-MR in ageing vessels decreases expression of the
H3K27 methyltransferase EZH2, decreasing global and locus-specific
aortic H3K27 methylation and acetylation such that MR is recruited to
promoters of stiffness genes, including CTGF and integrin-a5, where his-
tone acetyltransferases such as CBP (also increased with ageing) may be
recruited to induce H3K27ac and increase stiffness gene expression.
Vascular stiffness and MR activation are both associated with adverse
cardiovascular outcomes that increase with ageing, including hyperten-
sion, heart failure, aneurism formation, and cardiovascular death.
Elucidation of the role of MR as a driver of epigenetic changes in the age-
ing vasculature is important for the development of anti-ageing treat-
ments (such as MR antagonists) and to more safely develop anti-cancer
therapies (including EZH2 inhibitors).
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Translational perspective These findings provide a new epigenetic mechanism whereby rising MR in ageing human SMC promotes vascular stiff-
ness. Vascular stiffness contributes to common disorders of ageing including hypertension, heart and kidney failure, and stroke, yet no therapies suc-
cessfully target vascular stiffness. Drugs that inhibit MR are already approved and used in the elderly. In addition, drugs targeting histone-modifying
enzymes, including EZH2, are being developed to treat cancer. Thus, these results provide preclinical support for drugs that could be immediately
tested to treat ageing-associated vascular stiffness and raise the potential for some cancer therapies to promote vascular stiffness.
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