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Aims Cardiac ageing involves the progressive development of cardiac fibrosis and diastolic dysfunction coordinated by MMP-9.
Here, we report a cardiac ageing signature that encompasses macrophage pro-inflammatory signalling in the left ventricle
(LV) and distinguishes biological from chronological ageing.

Methods
and results

Young (6–9 months), middle-aged (12–15 months), old (18–24 months), and senescent (26–34 months) mice of both
C57BL/6J wild type (WT) and MMP-9 null were evaluated. Using an identified inflammatory pattern, we were able to
define individual mice based on their biological, rather than chronological, age. Bcl6, Ccl24, and Il4 were the strongest in-
flammatory markers of the cardiac ageing signature. The decline in early-to-late LV filling ratio was most strongly pre-
dicted by Bcl6, Il1r1, Ccl24, Crp, and Cxcl13 patterns, whereas LV wall thickness was most predicted by Abcf1, Tollip,
Scye1, and Mif patterns. With age, there was a linear increase in cardiac M1 macrophages and a decrease in cardiac M2
macrophages in WT mice; of which, both were prevented by MMP-9 deletion. In vitro, MMP-9 directly activated young
macrophage polarization to an M1/M2 mid-transition state.

Conclusion Our results define the cardiac ageing inflammatory signatureand assignMMP-9 roles in mediating the inflammagingprofile
by indirectly and directly modifying macrophage polarization. Our results explain early mechanisms that stimulate ageing-
induced cardiac fibrosis and diastolic dysfunction.
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1. Introduction
Cardiac ageing is a major risk factor that dramatically increases cardio-
vascular disease morbidity and mortality.1 While ageing is a risk factor
for the population as an average, understanding ageing at the individual
level remains a challenge. Chronological age is defined as the actual
age (number of years an individual has lived). Biological age is defined
as the phenotypic age of the individual compared with the average
phenotype for the population. Biological age can be calculated by meas-
uring factors with the largest influence on longevity and comparing the
individual values to the group mean. While Weale and colleagues2

have proposed a system for evaluating biological age, this system is a
global assessment and not specific for the heart.

We and others have previously shown that cardiac ageing leads to
impaired diastolic function of the left ventricle (LV), due to the develop-
ment of cardiac muscle sarcopenia characterized by cardiomyocyte loss
and collagen accumulation.3– 5 While our knowledge of the molecular
basis responsible for these alterations remains limited, a common medi-
ator of ageing is increased inflammation (inflammaging).

Inflammaging is characterized by the increase in inflammatory cyto-
kines over the course of ageing and is believed to play a critical role in
ageing-induced cardiac remodelling.6 Plasma monocyte chemotactic
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protein-1 (MCP-1) and MMP-9 increase with age, and both positively
correlate with the increase in end-diastolic dimensions.7 MCP-1, also
known as Ccl2, is a potent CC chemokine that recruits monocytes to
the sites of inflammation or injury.8 We have demonstrated that macro-
phages increase in the LV of senescent (26–34 months) mice and con-
tribute to the increase in MMP-9 with age.7 Atorvastatin delays cardiac
ageing in rats by reducing IL-1b, TNF-a, and MMP-9.9 Caloric restriction
in humans induces a younger transcription profile that is also associated
with a diminished inflammatory pattern.10 Combined, these past reports
fromour groupand others provide substantial support for the inflamma-
tory hypothesis of cardiac ageing.

MMP-9 is involved in multiple cardiovascular diseases, including myo-
cardial infarction. MMP-9 deletion attenuates post-MI LV remodelling
and dysfunction by inhibiting macrophage infiltration, inflammatory
andfibrotic responses, aswell as facilitating angiogenesis.11,12 MMP-9de-
letion alleviates cardiac fibrosis and preserves LV diastolic function by
modifying the extracellular matrix response and angiogenesis in aged
mice.5,13 The impact of MMP-9 deletion on the inflammatory reaction
over the course of cardiac ageing, however, remains to be elucidated.

Based on the above background, we hypothesized that MMP-9 dele-
tion would attenuate age-related LV diastolic dysfunction by regulating
inflammation. Here, we established the cardiac inflammaging pattern
in mice, to study the interplay between MMP-9 and macrophages over
the lifespan. We discovered that the biological ageing signature could
be distinguished from chronological age. We propose a model of
cardiac ageing mediated by MMP-9 effects on macrophage polarization,
with this signature linking to LV structure and function.

2. Methods

2.1 Mice
All animal procedures were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee at the University of Texas Health Science
Center at San Antonio and the University of Mississippi Medical Center.

The C57BL/6J wild-type (WT) and MMP-9 null young (6–9 months),
middle-aged (MA; 12–15 months), old (18–24 months), and senescent
(26–34 months) mice of both sexes were evaluated (n ≥ 12/group).
MMP-9 null mice were a gift from Dr Zena Werb through Dr Lynn Matrisian,
whose laboratory backcrossed the mice onto the C57BL/6J strain.14,15 The
mice and tissue used for this study were previously evaluated for extracellu-
lar matrix effects.5 A new cohort of young, MA, old, and senescent mice of
WT (n ¼ 21) and MMP-9 null (n ¼ 18) were used for flow cytometry and
macrophage experiments. A cohort of 3- to 6-month-old male WT mice
(n ¼ 8) were used to isolate and stimulate peritoneal macrophages. Mice
were euthanized with 5% isoflurane, followed by exsanguination and
removal of the heart.

2.2 Quantitative inflammatory gene array
Total RNA was isolated from the LV base using TRIzol reagent (15596026,
Life technologies) plus the Total RNA purification kit (12183018A, Life
Technologies), and cDNA was synthesized using the SABiosciences RT2

first strand kit (330401, Qiagen). To assess mRNA expression of inflamma-
tory markers in the LV, the mouse inflammatory cytokines, and receptors,
PCR array (PAMM-011A,Qiagen) wasused.16 We followed the MIQE guide-
lines for PCR experiments and analysis.17 Our previous studies demon-
strated that several of the measured reference genes (Gusb, Hsp90ab1,
Gapdh, and Actb), but not Hprt1, changed and could not be used for
normalization. Therefore, in this study, we used only Hprt1, instead of all
five referencegenes, tonormalize the thresholdcycle (Ct) valuesof individual

target genes. The 2−DCt × 100 values were used for statistical and bicluster-
ing analyses. A total of n ¼ 6 samples per group were used.

2.3 Biclustering analysis
A total of 35 genes were statistically different between WT and MMP-9 null
mice (Table 1). The young mice served as control groups and expression
levels of genes in MA, old, and senescent mice were normalized to respective
young controls for fold changes. We applied a biclustering algorithm to
examine the fold changes.18 Average fold changes of the 35 genes were clus-
tered to have the biological ageing signature as shown in Figure 1.

2.4 LV wall thickness measurement
LV wall thickness in diastole was measured from two-dimensional M-mode
echocardiographic images using the Vevo770 software. For each mouse,
three independent measurements were made and averaged.

2.5 Immunoblotting
The protein was extracted by homogenizing the samples in protein extrac-
tion reagent type 4 (C0356, Sigma-Aldrich). Protein concentrations were
determined using the Quick StartTM Bradford Protein Assay (500–0205,
Bio-Rad). Protein expression levels of Bcl6 (ab19011, Abcam) and
IL-4 (ab11524, Abcam) were quantified by immunoblot, as reported
previously.16,19 The relative expression for each immunoblot was calculated
as the densitometry of the protein of interest divided by the densitometry of
the entire lane of the total protein stained membrane.

2.6 Macrophage immunohistochemistry
Immunohistochemistry for Mac-3 (CL8493AP, Cedarlane) was performed
on the mid LV section to measure macrophage accumulation. Paraffin-
embedded LV sections were deparaffinized in CitriSolve (22-143-975,
Fisher Scientific) and rehydrated by incubating twice in 100, 95, and 70%
ethanol, and distilled water for 5 min each. After heat-mediated antigen re-
trieval wasperformed using the Target Retrieval Solution (S1699, Dako), the
sections were incubated in 3% hydrogen peroxide (216763, Sigma) to
quench endogenous peroxidase activity. The sections were blocked
with rabbit normal serum and incubated with an anti-Mac-3 antibody,
followed by incubation with rabbit anti-rat IgG and ABC reagent
(PK-6104, Vector Laboratories). HistoMark Black Peroxidase Substrate Kit
(54-75-00, KPL) was used for colour development. The sections were coun-
terstained with eosin, dehydrated, and mounted. Quantification was calcu-
lated as the percentage of positive stained area to the total area.
Previously, we showed increased macrophage numbers in senescent (26–
34 months) LV, compared with young mice (n ¼ 3/group).7 In the current
study, we expanded the sample size to n ¼ 9–13/group.

2.7 Cardiac macrophage isolation
The LV was minced and dissociated into single cell suspension with a cocktail
of collagenase II and DNase I, as described previously.20 The cell suspension
was applied over pre-separation filters (130-041-407, Miltenyi Biotec) to
remove non-dissociated clumps and incubated with red blood cell lysis solu-
tion (130-094-183, Miltenyi Biotec) to removeredblood cells. The single cell
suspension was incubated with anti-Ly-6G-Biotin and anti-Biotin Microbe-
ads (130-092-332, Miltenyi Biotec). The cell suspension was applied over a
magnetic MS column (130-042-201, Miltenyi Biotec) and Ly-6G+ neutro-
phils adhered to columns. The flowthrough (Ly-6G2 cells) was incubated
with CD11b Microbeads (130-049-601, Miltenyi Biotec). The cell suspen-
sion was applied over a magnetic MS column. The neutrophil-depleted
CD11b+ cells (macrophages) were collected.20 Two mice were pooled to
acquire enough macrophage numbers for each sample set, and a minimum
of n ¼ 3 sets were used for each group.
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2.8 Peritoneal macrophage isolation
To isolate peritoneal macrophages, 10 mL of ice-cold RPMI1640 media
(11875093, Life technologies) with 10% fetal bovine serum (FBS 16000,
Life Technologies) and 1% antibiotics (15240, Life Technologies) was
injected into the peritoneal cavity of mice that had been overdosed with iso-
flurane. After 5 min of incubation, media was withdrawn from the peritoneal
cavity and stored on ice. Another 10 mL of ice-cold RPMI1640 media was
injected and subsequently withdrawn from the peritoneal cavity. The col-
lected media was centrifuged at 1000 × g for 10 min. The cell pellet was
resuspended in 5 mL of RPMI1640 media, and the cells were plated in a
six-well plate (1 × 106 cells/well) and incubated at 378C to allow the cells
to adhere. After 5 h, the media was discarded, and the wells were washed
with 1× phosphate-buffered saline to remove non-adherent cells.16,20

2.9 Flow cytometry for evaluating macrophage
phenotype
The single cell suspension or isolated peritoneal macrophages were blocked
with 5% heat-inactivated mouse serum and incubated with an APC
anti-mouse F4/80 antibody (123116, Biolegend) and Alexa Fluorw 488
anti-CD206 antibody (MCA2235A488T, AbD Serotec). The unstained
cells and/or cells stained with isotype-matched IgG were used as negative
controls. The flow cytometry experiments were performed using a
MACSQuantw Analyzer 10 and the data analysed by the MACSQuantifyTM

software. Macrophages from both cardiac and peritoneal sources were
defined as F4/80+CD206- for M1 or F4/80+CD206+ for M2, as reported
by others.21

2.10 Macrophage stimulation
Isolated peritoneal macrophages were stimulated with 0.5 mg/mL of recom-
binant human active MMP-9 (PF140, Millipore) for 4 h. The cells were har-
vested for evaluating macrophage phenotype by real-time PCR.

2.11 Real-time PCR for macrophage M1
and M2 markers
Total RNA was isolated from peritoneal macrophages and LVs, and
cDNA was synthesized as described before.19 The expression levels
of M1 markers Ccl3 (Mm00441259_g1), Ccl5, (Mm01302427_m1), Il1b
(Mm01336189_m1), Il6 (Mm00843434_s1), Pf4 (Mm00451315_g1), Tnfa
(Mm00443258_m1), as well as M2 markers Arg1 (Mm00475988_m1), Cd163
(Mm00474091_m1), Cd206 (Mm00485148_m1), Fizz1 (Mm00445109_m1), Il10
(Mm00439614_m1), Tgfb1 (Mm01178820_m1), and Ym1 (Mm00657889_mH)
were measured with Taqman gene expression assay, with Hprt1
(Mm01545399_m1) as the reference gene. The 2

−DCt values were expressed
as fold change, normalized to WT young mice in Figure 4B, or unstimulated
cells in Figure 4C and Supplementary material online, Figure S2.

2.12 Statistical analysis
Data are expressed as mean+ SEM. Two- or one-way ANOVA with ap-
propriate post-test was used to compare values among groups. Pearson cor-
relation was performed to determine correlation coefficients. Comparisons
between two groups were carried out using Student’s t-test. A value of P ,

0.05 was considered statistically significant. STATAversion 11 and GraphPad
Prism 6 were used for the statistical analyses.

3. Results

3.1 MMP-9 regulated ageing-associated
inflammation
To investigate the effect of age and MMP-9 on cardiac inflammation, we
performed gene array for 84 inflammatory factors in young, MA, old, and
senescent (26–34 months) LVs of WT and MMP-9 null mice (see Sup-
plementary material online, Table S1). There were 35 genes statistically

different among groups analysed by two-way ANOVA, and these genes
are listed in Table 1. Of those, 16 genes demonstrated ageing-dependent
changes in WT (Table 1, left column). MMP-9 deletion removed 10 of
those changes (6 were different in both WT and MMP-9 null) and
added in 15 new genes, for a total of 21 genes changed with age in the
absence of MMP-9 (Table 1, right column). This indicated a strong
dependence of cardiac ageing on MMP-9. The six genes in common
between WT and MMP-9 null were Abcf1, Ccr7, Il6st, Mif, Scye1, and
Tollip. There were 10 genes (Casp1, Ccl5, Ccl7, Ccr2, Cd40Ig, Cxcl9,
Cxcl10, Cxcr3, Ifng, and Xcr1) differentially altered between WT and
MMP-9 null young mice (see Supplementary material online, Table S1).

3.2 Reducing pattern complexity to identify
the most significant differences
The 35 genes that showed strong differences with age or MMP-9 dele-
tion were normalized to respective young controls and analysed with
a biclustering algorithm. The algorithm grouped patterns of change to

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Inflammatory gene array results for WT and
MMP-9 null mice

WT ageing-dependent MMP-9 null ageing-dependent

Abcf1
Bcl6

Abcf1
–

– Ccl2

– Ccl4

– Cc7

Ccl19 –

Ccl24 –

Ccr7 Ccr7

CCr9 –

– Crp

– Cxcl1

– Cxcl9

– Cxcl10

Cxcl13 –

– Cxcr3

– Ifng

–
–
Il4

Il1r1
Il2rg
–

Il6st Il6st

– Il8rb

Il10 –

Il13 –

–
Il16

Il15
–

Mif Mif

Scye1 Scye1

Spp1 –

–
Tollip

Tnf
Tollip

– Xcr1

Out of 84 genes, 35 genes were statistically different among groups. WT showed 16
genes and MMP-9 null showed 21 genes that were age-dependent, of which six were in
common (Abcf1, Ccr7, Il6st, Mif, Scye1, and Tollip). See also Supplementary material
online, Table S1.
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Figure 1 Pattern of inflammation with age revealed by biclustering algorithm. (A) Biological age classification for WT mice. (B) Biological age classification
for MMP-9 null mice. (C and D) A biclustering algorithm showed a change pattern of inflammation with biological age and with MMP-9 deletion. Gene ex-
pression levels in middle-aged (MA), old, and senescent (S, 26–34 months) mice were normalized to respective young controls. Only genes that were
significantlydifferent in eitherWTorMMP-9null for biclustering algorithmare listedhere (n ¼ 35genes). In thecolour legend, redrepresentsup-regulation
of genes with respect to the young control and green represents down-regulation of genes with respect to the young control; asterisks denote WT ageing-
dependent or MMP-9 null ageing-dependent, with red highlighted being the markers that best represented the configuration. n ¼ 6/group.
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evaluate biological (vs. chronological) age, and the individual biological
replicates are shown in Figure 1A andB. The algorithmrevealed threepat-
terns of change for WT (Figure 1C), indicating that WT mice could be
separated biologically into MA, old, and senescent groups. Of note,
the MMP-9 null group could only be separated into two groups (MA
and old/senescent groups, Figure 1D), indicating that biological ageing
was slowed in the absence of MMP-9.

For the MA pattern of the WT (MA biological age), five MA and one
old were grouped together, indicating that one old mouse showed a
younger biological phenotype than its chronological age. This pattern
was termed the MA biological ageing pattern (Figure 1A and C ). The
second pattern (old biological age) contained one MA, three old, and
one senescent, indicating that one MA mouse was older than its age
and one senescent mouse was younger than its age. The third group
was termed the senescent biological pattern, which included two old
and five senescent, indicating that two old mice were older than their
age. These patterns indicated a divergence between chronological age
based on actual age and biological age based on gene profiles.

In the MMP-9 null, the first pattern contained six MA and one old, in-
dicating that one old MMP-9 null mouse showed a younger biological
phenotype than its chronological age. The second old and senescent
pattern contained five old and six senescent (Figure 1B and D), indicating
that all senescent MMP-9 null mice were biologically younger than their
chronological age.

There were five configurations in the WT that defined the cardiac
ageing pattern (Figure 1C). The first configuration was down-regulated
in MA, gradually increased in old, and was up-regulated in senescence.
This configuration contained four genes (Il8rb, Crp, Il4, and Il13) and
was best represented by Il4 based on expression changes. The second
configuration showed reduced expression in MA and elevated expres-
sion in both old and senescent groups. This configuration contained
four genes (Cxcl13, Cd40Ig, Ccl5, and Ccl7) and was best represented
by Cxcl13. The third configuration demonstrated a slight decrease or
no change in MA, increase in old, and almost returned to baseline
levels in senescence. This configuration contained 14 genes and was
best represented by Bcl6. The fourth configuration was up-regulated
in MA and was down-regulated in both old and senescence. This config-
uration contained 11 genes and was best represented by Abcf1. The fifth
configuration was up-regulated in MA, down-regulated in old, and
returned to baseline levels in senescence. This configuration contained
two genes (Cxcl1 and Ccl24) and was best represented by Ccl24.

There were two configurations in MMP-9 null mice that defined
the cardiac ageing pattern (Figure 1D). The first configuration was
up-regulated in MA, but down-regulated in the old and senescent
group. This configuration included 28 genes and was best represented
by Cxcl10. The second configuration was reduced in MA, but increased
in the old and senescent group. This configuration included seven genes
and was best represented by Crp. The fact that WT and MMP-9 null con-
figurations were so different indicated a strong reliance of cardiac ageing
on MMP-9.

3.3 Inflammatory markers that correlated
with chronological ageing
To identify relationships between specific inflammatory markers and
cardiac ageing, we performed Pearson correlation analysis to compare
gene expression and chronological age for both WT and MMP-9 null
groups. There were 43 genes that were P , 0.05 and had a correlation
coefficient (r) .0.40 or ,20.40 (Table 2). Of these, four genes

(Ccl24, Il1r1, Tollip, and Il6st) showed a similar negative correlation
in both WT and MMP-9 null groups. In the WT, Ccl5, Ccl11, and
Ccl8 showed a strong positive correlation with age, while 13 genes

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Pearson correlation analysis revealed genes
correlated with chronological age in WT or MMP-9 null
mice

Gene WT (r) MMP-9 null (r) Effect on inflammation

Both WT and MMP-9 null

Ccl24 20.56 20.41 Pro

Il1r1 20.50 20.54 Pro

Tollip 20.44 20.42 Anti

Il6st 20.43 20.49 Pro

WT

Ccl5 0.53 Pro

Ccl11 0.53 Pro

Ccl8 0.49 Pro

Bcl6 20.68 Anti

Ccr10 20.66 Pro

Ccr8 20.53 Pro

Tnfrsf1a 20.52 Pro

Il13 20.48 Anti

Crp 20.47 Pro

Il10rb 20.46 Anti

Il6ra 20.45 Pro

Il4 20.42 Anti

MMP-9 null

Il8rb 0.42 Pro

Cxcl1 20.79 Pro

Cxcl10 20.76 Pro

Il2rg 20.74 Pro

Xcr1 20.72 Pro

Ccl7 20.71 Pro

Cxcl9 20.67 Pro

Ccr5 20.61 Pro

Ifng 20.60 Pro

Cx3cl1 20.59 Pro

Ccl2 20.58 Pro

Ccr3 20.55 Pro

Cxcr3 20.55 Pro

Ccl4 20.53 Pro

Tgfb1 20.50 Anti

Ccl3 20.49 Pro

Il15 20.49 Pro

Tnf 20.49 Pro

Ccr6 20.47 Pro

Il18 20.46 Pro

Il10ra 20.45 Anti

Scye1 20.45 Pro

Ccl17 20.43 Anti

Cd40lg 20.43 Pro

Il1f6 20.42 Pro

Casp1 20.41 Pro

Itgb2 20.41 Pro

Out of 84 genes examined, these 43 had a correlation coefficient (r) . 0.40 or ,20.40
with P , 0.05 for WT or MMP-9 null.
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demonstrated a strong negative correlation with age. In the MMP-9 null,
only Il8rb showed a positive correlation with age, whereas 30 genes
demonstrated a negative correlation with age. Interestingly, the majority
of the genes that showed a negative correlation with age in the MMP-9
null were pro-inflammatory factors, indicating that MMP-9 deletion
facilitated a decrease in pro-inflammatory gene expression. These
results also suggested that immunosenescence occurred with cardiac
ageing, as a large number of the genes were negatively correlated with
age in the WT.

3.4 Cardiac inflammaging signatures
Of the inflammatory genes with potential to serve as cardiac ageing
markers, Bcl6, Ccl24, and Il4 were shown to be important in the WT
by three different analytic approaches (ANOVA, biclustering algorithm,
and Pearson correlation), suggesting that these three genes could be
candidate inflammaging markers. To determine whether protein levels
showasimilar changepattern, immunoblotting for twomarkerswasper-
formed for correlation analysis for mRNA and protein (Figure 2 and see
Supplementary material online, Table S2). Bcl6 demonstrated a positive
correlation between mRNA and protein expression (r ¼ 0.48, P ,

0.05). The mRNA and protein expression of IL-4 did not show significant
correlation, which is consistent with past reports of poor correlation
between mRNA and protein levels.22,23 The lack of concordance
between mRNA and protein expression may be the result of post-
transcriptional regulation or altered protein turnover.

3.5 Distilling the cardiac ageing signature to
identify inflammatory markers that predict
E/A ratio or LV wall thickness changes with
age
We performed correlation analysis between the genes in Table 1 and
E/A ratio or LV wall thickness in diastole (Table 3). The Bcl6, Il1r1,
Ccl24, and Crp genes positively correlated with E/A ratio, but Cxcl13
negatively correlated with E/A ratio in WT but not in MMP-9 null, indi-
cating that these five gene levels were predictive of E/A ratio. The Ifng,
Cxcl1, Xcr1, Cxcl10, and Ccl2 genes showed a positive correlation with
E/A ratio in MMP-9 null but not in WT, indicating that these ageing
signature markers were MMP-9-dependent. For LV wall thickness, 12
genes (Abcf1, Tollip, Scye1, Mif, Il6st, Il16, Ccl19, Ccr7, Il15, Spp1, Ccr9,
and Ccr2) demonstrated a positive correlation in WT. Among those,
Abcf1, Tollip, Scye1, and Mif had highest correlation coefficient and pre-
dicted LV wall changes. In the MMP-9 null, five genes, Abcf1, Tollip,
Il6st, Il16, and Ccr7, also correlated with wall thickness. Il1r1 only

showed correlation with LV wall thickness in MMP-9 null. This indicated
that therewas a strong MMP-9 dependence in the relationships between
inflammation and LV structure and function.

3.6 Macrophage infiltration in the ageing LV
was not regulated by MMP-9
To investigate if the differential inflammatory changes in WT and MMP-9
null mice could be attributed to changes in macrophage infiltration,

Figure 2 Cardiac protein expression of Bcl6 and IL-4 in young (Y), middle-aged (MA), old, and senescent (S, 26–34 months) WT mice. One-way
ANOVA and Sidak’s multiple comparisons test were used. n ¼ 6/group.
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Table 3 Pearson correlation analysis revealed genes that
predict the ratio of early-to-late diastolic filling velocities
(E/A ratio) or LV wall thickness changes with chronological
age

Genes WT (r) MMP-9 null (r)

E/A ratio associated

Bcl6 0.69

Il1r1 0.49

Ccl24 0.45

Crp 0.40

Cxcl13 20.52

Ifng 0.61

Cxcl1 0.53

Xcr1 0.53

Cxcl10 0.52

Ccl2 0.46

LV wall thickness associated

Abcf1 0.70 0.58

Tollip 0.65 0.49

Scye1 0.62

Mif 0.62

Il6st 0.61 0.48

Il16 0.60 0.59

Ccl19 0.56

Ccr7 0.54 0.44

Il15 0.52

Spp1 0.46

Ccr9 0.45

Ccr2 0.42

Il1r1 0.41

Out of 35 genes examined, these 23 had a correlation coefficient (r) . 0.40 or ,20.40
with P , 0.05.
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macrophage numbers in WT and MMP-9 null LV were quantified by
immunohistochemical staining. Macrophage numbers significantly
increased in the LVs of both WT and MMP-9 null senescent (26–34
months) mice compared with their young controls (Figure 3A, both

P , 0.05). There were no differences in total macrophage numbers
between WT and MMP-9 null senescent mice, indicating that the
altered inflammatory pattern in the MMP-9 null mice may be due to a
difference in macrophage polarization rather than absolute numbers.

Figure 3 Cardiac macrophage phenotype, but not total number, was regulated by MMP-9 deletion during cardiac ageing. (A) Immunohistochemistry for
Mac-3 showed a comparable increase in LV macrophage numbers in both WT and MMP-9 null senescent (26–34 months) mice. There were no genotype
differences at either age. Positive staining is shown by arrows. Scale bar: 100 mm; n ¼ 9–13/group; *P , 0.05 vs. young. (B) Representative flow cytometry
plots illustrate gating to define macrophages and macrophage M1 and M2 phenotypes. The unstained cells and/or cells stained with isotype-matched IgG
wereused as negativecontrols. (C) CardiacM1 macrophages increasedwhile M2macrophages decreased with age in WT, which wereprevented byMMP-9
deletion. Pearsoncorrelation analysiswasused. ns, not significant. n ¼ 13–15/group. (D) MMP-9 null mice (.18 month old) showed a higher percentageof
cardiac M2 macrophages than age-matched WT. n ¼ 5–7/group. Student’s t-test was used. Data are represented as mean+ SEM. ^P , 0.05 vs. WT.
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3.7 MMP-9 deletion regulated cardiac
macrophage polarization during cardiac
ageing
Todetermine the effect of ageing and MMP-9 deletion on cardiacmacro-
phage polarization, we assessed cardiac macrophage phenotypes by
flow cytometry for young, MA, old, and senescent WT and MMP-9
null LV. As shown in Figure 3B and C, there was a linear increase with
age of M1 macrophages (F4/80+CD2062) in WT (P , 0.05), but not
in MMP-9 null. At the same time, there was a linear decrease with age
of M2 macrophages (F4/80+CD206+) in WT (P , 0.05), but not in
MMP-9 null. This resulted in an increased M1/M2 ratio with age only in
WT. We also isolated cardiac macrophages from 18- to 24-month-old
mice and measured gene expression profiles of six M1 and four M2

markers by real-time PCR. Compared with WT, MMP-9 null cardiac
macrophages showed higher expression of two M2 markers Cd206
and Fizz1; of note, MMP-9 deletion had no significant effect on any
of the M1 markers examined (see Supplementary material online,
Figure S1). Macrophage numbers increased with age, which was not
affected by MMP-9 deletion, while there was a higher percentage
of cardiac M2 macrophages in the MMP-9 nulls over 18 months of
age (Figure 3D). Combined, these results indicate higher numbers
of M2 macrophages in old MMP-9 null vs. WT. Taken together,
pro-inflammatory M1 macrophages increased and anti-inflammatory
M2 macrophages decreased during cardiac ageing, and these changes
were prevented by MMP-9 deletion. The different macrophage
phenotypes observed between WT and MMP-9 null LV with ageing
provide a mechanism for the differences in inflammation.

Figure 4 MMP-9 regulates ageing-associated peritoneal macrophage phenotype. (A) Peritoneal M1 macrophages decreased while M2 macrophages
increased with age in MMP-9 null, but not in WT; ns, not significant; n ¼ 13–15/group. Pearson correlation analysis was used. (B) The mRNA levels of
Cd163 and Il10 in peritoneal macrophages of MMP-9 null senescent (26–34 months) mice were higher than MMP-9 null young or WT senescent mice.
Two-way ANOVA and Sidak’s multiple comparisons test were used; n ¼ 3–6/group; *P , 0.05 vs. young and ^P , 0.05 vs. WT senescent. (C) MMP-9
directly stimulated macrophage activation. MMP-9 stimulation increased the expression of an M1 marker Ccl5, but decreased the expression of Ccl3,
Il1b, and Il6. Tgfb1, an M2 marker, was also down-regulated after MMP-9 treatment. Peritoneal macrophages were isolated from 3- to 6-month-old
WT mice. Student’s t-test was used. Data are represented as mean+ SEM. n ¼ 4/group. *P , 0.05 vs. unstimulated.
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3.8 Regulation of peritoneal macrophage
phenotype by MMP-9 deletion
Peritoneal macrophages are commonly used as a surrogate for cardiac
macrophages for in vitro experiments, due to the lower numbers of
cardiac macrophages under normal conditions. We used flow cytome-
try to evaluate whether peritoneal macrophage phenotype showed a
similar pattern with age as cardiac macrophages. As shown in
Figure 4A, WT peritoneal M1 and M2 macrophages did not correlate
with age, which was different from cardiac macrophage phenotype. In
contrast, MMP-9 null peritoneal M1 macrophages showed a linear de-
crease, while M2 macrophages demonstrated a linear increase with
age,which resulted in a reducedM1/M2ratiodue to this switch in pheno-
type. Therefore, MMP-9 deletion down-regulated ageing-associated
peritoneal M1 macrophages but up-regulated M2 macrophages. That
cardiac and peritoneal macrophages show different phenotypic
changes with ageing indicates that macrophages respond to ageing
based on their location and origin of source.24

Next, we compared the mRNA expression levels of M2 markers in
peritoneal macrophages isolated from young and senescent (26–34
months) WT and MMP-9 null mice. Macrophages from MMP-9 null sen-
escent showed higher expression of M2 markers Cd163 and Il10, com-
pared with young MMP-9 null and senescent WT controls (Figure 4B,
both P , 0.05). These findings consistently indicated that MMP-9 dele-
tion enhanced ageing-associated peritoneal macrophage polarization to
an M2 subtype in the senescent cells.

3.9 MMP-9 directly activates macrophage
polarization to an M1/M2 transition
phenotype
To rule out that the MMP-9 effect was indirect through regulation of
cytokines and chemokines, we directly stimulated young (3–6 month
old) peritoneal macrophages with recombinant MMP-9 protein. We
measured gene expression of six M1 and five M2 markers (Figure 4C).
Of those, three M1 markers (Ccl3, Il1b, and Il6) and an M2 marker
Tgfb1 were down-regulated; in contrast, M1 marker Ccl5 was up-
regulated after MMP-9 treatment. Combined, these results indicate
that MMP-9 stimulates a transition phenotype that is neither entirely
M1 nor entirely M2. This reveals specific pathways that are directly in-
fluenced by MMP-9. To investigate whether MMP-9 has similar stimula-
tory roles on the polarization of old macrophages, we isolated
peritoneal macrophages from 18- to 24-month-old WT mice and stimu-
lated them with MMP-9. Interestingly, MMP-9 treatment had no signifi-
cant effect on the expression of the same M1 and M2 markers
examined in the young, indicating that ageing desensitized peritoneal
macrophages to MMP-9 in vitro (see Supplementary material online,
Figure S2). Further experiments are needed to determine whether un-
defined systemic changes in vivo are required for MMP-9-induced macro-
phage polarization particularly in aged mice.

4. Discussion
This study established the cardiac ageing biological inflammatory signa-
ture and defined MMP-9 regulation of this signature. The principal find-
ings were that, for cardiac ageing: (i) Bcl6, Ccl24, and Il4 were the
strongest inflammatory markers of the cardiac ageing signature;
(ii) Bcl6, Il1r1, Ccl24, Crp, and Cxcl13 predicted E/A ratio changes while
Abcf1, Tollip, Scye1, and Mif predicted LV wall thickness changes;
(iii) MMP-9 deletion did not influence LV macrophage numbers, but

stimulated macrophage polarization to the M2 phenotype; and
(iv) cardiac and peritoneal macrophages showed distinct phenotypic
changes with ageing. This is the first report that defines the biological
ageing signature, to distinguish from chronological ageing patterns, and
connects the biological ageing signature to LV structure and function
based on MMP-9 effects on macrophage polarization.

Bcl6, one of the most significant genes in the pattern, is a transcription-
al repressor with anti-apoptotic and pro-oncogenic properties.25

A recent study by Chen et al.26 revealed that Bcl6 expression was
down-regulated in senescent fibroblasts compared with young fibro-
blasts, indicating that the senescence process involved reduced Bcl6.
In line with the above findings, our study found that senescent hearts
showed reduced Bcl6 expression compared with young mice. Analysis
of the gene array and protein data by multiple approaches confirmed
that the loss of Bcl6 is a promising ageing marker.

Ccl24, also known as myeloid progenitor inhibitory factor 2 (MPIF-2)
or eosinophil chemotactic protein 2 (eotaxin-2), belongs to the CC che-
mokine family. CCl24 is a chemotactic for neutrophils and T lympho-
cytes.27 Here we, for the first time, reported that CCl24 might serve
as a potential candidate marker for cardiac ageing based on our bioinfor-
matics analysis. Further experiments are needed to elucidate the role of
Ccl24 in cardiac ageing.

IL-4 is a classic anti-inflammatory mediator. IL-4 has recently been
reported to induce senescence in human renal carcinoma cell lines via
STAT6 and p38 MAPK signalling pathways.28 Our data demonstrated
that IL-4 was down-regulated in the MA pattern and continuously
up-regulated from the MA to senescent patterns. Of note, Bcl6 was
shown to negatively modulate STAT-dependent IL-4 signalling.29 This
could explain our results showing opposite patterns in Bcl6 and IL-4 ex-
pression in the middle age pattern.

The E/A ratio, a cardiac diastolic function variable, is impaired with
chronological ageing and this impairment is protected by MMP-9 dele-
tion.5 In this study, we demonstrated that Bcl6, Il1r1, Ccl24, Crp, and
Cxcl13 positively correlated with E/A ratio, and Abcf1, Tollip, Scye1, and
Mif positively correlated with LV wall thickness. These data indicated
that these genes could serve as markers for predicting E/A ratio or LV
wall thickness in the aged mice.

We previously evaluated neutrophil infiltration in cardiac ageing.5

Neutrophil infiltration did not significantly change with age in both
WT and MMP-9 null mice. Therefore, the major cellular source of the
inflammatory proteins in the ageing heart is likely from infiltrated macro-
phages.Macrophagesplaya pivotal role in cardiovascular disease, such as
atherosclerosis, myocardial infarction, and heart failure.30 We noted low
macrophage numbers in our young mice. A recent study by Eric Olson’s
group reported high numbers of resident cardiac macrophages in
neonate mouse, indicating that macrophage numbers decline during
maturation to adult.31 Dr Ungvari’s group demonstrated that ageing sig-
nificantly increased macrophage infiltration in periaortic adipose tissue,
whichelevated the risk for thedevelopmentof cardiovascular diseases in
the elderly population.32 Both this study and our previous work demon-
strated that macrophage numbers in the LV increased with age, which
produce more MMP-9 and facilitate cardiac ageing.5 While MMP-9 dele-
tion has been shown to reduce macrophage infiltration post-MI, MMP-9
deletion did not regulate macrophage infiltration during ageing.12

This finding raises the possibility that MMP-9 deletion effects on
ageing inflammation may be due more to the regulation of macrophage
polarization.33,34

A broad but likely oversimplified macrophage classification is the
classical M1 and alternative M2 subtypes.35 M1 macrophages are
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pro-inflammatory and facilitate extracellular matrix degradation,
whereas M2 macrophages are anti-inflammatory and promote post-
injury repair and wound healing.16,36,37 A recent study revealed that
cardiac macrophage phenotype changes with age, and age-related
changes in cardiac tissue macrophages precede cardiac functional im-
pairment.38 In the WT, ageing induced M1 macrophage activation.
Both Pearson correlation analysis and real-time PCR experiments con-
firmed that MMP-9 deletion prevented M1 polarization and stimulated
M2 activation during the cardiac ageing process. Our flow cytometry
data also confirmed that cardiac M1 macrophages increased while M2
macrophages decreased with age, which was prevented by MMP-9 defi-
ciency. In addition, our in vitro experiments revealed that MMP-9 directly
stimulated peritoneal macrophage polarization to a transition pheno-
type that was part M1 and part M2, as evidenced by altered expression
levels of both M1 and M2 markers. Our results suggest that, during
cardiac ageing, MMP-9 may coordinate the switch in macrophagepheno-
type by unknown indirect mechanisms. Cardiac and peritoneal macro-
phages showed distinct phenotypic changes with ageing. Investigating
theunderlyingmechanismswherebycardiacandperitonealmacrophage
phenotypes differentially alter with age may provide further insights.

Our study revealed that the cardiac ageing inflammatory markers
could predict cardiac structural and functional changes, and MMP-9
deletion can attenuate ageing-associated cardiac fibrosis and diastolic
dysfunction by mediating the inflammatory response to ageing. In
conclusion, (i) ageing induced macrophage accumulation in the LV,
which leads to more MMP-9.5 MMP-9, in turn, facilitated cardiac
ageing and inflammaging by regulating macrophage polarization and (ii)
MMP-9 deletion modulated the ageing signature by preventing ageing-
associated M1 macrophage polarization and facilitating M2 macrophage
polarization, resulting in attenuated collagen deposition and LV diastolic
dysfunction (Figure 5).

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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