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ABSTRACT

Aging is commonly associated with chronic low-grade inflammation and hypertension but it is unknown
whether a cause-effect relationship exists between them. We compared the sensitivity of young adult (8-12 w)
and aged (23-31 mo) male C57BI6) mice to develop hypertension in response to a slow-pressor dose of
angiotensin Il (Ang II; 0.28 mg/kg/d; 28 d). In young mice, the pressor response to Ang Il was gradual and
increased to 14218 mmHg over 28 d. However, in aged mice, Ang Il promptly increased SBP and reached
155+12 mmHg by 28 d. Aging increased renal but not brain expression of Ang Il receptors (Atlar and At2r) and
elevated AT1R:AT2R expression ratio in mesenteric artery. Maximal contractile responses of mesenteric
arteries to Ang Il were enhanced in aged mice and were not affected by L-NAME, indomethacin or tempol.
Mesenteric arteries and thoracic aortae from aged mice exhibited higher Nox2-dependent superoxide
production. Despite having higher renal expression of Nirp3, Casp-1 and /I-18, Ang ll-induced hypertension
(SBP: 139+7 mmHg) was unaffected by co-infusion of the NLRP3 inflammasome inhibitor, MCC950 (10 mg/kg/d;
SBP: 14510 mmHg). Thus, increased vascular AT1R:AT2R expression, rather than NLRP3 inflammasome
activation, may contribute to enhanced responses to Ang Il in aging.

INTRODUCTION important mechanism contributing to blood pressure

regulation, and there is evidence that its activity is
There is a high global prevalence of hypertension, upregulated in aging. For example, despite no change
especially in advanced age, such that more than half of in basal blood pressure [2], aged mice are reported to
the elderly population (>65 years) have diagnosed exhibit an enhanced pressor response to angiotensin 11
hypertension [1]. The renin-angiotensin-system is an (Ang I1) [3] and increased renal expression of the Ang
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Il type 1 (AT1) receptor — the main target receptor of
Ang |l for promoting hypertension [3].

Inflammation is associated with hypertension [4, 5],
although it remains unclear as to whether a cause-effect
relationship exists. Inflammatory responses may be
initiated by inflammasome complexes, which activate
caspase-1 to promote the maturation of the interleukin
(IL)-1 family cytokines IL-1B and IL-18, which
ultimately stimulate the release of pro-inflammatory
cytokines such as IL-6 and interferon (IFN)-y. NOD-
like receptors (NLR) are a type of pattern recognition
receptor (PRR), and make up part of an inflammasome
complex, the best characterized being the NOD-like
receptor family pyrin domain-containing protein
(NLRP) 3 inflammasome, which is composed of pro-
caspase-1, the PRR, NLRP3 and the adaptor protein,
ASC [6]. Our laboratory has reported that treatment
with MCC950, a selective NLRP3 inflammasome
inhibitor, can reverse deoxycorticosterone acetate
(DOCA) salt-induced hypertension in mice [7],
implicating a role for inflammasomes in the
development of at least one form of hypertension. It is
noteworthy that compared with young adult rats, greater
renal expression of NLRP3 and caspase-1 is reported to
occur in old rats [8] and so it is plausible that
inflammation-driven hypertension is augmented in old
age.

Here, our first aim was to test whether aged mice
treated with a ‘slow-pressor’ low dose of Ang Il —
which causes a gradual increase in blood pressure in
young adult mice [9] - exhibit enhanced pressor
responses. The second aim was to test whether aged
mice have greater expression of renin-angiotensin
system and NLRP3 inflammasome components in
association with exaggerated end-organ inflammation,
vascular oxidative stress and vasoconstriction. Thirdly,
we tested the effect of MCC950, an NLRP3 inhibitor,
on Ang ll-induced hypertension in aged mice.

RESULTS

Effect of Ang Il on blood pressure in young and old
mice

In young mice, there was little or no effect of Ang Il
infusion on systolic blood pressure (SBP) for more than
7 d, after which SBP gradually increased by ~30 mmHg
over the remaining 21 d of treatment (Fig. 1). By
contrast, in aged mice SBP promptly increased by >20
mmHg within 3 d of commencement of Ang Il infusion,
and it had increased by >40 mmHg by 28 d (P<0.05 vs
young). Infusion of saline (vehicle) had no effect on
SBP in either young or aged mice over 28 d (Fig. 1).
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Figure 1. Effect of aging on the pressor response to a
slow-pressor dose of angiotensin Il (Ang Il) (n=8-9).
All data are mean * S.E.M. *P<0.05 vs young Ang ll-infused,
one-way repeated measures ANOVA with Tukey’s post-hoc
test.

Gene expression of components of the renin-
angiotensin system in young and old mice

Aging elevated mRNA expression of the AT1a receptor
(Atlar) in kidneys (Fig. 2A) of aged mice but had no
effect in brain (Fig. 2D) or mesenteric arteries (Fig.
2G). AT2 receptor (At2r) mRNA expression was
increased in kidneys (Fig. 2B), not different in brains
(Fig. 2E), and markedly reduced in mesenteric arteries
(Fig. 2H) from aged mice compared to young mice. As
a result, aging markedly increased the AT1aR/AT2R
expression ratio in mesenteric arteries (Fig. 21) but the
ratio was not changed in kidney (Fig. 2C) or brain (Fig.
2F). There were also lower levels of Ace (Supplemental
Fig. 1A) and Renin (Supplemental Fig. 1B) expression
in kidneys from aged mice. Aging did not affect
expression of the Masl receptor (Masl, Supplemental
Fig. 1C) or Angiotensinogen (Supplemental Fig. 1D).

Effect of aging on vascular tone and superoxide
production in arteries from young and old mice

Contractile responses of mesenteric arteries to high
potassium solution (KPSS) (Fig. 3A), phenylephrine
(Fig. 3B) and U46619 (Fig. 3C) did not differ between
young and aged mice. However, there was a markedly
greater contractile response to Ang Il in arteries from
aged mice (Fig. 3D). Acute pre-treatment with L-
NAME had no effect on contractile responses to either
phenylephrine, U46619 or Ang Il in young or old mice.
Moreover, contractile responses to Ang Il were also not
affected by indomethacin (aged mice only), tempol or
tempol + catalase in either young or aged mice (Fig. 3E,
F). Basal levels of superoxide did not differ between
young and aged mice in either aorta (Fig. 4A) or
mesenteric arteries (Fig. 4B). Stimulation of NOX2
oxidase activity using PdB resulted in significantly
higher levels of superoxide production in both the aorta
and mesenteric arteries of aged mice compared with
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Figure 2. Renal mRNA expression of angiotensin receptors A: type 1la (Atlar) and B: type 2 (At2r) in young and aged mice (n=7-8).
Brain mRNA expression of D: Atlar and E: At2r in young and aged mice (n=7-8). Mesenteric artery mRNA expression of G: Atlar and H:
At2r in young and aged mice (n=6-7). Effect of aging on Atlar:At2r ratio in C: kidney, F: brain and I: mesenteric artery (n=6-8). All data
are mean + S.E.M. *P<0.05 vs young, Student’s unpaired t-test.
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Figure 3. Contractile responses of the mesenteric artery to A: KPSS, B: phenylephrine C: U46619 (U4) and D: angiotensin Il (Ang Il) in
the absence or presence of L-NAME in young and old mice (n=3-6). Contractile responses to Ang Il in the absence or presence of
tempol, tempol + catalase or indomethacin in E: young mice and F: aged mice (n=3). All data are mean £ S.E.M. *P<0.05 vs young, two-
way ANOVA with Tukey’s post-hoc test.
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Figure 4. Superoxide levels in A: aorta (n=9-10) and B: mesenteric arteries (n=6) measured in the absence or presence of phorbol-
dibutyrate (PdB). Mesenteric artery mRNA expression of NOX2 oxidase subunits C: NOX2 (Gp91phox), D: P47phox and E: P67phox in
young and aged mice (n=6-7). All data are mean +S.E.M. *P<0.05 vs young + PdB, one-way ANOVA with Bonferroni’s post-hoc test.

young mice (Fig. 4A, B). The increase in capacity for
NOX2-dependent superoxide production in the
mesenteric arteries of aged mice was not associated
with any change in expression of several genes
associated with NOX2 oxidase activity (Gp91lphox,
P47phox, P67phox) (Fig. 4C-E).

Gene expression of pro-inflammatory markers in
young and old mice

Some inflammasome components (including NIlrp3,
Casp-1; Fig. 5A-C), and products of inflammasome
activity (11-14, 11-6, but not 11-18, Fig. 5D-F), as well as
Tnf-a (Fig. 5G) were elevated in kidneys from aged
mice. Aging did not change brain expression of NIrp3
(Fig. 5H) or 11-18 (Fig. 5L) but increased expression of
Asc, Casp-1, 1I-14, 11-6 and Tnf-a (Fig. 51, J, K, M, N).

Effect of an inhibitor of the NLRP3 inflammasome
on Ang ll-induced hypertension in old mice

Co-administration of Ang Il and the selective NLRP3
inflammasome inhibitor, MCC950, to aged mice for 10
d had no effect on SBP compared with mice receiving
vehicle and Ang Il (Fig. 6).

DISCUSSION

The major finding of this study is that, compared with
young adult mice, aged mice exhibit a markedly
augmented pressor response to infusion of a low, ‘slow-
pressor’ dose of Ang Il. This effect of aging is
associated  with  increased vascular  superoxide
generation and larger vasoconstrictor responses to Ang
I, increased expression of pro-inflammatory genes and
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Figure 5. Renal mRNA expression of inflammasome components A: NLRP3 (Nipr3), B: Asc, C: caspase-1 (Casp-1), interleukins D: 13 (//-
1b), E: 18 (/I-18) and F: 6 (1I-6) and G: tumor necrosis factor o (Tnf-a) in young and aged mice (n=7-8). Brain mRNA expression of H:
Nlpr3, I: Asc, J: Casp-1, K: Il-1b, L: 1I-18, M: /I-6 and N: Tnf-a in young and aged mice (n=7-8). All data are mean + S.E.M. *P<0.05 vs
young, Student’s unpaired t-test.
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a higher ratio of AT1/AT2 receptor expression in blood
vessels. However, despite evidence of chronic
inflammation and increased expression and activity of
the NLRP3 inflammasome complex in aged mice, the
lack of effect of the inhibitor MCC950 on the pressor
response to Ang Il suggests that the NLRP3
inflammasome does not contribute to the augmented
hypertensive response.

We found that whereas a slow-pressor dose of Ang Il
gradually increased blood pressure in young adult male
mice, as has been reported [9], it caused a prompt and
marked increase in blood pressure in aged male mice.
The ATIR is the main target receptor of Ang Il and it
plays a key role in blood pressure regulation,
vasoconstriction and oxidative stress [10-12], whereas
the AT2R typically plays an opposing, protective role in
such responses [13-15]. We confirmed that renal AT1R
expression is increased in old age [3, 16] — a known
effect of the actions of IL-18 and TNF-a [17] — both of
which were also upregulated here. Moreover, there was
a profound reduction in vascular AT2R expression
during aging such that the ratio of AT1R/AT2R
expression was markedly increased in mesenteric
arteries, providing a plausible mechanism for the
markedly augmented pressor and contractile responses
to infusion of low-dose Ang Il. Such a phenomenon is
analogous to findings that male AT2R-deficient mice
have higher baseline blood pressure and increased
pressor responses to Ang Il when compared to wild-
type mice [18]. Indeed, a level of reduced AT2R
signalling in old age may contribute to higher pressor
responses to a high dose of Ang Il [3].

The oxidative stress hypothesis of aging proposes that a
progressive and irreversible build-up of oxidative stress
mediated-damage causes aging and contributes to a
decline in physiological function, increased morbidity
and reduced life span [20]. While many studies have
demonstrated that aging and reduced life span are
correlated with elevated oxidative stress and damage, a

direct cause and effect relationship has not been
established [20]. We found that in both large
capacitance (i.e. aorta) and smaller resistance-like (i.e.
second-order mesenteric arteries) blood vessels, the
reactive oxygen species (ROS)-generating capacity was
augmented by >2-fold in aged mice. It has been
reported that aortic superoxide levels are ~65% greater
in aged mice compared to young mice [21]. Similarly,
we found a trend for a ~60% higher basal level of ROS
production in the isolated aorta of aged mice.
Furthermore, the capacity of the vessels for NOX2-
dependent ROS production was clearly shown to be
augmented, when enzyme activity was driven by PdB.
Thus, it is conceivable that increased vascular ROS
production in vivo contributed to the exacerbated
hypertension in aging. The greater efficacy of the
NOX2 oxidase activator, PdB, to increase vascular
superoxide levels in aged mice was not, however,
correlated with any change in the mRNA expression of
NOX2 (gp91phox) or other subunits of the NOX2
oxidase (p47phox, p67phox), although this does not
necessarily reflect protein expression of NOX2 which
has been reported to be increased in the aorta during
aging [19].

Constrictor responses of the mesenteric arteries to Ang
Il were markedly and selectively greater in aged versus
young adult mice. Although vascular expression of the
Atlar was not higher in aged mice, there was markedly
lower expression of the At2r, resulting in an increased
ratio of vascular AT1R/AT2R expression with aging.
Our finding that Ang ll-induced vasoconstriction is
selectively augmented with aging can be accounted for
by the lower expression of AT2R. The opposing role of
the AT2R is demonstrated in findings where
overexpression of AT2R in vascular smooth muscle
increases vasodilation and inhibition of AT2R augments
Ang ll-induced aortic constriction [22]. The enhanced
Ang ll-mediated vascular contraction was apparently
not due to differing levels of vascular nitric oxide,
prostacyclin or ROS production as acute application of
L-NAME, indomethacin or tempol/catalase did not
affect Ang Il-induced vasoconstriction in either young
or aged mice. Enhanced Ang ll-induced vasoconstrictor
responses in small arteries of the mesenteric bed would
seem likely to have contributed to the augmented
pressor response to Ang Il in aged mice. Such an effect
may be restricted to smaller arteries as contractile
responses of carotid arteries to Ang Il are reportedly
similar in young and aged mice [23]. It is noteworthy
that we do not suspect a role for the AT1bR in the
augmented Ang ll-induced responses observed here.
Studies have shown that the AT1bR plays a much less
important role in blood pressure control than the AT1aR
[24]. Furthermore, we also examined AT1bR expression
here and found no aging-related change in the kidneys,
brain or blood vessels (data not shown).
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Aging is characterized by persistent, low-grade
inflammation, even in the absence of infection or
apparent disease [25, 26]. We found evidence of
inflammation in the kidneys and brains of aged mice.
In particular, renal expression of components of the
NLRP3 inflammasome, NIrp3 and Caspase-1, were
upregulated. We recently showed that treatment of
mice with MCC950, a selective NLRP3 inflammasome
inhibitor [27], can reverse one kidney/DOCA/salt-
induced hypertension in adult mice [7], implicating a
role for inflammasomes in at least one form of
hypertension. However, here we found that MCC950
did not affect blood pressure in aged mice when co-
infused with Ang |Il, suggesting that NLRP3
inflammasome activity does not contribute to the
increased pressure seen in this form of hypertension. In
young adult mice, expression of NIrp3, Asc and
Caspase-1 increased and inflammation developed after
infusion of DOCA/salt [7], however, here we found that
inflammation was already well-established in aged mice
prior to challenge with a hypertensive stimulus.
Perhaps, MCC950 is effective at lowering blood
pressure in specific models of hypertension where
inflammation is provoked by the hypertensive stimuli
and not in animal models where chronic inflammation
has developed before the onset of hypertension.

The prevalence of hypertension increases with age
where more than 50% of the elderly have hypertension
[1], and based on the findings of this study, one
contributing factor could be increased AT1R and/or
decreased AT2R expression in the elderly. ATIR
antagonists have been reported to be more effective than
some of the classical anti-hypertensive agents at
improving clinical outcomes in the elderly [28],
consistent with the concept that there is increased AT1R
activity in the elderly.

In summary, we have found aged mice to have a
markedly enhanced pressor response to Ang Il which is
associated with selectively augmented vasoconstrictor
responses to Ang Il, higher vascular ROS generation
and an increased ratio of vascular AT1R/AT2R
expression. There was also evidence of inflammation
of renal and brain tissue, but an inhibitor of the NLRP3
inflammasome did not affect Ang ll-induced
hypertension in aged mice.

MATERIALS AND METHODS
Animals

This study was approved by the Monash University
Animal Research Platform Animal Ethics Committee.
Young adult (8-12 weeks old, n=33) and aged male
C57BI6J mice (23-31 months old, n=48) were obtained

from Monash Animal Research Platform. Normal chow
and drinking water were provided ad libitum.

Drug administration and blood
measurement

pressure

Under anesthesia with isoflurane (2-4% inhaled with
0,), an osmotic minipump (Alzet model 2004, ALZET,
USA) was placed subcutaneously in the mid-scapular
region to administer vehicle (0.9 % saline) or a slow-
pressor dose of Ang Il (0.28 mg/kg/d, Auspep,
Australia) for 28 d. SBP was measured in conscious
mice via tail cuff plethysmography using the MC4000
Multichannel system (Hatteras Instruments, USA).
Prior to surgery, mice were trained for 1 d to
acclimatize to the procedure, and blood pressure was
then recorded on days 0, 3, 7, 10, 14, 17, 21, 24 and 28
of treatment. A cohort of aged mice (n=13) were
implanted with two osmotic minipumps (Alzet model
2002) containing either Ang 11 (0.28 mg/kg/d) + vehicle
(0.9 % saline) or Ang 1l (0.28 mg/kg/d) + MCC950 (10
mg/kg/d, a gift from Prof Matthew Cooper and Dr Auvril
Robertson) for 10 d. In these mice, SBP was measured
on days 0, 3, 7 and 10 of treatment. Mice were
euthanized by overdose of inhaled isoflurane (Baxter
Healthcare, Australia).

Gene expression

MRNA expression of various genes in the kidney, brain
and mesenteric artery was determined using TagMan®
real-time PCR. Kidneys and brains were harvested and
snap frozen in liquid nitrogen. Mesenteric arteries were
dissected in RNAlater (Qiagen, USA) and either frozen
or kept at 4 °C in RNAlater. RNA was extracted from
the kidneys and brains using RNeasy Mini kit (Qiagen,
USA). Mesenteric arteries were homogenized in
TRIzol (Life Technologies, USA), mixed with
chloroform, and centrifuged at 13,000 rpm for 15 min at
4°C. The aqueous phase was collected and RNA was
extracted using the RNeasy Micro kit (Qiagen, USA).
RNA was quantified using the Nanodrop 1000D
spectrophotometer (Thermo Scientific, USA) and
converted to 1% strand cDNA using High Capacity
cDNA RT Kit (Applied Biosystems, USA).
Commercially available primers (Applied Biosystems,
USA) were used to measure mRNA expression of
inflammatory markers, and a house-keeping gene, either
B-actin or GAPDH, on a CFX96 Touch Real-Time PCR
Detection machine (Bio-Rad, USA). Changes in gene
expression were assessed using the comparative Ct
method [29].

Vascular function

Rings of second-order mesenteric arteries were isolated
to measure contractile responses. Mesenteric arteries
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were mounted in a Mulvany-style small vessel
myograph (Danish Myo Technology, Denmark)
containing Krebs-bicarbonate buffer (in mmol/L: D-
glucose 11.1, CaCl, 2.5, NaCl 118, KCI 4.5, KH,PO,
1.03, MgSO, 0.45, NaHCO;3; 25) and bubbled with
carbogen (95% O, 5% CO,) to measure isometric
tension. Two arteries from each animal were mounted
and their responses were averaged. After 20 min
equilibration, arteries were stretched to a resting tension
of ~2 mN, contracted with KPSS and then maximally
contracted with U46619 (U-max, 300 nM, Cayman
Chemical, USA). Cumulative concentration-response
curves to Ang Il, phenylephrine (Sigma Aldrich, USA)
and U46619 were obtained with a 20 min washout
period between each curve. In another set of
experiments, the curves to Ang Il, phenylephrine and
U46619 were constructed in the absence and presence
of L-nitro-arginine methyl ester (L-NAME, 300 pM,
Sigma Aldrich, USA), indomethacin (3 puM, Sigma
Aldrich, USA), tempol (1 mM, Sigma Aldrich, USA) or
tempol (1 mM) + catalase (2500 U/ml, Sigma Aldrich,
USA). Each of these drugs was pre-incubated for 30
min before each curve. Responses were expressed as a
percentage of the U-max.

Superoxide measurements

After euthanasia at d 28, L-012-enhanced chemilumi-
nescence was used to measure superoxide levels in
segments of thoracic aorta and mesenteric artery in the
absence and presence of phorbol 12,13-dibutyrate (PdB,
10°M, Sigma Aldrich, USA). In semi-darkness, aortic
rings were placed in a white 96-well plate containing
Krebs-HEPES buffer (in mmol/L: D-glucose 11.1, Na-
Hepes 20, NaHCO; 25, CaCl, 2.50, NaCl 99.01, KCI
4.69, KH,PO, 1.03, MgSO, 120, pH 7.4) for
measurement of background luminescence using a
Hidex Chameleon single photon counter (30 x 1 min
cycles, 3 s per well). L-012 (10"M, Wako Pure
Chemicals, Japan) was then added to each well and
luminescence, reflecting basal superoxide production,
was again measured for another 30 cycles. PdB was
then added to each well to stimulate NADPH oxidase
activity, and luminescence was measured for another 30
cycles. For mesenteric arteries, background counts
were initially measured (30 x 1 min cycles, 3 s per well)
in a white 96-well plate containing Krebs-HEPES
buffer (composition as above) and L-012 with or
without PdB. From each animal, one second-order
mesenteric artery was harvested and cut in half by
length. In semi-darkness, one half of the mesenteric
artery segment was placed in a well containing Krebs-
HEPES buffer and L-012 and the other half was placed
in a well containing Krebs-HEPES buffer, L-012 and
PdB. Measurements were made for another 30 cycles.
The arteries were transferred onto foil on which they

were oven-dried for 24 h at 37 °C in order to obtain dry
tissue weights.

Data presentation and statistical analyses

All data are expressed as mean + s.e.m. Statistical
analyses between groups were performed using
Student’s unpaired t-test or a one- or two-way ANOVA
followed by a Tukey’s or Bonferroni’s post-hoc test, as
appropriate. P<0.05 was considered to be statistically
significant. GraphPad Prism software version 6.0 was
used to conduct all statistical analyses.
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Supplementary Figure 1. Renal mRNA expression of A: angiotensin converting enzyme (Ace), B: Renin, C: mas receptor 1 (Mas1) and

D: Angiotensinogen. All data are mean + S.E.M. *P<0.05 vs young, Student’s unpaired t-test.
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