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Abstract

Rationale: Hypertension represents a major risk factor for stroke, myocardial infarction, and
heart failure and affects 30% of the adult population. Mitochondrial dysfunction contributes to
hypertension, but specific mechanisms are unclear. The mitochondrial deacetylase Sirt3 is critical
in the regulation of metabolic and antioxidant functions which are associated with hypertension,
and cardiovascular disease risk factors diminish Sirt3 level.

Objective: We hypothesized that reduced Sirt3 expression contributes to vascular dysfunction in
hypertension but increased Sirt3 protects vascular function and decreases hypertension.

Methods And Results: To test the therapeutic potential of targeting Sirt3 expression we
developed new transgenic mice with global Sirt3 overexpression (Sirt30X) which protects from
endothelial dysfunction, vascular oxidative stress and hypertrophy, attenuates angiotensin I1- and
DOCA-salt induced hypertension. Global Sirt3 depletion in Sirt3~ mice results in oxidative
stress due to SOD2 hyperacetylation, increases HIF1a, reduces endothelial cadherin, stimulates
vascular hypertrophy, increases vascular permeability and vascular inflammation (p65, caspase 1,
VCAM, ICAM and MCP1), increases inflammatory cell infiltration in the kidney, reduces
telomerase expression, and accelerates vascular senescence and age-dependent hypertension;
conversely, increased Sirt3 expression in Sirt30X mice prevents these deleterious effects. The
clinical relevance of Sirt3 depletion was confirmed in arterioles from human mediastinal fat in
patients with essential hypertension showing a 40% decrease in vascular Sirt3, coupled with Sirt3
dependent 3-fold increases in SOD2 acetylation, NfKB activity, VCAM, ICAM and MCP1 levels
in hypertensive subjects compared with normotensive subjects.
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Conclusions: We suggest that Sirt3 depletion in hypertension promotes endothelial dysfunction,
vascular hypertrophy, vascular inflammation and end-organ damage. Our data support a
therapeutic potential of targeting Sirt3 expression in vascular dysfunction and hypertension.
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NAD™* dependent mitochondrial deacetylase Sirt3 is a key regulator of antioxidant and metabolic
functions. Sirt3 level declines with age paralleling the increased incidence of hypertension. In this
work we described a novel therapeutic potential of targeting Sirt3 expression using new transgenic
global Sirt3 overexpressing mice. Sirt3 overexpression inhibits vascular oxidative stress and
hypertrophy, preserves endothelial-dependent relaxation and vascular permeability, attenuates
angiotensin I1- and DOCA-salt hypertension. Sirt3 depletion induces pathophysiological metabolic
and phenotypic vascular alterations by increased HIF1a, reduced VE-cadherin, elevated
endothelial permeability, activation of NFkB and inflammasome pathways, vascular cell-
senescence and aging, infiltration of T cells and age-dependent hypertension while increased Sirt3
expression prevents these deleterious effects. The clinical relevance of Sirt3 depletion was
confirmed in arterioles from human mediastinal fat in patients with essential hypertension showing
40% decrease in vascular Sirt3, coupled with SOD2 acetylation, vascular inflammation and cell-
senescence markers in hypertensive subjects compared to vessels from normotensive subjects. Our
data support a therapeutic potential for targeting Sirt3 expression in treatment of vascular
dysfunction and hypertension.
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INTRODUCTION

Hypertension represents a major risk factor for stroke, myocardial infarction, and heart
failure which causes one-third of deaths worldwide.1: 2 Hypertension is a multifactorial
disorder involving perturbations of the vasculature, kidney and central nervous system.3
Despite treatment with multiple drugs, 37% of hypertensive patients remain hypertensive,*
likely due to mechanisms contributing to blood pressure elevation that are not affected by
current treatments.

Vascular dysfunction is crucial in hypertension pathophysiology and exhibits a bidirectional
relationship.® Endothelial dysfunction leads to and accelerates the progression of
hypertension while hypertension causes vascular dysfunction. Metabolic disorders and
oxidative stress contribute to the pathogenesis of vascular dysfunction, and mitochondrial
deacetylase Sirt3 is critical in the regulation of metabolic and antioxidant functions,® 7
however, the role of Sirt3 has been largely ignored. Clinical studies show that cardiovascular
disease risk factors reduce Sirt3 level and Sirt3 declines with age,8 9 paralleling the
increased incidence of cardiovascular disease and hypertension.® We have previously shown
that Sirt3 depletion in Sirt3/~ mice increases hypertension which was linked to
hyperacetylation of the key mitochondrial antioxidant, superoxide dismutase 2 (SOD2),
leading to SOD?2 inactivation and mitochondrial oxidative stress.10: 11 Analysis of human
subjects with essential hypertension showed an increase in SOD2 acetylation and decrease in
Sirt3 levels in peripheral blood mononuclear cells1O supporting the association of Sirt3
depletion and hypertension. The causative role of Sirt3 depletion in vascular alterations
remains unclear and the therapeutic potential of targeting Sirt3 expression in vascular
dysfunction and hypertension is not known.

Mitochondria become dysfunctional in hypertension,12- 13 however, the precise role of
mitochondrial dysfunction remains unclear. We have previously shown that angiotensin Il
and inflammatory cytokines promotes mitochondrial dysfunction.14 Activation of RAS/
Angll/AT1R and inflammation reduce Sirt3 levels, 16 while Sirt3 expression was
associated with reduced ventricular hypertrophy, attenuated cardiomyopathy and diminished
inflammatory injury.1”- 18 It is conceivable that mitochondria are both the target and the
regulator of inflammatory pathways. Indeed, inflammation plays a critical role in the
pathogenesis of endothelial dysfunction and hypertension,19 and overexpression of
mitochondrial antioxidant SOD2 protects from cytokine-mediated vascular dysfunction and
attenuates hypertension.12: 14 Sirt3 activates SOD2 by deacetylation of specific lysine
residues.” We hypothesized that increased Sirt3 expression prevents SOD2 hyperacetylation,
attenuates mitochondrial oxidative stress and reduces vascular inflammation which can
protect vascular function and reduce hypertension.
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Previous studies have shown that Sirt3 overexpression protects from doxorubicin-induced
cardiomyopathy in mice.20 The whole-body Sirt3-transgenic mice were generated by
crossing loxP-stop-LoxP-SIRT3 transgenic mice with mice expressing Cre under the control
of the human B-actin promoter.2! The whole body Sirt3 overexpressing mice showed
significantly reduced expression of fibrotic markers and were found resistant to developing
angiotensin-l1-mediated cardiac fibrosis.22 Meanwhile, the protective potential of Sirt3
expression on vascular function and hypertension has not been studied.

Hypertension is associated with mitochondrial dysfunction?3: 24 and targeting mitochondrial
health is emerging as a novel approach to treat hypertension.?> 26 We have previously shown
mitochondrial dysfunction in two commonly used mouse models of hypertension: (1)
angiotensin Il infusion; and (2) administration of deoxycorticosterone acetate (DOCA) and
sodium chloride to uninephrectomised mice.12 The DOCA-salt model of hypertension
differs from angiotensin Il1-induced hypertension because it is largely volume dependent and
is associated with suppressed plasma renin activity. Interestingly, treatment of hypertensive
mice with mitochondria-targeted SOD2 mimetic mitoTEMPO improved endothelial function
and reduced blood pressure in both angiotensin Il and DOCA-salt models.12 We
hypothesized that overexpression of mitochondrial Sirt3 will prevent the SOD2
hyperacetylation linked to SOD2 inactivation in hypertension? and, therefore, attenuate
hypertension in both angiotensin 1l and DOCA-salt animal models.

To test the therapeutic potential of Sirt3 overexpression we developed new transgenic mice
with global Sirt3 overexpression (Sirt30X) by crossing the Ella-cre with loxP-stop-LoxP-
Sirt3 mice.22 This resulted in constitutively increased whole body Sirt3 expression on a
C57BI/6J background mice. We studied the effects of Sirt3 overexpression in mice on SOD2
acetylation, markers of vascular inflammation, oxidative stress and hypertension. The results
of the animal studies were verified by analysis of Sirt3 expression, SOD2 acetylation and
vascular inflammation in arterioles isolated from human mediastinal fat samples taken from
patients with and without essential hypertension. These data support the hypothesis that
increased Sirt3 expression reduces oxidative stress, inhibits vascular inflammation and
endothelial dysfunction, reduces vascular hypertrophy, attenuates vascular aging and
hypertension.

METHODS

Reagents.

The authors declare that all supporting data are available within the article and its online
supplementary files. All methods have corresponding literature reference. Additional
protocol information is available from the corresponding author upon reasonable request.

DHE superoxide probe was supplied by Invitrogen (Grand Island, NY). Caspase 1 (2225S),
Sirt3 (54905), and p21 (S807) antibodies were from Cell Signaling. VCAM (ab174279),
ICAM (ab53013), MCP1 (ab214819), p65 (ab97726), TERT (ab32020), HIF1a (187524),
Vecad (ab33168) were from Abcam. The specificity of acetyl-K68-SOD2 antibodies
(Abcam, ab137037) was previously validated in mice with reduced Sirt3 expression and site-
directed mutagenesis of K68 in cells.2-29 SOD2 (sc30080) and B-galactosidase (sc66586)
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antibodies were obtained from Santa Cruz Biotechnology. The antibodies and fluorophores
for flow cytometry were purchased from Biolegend (San Diego, CA) and included: 7-AAD
for live/dead staining; BV510-conjugated anti-CD45 (30-F11); PE/Cy7-conjugated anti-CD4
(GK1.5); APC/Cy7-conjugated anti-CD8 (53-6.7); PE -conjugated anti-CD3 (145-2C11);
FITC-conjugated CD44 (IM7); APC-conjugated anti-CD62L(MEL-14); FITC-conjugated
anti-F4/80 (BMS8). All other reagents were obtained from Sigma (St Louis, MO).

Animal experiments.

Whole-body Sirt3-transgenic Sirt3 overexpressing mice (Sirt30X) were generated by
crossing loxP-stop-LoxP-SIRT3 transgenic mice22 with Ella-cre (C57BI/6J background,
Jackson Labs) resulting in constitutively increased Sirt3 (~4-fold) in the whole body
(Sirt30X). In this work we used both male and female Sirt30X mice at the ages three to
twelve months.22 Mice lacking the Sirt3 protein (Sirz377)30 and their wild-type littermates
on a C57BL/6J background were provided by Dr. David H. Wasserman and Louise Lantier.
31 We used both male and female Sirz3/~ mice at the ages three to fifteen months.
Hypertension was induced by angiotensin Il (0.7 mg/kg/min) or DOCA-salt as described
previously.32 To test the therapeutic potential of Sirt3 overexpression, wild-type and Sirt30X
mice received saline or angiotensin Il minipump placement, Sham or DOCA-salt. Blood
pressure was monitored by the telemetry as previously described.33: 34 The Vanderbilt
Institutional Animal Care and Use Committee approved the procedures. Simple
randomization was used to select animals for sham, angiotensin Il or DOCA-salt groups for
equal chance of being allocated to treatment groups. Animal samples were assigned a code
and post-study unblinding released the masked data upon completion of the study.

Superoxide measurements using HPLC.

Mouse aortic segments were loaded with DHE (50 pM) in KHB buffer by 30-minute
incubation in a tissue culture incubator at 37°C. Next, aortic segments were placed in
methanol (300 pl) and homogenized with a glass pestle. The tissue homogenate was passed
through a 0.22 pm syringe filter and methanol filtrates were analyzed by HPLC according to
previously published protocols.3> DHE-superoxide specific product 2-hydroxyethidium was
detected using a C-18 reverse-phase column (Nucleosil 250 to 4.5 mm) and a mobile phase
containing 0.1% trifluoroacetic acid and an acetonitrile gradient (from 37% to 47%) at a
flow rate of 0.5 ml/min. 2-Hydroxyethidium was quantified by fluorescence detector using
an emission wavelength of 580 nm and an excitation of 480 nm as described previously.12

Nitric oxide measurements by Electron Spin Resonance.

Nitric oxide production in endothelial cells and vessels was quantified by ESR and colloid
Fe(DETC), as we have described previously.36 All ESR samples were placed in quartz
Dewar (Corning, New York, NY) filled with liquid nitrogen. ESR spectra were recorded
using a EMX ESR spectrometer (Bruker Biospin Corp., Billerica, MA) and a super high Q
microwave cavity. The ESR settings were as follows: field sweep, 160 Gauss; microwave
frequency, 9.42 GHz; microwave power, 10 milliwatts; modulation amplitude, 3 Gauss; scan
time, 150 msec; time constant, 5.2 sec; and receiver gain, 60 dB (7= 4 scans).
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Vasodilatation study.

Isometric tension studies were performed on 2 mm mouse aortic rings dissected free of
perivascular fat from C57B//6J and Sirt3~/~ mice. Studies were performed in a horizontal
wire myograph (DMT, Aarhus, Denmark, models 610M and 620M) containing
physiological salt solution with the composition of 118 mM NaCl, 4.7 mM KCI, 1.2 mM
MgSOy, 1.2 mM KH,POy, 25 mM NaHCOg3, 11 mM glucose, and 1.8 mM CaCl,. The
isometric tone of each vessel was recorded using LabChart Pro v7.3.7 (AD Instruments,
Australia). The aortic rings were equilibrated over a 2-hour period by heating and stretching
the vessels to an optimal baseline tension of 36 mNewtons before contracting them with
three cycles of 60 mM KCI physiological saline solution. Endothelial dependent and
independent vascular relaxation was tested after pre-constriction with 1uM phenylephrine.
Once the vessels reach a steady state contraction, increasing concentrations of acetylcholine
were administered, and the response to each concentration of drug was recorded.

Flow cytometry.

To examine renal inflammatory cell infiltration, single cell suspensions were prepared and
analyzed by flow cytometry as previously described.3”

Human studies.

Statistics.

RESULTS

Avrterioles were harversted from human mediastinal fat samples obtained from patients
during cardiac surgery enrolled in a Risk of Oxygen during Cardiac Surgery (ROCS)
randomized clinical trial with essential hypertension (BP>140/90 mmHg) and normotensive
subjects as previously described3® for Western blot analysis of Sirt3, SOD2, SOD2
acetylation, NFKB activity marker p65, cell-senescence marker p21, antiaging marker
telomerase, inflammation markers VCAM, ICAM and MCP1. Full informed consent was
obtained for all tissue samples.

Data are expressed as mean + SEM. To compare the effect of Sirt3 knockout or
overexpression in response to angiotensin Il infusion, two-way analysis of variance
(ANOVA) was used followed with Bonferroni post hoc test. For data involve more than two
groups, one-way ANOVA followed with Bonferroni post hoc test was used. For telemetry
blood pressure measurements over time, two-way ANOVA with repeated-measures was
employed using GraphPad Prizm 7. P levels < 0.05 were considered significant.

Sirt3 overexpression attenuates vascular oxidative stress and diminishes hypertension.

We tested whether global Sirt3 overexpression in mice improves endothelial function and
attenuates angiotensin Il-induced hypertension. A new mice strain was produced by crossing
the Ella-cre with loxP-stop-LoxP-Sirt322 resulting in constitutively increased Sirt3
expression in the whole body (Sirt30X) on C57BI/6J background. Sirt30X and wild-type
mice underwent telemetry placement for subsequent blood pressure monitoring. Ten days
later, osmotic pumps with angiotensin Il (0.7 mg/kg/day) were implanted. Sirt30X mice had
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slightly reduced basal blood pressure compared to wild-type mice. Infusion of wild-type
mice with angiotensin Il led to severe hypertension with night systolic maximum blood
pressure of 180 mm Hg. Sirt3 overexpression attenuated angiotensin I1-induced hypertension
by 25 mm Hg (Figure 1A). Angiotensin Il-induced hypertension was linked to impaired
endothelial-dependent relaxation in wild-type mice but Sirt3 overexpressing mice had
completely protected endothelial-dependent relaxation (Figure 1B). Hypertension is linked
to vascular oxidative stress but Sirt3 overexpression prevented vascular superoxide
overproduction (Figure 1C) and significantly attenuated the loss of endothelial nitric oxide
in angiotensin Il-infused mice (Figure 1D).3° These data support an important role of Sirt3
in vascular function and hypertension.

In additional experiments, we investigated DOCA-salt induced hypertension in wild-type
and Sirt30X mice. Both angiotensin 11 and DOCA-salt induced hypertension depends on
inflammation and endothelial dysfunction.?® However, the DOCA-salt model of
hypertension differs from angiotensin Il-induced hypertension because the former is largely
volume dependent and is associated with suppressed plasma renin activity. Wild-type and
Sirt30X mice had DOCA-salt surgery as we described previously.12 Briefly, the left kidney
was removed through a left-flank incision, a DOCA pellet (50 mg) was inserted
subcutaneously through a midscapular incision and drinking water was changed to 1%
saline. Control mice were sham operated. Blood pressure was monitored by telemetry.
Twenty-one days after surgery, the animals were sacrificed and we isolated aortas for
analysis of vascular superoxide using DHE probe and HPLC analysis of the superoxide
specific product, 2-hydroxyethydium.12 Studies in the DOCA-salt model of hypertension
showed significant antihypertensive effect of Sirt3 overexpression (Figure 2B). Interestingly,
Sirt3 overexpression completely inhibited the DOCA-salt induced superoxide
overproduction (Figure 2B).39 These data support a therapeutic potential of increased Sirt3
expression.

Sirt3 overexpression attenuates angiotensin ll-induced vascular hypertrophy.

We had previously shown that increased vascular oxidative stress promotes vascular
hypertrophy while antioxidant treatment with superoxide scavengers reduces vascular
hypertrophy.32 The pathophysiological significance of Sirt3 in vascular hypertrophy has not
been tested. We hypothesized that Sirt3 overexpression reduces vascular hypertrophy since
Sirt3 prevents vascular oxidative stress. To test this hypothesis, we quantified aortic
hypertrophy following two weeks of angiotensin Il infusion as we have described previously.
32 As expected, angiotensin 11 infusion increased vascular hypertrophy in wild-type mice;
however, Sirt3 overexpression significantly diminished smooth muscle hypertrophy in
angiotensin ll-infused Sirt30X mice (Figure 3). Furthermore, Sirt3 depletion in sham
Sirt3~ mice increased vascular hypertrophy compared to wild-type littermates while Sirt3
overexpression significantly reduced aortic wall thickness in sham Sirt30X mice (Figure 3).
These data support the pathophysiological role of Sirt3 depletion in vascular hypertrophy.
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Sirt3 depletion rises HIF1la and vascular permeability which is normalized by Sirt3
overexpression.

Metabolism is critical in the regulation of endothelial cells, and inhibition of fatty acid
oxidation and glycolysis leads to phenotypic alterations, endothelial permeability and
inflammation.#1: 42 Sirt3 is critical in fatty acid metabolism and antioxidant regulation.: 25
We hypothesized that Sirt3 depletion promotes a metabolic switch to glycolysis via
upregulation of redox-dependent HIF1a, leading to diminished expression of VE-cadherin®2
and dysfunction of the endothelial barrier.3 To test this hypothesis, we measured HIF1a and
VE-cadherin in aorta isolated from sham and angiotensin Il-infused Sirt3/~, Sirt30X and
wild-type mice. Angiotensin Il infusion significantly increased SOD2 acetylation in wild-
type mice and this was further exacerbated in Sirz3/~ mice but Sirt3 overexpression
substantially diminished SOD2 acetylation while SOD2 protein levels were similar in wild-
type, Sirt3'~ and Sirt30X mice. This data support the SOD2 inactivation due to SOD2
hyperacetylation in response to angiotensin Il infusion and Sirt3 depletion (Figure 4A).
Angiotensin Il significantly increased vascular HIF1a by 2-fold and reduced VE-cadherin
which was associated with increased vascular permeability in wild-type mice (Figure 4).
Sirt3 depletion in St~ mice significantly increased both basal and angiotensin Il-induced
HIFla, and reduced VE-cadherin compared with wild-type mice. As endothelial
permeability increases, the access of cytokines and vasoactive substances to tissue is greater
contributing to inflammation, hypertrophy, hypertension, and end-organ-damage.
Interestingly, Sirt3 overexpression completely prevents upregulation of HIF1a, preserves
VE-cadherin level and normalizes the endothelial permeability (Figure 4).

Sirt3 depletion induces vascular inflammation and inflammatory cell infiltration which are
prevented by Sirt3 overexpression.

We hypothesized that global Sirt3 depletion raises vascular inflammation via redox activated
NFkB*4 and NLRP3 inflammasome“® which induce vascular cell adhesion molecule-1
(VCAM), ICAM and monocyte chemoattractant protein-1 (MCP1)4® to augment vascular
inflammation and dysfunction. Indeed, Western blot of aortas isolated from Sham and
angiotensin Il-infused Sirt3/~ mice showed significant increase in p65 (NFKB subunit)*’
and caspase-1 (Casp1) indicating NFkB and inflammasome activation (Figure 5). Vascular
cell inflammation was supported by increased levels of VCAM and ICAM (surrogate
markers of NFkB activity) and MCP1 in Sirt3/~ aortas. Interestingly, Sirt3 overexpression
reduced basal vascular p65, VCAM, ICAM and MCP1 levels and attenuated angiotensin I1-
induced vascular inflammation (Figure 5A-D).

Sirt3 depletion accelerates vascular aging and senescence promoting age dependent
hypertension.

Sirt3 is associated with human longevity,*® 49 and cardiovascular disease risk factors and
aging are linked to reduced Sirt3,8 9 paralleling the increased incidence of hypertension. We
hypothesized that Sirt3 depletion accelerates vascular aging and development of age-
associated hypertension. To test this hypothesis we analyzed the aortic expression of genes
linked to aging and cell-senescence such as telomerase reverse transcriptase (TERT),%0
cyclin-dependent kinase inhibitor 1 (p21),%! senescence-associated B-galactosidase (SA-p-

Circ Res. Author manuscript; available in PMC 2021 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dikalova et al.

Page 9

gal)®2 and age-dependent systolic blood pressure in wild-type, Sirt3/~ and Sirt3
overexpressing six-month old male and female mice. Sirt3 depletion reduced TERT level by
50% while Sirt3 overexpression doubled the TERT level compared to the wild-type mice.
Markers of cell-senescence p21 and SA-B-gal were significantly increased in the Sirt37/~
aortas but Sirt3 overexpression reduced cell-senescence markers compared to wild type mice
(Figure 6A—C). The increase in vascular aging and cell senescence markers in Sirt3/~ mice
was associated with the age dependent increase of systolic blood pressure (Figure 6D).
These data support the role of Sirt3 depletion in accelerated vascular aging and age-related
hypertension.

As described above, Sirt3 depletion increases vascular permeability, vascular inflammation,
and vascular aging. We tested if this is associated with increased end-organ inflammation. T
cells and macrophages are important in end-organ damage and hypertension.53 As
determined by flow cytometry, at six months of age, kidneys from Sirz3/~ mice have 2 to 3-
fold increase in CD3* total T lymphocytes, both CD4* and CD8* T cells, as well as a
marked increase in F4/80* monocytes/macrophages. Of note, as the predominant sources of
interferon-y and interleukin-17A in the kidney, known to contribute to hypertension,3’
CD4* and CD8" effector memory T cells were markedly elevated in Sirt37/~ mice. In
contrast, Sirt3 overexpression significantly reduced renal inflammatory cells compared with
wild-type littermates, including CD3" total T cells, CD4" and CD8™ T cells, respective
memory T cell populations, and F4/80* monocytes/macrophages (Figure 5E). These findings
are in line with increased vascular permeability, vascular inflammation and hypertension in
Sirt3!~ mice; however, Sirt3 overexpression in Sirt30X mice significantly reduced kidney
inflammation compared with wild-type littermates (Figure 5E).

Essential hypertension is linked to reduced Sirt3, SOD2 acetylation and vascular
inflammation.

To define the clinical relevance of Sirt3 depletion, SOD2 hyperacetylation and Sirt3-
dependent vascular alterations described above, we studied Sirt3 levels, SOD2 acetylation
and markers of vascular inflammation in human subjects with and without essential
hypertension by Western blot analysis of arterioles from human mediastinal fat. We
observed a 40% decrease in vascular Sirt3 level and 3-fold increase in SOD2 acetylation in
hypertensive subjects while SOD2 levels were not affected (Figure 7). To test the potential
role of the Sirt3-dependent vascular metabolic, inflammatory and cell-senescence pathways
described above, we performed Western blot analyses of HIF1a, VE-cadherin, p65, VCAM,
ICAM, MCP1, p21 and TERT levels in arterioles from hypertensive and normotensive
subjects. It was found that essential hypertension was associated with a 3- to 4-fold increases
in HIF1a, inflammatory and cell-senescence markers compared with normotensive subjects.
These data support the potential role of Sirt3 depletion and SOD2 hyperacetylation in human
hypertension.

DISCUSSION

This study provides the first evidence that genetic Sirt3 overexpression reduces vascular
oxidative stress, inhibits vascular hypertrophy, protects endothelial-dependent relaxation,
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normalizes vascular permeability, and attenuates angiotensin I1- and DOCA-salt
hypertension. We found that whole body Sirt3 depletion in Sirt3/~ mice induces
pathophysiological metabolic and phenotypic vascular alterations, including increased
HIF1a, reduced VE-cadherin, elevated endothelial permeability, activation of NFkB and
NLRP3 inflammasome pathways, increased vascular inflammation, increased markers of
cell-senescence p21 and SA-B-gal, reduced telomerase expression, increased infiltration of T
cells and macrophages and development of age-dependent hypertension. Interestingly,
genetic Sirt3 overexpression significantly prevents these deleterious effects both in sham
mice and hypertension models. For the first time we report diminished Sirt3 levels and
SOD2 hyperacetylation in arterioles from human subjects with essential hypertension
compared to normotensive subjects which was accompanied by alterations of vascular
metabolic, inflammatory and cell-senescence pathways identical to Sirt3 depleted mice.
These data support the pathophysiological role of Sirt3 depletion in vascular dysfunction and
suggest a therapeutic potential of targeting Sirt3 expression for treatment of vascular
dysfunction and hypertension.

Cardiovascular disease risk factors reduce Sirt3 levels8 and activity,>* and Sirt3 declines
with age? 1555 paralleling the increased incidence of hypertension. Meanwhile, the specific
Sirt3-dependent pathways contributing to these pathological conditions remain elusive. This
work shows that Sirt3 depletion has a causative role in vascular dysfunction and
hypertension. NAD* dependent mitochondrial deacetylase Sirt3 activates a key
mitochondrial antioxidant, superoxide dismutase 2 (SOD2), by deacetylation of specific
lysine residues.28: 29. 56 \We have previously shown by mass spectrometry an increased
abundance of SOD2-K68 acetylation and reduced SOD?2 activity in hypertension.10
Furthermore, treatment of Sirt3/~ mice with mitochondria targeted SOD2 mimetic
mitoTEMPO rescued endothelial-dependent relaxation and diminished hypertension.1 In
this work we showed that SOD2-K68 acetylation is strongly associated with increased
HIFla, reduced VE-cadherin, increased endothelial permeability, activation of NFkB and
NLRP3 inflammasome pathways, vascular inflammation, markers of cell-senescence and
increased infiltration of inflammatory cells in Sirt3/~ mice which were prevented in
Sirt30X mice. Analysis of vascular tissue from human subjects with essential hypertension
support the potential role of Sirt3 impairment and SOD2 acetylation in vascular
inflammation and dysfunction.

Hypertension is a multifactorial disorder associated with oxidative stress and inflammation.
57 \We have previously shown an increased production of mitochondrial superoxide!? and
reduced activity of mitochondrial superoxide dismutasel in animal models of
hyperytension. The imbalance between the increased mitochondrial superoxide and reduced
antioxidant SOD2 activity leads to mitochondrial oxidative stress.11 We have previously
reported a feed-forward cross-talk between mitochondrial ROS and cellular NADPH
oxidases.13: 58. 59 |n this work we did not measure specific superoxide production in
mitochondria but analyzed the whole cellular superoxide production using DHE probe and
HPLC.3 Dispite this apparent limitation we found that Sirt3 overexpression completely
prevents the vascular superoxide overproduction both in angiotensin 11- and DOCA-salt
model of hypertension. The Sirt3 effect on whole cell superoxide production was associated
with reduced SOD2 acetylation and inhibition of vascular inflammation. These data support
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the role of Sirt3 impairment in both oxidative stress and vascular inflammation. Meanwhile,
additional studies are required to establish the specific role of mitochondrial superoxide and
cellular NADPH oxidases in response to Sirt3 impaiment.

In this work we used new transgenic mice with global Sirt3 overexpression. The cell-specific
effects of Sirt3 expression, however, remain unclear. Our data show that global Sirt3
depletion promotes vascular hypertrophy and endothelial dysfunction while increased Sirt3
expression attenuates vascular hypertrophy and protects endothelial function suggesting the
important role of Sirt3 in vascular homeostasis. Further studies with cell-specific Sirt3
overexpression are warranted to define the specific role of endothelial Sirt3 in the regulation
of endothelial metabolism, endothelial barrier function, and endothelial-dependent
relaxation. Recent studies implicate reduced Sirt3 and SOD2 activity in endothelial
progenitor cell dysfunction in hypertension which impairs endothelial repair capacity.5°
Knockdown of Sirt3 in endothelial progenitor cells suppressed the reendothelialization
capacity while SOD2 mimetic mitoTEMPO reduced mitochondrial damage and rescued the
endothelial progenitor function89 supporting the role of Sirt3-SOD2 impairment in
endothelial injury.

Our data suggest a potential role of Sirt3 in the regulation of smooth muscle cells. This
could be further tested in smooth muscle specific Sirt3 overexpressing mice. Sirt3 also
contributes to regulation of inflammatory cells. Increased Sirt3 expression in macrophages
by viniferin attenuates LPS-induced lung injury.18 Sirt3 activators protect from doxorubicin-
induced cardiotoxicity and inhibit tumor growth.61 62 In keep with these findings, we also
observed that Sirt3 depletion exacerbates renal inflammatory cell infiltration, and Sirt3
overexpression effectively reduced inflammatory cell numbers in the kidney. Therefore,
development of cell-specific models and specific Sirt3 agonists are of particular importance
for future clinical translation.

The precise mechanisms of vascular alterations in response to Sirt3 depletion are not clear.
Sirt3 depletion can induce mitochondrial damage in response to mitochondrial oxidative
stress due to SOD2 acetylation and SOD2 inactivation. Indeed, Sirt3 depletion activates the
NLRP3 inflammasome which can be induced by a broad range of stimuli including
mitochondrial DNA%® and cardiolipin.3 Sirt3 depletion causes mitochondrial damage
accompanied by release of mitochondrial DNA which directly activates the NLRP3
inflammasome leading to caspase-1 activation, IL-1@ release and MCP1 formation.*> An
additional mechanisms of NLRP3 inflammasome activation include mitochondrial
cardiolipin. It normally resides on the matrix side of the inner mitochondrial membrane and
it can be found in the membranes of most bacteria. Mitochondrial oxidative stress leads to
cardiolipin translocation to the outer mitochondrial membrane and induces cardiolipin
oxidation. Bacteria-like cardiolipin is required for assembly and activation of the NLRP3
inflammasome.53. 64 Interestingly, we have recently shown increased cardiolipin oxidation in
hypertension associated with Sirt3 depletion and SOD2 acetylation.! Sirt3 depletion can
also activate the redox dependent proinflammatory transcriptional factor NFkB.#4 Indeed,
Sirt3 depletion increases endothelial and vascular production of reactive oxygen species'®
and mitochondrial H,0, activates NFkB pathway.5°
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Our data show that Sirt3 depletion accelerates vascular aging and promotes age-dependent
hypertension while increased Sirt3 expression raises TERT levels, reduces markers of cell-
senescence and attenuates hypertension. Telomere uncapping and p21-induced senescence
are two-fold greater in hypertensive patients compared with nonhypertensive individuals®®
and TERT protects microvascular endothelial function.8” Vascular aging has been linked to
the pathogenesis of vascular dysfunction and hypertension.® Interestingly, global Sirt3
depletion reduces lifespan® and increases blood pressure.?2 The precise retrograde signaling
responsible for the “antiaging” and “antihypertensive” effects of Sirt3 are not clear. We
suggest that Sirt3 depletion leads to SOD2 inactivation due to SOD2 hyperacetylation. These
changes promote mitochondrial damage and vascular inflammation, accelerate vascular
aging and hypertension. Indeed, SOD2 depletion which mimics SOD2 inactivation by
acetylation promotes age-dependent and salt-sensitive hypertension.8% Our data show that
increased Sirt3 expression attenuates SOD2 acetylation and, therefore, protects vascular
function and reduces hypertension.

It is possible that both Sirt3 activity and Sirt3 expression is diminished in pathological
conditions. Indeed, our data show a 40% decrease in Sirt3 level and 3-fold increase in SOD2
acetylation in hypertensive subjects implicating Sirt3 inactivation (Figure 7). The specific
mechanisms of Sirt3 inactivation, however, remain elusive. Sirt3 is a NAD* dependent
enzyme, therefore, NAD+ decline may contribute to Sirt3 inactivation and boosting NAD +
level can be beneficial in pathological conditions.”® Indeed, supplementation with NAD*
donor nicotinamide riboside, a pan-sirtuin agonist, modestly reduces blood pressure??: 72
and age-related vascular dysfunction.”3 Alternatively, increased Sirt3 expression can be
protective.’* Indeed, calorie restriction and exercise inreases Sirt3 levels, reduce
inflammation® and risk of cardiovascular disease.”® We previously suggested a potential
role Sirt3 redox inactivation and scavenging of mitochondrial H,O, reduces SOD2
aceylation and improves blood pressure.1? Therefore, multiple metabolic and redox
pathways can contribute to Sirt3 impairment,2° and further studies are needed to define the
most effective targeting Sirt3 function in human pathological conditions.

Our work suggests the potential role of Sirt3 depletion in the pathogenesis of vascular
dysfunction and hypertension. Interestingly, multiple factors such as a sedentary lifestyle,
smoking, aging, metabolic conditions, and inflammation are associated with Sirt3
depletion!!: 15.16 and increased hypertension. These factors can be partially mediated by
SOD2 hyperacetylation.”8 Furthermore, in humans, a variable number tandem repeat*8: 49
and two non-synonymous human Sirt3 SNPs’’ impact the Sirt3 expression, longevity and
pathological conditions. We suggest that genetic and cardiovascular risk factors may reduce
Sirt3 expression which can contribute to progression of multiple pathologic conditions
associated with mitochondrial dysfunctions such as neurodegeneration, inflammation,
hypertension and cardiovascular disease. It is conceivable that strategies directed to increase
Sirt3 expression may have therapeutic potential in these conditions.
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SOD2
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acetylated (inactive) mitochondrial superoxide dismutase
caspase 1, NLRP3 inflammasome activation marker
fluorescent O, probe dihydroethidium
deoxycorticosterone acetate

hypoxia-inducible factor-1

high-performance liquid chromatography

hydrogen peroxide

nuclear factor kappa-light-chain-enhancer of activated B cells
one of the five components of NFxB transcription factor
intercellular adhesion molecule 1

monocyte chemoattractant protein 1

superoxide radicals

cyclin-dependent kinase inhibitor 1, marker of cell-senescence
reactive oxygen species

senescence-associated p-galactosidase

Sirtuin 3

mice with global Sirt3 depletion

transgenic mice with global Sirt3 overexpression
mitochondrial isoform of superoxide dismutase
telomerase reverse transcriptase

vascular cell adhesion molecule-1
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NOVELTY AND SIGNIFICANCE

What Is Known?

Depletion of mitochondrial deacetylase Sirtuin 3 (Sirt3) inactivates SOD2 due
to acetylation of specific lysine residues.

Sirt3 depletion in Sirt37~ mice promotes oxidative stress and hypertension.

Mitochondria-targeted SOD2 mimetic mitoTEMPO rescues Sirt37/~ mice
from hypertension.

What New Information Does This Article Contribute?

Sirt3 overexpression prevents vascular oxidative stress and attenuates
hypertension in angiotensin 1l and DOCA-salt mouse models while Sirt3
depletion accelerates vascular inflammation, vascular aging and age-
dependent hypertension.

Sirt3 overexpression inhibits vascular hypertrophy, protects endothelial barrier
function, prevents end-organ inflammation and preserves endothelial-
dependent relaxation.

Sirt3 level is decreased in arterioles from human subjects with essential
hypertension compared to normotensive subjects, and this is accompanied by
alterations in vascular metabolic, inflammatory and cell-senescence pathways
similar to Sirt3 depleted mice.
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A: Blood pressure telemetry in angiotensin ll-infused mice
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B: Endothelial-dependent relaxation
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Figure 1: Blood pressure, vascular relaxation, aortic superoxide and nitric oxide production in
wild-type and Sirt30X mice in angiotensin 11 model.

(A) Systolic blood pressure was measured by telemetry before and after Ang ll-infusion (0.7
mg/kg/day). Data were analyzed using 2-way ANOVA with repeated measurements.
*P=0.02, n=8 in each group. Insert shows representative Western blot of Sirt3 aortas isolated
from Sirt30X mice and wild-type C57BI/6J littermates. (B) Endothelial-dependent
relaxation to acetylcholine. Vasculare relaxation data were analyzed using 2-way ANOVA
with repeated measurements. *P=0.01 Sirt30X+Ang Il vs WT+Ang Il, n=8 in each group.
(C) Aortic superoxide (O7) was measured by DHE-HPLC assay of O,° specific product, 2-
hydroxyethidium (2-OH-E*).12 (D) Endothelial nitric oxide (NO) measured by NO spin trap
FeDETC, and Electron Paramagnetic Resonance (EPR).12 For (C) and (D), data were
analyzed using 2-way ANOVA and Bonferroni post-hoc multiple comparisons. Results are
mean £ SEM (n=5). */<0.01 vs WT, **/<0.01 Sirt30X+Ang Il vs WT+Ang II.
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o 180+ A: Blood pressure telemetry in DOCA-salt model B: Vascular superoxide (DHE/HPLC)
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Figure 2: Blood pressure and vascular superoxide in wild-type and Sirt30X mice in DOCA-salt
model.

(A) Systolic blood pressure was measured by telemetry before and after DOCA-salt
treatment. Results are mean + SEM. Blood pressure data were analyzed using 2-way
ANOVA with repeated measurements. *P=0.03 vs WT+DOCA, n=7 in each group. (B)
Aortic superoxide was measured by HPLC analysis of DHE-O° specific product, 2-
hydroxyethidium (2-OH-E*).12 Results are mean = SEM (n=5). Data were analyzed using 2-
way ANOVA and Bonferroni post-hoc multiple comparisons. */£<0.001 vs WT, **/<0.001
Sirt30X+DOCA vs WT+DOCA.
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Figure 3: Vascular hypertrophy in sham and Ang Il-infused wild-type, Sirt3™~ and Sirt30X

mice.

Representative images of hematoxylin and eosin-stained aortic cross sections are shown.
Aortic thickness (A) and medial area (B) were quantified as described previously.32
Supplemental Online Figure I displays typical low magnification images with the intact
vascular lumen to show the range of vessel wall thickness. Aortic hypertrophy was increased
in Sirt3~ mice, and Sirt3 overexpression reduced vascular hypertrophy in Sirt30X mice
compared to wild-type littermates. Data were analyzed using 2-way ANOVA and Bonferroni
post-hoc multiple comparisons. Values are mean + SEM. (A) *P=0.007 Sirt3~/~ Sham vs
WT sham, */=0.00006 WT+Ang Il vs WT sham, *£=0.003 vs WT sham, **/=0.0035 vs
WT+Ang I, #£=0.0038 vs WT+Ang Il (n=5). (B) *P=0.0012 Sirt3~~ Sham vs WT sham,
*P=0.00005 WT+Ang Il vs WT sham, *P=0.04 vs WT sham, **P=0.001 vs WT+Ang Il,
#pP=0.0007 vs WT+Ang Il (n=5).
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Figure 4: Analysis of SOD2 acetylation, HIFla, VE-cadherin and vascular permeability in

aortas isolated from Sham and Ang I1-infused Sirt3™~, Sirt30X and wild-type mice.

(A) Typical Western blots of Acetyl-K68-SOD2, total SOD2, HIF1a and VE-cadherin
normalized for GAPDH in aortas. (B) SOD2-K68 acetylation, (C) HIF1a expression and
(D) VE-cadherin levels normalized by GAPDH compared to Sham wild-type mice (100%).
*P<0.05 vs WT sham, #/£<0.05 vs WT sham **P<0.01 vs WT+Ang Il (n=4). (E) Vascular
permeability was measured by accumulation of Evans Blue dye in aortas. Male mice were
infused with Ang I1 (0.7 mg/kg/day) or saline for two weeks prior to Miles assay.’® Data
were analyzed using 2-way ANOVA and Bonferroni post-hoc multiple comparisons.
*P<0.01 vs WT, **£<0.01 vs WT+Ang Il (n=6).
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Figure 5: Analysis of inflammasome activation, vascular inflammation and of inflammatory cells
infiltration in Sirt3™", Sirt30X and wild-type mice.

(A) Typical Western blots of caspase 1, p65, VCAM, ICAM and MCP1 normalized for
GAPDH in aortas. (B) caspase 1, (C) p65 (NFkB subunit) and (D) VCAM levels normalized
by GAPDH compared to Sham wild-type mice (100%). Results are mean + SEM (n=6).
*P<0.05 vs WT Sham, **P<0.01 vs WT+Ang I, #£<0.01 vs WT Sham. (E) Accumulation
of T cells and macrophages in kidneys of six month old Sirz37/~, Sirt30X and wild-type
mice measured by flow cytometry as described previously.>3 Online Figure Il shows the
representative images of flow cytometry and gating strategy. Results are mean = SEM (n=4).
Data were analyzed using 2-way ANOVA and Bonferroni post-hoc multiple comparisons.

*£<0.01 vs WT, **/<0.05 vs WT.
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Figure 6: Western blot analysis of aging and cell senescence markers and age dependent
hypertension in Sirt3™~ mice.

(A) Typical Western blots of aortic TERT, p21, and SA-p-gal in 6-month-old wild-type,
Sirt3~ and Sirt30X mice. (B) TERT and (C) p21 levels normalized by GAPDH compared
to Sham wild-type mice (100%). Results are mean + SEM (n=5). Data were analyzed using
1-way ANOVA and Bonferroni post-hoc multiple comparisons. *P<0.01 vs WT, **F<0.01
vs WT. (D) Systolic blood pressure in Sirt3/~ and WT mice. Data were analyzed with 2-
way ANOVA with repeated measurements. *£=0.008 vs WT (n=6).
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A: Western blot of arteriole from human subjects
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Figure 7: Western blot of SOD2 acetylation, SOD2, Sirt3, inflammation and cell-senescence
markers in arterioles isolated from human mediastinal fat in patients with essential hypertension

compared with normotensive subjects.

Data were normalized by GAPDH. Results are mean + SEM. Data were analyzed using 1-
way ANOVA and Bonferroni post-hoc multiple comparisons. (A) *P=0.01, *~=0.0001, n=6.

(B) **P=0.000001 vs Normotensive, n=6.
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Figure 8: Proposed role of Sirt3 depletion in vascular dysfunction and hypertension. Sirt3
depletion results in SOD2 hyperacetylation and inactivation leading to mitochondrial oxidative
stress.

This in turn inactivates endothelial nitric oxide (NO), induces redox-dependent NF-kB
activation and mitochondrial damage, and activates the NLRP3 inflammasome. These
pathways disrupt the endothelial barrier, impair vasorelaxation, promote smooth muscle
hypertrophy and vascular inflammation, accelerate vascular aging and increase hypertension.
These deleterious effects are ameliorated by Sirt3 expression.
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