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Aims Immune system activation is a common feature of hypertension pathogenesis. However, the mechanisms that initiate this
activation are not well understood. Innate immune system recognition and response to danger are becoming apparent in
many cardiovascular diseases. Danger signals can arise from not only pathogens, but also damage-associated molecular
patterns (DAMPs). Our first hypothesis was that the DAMP, mitochondrial DNA (mtDNA), which is recognized by Toll-
like receptor 9 (TLR9), is elevated in the circulation of spontaneously hypertensive rats (SHR), and that the deoxyribo-
nuclease enzymes responsible for its degradation have decreased activity in SHR. Based on these novel SHR phenotypes,
we further hypothesized that (i) treatment of SHR with an inhibitory oligodinucleotide for TLR9 (ODN2088) would
lower blood pressure and that (ii) treatment of normotensive rats with a TLR9-specific CpG oligonucleotide
(ODN2395) would cause endothelial dysfunction and increase blood pressure.

Methods
and results

We observed that SHR have elevated circulating mtDNA and diminished deoxyribonuclease I and II activity. Additionally,
treatment of SHR with ODN2088 lowered systolic blood pressure. On the other hand, treatment of normotensive rats
with ODN2395 increased systolic blood pressure and rendered their arteries less sensitive to acetylcholine-induced
relaxation and more sensitive to norepinephrine-induced contraction. This dysfunctional vasoreactivity was due to
increased cyclooxygenase and p38 mitogen-activated protein kinase activation, increased reactive oxygen species
generation, and reduced nitric oxide bioavailability.

Conclusion Circulating mtDNA and impaired deoxyribonuclease activity may lead to the activation of the innate immune system,
via TLR9, and contribute to elevated arterial pressure and vascular dysfunction in SHR.
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1. Introduction
Immune system activation is a hallmark characteristic of hypertension;1,2

however, the exact mechanisms that initiate this pathophysiological re-
sponse are not well understood. In fact, immune system activation and
inflammation have been proposed as a unifying mechanism linking the
three major organ systems involved in the development of high blood
pressure—the kidneys, the cardiovascular system, and the autonomic
nervous system.1,2

One of the functions of the innate immune system is to recognize and
respond to danger.3,4 Danger signals can arise not only from pathogens,

but also from endogenous damage-associated molecular patterns
(DAMPs), which can either be secreted from cells or be released unin-
tentionally following cell injury and death.5,6 DAMPs are a broad classi-
fication for a wide range of endogenous molecules. These endogenous
molecules can include extracellular matrix, cytosolic compounds, and
fragments of damaged organelles.2 In the circulation, DAMPs are free
to activate pattern recognition receptors on immune and non-immune
cells and lead to a pro-inflammatory response.5

The toll-like receptor (TLR) family is a class of innate immune system
pattern recognition receptors that recognize and respond to DAMPs.5

In naı̈ve cells, TLR9 is localized to the endoplasmic reticulum (ER), and
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upon cellular recognition of its ligand in early endosomes, it traffics first
to early endosomes and subsequently to tubular lysosomal compart-
ments.7 Toll-like receptor 9 has specific affinity for unmethylated cyto-
sine and guanine nucleotides separated by a phosphate-backbone
(CpG). CpG dinucleotides are common to prokaryotic DNA but not
vertebrate DNA,8 and this specificity is important for preventing
TLR9-dependent autoimmunity.9

Unmethylated CpG dinucleotides are also seen in mitochondrial
DNA (mtDNA), as mitochondria evolved from saprophytic bacteria
and became intracellular organelles (endosymbiosis).10 Due to this
bacterial ancestry, mitochondria hold many evolutionarily conserved
molecular signatures, including DNA with unmethylated CpG dinucleo-
tide repeats. Therefore, when mtDNA is released into the circulation
due to cellular injury or death, it is able to elicit a sterile immune re-
sponse.6,11,12 Normally, the autophagy system degrades damaged mito-
chondria (termed ‘mitophagy’), and this involves the sequestration of
cytoplasmic contents, or endocytosis of extracellular constituents,
into double-membranevacuoles knownas the endosomes. Subsequent-
ly, endosomes fuse with lysosomes, which contain deoxyribonuclease
(DNase) and other catabolic enzymes, to form an autophagolysosome
and degrade the sequestered content.13

Traditionally, activation of TLR9 by unmethylated CpG-DNA
involves an intracytoplasmic signalling cascade that proceeds through
myeloid differentiation primary response protein (MyD88), IL-1-
receptor-activated kinase (IRAK), and TNF receptor associated factor
(TRAF).6 This signalling leads to the up-regulation of pro-inflammatory
transcription factors, including nuclear factor kappa-light-chain enhan-
cer of activated B cells (NF-kB) and mitogen-activated protein kinase
(MAPK) stimulation of activatorprotein 1 (AP-1), collectively promoting
a Th1 immune response.14 However, recently it was also observed
that TLR9 participates in an alternative non-canonical stress tolerance
signalling cascade in non-immune cells (cardiomyocytes and neurons
specifically).15,16 In this novel signalling pathway, TLR9 temporarily
reduces energy substrates to induce cellular protection from stress.
Specifically, TLR9 stimulation reduces sarco/endoplasmic reticulum
Ca2+ATPase pump 2 (SERCA2) activity, modulating calcium homeosta-
sis and its handling between the ER and mitochondria, which leads to a
decrease in mitochondrial ATP levels and the activation of cell survival
protein 5′ AMP-activated protein kinase (AMPKa).

As hypertension has exaggerated levels of cell injury and death,17 –19

hypertensive patients have elevated levels of cell-free CpG-DNA,20 and
TLRs have been implicated in the pathophysiology of hypertension,21

we wanted to know whether the mtDNA/TLR9 signalling axis
could be a novel contributing mechanism to hypertension in spon-
taneously hypertensive rats (SHR). We first hypothesized that the
DAMP mtDNA would be elevated in the circulation of SHR and
the activity of enzymes responsible for nucleic acid and mtDNA
degradation (DNase I and II) would be decreased. Confirmation of
these novel SHR phenotypes led us to our second hypothesis that
TLR9 inhibition in SHR would lower blood pressure and that
TLR9 activation in normotensive rats would cause endothelial dys-
function and increases in arterial pressure. We observed that an in-
hibitory oligodinucleotide for TLR9 (ODN2088) lowered blood
pressure in SHR and that a CpG oligonucleotide specific for TLR9
(ODN2395) caused a significant increase in blood pressure and
endothelial dysfunction in previously normotensive rats. This inves-
tigation provides a new mechanism by which activation of the innate
immune system, via mtDNA and TLR9, contributes to the patho-
genesis of hypertension.

2. Methods

2.1 Animals
Male and female Wistar Kyoto (WKY) rats, spontaneously hypertensive rats
(SHR), and Sprague Dawley (SD) rats, 12–15 weeks old, were used for this
investigation (Harlan Laboratories, Indianapolis, IN, USA). The sample size
indicated per experiment (see figure legends) is the number of independent
rats used, respective of strain and treatment group. All rats were maintained
on a 12:12 h light–dark cycle with both rat chow and water ad libitium. All
procedures were performed in accordance with the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health (NIH)
and were reviewed and approved by the Institutional Animal Care and
Use Committee of Georgia Regents University. All surgical procedures
were undertaken on rats under isoflurane anaesthesia, administered via
nose cone (5% in 100% O2). Rats were then euthanized by thoracotomy
and exsanguination via cardiac puncture.

2.2 Treatments
2.2.1 Anti-hypertensive treatment
Beginning at 6 weeks of age, male and female SHR were randomly assigned to
receive hydrochlorothiazide (10–55 mg/kg/day) and reserpine (0.6–
4.5 mg/kg/day) (HCTZ/Res) dissolved in drinking water until they were 12
weeks old, as described and published previously.22

2.2.2 Inhibitory oligonucleotide treatment
Male WKY and SHR were randomly assigned to receive four intraperitoneal
(i.p.) injections with either a TLR9 antagonist [suppressive oligonucleotide
(ODN2088); 60 mg/i.p.] (Invivogen, San Diego, CA, USA) or saline control
(Vehicle; Veh), on 4 consecutive days. Blood pressure was measured
pre-treatment (Day 0), throughout the treatment period (Days 1–4), and
post-treatment (Days 5 and 12).

2.2.3 Stimulatory CpG oligonucleotide treatment
Male SD rats were randomly assigned to receive three i.p. injections with
either a TLR9 agonist [type C synthetic CpG oligonucleotide (ODN2395);
0.1 mg/i.p.] (Invivogen), nuclear DNA (Salmon Sperm DNA; 0.1 mg/i.p.)
(Invivogen), or Veh, across 4 days. On Days 0 and 5, blood pressure was
measured, and on Day 6 the rats were euthanized.

Toconfirmthe specificityof ODN2395 treatment to activateTLR9 signal-
ling in the vasculature, mesenteric arteries (MRA) from naı̈ve (untreated) SD
rats were cleaned of perivascular adipose tissue and divided into four parts.
One part was flash frozen to determine basal expression. The other three
parts were incubated in 378C PSS plus 2 mmol/L ODN2395 (this concentra-
tion is equivalent to the dose the treated SD received via i.p.), for 15, 30, or
30 min in conjunction with ODN2088 (1:10 ratio of agonist: antagonist, as
per the instructions provided by the manufacturer). At the conclusion of
the incubation period, MRA were flash frozen, and western blots (as
described below) were used to examine the expression of canonical-
inflammatory TLR9 signalling and non-canonical stress tolerance TLR9
signalling (see Supplementary material online, Table S1).

2.3 DNA isolation and purification
Arterial blood was collected from the abdominal aorta of male and female
WKY and SHR in tubes containing heparin. Blood was immediately centri-
fuged at 1500 g for 15 min at 48C. Plasma was then stored in multiple aliquots
at 2808C until analysis. Circulating DNA was extracted and purified using
the QIAamp DNA Blood Mini Kit (Qiagen, Germantown, MD, USA).

2.4 Mitochondrial DNA quantification
Isolated DNA from male and female WKY and SHR was amplified and quan-
tified using real-time (RT)-PCR (MyiQ Single-Color Real-Time PCR Detec-
tion System). The primers (Invitrogen, Grand Island, NY, USA) that were
used to amplify mtDNA were cytochrome B (Cyt B) (forward
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5′-TCCACTTCATCCTCCCATTC-3′ and reverse 5′-CTGCGTCGGAG
TTTAATCCT-3′) and NADH dehydrogenase subunit 6 (ND6) (forward
5′-ATTAGACCCTCAAGTCTCCG-3′ and reverse 5′-TTGACTGGTTGT
CTAGGGTT-3′). Bacterial 16S rRNA (forward 5′-CGTCAGCTCGTG
TTGTGAAA-3′ and reverse 5′-GGCAGTCTCCTTGAGTTCC-3′) was
used to confirm no bacterial contamination of the samples. Using the pro-
ducts obtained from RT–PCR, endpoint PCR was also performed on a 2%
agarose gel to confirm our findings. Primer sequences have no significant
homology with DNA found in any bacterial species published on BLAST.
RT–PCR results are presented as the inverse of cycle threshold (CT) for
gene amplification.

2.5 Assessment of mitochondrial membrane
potential (cm)
Flow cytometry application of the JC-1 assay technique, as described previ-
ously,23 was used as an index of mitochondrial membrane potential (cm).
JC-1 is also a surrogate marker of mitochondrial permeability transition
(MPT) pore opening, which is a critical event in early apoptosis. JC-1 is a cat-
ionic dye that accumulates in mitochondria. Monomers of JC-1 dye fluoresce
in the greenrangewhile JC-1 aggregatesfluoresce in the red range; therefore,
an increase in green fluorescence intensity represents mitochondrial swel-
ling. Since accumulation of JC-1 in the mitochondria is dependent on the
cm, loss of cm indicates loss of JC-1 aggregates and is manifested by
decreases in red fluorescence.

Representative tissues analysed included those whose function signifi-
cantly influence blood pressure (kidney, heart, and brain), as well as bone
marrow and whole heparinized blood. Bone marrow was isolated from
the left femur, and blood was collected in microhematocrit capillary tubes
(Thermo Fisher Scientific, Waltham, MA, USA). All other tissues were
homogenized through a 100 mm nylon cell strainer (Thermo Fisher Scientif-
ic), lysed of red blood cells, and resuspended in binding buffer. Samples were
then incubated for 15 min in the presence of 2 mmol/L JC-1 (378C and 5%
CO2) and then washed and resuspended in cold PBS. Subsequently, labelled
cells were analysed and quantified by flow cytometry with excitation at
488 nm and emission at 530 nm (green) or 590 nm (red).

2.6 Deoxyribonuclease activity
Deoxyribonuclease (DNase) I and II activity in male WKY and SHR were
measuredusing the single radial enzyme diffusion (SRED) assay, as previously
described.24,25 For DNase I, 2 mL of serum was loaded into a 2 mm thick 2%
agarose gel (Thermo Fisher Scientific) on an agarose-coated polyester
Gelbond film (GE Healthcare, Uppsala, Sweden). The gel contained reaction
buffer (0.1 mol/L sodium calcodylate, 0.02 mol/L MgCl2, and 0.002 mol/L
CaCl2; pH 6.5), 10 mg/mL Type III salmon sperm DNA (all Sigma-Aldrich),
and 5 mg/mL ethidium bromide (Thermo Fisher Scientific).

For DNase II, MRA and left ventricle (LV) were homogenized in ice-cold
0.1 mol/L sodium acetate buffer, containing 20 mmol/L EDTA and 0.3 mg/mL
phenylmethanesulfonylfluoride (PMSF) (pH 4.7). Homogenates were kept
on ice for at least 8 h and then centrifuged at 13 000 g for 20 min. Equal
amounts of protein (2–15 mg) were loaded into a 2 mm thick 2% agarose
gel (Thermo Fisher Scientific) on an agarose-coated polyester Gelbond
film (GE Healthcare). The gel contained reaction buffer (0.1 mol/L sodium
acetate buffer and 0.02 mol/L EDTA; pH 4.7), 0.1 mg/mL Type III salmon
sperm DNA (all Sigma-Aldrich), and 0.01 mg/mL ethidium bromide
(Thermo Fisher Scientific).

For both enzymes, cylindrical wells were punched into the agarose gel
using a capillary tube (radius 1.5 mm). The gel was incubated for 23 h at
378C in a moist chamber. The area of the dark circle produced by the deg-
radation of salmon sperm DNA caused by enzyme diffusion was measured
under an ultraviolet transluminator (312 nm). The area of diffusion, correl-
ating to enzyme activity, was measured by Image J (NIH).

2.7 Blood pressure
Systolic blood pressure (SBP) wasmeasured in non-anaesthetized rats via tail
cuff (RTBP1001; Kent Scientific Corporation, Torrington, CT, USA). In SHR
treated with HCTZ/Res, SBP was measured weekly until 12 weeks of age.22

For the WKY and SHR treated with ODN2088 or Veh, SBP was measured
pre-treatment (Day 0), throughout the treatment period (Days 1–4), and
post-treatment (Days 5 and 12). Finally, for the SD treated with Veh or
ODN2395, SBP was measured pre-treatment (Day 0) and post-treatment
(Day 5). For all blood pressure recordings, an average of the SBP from 10
cycles was taken from each rat and then averaged within group.

2.8 Vascular function
Mesenteric resistance arteries and thoracic aortas from Veh- or ODN2395-
treated rats were excised and placed in 48C physiological salt solution (PSS)
containing (mmol/L): NaCl (130), NaHCO3 (14.9), KCl (4.7), KH2PO4

(1.18), MgSO4.7H2O (1.18), CaCl2.2H2O (1.56), EDTA (0.026), and
glucose (5.5) (all Sigma-Aldrich). Excised third-order MRA and aortas
were cleaned of perivascular adipose tissue and cut into 2 mm segments.
Mesenteric resistance arteries and aortic segments were mounted on
DMT wire and pin myographs (Danish MyoTech, Aarhus, Denmark), re-
spectively. Aortic segments were set to a basal force of 30 mN. Mesenteric
resistance arteries were normalized to their optimal lumen diameter for
active tension development, asdescribed previously.26 Briefly,normalization
was determined based on the internal circumference/wall tension ratio of
the arteries by setting the internal circumference (L0) to 90% of what the
vessels would have if they were exposed to a passive tension equivalent of
100 mmHg (L100) transmural pressure.27 The diameter (I1) was then deter-
mined according to the equation I1 ¼ L1/p, using specific software for nor-
malization of resistance arteries (DMT Normalization Module; LabChart
v.5.5.6, ADInstruments). Arteries were then bathed in 378C PSS with con-
tinuous bubbling with 5% CO2 and 95% O2 for 30 min. All arteries were ini-
tially contracted with 120 mmol/L potassium chloride (KCl). Endothelium
integrity was then tested with phenylephrine (PE)-induced contraction
(3 × 1026 mol/L) followed by endothelium-dependent relaxation with
acetylcholine (ACh; 3 × 1026 mol/L).

Cumulative concentration-response curves were performed to ACh
(1029–1025 mol/L), sodium nitroprusside (SNP; 1029–1024 mol/L), and
norepinephrine (NE; 10211–1024 mol/L) (all Sigma-Aldrich). Relaxation
curves were performed after an initial contraction with 3 × 1026 mol/L
PE. Thirty minutes prior to NE concentration-response curves, some arter-
ies were incubated with a nitric oxide synthase (NOS) inhibitor (L-NNA;
1024 mol/L) (Sigma-Aldrich), reactive oxygen species (ROS) scavenger/
superoxide dismutase (SOD) mimetic (tempol; 1023 mol/L) (Tocris, Ellisville,
MO, USA), cyclooxygenase (COX) inhibitor (indomethacin; 1025 mol/L)
(Sigma-Aldrich), or p38 MAPK inhibitor (SB203580; 1025 mol/L) (EMD
Millipore, Billerica, MA, USA). Results are presented as either %KCl for con-
traction or %PE contraction for relaxation. Some concentration-response
curves were expressed as ‘differences in area under the concentration-
response curves’ (DAUC), as described previously.28 Briefly, the change in
AUC was calculated from the individual concentration-response curves,
with or without inhibitors, using the GraphPad Prism 5.0 (La Jolla, CA,
USA) statistical software. The DAUC was expressed as the difference in
AUC in the presence of an inhibitor, compared with the corresponding
control situation. Differences are denoted as DAUC (%KCl). Finally, the
sample size indicated per vascular function experiment (see figure
legends) is the number of independent rats from which isolated arterial
segments were obtained, respective of treatment group.

2.9 Immunoblotting
Arteries werecleaned of perivascular adipose tissue, snapped frozen in liquid
nitrogen, and thenhomogenized in ice-cold tissueproteinextractionreagent
(T-PER) (Thermo Fisher Scientific), with protease inhibitors (sodium ortho-
vanadate, PMSF, protease inhibitor cocktail) and phosphatase inhibitors
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(sodium fluoride and sodium pyrophosphate) (all Sigma-Aldrich). Equal
amounts of protein (30–40 mg) were loaded into polyacrylamide gels
(8–12%) for western blots. Polyvinylidene difluoride (PVDF) membranes
were probed for the expression of representative autophagy proteins,
canonical-inflammatory proteinsof TLR9 signalling, non-canonical stress tol-
erance proteins of TLR9 signalling, and proteins associated with vascular
function (see Supplementary material online, Table S1). Phosphorylated
protein expression was normalized to total protein expression; all other
proteins were normalized tob-actin. Densitometric analysis was performed
by Un-Scan-It software (Version 6.1) (Silk Scientific, Orem, UT, USA).

2.10 ROS measurement
ROS were measured in arteries from treated SD rats via dihydroethidium
(DHE) fluorescence, as previously described.26 Arteries were embedded
in tissue freezing medium (Triangle Biomedical Sciences, Durham, NC,
USA) and frozen in liquid nitrogen. Transverse cross-sections (10 mm) of
frozen arteries were equilibrated for 10 min in phosphate buffer in a light-
protected humidified chamber at 378C. Fresh buffer containing hydroethi-
dine (1 mmol/L) (Sigma-Aldrich) was topically applied to each artery
section. The slides were then incubated in a light-protected humidified
chamber at 378C for 30 min. Negative control sections received the same
volume of phosphate buffer but in the absence of hydroethidine. Some
arteries were incubated with NOS inhibitor (L-NNA; 1024 mol/L) (Sigma-
Aldrich) for 30 min prior to hydroethidine application, to assess the contri-
bution of NOS uncoupling on ROS generation.29,30 Slides were viewed on an
optical microscope equipped with a filter for rhodamine, using a ×20 fluor-
escent objective. Three different sections of each artery were analysed
for the presence of ROS by examining the regions marked with red fluores-
cence from the oxidation products of DHE. The images were analysed using
Image J.

2.11 Statistical analysis
The statistical procedures used included Student’s t-tests, one-way and
two-way analysis of variance (ANOVA), and non-linear regression analysis
(LogEC50 and Emax). Tukey’s post hoc testing was performed in the event
of a significant omnibus ANOVA. All analyses were performed using data
analysis software GraphPad Prism 5.0. Statistical significance was set at
a ¼ 0.05, and P-value ,0.05 was considered significant for all statistical
tests. The data are presented as mean+ SEM.

3. Results
Circulating mtDNA genes Cyt B and ND6 were elevated in plasma
samples from male SHR, and expression of these genes werenormalized
with HCTZ/Res (Figure 1A). Bacterial 16S rRNAwas not different among
the groups. We confirmed these elevations in Cyt B and ND6 using end-
point PCR (Figure 1B). In female SHR, we did not observe any differences
among WKY, SHR, and SHR + HCTZ/Res groups (see Supplementary
material online, Figure S1). For this reason, all subsequent experiments
employed only male rats.

To ascertain where this mtDNA could be coming from in male SHR,
we measured mitochondrial viability/early apoptosis marker (JC-1
monomer) in tissues whose function directly affects blood pressure
(heart, kidney, and brain), as well as whole blood and bone marrow.
We observed that SHR kidney and bone marrow cells have increased
JC-1 monomer expression, representing MPT pore opening, decreased
mitochondrial viability, and early apoptosis (Figure 2A and B).

To support the finding that mtDNA is elevated in male SHR, we mea-
sured DNase I and II activity, as well as DNase II expression. DNase I had
decreased activity in serum from SHR compared with WKY, and DNase
II activity is decreased in SHR MRA and LV (Figure 3A). In aorta, we
observed a decreased DNase II expression in SHR compared with

WKY (Figure 3B). Additionally, representative autophagic proteins
Beclin-1, ATG5, and LC3-I and -II were all decreased in SHR aorta com-
pared with WKY (Figure 3C–E). Overall, these findings demonstrate an
elevation of mtDNA in the circulation of hypertensive rats, as well as
diminished DNase activity and decreased expression of representative
autophagic proteins in cardiovascular tissues.

To test the hypothesis that circulating mtDNA and activation of TLR9
are involved in the pathogenesis of hypertension, we treated WKY and
SHR with a TLR9 antagonist (ODN2088) and normotensive SD rats
with a TLR9 agonist (ODN2395). To validate the specificity of
ODN2395 to activate TLR9 signalling, and ODN2088 to inhibit it, we
investigated protein expression changes of canonical-inflammatory
TLR9 signalling (MyD88 and TRAF6) and also the newlyestablished non-
canonical stress tolerance TLR9 signalling (SERCA2, mitochondrial uni-
porter, and AMPKa) ex vivo and independently of the other physiological
systems that integrate to control vascular function (i.e. autonomic
nervous system, kidneys, and heart). Therefore, we incubated isolated
MRA of naı̈ve SD rats with ODN2395 for 15 and 30 min, as well as
ODN2395 in conjunction with ODN2088 for 30 min. Upon normaliza-
tion of expression relative to the unstimulated condition, we observed
that ODN2395 changed protein expression of not only the traditional
TLR9 inflammatory signalling (increased MyD88 and TRAF6 expres-
sion), but also the newly established non-canonical stress tolerance
TLR9 signalling (increased SERCA2 and phosphorylated AMPKaThr172

expression) after 15 and 30 min compared with basal (Figure 4A–C).
Moreover, incubation of ODN2395 with ODN2088 for 30 min inhib-
ited theseexpressionchanges. Overall, these data support the specificity
of the treatment with ODN2395 to activate TLR9 signalling in MRA, and
ODN2088 to inhibit it. Interestingly, the in vivo treatment of three i.p.

Figure 1 Circulating mitochondrial DNA (mtDNA) is elevated in
male SHR, and this increased expression is pressure dependent. (A)
Quantification of circulating mtDNA genes, cytochrome B (Cyt B),
and NADH dehydrogenase subunit 6 (ND6), as measured by RT–
PCR from plasma of WKY, SHR, and SHR treated with hydrochlor-
othiazide and reserpine (HCTZ/Res). 1/Ct denotes the reciprocal of
the count where the sequence is detected; a direct function of gene
concentration. Bacterial 16S rRNA showed no bacterial contamination
of any specimen. (B) Representative blots from endpoint PCR.
n ¼ 3–8. One-way ANOVA: *P , 0.05 vs. WKY.
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injectionswith ODN2395didnot changeprotein expressionof the trad-
itional TLR9 inflammatory signalling, nor the newly established non-
canonical stress tolerance TLR9 signalling (see Supplementary material
online, Figure S2A and B). Reasons for the differences in our two model
systems with ODN2395 treatment (i.e. ex vivo vs. in vivo) remain to be
clarified.

In SHR, four injections of ODN2088 significantly lowered SBP, and
this decrease was sustained throughout the treatment period (Days
1–4) (Figure 5A). However, when ODN2088 treatment finished (days
5 and 12), SBP returned to pre-treatment (Day 0) values. On the
other hand, three injections of ODN2395 to normotensive rats
caused an increase in post-SBP (Figure 5B), but did not alter body
mass, total heart mass, LV mass, right ventricle mass, or spleen mass
(see Supplementary material online, Figure S3A–E). Treatment of
normotensive rats with nuclear DNA (negative control) did not
change SBP (Figure 5B).

Mesenteric resistance arteries fromODN2395-treated rats were less
sensitive to the endothelium-dependent vasodilator ACh (LogEC50,
Veh: 27.32+0.03 vs. ODN2395: 26.98+0.03, P , 0.05) (Figure 6A).
In contrast, relaxation with the endothelium-independent vasodilator
and nitric oxide (NO)-donor SNP was not different between groups
(LogEC50, Veh: 26.48+0.13 vs. ODN2395: 26.57+0.08) (Figure 6B).
Treatment with nuclear DNA did not alter MRA vascular reactivity
to ACh or SNP (see Supplementary material online, Figure S4A
and B). In the aorta, ODN2395 treatment impaired endothelium-
dependent relaxation, as well as endothelium-independent relaxation

(see Supplementary material online, Figure S5A and B). The reason
for this difference in resistance and conduit artery function was not
determined.

Mesenteric resistance arteries from ODN2395-treated rats were
also more sensitive to the adrenergic agonist NE (LogEC50, Veh:
25.75+0.04 vs. ODN2395: 26.01+ 0.04, P , 0.05) (Figure 6C),
whereasNEcontraction inMRA fromnuclearDNA-treated ratswasun-
affected (see Supplementary material online, Figure S4C). To evaluate the
role of NO in this increased sensitivity of MRA after ODN2395 treat-
ment, the NOS inhibitor L-NNA (1024 mol/L) was used with some
concentration-response curves. NOS inhibition with L-NNA increased
the sensitivity to NE in MRA from Veh-treated rats (LogEC50, Veh:
25.75+0.04 vs. Veh + L-NNA: 25.97+0.03, P , 0.05) (Figure 6D),
with no effect in MRA from ODN2395-treated rats (LogEC50,
ODN2395: 26.01+0.04 vs. ODN2395 + L-NNA: 25.90+ 0.04)
(Figure 6E). Therefore, arteries from ODN2395-treated rats had a
decreased DAUC in the presence of L-NNA [DAUC (%KCl), Veh:
77+ 7 vs. ODN2395: 21+21, P , 0.05] (Figure 6F), indicating that a
reduction in NO contributed to the increased sensitivity to NE.

We hypothesized that increased ROS generation after ODN2395
treatment may quench NO bioavailability. To test this, we performed
concentration-response curves to NE in the presence of tempol
(1023 mol/L). Tempol had no effect on the contraction to NE in MRA
from Veh-treated rats (LogEC50, Veh: 25.75+0.04 vs. Veh + tempol:
25.70+0.03) (Figure 6G). However, in MRA from ODN2395-treated
rats, tempol decreased the sensitivity to NE (LogEC50, ODN2395:

Figure 2 SHR has impaired mitochondrial viability and expression of early apoptosis marker JC-1 in kidney and bone marrow cells. Left, representative
histograms for mitochondrial membrane potential (cm) marker JC-1 monomer in (A) kidney and (B) bone marrow cells of WKY and SHR. Right, densito-
metric analysis. n ¼ 5. Student’s t-test: *P , 0.05 vs. WKY.
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26.01+ 0.04 vs. ODN2395 + tempol: 25.65+ 0.03, P , 0.05)
(Figure 6H). Therefore, arteries from ODN2395-treated rats had an
increased DAUC in the presence of tempol [DAUC (%KCl), Veh:
22+ 9 vs. ODN2395: 50+7, P , 0.05] (Figure 6I), indicating that
ROS generation contributed to the increased sensitivity to NE. In the
aorta, ODN2395 treatment increased sensitivity to NE similarly—in
a NO- and ROS-dependent manner (see Supplementary material
online, Figure S5C–I).

Consistent with the above data, DHE fluorescence, indicating ROS
generation, was significantly greater in MRA (Figure 6J) and aorta (see
Supplementary material online, Figure S5J) of ODN2395-treated rats,
compared with Veh-treated rats. To evaluate the role of uncoupled

NOS on ROS generation, the NOS inhibitor L-NNA (1024 mol/L)
was incubated with some MRA sections prior to hydroethidine applica-
tion.ThepresenceofL-NNAdidnot affect DHEfluorescence, indicating
that uncoupled NOS does not contribute to the increased ROS gener-
ation (Figure 6J). Finally, there were no differences in protein expression
of phosphorylated eNOSSer1177 in MRA (Figure 6K). However, we did
observe an increase in phosphorylated eNOSSer1177 in the aorta of
ODN2395-treated rats (see Supplementary material online, Figure
S5K). This increase could be explained as a compensatory mechanism
to combat increases in ROS31,32 and decreases in NO bioavailability.33

We hypothesized that COX enzymes may contribute to this
increased ROS generation and increased sensitivity to NE after

Figure 3 SHR has impaired nucleic acid clearance capacity, and expression of autophagic machinery is diminished. Activities of (A) deoxyribonuclease
(DNase) I in serum and DNase II in mesenteric resistance arteries and left ventricle from WKY and SHR. Left, representative images of agarose gels. Right,
densitometric analysis. Aortic expression of representative autophagy proteins normalized to b-actin: (B) DNase II, (C) Beclin-1, (D) ATG5, and (E) LC3-I
and -II. Above, representative images of immunoblots. Below, densitometric analysis. n ¼ 3–6. Student’s t-test: *P , 0.05 vs. WKY.
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ODN2395 treatment due to COX 2 being a downstream effector of
NF-kB,34 as well as COX enzymes being a prominent source of ROS
in the vasculature.35 Additionally, given that p38 MAPK stimulates
ROS generation36 and MAPKs are downstream of TLR signalling,2 we
hypothesized that p38 MAPK may also play a role. Therefore, we per-
formed concentration-response curves to NE in the presence of the
COX inhibitor indomethacin (1025 mol/L) or the p38 MAPK inhibitor
SB203580 (1025 mol/L). In MRA from Veh-treated rats, COX inhibition
had no effect on the contraction to NE (LogEC50, Veh: 25.75+0.04 vs.

Veh + indomethacin: 25.68+0.03) (Figure 7A). However, in MRA
from ODN2395-treated rats, COX inhibition decreased the sensitivity
toNE (LogEC50, ODN2395: 26.01+ 0.04 vs.ODN2395 + indometh-
acin: 25.62+ 0.05, P , 0.05) (Figure 7B). Therefore, arteries from
ODN2395-treated rats had an increasedDAUC in the presence of indo-
methacin [DAUC (%KCl), Veh: 9+ 7 vs. ODN2395: 63+20, P , 0.05]
(Figure 7C), indicating that COX activation contributed to the increased
sensitivity to NE. Supporting these concentration-response curves with
indomethacin, ODN2395 treatment significantly increased MRA

Figure 4 Acute incubation of isolated MRAwith TLR9 agonist ODN2395 activates TLR9 signalling. Incubation of naı̈ve Sprague Dawley MRAwith TLR9
agonist ODN2395 (2 mmol/L) for 15 or 30 min did not change protein expression of (A) TLR9. However, ODN2395 altered protein expressions of (B)
canonical-inflammatory signalling (increased MyD88 and TRAF6) and (C) non-canonical stress tolerance signalling (increased SERCA2 and phosphorylated
AMPKaThr172), relative to the unstimulated condition. Black bars: unstimulated, dark grey bars: 15 min stimulation, light grey bars: 30 min stimulation, and
whitebars: 30 min stimulation in the presence ofTLR9 antagonist (ODN2088).Below, densitometric analysis.Above, representative images of immunoblots.
n ¼ 3–4. One-way ANOVA: *P , 0.05 vs. unstimulated.
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protein expression of COX 2 (Figure 6D), and COX 1 was trending to
increase, although this did not reach statistical significance (Figure 7E).
In MRA from Veh-treated rats, p38 MAPK inhibition had no effect
on the contraction to NE (LogEC50, Veh: 25.75+ 0.04 vs. Veh +
SB203580: 25.76+0.03) (Figure 7F). However, in MRA from
ODN2395-treated rats, p38 MAPK inhibition decreased the sensitivity
to NE (LogEC50, ODN2395: 26.01+0.04 vs. ODN2395 + SB203580:
25.68+0.05, P , 0.05) (Figure 7G). Supporting these data, ODN2395
treatment significantly increased MRA protein expression of phosphory-
latedp38Thr180/Tyr182 MAPK(Figure7H). In theaorta,ODN2395treatment
increased sensitivity to NE similarly—in a COX- and p38 MAPK-
dependent manner (see Supplementary material online, Figure S6A–D).

4. Discussion
The first significant observation of the present investigation was that
male SHR have elevated circulating mtDNA, increased early apoptosis,
impaired mitochondrial viability, and diminished nucleic acid clearance
machinery, and their blood pressure is sensitive to TLR9 inhibition.
The second major finding was that a CpG oligonucleotide, specific for
TLR9, induced an increase in blood pressure and caused endothelial
dysfunction.

Recently, it was observed that hypertensive patients have elevated
levels of cell-free CpG-DNA and antibodies targeted to CpG-DNA
injected into infant SHR, delayed the age-dependent increase in blood

pressure.20 However, whether this CpG-DNA was mitochondria
derived, and the contribution of TLR9 to hypertension pathogenesis,
was not determined. Some investigators have suggested that the ele-
vated CpG-DNA in hypertensive patients is a result of chronic (peri-
odontal) infections.37 Our results in male SHR suggest that this
circulating CpG-DNA in hypertensive patients could be mtDNA, as
our RT–PCR results with bacterial 16S ribosomal subunit indicated
that there was no difference in the presence of bacteria between
WKY and SHR. Circulating mtDNA as a biomarker of injury was first
established in trauma patients11 and therefore could also serve as a
novel biomarker and/or therapeutic target in the treatment or manage-
ment of hypertension.

Generally, it has been thought that necrotic cell death was the primary
source of pro-inflammatory DAMPs, due to disintegration of the plasma
membrane and release of intracellular constituents.38 However, apop-
tosis can also be immunogenic as a result of the programmed release
of immunostimulatory molecules.6,39 Given that mitochondria play a
pivotal role in regulating apoptosis (including the increased permeability
of the outer mitochondrial membrane, the participation of pro- and anti-
apoptotic Bcl-2 family proteins, and the release of caspase activators), it
is not surprising that we observed increased circulating mtDNA in con-
junction with impaired mitochondrial viability and increased early apop-
tosis in SHR kidney and bone marrow. These tissues are consistent with
the increased JC-1 monomer expression observed in the aorta of angio-
tensin II hypertensive rats.40 Finally, our data supports that apoptosis is a
significant contributor to hypertension pathophysiology41; however,
programmed release of DAMPs could be novel characteristic contribut-
ing to the detrimental effects of apoptosis in hypertension.

The impaired clearance capacity of serum and cardiovascular tissues
in SHR increases the possibility that mtDNA is able to activate TLR9 and
contribute to the pathogenesis of hypertension. In fact, pressure-
overload released mtDNA, which escaped autophagic degradation,
led to TLR9-mediated inflammatory responses in cardiomyocytes, and
subsequently contributed to the development of myocarditis and
dilated cardiomyopathy in mice.12 Moreover, decreased DNase activity
has been a well-established phenotype of patients with SLE,42 which is
associated with increased cardiovascular risk, partially attributable to
hypertension.43 In the future, therapeutics targeting clearance mechan-
isms in hypertension may be a way of reducing circulating DAMPs, such
as mtDNA and therefore pattern recognition receptor activation,
without modulating or compromising the immune system.

We observed that treatmentof SHRwith TLR9 antagonist ODN2088
lowered SBP significantly as soon as 24 h after the onset of treatment.
This decreased blood pressure was sustained until the conclusion of
treatment, at which point SBP returned to pre-treatment values. On
the other hand, SBP increased after only 4 days with treatment with
TLR9 agonist ODN2395. Rapid changes in SBP like these suggest that
TLR9 is modulating effector systems that control blood pressure (e.g.
cardiac output and/or total peripheral resistance). These blood pressure
data, taken in conjunction with our data observing an increased sensitiv-
ity to NE and decreased sensitivity to ACh in MRA from rats treated with
ODN2395, suggest that TLR9 is able to cause increases in total periph-
eral resistance, and this increase in total peripheral resistance contri-
butes to the rapid changes in blood pressure that we observed.
Toll-like receptor 9 modulation of arterial blood pressure is consistent
with recent literature observing TLR9 as a negative regulator of cardiac
vagal tone and baroreflex function.44

Cyclooxygenase may provide a mechanism for vascular dysfunction,
especially in SHR.45,46 In hypertension, COX 2-derived vasoconstrictor

Figure 5 TLR9 antagonist ODN2088 lowers SBP in SHR, and TLR9
agonist ODN2395 increases SBP in previously normotensive rats. Sys-
tolic blood pressure responses (A) across ODN2088 treatment in
WKY and SHR (arrows depict when ODN2088 or Veh were adminis-
tered) and (B) post-ODN2395 treatment. n ¼ 4–9. Repeated-
measures ANOVA (with Bonferroni correction): *P , 0.05 vs.
SHR-Veh; one-way ANOVA: *P , 0.05 vs. Veh.
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Figure 6 TLR9 agonist ODN2395 impairs endothelium-dependent relaxation in MRA and renders MRA more sensitive to NE via decreased nitric oxide
and increased reactive oxygen species. Concentration-response curves for (A) acetylcholine (ACh), (B) sodium nitroprusside (SNP), and (C) NE in MRA
from Veh- and ODN2395-treated rats. Concentration-response curves for NE, with or without L-NNA (1024 mol/L), in MRA from (D) Veh- and (E)
ODN2395-treated rats. (F) Area under the curve (AUC) analysis for NE concentration-response curves, with or without L-NNA. Concentration-
response curves for NE, with or without tempol (1023 mol/L), in MRA from (G) Veh- and (H ) ODN2395-treated rats. (I ) AUC analysis for NE
concentration-response curves, with or without tempol. (J ) Dihydroethidium (DHE) fluorescent staining (×20 magnification) in MRA from Veh- and
ODN2395-treated rats, with or without L-NNA (1024 mol/L). Left, representative images of fluorescent staining. Right, densitometric analysis. (K )
MRA expression of phosphorylated eNOSSer1177 normalized for total eNOS. Left, representative images of immunoblot. Right, densitometric analysis.
n ¼ 6/6 (independent rats/MRA segments). LogEC50 or Student’s t-test: *P , 0.05 vs. Veh; LogEC50:

#P , 0.05 vs. ODN2395.
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prostanoidsexacerbate vasoconstrictor responses toa-adrenergic ago-
nists47 and COX 2-derived ROS generation, which quenches NO bio-
availability, impairs vasorelaxation to ACh.48 In addition, p38 MAPK
activation is associated with endothelial dysfunction and hypertension,
with its inhibition improving indices of oxidative stress, vascular relax-
ation to ACh, and blood pressure.36 Our findings that TLR9 agonist
ODN2395 activated COX and p38 MAPK is consistent with the litera-
ture in macrophages that demonstrate TLR9 and MyD88-dependent

activation of NF-kB and p38 MAPK are required for transcriptional
regulation of COX 2 expression induced by CpG-DNA.34

Interestingly,ODN2395 treatment also increasednon-receptor tyro-
sine kinase c-Src phosphorylation (see Supplementary material online,
Figure S7). Despite the establishment of c-Src as an upstream signalling
molecule of MAPKs in vascular dysfunction and hypertension,49,50

how tyrosine kinases regulate TLRs and TLR9 signalling is only emer-
ging.51 A tyrosine motif in the cytoplasmic domain of TLR9 has been

Figure 7 Cyclooxygenase (COX) and p38 MAPK inhibition normalizes ODN2395-induced sensitivity to NE in MRA. Concentration-response curves
for NE, with or without indomethacin (1025 mol/L), in MRA from (A) Veh- and (B) ODN2395-treated rats. (C) Area under the curve (AUC) analysis for NE
concentration-response curves, with or without indomethacin. MRA expression of (D) COX 2 and (E) COX 1 normalized tob-actin. Above, representative
imagesof immunoblots. Below, densitometric analysis.Concentration-responsecurves forNE inMRA from(F)Veh-and (G)ODN2395-treated ratswithor
without SB203580 (1025 mol/L). (H ) Phosphorylated p38Thr180/Tyr182 MAPK normalized for total p38 MAPK. Above, representative images of immunoblot.
Below, densitometric analysis. n ¼ 6/6 (independent rats/MRA segments). Student’s t-test: *P , 0.05 vs. Veh; LogEC50:

#P , 0.05 vs. ODN2395.
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shown to be required for the intracellular trafficking of TLR9 to the
endolysosomal compartment and activation of NF-kB signalling.52

Moreover, it has been observed that CpG oligonucleotides activate a
TLR9-independent pathway initiated by two Src family kinases, Hck
and Lyn in human monocytes.53 Sanjuanet al.53 observed that inhibition
of Src family kinases blocked MyD88-dependent signalling and cytokine
secretion. As expected, chloroquine, an inhibitor of lysosomal acidifica-
tion, blocked TLR9 and MyD88-dependent cytokine secretion, but
failed to inhibit CpG-induced Src family kinase activation. This suggests
that tyrosine phosphorylation is both a CpG-induced event and an
upstream requirement for the activation of TLR9.53 In light of this, our
data support the specificity of the ODN2395 treatment to activate
MyD88-dependent signalling, despite no change in TLR9 expression.

In conclusion, we observed that in a genetic model of essential hyper-
tension, mitochondrial viability is impaired, early apoptosis is increased,
circulating mtDNA is elevated, and the autophagic enzymes and proteins
thatwouldberesponsible for its degradationare diminished.Wewenton
to observe that inhibition of TLR9 in SHR lowers blood pressure, and
short-term treatment of normotensive rats with a CpG oligonucleotide,
specific forTLR9,wasable toactivateCOXandp38MAPK, increaseROS
generation, and quench NO bioavailability. These factors contributed to
dysfunctional vascular reactivity and an elevation in arterial blood pres-
sure. With the ability of ODN2395 to cause a hypertensive phenotype,
we infer that mtDNA released from injured cells could potentially initiate
a feed-forward cascade of pressure- and ischaemic-induced events
that would aggravate even more cell injury and death in SHR (see Supple-
mentary material online, Figure S8). Collectively, we propose a novel
mechanism by which the DAMP, mtDNA, and innate immune system
receptor TLR9 contribute to the pathogenesis of hypertension.

Our investigation adds to the exponentially expanding field of
immune system activation and inflammation in hypertension. Nonethe-
less, the exactmechanisms that initiate this activation are not well under-
stood, and this is where the novelty of our investigation resides. Despite
a number of original articles supporting the contribution of the adaptive
immune system in hypertension,54– 56 participation of the innate
immune system is only emerging, and even fewer have described the
role of DAMPs.2,57 Although this contribution of the adaptive immune
system to the pathogenesis of hypertension is not in question, the par-
ticipation of innate immune system in hypertension needs further inves-
tigation. Our data demonstrate the involvement of the DAMP mtDNA
and the innate immune system pattern recognition receptor TLR9. This
investigation supports Bomfim et al.21 who first observed a role for TLRs
(with TLR4) in dysfunctional vasoreactivity and hypertension in SHR.
Collectively, these investigations promote the exploration of novel ther-
apies that target DAMPs and/or the innate immune system in hyperten-
sive patients that are resistant to all existing treatment strategies.
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