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ABSTRACT 

Traditionally, Toll-like receptor (TLR)9 signals through a MyD88-dependent cascade 

that results in pro-inflammatory gene transcription.  Recently it was reported that TLR9 also 

participates in a stress tolerance signaling cascade in non-immune cells.  In this non-canonical 

pathway, TLR9 binds to and inhibits sarco/endoplasmic reticulum Ca2+-ATPase 2 (SERCA2), 

modulating intracellular calcium handling, and subsequently resulting in the activation of 5’-

AMP-activated protein kinase (AMPK)α.  We have previously reported TLR9 causes increased 

contraction in isolated arteries; however, the mechanisms underlying this vascular dysfunction 

need to be further clarified.  Therefore, we hypothesized that non-canonical TLR9 signaling was 

also present in vascular smooth muscle cells (VSMCs) and that it mediates enhanced contractile 

responses through SERCA2 inhibition.  To test these hypotheses, aortic microsomes, aortic 

VSMCs, and isolated arteries from male Sprague-Dawley rats were incubated with vehicle or 

TLR9 agonist (ODN2395).  Despite clear AMPKα activation after treatment with ODN2395, 

SERCA2 activity was unaffected.  Alternatively, ODN2395 caused phosphorylation of AMPKα 

via transforming growth factor β-activated kinase 1 (TAK1), a kinase involved in TLR9 

inflammatory signaling.  Downstream, we hypothesized that that TLR9 activation of AMPKα 

may be important in mediating actin cytoskeleton reorganization.  ODN2395 significantly 

increased filamentous-to-globular actin ratio, as well as indices of RhoA/Rho-associated protein 

kinase (ROCK) activation, with the latter being prevented by AMPKα inhibition.  In conclusion, 

AMPKα phosphorylation after TLR9 activation in VSMCs appears to be an extension of 

traditional inflammatory signaling via TAK1, as opposed to SERCA2 inhibition and the non-

canonical pathway.  Nonetheless, TLR9-AMPKα signaling can mediate VSMC function via 

RhoA/ROCK activation and actin polymerization.   
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INTRODUCTION 

Components of the innate immune system have recently come to the fore as significant 

contributors to vascular dysfunction and subsequent cardiovascular disease (Bomfim et al., 

2017).  However, the mediators of this pathophysiological response, as well as the exact 

mechanisms of their actions, are still being revealed (Bomfim et al., 2017).  The Toll-like 

receptor (TLR) family is a class of innate immune system pattern recognition receptors that has 

been implicated in the pathogenesis of various cardiovascular conditions (Goulopoulou et al., 

2016; McCarthy et al., 2014).  Of particular interest to our laboratory is TLR9, due to the 

elevated expression of its endogenous ligand, mitochondrial DNA, in different cardiovascular 

conditions (McCarthy et al., 2015; Oka et al., 2012; Veiko et al., 2010).  We have recently 

reported that TLR9 is able to modulate vascular function and contribute to hypertension 

(McCarthy et al., 2015).   

Toll-like receptor 9 has affinity for hypomethylated cytosine and guanine nucleotides 

separated by a phosphate-backbone (CpG).  CpG dinucleotides are common to prokaryotic DNA 

but not eukaryotic DNA, and this specificity is important for preventing TLR9-dependent 

autoimmune responses (Stacey et al., 2003).  In naïve cells, TLR9 is localized to the endoplasmic 

reticulum (ER) (Leifer et al., 2004), and upon cellular recognition of its ligand, it traffics through 

the Golgi to early endosomes and subsequently to endolysosomal compartments (Chockalingam 

et al., 2009; Latz et al., 2004). 

Traditionally in immune cells, TLR9 upregulates inflammatory mediators by signaling 

through a myeloid differentiation primary response gene 88 (MyD88)-dependent pathway after 

trafficking from the ER to endolysosomes (Klinman, 2004).  However recently, a “non-

canonical” pathway for TLR9 was reported in cardiomyocytes and neurons (Shintani et al., 2013; 
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Shintani et al., 2014).  In this pathway, retrograde transport of unmethylated CpG dinucleotides 

from endolysosomal compartments to the ER leads to the activation of uncleaved TLR9.  TLR9 

then directly inhibits the activity of sarco/endoplasmic reticulum Ca2+-ATPase 2 (SERCA2).  As 

a result of impaired calcium uptake into the ER, mitochondria calcium concentration decreases, 

leading to less mitochondrial ATP generation, and the resulting activation of 5’-AMP-activated 

protein kinase (AMPKα).  

Given that calcium handling is important for vascular smooth muscle contraction and 

relaxation, TLR9 inhibition of SERCA2 could be a mechanism for the increased contractile 

responses and the vascular dysfunction that we have previously reported (McCarthy et al., 2015).  

Therefore, we hypothesized that (A) this non-canonical stress tolerance pathway for TLR9 is 

present in vascular smooth muscle cells (VSMCs) and (B) in isolated arteries (denuded of 

endothelium), TLR9 activation inhibits SERCA2 and this contributes to enhanced contractile 

responses.  To test these hypotheses, aortic microsomes, aortic VSMCs, and isolated mesenteric 

resistance arteries (MRA) and aortae from male Sprague-Dawley rats were stimulated 

pharmacologically with a TLR9 agonist, ODN2395, and SERCA2 inhibition and AMPKα 

phosphorylation steps of non-canonical stress tolerance signaling pathway were explored.  

Elucidation of this non-canonical pathway in vascular smooth muscle may be important in 

cardiovascular conditions that involve TLR9 activation (Goulopoulou et al., 2016; McCarthy et 

al., 2014). 
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MATERIALS AND METHODS 

Animals 

Male Sprague Dawley rats (Envigo RMS, Indianapolis, IN, USA), 12-20 weeks old, were 

used for all experiments, including isolated arteries, primary VSMC cell culture, and vascular 

microsomes.  All rats were maintained on a 12:12 hour light-dark cycle with both 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 Augusta University.   

Isolation of arteries  

Rats were killed by thoracotomy and exsanguination via cardiac puncture under 

isoflurane anesthesia.  Mesenteric resistance arteries (MRA) and thoracic aortae were removed 

from rats and placed in 4oC physiological salt solution (PSS) containing: NaCl (130 mmol/L), 

NaHCO3 (14.9 mmol/L), KCl (4.7 mmol/L), KH2PO4 (1.18 mmol/L), MgSO4∙7H2O (1.18 

mmol/L), CaCl2∙2H2O (1.56 mmol/L), EDTA (0.026 mmol/L), and glucose (5.5 mmol/L) (all 

Sigma-Aldrich, St Louis, MO, USA).  Excised arteries were cleaned of perivascular adipose 

tissue. 

Cell culture 

Primary VSMCs were cultured from the thoracic aortae using an enzymatic digestion 

method (McGuire et al., 1993).  Cells were then grown in a humidified chamber at 37°C, with 

5% CO2, and low glucose Dulbecco's Modified Eagle's Medium (GE Healthcare, Logan, UT, 

USA) containing 10% fetal bovine serum (GE Healthcare) and 1% penicillin/streptomycin 

solution (Corning, Manassas, VA, USA).  Treatments commenced between passages 3-6, when 
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culture dishes were ≥80% confluent.  Twenty-four hours prior to treatments, cells were placed 

into serum-free media to achieve quiescence.   

Isolation of vascular microsomes 

Microsomes were extracted from pooled aortae (8/sample) via homogenization and 

differential ultracentrifugation, as previously described (Webb and Bhalla, 1976).  Samples were 

resuspended in 50 μl of a specialized SERCA2 reaction solution containing: Tris-HCl (20 

mmol/L), KCl (100 mmol/L), MgCl2 (2 mmol/L), ATP (2 mmol/L), CaCl2 (0.5 μmol/L), and 

oxalate (7.5 mmol/L) (all Sigma-Aldrich), pH 7.4. 

Treatment 

Isolated arteries in PSS, VSMCs in serum-free media, and microsomes in SERCA2 

reaction solution were incubated for 20 minutes with either vehicle (endotoxin-free water; 

Invivogen, San Diego, CA, USA) or TLR9 agonist, type C synthetic CpG oligonucleotide 

ODN2395 (2 μmol/L; Invivogen).  In some experiments, classical SERCA2 inhibitor 

thapsigargin (1 μmol/L; Tocris, Ellisville, MO, USA) was used as a positive control.  To 

elucidate the signaling by which ODN2395 exerts its effects, different inhibitors were applied 30 

min before vehicle or ODN2395.  These included TLR9 antagonist, suppressive oligonucleotide 

ODN2088 (20 μmol/L; Invivogen); AMPKα inhibitor, compound C (10 μmol/L; EMD 

Millipore, Billerica, MA, USA); thapsigargin (1 μmol/L); transforming growth factor β-activated 

kinase 1 (TAK1) inhibitor, (57)-7-oxozeaenol (100 nmol/L; Tocris); vacuolar H+-ATPase 

inhibitor, bafilomycin A1 (10 nmol/L; Tocris); and RhoA/ROCK inhibitor, Y-27632 

dihydrochloride (1 μmol/L; Sigma-Aldrich).  

Western blotting 
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Isolated arteries: After treatment, arteries were flash frozen in liquid nitrogen and 

homogenized in ice-cold tissue protein extraction reagent (T-PER; Thermo Fisher Scientific, 

Waltham, MA, USA), with protease inhibitors (sodium orthovanadate, phenylmethylsulfonyl 

fluoride, protease inhibitor cocktail) and phosphatase inhibitors (sodium fluoride and sodium 

pyrophosphate) (all Sigma-Aldrich).   

Cell cultures: After treatment, cells were washed with an ice-cold phosphate-buffered 

saline (PBS) solution.  Complete Lysis-M, including phosphatase inhibitor cocktail (PhosSTOP) 

(both Roche, Indianapolis, IN, USA), was then applied to each plate and allowed to remain on 

ice for 30 min. Cells were then harvested.   

Protein concentration of both cell and tissue lysates was first determined and then equal 

quantities of protein (between 20-40 μg) were loaded into polyacrylamide gels (8-12%) and 

separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).  Gels 

were then transferred to polyvinylidene difluoride (PVDF) membranes (Thermo Fisher 

Scientific) and probed for protein expression (Table 1).  Phosphorylated proteins were 

normalized to their total form, and β-actin was used as the loading control.  Densitometric 

analysis was performed by Un-Scan-It (Version 6.1) (Silk Scientific, Orem, UT, USA). 

Vascular function 

Mesenteric resistance arteries were mounted on DMT wire myographs (Danish 

MyoTech, Aarhus, Denmark) and the endothelium was denuded by rubbing the lumen with a 

hair shaft.  Arteries were then bathed in 37oC PSS with 5% CO2 and 95% O2 and normalized to 

their optimal lumen diameter for active tension development, as described previously (McCarthy 

et al., 2015).  Arteries were initially contracted to KCl (120 mmol/L) and endothelium integrity 

was then tested by the application of phenylephrine (PE; Sigma-Aldrich) (3 µmol/L) followed by 
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acetylcholine (ACh; Sigma-Aldrich) (3 µmol/L).  Arteries were considered viable if KCl and PE 

contracted the arteries greater than 10 mN respectively, and endothelium denudation was 

considered successful if arteries relaxed less than 25% to ACh.  Arteries then rested for 10 min, 

after which they were subjected to one of the following three protocols: 

In PSS, MRA were first stimulated with PE (3 μmol/L).  Upon plateau of the contractile 

response, the MRA were washed in calcium-free PSS+EGTA (Sigma-Aldrich) to deplete 

intracellular calcium stores for 20 min.  During the depletion period, the MRA were also 

incubated with vehicle, ODN2395, or thapsigargin.  After calcium depletion, intracellular 

calcium stores were loaded by placing the MRA in normal PSS (1.6 mmol/L calcium) for 15 

min. Contractile responses during the loading period were taken as a functional measure of 

calcium influx (calcium loading).  The bathing medium was then replaced again with calcium-

free PSS (no EGTA).  After 5 min, the MRA were stimulated with caffeine (Sigma-Aldrich) (20 

mmol/L) to deplete intracellular calcium stores, which resulted in a transient contraction.  The 

magnitude of this last response was taken as a measure of the ER to release calcium (intracellular 

calcium release).  This protocol has been successfully employed in our laboratory (Giachini et 

al., 2009).  Results are presented as percentage of the KCl contraction (%KCl). 

 

In PSS, MRA were first incubated with vehicle, ODN2395, or thapsigargin for 20 min.  

Then MRA were contracted with norepinephrine (NE; 3 µmol/L) (Sigma-Aldrich) and upon 

plateau, the PSS was washed one time and replaced.  The time for contracted arteries to achieve 
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maximum relaxation was measured.  This protocol has been successfully employed in our 

laboratory (Tostes et al., 1995).  Results are presented in units of time (sec). 

 

In PSS, MRA were first incubated with or without compound C for 30 min.  Then MRA 

were incubated with vehicle or ODN2395 for a further 20 min.  Finally, MRA were contracted 

with PE (10 μmol/L) and upon plateau, cumulative concentration-response curves were 

performed to Y-27632 (1 nmol/L-30 μmol/L).  Results are presented as percent relaxation to the 

PE-induced contraction (%PE). 

 

Luciferase assay 

The activity of SERCA2 was also assessed using a luciferase assay in which ATP was 

quantified using an ATP Determination Kit (Invitrogen, Grand Island, NY, USA).  This assay 

utilizes luciferase’s requirement for ATP in producing light.   

Protein concentration of isolated microsomes was determined and 35 μg of protein was 

incubated in a combined SERCA2 and luciferase reaction solutions.  The SERCA2 reaction 

solution was as described above and the luciferase reaction solution was made according to 

manufacturer’s instructions, with the exception of using the SERCA2 reaction solution instead of 
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deionized water.  Microsomes were then subjected to treatment with vehicle or ODN2395, with 

and without thapsigargin.  Luminescence was then read with a luminometer (BioTek, Winooski, 

VT, USA) at 5, 10, 20, 40, and 60 min and an ATP decay curve was constructed.  

Co-immunoprecipitation 

 Endothelium-intact MRA were isolated, cleaned of perivascular adipose tissue, and 

pooled (2/sample).  Homogenization was performed as described above for Western blotting.  

After protein concentration determination, 260 μg of protein was immunoprecipitated with either 

mouse anti-TLR9 (1:50; Abcam/ab12121, Cambridge, MA, USA) or rabbit anti-SERCA2 (1:50; 

Cell Signaling/4388, Danvers, MA, USA) for 2 h at 4°C, followed by incubation with Protein 

A/G PLUS-Agarose (Santa Cruz Biotechnology, Dallas, TX, USA) for another 24 h at 4°C.  

Samples were then washed 4 times with ice-cold T-PER with protease inhibitors and centrifuged 

at 1500 g for 5 min at 4°C after each wash.  After the fourth wash, the supernatant was discarded 

and 50μl of 2X SDS sample buffer was added.  Samples were then heated at 100°C for 10 min 

before being loaded into SDS-PAGE gels (7.5%) and transferred onto nitrocellulose membranes 

(Bio-Rad, Hercules, CA, USA).  Finally, membranes were immunoblotted for the expression of 

SERCA2 (if TLR9 was immunoprecipitated) or TLR9 (if SERCA2 was immunoprecipitated) 

(both 1:1000 dilution). 

Filamentous and globular actin quantification 

Vascular smooth muscle cells were processed according to a G actin/F actin In Vivo 

Assay Kit (Cytoskeleton, Inc., Denver, CO, USA).  Briefly, VSMCs were lysed in a detergent-

based buffer that stabilizes the G and F forms of actin.  Ultracentrifugation was then used to 

separate them – pelleting the F actin and leaving the G actin in the supernatant.  After collecting 

the G actin, the F actin was depolymerized.  Finally, the F and G actin samples were loaded into 
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polyacrylamide gels (10%), separated by SDS-PAGE, and transferred to PVDF membranes, as 

described above for Western blotting.  Known quantities of actin control protein were included 

as standards.  Densitometric analysis was performed by Un-Scan-It (Version 6.1) (Silk 

Scientific). 

Confocal microscopy 

To visualize F actin bundles and focal adhesion protein paxillin, VSMCs were grown in 

Lab-Tek II Chamber Slide w/Covers (Thermo Fisher Scientific) and confocal microscopy was 

performed.  After treatment, VSMCs were fixed in 4% paraformaldehyde (Thermo Fisher 

Scientific) for 10 min and blocked in 1X PBS with 0.01% Triton X-100 (Thermo Fisher 

Scientific) and 5% horse serum.  The slides were then incubated with rabbit anti-paxillin (1:100; 

Abcam/ab32084) primary antibody in 1X PBS and 5% bovine serum albumin (BSA) overnight.  

Next, slides were incubated with goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody 

Alexa Fluor 488 (1:200; Thermo Fisher Scientific/A-11008) and rhodamine phalloidin (1:40; 

Thermo Fisher Scientific/R415) in 1X PBS and 5% BSA for 90 min.  Vectashield HardSet 

Antifade Mounting Medium with DAPI (H-1500) (Vector Laboratories, Inc., Burlingame, CA) 

was then applied to slides with coverslips.  Vascular smooth muscle cells were visualized using a 

Zeiss LSM 780 Upright confocal microscope (63X objective) (Carl Zeiss MicroImaging, 

Oberkochen, Germany).  

Statistical analysis 

The sample size indicated per experiment (see figure legends) is the number of 

independent rats (or pooled samples) used, respective of treatment group.  The statistical 

procedures used included one-way and two-way analysis of variances (ANOVAs) and Student’s 

t-tests.  Tukey’s post-hoc testing was performed in the event of a significant one-way ANOVA 
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and a Bonferroni correction was used in the event of a significant two-way ANOVA.  All 

analyses were performed using data analysis software GraphPad Prism 5.0 (La Jolla, CA).  

Statistical significance was set at p<0.05.  The data are presented as mean ± SEM.   
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RESULTS 

TLR9 activation increases vascular phospho-AMPKαThr172 expression 

To test our first hypothesis that the non-canonical stress tolerance signaling cascade is 

present in VSMCs, we probed for the expression of activated AMPKα, which is the ultimate step 

of the pathway (Shintani et al., 2013; Shintani et al., 2014).  After pharmacologically activating 

TLR9 with ODN2395 (2 μmol/L), we observed that phospho-AMPKαThr172 was significantly 

increased in isolated arteries (MRA, aorta, and endothelium denuded aorta), as well as VSMCs 

(Figure 1A-D).  Importantly, pre-treatment of isolated arteries and VSMCs with TLR9 antagonist 

(ODN2088; 20 μmol/L) blocked this response, indicating that this increase in phospho-

AMPKαThr172 was specific to TLR9.  Further supporting that ODN2395 activates AMPKα, we 

probed for the expression of phosphorylated acetyl-CoA carboxylase (ACC), which is one of the 

major enzymes regulated by AMPKα.  We observed that ODN2395 significantly increased 

phospho-ACCSer79 in VSMCs, and this increase was prevented by pre-treatment of the cells with 

an AMPKα inhibitor, compound C (10 μmol/L) (Figure 1E).  Overall, these data suggest the 

presence of the non-canonical stress tolerance signaling cascade in VSMCs. 

TLR9 activation does not impair SERCA2 activity, nor does it promote TLR9-SERCA2 

colocalization 

To further test for the presence of the non-canonical stress tolerance signaling cascade in 

VSMCs, we performed a series of SERCA2 activity assays, as inhibition of SERCA2 is an 

important early step in the pathway (Shintani et al., 2013; Shintani et al., 2014).  Denuded MRAs 

were mounted on wire myographs to evaluate force development in response to calcium influx 

after depletion of intracellular calcium stores (calcium loading), and after caffeine (20 mmol/L) 

stimulation to measure the functional capacity of the ER to release calcium (intracellular calcium 
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release).  During the calcium loading periods, force development was not different between 

vehicle and ODN2395, but it was increased by thapsigargin (positive control; 1 μmol/L) (%KCl, 

vehicle: 3.26±1.27 vs. ODN2395: 2.80±1.28 vs. thapsigargin: 10.23±2.51, *p<0.05) (Figure 2A).  

The magnitude of the contractile responses to caffeine were also not different between vehicle 

and ODN2395, but they were decreased by thapsigargin (%KCl, vehicle: 23.69±4.67 vs. 

ODN2395: 20.84±3.18 vs. thapsigargin: 2.04±0.53, *p<0.05) (Figure 2B).  Similarly, the time 

for denuded MRA to reach maximum relaxation after contraction to NE was not different 

between vehicle and ODN2395, but it was increased by thapsigargin (Figure 2C).  Overall, these 

vascular function data suggest that SERCA2 activity is not impaired when isolated MRA, 

denuded of endothelium, are treated with TLR9 agonist ODN2395. 

To understand the contribution of TLR9 on SERCA2 activity at the molecular level, 

microsomes were isolated from pooled aortae.  Microsomes are fragments of ER that we have 

previously extracted for analyzing SERCA2 activity and intracellular calcium sequestration 

(Webb and Bhalla, 1976).  As SERCA2 is an ATPase, we used a luciferase assay to measure 

ATP concentration, and thapsigargin was applied as a pharmacological tool to obtain SERCA2 

specificity.  The presence of thapsigargin in both vehicle- and ODN2395-treated microsomes 

significantly increased the concentration of ATP at all time points (with the exception of 20 min 

ODN2395, which was trending, p=0.08) (Figure 2D).  Area under the curve analysis of ATP 

decay across the 60 min of measurement revealed that ATP concentration in the vehicle 

incubated microsomes was low, indicative of ATP consumption with functional SERCA2 

activity, and this significantly increased when vehicle incubated microsomes were pre-treated 

with thapsigargin [ATP concentration (AUC), vehicle: 19±3 vs. vehicle+thapsigargin: 140±35, 

*p<0.05].  Similarly, ATP concentration in ODN2395 incubated microsomes was low, and this 
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significantly increased when ODN2395 incubated microsomes were pre-treated with 

thapsigargin [ATP concentration (AUC), ODN2395: 22±9 vs. ODN2395+thapsigargin: 129±12, 

*p<0.05].  Importantly, no significant difference in ATP concentration was observed between 

vehicle- and ODN2395-treated microsomes (Figure 2E).  To support these data, co-

immunoprecipitation was performed for TLR9 with SERCA2, and vice versa, in MRA incubated 

with vehicle or ODN2395.  Unlike Shintani et al. in cardiomyocytes (Shintani et al., 2014), there 

was no observable protein-protein interaction between TLR9 and SERCA2 in MRA stimulated 

with ODN2395 (Figure 2F).  Finally, to support the mechanism that SERCA2 inhibition can 

induce AMPKα phosphorylation, we investigated whether classical SERCA2 inhibitor 

thapsigargin could increase phospho-AMPKαThr172.  In isolated MRA, thapsigargin did not 

increase the expression of phospho-AMPKαThr172 (Figure 2G).  These experiments further 

reinforce that TLR9 activation with ODN2395 does not inhibit vascular smooth muscle SERCA2 

activity and increases in cytosolic calcium concentration due to SERCA2 inhibition is 

insufficient to induce AMPKα phosphorylation in isolated arteries. 

Inhibition of TAK1 prevents TLR9-dependent AMPKαThr172 phosphorylation 

Given that SERCA2 activity was not impaired by TLR9 activation with ODN2395, and 

that SERCA2 inhibition with thapsigargin did not increase phospho-AMPKαThr172, an alternative 

mechanism of AMPKα activation was pursued.  Upon investigation of upstream kinases and 

activators of AMPKα, as well as canonical TLR9-inflammatory signaling, TAK1 was identified 

as a potential mediator of AMPKα phosphorylation (Momcilovic et al., 2006; Xie et al., 2006a).  

Accordingly, we observed that pre-treatment of VSMCs with TAK1 inhibitor (57)-7-oxozeaenol 

(100 nmol/L) prevented the ODN2395-dependent increase in phospho-AMPKαThr172 (Figure 3A).  

Supporting these data, the activated form of TAK1, phospho-TAK1Thr184/187, was significantly 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 18, 2018 as DOI: 10.1124/jpet.117.245746

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET/2017/245746   

 

 18 

increased after ODN2395 treatment compared to vehicle, and pre-treatment with ODN2088 

blocked this response (Figure 3B).  To corroborate that AMPK phosphorylation was coming 

from endolysosomal compartments, we pre-treated some VSMCs with vacuolar H+-ATPase 

inhibitor bafilomycin A1 (10 nmol/L), which prevents endolysosome acidification, and therefore, 

TLR9 signaling specifically from the inflammatory canonical pathway.  We observed that 

bafilomycin A1 also prevented the ODN2395-dependent increase in phospho-AMPKαThr172 

(Figure 3C), supporting the data with TAK1 inhibitor (57)-7-oxozeaenol.  Interestingly, the 

phosphorylation of AMPKα in VSMCs appears to be a direct effect of TAK1, and not indirectly 

via liver kinase B1 (LKB1) (Figure 3D).  Overall these data suggest that AMPKα is 

phosphorylated as a result of TLR9 inflammatory signaling (via TAK1) in VSMCs. 

TLR9 increases actin polymerization and this is associated with AMPKα-RhoA/ROCK signaling 

AMPKα is a multi-functional cell survival kinase, capable of regulating a number of 

cellular processes (Viollet et al., 2010), especially in the vasculature (Salt and Hardie, 2017).  

Given the vascular dysfunction we previously observed in rats treated with ODN2395 (McCarthy 

et al., 2015), we hypothesized that TLR9-AMPKα signaling may be inducing dysfunction via 

reorganization of the actin cytoskeleton (Miranda et al., 2010; Zheng and Cantley, 2007).  

Accordingly, we observed that ODN2395 treatment increases filamentous (F)-to-globular (G) 

actin ratio in VSMCs (Figure 4A).  To support these quantitative data, we performed confocal 

microscopy on VSMCs after incubation with vehicle and ODN2395.  Despite no obvious 

differences in the immunofluorescence of focal adhesion protein paxillin, the intensity of 

rhodamine-phalloidin staining, indicative of F actin, was clearly increased in VSMCs treated 

with ODN2395, and these F actin bundles also exhibited an element of disorganization compared 

to vehicle-treated VSMCs (Figure 4B).   
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Given that the Rho signaling governs global organization of F actin (Hall, 1998), we 

further hypothesized that ODN2395 increases RhoA/Rho-associated protein kinase (ROCK) 

activation via AMPKα to regulate actin polymerization.  We observed that AMPKα inhibition 

with compound C increased the relaxation of vehicle-treated denuded MRA to RhoA/ROCK 

inhibitor Y-27632 (Figure 5A), indicating that RhoA/ROCK is activated by AMPKα in the basal 

condition of our vascular reactivity preparation.  Similarly, compound C also potentiated the 

relaxation to Y-27632 in ODN2395-treated denuded MRA (Figure 5B), but this increase in 

relaxation occurred to a much greater extent (Figure 5C), indicating that RhoA/ROCK activation 

by AMPKα is increased after ODN2395 treatment.  Supporting these vascular function data, 

Western blotting was performed for RhoA/ROCK substrate myosin phosphatase target subunit 1 

(MYPT1), with the phosphorylated form of this protein being an indicator of active 

RhoA/ROCK signaling.  We observed that ODN2395 significantly increased phospho-

MYPT1Thr696 in VSMCs, and this increase was prevented by pre-treatment of the cells with 

compound C (Figure 5D).   

Cofilin is an actin severing protein that can depolymerize actin filaments.  Therefore, its 

inactivation via phosphorylation, which can be modulated by ROCK (Maekawa et al., 1999), 

stabilizes F actin and promotes its accumulation (Moon and Drubin, 1995).  Therefore, we 

hypothesized that TLR9 activation with ODN2395 would increase cofilin phosphorylation, 

thereby abrogating its activity.  We observed that ODN2395 significantly increased phospho-

cofilinSer3 in VSMCs, and this increase was prevented by pre-treatment of the cells with Y-27632 

(1 μmol/L) (Figure 5E).  Interestingly, Y-27632 also lowered the phospho-cofilinSer3 expression 

in our vehicle-treated VSMCs, again suggesting that that RhoA/ROCK is activated to a small 

degree in the basal condition of our cell culture preparation (Figure 5E). 
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DISCUSSION 

The present investigation reveals three significant discoveries surrounding TLR9 

signaling in VSMCs.  The first major finding was that AMPKα activation downstream of TLR9 

appears to be an extension of canonical inflammatory signaling via TAK1.  Secondly, the non-

canonical stress tolerance signaling cascade for TLR9, that is initiated by SERCA2 inhibition 

and that has been reported in cardiomyocytes and neurons, is not present in VSMCs.  Finally, 

TLR9-AMPKα signaling can activate RhoA/ROCK and promote the accumulation of F actin 

(Figure 6).  These data support a novel mechanism by which TLR9 can impact vascular function 

and potentially contribute to the pathogenesis of cardiovascular diseases (Goulopoulou et al., 

2016; McCarthy et al., 2014). 

Previously, we have reported that arteries from rats treated in vivo with TLR9 agonist 

ODN2395 present significant dysfunction (McCarthy et al., 2015). These data add to the growing 

body of literature illustrating that activation of almost all TLRs (including those located on 

endosomes and the plasma membrane) can impact vascular function through various 

mechanisms (Goulopoulou et al., 2016; McCarthy et al., 2014). Given the well-established role 

of TLRs, including TLR9, in vascular (patho)physiology, in the present study we wanted to 

understand further the mechanisms underlying TLR9-dependent vascular dysfunction, and 

specifically whether TLR9 activation inhibits vascular smooth muscle SERCA2 and contributes 

to enhanced contractile responses. 

In order to fully understand the significance and novelty of the TLR9 non-canonical 

signaling cascade reported by Shintani et al. (Shintani et al., 2013; Shintani et al., 2014), one 

must understand the multistep, tightly regulated processing prior to canonical TLR9 

(inflammatory) activation (Goulopoulou et al., 2016).  In contrast, the TLR9 non-canonical 
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signaling pathway was reported to cause SERCA2 inhibition and ultimately resulted in AMPKα 

activation.  In the current investigation, regardless of our experimental approach (isolated arteries 

ex vivo and aortic microsomes in vitro), we were not able to observe any evidence of SERCA2 

inhibition after treatment with TLR9 agonist ODN2395.  Despite the lack of effect on SERCA2 

activity, we observed clear AMPKα phosphorylation at its activation site, threonine 172, 

suggesting that AMPKα activation downstream of TLR9 was occurring through some other 

mechanism.  Supporting an alternative mechanism was the observation that SERCA2 inhibition 

with thapsigargin was also not sufficient to induce AMPKα phosphorylation in isolated MRA, 

unlike TLR9 agonist ODN2395.  Therefore, an alternative upstream kinase of AMPKα was 

investigated. Given that TAK1 has been identified as an activator of AMPKα (Viollet et al., 

2010), as well as a kinase involved in canonical TLR9-inflammatory signaling (Vollmer, 2006), 

it seemed logical that TAK1 was the kinase phosphorylating AMPKα after ODN2395 treatment.  

TAK1 is a member of the mitogen-activated kinase kinase kinase family (Ninomiya-Tsuji et al., 

2003) and it induces inflammation by activating both p38 and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) (Ninomiya-Tsuji et al., 1999; Sakurai et al., 1999), both of 

which we have observed in arteries from rats treated with ODN2395 (McCarthy et al., 2015).  

Moreover, TAK1 also serves as a key regulator of TLR9 signaling in B lymphocytes (Szili et al., 

2014) and is also known to regulate AMPKα phosphorylation in cardiac cells (albeit via LKB1, 

which we did not observe) (Xie et al., 2006b) and endothelial cells (Zippel et al., 2013).  

Therefore, we conclude that the mechanism of AMPKα phosphorylation after TLR9 activation 

with ODN2395 in VSMCs is an extension of inflammatory signaling via TAK1 and not the non-

canonical stress tolerance signaling cascade.   
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Why the non-canonical stress tolerance signaling cascade for TLR9 is specialized to 

cardiomyocytes and neurons and not conserved across all non-immune cells is unknown.  

Physiologically, we hypothesize that one possible reason could be due to the mechanism by 

which SERCA2 contributes to vascular smooth muscle contraction, which is different from 

cardiomyocytes.  As cardiac contractions are rapid and of short duration, contractile responses 

are severely diminished after SERCA2 inhibition, illustrating the importance of store-operated 

calcium entry to normal cardiac function (MacLennan and Kranias, 2003). On the other hand, 

vascular smooth muscle contraction is relatively slow, in some cases sustained and tonic, and 

therefore, inhibition of SERCA2 in vascular smooth muscle promotes contraction by increasing 

the concentration of calcium that can bind with calmodulin and activate myosin light chain 

kinase.  In turn, calcium, through the process of calcium-induced calcium release (CICR), 

activates the ryanodine receptor leading to calcium release from the sarcoplasmic reticulum.  

Unlike cardiomyocytes, where calcium entry is further amplified through CICR, this process 

seems to be locally restricted to a few subplasmalemmal calcium sparks sites in VSMCs (House 

et al., 2008; Kamishima and Quayle, 2003).   

Experimentally, we utilized a type C TLR9 agonist (ODN2395) in the present 

investigation, whereas Shintani et al. used type A and type B ODNs (Shintani et al., 2013; 

Shintani et al., 2014).  Type A ODNs induce a strong interferon response but only weakly 

stimulate NF-κB, whereas type B ODNs induce a strong NF-κB response but only weakly 

stimulate interferons (Vollmer and Krieg, 2009).  Type C ODNs combine the immunogenicity of 

both type A and type B ODNs (Vollmer and Krieg, 2009), and also have a complete 

phosphorothioated backbone, which makes them more resistant to nuclease degradation (Roberts 

et al., 2011).  Based on the combined immunogenicity of ODN2395 and the fact that Shintani et 
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al. used type A and type B ODNs to support their data (Shintani et al., 2013; Shintani et al., 

2014),  it does not appear that differences in TLR9 agonist choice explains the confounding data 

between the two studies. 

Similarly, we also acknowledge the temporal differences of AMPKα phosphorylation 

(Thr172) between our study and those of Shintani et al. (Shintani et al., 2013; Shintani et al., 

2014).  In cardiomyocytes, Shintani et al. observed increases in phospho-AMPKαThr172 as early 

as 10 min after TLR9 activation.  Nonetheless, this increase only reached statistical significance 

at the 30, 60 (peak phosphorylation), and 120 min time points.  In our previous publication 

(McCarthy et al., 2015), we observed significant increases in phospho-AMPKαThr172 at 15 and 30 

min after TLR9 activation in isolated MRA. Based on these data, 20 min was chosen as a single 

time point in the present study.  It does not appear that we missed activation of the non-canonical 

stress tolerance signaling cascade for TLR9 because our luciferase assay incorporated a time 

course (5, 10, 20, 40, and 60 min) and no difference in ATP concentration, and thus SERCA2 

activity, was observed between vehicle- and ODN2395-treated microsomes. 

Regardless of its mechanism of activation, AMPKα is recognized to have multiple effects 

on vascular function (Salt and Hardie, 2017).  As a serine-threonine kinase protein complex that 

is a central regulator of cellular energy homeostasis, there is an abundance of literature 

demonstrating that AMPKα has anti-contractile-pro-relaxant properties (Ewart and Kennedy, 

2011; Garcia-Prieto et al., 2015), including phosphorylation of endothelial nitric oxide synthase 

(eNOS) at the activation site serine 1177 (Chen et al., 1999; Morrow et al., 2003), as well as 

mechanisms that are independent of the endothelium (Davis et al., 2012; Horman et al., 2008; 

Pyla et al., 2014; Sung and Choi, 2012).  However, there are instances when AMPK induces 

vascular dysfunction (Turkseven and Ertuna, 2013), and AMPKα is also known to phosphorylate 
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eNOS at threonine 495 in the calcium-calmodulin-binding sequence, resulting in the inhibition of 

eNOS activity (Chen et al., 1999).  Given the clear phosphorylation of AMPKα (Thr172), in 

conjunction with heightened contractile responses we previously reported in rats treated with 

ODN2395 (McCarthy et al., 2015), and our original focus in the current manuscript on vascular 

smooth muscle contraction, we hypothesized that TLR9-AMPKα signaling may be mediating 

actin cytoskeleton reorganization (Miranda et al., 2010; Zheng and Cantley, 2007), particularly 

in vascular smooth muscle.  Nonetheless, it is interesting to postulate why TLR9-dependent 

activation of AMPKα abrogates its positive effects on vascular function, particularly in 

conditions when the endothelium is present, such as our in vivo model (McCarthy et al., 2015).  

In addition to the potential for cytoskeleton reorganization in endothelial cells (thus, impairing 

the barrier function of the endothelium), we also hypothesize that the concurrent generation of 

reactive oxygen species and/or pro-inflammatory cytokines downstream of TLR9 is causing 

AMPKα to become dysregulated.  Specific experiments will be required to test these hypotheses 

in future studies. 

It is well known that RhoA through serine-threonine kinase ROCK mediates VSMC 

function by calcium-sensitization (maintaining the activity of myosin light-chain kinase, 

independently of free cytosolic calcium) and cytoskeleton reorganization (Nunes et al., 2010).  In 

our vascular reactivity experiments, pre-contraction to α1-adrenergic agonists were not different 

in arteries incubated with vehicle or ODN2395 (data not shown), and surprisingly, the magnitude 

of relaxation to Y-27632 was not different between vehicle and ODN2395.  Therefore, we can 

infer that the potentiated relaxation of denuded MRA to Y-27632 after incubation with 

ODN2395 and compound C is due to a decrease in F actin formation, as opposed to an inhibition 

of calcium-sensitization and contractility.  
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In this investigation we observed that AMPKα can activate RhoA/ROCK signaling in 

VSMCs, similar to what has been observed in kidney epithelial cells (Miranda et al., 2010).    It 

is well established that the Rho family GTPases are key regulators of cytoskeleton organization, 

with the GTPase RhoA controlling stress fiber formation and actin polymerization (Hall, 1998).  

ROCK interacts with RhoA, and the two substrates of this kinase, myosin light chain 

phosphatase and myosin light chain, can regulate the assembly of actin-myosin filament bundles 

(Hall, 1998).  While ROCK does not directly phosphorylate actin severing protein cofilin, it is 

able to phosphorylate LIM-kinase, which in turn phosphorylates and inactivates cofilin 

(Maekawa et al., 1999) and thus promotes the stabilization and accumulation of F actin (Moon 

and Drubin, 1995), which is what we observed in our study.  Overall these data add to the 

growing body of literature suggesting that ROCK can be activated via mechanisms other than 

Rho guanine nucleotide exchange factors (RhoGEFs) (Boulter et al., 2012).   

In conclusion, the current investigation reveals a novel mechanism by which TLR9 

contributes to the pathogenesis of cardiovascular diseases (Goulopoulou et al., 2016; McCarthy 

et al., 2014).  While this mechanism did not involve changes in calcium handling via SERCA2 

inhibition like originally hypothesized, it did involve modulating actin cytoskeleton organization, 

which could then contribute to reduced vasodilation and decreased blood flow to end organs.  

These data further emphasize the far reaching effects of immune system activation in 

(patho)physiology, especially in tissues, which in many cases, are the first to respond to 

perturbations in homeostasis (Matzinger and Kamala, 2011).  
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FIGURE LEGENDS 

Figure 1.  TLR9 agonist ODN2395 increases phospho-AMPKαThr172 expression in isolated 

arteries and vascular smooth muscle cells (VSMCs).  Protein expression analysis was performed 

for phospho-AMPKαThr172 normalized to total AMPKα in (A) mesenteric resistance arteries 

(MRA), (B) aorta, (C) endothelium denuded (E-) aorta, and (D) VSMCs incubated in either 

vehicle or ODN2395 (2 μmol/L), with and without ODN2088 (20 μmol/L).  Protein expression 

analysis for (E) phospho-acetyl-CoA carboxylase (ACC)Ser79 normalized to total ACC was 

performed in VSMCs incubated in either vehicle or ODN2395, with and without compound C 

(10 μmol/L).  Above, representative images of immunoblots; below, densitometric analysis.  n=4-

8.  One-way ANOVA: *p<0.05 vs. vehicle. 

 

Figure 2.  TLR9 agonist ODN2395 does not impair SERCA2 activity, unlike classical SERCA2 

inhibitor thapsigargin, nor does it promote TLR9-SERCA2 colocalization in vascular tissues.  In 

denuded mesenteric resistance arteries (MRA) incubated in either vehicle, ODN2395 (2 μmol/L), 

or thapsigargin (1 μmol/L), contractile responses were measured during  (A) calcium loading, 

(B) after intracellular calcium release, and (C) the time to achieve maximum relaxation after 

norepinephrine washout.  ATP concentration was measured in isolated microsomes (n=5; 8 

pooled aorta/sample), incubated in either vehicle or ODN2395, with or without thapsigargin, (D) 

across a 60 min time course and (E) summated as area under the curve (AUC).  (F) Co-

immunoprecipitation was performed for TLR9 with SERCA2 in MRA incubated with vehicle or 

ODN2395 (n=3; 2 pooled MRA/sample).  (G) Protein expression analysis was performed for 

phospho-AMPKαThr172 normalized to total AMPKα in MRA incubated with vehicle or 

thapsigargin.  Above, representative images of immunoblots; below, densitometric analysis.  n=3-
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6.  One-way ANOVA: *p<0.05 vs. vehicle; Two-way ANOVA: *p<0.05 vs. vehicle, #p<0.05 vs. 

ODN2395. 

 

Figure 3.  TLR9 agonist ODN2395-dependent phosphorylation of AMPKα is prevented by 

inhibiting TAK1 in vascular smooth muscle cells.  Protein expression analysis was performed for 

(A) phospho-AMPKαThr172 normalized to total AMPKα after incubation in either vehicle or 

ODN2395 (2 μmol/L),  with and without (57)-7-oxozeaenol (100 nmol/L), (B) phospho-

TAK1Thr184/187 normalized to total TAK1 after incubation in either vehicle or ODN2395, with and 

without ODN2088 (20 μmol/L), (C) phospho-AMPKαThr172 normalized to total AMPKα after 

incubation in either vehicle or ODN2395,  with and without bafilomycin A1 (10 nmol/L), and 

(D) phospho-LKB1Ser428 normalized to total LKB1 after incubation in either vehicle or 

ODN2395, with and without (57)-7-oxozeaenol.  Above, representative images of immunoblots; 

below, densitometric analysis.  n=5-8.  One-way ANOVA: *p<0.05 vs. vehicle. 

 

Figure 4.  TLR9 agonist ODN2395 increases filamentous (F)-to-globular (G) actin ratio in 

vascular smooth muscle cells.  Quantitative protein expression analysis (A) was performed for F 

and G actin after incubation in either vehicle or ODN2395 (2 μmol/L).  Above, representative 

images of immunoblots; below, densitometric analysis.  Confocal microscopy (63X objective) 

(B) was also performed to observe F actin accumulation and organization, as well as 

immunofluorescence of paxillin, after incubation in either vehicle or ODN2395.  n=4-5.  

Student’s t-test: *p<0.05 vs. vehicle. 
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Figure 5.  TLR9 agonist ODN2395 increases RhoA/ROCK activation via AMPKα to regulate 

actin polymerizing protein cofilin.  (A) Concentration-response curves to Y-27632, with or 

without compound C (10 μmol/L), in denuded (E-) mesenteric resistance arteries (MRA) 

incubated with vehicle or ODN2395 (2 μmol/L).  Protein expression analysis for (B) phospho-

MYPT1Thr696 normalized to total MYPT1 was performed in vascular smooth muscle cells 

(VSMCs) incubated in either vehicle or ODN2395, with and without compound C and (C) 

phospho-cofilinSer3 normalized to total cofilin was performed in VSMCs incubated in either 

vehicle or ODN2395,  with and without Y-27632 (1 μmol/L).  Above, representative images of 

immunoblots; below, densitometric analysis.  n=4-5.  Two-way ANOVA: *p<0.05 vs. vehicle, 

#p<0.05 vs. ODN2395; Student’s t-test: *p<0.05 vs. vehicle; One-way ANOVA: *p<0.05 vs. 

vehicle. 

 

Figure 6.  Schematic summarizing TLR9-AMPKα signaling in vascular smooth muscle cells 

(VSMCs).  Toll-like receptor 9 activation in VSMCs leads to the phosphorylation of AMPKα via 

TAK1, and activated AMPKα can subsequently trigger RhoA/ROCK, mediating the 

accumulation and disorganization of F actin.  
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Table 1. 

Protein Dilution 
Secondary 

antibody 
Company/catalog # 

Phosphorylated AMPKαThr172 1:1000 Rabbit Cell Signaling Technology /2535 

Total AMPKα 1:1000 Rabbit Cell Signaling Technology/2532 

Phosphorylated ACCSer79 1:1000 Rabbit Cell Signaling Technology/3661 

Total ACC 1:1000 Rabbit Cell Signaling Technology/3676 

Phosphorylated TAK1Thr184/187 1:1000 Rabbit Thermo Fisher Scientific/MA5-15073 

Total TAK1 1:1000 Rabbit Cell Signaling Technology/4505 

Phosphorylated MYPT1Thr696 1:1000 Rabbit Cell Signaling Technology/5163 

Total MYPT1 1:1000 Mouse 
BD Transduction Laboratories (San 

Jose, CA)/612165 

Phosphorylated cofilinSer3 1:1000 Rabbit Cell Signaling Technology/3311 

Total cofilin 1:1000 Rabbit Cell Signaling Technology/3318 

Phosphorylated LKB1Ser428 1:1000 Rabbit Cell Signaling Technology/3482 

Total LKB1 1:1000 Rabbit Cell Signaling Technology/3047 

β-actin 1:50,000 Mouse Sigma-Aldrich/A3854 

 

Table 1.  Proteins probed for in Western blots.  This table contains a list of the specific 

antibodies used in the current manuscript, including dilutions, secondary antibody host species, 

and company from which the antibody was purchased. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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