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Abstract

Aim—Angiotensin II (AngII) produces reactive oxygen species (ROS), thus contributing to the 

development of cardiac hypertrophy and subsequent heart failure, and stimulates the expression of 

monocyte chemoattractant protein-1 (MCP-1). In addition, Toll-like receptor 4 (TLR4) is involved 

in the upregulation of MCP-1. In order to clarify whether TLR4 is involved in the onset of cardiac 

dysfunction caused by AngII stimulation, we investigated the effects of TLR4 on oxidative stress, 

the MCP-1 expression and cardiac dysfunction in mice with AngII-induced hypertension.

Methods—TLR4-deficient (Tlr4lPS-d) and wild-type (WT) mice were randomized into groups 

treated with AngII, norepinephrine (NE) or a subdepressor dose of the AngII receptor blocker 

irbesartan (IRB) and Angll for two weeks.

Results—AngII and NE similarly increased systolic blood pressure in all drug-treated groups 

compared to that observed in the control group among both WT and T1r4lps-d mice (p< 0.05). In 

the WT mice, AngII induced cardiac hypertrophy as well as vascular remodeling and perivascular 

fibrosis of the intramyocardial arteries and monocyte/macrophage infiltration in the heart 

(P<0.05). Furthermore, AngII treatment decreased the left ventricular diastolic function and 

resulted in a greater left ventricular end-systolic dimension (P<0.05) in addition to producing a 

five-fold increase in the NADPH oxidase activity, ROS content and MCP-1 expression (P<0.05). 

In contrast, the Tlr4lps-d mice showed little effects of AngII on these indices. In the WT mice, IRB 
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treatment reversed these changes compared to that seen in the mice treated with AngII alone. NE 

produced little effect on any of the indices in either the WT or T1r4lps-d mice.

Conclusions—TLR4 may be involved in the processes underlying the increased oxidative stress, 

selectively activated MCP-1 expression and cardiac hypertrophy and dysfunction seen in cases of 

AngII-induced hypertension.
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Introduction

The activation of the renin-angiotensin system plays an important role in the pathogenesis of 

hypertension. Specifically, the direct cardiac effects of angiotensin II (AngII) contribute to 

the pathogenesis and progression of cardiac hypertrophy and fibrosis via the production of 

oxidative stress and inflammation1,2), both systolic and diastolic dysfunction3,4) 

characterized by the signs and symptoms of heart failure and a preserved ejection fraction 

and abnormal left ventricular (LV) diastolic function caused by decreased LV compliance 

and relaxation5). Cardiac hypertrophy may be reversed by the administration of angiotensin 

II type 1 (AT1) receptor antagonists6).

The Toll-like receptor (TLR) family is a major component of pathogen-associated molecular 

pattern-recognition molecules7), and the heart has been suggested to possess an innate 

immune system8). For example, TLR4 knockout mice develop less-severe LV hypertrophy 

following aortic banding compared to matched wild-type animals9). Another study revealed 

that an enhanced TLR4 expression may be linked to the development and maintenance of 

hypertension10). TLRs are also activated by endogenous signals, such as oxidative stress and 

heat shock proteins, and are expressed by cardiomyocytes11). TLR4 activation is also 

reported to be an important mediator of maladaptive LV remodeling and dysfunction as well 

as a reduced survival after myocardial infarction12). Moreover, it has been demonstrated that 

TLR4 polymorphism is associated with LV hypertrophy and the inflammatory response in 

humans13, 14), suggesting that TLR4 is involved in the development of LV hypertrophy.

Both AngII and TLR4 activate NADPH oxidase to produce reactive oxygen species (ROS), 

followed by the activation of proinflammatory transcription factors, such as nuclear factor- 

κB (NF-κB); these factors stimulate the expression of monocyte chemoattractant protein-1 

(MCP-1) and may play a role in the development of hypertension15–17). However, it remains 

unknown whether TLR4 modulates AngII signal transduction18) or is involved in the 

proinflammatory process activated by AngII19). In order to clarify whether TLR4 is involved 

in the cardiac hypertrophy and dysfunction induced by AngII stimulation, we investigated 

the effects of TLR4 on oxidative stress, inflammation and the cardiac function and 

hypertrophy in mice with AngII-induced hypertension.
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Methods

The Ethics Committee for Animal Experimentation at the Yamaguchi University School of 

Medicine approved the experimental protocol used in this study.

Chemicals and Antibodies

AngII acetate hydrate and L-(−)-norepinephrine bitartrate salt monohydrate were purchased 

from Sigma-Aldrich (St. Louis, MO). Irbesartan (IRB), a selective ATI receptor antagonist, 

was kindly provided by Shionogi Pharmaceutical (Tokyo). The immunohistochemical and 

immunoblot analyses used rabbit polyclonal antibodies against human phospho (p)-NF-κB 

p65 (ser 536) and MCP-1 (Cell Signaling Technology, Beverly, MA) and rat monoclonal 

antibodies against the monocyte/macrophage marker MOMA-2 (BMA Biomedicals, August, 

Switzerland).

Animals and Experimental Protocols

Male 12- to 16-week-old wild-type (WT) mice (BALB/c, n = 24; Charles River Japan, 

Yokohama, Japan) and homozygous BALB/c background mice (C.C3H–Tlr4lps-d, Jackson 

Laboratory, Bar Harbor, ME, Tlr4lps-d mice; n = 24)11,20,21) were maintained at the Science 

Research Center of Yamaguchi University.

WT and T1r4lps-d mice were randomized into four groups each and treated with 

physiological saline (control group; n = 6), AngII (1.1 mg·kg−1· day−1, AngII-treated group; 

n = 6), norepinephrine (5.6 mg ·kg−1 · day−1, NE-treated group; n = 6) or a subdepressor 

dose of IRB with AngII (IRB 6 mg · kg−1. · day−1, IRB-treated group; n = 6). The doses 

used in the experiments were determined in preliminary experiments.

Anesthesia was induced in the mice using isoflurane (Abbott Japan, Tokyo) at a 

concentration of 3% and subsequently maintained at 1% via a face mask during the 

implantation of osmotic minipumps (Model 1002; ALZET Osmotic Pumps, Cupertino, CA) 

and transthoracic echocardiography.

Physiological saline, AngII and NE were administered subcutaneously using osmotic 

minipumps for two weeks. IRB was given in drinking water in association with the AngII 

treatment for two weeks. The heart and body weights were evaluated after the two-week 

treatment period, and the systolic blood pressure and heart rate were measured using tail-

cuff plethysmography without anesthesia on the seventh and 14th days during the 

experiment.

In Vivo Transthoracic Cardiac Imaging

Three mice from each group were subjected to transthoracic echocardiography using an 

HDI-5000 ultrasound machine (Philips, Amsterdam, Netherlands) equipped with a 15-MHz 

probe. The mice were examined in the supine position with closed chests, and the transducer 

was gently placed in the left parasternal position. An M-mode echocardiogram of the left 

ventricle was obtained to measure the chamber diameters and end-diastolic and end-systolic 

thicknesses of the interventricular septum and posterior wall. LV fractional shortening 
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(%FS) was calculated as follows: 100 × [LV end-diastolic dimension (LVEDd) – LV end-

systolic dimension (LVESd)]/LVEDd (%).

In addition, the peak velocities of the early ventricular filling wave (E wave) and late 

ventricular filling wave caused by atrial contraction (A wave) of the transmitral flow were 

measured using mitral Doppler flow spectra, and the E/A ratio was calculated as an index to 

estimate the LV diastolic function. Standard basic echocardiography measurements and 

calculations were performed as previously described22,23) Representative echocardiogram 

images are shown in Fig. 1A.

Tissue Preparation

After the completion of the two-week treatment period, the mice were euthanized under 

inhalation anesthesia with an excessive dose of isoflurane. The left ventricles of the hearts 

were subsequently separated, washed with heparinized saline, weighed and cut into four 

pieces perpendicular to the long axis. A piece of the middle portion of the heart tissue from 

each heart was snap frozen with optimal cutting temperature (OCT) compound in liquid 

nitrogen to obtain fresh frozen, 40-µm-thick sections for dihydroethidium (DHE) 

staining24,25). The other middle portion of the heart, which was fixed in 10% buffered 

formaldehyde, was embedded in paraffin and sectioned into 4-µm slices for assessments of 

the expression levels of pNF-κB and MCP-1 and morphology using Masson Trichrome or 

hematoxylin-eosin (HE) staining. The rest of the base and apex-side heart tissues were 

frozen in liquid nitrogen and stored at −80 °C until use in the other experiments25).

Histological and Immunohistochemical Analyses

The sections were quantified morphometrically using a camera control program system 

(ACT-1, version 2.51) with a digital camera (DXM1200F; Nikon, Tokyo) connected to an 

automated microscope (Eclipse El000, Nikon). The wall-to-lumen ratio and degree of 

perivascular fibrosis of the intramyocardial artery were assessed using Masson Trichrome 

staining, as previously reported26, 27) Immunohistochemistry was also performed to 

determine the expression levels of pNF-κB, MCP-1 and the monocyte/macrophage marker 

MOMA-2 in the heart tissues according to the avidin-biotinylated enzyme complex method 

(Vector Laboratories, San Francisco, CA) 27) The parameters for pNF-κB and MCP-1 were 

evaluated using a computer-assisted image analysis system with the NIH Image 1.62 

software program, as previously reported28). The total number of MOMA-2-positive cells in 

the mouse heart was counted in eight randomly selected high-power fields per tissue section 

for 3–6 mice in each group. The mean values for each heart were used for the statistical 

analysis.

In Situ Evaluation of · O2− in the Heart

Unfixed frozen heart tissues in 30-µm-thick segments were prepared for in situ imaging of 

ROS generation in the myocardium. The · O2− content was evaluated using fluorescent DHE 

2 µmol/L (Polysciences, Warrington, PA), as previously described25, 27). The specificity of 

DHE signals for · O2− detection was confirmed via preincubation with superoxide dismutase 

(SOD)-mimetic Tempol (500 U/mL), and the images were obtained with a laser scanning 
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confocal microscope (LSM510; Zeiss, Munich, Germany). The data are expressed as the 

percentage of the corresponding data for the control WT mice.

NADPH Oxidase Activity in the Heart

The NADPH oxidase activity was determined using a luminescence assay25). Briefly, the 

heart tissues were placed in a chilled, modified Krebs-hydroxyethyl 

piperazineethanesulfonic acid (HEPES) buffer (99 mmol/L NaCl, 4.7 mmol/L KC1, 1.9 

mmol/L CaC12, 1.2 mmol/L MgSO4, 1.0 mmol/L K2HPO4, 25 mmol/L NaHCO3, 20 

mmol/L Na-HEPES and 11 mmol/L glucose, pH 7.4), after which a 10% (w/v) tissue 

homogenate in 50 mmol/L of phosphate buffer was subjected to centrifugation at 1,000 ×g 
for 10 minutes to remove unbroken cells and debris. An aliquot was kept for protein 

determination, and the supernatants (25 µL) were assayed immediately for superoxide 

production. A luminescence assay was performed in 50 mmol/L of phosphate buffer, pH 7.0, 

containing 1 mmol/L of EGTA, 150 mmol/L of sucrose, 5 µmol/L of lucigenin (bis-N-

methylacridinium nitrate) as the electron acceptor and 100 µmol/L of NADPH as the 

substrate (final volume, 225 µL), all of which was poured into a 96-well microplate.

This concentration fell well within the linear range of the assay (1 µmol/L to 10 mmol/L for 

NADPH), and NADPH was not rate-limiting over the initial course of the test. No activity 

was detected in the absence of NADPH. Following dark adaptation, the background counts 

were recorded, and the tissue homogenate was added to the microplate. The lucigenin count 

was recorded every 10 seconds for 10 minutes, and the respective background counts 

(without tissue homogenate) were subtracted from the tissue homogenate readings. The 

lucigenin count is expressed as the count per minute per microgram of tissue homogenate.

Protein Isolation and Immunoblot Analyses

Proteins were extracted from the frozen heart tissues homogenized in 25 mM Tris (pH 7.4), 

containing 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid, 10 mM sodium 

pyrophosphate, 10 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM phenylmethane sulfonyl 

fluoride and 10 mg/mL of aprotinin, with Triton X-100 added to a final concentration of 1%, 

in order to extract the proteins. The protein concentrations were determined using a BCA 

protein assay kit (Bio-Rad, Hercules, CA).

Immunoblotting was performed as previously described29). Briefly, equal amounts of sample 

proteins were loaded in each lane of a sodium dodecyl sulfate polyacrylamide gel, 

transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA) and probed 

with mouse monoclonal antibodies against pNF-κB p65 (ser 536, Cell Signaling 

Technology, #3036) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Millipore; 

#MAB374). The target proteins, pNF-κB and GAPDH, were visualized with the use of a 

chemiluminescence detection kit (Thermo Scientific, Rockford, IL). The protein levels of 

MCP-1 in the heart tissues were quantified according to the sandwich enzyme immunoassay 

technique using the Mouse CCL2/JE/MCP-1 Quantikine ELISA Kit (Catalog No. MJE00, 

R&D Systems, Minneapolis, MN), based on the manufacturer’s instructions.
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Statistical Analysis

All values are expressed as the mean ±SE. The experimental groups were compared using an 

analysis of variance (ANOVA) followed by Scheffe’s multiple comparison method. P-values 

of < 0.05 were accepted as being significant.

Results

Body Weight, Blood Pressure, Left Ventricular Weight, Left Ventricular Weight/Body 
Weight, Wall-to-lumen Ratio and Perivascular Fibrosis in the Intramyocardial Artery

Throughout the present experiments, the control WT and T1r4lps-d mice showed similar 

body weights and heart rates, and the drug treatment did not affect these indices. As shown 

in Table 1, AngII and NE similarly and significantly increased systolic blood pressure in all 

drug-treated groups compared to that observed in the control WT and T1r4lps-d mice. Few 

differences in blood pressure were observed among the drug-treated groups. In the WT mice, 

Angll significantly increased the LV weight/body weight ratio, whereas little effect was seen 

in the T1r4lps-d mice. In the WT mice, the IRB treatment significantly rescued the increase 

in LV weight/body compared to that observed in the mice receiving AngII-treatment alone 

(Table 1).

AngII also significantly increased both the wall-to-lumen ratio and degree of perivascular 

fibrosis of the intramyocardial arteries in the WT mice, whereas the T1r4lps-d mice showed 

little changes following AngII treatment with respect to this index. In the WT mice, IRB 

treatment significantly rescued the increase in the wall-to-lumen ratio compared to that 

noted in the mice that received AngII treatment alone (Table 1). The extent of perivascular 

fibrosis of the intramyocardial arteries did not differ between the AngII + IRB group and the 

AngII treatment group in the WT mice. Although the degree of perivascular fibrosis of the 

intramyocardial arteries in the AngII + IRB group was slightly lower than that observed in 

the AngII-treated WT mice and higher than that seen in the other groups, the differences 

were not significant (Table 1 and Fig. 1B).

TLR4 Deficiency Inhibited the AngII-Induced Cardiac Hypertrophy and Dysfunction 
Assessed on Echocardiography

In the WT mice, AngII induced a significant increase in the LV wall thickness and LVESd 

values and a significant decrease in the %FS and E/A ratio of the transmitral flow. In 

contrast, the T1r4lps-d mice showed little effects following AngII administration with respect 

to these indices. The LVEDd values were not affected by any drug treatment, and NE did not 

produce any significant effects on these indices in either the WT or Tlr4lps-d mice. In the WT 

mice, IRB treatment significantly rescued the increase in LV wall thickness and caused a 

significant decrease in the %FS and E/A ratio of the transmural flow compared to that noted 

in the mice in the AngII-treatment alone group (Table 2).

TLR4 Deficiency Abolished the AngII-Induced ROS in the Heart

Fig. 2A provides representative figures of DHE staining used to assess the · O2− content in 

the mouse heart. The control WT and Tlr4lps-d mice showed minimal fluorescence in the 

heart. In the quantitative analysis, the AngII-treated WT mice exhibited five-fold higher 
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values for DHE fluorescence than the control WT mice, reflecting increased · O2− content in 

the heart, and IRB significantly reduced the DHE density compared with that seen in the 

AngII-treatment alone group (Fig.2B).

In the presence of the SOD mimetic Tempol, DHE fluorescence was markedly decreased in 

the heart, suggesting that DHE staining primarily reflects an increase in · O2− in the heart 

(Fig.2A). In contrast, the DHE density in the AngII-treated T1r4lps-d mice was markedly 

suppressed compared to that observed in the AngII-treated WT mice and was not affected by 

IRB treatment. NE slightly increased the DHE density in both the WT and T1r4lps-d mice, 

although this increase did not reach the level of significance (Fig. 2B).

TLR4 Deficiency Inhibited the AngII-Induced NADPH Oxidase Activity in the Heart

We assessed the NADPH oxidase activity in the heart using a luminescence assay (Fig. 2C). 

AngII significantly increased the myocardial NADPH oxidase activity by five-fold, only in 

the WT mice, and treatment with a subdepressor dose of IRB prevented this increase. 

Among the NE-treated groups, the WT and T1r4lps-d mice showed a slight increase in the 

NADPH oxidase activity in the heart, with little difference from that seen in the control WT 

and T1r4lps-d mice (Fig. 2C).

TLR4 Deficiency Abolished the AngII-Induced Infiltration of Monocytes/Macrophages and 
Upregulation of MCP-1, but Not pNF-κB, in the Heart

Immunohistochemically, monocytes/macrophages stained brown in the interstitial tissue of 

the mouse heart (Fig.3A). In the WT mice, the degree of infiltration of monocytes/

macrophages in the heart remarkably increased following AngII treatment compared to that 

observed in the control WT mice, and this change was suppressed with IRB treatment. In 

contrast, infiltration of monocytes/macrophages in the heart was scarcely observed in the 

control T1r4lps-d mice and remained unaffected by AngII or IRB treatment. Meanwhile, NE 

treatment did not affect the increase in the infiltration of monocytes/macrophages in the 

heart compared to that noted in the controls among both the WT and T1r4lps-d mice. A 

quantitative analysis demonstrated that the infiltration of monocytes/macrophages in the 

hearts increased by 20-fold following AngII treatment compared to that seen in the controls 

among the WT mice, and this infiltration was suppressed with IRB treatment. In contrast, 

infiltration of monocytes/macrophages in the hearts in the T1r4lps-d mice remained 

unaffected by AngII or IRB treatment (Fig.3B), whereas NE treatment had little effect on the 

infiltration of monocytes/macrophages in the hearts compared to that observed in the 

controls among both the WT and T1r4lps-d mice (Fig. 3B).

pNF-κB stained brown in the cytoplasm and nuclei of the myocardial cells, whereas MCP-1 

stained brown only in the cytoplasm (Fig.3A). The quantitative analysis showed similar 

levels of expression in the heart in the control WT and T1r4lps-d mice for both pNF-κB and 

MCP-1 (Fig.3C, D). In the WT and T1r4lps-d mice, AngII increased the expression of pNF-

κB in the heart by two-fold compared to that noted in the control WT and T1r4lps-d mice, 

although IRB treatment inhibited this increase (Fig.3C). In the WT mice, the expression of 

MCP-1 in the heart was increased 2.5-fold by AngII treatment compared to that seen in the 

controls, and this expression was suppressed with IRB treatment, whereas the MCP-1 
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expression in the heart in the T1r4lps-d mice remained unaffected by AngII or IRB (Fig. 3D). 

NE treatment resulted in little increase in the expression levels of pNF-κB or MCP-1 in the 

heart compared to that seen in the controls among both the WT and T1r4lps-d mice (Fig. 3C, 

D).

Discussion

The present results demonstrate that TLR4 plays an important role in the onset of cardiac 

hypertrophy and functional impairment in the setting of AngII-induced hypertension. It has 

been reported that the cardiac renin-angiotensin system is activated by pressure overload 

and/or heart failure30) and that cardiac local AngII formation in the myocardium appears to 

be regulated independently from the circulating renin-angiotensin system and is abolished 

by the administration of AT1 receptor antagonist30). Meanwhile, TLR4 plays a pivotal role 

within the innate immune system and contributes to the host defense against exogenous 

microbial pathogens by detecting exogenous ligands7). TLR4 has also been shown to be 

stimulated by endogenous ligands under conditions of inflammation and oxidative 

stress11,31,32).

Using aortic banding techniques, Ha et al. demonstrated that the absence of TLR4 abolishes 

the increase in cardiac mass and myocyte size and reduces the NF-κB expression and 

resultant pressure overload9), suggesting that TLR4 is a relevant receptor in heart muscle 

that mediates cardiac hypertrophy in vivo. Timmers et al. also reported that knockdown of 

TLR4 reduces the extent of LV remodeling and preserves the systolic function without 

affecting the infarct size after myocardial infarction11), indicating that TLR4 plays a causal 

role in post-infarct maladaptive ventricular remodeling. The present experimental model also 

demonstrated that AngII induces cardiac hypertrophy and depresses the systolic and 

diastolic functions, as in the pressure overload model3,5), and that TLR4 deficiency inhibits 

AngII-induced cardiac hypertrophy and dysfunction, independent of the blood pressure 

level, indicating that TLR4 may be involved downstream of the AngII signaling pathway.

A recent study employing a specific chemical TLR4 blocker revealed that AngII-induced 

hypertensive effects are mediated, in part, by brain TLR4 and that the intracerebroventricular 

administration of brain TLR4 blockade attenuates the AngII-induced hypertensive response, 

possibly via the downregulation of myocardial inflammatory molecules and sympathetic 

activity in rats33). In contrast, the T1r4lps-d mice used in the current study are a congenic 

mutant strain, and it is thus unknown whether TLR4 present in the brain is similarly 

involved in the onset of AngII-induced hypertension.

We also observed that cardiac fibrosis was not decreased by IRB treatment in the AngII-

treated WT mice, as shown in Table 1. It has been reported that cardiac fibrosis is important 

for the adaptation of the murine heart to pressure overload; cardiac fibroblasts are absolutely 

required for protection of the cardiac function under conditions of severe pressure overload 

in order to maintain the cardiac structure against high blood pressure and play essential roles 

in both cardio-protection and cardiomyocyte hypertrophy. Hence, cardiac myocytes are not 

mere bystanders acting only in the process of fibrosis, but are also crucial mediators of 

myocardial hypertrophy and adaptive responses in the heart34). This previous report 
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potentially supports the results of the present study regarding the degree of cardiac fibrosis 

and effects of AngII + IRB treatment in WT mice, since the blood pressure did not change in 

these mice compared to that seen in the WT mice treated with AngII alone. The role of 

TLR4 in this cardiac fibrosis response warrants further investigation.

Hypertension induces remodeling, leading to functional consequences associated with heart 

failure3, 4), which involves excess parallel signal transduction events35,36). Innate immunity 

is activated in the injured heart in different ways and is evident in the form of cytokine 

release from the heart and the activation of TLRs that play a role in recognizing danger as 

well as NF-κB, which regulates gene programs involved in inflammation8, 11,37). It has also 

been reported that the renin-angiotensin system is crucial for NADPH oxidase-dependent 

redox signaling pathways, which provoke the upregulation of MCP-1; this process has been 

shown to be blunted by an AT1 receptor antagonist38). The results of the present study 

indicate that the activation of NF-κB may be caused solely by AngII, since the increase in 

NF-κB was induced without an increase in ROS and inhibited by the administration of a 

subdepressor dose of an AT1 receptor antagonist. In addition, MCP-1 was not increased in 

the TLR4-deficient mice, indicating that TLR4 may also be involved in this process after the 

activation of NF-κB and prior to the upregulation of MCP-139). This suggests that the TLR4 

function may be essential for the upregulation of NADPH oxidase-dependent ROS signaling 

and the inflammatory process, followed by the onset of cardiac hypertrophy and cardiac 

dysfunction induced by AngII administration.

However, it has also been reported that NF-κB activation upregulates NADPH oxidase 

activation40). Therefore, although it is possible that TLR4 is involved in the NF-κB-induced 

amplification of NADPH oxidase activation, it is unlikely that TLR4 signaling mediates the 

first phase of NADPH oxidase activation that occurs soon after AT1 activation. In addition, 

we cannot exclude the possibility that TLR4 regulates NF-κB signaling (as in the case of 

NF-κ B-DNA binding), or that it independently regulates cardiac hypertrophy and fibrosis 

and/or the MCP-1 expression by other mechanisms, such as the peroxisome proliferator-

activated receptor-γ coactivator-1 axis in the murine heart41).

Furthermore, it was recently reported that AngII infusion induces cardiac injury (including 

increased monocyte adherence to endothelia cells and macrophage infiltration, the 

expression of inflammatory cytokines and cardiac fibrosis), whereas inhibiting the effects of 

AngII inhibited these changes in a mouse model heart42). In the present study, we also 

showed similar effects of AngII on monocyte and macrophage infiltration in the hearts in the 

WT mice, but not TLR4-deficient mice, suggesting that the TLR4 signaling pathway is 

essential for these inflammatory processes and may be an important determining factor for 

the LV function via the effects of oxidative stress-induced inflammation, such as that 

associated with MCP-1.

We did not evaluate hormonal indices of cardiac dysfunction, such as the levels of N-

terminal pro-brain natriuretic peptide. However, the indices evaluated on echocardiography 

in this study are correlated with the cardiac function in patients with hypertension43). The 

impact of the activation of innate cardiac immunity on the long-term outcomes in in vivo 
models of hypertrophy and remodeling remains unclear, with conflicting results as to 
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whether it is beneficial or detrimental11). Further research using different models that evoke 

cardiac remodeling is therefore required, as is long-term follow-up, to determine whether 

activation of the innate immune system, including TLR4, is beneficial or detrimental in 

models of chronic hypertensive cardiac remodeling37).

Finally, we did not examine the effects of AngII on the expression levels of the AngII 

receptor, Ang-converting enzyme or chemokine receptors in the hearts in the TLR4-deficient 

mice. It has been reported that that the central blockade of TLR4 in AngII-infused rats 

delays the progression of hypertension, reduces cardiac hypertrophy and dysfunction, 

attenuates the expression of the myocardial pro-inflammatory cytokines, gp91phox, a 

component of NADPH oxidase, and NF-κB and inhibits angiotensin-converting enzyme and 

AngII type 1 receptors in the heart33). Moreover, it has been reported that TLR4 agonists 

downregulate two major chemokine receptors on monocytic cells44). Taken together with the 

present findings, these observations suggest that the AngII receptor signaling pathway may 

be involved in the pathogenesis of cardiac hypertrophy and dysfunction and that the blood 

pressure level may be dependent on the AngII receptor signaling pathway, as TLR4 may be 

necessary to produce oxidative stress in the heart induced by AngII stimulation. Further 

research is thus needed to confirm the expression levels of these parameters in the mouse 

heart.

In conclusion, we herein demonstrated that TLR4 may be involved in the increase in 

oxidative stress, as well as selectively activating MCP-1 and inducing the onset of cardiac 

hypertrophy and dysfunction, in the setting of AngII-induced hypertension. These data 

provide the first evidence of a causal role of TLR4 in the development of AngII-induced 

cardiac hypertrophy and dysfunction. TLR4 inhibition may therefore constitute a novel 

therapeutic approach to inhibiting the mechanisms underlying hypertensive cardiac 

hypertrophy and dysfunction in patients with hypertension.
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Fig. 1. Representative Echocardiography and Micrographs of Vascular Remodeling and 
Perivascular Fibrosis in the Intramyocardial Arteries
WT, wild-type mice; TLR4lps-d, TLR4-deficient mice; AngII, angiotensin II; NE, 

norepinephrine; IRB, irbesartan.

A. Representative echocardiograms of WT and TLR4lps-d mice. AngII and NE were infused 

subcutaneously for two weeks using an osmotic mini-pump. The cardiac function was 

evaluated using transthoracic echocardiography with an ultrasound machine equipped with a 

15-MHz probe under light anesthesia and sevoflurane in the WT and TLR4lps-d mice. Left 

panel: M-mode recording of the left ventricle. Right panel: transmittal flow assessed on 
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Doppler echo. IVS, interventricular septum; LV, left ventricle; LVPW, left ventricular 

posterior wall; E, early ventricular filling wave (E wave); A, late filling wave caused by 

atrial contractions (A wave). B. Representative micrographs of the effects of TLR4 on 

vascular remodeling and perivascular fibrosis in the intramyocardial arteries. The sections 

were stained with Masson Trichrome staining. Bar, 50 µm.
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Fig. 2. Reactive oxygen species content and NADPH activity in the heart
WT, wild-type mice; T1r4lps-d, TLR4-deficient mice; AngII, angiotensin II; NE, 

norepinephrine; IRB, irbesartan.

A. Fluorescent photomicrographs showing the in situ detection of ·O2
− in the heart labeled 

with oxidative dihydroethidium (DHE; red fluorescence). Bar, 100 µm. B. Quantitative 

analysis of the ·O2
− content. Bar, SE. Experiments, n=3. *p<0.05 vs. the other groups. C. 

Quantitative analysis of the NADPH oxidase activity using a luminescence assay in the 

mouse hearts. Bar, SE. Experiments, n= 5. *p< 0.05 vs. the other groups.
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Fig. 3. Expression of pNF-κB and MCP-1 and infiltration of monocytes/macrophages in the heart
WT, wild-type mice; T1r4lps-d, TLR4-deficient mice; AngII, angiotensin II; NE, 

norepinephrine; IRB, irbesartan.

A. Immunohistochemical staining for pNF-κB and MCP-1 and infiltration of monocytes/

macrophages in the mouse heart tissue. pNF-κB stained brown in the cytoplasm and nuclei 

in the heart. MCP-1 stained brown in the cytoplasm in the heart. Monocytes/macrophages 

stained brown in the interstitial regions in the heart. MOMA-2; marker of monocytes/

macrophages. Bar, 50 µm.

B. Quantitative analysis of the infiltration of monocytes/macrophages in the heart. Bar, SE. 

Experiments, AngII-treated WT and T1r4lps-d groups; n= 6, the other groups; n= 3. *P< 0.05 

vs. the control, AngII + IRB or NE group in both the WT and T1r4lps-d mice.

C. Results of a quantitative analysis of the expression of pNF-κB in the heart. Bar, SE. 

Experiments, n=3. *p<0.05 vs. the control, AngII + IRB or NE group in both the WT and 

T1r4lps-d mice. There were no significant differences in the expression of pNF-κB between 

the WT AngII group and the T1r4lps-d-AngII groups.
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D. Quantitative analysis of the expression of MCP-1 in the heart. Bar, SE. Experiments, n = 

3. *p<0.05 vs. the other groups.
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