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Abstract The renin–angiotensin–aldosterone system (RAAS) plays a key role in 
the pathological process of many cardiovascular diseases, including hypertension. 
Angiotensin II (Ang II) and its two receptors, Ang II type 1 receptor (AT1R) and Ang 
II type 2 receptor (AT2R), exert many physiological and pathophysiological effects. 
Lectin-like oxidized low-density lipoprotein (LDL) receptor-1 (LOX-1) is responsile 
for the uptake and degradation of oxidized low density lipoprotein (ox-LDL). The 
activation of LOX-1 is involved in various cardiovascular diseases including hyper-
tension. The interplay of LOX-1 and AT1R or AT2R has been recently shown to play 
important part in hypertension and the related cardiovascular diseases such myocar-
dial infarction and stroke. There is increasing evidence that the immune system is 
a critical mediator in these physiopathological processes. This chapter reviews the 
role of the immune system in the crosstalk between RAAS and LOX-1 in the genesis 
of hypertension and the related pathological consequences. 
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Introduction 

Hypertension is one of the most important risk factors for the development of cardio-
vascular diseases including myocardial infarction (MI), ischemic stroke, chronic 
heart failure, and atherosclerosis. The RAAS is also a major regulator of blood 
pressure and salt-water homeostasis [1–5]. Ang II and its receptors are critical for 
mediating vasoconstrictor responses, excitation of peripheral sympathetic nerve and 
release of arginine vasopressin. Ang II induces its downstream signaling by activating 
two of its major G protein coupled receptors, AT1R and AT2R [6–8]. The subsequent 
G protein-mediated signaling induces most of the effects of RAAS. These two recep-
tors have distinct functions in both physiological and pathophysiological regulation 
of blood pressure. Ang II-AT1R complex induces several molecular and cellular 
events while the activation of AT2R has the opposite effects. 

AT1R is evolutionarily expressed in various species including humans, rats, mice, 
dogs and pigs. Its relatively high expression has been found in heart, kidney, blood 
vessels, liver, lung, brain, gastric mucosa, adrenal gland, ovine, placenta and adipose 
tissues. Among the cell types, AT1R is expressed in cardiomyocytes, endothe-
lial cells, vascular smooth muscle cells (VSMCs), monocytes, fibroblasts, neurons, 
embryonic stem cells, intestinal epithelial cells, T lymphocytes and podocytes. 

AT1R expression has been determined to be affected in many pathological condi-
tions, including coronary atherosclerotic plaque, myocardial infarct and peri-infarct 
regions, failing heart, hypertensive heart, several tissues in type 2 diabetics as well 
as in various tumor tissues [9]. 

The human AT1R gene is located in chromosome 3q21-3q25 and its encoded 
protein is a 359 amino acids protein with a 41 KD molecular mass. The protein 
belongs to G protein-coupled receptor (GPCR) protein superfamily with extracel-
lular N-terminus, seven-transmembrane domains and intracellular C-terminus. The 
serine/threonine and tyrosine-rich residues located in the intracellular C terminus 
are the phosphorylation sites of protein kinase C (PKC). Similar to other GPCRs, 
AT1R is also a protein that initiates downstream signaling pathway by inter-
acting with different adaptor G protein, Gq/11, G12/13, and Gi/o. The activated 
Gq/11 mainly induces the activation PLC-β and hydrolysis of phosphatidylinositol-
4,5-bisphosphate (PIP2) on the plasma membrane. The generation of the second 
messenger inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) are subse-
quently induced, leading to an increase of cytosolic calcium concentration. The 
increased intracellular calcium subsequently causes the activation of PKC depen-
dent signaling pathway [10, 11]. In cardiomyocytes, calcium-loaded calmodulin 
(CaM) induces the activation of Calcineurin (phosphatase-2B), which then enhances 
the expression of hypertrophic markers such as atrial natriuretic peptide (ANP), 
β-myosin heavy chain (β-MHC) and α-skeletal muscle (α-SKA) [12, 13]. G12/13 
mainly triggers the activation of PLC and Rho kinases. Rho kinases are involved in 
various cellular functions including cell morphology, polarity, cytoskeletal remod-
eling, cell–cell adhesion, cell proliferation and cell migration. Rac, a member of 
the Rho family, is a component of the nicotinamide adenine dinucleotide phosphate



1 Renin–Angiotensin–Aldosterone System … 5

Fig. 1.1 Activation of AT1R results in the induction of PKC-PI3K and ROS-MAPKs with subse-
quently production of cytokines and transcription factors. Activation of AT2R has the opposite 
effect by promoting the activation of eNOS, MKP-1, SHP-1 and PP2A thus opposing the effects of 
AT1R-mediated signaling. Ox-LDL and LOX-1 interaction leads to the activation of PKC-PI3K and 
ROS-MAPKs. All the above signaling pathways facilitate cellular functions including cell prolif-
eration, differentiation, apoptosis, migration, adhesion and inflammation which are critical in the 
pathogenesis of different cardiovascular diseases such as hypertension, atherosclerosis and heart 
failure 

(NADPH) oxidase complex which is involved in the production of reactive oxygen 
species (ROS). ROS, in turn, enhance NAPDH oxidase activity through RhoA and 
Rac [12, 14] (Fig. 1.1). 

Similar to the calcium signal, ROS act as potent secondary messengers in 
G12/13- and Gq/11-induced signaling pathways. Several studies have shown that 
AT1R-mediated ROS production is essential for its downstream signaling, mitogen-
activated protein kinases (MAPKs) such as p38 MAPK, P42/44 MAPK and JNK [15, 
16] (Fig. 1.1). MAPKs are important signals in ATR-mediated cell functions such 
as cell proliferation, differentiation, apoptosis and inflammation [17]. In addition 
to Ang II-AT1R-G12/13-Rho/Rac-ROS-JNK/p38MAPK pathway, Ang II-AT1R– 
Gq–Ca2+/PKC-PI3K-Akt pathway is another primary signaling pathway in Ang II-
AT1R-mediated cell activities. The activation of PKC induced by Gq/11 activates 
PI3 Kinase (PI3K) and its downstream effector Akt. This PKC-PI3K-Akt pathway is 
often involved in many pathological conditions including hypertension, heart failure, 
ischemic stroke, diabetes and inflammation [18–21] (Fig. 1.1). Gi/o proteins inhibit 
adenylyl cyclase and suppress the activation of PKA in some specific tissues.
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Besides its primary effect in regulation of systemic blood pressure and salt-water 
balance, increasing evidence suggests that Ang II-AT1R complex participates in 
various immune responses. AT1R activation facilitates the release of various inflam-
matory cytokines such as Interleukin-6 (IL-6), monocyte chemoattractant protein-1 
(MCP-1), tumor necrosis factor-α (TNF-α), and initiates inflammatory response. 
Expression of matrix-metalloprotease 2 (MMP2) in vascular cells plays a role in the 
attraction and recruitment of monocytes and T cells. 

TNF-α increases MMP2 expression in vascular cells and plays a pivotal role in 
the recruitment of infiltrating inflammatory cells such as T cells and monocytes. 
The differentiation process of monocyte-derived macrophages is regulated by Ang 
II-induced cytokines [22, 23]. Ang II-induced inflammatory responses and vascular 
remodeling, both contribute to endothelial dysfunction and further promotes the 
formation of arteriosclerotic plaques and abdominal aortic aneurisms [24–27]. 

AT2R is an alternative component of Ang II-mediated downstream physiolog-
ical functions. The receptor also belongs to seven transmembrane GPCRs. AT2R is 
generally expressed in low levels in a variety of organs such as heart, brain, kidney, 
pancreas and skin [28–34]. Similar to AT1R, AT2R expression is also enhanced 
in various pathological conditions including myocardial infarction, type 2 diabetes, 
chronic heart failure and inflammation. AT2R mediates its signal transduction by 
interacting with Gq/11 and Gi/o. However, the downstream signal cascades are 
different from those induced by AT1R. So far, three AT2R-mediated signalling path-
ways have been identified. The first molecular event is the activation of Src homology-
2 domain-containing Tyr phosphatase-1 (SHP-1), protein phosphatase 2A (PP2A), 
and mitogen-activated protein (MAP) kinase phosphatase (MKP)-I with a subsequent 
inactivation of MAPKs including ERK1/2, JNK and p38 (Fig. 1.1). The inactivation 
of MAPKs is important in cell growth, proliferation and apoptosis [24]. The second 
signal transduction cascade is cyclic guanine 3',5'-monophosphate (cGMP)/nitric 
oxide (NO) pathway [24–26]. Numerous studies have suggested that NO and its 
downstream effector cGMP are critical for several physiological process such as 
vasodilation, cell growth, apoptosis, and inflammation. AT2R activation promotes 
NO generation by facilitating the expression of endothelial nitric oxide synthase 
(eNOS). The accumulation of NO initiates the activation of cGMP, and induction of 
vasodilation, cell migration and proliferation. The last signaling pathway is stimula-
tion of phospholipase A2 (PLA2) and release of arachidonic acid (AA). The enhanced 
PLA2 activity and AA release activate lipid signaling pathways [24, 35]. 

The role of AT2R in the development of blood pressure is controversial. Generally, 
AT2R regulates blood pressure by negatively controlling AT1R’s effects. A variety of 
hypertension models, including renal hypertension, genetic modification hyperten-
sion and L-NAME-induced hypertension, have been used to identify the role of AT2R 
in the regulation of blood pressure [36–39]. AT2R-mediated blood pressure-lowering 
effect has been demonstrated in a hypertension model, renal wrap hypertensive rats 
[40]. Additional observations have been made in the normotensive Sprague–Dawley 
rats [41]. A long-term study suggested that AT2R ligand CGP42112A alone had only 
a mild blood pressure-lowering and vasodilatory effect in the conscious rats which 
could be enhanced by combination with Ang II receptor blockers [41, 42]. Two
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pharmacologic studies showed that AT2R blocker PD123319 amplified the blood 
pressure increase in response to Ang II in both brain and uterine arteries [43, 44]. 
More definitive evidence for the role of AT2R activation in blood pressure was shown 
in the AT2R-deficient mice. The AT2R-deficient mice had the elevated basal blood 
pressure, sustained hypertension and sodium excretion. These mice also displayed an 
enhanced vasopressor response upon Ang II administration [45]. In addition, long-
term administration of Ang II to the AT2R overexpressing mice totally eliminated the 
AT1R-mediated pressor effect [46]. AT2R opposes the pressor actions of Ang II by 
regulating the generation of cGMP and NO in various tissues including mesenteric, 
renal, coronary, cerebral and uterine vascular beds. 

Dyslipidemia is observed in a large proportion of hypertensive patients that leads 
to high levels of oxidized low-density lipoprotein (ox-LDL) [47, 48]. LOX-1, is 
a major single type II transmembrane receptor for binding and uptake of ox-LDL 
in various tissues and cell types including VSMCs, endothelial cells, monocytes, 
macrophages, cardiomyocytes and platelets [49–51]. The expression of LOX-1 is 
extremely low under physiological conditions but is upregulated in a series of 
pathological states, for example, hyperlipidemia, diabetic nephropathy, hypertension, 
atherosclerosis, myocardial infarction and chronic renal failure [52–59]. 

LOX-1 belongs to class E scavenger receptor with a C-type lectin like domain and 
totally contains four functional domains: a short N-terminal cytoplasmic domain, a 
connecting neck region, a single transmembrane domain and the extracellular C-
terminal ligand binding domain which is the functional domain for recognizing its 
stimuli. 

The elevated level of soluble form of LOX-1 (sLOX-1) in blood has been 
proposed as a biomarker for several cardiovascular diseases including acute coro-
nary syndrome. sLOX-1 is derived from shortening of the full-length LOX-1 through 
proteolytic cleavage [60, 61]. Increased sLOX-1 levels have been shown in hyper-
tension, and sLOX-1 levels have been thought of as a diagnostic predictor for early 
endothelial damage in hypertension [62]. sLOX-1 level also acts as a biomarker for 
plaque instability in patients with acute coronary syndrome and sLOX-1 concen-
tration is higher in the coronary circulation compared to the systemic circulation 
[63, 64]. sLOX-1 levels are also much higher in early disease onset of systemic 
lupus erythematosus patients, indicating that sLOX-1 may be a diagnostic marker 
in SLE patients with high cardiovascular risk. The elevated sLOX-1 levels correlate 
with the upregulated levels of IL-8, high-density lipoprotein, ox-LDL and high-
sensitivity C-reactive protein as well as reduced IFN-γ. Membrane LOX-1 expres-
sion is significantly increased in CD14+ and CD16+ monocytes in patients with 
systemic lupus erythematosus. Ox-LDL enhances the susceptibility of monocytes to 
DNA-IC stimulation. Monocytes challenged with both ox-LDL and DNA-immune 
complex (DNA-IC) result in TNF-α, IL-1β and IL-6 release. Polymorphonuclear 
myeloid-derived suppressor cells (PMN-MDSCs) are important immune regulators 
facilitating progression of tumor or different autoimmune diseases [60–62]. LOX-
1 expression is increased in low density granulocytes (LDGs) from patients with 
systemic lupus erythematosus. These LDGs have similar phenotype as MDSCs.
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Ox-LDL-LOX-1 signaling facilitates the generation of neutrophil extracellular traps 
(NETs) in LDGs, promoting endothelial injury and inflammatory responses [65]. 

After binding of ox-LDL to LOX-1, the complex internalizes to the cyto-
plasmic compartments and elicits its intracellular signaling, PKC activation, which 
further induces the subsequent signals including MAPKs (p38, p42/44, ERK, JNK), 
nuclear factor-kappaB (NF-κB), p21-activated kinase (PAK), nuclear translocation 
of the transcription factor (Nrf2) and activating protein-1 (AP-1). The activation of 
PI3K/Akt, and protein tyrosine kinase (PTK), AT1R, sirtuin-1 (SIRT1) and NADPH 
oxidase are also observed [66–77]. The NF-κB-mediated ROS generation is prompted 
by the induction of NADPH oxidase 2 (Nox2) and Nox4 which are the main regula-
tors in vessel walls [78]. Ox-LDL increases the activity of epithelial sodium channel 
(ENaC) in endothelial cells through LOX-1-NADPH oxidase-ROS production. The 
activation of ENaC can be inhibited by the increased NO. Since LOX-1-PI3K/Akt-
mediated decrease of eNOS-NO production was also been determined, blocking the 
activity of ENaC and increasing NO production may protect the ox-LDL-LOX-1-
caused endothelial dysfunction [79]. It has also been shown that rapamycin down-
regulates phosphorylation of its mechanistic target mammalian target of rapamycin 
(mTOR) and downstream NF-κB activation, resulting in an attenuated LOX-1 expres-
sion and, ox-LDL uptake in endothelial cells. This finding suggests an important role 
of mTOR in ox-LDL-mediated LOX-1 expression [80]. In addition, the activation 
of PKC-CD40/CD40L and NADPH oxidase-ROS signaling pathways leads to an 
upregulated inflammatory response and LOX-1 expression, facilitating a vicious 
effect in LOX-1 activation [71]. A study confirmed the positive function of ROS 
formation in the process of atherosclerosis [60]. NF-κB activation is also pivotal 
for the expression of adhesion molecules and chemokines [75, 76]. Also, induc-
tion of PKC, p-p38MAPK, p42/44 MAPK, p-JNK, NF-κB, AP-1and Nrf2 upregu-
lates LOX-1 expression in human VSMCs and macrophages and amplifies LOX-1-
mediated cellular responses [70, 72], suggesting a positive feedback loop between 
above-mentioned signaling activators and LOX-1 expression. 

There is evidence that the inhibition of LOX-1 suppresses ox-LDL- or TNF-
α-mediated NOD-like receptor pyrin domain containing (NLRP3) inflammasome 
activation in endothelial cells [81]. In addition, LOX-1 mediates NLRP3 activa-
tion through the upregulated ROS generation in SMCs and monocytes treated with 
xanthine oxidase [33]. Clinical data suggests that electronegative LDL cholesterol 
(L5-LDL) is significantly increased in patients with ST-segment elevation myocardial 
infarction. In these studies, L5-LDL induced the activation of caspase-1, NF-κB and 
IL-1β, which was impaired by the downregulation of NLRP3 or LOX-1 in human 
macrophages. Furthermore, blocking LOX-1 with a specific antibody suppressed 
IL-1β generation, indicating the critical role of LOX-1 in the activation of NLRP3 
inflammasomes [82]. 

LOX-1 has also been demonstrated to be involved in numerous physiological and 
pathological events, including inflammation, cell proliferation, differentiation, apop-
tosis, autophagy, the enhanced production of inducible nitric oxide synthase (iNOS), 
MCP-1, MMP1, ROS, adhesion molecules and proinflammatory cytokines, as well 
as the downregulated secretion of endothelial nitric oxide synthase (eNOS) and NO.



1 Renin–Angiotensin–Aldosterone System … 9

LOX-1 activation is also critical in the pathogenesis of the CVD-related diseases such 
as atherosclerosis, ischemic stroke, acute coronary syndrome, chronic renal failure, 
myocardial infarction, hypertension, obesity, hyperlipidemia, diabetic nephropathy, 
and arthritis [59, 66, 70, 83–89]. In mice with sustained hypertension, loss of LOX-1 
dramatically decreased the cardiac fibroblast number and expression of fibronectin 
and procoallagen-1/collagen in the hearts, indicating the essential role of LOX-1 
in cytoskeletal organization and growth of cardiac fibroblasts [90]. Recent studies 
showed that GATA Binding Protein 4 (GATA4) was essential in LOX-1-mediated 
proliferation of cardiac fibroblasts. Knockdown of LOX-1 inhibits PI3K/Akt acti-
vation, GATA4 expression and cardiac fibroblast proliferation and this effect can 
be restored by overexpressed LOX-1, indicating the important role in the LOX-1-
PI3K/Akt-GATA4-induced proliferation of cardiac fibroblasts which contributes to 
cardiac remodeling [91]. 

Innate and Adaptive Immune Responses in Hypertension 

Numerous studies have indicated that the immune system is involved in the devel-
opment and maintenance of hypertension. Also, different immune cells including 
adaptive immune cells such as CD8+ T cells, CD4+ T cells, and B cells as well 
innate immune cells such as macrophages, monocytes, dendritic cells (DCs) also 
play a critical role in the pathogenesis of hypertension and the hypertension-
induced diseases (Fig. 1.2). The immune system is composed of two subtypes, the 
innate and adaptive immunity. The innate immune system recognizes pathogen-
associated molecular patterns (PAMPs) or damage-associated molecular patterns 
(DAMPs) by the pathogen recognition receptors (PRRs) (Fig. 1.2). Toll-like recep-
tors (TLRs), the most important PRR expressed on various innate immune cells 
including neutrophils, monocytes, macrophages, and DCs, are activated by DAMPs 
from the damaged tissues under the stress condition in the context of hypertension. 
TLRs were identified in human. TLR2, 4 and 5 are expressed on the cell surface 
while TLR3, 7 and 9 are located in the intracellular compartments, such as endo-
some, endolysosome and endoplasmic reticulum (ER). The TLRs utilize different 
adaptor proteins, myeloid differentiation primary response gene 88 (MyD88), 
TIR-domain–containing adaptor/MyD88 adaptor–like (TIRAP/Mal), TIR-domain– 
containing adaptor molecule 1/TIR-domain–containing adaptor-inducing interferon 
β (TICAM1/TRIF), and TRIF-related adaptor molecule (TRAM) to induce two 
distinct downstream signalings. Upon binding to its stimulator, TLR2,5,7 and 9 
induce MyD88 dependent signaling and TLR3 activates TRIF dependent signaling. 
In addition, TLR4 is the only TLR that can induce both MyD88 and TRIF signaling 
pathways. Several groups have shown an enhanced TLR4 expression in different 
tissues and cells including heart and VSMCs from hypertensive animal models 
[92–95]. Inhibition of TLR4 by its specific antibody downregulates expression of 
TLR4 and its downstream MyD88-mediated NF-kB and proinflammatory cytokine 
signaling pathway, resulting in the decrease of blood pressure in hypertensive animal
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models [96]. TLR9 can recognize circulating mitochondrial DNA (mtDNA) that is 
associated with vascular dysfunction in spontaneously hypertensive rats [97]. In the 
hypertensive environment, the activation of TLRs by diseases-derived molecules 
significantly trigger the production of pro-inflammatory cytokines, chemokines, and 
the generation of ROS, leading to a low-grade inflammation [98] (Fig. 1.2). These 
pathological inflammatory responses including oxidative stress, vascular injury and 
remodeling as well as multiple organ damages reveal an association between TLRs 
and the hypertension-related diseases. Circulating monocytes and tissue resident 
macrophages also play a key role in the pathogenesis of hypertension. The levels of 
TNFα and IL-1β are elevated in monocytes from hypertensive patients. The release of 
TNFα, IL-1β and ROS by macrophages increases the blood pressure by suppressing 
vasculature endothelial and smooth muscle function with consequent vasoconstric-
tion. The hypertension induced by impaired renal sodium excretion also attributes to 
higher levels of TNFα, IL-1β and ROS-mediated endothelial cell dysfunction [99]. 

Furthermore, antigen-presenting cells (APC) can uptake these DAMPs and prime 
T cells by major histocompatibility complex II (MHC II) dependent antigen presen-
tation pathway, initiating the activation of T and B lymphocytes [100, 101]. The 
accumulation of memory T cells have been observed in hypertensive patients [102]; 
this phenomenon has also been identified in animal models [103]. In spontaneously

Fig. 1.2 The key role of innate and adaptive immunity in hypertension. Adaptive immune cells 
including CD8+ T cells, CD4+ T cells, and B cells as well innate immune cells including 
macrophages, monocytes, dendritic cells (DCs), release cytokines, ROS and antibodies promote the 
progress of hypertension and hypertension-induced diseases. The NLRP3 inflammasome activation 
in monocytes and DCs is critical in hypertension 
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hypertensive rats, reduced numbers of T cells, especially non-helper T cells popu-
lation, were identified in the thymus [104]. Restoring thymic function inhibited the 
development of hypertension [105–107]. In RAG1−/− mice that has deficiency in 
both T and B cell development, Ang II-induced hypertension is impaired and the 
vascular injury is also suppressed. In another T and B cell deficiency model, SCID 
(severe combined immunodeficiency) mouse strain, dramatically decreased heart 
and kidney injury was determined following Ang II challenge [105]. In hypertensive 
patients, percentage of pro-inflammatory and cytotoxic CD8+ cells were increased 
together with upregulated production of perforin, granzyme B, interferon-γ (IFN-γ) 
as well as TNF-α (Fig. 1.2). 

The Interplay of LOX-1 and RAS System in Hypertension 

There is increasing evidence that the crosstalk between LOX-1 and AT1R plays 
a key role in pathogenesis of hypertension and hypertension-related diseases. The 
positive effect of Ang II in the expression of LOX-1 and consequently uptake of ox-
LDL has been determined in several in vitro studies [108–112]. This dose-dependent 
Ang II-mediated response has been determined to be totally inhibited by the AT1R 
blocker losartan, but not by the AT2R blocker PD123319 [68, 112]. In in vivo studies, 
losartan showed its capability of inhibiting the elevated expression of LOX-1 in 
endothelium and neointima of autologous vein grafts and preventing the development 
of atherosclerosis in vein grafts [54, 57]. Another clinical investigation showed a 
similar effect of Ang II in LOX-1 expression under the stress of obstructive sleep 
apnea [113]. High concentration of LDL-cholesterol in hypercholesterolemic state 
regulates AT1R expression. Synergistic effect between LDL-cholesterol and Ang II 
in enhanced AT1R levels was observed in the cultured SMCs derived from rat aortas 
[113]. This effect was shown to be modulated by ox-LDL rather than native-LDL in 
the cultured SMCs [114]. Thus, ox-LDL mainly acts as a secondary messenger in 
the increased AT1R expression of hyperlipidemia. Subsequent in vivo experiments 
showed that AT1R expression was predominantly increased in smooth muscle layers 
of aortic intima derived from animal models with hypercholesterolemia. Several-
fold upregulation of AT1R was shown in the aortic intima of hypercholesterolemic 
rabbits [115]. Further, the AT1R expression in a myocardial infarction model was 
shown to be potentiated by high serum cholesterol and reversed to baseline level by 
atorvastatin [116]. 

The transmembrane and cytoplasmic domains of LOX-1 are required for the prox-
imity between LOX-1 on cell-surface membranes. Interaction of ox-LDL to LOX-1 
induces AT1-dependent signaling pathway by interactions between the intracellular 
domain of LOX-1 and AT1R. This signaling event in human vascular endothelial cells 
is attenuated by either inhibiting the expression of AT1R or use of AT1R blocker, 
leading to relaxation of vascular rings from mouse thoracic aorta. Ox-LDL signifi-
cantly increases cytosolic G protein which can be inhibited by AT1R blockade [117].
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Azilsartan, a potent AT1R antagonist, was shown to inhibit ox-LDL-induced upreg-
ulation of LOX-1, MCP-1, and CXCL-1 as well as the reduced production eNOS 
and NO. In addition, azilsartan blocked the reduced the expression of occludin. This 
AT1R inhibitor also reversed the enhanced effect of ox-LDL in endothelial monolayer 
permeability. Further, azilsartan inhibited ox-LDL-mediated activation of Krüppel-
like factor 2 (KLF2) which is also required for the activation of Occluding [118]. 
This study showed the role of AT1R blockade in repair of damaged tight junction. 

Loss of LOX-1 significantly decreases Ang II-induced hypertension in the aged 
mice. LOX-1 deficiency leads to impaired fibrosis and attenuated fibronectin and 
collagen-3 expression, as well as ROS production rather than the expression of 
collagen-1 and collagen-4 in the hearts of aged mice. This effect was further deter-
mined in the aged mice with sustained hypertension by long-term Ang II infusion 
[119]. Pyrogallol-phloroglucinol-6,6-bieckol, a derivative of Ecklonia cava (E. cava), 
dramatically inhibits the excessive expression of adhesion molecule expression, and 
VSMCs proliferation and migration, and suppresses the increase of blood pres-
sure, lipoprotein and cholesterol. This compound has also been shown to exert an 
inhibitory effect on high-fat diet or ox-LDL induced activation of LOX-1-PKC-
α signaling pathway (Fig. 1.3). This compound reversed the increased expression 
of mesenchymal cell markers (α-SMA and vimentin) and reduction of endothe-
lial cell markers (PECAM-1 and vWF) in the aorta or endothelial cells. Moreover, 
this compound reduced intima-media thickness as well as high fat diet-induced 
hypertension [120].

Stroke-prone spontaneously hypertensive rat is an animal model of severe hyper-
tension and spontaneous stroke. Liang et al. showed that LOX-1 depletion dramat-
ically slowed the development of hypertension-associated cerebral ischemic injury 
and brain damage, suggesting a potential role of LOX-1 in blood-brain barrier disrup-
tion after cerebral ischemia [121]. Grell et al. showed that the expression of LOX-1 
to be significantly upregulated in the middle cerebral arteries from spontaneously 
hypertensive rats compared to wild-type controls, indicating a link between LOX-1 
and hypertension-mediated vascular changes and organ injury [122]. LOX-1 defi-
ciency leads to attenuation of angiogenesis in mice infused with Ang II. Lastly, 
LOX-1 depletion decreases the expression of pro-inflammatory MCP-1 and IL-1β in 
the hypertensive mice hearts. These observations suggest that LOX-1 is important 
in Ang II-mediated cardiac angiogenesis in hypertension and its association with 
inflammation [123]. 

Several studies have indicated that ROS might be the common downstream medi-
ators in the crosstalk between LOX-1 and AT1R, and ROS generation is NADPH 
oxidase dependent [124–126]. Activation of AT1R regulates the generation of oxida-
tive stress and this process can be inhibited by AT1R antagonist losartan or the 
NADPH oxidase (NOX) inhibitor DPI [124, 127]. The increase of LOX-1 expres-
sion leads to ROS generation and AT1R expression (and activity) via Akt/eNOS and 
Ca2+ signaling pathways [126]. Ox-LDL and Ang II combination induces capillary 
tube formation in a ROS dependent manner which is attenuated by NADPH oxidase 
inhibitor apocynin [38, 190]. The suppression of the NADPH oxidase activity also
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Fig. 1.3 The positive feedback loop of interplay between LOX-1 and AT1R is PKC-PI3K and ROS-
MAPKs-dependent. The AT2R in this crosstalk between LOX-1 and AT1R inhibits ROS-MAPKs 
signaling pathways

impedes the expression of AT1R and LOX-1 [128, 129]. Other intracellular molec-
ular factors including angiotensin-converting enzyme 2 (ACE2) and MAPKs, are also 
involved in the crosstalk between AT1R and LOX-1 (Fig. 1.3). The increased ACE2 
expression and activity in HUVECs and in abdominal aorta lead to the downregulated 
expression of LOX-1 and AT1R simultaneously. The ACE2 via ROS generation plays 
a regulatory role in the expression of LOX-1 and AT1R [130, 131]. The ROS gener-
ation subsequently induces the activation of ROS-PKC-MAPKs signaling pathway 
which is critical in the crosstalk of LOX-1 and AT1R [16, 66, 124, 132] (Fig. 1.3). 
The synergistic function of LOX-1 and AT1R has been demonstrated in the patho-
genesis and development of different cardiovascular diseases. For example, several 
investigators have shown that these two receptors coordinate in the formation of 
foam cells and progression of atherosclerotic lesions. The increased expression and 
activity of LOX-1 and AT1R serve as key biomarkers of early atherogenesis. In high 
cholesterol diet fed animal models, simultaneous activation of AT1R and LOX-1



14 W. Cheng et al.

promotes atherogenesis by activation of ROS generation and vascular inflammation 
[115, 133, 134]. 

It has been shown that right ventricular systolic pressure is increased in LOX-1 
transgenic mice with the hypoxic-pulmonary hypertension. In a rat model of hypoxic-
pulmonary hypertension, expression of LOX-1 was noted to be increased which was 
responsible for pulmonary vascular remodeling. Knocking down or blocking LOX-
1 dramatically decreased pulmonary arterial SMCs dedifferentiation via inhibiting 
ERK1/2 dependent signaling pathway, suggesting a key role of LOX-1 in the mainte-
nance of pulmonary arterial SMCs phenotype [135, 136]. Furthermore, a recent study 
showed that LOX-1-NOX-ROS pathway plays a critical role in hypoxic-pulmonary 
hypertension induced right ventricular hypertrophy and cardiac fibrosis in rats [137]. 

The interplay between LOX-1 and AT2R has not been determined in detail. 
Recent studies showed that Ang II-LOX1 interplay might be critical in a variety of 
diseases including hyperlipidemia, atherosclerosis, hypertension, myocardial infarc-
tion, ischemic stroke and inflammation. However, Watanabe et al. observed no inter-
regulatory effect between LOX-1 and AT2R as the increased LOX-1 expression did 
not influence AT2R expression [138]. These studies suggest that AT1R inhibition, 
but not AT2R alteration, can block the increased expression of LOX-1 in the cultured 
endothelial cells [112]. These data may be attributed to the low expression of AT2R 
in physiologic states and a relatively modest increase in pathologic states. 

On the other hand, LDLR deficiency results in significantly enhanced LOX-1 
expression. Hu et al. in our laboratory showed that this effect could be partly reversed 
by AT2R overexpression utilizing recombinant adeno-associated virus type-2 (AAV) 
with AT2R cDNA (AAV/AT2R). The AT2R overexpression in the LDLR deficient 
mice also led to decreased atherogenesis in the aorta [109]. The authors of this study 
suggested that the increased AT2R expression might play a role in stress states, and 
play an inhibitory role in the pathogenesis of cardiovascular disease states. 

Overall, AT2R may act as an anti-atherosclerotic modulator, while antagonizing 
LOX-1-mediated pro-atherogenic effects [139]. Thus, the imbalance between LOX-1 
and AT2R may determine the severity of atherosclerosis. Of note, different subtypes 
of collagens have been characterized as key components of atherosclerotic plaques 
and collagen aggregation has been established as a hallmark of development of 
atherosclerotic plaques [140–143]. Dandapat et al. showed that AT2R overexpression 
may reduce the expression of collagens as well as MMPs in atherosclerotic plaques 
suggesting a new mechanism of decreased atherogenesis in the aorta [144]. This is 
important since LOX-1 facilitates collagen aggregation [77, 145]. Loss of LOX-1 
suppresses collagen aggregation and increases the expression and activity of MMP2 
and MMP9 in atherosclerotic plaques. LOX-1 deficiency also inhibits components 
of NADPH oxidase expression and ROS production in the LDLR deficient mice. 
There is also evidence that AT2R activation results in an attenuated ROS generation 
via enhanced NO levels [146, 147]. 

The progression of atherosclerosis has been linked to a continuing inflamma-
tory response [148]. Ox-LDL-LOX-1-mediated downstream immune responses have 
been shown to be essential in the pathogenesis of atherosclerotic lesions [196]. 
AT2R activation suppresses inflammatory responses during atherogenesis [83, 149].
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Thus, the interplay of these two receptors in vascular inflammation might be an 
important element in the formation of atherosclerotic plaques. LOX-1 and AT2R 
interaction might be involved in other pathological process including the increased 
hypertension and fibrosis [150–152]. Though significant progress has been obtained 
in the crosstalk of LOX-1 and AT2R in collagen formation and development of 
atherosclerotic lesions, further work needs to be done in this realm. 

In summary, LOX-1 has been termed as a potent pro-inflammatory mediator in 
Ang II-mediated hypertension via AT1R and AT2R. Further investigations in immune 
and inflammatory responses mediated by RAAS system and LOX-1 interaction might 
provide new insight and potential therapeutic targets in hypertension and its related 
diseases. 
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