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Abstract: Angiopoietin (Ang) and its receptor, TIE signaling, contribute to the development and
maturation of embryonic vasculature as well as vascular remodeling and permeability in adult tissues.
Targeting both this signaling pathway and the major pathway with vascular endothelial growth factor
(VEGF) is expected to permit clinical applications, especially in antiangiogenic therapies against
tumors. Several drugs targeting the Ang-TIE signaling pathway in cancer patients are under clinical
development. Similar to how cancer increases with age, unsuitable angiogenesis or endothelial
dysfunction is often seen in other ageing-associated diseases (AADs) such as atherosclerosis,
Alzheimer’s disease, type 2 diabetes, chronic kidney disease and cardiovascular diseases. Thus,
the Ang-TIE pathway is a possible molecular target for AAD therapy. In this review, we focus on
the potential role of the Ang-TIE signaling pathway in AADs, especially non-cancer-related AADs.
We also suggest translational insights and future clinical applications of this pathway in those AADs.
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1. Introduction

The ageing population is growing rapidly in both developing and developed countries and is
projected to reach more than 2.1 billion people by 2050 [1]. During the ageing process, humans face
an increased risk of ageing-associated diseases (AADs), such as atherosclerosis, Alzheimer’s disease,
type 2 diabetes, chronic kidney disease, cardiovascular diseases, chronic obstructive pulmonary disease
and cancer [2]. Studies suggest that cellular ageing is the main contributor to these diseases and its
biological mechanism involves genomic instability, epigenetic defects, dysregulation of metabolic
pathways, increased cell senescence, impaired cell regeneration, increased reactive oxygen species
by mitochondria and loss of proteostasis [3-6]. Other studies reported that cellular and the ensuing
tissue dysfunctions in AADs are not only observed in each of their primary organs, but in other organs
as well. For example, pathological organ-to-organ networks have been detected in heart disease,
featuring chronic kidney disease [7,8]. This prompts the question of whether these organ-to-organ
biological communications, predominantly within the circulatory system, correlate with multiple organ
dysfunctions in AADs.

One of the crucial components of the circulatory system is vascular endothelial cells (ECs),
which form a single-layer endothelium lining along the inner surface of the blood vessels throughout the
vascular system. The endothelium serves a variety of functions in regulating local vascular inflammation,
hemostasis, thrombolysis, proliferation of vascular smooth muscle cells (SMCs), vasoconstriction,
vasodilation, angiogenesis and tissue regeneration; it also functions as a barrier between the vessels
and tissues [9-12]. For the last few decades, families of endothelial cell-specific receptor tyrosine
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kinases and their ligands/growth factors—involving vascular endothelial growth factors (VEGFs),
angiopoietin (Ang), and ephrin—have been identified as playing major roles in vascular development,
remodeling and regeneration [9,13-16]. Bio-drugs targeting VEGFs and their receptors VEGFR
signaling have been developed for clinical use, particularly in terms of antiangiogenic therapies against
various types of tumor growth and metastasis [16]. Currently, new drugs targeting Ang and its receptor,
TIE signaling, are being developed to treat cancer and aging-associated eye diseases [17,18], as this
pathway plays a unique role in regulating vascular stability, remodeling, and angiogenesis [13,14].
Given the close relationship between AADs, the circulatory system and ECs (Figure 1), the vascular
Ang-TIE pathway is a promising target for drug therapies treating not only cancer but numerous
other AADs.

Normal
Ageing

Atherosclerosis

Endothelial dysfunction and/or
unsuitable activation

Figure 1. Correlation between vascular endothelial cells (ECs) and ageing-associated diseases (AADs).
The schema illustrates the hypothesis that endothelial dysfunction and/or unsuitable activation appear
as the forerunners of AADs, such as atherosclerosis, type 2 diabetes, chronic kidney disease (CKD),
cardiovascular diseases, Alzheimer’s disease (AD) and cancer. Normal ageing also correlates with
functional and phenotypic changes of ECs.

2. Ang-TIE Pathway in Vascular Endothelial Cells

The Ang ligands and their TIE receptors were discovered as essential molecules for cardiovascular
development and adult vascular remodeling [13,14,19-23]. Angiopoietin-1 (Angl), produced by
pericytes or mesenchyme cells, acts as a paracrine ligand and a strong agonist for endothelial
receptor tyrosine kinase TIE2. Ang]1 activates signaling receptor TIE2, and promotes vessel stability,
endothelial cell survival and barrier function via downstream targets of TIE2, including PI3 kinase/AKT,
Rho family GTPases, actin-myosin cytoskeletons or VE-cadherin [14,21,22,24-27] (Figure 2a,b).
Angl-TIE2-AKT signaling also suppresses inflammation-associated molecules, such as NF-kB,
vascular cell adhesion molecule 1(VCAM-1), intercellular adhesion molecule 1 (ICAM-1), Forkhead box
protein O1 (FOXO 1) and another ligand for TIE2, angiopoietin-2 (Ang?2) [28-31] (Figure 2a). In contrast,
Ang? is preferentially expressed by ECs and stored in Weibel-Palade bodies for its future release in blood
circulation [32]. Ang2 acts as a conditional weak agonist or antagonist which inhibits the Ang1-TIE2
pathway [33]. Upon inflammation, Ang?2 antagonizes TIE2, and thereby increases adult vascular
leakage and instability [14,23,34] (Figure 2a,b). Ang?2 also increases FOXO1 transcription and Ang?2
reproduction in ECs [31,34]. Unlike signaling receptor TIE2, TIE1 is an orphan receptor homolog of TIE2.
TIE1 mostly does not react to ligand stimulation, whereas TIE1 may modulate TIE2 signaling via its
interaction with TIE2 at EC-EC junctions [20,35] (Figure 2a). Notably, TIE2 activation is also achieved by
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the inhibition of a transmembrane vascular endothelial protein tyrosine phosphate (VE-PTP) in EC-EC
junctions, which dephosphorylates and deactivates TIE2 [27,36] (Figure 2a). Other transmembrane
receptors, integrins, may have signaling interactions with the Ang-TIE pathway [37], while these
interactions are still under investigation.
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Figure 2. Angiopoietin-TIE signaling pathway in the vascular endothelium. (a) The schema indicates
Ang-TIE signaling in vascular ECs. Angl promotes endothelial cell survival, vessel stability and barrier
function via activation of signaling receptor TIE2 and its downstream targets, PI3K/AKT and Rho
family GTPases. Angl-TIE2-PI3K/AKT signaling inhibits NF-kB, FOXO 1 and FOXO 1-induced Ang2.
Ang? is a weak agonist or antagonist which modulates Ang1-TIE2 pathway. Upon inflammation and
vascular injury, Ang?2, stored in Weibel-Palade bodies, are released in circulation, antagonizes Ang1-TIE2
signaling and then increases FOXO1 and Ang?2. Unlike signaling receptor TIE2, TIE1 is an orphan
receptor homolog of TIE2, and mostly does not react to ligands. In some cases, TIE2 signaling is
stimulated by phosphorylation due in part to the TIE receptor complex with TIE1. TIE2 activation is
also achieved by the inhibition of a VE-PTP, which dephosphorylates and deactivates TIE2. Note that
‘P’ next to the intracellular part of TIE2 indicates phosphorylation. (b) The left upper panel shows
transmission EM images with schematic indication of vascular ECs and pericytes. The right upper panel
indicates that abundant Angl enhances endothelial barrier function and stabilizes vessels. In contrast,
abundant Ang?2 decreases endothelial barrier function and increases vascular permeability, leading to
the formation of leaky vessels (Right lower panel).
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3. Ang-TIE Pathway in Atherosclerosis

Atherosclerosis is a slowly progressing AAD featuring lesion formation and luminal narrowing of
the arteries, which gives rise to ischemic cardiovascular disease and multiple organ dysfunction via
blood flow obstruction [38]. At the early stage of atherosclerosis, its underlying initiation mechanism
involves endothelial dysfunction with senescent, proinflammatory and apoptotic phenotypes; these are
commonly observed at arterial bifurcations with low laminar flow [39-41]. Through its progression,
atherosclerosis plaques are gradually formed in the inner layer of arterial walls. Once plaque rupture
and thrombosis occur near to the intimal lesion of the diseased arteries, this chronic AAD provokes
life-threatening acute coronary syndrome, myocardial infarction or stroke [38,42].

Recent studies suggested that the Ang-TIE pathway may correlate with the initiation mechanism of
atherosclerosis. For instance, atherogenic low laminar flow increased Ang?2 expression in mouse aorta
and ECs [43]. Conversely, protective high shear stress suppressed Ang2 expression in ECs [43]. Given the
role of Ang?2 as an antagonist for the Angl-TIE2 pathway under inflammatory conditions [14,23,34],
these data suggest that disturbed laminar flow may increase vascular inflammation and instability in
part via the upregulation of Ang2. Itis also noteworthy that atherogenic low laminar flow increased the
expression of an orphan receptor TIE1 as well as several key molecules for atherogenesis, VCAM-1 and
ICAM-1 [44,45]. Moreover, mice with TIE1 deletion showed a reduced number of atherosclerotic
plaques [45]. These findings may be explained by the possible mechanism that TIE1 reduces the ability
of Angl to activate TIE2 for vascular protection [35].

Another study showed that Ang2 blocking agents reduced both plasma triglycerides and early
plaque formation in a murine model of hypercholesterolemia-induced atherosclerosis [46]. In addition,
however, Ang?2 blocking agents had no adverse effect on pre-existing atherosclerosis, suggesting that
Ang?2-TIE2 signaling actions may be limited to the early stages of atherosclerosis. In one study,
intracoronary administration of Angl via an adenoviral vector protected against the development of
cardiac allograft arteriosclerosis in rat-transplanted hearts [47]. This protective effect seems to involve
Angl-mediated anti-inflammatory properties and a reduction in plasma Ang2.

Altogether, these findings suggest that inhibiting Ang2-TIE2 or stimulating Ang1-TIE2 may
have therapeutic effects on local vascular inflammation and plaque stability in the early phase of
atherosclerosis. Furthermore, an orphan receptor TIE1 seems to modulate the activities of signaling
receptor TIE2, and thereby create the conditions for vascular inflammation in atherosclerosis, whereas its
role remains elusive.

4. Ang-TIE Pathway in Ischemic Heart Disease, Stroke, and Heart Failure

Cardiovascular diseases remain a leading cause of death worldwide; they include several critical
AADs, such as ischemic heart disease, heart failure and ischemic stroke. Many ischemic heart
diseases and strokes are related to ageing-associated vascular disorders, including the formation
of atherosclerosis plaques, narrowing luminal arteries, and increasing the risk of plaque rupture
and thrombosis. If a ruptured plaque with thrombus interrupts blood supply to the heart muscle
or brain tissue, the cardiac myocytes or brain cells will begin to die, leading to acute coronary
syndrome/myocardial infarction or ischemic stroke, respectively. Several reports have indicated that
there is an association between ischemic cardiovascular disease and the Ang-TIE pathway.

A recent clinical trial demonstrated that high levels of Ang2 were an independent predictor of
mortality in patients with acute myocardial infarction; it also suggested that an increase in plasma Ang?2
levels might partly reflect persistent endothelial damage in ischemic heart conditions [48]. In support
of this, an in vivo study using a murine model of myocardial infarction or ischemia/reperfusion
injury reported that Ang2 was highly expressed in the ECs present at the infarcted border zone.
Furthermore, these cells promoted abnormal remodeling, inflammation and cardiac hypoxia by
inhibiting Ang1-TIE2 signaling [49]. Notably, after myocardial ischemia, an Ang2 blockade improved
this pathological remodeling [49].



Cells 2020, 9, 2636 50f 15

In a murine model of stroke, overexpression of Ang? resulted in increased infarct sizes and vessel
permeability in the subjects’ brain tissues [50]. In contrast, Ang1-TIE2 signaling activation via inhibiting
the vascular endothelial protein tyrosine phosphatase, VE-PEP [27], alleviated Ang2-induced increases
in vessel permeability and infarct sizes [50]. Supporting these findings, two studies using human
bio-banked blood samples or brain sections from autopsy specimens revealed that Ang2 expression
levels were significantly upregulated in stroke patients, whereas those of Angl were decreased in the
group with ischemic stroke [50,51]. In support of this, studies in murine ischemic stroke models showed
that pharmacological- or stem cell-induced Ang1 upregulation significantly improved vasogenic edema
and outcomes of stroke [52,53].

Heart failure (HF) is a chronic and progressive AAD that represents insufficient cardiac output
due to structural or functional impairment of cardiac constriction or relaxation. Recently, along with
classical HF with reduced ejection fraction (HFrEF), a new type of HF with preserved ejection fraction
(HFpEF) has emerged among the ageing population [54]. HFpEF is characterized as a contractile
dysfunction with normal EF; it represents endothelial dysfunction, which is induced by comorbidities
such as ageing, hypertension, diabetes, and obesity. In one recent study, an analysis of blood samples
from HFpEF patients revealed that Ang2 was one of the predictive biomarkers for HF-related hospital
admission [55]. This indicates that Ang2 levels may reflect endothelial damage and the severity
of HFpEF. Similarly, another recent study using integrated electric health records, clinical blood
samples, and proteomics analysis demonstrated that Ang2 and thrombospondin-2 robustly predicted
acute HF [56].

Collectively, these findings suggest the possibility that Ang?2 secreted from ECs may be a potential
biomarker that could aid in the diagnosis and risk assessment of ischemic cardiovascular diseases and
HF. They also imply that stimulating Ang1-TIE2 or blocking Ang2-TIE2 signaling may govern proper
tissue angiogenesis in ischemic cardiovascular diseases and HF.

5. Ang-TIE Pathway in Peripheral Arterial Disease

Similar to ischemic heart diseases and stroke, peripheral artery disease (PAD) is also implicated
in ageing-associated atherosclerosis [57]. The severe form of PAD, known as a critical limb ischemia
(CLI), often represents claudication, rest pain and unhealing ulcers, ultimately resulting in limb
amputation. To avoid these conditions, in addition to the general treatments for symptomatic PAD
or CLI (e.g., anti-platelet regimens and common medications for atherosclerosis, exercise therapy,
angioplasty, stenting or bypass surgery), angiogenic growth factors have been highlighted as new
treatment options, which might promote therapeutic angiogenesis and arteriogenesis (i.e., the growth
of existing collateral vessels) in ischemic limbs [58].

Despite the initial promise of approaches using the potent angiogenic growth factor VEGF in
the setting of CLI, there remains concerns about undesirable side effects, such as VEGF-induced
leaky neovessels, angioma formation, or recruitment of inflammatory cells in ischemic tissues [59,60].
However, Ang-1 combined with VEGF induced non-leaky neovessels [22], and indeed, a preclinical
report on a murine model of limb ischemia showed that VEGF-Angl chimeric gene or protein
may promote neovascularization, which represented less leakiness, less tissue inflammation,
less angioma-like formation, and better perfusion recovery as compared with VEGF alone [61].
Consistently, an open-label phase 1b study in a small group of patients with severe CLI showed higher
rates of ulcer healing and one-year amputation-free survival in patients intra-arterially administered
autologous venous ECs and SMCs, which enhanced Angl and VEGF expression, respectively [62]. It is
also noteworthy that plasma levels of VEGF and soluble TIE2 were significantly higher in patients with
CLI compared with healthy control subjects, suggesting mechanistic crosstalk between VEGF-VEGFR
signaling and Ang-TIE signaling in patients with CLI [63]. Notably, a recent experimental study
showed that an increase in limb Tie2 expression by modulating microRNA-15a/-16 may improve tissue
angiogenesis and perfusion after limb ischemia [64]. In addition, Angl production stimulated by
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hepatocyte growth factor may ameliorate PAD via stabilizing the neovessels [65,66]. In contrast to
Angl or TIE2, however, the role of Ang2 in PAD or CLI still remains elusive.

6. Ang-TIE Pathway in Chronic Kidney Disease

Chronic kidney disease (CKD) is characterized by the gradual loss of kidney function and is
highly associated with cardiovascular disease and its risk factors (i.e., diabetes and hypertension).
CKD also represents a pathological connection with other AADs (Figure 1). Considering the close
relationship between CKD and atherosclerosis or cardiovascular diseases [7], Ang-TIE signaling may
play a role in CKD pathogenesis.

A cross-sectional cohort study revealed that increased plasma Ang?2 levels were independently
associated with a worsening of arterial stiffness, a cardiovascular risk, in patients with CKD [67].
In support of this, murine CKD models showed that Ang2 expression was significantly increased in
the plasma and kidneys after partial nephrectomy or unilateral ureteral obstruction [67]. In contrast,
a decrease in Angl expression was observed in the kidneys and aorta of these models. Moreover,
blocking Ang?2 decreased the expression of profibrotic and proinflammatory cytokines in the aorta
of these mice [67], suggesting that increased plasma Ang?2 in CKD seem to correlate with enhanced
inflammatory and fibrotic signaling in ECs. Another cross-sectional and longitudinal observation
study also showed that serum Ang?2 levels increased in patients undergoing dialysis, whereas their
Angl levels were decreased [68]. In addition, Ang2 levels normalized three months after kidney
transplantation. Importantly, Ang?2 levels in CKD patients significantly correlated with atherosclerotic
scores of coronary heart disease and PAD [68]. One study reported consistent results indicating that
Ang?2 levels were higher in end-stage CKD patients on dialysis. Interestingly, elevated Ang2 levels are
strong predictors of long-term mortality, independent of arterial stiffness or vascular calcification [69].

A few experimental studies focused on the role of the Ang-TIE pathway in early stages of CKD.
Proteinuria is an early sign of kidney damage and thus a useful marker for detecting early-stage CKD.
Notably, mice with podocyte-specific Ang2 overexpression induced proteinuria and apoptosis of the
glomerular endothelia, indicating the possibility that Ang2 may worsen proteinuria in the initiation
and progression of CKD [70].

These findings suggest the possibility that Ang2 may be a useful biomarker as well as therapeutic
target for CKD. In addition, stimulating Ang1-TIE2 signaling may be utilized for CKD treatment via
stabilization of ECs and reduction in local inflammation, although this will need further investigation.

7. Ang-TIE Pathway in Diabetic Vascular Complications

Type 2 diabetes is an AAD with chronic metabolic disorder characterized by hyperglycemia
and insulin resistance, which leads to vascular complications such as cardiovascular comorbidities,
nephropathy, retinopathy, neuropathy, and impaired wound healing [71]. Patients with type 2
diabetes are also at risk for developing Alzheimer’s disease [72]. As underlying initiation and
progression mechanisms of these complications presumably involve endothelial dysfunction and
unsuitable angiogenesis (Figure 1), vascular Ang-TIE signaling may have a role in the pathogenesis
of diabetes. For instance, clinical data showed that plasma Ang2 and VEGEF levels were elevated in
patients with diabetes, and were also associated with indexes of endothelial damage/dysfunction [73].
In addition, increased Ang?2 expression was detected in both experimental models and patients with
diabetic retinopathy [74,75].

Diabetic retinopathy and subsequent diabetic macular edema (DME) are the most common
complications of diabetes that lead to vision loss. Given that the mechanism involves retinal pericytes
dropout, localischemia, abnormal neovascularization, and excessive vascular leakage, proper regulation
of retinal vascular stability and angiogenesis by Ang-TIE pathway may have therapeutic potentials
for these complications. Studies showed that diabetic mice with heterozygous Ang2 deletion
inhibited retinal pericytes loss and decreased the number of capillary segments [76], and intravitreal
administration of recombinant Ang?2 increased pericyte loss and vascular permeability [75,76].
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Conversely, intravitreal injection of soluble Angl variant, cartilage oligomeric matrix protein-Ang1
(COMP-Angl), protected retinal vascular structure, blood retinal barrier integrity, and visual
dysfunction in a murine diabetic model [77,78] (Figure 3). Faricimab, a bispecific antibody that
targets both Ang2 and VEGEF, is in phase 3 trials for DME and age-related macular degeneration [18]
(Figure 3). Currently, administration of VE-PTP inhibitors/Ang1-TIE2 activators (i.e., ARP-1536 and
AKB-9778) is also under clinical development for DME [18,36] (Figure 3). In contrast to the intravitreal
delivery of ARP-1536, AKB-9778 can be subcutaneously injected [18]. In a phase 2a randomized clinical
trial, the combined therapy of AKB-9778 with ranibizumab, a recombinant humanized monoclonal
antibody fragment against VEGF-A, resulted in significantly greater reduction in DME compared with
ranibizumab alone [79]. More recently, a collagen IV-derived peptide under clinical development,
ATX107, uniquely converted Ang2 into a TIE2 agonist, thereby activating TIE2 signaling in experimental
models [18] (Figure 3). Notably, in addition to TIE2 activation, ATX107 inhibited signaling through
VEGFR2. At present, however, safety and efficacy issues of this compound remain to be proven.
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Figure 3. Ang-TIE therapeutics against diabetic retinal diseases. The schema indicates possible
Ang-TIE targeting drugs for diabetic retinal diseases and their signaling targets in ECs. Faricimab,
a bispecific antibody that targets both Ang2 and VEGF-A, is in phase 3 clinical trials for diabetic
retinal diseases, such as diabetic macular edema (DME). VE-PTP inhibitors, ARP-1536 and AKB-9778,
which can activate the Angl-TIE2 pathway, are under clinical development for DME. In addition,
VE-PTP inhibition by those drugs deactivate VEGFR2. In a phase 2a clinical trial, AKB-9778 with
ranibizumab, a recombinant VEGF-A antibody, resulted in significant reduction in DME. A collagen
IV-derived peptide, ATX107, is under clinical development. ATX107 uniquely converted Ang?2 into a
TIE2 agonist, and thereby activating TIE2 signaling in experimental models. ATX107 also inhibited VEGF
signaling. In experimental models of diabetes, soluble Ang1l variant, COMP-Angl, protected retinal
vascular structure, blood retinal barrier integrity, and visual dysfunction.

As described in the CKD section above, diabetic nephropathy is the leading cause of CKD with renal
failure. In experimental models of murine diabetes, Ang2 expression was upregulated in glomerular
ECs at an early phase of diabetes [70], whereas glomerular Angl expression was decreased [80].
Furthermore, pharmacological blockade of both Ang?2 and VEGF reduced pathological alterations in
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early diabetic nephropathy, including glomerular hypertrophy, hyperfiltration and albuminuria [81].
Podocyte-specific overexpression of Angl gene reduced albuminuria and increased endothelial nitric
oxide synthase [80]. Moreover, genetic deletion of VE-PTP that restored TIE2 activation protected renal
structure and function in a murine model of diabetic nephropathy [82].

A diabetic foot ulcer (DFU) is one of the serious complications of diabetes, and is often presented
with wound infection, impaired wound healing, and PAD [83]. More than 40% of DFU patients are
comorbid with PAD, and these patients have a higher amputation rate and a higher mortality rate [84].
The mechanism underlying diabetic unhealing ulcers reportedly involves endothelial dysfunction,
persistent inflammation, insufficient tissue angiogenesis and impaired re-epithelialization [85].
In addition to the standard management of DFU (e.g., surgical debridement, wound-off-loading,
infection control and vascular assessment) [86], human growth factors acting on vascular cells and/or
epithelial cells, such as VEGE, fibroblast growth factor, platelet-derived growth factor and epidermal
growth factor, have been investigated for the clinical treatment of DFU. The beneficial use of those
growth factors in DFU, however, remains elusive [86]. In contrast, several studies have focused
on Ang-TIE signaling in wound healing and on its application in DFU. A murine type 2 diabetes
model showed sustained high Ang2 expression during wound healing, whereas TIE2 and VEGF-A
expression levels were markedly reduced in wound tissues [87], indicating that Angl-TIE2 and
VEGEF-VEGFR?2 signaling may be insufficient during wound repair in diabetes. Consistent with
this, a report showed that systemic and topical replenishing with COMP-Ang1 accelerated wound
healing by enhancing angiogenesis and lymphangiogenesis in type 2 diabetic mice [88]. Recently,
an Angl-derived integrin-binding prosurvival peptide, QHREDGS, was shown to accelerate wound
healing in diabetic mice via promoting re-epithelization or vascular endothelial cell survival [89,90].

Taken together, these findings suggest that stimulating Ang1-TIE2 or inhibiting Ang2-TIE2
signaling may have beneficial effects on vascular stability or suitable angiogenesis in diabetic vascular
complications. Angl-TIE2 stimulation combined with blocking VEGF-VEGFR2 may be especially
useful for diabetic retinopathy and DME.

8. Ang-TIE Pathway in Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neuronal disorder that causes dementia and death in
elderly people. The typical features of AD involve accumulation of beta amyloid-containing plaques
and neurofibrillary tangles in the diseased brain [91-93]. It has been suggested that more than 90% of
AD are a non-genetic, sporadic form of the disease; furthermore, familial cases (5%) represent mutation
in the amyloid precursor proteins presenilinl and presenilin2 [94]. Recent studies have shown that the
pathogenesis of AD is not limited to the neurons but also associated with the vascular system in the
form of vascular risk factors and cardiovascular diseases [95-97]. Several studies have reported the
possible correlation between AD and Ang-TIE signaling.

A recent report using data from Framigham Heart Study participants, magnetic resonance
imaging (MRI) data and blood samples found that higher Ang? levels in the blood were associated
with decreased fractional anisotrophy in the white matter of the APOE-¢4 carrier [98,99]. This indicates
that a higher level of Ang?2 may correlate with a higher risk group in AD. Given that increased Ang?2
expression correlates with endothelial damage and inflammation in ischemic cardiovascular disease,
the findings in this study also suggest that higher Ang2 levels may indicate the existence of endothelial
damage and inflammation in the early stages of AD. Another clinical study showed that serum Angl
expression levels were higher in AD patients versus healthy controls [100]. In addition, Angl serum
levels showed a significant correlation with cognitive status in all patients with AD, with mild cognitive
impairment and in healthy controls. Although the results indicate that serum Angl may be used as a
biomarker for AD, it is still unclear whether Ang1 has protective or worsening effects for AD. It is also
uncertain whether neurovessels stabilized by Angl may impair the clearance of beta amyloid and tau
in diseased brains.
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9. Conclusions

This review highlights the potential roles and future applications of targeting the Ang-TIE
signaling pathway in AADs involving atherosclerosis, cardiovascular diseases, chronic kidney disease,
diabetic vascular complications and Alzheimer’s disease. Because of its unique functions on vascular
ECs, modulating vessel stability, endothelial cell survival and its barrier function (Figure 2), the Ang—TIE
signaling pathway could be an intriguing molecular target for numerous AADs with endothelial
dysfunction and unsuitable angiogenesis (Figure 1). Currently, several pharmaceutical drugs targeting
the key players of this pathway (i.e., Ang2, both Ang2 and VEGF, both Angl and Ang2, VE-PTP or
TIE2) are under clinical development, especially for the treatment of human cancer or diabetic retinal
diseases [17,18]. In addition, the expression levels of plasma Angl or Ang2 may be utilized as
biomarkers for atherosclerosis, cardiovascular diseases, chronic kidney disease, diabetic vascular
complications and Alzheimer’s disease. Future investigations in endothelial Ang-TIE signaling may
also unravel the molecular mechanisms underlying multiple organ dysfunctions and multimorbidity
in AADs [101]. Moreover, biologics targeting to Ang1-TIE2 pathway may be applied to the high fatality
rate of the latest global crisis, COVID-19 infection and its comorbidities, involving acute respiratory
distress syndrome, cardiovascular diseases, obesity and diabetes [102-106].
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Abbreviations

Ang angiopoietin

VEGF vascular endothelial growth factor
AADs ageing-associated diseases

ECs endothelial cells

SMCs smooth muscle cells

Angl angiopoietin-1

VCAM-1  vascular cell adhesion molecule 1
FOXO1 Forkhead box protein O1

Ang2 angiopoietin-2

VE-PEP vascular endothelial protein tyrosine phosphate
HF heart failure

HFrEF heart failure with reduced ejection fraction
HFpEF heart failure with preserved ejection fraction
PAD peripheral artery disease

CLI critical limb ischemia

CKD chronic kidney disease

DME diabetic macular edema

CcOMP cartilage oligomeric matrix protein; angiopoietin-1
DFU diabetic foot ulcer

AD Alzheimer’s disease

MRI magnetic resonance imaging
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