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Abstract

Background: Angiopoietins (Ang) are essential angiogenic
factors involved in angiogenesis, vascular maturation, and
inflammation. The most studied angiopoietins, angiopoietin-1
(Ang-1) and angiopoietin-2 (Ang-2), behave antagonistically to
each other in vivo to sustain vascular endothelium homeo-
stasis. While Ang-1 typically acts as the endothelium-protective
mediator, its context-dependent antagonist Ang-2 can pro-
mote endothelium permeability and vascular destabilization,
hence contributing to a poor outcome in vascular diseases via
endothelial injury, vascular dysfunction, and micro-
inflammation. The pathogenesis of kidney diseases is associ-
ated with endothelial dysfunction and chronic inflammation in
renal diseases. Summary: Several preclinical studies report
overexpression of Ang-2 in renal tissues of certain kidney
disease models; additionally, clinical studies show increased
levels of circulating Ang-2 in the course of chronic kidney

disease, implying that Ang-2 may serve as a useful biomarker in
these patients. However, the exact mechanisms of Ang-2 ac-
tion in renal diseases remain unclear. Key Messages: We
summarized the recent findings on Ang-2 in kidney diseases,
including preclinical studies and clinical studies, aiming to
provide a systematic understanding of the role of Ang-2 in

these diseases. © 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Vascular homeostasis plays a pivotal role in many dis-
eases such as atherosclerosis, neurodegeneration, cancer,
age-related cognitive decline [1], and kidney disease [2].
This homeostasis is balanced by angiogenic factors, such as
vascular endothelial growth factor (VEGF), vascular en-
dothelial growth factor receptor 1 (VEGFR1), and
angiopoietin-1 (Ang-1), and antiangiogenic factors, such as
VEGFR2 and angiopoietin-2 (Ang-2).
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GN, glomerulonephritis; LN, lupus
nephritis.

Angiopoietin growth factors participate in vascular
development and repair through the endothelial Tie
receptor tyrosine kinases. Ang-1 and Ang-2 are two
major angiopoietin isoforms regulating vascular ho-
meostasis. Ang-1 plays a pivotal role in eliciting an anti-
inflammatory response in endothelial cells (ECs) and
stabilizing the vessel wall by binding to Tie2 receptors
and inducing Tie2 activation (autophosphorylation).
However, Ang-2 has the opposite actions to Ang-1,
acting as a proinflammatory natural antagonist for Ang-
1 and its Tie2 receptor [3]. Ang-2 is mainly produced by
ECs [4] and stored in endothelial Weibel-Palade bodies
[5], being rapidly released into circulation upon various
stimuli such as inflammation or ischemia/hypoxia [6]
(Fig. 1a). Ang-2 acts as a competitive inhibitor of the
Ang-1-induced phosphorylation and activation of the
Tie2 receptor and also binds to activated integrin 1 to
promote endothelium permeability and blood vessel wall
destabilization [7]. Furthermore, Ang-2 stimulates ECs
migration and proliferation, as well as promotes
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neovascularization in synchronous action with vascular
endothelial growth factor-A (VEGF-A) [8]. In this
regard, it is reported that the biological effects of Ang-2
depend on the levels of VEGFA in the microenviron-
ment, leading to vessel regression at low levels of sur-
rounding VEGFA, while acting proangiogenic in the
presence of high VEGF-A levels [3, 9].

Many traditional risk factors, such as cardiovascular
disease, diabetes mellitus (DM), hypertension, and hy-
perlipidemia, significantly contribute to high morbidity
and mortality in chronic kidney disease (CKD). However,
even when these traditional indicators are controlled,
actual mortality exceeds expected mortality [10]. In this
regard, much attention has been paid to nontraditional
risk factors of poor renal outcomes, including endothelial
dysfunction and inflammation. According to previous
studies, endothelial dysfunction was observed in CKD
[11] and was regarded as a key risk factor for developing
cardiovascular events in CKD patients [12-14], even in
predialysis CKD patients [15]. Ang-2, a key regulator of
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Fig. 2. Ang-2 immunostaining in normal kidney biopsy. Immu-
nohistochemical expression of Ang-2 in normal human kidney
tissue. Brown indicates Ang-2 positive. Physiological Ang-2 ex-
pression in tubular epithelial cells (arrow a shows strong Ang-2
positivity of the brush border, and arrow c¢ shows moderate
cytoplasmatic Ang-2 positivity) next to a focal weak Ang-2 pos-
itivity of glomerular parietal epithelial cells (arrow b shows
Bowman’s capsule) may be observed. No specific Ang-2 staining
can be detected in arteries (arrows d, e), glomerular capillaries
(arrow f), or interstitium (arrow g). Immunohistochemistry was
performed on paraffin-embedded renal biopsy samples from a
healthy biopsy in the University Medical Centre Mannheim using
a primary antibody (Angiopoietin 2 Polyclonal Antibody
[DF6137]). Image acquisition was done using a PreciPoint
scanning microscope (using objective x40/0.65 NA) and Micro-
Point software (v.2016-02-05; PreciPoint, Freising, Germany).

angiogenesis, involving endothelial remodeling and in-
flammation, plays a crucial role in context-dependent
effects on ECs. Previously, animal studies using trans-
genic mice demonstrated the lethal phenotype of Ang-2
overexpression, suggesting that increased circulating
Ang-2 levels are probably a harmful sign, which is similar
to the phenomenon seen in Angl and Tie2 knockouts [3,
16]. Generally, physiological serum levels of Ang-1 ex-
ceed those of Ang-2 [8], which maintains vessel wall
stabilization. Interestingly, in both preclinical and clinical
studies of various renal diseases, markedly increased
levels of Ang-2 have been reported (Fig. 1b). However, the
molecular mechanisms of Ang-2 are complex and its role
in the pathogenesis of CKD remains unclear.

Our preliminary findings in human renal biopsies with
normal histology showed strong and moderate immu-
nohistochemical positivity for Ang-2 in the brush border
and cytoplasm of proximal tubular epithelia, respectively,
followed by focal weak staining in glomerular partial
epithelial cells of Bowman’s capsule and absence in blood
vessels and interstitium (Fig. 2). In this review, we mainly

The Role of Angiopoietin-2 in Kidney
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focused on renal diseases and summarized the published
data from animal and clinical studies, intending to provide
a relatively comprehensive overview of the current
knowledge on the role of Ang-2 in these disease settings.

Ang-2 in Kidney Diseases

Renal diseases, especially CKD, with their worldwide
prevalence of 10-13% are on the rise, mainly due to the
accelerated aging population, lifestyle changes, and in-
creasing prevalence of obesity [17]. CKD is progressive,
irreversible, and a common risk factor for cardiovascular-
related disease. Several causes such as DM, hypertension,
CVD, and other kidney-related diseases contribute to the
onset and progression of CKD [18]. Individuals with this
pathology are most of the time asymptomatic and renal
complications typically occur in more advanced stages.
CKD is clinically defined by classical biomarkers, in-
cluding estimated glomerular filtration rate (eGFR) and
albuminuria. However, given the complicated clinical
settings, these biological indicators are not sufficient to
predict and quantify CKD-related outcomes for an in-
dividual patient. Accordingly, it is necessary to explore
more efficient biomarkers combined with eGFR and al-
buminuria to guide the diagnosis, treatment, and pre-
dictive assessment of CKD.

It has been reported that Ang-2 expression was
upregulated in animal models of kidney disease, in-
cluding glomerular disease [19-22] and diabetic ne-
phropathy (DN) [23-27]. Also, consistent findings were
observed in renal damage models, such as in rats with
renal ischemia-reperfusion (I/R) injury [28] and mice
with unilateral ureteral obstruction or 5/6 subtotal ne-
phrectomy (5/6Nx) [10]. In clinical practice, Ang-2 al-
terations are primarily discussed in patients with acute
kidney injury (AKI) [29-36] or various etiologies of CKD
[37-62]. These findings from previous preclinical studies
and clinical studies demonstrated that Ang-2 may be a
pathogenic factor promoting the onset and progression of
AKI and CKD; meanwhile, a negative prognostic factor
predicts the clinical outcomes.

Animal Models in Kidney Diseases

Glomerular Disease

In the mouse model of lupus nephritis (LN), Liu et al.
[19] showed that the protein expression of Ang-2 in the
kidney was upregulated by the means of Western blot and
immunohistochemistry, suggesting that Ang-2 may be
associated with the progression of LN. Employing a
daunorubicin-induced progressive glomerulosclerosis rat
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Table 1. Studies of Ang-2 in animal models of renal diseases

First author Year of Species Renal disease model Main findings
publication

Fan-Chi Chang 2014 Mice  5/6 nephrectomy or unilateral Plasma levels of Ang-2 increased and Ang-2 was

et al. [10] ureteral obstruction markedly expressed in the tubular endothelium of
fibrotic kidneys

Liu Xue et al. [19] 2019 Mice LN The expression of Ang-2 protein increased in renal
glomeruli

Lu Yuanhang 2006 Rat Glomerulosclerosis (related to The expression of Ang-2 protein in glomeruli and

et al. [20] podocyte injury) Ang2 mRNA increased in the group with podocyte
injury and was positively correlated with 24 h UPPER

Haitao Yuan 2002 Mice  GN Ang-2 immunostaining was detectable and

et al. [21] prominent in diseased glomeruli and related to the
loss of glomerular capillaries

Belinda Davis 2007 Mice DN Ang-2 was markedly upregulated in the tubular

et al. [22] endothelium of fibrotic kidneys

Bishoy Rizkalla 2005 Rat T2DM Renal expression of Ang-2 increased

et al. [23]

Kunihiro Ichinose 2006 Mice  T2DM Renal expression of Ang-2 increased

et al. [24]

Yoshihiko 2004 Mice DN The protein expression level of Ang-2 increased in the

Yamamoto renal cortex of DN mice compared with healthy mice

et al. [25]

Kunihiro Ichinose 2005 Mouse T1DM Increased expression of Ang-2 protein in the kidney

et al. [26]

Luo Changging 2014 Mice DN The expression of Ang-2 mRNA and protein levels

et al. [27] greatly increased in STZ-induced diabetic mice; Ang-2
was mainly expressed in glomeruli

Meriem Khairoun 2013 Rat renal ischemia/reperfusion Protein expression of Ang-2 increased starting at 5 h

et al. [28] injury

until 72 h after renal I/R; increased Ang-2 expression
accompanied by a loss of ECs

DN, diabetic nephropathy; ECs, endothelial cells; GN, glomerulonephritis; LN, lupus nephritis; STZ, streptozotocin; T1DM, type 1
diabetes mellitus; T2DM, type 2 diabetes mellitus; UPPER, urinary protein excretion rate.

model, Lu et al. [20] demonstrated an increased glo-
merular Ang-2 mRNA and protein expression, which
positively correlated with 24-h urinary protein quanti-
tative measurements (Table 1). The authors suggested
that locally boosted Ang-2 expression may be a risk factor
for the progress of glomerulosclerosis [20]. In mice
models of immune-mediated glomerulonephritis (GN),
Ang-2 staining was barely detectable in the glomerular
capillary loops in the control group, where the animals
did not suffer from immune-mediated GN [21]. How-
ever, glomerular Ang-2 immunostaining was detectable
and prominent in affected glomeruli and some sclerotic
glomeruli [21]. Meanwhile, in sections from the control
group, both Ang-1 and VEGF-A immunostaining were
detectable in glomeruli but were diminished in glomer-
ular tufts in the GN group [21]. Davis et al. showed
glomerular endothelial apoptosis and proteinuria in-
creased significantly, while VEGF-A and nephrin
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proteins markedly decreased in the mice models of
podocyte-specific Ang-2 overexpression [22]. In vitro, the
addition of exogenous Ang-2 to isolated adult rat glo-
meruli significantly downregulated the levels of VEGF-A
protein after incubating for 24 h [22]. These findings may
provide insights into the pathogenesis of glomerular
disease and proteinuria [22].

Based on the above, it can be hypothesized that
upregulation of Ang-2 in glomerular disease models
disturbs growth factor homeostasis. This could modulate
glomerular and peritubular capillary remodeling,
resulting in the loss of glomerular capillaries, which may
be a molecular mechanism of increased Ang-2 contrib-
uting to the pathogenesis of glomerular diseases.

Experimental Diabetic Nephropathy
In 2005, Rizkalla et al. [23] generated rat models of
experimental diabetes induced by streptozotocin. In this
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experiment, some groups of rats were treated with an
angiotensin type 1 receptor subtype (AT1) or angiotensin
type 2 receptor subtype receptor antagonist [23]. The
study demonstrated that both the Ang-2 gene and protein
expression significantly increased in the kidney tissues of
diabetic rats, and the increased Ang-2 levels were sig-
nificantly attenuated by the AT1 receptor antagonist but
not by the AT2 receptor antagonist [23]. Furthermore, it
was shown that Ang-2 immunostaining was predomi-
nantly located in glomerular cells, including epithelium
and endothelium, whereas less staining was observed in
the vasa recta and dilated tubules [23]. In addition, Ang-2
staining was increased in glomerular ECs of untreated
diabetic rats at week 4 of the experiment [23]. Similarly,
Ichinose et al. [24] reported that renal expression of Ang-
2 significantly increased in a mice model of obese type 2
diabetes. In an animal model of DN, Yamamoto et al. [25]
demonstrated that expression levels of Ang-2 increased in
the renal cortex of DN mice compared with healthy mice
in immunoblotting analyses. This study also demon-
strated that increased renal expression of Ang-2 was
suppressed by the tumstatin peptide, which is an inhibitor
of angiogenesis derived from type IV collagen with the
ability to inhibit the neovascularization induced by
VEGF-A in vivo [25]. Subsequently, several studies ob-
tained consistent findings [26, 27]. In a model of type 1
DN induced by low-dose streptozotocin (STZ) injection,
Ichinose and colleagues found that compared with
nondiabetic mice, Ang-2 protein levels increased in di-
abetic mice. The increased Ang-2 protein expression in
the kidney was able to be inhibited by the endostatin
peptide, a potent angiogenesis inhibitor derived from type
XVIII collagen [26]. Moreover, Luo et al. [27] observed
that both Ang-2 mRNA and protein levels greatly in-
creased in a DN model by STZ induction, when com-
pared with nondiabetic mice. In vitro, Ang-2 protein
levels were shown to significantly increase in cultured
mouse ECs under high glucose conditions [27]. Addi-
tionally, it was demonstrated that increased Ang-2 levels
in vivo and in vitro can be significantly reduced by
Alprostadil (prostaglandin E1) treatment [27]. In this
study, urinary protein excretion, creatinine clearance rate,
and kidney/body weight ratio were significantly reduced
after Alprostadil treatment in STZ-injected mice [27].
These outcomes probably indicate that decreased Ang-2
levels caused by Alprostadil may serve as a mechanism of
Alprostadil eliciting kidney protection and improving
renal function.

Globally, the most common cause of end-stage renal
disease (ESRD) is DN and the pathogenesis of DN is
complicated and overlapping. It is reported that

The Role of Angiopoietin-2 in Kidney
Diseases

angiogenic phenomena were probably associated with the
progression of DN. Angiogenesis-related growth factors
such as Ang-1, Ang-2, and VEGF-A have been involved
in the development of DN. Hypothetically, the chronic
inflammation induced by long-standing high glucose
stimulation promotes glomerular ECs to excrete more
Ang-2, resulting in dysfunction of the endothelium and
angiogenesis, which supports the role of Ang-2 in DN.

Other Types of Renal Damage

To investigate the impact of I/R injury on the dynamics
of Ang expression, as well as the relationship between I/R,
pericytes, and the development of fibrosis, Khairoun et al.
[28] conducted a study using I/R models of male Lewis
rats. This I/R model employed unilateral renal ischemia
for 45 min at first, followed by removal of the contra-
lateral kidney, and finally sacrificed rats at various time
points after reperfusion. In this study, researchers ob-
served that protein expression of Ang-2 increased starting
at 5 h after I/R and maintained an increasing tendency
until up to 72 h, resulting in a higher Ang-2/Ang-1 ratio
[28]. After recovery of renal function, the Ang-2/Ang-1
ratio returned to the baseline levels 9 weeks after I/R. The
entire process was accompanied by dynamic changes in
pericytes and cortical ECs [28]. The authors suggested
that Ang-2 was an important factor in renal microvas-
cular changes and fibrosis development [28]. Moreover, it
has been shown that circulating Ang-2 also increased in
mice models with unilateral ureteral obstruction or 5/6Nx
[10]. Chang et al. [10] found that the transcript of Ang-2
was upregulated in the kidney, but downregulated in the
lung and aorta after 5/6Nx. Additionally, the staining of
Ang-2 showed a marked expression in fibrotic renal
tubular epithelium and glomeruli in 5/6Nx mice [10].
This study demonstrated that Ang-2 was probably the
link between renal fibrosis and arterial stiffness [10].
These findings provided an insight that targeting Ang-2
may be a novel treatment for CVD in CKD patients based
on the mechanisms of reducing inflammation levels and
collagen expression.

Overall, based on the preclinical studies outlined
above, increased renal Ang-2 expression levels were
observed in experimental models of kidney disease. It is
reported that the expression of Ang-2 is upregulated
during mouse kidney development, whereas, after birth, it
is rarely detected in the glomeruli of adult normal kidneys
[22]. Thus, a greatly increased Ang-2 expression in the
adult glomeruli, as observed in some renal disease
models, might indicate that Ang-2, while playing a pivotal
role in normal nephrogenesis, is harmful when it is highly
reexpressed in the context of adult kidney disease. One
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possible explanation is that the increase of Ang-2 disturbs
the balance between antiangiogenic and proangiogenic
growth factors, leading to disorders of ECs and angio-
genesis in the kidney. Although current research on
inhibitors directly targeting Ang-2 is still scarce, focusing
on the Ang system or even the entire angiogenic system
might be promising [23, 25, 26].

Clinical Studies in Kidney Diseases

Acute Kidney Injury

AKT refers to a sudden decrease in kidney function that
happens quickly, generally within a few hours or days.
Diagnostic criteria for AKI are based on an increase in
serum creatinine level and a decrease in urine output and
are limited to 7 days in duration. AKI is commonly found
in patients who are suffering from critical illness, but its
pathogenesis remains complex. Recent studies suggest
that renal endothelial damage and microvascular dys-
function may contribute to this pathogenesis, which is
supported by studies showing associations between Ang-
2 and AKI [29].

Researchers observed that blood Ang-2 can serve as a
potent predictor for AKI onset. In critically ill patients,
Robinson-Cohen et al. [30] demonstrated that higher
Ang-2 concentrations implicated a higher risk of AKI
incidents. Subsequently, a prospective study investigated
the relationship between blood Ang-2 and the onset of
severe AKI (defined based on the Kidney Disease Im-
proving Global Outcomes [KDIGO] stage 2/3) in criti-
cally ill patients [29]. The authors demonstrated that
increased blood Ang-2 levels indicated an increased risk
of AKI/death in critically ill patients after adjusting for
confounding factors [29]. A similar association was re-
ported in another cohort study of critically ill patients, but
only for patients with or at risk of acute respiratory
distress syndrome [31]. In patients with coronavirus
disease (COVID-19), higher circulating Ang-2 levels were
associated with the development of severe AKI, and the
need for renal replacement therapy (RRT) [32]. However,
this study lacked further elucidation regarding the
specificity of Ang-2 for COVID-19-associated AKI and
the role of Ang-2 in COVID-19-related endothelial
disorders.

In AKI patients, Ang-2 concentrations were demon-
strated to increase over time after cardiac surgery com-
pared to control patients. In the same study, Ang-2
plasma levels correlated positively with urinary levels of
N-acetyl-beta-D-glucosaminidase, a classic marker of AKI
[33] (Table 2). Several limitations need to be considered
when explaining the findings of this study, including
underestimated AKI incidence due to only using serum
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creatinine levels as diagnostic criteria of AKI, incomplete
dataset, and uncertain urine specimen quality [33].
Furthermore, a positive correlation between increased
Ang-2 levels and the need for RRT and mortality in
patients with AKI has been observed in several studies
[34, 35]. However, several characteristics of participants
should be of note when interpreting its results. In the
study conducted by Kiimpers et al. [35], the study
population only included AKI patients requiring RRT,
with low numbers of RIFLE-Risk and Injury subjects, and
lacking non-AKI patients. In addition, it has been shown
that the Ang-1/Ang-2 ratio is negatively associated with
the risk of CKD progression, heart failure, and mortality
in patients with AKI [36]. Although this multicenter
prospective study has been well designed, it did not
explore other pathways associated with EC repair that
may influence results, and how the Ang pathway interacts
with other pathways. Moreover, some other events that
can influence the development of CKD and heart failure
were not documented in this study, such as recurrent AKI
attacks and rehospitalization [36].

Based on the mentioned findings, circulating Ang-2 is
currently regarded as a potential biomarker to indicate
the onset and progression of AKI. Consequently, mea-
suring Ang-2 levels might assist physicians in the future
in taking early intervention for AKI patients before the
onset of severe AKI, CKD, and other complications.

General Chronic Kidney Disease

In clinical practice, many studies reported that cir-
culating Ang-2 levels were increased significantly in CKD
patients [37-39] and positively associated with CKD
classification [38, 39]. Following these findings, re-
searchers further explored more details on the association
of Ang-2 with CKD-related markers, eGFR, and all-cause
mortality in CKD. In a cohort of 416 CKD patients at
stages 3—-5, Chang et al. [37] reported plasma Ang-2 levels
to be independently correlated with urine albumin-
creatinine ratio and sensitive C-reactive protein. The
results of this study warrant further exploration of the
relationship between Ang-2, albuminuria, and micro-
inflammation in patients with CKD [37]. In 2014, Tsai
et al. [40] showed that higher circulating Ang-2 levels
(quartile >3) were associated with a more rapid decline in
eGFR in comparison with the lowest quartile of Ang-2
(quartile 1). This inverse correlation between GFR and
Ang-2 has been observed by others as well, implying that
Ang-2 increases with the progress of adult CKD [41, 42].
Moreover, after adjustment for confounding factors,
Ang-2 was an independent predictor of all-cause mor-
tality in CKD patients [39, 43]. One of our prior studies
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Table 2. Clinical studies of Ang-2 in patients with kidney diseases

First author Year of Number of patients/controls Main findings
publication
Fernanda Macedo de 2019 265 patients in total: 82 AKI Plasma Ang-2 was associated with severe AKI
Oliveira Neves after adjusting for several variables; Ang-2
et al. [29] was a mediator between FGF23 and
severe AKI
Cassianne Robinson- 2016 948 subjects in ICU: 506 AKI patients Plasma concentration of Ang-2 was
Cohen et al. [30] associated with the presence of AKI in
critically ill patients
Camila Barbosa 2019 283 patients in total: 174 patients without  High Ang-2 concentrations at admission were
Araujo et al. [31] ARDS (38 AKI patients) and 109 ARDS more frequent in ARDS patients; among them,
patients (51 AKI patients) the Ang-2 and Ang-2/Ang-1 ratios were
related to severe AKI and the need for RRT
Brandon Michael 2021 51 COVID-19 patients in total: 12 patients  Blood Ang-2 levels were associated with
Henry et al. [32] with severe AKI severe AKI in critically ill patients and an
independent predictor of requiring RRT in
severe AKI
Rianne M Jongman 2015 541 patients in total: 21 AKI; 21 control group Plasma Ang-2 levels increased 1.7-fold in AKI
et al. [33] (using propensity matching) patients compared to the control group;
plasma levels of Ang-2 correlated positively
with urinary levels of NAG
Andrew S Allegretti 2019 191 inpatients in total: 176 with cirrhosis and Increased Ang-2 levels were associated with
et al. [34] AKI; 15 patients with cirrhosis and increased mortality, need for RRT, and higher
without AKI AKI stage
Philipp Kiimpers 2010 117 patients with AKI Circulating Ang-2 levels increased
et al. [35] significantly in severe AKI patients; elevated
Ang-2 was an independent predictor of 28-
day survival in ICU patients after the inception
of RRT
Sherry G Mansour 2022 1503 participants in total: 746 with AKl and A higher Ang-1/Ang-2 ratio was related to a
et al. [36] 757 without AKI lower risk of CKD progression, HF, and
mortality for AKI patients
Fan-Chi Chang 2013 416 CKD patients with stages 3-5 Plasma Ang-2 levels were independently
et al. [37] associated with albuminuria and systemic
markers of microinflammation in CKD
Roel Bijkerk et al. [38] 2022 129 patients with ESRD (before RRT) Levels of Ang-2 in older patients were
aberrant when compared with the healthy
and DN patients; meanwhile, circulating Ang-
2 was reported to be associated with cerebral
small vessel disease, brain domains of
psychomotor speed, and executive function
Sascha David 2012 128 CKD patients in total: 43 CKD at stage 4, Circulating Ang-2 was significantly higher in
et al. [39] 85 CKD at stage 5, 57 HD, 28 PD; 20 healthy CKD patients compared to controls; Ang-2
controls with no history of CKD or CVD was associated with biomarkers of vascular
disease and was markedly higher in dialysis
than in stage 4 CKD patients; Ang-2 was an
independent predictor of mortality
Yi-Chun Tsai 2014 621 patients with stages 3-5 CKD The highest quartile of Ang-2 had an
et al. [40] increased risk of either commencing dialysis
or doubling creatinine and had a more rapid
decrease in eGFR than the lowest quartile of
Ang-2
Sascha David 2010 44 patients with CKD stage 1-4; 19 patients Circulating Ang-2 was inversely correlated

et al. [41]

on dialysis (CKD stage 5); 15 healthy
individuals

with GFR and increased with the degree of
adult CKD
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Table 2 (continued)

First author Year of Number of patients/controls Main findings
publication

Sazan Rasul et al. [42] 2011 80 T2DM subjects Ang-2 levels were associated with eGFR after
controlling for age and BMI

Yi-Chun Tsai 2015 621 predialysis CKD patients with stages 3-5 Every single higher log Ang-2 had a 5.69-fold

et al. [43] risk for MACE or all-cause mortality

Chang Chu et al. [44] 2021 313 HD patients (206 male and 107 female) Circulating Ang-2 levels at baseline were
independently associated with all-cause
mortality in male ESRD patients on HD; no
association in female ESRD patients

Griet Glorieux 2021 523 nondialysis patients with CKD; 149 Circulating Ang-2 was predictive of CV events

et al. [45] patients developed CV in nondialysis patients with CKD

Yi-Chun Tsai 2016 270 predialysis CKD patients with stages 3-5 High-circulating Ang-2 in stages 3-5 CKD

et al. [46] patients was positively associated with
cardiac structure

Rukshana C. Shroff 2013 50 CKD children; 20 predialysis CKD; 30 Circulating Ang-2 levels were increased in

et al. [47] dialysis CKD; 25 healthy controls CKD patients on dialysis; Ang-2 was
significantly related to dialysis time, carotid
artery intima-media thickness, and systolic
blood pressure in children with CKD on
dialysis

Sascha David 2009 117 CKD patients; 61 HD patients, 24 PD The circulating Ang-2 level was increased in

et al. [48] patients; 32 renal transplant recipients; 22 CKD dialysis patients and was related

healthy controls significantly to the degree of CHD and

peripheral arterial disease; Ang-2 levels
decreased and normalized 3 months after
kidney transplantation

Xiaoxiao Yang 2018 324 chronic PD patients Serum Ang-2 significantly increased with

et al. [49] increasing severity of MIAC syndrome; High
serum Ang-2 was able to independently
predict cardiovascular events in PD patients

Ruth F. Dubin 2018 974 participants Ang-2 was relevant to makers of HF and an

et al. [50] indicator of the occurrence of heart failure in
participants with CKD

Jack Bontekoe 2018 97 patients with CKD5-HD; 23-40 AF patients Plasma levels of Ang-2 were markedly

et al. [51] elevated in patients with the coexistence of
AF and CKD5-HD in contrast to CKD5-HD
alone and AF alone

Jelizaveta 2020 289 T1DM patients in total: 31 DN; 130 arterial Increased serum Ang-2 was associated with

Sokolovska et al. [52] hypertension the occurrence of DN and was an
independent predictor of DN

Mohamed Abo EI- 2016 60 T1DM patients; 30 healthy controls Serum Ang-2 levels were higher in TIDM

Asrar et al. [53] patients than controls, regardless of
microvascular complications; higher levels of
Ang-2 were observed in individuals with
microalbuminuria; Ang-2 was an independent
risk factor of atherosclerosis

Florian G. Scurt 2019 172 T2DM patients with microalbuminuria; Baseline Ang-2 was higher in diabetes

et al. [54] 188 matched controls patients with subsequent microalouminuria
and a significant predictor of new-onset
microalbuminuria

Mohamed Salem 2021 40 T2DM patients with microalbuminuria Baseline blood Ang-2 was elevated in T2DM

et al. [55] patients with microalbuminuria and positively
correlated to UACR
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Table 2 (continued)

First author Year of Number of patients/controls Main findings
publication

Mohammad H. Aly 2019 180 diabetes patients; 40 healthy individuals A significantincrease of Ang-2 in patients with

et al. [56] normal albuminuria, microalbuminuria, and
macroalbuminuria was observed compared
to healthy controls; Ang-2 levels were
increased with the progression of albuminuria
and negatively correlated with eGFR

Narisa Futrakul 2009 50 DN patients; 10 age-matched subjects Plasma Ang-2 was significantly elevated in DN

et al. [57] without diabetes as controls

Yi-Chun Tsai 2018 236 diabetes patients with eGFR <60 mL/  The highest quartile of Log-transformed Ang-

et al. [58] min/1.73m? 2 had higher risks of commencing dialysis,
rapid renal function decline, MACEs, and
elevated all-cause mortality compared to the
lowest quartile

M Yu Shvetsov 2015 82 CGN The urinary excretion of Ang-2 correlated with

et al. [59] the renal injury biomarkers NGAL and COL4,
and the level of proteinuria; Ang-2 levels were
high in the presence of anemia

Monika Edelbauer 2012 23 children and adolescents with LN; 20 Ang-2 levels were significantly higher in

et al. [60] healthy controls children and adolescents with active LN than
in remission patients or healthy controls

Vassilios Raptis 2018 26 ADPKD individuals with impaired renal ~ ADPKD patients had higher Ang-2 levels than

et al. [61] function; 26 ADPKD individuals with controls, especially in patients with impaired

preserved renal function; 26 controls without renal function
a history of renal disease
Melahat Coban 2018 50 patients with ADPKD; 45 healthy controls Ang-2 was higher at all CKD stages in ADPKD

et al. [62]

patients

AKI, acute kidney injury; ARDS, acute respiratory distress syndrome; AF, atrial fibrillation; ADPKD, autosomal dominant polycystic
kidney disease; BMI, body mass index; CKD, chronic kidney disease; CKD5-HD, stage 5 chronic kidney disease on hemodialysis; CGN,
chronic glomerulonephritis; CVD, cardiovascular disease; COL4, type IV collagen; CHD, coronary heart disease; DN, diabetic ne-
phropathy; ESRD, end-stage renal disease; eGFR, estimated glomerular filtration rate; EF, ejection fraction; FGF23, fibroblast growth
factor 23; HD, hemodialysis; HF, heart failure; HR, hazard ratio; ICU, intensive care unit; LN, lupus nephritis; MACEs, major adverse
cardiovascular events; MIAC, malnutrition, inflammation, atherosclerosis and cardiac valvular calcification; NGAL, neutrophil
gelatinase-associated lipocalin; NAG, N-acetyl-beta-p-glucosaminidase; PD, peritoneal dialysis; PWV, pulse wave velocity; RRT, renal
replacement therapy; TIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; UACR, urinary albumin-creatinine ratio.

also found that serum Ang-2 concentrations at admission
were positively associated with all-cause mortality in male
ESRD patients on hemodialysis; intriguingly, this asso-
ciation could only be observed in male patients and was
absent in female patients. We speculated that males may
be more sensitive to Ang-2 than female ESRD patients on
hemodialysis (HD) [44]. Although the mechanisms of the
sex-specific features of Ang-2 remain unclear, one pos-
sible assumption is that the female sex hormone that
facilitates vascular ECs proliferation and survival may
partially counteract the dysfunction of ECs and angio-
genesis caused by increased Ang-2 levels in HD patients.

Besides, Ang-2 concentrations were also in relation to
the complications of CKD. As we all know, patients with
CKD manifest a significant risk of cardiovascular (CV)

The Role of Angiopoietin-2 in Kidney
Diseases

events. Nonetheless, available traditional cardiovascular
disease (CVD) markers are insufficient to predict survival
and CV burden in CKD [41]. Some nontraditional risk
factors such as inflammation and endothelial dysfunction
were proposed to participate in the mechanisms of CVD
in CKD. Furthermore, the researcher observed that blood
Ang-2 associated with inflaimmation and endothelial
dysfunction was markedly increased in CKD patients
with CVD events. In CKD patients without dialysis, blood
Ang-2 concentrations were increased and associated with
CV events [43, 45, 46]. Tsai et al. found that the incidence
of major adverse cardiovascular events (MACEs) in-
creased 5.69 folds with each log Ang-2 increase in patients
with CKD [43]. It has been reported that cardiac structure
abnormality was associated with high levels of Ang-2,
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confirming the important role of angiogenesis in CVD
[45, 46]. In addition to studies in CKD patients without
dialysis, several studies showed that circulating Ang-2
level was also significantly increased, as well as being a
potent predictor for CVD events in CKD patients on
dialysis [47-49]. Shroft et al. found that Ang-2 was
significantly correlated with dialysis time, carotid artery
intima-media thickness, and systolic blood pressure in
children on chronic dialysis [47]. David et al. [48] showed
that Ang-2 levels were significantly associated with the
severity of coronary heart disease (CHD) and peripheral
arterial disease. Moreover, one study conducted by Yang
et al. [49] reported that high serum Ang-2 was an in-
dependent predictor of CV events in dialysis patients.
This study only included prevalent rather than incident
peritoneal dialysis (PD) patients, which may introduce a
survival bias [49]. Furthermore, serum Ang-2 was as-
sociated with markers of heart failure (HF) in CKD
patients, suggesting its potential as an indicator for the
occurrence of HF in CKD compared to those without
CKD [50]. Moreover, in patients with the coexistence of
atrial fibrillation (AF) and stage 5 CKD on HD, plasma
levels of Ang-2 were markedly elevated compared to stage
5 CKD on HD alone and AF alone [51]. One explanation
might be the partial overlap of CKD and CVD patho-
genesis, involving microenvironmental inflammation and
endothelial dysfunction.

Specific Chronic Kidney Disease

In patients with type 1 DM, Sokolovska et al. and EI-
Asrar et al. demonstrated that circulating Ang-2 levels
were significantly raised and associated with the occur-
rence of DN [52, 53]. Elevated plasma Ang-2 levels have
been reported in type 2 DM (T2DM) patients as well. A
study conducted by Scurt et al. showed high blood Ang-2
in T2DM patients with subsequent microalbuminuria
[54]. In the multivariate analysis, Ang-2 was demon-
strated to be an independent predictor for the incidence
of microalbuminuria in T2DM patients [54]. Although
this randomized controlled study was from an interna-
tional multicenter and tried to avoid confounding factors,
it is important to note that standard baseline samples
were not available for all patients before randomization,
and samples for analysis were collected at different points
after enrollment [54]. As DM progresses, DN becomes a
major microvascular complication of DM. In general, the
pathogenesis of DN involves a multifactorial interaction
of metabolic and hemodynamic factors. Recently, an-
giogenesis was regarded as one of the mechanisms of the
pathophysiology and progression of DN [55]. Accord-
ingly, angiogenesis-related growth factors such as VEGF-
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A, Ang-1, and Ang-2 may play an important role in the
pathogenesis of DN. It was reported that blood Ang-2
levels were significantly elevated [55-57] and positively
correlated to the progress of albuminuria in DN patients
with or without albuminuria [55, 56]. Furthermore, Tsai
and colleagues demonstrated that Ang-2 can indepen-
dently predict adverse clinical outcomes, including
commencing dialysis, rapid renal function decline, major
adverse cardiovascular events, or all-cause mortality in
DN [58].

In terms of glomerular disease, Shvetsov et al. dem-
onstrated that the urinary excretion of Ang-2 was higher
in chronic glomerulonephritis (CGN) patients with ne-
phrotic syndrome in contrast to CGN patients without
nephrotic syndrome [59]. In addition, Ang-2 was in-
creased if the patients suffered from anemia [59]. The
authors also observed associations between urinary Ang-
2 excretion and urinary markers of kidney injury, namely
type IV collagen and neutrophil gelatinase-associated
lipocalin in proteinuric CGN patients [54]. This may
suggest that an elevated Ang-2 excretion in the urine
together with renal injury factors contributes to glo-
merular damage [59]. Moreover, given the important role
of EC injury in the pathogenesis of LN, Edelbauer et al.
[60] conducted a study to explore the role of
endothelium-related markers in children and adolescents
with LN. When compared with healthy controls, circu-
lating Ang-2 levels were markedly elevated in LN
patients [60].

In autosomal dominant polycystic kidney disease
(ADPKD), increased Ang-2 levels were also observed. In
2018, Raptis et al. [61] showed that circulating Ang-2
levels in ADPKD patients regardless of the state of renal
function were markedly higher than in healthy controls.
Moreover, ADPKD patients with impaired renal function
(eGFR = 45-70 mL/min/1.73 m?) had significantly higher
levels of Ang-2 than those with preserved renal function
(eGFR >70 mL/min/1.73 m?) [61]. In the same year,
Cohan et al. confirmed that serum Ang-2 levels were
significantly increased in stages 1-2 CKD in comparison
with healthy volunteers, but not in advanced stages of
CKD, suggesting that angiogenesis may be involved in the
development of early stages of ADPKD [62]. A possible
explanation for these results may be that the increased
degree of sclerotic glomeruli prohibited the formation of
vessels in the advanced stage of ADPKD [62].

Taken together, although previous studies did not
explain the specific mechanisms of Ang-2 in kidney
diseases, they provide evidence that serum Ang-2 can
serve as a useful diagnostic and prognostic marker for
kidney disease in clinical settings. Circulating Ang-2 may
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play a key role in recognizing the onset and predicting the
prognosis of AKI and CKD, as well as related compli-
cations, guiding physicians to make proper early inter-
ference in the near future. Notably, some limitations
should be acknowledged when interpreting the findings
from these observational studies mentioned above. First,
the causal association between the occurrence and de-
velopment of various kidney diseases and circulating
Ang-2 cannot be explained by their results due to po-
tential residual confounding factors within the observa-
tional study. Second, these researches did not provide
proof of whether circulating Ang-2 possesses biological
activity in various renal diseases. Third, most data of these
studies were collected from a single center and had a
relatively small sample size. Therefore, these studies
might have limited generalizability and wide represen-
tativeness. Lastly, circulating Ang-2 was measured once at
enrollment in most of the studies. Thus, it is not clear
whether dynamic Ang-2 levels have additional value in
AKI, DN, CKD, and other kidney diseases.

Potential Pharmacological Intervention in the
Angiopoietin-2 System

At present, angiotensin-converting enzyme inhibitors
(ACEIs) or angiotensin II type 1 receptor blockers (ARBs)
have been the backbone treatment for CKD patients,
regardless of DM, especially for those with hypertension
and proteinuria [63]. Prior studies demonstrated that
ACEIs and ARBs provide significant benefits to renal and
cardiovascular outcomes for CKD patients [64, 65].
However, the effect of conventional therapies with ACEIs,
ARBs, or their combination (ACEIs/ARBs) is limited in
patients with low eGFR or albuminuria, due to increased
risks of hyperkalemia and AKI [65]. Thus, focusing on
new therapeutic targets is warranted.

At present, Ang-2-associated inhibitors have been used
for retinal disease in clinical practice. Anti-VEGF agents are
the first-line treatment for retinal disease. However, the high
treatment burden and low efficacy of anti-VEGF drugs have
illuminated the need for new approaches. Many novel
emerging drugs including ARP-1536, AKB-9778, AXT107,
and the coformulation of nesvacumab and aflibercept for
the retinal disease that target the Ang/Tie pathway are still
in the early clinical trial phrase [66]. Nevertheless, faricimab,
a dual Ang-2 and VEGF inhibitor, results in promising
results in phase 2 clinical trials for treating diabetic macular
edema (DME) [67] and neovascular age-related macular
degeneration (nAMD) [68]. These findings showed that
faricimab may improve visual acuity in patients with DME,

The Role of Angiopoietin-2 in Kidney
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and bring better treatment durability in both DME and
nAMD patients when compared with standard care [69].
Following the positive phase 2 findings, the ongoing phase 3
trials aim to assess the faricimab’s safety, efficacy, and
durability in DME (YOSEMITE and RHINE) and nAMD
(TENAYA and LUCERNE) patients. The potential
mechanisms of action of faricimab in DME and AMD
might be Tie-2 activation and vascular stabilization.
Tumor angiogenesis is a complex and highly coordi-
nated process that requires the sequential activation of
several factors, but the VEGF and Ang/Tie signaling
pathways are generally viewed as key steps [70]. Many
studies previously demonstrated that Ang-2 expression
was upregulated in many types of cancer [71, 72].
Moreover, studies have shown that Ang2 promotes tumor
angiogenesis and metastasis in conjunction with VEGFA
[73-75]. Ang-2 inhibitors in cancer therapies are cur-
rently in various stages of clinical development. Nesva-
cumab (REGN 910) is a fully human anti-Ang-2
monoclonal antibody for treating advanced-stage solid
tumors, completing phase 1 clinical study [76]. Treba-
nanib (AMG 386) is a peptide antibody that inhibits Ang-
1 and Ang-2 interaction with their receptor Tie-2, cur-
rently in phase 2 clinical study. Prior studies showed
trebananib improved progression-free survival when
combined with paclitaxel in recurrent ovarian cancer
patients [77]. However, subsequent results of the phase 2
study showed that the addition of trebananib to che-
motherapy often failed to improve patient outcomes [78].
Additionally, it was found that peripheral edema was
linked to dual inhibition of Angl and Ang2 [79]. CVX
060 is a monoclonal antibody that can inhibit Ang2. In a
preclinical study, CVX 060 alone or combined with
VEGF inhibitors made certain progress in reducing tu-
mor growth [80, 81]. Several agents targeting both Ang2
and VEGF, such as CVX-241, vanucizumab, BI836880,
and double-antiangiogenic protein (DAAP), demon-
strated antitumor activity in phase 1 and 2 clinical studies
[78]. Moreover, faricimab has not been used for cancer
treatment due to the uncertainty of its antitumor effect.
Although there are no effective inhibitors currently that
specifically target Ang-2 in the setting of renal disease
within clinical practice. However, the inspiring outcomes
in retinal disease and cancer treatment may provide us
insights into the potential pharmacological function of
Ang-2 in kidney disease. Like DME and AMD, kidney
disease is also a multifactorial disease involving dysfunc-
tion of microcirculation and ECs, as well as inflammation.
Similar to tumor growth, the pathogenesis of kidney
disease is also involved in abnormal angiogenesis. Many
preclinical and clinical studies have shown that circulating
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Ang-2 levels significantly increased in renal diseases,
suggesting a key role of Ang-2 in the pathogenesis of
kidney disease. Accordingly, inhibitors targeting Ang-2
may be a promising therapy to improve microvascular
damage and endothelial dysfunction in renal diseases.
Moreover, drugs targeting Ang-2 alone or targeting other
factors together with Ang-2 may serve as a novel and
desirable strategy to alleviate the occurrence and the de-
velopment of AKI and CKD in the near future. Of note,
potential interactions between Ang-2-Tie2 and VEGF-A
pathways in the microenvironment have to be considered,
to observe outcomes regarding efficacy and durability.

Conclusions

Recent preclinical and clinical studies provide us with a
relatively comprehensive understanding of the role of
Ang-2 in renal diseases. Overall, previous studies showed
that Ang-2 levels in tissue or blood are greatly increased
in certain kidney diseases, which might partly contribute
to the dysfunction of endothelium, angiogenesis, and
chronic inflammation involved in the pathogenesis of
kidney diseases. Based on a line of independent studies, it
can be claimed that increased Ang-2 levels qualify as a
reliable diagnostic and prognostic marker in kidney
diseases. Nevertheless, the pathogenic role of Ang-2 in
kidney diseases is still incompletely understood. We are
expecting that more largely high-level preclinical will be
carried out in the future to explore the specific mecha-
nisms of Ang-2 action in the pathogenesis of kidney
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