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REVIEW

The renal microcirculation in chronic 
kidney disease: novel diagnostic methods 
and therapeutic perspectives
Shulin Li1, Fei Wang1 and Dong Sun1,2* 

Abstract 

Chronic kidney disease (CKD) affects 8–16% of the population worldwide and is characterized by fibrotic processes. 
Understanding the cellular and molecular mechanisms underpinning renal fibrosis is critical to the development of 
new therapeutics. Microvascular injury is considered an important contributor to renal progressive diseases. Vascular 
endothelium plays a significant role in responding to physical and chemical signals by generating factors that help 
maintain normal vascular tone, inhibit leukocyte adhesion and platelet aggregation, and suppress smooth muscle 
cell proliferation. Loss of the rich capillary network results in endothelial dysfunction, hypoxia, and inflammatory and 
oxidative effects and further leads to the imbalance of pro- and antiangiogenic factors, endothelial cell apoptosis 
and endothelial-mesenchymal transition. New techniques, including both invasive and noninvasive techniques, offer 
multiple methods to observe and monitor renal microcirculation and guide targeted therapeutic strategies. A better 
understanding of the role of endothelium in CKD will help in the development of effective interventions for renal 
microcirculation improvement. This review focuses on the role of microvascular injury in CKD, the methods to detect 
microvessels and the novel treatments to ameliorate renal fibrosis.
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Introduction
The number of patients with chronic kidney disease 
(CKD) and consequently those progressing to end-
stage renal disease (ESRD) is increasing, and the social, 
economic, and medical burden of CKD has received 
increased attention as a leading public health problem 
around the world [1]. The prevalence of CKD in China 
is as high as 10.8% according to a survey published in 
Lancet in 2012 [2]. Despite traditional drug and renal 
replacement therapies, the proportion of patients with 
CKD progressing to ESRD is still high, and the 5-year 

survival rate of dialysis patients is less than 50%. There-
fore, protecting renal function is a leading public health 
goal, and a better understanding of the mechanisms 
underlying CKD is urgently needed.

Systemic microvascular rarefaction is one of the patho-
genesis of the development of multiorgan damage in 
CKD patients, for example, in skeletal muscle, heart, 
and cerebrovascular disease. Flisinki et  al. found that 
the microvascular density was significantly decreased 
in the locomotor muscle in rats with 5/6 nephrec-
tomy comparing to the sham-operated controls, which 
may lead to uremic myopathy syndrome [3]. A greater 
decrease of microvascular rarefaction in the myocar-
dium was also found in a few studies examining the heart 
in rodents with the CKD models, suggesting a systemic 
“toxic” effect of uremia on the endothelial cells [4–6]. 
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In a study of Burns et al., 48% of CKD participants had 
mild or severe cognitive impairment, which may due to 
the cerebral vessel disease. This implicated that micro-
vascular rarefaction in CKD is one of the pathogenesis 
of cognitive impairment [7]. Renal capillaries, which 
deliver oxygen and nutrients to the tubules, mediate 
vasoactivity, and maintain the local balance between 
pro- and antiangiogenic factors, are crucial for proper 
kidney function. Several recent studies have suggested 
renal capillary rarefaction and endothelial injury as sig-
nificant pathophysiological processes promoting renal 
fibrosis [8–12]. Microvascular injury results in increased 
vasoconstriction, vascular permeability, activation of the 
complement system, inflammation, oxidative stress, and 
endothelial cell apoptosis/necrosis, and is thought to be 
closely linked to the progression of CKD to ESRD. In this 
review, we analyze the role of microvascular damage in 
CKD progression, summarize recent developments in 
experimental technology used to observe tissue micro-
vasculature, and discuss the therapeutic issues related to 
targeting the restoration of renal capillaries.

Vascular endothelial function and dysfunction
Blood vasculature is important for the health of tissues 
as it facilitates the delivery of oxygen and nutrients. 
Endothelial cell injury is a major event in CKD that con-
tributes to multiple macro- and microvascular damages. 
Healthy endothelium is considered a key contributor to 
the response to physical and chemical signals via main-
taining barrier function, limiting platelet aggregation 
and adhesion, maintaining normal vascular tone and 
vascular homeostasis, regulating anti-inflammatory fac-
tors and coordinating immune response. Under physi-
ological conditions, the intact vascular endothelium can 
effectively prevent pathogen invasion, at the same time, 
vascular endothelial cells synthesize and release tissue 
plasminogen activator (tPA), thrombomodulin (TM) and 
other anticoagulant substances, which make the blood 
in the blood vessel in a mild fibrinolytic state and main-
tain smooth blood circulation [13]. When the integrity of 
the vascular endothelium is destroyed and the collagen 
under the intima is exposed, platelet adhesion and aggre-
gation will begin, and the aggregated platelets can release 
ADP, TXA2 and activated platelet activating factor (PAF), 
which can be triggered and exacerbated platelet aggre-
gation. Endothelial cells and platelets work together to 
complete the process of hemostasis and blood vessel 
damage repair [14].

Another important function of endothelium is to regu-
late vascular tone, which results from the release of sev-
eral vasoactive molecules that relax the vessel, such as 
nitric oxide (NO), or constrict the vessel, such as angi-
otensin-2 and endothelin (ET). NO is a physiological 

metabolite of L-arginine produced following the activa-
tion of endothelial NO synthase (eNOS) [15]. This eNOS-
derived NO diffuses to the vascular smooth muscle cells 
and activates guanylate cyclase, which contributes to 
cGMP-mediated vasodilatation [16]. NO has diverse 
biological functions, including relaxing vascular smooth 
muscle and preventing its proliferation and inhibiting 
platelet aggregation and leukocyte activation. There-
fore, a reduction in vasodilators may result in impaired 
endothelium-dependent vasorelaxation and subsequently 
lead to tissue ischemia and hypoxia. Angiotensin-2, the 
major activator in the renin–angiotensin system (RAS), 
has been shown to participate in endothelial dysfunction 
via its vasoconstrictive, proliferative and proinflamma-
tory effects on vessels [17]. A study reported that activa-
tion of angiotensin-2 signaling triggers oxidative stress by 
inducing multiple downstream pathways, thereby result-
ing in growth arrest and apoptosis in endothelial cells. 
Blockage of angiotensin-2 signaling has been reported to 
protect the retinal vasculature by inhibiting endothelial 
cell apoptosis and improving blood flow [18]. Endothe-
lin (ET) is mainly synthesized by endothelial cells and is 
a powerful vasoconstrictor. Serum ET-1 level (the main 
form of endothelin) plays an important role in main-
taining basal vascular tone and cardiovascular system 
homeostasis [19]. Therefore, the imbalance of vasodila-
tative and vasoconstrictive molecules leads to impaired 
endothelial function.

The endothelium is also injured in response to the 
damage of vascular homeostasis, which is causing by an 
increase in antiangiogenic factors, such as angiopoietin-2 
(Ang-2) [20], and thromboxane A2 [21], and a decrease 
in proangiogenic factors, such as Ang-1 [22, 23], vascu-
lar endothelial growth factor (VEGF), and EGF [24]. An 
imbalance in proangiogenic and antiangiogenic factors 
results in functional defects and structural abnormalities 
in microvessels. Ang-1and Ang-2 are natural ligands of 
the Tie-2 receptor, which is expressed almost exclusively 
on endothelial cells and hemopoietic cells. Ang-1 could 
promote endothelial cell stability by binding and induc-
ing tyrosine phosphorylation in Tie-2 [25, 26]. This reac-
tion helps maintain a ‘quiescent’ phenotype in capillaries 
by inhibiting endothelial hyperpermeability, thereby pre-
venting inflammatory cells from infiltrating renal inter-
stitium and activating fibroblasts. The studies to date 
have demonstrated that Tie2 participates in angiogenesis, 
vessel remodeling and vessel maturation. Maisonpierre 
PC et al. showed that overexpression of Ang-2 could dis-
rupt vessel formation in vivo, indicating that Ang-2 is a 
naturally competitive antagonist of Ang1 and the Tie2 
receptor [27].

As an active part of the immune system, endothelial 
cells, in addition to ensuring the integrity of the structure 
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and function of the blood vessel wall, can also express or 
up-regulate a variety of immune function-related mol-
ecules after activation, such as IL-1, IL-6, IFNβ, M2CSF, 
etc. [28]. Endothelial cells can not only serve as target 
cells for cytokines and inflammatory factors, but also 
secrete active mediators such as cytokines, and play an 
important role in the body’s inflammatory and immune 
response processes.

Microvascular injury and kidney diseases
The kidney is a highly vascularized organ. Microvascu-
lar injury has been observed in different kidney diseases, 
which eventually progress to CKD. Rafael Kramann R 
et  al. [29] directly showed decreased peritubular capil-
lary (PTC) density and diameter of individual capillaries 
in long-term acute kidney injury (AKI) models by using 
a novel technique known as fluorescence microangiog-
raphy (FMA), demonstrating a link between AKI leading 
to future CKD and loss of peritubular perfusion. Ehling J 
et al. [30] showed that mice with I/R-induced AKI exhib-
ited significant capillary rarefaction at early time points 
after I/R injury by using microcomputed tomography 
(µCT) and 3D microarchitecture to analyze the renal vas-
culature. Although glomerular hypertrophy and hyperfil-
tration induced by neoangiogenesis of the microvessels 
were observed in early diabetes, the opposite was 
observed in advanced diabetic nephropathy, which is 
characterized by capillary rarefaction accompanied by 
local tissue hypoxia [31]. A study by Maric-Bilkan C et al. 
[32] showed that the density of microvessels with diame-
ters under 100 μm was reduced by 34% after 4 weeks and 
by 75% after 12 weeks in the streptozotocin-induced dia-
betic models compared with the nondiabetic models by 
using micro-CT reconstruction of the renal microvascu-
lar architecture. Hypertension is second only to diabetes 
in leading to the development of CKD [33, 34], which is 
accompanied by functional and structural alterations in 
microvessels. Hao HF et al. [35] showed that renal arter-
ies from spontaneous hypertensive rats (SHRs) exhibited 
less relaxation in response to acetylcholine, decreased 
phosphorylation of eNOS, and downregulation of NO 
production, suggesting that endothelial function is 
impaired in hypertension models. Recently, several stud-
ies have demonstrated that hyperuricemia is actively 
involved in the development of CKD. Kang DH [36] 
found that uric acid contributed to a phenotypic change 
in umbilical vein endothelial cells (HUVECs) to elon-
gated fibroblast-like cells accompanied with endothelial 
cell apoptosis in  vitro. Meanwhile, capillary rarefaction 
and increased fibrosis marked by α-SMA were detected 
in the animal model of hyperuricemia, demonstrating 
the progress of fibrosis in the kidney of hyperuricemic 
rats in  vivo. According to the abovementioned studies, 

ischemia/reperfusion, diabetes, hypertension and hyper-
uricemia are some of the prevalent risk factors for 
endothelial dysfunction and injury, which lead to CKD. 
Moreover, microvascular injury is thought to be the com-
mon pathophysiological pathway in the progression to 
CKD.

The mechanism underlying the correlation between 
capillary rarefaction and CKD involves tissue hypoxia, 
recruitment of proinflammatory factors and reactive oxy-
gen species (ROS), leukocyte adhesion and macrophage 
infiltration (Fig. 1).

Hypoxia
In 2002, Fine LG [37] proposed the breathing kid-
ney, emphasizing the role of tubulointerstitial hypoxia 
accompanied with microvascular damage in progres-
sive kidney disease. We are currently conducting a study 
that assesses renal hypoxia in patients with CKD using 
blood oxygenation level-dependent magnetic resonance 
imaging (BOLD-MRI), the only noninvasive method for 
evaluating tissue oxygen metabolism. We found that the 
blood perfusion of renal cortex in CKD patients was less 
than that in normal controls, indicating that hypoxia is 
closely related to renal injury. There are many mecha-
nisms of hypoxia-induced renal interstitial fibrosis, most 
of which have been confirmed: (1) Hypoxia can stimulate 
the proliferation of fibroblasts, induce their transforma-
tion into myofibroblasts and increase extracellular matrix 
deposition [38, 39]. (2) Hypoxia can stimulate renal 
parenchyma cells to release protein factors related to 
renal fibrosis. These protein factors play a significant role 
in regulating tubulointerstitial fibrosis through paracrine 
and autocrine pathways [40]. (3) Hypoxia leads to vascu-
lar endothelial cell injury and microcirculation disorders, 
further decrease the availability of oxygen and nutrients 
for the tissue, and enhance tubular stress and endothelial 
cell injury, eventually forming a vicious cycle of hypoxia-
induced microcirculation injury [41].

Inflammatory factors
Proinflammatory cytokines increase the expression of 
endothelial adhesion molecules, including ICAM-1, 
VCAM-1, and P-selectin in the PTCs [42]. This result 
enhances endothelium-leukocyte interactions, creating 
a vigorous proinflammatory state. Moreover, inflam-
matory activation results in apoptosis of endothelial 
cells and increase the exposure of endothelial adhesion 
molecules, which may also lead to impaired microcir-
culation, causing a positive feedback cycle in the inflam-
matory response. Some evidence showed that inhibition 
of the IL-1 receptor signaling molecule IRAK4 results 
in reduced kidney stromal cell proliferation and fibrosis, 
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highlighting the role of proinflammatory cytokines in the 
profibrogenic molecular pathway [43].

Oxidative stress
Oxidative stress is a pathological state induced by an 
imbalance in the generation and clearance of ROS, which 
causes lipid peroxidation, increased hydrogen peroxide, 
and DNA and protein damage. Oxidative stress is ele-
vated because of ischemia-induced hypoxia, which could 
increase the activity of NADPH oxidases and decrease 
the release of antioxidant proteins [44, 45]. ROS pro-
mote the apoptosis and necrosis of endothelial cells and 
endothelial cell-to-myofibroblast transition [46, 47] 48. 

Meanwhile, cell death and inflammation are signals for 
the recruitment and activation of myofibroblasts, which 
subsequently cause renal fibrosis [49].

The immune response
Both innate and adaptive immune responses contribute 
significantly to the progression of renal injury. Mac-
rophages play an important role in host resistance to 
infection (innate immunity) and in removing apoptotic 
cells, cell fragments and foreign bodies. The accumula-
tion of macrophages in the renal interstitium, caused by 
a damaged endothelial barrier and local proliferation of 
blood monocytes, is a common feature in most CKD 

Fig. 1 Mechanism underlying the correlation between capillary rarefaction and CKD involves the tissue hypoxia, recruitment of proinflammatory 
factors and reactive oxygen species (ROS), macrophages infiltration and pericyte detachment and migration. Loss of capillaries accompanied by 
hypoxia would induce an injury cascade with oxidative stress and inflammation. Proinflammatory cytokines induce not only increase expression of 
endothelial adhesion molecules but also cells present in the microenvironment, such as fibroblasts and myofibroblasts. Oxidative stress contributes 
to progression of kidney disease by upregulating production of ROS, which promote apoptosis and necrosis of endothelial cells. Oxidative stress 
and inflammation also promote endothelial-mesenchymal transition (EndMT) and epithelial-mesenchymal transition (EMT). Macrophages leak 
into the renal interstitium through injured endothelial cell–cell contacts and undergo macrophage-fibroblast transformation (MMT). The injured 
endothelial cells induced by stimulus deliver signals to pericytes, leading to the detachment of pericytes from the PTCs, migration into the 
interstitium, where they differentiate into myofibroblasts
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cases. One of the mechanisms of macrophage-medi-
ated fibrosis was elucidated by Neil C. Henderson et al., 
whom demonstrated that galectin-3 (a β-galactosidase-
binding lectin) secreted by macrophages promotes 
renal fibrosis via a TGF-mediated pathway [50, 51]. 
Recently, in a study [52] of renal biopsy samples from 
patients with progressive CKD, coexpression of mac-
rophage markers (F4/80 and CD68) and a fibrotic 
marker (α-SMA) in conjunction with the accumulation 
of collagen I were found in the renal interstitium, sug-
gesting that macrophage-to-myofibroblast transition 
(MMT) may be another pathway that contributes to 
renal fibrosis in CKD.

Pericytes
A study conducted by Fligny C and colleagues [53] has 
identified pericyte detachment from capillaries as a 
critical step of capillary rarefaction [54]. Pericytes are 
mesenchymal cells located on the abluminal side of 
endothelial cells and contribute to the formation and 
stabilization of microvessels. The injured endothelial 
cells leads to the delivery of signals to pericytes, follow-
ing which pericytes detach from the PTCs and migrate 
into the interstitial space, where they differentiate into 
myofibroblasts and subsequently contribute directly to 
pathological matrix deposition [55]. The consequence 
of this action for microvessels is instability, increased 
leakage and a damaged basement membrane. Molecu-
lar and cellular mechanisms by which pericytes regu-
late microvascular stability were recently reported [56], 
identifying TIMP3 as a pericyte factor that improves 
vascular stability by detecting the loss of TIMP3 dur-
ing pericyte transition to myofibroblasts. Moreover, 
TIMP3 has been demonstrated to prevent the activity 
of some matrix metalloproteinases (MMPs) and a dis-
integrin and metalloproteinase with thrombospondin 
motifs-1 (ADAMTS1) and suppress the activation of 
the endothelial receptor VEGFR2. TIMP3-deficient 
mice showed more-severe endothelial abnormalities 
and interstitial fibrosis due to an increase in migration, 
proliferation and expression of a-SMA and ADAMTS1, 
which could accelerate capillary tube regression. In 
a recent study, Kramann R et  al. [57] verified their 
hypothesis that pericyte loss led to tubular injury and 
PTC rarefaction. Gli1 + pericytes represent a small sub-
fraction of interstitial kidney cells, but a primary source 
of renal myofibroblasts. After kidney injury, Gli1 + cells 
detach from microvessel, and ablation of Gli1 + cells 
induces tissue hypoxia, an inflammatory response, and 
subsequent sustained capillary rarefaction. Therefore, 
pericytes might also be a key factor that affects the 
development of renal fibrosis.

Methods for assessing microvessels in CKD
Progressive kidney diseases are related to endothe-
lial injury and capillary rarefaction. Therefore, to better 
understand these pathophysiological processes, tools 
enabling the quantitative and noninvasive monitoring 
of vascular changes are required. Microvascular density 
is usually measured by immunostaining (endothelial cell 
antigens, such as CD31), estimating the surface area of 
endothelial cells or counting the number of genetically 
labeled endothelium (such as Tie 2). However, these 
methods may lead to errors. Several new technologies 
have been used to observe tissue microvasculature in 
recent years (Table 1).

Synchrotron radiation (SR) for visualizing structures 
within nephrons
Synchrotron radiation (SR) could help to achieve greater 
spatial resolution compared with conventional X-ray. 
Several studies have reported the successful application 
of SR in angiography. Sonobe T et  al. indicated that SR 
is an effective tool for microangiography of the pulmo-
nary microcirculation (diameters < 100 micron) in the 
rat [58, 59]. SR contrast angiography has been applied on 
coronary arteries as small as 100 micron in diameter in 
a beating heart and 50 micron in an arrested heart [60]. 
A change in renal microcirculation is closely associated 
with renal failure. Therefore, SR could be used for inves-
tigating structures within nephrons. The SR derived X- 
rays transmitted through the subjects were recorded by 
a CCD camera. And the X-rays are converted to visible 
light on a fluorescent screen. A study of Miya K group 
showed that the SR renal microangiography (SRRM) 
was applied to visualize proximal tubules, glomeruli, 
and renal arterioles, and the minimum diameter of the 
observed arteriole was 18 μm [61]. A limitation of this 
method is that all images of nephrons are projected, 
which do not fully reflect the three-dimensional struc-
tures within kidneys.

Microcomputed tomography (μCT) for anatomical 
and functional imaging of vascular alterations
μCT for anatomical and functional imaging of micro-
vascular changes could clearly show the branching, size 
and tortuosity of blood vessels. μCT has already been 
employed in cancer research, which is characterized 
by different degrees of angiogenesis. The combination 
of functional in vivo and anatomical ex vivo X-ray μCT 
enables a highly precise quantification of relative blood 
volume and highly detailed analysis of the three-dimen-
sional micromorphology of tumor vessels [62]. Ehling 
J et  al. indicated that the μCT method could accurately 
reflect hepatic blood vessel alterations in liver fibrosis and 
become a promising tool for estimating angiogenesis and 
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the effects of antiangiogenic therapy [63]. In renal artery 
stenosis (RAS) pigs, we have found decreased density of 
small-size cortical microvessels (< 200 mm) and athero-
sclerosis-aggravated loss of renal cortical microvessels 
by using μCT, both of which lead to accelerated renal 
dysfunction [64]. A research team from Germany used 
μCT to observe macro-to-microvascular changes in 
three murine models with different mechanisms of pro-
gressive renal disease: the unilateral ureteral obstruction 
(UUO) model, ischemia–reperfusion (I/R) injury model, 
and progressive glomerulonephritis model (Alport mice), 
demonstrating the close correlation between PTC rar-
efaction and kidney injury. Mice were imaged before 
and immediately after intravenous injection of 100 ml 
eXIATM160XL, which is an iodine-based contrast agent 
optimized for in vivo μCT-based blood pool imaging,This 
method provide a noninvasive visualization of renal ves-
sels with a spatial resolution of 35 mm voxel side length 
[30]. However, there are some limitations to this method, 
including X-ray exposure and the need for iodine-based 
contrast agents [65].

FMA method for assessing the microvascular architecture 
of the kidney
Recently, Advani A and colleagues [66] reported the 
use of fluorescence microangiography (FMA) by renal 
artery injection in 5/6 nephrectomy mice. The FMA 
method allowed the three-dimensional reconstruction 
of renal microvasculature and circumvents and identi-
fied a decrease in both glomerular and PTC density in 
subtotally nephrectomized rats. FMA uses low-melt-
ing-point agarose with fluorescent polystyrene micro-
spheres, which could perfuse the microvasculature and 
provide a microangiogram via confocal microscopy. The 
FMA method provides an optimal structure of the renal 
microvessels and avoids limitations of endothelial anti-
gens, which may be coexpressed by the lymphatic vascu-
lature. Moreover, a team from Harvard Medical School 
improved this technique by intracardiac injection, allow-
ing a highly distinct visualization of vascular perfusion in 
the kidney, heart and liver. Additionally, the team created 
a MATLAB-based script that allows the precise analysis 
of totally perfused cortices, capillary number and even 
the perimeter and area of the individual capillary cross-
section. These researchers found that the loss of peritu-
bular perfusion and capillary density in the AKI model 
was closely correlated with the severity of renal injury 
and further leads to renal interstitial fibrosis [29]. In our 
recently study, we applied FMA method to evaluate the 
renal microvasculature and found that the capillary num-
ber and total perfused area were reduced in the UUO 7d 
group compared with the sham group. Additionally, in 
order to mark the outline of PTCs, CD31, an endothelial 

cell antigens expressed on endothelial cell surface was 
utilized, and showed that capillaries surrounded by 
CD31 + endothelial cells in the UUO group appeared a 
decreased luminal FMA signal, indicating a lack of perfu-
sion of these capillary vessels [67] (Fig. 2a).

Blood Oxygen Level‑ dependent Magnetic Resonance 
Imaging (BOLD‑MRI) for accessing tissue oxygen 
metabolism
BOLD-MRI, which is based on paramagnetic properties 
of deoxyhemoglobin, could evaluate the degree of tis-
sue hypoxia by measuring the deoxyhemoglobin level. 
BOLD-MRI is also the only noninvasive, safe and reli-
able method to access tissue oxygen metabolism [68]. 
BOLD-MRI is primarily used in brain functional imag-
ing. With advances in scanning technology, BOLD-
MRI has been applied more widely in kidney diseases, 
including I/R renal injury [69], diabetic nephrology [70], 

Fig. 2 a The fluorescent microangiography (FMA) method is 
based on low-melting-point agarose with fluorescent polystyrene 
microspheres which could perfuse the microvasculature and 
identified a decrease in both glomerular and PTC density in the 
kidneys of UUO model. Immunostaining surrounding with CD31 
(expressed on the surface of endothelial cells) demonstrates capillary 
rarefaction in response to the obstructed kidney. b Renal R2* images 
in the CKD patient: Uneven blue in the cortex indicates decreased 
cortical oxygenation. The large green, yellow and red areas in the 
medulla indicate decreased medullary oxygenation
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contrast nephropathies [71] and renal allograft rejection 
[72]. Renal diseases are often accompanied by changes 
in microvascular and renal perfusion, which further 
induce hypoxia in tissue. Therefore, changes in the level 
of oxygenation in the kidney can often reflect abnormal 
changes in the early stage of the disease and indirectly 
evaluate the microcirculation of the tissues. A research 
team from the Mayo Clinic explored the relationship 
between renal blood oxygen level and renal blood perfu-
sion in patients with renal vascular diseases before and 
after the use of diuretics by using BOLD-MRI. This team 
found that the decrease in blood flow and GFR were 
closely related to the fractional hypoxia of kidney tissue 
and that a diuretic could improve renal hypoxia [73]. In 
a study from our group, we used regional and whole-
kidney ROI selection methods combined with the 3.0-T 
MRI creatively to evaluate the renal oxygenation in CKD 
patients. This system automatically generated an R2* 
pseudocolor map showing a gradual transition from blue 
(represents high renal tissue oxygenation) to green, yel-
low and red (represents significant hypoxia), indicating 
a gradual increase in renal hypoxia. The results showed 
decreased cortical and medullary oxygenation compared 
with the healthy people [74] (Fig. 2b). In addition, BOLD-
MRI avoids the use of exogenous contrast agent, which is 
a great advantage for clinical application.

Electron microscopy for visualizing subtle ultrastructure 
of the endothelium
Normal peritubular capillary endothelial cells are thin 
or flat with regular contours. The cell soma of endothe-
lial cells is perforated by fenestrations, which make the 

cytoplasm travel in small segments. Electron micros-
copy is the only method to visualize subtle ultrastructure, 
indicating that the very early changes of endothelial cells 
could be detected. Babickova J et al. [9] have studied the 
ultrastructural alterations of the microvasculature in 3 
murine models of different kidney disease. Compared 
with the kidneys of control group, decreased numbers of 
fenestrations, the widening of the subendothelial space 
and increased numbers of endothelial vacuoles and cave-
olae were detected by Electron microscopy in fibrotic 
kidneys. These findings allow us to visualize the damage 
of endothelial cells of PTCs in progressive kidney disease 
and is in line with recent data showing the role of micro-
vascular endothelium in renal intestitial fibrosis [75]. 
However, the limitation to this method is the potential 
sampling error, because only a very small amount of tis-
sue is analyzed.

Intravital multiphoton microscopy (MPM) 
for the single‑cell–level investigation
MPM is a powerful technique to study alterations in tis-
sue morphology and function simultaneously in the liv-
ing animal, which perform long-term cell fate tracing of 
the same renal cells by following ex  vivo histology [76]. 
Completely noninvasive and high-quality renal imaging 
can be achieved through an abdominal imaging window 
(AIW), which consists of coverslipped titanium ring, 
adhering to the kidney. This enables researchers to obtain 
structural and functional data of individual nephron in 
the same region within a certain period of time, avoids 
the problem of heterogeneity of renal tissue, and estab-
lishes the dynamics and patterns of individual cell’ 

Table 1 Methods of accessing microvessels in CKD

Methods Applications Advantages Disadvantages References

Synchrotron radiation (SR) Visualizing proximal tubules, 
glomeruli and renal arterioles

Non-invasive method; visualizing 
the smaller arteriole

Can not fully reflect the three-
dimensional structures within 
kidneys

[61]

Micro-computed tomography 
(μCT)

Quantitative monitoring for 
anatomical and functional 
changes of vascular alterations

Non-invasive method; 
user- friendliness; operator 
independence; quantitative 
assessment

X-ray exposure; the need for 
iodine- based contrast agents;

[30, 65]

FMA-method Assessing the microvascular 
architecture of the kidney

Enabled the three-dimensional 
reconstruction; quantitative 
assessment

Sacrifice of the animals [29, 67]

BOLD-MRI Accessing tissue oxygen metab-
olism and indirectly evaluating 
the microcirculation

Noninvasive method; without 
exposure to radiation or exog-
enous contrast agents; high 
spatial resolution

The R2* value is easily affected; 
the absence of cortico- medul-
lary differentiation

[74]

Electron microscopy Visualizing subtle ultrastructure 
of the endothelium

Visualizing the very early 
changes to endothelium

Sacrifice of the animals; the 
potential sampling error

[9]

Intravital Multiphoton Micros-
copy (MPM)

Quantitative evaluations of 
numerous renal functions

Noninvasive; high-resolution Motion artifact; endogenous 
autofluorescence; long time 
image collection

[77, 78]
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movement and migration over time. Schiessl IM’s group 
[77] have successfully use this method to track the migra-
tion and differentiation of individual renal progenitor cell 
in homozygous Ren1d-Confetti reporter mice. Schiessl 
IM et al. [78] have investigated tubular cells migrate and 
proliferate to the location of ablated tubular cells and 
reconstitute the functional integrity of the tubule by 
using MPM with subsequent ex  vivo histology. There-
fore, we believe that this new technique is hopeful to be 
applied to the dynamic observation of renal endothelial 
cells and renal interstitial cells, and cell-to-cell communi-
cation with functional alterations in vivo.

Therapeutic strategies targeting injured 
microvessels
CKD is characterized by renal fibrosis, with excessive 
accumulation of extracellular matrix leading to progres-
sive renal failure. Mounting evidence has demonstrated 
the significant role of microvasculature injury in the 
development of interstitial fibrosis and CKD progres-
sion. Therefore, restoration of renal microcirculation is a 
rapidly expanding area of research and a promising ther-
apy for the prevention of kidney fibrosis. Unfortunately, 
despite current treatments, the majority of patients still 
experience progressive renal failure and develop ESRD. 
To solve these conventional therapeutic limitations, new 
and affordable therapies are urgently needed.

Growth factors and cytokines
Several growth factors and cytokines have been reported 
to ameliorate renal fibrosis in experimental models of 
CKD (Table 2).

VEGF has shown promise in improving renal func-
tion in various models of renal disease. Tissue hypoxia 
induced by chronic ischemia not only leads to significant 
microvascular injury but also an impaired angiogenic 

response that results in decreased expression of VEGF 
and altered downstream signaling pathways[67, 79, 80]. 
Based on these findings, VEGF is regarded as one of the 
promising therapeutic growth factors for microcircula-
tion improvement and is well known as the most potent 
inducer of angiogenesis and an endogenous regulator of 
endothelial integrity. Chade AR et al. demonstrated that 
intrarenal VEGF therapy significantly reduced micro-
circulation injury and restored renal function in a swine 
model of RAS through the induction of proliferation, 
endothelial tube formation, and migration of endothelial 
cells. However, as VEGF is limited by its short t1/2 and 
its susceptibility to degradation, a biopolymer-stabilized 
elastin-like polypeptide (ELP)-VEGF fusion protein was 
generated to improve the bioavailability of VEGF. The 
study indicated that renoprotective effects after ELP-
VEGF therapy was largely driven by modulation of renal 
macrophages toward the anti-inflammatory M2 pheno-
type, restoring VEGF signaling and sustaining improve-
ment of renal function and microvascular integrity in 
CKD [81].

A group of Xu J demonstrated that GLP-1R agonist 
have a protective effect against renal interstitial fibro-
sis induced by renal microcirculation injury. Activat-
ing GLP-1R resulted in positive effect via antiapoptotic 
effect, inhibiting the phenotypic conversion of renal 
microvascular vascular smooth muscle cells, and inhib-
iting endothelial-to-mesenchymal transition (EndMT) 
through increasing BMPR2 and decreasing TGF- β1 [82].

Angiopoietin-1 (Ang-1), a vascular growth factor 
secreted by renal proximal tubular cells and podocytes, 
has endothelial network formation and potent EC sprout-
ing and migration capacity. Ang-1-deficient mice have 
been reported to exhibit severe organ damage, and fibro-
sis was promoted via the regulation of vascular density. 
Moreover, Singh S showed a potential therapeutic effect 

Table 2 Growth factors and cytokines for improving renal microcirculation

Setting Intervention Mechanism Effects References

Chronic renovascular desease 
(unilateral renal artery stenosis)

Vascular endothelial growth 
factor(VEGF)

Restored microvascular density Attenuated fibrogenic activity 
and improved kidney blood 
flow and GFR

[81]

Renal interstitial fibrosis (mono-
crotline treated rats)

Glucagon-Like Peptide-1(GLP) Reduced microcirculation lesion 
and inhibit EndMT

Reduced microcirculation lesion-
induced renal fibrosis

[82]

Renal interstitial fibrosis (UUO 
model)

Angiopoietin-1 (Ang-1) Stimulated the growth of 
peritubular capillaries and 
dampened renal inflammation

Attenuated myofibroblast acti-
vation and interstitial collagen 
I accumulation

[83]

Renal interstitial fibrosis (UUO 
model)

Insulin-Like Growth Factor- 1 
(IGF-1R)

Preserved endothelial function 
by stabilization of the VE-
protein tyrosine phosphatase/
VE-cadherin complex

Suppressed the inflammatory 
cell infiltration and renal 
fibrosis

[85]

Chronic kidney disease (5/6 
nephrectomized rats)

Netrin-1 inhibited EndMT Attenuated the progression of 
renal dysfunction

[87]
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of Ang-1 by activating Tie2 to inhibit TNFα-induced leu-
kocyte capillary transmigration and ultimately repairing 
microvasculature damage [83].

Insulin-like growth factor-1 receptor (IGF-1R), a 
member of the tyrosine kinase receptor superfamily, is a 
transmembrane receptor. IGF-I and IGF-II receptors are 
abundantly expressed on endothelial cells, demonstrat-
ing that these growth factors play a physiological role in 
microvessels [84]. IGF-1R contributes to the regulation 
of cellular proliferation, differentiation, and survival. 
To demonstrate the critical role of IGF-1R in maintain-
ing endothelial function, Liang M et al. established IGF-
1R KO mice and detected increased interstitial fibrosis 
and enhanced extracellular matrix (ECM) deposition. 
Conversely, inflammation and renal fibroblast induced 
by UUO were mitigated after IGF-1R overexpression by 
reducing vascular hyperpermeability [85].

Netrin-1 is a laminin-related secreted protein that 
could play a critical role in promoting vascular endothe-
lial cell migration and angiogenesis. Several studies have 
reported the protective effect of netrin-1 on kidney dis-
eases, including I/R renal injury and diabetic nephropa-
thy [86]. Therefore, Bai J et  al. explored the potential 
therapeutic effect of netrin-1 on CKD. Animal experi-
ments were performed to demonstrate that netrin-1 
could alleviate the progression of renal failure and atten-
uate interstitial fibrosis by suppressing EndMT in 5/6 
nephrectomy rats via blockade of the TGF-β/Snail/α-
SMA signaling pathway [87].

Cell therapy
Cell-based therapy is not only the most advanced regen-
erative therapeutic strategy to date but one that has 
shown great promise for the treatment of CKD [88]. The 
most widely used cell is the stem cell, given its ability to 
be used in animal models of kidney diseases [89, 90]. By 
targeting the underlying mechanism of the renal diseases, 
stem cell-based therapy restores the structure and func-
tionality of damaged tissues by stimulating the endoge-
nous regenerative capacity [91]. There are different types 
of stem cells available for regenerative therapy (Table 3). 
Embryonic stem cells (ESCs) and human induced pluri-
potent stem cells (hiPSCs) are those with the most differ-
entiation potency. However, these cells also seem to have 
the greatest tumorigenesis property. Van den Berg et al. 
[92] demonstrated that hiPSC-derived kidney organoids 
develop host-derived vascularization in  vivo and con-
tribute to the formation of a glomerular basement mem-
brane and fenestrated endothelial cells as detected by 
ultrastructural evaluation. Musah et al. [93] showed that 
hiPSCs had a remarkable capacity to self-renew indefi-
nitely and differentiate into endothelial cells by coculture 
with human kidney glomerular endothelium. Despite 

their potent differentiation capacity, the widespread use 
of ESCs and hiPSCs are limited by ethical issues and high 
tumorigenicity [94].

Endothelial progenitor cells (EPCs), which are derived 
from the bone marrow, play a critical role in repair-
ing injured microvessels and promoting angiogenesis. 
Chen et  al. reported that CKD patients showed lower 
EPC numbers in circulation compared with heathy con-
trols, which is associated with cell apoptosis resulting 
from increased oxidative stress and correlated to defec-
tive neovascularization and endothelial dysfunction [95]. 
Based on their capacity to regenerate endothelium, EPCs 
are considered a promising therapeutic agent for CKD. 
Intrarenal infusion of autologous EPCs has been reported 
to improve renal microcirculation in chronic experimen-
tal renovascular disease. Microvascular density and vas-
cular volume were increased after the administration of 
EPCs, as detected directly by μCT. EPCs could not only 
generate new vessels but also promote the stabilization 
and maturation of the new vessels, resulting in renal pro-
tection [96]. In our previous study, bone marrow-derived 
EPC transplantation stimulated the release of angio-
genic cytokines and increased PTC density. Therefore, 
blood supply to renal tubules and oxygen delivery were 
improved, leading to further alleviation of renal intersti-
tial fibrosis in obstructive nephropathy in mice [97]. The 
mechanism by which EPCs preserve capillaries and pro-
mote angiogenesis involves homing to the injured kidney 
and paracrine secretion of growth factors [4, 98].

Mesenchymal stem cells (MSCs) are the most widely 
used cells in regenerative medicine therapy of kidney 
diseases [99]. To date, approximately 1068 active clini-
cal trials investigating the potential of MSCs are listed in 
the US National Library of Medicine (http:// clini caltr ials. 
gov, Mar 2020). These clinical trials span a broad range of 
applications, such as in the treatment of tumors, diabe-
tes mellitus, sexual dysfunction, hematological diseases, 
ischemic injuries, and immune disorders (including auto-
immune urticarial, lupus, systemic scleroderma, Crohn’s 
disease, and graft-versus-host disease) and in soft tis-
sue regeneration. Among these trials, 33 are investigat-
ing MSC targeting in kidney diseases. A research team 
from the Mayo Clinic has completed a clinical trial on 
14 atherosclerotic renovascular disease (RVD) patients 
and demonstrated the safety and efficacy of intraarte-
rial injection of autologous adipose-derived MSCs [100]. 
MSC infusion could alleviate renal tissue hypoxia and 
increase the cortical blood supply to ameliorate the pro-
gression of renal failure. Several studies have recently 
shown that MSCs play an important role in preserving 
renal microvessels and relieving kidney injury in a vari-
ety of kidney disease models (Table  3). Furthermore, 
MSCs can be obtained from a variety of tissues, including 

http://clinicaltrials.gov
http://clinicaltrials.gov
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adipose tissue [101, 102], bone marrow [103–105] and 
amniotic fluid [106, 107], and have been reported to have 
antioxidative, anti-inflammation, proangiogenic, and 
immunomodulatory function in numerous experimental 
studies. More specifically, the functions (including differ-
entiation, immunosuppression, and release of cytokines 
and factors) of MSCs isolated from adipose tissue of 
renal disease patients were not affected by exposure to 
uremic conditions. These results indicate the feasibility 
of developing therapies with autologous MSCs for renal 
failure patients [108].

Kidney‐specific intervention by targeting genes
Several studies have demonstrated that some genes play 
a significant role in renal injury by detecting their high 
expression in different animal models (Table  4). There-
fore, inhibition of specific genes is considered a poten-
tial therapeutic approach. Deng et  al. [109] found that 
protein phosphatase 2A (PP2A) is significantly activated 
by TGF-β1 stimulation, but endothelial integrity and 
function are restored after inhibiting PP2A activation, 
thereby preventing the progression of endothelial cell dif-
ferentiation into scar-forming myofibroblasts. A study 
from Stuart W S showed that the genetic loss of CD248, 
a type I transmembrane glyco-protein that is expressed 
by stromal fibroblasts and myofibroblasts, could protect 
against myofibroblast accumulation through alleviating 
microvascular rarefaction and modulation of pericyte 
and stromal cell function [110]. There is increasing evi-
dence that EGFR activation plays an important role in 
the initiation and progression of renal disease. EGF dele-
tion has been reported to have a protective role in acute 
kidney injury [111], glomerular injury [112] and dia-
betic nephropathy [113]. Furthermore, Zeng et al. dem-
onstrated that endothelial deletion of heparin-binding 

EGF-like factor (HB-EGF) attenuated endothelial cell 
apoptosis, resulting in the protection of glomerular 
capillary integrity and, consequently, the alleviation of 
renal fibrosis [114]. Our previous study also found that 
a specific gene, thrombospondin-1 (TSP-1), was highly 
expressed in the interstitium of both experimental [115] 
and human [116] interstitial fibrosis and that suppression 
of TSP-1 increased VEGF levels and PTC density. These 
results suggested that TSP-1 gene silencing prevented 
renal fibrosis and may become a new potential therapy 
for CKD. Recent evidence indicates that long non-cod-
ing RNA (lncRNA) is rapidly emerging as a promising 
drug targeting angiogenesis. Knock- down of lncRNA 
MALAT1 is reported to inhibit high glucose induced-
fibrosis in the diabetic nephropathy model, which may 
due to the mechanism of supressing endothelial to mes-
enchymal transition via targeting miR-145/ZEB2 axis. 
These results provide a novel potential target for renal 
disease in the future [117]. Although many promising 
therapeutic strategies aiming to silence endothelial genes 
and restore renal microcirculation have been confirmed 
to be effective in animal models, to date, there is still a 
lack of evidence from clinical trials.

Conclusion
The endothelium is considered a key contributor to 
the maintenance of normal vascular homeostasis, and 
injured endothelial cells lead to progressive fibrosis 
and loss of renal function. A number of cellular mech-
anisms are involved, including tissue hypoxia, inflam-
matory cell infiltration, oxidative stress, the immune 
response, pericyte detachment and EndoMT. Tech-
niques for assessing renal microcirculation will help 
acquire a better understanding of the role of capillary 
rarefaction in CKD and direct therapeutic strategies 

Table 4 Kidney-specific intervention targeting genes for improving renal microcirculation

Setting Intervention Mechanism Effects References

Renal interstitial fibrosis (UUO 
model)

Protein phosphatase 2A knockout Preserved density of peritubular 
capillaries and ameliorated renal 
EndoMT level

Prevented renal fibrosis [109]

Renal interstitial fibrosis (UUO 
model)

Deletion of the Stromal Cell 
Marker CD248 (Endosialin)

Inhibited microvascular rarefac-
tion through modulation of 
pericyte and stromal cell 
function

Ameliorated renal fibrosis [110]

Chronic kidney disease (Ang-II 
induced renal injury)

Deletion of heparinbinding EGF-
like factor (HB-EGF)

Preserved endothelial integrity 
and reduced inflammation in 
the perivascular area

Ameliorated renal injury [114]

Renal interstitial fibrosis (UUO 
model)

Thrombospondin-1 (TSP-1) gene 
silencing

Increased PTC density and ame-
liorate hypoxia

Prevented renal fibrosis [115]

Diabetic nephropathy (db/db 
model of DN)

lncRNA-MALAT1 knockout Repressed endothelialto-mesen-
chymal transition via targeting 
miR-145/ZEB2 axis

Inhibited HGinduced fibrosis [117]
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to restoring capillaries. Based on the close relationship 
between microvascular damage and kidney diseases, 
novel therapeutic options targeted toward endothe-
lium have become promising therapies and are thus 
expected to become effective clinical treatments for 
patients with CKD. Science and technology develop-
ment fund of Affiliated Hospital of Xuzhou Medical 
University (XYFC2020001; XYFY2020038).
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