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BACKGROUND

Hypertension has a high morbidity in 
the general population, especially in the 
developed countries, and is regarded as 
the second leading cause of  chronic kidney 
disease (CKD) after diabetes.[1,2] As the 
major target organ affected by hypertension, 
the involvement of  kidney is usually hard 
to avoid and manifested by obvious vessels, 
glomeruli and tubulointerstitium damage. 
The seminal description of  nephrosclerosis 
was first proposed in 1918. For decades, 
a large number of  studies related to 
hypertensive kidney injury have focused 
more on the damage in the capillary 
tuft causing nephroangiosclerosis and 
hyalinosis. More recently, light was shed 
on other histologic aspects and molecular 
mechanisms involved in the promotion of  
renal damage with hypertension, such as 
the renin–angiotensin–aldosterone system 
(RAAS), endothelial dysfunction, podocyte 
injury, calcium channel activation, oxidative 
stress, hypoxia induced factor (HIF) 
overexpression and genetic and epigenetic 
determinants and so on. Therefore, we 
should wholly revisit the classic theory 
of  hypertensive kidney injury known as 
nephroangiosclerosis, ranging from a 
benign to a malignant form.

In the present work, we aimed at providing 
some new insight about hypertensive kidney 
injury, and for a better understanding of  the 
current and future therapeutic strategies for 
global CKD progression. The impact of  
current therapeutic interventions for the 
control of  hypertensive kidney injury, such 
as endothelial glycocalyx, is also discussed 
to demonstrate novel targets.     

RENAL HEMODYNAMIC 
CHANGES 

Classically, it is believed that the kidney is 
protected from the effects of  acute systemic 
blood pressure (BP) increase through 
the auto-regulatory mechanisms, namely 
glomerular afferent arteriole contraction 
due to myogenic response and “tubule-
glomerular feedback”.[3] 

In the early stage of  hypertension, although 
the renal arterioles are in contraction 
state, the contraction of  the efferent 
arterioles is more significant than that of  
the afferent arterioles, so the glomerular 
filtration rate can still be maintained in 
the normal range. However, if  the arterial 
pressure increase becomes more severe 
and exceeds the range of  autoregulatory 
protection, the increased systemic BP can 
directly act on the glomerular capillaries, 
causing intra-glomerular hypertension and 
hyperperfusion, which in turn leads to renal 
arterioles hardening and vascular intima 
thickening, lumen stenosis, renal vascular 
resistance increased. Eventually, renal 
blood flow is further decreased, and renal 
perfusion volume changes from high to low. 
In fact, such adaptive structural changes’ 
response to hypertension will ensure that 
blood vessels withstand the increase in 
wall stress, and play an important role in 
the progression of  renal ischemic damage.

Intra-glomerular hypertension results 
in endothelial damage and glomerular 
hyperfiltration enhancing glomerular 
permeability to macromolecules, especially 
plasma proteins, which causes both tubular 
reabsorption of  proteins and mesangial 
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proliferation, thus leading to tubule-interstitial inflammation 
and glomerulosclerosis. 

In addition to physical shear stress acted on blood vessels, 
glomerular hypertension also exerts a direct action 
on glomerular structures, causing signaling regulatory 
responses aimed to compensate. The adaptive mechanisms 
include proliferation of  endothelial cells, changing their 
signaling pathways, thereby synthesizing extracellular 
matrix and reorienting their cytoskeleton. Mesangial cells 
proliferate and activate the RAAS, producing at the same 
time vascular permeability factors, tumor growth factor 
(TGF)-β and fibronectin.[4]

ROLE OF ENDOTHELIAL 
DYSFUNCTION

The metabolism of  vascular endothelial cells is very active, 
and the integrity of  structure of  the vascular endothelial 
layer plays a pivotal role in maintaining vasomotor function 
and permeability. Activation of  endothelium by elevated 
systemic BP is followed by endothelial dysfunction, which 
finally results in endothelial disintegration if  the offending 
stimulus lasts longer. At the end, vascular rarefaction in the 
capillary system results in a decrease in tissue perfusion and 
consequent hypoxia.[5,6] 

Here, the synthesis of  availability of  nitric oxide (NO) 
reduced due to endothelial dysfunction is thought to be 
a key event underlying vascular damage. In patients with 
CKD, complete function of  endothelial cells is not only 
with respect to their cardiovascular morbidity and mortality 
but also with regard to renal disease progression. Moreover, 
endogenous inhibitors of  NO synthase, such as asymmetric 
dimethylarginine, also influence the synthesis of  NO.[7]

In endothelial and vascular smooth muscle cells, activation 
of  reactive oxygen species (ROS)-generating enzyme 
results in redox signaling that activates inflammation 
transcription factors. ROS are potent modulators of  
vascular contraction/dilation, which can reduce NO 
bioavailability, lead to lipid peroxidation, activate pro-
inflammatory transcription factors, increase production 
of  growth factors and induce fibrosis.[8]

Furthermore, calcium ion channels are activated following 
endothelial injury, and calcium ions overflowing from the 
endoplasmic reticulum (ER) will increase endothelial NO 
synthase activity and NO production in renal vascular 
endothelial cells. NO relax vascular smooth muscle by 
inhibiting the influx of  Ca ions and stimulating extrusion 
mechanisms to counteract the ischemia and hypoxia due 
to the reduction of  blood vessels.

PODOCYTE PLAY A CRUCIAL 
ROLE IN THE PATHOGENESIS OF 
HYPERTENSIVE KIDNEY INJURY

Podocytes are important intrinsic cells of  the kidney. The 
foot processes and the slit diaphragm (SD) constitute the 
out layer of  filtration barrier for macromolecules and 
contribute to the hydraulic permeability of  the glomeruli. In 
fact, podocytes may respond to injurious stimuli in different 
ways. The primary pathway leading to podocyte dysfunction 
is effacement, consisting in a gradual simplification of  
the interdigitating foot process pattern until the cell looks 
flat and lengthened.[9] As injury persists, podocytes either 
detach from basal membrane or undergo apoptosis causing 
denuded areas of  glomerular basal membrane responsible 
for a marked proteinuria.

In addition to immune damage, such as membranous 
nephropathy, simple mechanical stress can also cause the 
shedding or effacement of  podocytes. Therefore, the 
intra-glomerular pressure elevation induced by systemic 
hypertension is considered as another cause of  podocyte 
injury. In our previous study, podocytes were detected from 
urine sediments of  patients with chronic hypertension and 
trace proteinuria, which was seen as the direct evidence 
that podocyte loss is not only associated with severe renal 
damage in chronic hypertension, but also occurs in the 
early course of  hypertensive renal injury.[10]

In the past, the research on the pathogenesis of  podocyte 
injury mainly focuses on the cytoskeletal abnormality of  
podocytes, oxidative stress, mitochondrial dysfunction, 
abnormal autophagy, and apoptosis.[11] More recently, 
the use of  protein tracing technology has shown that 
the podocyte SD complex is located in the adjacent foot 
processes, and it is a key structure for sensing extracellular 
stimulation and introducing extracellular biochemical 
signals into the cell. With the widespread application of  
the “in vivo cryotechnique” (IVCT), the true morphology 
and immunolocalizations of  original soluble components in 
functioning cells and tissues under different hemodynamics 
can be more conveniently observed.[12] Protein molecules 
such as nephrin, podocin, CD2 related protein (CD2AP), 
nestin, zonula occludens-1 (ZO-1) and so on, that 
constitute podocyte-related protein complexes, have been 
found to be deficient or decreased in expression under 
the action of  hypertension in animal models.[13,14] In our 
previous study, significantly decreased CD2AP expression 
in glomeruli in the renal biopsy from the patient with 
chronic hypertension has confirmed the theory mentioned 
above again. Of  interest, CD2AP not only can inhibit the 
apoptosis of  podocytes induced by ER stress,[15] but can 
also bind to a subunit of  phosphoinositide 3-kinase (PI3K) 
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with nephrin, and together stimulate PI3K-dependent 
AKT signaling and prevent bad-mediated apoptosis of  
podocytes in culture.[16]

Moreover, both angiotensin II (Ang II) and ROS can 
directly cause apoptosis and hypertrophy of  podocytes. 
The damage of  tubular basement membrane facilitates the 
passage of  tubular-derived products into the interstitium 
and peritubular capillaries’ spaces, thereby accelerating 
fibrosis and inflammation, whereas several protein 
casts may obstruct the urinary flow, aggravating tubulo-
interstitial injury.[17]

CALCIUM ION CHANNEL IS THE 
NEW HOTSPOT

Most recently, another research hotspot of  hypertensive 
kidney injury is the calcium ion channel.[18] Transient 
receptor pressure channel (TRPC) is a class of  receptor-
gated, non-selective calcium cation channel proteins, which 
are mainly expressed in the podocyte.[19] TRPC6 is activated 
and opened when podocytes are stimulated. Subsequent 
to calcium influx, abnormal activity of  signal transduction 
pathways and downstream cytokines resulting from the 
transient change of  hemodynamics.

Downstream signaling pathways, such as PKA/Ca2+/
calmodulin-dependent protein kinase II (CaMKII) 
signaling, Ca2+ dependent Rho GTPase signaling, 
Calcineurin-Nuclear factor of  activated T cell (NFAT) 
transcriptional activation are involved in contributing to 
podocyte cytoskeleton rearrangement and apoptosis under 
hypertension, ultimately leading to proteinuria. When 
TRPC6 or its upstream signal is blocked, podocyte injury 
can be alleviated.[20,21]

Connexin43 (Cx43) is a major component of  gap junctions 
and hemichannels, localized on podocyte SD, plays a unique 
role in intracellular communication by directly permitting 
substances such as calcium, ATP in-and-out of  cells.[22] It 
has been shown that up-regulated expression of  Cx43 and 
hemichannel opening in response to kidney stress induced 
by Ang II, followed by calcium influx and the release of  
ATP into extracellular fluid.[23] CX43 may supplement 
TRPC6 in the regulation of  calcium influx, and plays a 
crucial role in podocyte injury due to hypertension.  

All taken together, these findings improve our understanding 
of  the mechanism of  podocyte injury during hypertension.

ROLE OF RAAS

The renal hemodynamic mechanism of  Ang II is mainly 
manifested in its direct effect on renal vascular smooth 

muscle cells, causing vasoconstriction of  both afferent 
and efferent arterioles, leading to the development of  
glomerular capillary hypertension and the decrease of  
renal blood flow. In patients with CKD, the renal local 
RAAS system is activated, intrarenal Ang II levels are 
increased respond to the amplified sensitivity of  the tubule-
glomerular feedback.

Ang II also has several non-hemodynamic effects involved 
in the pathogenesis of  hypertensive CKD. As an effective 
pro-inflammatory agent, Ang II participates in the processes 
of  chemotaxis, proliferation and differentiation of  
monocytes into macrophages, and contributes to modulate 
immune and inflammatory responses in endothelial, renal 
tubular and smooth muscle cells.[24] Moreover, Ang II 
induces both hypertrophy and proliferation of  mesangial 
cells, and stimulates the processes of  proliferation, 
apoptosis and collagen synthesis directly or through the 
expression of  TGF-β, and causes tissue remodeling by 
increasing proliferation of  interstitial fibroblasts, as well 
as by decreasing apoptosis of  resident interstitial cells.[25] 

The classical mode of  Ang II-mediated actions is to bind 
to own receptors on the plasma membrane, which in turn 
phosphorylates the receptors and activates downstream 
signal transduction, leading to intracellular responses at the 
end. However, increasing evidence suggests that binding 
of  Ang II to AT1 receptor activates endocytotic processes. 
Upon internalization, Ang II stimulates cytoplasmic and 
nuclear AT1-receptors to increase intracellular calcium, and 
it activates nuclear transcription factor nuclear factor-κB, 
leading to increased expression of  the Na+/H+ exchanger 
NHE-3, pro-inflammatory cytokines and growth factors. 
Ang II also stimulates ROS production by inducing vascular 
NADPH oxidase and endothelin-1 (ET-1) expression in 
the kidneys.[22,26]

Apart from Ang II, other RAAS components are involved 
in the inflammatory and fibrotic renal damage. In particular, 
aldosterone exerts a pro-oxidant action mediated through 
different pathways, including NADPH oxidase-dependent 
mechanisms. The mechanism of  pro-inflammatory and 
pro-fibrotic effects of  aldosterone were mediated by nuclear 
factor-κB activation, a factor involved in inflammation, 
immunity, cell proliferation and apoptosis.[27] Furthermore, 
aldosterone potentiates the mitogenic activity of  TGF-β, 
thus leading to renal fibrosis and glomerulosclerosis. 

PERSPECTIVES

According to a large number of  evidence-based medical 
studies, it is considered that RAAS inhibitors are the 
first-line therapy drugs for hypertensive patients with 
kidney disease, as they effectively reduce proteinuria and 
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CKD progression, despite being almost equally effective 
compared with other antihypertensive drugs at reducing 
BP. Notably, although monotherapy with RAAS blockers 
results were beneficial, dual RAAS inhibition did not 
demonstrate to provide additional benefits in terms of  renal 
protection, but rather led to a frequent worsening of  renal 
function. Nevertheless, a new scenario has been recently 
brought to the attention of  the medical community, that 
is, the treatment with ACEI and ARBs has the potential to 
increase the number of  glomerular and parietal podocytes, a 
phenomenon contributing to glomerulosclerosis regression 
under ACEI therapy.[28] In particular, remodeling of  the 
Bowman’s capsule epithelial cells appears as a key feature 
of  ACEI or ARBs renoprotection.

On the other hand, improving the blood flow of  the renal 
microvasculature to alleviate ischemia and hypoxia caused 
by the reduction of  blood vessels have always been the 
direction of  clinicians’ efforts. The glycosaminoglycan 
(GAG) is a negatively charged reticular lining on the 
vascular endothelium, widely existing in humans and 
animals. It is connected to the endothelium through 
several skeleton molecules, mainly includes proteoglycan, 
hyaluronic acid, dermatan sulfate and heparan sulfate and 
so on. The glycocalyx forms a network that integrates 
soluble molecules from plasma and endothelium. There is a 
dynamic balance between this layer of  soluble components 
and the flowing blood, which continuously affects the 
thickness of  the glycocalyx composition. Endothelial 
GAG can repair vascular endothelium, and contributes to 
realizing a variety of  protective effects such as increasing 
the availability of  NO, reducing oxidative stress, reducing 
vascular permeability, inhibiting platelet adhesion, 
regulating coagulation factors, inhibiting leukocyte 
adhesion and blood cell exudation and so on.[29]

Furthermore, HIF is another hotspot in pathogenesis of  
hypertensive kidney injury. In recent years, there have been 
more in-depth studies on the therapeutic mechanism of  HIF 
in renal anemia. Hypoxic conditions trigger mitochondrial 
dysfunction and can activate the transcription factor HIF, 
which trigger the downstream signal pathway and ultimately 
contribute to the tubular atrophy and interstitial fibrosis. 
In a previous study, HIF1α gene expression in renal 
endothelia was induced by Ang II in a Nuclear Factor-κB 
(NFκB)-dependent manner and increased expression of  
HIF1α is correlated with glomerular injury and promote 
the progression of  hypertensive CKD.[30]

The bench-to-bedside transition of  insight into the 
molecular mechanisms of  renal injury in hypertensive 
patients, and also a profound understanding of  the molecular 
pathogenesis of  hypertensive renal injury with other/mixed 
etiology, may lead to the development novel treatment 

approaches, such as HIF stabilization, ET1 blockade, anti-
inflammatory therapy or immunosuppression. There is still 
a long way to go for related mechanism research, but once 
realized, personalized medicine is expected to play a role 
in hypertensive kidney injury.
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