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Abstract

Sections

The kidney contains a heterogeneous endothelial cell population,

with each subset serving distinct roles in the maintenance of tissue
homeostasis and support of kidney function. This diverse cellular
population comprises three broad subsets: vascular, glomerular

and lymphatic endothelia. The vascular endothelium, which in this
context refers to all vascular endothelial cells apart from those in the
glomeruli and lymph vessels, supports parenchymal cells by delivering
oxygen and nutrients, removing metabolic waste and facilitating
tubular secretion and reabsorption processes. Although similar,

the glomerular endothelium s a highly specialized capillary system
designed to maintain the glomerular filtration barrier by selectively
permitting the passage of water and electrolytes into the tubular filtrate
while preventing the passage of cells and large solutes. The lymphatic
endothelium aids the reabsorption of extracellular fluid and trafficking
ofimmune cells out of the kidney to draining lymph nodes. These
kidney endothelial populations undergo marked changes following
kidney injury, involving the increased production of inflammatory
cytokines, reduced expression of angiogenic and vasodilatory
molecules and loss of the glycocalyx, which can resultin endothelial
dysfunction, capillary rarefaction and impaired barrier function, and
caninfluence outcomes towards recovery or progressive damage.
Improved understanding and an ability to therapeutically target

the kidney endothelium after injury may lead to improved care and
outcomesinkidney disease.
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Key points

o The kidney contains a heterogeneous population of endothelial cells
including vascular, glomerular and lymphatic endothelia, each of
which perform distinct functions related to kidney function, tissue
homeostasis and inflammation.

o Vascular endothelial cells tightly regulate renal blood flow and
glomerular filtration rate; impaired vasodilatory capacity, which can
occur in the context of acute kidney injury and chronic kidney disease,
diminishes these functions.

e Glomerular endothelial cells are particularly important for

the maintenance of glomerular barrier function; loss of glomerular
endothelial cell fenestrations and glycocalyx in the context of diseases
such as sepsis and diabetic kidney disease leads to glomerular
inflammation and proteinuria.

¢ Lymphatic endothelial cells are under-studied, but they seem

to represent a heterogeneous population, and a growing body of
literature supports a key role for inflammatory lymphangiogenesis in
various forms of kidney disease.

o Therapies that target endothelial cells are gaining traction and focus
on promoting general endothelial health and function through (lymph)
angiogenic pathways, antioxidants and glycocalyx preservation,

as well as by targeting specific anti-inflammatory and vasodilatory
pathways.

Introduction

Endothelial cells (ECs) are thin, elongated and specialized cells that are
arranged inamonolayer to form theinner lining of blood and lymphatic
vessels. ECs serve as more than a passive barrier, acting to mediate the
passage of fluids, nutrients and waste products, and regulate vascular
tone, blood flow, clotting, angiogenesis and inflammation. In addition
tothese functions, which are generally shared across organs, endothe-
lia of each organ exhibit unique properties that match their specific
physiological needs.

Theendothelia of the kidney are a heterogeneous cell population
that can be broadly divided into three groups: vascular, glomerular
and lymphatic. Each of these EC populations functions in a dynamic
manner to performits distinct roles with the goal of maintaining kidney
homeostasis and supportingkidney function. The specific roles of the
kidney EC populationsinclude the regulation of renal blood flow (RBF),
glomerular filtration rate (GFR), coagulation, leukocyte diapedesis
and other intricate processes that contribute to the homeostasis of
this highly specialized organ' (Fig. 1). In addition to their cellular het-
erogeneity, kidney ECs exhibit spatial heterogeneity. After entering
the kidney, the renal artery branches into progressively smaller ves-
sels from the interlobar, arcuate and interlobular arteries, ultimately
reaching the afferent (pre-glomerular) and efferent (postglomerular)
arterioles. This vascular network then envelops the proximal and distal
tubules, tracks along theloop of Henle as the vasarecta, and eventually
coalescesintotheinterlobular, arcuate andinterlobar veins, which lead
to the renal vein. Glomerular and lymphatic endothelia are concen-
tratedin the cortex. These spatial distinctions entrain unique metabolic
specializationsto kidney endotheliaaccordingto their presenceinthe

cortex (aregion thatis highly oxygenated) or medulla (aregion thatis
relatively hypoxic), as described elsewhere’.

Kidney diseaseis one of the leading causes of morbidity and mor-
tality. The prevalence of kidney disease is growing at an alarming rate’;
however, the development of kidney-targeted therapeutics has not
matched this pace. The response of ECs to kidney injury largely dic-
tates whether recovery or progression to kidney disease occurs'. The
kidney endotheliumis often the cause (or target) of initial injury, such
asin sepsis-induced acute kidney injury (AKI). However, ECs serve an
importantrole even when they are not the aetiological source of kidney
injury’. The endothelium is sensitive to activation and regulates func-
tions vital to kidney health —even minor disruptions fromkidney injury
canimpair proper repair mechanisms and trigger progressive kidney
disease*. However, emerging therapies that target the endothelium
have provided tangible evidence in support of strategies to modulate
theendotheliumresponsetokidneyinjury. This Review summarizesthe
current understanding of the endothelial response to kidney injury,
focusing on the response of vascular, glomerular and lymphatic ECs
in different kidney diseases. We also discuss emerging therapeutics
that target the endothelium in kidney injury and their potential to
ameliorate injury and restore kidney function.

Vascular endothelial response to injury

Structure and function of the vascular endothelium

Vascular ECs (VECs) are the largest endothelial population in the kid-
neys and line the inner walls of blood vessels and capillaries to regu-
late vascular tone, permeability, solute and nutrient transport, waste
removal, coagulation and blood flow'. VECs regulate RBF and GFR by
fine-tuning vascular resistance to increase or decrease hydrostatic
pressure, depending on a variety of hormonal, paracrine and auto-
crine inputs. The vascular endothelium also aids in the secretion and
reabsorption of water and solutes from nephrons. VEC activationand
injury are observed acutely in most forms of kidney injury, but when
prolonged, VEC dysfunction can prevent recovery’. Notably, although
VECsthemselves are a heterogeneous population of ECs, including peri-
tubular VECs, capillary VECs and large-vessel VECs, most research has
failed to distinguish these subtypes, probably due to the use of universal
EC markersinstudies. For thesereasons, in our discussion of VECs, we
donotdistinguishbetween these vascular endothelial subtypes (apart
fromnon-glomerular and non-lymphatic VECs).

Theresponse of VECsto kidney injury depends on the initial insult,
but invariably involves endothelial activation (Fig. 2), characterized
by the upregulation of pro-inflammatory chemokines, cytokines,
immunological adhesion molecules and thrombotic receptors, includ-
ing monocyte chemoattractant proteins (MCPs) and C-X-C motif
chemokineligands (CXCLs), interleukins, intercellular adhesion mol-
ecules (ICAMs), vascular cell adhesion molecules (VCAMs), selectins,
Toll-like receptors (TLRs) and tissue factors®. Many of these molecules
promote the recruitment and activation of pro-inflammatory leuko-
cytestothekidney and activate kidney parenchymal cells. The subse-
quent expression of cytokines and matrix metalloproteases by kidney
parenchymal cells worsens injury by activating additional inflamma-
tory pathways in VECs and increasing vascular permeability’. Increased
VEC permeability canalso be attributed to the loss of endothelial tight
junctions such as those involving VE-cadherin, the dysregulation of
angiogenic signalling molecules such as VEGF and angiopoietin, and
glycocalyx shedding, which lead to extracellular fluid accumulation
andrenalinterstitial oedema. Disruption of the endothelial glycocalyx
also exposes receptors on the endothelium cell surface to circulating
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leukocytes and is associated with the release of pro-inflammatory fac-
torsthat canactivate additional inflammatory pathways®. Furthermore,
vascular homeostasis can also be disrupted, owing to the reduced
expression of endothelial nitric oxide synthase (eNOS) and other vaso-
dilatory agents and the increased expression of vasoconstrictors such
asendothelin1(ET1) and sympathetic stimuli. Increased vascular tone
leadstoreduced RBF and GFR, microvascular rarefaction and hypoxia.

a 3 Vascular endothelium

Endothelial dysfunction occurs when the above-mentioned states of
endothelial activation are chronically operative, and can lead to the
development of chronic kidney disease (CKD) and kidney failure®’.

Ischaemia-reperfusioninjury-associated AKI
Ischaemia-reperfusion is the most common cause of AKI. It occurs
when RBF is transiently compromised, which prevents the delivery of

Reabsorption of Na*,
Ca*, CI-, Mg, water,
glucose, amino acids,
bicarbonate

Secretion of H*, K*, NH,
organic acids, organic
bases, creatinine,

urea, toxins

Angiocrine
factors regulate
neighbouring

cell homeostasis

Glycocalyx repels
immune cells,
inhibits coagulation,
and maintains
barrier properties

N /ﬂ
ET1, ANGII NO, VEGF and ( )

Fig.1| Overview of kidney endothelial populations. The kidney endothelium

is aheterogeneous population consisting of vascular, glomerular and lymphatic
endothelial cells, each of with distinct functions. a, The vascular endothelium
supports the reabsorption and secretion of solutes, regulates renal blood flow (RBF)
and glomerular filtration rate (GFR), delivers nutrients and removes metabolic
waste. It also maintains endothelial barrier function and regulatesimmune cell
trafficking and clotting throughits glycocalyx and adhesion molecules. Angiocrine
factors alsoregulate survival, repair and proliferation of neighbouring cells.
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b, The glomerular endothelium is a highly specialized vascular endothelium that
contributes to maintenance of the selectively permeable glomerular filtration
barrier throughits fenestrations and glycocalyx; these features also prevent
leukocyte infiltrationinto the glomerulus. ¢, The lymphatic endothelium, although
sparse, is crucial forimmune trafficking out of the kidneys, and for the maintenance
of lipid and extracellular fluid homeostasis. ANGII, angiotensin II; ET1, endothelin 1;
ICAM, intercellular adhesion molecule; NO, nitric oxide; VCAM, vascular cell
adhesion molecule; VEGF, vascular endothelial growth factor.
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Fig.2|Vascular endothelial activationin acute kidney injury. a, Under healthy
conditions, the unactivated vascular endothelium regulates vasodilation and
maintains barrier function through endothelial nitric oxide synthase (eNOS)
and vascular endothelial growth factor (VEGF). The intact glycocalyx also
maintains barrier function and masks adhesion molecules for leukocytes and
platelets. Clotting factors, such as von Willebrand factor (VWF), are stored in
Weibel-Palade bodies (WPBs). b, The vascular endotheliumis activated in acute
kidney injury (AKI). In septic AKI, the activation of Toll-like receptors (TLR) on
endothelial cells induces the expression of NF-kB and immunological adhesion
molecules such as E-selectin, P-selectin, intracellular adhesion molecule (ICAM)-1,
and vascular cell adhesion molecule (VCAM)-1, which facilitate leukocyte
extravasation. TLR activation in sepsis also upregulates the expression of
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NF-kB cytokines and clotting factors, including interleukins (ILs), macrophage
chemoattractant proteins (MCPs), VWF and tissue factor (TF), which promote
inflammation and thrombus formation. Endothelial activation also impairs
barrier function. Sepsis also causes endothelial glycocalyx shedding, which
exposes adhesion molecules and results in the release of additional cytokines and
clotting factors. Inischaemia-reperfusion injury (IRI)-induced AKI, endothelial
activationis characterized by excessive vasoconstriction as a consequence of
eNOS inhibition, mitochondrial reactive oxygen species (ROS) production,
endothelin1(ET1) overexpression and angiotensin Il type 1 receptor (ATIR)
activation. As in sepsis-associated AKI, IRI-induced AKl also induces glycocalyx
shedding and increases the expression of cytokines and clotting factors.

oxygen and nutrients while enabling toxic metabolic by-products to
accumulate'. Following the restoration of blood flow, ECs are washed
with these metabolic by-products, which triggers additional injury
and inflammation. Vascular hallmarks of ischaemic AKI include pro-
longed impairment of renal haemodynamic autoregulation, vascular
rarefaction, vascular congestion and chronic hypoxia™. Inresponse to
ischaemia-reperfusion injury (IRI), VECs of rodents demonstrate an
impaired eNOS-mediated autoregulatory response to reductions in
renal perfusion pressure, even following recovery of RBF (Fig.2). The
physiological relevance of this observationisillustrated by the ability
of the eNOS-independent vasodilator, prostacyclin, to improve renal
perfusion following IRI-induced AKlin rodents and in renal transplant
recipients, whereas the vasodilatory capacities of the eNOS-dependent

vasodilators, acetylcholine and bradykinin, are weakened"". IRI
reduces NO production and increases ET1 production by VECs, and
thereby increases the sensitivity of vessels to vasoconstriction®,
Signalling of angiotensin Il through its type 1 receptor, ATIR, drives
reactive oxygen species (ROS) production in IRI-induced AKI. The
generated ROS scavenge NO, reducing its bioavailability". Increased
tubuloglomerular feedback from impaired solute reabsorption and
increased solute delivery to the macula densa may also contribute to
increased pre-glomerular vascular tone’.

Prolonged endothelial dysfunction contributes to the progression
of AKIto CKD, largely through the persistence of ahypoxic state result-
ing fromanimpaired vasodilatory capacity, microvascular rarefaction
and renal fibrosis, which can be caused by impaired VEC proliferation

Nature Reviews Nephrology | Volume 22 | June 2026 | 422-437

425


http://www.nature.com/nrneph

Review article

and endothelial-to-mesenchymal transition (EndMT)"?. Indeed, spa-
tially distinct hypoxic environmentsin the outer medulla are key sites
of progressive inflammation and fibrosis after IRI-induced AKI*. Pro-
longed endothelial dysfunction also perpetuates inflammation due
to the continued expression of immunological adhesion molecules
andinflammatory cytokines, as well as degradation of the glycocalyx,
which activates additional inflammatory pathways such as NF-kB and
damage-associated molecular patten-TLR signalling pathways***.
Animal and human studies have also shown that elevated levels of adhe-
sion molecules on VECs are correlated with CKD, linking prolonged
endothelial dysfunction to declining kidney function?.

Sepsis-induced AKI

Sepsis is the leading cause of AKl in critically ill patients. VECs can be
activated following the recognition of viral and bacterial DNA by TLR3
and TLR9, and/or the recognition of pathogen-associated molecular
patterns (PAMPs) and lipopolysaccharide (LPS) by TLR2 and TLR4
(refs.25,26). VEC activation drives kidney pathology in sepsis by means
of an exaggerated inflammatory response through large increases in
endothelial cytokines, chemokines, adhesion molecules, and throm-
botic factor expression, as well as glycocalyx shedding and increased
vascular permeability (Fig. 2). In addition, complement activationdrives
sepsis-induced AKI pathology through chemotaxis and direct ECinjury?.
Together these pathways promote immune cell recruitment, kidney
inflammation, impaired blood flow and interstitial oedema®. Inanimal
models of sepsis, LPS administration increases the VEC expression of
ICAM-1, VCAM-1, E-selectin, P-selectin and other adhesion molecules,
resulting in massive leukocyte extravasationinto kidney tissue*>*°. The
correlation between circulating soluble forms of adhesion molecules
and AKl severity in patients with sepsis signifies a clear role for VEC
activation in sepsis-induced AKI’. These patients also demonstrate a
substantial loss of VEC adherens junction proteins, particularly those
that contain VE-cadherin, compared with the levels in patients with
sepsis without AKI. Patients with sepsis and AKI also demonstrate dis-
rupted VEGF, angiopoietinand Tie2 signalling, suggesting compromised
endothelial integrity and barrier function®**. Mice with LPS-induced
sepsis demonstrate normal or elevated renal vasopressor responses,
which, together with sepsis-associated hypotension, decreases RBF and
GFR**.However, other animal studies have shown that eNOS maintains
some level of kidney haemodynamic regulation, as genetic deletion of
its encoding gene worsens RBF and GFR*?°, The shedding of key VEC
glycocalyx components, including syndecan 1, heparan sulfate and hya-
luronicacidis observed inanimal models of sepsis-induced AKI, and is
astrong predictor of mortality inindividuals with sepsis®*®. Although
glycocalyx shedding occursinmany forms of kidney injury, it seems to
haveaparticularlyimportant rolein sepsis-induced AKI, since shedding
ofthe systemic vascular endothelial glycocalyx leads to an exaggerated
inflammatory response in kidney VECs®****°,

Nephrotoxin-induced AKI

Nephrotoxic agents, such as antibiotics and chemotherapeutics, are
common causes of AKlin hospitalized and outpatient populations. The
widely used chemotherapeutic agent, cisplatin, is a frequent cause of
AKlinoncology patients and is widely used to study the mechanisms of
nephrotoxin-induced AKI in animals. Cisplatin induces apoptosis and
necrosis of VECs via the activation of caspase 3 and calpain, and through
ATPdepletion*.In addition to VEC death, cisplatinalso causes endothe-
lial dysfunction, leading to the activation of adenosine Al receptors,
resulting in vasoconstriction, hypoxia and reduced RBF and GFR, all of

which contribute to the development of cisplatin-induced AKI****, VECs
exposed to cisplatin become more responsive to vasoconstrictors and
renal nerve stimulation, and show decreased production of vasodilatory
agents, thereby contributing to theinduction ofischaemicinjury ontop
of the originalinjury****.Inmice with cisplatin-induced AKI, the NADPH
oxidases 2 and 4 produce ROS and mediate VEC ICAM-1 and CXCL1
expression, as well as cell death*®*. These factors, along with other
VEC cytokines and chemokines (for example, IL-1B, IL-6 and IL-33), also
mediate tissueinjury in cisplatin-induced AKI through the recruitment of
neutrophilsand T cells***’, Mouse models of cisplatin-induced AKI have
shown that thrombotic microangiopathy (TMA), caused by VEC dysfunc-
tion, complement activationand clotting factors such as von Willebrand
factor, also contributes to kidney injury”*°. Other chemotherapeutics
including gemcitabine, mitomycin and oxaliplatinalso cause TMA, which
results in endothelial swelling within the kidney*'. Whether ECs are the
primary cause of TMA in nephrotoxin-induced AKI remains uncertain,
but their role in the pathological process is undeniable®.

Chronickidney disease

CKD affects an estimated one in seven Americans andis aleading cause
of morbidity and mortality in high-income regions. CKD is associated
with chronic endothelial dysfunction, reduced NO bioavailability and a
pro-inflammatory phenotype. The CKD microenvironment perpetuates
endothelial dysfunctionin afeedforward cycle in which the damaged
endothelium causes nephron loss, reducing the clearance of toxins
and promotinga pro-fibrotic and pro-inflammatory environment that
furtherimpairs endothelial function. Age-related nephronloss (which
occursindependently of the presence of kidney disease) alsoincreases
susceptibility to AKI and CKD; a gradual, age-associated accumula-
tion of dysfunctional VECs that have impaired repair capacities also
contributes to a declinein kidney health®**,

Uraemic toxins, such as homocysteine, advanced glycation end
products (AGEs), p-cresyl sulfate and indoxyl sulfate, can induce VEC
injury by promoting the production of inflammatory cytokines and
adhesion molecules, increasing endothelial permeability and reduc-
ing NO production®~’, Vitamin D deficiency, which is common in
patients with CKD, alsoimpairs endothelial function, whereas vitamin D
receptor activation improves endothelial function and vasodilation
in five-sixths nephrectomy models***°. VEC-derived NO regulates
vascular tone, maintains vascular health and density, and prevents
hypoxia-driven CKD progression**. Reduced levels of NO — which can
occur, for example, in response to asymmetrical dimethylarginine,
symmetrical dimethylarginine or ROS — leads to vasoconstriction,
VEC dysfunction and worsening of CKD*>'. NO also inhibits platelet
aggregation and thrombosis, which are typical features of CKD®*%*,

CKD is also associated with hyperphosphataemia, klotho defi-
ciency and high levels of FGF23, all of which promote endothelial
dysfunction. Hyperphosphataemia inhibits eNOS and induces the
expression of adhesion molecules; klotho stimulates eNOS and iNOS
and attenuates TNF-induced expression of ICAM-1 and VCAM-1; and
FGF23impairs vasorelaxation via the production of ROS®* ", Although
cytokines have pleiotropic effects, the activation of cytokine signal-
ling pathways involving CRP, IL-1f, IL-6 and TNF drive an overactive
VEC inflammatory state and are associated with reduced GFR, which
suggests that endothelial dysfunctioninfluences CKD progression>*’.
Shedding of glycocalyx components, particularly syndecan1land hya-
luronan, also releases inflammatory cytokines, clotting factors and
anti-angiogenic factors, and is associated with endothelial dysfunction
in patients with CKD®*°,
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VECs can undergo EndMT in late-stage CKD, resulting vascular
rarefaction, extracellular matrix deposition and tubulointerstitial
fibrosis’*”". This processis largely controlled by inflammatory stimuli
such as TGFf and transcription factors suchas TWIST1and SNAIL1, the
inhibition of which prevents EndMT and ameliorates fibrosis in mouse
models of kidney disease” 2. The mechanisms that underlie EndMT
remain under-explored, somewhat debated, and strongly influenced
by specific, context-dependent, circumstances.

AKI-to-CKD progression

Severe or repeated AKl episodes trigger maladaptive repair pathways
and promote the progression of kidney injury to CKD”>. As described
above, persistent activation of VECs leads to sustained endothelial
dysfunction, whichisassociated with a prolonged duration of AKland
causes microvascular rarefaction, chronic hypoxia, interstitial fibrosis
and nephrondeath™. The post-AKI microenvironment also promotes
EndMT, converting VECs into myofibroblast-like cells that inappro-
priately deposit extracellular matrix and perpetuate fibrosis™*”".
Animpaired reparative capacity of VECs leaves ECs prone to repeated
damage, creating a feedforward cycle that leads to an accumulation
of dysfunctional VECs and the development of CKD.

Diabetic kidney disease

Diabetes is the leading cause of kidney failure, accounting for approxi-
mately 45-59% of kidney failure cases in the USA and other high-income
countries”. Chronically elevated glucose levels lead to VEC damage
and dysfunction through the production of AGEs and ROS, and the
activation of various pathogenic pathways. Hyperglycaemiaincreases
the production of ROS by VECs through the induction of mitochondrial
dysfunction —a process associated with the development of vascular
complications in patients with diabetes’™. Hyperglycaemia (evenif tran-
sient) can also induce persistent epigenetic changes in the promoter
region of the p65 NF-kB subunitin VECs, whichleads toincreased MCP1
and VCAM-1expression”’. Accordingly, chronic hyperglycaemiain the
context of diabetes resultsina pro-inflammatory VEC phenotype that
exacerbates kidney injury and worsens kidney function.

Elevated serum and urine VEGF levels are positively associated
with disease severity and albuminuria in patients with diabetes’. The
injurious effects of VEGF in diabetic kidney disease (DKD) are prob-
ably driven by its uncoupling from eNOS, since in the absence of NO,
VEGF leads to aberrant VEC proliferation and induces the recruit-
mentofimmune cells”. Elevated ET1 has also been linked to excessive
vasoconstriction and fibrosis in DKD®°. Specifically, an imbalance in
the abundance of vasodilatory and vasoconstrictive factors leads to
reduced RBF and hypoxia, which are hallmarks of DKD®"*?, Inresponse
to hypoxia, hypoxia-inducible factor 1a (HIF1a) is upregulated and con-
tributes to VEC activation through a variety of mechanisms, including
the excessive production of VEGF, thereby contributing to the feedfor-
ward cycle of worsening endothelial function and kidney injury®**,
Metabolic shifts in VECs that are characteristic of DKD, including
reduced fatty acid oxidation, also drive EndMT#. The induction of
EndMT in this context is driven by reductions in endothelial SIRT3,
with studies in mice demonstrating that a gain-of-function Sirt3 can
prevent EndMT caused by metabolic shifts in diabetes®.

Autoimmune kidney disease

Thevascularendothelium serves as the initial site of immune cell inter-
action within the kidney and VECs are therefore vulnerable to early,
immune-mediated injury in the context of autoimmune diseases®’.

In lupus nephritis, IgA nephropathy, ANCA-associated vasculitis
and other classic autoimmune diseases, VECs are either targeted
directly or injured through secondary events®***, Classic (that is,
antibody-dependent) and alternative (antibody-independent) com-
plement pathways also contribute to VEC injury in these contexts’ .
Complement pathways induce VEC injury through inflammatory,
coagulant and chemotactic effects, and/or through the formation
of the membrane attack complex, which creates pores in ECs”*7**,
Inanimal models of lupus nephritis and in patients with lupus nephri-
tis, complement-mediated VEC injury triggers the upregulation of
immunological adhesion molecules, including VCAM-1, ICAM-1, plate-
let endothelial cell adhesion molecule 1, P-selectins and E-selectins.
These adhesion molecules facilitate leukocyte recruitment and
promote autoimmune-mediated kidney inflammation through
the VEC-mediated presentation of antigen to T cells™ . The secre-
tion of cytokines, such as interferons and TNF, by T cells and other
immune cells further promotes antigen uptake and presentation by
VECs’®. Invitro studies have shown thatinterferon-a also impairs eNOS
production and increases the expression of MCP1, CCL2 and VCAM-1
by VECs, with further studies demonstrating that the administration
of'serum from patients with systemic lupus erythematosus to cultured
VECs reduces NO production®°°, Elevated levels of type l interferon,
whichareindicative of active lupus nephritis, are also associated with
reduced endothelial repair, increased apoptosis and diminished eNOS
production, which lead to vascular rarefaction and atherosclerosis''.
Impaired endothelial eNOS responses also mediate kidney injury in
mouse models of lupus nephritis by increasing superoxide production
and the expression of inflammatory cytokines'®. Thus, although VECs
are not the main drivers of autoimmune kidney disease, they mediate
much of the pathological kidney response in diseases such as lupus
nephritis, highlighting their potential as therapeutic targets.

Transplant rejection

Kidney transplantation predictably induces multiple pathological pro-
cesses that canlead tokidney injury, most notably immune-mediated
rejection and IRI. Similar to IRI that occurs in the context of vascular
surgery and septic shock, endothelial dysfunction canalso occurinthe
donor organ following transplantation, which impairs RBF, increases
the risk of thrombus formation, and promotes leukocyte rolling and
adhesion'®, Prolonged endothelial dysfunction in transplanted kidneys
leads to capillary rarefaction and chronic hypoxia, which can damage
parenchymal cells and activate pro-fibrotic pathways”'°*. Moreover,
as the first point of contact between components of the recipient’s
immune system and the donor kidney, VECs are the primary site of
antibody-mediated and cell-mediated graft rejection''°°, Impor-
tantly, ECs are not passive participants in the graft rejection process;
rather, they actively amplify the immune response by expressing
chemokines and adhesion molecules while presenting antigens to
hostimmune cells'”.

Glomerular endothelial response to injury

Structure and function of the glomerular endothelium
Glomerular ECs (GECs) are animportant component of the glomerular
filtrationbarrier. Inthisrole, they regulate the passage and exclusion of
substrates through their fenestrations and the production of arobust
glycocalyx. However, GECs also contribute to disease pathology and
repair mechanismsin response to kidney injury’. GECs are particularly
vulnerable to autoimmune targeting, cytokines, toxins and ischaemia.
Moreover, glomerularinjury oftenleads to the degradation or shedding
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Fig.3| Glomerular endothelium in lupus nephritis. Lupus nephritis
isan autoimmune disease characterized by glomerular endothelial
\ injury. Injury to these cells results in aloss of fenestrations and
glycocalyx components, which impairs glomerular filtration barrier
integrity, resulting in the leakage of proteins, such as albumin, and
cellsinto the tubules. Glomerular endothelial cells are key targetsin
lupus nephritis; antibody-mediated targeting of T and B cells triggers
4 inflammatory and apoptotic pathways, and promotes the deposition
' ofimmune complexes, which stimulates the further recruitment
ofimmune cells. The upregulation of hyaluronic acid (HA) on
glomerular endothelial cells also promotes CD44-mediated T cell
recruitment. Interferon (IFN) signalling in glomerular endothelial
cells upregulates IFN-stimulated genes (ISGs) and promotes the
endothelial expression of adhesion molecules, chemokines and IL-15,
which exacerbates glomerular inflammation.

of glycocalyx components and loss of GEC fenestrations, which can
disrupt the glomerular filtration barrier'® (Fig. 3). The ensuing leakage
of cells and solutes into the tubules promotes inflammation, tubular
congestion and tubular necrosis. GECinjury alsoincreases the expres-
sion ofimmunological adhesion molecules, which promotes the infil-
tration of leukocytes and propagates the inflammatory response.
Crosstalk between GECs and other glomerular cells leads to podocyte
and mesangial cellinjury throughthe aberrant production of cytokines,
clotting factors and growth factors. Furthermore, impairment of GEC
vasodilatory pathways such as those involving eNOS and VEGF can
chronically reduce GFR and induce GEC apoptosis.

Ischaemia-reperfusion injury-associated AKI

Although GECs were once thought to be relatively spared during
IRI-induced AKI'”?, agrowing body of evidence has revealed that GECs
can undergo hypoxic stress and are exposed to harmful metabolic
by-products during IRI-induced kidney injury in the same manner as
VECs. These events lead to mitochondrial damage, ROS generation and
the upregulation of HIF, chemokines, adhesion molecules and clot-
ting factors’. IRI studies in rats have shown that GECs upregulate the
T cell co-stimulatory molecules CD80 and CD86, indicating that GECs
contribute toimmune cell recruitment and activation after the initial
injury®. In addition, rat GECs express the cell surface glycoprotein,
tissue factor, shortly after ischaemia and might therefore regulate early
processes that lead to microthrombus formation™. GECs also down-
regulate the glycocalyx component, syndecanl,inresponse to hypoxia,
which prevents clathrin-mediated endocytosis of VEGFR2 and thereby
impairs VEGF signalling, leading to GEC dysfunction and apoptosis"?.
VEGF signalling is also necessary for the maintenance of GEC fenes-
trations that are an integral component of the glomerular filtration
barrier which is frequently impaired in IRI-induced AKI">"*, Notably,

administration of 17P3-oestradiol maintained GEC integrity in amodel
of cardiacarrest-associated AKI, supporting a potential mechanism for
the observed protective effect of female sexin the context ofischaemic
kidney injury™. Kriippel-like factor 4 (KLF4) is an anti-inflammatory,
anti-thrombotic transcription factor thatis responsible for maintain-
ing a quiescent GEC state. Studies have demonstrated that KLF4 is
also protective in animal models of IRI-induced AKI, suggesting that
targeting of such (anti-)inflammatory transcription factors could have
therapeutic potential for the treatment of AKI"*',

Sepsis-induced AKI

GECsexpress highlevels of TLR2and TLR4 and are therefore particularly
sensitive to sepsis and PAMP-mediated injury”®. In vitro, LPS induces
GEC apoptosis via TNF and caspase-3-dependent signalling"’. However,
sepsis-induced GEC injury also contributes to glomerular inflamma-
tion and reduced GFR'. Specifically, studies in animal models have
demonstrated that GEC eNOS expression and activity are decreased,
whereas ET1expressionisincreased, within afew hours of sepsisinitia-
tion, leading to a heightened vasoconstrictor response within the renal
vasculature and an early decrease in GFR***%',

Loss of glomerular barrier function is also commonly seen
in sepsis-induced AKI and is attributed to the upregulation of
permeability-related molecules and disruption of the GEC glycocalyx
andjunctional proteins®. Electron microscopy studies have shown that
the protrusion of the glycocalyx into the endothelial fenestrations of
mouse GECs — which resembles a sieve in healthy GECs — is lost after
LPS administration as the glycocalyx is shed from the endothelial sur-
face, forming aggregates inside the vascular lumen'. The importance
of glycocalyx degradation to the loss of glomerular barrier function
and protein leakage in sepsis is evidenced by the finding that phar-
macological or geneticinhibition of the glycocalyx-cleaving enzyme,

Nature Reviews Nephrology | Volume 22 | June 2026 | 422-437

428


http://www.nature.com/nrneph

Review article

heparanase, protects mice from the albuminuric effects of LPS-induced
sepsis'*'?*, Kidney angiopoietin 2 and plasma VEGF — both of which
increase glomerular permeability — are elevated shortly after sep-
sis initiation'>'?, In the glomerulus, podocytes are the main source
of VEGF, and studies have shown aslight, temporary, increaseinkidney
VEGF expression after sepsis initiation followed by a decrease'>'.
VEGF and angiopoietin 2 signalling lead to the phosphorylation and/or
degradation of numerous junctional proteins including VE-cadherin,
Tie2, B-catenin and plakoglobin?**°, However, mRNA expression of
some junctional proteins such as occludin, claudin 5and VE-cadherin
are elevated within eight hours of LPS injection in mice, indicating an
attempt by GECs to maintain glomerular barrier integrity as junctional
proteins are lost'>.

Robust inflammation and immune cell infiltration are also char-
acteristic hallmarks of sepsis-induced AKI. GECs contribute to this
phenotype by upregulating VCAM-1 and ICAM-1 after LPS exposure,
which initiates leukocyte and neutrophil rolling and diapedesis™.
Post-mortembiopsy samples from patients who died from septic shock
support this notion, revealing a high level of glomerular infiltration
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by leukocytes"”.

Podocytopathies

Podocytopathies areaclass of kidney disease in which specialized cells
ofthe glomerular filtration barrier, called podocytes, are functionally
impaired. Despite the key involvement of podocytes, growing evidence
suggeststhat GECs are involvedin avariety of podocytopathies, includ-
ing focal segmental glomerulosclerosis (FSGS) and minimal change
disease (MCD). IgM and the classic complement pathway are poten-
tial triggers of GEC damage in podocytopathies, as evidenced by the
colocalization of IgM and complement fragments in glomeruli and
increased GEC-reactive IgM in biopsy samples from patients with FSGS
and MCD'. Biopsy samples from patients with FSGS further show loss
of GEC fenestrations, cytoplasmic swelling and ECM accumulation,
whichis associated with glomerular capillary narrowing and collapse,
whereas those from patients with MCD show signs of GEC activation
and glycocalyx degradation™*'*¢, One small observational study found
that patients with FSGS or MCD with electron microscopy-confirmed
evidence of GEC damage and glomerular basement membrane abnor-
malities are at higher risk of progressive loss of kidney function and have
lower rates of proteinuria remission than patients without evidence of
these histological features™. Clinical studies of patients with MCD and
FSGShave also demonstrated strong links between serum angiopoietin 2
and syndecan1levels and proteinuria, with syndecan 1also correlat-
ing with progressive declines in kidney function™”"*, Interestingly,
mouse models of FSGS suggest that GECinjury can precede podocyte
injury, with GECs downregulating eNOS and undergoing apoptosis only
24 hours after disease induction. Podocytes also facilitate GEC injury
through the secretion of ET1, which induces mitochondrial oxidative
stress™. Ina mouse model of FSGS, inhibition of endothelin receptor
type A (ET-AR) activation and scavenging of mitochondrial ROSin GECs
ameliorated albuminuria and glomerulosclerosis, emphasizing the

135

importance of GECs in FSGS pathology™”.

Diabetickidney disease

Hyperglycaemiacaninduce aloss of GEC fenestrations and glycocalyx
degradation, whichimpairs selective glomerular barrier function, ulti-
mately leading to proteinuria and albuminuria™®'*'. GEC dysfunction
occurs early in the pathology of diabetes, and markers of endothelial
dysfunction are associated with progression of albuminuria in patients

with DKD"*'**, Mouse models of DKD have demonstrated that GEC
mitochondrial damage precedes podocyte damage, proteinuria and
glomerulosclerosis. Furthermore, GECs exposed to high glucose con-
centrations secrete factors such as ET1, which can induce podocyte
apoptosis. Importantly, ROS scavenging and ET-AR antagonism ame-
liorate GEC and podocyte injury, albuminuriaand glomerulosclerosis
inmouse models of DKD, supporting a key role for GEC dysfunctionin
DKD pathogenesis™**'*, Inaddition, circulating glycocalyx components
and enzymes that degrade the glycocalyx are elevated in patients with
diabetes. The observed association between levels of these factors and
microalbuminuria highlights the importance of the charge-selective
GEC glycocalyx as a barrier that normally prevents proteins from
entering the urine'***¢,

GECs also have an immunoregulatory role in DKD by recruiting
and activating pro-inflammatory leukocytes to glomeruli. GECs from
rats with streptozotocin-induced diabetes (a model of type 1diabetes)
secrete CXCL1and CCLS5, whichrecruitand activate neutrophils, T cells,
monocytes and naturalkiller cells'”. Animal models and patients with
type 1and type 2 diabetes also have elevated circulating levels and
GEC expression of ICAM-1, which is associated with proteinuria, albu-
minuria and DKD severity***°, High glucose levels and glomerular
hyperfiltration — which occurs in the early stages of DKD — induce
GEC ICAM-1 expression, which probably contributes to the initia-
tion of kidney inflammation*'*°, Degradation of the GEC glycocalyx
also exposes adhesion molecules such as VCAM-1, which promotes
leukocyte interaction and infiltration™".

Angiogenic imbalance similarly contributes to GEC injury and
dysfunctionin DKD. For example, overexpression of podocyte-derived
VEGF-A is associated with GEC damage in mouse models of type 1
diabetes™2. This association is most likely driven by the uncoupling
of eNOS and aberrant VEGF signalling, as described above for VECs in
the context of diabetes.

Lupus nephritis

Lupus nephritis is an autoimmune disease that affects glomeru-
lar cells, particularly GECs, as a consequence of their direct targeting
by autoantibodies and the deposition of immune complexes®”'**, GECs
areimportant mediators of the inflammatory milieuin lupus nephritis,
asthey produce pro-inflammatory cytokines, perpetuate immune cell
infiltration, and weaken glomerular barrier function through their own
dysfunction and/or apoptosis™* (Fig. 3). One study of renal biopsy sam-
ples from patients with lupus nephritis found that loss of CD34-positive
GECs is associated with the formation of necrotizing and crescentic
lesions and glomerulosclerosis, regardless of the extent of leukocyte
infiltration™. The glomerular deposition of immune complexes in
lupus nephritis also increases GEC permeability and promotes the
recruitment of immune cells such as monocytes™. Leukocytic infil-
trates then induce cytokine-mediated inflammation and GEC injury.
Theinterferon family of cytokines have a particularlyimportant rolein
this process™>', Specifically, GECs from patients with lupus nephritis
upregulate interferon-related genes such as interferon-stimulated
gene 20 and CXCL1, which recruit neutrophils and promote GEC and
glomerular injury™®. Moreover, GECs from patients with lupus nephri-
tis often show signs of tubuloreticular inclusions, which are indica-
tive of interferon-mediated cellular injury™”. IL-15 is a cytokine that
under physiological circumstances regulates endothelial health and
angiogenesis; however, elevated levels of IL-15 in patients with lupus
nephritis contribute to T cell recruitment and mediate their cytotoxic
effects on GECs'®.

Nature Reviews Nephrology | Volume 22 | June 2026 | 422-437

429


http://www.nature.com/nrneph

Review article

One particular feature of lupus nephritis is the overabundance
of specific GEC glycocalyx components, which seem to contribute
to disease progression. For example, hyaluronic acid, whichis alarge
negatively charged glycosaminoglycan of the glycocalyx, promotes
immune cell infiltration and inflammation. Specifically, hyaluronic
acidisaligand for the activated T cellreceptor CD44 and increases glo-
merular T cell infiltration in mouse models of lupus nephritis, whereas
enzymatic cleavage of hyaluronic acid by hyaluronidase reduces T cell
infiltration and improves survival'®. However, other studies in patients
and mouse models of lupus nephritis have shown that shed compo-
nents of the glycocalyx, such as syndecan 1, are associated with GEC
injury, increased glomerular permeability and proteinuria, indicating
that the contribution of the glycocalyx to the pathogenesis of lupus
nephritis is complex'®.

Lymphatic endothelial response to injury
Structure and function of the lymphatic endothelium
The kidney lymphatic endothelium controls the trafficking of extra-
cellular fluid, immune cells and lipids out of the kidney, much as it
does in other organs. Despite comprising only a minuscule fraction
of kidney cells, the lymphatics still have a crucial role in maintaining
organ homeostasis. Lymphatic ECs (LECs) line lymphatic vessels and
maintain anintact and functioning lymphatic vascular network.
Lymphatic capillaries contain LECs with specialized, discontinu-
ous button-like junctions, and lack mural cell support, creating a highly
permeable structure that is optimized for the efficient absorption
of interstitial fluid'®. Lymphatic capillaries are mainly present in the
renal cortexand run alongtheinterlobular and arcuate vessels near the
corticomedullaryjunction. Subcapsular and medullary lymphatics are
also present, but to alesser extent in healthy kidneys'**. Collecting lym-
phatic vessels, which are joined by zipper-like junctions and supported
by smooth muscle cells, serve as the major drainage pathways that
direct lymph flow towards the hilum and to draining lymph nodes'.
Interestingly, the medullais devoid of any lymphatic vessels and relies
heavily on the ascending vasa recta (AVR) to carry out lymphatic-like
functions. AVRs are fenestrated vessels that share both lymphaticand
venous characteristics, and are essential for proper fluid drainage and
fluid reabsorption’®. Few studies have investigated the role of LECs dur-
ing kidney injury; thus, below we describe the current understanding
of LECs, including their rolein lymphatic dysfunction and lymphangi-
ogenesis, before focusing on the current understanding of their role
inkidney injury.

Lymphatic dysfunction

Disruption of the lymphatic system compromises fluid homeosta-
sis. Since the kidney has a fixed outer capsule and can therefore not
expand toaccommodate changesin pressure, lymphatic dysfunction
canincrease intrarenal pressure and alter kidney haemodynamics,
ultimately affecting kidney function'®*. Therapeutic options for the
treatment of lymphatic dysfunction are limited, highlighting the need
forimproved understanding of the underlying molecular mechanisms.

Lymphangiogenesis

Inresponse to inflammatory stimuli, mechanisms are activated to man-
age theinfiltration of pro-inflammatory leukocytes and the associated
increase in tissue fluid that occurs as aresult of increased endothelial
permeability and blood flow'”'*®, These mechanisms include distinct
lymphatic-specific pathways that trigger the formation of new lym-
phatic vessels — a process known as lymphangiogenesis'® (Fig. 4).

To maintain fluid homeostasis, the body creates additional lymphatic
‘highways’ that efficiently transport immune cells away from inflam-
matory sites, facilitating injury resolution and tissue recovery. LECs
are central to this process, as they drive the proliferation, migration
and reorganization of new lymphatic vessels. Lymphangiogenesis is
primarily driven by activation of the transmembrane receptor tyrosine
kinase VEGF receptor 3 (VEGFR3)"° by the pro-lymphangiogenic growth
factors, VEGF-C and VEGF-D. In the kidney, VEGF-C is secreted by tubules
and macrophages following injury, whereas VEGF-D is expressed only
by tubules'". Interestingly, a 2024 study showed a link between the
mechanosensing calcium channel, Piezo1, and signalling pathways that
control the expression of transcription factors involved in lymphatic
development and function, revealing additional, complex, pathways
that regulate lymphangiogenesis”>.

Lymphangiogenic responses are tissue-specific and dependent
on the local microenvironment. In the kidney, the response to lym-
phangiogenesis seems to be dichotomous, being protective in some
contexts and harmfulin others'”. Although the underlying reasons for
these disparate outcomes remain unclear, they may depend on timing
(acute versus chronic injury), the aetiology of inflammation and/or
the presence or absence of innate or adaptiveimmune responses. The
development of approaches to therapeutically target LEC architecture,
lymphangiocrines and the macrophages and cytokines that orchestrate
inflammation-induced lymphangiogenesis and lymphatic remodelling
has considerable potential.

Acute kidney injury
Lymphatic growth and the expansion of lymphatic networks follow-
ing inflammation-induced AKI could serve as a critical protective
mechanism by facilitating the transport of immune cells. A 2024
study identified transcriptional differences in LECs between mod-
els of cisplatin-induced and IRI-induced AKI, demonstrating that the
response of kidney LECs to injury is aetiology-dependent'. Follow-
ing cisplatin-induced AKI, lymphatic networks undergo rapid growth
and vessel expansion as a protective response'”’. Our group demon-
strated that administration of the VEGFR3 inhibitor, MAZ51, to mice
with cisplatin-induced AKI resulted in reduced lymphatic expansion
and worse outcomes compared with that of controls, indicating that
lymphangiogenesis is kidney-protective and facilitates recovery'”.
Studies of IRI have provided additional evidence for a protec-
tive role of lymphangiogenesis following injury. For example, our
laboratory has also shown that bilateral IRl induces alterations in the
RNA and protein expression of lymphangiogenic markers atbothacute
and chronic time points following injury”""¢. Importantly, prophylac-
tic lymphatic expansion was associated with substantial protective
effects as overexpression of VEGF-D in mice 3 weeks prior to bilateral
IRI promoted lymphatic growth and was associated with improved
recovery and reduced collagen deposition. We have also determined
that knockout of Rela, which encodes the p65 subunit of NF-kB, in
VEGFR3-expressing LECsimpairs lymphangiogenesis and immune cell
trafficking, and worsens kidney function, in mice with cisplatin-induced
AKI"’. These findings suggest that establishing an increased lymphatic
vessel network prior to injury provides substantial protection against
kidney injury'’817°,

Chronickidney disease

Therole oflymphangiogenesisin CKD seems to be dependenton con-
textand time, with conflicting evidence emerging from different experi-
mental models. Inone 2017 study, theinduction of lymphangiogenesis
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Fig. 4| The lymphatic endotheliumin kidney injury. a, Under physiological
conditions, lymphatic endothelial stability is maintained through vascular
endothelial growth factor (VEGF)-C and VEGF-D signalling from proximal tubular
epithelial cells (PTECs) and macrophages to lymphatic endothelial cells (LECs)
Lymphatic vessel endothelial hyaluronic acid receptor 1 (LYVEI) mediates
leukocyte docking and entry into the lymphatics whereas podoplanin (PDPN)
maintains lymphatic vessel integrity, valve formation and lymphatic endothelial
motility. Prospero homeobox 1 (PROX-1), which is commonly used as alymphatic
marker, acts as the master transcriptional regulator within the lymphatic
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endothelium and distinguishes the lymphatic endothelium from blood vessels.
The healthy lymphatic network supports immune cell trafficking, efficient fluid
drainage and overall tissue homeostasis. b, Kidney injury caninduce lymphatic
expansion through the actions of pro-inflammatory cytokines, such as TNF, IL-1f,
IL-6 and IL-12, which stimulate macrophages to secrete VEGF-C and proximal
tubular epithelial cells to secrete VEGF-D. VEGF-C and VEGF-D activate VEGF
receptor 3 (VEGFR3), which stimulates lymphatic endothelial proliferation and
lymphangiogenesis. Lymphangiogenesis enhances the trafficking ofimmune
cells out of the kidneys, which might reduce inflammation and promote recovery.

with VEGF-C treatment reduced fibrosis and numbers of inflamma-
toryimmune cellsinamodel of unilateral ureteral obstruction (UUO)-
induced CKD™°. The importance of VEGF-C and VEGF-D signalling
through VEGFR3 in lymphangiogenesis was confirmed i a separate
study in which an adenoviral soluble VEGFR3 was administered to
inhibit VEGFR3 in mice with UUO-induced CKD, although this study
did not assess the effects of VEGFR3 inhibition on CKD outcomes'.
However, other studies have found that lymphatic responses may
be inconsequential in established CKD. A 2024 study found that the
induction of lymphangiogenesis — through kidney-specific overexpres-
sion of nanoparticles containing VEGF-D or VEGF-C that specifically
target VEGFR3 — did notimprove outcomes or kidney functionin three
established mouse models of CKD — aristolochic acid nephropathy,
cisplatin with a high phosphate diet, and a progressive proteinuria
model'®. In a separate study, blocking lymphangiogenesis with solu-
ble VEGFR3 and LYVE1 reduced inflammation and fibrosis in a mouse
model of UUO-induced CKD'. Complicating matters further, a2026
study revealed that LYVEl ectodomain shedding in UUO-induced CKD
impairs macrophage efflux and contributes to fibrosis, while inhibition

of its shedding improves these parameters'®. These findings suggest

that lymphangiogenesis can be harmful or helpful depending on the
context, and underscores theimportance of underlying variables such
asthe disease model and study time course.

Hypertension

Lymphatic expansion represents a key mechanism for immune cell
trafficking and fluid status regulation in the context of hypertension.
Indeed, single-cell RNA sequencing studies have demonstrated that
the number and transcriptional diversity of kidney LECs is higher
in hypertensive mice than in normotensive mice'®. The increase in
lymphatic density in the context of high blood pressure seems to
be a compensatory protective response, as demonstrated by the
observation that kidney-specific overexpression of VEGF-D to induce
lymphangiogenesis protects mice from the onset of hypertension,
supposedly due to anincrease inimmune cell trafficking out of the
kidney™¢. Hypertensive mice with kidney-specific lymphangiogenesis
(confirmed by LYVElimmunostaining) induced by VEGF-D overexpres-
sion similarly exhibited significantly lower systolic blood pressure,
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decreased pro-inflammatory immune cell infiltration, and improved
sodium handling compared with wild-type mice'®.

Polycystic kidney disease

Lymphatic dysfunction has also been implicated in the pathogenesis
and progression of polycystic kidney disease (PKD). In addition to
developing cysts, the kidneys of PkdI-knockout mice are characterized
by reduced lymphatic vessel branching and volume compared with
wild-type mice, suggesting that disruption of the lymphatic system
may contribute to the onset or progression of PKD'®®. This proposalis
supported by the observation that treatment of PKD mouse models with
VEGF-C to stimulate lymphangiogenesis leads to increased immune cell
clearance and improved disease outcomes'®’.

Diabetic kidney disease

A substantial body of literature has linked lymphatic dysfunction to
DKD and DKD-associated interstitial fibrosis. For example,a2009 study
found higher levels of ymphangiogenesis and VEGF-C expressioninkid-
ney biopsy samples from patients with DKD thanin those from patients
with other kidney diseases™°. Kidneys of mice with type 1 or type 2
diabetes develop substantial oedema. The oedemais coincident with
the presence of lymphatic vessels in the kidney cortex and medulla —
anunexpected observation given that lymphatics are predominantly
only in the cortex and hilar regions of the kidney'**"”".

Kidney transplantation

Duringkidney transplantation, severed lymphatic vessels are not recon-
nected due to technical challenges in reconnecting them. However,
available clinical evidence suggests that acomplex relationship exists
between lymphatic neogenesis, immune responses and transplant
outcomes. Some studies have shown that the extent of lymphangi-
ogenesis intransplanted humankidneys correlates with the infiltration
of potentially harmful lymphocytes'. Inanother study, the density of
lymphatic vessels was nearly 40-fold higher in areas of the transplanted
kidney with cellular infiltrates than in areas without such infiltrates.
However, kidneys that had lymphatic vessels within infiltrates dem-
onstrated better graft function 1year after transplantation than those
with lymph vessel-free infiltrates™”.

Mouse models of kidney transplantation similarly showed an
increase in LEC proliferation and lymphatic density in allografts com-
pared with controls, with lymphatic expansion occurring within1week
of transplantation'*. The newly formed vessels contained LECs from
bothdonorand recipientand released C-C chemokine ligand (CCL21),
whichrecruits CCR7* dendritic cells. These findings suggest that target-
ing lymphatic vessels through LYVE1-specific knockout or inhibition
of CCR7 could delay or prevent allograft rejection’™.

Lupus nephritis

A substantial body of evidence supports a correlation between lym-
phatic dysfunction and lupus nephritis'>'*®. Specifically, the inflam-
matory milieu of lupus nephritis can lead to abnormal lymphatic vessel
development and the formation of organized immune aggregates
composed of T cells, B cells, dendritic cells, lymphatic vessels and high
endothelial venules, which are called tertiary lymphoid structures.
These structures are commonly found inkidney biopsy samples from
patients with lupus nephritis'”’, and represent pathological immune
aggregates that perpetuate local inflammation'®. The high rates of ter-
tiary lymphoid structure formationin the kidneys of patients with lupus
nephritis could be driven by chemokines such as CXCL13 (ref. 199).

Metabolic regulation of the endothelium

Metabolism has emerged as anintegral regulator of endothelial func-
tions and undoubtedly influences outcomes in kidney injury”. For
example, impaired peritubular endothelial glycolysis hasbeen linked
to disrupted proliferation and apoptosis of peritubular VECs, as well as
microvascular rarefaction and fibrosis in patients with CKD, whereas
overexpression of endothelial 6-phosphofructo-2-kinase/fructose-2,
6-bisphosphatase, restored ECglycolysis, and was protective inamouse
model of CKD**°, Of interest, however, HIF-driven glycolysis has been
suggested to mediate impaired endothelial functions in AKI and to
contribute to the transition of AKI to CKD. For example, one study
found thatinactivation of endothelial oxygen sensing prolyl hydroxy-
lase domain (PHD) enzymes underlies the EC activation, inflammation
and fibrosis observed in models of IRI-induced AKI*". The researchers
further demonstrated thatinhibition of the lactate exporter monocar-
boxylate transporter 4, whichis upregulated by PHD inactivation and
drives the glycolytic shift, ameliorated inflammation and fibrosis?®'. The
potential of metabolic reprograming in kidney injury is increasingly
recognized as a complex and injury-specific, yet viable, therapeutic
intervention, as has been described elsewhere”.

Emerging therapeutics

Targeting angiogenic pathways

Angiogenic and vasodilatory pathways are frequently disrupted in
kidney diseases and have long been considered as therapeutic targets.
Moreover, the effects of pharmacological manipulation of angiogenic
factors, such as VEGF, on the kidney has been highlighted by reports
of oncology patients developing AKl and proteinuria following treat-
mentwith anticancer VEGF antagonists**>**, Indeed, VEGF therapy has
demonstrated efficacy inmany preclinical models of acute and chronic
kidney injury through its beneficial effects on endothelial health and
function, particularly indiseases characterized by endothelial dysfunc-
tion, impaired vasodilation and microvascular rarefaction?***. In con-
trastto many other kidney diseases, kidney injury in the context of DKD
occurs in part through upregulation of the VEGF pathway. Although
some studies have shown beneficial effects of VEGF blockade in mouse
models of DKD, the therapeutic window seems to be small, leading some
researchers to caution against targeting VEGF in DKD?°**?, Targeting
of other (anti-)angiogenic factors, such as angiopoietins and vaso-
hibins, is under investigation for their effects on endothelial health
and function*%2%°,

Targeting the endothelial glycocalyx

The endothelial glycocalyx is another promising therapeutic target
inthekidney, largely duetoits diverse rolein various endothelial pro-
cesses. The administration of heparanase inhibitors prior to theinduc-
tion of sepsis-induced AKlin mice attenuatesincreasesininflammatory
cytokines and ameliorates the decline in GFR™*. Models of albuminuric
CKD have also demonstrated improvements in endothelial barrier
function following treatment with wheat germagglutinin lectin, which
adsorbs onto glycoproteins of the endothelial glycocalyx®°. Other
studies have shown that supplementing key glycocalyx components,
such as heparanand dermatansulfate, ina mixture termed sulodexide
can attenuate IRI-induced AKI*"?2,

Targeting oxidative stress

Oxidative stress affects endothelial viability, inflammation and vascular
tone,andisthereforeanother potential therapeutic target™. Antioxidant
compounds and natural supplements such as a-lipoic acid, vitaminE,
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Table 1| Endothelial therapeutic targets in kidney diseases

Targets Intervention Effect Disease, experimental and/or clinical studies Refs.
Angiogenic VEGF agonist Improved endothelial function, vasodilation Preclinical models of AKI and CKD 114,204,
pathways and microvascular rarefaction 205,207
VEGF antagonist Reduced proteinuria and glomerular Preclinical models of DKD 202,206
basement membrane thickening
Endothelial Heparanase inhibitors Improved GFR and attenuated increases Preclinical models of sepsis-induced AKI 123,124
glycocalyx in inflammatory cytokines
Wheat germ agglutinin lectin  Improved glomerular albumin permeability Preclinical model of albuminuric CKD 210
(glycoprotein adsorption)
Sulodexide Attenuated IRI-induced AKI through Preclinical models of IRI-induced AKI and clinical 211,212
(supplementation) glycocalyx repair observations, although no kidney function measured
Oxidative stress Various antioxidants, Reduced inflammatory cytokines and Preclinical models of IRI-induced AKI, lupus 46,47,
including vitamin E, a-lipoic  apoptosis, improved glomerulosclerosis, nephritis, cisplatin-induced AKI, five-sixths 214-219
acid, flavonoids, curcumin,  proteinuria, hypertension, fibrosis and nephrectomy
N-acetylcysteine and vascular tone in preclinical models Clinical trial results in patients on dialysis and
flavonoids Clinical trials have shown little to no beneficial in patients with DKD or CKD have been mostly
effect on kidney function, along with an neutral or negative
increased risk of infection and heart failure
Endothelin Endothelin receptor Reduced albuminuria and blood pressure; Clinical trials in CKD and DKD (although with 221,222
receptors antagonists reduced doubling time of serum creatinine unfavourable cardiovascular adverse effects)
Glucose modulators SGLT2 inhibitors and GLP1 Reduced production of endothelial reactive Clinical (widespread use in diabetes); potential 225
receptor agonists oxygen species and inflammation, improved  benefits in other kidney diseases
endothelial fenestrations and permeability
Lymphangiogenesis VEGF-C Reduced renal cyst volume and serum Preclinical models of PKD and DKD 178,180,
(pro-lymphangiogenic) creatinine levels (PKD), prevented albuminuria 189,208
and preserved glomerular fenestrations
VEGFR3 tyrosine Reduced albuminuria, kidney lipid Preclinical models of DKD 228

kinase inhibitors
(anti-lymphangiogenic)

accumulation and inflammatory cytokines

AKI, acute kidney injury; CKD, chronic kidney disease; DKD, diabetic kidney disease; GFR, glomerular filtration rate; GLP1, glucagon-like peptide 1; IRI, ischaemia-reperfusion injury; PKD, polycystic
kidney disease; SGLT2, sodium-glucose cotransporter 2; VEGF, vascular endothelial grown factor; VEGFR, VEGF receptor.

flavonoids, curcumin and N-acetylcysteine have shown promising
effects in a wide range of kidney injury models including IRI, lupus
nephritis and cisplatin-induced AKI****'°, However, clinical trials that
have explored the efficacy of antioxidant therapy in patients with CKD
or DKD and in patients on dialysis have resulted in little-to-no benefit to
kidney functionalong with increased risk of cardiovascular events®’ ",

Other potential targets

Several other endothelial-based targets could have potential for treat-
ing kidney disease”’. For example, endothelin receptor antagonists
have been tested in clinical trials of DKD and CKD where they were
shown to reduce albuminuria, slow declines in GFR and reduce the
occurrence of adoubling of serum creatinine, but not without adverse
effects”**2, SGLT2 inhibitors, which have gained widespread use in
the treatment of diabetes, reduce endothelial ROS production and
inflammation and improve endothelial permeability, suggesting poten-
tial benefits in avariety of kidney diseases?* >, L-Sepiapterin, whichisa
precursortoan eNOS cofactor, reduced oxidative stress and increased
NO production in GECs exposed to serum from patients with lupus
nephritis, giving tractionto theidea of targeting the NO pathway in this
disease’. Glomerular fenestrations, which are disrupted in kidney dis-
eases such as lupus nephritis, sepsis and DKD, have also beenidentified
as apotential therapeutic target®”. Some studies have demonstrated
protective effects of lymphangiogenic factors, such as VEGF-C, in kid-
ney diseases such as PKD and DKD*%®, However, contrasting findings of
protective effects of ymphangiogenesis inhibition in models of DKD

have also been reported, underscoring the complex nature of lym-
phangiogenesis in kidney pathology?*. The range of endothelial thera-
peutic targets for kidney injury continues to expand, with discoveries
ranging from precise inflammatory pathways to endothelial-targeted
extracellular vesicles**’ (Table 1).

Conclusions

The complex and heterogeneous kidney endothelium has a pivotal
role in the initiation and progression of kidney disease. Although the
activation of ECsto a pro-inflammatory phenotypeisacommon char-
acteristic of kidney diseases, vascular, glomerular and LEC popula-
tions also undergo unique pathological changes. Vascular endothelial
dysfunction typically impairs RBF and recruits leukocytes, leading
to widespread inflammation and hypoxia. Disruption of glomerular
endothelial functionalsoimpairsits ability toact as abarrier and leads
to protein leakage in diseases such as lupus nephritis and DKD. The
lymphatic endothelium, although less studied, is increasingly rec-
ognized for its role in fluid homeostasis and immune regulation; its
role in kidney injury seems to rely on the precise timing of lymphatic
expansion. The future ofendothelium-targeted therapies will require
adeepened understanding of the processes and molecular pathways
within each endothelial population and how they changeinresponse to
injury. Suchinsights will aid the development of targeted interventions
that slow kidney disease progression and improve patient outcomes.
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