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ABSTRACT

Fibrotic diseases are characterized by the uncontrolled accumulation of extracellular matrix (ECM) components leading to disruption
of tissue homeostasis. Myofibroblasts as the main ECM-producing cells can originate from various differentiated cell types after in-
jury. Particularly, the process of endothelial-to-mesenchymal transition (endMT), describing phenotypic shifts of endothelial cells to
adopt a fully mesenchymal identity, may contribute to the pool of myofibroblasts in fibrosis, while leading to capillary rarefaction
and exacerbation of tissue hypoxia. In renal disease, incomplete recovery from acute kidney injury (AKI) and the ensuing fibrotic
reaction stand out as major contributors to chronic kidney disease (CKD) development. While the focus has largely been on im-
paired tubular epithelial repair as a potential fibrosis-driving mechanism, alterations in the renal microcirculation post-AKI, and in
particular endMT as a maladaptive response, could hold equal significance. Dysfunctional interplays among various cell types in
the kidney microenvironment can instigate endMT. Transforming growth factor beta (TGF-B) signaling, with its downstream acti-
vation of canonical/Smad-mediated and non-canonical pathways, has been identified as primary driver of this process. However,
non-TGF-B-mediated pathways involving inflammatory agents and metabolic shifts in intercellular communication within the tissue
microenvironment can also trigger endMT. These harmful, maladaptive cell-cell interactions and signaling pathways offer potential
targets for therapeutic intervention to impede endMT and decelerate fibrogenesis such as in AKI-CKD progression. Presently, partial
reduction of TGF- signaling using anti-diabetic drugs or statins may hold therapeutic potential in renal context. Nevertheless, further
investigation is warranted to validate underlying mechanisms and assess positive effects within a clinical framework.
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INTRODUCTION

Fibrosis development is characterized by the accumulation of
macromolecules in the extracellular matrix (ECM) compartment
[1]. Although fibrogenesis occurs in numerous organs as part of
physiological tissue-healing processes after injury, pathological,
excessive accumulation of ECM components compromises organ
structure and function in fibrotic disease [1]. Myofibroblasts rep-
resent the cell type mainly responsible for this pathological ECM
deposition. The exact origin of the increased myofibroblast popu-
lation in fibrotic disease varies between organs but involves trans-
formation of differentiated cell types such as pericytes and en-
dothelial cells (ECs) into a mesenchymal cell type [1, 2].

Chronic kidney disease (CKD) includes one of the fibrotic dis-
eases with a rapidly increasing global disease burden. Incom-
plete recovery of kidney function after a single or several episodes

transdifferentiation of ECs to a mesenchymal phenotype, is one
of the maladaptive processes that occurs in renal capillaries upon
injury further enhancing local inflammation, ECM deposition and
capillary rarefaction [2, 7, 8].

This review aims to summarize current knowledge on the
molecular mechanisms of endMT in fibrogenesis and more specif-
ically AKI-CKD transition, with particular emphasis on the defec-
tive cellular and secretory interactions in the pro-inflammatory
kidney micro-environment (KME). Ultimately, this may provide
possible therapeutic targets to halt endMT and ECM accumula-
tion in the context of fibrotic diseases.

EndMT IN FIBROTIC DISEASE

of acute kidney injury (AKI) represents one of the most impor-
tant causes of CKD. During the transition from AKI to CKD, renal
epithelial structures undergo incomplete repair processes which
results in a sustained local pro-inflammatory state, ultimately
enhancing renal fibrogenesis [3-5]. In searching to discover re-
pair mechanisms and possible therapeutic targets for kidney fi-
brosis, most research focuses on proximal tubule cells (PTCs) as
the primary site of injury. However, renal endothelial cell (REC)
dysfunction also plays a critical role in the AKI-CKD transition
[6, 7]. Endothelial-to-mesenchymal transition (endMT), involving

EndMT occurs under physiological circumstances during embry-
onic development of atrioventricular cushions in the heart, later
forming the septa and heart valves, and vascular wall forma-
tion [2, 9, 10]. The first inflammation-mediated, pathological pro-
cess of endMT in adult tissue was demonstrated in cardiac tissue
contributing to the accumulation of fibroblasts and development
of cardiac fibrosis [10]. Nowadays, pathological endMT has been
described in many fibrotic disorders. While underlying molecu-
lar mechanisms show overlap between different organs, some
of the induction processes are more restricted to certain fibrotic

Received: September 4, 2023; Editorial decision: November 5, 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of the ERA.

All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

MAIIATE


https://doi.org/10.1093/ndt/gfad238
https://orcid.org/0000-0001-6780-5186
mailto:a.j.rabelink@lumc.nl
mailto:journals.permissions@oup.com

2 | Nephrol Dial Transplant, 2023, Vol. 0, No. 0

Normal

AKI CKD

Figure 1: Induction of endMT contributes to the emerging pool of myofibroblasts after injury and causes capillary rarefaction and tissue hypoxia
thereby contributing to renal fibrogenesis and disease progression. During endMT, RECs undergo morphological and phenotypic changes with
decreasing expression of endothelial protein markers, such as CD31, and increasing expression of mesenchymal protein markers, such as a-SMA.

diseases. In this first section, we will elaborate on general mecha-
nisms of endMT while highlighting its relevance in renal disease.

Molecular mechanisms of endMT

The molecular mechanisms underlying endothelial transdifferen-
tiation in endMT have been partly described. During endMT, ECs
lose their adhesive phenotype and apical-basal polarity to tran-
sition into a reversible intermediate phenotype characterized by
the co-expression of both, EC-specific and mesenchymal-specific
markers, and eventually to a fully mesenchymal cell (Fig. 1) [2].
Briefly, these spindle-shaped, invasive and migratory ECs progres-
sively gain expression of several mesenchymal markers such as
a-smooth muscle actin («-SMA), fibroblast-specific protein-1 (FSP-
1/5100-A4), collagen type I/III, N-cadherin, fibronectin-I (FN-I) and
vimentin while gradually decreasing expression of endothelial
protein markers such as von Willebrand Factor (vWF), CD31, vas-
cular endothelial (VE)-cadherin, angiopoietin receptor TIE2 and
type IV collagen [2, 8, 9].

Transforming growth factor beta (TGF-B) is widely recognized
as the most important inducer of endMT. While all three pro-
tein isoforms are capable of enhancing endMT, TGF-B2 has shown
most potency to induce endMT in vitro [2]. TGEF-B is secreted in
its inactive precursor form and resides in the ECM as a matricel-
lular ligand. The perivascular ECM contains various matricellu-
lar proteins, such as connective tissue growth factor (CTGF) and
thrombospondin-1 (TSP-1), with modulatory functions that be-
come upregulated during phases of tissue injury and repair [11].
Release of TGF-g from its latent protein complex by protease
cleavage causes binding to its type II transmembrane receptor
with subsequent heterodimerization of the type I/1I TGF-g recep-
tor complex [2, 8]. Both activin-like kinase 1 (ALK1) and ALKS be-
long to the type I TGF-B receptors and play an important role in
balancing physiological EC proliferation and quiescence [8, 12].

Box 1 summarizes regulation of TGF-8 signaling to maintain EC
homeostasis.

Box 1: Regulation of physiological TGF-p signaling in ECs
TGF-B signaling is crucial for maintaining physiological EC
function and vascular integrity. As demonstrated from in vivo
knock-out studies, defects in specific TGF-B ligands or recep-
tors impair early vasculogenesis [12, 13]. TGF-B bioavailabil-
ity depends on both, the secretion of latent protein forms
as well as the release of matricellular TGF-8 from its in-
activating protein complex in the ECM [14]. The release of
TGF-B from this complex can be triggered by various mech-
anisms, such as traction between cells and ECM compo-
nents resulting in integrin activation [14]. Binding of TGF-g
to ECs induces downstream effects dependent on the specific
combination of transmembrane receptors. The main TGF-
B receptor complex consists of type I and II receptors; type
11T includes accessory receptors endoglin and betaglycan [8,
12]. Activation of type I receptors ALK1 and ALKS5, respec-
tively, stimulates and inhibits physiological EC proliferation
and migration (Fig. 2A) [8, 12]. The EC-specific proliferative
effect of TGF-B/ALK1 depends on downstream Smad1/5 ac-
tivation. Contrarily, TGF-B/ALKS activation inhibits EC pro-
liferation and migration through Smad2/3 phosphorylation
[12]. Accessory receptor betaglycan is important for enhanc-
ing binding affinity of TGF-g ligands. The regulatory ef-
fects of endoglin are more complex and depend on rela-
tive abundance of short and long isoforms of endoglin re-
ceptors which promote TGF-g/ALKS and TGF-B/ALK1 sig-
naling, respectively [12]. The modulation of TGF-g ligand
bioavailability and downstream responses represent impor-
tant regulatory mechanisms that balance TGF-B signaling
in ECs.
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Figure 2: Maladaptive interactions within the KME induce endMT after injury. (A) In a physiological context, matricellular TGF-g signaling through
ALK1/5 signaling is important for regulating the balance between endothelial proliferation and quiescence. (B) After renal injury, endMT can be
induced through various mechanisms. Maladaptive PTCs release pro-inflammatory ligands, such as TGF-g, which can directly promote endMT in
RECs. Furthermore, increased endothelin and Wnt/g-catenin signaling between PTCs or neutrophils (NETs) and RECs can exert endothelial
transdifferentiation. EndMT results in capillary rarefaction and tissue hypoxia thereby enhancing the vicious circle of sustained inflammation in the
KME. Within this pro-inflammatory environment, local profibrotic ligands such as TGF-g, IL-18 and MMP9 promote endMT and augment ECM
deposition by directly activating myofibroblasts. ETBR: endothelin receptor type B; TGF-BR: transforming growth factor beta receptor.

In the context of endMT, amplification of TGF-g signaling
through increased ligand production and matricellular remod-
eling causes activation of downstream canonical and/or non-
canonical pathways [2, 8, 15]. The canonical TGF-8 pathway, also
known as the Smad-dependent pathway, includes translocation
of the phosphorylated Smad2/3/co-Smad4 complex into the nu-
cleus to trigger the expression of specific TGF-g targets such as
transcription factors belonging to the Snail and Twist families
(2, 13]. Although TGF-B itself represents the most important lig-
and for Smad-dependent endMT, other ligands from the TGF-8
ligand superfamily such as bone morphogenetic proteins (BMPs)
can also cause phosphorylation of cytoplasmic Smad1/5/8 with
subsequent nuclear translocation of the Smad1/5/8/co-Smad4
complex [2, 8]. TGF-B-induced non-canonical signaling including
mitogen activated protein kinases (MAPK) [extracellular signal-
regulated kinase, c-Jun N-terminal kinase (JNK), and p38 MAPK]
as well as phosphatidylinositol 3-kinase/Akt, c-Abl and protein ki-
nase C also exert Smad-independent and -dependent effects on
endMT [2, 8]. Activation of both non-canonical and canonical sig-
naling results in a transcriptional shift from endothelial-specific
to mesenchymal-specific gene signature expression.

Besides the TGF-g initiated pathways, endMT can also be
induced by many other mechanisms. These mechanisms are
often again (in)directly related to TGF-B signaling, such as the

caveolar CAV-1 protein acting as a regulator of intracellular
TGF-B receptor protein movements and degradation [2]. Notch
signaling can synergize with TGF-B signaling to induce Snail
expression, while the vasoconstrictor peptide endothelin-1
(ET-1) can promote the expression of various TGF-B ligands
as well as drive endMT by itself [2]. Wnt/B-catenin signaling
can stimulate both autocrine TGF-g signaling as well as au-
tonomously induce endMT through binding of Wnt ligands
such as Dickkopf-1 (DKK-1) and DKK-3. The fact that DKK-1,
an apparent inhibitor of Wnt/g-catenin signaling in context of
renal fibrosis, can enhance endMT in aortic ECs suggests that its
effects via Wnt signaling are highly dependent on the specific
cellular context [2, 16]. Furthermore, inflammatory cytokines
such as interleukin-18 (IL-18) and tumor necrosis factor alpha
(TNF-e) have shown to stimulate endMT with nuclear factor-«B
as an important downstream target in inflammation-mediated
transdifferentiation [2].

Other processes frequently occurring under cell stress, such as
hypoxia, oxidative stress and reactive oxygen species production,
changes in cell metabolism (see Box 2), shear stress and hyper-
glycemia in diabetic context have been related to endMT induc-
tion [2]. More recently, extracellular vesicles (EVs) have gained
attention in the context of endMT through their ability to in-
duce endothelial transdifferentiation in vitro [17, 18]. EVs are
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produced by various cell types and contain biologically active
components such as non-coding ribonucleic acids (RNA) that can
reflect an inflammatory cell state. These EVs with inflammatory
fingerprints seem to carry the ability to induce endMT, likely
through microRNA-dependent transcriptional regulation [18]. Ad-
ditionally, growth factors such as platelet-derived growth factor
(PDGF) can induce endMT in vitro [2]. The exact involvement of all
these (regulatory) mechanisms in endMT is extensively reviewed
elsewhere and beyond the scope of this review [2].

Box 2: Metabolic rewiring and endMT induction

Metabolism is a critical component of each and every cell
as it provides the necessary energy and building blocks,
and eliminates metabolic wastes for the cells to survive
and grow. During the past decade, pioneering studies have
revealed that metabolism not only supports EC function
but also acts as a key determinant of EC fate during
vessel growth and specification [19]. For instance, during
the developmental transdifferentiation of venous ECs into
lymphatic ECs, the upregulation of fatty acid oxidation
(FAO)-derived acetyl-CoA production is required to increase
histone acetylation at lymphangiogenic genes and their ex-
pression [20]. Interestingly, endMT is also directly linked to
the cellular levels of acetyl-CoA: while acetate supplemen-
tation (a precursor of acetyl-CoA) partially prevents endMT
induced by TGF-B and IL-18, long-term stabilization of TGF-8
signaling, on the contrary, relies on the increase in acetate-
dependent acetyl-CoA synthesis [21, 22]. Short-term EC co-
stimulation with TGF-g and IL-18 lowers FAO, and decreases
acetyl-CoA levels, subsequently impairing Smad/ acetyla-
tion and signaling, an inhibitor of the TGF-p signaling path-
way [21]. Inhibiting FAO by deletion of endothelial CPTs, mi-
tochondrial fatty acid transporters, also promotes endMT
[21]. Conversely, prolonged TGF-g8 stimulation directs glu-
cose metabolism to pyruvate-derived acetate production,
which is then converted into acetyl-CoA in the cytosol in
an acyl-CoA synthase short chain 2-dependent manner [22].
Acetyl-CoA-dependent acetylation of TGF-B receptor ALK5
and Smads 2 and 4 leads to further activation and long-term
stabilization of TGF-g signaling in a positive feedback loop
[22]. Further investigation is warranted to clarify the con-
trasting effects of acetate and resulting changes in acetyl-
CoA levels on endoMT [21]. While TGF-B stimulates glucose
metabolism by upregulating glucose uptake, hexokinase 1
expression and glycolysis-stimulating 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 (PFKFB3) enzyme ex-
pression and activity in ECs [22, 23], glucose shunt to pen-
tose phosphate pathway is reduced, thereby compromising
cytoplasmic nicotinamide adenine dinucleotide phosphate
(NADPH) production [24]. The cytoplasmic NADPH pool can
be indirectly replenished from the mitochondria but mi-
tochondrial respiration (oxidative phosphorylation) is then
subsequently decreased due to the hampering of mitochon-
drial iron-sulfur cluster biosynthesis [24]. Hence, inhibiting
PFKFB3 overexpression, a critical positive regulator of glycol-
ysis, shows the opposite phenotype with preventing endMT,
as demonstrated in heart in vivo [24]. Overall, EC metabolism
is a critical determinant of endMT with FAQ, glycolysis and
downstream acetate and acetyl-CoA products being involved
in and potential metabolic targets of endMT [21-24].

Evidence of renal endMT in kidney disease

Within the kidney, various REC phenotypes co-exist to support
compartment-specific processes of glomerular filtration, concen-
tration of urine, tubular reabsorption, and secretion of various
ions and metabolites [25]. Upon AKI, RECs get activated and lose
their physiological anti-inflammatory and anti-thrombotic prop-
erties [26]. After initial activation, injured RECs can entail an
even greater phenotypic plasticity resulting in a partial or com-
plete transition to a mesenchymal cell type [2, 25]. This process
has been identified in numerous renal diseases such as diabetic
nephropathy (DN), lupus nephritis and chronic allograft dysfunc-
tion [2, 13, 27]. In this context, endMT contributes to vascular rar-
efaction and local tissue hypoxia aggravating renal fibrosis and
CKD progression (Fig. 1) [26].

The presence of mesenchymal transdifferentiation in mouse
RECs was first demonstrated over a decade ago [28]. The actual
contribution of RECs to the emerging population of fibroblasts
in renal fibrosis was later first confirmed in three different CKD
mouse models: unilateral urethral obstructive (UUO) nephropa-
thy, streptozocin (STZ)-induced DN and Alport disease [29]. In
these three disease models, co-expression of endothelial marker,
CD31, and (myo)fibroblast markers, FSP-1/S100-A4 and «-SMA,
was found in 30%-50% of the emerging mesenchymal population
[29]. Lineage tracing experiments further proved the existence of
endMT 7-10 days after UUO injury with approximately 10% of the
(myo)fibroblast population originating from RECs [29, 30]. Simi-
lar lineage tracing studies revealed that endMT plays a significant
role in the first days after renal ischemic reperfusion injury (IRI),
but also during the first few months of the development of DN [31,
32]. EndMT can theoretically occur in different kidney compart-
ments composed of heterogenous REC subtypes [25]. Glomerular
mouse ECs have been shown to transdifferentiate in the context
of DN in particular, while evidence for this phenomenon in AKI-
CKD models is lacking [32, 33]. By contrast, peritubular capillary
ECs are prone to transdifferentiate in both DN and AKI-CKD ani-
mal models [13, 32].

Importantly, renal capillary endMT results in vascular leak-
age and tissue hypoxia subsequently affecting proximal tubule
function [34]. Reduction of endMT in animal models ameliorates
capillary structure and prevents tubulointerstitial fibrosis, high-
lighting its therapeutic potential [13, 27, 35]. However, despite the
evidence on endMT in human renal biopsies and renal fibrosis ani-
mal models, controversy remains over to what extent endMT truly
contributes to the emerging myofibroblast pool in CKD [36]. Pseu-
dotime trajectory analysis on human biopsies and genetic fate-
tracing in the UUO mouse model showed that pericytes and fi-
broblasts are a main source of ECM-producing myofibroblasts in
kidney disease [36]. Whether renal ECs, through the endMT pro-
cess, contribute to the pool of fibrogenic myofibroblasts, either di-
rectly or indirectly via the acquisition of a fibroblast or pericyte
intermediate phenotypic state, remains to be further investigated.
Nevertheless, the consequences of endMT in terms of enhancing
local tissue hypoxia and inflammation through capillary rarefac-
tion seem undisputable.

Mechanisms of endMT in AKI-CKD transition

In the kidney, endMT pathways such as TGF-g signaling are in-
volved during AKI-CKD transition, ultimately promoting renal fi-
brogenesis [13, 15]. In mice, heterozygous knock-out of TGF-p re-
ceptor II (TBRII) in ECs reduced canonical Smad2 phosphorylation
upon TGF-1 and TGF-B2 stimulation [13]. In line with this, these
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mice showed decreased renal endMT with inhibition of fibrotic
response after UUO- and folate acid (FA)-induced nephropathy
[13]. Interestingly, reduction of endothelial TBRII expression in
these mice resulted in a decreased expression ratio of the short
to long isoforms of endoglin, a well-known TGF-8 accessory re-
ceptor [12, 13]. Conversely, an increased short to long isoform ex-
pression ratio is associated with EC quiescence [12, 13]. Ex vivo
experiments on aortic vessels obtained from these heterozygous
TARII mice showed improved angiogenic potential with increased
pro-angiogenic endoglin-Smad1/5 signaling as the proposed un-
derlying mechanism [13]. Improved angiogenic signaling together
with a decrease in endMT may then explain the observed preser-
vation of renal capillaries after injury in vivo.

In vitro, TGF-B1 induced human umbilical vein ECs (HUVECs)
transdifferentiation and simultaneously triggered upregulation
of protein phosphatase 2A (PP2A) activity [27]. Endothelial PP2A
affects barrier integrity through dephosphorylation of trans-
membrane protein occludin [27]. Moreover, abolishment of PP2A
activity with selective inhibitor okadaic acid reduced endMT in
HUVECs [27]. Consistent with these findings, PP2A activity was in-
creased within 2 weeks after UUO in mouse kidney tissue lysate,
and inhibition of PP2A activity reduced renal endMT [27]. Addi-
tionally, conditional deletion of downstream pro-mesenchymal
transcription factors of the (non-)canonical TGF-8 pathway, Snail
and Twistl genes in ECs, reduced renal fibrosis 10 days after
UUO- and FA-induced injury [34]. Endothelial deletion of Snail
and Twistl suppressed both intermediate (CD31+/a-SMA+) and
more advanced (CD31-/a-SMA+) endMT phenotypes resulting in
improved renal capillary integrity 10 days after UUO [34].

Wnt/B-catenin signaling, a member of the non-TGF-g-
mediated pathways, holds the ability to induce endothelial
transdifferentiation [2]. One of its ligands, DKK-3, was identified
as an excessively secreted protein by ECs from Sirt1-deleted mice
exhibiting a permanent dysfunctional endothelial phenotype
[16]. Further analysis on DKK3 revealed its autocrine ability
to enhance endMT in renal microvascular endothelial cells
(RMVECs) in vitro [16]. Upon addition of DKK-3, RMVECs showed
decreased angiogenic properties with disruption of capillary
integrity through increased endothelial transdifferentiation [16].
Another member of the non-TGF-g-mediated pathways, namely
Yes-associated protein (YAP) signaling, was previously linked
to fibrogenesis in different animal models [37]. Administration
of a selective peptide antagonizing F2RL1 G-protein-coupled
receptor inhibited endothelial YAP activity thereby decreasing
renal endMT and kidney fibrosis after mouse UUO injury [37].

Lastly, inflammatory responses and cellular stress-induced
mechanisms are involved in endMT enhancement. Activation of
the complement system, a widely recognized contributor to the
first phases of IRI, plays a crucial role in renal capillary transd-
ifferentiation [35]. In vitro, C3a and C5a endothelial stimulation
induce endMT in HUVEC culture [35]. This transdifferentiation
could be counteracted by addition of an Akt inhibitor [35]. The
Akt pathway plays a role in inflammation and has been linked
to inflammatory endMT induction through IL-13 signaling in pul-
monary artery ECs [2, 38]. As for renal disease, the downstream
role of Akt in complement-induced endMT was confirmed in vivo
using a porcine IRI model, in which pre-treatment with C1 in-
hibitors inhibited endMT with simultaneous downregulation of
Akt signaling [35]. Furthermore, urinary EVs associated with in-
flammation and endMT induction were upregulated after 5/6
nephrectomy in a rat model [39]. In transplant patients with re-
nal antibody-mediated rejection, circulating EVs containing a pro-
inflammatory microRNA signature were able to induce endMT

in vitro [17]. Whether EVs carrying pro-inflammatory transcrip-
tional regulators play a broader role in endMT in AKI-CKD transi-
tion remains to be elucidated.

CELLULAR CROSSTALK IN KIDNEY
MICRO-ENVIRONMENT ENHANCES endMT
IN AKI-CKD TRANSITION

Despite the inherent regenerative capacity of the tubular ep-
ithelium following injury, AKI patients carry a high risk of de-
veloping CKD in later stages. Animal models, in particular IRI
mouse models, have provided insights in the subclinical inflam-
matory processes that hallmark maladaptive repair responses
and cause the persistent risk of disease progression [3, 40]. During
sustained renal inflammation, RECs, PTCs, pericytes, myofibrob-
lasts and immunocytes communicate in a vicious manner am-
plifying profibrotic signaling [41-43]. These processes of inflam-
mation and fibrogenesis create focal sites throughout the renal
parenchyma with excessive ECM deposition [14]. Within these fi-
brogenic niches, a specialized ECM network exists in which ex-
tracellular vesicles and multiple soluble, profibrotic factors such
as TGF-B, Wnt ligands and PDGFs accumulate [14]. Many of
these profibrotic factors are known inducers of endMT. Therefore,
understanding the maladaptive cellular and secretory crosstalk
within the fibrogenic KME represents an important opportunity
to halt endMT and preserve vascular integrity.

Cell types involved in the profibrotic kidney
micro-environment

Within the kidney, PTCs represent the most susceptible cell pop-
ulation to (ischemic) injury. Tubular reabsorption and secretion
are high energy demanding processes and therefore strongly de-
pendent on aerobic respiration [44]. Upon injury, PTCs show great
regenerative capacity with induction of epithelial dedifferentia-
tion and proliferation within 24 h. Although a substantial part of
damaged epithelial cells is then able to successfully proliferate
and redifferentiate to form functional tubular structures, a sub-
population of PTCs undergoes maladaptive repair processes en-
hancing sustained inflammation and loss of nephron structures
[3, 40-42].

Maladaptive PTCs, often referred to as failed repair PTCs (FR-
PTCs), acquire different phenotypes after injury. Tubular cell
subpopulations can undergo (partial) epithelial-to-mesenchymal
transition (EMT) or adopt a senescent, G2/M-arrested state |3, 41,
45]. These latter senescent epithelial cells are far from inactive;
activation of JNK signaling induces secretion of profibrotic fac-
tors TGF-B, IL-8 and CTGF |[3, 45]. In vivo, inhibition of this cell
cycle arrest in mice through p53 or JNK inhibition reduced devel-
opment of renal fibrosis after IRI [45]. As senescence of the ep-
ithelial compartment is a component of the normal aging pro-
cess, increasing susceptibility for this G2/M-arrested phenotype
may therefore explain worse kidney function outcomes after AKI
in the elderly [3]. The initial assumption that Snail- and Twist-
driven EMT contributed to the emerging pool of a-SMA+ myofi-
broblasts in kidney fibrosis was repeatedly disproven by genetic
lineage tracing experiments [3,41, 42, 46]. However, (partially) ded-
ifferentiated tubular cells may also adopt a profibrotic phenotype
enhancing inflammation through activation of interstitial my-
ofibroblasts or induction endMT and pericyte-to-mesenchymal
transition.

Pericytes are mural cells supporting EC homeostasis and
function through direct contact and paracrine signaling.
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Tissue-resident pericytes expressing Glil, a mesenchymal marker
for perivascular cells, have been shown to detach, mobilize and
transdifferentiate into interstitial «-SMA+ myofibroblasts upon
injury [47]. Pericytes, as well as perivascular fibroblasts, represent
important subpopulations of renal stromal cells contributing
to emerging myofibroblasts in renal fibrosis. Ultimately, these
emerging myofibroblasts include the primary cell type account-
able for matrix deposition [41]. TGF-1 signaling can directly
induce this matrix secretion of fibrotic components such as
collagen (mostly type I), fibronectin and plasminogen activator
inhibitor [15]. Numerous other fibrogenic ECM components, such
as matricellular proteins tenascin C and TSP-1, contribute to ECM
deposition by creating a favorable environment for fibroblast pro-
liferation while carrying the ability to trigger fibroblast activation
[14]. Ablation of a-SMA+ or Glil+ myofibroblasts in an UUO mice
model caused a 50%-60% and 55%-60% reduction in interstitial
fibrosis, respectively, highlighting the importance of this cell type
in renal fibrogenesis [41].

Lastly, immunocytes, such as monocytes and neutrophils,
abundantly infiltrate tubulointerstitial spaces during acute in-
flammation and chronic fibrogenic phases of kidney disease. In
the early phase, monocytes are recruited towards the site of in-
jury and polarized towards a pro-inflammatory M1 phenotype
[43]. These M1 macrophages produce pro-inflammatory cytokines
such as IL-1 and inducible nitric oxide synthase [42, 43]. With
the initiation of the repair phase a shift from M1 to M2 takes
place. Although different subtypes of M2 macrophages carry dis-
tinct functions, general properties are mainly anti-inflammatory
with regulation of tissue repair and ECM remodeling [42, 43]. M2
macrophages have shown to accumulate in both fibrotic animal
models and human CKD tissue biopsies [43]. In IRI and UUO mice
models, depletion of this M2 phenotype reduced collagen deposi-
tion and protected against renal fibrosis [43]. These effects may
be explained through elimination of the profibrotic M2 secre-
tome which enhances proliferation and activation of fibroblasts
thereby promoting fibrogenesis [15, 43]. Furthermore, an infiltrat-
ing subpopulation of neutrophils expressing eosinophil marker
Siglec-F has shown to contribute to fibrogenesis in an UUO injury
model [48]. These neutrophils express proinflammatory cytokines
such as TGF-81, IL-18 and TNF-«, and carry enhanced ability to
form neutrophil extracellular traps (NETs) [48]. Also, renal biop-
sies from patients with DN and focal segmental glomerulosclero-
sis show that the human counterpart population of Siglec-F neu-
trophils increases in CKD [48].

Cellular and secretory crosstalk enhance endMT

To date, studies focusing on cell-cell interactions in the KME and
their effects on renal endMT are sparse. However, evidence from
specific cellular secretomes and ligand-receptor analyses suggest
the contribution of these signals in inducing and/or supporting
endMT during AKI-CKD transition. Additionally, release of ma-
tricellular ligands through ECM remodeling can further enhance
endMT induction [11, 14]. Figure 2 summarizes relevant cellu-
lar interactions and related paracrine signals in the KME in both
healthy and injured contexts.

So far, a single study has reported a direct link between re-
nal endMT and defective PTC-REC interactions [34]. PTCs dis-
play changes in metabolism upon injury with the downreg-
ulation of FAO and upregulation of glycolytic processes [44].
Inducible endothelial-specific deletion of Twistl or Snail as pro-
mesenchymal transcription factors curtailed endMT, vascular
leakage and kidney fibrosis in a UUO model [34]. Furthermore, this

conditional deletion decreased the expression of carbonic anhy-
drase IX, an indicator for hypoxia, in PTCs and increased preserva-
tion of FAO through diminishing epithelial Myc signaling, a tran-
scription factor known to enhance glycolytic adaptations [34].
Interestingly, PTCs with a conditional Myc knock-out displayed
similar metabolic changes and reduced fibrogenesis as seen in the
endothelial Snail/Twist1 knock-out model, while Myc deletion in a-
SMA+ myofibroblasts did not induce the same effects [34]. Hence,
metabolic changes in tubular epithelial cells and renal endMT are
closely related and critical drivers of kidney fibrosis.

TGF-B signaling exerts fibrogenic effects on multiple cell types
in fibrotic kidney disease. As previously mentioned, renal en-
dothelial cells can undergo endMT following TARII stimula-
tion [13]. G2/M-arrested, senescent PTCs show prolonged se-
cretion of TGF-B up to 6 weeks in mouse IRI and aristolochic
acid toxic nephropathy [45]. Also, ligand-receptor analysis re-
vealed increased TGF-g2-endoglin signaling between VCAM1+
FR-PTCs and RECs 6 weeks after mouse IRI [40]. Endoglin, a
type III accessory TGF-B receptor, carries a more indirect, mod-
ulatory effect on TGF-g signaling by balancing ALK1/ALKS5 sig-
naling [8, 12]. Although endoglin can negatively regulate ALKS
signaling and therefore inhibit endMT, prolonged TGF-8 bind-
ing can also favor ALKS signaling and induce endMT [6]. These
specific regulatory effects of endoglin signaling on EC angio-
genic potential are dependent on relative abundance of en-
doglin protein isoforms which was not specified in the ligand-
receptor data on FR-PTC and REC interaction [12, 13, 40]. Thus,
TGF-p-mediated endMT in RECs through paracrine signaling by
senescent PTCs may occur but warrants further experimental
validation.

Another potentially relevant interaction between VCAM1+ FR-
PTCs and RECs 6 weeks after mouse IRI involves the binding of ET-
1 ligand to endothelin receptor type B on RECs [40]. ET-1 induces
endMT in vitro in human and murine ECs [2, 49]. Similar capacities
of ET-1 were also demonstrated in vivo in a skin and lung fibrosis
mice model [2,49]. Although ET-1 alone was able to induce endMT,
its effects also relied on amplification of an autocrine TGF-8 sig-
nalingloop [2, 49]. The increased interaction between FR-PTCs and
RECs through ET-1 signaling may represent a similar mechanism
in renal fibrosis.

Furthermore, a characteristic of senescent, G2/M-arrested PTCs
in CKD includes secretion of pro-inflammatory Wnt ligands [41].
Activation of Wnt/g-catenin pathways trough DKK-3 signaling
showed ability to induce endMT in RMVECs [16]. Both defec-
tive ECs and senescent PTCs can acquire pro-inflammatory phe-
notypes characterized by Wnt and Notch ligand excretion with
known profibrotic effects on myofibroblasts and pericytes [7, 16,
41]. The specific ECM composition within the fibrogenic KME fur-
ther promotes the profibrotic signaling of these soluble factors
[14].

The secretome of immunocytes such as M2 macrophages and
neutrophils can directly exert profibrotic effects on fibroblasts
[43]. The production of IL-18, TGF-g and diverse matrix metallo-
proteinases (MMPs) likely also affects ECs and renal endMT [43].
A previous study reported in vitro treatment of HUVECs with IL-18
toinduce endMT [2]. Also, MMP9, one of the MMPs produced by M2
macrophages [43], enhances endMT in glomerular ECs via induc-
tion of Notch signaling, possibly linking the M2 secretome to renal
endMT [50]. As for neutrophils, release of NETSs, which includes a
characteristic of expanding Siglec-F neutrophil populations after
injury, has been shown to induce glomerular endMT in vitro via B-
catenin signaling, thereby providing another possible mechanism
for renal endMT induction [51].
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CLINICAL TRANSLATION AND FUTURE
PROSPECTS

From a clinical perspective, broadly curtailing TGF-p signaling to
halt endMT would elicit unwanted side effects due to its impor-
tant role in many physiological processes. Abolishment of profi-
brotic Wnt/B-catenin ligands or MMP9 as part of the M2 secretome
for instance could potentially offer more promising strategies.
However, current preclinical evidence for this is lacking. Recent
studies have shown that readily approved drugs within the anti-
diabetic and cardiovascular field may prevent endMT through par-
tial abolishment of TGF-8 activation or reduction of less potent,
non-TGF-B-mediated mechanisms [2, 52-54]. This partial inhibi-
tion may already delay AKI-CKD progression through interrupting
the pro-inflammatory vicious cycle in the KME.

Dipeptyl-peptidase IV (DPP-4) inhibitors and glucagon-like-
peptide-1 (GLP-1) agonists are well-known anti-diabetic drugs
which increase insulin/glucagon ratios through (in)directly pro-
moting incretin activity [52]. Increased GLP-1 receptor activity re-
duces TGF-B81 signaling, with downregulation of TARI, Smad3 and
Snail proteins, and upregulates BMP-receptor 2 (BMPR2) expres-
sion causing inhibition of endMT in monocrotaline-induced kid-
ney injury in rats [52]. This balance between TSR and BMP2R has
also been implicated to regulate endMT in human pulmonary
ECs, offering perspective for other fibrotic diseases as well [2].
Additionally, linagliptin treatment in 5/6 nephrectomy rats de-
creased the pro-inflammatory, endMT-associated urinary EV sig-
nature [39]. However, clinical use of linagliptin in diabetes melli-
tus type II patients with high risk on kidney disease development
did not benefit renal function [55]. As for statins, TGF-g1 signaling
via Smad2/3 phosphorylation was abrogated in STZ-treated mice
through treatment with lovastatin, thereby reducing glomerular
endMT [53]. Within the cardiovascular field, a recent study shows
a different mechanism through which statins inhibit endMT un-
der normoglycemic and hyperglycemic conditions [54]. Both in
induced pluripotent stem cell-derived ECs and an in vivo mouse
model, statin treatment reduced endMT in ECs through inhibition
of non-TGF-g-mediated YAP nuclear translocation and reducing
activity of downstream SOX9 enhancer [54]. As for renal disease,
YAP was identified as a regulator of endMT in UUO-induced kid-
ney fibrosis [37]. Further investigation is warranted to elucidate
similar mechanisms in human AKI-CKD transition and to explore
the potential of these anti-diabetic and cardiovascular drugs to
improve renal endMT phenotypes in a clinical context.

In addition to therapeutic strategies to halt endMT, enhance-
ment of neovascularization through stimulating the reverse pro-
cess, mesenchymal-to-endothelial transition, may also offer ther-
apeutic potential [56]. Cardiac fibroblasts have shown the ability
to adopt EC characteristics and improve vascularity after injury
through a p53-dependent fate transition [56]. Similar reverse pro-
cesses in kidney disease remain to be investigated [7].

To summarize, endMT includes a complex phenotypic transd-
ifferentiation that aggravates fibrotic disease by enhancing local
tissue hypoxia and inflammation and possibly expanding the pool
of fibrogenic myofibroblasts. Reduction or even reversal of endMT
offers therapeutic potential by reducing organ structure disrup-
tion and dysfunction. As for renal disease, inhibition of endMT
could delay AKI-CKD progression through favorable effects on
tubular health and reduce local inflammation in the KME. Animal
studies propose various strategies to inhibit endMT through abro-
gation of (non)-TGF-B-mediated pathways with promising results
for statins and DPP-4- and GLP-1-mediated antidiabetic drugs in
terms of clinical translation.
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