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A B S T R A C T

A disintegrin and metalloproteinases (ADAMs) family are proteolytic transmembrane proteases that modu-
late diverse cell functions and coordinate intercellular communication. ADAMs are responsible for regulating
cell proliferation, differentiation, migration, and organ morphogenesis in kidney development. Abnormally
activated ADAMs drive inflammation and fibrosis in response to kidney diseases such as acute kidney injury,
diabetic kidney disease, polycystic kidney disease, and chronic allograft nephropathy. ADAM10 and
ADAM17, known as the most characterized members of ADAMs, are extensively investigated in kidney dis-
eases. Notably, ADAM proteases have the potential to be targets for developing novel treatment approaches
in kidney diseases.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

A disintegrin and metalloproteases (ADAMs) family belong to type
I transmembrane and secreted metalloendopeptidases proteins,
which mediate the cleaving of the extracellular domain (ectodomain)
of membrane proteins. The ADAMs regulate several proteins, includ-
ing growth factors, cytokines, receptors, and adhesion molecules,
which play essential roles in numerous biological processes such as
cell migration, cell adhesion, proteolysis and signal transduction. To
date, ADAMs have been found in various mammalian genomes, e.g.
37 ADAMs in rats, 34 ADAMs in mice, and 21 ADAMs in humans.
ADAMs are fundamental for normal development and morphogene-
sis, including sperm-egg interaction, embryonic development and
differentiation, cell fate determination, and diverse aspects of immu-
nity. Dysregulation of ADAMs is associated with multiple human
pathologies such as cardiovascular and neurodegenerative diseases,
cancer, asthma, inflammation, and kidney diseases, and thus provides
potential therapeutic targets for these diseases.

ADAMs regulate and coordinate cellular signaling in response to
changes in renal physiology and pathology. In this review, we focus
on the physiological roles of ADAMs in renal embryological develop-
ment and summarize the pathological roles of ADAMs in kidney dis-
eases. We also discuss the potential and challenges in targeting
ADAMs to prevent and treat kidney diseases.
2. ADAMs structure, regulation, and function

The typical structure of ADAMs consists of a prodomain, a metal-
loproteinase domain, a disintegrin domain, a cysteine-rich domain,
an epidermal growth factor (EGF)-like domain, followed by a trans-
membrane region and a cytoplasmic tail (Fig. 1). The cysteine-rich
domain and the EGF-like domain are replaced by the membrane-
proximal domain in ADAM10 and ADAM17, which are considered
atypical family members of ADAMs [1�3]. Structurally, the prodo-
main is followed by the metalloprotease domain, and their interac-
tion is essential for the ADAMs proteolytic activity [2, 4]. To some
degree, the disintegrin domain can selectively bind to integrins to
mediate cell adhesion, cell migration, and cell-cell interactions. The
cysteine-rich domain contains a hyper-variable region (HVR), that
contributes to ADAMs function by recognizing their substrates and
regulating the catalytic activity. This region may be involved in mod-
ulating subcellular localization and protein-protein interactions [5].
The different composition of the cytoplasmic tails is crucial for their
varying functions in metalloprotease activity, intracellular signaling,
and subcellular localization.

The extracellular and intracellular pathways of ADAM activation
are intricate, as regulation often occurs through conformational
changes, activators or inhibitors. After biosynthesis in the endoplas-
mic reticulum and maturation in the Golgi compartment, ADAMs
secrete as inactive zymogens. The cytoplasmic tail controls the reten-
tion of properly folded ADAMs in the Golgi compartment by an
unidentified mechanism, which impedes the release of ADAMs activ-
ity at the cell membrane [6, 7]. The prodomain inhibits ADAMs activ-
ity via maintaining the metalloproteinase domain in an inactive
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Fig. 1. The structure of ADAM proteins. The typical multidomain of general ADAMs consists of a prodomain, a metalloproteinase domain, a disintegrin domain, a cysteine-rich
domain, an epidermal growth factor (EGF)-like domain, followed by a transmembrane region and a cytoplasmic tail. While the cysteine-rich domain and the EGF-like domain are
replaced by the membrane-proximal domain in ADAM10 and ADAM17.
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conformation, and the prodomain cleavage by furin-type proteases,
and PC7 releases the catalytical activity in a process occurring when
transiting to the cell surface [1,4,8]. In addition to the effects of con-
formational changes on ADAMs activities, ADAMs activities also sup-
press by endogenous tissue inhibitors of metalloproteinases (TIMPs),
which have a specific inhibitory effect on various ADAMs family
members.

ADAM-mediated cleavage of ectodomain shedding is a process of
releasing the extracellular domain by proteolytic cleavage. The
diverse substrates of ADAMs include growth factors, cytokines, che-
mokines, adhesion molecules, proteins of the extracellular matrix,
and receptors and ligands of signaling pathways, and thus functions
of ADAMs ectodomain shedding play a prominent role not only in
cell proliferation, differentiation, and adhesion but also in signal
transduction. Moreover, ADAMs-mediated ectodomain shedding has
been identified in exosomes, potentially contributing to intercellular
communication [9�11]. In addition to their roles in ectodomain
shedding, ADAMs also have the ability to modulate intracellular sig-
nal transduction. The ADAMs play a major role in transmembrane
protein shedding, an initiating step for regulated intramembrane pro-
teolysis (RIP) that releases intracellular domains and regulates intra-
cellular signaling events. Notch signaling and amyloid-precursor-
protein processing are typical examples of RIP.

In the past few years, ADAM10 and ADAM17 were the most stud-
ied family members. Several researchers have confirmed the roles of
Table 1
Substrates of ADAMs in the kidneys

ADAMs Substrates Roles in kidney development and disease

ADAM10 Notch Involved in metanephric development; determ
and mesangial cell maturation; aggravated re

CXCL16 Promoted mesangial cells proliferation and mig
podocyte migration; recruited of T cells to th

KIM-1 Modulated the phagocytic process
E-cadherin Involved in kidney fibrosis
Meprin A Induced inflammation and matrix remodulatio

ADAM17 EGFR ligands
(HB-EGF and TGFa)

Promoted proinflammatory factors upregulatio
factors release and induced interstitial fibros
glomerulosclerosis

ACE2 Induced albuminuria; mediated the shedding o
Notch Involved in glomerular development
CXCL16 Promoted mesangial cells proliferation and mig

podocyte migration
Nox4 Enhanced oxidative stress; induced matrix accu
TNFa Promoted inflammation and fibrosis
EPCR Promoted glomerular endothelium damage
ADAM10 and ADAM17 in the renal physiological and pathological
processes (Table 1). ADAM10 is expressed in renal tubular cells and is
involved in several kidney diseases [12]. While ADAM17 is weakly
expressed in proximal tubules, glomerular endothelium, and mesan-
gium, its expression is markedly induced in interstitial fibrosis and
tubular atrophy [13, 14]. The importance of ADAM-mediated signal-
ing in the kidney has been recognized and highlighted. Next, we
review recent insights into the molecular cell biology of ADAMs in
the context of normal and abnormal kidneys, and discuss the precise
functions of ADAM proteins in nephrogenesis, kidney cellular effects
and kidney diseases separately.

3. ADAMs in nephrogenesis

ADAMs are essential proteases involved in embryo development
via controlling cell proliferation, cell differentiation, cell migration
and organ morphogenesis. Diverse phenotypes have been observed
in ADAM knockout mice due to the broad expression of ADAMs in
mammalian tissues, but only ADAM10, ADAM17, and ADAM19 null
mice have defects in embryo development [15]. In this review, we
focus on extensive information on the ADAM family during kidney
development, and briefly summarize the roles of the two well-stud-
ied members, ADAM10 and ADAM17.

ADAM10 is best known for its function in ligand-dependent Notch
S2 cleavage, which is responsible for mediating the Notch pathway.
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Fig. 2. Roles of ADAM10 signaling in kidney development. The Notch receptor is activated by ligand binding after ADAM10 mediated the S2 site cleavage of Notch ligands and sec-
ond gamma-secretase proteolytic cleavage at the S3 site. During nephrogenesis, ADAM10/Notch signaling is partially necessary for the normal development of renal collecting
ducts. And normal Notch signaling is crucial for podocyte and mesangial cell maturation, which is essential for proper glomerular development. In addition, ADAM10/Notch signal-
ing promotes the maturation of the glomerular vasculature.
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Notch signaling has multiple effects throughout the development of
diverse tissues and cell types. In kidney development, Notch signal-
ing controls proximal tubular epithelial cell fate as well as collecting
duct cell composition. High expression of Notch2 is observed in the
developing ureteral bud (UB) and ADAM10 is also highly expressed
in the late UB, indicating that ADAM10 is involved in metanephric
development [16]. Moreover, slit genes are expressed in the meta-
nephric mesenchyme, while Robo1 is also found in the UB. Thus,
ADAM10 may participate in regulating Slit-Robo signaling during
nephrogenesis [17, 18]. It showed that ADAM10 deficiency in UB
reduced principal cells/intercalated cells ratios in the collecting duct
with reduction of Notch activity. ADAM10 deficiency mice present
with polyuria and hydronephrosis, suggesting that these mice have
defects in urinary concentration. Taken together, ADAM10 plays an
indispensable role in determining the cell fate of collecting ducts,
which is partially necessary for the normal development of renal col-
lecting ducts [19]. During development, glomerular endothelial cells
interact with mesangial cells and podocytes to generate the mature
glomerular vascular structure. Normal Notch signaling is crucial for
podocyte and mesangial cell maturation, which is essential for proper
Fig. 3. Pathways of ADAM17 in the regulation of tubular epithelial cells, mesangial cells and
receptor pathway by inducing the MEK/ERK signaling, the JAK/STAT signaling and the NFkB
tration, and profibrotic factors release. The increased ADAM17-mediated ACE2 shedding exa
feedback manner. And ADAM17 is involved in shedding membrane-bound IL-6 receptor and
inducing the MAPK/ERK signaling, the JAK/STAT signaling, and the PI3K/AKT1 signaling. More
infiltration. In addition, the shedding of NADPH oxidase 4 (Nox4) mediating ROS upregulatio
glomerular development [20, 21]. Notch1 deficiency, as well as inac-
tivation of ADAM10 in endothelial cells, result in similar glomerular
defects that are rescued by overexpression of Notch signaling in
ADAM10 deficiency mice. These findings indicate that ADAM10-
dependent Notch signaling plays a central role in developing glomer-
ulus [22]. Furthermore, Farber’s group reported that ADAM10/Notch
signaling promoted the maturation of the glomerular vasculature
[23]. In addition, increased expression of ADAM10 is detected in dif-
ferentiated podocytes [24]. Therefore, ADAM10 contributes to diverse
aspects of renal development (Fig. 2).

ADAM17 participates in cell proliferation, differentiation and
migration as a pleiotropic regulator of organ development, and these
effects are mainly associated with EGFR signaling. ADAM17-deficient
mice and EGFR-signaling defective mice show similar developmental
defects, which may be explained by decreased levels of EGFR ligands
and inadequate EGFR activation [25]. The EGFR pathway also plays a
crucial role in kidney development through contributing to the
induction of metanephric structures. Several EGF family members,
such as EGF, TGFa, and HB-EGF, are expressed during metanephric
development and may contribute to nephron development through
podocytes. In response to kidney injury, ADAM17 activates the epidermal growth factor
signaling, which induces proinflammatory factors upregulation, inflammatory cell infil-
cerbates the imbalance of RAS, which increases inflammation and fibrosis in a looping
activating the IL-6 trans-signaling, which mediates renal inflammation and fibrosis by
over, ADAM17 mediates the release of CXCL16, which induces T cells and macrophages
n and matrix accumulation known to be implicated by ADAM17.
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EGFR activation. In vitro studies demonstrated that EGFR ligands EGF
and TGFa stimulated embryonic kidney cell growth and proliferation
[26]. The deletion of EGFR ligands EREG, AREG and TGFa impair the
process of UB morphogenesis in vitro cultures of rat metanephros
[27]. In human nephrogenesis, immunoreactivity to HB-EGF can be
detected in the UB from the E14.5 day and persisted throughout
embryogenesis, whereas immunoreactive EGF and TGFa are detected
in all metanephric structures from the 7th week and decrease during
the process of nephrons differentiation [28, 29]. Thus, role of
ADAM17-mediated EGFR signaling during kidney development
deserve further investigation. Interestingly, ADAM17 also partici-
pates in generating the active form of Notch, which is important in
glomerular development [30]. Conditional knockout mice in the kid-
ney could further elucidate the contribution of ADAM17 during neph-
rogenesis.

4. Cellular effects of ADAMs in the kidney

Roles of ADAM17 in the regulation of tubular epithelial cells,
mesangial cells and podocytes are summarized in Fig. 3, and we also
briefly discuss the cellular effects of ADAM10.

4.1. Tubular epithelial cells

Renal tubules, the major component of the kidney, are vulnerable
to several deleterious factors such as hypoxia, toxins, proteinuria, etc.
In response to injury, tubular epithelial cells (TECs) start several
repair mechanisms. Maladaptive repair mechanisms lead to TECs
interacting with various bioactive molecules to drive interstitial
inflammation and fibrosis, and the critical transition point from acute
kidney injury (AKI) to chronic kidney disease (CKD).

Upon kidney injury, ADAM17 is upregulated and activated in
TECs, inducing inflammation and proliferation. ADAM17 releases
EGFR ligands TGFa and HB-EGF to activate EFGR signaling, resulting
in proinflammatory factors upregulation and inflammatory cells infil-
tration. A study in cultured TECs showed aldosterone-induced proin-
flammatory gene upregulation and proinflammatory factors
overexpression via ADAM17/EGFR activation. Blockade of the
ADAM17/EGFR pathway in these cells had anti-inflammatory effects
in response to aldosterone [31]. Ford et al reported that the increased
oxidative stress in high glucose-promoted TECs injury was prevented
by ADAM17 inhibition, suggesting that ADAM17 is an important
mediator of renal tubular inflammation [32]. These findings highlight
ADAM17 as an important effector of inflammation upon TECs injury.
Moreover, activation of ADAM17 pathway induces TECs proliferation
and epithelial-to-mesenchymal transition (EMT), that is character-
ized by increased expression of fibronectin and cellular collagen
[33�35]. The ADAM17-mediated sustained activation of EGFR signal-
ing interacts with profibrotic factors release and induces interstitial
fibrosis. These findings point to a complex regulatory network
between ADAM17 and TECs in inflammation and fibrosis.

4.2. Mesangial cells

Renal mesangial cells, the major constituents of the glomerular
mesangium, are critically involved in various glomerular injuries. In
response to injury, mesangial cells proliferated and were activated to
produce mesangial matrix components, such as collagen Ⅳ, fibronec-
tin and laminin, which contribute to excess extracellular matrix
(ECM). Moreover, the activation of mesangial cells also induces the
secretion of various inflammatory cytokines, chemokines and adhe-
sion molecules, promoting the accumulation of inflammatory cells
and the process of renal fibrosis.

ADAM17 is activated in response to injury, leading to mesangial
cell proliferation and ECM accumulation. As mentioned above,
ADAM17 participates in the shedding of EGFR ligands to activate
EGFR and induces downstream ERK phosphorylation. The initiation
of downstream signaling drives cell proliferation, migration, and apo-
ptosis [36, 37]. Moreover, by engaging the EGFR pathway, ADAM17
induces glomerular matrix accumulation leading to glomerulosclero-
sis and interstitial fibrosis. Studies in mesangial cells have shown
that in high glucose conditions, ADAM17 is activated and regulates
profibrotic TGFa in accumulation of matrix proteins [38, 39]. These
effects are abrogated by TAPI2, an ADAM17 inhibitor, via blocking
glomerular collagen accumulation [40]. Additionally, ADAM10 and
ADAM17 mediate the release of CXCL16 in mesangial cells, promot-
ing cell proliferation and migration. Notably, both ADAM10 and
ADAM17 appear to participate in the recruitment of immune cells
into the glomerulus to drive the inflammatory process [41]. In addi-
tion, ADAM15 participates in the reorganization of the mesangial
matrix and the migration of mesangial cells in diseases [42]. These
findings indicate that ADAMs are centrally involved in the response
of mesangial cells following injury.
4.3. Podocytes

Podocytes play vital roles in maintaining the glomerular filtration
barrier and thus are the major target of injury in various glomerular
diseases. Under injury, podocytes undergo morphological changes,
including foot process effacement, irregular shape, and cytoplasmic
droplets, which alter the construction of glomerular basement mem-
brane leading to proteinuria. Furthermore, podocytes generate reac-
tive oxygen species and increase the expression of TGFb and
chemokine receptors to activate inflammation-associated signals,
which in turn promotes podocyte injury [43].

The increased expressions of ADAM10 and ADAM17 constitute
the main driver of podocyte injury in glomerular diseases. Sustained
podocyte injury leads to ADAM17/EGFR signal activation, which
decreases podocyte permeability and induces podocyte regeneration.
Dey et al showed that ADAM17-dependent EGFR activation changed
podocyte permeability via promoting protein zonula occludens-1
rearrangement, whereas these effects were attenuated by EGFR inhi-
bition and ADAM17 down-regulation [44]. In cultured human podo-
cytes, inhibition of ADAM17 reduces constitutive and phorbol ester-
induced shedding of the EGFR ligand TGFa as well as cellular prolifer-
ation [13]. Moreover, ADAM10 and ADAM17 are involved in the
release of CXCL16 from podocytes, which plays an important role in
mediating inflammatory factors and podocytes migration. CXCL16 is
a scavenger receptor, and its release mediates the uptake of oxLDL to
induce reactive oxygen species and fibronectin in podocytes [45].
Another study revealed that ADAM10-mediated CXCL16 release
modulated the actin cytoskeleton, as well as promoted podocyte
migration [46]. Notably, ADAM10 has been identified as the major
regulator for Notch signaling, which takes part in the development of
glomerular disease. Several studies have suggested that Notch activa-
tion in podocytes contributed to foot process effacement and subse-
quently albuminuria and glomerulosclerosis [47]. The complex
regulatory network between ADAM10 and Notch signaling in podo-
cyte injury still needs to be elucidated.
5. ADAMs in kidney diseases

ADAMs signaling is fundamental for modulating cellular processes
during kidney development, whereas upregulation and activation of
ADAMs are involved in kidney diseases. In this review, we focus on
the prominent roles of ADAM10 and ADAM17 with ubiquitous
expression in kidney diseases. Notably, ADAM17/EGFR signaling is
not only involved in the initiation of AKI and its progression to CKD,
but also is of importance in other kidney diseases as shown in Fig. 4.



Fig. 4. Roles of ADAM17 signaling in kidney diseases. ADAM17 cleaves different membrane-anchored ERBB ligands to release soluble ligands and activate EGFR signaling pathways.
Moreover, ADAM17 is involved in the shedding of ERBB receptors to reduce functional ERBB signaling. Damaging effects of ADAM17 have been established in acute kidney injury,
diabetic kidney disease, polycystic kidney disease, kidney transplant dysfunction, and secondary hyperparathyroidism.
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5.1. Acute kidney injury

AKI is characterized by a rapid increase of serum creatinine, mani-
fests with oliguria or anuria, and presents renal functional and struc-
tural changes. Several studies have confirmed that activation of
ADAM17 contributes to the development of AKI, suggesting that
ADAM17-mediated shedding disrupts cellular homeostasis and pro-
motes tissue injury [33, 48, 49]. In the progression of AKI, ADAM17
overexpression drives tubular epithelial cell injury, mainly by activa-
tion of EGFR signaling to induce inflammation and proliferation. The
sustained activation of ADAM17/EGFR signaling after AKI upregulates
the synthesis and release of pro-inflammatory and pro-fibrotic fac-
tors leading to macrophage infiltration as well as renal fibrosis [35,
50]. Moreover, ADAM17 induces IL-6 trans-signaling by shedding of
the membrane-bound IL-6 receptor [51], which has been shown to
drive crescentic glomerulonephritis [52, 53] and lupus nephritis [54].
On the other hand, ADAM17 induces the shedding of KIM-1. The
shedding of constitutive and induced KIM-1 by ADAM17 reduces the
apoptotic capacity of TECs and restricts the recovery of the kidney
[55]. Additionally, ADAM10 may be important in renal tubule injury.
Activated ADAM10 mainly expresses in TECs in experimental models
of AKI. ADAM10 is involved in the release and redistribution of
Meprin A, which is responsible for inflammation and ECM remodel-
ing in AKI [56]. ADAM10 also takes part in KIM-1 ectodomain release,
and ADAM10-induced KIM-1 shedding is essential for the modulation
of phagocytic clearance of apoptotic cells after AKI [57]. Collectively,
ADAM17 and ADAM10 are overexpressed and activated in renal
tubular cells and play a damaging role in AKI.

5.2. Chronic kidney disease

ADAMs not only participate in the initiation of AKI but also are
critical for the progression of CKD. Higher ADAM17 expression has
been observed in kidneys of CKD patients, co-localizing with TGFa in
fibrotic regions, highlighting the importance of the proinflammatory
and profibrotic roles of ADAM17 in the progression of CKD [13].
Moreover, circulating ADAM17 activity is markedly increased with
CKD progression, and it has been identified as an independent risk
factor for renal outcomes [58]. In the unilateral ureteral obstruction
(UUO) animal model, the activation of ADAM17 is relevant to the kid-
ney fibrotic response to various tubular injuries [33, 34]. In addition,
the upregulation of ADAM10 has been observed in both CKD patients
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and UUO mice, which aggravates kidney damage resulting in
increased fibrotic factors and EMT of tubular epithelia [59]. Moreover,
Li et al have shown that ADAM10 expression increased during the
progression of IgA nephropathy and that the continuous activation of
ADAM10, in turn, promoted kidney interstitial fibrosis and renal dys-
function [60]. Importantly, our recent research found that ADAM19
upregulated in the acute-chronic kidney model, along with increased
expression of ADAM19 in the kidney of IgA nephrology patients with
severe classes [61]. Upregulation of ADAM19 directly induced fibrotic
genes, CCL2, and macrophage infiltration, while depletion of macro-
phages could ameliorate the fibrotic effects of ADAM19 [61]. More-
over, upregulation of ADAM19 induced accumulation of the Notch1
intracellular domain, whereas the Notch1 pathway antagonist could
reduce CCL2 level and macrophage infiltration [61]. These findings
provide new insights into the expression of ADAM19 during kidney
diseases and offer potential mechanisms of ADAM19 underlying
renal fibrosis.

Secondary hyperparathyroidism (SHPT) is a common complica-
tion in CKD patients, characterized by mineral and skeletal abnormal-
ities, and predisposition to vascular stiffness and calcification.
Parathyroid hyperplasia is in part ascribed to EGFR activation, and
inhibition of EGFR activation should effectively attenuate the pro-
gression of SHPT. Notably, in patients with SHPT, ADAM17 levels are
elevated in the parathyroid tissues, exacerbating EGFR-driven nodu-
lar hyperplasia. Arcidiacono et al have found that suppression of
ADAM17 expression attenuated parathyroid gland enlargement and
decreased parathyroid hormone levels in SHPT rats [62]. Importantly,
1,25-dihydroxy vitamin D inhibition of ADAM17 not only ameliorates
the progression of SHPT but also attenuates ADAM17/TGFa-driven
systemic inflammation [63].

CKD represents a well-established risk factor for cardiovascular
(CV) events. The rate of CV events is high with kidney disease pro-
gression, and the broad spectrum of CV events in this population is
crucial for CKD prognoses. ADAMs are involved in CV disease devel-
opment and progression, for example, ADAM17 is associated with an
increased risk of CV death in patients with coronary artery diseases
[64]. It deserves more attention to the role of ADAMs in the progres-
sion of renal function and CV events in CKD patients. Circulating
ADAM activity from 2570 CKD patients has been assessed in the
NEFRONA study, which indicates that ADAM activity is indepen-
dently associated with CV events in CKD patients [58]. Moreover, the
high level of ADAM17 is correlated with high level of fibroblast
growth factor 23, which is an important indicator of oxidative stress
and CV risk in CKD patients [65]. Hence, the possible pathogenic link
between these conditions is represented by the enhanced production
of ADAM17-released TGFb, which acts as a mediator in the cross-talk
kidney and CV disease. Similarities have also been found among the
matrix metalloproteinases family as discussed in recent reviews [66,
67]. All of these important pieces of evidence have confirmed that
metalloproteinases contribute to reinforcing the risk oriented from
CKD to CV diseases.

5.3. Diabetic kidney disease

Diabetic kidney disease (DKD) is characterized by persistent albu-
minuria and progressive decline in kidney function, accompanied by
the accumulation of ECM and fibrosis. Growing evidence has shown
that ADAM10, ADAM17 and ADAM19 are induced explicitly in both
glomeruli and tubules in DKD patients [68, 69]. Alan et al found that
the overexpression of serum ADAM10 was remarkably associated
with advanced glycation end products, which has been recognized as
important contributors to diabetic complications [70]. Moreover,
upregulation of urinary ADAM17 is observed in diabetic patients
with albuminuria and is accompanied by elevated urinary angioten-
sin converting enzyme 2 (ACE2), which may indicate a potential role
of ADAM17-mediated ACE2 in DKD pathogenesis [71].
In line with these, hyperglycemia in type 1 diabetic mice upregu-
lates renal ADAM17 expression and induces ADAM17 activation,
which enhances oxidative stress and extracellular matrix accumula-
tion. Of note, mice treated with TMI-005, an ADAM17 inhibitor, are
protected against renal damage by decreasing type Ⅳ collagen, Nox4,
and NADPH oxidase activity [32]. More importantly, ADAM17 knock-
out mice have been used in protecting renal pro-inflammatory and
pro-fibrotic injury caused by type 1 diabetes mellitus, which shows
that specific endothelial ADAM17 deletion prevents renal fibrosis
and inflammation, and specific proximal tubular ADAM17 deletion
protects from pro-fibrotic events, podocyte loss, and attenuates the
renal RAS [72]. In db/db mice, ADAM17 is upregulated and co-local-
ized with ACE2 in renal tubules. One study reported that activated
ADAM17 impaired kidney function by inducing ACE2 activity, and
treatment with rosiglitazone ameliorated the hyperglycemia and
restored the ADAM17, thereby attenuating AGE-induced kidney
injury in db/db mice [73]. Another study reported that in db/db mice,
exercise training alone or combining with metformin protected
against albuminuria by preventing ADAM17-mediated renal ACE2
shedding [74]. ADAM17 is significantly increased in kidneys of strep-
tozotocin (STZ)-induced diabetic rats, while ADAM17 inhibition could
ameliorate renal inflammation [75]. Furthermore, Src-dependent
EGFR transactivation in STZ-induced diabetic nephropathy leads to
podocyte depletion and ECM accumulation, whereas ADAM17 inhibi-
tion abrogates EGFR phosphorylation, underscoring the interaction
between ADAM17 and EGFR signaling in DKD [40]. The deficiency of
TIMP3, an endogenous ADAM17 inhibitor, aggravated membrane
thickness and mesangial expansion in diabetic mice, contributing to
oxidative stress and autophagy through FoxO1/STAT1 interplay [76].
Besides, podocyte deletion of ADAM17 attenuates STZ�induced ECM
accumulation, glomerular damage and urinary albumin, which indi-
cates that targeting ADAM17 signaling may be therapeutic for DKD
[77].

5.4. Polycystic kidney disease

Polycystic kidney disease (PKD) is characterized by gradually
growing renal cysts, resulting in progressive fibrocystic renal disease
and renal dysfunction. As PKD progresses, changes in cell prolifera-
tion, apoptosis and adhesion, as well as increased ECM and cellular
metabolism play critical roles in the aggravation of kidney injury.
ADAM17/EGFR signaling may also be important in the development
of PKD. Excessive expression and activation of ADAM17 have been
identified in PKD cells, while ADAM17-regulated EFGR shedding
induces EGFR/MAPK/ERK pathway activation and probably promotes
TECs proliferation. Moreover, changes in cellular metabolism and glu-
cose consumption are accompanied by renal cyst formation and
expansion, and ADAM17 inhibition participates in blocking these
effects [78]. In addition, PKD1 mutation alters cell polarity and adhe-
sion via intensifying E-cadherin shedding, which is modulated by
increased ADAM10. Specific inhibition of ADAM10 serves as a strat-
egy to ameliorate cystogenesis [79]. Presently, some important
advances in the treatment of PKD have focused on halting the pro-
gression of kidney cysts and attenuating the decline of kidney func-
tion, whereas no newer studies regarding podocytes have published.
Although, ADAMs represent promising therapeutic targets to attenu-
ate kidney cyst progression, the future management of PKD will
probably involve multidrug therapy to target distinct molecular path-
ways that influence cyst fluid secretion, cell proliferation, inflamma-
tion, and fibrosis.

5.5. Kidney transplant dysfunction

Dysregulated ADAMs have also been recognized in allograft
nephropathy, which as important contributors to inflammation,
immune response, and fibrosis. A study observed that massive
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ADAM10 expression was together with infiltrating T cells in kidney
transplant patients with acute interstitial rejection, suggesting that
ADAM10 may regulate immune response and inflammation during
acute allograft rejection [12]. ADAM17 signaling involved in the
induction of inflammation during allograft nephropathy has also
been assessed. ADAM17 is expressed and activated in TECs of trans-
planted kidneys, and the activation of ADAM17 promotes the shed-
ding of tumor necrosis factor receptors [80]. Other studies further
demonstrated that ADAM17 expression was upregulated in chronic
renal allograft rejection, which may be responsible for modulating
inflammation and fibrosis [14, 81]. In addition, enhanced ADAM19
expression was detected in glomerular sclerotic lesions, renal tubule
and inflammatory CD4+ cells in chronic allograft nephropathy, as
well as in patients with the acute rejection of kidney allografts [82].

6. Therapeutic outlook

ADAM family is emerging as a novel therapeutic target in patients
with kidney diseases and associated complications. Importantly, roles
of ADAMs in human kidney disease will be validated after specific
therapies targeting its pathways. To date, small molecule inhibitors
modulating metalloproteinases focuses mainly on downregulating
the proteolytic activity of ADAMs and matrix metalloproteinases. The
first generation of small molecule inhibitors targets the zinc ion of
metalloproteinases, which shows poor selectivity and several side
effects [83]. Thus, specifically targeted small molecules are under
development and clinical trials, such as GI254023X with high selec-
tivity for ADAM10 [84]. On the other hand, protein therapeutics,
based on antigen-antibody and TIMP-ADAMs interaction, offer supe-
rior potential for selectivity and stability. Although TIMPs control the
activity of ADAMs in space and time precisely, ADAMs-independent
interactions of TIMPs make them controversial protein scaffolds for
treating diseases. Therefore, understanding ADAMs-independent
function of TIMPs is critical to developing the next generation of
TIMP scaffolds as efficient therapeutics. Moreover, natural antibodies,
targeting the surface of the catalytic domain, are emerging with low
immunogenicity and toxicity. Besides, further understanding of the
particular substrates of ADAMs in kidney diseases could aid the
development of highly targeted treatments. Since molecular charac-
terization of ADAMs and regulators vary in different tissues, under-
standing ADAMs homeostasis throughout the body is required to
harness its full potential for therapeutic modulation.

7. Outstanding questions

ADAMs are important regulators in kidney embryogenesis and
pathological progression. In kidney embryo development, ADAMs
participate in cell proliferation, differentiation and migration, mainly
via ADAM10-mediated Notch signaling and ADAM17-mediated EGFR
signaling. Upon kidney injury, ADAMs are re-expressed and activated
in proximal tubules, glomerular mesangium and podocytes, which
contributes to inflammation and fibrosis. The field continues to
advance, both with the recognition of ADAMs substrate in kidney dis-
eases and a growing understanding of the mechanisms that underpin
the associations between the ADAM family and kidney diseases.

Although the damaging effects of ADAMs in kidney injury have
been established, the cellular effects of ADAMs are highly diverse in
different kidney diseases, and the precise signaling due to ADAMs
activation remains largely elusive. Therefore, there are still several
important questions needed to be further addressed. On the one
hand, the foremost question will be which substrates of ADAMs
determine certain kidney pathological process, and whether aspects
of kidney injury induced by ADAMs are due to particular effectors
remains unknown. On the other hand, understanding how ADAMs
activity is regulated in different cells in an environment-dependent
manner is crucial for unraveling insights into its roles in kidney
pathology. Importantly, clinical translation of experimental data to
the human system remains challenging. The targets of ADAMs might
regulate cellular processes beyond the kidney and their pharmaco-
logical targeting might result in unexpected side effects. Hence, con-
sidering the tissue specificity and degree of ADAMs modulation will
be essential to maximize its protective effect. Despite the obvious dif-
ficulties, based on the ubiquity and importance of ADAMs in physiol-
ogy and pathology, knowledge gained from the kidney may advance
our understanding of potential applications of ADAMs family and
provide novel translational insights into other organs.
8. Search strategy and selection criteria

Data for this Review were identified by searches of MEDLINE, Cur-
rent Contents, PubMed, and references from relevant articles using
the search terms “kidney”, “ADAM”, and “nephrogenesis”. Abstracts
and reports from meetings were included only when they related
directly to previously published work. Only articles published in
English between 1980 and 2021 were included.
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