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Dysregulated extracellular matrix is the hallmark of fibrosis,
and it has a profound impact on kidney function in disease.
Furthermore, perturbation of matrix homeostasis is a
feature of aging and is associated with declining kidney
function. Understanding these dynamic processes, in the
hope of developing therapies to combat matrix
dysregulation, requires the integration of data acquired by
both well-established and novel technologies. Owing to its
complexity, the extracellular proteome, or matrisome, still
holds many secrets and has great potential for the
identification of clinical biomarkers and drug targets. The
molecular resolution of matrix composition during aging
and disease has been illuminated by cutting-edge mass
spectrometry–based proteomics in recent years, but there
remain key questions about the mechanisms that drive
altered matrix composition. Basement membrane
components are particularly important in the context of
kidney function; and data from proteomic studies suggest
that switches between basement membrane and interstitial
matrix proteins are likely to contribute to organ
dysfunction during aging and disease. Understanding the
impact of such changes on physical properties of the
matrix, and the subsequent cellular response to altered
stiffness and viscoelasticity, is of critical importance.
Likewise, the comparison of proteomic data sets from
multiple organs is required to identify common matrix
biomarkers and shared pathways for therapeutic
intervention. Coupled with single-cell transcriptomics,
there is the potential to identify the cellular origin of matrix
changes, which could enable cell-targeted therapy. This
review provides a contemporary perspective of the
complex kidney matrisome and draws comparison to
altered matrix in heart and liver disease.
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E xtracellular matrix plays a critical role in normal tissue
architecture, and matrix dysregulation leads to fibrosis,
which contributes to 45% of deaths worldwide.1

Fibrosis is an excessive accumulation of matrix and is a
common injury response observed across numerous kidney
diseases.2 As fibrosis is detected histologically, it serves as a
diagnostic tool for progressive kidney disease.3 In addition to
its recognized role in advanced disease stages, recent studies
have found alterations in the local matrix environment in
early kidney disease, where visible matrix changes were ab-
sent.4,5 These data suggest the involvement of matrix in dis-
ease initiation, rendering matrix components as potential
early therapeutic targets at the onset of kidney disease. To
date, there are no effective therapies to prevent or reverse
fibrosis; therefore, there is an urgent need to understand the
underlying mechanisms that drive fibrosis.

Matrix determines the physical properties of tissues and
forms a complex signaling hub with adjacent cells. Cell-
matrix adhesion complexes, comprising a core of 60 pro-
teins plus a myriad of cell type– and matrix-specific com-
ponents, link cellular cytoskeletons to the matrix via
transmembrane integrin receptors.6,7 Mechanosensing
proteins, such as talin8 and vinculin,9,10 enable cells to
sense and adapt to the biophysical changes within the
matrix.11 Hence, changes in substrate stiffness8,12 and
viscoelasticity13 are associated with actin reinforcement,14

modulation of adhesion complex composition and turn-
over,15 cell migration,14,16,17 and differentiation.18,19

Intriguingly, even the age of the matrix is interpreted by
cells, as juvenile matrix has a rejuvenating effect on adult
stem cells.20 In addition, adhesion signaling regulates ma-
trix directly via deposition, modification, and degradation
of matrix proteins.21 This synergistic relationship means
that perturbation of matrix has profound implications for
tissue composition and function.

To understand matrix dysregulation in disease, it is a
prerequisite to define the matrix in health. In 2009, a novel
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matrix database, MatrixDB, was introduced, recording the
interactions between known matrix components. The first
iteration in 2009 contained 259 extracellular biomolecules
and 1972 interactions,22 whereas the latest version of
MatrixDB contains 106,543 matrix interactions.23 In 2012, an
in silico prediction defined the human matrix proteome or
“matrisome” comprising 1027 proteins.24 Matrix can be
classed into 2 core protein groups, proteoglycans, that carry
covalently attached sugar moieties and fibrous proteins,
including collagens, laminins, fibronectin, and elastin.25 The
relative abundance and cross-linking of these components
define tissue properties (e.g., stiffness).26

Matrix organizes into 2 distinct entities with different
functions. Whilst interstitial matrices give tissues structural
support, sheet-like basement membranes underlie continuous
layers of cells, including muscle, nerve, endothelial, and
epithelial cells. Whereas interstitial matrices mainly comprise
fibrillar collagens, basement membranes contain laminins and
network-forming type IV collagen (Figure 1). Beyond these 2

core networks, basement membranes are highly complex
macromolecular structures, and >200 components have been
localized to different basement membranes.27 Their compo-
sition is finely tuned according to tissue type, likely deter-
mined by underlying functional requirements. In the
glomerulus, the basement membrane has a unique function,
enabling both size- and charge-selective blood filtration. Be-
ing exposed to filtration force, the glomerular basement
membrane and adjacent podocytes must withstand and
counteract mechanical load to maintain controlled filtra-
tion28; consequently, pathologic increases in filtration force,
mediated through hypertension, associate with kidney
fibrosis.29,30 Because of its specialized function, the compo-
sition of the glomerular basement membrane differs from
other basement membranes. For instance, it contains
specialized type IV collagen a3a4a5 and laminin a5b2g1
networks. These networks are of particular importance in
kidney disease; variants in COL4A3, COL4A4, and COL4A5
manifest as Alport syndrome,31–33 and variants in LAMB2

Figure 1 | Interstitial matrix and basement membranes. Interstitial matrices give tissues structural support and act as a scaffold. The main
constituents are fibrous collagens, laminins, elastin, fibronectin, and proteoglycans. Basement membranes provide an anchorage platform for
epithelial and endothelial cells. They contain network-forming type IV collagen, laminins, and basement membrane–specific proteoglycans,
such as perlecan and nidogen. The glomerular basement membrane has an additional function, providing mechanical stability to withstand
glomerular filtration, and it contains specific laminin and type IV collagen isoforms. GAG, glycosaminoglycan.
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occur with Pierson syndrome.34 Distinct matrix and associ-
ation with human disease highlights the importance of ma-
trix, its specific properties, and relevance for tissue function
(Figure 1). This review outlines our current understanding of
the kidney matrisome in the context of health, aging, and
disease and draws comparisons to altered matrix in other
organs.

Tools to study the matrisome
Transcriptomics has been used, with great effect, to study the
molecular changes in kidney disease in an unbiased
manner.35–40 Indeed, a vast collection of kidney disease
transcriptomic data are curated in the open access online
resource NephroSeq.41 Although transcriptomic approaches
are essential tools to inform about kidney disease pathways,
RNA levels do not necessarily correlate well with protein
levels.42 This is a particular issue when studying matrix
because of the network comprising a combination of long-
and short-lived matrix molecules; therefore, these in-
vestigations can be complemented with proteomics, a state-
of-the-art tool to study matrix composition.43

The matrix was an understudied proteome but has
benefitted from advances in technology in the past 10 years.
The prior limited progress in matrix research was due to a
combined perception of its role as an inert scaffold, com-
pounded by seemingly unsurmountable technical chal-
lenges.44 Matrix is highly cross-linked and insoluble, limiting
most standard biochemical analysis protocols. However, the
progression of proteomic technologies combined with the
advent of refined protocols has heralded a new era of matrix
research. Matrix enrichment approaches24,45,46 separate
cellular proteins from matrix proteins according to their
detergent solubility. This technique increases the resolution of
matrix proteins in proteomics experiments and has led to the
definition of tissue matrisomes, including liver,47 aorta,46

heart,48 lung,49 kidney,50 and various tumors.51 Further-
more, spatial proteomics, using laser capture from tissue
sections, such as glomerular isolation, can also aid in specific
proteome definitions.

The goal of holistic proteomic studies should not only be
to profile composition, but to go further and characterize
localization. Usually, this is achieved via complementary
immunolocalization approaches once the matrisome is
defined. Ideally, these approaches would match the data
output of proteomics; however, the most commonly applied
is immunofluorescence imaging, which is comparatively low
throughput. Other mass spectrometry techniques, such as
mass spectrometry imaging, may present novel avenues for
global analysis of matrix proteins. These experiments aim to
couple identification, quantification, and localization of pro-
teins within a single experiment. These techniques include
matrix-assisted laser desorption/ionization, time-of-flight-
secondary ion mass spectrometry, and electrospray-based
desorption. Although these techniques are well established,
in particular for metabolite detection, there is a trade-off in
proteomics; using mass spectrometry imaging, the number of

identified proteins is limited to the most abundant 5% of
proteins present in the tissue.52–54 This leads to significantly
fewer proteins being identified and limited utility for whole
proteome profiling. Automated approaches using nano-
proteomics have started to overcome these limitations, with
studies achieving detection of >2000 proteins with 100-mm
resolution from tissue sections.55 Furthermore, recent reports
suggest that this degree of resolution could even be possible at
the single-cell level.56–58 Thus far, these techniques have yet to
be applied to kidney tissue, or specifically for the identifica-
tion of matrix. However, there appears to be no slowing of
progression in mass spectrometry technologies, with increases
in sensitivity revealing more complexity and facilitating
downscaling of required starting material. Together, these
advances will facilitate a greater understanding of kidney
matrix composition in health and disease.

The matrisome of the glomerular compartment in health and
disease
The complexity of the glomerular matrisome has been
interrogated by several research groups using prote-
omics.50,59,60 Surprisingly, the complexity of this niche was far
beyond the limited number of previously known compo-
nents, with 144 proteins catalogued from native human
kidneys unsuitable for transplantation in 2014.50 Similar ex-
periments were performed in mouse models, revealing sig-
nificant overlap of human and mouse glomerular
matrisomes.59 This identified cross-species similarity in
glomerular matrix composition allowed for disease-modeling
studies in mice, which circumvents the limited availability of
human tissue. In contrast to studying mouse tissue, human
patient biopsies are small in size and formalin fixed and
paraffin embedded. Often, this means that biopsies contain
only few glomeruli, limiting starting material and restricting
protein identification to more abundant proteins. Aiming to
overcome these hurdles, in 2012, laser-microdissected
glomeruli from formalin-fixed, paraffin-embedded tissue
were investigated for protein signatures in diabetic nephrop-
athy.61 This study identified 100 proteins with altered abun-
dance in diabetic nephropathy, including 28 matrix
components. Although this study pioneered the approach to
formalin-fixed, paraffin-embedded glomerular proteomics,
the number of identified proteins overall was limited.
Potentially because of the limited starting material, whole
tissue was used, rather than enriching specifically for matrix
proteins, which might explain the limited number of matrix
proteins identified. A study from 2017 improved sample
preparation from formalin-fixed, paraffin-embedded human
tissue and applied an adapted matrix enrichment approach.
Concordantly, this study confirmed the identification of a
complex matrisome niche of 147 proteins from glomeruli,
from just 100 sections (10 mm thick).60 Moreover, this new
approach was used to investigate the diseased glomerular
matrisome in focal segmental glomerular sclerosis (FSGS).
This study identified a glomerular matrisome of 166 com-
ponents, of which 58 proteins differed in abundance in FSGS
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compared with control.62 In addition to FSGS, the glomerular
matrisome was investigated using laser-captured glomeruli
and matrix enrichment in IgA nephropathy (IgAN).63 This
study identified 179 glomerular matrisome proteins, with 56
having altered abundance in IgAN. More recent research
uncovered the aging human glomerular matrisome, identi-
fying 171 components, with 29 proteins showing association

with age.4 By combining these 6 distinct proteomic studies,
the glomerular “master matrisome” comprises 288 proteins
with a consensus 51 proteins detected across all data sets that
included matrix enrichment (Figure 2). The variation in
protein identification across different data sets is likely due to
low abundance of proteins with few tryptic peptides and
peptides that are refractory to detection. Although human

Figure 2 | Human glomerular matrisome protein-protein interaction network meta-analysis of 6 proteomic data sets. A total of 288
matrisome proteins were identified across the 6 glomerular proteomic studies in this review. A total of 147 of the proteins were identified in at
least 3 data sets. Nodes (circles) represent each of the 288 proteins, which are labeled by human gene name. The color of the nodes represents
the category of matrix protein: magenta, basement membrane; orange, other structural; and cyan, matrix associated. The size of the node
represents the number of glomerular proteomic data sets that the protein was identified in. Edges (lines between nodes) represent known
protein-protein interactions. The network has been organized in circle format, with the most frequently identified proteins (51 proteins) toward
the center of the network to allow identification of consistently identified glomerular matrix proteins. ECM, extracellular matrix.
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tissue studies are clearly vital, mouse models allow investi-
gation of the matrisome in controllable experimental condi-
tions, and these studies provide important insights into the
dynamic kidney matrisome.

As fibrosis is a common feature of chronic kidney disease
(CKD) and associates with disease progression,64 targeting
fibrotic remodeling of kidney tissue could serve as a powerful
tool in combating CKD; therefore, profiling matrix changes in
CKD is a fundamental goal. Similarly, CKD progresses with
age regardless of cause; hence, studying matrix changes dur-
ing aging is important to understand CKD.

Investigating matrix changes between different glomerular
diseases and aging, a recent study found consistent changes in
proteomic studies using human patient samples in diabetic
kidney disease65 and IgAN.63 Specifically, basement mem-
brane type IV collagens and laminins were reduced; in
contrast, interstitial matrix components, including type VI
collagen, fibrinogens, and nephronectin, were increased in
abundance.4 Another study comparing proteomic profiles of
antibody-mediated rejection, acute cellular rejection, and
acute tubular necrosis biopsy samples confirmed down-
regulation of basement membrane components.5 These pro-
teomic studies reveal candidate matrix biomarkers, and we
looked for identification of these candidates in proteomic data
sets from patients with FSGS,62 IgAN,63 diabetes,61 and aging4

(Figure 3 and Supplementary File S1). Complement proteins,
such as C3, C5, C6, C7, C8A, C8B, and C8G, appeared
significantly upregulated in IgAN and FSGS, highlighting the
importance of the complement system, whereas down-
regulation of the basement membrane protein papilin was
observed in both glomerular aging and FSGS. These data
highlight similarities, in addition to differences, in matrix
protein composition in disease and aging.

The tubulointerstitial matrix in health and disease
In contrast to the glomerular matrix, the tubulointerstitial
(TI) matrix has received far less attention, and the human TI
matrisome was only recently defined. In this study, a similarly
complex niche of 141 proteins was identified.4 Although the
protein content in both kidney compartments was similar,
relative abundance of the identified matrix proteins differed.
A recently published mass spectrometry atlas of the matrix in
25 different organs confirmed similar composition of matrix
proteins across different organs with tissue-specific differ-
ences in protein abundances.66 The glomerular matrisome
contains comparatively higher abundance of basement
membrane components (type IV collagen a4, laminin b2,
agrin, and nidogen-1), whereas the TI matrix showed
enrichment for other structural proteins, such as von Wille-
brand factor and Elastin Microfibril Interfacer 2 (EMILIN-2).
Although the main function of the TI is forming a scaffold
around tubules, the glomerular matrix organizes into the
mesangial matrix and the glomerular basement membrane,
which forms an integral part of the glomerular filtration
barrier.

Although the matrisome signature of the TI has now been
investigated with proteomics, equivalent data sets during
disease are lacking. The aged TI displayed variation in many
of the same matrisome proteins as were detected in the
glomerular data sets.4 However, the magnitude of the altered
abundance was greater in glomeruli, suggesting that matrix
remodeling in the glomerular matrix serves a more significant
purpose than TI remodeling.

Transforming growth factor-b (TGF-b) signaling is a vital
matrix remodeling pathway that contributes to fibrosis develop-
ment.67 Although TGF-b was upregulated in both glomerular
matrix and TI with age, pronounced increases of latent TGF-b–
binding protein 4 (LTBP4) abundancewas observed in theTIwith
age. LTBP proteins form part of a complex, which stores inactive
TGF-b in the matrix,68 therefore potentially inhibiting TGF-b–
mediated fibrosis. Indeed, Ltbp4 deficiency aggravates TI fibrosis
in the unilateral ureteral obstruction mouse model.69 Another
member of the TGF-b family, growth/differentiation factor 15
(GDF15), was highly upregulated in the TI and glomeruli with
age. Similar to LTBP4, studies have demonstrated a protective role
for GDF15 in acute and chronic kidney disease, specifically in the
tubular compartment.70,71 Gdf15 plays a role in p53-mediated cell
stress response and is upregulated upon cisplatin-related cancer
treatment72 and exposure to endogenous DNA-damaging toxins,
such as formaldehyde.73 Gdf15 expression associates with weight
loss and might have evolved as a protective mechanism against
genotoxic food sources.73 Furthermore, Tgf-b regulates the levels
of type IV collagen in Caenorhabditis elegans and zebrafish.27

Metalloproteinase inhibitor 3 (TIMP3) is increased in abun-
dance in the TI with age. Interestingly, Timp3 knockout mice
develop TI fibrosis, in an age-dependent manner.74 Furthermore,
Timp3 deletion inmice leads to upregulation of type I and type III
collagen and Tgf-b,75 indicating that upregulation of TIMP3
protein in TI might be another protective mechanism against
TGF-b–induced fibrosis. Taken together, this suggests that regu-
lation of TGF-b signaling by LTBP4, GDF15, and TIMP3 plays a
protective role in both theTI and glomeruli, but to a greater extent
within the TI.

Mucin1 may have an important role in kidney aging as it
increased in abundance with age in the TI. Mucin1 plays a role
in the regulation of integrin-mediated adhesion to the matrix76

and activates protective pathways following ischemic injury in
mice. Prolonged increase in mucin1 is also associated with
CKD and fibrosis.77 MUC1 variants are associated with auto-
somal dominant TI kidney disease,78 causing tubular intra-
cellular mislocalization of Mucin 1 (MUC1),79 highlighting its
specific role in the TI. Interestingly, matrix proteins can
regulate gene expression of other matrix proteins (e.g., mucins
are regulated by elastases in lung).80 A similar mechanism
could explain mucin expression changes within the TI. The
serine protease and elastase Elastase, Neutrophil Expressed
(ELANE) was increased within the TIwith age. This potentially
regulates mucin1 levels in the TI. Furthermore, increased levels
of elastin are detected in diabetic kidneys, specifically in the TI.
Elastin levels in the TI are also increased with age, suggesting
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elastin deposition is an early matrix remodeling event in the TI
in disease.81 In end-stage kidney disease, elastase is released by
neutrophils, promoting inflammation; consequently, this evi-
dence suggests that inhibiting elastases might slow down CKD
progression.82 Although the abundance of interstitial matrix

components increased relative to basement membrane com-
ponents in the glomerulus during aging and disease, in the TI,
upregulation of proteins that play a role in TGF-b–dependent
fibrotic remodeling and elastin deposition acted as the domi-
nant feature.

Figure 3 | Heat map of glomerular matrisome protein abundance across diseased and aged data sets. Proteins are classed as not
identified (gray), identified (white), increased (orange), or decreased (blue) in abundance based on a fold change cutoff of 1.4 in the 6 data sets
used for this figure. Proteins are ordered by category of matrix protein: magenta, basement membrane; orange, other structural; and cyan,
matrix associated. This figure is a visual summary of 6 data sets; for granular-level detail, please see Supplementary File S1 and original
publications cited in text. cFSGS, collapsing focal segmental glomerulosclerosis; ECM, extracellular matrix; IgA-prog, progressive IgA
nephropathy; NOS, not otherwise specified.
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Origin of fibrotic matrix changes
Other than targeting fibrotic matrix changes directly, another
therapeutic avenue is targeting the upstream regulators and
matrix-producing cells and pathways. Activation of fibroblasts
through cytokines, such as TGF-b, connective tissue growth
factor, fibroblast growth factors, platelet-derived growth fac-
tor, interleukins, and tumor necrosis factor-a, is a crucial step
during tissue repair, inducing tissue contraction and matrix
deposition to replace lost tissue.83–85 These cytokines can be
released by resident or infiltrating immune cells, but TGF-b is
also stored in the matrix in an inactive complex under
physiological conditions. Upon mechanical force, TGF-b is
released from its latency-associated peptide and becomes
activated.86,87 Upon successful tissue repair and clearance of
injury cytokines, such as TGF-b, activated fibroblasts become
quiescent or cleared through apoptosis. Extensive or pro-
longed activation signaling induces differentiation of fibro-
blasts into myofibroblasts, which are associated with tissue
stiffening and excessive matrix deposition.83 In the kidney, a
role for myofibroblasts in tissue repair has been suggested, as
they are found proximal to necrotic tubules on acute kidney
injury.88

Although the contribution of myofibroblasts toward
wound healing and fibrosis is well described, knowledge
about their cellular origin and mechanisms of activation is
still limited; however, new mouse models and single-cell RNA
sequencing (scRNAseq) have started to provide new insights.
Studies in a mouse model of selective proximal tubular injury
demonstrated an important role for injured proximal tubules
in the activation of fibroblasts to myofibroblasts. This study
also highlighted the reversibility of fibrosis on mild proximal
tubule injury, whereas repeated acute injury induced inter-
stitial fibrosis.89 Using a Col1a1 knockout model and inducing
either acute or chronic kidney injury revealed an insult-
dependent role for collagen I deposition in mice. Although
collagen I deposition in acute injury was required to conserve
kidney function, collagen I deposition was harmful in the
chronic injury model, further highlighting the role of fibrosis
as inadequate kidney repair.90

Analysis of human fibrotic kidneys using scRNAseq iden-
tified subpopulations of pericytes and fibroblasts as the
sources of myofibroblasts.91 Furthermore, evidence is growing
for a crucial role for tubular cells in the interstitial fibro-
genesis in the kidney. Tubular cells might undergo partial
epithelial-to-mesenchymal transition and thereby contribute
to fibroblast activation and fibrosis.92–94 This partial epithe-
lial-to-mesemchymal transition process is associated with a
negative impact on kidney recovery after damage by pro-
moting matrix production and recruitment of inflammatory
cells.94 In addition, studies in vitro demonstrated that tubular
cells contribute actively to the deposition of fibrotic matrix in
the presence of either TGF-b or fibroblasts.95 Therefore, in-
hibition of partial epithelial-to-mesenchymal transition of
tubular cells into a mesenchymal phenotype is an attractive
target in treatment of CKD. In line with this, a recent study in
mice demonstrated a protective effect of a neutralizing

antibody targeting interleukin-11, which is suggested to
promote partial epithelial-to-mesenchymal transition, in
Alport syndrome.96

Although targeting the activation and recruitment of
myofibroblasts in kidney disease is a logical premise, other cell
types in the kidney play a role in the deposition of pathologic
matrix. Performing scRNAseq in diabetic mice revealed an
increase in immune cells, specifically macrophages,97 poten-
tially contributing to altered matrix deposition in diabetes.
Endothelial cells demonstrated differently expressed genes
required for migration, and mesangial cells showed differ-
ential regulation of gene expression, translation, and protein
stabilization. These data suggest a contribution of both
endothelial and mesangial cells towards fibrotic matrix
deposition in diabetes. scRNAseq of human kidney samples in
IgAN revealed different transcriptional phenotypes of
mesangial cells compared with control, including upregula-
tion of interstitial matrix transcripts type I collagen alpha 1
(COL1A1), type III collagen alpha 1 (COL3A1), type XIV
collagen alpha 1 (Col14A1), and fibronectin 1 (FN1).98

Furthermore, this study identified 2 new subsets of tubular
cells with 3 new states of intercalated cells, with 2 of them
expressing transcription factors linked to fibrosis, including
S100A4. Combining scRNAseq and bulk RNA-sequencing
data, a complementary study identified a subgroup of acti-
vated glomerular endothelial cells associated with enrichment
of matrix transcripts known to play a crucial role in FSGS.99

Taken together, these transcriptomic studies highlight a role
for cell fate changes in glomerular disease, triggering fibrotic
matrix changes, and targeting these transitions could be
therapeutically prosperous.

Biophysical consequences and signaling
The relative abundance and cross-linking of these compo-
nents define tissue properties (e.g., stiffness).26 In comparison
to other organs, such as bone or muscle, the kidney is rela-
tively soft, with an estimated elastic modulus around 5 to 10
kPa.100 However, the kidney can stiffen substantially, and the
degree of stiffening correlates with the stage of fibrosis.101,102

In contrast, in a mouse model of HIV-associated nephropa-
thy, glomeruli have been shown to soften, from 2.3 to 1.6
kPa.103 More important, a combination of altered matrix
expression and altered cross-linking contributes to tissue
stiffening and fibrosis. Peroxidasin is known to be secreted by
myofibroblasts and facilitates peroxidative reactions via uti-
lization of hydrogen peroxide.104 In the glomerular basement
membrane, peroxidasin cross-links collagen IV through sul-
filimine bond formation, thought to be important for its
structural integrity.105 Currently, there are limited studies into
the involvement of peroxidasin in kidney fibrosis and tissue
stiffening. In tissues, such as the lung, signaling via hypoxia-
inducible factor pathway activation dysregulates post-
translational modification of fibrillar collagen, promoting
pyridinoline cross-linking and increasing tissue stiffness.106

Another group of cross-linking enzymes are lysyl oxidases
and lysyl oxidase-like (LOXL) proteins, specifically facilitating
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covalent cross-linking of collagens and elastin.107 LOXL2 has
been shown to cross-link the 7S domain of type IV collagen in
the glomerular basement membrane108 and is upregulated in
kidney fibrosis.109 Inhibiting Loxl2 through a small molecule
was found powerful in ameliorating kidney function in a
diabetic nephropathy model.110 In addition, performing
linkage analysis, followed by whole exome sequencing, iden-
tified another LOXL family member, LOXL4, as a novel FSGS
candidate gene.111 These examples demonstrate the impor-
tance of protein cross-linking, which remains an under-
studied element of the glomerular and TI matrisomes in
health and disease and could serve as a potential therapeutic
target in fibrotic kidney disease. In addition to cross-linking,
proteins that degrade the matrix are known to have important
roles within the kidney, including matrix metalloproteinases
2, 7, and 9 and a disintegrin and metalloproteinases 10 and
17, which have all been shown to be profibrotic.112 Further
investigation into matrix remodeling and cross-linking may
provide an opportunity for therapeutic approaches to prevent
fibrotic processes.

In vitro, primary podocytes respond to stiffening sub-
strates by stiffening the adhesion and cytoskeletal networks.
Interestingly, this response was reduced in primary podo-
cytes isolated from the HIV-associated nephropathy associ-
ated CKD model and was linked to reduced cytoskeletal
reorganization and focal adhesion regulation.103 Despite
increased collagen deposition in this disease model, the
observation of decreased elastic modulus measurements
might be due to decreased contractile activity in podocytes,
as demonstrated in floating gel contraction assays. This study
highlights how altered substrate properties affect podocyte
mechanobiology. On moderate increases in blood pressure,
podocytes can adapt their cytoskeleton to cover an increased
basement membrane surface area and maintain physiological
blood filtration.28 This process relies on the ability of
podocytes to sense and adapt to mechanical cues. Upon
pathologic increase of mechanical load, as observed in hy-
pertension, this ability is impaired, and podocytes are lost
from the glomeruli.113 Therefore, identifying mechano-
sensing proteins in podocytes might unravel new targets for
therapy. Stretch-induced mechanical stress studies revealed
several proteins that play a crucial role in sensing altered
mechanical cues, including fascin-1,114 a V integrins,115 and
the actin-regulating protein filamin.116 A recent study
highlighted a protective role for filamin B in nephrocytes
in vivo and suggests the mechanotransducer Yes-associated
protein (YAP) to be a downstream effector of filamin B.117

YAP and Transcriptional Coactivator With PDZ-Binding
Motif (TAZ) are key molecules in the process of mechano-
transduction,118 and podocyte-specific knockout of Yap1
associates with features of FSGS, including foot process
effacement and interstitial fibrosis.119 Upon relocalization of
YAP to the nucleus, YAP induces gene transcription of genes
involved in durotaxis, the process of cell migration along a
matrix rigidity gradient,120 as well as adhesion and actin
cytoskeleton regulation.121 Interestingly, increased matrix

stiffness in kidney fibrosis results in Piezo-1–mediated
activation of YAP, promoting further matrix secretion and
kidney fibrosis and highlighting the importance for tightly
regulated YAP activity, and therefore mechanotransduction,
in maintaining a healthy matrix.122 Podocytes are known to
express type IV collagen a3a4a5 and laminin a5b2g1 net-
works critical for the glomerular basement membrane;
however, in response to mechanical stress, they express
fibronectin.123 Furthermore, podocytes spread on type IV
collagen adapt a round cell morphology with large adhesions
and high Rac Family Small GTPase 1 (Rac1) activity, with
similar results observed on fibronectin, whereas podocytes
spread on laminin adapt an elongated cell shape and form
small adhesions with increased levels of protein kinase
Ca.124 This study highlights the impact of matrix proteins
on podocyte cell behavior in vitro, but further studies are
needed to unravel mechanosignaling pathways in fibrotic
kidney disease in vivo.

In mouse models of Alport syndrome, human aging, and
diabetes, type VI collagen is increased in abundance
compared with healthy samples.4,61 Furthermore, serum and
urinary levels of the signaling molecule endotrophin, which
is secreted from type VI collagen, correlate with disease
severity in IgAN.125 Type VI collagen forms a beaded fila-
ment, and absence of Col6a1 associates with altered me-
chanical properties in the pericellular matrix of cartilage and
the development of osteoarthritis.126 Type IV collagen
a3a4a5 is highly cross-linked through disulfide bonds
intramoleculary between cysteine residues in the non-
collagenous NC1 domain. The 7S domains of type IV
collagen form interchain disulfide bonds as well as lysyl-
hydroxylysine bonds, contributing majorly to the stability
of the collagen network. The formation of those noncovalent
and covalent bonds is believed to impact the mechanical
properties of basement membranes.127 Type IV and type VI
collagen have similar functions in the cartilage, and
knockout of both type IV and type VI collagens leads to
decreased pericellular matrix stiffness.128,129 Type VI
collagen is increased upon loss of type IV collagen, which
suggests the expression of type VI collagen might be a
compensatory attempt to restore the mechanical properties
of basement membranes.

In the healthy glomerular basement membrane, laminins
are located close to the basal aspects of podocytes and
glomerular endothelial cells, whereas type IV collagen is
localized centrally.130 Absence of the type IV collagen a3a4a5
heterotrimer in Alport syndrome causes changes in the spatial
arrangement of other matrix proteins in basement mem-
branes.130 This exposes podocytes to the a1a1a2 isoform,
rather than laminins, and modifies podocyte behavior,
including altered adhesion turnover, migration, and cell
shape.124,131 Potentially, these alterations contribute to path-
ologic remodeling of the glomerular filtration barrier. For
instance, it is possible that expression of type VI collagen
within the glomerular basement membrane in disease and
aging may restore or maintain important physical properties.
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However, superresolution microscopy uncovered nonuniform
deposition of type VI collagen in the glomerular basement
membrane of diseased glomeruli, leading to irregular
morphology. Altered organization of type VI collagen in the
diseased basement membrane is likely to affect the cellular
interpretation at the cell-matrix interface and influence sub-
sequent signaling.

Matrix changes in the heart and liver
Although much can be learned by focused study of the kidney
matrisome, there exists a wealth of studies investigating matrix
in other tissue contexts. These data can be drawn on to provide
a fuller picture of the role of matrix in fibrosis initiation and
disease progression that may be relevant to the kidney. Com-
mon matrix remodeling patterns between glomerular disease
and aging occur, but these alterations were less pronounced in
the aged TI. It may be hypothesized that glomerulus-specific
matrix changes are due to increased mechanical load expo-
sure. The heart is also exposed to mechanical load, and matrix
changes have been studied in disease and aging.

Aging in the heart associates with fibrosis, which affects the
mechanical properties and stiffness of the myocardium, lead-
ing to impaired diastolic function.132 In human aged heart, a
shift from more elastic type III to less elastic type I collagen
fibers occurs.133 Alterations in matrix, and matrix-related
transcripts, were found in murine studies in the aging heart,
including decreases in Col I, III, IV, and V, and Lamc1 and
increases in Lama2, Itga3, and Itgae. These changes were
accompanied by increases in integrin a1, a5, and fibronectin at
the protein level,134–136 which suggests impaired collagen
degradation and shifts in integrin receptor engagement.
Similar to the aging heart, heart disease associated with

hypertension affects themyocardial stiffness and can ultimately
result in congestive heart failure.137 In hypertensive human
hearts, increased type I collagen synthesis and deposition is
observed, potentially enhancing myocardial fibrosis. At the
later stage, a sharp increase in matrix metalloproteinases and
their inhibitors occurs, regulating collagen turnover, specif-
ically during the transition into congestive heart failure.138

These data support similar mechanisms of age and force
related basement membrane remodeling in the heart and
kidney. Ischemic heart disease is the leading cause of death
worldwide and is associated with loss of cardiomyocytes and
replacement with matrix. Similar to matrix changes in the
kidney glomerulus, proteomic analysis of the porcine heart in
ischemia-reperfusion injury demonstrated downregulation of
laminins a2, b1, b2, and g1 and upregulation of collagen I,
lumican, and type VI collagen.139 These data indicate a
conservedmechanism of tissue remodeling in force-responsive
tissues, such as the ischemic heart and diseased glomeruli
(Figure 4). Upregulation of collagen type VI was observed
across all glomerular disease models, indicating an important
role for this collagen in glomerular disease. Increased levels of
type VI collagen were also observed in mouse hearts after
myocardial infarction.140 Interestingly, Col6a1 knockout had a
protective effect and demonstrated improved heart function
and matrix remodeling.141 Taken together with glomerular
matrix data, this suggests that type VI collagen accumulation is
a pathologic process, rather than a necessary mechanism to
maintain glomerular physical properties.

Liver fibrosis is a major cause of liver failure, and several
studies have aimed to identify early matrix biomarkers and
targets for therapy.142 To investigate matrix changes through
disease progression, a recent study performed proteomic

Figure 4 | Matrix changes in the heart and liver. Glomerular matrix changes in disease and aging demonstrate upregulation of interstitial
matrix components and downregulation of basement membrane components. Proteomic analysis of the ischemic heart demonstrates
downregulation of laminins and upregulation of type I and type VI collagen (Col) and lumican. The aged tubulointerstitial (TI) matrix
demonstrated upregulation of latent transforming growth factor (TGF)-b–binding protein 4 (LTBP4), growth/differentiation factor 15 (GDF15),
and metalloproteinase inhibitor 3 (TIMP3) and increased elastin regulation. Models of fibrotic liver demonstrated increases in elastin and type I
and type III collagen. Type IV collagen a5 is specifically upregulated, whereas overall network-forming type IV and type VI collagens were
downregulated.
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analysis of matrix in patient samples at 4 distinct disease stages.
Fibrotic progression was associated with an accumulation of
type I and type III collagen. Similar to the tubulointerstitium,
progression to cirrhosis correlated with elastic fiber deposi-
tion.47 Type VI collagens remained unchanged during liver
fibrosis progression, indicating a negligible role for mecha-
noregulated collagens in fibrotic disease progression in the
liver. Type IV collagen a5 is a crucial component of the
glomerular basement membrane, and loss of Col4a5 results in
abnormalities and decline of kidney function.31 Conversely,
liver fibrosis is associated with an increase in type IV collagen
levels, and knockout of Col4a5 in the liver protects from liver
fibrosis,143 indicating distinct roles for type IV collagen in the
glomerulus and the liver. Type IV collagen a5 localizes to the
Disse space in the liver, which separates the hepatocytes from
the sinusoidal endothelium.143 Interestingly, hepatic fibrotic
remodeling is linked to the formation of perisinusoidal base-
ment membranes as part of pathologic capillarization144;
hence, loss of Col4a5 might inhibit further formation of
pathologic basement membranes during liver fibrosis.
Although glomerular matrix changes in CKD were conserved
between different glomerular diseases, matrix changes in the
liver appeared less uniform across different disease models,
indicating insult-specific mechanisms in the liver. Glomerular
and TI matrix can be separated easily, by either size-selective
sieving or magnetic Dynabead glomerular isolation, which
employs perfusion of animals with magnetic beads of a
diameter of 4.5 mm, which get trapped in the glomeruli and are
extracted bymagnetic force.145 In contrast, the liver matrisome
is commonly analyzed as a whole. Thus, more research is
needed to characterize and localize detected matrix changes to
specific compartments within the liver. Overall, the observed
matrix changes in the liver across multiple studies included
upregulation of type I collagen and elastin, with proteome
changes more similar to those detected during TI, rather than
glomerular aging (Figure 4).

Conclusions
Easier access to patient samples, improved preparation pro-
tocols, and increasingly sensitive mass analyzers have helped
to expand our understanding of the kidney matrisome. For
this reason, it is likely that the glomerular matrisome will be
expanded and refined as low abundant proteins become easier
to detect more consistently. Studies have demonstrated >90%
common protein identifications between TI and glomerular
matrix, despite their distinct functions. This indicates that
stochiometric protein composition, rather than absolute
presence or absence of proteins, defines tissue function.

Common matrix changes across different glomerular dis-
eases renders the use of “antifibrotics” to inhibit the formation
of fibrotic lesions as the “holy grail” in targeting CKD. How-
ever, the development and use of antifibrotics are still sparse as
ubiquitous inhibition of matrix components could promote
tissue instability. Targeting metalloproteinases or their in-
hibitors is an attractive possibility, with increased data on
profibrotic metalloproteinases that could be targeted with

novel metalloproteinase inhibitors. However, so far, only 2
antifibrotics have been approved for the treatment of idio-
pathic pulmonary fibrosis, neither of which targets metal-
loproteinases. First, nintedanib is a tyrosine kinase inhibitor
that targets the receptors for fibroblast growth factor, platelet-
derived growth factor, and vascular endothelial growth fac-
tor.146,147 Second, pirfenidone,148 which suppresses the TGF-b
signaling pathway,149 has been tested in CKD, but larger studies
are still required.150 Advances have also been made in targeting
matrix protein deposition directly. In a mouse model of liver
fibrosis, Col1a1 transcripts were targeted using procollagen
a1(I) small, interfering RNA complexed in lipoplexes that
specifically target the liver.151,152 Developing similar lipoplexes
that specifically target type VI collagenwithin the kidney might
enable kidney-specific fibrotic therapy.

TGF-b plays a major role in the development of fibrosis,
including in the kidney.153,154 Interestingly, targeting TGF-b
synthesis and signaling has been tested in trials; data reviewed
in this article suggest that such therapies may be more
effective in treating TI fibrosis, rather than glomerular matrix
accumulation, leading to glomerulosclerosis.155

Inhibitors of the renin-angiotensin-aldosterone system, tar-
geting the mechanical load in the kidney, are used as the standard
of care to treat CKD. Recently, sodium-glucose co-transporter 2
(SGLT2) inhibitors, targeting tubular glucose reabsorption, have
shown to have enormous therapeutic potential with cardio- and
kidney-protective effects in both diabetic and nondiabetic
CKD.156 Although SGLT2 inhibitors also lower the mechanical
load to the kidney, the impact of these drugs on fibroticmolecular
mechanisms has yet to be elucidated and warrants further
investigation. Identification of the mode of action of those in-
hibitors and their effect on kidney cells using proteomics and
scRNAseq might unravel new specific targets for therapy. Indeed,
recent studies have elucidated the cellular origin of synthesized
matrix in CKD. Besides myofibroblasts, also mesangial, endo-
thelial, and tubular cells contribute significantly to the deposition
of fibrotic matrix. Targeting cells that actively produce fibrotic
matrix in the kidney may enable maintenance of physiological
matrix deposition, while specifically inhibiting pathologic matrix
deposition.
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