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Abstract: Chronic kidney disease (CKD) is a slowly progressive condition characterized by decreased
kidney function, tubular injury, oxidative stress, and inflammation. CKD is a leading global health
burden that is asymptomatic in early stages but can ultimately cause kidney failure. Its etiology is
complex and involves dysregulated signaling pathways that lead to fibrosis. Transforming growth
factor (TGF)-β is a central mediator in promoting transdifferentiation of polarized renal tubular
epithelial cells into mesenchymal cells, resulting in irreversible kidney injury. While current therapies
are limited, the search for more effective diagnostic and treatment modalities is intensive. Although
biopsy with histology is the most accurate method of diagnosis and staging, imaging techniques such
as diffusion-weighted magnetic resonance imaging and shear wave elastography ultrasound are less
invasive ways to stage fibrosis. Current therapies such as renin-angiotensin blockers, mineralocorti-
coid receptor antagonists, and sodium/glucose cotransporter 2 inhibitors aim to delay progression.
Newer antifibrotic agents that suppress the downstream inflammatory mediators involved in the
fibrotic process are in clinical trials, and potential therapeutic targets that interfere with TGF-β
signaling are being explored. Small interfering RNAs and stem cell-based therapeutics are also being
evaluated. Further research and clinical studies are necessary in order to avoid dialysis and kidney
transplantation.

Keywords: chronic kidney disease; inflammation; nuclear factor kappa B; renal fibrosis; SGLT2
inhibitors

1. Introduction

Chronic kidney disease (CKD) is a progressive, irreversible condition characterized by
reduced kidney function [1,2]. It is a major risk factor for end-stage renal disease (ESRD)
and cardiovascular disease and a leading cause of mortality worldwide [3–5]. CKD is
defined by a structural or functional change in the kidney or a glomerular filtration rate
(GFR) of less than 60 mL/min/1.73 m2, or both for a duration of at least 3 months [6,7].
The condition can be staged or classified according to albuminuria, GFR, and cause [8]. In
the Western world, diabetic nephropathy and hypertensive renal damage are two of the
most prevalent root causes of CKD [9]. The United States Centers for Disease Control and
Prevention (CDC) reports that 1 in 3 adults with diabetes and 1 in 5 adults with hypertension
may have CKD [10]. CKD is asymptomatic in the early stages and, therefore, may go
undiagnosed for extended periods. Approximately 37 million people in the United States
meet the criteria for CKD, and many are unaware that they have the condition. Although
there is no cure, treatment aims to preserve kidney function and prevent progression by
adequately controlling blood pressure, glucose levels, proteinuria, and metabolic acidosis
through dietary/lifestyle changes and pharmacological interventions [11]. In other areas
of the world, such as in Asia and Africa, the leading reasons for developing CKD are
glomerulonephritis and CKD of unknown origin. Diseases such as HIV and the nephrotoxic
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treatments associated with the disease can cause direct glomerular interstitial damage,
contributing significantly to the development of CKD. CKD-related deaths have been
increasing around the world, and CKD is on track to become the fifth most common cause
of death globally by the year 2040. Late diagnosis and limited therapeutic tools are two
factors that are influencing these dim predictions [1].

Kidney fibrosis is the predominant pathophysiologic change observed with progres-
sion of CKD [12,13]. Fibrosis occurs when there is an excessive accumulation of extracellular
matrix (ECM) within the renal parenchyma. Excess fibrotic deposition alters the normal kid-
ney architecture, impeding normal blood supply and consequently leading to irreversible
kidney injury [14,15].

This review is focused on multiple aspects of the fibrotic process in CKD. The major
areas covered include the clinical evaluation, biomarkers, and imaging modalities that can
aid in diagnosing and monitoring progression of fibrosis as well as the potential therapeutic
agents that can hinder its progression and preserve renal function.

2. Fibrosis in Chronic Kidney Disease: Overview

Fibrosis impacts various kidney compartments beginning in the tubulointerstitial area
and eventually affecting the vasculature and glomeruli, thus contributing to the develop-
ment of arteriosclerosis and glomerulosclerosis [16–19]. Fibrotic burden is a key indicator of
future adverse renal outcomes, for which there are no safe and effective therapies. Fibrotic
progression occurs silently and often without any initial overt presentation [20]. Increases
in blood pressure, serum creatinine, or urinary albumin excretion manifest only when the
majority of the kidney becomes fibrotic. Assessment of the degree of fibrosis during the
initial silent phase can be crucial for the identification of patients who are at high risk of
CKD progression before serious renal dysfunction has developed [20,21].

As the organ undergoes fibrotic changes, progressive capillary loss occurs concur-
rently [22]. Reduced perfusion of the renal parenchyma results in decreased oxygen delivery
to tubular epithelial cells, promoting apoptosis, inflammation, and release of profibrotic
stimuli that worsen fibrogenesis [23–25]. Similarly, another feature of the fibrosing kidney
is increased renal stiffness [26]. Organ stiffening occurs via the substitution of compli-
ant cells with a rigid matrix through the crosslinking of matrix fibrils [20,27,28]. In a rat
model, fibroblasts are unresponsive when activated in a soft healthy organ environment
but respond to transforming growth factor (TGF)-β, a profibrotic stimulus, when in the
presence of a stiff environment, as seen in injured or fibrotic liver [29]. Renal stiffening and
capillary dropout are not only manifestations of fibrosis but also key contributors to its
progression [30].

Effective detection methods can aid in guiding clinical treatment plans and assessing
the efficacy of new antifibrotic agents. Differentiating and quantifying irreversible scar
burden from reversible injury induced by inflammation is vital when predicting the amount
of renal function recovery post-treatment [31].

3. Clinical Assessment of Kidney Fibrosis
3.1. Kidney Biopsy

Currently, there is no optimal assessment tool that can monitor kidney fibrosis in the
clinical setting. Kidney biopsies are considered the gold standard in the assessment of renal
fibrosis [32,33]. Biopsy is usually performed percutaneously with real-time ultrasound
guidance, but laparoscopic or open routes are also possible [34]. There can be several
drawbacks to this invasive method that include sampling bias, observer variability, and
complications resulting from tissue sampling [35]. Biopsies are prone to significant bleeding
risk and consist of sections that are normally 2 mm in diameter [36–38]. Since fibrosis is
focal and distributed heterogeneously and biopsy samples are only representative of 1% of
the kidney, sampling bias could affect results [39]. Due to these safety and sampling issues,
many patients do not undergo a biopsy, and fibrotic burden is not determined or is not
followed over time in this way [40–42]. Without this key piece of knowledge, clinicians are
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left without this valuable insight into the underlying renal pathology when determining
appropriate medical management. They then must rely on surrogate measurements of
kidney function such as estimated GFR [43].

3.2. Imaging

Diagnostic imaging techniques such as magnetic resonance imaging (MRI) and ultra-
sound are noninvasive alternatives to biopsy for the assessment of kidney fibrosis [44–47].
Both ultrasound and MRI techniques can indirectly quantify renal fibrosis by assessing
functional, mechanical, and molecular changes in the organ due to vascular obstruction,
tubular atrophy, and kidney shrinkage secondary to fibrotic changes [42,48,49]. The advan-
tages of conventional ultrasound are the low expense and avoidance of ionizing radiation
exposure, but differentiating fibrosis from inflammation based on increased parenchymal
echogenicity is not reliable [50–52]. Shear wave elastography (SWE), an ultrasound tech-
nique that objectively measures tissue stiffness, is a better option than standard ultrasound
because it can detect increasing tissue stiffness and loss of elasticity with fibrosis [53]. This
will be discussed in more detail in a later subsection.

In murine models of CKD, MRI has shown promise in estimating fibrosis. While in
humans the correlation between renal function and MRI evaluation has not always been
clearcut, technology is improving rapidly [54,55].

Diffusion-weighted MRI (DWI) does not require contrast media and is therefore less
hazardous to compromised kidneys [56]. It is able to measure water movement in the
tissues of the kidney and capillary loss. DWI and SWE imaging techniques are discussed in
the subsections that follow.

3.2.1. Diffusion-Weighted Magnetic Resonance Imaging

DWI can be utilized to estimate the overall integrity of the kidney and microvascular
blood flow. It has the potential to gauge changes in tissue microstructure indicating the
presence and degree of fibrosis by evaluating whether water diffusion is restricted due
to tubular atrophy and extracellular matrix accumulation [57,58]. The technique employs
magnetic field gradients to measure the movement of water molecules. This noncontrast
method images both directional water motion (i.e., blood and urine flow) and random
intra/extracellular water motion using diffusion weighting, which is based on random
Brownian motion of molecules in intracellular and extracellular settings [59]. A quantitative
parameter that integrates both the random diffusion and directional movement of water
is the apparent diffusion coefficient (ADC). The ADC provides insight into the extent of
water diffusion in extracellular/extravascular spaces and capillary perfusion [31,60]. Both
preclinical and clinical studies have demonstrated lower renal ADC values in dysfunctional
renal transplants and native renal pathologies. The utility of ADC in assessing renal fibrosis
was tested by Togao using a mouse model of unilateral ureteral obstruction [61]. Decreased
renal cortical ADC values correlated with increased cellular density and α-smooth muscle
actin expression. Clinical studies have also demonstrated a correlation between renal
ADC values and histopathological fibrotic scoring. Low ADC values can be indicative
of decreased water diffusion due to potential changes in the microstructure from tubular
atrophy or interstitial fibrosis [62,63]. However, there are still limitations to this method
since various other factors can affect water mobility such as intravascular volume, diuretic
use, edema, and urine flow rate [64,65].

Multifunctional MRI gives more detailed information by using combinations of tech-
niques such as perfusion, diffusion and blood oxygen level-dependent (BOLD) imaging [66].
It is not in common clinical use, but Mao et al. recently showed the power of this modality
in evaluating interstitial kidney fibrosis [67].

3.2.2. Shear Wave Elastography

SWE utilizes ultrasound-generated shear wave velocity to estimate renal stiffness. The
technique uses focused acoustic energy waves to induce tissue displacement microscopi-
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cally [68,69]. The resulting tissue displacement creates perpendicular shear waves that are
followed sonographically as they move through the tissue. Stiffer tissues correlate with
higher shear wave velocity [70,71]. This technique has been approved by the FDA to aid in
cirrhotic liver detection and has been shown to have a high sensitivity and specificity [72,73].
However, there have been conflicting reports about the effectiveness of SWE in measuring
renal fibrosis [74]. This is due, in part, to several factors that can influence intrarenal
stiffness besides fibrosis. These include tissue perfusion, tubular or interstitial pressure,
and tissue anisotropy. Accumulating evidence demonstrates that decreased renal perfusion
can potentially conceal the presence of renal fibrosis by reducing SWE results [31,75].

3.2.3. Biomarkers of Kidney Fibrosis

A urine specimen is easy to collect, and urine composition can yield much useful
information about kidney function. These factors make urine an excellent source of mea-
surable biomarkers that can aid in the detection of renal fibrosis [76]. Reliable biomarkers
such as increased urine TGF-β1 and connective tissue growth factor (CTGF) levels have
been seen in individuals with progressive renal diseases and can serve as indicators of
renal fibrosis [77,78]. Increased urinary excretion of type IV collagen is associated with
glomerular ECM accumulation, and this has been demonstrated in animal studies and in
patients with IgA nephropathy and diabetic kidney nephropathy with deteriorating renal
capability [79,80]. Urinary and serum markers of collagen type III turnover have been
associated with CDK progression and fibrosis [80–82].

A study conducted by Melchinger et al. investigated the relationship between urine
uromodulin, the most abundant protein found in urine, and kidney histological findings in
both humans and mice [83]. Uromodulin is a glycoprotein that serves as an indicator of
kidney tubular health and is produced in the ascending limb of the loop of Henle and early
distal convoluted tubule [84]. The study demonstrated that higher urinary uromodulin
levels correlated independently with lower tubulointerstitial fibrosis in patients enrolled in
the Yale biopsy cohort undergoing a kidney biopsy and also in a mouse model of kidney
fibrosis induced through unilateral ischemia/reperfusion injury to the left kidney.

A systematic review from Mansour and colleagues found that three specific biomark-
ers, matrix metalloproteinase (MMP)-2, TGF-β, and monocyte chemoattractant protein
(MCP)-1, were independently associated with worsening renal function. Of these three,
TGF-β exhibited the strongest association with fibrosis on biopsy and correlated with worse
renal outcomes [85,86]. This association is further validated in mouse studies demonstrating
that the overexpression of TGF-β by renal tubular epithelial cells promotes tubulointer-
stitial fibrosis and that fibrotic progression can be reduced through the blocking of this
growth factor [87–89]. MCP-1 receptor blockade in preclinical studies was associated with
reduced interstitial fibrosis and serves as a potential biomarker with a strong association to
the advancement of renal disease [90,91]. MMP-2, a gelatinase produced by glomerular
and tubular cells, contributes to epithelial–mesenchymal transition, a critical process in
kidney fibrosis [92,93]. Kidney fibrosis is attenuated under conditions of unilateral ureteral
obstruction in mice with reduced MMP-2 production due to a deficiency in the MMP-2
inducer Basigin, and MMP-2 knockout in mice also results in reduced kidney fibrosis under
conditions of unilateral ureteral obstruction [94,95]. MMP-2 serves as a strong independent
predictor of deteriorating estimated GFR [96].

4. Pathophysiology of Fibrosis in the Setting of Chronic Kidney Disease
4.1. The Fibrotic Niche and the Profibrotic Microenvironment

Fibrotic lesions are neither uniform nor random within the renal parenchyma and
are often interspersed between areas of normal kidney tissue [97]. Observation of these
characteristics led to the concept of the fibrogenic niche, a specialized tissue microenviron-
ment composed of the injured parenchyma and multiple non-parenchymal cell lineages
that contribute to the focal activation of fibroblasts in discrete locations [98,99]. This fibrotic
niche, whose structural constituents include kidney resident cells, mesenchymal cells, infil-
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trating immune cells, ECM network, extracellular vesicles, soluble factors, and metabolites,
fosters fibroblast activation and ECM deposition and expansion. The cellular aspects such
as the resident and infiltrating cells are motile elements of the niche, while the extracellular
vesicles, secreted factors, and metabolites serve as diffusional components. The ECM
network plays a vital role as a stationary anchor for cellular adhesion within the fibrotic
niche [100]. ECM proteins are categorized as structural (collagens, fibronectins, and elastin),
matricellular (fibrillin-1, tenascin-C, CTGF, periostin), matrix-modifying proteins, and
proteoglycans [99]. Matricellular proteins are the most prevalent within the fibrotic kidney
and can influence various cellular processes such as migration, apoptosis, ECM assembly,
inflammation, wound healing, and fibrosis. These proteins serve as signal reservoirs and
can aggregate growth factors and cytokines from the extracellular environment. Moreover,
they influence cell behavior and serve as signal presenters by aiding the binding of ex-
tracellular matrix-associated ligands to their respective plasma membrane receptors. [97].
Specifically, the matricellular protein tenascin-C is a key contributor in the formation of
the fibrotic niche. It promotes the further activation and proliferation of fibroblasts as well
as the production and deposition of ECM through the activation of the integrin/adhesive
plaque kinase (FAK)/mitogen-activated protein kinase (MAPK) signaling pathway [101].
Moreover, this hexametric protein can attract and confine profibrotic mediators such as
Wnts, hedgehog, and TGF-β, fostering a microenvironment conducive to accelerating the
fibrotic process. CTGF is a key mediator in the development of tubulointerstitial fibrosis in
CKD. The protein serves as a downstream mediator of TGF-β1 and regulates the expression
of proteins such as bone morphogenetic protein and interacts with various other soluble
factors, ligands, and receptors that modulate cell proliferation, migration, differentiation,
and the progression of fibrosis [102]. Fibrillin-1 is a matricellular glycoprotein that is also
a major component of the fibrotic niche. The protein encourages apoptosis and prevents
the proliferation of vascular endothelial cells [103]. Disrupting or inhibiting key players
involved in fibroti niche formation are already being explored for future CKD therapy [104].

4.2. Cellular Mechanisms—Dysregulation of TGF-B/Smad in Promoting Renal Fibrosis

The classical TGF-β (transforming growth factor-β) signaling pathway is a key me-
diator in the promotion of renal fibrosis [105,106]. Renal fibrosis, the massive deposition
of extracellular matrix and loss of renal function characterized by the presence of renal
myofibroblasts, is particularly concerning as it is an irreversible process. Interstitial myofi-
broblasts are cells that produce an abundance of α-smooth muscle actin and are central in
wound repair. However, the constant activation of these cells drives renal fibrosis. These
myofibroblasts, which amplify the renal fibrogenic cascade, are directly linked to TGF-
β [107]. TGF-β can induce its fibrotic effects through multiple mechanisms. However, the
main fibrosis-generating pathway is through TGF-β1/Smad (an acronym coined by the
fusion of Caenorhabditis elegans Sma genes and the Drosophila Mad, Mothers against
decapentaplegic) [108–110].

In this canonical signaling pathway, TGF-β1 is secreted in latent form; once activated,
mature TGF-β1 binds to the TGF-β receptor (TGFBR)2 on the cell surface, which then
phosphorylates and activates TGFBR1 (also known as ALK5). TGFBR1 then phosphorylates
Smad2 and Smad3 at their C-terminal ends. Smad2 and Smad3 then form a complex with
Smad4 that translocates to the nucleus [111,112]. The Smad3 component of the complex
can bind directly to gene promoters to induce transcription of downstream profibrotic
molecules such as fibronectin, α-smooth muscle actin, and collagen. The accumulation
of fibronectin and α-actin in the glomerular and tubulointerstitial portion of the kidneys
triggers glomerulosclerosis and tubulointerstitial fibrosis, respectively. While TGFBR1
and TGFBR2 act as serine/threonine kinases in this pathway, they can also function as
tyrosine kinases and act downstream through the MAPK–extracellular signal-regulated
kinase (ERK) pathways [113,114].

Through this pathway, TGF-β1/Smad are able to trigger glomerulosclerosis, interstitial
fibrosis, and inflammation. This scarring coupled with the anti-inflammatory effects of TGF-
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β1 enhances the progression of CKD to ESRD [115,116]. Additionally, under pathological
conditions, the expression of the intracellular proteins Smad2 and Smad3 are upregulated
while Smad7 expression is downregulated [115]. Targeting the TGF-β1/Smad pathway is
considered the best route to effective therapy for prevention of renal fibrosis and progression
to CKD/ESRD.

Mesangial cells also play an important role in the pathogenesis of CKD. These smooth
muscle-like contractile cells contain actin and myosin and are the main component of the
glomerulus, comprising roughly 30–40% of total glomerular cells [117]. In conjunction with
endothelial cells and podocytes, mesangial cells form the glomerulus, which allows for
ultrafiltration of blood plasma by size, shape and charge so that water and low-molecular-
weight solutes can pass through while large plasma proteins are restricted from crossing
the glomerular barrier [118]. Mesangial cells are the major producers of glomerular extracel-
lular matrix (ECM), which provides structural support for glomerular capillaries. However,
when activated in pathological conditions, mesangial cells proliferate, secrete several types
of inflammatory cytokines, and synthesize an excess of matrix constituent proteins [117].
This leads to reduced glomerular function and contributes to the development of kidney
fibrosis. TGF-β1 activates mesangial cells and, in a nephritic rat model, suppression of
TGF-β1 expression decreases actin and matrix production [119,120]. Murine studies have
provided insight into the role of mesangial cells in kidney fibrosis, especially in the diabetic
state, where high glucose leads to oxidative stress and inflammation. Li et al. demonstrated
that lysophosphatidic acid (LPA), a phospholipid which is elevated in diabetes and asso-
ciated with carbohydrate-responsive element-binding protein (ChREBP), induces renal
fibrosis in db/db mice through a mechanism that likely involves TGF-β1 [121]. These trans-
genic mice are an established model of obesity-induced type 2 diabetes, and they develop
diabetic nephropathy with mesangial matrix accumulation [122]. In Li’s study, TGF-β1
levels were higher in the renal cortex in db/db mice than in wild-type mice, and LPA
enhanced expression of TGF-β1 and fibronectin in mesangial cells from db/db mice. They
found an association between upregulation of TGF-β1 and enhanced matrix accumulation
and concluded that LPA drives mesangial matrix accumulation under diabetic conditions
via TGF-β1. Additionally, Kim et al. displayed that by utilizing an LPAR1/3 antagonist,
ki16425, there was inhibition of ChREBP expression and thus a decrease in LPA-induced
fibrotic factors in these mice [123].

4.3. Diabetes

Diabetes is a major risk factor in the progression of CKD. In fact, type 2 diabetes is the
most common cause of CKD worldwide [124]. The leucine-rich α-2-glycoprotein 1 (LRG1)
is a proangiogenic factor that potentiates diabetic kidney disease [125,126]. Hong et al.
demonstrated that the development of diabetic nephropathy, glomerular angiogenesis,
and podocyte loss was decreased in streptozotocin-induced diabetic mice with LRG1
deficiency [127]. Additionally, LRG1 gene ablation was associated with reduced ALK1-
Smad1/5/8 activation in the glomeruli of these diabetic mice. ALK1-Smad1/5/8 activation
induces the formation of glomerular angiogenesis by inducing endothelial cell migration,
proliferation, and tubular formation. The loss of LRG1 in mouse models was associated
with decreased Smad3 phosphorylation in tubular epithelial cells and attenuated TGF-β1-
induced tubulointerstitial fibrosis [128].

4.4. Epithelial–Mesenchymal Transition and the Macrophage

The biological process of epithelial–mesenchymal transition (EMT) constitutes a trans-
differentiation of renal tubular epithelial cells (RTEC) in which they lose their characteristic
features and undergo a structural change, taking on a more myofibroblastic phenotype [93,129].
With this change, epithelial-specific markers such as E-cadherin and cytokeratin are reduced,
while the expressions of mesenchymal markers, such as α-SMA and desmin, are increased,
and ECM overproduction ensues [130]. EMT is a key early phase of fibrosis that is driven
largely by TGF-β and is potentially reversible [131,132] (Figure 1).
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Figure 1. Schematic of the key elements in the process of kidney fibrosis. Injury to the kidney
initiates activation of epithelium, proliferation of fibroblasts, and inflammation with infiltration of
macrophages. Transforming growth factor- β (TGF-β) and other cytokines are released by kidney
cells, stimulating transdifferentiation of epithelial cells to myofibroblasts, macrophages to myofi-
broblasts, and fibroblasts to myofibroblasts. TGF-β activates a cascade of pro-fibrotic downstream
signaling pathways. Myofibroblasts are the cell type primarily responsible for production of excessive
extracellular matrix, which leads to scarring, structural damage, and kidney fibrosis.

Macrophage infiltration and crosstalk between macrophages and transitioning RTEC
can drive renal fibrosis. Macrophages induce RTEC to take on a mesenchymal pheno-
type [133–136]. Duffield et al. found that in a mouse model of crescentic glomerulonephri-
tis, macrophage ablation led to decreased expansion of the renal myofibroblast population,
reduced interstitial fibrosis, and protected renal function [137].

The polarization state of macrophages within the microenvironment can determine
how they will affect RTEC [138]. Both classically activated M1 macrophages and alter-
natively activated M2 macrophages may contribute to EMT, but the exact role of each
phenotype is undetermined [139,140]. Interestingly, a number of studies have found the M2
macrophage subtype, generally characterized as reparative and anti-inflammatory, to be
important in EMT [134,141,142]. This results from an exaggeration of profibrotic processes
driven by M2 macrophage participation in overzealous healing and repair [143].

One mechanism by which macrophages influence EMT is through the release of matrix
metalloproteinases (MMPs) [144–146]. MMPs are calcium-dependent zinc-containing
endopeptidases that are responsible for tissue remodeling and ECM degradation [147].
They function as anti-fibrotic agents, but when secreted by macrophages they can promote
fibrosis through mechanisms such as EMT stimulation and TGF-β activation [148].

In particular, MMP-9 from murine macrophage-conditioned media induces EMT of
cultured mouse tubular epithelial cells [149]. Further, MMP-9 knockout mice with renal
fibrosis induced by double-ligation of the left ureter exhibit less fibrosis than wild-type
mice subjected to the same ureter-obstructing procedure [150].

Additionally, there is evidence suggesting that exosomes can drive a positive feedback
loop between renal parenchymal cells and interstitial macrophages that further drives the
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process of renal fibrosis. Lu et al. extracted exosomes from cultured RTEC that had been
induced by TGF-β to undergo EMT. They then added these exosomes to the culture media
of RAW264.7 murine macrophages and showed that the exosomes drove M1 polarization
and changes in cell morphology [151]. Exosomes isolated from RTEC that had not been
treated with TGF-β did not stimulate an increase in M1 macrophage-related markers.
Moreover, when exosomes from RTEC that were undergoing EMT were injected into
living mice, not only did the levels of M1 macrophage-related markers increase, but the
markers of EMT and renal fibrosis were also elevated, creating a positive feedback effect
that perpetuated EMT and renal fibrosis.

4.5. ICAM-1-Induced Epithelial–Mesenchymal Transition

Intercellular adhesion molecule (ICAM)-1, expressed by endothelial cells, lymphocytes
and macrophages, plays an essential role in many inflammatory reactions, including renal
tubular EMT [152]. Morishita et al. found that EMT induction of human-kidney (HK)-2
proximal tubular cells by TGF-β1 was accelerated by ICAM-1 in a model system where the
HK-2 cells were co-cultured with human peripheral blood mononuclear cells (PBMC) [153].
ICAM-1 on the HK-2 cells interacted with lymphocyte function-associated antigen (LFA)-1
on the PBMC to activate the ERK1/2 pathway, and this resulted in more rapid EMT of
HK-2 cells.

Renal ischemia induces chronic kidney damage with activation of renal tubular cell
EMT [154,155]. Kelly et al. demonstrated that administration of antibodies specific to
ICAM-1 to male Sprague-Dawley rats with bilateral renal ischemia protected against renal
failure, quelling a potential inducer of renal EMT [156]. Consequently, studies focused on
the downregulation of ICAM-1 in animal models and patients with CKD may be beneficial
and are being studied further [157,158].

4.6. Serum Amyloid a and Chronic Kidney Disease

The acute-phase protein serum amyloid A (SAA) has been implicated in CKD and
its circulating level inversely correlates with renal function [159,160]. It has value as a
biomarker for CKD, as shown in murine studies [161]. In mice with renal fibrosis induced
via unilateral ureteral obstruction, SAA was expressed at high levels in the obstructed
kidney, and its depletion slowed fibrosis progression [162]. Feng et al. found that fatty
acid-binding protein 4 (FABP4) mediated SAA upregulation in mice with unilateral ureteral
obstruction and knockout; or pharmacologic inhibition of FAB4 prevented SAA-driven
kidney fibrosis [163].

5. Nephroprotective Drugs in Current Use

Drugs in clinical use that are nephroprotective and can reduce renal fibrosis in both
humans and experimental animal models of CKD include the renin-angiotensin blockers,
mineralocorticoid receptor (MR) antagonists, and sodium/glucose cotransporter 2 in-
hibitors (SGLT2i). Each of these pharmacological agents will be discussed here.

5.1. Renin-Angiotensin Blockers

Treatment options that inhibit the renin-angiotensin-aldosterone system (RAAS) effec-
tively reduce proteinuria and slow CKD progression and renal fibrosis. However, their benefit
in early-stage CKD in persons without diabetes is unclear [164]. These medications reduce the
activity of TGFβ, plasminogen activator inhibitor-1 (PAI1), and platelet-derived growth factor
(PDGF), all molecules involved in the pathogenesis of renal fibrosis [12,165–167].

Angiotensin-converting enzyme inhibitors (ACEI) and angiotensin receptor blockers
(ARBs) are first-line treatments shown to decrease kidney fibrosis via inhibition of the
RAAS [168,169]. Hyperactivity of the RAAS worsens both systemic and glomerular capil-
lary blood pressure, leading to kidney injury and renal fibrosis through the activation of
proinflammatory and profibrotic pathways [170].
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Binding of the octapeptide hormone angiotensin II to the angiotensin type 1 recep-
tor (AT1R) promotes numerous profibrotic downstream signaling pathways in the kid-
ney [171,172]. These effects are executed mainly through TGF-β, which acts in multiple
ways. TGF-β promotes the synthesis of tissue inhibitors of metalloproteinases (TIMPs) that
block the activity of MMPs. This favors imbalance between TIMP/MMP that encourages
ECM production and the amplification of other profibrotic signaling pathways [173]. TGF-β
also exerts pro-fibrotic effects via induction of a potent downstream mediator connective
tissue growth factor (CTGF, also known as CCN2) [174–176]. CTGF is a cysteine-rich,
349-amino-acid matricellular protein that is upregulated in persons with kidney fibro-
sis [177,178]. CTGF expression is also induced by AngII [179]. CTGF promotes EMT
and increases the production of ECM [180,181]. It works synergistically with TGF-β in
promoting fibrosis [182].

In a clinical study from Ishikawa, losartan reduced PAI1 in renal allograft recipients
treated with cyclosporine [183]. Among the 12 participants recruited for the study, four
kidney transplant recipients were treated with losartan, while the rest served as controls.
PAI1 levels at the end of two years of treatment were lower. In a follow-up publication, they
performed a microscopic evaluation of renal biopsy cores and found decreased interstitial
fibrosis 2 years after study initiation among participants who were administered losartan
when compared to transplant patients not receiving an ARB.

Animal and cell culture studies are exploring the mechanisms underlying effects of
losartan on kidney fibrosis. Huang et al. found that losartan can hinder signal mechan-
otransduction involved in EMT of renal epithelial cells. Losartan treatment reduced fibrin
deposition and luminal vacuolization in mice with renal fibrosis induced via unilateral
ureteral obstruction. The drug protects against biomechanical stresses that promote myofi-
broblast formation and deposition during EMT [184].

5.2. Mineralocorticoid Receptor Antagonists

Aldosterone, the final signaling hormone of the RAAS, is a mineralocorticoid that
promotes sodium reabsorption and potassium excretion in the collecting ducts, regulating
blood pressure and electrolyte balance [185]. The hormone also promotes proinflammatory
activity that can contribute to the fibrotic damage of organs such as the heart and kidney.
MR activation promotes the creation of ROS such as superoxide and hydrogen peroxide
via NADPH oxidase [186,187]. In the kidney, aldosterone can promote inflammation and
fibrosis through the activation of the MR found in various cellular compartments such as
the podocytes, mesangial cells, epithelial cells, and myeloid cells [188]. MR activation in
mesangial cells and podocytes stimulates transcription of various inflammatory mediators
such as PAI1, TGF-β, nuclear factor (NF)-kB, and IL-6 that contribute to glomerular dam-
age [189,190]. In animal models of kidney disease, aldosterone promotes the growth of
renal fibroblasts via the activation of growth factor receptors and can directly encourage the
production of profibrotic cytokines and matrix proteins [191]. In murine models of diabetic
kidney disease, MR antagonists have been shown to reduce kidney fibrosis [192,193].

MR antagonists may be steroidal or non-steroidal [194]. Steroidal MR antagonists
such as spironolactone have a lower safety profile due to high incidences of hyperkalemia
in patients with CKD, and this is a persistent hindrance in trials [195]. Non-steroidal MR
antagonists (i.e., apararenone, esaxernone, finerenone) have a better safety profile, and
in clinical trials they avoid complications associated with the steroidal MR antagonists,
without losing drug efficacy [196,197]. Clinical studies demonstrate slowing of progression
with the use of non-steroidal MR antagonists in diabetic CKD [198]. The FIDELIO-DKD
(FInerenone in reducing kiDnEy faiLure and dIsease prOgression in Diabetic Kidney
Disease) trial randomized patients with type 2 diabetes and compromised kidney function
to receive oral finerenone (10 mg or 20 mg) or placebo over a median follow-up interval of
2.6 years [199]. Although kidney fibrosis was not the primary outcome measured in the
FIDELIO-DKD trial, the trial demonstrated that finerenone improved kidney outcomes
in patients with diabetic kidney disease and reduced the risk of fatal secondary outcome
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events. [200,201]. The FIGARO-DKD trial produced similar results to the FIDELIO-DKD
clinical trial, confirming the ability of finerenone to reduce proteinuria, albuminuria, and
slow the decline in eGFR in CKD patients. Data from both key clinical trials were combined
under the FIDELITY analysis, which provided even greater evidence supporting the efficacy
and safety of finerernone in patients with CKD and type 2 diabetes mellitus. The drug
demonstrated both cardiovascular and renal benefits, and specifically reduced the risk of
kidney failure as suggested by a persistent decrease in estimated GFR or the need for a
kidney transplant [202].

Data on the effect of steroidal MR antagonists in patients with CKD are limited [203].
A Cochrane review demonstrated that in patients with CKD, spironolactone reduced
proteinuria and systolic/diastolic blood pressure [204].

5.3. Sodium/Glucose Cotransporter 2 Inhibitors

SGLT2i (gliflozins) are a class of oral hypoglycemic agents that improve renal and
cardiovascular outcomes and mortality in patients with type 2 diabetes [205,206]. They also
slow the decline in GFR in persons with CKD without diabetes [207]. The main mechanism
of action of these drugs involves direct inhibition of glucose reuptake by the kidney via
SGLT2 transporters located in the proximal tubules. This leads to enhanced glucose excre-
tion in the urine, reduced blood glucose concentration, and lowered HbA1c [205,208]. These
drugs promote weight loss, increase insulin sensitivity and lipid metabolism, and decrease
lipotoxicity [209]. By fostering sodium excretion, gliflozins reduce intraglomerular capil-
lary pressure and are key nephroprotective drugs [210,211]. SGLT2i also seem to control
extracellular matrix deposition by hindering the epithelial-to-mesenchymal transition that
promotes renal fibrosis over time. Guo et al. demonstrated that in streptozotocin-induced
models of diabetic nephropathy, mice treated with dapagliflozin displayed remission
of pathological lesions such as glomerular sclerosis, thickening of the glomerular base-
ment membrane (GBM), podocyte injury in the glomeruli, decreased nephrotoxic levels,
and decreased SGLT2 expression. Elisa evaluation demonstrated decreased circulating
levels of insulin-like growth factor-1 (IGF1) and insulin-like growth factor-2 (IGF2) in
mice treated with dapagliflozin. By regulating the insulin-like growth factor-1 receptor
(IGF1R)/phosphoinositide 3-kinase (PI3K) regulatory axis, the drug reduced glomerular
injury by regulating podocyte EMT [212]. Experimental findings also indicate that gliflozins
reduce inflammatory markers such as IL-6, TNF, interferon (IFN)-γ, NF-κβ, toll-like re-
ceptor (TLR)-4, and TGF-β; improve mitochondrial function; and reduce mesangial and
myofibroblast growth [210,213]. In a transcriptome analysis from Pirklbauer et al. , the drug
empagliflozin demonstrated anti-inflammatory effects in human proximal tubular cells
by inhibition of IL-1β inflammatory pathway gene expression [214]. Although the exact
mechanism behind the antifibrotic effects of gliflozins is indeterminate, these drugs protect
kidney podocytes from the detrimental effects of hyperfiltration, albuminuria-induced
tubular injury, and glucotoxicity. The anti-inflammatory and antifibrotic effects of this
drug class may be secondary to the metabolic and hemodynamic alterations of SGLT2
inhibition [215].

The benefits of SGLT2 inhibitors in patients with non-diabetic-related kidney disease
remain unclear. Preclinical studies assessing the effectiveness of the drug in nondiabetic
animal models of CKD have given contradictory results. Some studies found no reno-
protective effects with the use of the drug, while others demonstrated a reduction in the
number of glomerular lesions, podocyte damage, proteinuria, renal hyperfiltration, microal-
buminuria, and markers for renal inflammation [216,217]. Differences in animal models of
CKD used make it difficult to compare results. Clinical trials assessing the effectiveness of
SGLT2 in patients with non-diabetic CKD are also limited. Rajasekeran et al. studied the
impact of dapagliflozin as an adjunct to RAAS blockade in patients with focal segmental
glomerulosclerosis and found that dapagliflozin yielded no additional renal hemodynamic
or antiproteinuric effects in patients [218]. Similarly, Greeviroj et al. studied the use of
canagliflozin on non-diabetic obese individuals, and participants demonstrated a reduction
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in body weight but no significant renal benefits [219]. Nevertheless, post hoc analysis of
results from the CREDENCE trial (which studied the effects of canagliflozin on renal and
cardiovascular outcomes in patients with diabetic nephropathy) and several other cardio-
vascular outcome trials using SGLT2 inhibitors have demonstrated benefits independent of
their glucose-lowering capabilities [220,221]. The potential of this drug class to produce
renoprotective effects in patients with non-diabetic CKD remains in question until more
definitive future trials are conducted [222].

6. Antifibrotic Drugs in Clinical Trials
6.1. Pirfenidone

Pirfenidone is an antifibrotic drug whose mechanism of action is thought to involve
inhibition of TGF-β [223]. In preclinical studies, pirfenidone blocked the expression of
TGF-β and its subsequent downstream effects [224]. In cell culture experiments, the drug
was able to inhibit the production and signaling of TGF-β as well as the downstream
production of reactive oxygen species (ROS) [225]. Anti-inflammatory effects are exerted
through the decreased expression of tumor necrosis factor (TNF)-α, interleukin (IL)-1,
and IL-6 [226–228]. In mouse models of diabetic kidney disease, animals that were ad-
ministered the drug displayed reduced mesangial matrix expansion without affecting
albuminuria [229]. Pirfenidone also acts via inhibition of mitogen-activated protein kinase
(MAPK) signaling [230,231]. MAPK and TGF-β pathways interact with each other and
work synergistically to promote fibrosis [232–234]. MAPK pathway inhibition attenuates
TGF-β-induced collagen overexpression in fibroblasts and mesangial cells [235,236].

Other preclinical animal studies have demonstrated the efficacy of the drug in kidney
fibrosis of varying etiologies. In rats that have undergone partial nephrectomy, pirfenidone
reduced collagen accumulation in the remaining organ [237]. The drug reduced chronic
cyclosporine-induced tubulointerstitial fibrosis and relieved intratubular fibrosis in rats
with unilateral ureteral obstruction [227,238–240].

Pirfenidone is approved by the US Food and Drug Administration (FDA) in the
treatment of idiopathic pulmonary fibrosis (IPF) and is excreted predominantly by the
kidneys. The drug will accumulate in patients with reduced renal function; hence, the
FDA cautions against the use of the drug in patients with an eGFR less than 80mL/min.
In an open-label pilot study, pirfenidone demonstrated a desirable effect in slowing
the loss of GFR in patients with focal sclerosing glomerulonephritis (FSGS) and a mean
baseline estimated GFR of 26 ± 9.4 mL/min per 1.73 m2. However, there were limitations
to this study that included the absence of a placebo control and the selection of GFR
rate decline as the primary outcome variable. Determining the rate of GFR decline
via multiple serum creatinine values can be an issue since a single outlier can obscure
the overall slope and interfere with the accuracy of representation of the effect of the
drug on this endpoint [241,242]. The TOP-CKD is a phase 2 clinical trial that consists
of 200 individuals with CKD with an eGFR greater than 20 mL/min and a 1% risk
progression to end-stage renal disease (ESRD) over the next 5 years [227,243,244]. The
trial is a randomized, double-blind, placebo-controlled study in which participants
receive either pirfenidone or placebo treatment for 12 months, followed by a 6-month no-
treatment follow-up period. The study utilizes noninvasive methods such as diffusion
MRI scans and urinary biomarkers of renal fibrosis to evaluate if pirfenidone can serve
as a promising new antifibrotic treatment in patients with CKD. The trial is still ongoing
and is estimated to be completed by December 2024.

6.2. Silencing of MicroRNA-21 and Lademirsen

Lademirsen is an antisense oligonucleotide designed specifically to inhibit microRNA
(miR)-21, a small noncoding RNA that is a known driver of kidney fibrosis [245,246].
Unfortunately, the drug failed in human studies. It was investigated in a phase 2 double-
blind, placebo-controlled clinical trial for Alport Syndrome. The study, which was set to
be completed by June 2023, aimed to assess safety and change in GFR from baseline to



J. Clin. Med. 2024, 13, 1881 12 of 29

48 weeks in patients whose eGFR was between 36–89 mL/min and who were at risk for
rapid progression of renal decline despite RAS blockade. Although the primary endpoints
did not address kidney fibrosis, blood and urine TGF-β1 were analyzed. The trial was
terminated early because interim analysis did not demonstrate significant improvement in
kidney function with lademirsen compared to placebo [247,248].

The results were disappointing in light of the literature supporting therapeutic tar-
geting of miR-21, the expression of which is stimulated via the TGF-β/Smad3 signaling
pathway in renal tubular epithelial cells [249]. MiRNA-21 promotes fibrosis in various
organs by silencing metabolic pathways that are crucial for ATP production, increasing the
production of ROS, and inducing inflammatory signaling pathways [250]. In studies involv-
ing murine models of Alport nephropathy, miR-21 downregulation improved survival by
reducing glomerulosclerosis, interstitial fibrosis, tubular injury, and inflammation [251,252].
Development of lademirsen has been halted, but the concept of miRNA manipulation is
being carried forward, as discussed in the following section on future treatments [248,253].

7. Future Treatments and Potential Approaches
7.1. Strategies Targeting TGF-β

At this time, renal interstitial fibrosis therapy directed at regulating TGF-β or TGF-
β/Smad signaling is still lacking. As diabetic kidney disease and CKD continue to become
more prevalent across the globe, it is becoming increasingly important to identify new
treatments, and there are several up-and-coming approaches to therapy specifically aimed
at inhibiting this pathway [254,255]. Based on animal studies described in the previous
section, LRG1 is considered a promising TGF-β-targeting therapy in diabetes-related and
non-diabetes-associated renal fibrosis [128,256].

The ECM protein microfiber-associated protein 4 (MFAP4) is also being studied as a
contributor to kidney fibrosis [257,258]. MFAP4 knockout mice exhibit reduced activation of
the TGF-β/Smad pathway compared to wild-type mice after unilateral ureteral obstruction,
leading to less renal fibrosis in the MFAP4-deficient state [257]. Additionally, Klotho-
derived peptide (KP)1 has been shown to provide protection against TGF-β/Smad-driven
renal fibrosis in mice [88,259,260]. KP1 works by blocking TGF-β-induced activation of
Smad2/3, and thus reduces renal fibrosis and damage [88]. Small-molecule inhibitors of
TGF-β1 are also under evaluation for their anti-fibrotic properties [261,262].

7.2. RNA-Based Therapeutics

Another potential therapeutic approach to renal fibrosis is the use of small interfer-
ing RNAs (siRNA). These molecules can markedly reduce expression of disease-related
proteins. Liu et al. experimented with siRNA targeted to the kidney and directed against
TGF-β1 [263]. They created nanoparticles comprised of cationic liposomes containing TGF-
β1-siRNA and coated with non-inhibitory plasminogen activator inhibitor 1R (PAI-1R), a
ligand that targets glomerular cells. When they injected these nanoparticles into a nephritic
rat model, they honed in on the glomeruli and were able to silence TGF-β1 mRNA and
subsequent protein expression specifically in the glomeruli, leading to reduced glomerular
matrix accumulation. Thus, utilizing siRNA in the treatment of renal fibrosis seems to be a
promising option to be explored further.

MicroRNAs (miRNAs), single-stranded noncoding RNAs that can regulate target
gene expression either by blocking mRNA translation or promoting mRNA degradation,
impact expression of many kidney-related fibrotic proteins. MiR-26a specifically exerts
antifibrotic effects and is downregulated in certain fibrotic diseases of the kidney, heart, and
lungs [264]. Zheng et al. induced tubulointerstitial fibrosis in mice using aldosterone and
found increased CTGF in the kidney tissue [265]. They then treated the mice with exosomes
(small microvesicles useful as an RNA delivery system) enriched in miR-26a and found
that this treatment reduced fibrosis. The exosomes protected the miR-26a from degradation
while conveying it to the kidney after injection into the caudal vein. The kidneys of mice
treated with miR-26a exosomes had lower expression of CTGF than those treated with



J. Clin. Med. 2024, 13, 1881 13 of 29

control exosomes. In companion cell culture studies, aldosterone-treated mouse tubular
epithelial cells exposed to exosomes carrying miR-26a had reduced EMT and inhibition of
the CTGF/SMAD signaling pathway.

Another potential RNA-based treatment for renal fibrosis is through the use of relaxin-
2 mRNA. Relaxin-2 is an anti-fibrotic molecule in kidney cells being studied as a target for
upregulation as a means to inhibit the development of renal fibrosis [266]. This molecule
inhibits downstream signaling of TGF-β1 and has previously been shown to decrease the
deposition of collagen in experimental murine models of both acute and chronic kidney
disease [267,268]. Ding et al. utilized crystalline nanoparticles known as cubosomes to
deliver relaxin-2 mRNA to the kidney in mice with unilateral ureter obstruction [269]. In
this model, it was demonstrated that cubosomes loaded with relaxin-2 mRNA reduced
kidney injury by decreasing fibrotic and inflammatory responses.

7.3. Utilizing Transcriptional Regulators Snail1 and Twist1 as Therapeutic Targets

Specific pathways and mediators can be manipulated to limit renal fibrosis and
CKD as a whole. Two transcriptional regulators of EMT are Twist family basic helix-loop-
helix (BHLH) transcription factor (Twist)1 and Snail family transcriptional repressor
(Snail)1 [270–272]. Lovisa et al. found that when subjected to treatments that induced
renal fibrosis, mice with conditional deletion of either of these two transcription factors
in their proximal renal tubular epithelial cells had reduced EMT and better renal function
with less fibrosis as compared to wild-type mice [273]. As further evidence that Snail1
induces EMT, Grande et al. found that unilateral ureteral obstruction reactivates Snail1
in mouse renal epithelial cells, and this reactivation is a requirement for renal fibrosis
to occur [270]. In the same study, the researchers tested not only whether renal fibrosis
could be prevented by keeping Snail1 inactive, but also whether it could be reversed by
blocking Snail1 expression. They reduced expression by targeting a splicing site in the
Snail1 mRNA, and this attenuated fibrosis in vivo. The treated mice had lower collagen
deposition and had better morphology as compared to mice in which Snail1 expression
was intact [274].

Furthermore, Qi et al. showed that Snail1-induced partial EMT leads to cell cycle arrest
and p53–p21 axis upregulation in both human kidney allografts with interstitial fibrosis
and murine models [275]. Expression of p53 and p21 in RTEC were significantly increased
in mice with unilateral ureteral obstruction that were injected with a plasmid encoding
Snail1 mRNA. These two tumor suppressor genes arrest the RTEC in the G2/M phase,
leading to an increase in the release of inflammatory cytokines, notably NF-κB. In mice
with unilateral ureteral obstruction and overexpression of Snail1, the partial EMT process
and the p53–p21-mediated cell cycle arrest were mitigated by NF-κB pathway inhibition.
Taken together, the study results led to the conclusion that there is a reciprocal positive
loop between partial EMT and G2/M arrest of RTEC, and NF-κB-mediated inflammation
is likely the underlying mechanism. Targeting of NF-κB could interrupt the loop and be
reparative with a beneficial decrease in or reversal of renal fibrosis.

Further examination of anti-fibrotic agents aimed at Snail1 and Twist1 may yield
treatments for reducing EMT and treating renal fibrosis.

7.4. Mesenchymal Stem Cells

There have been numerous studies that have demonstrated the effectiveness of mes-
enchymal stem cells (MSC) in reducing organ fibrosis in the liver, lung, heart, and kid-
ney [276–278]. MSC are derived from various sources including bone marrow, adipose
tissue, umbilical cord, amniotic membrane, chorionic membrane, placenta decidua, and
Wharton colloid [279–281]. They have the capacity to differentiate into numerous cell
lineages like osteoblasts, adipocytes, and chondrocytes in vitro [282]. Their pro-angiogenic,
immunosuppressive, and anti-fibrotic abilities enable them to combat inflammation and
promote tissue repair, making them a cell population potentially capable of treating fi-
brosis [276,283]. Depending on the source from which these cells are derived, MSC serve
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as protective fibrotic mediators by hindering specific phases of the renal fibrotic pro-
cess [284,285].

Bone marrow-derived MSC inhibit the cellular activation and inflammatory injury
phase of CKD by inhibiting the expression of proinflammatory cytokines. Bone marrow-
derived MSC also hinder profibrogenic signaling pathways such as TGF-β1/Smad, NK-κB,
and ERK [286]. They restrain the epithelial-to-mesenchymal transition phase that promotes
ECM deposition. Preclinical studies with bone marrow-derived MSC corroborate that these
cell lines can improve kidney function in animal models of CKD. In mouse models of
CKD, transplanted bone marrow-derived MSC reduced blood urea nitrogen (BUN) and
urine albumin to creatinine ratio. There was also a reduction in mRNA transcripts of renal
fibrosis-related indicators like collagen IV, fibronectin, and α-SMA [287,288].

Bone marrow-derived MSC are the most commonly used cell derivatives for CKD,
and their reduced expression of MHC I and MHC II make them less likely to be attacked
by allogeneic T cells compared to other MSC derivatives. However, bone marrow-derived
MSC are harder to purify quickly and efficiently than other types of MSC for kidney
regeneration [289].

Research aimed at enhancing the therapeutic and antifibrotic capabilities of MSC
via preconditioning with various methods has been explored. Utilizing a serum-free
medium has been shown to protect MSC from senescence-like age-related deterioration
characteristics and preserve their spindle shape and morphology during culture [290].

MSC cultured using serum-free medium that had also undergone hypoxic precondi-
tioning exhibited synergistic enhancement of their proliferative and migratory capacities.
Further, exposure of TGF-β1-stimulated human renal tubular epithelial cells (HK-2) to
MSC that had received combined hypoxic preconditioning and serum-free medium demon-
strated better inhibition of the TGF-β/Smad signaling pathway compared to HK-2 exposed
to MSC treated only with serum-free medium. Moreover, in an in vivo rat model of kid-
ney fibrosis brought on by ischemia-reperfusion injury, rats given MSC that had been
prepared with a combination of hypoxic preconditioning and serum-free media showed
greater mitigation of renal fibrosis by the MSC than rats given MSC treated with serum-free
medium alone.

Umbilical cord-derived MSC, specifically the stem cells harvested from Wharton’s Jelly,
demonstrate promise for future clinical applications because of their limited heterogeneity
and easy accessibility in numerous tissues [291,292]. Compared to bone marrow-derived
MSC, umbilical cord-derived MSC have lower immunogenicity and superior ability to
proliferate and differentiate, and they can be isolated without any invasive surgical proce-
dure and manufactured in large quantities without compromising potency [289,293,294].
Wharton’s jelly-derived MSC can be obtained easily from what is considered medical waste,
avoiding ethical controversies that arise from stem cell use [291,295].

Studies have also assessed the use of MSC as an adjunct to current pharmacological
approaches of RAAS blockade for CKD progression. Maires et al. used adipose tissue-
derived MSC in conjunction with the angiotensin receptor-blocking agent losartan to
investigate synergistic effects on CKD progression in rats and found co-treatment with
both agents resulted in significant improvement and regression of parameters such as
proteinuria and albuminuria [296]. Compared to either monotherapy, dual treatment was
also associated with regression of structural glomerular injury and better preservation of
glomerular proteins. Likewise, hypertension and interstitial macrophage infiltration were
more effectively reduced compared to either treatment alone.

Although there are a number of CKD therapies employed currently and some promis-
ing approaches in development (Table 1), we are not yet able to halt the progression
of fibrosis.
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Table 1. Treatment approaches for kidney fibrosis.

Current Status Treatment Description References

In clinical use Renin-angiotensin
blockers

Inhibit the RAAS, slowing CKD progression
and kidney fibrosis; also reduces the activity of

TGF-β, PAI1, and PDGF, all molecules
involved in promoting glomerular damage.

[168–172,183]

In clinical use Mineralocorticoid receptor
(MR) antagonists

Inhibit the activation of aldosterone at the MR,
reducing inflammation and proteinuria; block

the transcription of various inflammatory
mediators that contribute to kidney fibrosis

such as PAI1, TGF-β, NF-κβ, and IL-6.

[194–204]

In clinical use
Sodium-glucose

cotransporter-2 (SGLT-2)
inhibitors

Inhibit glucose reuptake by the kidney via
SGLT-2 transporters located in the proximal

tubules; promote lower macrophage-mediated
inflammation and cytokines such as IL-6,

TNF-α, IFNγ, NF-κβ, TLR-4, and TGF-β, thus
reducing glomerular fibrosis. They also lower

glomerular pressure and improve renal
hemodynamics. Protective against ESRD even

in patients without type 2 diabetes.

[205–211,219–222]

Experimental Pirfenidone

Antifibrotic orally administered drug; works
mainly via inhibition of TGF-β and MAPK

signalling. Has anti-inflammatory and
antioxidant activity.

[223–225,230–236]

Experimental MicroRNA silencing

Antisense oligonucleotides that silence specific
fibrosis-related microRNAs are being explored.
Lademirsen, an anti-microRNA-21 drug, failed
in human studies, even though microRNA21 is

deregulated in kidney fibrosis. Antisense
oligonucleotides that silence other microRNAs

may be a viable treatment.

[245–253]

Experimental Mesenchymal stem cells
(MSC)

Multi-potent adult stem cells that demonstrate
anti-fibrotic and anti-inflammatory abilities

and can induce repair and regeneration.
[272,279]

Abbreviations. Chronic kidney disease (CKD); end-stage renal disease (ESRD); interleukin-6 (IL-6); interferon-γ
(IFN-γ); mitogen-activated protein kinase (MAPK); mesenchymal stem cells (MSC); mineralocorticoid receptor
(MR); nuclear factor-kB (NF-kB); plasminogen activator inhibitor-1 (PAI1); platelet-derived growth factor (PDGF);
renin-angiotensin-aldosterone system (RAAS); sodium-glucose cotransporter-2 (SGLT-2); toll-like receptor-4
(TLR-4); transforming growth factor- β (TGF-β); tumor necrosis factor-α (TNF-α).

7.5. Src Family Kinases

An alternative therapeutic approach for CKD is via Src Family Kinases (SFKs). These
non-receptor tyrosine kinases play a pivotal role in the regulation of cell growth and
differentiation under normal physiologic conditions [297]. However, under pathological
conditions, SFKs are implicated in tumor cell adhesion, migration, and metastasis [298].
Multiple studies have demonstrated the effectiveness of SRK inhibition in decreasing tissue
fibrosis, specifically in the lung, pancreas, and skin [299–301]. Li et al. highlighted the
significance of the Lyn family of SFKs. Lyn is of particular importance because its deficiency
has led to the pathogenesis of many different diseases [302]. For instance, in mice, Lyn
knockout exacerbates lipopolysaccharide-induced lung inflammation, and the mechanism
involves NF-κB activation [303]. Furthermore, in relation to the kidneys, mice lacking Lyn
exhibit severe kidney disease, including immune complex-mediated lupus nephritis [304].
Nintedanib, a tyrosine kinase inhibitor that inhibits phosphorylation of several SFKs,
effectively reduces kidney fibrosis and inflammation in mouse models [305–307].

Fyn, also a member of the Src family, may protect against diabetic kidney injury.
Knockdown of Fyn by siRNA in a murine renal proximal tubular epithelial cell line under
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high glucose conditions abrogated the glucose-driven upregulation of the stress proteins
metallothionein-1/2 [308,309]. Metallothionein-1/2 induction acts as a protective antiox-
idant mechanism; therefore, support of this mechanism by Fyn may be a therapeutic
avenue [310].

Inhibiting phosphorylation of SFKs lessens the activation of renal interstitial fibroblasts,
reduces the deposition of ECM in the kidney, and ultimately attenuates fibrosis. In the rat
renal interstitial fibroblast NRK-49F cell line, exposure to an Src tyrosine kinase inhibitor has
been shown to reduce activation, proliferation, and TGF-β signaling [311]. Hematopoietic
cell kinase (HCK), another SFK family member, has been studied in renal biopsy specimens
from kidney transplant patients at 12 months post-transplant. In these specimens, HCK
was observed to co-localize with macrophages, and high HCK levels were associated with
inflammation and fibrosis. Further affirming a role for HCK as a driver of kidney fibrosis,
HCK knockout attenuated fibrosis in a mouse model of unilateral ureteral obstruction [312].

Although effective in preclinical models, nephrotoxicity and case reports of renal throm-
bosis with tyrosine kinase inhibitors make clinical translation to humans difficult [313,314].

8. Conclusions

CKD is a serious health condition associated with loss of kidney function over time.
CKD has a broad range of effects that encompass many systems including the hematologic,
cardiovascular, nervous, and endocrine systems. The high rate of morbidity and mortality
in affected patients underscores the critical need for ongoing research targeted at developing
novel medical treatments. Kidney fibrosis, a major pathophysiologic change seen in
CKD that impedes renal blood supply and function, is a key focus in the search for new
therapeutic options. TGF-β, the critical molecule associated with renal fibrosis, can be
utilized to detect the severity of fibrosis and is a target for drug treatment. Although clinical
treatment for CKD has a long way to go, utilizing RNA-based therapeutics, transcriptional
regulators, and stem cells are promising approaches.

Author Contributions: Conceptualization, A.B.R., B.J. and A.S.; writing—original draft preparation,
A.B.R., B.J., A.Z. and M.J.; writing—review and editing, A.B.R., J.D.L. and B.J.; visualization, B.J., A.Z.
and M.J.; supervision, A.B.R. and A.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Herb and Evelyn Abrams Family Amyloid Research Fund.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Edmonds Bafford, Dolores McCormack, and
Robert Buescher.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kovesdy, C.P. Epidemiology of chronic kidney disease: An update 2022. Kidney Int. Suppl. 2022, 12, 7–11. [CrossRef] [PubMed]
2. Lv, J.C.; Zhang, L.X. Prevalence and disease burden of chronic kidney disease. Adv. Exp. Med. Biol. 2019, 1165, 3–15. [CrossRef]

[PubMed]
3. Kalantar-Zadeh, K.; Jafar, T.H.; Nitsch, D.; Neuen, B.L.; Perkovic, V. Chronic kidney disease. Lancet 2021, 398, 786–802. [CrossRef]

[PubMed]
4. Rhee, C.; Kovesdy, C. Spotlight on CKD deaths—Increasing mortality worldwide. Nat. Rev. Nephrol. 2015, 11, 199–200. [CrossRef]

[PubMed]
5. Wang, J.; Zhang, L.; Tang, S.C.; Kashihara, N.; Kim, Y.S.; Togtokh, A.; Yang, C.W.; Zhao, M.H.; ISN North and East Asia Regional

Board. Disease burden and challenges of chronic kidney disease in North and East Asia. Kidney Int. 2018, 94, 22–25. [CrossRef]
6. Webster, A.C.; Nagler, E.V.; Morton, R.L.; Masson, P. Chronic Kidney Disease. Lancet 2017, 389, 1238–1252. [CrossRef]

https://doi.org/10.1016/j.kisu.2021.11.003
https://www.ncbi.nlm.nih.gov/pubmed/35529086
https://doi.org/10.1007/978-981-13-8871-2_1
https://www.ncbi.nlm.nih.gov/pubmed/31399958
https://doi.org/10.1016/S0140-6736(21)00519-5
https://www.ncbi.nlm.nih.gov/pubmed/34175022
https://doi.org/10.1038/nrneph.2015.25
https://www.ncbi.nlm.nih.gov/pubmed/25734769
https://doi.org/10.1016/j.kint.2017.12.022
https://doi.org/10.1016/S0140-6736(16)32064-5


J. Clin. Med. 2024, 13, 1881 17 of 29

7. Escribá-Martí, G.; Cámara-Ramos, I.; Climent-Catalá, M.T.; Escudero-Quesada, V.; Salar-Ibáñez, L. Pharmaceutical care program
for patients with chronic kidney disease in the community pharmacy: Detection of nephrotoxic drugs and dose adjustment.
Viability study. PLoS ONE 2022, 17, e0278648. [CrossRef]

8. Düsing, P.; Zietzer, A.; Goody, P.R.; Hosen, M.R.; Kurts, C.; Nickenig, G.; Jansen, F. Vascular pathologies in chronic kidney disease:
Pathophysiological mechanisms and novel therapeutic approaches. J. Mol. Med. 2021, 99, 335–348. [CrossRef]

9. Charles, C.; Ferris, A.H. Chronic Kidney Disease. Prim. Care 2020, 47, 585–595. [CrossRef] [PubMed]
10. Wilson, S.; Mone, P.; Jankauskas, S.S.; Gambardella, J.; Santulli, G. Chronic kidney disease: Definition, updated epidemiology,

staging, and mechanisms of increased cardiovascular risk. J. Clin. Hypertens. 2021, 23, 831–834. [CrossRef] [PubMed]
11. Akchurin, O.M. Chronic Kidney Disease and Dietary Measures to Improve Outcomes. Pediatr. Clin. N. Am. 2019, 66, 247–267.

[CrossRef] [PubMed]
12. Nogueira, A.; Pires, M.J.; Oliveira, P.A. Pathophysiological Mechanisms of Renal Fibrosis: A Review of Animal Models and

Therapeutic Strategies. In Vivo 2017, 31, 1–22. [CrossRef] [PubMed]
13. Liu, Y. Renal fibrosis: New insights into the pathogenesis and therapeutics. Kidney Int. 2006, 69, 213–217. [CrossRef] [PubMed]
14. Panizo, S.; Martínez-Arias, L.; Alonso-Montes, C.; Cannata, P.; Martín-Carro, B.; Fernández-Martín, J.L.; Naves-Díaz, M.; Carrillo-

López, N.; Cannata-Andía, J.B. Fibrosis in Chronic Kidney Disease: Pathogenesis and Consequences. Int. J. Mol. Sci. 2021, 22, 408.
[CrossRef] [PubMed]

15. Vanhove, T.; Goldschmeding, R.; Kuypers, D. Kidney Fibrosis: Origins and Interventions. Transplantation 2017, 101, 713–726.
[CrossRef] [PubMed]

16. Humphreys, B.D. Mechanisms of Renal Fibrosis. Annu. Rev. Physiol. 2018, 80, 309–326. [CrossRef]
17. Liu, B.C.; Tang, T.T.; Lv, L.L.; Lan, H.Y. Renal tubule injury: A driving force toward chronic kidney disease. Kidney Int. 2018, 93,

568–579. [CrossRef]
18. Genovese, F.; Manresa, A.A.; Leeming, D.J.; Karsdal, M.A.; Boor, P. The extracellular matrix in the kidney: A source of novel

non-invasive biomarkers of kidney fibrosis? Fibrogenesis Tissue Repair 2014, 7, 4. [CrossRef]
19. Cruz-Solbes, A.S.; Youker, K. Epithelial to Mesenchymal Transition (EMT) and Endothelial to Mesenchymal Transition (EndMT):

Role and Implications in Kidney Fibrosis. Results Probl. Cell Differ. 2017, 60, 345–372. [CrossRef] [PubMed]
20. Leung, G.; Kirpalani, A.; Szeto, S.G.; Deeb, M.; Foltz, W.; Simmons, C.A.; Yuen, D.A. Could MRI Be Used To Image Kidney

Fibrosis? A Review of Recent Advances and Remaining Barriers. Clin. J. Amer. Soc. Nephrol. 2017, 12, 1019–1028. [CrossRef]
[PubMed]

21. Srivastava, A.; Palsson, R.; Kaze, A.D.; Chen, M.E.; Palacios, P.; Sabbisetti, V.; Betensky, R.A.; Steinman, T.I.; Thadhani, R.I.;
McMahon, G.M.; et al. The Prognostic Value of Histopathologic Lesions in Native Kidney Biopsy Specimens: Results from the
Boston Kidney Biopsy Cohort Study. J. Am. Soc. Nephrol. 2018, 29, 2213–2224. [CrossRef] [PubMed]

22. Kawakami, T.; Mimura, I.; Shoji, K.; Tanaka, T.; Nangaku, M. Hypoxia and fibrosis in chronic kidney disease: Crossing at pericytes.
Kidney Int. Suppl. 2014, 4, 107–112. [CrossRef] [PubMed]

23. Prasad, P.V.; Li, L.P.; Thacker, J.M.; Li, W.; Hack, B.; Kohn, O.; Sprague, S.M. Cortical Perfusion and Tubular Function as Evaluated
by Magnetic Resonance Imaging Correlates with Annual Loss in Renal Function in Moderate Chronic Kidney Disease. Am. J.
Nephrol. 2019, 49, 114–124. [CrossRef] [PubMed]

24. Kang, D.H.; Kanellis, J.; Hugo, C.; Truong, L.; Anderson, S.; Kerjaschki, D.; Schreiner, G.F.; Johnson, R.J. Role of the microvascular
endothelium in progressive renal disease. J. Am. Soc. Nephrol. 2002, 13, 806–816. [CrossRef] [PubMed]

25. Fine, L.G.; Norman, J.T. Chronic hypoxia as a mechanism of progression of chronic kidney diseases: From hypothesis to novel
therapeutics. Kidney Int. 2008, 74, 867–872. [CrossRef]

26. Szeto, S.G.; Narimatsu, M.; Lu, M.; He, X.; Sidiqi, A.M.; Tolosa, M.F.; Chan, L.; De Freitas, K.; Bialik, J.F.; Majumder, S.; et al.
YAP/TAZ are mechanoregulators of TGF-β-Smad signaling and renal fibrogenesis. J. Am. Soc. Nephrol. 2016, 27, 3117–3128.
[CrossRef]

27. Chen, W.C.; Lin, H.H.; Tang, M.J. Regulation of Proximal Tubular Cell Differentiation and Proliferation in Primary Culture by
Matrix Stiffness and ECM Components. Am. J. Physiol. Renal Physiol. 2014, 307, F695–F707. [CrossRef]

28. Gewin, L. The many talents of transforming growth factor-β in the kidney. Curr. Opin. Nephrol. Hypertens. 2019, 28, 203–210.
[CrossRef]

29. Georges, P.C.; Hui, J.J.; Gombos, Z.; McCormick, M.E.; Wang, A.Y.; Uemura, M.; Mick, R.; Janmey, P.A.; Furth, E.E.; Wells, R.G.
Increased stiffness of the rat liver precedes matrix deposition: Implications for fibrosis. Am. J. Physiol. Gastrointest. Liver Physiol.
2007, 293, G1147–G1154. [CrossRef]

30. Chade, A.R. Renal vascular structure and rarefaction. Compr. Physiol. 2013, 3, 817–831. [CrossRef]
31. Jiang, K.; Ferguson, C.M.; Lerman, L.O. Noninvasive assessment of renal fibrosis by magnetic resonance imaging and ultrasound

techniques. Transl. Res. 2019, 209, 105–120. [CrossRef] [PubMed]
32. Street, J.M.; Souza, A.C.; Alvarez-Prats, A.; Horino, T.; Hu, X.; Yuen, P.S.; Star, R.A. Automated quantification of renal fibrosis

with Sirius Red and polarization contrast microscopy. Physiol. Rep. 2014, 2, e12088. [CrossRef] [PubMed]
33. Zhang, T.; Yang, X.; Zhang, M.; Zhou, W.; Jin, Y.; Zhou, H.; Zhou, Y.; Wang, Q.; Mou, S. Effects of receiving renal biopsy on the

prognosis of chronic kidney disease patients with impaired renal function. BMC Nephrol. 2023, 24, 56. [CrossRef] [PubMed]
34. Luciano, R.L.; Moeckel, G.W. Update on the Native Kidney Biopsy: Core Curriculum 2019. Am. J. Kidney Dis. 2019, 73, 404–415.

[CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0278648
https://doi.org/10.1007/s00109-021-02037-7
https://doi.org/10.1016/j.pop.2020.08.001
https://www.ncbi.nlm.nih.gov/pubmed/33121630
https://doi.org/10.1111/jch.14186
https://www.ncbi.nlm.nih.gov/pubmed/33455061
https://doi.org/10.1016/j.pcl.2018.09.007
https://www.ncbi.nlm.nih.gov/pubmed/30454747
https://doi.org/10.21873/invivo.11019
https://www.ncbi.nlm.nih.gov/pubmed/28064215
https://doi.org/10.1038/sj.ki.5000054
https://www.ncbi.nlm.nih.gov/pubmed/16408108
https://doi.org/10.3390/ijms22010408
https://www.ncbi.nlm.nih.gov/pubmed/33401711
https://doi.org/10.1097/TP.0000000000001608
https://www.ncbi.nlm.nih.gov/pubmed/27941433
https://doi.org/10.1146/annurev-physiol-022516-034227
https://doi.org/10.1016/j.kint.2017.09.033
https://doi.org/10.1186/1755-1536-7-4
https://doi.org/10.1007/978-3-319-51436-9_13
https://www.ncbi.nlm.nih.gov/pubmed/28409352
https://doi.org/10.2215/CJN.07900716
https://www.ncbi.nlm.nih.gov/pubmed/28298435
https://doi.org/10.1681/ASN.2017121260
https://www.ncbi.nlm.nih.gov/pubmed/29866798
https://doi.org/10.1038/kisup.2014.20
https://www.ncbi.nlm.nih.gov/pubmed/25401039
https://doi.org/10.1159/000496161
https://www.ncbi.nlm.nih.gov/pubmed/30669143
https://doi.org/10.1681/ASN.V133806
https://www.ncbi.nlm.nih.gov/pubmed/11856789
https://doi.org/10.1038/ki.2008.350
https://doi.org/10.1681/ASN.2015050499
https://doi.org/10.1152/ajprenal.00684.2013
https://doi.org/10.1097/MNH.0000000000000490
https://doi.org/10.1152/ajpgi.00032.2007
https://doi.org/10.1002/cphy.c120012
https://doi.org/10.1016/j.trsl.2019.02.009
https://www.ncbi.nlm.nih.gov/pubmed/31082371
https://doi.org/10.14814/phy2.12088
https://www.ncbi.nlm.nih.gov/pubmed/25052492
https://doi.org/10.1186/s12882-023-03097-2
https://www.ncbi.nlm.nih.gov/pubmed/36922798
https://doi.org/10.1053/j.ajkd.2018.10.011
https://www.ncbi.nlm.nih.gov/pubmed/30661724


J. Clin. Med. 2024, 13, 1881 18 of 29

35. Nissen, C.J.; Moreno, V.; Davis, V.G.; Walker, P.D. Increasing Incidence of Inadequate Kidney Biopsy Samples Over Time: A
16-Year Retrospective Analysis From a Large National Renal Biopsy Laboratory. Kidney Int. Rep. 2021, 7, 251–258. [CrossRef]
[PubMed]

36. Whittier, W.L.; Korbet, S.M. Timing of complications in percutaneous renal biopsy. J. Am. Soc. Nephrol. 2004, 15, 142–147.
[CrossRef] [PubMed]

37. Brachemi, S.; Bollée, G. Renal biopsy practice: What is the gold standard? World J. Nephrol. 2014, 3, 287–294. [CrossRef] [PubMed]
38. Khosroshahi, H.T.; Abedi, B.; Daneshvar, S.; Sarbaz, Y.; Shakeri Bavil, A. Future of the Renal Biopsy: Time to Change the

Conventional Modality Using Nanotechnology. Int. J. Biomed. Imaging 2017, 2017, 6141734. [CrossRef]
39. Bülow, R.D.; Boor, P. Extracellular Matrix in Kidney Fibrosis: More Than Just a Scaffold. J. Histochem. Cytochem. 2019, 67, 643–661.

[CrossRef]
40. Zhan, T.; Lou, A. Comparison of outcomes of an 18-gauge vs 16-gauge ultrasound-guided percutaneous renal biopsy: A systematic

review and meta-analysis. Ren. Fail. 2023, 45, 2257806. [CrossRef]
41. Lim, C.Y.; Khay, S.L. Bleeding complications after percutaneous kidney biopsies—Nationwide experience from Brunei Darussalam.

World J. Nephrol. 2023, 12, 147–158. [CrossRef]
42. Ge, X.Y.; Lan, Z.K.; Lan, Q.Q.; Lin, H.S.; Wang, G.D.; Chen, J. Diagnostic accuracy of ultrasound-based multimodal radiomics

modeling for fibrosis detection in chronic kidney disease. Eur. Radiol. 2023, 33, 2386–2398. [CrossRef] [PubMed]
43. Ge, X.Y.; Lan, Z.K.; Lan, Q.Q.; Lin, H.S.; Wang, G.D.; Chen, J. Usefulness of urinary biomarkers to estimate the interstitial fibrosis

surface in diabetic nephropathy with normal kidney function. Nephrol. Dial. Transplant. 2022, 37, 2102–2110. [CrossRef]
44. Srivastava, A.; Tomar, B.; Prajapati, S.; Gaikwad, A.B.; Mulay, S.R. Advanced non-invasive diagnostic techniques for visualization

and estimation of kidney fibrosis. Drug Discov. Today 2021, 26, 2053–2063. [CrossRef] [PubMed]
45. Hysi, E.; Yuen, D.A. Imaging of renal fibrosis. Curr. Opin. Nephrol. Hypertens. 2020, 29, 599–607. [CrossRef] [PubMed]
46. Zhang, J.; Yu, Y.; Liu, X.; Tang, X.; Xu, F.; Zhang, M.; Xie, G.; Zhang, L.; Li, X.; Liu, Z.H. Evaluation of renal fibrosis by mapping

histology and magnetic resonance imaging. Kidney Dis. 2021, 7, 131–142. [CrossRef] [PubMed]
47. Chauveau, B.; Merville, P.; Soulabaille, B.; Taton, B.; Kaminski, H.; Visentin, J.; Vermorel, A.; Bouzgarrou, M.; Couzi, L.; Grenier,

N. Magnetic Resonance Elastography as Surrogate Marker of Interstitial Fibrosis in Kidney Transplantation: A Prospective Study.
Kidney360 2022, 3, 1924–1933. [CrossRef]

48. Makvandi, K.; Hockings, P.D.; Jensen, G.; Unnerstall, T.; Leonhardt, H.; Jarl, L.V.; Englund, C.; Francis, S.; Sundgren, A.K.; Hulthe,
J.; et al. Multiparametric magnetic resonance imaging allows non-invasive functional and structural evaluation of diabetic kidney
disease. Clin. Kidney J. 2022, 15, 1387–1402. [CrossRef] [PubMed]

49. Zhang, J.; Zhang, L.J. Functional MRI as a Tool for Evaluating Interstitial Fibrosis and Prognosis in Kidney Disease. Kidney Dis.
2020, 6, 7–12. [CrossRef]

50. Ahmed, S.; Bughio, S.; Hassan, M.; Lal, S.; Ali, M. Role of Ultrasound in the Diagnosis of Chronic Kidney Disease and its
Correlation with Serum Creatinine Level. Cureus 2019, 11, e4241. [CrossRef]

51. Singla, R.K.; Kadatz, M.; Rohling, R.; Nguan, C. Kidney Ultrasound for Nephrologists: A Review. Kidney Med. 2022, 4, 100464.
[CrossRef]

52. Fiorini, F.; Barozzi, L. The role of ultrasonography in the study of medical nephropathy. J. Ultrasound 2007, 10, 161–167. [CrossRef]
53. Leong, S.S.; Wong, J.H.D.; Md Shah, M.N.; Vijayananthan, A.; Jalalonmuhali, M.; Ng, K.H. Shear wave elastography in the

evaluation of renal parenchymal stiffness in patients with chronic kidney disease. Br. J. Radiol. 2018, 91, 20180235. [CrossRef]
54. Michaely, H.J.; Metzger, L.; Haneder, S.; Hansmann, J.; Schoenberg, S.O.; Attenberger, U.I. Renal BOLD-MRI does not reflect renal

function in chronic kidney disease. Kidney Int. 2012, 81, 684–689. [CrossRef] [PubMed]
55. Andersen, U.B.; Haddock, B.; Asmar, A. Multiparametric magnetic resonance imaging: A robust tool to test pathogenesis and

pathophysiology behind nephropathy in humans. Clin. Physiol. Funct. Imaging 2023, 43, 207–210. [CrossRef]
56. Thiravit, S.; Suwanchatree, P.; Skulratanasak, P.; Thiravit, P.; Suvannarerg, V. Correlation between Apparent Diffusion Coefficient

Values of the Renal Parenchyma and Estimated Glomerular Filtration Rates on 3-T Diffusion-Weighted Echo-Planar Magnetic
Resonance Imaging. J. Comput. Assist. Tomogr. 2019, 43, 780–785. [CrossRef] [PubMed]

57. Ferguson, C.M.; Eirin, A.; Abumoawad, A.; Saad, A.; Jiang, K.; Hedayat, A.F.; Misra, S.; Glockner, J.; Textor, S.C.; Lerman, L.O.
Renal fibrosis detected by diffusion-weighted magnetic resonance imaging remains unchanged despite treatment in subjects with
renovascular disease. Sci. Rep. 2020, 10, 16300. [CrossRef]

58. Li, J.; An, C.; Kang, L.; Mitch, W.E.; Wang, Y. Recent Advances in Magnetic Resonance Imaging Assessment of Renal Fibrosis. Adv.
Chronic Kidney Dis. 2017, 24, 150–153. [CrossRef] [PubMed]

59. Baliyan, V.; Das, C.J.; Sharma, R.; Gupta, A.K. Diffusion weighted imaging: Technique and applications. World J. Radiol. 2016, 8,
785–798. [CrossRef]

60. De Perrot, T.; Sadjo Zoua, C.; Glessgen, C.G.; Botsikas, D.; Berchtold, L.; Salomir, R.; De Seigneux, S.; Thoeny, H.C.; Vallée, J.P.
Diffusion-Weighted MRI in the Genitourinary System. J. Clin. Med. 2022, 11, 1921. [CrossRef]

61. Togao, O.; Doi, S.; Kuro-o, M.; Masaki, T.; Yorioka, N.; Takahashi, M. Assessment of renal fibrosis with diffusion-weighted MR
imaging: Study with murine model of unilateral ureteral obstruction. Radiology 2010, 255, 772–780. [CrossRef] [PubMed]

62. Zhao, J.; Wang, Z.J.; Liu, M.; Zhu, J.; Zhang, X.; Zhang, T.; Li, S.; Li, Y. Assessment of renal fibrosis in chronic kidney disease using
diffusion-weighted MRI. Clin. Radiol. 2014, 69, 1117–1122. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ekir.2021.11.026
https://www.ncbi.nlm.nih.gov/pubmed/35155864
https://doi.org/10.1097/01.ASN.0000102472.37947.14
https://www.ncbi.nlm.nih.gov/pubmed/14694166
https://doi.org/10.5527/wjn.v3.i4.287
https://www.ncbi.nlm.nih.gov/pubmed/25374824
https://doi.org/10.1155/2017/6141734
https://doi.org/10.1369/0022155419849388
https://doi.org/10.1080/0886022X.2023.2257806
https://doi.org/10.5527/wjn.v12.i5.147
https://doi.org/10.1007/s00330-022-09268-3
https://www.ncbi.nlm.nih.gov/pubmed/36454259
https://doi.org/10.1093/ndt/gfac185
https://doi.org/10.1016/j.drudis.2021.02.016
https://www.ncbi.nlm.nih.gov/pubmed/33617976
https://doi.org/10.1097/MNH.0000000000000650
https://www.ncbi.nlm.nih.gov/pubmed/33009130
https://doi.org/10.1159/000513332
https://www.ncbi.nlm.nih.gov/pubmed/33824869
https://doi.org/10.34067/KID.0004282022
https://doi.org/10.1093/ckj/sfac054
https://www.ncbi.nlm.nih.gov/pubmed/35756740
https://doi.org/10.1159/000504708
https://doi.org/10.7759/cureus.4241
https://doi.org/10.1016/j.xkme.2022.100464
https://doi.org/10.1016/j.jus.2007.09.001
https://doi.org/10.1259/bjr.20180235
https://doi.org/10.1038/ki.2011.455
https://www.ncbi.nlm.nih.gov/pubmed/22237750
https://doi.org/10.1111/cpf.12818
https://doi.org/10.1097/RCT.0000000000000890
https://www.ncbi.nlm.nih.gov/pubmed/31268879
https://doi.org/10.1038/s41598-020-73202-0
https://doi.org/10.1053/j.ackd.2017.03.005
https://www.ncbi.nlm.nih.gov/pubmed/28501077
https://doi.org/10.4329/wjr.v8.i9.785
https://doi.org/10.3390/jcm11071921
https://doi.org/10.1148/radiol.10091735
https://www.ncbi.nlm.nih.gov/pubmed/20406881
https://doi.org/10.1016/j.crad.2014.06.011
https://www.ncbi.nlm.nih.gov/pubmed/25062924


J. Clin. Med. 2024, 13, 1881 19 of 29

63. Morrell, G.R.; Zhang, J.L.; Lee, V.S. Magnetic Resonance Imaging of the Fibrotic Kidney. J. Am. Soc. Nephrol. 2017, 28, 2564–2570.
[CrossRef] [PubMed]

64. Sigmund, E.E.; Vivier, P.H.; Sui, D.; Lamparello, N.A.; Tantillo, K.; Mikheev, A.; Rusinek, H.; Babb, J.S.; Storey, P.; Lee, V.S.; et al.
Intravoxel incoherent motion and diffusion-tensor imaging in renal tissue under hydration and furosemide flow challenges.
Radiology 2012, 263, 758–769. [CrossRef] [PubMed]

65. Caroli, A.; Schneider, M.; Friedli, I.; Ljimani, A.; De Seigneux, S.; Boor, P.; Gullapudi, L.; Kazmi, I.; Mendichovszky, I.A.;
Notohamiprodjo, M.; et al. Diffusion-weighted magnetic resonance imaging to assess diffuse renal pathology: A systematic
review and statement paper. Nephrol. Dial. Transplant. 2018, 33, ii29–ii40. [CrossRef] [PubMed]

66. Zhang, C.; Schwartz, M.; Küstner, T.; Martirosian, P.; Seith, F. Multiparametric Functional MRI of the Kidney: Current State and
Future Trends with Deep Learning Approaches. Multiparametrische funktionelle Nierenbildgebung in der MRT: Aktueller Status
und zukunftsweisende Entwicklungen mit Deep Learning. Rofo 2022, 194, 983–992. [CrossRef] [PubMed]

67. Mao, W.; Ding, X.; Ding, Y.; Cao, B.; Fu, C.; Kuehn, B.; Benkert, T.; Grimm, R.; Nickel, D.; Zhou, J.; et al. Evaluation of interstitial
fibrosis in chronic kidney disease by multiparametric functional MRI and histopathologic analysis. Eur. Radiol. 2022, 33, 4138–4147.
[CrossRef]

68. Mo, X.L.; Meng, H.Y.; Wu, Y.Y.; Wei, X.Y.; Li, Z.K.; Yang, S.Q. Shear Wave Elastography in the Evaluation of Renal Parenchymal
Stiffness in Patients With Chronic Kidney Disease: A Meta-Analysis. J. Clin. Med. Res. 2022, 14, 95–105. [CrossRef]

69. Desvignes, C.; Dabadie, A.; Aschero, A.; Ruocco, A.; Garaix, F.; Daniel, L.; Ferlicot, S.; Villes, V.; Loundou, A.D.; Gorincour,
G.; et al. Technical feasibility and correlations between shear-wave elastography and histology in kidney fibrosis in children.
Pediatr. Radiol. 2021, 51, 1879–1888. [CrossRef]

70. Iyama, T.; Sugihara, T.; Takata, T.; Isomoto, H. Renal Ultrasound Elastography: A Review of the Previous Reports on Chronic
Kidney Diseases. Appl. Sci. 2021, 11, 9677. [CrossRef]

71. Lee, A.; Joo, D.J.; Han, W.K.; Jeong, H.J.; Oh, M.J.; Kim, Y.S.; Oh, Y.T. Renal tissue elasticity by acoustic radiation force impulse: A
prospective study of healthy kidney donors. Medicine 2021, 100, e23561. [CrossRef] [PubMed]

72. Samir, A.E.; Allegretti, A.S.; Zhu, Q.; Dhyani, M.; Anvari, A.; Sullivan, D.A.; Trottier, C.A.; Dougherty, S.; Williams, W.W.; Babitt,
J.L.; et al. Shear wave elastography in chronic kidney disease: A pilot experience in native kidneys. BMC Nephrol. 2015, 16, 119.
[CrossRef] [PubMed]

73. Li, C.; Zhang, C.; Li, J.; Huo, H.; Song, D. Diagnostic Accuracy of Real-Time Shear Wave Elastography for Staging of Liver Fibrosis:
A Meta-Analysis. Med. Sci. Monit. 2016, 22, 1349–1359. [CrossRef]

74. Bob, F.; Grosu, I.; Sporea, I.; Bota, S.; Popescu, A.; Sirli, R.; Petrica, L.; Schiller, A. Is there a correlation between kidney shear
wave velocity measured with VTQ and histological parameters in patients with chronic glomerulonephritis? A pilot study. Med.
Ultrason. 2018, 1, 27–31. [CrossRef] [PubMed]

75. Lim, W.T.H.; Ooi, E.H.; Foo, J.J.; Ng, K.H.; Wong, J.H.D.; Leong, S.S. Shear Wave Elastography: A Review on the Confounding
Factors and Their Potential Mitigation in Detecting Chronic Kidney Disease. Ultrasound Med. Biol. 2021, 47, 2033–2047. [CrossRef]
[PubMed]

76. Lee, S.Y.; Kim, S.I.; Choi, M.E. Therapeutic targets for treating fibrotic kidney diseases. Transl. Res. 2015, 165, 512–530. [CrossRef]
[PubMed]

77. Gilbert, R.E.; Akdeniz, A.; Weitz, S.; Usinger, W.R.; Molineaux, C.; Jones, S.E.; Langham, R.G.; Jerums, G. Urinary connective
tissue growth factor excretion in patients with type 1 diabetes and nephropathy. Diabetes Care 2003, 26, 2632–2636. [CrossRef]
[PubMed]

78. Li, Y.; Jiang, S.; Gao, H.; Yang, Y.; Liu, X.; Li, W. Factors associated with the progression of mesangial lesions in IgA nephropathy:
A comparative analysis of renal re-biopsies. Front. Endocrinol. 2022, 13, 1004289. [CrossRef]

79. Shukla, N.; Kumari, S.; Verma, P.; Kushwah, A.S.; Banarjee, M.; Sankhwar, S.N.; Srivastava, A.; Ansari, M.S.; Gautam, N.K.
Genotypic Analysis of COL4A1 Gene in Diabetic Nephropathy and Type 2 Diabetes Mellitus Patients: A Comparative Genetic
Study. DNA Cell Biol. 2023, 42, 541–547. [CrossRef]

80. Neprasova, M.; Maixnerova, D.; Sparding, N.; Genovese, F.; Karsdal, M.A.; Koprivova, H.; Kollar, M.; Suchanek, M.; Hruskova,
Z.; Tesar, V. Serum and Urine Biomarkers Related to Kidney Fibrosis Predict Kidney Outcome in Czech Patients with IgA
Nephropathy. Int. J. Mol. Sci. 2023, 24, 2064. [CrossRef]

81. Genovese, F.; Kring, D.; Rasmussen, G.; Karsdal, M.A.; Jesky, M.A.; Ferro, C.; Fenton, A.; Cockwell, P. Imbalanced turnover of
collagen type III is associated with disease progression and mortality in high-risk chronic kidney disease patients. Clin. Kidney J.
2021, 14, 593–601. [CrossRef]

82. Genovese, F.; Boor, P.; Papasotiriou, M.; Leeming, D.J.; Karsdal, M.A.; Floege, J. Turnover of type III collagen reflects disease
severity and is associated with progression and microinflammation in patients with IgA nephropathy. Nephrol. Dial. Transpl. 2016,
31, 472–479. [CrossRef]

83. Melchinger, H.; Calderon-Gutierrez, F.; Obeid, W.; Xu, L.; Shaw, M.M.; Luciano, R.L.; Kuperman, M.; Moeckel, G.W.; Kashgarian,
M.; Wilson, F.P.; et al. Urine Uromodulin as a Biomarker of Kidney Tubulointerstitial Fibrosis. Clin. J. Am. Soc. Nephrol. 2022, 17,
1284–1292. [CrossRef]

84. LaFavers, K.; Garimella, P.S. Uromodulin: More than a marker for chronic kidney disease progression. Curr. Opin. Nephrol.
Hypertens. 2023, 32, 271–277. [CrossRef] [PubMed]

https://doi.org/10.1681/ASN.2016101089
https://www.ncbi.nlm.nih.gov/pubmed/28784699
https://doi.org/10.1148/radiol.12111327
https://www.ncbi.nlm.nih.gov/pubmed/22523327
https://doi.org/10.1093/ndt/gfy163
https://www.ncbi.nlm.nih.gov/pubmed/30137580
https://doi.org/10.1055/a-1775-8633
https://www.ncbi.nlm.nih.gov/pubmed/35272360
https://doi.org/10.1007/s00330-022-09329-7
https://doi.org/10.14740/jocmr4621
https://doi.org/10.1007/s00247-021-05068-x
https://doi.org/10.3390/app11209677
https://doi.org/10.1097/MD.0000000000023561
https://www.ncbi.nlm.nih.gov/pubmed/33545931
https://doi.org/10.1186/s12882-015-0120-7
https://www.ncbi.nlm.nih.gov/pubmed/26227484
https://doi.org/10.12659/MSM.895662
https://doi.org/10.11152/mu-1117
https://www.ncbi.nlm.nih.gov/pubmed/29400364
https://doi.org/10.1016/j.ultrasmedbio.2021.03.030
https://www.ncbi.nlm.nih.gov/pubmed/33958257
https://doi.org/10.1016/j.trsl.2014.07.010
https://www.ncbi.nlm.nih.gov/pubmed/25176603
https://doi.org/10.2337/diacare.26.9.2632
https://www.ncbi.nlm.nih.gov/pubmed/12941731
https://doi.org/10.3389/fendo.2022.1004289
https://doi.org/10.1089/dna.2023.0125
https://doi.org/10.3390/ijms24032064
https://doi.org/10.1093/ckj/sfz174
https://doi.org/10.1093/ndt/gfv301
https://doi.org/10.2215/CJN.04360422
https://doi.org/10.1097/MNH.0000000000000885
https://www.ncbi.nlm.nih.gov/pubmed/36912260


J. Clin. Med. 2024, 13, 1881 20 of 29

85. Mansour, S.G.; Puthumana, J.; Coca, S.G.; Gentry, M.; Parikh, C.R. Biomarkers for the detection of renal fibrosis and prediction of
renal outcomes: A systematic review. BMC Nephrol. 2017, 18, 72. [CrossRef] [PubMed]

86. Bagnasco, S.M.; Rosenberg, A.Z. Biomarkers of Chronic Renal Tubulointerstitial Injury. Histochem. Cytochem. 2019, 67, 633–641.
[CrossRef] [PubMed]

87. Traykova-Brauch, M.; Schönig, K.; Greiner, O.; Miloud, T.; Jauch, A.; Bode, M.; Felsher, D.; Glick, A.; Kwiatowski, D.; Bujard,
H.; et al. An efficient and versatile system for acute and chronic modulation of renal tubular function in transgenic mice. Nat.
Med. 2008, 14, 979–984. [CrossRef]

88. Yuan, Q.; Ren, Q.; Li, L.; Tan, H.; Lu, M.; Tian, Y.; Huang, L.; Zhao, B.; Fu, H.; Hou, F.F.; et al. A Klotho-derived peptide protects
against kidney fibrosis by targeting TGF-β signaling. Nat. Commun. 2022, 13, 438. [CrossRef]

89. Kim, S.H.; Jin, J.A.; So, H.J.; Lee, S.H.; Kang, T.W.; Lee, J.U.; Choi, D.E.; Jeong, J.Y.; Chang, Y.K.; Choi, H.; et al. Urine-Derived
Stem Cell-Secreted Klotho Plays a Crucial Role in the HK-2 Fibrosis Model by Inhibiting the TGF-β Signaling Pathway. Int. J. Mol.
Sci. 2022, 23, 5012. [CrossRef]

90. Bullen, A.L.; Katz, R.; Jotwani, V.; Garimella, P.S.; Lee, A.K.; Estrella, M.M.; Shlipak, M.G.; Ix, J.H. Biomarkers of Kidney Tubule
Health, CKD Progression, and Acute Kidney Injury in SPRINT (Systolic Blood Pressure Intervention Trial) Participants. Am. J.
Kidney Dis. 2021, 78, 361–368.e1. [CrossRef]

91. Puthumana, J.; Thiessen-Philbrook, H.; Xu, L.; Coca, S.G.; Garg, A.X.; Himmelfarb, J.; Bhatraju, P.K.; Ikizler, T.A.; Siew, E.D.; Ware,
L.B.; et al. Biomarkers of inflammation and repair in kidney disease progression. J. Clin. Investig. 2021, 131, e139927. [CrossRef]
[PubMed]

92. Du, X.; Shimizu, A.; Masuda, Y.; Kuwahara, N.; Arai, T.; Kataoka, M.; Uchiyama, M.; Kaneko, T.; Akimoto, T.; Iino, Y.; et al.
Involvement of matrix metalloproteinase-2 in the development of renal interstitial fibrosis in mouse obstructive nephropathy. Lab.
Investig. 2012, 92, 1149–1160. [CrossRef] [PubMed]

93. Sheng, L.; Zhuang, S. New Insights Into the Role and Mechanism of Partial Epithelial-Mesenchymal Transition in Kidney Fibrosis.
Front. Physiol. 2020, 11, 569322. [CrossRef]

94. Kato, N.; Kosugi, T.; Sato, W.; Ishimoto, T.; Kojima, H.; Sato, Y.; Sakamoto, K.; Maruyama, S.; Yuzawa, Y.; Matsuo, S.; et al.
Basigin/CD147 promotes renal fibrosis after unilateral ureteral obstruction. Am. J. Pathol. 2011, 178, 572–579. [CrossRef] [PubMed]

95. Tveitarås, M.K.; Skogstrand, T.; Leh, S.; Helle, F.; Iversen, B.M.; Chatziantoniou, C.; Reed, R.K.; Hultström, M. Matrix
Metalloproteinase-2 Knockout and Heterozygote Mice Are Protected from Hydronephrosis and Kidney Fibrosis after Uni-
lateral Ureteral Obstruction. PLoS ONE 2015, 10, e0143390. [CrossRef]

96. Cheng, Z.; Zhang, X.; Zhang, Y.; Li, L.; Chen, P. Role of MMP-2 and CD147 in kidney fibrosis. Open Life Sci. 2022, 17, 1182–1190.
[CrossRef] [PubMed]

97. Li, L.; Fu, H.; Liu, Y. The fibrogenic niche in kidney fibrosis: Components and mechanisms. Nat. Rev. Nephrol. 2022, 18, 545–557.
[CrossRef]

98. He, M.; Liu, Z.; Li, L.; Liu, Y. Cell-cell communication in kidney fibrosis. Nephrol. Dial. Transplant. 2023. [CrossRef]
99. Huang, R.; Fu, P.; Ma, L. Kidney fibrosis: From mechanisms to therapeutic medicines. Signal Transduct. Target. Ther. 2023, 8, 129.

[CrossRef]
100. Li, L.; He, M.; Tang, X.; Huang, J.; Li, J.; Hong, X.; Fu, H.; Liu, Y. Proteomic landscape of the extracellular matrix in the fibrotic

kidney. Kidney Int. 2023, 103, 1063–1076. [CrossRef]
101. Fu, H.; Tian, Y.; Zhou, L.; Zhou, D.; Tan, R.J.; Stolz, D.B.; Liu, Y. Tenascin-C Is a Major Component of the Fibrogenic Niche in

Kidney Fibrosis. J. Am. Soc. Nephrol. 2017, 28, 785–801. [CrossRef]
102. Yin, Q.; Liu, H. Connective Tissue Growth Factor and Renal Fibrosis. Adv. Exp. Med. Biol. 2019, 1165, 365–380. [CrossRef]
103. Li, L.; Liao, J.; Yuan, Q.; Hong, X.; Li, J.; Peng, Y.; He, M.; Zhu, H.; Zhu, M.; Hou, F.F.; et al. Fibrillin-1-enriched microenvironment

drives endothelial injury and vascular rarefaction in chronic kidney disease. Sci. Adv. 2021, 7, eabc7170. [CrossRef]
104. Wu, D.; Wu, J.; Liu, H.; Shi, S.; Wang, L.; Huang, Y.; Yu, X.; Lei, Z.; Ouyang, T.; Shen, J.; et al. A biomimetic renal fibrosis

progression model on-chip evaluates anti-fibrotic effects longitudinally in a dynamic fibrogenic niche. Lab Chip 2023, 23, 4708–4725.
[CrossRef]

105. Meng, X.M.; Tang, P.M.; Li, J.; Lan, H.Y. TGF-β/Smad signaling in renal fibrosis. Front. Physiol. 2015, 6, 82. [CrossRef]
106. Doi, S.; Zou, Y.; Togao, O.; Pastor, J.V.; John, G.B.; Wang, L.; Shiizaki, K.; Gotschall, R.; Schiavi, S.; Yorioka, N.; et al. Klotho inhibits

transforming growth factor-beta1 (TGF-beta1) signaling and suppresses renal fibrosis and cancer metastasis in mice. J. Biol. Chem.
2011, 286, 8655–8665. [CrossRef] [PubMed]

107. Vega, G.; Alarcón, S.; San Martín, R. The cellular and signalling alterations conducted by TGF-β contributing to renal fibrosis.
Cytokine 2016, 88, 115–125. [CrossRef] [PubMed]

108. Hu, H.H.; Chen, D.Q.; Wang, Y.N.; Feng, Y.L.; Cao, G.; Vaziri, N.D.; Zhao, Y.Y. New insights into TGF-β/Smad signaling in tissue
fibrosis. Chem. Biol. Interact. 2018, 292, 76–83. [CrossRef] [PubMed]

109. Malhotra, N.; Kang, J. SMAD regulatory networks construct a balanced immune system. Immunology 2013, 139, 1–10. [CrossRef]
[PubMed]

110. Li, J.; Yue, S.; Fang, J.; Zeng, J.; Chen, S.; Tian, J.; Nie, S.; Liu, X.; Ding, H. MicroRNA-10a/b inhibit TGF-β/Smad-induced renal
fibrosis by targeting TGF-β receptor 1 in diabetic kidney disease. Mol. Ther. Nucleic Acids 2022, 28, 488–499. [CrossRef] [PubMed]

111. Lodyga, M.; Hinz, B. TGF-β1—A truly transforming growth factor in fibrosis and immunity. Semin. Cell Dev. Biol. 2020, 101,
123–139. [CrossRef]

https://doi.org/10.1186/s12882-017-0490-0
https://www.ncbi.nlm.nih.gov/pubmed/28219345
https://doi.org/10.1369/0022155419861092
https://www.ncbi.nlm.nih.gov/pubmed/31242044
https://doi.org/10.1038/nm.1865
https://doi.org/10.1038/s41467-022-28096-z
https://doi.org/10.3390/ijms23095012
https://doi.org/10.1053/j.ajkd.2021.01.021
https://doi.org/10.1172/JCI139927
https://www.ncbi.nlm.nih.gov/pubmed/33290282
https://doi.org/10.1038/labinvest.2012.68
https://www.ncbi.nlm.nih.gov/pubmed/22614125
https://doi.org/10.3389/fphys.2020.569322
https://doi.org/10.1016/j.ajpath.2010.10.009
https://www.ncbi.nlm.nih.gov/pubmed/21281789
https://doi.org/10.1371/journal.pone.0143390
https://doi.org/10.1515/biol-2022-0482
https://www.ncbi.nlm.nih.gov/pubmed/36185410
https://doi.org/10.1038/s41581-022-00590-z
https://doi.org/10.1093/ndt/gfad257
https://doi.org/10.1038/s41392-023-01379-7
https://doi.org/10.1016/j.kint.2023.01.021
https://doi.org/10.1681/ASN.2016020165
https://doi.org/10.1007/978-981-13-8871-2_17
https://doi.org/10.1126/sciadv.abc7170
https://doi.org/10.1039/D3LC00393K
https://doi.org/10.3389/fphys.2015.00082
https://doi.org/10.1074/jbc.M110.174037
https://www.ncbi.nlm.nih.gov/pubmed/21209102
https://doi.org/10.1016/j.cyto.2016.08.019
https://www.ncbi.nlm.nih.gov/pubmed/27599257
https://doi.org/10.1016/j.cbi.2018.07.008
https://www.ncbi.nlm.nih.gov/pubmed/30017632
https://doi.org/10.1111/imm.12076
https://www.ncbi.nlm.nih.gov/pubmed/23347175
https://doi.org/10.1016/j.omtn.2022.04.002
https://www.ncbi.nlm.nih.gov/pubmed/35505968
https://doi.org/10.1016/j.semcdb.2019.12.010


J. Clin. Med. 2024, 13, 1881 21 of 29

112. Derynck, R.; Budi, E.H. Specificity, versatility, and control of TGF-beta family signaling. Sci. Signal. 2019, 12, eaav5183. [CrossRef]
113. Lee, M.K.; Pardoux, C.; Hall, M.C.; Lee, P.S.; Warburton, D.; Qing, J.; Smith, S.M.; Derynck, R. TGF-beta activates Erk MAP kinase

signalling through direct phosphorylation of ShcA. EMBO J. 2007, 26, 3957–3967. [CrossRef]
114. Wu, W.; Wang, X.; Yu, X.; Lan, H.Y. Smad3 Signatures in Renal Inflammation and Fibrosis. Int. J. Biol. Sci. 2022, 18, 2795–2806.

[CrossRef] [PubMed]
115. Chen, L.; Yang, T.; Lu, D.W.; Zhao, H.; Feng, Y.L.; Chen, H.; Chen, D.Q.; Vaziri, N.D.; Zhao, Y.Y. Central role of dysregulation of

TGF-β/Smad in CKD progression and potential targets of its treatment. Biomed. Pharmacother. 2018, 101, 670–681. [CrossRef]
[PubMed]

116. Meng, X.M. Inflammatory Mediators and Renal Fibrosis. Adv. Exp. Med. Biol. 2019, 1165, 381–406. [CrossRef] [PubMed]
117. Zhao, J.H. Mesangial cells and renal fibrosis. Adv. Exp. Med. Biol. 2019, 1165, 165–194. [CrossRef]
118. Ebefors, K.; Bergwall, L.; Nyström, J. The Glomerulus According to the Mesangium. Front. Med. 2022, 8, 740527. [CrossRef]
119. Isaka, Y.; Nakamura, H.; Mizui, M.; Takabatake, Y.; Horio, M.; Kawachi, H.; Shimizu, F.; Imai, E.; Hori, M. DNAzyme for TGF-beta

suppressed extracellular matrix accumulation in experimental glomerulonephritis. Kidney Int. 2004, 66, 586–590. [CrossRef]
[PubMed]

120. Gilham, D.; Wasiak, S.; Rakai, B.D.; Fu, L.; Tsujikawa, L.M.; Sarsons, C.D.; Carestia, A.; Lebioda, K.; Johansson, J.O.; Sweeney,
M.; et al. Apabetalone Downregulates Fibrotic, Inflammatory and Calcific Processes in Renal Mesangial Cells and Patients with
Renal Impairment. Biomedicines 2023, 11, 1663. [CrossRef]

121. Li, H.Y.; Oh, Y.S.; Choi, J.W.; Jung, J.Y.; Jun, H.S. Blocking lysophosphatidic acid receptor 1 signaling inhibits diabetic nephropathy
in db/db mice. Kidney Int. 2017, 91, 1362–1373. [CrossRef] [PubMed]

122. Sharma, K.; McCue, P.; Dunn, S.R. Diabetic kidney disease in the db/db mouse. Am. J. Physiol. Renal Physiol. 2003, 284,
F1138–F1144. [CrossRef] [PubMed]

123. Kim, D.; Nam, G.Y.; Seo, E.; Jun, H.S. Inhibition of ChREBP ubiquitination via the ROS/Akt-dependent downregulation of Smurf2
contributes to lysophosphatidic acid-induced fibrosis in renal mesangial cells. J. Biomed. Sci. 2022, 29, 31. [CrossRef] [PubMed]

124. Afkarian, M.; Zelnick, L.R.; Hall, Y.N.; Heagerty, P.J.; Tuttle, K.; Weiss, N.S.; de Boer, I.H. Clinical Manifestations of Kidney
Disease Among US Adults With Diabetes, 1988–2014. JAMA 2016, 316, 602–610. [CrossRef] [PubMed]

125. Fu, J.; Wei, C.; Zhang, W.; Schlondorff, D.; Wu, J.; Cai, M.; He, W.; Baron, M.H.; Chuang, P.Y.; Liu, Z.; et al. Gene expression
profiles of glomerular endothelial cells support their role in the glomerulopathy of diabetic mice. Kidney Int. 2018, 94, 326–345.
[CrossRef]

126. Liu, J.J.; Pek, S.L.T.; Ang, K.; Tavintharan, S.; Lim, S.C.; SMART2D study. Plasma leucine-rich alpha-2-glycoprotein 1 predicts
rapid eGFR decline and albuminuria progression in type 2 diabetes mellitus. J. Clin. Endocrinol. Metab. 2017, 102, 3683–3691.
[CrossRef]

127. Hong, Q.; Zhang, L.; Fu, J.; Verghese, D.A.; Chauhan, K.; Nadkarni, G.N.; Li, Z.; Ju, W.; Kretzler, M.; Cai, G.Y.; et al. LRG1
Promotes Diabetic Kidney Disease Progression by Enhancing TGF-β-Induced Angiogenesis. J. Am. Soc. Nephrol. 2019, 30, 546–562.
[CrossRef]

128. Hong, Q.; Cai, H.; Zhang, L.; Li, Z.; Zhong, F.; Ni, Z.; Cai, G.; Chen, X.M.; He, J.C.; Lee, K. Modulation of transforming growth
factor-β-induced kidney fibrosis by leucine-rich α-2 glycoprotein-1. Kidney Int. 2022, 101, 299–314. [CrossRef]

129. Xu, Z.; Zhang, S.; Han, T.; Cai, L.; Zhong, S.; Yang, X.; Zhang, S.; Li, Y.; Liu, K.; Zhou, B.; et al. Continuous genetic monitoring of
transient mesenchymal gene activities in distal tubule and collecting duct epithelial cells during renal fibrosis. J. Cell. Biochem.
2024. [CrossRef] [PubMed]

130. Rastaldi, M.P.; Ferrario, F.; Giardino, L.; Dell’Antonio, G.; Grillo, C.; Grillo, P.; Strutz, F.; Müller, G.A.; Colasanti, G.; D’Amico, G.
Epithelial-mesenchymal transition of tubular epithelial cells in human renal biopsies. Kidney Int. 2002, 62, 137–146. [CrossRef]
[PubMed]

131. Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420–1428. [CrossRef]
132. Park, C.H.; Yoo, T.H. TGF-β Inhibitors for Therapeutic Management of Kidney Fibrosis. Pharmaceuticals 2022, 15, 1485. [CrossRef]
133. Cohen, C.; Mhaidly, R.; Croizer, H.; Kieffer, Y.; Leclere, R.; Vincent-Salomon, A.; Robley, C.; Anglicheau, D.; Rabant, M.; Sannier,

A.; et al. WNT-dependent interaction between inflammatory fibroblasts and FOLR2+ macrophages promotes fibrosis in chronic
kidney disease. Nat. Commun. 2024, 15, 743. [CrossRef]

134. Chen, Z.; Dong, F.; Lu, J.; Wei, L.; Tian, L.; Ge, H.; Zou, Y.; Ma, X.; Yang, Y.; Zhou, L.; et al. Polarized M2c macrophages have a
promoting effect on the epithelial-to-mesenchymal transition of human renal tubular epithelial cells. Immunobiology 2018, 223,
826–833. [CrossRef]

135. Cho, H.S.; Kim, J.H.; Jang, H.N.; Lee, T.W.; Jung, M.H.; Kim, T.H.; Chang, S.H.; Park, D.J. Alpha-lipoic acid ameliorates the
epithelial mesenchymal transition induced by unilateral ureteral obstruction in mice. Sci. Rep. 2017, 7, 46065. [CrossRef]
[PubMed]

136. Yang, H.; Bai, Y.; Fu, C.; Liu, W.; Diao, Z. Exosomes from high glucose-treated macrophages promote epithelial-mesenchymal
transition of renal tubular epithelial cells via long non-coding RNAs. BMC Nephrol. 2023, 24, 24. [CrossRef]

137. Duffield, J.S.; Tipping, P.G.; Kipari, T.; Cailhier, J.F.; Clay, S.; Lang, R.; Bonventre, J.V.; Hughes, J. Conditional ablation of
macrophages halts progression of crescentic glomerulonephritis. Am. J. Pathol. 2005, 167, 1207–1219. [CrossRef]

138. Yu, C.C.; Chien, C.T.; Chang, T.C. M2 Macrophage polarization modulates epithelial-mesenchymal transition in cisplatin-induced
tubulointerstitial fibrosis. Biomedicine 2016, 6, 5. [CrossRef] [PubMed]

https://doi.org/10.1126/scisignal.aav5183
https://doi.org/10.1038/sj.emboj.7601818
https://doi.org/10.7150/ijbs.71595
https://www.ncbi.nlm.nih.gov/pubmed/35541902
https://doi.org/10.1016/j.biopha.2018.02.090
https://www.ncbi.nlm.nih.gov/pubmed/29518614
https://doi.org/10.1007/978-981-13-8871-2_18
https://www.ncbi.nlm.nih.gov/pubmed/31399975
https://doi.org/10.1007/978-981-13-8871-2_9
https://doi.org/10.3389/fmed.2021.740527
https://doi.org/10.1111/j.1523-1755.2004.00777.x
https://www.ncbi.nlm.nih.gov/pubmed/15253710
https://doi.org/10.3390/biomedicines11061663
https://doi.org/10.1016/j.kint.2016.11.010
https://www.ncbi.nlm.nih.gov/pubmed/28111010
https://doi.org/10.1152/ajprenal.00315.2002
https://www.ncbi.nlm.nih.gov/pubmed/12736165
https://doi.org/10.1186/s12929-022-00814-1
https://www.ncbi.nlm.nih.gov/pubmed/35538534
https://doi.org/10.1001/jama.2016.10924
https://www.ncbi.nlm.nih.gov/pubmed/27532915
https://doi.org/10.1016/j.kint.2018.02.028
https://doi.org/10.1210/jc.2017-00930
https://doi.org/10.1681/ASN.2018060599
https://doi.org/10.1016/j.kint.2021.10.023
https://doi.org/10.1002/jcb.30541
https://www.ncbi.nlm.nih.gov/pubmed/38372186
https://doi.org/10.1046/j.1523-1755.2002.00430.x
https://www.ncbi.nlm.nih.gov/pubmed/12081572
https://doi.org/10.1172/JCI39104
https://doi.org/10.3390/ph15121485
https://doi.org/10.1038/s41467-024-44886-z
https://doi.org/10.1016/j.imbio.2018.08.008
https://doi.org/10.1038/srep46065
https://www.ncbi.nlm.nih.gov/pubmed/28378840
https://doi.org/10.1186/s12882-023-03065-w
https://doi.org/10.1016/S0002-9440(10)61209-6
https://doi.org/10.7603/s40681-016-0005-5
https://www.ncbi.nlm.nih.gov/pubmed/26872813


J. Clin. Med. 2024, 13, 1881 22 of 29

139. LeBleu, V.S.; Taduri, G.; O’Connell, J.; Teng, Y.; Cooke, V.G.; Woda, C.; Sugimoto, H.; Kalluri, R. Origin and function of
myofibroblasts in kidney fibrosis. Nat. Med. 2013, 19, 1047–1053. [CrossRef] [PubMed]

140. Stout, R.D.; Jiang, C.C.; Matta, B.; Tietzel, I.; Watkins, S.K.; Suttles, J. Macrophages sequentially change their functional phenotype
in response to changes in microenvironmental influences. J. Immunol. 2005, 175, 342–349. [CrossRef] [PubMed]

141. Pan, B.; Liu, G.; Jiang, Z.; Zheng, D. Regulation of renal fibrosis by macrophage polarization. Cell. Physiol. Biochem. 2015, 35,
1062–1069. [CrossRef]

142. Zhou, X.; Chen, H.; Hu, Y.; Ma, X.; Li, J.; Shi, Y.; Tao, M.; Wang, Y.; Zhong, Q.; Yan, D.; et al. Enhancer of zeste homolog 2
promotes renal fibrosis after acute kidney injury by inducing epithelial-mesenchymal transition and activation of M2 macrophage
polarization. Cell Death Dis. 2023, 14, 253. [CrossRef]

143. Deng, J.; Wu, Z.; He, Y.; Lin, L.; Tan, W.; Yang, J. Interaction Between Intrinsic Renal Cells and Immune Cells in the Progression of
Acute Kidney Injury. Front. Med. 2022, 9, 954574. [CrossRef]

144. Zhang, H.; Gao, X.; Gui, Z.; Suo, C.; Tao, J.; Han, Z.; Ju, X.; Tan, R.; Gu, M.; Wang, Z. Single-nucleotide polymorphisms of matrix
metalloproteinase genes are associated with graft fibrosis after kidney transplantation. Transl. Androl. Urol. 2023, 12, 375–383.
[CrossRef]

145. Zheng, G.; Lyons, J.G.; Tan, T.K.; Wang, Y.; Hsu, T.T.; Min, D.; Succar, L.; Rangan, G.K.; Hu, M.; Henderson, B.R.; et al. Disruption
of E-cadherin by matrix metalloproteinase directly mediates epithelial-mesenchymal transition downstream of transforming
growth factor-beta1 in renal tubular epithelial cells. Am. J. Pathol. 2009, 175, 580–591. [CrossRef]

146. Ke, B.; Fan, C.; Yang, L.; Fang, X. Matrix Metalloproteinases-7 and Kidney Fibrosis. Front. Physiol. 2017, 8, 21. [CrossRef]
[PubMed]

147. Verma, R.P.; Hansch, C. Matrix metalloproteinases (MMPs): Chemical-biological functions and (Q)SARs. Bioorg. Med. Chem. 2007,
15, 2223–2268. [CrossRef] [PubMed]

148. Wynn, T.A.; Barron, L. Macrophages: Master regulators of inflammation and fibrosis. Semin. Liver Dis. 2010, 30, 245–257.
[CrossRef] [PubMed]

149. Tan, T.K.; Zheng, G.; Hsu, T.T.; Wang, Y.; Lee, V.W.; Tian, X.; Wang, Y.; Cao, Q.; Wang, Y.; Harris, D.C. Macrophage matrix
metalloproteinase-9 mediates epithelial-mesenchymal transition in vitro in murine renal tubular cells. Am. J. Pathol. 2010, 176,
1256–1270. [CrossRef] [PubMed]

150. Wang, X.; Zhou, Y.; Tan, R.; Xiong, M.; He, W.; Fang, L.; Wen, P.; Jiang, L.; Yang, J. Mice lacking the matrix metalloproteinase-9
gene reduce renal interstitial fibrosis in obstructive nephropathy. Am. J. Physiol. Renal Physiol. 2010, 299, F973–F982. [CrossRef]
[PubMed]

151. Lu, Y.; Zhang, R.; Gu, X.; Wang, X.; Xi, P.; Chen, X. Exosomes from tubular epithelial cells undergoing epithelial-to-mesenchymal
transition promote renal fibrosis by M1 macrophage activation. FASEB Bioadv. 2023, 5, 101–113. [CrossRef]

152. Li, Q.; Liu, B.C.; Lv, L.L.; Ma, K.L.; Zhang, X.L.; Phillips, A.O. Monocytes induce proximal tubular epithelial-mesenchymal
transition through NF-kappa B dependent upregulation of ICAM-1. J. Cell. Biochem. 2011, 112, 1585–1592. [CrossRef] [PubMed]

153. Morishita, Y.; Watanabe, M.; Nakazawa, E.; Ishibashi, K.; Kusano, E. The interaction of LFA-1 on mononuclear cells and ICAM-1
on tubular epithelial cells accelerates TGF-β1-induced renal epithelial-mesenchymal transition. PLoS ONE 2011, 6, e23267.
[CrossRef] [PubMed]

154. Masola, V.; Zaza, G.; Gambaro, G.; Onisto, M.; Bellin, G.; Vischini, G.; Khamaysi, I.; Hassan, A.; Hamoud, S.; Nativ,
O.; et al. Heparanase: A Potential New Factor Involved in the Renal Epithelial Mesenchymal Transition (EMT) Induced by
Ischemia/Reperfusion (I/R) Injury. PLoS ONE 2016, 11, e0160074. [CrossRef] [PubMed]

155. Chen, J.H.; Chao, C.T.; Huang, J.W.; Hung, K.Y.; Liu, S.H.; Tarng, D.C.; Chiang, C.K. Early elimination of uremic toxin ameliorates
AKI-to-CKD transition. Clin. Sci. 2021, 135, 2643–2658. [CrossRef]

156. Kelly, K.J.; Williams, W.W., Jr.; Colvin, R.B.; Bonventre, J.V. Antibody to intercellular adhesion molecule 1 protects the kidney
against ischemic injury. Proc. Natl. Acad. Sci. USA 1994, 91, 812–816. [CrossRef]

157. Yang, S.; Zhong, S.; Deng, Z.; Xie, T.; Yin, G.; Wang, L.; Liu, J.; Yang, J.; Long, Z.; Jiang, X.; et al. Hyperforin regulates renal fibrosis
via targeting the PI3K-AKT/ICAM1 axis. Cell. Signal. 2023, 108, 110691. [CrossRef]

158. Jang, H.N.; Kim, J.H.; Jung, M.H.; Tak, T.; Jung, J.H.; Lee, S.; Jung, S.; Chang, S.H.; Kim, H.J. Human Endothelial Progenitor Cells
Protect the Kidney against Ischemia-Reperfusion Injury via the NLRP3 Inflammasome in Mice. Int. J. Mol. Sci. 2022, 23, 1546.
[CrossRef]

159. Li, L.; Liu, H.; Zhang, Q.; Jin, H.; Tao, H.; Zhu, R.; Zhou, Z. Serum amyloid A and risks of all-cause and cardiovascular mortality
in chronic kidney disease: A systematic review and dose-response meta-analysis. Ren. Fail. 2023, 45, 2250877. [CrossRef]

160. Dieter, B.P.; McPherson, S.M.; Afkarian, M.; de Boer, I.H.; Mehrotra, R.; Short, R.; Barbosa-Leiker, C.; Alicic, R.Z.; Meek, R.L.;
Tuttle, K.R. Serum amyloid a and risk of death and end-stage renal disease in diabetic kidney disease. J. Diabetes Complicat. 2016,
30, 1467–1472. [CrossRef]

161. den Hartigh, L.J.; May, K.S.; Zhang, X.S.; Chait, A.; Blaser, M.J. Serum amyloid A and metabolic disease: Evidence for a critical
role in chronic inflammatory conditions. Front. Cardiovasc. Med. 2023, 10, 1197432. [CrossRef] [PubMed]

162. Zhang, F.; Zhou, X.; Zou, H.; Liu, L.; Li, X.; Ruan, Y.; Xie, Y.; Shi, M.; Xiao, Y.; Wang, Y.; et al. SAA1 is transcriptionally activated
by STAT3 and accelerates renal interstitial fibrosis by inducing endoplasmic reticulum stress. Exp. Cell Res. 2021, 408, 112856.
[CrossRef] [PubMed]

https://doi.org/10.1038/nm.3218
https://www.ncbi.nlm.nih.gov/pubmed/23817022
https://doi.org/10.4049/jimmunol.175.1.342
https://www.ncbi.nlm.nih.gov/pubmed/15972667
https://doi.org/10.1159/000373932
https://doi.org/10.1038/s41419-023-05782-4
https://doi.org/10.3389/fmed.2022.954574
https://doi.org/10.21037/tau-22-506
https://doi.org/10.2353/ajpath.2009.080983
https://doi.org/10.3389/fphys.2017.00021
https://www.ncbi.nlm.nih.gov/pubmed/28239354
https://doi.org/10.1016/j.bmc.2007.01.011
https://www.ncbi.nlm.nih.gov/pubmed/17275314
https://doi.org/10.1055/s-0030-1255354
https://www.ncbi.nlm.nih.gov/pubmed/20665377
https://doi.org/10.2353/ajpath.2010.090188
https://www.ncbi.nlm.nih.gov/pubmed/20075196
https://doi.org/10.1152/ajprenal.00216.2010
https://www.ncbi.nlm.nih.gov/pubmed/20844022
https://doi.org/10.1096/fba.2022-00080
https://doi.org/10.1002/jcb.23074
https://www.ncbi.nlm.nih.gov/pubmed/21344487
https://doi.org/10.1371/journal.pone.0023267
https://www.ncbi.nlm.nih.gov/pubmed/21850266
https://doi.org/10.1371/journal.pone.0160074
https://www.ncbi.nlm.nih.gov/pubmed/27467172
https://doi.org/10.1042/CS20210858
https://doi.org/10.1073/pnas.91.2.812
https://doi.org/10.1016/j.cellsig.2023.110691
https://doi.org/10.3390/ijms23031546
https://doi.org/10.1080/0886022X.2023.2250877
https://doi.org/10.1016/j.jdiacomp.2016.07.018
https://doi.org/10.3389/fcvm.2023.1197432
https://www.ncbi.nlm.nih.gov/pubmed/37396595
https://doi.org/10.1016/j.yexcr.2021.112856
https://www.ncbi.nlm.nih.gov/pubmed/34597680


J. Clin. Med. 2024, 13, 1881 23 of 29

163. Feng, Y.; Guo, F.; Xia, Z.; Liu, J.; Mai, H.; Liang, Y.; Zhu, G.; Li, Y.; Bai, L.; Li, L.; et al. Inhibition of Fatty Acid-Binding Protein 4
Attenuated Kidney Fibrosis by Mediating Macrophage-to-Myofibroblast Transition. Front. Immunol. 2020, 11, 566535. [CrossRef]
[PubMed]

164. Cooper, T.E.; Teng, C.; Tunnicliffe, D.J.; Cashmore, B.A.; Strippoli, G.F. Angiotensin-converting enzyme inhibitors and angiotensin
receptor blockers for adults with early (stage 1 to 3) non-diabetic chronic kidney disease. Cochrane Database Syst. Rev. 2023,
7, CD007751. [CrossRef] [PubMed]

165. Brown, N.J.; Nakamura, S.; Ma, L.; Nakamura, I.; Donnert, E.; Freeman, M.; Vaughan, D.E.; Fogo, A.B. Aldosterone modulates
plasminogen activator inhibitor-1 and glomerulosclerosis in vivo. Kidney Int. 2000, 58, 1219–1227. [CrossRef] [PubMed]

166. Mirabito Colafella, K.M.; Bovée, D.M.; Danser, A.H.J. The renin-angiotensin-aldosterone system and its therapeutic targets. Exp.
Eye Res. 2019, 186, 107680. [CrossRef] [PubMed]

167. Heeneman, S.; Haendeler, J.; Saito, Y.; Ishida, M.; Berk, B.C. Angiotensin II induces transactivation of two different populations of
the platelet-derived growth factor beta receptor. Key role for the p66 adaptor protein Shc. J. Biol. Chem. 2000, 275, 15926–15932.
[CrossRef]

168. Mukoyama, M.; Kuwabara, T. Role of renin-angiotensin system blockade in advanced CKD: To use or not to use? Hypertens. Res.
2022, 45, 1072–1075. [CrossRef]

169. Cockfield, S.M.; Wilson, S.; Campbell, P.M.; Cantarovich, M.; Gangji, A.; Houde, I.; Jevnikar, A.M.; Keough-Ryan, T.M.; Monroy-
Cuadros, F.M.; Nickerson, P.W.; et al. Comparison of the effects of standard vs low-dose prolonged-release tacrolimus with or
without ACEi/ARB on the histology and function of renal allografts. Am. J. Transplant. 2019, 19, 1730–1744. [CrossRef]

170. Zhang, Y.Y.; Yu, Y.; Yu, C. Antifibrotic Roles of RAAS Blockers: Update. Adv. Exp. Med. Biol. 2019, 1165, 671–691. [CrossRef]
171. Forrester, S.J.; Booz, G.W.; Sigmund, C.D.; Coffman, T.M.; Kawai, T.; Rizzo, V.; Scalia, R.; Eguchi, S. Angiotensin II Signal

Transduction: An Update on Mechanisms of Physiology and Pathophysiology. Physiol. Rev. 2018, 98, 1627–1738. [CrossRef]
172. AlQudah, M.; Hale, T.M.; Czubryt, M.P. Targeting the renin-angiotensin-aldosterone system in fibrosis. Matrix Biol. 2020, 91–92,

92–108. [CrossRef] [PubMed]
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