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Abstract Sections
Chronickidney disease (CKD) is a major global health burden that Introduction

affects more than10% of the adult population. Current treatments, Kidney fibrosis niche and
including dialysis and transplantation, are costly and not curative. therapeutic targets

Kidney fibrosis, defined as an abnormal accumulation of extracellular Therapies targeting
matrix in the kidney parenchyma, isacommon outcome in CKD, pro-fibrotic pathways

regardless of disease aetiology, and is a major cause of loss of kidney Future strategies

function and kidney failure. For this reason, research efforts have Conclusions

focused onidentifying mediators of kidney fibrosis to inform the
development of effective anti-fibrotic treatments. Given the prominent
role of the transforming growth factor-3 (TGF) family in fibrosis,
efforts have focused oninhibiting TGF[3 signalling. Despite hopes
raised by the efficacy of this approachin preclinical models, translation
into clinical practice has not met expectations. Antihypertensive

and antidiabetic drugs slow the decline in kidney function and could
slow fibrosis but, owing to the lack of technologies for in vivo renal
imaging, their anti-fibrotic effect cannot be truly assessed at present.
The emergence of new drugs targeting pro-fibrotic signalling, or
enabling cell repair and cell metabolic reprogramming, combined

with better stratification of people with CKD and the arrival of
nanotechnologies for kidney-specific drug delivery, open up new
perspectives for the treatment of this major public health challenge.
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Key points

o Regardless of aetiology, progressive chronic kidney disease typically
leads to the development of kidney fibrosis, which remains a challenge
for public health.

o Transforming growth factor-f3 is a key mediator of kidney fibrosis but
therapies targeting this pathway have failed to show benefit or had only
a limited effect in people with chronic kidney disease.

o Anti-fibrotic treatments that have been successful in other organs,
such as the lungs or liver, provide promising alternatives for testing in
kidney fibrosis.

o Therapies for hypertension or diabetes have benefits beyond their
primary targets and show clear nephroprotection, which ultimately
affects kidney fibrosis.

* Development of novel technologies such as non-invasive imaging,
or the use of Janus or exosome-like nanoparticles, provide new
opportunities for assessing and treating kidney fibrosis.

Introduction

Chronickidney disease (CKD) is aleading cause of disability worldwide
owingtoanageing population,improved survival from cardiovascular
disease, theincreased prevalence of type 2 diabetes and arise in autoim-
mune disorders driven by environmental changes (including pollution
andindustrialized food systems). Current estimates indicate that more
than 10% of the adult population has CKD?. Although the initiating
cause might differ, the progression of CKD converges towards com-
mon pathological mechanisms such as chronic inflammation and an
excessive accumulation of extracellular matrix (ECM), which disrupt
the normal structure of the kidney. Over time, this deleterious effect
leads tokidney failure (also known as end-stage kidney disease). Despite
extensive investigation and remarkable progressin understanding the
mechanisms leading to kidney failure, the only treatments currently
available for kidney failure are dialysis or transplantation, which are
kidney replacement strategies and not restorative therapies. In addi-
tiontoreducing the quality of life of patients, these strategies absorb
up to4% of the total health budget in high-resource countries, making
kidney failure the most costly disease per patient®. Therefore, finding
effective treatments to stop or even reverse the progression of kidney
disease constitutes a major public health challenge.

Over the past decade, interest in identifying new mediators of
kidney fibrosis to inform the development of anti-fibrotic treatments
has continued to grow (Fig. 1). Antihypertensive drugs, mainly those
blocking the renin-angiotensin-aldosterone system (RAAS) were
very efficient in reversing kidney fibrosis and restoring kidney func-
tion in several animal models, but these anti-fibrotic benefits were
not confirmed in clinical trials>*. However, the development of glu-
cose transporter inhibitors with beneficial effects beyond diabetes,
the synthesis of anti-inflammatory agents with increased specificity
against pro-inflammatory mediators, the improvement of inhibitors
of other vasoconstrictors and the development of cutting-edge tech-
nologies for the specific targeting of tissues, cells, proteins and/or
genes, have provided new therapeutic options and renewed hope for
the development of a treatment for kidney fibrosis.

In this Review, we briefly discuss key mediators and mechanisms
involved in the creation and development of a fibrous microenviron-
mentinthekidney. We then examine studies of anti-fibrotic drugs that
were unsuccessfully applied to the kidney, and others that have suc-
ceeded in other tissues and have potential against kidney fibrosis. We
also consider advances in nephroprotective strategies that combine
newly developed anti-diabetic and/or anti-inflammatory treatments
with RAAS blockers, which might halt kidney fibrosis or evenlead toits
regression. Finally, we discuss technologies with therapeutic potential
in targeting different pro-fibrotic factors and pathways in the kidney.

Kidney fibrosis niche and therapeutic targets
Fibrosis results from a response to injury that, although reparative
inits origin, leads to excessive formation of fibrous connective tis-
sue and scarring. This process causes structural damage, ultimately
impairing organ function. Although the aetiology and epidemiology
of fibrosis-related diseases — including pulmonary, cardiac, hepatic
and kidney fibrosis — might differ, the fundamental mechanisms of
fibrogenesis have common features across various organs and involve
acomplex fibrogenic niche where a dynamic interplay of cellular and
molecular factors occurs’. Aninitial event leading to tissue injury trig-
gersacascade of cellular responses, resulting in the release of circulat-
ing factors and the activation of pro-fibrotic pathways. This effect, in
turn, leads to the accumulation of ECM, tissue remodelling and scarring.
Here, we consider the key contributors to the development of afibrotic
environment, highlighting the cellular and molecular interactions that
drive fibrogenesis (Fig. 1).

Cellular response and fibroblast activation

Fibroblasts are cells of mesenchymal origin present in connective tis-
sue, where they contribute to tissue integrity and flexibility. Myofi-
broblasts were historically considered to be a subfamily of fibroblasts
with contractile properties and thought tobe a central element of the
fibrotic process as drivers of tissue remodelling and ECM organization®.
However, the latest dataindicate that myofibroblasts might have vari-
oussources, including not only resident fibroblasts but also pericytes,
endothelial cells,bone-marrow-derived cells and epithelial cells’. Fol-
lowing tissue injury, cells undergo several changes, including loss of
their original phenotype and the acquisition of myofibroblast-like
characteristics such as the expression of a-smooth muscle actin
(ax-SMA)®. Single-cell RNA sequencing revealed distinct subpopula-
tions of myofibroblasts in patients with CKD and showed that the
primary cellular sources of myofibroblasts are subpopulations of
fibroblasts and pericytes marked by a cessation of the cell cycle®’.
Thus, the main myofibroblast sources in the kidney are fibroblasts
expressing platelet-derived growth factor receptor-o (PDGFRa) or
PDGFR, maternally expressed 3 (MEG3), collectin subfamily member 11
(COLEC11) and CXC-chemokine ligand 12 (CXCL12), as well as pericytes
expressing PDGFR[, neurogenic locus notch homologue protein 3
(NOTCH3) and regulator of G protein signalling 5 (RGS5)°. Another
study identified a fibroblast population at early stages of differen-
tiation and with pro-inflammatory properties in patients with CKD"™.
These intermediate fibroblasts interact with macrophages to drive
fibrosis progression in CKD'. Accordingly, when the insult is repeti-
tive, injured cells fail to redifferentiate and this phenotypic transition
leads to the abnormal release of pro-inflammatory and pro-fibrotic
mediators, further contributing to tissue damage. Moreover, the com-
plex interactions among these cells within the fibrotic niche, driven
by paracrine signalling and cell-cell communication, influence the
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Fig.1|Major components of the kidney fibrogenic niche. Chronic kidney
injury triggers acomplex series of cellular events that result in kidney fibrosis.
This process creates a fibrogenic environment characterized by inflammatory
cellinfiltration, receptor activation and cell signalling. In response to injury,
cells express damage-associated molecular patterns (DAMPs), stress mediators
suchas angiotensin Il (Angll), lipid mediators such as sphingosine 1-phosphate
(S1P), pro-inflammatory cytokine and growth factors including galectin-3
(Gal-3), connective tissue growth factor (CTGF) and platelet-derived growth
factor (PDGF), as well as cytokines such as tumour necrosis factor (TNF) and
transforming growth factor-p (TGFp). These circulating factors, in turn, lead to

the recruitment of inflammatory cells and activate signalling through various
receptor types, including tyrosine kinase receptors (RTKs), integrin receptors
(ITG), CC-chemokine receptor 2 (CCR2), interleukin receptors (IL-R), endothelin
AandBreceptors (ET, ), and angiotensin receptors1and 2 (ATR,,). The niche

is also enriched by resident cells — pericytes, fibroblasts, endothelial cells and
epithelial cells — that can acquire a myofibroblast phenotype. Extracellular
matrix (ECM) is a major structural element of the fibrotic niche that provides
structural and biochemical support to cells. ECM comprises matricellular
proteins such as transglutaminase 2 (TG2), periostin, matrix metalloproteinases
(MMPs), thrombospondin 1(TSP1), collagen and fibronectin.

progression of fibrosis. Endothelial dysfunction, forexample, is closely
linked with kidney tubular epithelial cell stress™. This dysfunction can
also cause pericytes to detach and migrate into the kidney interstitial
space, where they differentiate into myofibroblasts®. Epithelial cells
alsohave akeyroleinthe progression of fibrosis — after aninitial insult,
persistent injury leads to inadequate repair of kidney epithelial cells,
which promotes abnormal ECM synthesis®.

Immune cells and inflammation. Persistent inflammation, another
key feature of CKD, is amajor trigger of fibrogenesis. Although inflam-
mationis necessary for tissue repair, it worsens fibrosis by maintain-
ing myofibroblast activation and promoting ECM production™. The
inflammatory repair process is often accompanied by amplifica-
tion of tissue damage and disease progression, with the extent of
immune cell infiltration closely related to the severity of kidney
disease”. In the kidney, inflammation is linked to endothelial dys-
function as well as glomerular damage and tubular cell injury’. The
infiltration and activation of immune cells such as macrophages,
granulocytes and lymphocytes triggers the expression and release
of cytokines and growth factors that contribute to ECM synthesis
and accumulation”.

The myeloid compartment consistently predominates after kidney
injury. Macrophages are recruited to injured kidneys at an early stage
and adopta pro-inflammatory and pro-fibrotic phenotype, promoting
kidney fibrosis by releasing galectin-3 (Gal-3) and metalloproteinases'®.
In the unilateral ureteral obstruction (UUO) mouse model, which
results in accelerated tubular injury and interstitial fibrosis induced
by obstructed renal flow, neutrophils are the most prevalentinfiltrating
immune cell”. Targeting macrophages and neutrophils in this model

reduces tubular apoptosis and kidney fibrosis'>*°. A similar pro-fibrotic
role of macrophages and neutrophils has been described in lung and
liver fibrosis**%. T cells, B cells and natural killer cells also promote
uncontrolled inflammation contributing to tissue scarring and delayed
tissue repair in the liver, lung and kidney***.

Circulating factors, receptors and signalling. The release of
pro-fibrotic cytokines and growth factors, predominantly transform-
ing growth factor-B (TGFf), connective tissue growth factor (CTGF)
and/or PDGF? triggers a complex cell-signalling network thatinvolves
pathways such as Janus kinase (JAK)-signal transducer and activator
of transcription (STAT), phosphatidylinositol 3-kinase (PI3K)-protein
kinase B (AKT) and Wnt—pB-catenin pathways**”. The TGF3, CTGF and
JAK-STAT pathways promote the synthesis of ECM components, such
as collagen, and fibroblast activation®. The canonical signalling path-
way of the major fibrotic cytokine, TGFf3, relies on the translocation of
SMAD2, SMAD3 and SMAD4 into the nucleus to activate gene expres-
sion. However, activation of the TGFp receptor (TGFBR) can initiate
multiple signalling pathways shared with other receptors such as
PDGFR”.Forexample, both PI3K-AKT and JAK-STAT pathways canbe
induced by activation of PDGFR and non-canonical TGFBR activation™.
Similarly, the WNT-[3-catenin pathway can be regulated by CTGF and
the non-canonical TGFB pathway?. This crosstalk between pathways
can create feedback loops that intensify fibrogenesis. The overlap-
ping and interconnected nature of these pathways contributes to the
persistence of fibroblast activation and disease progression. Addition-
ally, pro-inflammatory cytokines such as tumour necrosis factor (TNF)
canalsodrive the activation and expression of pro-fibrotic cytokines,
including TGFB, whichin turn can upregulate the expression of other
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pro-inflammatory cytokines, such as IL-11, and this crosstalk maintains
and amplifies fibrosis***.

Extracellular matrix formation. Disruption of the cellular dynamics
and ECMremodelling have a pivotal role in shaping the fibrotic niche.
These changes arise fromincreased expression, depositionand accu-
mulation of structural ECM proteins®. The expression and organiza-
tion of the ECM are tightly regulated by signalling molecules such as
thrombospondin-1(TSP1), TGFf, PDGF and/or angiotensin Il (Angll)*>**,
Theinteractionbetween different components of ECM createsacom-
plex network, and alterations in expression affect cellular interactions
and tissue organization, thereby contributing to the formation of the
fibrotic niche. Collagen is the primary structural protein of the ECM
andits overproduction, particularly of type I and Ill collagen, leads to
thickening and stiffening of the ECM™. The increased production of
fibronectin serves as a scaffold for collagen deposition®®. Activated
synthesis of other ECM proteins such as proteoglycans, laminin, fibrin,
thrombospondins and periostin enhances abnormal ECM accumula-
tionand further contributes to the progression of fibrosis”. Increased
ECM accumulation might also result from reduced ECM degradation
driven by an imbalance between matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases (TIMPs). MMPs are respon-
sible for ECM breakdown, and their activity is tightly regulated by
TIMPs*®, Additionally, enzymes such as transglutaminases can facilitate
cross-linking between ECM component proteins, enhancing their
resistance against protease degradation®,

The mechanisms mentioned above that promote changesin ECM
structure and regulation contribute to the persistence and progres-
sion of fibrosis, and ultimately disrupt tissue structure and function.
The intricate mechanisms involved complicate the development of
targeted therapies against fibrosis.

TR
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Therapies targeting pro-fibrotic pathways

Different strategies can be used to target fibrogenic niche formation
and aberrant ECM accumulationin thekidney directly. Here, we exam-
ine kidney fibrosis clinical trials that have been discontinued or failed
to show a benefit, followed by a discussion of successful anti-fibrotic
treatments in other organs that might be applicable to the kidneys.
Of note, nephroprotective drugs, which are aimed at slowing the pro-
gression of CKD, regardless of disease aetiology and its underlying
mechanisms, can also target the fibrogenic niche. The main purpose
of several nephroprotective drugs is to control hypertension and/or
diabetes and their anti-fibrotic effectiveness is probably because their
targets, whichinclude vasoconstrictors such as Angll, endothelin-1or
aldosterone, also directly promote fibrogenesis through the activation
of their receptors®** (Fig. 2). Although the progression of kidney fibro-
sis cannot be easily assessed through histology as ethical principles
prohibit repetitive biopsies, and reliable and non-invasive methods
for measuring kidney fibrosis are currently lacking, the protection of
kidney function mediated by these drugsis also probably accompanied
by preservation of kidney structure.

Unsuccessful therapeuticinterventions

Several therapies have been deployed to target kidney fibrosis but,
despite initial promising results, most failed to generate a positive
therapeutic outcome (Table 1). Most studies have targeted TGFf3
signalling, which is a central mediator of fibrosis, with a pleiotropic
role in various biological processes. Excessive TGF[3 signalling leads
to uncontrolled tissue scarring and induces accumulation of ECM
components, resulting in tissue dysfunction*. A range of therapeutic
approaches have been developed toinhibit TGFf-induced fibrosis: scav-
engers of TGF[ (decorin), neutralizing antibodies against circulating
TGFpB, monoclonal antibodies against TGFR, soluble TGFfR traps and
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Fig.2|Targeting RAAS and endothelin activation. The figure illustrates the
biogenesis pathways of angiotensin I, aldosterone and endothelin-1(ET-1)

and their effects on the kidney fibrogenic niche. Angiotensin Il is produced
from angiotensinogen viarenin, angiotensin I and angiotensin-converting
enzyme (ACE). Angiotensin Il promotes aldosterone release from the adrenal
cortex and pre-proendothelin cleavage into ET-1. These molecules increase
glomerular mechanical burden through vasoconstriction, and increased water
and sodium retention. In addition to this mechanical burden, the interplay

|
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of angiotensin I, aldosterone and ET-1fosters a pro-fibrotic environment

inthe kidneys, exacerbating kidney injury and dysfunction. Multitargeted
pharmacological blockade of the renin-angiotensin-aldosterone system (RAAS)
and the endothelin system has proven highly effective in preventing kidney
fibrosis progression. ACEi, ACE inhibitor; MR, mineralocorticoid receptor;

MRA, MR antagonist; AT1, angiotensin Il receptor type 1; ARB, angiotensin
receptor blocker; ERA, ET,-selective endothelin receptor antagonists; ET,,
endothelin A receptor.
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Table 1| Discontinued clinical trials of anti-fibrotic treatments in CKD

Target Drug name Disease Clinical trial Phase and status Outcome
TGFB Fresolimumab FSGS NCT01665391 Phase II, No reduction in proteinuria, no change in GFR
completed
LY2382770 DKD NCTO1113801 Phase Il, No difference in serum creatinine
terminated
CTGF Pamrevlumab IPF NCT04419558 Phase IlI, Ineffective preservation of lung function
NCT03955146 terminated
FG-3019 DKD NCT00913393 Phaselll, Terminated for business purposes
terminated
FSGS NCT00782561 Phase |, terminated Terminated
NRF2 Bardoloxone methyl CKD NCT03749447 (EAGLE) Phase Il Not FDA-approved, lack of evidence of
terminated efficiency, risk of hepatotoxicity, heart failure
and death from cardiovascular events
DKD NCT03550443 (AYAME) Phase Il
terminated
ADPKD NCT03918447 (FALCON) Phase lll,
terminated
Alport syndrome  NCT03019185 (CARDINAL) Phase Il and IlI,
completed
miR-21 Lademirsen Alport syndrome  NCT02855268 Phase Il, Interrupted for lack of eGFR improvement
terminated
IntegrinavB6  STX-100 (BG-00011) CKD NCT00878761 Phase Il, withdrawn Discontinued for unknown reasons

ADPKD, autosomal-dominant polycystic kidney disease; CKD, chronic kidney disease; CTGF, connective tissue growth factor; DKD, diabetic kidney disease; eGFR, estimated glomerular
filtration rate; FSGS, focal segmental glomerulosclerosis; IPF, idiopathic pulmonary fibrosis; miR-21, micro-RNA 21; TGF(, transforming growth factor-3.

modulators of TGF signalling (bone morphogenic protein 7 (BMP7))*.
Some approaches, such as the administration of decorin or BMP7 led
toimpressive results in preclinical studies***, but their long-termuse
caused severe undesirable effects that preclude their use in patients
with CKD. Similarly, therapies blocking TGF( directly, such as fresoli-
mumab and LY2382770, inhibited fibrosis efficiently in preclinical
CKD, but failed to show benefit in clinical trials***’ (Table 1). Other
therapeutic strategies targeting CTGF, whichis adownstream effector
of TGF3 (pamrevlumab, FG-3019), also failed to show substantial benefit
or their trials were terminated prematurely (Table 1). Adverse events
observed after TGFf3 inhibition include inflammation, toxicity and/or
cytokine release syndrome®*®, These distinct and undesirable effects
induced by TGFf inhibition might partly explain the lack of positive
clinical results. Alternative strategies have thus been established that
gobeyond targeting TGF 3, notably by targeting the oxidative stress that
promotestherelease of pro-fibrotic mediators and the persistence of
fibrosis. For example, bardoxolone-methyl, which is a potent activa-
tor of nuclear transcription factor NRF2-mediated anti-oxidant and
anti-fibrotic effects, improved estimated glomerular filtration rate
(eGFR) in people with CKD associated with type 2 diabetes**°. However,
in phase lll studies (Table 1) bardoxolone not only failed to slow eGFR
decline but also increased albuminuria and the risk of cardiovascular
events’*, Alternative approaches, including the inhibition of small
non-coding RNAs involved in kidney disease and fibrosis****, such as
the miR-21 antagomir (lademirsen), have not delivered the expected
outcomes in patients with Alport syndrome either (Table 1).

Finally, STX-100 (also known as BGO0O11), which is a humanized
antibody designed to target and inhibit av6 cell surface receptors
involved in the release of active TGFB*, was effective in blocking
fibrogenesis in a phase Il study (NCT01371305) of a small popula-
tion of patients with idiopathic pulmonary fibrosis (IPF)**. However,

apreclinical study for the prevention of chronic allograft fibrosis indi-
cated thatblocking avf6 increased the risk of acute kidney rejection”,
andatrialfor chronicallograft dysfunction was withdrawn for unknown
reasons™,

These disappointing results raise questions about why the success
story of preclinical studies has not been translatable to patients with
CKD, and why anti-fibrotic treatments that are effective in patients with
fibrosis in other tissues, such as the lungs and liver, have failed when
applied to kidney fibrosis.

Regarding the species difference, the complexity of CKD in
humans cannot be fully replicated in animal models and substantial
differences exist in the underlying disease mechanisms between spe-
cies. Moreover, animal studies are often of short duration, which limits
the ability to assess potential side and off-target effects. Complications
related to the pharmacokinetics, bioavailability and administration of
these agents have also hampered their success. Furthermore, therapies
inpreclinical studies are typically administered at an early stage of dis-
ease, before disease-driven alterations become irreversible, and they
usually involve young animals, whereas therapies in clinical trials are
often assessed in older patients with advanced disease.

Regardingthetissue difference, loss of kidney functionis generally
detected late and therapies are thusinitiated inadvanced stages of CKD,
when the damage might be irreversible, thus reducing the window for
effective intervention. Identifying biomarkers that allow early disease
detection mightyield better results, as the progression of kidney fibrosis
is generally asymptomatic. The lungs and liver are more accessible for
biopsies andimaging, thus facilitating the monitoring of disease progres-
sion and response to treatments. Furthermore, the kidney is probably
the tissue with the greatest cellular diversity in the body, withmore than
50different cell types, whichleads to complex cellular interactions and
distinct pathophysiological processes in different compartments, such
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asglomerulosclerosis, tubular interstitial fibrosis or vascular sclerosis,
thusincreasingtherisk ofincomplete and ineffective treatment. An addi-
tional complication arises from the signalling pathway overlap between
fibrosis and wound healing. Chronicinactivation of these pathways can
therefore interfere with repair and healing of other tissues.

Despite several unsuccessful interventions, therapies targeting
fibrosis are continually emerging. The main reason for this persistence
is that advancing mechanistic knowledge and technological innova-
tions in drug delivery (discussed further below) might enable the
specific targeting of kidney fibrosis without secondary complications.

Ongoing clinical trials of anti-fibrotic treatments

Most current strategies focus on indirectly modulating the different
actions of TGFf to achieve better therapeutic results and avoid toxic
side effects. In these trials, priority is given to pulmonary or hepatic
fibrosis, for the reasons explained above (easier monitoring of disease
progression and response to treatments). Regardless of the challenge

posed by kidney complexity, the success of pulmonary and hepatic
therapies might still provide clues to the treatment of kidney fibrosis
(Table 2 and Fig. 3).

Targeting the TGF pathway with pirfenidone. Described as an
immunosuppressive with anti-oxidant properties, pirfenidone has
anti-fibrotic effects in lung, kidney and liver through a mechanism
involving downregulation of TGF3 expression thatis not yet fully under-
stood. Pirfenidone seems to exert an anti-fibrotic action by inhibiting
SMAD2 and/or SMAD3 phosphorylation®’, and retaining TGFB in a
latent form by inhibiting furin, a proteolytic enzyme involved in TGF3
maturation®. Pirfenidone administration decreased mRNA expression
of TGFf and levels of type I and VI collagen, attenuated fibrosis and
kidney damage, and increased glomerular filtration in experimental
models of kidney disease®.

Pirfenidone medicationis approved for the treatment of IPF, with
efficacy inreducing lung function declineand disease progression®?. The

Table 2 | Ongoing clinical trials with anti-fibrotic drugs

Target Drug name Disease Clinical trial Phase and status Outcome
TGFB pathway
TGF@, SMAD3 Pirfenidone IPF NCT00660238 Marketed, completed Reduced decline of lung
function and improved survival
CKD NCT04258397 Phase Il, recruiting NA
TGF, p38, MAPK Hydronidone Liver fibrosis NCT05115942 Phase I, completed NA
TGFB, SMAD2, 3 and 4, Pentoxifylline DKD NCT03625648 Phase IV, recruiting NA
NF-«B DKD NCT03664414 Phase IV, unknown NA
Tyrosine kinase pathway
RTKs (PDGFRs, FGFRs, Nintedanib IPF NCT02598193 Marketed, completed Reduced progression of fibrosis
VEGFRs)
JAK1and JAK2 Ruxolitinib Myelofibrosis NCT2386800 Marketed, completed  Improved survival
Baricitinib FSGS and DKD NCT05237388 Phase Ill, recruiting NA
Receptors
S1P and S1PR Fingolimod IFTA Kidney transplantation NCT05285878 Phase Il, active NA
GLPIR Exenatide DKD NCT02690883 Phase IV, completed Albuminuria reduction
Dulaglutide DKD NCT05218915 Phase IV, recruiting NA
Semaglutide CKD NCT04865770 Phase lll, recruiting NA
CCR2 DMX-200 FSGS NCT05183646 Phase Ill, recruiting NA
THRB Resmetirom NASH NCT03900429 Phase lll, active NA
Cytokines
Galectin-3 Belapectin NASH NCT04365868 Phase lland Ill, active ~ NA
GB121 IPF NCT03832946 Phase II, recruiting NA
GCS-100 DKD NCT02312050 Phase I, unknown NA
IL-1 BI-765423 Safety assessment for NCT05658107 Phase I, active NA
fibrotic disease
Epigenetic
BET Apabetalone Pulmonary arterial NCT04915300 Phase II, not yet NA

hypertension

recruiting

ADPKD, autosomal-dominant polycystic kidney disease; BET, bromodomain and extraterminal;

CCR2, CC-chemokine receptor 2; CKD, chronic kidney disease; DKD, diabetic kidney disease;

FGFR, fibroblast growth factor receptor; FSGS, focal segmental glomerulosclerosis; GLP1R, glucagon-like peptide 1 receptor; IFTA, interstitial fibrosis and tubular atrophy; IPF, idiopathic
pulmonary fibrosis; NA, not available; NASH, non-alcoholic steatohepatitis; NF-kB, nuclear factor-kB; PDGFR, platelet-derived growth factor receptor; RTK, receptor tyrosine kinase; S1PR,
sphingosine 1-phosphate receptor; TGF@, transforming growth factor-@3; THR, thyroid hormone receptor-3; VEGFR, vascular endothelial growth factor receptor.

Nature Reviews Nephrology | Volume 21| May 2025 | 314-329

319


http://www.nature.com/nrneph

Review article

/’m\‘ Fig.3| §ummary of p'romis.ing anti-fibrotic drugs.
CB121 L1 ) S Targeting JAK-STAT signalling affects pathways
Gal 3 HGCS 100 ) ® B1765423 ) “\/ Exenatide involving the non-canonical transforming growth
(_Dulaglutide ) factor-B receptor (TGFBR), interleukin receptors
) ) Semaglutlde ) (IL-R) and tyrosine kinase-3 receptors (RTKs) such
(Fingolimod\w ( DMX-200 ) as platelet-derived growth factor receptor (PDGFR),
J_ J_ vascular endothelial growth factor (VEGFR) and
PDGFR fibroblast growth factor (FGFR). Pro-fibrotic
VEGFR mediators and receptors can be regulated by drugs
FGFR inhibiting the canonical and non-canonical TGF3
SIPR CCR2 TGFBR N RTKs signalling pathways, and by targeting epigenetic
Non-canonical § g Nmtedamb ) modulation mediated by bromodomain and
pathway E § extraterminal (BET) family proteins. Inhibition of
v H CC-chemokine receptor 2 (CCR2), sphingosine
Canonical | §=="="==m" ’ JAK2 )tmmmmmmmmnnn b 1-phosphate receptor (S1PR), IL-11 and galectin-3
pathway g P . (Gal-3), as well as the use of agonists that activate
/,7.\_]' T k/ RUXO““”ib\}‘ thyroid hormone receptor-@3 (THRB) and glucagon-
(_Resmetirom ) (_Baricitinib ) Cytoplasm  like peptide1receptor (GLPIR) canalso havean
anti-fibrotic effect.
©) ( Pentoxifylline\ ivelaus
(" Pirfenidone ——— Pro-fibrotic <— @I—q Apabetalone )
THRB \ Hydronidone )

exact protective mechanisms of actioninvolved are poorly understood,
butare thought to reduce pulmonary inflammation and fibrosis.

In CKD, only a few clinical studies have been performed, all of
which showed a positive effect. Thus, in an open-label, single-centre
pilot study in patients with focal segmental glomerulosclerosis (FSGS),
pirfenidone slowed the eGFR decline rate®. In a randomized study
involving participants with diabetic nephropathy, patients received
either placebo or different doses of pirfenidone. After 1 year, mean
eGFRincreased, and the number of patients requiring haemodialysis
was significantly lower in the group receiving a low dose of pirfeni-
done compared with the group receiving placebo or a high dose of
pirfenidone. However, no significant differences were observed in
urinary excretion of TGFB and albumin-to-creatinine ratio®*. Never-
theless, both studies had important limitations — short duration and
small sample sizes, which limits the generalization of the results to
alarger population, and lack of appropriate tolerability and safety
considerations.

A larger ongoing clinical trial for pirfenidone with 200 partici-
pants (TOP-CKD, Table 2) should provide more accurate information
on the effects of pirfenidone therapy and a better evaluation of the
reported side effects (gastrointestinal symptoms, skin reactions and
liver enzyme elevations)®.

Targeting the TGFB pathway with hydronidone. Hydronidone is
structurally related to pirfenidone and also downregulates the TGF3
signalling pathway, probably via SMAD7-mediated degradation of
TGFBRI (ref. 66).Inaphase Il trial for treatment of liver fibrosis associ-
ated with chronic hepatitis B, hydronidone combined with entecavir
reduced liver fibrosis and improved liver histology®. A phase Ill trial
was completed for chronic hepatitis B (Table 2) at the end of 2024,
buttheresults have not yet been published. If the results are positive,
they will serve as the basis for testing hydronidone as a treatment for
kidney fibrosis.

Targeting the TGFB pathway with pentoxifylline. Pentoxifylline
belongs to a class of vasodilators with additional anti-inflammatory
and potential anti-fibrotic properties through inhibition of cell pro-
liferation and ECM production®®®’, Used in combination with Angll
type 1 (AT1) receptor antagonists, pentoxifylline had the most effec-
tive anti-inflammatory and anti-albuminuric effects in diabetic
nephropathy’®” (Table 2).

Targeting tyrosine kinase activation with nintedanib. Nintedanib is
atripletyrosine kinase receptor inhibitor targeting multiple pathways
involvedinfibrosis, including those involving the vascular endothelial
growth factor receptor (VEGFR), PDGFR and the fibroblast growth
factor receptor (FGFR). Effective in treating IPF, nintedanib shows
promise as a potential treatment for fibrosis in other organs. Nint-
edanib delayed fibrosis progression in the UUO model and in amodel
of acute-to-chronickidney injury induced by high doses of folic acid’>”*,
aswellassignificantly reducing fibrosis and cyst growthinamodel of
autosomal-dominant polycystic kidney disease’. Minimal side effects
were observed in patients with IPF and severe CKD (creatinine clear-
ance <30 ml/min)”. However, microangiopathy and nephrotic-range
proteinuria with kidney functionimpairment have also beenreported
inafew cases™®””. Considering the potential side effects, further studies
thatinclude monitoring of proteinuria and assessment of histological
improvement are needed to better evaluate the role of nintedanibasa
potential anti-fibrotic agent in CKD.

Targeting tyrosine pathways with ruxolitinib and baricitinib. JAK1
andJAK2areinvolved inthe development and progression of different
types of kidney disease’®. Data based on experimental models of CKD
suggest a potential therapeutic benefit of inhibiting JAK signalling’®.
Ruxolitinib, whichis a selective inhibitor of JAK1and JAK2, is approved
for targeting BM fibrosis in myelofibrosis’ (Table 2). Fedratinib, which
isaselectiveJAK2inhibitor and isapproved as analternative treatment
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for patients with ruxolitinib-resistant myelofibrosis, could also be con-
sidered for CKD®. Baricitinib, another JAK1and JAK2 inhibitor, reduced
disease activity in systemic lupus erythematosus in phase Il trials.
However, the complementary phase Ill trial SLE-BRAVE-II, with alarger
cohortand longer duration, failed to replicate the efficacy outcomes
initially observed®®?. Promising results were observed with baricitinib
in arandomized study, which showed a 40% decrease in albuminuria
after 3 months and 6 months in patients with diabetic nephropathy®.
Aphaselll study is underway for FSGS (Table 2).

Activating GLP1R. Activation of glucagon-like peptide 1 receptor
(GLP1R) reduced albuminuriaand preventedloss of kidney function®*5¢,
The exact mechanisms of action of GLPR1 agonists are complex and
might involve the downregulation of inflammatory and fibrogenic
proteins®. In addition to having a beneficial effect on the reduction of
albuminuria, these agonists protected patients with CKD and a high car-
diovascularrisk, and no significant adverse events have been reported®.
Further cardiovascular and kidney benefits have been observed whena
GLP1R agonist was combined with asodium-glucose co-transporter 2
(SGLT2) inhibitor®®, More studies are currently underway in CKD and
DKD using exenatide, dulaglutide and semaglutide (Table 2).

Activating THR receptor. Thyroid hormone- (THRp) receptors
are abundantly expressedin liver and kidney®. These receptors might
influence TGFp signalling through direct interaction or by binding
promoter regions of TGFB?°. Results from patients with NASH suggest
that THRp agonist treatment (resmetirom) improved liver fibrosis,
reverting it by at least one disease stage”. Given that NASH and CKD
share several common triggers, it willbe interesting to test this therapy
inkidney fibrosis.

Targeting immunoreceptors. CC-chemokine receptor 2 (CCR2) has
a crucial role in the recruitment of monocytes and macrophages to
sites of injury, and is closely associated with fibroblast activation
and ECM deposition”?, The adjuvant therapy DMX-200, which com-
bines a selective CCR2 antagonist and an AT1 antagonist, reduced
proteinuriain patients with FSGS in an early-phase clinical trial®. This
dual approach provides amultifaceted anti-fibrotic effect not only by
attenuatinginflammation but also by inhibiting the RAAS. Currently,
DMX200isin phaselll clinical trials for the treatment of FSGS (Table 2).

The sphingosine 1-phosphate receptor (SIPR) is also a crucial
regulator of inflammation and fibrosis. In response to the bioactive
lipid S1P, S1PR1 signalling leads to the recruitment and activation of
immune cells, as well as the migration and proliferation of fibroblasts,
thereby promoting fibrosis®. SIPR modulators, such as fingolimod,
are under investigation for treating interstitial fibrosis and tubular
atrophy in kidney transplantation (Table 2).

Targeting Gal-3. Galectin-3 (Gal-3) is a pro-inflammatory and
pro-fibrotic cytokine that is elevated in AKI and CKD, and has been
associated with kidney fibrosis and kidney disease progression®?®. The
potential of Gal-3 inhibitors to mitigate fibrosis and CKD progression
hasbeen evaluatedin preclinical models of hypertensive nephropathy?.
Gal-3inhibitionled toreductionsin proteinuria, plasmacreatinine lev-
els, inflammation and kidney damage. A study is currently investigating
the use of a Gal-3 inhibitor as a potential treatment for CKD (Table 2).

Targeting IL-11. IL-11 is one of the most upregulated genes in people
withkidney failure compared with healthy individuals®®®°. In response

to pro-fibrotic stimulisuch as TGFf, resident fibroblasts secrete IL-11,
which further enhances fibrosis'®’. Evidence from preclinical studies in
UUO, folicacid and Alport models suggests that targeting IL-11 has the
potential to stop and reverse fibrosis, with the added benefit of restor-
ing blocked endogenous regeneration in the kidneys®>'°*'2, Clinical
trials are underway to assess the safety of this treatment and to explore
its use in pulmonary fibrosis. If the effectiveness of IL-11 inhibition
is confirmed, it would pave the way for its testing in kidney fibrosis.

Targeting epigenetic modulation with BET. Bromodomain and
extraterminal (BET) family proteins are epigenetic readers capable
of modulating the expression of a wide range of genes involved in
inflammation and fibrosis'®. BETs inhibitors gained interest as a
potential therapy in fibrosis because they slow aberrant expression
of pro-inflammatory and pro-fibrotic genes. The use of the BET inhibi-
tor apabetalone in patients with CKD had a favourable effect on eGFR
and the alkaline phosphatase profile, as well as a cardioprotective
effect’*', However, clinical testing in Fabry disease was withdrawn
owing to changes in the priorities of the company'®. Further stud-
ies are required to confirm its efficacy, safety and optimal use in the
treatment of kidney fibrosis.

Blocking vasoconstrictor systems

Hypertensionis both a hallmark and amajor risk factor for CKD —up
to 85% of people with CKD have elevated blood pressure. Hyperten-
sion and high mechanical stress on the glomerulus are associated
with proteinuria and glomerulosclerosis. Large randomized trials
have established that tight control of blood pressureis akey element
in reducing mortality in people with CKD'””. Among antihypertensive
medications, those targeting the RAAS have been shown to be effec-
tivein preservingthe kidney structure and function, and preventing
the progression of CKD, particularly in patients with proteinuria'®®,
Interestingly, in this population, the outcome seems to surpass the
effect predicted by blood pressure reduction alone, suggesting
a specific impact of the RAAS inhibition on CKD progression and
kidney fibrosis.

Angiotensin-converting inhibitors and angiotensin receptor
blockers. Angiotensin-converting enzyme (ACE) inhibitors and angi-
otensin receptor blockers (ARBs) are beneficial in almost all types of
CKD and are therefore recommended as first-line antihypertensive
and antiproteinuric drugs. The superiority of ACE inhibitors and ARBs
compared with placebo and alternative antihypertensive treatments
was convincingly demonstrated in a meta-analysis'® (Table 3).

The antiproteinuric effect of ACE inhibitors and ARBs is probably
mediated by the relaxation of afferent and efferent arterioles in the
glomeruli and the subsequent decrease in intraglomerular pressure.
This outcome can be further enhanced through synergistic volume
depletioninduced by diuretics"’. Although this haemodynamic effect
mightincrease therisk of hypovolaemia-induced AKI, evenin patients
withlow eGFR, this risk does not outweigh the benefit of ACE inhibitors
and ARBs™'?,

As mentioned above, ACE inhibitor and ARB-induced nephro-
protection, independently of haemodynamics, probably relies on
the direct action of Angll on the fibrogenic niche. Preclinical studies
showed that binding of Angllto the AT1receptor activates several cellu-
lar pathways related to fibrogenesis®*'. Briefly, Angll enhances the
production of reactive oxygen species, impairs cell-cycle regulators
by affecting cyclin pathways, activates the TGF3-SMAD pathway,
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Table 3| Clinical trials showing improved eGFR and/or proteinuria in CKD

Intervention Population Main results Ref.
Blocking vasoconstrictor systems
Blood pressure control SBP CKD; 2,646 participants Reduced mortality and cardiovascular events, no effect on kidney criteria (eGFR) 107
(140 versus 120mmHg)
ACE inhibitors and ARBs 42 clinical trials; Positive effect on composite kidney criteria: serum creatinine doubling, 50% GFR decline 108
(network meta-analysis) 42,319 participants or kidney failure: OR 0.54 (Cl 0.41-0.73), reduced all-cause mortality and cardiovascular
events
Finerenone versus placebo® Type 2 diabetes; Positive effect on composite kidney criteria: sustained >57% decrease in eGFR and renal 121
5,734+7,437 participants death: HR 0.77 (Cl 0.67-0.88), positive effect on main cardiovascular events
Sparsentan 800 mg versus FSGS; 371 participants Negative on main evaluation criteria: eGFR slope difference at week 108, positive effect on 130
irbesartan 300 mg. proteinuria reduction criteria
Sparsentan 400 mg versus IgA nephropathy; Positive effect on main kidney criteria: slower eGFR reduction (slope difference 129
irbesartan 300mg. 406 participants week 6-110 was 1.1ml/min/1.73 m?/year), proteinuria reduction week 0-110, no benefit
reported: kidney failure, 40% eGFR reduction or mortality
Zibotentan (1.5mg or 0.25mg) CKD; 447 participants Positive effect on proteinuria reduction: log-transformed UACR change from baseline 131
or placebo® (60% with type 2 diabetes) to week 12 compared with placebo (1.5mg: -33.7% (Cl -42.5 to -23.5); 0.25mg: -27%
(Cl-38.4 to -13.6)), good tolerance (fluid overload)
Atrasentan 0.75mg versus Type 2 diabetes; Positive effect on main kidney criteria: time to serum creatinine doubling or kidney 128
placebo® 2,648 participants failure, or death from kidney failure: HR 0.65 (Cl 0.49-0.88), time to 50% serum creatinine
increase: HR 0.73 (Cl 0.55-0.98)
SGLT2inhibitor in addition to ACE inhibitor and/or ARB
Canagliflozin 100mg versus Type 2 diabetes; Positive effect on main kidney criteria: kidney failure, serum creatinine doubling or death 132
placebo® 4,401 participants of renal cause; HR 0.66 (Cl 0.53-0.81), reduced all-cause mortality and cardiovascular
events
Dapagliflozin 10 mg versus CKD; 4,304 participants Positive effect on primary kidney end point: time to composite (50% eGFR decline; kidney 133
placebo® (68% with type 2 diabetes) failure; death from renal or cardiovascular cause), HR 0.61(Cl 0.51-0.72), reduced main
cardiovascular events, including mortality
Empagliflozin 10 mg versus CKD; 6,609 participants Positive effect on main kidney criteria: kidney failure or eGFR <10 ml/min/1.73 m? or 134

placebo®

(44% with type 2 diabetes)

40% eGFR decrease or death from a renal cause. HR 0.72 (Cl 0.64-0.82), reduced
hospitalization rate, but no benefit on heart failure hospitalization or cardiovascular death

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blockers; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; FSGS, focal segmental glomerulosclerosis;
HR, hazard ratio; OR, odds ratio; SBP, systolic blood pressure; SGLT2, sodium-glucose co-transporter 2; UACR, urinary albumin-to-creatinine ratio. ®In addition to maximum dose of ACE
inhibitor and/or ARB. ®In addition to dapagliflozin 10 mg and maximum dose of ACE inhibitor and/or ARB.

transactivates EGFR and PDGFR signalling, and stimulates fibrillar col-
lagen and ECM protein synthesis. Angll canalsoinduce the expression
of several additional pro-fibrotic and pro-inflammatory genes such as
aldosterone or endothelin-1 (ET-1).

Givenitsnumerous pleiotropic deleterious effects, investigators
have continued to develop treatments to prevent the formation of
Angll, despite the effectiveness of ACE inhibitors and ARBs. Zilebesiran
isanew drug based on RNA interference that targets the hepatic syn-
thesis of angiotensinogen. A single subcutaneous injection of zilebe-
siran was sufficient to produce a sustained, safe and dose-dependent
decrease in serum angiotensinogen and blood pressure for several
months"*">, Two ongoing trials of zilebesiran in patients with uncon-
trolled hypertension despite the use of 2-4 antihypertensive medica-
tionsand at high cardiovascular risk or advanced CKD, will inform the
use of this new treatment as a nephroprotective therapy"*'”.

Mineralocorticoid receptor inhibition. Aldosterone is the main
mineralocorticoid hormone. Its concentration is regulated by kalae-
mia, sodium and extracellular depletion, and it is the end product of
the RAAS. The main target of aldosterone is the collecting duct, but
itsreceptor, themineralocorticoid receptor (MR), is almost ubiquitous
andexpressedinallkidney cellsinvolvedin the fibrogenic niche, such as
podocytes, myeloid cells, fibroblasts, T cells and vascular smooth cells.

Cell-specific MR genetic deletion clarified the different
pro-fibrotic effects of MR activation. For example, activation of MR
in podocytes increases autophagy and induces downregulation of
nephrin, podocin, podoplanin and podocalyxin®, MR activation in
fibroblasts participates in CKD-associated kidney remodelling via
fibronectin secretion, and MR modulates the response of fibroblasts
to PDGF and CTGF. In endothelial cells, aldosterone increases the
expression of pro-fibrotic mediators suchasICAM-1, VCAM-1, E-selectin
and MCP-1. Aldosterone can also stimulate RAC1 activation, increase
oxidative damage and promote endothelial dysfunction viaimpaired
endothelial nitric oxide synthase (eNOS) phosphorylation™s,

The demonstration that Angllis not the sole regulator of aldoster-
oneand that MR canbe activated independently of aldosterone argues
for additional MR blockade, in addition to the use of ACE inhibitors
and ARBs"®. Although MR inhibitors have gained a place of choice as
anti-fibrotic drugs in chronic cardiac dysfunction and several trials
with the first generation of MR antagonists (MRAs) — spironolactone
and eplerenone — showed an anti-proteinuric effect in addition to
that of Angll blockade*'?°, their use in patients with CKD remained
limited because of poor tolerance and undesirable side effects such
as hyperkalaemia or cross-reactions with other steroid hormones.

However, MR inhibition resurged as atherapeutic strategy in CKD
after the development of non-steroidal MRAs such as exaserenone,
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aperenone and finerenone. Exaserenone is authorized in Japan as an
antihypertensive drug. Following two major positive trials in patients
withtype 2 diabetes (Table 3), finerenone was approved by the FDA and
wasincludedin the 2024 KDIGO recommendations as anephroprotec-
tive agentin people with diabetes"'>. No scientific rationale suggests
that this protective effect should be limited to diabetic nephropathy
and further development of this treatment in patients with CKD is
expected, as supported by a preclinical study in a murine model of
Alport disease'”. The anti-aldosterone drug array will be reinforced
by the aldosterone synthase inhibitor baxdrostat, which in a phase Il
trialinduced a dose-dependent decrease inblood pressure in patients

with treatment-resistant hypertension'*.

Endothelin blockade. The endothelin system shares several down-
stream effects with RAAS. ET-1, the predominant endothelin isoform
expressed in the renal and cardiovascular systems, is the most potent
vasoconstrictor known in humans. The detrimental effects of ET
on renal haemodynamics, sodium and water homeostasis, and the
acid-base balance are well established'”. Angll can also induce ET-1
synthesis in kidney endothelial and mesangial cells, and endothelin
Areceptor (ET,) antagonists attenuate the hypertensive and fibrogenic
effects of Angll (Fig. 2). A link between the fibrogenic niche and ET
overactivation hasbeen demonstrated in podocytes, mesangial cells,
tubular epithelial cells and in the renal vasculature. Inhibition of ET-1
canreduce fibrogenesis in animal models of hypertensive nephropa-
thy, diabetes, IgA nephropathy, lupus nephritis, sickle cell disease
and FSGS, illustrating the broad spectrum of potential applications
for this therapy'.

The use of the first ET inhibitors was hampered by deleterious side
effects, including liver toxicity and risk of fluid overload'”’. Refining
the specificity of their action, better patient selection and appropri-
ate management of fluid overload enabled the clinical emergence of
three new ET, antagonists for the prevention of CKD — sparsentan,
zibotentan and atrasentan. Use of these ET, antagonists provided
an additional benefit to that provided by ACE inhibitors and ARBs
in phase Ill trials in various types of CKD, such as diabetic nephropa-
thy, IgA nephropathy and FSGS'?**° (Table 3). In a phase IIb trial in
patients with proteinuria, the co-administration of zibotentan and
dapagliflozin, alongside ACE inhibitor or ARB therapy, resulted in a
further reduction in albuminuria, regardless of the underlying CKD
aetiology™'. Ongoing phase Il trials will be decisive in informing the
use of ET-1blockers as nephroprotective agents.

SGLT2inhibitors

Unlike RAAS and ET inhibitors, theimpressiveimpact of SGLT2inhibitors
on CKD progressionwas less expected. Nevertheless, these drugs, which
were initially developed against diabetes, slow down CKD progression,
and reduce morbidity and mortality in people with CKD"*"** (Table 3).
Based on these trials, 2024 KDIGO recommendations state that SGLT2
inhibitorsshouldbeusedinallpeoplewitheGFR > 20 mL/min/1.73m?and
type 2 diabetes, or albuminuria > 200 mg/gor heart failure (grade1A).
This drug class is also recommended for people without diabetes or
proteinuria with an eGFR 20-45 mL/min/1.73m? (grade 2B), giving
SGLT2inhibitors a place almost as central as that of ACE inhibitors and
ARBs as nephroprotective agents'?,

The mechanisms explaining the remarkable clinical success of
SGLT2 inhibitors are not yet fully understood (Fig. 4). As with RAAS
and ET inhibitors, part of the efficiency of SGLT2 inhibitors derives
from improvements in glomerular haemodynamics and increased

natriuresis'”. SGLT2 inhibitors reduce inflammation, fibrosis and
protect kidney function in several models of kidney disease'®.
Moreover, SGLT2 inhibition reduces the release of pro-inflammatory
cytokines such as IL-1a, IL1-f, IL-18 and TNF, and downregulates
major pro-inflammatory pathways such as the nuclear factor-kB
(NF-kB), TGF3 or STAT pathways. SGLT2 inhibition is also proposed
to activate AMPK-related pathways, inducing beneficial metabolic
reprogramming'”. A large multiomics-based study in rodents dem-
onstrated the broad spectrum of action of SGLT2 inhibition on many
different apical tubular transporters, suggesting that the impact of
these drugs on proximal tubular transport goes well beyond its effects
on glucose and sodium transport®®, Interestingly, this study identi-
fied an additional unexpected target of SGLT2 inhibition — the micro-
biota. SGLT2 inhibition altered faecal fermentation and modified the
formation of microbiota-related uraemic toxins such as p-cresol™®,

Diet and lifestyle

Low-protein diets are recommended by mostinternational guidelinesto
slow the progression of CKD'?, Interestingly, these diets seem to share
several protective mechanisms with SGLT2 inhibitors — reduction of
intraglomerular pressure™ and altered synthesis of microbiota-related
uraemic toxins. One study indicated that lowering dietary aromatic
amino acidsimproved kidney function, as evidenced by reduced serum
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Fig. 4 | Effects of SGLT2 inhibitors on kidney compartments and mediators

of fibrosis. Sodium-glucose co-transporter 2 (SGLT2) inhibitors can have an
anti-fibrotic effect via diverse pathways. In the kidney, SGLT2 inhibitors mainly
target the proximal tubule but they can also improve glomerular haemodynamics
and inhibit the formation of a fibrogenic niche. Some of the nephroprotective
effects of SGLT2 inhibitors can also be mediated by their interaction with the gut
and its microbiota, as well as improved kidney vascularization owing to beneficial
effects onthe heart.
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creatinine levels and decreased proteinuria, and prevented kidney
fibrosis, thus mimicking the beneficial effects of alow-protein diet'*°.
However, a Cochrane meta-analysis raised doubts about the feasibility
and clinical relevance of this diet'.

Metabolic acidosis was identified as an independent risk factor
for CKD progression in large cohort studies'*’. According to a 2021
meta-analysis, correction of acidosis through exogenous sodiumbicar-
bonateintake could delay the decline of kidney function and reduce the
risk of progression to kidney failure'*. The proposed mechanismis that
metabolic acidosis increases ammoniagenesis in residual nephrons,
which in turn leads to local complement activation and further dam-
ageintubular cells. Alink has also been proposed between metabolic
acidosis and several factors decreasing kidney function such as ET-1,
impaired cardiac function, chronic inflammation, muscle and bone

catabolism and insulin resistance'®.

Future strategies

Refined patient selection

The development of a new generation of MRAs, SGLT2 inhibitors and
ET-1antagonists, provides clinicians with several new tools to slow the
progression of CKD, although they might also prevent or delay the
development of anew generation of anti-fibrotic drugs because of an
important financial burden. The large phaselll trials that demonstrated
the efficiency of SGLT2 inhibitors and MRAs enrolled several thousand
patients who were followed for 2-3 years to ensure adequate statisti-
cal power'”'*, The development of any new anti-fibrotic agents will
require evidence of superiority over existing nephroprotective drugs
in long-term studies involving thousands of patients and therefore
represents a high financial risk.

One cost-limiting solution involves lowering the threshold for
eGFR reduction in the usual composite criterion for kidney failure
progression. A 2023 study showed that opting for a40% eGFR thresh-
oldinstead of the standard 50% led to more frequent events, therefore
lowering the number of patients required”*'**. The same study pro-
posed a new hierarchical composite end point that includes all-cause
mortality, kidney failure, sustained 57%, 50% and 40% GFR decline from
baseline, and GFR slope. A large dataset from seven major nephro-
protective interventions compared with placebo was used to show
that these criteria could drastically reduce the number of patients
needed'*. Nevertheless, these criteria primarily reflect late events in
the progression of CKD and are driven by rapidly progressing disease,
thus precluding the identification of early modulators of fibrosis.
In2023, the CKD-EPI Clinical Trials Consortium proposed eGFR slope
asasolesurrogate end point to allow earlier evaluation and lower the
cost of long follow-up periods'*®. However, a drop in eGFR can still be
considered alateevent given thatitimplies the destruction of at least
50% of the kidney parenchyma.

Progress in omics data generation and large data handling will
allow the emergence of earlier endpoints. Identification of urinary
and blood biomarkers that predict CKD progression risk is an active
topic of kidney research'”’. One study proposed a urinary biomarker
panel comprising 273 peptides (CKD 273) as a better evaluation tool
than albuminuriain predicting fast progression in patients with normal
eGFR'3, These results were confirmed in the PRIORITY trial, whichled
to FDA approval'®,

Additional insights could be provided by the progress of
non-invasive radiological methods for the detection of fibrosis. Sev-
eral studies demonstrated that some MRI sequences are adapted to
evaluate fibrosis and CKD progression risk in native and transplant

kidneys""', Following a similar approach to detect liver fibrosis,
several teams demonstrated that renal elastography is feasible, repro-
ducible and correlates with histological evaluation of fibrosis™*'>>,
Arecentsonogram technique called ultrasound localization micros-
copy might also be useful. This technique allows the individual track-
ing of microbubbles injected into the bloodstream, improving the
resolution of the microvascular bed up to tenfold; it even allows visu-
alization of glomeruliin human native and transplanted kidneys"™*'>,
Other investigators used collagen-binding fluorescent protein to
assess kidney fibrosis in two models of acute kidney injury (UUO
and ischaemia-reperfusion injury)™®. This approach allows specific
non-invasive quantification of perivascular and interstitial fibrosis
and, with the improvement of fluorescent probes, can also be trans-
ferred to people with CKD. Several radiotracers and nanoplatforms
are currently under development for the detection of fibrosis™""%,
Alternative approaches have been explored using machine learning,
particularly by applying recurrent neuronal network models to elec-
tronic healthrecords. The aim of this method is to develop predictive
models for early detection of patients who are at risk of progressing
to late-stage CKD"’. Large data-based algorithms can also be used to
shorten clinical trial duration through early identification of patient
trajectories'.

Celland metabolic reprogramming

Targeting metabolic dysregulation offers a promising avenue for
fibrosis therapy. Metabolic shifts and adaptations have an impor-
tant role in recovery and repair by supporting cell proliferation and
redifferentiation''%>, However, following kidney injury, metabolic
pathways are extensively reprogrammed, contributing to CKD
progression'®’>. Metabolite profiling has revealed arange of metabolic
perturbations during pulmonary, hepatic and kidney fibrosis'®**’.
In CKD, impaired fatty acid oxidation pathways cause lipid accumula-
tion and lipotoxicity, leading to cellular apoptosis, dedifferentiation,
reduced ECM degradation and kidney fibrosis'*®*'*°, Reprogrammed
glycolysis and mitochondrial metabolism contribute to disease
progression in cirrhosis, kidney fibrosis and IPF'¢>17017,

The efficacy of therapies targeting metabolism has been dem-
onstrated, for example, with drugs that target metabolismindirectly,
such as the aforementioned SGLT2 inhibitors, pentoxifylline and
GLP1RAs" %12, Preclinical studies have shown that inhibiting glyco-
lysis is beneficial in UUO"", skin fibrosis’”> and pulmonary fibrosis'.
Similarly, an oxidative phosphorylation modulator attenuated
mitochondrial metabolic fibrosis and inhibited pulmonary fibrosis'*.

The development of effective therapies targeting metabolic repro-
gramming must consider the diversity of the cells within fibrotic tis-
sues, as they can have different metabolic profiles. Additionally, the
centralroleand physiological functions of these pathways highlight the
risk of side effects in other organs following systemic administration.
Meanwhile, metabolome analysis of plasma and urine might facilitate
precision medicine strategies, allowing the prediction of disease pro-
gression through the identification and monitoring of non-invasive
biomarkers in early stages of CKD.

Nanotechnology and targeted drug delivery

Tissue-targeted drug delivery has emerged as a promising therapeutic
innovation for the treatment of kidney fibrosis. Nanotechnology-based
approaches offer targeted, controlled and less toxic alternatives to
traditionalmethods by preserving healthy cells. These technologies use
theencapsulation of various molecules including drugs, proteins and
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genetic material (including RNA and DNA, small interfering (siRNAs)
and microRNAs). Viral vectors are the most widely used vehicles for
drugdelivery, but they caninduce mutagenesis and immune responses
invivo, which has driven the investigation of non-viral vectors'”.

The smallsize of nanoparticles (1-100 nm) makes them attractive
fordrugdelivery applications. Nanoparticles can be engineered from
various materials (synthetic or natural polymers, lipid and inorganic
compounds) and modified with ligands or antibodies that specifically
bind to surface molecules or receptors expressed on kidney cells'”.
Each category of nanoparticles offers distinct advantages and limita-
tions. Lipid nanoparticles are renowned for their biocompatibility
and biodegradability, yet there are potential risks of instability and
opsonization leading to drug leakage and degradation'®. Polymeric
nanoparticles offer versatility and stability, but their chemical formu-
lation can be cytotoxic and tissue penetration might be restricted"”’.
For cancer therapy, conventional nanoparticles have been replaced by
‘smart’ nanoparticles that can be triggered by specific stimulisuch as
enzymes, pHand temperature, allowing them to efficiently aggregate
atthe target location and release their payloads'*'*",

Anadditional novel ‘smart’ strategy aimed atimproving pharma-
ceutical formulation and drug delivery is the use of Janus particles'®*.
These nano or micro-particles have two distinct compartments with
different or opposite physicochemical properties, which allows the
incorporation of avariety of drugs and enables themto cross different
barriers (Fig. 5a).Janus particles can bear hydrophobic and hydrophilic
groupsin each half,and combine two different pharmaceutical agents
indistinct compartments'®,

Extracellular vesicles (EVs) have also gained attention and grown
in popularity as potential future therapeutic strategies. EVs, includ-
ing apoptotic bodies (50-5,000 nm from apoptosis fragmentation),
exosomes (30-100 nm frominternal budding of the endosomal mem-
brane) and macrovesicles (100-1,000 nm from the budding plasma
membrane) are naturally released from almost all cells and are found
in body fluids (for example, urine, blood and breast milk)'**'**, EVs are
involvedin physiological and pathological processes, including tissue
regeneration and repair,immune response modulation, and cell-cell
communication'*'¥”, The composition of the EV membrane is similar to
that of the cellmembrane, which confers the advantage of low immuno-
genicity, biocompatibility and ability to cross biological barriers'®'s%,
Evidence from preclinical models in CKD showed the benefits of EVs

derived from mesenchymal stromal cells (MSCs) inkidney recovery by
decreasing the expression of inflammatory cytokines (IL-6, TNF and
IL-1B) and mitigating tubular fibrosisin the UUO model, and by down-
regulating pro-fibrotic genes in aristolochic acid-induced CKD™**"*°,
Injections of BM-MSC EVs prevented kidney failure in the UUO model™".
Additionally, the delivery of antifibrotic microRNAs via BM-MSC EVs
in a mouse model of streptozotocin-induced diabetic nephropathy
reversed kidney fibrosis'”.

The use of EVs in patients is currently limited. Their safety and
efficacy has been reported in some clinical trials, only one of which
involved people with CKD, where the therapy significantly improved
eGFR, serum creatinine levels and blood urea'”. The main reason for
this limited use of EVs is their heterogeneous and diverse nature, as
well as inconsistent isolation and purification procedures. The use
of synthetic extracellular vesicles mimicking endogenous EVsis a
promising alternative that might overcome these limitations (Fig. 5b).

Conclusions

Although CKDis defined by a declinein GFR, ECM accumulationis a hall-
mark of the disease leading to structural deteriorationand irreversible
loss of kidney function. Over the past decades, research has provided
remarkable insights into the cellular and molecular mechanisms of
pathological fibrogenesis, and several key elements of the fibrotic
process have beenidentified. Fibrosis and the creation of the fibrotic
niche are now firmly established as dynamic processes that involve a
complex interplay of different signalling pathways, from cytokines
and inflammatory molecules to growth factors and vasoconstrictors.
Among them, the TGF3 superfamily has emerged as a key component
of the fibrotic process and several approaches have been developed
to block TGFp signalling.

Nevertheless, the complexinteractions that create and maintain
the kidney fibrotic niche have complicated therapeutic development
and most clinical trials of TGFB-targeting drugs have been discontinued
owingtosubstantial side effects. This setback was counterbalanced by
the addition ofimproved generations of MRAs and ET, blockers to the
antihypertensive arsenal, and by the emergence of SGLT2 inhibitors,
which provided unexpected therapeutic benefits. The rapid develop-
ment of nanotechnologies, imaging techniques and bioinformatics
create additional opportunities for precision medicine. To maximize
their potential, new therapeutic approaches must be integrated with a

a Janus particles

b Exosome-like nanoparticles

Fig.5|)Janus particles and exosome-like
nanoparticles. a, Janus particles have two distinct
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/ b, Exosome-like nanoparticles enable the delivery of
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Metabolites . .
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deep understanding of underlying disease mechanisms. Importantly,
clinical research must also consider the complexity of fibrogenic sig-
nalling, the diversity of the cell types involved and the differences
in organs and diseases to realize the goal of developing an effective
anti-fibrotic therapy in CKD.
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