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Abstract

Autosomal dominant polycystic kidney disease (ADPKD), a congenital genetic disorder, is a notable contributor to the prevalence
of chronic kidney disease worldwide. Despite the absence of a complete cure, ongoing research aims for early diagnosis and
treatment. Although agents such as tolvaptan and mTOR inhibitors have been utilized, their effectiveness in managing the disease
during its initial phase has certain limitations. This review aimed to explore new targets for the early diagnosis and treatment of
ADPKD, considering ongoing developments. We particularly focus on cell polarity, which is a key factor that influences the process
and pace of cyst formation. In addition, we aimed to identify agents or treatments that can prevent or impede the progression of
renal fibrosis, ultimately slowing its trajectory toward end-stage renal disease. Recent advances in slowing ADPKD progression
have been examined, and potential therapeutic approaches targeting multiple pathways have been introduced. This comprehen-
sive review discusses innovative strategies to address the challenges of ADPKD and provides valuable insights into potential
avenues for its prevention and treatment.
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INTRODUCTION 2021). These mutations lead to the autonomous development
of cysts, predominantly beginning as tubular or ductal dilations
Polycystic kidney disease (PKD) is a common form of he- in a small portion (approximately 1%) of nephrons (Arkhipov
reditary nephropathy (Arkhipov and Pavlov, 2019; Schonauer and Pavlov, 2019).
et al., 2020). It is characterized by the spontaneous growth While a comprehensive cure for ADPKD is not currently
of fluid-filled cysts throughout the renal tubules (Arkhipov and available, ongoing drug trials and studies play a crucial role in
Pavlov, 2019). advancing research for treatment and symptom management.
Among these disorders, autosomal dominant polycystic Research on ADPKD treatment is ongoing, and it is important
kidney disease (ADPKD) significantly contributes to the in- to remain alert to new developments and constantly chang-
cidence of chronic kidney disease on a global scale and is ing research findings. In addition to the drugs used to relieve
considered the fourth leading cause of chronic kidney disease symptoms, new targeted research is needed to diagnose and
worldwide (Sharma et al., 2019). It is the most frequent con- treat this disease at an early stage.
genital genetic disorder leading to renal failure, with an esti- Epithelial cell polarity plays a crucial role in creating and
mated prevalence ranging from 1:400 to 1:1,000 individuals sustaining the structural and functional differences that are
(Chow and Ong, 2009; Chebib and Torres, 2016). ADPKD is fundamental to normal renal structure and function. This in-
primarily a monogenic disease caused by mutations in PKD1 volves ensuring that growth factor receptors, ion and fluid
(85% of cases) or PKD2 (10-15% of cases), which encode transporters, and channels are correctly targeted to either the
polycystin-1 and polycystin-2, respectively (Tan et al., 2011; apical or basolateral cell membranes (Wilson, 2011). The loss
Chebib and Torres, 2016; Mangolini et al., 2016; Oh et al., of epithelial cell polarity is associated with cell plasticity or the
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ability to differentiate into another cell type. In addition, abnor-
malities in the organization of polarization can result in a mul-
titude of diseases affecting different organs. This is prevalent
in PKD, where cysts originating from epithelial cells replace
typical renal tubules (Wilson, 2011). In ADPKD, the cyst-lining
epithelium exhibits abnormal cell polarity (Silberberg et al.,
2005; Le Corre et al., 2015). Currently, cell polarity defects
in polycystic kidneys are viewed as a cause of the disease;
therefore, targeting such defects could have important impli-
cations.

In addition, in PKD, there is an increase in the production of
the extracellular matrix (ECM), a reduction in its degradative
capacity, and alterations in its composition (Norman, 2011).
Collectively, these factors contribute to the development of fi-
brosis, resulting in a progressive decline in kidney function.
Notably, changes in the epithelial cells within cysts appear to
precede and drive modifications in the surrounding stromal
tissue. These observations support the hypothesis that the
development of fibrosis in ADPKD follows a biphasic pattern.
Consequently, as cyst formation and fibrosis in ADPKD are
interconnected events, slowing down fibrotic progression, po-
tentially via anti-fibrotic strategies, may offer a beneficial ap-
proach to treat the disease.

Therefore, in this review, we summarize and present poten-
tial therapeutic targets that could lead to important advances
in the management and treatment of ADPKD. Furthermore,
the continual research efforts and the dissemination of re-
search findings will contribute to the advancement of the field.

GENERAL TREATMENT OF ADPKD

Therapeutic approaches for ADPKD are challenging be-
cause of its complex nature. The ultimate size of the kidney is
intricately related to the kinetics of cyst formation, the overall
number of cysts, and the net cell growth rate within individual
cysts. Both the absolute number of cysts and rate of cyst for-
mation appear to be pivotal determinants that collectively in-
fluence disease progression and represent potential targets
for therapeutic interventions (Grantham et al., 2008). There-
fore, the treatment of PKD has focused on this area.

Additionally, many potential therapeutic targets have been
implicated not only in cyst formation but also in vital physi-
ological processes across the body, including cellular prolif-
eration, growth, and tissue repair (Serra et al., 2010). Because
of the high potential side effects of drugs targeting ADPKD,
treatment options have traditionally been limited to addressing
and alleviating symptoms and associated complications, and
several drugs have been administered to patients on a limited
basis. The most commonly used drugs include Tolvaptan and
mammalian target of rapamycin (mTOR) inhibitors.

TOLVAPTAN AND VASOPRESSIN V2 RECEPTOR
INHIBITION IN ADPKD TREATMENT

Tolvaptan, the first FDA-approved prescription medication
for ADPKD, is a key intervention for inhibiting kidney cyst
growth (Chebib et al., 2018). The FDA has approved tolvap-
tan to address the decline in kidney function among adults at
risk of rapid progression (Hori, 2013; Lanke and Shoaf, 2019).
The drug is only used for specific indications, and its approval,
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specifically for ADPKD, highlights its role in slowing the dete-
rioration of kidney function in individuals predisposed to ac-
celerated progression (Black and Sutton, 2013).

Tolvaptan plays a pivotal role as a vasopressin V2 receptor
inhibitor and is a key factor in the regulation of water and salt
reabsorption in the kidneys (Berl, 2015). Tolvaptan is a vaso-
pressin receptor antagonist that specifically targets V2 recep-
tors and disrupts the reabsorption of free water (Torres et al.,
2012; Tamma et al., 2017). This mechanism ultimately leads
to the excretion of diluted urine (Fujiki et al., 2019). Tolvaptan
has proven efficacy in ADPKD and is now used intermittently
to reduce urinary osmolarity by blocking V2R (Torres et al.,
2012).

Additionally, this drug is closely related to the cAMP signal-
ing pathway. In an ADPKD model, increased renal adenosine
cyclic 3',5-monophosphate (cAMP) is thought to promote cyst
growth by secreting fluid into the cyst lumen (Torres and Har-
ris, 2014). Similar to the findings in the mouse ADPKD model,
the downregulation of cAMP signaling using this drug in patient
populations reduces kidney weight, cyst enlargement, and the
rate of progression of PKD (Tamma et al., 2017; Nakamura et
al., 2018; Fujiki et al., 2019). Additionally, tolvaptan prevents
vasopressin-induced relocation of AQP2 to the plasma mem-
brane and inhibits osmotic water transport in the collecting
duct principal cells expressing endogenous V2R receptors in
patients (Tamma et al., 2017). This drug effectively reduces
cyst growth rate and total kidney volume (TKV) in patients with
ADPKD (Torres et al., 2012, 2017; Raina et al., 2021).

However, although tolvaptan is currently considered the
gold standard for ADPKD treatment, complete disease sup-
pression remains a challenge (Torres et al., 2012). Addition-
ally, certain side effects associated with tolvaptan, including
safety and hepatotoxicity concerns, may limit its therapeutic
efficacy (Watkins et al., 2015; Bellos, 2021; Raina et al., 2021).

MTOR INHIBITORS IN ADPKD TREATMENT

Another target for ADPKD treatment is the mTOR pathway.
This signaling pathway is involved in the regulation of cell
growth and division. When the key causative gene encoding
for polycystin-1 is mutated or malfunctions, as in ADPKD, the
expression of RHEB is de-repressed, leading to mTOR activa-
tion and increased cell growth. mTOR signaling is activated
and upregulated in the cystic epithelial cells of mouse models
and the kidneys of patients with ADPKD (Shillingford et al.,
2006; Mekahli et al., 2014). Therefore, dysregulation of the
mTOR pathway has been proposed as a renal pathological
characteristic of patients with ADPKD. Many drugs target-
ing this mechanism have been discovered and are currently
in use (Pathomthongtaweechai et al., 2014; Su et al., 2022;
Zhang et al., 2022).

Sirolimus, also called rapamycin, is currently used to inhibit
mTOR signaling. This drug is an immunosuppressant whose
use is limited to patients with ADPKD who have reached a
severe stage and have received a transplant (Lorenz and
Heitman, 1995; Sabers et al., 1995; Shillingford et al., 2006).
Rapamycin treatment reduces cyst growth, inhibits epithelial
cell proliferation and fibrosis, and increases apoptosis of cyst-
lining cells (Shillingford et al., 2006, 2010; Liu et al., 2018;
Holditch et al., 2019). This drug significantly reduces cyst size
(Perico et al., 2010). However, no significant improvements



in kidney function are observed; for instance, no changes in
blood urea nitrogen (BUN) levels are noted (Serra et al., 2010;
Zafar et al., 2010; Braun et al., 2014). Therefore, this drug is
permitted at low doses and is used to attenuate disease pro-
gression by focusing only on delaying renal failure (Wahl et al.,
2006; Zafar et al., 2010; Shillingford et al., 2012).

Everolimus is an mTOR inhibitor. It inhibits cyst growth and
restores cell polarity. This drug modulates intracellular sig-
naling pathways and can effectively manage cyst growth in
ADPKD. However, this drug has some limitations as a treat-
ment option. Everolimus is effective in slowing the increase in
TKV in patients with ADPKD but has the disadvantage of not
slowing the progression of kidney damage (Walz et al., 2010;
Zschiedrich et al., 2015).

CELL POLARITY DISRUPTION IN ADPKD

Epithelial cells are polarized along two orthogonal axes. The
apical basal polarity is formed along the vertical axis based on
the matrix, and planar cell polarity is formed perpendicular to
the apical basal axis, defining it as a cellular tissue (Karner et
al., 2006; Nigro et al., 2015). When cell polarity is accurately
determined within a tissue, the positions of various channels
or junctional proteins present in the cell are adjusted, allowing
them to perform their correct functions and roles. Various re-
ports suggest that cell polarity disruption may be the cause of
ADPKD (Luyten et al., 2010; Riga et al., 2020; Papakrivopou-
lou et al., 2021), and it can be used as an additional targeted
treatment strategy.

Renal cysts in ADPKD originate from the abnormal prolifer-
ation and incomplete differentiation of tubule cells and exhibit
disruptions in cell polarity, including alterations in apical-basal
polarity and extracellular matrix rearrangements (Calvet,
1993; Kunimoto et al.,, 2017; Xu et al., 2018a). Numerous
cellular abnormalities, including cell polarity disruption, have
been observed in the cyst-lining cells during cyst growth
(Arkhipov and Pavlov, 2019; Tran Nguyen Truc et al., 2023).
The role of these disruptions has been discussed previously
(Sharma et al., 2019). Therefore, ADPKD may be associated
with cell polarity problems. Studies related to cell polarity are

Table 1. Cell polarity-related therapeutic target compounds
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essential for understanding the intrinsic properties of ADPKD,
the process of renal cyst formation and growth, and potential
therapeutic strategies (Tran Nguyen Truc et al., 2023). Re-
search on cell polarity is currently underway to elucidate the
intracellular processes and molecular mechanisms contribut-
ing to ADPKD and is expected to aid in the development of
effective treatment strategies. In addition, the correct polar-
ization of epithelial cells lining the renal tubules is important
for inducing normal renal development and preventing cyst
expansion. Therefore, interventions that restore the defective
polarity to normal levels are potential therapeutic strategies for
cystic kidney disease.

CELL POLARITY-RELATED POTENTIAL
THERAPEUTICTARGETS FOR ADPKD

Research on cell polarity is currently underway to elucidate
the intracellular processes and molecular mechanisms con-
tributing to ADPKD and is expected to aid in the development
of effective treatment strategies. Therefore, several drugs and
treatments have garnered significant, with a focus on the re-
lated mechanisms (Table 1).

Polarized junctional protein and related mechanism

ADAM10 activity: Cellular adhesion involves various pro-
tein complexes, such as tight junctions, adherens junctions,
desmosomes, and gap junctions. Adherens junctions play a
pivotal role in maintaining the structural integrity and polarity
of renal epithelial cells. In kidney epithelial cells affected by
ADPKD, the maintenance of cell polarity and cell-cell adhe-
sion are disrupted. These are primarily associated with altera-
tions in E-cadherin-mediated adherens junctions (Roitbak et
al., 2004; Solanas et al., 2011; Xu et al., 2015).

The PKD1 gene interacts with various signaling molecules,
especially, polycystin-1 and Ga12, which play a role in regulat-
ing E-cadherin cleavage in renal epithelial cells. This affects
cell polarity and cell-cell adhesion (Maretzky et al., 2005; Xu
et al., 2015). Direct PC1-Ga.12 interaction is involved in regu-
lating the apoptosis of renal cystic epithelial cells (Yu et al.,
2011). Mutation or deletion of the PKD1 gene leads to the ac-

Therapeutic target Mechanism of

. Note Reference
compound action
G1254023X ADAM10 activity  Disruption of cell polarity and cell-to-cell contact signals ~ Xu et al., 2015; Xiao et al., 2022
inhibition caused by dysregulation of ADAM10 activity
Tubacin HDACS6 activity Inhibits cyst growth Cebotaru et al., 2016;
inhibition Reduces cyst index, height/weight ratio, and BUN levels Yanda et al., 2017b

Trichostatin
growth
Tubastatin-A (TSA)
ACY-1215 (ricolinostat)
ACY-241(citarinostat)
Probenecid ENaC activity
inhibition

Reduces ERK1/2 phosphorylation and alleviates cyst

Inhibits cyst formation and slows cyst growth
Slows cyst growth in an ADPKD model
Verification of drug combination feasibility

Pannexin-1 channel inhibitior
Reduces sodium levels and fluid retention within the cyst

Liu et al., 2012

Cebotaru et al., 2016

Yanda et al., 2017a;
Lorenzo Pisarello et al., 2018;
Pulya et al., 2021

Arkhipov and Pavlov, 2019;
Arkhipov et al., 2023

Increases ENaC current and attenuates cyst formation
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tivation of Ga12 (Yu et al., 2011), which results in decreased
cell-matrix and cell-cell adhesion (Wu et al., 2016; Meyer-
Schwesinger et al., 2022). Ga12 activation likely induces cys-
tic growth of renal epithelial cells (Kong et al., 2009).

This process is associated with initiating the maturation of
ADAM10. ADAMs (disintegrin and metalloproteinase) consti-
tute a family of versatile proteins involved in both cell adhe-
sion and proteolysis (Shiu et al., 2018; Wang and Cao, 2023).
The ADAM substrate comprises molecules that play important
roles in the plasma membrane by enhancing the release of E-
cadherin (Kato et al., 2018; Yuan et al., 2020). The subsequent
cleavage of the ectodomain fragment of E-cadherin results in
the translocation of B-catenin from the cell membrane to the
nucleus (Lichtenthaler et al., 2018). Ultimately, this process
promotes the formation of bladder-like structures in renal epi-
thelial cells by disrupting cell polarity and intercellular contacts
(Yu et al., 2011; Meyer-Schwesinger et al., 2022).

Dysregulation of ADAM10 activity, leading to E-cadherin
cleavage and subsequent B-catenin translocation, has the
potential to disrupt cell polarity. Therefore, blocking this sig-
naling pathway, especially by inhibiting ADAM10 activity, has
emerged as a potential new therapeutic strategy for ADPKD.
GI254023X can be used as an inhibitor of this activity (Xu et
al., 2015; Xiao et al., 2022). Additionally, because of its poten-
tial to protect kidney tissues and promote regeneration, this
inhibitor may be useful for treating kidney disease.

Histone deacetylase 6 (HDAC6) activity and tubacin: HDACs,
or histone deacetylases, comprise a family of small molecules
that play crucial roles in cellular processes by removing acetyl
groups from histones and non-histone proteins, thereby mod-
ulating gene expression (Seto and Yoshida, 2014; Milazzo et
al., 2020). They play a vital role in numerous crucial cellular
processes, overseeing significant biological activities such as
transcription, cell migration, proliferation, cell-cell interaction,
and cell signaling (Valenzuela-Fernandez et al., 2008).

HDACG6 has garnered attention because of its increased
expression and activity in ADPKD (Liu et al., 2012; Ke et al.,
2018). This condition is characterized by disrupted planar cell
polarity and defective apical-basal cell polarity, which contrib-
ute to cyst growth.

Some studies have indicated that HDACG inhibition, partic-
ularly with the specific inhibitor tubacin, can effectively reduce
cyst growth in patients with ADPKD. These findings highlight
that tubacin not only arrests cyst growth but also leads to cyst
shrinkage in MDCK cells (Cebotaru et al., 2016; Yanda et al.,
2017b). Furthermore, HDAC inhibitors exhibit a substantial
reduction in key indicators, including cyst index, kidney/body
weight ratio, and blood urea nitrogen (BUN) levels. This sug-
gests their considerable potential as treatments. (Yanda et al.,
2017b; Feng et al., 2018; Hao et al., 2020). Moreover, inhibi-
tion of HDAC6 using compounds such as trichostatin or tu-
bacin results in the elevated acetylation of a-tubulin, reduced
expression of EGFR, and restoration of proper localization of
EGFR in renal epithelial cells and tissues with PKD1 muta-
tions (Liu et al., 2012). This outcome has been linked to a
reduction in the phosphorylation of ERK1/2, which serves as
a downstream target of the EGFR signaling pathway (Liu et
al., 2012).

Additionally, Tubastatin-A (TSA), another HDAC6 inhibi-
tor, demonstrates a similar effect in inhibiting cyst formation
and slowing cyst growth (Cebotaru et al., 2016). Furthermore,
treatment with other inhibitors, ACY-1215 (ricolinostat) and
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ACY-241 (citarinostat), has also been shown to slow cyst
growth in an ADPKD mouse model. The effects have been
studied in clinical trials (Yanda et al., 2017a; Lorenzo Pisarello
et al., 2018; Pulya et al., 2021). In addition, various HDAC6
inhibitors, including ACY-1215 and ACY-241, have the poten-
tial to be used in combination with other drugs and are sug-
gested as effective therapeutic strategies (Lorenzo Pisarello
etal., 2018).

In conclusion, HDACS6 inhibitors, including tubacin, tricho-
statin, tubastatin-A, ACY-1215, and ACY-241, are effective in
attenuating renal cyst growth in an ADPKD model. The asso-
ciated mechanism involves inhibiting cell proliferation, reduc-
ing cAMP levels, and influencing the CFTR-mediated chloride
currents. HDACG6 activity appears to be intricately linked to
both planar and apical-basal cell polarity, suggesting potential
therapeutic avenues for the management of PKD (Cebotaru
et al., 2016). Although further studies are needed to fully elu-
cidate the role of HDACEG in these cellular processes and its
implications in ADPKD, it has great potential as a therapeutic
target.

Polarized channel and related mechanism

Epithelial sodium channel (ENaC) activity: ENaCs are ex-
pressed in various epithelia, including the aldosterone-sensi-
tive upper renal unit, colon, and lungs, and play a key role in
limiting the rate of electrogenic Na+ reabsorption by regulating
the steep transepithelial Na+ concentration gradient (Bhalla
and Hallows, 2008). The regulation of ENaC is necessary for
salt and water balance in various Na+-transporting epithelia.
The activity of ENaC influences apical-basal cell polarity and
plays a role in cytoplasmic localization by trafficking to the api-
cal and lateral membranes. In ADPKD, ENaC activity plays a
key role in intracellular localization and prevention of metas-
tasis in cases with polarity defects (Blazer-Yost et al., 2003).
Accordingly, targeting ENaC activity has been proposed as a
therapeutic strategy for ADPKD.

ENaC is responsible for the regulation of salt and fluid
transport and affects cell polarity dynamics. The modulation
of cell polarity may also influence cyst development in AD-
PKD. Epithelial Na+ channels play a pivotal role in regulating
salt and fluid transport in the cells of various organs. In polar-
ized cells, they respond to internal and external signals via
fine regulation of membrane proteins. Studies on neurons and
epithelial cells have shown similarities in the ability of these
proteins to organize their membrane localization. Na+ trans-
port in principal CD cells occurs primarily via ENaC, which re-
quires tight control of Na+ transport to maintain systemic Na+
homeostasis. Additionally, CD principal cells tightly regulate
apical and basolateral Na+ transport through the regulation
of Na+/K-ATPase cell surface expression by Na+ apical entry
(Vinciguerra et al., 2005).

Epithelial cells segregate transport and regulatory proteins,
thereby maintaining the apical and basement membrane re-
gions. Similar to various epithelial ion channels, trafficking of
ENaCs ensures their movement to the correct apical mem-
brane, contributing to the maintenance of cell polarity in epi-
thelial tissues (Staruschenko et al., 2007).

Furthermore, ENaC acts as a rate-limiting factor in fluid ab-
sorption and must be cleaved by proteases to transport Na+
and prevent excessive mucosal fluid absorption. Protease
inhibitors block this process, thereby inhibiting ENaC activity
(Garcia-Caballero et al., 2009). These characteristics suggest



that targeting ENaC could be considered a treatment strategy
for ADPKD.

Pannexin-1 channel activity and probenecid: Pannexin-1
plays a crucial role in the formation of large-pore membrane
channels that facilitate the passage of ions and metabolites
and promote ATP release (Chiu et al., 2018; Whyte-Fagundes
and Zoidl, 2018; Wei et al., 2021). This channel not only inter-
acts with various cytoskeletal proteins and influences cell po-
larity but also contributes to microtubule stability (Silverman et
al., 2008; Xu et al., 2018b) Additionally, its interaction with ac-
tin and factors regulating cell surface localization and mobility
are vital for maintaining normal cellular functions (Bhalla-Gehi
et al., 2010; Wicki-Stordeur and Swayne, 2013). The preferen-
tial concentration of pannexin-1 channels in the apical mem-
brane domain of polarized cells, particularly monolayer sheets
or spheroids, facilitates diverse cellular actions. Mutations in
this channel protein can lead to abnormal states, disrupt cell
polarization, and interfere with intercellular contacts and polar-
ization processes (Shum et al., 2019).

In the context of ADPKD, the cystic fluid contains elevated
ATP levels due to abnormalities in renal epithelial cells. This
aberration can hinder electrolyte reabsorption in the cystic lin-
ing cells, leading to the accumulation of cystic fluids. Abnormal
ATP secretion into the cystic lumen is considered a pathogen-
ic factor in ADPKD (Arkhipov and Pavlov, 2019; Sudarikova
et al., 2021). The ability of probenecid to inhibit pannexin-1
activity has emerged as a promising approach for alleviating
ADPKD pathogenesis (Garcia-Caballero et al., 2009; Arkhipov
et al., 2023). The specific effect of probenecid as a pannexin-1
inhibitor in ADPKD has been studied, with a focus on ENaC
activity and fluid retention within cysts.

Elevated levels of pannexin-1 in the human ADPKD cystic
epithelium compared to those in normal collecting ducts sug-
gest a potential correlation with ADPKD development. There-
fore, the inhibition of pannexin-1 by probenecid may be a vi-
able strategy to impede ADPKD progression, particularly as a
specific target in the cyst epithelium.

Experiments involving probenecid administration have
demonstrated increased ENaC currents, leading to the at-
tenuation of cyst formation in vitro by reducing sodium levels
and fluid retention within the cyst (Arkhipov and Pavlov, 2019;
Arkhipov et al., 2023). Targeting pannexin-1 in the context of
ADPKD has therapeutic potential, offering a promising avenue
to slow disease progression by inhibiting pannexin-1 activity.

RENAL FIBROSIS IN ADPKD

Fibrosis in the kidneys of patients with ADPKD is character-
ized by the abnormal accumulation of fibrous tissue, which
presents as a distinct and deleterious pathological feature
(Rockey et al., 2015). The main cause of fibrosis is excessive
accumulation of ECM proteins, such as fibronectin and colla-
gen (Bulow and Boor, 2019; Fragiadaki et al., 2020).

Fibrosis is caused by the activation of myofibroblasts and
epithelial cell proliferation, leading to the production of an
abundant matrix and excessive deposition of fibrous tissue
(Falke et al., 2015). This phenomenon significantly contributes
to the decline in kidney function in patients with ADPKD; in se-
vere cases, approximately 50% of patients are known to have
accelerated progression to end-stage renal disease (Yuan et
al., 2019; Gluba-Sagr et al., 2023).

Ahn and Park. Potential Therapeutic Targets of ADPKD

Ongoing research is aimed at effectively inhibiting the pro-
gression of fibrosis and restoring kidney tissue distorted by
cyst expansion. The development of interventions that can ad-
dress the underlying fibrotic changes caused by cyst expan-
sion is essential for the successful recovery of renal function.

RENAL FIBROSIS-RELATED POTENTIAL
THERAPEUTICTARGETS FOR ADPKD

Fibrosis in ADPKD disrupts normal renal morphology and
reduces renal function, highlighting the importance of strate-
gies that effectively inhibit fibrosis. This contributes to slowing
the progression of fibrosis caused by cyst expansion and may
lead to the development of new treatments (Table 2).

AMPK activity-related potential therapeutic targets

In ADPKD, hyperactivity of mTOR and cystic fibrosis trans-
membrane conductance regulator (CFTR) has been shown to
play important roles as triggers in the progressive expansion
of renal cysts (McCarty et al., 2009). The activity of these pro-
teins can be inhibited by AMP-activated kinase (AMPK), and
research on treatment strategies using this mechanism is in
progress.

Metformin: Several studies have highlighted the potential
therapeutic benefits of metformin in various kidney diseases,
with a pronounced focus on its implications in ADPKD. In the
context of ADPKD, metformin has been identified as an inhibi-
tor of CFTR-mediated fluid secretion and cyst formation asso-
ciated with mTOR, both of which are modulated AMPK (Takiar
et al., 2011). Recent experimental and clinical investigations
have consistently supported the hypothesis that metformin,
which acts as a pharmacological activator of AMPK, may exert
positive effects in the treatment of ADPKD (Song et al., 2021).

The role of metformin in ADPKD is to mitigate inflammation,
as evidenced by the diminished leukocyte infiltration and the
downregulation of pivotal inflammatory and renal injury mark-
ers in the pericapsular region of PKD variants following met-
formin treatment (Song et al., 2021; Pastor-Soler et al., 2022).
Additionally, metformin-induced AMPK activation is correlated
with the phosphorylation and inactivation of CFTR chloride
channels, leading to reduced epithelial cytoplasmic secretion
in ADPKD (Seliger et al., 2018). AMPK activation has been
consistently associated with reduced renal fibrosis in various
experimental kidney disease models, positioning metformin
as a potential candidate for mitigating renal fibrosis (Satriano
et al., 2013; Borges et al., 2020).

Furthermore, metformin administration triggers the activa-
tion of renal AMPK, enhances mitochondrial biogenesis, and
initiates diverse anti-inflammatory and anti-fibrotic pathways
independent of blood pressure or glucose effects. This results
in a notable reduction in albuminuria levels and the expression
of renal fibrosis markers, suggesting a potential therapeutic
effect in the context of induced fibrosis (Borges et al., 2020;
Sharma and Smyth, 2021). Metformin-induced phosphoryla-
tion of acetyl-CoA carboxylase (ACC) via AMPK has been es-
tablished as a mechanism that reduces renal fibrosis, empha-
sizing the pivotal role of metformin in conferring anti-fibrotic
effects in renal disease models (Lee et al., 2018).

Moreover, metformin’s anti-fibrotic effects are closely tied
to the inhibition of extracellular signal-regulated kinase 1/2
(ERK1/2) phosphorylation (Zheng et al., 2017). Metformin has
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Table 2. Fibrosis related therapeutic target compounds

Therapeutic
target compound

Mechanism of action

Note

Reference

Metformin AMPK activity activation

Diminishes leukocyte infiltration and mediates the downregula-
tion of pivotal inflammatory and renal injury markers

Inhibits renal cyst growth

Inhibits ERK1/2 phosphorylation and impedes the accumulation

Liang et al., 2019;
Borges et al., 2020;
Song et al., 2021

of extracellular matrix (ECM)

PXL770
signaling

Attenuates macrophage infiltration and fibrosis

Inhibits renal cyst growth and suppresses various inflammatory

Gluais-Dagorn et al.,
2022; Dagorn et al.,
2023

Enhances mitochondrial biogenesis

PF-06409577

pathway

Direct activator of AMPK
Inhibits proliferation of cyst-lining epithelial cells and CFTR-
regulated cystic fluid secretion by downregulating the mTOR

Cameron et al., 2016;
Esquejo et al., 2018;
Su et al., 2022

Interferes with the development of renal cysts and the fibrotic

process

Nintedanib RTK activity inhibition

DM509 Farnesoid X receptor
agonist soluble epox-

ide hydrolase inhibitor

Inhibits cyst epithelial cell proliferation and growth

Involved in inactivating renal interstitial fibroblasts and suppress-
ing the expression of ECM proteins

Reduces the area of collagen-positive renal fibrosis

Attenuates the expression of inflammatory genes by suppressing
TNF-alpha inflammatory signals

Liu et al., 2017;
Feng et al., 2021;
Jamadar et al., 2021
Hye Khan et al., 2019;
Stavniichuk et al.,
2020; Imig et al., 2021

Reduces plasma cholesterol levels

also demonstrated efficacy in preventing fibrosis by inhibiting
ERK1/2 activity and impeding the accumulation of ECM in a
mouse model (Liang et al., 2019).

AMPK is a promising therapeutic target that plays crucial
roles in cellular energy sensing and regulation. These findings
collectively underscore the potential of metformin to amelio-
rate various facets of ADPKD pathogenesis.

PXL770: PXL770 is a promising candidate for the treat-
ment of fibrosis because of its ability to activate AMPK. This
compound has demonstrated efficacy in suppressing various
inflammatory signaling pathways, with reported success in
mitigating liver fibrosis. In a mouse model of fibrosis, treat-
ment with PXL770 reduced fibrosis-related indicators (Gluais-
Dagorn et al., 2022).

Following validation in a liver fibrosis model, PXL770’s po-
tential was further confirmed in an ADPKD model. Treatment
with PXL770 inhibited cyst growth in both mouse- and patient-
derived cells. Notably, it mirrored the effects of metformin,
such as the attenuation of macrophage infiltration and fibrosis
via AMPK activation and the enhancement of mitochondrial
biogenesis (Dagorn et al., 2023). These findings underscore
PXL770’s potential as a novel target with anti-fibrotic effects.

PF-06409577 (1H-indole-3-carboxylic Acid): PF-06409577,
also known as 6-chloro-5-[4-(1-hydroxycyclobutyl)phenyl]-1H-
indole-3-carboxylic acid, directly activates AMPK. It exerts
its effects by downregulating the mTOR pathway, inhibiting
the proliferation of cyst-lining epithelial cells, and regulating
CFTR-regulated cystic fluid secretion (Cameron et al., 2016).
In addition to its recognized efficacy in treating diseases such
as diabetic nephropathy and nonalcoholic fatty liver disease
(NAFLD) by reducing the expression of mRNAs associated
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with fibrosis markers, PF-06409577 interferes with the forma-
tion and expansion of cysts in a variety of models. Ultimately,
this interferes with the development of renal cysts and fibrotic
processes (Cameron et al., 2016; Esquejo et al., 2018; Su et
al., 2022). Therefore, this compound is also one of the prom-
ising target substances that can play a role in delaying the
progression of PKD.

Triple receptor tyrosine kinases (RTK) activity and
nintedanib

Renal fibrosis involves the activation of fibroblasts and the
deposition of ECM. This intricate process involves the activa-
tion of growth factor receptors, particularly receptor tyrosine
kinases (RTKs), and their downstream signaling pathways,
which regulate various cellular physiological processes,
such as cell metabolism, growth, and differentiation (Liu and
Zhuang, 2016).

The potential utility of inhibiting RTK activity in mitigating
fibrosis has been demonstrated in various tissues such as the
lungs, heart, and liver. Renal fibrosis can be suppressed by
inhibitors targeting RTK activity.

Nintedanib is an RTK inhibitor known for its anti-fibrotic ef-
fects. It blocks the phosphorylation of several kinase receptors
associated with unilateral ureteral obstruction (UUO). These
receptors include platelet-derived growth factor receptor
(PDGFR), vascular endothelial growth factor receptor (VEG-
FR), fibroblast growth factor receptor (FGFR), and epidermal
growth factor receptor (EGFR) (Feng et al., 2021).

Moreover, nintedanib exhibits a significant anti-fibrotic ef-
fect in ADPKD. It inhibits cyst epithelial cell proliferation and
growth, inactivates renal interstitial fibroblasts, and suppress-



es the expression of ECM proteins. These findings highlight
the therapeutic potential of nintedanib for the treatment of fi-
brotic kidney diseases (Liu et al., 2017; Jamadar et al., 2021).

FXRA/sEHi activity and DM509

The farnesoid X receptor (FXR) is prominently expressed in
both the liver and kidneys, demonstrating notable anti-fibrotic
activity in various fibrosis models (Wang et al., 2010; Gai et
al., 2017). Additionally, soluble epoxide hydrolase inhibitors
(sEHi) have emerged as promising preventive measures
against kidney fibrosis, even when administered as a treat-
ment (Chiang et al., 2015; Kim et al., 2015).

Based on these findings, DM509, a compound that acts
as a farnesoid X receptor agonist and sEHi, exhibited signifi-
cant effects in a mouse model of renal fibrosis (Stavniichuk et
al., 2020). DM509 treatment reduced collagen-positive renal
fibrosis. Moreover, DM509 demonstrated the ability to attenu-
ate the expression of inflammatory genes by modulating lipid
levels and suppressing TNF-alpha inflammatory signals (Imig
etal., 2021).

Furthermore, DM509 has been proven effective in allevi-
ating fibrosis-induced kidney damage, including mediating a
reduction in plasma cholesterol levels (Hye Khan et al., 2019).
These findings suggest that DM509 is a potentially innovative
renal anti-fibrotic agent.

CONCLUSION

In this thorough review, besides exploring tolvaptan and
mTOR inhibitors for treating ADPKD, the investigation delves
into potential therapeutic targets for the disease. The focus
extends to understanding and targeting both cell polarity and
fibrosis-related mechanisms.

This review highlights the complex nature of ADPKD and
the need for a comprehensive approach to address its mul-
tifaceted characteristics. By delving into the intricacies of cell
polarity and fibrosis, this review seeks to provide a nuanced
understanding of disease mechanisms. This understanding will
serve as a foundation for the development of targeted thera-
peutic interventions that can potentially modify the course of
ADPKD.
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