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ABSTRACT

Acute kidney injury (AKI) and chronic kidney disease
(CKD) are significant public health issues associated with
a long-term increase in mortality risk, resulting from
various etiologies including renal ischemia, sepsis, drug
toxicity, and diabetes mellitus. Numerous preclinical
models have been developed to deepen our understanding
of the pathophysiological mechanisms and therapeutic
approaches for kidney diseases. Among these, rodent
models have proven to be powerful tools in the discovery
of novel therapeutics, while the development of kidney
organoids has emerged as a promising advancement in
the field. This review provides a comprehensive analysis of
the construction methodologies, underlying biological
mechanisms, and recent therapeutic developments across
different AKI and CKD models. Additionally, this review
summarizes the advantages, limitations, and challenges
inherent in these preclinical models, thereby contributing
robust evidence to support the development of effective
therapeutic strategies.
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INTRODUCTION

Acute kidney injury (AKI) is a clinical syndrome characterized
by a marked reduction in glomerular filtration rate (GFR),
leading to the accumulation of nitrogenous waste products
such as creatinine and urea nitrogen, along with disturbances
in fluid, electrolyte, and acid-base homeostasis. The current
diagnostic criteria for AKI include one or more of the following:
(1) an increase in serum creatinine (SCr) greater than
0.3 mg/dL (26.5 pymol/L) within 48 hours; (2) an increase in
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SCr of more than 50% from the basal value within 7 days; and
(3) a reduction in urinary output to less than 0.5 mL/kg/h for a
duration exceeding 6 hours (Kellum etal., 2021). AKI is
increasingly recognized as a major public health concern,
affecting millions worldwide and significantly reducing survival
rates. AKI also serves as a risk factor for the initiation and
progression of chronic kidney disease (CKD), which can
culminate in end-stage renal disease (Singbartl & Kellum,
2012; Zhang et al., 2022). CKD itself is a significant global
health challenge, diagnosed by either the presence of
albuminuria or a reduction in estimated GFR (eGFR) to less
than 60 mL/min/1.73 m? (Andrassy, 2013). CKD is associated
with elevated morbidity and mortality rates, primarily due to
cardiovascular complications. Early detection and treatment of
CKD risk factors are essential for its prevention. Despite
significant advances in experimental models of AKI and CKD
that replicate the complex pathophysiology of human kidney
diseases (Fu etal, 2018), notable gaps remain in our
understanding, requiring further investigation.

Rodent models, particularly murine models, have been
extensively utilized in kidney disease research. Recent
advancements in technology have led to the continuous
refinement of these models, resulting in the development of
increasingly sophisticated and accurate representations of
kidney disease. This review critically examines the latest
advancements in AKlI and CKD model systems, offering a
comprehensive analysis of their benefits, limitations, and
inherent challenges in translating findings into clinical
applications.

ACUTE KIDNEY INJURY

Various AKI models have been developed to investigate the
underlying pathogenesis and to evaluate potential therapeutic
interventions (Figure 1). The most widely utilized models
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Figure 1 Rodent models of acute kidney injury (AKI)

Precisely defined experimental models of AKI offer considerable potential for recapitulating the diverse pathophysiology of human AKI. IR models
are typically generated by surgical clamping of the renal artery. AKI can also be induced in mice by administering agents such as cisplatin, folic
acid, or lipopolysaccharide (LPS). AKI models related to cardiorenal syndrome (CRS) can also be induced through different types of heart surgeries

performed on mice.

include those induced by ischemia-reperfusion (IR), cisplatin,
and sepsis, with less frequently employed models including
those induced by diverse nephrotoxic drugs. In recent years,
human kidney organoids —three-dimensional (3D) structures
generated from pluripotent stem cells in vitro—have emerged
as a novel and promising model for studying AKI, offering
unique insights into disease mechanisms and therapeutic
responses that were previously unattainable.

Ischemia-reperfusion models
In rodent models, especially mice, renal IR injury is commonly
induced through surgical clamping of the renal pedicles. Prior
to the procedure, anesthetics and sterile surgical instruments
are prepared and a heating pad is pre-warmed to maintain a
surgical temperature between 35°C and 37°C. The procedure
begins with the intraperitoneal administration of pentobarbital
sodium to anesthetize the mouse A small vertical flank incision
or abdominal median incision, approximately 1.5 cm in length,
is then made to access the renal hilum. A non-traumatic
arterial clip is gently clamped to the renal pedicle to induce
ischemia for a predetermined duration. In previous research,
we established reproducible IR conditions by applying IR at
35°C for 30 minutes and at 37°C for 25 minutes. Successful
induction of ischemia is confirmed by the uniform darkening of
the kidney during the ischemic phase (Cheng et al., 2022).

AKI becomes evident within 24 hours post-surgery,
characterized by significant elevations in SCr and blood urea
nitrogen (BUN). Histological examination of PAS-stained renal
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cortex sections shows renal injuries, including loss of the
brush border, vacuolization in tubular cells, and formation of
casts (Hosohata et al., 2021). Further assessment of renal
damage, such as tubular dilatation, tubular necrosis, and
inflammatory responses, can be quantified through semi-
quantitative grading of hematoxylin-eosin (H&E)-stained
kidney samples (Chu etal., 2022). Moreover, significant
increases in kidney injury molecule-1 (KIM-1), neutrophil
gelatinase-associated lipocalin  (NGAL), interleukin-6, and
tissue inhibitor of metalloproteinase-2 have been observed
after IR injury (Cheng et al., 2022; Shiva et al., 2020; Wang
et al., 2024).

In mice, AKI can be induced through bilateral or unilateral IR
injury. Bilateral clamping of the renal arteries is often
employed to simulate AKI, as it significantly reduces renal
mass and function, leading to elevated SCr and BUN within 24
hours, hallmarks of clinical AKI (Shiva et al., 2020). However,
the use of prolonged clamping times in bilateral IR models is
constrained due to the high mortality rates associated with
extensive renal ischemia. To address the limitations of
bilateral IR, unilateral IR models with immediate contralateral
nephrectomy are often employed, which permit extended
ischemia durations and facilitate the study of AKI after a long
post-IR phase (Lech et al., 2009). Furthermore, unilateral IR
with preservation of the contralateral kidney greatly reduces
mortality risk from renal failure, thereby providing a more
stable platform for evaluating AKI progression and outcomes
(Shiva et al., 2020).
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Operational challenges are inevitable during IR procedures.
One frequent issue is incomplete renal ischemia. To mitigate
this, it is recommended to use consistently branded clamps,
periodically renew vascular clamps (Cheng etal., 2022),
minimize the inclusion of fatty tissue during renal artery
isolation, and, if necessary, deploy two vascular clamps to
ensure complete ischemia. Bleeding complications are
another significant concern during surgery, including
mesenteric arterial bleeding, renal parenchymal bleeding, and
renal arterial bleeding. A thorough understanding of the
mouse abdominal anatomy and careful handling during
surgery are essential for minimizing these risks. Minor
bleeding can typically be controlled with gauze or cotton
swabs; however, if blood loss exceeds 0.4 mL, it may result in
hemorrhagic shock-induced AKI, necessitating exclusion from
the study (Cheng et al., 2022).

Several key factors influence the response to IR injury,
including genetic factors, age, sex, type of vascular clamps,
anesthetic agents, body weight, and heating systems used
during surgery (Kher etal.,, 2005; Rudman-Melnick etal.,
2020). Among these, surgical temperature and ischemia
duration are the two most critical determinants of IR injury
outcomes. Hypothermia is protective against kidney injury
(Abou Taka etal., 2022), whereas excessively high
temperatures can cause intraoperative death. Too short
ischemia duration may not induce sufficient tubular necrosis to
meet AKI criteria, while prolonged ischemia can result in acute
tubular necrosis, renal failure, and rapid death (Shiva etal.,
2020). In our research, an optimal surgical temperature of
37°C and an ischemic duration of 20—-30 minutes have been
found to be appropriate (Wang et al., 2021). Additionally, the
choice of mouse strain is critical, as different strains exhibit
varying sensitivity to IR injury. For example, C57BL/6 mice are
more susceptible to IR-induced damage compared to 129/Sv
mice (Shiva etal.,, 2020). Therefore, careful selection of
experimental animal species is required before initiating the
study.

Cisplatin-induced models
Cisplatin, a widely used in chemotherapeutic agent for solid
tumors, is also associated with well-known nephrotoxic
complications. Two principal approaches are employed to
develop cisplatin-induced AKI models: short-term high-dose
and long-term low-dose (Holditch et al., 2019). The short-term
high-dose model is generated by administering a single
intraperitoneal injection of high-dose cisplatin (approximately
20-30 mg/kg). Injury typically peaks within 48—72 hours post-
injection, with significant tubular damage, inflammation,
oxidative stress, mitochondrial dysfunction, and cell death
evident in the kidneys (Hukriede et al., 2022). However, the
severity of the damage often leads to high mortality within a
few days, limiting the feasibility of long-term studies.
Conversely, the long-term low-dose model involves the
administration of a relatively low dose of cisplatin (5-15
mg/kg) over a period of 2 to 4 weeks (Sharp etal., 2018).
While this model may not exhibit significant changes in BUN
levels, urinary biomarkers such as NGAL typically increase
within 1-3 days of cisplatin application. The model also
induces a substantial decline in GFR, along with persistent
renal fibrosis and peritubular capillary thinning that can last for
several months (Hukriede et al., 2022).

Despite the advancements provided by the aforementioned
models in expanding our understanding of AKI

pathophysiology, they still fall short in replicating the
complexities observed in clinical settings, particularly in cancer
patients undergoing cisplatin treatment. To bridge this gap,
researchers have developed several allograft models, where
the AKI model mice also bear tumors. These models use a
variety of murine-derived cell lines, including EL4
lymphoblastic cells (Baghdadi etal., 2012), CMT167
pulmonary adenocarcinoma cells (Ravichandran et al., 2018;
Ravichandran etal., 2016), H22 hepatocellular carcinoma
cells (Li et al., 2015), and CT26/WT fibroblast colon carcinoma
cells (Kumar etal.,, 2017). Following tumor establishment,
mice are administered a single dose of cisplatin (20-25
mg/kg) with or without nephroprotective interventions (Holditch
etal,, 2019). Several weeks post-cisplatin administration,
significant increases in BUN, SCr, and NGAL are observed
(Ravichandran etal.,, 2018). These allograft models also
present additional complexities that may exacerbate AKI,
including tumor lysis syndrome, tumor infiltration of renal
tissue, and thrombotic microangiopathy. However, a detailed
characterization of renal injury in these models remains
lacking. Currently, these models are primarily used to assess
the chemotherapeutic efficacy of secondary treatments and
their protective effects on renal function. However, further
studies are needed to better characterize these tumor-bearing
models compared to tumor-free models.

Proximal tubule-localized transporters, including multidrug
and toxin extrusion transporter 1 and organic cation
transporter 2, play a crucial role in the renal uptake and
excretion of cisplatin. This transport process is closely
associated with increased oxidative stress, impaired
mitochondrial function, and altered expression of endogenous
antioxidant enzymes. Proximal tubular epithelial cells (PTECs)
are the main target of cisplatin-induced toxicity (Ozkok &
Edelstein, 2014). Recently, ferroptosis, a form of regulated cell
death, has garnered significant attention in the context of
cisplatin-induced AKI. Various studies have demonstrated the
therapeutic potential of ferroptosis inhibition in protecting renal
function through agents such as vitamin D receptor agonists
(Hu etal, 2020), polydatin (Zhou etal, 2022), and
dihydromyricetin (Xu et al., 2023). Although the regulatory role
of ferroptosis in AKI has been investigated, the precise
mechanisms governing this process remain incompletely
understood. Recent research has identified the farnesoid X
receptor (FXR) as a key regulator of lipid peroxidation and
ferroptosis, exerting protective effects against cisplatin-
induced AKIl by regulating the transcription of genes
associated with ferroptosis (Kim et al., 2022). Furthermore, the
Ras homolog enriched in the brain has been shown to
alleviate cisplatin-induced AKI by preserving mitochondrial
homeostasis (Lu et al., 2020), while polydatin has been found
to attenuate ferroptosis in cisplatin-induced AKI by modulating
the systemic Xc-pathway and inhibiting iron metabolism
disorders (Zhou etal.,, 2022). These findings open new
avenues for research into the mechanisms and potential
therapeutic targets in cisplatin-induced mouse models of AKI.

Folic acid (FA)-induced models

Folic acid, essential for protein synthesis, cell division, and
normal red blood cell production, has been used to create
rodent models of AKI. To induce AKI, a high dose of folic
acid —typically administered as a single intraperitoneal
injection at 250 mg/kg—can precipitate the condition within 72
hours, characterized with proteinuria and elevated BUN and
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SCr (Yan, 2021). FA-induced AKI models can replicate the
clinical symptoms observed in human AKI, with a high level of
reproducibility. To date however, specific biomarkers for FA-
induced AKI have not yet been identified. An additional
advantage of this model is its kidney-specific toxicity, with few
adverse effects on other organs (Yan, 2021).

Studies have confirmed that FA-induced renal injury
predominantly affects the proximal renal tubules (Aparicio-
Trejo et al., 2020; Li et al., 2021). FA rapidly crystallizes within
the renal tubules, triggering a cascade of pathological events
including acute tubular necrosis, renal cortical scarring, and
epithelial regeneration. This progression ultimately results in
kidney injury, characterized by reduced GFR, inflammation,
and fibrosis. While the underlying mechanisms involve
oxidative stress, ferroptosis, and compromised mitochondrial
function, the precise molecular and biochemical pathways
driving FA-induced AKI remain to be clarified (Yan, 2021).

Sepsis-induced models

Sepsis-associated AKI (SA-AKI) is a significant contributor to
high morbidity and mortality (Peerapornratana et al., 2019),
although its pathophysiological mechanisms are complex and
incompletely understood. Two primary models are used to
investigate SA-AKI: (1) single intraperitoneal injection of
lipopolysaccharide (LPS) at a dose of 10-15 mg/kg; and (2)
cecal ligation and puncture (CLP) operation.

The LPS-induced model triggers sterile inflammation,
leading to a significant increase in SCr and BUN levels within
24 hours post-injection. Researchers consider the AKI model
successful when SCr levels increase to at least twice the
baseline compared to control litermates (Ren et al., 2020).
However, the model presents a challenge due to the narrow
therapeutic window between the dose required to induce AKI
and the dose that proves lethal.

The CLP model, which better replicates the complex
pathophysiology of clinical sepsis, typically induces more
severe and prolonged AKI compared to the LPS model. The
procedure involves ligating the cecum distal to the ileocecal
valve, followed by two needle punctures to allow fecal
contents to escape the intestinal lumen. The size of the needle
and the number of punctures can significantly influence model
severity. This process results in the sustained release of fecal
contents, leading to a progressive increase in bacterial load
and subsequent sepsis. In this model, organ failure is
observed at varying times, with hepatic failure generally
preceding renal failure (Hukriede etal., 2022). Due to the
down-regulation of creatinine production in sepsis, SCr is not
a reliable marker for kidney injury in this model. However, a
decline in eGFR is typically observed a few hours after
surgery (Street etal.,, 2018). Although renal histological
damage is relatively mild in this model, vacuole-like structures
are evident in PTECs (Hukriede et al., 2022).

Three fundamental mechanisms underlying sepsis-induced
injury include inflammation, microcirculatory dysfunction, and
metabolic reprogramming (Peerapornratana etal., 2019).
Inflammation, a previously undervalued component of SA-AKI,
is now recognized as a crucial factor. During sepsis,
inflammatory mediators are released from blood vessels and
bind to membrane-bound pattern recognition receptors, such
as Toll-like receptors, stimulating a cascade of downstream
signals that result in the synthesis and release of
proinflammatory molecules (Dellepiane et al., 2016; Fry, 2012;
Hotchkiss & Karl, 2003; Kalakeche etal., 2011;
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Peerapornratana et al., 2019). Another critical component for
organ function is adequate tissue perfusion. In SA-AKI, there
is a notable reduction in capillary density, marked by a
decrease in capillaries with continuous flow and an increase in
those with intermittent and halted flow (Peerapornratana et al.,
2019). The microcirculatory dysfunction can result from
multiple factors, including endothelial injury and autonomic
nervous system dysregulation. In addition, SA-AKI is
implicated in metabolic reprogramming of renal tubular
epithelial cells. Prevailing theories suggest that this
reprogramming is largely driven by mitochondrial processes,
characterized by optimization of energy expenditure,
reprogramming of substrate utilization, and mitigation of pro-
apoptotic triggers (Peerapornratana et al., 2019).

Cardiorenal syndrome type 1 (CRS-1)-induced kidney
injury models

CRS-1 is a multifactorial syndrome characterized by acute
renal insufficiency resulting from acute heart failure, often
accompanied by myocardial and/or renal hemodynamic
changes. The pathophysiological mechanisms of acute heart
failure or acutely decompensated chronic heart failure leading
to AKI are diverse and complex. Several experimental models
of CRS-1 have been developed, including the acute
myocardial infarction, cardiac arrest, and cardiopulmonary
bypass models, to study the complex mechanisms underlying
CRS-1 and provide insights into the hemodynamic changes
that contribute to AKI in the context of acute heart failure. The
selection of a specific model depends on the particular
aspects of CRS-1 that researchers aim to explore.

Acute myocardial infarction (AMI) model: To establish the
AMI model, animals are first anesthetized, and an incision is
made along the 3rd to 4th intercostal level on the left side of
the chest. Subcutaneous tissues and muscles are carefully
separated to expose the heart. The left anterior descending
coronary artery is then ligated approximately 2 mm below the
lower margin of the left auricle using a 7-0 silk suture.
Successful establishment of AMI is confirmed by decreased
myocardial motion, myocardial pallor, and a 0.2 mV elevation
of the ST segment on an electrocardiogram. Finally, the chest
is sutured in layers, and any residual air is expelled from the
chest cavity. The sham operation group undergoes the same
procedure without the coronary artery ligation (Chang et al.,
2018). AMI induction increases SCr and BUN levels, renal
hypoxia, and inflammatory responses (Hukriede et al., 2022),
with long-term observations showing a decrease in eGFR and
an increase in renal fibrosis. However, whether these changes
indicate a progression from AKI to CKD remains unknown
(Hukriede et al., 2022).

Cardiac arrest model: To establish the cardiac arrest model,
animals are first anesthetized and placed in a supine position,
before being mechanically ventilated at a rate of 150 beats per
minute (bpm), with their heart rate maintained between
400-500 bpm. After the chest hair is removed and the area is
sterilized with 75% alcohol, a 30-gauge puncture needle is
carefully inserted through the intercostal space into the left
ventricle under ultrasound guidance. Cardiac arrest is
immediately induced by injecting 40 pL of 0.5 mol/L potassium
chloride solution, preheated to 37°C, into the left ventricular
cavity. The ventilator is then turned off, and Doppler imaging is
used to confirm the absence of blood flow in the aortic outflow
tract, verifying cardiac arrest. Subsequently, another 30-gauge
needle is inserted into the left ventricle to administer 500 pL of
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15 pg/mL saline (37°C) epinephrine over approximately 30
seconds, with the mice remaining in cardiac arrest for
approximately 7.5 minutes. At the 8 minute mark, mechanical
ventilation is resumed at a rate of 180 bpm, and
cardiopulmonary resuscitation (CPR) is initiated. The return of
spontaneous circulation (ROSC) is then evaluated. If sinus
rhythm is detected, Doppler imaging is conducted to confirm
aortic flow. If ROSC is not achieved, one or two additional 1-
minute cycles of CPR are carried out. Animals that fail to
achieve ROSC within 3 minutes are euthanized (Rutledge
et al., 2020).

This model presents significant surgical challenges but is

capable of inducing severe AKI, characterized by near-zero
GFR at 24 hours (Lan etal., 2012), elevated urinary NGAL
and renal KIM-1 levels, PTEC injury, and inflammatory
infiltrates (Hukriede et al., 2022).
Cardiopulmonary  bypass (CBP)  model: Following
anesthesia and intubation, a midline neck incision is made to
expose and cannulate the right jugular vein and left carotid
artery. After ensuring the correct placement of the cannulae,
systemic heparinization is achieved by injecting heparin at a
dose of 2.5 [U/g of animal body-weight through the jugular
vein. To facilitate real-time invasive pressure monitoring, an
additional cannula is inserted into the left femoral artery.
Following the successful placement of both arterial and
venous cannulae, cardiopulmonary bypass is initiated by
starting the pump at a flow rate of 0.5 mL/min, gradually
increasing to 46 mL/min over a span of 2 minutes to
establish stable flow. Under constant supervision, an upper
sternotomy is performed and a cross-clamp is applied to
induce cardiac arrest (Madrahimov et al., 2017). The model
effectively replicates clinical features of AKI, including
moderate increases in BUN and SCr, which are attributed to
reduced renal perfusion, immune activation, intravascular
hemolysis, and dilutional anemia (Sieben & Harris, 2023).
However, the long-term outcomes of AKI induced by this
model remain unexplored (Hukriede et al., 2022).

Photothrombosis-induced kidney ischemia model

A novel AKI model was recently established using
photothrombosis to induce kidney ischemia (Brezgunova
et al., 2023). In this model, a Rose Bengal solution (40 mg/kg)
is injected into the jugular vein of rats following anesthesia.
After the abdomen is exposed and shaved, a vertical incision
is made to expose the left kidney. Five minutes after the Rose
Bengal injection, a 520 nm laser, precisely positioned 2 mm
above the inferior pole of the kidney using a stereotaxic
device, is activated for 10 minutes to induce localized
ischemic damage. The contralateral kidney remains
unaffected (Brezgunova et al., 2023).

In this model, the area of induced kidney injury, as revealed
by triphenyltetrazolium chloride (TTC) staining, appears
distinctly pale compared to the surrounding tissue. Various
staining techniques have confirmed significant renal damage,
with elevated levels of injury and proliferation markers such as
KIM-1 and proliferating cell nuclear antigen in the damaged
region compared to normal tissue. Although this model does
not produce a significant rise in BUN and SCr levels, a marked
increase in urinary NGAL levels is observed 6 hours post-
photothrombosis. In a modified version of the model involving
contralateral nephrectomy, significant elevations in BUN and
SCr concentrations are detected.

This photothrombosis-based approach offers a reproducible

method for creating ischemic lesions, especially in the renal
cortex. This technique is straightforward, allows precise
localization of the injury, and is minimally invasive, although it
does carry a risk of collateral damage. This model also has
some limitations, such as restricted infarct size due to limited
light penetration and the potential for photothrombotic injury to
affect the vessel wall, leading to vasogenic edema. Despite
these challenges, the model provides a valuable new tool for
studying the pathological processes of AKI.

Kidney organoids

Kidney organoids are sophisticated, autonomous 3D cell
aggregations that closely mimic the architecture and function
of human kidneys (Nishinakamura, 2019). These organoids
represent a significant advancement in nephrology, providing
a powerful platform for studying human kidney development
and disease, enabling drug screening in vitro and the
exploration of regenerative therapies (Nishinakamura, 2019).

Since the first successful generation of kidney organoids,
many protocols have been developed to induce their formation
from human pluripotent stem cells (hPSCs). These protocols
rely on the process of “directed differentiation”, where specific
growth factors and intermediate agents guide stem cells into
forming complex kidney-like structures. Kidney organoids are
capable of expressing markers from various nephron
segments, including distal tubules, proximal tubules, glomeruli,
and podocytes (Bejoy etal., 2022), reflecting their diverse
cellular composition. However, these organoids are not
without limitations. Their production is expensive, technically
challenging, and requires significant expertise. Additionally,
there are challenges in scaling up their cultivation for broader
applications, and they lack tissue-resident immune cells,
which are crucial for fully modeling kidney function and
disease response (Bejoy et al., 2022).

Morizane etal. (2015) proposed a superior protocol for
cultivating  kidney organoids, marking a significant
advancement in the field. The protocol begins with the use of
the glycogen synthase kinase-38 (GSK-3B) inhibitor
CHIR99021 (CHIR) (10 pmol/L) in combination with Noggin (5
ng/mL) for 4 days, followed by the application of activin (10
ng/mL) over 3 days and fibroblast growth factor 9 (FGF9) (10
ng/mL) over 7 days. Subsequently, the cells are transferred to
low-attachment plates, where they undergo further culture with
a reduced concentration of CHIR (3 ymol/L) for 2 days from
day 9, with FGF9 discontinued from day 14. Through this
carefully orchestrated differentiation process, nephron
progenitor cells (NPCs) in suspension culture develop into 3D
kidney organoids, forming organized, multi-component
nephron-like structures that closely resemble the nephron
(Figure 2). In addition, Nishinakamura (2019) established the
“Taguchi protocol”, which first requires extended exposure to a
high concentration of CHIR to drive the progression of the
posterior nascent mesoderm. Subsequently, a mixture of
retinoic acid, activin, bone morphogenetic protein 4, and an
intermediate concentration of CHIR is administered to facilitate
the transformation of the posterior nascent mesoderm into the
posterior intermediate mesoderm. Finally, treatment with
FGF9 and a low concentration of CHIR is carried out, leading
to the generation of NPCs capable of differentiating into
podocytes, cells of the Bowman’'s capsule, and tubule
epithelial cells. Kroll et al. (2023) also established the immune-
infiltrated kidney organoid-on-chip model by differentiating
hPSCs into organoids, transplanting them onto adherent
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development
(Hukriede et al., 2022).

Kidney organoids have proven successful in modeling AKI
induced by various nephrotoxic drugs that exert renal cell-

A

\
€

hPSCs washed once with PBS
Dissociated into single cells with Accutase
Plated at a density of 2-2.4 x 10* onto 24-well tissue culture plates

Coated with 1% Geltrex in ReproFF2 supplemented with the ROCK inhibitor

Y27632 (10 ymol/L) and FGF2 (10 ng/mL) for 72 hours.

DAY 0 DAY 4

/ \ CHIR 10 pmol/L + noggin 5 ng/mL
() >
Grery » o!

RPMI 1640 + 1X L-GlutaMAX

©

DAY 14 RPMI + 1X L-GlutaMAX
FGF9 10 ng/mL
090 < T T
S Transferred to low—attachment
plates
DAY 21

Basic differentiation

medium + FGF9 removed

> /[ 0, \
" Gy ‘

3D structure organoids

0D

B
- Gentamycin (5 mg/mL) for
48 hours
- Cisplatin (5—50 pmol/L) for
24 hours
- Doxorubicin (2.5 or 5 pg/mL)

A for 24 hours
0,
050 |

- Gene editing

3D structure organoids - IL-1B

Figure 2 Kidney organoids

WWW.Zoores.ac.cn

extracellular matrix (ECM), and then introducing circulating
peripheral blood mononuclear cells (PBMCs) and T cell
bispecific antibodies (TCBs).

Kidney organoids have emerged as important tools for
studying the development and pathology of human kidneys, etal., 2015). Similarly, when exposed to cisplatin
offering a distinct advantage over traditional animal models,
which often fail to fully replicate the complexity of human renal
diseases. In contrast, kidney organoids derived from hPSCs
can be tailored to reflect patient-specific profiles, making them
highly valuable for personalized medicine. Their small size Furthermore, doxorubicin,
and genetic plasticity also make them an ideal platform for the

- Cisplatin 5 pmol/L, twice
weekly over five treatments

which

RPMI + 1X L-GlutaMAX
Activin 10 ng/mL

il

DAY 7

©

) AKI model

) CKD model

A: Protocol for induction of kidney organoids by Morizane et al. (2015). B: Kidney organoid models used to study AKI and CKD via the addition of
different reagents or gene editing.

specific effects. For instance, after 21 days of differentiation,
kidney organoids treated with gentamycin (5 mg/mL) for 48
hours show a dose-dependent up-regulation of KIM-1 in the
tubules, indicating damage to proximal tubular cells (Morizane

50 pmol/L) for 24 hours, 3D Transwell or suspension kidney
organoids exhibit significant KIM-1 up-regulation and E-
cadherin down-regulation in tubules (Freedman et al., 2015;
Morizane et al., 2015; Soo et al., 2018; Takasato et al., 2015).

is known
podocytes and tubular epithelial cells in glomeruli (Bejoy et al.,
high-throughput  therapeutic screening 2022), has been used to induce AKI in kidney organoids
following exposure to concentrations of 2.5 or 5 pg/mL for 24
hours (Kumar et al.,, 2019). These findings underscore the
effectiveness of kidney organoids as a robust, patient-specific
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platform for evaluating the nephrotoxicity of drugs and other
chemical substances, providing critical insights into renal
pathology and potential therapeutic interventions.

CHRONIC KIDNEY DISEASE

CKD models can be categorized based on the underlying
etiology of the disease, including 5/6 nephrectomy, unilateral
ureteral obstruction (UUO), post-AKI, primary kidney disease,
secondary disease, and hereditary kidney disease models
(Figure 3). While rodent models remain the most frequently
utilized, there is growing interest in the use of renal organoids
for simulating CKD.

5/6 nephrectomy model

The standard 5/6 nephrectomy model is established with an
initial flank incision to expose the right kidney. One week later,
another flank incision is made to surgically excise the upper
and lower poles of the left kidney. By postoperative week 4,
mice subjected to 5/6 nephrectomy exhibit significantly
elevated SCr, BUN, and proteinuria levels compared to sham-
operated controls (Tan et al.,, 2019). This model mimics the
glomerular structural changes observed in CKD, with severe
reductions in kidney mass by week 2, and focal segmental
glomerulosclerosis lesions appearing in over 50% of glomeruli
by week 7 (Yang et al., 2018). However, this model carries the
risk of complications such as massive renal hemorrhage and
infection, which can increase postoperative mortality (Tan
et al., 2019).

UUO model
The UUO model serves as a classic model for studying
obstructive nephropathy. It involves anesthetizing the animal

Primary kidney
disease model

- IgA nephropathy

- Focal segmental
glomerulosclerosis

- Membranous

nephropathy

Secondary kidney
disease model

- Hypertensive
nephropathy

- Lupus nephritis
- Diabetic
nephropathy

Figure 3 Common causes of chronic kidney disease (CKD)

Chronic Kidney disease

and making a vertical incision approximately 1 cm in length
along the abdomen or flank. The ureter is then carefully
isolated, bluntly separated, and ligated with a silk suture. Male
rats are generally preferred for this model due to the potential
complications posed by the more complex reproductive
anatomy of female rats. In the UUO model, a decrease in GFR
is detectable within 24 hours, followed by tubular dilatation,
interstitial inflammatory cell infiltration, and tubular cell death
via apoptosis and necrosis over the subsequent days. This
progression leads to severe hydronephrosis and significant
renal parenchymal loss within 1-2 weeks, ultimately resulting
in renal fibrosis (Chevalier et al., 2009). The key mechanisms
driving this process involve the nuclear factor kappa B (NF-kB)
and mitogen-activated protein kinase (MAPK) pathways, with
ongoing research focused on the development of targeted
therapies (Martinez-Klimova et al., 2019).

Post-AKI models

AKI plays an important role in the onset and advancement of
CKD. The severity and frequency of AKI significantly influence
the likelihood of transitioning to CKD. In AKI pathology, the
surviving renal tubular epithelial cells typically proliferate and
initiate renal repair. Ideally, this repair process restores tubular
epithelial integrity and function; however, incomplete or
maladaptive repair can lead to the development of CKD (Fu
etal., 2018). Despite rapid advancements, the precise
mechanisms driving AKI-CKD transition remain unclear.
IR-induced model: Multiple IR models have been employed
to investigate the mechanisms underlying CKD, including
bilateral IR, unilateral IR, and repeated IR models. For
example, Yang etal. (2010) conducted experiments on
BALB/c mice, subjecting them to either moderate IR injury with

Hereditary kidney
disease model

- Polycystic kidney
disease
- Alport syndrome

Classical model

- 5/6 nephrectomy

model

- Unilateral ureteral
obstruction model

- Post-AKI model

Common causes of CKD include primary kidney diseases such as IgA nephropathy, FSGS, and membranous nephropathy. Secondary kidney
diseases that often lead to CKD include hypertensive nephropathy, lupus nephritis, and diabetic nephropathy. Hereditary kidney disease models
frequently used in CKD research include polycystic kidney disease and Alport syndrome models. Traditional animal modeling approaches for CKD

include 5/6 nephrectomy, UUO, and post-AKI models.
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bilateral renal artery clamping for 30 minutes at 37°C or
severe IR injury with bilateral renal artery clamping for 32
minutes at 37.5°C. In the severe IR group, SCr levels
remained elevated 42 days post-injury, with the kidneys
developing chronic changes characterized by tubulointerstitial
fibrosis, indicative of AKI-CKD transition. Zhang et al. (2020)
advanced a novel CKD model using a bilateral IR approach,
performing a two-stage IR surgery where the renal artery of
the left kidney was first clamped, followed by the same
procedure on the right kidney 14 days later. This sequential
severe IR injury often leads to insufficient recovery from
ischemic AKI, progressing to CKD (Zhang et al., 2020). In
addition, unilateral IR models are also commonly used in post-
AKI research (Lech et al., 2014; Lech et al., 2013; Zager et al.,
2011). In these models, the contralateral kidney remains intact
and functional, enabling long-term survival of the animals
while modeling CKD.

Drug and toxin-induced model: Various studies have
administered repeated low doses of nephrotoxic drugs, such
as cisplatin, aristolochic acid (AA), and diphtheria toxin (DT),
to establish CKD models. Cisplatin is typically given at doses
of 10 mg/kg or less, administered weekly or biweekly over a
period of 3-4 weeks, and has been shown to result in the
development of tubulointerstitial fibrosis and elevated fibrotic
markers (TGF-B, p-SMAD3, and fibronectin) (Fu et al., 2018;
Katagiri et al., 2016; Pabla et al., 2011; Sharp et al., 2016). In
a different approach, Grgic etal. (2012) used genetically
modified bigenic Six2-GFPC*-iDTR* mice to specifically
target renal epithelial cells for diphtheria toxin-induced injury.
By administering sublethal doses of DT (0.15 pg/kg) three
times over one-week, they induced injury to the S1 and S2
segments of the proximal tubular epithelial cells, resulting in
maladaptive repair, characterized by interstitial fibrosis and
capillary loss. The proximal tubular damage in the renal cortex
resulted in chronic tubulointerstitial damage with varying
degrees of renal tubular atrophy and interstitial fibrosis.
Animals with advanced tubulointerstitial injury exhibited
elevated SCr levels, indicating significant renal dysfunction
(Grgic et al., 2012). Further reinforcing the utility of DT in CKD
modeling, Takaori etal. (2016) established a similar DT-
induced CKD model using doses of 0.25 ng/g, resulting in
characteristic features of CKD, including tubular glomeruli,
fibrosis, and glomerulosclerosis. CKD mouse models have
also been developed via intraperitoneal administration of AA
(3.5 mg/kg) over 4 consecutive days, resulting in significant
renal damage and histopathological features at 5, 10, and 25
days post-administration, including interstitial cell infiltration
and tubulointerstitial fibrosis (Jadot et al., 2017).

Primary kidney disease models

Primary kidney diseases encompass a group of distinct
conditions originating within the kidneys, often with unclear
etiologies, although they are frequently associated with
autoimmune dysfunction. These diseases display notable
ethnic variations and genetic predispositions and are a major
contributor to CKD. CKD is diagnosed when primary kidney
disease persists for more than 3 months, leading to
progressive or irreversible deterioration of renal structure and
function.

IgA nephropathy (IgAN): IgAN is the most prevalent form of
primary glomerulonephritis worldwide. The prognosis for this
disease is generally poor, and no definitive treatment has
been established, primarily due to the complex and poorly
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understood pathogenesis of the disease. Research models for
IgAN are categorized into non-genetic models, spontaneous
IgAN models, and transgenic and humanized mouse models.

The first IgAN model, developed by Rifai etal. (1979),

involved injecting murine anti-dinitrophenol (DNP) and DNP-
conjugated bovine serum albumin (DNP-BSA), but it was later
found that maintaining persistent mesangial immune complex
deposition required repeated administration of these agents or
sustained high levels of serum immune complexes (Monteiro
& Suzuki, 2021). IgAN models have also been developed via
oral immunization with Haemophilus parainfluenzae or viral
infection with parvo and Sendai viruses. Suzuki et al. (2014)
successfully established a 100% onset model of spontaneous
IgAN (grouped ddY mice: gddY) by interbreeding early-onset
mice, which subsequently developed proteinuria by 8 weeks of
age, along with mesangial IgA deposition and glomerular
damage. However, due to the substantial structural
differences between human and rodent IgA, creating
reproducible models has proven challenging (Monteiro &
Suzuki, 2021). To address these difficulties, researchers have
been working on developing transgenic and humanized
mouse models. Notably, Berthelot et al. (2012) established a
fully humanized IgAN mouse model by backcrossing human
IgA1 knock-in mice with human CD89 transgenic mice,
resulting in a1KICD89Tg mice. By 12 weeks of age, these
mice exhibited significant albuminuria, hematuria, impaired
renal function, and serum complexes containing human IgA1
and sCD89.
Focal segmental glomerulosclerosis (FSGS): FSGS is a
prevalent primary glomerular disease that affects both children
and adults with nephrotic syndrome. It is characterized by
segmental glomerular scarring with or without intracapillary
foam cell formation and adhesions within the glomerular
capillaries.

The 5/6 nephrectomy and podocyte toxin-induced models
are major animal models used to study FSGS, although their
effectiveness may be influenced by the genetic backgrounds
of the mice (Yang etal.,, 2018). Podocyte toxin-induced
models can be created by a single injection of puromycin
aminonucleoside (50 mg/kg) or by multiple injections of
puromycin aminonucleoside (10 mg/kg for first dose, followed
by 40 mg/kg every 4 weeks) in conjunction with unilateral
nephrectomy, leading to observable glomerulosclerosis by
week 8 (Yang etal, 2018). Adriamycin (ADR)-induced
nephropathy is also a key model for studying human primary
FSGS, as it replicates the common pathways of podocyte
injury and glomerular dysfunction that lead to CKD. The model
is usually established through a single injection of ADR, with
the dosage being highly dependent on the experimental
species (Yang etal., 2018). For instance, administering 10
mg/kg ADR to C57BL/6 mice is sufficient to induce FSGS
(Dan Hu et al., 2023). Spontaneous FSGS models have been
established in Buffalo/Mna rats and Munich-Wistar-Fromter
rats, while genetically engineered FSGS models have also
been developed, including those targeting podocyte
expression molecules, such as a-Actinin 4 knockout (Kos
et al.,, 2003; Michaud et al., 2003; Yao et al., 2004), laminin
beta2 knockout (Suh etal., 2011), and transient receptor
potential channel 6 transgenic models (Krall et al., 2010).
Membranous nephropathy (MN): Membranous nephropathy
is the leading cause of nephrotic syndrome in adults,
characterized by the deposition of immune complexes on the
epithelial side of the glomerulus (Wang etal., 2024). This
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condition ultimately leads to a variety of clinical
manifestations, such as proteinuria, hematuria, edema, and
hypertension (Kodner, 2009; Politano et al., 2020). Passive
Heymann nephritis models, frequently employed to study MN
(Bao etal.,, 2018), have been induced in male rats via
intraperitoneal injection of anti-Fx1A serum at a dose of 5 to 6
mL/kg (Di Tu etal., 2020; Schubart etal.,, 2019). More
recently, Meyer-Schwesinger etal. (2020) introduced an
mPLA2R1 knock-in mouse model, which develops MN-like
features, including the formation of subepithelial immune
complexes, complement activation, and subsequent
proteinuria.

Secondary kidney disease models

Secondary kidney disease is a significant and growing
contributor to CKD, with its incidence increasing each year.
This condition arises when kidney damage is caused by
diseases affecting other systems, often presenting with
features specific to the primary underlying disease.
Hypertensive nephropathy: Hypertension is a prevalent risk
factor for the onset of chronic cardiovascular diseases, such
as hypertensive nephropathy. Within the glomerulus,
hypertension leads to the damage and activation of mesangial
cells, resulting in the secretion of substantial quantities of
vasoactive and proinflammatory factors (Lucero et al., 2022).
Research on hypertensive nephropathy has made significant
strides in recent years. For instance, (Gelosa etal., 2013)
established a hypertensive nephropathy model in rats be
providing a permissive diet supplemented with 1% NaCl in
drinking water, with subsequent analysis showing a
progressive increase in 24-hour proteinuria after 4 weeks and
significantly higher SCr levels after 5 weeks. Hypertensive
nephropathy has also been modeled using continuous
angiotensin Il (AngIl) infusion (1.46 mg/kg) via an osmotic
minipump over 28 days (Ding et al.,, 2019; Liu et al., 2014),
resulting in marked increases in SCr and BUN levels as well
as biomarkers of renal fibrosis and proinflammatory cytokines
(Ding et al., 2019). However, a recent study indicated that the
histopathological changes observed in AngII-infused mice
resemble mesangioproliferative glomerulonephritis rather than
typical hypertensive nephropathy (Gutsol etal., 2022),
suggesting that more accurate models are needed to better
characterize this disease.

Lupus nephritis (LN):LN is a common and serious
complication of systemic lupus erythematosus (SLE),
significantly contributing to the overall morbidity and mortality
associated with the disease (Almaani et al., 2017). Among the
various models used to study LN, spontaneous models are the
most prevalent, including F1 hybrids (NZB/WF1) derived from
New Zealand Black (NZB) and New Zealand White (NZW)
mice, Murphy Roths Large/lymphoproliferative (MRL/Ipr) mice,
BXSB mice, and their progeny (Xin et al., 2022). In NZB/WF1
mice, antibodies against dsDNA, histone H1, histone H2A,
chromatin, and ribonucleoproteins begin to appear at 2—4
months of age and persist for long periods, consistent with the
chronic nature of the disease in humans (Drake et al., 1995).
Immune complex deposition-mediated glomerulonephritis
develops by 4-6 months, followed by severe proteinuria at
8-10 months. The mice typically have a lifespan of
approximately 10 months, ultimately succumbing to renal
failure (Bagavant etal.,, 2020). In contrast, MRL/Ilpr mice
develop a more rapidly progressing lupus-like disease, with
disease onset occurring around 8 weeks of age (Xin etal.,

2022), with proliferative glomerulonephritis characterized by
endothelial and mesangial cell proliferation and crescent
formation (Cohen & Eisenberg, 1991). BXSB mice, particularly
males, present with elevated antinuclear antibody (ANA)
levels by 2-3 months (Xin et al., 2022) and develop acute to
subacute, proliferative, and exudative glomerulonephritis
(Andrews etal., 1978). In addition to spontaneous models,
genetically engineered models have been developed by
altering specific genes in wild-type mice, including B6.TIr7.Tg
and B6.Fcgr2b™ mice (Bolland & Ravetch, 2000; Cheung
etal., 2009; Deane etal., 2007). Immune tolerance is
disrupted in knockout and transgenic models via modification
of key immunological processes (Xin etal., 2022). Drug-
induced models, especially pristane-induced models, have
also been used in research (Chen et al., 2020).

Diabetic nephropathy (DN): Although DN is a significant
contributor to end-stage renal disease, the development of
effective therapies is hindered by the lack of rodent models
that fully replicate the human condition. The Animal Models of
Diabetic Complications Consortium has established key
criteria for optimal rodent models of DN, including evident
albuminuria, histopathological indications of
glomerulosclerosis, and a gradual decline in kidney function
(Azushima et al., 2018).

One widely used model for studying type 1 diabetes mellitus
(T1DM) is induced by streptozotocin (STZ), a chemical toxin
that selectively targets pancreatic B-cells. Diabetes can be
induced in mice by administering multiple low doses of STZ
(40 mg/kg, intraperitoneally) over 5 consecutive days or by a
single high dose of STZ (200 mg/kg), which is directly toxic to
pancreatic B-cells, causing rapid-onset diabetes, with blood
glucose concentrations exceeding 500 mg/dL within 48 hours.
The use of multiple low doses of STZ is preferred because it
mimics the chronic pancreatic islet inflammation, insulitis, and
insulin deficiency observed in human T1DM (Azushima et al.,
2018). For modeling type 2 diabetes mellitus (T2DM),
researchers often use a combination of high-fat diet (HFD)
feeding and STZ injections. In this model, mice are fed either
an HFD (60% of calories from fat) or a standard chow diet
(10% of calories from fat) for 24 weeks. At week 23, mice are
injected with 40 mg/kg STZ daily for 3 consecutive days to
induce T2DM. However, some studies have found that
diabetes induced by low-dose STZ administration can result in
only mild kidney injury, even in permissive strains, with
evidence suggesting that renal lesions may be due to the
direct nephrotoxic effects of STZ itself (Gurley et al., 2006; Qi
et al,, 2005). Genetic models of T1DM, such as Akita and
OVE26 mice, have also been utilized in DN research. Akita™s?*
mice carry a spontaneous point mutation in the preproinsulin
gene, leading to B-cell dysfunction and death (Giralt-Lopez
etal,, 2020). These mice develop renal impairment and
elevated serum IgA, although the effects are more
pronounced in male mice than in female mice (Kitada et al.,
2016). OVE26 mice, which overexpress calmodulin in
pancreatic -cells, can develop severe diabetes within the first
week of life (Azushima et al., 2018).

Classical models of T2DM include diet-induced models, as
well as genetically modified mice, such as leptin receptor-
deficient (db/db) or leptin-deficient (ob/ob) strains, and the
New Zealand Obese (NZO/H1Lt) model. While genetically
manipulated models improve model quality, dietary models
that incorporate high-fat and/or high-sugar diets better mimic
human T2DM characteristics, often combined with disease-

Zoological Research 45(5): 1161-1174,2024 1169



promoting factors such as STZ injection (Preguica etal.,
2020). However, these methods often fail to produce
substantial renal injury in certain rodent strains, with the extent
of renal involvement typically limited to mild albuminuria and
minimal glomerulosclerosis, falling short of fully replicating all
the features of DN (Giralt-Lopez et al., 2020). To address
these limitations, researchers have sought to improve
traditional models by backcrossing to diabetic-susceptible
backgrounds and employing genetic modifications, including
knockout and transgenic techniques. Notable examples
include ob/ob (leptin-deficient) mice (Clee etal.,, 2005),
endothelial nitric oxide synthase (eNOS)™ models (Mohan
etal.,, 2008; Zhao etal.,, 2006), models combining STZ or
OVE26 transgene with TTRhRen mice (Thibodeau etal.,
2014), and hyperreninemic rat models such as
CYP1a1mRen2 (Conway et al., 2014). In contrast to C57BL/6
mice, BTBR ob/ob mice develop fasting hyperinsulinemia
even on a standard mouse chow. Diabetes onset is
progressive, with most female BTBR ob/ob mice developing
insulin resistance by 6 weeks of age, and being
decompensated at 14 weeks of age —a process that is
accelerated in males (Clee et al., 2005). These mice exhibit
significant albuminuria and severe DN pathology, such as
extensive mesangial matrix expansion, focal nodular
glomerulosclerosis, mild glomerular basement membrane
(GBM) thickening, and arteriolar hyalinosis (Azushima et al.,
2018). Similarly, eNO™ mice display pronounced albumin
excretion, along with extensive mesangial matrix expansion,
nodule lesions, increased GBM thickness, arteriolar
hyalinosis, and tubulointerstitial fibrosis (Azushima et al.,
2018). However, these mice also form atubular nephrons with
a marked developmental kidney phenotype, raising questions
about whether this model accurately mimics human diabetes
(Alpers & Hudkins, 2011). In other models, administering low-
dose STZ to TTRhRen mice (HD-STZ mice) or crossbreeding
with OVE26 diabetic mice (HD-OVE mice) results in extensive
mesangial matrix expansion, tubulointerstitial fibrosis, and
other features of advanced DN (Thibodeau et al., 2014).

Hereditary kidney disease models

Hereditary kidney diseases encompass a broad range of
genetically linked disorders with diverse etiologies, which
potentially affect not only the kidneys but other organs such as
the eyes, ears, and bones. Approximately 10% of patients
requiring renal replacement therapy are affected by hereditary
kidney diseases (Mehta & Jim, 2017). These diseases often
progress gradually, with many cases eventually evolving into
CKD or advancing to end-stage renal disease. Early genetic
diagnosis and targeted treatment are crucial for preventing the
progression to CKD.

Polycystic kidney disease (PKD): PKD is an inherited
disorder characterized by the formation and enlargement of
numerous fluid-filled cysts in the kidneys, which can lead to
kidney failure. Despite ongoing research on the pathogenesis
and treatment of PKD, there is still a lack of rodent models
that can fully simulate human PKD. Pure heterozygotes, such
as PKD17~ and PKD2"~ mice, do not survive, making it
challenging to study the disease (Lu etal.,, 1997; Wu et al.,
2000). As a result, research has shifted toward conditional and
gene dosage models (Sieben & Harris, 2023). In gene dosage
models, biallelic assessment is used to reduce functional
protein levels without complete loss (Sieben & Harris, 2023).
For example, Arroyo etal. (2021) established and
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characterized the PKD1RSR¢ model, where the onset and
severity of clinical signs, such as renal cysts, renal fibrosis,
and elevated BUN, vary depending on the genetic
backgrounds of the mice (Arroyo et al., 2021). Conditional and
inducible models have also been developed, such as PKD1"",
PKD1", Cdh16°°/ERT2, Mx1°°, and Cag“*/ER, where the
insertion of targeted sequences is triggered by specific
recombinases (Sieben & Harris, 2023).

Alport syndrome (AS): AS is a hereditary glomerular
basement membrane disorder, characterized by hematuria,
progressive sensorineural deafness, and ocular abnormalities.
The disease arises from mutations in the genes encoding IV
collagen, the major collagen component of the glomerular
basement membrane. Mutations in the COL4A3, COL4A4, or
COL4A5 genes lead to the development of AS lesions, and
animal models have increasingly focused on alterations in
these genes. To date, approximately 15 mouse models have
been generated using six different genetic modification
techniques, including gene knockout, domain substitutions,
nonsense mutations, mutations affecting splice donor sites,
missense mutations, and replacement of amino acids with
small peptides (Nikolaou & Deltas, 2022). Among these, the
Col4a3 knockout models are the most widely used. Recently,
Namba et al. (2021) established a novel AS rat model based
on deletion of the Col4a5 gene by genome editing via
oviductal nucleic acid delivery (rGONAD) technology.

Kidney organoids

Kidney organoid models have become a valuable tool in
studying CKD, particularly in investigating the mechanisms
underlying renal fibrosis, a slowly progressive condition often
seen in kidney disease. Researchers are actively working to
replicate this process in kidney organoids, as they provide a
well-controlled in vitro environment that allows for the detailed
study of tissue-specific cell signaling and intercellular
crosstalk, free from the systemic signals and immune cells
present in vivo (Moran-Horowich & Lemos, 2021). For
example, Lemos et al. (2018) demonstrated that stimulating
human kidney organoids with interleukin 18 (IL-18) induced
tubulointerstitial fibrosis with aSMA* myofibroblast activation
and collagen deposition, highlighting IL-18 as a potential
therapeutic target in tubulointerstitial diseases. Additionally,
the up-regulation of pivotal biomarkers, such as NGAL,
following IL-1B treatment aligns with observations from animal
models and human studies (Hoste etal., 2018; Lan etal.,
1995). Kidney organoids have also been used to study
nephrotoxic drug-induced CKD. For example, Gupta et al.
(2022) treated kidney organoids with cisplatin (5 pmol/L) twice
weekly for a total of five treatments and identified homology-
directed repair as the mechanism underpinning intrinsic
tubular repair, even in the absence of potential anti-fibrotic
effects in this model.

Kidney organoids have become an essential tool in studying
hereditary kidney diseases, particularly PKD. In research
focusing on PKD, PKD1 and PKD2 are inactivated by gene
editing, leading to the formation of cysts that can be observed
as early as day 15. The density at which cells are seeded
plays a crucial role in cyst formation (Tran et al., 2022). Cyclic
AMP (cAMP) signaling has been identified as a significant
contributor to PKD, with its elevation being a cellular hallmark
of PKD organoids (Low et al., 2019). Cruz et al. (2017) also
highlighted the importance of polycystin-1, a regulator of cell
adhesion, in maintaining tubular architecture through cellular
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interactions, emphasizing its central role in PKD pathology.

Kidney organoids have also been used to study
nephronophthisis (NPHP)-related ciliopathy. NPHP is an
autosomal recessive cystic kidney disease. By comparing
organoids derived from NPHP-predisposed patients with
isogenic control organoids generated from genetically
corrected induced PSCs (iPSCs), Forbes etal. (2018)
demonstrated the underlying pathology of NPHP. Patient-
derived organoid tubules exhibit shortened, rod-like primary
cilia, a phenotype that can be corrected through genetic
modification. Kidney organoids have also been employed in
research on other inherited kidney diseases, such as
congenital nephrotic syndrome (Hale et al., 2018; Trautmann
etal., 2015) and congenital renal malformations linked to
paired box 2 gene defects (Kaku et al., 2017).

CONCLUSIONS

Advancement of diagnostic and therapeutic strategies for
kidney disease relies heavily on the development and
refinement of various disease models. As discussed above,
each model possesses unique strengths and limitations.
However, many existing models still face significant
challenges, including the inability to fully replicate human
kidney disease and the difficulty in capturing the complexity of
human AKI pathophysiology. As such, there remains a
pressing need to develop more stable and reproducible
models of AKI, while CKD research requires models that are
compatible with complex and specific pathological changes,
likely involving the field of genetic modification. Moreover,
emerging approaches such as organoids and organ-on-chip
systems, which utilize microfluid platforms and in vitro cell
culture, represent cutting-edge technologies that hold
significant potential for continued research and development.
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