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Summary

Cisplatin, a widely used chemotherapeutic drug, is associated with various
side effects and toxic reactions, including nephrotoxicity, neurotoxicity, and
ototoxicity, which have limited its clinical use. Among these toxicities,
nephrotoxicity can lead to acute kidney injury, posing a significant threat to
patient safety. Understanding the mechanisms underlying cisplatin-induced
nephrotoxicity is crucial for the development of preventive and therapeutic
strategies to reduce the risk of renal damage during clinical use.

To analyze the potential regulatory mechanisms, this study first established a
zebrafish larval model of cisplatin-induced nephrotoxicity, which involved
selecting appropriate schedules for larval injection, improving injection
techniques, and implementing phenotypic scoring methods. Within this model,
functional inhibition of the G protein-coupled estrogen receptor (GPER)
effectively reduces abnormal phenotypes and decreased the upregulation of
some kidney injury markers provoked by cisplatin, suggesting a potential
regulating role of GPER in cisplatin-induced nephrotoxicity. Additional
biochemical analyses and inhibitor experiments revealed that inhibiting GPER
function decreases the activation of Mitogen-Activated Protein Kinases
(MAPK), indicating that the GPER-MAPK signaling is important for

cisplatin-induced nephrotoxicity.



Zusammenfassung

Der Einsatz von Cisplatin, einem weit verbreiteten Chemotherapeutikum, ist
mit verschiedenen Nebenwirkungen und toxischen Reaktionen verbunden,
darunter Nierentoxizitat, Neurotoxizitat und Ototoxizitat, die seine klinische
Anwendung einschranken. Eine dieser Nebenwirkungen, die Nierentoxizitat,
kann zu akutem Nierenversagen fuhren und stellt eine erhebliche Bedrohung
fur die Patientensicherheit dar. Das Verstéandnis der Mechanismen, die der
cisplatininduzierten Nierentoxizitat zugrunde liegen, ist entscheidend fur die
Entwicklung praventiver und therapeutischer Strategien zur Verringerung des
Risikos einer Nierenschadigung wahrend der klinischen Anwendung.

Um die potenziellen Regulationsmechanismen zu analysieren, wurde in dieser
Studie zunachst ein Zebrafischlarvenmodell der durch Cisplatin induzierten
Nephrotoxizitat etabliert. Dies umfasste die Auswahl geeigneter Zeitplane fur
die Injektion der Larven, die Verbesserung der Injektionstechniken und die
Umsetzung von phanotypischen Scoring-Methoden. Innerhalb dieses Modells
fuhrte die funktionelle Hemmung des G-Protein-gekoppelten
Ostrogenrezeptors (GPER) effektiv zu einer Verringerung abnormer
Phanotypen und einer Abnahme der Hochregulationeiniger Marker fur
Nierenschadigung, die durch Cisplatin verursacht wurden. Dies legt eine
potenzielle regulierende Rolle von GPER in der durch Cisplatin induzierten
Nephrotoxizitat nahe. Weitere biochemische Analysen und
Inhibitorexperimente zeigten, dass die Hemmung der GPER-Funktion zu einer
Verringerung der Aktivierung von Mitogen-aktivierten Proteinkinasen (MAPK)
fuhrte, was darauf hindeutet, dass die GPER-MAPK-Kaskade fur die durch

Cisplatin induzierte Nephrotoxizitat wichtig ist.
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1 Introduction
1.1 The anticancer drug cisplatin

1.1.1 Platinum-based drugs

Chemotherapy is an effective treatment for cancer. Before the 1960s, all drugs
used for cancer treatment were pure organic compounds. Towards the late
1960s, there was an unexpected discovery of a simple, coordinating inorganic
compound with anticancer properties — cisplatin. Not only did it inhibit
bacterial growth, but it also inhibited the growth of cancer cells [1, 2]. This
discovery opened new possibilities for cancer chemotherapy.

Cisplatin, also known as cis-diamminedichloroplatinum(ll) or cisplatinum, is a
coordination complex composed of a doubly charged platinum ion surrounded
by four ligands, 2 amine and 2 chloride ions. It has a square planar geometry
and appears as a white or yellow-orange crystalline powder at room
temperature (RT) (Table 1.1). The arrangement of the ligands around the
platinum ion is such that the two amine groups are located on one side of the
molecule, and the two chloride ions are located on the opposite side. This
arrangement is known as the cis-configuration, hence the name cisplatin.
Cisplatin was the first platinum-based drug to be approved by the US Food and
Drug Administration (FDA) in 1978 [3]. Since then, it has been widely used in
the treatment of testicular, ovarian, and lung cancers (Table 1.1). However, its
clinical use is limited by its severe side effects, including nephrotoxicity [4],
neurotoxicity [5], and ototoxicity [6].

Carboplatin was developed as a second-generation platinum-based drug in
the 1970s [7]. Compared with cisplatin, carboplatin contains a cyclobutane
dicarboxylate group instead of the two chloride atoms. The modification
reduced the toxicity and side effects of cisplatin while retaining its anticancer

properties (Table 1.1). Carboplatin was first approved by the FDA in 1989 for



the treatment of ovarian cancer [8]. Since then, it has been approved for the
treatment of various other types of cancer, including lung cancer, bladder
cancer and more (Table 1.1).

Oxaliplatin, a third-generation platinum-based drug, was approved by the FDA
in 2002. Oxaliplatin features a chelating oxalate leaving group ligand and a
chelating diaminocyclohexane (DACH) non-leaving group ligand (Table 1.1). It
shows efficacy against colorectal cancer and has a different toxicity profile

than cisplatin and carboplatin [9].

D S Year of Country Type of cancer
g tructure approval approved treated
Oy /N Testicular, Ovarian,
Cisplatin (Pt} 1978 Worldwide Bladder, Melanoma,
A NSCLC, Lymphomas,
= NH: Myelomas
0 5 "
. L Ovarian, Cervix,
Carboplatin (r 1989 Worldwide Testis, Breast, Lung,
Pl Bladder
0
P nz
Osaliplatin -~ | ?H_"‘Jﬁ 2002 Worldwide Colon
Y

Table 1.1 Clinically approved Pt(ll)-anticancer drugs

1.1.2 Cisplatin-induced DNA damage and anticancer effect

In the clinics, after being administered to patients intravenously in the form of a
sterile saline solution, cisplatin remains unchanged and neutral in the
bloodstream due to the high concentration of chloride (approximately 100 mM)
[10]. As a result, it continues to circulate throughout the body. However,
plasma proteins such as albumin, transferrin, and the amino acid cysteine
have a strong affinity for cisplatin, leading to deactivation of a significant
portion of the administered drug. It has been reported that within 24 hours of
administration, 65-95% of cisplatin may bind to blood plasma proteins [11].

According to current knowledge, Figure 1.1 illustrates the mechanism of action

of cisplatin. The drug can reach tumor cells through passive diffusion [10] or



active transport using e.g. copper transporter protein 1 (CTR1 [12], after which
it enters the low-chloride intracellular environment (Figure 1.1). In this
environment, the water molecules displace the hydrolysable CI- ligands,
creating a highly reactive species with a positive charge. These species
consist of monoaqua [Pt(NH3).CI(H20)]* and diaqua [Pt(NH3)2(H20)2]?*
complexes that bind covalently to nucleophilic sites on DNA, particularly to the
N-7 atom of purine bases, primarily guanine [13]. This binding leads to
intrastrand and interstrand DNA crosslinks, with 90-95% of crosslinks being
intrastrand, and of those, 60-65% being 1,2-d(GpG) and 20-25% being
1,2-d(ApG). Other crosslinks such as monoadduct (~2%) and 1,3-d(GpXpG)
(~2%) are formed less frequently [3]. These platinum-DNA adducts interfere
with DNA transcription and replication, which can lead to miscoding and single
or double-strand breaks. The damage is recognized by DNA damage repair
pathways including nucleotide excision repair (NER) and mismatch repair
(MMR) [14]. When this damage has accumulated and DNA repair machineries
are not sufficient to repair it, the DNA damage response (DDR) pathway
comprised of the ATM (Ataxia telangiectasia mutated) — Chk2 (Checkpoint
kinase 2) and ATR (Ataxia telangiectasia and Rad3 related) — Chk1
(Checkpoint kinase 1) [15] pathways are triggered. Downstream targets
involve p53 [16], mitogen-activated protein kinases (MAPK) [17] and others,
which are activated and ultimately might induce cell death either by apoptosis
or necrosis. Although all cells can experience this type of DNA damage, rapidly
dividing cells such as cancer cells are particularly susceptible. As a result, this
is considered the primary mechanism behind cisplatin anticancer activity.

Although cisplatin’s main target is genomic DNA (gDNA), only a small
proportion (~1%) of intracellular cisplatin is typically bound to gDNA,
suggesting additional mechanisms contributing to its anticancer activity [18].
Recent studies have revealed that cisplatin strongly impacts mitochondrial
function. This dysfunction can cause changes in mitochondrial structure,

disruption of mitochondrial membrane potential, and instability of electron



transport reactions, leading to the overproduction of reactive oxygen species
(ROS) [19] (Figure 1.1). ROS is a normal byproduct of cellular metabolism, but
excessive amounts can result in oxidative stress, which can damage proteins,
lipids, and nucleic acids, leading to cellular dysfunction and cell death. Zhang
et al. demonstrated that cisplatin-induced aberrant ROS production activates
the p53 and MAPK pathways, ultimately leading to cancer cell death [20].

In addition to the reported genomic DNA damage and aberrant ROS
production, cisplatin can induce abnormal calcium ion (Ca?*) accumulation,
leading to endoplasmic reticulum (ER) stress and ultimately resulting in
apoptosis [21, 22] (Figure 1.1). The anticancer effect of cisplatin is a complex
process that involves multiple cellular activities and mechanisms. It should be
noted that different studies have confirmed that cisplatin-induced DNA damage
and aberrant ROS production activate the MAPK and p53 signaling pathways
in cancer cells, leading to cell death. However, the mechanisms by which
cisplatin activates these pathways are still unknown, and potential upstream

regulators remain to be investigated.
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Figure 1.1 Cellular responses to cisplatin

[1] Cisplatin enters cells either through passive diffusion (as indicated by the dashed
arrow) or by utilizing the carrier-mediated transport via Copper Transporter 1 (CTR1).

[2] The activation process of cisplatin involves the exchange of one or two chloride ions
with water molecules, resulting in monoaqua and diaqua forms, respectively.

[3] Once activated, cisplatin interacts with DNA, inhibiting DNA synthesis to halt cell
proliferation, subsequently triggering a DNA damage response.

[4] Activated cisplatin can interact with mitochondrial DNA and induce ROS.

[5] DNA damage response and ROS activate the p53 and MAPK pathways.

[6] Apart from ROS and DNA damage, cisplatin can induce endoplasmic reticulum stress.
[7] Finally, caspases are activated, inducing cell death.

1.1.3 Cisplatin-induced adverse effects

The cytotoxicity of cisplatin is not limited to cancer cells and its action on



normal non-cancerous cells generates severe side effects. Patients receiving
cisplatin treatment often exhibit significant nephrotoxicity, ototoxicity,
neurotoxicity, and gastrointestinal toxicity.

1. Gastrointestinal toxicity

Cisplatin chemotherapy is associated with significant gastrointestinal toxicity,
leading to substantial impacts on treatment adherence (Figure 1.2). Common
clinical manifestations of cisplatin-induced gastrointestinal toxicity encompass
a wide range of gastrointestinal alterations. The most frequent symptoms
related to cisplatin treatment include nausea, vomiting, loss of appetite, weight
loss, gastrointestinal dysfunction, diarrhea, delayed gastric emptying,
mucositis, malabsorption, and barrier disruption. These symptoms may persist
for an extended period even after the completion of the treatment regimen [23,
24] .

2. Neurotoxicity

Cisplatin treatment can cause neurotoxicity, which is a well-known side effect
that limits the dose (Figure 1.2). Distal sensory neuropathy is a common
manifestation that can be distressing. There is a rough correlation between the
severity of neurotoxicity and the administered dose of cisplatin, and currently
there are no known treatment options. Unfortunately, neurotoxicity is often
irreversible [25, 26].

3. Ototoxicity

Ototoxicity is another dose limiting side effect of cisplatin treatment (Figure
1.2). It typically results in sensorineural hearing loss starting in the high
frequencies and progressing to the speech range, often accompanied by
tinnitus [27]. Ototoxicity is dose-dependent [28], and radiation to the ear may
increase its severity [29]. There is considerable variability in the extent of
ototoxicity among individuals, possibly due to differences in pharmacokinetics,
genetics, and metabolic status [27]. Unfortunately, susceptible individuals
cannot be identified prior to treatment. However, early diagnosis may be

possible through monitoring of high-frequency audiometry [30] or otoacoustic



emissions [31].

4. Nephrotoxicity

Cisplatin chemotherapy is associated with nephrotoxicity, which was first
reported in the early clinical trials (Figure 1.2). Despite careful hydration,
approximately one-third of patients develop nephrotoxicity after a single dose
of cisplatin (50-100 mg/m?) [32, 33]. The onset of clinical symptoms typically
occurs around 10 days after cisplatin administration and is characterized by a
lower glomerular filtration rate, elevated serum creatinine, and reduced serum
magnesium and potassium levels [4]. Long-term cisplatin treatment will
ultimately result in various symptoms including acute kidney injury (AKI),
hypomagnesemia, Fanconi-like syndrome, distal renal tubular acidosis,
hypocalcemia, renal salt wasting, and hyperuricemia [34].

Among these different organ toxicities, nephrotoxicity is considered the most
important adverse effect induced by cisplatin because it can be severe and
potentially life-threatening, which inevitably limits the wide clinical application
of cisplatin [35]. Administering intravenous fluids such as saline or mannitol,
and diuretics, e.g. furosemide, can be employed to decrease cisplatin-induced
nephrotoxicity [36]. However, these strategies can only ameliorate
cisplatin-induced nephrotoxicity, and permanent kidney injury still exists in
patients receiving long-term treatment. In order to improve the clinical
efficiency of cisplatin, different studies in the past 40 years attempted to
uncover cisplatin-induced nephrotoxicity, but many of the regulatory

mechanisms still remain unknown.



Cisplatin

"

Gastrointestinal Neurotoxicity Ototoxicity Nephrotoxicity
toxicity

Figure 1.2 The main target organs of cisplatin-induced toxicity

1.2 Cisplatin-induced nephrotoxicity

1.2.1 The mechanisms of cisplatin-induced nephrotoxicity

Cisplatin can accumulate in the kidney during glomerular filtration and tubular
secretion, with concentrations in the proximal tubules approximately five times
higher than in the blood. As a result, even non-toxic serum levels of cisplatin
can reach toxic levels in the kidney, leading to impaired renal function. Renal
biopsies of cisplatin treated patients show severe injury to the S3 segment of
the proximal tubules [37]. Cisplatin can enter renal tubular cells through
passive diffusion or active transport, and it has been observed to move from
the basolateral to the apical side. Basolaterally expressed transporters such as
organic cation transporter 2 (OCT2) [38, 39] are responsible for removing
cisplatin from the bloodstream and transferring it into renal tubular cells.
Cisplatin nephrotoxicity has been found to be positively correlated with OCT2
expression.

As cisplatin accumulates in renal epithelial cells, it can trigger a series of

biochemical processes and cellular signaling that ultimately lead to



nephrotoxicity.

1. Nuclear DNA damage

Cisplatin-induced damage to nuclear DNA is typically pronounced in rapidly
proliferating cells. Although the proliferation rate of normal quiescent renal
tubular epithelial cells is low, surviving epithelial cells enter the cell cycle and
rapidly proliferate in response to tubular injury and cell death [40]. Yamashita
et al. demonstrated that even with low-dose cisplatin injections, accumulation
of nuclear DNA damage in renal tubular cells occurs, potentially promoting the
transition from acute kidney injury (AKI) to chronic kidney damage in mice [41].
2. Mitochondrial dysregulation and oxidative stress

Several lines of evidence suggest that the nephrotoxicity of cisplatin is closely
related to reactive oxygen species (ROS) produced by mitochondria. The
abundant mitochondrial content in proximal tubule epithelial cells makes them
susceptible targets of cisplatin. After entering the proximal tubule epithelial
cells, cisplatin can form more potent toxins in addition to generating positively
charged metabolites by hydrolysis. This process begins with the formation of
glutathione adducts from circulation, followed by catalysis by various metabolic
enzymes to form highly reactive thiols [42].

Highly reactive thiols can directly impact the activity of the electron transport
chain, which is a source of free radical generation within cells. When
mitochondria are impaired, electron leakage becomes particularly problematic,
leading to reduced or blocked electron transfer. Under these conditions,
mitochondria produce an abundance of ROS in various forms. Furthermore,
thiols can also modulate the mitochondrial permeability transition pore,
controlling the flow of molecules in and out of the mitochondria, such as
cytochrome ¢ and apoptosis-inducing factor (AIF) [19].

3. Inflammation

cisplatin-induced nephrotoxicity is closely associated with inflammation. After
influx into the renal cell, cisplatin induces the expression of pro-inflammatory

cytokines, such as Tumor necrosis factor-a (TNF-a), Interleukin-1 (IL-1B),



and Interleukin-6 (IL-6), and Damage-associated molecular patterns (DAMPs),
such as ATP, which trigger a cascade of inflammatory responses [43]. The
activation of inflammatory cells, such as macrophages and T cells, further
amplifies the inflammatory response, leading to renal tissue damage and
dysfunction. In addition, cisplatin can activate the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) pathway, a key
signaling pathway that regulates inflammation, leading to the expression of
various inflammatory genes [44]. The activation of NF-kB also contributes to
the recruitment of inflammatory cells and the release of pro-inflammatory
cytokines. The induction of inflammation by cisplatin is considered one of the
major mechanisms underlying cisplatin-induced nephrotoxicity.

4. Apoptosis and necrosis

As previously mentioned, cisplatin-induced apoptosis in renal tubular epithelial
cells (RTECs) is primarily dependent on the activation of downstream signaling
pathways in response to DNA damage, oxidative stress, and inflammation.
These pathways include the extrinsic pathway activated through death
receptors, such as TNF- or Fas-receptors, the intrinsic mitochondrial pathway,
and the endoplasmic reticulum stress pathway.

Intriguingly, evidence suggests that cisplatin activates these apoptotic
pathways by increasing the activity of p53, MAPK, and caspases [45].
Caspases are a family of cell death proteases that play a crucial role in the
execution phase of cisplatin-induced RTECs apoptosis. However, the
induction of cell death by p53 or MAPK, as upstream regulators of caspases, is

a complex and multifactorial process.
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Figure 1.3 Mechanisms of cisplatin-induced nephrotoxicity

[1] Cisplatin enters kidney cells either via passive diffusion (as indicated by the dashed
arrow) or through organic cation transporter 2 (OCT2) carriers.

[2] Bioactivation of cisplatin to the nephrotoxin, cisplatin-S- (thiol).

[3] Summary of cisplatin-induced renal cell death. Cisplatin and its thiol derivatives
promote oxidative stress, endoplasmic reticulum stress, and DNA damage, reported to be
associated with the activation of p53 and MAPK. Finally, caspases are activated, inducing
cell death.

[4] Summary of cisplatin-induced inflammation. Cisplatin-induced injury to renal epithelial
cells leads to the release of DAMPs and cytokines/chemokines, ultimately resulting in
local inflammation.

1.2.2 p53 pathway

Cisplatin treatment activates p53 both in vivo in kidneys [46] and in vitro in
renal epithelial cells [47]. Inhibition of p53 transcriptional activity through either
pharmacologic or genetic means reduces cisplatin-induced caspase activation
and apoptosis in vitro [47], as well as cisplatin-induced apoptosis and renal
injury in vivo [48].

cisplatin-induced DNA damage activates ATM and ATR, which in turn
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phosphorylate and activate p53. Activated p53 then induces the transcription
of several apoptotic genes, including p53 up-regulated modulator of
apoptosis-alpha (PUMA-a) and p53-induced protein with a death domain
(PIDD), both of which are downstream mediators of p53-induced apoptosis
[49]. PIDD activates caspase 2 by forming PIDDosomes, resulting in the
release of apoptosis-inducing factor (AIF) from mitochondria, leading to
caspase-independent apoptosis [50]. On the other hand, PUMA-a translocates
to mitochondria and interacts with and neutralizes the antiapoptotic protein
Bcl-XL, freeing pro-apoptotic protein Bax and Bak to form pores on the outer
membrane of mitochondria. This results in the release of cytochrome c into the
cytosol, activating caspases and leading to caspase-dependent apoptosis [51].
These findings indicate that p53 plays a central role in cisplatin-induced
nephrotoxicity.

In recent research conducted by Yuan et al., it was demonstrated that p53
contributes to the mitochondrial production of ROS [52]. Moreover, inhibition of
p53 transcriptional activity reduced cisplatin-induced oxidative stress and
apoptosis [53].

In conclusion, there is ample evidence suggesting that the activation of p53
plays a central role in cisplatin-induced nephrotoxicity, and inhibition of p53
decreases cisplatin-induced nephrotoxicity. However, it is noteworthy that
inhibition of p53 might increase the survival of cancer cells and thus reduce the
therapeutic efficiency of cisplatin. This depends on the p53 status, as in many
types of cancer p53 is mutated [54, 55]. In this situation, inhibition of p53 might

reduce kidney injury without impairing the anticancer activity of cisplatin.
1.2.3 MAPK pathway

The mitogen-activated protein kinase (MAPK) signaling pathways encompass
multiple tiers of highly conserved serine/threonine protein kinases, culminating
in the activation of extracellular signal-regulated kinase (ERK), p38, and Jun

N-terminal kinase (JNK) [56]. These pathways play a crucial role in regulating
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cellular homeostasis and processes such as proliferation, differentiation, and
apoptosis. In the context of cisplatin-induced nephrotoxicity, activation of
MAPKs has been observed in various experimental models. However, the
specific roles of individual MAPKs in mediating renal cell injury induced by
cisplatin are complex and can vary between different studies [57-61]. Moreover,
these roles may be influenced by the specific cell types and experimental
models under investigation.

A study conducted by Nowak et al. demonstrated that during cisplatin
treatment of primary cultures of renal tubular cells, ERK1/2 were activated and
accumulated in mitochondria. Inhibiting ERK1/2 using PD98059 and U0126,
two pharmacological MEK inhibitors, showed potential in mitigating
cisplatin-induced mitochondrial dysfunction and apoptosis [62].

The roles of p38 and JNK in cisplatin nephrotoxicity are less well-defined
compared to ERK. In immortalized mouse proximal tubule cells, although
cisplatin activated all three MAPKs, only ERK was found to contribute to
apoptosis [63]. Conversely, Ramesh et al. demonstrated the involvement of
p38 in cisplatin nephrotoxicity through both in vitro and in vivo models [59].
Renoprotective effects were observed with pharmacological inhibitors of p38
(SB203580 and SKF-86002) [64]. Interestingly, rather than directly regulating
tubular cell injury and death, p38 may play a role in regulating TNF-a
expression in renal tubular cells, thereby influencing the associated
inflammatory response accompanying cisplatin nephrotoxicity.

Activation of JNK protein by cisplatin has been observed in cultured renal
tubular cells and kidney tissues [58, 63]. Francescato et al. conducted an in
vivo rat study and demonstrated that treatment with the JNK inhibitor
SP600125 reduced renal apoptosis and inflammation in response to cisplatin
[58]. However, the evidence regarding the role of JNK in cisplatin-induced
nephrotoxicity remains inconclusive.

In order to address the varying outcomes observed in different studies, it is

essential to investigate the concurrent activation of ERK, p38, and JNK in the
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same samples during cisplatin treatment [63]. A systematic assessment of
their temporal and spatial activation is warranted to gain a comprehensive
understanding. Furthermore, the usage of pharmacological inhibitors should

be supported by rigorous examination to ensure their specificity and validity.
1.3 GPER and cisplatin-induced nephrotoxicity

1.3.1 Preliminary work and potential mechanisms

Previous studies confirmed the existence of similarities in the mechanisms
underlying cisplatin-induced nephrotoxicity and its anticancer effects.
cisplatin-induced DNA damage and generation of ROS are found in both
cancer cells and renal cells. These cellular stressors activate the p53 and
MAPK signaling pathways, subsequently leading to caspase activation and
initiation of apoptotic pathways. This finding suggests that conclusions drawn
from studies on the anticancer mechanisms of cisplatin might also help to
understand the mechanisms underlying cisplatin-induced nephrotoxicity.

With the aim to identify regulators of cisplatin-induced cell death, a doctoral
student in our laboratory, Iris Hansjosten, previously co-exposed two human
cancer cell lines to 1120 bioactive chemicals, including FDA-approved drugs,
and cisplatin [65]. Among several hits, G protein-coupled estrogen receptor
(GPER) inhibitors were found to significantly suppress cisplatin-induced
cancer cell death. This discovery implies the involvement of GPER in
cisplatin-induced cancer cell death. Considering the similarities in the
mechanisms of cisplatin-induced nephrotoxicity and its anticancer effects, this
result prompted our speculation on whether GPER could regulate

cisplatin-induced nephrotoxicity.
1.3.2 GPER

GPER (G protein-coupled estrogen receptor), also known as GPR30, is a
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transmembrane receptor that belongs to the G protein-coupled receptor
(GPCR) family [66]. It was first identified in 1996 as a novel estrogen receptor
that mediates estrogen signaling pathways independently of the classical
estrogen receptors, ERa and ERB. Unlike ERa and ERp, which are
predominantly localized in the nucleus [67]. GPER is primarily located on the
cell membrane and endoplasmic reticulum (ER), allowing for rapid signaling
responses [68] (Figure 1.4).

GPER is widely expressed in various tissues and cell types, including
reproductive organs, cardiovascular system, nervous system, and cancer cells.
Its expression pattern suggests that it plays a critical role in mediating
estrogen’s diverse physiological functions beyond the classical
estrogen-responsive tissues [69]. Activation of GPER by estrogen or selective
agonists leads to the activation of intracellular signaling cascades, including
cyclic adenosine monophosphate (cAMP) pathway [70], calcium (Ca?*)
signaling pathway [71], phosphoinositide 3-kinase (PI3K) pathway [72], and
mitogen-activated protein kinase (MAPK) pathway [73] (Figure 1.4).

The involvement of GPER in various cellular processes has attracted
significant attention in recent years. Studies have demonstrated its role in
regulating cell proliferation, migration, and apoptosis, which are critical for
normal tissue development and homeostasis [74] (Figure 1.4).

One of the key physiological functions of GPER is its involvement in cell
proliferation. Activation of GPER has been shown to stimulate cell growth and
promote cell cycle progression in different cell types. This suggests that GPER
signaling is crucial for regulating the balance between cell proliferation and
differentiation. Furthermore, GPER has been implicated in the growth and
development of reproductive organs, including the uterus, ovaries, and
mammary glands, where estrogen signaling is known to play a significant role.
GPER also influences cell migration, which is a fundamental process in tissue
development, wound healing, and metastasis. Activation of GPER has been

shown to enhance cell motility and promote invasive behavior in various
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cancer cell lines. Additionally, GPER-mediated signaling has been implicated
in the regulation of epithelial to mesenchymal transition (EMT) [75], a critical
process involved in tissue remodeling and metastatic dissemination of cancer
cells.

Although the majority of studies have highlighted the role of GPER in
promoting cell proliferation, emerging evidence suggests that it can also
modulate apoptotic pathways under specific conditions. Liliana et al.
elucidated that G-1, a GPER agonist, causes an early rise of intracellular Ca?*,
arrests the cell cycle in G2/M, reduces viability, and provokes apoptosis in T
cell lines derived from patients with acute lymphoblastic leukemia [76].
Interestingly, the apoptotic effects of GPER signaling can vary depending on
the cellular context and the specific stimuli involved. Han et al. found that
GPER activation protects the brain after ischemia/reperfusion injury and
reduces apoptosis via the endoplasmic reticulum stress-mediated apoptotic
pathway. [77] The precise mechanisms underlying GPER-mediated apoptosis
are still being elucidated, and further research is needed to fully understand
the conditions and cellular contexts in which GPER elicits pro-apoptotic
effects.

Overall, GPER exerts diverse physiological functions beyond its role in
disease contexts. Its involvement in cell proliferation, migration, and apoptosis
highlights its significance in tissue development, homeostasis, and
regeneration. Understanding the intricate mechanisms underlying GPER
signaling in these physiological processes may provide insights into potential
therapeutic interventions for various diseases and contribute to the
development of personalized medicine approaches. Further research is
needed to unravel the complexities of GPER-mediated signaling and its

precise role in different physiological contexts.
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Figure 1.4 Cellular signaling mechanisms of GPER

[1] The classic estrogen receptors ERa and ERB primarily exist in the cytoplasm and
nucleus of cells, and upon dimerization, interact with estrogen response elements (ERE),
driving genomic responses.

[2] GPER was found in the endoplasmic reticulum and cell membrane. Unlike the nuclear
estrogen receptors, GPER signaling occurs through signaling cascades. GPER activation
induces heterotrimer G protein Gafy dissociation. The Ga-subunit then leads to the
activation of cAMP, PI3K and calcium signaling pathway.

[3] GBy-subunit and Src family kinase-dependent intracellular signals transactivate the
epidermal growth factor receptor (EGFR), leading to the release of heparin-binding
epidermal growth factor-like growth factor (HB-EGF) from the cell surface. The released,
active HB-EGF then binds to the EGFR, initiating downstream activation of the MAPK
pathways.

[4] MAPK, cAMP, PI3K and calcium signaling pathway can induce nongenomic effects
(indicated by dotted arrows), or genomic effects regulating gene transcription (indicated
by solid arrows), finally leading to cell proliferation, migration and more.

1.3.3 GPER and kidney

GPER expression has been detected in various renal cell types, including
renal tubular and epithelial cells. Specifically, GPER has been found in the
cortical epithelia [78], brush border of proximal tubules [79], and distal
convoluted tubule [78].

Different studies confirmed that GPER exerts renoprotective effects through
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various mechanisms, including reducing oxidative stress, renal hypertrophy,
and glomerular permeability [74]. GPER activation inhibits podocyte apoptosis
by decreasing ROS production, highlighting its anti-apoptotic effects [80].
Similarly, G1 treatment has been shown to enhance the activity of superoxide
dismutase and reduce the levels of malondialdehyde in renal epithelial cells
that are subjected to methotrexate treatment [81]. These findings further
emphasize the antioxidant properties associated with the activation of GPER.

Interestingly, nearly all studies consistently attribute nephroprotective abilities
to GPER in various contexts or under different stimuli, whether it's AKI [82] or
chronic kidney disease (CKD) [83]. Only Hutchens et al. reported that the
genetic deletion of GPR30 (GPER) could reduce serum creatinine levels in
male mice, indicating that GPER deficiency also possesses kidney-protective
functions under certain specific conditions or stimuli [84]. Further research is
warranted to unravel the intricate mechanisms underlying GPER mediated
effects in the kidney and explore its potential as a therapeutic target for renal

diseases.

1.3.4 GPER and cisplatin

Except for one article, previous studies have not reported on the involvement
of GPER in cisplatin-induced nephrotoxicity. Gohar et al. investigated whether
the deletion of the GPER1 gene would exacerbate cisplatin-induced AKI in
male mice. The results indicated that the absence of GPER1 promoted renal
cell apoptosis and attenuated the upregulation of heme oxygenase-1 induced
by cisplatin, suggesting that GPER1 may play a role in cellular protection and
anti-apoptosis in AKI [80]. However, this study also mentioned that the data
obtained from their research did not support a role for GPER1 in
cisplatin-induced renal injury because the deletion of the GPER1 gene did not
alter relevant parameters of cisplatin-induced kidney damage, including serum
urea, kidney injury molecular 1 (KIM1) and others.

It's worth noting that many aspects were not clearly explained by Gohar and
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colleagues, including 1) conducting experiments only on male mice rather than
female mice, and 2) not extensively examining whether GPER gene knockout
would affect changes in the proximal tubules, which are the most severely
affected areas in cisplatin-induced kidney injury.

Interestingly, not only are there limited studies addressing the involvement of
GPER in cisplatin-induced nephrotoxicity or anticancer effects, but also the
research on other GPCRs and their role in cisplatin-induced effects is scarce.
In the following some hypothesis on the potential interaction of cisplatin with
GPER are summarized:

1) Direct Binding:

Babolmorad et al. demonstrated that cisplatin can directly bind to Toll-like
receptor 4 (TLR4) to regulate cisplatin-induced ototoxicity [85]. While the
specific molecular details and structural requirements for the binding between
cisplatin and TLR4 require further investigation, Babolmorad et al. proposed
that cisplatin may directly bind to TLR4, similar to the TLR4 agonist
lipopolysaccharide [85]. Moreover, Pan et al. found that cisplatin binds to the
C622 (Cysteine 622) residue in the glucocorticoid receptor (GR) that induces
platinum resistance [86]. These discovery supports the possibility of cisplatin
directly modulating other receptors.

2) Indirect Regulation:

Instead of directly binding to the GPER, cisplatin might indirectly impact GPER
function through the activation of other processes, for example,
cisplatin-induced DNA damage, ROS generation, or calcium signaling. These
initial events in turn ultimately result in the onset of apoptosis or release of
pro-inflammatory factors, including tumor necrosis factor a (TNF-a), interleukin
6 (IL-6), and others. Although the extent to which these pathways affect GPER
remains unknown, various past studies still provide us with valuable reference
points. For example, calmodulin [87] and CCL-18 (chemokine) [88] have been

shown to regulate GPER-dependent signaling.
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1.3.5 GPER and MAPK

Similar to most GPCRs, GPER activation leads to significant activation of
MAPK in different cell types [89-91]. Compared to other members of the GPCR
family, there is not a great deal of research on the specific mechanisms by
which GPER activates MAPK. There are no studies reporting that the
traditional G protein Ga can directly activate the MAPK signaling pathway.
Instead, more reports show that the GBy complex can activate the Src-related
tyrosine kinase family, leading to the transactivation of EGFR. Activated EGFR
ultimately signals to MAPK (Figure 1.4) [92, 93].

In most cases, GPER activation-induced MAPK activation promotes
proliferation and migration (Figure 1.4). Scaling et al. demonstrated that in in
vitro experiments, estrogen (E2) can promote proliferation of the MCF10A cell
line (non-tumorigenic human breast cells) by activating ERK through GPER
[94].

However, the cellular outcomes following MAPK activation are
context-dependent, varying across cell types, stimuli, and physiological
conditions. Thus, the GPER-MAPK signaling cascade can also induces cell
apoptosis. For example, Qiu et al. confirmed that the GPER agonist G1
promotes apoptosis and inhibits cell growth in hepatocellular carcinoma cells
via the GPER/ERK signaling pathway [90], and Ding et al. demonstrated that
estrogen-induced vascular smooth muscle cell apoptosis requires the

GPER/ERK signaling cascade [95].
1.4 Nephrotoxicity research in the zebrafish

embryo model

1.4.1 General strengths of the zebrafish model system

The zebrafish (Danio rerio) has emerged as a powerful model organism for

scientific research across various disciplines [96]. Its unique characteristics
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and advantages have contributed to its widespread use and popularity in
biomedical, developmental, and genetic studies. Here, it's necessary to
explain that Balon et al. first proposed a nomenclature for the different
developmental stages of zebrafish [97]. Considering that our experiment only
used zebrafish from 0-5 dpf, this stage is still referred to as the embryonic
period. The embryonic period is defined as extending from fertilization until the
developing fish is no longer dependent on the yolk for nutrition. The term
‘embryo’ generally refers to prehatching stages (0-2 dpf). The term
‘eleutheroembryo’ refers to posthatching embryonic stages, which some other
researchers call ‘sac fry’ or ‘yolk sac larvae’ (2-5 dpf). However, the
nomenclature has not been overly emphasized in past studies, and the term
‘eleutheroembryo’ is rarely used in current literature, with ‘larva’ being more
common [98, 99]. In our study, to avoid unnecessary ambiguity, the term
‘embryo’ is used to encompass zebrafish from 0-5 dpf, and the term ‘larvae’
specifically refers to zebrafish from 2-5 dpf.

One of the major strengths of the zebrafish model is its high degree of genetic
similarity to humans [100] (Figure 1.5). The zebrafish genome shares a
significant level of conservation with the human genome, making it an
invaluable tool for investigating human genetic disorders and disease
mechanisms. Researchers can easily manipulate zebrafish genes using
techniques such as gene knockout, knockdown, and transgenesis, allowing for
the study of gene function and the modeling of human diseases [101].
Another advantage of zebrafish is their external and rapid development (Figure
1.5). Zebrafish embryos are transparent, enabling researchers to directly
observe and study embryonic development in real-time [102]. This
transparency, combined with the external development, facilitates the
visualization and tracking of organogenesis, tissue interactions, and cellular
behavior during different stages of embryogenesis. This feature has been
particularly useful in studying early embryonic development and organ

formation.
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Zebrafish also possess a remarkable regenerative capacity, making them an
excellent model for studying tissue repair and regeneration [103] (Figure 1.5).
They can regenerate various organs, including the heart [104], spinal cord
[105], and fins [106]. By studying the regenerative processes in zebrafish,
researchers can gain insights into the cellular and molecular mechanisms
underlying tissue regeneration, which could have implications for regenerative
medicine and therapies in humans.

The large clutch size of zebrafish is another advantageous characteristic
(Figure 1.5). Zebrafish produce a large number of offspring in each mating,
resulting in hundreds of embryos. This abundance of embryos allows for
high-throughput experimental approaches, such as genetic [107] and chemical
screens [108], which can identify novel genes, pathways, and drug candidates
involved in various biological processes and diseases.

Zebrafish are also amenable to pharmacological studies (Figure 1.5). Their
small size and external development make them suitable for drug
administration and screening [109]. Researchers can test the efficacy and
toxicity of potential drug candidates in zebrafish models, providing valuable
insights into drug mechanisms and safety profiles.

In addition to these advantages, zebrafish are relatively easy and
cost-effective to maintain in the laboratory [110] (Figure 1.5). They have a short
generation time and require minimal space and resources compared to other
vertebrate model organisms. This accessibility and affordability make zebrafish
an attractive model for both academic and industrial research.

In conclusion, the zebrafish model system offers a wide range of strengths and
advantages for scientific research. Its genetic similarity to humans, external
and rapid development, regenerative capacity, large clutch size, and suitability
for pharmacological studies make it a versatile and valuable tool for
investigating various biological processes, genetic diseases, and potential
therapeutics. The zebrafish model continues to make significant contributions

to our understanding of human biology and disease, and it holds great promise
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for future discoveries and advancements in biomedical research.

Advantages
-High Fecundity -Rapid Development
-Inexpensive -Genetic Engineering
-Transparent Embryos -Vertebrate
-Gene Knockdown Tools -High Throughput Screens
Zygote Hatching
(0-0.75hpf) (48-72 hpf)
m
Life cycle
S—
Adult
(90dpf-2
years)

Figure 1.5 Zebrafish Model System
Schematic illustrating the advantages of zebrafish as a model system.

1.4.2 Conservation of kidney development, structure and

function in zebrafish larvae and mammals

Kidney development in humans undergoes three distinct stages characterized
by the appearance of the pronephros, mesonephros, and metanephros [111].
The first two structures are transient in mammals and eventually only the
metanephros persists throughout life. The pronephros is the functional kidney
during embryonic development of lower vertebrates such as amphibians and
fish, and is later replaced by the mesonephros as the functional kidney.

While the overall complexity of the human kidney far exceeds that of zebrafish,
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the nephron is the structural and functional unit of all kidney types. Nephron
development involves four sequential stages: A) induction of the intermediate
mesoderm to form the renal primordium, B) epithelialization and growth of the
renal tubules, C) specialization of the nephron into distinct segments, and D)
vascularization of the nephron for blood filtration [112].

The nephron is divided into three parts: 1) the glomerulus, which filters blood; 2)
the tubules, which absorb and secrete solutes; and 3) the collecting ducts,
which collect and excrete waste and metabolic materials [113]. The tubular
epithelium is divided into different segments to perform specific functions. The
zebrafish pronephros segmental organization resembles that of the
mammalian metanephros, as shown in Figure 1.6. The zebrafish pronephric
tubules are divided into proximal tubule, distal tubules which resemble the
segmentation pattern of mammalian metanephric nephrons (Figure 1.6). One
of the main differences between zebrafish and mammalian nephrons is the
absence of the loop of Henle (intermediate tubule) in zebrafish, which acts as a
countercurrent multiplier to generate a medullary osmotic gradient for water
conservation [114]. This segment would serve no purpose in zebrafish as itis a
freshwater fish. Each segment has distinct cell types and segment-specific
gene expression, which are conserved in vertebrates [115].

Apart from the structural conservation, zebrafish larval and human nephron
also exhibit functional similarities. Zebrafish possess one pair of pronephros,
which starts to form after 12 hpf and becomes fully functional by 48 hpf [116].
By 48 hpf, the larval glomerulus already contains specialized cells, such as
supporting mesangial cells and podocytes, that aid in blood filtration. The
capillaries in the glomerulus have fenestrations and are leaky, allowing
components from the plasma to be filtered into the renal corpuscular filtrate.
lons and water are reabsorbed from the renal corpuscular filtrate as it passes
through the tubules composed of polarized epithelium. The remaining filtrate
then enters the ducts for final processing [113].

In Europe, in line with recommendations of the European Union Legislation
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(EU Directive 2010/63/EU), research on zebrafish larvae is permitted without
any additional approval by regulatory agencies up to 5 dpf [117]. The
pronephros development is fully established [113]. Considering the highly
conserved and similar functional and structural characteristics between
zebrafish larvae and human nephron, zebrafish larvae fulfill the basic

requirements for an alternative model in nephrotoxicity testing.
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Figure 1.6 The structure of the kidneys varies among vertebrates, but the composition of
nephron segments is broadly conserved

Figure is modified from McCampbell et al [118].

(A) The mammalian kidney is composed of a variable number of nephrons, ranging from
thousands to millions. Each nephron is a convoluted tubule with a complex arrangement
of epithelial cells.

(A’) After straightening the mammalian nephron, it primarily consists of the glomerulus
(green), proximal tubule (yellow), intermediate tubule (grey), distal tubule (light blue), and
collecting duct (black).

(B) At 2 days post-fertilization (dpf), zebrafish embryos develop linear pronephrons,
consisting of a pair of nephrons. The schematic diagram in lateral view illustrates a single
nephron.

(B’) The zebrafish pronephric nephron, consisting of the glomerulus (green), proximal
tubule (yellow), distal tubule (light blue), and collecting duct (black).

As cisplatin primarily damages the glomerular and proximal tubule regions (marked by an
X)) of the nephron, which are conserved in zebrafish larvae and mammals (A’). zebrafish
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larvae possess the full potential to serve as a model for studying cisplatin-induced
nephrotoxicity.

1.4.3 Zebrafish larval model in nephrotoxicity research

Previous research confirmed that various nephrotoxins, including
chemotherapy drugs (cisplatin [119] and adriamycin [120]) and aminoglycoside
antibiotics (gentamicin [121] and puromycin [122]), can induce renal cell death
through different mechanisms in both humans and rodent animal models,
ultimately leading to varying degrees of kidney injury. Over the past two
decades, the zebrafish model gradually evoked the interest of researchers,
and both adult and larval zebrafish models have become essential tools for
assessing different nephrotoxins.

In previous studies, zebrafish embryos and larvae have been considered as
rapid screening models for assessing nephrotoxicity [123]. However, when it
comes to studying drug-induced nephrotoxicity mechanisms, researchers tend
to favor the use of adult zebrafish, as it allows for easier access to organ- or
tissue-specific responses [124]. Nevertheless, in recent years, with the
advancement of various biochemical and transgenic technologies, several
pioneering research groups have successfully established zebrafish larvae as
a robust model for studying nephrotoxicity. Utilizing zebrafish larvae model to
assess various nephrotoxins, including chemotherapy drugs (cisplatin [125]
and adriamycin [126]) and aminoglycoside antibiotics (gentamicin [118] and
puromycin [127]), has highlighted the significant advantages of this approach.

1). Different nephrotoxins induce varying degrees of edema in zebrafish larvae,
including cardiac edema, yolk sac edema, and eye edema, cerebral edema,
kidney edema [128], among others [129].

2). Just as demonstrated in Section 1.4.2, the patterns of segments and
cellular compositions in zebrafish kidney nephrons are more accessible and
easier to observe compared to those in humans and mice [130, 131].

3). Some parameters related to kidney injury still apply to zebrafish larvae,
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such as glomerulus filtration rate [129], proteinuria [132], and kidney injury
markers [133].

In this context, | chose to use gentamicin as an example to elucidate the
methods and endpoints employed in nephrotoxicity research using the
zebrafish larval model. Gentamicin is an aminoglycoside antibiotic that is
widely used as a model drug to investigate nephrotoxicity.

1. Edema formation

McCampbell et al. injected 2.5 mg/ml of gentamicin into zebrafish embryos at
48 hpf and observed notable morphological changes in zebrafish larvae [118].
At 24 hours post injection (hpi), the yolk sac of the embryo exhibited a
darkened color, accompanied by some pericardial edema, consistent with the
renal insufficiency phenotype previously observed in other studies [125, 134].
By 48 hpi, the darkening of the yolk sac intensified, and the edema increased
to a moderate level. Severe pericardial edema and body curvature were
observed in embryos at 72 hpi.

In summary, this progressive phenotype begins with the formation of
pericardial edema and gradually progresses to yolk sac edema formation,
ultimately resulting in excessive fluid accumulation and body curvature. These
morphological changes in zebrafish are not exclusively triggered by gentamicin
but are also observed in response to other nephrotoxic agents, such as
aristolochic acid [135] or puromycin aminonucleoside [136]. Thus, formation of
edema serves as a read-out of nephrotoxicity induced by nephrotoxic drugs.
Particularly in the study of nephrotoxicity, zebrafish models offer a more
convenient and rapid assessment of morphological changes compared to
other rodent models.

2. Mortality

Although the injuries caused by gentamicin are similar in different species,
several research groups have now reported that gentamicin treatment leads to
the death of zebrafish embryos [98, 125]. McCampbell et al. also found,

through further testing of different gentamicin doses, that all embryos that
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developed edema were unable to survive [118]. It seems that gentamicin
exposure causes severe damage to the nephron tubules, from which the
embryos cannot recover. Considering that embryonic zebrafish have only two
nephrons, exposure to gentamicin easily results in damage to both nephrons,
complete loss of renal function, and eventually embryonic death.

This high mortality in zebrafish resulting from nephrotoxicity is not limited to
gentamicin but is also observed with other nephrotoxic substances, such as
the phytochemical aristolochic acid (AA), cadmium chloride (CdCl,), the
mycotoxin ochratoxin A (OTA) and potassium bromate (KBrO3) [99]. Compared
to rodent models, which often require long-term systemic administration to
induce nephrotoxicity-related deaths, zebrafish embryos experience high
mortality within a short period of days. Alongside the formation of edema, this
high mortality provides an additional marker of severe nephrotoxicity.

3. Kidney reporter lines

Over the past 20 years, several transgenic zebrafish lines have been
established by researchers to study kidney development and function. These
transgenic lines often express fluorescent proteins to localize kidney specific
markers, allowing researchers to visualize and track the development and
morphology of kidney structures in real-time. According to the zebrafish kidney
development atlas, the first established transgenic zebrafish lines for kidney
research were Tg(wt1b:EGFP), Tg(wt1a:EGFP) [137], and Tg(pax2a:GFP)
[138]. However, in these transgenic fish lines, at 3 dpf, the fluorescent signals
are not limited to the pronephros region but are also expressed in other organs.
For example, at 3 dpf, Tg(wt1b:EGFP) exhibits strong signals in the exocrine
pancreas. In recent years, Tg(cdh17:GFP) [139] and Tg(gtshB:GFP) [140]
have become available as reporter lines with specific fluorescence expression
in the pronephros region between 2 dpf and 5 dpf in early zebrafish embryos.
4. Kidney injury markers

Unlike in clinical and other animal models, certain commonly used kidney

injury indices, such as serum creatinine and blood urea nitrogen, cannot be
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used in zebrafish larval models. However, several kidney injury markers can
be measured or observed to evaluate the extent of kidney damage or study the
effects of different treatments or conditions on the zebrafish kidney, including
kidney injury molecule 1 (kim7) [141, 142], clusterin (clu) [143], and connective
tissue growth factor (ctgf) [144]. Among these markers, kim1 is the most
extensively studied kidney injury marker in different models. kim71 is a
transmembrane protein expressed in the proximal tubules of the zebrafish
kidney. Its expression is upregulated in response to kidney injury, making it a
valuable marker for detecting and assessing kidney damage.

5. Histopathological changes

Histological sectioning is a common technique to study internal structures and
tissues at a microscopic level. Combined with the commonly used biochemical
methods, such as in situ hybridization (ISH) and immunohistochemistry (IHC),
histological sectioning allows for specific visualization of tissue or organ
pathological changes at the cellular level and by employing different antibodies
or staining techniques also at the molecular level. Cosentino et al. and Bauer
et al. performed immunostaining using ATP1A1 (a6f) antibody [98] or
hematoxylin and eosin (H&E) staining [99], respectively. The sections revealed
gentamicin mediated injury, characterized by flattening and loss of the
pronephric tubule brush border, tubular swelling, and the presence of debris in

the tubular lumen.

1.5 Aims of this thesis

Nephrotoxicity is a major problem associated with the use of cisplatin, a potent
chemotherapeutic drug widely used against various cancers. Unfortunately, up
to one third of patients undergoing cisplatin therapy experience severe side
effects, particularly in normal non-target tissues, including the kidneys. To
enhance the clinical benefits of cisplatin treatment, it is crucial to prioritize the
development of innovative strategies aimed at preventing nephrotoxicity.

Our group’s previous work discovered that inhibiting the function of G
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protein-coupled estrogen receptor (GPER) effectively suppresses
cisplatin-induced cancer cell death. As mentioned earlier, the similarities
between cisplatin-induced nephrotoxicity and its anticancer effects suggest the
possibility of GPER involving in regulating cisplatin-induced nephrotoxicity.
Based on the conserved nephron structure and physiological similarities to
humans, zebrafish larvae have been chosen as the animal model in this study
to investigate the mechanisms underlying cisplatin-induced nephrotoxicity.
There have been limited studies on cisplatin-induced nephrotoxicity in
zebrafish larvae, and specific methods for reference are lacking. The specific
objectives of this project are as follows:

1. Establishment of a zebrafish larval model for cisplatin-induced
nephrotoxicity.

2. Investigation of the potential mechanisms of cisplatin-induced nephrotoxicity,
particularly examining the role of GPER.

By employing the zebrafish model, we aimed to gain a better understanding of
the cellular and molecular events associated with cisplatin-induced
nephrotoxicity, with a specific focus on the potential involvement of GPER.
This research may provide valuable insights into the development of novel
therapeutic targets to mitigate kidney damage associated with cisplatin

treatment.
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2 Materials and Methods
2.1 Materials

2.1.1 Solutions and buffers

Table 2.1 Composition of the different solutions and buffers

Name Purpose Recipe

60x E3 medium (stock Zebrafish 5 mM NaCl, 0.17 mM KCI, 10 mM HEPES, 0.33

solution) culture mM MgSO4, 0.33 mM CaCl2
10x
. 1.37 M NaCl, 27 mM KCI, 100 mM NazHPOg4, 18
Phosphate-buffered Washing
. mM KH2PO4
saline (PBS)
PBS with Tween-20 ;
Washing 1x PBS, 0.1% Tween-20 (v/v)
(PTW)
. ) 125 mM NaCl, 5 mM KCI, 0.8 mM Na2HPO4, 1.5
Ringer’s buffer Washing

mM CaClz (pH ~ 7.4)

4% paraformaldehyde

. Fixation 1x PBS, 4% PFA (w/v) (pH ~ 7.2)
(PFA) solution

o 1.6% UltraPure low melting point agarose (w/v),
1.6% agarose gel Microinjection .
1x E3 medium

20x SSC buffer (stock

i ISH 3 M NaCl, 0.3 M sodium citrate
solution)
) 100 mM Tris pH9.5, 50 mM MgCl2, 100 mM NacCl,
Blocking buffer (ISH) ISH
0.1% Tween-20
50% formamide (v/v), 5x SSC buffer, 500 pg/ml
e yeast RNA, 50 pug/ml heparin, 5mM
Hybridization buffer ISH - ) )
ethylenediaminetetraacetic acid (EDTA), 0.1%
Tween-20 (v/v)
. 100 mM Tris-HCI pH 9.5, 50 mM MgCI2, 100 mM
Staining buffer ISH
NaCl, 0.1% Tween-20 (v/v)
50% formamide (v/v), 50% 2x SSC buffer, 0.1%
Wash buffer 1 ISH
Tween-20 (v/v)
Wash buffer 2 ISH 2x SSC buffer, 0.1% Tween-20 (v/v)
Wash buffer 3 ISH 0.2x SSC buffer, 0.1% Tween-20 (v/v)
33.3% PTW, 66.7% 0.2x SSC buffer, 0.1%
Wash buffer 4 ISH
Tween-20 (v/v)
66.7% PTW, 33.3% 0.2x SSC buffer, 0.1%
Wash buffer 5 ISH
Tween-20 (v/v)
Bleaching buffer ISH and IHC 1.79 mM KOH, 3% H202 (v/v)
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Proteinase K solution

ISH and IHC

1x PTW, 10 pg/ml proteinase K

PBT IHC 1x PBS, 1% Triton (v/v)
Dent’s fixative IHC 80% methanol, 20% dimethyl sulfoxide (DMSO)
50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40
RIPA buffer WB lysis buffer, 0.5% sodium deoxycholate (w/v), 5
mM phenylmethylsulfonyl fluoride (PMSF)
4% sodium dodecyl sulfate (SDS) (v/v), 10%
. 2-mercaptoethanol (v/v), 20% glycerol (v/v),
Loading buffer WB
0.004% bromophenol blue (w/v), 0.125 M
Tris-HCI (pH ~ 6.8)
4 ml H20, 3.3 ml 30% acrylamide mix, 2.5 ml 1M
10% Separating gel WE Tris (pH 8.8), 0.1 ml 10% SDS, 0.1 ml 10%
(10 ml) ammonium persulphate solution (APS), 10 ul
tetramethylethylenediamine (TEMED)
. 6.8 ml H20, 1.7 ml 30% acrylamide mix, 1.25 ml
5% Stacking gel (10 i
) WB 1 M Tris (pH 6.8), 0.1 ml 10% SDS, 0.1 ml 10%
m
APS, 10 yl TEMED
Running Buffer WB 25 mM Tris, 190 mM glycine, 0.1% SDS
25 mM Tris, 190 mM glycine, 20% methanol,
Transfer buffer WB
0.1% SDS
10 x Tris-buffered
saline (TBS) (stock WB 1 M Tris-HCI, 5 M NaCl (pH ~ 7.4)
solution)
TBS with with
WB 1x TBS, 0.1% Tween-20 (v/v)
Tween-20 (TBST)
, 1x TBST, 5% skim milk powder / bovine serum
Blocking buffer (WB) WB

albumin (w/v)

2.1.3 Commercial reagents

Table 2.2 Commercial reagents

Catalog
Name Purpose Company number
gPCR kits RT-gPCR Promega A6010
Maxima first strand cDNA cDNA )
synthesis kit for RT-gPCR synthesis ThermoFisher K1641
Sacl-HF restriction enzyme ISH NEB R3156S
Sacll restriction enzyme ISH NEB R0157S
T7 RNA polymerase ISH Promega P2075
RNasin ribonuclease inhibitor ISH Promega N2511
SP6 RNA Polymerase ISH Promega P1085
GeneJET gel extraction kit ISH ThermoFisher K0691
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Plasmid midi kit ISH QIAGEN 12145
XL1-blue competent cells ISH Agilent 200249
Digoxigenin RNA labeling mix ISH Roche 11277073910
Anti-digoxigenin-AP, fab
ISH Roche 11093274910
fragments
pGEM-T easy vector systems ISH Promega A1360
ProbeQuant G-50 micro columns ISH Cytiva GE28-9034-08
Anti-ATP1A1 primary antibody IHC DSHB a6f
Anti-Vinculin primary antibody WB Sigma V9131
Anti-p53 primary antibody WB Genetex GTX12813
Phospho-P44/42 MAPK (Erk1/2) WB Cell Signaling 9101
(Thr202/Tyr204) primary antibody Technology
Anti-phospho-p53 (p-p53 Cell Signali
nti-p os? o-p (? p53) WB ell Signaling 9284
(Ser15) primary antibody Technology
Anti-phospho-p38 (p-p38 Cell Signali
nti-phospho 9 (p-p .) WB ell Signaling 4511
(Thr180/Tyr182) primary antibody Technology
Anti-phospho-H2A.X (p-H2AX Cell Signalin
-phospho- (p. ) WB ignaling 0577
(Ser139) primary antibody Technology
UltraPure low melting point L )
Microinjection ThermoFisher 16520100
agarose
Cisplatin Microinjection | Cayman Chemical 13119
Carboplatin Microinjection | Cayman Chemical 13112
Oxaliplatin Microinjection | Cayman Chemical 13106
G36 Incubation Tocris Bioscience 4759
G15 Incubation Tocris Bioscience 3678
RNA ,
TRIzol ] ThermoFisher 15596026
extraction
Diethyl pyrocarbonate (DEPC) RNA :
) ThermoFisher AM9906
water extraction
GoTaq G2 DNA polymerase PCR Promega. M7841
5x green GoTaq® reaction buffer PCR Promega. M7911
L Steinbrenner
Q-PCR clear seal adhesive film RT-gPCR SL-AM 0558
Laborsysteme
96-well PCR platte RT-gPCR Biozym 710888
DNase ISH Roche 04716728001
GeneJET RNA purification kit ISH ThermoFisher K0732
Proteinase K ISH and IHC NEB P8107S
PageRuler™ plus prestained .
: WB ThermoFisher 26619
protein ladder
Anti-mouse-HRP second
WB DAKO P0447

antibody
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Anti-rabbit-HRP secondary

k WB DAKO P0448
antibody
Anti-goat-HRP secondary
) WB DAKO P04489
antibody
Anti-mouse-fluorescent 488
) IHC Abcam ab150113
secondary antibody
. Histologic
Epon-812 (Glycid ether 100) , Serva 21045
section
- Histologic ;
Toluidine blue ) Sigma 198151
section
Dodecenylsuccinic acid Histologic
] ] Serva 20755
anhydride (DDSA) section
; : Histologic
Methylenacid anhydride (MNA) . Serva 29452
section
2,4 ,6-tris(dimethyl-aminomethyl Histologic
(dimethyl-ami yhp | Histologi Serva 36975
henol (DMP 30) section
Dextran, fluorescein, 70,000 MW, - )
o Microinjection ThermoFisher D1823
anionic
Dextran, rhodamine B, 10,000 L )
Microinjection ThermoFisher D1824
MW, neutral
Q-VD-OPh Incubation MP Biomedicals 030PH109-CF
PD98059 Incubation Sigma 513000
: Cell Signaling
uo126 Incubation 9903
Technology
Gentamicin sulfate Microinjection Sigma G1914
Polyvinylidene difluoride (PVDF) .
WB Millipore IPVHO00010
membrane
SYTO-59 red fluorescent nucleic L )
. ) Microinjection ThermoFisher S11341
acid stain
NP-40 lysis buffer WB ThermoFisher J60766.AP
PCR tubes PCR Eppendorf EP0030124359

2.1.3 Instruments and equipment

Incubator for fish embryos (Heraeus, Germany)

Incubator for bacteria (Heraeus, Germany)

FemtodJet microinjector (Eppendorf, Germany)

Flaming-Brown Needle puller (Sutter Instruments, USA)

TCS SP8 confocal microscope (Leica, Germany)

Stereomicroscope SMZ645 (Nikon, Japan)
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DM6 B Fluorescence LED Microscope (Leica, Germany)
NanoDrop ND-1000 (Peqlab, Germany)

Bio-analyzer 2100 (Agilent, USA)

PCR-Thermocycler Peqgstar 96 HPL gradient (Peqglab, Germany)
ChemiDoc™ MP (Bio-Rad, USA)

RM2065 microtome (Leica, Germany)

Bioanalyzer 2100 (Agilent, USA)

2.1.4 Oligonucleotides

All oligonucleotides used in this thesis, were purchased from Metabion

International AG and designed using the Blast tool

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and related literature.

Table 2.3 PCR primer sequences for ISH probes

Name Accession number Sequence
(Ensembl)

fabp10a Forward ENSDARG00000038439 5-AGCTTCTCCAGAAAGCATGG-3’
fabp10a Reverse ENSDARGO00000038439 | 5-AGTGATGGTGAAACGCTTCAG-
cdh17 Forward ENSDARG00000005112 | 5-CAGGAAAAGGAGCCCGTAGG-3
cdh17 Reverse ENSDARG00000005112 | 5-GGGATCCTTGGCTTCAGCTT-3’
podocin Forward ENSDARGO00000042850 | 5-CAAGATCTGCCCGGATAAAG-3’

podocin Reverse ENSDARG00000042850 5-CAGCTCTGGAGGAAGATTG-3’
nephrin Forward ENSDARGO00000060758 | 5-GCGATACAGCATGACAGGAG-3’
nephrin Reverse ENSDARG00000060758 5-TTCAAAGGAGCCCAGTAACG-3’
slc20a1a Forward ENSDARG00000020114 5-GCTGAGCGTTCATTGTTCAC-3’
slc20a1a Reverse ENSDARGO00000020114 | 5-TCCCGAACGGATGGTTTCGC-3
trom7 Forward ENSDARG00000036232 | 5-AAGTACTCGGAGGTGTCGGA-3’
trom7 Reverse ENSDARG00000036232 | 5-GACCAATGCGTGCGTGTATC-3

Table 2.4 PCR primer sequences for qRT-PCR

Name Accession number Sequence
(Ensembl)
B-actin Forward ENSDARGO00000037746 | 5-CGAGCTGTCTTCCCATCCA -3
B-actin Reverse ENSDARG00000037746 5- ACCAACGTAGCTGTCTTTC-3’
kim1 Forward ENSDARG00000040178 | 5-TCTCCTGTTACTGTTGGCTTT-3’
kim1 Reverse ENSDARG00000040178 | 5-ATGCCACTGTTCGTATTCGCT-3’
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clu Forward ENSDARG00000010434 | 5-AGAGGATGCTGTCGGAGATG-3’

clu Reverse ENSDARG00000010434 5'-CCTCGCTGAGCTTCTCCTT-3’
ctgf Forward ENSDARG00000042934 | 5-CTCCCCAAGTAACCGTCGTA-3
ctgf Reverse ENSDARG00000042934 | 5-TCCACCAAACACACAAGTGG-3’

hmox1 Forward ENSDARG00000027529 | 5-GGACTTGGAGCACTTCTTCG-3’
hmox1 Reverse ENSDARG00000027529 | 5-GGACTGCTCTTGCCAATCTC-3’

Table 2.5 Morpholino sequences

Target gene Sequence Type Reference
5-ACATTGGTAGTCTGCTCCTCCATGC- Chaturantabut
gper1 ATG
3 et al. [145]
5-GCTGCAACACCTGTTATAAGAGAAA- . Chaturantabut
gpert Splice
3 et al. [145]
, , Weger et al.
p53 5’-GCGCCATTGCTTTGCAAGAATTG-3 ATG [146]
Random Finckbeiner et
control 5’-CCTCTTACCTCAGTTACAATTTATA-3’
control al. [147]

Table 2.6 PCR primer sequences to assess the efficacy to block splicing by

the morpholino

Name Sequence
gper1 Ex1 Forward 5-ACTTTGTCATCGTTGAAGGT-3’
gper1 Int Forward 5-TGTCAGATCCACAACAGAGA-3
gper1 Ex2 Reverse 5’-CATTGACGTGTCTTTACTGCGCCCTCATC-3’

2.1.5 Zebrafish lines

Table 2.7 Zebrafish lines

Name Allele Type Reference
AB ZIRC KA Wild-Type Hansjosten et al [148]
Tg(mpeg1:GFP) gl22Tg Transgenic insertion Hayashi et al. [149]
p53 -/- ka801 Small deletion Elabd et al. [150]

2.2 Methods

2.2.1 Zebrafish husbandry and maintenance

Fish housing and husbandry followed the recommendations by the zebrafish

book [151]. The fish were maintained in a recirculation system at 28°C with a
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14 hours light and 10 hours dark cycle [152]. They were fed a diet of
commercial food and in-house hatched brine shrimp. To initiate breeding, male
and female fish were separated using a grid and placed in a 1L laying cage
containing recirculation system water. One or more pairs of fish were
introduced into the cage. On the second day of cohabitation, the eggs would
fall into a compartment below to prevent cannibalism by the parents. The
collected eggs were then transferred to clean petri dishes and hatched in an
incubator at 28°C.

Experiments were conducted using 2-5 days AB wild-type (WT), p537 and
Tg(mpeg1.EGFP) zebrafish embryos (Table 2.7). It is worth mentioning here
that the p53 -/- embryos used for the experiments are collected from the
incross of homozygous mutant adults. They are maternal and zygotic
homozygous mutants for p53, lacking all functional p53 protein. All animal
experiments adhered to German animal protection standards and were
approved by the Government of Baden-Wiurttemberg, Regierungsprasidium

Karlsruhe, Germany (Aktenzeichen 35-9185.64/BH KIT).

2.2.2 Microinjection

The zebrafish larvae at 2-3 dpf were anesthetized using 0.01% tricaine in E3
medium (Table 2.1). Under a stereomicroscope, the larvae were embedded in
a drop of 1.2% UltraPure low melting point agarose (in E3 medium, 28°C)
(Table 2.1) placed at the bottom of a Petri dish [153] (Figure 2.1). The samples
were oriented with the injection side facing up and the Petri dish was placed on
RT to allow the agarose to solidify for up to 5 minutes.

A microinjection needle was filled with a solution using a microloader tip and
attached to a micromanipulator. The tip of the needle was carefully broken.
Under the stereomicroscope, 10 nl different concentration cisplatin or 140 mM
NaCl solution was pressure-injected into the pericardiac space using a
Femtodet express microinjector (Eppendorf, Germany) with low injection

pressure (100-300 hPa) and a pulse duration of 0.5 - 1 second.
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After the injection, E3 medium was added, and the agarose was carefully
removed from the samples using a dissection needle. The larvae were then

maintained in an incubator at 28°C.

E3
Medium

Agarose

Injecting 2 or 3 dpf embryos with 10 nl -
platinum drugs and saline

Morphology and
mortality statistics

Injecting at
pericardiac
space of 2 dpf
larvae

Figure 2.1 The microinjection method to research adverse effects of cisplatin in zebrafish
embryos

2.2.3 Morpholino approach

Morpholino-based knockdown is a commonly used technique in various animal
models, allowing researchers to investigate the functions of specific genes
[154]. These knockdowns involve the wuse of chemically modified
oligonucleotides called morpholinos. Morpholinos were designed to be 25
bases long and have a neutrally charged backbone, which differs from the
phosphate backbone found in DNA. This modification makes morpholinos as
uncharged molecules. When introduced into organisms or cells, morpholinos
can selectively bind to the 5’ untranslated region of mMRNA, effectively blocking
the translation of the targeted mRNA [155]. Additionally, morpholinos can also
interfere with pre-mRNAs by binding to specific junctions and disrupting the
splicing process [155]. In our experiment, the morpholinos stock solution was
first diluted to a working concentration of 100 uM using sterile water. Then, 10

ul of the 100 uM morpholinos solution was mixed with 1 ul of 0.5% phenol red
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to prepare the injection solution. Zebrafish embryos at the 0-4 cell stage (0-2
hpf) were collected, and 2 nl of the injection solution was injected into the yolk
of each embryo. The injection efficiency was observed after 8 hours. If the
mortality rate was around 15%, it was considered a successful injection, and
the dead embryos were removed. If the mortality rate exceeded 15%, it
indicated injection failure, and the injection needed to be repeated. After
removing the dead embryos, the embryos were placed in fresh egg water and
incubated at 28°C.

After successful injection of morpholinos, further validation of their
effectiveness is necessary. In this study, four different morpholinos were
mainly used: GPER ATG-blocking morpholino (GPER ATG-MO) [145], GPER
splice site morpholino (GPER SP-MO) [145], p53 ATG-blocking morpholino
(p53 ATG-MO) [146], and control morpholino (CON MO) [146]. The most
straightforward method to evaluate the morpholinos is to examine the
reduction in protein levels of the target gene’s translation. This can be
assessed using western blotting analysis to determine the effectiveness of the
morpholinos. Given that we have suitable p53 antibody (Table 2.2), the efficacy
of p53 ATG-MO can be evaluated using the western blotting method. As for the
effectiveness of GPER ATG-MO and GPER SP-MO, since lacking appropriate
GPER protein detecting antibodies, we can refer to the results from
Chaturantabut et al. [145] and observe whether GPER MO injection leads to a
reduction in liver size. The effect of GPER SP-MO could be verified by RT-PCR,

and specific experimental methods can be referenced from Eisen et al. [156].

2.2.4 Quantitative real-time PCR

A. Total RNA extraction

A total of 30 zebrafish embryos were collected and placed in a 1.5 ml
microcentrifuge tube, and excess water was carefully removed using a pipette.
Next, 500 ul of TRIzol reagent (Table 2.2), containing phenol and to be used

only under a fume hood, was immediately added to the tube containing the
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embryos at RT.

The embryos were then lysed and homogenized by gently passing them
through a syringe with approximately 20 strokes until the tissue was sufficiently
disrupted. After homogenization, the samples were incubated for 5 minutes at
RT.

To facilitate RNA extraction, 0.2 ml of chloroform was added to the sample, and
the tube was gently rocked for 15 seconds to ensure proper mixing. The
sample was then incubated for 2 minutes at RT before being centrifuged at
12,000 x g for 15 minutes at 4°C.

Following centrifugation, the mixture separated into a lower red
phenol-chloroform phase, an interphase, and a colorless upper aqueous
phase. The colorless upper aqueous phase was carefully transferred to a fresh
1.5 ml microfuge tube using a pipette with a 200 ul filter tip.

To precipitate the total RNA, 0.5 ml of isopropanol was added to the
transferred aqueous phase. The sample was allowed to sit at RT for 10
minutes and was then centrifuged at 12,000 x g for 10 minutes at 4°C. The
RNA formed a gel-like pellet at the bottom of the tube.

The supernatant was removed using a pipette with a 200 pl filter tip, and the
RNA pellet was washed with 1 ml of 75% ethanol solution. After gentle mixing
and centrifugation at 7500 x g for 5 minutes at 4°C, the ethanol was carefully
removed using a pipette.

The tube was then inverted and allowed to dry for 10 minutes at RT.
Subsequently, the pellet was resuspended in 30 pl of DEPC water
(RNAase-free) (Table 2.2), and the sample was incubated at 55°C for 10
minutes. Finally, the concentration and total RNA integrity of the sample were
assessed using a Bioanalyzer 2100 (Agilent, USA).

B. cDNA synthesis (first strand)

To perform the reaction, the steps below were followed in the indicated order,
using a sterile and RNase-free tube placed on ice:

1. The components from Maxima first strand cDNA synthesis kit for RT-gPCR
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(Table 2.2) were added in the following order to 0.2 ml PCR tubes (Table 2.2):

4 pl 5x Reaction Mix

4 yl Maxima Enzyme Mix

2 ug template RNA (all samples should have the same
amount)

Add DEPC water (Table 2.2) to 20 pl

total volume 20 pl

2. The solutions were gently mixed and then the tubes were centrifuged at
1000 x g for 10 seconds to ensure that all droplets have settled to the bottom.

3. Mixtures were incubated for 10 minutes at 25°C, followed by 15 minutes at
50°C. If the RNA template amount exceeds 1 ug, the reaction time was
extended to 30 minutes. Additionally, for RNA templates with high GC base
pair content or significant secondary structure, the reaction temperature was
increased to 65°C.

4. To stop the reaction, tubes were heated at 85°C for 5 minutes.

C. Quantitative real-time PCR

After obtaining the cDNA sample, the DNA was amplified according to an
RT-PCR protocol based on Lubke et al [157].

1. A PCR reaction mix was prepared for each target gene, including cDNA
template, PCR mix buffer from qPCR kits (Table 2.2), forward and reverse
primers specific to the target gene, and double distilled water (ddH20). The
final volume of mix solution was 20 pl.

2. Components were thoroughly mixed and tubes briefly centrifuged to collect
the reaction mix at the bottom.

3. Set up of the RT-PCR plate:

A) RT-PCR reaction mix was dispensed into the appropriate wells of a 96-well
PCR plate (Table 2.2). Note that detecting the expression level of a specific
gene in the same sample requires at least three replicates to avoid the

randomness introduced by pipetting.
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B) Plates were sealed with an adhesive film (Table 2.2) to prevent evaporation.
4. Performance of RT-PCR:

A) Sealed PCR plates were placed in a thermal cycler machine.

B) The cycling parameters were defined based on the primer annealing
temperature and the expected amplicon size. The typical PCR cycling steps
were as follows:

Initial denaturation: 3-5 minutes at 94-95°C.

Denaturation: 15-30 seconds at 94-98°C.

Annealing: 15-30 seconds at the optimized primer annealing temperature
(typically 55-65°C).

Extension: 30 seconds to 2 minutes at the recommended extension
temperature (typically 68-72°C).

The denaturation, annealing, and extension steps were repeated for the
specified number of cycles (usually 25-35 cycles). Final extension was done
for 5-10 minutes at the extension temperature.

5. Data analysis:

A) Raw data collection: the raw gPCR data were obtained, which contained the
quantification cycle (Cq) values for each sample. The Cq value represents the
cycle number at which the fluorescence signal reaches a defined threshold.

B) Relative quantification: Use methods 222€T to compare target gene
expression with reference genes or control conditions [158].

C) Statistical analysis: Analyze data using statistical methods ANOVA to

determine significant differences.
2.2.5 Whole mount in situ hybridization

A. Synthesis and labeling of digoxigenin (DIG) RNA probes

The following antisense digoxigenin-labeled probes were used: fabp10a [159],
cdh17 [160], podocin [161], nephrin [162], slc20a1a [163] and trom7 [164].
Templates were amplified by PCR from zebrafish embryonic cDNA using the

primer sequences indicated in Table 2.3. The templates obtained were inserted
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into the pGEM-T Easy Vector System (Table 2.2) [157, 165], followed by
transformation into XL1-Blue Competent Cells (Table 2.2), bacterial screening
and amplification, plasmid extraction and purification through QIAGEN plasmid
kits (Table 2.2) and subsequent sequencing. Purified circular plasmid vectors
were cut with Sacl or Sacll the restriction enzymes according to the orientation
of target gene insertion, purified by GeneJET gel extraction kit (Table 2.2), and
collected as linearized plasmid DNA.

After successfully preparing the linearized plasmid DNA, the next step was to
incubate them at 37°C for 30 minutes in vitro to synthesize antisense RNA

using the following transcription mixture:

1 ug linearized plasmid DNA

4 ul 5x transcription buffer

1.5 yl ribonuclease inhibitor (Table 2.2)

2 ul DIG labelling mix (Table 2.2)

1.5 pul T7 or Sp6 RNA polymerase (Table 2.2)
Add DEPC water to 20 pl

total volume 20 pl

After the initial incubation, the DNA template underwent digestion by adding 2
pl of DNase and incubating for 15 minutes at 37°C. The digestion reaction was
halted by adding 1 ul of 0.5M pH 8.0 EDTA. Synthesized RNA was purified by
RNA purification kit (Table 2.2). Finally, purified RNA was diluted 1:1 with
hybridization buffer for storage at -80°C.

B. Whole mount in situ hybridization

1. Fixation

- Zebrafish larvae were collected at the 3-4 dpf stage.

- Embryos or larvae were transferred into a 1.5 ml microcentrifuge tube
containing 4% PFA solution (Table 2.1).

- Samples were fixed overnight at 4°C.

2. Dehydration
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- Samples were washed three times with PTW (Table 2.1) for 10 minutes each
to remove PFA.

- Samples were transferred into methanol and stored at -20°C until further use.
3. Rehydration

Embryos stored in 100% methanol are rehydrated by successive incubations
in the following solutions:

- 75% methanol - 25% PTW for 5 min.

- 50% methanol - 50% PTW for 5 min.

- 25% methanol - 75% PTW for 5 min.

- 100% PTW for 4 x 5 min.

4. Pigment removal

- The PTW was removed and 0.5 ml bleaching buffer (Table 2.1) were added at
RT for 30 min.

- The bleaching buffer was removed and 0.5 ml PTW were added to wash
sample at RT for 10 min.

5. Proteinase K treatment

- The PTW was removed and 10 pg/ml proteinase K solution (Table 2.1) was
added. The samples were incubated at RT for 40 minutes.

- Samples were rinsed twice with PTW for 5 minutes each to stop the
proteinase K activity.

6. Prehybridization

- The PTW was removed and 400 pl hybridization buffer (Table 2.1) was added.
The samples were incubated at 65°C for 1 hour.

7. Hybridization

- A hybridization solution containing a 1:250 dilution of the labeled RNA probe
stock solution was prepared.

- The prehybridization solution was removed from the samples and replaced
with the hybridization solution containing the RNA probe.

- Samples were incubated overnight in a metal heating bath at 65°C

(hybridization temperature).
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8. Post-hybridization washes
- The hybridization solution was removed. Two washes of 30 minutes each in

wash buffer 1 (Table 2.1) at 65°C.
- The wash buffer 1 was removed. 15 minutes wash in wash buffer 2 (Table 2.1)

at 65°C.
- The wash buffer 2 was removed. Two washes of 30 minutes each in wash

buffer 3 (Table 2.1) at RT.

- The wash buffer 3 was removed. 15 minutes wash in wash buffer 4 (Table 2.1)
at RT.

- The wash buffer 4 was removed. 15 minutes wash in wash buffer 5 (Table 2.1)

at RT.
- The wash buffer 5 was removed. Two washes of 15 minutes wash in PTW at

RT.

9. Antibody incubation

- The PTW was removed and samples were incubated overnight in secondary
antibody solution (anti-digoxigenin-AP (alkaline phosphatase) antibody (Table
2.2) solution diluted at 1/1000 in blocking buffer (ISH)) at RT.

- Samples were incubated overnight at 4°C.

10. Washes

- The blocking buffer (ISH) with antibody was removed. Four washes of 30
minutes each in PTW at RT.

- The PTW was removed. Two washes of 5 minutes each in staining buffer

(Table 2.1).
11. Chemical color development
- The staining buffer was removed and the color development solution was

prepared using the following mixture:

225 pl NBT (50 mg/ml)
175 pl BCIP (50 mg/ml)
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Add staining buffer to 50 ml

total volume 50 ml

The color development solution was stored in a dark space to keep it out of the
light.

- Color development solution was added to the samples and incubated at RT
(in the dark).

- The color development was monitored every 15 minutes.

- The color development was stopped by rinsing the samples with PTW.

12. Mounting

- Samples were transferred into glycerol and positioned in a suitable
orientation.

13. Imaging and analysis

- Images of the stained samples were acquired by a fluorescence

stereomicroscope SMZ645 (Leica, Germany).
2.2.6 Western blotting

The protocol for western blotting described in the zebrafish book was used
[166], with some modifications to improve the detection of phosphorylated
proteins.

1. Collection of samples

- 30 to 40 embryos at 3 dpf were transferred to 1.5 ml microcentrifuge tube.

- The egg water was removed and 500 ml Ringer’s buffer was added to ensure
proper preservation of the samples.

2. Preparation of samples

- The Ringer’s buffer was removed and 200 pl of RIPA buffer (Table 2.1) was
added.

- The samples were put on ice for 30 minutes.

- The samples were homogenized using an ultrasonic tip sonifier (frequency:

20kHz) for 30-60 seconds.
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Notes:

A). The time interval between sonication was important for allowing the sample
to cool during ultrasound steps. Based on personal experience, it was
recommended to sonicate for 15 seconds, allow the sample to cool for 15
seconds, and to repeat this cycle 3-4 times.

B). The probe’s tip was fully immersed in the solution while avoiding contact
with the bottom of the test tube. Excessive sonication can result in visible
foaming, indicating protein denaturation in the solution.

- The homogenized samples were put on ice for 30-60 min and 50 ul loading
buffer (Table 2.1) were added to each tube.

- Samples were boiled 5 minutes in a 95°C metal bath.

Note: for proper detection of the phosphorylated protein, fresh samples were
used to avoid repeated freezing and thawing. Best results were obtained when
the sample was prepared and run on the gel at the same day.

3. Loading samples and running gels

- Prepare an SDS-PAGE gel using a 10% separating gel and a 5% stacking gel
(Table 2.1). The specific gel preparation protocol refer to Mahmood et al. [167].
- Protein samples were loaded onto a polyacrylamide gel for electrophoresis,
including a protein ladder (10 to 250 kilodalton (kDa)) as a molecular weight
marker.

- The gel was run at a constant voltage of 150 V in running buffer (Table 2.1)
until the protein bands sufficiently separated based on their molecular weights.
4. Transferring gels

Proteins were transferred from the gel to a 0.45 pm polyvinylidene difluoride
(PVDF) membrane using a wet transfer system.

- A PVDF membrane was activated with methanol for 1 min and rinsed with
transfer buffer before preparing the stack.

- The gel was immersed in transfer buffer (Table 2.2) and equilibrated for 10
minutes.

- A transfer sandwich was assembled as follows: sponge, three layers of filter
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paper, gel, PVDF membrane, three layers of filter paper, sponge. After each
layer was positioned, air bubbles were removed through a test tube. It was
important that the gel was placed with the negative (black) side facing up.

- The transfer apparatus was placed in an ice bath, the sandwich was inserted
(black side facing black side), transfer buffer was added, the electrodes were
inserted, and the apparatus was run at 100 V for 1 hour.

- After the transfer was complete, the power source was disconnected and the
hybridization membrane removed.

5. Immunoblotting

- The membrane was blocked with a blocking buffer (WB) (Table 2.1) at RT for
1 hour to prevent non-specific binding of antibodies.

- The membrane was incubated with primary antibodies directed against
phospho-ERK (p-ERK), phospho-p53 (p-p53), phospho-p38 (p-p38), p53,
phospho-H2AX (p-H2AX) (Table 2.2). Antibodies were diluted 1:2000 in
blocking buffer (WB) and incubated overnight at 4°C with gentle agitation.

- The membrane was washed with TBST buffer (Table 2.1) 2 x 30 minutes at
RT to remove unbound primary antibodies.

- The membrane was incubated with a secondary antibody (Table 2.1, the
secondary antibody should match the host species of the primary antibody
used for detection) conjugated to horseradish peroxidase (HRP) for detection.
The secondary antibody was diluted 1:2000 in TBST buffer and incubated for 2
hours at RT with gentle agitation.

- The membrane was washed with TBST buffer 2 x 30 minutes at RT to remove
unbound secondary antibodies.

- Detection and visualization were carried out using the chemiluminescence
imaging system ChemiDoc™ MP (Bio-Rad, USA) according to the

manufacturer’s instructions.
- Quantitative analysis of protein expression in western blotting bands was

achieved through the analysis of optical density using the image processing
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software ImageJ [168, 169].

2.2.7 Whole mount immunohistochemistry

1. Sample fixation

- 10 to 15 zebrafish larvae aged 4 or 5 dpf were selected and placed in a 1.5 ml
microtube.

- The egg water was removed and 1 ml of Dent’s fixative was added to fix the
larvae overnight at RT.

Note: While previous studies commonly used 4% PFA solution for tissue
fixation, it is not suitable for ATP1A1 (a6f) (Table 2.2) antibody detection.
Therefore, Dent’s solution (80% MeOH, 20% DMSO) was used for embryo
fixation.

- Dent’s fixative was replaced with 100% methanol and samples were stored at
4°C.

2. Rehydration

Embryos stored in 100% methanol are rehydrated by successive incubations
in the following solutions:

- 75% methanol - 25% PTW for 5 min.

- 50% methanol - 50% PTW for 5 min.

- 25% methanol - 75% PTW for 5 min.

- 100% PTW for 4 x 5 min.

3. Removal of pigment

- PTW was removed and 0.5 ml bleaching solution (Table 2.1) was added at
RT for 30 minutes.

- The bleaching solution was removed and samples were washed 2 x 5
minutes in PTW at RT.

4. Permeabilization

- PTW was removed and 0.5 ml PBT (Table 2.1) was added at RT for 10 min.
- Samples were washed 2 x 10 minutes in PTW at RT.

5. Primary antibody incubation
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- Samples were incubated in blocking solution (IHC) (Table 2.1) for 1 hour at
RT.

- A monoclonal Na+/K+ ATPase (Anti-ATP1A1) antibody (a6F) (Table 2.2) was
used at a 1:25 dilution in blocking solution (IHC) and incubated overnight at
4°C.

6. Secondary antibody incubation

- Samples were washed 2 x 10 minutes in PTW at RT.

- The PTW was removed and samples were incubated for 2 hours in
secondary antibody solution (anti-mouse-fluorescent 488 secondary antibody
(Table 2.2) solution diluted at 1/1000 in blocking buffer (IHC)) at RT.

- Samples were washed 4 x 10 minutes.in PTW at RT.

7. Samples were detected and visualized using the confocal imaging system

TCS SP8 confocal microscope (Leica, Germany).

2.2.8 Histopathology

According to the experimental methods by Takamiya et al. [170], 4 dpf
zebrafish larvae were firstly fixed overnight at 4°C in 4% PFA solution
facilitating optimal structural preservation. The embryos were progressively
dehydrated using ascending ethanol concentrations (50%, 70%, 95%, 100%
(v/v)), then incubated with 100% propylene oxide, and subsequently infiltrated
with  EPON 812 resin (Table 2.2) in propylene oxide at increasing
concentrations (30%, 70%, 100% EPON/propylene oxide mixture).
Polymerization was carried out at 65°C with a mixture containing 20.8% (w/w)
dodecenylsuccinic acid anhydride (DDSA) (Table 2.2) and 23.3% (w/w)
methylenacid anhydride (MNA) (Table 2.2), along with 1.8% (w/w)
2,4 ,6-tris(dimethyl-aminomethyl)phenol (DMP 30) (Table 2.2) as the
accelerator. The polymerized block was trimmed and 5 ym semi-thin sections
were cut with glass knives using an RM2065 microtome (Leica Microsystems).
This process commenced from the anterior aspect of the otic vesicle and

encompassed posterior structures until reaching the cloacal vent. The region
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subjected to sectioning extended from the glomerulus to the cloaca,
encompassing the entirety of the pronephros. Detection and visualization were
carried out using the DM6 B Fluorescence LED Microscope (Leica, Germany).
It's worth noting that my colleague Takamiya found limited penetration of
hematoxylin and eosin (H&E) dye into the plastic sections (personal
communication by Masanari Takamiya). Consequently, the adoption of
toluidine blue emerged as a viable alternative for staining purposes [170, 171].
Toluidine blue is a basic thiazine-type metachromatic dye with a strong affinity
for acidic tissue components. It stains nucleic acids blue, polysaccharides
purple, and enhances the clarity of histological tissue section images [172].
Based on the imaging results of Sullivan-Brown et al. [173] and Takamiya et al.
[170], similar to the results of H&E staining, toluidine blue staining of plastic
sections does not hinder the differentiation of different tissue organs and even
renders the boundaries between different tissues clearer. This substitution not
only overcomes the penetration constraint but also effectively distinguishes
various tissues and organs which were classified according to the ZFIN atlas
of zebrafish anatomy (https://zfin.org/zf_info/anatomy.html) and previous

studies [131, 178, 186].

2.2.9 Fluorescent clearance assay

The protocol of the fluorescent clearance assay was modified from
Christou-Savina [174] and Bauer et al. [99]. This method primarily assesses
whether the glomerular filtration function is normal. Theoretically, normal
zebrafish larvae can excrete metabolites smaller than or equal to 10 kilodalton
(kDa) effectively, while the excretion rate of metabolites larger than 10 kDa will
significantly decrease. Initially, we prepared the injection solution by mixing 1
Ml of 50 mg/ml 10 or 70 kDa FITC-dextran (Table 2.2) solution with 10 pl of 3.3
mM cisplatin solution or 140 mM NaCl solution. The solution was then injected
into the 3 dpf zebrafish larvae. Utilizing the TCS SP8 confocal microscope

(Leica, Germany), we conducted time-lapse imaging of specific arterial regions
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in zebrafish, capturing fluorescence intensity changes from 0 to 24 hpi. The
specific analysis method was published by Buckley et al. [175]. The first step
involves using the image processing software Imaged to measure the
fluorescence intensity in the specific region of arteries in different zebrafish
larvae. The next step is to plot the decay curves of fluorescence intensity in
different zebrafish larvae, andthen utilizing the curve fitting toolbox in the
spreadsheet’s software Excel (Microsoft, USA) to identify the most appropriate
curve model. The third step involves calculating the half-life of fluorescence
intensity in different embryos. The half-life can serve as a parameter to reflect
the metabolic duration of dextran in zebrafish larvae. Finally, statistical
analyses of the fluorescence half-life among different injection groups were

performed using the software GraphPad Prism 8 (La Jolla, CA).

2.2.10 SYTO-59 dye injection

The pronephric tubule were visualized in live embryos by intravenously
injecting SYTO-59 (Table 2.2), a dye typically employed for nuclear and
mitochondrial staining [176], which unexpectedly also specifically stained
kidney structures (personal communication by Masanari Takamiya) (Figure 2.2
A). The specific workflow is as follows: 3 dpf zebrafish larvae, after being
injected with cisplatin or 140 mM NaCl solution, were incubated in E3 medium
for 24 hours. Larvae that still exhibited blood flow were then selected and
placed in 1.2% UltraPure low melting point agarose to immobilize them.
Subsequently, a second injection of 10 pl SYTO-59 Dye solution was
administered. Time-lapse imaging was conducted using the confocal imaging
system TCS SP8 confocal microscope (Leica, Germany), capturing images

continuously over a 24 hours period.
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Figure 2.2 Visualization of pronephric tubules in live 5 dpf zebrafish larvae through
SYTO-59 dye staining

(A) The SYTO-59 dye facilitates the visualization of the position and structure of the
pronephric tubule in live zebrafish larvae. (A’) Bright-field image taken 30 minutes after
injecting SYTO-59 dye into 5 dpf zebrafish larvae. The white area indicated by the red
arrow is the pronephric tubule. (A”) Confocal image (maximum projected view of z-stack)
of the red box area in (A'), where the white area represents the pronephric tubule. (A™)
Cross-section in (A”) depicting the anatomical positions of different organs or tissues.
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3 Platinum drugs induce malformations
and lethality in zebrafish larvae

3.1 Introduction

Previous studies have extensively investigated the physiological and
pathological changes induced by various platinum drugs in different animal
models, such as adult zebrafish [177, 178] and mouse models [179-181].
These different vertebrate animal models accurately replicate the clinical side
effects of platinum-based drugs, including cisplatin-induced nephrotoxicity
[179, 182], neurotoxicity [183] and ototoxicity [184], carboplatin-induced
ototoxicity [185], and oxaliplatin-induced neurotoxicity [181]. However, due to
ethical concerns related to experiments with rodents and adult zebrafish,
stringent regulations are imposed by different countries or organizations.
Therefore, many research groups or investigators want to use alternative
models to explore the adverse effects of platinum drugs.

In recent years, zebrafish embryo has gained significant attention as an
alternative animal model to study the adverse effects of platinum drugs [186,
187]. Previous sections discussed the advantages of utilizing zebrafish
embryos as an alternative model, including their genetic similarity,
experimental accessibility and conservation in nephron structure. Taking these
factors into consideration, studying platinum drugs using zebrafish embryos is
not only feasible but also a complement to existing research findings. However,
previous studies did not establish specific methods for studying
platinum-based drugs in zebrafish embryonic/larval model, and there is a lack
of a standardized approach to assess the toxicity levels induced by these
drugs in zebrafish larvae, especially regarding cisplatin-induced nephrotoxicity
[125, 188]. Therefore, the first task of this project is to establish an effective
method and standards for evaluating the toxicity of platinum drugs in the

zebrafish embryonic/larval model.
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Traditionally, toxicity studies involving zebrafish embryos have mainly relied on
the addition of drugs to the medium in which the embryos or larvae are
maintained. This method is convenient due to its simplicity, and standard
operation procedures are well-developed [186, 189]. However, this method
also exhibits significant limitations. Firstly, the internal dose is ill-defined and
depends on the administered nominal dosage and exposure duration.
Moreover, immersing the entire embryos in the exposure medium might not
replicate the relevant exposure route in clinical setting, for instance, platinum
drugs are administered via intravenous injection. Hence, this conventional
method can impact zebrafish embryo physiology and development in ways
that, occasionally, diverge entirely from those observed in other models such
as rodents and humans.

Drawing on the earlier work of the laboratories of Joseph Bonventre [125] and
John Kellum [125, 133] and our own research group [149], we established a
research method utilizing zebrafish larvae to access the cisplatin-induced
nephrotoxicity, involved selecting appropriate days for larval injection,
improving injection techniques, and implementing phenotypic classification
methods. Moreover, we compared the effects on zebrafish larval development
at the same dosage and analyzed the toxicity levels of three different platinum

drugs (cisplatin, carboplatin, and oxaliplatin).

3.2 Experimental design and procedures in brief

The experiments were conducted in three parts:

1) Establishment of a microinjection approach and determination of
effective doses of cisplatin to induce malformations and mortality in
zebrafish larvae

Previous research conducted by the laboratory of Joseph Bonventre has
demonstrated that the injection of cisplatin can lead to the development of
edema and increased mortality in zebrafish larvae [125]. However, this article

does not provide specific details regarding the methodology and dosage used
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to observe these phenotypes. Furthermore, it is unfortunate that there were no
subsequent studies or data over the past two decades elucidating the effects
of cisplatin on zebrafish larval development and edema formation.
Consequently, we conducted experiments to establish the injection of
zebrafish embryos at 2 and 3 dpf with varying doses of cisplatin to observe and
quantify the malformation and mortality rates in zebrafish larvae. The specific
microinjection technique is described in chapter 2, section 2.2.2. Through a
comprehensive analysis of the obtained results, the optimal cisplatin dose is
determined for the subsequent mechanistic studies in zebrafish larvae.

2) Specific assays to detect nephrotoxicity in zebrafish larvae

After establishing the appropriate dosage and methodology for inducing
abnormal embryonic development in zebrafish using cisplatin, it was essential
to investigate whether the nephrotoxicity induced by cisplatin in a clinical
setting could be replicated in the zebrafish larvae. Based on the previous
researches conducted by the laboratories of John Kullum [133] and, more
recently, of Angela Mally [99], our experiments were divided into three distinct
parts: 1. Assessment of renal function through the utilization of dextran-based
assays, with specific methodologies described in Chapter 2, Section 2.2.9; 2.
Examination of renal histopathological changes, involving the utilization of in
situ hybridization to detect kidney injury markers (outlined in Chapter 2,
Section 2.2.5), histopathological analysis of kidney tissue sections (detailed in
Chapter 2, Section 2.2.8); 3. Visualization of pronephric tubules in live
zebrafish larvae through SYTO-59 dye staining (outlined in Chapter 2, Section
2.2.10).

3) Comparative studies on the toxicity of cisplatin, carboplatin and
oxaliplatin in zebrafish larvae

Clinical data previously showed the enhanced nephrotoxicity of cisplatin in
comparison to carboplatin and oxaliplatin. To investigate this differential toxicity
in the zebrafish larval model, we administered equivalent doses of cisplatin,

carboplatin, and oxaliplatin to 2 dpf zebrafish larvae. By comparing the
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disparities in malformation and mortality, we aimed to verify the consistency of

the clinically established data in the zebrafish model.
3.3 Results

3.3.1 Establishment of dose-response curves upon cisplatin

injection into 2 and 3 dpf zebrafish larvae

In order to determine the appropriate dosage for the subsequent mechanistic
experiments, 2 dpf zebrafish larvae were subjected to microinjections of 10 nl
of 0.8 mM, 1.7 mM, and 3.3 mM cisplatin solution, respectively. The specific
experimental procedure involves, 1). Injecting 10 nl of 140 mM NacCl solution
and different concentrations (0.8 mM, 1.7 mM, and 3.3 mM) of cisplatin
solution into the pericardiac space of 2 dpf zebrafish larvae as the control
(CON) group and the cisplatin-injected (Cisplatin) group, respectively. 2). The
cardiac edema and mortality rates were calculated from 3 to 5 dpf (Figure
3.1A). The cardiac edema rate is the ratio of the embryos with cardiac edema
to the total number of embryos. The mortality rate is the ratio of the sum of
disintegrated embryos and embryos without heartbeat to the total number of
embryos.

Following the injection of 10 nl of 0.8 mM cisplatin solution, no cardiac edema
and mortality rate change were observed in the zebrafish larvae from 1 dpi (3
dpf) to 3 dpi (5 dpf), indicating that this dosage did not exhibit toxicity (Figure
3.1B-C).
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Figure 3.1 The cardiac edema and mortality rate of zebrafish larvae from 3 to 5 dpf after
injection with 10 nl of 0.8 mM cisplatin solution

(A) Schematic outline of experimental timelines and set-up. Injecting 10 nl of 140 mM
NaCl solution and 0.8 mM cisplatin solution into the pericardiac space of 2 dpf zebrafish
larvae as the control (CON) group and the cisplatin-injected (Cisplatin) group, respectively.
Then, the cardiac edema and mortality rates were calculated from 3 to 5 dpf.

(B) The change in cardiac edema rate from 3 dpf to 5 dpf in the CON and the Cisplatin
group.

(C) The change in mortality rate from 3 dpf to 5 dpf in the CON and the Cisplatin group.
The CON group: 10 nl of 140 mM NaCl solution injected; The Cisplatin group: 10 nl of 0.8
mM cisplatin solution injected.

Data are expressed as mean = standard deviation (SD) from four independent
experiments. For each experiment, 12 and 18 embryos were used for the CON and the
Cisplatin group, respectively (B-C).

However, after injecting 10 nl of 1.7 mM cisplatin solution, some zebrafish
larvae showed obvious morphological changes, such as edema (Figure
3.2A-A)). The percentage of zebrafish with edema increased from 11% at 3 dpf
to 35% at 5 dpf (Figure 3.2B), and the mortality rate increased from 5% at 3 dpf
to 20% at 5 dpf (Figure 3.2C). These results indicate that this dosage exerted a

certain level of toxicity and affected the normal development of zebrafish.
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Figure 3.2 The cardiac edema and mortality rate of zebrafish larvae from 3 to 5 dpf after
injection with 10 nl of 1.7 mM cisplatin solution

(A) Representative images: some zebrafish larvae at 1 dpi (3 dpf) exhibited edema, with a
magnified view (A’) highlighting significant fluid accumulation in the heart region of
zebrafish (indicated by the red box with dotted arrows).

(B) The change in cardiac edema rate from 3 dpf to 5 dpf in the CON and the Cisplatin
group.

(C) The change in mortality rate from 3 dpf to 5 dpf in the CON and the Cisplatin group.
The CON group: 10 nl of 140 mM NaCl solution injected; The Cisplatin group: 10 nl of 1.7
mM cisplatin solution injected.

The scale baris 0.5 mm (A and A)).

Data are expressed as mean + SD from four independent experiments. For each
experiment, 12 and 18 embryos were used for the CON and the Cisplatin group,
respectively (B-C).

After injection of 10 nl of 3.3 mM cisplatin solution, the percentage of zebrafish
larvae exhibiting edema (Figure 3.3A-A’) increased even further from 35% at 3
dpf (1 dpi) to 92% at 5 dpf (3 dpi) (Figure 3.3B), and the mortality rate also
increased from 15% at 3 dpf (1 dpi) to 52% at 5 dpf (3 dpi) (Figure 3.3C).
These results indicate that this dosage already induces strong toxicity and

essentially disrupts zebrafish development.
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Figure 3.3 The cardiac edema and mortality rate of zebrafish larvae from 3 to 5 dpf after
injection with 10 nl of 3.3 mM cisplatin solution

(A) The morphological changes in zebrafish from 1 dpi (3 dpf) to 3 dpi (5 dpf) following
cisplatin injection, showing progressive cardiac edema and some zebrafish exhibiting yolk
sac edema. (A) is a magnified image (indicated by the red box with dotted arrows)
showing pronounced accumulation of fluid in the region of the zebrafish heart and above
the yolk sac.

(B) The change in cardiac edema rate from 3 dpf to 5 dpf in the CON and the Cisplatin
group.

(C) The change in mortality rate from 3 dpf to 5 dpf in the CON and the Cisplatin group.
The CON group: 10 nl of 140 mM NaCl solution injected; The Cisplatin group: 10 nl of 3.3
mM cisplatin solution injected.

The scale baris 0.5 mm (A and A)).

Data are expressed as mean + SD from four independent experiments. For each
experiment, 12 and 18 embryos were used for the CON and the Cisplatin group,
respectively (B-C).

These results demonstrate that with the increasing dosage of cisplatin, there is
a corresponding escalation in zebrafish morphological changes, manifested by
the rise in edema and mortality rate, indicating an enhancement in toxicity.
Based on the five phenotypes: cardiac edema, yolk sac edema, curved,
motility, disintegrated, the zebrafish larvae injected with cisplatin can be
classified into Normal, Mild, Moderate, Severe, Disintegrated categories (Table

3.1):
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Normal — The zebrafish larvae did not show edema formation (Figure 3.4A);
Mild — The zebrafish larvae only showed cardiac edema formation (Figure
3.4B);

Moderate — The zebrafish larvae exhibited cardiac edema and yolk sac
edema formation but show no body curvature and loss of motility (Figure
3.4C).

Severe — Most of the zebrafish larvae in this phenotype exhibited more
severe cardiac edema and yolk sac edema formation, leading to body
curvature and loss of motility (Figure 3.4D). A small subset within this
phenotype underwent a faster toxic process, displaying body curvature and
loss of motility even with only cardiac edema (Figure 3.4E).

Disintegrated — This phenotype is mainly divided into two types: one where
partial tissues or organs of zebrafish larvae show disintegration (Figure 3.4F),
another is completely dissolved in the medium (Figure 3.4G).

Importantly, during the phenotype classification process, even if the zebrafish
no longer exhibited a heartbeat but haven't disintegrated, they would still be
included in the statistical data for morphological changes.

Moreover, to better reflect the toxic changes induced by cisplatin, in addition to
analyzing morphological changes, we also introduced the assessment of
mortality rate, which is calculated as the ratio of the sum of disintegrated larvae
and larvae without a heartbeat to the total number of embryos.

In subsequent studies, we will employ a dual criterion of phenotypic changes
and mortality rate to reflect the degree of toxicity induced by cisplatin (The
reasons for selecting these two parameters will be discussed in detail in

Chapter 3, Section 3.4.).

Phenotype Zzgd:ac Y:(:I;;ZC Curved Motility Disintegrated
Normal - - - + -
Mild + - - + -
Moderate + + - + -
Severe + / + - -
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Disintegrated +

Table 3.1 The criteria for phenotypic classification of zebrafish larvae

Based on the five phenotypes: cardiac edema, yolk sac edema, curved, motility,
disintegrated, the zebrafish larvae injected with cisplatin can be classified into Normal,
Mild, Moderate, Severe, Disintegrated categories. ‘+’ indicates the presence, -’ indicates
the absence, ‘/ implies a possible occurrence, and a blank space indicates uncertainty
about the presence of the phenotype.

Yolk Sac

Cardiac Edema

Edema

Figure 3.4 Zebrafish larvae exhibited different morphological changes after 10 nl of 3.3
mM cisplatin solution injected

Zebrafish phenotypes were classified based on the Table 3.1, resulting in the distinct
categories: Normal (A), Mild (B), Moderate (C), Severe (D-E), and Disintegrated (F-G).
The scale bar represents 0.5 mm for all panels.

To further determine the appropriate concentration, we performed
morphological analysis for the two doses of cisplatin, 10 nl of 1.7 mM and 10 nl
of 3.3 mM, respectively. The results showed that the phenotype changes
induced by 10 nl of 1.7 mM cisplatin solution were not very pronounced. The
Moderate phenotype increased from 1% at 3 dpf (1 dpi) to 10% at 5 dpf (3 dpi),
the Severe phenotype increased from 2% at 3 dpf (1 dpi) to 17% at 5 dpf (3
dpi), and the Disintegrated phenotype increased from 0% at 3 dpf (1 dpi) to 5%
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at 5 dpf (3 dpi) (Figure 3.5A). In contrast, the phenotype changes induced by
10 nl of 3.3 mM cisplatin solution were much more significant. The Moderate
phenotype increased from 0% at 3 dpf (1 dpi) to 8% at 5 dpf (3 dpi), the Severe
phenotype increased from 10% at 3 dpf (1 dpi) to 50% at 5 dpf (3 dpi), and the
Disintegrated phenotype increased from 3% at 3 dpf (1 dpi) to 26% at 5 dpf (3
dpi) (Figure 3.5B). Considering that our subsequent experiments require the
use of relevant inhibitors or gene knockdown/knockout tools for mechanistic
studies, it is essential to have a greater dynamic range of phenotypic changes
in zebrafish for easier observation and statistical analysis. Therefore, we
selected 10 nl of 3.3 mM cisplatin solution as the appropriate dosage for

subsequent toxicity studies in zebrafish larva model.
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Figure 3.5 The morphological changes after different doses cisplatin solution injection

(A) The phenotypic changes from 1 dpi (3 dpf) to 3 dpi (5 dpf) in the CON and the Cisplatin
group.

The CON group: 10 nl of 140 mM NaCl solution injected; The Cisplatin group: 10 nl of 1.7
mM cisplatin solution injected.

(B) The phenotypic changes from 1 dpi (3 dpf) to 3 dpi (5 dpf) in the CON and the Cisplatin
group.

The CON group: 10 nl of 140 mM NacCl solution injected; The Cisplatin group: 10 nl of 3.3
mM cisplatin solution injected.

Data are obtained from four independent experiments. For each experiment, 12 and 18
embryos were used for the CON and the Cisplatin group, respectively (A-B).

Finally, | attempted to investigate the impact of developmental stage on the
severity of cisplatin toxicity. Thus, 10 nl of 3.3 mM cisplatin solution was
injected into 2 and 3 dpf zebrafish larvae for evaluating the morphological

changes and mortality rates. The data showed that when zebrafish embryos
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developed to 5 dpf, 97% of the larvae injected on Day 2 displayed edema, with
93% showing the Severe or Disintegrated phenotypes and a mortality rate of
42% (Figure 3.6A). Similarly, the larvae injected on Day 3 exhibited edema in
90% of cases, with 84% showing the Severe or Disintegrated phenotypes and
a mortality rate of 39% (Figure 3.6B). The differences between the two groups
were not significant. Considering the ongoing divergence in past studies
regarding the choice of 2 [98, 118] or 3 [99, 190] dpf zebrafish for nephrotoxin
evaluation, my results indicate that, at least for cisplatin, the choice between 2
or 3 dpf zebrafish embryos had minimal impact on the subsequent outcomes.
Considering the higher efficiency and practicality of injections at 2 dpf
compared to 3 dpf, | selected 2 dpf embryos for injection with 10 nl of 3.3 mM

cisplatin solution as the standard procedure for future studies.
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Figure 3.6 The changes in phenotype and mortality rate of zebrafish larvae at 2 and 3 dpf
following cisplatin injection

(A) The phenotypic changes of 5 dpf larvae in the CON and the Cisplatin group.

(B) The change in mortality rate of 5 dpf larvae in the CON and the Cisplatin group.

The '2 dpf injected' refer to zebrafish larvae injected with 10 nl of 3.3 mM cisplatin solution
or 140 mM NacCl solution (control) at 2 dpf. The '3 dpf injected’ refer to zebrafish larvae
injected with 10 nl of 3.3 mM cisplatin solution or 140 mM NaCl solution (control) at 3 dpf.
The CON group: 10 nl of 140 mM NaCl solution injected; The Cisplatin group: 10 nl of 3.3
mM cisplatin solution injected.

Data are obtained from four independent experiments. For each experiment, 12 and 18
embryos were used for the CON and the Cisplatin group, respectively (A-B).

3.3.2 Cisplatin-induced kidney injury in zebrafish larvae

In order to validate the nephrotoxicity of cisplatin in zebrafish larvae, we
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examined both the filtration function and histological changes of the kidney.
Initially, the in situ hybridization technique was employed to detect the
expression of relevant markers in the kidneys, including cdh17 (pronephric
tube) [160], podocin (glomerulus) [161], nephrin (glomerulus) [161], slc20aa
(proximal tube) [163], and frpm7 (distal tube) [164]. For subsequent
experiments, only cdh17 and podocin probes were successfully used, as for
the nephrin, sic20ala, and trpm7 probes a specific signal in the selected
regions of the kidney could not be detected. In the control group, cdh17
exhibited high expression in the distal tube region, while cisplatin injection
significantly reduced cdh17 expression in the distal tube region (Figure 3.7A).
In the controls, the podocin probe demarcated the structure of the glomerulus,
while cisplatin treatment led to the disruption of the glomerular structure, with

cells showing a scattered pattern (Figure 3.7B).
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Figure 3.7 The expression changes of cdh17 and podocin in zebrafish larvae at 2 dpi (4
dpf) following cisplatin injection

(A) The expression patterns of cdh77 in the CON and the Cisplatin group.

(B) The expression patterns of podocin in the the CON and the Cisplatin group.

Figures A and B are accompanied by schematic representations of the 2 dpi (4 dpf)
zebrafish pronephron as a reference for anatomical location. The red boxes and red
arrows indicate the specific expression locations of the whole mount in situ hybridization
(WISH) signal. The red triangles indicate regions with altered expression after cisplatin
injection.

The CON group: 10 nl of 140 mM NaCl solution injected; The Cisplatin group: 10 nl of 3.3
mM cisplatin solution injected.

n=6 animals in each group (A-B).

The scale bar is shown in different panels.

In the absence of a zebrafish kidney reporter line, a method was sought to
precisely determine the position of the pronephric duct in live zebrafish larvae.

By injecting zebrafish with SYTO-59 dye, the specific location of the pronephric
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duct could be observed in live zebrafish larvae (personal communication by
Masanari Takamiya) (Figure 2.2 A). Upon injecting zebrafish larvae at 3 dpf
with cisplatin or 140 mM NaCl solution and subsequently injecting the
SYTO-59 dye 24 hours later (Figure 3.8A), we observed a reduction in the
width of the pronephric tubule (Figure 3.8B-C). This phenomenon indicates
that after cisplatin injection, the zebrafish pronephric tubules underwent
abnormal physiological changes resulting in a change in diameter. Based on
previous studies on cisplatin in other models, we speculated that the potential

cause was due to tubule constriction [191-193] or collapse [125, 194, 195].
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Figure 3.8 Cisplatin injection reduced the diameter of the pronephric tubule in 4 dpf
zebrafish larvae

(A) Schematic outline of experimental timelines and set-up. The experimental procedure
include: 1) At 3 dpf, injecting 10 nl of 3.3 mM cisplatin solution or 140 mM NaCl solution
(control) separately into zebrafish larvae as the Cisplatin group and the CON group. 2) At
1 dpi (4 dpf), injecting 10 nl of 1 mM SYTO-59 dye into the Cisplatin group and the CON
group, followed by immediate imaging using a Confocal imaging system.

(B) The Cisplatin group and the CON group stained with SYTO-59 dye. The confocal
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image (maximum projected view of z-stack) shows the red-framed area in bright field. The
magenta region represents the area stained by SYTO-59 dye, and the white dotted arrow
indicates the boundary of the pronephric tubule.

(C) The changes in the diameter of the pronephric tubule in the CON and the Cisplatin
group. The diameter of the pronephric tubule is indicated by the yellow vertical line in
Figure B, and the individual diameter length used for statistics is the average taken from
five different positions of the pronephric tubule.

The CON group: 10 nl of 140 mM NaCl solution injected; The Cisplatin group: 10 nl of 3.3
mM cisplatin solution injected.

The scale bar is shown in the figure.

Data are expressed as mean + SD, using 3 and 4 embryos for the CON and the Cisplatin
group respectively.

All significance values were determined using Student’s t-tests. *, 0.01<p<0.05; **, p<0.01;
*** p<0.001; ****, p<0.0001.

To further analyze whether the reduced diameter of the zebrafish larval
pronephric tubule caused by cisplatin is due to renal cell injury and death, we
could study the accumulation of macrophages in the area of the pronephric
duct after cisplatin injection by combined detection of GFP in the macrophage
reporter line Tg(mpeg7:EGFP) and SYTO-59. Theoretically, cisplatin can
cause apoptosis or necrosis of pronephric tubule epithelial cells, recruiting
more macrophages to clear debris and dampen inflammation in the area [196,
197]. However, our results demonstrated that macrophages did not
excessively migrate to the proximal tubules. Conversely, in the Cisplatin group,
macrophages significantly accumulated in the region between arteries and
veins (Figure 3.9). We will discuss and analyze the potential reasons for the

abnormal macrophages recruitment in chapter 3, Section 3.4.
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Figure 3.9 Cisplatin-induced significant accumulation of macrophages in the region
between arteries and veins

(A) SYTO-59 dye staining and GFP signal in the CON and the Cisplatin group. The
confocal image (maximum projected view of z-stack) shows the red-framed area in bright
field. The magenta region represents the area stained by SYTO-59 dye, the GFP region
represents macrophages, and the white dotted line indicates the boundary of the
pronephric tubule.

(B) The cross-section in Figure A depicting the anatomical positions of different structures
or cells.

The CON group: 10 nl of 140 mM NacCl solution injected; The Cisplatin group: 10 nl of 3.3
mM cisplatin solution injected.

The scale bar is shown in the figure.

In the third step, histochemistry was employed to examine the kidney sections
of zebrafish larvae, where toluidine blue was used to distinguish specific
organs and tissues [170, 171]. Based on the ZFIN Atlas of Zebrafish Anatomy
and previous studies [99, 190, 198], we successfully identified the precise
locations of the glomerulus and proximal tube (Figure 3.10). The results from
the sections revealed that cisplatin injection led to the formation of noticeable
cavities in the glomerular region, suggestive of internal edema (Figure 3.10).
Although we also observed the structure of the proximal tube, no changes in

tube morphology or lumen diameter were observed.
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Figure 3.10 Cisplatin-induced significant edema formation in the glomerular region

(A) Schematic drawing to illustrate the position of transverse sections (5 um) of the
glomerulus and proximal convoluted tubule (1). The schematic is modified from Bauer et
al. [99]. Orange region: glomerulus, red region: proximal convoluted tubule, blue region:
proximal straight tubule, green region: distal convoluted tubule, yellow region: distal
straight tubule.

(B) A toluidine blue staining section (cross section 1 as depicted in panel A above) of a 2
dpi (4 dpf) larva from the CON group, with a magnified view (B’) of the area indicated by
the red dotted circle.

(C) A toluidine blue staining section (cross section 1 as depicted in panel A above) of a 2
dpi (4 dpf) larva from the Cisplatin group, with a magnified view (C’) of the area indicated
by the red dotted circle. The green triangles indicate the formation of cavities due to
internal edema (C’).

The CON group: 10 nl of 140 mM NaCl solution injected; The Cisplatin group: 10 nl of 3.3
mM cisplatin solution injected.

The scale bar is shown in the figure.

n=4 animals in each group (B-C).

In the fourth step, to evaluate kidney function, we employed fluorescently
labeled dextran as a marker. Christou-Savina et al. demonstrated that normally

developing 3 dpf zebrafish larvae excrete approximately 85% of 10 kDa
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dextran within 24 hours post-injection (hpi) [174]. However, in cases of
impaired kidney function, the excretion of 10 kDa dextran is reduced. We
selected a confined arterial region for time-lapse imaging, measured
fluorescence intensity, and plotted decay curves to compare the half-life of
dextran retention in the vasculature (Figure 3.11A-B). Our results indicated
that, compared to normal zebrafish, 3 dpf larvae injected with cisplatin
exhibited shorter retention time of dextran (Figure 3.11C). This finding
contradicts some previous studies [99, 174], prompting us to validate our
experiments further. To address this discrepancy, we repeated the experiments
using 70 kDa dextran instead of 10 kDa dextran. In normal zebrafish embryos,
the glomerular barrier restricts the excretion of 70 kDa dextran. However, in
cases of kidney dysfunction, the excretion of 70 kDa dextran increases. Our
experimental results with 70 kDa dextran reaffirmed that cisplatin-injected 3
dpf zebrafish larvae exhibit enhanced release of 70 kDa dextran in line with an
impaired glomerular function (Figure 3.11C). We will discuss and analyze the
potential reasons for the size-difference in dextran clearance in chapter 3,

Section 3.4.
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Figure 3.11 The clearance analysis of 10 and 70 kDa dextran in 3 dpf zebrafish larvae
(A) Schematic to illustrate the experimental timeline for the dextran clearance assays. The
experimental procedure include: 1) At 3 dpf, injecting 10 nl of 3.3 mM cisplatin solution or
140 mM NaCl solution (control) separately into zebrafish larvae as the Cisplatin group and
the CON group. 2) At 1 dpi (4 dpf), injecting 10 nl of 10 mg/ml 10 kDa or 70 kDa dextran
solution into the Cisplatin group and CON group. Subsequently, time-lapse imaging was
conducted using a confocal microscope for a duration of 24 hours.

(B) Dextran clearance assay: 1) The fluorescence intensity was measured within a
confined region (red box) in the dorsal aorta (B’). 2) The fluorescence intensity versus
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time curve, with the black line representing the raw data curve (B”). 3) The fluorescence
intensity versus time curve, with the blue line representing the fitted curve. Specific curve
fitting methods refer to Chapter 2, Section 2.2.9 (B’”). 4) The time taken for the
fluorescence intensity to decay to half of the initial fluorescence, calculated based on the
fitted curve, represents the half-life of dextran retention in the vasculature (B””).

(C) The half-life of injected 10 and 70 kDa dextran in the dorsal aorta in the CON and the
Cisplatin group.

The CON group: 10 nl of 140 mM NaCl solution injected; The Cisplatin group: 10 nl of 3.3
mM cisplatin solution injected.

Data are expressed as mean * SD (n=4 embryos in each group) (C).

All significance values were determined using Student’s t-tests. *, 0.01<p<0.05; **, p<0.01;
*** p<0.001; **** p<0.0001.

Overall, our histopathological experiments, including in situ hybridization and
histochemical analysis, confirmed the disruption of glomerular and distal tube
structures in the zebrafish pronephros following cisplatin injection. While some
aspects of the renal filtration function assays and SYTO-59 dye staining
yielded results not entirely aligned with our expectations, they still indicated

aberrations in renal filtration function induced by cisplatin injection.

3.3.3 Cisplatin exhibits stronger toxicity compared to

carboplatin and oxaliplatin in zebrafish larval model

Following the injection of the same dose of 10 nl of 3.3 mM cisplatin,
carboplatin, and oxaliplatin solution into 2 dpf zebrafish larvae, we observed
changes in phenotype from 3 to 5 dpf. Unlike the 94% of zebrafish larvae in the
cisplatin group at 5 dpf that exhibited edema, only 4% and 6% of larvae in the
carboplatin and oxaliplatin groups, respectively, displayed mild edema
formation (Figure 3.12B). Similarly, the mortality rate of 5 dpf zebrafish larvae
in the cisplatin group is as high as 31%, while the carboplatin and oxaliplatin
groups have rates of only 4% and 2%, respectively (Figure 3.12C). Notably, at
this dosage, carboplatin had minimal impact on zebrafish larval development,
but 34% of larvae showed reduced length (Figure 3.12A). The present study
does not suggest a correlation between the appearance of this phenotype with

developmental delay or nephrotoxicity.
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Figure 3.12 The phenotypic changes in 2 dpf zebrafish larvae following injection of the
same dose of cisplatin, carboplatin, and oxaliplatin

(A) The phenotypic changes of 3 dpi (5 dpf) zebrafish larvae in the carboplatin or
oxaliplatin-injected larvae. No changes were observed in the oxaliplatin group, while some
larvae in the carboplatin group exhibited reduced body length.

(B) The percentage of different phenotypes of 5 dpf larvae in the control (CON), the
cisplatin-injected  (Cisplatin), the carboplatin-injected (Carboplatin), and the
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oxaliplatin-injected (Oxaliplatin) injected groups, including the categories Normal, Cardiac
edema, Yolk sac edema, Curved, Short, Disintegrated. The ‘Short’ phenotype represents
zebrafish showing a reduction in body length without additional abnormal phenotypes like
edema, as depicted in the carboplatin group of zebrafish in Figure A.

The CON group: 10 nl of 140 mM NaCl solution injected; The Cisplatin group: 10 nl of 3.3
mM cisplatin solution injected; The Carboplatin group: 10 nl of 3.3 mM carboplatin solution
injected; The Oxaliplatin group: 10 nl of 3.3 mM oxaliplatin solution injected.

The scale bar is 0.5 mm (A).

Data are expressed as mean + SD from eight independent experiments. For each
experiment, 12 and 18 embryos were wused for the CON and the
Cisplatin/Carboplatin/Oxaliplatin group, respectively (A-B).

In conclusion, our study validated in zebrafish larval model that cisplatin
exhibited stronger toxicity compared to carboplatin and oxaliplatin, a finding

consistent with clinical outcomes [199].

3.4 Discussion

The subsequent discussion will primarily revolve around two main sections:

3.4.1 Assessment of cisplatin-induced nephrotoxicity based

on phenotype alterations and mortality rate in zebrafish larvae

Previous studies on zebrafish embryo toxicity primarily involved adding drugs
to the embryo medium. Similarly, in our laboratory we showed that incubating
zebrafish larvae at 2 dpf with different concentrations of cisplatin resulted in
malformations and mortality in larvae at 3-5 dpf. Lower concentrations of
cisplatin (below 0.5 mg/ml) did not significantly affect zebrafish larval
development or mortality. Yet, higher concentrations (above 1 mg/ml) caused
substantial mortality at 4-5 dpf accompanied by disintegration of larvae,
although without noticeable morphological abnormalities. These findings
suggested that high concentrations of cisplatin administered via the embryo
medium induce overall systemic failure in zebrafish rather than organ-specific
toxicity leading to morphological abnormalities. However, the work of Wen et al.
[133] and McCampbell et al. [118], has demonstrated that injection of

nephrotoxic drugs such as gentamicin into zebrafish larvae can induce edema
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formation. Similarly, although specific injection methods and dosages were not
provided, Haentschel et al. demonstrated that cisplatin injection into 2 dpf
zebrafish could induce varying degrees of edema formation [125]. These
results prompted our consideration to improve the experimental method by
replacing the previous microinjection targeting the cardinal vein region within
the yolk sac with injections into the pericardiac space. This significantly
improved injection efficiency and minimized the occurrence of blood cell
clotting associated with cardinal vein injections. However, it should be noted
that this method requires caution as the microinjection needle needs to pass
through the yolk sac, increasing the risk of injection solution leaking into the
yolk.

After injecting different concentrations of cisplatin, we determined that 10 nl of
3.3 mM cisplatin solution was the optimal dosage for drug injection. We
observed that upon injection of this cisplatin dose, over 95% of the zebrafish
embryos developed cardiac edema. Considering the subsequent experiments
that involved the addition of inhibitors to restore the abnormal phenotypes
induced by cisplatin, relying solely on cardiac edema as a single phenotype
makes it challenging to classify the toxicity caused by cisplatin. Drawing from
previous zebrafish embryo toxicity-related studies, we introduced multiple
phenotypes or parameters for toxicity classification, including heart beat [200,
201], heart size [202], kidney edema [128], cardiac edema, yolk sac edema
[203], cerebral edema [204], motility [205], and body curvature [206]. We
observed that zebrafish injected with cisplatin initially developed cardiac
edema, which gradually progressed to yolk sac edema. In more severe
instances, the larvae displayed increased body curvature and lost motility
leading to the eventual disintegration of zebrafish larvae. Combining the
subsequent inhibitor-induced restoration of cisplatin-induced abnormal
phenotypes, we ultimately selected five phenotypes for toxicity classification
including cardiac edema, yolk sac edema, curved, motility, and disintegrated.

Choosing these five phenotypes for toxicity classification was not only because
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they could be rapidly screened using microscopy but also because other
phenotypes or parameters had significant limitations. For instance, kidney
edema (Cisplatin injection failed to induce bubble formation in the glomerulus
region after bbip1 morpholino injected as observed in Scheidecker et al. [128]),
cerebral edema (Cisplatin injection did not cause brain edema after samhd1
morpholino injected as seen in Kasher et al. [204]), heart beat (statistical
complexities; substantial individual differences post-injection; inhibitors did not
aid in restoring heartbeat affected by cisplatin), and heart size (limited
reference value in toxicity classification based on heart size changes).

This phenotypic classification method, by combining multiple phenotypes,
circumvents the limitations of using single criteria in many studies, effectively
reflecting the toxicity induced by cisplatin. Additionally, we introduced the
mortality rate as a secondary criterion to manifest the level of toxicity induced
by cisplatin, calculated as the ratio of disintegrated larvae and larvae without a
heartbeat to the total number of embryos. This inclusion of mortality rate,
combined with phenotype classification, not only helps avoid controversies
regarding lethal endpoints (such as no heartbeat [207] or disintegrated [208])
but also systematically demonstrates the toxicity caused by cisplatin.

It is worth noting that this study performed injections of the same cisplatin
dosage in zebrafish embryos at both 2 and 3 dpf. The results confirmed that,
regardless of whether the zebrafish embryos were at 2 or 3 dpf, upon reaching
5 dpf after injection with 10 nl of 3.3 mM cisplatin solution, over 95% of the
embryos exhibited cardiac edema. Previous studies have debated whether
zebrafish larvae at 2 or 3 dpf should be chosen for kidney research [125]. The
key point of contention is that the development of the glomerulus and proximal
tubules in zebrafish embryos at 2 dpf is not yet complete, and their functions
are not fully mature. However, compared to zebrafish larvae at 3 dpf, those at
2 dpf have a larger pericardiac space, which facilitates embryo injection and
reduces the likelihood of the injection fluid entering the yolk sac, thereby

decreasing the possibility of injection failure. Overall, through a series of
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experiments, we have demonstrated the advantages of using 2 dpf zebrafish
larvae for cisplatin toxicity studies: they exhibit higher injection efficiency
compared to zebrafish larvae at 3 dpf, while producing similar results.

Last but not least, we administered the same dosage of cisplatin, carboplatin,
and oxaliplatin to 2 dpf zebrafish larvae. The results demonstrated that only
cisplatin-induced edema and a higher mortality rate in zebrafish larvae. This
finding not only confirmed the greater toxicity of cisplatin as observed in clinical
data but also represented the first investigation on the relative toxicity of
different platinum-based drugs upon injection into zebrafish larvae. It further
validated the advantages and potential of zebrafish larvae as a model for

studying platinum-based drug toxicity with relevance to human pathology.
3.4.2 Cisplatin-induced nephrotoxicity in zebrafish larvae

In the introduction, it was mentioned that drug-induced nephrotoxicity can
ultimately lead to edema in zebrafish larvae. However, it is important to
consider that nephrotoxicity is just one potential factor contributing to the
occurrence of edema in zebrafish larvae, along with factors such as cardiac
injury and abnormal vascular development. Although cisplatin is known to
induce nephrotoxicity in clinical and mouse models, further verification is
required in zebrafish larvae to link the occurrence of edema to kidney damage.
To address this, we conducted three separate experiments focusing on renal
function and tissue pathology. Indeed, some experimental results align with
expectations and match previous research findings. On the other hand, some
results do not align with expectations but still provide valuable reference for
subsequent studies.

1 Dextran clearance analysis limitation

To assess renal function, we performed a co-injection of fluorescently labelled
10 kDa dextran and cisplatin, andthen observed the decay in fluorescence
signal in a specific region of the dorsal aorta within 24 hours. In unperturbed

zebrafish larval pronephron, 10 kDa dextran, due to its small size, can pass
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through the podocyte barrier within the glomerulus and be excreted slowly
[174]. Cisplatin can lead to a decrease in renal blood flow [136] and a
reduction in glomerular filtration rate, and thus the excretion of 10 kDa dextran
would be slow, resulting in increased retention within the blood vessels.
However, quantifying the fluorescence decay in the blood vessels did not yield
the expected results. The injection of cisplatin resulted in a significant
reduction in the retention time of 10 kDa dextran. Previous studies reported the
feasibility of this method for detecting kidney clearance in zebrafish larvae
[209]. Yet, in our case, the injected dose of cisplatin might have disrupted the
filtration barrier leading to uncontrolled, enhanced leakage of 10 kDa dextran.

Therefore, in addition to using 10 kDa dextran, we also injected 70 kDa
dextran. In normal zebrafish larvae, 70 kDa dextran cannot pass through the
podocyte barrier within the glomerulus due to its larger size, leading to its
retention within the body [136]. Theoretically, due to the malfunctioning
podocyte barrier within the glomerulus, the excretion of 70 kDa dextran would
be accelerated, resulting in reduced retention time within the blood vessels
[136]. We obtained the expected results when quantifying the fluorescence
decay in the blood vessels. These results aligned with our expectations of a
damaged glomerular barrier, which fits with the results obtained upon injection
of 10 kDa dextran. In addition, the unexpected decrease in fluorescence
intensity could also be a result of the loss of blood vessel barrier function,
leading to the diffusion of 10 kDa dextran into other tissues.

2 SYTO-59 dye staining in live zebrafish

In order to study kidney injury at the tissue level, it is theoretically possible to
use suitable kidney reporter lines for further research. In Chapter 1, Section
1.4.3, we have discussed the limitations of the available kidney reporter lines
from the European Zebrafish Resource Center (EZRC). Fortunately, my
colleague Masanari Takamiya discovered, in a serendipitous moment, that by
injecting the SYTO-59 dye into zebrafish larvae, the positioning and

architecture of the pronephric tubule can be observed within live zebrafish
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larvae. This method still has some limitations, especially after injecting cisplatin
or gentamicin. Some zebrafish larvae with yolk sac edema display an overly
strong staining due to water accumulation in the kidney area, which might
overshadow the signal of the pronephric tubule. However, this staining
technique could visualize the position of the pronephric tubule in live zebrafish
larva, serving as a complement to existing research, especially in the absence
of appropriate kidney reporters.

Upon administering cisplatin to 3 dpf zebrafish larvae, we observed a reduction
in the external diameter of the pronephric tubule, indicating an abnormal
physiological state of the pronephric tubule, potentially interpreted as tubule
constriction or tubule collapse. Numerous studies in other models have
demonstrated that cisplatin can induce constriction of the pronephric tubule
[191-193], with the primary cause being the decrease in glomerular filtration
rate induced by cisplatin leading to reduced regional blood flow. We observed
an overall decrease in blood flow after cisplatin injection, possibly causing this
constriction to be more widespread, occurring not only in the pronephric tubule
region. Additionally, in the analysis of potential pronephric tubule constriction,
the term ‘luminal diameter’ is often used as a parameter in previous studies
[210, 211]. However, accurately determining this parameter with our existing
techniques has proven challenging, including difficulties in precisely
determining the position of the proximal tubule in histologic sections and
unclear lumen contours in confocal images.

In comparison to the analysis of potential pronephric tubule constriction, the
term ‘tubule collapse’ can more intuitively reflect the abnormal physiological
state of the pronephric tubule, indicating renal cell death. Previous studies
demonstrated in other models that cisplatin can lead to the death of pronephric
tubule epithelial cells, disrupting polarity and affecting reabsorption function
[125, 194, 195]. Theoretically, zebrafish larvae would also experience the
death of pronephric tubule epithelial cells after cisplatin injection, triggering the

recruitment of more macrophages to eliminate potential inflammation in this
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area. Interestingly, based on experiments with the macrophage reporter line,
we did not observe a large number of macrophages in the pronephric tubule
region of the cisplatin group. Regarding this phenomenon, two potential
explanations are proposed:

a) Our study indicates that at the experimental dose of cisplatin injection, a
large number of macrophages might undergo cell death, explaining the
possibility of an insufficient number of macrophages recruited to this
pronephric tubule area;

b) Compared to macrophages, other leukocytes may play a more critical role,
such as neutrophils. Although no studies yet suggested the role of neutrophils
in cisplatin-induced nephrotoxicity in zebrafish larval model, studies in other
animal models have shown that the infiltration of neutrophils into the kidneys
could exacerbate cisplatin-induced nephrotoxicity [212]. Subsequent
experiments may consider further exploration by employing a neutrophil
reporter line.

3 Histopathological accessment of nephrotoxicity in zebrafish model

In contrast to the functional analysis of the kidney, the histopathological
changes in the tissues were more evident. Various renal markers were
employed to investigate these changes, revealing alterations in the patterning
of glomerular cells following cisplatin injection. Further examination of tissue
sections unveiled the presence of cavities within the glomerulus, attributed to
edema. Clinical studies have already confirmed that cisplatin not only disrupts
the structure and function of the glomerulus but also affects the proximal
tubule [125]. Unfortunately, our study could not replicate the use of all markers
employed in other studies to detect proximal tubule abnormalities, possibly
due to the relative depth of the proximal tubule in zebrafish larvae, making it
difficult for the ISH probes to penetrate. Although the distal tubule is not the
primary region for cisplatin-induced structural damage to the nephron, the
cdh17 ISH staining results indicate abnormal development of the distal tubule

following cisplatin injection, which aligns with some clinical [213] and murine
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[214, 215] model findings. Overall, cisplatin-induced kidney damage and led to
the occurrence of tissue edema in zebrafish larvae.

To summarize, this part of the study took a whole year to complete and
involved the collaboration of multiple research groups. It systematically
summarized the methods for studying cisplatin toxicity in zebrafish larvae,
including injection techniques and concentrations. It also encompassed the
quantification of different phenotypes through morphological analysis and the
assessment of nephrotoxicity. These findings lay the foundation for future

mechanistic research.
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4 GPER-ERK signaling regulates
cisplatin-induced nephrotoxicity

4.1 Introduction

In chapter 1, the progress of research on cisplatin-induced nephrotoxicity has
been illustrated, emphasizing the activation of MAPK and p53 as downstream
signals, although its specific regulatory mechanisms are not fully understood.
However, in the recent work in our laboratory, GPER has been introduced as a
novel potential regulatory factor for cisplatin-induced apoptosis in several
cancer cell lines [65].

GPER (G protein-coupled estrogen receptor), also known as GPR30, is a G
protein-coupled receptor associated with estrogen signaling [66]. It belongs to
the G protein-coupled receptor family and interacts with estrogens both inside
and outside of cells, regulating various physiological and pathological
processes.

No previous studies demonstrated the involvement of GPER in the regulation
of cisplatin-induced nephrotoxicity, let alone the function of GPER in the kidney.
Although there is no direct evidence to demonstrate that GPER can regulate
renal cell apoptosis, it has been confirmed in distinct cells that GPER, as an
upstream receptor, can activate MAPK [90, 95] or p53 [216] to promote
apoptosis. Therefore, investigating GPER and subsequent signaling cascade
such as MAPK or p53 could provide a new insight to understand the cisplatin
induced nephrotoxicity.

This chapter, based on the morphological and mortality assessment of
cisplatin-induced embryonic toxicity in Chapter 3, aims to explore the potential
involvement of GPER-MAPK/p53 signaling in the regulation of

cisplatin-induced nephrotoxicity using the zebrafish larval model.

4.2 Experimental design and procedures in brief
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The experiments were conducted in four parts:

1) Examination whether chemical inhibition or knockdown of GPER
rescues cisplatin-induced zebrafish larval malformation and mortality
This section utilizes two chemical inhibitors against GPER and knockdown of
GPER by an anti-sense morpholino oligonucleotide.

A) Examination of the effect of GPER inhibitor G36 and G15 on the
cisplatin-induced zebrafish larval malformation and mortality.

The experiments primarily involve the use of two different GPER inhibitors,
G36 and G15 [217], replicating Iris Hansjosten's work on human cancer cells
[65]. Schematic representation of the specific experimental timelines and
set-up ispresented in the Chapter 4, Section 4.3.1.

B) Examination of the effect of GPER knockdown on cisplatin-induced
zebrafish larval malformation and mortality

The morphological effects of morpholino-mediated GPER knockdown are
assessed according to the criteria shown in Table 3.1 and Figure 3.4. The
morpholino sequences (described in Chapter 2, Section 2.2.3) are derived
from previous studies which established the GPER ATG-blocking morpholino
(GPER ATG-MO) [145], GPER splice site morpholino (GPER SP-MO) [145],
and control morpholino (CON MO) [146]. The dosage of injection was adjusted
in this study, and the effectiveness of gene knockdown was validated.
Schematic representation of the experimental timelines and set-up is
presented in the Chapter 4, Section 4.3.3.

2) Examination whether inhibition of GPER function by GPER inhibitor
G36 reverses cisplatin-induced zebrafish nephrotoxicity

This section focuses on nephrotoxicity, utilizing known kidney injury markers
and a kidney pronephric duct marker to assess the effect of GPER inhibitor
G36 after the injection of cisplatin. Two main approaches were employed:

A) Quantification of kidney injury markers using quantitative real-time PCR
This study employed quantitative real-time PCR to assess the expression of

kidney injury-related genes, including kidney injury molecule 1 (kim1) [141,
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142], clusterin (clu) [143], connective tissue growth factor (ctgf) [144].

After pre-treatment at 1 dpf with or without GPER inhibitor G36, zebrafish
embryos were injected with or without cisplatin at 2 dpf. Zebrafish at 1 dpi (3
dpf) were collected for subsequent RNA extraction. The specific method of
quantitative real-time PCR is outlined in Section 2.2.4 of Chapter 2. p-actin
was chosen as a house keeping gene, because earlier study confirmed that
this gene expression level was unchanged in various chemical treatments
[218].

B) Kidney injury detection using whole mount immunohistochemistry (IHC)

In order to label the pronephric duct and examine morphological changes in
the proximal tubule after cisplatin injection, ATP1A1 (a6f) antibody was used
[198, 219]. The specific method for whole mount IHC is outlined in Chapter 2,
Section 2.2.7. It is important to note that different fixation methods are
employed for zebrafish embryos. Once again and emphasized here, while
previous studies commonly used 4% PFA for tissue fixation, it is not suitable
for ATP1A1 (a6f) antibody detection. Therefore, Dent’s fixative (80% MeOH,
20% DMSO) was used for embryo fixation.

3) Examination whether inhibition of potential GPER downstream
proteins reverses cisplatin-induced zebrafish larval malformation and
mortality

After establishing GPER as a potential modulator of cisplatin-induced renal
toxicity, further investigations are needed to identify the downstream proteins
involved in this process. Considering Chapter 1, Sections 1.2 to 1.3, the MAPK
family and p53 are potential GPER downstream proteins associated with the
entire process. This section focuses on the use of various chemical inhibitors
and genetic (morpholinos and mutant zebrafish line) methods to inhibit the
functions of ERK and p53, caspases:

A) Examination of the effect of MEK inhibitors PD98059 or U0126 on
cisplatin-induced zebrafish larval malformation and mortality

Two distinct MEK inhibitors, PD98059 [220] and U0126 [221], which prevent
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activation of the downstream kinases ERK1 and 2 by MEK, were utilized in the
experiment. Schematic representation of the specific experimental timelines
and set-up is presented in the Chapter 4, Section 4.3.7.

B) Examination of the effect of pan-caspase inhibitor Q-VD-OPh on
cisplatin-induced zebrafish larval malformation and mortality

Pan-caspase inhibitor Q-VD-OPh [222] was utilized in the experiment.
Schematic representation of the specific experimental timelines and set-up
ispresented in the Chapter 4, Section 4.3.8.

C) Examination of the effect of p53 morpholinos on cisplatin-induced zebrafish
larval malformation and mortality

To knockdown p53, p53 ATG-blocking morpholino (p53 ATG-MO) [146], and
control morpholino (CON MO) [146] were injected into one-cell stage zebrafish
embryos. Schematic representation of the specific experimental timelines and
set-up is presented in the Chapter 4, Section 4.3.9.

D) Examination of the effect of p53 knock-out on cisplatin-induced zebrafish
larval malformation and mortality

A p53 knockout line previously published by the laboratory of Christine Blattner
[150] was employed. Schematic representation of the specific experimental
timelines and set-up is presented in the Chapter 4, Section 4.3.10.

4) Detection of signaling events through western blotting in response to
cisplatin treatment and GPER functional inhibition

This section primarily utilizes western blotting to examine changes in the
expression and post-translational modifications of downstream proteins,
including three members of the MAPK family (ERK, p38, JNK) and their
phosphorylated (activated) forms (phospho-ERK, phospho-p38, phospho-JNK),
as well as p53 and its phosphorylated (activated) form (p-p53). The
investigation is divided into three main parts:

a. Changes in downstream protein expression and phosphorylation after
cisplatin injection.

b. Changes in downstream protein expression and phosphorylation after
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GPER functional inhibition.

c. Changes in downstream protein expression and phosphorylation after the
combination of GPER functional inhibition and cisplatin injection.

The specific method for western blotting is outlined in chapter 2, section 2.2.6.
Vinculin will serve as loading control in the experiments [150]. It is important to
note that compared to cell models derived from mice or humans, the
availability of antibodies for specific detection of zebrafish proteins is limited.
Therefore, during the experiment, different primary antibodies from various

companies and sources were tested for their effectiveness.
4.3 Results

4.3.1 GPER is a potential modulator in cisplatin-induced

nephrotoxicity

As mentioned earlier, GPER could be as a potential modulator in
cisplatin-induced nephrotoxicity. As outlined in Chapter 3, the morphological
changes and mortality assessment of zebrafish larvae could rapidly determine
whether the functional inhibition of GPER affects cisplatin-induced
nephrotoxicity. Moreover, by integrating parameters associated with renal
injury, including various markers of kidney injury and pronephron
morphological alterations, the impact of GPER on cisplatin-induced

nephrotoxicity can be further delineated.

4.3.1.1 The GPER inhibitor G36 rescued cisplatin-induced abnormal

phenotypes formation and high mortality

Two different GPER inhibitors, G36 and G15 [217], were employed in the
experiments to investigate whether inhibition of GPER function could mitigate
cisplatin-induced morphologic change and high mortality in zebrafish larvae.
The experimental procedure involved inhibitors pre-treatment at 1 dpf, 3.3 mM

cisplatin solution injection at 2 dpf, and phenotype and mortality analysis at 5
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dpf (Figure 4.1A). The results revealed that, following pre-treatment with G36
solution either at 5, 10 or 20 yuM, the abnormal phenotypes became less
evident and the percentage of Normal embryos increased up to 33% in a G36
concentration dependent manner (Figure 4.1B). Accordingly, it accompanied
by a dose-dependent and significantly reduced mortality caused by
cisplatin-injection down to 9% upon 20 pM G36 pre-treatment, otherwise
cisplatin mortality was as high as 42% without G36 pre-treated (Figure 4.1C).
In contrast, G15 did not exhibit significant changes. The abnormal phenotypes
in zebrafish did not show noticeable recovery with G15 pre-treatment (Figure
4.1D), and mortality remained high (Figure 4.1E). This outcome mirrors our
findings in human cancer cells, demonstrating that G36, as opposed to G15,

effectively attenuates the toxicity of cisplatin [65].
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Figure 4.1 The GPER inhibitor G36 can alleviate cisplatin-induced abnormal phenotypes
and high mortality, while G15 has no effect

(A) Schematic outline of experimental timelines and set-up. The inhibitors are all stored in
100% DMSO and diluted to working concentrations using E3 medium. Embryos without
inhibitor treatment are placed in a 0.1% DMSO solution (diluted in E3 medium), equivalent
to the DMSO content in a 20 uM G36/G15 solution. The experimental procedure involves
the following steps: 1) Pre-treatment: Pre-treatment of G36/G15 solution or 0.1% DMSO
solution (control) at 1 dpf. 2) Drug administration: Injection of 10 nl of 3.3 mM cisplatin
solution or 10 nl of 140 mM NaCl solution (control) at 2 dpf. 3) Statistical analysis:
Evaluation of phenotypic changes and mortality at 5 dpf.

Following annotations in the figure, the example of ‘Cisplatin + 20 yM G36’ is used for
illustration that larvae were pretreated with 20 uM G36 solution at 1 dpf and 10 nl of 3.3
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mM cisplatin solution were injected at 2 dpf.

(B) The phenotypic changes, following the phenotype classification shown in Table 3.1
and Figure 3.4, of 5 dpf zebrafish larvae across different groups to examine the effect of
G36 pre-treatment on cisplatin-induced malformation.

(C) The mortality rates of 5 dpf zebrafish larvae across different groups to examine the
effect of G36 pre-treatment on cisplatin-induced mortality.

(D) The phenotypic changes of 5 dpf zebrafish larvae across different groups to examine
the effect of G15 pre-treatment on cisplatin-induced malformation.

(E) The mortality rates of 5 dpf zebrafish larvae among different groups to examine the
effect of G15 pre-treatment on cisplatin-induced mortality.

The table below the bar chart represents the percentage distribution of five different
phenotypes in different experimental groups as depicted in the bar chart (B and D).

Data are expressed as mean * SD from six independent experiments. For each
experiment, the non-cisplatin injected groups consisted of 12 embryos per group, while all
cisplatin-injected groups contained 18 embryos per group.

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.3.1.2 GPER knockdown alleviated the formation of cisplatin-induced

abnormal phenotypes and reduced high mortality

Although G36, a GPER inhibitor, mitigated the severity of cisplatin-induced
abnormal phenotypes and mortality, as demonstrated in the previous section
4.3.2, considering the potential nonspecific effects of G36, the use of GPER
gene knockdown tools, such as morpholinos, can further validate whether
reducing GPER protein levels attenuates cisplatin-induced abnormal
phenotypic formation and high mortality rates in zebrafish.

In the morpholinos effectiveness experiment, two distinct morpholinos
previously validated for GPER knockdown were employed: GPER
ATG-blocking MO (GPER ATG-MO) [145] and GPER splice site MO (GPER
SP-MO) [145]. As a control for sequence-unspecific effects of morpholino, a
mixture of morpholinos [146] with random targeting sequences (“CON MQO”)
was injected into a separate group of embryos.

Chaturantabut et al. demonstrated that both GPER ATG-MO and GPER
SP-MO effectively led to a reduction in liver size [145]. Using in situ
hybridization (ISH) to assess the expression of fabp10a (a liver marker), the

results indicated that compared to the CON MO injected group, the GPER
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ATG-MO group exhibited a significant reduction in liver area among zebrafish
larvae (Figure 4.2A-B). This aligns with the anticipated outcome, confirming
the efficacy of GPER ATG-MO. However, after injection of the GPER SP-MO,
no decrease in zebrafish larval liver size could be detected (Figure 4.2A-B),
indicating the inefficacy of the GPER SP-MO.

To further analyze the effectiveness of the GPER SP-MO, three different
primers were designed for subsequent detection of splicing: Ex1-F, Int-F, and
Ex2-R (Figure 4.2C’), which correspond to forward primers targeting the Exon
1 and Intron 1, and a reverse primer targeting the Exon 2 of the GPER
pre-mRNA, respectively. If the GPER SP-MO is effective, no splicing of the
Intron 1 should be detected [223, 224]. Therefore, the cDNA obtained through
reverse transcription should include also the sequence of Intron 1, and not just
the spliced Exon 1 and Exon 2. By using PCR to amplify the DNA fragment
between Ex1-F and Ex2-R, as well as between Int-F and Ex2-R, it was
expected that in the CON MO group, only the DNA fragment between Ex1-F
and Ex2-R is present, while the GPER SP-MO group would retain the DNA
fragment between Int-F and Ex2-R, and a small amount or none of the DNA
fragment between Ex1-F and Ex2-R. Conversely, if the splice site blocking MO
is ineffective, in both the CON MO and GPER SP-MO groups only the DNA
fragment between Ex1-F and Ex2-R is amplified, whereas the DNA fragment
between Int-F and Ex2-R is not detectable due to efficient splicing of the
pre-mRNA. Gel electrophoresis revealed that both the CON MO and GPER
SP-MO group exhibited the DNA fragment between Ex1-F and Ex2-R, and
only a very weak band of the DNA fragment between Int-F and Ex2-R in the
GPER SP-MO group (Figure 4.2C”). This result further confirmed the
ineffectiveness of the GPER SP-MO.
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Figure 4.2 Validation of GPER morpholinos effectiveness
(A) Expression patterns of fabp70a in the CON MO-injected (CON MO), the GPER
ATG-MO-injected (GPER ATG-MO) and the GPER SP-MO-injected (GPER SP-MO)
group (4 dpf). The red box represents the liver-specific expression of fabp10a.
(B) Liver area (fold change from the CON MO) in the CON MO, the GPER ATG-MO and
the GPER SP-MO group (4 dpf).
(C) Assessing the effectiveness of GPER SP-MO.
(C’) The mechanism of GPER SP-MO and schematic diagram for designing primers to
validate effectiveness.
(C”) Detecting PCR products in the the CON MO and the GPER SP-MO group by Gel
electrophoresis.
The scale bar represents 0.5 mm for all panels (A).
Data are expressed as mean + SD (n=4 animals in each group). All significance values
were determined using Dunnett's test following one-way ANOVA. ns, p=0.05; *,
0.01=p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001 (B).

Based on the efficacy test results of GPER morpholinos, the GPER ATG-MO
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was employed in the experiment to investigate whether GPER knockdown
could reduce cisplatin-induced edema formation and mortality in zebrafish
larvae. The GPER ATG-MO could specifically target the start codon of GPER
transcripts and block GPER translation. CON MO was injected into embryos
as a control for sequence-unspecific effects of morpholino. The experimental
procedure involves the following steps: CON MO or GPER ATG-MO injection
at 1-4 cell stage embryos, cisplatin administration at 2 dpf, phenotype and
mortality assessment at 5 dpf (Figure 4.3A). The results revealed that
zebrafish larvae exhibited a certain degree of recovery in abnormal
phenotypes following GPER knockdown by GPER ATG-MO, accompanied by

a decrease in mortality rate (Figure 4.3B-C).
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Figure 4.3 GPER knockdown alleviated the formation of cisplatin-induced abnormal
phenotypes and reduced high mortality
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(A) Schematic outline of experimental timelines and set-up. The experimental procedure
involves the following steps: 1) Pre-treatment: Injection of GPER ATG-MO or CON MO
(control) at 1-4 cell stage. 2) Drug administration: Injection of 10 nl of 3.3 mM cisplatin
solution or 10 nl of 140 mM NaCl solution (control) at 2 dpf. 3) Statistical analysis:
Evaluation of phenotypic changes and mortality at 5 dpf.

Following annotations in the figure, the example of ‘Cisplatin + GPER MO’ is used for
illustration that zebrafish larvae were injected with 2 nl 100 yM GPER ATG-MO solution at
1-4 cell stage and injected with 10 nl of 3.3 mM cisplatin solution at 2 dpf.

(B) The phenotypic changes, following the phenotype classification shown in Table 3.1
and Figure 3.4, of 5 dpf zebrafish larvae across different groups to examine the effect of
GPER knockdown by GPER ATG-MO on cisplatin-induced malformation.

(C) The mortality rates of 5 dpf zebrafish larvae among different groups to examine the
effect of GPER knockdown by GPER ATG-MO on cisplatin-induced mortality.

The table below the bar chart represents the percentage distribution of five different
phenotypes in each experimental group as depicted in the bar chart (B).

Data are expressed as mean + SD from seven independent experiments. For each
experiment, the non-cisplatin injected groups consisted of 12 embryos per group, while all
cisplatin-injected groups contained 18 embryos per group (B-C).

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.3.1.3 The GPER inhibitor G36 or GPER knockdown do not rescue

gentamicin-induced malformation

To ascertain that GPER inhibition specifically counters malformation and high
mortality induced by cisplatin rather than exerting a general renoprotective
effect, the impact of GPER inhibition on the effects of an alternate nephrotoxic
drug, gentamicin, was assessed.

The experimental setup remained consistent with the aforementioned
procedure for investigating the role of GPER in cisplatin toxicity, with the
exception of replacing the 3.3 mM cisplatin solution with a 10 mg/mi
gentamicin solution for injection (Figure 4.4A). The results indicate that
pre-treatment with ATG-MO had no effect on the abnormal phenotypes or
mortality rates induced by gentamicin (Figure 4.4D-E). Conversely,
pre-treatment with G36 slightly exacerbated the abnormal phenotypes and
mortality rates caused by gentamicin. Normal embryos decreased from 6.9%
to 4.2%, while mortality rates increased from 17% to 20% (Figure 4.4B-C).

This observation indicated that the functional inhibition or knockdown of GPER
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specifically suppressed cisplatin-induced edema, rather than having a general
inhibitory effect on edema induced by other nephrotoxins, just like gentamicin.
We will discuss and analyze in Chapter 4, Section 4.4, the reasons for
choosing gentamicin instead of cisplatin to study the function of GPER, along

with potential subsequent mechanism investigations.
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Figure 4.4 The GPER inhibitor G36 or GPER knockdown do not rescue
gentamicin-induced mortality

(A) Schematic outline of experimental timelines and set-up. Left panel for GPER inhibitor
G36 pre-treatment, right panel for GPER knockdown by GPER ATG-MO. The
experimental procedure for Day 0 to 2 can be referred to in Figure 4.1A and 4.3A,
including: 1) Pre-treatment: Gene knockdown tool - GPER ATG-MO or CON MO (control)
injection at 1-4 cell stages embryos / Chemical inhibition - G36 solution or 0.1% DMSO
solution (control) pre-treatment at 1 dpf. 2) Drug administration: Injection of 10 nl of 10
mg/ml gentamicin solution or 10 nl of 140 mM NaCl solution (control) at 2 dpf. 3) Statistical
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analysis: Evaluation of phenotypic changes and mortality at 5 dpf.

Following annotations in the figure, the example of ‘Gentamicin + 20 yM G36’ is used for
illustration that larvae were pretreated with 20 uM G36 solution at 1 dpf and 10 nl of 10
mg/ml gentamicin solution were injected at 2 dpf.

(B) The phenotypic changes, following the phenotype classification shown in Table 3.1
and Figure 3.4, of 5 dpf zebrafish larvae across different groups to examine the effect of
G36 pre-treatment to gentamicin-induced abnormal phenotypes.

(C) The mortality rates of 5 dpf zebrafish larvae among different groups to examine the
effect of G36 pre-treatment to gentamicin-induced mortality.

(D) The phenotypic changes of 5 dpf zebrafish larvae across different groups to examine
the effect of GPER knockdown by GPER ATG-MO to gentamicin-induced abnormal
phenotypes.

(E) The mortality rates of 5 dpf zebrafish larvae among different groups to examine the
effect of GPER knockdown by GPER ATG-MO to gentamicin-induced mortality.

The table below the bar chart represents the percentage distribution of five different
phenotypes in various experimental groups as depicted in the bar chart (B and D).

Data are expressed as mean + SD from five independent experiments. For each
experiment, the non-gentamicin injected groups consisted of 12 embryos per group, while
all gentamicin-injected groups contained 18 embryos per group (B-E).

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4314 The GPER inhibitor G36 decreases the expression of

cisplatin-induced kidney injury genes

It was determined that inhibition of GPER function reverses cisplatin-induced
toxicity through changes in zebrafish phenotype and mortality rate.
Considering nephrotoxicity as a potential significant factor leading to
phenotype changes and mortality, subsequent experiments are required to
validate the restorative effect of GPER functional inhibition on
cisplatin-induced nephrotoxicity.

Quantitative real-time PCR (QPCR) was employed in the experiment to assess
the expression of kidney injury-related genes across different groups, including
kidney injury molecule 1 (kim1) [141, 142], clusterin (clu) [143], and connective
tissue growth factor (ctgf) [144]. These genes show high expression in
zebrafish larval models after exposure to different nephrotoxic agents [99].
Particularly, for kim1, the mRNA expression levels can increase by 2-3 times

after treatment with gentamicin [99] and bacterial infection [133] in zebrafish
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larvae. The gPCR results revealed that the mRNA levels of kim1, clu and ctgf
were significantly increased in response to cisplatin stimulation. The use of the
GPER inhibitor G36 reduced the elevated expression induced by cisplatin
(Figure 4.5). These findings underscored the protective effect of G36 against

cisplatin-induced nephrotoxicity.
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Figure 4.5 The GPER inhibitor G36 decreases the expression of cisplatin-induced kidney
injury genes in mMRNA level

Expression of kim1, clu and ctgf in 3 dpf zebrafish larvae across different groups to
examine the effect of G36 pre-treatment to cisplatin-induced kidney injury. B-actin was
used as the house keeping gene.

The experimental procedure for Day 0 to 2 can be referred to in Figure 4.3A. The
experimental procedure involves the following steps: 1) Pre-treatment: Pre-treatment of
20 pyM G36 solution or 0.1% DMSO solution (control) at 1 dpf. 2) Drug administration:
Injection of 10 nl of 3.3 mM cisplatin solution or 10 nl of 140 mM NaCl solution (control) at
2 dpf. 3) RNA extraction: RNA extraction was done at 3 dpf.

Following annotations in the figure, the example of ‘Cisplatin + G36’ is used for illustration
that larvae were pretreated with 20 uM G36 solution at 1 dpf and 10 nl of 3.3 mM cisplatin
solution were injected at 2 dpf.

Data are expressed as mean £ SD from four independent experiments. Each experiment
involved RNA extraction from over 30 embryos per group.

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.3.1.5 The GPER inhibitor G36 restores the reduced diameter of the

proximal tubule induced by cisplatin

Previous research established that by monitoring the ATP1A1 protein [198,
219], morphological changes in the pronephric duct can be detected at the

whole mount level. While IHC results may not display overt morphological

97



changes, such as tubule bending due to potential edema (Figure 4.6 A), the
width of the proximal tubule in the cisplatin group noticeably diminished
compared to the control group (Figure 4.6 B) which is similar to the SYTO-59
dye staining in living zebrafish larvae (Figure 3.7). These results indicated the
abnormal constriction or collapse of the proximal tubule under cisplatin
stimulation. Upon pre-treatment with the GPER inhibitor G36, the width of the
proximal tubule in the Cisplatin + G36 group significantly increased compared
to the cisplatin group (Figure 4.6 B). We will discuss and analyze the potential
reasons for cisplatin-induced reduction in proximal tubule diameter and the

restoration by G36 in the Chapter 4, Section 4.4.
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Figure 4.6 The GPER inhibitor G36 restore the reduced diameter of the proximal tubule
induced by cisplatin

(A) ATP1A1 antibody staining in the 3 dpf zebrafish larvae. The confocal image (maximum
projected view of z-stack) shows the red-framed area depicted in the schematic. The
fluorescence signal represents the pronephric area which was stained by ATP1A1
antibody and the white dotted line indicates the boundary of the pronephric tubule.

(B) Changes in the diameter of the pronephric tubule in the different groups with/without
20 uM G36 pre-treatment. The diameter of the pronephric tubule is indicated by the yellow
vertical line in Figure A, and the individual diameter length used for statistics is the
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average taken from five different positions of the pronephric tubule.

The experimental procedure for Day 0 to 2 can be referred to in Figure 4.3A. The
experimental procedure involves the following steps: 1) Pre-treatment: Pre-treatment of
G36 solution or 0.1% DMSO solution (control) at 1 dpf. 2) Drug administration: Injection of
10 nl of 3.3 mM cisplatin solution or 10 nl of 140 mM NaCl solution (control) at 2 dpf. 3)
IHC: IHC was done at 3 dpf.

In the figure, the example of ‘Cisplatin + G36’ is used for illustration that larvae were
pretreated with 20 yM G36 solution at 1 dpf and 10 nl of 3.3 mM cisplatin solution were
injected at 2 dpf.

The scale bar is shown in the figure (A).

Data are expressed as mean = SD (n=3 animals in each group) (B).

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.3.1.6 Summary

The significant attenuation of abnormal phenotypes and reduced mortality
rates induced by cisplatin post-GPER inhibition using GPER inhibitor G36 and
GPER ATG MO suggests a potential reparative effect of GPER functional
inhibition against cisplatin-induced nephrotoxicity. By introducing gentamicin, a
nephrotoxin with a completely different mechanism of inducing nephrotoxicity,
the specific role of GPER in cisplatin-induced nephrotoxicity was established,
indicating that inhibition of GPER function is not solely associated with
widespread renal protection. Finally, the substantial reduction of high
expression of cisplatin-induced kidney injury markers and restoration of the
diminished diameter of proximal tubules post-GPER inhibition highlights the

potential role of GPER as a modulator in cisplatin-induced nephrotoxicity.

4.3.2 GPER-ERK signaling regulates cisplatin-induced

nephrotoxicity

Previous studies demonstrated that cisplatin can stimulate elevated
expression of MAPK in renal cells [57-61]. MAPK, as an important downstream
protein of GPER, participates in regulating various physiological responses,
especially apoptosis [90, 95]. Hence, the GPER-MAPK signaling might serve

as a potential regulatory pathway involved in cisplatin-induced nephrotoxicity.
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The MAPK family primarily includes ERK, p38, and JNK. It is essential to
initially determine, at the protein level, the impact of cisplatin and GPER
functional inhibition on the expression of these three downstream proteins to
ascertain whether MAPK is regulated by GPER. Subsequently, through
zebrafish phenotype and mortality rate experiments, it is necessary to
establish whether MAPK inhibition affects cisplatin-induced toxicity, thereby
determining if GPER-MAPK regulates cisplatin-induced zebrafish

nephrotoxicity.

4.3.2.1 Cisplatin-induced ERK activation is blocked by the GPER inhibitor
G36 and GPER knockdown

To further substantiate this hypothesis (GPER-MAPK signaling in cisplatin
induced nephrotoxicity), western blotting was employed to assess the changes
in phosphorylated ERK (p-ERK), an indicator of ERK activation, at the protein
level. The Cisplatin group exhibited an increase in p-ERK levels compared to
the CON group. However, upon inhibiting GPER function (by G36 or GPER
ATG-MO), the elevated p-ERK level induced by cisplatin was decreased
(Figure 4.7A-B). These results indicate that ERK, as a potential downstream
protein of GPER, is involved in the process of cisplatin-induced nephrotoxicity

in zebrafish larval model (Figure 4.7C).
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Figure 4.7 Inhibition of GPER using G36 and GPER ATG-MO blocks cisplatin-induced
ERK activation

(A) Amount of phosphorylated ERK (p-ERK) in 3 dpf zebrafish larvae across different
groups with/without G36 pre-treatment.

(B) Amount of phosphorylated ERK (p-ERK) in 3 dpf zebrafish larvae across different
groups with/without GPER knockdown by GPER ATG-MO.

Left panel shows a representative result (A" and B’), while the right panel presents the
quantification of relative p-ERK levels normalized to the intensity of the loading control
Vinculin for the different conditions (A” and B”).

(C) Based on protein detection results, ERK could be a potential downstream protein of
GPER to regulate the process of cisplatin-induced nephrotoxicity in zebrafish larval
model.

G36 are all stored in 100% DMSO and diluted to working concentrations using E3 medium.
Embryos without inhibitor treatment are placed in a 0.1% DMSO solution (diluted in E3
medium), equivalent to the DMSO content in a 20 yM G36 solution. The experimental
procedure for Day 0 to 2 can be referred to in Figure 4.1A and 4.3A, including: 1)
Pre-treatment: Gene knockdown tool - GPER ATG-MO or CON MO (control) injection at
1-4 cell stages embryos / Chemical inhibition — 20 yM G36 solution or 0.1% DMSO
solution (control) pre-treatment at 1 dpf. 2) Drug administration: Injection of 10 nl of 3.3
mM cisplatin solution or 10 nl of 140 mM NaCl solution (control) at 2 dpf. 3) Protein
extraction: whole amount proteins were extracted at 3 dpf.
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In the figure, the example of ‘Cisplatin + G36’ is used for illustration that larvae were
pretreated with 20 yM G36 solution at 1 dpf and 10 nl of 3.3 mM cisplatin solution were
injected at 2 dpf.

p-ERK levels are quantified from multiple densitometry scans based on the signals
obtained for p-ERK and Vinculin, which was used as a loading control. The relative
intensity ratios of p-ERK/Vinculin are plotted and have been set to 1 for the controls (A”

and B”).
Black solid arrows (—) represent signal transduction experimentally confirmed in this
thesis. Red dotted arrows (— — —) with a question mark (?) represent potential signal

transduction requiring additional experimental investigations (C).

Data are expressed as mean + SD from three independent experiments. Each experiment
involved protein extraction from 30 embryos per group (A” and B”).

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.3.2.2 p38 activation was not influenced by cisplatin and GPER

knockdown

In addition to ERK, previous studies have confirmed that p38 [59], as another
member of the MAPK family, is also involved in cisplatin-induced nephrotoxicity.
Western blotting was employed to assess alterations in the phosphorylation of
p38 (p-p38), indicative of p38 activation, across different experimental groups.
The findings revealed that, compared to the control (CON) group, there were
no discernible changes in p-p38 levels within the cisplatin-treated group.
Similarly, upon functional inhibition of GPER using GPER ATG-MO, there were
no observable changes in the phosphorylation of p38 (Figure 4.8A-B). These
results indicate that p38 could not serve as a potential downstream protein of
GPER to regulate the process of cisplatin-induced nephrotoxicity in zebrafish

larval model (Figure 4.8B).
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Figure 4.8 p38 activation was not influenced by cisplatin and GPER knockdown
(A) Amount of phosphorylated p38 (p-p38) in 3 dpf zebrafish larvae across different
groups with/without GPER knockdown by GPER ATG-MO. Left panel shows a
representative result (A'), while the right panel presents the quantification of relative p-p38
levels normalized to the intensity of the loading control Vinculin for the different conditions
(A).
(B) Based on protein detection results, p38 could not serve as a potential downstream
protein of GPER to regulate the process of cisplatin-induced nephrotoxicity in zebrafish
larval model.
The experimental procedure for Day 0 to 2 can be referred to in Figure 4.3A, including: 1)
Pre-treatment: Injection of GPER ATG-MO or CON MO (control) at 1-4 cell stage. 2) Drug
administration: Injection of 10 nl of 3.3 mM cisplatin solution or 10 nl of 140 mM NaCl
solution (control) at 2 dpf. 3) Protein extraction: whole amount proteins were extracted at 3
dpf.
In the figure, the example of ‘Cisplatin + GPER MO’ is used for illustration that larvae were
pretreated with 2 nl 100 yM GPER ATG-MO solution at 0-2 hpf and 10 nl of 3.3 mM
cisplatin solution were injected at 2 dpf.
p-p38 levels are quantified from multiple densitometry scans based on the signals
obtained for p-p38 and Vinculin, which was used as a loading control. The relative
intensity ratios of p-p38/Vinculin are plotted and have been set to 1 for the controls (A”).
Black solid arrows (—) represent signal transduction experimentally confirmed in this
thesis. Red dotted arrows (— — —) with a question mark (?) represent potential signal
transduction requiring additional experimental investigations. Black solid arrows (—) with
a red cross mark (X) represent signal transduction identified to be false in this thesis (B).
Data are expressed as mean + SD from two independent experiments. Each experiment
involved protein extraction from 30 embryos per group (A”).
All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.
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4.3.2.3 Inhibition of ERK by PD98059 and U0126 rescued

cisplatin-induced abnormal phenotypes formation and high mortality

To investigate whether inhibiting ERK function could mitigate cisplatin-induced
abnormal phenotypes and high mortality in zebrafish larvae, two distinct MEK
inhibitors, PD98059 [220] and U0126 [221], which prevent activation of the
downstream kinases ERK1 and 2 by MEK, were utilized. The experimental
procedure involved inhibitors pre-treatment at 1 dpf, 3.3 mM cisplatin solution
injection at 2 dpf, and phenotype and mortality analysis at 5 dpf (Figure 4.9A).
The results revealed that, following pre-treatment with PD98059 or U0126
either at 10 or 20 uM, the abnormal phenotypes became less evident and the
percentage of Normal embryos increased up to approximately 20% in a
PD98059/U0126 concentration dependent manner (Figure 4.9B). Accordingly,
it accompanied by a dose-dependent and significantly reduced mortality
caused by cisplatin-injection down to approximately 10% upon 20 pM
PD98059 or U0126 pre-treatment, otherwise cisplatin mortality was as high as
54% without PD98059 or U0126 pre-treatment (Figure 4.9C). Combining with
protein detection results in Section 4.3.2.1, these results confirmed that

GPER-ERK signaling regulates cisplatin-induced nephrotoxicity.
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Cisplatin + 10 uyM
PD98059 1.4% 11.1% 11.1% 58.3% 18.1%
Cisplatin + 20 yM
PD98059 16.4% 15.1% 27.4% 34.2% 6.8%

Figure 4.9 Inhibition of ERK by PD98059 and U0126 rescued cisplatin-induced abnormal
phenotypes formation and high mortality

(A) Schematic outline of experimental timelines and set-up. The inhibitors are all stored in
100% DMSO and diluted to working concentrations using E3 medium. Embryos without
inhibitor treatment are placed in a 0.2% DMSO solution (diluted in E3 medium), equivalent
to the DMSO content in a 20 yM PD98059/U0126 solution. The experimental procedure
involves the following steps: 1) Pre-treatment: Pre-treatment of PD98059/U0126 solution
or 0.2% DMSO solution (control) at 1 dpf. 2) Drug administration: Injection of 10 nl of 3.3
mM cisplatin solution or 10 nl of 140 mM NaCl solution (control) at 2 dpf. 3) Statistical
analysis: Evaluation of phenotypic changes and mortality at 5 dpf.

Following annotations in the figure, the example of ‘Cisplatin + 20 yM PD98059’ is used
for illustration that larvae were pretreated with 20 yuM PD98059 solution at 1 dpf and 10 nl
of 3.3 mM cisplatin solution were injected at 2 dpf.

(B) The phenotypic changes, following the phenotype classification shown in Table 3.1
and Figure 3.4, of 5 dpf zebrafish larvae across different groups to examine the effect of
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PD98059 or U0126 pre-treatment on cisplatin-induced malformation.

(C) The mortality rates of 5 dpf zebrafish larvae among different groups to examine the
effect of PD98059 or U0126 pre-treatment to cisplatin-induced mortality.

(D) GPER-ERK signaling regulates cisplatin-induced nephrotoxicity.

The table below the bar chart represents the percentage distribution of five different
phenotypes in various experimental groups as depicted in the bar chart (B).

Black solid arrows (—) represent signal transduction experimentally confirmed in this
thesis (D).

Data are expressed as mean + SD from four independent experiments. For each
experiment, the non-cisplatin injected groups consisted of 12 embryos per group, while all
cisplatin-injected groups contained 18 embryos per group (B-C).

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.3.2.4 The pan-caspase inhibitor Q-VD-OPh alleviated the formation of

cisplatin-induced abnormal phenotypes and reduced high mortality

In these experiments, the pan-caspase inhibitor Q-VD-OPh [222] was
employed to assess whether inhibiting caspases could mitigate
cisplatin-induced edema formation and mortality in zebrafish larvae. The
experimental procedure involved inhibitor pre-treatment at 1 dpf, 3.3 mM
cisplatin solution injection at 2 dpf, and phenotype and mortality analysis at 5
dpf (Figure 4.10A). The results revealed that, following pre-treatment with
Q-VD-OPh at 50 pM, the abnormal phenotypes became less evident and the
percentage of Normal embryos increased up to 11% (Figure 4.10B).
Accordingly, it accompanied by a significantly reduced mortality caused by
cisplatin-injection down to approximately 19% upon 50 yM Q-VD-OPh
pre-treatment, otherwise cisplatin mortality was as high as 45% without
Q-VD-OPh pre-treatment (Figure 4.10C). Considering previous studies that
have confirmed cisplatin could activate caspases following ERK activation to
trigger apoptosis of renal cells [60, 63], GPER-ERK-caspases is a potential

signaling regulating cisplatin-induced nephrotoxicity.
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Figure 4.10 The pan-caspase inhibitor (Q-VD-OPh) alleviated the formation of

cisplatin-induced abnormal phenotypes and reduced high mortality

(A) Schematic outline of experimental timelines and set-up. Q-VD-OPh is stored in 100%
DMSO and diluted to working concentrations using E3 medium. Embryos without inhibitor
treatment are placed in a 0.1% DMSO solution (diluted in E3 medium), equivalent to the
DMSO content in a 50 yM Q-VD-OPh solution. The experimental procedure involves the
following steps: 1) Pre-treatment: Pre-treatment of Q-VD-OPh solution or 0.2% DMSO
solution (control) at 1 dpf. 2) Drug administration: Injection of 10 nl of 3.3 mM cisplatin
solution or 10 nl of 140 mM NaCl solution (control) at 2 dpf. 3) Statistical analysis:
Evaluation of phenotypic changes and mortality at 5 dpf.

Following annotations in the figure, the example of ‘Cisplatin + 50 yM Q-VD-OPh'’ is used
for illustration that larvae were pretreated with 50 yM Q-VD-OPh solution at 1 dpf and 10
nl of 3.3 mM cisplatin solution were injected 24 hour later at 2 dpf.

(B) The phenotypic changes, following the phenotype classification shown in Table 3.1
and Figure 3.4, of 5 dpf zebrafish larvae across different groups to examine the effect of
Q-VD-OPh pre-treatment on cisplatin-induced malformation.

(C) The mortality rates of 5 dpf zebrafish larvae among different groups to examine the
effect of Q-VD-OPh pre-treatment to cisplatin-induced mortality.
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(D) GPER-ERK-caspases is a potential signal casade regulating cisplatin-induced
nephrotoxicity.

The table below the bar chart represents the percentage distribution of five different
phenotypes in various experimental groups as depicted in the bar chart (B).

Black solid arrows (—) represent signal transduction experimentally confirmed in this
thesis. Red dotted arrows (— — —) with a question mark (?) represent potential signal
transduction requiring additional experimental investigations (C).

Data are expressed as mean * SD from six independent experiments. For each
experiment, the non-cisplatin injected groups consisted of 12 embryos per group, while all
cisplatin-injected groups contained 18 embryos per group (B-C).

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.3.2.5 Summary

We initially confirmed the involvement of the GPER-ERK signaling at the
protein level in cisplatin-induced toxicity. Additionally, upon the utilization of
MEK inhibitor and pan-caspase inhibitor, a significant reduction in abnormal
phenotypes and mortality rates induced by cisplatin was observed. This
highlights the pivotal roles of ERK and caspases in cisplatin-induced
nephrotoxicity, suggesting the potential regulation of cisplatin-induced

nephrotoxicity through the GPER-MAPK-caspases cascade.

4.3.3 The role of the GPER-p53 signaling in cisplatin-induced

nephrotoxicity is unclear

The involvement of p53 in regulating cisplatin-induced nephrotoxicity has been
confirmed in various in vivo [46] and in vitro [47] studies. Considering the
GPER-p53 signaling regulates apoptosis in different cell types, our study aims
to confirm whether the GPER-p53 signaling can also modulate
cisplatin-induced nephrotoxicity. It is essential to initially determine, at the
protein level, the impact of cisplatin and GPER functional inhibition on the
expression of these three downstream proteins to ascertain whether p53 is
regulated by GPER. Subsequently, through zebrafish phenotype and mortality
rate experiments, it is necessary to establish whether p53 inhibition affects

cisplatin-induced toxicity, thereby determining if GPER-p53 regulates
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cisplatin-induced zebrafish nephrotoxicity.

4.3.3.1 Cisplatin-induced levels of p53 were not influenced by GPER

knockdown

To analyze the correlation between GPER and p53 at the protein level,
western blotting was employed to investigate alterations in the expression and
phosphorylation of p53 by either an antibody detecting total p53 or a
phospho-p53 (Ser15) antibody to recognize phosphorylated p53 (p-p53)
across various treatment groups. The results indicated that compared to the
control group, the cisplatin-injected group exhibited an elevated expression
and phosphorylation of p53. Following the functional inhibition of GPER (using
GPER ATG-MO), the elevated expression of p53 induced by cisplatin
remained unaltered, while the elevated levels of p-p53 were decreased (Figure

4.11A-B).
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Figure 4.11 Cisplatin-induced phosphorylation of p53, but not its total levels, were

influenced by GPER knockdown
(A) Amount of p53 in 3 dpf zebrafish larvae across different groups with/without GPER
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knockdown by GPER ATG-MO. Left panel shows a representative result (A’), while the
right panel presents the quantification of relative p53 levels normalized to the intensity of
the loading control Vinculin for the different conditions (A”).

(B) Amount of phosphorylated p53 (p-p53) in 3 dpf zebrafish larvae across different
groups with/without GPER knockdown by GPER ATG-MO. Left panel shows a
representative result (B’), while the right panel presents the quantification of relative p-p53
levels normalized to the intensity of the loading control Vinculin for the different conditions
(B”).

The experimental procedure for Day 0 to 2 can be referred to in Figure 4.3A, including: 1)
Pre-treatment: Injection of GPER ATG-MO or CON MO (control) at 1-4 cell stage. 2) Drug
administration: Injection of 10 nl of 3.3 mM cisplatin solution or 10 nl of 140 mM NaCl
solution (control) at 2 dpf. 3) Protein extraction: whole amount proteins were extracted at 3
dpf.

In the figure, the example of ‘Cisplatin + GPER MO’ is used for illustration that larvae were
pretreated with 2 nl 100 yM GPER ATG-MO solution at 0-2 hpf and 10 nl of 3.3 mM
cisplatin solution were injected at 2 dpf.

p53 or p-p53 levels are quantified from multiple densitometry scans based on the signals
obtained for p53 (p-p53) and Vinculin, which was used as a loading control. The relative
intensity ratios of p53 (p-p53)/ Vinculin are plotted and have been set to 1 for the controls
(A).

Data are expressed as mean + SD from three independent experiments. Each experiment
involved protein extraction from 30 embryos per group (A” and B”).

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.3.3.2 p53 knockdown does not influence cisplatin-induced abnormal

phenotypes formation and mortality

The p53 ATG-MO [146] was utilized to examine whether inhibiting p53 function
could mitigate cisplatin-induced edema formation and mortality in zebrafish
larvae. The p53 ATG-MO could specifically target the start codon of p53
transcripts and block p53 translation. CON MO was injected into embryos as a
control for sequence-unspecific effects of morpholino. Firstly, it's essential to
assess the effectiveness of p53 ATG-MO. Utilize Western blotting technique to
examine whether injecting p53 ATG-MO results in a reduction of p53 protein
expression. The results indicated that the p53 ATG-MO group displayed a
noticeable decrease in p53 protein expression compared to the Con MO
injected group, confirming the successful knockdown of p53 and aligning with

the expected outcome (Figure 4.12A).

110



The experimental procedure included CON MO or p53 ATG-MO injection at
1-4 cell stage embryos, cisplatin administration at 2 dpf, phenotype and
mortality assessment at 5 dpf (Figure 4.12A). The experimental procedure
involved inhibitor pre-treatment at 1 dpf, 3.3 mM cisplatin solution injection at 2
dpf, and phenotype and mortality analysis at 5 dpf (Figure 4.12B). The results
indicated that the edema phenotype and mortality rates in zebrafish larvae did
not exhibit any changes due to p53 knockdown by p53 ATG-MO (Figure
4.12C-D).
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Figure 4.12 p53 knockdown has no impact on cisplatin-induced abnormal phenotypes
formation and mortality

(A) Western blotting to detect the expression of p53 in 9 hpf zebrafish embryos injected
with CON MO and p53 ATG-MO.

(B) Experimental timeline schematic for experiments. The experimental procedure
involves the following steps: 1) Pre-treatment: Injection of p53 ATG-MO or CON MO
(control) at 1-4 cell stage. 2) Drug administration: Injection of 10 nl of 3.3 mM cisplatin
solution or 10 nl of 140 mM NaCl solution (control) at 2 dpf. 3) Statistical analysis:
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Evaluation of phenotypic changes and mortality at 5 dpf.

Following annotations in the figure, the example of ‘Cisplatin + p53 MO’ is used for
illustration that larvae were injected with 2 nl 100 uM p53 ATG-MO solution at 1-4 cell
stage and 10 nl of 3.3 mM cisplatin solution were injected at 2 dpf.

(C) The phenotypic changes, following the phenotype classification shown in Table 3.1
and Figure 3.4, of 5 dpf zebrafish larvae across different groups to examine the effect of
p53 knockdown by p53 ATG-MO on cisplatin-induced malformation.

(D) The mortality rates of 5 dpf zebrafish larvae among different groups to examine the
effect of p53 knockdown by p53 ATG-MO on cisplatin-induced mortality.

The table below the bar chart represents the percentage distribution of five different
phenotypes in various experimental groups as depicted in the bar chart (C).

Data are expressed as mean * SD from six independent experiments. For each
experiment, the non-cisplatin injected groups consisted of 12 embryos per group, while all
cisplatin-injected groups contained 18 embryos per group (C-D).

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.3.3.3 p53 knock-out increase cisplatin-induced abnormal phenotypes

formation and mortality

A p53 knock-out line previously published by the laboratory of Christine
Blattner [150] was employed to investigate whether the absence of the p53
protein could attenuate cisplatin-induced edema formation and mortality in
zebrafish larvae. The experimental procedure involved inhibitors 3.3 mM
cisplatin solution injection at 2 dpf, and phenotype and mortality analysis at 5
dpf (Figure 4.13A). It's worth noting that the p537 embryos used in the
experiment were obtained from an incross of homozygous mutant adults [150],
which are maternal zygotic homozygous p53 mutants lacking all functional p53.
The embryos derived from WT zebrafish were used as control.

The results revealed that cisplatin-induced abnormal phenotypes became
more severe and the percentage of Disintegrated embryos increased up to
72% when p53 knockout (Figure 4.13B). Accordingly, it accompanied by a
significantly increased mortality caused by cisplatin-injection down to
approximately 67% when p53 knockout, otherwise cisplatin mortality was as

high as 49% without p53 knockout (Figure 4.13C).
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Figure 4.13 p53 knock-out increase cisplatin-induced abnormal phenotypes
formation and mortality

(A) Experimental timeline schematic for experiments. Embryos in p53 KO group were
derived from an incross of homozygous mutant adults [150], which are maternal zygotic
homozygous p53 mutants and lack all functional p53. Embryos in CON group were
derived from WT adults. The experimental procedure involved p53” and WT (control)
embryos harvest at 0 dpf, 10 nl of 3.3 mM cisplatin solution or 10 nl of 140 mM NaCl
solution (control) injection at 2 dpf, and phenotype and mortality analysis at 5 dpf.
Following annotations in the figure, the example of ‘Cisplatin + p53 KO’ is used for
illustration that p53-- zebrafish larvae were injected with 10 nl of 3.3 mM cisplatin solution
at 2 dpf.

(B) The phenotypic changes, following the phenotype classification shown in Table 3.1
and Figure 3.4, of 5 dpf zebrafish larvae across different groups to examine the effect of
p53 knock-out on cisplatin-induced malformation.

(C) The mortality rates of 5 dpf zebrafish larvae among different groups to examine the
effect of p53 knock-out on cisplatin-induced mortality.
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The table below the bar chart represents the percentage distribution of five different
phenotypes in various experimental groups as depicted in the bar chart (B).

Data are expressed as mean = SD from ten independent experiments. For each
experiment, the non-cisplatin injected groups consisted of 12 embryos per group, while all
cisplatin-injected groups contained 18 embryos per group (B-C).

All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.3.3.4 Summary

The results in this section showed some unexpected disparities. Firstly, protein
detection results indicated that GPER knockdown does not affect the overall
upregulation of p53 induced by cisplatin, suggesting that the GPER-p53
signaling might not be involved in cisplatin-induced toxicity. Secondly, the use
of p53 ATG-MO did not impact the abnormal phenotypes and mortality rates
induced by cisplatin, whereas p53 knockout exacerbated the abnormal
phenotypes and mortality rates induced by cisplatin. Based on the current
results, we cannot determine whether the GPER-p53 signaling is involved in

regulating cisplatin-induced nephrotoxicity.

4.3.3 Inhibiting GPER does not affect the DNA damage caused
by cisplatin

4.3.4.1 Cisplatin-induced levels of p-H2AX were not influenced by GPER
inhibitor G36 and GPER knockdown

To evaluate whether GPER is involved in cisplatin-induced DNA damage,
western blotting was employed to assess the changes in phosphorylated
H2AX (p-H2AX) [225], an indicator of DNA damage, across different
experimental groups. The results indicated that compared to the CON group,
the cisplatin-treated group exhibited an increase in p-H2AX levels. However,
upon inhibiting GPER function (by G36 or GPER ATG-MO), the elevated
p-H2AX level induced by cisplatin was not influenced (Figure 4.14A-B). This
outcome mirrors our findings in human cancer cells that G36 don'’t influence

cisplatin-induced levels of p-H2AX [65].
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Figure 4.14 Cisplatin-induced levels of p-H2AX were not influenced by GPER inhibitor
G36 and GPER knockdown

(A) Amount of phosphorylated H2AX (p-H2AX) in 3 dpf zebrafish larvae across different
groups with/without G36 pre-treatment.

(B) Amount of phosphorylated H2AX (p-H2AX) in 3 dpf zebrafish larvae across different
groups with/without GPER knockdown by GPER ATG-MO.

Left panel shows a representative result (A" and B’), while the right panel presents the
quantification of relative p-H2AX levels normalized to the intensity of the loading control
Vinculin for the different conditions (A” and B”).

The inhibitors are all stored in 100% DMSO and diluted to working concentrations using
E3 medium. Embryos without inhibitor treatment are placed in a 0.1% DMSO solution
(diluted in E3 medium), equivalent to the DMSO content in a 20 yM G36 solution. The
experimental procedure for Day 0 to 2 can be referred to in Figure 4.1A and 4.3A,
including: 1) Pre-treatment: Gene knockdown tool - GPER ATG-MO or CON MO (control)
injection at 1-4 cell stages embryos / Chemical inhibition - G36 solution or 0.1% DMSO
solution (control) pre-treatment at 1 dpf. 2) Drug administration: Injection of 10 nl of 3.3
mM cisplatin solution or 10 nl of 140 mM NaCl solution (control) at 2 dpf. 3). Protein
extraction: whole amount proteins were extracted at 3 dpf.

In the figure, the example of ‘Cisplatin + G36’ is used for illustration that larvae were
pretreated with 20 yM G36 solution at 1 dpf and 10 nl of 3.3 mM cisplatin solution were
injected at 2 dpf.

p-H2AX levels are quantified from multiple densitometry scans based on the signals
obtained for p-H2AX and Vinculin, which was used as a loading control. The relative
intensity ratios of p-H2AX/Vinculin are plotted and have been set to 1 for the controls (A”
and B”).

Data are expressed as mean + SD from three independent experiments. Each experiment
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involved protein extraction from 30 embryos per group (A” and B”).
All significance values were determined using Dunnett’s test following one-way ANOVA.
ns, p=0.05; *, 0.01<p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

4.4 Discussion

Previous studies have attempted to unravel the mechanisms underlying
cisplatin-induced nephrotoxicity through various in vivo and in vitro models. Yet,
a comprehensive understanding of the main regulatory factors involved in this
process is still lacking [125]. Building upon the preliminary work conducted in
our laboratory on cancer cells and the similarity between cisplatin-induced
nephrotoxicity and anticancer effects, our research proposes for the first time
the potential involvement of GPER as an upstream regulator in the process of
cisplatin-induced nephrotoxicity.

GPER, the G protein-coupled estrogen receptor, is a member of the G
protein-coupled receptor family associated with estrogen signaling, regulating
a wide range of physiological and pathological processes. While there are no
studies reporting any connection between GPER or the other GPCR family
members with cisplatin-induced nephrotoxicity, the fact that GPER can
modulate the functions of MAPK [226] and p53 [227] in various intracellular
contexts raises the possibility of its involvement in regulating cisplatin-induced
nephrotoxicity. Thus, the potential role of the GPER-MAPK/p53 pathway as a
regulatory mechanism was investigated here.

The subsequent discussion will primarily revolve around three main sections:

441 GPER is a potential modulator in cisplatin-induced

nephrotoxicity

Chapter 3 elucidates, through a series of experiments, that cisplatin
administration induces abnormal morphologic changes and renal structural
damage in zebrafish larvae. Notably, upon employing the GPER inhibitor G36

or GPER-targeted morpholinos, a pronounced reduction in edema severity and
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mortality in zebrafish larvae was observed. This revelation substantiates the

plausible involvement of GPER in modulating cisplatin-induced nephrotoxicity.
1 GPER inhibition does not exerting a general renoprotective effect

To further confirm the specificity of GPER’s functional inhibition on
cisplatin-induced nephrotoxicity, as opposed to a general protective effect on
the kidney, we employed gentamicin as a replacement for cisplatin.
Gentamicin is a well-validated nephrotoxin extensively studied in zebrafish
embryos [99, 118], yet it exhibits a completely different toxicity profile
compared to cisplatin in other models. The main differences including (Figure
6.1 in Appendices), 1). Gentamicin primarily accumulates in the proximal
tubules through reabsorption [228], while cisplatin accumulation occurs
through basolateral-to-apical secretion [229]. 2) Although both toxins
eventually trigger ROS and inflammatory responses, gentamicin primarily
causes protein synthesis inhibition and lysosome disruption [228] upon
entering renal cells. Conversely, cisplatin induction mainly leads to DNA
damage and the production of the metabolic byproduct thiols (strong reducing
agents) [229]. 3) Cisplatin has been reported to bind to different receptors, like
Toll-like receptor 4 (TLR4) [85] and glucocorticoid receptor (GR) [86], inducing
downstream reactions. In contrast, there is currently no evidence suggesting
that gentamicin binds to these receptors. Although the lack of experiments to
support whether the differences in toxicity mechanisms between cisplatin and
gentamicin, as verified in other animal models, apply similarly in zebrafish
larvae, using gentamicin as a substitute for cisplatin is currently the most rapid
and effective method to validate the specificity of GPER regulation of
cisplatin-induced nephrotoxicity. Our results indicated that the G36 inhibitor or
GPER-targeted morpholinos did not affect edema severity and mortality
induced by gentamicin in zebrafish larvae. This outcome further underscores
the potential specific role of GPER in regulating cisplatin-induced

nephrotoxicity.
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The notable point is that ERK involvement in cisplatin-induced nephrotoxicity
has been confirmed in various in vitro and in vivo models [57, 63]. However,
there have been no reports indicating ERK involvement in gentamicin-induced
nephrotoxicity. On the other hand, p38, another important member of the
MAPK family, has been reported in different studies to be involved in the
nephrotoxicity induced by both of these nephrotoxins [59, 230]. Our study
verified in zebrafish larvae model that p-ERK is upregulated at the protein level
after cisplatin stimulation, and functional inhibition of ERK can restore the
abnormal phenotypes caused by cisplatin in zebrafish larvae. Future research
could consider using zebrafish larva as a model to investigate the mechanisms
of gentamicin-induced nephrotoxicity, particularly whether ERK participates in
this process and whether it can replicate the conclusion of p38 MAPK

observed in other models.

2 Selection of the kidney injury marker-kim1 and summary of

experimental methods with technical difficulties

Lastly, the preceding experiments were primarily based on zebrafish
phenotypes, edema formation and mortality rate. Direct evidence
demonstrating the restoration of cisplatin-induced renal abnormalities upon
GPER inhibition was lacking. Initially, we utilized qPCR to assess kidney
injury-related genes, including kim1 [141, 142], clu [143], ctgf[144]. The mRNA
levels of kim1, clu, and ctgf were found to be upregulated 24 hours after
cisplatin injection, and these upregulations were mitigated upon functional
inhibition of GPER. Secondly, the use of the ATP1A1 antibody to visualize the
specific location of the pronephric tubule has been repeatedly confirmed in
previous studies. Experimental results indicated that cisplatin leads to a
reduction in the diameter of the proximal tubule, a finding consistent with
observations from live zebrafish larvae through SYTO-59 dye staining.
However, under the influence of the GPER inhibitor G36, the shortened

diameter of the proximal tubule induced by cisplatin was restored. In Chapter 3,
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Section 3.4, potential reasons for the change in proximal tubule diameter
induced by cisplatin, such as tubule constriction or collapse, have been
explained. The GPER inhibitor G36 might play a role as a vasodilator or
apoptosis inhibitor in cisplatin-induced nephrotoxicity.

In summary, our study provides the first analysis of the potential of GPER as a
modulator of cisplatin-induced nephrotoxicity. However, there are two crucial
issues that require further elucidation in this context:

1. KIM1 is a transmembrane protein initially discovered to be expressed in
renal tubular epithelial cells. In clinical settings, the measurement of KIM1
levels in urine or blood is used to determine the presence of kidney injury,
particularly in the early diagnosis of acute kidney injury (AKI) [231, 232].
Rodent studies also confirmed kim1 is expressed at very high levels in
proximal tubule epithelial cells after ischemic or toxic injury [141, 233].
However, there has been an ongoing controversy regarding the expression of
kim1 in zebrafish, possibly due to the existence of two homologous genes,
hepatitis A virus cellular receptor 1 (havcr1) [234] and 2 (havcr2) [235].
However, in previous studies, only Yin et al. utilized havcr2 to represent kim1,
and havcr1 to represent kim4 [235]. Yin et al. demonstrated an upregulation of
kim1 mRNA expression in renal tissues after injecting gentamicin into adult fish,
while kim4 showed no significant changes. In contrast, more zebrafish studies
employ havcr1 to represent kim1 [99, 236, 237]. These studies use havcr1 as
a marker for zebrafish nephrotoxicity. For instance, Bauer et al. exposed 3 dpf
zebrafish larvae to a 9 ng/ml gentamicin solution for 2 days, resulting in a
two-fold upregulation of haver1 mRNA compared to the control group [99]. In
our study, we adopted havcr1 as a marker for zebrafish larval nephrotoxicity to
measure changes in mMRNA levels (personal communication by Benedikt
Bauer and Angela Mally). In contrast, there is no controversy regarding the
other kidney injury markers, including clusterin (clu) [238, 239] and connective
tissue growth factor (ctgf) [240, 241].

2. Although the gPCR results provided supporting evidence at the mRNA level
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that inhibiting GPER function mitigates cisplatin-induced nephrotoxicity, the
IHC results were not as compelling. Still, we lack direct evidence to
demonstrate the restoration of cisplatin-induced renal cell damage under
GPER functional inhibition or knockdown. Over the past 3 years, we attempted
various methods based on past research on nephrotoxicity, but ultimately get
unconvincing results. The table below (Table 6.1 in Appendices) summarizes
my analysis of these unsuccessful experiments.

These experimental methods with technical difficulties indicate that the
proximal tubule and glomerulus in zebrafish larvae are located at a deeper
position within the larvae’s body. Conventional methods using acetone or
proteinase K for whole-embryo tissue softening to enhance probe, dye, or
antibody penetration into the proximal tubule are challenging to achieve.
Future studies should focus more on precise identification of the proximal
tubule and glomerulus positions through histological sections and combine
histological dyes such as H&E staining [99], kidney injury antibodies like KIM1
[242], apoptosis antibodies like Caspase 3 [243], or electron microscopy to
observe ultrastructural changes and cell death in renal structures [244]. It's
worth mentioning that in our lab, epoxy resin [245] is used to embed zebrafish
for subsequent sectioning. However, this type of plastic is too dense, causing
many antibodies, dyes, and probes to fail to penetrate the plastic and reach the
tissue. Even if pre-embedding labeling methods like whole mount IHC followed
by embedding into epoxy resin are chosen, the fluorescence signal is
quenched upon obtaining the sections. Therefore, future research should
consider using alternative materials to replace epoxy resin for histological
section studies, such as JB-4™ resin [98, 173]. This novel resin not only allows
for a range of histological experiments on the obtained sections, including
staining, antibodies, and probes, but also ensures that the fluorescence signal

can be reliably detected in the pre-embedding labeling sections.

120



442 GPER-MAPK signaling in cisplatin-induced

nephrotoxicity

Furthermore, by utilizing the MEK inhibitors U0126 and PD98059, along with
the pan-caspase inhibitor Q-VD-OPh, a substantial decrease in abnormal
phenotypes and mortality in zebrafish larvae was demonstrated. This
corroborates the regulatory roles of MAPK and caspases in cisplatin-induced
nephrotoxicity across various in vivo and in vitro models. These findings
conclusively establish the participation of GPER, MAPK, and caspases in the
regulation of cisplatin-induced nephrotoxicity, specifically implicating them in
process of the zebrafish larvae malformation. However, while these results
confirm the involvement of GPER, MAPK, and caspases, they do not
definitively establish a sequential GPER-MAPK caspase regulatory pathway,
in which GPER leads to MAPK activation which in turn triggers caspase
activation leading to cell death.

To further study this regulatory pathway, we examined the activation of MAPK
family members by monitoring phosphorylation at the protein level. Through
specific antibodies, we confirmed that only p-ERK and p-p38 were detectable
in zebrafish, while for phosphorylated JNK (pJNK) we could not identify a
specific signal. Following cisplatin administration, a significant increase of
p-ERK was observed, while p-p38 exhibited minimal change. Intriguingly, upon
inhibiting GPER using inhibitors or morpholinos, the considerable increase in
p-ERK induced by cisplatin was markedly attenuated, while p-p38 displayed
negligible alterations.

It is noteworthy that we also examined the levels of p-H2AX, a DNA damage
marker, at the whole mount protein level. Previous study confirmed the
conservation of the phosphorylation site (Serine139) of H2AX in vertebrates
[246]. The cisplatin treatment led to an upregulation of p-H2AX, but the
inhibition of GPER function (G36 or GPER ATG-MO) did not impact this

upregulation. Similar results were observed in the human non-small cell lung
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cancer cell line A549 (unpublished data, personal communication by Iris
Hansjosten). These findings indicate that GPER does not interfere with the
initial DNA damage provoked by cisplatin, but acts downstream or in parallel to
control cell fate. Still, whether cisplatin directly binds to GPER or indirectly, via
e.g. the DNA damage response, triggers GPER signaling warrants further
investigations.

These results definitively establish an upstream role of GPER in
cisplatin-induced ERK activation (phosphorylation), underscoring the direct
linkage of the GPER-ERK axis as a latent regulatory pathway in

cisplatin-induced nephrotoxicity (Figure 4.15).
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Figure 4.15 GPER-ERK signaling involves in cisplatin-induced nephrotoxicity in zebrafish
larval model

Black solid arrows (—) represent signal transduction experimentally confirmed in this
thesis. Red dotted arrows (— — —) with a question mark (?) represent potential signal
transduction requiring additional experimental investigations.

There are four crucial issues that require further elucidation in this context:

1. All western blotting experiments were conducted with whole embryos,
rather than focusing on embryonic kidney cells. Considering the early
embryonic stage and the lack of a kidney reporter line, it was unfeasible to
extract kidney-specific cells for analysis. Even if selective extraction of kidney
cells would be possible, achieving the protein amounts essential for western
blotting might be challenging.

2. Owing to the lack of a specific antibody to detect reliably ERK in zebrafish,

the experiment could not assess the overall ERK protein levels. While other
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models have confirmed that cisplatin does not induce a global increase in ERK
proteins [247, 248], it remains uncertain whether this holds true for the
zebrafish larval model. Similarly, the question arises whether inhibiting GPER
function would lead to an overall downregulation of the zebrafish ERK protein.
3. Other studies in different models and species suggest an upregulation of
p-p38 due to cisplatin, while overall p38 levels remain unaffected [248, 249]. It
remains possible that the use of whole embryos masks a specific enhanced
phosphorylation of p38 only in the kidney. Consequently, further experiments
are essential to address the role of p-p38 in cisplatin-induced renal injury in
zebrafish larvae.

4. The experiment also tried to assess the total levels of JNK and pJNK.
Unfortunately, although the pJNK antibody detected some bands, they were
inconsistent with the anticipated sizes of the zebrafish JNKs. Regrettably, also
the JNK antibody entirely failed to yield detectable bands. Thus, no
conclusions can be drawn concerning the role of JNK in the zebrafish larval

model.

4.4.3 The role of the GPER-p53 signal in cisplatin-induced

nephrotoxicity is unclear

In addition to the activation of MAPKs by cisplatin, we also assessed the
effects on the levels of p53 and its phosphorylation (p-p53). The western
blotting results revealed that cisplatin-induced an overall increase in p53 levels.
Yet, inhibiting GPER did not influence the cisplatin-induced elevation of overall
p53. However, cisplatin did lead to an increase in p-p53 levels, while GPER
inhibition resulted in a reduction of cisplatin-induced p-p53.

Following functional experiments with a p53 knockout zebrafish line and p53
morpholino knockdown, a pro-apoptotic role resulting in enhanced lethality of
zebrafish larvae upon cisplatin treatment could not be shown. On the contrary,

the p53 knockout zebrafish line exhibited greater sensitivity to cisplatin than
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normal zebrafish, with higher levels of edema and mortality. However, p53
knockdown by a specific morpholino had minimal impact on the extent of
edema and mortality induced by cisplatin in zebrafish larvae. Previous in vitro
and in vivo studies have confirmed that inhibiting p53 effectively counteracts
cisplatin-induced nephrotoxicity.

There are four crucial issues that require further elucidation in this context:

1. All western blotting experiments of p53 and p-p53 were conducted with
whole embryos, rather than focusing on embryonic renal cells, as discussed
above for other antibodies used for detection of target proteins.

2. The p53 antibody has been validated in previous studies by Elabd [150] and
others [250]. The upregulation of p53 expression in response to cisplatin
stimulation is consistent with expectations [251, 252]. However, the fact that
the functional inhibition of GPER does not alter cisplatin-induced upregulation
of p53 suggests that GPER inhibition may affect the apoptotic process induced
by cisplatin by potentially altering the levels of phosphorylated p53. Unlike the
dependence of MAPK family function on phosphorylation, p53 also needs
additional post-translational modifications to act as transcription factor,
including phosphorylation [253], acetylation [254], methylation [255]. Previous
studies confirmed over 20 phospho-acceptor sites on p53 in human [256],
among which representative ones including serine 15 (S15), serine 20 (S20),
and serine 392 (S392). The phosphorylation of S15 and S20 is typically
associated with the activation and stability of p53, enhancing the accumulation
and transcriptional activity of p53 under stress conditions. The phosphorylation
of S392 is associated with the anti-apoptotic function of p53, affecting its
interactions with other proteins, especially with anti-apoptotic proteins [253].
Our experiments utilized an antibody detecting the S15 phosphorylation site.
While different studies have confirmed the conservation of zebrafish p53,
limited research has focused on its phospho-acceptor sites, making it
uncertain if the S15 phosphorylation site serves a similar function as in

humans.
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3. The p53 knockout zebrafish line might still maintain some residual p53
levels, which warrants further investigations.

4. While the p53 morpholinos used in this experiment has been extensively
employed in previous studies by other laboratories [146, 257], encountering
incomplete suppression of the target in morpholino knockdown experiments is
not unprecedented. Compared to other gene targets, p53 knockdown is more
prone to induce abnormal embryonic development. Consequently, selecting
appropriate concentrations and injection doses becomes particularly crucial. It
is currently unclear whether the insufficient p53 knockdown is due to
inadequate dosage or other factors, such as off-target effects [257]. However,
given that the total amount of p53 was clearly reduced by the morpholino at 9
hpf, it could also be possible that in this zebrafish model p53 does not have
such a profound role in cisplatin mediating nephrotoxicity.

Thus, the existing data cannot confirm an involvement of the GPER-p53 signal
in kidney injury provoked by cisplatin in zebrafish larval model.

Overall, Chapter 4 focused on functional inhibition of target proteins and
biochemical assays to monitor expression levels and phosphorylation of target
proteins in the zebrafish larval model. Combined with previous research
outcomes, this study proposes for the first time a crucial involvement of the

GPER-MAPK pathway in cisplatin-induced nephrotoxicity.
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5 Conclusion and Outlook

The first part of our study employed previous research findings and combined
them with relevant experiments to establish a method for investigating
cisplatin-induced nephrotoxicity using zebrafish larvae as a model. This
involved selecting appropriate days for larval injection, improving injection
techniques, and implementing phenotypic classification methods. Despite the
increasingly stringent ethical requirements for animal research imposed by
various countries and organizations, the use of adult zebrafish or mouse
models is subject to limitations. Therefore, developing a model centered
around zebrafish larvae not only offers advantages in terms of efficiency,
convenience, and affordability but also serves as a valuable complement to
existing studies on cisplatin or platinum-based drug-induced nephrotoxicity.
The second part of our study utilized the zebrafish larvae model to uncover
GPER-MAPK as a potential regulator of cisplatin-induced nephrotoxicity. This
discovery is highly intriguing, not only because previous research had not
reported the association between GPER and cisplatin-induced nephrotoxicity,
but also because there were limited investigations into the pathophysiological
function of GPER activation in inducing cell apoptosis. The inspiration to
explore GPER as a potential regulator of cisplatin-induced nephrotoxicity
stemmed from its role in cisplatin-induced cytotoxicity in cancer cells, and this
finding further supports the notion that GPER-mediated regulation of cell death
(in both normal and cancerous cells) induced by cisplatin is a universal
phenomenon.

Based on the experimental findings of this study and previous research, the
potential regulatory network is depicted (Figure 5.1). Cisplatin triggers the
activation of GPER, MAPK, and caspases in a sequential manner, leading to
the induction of apoptosis in renal cells. The present study provides the basis

to further substantiate this potential regulatory mechanism.
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Figure 5.1 Putative regulatory network of cisplatin-induced nephrotoxicity established in
the thesis

Blue solid arrows (—) represent known signal transduction. Black solid arrows (—)
represent signal transduction experimentally confirmed in this thesis. Red dotted arrows
(— — —) with a question mark (?) represent potential signal transduction requiring
additional experimental investigations. Black solid arrows (—) with a red cross mark (X)
represent signal transduction identified to be false in this thesis.

1. How does cisplatin activate GPER, directly or indirectly?

In Chapter 1, Section 1.3.4, it has been suggested that cisplatin may function
as a ‘metalloestrogen’ by directly binding to GPER or activating alternative
mechanisms, such as the DNA damage response (DDR), which subsequently
triggers GPER activation. Our protein analysis targeting p-H2AX demonstrated
that GPER does not interfere with the initial DNA damage provoked by
cisplatin but acts downstream or in parallel to control cell fate. Although there is
no research indicating the activation of GPER by the DNA Damage Response
(DDR), future studies can consider comparing the differences in cell death
induced by cisplatin when simultaneously inhibiting key DDR proteins like ATR
alongside GPER versus inhibiting them individually. This comparison will help
us better understand whether DDR has the ability to activate GPER.
Regarding whether GPER can directly bind to cisplatin, the highly developed
surface plasmon resonance (SPR) technique provides a powerful and
nondestructive tool for studying protein-small molecule interactions [258, 259].
2. How does cisplatin activate MAPK/ERK downstream of GPER?

To elucidate the mechanisms underlying MAPK/ERK activation following
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GPER activation by cisplatin, and its role in inducing renal cell apoptosis,
further investigation is required. Although Upadhayay et al. proposed in their
review that GPER can directly activate ERK or the RAS/RAF/ERK pathway
after being activated by SRC [260], it lacks experimental support. Currently, a
more credible explanation comes from Filardo et al., who demonstrated that
GPER can activate the epidermal growth factor receptor (EGFR) through
transactivation in breast cancer cells [261], thereby activating the MAPK/ERK
pathway. In fact, there have been multiple studies in the past reporting that
cisplatin can activate EGFR signaling [262-264]. Combining these results
suggests that the Cisplatin/lGPER/EGFR/ERK signaling pathway may
represent a potential sequential activation mechanism underlying
cisplatin-induced apoptosis.

In conclusion, the specific mechanisms underlying GPER-mediated MAPK
activation depend on the cellular context, physiological environment, and
pathological conditions of different cells and the organism. Future
investigations in this field should focus on renal cells to gain further insights
into the intricacies of GPER activation and its impact on the MAPK pathway.

3. How can the activation of MAPK/ERK activate caspases?

Previous studies have confirmed that under specific conditions, the activation
of MAPK/ERK can induce the activation of caspases, leading to cellular
apoptosis [265, 266]. However, we did not verify the mechanism in our study.
The lack of suitable western blotting antibodies for cleaved caspase 3/6/7
detection made it difficult to detect the respective proteins in zebrafish
embryos. Therefore, additional validation in renal cells is required for further
investigation.

4. Can the activation of GPER by cisplatin regulates p53?

p53 is also a key downstream target of our study. As an important regulator of
the apoptosis pathway, previous studies have demonstrated that cisplatin can
induce high expression of p53 [46, 267] and inhibiting p53 function can reduce

cisplatin-induced renal cell death in in vitro [46] and in vivo [266] models.
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However, our in vivo experiments conducted in zebrafish larvae yielded
partially opposite results. In our study, the functional inhibition of p53 by a
specific morpholino had no impact on cisplatin-induced edema and mortality.
An even exacerbated cisplatin toxicity was observed in knock-out zebrafish
where p53 function was completely absent. Furthermore, although the
functional inhibition of GPER reduced the expression of p-p53 induced by
cisplatin, it had no effect on the overall upregulation of p53 caused by cisplatin.
These results reveal a potential crosstalk of GPER and p53. Future research
needs to address the interaction of GPER and p53 and its role in the response
to cisplatin.

As mentioned earlier, the specific mechanism of GPER as a modulator in
cisplatin-induced nephrotoxicity requires further investigation in future
experiments, but it serves as a valuable addition to the existing research. The
significance and prospects of GPER as a potential modulator of
cisplatin-induced nephrotoxicity can be summarized as follows:

A) Potential as a clinical therapeutic target: avoiding side effects, especially
nephrotoxicity, presents the greatest objective to fully exploiting the anticancer
effects of cisplatin. Previous studies lacked an understanding of the upstream
regulators involved in cisplatin-induced nephrotoxicity. GPER, as a membrane
receptor protein, holds immense potential as a therapeutic target. By
modulating GPER, it may be possible to explore methods to alleviate or
reverse cisplatin-induced nephrotoxicity, thereby enhancing treatment efficacy
and reducing adverse reactions.

B) Expanding the functionality and role of GPER in cisplatin-induced other
adverse effects: Our research findings demonstrate the regulatory role of
GPER in cisplatin-induced kidney injury. However, as GPER is widely
expressed in different tissues and organs, further investigation into its
pathophysiological function in cisplatin-induced neuro- or ototoxicity holds
significant importance.

C) Advancing our understanding of kidney injury mechanisms: the research
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highlights the scarcity of studies on GPER in relation to the kidney.
Considering our study’s identification of GPER as a potential modulator for
cisplatin-induced nephrotoxicity, exploring whether the GPER-MAPK
regulatory network is applicable to other renal injury models or toxicity
mechanisms induced by different toxins would be an intriguing research
direction.

D) Providing a novel perspective on GPER-mediated regulation of apoptosis:
Most of the physiological studies on GPER have primarily focused on its
involvement in cell proliferation, migration, and differentiation. However, there
has been relatively less exploration of its specific role and mechanisms in
apoptosis regulation. Our research results reveal that GPER also plays a role
in regulating normal/cancer cell apoptosis. This provides a rationale for further
investigating its involvement in apoptotic signaling pathways, cell survival and

death balance, and related diseases.
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Figure S.1 Gentamicin and cisplatin-induced nephrotoxicity mechanisms comparison
The red dotted arrow separates gentamicin on the left and cisplatin on the right.
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Table S.1 Summary of experimental methods with technical difficulties and analysis of
potential reasons for detecting cisplatin-induced zebrafish larval renal structural damage
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