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Abstract
Today, acute kidney injury (AKI) and congenital anomalies of the kidney and urinary tract
(CAKUT) represent major issues in healthcare. Both AKI and CAKUT can lead to end stage renal
disease (ESRD) that requires life-long medical care with renal replacement therapy. Renal
replacement by dialysis is intensive, and kidney transplantation is restricted by organ availability.
These limitations, along with the growing epidemic of patients affected by kidney disease,
highlight the significant need to identify alternative ways to treat renal injury and birth defects.
Drug discovery is one promising avenue of current research. Here, we discuss zebrafish chemical
genetics and its latent potency as a method to rapidly identify small molecule therapeutics to
accelerate recovery after AKI. Specifically, we review two groundbreaking studies that have
recently provided a template to screen for compounds that expand the renal progenitor field in
development that were capable of treating AKI in both the zebrafish and the mouse. These new
findings demonstrate that drug discovery using zebrafish can be used for relevant translational
research to identify clinical interventions for renal conditions in humans.
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Introduction
The kidney is critical for a number of important bodily functions, including metabolic waste
excretion and electrolyte homeostasis. Among vertebrates, the kidney is composed of
functional units called nephrons that are generally made up of a renal corpuscle (a blood
filter), a tubule, and a duct (Figure 1) [1,2]. Kidney disease can be a product of conditions
such as birth defects or acute injury. Congenital anomalies of the kidney and urinary tract
(CAKUT) represent 20–30% of all prenatal anomalies, and occur in 1 in 500 live births [3].
CAKUT occurs when there is a disruption in the normal development of either the kidney or
urinary tract and can result in absent kidneys, diminished kidney size or incorrectly formed
nephrons [3,4]. Acute kidney injury (AKI) accounts for 2–7% of inpatient hospital
admissions and afflicts 5–6% of patients who become critically ill, with a 60% mortality rate
[5]. AKI can be initiated from toxins, ischemia or sepsis, and is defined by an immediate
loss of kidney function [6]. Both CAKUT and AKI can lead to end stage renal disease
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(ESRD), a state of kidney failure in which renal replacement therapy is necessary to
maintain life.

Although dialysis is effective as a renal replacement therapy for patients suffering from
kidney failure, it can be a demanding and exhaustive regimen over time, and it is an
expensive treatment. Further, dialysis is the only medically available option to patients on
ever lengthening transplant wait-lists [6]. Unfortunately, patients that do receive kidney
transplants often face a multitude of health issues, with 40% of recipients either dying or
losing graft function within ten years [7]. Thus, there is a dire need to identify new
preventative and curative treatments for defects in renal development and adult kidney
disease. One appealing avenue is the stimulation of more robust renal regeneration following
injury, while other possibilities include the generation of cell-based therapies using stem
cells [8].

In recent years, the zebrafish (Danio rerio) has received more and more attention as a
prominent and unique model organism in the field of nephrology [9]. Zebrafish are
freshwater vertebrates that share both major organs and important developmental pathways
with mammals, including humans [10,11]. The large degree of gene conservation between
zebrafish and mammals is only one of the many reasons why zebrafish are fast becoming
widely used in translational settings [12]. There are a growing number of zebrafish mutants
and transgenics that enable intricate questions to be investigated and answered. Adult
zebrafish generate large clutches of embryos that develop externally, making them ideal for
high-throughput studies. Furthermore, zebrafish embryos are transparent, which allow organ
development and gene expression to be simply and easily observed. In particular, zebrafish
are an attractive model to study the kidney because of the conserved nature of their nephron
composition with mammals [13,14]. They share similarities in the composition of the renal
corpuscle as well as the nephron, which is comprised of a series of proximal and distal
tubule segments that reabsorb and secrete metabolites and assorted ions [13,14]. These
reasons, coupled with the ability to regenerate nephrons as adults [15–18], make zebrafish
an exceptional model to study kidney development and disease [19,20].

Chemical genetics screening is the use of chemical assays to detect biological repercussions
in living systems [21,22]. This method allows molecules to be tested en masse to rescue a
mutant phenotype. In addition, chemical genetics allows for a temporal dimension, such that
the investigator control the time of drug exposure-which is a level of experimental typically
not found in traditional (i.e. classical) genetics. In zebrafish, this method of screening is
exceptionally useful, as compounds from chemical libraries can simply be added and
removed to the zebrafish embryo media during a time window of interest for the organ or
tissue under investigation (Figure 2). In the past decade, chemical genetics in zebrafish has
recruited increasing attention as proof of concept experiments have emerged that
demonstrate its translational value [23,24].

The benefits of using zebrafish to screen for therapeutics initially became apparent after
Peterson et al. described a small molecule screen to investigate developmental processes in
the zebrafish embryo [25]. They treated zebrafish embryos with a library consisting of 1100
small molecules and observed an array of phenotype defects [25]. Of particular note is a
subsequent screen they performed on the hey2 (also known as gridlock) mutant that
develops an aortic coarctation [26]. This mutant results in a narrowing of the aorta and
hence, atypical blood flow. Therefore, Peterson et al. [26] screened for a return in regular
blood flow to the tail after chemical treatment to flag for hits. Using this method, they were
able to identify compounds that upregulated vascular endothelial growth factor (VEGF).
This study set the stage for zebrafish chemical genetics and the innovative translational
research to follow. Here, we review two cornerstone studies that have now specifically
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highlighted the singular advantage and translational aspect of using zebrafish chemical
genetics to screen for therapeutically pertinent drugs to study kidney development and treat
AKI.

Insights into Renal Progenitor Biology with Chemical Genetics
Adult stem cell and progenitor populations have garnered much attention in the past decade,
heralded by many as the solution for a multitude of conditions, including AKI [8]. It has
been speculated that increasing these populations in adults could be key for regenerative
medicine [8]. Regeneration in some organs, including the kidney, recapitulates the gene
expression seen during organ formation [20,27]. Therefore, investigating organogenesis
processes and progenitors in developing embryos could help to define methods of
facilitating regeneration in the adult, which would be of exceptional value for organs such as
the kidney.

The seminal study of this sort in the zebrafish kidney was a chemical screen by de Groh et
al. [28] who interrogated a diverse library of small molecules to discover a series of
compounds that expanded the renal progenitor cell population in embryos. The renal
progenitor population is comprised of two stripes of cells that give rise to a pair of nephrons
that serve as the functioning embryonic kidney, known as the pronephros [29]. This
embryonic kidney has been credited as being an excellent model for study, as it only
contains two nephrons, yet is composed of the complex cell types found in higher
vertebrates [13]. de Groh et al. [28] screened specifically for molecules that caused
pericardial edema in zebrafish embryos, an excess of fluid in the pericardial chamber that is
indicative of kidney failure. This phenotype-based search coupled with large ex utero
transparent clutches allowed for rapid screening with a focus on kidney altercation. From
this screen, they identified 4-(phenylthio) butanoic acid (PTBA) as a positive hit, which
generated pericardial edema and axis curvature at 72 hours post fertilization (hpf).

From here, they proceeded to determine if PTBA affected the kidney field by performing a
pax2 in situ hybridization, which labels the renal progenitors [12]. As they suspected, there
was a marked expansion in pax2a expression upon PTBA treatment. This led them to ask
the question if PTBA also increased the expression of other renal progenitor markers,
namely lhx1a, pax2a, and pax8 [12]. Strikingly, they observed an increase in transcript
expression of all three markers compared to control embryos. Importantly, the increase in
lhx1a expression was observed in the bilateral stripes of the intermediate mesoderm that
gives rise to the pronephros.

The observed increase in lhx1a expression, while significant, did not speak to the notion that
the number of renal progenitors were increased, and could be an artifact of increased mRNA
expression per cell. To this end, they used the transgenic line Tg (lhx1a: EGFP) pt303 to
visualize renal progenitor cells. PTBA-treated embryos revealed a 2.4-fold increase in renal
progenitor cell number compared to controls.

Following this, de Groh et al. [28] asked the question if the PTBA-mediated increase in
kidney field size stemmed from a fate transformation event of non-renal cells or a
proliferation of renal progenitor cells. In situ hybridizations of two mesodermal tissue
markers myod1 and fli1a, which label the somites and vasculature respectively, illustrated
that PTBA caused no significant change in expression. Embryos were then treated with
hydroxyurea and aphidicolin (HUA), which inhibits cell proliferation without affecting
tissue specification, either alone or in combination with PTBA. Here, they saw that HUA
had little effect on lhx1a expansion by itself, yet when combined with PTBA there was a
significant decline in expansion of lhx1a compared to embryos treated with only PTBA.
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This suggested that PTBA functioned to increase renal progenitor cell expansion through
proliferation rather than redirection of tissue fate. Finally, de Groh et al. [28] used a
structure activity study to show that PTBA may act as a histone deacetylase inhibitor
(HDACi). Indeed, upon further interrogation, other HDACi compounds appeared to have
similar effects on kidney field expansion. Further complementing the notion that PTBA acts
as an HDACi was an in vitro fluorescent assay, showing that PTBA blocked the ability of
HDACs to deacetylate a HeLa cell nuclear extract. Interestingly, two other HDACis,
Trichostatin A (TSA) and valproic acid, have both been shown to prevent cyst formation in
a zebrafish model of polycystic kidney disease (PKD) and attenuate progression of cyst
generation in a mouse model of PKD [30]. These findings suggested other possible roles of
PTBA and HDACis in kidney disease. Taken together, these results highlight the benefits of
zebrafish chemical genetics to identify compounds that can increase renal progenitor
populations with potentially therapeutic functions. This work created an important
precedence for using zebrafish as a model for kidney organogenesis-based chemical
genetics.

Insights into AKI from Chemical Genetics
The field of nephrology has been stagnant concerning the treatment of AKI, and this coupled
with the growing socio-economic stresses resulting from AKI, demands that innovative and
translational research forge ahead for potential cures [6]. One promising source is the
stimulation of endogenous renal progenitors to aid in patient recovery [4]. In a recently
published report, Cosentino et al. have constructed a template utilizing zebrafish chemical
genetics to find suitable drug candidates that both expand developmental renal progenitor
populations and accelerate regeneration after AKI [31]. Following the previously discussed
de Groh et al. study who identified that PTBA was a small molecule HDACi that expanded
the renal progenitor field, Cosentino et al. discovered that an esterfied analog of PTBA,
methyl-4-(phenylthio) butanoate (m4PTB), that was more active than PTBA, helped to
facilitate recovery from AKI in zebrafish and mice [31].

Consentino et al. reasoned that since m4PTB expanded renal progenitor populations in
development, it may also induce renal tubular epithelial cells (RTECs) to proliferate, which
are primarily responsible for tubule repair after AKI [4]. They first used a zebrafish model
of AKI to analyze the effects of m4PTB treatment. To do this, they administered injections
of gentamicin, an aminoglycoside antibiotic, into 2 dpf zebrafish, which caused edema at 2
days post injection (dpi). In mammalian AKI, there is a loss of epithelial cells and a
denigration of parts of the basement membrane [4]. To compare their model of AKI,
Cosentino et al. used the transgenic reporter Tg(PT:EGFP), where enhanced green
fluorescence protein (GFP) is expressed in the proximal tubule (PT), which is the segment of
the nephron tubule damaged most acutely by gentamicin exposure. Gentamicin injected
zebrafish had flattened RTECs and an enlarged tubular lumen compared to controls.
Histological sections showed that nephrons had undergone morphology changes including
flattening of epithelial cells and thinning of the brush border, accompanied by tubular
distention and lumenal debris. Further, whole-mount immunofluorescence demonstrated that
gentamicin injected fish had a disruption of cell polarity, evidenced by diffusion of anti-Na+/
K+ ATPase α-subunit (α6F) in the cytoplasm, which is typically concentrated in the
basolateral membrane of proximal tubular cells. Taken together, these data demonstrated the
many similarities between gentamicin-induced pronephric injury in zebrafish and
mammalian AKI, consistent with prior observations [32–34].

Cosentino et al. next treated gentamicin and vehicle injected zebrafish with m4PTB.
Strikingly, they observed a 21% increase in survival of m4PTB treated fish compared to
controls by 5 dpi. To delineate if this increase in survival was a result of proliferation, they
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subjected fish larvae to 5-ethynyl-2'-deoxyuridine (Edu), which colocalizes with the 3G8
antibody that stains the apical brush border of the PT. The PT Edu index increased from
3.5% to 7.1% after m4PTB treatment in uninjected fish and likewise, increased from 7.3%
to 10.7% in gentamicin injected fish. This suggested that m4PTB-mediated renal recovery
acts, at least in part, through an increase in tubular cell proliferation.

Cosentino et al. [31] then endeavored to observe the effects of m4PTB on AKI recovery in
mice. They initially induced moderate ischemia reperfusion-induced AKI (IR-AKI) in
BALB/c mice as an AKI model by conducting a unilateral nephrectomy and 26 minutes of
renal pedicle clamping. Following injury, they treated mice with intraperitoneal injections of
100 mg/kg m4PTB or a vehicle control 24 hours after injury and daily for 6 days. A
decrease in serum creatine and BUN was observed in m4PTB treated mice compared to
controls at 3 days post injury. This indicated that the decrease in serum creatine levels was
not due to a reduction in creatine synthesis. Although this suggests an improvement in renal
function, there was no difference in tubular injury score or Kim1 mRNA expression, a renal
tubular injury marker, 3 days post injury. However, at 14 days post injury there was a
reduction in Kim1 mRNA expression and a reduction in two of the five renal fibrosis
markers, Collagen 1 and LoxL2.

To further define the effects of m4PTB, Consentino et al. generated a severe IR-AKI model
in mice. Here, they performed unilateral renal pedicle clamping for 30 minutes in BALB/c
mice and subsequent contralateral nephrectomy 8 days post injury. Mice were treated with
m4PTB in the same manner described before for moderate IR-AKI. M4PTB mice exhibited
a decrease in serum creatine and BUN 9 days post injury and interestingly, by day 28 there
was a dramatically lower tubular injury score in m4PTB treated mice compared to controls,
as well as a marked reduction in Kim 1 mRNA expression. Additionally, there was less
fibrosis in the outer medulla (OM) of m4PTB treated mice, depicted by the sirius red marker
for collagen deposition, along with reduced mRNA expression of four out of the five renal
fibrosis markers: Collagen 1, Lox, LoxL2, and α-smooth muscle actin. These results
suggested that m4PTB enhances renal tubular recovery and lessens post-injury fibrosis after
severe IR-AKI.

In mammals, RTECs dedifferentiate and proliferate to regenerate the tubular epithelial, yet
after AKI, RTECs undergo G2/M cell cycle arrest [9]. Cosentino et al. evaluated the changes
in gene expression after m4PTB treatment by harvesting mice kidneys 12 hours after
m4PTB treatment (100 mg/kg), which was administered 24 hours after kidney injury. These
expression profiles revealed that m4PTB upregulated genes involved with regulating the cell
cycle, DNA, and microtubule-based processes. This indicated that m4PTB facilitates renal
recovery through a cell cycle dependent mechanism. To test this, Cosentino et al. looked at
the proliferation of RTECs 72 hours after moderate IR-AKI and 48 hours after m4PTB or
vehicle treatment. While they did not see an increase in the total number or proportion of
proliferating RTECs or RTECs in S phase, visualized by the Ki67 and PCNA markers
respectively, they did see a reduction in the proportion of RTECs in the G2 and M phases
(pH3-positive cells) and an increase in RTECs in the G1 phase after m4PTB treatment
compared to controls. A similar treatment in severe IR-AKI mice showed a reduction of
RTECs in the G2 phase and an increase of RTECs in the S phase, while there was no change
in the proportion of RTECs in the M phase and a reduction of RTECs in the G1 phase.
Taken together, these findings suggest that m4PTB enhances renal recovery by reducing cell
G2/M cell cycle arrest after IR-AKI.
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Conclusions and Future Perspectives
As discussed throughout the previous sections, the de Groh et al. [28] and Cosentino et al.
[31] zebrafish AKI studies have demonstrated that the zebrafish gentamicin-injury model
represents a rapid way to find therapeutics to treat AKI. This series of reports have now
demonstrated that there are drugs that can facilitate a regenerative response after injury has
already occurred in the kidney. These breakthroughs represent a template to discover
therapeutics that can treat kidney disease after insult has already occurred, which would be
valuable in a clinical setting.

Zebrafish are a powerful addition to the animal models used to study AKI [35] and may lead
to new clinical trials or impactful findings helpful in evaluating ongoing clinical trials [36].
Further, continued advancements in automated imaging and analysis are redefining high-
throughput methodologies for zebrafish embryos, with systems that eliminate time in
manipulating samples and enable the collection of data through artificial intelligence data
processing [37,38]. However, it is also likely that adult-based screens will have utility in
identifying factors and/or signaling pathways that are relevant, or even specific to, the adult
environment and physiology. The adult zebrafish kidney is easy to isolate and can be
analyzed with standard cellular and molecular assays [39,40]. Given the remarkable
regenerative capacities of the adult kidney [15–18], future research centered on the drugs
that modulate regeneration is another promising venue for future research. In conclusion,
zebrafish chemical genetics represent a powerful translational tool that can be used to dissect
and delineate the regulation of renal progenitors, which is relevant to identifying methods to
treat kidney developmental defects, and has already begun to identify exciting potential
therapeutics for AKI.
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Figure 1.
The kidney is comprised of nephron functional units that have some capacity to regenerate
after epithelial injury. (Left) Schematic of the adult mammalian kidney, with (enlargement)
depicting individual nephrons attached to the collecting duct drainage system. Each nephron
is comprised of a renal corpuscle (RC) (green), tubule (T) (red) and attaches to the collecting
duct (D) (blue).
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Figure 2.
Experimental strategy for using chemical genetics with the zebrafish embryo to screen for
AKI-relevant therapeutics. (A) Zebrafish embryos are arrayed in 96-well plates (or other
multi-well plates) and exposed to drugs in a temporally-controlled fashion during
development, in which the researcher adds the drug at the time of interest. (B) Embryos are
examined for subsequent phenotypic alterations, such as the rescue of edema associated with
AKI. Zebrafish embryos are optically transparent, and develop minimal pigmentation by 3–5
days of development, which facilitates the visualization of internal organs. Compared to a
wild type embryo (bottom), an embryo exposed to gentamicin (top) develops AKI symptoms
that include pericardial edema, seen as a swelling around the heart adjacent to the yolk sac.
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