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ABSTRACT

Puromycin treatment can cause glomerular injury to the kidney, leading to proteinuria. However,
the pathogenesis of acute kidney injury and subsequent regeneration after puromycin
administration in animal models remain unclear. In this work, we examined the characteristics
of kidney injury and subsequent regeneration following puromycin treatment in adult zebrafish.
We intraperitoneally injected 100 pg of puromycin into zebrafish; sacrificed them at 1, 3, 5, 7, or
14 days post-injection (dpi); and examined the morphological, functional, and molecular
changes in the kidney. Puromycin-treated zebrafish presented more rapid clearance of
rhodamine dextran than control animals. Morphological changes were observed immediately
after the puromycin injection (1-7 dpi) and had recovered by 14 dpi. The mRNA production of
Ihx1a, a renal progenitor marker, increased during recovery from kidney injury. Levels of NFkB,
TNFa, Nampt, and p-ERK increased significantly during nephron injury and regeneration, and
Sirt1, FOXO1, pax2, and wtlb showed an increasing tendency. However, TGF-f1 and smad5
production did not show any changes after puromycin treatment. This study provides evidence
that puromycin-induced injury in adult zebrafish kidneys is a potential tool for evaluating the
mechanism of nephron injury and subsequent regeneration.
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Introduction

Acute kidney injury (AKI) is associated with short-term
mortality and long-term complications. Despite pro-
gress in understanding the pathophysiology of AKI, it
is a complicated condition with various etiologies in
patients with various underlying diseases (Sato et al.
2020). Many drugs can injure the kidneys and cause
irreversible damage (Wu and Huang 2018; Petejova
et al. 2019). During the past few decades, animal
models have been used as invaluable tools for biome-
dical research. The zebrafish, Danio rerio, is a useful
model that is rapidly gaining attention given its high
genetic homology to mammals and easy manipulation,
which make it cost-effective in toxicity evaluations of
new drugs (Choi et al. 2021; Jung et al. 2021). In
mammals, both the pronephros and the mesonephros
are transient, while the metanephros develops into the
permanent kidney. In contrast, zebrafish develop pro-
nephros and mesonephros but not metanephros. The

embryonic and early larval stages and has been the
focus of most renal studies in zebrafish. However, the
mesonephros has some unique and relevant features
and has attracted attention in recent years (Jerman
and Sun 2017).

Studies of zebrafish kidneys have been formulated to
investigate regeneration and provide insights into thera-
peutic agents (Poureetezadi and Wingert 2016). Kidney
regeneration paradigms in zebrafish have included
administration of nephrotoxins such as gentamicin, a
commonly used antibiotic that causes AKI in larval
zebrafish (Hentschel et al. 2005). Gentamicin causes
renal toxicity by inhibiting the lysosomal function of
proximal tubular epithelial cells, producing phospholipi-
dosis and tubular degeneration (Vera-Roman et al. 1975).
Cisplatin is an antineoplastic agent used to treat a
variety of solid tumors, although its use in humans is
limited by kidney toxicity. Cisplatin also causes histologi-
cal changes and a decrease in renal function in larval
zebrafish (Hentschel et al. 2005; Guo et al. 2022); (Safir-

zebrafish  pronephros is functional during the stein et al. 1986). Cisplatin exerts its nephrotoxic effect
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on the S3 segment of the proximal tubule, which is
located in the outer stripe of the outer medulla
(Dobyan et al. 1980). Puromycin has been validated to
induce glomerular injury in a larval zebrafish model as
an aminonucleoside antibiotic with activity against a
broad range of organisms (Hentschel et al. 2007; Rider
et al. 2018). However, puromycin causes necrosis of glo-
merular podocytes, resulting in severe glomerulopathy
(Grond, Weening, et al. 1988). Severe proteinuria
results from loss of the glomerular barrier against
protein filtration, and tubular injury occurs secondary
to the formation of proteinaceous casts in the proximal
tubules.

Most studies of puromycin toxicity in animal models
have focused on the renal glomeruli (Grond, Muller,
et al. 1988; Hentschel et al. 2007; Rider et al. 2018;
Chen et al. 2022). Regeneration of a kidney injured by
puromycin has not been studied. Indeed, as a nephro-
toxic drug, puromycin induces critical proximal tubular
damage, as well as glomerulopathy. A recent study
described a puromycin injury model that used pluripo-
tent stem cell-derived kidney organoids. Morphological
observations revealed disruption of glomerular and
tubular structures within the kidney organoids upon
puromycin treatment (Nguyen et al. 2022). Therefore, it
is interesting to investigate nephron regeneration after
puromycin-induced damage to glomerular podocytes
and tubular epithelial cells in an experimental animal
model.

Furthermore, the mechanisms that mediate renal
recovery after human AKl are poorly understood
(McCampbell et al. 2015). Although many patients
with AKI have a high risk of progression to chronic
kidney disease (CKD), which can lead to end-stage
renal disease (Chevalier 2016; Kurzhagen et al. 2020),
no clear pathogenesis link between AKI and CKD has
been reported (Ruiz-Ortega et al. 2020). If AKI patients
could recover through a process of regeneration
before CKD develops, many patients could avoid
renal replacement therapy such as hemodialysis and
transplantation. In this work, we are the first to
examine the morphological and molecular character-
istics of changes caused by nephron injury and sub-
sequent regeneration after puromycin-induced AKI in
an adult zebrafish model.

Materials and methods
Zebrafish maintenance

Wild-type zebrafish of strain AB were used for this study.
The eight-month-old zebrafish were housed at 28.5°C
with a standard 14:10h light: dark cycle. All
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experimental procedures were approved by the Korea
University Institutional Animal Care and Use Committee
and carried out in accordance with the Korean National
Veterinary Research and Quarantine Service guidelines
for animal experiments.

Fluorescence filtration assay

The adult zebrafish were anesthetized with 0.1-0.5% tri-
caine (ethyl-m-aminobenzoate methanesulfonate, 1%
Na,HPO,4, pH 7.0) (Sigma-Aldrich, MO, USA) and then
injected with 50 ug of rhodamine dextran (10 or
40 kDa, Molecular Probes, OR, USA) and 100 ug of puro-
mycin (Sigma Aldrich, MO, USA) into the peritoneum.
The zebrafish were transferred to medium for recovery,
harvested, fixed in 4% paraformaldehyde, kept over-
night at 4°C, washed with PBS, and dehydrated with
increasing concentrations of ethanol (70%, 85%, 95%,
and 100%). The ethanol was removed, and the samples
were processed for paraffin embedding, as performed
previously. The blocks were sectioned and viewed
directly using fluorescence microscopy.

Histological examination

Frozen kidney tissues from the adult zebrafish were cut
into 10-um sections and mounted on positively charged/
adhesive slides (NovaUltra, MD, USA) for hematoxylin
and eosin (H&E) staining. The sections were fixed with
10% formalin for 10 min, dried in air for 30 min, and
rinsed in tap water. After staining them in Mayer's hema-
toxylin solution for 2 min, rinsing them in running tap
water for 2 min, and rinsing them in 95% alcohol for
10 dips or 30 s, the slides were counterstained in eosin
solution for 45 s. The slides were rinsed quickly in 95%
alcohol (10 dips or less than 30 s), dehydrated through
2 changes of 100% alcohol (5 min each), and cleared in
2 changes of xylene (5 min each). Then they were
mounted with xylene-based mounting medium
(Shandon, MA, USA).

In situ RNA hybridization

To analyze the expression of lim homobox 1a (lhx1a) by
in situ RNA hybridization, we isolated kidneys from adult
zebrafish sacrificed 7 and 14 dpi. To synthesize anti-
sense RNA probes, pGEM-Teasy vector (Promega, USA)
containing /hx1a was transcribed and labeled (New
England Biolabigens, USA). Adult zebrafish were fixed
in Petri dishes containing 4% formaldehyde in 1 x PBS
overnight at 4°C. The next day, the fish were dehydrated
in 100% methanol for 15 min at room temperature and
placed at —20°C in 100% methanol for 2 h before use.
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Figure 1. Survival after puromycin administration. The flowchart shows the schematic timeline of the experimental procedures.
Approximately 75% of the injected animals survived on day 0 and showed no mortality until sacrifice. dpi, days post-injection;
con, control; puro, puromycin
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Figure 2. Dextran filtration assays. The puromycin-treated group showed higher fluorescence intensity than the controls at 3 dpi and
lower fluorescence intensity than the controls at 5, 7, and 14 dpi. Both 10 and 40 kDa rhodamine dextran washed out of the kidneys of
puromycin-treated zebrafish more rapidly than from the controls. *p < 0.5 **p < 0.01 ***p < 0.001 vs. controls



The fish were rehydrated in successive dilutions of
methanol in 1 x PBS: 5 min in 75% (vol/vol) methanol;
5 min in 50% (vol/vol) methanol; and 5 min in 25%
(vol/vol) methanol. Then, the fish were permeabilized,
incubated with anti-DIG antibody alkaline phosphatase,
stained, mounted, and observed microscopically. Tran-
scription was detected by whole-mount in situ RNA
hybridization in a fixed zebrafish kidney as previously
described (Thisse and Thisse 2008).

Western blot analyses

Kidneys were lysed in protein extraction solution (ELPIS,
Daejeon, Korea). The protein concentration was
measured using the bicinchoninic acid protein assay
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(Pierce, IL, USA). The proteins were transferred onto a
nitrocellulose membrane (Immobilon-P, MA, USA),
which was hybridized with rabbit polyclonal anti-NFkB
(1:1000, GeneTex, CA, USA), rabbit polyclonal anti-TNFa
(1:1000, GeneTex, CA, USA), rabbit polyclonal anti-
Nampt antibody (1:10000, Proteintech, IL, USA), rabbit
polyclonal anti-Sirt1 (1:1000, Proteintech, IL, USA),
rabbit polyclonal anti-FOXO1 (1:1000, LSBio, WA, USA),
rabbit polyclonal anti-pax2a (1:1000, GeneTex, CA, USA),
rabbit polyclonal anti-wt1b (1:1000, GeneTex, CA, USA),
rabbit polyclonal anti-p-ERK (1:1000, Cell Signaling, MA,
USA), rabbit polyclonal anti-ERK (1:1000, Cell Signaling,
MA, USA), rabbit polyclonal anti-TGF-$1 (1:1000, Novus
Biologicals, CO, USA), rabbit polyclonal anti-smad5
(1:200, GeneTex, CA, USA), and mouse monoclonal anti-

14 dpi

Figure 3. Histological findings after puromycin administration using H&E staining. The puromycin-treated group showed severe renal
tubular necrosis (open arrows) and interstitial inflammation (arrowheads), but the nephrons (closed arrows) had regenerated at 7 and
14 dpi. The quantitative analysis of nephrons after puromycin treatment shows lower scores than the controls until 7 and 14 dpi. **p

<0.01 ***p <0.001 vs. controls
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B-actin antibody (1:10000, Sigma-Aldrich, MO, USA) in
blocking buffer overnight at 4°C. The membrane was
then incubated for 1 h at room temperature with a horse-
radish peroxidase-conjugated secondary antibody
diluted 1:5,000. Specific signals were detected using
ECL (Amersham, Buckinghamshire, UK).

Statistical analysis

Statistical analysis was performed using Statistical
Package for Social Scientists (SPSS) version 13.0 software
(SPSS Inc., Chicago, USA). Data were analyzed by Stu-
dent’s t-test or one-way ANOVA followed by Dennett’s
or Tukey's post-test. P-values less than 0.05 were con-
sidered statistically significant.

Results

Puromycin injures glomerular filtration in adult
zebrafish

Administration of a single dose of 50 —150 mg/kg pur-
omycin in rats causes severe glomerular changes (Ryan
et al. 1975). A high dose of 350 mg/kg puromycin
leads to glomerular injury and severe pericardial
edema in larval zebrafish (Hentschel et al. 2007). We
chose a low dose of 100 ug of puromycin in adult
zebrafish, and approximately 75% of them survived
until 14 days after the intraperitoneal injection
(Figure 1). A previous study in a larval zebrafish
model of AKI determined the rate of decline in fluor-
escence intensity at the hearts of gentamicin-injected

Control

7 dpi

fish and then quantified the change in renal function
(Hentschel et al. 2005). However, that method is
inadequate to evaluate renal function because drugs
such as gentamicin have cardiac toxicity as well as
nephrotoxicity in animals. In our experiment, we eval-
uated functional filtration by analyzing renal fluor-
escence intensity. Clearance of rhodamine dextran
can show different results depending on the molecular
size of the dextran, the severity of glomerular and
tubular damage, and the circulating blood volume
(Hentschel et al. 2007). We used both 10 and 40 kDa
rhodamine dextran and compared the fluorescence
over time. The puromycin-treated group showed
higher fluorescence intensity than the controls at 3
dpi and lower fluorescence intensity than the controls
at 5, 7, and 14 dpi. The renal filtration assay with 10 or
40 kDa rhodamine dextran through the nephrons of
adult zebrafish kidneys showed similar results. Rhoda-
mine dextran washed out from the kidneys of puromy-
cin-treated zebrafish more rapidly than from the
controls (Figure 2).

Nephrons regenerate after puromycin injury in
adult zebrafish

In this study, we used H&E staining to examine morpho-
logical changes in the kidneys of adult zebrafish treated
with puromycin. Nephron damage began immediately
after puromycin injection in adult zebrafish. As shown
in Figure 3, from 1 dpi to 7 dpi, severe tubular necrosis
and atrophy were observed, and inflammatory cells infil-
trated the interstitium of the kidney. The number of

Puromycin

300

[ control
P22 puromycin

200

Area intensity
-
o
=}
A

Figure 4. Lim homobox 1a (lhx1a) expression as a renal progenitor marker by in situ hybridization. /hx1a production increased during
recovery from acute kidney injury by puromycin administration. *p < 0.5 vs. controls



nephrons decreased noticeably at 1, 3, and 5 dpi and
then recovered to a level similar to that in the controls
at 7 and 14 dpi. We subsequently evaluated the in situ
hybridization of /hx7a as a renal progenitor marker. We
observed an increase in lhx71a production during recov-
ery from AKI (Figure 4). The mechanism of nephron
regeneration after AKI remains unknown. Therefore, we
used western blot analyses to investigate several path-
ways related to injury and recovery, as shown in Figure
5. These pathways have been shown to be related to
CKD progression in humans and animal models (Sato
et al. 2020). We found a significant increase in NFkB
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production from 1 dpi to 5 dpi and then a decrease
until 14 dpi. TNFa increased at 1, 3, 5, and 14 dpi.
Nampt expression also increased significantly from 1 to
14 dpi. Sirt1, FOXO1, pax2a, and wt1b did not change
significantly after puromycin treatment, but they
showed an increasing tendency. In addition, p-ERK
increased significantly during nephron injury and regen-
eration. However, TGF-1 and smad5 production did not
change following puromycin treatment. These results
demonstrate that a pathway containing NFkB, TNFa,
Nampt, and p-ERK is involved in the kidney injury and
regeneration processes.
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Figure 5. The renal molecular pathways induced by puromycin administration. NFkB production increased significantly from 1 dpi to 5 dpi

and then decreased until 14 dpi. TNFa increased at 1, 3, 5, and 14 dpi.

Nampt expression also increased significantly from 1 to 14 dpi. p-ERK

increased significantly during nephron injury and regeneration. *p < 0.5 **p < 0.01 ***p < 0.001 vs. controls (SPSS, Student’s t-test)



118 (&) S.KOUNETAL.

Discussion

Despite advances in understanding of the pathophysio-
logic mechanisms of AKI, the condition cannot yet be
effectively treated in the clinic. Clinical trials of potential
nephroprotective agents have failed due to the com-
plexity of AKI and the clinical heterogeneity of AKI
patients (Venkatachalam et al. 2015). Several factors,
including ischemia/reperfusion, exposure to toxins, and
sepsis, have been recognized to cause AKI, which
increases the risk of CKD and end-stage renal disease
(Jerman and Sun 2017; Fu et al. 2018). AKI can affect
any part of the nephron, including the tubular epithelia,
glomerulus, interstitium, and vasculature (Basile et al.
2012).

Zebrafish have emerged as an ideal model to study
AKI because gentamicin damages the proximal tubules
of the kidney (Hentschel et al. 2005). Gentamicin-
induced AKI models with both larval and adult
zebrafish have been used extensively to study regen-
eration after injury. As a successful model of both
adult renal disease and congenital anomalies, manipu-
lating zebrafish for study of kidney diseases is rela-
tively easy (Jerman and Sun 2017). The pronephros
of a zebrafish embryo consists of a pair of segmented
nephrons that share a blood filter, and each nephron
contains two proximal and two distal tubule segments
(Jerman and Sun 2017). The mesonephros is a single,
relatively flat organ attached to the dorsal body wall
and consists of characteristic bilaterally symmetric
regions referred to as the head, trunk, and tail (Zhou
et al. 2010). The mesonephros begins to form
between 12 and 14 days post-fertilization, with pro-
gressive addition of nephrons to the existing proneph-
ric pair (Zhou et al. 2010).

A previous study in larval zebrafish demonstrated
puromycin-induced glomerular injury using a filtration
assay and electron microscopy (Rider et al. 2018).
Because of its accompanying cardiovascular toxicity,
adriamycin is unsuitable for inducing glomerular injury.
In puromycin-treated larvae, podocyte effacement was
confirmed by electron microscopy, and glomerular
filtration function was validated using a protein
excretion assay. In our study, we revealed that both 10
and 40 kDa dextran are useful for filtration assays in a
puromycin-induced zebrafish model. Although puromy-
cin has been widely used to induce renal glomerular
injury in animal models, the morphological and molecu-
lar changes it causes during nephron injury have rarely
been reported. In this study, we examined the changes
associated with nephron injury and regeneration in
adult zebrafish from 1 dpi to 14 dpi after puromycin
administration.

Our puromycin-induced AKI model in adult zebrafish
produced significant tubular injury, as well as glomerular
injury, followed by nephron regeneration. Various
inflammatory and regenerative pathways might be
related to puromycin-induced kidney injury and could
provide a key mechanism for understanding recovery
after AKI. Our results provide evidence of the potential
of puromycin as a tool to evaluate nephron injury follow-
ing regeneration.
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