pubs.acs.org/ptsci

Letter

Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to
Treat Acute Kidney Injury
Published as part of the ACS Pharmacology & Translational Science special issue “Epigenetics 2022”.
Keith Long, Zoe Vaughn, Michael David McDaniels, Sipak Joyasawal, Aneta Przepiorski, Emily Parasky,
Veronika Sander, David Close, Paul A. Johnston, Alan J. Davidson, Mark de Caestecker,
Neil A. Hukriede,* and Donna M. Huryn*
Downloaded via UNIV OF SOUTHERN CALIFORNIA on March 16, 2022 at 17:58:41 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Cite This: https://doi.org/10.1021/acsptsci.1c00243

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: Acute kidney injury (AKI), a sudden loss of kidney function, is a common and serious condition for which there are
no approved speciﬁc therapies. While there are multiple approaches to treat the underlying causes of AKI, no targets have been
clinically validated. Here, we assessed a series of potent, selective competitive inhibitors of histone deacetylase 8 (HDAC8), a
promising therapeutic target in an AKI setting. Using biochemical assays, zebraﬁsh AKI phenotypic assays, and human kidney
organoid assays, we show that selective HDAC8 inhibitors can lead to eﬃcacy in increasingly stringent models. One of these, PCI34051, was eﬃcacious in a rodent model of AKI, further supporting the potential for HDAC8 inhibitors and, in particular, this
scaﬀold as a therapeutic approach to AKI.
KEYWORDS: acute kidney injury, histone deacetylase inhibitor, zebraﬁsh, HDAC8, kidney organoids, PCI-34051
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models.5,6 For example, the nonselective HDAC inhibitor
Trichostatin A (TSA) and the Class 1 selective inhibitor MS275 show protective eﬀects on renal injury and/or postinjury
ﬁbrosis in ischemia reperfusion-induced AKI (IRI-AKI)
models.7 However, there are also contradictory data that
there may be a worsening of renal injury after IRI-AKI with the
same molecules.8,9 In addition, systemic toxicity of nonselective HDAC inhibitors raises concerns about their use in
patients with AKI.6 Given the positive evidence for HDAC
inhibition as a therapeutic approach, recent focus has been on
evaluating which HDAC subtype should be targeted in an AKI
setting. Our eﬀorts in this area stemmed from preliminary
studies suggesting that selective modulation of HDAC8
provides a protective eﬀect in zebraﬁsh models of AKI. In
addition, others have suggested inhibition of HDAC8 as a

cute kidney injury (AKI) is characterized by a sudden loss
of kidney function. It aﬀects millions of Americans every
year, particularly those that are hospitalized.1 Individuals at
highest risk for developing AKI include diabetics, the elderly,
those experiencing sepsis, and more recently, COVID-19
patients.2 Mortality rates for AKI patients double within the
ﬁrst year, and costs of care more than triple. Furthermore, AKI
is an independent risk factor for the development of chronic
kidney disease (CKD),3 which often results in patients
requiring dialysis or transplantation. Despite the signiﬁcant
consequences of AKI, there are no approved therapies to treat
the underlying disease, aside from supportive care.1
There are many causes of AKI, and its pathophysiology is
not well understood, in part because physicians are reluctant to
biopsy poorly functioning kidneys in AKI patients. However,
recent eﬀorts have led to the identiﬁcation of potential
therapeutic targets that fall into the general categories of antiinﬂammatories, antioxidants, apoptosis inhibitors, hemodynamic modulators, metabolism modulators, compounds that
modulate mitochondrial function, and repair agents.4 Among
these therapeutic targets, histone deacetylases (HDACs) have
shown promise, with evidence of protective and pro-reparative
eﬀects of HDAC inhibitors in multiple experimental AKI
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therapeutic approach based on eﬀects on renal ﬁbrosis after
unilateral uretic obstruction (UUO)10 and renal protection in a
cellular hypoxia model with HDAC8 inhibitors.11 While there
are multiple selective HDAC8 inhibitors known, a study of
their activity in an AKI setting has not been performed.
To validate HDAC8 inhibitors as potential starting points
for drug discovery, we synthesized and tested a series of known
potent, selective HDAC8 competitive inhibitors with distinct
structures. We reasoned that by evaluating inhibitors from
multiple scaﬀolds in increasingly stringent assays, we would
reduce the possibility of scaﬀold-speciﬁc eﬀects compromising
our conclusions. We also synthesized a small set of novel
analogs within one of the series with a goal of identifying
HDAC8 inhibitors that were predicted to have improved
properties, particularly solubility. A zebraﬁsh AKI (zfAKI)
model was used to prioritize compounds for more extensive
evaluation in eﬃcacy studies in human kidney organoid assays.
Finally, we report data on the eﬀects of the selective HDAC8
inhibitor PCI-34051 in a mouse model of AKI. Together, this
work provides further support for HDAC8 inhibition as a
therapeutic target for AKI and interrogates which HDAC8
scaﬀolds may be most promising as starting points for
medicinal chemistry optimization.
From the potent and selective competitive HDAC8
inhibitors reported in the literature,12,13 we chose to evaluate
the hydroxamic acid-containing PCI-3405114 as well as a series
of tetrahydroisoquinoline (THIQ) hydroxamic acids15 (2−13)
that, depending on structure, exhibit a range of HDAC8
selectivity proﬁles (Figure 1). This series oﬀered the
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(e.g., clogP, total polar surface area, H-bond donor and
acceptor count, etc.) that represent 90% of zf-active small
molecules. These calculated properties were not segregated
with respect to various barriers that would preclude zf activity
(e.g., impermeability, metabolic instability, and sequestration)
and, therefore, reﬂect the constellation of characteristics that
are necessary for a compound to exhibit eﬀects in zf
phenotypic assays. Importantly, the properties of all the tested
compounds herein fall within the 95th percentile of zf-active
small molecules, supporting the probability that there are no
obvious barriers to their in vivo eﬃcacy in the zfAKI assay
(Table S1).
Conﬁrming the literature reports, in our hands, PCI-34051,
THIQs 2 (R = biphenyl, x = 2) and 3 (R = p-methoxyphenyl, x
= 2), and isoindolyl amide 1 exhibited potent HDAC8
inhibitory activity (Tables 1 and S2; reported selectivity vs
other HDACs also included). In the zfAKI assay, PCI-34051,
Table 1. Activity of Known HDAC8 Inhibitors in
Biochemical and zf AKI Assays and Literature Selectivity
Data

Figure 1. Inhibitor PCI-34051, general structure of tetrahydroisoquinolines (THIQs), and isoindolyl amide 1.

opportunity to evaluate scaﬀold-speciﬁc eﬀects vs HDAC8
inhibitory eﬀects. To account for the potential of hydroxamic
acids exerting oﬀ-target eﬀects,16 as reported for PCI-34051,17
we also synthesized and evaluated the potent and selective
HDAC8 inhibitor isoindolyl amide 1 (Figure 1).18 The panHDAC inhibitors SAHA (suberoylanilide hydroxamic acid;
Vorinostat) and Belinostat were also evaluated.19
We ﬁrst conﬁrmed HDAC8 activity in a commercially
available biochemical assay that relied on a ﬂuorescent
readout.20 To prioritize compounds for more extensive (and
labor intensive) organoid and in vivo studies, we utilized a
phenotypic zfAKI assay.21 Brieﬂy, injection of zebraﬁsh larvae
with nephrotoxic levels of gentamicin results in proximal
tubule injury and eventually lethality ∼3−7 days postinjection
(dpi).22 In this testing paradigm, when injury is established at 2
dpi, zf larvae are placed in media containing test compound at
4 μM, and survival is assessed on days 3−7 postinjection.
Protective compounds extend survival as measured by the
Kaplan−Meier estimator (Figure S1).23
In a previous study, we characterized the common properties
of 700 small molecules that exhibit biological eﬀects in zf
assays.24 This work, modeled after the well-known parameters
used to guide the design of orally bioavailable drugs,25 was
aimed at providing data in terms of molecular characteristics

*

n ≥ 2. #p ≤ 0.05, n ≥ 3. †Selectivity values based on literature cited
except where noted by ^. sd = standard deviation. NE = not eﬀective.
NC = not calculated.
B
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included the halogenated phenyl analogs 8 and 9 and tolyl
analog 10. We incorporated heterocycles such as benzimidazole (11), benzotriazole (12), and benzofuran (13) in an eﬀort
to improve solubility (Table S1) and mimic the structural
features of the biphenyl and para-methoxyl phenyl groups
found in actives 2 and 3. Synthesis of these compounds was
based on reported methods.15
Results of biochemical and zfAKI assays for these novel
analogs are shown in Tables 2 and S2. Of the new analogs 8−

compound 1, and racemic compounds 2 and 3 were eﬃcacious
in extending survival when dosed at 4 μM.
To further explore these ﬁndings, we separated the
enantiomers of 2. The (+)-enantiomer was considerably
(∼100-fold) more potent in the biochemical HDAC8 assay
(IC50 = 0.43 μM) than (−)-2 (IC50 = 31.2 μM) (Tables 1 and
S2). Selectivity vs HDACs 1, 2, 3, and 6 was also maintained
for (+)-2. Consistent with these results, the eutomer was
eﬀective in the zfAKI assay at 4 μM, while the distomer was
inactive. These data, in particular the consistent separation of
activity between the enantiomers of compound 2, support our
hypothesis that potent HDAC8 activity can lead to phenotypic
zfAKI eﬃcacy and is not scaﬀold-related.
Within the THIQ series, we evaluated additional analogs
chosen for their speciﬁc potency and/or selectivity proﬁles
(compounds 4−7). We reasoned that by testing compounds
within the same scaﬀold with very similar physical properties
(Table S1), we would minimize other variables, distinct from
biochemical potency, that might contribute to diﬀerential
eﬀects in the zf phenotypic assay. We conﬁrmed HDAC8
IC50’s internally (Tables 1 and S2); in general, the trends for
potency were similar to those reported;15 albeit, under our
assay conditions, potencies were lower. None of the
compounds showed improvement in survival in the zfAKI
assay when tested at 4 μM. The lack of zfAKI activity for
analogs 4 and 7 was expected given their lack of HDAC8
biochemical activity and allows us to conclude that oﬀ-target,
scaﬀold-derived eﬀects do not contribute to zf eﬃcacy.
However, based on their activity in the biochemical assay,
we expected to see some modest eﬀects for compound 5 or 6.
It is possible there is a threshold for potency, and the ∼4-fold
lower potency of these THIQs was not suﬃcient for zf eﬃcacy
at 4 μM, a concentration selected based on the eﬀects of PCI34051. The pan-HDAC inhibitors SAHA and Belinostat, with
modest HDAC8 potencies (IC50 = 6 μM and 1.4 μM,
respectively) and potent activities at other HDACs, were
eﬀective in the zfAKI assay at 4 μM. One hypothesis is that
inhibition of other HDACs contributes to the eﬃcacy observed
for SAHA and Belinostat, a hypothesis supported by the lack of
eﬃcacy of compound 6 with similar potency vs HDAC8 but no
activity at other HDACs.
Some broad conclusions can be drawn from these data. First,
highly potent (IC50 < 500 nM) and selective HDAC8
inhibitors of diverse scaﬀolds exhibit eﬃcacy in the zfAKI
assay, further supporting this therapeutic approach to AKI.
Second, the zfAKI assay appears to be valuable for high
potency compounds, but for those with modest biochemical
potency (e.g., mid-μM), the correlation is less direct. Eﬃcacy
or lack of eﬃcacy of compounds such as these may be the
result of additional factors (e.g., localization, metabolism, etc.)
that can be overcome by more potent analogs. Finally, panHDAC inhibition will also result in eﬃcacy in this model, a
result consistent with data from studies in proximal tubular
cells.26
With the promising data for compounds (+)-2 and 3 in the
zfAKI assay, we prepared a small number of novel analogs that
were designed to maintain HDAC8 potency and selectivity but
exhibit improvements in physical and pharmaceutical properties. For example, compound 2 had poor solubility in our
hands, requiring a modiﬁed formulation in the zfAKI assay. We
were also concerned about the potential for metabolic
instability due to the presence of the aryl methyl ether in
compound 3. Speciﬁc analogs designed to address these issues

Table 2. Activity of Novel THIQs in Biochemical and zf AKI
Assays

*

n ≥ 2. #p ≤ 0.05. n ≥ 3. sd = standard deviation. NE = not eﬀective.

13, all exhibited HDAC8 inhibition in the micromolar range,
with analogs 9, 10, and 13 being the most potent (IC50 = 3.3,
4.6, and 4.6 μM, respectively) and in the same range as pmethoxy analog 3. Selectivity was evaluated at 10 μM, and all
except 11 showed essentially no eﬀects at HDAC 1, 2, 3, or 6.
The imidazole 11 was modestly active at HDAC6, with ∼40%
inhibition at 10 μM. All compounds were evaluated in the
zfAKI assay, and of these, surprisingly, the most potent
compound 9 was inactive, despite potency and physical
properties that were very similar to the active compound 3;
also unexpected was the eﬃcacy of the benzotriazole 12, which
exhibits only weak HDAC8 (IC50 = 15.4 μM) activity, a similar
proﬁle to the zf inactive compound 6 (IC50= 9.3 μM, >50-fold
selective). These data raise the question of whether this THIQ
scaﬀold (vs the PCI-34051 or compound 1 scaﬀold) is a robust
starting point for medicinal chemistry optimization.
C
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Based on their robust activity in the zfAKI assay and their
solubility in our standard assay media (vs compound 2, which
required modiﬁcation of the assay protocol), we evaluated
PCI-34051, compound 1, and compound 3 in a human kidney
organoid assay that we believe recapitulates some of the
ﬁbrotic processes that occur after AKI and are presumed to be
initiating events for the development of CKD. In this assay, day
14 organoids were treated with 12.5 μM hemin for 2 days to
induce reactive oxygen species (ROS) and inﬂammatory
events27 and then treated with test compounds at 5, 1, 0.2,
and 0.04 μM for 7 days. Fibrosis was measured by visualization
based on collagen hybridizing peptide (CHP).28 Of the three,
PCI-34051 showed signiﬁcant reduction of collagen deposition
at all concentrations (minimal eﬃcacious dose ≤0.04 μM), but
eﬀects were most robust at 1 μM (Figure 2A and B).
Compound 1 at all doses showed a general trend of decreased
CHP staining compared to the hemin-injured control;
however, none were statistically signiﬁcant (Figure 2C).
Compound 3 showed no eﬀect at any dose (Figure S2).
We also tested the eﬀects of PCI-34051 and compound 1
on immortalized human proximal tubule cells (RPTEC/
TERT1) injured with the anticancer agent cisplatin, a cause
of AKI clinically.29 Brieﬂy, RPTECs were synchronized and
then treated with 15 μM cisplatin for 48 h, followed by 10 μM
PCI-34051 or compound 1 in fresh medium for an additional
48 h. Expression of inﬂammatory marker genes was measured
by quantitative RT-PCR (Q-RT-PCR). Robust induction of
the pro-inﬂammatory cytokines TNFa, CXCL1 (Figure 3), and
CXCL5, IL6, CXCL8/IL8, CCL2, and the proteinase inhibitor
and AKI biomarker SERPINE1 was observed in cisplatintreated cells (Figure S3). Treatment with PCI-34051 and
compound 1 signiﬁcantly reduced the upregulation of these
genes. Neither compound had an eﬀect on markers in
uninjured cells, except for CCL2, which was induced 4−5fold. Overall, these results are consistent with HDAC8
inhibition having an anti-inﬂammatory eﬀect in the setting of
cisplatin-induced injury and support the potential of both
scaﬀolds.
Given the promising activity of PCI-34051 in both the
organoid and proximal tubule cell models, as well as
documented selectivity vs HDACs 1−3 and 6 in a cellular
environment,14,30 we explored its eﬀects in a mouse AKI model
that we developed in which an initial AKI event progresses to
CKD (unilateral IRI (ischemia reperfusion-induced) followed
by delayed contralateral nephrectomy; DN-IRI).31 A pharmacokinetic (PK) study in CD1 mice (Table 3, Figure S4)
showed measurable levels of the compound up to 24 h after
doses of both 10.4 mg/kg and 52 mg/kg ip and, in general,
dose-dependent exposure.
Based on the PK data, as well as published data indicating
that daily treatment with PCI-34051 at 20 mg/kg is eﬀective in
reducing renal ﬁbrosis in a mouse UUO model,10 we dosed
mice at 10 and 50 mg/kg ip for 7 days (Figure 4A). Renal
functional recovery was evaluated by serial measurement of
blood urea nitrogen (BUN) and transdermal glomerular
ﬁltration rate (GFR) 28 days after the initial injury by
measuring cutaneous ﬂuorescence decay of IV injected FITCsinistrin, as described previously.32 Renal ﬁbrosis was assessed
by quantifying renal staining with Sirius red and Q-RT-PCR
for renal expression of the ﬁbrosis markers Collagen 1a1
(Col1a1) and LoxL2 at 28 days, as described.33 There was no
diﬀerence in survival between groups (Figure S5A). BUN
levels were reduced in both treatment groups 9 days after
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Figure 2. Human kidney organoids treated with HDAC8 inhibitors.
(A) PCI-34051 at 5, 1, 0.2, and 0.04 μM. Immunoﬂuorescence of day
23 organoid sections stained with CHP (yellow) and nuclei (DAPI;
blue). Scale bar = 100 μm. (B) Quantiﬁcation of CHP staining. Each
data point represents the integrated intensity of CHP of an organoid
section. *p < 0.05. ***p < 0.001. ****p < 0.0001. (C) Compound 1
at 5, 1, 0.2, and 0.04 μM quantiﬁcation of CHP staining. Each data
point represents the integrated intensity of CHP of an organoid
section. ns = not signiﬁcant. ***p < 0.001. One way ANOVA.
D
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markers of renal ﬁbrosis were reduced in mice treated with
PCI-34051 (Figure S6).
In conclusion, we show that selective HDAC8 inhibitors
representing multiple scaﬀolds (indole hydroxamic acid,
THIQ, and indolylamide) can exhibit eﬃcacy in a zf model
of AKI, further strengthening and validating this therapeutic
approach. Furthermore, applying a stringent compound
progression strategy, including biochemical data and zf
phenotypic eﬃcacy, we showed that some of these analogs
also exhibit eﬃcacy in human kidney organoid models. The
most robust eﬀects were observed for PCI-34051, and this
translated into eﬃcacy in a rodent model of AKI. Our data
supports that selective HDAC8 inhibitors, and in particular the
indole hydroxamic acid scaﬀold, have the potential to be useful
starting points for medicinal chemistry optimization and AKI
drug discovery.

Figure 3. PCI-34051 and compound 1 reduce expression of
inﬂammatory cytokines in cisplatin-treated human proximal tubule
cells. Q-RT-PCR analyses of untreated and cisplatin-treated RPTECs
± DMSO, PCI-34051, or compound 1 (C1). Data points are mean ±
SD. *p < 0.05. **p < 0.01. ***p < 0.001. One way ANOVA.

■

Table 3. PK Parameters for PCI-34051
IP dose
(mg/kg)

Tmax
(h)

Cmax
(ng/mL)

AUClast
(h·ng/mL)

AUCinf
(h·ng/mL)

10.4
52

0.25
0.08

3808
6157

1851
6680

1954
7636
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METHODS
Compounds used in this study were prepared as described in
the Supporting Information and determined to be >95% pure
via either LC/MS or HPLC analysis. All novel ﬁnal products
were fully characterized (1H NMR, 13C NMR, and MS).
Known ﬁnal products prepared via a diﬀerent method than
reported in the literature were characterized by 1H NMR, 13C
NMR, and MS.
HDAC8 Assay. HDAC8 biochemical assays were conducted according to the manufacturer’s instructions using the
BPS Bioscience (San Diego, CA) HDAC8 Fluorogenic Assay
Kit #50068, which contains HDAC8 enzyme, HDAC
ﬂuorogenic substrate, HDAC developer (2×), and HDAC
assay buﬀer. The reactions were conducted in 384-well
polystyrene nonbinding ﬂat bottom microplates (Cat. #
781900) obtained from Greiner Bio-One (Monroe, NC). A
master mix of 15 μL containing HDAC substrate, bovine
serum albumin (BSA), and HDAC assay buﬀer was dispensed
into the wells of the microtiter assay plates. Compound wells
received 5 μL of a 5× compound mixture diluted in HDAC
assay buﬀer +5% DMSO. Maximum (MAX) and no enzyme
blank control wells received 5 μL of HDAC assay buﬀer + 5%
DMSO. Minimum (MIN) control wells received 5 μL of 5
times PCI-34051 (10 μM ﬁnal) control inhibitor in HDAC
assay buﬀer + 5% DMSO. Assay plates were preread for
relative ﬂuorescence intensity units (RFUs) at excitation 350
nm and emission 455 nm (Ex350/Em455) using a SpectraMax
M5e (Molecular Devices, LLC, Sunnyvale, CA) multimode
plate reader prior to the addition of HDAC8 enzyme to detect
autoﬂuorescent compounds which may interfere with the assay
detection format. Reactions were initiated with the addition of
5 μL of 5 times HDAC8 enzyme. Blank no enzyme control
wells received 5 μL of HDAC assay buﬀer. The ﬁnal reaction
volume was 25 μL. Reactions were incubated at 37 °C for 30
min and then 25 μL of HDAC developer (2×) was added to
each well and assay plates were incubated at room temperature
for 15 min before the RFUs (Ex350/Em455) were measured
using a SpectraMax M5e multimode plate reader. Final
HDAC8 assay conditions: HDAC8 enzyme 10 ng/well,
HDAC substrate 2 μM, BSA 0.1 mg/mL, DMSO 1%, MIN
control compound PCI-30451 10 μM, test compounds 2 nM
− 40 μM. To analyze the data, the mean RFUs of the blank no
enzyme control wells were subtracted from the RFUs for the
maximum and minimum control and test compound wells.
The normalized percent inhibition (% inhibition) of each well
was then calculated using the equation % Inhibition = (Mean

Figure 4. Eﬀects of PCI-34051 at 10 and 50 mg/kg in the DN-IR AKI
model. (A) Schematic of the DN-IRI AKI study and treatment
regimens. (B) Levels of BUN 9 days after L-IRI. (C) transdermal
GFR levels 27 days after IRI-AKI. Individual data points with mean ±
SEM shown. One way ANOVA was used to compare vehicle Nx
control and treatment groups after injury (p ≤ 0.001 for all studies). p
values shown were adjusted for multiple between group comparisons
with false discovery rates of p < 0.05.

injury (Figure 4B) but equalized between groups over time
(Figure S5B). Transdermal GFR, which is a more accurate
indicator of mild renal impairment than BUN,33 was
signiﬁcantly increased in mice treated with 10 mg/kg PCI34051 at 28 days; tGFR was also increased in mice treated
with 50 mg/kg PCI-34051 27 days after IRI, but these changes
failed to reach statistical signiﬁcance at the accepted p < 0.05
level when compared with vehicle control mice (p = 0.053),
although the eﬀects were trending in the same direction
(Figure 4C). There was no signiﬁcant reduction in renal
ﬁbrosis as determined by Sirius red staining, but mRNA
E
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MAX RFUs − test sample RFUs)/(Mean MAX − Mean MIN
RFUs) × 100·MAX, MIN, & no-enzyme BLANK control
wells. n = 12−16. For test compounds, at least n = 2 for each
concentration.
HDACs 1, 2, 3, and 6. Selectivity assays, run by Reaction
Biology,32 relied on a peptide-based ﬂuorogenic assay.
Compounds were assessed at a single concentration of 10
μM (n = 2). The substrate for HDACs 1, 2, 3, and 6 was based
on p53 residues 379−382 (RHKK(Ac)AMC). Percent
inhibition was calculated relative to DMSO controls.
Trichostatin A (TSA) was used as a positive reference
compound.
Zebraﬁsh Assays. Studies were approved by the University
of Pittsburgh IACUC. Zebraﬁsh were maintained as
described,34 and embryos from Pitt AB wildtype were used.
Zebraﬁsh larvae were injected with a single dose of gentamicin
at 3 days post fertilization (dpf) with 7 ng of gentamicin as
previously described.21 Prior to the gentamicin injection, 3 dpf
zebraﬁsh larvae were anesthetized in 0.2% tricaine/E3 medium
(5 mM NaCl, 0.33 mM CaCl2, 0.33 mM MgSO4, and 0.17 mM
KCl). Glass capillaries were pulled to produce microneedles
and were aspirated with 10 μL of 7 ng/nL gentamicin solution
diluted with ﬁltered saline solution (Aspen Veterinary
Resources, Cat No. 17861615). The larvae were injected
with 1 nL of gentamicin solution, delivered via the common
cardinal vein. After injection, larvae were incubated in 50 μg/
mL penicillin/streptomycin diluted in E3 medium. Test
compounds were diluted in E3 medium containing 0.5%
DMSO, except for [rac]-2, (+)-2, and (−)-2, which were
diluted in Danieau’s solution instead of E3. Larvae were treated
with either DMSO, UPHD25, or test compounds (4 μM) from
2 days postinjection.
Statistical Analysis. Data were analyzed as compounds that
extend survival as measured by the Kaplan−Meier estimator.21
UPHD25 (HDAC inhibitor previously shown to be protective
in kidney injury35) was used as a positive control and was
statistically signiﬁcant in all survival assays.
Organoid Assays. All work was carried out with the
approval of IRB approval STUDY19020238 and biosafety
approval IBC201600244. iPSCs were maintained on 10 cm cell
culture dishes coated with Geltrex (Thermo Fisher) and
mTeSR1 (Stemcell Technologies) medium. All experiments
were performed with the MANZ-2-2 iPSC line, generated in
the Davidson laboratory.36 Kidney organoid assays were
performed as described previously.33,37 Brieﬂy after Dispase
treatment iPSC clusters were suspended in medium composed
of TeSR-E5 (Stemcell Technologies), 0.1% ITS-X, 1% CD
lipid concentrate (Gibco), 0.25% polyvinyl alcohol, 1%
penicillin/streptomycin (Gibco), and 2.5 μg/mL Plasmocin.
On day 3 of the assay, embryoid bodies were transferred to the
Stage II medium consisting of DMEM-low glucose, 10%
KOSR (Thermo Fisher), 1% nonessential amino acids, 1%
penicillin/streptomycin, 1% HEPES, 1% GlutaMAX, 0.25%
polyvinyl alcohol, and 2.5 mg/mL Plasmocin. Hemin was
made up in 0.1 M NaOH. Day 14 organoids were washed
thrice with DMEM-low glucose before being placed into
protein-free medium (1:1 ratio of DMEM-low glucose and
Hams F-12 nurtrient mixture), 1% HEPES, 1% penicillin/
streptomycin (Gibco), and 2.5 μg/mL Plasmocin containing
Hemin in a 6-well ultralow attachment plate. The hemin
concentration was at 12.5 μM. The control well contained an
equivalent volume of 0.1 M NaOH as a vehicle control. All
treatments were maintained for 48 h.
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Kidney organoids at day 16 post hemin treatment were
washed 3× with Stage II medium. For compound treatment
Stage II medium was supplemented with 0.3% DMSO. A 2×
solution of compound was prepared in Stage II-DMSO, and a
calculated amount was added to each well to make up 1× stock
in a 3 mL volume, per well of a 6-well ULA plate. The plates
were maintained on the magnetic stirrer at 25% power and 120
revolutions until day 23. Deparaﬃnized sections of kidney
organoids were washed with DPBS. A working solution of
CHP was ﬁrst heated for 5 min at 80 °C, cooled on ice
immediately, and distributed onto each section. Sections were
stained overnight at 4 °C in a humidiﬁed chamber. The next
day, sections were washed twice, and nuclei were stained with
DAPI and mounted before imaging on a Zeiss LSM700
instrument. All images were taken with the same settings and
analyzed using Fiji software. Statistical signiﬁcance was tested
with one-way ANOVA with Dunnett’s multiple comparisons
test in GraphPad Prism 9 software.
PK Studies. PK studies on PCI-34051 were performed at
SAI Life Sciences Ltd., Pune, India, using male BALB/c mice
following a single intraperitoneal dose of PCI-34051 in 5%
NMP, 5% Solutol HS, 30% PEG-400, and 60% normal saline at
10.4 and 52 mg/kg. Blood samples (approximately 120 mL)
were collected from retro-orbital plexus of three mice predose
and at 0.08, 0.25, 0.5, 1, 2, 4, 8, and 24 h. Samples were
collected into labeled microtubes, containing 20% K2EDTA as
anticoagulant. Immediately, aliquots (50 μL) of blood were
hemolyzed with an equal volume of water (50 μL) and
quenched with three volumes (150 μL) of acetonitrile (IS
containing acetonitrile) and samples were stored below −70
°C until bioanalysis. This study was performed with approval
of Institutional Animal Ethics Committee (IAEC) in
accordance with requirements of the Committee for the
Purpose of Control and Supervision of Experiments on
Animals, India. All samples were processed for analysis by
protein precipitation using acetonitrile and analyzed with the
ﬁt for purpose LC/MS/MS method. PK parameters were
calculated using the noncompartmental analysis tool of
Phoenix WinNonlin (Version 7.0). Maximum concentration
(Cmax) and time to reach maximum concentration (Tmax) were
taken from the observed values. The areas under the
concentration time curve (AUClast and AUCinf) and elimination half-life were calculated by the linear trapezoidal rule.
Proximal Tubule Cell Assay. Human immortalized renal
proximal tubule epithelial cells (RPTEC/TERT1; ATCC
CRL-4031) were maintained in renal epithelial cell growth
medium (REGM; Lonza Bioscience). Cells were synchronized
by double thymidine block and then treated with 15 μM
cisplatin (Sigma) for 48 h, followed by 10 μM PCI-34051 or
compound 1 in fresh REGM for an additional 48 h. RNA
isolation (GENEzol TriRNA Pure Kit) and cDNA synthesis
(SuperScript IV VILO Master Mix; Invitrogen) were carried
out, and expression levels were measured on a QuantStudio 6
Flex Real-Time PCR system, using the following primers:
CCL2 fwd, CAGCCAGATGCAATCAATGCC; rev, TGGAATCCTGAACCCACTTCT; CXCL1 fwd, GCGCCCAAACCGAAGTCATA; rev, ATGGGGGATGCAGGATTGAG;
CXCL5 fwd, CAGACCACGCAAGGAGTTCATC; rev,
TTCCTTCCCGTTCTTCAGGGAG; HPRT1 fwd, CATTATGCTGAGGATTTGGAAAGG; rev, CTTGAGCACACAGAGGGCTACA; IL6 fwd, AGACAGCCACTCACCTCTTCAG; rev, TTCTGCCAGTGCCTCTTTGCTG; IL8
(CXCL8) fwd, GAGAGTGATTGAGAGTGGACCAC; rev,
F
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CACAACCCTCTGCACCCAGTTT; SERPINE1 fwd,
CTCATCAGCCACTGGAAAGGCA; rev, GACTCGTGAAGTCAGCCTGAAAC; TNFa fwd, CTCTTCTGCCTGCTGCACTTTG; rev, ATGGGCTACAGGCTTGTCACTC. Measurements were performed in triplicate. Statistical analysis was
performed using one-way ANOVA in Prism.
Ischemia Reperfusion-Induced Acute Kidney Injury
(IRI-AKI). Surgeries were performed on a water bath-heated
platform at 38 °C on 10- to 12-week-old male BALB/c mice
purchased from Charles River Laboratories. To induce IRIAKI, mice underwent left renal pedicle clamping for 30−31
min, and delayed contralateral nephrectomy was performed
after 8 days, as described.33 Separate cohorts of mice
underwent contralateral nephrectomy alone for comparison.
Mouse numbers and survival after the surgeries are
documented over time in Figure S5A, and mice were
euthanized for tissue harvesting and terminal blood draw 28
days after the initiating injury. Blood urea nitrogen (BUN) was
determined in duplicate samples using a colorimetric assay kit
(Inﬁnity Urea, Thermo Scientiﬁc) at days 9, 14, 21, and 28
after IRI. Transdermal FITC-sinistrin clearance was performed
to measure glomerular ﬁltration rate (GFR) in conscious mice
28 days after the initiation injury, as described.34 FITCsinistrin half-life was calculated using a 3-compartment model
with linear ﬁt using MPD Studio software (MediBeacon,
Germany). All compound treatments were initiated 24 h after
the initiating injury once a day for 7 days, and the investigator
handling the mice and performing the assays (including
histology) was blinded to treatment groups until all studies for
that experiment were completed. PCI-34051 was solubilized in
10% Solutol HS, 20% PEG-400, and 70% water at pH 4.3,
sonicated for 2 h at 60 °C, and administered by IP injection at
10 mg/kg and 50 mg/kg/day. All experimental protocols were
approved by the Vanderbilt Institutional Animal Care and Use
Committee.
Analysis of Renal Fibrosis and Histone Acetylation. To
assess ﬁbrosis, kidneys were harvested, ﬁxed, and mounted in
paraﬃn, and Sirius red staining and quantiﬁcation were
performed to evaluate renal ﬁbrosis/collagen accumulation in
the outer stripe of the outer medulla, as described.34 Image
capture and semiquantitative evaluation were performed by an
observer blinded to treatment using ImageJ software. RNA
isolation and quantitative RT-PCR were performed to evaluate
expression of renal ﬁbrosis markers in snap frozen kidneys
using primer sequences and RNA extraction, as previously
described.3
Statistical Analyses. Statistical analyses were performed
using GraphPad Prism V9 (San Diego, CA), using Student’s
one-way ANOVA for multiple between-group comparisons.
The minimal level of signiﬁcance is indicated from pairwise
comparisons and was set at p ≤ 0.05 for ANOVA studies. The
p values shown were adjusted for multiple between group
comparisons with false discovery rates of p < 0.05 using the
two-stage step up method of Benjamini, Krieger, and Yekutieli.
Two-way ANOVA used to compare changes over time for
BUN time course studies.
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