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Abstract: Acute kidney injury (AKI) is a major public health concern with significant morbidity and
mortality and no current treatments beyond supportive care and dialysis. Preclinical studies have
suggested that heme-oxygenase-1 (HO-1), an enzyme that catalyzes the breakdown of heme, has
promise as a potential therapeutic target for AKI. Clinical trials involving HO-1 products (biliverdin,
carbon monoxide, and iron), however, have not progressed beyond the Phase 1/2 level. We identified
small-molecule inducers of HO-1 that enable us to exploit the full therapeutic potential of HO-1, the
combination of its products, and yet-undefined effects of the enzyme system. Through cell-based,
high-throughput screens for induction of HO-1 driven by the human HO-1 promoter/enhancer,
we identified two novel small molecules and broxaldine (an FDA-approved drug) for further con-
sideration as candidate compounds exhibiting an Emax ≥70% of 5 µM hemin and EC50 <10 µM.
RNA sequencing identified shared binding motifs to NRF2, a transcription factor known to regulate
antioxidant genes, including HMOX1. In vitro, the cytoprotective function of the candidates was
assessed against cisplatin-induced cytotoxicity and apoptosis. In vivo, delivery of a candidate com-
pound induced HO-1 expression in the kidneys of mice. This study serves as the basis for further
development of small-molecule HO-1 inducers as preventative or therapeutic interventions for a
variety of pathologies, including AKI.

Keywords: acute kidney injury; heme oxygenase; cisplatin nephrotoxicity; small-molecule drugs;
high-throughput screen

1. Introduction

Heme oxygenase-1 (HO-1) is a 32 kDa microsomal enzyme responsible for catalyzing
the rate-limiting step of heme degradation into equimolar amounts of biliverdin, iron,
and carbon monoxide (CO) [1–3]. Ubiquitously distributed in mammalian tissues, HO-1
is induced by a variety of stressors, including heme, growth factors, hypoxia, cytokines,
and heavy metals. HO-1 induction confers protection through regulation of inflammation,
oxidative stress, apoptosis and autophagy [4], myeloid cell migration [5], and immune
cell signaling in several pathologies including nonalcoholic fatty liver disease [6], lung
disease [7], and acute kidney injury (AKI) [8]. In the kidney, HO-1 has been implicated in
both renal and postrenal forms of AKI, as well as the transition from AKI to chronic kidney
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disease (CKD) [9,10]. Novel therapeutic options for AKI hold enormous potential for
impacting patient health and the healthcare costs resulting from AKI, which affects nearly
20% of adults and 33% of children in the hospital [11]. AKI is associated with significant
morbidity and mortality and has no current treatment options beyond supportive care
and dialysis.

Substantial preclinical evidence supports the rationale for developing therapeutic
interventions that modulate HO-1 in kidney injury (reviewed by Nath et al. [3]). Past and
ongoing clinical trials have focused on targeting the direct or downstream products of
the HO-1 pathway (e.g., NCT00531856), but these trials have not been encouraging and,
thus, have not progressed beyond Phase 1/2. Recent data also suggest that, in addition to
potential nonspecific effects and toxicities, targeting just one of the products of the HO-1
system may not be adequate for protection, and targeting a combination of two or all three
of the byproducts, namely, CO, iron (via ferritin), and biliverdin, may be necessary for
optimal benefit. In addition, while the beneficial effects of HO-1 are ascribed to its products,
there is still an accepted view that yet-undefined effects of HO-1 induction account for
its protective properties. Thus, there is a great clinical need for therapeutic strategies that
work through direct induction of endogenous HO-1 rather than administering its products
singly or in combination.

Here, we conducted a cell-based high-throughput screen to facilitate the discovery of
small-molecule inducers of endogenous HO-1. We identified SRI-37618 as a potent inducer
of HO-1 that is capable of acting through the human HMOX1 promoter/enhancer, protect-
ing against cisplatin-induced apoptotic cell death in vitro, and inducing HO-1 in vivo in
the kidney when delivered intraperitoneally in mice. This work serves as the foundation on
which candidate small-molecule inducers of HO-1 will be optimized for further preclinical
development and subsequent clinical translation.

2. Materials and Methods
2.1. Stable Cell Lines

Two stable cell lines containing a human HO-1 promoter/enhancer–reporter construct
(4.5 kb + 220 bp HO-1-Luc cells) and a construct with triple mutations in the HO-1 promoter
(Mut4.5kb HO-1-Luc cells), were generated for use in high-throughput screening. Human
embryonic kidney 293 (HEK293) cells (ATCC, Manassas, VA, USA) were co-transfected
with a pcDNA3.1 (+) vector which confers zeocin resistance and one of two modified pGL3
luciferase reporter vectors. Construction of these vectors has been previously described [12–
14]. To generate 4.5 kb + 220 bp HO-1-Luc cells, transfection was performed with a construct
containing the −4.5 kb minimal proximal promoter fragment and 220 bp segment of the
+12.5 kb enhancer of human HO-1 (pHOGL3/4.5 + 220). To generate Mut4.5kb HO-1-
Luc cells, a construct containing three activity-abolishing mutations within the −4.5 kb
promoter was used (Figure S1). After selection by zeocin, single cells were identified by
forward and side scatter and sorted one cell per well into in a 96-well plate containing
Dulbecco’s modified Eagle’s medium (Mediatech, Manassas, VA, USA) supplemented with
10% fetal bovine serum (FBS) and 1× antibiotic/antimycotic (Thermofisher, Waltham, MA,
USA). All cells were grown at 37 ◦C in 95% humidity and 5% CO2. Clones arising from
single cells were maintained in zeocin and screened for luciferase expression in the presence
or absence of hemin. Hemin and small molecules were both prepared in the vehicle, DMSO.
Prior to treatment with hemin or small molecules, cells were serum-starved in medium
containing 1% FBS for 6 h.

2.2. High-Throughput Luciferase Assay

A primary high-throughput screen was developed using stable 4.5 kb + 220 bp HO-
1-Luc cells seeded in 384-well plates in reduced serum media. Each well received either
10 µg/mL or 20 µM compound from a library containing small molecules generated and
kindly gifted by Southern Research or with FDA-approved compounds. Luciferase induc-
tion was measured using the Bright-Glo assay system (Promega, Madison, WI, USA). A
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secondary counter screen utilizing Mut4.5kb HO-1-Luc cells was also developed. Positive
hits identified in the primary screen were subjected to the counter screen, and compounds
inducing nonspecific activation of the reporter were excluded from further testing. Hit com-
pounds from the high-throughput screen were validated by correlating two independent
experiments.

2.3. Western Blotting

Kidneys and cell cultures were lysed in lysis buffer (50 mM Tris-HCl, 1 mM EDTA,
150 mM NaCl, 1% NP-40, and 0.25% sodium deoxycholate) with protease (MilliporeSigma,
Burlington, MA, USA) and phosphatase (Bimake, Houston, TX, USA) inhibitors. Total
protein was quantified using a bicinchoninic acid protein assay (Thermo Fisher, Waltham,
MA, USA). Protein was loaded onto 10% or 12% SDS-PAGE gels, resolved, and transferred
onto a PVDF membrane (MilliporeSigma, Burlington, MA, USA). Membranes were blocked
in 5% milk for 1 h, and then incubated overnight with anti-cleaved caspase-3 (1:1000; #9661,
Cell Signaling Technology, Danvers, MA, USA) or anti-HO-1 (1:5000; #ADI-SPA894, Enzo
Life Sciences, Farmingdale, NY, USA), followed by incubation with peroxidase-conjugated
anti-rabbit antibody (Kindle BioSciences, Greenwich, CT or Jackson Immunoresearch, West
Grove, PA, USA). Horseradish peroxidase activity was detected using either the enhanced
chemiluminescence KwikQuant detection system (Kindle BioSciences, Greenwich, CT,
USA) or Konica Minolta SRX-101A film processor. Membranes were stripped and reprobed
with anti-GAPDH (1:10,000; #MAB374, MilliporeSigma, Burlington, MA, USA) to confirm
loading and transfer. For some blots, proteins were transferred to PVDF-FL (MilliporeSigma,
Burlington, MA, USA), probed with secondary antibodies conjugated to Alexa Fluor 680
or 790 (Jackson Immunoresearch, West Grove, PA, USA), and imaged using the Licor
Odyssey Imager (LI-COR, Lincoln, NE, USA). Densitometry analysis was performed using
ImageStudioLite. Protein expression was normalized to GAPDH, and data are presented
as fold changes relative to indicated controls.

2.4. In-Cell Western Assay

The HEK293 cell line was obtained from ATCC (Manassas, VA, #1573) and maintained
in Dulbecco’s modified Eagle’s medium (DMEM) (Corning, Glendale, AZ, #10-013-CV)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL
streptomycin in a humidified incubator with a 5% CO2 atmosphere at 37 ◦C. DMEM
containing 1% FBS was used in the assay. HEK293 cells were seeded into PDL (poly-
D-lysine)-coated 384-well plates (Corning #3845) at 5000 cells/well in a 20 µL volume
and incubated for 2 h at 37 ◦C in 5% CO2 with high humidity for cells to settle down.
Compounds were added directly to the cells using a Labcyte Echo 550 acoustic dispensing
system (Labcyte), and the plates were returned to the incubator (37 ◦C, 5% CO2, high
humidity). The medium was removed after a 16 h incubation period, and the cells were
fixed/permeabilized with ice-cold methanol for 10 min at −20 ◦C. The cells were then
washed once with PBS and incubated with HO-1 antibody (Enzo Life Science, Farmingdale,
NY, #ADI-SPA-894) overnight at 4 ◦C after blocking for 30 min at room temperature with
blocking buffer (PBS/10% Goat Serum/1% BSA). Two columns were set up without an HO-
1 antibody to register “background”. After being washed with PBS, the cells were incubated
with Alexa Fluor 488 conjugated secondary antibody for 1 h at room temperature. Finally,
Hoechst staining was conducted, and the plates incubated at 4 ◦C overnight before reading
on a Mirrorball imaging cytometer (TTP Labtech, Concord, CA, USA). The “activation (%)”
was calculated by subtracting the background from HO-1 followed by normalization to
Hoechst; then, 100% activity was set to Hemin Emax.

2.5. RNA Isolation

Total RNA was isolated from cells using TRIzol (Thermofisher, Waltham, MA, USA) for
real-time PCR and bulk mRNA sequencing according to the manufacturer’s instructions.
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2.6. Reverse Transcription and Real-Time PCR

Gene expression analysis was measured as previously described [15]. cDNA was
generated from total RNA using the Quantitect Reverse Transcription Kit (QIAGEN,
Germantown, MD, USA), and quantitative PCR was performed on a StepOnePlus Real-
Time PCR System (Thermofisher, Waltham, MA, USA) to detect genes of interest using
PowerUP SYBR Green Mastermix (Thermofisher, Waltham, MA, USA). The following
primers were used: NFE2L2 fwd 5′–AGTGGATCTGCCAACTACTC–3′, NFE2L2 rev 5′–
CATCTACAAACGGGAATGTCTG–3′; HMOX1 fwd 5′–CATGACACCAAGGACCAGAG–
3′, HMOX1 rev 5′–AGTGTAAGGACCCATCGGAG–3′; GAPDH fwd 5′– GCCAAAAGGG
TCATCATCTC–3′, GAPDH rev 5′–GGCCATCCACAGTCTTCT–3′. GenBank accession
numbers of the top primer-BLAST products returned with the given primers are as follows:
NFE2L2 NM_006164; HMOX1 NM_002133; GAPDH NM_001357943. Reactions were per-
formed in triplicate, and relative mRNA expression was quantified using the comparative
threshold cycle method. Melt curve analysis was performed at the end of each real-time
PCR assay to confirm product specificity.

2.7. Bulk RNA Sequencing and Analysis

Single-end bulk RNA sequencing was generated by the Heflin Genomics Core (Uni-
versity of Alabama at Birmingham) using the Illumina platform on NextSeq500 (Illumina)
with two biological replicates. Sequence alignment was conducted using STAR, and differ-
ential expression analysis was conducted using the R package DESeq2 [16], as described
previously [17]. Significance was defined as an adjusted p-value < 0.05 and fold change
>2 or <−0.2. Normalized DESeq2 counts were used for downstream analysis. Enrichment
analysis for consensus target genes for transcription factors present in ENCODE [18,19] and
ChEA [20] was performed with web-based Enricher [21–23]. Sequencing data are available
within the Gene Expression Omnibus repository (GSE211130).

2.8. siRNA Knockdown

HEK293 cells were transfected with 50 nM SMARTpool siRNA designed to target NRF2
(Dharmacon) or a nontargeted control using RNAiMAX (Invitrogen). NRF2 knockdown
was confirmed by quantitative reverse transcription PCR.

2.9. Cisplatin-Induced Apoptosis Assays

HEK293 cells were pretreated with vehicle or small molecules for 8 h prior to cisplatin
(50 µM) exposure. Following 24 h of cisplatin treatment, induction of HO-1 and apoptosis
(via cleaved caspase-3) were evaluated by Western blot.

2.10. MTT Assay

Reduction of MTT following incubation with vehicle or small molecules for 24 h was
assessed by the MTT assay as described previously [24]. Briefly, cells were incubated with
0.5 mg/mL MTT, which was aspirated after 1 h and replaced with dimethyl sulfoxide
to solubilize the precipitated formazan. Reduction of MTT is expressed as the relative
absorbance at 570 nm compared to the vehicle-treated control group.

2.11. In Vivo Experiments

≥10 week old C57BL/6 mice were injected intraperitoneally with 60 mg/kg of small
molecule. SRI-37618 was either formulated as a free base and prepared in a saline solution
containing 5% DMSO and 5% solutol or formulated as a sodium salt and prepared in saline.
Formulation as a sodium salt improved solubility in saline without influencing HO-1 induc-
tion (data not shown). 6 h post administration, mice were anesthetized with isoflurane, and
kidneys were harvested following cardiac perfusion with saline. All animal experiments
conducted were approved by the Institutional Animal Care and Use Committee at the
University of Alabama at Birmingham (Animal Project Number: IACUC-20380).
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2.12. Immunohistochemistry

Following standard fixation in 10% neutral buffered formalin and 70% ethanol, kidneys
were paraffin-embedded, and 5 µm sections were prepared. As previously described [25],
sections were deparaffinized with xylene and rehydrated, followed by 30 min antigen
retrieval in Trilogy (Cell Marque, Rocklin, CA, USA) at 95 ◦C. Endogenous peroxidase
activity was blocked with 3% hydrogen peroxide solution in PBS for 10 min at room
temperature. Blocking was performed with a solution of 0.2% nonfat dry milk, 1% BSA,
and 0.3% Triton X-100 in PBS for 1 h at room temperature. HO-1 staining was performed
overnight at 4 ◦C (1:250–1:500; Enzo Life Sciences, Farmingdale, NY, USA). Following
washing with PBS/Tween-20 (PBST), secondary antibody (1:500; Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) staining was performed for 1 h at room temperature.
Sections were then developed using chromogen substrate (Vector Laboratories, Burlingame,
CA, USA) according to the manufacturer’s instructions, washed with water, dehydrated,
and mounted (Xylene Mounting Media; Protocol, Kalamazoon, MI, USA). All images were
acquired using the Keyence BZ-X710 (Keyence Corporation, Itasca, IL, USA).

2.13. Statistical Analysis

All experiments were performed in independent triplicates unless otherwise noted.
Results are expressed as the mean + SEM. One- or two-way ANOVA and follow-up tests for
multiple comparisons were employed for analysis between three or more groups (p < 0.05
was considered statistically significant).

3. Results
3.1. High-Throughput Screen and Lead Generation

A high-throughput screen was performed on a library of 200,441 total compounds for
the ability to induce HO-1 in a luciferase reporter system (Figure 1). The libraries were
compiled by Southern Research and included ~4000 FDA-approved molecules with the
potential for repurposing as well as other commercially available and novel molecules
synthesized by Southern Research. The primary high-throughput screen, utilizing 4.5 kb +
220 bp HO-1-Luc cells, was used for the initial screening of hit compounds. Compounds ac-
tivating the reporter construct to levels of ≥70% max activation of 5 µM hemin (Figure 2A),
the canonical HO-1 inducer [26], were considered active. Initial positive hits were assayed
in a counter high-throughput screen utilizing Mut4.5kb HO-1-Luc cells to eliminate false
positives that activate HO-1 through nonspecific response elements.

In this process, two hit compounds, SRI-36825 and SRI-37619, induced HO-1 and
exhibited low toxicity in vitro. SRI-36825 was derivatized into a new lead compound, SRI-
37618, and SRI-37619 led to SRI-40109, two novel small molecule candidates representing
two distinct chemical scaffolds (Figure 2B,C). High-throughput screening also identified
FDA-approved broxaldine as a candidate small-molecule inducer of HO-1 (Figure 2D). The
luciferase assay in the stable cell lines was repeated with these hit compounds to confirm
induction of HO-1 through the human promoter and enhancer elements (Figure 3A).
Consistent with the high-throughput screen data, induction of luciferase activity was not
observed in Mut4.5kb HO-1-Luc cells (Figure S2). Relative to hemin, SRI-37618 and SRI-
40109 induced similar luciferase activity in the primary screen. Although broxaldine did
not induce statistically significant luciferase expression compared to controls, repurposing
an FDA-approved drug would save considerable cost and effort in transitioning to clinical
testing; hence, we did not use the luciferase assay as the sole criterion for further screening.
Additional cells were plated in parallel and treated to confirm HO-1 protein expression in
the stable cells (Figure 3B). Broxaldine induced higher HO-1 protein than hemin but lower
luciferase activity (Figure 3A,B).
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Figure 3. (A) Luciferase activity induced in 4.5 kb + 220 bp HO-1-Luc cells by small molecules
normalized to baseline luciferase signal in naïve, untreated cells. DMSO and hemin are included as
vehicle and positive controls. (B) Densitometry of Western blot of 4.5 kb + 220 bp HO-1-Luc cells
for HO-1 and loading control GAPDH under the same experimental conditions as luciferase assay.
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HO-1/GAPDH is expressed as fold change compared to vehicle. Lower panel displays a representa-
tive Western blot. (C) In-cell Western and (D) standard Western blot for endogenous HO-1 induction
in HEK293 cells exposed to increasing concentrations of compound. Maximum HO-1 activation
(Emax) and effective concentration to achieve 50% activation (EC50) are listed in lower panel of (C).
Data analyzed by one-way ANOVA followed by Dunnett’s test for multiple comparisons.

3.2. Induction of Endogenous HO-1 by SRI-37618 and SRI-40109 Does Not Depend on
Oxidant Stress

To validate the endogenous activity of candidate small molecules, HEK293 cells were
treated with increasing concentrations of each small molecule or hemin, a positive control
(Figure 3C). Endogenous HO-1 is robustly induced in a dose-dependent manner by SRI-
37618, SRI-40109, and broxaldine as determined by fluorescence-based in-cell Western
blotting (Figure 3C), which was validated using traditional Western blotting (Figure 3D).
To establish whether the HO-1 induction resulting after treatment with candidate small
molecules was secondary to oxidant stress, in vitro assays were performed in the presence
of a general antioxidant N-acetylcysteine (NAC) (Figure 4). In the presence of up to 1 mM
NAC, HO-1 protein expression was preserved in HEK293 cells treated with SRI-37618 and
SRI-40109, but diminished in the case of broxaldine.
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Figure 4. Top panel: Representative Western blot analysis for HO-1 in HEK293 cells treated with
broxaldine (5 µM), SRI-37618 (0.5 µM), SRI-40109 (5 µM), hemin (5 µM), or vehicle (DMSO) in the
presence of 0, 0.5, or 1 mM N-acetylcysteine (NAC). Lower panel: HO-1 induction normalized to
corresponding GAPDH expression and expressed in arbitrary units relative to vehicle control. Each
dot represents an independent experiment (n = 4). Data analyzed with one-way ANOVA and Šídák’s
multiple-comparison test. Error bars display SEM. ns = not significant, * p < 0.05.
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3.3. Genes Upregulated by Hemin, SRI-37618, SRI-40109, and Broxaldine Share Common
NRF2-Binding Motifs

Bulk RNA sequencing was performed on HEK293 cells exposed to vehicle control,
hemin, SRI-37618, SRI-40109, or broxaldine for 4 or 8 h. Compared to the vehicle-treated
control group, all treatment groups exhibited significantly increased HO-1 gene expression
with a fold change of >2 and adjusted p-value of <0.05, corroborating increases in HO-1
promoter activation and protein level. In addition to upregulation of HMOX1, the greater
transcriptional profiles of cells were influenced by treatment with each candidate molecule
(Figures 5A and S3). Although each compound elicited a unique transcription profile,
increased expression of several genes was shared among all treatment groups (Figure 5B).
Transcripts for HMOX1, NMRAL2P, OSGIN1, SLC7A11, GCLM, CPNE9, SERPINE1, and
GCNT4 were upregulated by all candidate molecules and hemin after 4 h compared to
vehicle control (Figure 5B). Enrichment analysis of these transcripts showed significant
(adjusted p: 5.09 × 10−4) association with consensus binding sites for NRF2 defined by
the ChEA and ENCODE datasets of ChIP-seq data. This association is driven primarily
by HMOX1, SERPINE1, OSGIN1, SLC7A11, and GCLM (Figures 5B and S4, Table S1).
NRF2 is a well-described transcription factor that is known to regulate the expression of
several antioxidant genes, including HMOX1 [27]. We also looked for enrichment of NRF2
pathway-associated genes (CREB1, CRYZ, FOS, FXYD2, GSTA2, HMOX1, HMOX2, JUN,
KEAP1, MAFF, MAFG, MAFK, NFE2L2, POR, PRKCA, PRKCB, and UGT1A6) amongst
the significant (p < 0.05) differentially expressed genes and found significant upregulation
at the 4 and 8 h timepoints (Figure 5C). We further confirmed the role of NRF2 in small-
molecule induction of HO-1 by knocking down NFE2L2 via siRNA prior to small-molecule
exposure. Knockdown of NFE2L2 in transfected HEK293 cells was confirmed by real-time
PCR 8 h following transfection (Figure 6A). Following transfection, cells were treated
with vehicle, hemin, or small molecules, and HO-1 expression was analyzed by Western
blot 16 h post treatment (Figure 6B). Transfection with NFE2L2 siRNA mitigated HO-1
induction by hemin and all small molecules tested, with the greatest effect on SRI-37618
and SRI-40109 (Figure 6C).
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Figure 5. (A) Heatmap of the top 100 differentially expressed genes in HEK293 cells exposed to
hemin, broxaldine, SRI−37618, or SRI−40109 for 4 h. Red coloration depicts genes upregulated,
and green depicts genes downregulated relative to vehicle control. (B) Left panel: Venn diagram
displaying the number of shared genes upregulated at 4 h by all four treatment conditions relative to
vehicle control. * Eight shared genes upregulated at 4 h: CPNE9, GCLM, GCNT4, HMOX1, SLC7A11,
SERPINE1, OSGIN1, and NMRAL2P. Right panel: Enrichr analysis for eight shared genes showing
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top 10 consensus transcription factor-binding sites from ENCODE and ChEA ChIP-X. Bar graph is
ranked by p-value. (C) Heatmap of the top NRF2-related genes from the list of significant (p < 0.05)
genes from DeSeq2 analysis of each compound compared to vehicle control. Gene targets mapped
include CREB1, CRYZ, FOS, FXYD2, GSTA2, HMOX1, HMOX2, JUN, KEAP1, MAFF, MAFG, MAFK,
NFE2L2, POR, PRKCA, PRKCB, and UGT1A6. Red and green coloration depicts up- and downregula-
tion, respectively. HMOX1, the gene for HO-1, is highlighted in yellow in heatmaps.
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Figure 6. (A) Confirmation of NRF2 knockdown by real-time PCR. NRF2 gene expression is nor-
malized to housekeeping gene GAPDH. (B) Western blot for HO-1 in cells exposed to compounds
in the presence of NRF2-targeted siRNA or scramble siRNA control. (C) HO-1 protein expression
normalized to corresponding GAPDH control expressed relative to scramble siRNA-treated vehicle
control. Data analyzed by two-way ANOVA with Šídák’s multiple-comparison test.

3.4. SRI-37618, SRI-40109, and Broxaldine Pretreatment Confer Protection against
Cisplatin-Induced Apoptosis In Vitro

We next assessed the ability of small molecule-induced HO-1 to protect against
cisplatin-induced cytotoxicity. Our laboratory and others have described the protective
effect of HO-1 in cisplatin-mediated nephrotoxicity in preclinical models [4,28,29]. Pre-
treatment with 5 mM hemin was used as a positive control for HO-1 induction in this
assay. Although hemin is a potent inducer of HO-1, heme-containing compounds can cause
acute kidney injury through damage of multiple intracellular targets [30]. As expected,
subsequent exposure to cisplatin and release of additional heme from dying cells resulted in
significant expression of apoptotic marker cleaved caspase-3 (CC-3), highlighting the need
for therapeutic inducers of endogenous HO-1 that do not rely on heme itself (Figure 7A).
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Following induction of endogenous HO-1 through pretreatment with broxaldine, SRI-37618,
and SRI-40109, cisplatin-induced apoptosis was significantly blunted compared to saline
controls (Figure 7A). As a correlate to protection against apoptosis, we also examined the
effects of the small molecules on cell viability using an MTT assay (Figure 7B). Notably,
broxaldine itself diminished the ability of cells to reduce the tetrazolium dye to formazan
at the given dose measured by the MTT assay. However, broxaldine pretreatment alone
did not result in significant CC-3 induction, suggesting that the aberrant MTT assay re-
sult is not attributable to apoptosis. Considering that the MTT assay employed to assess
cell viability depends on mitochondrial respiration, this result may also be indicative of
changes in mitochondrial metabolism induced by broxaldine rather than true cytotoxicity.
Nevertheless, such influences are important when designing or repurposing drugs.
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Figure 7. (A) Western blot for cleaved caspase-3 (CC-3) and heme oxygenase-1 (HO-1) in HEK293
cells pretreated with listed compounds or controls for 8 h prior to cisplatin exposure. (B) MTT assay
of HEK293 cells treated with compounds or vehicle control. Absorbance at 570 nm relative to vehicle
control reflects the conversion of MTT (3-(4,5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide)
into formazan and is used as an indirect proxy for relative cell viability. Data analyzed by one-way
ANOVA followed by Dunnett’s test for multiple comparisons.
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3.5. In Vivo Induction of Endogenous HO-1 in the Kidney

Given the promising in vitro studies with the candidate small molecules, we next in-
vestigated the in vivo induction of HO-1 by the small molecules. We first chose SRI-37618 as
the lead compound for evaluation because of its potent ability to induce endogenous HO-1
expression (Figure 3B–D) and target the human HMOX1 promoter and enhancer constructs
(Figure 3A). When administered intraperitoneally at a dose of 60 mg/kg, SRI-37618 resulted
in HO-1 protein induction in the kidney within 6 h, as revealed by Western blot analysis of
whole-kidney lysates and immunohistochemistry of kidney sections (Figure 8A,B). HO-1
induction appeared to be particularly robust in the cortical proximal tubules. No grossly
observable signs of acute distress or changes in behavior were seen in mice during the
treatment period (data not shown).
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solutol in saline. Membranes were stripped and probed for GAPDH. Each lane represents an individual
mouse (n=3) (B) Representative immunohistochemistry for HO-1 in kidney sections of mice 6 hours
after intraperitoneal injection with 60 mg/kg SRI-37618 prepared as a salt solution capable of being
dissolved and delivered in saline vehicle. Top panel showcases entire kidney section (20X), the cortical
insets are displayed in the lower panel. Scale bar = 100 µm

Figure 8. In vivo delivery and induction of HO-1 in the kidney assessed after 6 h of small-molecule
delivery. (A) Western blot for HO-1 in whole kidney lysates of mice injected intraperitoneally with
60 mg/kg of small molecule SRI-37618 formulated as a free base in a vehicle solution of 5% DMSO,
5% solutol in saline. Membranes were stripped and probed for GAPDH. Each lane represents an
individual mouse (n = 3) (B) Representative immunohistochemistry for HO-1 in kidney sections of
mice 6 h after intraperitoneal injection with 60 mg/kg SRI-37618 prepared as a salt solution capable
of being dissolved and delivered in saline vehicle. Top panel showcases entire kidney section (20×);
the cortical insets are displayed in the lower panel. Scale bar = 100 µm.

4. Discussion

Heme oxygenase-1, encoded by the HMOX1 gene, is ubiquitous and required for
survival. In both animal models and humans, HO-1 is strongly induced in the setting
of AKI [3,31], with plasma and urine HO-1 being considered a biomarker for AKI [32].
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Polymorphisms in the human HMOX1 promoter correlate with HO-1 expression and out-
comes in AKI [33–35]. One particularly well-documented and relevant genetic association
is the increased risk of developing AKI among white patients undergoing cardiopulmonary
bypass surgery with polymorphisms resulting in a longer GT repeat region of their HMOX1
gene promoter [35]. Genetic or pharmacologic manipulation of the HO-1 system in ani-
mal models impacts AKI progression and recovery. As reviewed by Nath et al. [3], HO-1
deficiency or inhibition worsens renal structure and function, and increased expression is
protective in models of AKI. In fact, many interventions that have been tested in preclinical
models of AKI (e.g., α-MSH, EPO, IL-10, and NGAL) are potent inducers of HO-1 and
mediate their effects, at least in part, through HO-1 induction [36–40]. The protective effects
of HO-1 induction are largely attributed to the degradation of highly reactive, oxidized
heme into vasodilator CO and biliverdin, which is subsequently converted to free-radical
scavenger bilirubin. The reaction simultaneously liberates iron which induces ferritin,
another cytoprotective mediator in AKI [25]. Additionally, CO can act as an immunomod-
ulator, enhancing anti-inflammatory IL-10 and blocking proinflammatory TNF-α [41,42].
The pleiotropic effects of the products of HO-1-catalyzed heme degradation have made the
HO-1 system a favorable target for intervention in the pathogenesis of AKI. The innovative
approach of inducing HO-1 itself is particularly attractive because it enables the simultane-
ous exploitation of heme degradation and the subsequent cytoprotective properties of the
reaction products.

Pharmacologic manipulation of the HO-1 system through delivery of heme analogs
or products has proven to be a challenging approach for producing clinical benefit. For
example, heme arginate, while approved for use in acute intermittent porphyria, can
cause many off-target effects and unwanted adverse events, including AKI [43]. Low
concentrations of CO are protective in preclinical models, but the toxic effect of this gas
on mitochondria is a major limitation in clinical application [44]. Direct pharmacologic
induction of endogenous HO-1 using small molecules provides a possible solution to
overcoming these limitations and has broad applicability for hospitalized patients who are
at risk for developing AKI.

To identify small-molecule inducers of HO-1 that are not substrate analogs and that
result in the production of all the antioxidant products of heme degradation, we developed
a high-throughput cell-based assay to screen a large library of compounds for their ability to
induce HO-1 expression. Importantly, high-throughput screens utilized cell lines expressing
luciferase reporter constructs under the control of the promoter and enhancer of the human
HO-1 gene. While human and mice HO-1 transcription factors share greater than 90%
homology, consideration of interspecies differences is critical for improving the feasibility
of translating preclinical findings to patients (as reviewed by Sikorski et al. [45]).

We identified three hit compounds, SRI-37618, SRI-40109, and broxaldine, that induced
expression of human HO-1. Given that these compounds are from three chemical classes,
their exact drug profiles likely differ. Nevertheless, SRI-37618 and SRI-40109 were capable
of activating the −4.5 kb minimal proximal promoter and 220 bp segment of the +12.5 kb
enhancer of human HMOX1, and all three induced endogenous HO-1 protein. In the case
of SRI-37618 and SRI-40109, this induction occurred even in the presence of antioxidant,
NAC, suggesting that the effects seen were not merely a nonspecific induction secondary to
the production of reactive oxygen species. The HO-1 induction by broxaldine, on the other
hand, was significantly reduced in the presence of NAC. Taken with the luciferase activity
of 4.5 kb + 220 bp HO-1-Luc cells and the endogenous HO-1 protein levels in HEK293 cells
induced by broxaldine, these results suggest that there are likely additional mechanisms at
play contributing to the levels of endogenous HO-1 protein induction observed following
broxaldine delivery.

Bulk RNA sequencing revealed that, although there was some heterogeneity between
the gene expression profiles elicited by each compound at the given concentrations and
timepoints, all three compounds and hemin upregulated NRF2-associated genes, and five
of the eight genes significantly upregulated by all treatment conditions at 4 h showed strong
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enrichment of NRF2-binding sites. This list included HMOX1. NRF2 is a transcription factor
known to promote expression of genes containing proximal antioxidant response elements
(AREs), such as HMOX1. siRNA knockdown of NFE2L2 in HEK293 cells dampened, but
did not completely ablate the production of HO-1 by candidate compounds, supporting
previous observations that, while NRF2 can significantly enhance human HO-1 gene
activation indirectly through regulation of AP-1 family transcription factors [14,46], it is
not a requirement, and HO-1 can also be induced through NRF2-independent pathways
(as is the case with kaempferol [47] and nitrolinoleic acid [48]). It should be noted that
there is debate surrounding the physical interaction of NRF2 and the HMOX1 promoter in
humans. Compounds may also be influencing upstream components of the NRF2 pathway,
its translocation, or post-translational modifications of transcripts induced that are not
captured by this type of analysis. The diversity of HO-1 inducers discovered to date
highlights the complexity of human HO-1 regulation. As investigation of novel compounds
identified through unbiased screens continues to expand therapeutic options, mechanistic
studies are needed to improve our understanding of HO-1 regulation and action.

While the therapeutic value of HO-1 in kidney injury is well established, we wanted to
validate that the HO-1 induced by SRI-37618, SRI-40109, and broxaldine is functional and
confers a protective advantage. All three candidate compounds mitigated cisplatin-induced
apoptosis in vitro, providing further evidence that the HO-1 protein induced by these small
molecules is not only functional, but that these compounds could also have potential to
be used to mitigate the adverse kidney affects associated with cisplatin chemotherapy,
which would be a great benefit to the approximately 25% of patients receiving cisplatin
treatment for solid organ cancers that develop AKI or CKD. Of course, localized delivery
of the compounds to the kidney may be more appropriate than systemic delivery in these
cases to minimize the likelihood that the antiapoptotic effects of the compounds would
diminish the efficacy of cisplatin as a chemotherapeutic agent. Additionally, recent studies
have suggested HO-1 may have noncanonical functions outside of its catalytic activity that
may promote tumor growth [49]. Thorough evaluation of this potential risk against the
protective effect against AKI will be needed prior to clinical administration, and may likely
need to be individualized to each patient and clinical scenario.

The downstream antiapoptotic effect of small-molecule HO-1 induction likely provides
clinical benefit to several other kidney pathologies as well, such as sepsis-associated AKI
which is partially characterized by apoptosis of proximal and distal tubules [50,51], and
accounts for nearly half of AKI incidences [52]. Of note, broxaldine negatively impacted
cell viability as assessed through MTT assay, an effect that may reflect a nonapoptotic
mechanism of cell death or be an incidental change in mitochondrial metabolism that
influences this indirect method of measuring viability. Preliminary in vivo feasibility
was evaluated with SRI-37618 as this compound exhibits greater maximum induction
of HO-1 activity than hemin and is very potent with an EC50 of 0.4315 mM (Figure 3C).
Intraperitoneal delivery of SRI-37618 successfully induced HO-1 protein expression in the
kidney without producing grossly observable side-effects in the acute phase.

5. Conclusions

This study not only provided a high-throughput methodology for the discovery of ad-
ditional inducers of human HO-1, but also identified SRI-37618 as a promising therapeutic
candidate to be optimized for clinical use as either a prophylactic or a therapeutic for AKI.
Pharmacologic inducers of endogenous HO-1 also serve as a tool for better understanding
the molecular mechanisms governing AKI. Future studies evaluating downstream effects of
HO-1 reaction products following small-molecule delivery will provide invaluable insight
into kidney pathophysiology.



Antioxidants 2022, 11, 1888 16 of 18

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antiox11101888/s1: Figure S1. Luciferase reporter constructs;
Figure S2. Luciferase expression in primary and secondary counter luciferase assays; Figure S3.
Differentially expressed genes following 8 h of compound exposure; Figure S4. Enrichr analysis
for eight shared genes upregulated by hemin, SRI-37618, SRI-40109, and broxaldine at 4 h; Table S1.
Consensus target genes for transcription factors present in ENCODE and ChEA.

Author Contributions: Conceptualization, G.G.-R., A.M.T., J.F.G. and A.A.; data curation, G.G.-R.,
A.M.T., B.M., J.R.B., N.M.N., A.A.Z., S.K.E., L.Z. and V.S.; formal analysis, G.G.-R., A.M.T. and
R.M.C.; funding acquisition, M.J.S., J.F.G., C.E.A.-S. and A.A.; investigation, A.M.T., B.M., J.R.B.,
N.M.N., A.A.Z. and S.K.E.; methodology, A.M.T. and B.M.; resources, B.M., J.R.B., N.M.N. and A.A.Z.;
software, G.G.-R., R.M.C. and J.F.G.; validation, A.M.T. and S.T.; visualization, G.G.-R., A.M.T., R.M.C.
and J.F.G.; writing—original draft, G.G.-R.; writing—review and editing, G.G.-R., A.M.T., R.M.C.,
J.F.G. and A.A. All authors read and agreed to the published version of the manuscript.

Funding: This research was funded by NIH-NIDDK P30 DK079337, R01 DK059600, R01 DK118932, and
the Alabama Drug Discovery Alliance (to A.A. and J.F.G.), as well as PRIME T32 DK116672 (to G.G.-R).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee at the University of Alabama at Birmingham (Animal Project
Number: IACUC-20380; date of approval: 28 February 2022).

Informed Consent Statement: Not Applicable.

Data Availability Statement: Sequencing data are available within the Gene Expression Omnibus
repository (GSE211130). Other data presented in this study are available on request from the corre-
sponding author.

Conflicts of Interest: A.A. serves on the advisory boards of Alpha Young, Angion, and Zydus, holds
stock options in Creegh Pharmaceuticals, and serves as a consultant for Dynamed for work outside
the scope of this manuscript.

References
1. Agarwal, A.; Nick, H.S. Renal response to tissue injury: Lessons from heme oxygenase-1 GeneAblation and expression. J. Am.

Soc. Nephrol. 2000, 11, 965–973. [CrossRef] [PubMed]
2. Nath, K.A. Heme oxygenase-1: A provenance for cytoprotective pathways in the kidney and other tissues. Kidney Int. 2006,

70, 432–443. [CrossRef] [PubMed]
3. Nath, K.A. Heme oxygenase-1 and acute kidney injury. Curr. Opin. Nephrol. Hypertens. 2014, 23, 17–24. [CrossRef] [PubMed]
4. Bolisetty, S.; Traylor, A.M.; Kim, J.; Joseph, R.; Ricart, K.; Landar, A.; Agarwal, A. Heme oxygenase-1 inhibits renal tubular

macroautophagy in acute kidney injury. J. Am. Soc. Nephrol. 2010, 21, 1702–1712. [CrossRef]
5. Hull, T.D.; Kamal, A.I.; Boddu, R.; Bolisetty, S.; Guo, L.; Tisher, C.C.; Rangarajan, S.; Chen, B.; Curtis, L.M.; George, J.F.; et al.

Heme Oxygenase-1 Regulates Myeloid Cell Trafficking in AKI. J. Am. Soc. Nephrol. 2015, 26, 2139–2151. [CrossRef]
6. Stec, D.E.; Hinds, T.D., Jr. Natural Product Heme Oxygenase Inducers as Treatment for Nonalcoholic Fatty Liver Disease. Int. J.

Mol. Sci. 2020, 21, 9493. [CrossRef]
7. Morse, D.; Lin, L.; Choi, A.M.; Ryter, S.W. Heme oxygenase-1, a critical arbitrator of cell death pathways in lung injury and

disease. Free Radic. Biol. Med. 2009, 47, 1–12. [CrossRef]
8. Lever, J.M.; Boddu, R.; George, J.F.; Agarwal, A. Heme Oxygenase-1 in Kidney Health and Disease. Antioxid. Redox Signal. 2016,

25, 165–183. [CrossRef]
9. Nath, K.A.; Vercellotti, G.M.; Grande, J.P.; Miyoshi, H.; Paya, C.V.; Manivel, J.C.; Haggard, J.J.; Croatt, A.J.; Payne, W.D.; Alam, J.

Heme protein-induced chronic renal inflammation: Suppressive effect of induced heme oxygenase-1. Kidney Int. 2001, 59, 106–117.
[CrossRef]

10. Nath, K.A.; Croatt, A.J.; Haggard, J.J.; Grande, J.P. Renal response to repetitive exposure to heme proteins: Chronic injury induced
by an acute insult. Kidney Int. 2000, 57, 2423–2433. [CrossRef]

11. Susantitaphong, P.; Cruz, D.N.; Cerda, J.; Abulfaraj, M.; Alqahtani, F.; Koulouridis, I.; Jaber, B.L. Acute Kidney Injury Advisory
Group of the American Society of Nephrology: World incidence of AKI: A meta-analysis. Clin. J. Am. Soc. Nephrol. 2013,
8, 1482–1493. [CrossRef] [PubMed]

12. Deshane, J.; Kim, J.; Bolisetty, S.; Hock, T.D.; Hill-Kapturczak, N.; Agarwal, A. Sp1 regulates chromatin looping between an
intronic enhancer and distal promoter of the human heme oxygenase-1 gene in renal cells. J. Biol. Chem. 2010, 285, 16476–16486.
[CrossRef] [PubMed]

13. Hill-Kapturczak, N.; Sikorski, E.; Voakes, C.; Garcia, J.; Nick, H.S.; Agarwal, A. An internal enhancer regulates heme- and
cadmium-mediated induction of human heme oxygenase-1. Am. J. Physiol. Ren. Physiol. 2003, 285, F515–F523. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox11101888/s1
https://www.mdpi.com/article/10.3390/antiox11101888/s1
http://doi.org/10.1681/ASN.V115965
http://www.ncbi.nlm.nih.gov/pubmed/10770977
http://doi.org/10.1038/sj.ki.5001565
http://www.ncbi.nlm.nih.gov/pubmed/16775600
http://doi.org/10.1097/01.mnh.0000437613.88158.d3
http://www.ncbi.nlm.nih.gov/pubmed/24275768
http://doi.org/10.1681/ASN.2010030238
http://doi.org/10.1681/ASN.2014080770
http://doi.org/10.3390/ijms21249493
http://doi.org/10.1016/j.freeradbiomed.2009.04.007
http://doi.org/10.1089/ars.2016.6659
http://doi.org/10.1046/j.1523-1755.2001.00471.x
http://doi.org/10.1046/j.1523-1755.2000.00101.x
http://doi.org/10.2215/CJN.00710113
http://www.ncbi.nlm.nih.gov/pubmed/23744003
http://doi.org/10.1074/jbc.M109.058586
http://www.ncbi.nlm.nih.gov/pubmed/20351094
http://doi.org/10.1152/ajprenal.00137.2003


Antioxidants 2022, 11, 1888 17 of 18

14. Hock, T.D.; Liby, K.; Wright, M.M.; McConnell, S.; Schorpp-Kistner, M.; Ryan, T.M.; Agarwal, A. JunB and JunD regulate human
heme oxygenase-1 gene expression in renal epithelial cells. J. Biol. Chem. 2007, 282, 6875–6886. [CrossRef] [PubMed]

15. Bolisetty, S.; Traylor, A.; Joseph, R.; Zarjou, A.; Agarwal, A. Proximal tubule-targeted heme oxygenase-1 in cisplatin-induced
acute kidney injury. Am. J. Physiol. Ren. Physiol. 2016, 310, F385–F394. [CrossRef]

16. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

17. Lever, J.M.; Hull, T.D.; Boddu, R.; Pepin, M.E.; Black, L.M.; Adedoyin, O.O.; Yang, Z.; Traylor, A.M.; Jiang, Y.; Li, Z.; et al. Resident
macrophages reprogram toward a developmental state after acute kidney injury. JCI Insight 2019, 4, e125503. [CrossRef]

18. Consortium, E.P. The ENCODE (ENCyclopedia Of DNA Elements) Project. Science 2004, 306, 636–640. [CrossRef]
19. Consortium, E.P. A user’s guide to the encyclopedia of DNA elements (ENCODE). PLoS Biol. 2011, 9, e1001046. [CrossRef]
20. Lachmann, A.; Xu, H.; Krishnan, J.; Berger, S.I.; Mazloom, A.R.; Ma’ayan, A. ChEA: Transcription factor regulation inferred from

integrating genome-wide ChIP-X experiments. Bioinformatics 2010, 26, 2438–2444. [CrossRef]
21. Chen, E.Y.; Tan, C.M.; Kou, Y.; Duan, Q.; Wang, Z.; Meirelles, G.V.; Clark, N.R.; Ma’ayan, A. Enrichr: Interactive and collaborative

HTML5 gene list enrichment analysis tool. BMC Bioinform. 2013, 14, 128. [CrossRef] [PubMed]
22. Xie, Z.; Bailey, A.; Kuleshov, M.V.; Clarke, D.J.B.; Evangelista, J.E.; Jenkins, S.L.; Lachmann, A.; Wojciechowicz, M.L.; Kropiwnicki,

E.; Jagodnik, K.M.; et al. Gene Set Knowledge Discovery with Enrichr. Curr. Protoc. 2021, 1, e90. [CrossRef] [PubMed]
23. Kuleshov, M.V.; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F.; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.;

Lachmann, A.; et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016,
44, W90–W97. [CrossRef] [PubMed]

24. Vistica, D.T.; Skehan, P.; Scudiero, D.; Monks, A.; Pittman, A.; Boyd, M.R. Tetrazolium-based assays for cellular viability: A critical
examination of selected parameters affecting formazan production. Cancer Res. 1991, 51, 2515–2520.

25. Zarjou, A.; Bolisetty, S.; Joseph, R.; Traylor, A.; Apostolov, E.O.; Arosio, P.; Balla, J.; Verlander, J.; Darshan, D.; Kuhn, L.C.; et al.
Proximal tubule H-ferritin mediates iron trafficking in acute kidney injury. J. Clin. Investig. 2013, 123, 4423–4434. [CrossRef]
[PubMed]

26. Nath, K.A.; Balla, G.; Vercellotti, G.M.; Balla, J.; Jacob, H.S.; Levitt, M.D.; Rosenberg, M.E. Induction of heme oxygenase is a rapid,
protective response in rhabdomyolysis in the rat. J. Clin. Investig. 1992, 90, 267–270. [CrossRef] [PubMed]

27. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 system in development, oxidative stress
response and diseases: An evolutionarily conserved mechanism. Cell. Mol. Life Sci. 2016, 73, 3221–3247. [CrossRef]

28. Shiraishi, F.; Curtis, L.M.; Truong, L.; Poss, K.; Visner, G.A.; Madsen, K.; Nick, H.S.; Agarwal, A. Heme oxygenase-1 gene ablation
or expression modulates cisplatin-induced renal tubular apoptosis. Am. J. Physiol. Ren. Physiol. 2000, 278, F726–F736. [CrossRef]

29. Agarwal, A.; Balla, J.; Alam, J.; Croatt, A.J.; Nath, K.A. Induction of heme oxygenase in toxic renal injury: A protective role in
cisplatin nephrotoxicity in the rat. Kidney Int. 1995, 48, 1298–1307. [CrossRef]

30. Nath, K.A.; Grande, J.P.; Croatt, A.J.; Likely, S.; Hebbel, R.P.; Enright, H. Intracellular targets in heme protein-induced renal injury.
Kidney Int. 1998, 53, 100–111. [CrossRef]

31. Morimoto, K.; Ohta, K.; Yachie, A.; Yang, Y.; Shimizu, M.; Goto, C.; Toma, T.; Kasahara, Y.; Yokoyama, H.; Miyata, T.; et al.
Cytoprotective role of heme oxygenase (HO)-1 in human kidney with various renal diseases. Kidney Int. 2001, 60, 1858–1866.
[CrossRef] [PubMed]

32. Zager, R.A.; Johnson, A.C.; Becker, K. Plasma and urinary heme oxygenase-1 in AKI. J. Am. Soc. Nephrol. 2012, 23, 1048–1057.
[CrossRef] [PubMed]

33. Askenazi, D.J.; Halloran, B.; Patil, N.; Keeling, S.; Saeidi, B.; Koralkar, R.; Ambalavanan, N. Genetic Polymorphisms of Heme-
oxygenase 1 (HO-1) may Impact on Acute Kidney Injury, Bronchopulmonary Dysplasia and Mortality in Premature Infants.
Pediatr. Res. 2015, 77, 793–798. [CrossRef]

34. Baan, C.; Peeters, A.; Lemos, F.; Uitterlinden, A.; Doxiadis, I.; Claas, F.; Ijzermans, J.; Roodnat, J.; Weimar, W. Fundamental
role for HO-1 in the self-protection of renal allografts. Am. J. Transplant. Off. J. Am. Soc. Transplant. Am. Soc. Transpl. Surg.
2004, 4, 811–818. [CrossRef] [PubMed]

35. Leaf, D.E.; Body, S.C.; Muehlschlegel, J.D.; McMahon, G.M.; Lichtner, P.; Collard, C.D.; Shernan, S.K.; Fox, A.A.; Waikar, S.S.
Length Polymorphisms in Heme Oxygenase-1 and AKI after Cardiac Surgery. J. Am. Soc. Nephrol. 2016, 27, 3291–3297. [CrossRef]

36. Katavetin, P.; Inagi, R.; Miyata, T.; Shao, J.; Sassa, R.; Adler, S.; Eto, N.; Kato, H.; Fujita, T.; Nangaku, M. Erythropoietin induces
heme oxygenase-1 expression and attenuates oxidative stress. Biochem. Biophys. Res. Commun. 2007, 359, 928–934. [CrossRef]

37. Zou, L.; Sato, N.; Attuwaybi, B.O.; Kone, B.C. Delayed administration of alpha-melanocyte-stimulating hormone or combined
therapy with BAY 11-7085 protects against gut ischemia-reperfusion injury. Shock 2003, 20, 469–475. [CrossRef]

38. Lam, C.W.; Getting, S.J.; Perretti, M. In vitro and in vivo induction of heme oxygenase 1 in mouse macrophages following
melanocortin receptor activation. J. Immunol. 2005, 174, 2297–2304. [CrossRef]

39. Lee, T.S.; Chau, L.Y. Heme oxygenase-1 mediates the anti-inflammatory effect of interleukin-10 in mice. Nat. Med. 2002, 8, 240–246.
[CrossRef]

40. Mori, K.; Lee, H.T.; Rapoport, D.; Drexler, I.R.; Foster, K.; Yang, J.; Schmidt-Ott, K.M.; Chen, X.; Li, J.Y.; Weiss, S.; et al. Endocytic
delivery of lipocalin-siderophore-iron complex rescues the kidney from ischemia-reperfusion injury. J. Clin. Investig. 2005,
115, 610–621. [CrossRef]

http://doi.org/10.1074/jbc.M608456200
http://www.ncbi.nlm.nih.gov/pubmed/17204476
http://doi.org/10.1152/ajprenal.00335.2015
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1172/jci.insight.125503
http://doi.org/10.1126/science.1105136
http://doi.org/10.1371/journal.pbio.1001046
http://doi.org/10.1093/bioinformatics/btq466
http://doi.org/10.1186/1471-2105-14-128
http://www.ncbi.nlm.nih.gov/pubmed/23586463
http://doi.org/10.1002/cpz1.90
http://www.ncbi.nlm.nih.gov/pubmed/33780170
http://doi.org/10.1093/nar/gkw377
http://www.ncbi.nlm.nih.gov/pubmed/27141961
http://doi.org/10.1172/JCI67867
http://www.ncbi.nlm.nih.gov/pubmed/24018561
http://doi.org/10.1172/JCI115847
http://www.ncbi.nlm.nih.gov/pubmed/1634613
http://doi.org/10.1007/s00018-016-2223-0
http://doi.org/10.1152/ajprenal.2000.278.5.F726
http://doi.org/10.1038/ki.1995.414
http://doi.org/10.1046/j.1523-1755.1998.00731.x
http://doi.org/10.1046/j.1523-1755.2001.01000.x
http://www.ncbi.nlm.nih.gov/pubmed/11703604
http://doi.org/10.1681/ASN.2011121147
http://www.ncbi.nlm.nih.gov/pubmed/22440905
http://doi.org/10.1038/pr.2015.44
http://doi.org/10.1111/j.1600-6143.2004.00420.x
http://www.ncbi.nlm.nih.gov/pubmed/15084179
http://doi.org/10.1681/ASN.2016010038
http://doi.org/10.1016/j.bbrc.2007.05.207
http://doi.org/10.1097/01.shk.0000091205.08003.fd
http://doi.org/10.4049/jimmunol.174.4.2297
http://doi.org/10.1038/nm0302-240
http://doi.org/10.1172/JCI23056


Antioxidants 2022, 11, 1888 18 of 18

41. Uddin, M.J.; Li, C.S.; Joe, Y.; Chen, Y.; Zhang, Q.; Ryter, S.W.; Chung, H.T. Carbon Monoxide Inhibits Tenascin-C Mediated
Inflammation via IL-10 Expression in a Septic Mouse Model. Mediat. Inflamm. 2015, 2015, 613249. [CrossRef] [PubMed]

42. Otterbein, L.E.; Bach, F.H.; Alam, J.; Soares, M.; Tao Lu, H.; Wysk, M.; Davis, R.J.; Flavell, R.A.; Choi, A.M. Carbon monoxide
has anti-inflammatory effects involving the mitogen-activated protein kinase pathway. Nat. Med. 2000, 6, 422–428. [CrossRef]
[PubMed]

43. Dhar, G.J.; Bossenmaier, I.; Cardinal, R.; Petryka, Z.J.; Watson, C.J. Transitory renal failure following rapid administration of a
relatively large amount of hematin in a patient with acute intermittent porphyria in clinical remission. Acta Med. Scand. 1978,
203, 437–443. [CrossRef]

44. Piantadosi, C.A.; Carraway, M.S.; Suliman, H.B. Carbon monoxide, oxidative stress, and mitochondrial permeability pore
transition. Free Radic. Biol. Med. 2006, 40, 1332–1339. [CrossRef] [PubMed]

45. Sikorski, E.M.; Hock, T.; Hill-Kapturczak, N.; Agarwal, A. The story so far: Molecular regulation of the heme oxygenase-1 gene in
renal injury. Am. J. Physiol. Ren. Physiol. 2004, 286, F425–F441. [CrossRef]

46. Yang, H.; Magilnick, N.; Lee, C.; Kalmaz, D.; Ou, X.; Chan, J.Y.; Lu, S.C. Nrf1 and Nrf2 regulate rat glutamate-cysteine ligase
catalytic subunit transcription indirectly via NF-kappaB and AP-1. Mol. Cell. Biol. 2005, 25, 5933–5946. [CrossRef] [PubMed]

47. Yang, C.C.; Hsiao, L.D.; Wang, C.Y.; Lin, W.N.; Shih, Y.F.; Chen, Y.W.; Cho, R.L.; Tseng, H.C.; Yang, C.M. HO-1 Upregulation
by Kaempferol via ROS-Dependent Nrf2-ARE Cascade Attenuates Lipopolysaccharide-Mediated Intercellular Cell Adhesion
Molecule-1 Expression in Human Pulmonary Alveolar Epithelial Cells. Antioxidants 2022, 11, 782. [CrossRef]

48. Wright, M.M.; Kim, J.; Hock, T.D.; Leitinger, N.; Freeman, B.A.; Agarwal, A. Human haem oxygenase-1 induction by nitro-linoleic
acid is mediated by cAMP, AP-1 and E-box response element interactions. Biochem. J. 2009, 422, 353–361. [CrossRef]

49. Jagadeesh, A.S.V.; Fang, X.; Kim, S.H.; Guillen-Quispe, Y.N.; Zheng, J.; Surh, Y.J.; Kim, S.J. Non-canonical vs. Canonical Functions
of Heme Oxygenase-1 in Cancer. J. Cancer Prev. 2022, 27, 7–15. [CrossRef]

50. Lerolle, N.; Nochy, D.; Guerot, E.; Bruneval, P.; Fagon, J.Y.; Diehl, J.L.; Hill, G. Histopathology of septic shock induced acute
kidney injury: Apoptosis and leukocytic infiltration. Intensiv. Care Med. 2010, 36, 471–478. [CrossRef]

51. Aslan, A.; van den Heuvel, M.C.; Stegeman, C.A.; Popa, E.R.; Leliveld, A.M.; Molema, G.; Zijlstra, J.G.; Moser, J.; van Meurs, M.
Kidney histopathology in lethal human sepsis. Crit. Care 2018, 22, 359. [CrossRef] [PubMed]

52. Zarjou, A.; Agarwal, A. Sepsis and acute kidney injury. J. Am. Soc. Nephrol. 2011, 22, 999–1006. [CrossRef] [PubMed]

http://doi.org/10.1155/2015/613249
http://www.ncbi.nlm.nih.gov/pubmed/26557739
http://doi.org/10.1038/74680
http://www.ncbi.nlm.nih.gov/pubmed/10742149
http://doi.org/10.1111/j.0954-6820.1978.tb14903.x
http://doi.org/10.1016/j.freeradbiomed.2005.11.020
http://www.ncbi.nlm.nih.gov/pubmed/16631523
http://doi.org/10.1152/ajprenal.00297.2003
http://doi.org/10.1128/MCB.25.14.5933-5946.2005
http://www.ncbi.nlm.nih.gov/pubmed/15988009
http://doi.org/10.3390/antiox11040782
http://doi.org/10.1042/BJ20090339
http://doi.org/10.15430/JCP.2022.27.1.7
http://doi.org/10.1007/s00134-009-1723-x
http://doi.org/10.1186/s13054-018-2287-3
http://www.ncbi.nlm.nih.gov/pubmed/30591070
http://doi.org/10.1681/ASN.2010050484
http://www.ncbi.nlm.nih.gov/pubmed/21566052

	Introduction 
	Materials and Methods 
	Stable Cell Lines 
	High-Throughput Luciferase Assay 
	Western Blotting 
	In-Cell Western Assay 
	RNA Isolation 
	Reverse Transcription and Real-Time PCR 
	Bulk RNA Sequencing and Analysis 
	siRNA Knockdown 
	Cisplatin-Induced Apoptosis Assays 
	MTT Assay 
	In Vivo Experiments 
	Immunohistochemistry 
	Statistical Analysis 

	Results 
	High-Throughput Screen and Lead Generation 
	Induction of Endogenous HO-1 by SRI-37618 and SRI-40109 Does Not Depend on Oxidant Stress 
	Genes Upregulated by Hemin, SRI-37618, SRI-40109, and Broxaldine Share Common NRF2-Binding Motifs 
	SRI-37618, SRI-40109, and Broxaldine Pretreatment Confer Protection against Cisplatin-Induced Apoptosis In Vitro 
	In Vivo Induction of Endogenous HO-1 in the Kidney 

	Discussion 
	Conclusions 
	References

