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Abstract

Disruption of the blood-urine barrier can result in acute or chronic inflammatory bladder injury. Activation of the oxygen-regulated hy-
poxia-inducible factor (HIF) pathway has been shown to protect mucosal membranes by increasing the expression of cytoprotective
genes and by suppressing inflammation. The activity of HIF is controlled by prolyl hydroxylase domain (PHD) dioxygenases, which have
been exploited as therapeutic targets for the treatment of anemia of chronic kidney disease. Here, we established a mouse model of
acute cyclophosphamide (CYP)-induced blood-urine barrier disruption associated with inflammation and severe urinary dysfunction to
investigate the HIF-PHD axis in inflammatory bladder injury. We found that systemic administration of dimethyloxalylglycine or molidustat,
two small-molecule inhibitors of HIF-prolyl hydroxylases, profoundly mitigated CYP-induced bladder injury and inflammation as assessed
by morphological analysis of transmural edema and urothelial integrity and by measuring tissue cytokine expression. Void spot analysis
to examine bladder function quantitatively demonstrated that HIF-prolyl hydroxylase inhibitor administration normalized micturition pat-
terns and protected against CYP-induced alteration of urinary frequency and micturition patterns. Our study highlights the therapeutic
potential of HIF-activating small-molecule compounds for the prevention or therapy of bladder injury and urinary dysfunction due to
blood-urine barrier disruption.

NEW & NOTEWORTHY Disruption of the blood-urine barrier can result in acute or chronic inflammatory bladder injury. Here, we
demonstrate that pharmacological inhibition of hypoxia-inducible factor (HIF)-prolyl hydroxylation prevented bladder injury and pro-
tected from urinary dysfunction in a mouse model of cyclophosphamide-induced disruption of the blood-urine barrier. Our study high-
lights a potential role for HIF-activating small-molecule compounds in the prevention or therapy of bladder injury and urinary
dysfunction and provides a rationale for future clinical studies.
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INTRODUCTION

Disruption of the blood-urine barrier, the body’s most
impermeable barrier, results in bladder inflammation, i.e.,
cystitis, a highly prevalent urological condition, which affects
millions of patients in the United States annually and signifi-
cantly contributes to healthcare expenses (1–3). The causes of
cystitis are broad and include infections, foreign bodies such
as urinary stones and catheters, bladder outlet obstruction,
and cellular injury from chemotherapy or pelvic radiotherapy.
Over time, chronic cystitis can lead to fibrosis and loss of tis-
sue compliance, which impairs bladder function. Ultimately,
the loss of bladder compliance increases the hydrostatic pres-
sure transmitted to the upper urinary tract causing damage to
the renal parenchyma.

To improve urological care, patients need effective therapies
that can dampen bladder inflammation and prevent chronic
inflammation and long-term bladder damage. Currently, few
targeted therapies exist for patients with chronic cystitis. For
instance, in cases of severe hemorrhagic cystitis from chemo-
therapy, primary strategies are untargeted and include hyper-
hydration with intravenous fluids and administration of toxin-
binding compounds like sodium-2-mercaptoethanesulfonate
(MESNA) (4). In severe cases of radiation-induced cystitis in
patients with oncology, treatment may be limited to the man-
agement of hematuria symptoms with agents instilled in the
bladder such as formalin and 1% aluminum sulfate (5). These
instillations can be painful and can require administration
under general anesthesia. Furthermore, treatments such as for-
malin can defunctionalize the bladder due to fibrosis. Thus,
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treatments that target the underlying bladder biology and
pathophysiology are needed.

We have previously established that activation of hypoxic
and/or hypoxia-inducible factor (HIF) signaling is associated
with bladder injury secondary to partial outlet obstruction, a
major cause of bladder dysfunction that begins with cystitis
and progresses to bladder fibrosis (6). In line with these find-
ings are gene expression data from single-cell analysis sug-
gesting HIF pathway activation (7). Since the HIF pathway
plays an important role in the control of mucosal barrier func-
tion and innate and humoral immune responses and pro-
motes epithelial survival during periods of cellular stress (8–
11), selective targeting of the HIF pathway has therapeutic
potential for the prevention or treatment of different forms of
bladder diseases.

The HIF pathway is highly conserved across eukaryotic
organisms and is critical for cellular adaptation to hypoxic
stress. HIF family members function as heterodimeric, acti-
vating transcription factors composed of a tightly oxygen-
regulated a-subunit (either HIF-1a, HIF-2a, or HIF-3a) and a
constitutively expressed nuclear b-subunit (HIF-b) (12). HIF
activity is controlled by prolyl-4 hydroxylase domain
enzymes (PHD1, PHD2, and PHD3), which belong to a larger
family of 2-oxoglutarate-dependent dioxygenases that carry
out various hydroxylation reactions (13). Under normoxic
conditions, HIF-a proteins, which are continuously synthe-
sized by cells, are rapidly degraded. PHDs use molecular ox-
ygen and 2-oxoglutarate for the hydroxylation of specific
proline residues within the oxygen-dependent degradation
domain of HIF-a. Hydroxylation promotes binding to the
von Hippel-Lindau-E3-ubiquitin ligase complex, which ini-
tiates the proteasomal degradation of HIF-a (14). Under
hypoxic conditions, PHD catalytic activity is impaired due
to reduced availability of molecular oxygen resulting in cel-
lular HIF-a accumulation and nuclear translocation. In the
nucleus, HIF-a dimerizes with HIF-b, forming a functional
transcription factor that increases the expression of multi-
ple oxygen-regulated genes (14).

Multiple studies have demonstrated that acute activation
of HIF signaling by either genetic or pharmacological means
is beneficial in organ injury and inflammation (10, 15–17).
Pharmacological HIF activation can be accomplished by ei-
ther oral or parenteral administration of structural analogs
of 2-oxoglutarate, which inhibit PHD catalytic activity, thus
preventing the degradation of HIF-a (18).

Here, we established a model of acute, cyclophosphamide
(CYP)-induced disruption of the blood-urine barrier in mice
to investigate the HIF-PHD axis in urothelial injury, bladder
inflammation, and voiding dysfunction. For this, we used a
pharmacological approach and studied the effects of two
small-molecule HIF-prolyl hydroxylase inhibitors (HIF-PHIs):
dimethyloxalylglycine (DMOG) and molidustat. DMOG is a
frequently used tool compound for in vitro experiments and
preclinical animal studies (19–22), whereas molidustat is a
new oral, daily administered HIF-PHI, approved for clinical
use in Japan (23–25). Our data demonstrate that pharmaco-
logical HIF activation mitigated CYP-induced bladder injury
and voiding dysfunction and provide a rationale for future
clinical studies to investigate HIF-PHIs as therapeutic agents
in the prevention and therapy of urothelial injury and bladder
inflammation due to blood-urine barrier disruption.

METHODS

Animals

Eight- to twelve-week-old male C57BL/6 mice were used
for experiments (Charles River Laboratories, Wilmington,
MA). Mice were fed standard chow and given free access to
water except during the micturition assays. All procedures
involving mice were performed per the National Institutes of
Health guidelines for the use and care of live animals and
were approved by the Vanderbilt University Institutional
Animal Care and Use Committee.

Drug Administration

Mice received 37.5, 75, 150, or 300 mg/kg CYP by intraperi-
toneal injection (Sigma-Aldrich, St. Louis, MO). CYP solu-
tions were prepared fresh with normal saline as a vehicle.
DMOG (Cayman Chemical, Ann Arbor, MI) was administered
in 100 mL of 0.9% saline intraperitoneally at a dose of 16 mg/
injection immediately following CYP administration; vehicle
controls received 100 mL saline. Molidustat (Bay 85-3934,
Cayman Chemical) was dissolved in a vehicle consisting of
90% sunflower oil and 10% ethanol. Treatment groups
received molidustat (10 mg/kg) or vehicle by oral gavage,
given as a pretreatment at 48, 24, and 6 h before CYP
administration.

Bladder Injury Assessment

Bladder injury was assessed by measuring bladder-to-body
weight ratios (mg/g), by scoring histologic edema, and by
assessing urothelial integrity. Bladders were sectioned and
fixed in 10% neutral-buffered formalin followed by paraffin
embedding. Tissue sections (3–5 mm)were stained with hema-
toxylin and eosin. Slides were digitally archived using whole
slide imaging at �20 magnification to a resolution of 0.5 mm/
pixel using a Leica SCN400 Slide Scanner automated digital
image system (Leica Biosystems, Wetzlar, Germany). High-re-
solution images were selected using Aperio ImageScope
(Lecia Biosystems) and deconstructed to allow quantification
of tissue areas for edema, detrusor muscle, and the urothe-
lium based on pixel count using Photoshop CC 2019 (Adobe,
San Jose, CA). Pixel counts in deconstructed images were cal-
culated using FIJI ImageJ software (https://imagej.net/Fiji).
Edema scores were calculated by dividing the total area of
edema by the total tissue area. Urothelial integrity was calcu-
lated by dividing the total urothelial area by the total detrusor
muscle area.

Micturition Assay

The void spot assay (VSA) permits the study of voiding
behavior and void volume in mice (26). For all experiments,
mice were individually acclimated to standard plastic mouse
cages lined with Whatman grade 1 filter paper (Thermo Fisher
Scientific, Waltham, MA) cut to cage bottom dimensions (14.9
cm� 29.5 cm) 1 day before CYP or vehicle administration. For
VSAs, sections of filter paper were placed between cages to
reduce the potential for stress-induced bladder phenotypes
from visual contact with other mice. One piece of mouse
chow was placed in each cage and water was not provided
during VSAs. Cages were kept in a noise-free section of the
laboratory space during testing. A separate study to assess
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whether repeated VSAs induce stress voiding phenotypes was
conducted over eight consecutive days followed by a 2-day
break and then VSAs for two more consecutive days. For CYP
injury experiments, mice were acclimated for 1 day and
returned to the animal facility. VSAs of 4-h duration were per-
formed at 2, 24, 48, and 72 h following CYP administration.
VSA filter papers were analyzed after drying for 24 h. Voiding
spots were visualized in a UVP EpiChemi II Darkroom cabinet
with a 365-nm epi-illuminator and a clear overhead filter
(Analytik Jena, Upland, CA). Images were captured with a
Canon E6 camera and a Canon EF 35 mm f/1.4L II USM Lens
(Canon Cameras, Tokyo, Japan) with settings refined for
improved signal-to-noise ratio. VSA images were converted to
tiff files and batch processed using the Void Whizzard plugin
for FIJI ImageJ with a lower limit threshold of 0.01 cm2,
which corresponds to urine volumes of <0.2 mL, as previously
described (27).

Bladder Permeability Assay

The permeability of the bladder was assessed as previously
described (28). Twenty-four hours after drug exposure, mice
were catheterized under anesthesia. The bladder was instilled
with 30 μL of 0.4% (wt/vol) methylene blue (Sigma-Aldrich)
dissolved in 0.9% saline. Themethylene blue solution was left
indwelling for 20 min, after which the bladder was rinsed
with 1.5mL sterile saline. Methylene blue retained in the blad-
der was extracted with chloroform (Sigma-Aldrich) at 45�C
overnight and quantified spectrophotometrically at a wave-
length of 660 nm (Thermo Fisher Scientific).

RNA Analysis

Bladders harvested for RNA analysis were immediately
placed into RNAlater (Qiagen, Hilden, Germany). RNA was
isolated using a column-based extraction method (RNAeasy,
Qiagen), and samples were quantified with a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific). cDNA was pre-
pared by reverse transcription (Iscript Reaction Mix, Bio-Rad,
Hercules, CA), and gene expression was investigated by quan-
titative PCR using a CFX96 thermocycler platform and SYBR
Green Master Mix (Bio-Rad, Hercules, CA). Relative gene
expression was analyzed by the 2–DDCt method (where Ct is
threshold cycle). Primer sequences used for the quantitative
PCR analyses are provided in Supplemental Table S1 (all
Supplemental Material is available at https://doi.org/10.6084/
m9.figshare.16574267.v1).

Cytokine Measurements

Bladders were weighed, snap-frozen, and stored at �80�C
until analysis. Before homogenization, samples were placed
in RIPA buffer (20 mg bladder tissue/mL) containing 10 mL/
mL Halt Protease Inhibitor (Thermo Fisher Scientific). After
a quick mincing with scissors, samples were homogenized
using an air-cooled Bullet Blender with Navy Tubes (Next
Advance, Troy, NY) and stored at �20�C until analysis. IL-6,
IL-1b, keratinocyte-derived chemokine/chemokine (C-X-C
motif) ligand 1 (KC/CXCL1), monocyte chemoattractant pro-
tein-1/chemokine (C-C motif) ligand 2 (MCP-1/CCL2), mac-
rophage inflammatory protein-2/chemokine (C-X-C motif)
ligand 2 (MIP-2/CXCL2), and vascular endothelial growth
factor (VEGF) were measured using the Milliplex Mouse

Cytokine/Chemokine Panel (Millipore Sigma, Burlington,
MA) on a LuminexMagPix System (Luminex, Austin, TX).

Serum Erythropoietin

Blood samples were obtained via cardiac puncture, and se-
rum erythropoietin (EPO) levels were measured using the
Mouse Erythropoietin Quantikine ELISA kit (R&D Systems,
Minneapolis, MN) 6 h after the administration of DMOG or
molidustat.

Immunohistochemistry

To assess urothelial cell proliferation, Ki-67 antigen was
detected with rabbit monoclonal antibody (ab16667, Abcam,
Cambridge, MA) in conjunction with goat anti-rabbit IgG sec-
ondary antibody (Vector Laboratories, Burlingham, CA). Ten
random high-power fields per bladder section were examined
for Ki-67-positive cells, and the percentage of positive urothe-
lial cells was determined using the National Institutes of
Health ImageJ software (rsbweb.nih.gov/ij). To assess HIF-1a
staining, bladder and kidney sections were stained as previ-
ously described with polyclonal rabbit anti-HIF-1a antiserum
(Cat. No. 10006421, Cayman Chemical) at a dilution of
1:10,000 (29). The CSA-II high signal amplification kit and
Rabbit Link reagent (DAKO) were used for detection following
themanufacturer’s instructions.

Urinary N-Acetyl-S-3-Hydroxypropylcysteine Analysis

To assess urine acrolein levels, wemeasured acroleinmetab-
olite N-acetyl-S-3-hydroxypropylcysteine (3-HPMA), which is
formed from glutathione and acrolein (30). For this, mice were
housed individually in standard metabolic cages for 6 h. Urine
was collected hourly, and collectionswere pooled for the analy-
sis. Samples were analyzed with liquid chromatography-tan-
dem mass spectrometry (MS) by the Masonic Cancer Center
Analytical Biochemistry Shared Resource at the University of
Minnesota as previously described (31).

Blood Sampling and MS for CYP Metabolites

CYP is a prodrug and is rapidly converted in the liver to 4-
hydroxycyclophosphamide (4-OH-CYP), which is the active
metabolite, ultimately becoming phosphoramide mustard
(32). Plasma levels of CYP and 4-OH-CYP were measured
quantitatively in the MS Core Laboratory at Vanderbilt
University Medical Center by reverse-phase liquid chroma-
tography coupled with tandem MS detection using a stably
labeled CYP-d4 isotopologue (TRC) as the internal standard.
For calibration of the instrument response, normal plasma
was spiked with specified amounts of CYP, 4-hydroperoxy
CYP (4-OOH-CYP), CYP-d4, and an excess of sodium thiosul-
fate to generate unstable 4-OH-CYP via chemical reduction
of the hydroperoxide. Samples and calibration standards
were derivatized with dansyl hydrazine and extracted with
methyl tert-butyl ether before liquid chromatography-MS
analysis. The aldophosphamide tautomer of 4-OH-CYP was
measured as its dansyl hydrazone derivative.

Statistical Analysis

Experimental numbers were determined by power calcula-
tions based on prior experience with multiple end points (Il6
gene expression, histological scoring, and voiding frequency)
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using a probability of 0.05 (a) for type I errors and 0.2 (b) for
type II errors. Nonpaired Student’s t tests were used for two-
group comparisons, and one-way ANOVA followed by
Dunnett’s post hoc analysis or Bonferroni’s correction, respec-
tively, were used for multigroup comparisons (GraphPad
Prism v.9.0, San Diego, CA). P values of <0.05 were consid-
ered statistically significant.

RESULTS

CYP Induces Rapid Bladder Injury and Alters Micturition
Patterns in Mice

To establish amodel of acute CYP-induced blood-urine bar-
rier disruption in mice, we tested different CYP doses and
found that a single intraperitoneal administration of 300 mg/
kg resulted in robust and reproducible bladder injury. We
investigated the time course of bladder injury development
and recovery by examining bladder weight, permeability,
bladder morphology, inflammatory gene expression, and
cytokine levels in bladder tissue. Mice were analyzed at 6, 28,
52, and 76 h after intraperitoneal administration of 300mg/kg
CYP (Fig. 1A). Bladder-to-body weight ratios peaked at 28 h af-
ter CYP exposure (3.1-fold increase) with bladder weights
declining by 76 h (1.6-fold) compared with vehicle-treated
controls (Fig. 1A). Morphologically, CYP-induced injury was
characterized by severe bladder wall edema, urothelial
sloughing, and hemorrhage within the lamina propria and
mucosa, which was associated with increased bladder perme-
ability (Fig. 1A and Supplemental Fig. S1). Using a scoring
method that assesses the area of tissue with edema and uro-
thelial thickness in relation to the total tissue area and area
covered by detrusor muscle, respectively, we found signifi-
cantly increased bladder wall edema that peaked at 28 h (�21-
fold increase) after CYP (Fig. 1A). The time course of bladder
wall edema development and resolution followed bladder
weight and urothelial integrity score (Fig. 1A). Inflammatory
gene expression from whole bladder homogenates revealed a
significant increase in Il6 and Il1b transcript levels 28 h after
CYP (Fig. 1B). Consistent with bladder inflammation was the
increase in bladder cytokines IL-6, VEGFA, MCP-1/CXCL1,
andMIP-2/CCL2 6 h after CYP exposure (Fig. 1C). In a separate
experiment, we assessed animals for signs of organ injury
beyond the bladder, as demonstrated in a prior study (33).
Significant organ injury was not detected in kidney, liver, and
heart tissue at 24 h following CYP administration by histologi-
cal evaluation (Supplemental Fig. S2).

Prior to micturition assessments, all mice were specifically
acclimated to the VSA 1 day before initiation of the experi-
ments (Fig. 2A). To determine the appropriate period of accli-
mation for VSA and to assess the role of environmental stress
induced by repeated VSAs, control mice were housed daily in
VSA cages over the course of 12 days. These experiments indi-
cated that mice with repeated daily VSA assessments main-
tained normal voiding patterns and that 1 day of exposure to
the VSA cage was sufficient for acclimation (Supplemental Fig.
S3). Mice exposed to CYP displayed significant changes in mic-
turition patterns (Fig. 2B). CYP-exposed animals voided with
small volume corner voiding and de novo edge voiding (Fig.
2B). The greatest changes in micturition patterns occurred
early after CYP exposure (2–6 h) and were associated with an

�10-fold increase in the number of voids compared with vehi-
cle-treated control animals (Fig. 2B). At 2–6 h, CYP-exposed
animals voided a mean volume of 202 μL compared with 87 μL
in controls (2.3-fold difference), and at 24–28 h, CYP-exposed
animals voided amean of 69 μL comparedwith 9 μL in controls
(7.3-fold difference), which was not significantly different from
later time points. In summary, we established a reproducible
model of CYP-induced bladder injury and urinary dysfunction
with multiple measurable end points to investigate the effects
of pharmacological HIF activation on the prevention and ther-
apy of CYP-associated bladder injury.

DMOG Protects Against CYP-Mediated Bladder Injury
and Urinary Dysfunction

We next investigated the effects of DMOG-induced HIF acti-
vation in CYP-associated bladder injury and voiding dysfunc-
tion. DMOG is a small structural analog of 2-oxoglutarate and
inhibits HIF-a degradation by competitively replacing 2-oxo-
glutarate from the PHD catalytic center (19, 34). In dose escala-
tion experiments, we established that 16 mg DMOG delivered
as a single intraperitoneal injection following CYP administra-
tion provided significant cytoprotection. To assess systemic
responses to DMOG administration, we measured serum EPO
levels, as DMOG is known to stimulate Epo transcription in the
kidney and liver (20). We observed a 3.4-fold increase in serum
EPO levels 6 h following DMOG administration and a concomi-
tant increase in HIF target gene expression in whole bladder
extracts (Fig. 3). Immunohistochemistry of paraffin-embedded
bladder sections harvested 2 h after DMOG administration
alone demonstrated HIF-1a-positive nuclei in the urothelium
(Supplemental Fig. S4A). However, changes in transcript levels
for HIF targets glucose transporter 1 (Glut1), VEGFA (Vegfa),
and phosphoglycerate kinase 1 (Pgk1) in whole bladder extracts
obtained from DMOG-treated mice at this time point were not
detected (Fig. 3). Finally, immunohistochemistry of paraffin-
embedded sections from bladders harvested 2 h after treat-
ment with vehicle, CYP, or CYP in conjunction with DMOG,
respectively, demonstrated HIF-1a-positive nuclei in the uro-
thelium (Supplemental Fig. S5).

We assessed the effects of DMOG administration on CYP-
induced bladder injury and urinary dysfunction using the ex-
perimental protocol shown in Fig. 4A. Administration of
DMOG significantly improved bladder morphology in CYP-
treated mice at 48 h after CYP exposure (Fig. 4A). Bladder
weights were significantly reduced by approximately twofold
in DMOG-treated animals compared with vehicle controls
(Fig. 4A). Furthermore, DMOG treatment resulted in an
approximately fourfold lower edema score and an approxi-
mately fivefold higher urothelial integrity score compared
with vehicle controls and protected bladder permeability
(Fig. 4A and Supplemental Fig. S1B). Immunohistochemistry
for Ki-67 was performed to assess urothelial proliferation fol-
lowing CYP administration with or without DMOG. Forty-
eight hours after CYP administration, urothelial proliferation
was significantly reduced in the DMOG-treated group com-
pared with vehicle-treated group (Supplemental Fig. S6).
Micturition analysis revealed improvement in bladder func-
tion in DMOG-treated mice. Urinary frequency was signifi-
cantly reduced by 9.2-fold at 2–6 h and by 7.8-fold at 24–28 h
after CYP compared with vehicle-treated mice (Fig. 4B).
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Consistent with the morphological and functional improve-
ments was the reduction in bladder cytokine levels 6 h after
CYP. We found a 1.7-fold reduction in IL-6, 1.2-fold reduction
in IL-1b, 2-fold reduction in KC/CXCL1, 5.6-fold reduction in
MCP-1/CCL2, and 1.5-fold reduction in MIP-2/CXCL2 (Fig.
4C). Taken together, our data indicate that DMOG treatment
afforded significant cytoprotection from CYP-associated
bladder injury and urinary dysfunction.

To address the possibility that the close timing of intraper-
itoneal DMOG and CYP administration might have inter-
fered with CYP pharmacokinetics or metabolism potentially
affecting the degree by which the bladder was exposed to
acrolein, wemeasured urine 3-HPMA. 3-HPMA is a surrogate
metabolite for acrolein, a reactive aldehyde that causes blad-
der injury in CYP-treated subjects (35, 36). Due to its high
chemical reactivity, reliable MS-based measurements of
urine acrolein levels were not feasible. For measurements of
3-HPMA levels, we collected and pooled hourly urine sam-
ples over the first 6 h after CYP exposure and found that
urine 3-HPMA levels increased proportionally with CYP dos-
ing, whereas 3-HPMA was not detectable in the urine from
control mice without CYP exposure (Supplemental Fig. S7A).
Urine 3-HPMA levels in mice exposed to 300 mg/kg CYP
and treated with either DMOG or vehicle were not differ-
ent (Supplemental Fig. S7B), whereas bladder weight in

CYP/DMOG-treated mice was reduced by 1.7-fold compared
with CYP/vehicle-treated mice, indicating cytoprotection de-
spite the presence of high levels of urine 3-HPMA. These
data suggest that the close timing of intraperitoneal DMOG
and CYP administration did not significantly affect 3-HPMA
levels in the bladder. To further address any potential for
CYP and DMOG interaction, we collected blood samples at
0.5, 1, 2, and 4 h, respectively, from mice treated with CYP/
vehicle or CYP/DMOG (Supplemental Fig. S8). Plasma CYP
and 4-OH-CYP levels measured by MS showed no suppres-
sion of CYP or 4-OH-CYP levels by DMOG at any time point.
Instead, we observed significantly higher levels of CYP at 0.5
and 1 h and then subsequently increased levels of 4-OH-CYP
at 1 and 2 h. Taken together, these data suggested that no
appreciable suppression of urine 3-HPMA and plasma CYP
levels occurred with coadministration of DMOG and CYP by
intraperitoneal injection.

Pretreatment With Molidustat Affords Cytoprotection
and Maintains Normal Micturition Patterns

To corroborate the cytoprotective effects of pharmacological
HIF stabilization in CYP-induced bladder injury and urinary
dysfunction, we next investigated a more specific inhibitor of
HIF-prolyl hydroxylation. We chose molidustat because it has
good oral bioavailability and specificity for PHDs, as its affinity
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Figure 1. Cyclophosphamide (CYP) indu-
ces rapid bladder injury. A, top: schematic
indicating the time points of analysis follow-
ing a single injection of 300 mg/kg CYP in
adult male mice (n = 5 per time point). A,
bottom left: representative images of blad-
der sections stained with hematoxylin and
eosin at 0 (baseline), 28, and 76 h following
CYP administration. Low-power images
demonstrate changes in overall morphol-
ogy, urothelial sloughing, and transmural
edema. Scale bar = 500 μm. Bladder hem-
orrhage is depicted by arrows, edema by
yellow dashed lines, and urothelial slough-
ing by black arrowheads; the urothelial cell
layer is lined by white dashed lines. A, bot-
tom right: mean changes in the bladder-to-
body weight ratio (Bld/BW), edema scores,
and urothelial integrity scores (Urothelium/
DM) over time. B: relative transcript levels
of the inflammatory genes interleukin-6
(Il6) and interleukin-1b (Il1b) 6 h after CYP
administration (n = 5 mice each). C: tissue
cytokine levels (n = 5 mice each) for IL-6,
vascular endothelial growth factor A
(VEGFA), keratinocyte-derived chemokine/
chemokine (C-X-C motif) ligand 1 (CXCL1),
and monocyte chemoattractant protein-1/
chemokine (C-C motif) ligand 2 (CCL2).
Bars represent means ± SE. One-way
ANOVA followed by Dunnett’s post hoc
analysis was used for the data sets shown
in A and an unpaired Student’s t test for
the data sets shown in B and C. �P< 0.05,
��P < 0.01, and ���P < 0.001. DM, detru-
sor muscle; LP, lamina propria; LU, bladder
lumen; Veh, vehicle.
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for other 2-oxoglutarate dioxygenases is very low (23).
Molidustat treatment produced a significant elevation in se-
rum EPO levels 6 h after oral administration (Fig. 5A) and
resulted in HIF-1a stabilization in urothelial and renal epithe-
lial cells 2 h after oral administration (Supplemental Fig. S4).
Significant changes in Glut1, Vegfa, and Pgk1 transcript levels
were not detected in whole bladder or kidney extracts, whereas
renal Epo transcript levels increased by approximately fivefold
(Supplemental Fig. S4).

We chose to administer three doses of molidustat (10
mg/kg) orally at 48, 24, and 6 h before treatment with CYP

(Fig. 5B). In mice exposed to CYP, molidustat preserved
bladder morphology, reduced edema, hemorrhage, and uro-
thelial sloughing (Fig. 5C). By 48 h after CYP exposure, blad-
der weight was reduced by 1.6-fold, edema was reduced by
2.1-fold, and the urothelial integrity score was improved by
2.4-fold compared with vehicle-treated mice. Furthermore,
like DMOG, molidustat restored micturition patterns in mice
treated with CYP. In contrast to the numerous small volume
corner and edge voids inmice that received CYP and vehicle,
molidustat-treated animals maintained large volume corner
voids characteristic of healthy mice (Fig. 5D). Regarding uri-
nary frequency, the number of post-CYP voids was reduced
by 2.8-fold at 2–6 h and by 2.3-fold at 24–28 h (Fig. 5D).
Taken together, our data suggest that pretreatment with
molidustat afforded significant protection against CYP-
induced bladder injury and urinary dysfunction.

DISCUSSION

Here, we used a pharmacological approach to investigate
the role of the HIF-PHD axis in inflammatory bladder injury
and urinary dysfunction due to blood-urine barrier disrup-
tion. We used a murine model of CYP-induced bladder injury
and investigated two small-molecule inhibitors of HIF-prolyl
hydroxylation: DMOG and molidustat. Intraperitoneal DMOG
administration or pretreatment with oral molidustat pre-
vented the damaging effects of CYP as evidenced by preserva-
tion of normal bladder morphology and urothelial integrity,
reduction in bladder cytokine levels, andmaintenance of nor-
mal voiding patterns.

CYP-induced disruption of the blood-urine barrier in mice is
a clinically relevant and frequently used model in experimen-
tal urology to study bladder inflammation, urothelial stress
responses and regeneration, and detrusormuscle function (37–
41). CYP is converted in the liver to 4-hydroxycyclophospha-
mide and then further metabolized to the cytotoxic intermedi-
ates phosphoramide mustard and acrolein, a small corrosive
and reactive aldehyde, which is freely filtered by the kidneys
and causes hemorrhagic cystitis (32). Depending on its concen-
tration in the urine, acrolein causes variable degrees of urothe-
lial injury (32). In patients receiving chemotherapy with CYP,
acrolein exposure can lead to severe bladder injury in which
mucosal ulcerations are associated with a spectrum of lower
urinary tract issues including bladder pain, bleeding, tissue
damage, and, in some cases, the need for cystectomy (4). The
available treatment strategies primarily include hydration with
intravenous fluids and administration of MESNA, an acrolein-
binding compound (4). Yet, these interventions alone are not
effective in all patients, and, as such, alternative therapies are
needed for the prevention of CYP-associated bladder injury
(42, 43).

We used two inhibitors of HIF-prolyl hydroxylation for our
experiments: DMOG and molidustat. DMOG is a widely used
experimental HIF stabilizer (19–22, 34), whereas molidustat is
a new oral HIF-activating compound approved for the treat-
ment of anemia of chronic kidney disease in Japan (25). A sig-
nificant advantage of molidustat over DMOG is its excellent
oral bioavailability and high affinity and specificity for PHD
dioxygenases (23, 44). Like DMOG,molidustat afforded signif-
icant cytoprotection from CYP-induced bladder injury, pro-
viding strong support for the notion that the cytoprotective
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effects observed in our study represented a drug class effect
and resulted from the activation or modulation of HIF
signaling.

Knowledge about the role of the HIF-PHD axis in bladder
injury is limited and preclinical studies have produced con-
flicting results. Studies in a rat model of partial bladder out-
let obstruction have suggested that both activation and

inhibition of HIF signaling are beneficial. Treatment with
the HIF-activating compound pyridine-2,4-dicarboxylate
reduced bladder fibrosis and improved voiding function
(45), whereas administration of the HIF-inhibiting com-
pound 17-dimethylaminoethylamino-17-demethoxygelda-
namycin also mitigated bladder injury (46, 47). Despite the
limited data in the context of bladder injury, activation of
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HIF signaling in other organs has been shown to afford sig-
nificant protection from mucosal injury and inflammation.
Treatment with DMOG or genetic PHD inactivation in intes-
tinal epithelial cells improved survival following lethal
doses of total abdominal or total body irradiation (22). Data
from preclinical models of inflammatory bowel disease also
demonstrated that targeted activation of the HIF pathway,
either genetically or via pharmacological inhibition of HIF-
prolyl hydroxylation, reduced inflammation, and improved
barrier function (11, 21, 48, 49). Likewise, in models of ex-
perimental lung injury, acute HIF activation with DMOG
resulted in better survival, which was associated with
improved barrier function, reduced reactive oxygen species
production, and reduced apoptosis (15, 50).

Loss of the urothelial barrier, which is the tightest andmost
impermeable mucosal barrier in the body, is likely to be the
critical initiating step in the pathogenesis of CYP-induced

bladder injury. Umbrella cells are the first cells to become
injured in CYP-treated mice, and loss of the urothelial barrier
exposes the underlying intermediate and basal urothelial cells
to acrolein, thus promoting further damage and inflammation
by stimulating innate immune responses (51). Enhancement
of epithelial barrier function appears to be a key mechanism
bywhichHIF promotes wound healing (52) or protects against
chemically induced colitis in the gastrointestinal tract (11). In
the intestine, HIF-1 increases the expression of intestinal tre-
foil factors (11, 53), which strengthens the mucosal barrier and
protects from inflammation, making the HIF-PHD axis an
excellent therapeutic target for the prevention and treatment
of inflammatory bowel disease (8).

In our study, pharmacological HIF activation resulted in a
substantial suppression of cytokine expression in the bladder.
Likewise, suppression of the expression of proinflammatory
cytokines, such as IL-1b, IL-6, and TNF-a, with immune-
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modulatory protein IPSE (IL-4-inducing principle from
Schistosoma eggs) ameliorated ifosfamide-induced hemor-
rhagic cystitis (42). It is therefore plausible that HIF-mediated
cytokine suppression may have contributed to the beneficial
effects of HIF-prolyl hydroxylation inhibition in CYP-induced
bladder injury. It is well established that the HIF-PHD axis
plays a critical role in the regulation of innate and humoral
immune responses in part through interdependence with NF-
κB signaling, which is highly cell type and context-dependent
(54, 55). Consistent with our observations are findings in a rat
model of inflammatory anemia, where molidustat suppressed
MCP-1/CCL2 expression in the kidney (44). MCP-1/CCL2 is a
chemoattractant for monocytes and mast cells and has dis-
ease-promoting activity in chronic cystitis by facilitating mast
cell degranulation (56). Furthermore, MCP-1/CCL2 has been
implicated in the regulation of micturition reflexes in rats, as
inhibition of MCP-1/CCL2 signaling reduced void frequency
after CYP exposure (57).

Our study is not without limitations. The present work
does not delineate and/or validate underpinning mecha-
nisms that drive HIF-PHI-mediated cytoprotection in the
bladder. Furthermore, we have shown that CYP exposure
alone stabilizes HIF-1a in the bladder urothelium. From our
experiments, we were unable to determine to what degree
HIF responses in CYP-injured bladders were modulated or
augmented by pharmacological PHD inhibition and to what
degree bladder protection afforded by systemic HIF-PHI
administration involved bladder intrinsic responses or
remote effects, as previously shown for other organs (58, 59).
A precise understanding of these mechanisms will be crucial
for the development of HIF-PHIs as a potential preclinical
lead in bladder injury. This would include the use of genetic
models to identify the cell types that mediate protective
effects in the bladder. Although our study clearly demon-
strates that pharmacological HIF activation is cytoprotective
when HIF-PHIs are administered before CYP-induced blad-
der injury, they did not investigate the effects of HIF-PHI
administration on established bladder injury. This will be an
area for future study and of great clinical relevance as many
patients present after the onset of injury.

Perspectives and Significance

In summary, our data demonstrate that pharmacological
inhibition of PHDs is protective in acute CYP-induced blad-
der injury. The implications of our work highlight the thera-
peutic potential of HIF-prolyl hydroxylase inhibition not
only for the prevention and treatment of inflammatory blad-
der injury induced by CYP exposure but also for patients
with other forms of cystitis due to blood-urine barrier disrup-
tion. Although the mechanisms by which activation of the
HIF-PHD axis protects from bladder injury are not clear and
most likely involve multiple signaling pathways and cell
types, our study provides a strong basis for future detailed
mechanistic investigations. If such future endeavors are suc-
cessful, HIF-PHI treatment would be a new clinically rele-
vant therapeutic lead for patients with cystitis.
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