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ABSTRACT 39 

Disruption of the blood-urine barrier can result in acute or chronic inflammatory bladder injury. 40 

Activation of the oxygen-regulated hypoxia-inducible factor (HIF) pathway has been shown to 41 

protect mucosal membranes by increasing the expression of cytoprotective genes and by 42 

suppressing inflammation. The activity of HIF is controlled by prolyl hydroxylase domain (PHD) 43 

dioxygenases, which have been exploited as therapeutic targets for the treatment of anemia of 44 

chronic kidney disease. Here we established a mouse model of acute cyclophosphamide 45 

(CYP)-induced blood-urine barrier disruption associated with inflammation and severe urinary 46 

dysfunction to investigate the HIF-PHD axis in inflammatory bladder injury. We found that 47 

systemic administration of dimethyloxalylglycine (DMOG) or molidustat, two small molecule 48 

inhibitors of HIF-prolyl hydroxylases (HIF-PHIs), profoundly mitigated CYP-induced bladder 49 

injury and inflammation as assessed by morphologic analysis of transmural edema and 50 

urothelial integrity and by measuring tissue cytokine expression. Void spot analysis to examine 51 

bladder function quantitatively demonstrated that HIF-PHI administration normalized micturition 52 

patterns and protected against CYP-induced alteration of urinary frequency and micturition 53 

patterns. Our studies highlight the therapeutic potential of HIF-activating small molecule 54 

compounds for the prevention or therapy of bladder injury and urinary dysfunction due to blood-55 

urine barrier disruption.  56 
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NEW and NOTEWORTHY 57 

 Disruption of the blood-urine barrier can result in acute or chronic inflammatory bladder 58 

injury. Here we demonstrate that pharmacologic inhibition of hypoxia-inducible factor (HIF)-59 

prolyl hydroxylation prevented bladder injury and protected from urinary dysfunction in a mouse 60 

model of cyclophosphamide-induced disruption of the blood-urine barrier. Our studies highlight 61 

a potential role for HIF-activating small molecule compounds in the prevention or therapy of 62 

bladder injury and urinary dysfunction and provide rationale for future clinical studies. 63 

  64 
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INTRODUCTION 65 

Disruption of the blood-urine barrier, the body’s most impermeable barrier results in bladder 66 

inflammation, i.e., cystitis, a highly prevalent urologic condition, which affects millions of patients 67 

in the United States annually and significantly contributes to health care expenses (1-3). The 68 

causes of cystitis are broad and include infections, foreign bodies such as urinary stones and 69 

catheters, bladder outlet obstruction and cellular injury from chemotherapy or pelvic 70 

radiotherapy. Over time, chronic cystitis can lead to fibrosis and loss of tissue compliance which 71 

impairs bladder function. Ultimately, the loss of bladder compliance increases the hydrostatic 72 

pressure transmitted to the upper urinary tract causing damage to the renal parenchyma.  73 

To improve urologic care, patients need effective therapies that can dampen bladder 74 

inflammation and prevent chronic inflammation and long-term bladder damage. Currently, few 75 

targeted therapies exist for patients with chronic cystitis. For instance, in cases of severe 76 

hemorrhagic cystitis from chemotherapy, primary strategies are untargeted and include 77 

hyperhydration with intravenous fluids and administration of toxin-binding compounds like 78 

sodium-2-mercaptoethanesulfonate (Mesna) (4). In severe cases of radiation-induced cystitis in 79 

oncology patients, treatment may be limited to the management of hematuria symptoms with 80 

agents instilled in the bladder such as formalin and 1% aluminum sulfate (5). These instillations 81 

can be painful and can require administration under general anesthesia. Furthermore, 82 

treatments such as formalin can defunctionalize the bladder due to fibrosis. Thus, treatments 83 

that target the underlying bladder biology and pathophysiology are needed. 84 

We have previously established that activation of hypoxic and/or hypoxia-inducible factor 85 

(HIF) signaling is associated with bladder injury secondary to partial outlet obstruction, a major 86 

cause of bladder dysfunction that begins with cystitis and progresses to bladder fibrosis (6). In 87 

line with these findings are gene expression data from single-cell analysis suggesting HIF 88 

pathway activation (7). Since the HIF pathway plays an important role in the control of mucosal 89 

barrier function and innate and humoral immune responses, and promotes epithelial survival 90 
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during periods of cellular stress (8-11), selective targeting of the HIF pathway has therapeutic 91 

potential for the prevention or treatment of different forms of bladder diseases. 92 

The HIF pathway is highly conserved across eukaryotic organisms and is critical for cellular 93 

adaptation to hypoxic stress. HIF family members function as heterodimeric, activating 94 

transcription factors comprised of a tightly oxygen-regulated α-subunit (either HIF-1α, HIF-2α or 95 

HIF-3α) and a constitutively expressed nuclear β-subunit (HIF-β) (12). HIF activity is controlled 96 

by prolyl-4 hydroxylase domain enzymes (PHD) 1, PHD2 and PHD3, which belong to a larger 97 

family of 2-oxoglutarate-dependent dioxygenases which carry out various hydroxylation 98 

reactions (13). Under normoxic conditions, HIF-α proteins, which are continuously synthesized 99 

by cells, are rapidly degraded. PHDs use molecular oxygen and 2-oxoglutarate for the 100 

hydroxylation of specific proline residues within the oxygen-dependent degradation domain of 101 

HIF-α. Hydroxylation promotes binding to the von Hippel-Lindau (VHL)-E3-ubiquitin ligase 102 

complex, which initiates the proteasomal degradation of HIF-α (14). Under hypoxic conditions, 103 

PHD catalytic activity is impaired due to the reduced availability of molecular oxygen resulting in 104 

cytoplasmic HIF-α accumulation and nuclear translocation. In the nucleus, HIF-α dimerizes with 105 

HIF-β forming a functional transcription factor that increases the expression of multiple oxygen-106 

regulated genes (14). 107 

Multiple studies have demonstrated that the acute activation of HIF signaling by either 108 

genetic or pharmacologic means is beneficial in organ injury and inflammation (10, 15-17). 109 

Pharmacologic HIF activation can be accomplished by either oral or parenteral administration of 110 

structural analogs of 2-oxoglutarate, which inhibit PHD catalytic activity thus preventing the 111 

degradation of HIF-α (18). 112 

Here, we established a model of acute, CYP-induced disruption of the blood-urine barrier in 113 

mice to investigate the HIF-PHD axis in urothelial injury, bladder inflammation and voiding 114 

dysfunction. For this, we used a pharmacologic approach and studied the effects of two small 115 

molecule HIF-prolyl hydroxylase inhibitors (HIF-PHIs), dimethyloxalylglycine (DMOG) and 116 

Downloaded from journals.physiology.org/journal/ajprenal at Vanderbilt Univ (160.129.251.128) on May 3, 2022.



 
 

6

molidustat. DMOG is a frequently used tool compound for in vitro experiments and preclinical 117 

animal studies (19-22), whereas molidustat is a new oral, daily administered HIF-PHI, approved 118 

for clinical use in Japan (23-25). Our data demonstrate that pharmacologic HIF activation 119 

mitigated CYP-induced bladder injury and voiding dysfunction and provide the rationale for 120 

future clinical studies that investigate HIF-PHIs as therapeutic agents in the prevention and 121 

therapy of urothelial injury and bladder inflammation due to blood-urine barrier disruption. 122 

 123 

METHODS 124 

Animals. 8- to 12-week-old male C57BL/6 mice were used for experiments (Charles River 125 

Laboratories, Wilmington, MA). Mice were fed standard chow and given free access to water 126 

except during the micturition assays. All procedures involving mice were performed per NIH 127 

guidelines for the use and care of live animals and were approved by the Vanderbilt University 128 

Institutional Animal Care and Use Committee (IACUC). 129 

Drug administration. Mice received 37.5, 75, 150, or 300 mg/kg of cyclophosphamide (CYP) by 130 

intraperitoneal (i.p.) injection (Sigma Aldrich, St. Louis, MO)). CYP solutions were prepared 131 

fresh with normal saline as a vehicle. Dimethyloxalylglycine (DMOG, Cayman Chemical, Ann 132 

Arbor, MI) was administered in 100 μL of 0.9% saline i.p. at a dose of 16 mg/injection 133 

immediately following CYP administration, vehicle controls received 100 μL of saline. Molidustat 134 

(Bay 85-3934, Cayman Chemical, Ann Arbor, MI) was dissolved in a vehicle consisting of 90% 135 

sunflower oil and 10% ethanol. Treatment groups received molidustat 10 mg/kg or vehicle by 136 

oral gavage, given as a pretreatment at 48, 24, and 6 hours before CYP administration. 137 

Bladder injury assessment. Bladder injury was assessed by measuring bladder/body weight 138 

ratios (mg/g), by scoring histologic edema and by assessing urothelial integrity. Bladders were 139 

sectioned and fixed in 10% neutral-buffered formalin followed by paraffin embedding. 3-5 μm 140 

tissue sections were stained with hematoxylin and eosin (H&E). Slides were digitally archived 141 
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using whole slide imaging at 20x magnification to a resolution of 0.5 µm/pixel using a Leica 142 

SCN400 Slide Scanner automated digital image system (Leica Biosystems, Wetzlar, Germany). 143 

High-resolution images were selected using Aperio ImageScope (Lecia Biosystems, Wetzlar, 144 

Germany) and deconstructed to allow quantification of tissue areas for edema, detrusor muscle, 145 

urothelium based on pixel count using Photoshop CC 2019 (Adobe Inc, San Jose, CA). Pixel 146 

counts in deconstructed images were calculated using FIJI Image J software 147 

(https://imagej.net/Fiji). Edema scores were calculated by dividing the total area of edema by 148 

total tissue area. Urothelial integrity was calculated by dividing the total urothelial area by the 149 

total detrusor muscle area. 150 

Micturition assay. The void spot assay (VSA) permits the study of voiding behavior and void 151 

volume in mice (26). For all studies, mice were individually acclimated to standard plastic mouse 152 

cages lined with Whatman grade 1 filter paper (Thermo Fisher Scientific, Waltham, MA) cut to 153 

cage bottom dimensions (14.9 cm x 29.5 cm) one day before CYP or vehicle administration. For 154 

VSAs, sections of filter paper were placed between cages to reduce the potential for stress-155 

induced bladder phenotypes from visual contact with other mice. One piece of mouse chow was 156 

placed in each cage and water was not provided during VSAs. Cages were kept in a noise-free 157 

section of the laboratory space during testing. A separate study to assess whether repeated 158 

VSAs induce stress voiding phenotypes was conducted over 8 consecutive days followed by a 159 

2-day break and then VSAs for 2 more consecutive days. For CYP injury experiments, mice 160 

were acclimated for 1 day and returned to the animal facility. VSAs of 4-hour duration were 161 

performed at 2, 24, 48, and 72 hours following CYP administration. VSA filter papers were 162 

analyzed after drying for 24 hours. Voiding spots were visualized in a UVP EpiChemi II 163 

Darkroom cabinet with a 365 nm epi-illuminator and a clear overhead filter (Analytik Jena, 164 

Upland, CA). Images were captured with a Canon E6 camera and a Canon EF 35mm f/1.4L II 165 

USM Lens (Canon Cameras, Tokyo, Japan) with settings refined for improved signal-to-noise 166 

ratio. VSA images were converted to tiff files and batch processed using the Void Whizzard 167 
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plug-in for FIJI ImageJ with a lower limit threshold of 0.01 cm2, which corresponds to urine 168 

volumes less than 0.2 μL as previously described (27). 169 

Bladder permeability assay. The permeability of the bladder was assessed as previously 170 

described (28). 24 hours after drug exposure, mice were catheterized under anesthesia. The 171 

bladder was instilled with 30 μL of 0.4% (w/v) methylene blue (Sigma Aldrich, St Louis, MO) 172 

dissolved in 0.9% saline. The methylene blue solution was left indwelling for 20 minutes after 173 

which the bladder was rinsed with 1.5 mL of sterile saline. Methylene blue retained in the 174 

bladder was extracted with chloroform (Sigma Aldrich, St Louis, MO) at 45oC overnight and 175 

quantified spectrophotometrically at a wavelength of 660 nm (Thermo Fisher Scientific, 176 

Waltham, MA). 177 

RNA analysis. Bladders harvested for RNA analysis were immediately placed into RNAlater 178 

(Qiagen, Hilden, Germany). RNA was isolated using a column-based extraction method 179 

(RNAeasy, Qiagen, Hilden, Germany), and samples were quantified with a Nanodrop 2000 180 

spectrophotometer (ThermoFisher Scientific, Waltham, MA). cDNA was prepared by reverse 181 

transcription (Iscript Reaction Mix, Bio-Rad, Hercules, CA) and gene expression was 182 

investigated by qPCR using a CFX96 thermocycler platform and SYBR Green Master Mix (Bio-183 

Rad, Hercules, CA). Relative gene expression was analyzed by the 2–∆∆Ct method. Primer 184 

sequences used for the qPCR analyses are listed in Supplemental Table S1 in Supplemental 185 

Methods and Materials (https://figshare.com/s/59669fed8a850e6612b0). 186 

Cytokine measurements. Bladders were weighed, snap frozen and stored at -80oC until 187 

analysis. Before homogenization, samples were placed in RIPA Buffer (20 mg of bladder 188 

tissue/mL) containing 10 μl/mL of Halt Protease Inhibitor (Thermo Fisher Scientific, Waltham, 189 

MA). After a quick mincing with scissors, samples were homogenized using an air-cooled Bullet 190 

Blender with Navy Tubes (Next Advance, Troy, NY) and stored at -20oC until analysis. IL6, IL1b, 191 

keratinocyte derived chemokine/chemokine (C-X-C motif) ligand 1 (KC/CXCL1), monocyte 192 
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chemoattractant protein 1/chemokine (C-C motif) ligand 2 (MCP1/CCL2), macrophage 193 

inflammatory protein 2/ chemokine (C-X-C motif) ligand 2 (MIP2/CXCL2) and vascular 194 

endothelial growth factor (VEGF) were measured using the Milliplex Mouse 195 

Cytokine/Chemokine Panel (Millipore Sigma, Burlington, MA) on a Luminex MagPix System 196 

(Luminex Corporation, Austin, TX). 197 

Serum erythropoietin. Blood samples were obtained via cardiac puncture and serum EPO levels 198 

were measured using the Mouse Erythropoietin Quantikine ELISA kit (R&D Systems, 199 

Minneapolis, MN) 6 hours after administration of DMOG or molidustat. 200 

Immunohistochemistry. To assess urothelial cell proliferation, Ki67 antigen was detected with a 201 

rabbit monoclonal antibody (ab16667; Abcam, Cambridge, MA) in conjunction with a goat anti-202 

rabbit IgG secondary antibody (Vector Laboratories, Burlingham, CA). Ten random high-power 203 

fields (HPFs) per bladder section were examined for Ki67-positive cells, the percentage of 204 

positive urothelial cells was determined using National Institutes of Health ImageJ software 205 

(rsbweb.nih.gov/ij). To assess HIF-1α staining, bladder and kidney sections were stained as 206 

previously described with polyclonal rabbit anti-HIF-1α antiserum (catalog # 10006421; Cayman 207 

Chemical Co.) at a dilution of 1:10,000 (29). The CSA-II high signal amplification kit and Rabbit 208 

Link reagent (DAKO) was used for detection following the manufacturer’s instructions. 209 

Urinary 3-HPMA analysis. To assess urine acrolein levels, we measured acrolein metabolite N-210 

acetyl-S-3-hydroxypropylcysteine (3-HPMA), which is formed from glutathione and acrolein (30). 211 

For this, mice were housed individually in standard metabolic cages for 6 hours. Urine was 212 

collected hourly, and collections were pooled for the analysis. Samples were analyzed with 213 

liquid chromatography tandem mass spectrometry by the Masonic Cancer Center Analytical 214 

Biochemistry Shared Resource at the University of Minnesota as described previously (31). 215 

Blood sampling and Mass spectrometry for CYP metabolites. CYP is a prodrug and is rapidly 216 

converted in the liver to 4-hydroxycyclophosphamide (4-OH-CYP), which is the active 217 

metabolite ultimately becoming phosphoramide mustard (32). Plasma levels of CYP and 4-OH-218 
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CYP were measured quantitatively in the MS Core Laboratory at Vanderbilt University Medical 219 

Center by reverse phase liquid chromatography coupled with tandem MS detection using a 220 

stably labeled CYP-d4 isotopologue (TRC) as internal standard. For calibration of the instrument 221 

response, normal plasma was spiked with specified amounts of CYP, 4-hydroperoxy CYP (4-222 

OOH-CYP), CYP-d4, and an excess of sodium thiosulfate to generate unstable 4-OH-CYP via 223 

chemical reduction of the hydroperoxide. Samples and calibration standards were derivatized 224 

with dansyl hydrazine and extracted with methyl tert-butyl ether prior to LC-MS analysis. The 225 

aldophosphamide tautomer of 4-OH CYP was measured as its dansyl hydrazone derivative. 226 

Statistical analysis. Experimental numbers were determined by power calculations based on 227 

prior experience with multiple endpoints (Il6 gene expression, histological scoring, and voiding 228 

frequency) using a probability of 0.05 (α) for type I errors and 0.2 (β) for type II errors. The non-229 

paired Student’s t-test were used for two-group comparisons and one-way ANOVA followed by 230 

Dunnett’s post hoc analysis or Bonferroni’s correction, respectively, were used for multi-group 231 

comparisons (GraphPad Prism v.9.0, San Diego, CA). P values of <0.05 was considered 232 

statistically significant. 233 

 234 

RESULTS 235 

Cyclophosphamide induces rapid bladder injury and alters micturition patterns in mice 236 

 To establish a model of acute CYP-induced blood-urine barrier disruption in mice, we tested 237 

different CYP doses and found that a single i.p. administration of 300 mg/kg resulted in robust 238 

and reproducible bladder injury. We investigated the time course of bladder injury development 239 

and recovery by examining bladder weight, permeability, bladder morphology, inflammatory 240 

gene expression and cytokine levels in bladder tissue. Mice were analyzed at 6, 28, 52, and 76 241 

hours after i.p. administration of 300mg/kg of CYP (Figure 1A). The bladder to body weight 242 

ratios peaked at 28 hours post CYP exposure (3.1-fold increase) with bladder weights declining 243 

by 76 hours (1.6-fold) compared to vehicle-treated controls (Figure 1A). Morphologically, CYP-244 
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induced injury was characterized by severe bladder wall edema, urothelial sloughing, and 245 

hemorrhage within the lamina propria and mucosa, which was associated with increased 246 

bladder permeability (Figure 1A and Supplemental Figure S1, 247 

https://figshare.com/s/59669fed8a850e6612b0). Using a scoring method that assesses the 248 

tissue area with edema and urothelial thickness in relation to total tissue area and area covered 249 

by detrusor muscle, respectively, we found significantly increased bladder wall edema that 250 

peaked at 28 hours (~21-fold increase) post CYP (Fig. 1A). The time course of bladder wall 251 

edema development and resolution followed bladder weight and urothelial integrity score 252 

(Figure 1A). Inflammatory gene expression from whole bladder homogenate revealed a 253 

significant increase in Il6 and Il1b transcript levels 28 hours post CYP (Figure 1B). Consistent 254 

with bladder inflammation was the increase in bladder cytokines IL6, VEGFA, MCP1/CXCL1 255 

and MIP2/CCL2 6 hours post CYP exposure (Figure 1C). In a separate experiment, we 256 

assessed animals for signs of organ injury beyond the bladder, as demonstrated in prior studies 257 

(33). Significant organ injury was not detected in kidney, liver and heart tissue at 24 hours 258 

following CYP administration by histological evaluation (Supplemental Figure S2, 259 

https://figshare.com/s/59669fed8a850e6612b0). 260 

 Prior to micturition assessments, all mice were specifically acclimated to the VSA one day 261 

before initiating the studies (Figure 2A). To determine the appropriate period of acclimation for 262 

VSA and to assess the role of environmental stress induced by repeated VSAs, control mice 263 

were housed daily in VSA cages over the course of 12 days. These experiments indicated that 264 

mice with repeated daily VSA assessments maintained normal voiding patterns, and that one 265 

day of exposure to the VSA cage was sufficient for acclimation (Supplemental Figure S3, 266 

https://figshare.com/s/59669fed8a850e6612b0). Mice exposed to CYP displayed significant 267 

changes in micturition patterns (Figure 2B). CYP-exposed animals voided with small volume 268 

corner voiding and de novo edge voiding (Figure 2B). The greatest changes in micturition 269 

patterns occurred early after CYP exposure (2-6 hours) and were associated with a ~10-fold 270 
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increase in the number of voids compared with vehicle-treated control animals (Figure 2B). At 2-271 

6 hours, CYP-exposed animals voided a mean volume of 202 μL compared to 87 μL in controls 272 

(2.3-fold difference) and at 24-28 hours CYP-exposed animals voided a mean of 69 μL 273 

compared with 9 μL in controls (7.3-fold difference), which was not significantly different from 274 

later time points. In summary, we established a reproducible model of CYP-induced bladder 275 

injury and urinary dysfunction with multiple measurable endpoints to investigate the effects of 276 

pharmacologic HIF activation on the prevention and therapy of CYP-associated bladder injury.  277 

 278 

DMOG protects against CYP-mediated bladder injury and urinary dysfunction 279 

 We next investigated the effects of DMOG-induced HIF activation in CYP-associated 280 

bladder injury and voiding dysfunction. DMOG is a small structural analog of 2-oxoglutarate and 281 

inhibits HIF-α degradation by competitively replacing 2-oxoglutarate from the PHD catalytic 282 

center (19, 34). In dose escalation studies, we established that 16 mg of DMOG delivered as a 283 

single i.p. injection following CYP administration provided significant cytoprotection. To assess 284 

systemic responses to DMOG administration, we measured serum erythropoietin (EPO) levels, 285 

as DMOG is known to stimulate Epo transcription in kidney and liver (20). We observed a 3.4-286 

fold increase in serum EPO levels 6 hours following DMOG administration and a concomitant 287 

increase in HIF target gene expression in whole bladder extracts (Figure 3). 288 

Immunohistochemistry (IHC) of paraffin-embedded bladder sections harvested 2 hours after 289 

DMOG administration alone demonstrated positive HIF-1α  nuclei in urothelium (Supplemental 290 

Figure S4A, https://figshare.com/s/59669fed8a850e6612b0). However, changes in transcript 291 

levels for HIF targets glucose transporter 1 (Glut1), vascular endothelial growth factor A (Vegfa), 292 

and phosphoglycerate kinase 1 (Pgk1) in whole bladder extract obtained from DMOG treated 293 

mice at this time point were not detected (Figure 3). Finally, IHC of paraffin-embedded sections 294 

from bladders harvested 2 hours after treatment with vehicle, CYP, or CYP in conjunction with 295 
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DMOG, respectively, demonstrated positive HIF-1α  nuclei in urothelium (Supplemental Figure 296 

S5, https://figshare.com/s/59669fed8a850e6612b0). 297 

 We assessed the effects of DMOG administration on CYP-induced bladder injury and 298 

urinary dysfunction using the experimental protocol outlined in Figure 4A. Administration of 299 

DMOG significantly improved bladder morphology in CYP-treated mice at 48 hours post CYP 300 

exposure (Figure 4A). Bladder weights were significantly reduced by ~2-fold in DMOG-treated 301 

animals compared to vehicle controls (Figure 4A). Furthermore, DMOG treatment resulted in a 302 

~4-fold lower edema score and a ~5-fold higher urothelial integrity score compared with vehicle 303 

controls and protected bladder permeability (Figure 4A and Supplemental Figure S1B, 304 

https://figshare.com/s/59669fed8a850e6612b0). IHC for Ki67 was performed to assess 305 

urothelial proliferation following CYP administration with or without DMOG. Forty-eight hours 306 

after CYP administration, urothelial proliferation was significantly reduced in the DMOG group 307 

compared with vehicle (Supplemental Figure S6, 308 

https://figshare.com/s/59669fed8a850e6612b0). Micturition analysis revealed improvement in 309 

bladder function in DMOG-treated mice. Urinary frequency was significantly reduced by 9.2-fold 310 

at 2-6 hours and by 7.8-fold at 24-28 hours post CYP compared with vehicle-treated mice (Fig. 311 

4B). Consistent with the morphologic and functional improvements was the reduction in bladder 312 

cytokine levels 6 hours post CYP; a 1.7-fold reduction in IL6, a 1.2-fold reduction in IL1b, a 2-313 

fold reduction in KC/CXCL1, a 5.6-fold reduction in MCP1/CCL2, and a 1.5-fold reduction in 314 

MIP2/CXCL2 (Figure 4C). Taken together, our data indicate that DMOG treatment afforded 315 

significant cytoprotection from CYP-associated bladder injury and urinary dysfunction. 316 

 To address the possibility that the close timing of i.p. DMOG and CYP administration might 317 

have interfered with CYP pharmacokinetics or metabolism potentially affecting the degree by 318 

which the bladder was exposed to acrolein, we measured urine 3-HPMA. 3-HPMA is a 319 

surrogate metabolite for acrolein, a reactive aldehyde which causes bladder injury in CYP-320 

treated subjects (35, 36). Due to its high chemical reactivity, reliable mass spectrometry-based 321 
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measurements of urine acrolein levels were not feasible. For measurements of 3-HPMA levels, 322 

we collected and pooled hourly urine samples over the first 6 hours post CYP exposure and 323 

found that urine 3-HPMA levels increased proportionally with CYP dosing, whereas 3-HPMA 324 

was not detectable in the urine from control mice without CYP exposure (Supplemental Figure 325 

S7A, https://figshare.com/s/59669fed8a850e6612b0). Urine 3-HPMA levels in mice exposed to 326 

300mg/kg of CYP and treated with either DMOG or vehicle were not different (Supplemental 327 

Figure S7B, https://figshare.com/s/59669fed8a850e6612b0), whereas bladder weight in 328 

CYP/DMOG-treated mice was reduced by 1.7-fold compared with CYP/vehicle-treated mice 329 

indicating cytoprotection despite the presence of high levels of urine 3-HPMA. These data 330 

suggest that the close timing of i.p. DMOG and CYP administration did not significantly affect 3-331 

HPMA levels in the bladder. To further address any potential for CYP and DMOG interaction, 332 

we collected blood samples at 0.5, 1, 2, and 4 hours, respectively, from mice treated with 333 

CYP/vehicle or CYP/DMOG (Supplemental Figure S8, 334 

https://figshare.com/s/59669fed8a850e6612b0). Plasma CYP and 4-OH-CYP levels measured 335 

by mass spectroscopy showed no suppression of CYP or 4-OH-CYP levels by DMOG at any 336 

time point. Instead, we observed significantly higher levels of CYP at 0.5h and 1h and then 337 

subsequent increased levels of 4-OH-CYP at 1h and 2h. Taken together, these data suggested 338 

that no appreciable suppression of urine 3-HPMA and plasma CYP levels occurred with co-339 

administration of DMOG and CYP by i.p. injection. 340 

 341 

Pre-treatment with molidustat affords cytoprotection and maintains normal micturition 342 

patterns 343 

 To corroborate the cytoprotective effects of pharmacologic HIF-stabilization in CYP-induced 344 

bladder injury and urinary dysfunction, we next investigated a more specific inhibitor of HIF-345 

prolyl-hydroxylation. We chose molidustat because it has good oral bioavailability and specificity 346 

for PHDs, as its affinity for other 2-oxoglutarate dioxygenases is very low (23). Molidustat 347 
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treatment produced a significant elevation in serum EPO levels 6 hours post oral administration 348 

(Figure 5A) and resulted in HIF-1α stabilization in urothelial and renal epithelial cells 2 hours 349 

post oral administration (Supplemental Figure 4, 350 

https://figshare.com/s/59669fed8a850e6612b0). Significant changes in Glut1, Vegfa, and Pgk1 351 

transcript levels were not detected in whole bladder or kidney extracts, whereas renal 352 

erythropoietin (Epo) transcript levels increased by ~5 fold (Supplemental Figure 4, 353 

https://figshare.com/s/59669fed8a850e6612b0). 354 

 We chose to administer three doses of molidustat 10mg/kg orally at 48, 24 and 6 hours prior 355 

to treatment with CYP (Figure 5B). In mice exposed to CYP, molidustat preserved bladder 356 

morphology, reduced edema, hemorrhage, and urothelial sloughing (Figure 5C). By 48 hours 357 

post CYP exposure, bladder weight was reduced by 1.6-fold, edema by 2.1-fold, and urothelial 358 

integrity score was improved by 2.4-fold compared with vehicle-treated mice. Furthermore, like 359 

DMOG, molidustat restored micturition patterns in mice treated with CYP. In contrast to 360 

numerous small volume corner and edge voids in mice receiving CYP and vehicle, molidustat-361 

treated animals maintained large volume corner voids characteristic of healthy mice (Figure 5D). 362 

Regarding urinary frequency, the number of post-CYP voids was reduced by 2.8-fold at 2-6 363 

hours and by 2.3-fold at 24-28 hours (Figure 5D). Taken together, our data suggest that 364 

pretreatment with molidustat afforded significant protection against CYP-induced bladder injury 365 

and urinary dysfunction. 366 

 367 

DISCUSSION 368 

 Here, we employed a pharmacologic approach to investigate the role of the HIF-PHD axis in 369 

inflammatory bladder injury and urinary dysfunction due to blood-urine barrier disruption. We 370 

employed a murine model of CYP-induced bladder injury and investigated two small molecule 371 

inhibitors of HIF-prolyl hydroxylation, DMOG and molidustat. Intraperitoneal DMOG 372 

administration or pretreatment with oral molidustat prevented the damaging effects of CYP as 373 
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evidenced by preservation of normal bladder morphology and urothelial integrity, reduction in 374 

bladder cytokine levels and maintenance of normal voiding patterns. 375 

 CYP-induced disruption of the blood-urine barrier in mice is a clinically-relevant and 376 

frequently used model in experimental urology to study bladder inflammation, urothelial stress 377 

responses and regeneration and detrusor muscle function (37-41). CYP is converted in the liver 378 

to 4-hydroxycyclophosphamide and then further metabolized to the cytotoxic intermediates 379 

phosphoramide mustard and acrolein, a small corrosive and reactive aldehyde, which is freely 380 

filtered by the kidneys and causes hemorrhagic cystitis (32). Depending on its concentration in 381 

the urine, acrolein causes variable degrees of urothelial injury (32). In patients receiving 382 

chemotherapy with CYP, acrolein exposure can lead to severe bladder injury in which mucosal 383 

ulcerations are associated with a spectrum of lower urinary tract issues including bladder pain, 384 

bleeding, tissue damage, and in some cases, need for cystectomy (4). The available treatment 385 

strategies primarily include hydration with intravenous fluids and administration of sodium-2-386 

mercaptoethanesulfonate (MESNA), an acrolein-binding compound (4). Yet, these interventions 387 

alone are not effective in all patients, and as such, alternative therapies are needed for the 388 

prevention of CYP-associated bladder injury (42, 43). 389 

 We used two inhibitors of HIF-prolyl hydroxylation for our studies, DMOG and molidustat. 390 

DMOG is a widely used experimental HIF-stabilizer (19-22, 34), whereas molidustat is a new 391 

oral HIF-activating compound approved for the treatment of anemia of chronic kidney disease in 392 

Japan (25). A significant advantage of molidustat over DMOG is its excellent oral bioavailability 393 

and high affinity and specificity for PHD dioxygenases (23, 44). Like DMOG, molidustat afforded 394 

significant cytoprotection from CYP-induced bladder injury, providing strong support for the 395 

notion that the cytoprotective effects observed in our studies represented a drug class effect 396 

and resulted from the activation or modulation of HIF signaling. 397 

Knowledge about the role of the HIF-PHD axis in bladder injury is limited and preclinical 398 

studies have produced conflicting results. Studies in a rat model of partial bladder outlet 399 
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obstruction have suggested that both activation and inhibition of HIF signaling are beneficial. 400 

Treatment with HIF-activating compound pyridine-2,4-dicarboxylate reduced bladder fibrosis 401 

and improved voiding function (45), whereas administration of HIF-inhibiting compound 17-402 

dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) also mitigated bladder injury 403 

(46, 47). Despite the limited data in the context of bladder injury, activation of HIF signaling in 404 

other organs has been shown to afford significant protection from mucosal injury and 405 

inflammation. Treatment with DMOG or genetic PHD inactivation in intestinal epithelial cells 406 

improved survival following lethal doses of total abdominal or total body irradiation (22). Data 407 

from pre-clinical models of inflammatory bowel disease also demonstrated that targeted 408 

activation of the HIF pathway, either genetically or via pharmacologic inhibition of HIF-prolyl 409 

hydroxylation, reduced inflammation and improved barrier function (11, 21, 48, 49). Likewise, in 410 

models of experimental lung injury, acute HIF activation with DMOG resulted in better survival, 411 

which was associated with improved barrier function, reduced reactive oxygen species 412 

production and reduced apoptosis (15, 50). 413 

 Loss of the urothelial barrier, which is the tightest and most impermeable mucosal barrier in 414 

the body, is likely to be the critical initiating step in the pathogenesis of CYP-induced bladder 415 

injury. Umbrella cells are the first cells to become injured in CYP-treated mice and loss of the 416 

urothelial barrier exposes the underlying intermediate and basal urothelial cells to acrolein, thus 417 

promoting further damage and inflammation by stimulating innate immune responses (51). 418 

Enhancement of epithelial barrier function appears to be a key mechanism by which HIF 419 

promotes wound healing (52) or protects against chemically induced colitis in the 420 

gastrointestinal tract (11). In the intestine, HIF-1 increases the expression of intestinal trefoil-421 

factors (11, 53), which strengthens the mucosal barrier and protects from inflammation, making 422 

the HIF-PHD axis an excellent therapeutic target for the prevention and treatment of 423 

inflammatory bowel disease (8). 424 
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 In our studies, pharmacologic HIF activation resulted in a substantial suppression of 425 

cytokine expression in the bladder. Likewise, the suppression of the expression of 426 

proinflammatory cytokines, such as IL1b, IL6 and TNFα, with immune-modulatory protein 427 

interleukin-4-inducing principle from Schistosoma eggs (IPSE) ameliorated ifosfamide-induced 428 

hemorrhagic cystitis (42). It is therefore plausible that HIF-mediated cytokine suppression by 429 

itself may have contributed to the beneficial effects of HIF-prolyl hydroxylation inhibition in CYP-430 

induced bladder injury. It is well established that the HIF-PHD axis plays a critical role in the 431 

regulation of innate and humoral immune responses in part through interdependence with NF-432 

kB signaling, which is highly cell type- and context-dependent (54, 55). Consistent with our 433 

observations are findings in a rat model of inflammatory anemia, where molidustat suppressed 434 

MCP1/CCL2 expression in the kidney (44). MCP1/CCL2 is a chemoattractant for monocytes 435 

and mast cells and has disease-promoting activity in chronic cystitis by facilitating mast cell 436 

degranulation (56). Furthermore, MCP1/CCL2 has been implicated in the regulation of 437 

micturition reflexes in rats, as inhibition of MCP1/CCL2 signaling reduced void frequency post 438 

CYP exposure (57). 439 

 Our studies are not without limitations. The current work does not delineate and/or validate 440 

underpinning mechanisms that drive HIF-PHI-mediated cytoprotection in the bladder. 441 

Furthermore, we have shown that CYP exposure alone stabilizes HIF-1α in the bladder 442 

urothelium. From our studies, we were unable to determine to what degree HIF responses in 443 

CYP-injured bladders were modulated or augmented by pharmacologic PHD inhibition and to 444 

what degree bladder protection afforded by systemic HIF-PHI administration involved bladder 445 

intrinsic responses or remote effects, as previously shown for other organs (58, 59). A precise 446 

understanding of these mechanisms will be crucial for the development of HIF-PHIs as a 447 

potential pre-clinical lead in bladder injury. This would include the use of genetic models to 448 

identify the cell types that mediate protective effects in the bladder. Although, our studies clearly 449 

demonstrate that pharmacologic HIF activation is cytoprotective when HIF-PHIs are 450 
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administered prior to CYP-induced bladder injury, they do not investigate the effects of HIF-PHI 451 

administration on established bladder injury. This will be an area for future study and of great 452 

clinical relevance as many patients present after the onset of injury. 453 

 454 

PERSPECTIVES AND SIGNIFICANCE 455 

 In summary, our data demonstrate that pharmacologic inhibition of PHDs is protective in 456 

acute CYP-induced bladder injury. The implications of our work highlight the therapeutic 457 

potential of HIF-prolyl hydroxylase inhibition not only for the prevention and treatment of 458 

inflammatory bladder injury induced by CYP exposure but also for patients with other forms of 459 

cystitis due to blood-urine barrier disruption. Although the mechanisms by which activation of 460 

the HIF-PHD axis protects from bladder injury are not clear and most likely involve multiple 461 

signaling pathways and cell types, our studies provide a strong basis for future detailed 462 

mechanistic investigations. If such future endeavors are successful, HIF-PHI treatment would be 463 

a new clinically relevant therapeutic lead for patients with cystitis.  464 
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FIGURE LEGENDS 668 

Figure 1. Cyclophosphamide induces rapid bladder injury. (A) Schematic indicating the time 669 

points of analysis following a single injection of 300 mg/kg of cyclophosphamide (CYP) in male 670 

adult mice (n=5 per time point). Left panels, representative images of bladder sections stained 671 

with H&E at 0 (baseline), 28 and 76 hours following CYP administration. Low-power images 672 

demonstrate changes in overall morphology, urothelial sloughing, and transmural edema. Scale 673 

bar, 500 μm. Bladder hemorrhage is depicted by arrows, edema by yellow dashed lines and 674 

urothelial sloughing by black arrow heads, the urothelial cell layer is lined by white dashed lines; 675 

LP, lamina propria; DM, detrusor muscle, LU, bladder lumen. Right panels, mean changes in 676 

bladder to body weight ratio, edema scores and urothelial integrity scores over time. (B) 677 

Relative transcript levels of inflammatory genes interleukin 6 (Il6) and interleukin 1b (Il1b) 6 678 

hours after CYP administration. (C) Tissue cytokine levels for IL6, vascular endothelial growth 679 

factor A (VEGFA), keratinocyte derived chemokine/chemokine (C-X-C motif) ligand 1 (CXCL1) 680 

and monocyte chemoattractant protein 1/chemokine (C-C motif) ligand 2 (CCL2). Bars 681 

represent means +/-SEM, one-way ANOVA followed by Dunnett’s post hoc analysis for data 682 

sets in A, unpaired Student’s t-test for data sets in B and C, *P<0.05, **P<0.01, ***P<0.001. 683 

 684 

Figure 2. Cyclophosphamide alters voiding patterns in mice. (A) Schematic detailing the 685 

timing of the 4-hour void spot assay (VSA) in male mice following the administration of 300 686 

mg/kg of cyclophosphamide (CYP). VSA analysis time points are indicated in relation to CYP 687 

administration. (B) Representative images of VSAs in vehicle (Veh)- and CYP-treated mice. 688 

Scale bar, 2.5 cm. Arrows indicate corner voiding. Arrow heads indicate small volume de novo 689 

edge voiding following CYP administration. Graphs depict number of void spots at each time 690 

point and mean urine volume in μL for Veh-treated (n=5) and CYP-treated mice (6h, n=20; 28h, 691 

n=15; 52h, n=10; 76h, n=5). Bars represent means+/-SEM; unpaired Student’s t-test performed, 692 

*P<0.05, **P<0.01.  693 
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Figure 3. DMOG administration induces systemic and bladder HIF responses. (A) Serum 694 

EPO (sEPO) response to DMOG administration at 6 hours (n=8) compared with vehicle (Veh)-695 

treated control mice (n=5). (B) HIF target gene expression in whole bladder tissue extracts 696 

(Veh, n=5; DMOG, n=3). Transcript levels of glucose transporter 1 (Glut1), vascular endothelial 697 

growth factor A (Vegfa) and phosphoglycerate kinase 1 (Pgk1) were determined 6 hours after a 698 

single dose DMOG administration. Gapdh, glyceraldehyde-3-phosphate dehydrogenase. Bars 699 

represent means +/- SEM; unpaired Student’s t-test, *P<0.05, **P<0.01. 700 

 701 

Figure 4. DMOG protects bladder integrity and voiding patterns in cyclophosphamide-702 

treated mice. (A) Schematic of experimental protocol depicting dosing of dimethyloxalylglycine 703 

(DMOG) in relation to cyclophosphamide (CYP) exposure and void spot analysis (VSA). Lower 704 

panels, representative images of bladder sections stained with H&E 48 hours following CYP 705 

exposure. CYP administration was followed by either vehicle (Veh) or dimethyloxalylglycine 706 

(DMOG) injection. Bladder wall edema is depicted by yellow dashed lines, urothelial sloughing 707 

by black arrow heads, urothelium by white dashed lines; LP, lamina propria; DM, detrusor 708 

muscle, LU, bladder lumen. Scale bars, 500 μm for low-power and 100 μm for high-power 709 

magnification. Right panels, mean bladder to body weight ratios, edema scores, and urothelial 710 

integrity scores at 48 hours following CYP treatment. (B) Left panel, representative images of 4-711 

hour VSAs with normal corner voiding in DMOG-treated animals and small volume voids in Veh-712 

treated animals. Scale bar, 5 cm. Right panel, number of void spots at 2-6 hours and 24-28 713 

hours post CYP administration. (C) Bladder tissue cytokine levels 6 hours post CYP exposure 714 

with or without DMOG; interleukin 6 (IL6), interleukin 1b (IL1b), keratinocyte derived 715 

chemokine/chemokine (C-X-C motif) ligand 1 (CXCL1), monocyte chemoattractant protein 716 

1/chemokine (C-C motif) ligand 2 (CCL2), and macrophage inflammatory protein 2/ chemokine 717 

(C-X-C motif) ligand 2 (CXCL2). Bars represent means +/- SEM; unpaired Student’s t-test, 718 

*P<0.05, **P<0.01, ***P<0.001. 719 
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 720 

Figure 5. Molidustat protects from cyclophosphamide-induced bladder injury. (A) Serum 721 

EPO (sEPO) levels 6 hours after single-dose molidustat administration compared with vehicle-722 

treated controls (Veh); n=3 each. (B)  Schematic of experimental protocol. Timing of molidustat 723 

(Moli) administration in relation to cyclophosphamide (CYP) treatment and void spot assays 724 

(VSA). (C) Representative images of bladder sections stained with H&E 48 hours post 725 

cyclophosphamide (CYP) administration. Scale bars, 500 μm for low-power magnification and 726 

100 μm for high-power magnification. Bladder hemorrhage is depicted by arrows, edema by 727 

yellow dashed lines, urothelial sloughing by black arrow heads, urothelium by white dashed 728 

lines; LP, lamina propria; DM, detrusor muscle, LU, bladder lumen. Also shown are changes in 729 

bladder weight (BldW) to body weight (BW) ratio, edema and urothelial integrity scores at 48 730 

hours post CYP treatment in Veh- and molidustat-treated cohorts; n=10 for molidustat 731 

(10mg/kg) and n=20 for vehicle (Veh). (D) Left panel, representative images of 4-hour VSAs. 732 

Scale bar, 5 cm. Right panel, number of void spots at the 2-6 hrs and 24–28 hrs time points 733 

after CYP administration in the Veh-treated and molidustat-treated cohorts. Bars represent 734 

means +/- SEM; unpaired Student’s t-test, *P<0.05, **P<0.01, ***P<0.001. 735 
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Figure 1. Cyclophosphamide induces rapid bladder injury. (A) Schematic indicating the time points of 
analysis following a single injection of 300 mg/kg of cyclophosphamide (CYP) in male adult mice (n=5 per 
time point). Left panels, representative images of bladder sections stained with H&E at 0 (baseline), 28 and 
76 hours following CYP administration. Low-power images demonstrate changes in overall morphology, 
urothelial sloughing, and transmural edema. Scale bar, 500 μm. Bladder hemorrhage is depicted by arrows, 
edema by yellow dashed lines and urothelial sloughing by black arrow heads, the urothelial cell layer is 
lined by white dashed lines; LP, lamina propria; DM, detrusor muscle, LU, bladder lumen. Right panels, 
mean changes in bladder to body weight ratio, edema scores and urothelial integrity scores over time. (B) 
Relative transcript levels of inflammatory genes interleukin 6 (Il6) and interleukin 1b (Il1b) 6 hours after CYP 
administration. (C) Tissue cytokine levels for IL6, vascular endothelial growth factor A (VEGFA), keratino-
cyte 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 +/-SEM, one-way ANOVA followed by 
Dunnett’s post hoc analysis for data sets in A, unpaired Student’s t-test for data sets in B and C, *P<0.05, 
**P<0.01, ***P<0.001.
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Inhibition of hypoxia-inducible factor-prolyl hydroxylation 

protects from cyclophosphamide-induced bladder injury 
and urinary dysfunction 

OUTCOME METHODS 
 

CONCLUSION  

Induction of bladder injury: 
Cyclophosphamide  

(300 mg/kg) 

Pre-treatment with HIF-PHI 

compounds: 
Dimethyloxalylglycine (DMOG) or  

Molidustat (Moli) 

Assessment of injury: 
Histologic Score  
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Voiding Spot Assay  
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Abb.: HIF-PHI, hypoxia-inducible factor-prolyl hydroxylase inhibitor 

HIF-PHI compounds prevent injury in the bladder from 

cyclophosphamide exposure 
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