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Abstract 33 

Ischemia-reperfusion injury (IRI) is a major risk factor for chronic renal failure. Caspase-3, an 34 

effector responsible for apoptosis execution, is activated within peritubular capillary (PTC) in the 35 

early stage of IRI-induced acute kidney injury (AKI). Recently, we showed that caspase-3-dependent 36 

microvascular rarefaction plays a key role in fibrosis development after mild renal IRI. Here, we 37 

further characterize the role of caspase-3 in microvascular dysfunction and progressive renal failure 38 

in both mild and severe AKI, by performing unilateral renal artery clamping for 30/60 minutes with 39 

contralateral nephrectomy in wild-type (C57BL/6) or caspase-3-/- mice. In both forms of AKI, 40 

caspase-3-/- mice showed better long-term outcomes in spite of worse initial tubular injury. After 3 41 

weeks, they showed reduced PTC injury, decreased PTC collagen deposition and α-SMA 42 

expression, and lower tubular injury scores when compared to wild-type animals. Caspase-3-/- mice 43 

with severe IRI also showed better preservation of long-term renal function. Intra-vital imaging and 44 

micro-computed tomography (microCT) revealed preserved PTC permeability and better terminal 45 

capillary density in caspase-3-/- mice. Collectively, these results demonstrate the pivotal importance 46 

of caspase-3 in regulating long-term renal function after IRI and establish the predominant role of 47 

PTC dysfunction as a major contributor to progressive renal dysfunction. 48 

 49 

New and Noteworthy 50 

 

Our findings demonstrate the pivotal importance of caspase-3 in regulating renal microvascular 
dysfunction, fibrogenesis, and long-term renal impairment after acute kidney injury (AKI) 
induced by ischemia-reperfusion injury (IRI). Furthermore, this study establishes the 
predominant role of peritubular capillary (PTC) integrity as a major contributor to progressive 
renal dysfunction post-IRI. 
 51 

 52 
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Introduction 53 

Acute kidney injury (AKI) is one of the most powerful predictors of progressive renal failure in both 54 

native and transplanted kidneys (1). More than 20% of hospitalized adults worldwide experience 55 

some level of AKI (2-4) prompted most commonly by ischemia-reperfusion injury (IRI) and sepsis 56 

(5). IRI is an integral component of kidney transplantation and AKI occurs in 20%-50% of 57 

transplantations from deceased donors in the immediate postoperative period (6-8). The severity 58 

and number of AKI episodes in various patient cohorts predicts progressive long-term renal 59 

dysfunction and risk of end-stage renal failure (4, 9-12),. Long referred to as acute tubular necrosis, 60 

AKI is classically considered a disease of tubular epithelial cells. Increased cell death of tubular 61 

epithelial cells, in the form of apoptosis and necroptosis, is indeed an important characteristic of AKI 62 

and tends to occur predominantly at the cortico-medullary junction where blood and oxygen supply is 63 

limited (13). However, microvascular injury has emerged in the past decade as a major and 64 

previously underappreciated factor regulating progressive renal dysfunction after AKI (5, 14-16). 65 

Loss of peritubular capillary (PTC) favors chronic hypoxia leading to overexpression of hypoxia-66 

inducible factor-1 α (HIF-1α) and fibrogenic factors which in turn favor myofibroblast differentiation 67 

and fibrosis (5, 15, 17-20). In transplanted kidneys, the magnitude of microvascular involution during 68 

the first 3 months following transplantation is a major negative predictor of long-term renal allograft 69 

function (21). Studies using in vivo imaging and electron microscopy demonstrated a tight 70 

correlation between PTC dysfunction/rarefaction and renal fibrosis in murine models of AKI and in 71 

human kidney biopsy samples (22-24). 72 

Caspase-3 is an effector caspase responsible for the induction of apoptosis. Caspase-3 activation is 73 

present within PTC in the early stage of IRI-induced AKI (17, 25). Our group recently showed that 74 

caspase-3 dependent microvascular involution plays a predominant role in regulating the transition 75 

from AKI to fibrosis after mild renal IRI (26). Upon renal artery clamping, caspase-3-/- mice show 76 

early increases in tubular epithelial cell injury translating into more severe early renal dysfunction 77 
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than wild-type controls. Incapacity to mount an apoptotic response in caspase-3 deficient mice 78 

redirects tubular epithelial cell death towards necroptosis, a more severe and inflammatory type of 79 

cell death. Yet, in spite of increased early tubular cell death and acute renal dysfunction, PTC are 80 

largely protected from IRI-induced cell death. Inhibition of PTC apoptosis does not fuel other forms 81 

of regulated cell death but rather prevents microvascular rarefaction and long-term renal fibrosis. 82 

There is no impact of caspase-3 deficiency on long-term renal function. These results confirm a 83 

predominant role for microvascular injury over early epithelial injury as a driver of renal fibrosis after 84 

IRI. 85 

Renal fibrosis is classically considered a surrogate marker of progressive renal failure. Yet, recent 86 

data suggest that progressive renal dysfunction after AKI is not always correlated with renal fibrosis 87 

(24). Having identified a predominant role for caspase-3-dependent microvascular injury in renal 88 

fibrogenesis after mild IRI, we now aim at evaluating the impact of caspase-3 on microvascular 89 

function and integrity, fibrogenesis and renal function after severe IRI. In the present study, we 90 

compare early and late microvascular and tubular abnormalities in caspase-3 deficient mice exposed 91 

to mild and severe forms of IRI. Our goal is to assess whether caspase-3 deficiency preserves 92 

microvascular integrity and function even in severe forms of AKI or rather increases PTC injury, as 93 

was the case for renal epithelial cells in mild forms of AKI. 94 

 95 

Materials and Methods 96 

 97 

Animal and Surgical Procedures 98 

We used 6-8 weeks old female C57BL/6 mice from Charles River Laboratories (Wilmington, 99 

MA,USA). CASP3-deficient (caspase-3-/-) mice on a C57BL/6 congenic background, aged 6–8 100 

weeks, were derived from breeding pairs of heterozygous CASP3-deficient (B6.129S1-C3tm1Flv/J) 101 

mice obtained from Jackson Laboratory (stock #006233; Bar Harbor, ME). The generation of these 102 

mice was previously described (26). These homozygote mice were viable, reached adulthood, and 103 
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showed a variety of hyperplasias and disorganized cell deployment in the brain. All mice were kept 104 

in 12-hour light/dark cycles, with normal food provided ad libitum. IRI by unilateral renal artery 105 

clamping plus contralateral nephrectomy was performed as described previously (26). Detailed 106 

surgical procedures can be found in Supplemental Material. Animals were divided into mild AKI 107 

(IR30m) and severe AKI (IR60m) and were sub-grouped into pre-operation, SHAM, 1 day, 2 days, 7 108 

days, and 21 days post-operation groups. A maximum of 10 mice per sub-group were used. The 109 

number of mice per experiment is described in figure legends. Carprofen was injected 110 

subcutaneously daily until day 3 post-op. Mice with significant body weight loss were also injected 111 

with 0.5 mL saline + 0.3 mL 2,5% dextrose. Mice were euthanized by neck dislocation, after 112 

performing cardiac puncture under 2% isoflurane inhalation at baseline or on days 1, 2, 7, or 21 113 

post-surgery and the left kidney, serum, and urine were collected. 114 

 115 

Renal Function Biochemical Evaluation 116 

Serum creatinine levels were determined using Vitro CREA slides and Vitro chemistry products 117 

(Vitro 250/350 Chemistry System; Ortho Clinical Diagnostics, Raritan, NJ), as described in our 118 

previous work (26, 27). 119 

 120 

Renal Histopathological Examination 121 

Tubular Injury Score 122 

Tubular injury score was evaluated in murine renal tissue stained with haematoxylin and eosin (HE), 123 

as described previously (26). Ten high-power magnification fields (200X) were randomly chosen; 124 

five from the renal cortex and five from the cortico-medullary junction. Based on the percentage of 125 

affected tubules, the tubular injury score was classified as 0-5 (0: normal; 1: mild injury, involvement 126 

of 0%–10%; 2: moderate injury, involvement of 11%–25%; 3: severe injury, involvement of 26%–127 

49%; 4: high severe injury, involvement of 50%–75%; 5: extensive injury, involvement of 75%). The 128 

criteria for tubular injury involved: brush border loss, tubular dilation, cast formation, tubular necrosis, 129 
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as well as neutrophil infiltration. All assessments were done by two investigators blinded to 130 

experimental conditions (28). 131 

Peritubular Capillary Vascular Congestion 132 

Rouleaux formation, a read-out of peritubular capillary microvascular congestion, was estimated by 133 

counting accumulated erythrocytes inside peritubular capillaries (PTC) on HE-stained slides. Ten 134 

randomly chosen high magnification fields were counted per mouse by two investigators blinded to 135 

experimental conditions. 136 

 137 

Immunohistochemistry 138 

Mice were sacrificed at different time points (baseline, days 1, 2, 7 and 21). Kidneys were collected 139 

and fixed in 10% formalin, embedded in paraffin, and subsequently cut into 4-µm slices. 140 

Immunohistochemistry staining was performed on paraffin-embedded tissue as described previously 141 

(26). The antibodies used in this study were mouse endothelial cell antigen (MECA-32; 1:20; 120501; 142 

Biolegend, San Diego, CA, USA), HIF-1α (1:200; ab2185; Abcam,Cambridge, MA, USA), α-smooth 143 

muscle actin (α-SMA; 1:200, clone 1A4; Dako, Santa Clara, CA,USA). Stained slides were scanned 144 

(original magnification 200X) using an Olympus VS110 slide scanner and randomly chosen fields 145 

were evaluated. Quantification of MECA-32 staining in PTC were assessed by evaluating the ratio of 146 

positive PTC/ tubule number in five high-power magnification fields (200X) in cortical-medullary 147 

junction, and MECA-32 in glomeruli was quantified by accounting positive glomerulus in cortex in 148 

five high-power magnification fields (100X).  Quantification of α-SMA staining in PTC were assessed 149 

by accounting positive PTC in ten high-power magnification fields (200X); α-SMA staining in 150 

glomeruli was performed in five high-power magnification fields (100X). All assessments were done 151 

by two independent investigators blinded to experimental conditions. α-SMA staining in renal 152 

microvessels was assessed using Visiomorph TM VIS Histoinformatics Software (Olympus) in the 153 

whole kidney. 154 

 155 

Sirius Red Staining 156 
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Sirius Red staining was performed using Picro-Sirius Red Staining Kit (ab150681, Abcam, 157 

Cambridge, MA, USA) according to the manufacturer’s instructions. All slides were scanned using 158 

an Olympus VS110 slide scanner microscope. Five randomly chosen high-power fields at the 159 

cortical-medullary junction (magnification 200X) were taken. Sirius red positive area within PTC and 160 

glomeruli were evaluated with ImageJ (National Institutes of Health) by two independent 161 

investigators blinded to experimental conditions. 162 

 163 

Silver staining 164 

Silver staining was done according to Jones' Methenamine Silver Stain (JMS) - Staining protocol 165 

(29). Stained slides were scanned using an Olympus VS110 slide scanner microscope. Five 166 

randomly chosen high-power fields in the renal cortical section (magnification 200X) were taken, and 167 

glomerulosclerosis scores were evaluated by two independent investigators blinded to experimental 168 

conditions. Based on involved glomerular percentage, glomerulosclerosis score was classified as 0-169 

3 (0: no glomerulopathy-double contours affecting <10% peripheral capillary loop in the most severe 170 

attacked glomerulus. 1: double contours affecting up to 25% peripheral capillary loop in most 171 

affected non-sclerotic glomeruli. 2: double contours affecting up to 50% peripheral capillary loop in 172 

most affected non-sclerotic glomeruli. 3: double contours affecting >50% peripheral capillary loop in 173 

most affected non-sclerotic glomeruli) (30). 174 

 175 

Electron Microscopy 176 

Fresh murine renal tissue was fixed with 3% glutaraldehyde, post-fixed with 1% osmium tetroxide 177 

and embedded in Epon according to routine techniques. Ultrathin renal slices were obtained using 178 

an ultra-microtome (Leica Biosystems RM2245, Buffalo Grove, IL, USA) and mounted on naked 179 

nickel grids. Slices were stained with aqueous uranyl acetate and lead citrate as previously reported 180 

(31). Examination was performed using a Zeiss Axio Imager.A1 transmission electron microscope 181 

and electron micrographs were captured using a AxioCam, Zeiss digital camera. Images of renal 182 
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peritubular capillaries were taken randomly in the cortex and cortico-medullary junction by two 183 

blinded investigators. 184 

 185 

Ex-vivo renal microvasculacular microCT imaging 186 

5 mL silicone rubber radiopaque contrast agent Microfil (Flow Tech Inc. Carver, MA, USA) was 187 

pump-perfused (0.5ml/min, catheter length: 12cm) via a left ventricle 23G catheter to allow 3D 188 

visualization of the renal microvasculature. The kidney was collected following polymerization for 4-6 189 

hours at 4 °C and fixed in 1.5 mL tube for subsequent scan procedure (32, 33). 190 

Ex-vivo micro-Computed Tomography (microCT) manipulation was performed using a high-191 

resolution SkyScan 1176 scanner (SkyScan, Kontich, Belgium). The fixed kidney was positioned and 192 

scanned 360° around the vertical axis with a rotating speed of 0.3°, at a resolution of 9 um. Vascular 193 

volume was assessed following volume rendering and 3D reconstruction analysis (22). Terminal 194 

capillaries were counted using Imaris 9.2 software (Oxford Instruments plc). 195 

 196 

Assessment of vascular permeability 197 

Evans Blue (E2129, Sigma Aldrich, Burlington, MA, USA) (5mg/kg) was dissolved in D-PBS 1X (1 198 

g/L glucose, 36 mg/L sodium pyruvate with calcium and magnesium) and injected intravenously via 199 

the tail vein. After 30 min of circulation, mice were perfused with 20 mL of 0,9% NaCl via the left 200 

ventricle to remove all the blood in the circulation. The ischemic kidney was collected, dried, 201 

weighed, and put in 100% formamide (4ml/g) at 56°C for 24h. Extracted Evans Blue was measured 202 

by spectrophotometry at 620 nm and expressed as mg/g bodyweight (34, 35). 203 

 204 

Intra-vital mice kidney imaging 205 

Intra-vital images were acquired using an upright Olympus FV1000 laser scanning confocal 206 

microscope (Olympus, Japan). At 21 days post-ischemia-reperfusion, mice were anesthetized with 2% 207 

isoflurane and 1% oxygen over all the surgery procedure and imaging session. Then mice were 208 
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placed on a 37°C heated blanket with the right jugular vein catheterized for the administration of 209 

reagents. The kidney was exposed by dorsal incision and positioned on a special stage (36). After 210 

preparation procedure, mice were maintained under a 32°C environment and were monitored using 211 

Mouse Ox apparatus (Flow Tech Inc). All images were acquired using a XLUM Plan FL N 20x/1.00 212 

Water objective. Ultrasound gel was used to establish the immersion between the objective and the 213 

coverslip (#1.5, 0.17 mm) as it has the same refractive index as water. 2000 kDa Alexa Fluor 488 214 

(AF488)-conjugated dextran (FD 2000S, Sigma Aldrich, Burlington, MA, USA) (0.25 mg/kg) and 215 

Evans Blue (1 mg/kg) were injected via a jugular catheter. Live imaging was taken at pre-injection 216 

and 15 minutes post-injection. For excitation, 405 nm, 488 nm and 635 nm lasers were used 217 

simultaneously for detection of autofluorescence (AF), Dextran AF488 and Evans Blue, respectively. 218 

For detection, photomultiplier tubes (PMT) detectors were configured as follows: for AF detection, a 219 

SDM490 dichroic mirror was positioned in front of the first PMT associated with a 430-470 nm 220 

emission filter; for Dextran AF488 detection, a SDM560 dichroic mirror was positioned in front of the 221 

second PMT, associated with a 505-605 nm emission filter; and for Evans Blue detection, a 655-755 222 

nm emission filter was positioned in front of the third detector. All channels were acquired 223 

simultaneously. Images were acquired in a 640x640 pixel format at zoom 3 (pixel resolution of 331 224 

nm) at 4 µs/pixel speed at different time points after Evans Blue injection: prior to injection, 30 sec, 3 225 

min, 5 min, 10 min and15 min post-injection. For live videos, the frame interval between each image 226 

was 2.4 seconds. During live acquisition, the sample was scanned in x and y at zoom 1X until a 227 

region of interest was observed during or after Evans Blue injection. The zoom was then adapted to 228 

Zoom 3X to focus on this specific region of the kidney. For some interesting time-points/localizations, 229 

z-stacks were acquired as followed: zoom 3X, step size 2 µm, Z volume between 22 µm up to 44 µm 230 

depth. Images were acquired using the Olympus Fluoview software (v4.2.3.6, Olympus, Japan). 231 

Final images are 12 bits. Image analysis was performed using FIJI software (NIH, open source). 232 

 233 

Downloaded from journals.physiology.org/journal/ajprenal at Hotel-Dieu Du CHUM (206.167.168.129) on August 3, 2021.



 10

Quantification of microvascular permeability was assessed by measuring the number of sites of 234 

Evans Blue accumulation per field of view. Capillary perfusion was evaluated by quantification of 235 

perfused versus non-perfused capillaries in each field. A capillary branch was defined as one 236 

segment between two nearby endpoints. Perfused capillaries with circulation were defined as 237 

yellow/green fluorescence in the lumen, and visible red blood cell circulation; non-perfused 238 

capillaries were defined as weak red fluorescence and the absence of cell circulation (34). Perfused 239 

capillaries without circulation were defined as yellow/green fluorescence in the lumen but without 240 

cellular circulation. 241 

 242 

Statistics 243 

All data were expressed as means ± SEM. Biological and histological data were compared using 244 

unpaired t-test. Statistical analyses were performed using Prism 8 (Prism-GraphPad software, Inc). 245 

P values of 0.05 or less were considered significant. 246 

 247 

Study approval 248 

All animal experimental protocols (document number for animal use approval: 4I14057MJHs and 249 

IP18047MJHs) were reviewed and approved by the Centre hospitalier de l’Université de Montréal - 250 

Comité Institutionnel de Protection des Animaux. 251 

 252 

Results 253 

Caspase-3 deficiency preserves long-term renal function after severe AKI. 254 

We showed previously that caspase-3 deficiency prevents microvascular rarefaction and long-term 255 

renal fibrosis after mild renal IRI despite early accentuation of tubular injury (26). We now compare 256 

the impact of caspase-3 deficiency in severe vs mild forms of IRI-induced AKI. Severe AKI was 257 

induced by clamping the renal artery for 60 minutes and mild AKI with renal artery clamping for 30 258 

minutes. Both interventions were followed by contralateral nephrectomy. Serum creatinine levels 259 

were significantly higher in severe AKI compared to mild AKI, both in wild-type and caspase-3-/- mice 260 
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at all time points (Fig. 1A). In caspase-3-/- mice, creatinine levels were significantly higher at day 1 261 

and 2 post-IRI in mild AKI compared with wild-type controls (Fig. 1B). In the severe AKI groups, 262 

there was no difference in serum creatinine levels between caspase-3-/- mice and wild-type controls 263 

during the first-week post-IRI. At day 21 post-IRI, serum creatinine failed to go back to baseline in 264 

both wild-type and caspase-3-/- mice with severe AKI (Fig. 1A). Serum creatinine levels were 265 

statistically lower in caspase-3-/- mice with severe AKI compared with wild-type controls with severe 266 

AKI but there was no significant difference in mild AKI. Caspase-3-/- mice showed higher tubular 267 

injury scores than wild-type controls in both mild and severe AKI at day 1 post-IRI. These results are 268 

in line with our previous findings showing redirection towards tubular necroptosis in caspase-3-/- mice 269 

in the early phase of AKI (26). On day 21 post-IRI, tubular injury scores were significantly better in 270 

caspase3-/- mice compared to wild-type controls in both severe and mild AKI (Fig. 1B). Collectively, 271 

these results demonstrate that the severity of IRI predicts long-term renal dysfunction while early 272 

tubular injury does not predict long-term tubular integrity and level of renal dysfunction (Fig. 1B, Fig. 273 

S1A). 274 

 275 

Caspase-3 deficiency improves long-term renal microvascular integrity and rarefaction after 276 

mild and severe forms of IRI-induced AKI. 277 

Microvascular rarefaction is increasingly recognized as an important determinant of progressive 278 

renal failure after AKI (24, 37, 38). Therefore, we turned to evaluating the impact of caspase-3 on 279 

microvascular integrity in mild and severe forms of AKI (37). Rouleaux formation, a read-out of 280 

microvascular congestion, increased in the early phase of AKI in wild-type mice submitted to 30 min 281 

of artery clamping and increased further on the long term, suggesting sustained and progressive 282 

abnormalities in microvascular circulation (Fig. 1C). Caspase-3-/- mice showed significantly lower 283 

rouleaux levels both in the early (day 1) and chronic (day 21) phases of mild AKI (Fig. 1C, Fig. S1B). 284 

Intriguingly, severe AKI was associated with lower levels of rouleaux formation in wild-type and 285 

caspase-3-/- mice compared to mild AKI. Rouleaux formation at day 21 was significantly lower in 286 
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caspase-3-/- mice with severe AKI compared with wild-type mice. These results suggest better 287 

preservation of microvascular circulation in caspase-3-/- mice, both in mild and severe forms of AKI. 288 

The lower levels of rouleaux formation with severe AKI were surprising and raised the possibility of 289 

enhanced microvascular rarefaction with severe AKI, preventing microvascular circulation and hence 290 

rouleaux formation. To test this possibility, we used immunostaining of murine endothelial cell 291 

antigen-32 (MECA-32), a marker of microvascular endothelial cells (34). On day 21 post-IRI, MECA-292 

32 staining in cortico-medullary PTC was significantly reduced in wild-type mice exposed to mild AKI 293 

compared to sham-treated animals. MECA-32 was further reduced in wild-type mice exposed to 294 

severe AKI compared to sham. In both forms of AKI, caspase-3-/- mice showed significantly higher 295 

PTC MECA-32 staining than wild-type counterparts. (Fig. 2A, Fig. S2). Electron microscopy also 296 

revealed the preservation of microvascular integrity in caspase-3-/- mice. Features of endothelial 297 

apoptosis, such as nuclear condensation, apoptotic bodies, apoptotic exosome-like vesicles, were 298 

found within PTC in wild-type but not in the caspase-3-/- mice (Fig. 3A-F). Rouleaux formation was 299 

also observed in PTC of wild-type mice, consistent with results on HE-stained tissue (Fig.1C). Wild-300 

type mice also showed reduced endothelial fenestration and basement membrane irregularities at 21 301 

d post-IRI (Fig. 3A-C). These features were limited in caspase-3-/- mice, where microvascular 302 

integrity was better preserved. (Fig. 3D-F). Caspase-3 immunohistochemistry staining revealed the 303 

presence of several positive endothelial-like cells within PTC in wild-type mice at 21 days post 304 

severe IRI (Fig. S3) unlike caspase-3-/- mice. Collectively, these results showed enhanced 305 

microvascular rarefaction with more severe forms of AKI and better PTC preservation in caspase-3 306 

deficient mice. We also evaluated whether microvascular compartments other than PTC show 307 

differences in MECA-32 staining post-AKI. Glomerular MECA-32 staining was not modulated by AKI 308 

in wild-type or caspase-3-/- mice (Fig. 2B). In line with this result, glomerulosclerosis was not 309 

modulated post-AKI (Fig. S4). To further confirm these results, we assessed microvascular 310 

rarefaction with contrast-enhanced microCT. Total blood vessel volume decreased at day 21 post-311 

IRI in mild and severe AKI when compared to baseline. There was however no significant difference 312 

between wild type and caspase-3-/- mice (Fig. 4). However, significant differences were noted when 313 
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considering terminal capillary volume. In wild-type mice, the number of terminal capillaries was lower 314 

than baseline in mild AKI and there was a further significant reduction in severe AKI. Caspase-3-/- 315 

mice showed significantly higher terminal capillary numbers than wild-type counterparts after mild 316 

and severe AKI (Fig. 4C). Collectively, these results demonstrate the importance of caspase-3 in 317 

controlling microvascular rarefaction in both mild and severe forms of AKI. 318 

 319 

Caspase-3 deficiency prevents endothelial permeability disorder after mild and severe AKI. 320 

Abnormal microvascular permeability is another feature of AKI to CKD transition and is thought to 321 

contribute to the development of a hypoxic microenvironment that fuels fibrogenesis, tubular injury 322 

and renal failure (37). We evaluated endothelial permeability post-IRI using intra-vital confocal 323 

microscopy. Mice were injected with fluorescein isothiocyanate–labeled high molecular weight (2000 324 

kDa) dextran to delineate the vasculature and with red fluorescent Evans Blue to detect 325 

extravasation. Evans Blue binds to albumin, which make it capable of labeling the endothelial sites 326 

of albumin leakage. At day 21 post-IRI, wild-type mice with mild AKI showed abnormal PTC 327 

permeability with significantly increased global kidney Evans Blue extravasation compared with 328 

sham-treated mice (Fig. 5D). Caspase-3-/- mice with mild AKI showed reduced Evans Blue 329 

extravasation when compared to wild-type controls. There was however no difference between wild-330 

type and caspase-3-/- mice with severe AKI. We went on to characterize microscopic differences. 331 

Wild-type mice exposed to mild AKI showed areas of extravasation, the number of which was further 332 

enhanced in wild-type mice exposed to severe AKI. These extravasation areas were characterized 333 

by the presence of extravascular Evans Blue but not 2000 kDa dextran. We observed the 334 

appearance of Evans Blue within the peritubular or tubular lumen shortly after I.V. administration 335 

suggesting respectively PTC and glomerular filtration barrier dysfunction after IRI (video 5-8). By 336 

performing intra-vital imaging, we could also assess microvascular perfusion in real time. In both 337 

mild and severe AKI, caspase-3-/- mice showed significantly reduced length of non-perfused PTC 338 

when compared to wild-type mice (Fig. 5A, B, Video 1, 2, Fig. S5). The ratio of perfused capillaries 339 

decreased in wild-type mice exposed to mild AKI when compared to baseline and the decrease was 340 
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further enhanced in wild-type mice exposed to severe AKI (Fig. 5C). Caspase-3-/- kidneys showed a 341 

higher number of perfused capillaries in mild and severe AKI as compared to wild-type kidneys (Fig. 342 

5C, Video 3, Video 4, Fig. S6, Video 9). Prevention of PTC rarefaction leading to preservation of 343 

tubule perfusion was also reflected by lower expression of tubular HIF-1a in caspase-3-/- mice at 21 344 

days post-IRI both in the cortex and cortico-medullary junction (Fig. S7). Collectively, these results 345 

demonstrate that AKI of increasing severity leads to enhanced permeability disturbances and that 346 

caspase-3 controls microvascular integrity and permeability after mild and severe AKI. 347 

 348 

Caspase-3 deficiency prevents renal fibrogenesis after AKI. 349 

Progressive renal failure is classically accompanied by fibrosis characterized by increased collagen 350 

deposition and interstitial myofibroblast differentiation. Renal microvascular disturbances are 351 

frequently associated with renal fibrogenesis although recent data suggest that this association may 352 

not always hold true (24). Staining with Sirius red, a marker of collagen I and III, revealed a 353 

significant increase in peritubular collagen deposition at day 21 post-IRI in wild-type mice exposed to 354 

mild and severe AKI. Caspase-3 deficient mice showed reduced collagen deposition as compared 355 

with wild-type controls in both mild and severe forms of AKI (Fig. 6A). Increased collagen deposition 356 

with AKI was not present in all microvascular compartments as Sirius red staining in glomeruli was 357 

not modulated by AKI in wild-type or caspase-3-/- mice at day 21 post-IRI (Fig. 6B). Electron 358 

microscopy confirmed the accumulation of collagen within the peritubular basement membrane in 359 

wild-type mice (Fig. 6C). 360 

Myofibroblast differentiation, as evaluated with alpha-smooth muscle actin (α-SMA) staining, was 361 

assessed in PTC and glomeruli. On day 21 post-IRI, wild-type mice showed increased peritubular α-362 

SMA staining in both forms of AKI. In both mild and severe forms of AKI, caspase-3-/- mice 363 

demonstrated less myofibroblast differentiation within renal PTC (Fig. 7A, B). However, there was no 364 

difference in α-SMA staining within glomeruli or macrovessels between wild-type or caspase-3 365 

deficient mice (Fig. 7C, D). Collectively, these results highlight the association between PTC 366 
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abnormalities and fibrogenesis and confirm the protective role of caspase-3 deficiency in preventing 367 

peritubular fibrosis. 368 

 369 

Discussion 370 

Microvascular rarefaction is increasingly appreciated as an important predictor of AKI to CKD 371 

transition following ischemia-reperfusion injury. Here we show that caspase-3 is a pivotal regulator of 372 

peritubular microvascular integrity and long-term dysfunction after IRI. The severity of acute IRI 373 

correlates in the long term with the severity of microvascular rarefaction, fibrosis, and loss of renal 374 

function. Severe AKI also leads to greater long-term perturbation of renal microvascular permeability 375 

(Fig. 8). We identify caspase-3 as a pivotal factor controlling microvascular homeostasis and renal 376 

function post-IRI. These results extend our previous observations pointing to an important role for 377 

caspase-3 in the regulation of microvascular rarefaction following mild IRI. In this study, we show 378 

that in mild and severe forms of AKI, caspase-3 control not only the number of surviving peritubular 379 

capillaries but also impacts their permeability and overall tubule-interstitial oxygenation. The 380 

beneficial impact of caspase-3 deficiency on long-term renal outcomes is present despite the early 381 

deterioration of epithelial injury, both in mild and severe forms of AKI, confirming the predominant 382 

role of microvascular injury over early epithelial damage in regulating AKI to CKD transition. 383 

A number of different murine IRI models (39-42) are available to investigate the pathophysiology of 384 

AKI-to-CKD transition. However, severe forms of AKI are less commonly investigated given the 385 

difficulty of ensuring animal survival in the long term (43, 44). Head-to-head comparisons of 386 

microvascular abnormalities after mild and severe IRI are therefore still lacking.  Yet severe AKI is 387 

an important cause of progressive renal dysfunction in patients (45) and efforts are needed to better 388 

understand the mechanisms contributing to progressive renal failure in this context. In this study, we 389 

used unilateral renal artery clamping for 30 and 60 minutes along with contralateral nephrectomy, as 390 

means of comparing mild and severe forms of IRI on AKI-to-CKD transition. As expected, severe 391 

AKI led to higher serum creatinine levels at all time points when compared to mild AKI. Intriguingly, 392 
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indices of microvascular congestion 2 days and 3 weeks after IRI were significantly less important in 393 

severe AKI compared to mild AKI. This finding led us to consider the possibility that severe IRI 394 

aggravates microvascular drop-out. In that case, congestion indices would be reduced not because 395 

of better microvascular integrity but rather by the disappearance of the microvascular network. Our 396 

results largely support this assumption. Immunohistochemistry for MECA-32, electron microscopy 397 

and in vivo imaging with 3D integral renal vasculature visualization confirmed enhanced and 398 

accelerated microvascular rarefaction with increased severity of IRI. Caspase-3 deficiency led to 399 

better preservation of the renal peritubular microvasculature both in mild and severe forms of AKI. 400 

3D reconstructed kidney from microCT imaging showed enhanced reduction of terminal capillary 401 

volume with increasing severity of IRI and preservation of capillary volume in caspase-3 deficient 402 

animals. Microvascular analysis along with endothelial staining confirmed PTC rarefaction but 403 

showed no difference in glomerular histology in both forms of AKI. These findings are in line with 404 

observations showing little ultrastructural alterations of glomerular endothelial membranes following 405 

renal ischemia-reperfusion injury (46, 47). 406 

Our results also point to caspase-3 as a pivotal regulator of PTC injury and dysfunction. IRI triggers 407 

breaks of intercellular adhesions leading to increased PTC permeability exemplified by leakiness of 408 

the contrast agent (48). Enhanced permeability likely represents a compensation mechanism aimed 409 

at preserving tissue perfusion after ischemia. However, in the long-term, leakiness leads to 410 

interstitial edema, capillary compression, and further perturbations in perfusion and oxygenation (49). 411 

Using intra-vital kidney imaging, we found abnormal PTC leakiness with mild IRI and further 412 

enhanced permeability abnormalities with severe IRI. Enhanced capillary rarefaction with severe IRI 413 

was associated with more severe permeability disturbances and higher tubular expression of HIF-1α. 414 

Conversely, caspase-3 deficiency protected against permeability disturbances and microvascular 415 

drop-out and was associated with lower HIF-1α tubular levels. These results are in line with previous 416 

findings suggesting a major role for microvascular injury in fueling tubular ischemia that can, in turn, 417 

contribute to CKD transition (50). Microvascular permeability disturbances similar to the ones we 418 
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described after severe IRI injury have been reported in association with a number of animal models 419 

of renal dysfunction such as ureteral obstruction and Col4a3-deficient mice, and in patient biopsy 420 

samples with progressive renal failure due to glomerulonephritis and interstitial nephritis (34). These 421 

similarities raise the possibility that microvascular rarefaction and permeability disturbances 422 

represent a common pathway of transition toward progressive loss of renal function, irrespective of 423 

the initial cause of renal dysfunction. 424 

Renal fibrosis is a classical hallmark of progressive renal failure. The present work highlights a close 425 

association between the severity of microvascular disturbances, level of peritubular fibrosis, and loss 426 

of renal function. There was however no correlation between indices of early tubular injury and long-427 

term renal fibrosis or renal function. In caspase-3 deficient mice, early renal dysfunction and tubular 428 

injury scores were worse than wild-type controls in both forms of IRI. Yet caspase-3 deficient mice 429 

showed lower renal fibrosis and reduced dysfunction in the long term. Collectively, our results point 430 

to the importance of turning our attention to markers of microvascular injury as potential predictors of 431 

AKI to CKD transition. Currently, AKI severity is evaluated with clinical criteria, such as an increase 432 

in serum creatinine, decreased urine output, and the need for renal replacement therapy.  Most 433 

biomarkers of AKI, such as cystatin C, kidney-injury-molecule-1 (KIM-1), and neutrophil gelatinase-434 

associated lipocalin (NGAL) monitor levels of tubular injury (51, 52). However, the present results 435 

and an increasing body of literature suggest that early tubular injury is unlikely to predict transition to 436 

CKD if not associated with concomitant microvascular injury and PTC drop-out (53, 54). There is an 437 

urgent need for biomarkers that could allow a reliable and non-invasive assessment of the degree of 438 

PTC damage following IRI. Several new candidates are emerging and should be the scope of future 439 

studies. Our group showed that endothelial cells release apoptotic exosome-like membrane vesicles 440 

which can be tracked in circulation following ischemia-reperfusion episodes, including renal IRI (55). 441 

Several endothelial associated proteins and molecules have been considered as potential biomarker 442 

candidates at an early stage, such as E-selectin, P-selectin, vascular endothelial growth factor 443 

(VEGF), glycocalyx, endothelin-1, angiopoietins, intercellular adhesion molecule (ICAM), vascular 444 
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cell adhesion molecule (VCAM) (56-62). It will be crucial to assess the capacity of these biomarkers 445 

and others to predict AKI to CKD transition and long-term renal outcomes after IRI. As acute 446 

microvascular dysfunction following IRI has been documented in lungs, liver and intestine (63-66), 447 

better means of assessing microvascular damage could prove useful in delineating the relationship 448 

between microvascular drop-out and fibrosis in a number of conditions. 449 

Our results also point to caspase-3 as a potential target of intervention for the prevention of CKD 450 

transition following AKI. Caspase-3 inhibitors and siRNA have been tested on early renal outcomes 451 

in a number of IRI animal models with somewhat conflicting results (67-70). Caspase-3 siRNA 452 

intervention also displayed a protective role on renal function in a porcine kidney autotransplant 453 

model (70). Although caspase inhibition has yet to be tested in human renal IRI, a pan-caspase 454 

inhibitor has been evaluated in clinical trials in the context of liver transplantation (NCT00080236), 455 

IDNN-6556 (pan-caspase inhibitor) administration in cold perfusate protected liver damage against 456 

IRI initiated apoptosis (71). But, to our knowledge, only early time points were assessed. Further 457 

clinical studies addressing the use of caspase inhibition in the prevention of progressive renal 458 

dysfunction after IRI are still lacking. Our current results point to the need to address this question in 459 

future clinical studies that will look into acute and long-term consequences of renal IRI in patients. 460 

In conclusion, the severity of PTC disturbances after IRI is a major predictor of AKI to CKD transition. 461 

Caspase-3 is an important mediator in AKI, due to its crucial regulatory effect on apoptosis and its 462 

downstream consequence on microvascular function and rarefaction, fibrogenesis, and renal 463 

function post-IRI. These results open new directions for defining predictors of AKI to CKD transition 464 

and identify caspase-3 as a novel target of intervention for preserving long-term renal function. 465 
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Figure 1: Caspase-3 deficient mice show reduced long-term tubular and microvascular injury 684 

after renal IRI and better-preserved renal function after severe IRI. (A) Serum creatinine levels in 685 

wild-type and caspase-3-/- (KO) mice at baseline (pre-operation), and 1, 2, 7 and 21 days post 30 686 

min and 60 min IRI. (B) Left panel: Representative haematoxylin and eosin (H&E) stained renal 687 

sections showing tubular injury from wild-type and caspase-3-/- mice at 21 days post 60 min IRI. 688 

Black arrow: polynuclear neutrophil; green arrow: cast formation; blue arrow: tubular dilation 689 

(magnification 200X and 400X). Right panel: Mean tubular injury scores of ten randomly chosen 690 

high-power fields in mice renal cortical sections at pre-operation and post-IRI at 1, 2, 7 and 21 days 691 

from wild-type and caspase-3-/- mice that underwent 30 min and 60 min IRI. (C) Left panel: 692 

Representative H&E-stained murine renal sections showing rouleaux formation at 21 days post 60 693 

min IRI (magnification 200X and 400 X). Red arrow: rouleaux formation (vascular congestion). Right 694 

panel: Quantification of rouleaux formation in H&E-stained renal cortical sections at pre-operation 695 

and post-IRI at 1, 2, 7 and 21 days from wild-type and caspase-3-/- mice that underwent 30 min and 696 

60 min IRI. Scale bar = 50 μm (magnification 200X), scale bar = 100 μm (magnification 400X). 697 

Values are mean ± SEM. * P < 0.05 between group. 698 

Figure 2: Caspase-3 deficiency preserves the integrity of peritubular capillaries post-IRI. (A) 699 

Upper panel: Representative images of MECA-32 immunohistochemistry in the whole kidney and 700 

renal cortical-medullary junction from wild-type and caspase-3-/- mice that underwent 60 min IRI and 701 

were sacrificed 21 days post-IRI or sham-operation (magnification 200X). Lower panel: 702 

Quantification of MECA-32 positive peritubular capillary (PTC) in murine renal cortical-medullary 703 

junction sections at 21 days post 30 min and 60 min IRI or sham group. (B) Left panel: 704 

Representative images of MECA-32 immunohistochemistry staining within glomeruli from wild-type 705 

and caspase-3-/- mice that underwent 60 min IRI and were sacrificed 21 days post-IRI or sham-706 

operation (magnification 200X). Right panel: Quantification of MECA-32 positive glomeruli in murine 707 

renal sections at 21 days post 30 min and 60 min IRI or sham group. Scale bar = 50 μm. Values are 708 

mean ± SEM.* P < 0.05 between group. # P < 0.05 compared to WT or KO SHAM.  709 
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Figure 3: Caspase-3 deficiency prevents endothelial apoptosis after severe IRI. (A-C): 710 

Representative electron micrographs of PTC from wild-type mice that underwent 60 min IRI and 711 

sacrificed 21 days post-IRI. (D-F): Representative EM images of PTC from caspase-3-/- mice that 712 

underwent 60 min IRI and sacrificed 21 days post-IRI. Blue arrow: apoptotic bodies; red arrow: 713 

apoptotic exosome-like vesicles; yellow arrow: nuclear condensation; black arrow: capillary 714 

endothelium fenestration; scale bar = 2 μm. 715 

Figure 4: Caspase-3 deficiency prevents microvascular rarefaction of peritubular capillaries 716 

in mild and severe forms of IRI. (A) Representative microCT 3D reconstruction images of whole 717 

renal microvasculature from wild-type and caspase-3-/- mice that underwent 30 min and 60 min IRI 718 

and were sacrificed at 21 days post-IRI or pre-operation. Terminal capillaries in the kidney are 719 

labeled as green dots, scale bar = 1000 μm. (B) Quantification of total renal blood vessel volume 720 

from wild-type and caspase-3-/- mice at 21 days post 30 min and 60 min IRI or sham-operation. (C) 721 

Quantification of renal terminal capillary number from wild-type and caspase-3-/- mice at 21 days 722 

post 30 min and 60 min IRI or sham-operation. Values are mean ± SEM. * P < 0.05 between group. 723 

# P < 0.05 compared to WT or KO SHAM. 724 

Figure 5: Caspase-3 deficient mice show reduced long-term endothelial permeability 725 

disturbances after mild and severe IRI. (A) Representative intra-vital live images showing renal 726 

microvascular endothelial permeability and perfusion from wild-type and caspase-3-/- mice that 727 

underwent 30 min and 60 min IRI and were sacrificed 21 days post-IRI. Green channel: fluorescein 728 

isothiocyanate-labeled dextran (2000 kDa); red channel: Evans Blue dye; white arrow: peritubular 729 

capillary (PTC) permeability depicted by Evans Blue leaking, scale bar = 50 μm. (B) Quantification of 730 

the length of non-perfused renal PTC from wild-type and caspase-3-/- mice at 21 days post 30 min 731 

and 60 min IRI. (C) Quantification of renal PTC perfusion ratio from wild-type and caspase-3-/- mice 732 

at 21 days post 30 min and 60 min IRI. (D) Left panel: Representative images of a retrieved ischemic 733 

kidney after Evans Blue perfusion from wild-type and caspase-3-/- mice that underwent 60 min IRI 734 

and were sacrificed 21 days post-IRI. Right panel: Quantification of renal ex vivo Evans Blue 735 

extravasation volume from wild-type and caspase-3-/- mice at 21 days post 30 min and 60 min IRI or 736 
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sham-operation. Values are mean ± SEM. * P < 0.05 between group. # P < 0.05 compared to WT or 737 

KO SHAM. 738 

Figure 6: Caspase-3 deficiency attenuates long-term collagen deposition in peritubular 739 

capillary after mild and severe IRI. (A) Left panel: Representative images of Sirius Red staining 740 

within peritubular capillary (PTC) in renal cortical-medullary junction sections from wild-type and 741 

caspase-3-/- mice that underwent 60 min IRI and were sacrificed 21 days post-IRI, or sham-operation. 742 

Arrowheads show collagen deposition in PTC (magnification 200X), scale bar = 50 μm. Right panel: 743 

Quantification of Sirius Red positive area within PTC in murine renal cortical-medullary junction 744 

sections at pre-operation, sham-operation, and 21 days post 30 min and 60 min IRI. (B) Left panel: 745 

Representative Sirius Red positive glomeruli in renal cortical section from wild-type and caspase-3-/- 746 

mice that underwent 60 min IRI and were sacrificed 21 days post-IRI, or sham-operation 747 

(magnification 200X), scale bar = 50 μm. Right panel: Quantification of Sirius Red positive glomeruli 748 

in renal cortical section from wild-type and caspase-3-/- mice at pre-operation, sham-operation and 749 

21 days post 30 min and 60 min IRI. (C) Representative electron micrographs of collagen deposition 750 

in PTC from wild-type and caspase-3-/- mice that underwent 60 min IRI and were sacrificed 21 days 751 

post-IRI (magnification 3200X), arrowhead: collagen deposition in PTC, scale bar = 2 μm. Values are 752 

mean ± SEM.* P < 0.05 between group. # P < 0.05 compared to WT or KO SHAM. 753 

Figure 7: Caspase-3 deficient mice show reduced long-term renal fibrosis after mild and 754 

severe IRI. (A) Upper panel: Representative α-SMA immunohistochemistry staining in whole murine 755 

kidney section 21 days after 60 min IRI. Middle panel: Representative α-SMA immunohistochemistry 756 

staining within peritubular capillary (PTC) in renal cortical section at day 21 after 60 min IRI 757 

(magnification 200X), scale bar = 50 μm. Lower panel: Representative α-SMA 758 

immunohistochemistry staining within glomeruli in renal cortical section at day 21 after 60 min IRI 759 

(magnification 200X), scale bar = 50 μm. (B) Quantification of α-SMA positive PTC in renal cortical 760 

sections from wild-type and caspase-3-/- mice at 21 days post 30 min and 60 min IRI. (C) 761 

Quantification of α-SMA positive glomeruli in renal cortical sections from wild-type and caspase-3-/- 762 

mice at 21 days post 30 min and 60 min IRI. (D) Quantification of α-SMA positive cells in 763 
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macrovessels in renal sections from wild-type and caspase-3-/- mice at 21 days post 30 min and 60 764 

min IRI. Values are mean ± SEM. * P < 0.05 between group. # P < 0.05 compared to WT or KO 765 

SHAM. 766 

Figure 8： Impact of caspase-3 on microvascular endothelial injury and renal fibrosis and 767 

dysfunction post-IRI. Microvascular injury induced by renal IRI increases disturbances in 768 

microvascular permeability and microvascular rarefaction. It promotes secondary tubular injury, 769 

collagen deposition and myofibroblast differentiation, which result in long-term renal dysfunction and 770 

renal interstitial fibrosis. Caspase-3 is a pivotal regulator of renal dysfunction as its deficiency largely 771 

prevents the above pathophysiological changes. 772 

 773 

 774 

 775 

 776 

  777 

Downloaded from journals.physiology.org/journal/ajprenal at Hotel-Dieu Du CHUM (206.167.168.129) on August 3, 2021.



 28

Supplementary Figure legends: 778 

 779 

Supplementary Figure 1: Caspase-3 deficiency ameliorates long-term renal tubular injury and 780 

microvascular injury after mild IRI. (A) Tubular injury in representative renal sections from wild-781 

type and caspase-3-/- mice at day 21 post 30 min of IRI and stained with haematoxylin and eosin 782 

(H&E). (magnifications 200X and 400X). (B) Representative H&E-stained renal sections showing 783 

rouleaux formation at day 21 post 30 min of IRI (magnifications 200X and 400X). Scale bar = 50 μm 784 

(magnification 200X), scale bar = 100 μm (magnification 400X). 785 

Supplementary Figure 2: Description of multiple morphologies in MECA-32 786 

immunohistochemistry staining in peritubular capillaries (PTCs). Upper panel: Representative 787 

images of MECA-32 immunohistochemistry (magnification 200X), scale bar = 50 μm. Lower panel: a: 788 

Capillary lumen is clearly stained; b: Capillary lumen is weakly stained; c: Capillary lumen is weakly 789 

stained, but the structural outline is visible; d: Smaller positive capillary; e: Capillary lumen is 790 

invisible, but the longitudinal axis is visible; f: Capillary lumen is visible, with cellular circulation inside. 791 

Supplementary Figure 3: Caspase-3 deficiency prevents endothelial apoptosis post severe IRI. 792 

(A) Representative images of caspase-3 immunohistochemistry from wild-type and caspase-3-/- mice 793 

that underwent 60 min IRI (magnification 200X). Arrow: caspase-3 positive endothelial-like cells. (B) 794 

Quantification of caspase-3 positive endothelial-like cells in PTC from wild-type mice and caspase-3-795 

/- mice at 21 days post 60 min IRI. Scale bar = 50 μm. Values are mean ± SEM.* P < 0.05. 796 

Supplementary Figure 4: Caspase-3 deficiency does not modulate long term renal 797 

glomerulosclerosis post severe IRI. (A) Representative photos of silver-stained renal sections 798 

showing glomerulosclerosis at day 21 post 60 min of IRI (magnification 200X). (B) Quantification of 799 

glomerulosclerosis in murine renal glomeruli at day 21 post 60 min of IRI, scale bar = 50 μm. Values 800 

are mean ± SEM.* P < 0.05. 801 

Supplementary Figure 5: Intra-vital images of renal capillary perfusion in sham-operated mice. 802 

(A) Upper panel: intra-vital images of peritubular capillaries prior to Evans Blue injection and 30 803 

seconds, 5 minutes, and 15 minutes post-injection in sham-operated WT mice. (B) Lower panel: 804 
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intra-vital images of peritubular capillaries prior to Evans Blue injection and 30 seconds, 5 minutes, 805 

and 15 minutes post-injection in sham-operated caspase-3-/- mice. Scale bar = 50 μm. 806 

Supplementary Figure 6: Definitions of different types of renal capillaries in intra-vital live 807 

confocal imaging. (A) Definition and example of capillary segments quantification. (B) Definitions 808 

and examples of multiple types of renal peritubular capillaries (PTCs) post-IRI.  809 

Supplementary Figure 7: Caspase-3 deficiency ameliorates tubular hypoxia after AKI. (A) 810 

Quantification of HIF-1α in murine renal cortical section at day 21 post 30 min and 60 min of IRI. (B) 811 

Quantification of HIF-1α at the cortical-medullary junction at day 21 post 30 min and 60 min of IRI. 812 

Values are mean ± SEM.* P < 0.05. 813 

 814 

Video 1: Z stack image showing PTC leaking in WT mice at day 21 post IR for 60 min (zoom 3). 815 

Red area: Evans Blue leakage. Yellow/Green: Capillary. Blue: Tubules. 816 

Video 2: Z stack image showing PTC leaking in caspase-3-/- mice at day 21 post IR for 60 min 817 

(zoom 3). Red area: Evans Blue leakage. Yellow/Green: Capillary. Blue: Tubules. 818 

Video 3: Live imaging showing PTC perfusion in WT mice at day 21 post IR for 60 min 819 

(zoom1-zoom3). Red area: Evans Blue leakage . Yellow/Green: Capillary. Blue: Tubules. 820 

Video 4: Live imaging showing PTC perfusion in caspase-3-/- mice at day 21 post IR for 60 min 821 

(zoom1-zoom3). Red area: Evans Blue leakage. Yellow/Green: Capillary. Blue: Tubules. 822 

Video 5: Live imaging showing glomerular leakage in WT mice at day 21 post IR for 30 min 823 

(zoom 1). Red area: Evans Blue leakage. Yellow/Green: Capillary. Blue: Tubules. Star: Glomerular 824 

leakage of Evans Blue in tubular lumen. 825 

Video 6: Live imaging showing PTC leakage and glomerular leakage in caspase-3-/- mice at 826 

day 21 post IR for 30 min (zoom 1). Red area: Evans Blue leakage. Yellow/Green: Capillary. Blue: 827 

Tubules. Arrow: PTC leakage of Evans Blue. Star: Glomerular leakage of Evans Blue in tubular 828 

lumen. 829 

Video 7: Live imaging showing PTC leaking process (zoom 1). Red area: Evans Blue leakage. 830 

Yellow/Green: Capillary. Blue: Tubules. Arrow: PTC leakage of Evans Blue. 831 
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Video 8: Live imaging showing glomerular leaking process (zoom 3). Red area: Evans Blue 832 

leakage. Yellow/Green: Capillary. Blue: Tubules. Star: Glomerular leakage of Evans Blue in tubular 833 

lumen. 834 

Video 9: Live imaging showing different renal PTCs definitions post-IRI (zoom 3). Arrowhead: 835 

non-perfused PTC; Arrow: perfused PTC without circulation; Star: PTC with normal circulation. 836 

 837 

 838 

 839 

 840 

 841 

 842 

 843 

 844 
 845 

 846 
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Caspase-3 dependent peritubular capillary dysfunction is pivotal for 

transition from acute to chronic kidney disease  

after acute ischemia-reperfusion injury 
 

 OUTCOME METHODS 

CONCLUSION  
The severity of PTC disturbances after ischemia-reperfusion injury is a major 

predictor of acute kidney injury (AKI) to chronic kidney disease (CKD) transition. 

Caspase-3 is a central regulator of microvascular rarefaction, fibrogenesis, and 

long-term renal function. 
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