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Abstract

	 Renal ischaemia-reperfusion injury (IRI) is a key precipitating factor in acute kidney injury (AKI) and contributes 
significantly to the development of chronic kidney disease (CKD). Understanding the temporal dynamics of renal tissue 
alterations following IRI is critical for determining effective therapeutic strategies. This study aimed to investigate the gross 
morphological, morphometric and histopathological alterations occurring in rat kidneys at distinct time points following 
unilateral renal IRI. Twenty-eight adult rats were divided into placebo and IRI groups. IRI was induced by clamping the left 
renal artery and vein for 60 minutes, while placebo animals underwent sham surgery without vascular occlusion. Animals 
were euthanised on days 7 and 14 post-surgery. Gross morphology, renal dimensions, organ weight and histopathological 
changes were evaluated and compared across groups. Placebo animals showed no gross or microscopic renal changes 
across both time points. In contrast, the IRI group exhibited time-dependent progression of renal injury. At day 7, kidneys 
showed moderate swelling, congestion and reduced corticomedullary demarcation. Histological findings included tubular 
degeneration, cast formation and interstitial inflammation—indicative of acute injury. By day 14, kidneys displayed severe 
gross abnormalities including cortical cysts, abscessations and atrophy. Histopathological examination revealed chronic 
damage with glomerular atrophy, interstitial fibrosis, endothelial injury and abscess formation. The study delineates the 
temporal evolution of renal damage following unilateral IRI, distinguishing an early phase (day seven) from a later phase 
(day 14). These findings provide a structural framework for evaluating interventions in experimental nephropathology. 
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	 Ischaemia-reperfusion injury (IRI) is a principal cause of acute kidney injury (AKI) and plays a contributory role 
in the development of chronic kidney disease (CKD) (Khaleq et al., 2020). It arises when the transient cessation of blood 
flow to the kidney is followed by restoration of perfusion, leading to oxidative stress, inflammation and cellular injury 
(Lu, 2013; Malek and Nematbakhsh, 2015; Karimi et al., 2022). Clinically, IRI is encountered in settings such as renal 
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transplantation (Salvadori et al. 2015), major cardiovascular 
surgery (Mehta et al., 2007), trauma and sepsis (Makris 
and Spanou, 2016). Understanding the pattern and 
progression of tissue damage following IRI is essential for 
developing effective therapeutic interventions.

	 Animal models of IRI have been widely employed 
to study renal pathology and evaluate candidate 
therapeutics (Baracho et al., 2016). Among these, the 
rat model is considered particularly useful due to its 
anatomical and physiological relevance and the feasibility 
of standardised surgical procedures. Unilateral IRI models 
offer the advantage of preserving overall renal function 
while enabling the study of injury-specific responses.

	 Detailed morphologic and histological 
characterisation at defined time points is crucial for 
understanding the structural progression of renal IRI. 
The current study was undertaken to evaluate gross 
morphological, morphometric and histopathological 
alterations in the rat kidney at two time points – days 
seven and 14 following unilateral IRI, thereby facilitating 
a comprehensive understanding of time-dependent renal 
tissue responses. Such models not only guide the timing 
of therapeutic and regenerative interventions but also 
serve as platforms to assess the efficacies of biomaterials, 
growth factors, stem cell-based therapies, imaging 
biomarkers and nephroprotective agents.

Materials and methods

	 Twenty-eight adult male Sprague Dawley (SD) 
rats were randomly assigned to two groups: placebo (sham 
surgery) group and IRI group. Each group consisted of 14 
animals, with subgroups sacrificed on days seven and 14 
post-surgery (n = 7 per time point per group). The study 
was approved by the Institutional Animal Ethics Committee 
(Order No: 25/573/2010-AWD dated 12-06-2024, Proposal 
No: CVAS/MTY/IAEC/24/73).

	 Unilateral IRI was induced by clamping the 
left renal artery and vein for 60 minutes under general 
anaesthesia. Sham-operated rats underwent laparotomy 
and kidney exposure without vascular occlusion. After 
surgery, animals were monitored under identical housing 
and managemental conditions.

	 At necropsy, kidneys were examined for 
gross changes including size, colour, surface texture, 
consistency, capsular integrity and presence of gross 
abnormalities. Length and width of kidneys were measured 
with a measuring scale and weight was recorded using 
a precision digital weighing balance. Left kidneys were 
fixed in 10 per cent neutral buffered formalin, processed 
routinely and stained with haematoxylin and eosin (H&E). 
A semi-quantitative scoring system was employed to 
assess renal injury in the tubular, glomerular, endothelial 
and interstitial compartments (Table 1) adapted from the 
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Table 1. Table showing histopathological scoring criteria for renal injury

Tissue type Histological feature Score

Tubular damage

No damage 0
Loss of brush border and mild tubular necrosis in <10% area accompanied by intact 
basal membrane 1

Loss of brush border and moderate tubular necrosis in 10 – 25% area accompanied 
by thickened basal membrane 2

Loss of brush border and moderate to severe tubular necrosis in 26 – 50% area 
accompanied by thickened basal membrane, inflammation and cast formation 3

Loss of brush border and severe tubular necrosis in 50 – 75% of area accompanied 
by thickened basal membrane, inflammation and cast formation 4

Loss of brush border and severe tubular necrosis in >75% of area accompanied by 
thickened basal membrane, inflammation and cast formation 5

Endothelial injury

No damage 0
Endothelial swelling 1
Endothelial disruption 2
Endothelial loss 3

Glomerular damage

No damage 0
Thickening of Bowman’s capsule 1
Retraction of glomerular tuft 2
Glomerular fibrosis 3

Interstitial damage

No damage 0
Inflammation/haemorrhage accompanied by necrosis in 1 – 25 % of the area 1
Inflammation/haemorrhage accompanied by necrosis in 26 – 50 % of the area 2
Necrosis in 50 – 75 % of the area 3
Necrosis in > 75 % of the area 4



criteria described by Khalid et al. (2016), Oliveira et al. 
(2019) and Wu et al. (2021) in various kidney injury models 
in rats. Scores from 20 non-overlapping cortical fields 
per slide at high power magnification (400 times) were 
averaged for analysis. 

	 Statistical analyses were performed using SPSS. 
Kidney length and width between the placebo and IRI 
groups on both days 7 and 14 were analysed using one-
way ANOVA followed by Duncan’s Multiple Range Test 
(DMRT). Within-group comparisons across time points 
were assessed using repeated measures ANOVA with 
LSD post-hoc testing. Kidney weight differences between 
groups on each day were analysed using independent 
t-tests, while within-group comparisons across time points 
were evaluated using paired t-tests. Histopathological 
scores were compared between groups on each day using 
the Mann-Whitney U test and within-group comparisons 
across days were assessed using the Wilcoxon signed rank 
test. Data were expressed as mean ± standard deviation 
(SD). A p-value < 0.05 was considered statistically 
significant.

Results and discussion

Gross morphological evaluation

	 Gross examination revealed clear time-dependent 
changes in the left kidney following IRI. On day seven post-

injury, kidneys appeared moderately enlarged and swollen 
with smooth surfaces (Fig. 1a), mild congestion and 
reduced corticomedullary demarcation indicating acute 
inflammation. These features are consistent with early, 
potentially reversible injury, as described in acute phase 
IRI models (Wu et al., 2017). 

	 By day 14, gross pathology was markedly more 
severe and heterogenous. In five of seven animals, large 
cortical cysts filled with purulent material were observed, 
indicative of abscess formation (Fig.1b and Fig.1c). 
The remaining two animals exhibited atrophic kidneys 
with a fibrotic and shrunken appearance. In both cases, 
cortical thinning, disruption of internal architecture and 
replacement of functional parenchyma by fluid-filled 
cavities were evident. These changes reflect irreversible, 
chronic damage and align with previously described 
outcomes of sustained ischaemic injury (Khan and Khan, 
2015; Ichii et al., 2018).

	 In placebo animals, kidneys retained a normal 
appearance with smooth capsule, intact surface and clear 
corticomedullary demarcation at both 7 and 14 days post-
surgery (Fig.1d). No evidence of congestion, cysts or 
surface irregularities was observed. These findings confirm 
that surgical intervention without vascular clamping did not 
elicit any macroscopic renal damage, in line with previous 
observations of sham-operated controls (Udupa and 
Prakash, 2018).

Fig.1. 	 Gross morphological changes observed during IRI.1a. Moderately enlarged and swollen left kidney compared to normal right 
kidney observed 7 days after IRI.1b. Left kidney with cystic enlargement and normal right kidney observed 14 days after IRI 
1c. Left kidney with abscess observed 14 days after IRI. 1d. Apparently normal right and left kidneys of animals that underwent 
sham surgery
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respectively), likely due to a bimodal distribution. Specifically, 
five out of seven animals showed cystic enlargement, while 
two exhibited atrophic shrinkage, inflating the standard 
deviations and masking significance at the group level. 
This divergence reflects the dynamic nature of renal repair 
following IRI, where either compensatory hypertrophy and 
cyst formation or progressive atrophy and fibrosis may 
dominate depending on the extent of initial tubular and 
vascular injury (Koh and Chung, 2024). These findings 
also emphasise the limitations of relying solely on mean-
based statistics in models involving divergent pathological 
outcomes, reinforcing the importance of qualitative 
morphological interpretation. 

	 Kidney weight followed a similar pattern. On day 
seven, the mean weight in the IRI group was 0.887 ± 0.017 
g, significantly higher than the placebo group (p = 0.001), 
indicative of inflammatory swelling (Table 4). On day 14, 
weights ranged widely from 0.78 to 1.41 g, with a mean 
of 1.163 ± 0.097 g, which was also significantly higher 

Gross morphometric evaluation

	 Morphometric evaluation corroborated these 
gross findings. In the IRI group, statistically significant 
enlargement of the kidneys was observed on day 7 post-
injury. Compared to 0th day, the length increased from 
19.43 ± 0.30 mm to 22.43 ± 0.30 mm and width from 
9.86 ± 0.26 mm to 12.00 ± 0.31 mm (p < 0.001 for both), 
as shown in Table 2 and Table 3, respectively. These 
changes corresponded with the grossly swollen and 
congested appearance observed in necropsy specimens 
and are consistent with acute renal inflammation (Wang et 
al., 2012).

	 By day 14, the IRI kidneys displayed more 
heterogeneous changes, reflected in increased variability 
of morphometric values. The mean length (23.43 ± 1.95 
mm) and width (12.14 ± 1.10 mm) showed a continued 
upward trend, but differences compared to baseline 
were not statistically significant (p = 0.088 and p = 0.121, 

Table 2.	 Statistical comparison of length of left kidneys between placebo group and IRI group and also between 7th and 
14th day within a group

Group Day of sacrifice Day 0 Day of sacrifice t-value (p-value)

Placebo
7th day 19.43 ± 0.30 19.71b ± 0.18 1.656ns (0.172)

14th day 19.43 ± 0.30 19.57b ± 0.30 1.000ns (0.356)

IRI group
7th day 19.43 ± 0.30 22.43ab ± 0.30 13.748** (<0.001)

14th day 19.43 ± 0.30 23.43a ± 1.95 2.037ns (0.088)
F-value (p-value) 0.000ns (1.000) 3.756* (0.024)

** Significant at 0.01 level; * Significant at 0.05 level; ns non-significant 
Means having different small letter as super script differ significantly within a column

Table 3.	 Statistical comparison of width of left kidneys between placebo group and IRI group and also between 7th and 
14th day within a group

Group Day of sacrifice Day0 Day of sacrifice t-value (p-value)

Placebo
7th day 9.86 ± 0.26 10.00b ± 0.22 1.000ns (0.356)

14th day 10.43 ± 0.20 10.71ab ± 0.18 1.549ns (0.172)

IRI group
7th day 9.86 ± 0.26 12.00a ± 0.31 15.000** (<0.001)

14th day 9.86 ± 0.26 12.14a ± 1.10 1.804ns (0.121)
F-value (p-value) 1.333ns (0.287) 3.078* (0.047)
** Significant at 0.01 level; * Significant at 0.05 level; ns non-significant 
Means having different small letter as super script differ significantly within a column

Table 4.	 Statistical comparison of weight of left kidneys between placebo group and IRI group and also between 7th and 
14th day within a group

Time of sacrifice Placebo group IRI group t-value (p-value)
Day 7 0.879 ± 0.013 0.887 ± 0.017 4.483** (0.001)

Day 14 0.947 ± 0.008 1.163 ± 0.097 2.801* (0.029)
t-value (p-value) 1.114ns (0.308) 2.258ns (0.065)

** Significant at 0.01 level; * Significant at 0.05 level; 
ns non-significant
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than the placebo (p = 0.029). However, within-group 
comparison between day 0 and day 14 did not yield 
statistical significance (p = 0.065), attributable to the 
coexistence of cystic and atrophic changes. The sustained 
increase in kidney weight up to day 14 suggests that tissue 
remodelling and ongoing cellular infiltration contributed 
to mass gain. This interpretation aligns with earlier 
studies demonstrating that unresolved inflammation and 
extracellular matrix deposition during the subacute phase 
can lead to organ enlargement despite progressive tubular 
necrosis (Ferenbach and Bonventre, 2015). Together, 
these findings underscore the evolving transition of IRI 
pathology from acute oedema to chronic remodelling.

	 In the placebo group, kidney dimensions 
remained stable over the study period. No significant 
changes in length or width were noted between day zero 
and the respective sacrifice days (Days seven and 14), with 
all p-values > 0.05 (Table 2 and Table 3). Kidney weight 
also remained within a narrow range (Day 7: 0.879 ± 0.013 
g; Day 14: 0.947 ± 0.008 g), with no statistically significant 
differences over time (Table 4). These results confirmed 
that the surgical procedure alone, without vascular 
occlusion, did not elicit gross morphometric alterations, 
validating the IRI group findings as attributable to the 
ischaemia-reperfusion insult.

	 Overall, the morphometric data reflected the 
dynamic progression of renal injury post-IRI from acute 
swelling to divergent outcomes of cystic degeneration or 
atrophy and supported the classification of day seven as a 
reversible injury phase and day 14 as a chronic, irreversible 
stage. Importantly, the variability observed at later stages 
highlighted the importance of complementing quantitative 
data with morphological observations when interpreting 
complex injury patterns. In this context, the qualitative 
assessment of gross pathology remains indispensable, 
as it captures divergent trajectories that numerical 
averages may obscure, a point also emphasised in other 
experimental renal injury models (Bonventre and Yang, 
2011).

Histopathological evaluation

	 Histopathological evaluation of H&E-stained 
sections revealed a clear progression of renal damage 
over time in the IRI group, while the placebo group retained 
largely normal architecture throughout the observation 
period.

	 In the IRI group, kidneys examined on day seven 
post-injury showed characteristic features of acute tubular 
and interstitial injury including loss of brush border, tubular 
degeneration (Fig. 2a), cast formation (Fig. 2b), medullary 
congestion and multifocal interstitial inflammation (Fig. 
2c). Mild glomerular atrophy (Fig. 2d) and endothelial 
alterations were also noted. These lesions were reflected 
in moderate mean scores for tubular (3.00 ± 0.58) and 
interstitial (2.57 ± 0.53) damage, while glomerular and 

endothelial compartments showed milder involvement 
(0.86 ± 0.83 and 1.14 ± 0.83, respectively). The total score 
(7.57 ± 1.27) supported the classification of this stage as 
early phase of kidney injury. These findings are consistent 
with earlier reports of acute IRI-induced renal changes 
(Melin, 2002; Furuichi et al., 2009; Shanley et al., 1986; 
Kim et al., 2011).

	 By day 14, the IRI kidneys displayed advanced, 
irreversible injury with widespread tubular degeneration 
and necrosis (Fig.3a), glomerular and tubular atrophy 
(Fig.3b), intraluminal cast formation, denudation of 
basement membrane (Fig.3c), interstitial fibrosis (Fig. 

Fig. 2. 	 Histopathological observations at 7 days after IRI. 2a. 
Tubular degeneration (yellow arrow) (H&E X 400). 2b. 
Intraluminal cast (yellow arrow) and tubular degeneration 
(green arrow) (H&E X 400). 2c. Congestion indicative 
of acute inflammation (H&E X 400). 2d: Mild glomerular 
atrophy (H&E X 400)

Fig. 3.	 Histopathological observations at 14 days after IRI. 3a. 
Necrosis of tubular epithelial cells (yellow arrow) (H&E 
X 400). 3b. Severe glomerular atrophy (yellow arrow) 
(H&E X 400). 3c. Tubular degeneration and denudation 
of basement membrane (yellow arrow) (H&E X 400). 3d. 
Interstitial fibrosis (yellow arrow) and tubular cast (green 
arrow) (H&E X 400). 
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3d) and dense inflammatory infiltrates in some cases. 
All compartments were severely affected as reflected by 
significantly elevated mean scores for tubular (3.86 ± 0.69), 
glomerular (2.00 ± 0.00), endothelial (2.71 ± 0.49) and 
interstitial (2.71 ± 0.49) damage. The mean total score 
rose to 11.29 ± 0.76. This progression reflects chronic 
renal pathology, as described earlier in similar IRI models 
(Wu et al., 2013; Hesketh et al., 2014; Jubb et al., 2016).

	 Statistical comparison (Table 5) confirmed that 
histopathologic scores were significantly higher in the IRI 
group than in the placebo group at both day seven and 
14 (p = 0.001), with a further significant increase from day 
seven to 14 within the IRI group (p = 0.017), indicating 
progressive deterioration.

	 In contrast, the placebo group exhibited minimal 
changes throughout the study. On both day 7 and day 

degeneration. These findings offer a robust morphological 
framework for future investigations targeting renal 
protection and regeneration. The temporal characterisation 
of injury aids in identifying optimal intervention windows, 
validating therapeutic strategies and evaluating the efficacy 
of regenerative biomaterials. Additionally, this model 
supports applications in nephrotoxicological screening, 
imaging biomarker validation and pathophysiological 
studies of renal disease.
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