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Giacomo Cusumano1, 11  , Edoardo Cola2, Gionata Spagnoletti2, 8, Anna Severino3, 4, Simona Giubilato5, Egidio Stigliano6, Maria Emiliana Caristo7, Gisella Vischini8, Giovanna Liuzzo3, 4, Maria Paola Salerno9, Filippo Crea3, 4 and Jacopo Romagnoli1, 10
(1)Division of General Thoracic Surgery, University of Catania, Catania, Italy

(2)Department of Traslational Medicine and Surgery, Fondazione Policlinico Universitario Agostino Gemelli IRCCS, Università Cattolica Del Sacro Cuore, Rome, Italy

(3)Department of Cardiovascular Sciences, Fondazione Policlinico Gemelli-IRCCS, Rome, Italy

(4)Department of Cardiovascular and Pneumological Sciences, Catholic University School of Medicine, Rome, Italy

(5)Department of Cardiovascular Medicine, Cannizzaro Hospital, Catania, Italy

(6)Department of Histopathology, Catholic University, Rome, Italy

(7)Experimental Animal Care, Catholic University of Rome, Rome, Italy

(8)Department of Nephrology and Transplant, IRCCS University Hospital, Bologna, Italy

(9)Division of Hepatobiliopancreatic Surgery, Liver and Kidney Transplantation, Ospedale Pediatrico Bambino Gesù IRCCS, Rome, Italy

(10)Renal Transplant Unit, Fondazione Policlinico Universitario A. Gemelli, IRCCS, Rome, Italy

(11)Policlinico San Marco Hospital, Via Santa Sofia 78, 95100 Catania, Italy

 

 
Giacomo Cusumano
Email: giacomare55@hotmail.com



Received: 24 March 2023Accepted: 27 September 2023Published online: 6 November 2023
Abstract
Background
Renal ischemia/reperfusion injury is an unavoidable event in transplantation in which free radical-mediated injury determines release of pro-inflammatory cytokines and activation of innate immunity. In addition to their cholesterol-lowering action, statins have shown dose-dependent pleiotropic effects on inflammatory pathways and oxidative stress. We investigated the effects of high-dose atorvastatin (atorvastatin 40 mg/kg) in preventing ischemia/reperfusion injury in an animal model of kidney transplant.

Methods
Forty female rats underwent left nephrectomy and orthotopic autotransplantation. Animals were divided in four groups: A = Transplant only; B = high-dose atorvastatin + Transplant; C = right nephrectomy + Transplant; D = high-dose atorvastatin + right nephrectomy + Transplant. Bilateral nephrectomy was performed 24 h post-transplant. Oxidative stress was assessed measuring malondialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GPx) and myeloperoxidase (MPO) activity on renal tissue; ischemia/reperfusion injury was also evaluated by histology. Donor pre-treatment with high-dose atorvastatin improved oxidative stress.

Results
MDA levels were lower in group B versus A (p = 0.002) and D (p = 0.004). High-dose atorvastatin pre-treated rats displayed higher GPx activity in group B versus A (p = 0.009) and D (p = 0.005). SOD scavenger activity was also higher in group B versus A (p < 0.001) D (p < 0.001) and C (p = 0.003). MPO activity was lower in group B versus A (p = 0.02), C (p = 0.007) and D (p = 0.03). Histology revealed significantly lower rate of intratubular casts and luminal congestion in Group D versus C (p = 0.02 and p = 0.008, respectively).

Conclusions
High-dose atorvastatin pre-treatment reduces oxidative stress and inflammation in a model of kidney transplant in the rat.
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Introduction
Ischemia/reperfusion (I/R) injury is one of the leading causes of delayed graft function and renal failure in transplanted kidneys [1, 2]. I/R injury has a multifactorial genesis in which oxidative stress, inflammation and apoptosis are the main actors, although other mechanisms which might contribute to cause cellular damage and cell death are still unclear.
During ischemia free radical-mediated injury causes the release of pro-inflammatory cytokines and activates innate immunity, but the occurrence of reperfusion leads to a rapid burst of free radicals responsible for endothelial injury and makes endothelial cells permeable to proteins and small particles, thus intensifying inflammatory edema which can increase cell death, possibly as a result of oxidative stress, inflammation and apoptosis [3]. This process is well known as the oxygen paradox [4, 5].
The relationship between ischemia and inflammation is well known and clinically relevant. Ischemia of the organ grafts can also lead to a pro-inflammatory state, which increases the immunogenicity of the graft [6].
Medical therapies based on anti-inflammatory and antiapoptotic drugs and antioxidant free radical scavengers have been attempted with the aim of preventing tissue injury and irreversible damage [3], among these the inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase, also known as statins, arouse particular interest.
Statins, besides their well-known cholesterol-lowering activity, have pleiotropic effects, acting on inflammatory pathways as well as on the immune system, oxidative stress and apoptosis. These effects are dose-related and independent of their lipid lowering action [7–10]. High-dose atorvastatin (HATA) in particular has shown to attenuate ischemia/reperfusion injury after cardiac percutaneous revascularization [11]. In a previous study, we have demonstrated the protective effect on oxidative stress of HATA in vivo in an ischemia–reperfusion rat model [12].
To our knowledge only few studies have analyzed the effects of statins in preventing ischemia reperfusion injury after transplantation [13, 14], none has investigated the effects of their administration before transplantation.
The aim of the present study was to evaluate the efficacy of HATA pretreatment to prevent I/R injury in a rat renal autograft model.

Materials and methods
The study was mainly focused to evaluate the protective effects of atorvastatin on ischemia reperfusion injury. Since the damage is directly connected to oxidative stress, the study was specifically designed to perform an adequate analysis of the biochemical parameters of oxidative stress and inflammation, as well as to perform the research of initial histopathological signs of cellular damage and recognize the as soon as earlier possible the effects of atorvastatin.
This preclinical, case–control, open-label study in vivo using a rat model was carried out at the Animal Care Centre of the Catholic University of Rome. Animal experiments were performed, upon approval of the Animal Care Ethical Committee in accordance with the current Italian Animals Protection Law (from the National Institute of Health) [15] and the current principles of the laboratory animal care of the European Union [16].
Experimental design
Forty female Wistar rats (weight range 300–450 gr) were randomly divided into 4 groups according to drug pre-treatment and surgical procedure. All animals underwent left nephrectomy and subsequent orthotropic kidney autotransplantation.
The choosing to include only female rats in the study depends from two reasons. The first is that several studies demonstrated that sex affects the susceptibility and pathogenesis of ischemia reperfusion injury. Some authors have demonstrated that sex and estrogen mediate the response from the normal kidney to the ischemia reperfusion injury kidney [17] In addition, both estrogen and testosterone could modulate recovery following ischemia reperfusion injury. [18]. Therefore, we choose rats of one sex to avoid some possible variability due to hormonal variation. The second reason to prefer female rats was due to the surgical technique of blood supply of left kidney and suprarenal gland. Left renal artery and vein are longer in female than male rats, as well the isolation of the left gonadal and adrenal vessels are technically easier in female specimen.
The animals were randomly allocated to 4 groups, as follows:	A.
Transplantation only (control): nephrectomy and renal transplantation with no drug pre-treatment.

 

	B.
HATA + Transplantation: nephrectomy and renal transplantation preceded by high-dose atorvastatin treatment (40 mg/kg of atorvastatin pulverized and dissolved in 3 ml of water administered by gavage) 24 h before surgery

 

	C.
Transplantation + contralateral nephrectomy + : nephrectomy and renal transplantation followed by contralateral nephrectomy, in order to reproduce a model of renal failure and eliminate the bias related to normal function of the contralateral kidney, without drug pre-treatment

 

	D.
HATA + Transplantation + contralateral nephrectomy: nephrectomy and renal transplantation preceded by treatment with HATA, and followed by contralateral nephrectomy.

 




Dose and administration route of HATA were based on previous studies [12, 19, 20]. In the animal murine models, reported in the largest part of the studies, the dose of 40 mg/(kg day) is considered the “high dose” of atorvastatin able to warrantee the pleiotropic effects and reduce the incidence of adverse reactions in rats. We consequently applied the same dose of 40 mg/(kg day) in our murine model.

Surgical procedure
Throughout all surgery and recovery, the rat was placed on a heating pad to contrast hypothermia. Administration of antibiotics was not necessary since animals were sacrificed within 24 h from surgery, the risk of developing an infection in this period of time being considered negligible.
All animals were housed for 48 h (24 h before and 24 h after surgery), underwent general anesthesia using intramuscular ketamine 1 ml/kg, xylazine 0,7 ml/kg and were sacrificed 24 h after surgery in order to take tissue for sampling.

Transplantation technique
Kidney autotransplantation was performed with the aid of a Zeiss operator mod. OPMI PIC microscope working with 2.5 magnification. Surgical phases are described in Fig. 1.[image: ]
Fig. 1Isogenic left orthotopic kidney transplant in rat: surgical phases. 1A kidney preparation; 1B cold ischemia; 1C anastomosis; 1D organ reperfusion


Skin disinfection was followed by xipho-pubic incision, colic mobilization, isolation and section between ligatures of left gonadal and adrenal vessels followed by careful dissection of the left renal artery and vein from their origin (aorta and vena cava) to the renal hilum, dissection of the ureter and complete mobilization of the left kidney.
Five minutes following intracaval heparinization, the renal artery and vein were clamped and left nephrectomy performed. The procured kidney was perfused with 15 ml of heparinized solution at 4 °C and then stored for 60 min at low temperature (0–4 °C).
Arterial, venous and ureteric end to end anastomosis were performed with a 10–0 nylon suture (average anastomotic time: 45 min), at the end the kidney was re-vascularized.
For groups C and D a right nephrectomy was also performed at the end of left kidney auto-transplantation.

Tissue sampling
24 h after surgery, animals were anesthetized and underwent nephrectomy of the transplanted kidney. The kidney was then divided into 2 halves, respectively, stored at − 80 °C and in paraffin. All animals were sacrificed at the end of the procedure.

Biochemical evaluation
Half of the kidney specimen was fixed in formalin for histological essay, the remaining half was frozen at − 80 °C, until the determination of tissue levels of MPO, MDA, SOD and GPx.
Tissues were placed in 1.15% KCl solution and homogenized for 30 min at 14,000 rpm. Aliquots of homogenate were centrifuged at 10,000 rpm for 30 min, and the supernatants were analyzed for MPO, MDA, SOD and GPx activities as reported elsewhere [12, 21].

Histology
Paraffin embedding was performed using routine procedures. Paraffin sections were stained with hematoxylin/eosin, periodic acid-Schiff and trichrome and blindly revised by an experienced pathologist. Sections were scored according to the Banff classification on renal transplant biopsies [22].
The following parameters were blindly evaluated by a pathologist:	Convoluted proximal tubule epithelium necrosis.

	Necrosis of the Capsular Epithelium.

	Tubular Obstruction.

	Hyaline casts in the convoluted distal tubule.





Statistical analysis
Rats’ identification numbers and the results of immunoenzymatically assessment of the analyzed markers were entered into a database. Statistical analysis between groups was performed using the Mann–Whitney test and Kolmogorov–Smirnov test for numeric variables with nonparametric; the analysis of variance was performed with Kruskal–Wallis one-way method (ANOVA) followed by Dunn's multiple comparison test. Categorical variables were compared using cross-tabulation and Chi-square. A p value of < 0.05 was considered statistically significant. Statistical analysis was performed with SPSS 14.0 for Windows (SPSS Statistical Software, Chicago, IL).


Results
Effect of statins on markers of oxidative stress
Table 1 reports mean and standard deviation of parameters of oxidative stress for each study group and comparison between A versus B and C versus D groups. Figure 2 reports comparison among the four groups for each parameter.Table 1Effect of High-dose atorvastatin on Glutathione Peroxidase (GPx), Superoxide Dismutase (SOD), Malondialdehyde (MDA) and Myeloperoxidase (MPO) activity on rat groups (A = Transplantation only (control): B = High-dose Atorvastatin + Transplant; C = Left kidney transplant + Right nephrectomy; D = High-dose Atorvastatin + Left kidney transplant + Right nephrectomy)


	 	GPX (nmoli/min/ml)
	SOD (nmoli/min/ml)
	MDA (nmoli/min/ml)
	MPO (UI/ml)

	Comparison between groups
	Mean ± SD
	P value
	Mean ± SD
	P value
	Mean ± SD
	P value
	Mean ± SD
	P value

	A versus B
	39.14 ± 27.45
	0.001
	8.26 ± 3.85
	 < 0.001
	25.21 ± 5.22
	0.002
	3.14 ± 2.80
	0.02

	80.62 ± 49.11
	13.38 ± 1.33
	18.33 ± 6.79
	1.743 ± 040

	C versus D
	67.70 ± 49.78
	0.28
	10.26 ± 3.31
	0.011
	24.81 ± 6.47
	0.11
	2.57 ± 0.13
	0.027

	84.63 ± 49.10
	12.55 ± 1.88
	21.96 ± 3.02
	1.67 ± 0.95


Bold value indicates p value < 0.05)


[image: ]
Fig. 2Effect on Glutathione Peroxidase (GPx) activity (Fig. 2a); Superoxide Dismutase (SOD) activity (Fig. 2b); Malondialdehyde (MDA) activity (Fig. 2c) and Myeloperoxidase (MPO) activity (Fig. 2d). A = Transplantation only (control): B = High-dose Atorvastatin + Transplant; C = Left kidney transplant + Right nephrectomy; D = High-dose Atorvastatin + Left kidney transplant + Right nephrectomy



Effect on antioxidants enzymes
We found significantly higher GPx activity in HATA treated rats versus controls group (A: 39.14 ± 27.45 vs. B 80.62 ± 49.11; p = 0.001), a positive trend was also observed in mean GPx activity in D group when compared to C group (C: 67.70 ± 49.78 vs. D 84.63 ± 49.10 nmoles/min/ml;) although without statistical significance (p = 0.28); (Fig. 2a).
A significant increase in SOD activity was observed in both treated groups versus not treated ones. B group showed significantly higher activity when compared to A group (A: 8.26 ± 3.85 vs. B 13.38 ± 1.33 UI/ml; p < 0.001) as well as D group showed higher SOD levels compared to C (C: 10.26 ± 3.31 vs. D 12.55 ± 1.88 UI/ml; p = 0.011); (Fig. 2b).

Effect on MDA
MDA concentration was significantly reduced into B group compared to A (control) (A: 25.21 ± 5.22 vs. B: 18.33 ± 6.79 nmoles/min/ml; p = 0.002), while comparison between C and D did not reach statistical significance (C: 24.81 ± 6.47 vs. D: 21.96 ± 3.02 nmoles/min/ml; p = 0.11) (Fig. 2c).

Effect on MPO
The analysis of this oxidative damage marker showed a statistically significant reduction of its concentration in B versus A group (A: 3.14 ± 2.80 vs. Controls: 1.74 ± 0.40 UI/mg: p = 0.02).
The comparison between C and D groups confirms the protective role of HATA pre-treatment in reducing the levels of MPO (C: 2.57 ± 0.13 vs. D: 1.67 ± 0.95 UI/mg: p = 0.0027); (Fig. 2d).

Histopathological changes
Histology showed the presence of ischemic parenchymal damage in all the examined sections. Incidence of histological tubular abnormalities and comparison between groups are reported in Table 2. Histology revealed a significantly lower rate of intratubular cast formation and luminal congestion in Group D versus Group C (p = 0.02 and p = 0.008).Table 2Incidence of histological abnormalities on rat groups (A = Transplantation only (control): B = High-dose Atorvastatin + Transplant; C = Left kidney transplant + Right nephrectomy; D = High-dose Atorvastatin + Left kidney transplant + Right nephrectomy)


	Groups
	Tubular necrosis
	Total
	p value

	Mild
	Moderate-Severe

	A
	2
	8
	10
	0.72

	B
	1
	9
	10

	C
	1
	9
	10
	0.21

	D
	5
	5
	10

	Total
	9
	31
	40
	 

	 	Capsular epithelium necrosis
	Total
	p value

	Absent
	Present

	A
	5
	5
	10
	0.20

	B
	7
	3
	10

	C
	7
	3
	10
	0.57

	D
	7
	3
	10

	Total
	26
	14
	40
	 

	 	Tubular obstruction
	Total
	p value

	Inconspicuous
	Evident

	A
	1
	9
	10
	0.71

	B
	2
	8
	10

	C
	0
	10
	10
	0.008

	D
	5
	5
	10

	Total
	8
	32
	40
	 

	 	Hyaline casts
	Total
	p value

	Absent
	Present

	A
	1
	9
	9
	0.71

	B
	2
	8
	10

	C
	0
	10
	10
	0.02

	D
	4
	6
	10

	Total
	7
	33
	39
	 

Bold value indicates p value < 0.05)



In particular, tubular obstruction was significantly worse in non-treated rats in the non-nephrectomized groups (Group A vs. Group B p = 0.008), while there were no significant differences between treated and non-treated in the nephrectomized groups (Group C vs. Group D p = 0.71).
Finally, the rate of hyaline casts in the distal convoluted tubule was significantly higher into group D when compared to animals of Group C; (C vs. D groups p = 0.02).
There were no statistically significant differences in terms of ischemic damage between others study groups.


Discussion
Renal ischemia/reperfusion injury is an unavoidable and multifactorial event in transplantation. While cold ischemia causes serious deterioration of the balance between supply and metabolic demands, leading to tissue hypoxia, restoration of blood flow and tissue oxygenation leads to an exacerbation of cell damage and an important inflammatory response. Oxidative stress is caused by the imbalance between reactive oxygen species (ROS) and endogenous antioxidant forces: The endothelium is activated by reactive oxygen species and inflammatory cytokines, and then, adhesion molecules induce the adherence and activation of platelets to the epithelium. Finally, leukocytes, initially neutrophils then monocytes and macrophages, infiltrate into the affected tissue.
Ischemia reperfusion injury during transplantation is the major cause of renal transplant dysfunction, and it causes an oxidative burst that triggers inflammation and tubular cell injury [23, 24]. Increasing oxidative stress and inflammation may promote additional damage to the kidney, as well as additional damage to tissues, resulting in the development or progression of concomitant disease, for example, free radicals, along with inflammation, account for many of the symptoms of uremic syndrome [25]. Decreasing ROS after successful kidney transplantation results in breaking the vicious cycle of cell damage, inflammation and organ damage. Moreover, Fonseca et al. have shown how the reduction in oxidative stress markers can be used as a prognostic factor after kidney transplantation [26], similarly La Manna et al. confirmed that low levels of oxidation and apoptosis at 6 months after transplantation correlate with a better recovery of renal function in kidney allografts [27].
The discovery of the pathogenic mechanisms and of the key molecules involved in I/R injury was used to test other molecules that would act selectively on specific processes or target molecules [28]. Unfortunately, most methods that were sometimes effective in reducing oxidative stress, inflammation or apoptosis, in vivo or in vitro, have not proved to be effective in preventing or reducing functional damage; this may well get along with the hypothesis that I/R injury acts on several pathways, which is why the focus has recently been directed toward molecules with pleiotropic action such as statins.
Statins, besides their well-known cholesterol-lowering activity, have proved to have dose-dependent pleiotropic effects. These include modulation of endothelial function, reduction of oxidative stress and anti-inflammatory and immunomodulatory activities. [7–12, 29, 30]. Moreover, short-term high-dose atorvastatin pretreatment significantly improves the final thrombolysis in myocardial infarction flow grade as well as reduces the 30-day major adverse cardiac events in acute coronary syndrome patients, post-percutaneous coronary intervention regardless of cholesterol levels [11].
Previous in vivo studies, focused on ischemia reperfusion, suggested that HATA could reduce renal inflammation and apoptosis [31, 32]. Our findings support this hypothesis and the potential protective effect of high-dose statins on the pathway of I/R injury process into an isogenic transplantation rat model acting on different pathways.
Scavenger enzymes
Free radical scavengers play a determinant role in the pathogenesis of ischemia–reperfusion injury. Actually, many studies focused on the use of "scavengers” molecules, but the administration of free radical scavengers played a controversial role, as well as some sophisticated attempts to reduce I/R injury through the induction of "renoprotective" genes gave questionable results making their application in humans difficult [28].
The role of statins in the upregulation of scavenger activity is still not clear and there were substantial differences when the results of in vitro and in vivo studies were compared [30]. In a previous study Chen and coll. [33] showed that high-dose atorvastatin could upregulate the activity of glutathione peroxidase (GPx) and catalase.
Similarly, a HATA load given 24 h before induction of I/R promotes the scavenger activity of GPx [12]. In our experience, HATA, seemed to stimulate the production of endogenous scavenger enzymes, in fact, we observed an increasing activity of GPx and SOD in rats treated with high-dose atorvastatin.

Oxygen radicals
Oxygen radicals produce membrane peroxidation and MDA formation, detrimental to cellular function. Peroxidation can increase membrane permeability, whereas MDA can inactivate membrane transporters by forming intramolecular and intermolecular cross-links [34]. Actually, statins exert antioxidant effects by reducing the expression of essential NAD(P)H oxidase subunits that are the predominant source of reactive oxygen species in the vessel wall [30]. Previous studies have demonstrated the effect of statins on MDA and in reducing oxidative stress decreasing ROS [35], while some studies have shown the ability of atorvastatin, more than other statins, to reduce the levels of circulating oxidized low-density lipoprotein or of circulating MDA [36]. In our study, we observed a significant reduction in oxidative stress, also evidenced by a decrease in MDA levels in HATA-treated animals.
I/R injury can be also considered an immediate nonspecific inflammatory response and MPO levels reflect the I/R-related ROS and inflammation-mediated damage. MPO is an enzyme of the oxide-reductase group contained in polymorphonuclear leukocytes, involved in activating white blood cell response and a powerful effector of oxidative cascade exerted by the radical species production.
Some studies have shown that HATA causes a comparable significant reduction in the levels of oxidation products generated by MPO and Nitric Oxide-derived oxidants [29] and have suggested that statins could suppress MPO expression down regulating myeloperoxidase gene expression in macrophages [8].
In particular, our previous study [12] and the present results suggest that HATA decreases significantly MPO activity. This action probably has a multifactorial origin: High-dose atorvastatin could directly down-regulate MPO gene transcription but could also have indirect effects on inflammation by reducing leucocyte activation and acting on the downregulation of antigen presentation, finally causing an upstream reduction in the oxidative processes [10, 34].

Tubular abnormalities
Several studies have demonstrated that tubular damages are strongly related to kidney function, also, some of these studies have shown that hyaline casts formation occurs during the first 48 h in ischemia reperfusion model, so, hyaline casts in the convoluted distal tubules represent one of the first signs of damage [37, 38].
Histology showed a lower rate of tubular abnormalities (tubular obstruction and hyaline casts) among nephrectomized animals treated with HATA, as compared with nephrectomized controls, supporting the hypothesis that pre-treatment with high dose statins could reduce the degree of tubular necrosis and could play a more important role on inflammation as shown in our previous study [12] on MPO activity and on lymphocytes’ infiltration in ischemic tissue.
Similar results were obtained in previous studies in the setting of I/R in the myocardium [39, 40], in which short-term treatment with statins improved myocardial function by reducing the size of an infarct.
Other than these differences (Table 2), we did not find any significant histological difference among the different groups either treated or non-treated. This might be explained by too short ischemia times or too short time between transplantation and tissue sampling, or also with relatively small sample size. The same discrepancy between biochemical and histological findings were observed in our previous study [12].
Finally, one more debated issue are the possible barriers to use the atorvastatin in patients affected by chronic kidney disease regardless of dialysis status and among the human recipients of kidney transplantation. Even if, the role of statins in chronic kidney disease has been extensively evaluated, its role remains debated in specific population of patients affected by chronic kidney disease in particular dialysis-dependent. The decline in renal function of patients with chronic kidney disease is often accompanied by the increase in incidence of cardiovascular disease due to the higher prevalence of dyslipidemia and atherosclerosis and several studies have demonstrated the reduction of mortality also in patients with chronic kidney disease. Moreover, in this setting of dialysis-dependent with chronic kidney disease patients, some studies have already demonstrated [41] that statins were associated with lower mortality, regardless of dialysis status or other risk factors. Consequently, the use of statins should be encouraged in these patients over the value of cholesterol-lowering activity. Furthermore, the administration for short periods of high-dose atorvastatin among the human recipients of kidney transplantation should not be considered a true obstacle considering the potential benefic action of pleiotropic effects against the oxidative stress.
Limitation and strengths: Our study has several strengths; the main value of the study is the design itself. It is focused, for the first time, on the pleiotropic effects of statin for both oxidative stress and inflammation damage after transplantation, moreover the present study tests the efficacy of treatment by biochemical and histopathological essays, giving the more clarity to the effects of treatment. It also adds that the model is reproducible in a live animal transplant setting, and therefore, it is a step forward the application in human beings. As with strengths, the study suffers of some limitations, in particular, it lacks of data about renal function, the study was designed as acute experiment focused on oxidative stress and inflammation and the model did not provide functional outcomes. Unfortunately, changes at the molecular level of the kidney tissue occur even before nitrogenous substances, such as creatinine and urea, start to accumulate in the blood and this problem has bring us and other authors before us, to dose the markers of oxidative stress and inflammation as surrogate and early parameters of kidney damage [42]. Another point of weakness of the study is the limited duration of renal cold storage. It was brief (60 min), according with veterinary indication, but, perhaps, a longer time of cold storage of the graft should be more correct and could have amplified the effects of tests. In conclusion, a significant issue that has impacted this field of research pertains to the inconsistency between preclinical and animal studies, which have shown efficacy, and the lack of confirmation of these findings in human models and clinical trials [43–45]. This phenomenon has been observed across various domains of medical research, including investigations involving high doses of statins. The underlying reasons for this divergence remain elusive, possibly stemming from challenges associated with replicating animal models within the intricate human biological system, particularly when dealing with molecules like statins that exhibit pleiotropic effects.


Conclusions
Our study confirmed a protective effect of high-dose atorvastatin on oxidative stress and inflammation in a rat kidney model of isogenic transplantation. High-dose atorvastatin attenuates the ischemia/reperfusion injury reducing oxidative stress reducing both ROS production and inflammation while increasing scavenger activities.
High-dose atorvastatin pre-treatment may play a role in modulating renal impairment following transplantation surgery, allowing earlier recovery from IR injury and an overall reduction of delayed graft function.
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