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Abstract 

Background/Objectives: Sepsis is a life-threatening condition characterized by a dysregulated host 
immune response, frequently leading to multiple organ dysfunction, with the lungs being among 
the most severely affected organs. Oxidative stress, inflammation, apoptosis, and DNA damage play 
key roles in the pathogenesis of sepsis-induced acute lung injury (ALI). Beyond its lipid-lowering 
effects, rosuvastatin possesses anti-inflammatory and antioxidant properties that may confer 
protective effects in sepsis. This study aimed to evaluate the dose-dependent effect of rosuvastatin 
against pulmonary damage in an experimental model of sepsis induced by cecal ligation and 
puncture (CLP). Methods: Sprague–Dawley rats were randomly divided into six groups: Sham, 
Sham + rosuvastatin (10 mg/kg), Sham + rosuvastatin (20 mg/kg), CLP, CLP + rosuvastatin (10 
mg/kg), and CLP + rosuvastatin (20 mg/kg). Rosuvastatin was administered via oral gavage before 
4 hours the CLP procedure in the experimental groups. All rats were euthanized 16 hours after 
induction of CLP. Lung tissues were analyzed for biochemical markers, including malondialdehyde 
(MDA) and reduced glutathione (GSH), as well as histopathological changes and 
immunohistochemical expression of NF-κB/p65, caspase-3, and 8-OHdG. Results: CLP-induced 
sepsis significantly increased MDA levels while decreasing GSH levels, indicating enhanced 
oxidative stress. Rosuvastatin treatment significantly reversed these changes. Histopathological 
analysis revealed marked lung injury in the CLP group, including alveolar inflammation, interstitial 
inflammation, vascular congestion, and increased alveolar septal thickness, all of which were 
significantly reduced following rosuvastatin administration. Immunohistochemical findings 
demonstrated increased expression of NF-κB/p65, caspase-3, and 8-OHdG in the CLP group, 
whereas rosuvastatin significantly attenuated these expressions. No significant differences were 
observed between the two rosuvastatin doses. Conclusion: Rosuvastatin exerts significant 
protective effects against sepsis-induced lung injury by reducing oxidative stress, inflammation, 
apoptosis, and DNA damage. These findings suggest that rosuvastatin may have therapeutic 
potential in the management of sepsis-associated pulmonary injury, although further studies are 
required to confirm its clinical applicability. 
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1. Introduction 

Sepsis is a life-threatening syndrome caused by a dysregulated host response to infection, 
frequently resulting in multiple organ dysfunction and high global mortality rates [1]. Recent data 
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indicate that sepsis accounts for approximately 48.9 million cases and 11 million deaths worldwide 
annually [2]. Chronic inflammatory processes and organ failures constitute primary contributors to 
the elevated mortality rates associated with sepsis. The lungs are among the most frequently and 
severely affected organs in sepsis. A considerable proportion of patients develop acute lung injury 
(ALI), which, if not adequately controlled, may progress to acute respiratory distress syndrome 
(ARDS) [3]. It has been reported that monocytes and macrophages contribute to the pathogenesis of 
sepsis by mounting an immune response against pathogens through the expression of several pro-
inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), 
interleukin-1 beta (IL-1β), and interleukin-10 (IL-10) [4]. Reactive oxygen species (ROS), including 
superoxide anions, hydrogen peroxide, peroxynitrite, hypochlorous acid, and hydroxyl radicals, 
promote the expression of these cytokines primarily through activation of the nuclear factor kappa B 
(NF-κB) signaling pathway. Moreover, activated pro-inflammatory cytokines upregulate the 
expression of ROS-generating enzymes, thereby promoting excessive ROS production [5]. 
Antioxidant defense systems counteract excessive ROS by enzymatically detoxifying reactive 
intermediates, principally through the coordinated actions of superoxide dismutase (SOD), 
glutathione reductase (GR), glutathione peroxidase (GSH-Px), and catalase (CAT). Dysregulated 
cytokine overproduction, in turn, disrupts cellular energy metabolism and compromises endothelial 
integrity, leading to increased vascular permeability and impaired tissue perfusion [6].  

Apoptosis in lung tissue during sepsis develops because of structural and functional damage 
induced by an excessive inflammatory response affecting the alveolar epithelium and pulmonary 
microvascular endothelium. During sepsis, circulating mediators such as tumor TNF-α, IL-1β, IL-6, 
Fas ligand, and others activate both the extrinsic death receptor–mediated apoptotic pathway and 
the intrinsic mitochondrial stress–associated pathway; the convergence point of these pathways is 
the activation of caspase-3 [7,8]. Apoptosis of type I and type II pneumocytes disrupts alveolar fluid 
clearance and impairs gas exchange, whereas endothelial cell apoptosis promotes increased vascular 
permeability, interstitial and alveolar edema, and inflammatory cell infiltration [9].  

During sepsis, activated neutrophils, macrophages, and injured pulmonary cells generate 
excessive amounts of ROS and reactive nitrogen species (RNS); these molecules induce oxidative 
damage to nuclear and mitochondrial DNA, including base oxidation, single- and double-strand 
breaks, and other oxidative modifications [10,11]. In this context, 8-hydroxy-2′-deoxyguanosine (8-
OHdG) is one of the most used biomarkers and is widely recognized as a reliable indicator of 
oxidative DNA damage [12]. Pulmonary DNA damage, reflected by increased 8-OHdG levels and 
mitochondrial genomic injury, is closely associated with the induction of apoptosis; this process 
ultimately disrupts alveolar epithelial and endothelial integrity, promotes edema formation and 
impaired gas exchange, and may progress to ALI and ARDS [13]. 

Despite advances in supportive care, effective therapies specifically targeting sepsis-induced 
pulmonary injury remain limited, underscoring the need for novel interventions [14]. Experimental 
animal models are essential for studying sepsis pathophysiology and evaluating therapeutic agents. 
The cecal ligation and puncture (CLP) model is considered the standard in rodents, as it closely 
replicates the polymicrobial infection and systemic inflammation seen in humans. The CLP model 
reliably induces bacteremia, cytokine storm, and organ dysfunction, making it highly suitable for 
preclinical studies of sepsis and organ-protective strategies [15].  

Statins are distinguished not only by their lipid-lowering properties but also by their pleiotropic 
effects, including anti-inflammatory, antioxidant, immunomodulatory, and endothelial-protective 
activities. These biological actions suggest their potential as therapeutic agents in inflammatory 
pathologies such as sepsis [16,17]. Preclinical and clinical studies indicate that statins may improve 
outcomes in sepsis by modulating inflammatory pathways, reducing oxidative stress, and preserving 
organ function [18,19]. Rosuvastatin is a widely prescribed 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) reductase inhibitor, primarily used for the treatment of dyslipidemia and to reduce 
cardiovascular risk. Compared to other molecules in the same class, rosuvastatin has been reported 
to exhibit high efficacy in improving lipid profiles. Through its anti-inflammatory, antioxidant, and 
antithrombotic effects, it serves as an important agent for both primary and secondary prevention of 
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cardiovascular disease [20]. These properties of rosuvastatin have been demonstrated to attenuate 
oxidative stress and systemic inflammation in various experimental animal models [21,22]. In lung 
tissue exposed to LPS-induced inflammation, rosuvastatin significantly decreased proinflammatory 
enzymes such as iNOS and COX-2 and reduced histopathological damage. Furthermore, the study 
demonstrated a marked decrease in the concentrations of key cytokines, including TNF-α, IL-6, and 
IL-1β, in both plasma and tissue samples [23]. However, the specific effects of rosuvastatin on sepsis-
induced pulmonary injury, particularly in the CLP model, have not been fully characterized. This 
study aims to evaluate the protective effects of rosuvastatin on lung tissue in rats with sepsis induced 
by CLP, by analyzing key cellular parameters involved in oxidative stress, apoptosis, and 
inflammatory pathways. 

2. Materials and Methods 

2.1. Experimental Animals 

Ethical approval for this study was obtained from the Local Ethics Committee for Animal 
Experiments of Recep Tayyip Erdoğan University (Approval Date: July 16, 2020; Decision No: 
2020/32). The Scientific Research Projects Coordination Unit of Recep Tayyip Erdoğan University 
provided financial support for this research. Male Sprague-Dawley rats, 4–6 weeks of age and 
weighing 270–300 g, were used in this study. The animals were bred and housed at the Laboratory 
Animal Production and Research Center of Recep Tayyip Erdoğan University. All animals were 
maintained under standardized hygienic conditions in the experimental animal facility, with a 
controlled 12-hour light/12-hour dark cycle, a relative humidity of 55–60%, and an ambient 
temperature of 22 ± 2 °C. They had free access to tap water and standard pellet chow throughout the 
study. 

2.2. Treatment Groups  

A total of 60 rats were randomly assigned to six groups, with 10 animals per group, as follows: 
Sham, Sham + Rosuvastatin (10 mg/kg), Sham + Rosuvastatin (20 mg/kg), CLP, CLP + Rosuvastatin 
(10 mg/kg), and CLP + Rosuvastatin (20 mg/kg). In the Sham groups, a laparotomy was conducted by 
carefully exteriorizing the cecum, performing minimal manipulation, and subsequently returning it 
to the abdominal cavity before surgical closure. The Sham + Rosuvastatin groups received oral 
gavage of rosuvastatin (Crestor, AstraZeneca İlaç. San. ve Tic. Ltd. Şti., Istanbul, Türkiye) at 10 or 20 
mg/kg 4 hours before the surgical procedure. In contrast, the Sham control group received an 
equivalent volume of 0.9% NaCl. In the CLP groups, sepsis was induced as described previously [24]. 
Rats in the CLP + Rosuvastatin groups were administered rosuvastatin at 10 or 20 mg/kg via oral 
gavage 4 hours before surgery, while the CLP control group received 0.9% NaCl. All animals were 
monitored postoperatively under standard laboratory conditions until the experimental endpoint, 
which was set at 16 hours following surgery administration. Sixteen hours after the surgical 
procedure, all animals were sacrificed under deep anesthesia induced by high-dose ketamine 
hydrochloride (Pfizer İlaçları Ltd. Şti., Istanbul, Türkiye) and xylazine hydrochloride (Rompun, 
Bayer, USA). The lung tissues were subsequently bisected longitudinally. One portion was preserved 
at −80 °C for biochemical analyses, while the other was fixed in 10% neutral-buffered formalin 
(Sigma-Aldrich, Saint Louis, MO, USA) for histological evaluation. 

2.3. Cecal Ligation and Puncture (CLP) Model 

All surgical procedures were conducted under sterile conditions. Rats were anesthetized via 
intraperitoneal injection of ketamine hydrochloride (50 mg/kg) and xylazine hydrochloride (10 
mg/kg). Once adequate anesthesia was confirmed, a 2.5 cm midline abdominal incision was made. 
The cecum was carefully exteriorized, and a ligation was performed just distal to the ileocecal valve 
using 4/0 silk sutures. Two punctures were then created in the distal cecum with a 22-gauge needle 
to allow the release of cecal contents into the peritoneal cavity. Following this, the cecum was 
returned to the abdominal cavity, and the incision was closed in two layers using sterile, absorbable 
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4/0 sutures. The surgical site was irrigated with 1% lidocaine (Onfarma, Samsun, Türkiye) to provide 
local analgesia.  

2.4. Biochemical Analysis 

2.4.1. Tissue Homogenization 

A homogenization solution consisting of 20 mM sodium phosphate and 140 mM potassium 
chloride (KCl) at pH 7.4 was initially prepared. Subsequently, 1 mL of homogenization solution was 
added to 0.1 g of the tissue sample, and the mixture was then homogenized. The homogenates were 
subjected to centrifugation at 800 g for 10 minutes at 4 °C. The supernatants obtained were used to 
assess thiobarbituric acid-reactive substances (TBARS) and -SH levels. 

2.4.2. TBARS Analysis 

TBARS, a significant marker of tissue damage, serves as a critical indicator of oxidant stress that 
activates reactive oxygen species (ROS) through the oxidative stress pathway. This procedure was 
conducted according to the method outlined by Ohkawa et al [25]. In summary, to 200 µL of tissue 
supernatant, 50 µL of 8.1% sodium dodecyl sulfate, 375 µL of 20% acetic acid (v/v) (pH 3.5), and 
375 µL of 0.8% thiobarbituric acid (TBA) were added. The mixture was vortexed and incubated for 
1 h in a boiling water bath, followed by cooling in ice water for 5 min and centrifugation at 750 g for 
10 min. The resulting pink color was analyzed using a spectrophotometer at 532 nm. The results were 
reported as nmol/mg tissue. 

2.4.3. Total Thiol Group Analysis 

-SH groups were determined using the Ellman reagent [26]. Briefly, 100 µL of 3 M Na2HPO4 and 
25 µL of DTNB (5,5-dithiobis-(2-nitrobenzoic acid)) were added to 25 µL of supernatant. The DTNB 
solution contained 4 mg of DTNB dissolved in 10 mL of 1% sodium citrate solution. The yellow color 
emerging after gentle shaking was then subjected to spectrophotometric analysis at 412 nm. The 
results were calculated using standard graphs for 1000 µM to 62.5 µM reduced glutathione and were 
expressed as nanomoles per milligram of tissue.  

2.5. Histopathological Analysis 

Lung samples were fixed in 10% neutral-buffered formalin (Sigma-Aldrich, Saint Louis, MO, 
USA) for 24 hours. Following fixation, the tissues were dehydrated through a graded ethanol (Merck 
GmbH, Darmstadt, Germany) series according to standard histological protocols. Subsequently, the 
specimens were cleared in two changes of xylene (Merck GmbH, Darmstadt, Germany) and 
embedded in paraffin blocks (Isolab GmbH, Germany) using a tissue embedding system (Leica, 
EG1150, Germany). The sections were subsequently stained with Hematoxylin-Eosin (H&E, Harris 
hematoxylin Eosin G Merck GmbH, Darmstadt, Germany) using an automated tissue stainer (Leica 
ST5020, Germany). Following staining, the samples were examined under a light microscope 
(Olympus BX51, Olympus Corp., Japan), and images were captured with a digital camera mounted 
on the microscope. 

Histopathological evaluation of H&E-stained sections was performed by two independent 
histologists, blinded to the experimental groups, who examined and scored thirty-five distinct 
microscopic fields for each animal. Lung tissue samples were evaluated for alveolar inflammation, 
interstitial inflammation, vascular congestion, and alveolar septal thickening. Alveolar septal wall 
thickness in the tissue sections was measured using the arbitrary probe tool of the Olympus DP 2.0 
software (Figure 1, Olympus Corp., Japan). The lung damage score (LDS) was calculated according 
to the system described by Matute-Bello et al [27]. In this scoring method, the extent of tissue damage 
was assigned to a score of 0, 1, 2, or 3 based on the percentage of affected tissue. Alveolar septal 
thickening was scored by calculating the ratio of the treatment group to the sham group (Table 1).  
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Figure 1. The Olympus DP 2.0 (Olympus Corp., Japan) software program, by which alveolar septal 
wall thickness was measured in tissue section images using an arbitrary probe. 

Table 1. Lung Damage Score (LDS) as defined by Matute-Bello et al. 

Findings 
Score 

0 1 2 3 

Alveolar Inflammation ≤%5 %6-%25 %26-%50 ≥%50 

Interstitial Inflammation ≤%5 %6-%25 %26-%50 ≥%50 

Vascular Congestion ≤%5 %6-%25 %26-%50 ≥%50 

Alveolar Septal Thickening 

(Treatment Group/Sham Group 

Ratio)  

≤X1 <X2 ≥X2 ≥X4 

2.6. Immunohistochemical (IHC) Analysis 

Primary antibodies were used to evaluate the inflammatory response (anti-NF-κB/p65, rabbit 
polyclonal, Abcam, ab16502, UK), to identify apoptotic pneumocytes (anti-caspase-3, rabbit 
polyclonal, Abcam, ab44976, UK), and to detect oxidative DNA damage (anti-8-OHdG [8-hydroxy-2-
deoxyguanosine], rabbit polyclonal, Abcam, ab16502, UK). Detection was performed with an 
appropriate horseradish peroxidase-conjugated secondary antibody (Goat Anti-Rabbit IgG H&L 
(HRP), Abcam, ab205718, UK). Lung tissue paraffin sections, 2–3 µm thick, were mounted on 
positively charged slides (Patolab, PRC). After dehydration, the sections were treated with hydrogen 
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peroxide to block endogenous peroxidase activity, following the protocols provided by the primary 
antibody kit manufacturers. Following deparaffinization and antigen retrieval performed using the 
Leica IHC/ISH system (Leica Biosystems, Germany), the tissue sections were incubated with the 
respective primary and secondary antibodies for 60 minutes each, in accordance with the 
manufacturer’s standardized protocol. Immunoreactivity was visualized using diaminobenzidine 
tetrahydrochloride (Leica LTraview DAB, Leica Biosystems, Wetzlar, Germany), and the sections 
were counterstained with Harris hematoxylin (Merck, Darmstadt, Germany). 

Immunopositive cells in the IHC-stained sections were evaluated using a semi-quantitative 
scoring system (Table 2). Two histologists, blinded to the experimental groups, independently 
assessed thirty-five randomly selected regions per section at 40× magnification. 

Table 2. Immunohistochemical staining positivity scores. 

Findings Score Percentage% 

None 0 <%5 

Mild 1 5-25% 

Moderate 2 26-50% 

Severe 3 %50> 

2.7. Statistical Analysis 

Statistical analyses were conducted using IBM SPSS Statistics version 23 (SPSS Inc., Chicago, IL, 
USA). Data distribution was assessed with the Kolmogorov–Smirnov test. The non-parametric data 
obtained from the semi-quantitative analysis were expressed as median with interquartile range. 
Between-group differences for continuous variables with a normal distribution were assessed using 
one-way analysis of variance (ANOVA) with Tukey’s HSD post hoc test. Non-parametric variables 
were evaluated using the Kruskal–Wallis test followed by Tamhane’s T2 post hoc test. 

3. Results 

3.1. Malondialdehyde (MDA) Levels 

When MDA levels were analyzed, they were found to be significantly higher in the CLP group 
compared to the Sham group (p < 0.05). MDA levels were significantly lower in the CLP + 10 mg/kg 
rosuvastatin and CLP + 20 mg/kg rosuvastatin groups compared to the CLP group (p<0.05). No 
statistically significant difference was observed between the two rosuvastatin doses (10 mg/kg and 
20 mg/kg). Detailed MDA data are presented in Table 3. 

Table 3. Mean MDA levels of the experimental groups and the results of the statistical analysis. 

Group MDA (nmol/mg) 

Sham 54.68 ± 1.6 
 

CLP  92.56 ± 14.7a 

CLP + 10 mg/kg Rosuvastatin 51.08 ± 6.5b 
 

CLP + 20 mg/kg Rosuvastatin  57.40 ± 10.6b 

Sham + 10 mg/kg Rosuvastatin 46.53 ± 3.2 
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Sham + 20 mg/kg Rosuvastatin  51.50 ± 4.7 

Data are expressed as mean ± standard deviation. Statistical analysis was performed using one-way ANOVA 
followed by Tukey's HSD test (a p < 0.05 vs. Sham group; b p < 0.05 vs. CLP group). 

3.2. Reduced Glutathione (GSH) Levels 

The analysis of GSH levels revealed a significant decrease in the CLP group compared to the 
Sham group (p < 0.05). Rosuvastatin treatment significantly increased GSH levels in the CLP groups 
(p < 0.05). No significant difference was observed between the two doses of rosuvastatin (10 mg/kg 
and 20 mg/kg). The GSH data are presented in Table 4. 

Table 4. Mean GSH levels of the experimental groups and the results of the statistical analysis. 

Group GSH (nmol/mg) 

Sham 19.05±2.8 
 

CLP  12.75±1.7a 

CLP + 10 mg/kg Rosuvastatin 19.53±3.4b 
 

CLP + 20 mg/kg Rosuvastatin  19.04±3.8b 

Sham + 10 mg/kg Rosuvastatin 18.72±3.6 
 

Sham + 20 mg/kg Rosuvastatin  17.35±3.5 
Data are expressed as mean ± standard deviation. Statistical analysis was performed using one-way ANOVA 
followed by Tukey's HSD test (a p < 0.05 vs. Sham group; b p < 0.05 vs. CLP group). 

3.3. Histopathological Findings 

Representative microscopic images of lung tissue samples evaluated for alveolar inflammation, 
interstitial inflammation, vascular congestion, and alveolar septal thickness are presented in Figure 
2. The findings were evaluated according to the LDS system proposed by Matute-Bello et al [27]. The 
scores of the assessed lung tissue parameters were significantly higher in the CLP group compared 
to the other groups. Administration of rosuvastatin to septic rats resulted in a significant reduction 
in all scores. However, no significant dose-dependent difference was observed between the groups 
receiving 10 mg and 20 mg of rosuvastatin (Table 5). 
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Figure 2. Representative light microscopic image of lung tissue sections stained with Harris 
hematoxylin and eosin G.  Alveolus (a), type I pneumocyte (arrow), and type II pneumocyte 
(arrowhead). A (×20)-B (×40): In sections from the healthy control group, alveolar septal 
walls composed of normal type I pneumocytes (arrow) and type II pneumocytes were 
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observed (LDS: 0 [0–0.5]). C (×20)-D (×40): In sections from the CR10 mg treatment group, 
alveolar septal wall structures with typical morphology were observed (LDS: 0 [0–1]). E 
(×20)-F (×40): In sections from the CR20 mg treatment group, alveolar (a) structures 
composed of morphologically normal type I pneumocytes (arrow) and type II pneumocytes 
(arrowhead) were observed (LDS: 1 [0–1]). G (×20)-H (×40): In sections from the CLP group, 
thickening of the alveolar septal walls (asterisk) was observed. In addition, widespread 
vascular congestion (arrowhead) was detected in the interstitial areas (LDS: 5 [4–7]). I (×20)-
J (×40): In sections from the CLP+CR10 mg treatment group, a reduction in alveolar septal 
wall thickness and decreased vascular congestion in the interstitial areas were observed. In 
addition, alveolar (a) structures composed of morphologically typical type I pneumocytes 
(arrow) and type II pneumocytes (arrowhead) were identified (LDS: 0.5 [0–2]). K (×20)-L 
(×40): In sections from the CLP+CR20 mg treatment group, reduced alveolar septal wall 
thickness was observed, together with alveolar (a) structures composed of morphologically 
typical type I pneumocytes (arrow) and type II pneumocytes (arrowhead) (LDS: 1 [0–1]). 

Table 5. Lung damage scores (LDS, Matute-Bello et al.) of the experimental groups. 

Group 
Alveolar 

İnflammation 

Interstitial 

Inflammation 

Vascular 

Congestion 
LDS 

Sham 0(0-0) 0(0-0) 0(0-0) 0(0-0.5) 

Sham + 10 mg/kg 

Rosuvastatin 

 0(0-0) 
0(0-0)

b
 0(0-0)

b
 0(0-1)

b
 

Sham + 20 mg/kg 

Rosuvastatin 

0(0-0) 
0(0-1)

c
 0(0-1)

b
 1(0-1)

b
 

CLP 
1(0-1)

a
 1(1-2)

a
 2(1-2)

a
 5(4-7)

a
 

CLP + 10 mg/kg 

Rosuvastatin 

0(0-1) 
0(0-1)

d
 0(0-1)

b
 0.5(0-2)

b
 

CLP + 20 mg/kg 

Rosuvastatin 

0(0-0) 
0(0-1)

e
 0(0-0)

b
 1(0-1)

b
 

ap=0.000; Compared with the sham group 

bp=0.000; Compared with the CLP group 

cp=0.004; Compared with the CLP group 

dp=0.002; Compared with the CLP group 

ep=0.001; Compared with the CLP group 

Kruskal Wallis/ Tamhane T2 test 
Table 6 presents the alveolar septal wall thickness values of rat lung tissue as the arithmetic 

mean ± standard deviation (mean ± SD). The fold changes relative to the sham group were also 
determined. In the CLP group, septal wall thickness exhibited an almost threefold increase, whereas 
administration of rosuvastatin resulted in an average reduction of approximately 1.5-fold. 
Nevertheless, no statistically significant differences were observed among the various rosuvastatin 
dosage groups. 
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Table 6. Alveolar septum thickness. 

Group 
Alveolar Septal Wall 

Thickness (μm) 

Alveolar Septum 

Thickness (Treatment 

Group/Control Group) 

 

Alveolar Septum 

Thickness Score 

(Matute-Bello et al.) 

 Sham 8.06±1.68 1 0 (<X2) 

Sham + 10 mg/kg 

Rosuvastatin 

9.91±2.15𝑏𝑏 1.22 0 (<X2) 

Sham + 20 mg/kg 

Rosuvastatin 

9.71±1.81𝑏𝑏 1.2 0 (>X2) 

CLP 23.75±7.87𝑎𝑎 2.94 2 (≥ X2) 

CLP + 10 mg/kg 

Rosuvastatin 

12.05±2.38𝑏𝑏 1.50 0 (<X2) 

CLP + 20 mg/kg 

Rosuvastatin 

12.93±2.85𝑏𝑏 1.60 0 (<X2) 

Statistical significance is shown as median + standard deviation.  

The alveolar septal thickness ratio in the sham group was designated as 1. 

ap=0.000; Compared with the sham group 

bp=0.000; Compared with the CLP group 

One-Way ANOVA/Tukey HSD test 

3.4. Immunohistochemical Results 

The immunohistochemical positivity scores for the antibodies used are presented in Table 7. In 
the CLP group, the scores of all antibodies were significantly higher compared to the other groups. 
Administration of rosuvastatin in septic animal models resulted in a significant reduction of these 
scores. The positivity scores of NF-κB/p65, caspase-3, and 8-OHdG antibodies did not show an 
important difference between the 10 mg and 20 mg rosuvastatin groups. 

Table 7. Immunohistochemical positivity score results (median with 25% and 75% interquartile 
range). 

Group 
Caspase-3 

Positivity Score 

NF-kB/p65  

Positivity Score 

8-OHdG 

Positivity Score 

Sham 0(0-0) 0(0-0) 0(0-0) 

Sham + 10 mg/kg 

Rosuvastatin 

0(0-0) 0(0-0) 0(0-1) 

Sham + 20 mg/kg 

Rosuvastatin 

0(0-0) 0(0-1) 0(0-1) 

CLP 3(3 − 3)𝑎𝑎 3(3 − 3)𝑎𝑎 3(2 − 3)𝑎𝑎 

CLP + 10 mg/kg 

Rosuvastatin 

0.5(0 − 1)𝑏𝑏 0(0 − 1)𝑏𝑏 0(0 − 1)𝑏𝑏 

CLP + 20 mg/kg 

Rosuvastatin 

0(0 − 1)𝑏𝑏 1(0 − 1)𝑏𝑏 0(0 − 1)𝑏𝑏 
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ap=0.000; Compared with the sham group 

bp=0.000; Compared with the CLP group 

Kruskal Wallis/Tamhane T2 
Representative photomicrographs of lung sections immunolabeled for caspase-3 are shown in 

Figure 3. In sections from the CLP group, numerous pneumocytes within the alveolar septa exhibited 
intense caspase-3 immunoreactivity, with prominent cytoplasmic and occasional perinuclear 
localization consistent with apoptotic morphology (arrowheads). In contrast, lungs from 
rosuvastatin-treated septic rats contained markedly fewer caspase-3–positive cells, and staining 
intensity was substantially attenuated.  

 

Figure 3. Light microscopic image of lung tissue sections incubated with caspase-3. Positive cells 
are marked with arrowheads, whereas normal cells are indicated by straight arrows. A: Sham, B: 
Sham + 10 mg/kg Rosuvastatin, C: Sham + 20 mg/kg Rosuvastatin, D: CLP, E: CLP + 10 mg/kg 
Rosuvastatin, F: CLP + 20 mg/kg Rosuvastatin.  
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Representative images of lung sections immunostained for NF-κB/p65 are presented in Figure 
4. Sections from the CLP group showed abundant NF-κB/p65–immunopositive pneumocytes 
(arrowheads), whereas rosuvastatin-treated septic rats displayed a reduced number of NF-κB/p65–
positive pneumocytes compared with the CLP group.  

Figure 5 shows representative images of lung tissue sections probed with anti–8-OHdG 
antibodies. The CLP group displayed the highest 8-OHdG signal, with expression significantly 
elevated relative to all other groups. In the rosuvastatin-treated groups, the number of 8-OHdG–
positive pneumocytes was markedly reduced, and no significant differences were observed between 
the administered doses. 

 
Figure 4. Light microscopic image of lung tissue sections incubated with NF-kβ/p65. Positive cells 
are marked with arrowheads, whereas normal cells are indicated by straight arrows. A: Sham, B: 
Sham + 10 mg/kg Rosuvastatin, C: Sham + 20 mg/kg Rosuvastatin, D: CLP, E: CLP + 10 mg/kg 
Rosuvastatin, F: CLP + 20 mg/kg Rosuvastatin. 
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Figure 5. Light microscopic image of lung tissue sections incubated with 8-OHdG. Positive cells are 
marked with arrowheads, whereas normal cells are indicated by straight arrows. A: Sham, B: Sham + 
10 mg/kg Rosuvastatin, C: Sham + 20 mg/kg Rosuvastatin, D: CLP, E: CLP + 10 mg/kg Rosuvastatin, 
F: CLP + 20 mg/kg Rosuvastatin. 

4. Discussion 

Despite numerous proposed mechanisms, the pathophysiology of sepsis remains incompletely 
elucidated. Nevertheless, it is well established that a dysregulated host immune response to infection 
drives tissue injury. Immune cells recruited to sites of inflammation augment the synthesis and levels 
of pro-inflammatory cytokines, thereby precipitating cellular damage within organs [28]. Pro-
inflammatory cytokines promote the generation of reactive oxygen species (ROS), thereby inducing 
oxidative stress and consequent tissue injury. In sepsis, the lung is a primary target of this injury and 
one of the most frequently affected organs. Malondialdehyde (MDA), a lipid peroxidation product 
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and a key biomarker of tissue-level oxidative stress, has been reported to increase in the lung 
following induction of sepsis [29]. Reduced glutathione (GSH) is the cell’s foremost non-enzymatic 
antioxidant. Serving primarily as an electron donor for glutathione peroxidase (GPx), it detoxifies 
peroxides and helps neutralize superoxide and hydroxyl radicals [30].  

The documented antioxidant, anti-inflammatory, and immunomodulatory properties of statins 
have motivated their evaluation as adjunctive or alternative therapeutic strategies for chronic 
diseases. Rosuvastatin exhibits high affinity for the active site of HMG-CoA reductase and 
demonstrates superior in vitro potency in inhibiting enzymatic activity and cholesterol biosynthesis 
relative to other statins [21]. 

In rat models of sepsis induced by CLP, it has been reported that MDA levels in lung tissue are 
significantly increased, whereas GSH levels are decreased. Various compounds have been shown to 
attenuate sepsis-induced pulmonary injury by decreasing MDA levels and increasing GSH levels 
[4,31,32]. However, the potential effect of rosuvastatin on these oxidative stress parameters in lung 
tissue has not been clearly demonstrated in animal models of sepsis. In the present study, the elevated 
MDA levels and decreased GSH levels observed in the sepsis group were significantly reversed 
following rosuvastatin administration. These findings suggest that rosuvastatin exerts a protective 
effect against sepsis-induced oxidative damage in lung tissue. 

In a study evaluating rosuvastatin’s antioxidant effects, rats were exposed to the toxicant fipronil 
to induce hepatic and renal oxidative injury. Abdel-Daim et al. administered rosuvastatin (10 mg/kg, 
oral, 15 days) and measured oxidative and antioxidant markers. Rosuvastatin significantly lowered 
fipronil-elevated MDA and restored depleted GSH in both organs. Fipronil also enhanced caspase-3 
expression in hepatic and renal tissues; co-administration of oral rosuvastatin with vitamin E 
attenuated this apoptosis-associated upregulation [33]. In a separate study conducted in myocardial 
tissue, azithromycin administration elevated malondialdehyde (MDA) levels, which were reduced 
by maintenance-dose rosuvastatin (2 mg/kg), while glutathione (GSH) levels increased. 
Concurrently, the azithromycin-induced upregulation of caspase-3 expression was attenuated by 
rosuvastatin [34]. Consistent with these reports, rosuvastatin in our study conferred protection to 
lung tissue under heightened oxidative stress by reducing MDA levels and significantly increasing 
GSH. Thus, we confirm rosuvastatin’s antioxidant effect in sepsis-induced lung injury, extending 
prior evidence to pulmonary tissue.  

In sepsis, NF-κB/p65 is central to TLR-mediated signaling: nuclear translocation of p65 triggers 
transcription of TNF-α, IL-1β, IL-6, and iNOS/COX-2. This program amplifies neutrophil recruitment, 
oxidative stress, and epithelial apoptosis, culminating in diffuse alveolar injury. Apoptosis of alveolar 
epithelial and capillary endothelial cells leads to barrier dysfunction, proteinaceous edema, and 
impaired gas exchange. Caspase-3, a principal executioner caspase, occupies a central position in the 
pathophysiology of sepsis. By integrating inputs from the intrinsic (caspase-9–dependent) and 
extrinsic (caspase-8–dependent) pathways, it orchestrates and carries out the terminal proteolytic 
events that execute the apoptotic program [35,36].  

As one of the earliest organs affected during sepsis, the lung undergoes disruption of tissue 
integrity because of marked neutrophil infiltration within the pulmonary epithelium, leading to 
alveolar inflammation, interstitial inflammation, and vascular congestion.  In addition, alveolar 
septal thickness is one of the histopathological features that is markedly altered and commonly 
evaluated in sepsis.[27]. It has been reported that, in the CLP-induced sepsis group in which these 
histopathological features were analyzed, both the lung injury score (LDS) and alveolar septal 
thickness were significantly increased. [24,37]. Our histopathological analysis based on the scoring 
system of Matute-Bello et al., the lung injury score (LDS) was 0 (0–0.5) in the Sham group and 5 (4–7) 
in the CLP group. Following administration of rosuvastatin at 10 mg, this value decreased 
significantly to 0.5 (0–2), whereas treatment with 20 mg rosuvastatin reduced it to 1 (0–1). When the 
alveolar septal thickness ratio in the Sham group was accepted as 1, this ratio was determined to be 
2.94 in the CLP group, 1.50 in the group treated with 10 mg rosuvastatin, and 1.60 in the group treated 
with 20 mg rosuvastatin. Our findings indicate that rosuvastatin exerts a protective effect against 
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sepsis-induced acute lung injury (ALI); however, this effect appears to be dose-independent. Further 
studies are needed to validate and support these findings. 

In a recently published study, increased expression of TNF-α and NF-κB in lung tissues of a rat 
sepsis model was reported [4]. Consistent findings have also been documented in earlier studies 
evaluating various compounds [31,38]. In a murine model of sepsis, increased TNF-α expression in 
cortical tissues has been reported, and rosuvastatin was shown to significantly attenuate this 
elevation [2]. Similarly, in the peritoneal lavage supernatants of the same model, elevated TNF-α 
levels were significantly reduced following rosuvastatin administration [15]. Mărginean et al. 
compared the anti-inflammatory effects of rosuvastatin and simvastatin in a rat model of CLP. The 
statins were administered 18 and 3 hours before surgery, and serum levels of procalcitonin and 
cytokines (IL-1β, IL-6, and TNF-α) were measured. Both rosuvastatin and simvastatin demonstrated 
significant anti-inflammatory activity in this sepsis model [39]. In another study, lung tissue samples 
from the CLP-induced sepsis group exhibited markedly elevated NF-κB/p65 expression, which was 
significantly reduced following fosfomycin administration [24]. In our study, TNF-α and NF-κB/p65 
levels were elevated in the sepsis group, whereas this increase was significantly attenuated in the 
rosuvastatin-treated group. These results further support the notion that rosuvastatin exerts 
modulatory effects on inflammatory pathways contributing to sepsis-induced lung injury. 

8-OHdG is elevated in sepsis at both systemic (serum/urine) and pulmonary tissue levels, 
parallels indices of oxidative stress and lipid peroxidation (e.g., malondialdehyde, MDA), and 
correlates with disease severity and mortality. These findings support 8-OHdG as a reliable 
biomarker of oxidative DNA damage in sepsis and a useful pharmacodynamic readout for 
monitoring the impact of antioxidant or anti-inflammatory interventions [40]. In a study using a CLP-
induced sepsis/ALI model in rats, 8-OHdG levels were evaluated in lung tissue. The authors reported 
that 8-OHdG levels were elevated in the CLP group, whereas resveratrol treatment attenuated this 
elevation by 41%. Another study employing the same model, in which 8-OHdG immunopositivity 
was assessed, likewise reported increased 8-OHdG levels in the sepsis group and demonstrated that 
costunolide treatment reduced this marker [41]. However, the effect of rosuvastatin on oxidative 
DNA damage in lung tissue has not previously been demonstrated. In our experimental groups, 8-
OHdG levels were evaluated by immunohistochemical analysis. The increased positivity scores 
observed in the lung tissues of the sepsis group showed a statistically significant reduction following 
administration of rosuvastatin at doses of 10 mg and 20 mg. Nevertheless, no significant difference 
was detected between the two treatment doses. Our findings regarding 8-OHdG levels indicate that 
rosuvastatin also exerts a protective effect on the cellular pathways involved in oxidative DNA 
damage. 

Rosuvastatin has been shown to inhibit apoptotic pathways in multiple tissues, including the 
liver, kidney, and myocardium [33,34]. Extending this evidence to the lung, we demonstrate an anti-
apoptotic effect in the clinically relevant setting of sepsis, as evidenced by reduced caspase-3 
expression. Caspase-3 levels, which were elevated in the CLP group, declined markedly after 
rosuvastatin treatment, without a discernible dose-dependent difference. 

Our study had several limitations. First, sepsis is a systemic condition that affects not only the 
lungs but also the circulatory system and other organs, including the liver, kidneys, and spleen. 
Therefore, analysis of these organs would be necessary to comprehensively evaluate the overall 
effects of rosuvastatin. In addition, oxidative stress, inflammation, apoptosis, and oxidative DNA 
damage pathways were assessed using a limited number of biomarkers in the present study. 
Evaluation of additional key markers involved in these pathways would be required to further 
validate our findings. Moreover, tissue integrity was examined at the microscopic level; however, 
assessment of intercellular junction molecules at the molecular level could have provided more direct 
evidence regarding the effects of rosuvastatin. Rosuvastatin was administered exclusively as a 
prophylactic treatment, 4 hours before sepsis induction. Additional experimental designs 
incorporating post-sepsis treatment regimens would enhance the clinical relevance and translational 
value of our findings. 
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5. Conclusions 

Although studies investigating the effects of rosuvastatin in experimental sepsis models remain 
limited, the available evidence suggests that this agent has anti-inflammatory potential. In this 
regard, our findings indicating the biochemical and histological protective effects of rosuvastatin in 
a CLP-induced sepsis model in rats are noteworthy. Nevertheless, in addition to further studies 
targeting a broader spectrum of cellular signaling pathways, therapeutic rather than prophylactic 
models are also required to fully elucidate the protective potential and clinical applicability of 
rosuvastatin in sepsis. Additionally, when the two different doses of rosuvastatin (10 mg/kg and 20 
mg/kg) were compared across all analyzed parameters, no significant difference was observed 
between the dose groups. This finding indicates that rosuvastatin did not exhibit a dose-dependent 
effect under the conditions of the present study. Given the therapeutically challenging nature of 
sepsis, characterized by complex pathophysiology and high mortality, the demonstration of a 
therapeutic effect of a widely used drug such as rosuvastatin represents an important finding. 

Author Contributions: Conceptualization, S.İ.Y. and F.S.; Methodology, S.İ.Y 
and E.Y.K; Validation, A.T. and F.S.; Formal Analysis, E.Y.K.; Investigation, 
S.İ.Y.; Resources, S.İ.Y.; Data Curation, A.T. and L.T.; Writing – Original Draft 
Preparation, L.T and F.S.; Writing – Review & Editing, H.A.U; Visualization, 
H.A.U. and L.T.; Supervision, F.S.; Project Administration, H.A.U and F.S.; 
Funding Acquisition, F.S. 

Institutional Review Board Statement: The study was conducted in 
accordance with the Declaration of Helsinki and approved by the Laboratory 
Animals Institutional Ethical Committee of Recep Tayyip Erdogan University 
(Protocol Code: 2020/32, Date of approval: 16.07.2020). 

Funding: This study was supported by the Scientific Research Projects Unit of 
Recep Tayyip Erdoğan University (Project No. TYL-2021-1289) and the Recep 
Tayyip Erdoğan University Development Foundation (Grant No. 
02026003030216). 

Conflicts of Interest: The authors declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this article. 

Data Availability Statement: The data that support the findings of this study 
are available from the corresponding author upon reasonable request. 

Abbreviations 

The following abbreviations are used in this manuscript: 
ALI                  Acute lung injury 

CLP                 Cecal ligation and puncture  

MDA               Malondialdehyde 

GSH                 Reduced glutathione 

ARDS              Acute respiratory distress syndrome 

NF-κB/p65      Nuclear factor kappa B/65  

TNF-α             Tumor necrosis factor-alpha 

IL-6                 Interleukin-6 

IL-1β               Interleukin-1 beta 

IL-10               Interleukin-10 

ROS                 Reactive oxygen species  

SOD                 Superoxide dismutase  
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GR                   Glutathione reductase  

GSH-Px           Glutathione peroxidase  

CAT                 Catalase  

RNS                 Reactive nitrogen species 

8-OHdG          8-hydroxy-2′-deoxyguanosine 

HMG-CoA      Hydroxy-3-methylglutaryl-CoA 

TBARS           Thiobarbituric acid-reactive substances 

DTNB             5,5-dithiobis-(2-nitrobenzoic acid) 

H&E                Hematoxylin-Eosin  

LDS                 Lung damage score  

IHC                 Immunohistochemical 
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