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Abstract: Disruption of the alveolar–endothelial barrier caused by inflammation leads to the pro-
gression of septic acute lung injury (ALI). In the present study, we investigated the beneficial effects 
of simvastatin on the endotoxin lipopolysaccharide (LPS)-induced ALI and its related mechanisms. 
A model of ALI was induced within experimental sepsis developed by intraperitoneal injection of 
a single non-lethal LPS dose after short-term simvastatin pretreatment (10–40 mg/kg orally). The 
severity of the lung tissue inflammatory injury was expressed as pulmonary damage scores (PDS). 
Alveolar epithelial cell apoptosis was confirmed by TUNEL assay (DNA fragmentation) and ex-
pressed as an apoptotic index (AI), and immunohistochemically for cleaved caspase-3, cytochrome 
C, and anti-apoptotic Bcl-xL, an inhibitor of apoptosis, survivin, and transcriptional factor, NF-
κB/p65. Severe inflammatory injury of pulmonary parenchyma (PDS 3.33 ± 0.48) was developed 
after the LPS challenge, whereas simvastatin significantly and dose-dependently protected lung 
histology after LPS (p < 0.01). Simvastatin in a dose of 40 mg/kg showed the most significant effects 
in amelioration alveolar epithelial cells apoptosis, demonstrating this as a marked decrease of AI (p 
< 0.01 vs. LPS), cytochrome C, and cleaved caspase-3 expression. Furthermore, simvastatin signifi-
cantly enhanced the expression of Bcl-XL and survivin. Finally, the expression of survivin and its 
regulator NF-κB/p65 in the alveolar epithelium was in strong positive correlation across the groups. 
Simvastatin could play a protective role against LPS-induced ALI and apoptosis of the alveolar–
endothelial barrier. Taken together, these effects were seemingly mediated by inhibition of caspase 
3 and cytochrome C, a finding that might be associated with the up-regulation of cell-survival sur-
vivin/NF-κB/p65 pathway and Bcl-XL. 
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1. Introduction 
In spite of extensive research on treating acute respiratory distress syndrome 

(ARDS), one of the severe complications of acute lung injury (ALI), the overall mortality 
remains high. Pathogenesis of ALI involves exaggerated pulmonary inflammation, lead-
ing to an impairment of the alveolar–capillary barrier, structural disarrangement of sur-
factant, and deterioration of gas exchange [1]. 

Lipopolysaccharide (LPS), an endotoxin and a key component of the Gram-negative 
bacterial cell wall, plays a complex role in lung inflammation and its systemic or intranasal 
administration has been widely used to induce pulmonary inflammation in an animal 
model of ALI [2,3]. Endotoxin binds Toll-like receptor (TLR)-4 on macrophages, endothe-
lium, airway, and alveolar epithelium (type I and II), leading to the production of chemo-
kines and pro-inflammatory cascade, such as tumor necrosis factor (TNF)-α and interleu-
kin-1β, which might be crucial in the ALI pathogenesis [2,3]. Moreover, apoptosis is one 
of the critical factors in the development of ALI induced by LPS and partially understood 
in ALI associated with SARS-CoV-2 infection [1,4]. Binding TLR-4, LPS activates pro-
apoptotic signals in different types of cells or triggers augmentation of intracellular reac-
tive oxygen (ROS) and nitrogen species that lead to mitochondrion-dependent apoptosis 
of alveolar epithelial cells [3,5]. Pleiotropic cytokine TNF-α can also initiate cell-survival 
signaling through anti-apoptotic molecules Bcl-2 and inhibitors of apoptosis [6].  

Therefore, many potential therapeutic agents are investigated to target LPS-induced 
apoptosis in pulmonary parenchymas, such as geraniol, which dramatically reduced lung 
injury, inhibited pro-apoptotic Bax and caspase-3 expression, and promoted an anti-apop-
totic protein of the Bcl-2 family [7]. Additionally, partial inhibition of the mevalonate path-
way by targeting geranylgeranyl pyrophosphate synthase large subunit 1 (GGPPS1), was 
effective in treating LPS-induced ALI by suppressing the NLRP3 inflammasome and 
apoptosis of alveolar epithelial cells [8]. 

Survivin is a member of the inhibitor of apoptosis proteins (IAP) that either directly 
or indirectly interfere with the function of executor caspases of apoptosis. One of the main 
transcriptional factors, NF-κB up-regulates survivin expression and initiates an anti-apop-
totic signaling pathway [9,10]. In spite of a confirmed variety of roles attributed to sur-
vivin in embryonic organ and tumor biology, the function of this protein in normal adult 
tissue remains unclear [10]. Accumulating evidence suggests that survivin is involved and 
considered as the key mediator of cytoprotection in ALI induced by hyperoxia [9], bleo-
mycin [11], and HCl aspiration in silymarin treatment [12]. 

Pleiotropic effects of lipid-lowering drugs—statins—related to their anti-inflamma-
tory properties, have been confirmed to increase survival and prevent skin injury in local 
inflammation [13] and lung injuries in sepsis induced by LPS or cecal ligation and punc-
ture (CLP) [14,15]. These effects are explained by the mechanism of action of statins in 
terms of the inhibition of hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase and 
mevalonate pathway, and the subsequent blockade of activation of downstream sub-
strates involved in several cellular processes, such as apoptosis or cell survival [16,17]. 
One previous study showed that simvastatin improved endothelial permeability and mit-
igated sepsis-induced ALI, oxidative stress, and apoptosis by inhibiting the Bax, caspase-
3, and toll-like receptor 4 (TLR4)/NF-κB signaling pathway [15]. A recent study demon-
strated that pravastatin ameliorates sepsis-induced ALI, improves the alveolar endothe-
lial barrier, and inhibits apoptosis in pulmonary parenchyma through regulating the cave-
olin-1/eNOS signaling pathway [18]. 

In our previous research of multi-organ dysfunction syndrome in LPS-induced sep-
sis, we have shown that simvastatin pretreatment improved survival and significantly 
suppressed the over-production of pro-inflammatory cytokines, TNF-α, and interleukin 
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(IL)-1β and IL-6 [19]. The results demonstrated that simvastatin pretreatment prevented 
multi-organ injuries induced by LPS, and showed potential in cell protection of cardio-
myocytes, hepatocytes, spleen lymphocytes, and renal tubular cells against apoptosis [20–
22]. The main findings revealed that simvastatin attenuated cleaved caspase-3 expression 
along with reduction of apoptotic cell death, and concurrently increased anti-apoptotic 
molecules, all of which partly explain the cell-protective effects of simvastatin in response 
to LPS-induced tissue injury [20–22]. Whether simvastatin attenuates inflammation and 
down-regulates apoptosis in pulmonary parenchyma in LPS-induced ALI, however, re-
mains unclear. Therefore, the present study was designed to assess if simvastatin inhibits 
apoptotic cell death of alveolar epithelial cells, and to identify if these cell-protective ef-
fects involve the activation of Bcl-XL and survivin/NF-κB/p65 pathway. 

2. Results 
2.1. Effects of Simvastatin on Lung Histopathology in LPS-Induced Inflammation 

Hematoxylin-eosin staining of the selected tissue sections, and determined pulmo-
nary damage scores (PDSs), indicated the extent of the LPS-induced injury and effects of 
simvastatin of lung histology. Microscopic examination of the control group showed lung 
histology (Figure 1a) with normal alveoli and interstitial tissue, pulmonary blood capil-
laries, and intrapulmonary bronchioles.  

 
Figure 1. Tissue-protective effects of simvastatin against LPS-induced lung inflammatory injury. 
Hematoxylin and Eosin (H&E) staining (200×) of pulmonary parenchyma. (a) Lung histology of 
control animals, (b) lung histology after challenge with LPS only, (c) lung tissues from the group 
with 20 mg/kg of simvastatin, and (d) 40 mg/kg of simvastatin pretreatment prior to LPS. Histo-
pathological analysis revealed decreased lung inflammatory injury in both simvastatin-treated 
groups, while severe alterations persisted only in the LPS group. 
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Not surprisingly, a significant lung inflammatory injury was obvious in the animals 
challenged with LPS only. The lung tissue in the LPS group showed severe inflammatory 
reactions, including diffuse alveolar capillary congestion, massive focal hemorrhage with-
out tissue necrosis, destructions of or alveolar wall thickening, intensive edema, and dif-
fuse areas of inflammatory cell infiltration into the alveolar space and interstitium result-
ing in PDS of 3.33 ± 0.48 (p < 0.001 vs. control) (Figure 1b and Table 1). Pretreatment with 
simvastatin (10, 20, and 40 mg/kg) markedly alleviated these histopathological changes 
induced by LPS (Figure 1c,d). Lung inflammatory injury in the group that received 20 
mg/kg of simvastatin was less intensive in comparison to the 40 mg/kg of simvastatin 
group, where the histology remained mostly unchanged with only rare alveoli filled with 
desquamated epithelial cells, focal interstitial edema, congestion, and perivascular inflam-
matory infiltrate in the interstitium. Accordingly, PDSs were significantly prevented by 
pretreatment with 20 mg/kg of simvastatin and 40 mg/kg of simvastatin (p < 0.05 vs. con-
trol, p < 0.01 vs. LPS group, for both doses of simvastatin). Semiquantitative assessment of 
lung tissue inflammatory injuries revealed that simvastatin significantly ameliorated LPS-
induced histopathological changes in a dose-dependent manner (Table 1). 

Table 1. The effect of simvastatin on the degree of lung histopathology caused by LPS—Pulmonary 
Damage Score (PDS). 

Treatment 
(mg/kg) 

Pulmonary Damage Score (6 Lung/Group × 6 
Slices/Lung) 

0 1 2 3 4 5 ⎯X ± SD 
Control 31 5 0 0 0 0 0.60 ± 0.11 

LPS group 0 0 4 20 12 0 3.33 ± 0.48 a1 
10 mg/kg of simvastatin group 0 0 24 10 2 0 2.33 ± 0.48 a2 
20 mg/kg of simvastatin group 0 6 24 6 0 0 2.00 ± 0.59 a2, b1 
40 mg/kg of simvastatin group 0 23 13 0 0 0 1.33 ± 0.40 b1 
Kruskal–Wallis test was performed using the a1 p < 0.001 in comparison to the control, a2 p < 0.05 in 
comparison to the control, and b1 p < 0.01 in comparison to the LPS group. 

2.2. Simvastatin Attenuated Cytochrome C and Cleaved Caspase-3 Expression and LPS-Induced 
Apoptosis of Alveolar Epithelial Cells 

Based on the results on decreased severity of lung inflammatory injury, we specu-
lated that simvastatin might provide tissue protection to LPS-induced ALI through atten-
uation of cell apoptosis of pulmonary parenchyma. As illustrated in Figures 2 and 3, com-
pared with the control, the LPS group had a significantly up-regulated expression of 
cleaved caspase-3 of alveolar epithelial cells, macrophages, and endothelium as well as a 
substantially increased apoptotic index (AI) (34.5 ± 3.8%, p < 0.01, respectively). Pretreat-
ment with 40 mg/kg of simvastatin showed markedly lower incidence of cleaved caspase-
3 expressions in alveolar epithelial cells than those administered 20 mg/kg of simvastatin 
(17.2 ± 3.0%, and 32.9 ± 3.5%, p < 0.05), and significantly decreased compared to the LPS 
group (p < 0.01, p < 0.05, respectively) (Figure 2b–d). Cleaved caspase-3 is an executioner 
caspase, best known for its enzymatic function at the end of the inner apoptotic cascade. 
Additionally, to further confirm the anti-apoptotic effects of simvastatin, we performed a 
TUNEL analysis. Accordingly, to cleaved caspase-3 results, simvastatin decreased Ais, 
which are observed as a significantly decreased number of mostly TUNEL-positive alve-
olar epithelial cells (Figure 3c,d). The extent of apoptosis in pulmonary parenchyma, ex-
pressed as the AIs (%), was obviously reduced and seemingly in dose-dependent manner 
in the 20 mg/kg of simvastatin (AI = 28.0 ± 3.1%) and 40 mg/kg of simvastatin (AI = 12.7 ± 
3.0%) groups with respect to the LPS group (p < 0.05 and p < 0.01, respectively) (Figure 3e). 

In the comparison of apoptotic death detected by immunohistochemistry and the 
TUNEL assay, it is important to emphasize that cleaved caspase-3 expression is confirmed 
as predominantly brown cytoplasmic staining. Apoptotic activity of cleaved caspase-3 
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results in the blebbing and condensing of cells that ultimately leads to cell death, but also 
means pro-apoptotic cells without chromatin condensation and with preserved cellular 
morphology. Therefore, the results of the apoptosis frequency slightly differ in the total 
number of cleaved caspase-3 positive cells and TUNEL-positive cells (Figure 3e). These 
findings are supported by significantly positive correlation between cleaved caspase-3 
and TUNEL positive cells in the LPS group (R2 = 0.52, p < 0.05), 20 mg/kg of simvastatin 
group (R2 = 0.63, p < 0.05), and 40 mg/kg of simvastatin group (R2 = 0.69, p < 0.05). 

 
Figure 2. Simvastatin inhibited the apoptosis of alveolar epithelial cells in LPS-induced inflamma-
tion by down-regulating cleaved caspase-3 expression (arrows) mainly in the alveolar epithelial 
cells. Representative images of pulmonary parenchyma that were challenged with LPS or pretreated 
with 20 mg/kg of simvastatin or 40 mg/kg of simvastatin, respectively, prior to LPS, assessed by 
immunohistochemistry (400×). (a) Control group. (b) Intense cytoplasmic staining of cleaved 
caspase 3 in alveolar epithelium, macrophages, and endothelial cells in the LPS group. Marked re-
duction of apoptotic alveolar epithelial cells in the groups pretreated with 20 mg/kg of simvastatin 
(c) and 40 mg/kg of simvastatin prior to LPS (d). 
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Figure 3. TUNEL assay (400×) of simvastatin effects on alveolar epithelial cells apoptosis in inflam-
matory injury induced by LPS (a–d). The apoptotic indices (AIs) refer to the relative number of 
TUNEL-positive alveolar epithelial cells (shown as brown-stained nuclei, and with arrows). AI 
(shown as white columns) is markedly increased in LPS group (b) while in groups pretreated with 
20 mg/kg of simvastatin (c) and 40 mg/kg simvastatin prior to LPS (d), it decreased significantly and 
in a dose-dependent manner. Semiquantitative analysis of apoptotic cells counted in the immuno-
histochemically stained lung tissue for cleaved caspase-3 and corresponding frequencies of TUNEL-
positive alveolar epithelial cells expressed as AIs (# p < 0.05 vs. LPS group, * p < 0.05 vs. 20 mg/kg of 
simvastatin group, ** p < 0.01 vs. LPS group) (e). 

Mitochondrial regulation of apoptosis is mediated through the release of cytochrome 
C in the cytoplasm, and ultimately caspases activation. In the present study, a marked 
increase of cytochrome C expression (52.1 ± 6.5%) was detected upon LPS administration. 
As shown in Figure 4, simvastatin pretreatment inhibited LPS-induced cytochrome C up-
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regulation (p < 0.05 vs. LPS with 20 mg/kg of simvastatin group and p < 0.01 for the 40 
mg/kg of simvastatin group). The anti-apoptotic effects of simvastatin are supported with 
strong positive correlations of cleaved caspases-3 and cytochrome C expression across the 
groups (R2 = 0.91, p < 0.01 in the LPS group, R2 = 0.86, in the 20 mg/kg of simvastatin group, 
and R2 = 0.89 in the 40 mg/kg of simvastatin group, p < 0.01, respectively) (Figure 5). 

 

 
Figure 4. Simvastatin attenuated cytochrome C expression in alveolar epithelial cells in LPS-induced 
inflammation. Representative images of pulmonary parenchyma that were challenged with LPS or 
pretreated with 20 mg/kg of simvastatin or 40 mg/kg of simvastatin, respectively, prior to LPS, as-
sessed by immunohistochemistry (400×). (a) Control group. (b) Intense cytoplasmic staining of cy-
tochrome C (arrows) in alveolar epithelium, macrophages, and endothelial cells in the LPS group. 
Marked reduction of cytochrome C-positive cells in the groups pretreated with 20 mg/kg of simvas-
tatin (c) and 40 mg/kg of simvastatin prior to LPS (d). Semiquantitative analysis of cytochrome C-
positive cells in pulmonary parenchyma assessed in the immunohistochemically stained sections in 
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the lung tissue (* p < 0.05 vs. LPS group, ** p < 0.01 vs. LPS group, # p < 0.05 vs. 20 mg/kg of simvas-
tatin) (e). 

 
Figure 5. The correlations for cytochrome C and cleaved-caspase-3 in alveolar epithelial cells are 
shown: (a) LPS group, (b) 20 mg/kg of simvastatin, (c) 40 mg/kg of simvastatin. The number of 
cytochrome C and cleaved caspase-3 and immunopositive alveolar epithelial cells was quantified 
across ten non-successive fields per sample of lung tissue from the LPS, 20 mg/kg of simvastatin, 
and 40 mg/kg of simvastatin groups, using ImageJ software 1.50. The correlation analysis and level 
of significance were calculated by using Pearson’s correlation coefficient. 

2.3. Simvastatin Up-Regulated Bcl-XL Expression in Pulmonary Parenchyma in LPS-Induced 
Inflammatory Injury 

The balance of anti-apoptotic Bcl-xL to pro-apoptotic proteins, such as cytochrome C 
and cleaved caspase-3, is an important determinant of mitochondrial membrane integrity, 
preventing cytochrome C release into the cytosol. We were interested in looking at Bcl-XL 
expression relative to pro-apoptotic proteins in LPS-induced ALI as a potential mecha-
nism of simvastatin anti-apoptotic effect. The results revealed weak expression of Bcl-xL 
in the control group (Figure 6a), but in contrast, a significant increase of the mean percent-
age of moderately immune-positive alveolar epithelial cells in the LPS group (p < 0.05) 
(Figure 6b). Pretreatment with 20 mg/kg of simvastatin as well as with 40 mg/kg of simvas-
tatin resulted in significant up-regulation of Bcl-XL with intensive brown cytoplasmic 
staining in alveolar epithelial cells and macrophages relative to the LPS group (66.4 ± 
10.8% and 73.1 ± 4.5%, p < 0.05, respectively) (Figure 6c–e). The results showed the strong 
inverse correlation between Bcl-XL and cleaved caspase-3-positive cells across the groups 
(R2 = 0.76, p < 0.01 in the LPS group, R2 = 0.91, p < 0.01 in the 20 mg/kg of simvastatin group, 
and R2 = 0.86, p < 0.01 in the 40 mg/kg of simvastatin group) (Figure 7). Similarly, Bcl-XL 
expression was in a strong negative correlation with cytochrome C in the groups pre-
treated with 20 mg/kg of simvastatin and 40 mg/kg of simvastatin (R2 = 0.76, and R2 = 0.80, 
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p < 0.01, respectively), suggesting that induction of Bcl-XL might be the potential mecha-
nism of simvastatin against LPS-induced apoptosis.  

 

 
Figure 6. Simvastatin up-regulated Bcl-XL expression in alveolar epithelial cells in LPS-induced in-
flammation. Representative images of pulmonary parenchyma that were challenged with LPS or 
pretreated with 20 mg/kg of simvastatin or 40 mg/kg of simvastatin, respectively, priot to LPS, as-
sessed by immunohistochemistry (400×). (a) Control group. (b) Numerous Bcl-XL-positive alveolar 
epithelial cells in the LPS group, in the 20 mg/kg of simvastatin (c) and in the 40 mg/kg of simvastatin 
group (d) Bcl-XL expression was significantly intensive in alveolar epithelial cells and macrophages 
(arrows). (e) Semiquantitative analysis of distribution of Bcl-XL positive cells in selected fields, * p < 
0.05 in comparison to the LPS group, n.s. in comparison to 20 mg/kg of simvastatin. 
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Figure 7. The correlations for Bcl-XL and cleaved-caspase-3 in alveolar epithelial cells are shown: 
(a) LPS group, (b) 20 mg/kg of simvastatin, (c) 40 mg/kg of simvastatin. The number of Bcl-XL and 
cleaved caspase-3 immunopositive alveolar epithelial cells was quantified across ten non-successive 
fields per sample of lung tissue from the LPS, 20 mg/kg of simvastatin, and 40 mg/kg of simvastatin 
groups, using ImageJ software 1.50. The correlation analysis and level of significance were calcu-
lated by using Pearson’s correlation coefficient. 

2.4. Survivin Was Involved in Simvastatin-Ameliorated Apoptosis of Alveolar Epithelial Cells 
Induced by LPS 

Following the findings that simvastatin enhanced Bcl-XL expression in pulmonary 
parenchyma after LPS administration, we further analyzed if simvastatin enhanced ex-
pression of survivin, a downstream inhibitor of apoptosis (Figure 8). Inflammation in-
duced by LPS led to a significant increase of survivin expression (p < 0.05 vs. control) in 
alveolar epithelium and macrophages, indicating that this might present a cell-protective 
mechanism against LPS-induced injury (Figure 8b). The most important results demon-
strate that simvastatin significantly and dose-dependently increased survivin expression 
shown as strong cytoplasmic staining in alveolar epithelial cells (Figure 8c,d). Semiquan-
titative analysis revealed that pretreatment with 20 mg/kg and 40 mg/kg of simvastatin, 
respectively, triggered marked increase of survivin expression (49.8% ± 5.0% and 75.4% ± 
4.8% vs. LPS group, p < 0.01, respectively) (Figure 8e). 
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Figure 8. Survivin expression in alveolar epithelial cells was increased by simvastatin in LPS-in-
duced inflammation. Representative images of pulmonary parenchyma that were challenged with 
LPS or pretreated with 20 mg/kg of simvastatin or 40 mg/kg of simvastatin, respectively, prior to 
LPS, assessed by immunohistochemistry (400×). (a) Control group. (b) LPS group. Markedly inten-
sive cytoplasmic staining related to increased survivin expression (arrows) of alveolar epithelial 
cells and macrophages in the 20 mg/kg of simvastatin group (c) and 40 mg/kg of simvastatin group 
(d). (e) Semiquantitative analysis of distribution of survivin-positive cells in selected fields, * p < 0.01 
vs. the LPS group, ** p < 0.01 vs. 20 mg/kg of simvastatin. 

Furthermore, Pearson’s correlation analysis revealed a strong inverse correlation of 
survivin with cleaved caspase-3-positive alveolar epithelial cells across each group (R2 = 
0.63 in the LPS group, R2 = 0.88, in the 20 mg/kg of simvastatin group, and R2 = 0.84 in the 
40 mg/kg of simvastatin group, p < 0.01, respectively) (Figure 9). These results indicate 
that simvastatin may inhibit LPS-induced apoptosis of alveolar epithelial cells through 
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the activation of the cell-survival pathway, such as up-regulation of the inhibitor of apop-
tosis. 

 
Figure 9. The correlations for survivin and cleaved-caspase-3 in alveolar epithelial cells are shown: 
(a) LPS group, (b) 20 mg/kg of simvastatin, (c) 40 mg/kg of simvastatin. The number of survivin and 
cleaved caspase-3 immunopositive alveolar epithelial cells was quantified across ten non-successive 
fields per sample of lung tissue from the LPS, 20 mg/kg of simvastatin, and 40 mg/kg of simvastatin 
groups, using ImageJ software 1.50. The correlation analysis and level of significance were calcu-
lated by using Pearson’s correlation coefficient. 

2.5. Changes of NF-κB Expression in Pulmonary Parenchyma after Simvastatin and LPS 
Administration 

Activation of NF-κB means translocation of p65 subunit from the cytoplasm to the 
nucleus. Basal expression NF-κB/p65 is shown as weak cytoplasmic staining of alveolar 
epithelial cells in the control group. Our results showed that LPS administration led to an 
increased number of NF-κB/p65-positive epithelial cells, including alveolar macrophages 
with intensive brown staining in the cytoplasm and/or nucleus (Figure 10b). Nuclear im-
munostaining of alveolar epithelial cells indicating activated NF-κB/p65 was significantly 
expressed in both groups treated with simvastatin (either 20 mg/kg of simvastatin or 40 
mg/kg of simvastatin) in comparison to the group treated with LPS only (p < 0.01, respec-
tively) (Figure 10c–e). 
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Figure 10. Simvastatin increased NF-κB/p65 expression in alveolar epithelial cells and macrophages 
in LPS-induced inflammation. Representative images of pulmonary parenchyma that were chal-
lenged with LPS or pretreated with 20 mg/kg of simvastatin or 40 mg/kg of simvastatin, respectively, 
prior to LPS, assessed by immunohistochemistry (400×). (a) Control group shows rare NF-κB/p65-
positive cells. (b) In the LPS group, a significant number of alveolar epithelial cells and macrophages 
are positive for NF-κB/p65 in the cytoplasm and/or nucleus. Intensive nuclear staining indicates 
increased NF-κB/p65 expression (arrows) in alveolar epithelial cells and macrophages in the 20 
mg/kg of simvastatin (c) and 40 mg/kg of simvastatin groups (d). (e) Semiquantitative analysis of 
NF-κB/p65-positive cells in selected fields, * p < 0.01 vs. the LPS group, ** p < 0.05 vs. 20 mg/kg of 
simvastatin. 

To test if the nuclear activity of NF-κB/p65 interplays with survivin expression in 
alveolar epithelial cells in LPS-induced inflammation, the Pearson correlation test was 
done. The results showed strong positive correlations between survivin and NF-κB/p65 
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expression across each group (R2 = 0.60 in the LPS group, R2 = 0.88, in the 20 mg/kg of 
simvastatin group, and R2 = 0.83 in the 40 mg/kg of simvastatin group, p < 0.01, respec-
tively) (Figure 11). 

 
Figure 11. The correlations for survivin and NF-κB/p65 in alveolar epithelial cells are shown: (a) LPS 
group, (b) 20 mg/kg of simvastatin, (c) 40 mg/kg of simvastatin. The number of survivin and NF-
κB/p65 immunopositive alveolar epithelial cells were quantified across ten non-successive fields per 
sample of lung tissue from the LPS, 20 mg/kg of simvastatin, and 40 mg/kg of simvastatin groups, 
using ImageJ software 1.50. The correlation analysis and level of significance were calculated by 
using Pearson’s correlation coefficient. 

3. Discussion 
The major results obtained in sepsis-induced ALI showed that systemic exposure to 

LPS caused serious deterioration of pulmonary histology particularly alveolar epithelium, 
which were markedly and in a dose-dependent manner ameliorated by simvastatin. En-
dotoxin led to apoptosis mediated by cytochrome C and consequent cleavage of caspase-
3 that was distributed in the complete pulmonary parenchyma, including alveolar epithe-
lium and macrophages and endothelial cells. Following simvastatin administration, the 
extent of apoptosis induced by LPS was significantly reduced, and associated with up-
regulated expression of anti-apoptotic Bcl-XL, IAP survivin, and transcriptional NF-
κB/p65, mainly in alveolar epithelial cells. Taking the results above together with our pre-
vious comprehensive research [20–22], inhibition of apoptosis and activation of Bcl-XL 
and the survivin/NF-κB/p65 pathway seem to be the principal mechanisms of the protec-
tive effects of simvastatin in LPS-induced multi-organ dysfunction.  

Numerous studies investigating the therapeutic potential of statins in sepsis-induced 
ALI and ARDS patients have been conducted. A meta-analysis of 13 studies found that 
treatment with statins in patients with community-acquired pneumonia was associated 
with improved survival, particularly in those who were treated prior to hospital 
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admission [23]. A randomized clinical study showed that prior statin use was associated 
with a lower baseline plasma IL-6 in patients with severe sepsis and improved 28-day 
survival, and the authors hypothesized that pretreatment with statins in critically ill pa-
tients at risk of sepsis may be more effective than treating established sepsis [24]. How-
ever, clinical trials with statins showed conflicting results in terms of improved clinical 
outcomes in patients with ARDS [25,26]. In contrast, in the animal model of sepsis-in-
duced ALI, different statins attenuated inflammatory injury and apoptosis in pulmonary 
parenchyma, enhanced antioxidant enzymes, and improved endothelial permeability and 
the level of junction proteins through regulating different pathways, such as Cav-1/eNOS 
or TLR4/NF-κB [14,15,18,27]. Furthermore, the importance of a mevalonate pathway 
blockade that mimics statins’ mechanism resulted in more significant protection against 
LPS-induced ALI and alveolar epithelial apoptosis in lung-specific GGPPS1 knockout 
mice compared with simvastatin, which causes upstream inhibition of mevalonate path-
way in cholesterol synthesis [8]. 

Current evidence suggests that dysregulated apoptosis of alveolar epithelium, endo-
thelia, neutrophils, and alveolar macrophages may be potentially detrimental in septic 
ALI [1–3]. Caspase-3 activation is regulated by both TNF-α receptor-mediated extrinsic 
and intrinsic (mitochondrial-dependent) apoptosis cascades. In this regard, as we con-
firmed decreased overproduction of TNF-α in endotoxemia by simvastatin [19], this may 
explain reduced apoptosis in pulmonary parenchyma in the present study. Similar studies 
showed that pivastatin reduced apoptosis by decreasing caspase-3 expression and 
TUNEL-positive pulmonary cells in CLP-induced ALI through the activation of the phos-
phatidylinositol 3-kinase (PI3K)/Akt pathway, which is impaired under septic conditions 
[28].  

The mitochondrial-dependent apoptosis is activated through the release of cyto-
chrome C into the cytosol and consequent activation of caspase-3 and 7. This is controlled 
on the outer mitochondrial membrane by Bcl-2-related anti-apoptotic Bcl-XL that binds to 
pro-apoptotic Bim/Bax proteins and prevents the release of cytochrome C and apoptosis-
inducing factors [29,30]. Our results suggested that LPS-induced up-regulation of the cy-
tochrome C and down-regulation of the Bcl-XL in alveolar epithelial cells and macro-
phages were significantly improved by simvastatin. Accordingly, the anti-apoptotic 
mechanism of different statins through increased Bcl-XL or change of Bcl-2/Bax ratio have 
been confirmed in renal tubular cells [22], as in ALI induced by CLP [15,18], or hyperbaric 
oxygen [31].  

The dual role of survivin has been associated with different cell compartments. Nu-
clear survivin facilitates cell proliferation, while cytoplasmic (mitochondrial) improves 
stability against apoptosis by inhibiting activation of effector caspases [10,32]. Previous 
studies demonstrated that cytoplasmic survivin was up-regulated in epithelial cells of 
bronchioles and alveoli in ALI induced by LPS or other agents [11,12], and its level was 
decreased with damage resolution [33], suggesting that survivin triggers cell protection 
similarly to LPS. Our study demonstrated that simvastatin enhanced cytoplasmic survivin 
expression in contrast to decreased cleaved caspase-3 and apoptosis of alveolar epithelial 
cells. Furthermore, the present study showed that nuclear expression of NF-κB/p65 was 
markedly increased by simvastatin in pulmonary cells, which showed an insignificant 
correlation with survivin expression. NF-κB has a vital role in inflammation, immune re-
sponse, control of apoptosis, and cell survival, and is associated with the transcriptional 
up-regulation of survivin [10]. Cytoprotection by survivin, in part, targets the cascade of 
cytochrome C-mediated apoptosis to prevent downstream caspase-3 activation [6,32]. 
Wilson et al. [34], similarly to our previous work [20–22], have shown a significant role of 
survivin/NF-κB/p65 pathway activation in cytoprotection against sepsis-induced organ 
injuries. In contrast, considering of various pleiotropic effects the statins are likely to have 
anticancer effects (such as inhibition of proliferation and metastasis of malignant cells) by 
influencing inflammatory- and oxidative stress-related tumorigenesis [16,17]. 
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Thus, to our best knowledge, it is most likely the first study that demonstrated the 
antiapoptotic action of simvastatin through up-regulation of survivin/NF-κB/p65 path-
way as one of the principal mechanisms by which statin ameliorates septic ALI. However, 
further experimental research is warranted, particularly with respect to sepsis induced by 
infection, duration of the treatment, and the effects of simvastatin treatment on alveolar 
epithelial barrier histology and cell-survival after injury or infection have been sustained. 
In this regard, clinical studies should be focused on the clinical outcomes and simvastatin 
safety in the patients observed in several cohorts: statin-naive, those who are critically ill 
and at high risk of developing sepsis who would be pretreated with statins, and those 
with established sepsis who are preexisting statin users or who will be treated with a statin 
after the diagnosis is confirmed. 

Even though simvastatin was administered in the animal model of ALI equivalently 
to clinical practice, our research has some limitations. First, LPS-induced ALI is a second-
ary response related to systemic inflammation caused by endotoxin only, rather than to 
bacteremia itself, such as in the CLP model. To strengthen the results of a protective effect 
of simvastatin in ALI, this will be evaluated in other septic lung injury models. Second, 
simvastatin was given as pretreatment but not after LPS exposure, which is of more clin-
ical relevance. Therefore, its protective effect after sepsis induction will be investigated in 
further experiments. Finally, only male rats were examined in this experiment, so the po-
tential anti-inflammatory impact of estrogen in female animals is excluded.  

4. Materials and Methods 
4.1. Animals 

Experimental design, laboratory protocol, and animal welfare were approved by the 
Ethics Committee of Experimental Animals of the Military Medical Academy, Belgrade, 
Serbia (No. 282-12/2002) before the start of the experiment. This approval confirmed that 
throughout the experiments, animal care and administered agents were in compliance 
with Directive 2010/63/EU on the protection of animals used for scientific purposes and 
the Guidelines for Animal Welfare adopted by the Republic of Serbia (No. 323-07-
04943/2014-05/1). 

We used experimental animals, adult Wistar rats, 6–8 weeks old (200–220 g), raised 
at the Institute for Biomedical Researches, Military Medical Academy, Belgrade, Republic 
of Serbia. According to the laboratory protocol, the animals were housed in the housing 
room in typical macrolon plastic cages (Bioscape, Castrop-Rauxel, Germany) filled with 
clear sawdust (Versele-Laga, Deinze, Belgium), with a centrally regulated air temperature 
of 22 ± 2 °C, humidity of 55% ± 15%, air changes/h of 15–20, and a light/dark cycle of 12/12 
h. The animals were fed a commercial diet mixture for rats (produced by Veterinary Insti-
tute Subotica, Subotica, Republic of Serbia) and tap water ad libitum was applied. 

4.2. Pharmacological Agents 
Aseptic conditions were in place in each invasive procedure in animals. Acute in-

flammation was induced by lipopolysaccharide (LPS, endotoxin, producer Sigma Aldrich, 
Munich, Germany), serotype 0127:B8 Escherichia coli, dissolved with sterile pyrogen-free 
physiologic saline. Lipopolysaccharide (LPS) was administered intraperitoneally (i.p.) im-
mediately after dilution. 

Simvastatin, the drug used as a treatment (donation for research purposes only, from 
pharmaceutical company Krka, Novo Mesto, Slovenia) was dissolved in 0.5% methyl-
cellulose as 10 or 20 mg/mL stocks. 

4.3. Experimental Protocol 
Experimental sepsis was induced with a non-lethal single dose of LPS i.p. determined 

in our previous work as 0.25 of the mean lethal dose (LD50) LPS per kg [19]. Endotoxin-
induced experimental sepsis is a widely accepted model of human disease that is featured 
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with high-grade systemic inflammation, inflammatory infiltration, pro-inflammatory cy-
tokines and chemokines production, tissue injuries including ALI, and apoptosis [2,3,19]. 
The doses of simvastatin were based on the previous rat/murine in vivo studies. It has 
been determined that a dose range of 10–100 mg/kg/day is equivalent to those used in 
clinical medicine considering a rapid up-regulation (3- to 10-fold) of HMG-CoA reduc-
tase’s activity induced by statin treatment or other inhibitors in rodents. Therefore, in this 
experiment, simvastatin doses were higher compared to those recommended in clinical 
medicines [19,35,36]. 

In our previous experiments, simvastatin was administered in three different doses 
(10, 20, and 40 mg/kg p.o.), and completely prevented lethal outcome in rats against the 
single median lethal dose (LD50) of 22.15 mg/kg i.p. of LPS (95% CI 16.5–29.1) [19]. 

This experimental protocol consisted of five experimental groups, which were 
treated with the following agents: 
(1) Control group (0.5% methylcellulose 1 mL/kg i.p.); 
(2) LPS group (non-lethal dose as 0.25 LD50/kg i.p., which is equal to 5.5 mg/kg of LPS 

i.p.); 
(3) 10 mg/kg of simvastatin group (10 mg/kg of simvastatin p.o. + 0.25 LD50/kg LPS i.p.); 
(4) 20 mg/kg of simvastatin group (20 mg/kg of simvastatin p.o. + 0.25 LD50/kg LPS i.p.); 
(5) 40 mg/kg of simvastatin group (40 mg/kg of simvastatin p.o. + 0.25 LD50/kg LPS i.p.). 

Simvastatin was given orally by oral gavage, once daily over 5 days as a short-term 
pretreatment. On the last day of the pretreatment, the single non-lethal dose of LPS was 
administered 1.5 h after the simvastatin. The control group received vehicle only, while 
animals in the LPS group received the same vehicle (1 mL/kg) of 0.5% methylcellulose for 
the same period as the simvastatin pretreatment, before LPS injection. All animals were 
sacrificed 48 h after LPS administration.  

4.4. Histopathological Evaluation and Semi-Quantitative Analysis of Pulmonary Damage Score 
All animals were immobilized in a dorsal position, euthanized by using sodium pen-

tobarbital in a single dose of 30 mg/kg i.p. (Hemofarm AD, Vršac, Republic of Serbia), and 
prepared for further standard histopathological analysis. We excised the left lungs of rats 
from each animal and fixed them in 10% neutral solution for one week. Tissue dehydra-
tion was carried out by immersing specimens in a series of ethanol solutions of increasing 
concentration until pure, water-free alcohol is reached. A series of increasing concentra-
tions was used to avoid excessive distortion of the tissue. Fixed tissue samples were di-
vided into six equal sections, which were dehydrated in a series of alcohol (70%, 96%, and 
100%) and xylene. After fitting into paraffin blocks, each 2 µm thick pulmonary tissue 
section was stained using the hematoxylin and eosin (H&E) method. For detailed histo-
pathological and semiquantitative analyses, Olympus BKS-43 (Olympus Europa, Ham-
burg, Germany) with a digital camera and Cell D software (Olympus, Munster, Germany) 
were used. Complete analyses were performed by pathologists blind of the treatment 
groups as per our method previously published in the literature [20–22,37–43]. 

4.5. Semiquantitative Analyses 
The intensity of inflammatory injury of the lungs was scored and counted in 30 tissue 

slices per group (i.e., five tissues from each experimental group and six slices from each 
tissue) with a magnification of 200×, in accordance with previously published literature 
[20–22,37–43]. The severity grades were expressed as a pulmonary damage score (PDS), 
quantified, and precisely calculated. To assess the degree of lung damages, which consists 
of edema, hyperemia, neutrophil infiltration, and hemorrhages, a semi-quantitative five-
point scale was applied as previously described [20–22,37–43].  
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4.6. Detection and Quantification of Cell Apoptosis In Situ by the TUNEL Method 
To assess cell apoptosis, we used the TUNEL (Terminal deoxynucleotidyl transfer-

ase-mediated dUTP Nick End Labeling) assay on paraffin-embedded sections of 4–6 µm 
thickness (In-Situ Cell Death Detection Kit POD, Roche Molecular Biochemicals, Basel, 
Switzerland, Cat. No 11 684 817 910) according to the manufacturer’s instructions. Briefly, 
lung tissue slides were incubated with an anti-fluorescein antibody conjugated with 
horseradish peroxidase (POD), and then, color development was performed using dia-
minobenzidine (DAB) substrate. Negative (incubation with Label Solution, instead of 
TUNEL reaction) and positive controls (incubation with DNase I recombinant, grade I) 
were also performed. Ten non-successive fields per sample were analyzed counted for the 
number of TUNEL-positive cells under a light microscope (Olympus Plaza, Tokyo, Japan) 
at a magnification of 400×. The degree of apoptosis extent was expressed as an apoptotic 
index (AI), defined as the percentage (%) of TUNEL-positive cells, and calculated using 
the following formula, according to previously published literature [20–22]:  

AI (% of apoptotic cells) = the number of TUNEL − positive cells × 100/total number 
of cells. 

4.7. Immunohistochemistry in the Detection of Apoptosis 
Sections of lung tissues were stained with the following antibodies: cleaved caspase-

3 (Asp 175, Cat. 9661, Cell Signaling Technology, Frankfurt, Germany), Cytochrome C, 
clone 7H8.2C12 (Cat. MA5-11674, Invitrogen, Thermo Fisher Scientific, Walthman, MA, 
USA), Bcl-XL (Cat. PA1-37161, Invitrogen, Thermo Fisher Scientific, Walthman, MA, 
USA), survivin, clone 8E2 (Cat. MS-1201-P1 NeoMarkers Inc., Fremont, CA, USA), and NF 
κB/p65 (RB-1638-R7 NeoMarkers Fremont, CA, USA), according to the manufacturer’s in-
structions. Following the standard protocol for the immunohistochemistry staining, 3–4 
µm tissue sections were deparaffinized and rehydrated, and then the slides were boiled 
with a citric acid buffer solution (0.01 mol/L citrate buffer, pH 6.0.). Non-specific back-
ground staining was removed by incubation in 3% hydrogen peroxide. Primary antibod-
ies for cleaved caspase-3 (1:300), Cytochrome C (1:100), Bcl-XL (RTU), and survivin (1:50) 
were applied according to the manufacturer’s instruction. As chromogen, 3,30-Diamino-
benzidine (DAB) (TL-015-HDJ, Thermo Scientific Lab Vision UltraVision ONE Detection 
System) was used to develop the antigen-antibody complex. Finally, all slides were coun-
terstained with H&E, dehydrated, mounted, and analyzed with a microscope (Olympus, 
Tokyo, Japan) at 400× magnification.  

Expression of a certain molecule was quantified by calculating the percentage (%) of 
immune-positive cells (alveolar epithelial cells with intensive optical density expression 
of cleaved caspase-3, Cytochrome C, BCL-XL, and survivin) across ten non-successive 
fields, by two independent pathologists in a blinded manner, using ImageJ software 1.50 
(National Institute of Health, Bethesda, Rockville, MD, USA). Survivin expression was 
considered immuno-positive, where alveolar epithelial cells showed brown cytoplasmic 
staining [10,11]. Cytoplasmic expression of NF-κB/p65 is detected in most normal cells, 
but only distinct brown nuclear immunostaining (brown granules in the nucleus) is con-
sidered as activated NF-κB/p65 and quantified as previously described [10,11,20–
22,32,44]. The number of survivin or NF-κB/p65-positive alveolar epithelial cells was ex-
pressed as a percentage (%), using the formula: 

Percentage of survivin or NF-κB/p65-positive stained cells (%) = the number of pos-
itively stained alveolar epithelial cells/total number of alveolar epithelial cells × 100 

4.8. Statistical Analysis 
The results were analyzed by the statistical software package SPSS 19.0. (IBM Corpo-

ration, New York, NY, USA). The pulmonary damage score and biomarkers’ expressions 
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across the experimental groups were tested by Kruskal–Wallis rank test and analysis of 
variance (one-way ANOVA) followed by the Tamhane’s T2 post hoc test, respectively, 
and Pearson’s correlation coefficient was employed in the correlation analysis. Thus, p < 
0.05 was considered statistically significant. 

5. Conclusions 
In summary, the data above suggested that simvastatin pretreatment ameliorates 

LPS-induced ALI by suppressing inflammatory injury and alveolar endothelial barrier 
damage. The potential protective mechanism of simvastatin in LPS-induced ALI is asso-
ciated with inhibition of cytochrome C and caspase-3 mediated apoptosis of alveolar epi-
thelial cells. These findings are associated with increased cell survival through Bcl-XL and 
survivin/NF-κB/p65 signaling pathway up-regulation. These data add important insights 
into the class of drugs known as statins and their protective, anti-inflammatory, and anti-
apoptotic properties in LPS-induced multi-organ dysfunction syndrome, including ALI, 
but these potential therapeutic effects and safe use in established sepsis associated with 
bacterial infection warrant further preclinical and clinical research. 

Author Contributions: Conceptualization, L.N., L.A., R.Š., D.M. and V.J.; Methodology, L.N., L.A., 
R.Š., R.G., Z.M. and V.J.; Formal analysis, L.N., L.A. and V.J.; Investigation, L.N., Z.M. and V.J.; 
Resources, L.N., R.Š., R.G. and V.J.; Writing—original draft preparation, L.N., D.M., J.D. and V.J.; 
Writing—review and editing, L.N. and V.J.; Visualization, L.N., L.A. and V.J.; Supervision, V.J.; Pro-
ject administration, V.J.; Funding acquisition, L.N., R.Š. and V.J. All authors have read and agreed 
to the published version of the manuscript. 

Funding: The research was conducted with the support given by the Ministry of Science and Tech-
nology, Republic of Srpska, Bosnia and Herzegovina. The Medical Faculty of the Military Medical 
Academy, University of Defense in Belgrade, Republic of Serbia (MFVMA/04/20-22) also supported 
this work. 

Institutional Review Board Statement: The animal study protocol was approved by the Ethics 
Committee of Experimental Animals of the Military Medical Academy, Belgrade, Serbia (No. 282-
12/2002) before the start of the experiment. This approval confirmed that throughout the experi-
ments, animal care, and administered agents were in compliance with Directive 2010/63/EU on the 
protection of animals used for scientific purposes and the Guidelines for Animal Welfare adopted 
by the Republic of Serbia (No. 323-07-04943/2014-05/1). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Chopra, M.; Reuben, J.S.; Sharma, A.C. Acute lung injury: Apoptosis and signalling mechanisms. Exp. Biol. Med. (Maywood) 

2009, 234, 361–371. https://doi.org/10.3181/0811-MR-318. 
2. Chen, H.; Bai, C.; Wang. X. The value of the lipopolysaccharide-induced acute lung injury model in respiratory medicine. Expert. 

Rev. Respir. Med. 2010, 4, 773–783. https://doi.org/10.1586/ers.10.71. 
3. Nova, Z.; Skovierova, H.; Calkovska, A. Alveolar-Capillary Membrane-Related Pulmonary Cells as a Target in Endotoxin-In-

duced Acute Lung Injury. Int. J. Mol. Sci. 2019, 20, 831. https://doi.org/10.3390/ijms20040831. 
4. Zarrilli, G.; Angerilli, V.; Businello, G.; Sbaraglia, M.; Traverso, G.; Fortarezza, F.; Rizzo, S.; De Gaspari, M.; Basso, C.; Calabrese, 

F.; et al. The Immunopathological and Histological Landscape of COVID-19-Mediated Lung Injury. Int. J. Mol. Sci. 2021, 22, 974. 
https://doi.org/10.3390/ijms22020974. 

5. Chuang, C.Y.; Chen, T.L.; Cherng, Y.G.; Tai, Y.T.; Chen, T.G.; Chen, R.M. Lipopolysaccharide induces apoptotic insults to hu-
man alveolar epithelial A549 cells through reactive oxygen species-mediated activation of an intrinsic mitochondrion-depend-
ent pathway. Arch. Toxicol. 2011, 85, 209–218. https://doi.org/10.1007/s00204-010-0585-x. 

6. Flusberg, D.A.; Sorger, P.K. Survivin apoptosis: Life-death signalling in single cells. Trends Cell. Biol. 2015, 25, 446–458. 
https://doi.org/10.1016/j.tcb.2015.03.003. 

7. Jiang, K.; Zhang, T.; Yin, N.; Ma, X.; Zhao, G.; Wu, H.; Qiu, C.; Deng, G. Geraniol alleviates LPS-induced acute lung injury in 
mice via inhibiting inflammation and apoptosis. Oncotarget 2017, 8, 71038–71053. https://doi.org/10.18632/oncotarget.20298. 



Int. J. Mol. Sci. 2022, 23, 2596 20 of 21 
 

 

8. Xu, W.J.; Wang, X.X.; Jin, J.J.; Zou, Q.; Wu, L.; Lv, T.F.; Wan, B.; Zhan, P.; Zhu, S.H.; Liu, H.B.; et al. Inhibition of GGPPS1 
attenuated LPS-induced acute lung injury and was associated with NLRP3 inflammasome suppression. Am. J. Physiol. Lung. 
Cell Mol. Physiol. 2019, 316, L567–L577. https://doi.org/10.1152/ajplung.00190.2018. 

9. Zhang, M.; Lin, L.; Lee, S.J.; Mo, L.; Cao, J.; Ifedigbo, E.; Jin, Y. Deletion of caveolin-1 protects hyperoxia-induced apoptosis via 
survivin-mediated pathways. Am. J. Physiol. Lung. Cell Mol Physiol. 2009, 297, L945–L953. https://doi.org/10.1152/aj-
plung.00081.2009. 

10. Khan, Z.; Khan, A.A.; Yadav, H.; Prasad, G.B.K.S.; Bisen, P.S. Survivin, a molecular target for therapeutic interventions in squa-
mous cell carcinoma. Cell. Mol. Biol. Lett. 2017, 22, 8. https://doi.org/10.1186/s11658-017-0038-0. 

11. Terasaki, Y.; Terasaki, M.; Urushiyama, H.; Nagasaka, S.; Takahashi, M.; Kunugi, S.; Ishikawa, A.; Wakamatsu, K.; Kuwahara, 
N.; Miyake, K.; Fukuda, Y. Role of survivin in acute lung injury: Epithelial cells of mice and humans. Lab. Invest. 2013, 93, 1147–
1163. https://doi.org/10.1038/labinvest.2013.103. 

12. Ahmed, R.F.; Moussa, R.A.; Eldemerdash, R.S.; Zakaria, M.M.; Abdel-Gaber, SA. Ameliorative effects of silymarin on HCl-
induced acute lung injury in rats; the role of the Nrf-2/HO-1 pathway. Iran. J. Basic. Med. Sci. 2019, 22, 1483–1492. 
https://doi.org/10.22038/IJBMS.2019.14069. 

13. Nežić, L.; Škrbić, R.; Dobrić, S.; Stojiljković, M.P.; Jaćević, V.; Stoisavljević, S.; Milovanović, Z.A.; Stojaković, N. Simvastatin and 
indomethacin have similar anti-inflammatory activity in a rat model of acute local inflammation. Basic Clin. Pharm. Toxicol. 2009, 
104, 185–191. https://doi.org/10.1111/j.1742-7843.2008.00302.x. 

14. Melo, A.C.; Valença, S.S.; Gitirana, L.B.; Santos, J.C.; Ribeiro, M.L.; Machado, M.N.; Magalhães, C.B.; Zin, W.A.; Porto, L.C. 
Redox markers and inflammation are differentially affected by atorvastatin, pravastatin or simvastatin administered before 
endotoxin-induced acute lung injury. Int. Immunopharmacol. 2013, 17, 57–64. https://doi.org/10.1016/j.intimp.2013.05.016. 

15. Wang, Y.; Yang, W.; Zhao, X.; Zhang, R. Experimental study of the protective effect of simvastatin on lung injury in rats with 
sepsis. Inflammation 2018, 41, 104–113. https://doi.org/10.1007/s10753-017-0668-4. 

16. Wang; C.Y.; Liu, P.Y.; Liao, J.K. Pleiotropic effects of statin therapy: Molecular mechanisms and clinical results. Trends Mol. Med. 
2008, 14, 37–44. https://doi.org/10.1016/j.molmed.2007.11.004. 

17. Murphy, C.; Deplazes, E.; Cranfield, C.G.; Garcia, A. The Role of Structure and Biophysical Properties in the Pleiotropic Effects 
of Statins. Int. J. Mol. Sci. 2020, 21, 8745. https://doi.org/10.3390/ijms21228745. 

18. Ren, Y.; Li, L.; Wang, M.M.; Cao, L.P.; Sun, Z.R.; Yang, Z.Z.; Zhang, W.; Zhang, P.; Nie, S.N. Pravastatin attenuates sepsis-
induced acute lung injury through decreasing pulmonary microvascular permeability via inhibition of Cav-1/eNOS pathway. 
Int. Immunopharmacol. 2021, 100, 108077. https://doi.org/10.1016/j.intimp.2021. 

19. Nežić, L.; Škrbić, R.; Dobrić, S.; Stojiljković, M.P.; Šatara, S.S.; Milovanović, Z.A.; Stojaković, N. Effect of simvastatin on proin-
flammatory cytokines production during lipopolysaccharide-induced inflammation in rats. Gen. Physiol. Biophys. 2009, 28, 119–
126. PMID: 19893089. 

20. Nežić, L.; Škrbić, R.; Amidžić, L.; Gajanin, R.; Kuča, K.; Jaćević, V. Simvastatin Protects Cardiomyocytes Against Endotoxin-
induced Apoptosis and Up-regulates Survivin/NF-κB/p65 Expression. Sci. Rep. 2018, 8, 14652. https://doi.org/10.1038/s41598-
018-32376-4. 

21. Nežić, L.; Amidžić, L.; Škrbić, R.; Gajanin, R.; Nepovimova, E.; Vališ, M.; Kuča, K.; Jaćević, V. Simvastatin Inhibits Endotoxin-
Induced Apoptosis in Liver and Spleen Through Up-Regulation of Survivin/NF-κB/p65 Expression. Front. Pharmacol. 2019, 10, 
54. https://doi.org/10.3389/fphar.2019.00054. 

22. Nežić, L.; Škrbić, R.; Amidžić, L.; Gajanin, R.; Milovanović, Z.; Nepovimova, E.; Kuča, K.; Jaćević, V. Protective Effects of Simvas-
tatin on Endotoxin-Induced Acute Kidney Injury through Activation of Tubular Epithelial Cells’ Survival and Hindering Cyto-
chrome C-mediated Apoptosis. Int. J. Mol. Sci. 2020, 21, 7236. https://doi.org/10.3390/ijms21197236. 

23. Chopra, V.; Rogers, M.A.; Buist, M.; Govindan, S.; Lindenauer, P.K.; Saint, S.; Flanders, S.A. Is statin use associated with reduced 
mortality after pneumonia? A systematic review and meta-analysis. Am. J. Med. 2012, 125, 1111–1123. 
https://doi.org/10.1016/j.amjmed.2012.04.011. . 

24. Kruger, P.; Bailey, M.; Bellomo, R.; Cooper, D.J.; Harward, M.; Higgins, A.; Howe, B.; Jones, D.; Joyce, C.; Kostner, K.; et al. 
ANZ-STATInS Investigators–ANZICS Clinical Trials Group. A multicenter randomized trial of atorvastatin therapy in intensive 
care patients with severe sepsis. Am. J. Respir. Crit. Care Med. 2013, 187, 743–750. https://doi.org/10.1164/rccm.201209-1718OC. 

25. Calfee, C.S.; Delucchi, K.L.; Sinha, P.; Matthay, M.A.; Hackett, J.; Shankar-Hari, M.; McDowell, C.; Laffey, J.G.; O’Kane, C.M.; 
McAuley, D.F. Acute respiratory distress syndrome subphenotypes and differential response to simvastatin: Secondary analysis 
of a randomised controlled trial. Lancet Respir. Med. 2018, 6, 691–698. https://doi.org/10.1016/S2213-2600(18)30177-2. 

26. Craig, T.R.; Duffy, M.J.; Shyamsundar, M.; McDowell, C.; O’Kane, C.M.; Elborn, J.S.; McAuley, D.F. A randomized clinical trial 
of hydroxymethylglutaryl- coenzyme a reductase inhibition for acute lung injury (The HARP Study). Am. J. Respir. Crit. Care 
Med. 2011, 183, 620–626. https://doi.org/10.1164/rccm.201003-0423OC. 

27. Singla, S.; Jacobson, J.R. Statins as a novel therapeutic strategy in acute lung injury. Pulm. Circ. 2012, 2, 397–406. 
https://doi.org/10.4103/2045-8932.105028. 

28. Takano, K.; Yamamoto, S.; Tomita, K.; Takashina, M.; Yokoo, H.; Matsuda, N.; Takano, Y.; Hattori, Y. Successful treatment of 
acute lung injury with pitavastatin in septic mice: Potential role of glucocorticoid receptor expression in alveolar macrophages. 
J. Pharmacol. Exp. Ther. 2011, 336, 381–390. https://doi.org/10.1124/jpet.110.171462. 

29. Lee, E.F.; Fairlie, W.D. The Structural Biology of Bcl-xL. Int. J. Mol. Sci. 2019, 20, 2234. https://doi.org/10.3390/ijms20092234. 



Int. J. Mol. Sci. 2022, 23, 2596 21 of 21 
 

 

30. Parikh, S.M.; Yang, Y.; He, L.; Tang, C.; Zhan, M.; Dong, Z. Mitochondrial function and disturbances in the septic kidney. Semin. 
Nephrol. 2015, 35, 108–119. https://doi.org/10.1016/j.semnephrol.2015.01.011. 

31. Bao, X.C.; Mao, A.R.; Fang, Y.Q.; Fan, Y.H.; Wang, F.F.; Ma, J.; You, P. Simvastatin decreases hyperbaric oxygen-induced acute 
lung injury by upregulating eNOS. Am. J. Physiol. Lung Cell Mol. Physiol. 2018, 314, L287–L297. https://doi.org/10.1152/aj-
plung.00520.2016. 

32. Tsang, T.J.; Hsueh, Y.C.; Wei, E.I.; Lundy, D.J.; Cheng, B.; Chen, Y.T.; Wang, S.S.; Hsieh, P.C.H. Subcellular localization of sur-
vivin determines its function in cardiomyocytes. Theranostics 2017, 7, 4577–4590. https://doi.org/10.7150/thno.20005. 

33. Amenomori, S.; Terasaki, Y.; Terasaki, M.; Urusiyama, H.; Takahashi, M.; Kunugi, S.; Fukuida, Y. The increased expression of 
survivin on lipopolysaccharide (LPS)-induced acute lung injury (ALI) in mice. Am. J. Respir. Crit. Care Med. 2011, 183, A2098. 
https://doi.org/10.1164/ajrccm-conference.2011.183.1_MeetingAbstracts.A2098. 

34. Wilson, R.L.; Selvaraju, V.; Lakshmanan, R.; Thirunavukkarasu, M.; Campbell, J.; McFadden, D.W.; Maulik, D.W. Thioredoxin-
1 attenuates sepsis-induced cardiomyopathy after cecal ligation and puncture in mice. J. Surg. Res. 2017, 220, 68–78. 
https://doi.org/10.1016/j.jss.2017.06.062. 

35. Kita, T.; Brown, M.S.; Goldstein, J.L. Feedback regulation of 3-hydroxy-3-methylglutaryl coenzyme A reductase in livers of mice 
treated with mevinolin, a competitive inhibitor of the reductase. J. Clin. Inv. 1980, 66, 1094–1100. 
https://doi.org/10.1172/JCI109938. 

36. Morel, J.; Hargreaves, I.; Brealey, D.; Neergheen, V.; Backman, J.T.; Lindig, S.; Bläss, M.; Bauer, M.; McAuley, D.F.; Singer, M. 
Simvastatin pre-treatment improves survival and mitochondrial function in a 3-day fluid-resuscitated rat model of sepsis. Clin. 
Sci. 2017, 131, 747–758. https://doi.org/10.1042/CS20160802. 

37. Jaćević, V.; Jović, D.; Kuča, K.; Dragojević-Simić, V.; Dobrić, S.; Trajković, S.; Borisev, I.; Šegrt, Z.; Milovanovic, Z.; Bokonjic, D.; 
et al. Effects of Fullerenol nanoparticles and Amifostine on radiation-induced tissue damages: Histopathological analysis. J. 
Appl. Biomed. 2016, 14, 285–297. https://doi.org/10.1016/j.jab.2016.05.004. 

38. Jaćević, V..; Djordjević, A.; Srdjenović, B.; Milic-Tores, V.; Šegrt, Z.; Dragojević-Simić, V.; Kuca, K. Fullerenol nanoparticles pre-
vent doxorubicin-induced acute hepatotoxicity in rats. Exp. Mol. Pathol. 2017, 102, 360–369. 
https://doi.org/10.1016/j.yexmp.2017.03.005. 

39. Jaćević, V.; Dragojević-Simić, V.; Tatomirović, Ž.; Dobrić, S.; Bokonjić, D.; Kovačević, A.; Nepovimova, E.; Vališ, M.; Kuča, K. 
The effcacy of amifostine against multiple-dose doxorubicin-induced toxicity in rats. Int. J. Mol. Sci. 2018, 19, 2370. 
https://doi.org/10.3390/ijms19082370. 

40. Jaćević, V.; Nepovimova, E.; Kuča, K. Toxic injury to the muscle tissue of rats following acute oximes exposure. Sci. Rep. 2019, 
9, 1457. https://doi.org/10.1038/s41598-018-37837-4. 

41. Jaćević, V.; Nepovimova, E.; Kuča, K. Acute toxic injuries of rat’s visceral tissues induced by di_erent oximes. Sci. Rep. 2019, 9, 
16425. https://doi.org/10.1038/s41598-019-52768-4. 

42. Jaćević, V.; Wu, Q.; Nepovimova, E.; Kuča, K. E_cacy of methylprednisolone on T-2 toxin-induced cardiotoxicity in vivo: A 
pathohistological study. Environ. Toxicol. Pharm. 2019, 71, 103221. https://doi.org/10.1016/j.etap.2019.103221. 

43. Jaćević, V.; Wu, Q.; Nepovimova, E.; Kuča, K. Cardiomiopythy induced by T-2 toxin. Food Chem. Toxicol. 2020, 137, 111138. 
https://doi.org/10.1016/j.fct.2020.111138. 

44. Wang, K.; Brems, J.J.; Gamelli, R.L.; Holterman, X.A. Survivin signalling is regulated through the nuclear factor-kappa B path-
way during glycochenodeoxycholate-induced hepatocyte apoptosis. Biochim. Biophys. Acta 2010, 1803, 1368–1375. 
https://doi.org/10.1016/j.bbamcr.2010.08.008. 
 


