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11030 Belgrade, Serbia; tinahoks41@gmail.com

5 Department of Chemistry, Faculty of Science, University of Hradec Kralove, Rokitanského 62,
500 03 Hradec Králové, Czech Republic; evzenie.n@seznam.cz (E.N.); v_jacevic@yahoo.com (V.J.)

6 Biomedical Research Center, University Hospital Hradec Kralove, 500 02 Hradec Kralove, Czech Republic
7 Department for Experimental Toxicology and Pharmacology, National Poison Control Centre, Military

Medical Academy, 11 Crnotravska St, 11000 Belgrade, Serbia
8 Department of Pharmacological Sciences, Medical Faculty of the Military Medical Academy,

the University of Defence in Belgrade, 17 Crnotravska St, 11000 Belgrade, Serbia
* Correspondence: lana.nezic@med.unibl.org (L.N.); kamil.kuca@uhk.cz (K.K.); Tel.: +387-66-125222 (L.N.);

+420-603289 (K.K.)
† These authors contributed equally to this work.

Received: 6 September 2020; Accepted: 28 September 2020; Published: 30 September 2020 ����������
�������

Abstract: Increasing evidence suggests that apoptosis of tubular cells and renal inflammation
mainly determine the outcome of sepsis-associated acute kidney injury (AKI). The study aim was
to investigate the molecular mechanism involved in the renoprotective effects of simvastatin in
endotoxin (lipopolysaccharide, LSP)-induced AKI. A sepsis model was established by intraperitoneal
injection of a single non-lethal LPS dose after short-term simvastatin pretreatment. The severity of
the inflammatory injury was expressed as renal damage scores (RDS). Apoptosis of tubular cells was
detected by Terminal deoxynucleotidyl transferase-mediated dUTP Nick End Labeling (TUNEL assay)
(apoptotic DNA fragmentation, expressed as an apoptotic index, AI) and immunohistochemical
staining for cleaved caspase-3, cytochrome C, and anti-apoptotic Bcl-xL and survivin. We found
that endotoxin induced severe renal inflammatory injury (RDS = 3.58 ± 0.50), whereas simvastatin
dose-dependently prevented structural changes induced by LPS. Furthermore, simvastatin 40 mg/kg
most profoundly attenuated tubular apoptosis, determined as a decrease of cytochrome C, caspase-3
expression, and AIs (p < 0.01 vs. LPS). Conversely, simvastatin induced a significant increase of
Bcl-XL and survivin, both in the strong inverse correlations with cleaved caspase-3 and cytochrome
C. Our study indicates that simvastatin has cytoprotective effects against LPS-induced tubular
apoptosis, seemingly mediated by upregulation of cell-survival molecules, such as Bcl-XL and
survivin, and inhibition of the mitochondrial cytochrome C and downstream caspase-3 activation.

Keywords: simvastatin; endotoxin; tubular apoptosis; cytochrome C; Bcl-XL; survivin

Int. J. Mol. Sci. 2020, 21, 7236; doi:10.3390/ijms21197236 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0002-4217-5437
https://orcid.org/0000-0001-9664-1109
https://orcid.org/0000-0001-5137-2638
http://www.mdpi.com/1422-0067/21/19/7236?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21197236
http://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2020, 21, 7236 2 of 18

1. Introduction

Acute kidney injury (AKI) is one of the major complications of sepsis-induced multiple organ
failure and is accompanied by high mortality [1]. During sepsis, a major mechanism of AKI includes
severe inflammation in the renal parenchyma, heterogeneous distortion of microvascular flow at the
peritubular and glomerular levels, and severe tubular epithelial injury and apoptosis [1,2].

Lipopolysaccharide (LPS), an endotoxin from the Gram-negative bacteria, has been identified
as the major factor associated with the development of sepsis-associated AKI [3]. Proinflammatory
cytokine, tumor necrosis factor-α (TNF-α), has a crucial role in the pathogenesis of the AKI caused by
endotoxemia, leading to renal inflammatory injury, and acute tubular cell apoptosis presumably by
activation of the extrinsic apoptotic pathway [1,4]. The pleiotropic cytokine TNF-α has a particular role
in the initiation of cell-survival signaling molecules such as upregulation of anti-apoptotic molecules
Bcl-2, and survivin (an inhibitor of apoptosis—IAP) through activation of nuclear factor-kappa
(NF-κB) [5]. In addition to the severe inflammatory syndrome, LPS activates Toll-like receptor 4
(TLR4) that is present in the membrane of immune cells and renal tubular epithelial cells, triggering
the excessive release of proinflammatory cytokines, oxidative stress, and tubular cell apoptosis [3,6].
Severe tubular cell apoptosis plays an important role in LPS-induced AKI, showing caspase-3-positivity
in tubular epithelial cells even at the early phase of AKI [3,7].

Mitochondrial dysfunction and damage are confirmed in the LPS and cecal ligation puncture
(CLP) model of septic AKI. Oxidative stress has also been known to contribute to the overproduction
of mitochondrial reactive oxygen species (ROS) and early mitochondrial dysfunction after the LPS
challenge, which triggers intrinsic apoptosis through the release of pro-apoptotic cytochrome C into
the cytosol and activating the caspase cascade. Importantly, antiapoptotic Bcl-2 members, such as
Bcl-XL, inhibit cell death by blocking of the cytochrome C release from mitochondria and thereby
prevent downstream caspases’ (caspase-9, -3, -7) activation [1,2,8,9].

Consistent with these results, LPS-induced AKI and renal tubular cells apoptosis were ameliorated
by novel potential agents, such as a pluripotent autocrine growth factor progranulin, an anion transporter
uncoupling protein 2 [10], the bee venom [11], and peroxiredoxin protein DJ-1 (Parkinson disease
protein 7, Park7) [12], as well as by vitamin D that suppressed p53-upregulated modulator of apoptosis
(PUMA) and upregulated expression of a Bcl-2 family antiapoptotic protein [13]. Thus, an LPS-induced
AKI model has been commonly recognized to study the pathophysiology of renal tissue injury and
tubular cell apoptosis and to evaluate potential new therapeutic agents for this medical condition [2,3].

Numerous experimental studies demonstrated that statins, well-known lipid-lowering drugs,
improved survival, and prevent tissue and organ injuries in local inflammation [14] or sepsis induced
by LPS or CLP [15,16]. By inhibition of hydroxy-3-methylglutaryl-CoA (HMG-CoA), reductase statins
block the mevalonate pathway and activation of intermediate products involved in cell signaling
pathways, such as apoptosis or cell survival. One previous study showed that atorvastatin ameliorated
contrast-induced nephropathy and reduced the extent of renal tubular cell apoptosis that is associated
with the decreased expression of proapoptotic Bax/caspase-3 and increased Bcl-2 [17]. Another study
that demonstrated the renoprotective effects of pitavastatin on cisplatin-induced AKI pointed to
suppression of the mitogen-activated protein kinase (MAPK)/NF-kB/inflammation axis and intrinsic
apoptotic pathway [18].

In the context of the experimental sepsis, we have previously shown that simvastatin improved
survival rate and significantly suppressed LPS-induced over-production of proinflammatory cytokines,
TNFα and interleukin (IL)-1β [19]. Furthermore, the cell-protective effect of simvastatin pretreatment
against LPS has been confirmed on cardiomyocytes [20], hepatocytes, and spleen lymphocytes [21].
These results showed that pretreatment with simvastatin mitigated myocardial, liver, and spleen tissue
injuries, and decreased activation of the cleaved caspase-3 along to the reduced apoptotic-cell death
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in the parenchyma. Simvastatin targets the cell-survival signaling pathway survivin/NF-κB/p65 and
anti-apoptotic Bcl-XL in these cells, which appears a protective mechanism in response to LPS-induced
tissue injury and programmed cell death [20,21].

Therefore, the present study was designed to determine whether pretreatment with simvastatin
(1) ameliorates LPS-induced AKI, and, if it does, (2) to elucidate its role in hindering apoptotic
death-inducing pathways in the tubular epithelial cells, and (3) subsequent upregulation of cell-survival
mechanisms like survivin and Bcl-XL.

2. Results

2.1. Protective Effects of Simvastatin on the LPS-Induced Acute Renal Injury

Renal specimens taken from the control rats revealed the normal histological structure of the
glomeruli and renal tubules (Figure 1A). Treatment with LPS only (Figure 1B) induced congestion
and small multifocal hemorrhages in the cortical and interstitial blood vessels with the presence of
polymorphonuclear leukocytes (PMNL) infiltrate. Glomerular lesions were characterized by increased
numbers of epithelial cells and pericapilar infiltration by PMNL and erythrocytes, predominantly.
Both proximal and distal convoluted tubules showed diffuse epithelial cell swelling, loss of brush
border, vacuolar degeneration, and focal necrosis. These changes were correlated with the RDS of
3.58 ± 0.50 confirming the LPS-induced severe renal damage (Table 1). Pretreatment with simvastatin
10 mg/kg reduced histopathological changes (RDS = 2.67 ± 0.48, not significantly vs. LPS group).
Renal histopathological examination in the simvastatin 20 group (Figure 1C) showed the decreased
intensity of tissue damage with the distinct renal tubular epithelial cell swelling and degeneration.
Only individual glomeruli showed hypercellularity, with increased numbers of both resident cells and
infiltrating leukocytes, indicative of the significantly lower RDS of 2.33 ± 0.47 (p < 0.05 vs. control and vs.
LPS group, respectively). Renal histology in the simvastatin 40 group was mostly unchanged and showed
mild edema and hyperemia, rare small hemorrhages, and a single PNML infiltration throughout the cortex
with irregular swelling of renal tubular cells. A mean RDS was minimal, 1.42 ± 0.50, in comparison to the
LPS (p < 0.01). Semiquantitative assessment of renal tissue lesions reveals that simvastatin ameliorated
LPS-induced histopathological changes in a dose-dependent manner (Figure 1C,D).
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Figure 1. Protective effects of simvastatin pretreatment against LPS-induced acute renal damages, 
Hematoxylin and Eosin (H&E) method, 200x magnified images, black arrows indicates the 
gromeruls and tubules. (A) Appearance of renal tissue of control animals, (B) renal tissue challenged 
with LPS, (C) renal tissue from simvastatin 20 group, (D) renal tissue from simvastatin 40 group. 
Histopathological analysis revealed decreased renal inflammatory damages in both 
simvastatin-treated groups, while severe alterations persisted only in the LPS-treated group. 
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the expression of cleaved caspase-3 and confirmed by the TUNEL assay with quantification of 
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tissue sections challenged with simvastatin of 20 and 40 mg/kg, as the dose of 10 mg/kg did not show 
a significant protective effect on RDS. LPS induced cleavage of caspase-3 (active molecule) 
predominantly in the renal tubular epithelial cells, characteristically localized in the cytoplasm and 
perinuclear region of apoptotic cells. As shown in Figure 2, a substantial increase of cleaved 
caspase-3 expression in the LPS group (43.6% ± 4.4%, p < 0.01 vs. control group), was the most 
profoundly reduced with simvastatin 40 mg/kg (17.2% ± 2.9%, p < 0.01 vs. LPS group, and p < 0.05 vs. 
simvastatin 20 group), showing also and dose-dependent efficacy (Figures 2 and 3E). 
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and tubules. (A) Appearance of renal tissue of control animals, (B) renal tissue challenged with
LPS, (C) renal tissue from simvastatin 20 group, (D) renal tissue from simvastatin 40 group.
Histopathological analysis revealed decreased renal inflammatory damages in both simvastatin-treated
groups, while severe alterations persisted only in the LPS-treated group.

Table 1. The effects of different treatments on the degree of renal alterations—Renal Damage Score (RDS)

Treatment (mg/kg)
Renal Damage Score (6 Kidneys/Group × 6 Slices/Kidney)

X ± S.D.
0 1 2 3 4

Control 30 6 0 0 0 0.67 ± 0.48

LPS 0 0 0 15 21 3.58 ± 0.50 a3

Simvastatin 10 group 0 0 12 24 0 2.67 ± 0.48 a1

Simvastatin 20 group 0 0 24 12 0 2.33 ± 0.47 a1

Simvastatin 40 group 0 21 15 0 0 1.42 ± 0.50 b2

Statistical analysis was performed using the Kruskal–Wallis test. a1, a3—p < 0.05, 0.001 in comparison to the control
group, b2—p < 0.01 in comparison to the LPS-only treated group. (X—mean value, S.D—standard deviation).

2.2. Simvastatin Inhibited Cleaved Caspase-3 Expression and Apoptotic Cell Death of Renal Tubular Epithelial
Cells Induced by LPS

Occurrence and the extent of apoptosis of the renal tubular epithelium was assessed based on the
expression of cleaved caspase-3 and confirmed by the TUNEL assay with quantification of apoptotic
index (AIs, see Methods and Materials Section) (Figure 2A–D and Figure 3A–D). We analyzed tissue
sections challenged with simvastatin of 20 and 40 mg/kg, as the dose of 10 mg/kg did not show a
significant protective effect on RDS. LPS induced cleavage of caspase-3 (active molecule) predominantly
in the renal tubular epithelial cells, characteristically localized in the cytoplasm and perinuclear region
of apoptotic cells. As shown in Figure 2, a substantial increase of cleaved caspase-3 expression in
the LPS group (43.6% ± 4.4%, p < 0.01 vs. control group), was the most profoundly reduced with
simvastatin 40 mg/kg (17.2% ± 2.9%, p < 0.01 vs. LPS group, and p < 0.05 vs. simvastatin 20 group),
showing also and dose-dependent efficacy (Figures 2 and 3E).“Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW” 5 of 18 
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Attenuation of the renal apoptosis induced by LPS shown as decreased cleaved caspase-3 expression 
in the tubular epithelial cells, assessed by immunohistochemistry, magnification 400x. (A) The 
control group, (B) intense cytoplasmic staining of cleaved caspase 3 in the tubular epithelium in the 
LPS group, as one of the feature of apoptotic cell, significant reduction of apoptotic cells in the 
groups treated with simvastatin 20 mg/kg (C) and 40 mg/kg, respectively (D). 
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LPS or pretreated with simvastatin prior to LPS, simvastatin 20 mg/kg or 40 mg/kg, respectively.
Attenuation of the renal apoptosis induced by LPS shown as decreased cleaved caspase-3 expression in
the tubular epithelial cells, assessed by immunohistochemistry, magnification 400×. (A) The control
group, (B) intense cytoplasmic staining of cleaved caspase 3 in the tubular epithelium in the LPS group,
as one of the feature of apoptotic cell, significant reduction of apoptotic cells in the groups treated with
simvastatin 20 mg/kg (C) and 40 mg/kg, respectively (D).
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Figure 3. Simvastatin inhibited apoptosis of renal tubular epithelial cells in inflammatory injury induced
by LPS, confirmed by TUNEL assay, magnification 400×. The apoptotic indices (AI) are based on the
relative number of brown stained nuclei (TUNEL-positive renal tubular epithelial cells) and showed
significant increase in the LPS group (B), simvastatin 20 mg/kg (C), and 40 mg/kg group (D) respectively,
compared with the control group (A). LPS challenge led to a marked increase of TUNEL-positive
tubular epithelial cells (shown as AIs in white columns AIs) while the AIs were significantly decreased
in the simvastatin groups. Quantitative comparison of the immunohistochemically stained renal tissue
for cleaved caspase 3 and the TUNEL-positive tubular epithelial cells expressed as AIs (* p < 0.05 vs.
LPS group, ** p < 0.05 vs. simvastatin 20 group, # p < 0.01 vs. LPS group) (E).

Definite apoptosis was confirmed with the TUNEL assay that detected chromatin condensation
and DNA fragmentation, with the main features of apoptosis shown as dark brown nuclei (Figure 3).
The apoptotic indices, as the degrees of apoptosis in renal tissue, significantly increased after LPS
administration (in all experimental treated groups) compared with the control (p < 0.01), but they were
markedly decreased in the group with simvastatin 20 (AI = 26.7% ± 3.7%, p < 0.05) and simvastatin
40 group (AI = 14.0% ± 3.3%, p < 0.01) in respect to the LPS group (AI = 34.8% ± 3.6%) (Figure 3).
Immunohistochemical staining and TUNEL assay revealed insignificant differences in the cleaved
caspase-3 expression (total number of immuno-positive cells) compared to the AIs, that were strongly
positively correlated across the experimental groups (p < 0.05) (Figure 3E). This could be explained by
the fact that cytoplasmic immune-positivity of cleaved caspase-3 represents both apoptotic and the
cells in pre-apoptosis without condensation of chromatin (TUNEL-positive cells) and with preserved
cellular morphology.
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2.3. Simvastatin Attenuated Expression of Pro-Apoptotic Cytochrome C in Renal Tubular Epithelial Cells after
LPS Administration

To further investigate an apoptotic pathway targeted by simvastatin in LPS-induced AKI,
we assessed mitochondrial pro-apoptotic marker, cytochrome C. The control group showed minimal
immunostaining in the sporadic tubular epithelial cells. LPS administration increased expression
of cytochrome C, quantified as the intense brown cytoplasmic staining in the affected tubular cells
(45.11% ± 4.14%). Conversely, simvastatin markedly mitigated LPS-induced cytochrome C expression
in comparison to the LPS group (Figure 4A–D). Consistently, quantitative analysis of cytochrome C
immunopositivity showed a significant difference among groups (p < 0.05 in simvastatin 20 group and
p < 0.01 in simvastatin 40 group vs. LPS, respectively), while very strong positive correlations between
apoptotic markers, cleaved caspase-3, and cytochrome C were determined across the groups (p = 0.01).
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Figure 4. Simvastatin attenuated cytochrome C expression in renal tubular epithelial cells
after LPS-administration. The expression of cytochrome C in rat renal tissue examined by
immunohistochemical staining, magnification 400×, (A) negative immunostaining in the control
group, (B) intense brown cytoplasmic staining in the tubular epithelium in the LPS group indicates
increased expression of the pro-apoptotic protein cytochrome C. A significant decrease of cytochrome
C-positive cells in the groups pretreated with simvastatin 20 mg/kg (C) and 40 mg/kg group (D),
respectively. A quantitative analysis of cytochrome C-positive renal tubular epithelial cells assessed in
the immunohistochemically stained sections in the renal tissue (* p < 0.05 vs. LPS group, ∗∗ p < 0.01 vs.
simvastatin 20 group, # p < 0.01 vs. LPS group) (E).

2.4. Expression of Anti-Apoptotic Bcl-XL in Renal Tubular Epithelial Cells after Simvastatin and LPS
Administration

Expression of anti-apoptotic Bcl-xL in renal tubular epithelial cells significantly differed among
LPS and simvastatin groups (Figure 5). Immuno-positive Bcl-XL renal tubular cells were sporadically
determined in the control, and significantly in the LPS groups (36.4%, p < 0.05 vs. control) (Figure 5A,B).
Upregulation of Bcl-XL implied that LPS might trigger a potential cell self-protective mechanism against
the intrinsic apoptotic pathway. Pretreatment with simvastatin 20 mg/kg and simvastatin 40 mg/kg
produced a gradual and significant increase in Bcl-xL expression in the tubular cells compared to
the LPS group (56.4% ± 4.8%, p < 0.05 and 71.6% ;± 4.9%, p < 0.01, respectively), showing intensive
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brown cytoplasmic staining (Figure 5A–E). To compare the expression of key apoptotic proteins and
Bcl-XL in tubular cells in the treated groups, we analyzed their correlations (Figure 6). The result
showed the strong inverse correlation between Bcl-XL and cleaved caspase-3-positive cells in the
simvastatin 20 group (R2 = 0.61, p < 0.05) and simvastatin 40 group (R2 = 0.78, p < 0.05) group. As it is
shown (Figure 7), Bcl-XL expression is in a very strong negative correlation with cytochrome C in the
simvastatin 40 group (R2 = 0.81, p < 0.05), similarly as in the simvastatin 20 group, suggesting that
through induction of anti-apoptotic Bcl-XL, simvastatin might express a cell-protective mechanism.
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Figure 5. Simvastatin increased Bcl-XL expression in renal tubular epithelial cells after LPS
administration. The expression of Bcl-XL in renal tissue was examined by immunohistochemical staining,
magnification 400×, (A) the control group showed rare immuno-positive cells, (B) note Bcl-XL-expression
in the tubular epithelial cells in the LPS group, in simvastatin 20 mg/kg (C) and 40 mg/kg group
(D), respectively. Bcl-XL expression significantly increased, and it is determined as intensive brown
cytoplasmic staining widely distributed in renal tubular epithelial cells. (E) A quantitative analysis of
Bcl-XL-positive renal tubular epithelial cells assessed in immunohistochemically stained sections of the
renal tissue (* p < 0.05 vs. LPS group, ∗∗ p < 0.05 vs. simvastatin 20 group, # p < 0.01 vs. LPS group).
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2.5. Simvastatin Enhanced Survivin Expression in Renal Tubular Epithelial Cells after LPS Administration

As the results demonstrated that simvastatin enhanced Bcl-XL expression in renal tubular
epithelial cells after LPS administration, we further analyzed if simvastatin upregulates expression
of a downstream inhibitor of apoptosis, survivin (Figure 8). Weak cytoplasmic staining assessed
as positive survivin expression in the control was considered as its basal expression (Figure 8A).
The LPS challenge resulted in a marked increase of survivin expression in tubular cells (p < 0.05 vs.
control group), suggesting that survivin itself presents a cell-protective mechanism in LPS injury
(Figure 8B). Further results demonstrated that simvastatin induced cell survival pathways, showing a
dose-dependent increase in strong cytoplasmic expression of survivin (Figure 8C,D). Quantitative
analysis revealed that pretreatment in simvastatin 20 and 40 groups led to a striking increase of
survivin expression (49.5% ± 4.7% and 73.3% ± 5.3% vs. LPS group, p < 0.01, respectively) (Figure 8E).
As survivin is one of the IAPs, we tested its correlation with cleaved caspase-3 and cytochrome C.
As illustrated in Figure 9, strong inverse correlations were determined between survivin and cleaved
caspase-3 in simvastatin 20 and 40 groups (R2 = 0.71 and R2 = 0.83, p < 0.01, respectively). Consistently,
Pearson’s correlation analysis revealed a strong inverse correlation of survivin with cytochrome
C-positive tubular cells in simvastatin 20 and 40 groups (R2 = 0.69 and R2 = 0.85, p < 0.01, respectively)
(Figure 10), suggesting that simvastatin protects tubular cells in LPS-induced AKI by inhibiting key
apoptotic proteins of the intrinsic pathway and activates cell-survival mechanisms.
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Figure 8. Simvastatin increased survivin expression in renal tubular epithelial cells after LPS
administration. The expression of survivin in renal tissue examined by immunohistochemical staining,
magnification 400×, (A) the control group showed rare immuno-positive cell, (B) note immuno-positive
survivin cells in the LPS group, in simvastatin 20 group (C), and simvastatin 40 group (D), survivin
expression significantly increased, and it is determined as intensive brown cytoplasmic staining widely
distributed in renal tubular epithelial cells. (E) A quantitative analysis of survivin-positive renal tubular
epithelial cells assessed in immunohistochemically stained sections of the renal tissue (* p < 0.01 vs.
LPS group, ∗∗ p < 0.05 vs. simvastatin 20 group).
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3. Discussion

In the present study, a standard model of AKI induced by LPS was used to investigate the
renoprotective effects of simvastatin on apoptotic signaling molecules in the development of AKI.
The main findings indicate that without simvastatin, LPS severely damaged renal tissue, mainly due
to induction of glomerular cell proliferation and tubular epithelial cell apoptosis mediated by a
mitochondrial apoptotic pathway leading to caspase-3 cleavage. In contrast, with simvastatin
pretreatment, the rats were protected against LPS-induced renal inflammatory injury, that is
confirmed by attenuated apoptosis of tubular epithelial cells, and significantly increased expression of
anti-apoptotic molecules, Bcl-XL and survivin. These results demonstrate that inhibition of cytochrome
C apoptotic cascade and activation of IAP might be a mechanism of simvastatin cell-protective effects
against bacterial toxin-associated AKI.

Growing experimental evidence has shown that pretreatment with statins prevents tissue injuries
induced by bacterial toxins [20–24]. Consistently, our work and the studies by Apaya et al. [25]
and Ozkok et al. [26] demonstrated that simvastatin attenuated LPS-induced renal injury, seen as a
significantly reduced amount of infiltrating leukocytes associated with minimal histopathological
features. It has been known that LPS/TLR4 signaling triggers systemic inflammation but also local renal
inflammatory injury and apoptosis through the proinflammatory cytokines TNF-α release, to induce
AKI [13]. Our previous results showed that simvastatin dose-dependently decreased overproduction
of TNF-α and IL-1β in endotoxemia [19], therefore it is conceivable that in this study, simvastatin
targets both inflammatory pathways to protect renal tubules against LPS.

Statins are known to have potent renoprotective effects in gentamicin-, cisplatin-,
and cyclosporine-induced nephrotoxicity by a variety of mechanisms, ranging from antioxidant,
anti-inflammatory, and anti-apoptotic effects [27]. However, to our knowledge, simvastatin
suppression of tubular cell apoptosis in AKI associated with a septic condition has not been reported.
Here, we showed that one of the potential protective mechanisms of simvastatin against AKI is blockade
of renal tubular cell apoptosis, confirmed by reduced cytochrome C and cleaved caspase-3 expression
and corresponding DNA fragmentation. Interestingly, results of antiapoptotic actions of simvastatin
through inhibition of pro-apoptotic Bim/Bax and effectors caspases have been well documented in
hepatocytes and lymphocytes, and cardiomyocyte in other’s and our previous studies [20,21,28,29].

Ultrastructural changes and dysfunctions of renal epithelial mitochondria appear to be an
underlying mechanism in septic AKI, similarly to other sepsis-induced multi-organ failure [1,8].
A recent study by Liu et al. [9] showed dominant mitochondrial-mediated apoptosis in CLP-induced
AKI with notable leakage of cytochrome C, followed by activation of downstream caspase-9 and -3,
and disturbance of mitochondrial dynamics. In the present study, we observed that simvastatin
abolished an LPS-induced significant increase of cytochrome C in renal tubular cells. This observation
tightly correlates with a marked inhibition of cleaved caspase-3 in simvastatin groups, indicating its
cell-protective mechanism against LPS.

Importantly, Bcl-2-related antiapoptotic protein such as Bcl-XL, control outer mitochondrial
membrane integrity, bind to proapoptotic Bim/Bax proteins, and inhibit cell-death by preventing the
release of pro-apoptotic factors such as cytochrome C or apoptosis-inducing factor [8,30]. Our results
showed overexpression of Bcl-XL in tubular cells in simvastatin groups, accompanied by significantly
decreased cytochrome C.

Consistently, our previous studies demonstrated that simvastatin upregulated Bcl-XL expression
in LPS-challenged organs [20,21], while vitamin D or glycyrrhizin acid, an active ingredient of licorice,
by targeting Bcl-2, suppressed tubular apoptosis, and markedly prevented LPS-induced AKI [13,31].
As Bcl-XL is one of the key anti-apoptotic proteins in renal tubular cells, our findings strongly suggest
that simvastatin controls apoptosis by targeting Bcl-2 proteins and inhibiting cytochrome C.

Survivin, the unique member of the IAPs family, has a dual cellular role in the regulation of
mitosis and inhibition of apoptosis. Biological functions of survivin depend on localization, so that in
the cytosol (mitochondrial survivin), it initiates anti-apoptotic activity by blockade caspase cascade,
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while nuclear localization enables cell division. Cytoprotection by survivin is more selective and
appears to target the cascade of mitochondrial cytochrome C-mediated apoptosis in order to prevent
caspase-9 and downstream caspase-3 activation [5,32,33]. Previous studies have demonstrated that
survivin, expressed dominantly in the proximal tubular cells, prevents development of AKI and renal
apoptosis induced by various nephrotoxins (such as folic acid, cisplatin) by suppression of expression
of the p53 gene [34,35] and in ischemia/reperfusion (I/R) injury through activation of the Notch-2
intracellular signaling pathway [36]. Our results have demonstrated increased cytoplasmic survivin
expression in renal tubular cells in response to LPS that we assumed as induction of a cell-protection
mechanism. Further, simvastatin induced intense and dose-dependent expression of survivin in the
tubular epithelium that is inversely correlated with cytochrome C and cleaved caspase-3 respectively,
and indicates its evident anti-apoptotic effects. Because our previous studies indicated an important
role of survivin/NF-κB/p65 pathway activation in cytoprotection against LPS-injury [20,21], similar to
Wilson et al. [37], in CLP-induced cardiomyopathy, we hypothesized that simvastatin has significant
cell-protective effects in septic AKI but not only by inhibiting of apoptotic cell death but through
induction of the important intracellular survival pathways in renal tubular epithelium.

4. Materials and Methods

4.1. 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, were used in this trial.

A typical macrolon plastic cage (Bioscape, Castrop-Rauxel, Germany) filled with clear sawdust
(Versele-Laga, Deinze, Belgium) was used for experimental animals’ housing. Ambient conditions,
the temperature of 22 ± 2 ◦C, the humidity of 55% ± 15%, air changes/h of 15–20, and the light/dark
cycle of 12/12 h, in the animal housing room were centrally regulated. A commercial diet mixture for
rats (Veterinary Institute Subotica, Subotica, Republic of Serbia) and tap water ad libitum were applied
for animals’ feeding.

Before the start of the study, the experimental design, laboratory protocol, and welfare of the
experimental animals were approved by the Ethics Committee of Experimental Animals of the Military
Medical Academy, Belgrade, Serbia (No. 282-12/2002). This decision confirmed that in the complete
experimental study, animal care and all treatments throughout the research are 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).

4.2. Drugs

The drug used in the experiment, simvastatin (donation for research purposes only,
from pharmaceutical company Krka, Novo Mesto, Slovenia), was prepared in 0.5% methylcellulose as
10 or 20 mg/mL stocks.

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

Each invasive procedure in animals was operated under aseptic conditions.

4.3. Experimental Design

In the model of experimental sepsis, we used endotoxin, and challenged the experimental
animals with a non-lethal single dose of LPS i.p. (0.25 LD50/kg). This experimental sepsis is a widely
accepted model that is featured with high-grade acute systemic inflammation, inflammatory infiltration,
increased oxidative stress, and apoptosis of organ tissues [14,38,39]. Simvastatin was administered
in the three different dose regimens (10, 20, and 40 mg/kg p.o.), that was confirmed in our previous
experiments as the doses that completely protect the animals against the single median lethal dose
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(LD50) of 22.15 mg/kg i.p. of LPS in rats (95% CI 16.5–29.1) [19]. The dose selection of simvastatin
was based on the previous rat/murine in vivo studies where the dose range was 10–100 mg/kg/day,
considering a rapid upregulation (3- to 10-fold) of HMG-CoA reductase’s activity induced by statin
treatment or other inhibitors in rodents. Therefore, the simvastatin doses in this experiment were
higher compared to those recommended in clinical medicines [14,40,41].

A total of 30 animals were divided into five experimental groups and received the following
treatments: (1) Control group (0.5% methylcellulose 1 mL/kg i.p.), (2) LPS group (non-lethal dose
as 0.25 LD50/kg i.p., that is equal to 5.5 mg/kg of LPS i.p.), (3) Simvastatin 10 group (simvastatin
10 mg/kg p.o. + 0.25 LD50/kg LPS i.p.), (4) Simvastatin 20 group (simvastatin 20 mg/kg p.o. +

0.25 LD50/kg LPS i.p.), and (5) Simvastatin 40 group (simvastatin 40 mg/kg p.o. + 0.25 LD50/kg LPS i.p.).
After dissolution, simvastatin was given per os via oral gavage in the short-term treatment of

5 days, and the single non-lethal dose of LPS was administered 1.5 h after the simvastatin pretreatment.
In the LPS group, animals received the same vehicle (1 mL/kg) of 0.5% methylcellulose for the same
period as the simvastatin treatment, prior to LPS injection. The control group received an identical
volume of vehicle only. After LPS administration, the animals were monitored continuously for 48 h
and then sacrificed.

4.4. Histopathological Examination and Semiquantitative Analysis of Renal Damage Score

The renal protective effect of simvastatin was evaluated after receiving the last treatment.
Before sacrification, all animals were immobilized in a dorsal position and euthanized by using sodium
pentobarbital in a single dose of 30 mg/kg i.p. (Hemofarm AD, Vršac, Republic of Serbia). Shortly after
the autopsy, a renal tissue sample from each animal was fixed in 10% neutral solution during the
one-week period. Then, fixed renal tissue samples were divided 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 renal tissue section was stained using the hematoxylin and eosin (H&E) method.

The whole visual field from each renal slice was analyzed and photographed at magnification
200×, by using a light microscope connected with a digital camera (BX-45, Olympus, Tokyo, Japan)
for histopathological examination, as per our method previously published in the literature [42–48].
To assess the degree of renal damages, which consists of edema, hyperemia, neutrophils infiltration,
glomerular cells’ proliferation, and renal hemorrhages, a semi-quantitative 5-point scale was applied
as previously described [43]. The severity of renal impairment expressed as Renal Damage Score (RDS)
is shown in Table 2. The exact method for RDS calculation is presented in Table 1.

Table 2. Tissue scoring scale for renal alterations—Renal Damage Score (RDS).

Degree Description

0 Normal finding.

1 Mild damage: Single glomerular cells slightly enlarged. Mild dilatation of small blood vessels.
A few foci of inflammatory cell infiltrates.

2 Moderate damage: < 50% glomerular cells with proliferation. Severe vasodilatation associated
with hyperemia and edema. Various numbers of inflammatory cells infiltrates.

3 Severe and focal damage: > 50% glomerular cells with proliferation. Transmural rupture of the
blood vessels (up to 50%) associated with an accumulation of inflammatory cells.

4
Severe and diffuse damage: Complete loss of the normal glomerular architecture, and the basal
membrane and endothelial cells of the blood vessels (>50%). High-intensity hemorrhages and

diffuse accumulation of inflammatory cells.
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4.5. Detection and Quantification of Tubular Cell Apoptosis in Situ by TUNEL Method

The TUNEL (Terminal deoxynucleotidyl transferase-mediated dUTP Nick End Labeling) assay was
used to assess the apoptosis of renal tubular cells. To perform TUNEL staining on paraffin-embedded
sections (4–6 µm thickness), we used the In-Situ Cell Death Detection Kit POD (Roche Molecular
Biochemicals, Basel, Switzerland, Cat. No 11 684 817 910) according to the manufacturer’s instructions.
Renal tissue slides were incubated with anti-fluorescein antibody conjugated with horseradish
peroxidase (POD), and then color development was performed using diaminobenzidine (DAB)
substrate. According to these instructions, negative (incubation with Label Solution, instead of TUNEL
reaction) and positive controls (incubation with DNase I recombinant, grade I) were performed.

Two blinded pathologists assessed TUNEL cells (immuno-positive reaction). The slides
were examined under a light microscope (Olympus Plaza, Tokyo, Japan) at 400× magnifications.
Twenty non-successive fields per sample were counted for the number of TUNEL-positive tubular
cells. Apoptotic index (AI) defined as the percentage (%) of apoptotic tubular cells was calculated
according to the formula (1):

AI (% of apoptotic cells) =
the number of TUNEL− positive tubular cells × 100

total number of tubular cells
(1)

4.6. Detection and Quantification of Apoptosis Regulating Molecules by Immunohistochemistry

Paraffin-embedded sections of kidney tissues were stained with polyclonal rabbit antibodies for
cleaved caspase-3 (Asp 175, Cat. 9661, Cell Signaling Technology, Frankfurt, Germany), monoclonal
mouse antibody for Cytochrome C, clone 7H8.2C12 (Cat. MA5-11674, Invitrogen, Thermo Fisher
Scientific, Walthman, MA, United States), polyclonal rabbit antibody for anti-apoptotic Bcl-XL
(Cat. PA1-37161, Invitrogen, Thermo Fisher Scientific, Walthman, MA, United States), and monoclonal
mouse antibody for survivin, clone 8E2 (Cat. MS-1201-P1 NeoMarkers Inc., Fremont, CA, The United
States), according to the manufacturer’s instructions.

The standard protocol was followed for the immunohistochemistry staining on 3–4 µm
deparaffinized and rehydrated tissue sections. Slides were then boiled for 20 min in a microwave oven
with a citric acid buffer solution (0.01 mol/L citrate buffer, pH 6.0.). To reduce nonspecific background
staining, slides were incubated in 3% hydrogen peroxide for 10 min. Primary antibodies for cleaved
caspase-3 (1:300), Cytochrome C (1:100), Bcl-XL (RTU), and survivin (1:50) were applied according to the
manufacturer’s recommended protocol. The slides were washed thoroughly with phosphate-buffered
saline, pH 7.4, between the steps. 3,3′-Diaminobenzidine (DAB) (TL-015-HDJ, Thermo Scientific Lab
Vision UltraVision ONE Detection System) was used as chromogen, to develop the antigen-antibody
complex, and all slides were then counterstained with H&E, dehydrated, and mounted. Appropriate
positive and negative controls were processed in parallel.

The slides were analyzed with a microscope (Olympus, Tokyo, Japan) at 400× magnification.
For these sections, the average number of immune-positive cells (tubular cells with intensive optical
density expression of cleaved caspase-3, Cytochrome C, BCL-XL, and survivin) across twenty
non-successive fields was calculated by two independent pathologists in a blinded manner, using
ImageJ software 1.50 (National Institute of Health, Bethesda, Rockville, MD, United States).

Quantitative measurement of the immuno-positive tubular cells was expressed according to this
formula (2):

% of positively stained cells =
the number of positively stained tubular cells × 100

total number of tubular cells
(2)

Survivin expression was evaluated qualitatively, where tubular cells positive for cytoplasmic
staining were considered immuno-positive and taken into account [33,49,50].
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4.7. Statistical Analysis

The statistical software package SPSS 19.0. (IBM Corporation, New York, NY, The United States)
was used to analyze the results which were presented as mean value (X) ± standard deviation (SD).
To differentiate the renal damage score (RDS) as well as the expression of biomarkers among the groups,
we used the Kruskal–Wallis rank test and analysis of variance (one-way ANOVA) followed by the
Tamhane’s T2 post hoc test, respectively. Correlation analysis was presented as Pearson’s correlation
coefficient. p < 0.05 was considered statistically significant.

5. Conclusions

This study broadened the current understanding of simvastatin anti-apoptotic and cytoprotective
effects against LPS-induced AKI. Mechanistically, it seems that simvastatin inhibits the mitochondrial
release of cytochrome C and consequent cleavage of the effector caspase-3, resulting in the blockade
of tubular cells’ apoptosis. Moreover, simvastatin promotes cell-survival by enhancing Bcl-XL and
survivin expression, signaling molecules are known that inhibit the intrinsic apoptotic pathway
mediated by cytochrome C and directly block caspase-3 respectively, and in turn, inhibits apoptosis
in tubular epithelium. Based on our findings in the AKI model reported here, we suggest that using
simvastatin for the prevention of AKI in septic conditions is a promising therapeutic option in targeting
apoptosis, and more preclinical and clinical studies should be encouraged in this regard.
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inhibits endotoxin-induced apoptosis in liver and spleen through up-regulation of survivin/NF-kB/p65
expression. Front. Pharm. 2019, 10, 54. [CrossRef] [PubMed]

22. Yasuda, H.; Yuen, P.S.; Hu, X.; Zhou, H.; Star, R.A. Simvastatin improves sepsis-induced mortality and acute
kidney injury via renal vascular effects. Kidn. Int. 2006, 69, 1535–1542. [CrossRef]

23. Chen, C.H.; Lee, R.P.; Wu, W.T.; Liao, K.W.; Hsu, N.; Hsu, B.G. Fluvastatin ameliorates endotoxin-induced
multiple organ failure in conscious rats. Resuscitation 2007, 74, 166–174. [CrossRef]

24. Wang, Y.; Zhang, L.; Zhao, X.; Yang, W.; Zhang, R. An experimental study of the protective effect of
simvastatin on sepsis-induced myocardial depression in rats. Biomed. Pharm. 2017, 94, 705–711. [CrossRef]

25. Apaya, M.K.; Lin, C.Y.; Chiou, C.Y.; Yang, C.C.; Ting, C.Y.; Shyur, L.F. Simvastatin and a plant galactolipid
protect animals from septic shock by regulating oxylipin mediator dynamics through the MAPK-cPLA2
signalling pathway. Mol. Med. 2016, 21, 988–1001. [CrossRef]
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