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Galectins constitute of a soluble mammalian β-galactoside binding lectin family, which play
homeostatic roles in the regulation of the cell cycle, and apoptosis, in addition to their in-
flammatory conditions. Galectin-3 has an important role in the regulation of various inflam-
matory conditions including endotoxemia, and airway inflammation. Statins, the key pre-
cursor inhibitors of 3-hydroxyl-3-methyl coenzyme A (HMG-CoA) reductase, may prevent
the progression of inflammation in sepsis after prior statin treatment. Endotoxemia leads to
the formation of oxidative stress parameters in proteins, carbohydrates, and DNA. In the
present study, we aimed to show the effects of simvastatin on Galectin-3, and glutathione
reductase (GR), glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), and thio-
barbituric acid reactive substances (TBARS) levels in lung tissue of rats which were treated
with lipopolysaccharides (LPS) during the early phase of sepsis. Rats were divided into
four groups as the control, LPS (20 mg/kg), simvastatin (20 mg/kg), and simvastatin+LPS
group. Galectin-3 expression in formalin-fixed paraffin-embedded lung tissue sections was
demonstrated by using the immunohistochemistry methods. There were reduced densi-
ties, and the decreased number of Galectin-3 immunoreactivities in the simvastatin+LPS
group compared with the LPS group in the pneumocytes, and in the bronchial epithelium
of lung tissue. In the LPS group, GR, GSH-Px, and SOD were found lower than the levels
in simvastatin-treated LPS group (P<0.05, P<0.01, P<0.01 respectively) in the lung tissue.
However, TBARS decreased in the simvastatin+LPS group compared with the levels in LPS
group (P<0.001). Simvastatin attenuates LPS-induced oxidative acute lung inflammation,
oxidative stress, and suppresses LPS-induced Galectin-3 expression in the lung tissue.

Introduction
Sepsis is defined as the development of multiple organ failure, and inflammatory responses including cel-
lular, and metabolic changes against bacterial invasion in the host tissue [1]. The lung is mostly the first
affected organ in septic shock. A membrane component of Gram-negative bacteria lipopolysaccharide
(LPS), which is used in experimental acute lung injury (ALI) models, and interacts with toll-like recep-
tor 4 (TLR4), which initiates an inflammatory, and immune response. TLR4 mediates the host response
to LPS by promoting the activation of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and
IL-6 genes in inflammatory cells. However, the inflammatory cells produce cytotoxic molecules, and free
radical-damaged lung tissue causes ALI [2].

The reactive oxygen species (ROS) causes tissue injury in the instances of imbalances between the ROS,
and antioxidants defense mechanisms [3].
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Superoxide radical, is one of the important radicals, which may be dismutated to hydrogen peroxide (H2O2) by
Superoxide dismutase, and then H2O2 reduced to H2O in the presence of reduced form of Glutathione (GSH) by
Glutathione peroxidase (GSH-Px) enzyme, also formed oxidized form of Glutathione (GSSG). Glutathione is known
as the most abundant intracellular antioxidant molecule, which is reacted with ROS and superoxide radical, and
converted into the oxidized form glutathione (GSSG). Glutathione reductase (GR) is catalyzed from oxidized form
GSSG to reduced form GSH in the presence of NADPH [4].

The ROS and oxidative stress have important roles in the development of sepsis and increase the pulmonary in-
flammation [5].

Thiobarbituric acid reactive substances (TBARS) is used to measure the lipid peroxidation products, which show
oxidative stress in the cells and tissues; sepsis pathophysiology is accompanied by an increase in serum TBARS [6].

Galectins, β-galactoside-binding animal lectins, are produced by the inflammatory cells, and have homeostatic
roles in various pathologic conditions [7]. Current research indicated that Galectin-3 contributes to diverse physi-
ologic, and pathologic processes including endotoxemia, and airway inflammation through a multitude of complex
signaling pathways [8]. Galectin-3 was demostrated as a biomarker in many inflammatory diseases which involved
increased free radical production [9]. Researchers showed that exogenously given Galectin-3 was to have an effect on
oxidative stress by increasing the superoxide radical production from human neutrophils [10,11].

LPS/Galectin-3 interaction provides oligomerization of Galectin-3, which stabilizes LPS monomers by increasing
LPS aggregates, and causing the activation of neutrophils in inflammatory conditions [12].

Simvastatin was shown to exhibit important anti-inflammatory and antioxidant effects [13]. The use of statins in
sepsis is occured from some experimental and subsequent clinical studies, which showed that simvastatin reduces
cytokine levels and leukocyte counts in acute respiratory distress syndrome, ALI, or sepsis [14]. Researchers in recent
studies reported the preventive roles of statin pretreatment on both experimental and clinical sepsis models [15].

It was observed increased expression of Galectin-3 when treated with simvastatin in prion infection [16].
However, the number of studies associated with the effect of simvastatin on Galectin-3 in LPS-treated rats is scarce

in the literature. In the present study, we aimed to show the effects of simvastatin on the oxidative parameters: GR,
GSH-Px, superoxide dismutase (SOD) antioxidants, TBARS, and Galectin-3 in lung tissue in endotoxemia.

Materials and methods
Experimental groups
The study was approved from the Animal Experiments Local Ethics Committee of Istanbul University (Resolution
No: 2012/138). A sample of 32 male adult Wistar albino rats weighing 200–250g was used in the experiments. Rats
were randomly divided into four groups as the control group, LPS group, simvastatin group, and LPS+simvastatin
group

Experimental procedures
The animals were fed with a commercial diet and tap water ad libitum, were housed in cages and kept at a controlled
temperature (22 +− 2◦C) and humidity (55–60%) with a 12-h light/dark cycle.

The intraperitoneal sepsis model was created 1 ml of LPS (dissolved in 0.9% NaCl) from Escherichia coli O127:B8
(Sigma Aldrich, Product No: L5668) using a dose of 20 mg/kg. Oral simvastatin (20 mg/kg) (Sigma Aldrich, Product
No:S0650000, dissolved in 0.9% NaCl) was administered through oral gavage for 1 ml/5 days [13]. In the simvas-
tatin+LPS group, LPS was injected after 5 doses of simvastatin administration. Rats were decapited after 4 h in the
LPS and simvastatin+LPS groups.

Histological procedures
Five-micrometer-thick liver sections were placed on polylysine-coated slides, and were stained using hematoxylin and
eosin (H&E). The slides were evaluated under a light microscope. The lung sections were evaluated for the degree of
inflammatory cell infiltration; the scoring criteria were as follows: grade 0: absent; grade 1: rare; grade 2 as moderate;
and grade 3, as extensive. Photomicrographs were taken using an Olympus BX53F light microscope equipped with
an Olympus DP27 digital camera.

Immunohistochemical procedures
The lung sections (4–5-μm thick) mounted on poly-l-lysine-coated glass slides were deparaffinized and rehydrated.
The sections were then heated with citrate buffer (0.1 M, pH 6) for 15 min in a microwave oven for antigen retrieval.
To block endogen peroxidase, sections were incubated in 3% hydrogen peroxide for 10 min. After repeated washing
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with PBS, protein blocking was performed with the blocking solution of histostain plus kit component (Novex by
Life Technologies) for 10 min. Polyclonal rabbit anti-Galectin-3 (sc-20157, 1:50, overnight) were applied as primary
antibody, and broad spectrum second antibody (Novex by Life Technologies) were used. After flushing, the sections
were treated with peroxidase-conjugated streptavidin (Novex by Life Technologies), and then aminoethyl carbazole
chromogen were used for the visualization of the antibody reaction. The sections were counterstained using Mayer’s
hematoxylin and examined under a light microscope. H-score: The score was obtained using the formula: [(3 ×
percentaged value of the strongly stained cells) + (2 × percentaged value of the moderately stained cells) + (the
percentaged value of the weakly stained cells)], giving a range of 0–300.

The identification of the enzyme-linked immunosorbent assay for GR,
GSH-Px, and SOD
Lung tissue GR, GSHPx, and SOD levels were identified in the ELISA using biotin-based double antibody sandwich
tehcnique at 450 nm (sensitivity levels as: 0.025 ng/l for GR; 2.21 U/ml for GSHPx; and 0.016 ng/ml for SOD).

TBARS procedure
Lipid peroxide levels in the lung tissue were calculated by measuring the levels of TBARS. In this method, lung tissue
homogenates were reacted with thiobarbituric acid (TBA, Sigma Aldrich) reagent which contained trichloroacetic
acid (TCA, Sigma), concentrated hydrochloric acid (HCl, Merck), and butylated hydroxytoluene (Sigma), boiled for
15 min, and then cooled, and centrifuged. TBARS levels were measured in supernatant fraction using spectropho-
tometry (Shimadzu, Japan) at 532 nm, and the concentrations were calculated and expressed as nmol/g tissue [17].

Statistical analysis
The Statistical package for the Social Sciences (SPPS) 17.0 statistical software (SPSS, Inc., Chicago, IL, U.S.A.) was
used in the statistical analysis. The mean values were compared using Tukey’s multiple comparison test followed
by one-way ANOVA. The data were presented as the mean +− standard deviation (SD). P<0.05 was considered as
statistically significant.

Results
Histological results
The control and simvastatin groups were found to have normal histological structure in the H&E staining. Intensive
inflammation was detected in lung sections in the LPS group. The LPS group was observed to have higher histological
score damage than the other groups (P<0.01). Though insignificant, the lung damage was observed to reduce in
simvastatin+LPS group (Figures 1 and 2)

Immunohistochemical results
Reduced densities and decreased number of Galectin-3 immunoreactivities in the simvastatin+LPS group were shown
compared with the LPS group in pneumocytes and bronchial epithelium of lung tissue (P≤0.05) (Figures 3 and 4).

The enzyme-linked immunosorbent assay results of GR, GSH-Px, and SOD
GR was found statistically lower in the lung tissue in LPS compared with the control and simvastatin groups (P<0.05,
for both). GR was found higher in simvastatin-treated LPS group compared with LPS group (P<0.05) (Figure 5).

Lung tissue GSH-Px levels significantly decreased in LPS group compared with the control and simvastatin+LPS
groups (P<0.05 and P<0.01 respectively) (Figure 5).

In the LPS group, lung tissue SOD levels were found to be lower compared with the control and simvastatin+LPS
groups (P<0.01, for both) (Figure 5).

TBARS result
TBARS levels significantly decreased in the simvastatin+LPS group compared with the LPS group (P<0.001) and
there is no significant meaning in the other experimental groups compared with that of control (P>0.05) (Figure 5).
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Figure 1. Section of the lung tissue from the groups stained with H&E

Figure 2. The histological damage score of the groups, *P≤0.01 vs. control group

Discussion
The most sensitive and critically infectious organ causing sepsis is the lung [18]. Sakaguchi et al. [19] demonstrated
that LPS treatment caused increased peroxidation and membrane damage in experimental studies by reducing the
antioxidant levels.

The imbalance of oxidant/antioxidant levels are known to cause tissue damage in endotoxemia and sepsis [20].
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Figure 3. Galectin-3 immunoreactivity in the experimental groups

Figure 4. Galectin-3 immunoreactivity score in the experimental groups. *P≤0.05 compared with control group, #P≤0.05

compared with LPS group.

Researchers in a number of studies evidenced that elevated-free radicals in addition to decreased antioxidant ca-
pacity of pulmonary vascular tissue may effect the prognosis of patients diagnosed with ALI [21].

Because it is important to maintain cell survival and homeostasis in the organism, there are antioxidative defense
molecules and enzymes such as GSH, SOD, GSH-Px, GR, and catalase (CAT) against the free radical attack [4]. GR
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Figure 5. Oxidative stress parameters (GR, GSH-Px, SOD, and TBARS) and levels in the experimental groups (*P<0.05 and

**P<0.01 )

is a critical enzyme in the regeneration of the GSSG to reduced form GSH in the cell. Both SOD and GSH-Px are
consumed in the removal of the superoxide radicals generating H2O2 in septic conditions [22]. Compatible with the
literature, we found decreased tissue levels among GR, GSH-Px, and SOD antioxidant enzymes in LPS-treated rats
compared with the controls in our study [23]. In the simvastatin-treated LPS group, GR, GSH-Px, and SOD levels
increased closer to the control’s results in the same way.

TBARS represented the content of malondialdehyde (MDA)—an end product of lipid peroxidation in the tissue
[24]. In our study, TBARS levels significantly increased in rats with LPS. Statins showed antioxidant effect against the
production of the free radicals [25].

In our study, simvastatin treatment improved TBARS levels. Simvastatin may inhibit oxidant formation by sup-
presing the effects of ROS, and antioxidant enzymes up-regulation, which blocks free radicals [26].

Most of the inflammatory cells are expressed Galectin-3 and its expression level can alter related to external or
internal stimuli. Galectin-3 play a significant role in acute inflammatory response such as neutrophil activation and
adhesion [27], chemoattraction of monocytes or macrophages, and opsonization of apoptotic neutrophils [28]. It
was shown that alveolar macrophages secreted Galectin-3 when they were treated with Streptococcus pneumoniae
membrane fraction [29]. Henderson and Sethi [30] found that macrophage activation through IL-4 and IL-13 induced
expression and release of Galectin-3. It was also shown that human macrophages polarized into M1, M2a, and M2c
subtypes when they were treated with granulocyte macrophage colony-stimulating factor (GM-CSF), IFN-γ/LPS.
These subtypes exhibited an increase level of Galectin-3 expression in the cytosol [31]. In this present study, Galectin-3
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expression in alveolar macrophages increased in LPS-treated animals. However, simvastatin injection decreased its
expression in LPS-treated animals. Their immunoreactivity patterns looked like those of control. As a result, simvas-
tatin improved the acute inflammatory changes occurred in the lungs of LPS-injected animals.

Researchers showed in a number of studies that Galectin-3 promoted vascular inflammation by inducing the ex-
pression of proinflammatory products in the macrophages [28].

The expression of Galectin-3 in inflammatory cells might lead to their enhanced survival, resulting with the exac-
erbated inflammation, in addition it might regulate inflammation through a variety of mechanisms [32]. A number
of Galectin-3 immunoreactivities in the LPS group increased in pneumocytes and in the bronchial epithelium of lung
tissue. Statin administration reduced plaque alectin-3 expression in addition to the plaque macrophage contents dur-
ing the murine atherosclerosis [33]. Prior simvastatin administration decreased the densities, and the number of the
Galectin-3 immunoreactivities in pneumocytes, and bronchial epithelium of lung tissue.

Sepsis is the major cause of ALI in clinical conditions. ALI is characterized by the intensive lung inflammation and
alveolar damage, which may lead to multiorgan damage [34].

Extensive inflammatory cell infiltration was detected in LPS group in our study. Researchers in a retrospective
study found that statin therapy was beneficial for septic patients [35]. Researchers in a controlled study reported that
the prior statin therapy was associated with the decrease in inflammatory reactions in patients with severe sepsis [36].

Merx et al. [37] revealed that the average survival rate of septic animals that used statin was 4-fold higher than
that of the control animals. Simvastatin reduced the recruitment and activation of inflammatory cells, thus protected
against the LPS-induced ALI.

We found that simvastatin administration protected against septic ALI, as reflected by the marked amelioration of
histological injury of lung tissues, and the decrease in inflammatory cell infiltration, and by an increase in GR, SOD,
and GSH-Px antioxidant enzymes in LPS-treated rats. Reducing the levels of Galectin-3 may act as an endogenous
compensatory anti-inflammatory mechanism in ALI.

In conclusion, our results might have important implications regarding the prior dosing of simvastatin adminis-
tration as a potential protector against ALI.
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10 Almkvist, J., Fäldt, J., Dahlgren, C., Leffler, H. and Karlsson, A. (2001) Lipopolysaccharide-induced gelatinase granule mobilization primes neutrophils
for activation by Galectin-3 and Formylmethionyl-Leu-Phe. Infect. Immun. 69, 832–837, https://doi.org/10.1128/IAI.69.2.832-837.2001

11 Fermino, M.L., Polli, C.D., Toledo, K.A., Liu, F.T., Hsu, D.K., Roque-Barreira, M.C. et al. (2011) LPS-induced galectin-3 oligomerization results in
enhancement of neutrophil activation. PLoS ONE 6, e26004, https://doi.org/10.1371/journal.pone.0026004

12 Karlsson, A., Christenson, K., Matlak, M., Björstad, A., Brown, K.L., Telemo, E. et al. (2009) Galectin-3 functions as an opsonin and enhances the
macrophage clearance of apoptotic neutrophils. Glycobiology 19, 16–20, https://doi.org/10.1093/glycob/cwn104

13 Weitz-Schmidt, G., Welzenbach, K., Brinkmann, V, Kamata, T, Kallen, J, Bruns, C et al. (2001) Statins selectively inhibit leukocyte function antigen-1 by
binding to a novel regulatory integrin site. Nat. Med. 7, 687–692, https://doi.org/10.1038/89058
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