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Abstract
Background: Disseminated intravascular coagulation (DIC) is characterized by extensive endothelial
injury and coagulation activation that is primarily caused by infection and can be aggravated by the gut
due to increased permeability and bacterial translocation. Studies have shown that statins play an
important role in reducing in�ammation, protecting the endothelium and improving coagulation. In
addition, statins regulate tight junction (TJ) proteins and gut microbes. Therefore, we aimed to investigate
whether simvastatin improves DIC prognosis by regulating the intestinal microenvironment.

Methods: Mice were administered 20 mg/kg simvastatin by gavage for 2 weeks and then
intraperitoneally injected with 50 mg/kg endotoxin. Twelve hours later, cytokine release, coagulation
dysfunction, multiple organ damage and survival were assessed. In addition, intestinal barrier and
permeability and bacteria and bacteria translocation were evaluated.

Results: We found that the severity of endotoxin-induced DIC was signi�cantly improved in simvastatin-
pretreated mice, who showed attenuated depletion of coagulation factors and platelets, decreased
plasminogen activator inhibitor-1 (PAI-1) expression, reduced organ �brin deposition and an improved
survival rate. In addition, simvastatin reduced epithelial apoptosis, increased TJ gene expression, and
upregulated antimicrobial peptides, lysozyme and mucins. Simvastatin-pretreated mice showed
increased Lactobacillales counts, while the LPS group had increased numbers of Desulfovibrio and
Mucispirillum, which produce harmful toxins and damage the intestinal epithelium and mucosa. Finally,
with the decreased intestinal permeability in the simvastatin group, bacterial translocation in the organs
and blood was signi�cantly reduced, both in quantity and species.

Conclusions: Simvastatin improves DIC prognosis, and the intestinal microenvironment participates in
this process.

Background
Disseminated intravascular coagulation (DIC), an imbalance in coagulation and �brinolysis, is
characterized by systemic endothelial damage and microthrombus formation, and if severe enough, DIC
can induce multiple organ dysfunction syndrome (MODS) [1, 2]. Coagulation and in�ammation are
remarkably connected. A recent study reported that the overall mortality rate of severe sepsis is 21.5%
and that the incidence of DIC in patients with sepsis is 50.9% [3]. The gradual progression of
in�ammation from systemic in�ammatory response syndrome (SIRS) to severe sepsis parallels the
increase in the prevalence of DIC and MODS [4]. Therefore, preventing progression to severe sepsis and
reducing in�ammatory factor levels are effective ways to restrain DIC and prevent the occurrence of
MODS.

The intestine is mainly composed of epithelial cells connected via tight junctions (TJs), immune cells and
intestinal microorganisms, which work together to maintain intestinal homeostasis [5]. Recent studies
have revealed that changes in intestinal function are crucial for the development of sepsis and that
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increased intestinal permeability triggers a cascade of events resulting in increased bacterial growth and
risk of sepsis [6]. Endotoxin-induced sepsis is related to gastrointestinal tract dysfunction and structural
disorders. The most common complications are enhanced mucosal layer permeability, disturbed mucosal
perfusion, development of tissue oedema, coagulation-associated local dysregulation, bacterial
translocation and a shift in the gut microbiome [5]. For example, a recent study con�rmed that patients
with severe SIRS had signi�cantly lower Bi�dobacterium and Lactobacillus levels and higher levels of
pathogenic bacteria than healthy volunteers [7]. A disturbance in intestinal �ora and increased intestinal
permeability can promote the entrance of harmful bacteria and bacterial products into local and distant
spaces that are di�cult to reach under normal circumstances, and potential outcomes are secondary
infections, aggravated DIC and multiple organ dysfunction [6, 8]. In agreement with this, a correlation
between gut barrier dysfunction and secondary lung injury has been reported [9]. In addition, not only do
translocating bacteria and endotoxin from the gut lumen enter into systemic circulation but they also
directly induce an immune response in the local gut-associated lymphoid tissue or draining lymph nodes,
which results in signi�cant systemic effects [9]. Therefore, improving intestinal microenvironment
disorders is of great signi�cance in reducing sepsis and DIC.

Statins, which are 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, reduce blood lipid levels
and have pleiotropic effects, including improved endothelial dysfunction, reduced in�ammation and
inhibition of platelet activation [10, 11]. Both clinical and animal studies have demonstrated that statins
have bene�cial effects in terms of both morbidity and mortality in severe sepsis or MODS [12, 13].
Additionally, statins have been found to exert anticoagulant effects and promote �brinolysis by reducing
TF expression, increasing protein C and thrombomodulin (TM) levels, and decreasing PAI-1 levels [11, 14,
15]. Considering the bene�cial effects of statins on in�ammation, coagulation and endothelial cells,
statins might have signi�cant value in improving DIC. A consensus has been reached on the anti-
in�ammatory effects of statins in sepsis and the anti-thrombotic effects in cardiovascular diseases, but
little is known about whether statins can improve DIC when serious infections are present.

In addition, studies have indicated that the distribution of TJ proteins in the membrane is alleviated by
pro-in�ammatory cytokines and nitric oxide (NO) [16, 17]. Statins have the potential to reduce
in�ammation and regulate NO synthesis [18]. In agreement with this, a recent study con�rmed that
statins promote the expression of TJ proteins and alleviate kidney permeability [19]. Moreover, statins
have been found to affect the diversity and composition of gut microbiota [20, 21]. Several recent studies
have also con�rmed that the lipid-lowering effects of statins may be related to the gut [21, 22]. Whether
statins can improve intestinal microenvironment disorders and thus improve systemic in�ammation and
coagulation needs to be explored

Therefore, this study aimed to evaluate the effects of simvastatin in mice with endotoxin-induced DIC and
to further explore potential changes in the gut.

Materials And Methods
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Animals

Male C57BL/6J mice aged eight weeks were purchased from Beijing HFK Bio-Technology Co., Ltd. and
housed at the SPF facility of Huazhong University of Science and Technology. All animal care and
operations were performed in accordance with national and EU guidelines for the handling and use of
experimental animals. Animal experiments were approved by the Animal Experimentation Ethics
Committee of Huazhong University of Science and Technology (reference number 2266).

Establishment of the animal model

After a one-week adaptation period, the mice were randomly divided into three groups: control, LPS and
LPS + SIM groups. Mice in the LPS + SIM group were given simvastatin (20 mg/kg, MedChem Express,
NJ, USA) daily by gavage at noon for 2 weeks [22], and the other two groups were administered sterile
water. Two weeks later, mice in the LPS and LPS + SIM groups were intraperitoneally injected with
50 mg/kg LPS (Escherichia coli, O55: B5, Sigma, St Louis, MO, USA) to establish the DIC model [2], and
the control mice were injected with normal saline. Saline (0.5 mL) was administered every 6 h. The
animals in each group were sacri�ced at 12 h after the LPS injection, and a few mice died at 6 h. Blood
was drawn from the inferior cava of anaesthetized mice (1% pentobarbital sodium, 50 mg/kg, i.p.) and
anticoagulated with ethylenediaminetetraacetic acid (EDTA, 10 mM) or citrate (�nal concentration, 3.2%).
Samples were centrifuged at 3000 × g for 20 min at 4 °C, and then, the supernatant was frozen at -80 °C
until analysis. Tissues were �xed or stored at -80 °C for histological examination or RNA extraction. Fresh
stool samples were collected from the caecum, snap-frozen and stored at -80 °C for subsequent analysis.
Blood Assays

DIC-related markers in plasma, including prothrombin time (PT), activated partial thromboplastin time
(APTT), �brinogen, �brin/�brinogen degradation product (FDP) levels and antithrombin III (ATIII) activity,
were measured on an automated STA-R Evolution Analyzer (Stago, France). The platelet count (PLT) was
determined on an automated animal blood counter (PE-6800VET, PROKAN Co., Ltd., Shenzhen, China).
Serum levels of blood urea nitrogen (BUN), creatinine (CR), aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were determined with an Automated Chemistry Analyzer (Chemray-240, Rayto,
Shenzhen, China). Plasma concentrations of the cytokines interleukin (IL)-6, IL-10, monocyte
chemoattractant protein-1 (MCP-1), interferon-γ (IFN-γ), and tumour necrosis factor-α (TNF-α) were
determined with a Mouse In�ammation Cytometric Bead Array (CBA) kit (No. 552364, BD, Pharmingen,
San Jose, CA) according to the manufacturer’s instructions. Plasma levels of mouse IL-1β and IL-18 were
measured using enzyme-linked immunosorbent assay (ELISA) kits obtained from BD Pharmingen (No.
560232; No. 216165). We also measured various haemostatic endothelial molecular markers, including
soluble thrombomodulin (sTM), thrombin-antithrombin complex (TAT) and PAI-1, using appropriate ELISA
kits (Abcam).

Histological Examination
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Ileum tissue samples were immediately washed with cold 0.9% saline solution and �xed in 4%
paraformaldehyde for at least 24 h. The �xed samples were embedded in para�n and sectioned. The
sections were depara�nized, dehydrated and stained with haematoxylin and eosin for histological
assessment of the intestinal mucosa. Changes in the intestinal mucosa were observed with an optical
microscope (Leica, Germany).

Immunohistochemistry

Tissues samples were �xed in 4% paraformaldehyde and embedded in para�n. Then, the sections were
immunostained with antibodies against �brinogen (1:20000 dilution, Abcam, Cambridge, UK), TF (1:400
dilution, Abcam, Cambridge, UK) and Ly-6G (1:200 dilution, BD Pharmingen) according to the
manufacturers’ protocols.

Real-time Polymerase Chain Reaction

TRIzol reagent (Takara, Dalian, China) was used to isolate total RNA from tissues and cells according to
the manufacturer’s instructions. cDNA was generated using a PrimeScript RT reagent kit (Takara, Dalian,
China), and qRT-PCR was performed using a SYBR Green RT-PCR kit (Takara). GAPDH was used as an
internal control, and the primers are shown in Table S1. All PCRs were run on an ABI 7500 FAST Real-
Time PCR System (Applied Biosystems), and each sample was tested in triplicate. Relative expression
was calculated using the comparative 2− ρρCT method.

Western blot analysis
Frozen ileum segments were homogenized, and the supernatant was collected. The total protein
concentration was measured via a BCA protein assay. A total of 20–30 µg of ileum tissue lysate was
separated on 10% SDS-polyacrylamide gels and transferred to polyvinylidene �uoride membranes. After
being blocked, the membranes were incubated overnight at 4 °C with primary antibodies against the
following proteins: Bax (1:6000), Bcl-2 (1:1000), and caspase3 (1:1000) (Proteintech Group, Chicago, IL,
USA). The membranes were washed three times and incubated with horseradish peroxidase-conjugated
goat anti-rabbit secondary antibody (1:1000, Proteintech Group, Chicago, IL, USA) for 60 min at room
temperature. Finally, the pixel density was detected with a chemiluminescence system (Pierce, Rockford,
IL).

In Vivo Intestinal Permeability Assay

FITC-D4000 (FD-4, Sigma-Aldrich, St. Louis, MO) dissolved in saline to 50 mg/ml was given to the mice
via gavage at a dose of 600 mg/kg. One hour after gavage, blood was collected from anaesthetized mice
and centrifuged at 12,000 rpm at 4 °C for 10 min [23]. Fifty microliters of plasma was diluted 1:2 with
phosphate-buffered saline (PBS, pH 7.4). The concentration of FD-4 was measured using a Multi-
Detection Microplate Reader (Synergy TM HT, Bio-Tek, Vermont, US) and KC4 software at an excitation
wavelength of 493 nm and an emission wavelength of 518.5 nm. Standards (range, 1000–7.8125 ng/ml)
were obtained by diluting the FD-4 gavage stock solution with plasma from control animals.
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Bacteriological Analysis

Bacterial translocation was determined by culturing homogenized mesenteric lymph nodes (MLNs),
lungs, liver, spleen, kidney, blood and peritoneal �uid (PLF). PLF was collected after rinsing the abdomen
with 1 mL of isotonic saline, allowing the saline to remain within the peritoneal cavity for at least 30
seconds. Tissue samples were aseptically removed at 12 h after LPS administration and weighed and
homogenized in PBS to achieve a 50 mg/mL concentration, and then, 0.1 mL of the samples were
inoculated onto a Columbia Nutrient Agar plate with 5% sheep blood to grow total bacteria. Plates were
cultured anaerobically in a 37 °C incubator for 48 h, and colonies were counted. Bacterial numbers are
expressed as colony forming units per gram of tissues and per millilitre of blood or �uid.

16s RDNA Sequencing

Frozen faeces samples and lung samples were used to determine the gut microbiome pro�le. Genomic
DNA was isolated using a PowerSoil® DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA)
according to the manufacturer’s protocol. The high-throughput sequencing library was constructed and
sequenced using the Illumina MiSeq platform by GENEWIZ (Suzhou, China). With 30–50 ng DNA as a
template, a series of PCR primers designed by Jin Weizhi were employed to amplify prokaryotic 16S
rDNA, including the two highly variable regions V3 and V4, using a MetaVx Library Preparation kit
(GENEWIZ).

Sequences longer than 200 bp were retained, and sequence clustering was performed using VSEARCH
(1.9.6) at the 97% similarity level [24]. The most abundant sequence in each operational taxonomic unit
(OTU) was selected, and the Shannon index was calculated by random sampling of sample sequences.
Based on the Bray-Curtis inter-sample distance matrix, the principal coordinate analysis (PCoA) was
visualized to show the β diversity. The abundance data for each sample were normalized and log
transformed. The differences in microbial composition among different samples were assessed by
analysis of similarities (ANOSIM).

Cell Culture

Human epithelial colorectal adenocarcinoma (Caco-2) cells were cultured in Dulbecco’s modi�ed Eagle’s
medium/high glucose (DMEM, Gibco) supplemented with 10% foetal bovine serum (FBS), penicillin and
streptomycin. The cells were maintained in a 5% CO2 incubator at 37 °C, and the culture medium was
changed every 1 to 2 days. Trypsinized cells were added to 6-well tissue culture-treated plates (2000 µl;
Costar, Corning) at 2 × 105 cells/cm2. After 14 days, a con�uent cell monolayer was obtained. The cells
were stimulated with different concentrations of simvastatin (0, 500 nM, 1 µM, 10 µM, or 20 µM) for 60 h
and then co-treated with LPS (20 µg/mL) for 12 h. Finally, the cells were collected for qPCR experiments.

Statistical analysis
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All data in this study are presented as the mean ± SEM, and P < 0.05 was considered to indicate statistical
signi�cance in all experiments. If the data had a normal distribution and homogeneity of variance, one-
way ANOVA followed by Newman-Keuls post hoc test or Dunnett’s t test for multiple group comparisons
was performed. Otherwise, a Kruskal-Wallis H test was used. For comparisons of two groups, a t-test was
used. Survival was analysed using a log rank test. Bacteriologic culture results were analysed with
Fisher’s exact test. All statistical analyses were performed using SPSS (version 19.0) or Prism 5
(GraphPad, La Jolla, CA, USA) software, and the �gures were generated with Photoshop.

Results
3.1 Simvastatin attenuates LPS-induced systemic in�ammatory responses and organ failure and extends
survival

Plasma pro-in�ammatory and anti-in�ammatory factor levels, including IL-1β, IL-6, and TNF-α, MCP-1,
IFN-γ, IL-18 and IL-10, increased signi�cantly in the LPS group. Simvastatin pretreatment decreased
plasma pro-in�ammatory cytokine levels and increased IL-10 levels compared with LPS alone (Fig. 1-A).
This phenomenon was veri�ed in lung tissue at the mRNA level (Fig. 1-B). The LPS group had a large
number of in�ltrating granulocytes in the lungs, which was signi�cantly improved in the simvastatin-
pretreated group (Fig. 1-C).

Liver and kidney function was assessed to assess organ damage. Mice treated with simvastatin had
signi�cantly reduced serum ALT (P < 0.05), AST (P < 0.01) and CR (P < 0.01) levels compared with levels in
the LPS group (Fig. 1-D). However, there was no signi�cant difference in BUN between the two groups.
Previous studies showed that a high dose of statins can cause abnormal liver function, but no signi�cant
difference in organ damage was detected between mice treated with simvastatin alone for 14 days (SIM
group) and control mice (Fig. 1-D).

No deaths occurred in the control group. The survival curves for mice in the LPS group sharply declined,
and all mice died within 20 h. However, in the simvastatin-treated group, the survival rate increased by
20% at 48 h and 13.3% at 72 h (P < 0.001, Fig. 2). Continued observations revealed that the two surviving
mice gradually recovered their appetite and activity from day 6.

3.2 Simvastatin improves blood coagulation disorders and �brin deposition

In this study, prophylactic administration of simvastatin helped shorten the prolongation of PT and APTT.
The PLT, �brinogen levels and ATIII dropped sharply at 12 h after the injection of endotoxin, and these
decreases were signi�cantly alleviated in the simvastatin group. After endotoxin injection, the PLT was
205 ± 28×109/L in the LPS group and 305 ± 44×109/L in the LPS+SIM group, the corresponding
�brinogen levels were 1.6 ± 0.2 g/L and 2.5 ± 0.3 g/L (P<0.01), and the corresponding ATIII levels were 44
± 2.5% and 54± 1.6%. PAI-1 increased signi�cantly after endotoxin administration (161±25 ng/mL), but
this increase was attenuated in the simvastatin group (95±6.4 ng/mL). In addition, plasma TAT and TM
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showed a slight decrease in the LPS+SIM group compared to the LPS group, but the differences were not
signi�cant. FDP levels were not signi�cantly different between the two groups (Fig. 3-A).

Histologic studies showed elevated TF levels in lung tissue in the LPS group compared with the LPS+SIM
group (Fig. 3-B). Additionally, more extensive �brin deposition was observed in various organs at 12 h
after endotoxin administration, and �brin deposition was most pronounced in small and mid-sized
vessels or vasculature. Notably, simvastatin treatment signi�cantly inhibited thrombus deposition in
those organs (Fig. 3-C). These observations clearly suggest that simvastatin pretreatment during
endotoxin exposure contributes to prevention of DIC development.

3.3 Simvastatin attenuates intestinal damage and apoptosis

As shown in Figure 4-A, the intestinal mucosa of mice treated with saline was intact, with well-ordered
villi. However, in the LPS group, the intestinal villi were disrupted, atrophic or even ruptured at locations of
necrotic epithelial cells, and the mucosa was oedematous. The damage was signi�cantly alleviated in the
simvastatin-pretreated group; although the small intestinal villi were swollen and deformed, there was no
fracture in the villi barrier (Fig. 4-A).

Decreased gut epithelial apoptosis is associated with an improved survival rate in sepsis [25]. In our
study, simvastatin reversed the LPS-induced upregulation of caspase3 and downregulation of Bcl-2 at the
protein level, and these results were veri�ed at the mRNA level (Fig. 4-B, C).

3.4 Simvastatin-treated mice showed different gut microbiota compositions

The 16S rDNA sequence was used to explore the microbiota composition in the three groups. The
ANOSIM of PCoA matrix scores indicated a signi�cant separation in the microbiota composition in the
three groups (P<0.05; Fig. 5-A). LPS treatment resulted in an increase in community diversity, as shown by
the Shannon index, and the statin decreased community diversity, but there were no signi�cant
differences among groups (Fig. 5-C). The gut microbiota compositions at the phylum level are shown in
Figure 5-B. In both of the treated groups, the top two phyla were Firmicutes and Bacteroidetes. Compared
to the control group, the LPS group showed an increased abundance of Firmicutes (65.6% vs. 45.5%) and
Proteobacteria (10.6% vs. 2.8%) and a decreased abundance of Bacteroidetes (20.5% vs. 45.7%). In
contrast, the simvastatin-treated group showed decreased Firmicutes (60.5%) and Proteobacteria (3.5%)
and increased Bacteroidetes (31.7%) compared to the LPS group and was more similar to the control
group. These data suggest that the simvastatin-treated mice had a different gut microbiota composition
than the LPS-treated mice but a composition similar to the control mice (Fig. 5-B).

Distinctive gut microbiota compositions in the indicated groups were also identi�ed by linear discriminant
analysis. Endotoxin treatment induced a marked increase in the abundance of harmful bacteria, including
Desulfovibrio (P<0.05) in the Proteobacteria phylum and Mucispirillum (P<0.05) in the Deferribacteres
phylum. Desulfovibrio can produce hydrogen sul�de to destroy intestinal epithelial cells, and
Mucispirillum can directly decompose mucus [26, 27]. LPS also increased the abundance of

https://www.sciencedirect.com/science/article/pii/S2211383518311511?via%3Dihub#f0020
https://www.sciencedirect.com/science/article/pii/S2211383518311511?via%3Dihub#f0020
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Ruminococcaceae (Firmicutes phylum). Conversely, statin therapy triggered a considerable enrichment of
bacteria in the class Bacilli; however, this expansion was not class-wide but rather was due to the
expansion of Lactobacillaceae (Fig. 5-D, E).

3.5 Simvastatin alters intestinal barrier function and gut permeability

In our study, the mRNA levels of ZO-1 and JAM did not change signi�cantly in the LPS group but were
markedly increased by simvastatin treatment (Fig. 6-A). However, occludin and claudin-4 levels were
sharply decreased in both the LPS and LPS+SIM groups. In Caco-2 cells, ZO-1, JAM-A, occludin and
claudin-4 levels increased in a concentration-dependent manner in the simvastatin-treated group (Fig. 6-
B), which was inconsistent with the in vivo experiments. We hypothesize that the intestine is a more
complex system than Caco-2 cells, which can regulate TJ proteins through complex mechanisms.
However, these results con�rmed that statins alter the expression of TJ proteins.

Chemical barriers, including lysozyme, digestive enzymes, mucopolysaccharide and antimicrobial
peptides, are also important components of the intestinal mucosal barrier. As expected, Reg3b, Defb-1
and angiogerin-1 were signi�cantly downregulated at 12 h of endotoxin treatment, but these effects were
signi�cantly reversed in the simvastatin pretreatment group. However, Reg3 g increased 4-fold in both the
LPS and LPS+SIM group (Fig. 6-C).

Mucus is another barrier that can protect epithelial cells from digestive enzymes [28]. Core 3β1,3-N-
acetylglucosaminyltransferase (C3 gnt) is responsible for glycosylation of intestinal mucins, and muc2
can disassociate pathogenic and commensal bacteria [28, 29]. As expected, the mRNA levels of muc2
and C3 gnt were signi�cantly decreased in the LPS group but increased in the simvastatin group.
Additionally, the expression levels of intestinal alkaline phosphatase (IAP, detoxi�es bacterial LPS) were
increased in the simvastatin treatment group. However, no signi�cant changes in the levels of lysozyme
(protects against bacterial infection) were observed (Fig. 6-D).

Intestinal in�ammation is also a factor affecting intestinal permeability. The mRNA levels of
in�ammatory cytokines in the intestine were detected. Unexpectedly, simvastatin administration did not
decrease the LPS-induced increases in IL-1β, MCP-1 and IL-6 mRNA levels. TNF-α mRNA levels were
signi�cantly upregulated and the anti-in�ammatory cytokine IL-10 was downregulated by simvastatin
administration compared with LPS alone (Fig. 6-E). This was inconsistent with the regulatory effect of
simvastatin in the lung tissue (Fig. 1-B), which may be due to the reduction in intestinal permeability
caused by simvastatin, resulting in accumulation of intestinal toxins, which in turn activates the
in�ammatory response.

As shown in Figure 6-F, intestinal permeability was measured at 0 h, 6 h and 12 h after LPS injection.
There was no difference in intestinal permeability between the LPS group and LPS+SIM group at
baseline; at 6 h, the permeability was signi�cantly lower in the LPS+SIM group than in the LPS group, but
this difference was not obvious at 12 h.
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3-6 Simvastatin inhibits translocation of intestinal �ora

To further explore whether simvastatin pretreatment reduced bacterial translocation, we adopted bacterial
cultures in organs and blood. We found that the positive rate of bacterial culture in the LPS group was
higher than that in the LPS + SIM group, especially in the liver, kidney and blood (Fig. 7-A). We further
counted the number of positive bacterial colonies and found that in the liver, kidney, lung, spleen and
blood, the content of translocation bacteria in the LPS group was much higher than that in the LPS + SIM
group (Fig. 7, B1-5). However, no difference was found in colony units between MLNs and FLF, which are
outposts for bacterial translocation (Fig. 7, B6-7).

In addition, 16 sDNA sequencing revealed that the lung tissue microbial ampli�cation success rate
reached 100% in the LPS group, higher than that in the LPS + SIM group (62.5%) and consistent with the
bacterial culture results (Fig. 7-C). The LPS and LPS + SIM groups showed different distributions of
translocated microbes in the lung tissues, with species and number being more abundant in the LPS
group (Fig. 7-D, E, F). The signi�cantly increased �ora in the LPS group included Escherichia-Shigella,
Helicobacter, Faecalibacterium, Lachnospiraceae, Bacteroides and Bi�dobacterium, while Lactococcus
and Streptococcus were higher in the LPS+SIM group (Fig. 7-G, H).

Discussion
In this study, we systematically explored the effects of statins on endotoxin-induced DIC and found that
LPS alone induced more serious DIC with more pronounced coagulation factor depletion and �brin
deposition, while simvastatin attenuated DIC progression by enhancing anticoagulant levels and
�brinolysis. These �ndings might explain the alleviated organ microthrombosis and tissue damage,
which contributed to prevention of multiple organ failure and death in the simvastatin group. In addition,
we found that the intestine plays an important role in this process. Simvastatin pretreatment reduced the
intestinal epithelial damage and apoptosis and altered the intestinal microbial composition, with
increased Lactobacillales in the LPS + SIM group and increased Desulfovibrio and Mucispirillum in the
LPS group. Additionally, simvastatin treatment increased TJ protein and antibacterial peptide levels, and
therefore, reduced intestinal permeability. With the above changes, the translocation of intestinal �ora in
organs and blood were reduced, avoiding the aggravation of primary infection and causing secondary
infection due to intestinal disorders. Therefore, in addition to the known direct regulation effects of
statins, they also indirectly improve systemic in�ammation through the intestines, thereby regulating
coagulation and the prognosis of DIC.

Activation of the coagulation system plays a pivotal role in the pathogenesis of DIC and the development
of multiple organ failure. Consistent with previous studies, simvastatin pretreatment reduced
in�ammation and improved the coagulation disorder and mortality [13]. TF levels have been shown to
increase 125-fold in blood monocytes in healthy humans after the administration of endotoxin at a low
dose [30], but a consensus has been reached on the ability of statins to reduce TF expression [15].
Fibrinogen regulation by statins is controversial, and discrepancies may be related to different types of
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statins and laboratory tests. In our experiments, simvastatin pretreatment alleviated LPS-induced
�brinogen consumption. Increased plasma TM levels is a marker of endothelial damage, and statins
protect endothelial cells and maintain anticoagulant properties by upregulating TM gene expression and
reducing release [31]. In addition, consistent with the �ndings of a recent meta-analysis, statin therapy
signi�cantly lowered the plasma PAI-1 concentration [14]. The pronounced improvement in the imbalance
between coagulation and �brinolysis in the SIM group was associated with less severe tissue damage
and a lower mortality rate.

Long-term studies have shown that the gut plays an important role in sepsis and MODS progression[5, 6].
Gut epithelial apoptosis is increased in sepsis, and overexpression of the anti-apoptotic protein Bcl-2 can
improve survival in murine sepsis models [25]. In our experiments, statins alleviated apoptosis in the
intestine, accompanied by decreased caspase3 and increased Bcl-2 expression.

A biological barrier composed of gut microbes is essential to maintain gut homeostasis. Consistent with
a recent study, we found that the Bacteroidetes/Firmicutes ratio was decreased in the LPS group but
restored in the simvastatin group [20]. In the Linear discriminant analysis Effect Size (LEfSe), the
simvastatin-treated group showed an increased abundance of bene�cial bacterium in the class Bacilli.
This expansion was not class-wide but was due to an increase in the order Lactobacillaceae. Studies
have shown that exogenous Lactobacillus supplementation is associated with a lower incidence of
sepsis in newborns and intensive care unit patients with ventilator-associated pneumonia [32, 33].
Bacteria in the genus Desulfovibrio, the major genus in the Desulfovibrionaceae family, generate
hydrogen sul�de, a genotoxin and mucosal barrier-breaker, and most Desulfovibrionaceae members are
reported to produce LPS and cause low-grade and chronic in�ammation in obese subjects [26]. The
population of these bacteria was increased in the LPS group. The further increase in Deferribacteraceae
in the LPS group largely accounted for the expansion of Mucispirillum, which is known as a mucin
degrader and is associated with early disruption of the colonic surface mucus layer [27]. Therefore, these
differences in gut microbiota might be important reasons why statins improve the sepsis and DIC
prognosis.

Mucosal barrier dysfunction is the most frequent complication within the gastrointestinal tract during
sepsis [5]. TJs between intestinal epithelial cells form a barrier that selectively controls the transport of
intestinal contents to the blood and prevents entry of antigens, microorganisms, and their toxins into the
body. Disruption of the TJ barrier can result in increased intestinal permeability and promote bacterial
stasis, bacterial overgrowth, and bacterial translocation [6, 8]. The concept that LPS induces
in�ammatory cytokine release, which leads to increased NO production and gut injury and contributes to
the loss of gut barrier function, is not novel [16, 17]. Signalling pathways, such as the myosin light chain
kinase (MLCK), protein kinase C and Rho GTPase pathways, are also involved in the regulation of TJs [19,
34, 35]. Statins increase the expression of ZO-1 and JAM, possibly related to regulation of the balance
between eNOS and iNOS and related signalling pathways [18]. However, occludin and claudin-4 levels
were markedly decreased in both the LPS and simvastatin groups at 12 h. We speculate that the
accumulation of harmful substances in the intestine led to an increase in intestinal in�ammation in the
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simvastatin-treated group, which in turn inhibited the expression of TJ proteins through activation of
MLCK [5]. Notably, several TJ proteins were upregulated in simvastatin-treated Caco-2 cells. Alternatively,
changes in gut microbes and speci�c activation of the immune system are involved in this process. For
example, the probiotics Streptococcus thermophilus and Lactobacillus acidophilus can protect against TJ
disruption via Rho family GTPases [36].

The chemical barrier is another important player in barrier function. C3gnt is responsible for glycosylation
of intestinal mucins, thus providing an important source of growth substrates for intestinal bacteria [29].
Muc2 can disassociate pathogenic and commensal bacteria. Muc2-/- mice are highly susceptible to
sepsis [6, 28], and lysozyme was shown to complex with high a�nity to bacterial LPS and inhibit its
biological activity [37]. Additionally, IAP is a gut mucosal defence factor known to dephosphorylate LPS
[38]. The antibacterial peptides angiogerin-1, Defb-1, Reg3b and Reg3 g were reported to have broad-
spectrum antibacterial activity and quickly kill targets to inhibit bacterial translocation and intestinal
in�ammation [39].

In�ammation is another factor affecting intestinal barrier function. However, we found that simvastatin
did not reduce intestinal in�ammation, which is contrary to the anti-in�ammatory effect of statins on
organs such as the lungs. This result is unique, a previous study found that statin pretreatment
downregulated in�ammatory genes in the liver and increased intestinal in�ammation[40]. We hypothesize
that simvastatin pretreatment reduces intestinal permeability, which suppresses the movement of
intestinal toxic exudate that accumulates in the intestine and promotes upregulation of intestinal
in�ammatory genes. In addition, the immune system can be triggered by gut microbiota [41]. Ligation to
bacterial receptors stimulates central signalling cascades (e.g., NF-κB pathways), resulting in an
immunological response and thereby regulating in�ammation.

Simvastatin reduces intestinal permeability, which leads to reduced translocation of intestinal �ora. In
sepsis, the gut is severely damaged and the levels of harmful substances and microorganisms increase,
which aggravates the primary infection and leads to secondary infections[8]. A recent study showed that
increased intestinal permeability triggers a cascade of events that result in increased bacterial growth,
bacterial translocation and risk of sepsis [6]. On the one hand, simvastatin improves systemic
in�ammation through direct anti-in�ammatory and protective endothelial effects; on the other hand, it
inhibits the translocation of harmful intestinal �ora and toxins to the blood and organs, thereby
improving prognosis.

The main limitation of our study is that the experiment failed to explore the speci�c mechanism by which
statins increase intestinal in�ammation, whether through the accumulation of harmful substances or
activation of the immune system by microorganisms. Second, we failed to discover whether intestinal
microbes or intestinal metabolites directly regulate the coagulation system, which requires more in-depth
mechanistic studies in the future. Third, while all the animals in this study had free access to food and
water throughout the experiment, it is possible that oral intake decreased after the onset of endotoxin



Page 13/25

exposure. The experiments did not examine the role of nutrition in intestinal hyperpermeability, and
starvation itself can induce gut barrier dysfunction.

Conclusions
We found that simvastatin attenuates DIC by enhancing anticoagulation and �brinolysis, accompanied
by a decrease in organ microthrombus and a reduction in tissue damage, thereby prolonging survival.
The intestine plays an important role in this process. Simvastatin pretreatment increases TJ protein and
antimicrobial peptide expression and reduces intestinal permeability. Changes in the intestinal �ora in the
simvastatin group included elevated Lactobacillales and reduced Desulfovibrio and Mucispirillum, which
might be related to prognosis. In addition, simvastatin reduced intestinal permeability, thereby reducing
translocation of intestinal �ora to organs and blood and avoiding the aggravation of primary infection
due to intestinal disorders. In conclusion, simvastatin improves the prognosis of DIC by regulating the
intestinal microenvironment and has the potential to improve the survival of clinical patients.
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Figure 1

Simvastatin pretreatment attenuates LPS-induced in�ammatory responses and organ damage in mice at
12 h. (A) The plasma levels of in�ammatory factors in the indicated groups were measured using ELISAs
or a Mouse In�ammation CBA kit. (B) The mRNA levels of the in�ammatory factors in lungs were
detected by qPCR. (C) Anti-granulocyte staining of lung tissues. Representative images (magni�cation,
10×; inset, 40×) are shown. (D) Plasma levels of ALT, AST, CR and BUN in the indicated groups. The data
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are presented as the mean ± SEM (n=8). *P<0.05 compared with the control. #P<0.05 comparisons
between LPS group and LPS+SIM group.

Figure 2

Survival curves. The survival time of simvastatin-pretreated mice (broken line) was profoundly increased
compared to that of untreated mice after endotoxin administration. No deaths occurred in the control
group (P<0.001, n=15).
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Figure 3

Simvastatin improves LPS-induced blood coagulation disorders and �brin deposition in mice at 12 h. (A)
The PT, APTT, �brinogen level, FDP level and ATIII activity were measured with an automated blood
coagulation analyser; PLT was measured on an automated animal blood counter; and the plasma levels
of TAT, PAI-1 and TM were measured using ELISA kits. (B) Immunohistochemical analysis of TF
expression in the indicated group. Representative images (magni�cation, 10×; inset, 40×) are shown. (C)
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Fibrin staining of the lungs, kidneys and liver in each group. The data are presented as the mean ± SEM
(n=7). *P<0.05 compared with the control. #P<0.05 comparisons between LPS group and LPS+SIM
group.

Figure 4

Simvastatin alleviates LPS-induced histological damage and apoptosis in the intestine at 12 h. (A)
Haematoxylin and eosin staining of ileal segments in the indicated groups (magni�cation, 10×; inset,
40×). (B) Western blotting and qPCR were used to determine the expression of caspase3, Bcl-2 and Bax at
the protein level (right) and mRNA level (left). The data are presented as the mean ± SEM (n=8). *P<0.05
compared with the control. #P<0.05 comparisons between LPS group and LPS+SIM group.
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Figure 5

Simvastatin-pretreated mice show different gut microbiota compositions. (A) PCA score plot. (B) Gut
microbiota distribution at the phylum level. (C) Chao1 index. (D) Distinctive gut microbiota composition
revealed by linear discriminant analysis (LDA) in the indicated groups. (E) Comparison of relative
taxonomic abundance among the indicated groups (n=5). *P<0.05 compared with the control. # P<0.05
comparisons between LPS group and LPS+SIM group.
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Figure 6

Simvastatin pretreatment improves intestinal barrier function. The mRNA levels of (A) TJ components, (C)
antibacterial peptides, (D) mucin and (E) in�ammatory cytokines in the ileum of the indicated groups. (B)
The mRNA levels of TJ components in Caco-2 cells. (F) FITC-Dextran (FD-4) levels in plasma. The data
are presented as the mean ± SEM (n=8). *P<0.05 compared with the control. # P<0.05 comparisons
between LPS group and LPS+SIM group.
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Figure 7

Simvastatin inhibits bacterial translocation. (A) Incidence of bacterial translocation (%). (B1-8) Bacterial
load (c.f.u./g) in the liver, kidney, lung, spleen, blood, mesenteric lymph nodes (MLNs) and peritoneal
lavage �uid (PLF). (C) The ampli�cation success rate of bacteria in lungs. (D) Venn diagram; (E) PCoA
score plot; (F) Chao1 index. (G) Distinctive gut microbiota composition revealed by linear discriminant
analysis (LDA) in the indicated groups. (H) Comparison of relative taxonomic abundance among the
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indicated groups. The data are presented as the mean ± SEM (n=8). *P<0.05 compared with the control. #
P<0.05 comparisons between LPS group and LPS+SIM group.
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