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Abstract

Background Probiotic use to prevent gastrointestinal infections in critical care has shown great promise in recent clinical
trials. Although well-documented benefits of probiotic use in intestinal disorders, the potential for probiotic treatment to
ameliorate liver injury and hypoxic hepatitis following sepsis has not been well explored.

Methods In order to evaluate, if Lactobacillus rhamnosus GG (LGG) treatment in septic rats will protect against liver injury,
this study used 20-22-week-old Sprague—Dawley rats which were subjected to cecal ligation and puncture to establish sepsis
model and examine mRNA and protein levels of IL-1p, NLRP3, IL-6, TNF-a, VEGF, MCP1, NF-kB and HIF-1a in the liver
via real-time PCR, Elisa and Western blot.

Results This study showed that LGG treatment significantly ameliorated liver injury following experimental infection and
sepsis. Liver mRNA and protein levels of IL-1p, NLRP3, IL-6, TNF-a, VEGF, MCP1, NF-kB and HIF-1a were significantly
reduced in rats receiving LGG.

Conclusions Thus, our study demonstrated that LGG treatment can reduce liver injury following experimental infection and
sepsis and is associated with improved hypoxic hepatitis. Probiotic therapy may be a promising intervention to ameliorate
clinical liver injury and hypoxic hepatitis following systemic infection and sepsis.

Keywords Probiotic - Lactobacillus rhamnosus GG (LGG) - IL-1p - NLRP3 - IL-6 - TNF-a - VEGF - MCP1 - HIF-1a - NF-
kB - Liver injury - Ligation and puncture (CLP) - Sepsis

Introduction

Sepsis, a syndrome of physiologic, pathologic and bio-
chemical disorders induced by various infections, which is
the leading cause of mortality and critical illness worldwide
[1, 2]. With the increasing incidence [3, 4], the sepsis was
defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection [5]. The occurrence
of sepsis is often accompanied by the hepatocyte damage
and other organ dysfunction [5]. It was reported that low
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cardiac output and septic shock could be the main cause
of hypoxic hepatitis (HH) [6-9], which was an important
manifestation of hypoxic liver injury. In intensive care unit
(ICU), the incidence of HH was closer to 10% [10]. Pediatric
patients diagnosed with sepsis are also susceptible to acute
liver injury leading to hyperbilirubinemia [11].

From a pathophysiological standpoint, several damaged
systems and organs participated in the pathogenesis and pro-
gress of sepsis. Previous study has shown that disturbance of
balanced gut microbiota potentially leads to increased sus-
ceptibility of sepsis [12, 13]. Probiotics are living nonpatho-
genic bacteria colonizing intestine and providing benefit to
the host with the potential to normalize the altered intestinal
flora [14]. The benefit of probiotics in sepsis has been dem-
onstrated in endotoxin and intra-abdominal infection sepsis
models [15-17]. And a pioneering study has shown that the
probiotics attenuate lung injury in septic mice [18]. How-
ever, the benefit of probiotics in gut bacterial translocation
in a model where sepsis originated directly from gut leak-
age has not been tested. Due to the different characteristics
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of patients with sepsis of different etiologies, the probiotic
treatment in patients with sepsis is still controversial [19].
Therefore, evaluation of probiotic-based therapeutic strate-
gies in different animal models is needed.

The HH has attracted more and more attention of
researchers; however, there was no standard and stable liver
cell hypoxia damage in animal model for further study. Sep-
sis is one of the main causes of liver injury [6-9]. Because
the cecal ligation and puncture (CLP) model was said to
resemble closely to human sepsis, it was widely considered
as the gold standard for animal research in sepsis [20]. This
model fulfills the human condition that is clinically relevant
[21]. Actually, the mechanism for the HH-associated sepsis
has not been fully clarified, which is very critical for the
prevention and therapy for the sepsis in clinical treatment.
Although the benefits of probiotic use in intestinal disor-
ders, the effects of probiotic treatment to protect against liver
injury following sepsis are not well demonstrated. Previous
study has shown the benefits of Lactobacillus rhamnosus
GG (LGG) on improved survival and intestinal homeostasis
in septic rats [16]. In this study, therefore, we hypothesized
that LGG will also have a protective effect against liver
injury and hypoxic hepatitis in septic rats.

Materials and Methods
Animals

A total of 60 male 20-22-week-old Sprague—Dawley rats,
(weighing 380—420 g) obtained from Institute of Labora-
tory Animal Resources, Sun Yat-sen University, Guang-
zhou, China, were used in this study. The rats fasted for
12 h before the operation. All experiment procedures were
designed based on international guidelines for animal stud-
ies and approved by the ethical committee of Institutional
Animal Care and Use Committee of Sun Yat-sen University,
Guangzhou, China.

CLP-Treated Procedure and LGG Treatment

Sixty male 20-22-week-old Sprague—Dawley rats were ran-
domly divided into four groups: Sham (n=38), Sham+LGG
(n=12), CLP (n=20), CLP+LGG (n=20). Except for the
Sham and Sham + LGG groups, other rats were treated with
CLP surgery as previously described [22]. In this experi-
ment, the rats were orally gavaged with 200 ml of either
LGG (1 x 10° CFU/ml) or sterile water (vehicle) immedi-
ately prior to initiation of the cecal ligation and puncture
(CLP) procedure [23]. Briefly, the cecum was exposed
through a middle way laparotomy and gently extruded to
make sure a balanced distribution of the internal contents
in rats. About 75% of the cecum were ligated with a 4-0
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silk suture and punctured twice with an 18-gauge needle. A
small amount of fecal material was squeezed out gently from
the cecum to assure the cecal perforation. The abdominal
incision was closed in two layers and each rat was resus-
citated via warmed 0.9% normal saline. Meanwhile, sham
mice were treated identically except the cecum was neither
ligated nor punctured.

The murine sepsis score (MSS) was assessed at the cor-
responding time points of septic rats. And the general condi-
tion (appearance, level of consciousness, activity, response
to stimulus, eyes and respiration) of rats was evaluated by
it. The scoring process of all subjects was completed inde-
pendently by two investigators. In this evaluation, the higher
total score meant the worse general condition of subjects.
The data were collected continuously for three times (inter-
val of 15 s for each times) to obtain the average value.

Tissues Collection

0.2 ml blood samples respectively collected from the suprahe-
patic vena cava and abdominal aorta with 1-ml syringe as spec-
imens of venous and arterial blood gas analysis. Then, drawing
blood 5 ml blood from abdominal aorta with pro-coagulation
tube until euthanasia. The liver tissues were dissected rapidly,
and then some ones were fixed in 10% formalin solution and
stored in 4 °C. The remaining liver tissues were settled in fro-
zen tubes and stored in liquid nitrogen. Blood samples were
placed for 2 h, and serum was removed centrifuging at 1000g
for 15 min. After specific periods, serum was transferred into
a cryogenic compatible tube and stored in liquid nitrogen.

RNA Extraction, RT-PCR and qPCR

The RNA was isolated from rat liver tissue using Trizol reagent
(9108, Takara, Japan) according to manufacturers instructions.
First-strand cDNA was synthesized using oligo (dT) primers
and reverse transcriptase using a reverse transcriptase—poly-
merase chain reaction kit (RR036, Takara, Japan).

The 10-pl PCR mixture contained 50 ng template DNA,
Sybr Green 5 pl (RR820, Takara, Japan) and primer mix
1 pl. Forty cycles of 95 °C for 15 s and 60 °C for 1 min
were performed with an Mastercycler Epgradient S system
(Eppendorf, Germany). All experiments were carried out
three times, and from each of the three experiments, trip-
licate readings were taken and calculated for average. The
data were analyzed using 2-A ACt method.

Western Blot Analysis

A total of 20 pg of protein was separated by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis, and blot-
ted onto polyvinylidene difluoride membranes. Nonspecific
binding was blocked by incubating the membranes in TBST
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with 5% nonfat milk on a shaker for 1 h. The membranes were
incubated with primary rabbit HIF-1a, NF-kB, P-P65, P65
(1:2000; ABclonal, Boston, USA) and mouse p-actin (1:2000;
ABclonal, Boston, USA), on a shaker at 4 °C overnight. All
of the first antibodies were diluted by 5% fetal bovine serum
(FBS). The membranes were then washed three times with 5%
TBST at room temperature for 30 min. The anti-mouse 1Gg
and anti-rabbit IGg diluted by 5% nonfat milk were used to
conjugate the primary immunoglobulin and the baking con-
tinued for 1 h. After stripping three times in TBST for 30 min,
the bands were detected by the Tanon 5200 Multi-system. The
densitometric analysis was performed using automatic fluo-
rescence and chemiluminescence imaging analysis system.

Immunohistochemistry Assay

Paraffin-embedded rat liver tissues were sectioned into
slices. The tissues were heated to 70 °C for 1 h before dewax-
ing in xylene. The rehydration was done in decreasing con-
centrations of ethanol and 1 X phosphate buffer saline (PBS).
Antigen repair was achieved by heating sodium citrate solu-
tion in a pressure cooker. Immunohistochemistry kit was
provided by MaiXin, the concentrations of HIF-1a antibody
was 1:100. In this study, DAB was the reagent for staining
and the staining lasted for 10 min. The tissue was examined
under a microscope and scored with the histochemistry score
(H-Score) method by Image-Pro Plus system.

Serological Detection

Serum levels of alanine transaminase (ALT) and aspertate
transaminase (AST) were measured in this study by using
ELISA. The blood samples were rested for 2 h at room tem-
perature and then centrifuged at 3000 r/min for 15 min. The
serum was extracted and stored in liquid nitrogen before test-
ing. The frozen serum was melting in room temperature. The
reagent kit was provided by Cayman chemical for ALT testing
and BioVision for AST testing. The interleukin-1f, NLRP3,
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a) as
inflammatory markers were measured by using ELISA kits. The
optical density (OD) was detected by iMark Microplate Reader.

Statistical Analysis

Data were expressed as mean + standard deviation (SD).
Inter-group comparisons were made with Student’s t test
for two groups and by one-way analysis-of-variance test.
(P <0.05 was considered statically significant.) Statistical
and graphing software used in this study was SPSS 20.0 and
GraphPad Prism 7.0.

Results
General Conditions of CLP-Treated Animals

Although the rectal temperature in early sepsis (24 h) was
higher compared to that in Sham group, it decreased sig-
nificantly with the P value of 0.0197 at 72 h after CLP.
The mean arterial pressure (MAP) in rats was changed
with the increasing sepsis time. It remained stable within
24-h post-CLP, while MAP decreased significantly at 72 h
(P<0.0001). Blood lactate (Lac) was highly enriched
in CLP-treated group. At 24 h, the increasing Lac was
significant with the P value of 0.0014 (< 0.05). The lac-
tate enrichment was more pronounced at 72 h with the
P value of <0.0001 compared with the sham group. The
MSS reflected the general condition of rats and increased
significantly in CLP-treated group, especially at late stage
of sepsis. CLP-treated rats had a lower PaO, and PaCO,
levels, which began to decrease obviously after 24 h of
CLP and reached the lowest point at 72 h (PaO,, P <0.05,
PaCO,, <0.0001). The AST level rise occurred after 72-h
post-CLP compared to the Sham group (P <0.05), while, the
level of ALT did not change significantly during the whole
study (Fig. 1). The results meant that a sepsis and subsequent
liver dysfunction model was successfully established.

LGG-Improved Liver Injury During Sepsis

Previous study has shown that probiotic treatment with LGG
can improve survival following CLP [16]. Thus, we hypoth-
esized that LGG can also attenuate liver injury in sepsis. In
this study, sepsis led to marked histological injury 72 h after
CLP treatment in septic rats. In addition, the liver injury
was significantly improved in septic rats treated with LGG.
As shown in Fig. 2 A1, liver cells were intact, their struc-
tures were clear, and they were uniformly distributed in the
normal sections, but in the model sections (Fig. 2 A3), the
section showed severe hepatocellular necrosis and inflam-
matory cell infiltration, and the liver cells had no regular
arrangement around the central veins. After LGG treatment,
pathologic damage degree was reduced compared with those
of the model samples (Fig. 2 A4). The organ damage score
(ODS) and level of endotoxin were used to evaluate the
degree of liver injury.

LGG-Attenuated Pro-inflammatory Cytokine Release
in the Liver After Sepsis
To evaluate the effect of LGG treatment on pro-inflam-

matory cytokine release in liver after CLP-induced sep-
sis, protein levels and mRNA expressions of IL-1f, IL-6,
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Fig.1 Blood gas analysis in both CLP and Sham group (n=28). a (mmHg); f Arterial PCO, (mmHg); g Aspartate transaminase (AST,
Rectal temperature (°C); b Mean arterial pressure (mmHg); ¢ Blood U/L); h Alanine aminotransferase (ALT, U/L). *P<0.05, **P<0.01,
lactate (mmol/L); d Murine sepsis score (MSS); e Arterial PO, *#%P <0.001, #P <0.0001 versus sham group

NLRP3 and TNF-a were analyzed by RT-PCR and ELISA,  of septic rats and decreased in LGG-treated rats (P <0.05).
respectively. The mRNA expressions of IL-1p, IL-6,  In addition, the protein levels of IL-1f, IL-6, NLRP3 and
NLRP3 and TNF-a were significantly increased in liver
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Fig.2 LGG-improved liver injury 72-h post-CLP (n=60). a Representative images of H&E staining (magnification, X200) (A1, Sham; A2,
Sham + LGG; A3, Sepsis; A4, Sepsis+LGG); b Liver injury severity score; ¢ Plasma endotoxin level (EU/ml). *P <0.05 versus all groups

TNF-a were also elevated in septic rats and ameliorated in
LGG-treated rats (Fig. 3).

LGG Protected Against CLP-Induced Liver Hypoxia

Hypoxia could decrease ATP synthesis and increase reac-
tive oxygen species (ROS) [24]. In addition, hypoxia could
decrease the activity of the cellular antioxidant system,
which could lead to oxidative stress [25]. In this study,
therefore, oxidative stress and lipid peroxidation in the
liver were measured in order to elucidate the mechanism
of LGG-induced protection against sepsis-induced liver
hypoxia (Fig. 4). Levels of oxidative stress in the liver of
CLP-treated rats were raised by 2.2-fold. Nonetheless,
treatment of CLP-treated rats with LGG lowered levels of
oxidative stress (Fig. 4a). Successively, administration of
CLP to rats led to a significant 90% increase in hepatic lipid
peroxidation (Fig. 2b). In comparison, exposure to LGG

decreased CLP-induced lipid peroxidation in the liver by
75% (Fig. 4b).

LGG Decreased HIF-1a and Target Genes (VEGF
and MCP1) Expressions by Regulating NF-kB
Pathway in the Liver During Sepsis

HIF-1a activity is closely regulated by oxygen-dependent
control of the cell and elevated in response to infections.
Gene expression and protein levels of HIF-1a were signifi-
cantly increased in liver of septic rats (P <0.05) and treat-
ment with LGG significantly decreased (P <0.05) HIF-1a
levels in Sepsis + LGG group (Fig. 5a). In addition, a signifi-
cantly higher number of HIF-1a positive cells in the septic
animals compared to shams (P <0.01). Treatment with LGG
reduced the number of positive cells in the liver compared to
shams (P <0.01) (Fig. 5b). And HIF-1a target genes (VEGF
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«Fig.3 LGG-attenuated pro-inflammatory cytokine release in liver
72-h post-CLP (n=60). a Relative IL-6 mRNA levels; b Relative
TNF-a mRNA levels; ¢ Elisa showing IL-6 levels; d Elisa show-
ing TNF-a levels; e Relative IL-13 mRNA levels; f Relative NLRP3
mRNA levels; g Elisa showing IL-1 levels; h Elisa showing NLRP3
levels. *P <0.05 versus all groups
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Fig.4 LGG protected against CLP-induced liver hypoxia (n=60). a
Relative oxidative stress protein levels (umol/mg); b Relative lipid
peroxidation protein levels (nmol MDA/mg). *P<0.05 versus all
groups

and MCP1) were significantly increased in liver of septic rats
and decreased in Sepsis + LGG group (Fig. 5¢).

NF-kB transcriptional factor is a key activator of the
cytokines involved in the innate immunity and oxidative
stress response. There was a significant increase in NF-kB
in the septic rats (P <0.05) and significant decrease in
the LGG-treated rats (P <0.05) (Fig. 5d). Several studies
showed that HIF-1a was upregulated by binding NF-kB to
the hypoxia response element [26-29]. Activation of NF-xB
was monitored from NF-kB p65 phosphorylation levels.
Thus, we examined the existence of the NF-xB/HIF-1a
pathway in septic rats. Western blot analysis revealed that
treatment with NF-kB inhibitor (BAY 11-7085) caused a
decrease in both NF-xB p65 phosphorylation and HIF-1a
protein levels. QRTPCR analysis showed that HIF-1oa mRNA
level in the NF-kB inhibitor-treated septic rats was signifi-
cantly reduced by 0.58-fold reduction compared with control
(Fig. 5e).

The results suggested that NF-xB activation was neces-
sary for hypoxia response. Additionally, NF-kB activation

also modulated HIF-1a gene expression during septic rats
with LGG treatment.

LGG Improved the Survival of Rats Subjected to CLP

As shown in Fig. 6, the mortality rates 72 h after operation
were 0, 0, 41 and 25%, for the Sham, Sham + LGG, Sepsis,
Sepsis +LGG groups, respectively. Compared to the Sepsis
group, the mortality rate in Sepsis+LGG group markedly
decreased (P <0.05, Sepsis versus Sepsis + LGG) (Fig. 6).

Discussion

The present study is the first to investigative the relation-
ship between Lactobacillus rhamnosus GG (LGG) and liver
injury. First, we successfully established a sepsis and sub-
sequent liver dysfunction model. Second, this study dem-
onstrated that LGG can ameliorate liver injury and hypoxic
hepatitis in rat model of CLP-induced sepsis.

Recent study has shown that the gut microbiota has been
identified as origin and promoter of nosocomial sepsis [30].
And one review has reported that an extensive overview of
the potential role of gut microbiota in the development of
sepsis [31]. Critical illness and ICU-based therapies, such as
proton pump inhibitors, opioids, vasopressors and antibiot-
ics, alter the microflora favoring the growth of pathogens.
This is due to the loss of key beneficial lactic acid bacteria
that can provide health benefits and inhibit the overgrowth
of pathogens by production of bacteriocins [32]. In addi-
tion, a number of bioactive factors secreted by LGG have
been identified and their effects studied in intestinal injury
as well as alcohol-induced liver injury models [33]. Polk
et al. [34] demonstrated that Lactobacillus rhamnosus GG
(LGG)-derived soluble protein, p40 ameliorated cytokine-
induced apoptosis in intestinal epithelial cells through acti-
vation of the EGF receptor. And previous study showed that
differential gene-regulatory networks and pathways regulate
major basal mucosal processes and uncovered remarkable
similarity to response profiles obtained for specific bioactive
molecules and drugs [35]. Recently, a review showed that
several probiotics can enhance nonspecific cellular immune
response characterized by activation of macrophages, natural
killer (NK) cells, antigen-specific cytotoxic T-lymphocytes
and the release of various cytokines [36]. As a result, many
studies support the potential use of microbial therapies in
the treatment of oxidative stress and nonalcoholic fatty liver
disease, but there are still many questions to be answered
about their mechanisms of action [37-39]. In the sepsis,
oxidative stress and pro-inflammatory cytokines cause tis-
sue damage and multiple organ failure [40]. And sepsis can
induces lipid peroxidation in the liver because of oxida-
tive stress and inflammation [41]. Hence, we hypothesized
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«Fig.5 LGG decreased HIF-1a expression and regulates NF-kB path-
way in the liver 72-h post-CLP (n=60). a, ¢ Western blot showing
protein levels of HIF-1a and NF-kB. b IHC showing HIF1-a positive
cells (magnification, X200) (B1, Sham; B2, Sham+LGG; B3, Sep-
sis; B4, Sepsis+LGG); d Relative VEGF and MCP1 mRNA levels;
e Western blot showing P-P65, P65, HIF-1a and f-Actin. *P <0.05
versus all groups; **P <0.01 BAY11-7085 versus control group
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Fig.6 LGG improved the survival of rats subjected to CLP (n=60).
*P <0.05 Sepsis versus sepsis +LGG

protection by LGG against sepsis-induced liver injury and
hypoxic hepatitis.

The pathophysiology of sepsis and subsequent liver
dysfunction is characterized by hyperactive and dysregu-
lated endogenous inflammatory mediators including IL-6,
IL-1p, NLRP3 and TNF-a [42-46]. In this study, the rats
were given LGG immediately before the surgery to bet-
ter reflect the common clinical setting where a patient
presenting with peritonitis could be treated at the time
of surgery to attempt to prevent future hospital acquired
infections and liver injury. Previous study has shown that
early attenuation of transcription factor NF-kappaB acti-
vation and cytokine message expression correlates with
improved outcome in polymicrobial sepsis [47]. Animal
experiment data support an important role of the liver in
the development of the multiple organ dysfunction syn-
drome (MODS) [48]. The release of pro-inflammatory
mediators can lead to acute liver injury, and it has been
reported that expressions of pro-inflammatory cytokines
such as IL-1f, NLRP3, IL-6 and TNF-a are significantly
elevated in the damaged liver [49, 50]. Similarly, in our
rat model of CLP-induced sepsis, we found significantly
increased mRNA and protein levels of pro-inflammatory
cytokines IL-1p, NLRP3, TNF-a, IL-6 in the liver of septic
rats, and levels of those decreased in LGG-treated group.
In addition, the sepsis-induced lipid peroxidation, but
LGG treatment could ameliorate this effect. Treatment
at the time of onset of peritonitis with LGG normalized
those cytokine expressions in the septic rats indicating the

anti-inflammatory role of LGG possibly contributing to
better overall outcome.

In general, HIF-1a is not expressed in healthy tissues
under normal oxygen saturation but is rapidly induced in
response to hypoxic condition and is elevated at sites of
inflammation and injury [51] and is involved in patho-
genesis of sepsis [27]. HIF-1a expression was previously
shown to increase and inhibition of it successfully attenu-
ated liver injury in the alcoholic fatty liver disease of rats
[52]. As shown in several studies, pathogens induce HIF-1a
expression via activated NF-kB signaling pathway [53, 54].
A large number of previous studies have confirmed that
hypoxia can induces HIF1 target gene expressions (VEGF
and MCP1) to participate in liver injury caused by poison-
ing through activation of HIF1 [55, 56]. In this study, ele-
vated HIF1 directly regulated the target genes VEGF and
MCP1 increase, which is consistent with previous literature
reports. The NF-kB factor plays a central role in the initia-
tion of innate immune responses and in the development of
a subsequent pro-inflammatory response, which can lead to
inflammation-induced organ injury. In this study, we dem-
onstrated that HIF-1o and NF-kB were significantly higher
in the liver of septic rats compared to healthy shams and
lower in the liver of LGG group. We speculate that down-
regulation of HIF-1a through targeting NF-kB in the liver
of LGG-treated rats may play a protective role in attenuating
inflammation-induced liver injury following systemic sepsis
and peritonitis.

In conclusion, probiotic therapy such as LGG can reduces
liver injury following experimental sepsis and is associated
with ameliorated hypoxic hepatitis. Probiotic therapy may
be a promising intervention to improve clinical liver injury
and hypoxic hepatitis.
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