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Purpose: Klebsiella pneumoniae-induced liver abscess and baiacterem is a serious infec
tious disease with high mortality. Secondary bile acids (SBAs) are produced by intestinal 
flora through the metabolism of primary bile acids and play a role in promoting or inhibiting 
inflammation in some diseases. However, the immunomodulatory role of SBAs in bacterial 
infections of the liver remains unclear. This study aimed to investigate the anti-inflammatory 
and liver-protective effects of SBAs in K. pneumoniae-infected mice.
Methods: The absolute concentrations of deoxycholic acid (DCA) and lithocholic acid 
(LCA) in feces and serum were analyzed, and intestinal flora alterations between 
K. pneumoniae-infected and healthy control mice were examined. The effect of SBAs was 
investigated by analyzing the survival, tissue bacterial load, histopathology, and inflamma
tory factor levels in SBA-treated mice. The expression of crucial proteins implicated in the 
NF-κB pathway, as well as the G-protein-coupled bile acid receptor TGR5, was detected.
Results: The content of SBAs in feces and serum of the K. pneumoniae-infected group was 
significantly reduced, and significant changes in the composition of the intestinal flora were 
detected. The intestinal flora are directly related to the synthesis of SBAs. Ruminococcaceae 
levels in K. pneumoniae-infected mice were significantly lower than in healthy control mice. 
Oral administration of SBAs improved the survival and liver pathology of K. pneumoniae- 
infected mice, and reduced the bacterial load and the level of inflammatory factors. SBAs 
down-regulated the expression of key proteins in the NF-κB inflammatory signaling pathway, 
including the phosphorylation of IκBα and NF-κB p50 and the nuclear translocation of NF- 
κB p65. The protective effect of SBAs may be dependent on high TGR5 expression.
Conclusion: SBAs downregulate the NF-κB inflammatory signaling pathway through 
TGR5, protecting the liver and inhibiting inflammation in K. pneumoniae-induced liver 
abscess and bacteremia.
Keywords: Klebsiella pneumoniae liver abscess, deoxycholic acid, lithocholic acid, 
inflammation, nuclear factor-κB

Introduction
Klebsiella pneumoniae, a member of the Enterobacteriaceae family, is a gram-negative, 
encapsulated, rod-shaped bacterium that is the leading cause of bacterial liver abscesses 
and bacteremia.1–3 Studies have shown that hypervirulent K. pneumoniae (hvKp) 
account for 80% of all liver-abscess-causing strains.4 Unlike the classic K. pneumoniae 
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(cKp) that infects elderly patients with immunodeficiency, 
hvKp can severe invasive infections such as endophthalmitis, 
necrotizing fasciitis, and meningitis,5 in healthy young people 
without potential comorbidities.6 In the last two decades, 
a distinct invasive syndrome, namely K. pneumoniae liver 
abscess (KLA), has been increasingly reported in Asia and is 
emerging as a global disease.7–9 Therefore, it is critical to find 
new and effective treatment methods for KLA and bacteremia.

Intestinal flora is the subject of intense research interest 
in the field of life sciences and health. In the healthy host, 
numerous microorganisms form a microbial ecosystem 
that coevolves to establish a mutualistic relationship with 
the host and participates in host metabolism, tissue devel
opment, and immune response.10 Multiple lines of evi
dence have demonstrated that dysbiosis of the intestinal 
flora underlies the pathogenesis of, or promotes, liver 
disease, including alcoholic fatty liver,11 non-alcoholic 
fatty liver,12 and cirrhosis.13,14 Therefore, an in-depth 
understanding of the changes in intestinal flora associated 
with liver abscesses may be beneficial for the prevention, 
diagnosis, and treatment of KLA and bacteremia.

Microbes are known to produce bioactive compounds that 
affect intestinal inflammation.15 Secondary bile acids (SBAs), 
whose concentration is the highest among intestinal metabo
lites, are originally derived from primary bile acids (PBAs) in 
a process reliant on microbial biosynthesis.16,17 In fact, only 
a few known intestinal flora (all from the Lachnospiraceae and 
Ruminococcaceae families) perform the subsequent 7a- 
dehydroxylation step, respectively generating deoxycholic 
acid (DCA) and lithocholic acid (LCA) (the two most common 
SBAs) to participate in immunity and the inflammatory 
response.18–20 A large number of previous studies have 
focused on the cytotoxic effects of bile acids. For example, 
chronic exposure to high concentrations of hydrophobic bile 
acids can stimulate carcinogenesis in the digestive system.21 

Studies have also found that bile acids, such as LCA and DCA, 
are the important risk factor for gastrointestinal cancer.22 

Interestingly, new evidence has revealed the beneficial role of 
BAs in some diseases. For instance, in the dextran sodium 
sulfate (DSS) murine colitis model, LCA plays a barrier- 
protective role in preventing the release of pro-inflammatory 
factors from colonic epithelial cells.23 In addition, in chikun
gunya virus infections, researchers have also found that DCA 
supplementation enhances the activity of the plasmacytoid 
dendritic cell-type I interferon signal axis to regulate the 
host’s antiviral immunity and the amount of circulating virus, 
thus limiting the spread of the new virus.24 Bacterial liver 
abscess is a common infectious disease of the liver, and the 

regulatory effect of SBAs on its pathogenesis is still unclear. 
Based on previous studies, it is reasonable to assume that bile 
acid stimulation has a protective effect on KLA, and the main 
purpose of the study was to verify whether bile acid stimulation 
has this effect. Moreover, previous studies have found that 
LCA exerts its effects through the TGR5, a suppressor of 
NF-κB-mediated inflammation.25 It is therefore reasonable to 
assume that TGR5 mediates the effect of SBAs on KLA. So we 
also tried to explore whether the role of bile acids in regulating 
inflammation is mediated through TGR5.

In the current study, we constructed a K. pneumoniae- 
induced liver abscess and bacteremia mouse model with 
high reproducibility and stability, and comprehensively elu
cidated the protective effect of SBAs on the liver during 
bacterial infection by using multiomics and molecular 
experimental techniques. First, we used 16S rRNA sequen
cing technology to analyze the diversity of intestinal flora in 
the feces of mice with liver abscesses and healthy control 
mice, and found significant differences in intestinal flora 
composition between them. In addition, the development of 
liver abscess and bacteremia was found to lead to changes in 
specific intestinal flora, Ruminococcaceae, which specifi
cally participate in the synthesis of SBAs. Secondly, 
through targeted metabolomics, we found that changes in 
intestinal flora composition led to significant changes in 
host metabolite abundance, with a decrease in the levels 
of LCA and DCA, and increase in those of cholic acid (CA). 
Based on these differences in SBAs, we found that LCA and 
DCA supplementation by gavage gains reduced organ bac
terial loads and mortality. Furthermore, our results show 
that LCA and DCA mitigate inflammation in liver abscess 
models and reduce the expression of key cytokines and 
chemokines involved in inflammation by inhibiting the 
NF-κB inflammatory signaling pathway. In addition, we 
found that SBAs significantly increase the expression of 
TGR5. In summary, our work highlights a potential role 
for SBA supplementation in reducing inflammation levels 
associated with KLA and bacteremia.

Materials and Methods
Animals and Microorganisms
Eight-week-old female C57BL/6J mice were purchased 
from Experimental Animal Center of Anhui Province 
(Hefei, China). All mice were maintained in a pathogen- 
free animal facility under a standard 12:12-h light/dark 
cycle. The animals were allowed free access to food and 
water at all times before the experiment. K. pneumoniae 
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(serotypes K1, magA+, rmpA +, aerobactin +) was iso
lated from patients with bacterial liver abscesses. The 
isolate was confirmed by time-of-flight mass spectrometry 
system (Clin-TOF-II, Beijing Yixin Bochuang 
Biotechnology Co., Ltd.). The strain was maintained by 
the Anhui Center for Surveillance of Bacterial Resistance 
(Hefei, China). K. pneumoniae was cultured in Luria broth 
(LB) at 37°C overnight. All experiments involving mice 
were performed in accordance with the guidelines of the 
Institutional Animal Care and Use Committee of Anhui 
Medical University (No. LLSC20190253).

The K. pneumoniae-Induced Liver Abscess 
and Bacteremia Mouse Model and 
Treatment
The mouse model was constructed by the following meth
ods. The mice were anesthetized with isoflurane, and the 
abdomen was sterilized with 75% alcohol. The needle of 
a 1mL syringe was inserted at an oblique angle 1–2cm to 
the right of the midline of the abdomen of the mice. The 
needle was not inserted too deep, and the mice were 
confirmed to be infected after no blood was pumped 
back. During this period, mice were closely observed, 
and those that died within 24 hours were excluded.

The mice were randomly divided into six subgroups 
and given different treatments (group size is 8~10 per 
group). Among these groups, the LCA group and DCA 
group were randomly selected and given LCA and DCA 
(2.5 mg/10 g weight via oral gavage, for three consecutive 
days). Then, two randomly selected groups, designated the 
KLA + LCA group and KLA + DCA group, were respec
tively administered the same doses of LCA and DCA, and 
injected with K. pneumoniae (103 CFU/mL, 100 µL/10 
g weight, via intraperitoneal injection) or the same amount 
of PBS after overnight fasting. Finally, the other two 
groups were gavaged with the same amount of corn oil 
for three days and then injected with K. pneumoniae or the 
same amount of PBS, and designated the KLA group and 
Control group, respectively. The dosage of K. pneumoniae 
and the selection of the dosage and supplementation 
method of SBAs used in this study were based on the 
previous study.23,25,26 For survival curves, the general 
condition of mice were checked every 6 h until death 
occurred. Forty-eight hours after the K. pneumoniae injec
tion, mice were killed, and feces, livers, and serum were 
extracted for further analysis.

Targeted Metabolomics
Targeted metabolomics analysis of bile acids from the 
feces and serum of KLA mice was performed at The 
Beijing Genomics Institute (BGI-Shenzhen, China). The 
extraction was performed according to the La Frano 
protocol.27 Briefly, 1 mL of cold methanol containing 
10 mL of anti-oxidant solution was used, followed by the 
addition of each surrogate (SSTD, 250 nM (deuterated bile 
acids for recovery calculations during data processing)). 
The homogenized solution was then centrifuged, dried, 
resuspended, and filtered using a 0.2 µm PVDF membrane 
(Agilent 203980–100) for analysis with a liquid chromato
graph-mass spectrometer (LC-MS). LC-MS analysis was 
performed on Acquity UPLC I-Class system with a Xevo 
TQ-S tandem-quadrupole mass spectrometer in multiple- 
reaction monitoring mode (MRM) from Waters.

DNA Extraction and 16S rRNA 
Sequencing
Before mice were killed, fresh fecal samples were 
obtained, frozen, and stored at −80°C immediately. 
A frozen aliquot (150 mg) of each fecal sample was 
processed using the QIAamp Fast DNA Stool Mini Kit 
(QIAGEN). Next, 16S rRNA gene amplification, in vitro 
transcription, labelling, and hybridization were carried out 
as described previously.28 Diversity analysis and taxon
omy-based analysis were performed at 97% similarity 
level using mothur (http://www.mothur.org)29 as described 
in previous studies.30,31 The Mann–Whitney U-test was 
performed using SPSS 16.0 software.

Analysis of the Bacterial Burden
Blood, liver and spleen tissues of each group were collected 
before euthanasia. To perform blood CFU counts, sterile 
phosphate-buffered saline (PBS) was used and dilutions 
were plated on nutrient agar plates. The liver tissue samples 
were weighed and collected in a 1.5 mL EP tube containing 
pre-cooled PBS. Samples were homogenized for 30 s on 
a grinder (Tissuelyser-32, Shanghai JinXin Industrial 
Development CO., LTD, Shanghai, China), followed by con
tinuous dilution and plating on nutrient agar plates. CFU 
numbers were counted after overnight incubation at 37°C.

Histopathological Examination and 
TUNEL Staining
The liver tissue was fixed in 10% buffered formalin and 
processed for hematoxylin and eosin (H&E) analysis. The 
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degree of liver inflammation was determined by a blinded 
histopathology score, as described previously.32,33 A TUNEL 
bright green apoptosis detection kit from Vazyme (Nanjing, 
China) was used for detection of apoptotic cells in the liver 
tissue sections, according to the manufacturer’s instructions. 
Cells were observed under a fluorescence microscope 
(Olympus, Tokyo, Japan).

Immunohistochemistry (IHC)
Livers were fixed with 10% buffered formalin and embedded 
in paraffin according to the standard protocol. Paraffin- 
embedded liver tissue was cut into 5-μm-thick sections. 
After dewaxing and hydration, antigen retrieval was con
ducted with 0.01 M sodium citrate buffer solution (pH 6.0). 
Sections were incubated with anti-p-IκBα (1:200 dilution, 
Bioss, catalog [cat.] no. 5515R), anti-p-p50 (1:200 dilution, 
Bioworld, cat. no. 4132), anti-p-p65 (1:200 dilution, Santa 
Cruz, cat. no. 136548), and F4/80 (1:100 dilution, Abcam, 
cat. no. 111101) monoclonal antibodies at 4°C overnight. The 
color reaction was developed with an HRP-linked polymer 
detection system and counterstaining with hematoxylin was 
performed before dehydrating in graded alcohols. F4/80, 
TGR5-, p-IκBα-, p-p50-, and p-p65-positive cells were 
counted in ten randomly selected fields from each slide, at 
a magnification of ×200.

Analysis of Biochemical Parameters
Examinations of plasma IL-6, MCP-1, and IL-10 were per
formed using a mouse IL-6 ELISA kit (cat. no. JYM0012Mo), 
a mouse MCP-1 ELISA kit (cat. no. JYM0099Mo), and 
a mouse IL-10 ELISA kit (cat. no. JYM0005Mo) according 
to the manufacturer’s protocol (Wuhan Genemei 
Biotechnology Co., Ltd., Wuhan, China). Plasma alanine ami
notransferase (ALT) and aspartate aminotransferase (AST) 
were assayed using an alanine aminotransferase assay kit 
(cat. no. C009-2-1) and aspartate aminotransferase assay kit 
(cat. no. C010-2-1), respectively (Jian Cheng Bioengineering 
Institute, Nanjing, China).

RNA Extraction from Tissues and 
Quantification by RT-PCR
Total RNA was extracted from liver tissues using TRIzol 
Reagent (Invitrogen). RNase-free DNase-treated total RNA 
(500 ng) was reverse-transcribed using AMV reverse tran
scriptase (Promega). Real-time RT-PCR was performed to 
quantify mRNAs of inflammatory cytokines and chemokines 
in the liver. Specific primers for the amplified genes are listed 
in Table 1. The amplification reactions were carried out on 
a LightCycler 480 Instrument (Roche Diagnostics GmbH) 
with an initial hold step (95°C for 5 min) and 50 cycles of 
a three-step PCR (95°C for 15 s, 60°C for 15 s, and 72°C for 
30 s).

Western Blotting
For Western blotting, liver tissue samples (100 mg) were 
added to RIPA cell lysate (containing 1mM PMSF) and 
lysed on ice for 30 min. The supernatant obtained after 
centrifugation at 12,000 rpm for 10 minutes contained the 
total tissue protein. The extraction of liver nuclear proteins 
was performed based on previous studies.34 Then, 3× SDS- 
PAGE protein loading buffer was added to the collected 
protein samples at 1:2, and the solution was heated in 
a boiling water bath for 10 minutes to fully denature the 
protein. After cooling to room temperature, the protein 
sample was directly loaded on to a SDS-PAGE gel. The 
samples were then subjected to electrophoresis, membrane 
transfer, and sealing. For total proteins, the membrane was 
incubated overnight with the following antibodies: TGR5 
(1:5000 dilution, Abcam72608), p-IκBα (1:1000 dilution, 
Bioss, cat. no. 5515R), IκBα (1:2000 dilution, Abcam, 
catalog cat. no. 32518), and β-actin (1:1000 dilution, 
Abcam, cat. no. 8227). For the nucleoprotein, the mem
brane was incubated overnight with antibodies p-p65 
(1:1000 dilution, Santa Cruz, cat. no. 136548), p-p50 
(1:1000 dilution, Bioworld, cat. no. 4132), and LaminB1 
(1:500 dilution, Bioss, cat. no. 33040M). Finally, an ECL 
luminescence kit was used to detect signals according to the 
manufacturer’s instructions.

Table 1 Primers for Real-Time RT-PCR

Genes Forward (5′–3′) Reverse (5′–3′)

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

MCP-1 TAAAAACCTGGATCGGAACCAAA GCATTAGCTTCAGATTTACGGGT

KC ACTGCACCCAAACCGAAGTC TGGGGACACCTTTTAGCATCTT
IP-10 CCAAGTGCTGCCGTCATTTTC GGCTCGCAGGGATGATTTCAA

TGF-β CCACCTGCAAGACCATCGAC CTGGCGAGCCTTAGTTTGGAC
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Statistical Analysis
The sample distribution was determined by the normality test. 
Normally distributed variables are presented as the mean±S. 
E.M. Two sample t-test was used to determine differences 
between KLA mice and healthy controls. Differences 
between three or more groups were evaluated using one- 
way analysis of variance (ANOVA). For the nonparametric 
tests, the two-tailed Mann–Whitney U-test was performed to 
evaluate statistical differences between two groups. The level 
of statistical significance was set at a two-tailed P-value of 
0.05. GraphPad Prism version 7.0 (GraphPad Software) and 
SPSS version 16.0 were used for statistical analyses.

Results
Comparison of Absolute Concentration 
of SBAs Between KLA Mice and Healthy 
Controls
To better understand the potential role of SBAs in bacterial 
liver abscesses, we first conducted a targeted metabolomics 
study using LC-MS to assess the differences in LCA and 
DCA in feces and serum between KLA mice and healthy 
controls. LCA and DCA in both serum (Figure 1A) and feces 
(Figure 1B) were significantly reduced in KLA mice com
pared with that in healthy controls.

Alterations of Overall Structure and 
Composition of the Gut Microbiota After 
K. pneumoniae Infection
To determine whether the changes in the levels of circulat
ing metabolites were correlated with altered abundances of 
specific intestinal flora, we performed 16S rRNA sequen
cing of V4 variable regions. We identified the differences 
by analyzing the composition of intestinal bacteria 
between KLA mice and healthy controls. We obtained 
2,015,829 high-quality reads from pyrosequencing analy
sis, of which 3,018,106 sequences were derived from KLA 
mice and 1,013,552 from healthy controls. To determine 
the number of strains or genera from the sequencing 
results, it is necessary to classify the sequences, generally 
clustering those with a similarity of more than 97% as an 
OTU. Figure 2A shows the OTU species accumulation 
curve, which is widely used to determine the adequacy 
of sample size and estimate species richness. As the num
ber of sampled individuals increases, the curve tends to 
become flat, indicating that the sample size has met or 
even exceeded the experimental requirements. The Venn 
diagram shows the number of overlapping and specific 
OTUs between two groups. A total of 13,303 OTUs 
were obtained from the samples; among these, 601 OTUs 
were shared between healthy and KLA groups, with 12 

Figure 1 Analysis of absolute concentration of bile acids in KLA mice and healthy controls. Levels of lithocholic acid and deoxycholic acid in the feces (A) and serum (B) of 
were detected in mice with KLA and in the healthy controls. All data were expressed as means ± S.E.M. (N = 10–15); *P < 0.05, **P < 0.01 as compared with that in healthy 
controls.
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and 30 specific OTUs, respectively (Figure 2B). Although 
the intestinal flora of K. pneumoniae-infected mice showed 
no difference in Shannon diversity index (α-diversity) 
(Figure 2C), partial least squares-discriminant analysis 
(PLS-DA) (Figure 2D) revealed a distinct clustering pat
tern between samples from individuals with KLA and 
healthy controls, indicating that the composition of the 
intestinal flora in mice with liver abscesses had been sub
stantially remodeled. These results indicate that intraper
itoneal injection of K. pneumoniae altered fecal microflora 
composition, although there was no substantial difference 
in diversity between the KLA group and the control group. 
Next, we analyzed the composition of the cecal microflora 
between the healthy and KLA mouse groups. In all identi
fied taxa, we observe a significant reduction in the 
Ruminococcaceae and Lactobacillaceae families; in con
trast, an increase in harmful bacteria associated with enter
ohepatic disorders was found, indicating that disordered 
intestinal flora may be a contributing factor to KLA pro
gression (Figure 2E). Interestingly, Ruminobacteriaceae 
and Lachnospiraceae comprise few bacteria known to be 
involved in SBA synthesis, which perform subsequent CA 
and CDCA 7A-dehydroxylation reactions to produce DCA 
and LCA, respectively. In fact, a reduction was only found 
in the Ruminococcaceae family, while no differences in 

Lachnospiraceae were observed between the two groups 
(Figure 2E).

Effects of SBAs on the KLA Mice
As shown in Table 2, KLA mice were given SBAs by 
intragastric administration. The results showed that the 
mice with KLA pretreated with either LCA or DCA 
regained weight after 48 hours; further, these mice were 
less likely to develop visible abscesses in the liver. 
Moreover, in terms of preventing abscesses, DCA was 
more effective than LCA. In addition, the relative liver 
weights of K. pneumoniae-infected mice treated with DCA 
were slightly lower than those of untreated mice; however, 
this effect was not observed with LCA.

Effects of SBAs on K. pneumoniae-Infected 
Mice
We further observed the effect of SBAs on KLA by evaluat
ing the survival, bacterial counts, liver pathology, and immu
nohistochemistry. Before the K. pneumoniae challenge, mice 
were administered DCA and LCA for 3 days. SBAs reduced 
susceptibility to K. pneumoniae infections, as demonstrated 
by the decreased bacterial burdens and increased survival 
rates (Figure 3A–C and S1). In addition, exogenous supple
mentation with gut microbiota-derived SBAs elicited 

Figure 2 Overall structure of microbiota in KLA mice and controls. (A) The species accumulation curve (smooth tendency) shows sufficient sample numbers in a boxplot of 
the observed species. The X-axis indicates the number of samples and the Y-axis shows the observed species (OTU number). (B) The OTU Venn diagram shows the OTUs 
that overlap in KLA mice and healthy controls. (C) Alpha diversity (Shannon index) of 16S rRNA genes from KLA mice and healthy controls. (D) PLS-DA score plot of 
species abundance in samples from individuals with KLA and healthy controls. PERMANOVA with the Bray–Curtis distance was used to assess the significance of differences 
between the two groups (P= 0.002). (E) Abundance of discriminative OTUs in the taxonomic distributions at the family levels between KLA mice and healthy controls. 
P-values are determined by two-tailed Wilcoxon rank-sum test (C) and two-sample t-test (E) (N = 15); *P < 0.05, ***P < 0.001 as compared with healthy controls.
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significant improvement in liver histopathology in 
K. pneumoniae-infected mice (Figure 3D). The liver injury 
induced by bacterial infection was further confirmed by 
TUNEL assays. Compared with that in untreated KLA 
mice, the TUNEL-positive percentage was reduced in the 
liver of KLA mice after gavage with SBAs (Figure 3E). We 
then performed immunohistochemical staining for F4/80, 
a mature tissue macrophage marker, on the liver samples to 
assess Kupffer cell infiltration. The number of F4/80-positive 

cells in the KLA mice was higher than in the healthy controls 
(Figure 3F). After SBAs were administered, the number of 
F4/80-positive cells in the liver of KLA mice was signifi
cantly reduced. The results showed that SBAs reduced the 
infiltration of Kupffer cells. In conclusion, the above results 
highlight the protective role of SBAs in the liver.

SBAs Ameliorated Inflammation Levels in 
KLA Mice
As shown in Figure 4A, mRNA expression levels of pro- 
inflammatory factors and chemokines, such as tumor necrosis 
factor (TNF)-a, monocyte chemokine (MCP)-1, keratinocyte 
chemokine (KC), and interferon-induced protein (IP)-10 in 
the livers of the KLA group were compared with those of 
healthy controls. KLA mice pretreated with SBAs (DCA and 
LCA) showed reduced levels of inflammation and chemokine 
transcription in the liver (Figure 4A). Furthermore, the serum 
levels of interleukin (IL)-6 and MCP-1 in the drug-treated 
KLA mice were significantly lower than in the untreated 

Table 2 Body Weight and Liver Weights

Number 
of Liver 

Abscesses

Body 
Weight (g)

Absolute 
Liver 

Weight 
(g)

Relative 
Liver Weight 

(%)

KLA 10/10 21.87±1.25 1.05±0.06 0.048±0.004

KLA+LCA 7/10 22.99±1.06* 1.05±0.11 0.045±0.004

KLA+DCA 3/10 23.00±0.84* 1.01±0.04 0.044±0.002*

Notes: Data were expressed as means ± S.E.M. (N = 10); *P < 0.05 as compared 
with the Control group.

Figure 3 Effects of SBAs on K. pneumoniae-induced liver abscess. (A) Kaplan-Meier survival plot of SBA-treated and untreated mice after K. pneumoniae infection. (B and C) 
CFUs of K. pneumoniae in blood (B) and liver (C) at 48 h after infection in SBA-treated and untreated mice. (D) Liver abscess and necrosis were examined by hematoxylin 
and eosin staining and observed under a microscope (magnification, ×200) in SBA-treated and untreated mice 48 h after K. pneumoniae infection. The red arrowheads 
indicate liver abscess. KLA mice show increased histologic evidence of liver abscess and necrosis, as indicated by pathological scores, following K. pneumoniae challenge. (E) 
Representative TUNEL staining of sections from livers of SBA-treated and untreated mice (magnification, ×200) and statistical analysis of the number of TUNEL-positive cells 
per total number of cells. The white arrowheads indicate apoptotic hepatocytes. The number of cells in at least 10 microscopic fields was counted. (F) Representative 
immunohistochemistry staining for F4/80 from livers of SBA-treated and untreated mice (magnification, ×200) and statistical analysis of the number of F4/80-positive cells per 
field. The red arrows indicate F4/80 positive cells. Cells in eight high-power fields were counted. All data are expressed as means ± S.E.M (n = 8–10); *P < 0.05, **P < 0.01, 
***P < 0.001 as compared with healthy controls; &&&P < 0.001 as compared with KLA mice.
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group, while those of IL-10, which is known inhibit inflam
matory responses, were increased. The levels of cytokines in 
mouse serum were measured using ELISA, see supporting 
Figure 4B. In KLA mice treated with SBAs, levels of ALT 
and AST, two markers of liver injury, were significantly 
reduced (Figure 4C). These results indicate that SBAs can 
inhibit the inflammatory response induced by KLA.

Effects of SBAs on NF-κB Signaling in the 
Livers of K. pneumoniae-Infected Mice
The effect of SBAs on NF-κB signaling in the liver in 
response to bacterial infection was analyzed. As expected, 
the level of p-IκBα protein in the cytoplasm was increased 
48 h after K. pneumoniae intraperitoneal injection; in addi
tion, significantly higher levels of the nuclear protein p-p65 
and p-p50 subunits were found (Figure 5A–E). The levels of 
three proteins, namely p-IκBα, nuclear p-p65, and p-p50, 
were all markedly decreased in SBAs-treated KLA mice 
compared with those in controls. Immunohistochemistry 
also showed that the number of hepatic p-IκBα-, nuclear 
NF-κB p65-, and p50-positive cells were significantly 

increased in KP-treated mice (Figure 5F–I). The number of 
p-IκBα-, nuclear p-p65-, and p-p50-positive cells in the liver 
were significantly reduced in SBA-treated KLA mice com
pared with that in untreated KLA mice (Figure 5F–I).

Effects of SBAs on Hepatic TGR5 
Signaling
The effect of SBAs on hepatic TGR5 activity was ana
lyzed. The expression of TGR5 mRNA was up-regulated 
by SBAs compared with the control group (Figure 6A), 
and the relative level of TGR5 protein was significantly 
increased in SBA-treated mice (Figure 6B and C).

Discussion
Intraperitoneal infection of hypervirulent K. pneumoniae can 
prone to developing liver abscess and bacteremia, complica
tions such as necrotizing fasciitis, endophthalmitis and disse
minated meningitis through bloodstream dissemination. 
Furthermore, the high morbidity and mortality associated 
with liver abscesses and bacteremia make this disease a life- 
threatening and difficult clinical problem.35 In this study, 

Figure 4 SBAs ameliorate inflammation associated with K. pneumoniae-induced liver abscess in. (A) Real-time RT-PCR analysis of TGF-β, MCP-1, KC, and IP-10 mRNAs 
expression in four different groups. (B and C) The levels of inflammatory serum markers (IL-6, MCP-1, and IL-10) (B), ALT, and AST (C) in serum from KLA mice that were 
treated with corn oil, LCA, or DCA. All data are expressed as means ± S.E.M (n = 8), ***P < 0.001 as compared with healthy mice; &P < 0.05, &&&P < 0.001 as compared with 
KLA mice.
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targeted metabolomics and 16S rRNA sequencing showed that 
the structure of the intestinal flora and the level of SBAs were 
significantly altered in K. pneumoniae-infected mice com
pared with those in healthy control mice. Pretreatment with 
SBAs significantly improved the survival, organ bacterial 
loads, liver pathology, and immunohistochemistry of 
K. pneumoniae-infected mice. In addition, SBAs play an anti- 
inflammatory role by inhibiting the NF-κB inflammatory sig
naling pathway in the liver via TGR5 receptor activation. 
Studies have also found that the intestinal flora affects the 
host immune response mainly by regulating the synthesis of 

intestinal flora metabolites.36,37 Diverse microorganisms com
prise the intestinal ecosystem;36 their metabolites, eg, bile 
acids, aromatic amino acids, and short-chain fatty acids, play 
important roles in signaling, thus modulating host metabolism 
and inflammation by activating the corresponding 
receptors.38–40 Among them, SBAs are closely related to the 
liver through the gut-liver axis, transported from the gut back 
to the liver via the enterohepatic circulation.41 In summary, the 
novel insights gleaned from this study on the role of the 
intestinal flora and their metabolites is of significance for the 
treatment of bacterial infections of the liver.

Figure 5 Effects of SBAs on NF-κB signaling in the livers of K. pneumoniae infected mice. (A) Representative gels for p-IκBα (upper panel), IκBα (middle panel), and β-actin 
(lower panel) are shown. (B) Quantitative analysis of p-IκBα was performed by scanning densitometry. (C) Representative gels for p-p65 (upper panel), p-p50 (middle panel), 
and LaminB1 (lower panel) are shown. (D) Quantitative analysis for p-p65 was performed by scanning densitometry. (E) Quantitative analysis for p-p50 was performed by 
scanning densitometry. (F) Representative photomicrographs of liver p-IκBα, p-p50, and p-p65 are consecutively shown. Original magnification: 200×. The red arrowheads 
indicate p-IκBα, nuclear p50, and p65-positive cells, respectively. (G) p-IκBα-positive cells were compared between different groups. (H) Nuclear p50-positive cells were 
compared between different groups. (I) Nuclear p65-positive cells were compared between different groups. All experiments were duplicated for three times. Data are 
expressed as means ± S.E.M (n = 10); **P < 0.01,***P < 0.001 as compared with healthy controls; &P < 0.05, &&P < 0.01, &&&P < 0.001 as compared with KLA mice.
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SBAs are originally derived through cholesterol meta
bolism in the liver, and are further metabolized by the 
intestinal flora; their production is dependent on the gut- 
liver feedback loop.42 Most bile acids are reabsorbed in 
the distal small intestine, with the remaining bile acids 
entering the colon at concentrations of about 200 μM to 
1000 μM. Among the various metabolites in the normal 
intestinal microenvironment, SBAs are present in the high
est concentrations.17 We detected the content of DCA and 
LCA in the fecal samples by using multiple reaction mon
itoring technology and found that the concentration of 
SBAs was as high as 568.1 nmol/g, and that the average 
concentration was in the top three among multiple indica
tors. In the host intestinal tract, only members of the 
Ruminococcaceae and Lachnospiraceae families, with 
relatively rare 7 – dehydroxylation ability, participate in 
the complex process of PBA conversion into SBAs, with 
important implications for regulating the activity of the 
immune system.42 In ulcerative colitis patients, 
a significant lack of SBAs has been observed in the 
pouch after colectomy, which was consistent with the 
reduction in abundance of Clostridium leptum, a more 
homologous family member of the Ruminococcaceae 
family.25 Our data show that the intestinal bacterial com
position of mice was significantly altered in the process of 
liver abscess formation in K. pneumoniae-infected mice, 
which was specifically reflected by the increase in 
Enterobacteriaceae and the significant decrease in 
Lactobacillus. Moreover, the Ruminococcaceae was also 
significantly decreased compared with that in healthy 
mice. Many studies have shown that the structural altera
tions in the intestinal flora can lead to profound changes in 
the levels of host metabolites. Our targeted metabolomics 
results also supported this view: DCA and LCA in both 

serum and feces were low in K. pneumoniae-infected 
mice, which might be related to the reduction of 
Ruminococcaceae caused by bacterial infection.

These findings raise the question of whether it is pos
sible to correct physiological disorders in the host by 
restoring key metabolites. In a previous study, SBAs 
were shown to act as an antimicrobial agent with direct 
effects on microorganisms: DCA and LCA were demon
strated to destroy bacterial cell membrane integrity, induce 
DNA damage, or inactivate proteins via denaturation, 
thereby inhibiting the growth of intestinal pathogenic bac
teria and reducing their colonization of the susceptible 
host.43 SBAs can also indirectly inhibit the growth and 
proliferation of intestinal bacteria by regulating host 
immunity to induce the production of antimicrobial pep
tides or stimulate production of factors such as nitric oxide 
synthase and interleukin by the intestinal epithelium. In 
the current study, we found that supplementation with 
SBAs (LCA and DCA), a metabolite derived from intest
inal flora, reduced susceptibility to K. pneumoniae infec
tion, as demonstrated by the reduction in bacterial burden 
and improvement in survival rates.

SBAs are rapidly emerging as promising agents that 
modulate the expression of inflammatory factors. This 
study investigated the effects of SBAs on systemic and 
local inflammatory cytokines in liver abscess and bacteremia. 
First, inflammatory responses were observed in the 
K. pneumoniae-infected mice. We found that the hepatic 
local immune system was activated in response to 
K. pneumoniae challenge, and that the population of F4/80- 
positive Kupffer cells was higher than in the healthy controls. 
However, we found that it was reported the absolute numbers 
of Kupffer cells were quite constant except for a small 
increase during the 12h and 24h time points.44 Different 

Figure 6 Effects of SBAs on hepatic TGR5 signaling. (A) Hepatic TGR5 mRNA was measured by real-time RT-PCR. (B) Representative gels for TGR5 and β-actin are shown. 
(C) Quantitative analysis of TGR5 was performed by scanning densitometry. All experiments were duplicated for three times. Data are expressed as means ± S.E.M (n = 10); 
*P < 0.05, ***P < 0.001 as compared with healthy controls; &P<0.05 as compared with KLA mice.
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results may be related to different modeling methods, obser
vation time points and experimental techniques. The current 
study also found that macrophagic infiltration promotes the 
rapid release of TNF-α, MCP-1, KC, and IP-10, amplifying 
the inflammatory cascade, finally leading to inflammatory 
storms. These results suggested that liver abscesses cause 
a certain degree of immune inflammation.44 An increase in 
ALT and AST, two sensitive markers indicating liver injury, 
was detected in K. pneumoniae-infected mice. It is worth 
mentioning that the levels of p-IκBα, nuclear NF-κB p65, 
and p50 subunits in the liver were significantly increased, 
suggesting the activation of the NF-κB pathway.45,46 Second, 
the elevation in the above indicators (macrophage infiltra
tion, inflammatory cytokines, chemokines, and liver func
tion) in KLA mice were ameliorated in SBA-treatment 
K. pneumoniae-infected mice. We also found that the phos
phorylation of p-IκBα, p-p65, and p-p50, three key proteins 
of the NF-κB inflammatory signaling pathway, was alle
viated in SBA-treated K. pneumoniae-infected mice. These 
results suggest that SBAs may be an ideal therapeutic target 
for reducing inflammatory levels in liver abscess and bacter
emia by suppressing the NF-κB pathway.

However, the mechanism by which SBAs repress bacter
ial antigen-activated NF-κB signaling pathway in the liver is 
still unclear. Emerging evidence shows that SBAs can reg
ulate host immune systems via the G protein-coupled recep
tor for bile acids (TGR5),47 which is a promising target in 
the context of bile acid and microbial interactions. TGR5 is 
differentially expressed in immune cells such as macro
phages and glial cells. Studies have shown that TGR5 acti
vation on the macrophage cell membrane inhibits the 
expression of LPS-induced cytokines.48 Sinha et al25 found 
that in three different colitis models, SBA supplementation 
alleviated intestinal inflammation, and in-depth exploration 
revealed that this effect was mediated by TGR5. LCA and 
DCA inhibit proinflammatory cytokine production in human 
peripheral-blood-derived macrophages, which are key med
iators of intestinal inflammation in ulcerative colitis, by 
activating the TGR5 receptor.49 In conclusion, there is suffi
cient preclinical evidence to suggest that TGR5 activation 
plays a beneficial role in the treatment of inflammatory 
diseases. This study investigated the effect of SBAs on 
TGR5 activation in liver. As expected, SBAs not only had 
an up-regulation effect on liver TGR5 gene expression, but 
also significantly increased the level of TGR5 protein in 
SBA-treated liver abscess mice. These results suggest that 
SBAs inhibit the activation of inflammatory signaling path
ways by activating hepatic TGR5 expression.

Conclusion
In summary, K. pneumoniae-induced liver abscess and 
bacteremia mice exhibited significant alteration of the 
intestinal flora. The change in the community structure of 
the gut microbiota, such as the decrease in the abundance 
of Ruminococcaceae, may be the cause of the reduced 
levels of SBAs. Supplementation with SBAs was shown 
to improve the general condition of mice with liver 
abscesses, including survival, liver pathology, and inflam
mation levels. We also found that oral gavage of SBAs 
lowered inflammatory levels by reducing the expression of 
key proteins in the NF-κB inflammatory signaling path
way. Finally, high TGR5 expression may mediate the role 
of SBAs. In future work, we aim to use gene editing 
technology to knock out the TGR5 gene in order to verify 
whether SBAs exert a beneficial effect through TGR5. 
Furthermore, we will attempt to analyze the intestinal 
flora and metabolites in individuals with liver abscesses 
in order to identify molecular markers for clinical diagno
sis of the disease. We believe that the findings of this study 
will enable the development of novel methods for the 
treatment of liver abscess and bacteremia.
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