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Infection-associated bile acid disturbance contributes
to macrophage activation in patients with cirrhosis
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Abstract. Cirrhosis impairs macrophage function and
disrupts bile acid homeostasis. Although bile acids affect
macrophage function in patients with sepsis, whether and how
the bile acid profile is changed by infection in patients with
cirrhosis to modulate macrophage function remains unclear.
The present study aimed to investigate the changes in the bile
acid profile of patients with cirrhosis and infection and their
effects on macrophage function. Serum was collected from 20
healthy subjects, 18 patients with cirrhosis and 39 patients with
cirrhosis and infection. Bile acid profiles were detected using
high-performance liquid chromatography-triple time-of-flight
mass spectrometer. The association between bile acid changes
and infection was analysed using receiver operating charac-
teristic (ROC) curves. Infection-altered bile acids were used
in combination with lipopolysaccharides (LPS) to stimulate
RAW264.7/THP-1 cells in vitro. The migratory capacity
was evaluated using wound healing and Transwell migration
assays. The expression of Arg-1, iNOS, IkBa, phosphorylated
(pH)IkBa and p65 was examined with western blotting and
immunofluorescence, Tnfa, I11b and 116 mRNA was examined
with RT-qPCR, and CD86, CD163 and phagocytosis was
measured with flow cytometry. The ROC curves showed that
decreased hyodeoxycholic acid (HDCA) and deoxycholic acid
(DCA) levels were associated with infection. HDCA or DCA
combined with LPS enhanced the phagocytic and migratory
ability of macrophages, accompanied by upregulation of iNOS
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and CD86 protein expression as well as Tnfa, I11b, and 116
mRNA expression. However, neither HDCA nor DCA alone
showed an effect on these phenotypes. In addition, DCA and
HDCA acted synergistically with LPS to increase the expres-
sion of p-IkBa and the intranuclear migration of p65. Infection
changed the bile acid profile in patients with cirrhosis, among
which the reduction of DCA and HDCA associated most
strongly with infection. HDCA and DCA enhanced the sensi-
tivity of macrophage function loss to LPS stimulation. These
findings suggested a potential role for monitoring the bile acid
profile that could help manage patients with cirrhosis and
infection.

Introduction

Cirrhosis causes ~1.2 million deaths each year, accounting for
3.5% of all deaths worldwide (1,2). Cirrhosis is the end-stage
of various chronic liver diseases, such as non-alcoholic fatty
liver disease, alcoholic liver disease, viral hepatitis, autoim-
mune diseases and biliary disease (2). Regardless of the cause
of cirrhosis, infection is its most common complication, occur-
ring in up to 35% of patients with cirrhosis (1). Spontaneous
bacterial peritonitis (SBP) is one of the most common types of
infections in patients with cirrhosis, followed by lung infec-
tion, urinary tract infections, bacteraemia, and skin and soft
tissue infections (3,4). Infections lead to decompensation,
such as variceal haemorrhage and hepatorenal syndrome,
which can increase the risk of acute chronic liver failure (3-5).
Studies have shown that the mortality rate of patients with
cirrhosis and infection is four times that of uninfected patients,
accounting for 50% of fatalities in patients with cirrhosis (1,4).

Patients with cirrhosis have an increased susceptibility to
infection due to intestinal microbiome disturbance and immu-
nodeficiency syndrome (6,7). Therefore, the translocation of
intestinal bacteria is the main pathogenesis of SBP and bacte-
raemia, during which the immune system may be activated by
lipopolysaccharides (LPS), which are also termed endotoxins,
that are released from the leaky gut (3). Immune dysfunction is
a common symptom in patients with cirrhosis and is known as
cirrhosis-associated immune dysfunction (CAID) (7). CAID
causes innate and acquired immune disorders by affecting the
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liver and systemic immune functions, including the function
of various immune cells such as neutrophils, macrophages, B
lymphocytes and T lymphocytes (6,7). Macrophages, derived
from monocytes, are the first line of defence against patho-
gens, and are divided into two subgroups based on differences
in their functional and transcriptional characteristics. Namely,
M1 macrophages induce a proinflammatory response, and M2
macrophages induce an anti-inflammatory response (8). In the
early stages of infection, LPS drives macrophages towards
the M1 phenotype (8). M1 macrophages engulf bacteria and
present antigens to T cells, which secrete a variety of inflam-
matory factors, including interleukin (IL-)1f, IL-6, tumour
necrosis factor o (TNFa), and C-X-C motif chemokine ligand
9, thereby activating an immune response (9). M1 activation is
dependent on the transcriptional activity of nuclear factor kB
(NF-«B) (9). In contrast to M1 macrophages, M2 macrophages
suppress inflammatory responses, clear debris and apoptotic
cells, and facilitate tissue repair and wound healing (8). In
patients with cirrhosis, impairment of the ability of macro-
phages to recognise and eliminate harmful microbiota is
a key factor that determines the susceptibility of patients to
infection (1,3,10).

Bile acids are synthesised in the liver via cytochrome P450
(CYP450)-mediated cholesterol oxidation (11). Primary bile
acids, namely cholic acid (CA) and chenodeoxycholic acid
(CDCA), and secondary bile acids, namely deoxycholic acid
(DCA) and lithocholic acid (LCA), are the major constituents
of bile acids in humans (11). Owing to abnormalities in bile
acid synthesis, metabolism and excretion, the bile acid profile
of patients with cirrhosis is significantly different compared
with the bile acid profile of the healthy population (12,13).
Among the various types of bile acid, CDCA inhibits
LPS-induced IL-6 expression in RAW264.7 cells, a widely
used murine macrophage cell line (14), while DCA increases
NLR family pyrin domain containing 3 (NLRP3) and IL-1p
expression in primary mouse macrophages and RAW264.7
cells (15). These findings suggest that an abnormal bile acid
profile may contribute to impaired macrophage function in
patients with cirrhosis. Although an abnormal bile acid profile
in patients with cirrhosis has been reported previously, the
effect of infection on the bile acid profile in these patients and
how bile acid disturbance by infection modulates macrophage
function remains unclear. In the present study, the changes in
the bile acid profile of cirrhotic patients with infection and the
association between changes in bile acids and infection were
explored. In addition, the effects of bile acids on macrophage
function in vitro were investigated.

Materials and methods

Study population and design. A total of 57 patients with
cirrhosis (without infection, n=18; with infection, n=39)
attending the Departments of Gastroenterology and Infection
of The First Affiliated Hospital of Anhui Medical University
(Hefei, China) from June 2020 to October 2020 were selected
for the present study. A further 20 healthy individuals who
underwent physical examination at The First Affiliated
Hospital of Anhui Medical University during the same period
were included in the control group. The study was approved by
The Ethics Committee of the First Affiliated Hospital of Anhui

Medical University (Hefei, China; approval no. PJ2020-13-07)
and was conducted in accordance with the principles of the
Declaration of Helsinki (2008). All patients provided written
informed consent before enrolment in the study. Biochemical
index data were extracted from the medical records of
patients. To analyse the serum bile acid profile of patients,
200 pl discarded serum samples from liver function tests were
collected.

Patients with cirrhosis were identified by liver biopsy,
transient elastography, or a combination of clinical signs and
various findings provided by laboratory tests, endoscopy and
radiological imaging (16).

The inclusion criteria for cirrhosis with infection included
one of the following signs, symptoms or abnormal laboratory
test results (17-19): i) Acute peritonitis; ii) manifestations of
systemic inflammatory response syndrome; iii) deterioration
of liver function without an obvious cause; iv) hepatic encepha-
lopathy; v) shock; vi) intractable ascites or unresponsiveness to
diuretics or renal failure; vii) acute gastrointestinal bleeding;
and viii) abnormal laboratory test results, namely an ascites
polymorphonuclear neutrophil count =0.25x10%/1, a positive
ascites bacterial culture or procalcitonin levels >0.5 ng/ml,
excluding other sites of infection.

The exclusion criteria were as follows: i) Patients with
hepatocellular carcinoma; ii) patients with recent severe
trauma, surgery or other serious infections caused by liver
disease; iii) patients aged <20 or >60 years; iv) incomplete
case histories; v) recent severe trauma, surgery or other severe
infections due to liver disease; vi) autoimmune diseases of the
liver (such as primary biliary cirrhosis, autoimmune hepatitis
and primary sclerosing cholangitis); and vii) severe extrahe-
patic disease (such as decompensated cardiac insufficiency,
severe obstructive pulmonary disease and psychiatric disease).

Reagents and chemicals. LPS (cat. no. L2630), DCA (cat.
no. D2510), hyodeoxycholic acid (HDCA; cat. no. H3878),
phorbol 12-myristate 13-acetate (PMA; cat. no. P1585)
and FITC-dextran (cat. no. FD40S) were obtained from
Sigma-Aldrich. High-glucose Dulbecco's Modified Eagle's
Medium (DMEM,; cat. no. 10313039), Roswell Park Memorial
Institute (RPMI) 1640 medium (cat. no. 11875085), foetal
bovine serum (cat. no. 10270106) and penicillin-streptomycin
(cat.no. 15140122) were purchased from Gibco (Thermo Fisher
Scientific, Inc.). Bovine serum albumin (BSA; cat. no. 4240)
was purchased from BioFroxx (neoFroxx GmbH). The
following antibodies were used in the present study: anti-iNOS
antibody (1:1,000; cat. no. AF0199; Affinity Biosciences),
anti-Arg-1 antibody (1:1,000; cat. no. 16001-1-AP; Proteintech
Group, Inc.), anti-p65 antibody (1:1,000; cat. no. 380172;
Chengdu Zen-Bioscience Co., Ltd.), anti-IkBa (1:750; cat.
no. WL01936; Wanleibio Co., Ltd.), anti-phospho-IxBa. (1:750;
cat. no. WL02495; Wanleibio Co., Ltd.) and anti-histone H3
(1:1,000; cat. no. WL0984a; Wanleibio Co., Ltd.). TRIzol®
reagent (cat. no. 15596026) was procured from Invitrogen
(Thermo Fisher Scientific, Inc.). SYBR Green premix (cat.
no. AG11701) and Evo M-MLV RT premix (cat. no. AG11706)
were purchased from Hunan Accurate Bio-Medical Co., Ltd.).
Finally, APC anti-mouse CD86 (1:150; cat. no. 105012), PE
anti-mouse CD163 (1:50; cat. no. 155308), APC anti-human
CD86 (1:150; cat. no. 374207) and PE anti-human CDI163
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(1:50; cat. no. 333605) were purchased from BioLegend, Inc.
The antibody dilution ratios specified in this section were used
for Western blot analysis.

Detection of the bile acid profile. The bile acid profile was
determined as described previously (13). Briefly, 100 ul of
the serum was diluted with 500 ul 0.01% formic acid, with
dehydrocholic acid used as an internal standard. The diluted
samples were added to Oasis-HLB cartridges and washed with
1 ml water, and then eluted in 1.5 ml methanol elution. The
eluate was evaporated and redissolved in methanol (100 pl).
The analysis was performed using a high-performance liquid
chromatography (HPLC) system (Shimadzu Corporation)
coupled with a triple time-of-flight (TOF) 5600 mass spec-
trometer (HPLC-QTOF-MS; Shanghai AB SCIEX Analytical
Instrument Trading Co., Ltd.). All chromatographic separa-
tions were performed with a ZOEBAX Eclipse Plus C; column
(2.1x150 mm; 3.5 ym; Agilent Technologies, Inc.). The column
was maintained at 40°C and the injection volume of all samples
was 5 ul. The mobile phase consisted of 2.6 mmol/l ammo-
nium acetate in water adjusted to pH 6.8 using ammonium
hydroxide (mobile phase A) and acetonitrile (mobile phase B).
The flow rate was 0.2 ml/min with the following mobile phase
gradient: 0-5 min (20% B), 5-10 min (20-25% B), 10-20 min
(25% B), 20-25 min (25-55% B), 25-29 min (55% B), 29-31 min
(55-20% B) and 31-34 min (20% B). The mass spectrometer
was operated with an atmospheric pressure chemical ioniza-
tion source in the negative ion mode. The detection range was
m/z 300-800. The following optimized condition was used:
spray voltage, 5,500 V; nebulizer gas (gas 1), 50 psi; heater
gas (gas 2), 50 psi; curtain gas, 30 psi; capillary temperature,
400°C; declustering potential, 70 V; and collision energy,
40eV. Nitrogen was used as nebulizer and auxiliary gas. The
data were collected and analyzed with PeakView software 1.2
(Shanghai AB SCIEX Analytical Instrument Trading Co.) and
MultiQuant software 2.1.1 (Shanghai AB SCIEX Analytical
Instrument Trading Co.).

Cell culture. The RAW264.7 macrophage cell line,
purchased from Wuhan Pronoxel, was maintained in
DMEM supplemented with 10% foetal bovine serum and 1%
penicillin-streptomycin in an incubator at 37°C and 5% CO,.
The human acute monocytic leukaemia cell line THP-1 was
provided by Cell Bank/Stem Cell Bank, Chinese Academy of
Sciences, and cultured in RPMI-1640 medium with 10% foetal
bovine serum, 100 U/ml streptomycin and 100 U/ml penicillin
in an incubator at 37°C and 5% CO,. Differentiation of THP-1
monocytes into macrophages was induced by exposure to
100 ng/m1 PMA for 48 h at 37°C. The medium containing PMA
was aspirated and the differentiated THP-1 macrophages were
washed with phosphate-buffered saline (PBS). RAW264.7 and
differentiated THP-1 cells were stimulated with DCA, HDCA
and LPS alone or in combination for 4 h at 37°C. The stimu-
latory LPS concentration was 100 ng/ml. Based on the cell
viability assay results, the DCA concentration was 200 M for
RAW264.7 cells and 100 #M for THP-1 cells, and the HDCA
concentration was 100 M for both cell lines. The CCK-8 kit
(cat. no. K101815133EF5E) was purchased from APeXBIO
Technology LLC, and cells were incubated with the CCK-8
reagent for 2 h at 37°C.
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Western blotting. Western blotting was performed as described
previously (15). RAW264.7 and THP-1 cells were collected,
lysed with RIPA Lysis Buffer (cat. no. PO0O13C; Beyotime
Institute of Biotechnology) containing PMSF (cat. no. ST507;
Beyotime Institute of Biotechnology) and phosphatase inhibi-
tors (cat. no. P1081; Beyotime Institute of Biotechnology),
and centrifuged at 13,000 x g for 20 min at 4°C. The protein
concentration in the supernatant was measured using a
BCA protein assay kit (cat. no. PO010S; Beyotime Institute
of Biotechnology). Equal amounts of protein (30 pg/lane)
were separated by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE, 8 or 12% gel concentration
for different molecular weight proteins) and transferred to
polyvinylidene difluoride membranes. After incubation in
5% non-fat milk in Tris-buffered saline with 0.05% Tween-20
(TBST) for 1 h at room temperature (to block non-specific
binding), the membranes were incubated overnight at 4°C
with the appropriate primary antibody. The following day,
the membranes were washed three times with TBST and
incubated with the respective secondary antibody (1:10,000;
HRP-labelled Goat Anti-Rabbit IgG, cat. no. A0208; or
HRP-labelled Goat Anti-Mouse IgG, cat. no. A0216; Beyotime
Institute of Biotechnology) for 1 h at room temperature. Protein
bands were captured using a Bioshine ChemiQ 4600 Mini
Chemiluminescence Imaging System (Bioshine Co., Ltd.).
The optical density of each band was quantitated using ImageJ
software 1.45S (National Institutes of Health) and normalised
to the intensity of [3-actin.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR).Total RNA was extracted from cultured RAW264.7
or THP-1 cells with TRIzol® reagent (cat. no. 10296010;
Thermo Fisher Scientific, Inc.) and reverse transcribed into
cDNA using Evo M-MLV Reagent Premix (cat. no. AG11706;
Hunan Accurate Bio-Medical Co., Ltd.), under the following
conditions: 37°C for 15 min, followed by a brief incubation at
85°C for 5 sec, and then incubated at 4°C. The mRNA expres-
sion levels of Tnfa, 116, 111b and 1110 were determined using
RT-qPCR. The primer sequences (Sangon Biotech Co., Ltd.)
are shown in Table SI. Actb and Gapdh were used as internal
references for the mouse and human cell lines, respectively,
and a total of three biological replicates were used for each
sample. RT-qPCR was conducted using the SYBR Green
Premix (cat. no. AG11701; Accurate Bio-Medical Co., Ltd.) on
a Fluorescence Quantitative PCR Instrument (cat. no. LC480;
Roche Diagnostics). The PCR thermal cycling parameters
were as follows: 95°C for 30 sec; 40 cycles of 95°C for 5 sec
and 60°C for 30 sec. Gene expression was normalised to that
of the internal controls and quantified relative to its expression
in cells using the 2224 method (20).

Flow cytometry. Each well of a 24-well plate was inoculated
with RAW264.7 or THP-1, and cultured for 24 h at 37°C.
After which, 1x10° macrophages were treated with 1.3 pg/ml
APC anti-mouse CD86 and 4 ug/ml PE anti-mouse CD163
antibodies. After incubation in the dark at 4°C for 30-45 min,
200 p1 PBS was added and the samples was analysed with flow
cytometry. FITC-dextran was added to the cells and incubated
at 37°C for 1.5 h; a blank was also prepared. Cells incubated at
4°C were used as controls to normalise the phagocytic capacity
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of macrophages. After washing the cells three times with PBS
containing 0.25% BSA, 200 1 PBS was added, and the assay
was performed on a flow cytometer (CytoFLEX; Beckman
Coulter, Inc.). Analysis was performed using CytExpert soft-
ware 2.4 (Beckman Coulter, Inc.). The gating strategy for flow
cytometry is described in Figs. S1 and S2.

Immunofluorescence. RAW264.7 or THP-1 cell were stimu-
lated with DCA, HDCA or LPS for 4 h at 37°C. The stimulated
concentrations of DCA, HDCA, and LPS were consistent with
those described in the Cell culture section. After washing three
times with PBS, the cells were fixed in 4% paraformaldehyde
for 30 min at room temperature. After which, the cells were
washed once with PBS and permeabilised with a 0.5% Triton
X-100 solution for 15 min at room temperature. The cells were
incubated with a solution containing 0.25% BSA for 1 h at
room temperature. After which, the cells were incubated with
the primary antibody, anti-p65 (1:50), overnight at 4°C. The
following day, the cells were washed and incubated with the
diluted fluorescent secondary antibody (1:500; Cy3 labelled
goat anti-rabbit IgG; cat. no. A0516; Beyotime Institute of
Biotechnology) for 1 h at room temperature in the dark. After
washing three times with PBS, the cells were incubated with
4'6-diamidino-2-phenylindole for 10 min in the dark to stain
the nuclei at room temperature. Images were obtained using a
CX23 fluorescence microscope (Olympus Corporation), and
analysis was ImagelJ software 1.45S.

Wound healing assay. A sterile pipette tip was used to scratch a
straight line across the macrophage monolayer. After washing
away excess cells with PBS, the medium containing 10%
foetal bovine serum was replaced with serum-free medium,
and images of the scratch wound were taken with a CX23
fluorescence microscope (Olympus Corporation) at O and 24 h.
Quantification was performed by evaluating the area of the
scratch blank area after 24 h using ImageJ 1.45S.

Transwell assay. Transwell plates with 8-ym membrane
pores were used for the cell migration experiments. For each
Transwell plate, RAW264.7 or THP-1 cells were seeded in the
upper chambers, with 200 ul cell suspension (1x10° cells) in
serum-free medium plated. The lower chambers were filled
with 500 ul complete medium with 10% foetal bovine serum,
supplemented with DCA, HDCA or LPS. Incubation was at
37°C for 24 h. Fixation was achieved by adding 500 ul 4%
paraformaldehyde to the lower chamber for 30 min at room
temperature, followed by staining with 500 ul crystal violet
for 15 min at room temperature. Images were captured with a
CX23 fluorescence microscope (Olympus Corporation).

Statistical analysis. The data are presented as the mean =+ stan-
dard error of the mean. Differences between the groups were
analysed using one-way analysis of variance followed by Tukey's
test for normally distributed data and the Kruskal-Wallis test
for non-normally distributed data. The chi-square test was used
to compare the differences between groups for the categorical
data. Each experiment was repeated three times. P<0.05 was
considered to indicate a statistically significant difference.
Data analysis was conducted using SPSS 25.0 (IBM Corp.).
Variable importance projection (VIP) analysis was performed

using SIMCA 14.1 software (Umetrics). Receiver operating
characteristic (ROC) curves were analysed using MedCalc
19.6 software (MedCalc Software Ltd.). Principal component
analysis (PCA) and heatmap analyses were conducted using the
MetaboAnalyst 5.0 online platform (www.metaboanalyst.ca).

Results

Demographic characteristics of the patients. A total of 20
healthy individuals, 18 patients with cirrhosis but without infec-
tion and 39 patients with cirrhosis and infection were included
in the present study. The causes of cirrhosis and secondary
infections are presented in Fig. 1. The demographic and
routine biochemical parameters of the recruited subjects were
recorded and age matched among the three groups (Table I).
There were more men in the sample, consistent with the fact
that the incidence of cirrhosis is higher in men (21). In addition,
infected patients with cirrhosis exhibited a higher proportion
of Child-Pugh C classification compared with uninfected
patients (Table I), indicating a worse prognosis compared
with those with Child-Pugh B (22). Compared with healthy
subjects, patients with cirrhosis had significant abnormalities
in liver functions and total bile acid (TBA) levels, which was
in line with previous studies (12,13). There were lower white
blood cell (WBC) and platelet counts in patients with cirrhosis
but without infection compared with healthy subjects due to
hypersplenism in patients with cirrhosis, resulting in increased
destruction of WBCs and platelets, a common clinical mani-
festation in cirrhosis (23). Compared with the patients with
cirrhosis but without infection, patients with cirrhosis and
infection appeared to have higher serum aspartate amino-
transferase (AST), y-glutamyltrasferase (ALP) and bilirubin
levels, and lower haemoglobin levels (Table I). However, there
was no statistically significant difference in AST and ALP
levels between patients with cirrhosis and those with cirrhosis
and infection. This suggests a deteriorating physical state and
impaired liver function in patients with cirrhosis and infection.
Indicators such as WBCs, and the percentage of neutrophils
and inflammatory factors were used to characterise the infec-
tion status (Table I and Fig. S3). Notably, serum levels of TBA
appeared to be higher in patients with cirrhosis and infection
than in those without infection, although the difference was
not statistically significant. The TBA levels increased progres-
sively in all three groups of patients (Table I), which suggests
that the progression of patients with cirrhosis and infection is
accompanied by abnormalities in bile acid metabolism.

Abnormal bile acid profile in patients with cirrhosis and infec-
tion. Next, how the detailed bile acid profile was changed by
infection in patients with cirrhosis was investigated, and the
differences in the bile acid profile among the three groups of
patients was examined. PCA showed a significant separation of
the three groups of patients, and the comparison between each of
the two groups using orthogonal partial least squares discrimi-
nant analysis (OPLS-DA) further supported this conclusion
(Fig. 2A and Table SII). Although the Q2 for OPLS-DA between
cirrhotic patients and cirrhotic patients with infection was only
0.207 (P<0.05), however this indicated a difference in the bile
acid profile between the two groups, which was further shown in
the heatmap analyses (Fig. 2B). As shown in Fig. 2B and Table II,
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Table I. Characteristics of the three clinical sample groups.
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Characteristics Healthy (n=20) Cirrhosis (n=18) Cirrhosis with infection (n=39)
Age, years 46.15+1.39 49.28+1.71 50.36+1.24
Sex, male, n (%) 12 (60.00) 10 (55.56) 30 (76.92)
Glucose, mM/1 4.81+0.08 5.37+0.33 6.81+0.56°
ALT, U/ 15.50+0.88 55.67+£20.89° 49.15+6.85°
AST, U/ 16.95+0.70 53.00£12.44° 84.85+13.54°
ALP, U/l - 113.61x14 .51 147.39+15.55
GGT, U/l - 66.33+14.76 88.49+14.49
Bilirubin, mg/dl 14.05+1.01 37.02+8.01* 101.69+17.59°¢
TBA, ng/ml 3.89+0.69 40.68+12.53° 63.45+10.28°
Albumin, g/dl 45.37+0.48 34.42+1.78° 27.40+0.81°¢
Hemoglobin 136.40+2 .43 109.11£5.95° 91.31£4.60°¢
Platelet, x10%/1 230.35+9.53 81.33+£13.95° 86.03£11.25°
Urea, mM/1 4.01+0.14 4.81+0.29 8.29+1.05°¢
Creatinine, pM/1 62.55+2.55 61.67+3.95 83.85+14.60
Uric acid, uM/1 292.0+11.6 295.1+19.3 331.05+£26.22
WBC, x10°/1 6.13+£0.26 3.40+0.33° 6.75+0.65¢
NEUT, % 55.59+1.44 57.73£3.26 69.95+2.57°¢
NEUT#, x10%/1 3.40+0.17 1.96+0.23° 4.88+0.544
LYMPH, % 36.64+1.39 31.29+2.76 18.55+2.18%¢
LYMPH#, x10%/1 2.25+0.14 1.06+0.14 1.59+0.60
MONO, % 5.22+0.29 7.92+0.53° 9.46+0.64°
MONO#, x10°/1 0.32+0.02 0.28+0.03 0.62+0.06"4
Child-Pugh B, n - 13 6
Child-Pugh C,n - 5 33¢

"P<0.05, °P<0.01 compared with healthy control group; °P<0.05, P<0.01 and °P<0.001 compared with non-infected group with cirrhosis. ALT,
alanine aminotransferase; AST, aspartate aminotransferase; GGT, y-glutamyltrasferase; ALP, alkaline phosphatase; TBA, total bile acid; WBC,
white blood cell; MONO#, monocytes count; NEUT#, neutrophils count; LYMPH#, lymphocytes count.

3 HBV
B3 Alcoholic
Il HBV+Alcoholic

= Spontaneous peritonitis
B Pulmonary infection
[ Sepsis

I Urinary tract infection
[ Biliary tract infection

E
-

Figure 1. Causes of cirrhosis and infection in patients. (A) Data on the etiology of patients with cirrhosis. (B) Causes of infection in 39 patients with cirrhosis.

HBYV, hepatitis B virus.

there were significant changes in the bile acid profile between
healthy subjects and patients with cirrhosis. Specifically, there
were alterations in DCA, glycoursodeoxycholic acid (GUDCA),
glycocholic acid (GCA) and taurochenodeoxycholic acid
(TCDCA), which was consistent with previous studies (12,13).
Furthermore, the bile acid profile was different between
patients with cirrhosis and patients with cirrhosis and infection.
Compared with patients with cirrhosis without infection, some
bile acid species tended to change although without a statistical

significance; in particular, HDCA and DCA were consistently
decreased across the healthy population, patients with cirrhosis
and patients with cirrhosis and infection, although DCA levels
were not statistically different between patients with cirrhosis
and patients with cirrhosis and infection. Glycochenodeoxycholic
acid, taurocholic acid (TCA), and TCDCA were consistently
elevated among the three groups, although there was no statis-
tical difference in these levels between the patients with cirrhosis
and patients with cirrhosis and infection.
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Table II. Bile acids levels in the serum.

Bile acids Healthy (n=20) Cirrhosis (n=18) Cirrhosis with infection (n=39)
Cholic acid 153.53+46.48 187.62+71.43 210.11+84.11
Hyocholic acid 28.27+3.75 25.60+3.66 25.40+4 .87
Ursodeoxycholic acid 59.22+12.29 99.50+23.22 380.45+132.27
Hyodeoxycholic acid 135.34+17.70 85.73+19.66* 27.02+6.19¢
Chenodeoxycholic acid 260.60+30.14 388.29+75.36 407.56+61 .44
Deoxycholic acid 168.80+34.33 75.45+32.73° 28.17+4.95°
Glycoursodeoxycholic acid 19.25+£3.84 6,608.28+4,359.37* 6,124 .82+2,390.90
Glycochenodeoxycholic acid 1,847.05+517.24 18,782 .22+5 449 .69° 25,764.10+3,863.11°
Glycodeoxycholic acid 314.63x101.58 138.59+56.48 259.85+194.67
Glycocholic acid 777.87+555.61 4,059.64+969.64° 4,573.13x675.07°
Taurocholic acid 141.19+108.10 1,631.67+453 .46° 1,935.84+317.48°
Tauroursodeoxycholic acid 13.95+2 41 2,524.68+1,663.34° 1,911.93+802.24°
Taurochenodeoxycholic acid 71.84+£36.51 1,295.81+373.52° 2,049.56+297 42°
Taurodeoxycholic acid 49.56+9.96 20.45+7.81° 2.43+1.37°¢

1P<0.05 and °P<0.01 compared with healthy control group; “P<0.05 and “P<0.01 compared with cirrhosis group.
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Reduction in HDCA and DCA associated with infection. The
altered bile acids were screened based on the VIP scores, with
VIP >1 and P<0.05 as the screening conditions (24). The bile
acid species that were different between healthy subjects and
patients with cirrhosis were glycingoose DCA (GCDCA),
TCDCA, TCA, GCA, taurine ursodeoxycholic acid (TUDCA)
and GUDCA. In addition, the ROC curves suggested that
HDCA, DCA, GCDCA, TCDCA and taurine DCA (TDCA)
could be well distinguished between healthy subjects and
patients with cirrhosis. The area under the ROC curve (AUC)
for each aforementioned bile acid was 0.731, 0.819, 0.942,
0.967 and 0.751, respectively (Fig. 3A). HDCA, TDCA,
DCA, TCDCA and GCDCA differed between patients with
cirrhosis and infection, and healthy subjects. The AUC was
0.946, 0.974, 0.908, 0.983 and 0.969, respectively (Fig. 3B).
The VIP scores also showed that HDCA, TCDCA, TDCA,
DCA, GCDCA and TCA were different between patients with
cirrhosis, with or without infection. After which, the associa-
tion between disturbed bile acids and infection was assessed
based on ROC curves. The AUC for HDCA, DCA, GCDCA,
TCDCA and TDCA was 0.769, 0.583, 0.618, 0.630 and 0.641,
respectively (Fig. 3C). Considering the effect of unconjugated
bile acids on immune function (12,15), it was hypothesized
that the decrease in HDCA and DCA may be closely related to
infection in patients with cirrhosis.

DCA and HDCA increase LPS-induced M1 polarisation.
Macrophages play an important role in the clearance of
infections. CDCA can influence macrophage polarisation
and function, but the role of DCA and HDCA in modulating
macrophage polarisation remains largely unknown (15).
Thus, the present study assessed the role of DCA and HDCA
in macrophage polarisation by evaluating the expression of
the M1 macrophage markers iNOS and CD86 and the M2
macrophage markers Arg-1 and CDI163 (25,26). The effects of
DCA (25-400 uM) and HDCA (25-400 M) on cell viability
were assessed using the cell counting kit 8 (CCK-8) and their
stimulating concentrations were selected based on the results
of CCK-8 (Fig. S4). Following single DCA stimulation, there
was a slight increase observed in iNOS protein expression in
RAW264.7 cells, with no significant effect on iNOS mRNA
levels. Notably, DCA alone did not induce changes in either
iNOS protein or mRNA expression in THP-1 cells. Similarly,
independent stimulation with DCA did not impact the expres-
sion of Arg-1 protein or mRNA in either RAW264.7 or THP-1
cells in vitro (Fig. 4A-D). Likewise, HDCA stimulation alone
did not alter the expression of iNOS or Arg-1 protein and
mRNA in RAW264.7 and THP-1 cells in vitro (Fig. 4E-H).
However, after co-stimulation with LPS, both DCA and
HDCA significantly enhanced the LPS-induced induction
of iNOS protein and mRNA expression compared with
LPS treatment alone, although the increase in iNOS mRNA
expression by DCA in RAW264.7 cells was not statistically
significant (Fig. 4A-H). Additionally, DCA and HDCA acted
synergistically with LPS to further increase the trend of down-
regulation of Arg-1 protein expression, although the decrease
in Arg-1 mRNA was not statistically significant. (Fig. 4A-H).
Nonetheless, they acted synergistically with LPS to increase
the value of iNOS/Arg-1 (Fig. S5). Similar to the western blot-
ting and RT-qPCR data, stimulation of RAW264.7 with DCA

or HDCA alone did not affect CD86 and CD163 expression,
and HDCA mildly increased CD163 expression in THP-1 cells
(Fig. 5). DCA and HDCA enhanced the LPS-induced increase
in CD86 expression and facilitated the LPS-induced down-
regulation of CD163 in RAW264.7 cells, though these changes
were not statistically significant. However, both DCA and
HDCA significantly elevated the LPS-induced CD86/CD163
ratio (Fig. 5A). A similar effect was observed in THP-1 cells
(Fig. 5B). Thus, DCA or HDCA enhanced the effect of LPS on
the induction of the CD86/163 ratio in RAW264.7 and THP-1
cells. The results of the present study suggested that DCA
and HDCA could act synergistically with LPS to enhance
macrophage M1 polarisation; however, neither of them were
effective when used alone.

DCA and HDCA increase LPS-induced secretion of inflam-
matory factors. Cytokines are important components of
the macrophage response and established indicators of the
macrophage phenotype (8). RT-qPCR was used to determine
the expression of cytokine mRNA levels in RAW264.7 and
THP-1 cells treated with DCA/HDCA in the presence or
absence of LPS. DCA stimulation alone mildly upregulated
116 mRNA expression in RAW264.7 cells, but the difference
was not statistically significant. This effect was not observed
in THP-1 cells (Fig. 6A and B). In addition, HDCA stimulation
alone did not affect the mRNA expression of the proinflam-
matory factors in RAW264.7 and THP-1 cells (Fig. 6C and D).
However, co-stimulation with LPS and DCA significantly
increased LPS-induced 7/6 mRNA expression in RAW264.7
cells, elevated Tnfa mRNA expression and decreased /10
mRNA expression in THP-1 cells (Fig. 6A and B). In contrast,
co-stimulation of HDCA with LPS increased ///b and 1l6
mRNA expression in RAW?264.7 cells and enhanced 116
mRNA expression in THP-1 cells (Fig. 6C and D).

DCA and HDCA enhance phagocytosis and migration of
macrophages. Flow cytometry and migration assays were
used to evaluate macrophage phagocytosis and migration,
and to further assess the effect of bile acids on macrophage
function. The flow cytometry results showed that macrophage
phagocytosis was enhanced after LPS stimulation, and DCA
and HDCA further enhanced the LPS-induced phagocytosis
compared with LPS stimulation alone; DCA or HDCA
treatment alone had no effect in RAW264.7 cells (Fig. 7A).
Meanwhile, the wound healing and Transwell assays showed
a significant increase in the migration capacity of RAW264.7
cells after LPS stimulation, which was further enhanced by
DCA or HDCA, although neither HDCA nor DCA treatment
alone showed a significant effect on the migration behaviour of
macrophages (Fig. 7B-E). In THP-1 cells, the effects of DCA
and HDCA on phagocytosis and migration were consistent
with those in RAW264.7 cells (Fig. 8). These results suggest
that DCA or HDCA alone did not affect the phagocytosis and
migration of macrophages but enhanced the LPS-induced
induction of phagocytosis and migration when used in combi-
nation with LPS.

DCA and HDCA enhance LPS-induced NF-xB activation.
NF-«B activation is essential for functions such as M1 polari-
sation and inflammatory factor secretion by macrophages (8).
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Figure 5. Effect of DCA and HDCA on the expression of CD86 and CD163 proteins in RAW264.7 and THP-1 cells. (A) Flow cytometry detection of CD86 and
CD163 expression in RAW264.7 cells. (B) Flow cytometry detection of CD86 and CD163 expression in THP-1 cells. The stimulation concentrations of DCA
in RAW264.7 and THP-1 cells were 200 and 100 uM, respectively, while those of HDCA were 100 #M in both cell lines. Data are expressed as mean + SEM
(n=3); "P<0.01, "P<0.05 compared with the control group; *P<0.01 compared with the DCA or HDCA group; *“P<0.01, “P<0.05 compared with the LPS group.
DCA, deoxycholic acid; HDCA, hyodeoxycholic acid; inducible nitric oxide synthase; LPS, lipopolysaccharide.



SPANDIDOS .
5y PUBLICATIONS MOLECULAR MEDICINE REPORTS 30: 150, 2024 1

A
_ 4.0 15.0 20.0 = #88& — 1.57
[] ] — ]
= ## = 14} = L]
2 k3] 3 3
< 3.0 < # =< 150 <
g Z 10.0 Z £ 1.0
E E
z 2.0 £ £ 10.0 — S
b= ) 0 -
IS ) = = = k¥
2 2 504 A 2 2 097 g
31.0— = b 5.0 - T
i = < » z
[T} E (v @
T 00 0.0 0.0 0.0
s 358 2 e 322 s 3¢ 2 e 52 2
s o - F s o - % s o - <+ s o - +
< < <
') g O S 3 g o S
a a a a
B
_ 25.0M _ 4.0+ # _ 15.0— 5 1.5 =
z - - Z 10.0- % £ 1.0
815‘0_ E = E
< 10.0- ¥ = s S
N o . 2 50— 2 05+
2 5.0= g 107 g ® #H&
3 o 4 T
o o o
0.0 0.0 0.0 =— 0.0 4—
° < O w ° <T 2] w [=] < W [0} [=] < w w
= o o o = (8] o o = O o o = (] o o
£ ° 7 3 50 7 3 50 - 3 50 7 3
< <
O g O g (5] S o g
a a fa) ot
C
_ 8.0 - & 4.0~ #Hi&& _ 15—
o ] 2 2 °
@ 3 L] o e
< < - < - <
< < 60 < 30 2 od
c [ (1 .
E £ [S £
£ o 4.0 © )
= = * ° =
o 2 2 2 05+
2 £ 20— = £
o = 11} "y
= ) o 7]
¢ o -
o “vow 003 vow ) oW 0.0-3 < v o
s 3202 s 382 9 s 328 g 582 2
c o =2 c o <4 < c o 4 4 c a < <
3 T P 8§ T £ S T £ 8§ T &
O o 3] 1)
a a a a
I I I I
D
50.0=1 6.0 20.0 - 2.0
T i 3 B e 3
> = #H = g
2 40.0— 2 2 2
< < < 15.0- = 154
*aek 4.0 o Z pd
€ 30.0 o € « * & .
2 2 © 10.0- : o 1.0+ T %
S 20.0 = = =
5 o 2.0 2 >
2 5 L] & 5.0- 2 0.5
“5100— ° @ ©
2 £ § 2
0.0-= 0.0-1— 0.0-1— 0.0=—
T < O W 5 < O W 5 < © W T < v W
= (&} o o = (&) o o = (] o o = QO o o
T g 4 4 c o =2 4 c o =2 4 c Aa IS 4
3 T < S T < g T & 8 T 4
O O (3] o
a o a a
I I I I

Figure 6. Effect of DCA and HDCA on mRNA expression of cytokines in RAW264.7 and THP-1 cells. (A) Effect of DCA on tnfa, il6, il and il]0 mRNA
levels in RAW264.7 cells was measured by RT-qPCR. (B) Effect of DCA on tnfa, il6, ill3 and il]l0 mRNA levels in THP-1 cells was measured by RT-qPCR.
(C) Effect of HDCA on tnfa, il6, ilIf and il]l0 mRNA levels in RAW264.7 cells was measured by RT-qPCR. (D) Effect of HDCA on tnfa, il6, illf and il10
mRNA levels in THP-1 cells was measured by RT-qPCR. The stimulation concentrations of DCA in RAW264.7 and THP-1 cells were 200 and 100 xM,
respectively, while those of HDCA were 100 M in both cell lines. Data expressed as mean + SEM (n=3); “P<0.01, ‘P<0.05 compared with the control group;
#P<0.01,*P<0.05 compared with the DCA or HDCA group; “4P<0.01, “P<0.05 compared with the LPS group. DCA, deoxycholic acid; HDCA, hyodeoxycholic
acid; inducible nitric oxide synthase; LPS, lipopolysaccharide.
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Figure 7. Effect of DCA and HDCA on phagocytosis and migration of RAW264.7 cells. (A) Phagocytosis of RAW264.7 cells was detected by flow cytometry.
(B) Transwell assay was used to evaluate the migratory capacity of RAW264.7 cells (scale bar, 50 ym). (C) Quantitative analysis of the number of migrating
cells. (D) Wound healing assay to evaluate the migratory capacity of RAW264.7 cells (scale bar, 200 xm). (E) Quantitative analysis of wound area. The stimula-
tion concentrations of DCA in RAW264.7 and THP-1 cells were 200 and 100 uM, respectively, while those of HDCA were 100 #M in both cell lines. Data are
expressed as mean + SEM (n=3); “P<0.01, "P<0.05 compared with the control group; #P<0.01 compared with the DCA or HDCA group; “*P<0.01, “P<0.05
compared with the LPS group. DCA, deoxycholic acid; HDCA, hyodeoxycholic acid; inducible nitric oxide synthase; LPS, lipopolysaccharide.
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Figure 8. Effect of DCA and HDCA on phagocytosis and migration of THP-1 cells. (A) Phagocytosis of THP-1 cells was detected by flow cytometry.
(B) Transwell assay was used to evaluate the migratory capacity of RAW264.7 cells (scale bar, 50 ym). (C) Quantitative analysis of the number of migrating
cells. (D) Wound healing assay was used to evaluate the migratory capacity of THP-1 cells. (E) Quantitative analysis of wound area (scale bar, 200 ym). The
stimulation concentrations of DCA in RAW264.7 and THP-1 cells were 200 and 100 M, respectively, while those of HDCA were 100 M in both cell lines.
Data are expressed as mean + SEM (n=3); "P<0.05 compared with the control group; #P<0.01 compared with the DCA or HDCA group; “P<0.05 compared
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Figure 9. Effect of DCA or HDCA on macrophage NF-«xB activation. (A) Effect of DCA on p65, IkBa and p-IkBa protein expression in RAW264.7 cells
assessed by western blotting. (B) Effect of DCA on p65, IkBa and p-IkBa protein expression in THP-1 cells assessed by western blotting. (C) Effect of HDCA
on p65, IxBa and p-IkBa protein expression in RAW264.7 cells assessed by western blotting. (D) Effect of HDCA on p65, IxBa and p-IxBa protein expression
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To further validate the effect of bile acids on the NF-xB
signalling pathway in macrophages, the expression levels of
proteins related to the NF-«xB signalling pathway were anal-
ysed. First, the expression of IkBa and p-IxBa was assessed
by western blotting; IkBa expression decreased and p-IxkBa
expression increased in RAW264.7 and THP-1 cells after LPS
stimulation. DCA and HDCA stimulation alone had no signifi-
cant effect on the expression of IkBa and p-IkBa, but after
co-stimulation with LPS, the expression of IkBa in RAW264.7
and THP-1 cells was further decreased, while the expression
of p-IkBa was further elevated compared with LPS stimula-
tion alone (Fig. 9A-D). This suggested that DCA and HDCA
act synergistically with LPS and reduce the binding of IxkBa
to p65 in the cytoplasm and promote the translocation of p65
into the nucleus. To test this hypothesis, the expression of p65
in the nucleus was analysed using histone H3 as an internal
reference. DCA and HDCA acted synergistically with LPS
to increase the expression of p65 in the nucleus (Fig. 9A-D).
In addition, immunofluorescence experiments confirmed the
phenomenon (Fig. 9E-H).

Discussion

Patients with cirrhosis are at a higher risk of infection, with
the incidence of bacterial infections reaching as high as
32-34% (27). While nearly two thirds of patients with cirrhosis
face the threat of sepsis, the complications associated with
infection lead to a 3-fold increase in mortality in patients with
cirrhosis and 50% of inpatients die (27). The compromised
intestinal barrier and the presence of microbiota-derived LPS
in patients with cirrhosis dysregulate macrophage function
and disrupt immune homeostasis, thereby heightening the
susceptibility to infections (3,6,7). Macrophages play crucial
roles in phagocytosis, antigen presentation and the secretion
of inflammatory factors. Reduced macrophage efficacy in
pathogen recognition and clearance is strongly linked to the
increased incidence of infections and mortality in patients
with cirrhosis (1,7,27). However, the factors by which infection
alter macrophage function remain largely unknown.

In the present study, it was demonstrated that DCA and
HDCA were further dysregulated by infection in patients with
cirrhosis, while these two bile acids could act synergistically
with LPS to enhance macrophage polarisation, migration and
activation, accompanied by increased induction of proinflam-
matory cytokines. A key finding of the present study is that
infection could further disturb bile acid homeostasis in patients
with cirrhosis. Bile acid synthesis, metabolism and transport are
impaired as cirrhosis progresses, making the bile acid profile a
potential biomarker of the disease (28,29). Reportedly, levels of
CDCA and CA are increased, while levels of DCA are decreased
in patients with cirrhosis compared with healthy controls (13).
In line with previous studies, the results of the present study
replicated the differences in the bile acid profile observed
between healthy individuals and patients with cirrhosis (13,30).
Additionally, the present study revealed novel distinctions in the
bile acid profile between patients with cirrhosis, with or without
infection. There were differences in HDCA, DCA, GCDCA and
TDCA, among which the AUC for HDCA, DCA and TDCA
was 0.769, 0.583 and 0.641, respectively, indicating a strong
association between bile acid levels and infection.
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Another important finding of the present study is the key
role of HDCA and DCA, two of the bile acids altered by
infection, in modulating macrophage polarisation, migration
and function. Bile acids modulate various signal transduction
pathways, such as apoptosis, autophagy and stress manage-
ment (31-35), whereas several toxic bile acids act as potential
damage-associated molecular patterns (DAMPs) that regu-
late the immune system, particularly macrophages, especially
under infection or proinflammatory conditions (36). Taurine
conjugates of DCA and CDCA were significantly elevated in
the serum, and these conjugates increase IL-1p expression in
both RAW264.7 and THP-1 cells in vitro (15). TCA promotes
IL-4-induced M2-like polarisation of bone marrow-derived
macrophages in vitro, and the mechanism may be related to
gene expression of the farnesoid X receptor (FXR), an impor-
tant bile acid receptor (37). TUDCA and taurolithocholic acid
inhibit LPS-induced iNOS expression in RAW264.7 cells
potentially by activating Takeda G protein-coupled receptor
5 (TGRS) (38). These studies suggest that bile acid metabo-
lites act as proinflammatory DAMPs or immunoregulators to
regulate macrophage function. NF-xB stands out as a pivotal
transcription factor governing immunity and inflammation
regulation. Previous studies have shown that the role of bile
acids in the regulation of immune cells is closely related to
NF-«xB (39-41). In the present study, a novel role of HDCA
and DCA in sensitising LPS-induced macrophage activation
was introduced, accompanied by enhanced NF-kB activa-
tion, while HDCA and DCA treatment alone showed no
significant effect. These findings suggested that the progres-
sive reduction of HDCA and DCA in patients with cirrhosis
at least partially contributes to the impaired responsiveness
of macrophages to LPS, thus increasing the susceptibility
of patients with cirrhosis to infection. By contrast, another
study demonstrated that DCA treatment alone for 24 h
promoted M1 polarisation in RAW264.7 macrophages at
least partially through Toll-like receptor 2 transactivated by
the M2 muscarinic acetylcholine receptor/Src pathway, but
not in association with activation of FXR and TGRS (39). On
the other hand, HDCA inhibited LPS-induced inflammatory
responses in BV2 cells via TGRS (42). Similar to the results
of the present study, Li er al (43) found that HDCA plasma
levels were significantly lower in patients with sepsis and
negatively correlated with disease severity. However, HDCA
acted as an endogenous TLR4 antagonist and inhibited
excessive macrophage activation. In a mouse model of liver
cancer, taurine-CA (T-CA), tauro-p-muricholic acid and
tauro-w-muricholic acid levels increased, and T-CA induced
macrophage M2 polarisation (37). CDCA and TCDCA
promote IL-1p and IL-18 secretion through activation of the
macrophage NLRP3 inflammasome, which is associated with
FXR binding to NLRP3 and reduced NLRP3 activity (15),
whereas low concentrations of CDCA induced FXR binding
to the IL-6 promoter, which in turn reduced IL-6 expression
in macrophages (14). Thus, the effects of different bile acids
on macrophage phenotypes depends on the experimental
context.

While controversial, recent studies increasingly suggest
that bile acids influence macrophage function via signalling
regulated by their receptors, namely FXR or TGRS (44). Bile
acids exhibit differing affinity for FXR or TGRS5. The order
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of potency for natural FXR agonists is CDCA > DCA > CA >
LCA, with UDCA acting as an antagonist (45). Regarding the
TGRS agonistic potency, the order is LCA > DCA > CDCA >
CA (45). Additionally, other signalling molecules such as reac-
tive oxygen species and mitofusin 2 may play a role (46,47).
This may explain the varied effects of different bile acids on
macrophages. Furthermore, differences in the origin of macro-
phages and the methods used to induce polarisation contribute
to the diverse experimental outcomes (48,49). Thus, in the
presence of multiple bile acid changes in vivo, the effect of bile
acids on macrophage function could become complex. Further
investigation is necessary to fully assess the roles of bile acids
on the immune status.

Bile acid production is intricately regulated by a variety
of metabolic enzymes, transporters and intestinal flora. As
secondary bile acids, DCA and HDCA are derived from
CA and CDCA, respectively, through bacterial metabolism
in the intestine (45). The CA and CDCA levels gradually
increase in patients with cirrhosis, with or without infection,
indicating a decrease in DCA and HDCA production likely
due to disturbances in the intestinal flora (45). Intestinal
flora disorders are well recognised in patients with cirrhosis,
with recent studies implicating intestinal flora and their
metabolites as causative factors of infections in this popu-
lation (50). Restoring intestinal flora homeostasis through
supplementation with beneficial bacterial strains holds
promise as a therapeutic approach for patients with cirrhosis
and infectious complications (51,52). The findings of the
present study also suggest the potential of supplementing
bile-acid-metabolising flora, although additional studies
are needed to elucidate the specific flora involved in DCA
or HDCA metabolism in infected states. This will neces-
sitate conducting 16S rRNA sequencing and macrogenomic
sequencing of the gut flora of clinical patients to comprehen-
sively assess the composition and function of the gut flora
in patients with cirrhosis under infectious conditions, along
with their associations with DCA or HDCA metabolism.
Additionally, further exploration of the potential of trans-
planting flora associated with DCA or HDCA metabolism in
preventing and treating infections in patients with cirrhosis
is warranted.

The limitations of the present study include the lack of
statistical significance regarding the levels of certain bile
acid species, attributed to substantial individual variations in
bile acids and the small sample size of patients with cirrhosis.
Due to ethical requirements, the serum from patients
mentioned in the manuscript was discarded specimens after
clinical testing in 2020 and analysis of bile acid profiles was
completed in 2021. Introducing new patient samples would
necessitate a fresh ethical review. Furthermore, detection
errors in the bile acid profile assay from different test lots
prevent the presentation of data from additional clinical
patients. Moreover, the diverse factors related to infection
and antibiotic utilization in various cohorts of patients with
cirrhosis may introduce confounding variables, potentially
influencing bias in bile acid profiles. Therefore, further
subgroup studies with larger sample sizes are indispensable
to validate the credibility of the observations of the present
study. In addition, direct assessment of macrophage function
in patients with cirrhosis, with or without infection is crucial

to elucidate the role of bile acids in regulating macrophage
function under clinically complex conditions. Regrettably,
the inability to collect anticoagulated whole blood from the
patients in the present study impeded further exploration in
this area. This underscores the necessity for more compre-
hensive clinical studies to delve deeper into this aspect.
Building on this foundation, a dynamic evaluation of changes
in bile acids and macrophage function would be more
conducive to elucidating the underlying mechanisms and
identifying potential biomarkers. Moreover, the downstream
signalling pathways by which DCA and HDCA regulate
macrophage function require elucidation. Recent literature
has highlighted the crucial role of bile acids in governing
mitochondrial homeostasis (53,54). Given the pivotal
significance of energy metabolism in upholding macrophage
viability (55), a comprehensive investigation into how DCA
or HDCA influences macrophage function through the
modulation of mitochondrial energy metabolism presents a
promising avenue for elucidating their mechanisms of action.
The available evidence suggests that bile acid-mediated
regulation of mitochondrial homeostasis is intricately linked
to the downstream signals of TGRS, prominently involving
protein kinase C and the mitochondrial calcium signaling
pathway IP3R1-GRP75-VDACI (56,57). This emphasizes
the existence of a sophisticated signaling regulatory pathway
between bile acids and mitochondria. Hence, additional
experiments are necessary to thoroughly investigate the rela-
tionship among different types of bile acids, mitochondrial
metabolism and macrophage function.

In summary, in the present study it was found that the
bile acid profiles of patients with cirrhosis and infection
were altered compared with patients with cirrhosis but
without infection, with significantly lower levels of HDCA,
DCA, TDCA and GUDCA, and higher levels of GCDCA,
TCDCA and TCA. Among these bile acids, HDCA and DCA
were closely related to the occurrence of infection. Notably,
HDCA and DCA increased macrophage sensitivity to LPS
stimulation. An infection-induced decrease in HDCA and
DCA may impair the sensitivity of macrophages to LPS
stimulation, which partially explains the infection-induced
vulnerability of patients with cirrhosis to immune disorders
and death. However, changes in other bile acids or factors
may also contribute, which cannot be neglected. These
findings suggest that the bile acid profile, particularly the
HDCA and DCA levels, may be potential biomarkers for
patients with cirrhosis and infection, although their roles
and mechanisms of action on the immune system still need
to be explored further. Assessing the DCA and HDCA levels
in patients with cirrhosis may provide insights into the risk
of infection and prognosis. Additionally, restoring meta-
bolic homeostasis of bile acids through supplementation
of beneficial flora holds promise as a potential therapeutic
strategy to address the infectious complications associated
with cirrhosis.
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