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ABSTRACT

Objective: The study aims to investigate the mechanism of Farnesoid X receptor (FXR) activation in sepsis-induced abnormal
bile acid metabolism and the metabolism status of each bile acid type.

Methods: The sepsis mouse model was developed via lipopolysaccharide intraperitoneal injection and confirmed via hema-
toxylin and eosin (H&E) staining. FXR agonist activated the FXR/fibroblast growth factor (FGF)15/FGFR pathway via quan-
titative real-time polymerase chain reaction and Western blot. Consequently, metabolomics and bioinformatics analysis were
conducted to identify the alterations in each kind of bile acid content following FXR agonist/inhibitor intervention.

Results: The H&E staining indicated that FXR activation alleviates the liver injury of the sepsis mouse model. The increased
FGF15 and FXFR expression levels and decreased CYP7A1 demonstrated FXR/FGF15/FGFR pathway activation following FXR
agonist treatment. Furthermore, total bile acid, interleukin (IL)-6, and tumor necrosis factor-o concentrations were down-
regulated after FXR activation, whereas IL-10 concentration was upregulated, indicating the alleviated effect of FXR agonist in
sepsis. Consequently, metabolomics and bioinformatics analysis determined that T-a-MCA were downregulated in both FXR
agonist and inhibitor groups, whereas six bile acid types were altered in the control group.

Conclusion: FXR activation was crucial in alleviating sepsis-induced hepatic injury and cholestasis through the FGF15/FGFR
signaling pathway, and FXR may act as a potential preventive and intervention target of sepsis.

1 | Introduction and seriously threatens the prognosis of patients with sepsis.

Bile acid biotransformation has been impaired within hours
Sepsis is, a life-threatening organ dysfunction caused by a after sepsis occurrence, causing cholestasis, which manifests as
dysregulated host response to infection and encompasses an early complication compared to other liver function
diverse complications [1, 2]. Among them, refractory dysregu- impairments [3]. Thus, plasma bile acid levels demonstrate a
lation of bile acid metabolism is generally acknowledged as one significant potential as a diagnostic and prognostic marker for
of the severe complications of sepsis, which causes cholestasis sepsis.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2025 The Author(s). Immunity, Inflammation and Disease published by John Wiley & Sons Ltd.

Immunity, Inflammation and Disease, 2025; 13:¢70155 1 of 16
https://doi.org/10.1002/iid3.70155


https://doi.org/10.1002/iid3.70155
https://orcid.org/0000-0001-5684-6628
http://orcid.org/0000-0003-1263-7327
mailto:tangjg_2094@163.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/iid3.70155

Nowadays, bile acid has become increasingly known as a piv-
otal signaling factor and metabolism-regulating factor [4], and
numerous pathological processes have been confirmed to
involve bile acid metabolism misregulation [5]. Interestingly,
most of the bile acid metabolism-related diseases are crucial to
farnesoid receptor (FXR), a member of the nuclear receptor
superfamily that predominantly localizes in the human liver
and intestine, thereby exerting crucial regulatory roles in
maintaining bile acid homeostasis as well as lipid and glucose
metabolism. As early as a decade ago, FXR was inseparable
from obesity and insulin resistance [6, 7]. Afterward, cholestasis
[8], nonalcoholic fatty liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH) [9-11], alcohol-associated liver disease
[12, 13], and drug-induced liver injury [14] were all related to
FXR irregulation. FXR activation via obeticholic acid in the
mice with acute liver injury was confirmed to alleviate lipo-
polysaccharide (LPS)-induced liver injury. Furthermore, the
anti-inflammatory effects of FXR were illustrated [15], indicat-
ing the potential role of FXR activation in sepsis alleviation.
Recent investigations on bile acid metabolism and FXR
abnormalities revealed that bile acids were a subset of danger-
associated molecular patterns, which activated the NLRP3 in-
flammasome signals 1 (Inflammasome Priming) and 2
(Inflammasome Activation) in macrophages, and FXR nega-
tively regulate inflammasomes in bile acid metabolism reducing
[16, 17]. However, the classic pathway of bile acid metabolism,
FXR/fibroblast growth factor (FGF)15/FGFR pathway, remains
unknown regarding sepsis. Thus, our work focuses on this
classic pathway and attempts to determine the underlying
mechanism of FXR regulation in sepsis-induced cholestasis via
this classic pathway.

Fibroblast growth factor 15 (FGF15), orthologous to human
FGF19, whose encoded protein plays a crucial role in bile acid
negative regulation, neural crest cell migration, and bacterium
response. FGF15 protein in bile acid metabolism acts as a kind
of ligand to bind the fibroblast growth factor receptor 4
(FGFR4) and together constitutes a bile acid negative feedback
pathway in the hepatoenteric cycle. Excessive bile acid acts as
an activating molecule to activate the FXR throughout the
regulatory procedure, and then the FGF15 gene transcription is
regulated, which improves FGF15 protein secretion [18]. Sub-
sequently, FGF15 enters the liver and binds with FGFR through
the hepatoenteric cycle to inhibit hepatic CYP7A1 gene ex-
pression. The CYP7A1 gene encoded production is the rate-
limiting enzyme that is involved in the classical pathway of bile
acid synthesis, which reduces bile acid production [19-21].
Therefore, we infer that the FXR/FGF15/FGFR pathway may
serve as a pivotal mechanism in the sepsis-induced abnormal
bile acid metabolism in bile acid metabolism disorder.

The current study revealed that hepatic injury and cholestasis
alleviation were attributed to the FXR activation through the
FXR/FGF15/FGFR pathway. Bile acid metabolism and
inflammatory responses demonstrated improved trends upon
FXR agonist treatment. Furthermore, metabolomics testing
and analysis were conducted to perform a deeper exploration
of 41 kinds of bile acid metabolisms and the results indicated
several bile acid metabolism alternations. The results we
obtained indicated that FXR may serve as a potential target in
the preventive intervention for sepsis, and FXR agonist may

become a potential preventive option for sepsis-induced
cholestasis.

2 | Materials and Methods

21 | Animals

A total of 24 male C57 mice, aged between 6 and 8 weeks and
weighting 20-25 g, were procured from Shanghai Slac Lab-
oratory Animal Co. Ltd. (Shanghai, China). The mice were
randomly allocated into four groups (control, LPS model,
LPS + FXR agonist, and LPS + FXR inhibitor), consisting of
six mice in each group. All the mice were housed in an en-
vironment with adequate food and water, a constant tem-
perature of 25°C, and a light-dark cycle alternating every
12h. Mice in the model, the FXR agonist, and the FXR
inhibitor groups received LPS (from Escherichia coli 055:B5,
L8880, Solarbio, China) injections (10 mg/mL/kg), whereas
those in the FXR agonist group and the FXR inhibitor group
received intraperitoneal GW4064 (MCE, USA) (30 mg/kg)
5 days before the LPS injection and the intraperitoneal
GUGGULSTERONE (MCE, USA) (100 mg/kg) 7 days before
the LPS injections, respectively. Mice in the control group
received only PBS injections with equal volume. The condi-
tion of each mouse was observed for 24 h after the con-
struction of the animal model until the extraction of
experimental materials from the mice. Specifically, after all
the mice were anesthetized with potassium chloride solution
(5%, 0.2mL), their eyeballs were extracted to collect serum
samples then the mice were euthanatized by instantaneous
cervical dislocation and their livers and ileum were dissected
for further research. The present study received approval
from the Institutional Animal Care and Use Committee of
the East China Normal University (m20240810).

2.2 | Hematoxylin and Eosin Staining

The paraffin-embedded mice liver samples were sliced into
sections, then deparaffined, hydrated, and subsequently stained
with H&E (Sigma, USA). An optical microscope (Olympus
Optical Co. Ltd., Tokyo, Japan) was used for visualizing histo-
pathological changes in mice livers at a X200 magnification.

2.3 | Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted from the livers and ileum tissue
with the RNAios plus (TAKARA, Japan), and cDNA was
then synthesized with the cDNA Synthesis Kit (Cwbio,
China). Subsequently, the qRT-PCR reaction system was
constructed with SYBR®Premix Ex Taq (Mxbio, China), and
the reaction was conducted with reaction conditions as 1
cycle of 95°C for 5 min, 40 cycles of 95°C for 15s, and 60°C
for 30s, and 1 cycle of 60°C for 2 min. The mRNA relative
expression levels of FGF15, FGFR, and CYP7A1 were cal-
culated using the 2722 method with GAPDH as a reference
for normalization. Supporting Information S2: Table 1
presents all primer sequences.
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TABLE 1 | The behaviors and physiological conditions of mice.

Mouse number and
group Description of mouse behaviors and states

Control 1 Vigorous physical activity, consistent dietary and hydration practices, regular patterns of
urination and defecation, smooth and lustrous coat, prompt responsiveness, and robust
resistance to external stimuli

Control 2 Vigorous physical activity, consistent dietary and hydration practices, regular patterns of
urination and defecation, smooth and lustrous coat, prompt responsiveness, and robust
resistance to external stimuli

Control 3 Vigorous physical activity, consistent dietary and hydration practices, regular patterns of
urination and defecation, smooth and lustrous coat, prompt responsiveness, and robust
resistance to external stimuli

Control 4 Vigorous physical activity, consistent dietary and hydration practices, regular patterns of
urination and defecation, smooth and lustrous coat, prompt responsiveness, and robust
resistance to external stimuli

Control 5 Vigorous physical activity, consistent dietary and hydration practices, regular patterns of
urination and defecation, smooth and lustrous coat, prompt responsiveness, and robust
resistance to external stimuli

Control 6 Vigorous physical activity, consistent dietary and hydration practices, regular patterns of
urination and defecation, smooth and lustrous coat, prompt responsiveness, and robust
resistance to external stimuli

LPS 1 Depression, disinterest in physical activity, diminished appetite and fluid intake, watery stools,
decreased urine output, dull and unkempt coat, sluggish response to external stimuli, weakened
ability to withstand external stressors

LPS 2 Depression, disinterest in physical activity, diminished appetite and fluid intake, watery stools,
decreased urine output, dull and unkempt coat, sluggish response to external stimuli, weakened
ability to withstand external stressors

LPS 3 Depression, disinterest in physical activity, diminished appetite and fluid intake, watery stools,
decreased urine output, dull and unkempt coat, sluggish response to external stimuli, weakened
ability to withstand external stressors

LPS 4 Depression, disinterest in physical activity, diminished appetite and fluid intake, watery stools,
decreased urine output, dull and unkempt coat, sluggish response to external stimuli, weakened
ability to withstand external stressors

LPS 5 Depression, disinterest in physical activity, diminished appetite and fluid intake, watery stools,
decreased urine output, dull and unkempt coat, sluggish response to external stimuli, weakened
ability to withstand external stressors

LPS 6 Depression, disinterest in physical activity, diminished appetite and fluid intake, watery stools,
decreased urine output, dull and unkempt coat, sluggish response to external stimuli, weakened
ability to withstand external stressors

LPS+FXR agonist 1 Slight depression, slight decrease in activity, minor reduction in appetite and fluid intake,
relatively softer stools, marginally reduced urine output, dull coat, delayed response to external
stimuli, slightly weakened resistance to external stress factors

LPS+FXR agonist 2 Slight depression, slight decrease in activity, minor reduction in appetite and fluid intake,
relatively softer stools, marginally reduced urine output, dull coat, delayed response to external
stimuli, slightly weakened resistance to external stress factors

LPS+FXR agonist 3 Slight depression, slight decrease in activity, minor reduction in appetite and fluid intake,
relatively softer stools, marginally reduced urine output, dull coat, delayed response to external
stimuli, slightly weakened resistance to external stress factors

LPS+FXR agonist 4 Slight depression, slight decrease in activity, minor reduction in appetite and fluid intake,
relatively softer stools, marginally reduced urine output, dull coat, delayed response to external
stimuli, slightly weakened resistance to external stress factors

LPS+FXR agonist 5 Slight depression, slight decrease in activity, minor reduction in appetite and fluid intake,
relatively softer stools, marginally reduced urine output, dull coat, delayed response to external
stimuli, slightly weakened resistance to external stress factors

(Continues)
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TABLE 1 | (Continued)

Mouse number and
group

Description of mouse behaviors and states

LPS+FXR agonist 6

Slight depression, slight decrease in activity, minor reduction in appetite and fluid intake,

relatively softer stools, marginally reduced urine output, dull coat, delayed response to external
stimuli, slightly weakened resistance to external stress factors

LPS+FXR inhibitor 1

Severe depression, minimal activity, severely diminished appetite and fluid intake, watery

stools, significantly reduced urine output, dull and unkempt coat, highly sluggish response to
external stimuli, severe weakened ability to withstand external stressors

LPS+FXR inhibitor 2

Severe depression, minimal activity, severely diminished appetite and fluid intake, watery

stools, significantly reduced urine output, dull and unkempt coat, highly sluggish response to
external stimuli, severe weakened ability to withstand external stressors

LPS+FXR inhibitor 3

Severe depression, minimal activity, severely diminished appetite and fluid intake, watery

stools, significantly reduced urine output, dull and unkempt coat, highly sluggish response to
external stimuli, severe weakened ability to withstand external stressors

LPS+FXR inhibitor 4

Severe depression, minimal activity, severely diminished appetite and fluid intake, watery

stools, significantly reduced urine output, dull and unkempt coat, highly sluggish response to
external stimuli, severe weakened ability to withstand external stressors

LPS+FXR inhibitor 5

Severe depression, minimal activity, severely diminished appetite and fluid intake, watery

stools, significantly reduced urine output, dull and unkempt coat, highly sluggish response to
external stimuli, severe weakened ability to withstand external stressors

LPS+FXR inhibitor 6

Severe depression, minimal activity, severely diminished appetite and fluid intake, watery

stools, significantly reduced urine output, dull and unkempt coat, highly sluggish response to
external stimuli, severe weakened ability to withstand external stressors

2.4 | Western Blot

The livers and ileum tissue of mice were sliced into small pieces and
ground in radioimmunoprecipitation assay lysis buffer (Beyotime,
China) with protease and phosphatase inhibitors (Roche, Swiss) for
total protein isolation. Protein was quantified with the BCA Protein
Assay Kit (Beyotime, China) and added into each well of the SDS-
PAGE gel at a 20-pg mass for electrophoresis. Afterward, the pro-
tein in the gel was immediately transferred onto the polyvinylidene
fluoride membrane and blocked with skim milk. Subsequently, the
membrane was incubated with the primary antibodies, including
anti-GAPDH mouse monoclonal antibody (BBI, China, 1:5000),
anti-FGF-15 rabbit polyclonal antibody (Abcam, UK, 1:1000), anti-
FGFR mouse monoclonal antibody (Proteintech, China, 1:1000),
anti-cytochrome P450 7A1 rabbit polyclonal antibody (ZENBIO,
China, 1:1000), anti-BESP (Wuhan Sanying, China, 3C11D5,
1:1000) and anti-ABCC2 (Affinity, US, DF3873, 1:1000) at 4°C
overnight. Secondary antibodies, including HRP-conjugated goat
antimouse IgG and HRP-conjugated goat antirabbit IgG (BBI,
China, 1:5000) were used to incubate the membrane at room
temperature for 2 h after membrane washing. The protein bands on
the membrane were visualized and imaged with the ECL lumi-
nescence method in the chemiluminescence imaging apparatus
(4600, Tanon, Shanghai, China).

2.5 | Automated Blood Biochemical Analysis

The total bile acid concentration in the serum of mice was
detected with the Total Bile Acids Quantification Kit

(Clinisciences, China) in a full-automatic biochemical analyzer
(HF240, HKANGYU, China).

2.6 | Enzyme-Linked Immunosorbent Assay
(ELISA)

Interleukin (IL)-6, tumor necrosis factor (TNF)-a, and IL-10
concentrations in the serum of mice were detected with mouse
IL-6 Elisa Kit, mouse TNF-a Elisa Kit, and mouse IL-10 Elisa
Kit (MEXN, China), respectively. The Elisa experiment was
performed following the instructions of kits and standard pro-
tocol. The OD value was recorded and analyzed to calculate the
content of the three inflammatory factors.

2.7 | Metabolomics Analysis

The standard solutions of 41 bile acids (Supporting Informa-
tion S3: Table 2) and the internal standard working solutions
of CA-d4 and GCA-d5 were prepared with corresponding
standards and methanol. Subsequently, the serum samples
that underwent homogenization, centrifugation, liquid-liquid
extraction, vacuum drying, and redissolving were dissolved
into A-phase (0.01% formic acid aqueous solution) and
B-phase (acetonitrile) mixtures and separated with CORTECS
UPLC C18 (100 x 2.1 mm, 1.6 pm) (Waters, USA). Supporting
Information S4: Table 3 presents the mobile phase gradient
setting. The mass spectrometry (MS) detection after liquid
chromatography (LC) separation was completed with SCIEX

4 of 16

Immunity, Inflammation and Disease, 2025



Triple Quad™ 6500+ (SCIEX, USA) under the mode of ESI ion
source, negative MRM ion. Supporting Information S5: Table 4
shows the MRM ion pair of the target and corresponding MS
parameters. The standard curves were developed utilizing the
data of working standard solutions analyses. Samples were
assessed in the combinations of blank and standard samples
with the recovery rates for bile acids identified based on the
peak area to ensure the quality of analyses. Eventually, target
bile acid concentrations in samples were identified with the
internal standard method.

2.8 | Metabolomics Data Analysis

The data was imported into the SIMCA-P software
package for further analysis. The principal component
analysis (PCA) was first conducted after data normalizing to
assess the separability among four groups. Fold change
(FC) analysis and t-test were used to conduct differential
analysis, with results visualized via volcano plots. Subse-
quently, we conducted a hierarchical clustering analysis
according to the significant differential metabolites within
each group to evaluate the rationality of candidate differ-
ential bile acids, and the results were visualized using
heatmaps. The box plot of each bile acid was plotted to
reveal the bile acid contents and discrepancies with im-
proved clarity.

2.9 | Statistical Analysis

GraphPad Prism (8.0.1) was used for all the statistical analysis
and relative chart drawing. All the data was presented as
mean =+ standard deviation, which was calculated with a one-
way analysis of variance or student's t-test. p < 0.05 indicated
statistical significance.

3 | Results

3.1 | FXR Activation Improved Sepsis-Induced
Liver Injury

The mouse model of sepsis was constructed via LPS to
investigate the biological effect of the FXR in sepsis and its
mechanism. Behavioral observation results indicated that
the mice in the FXR inhibitor group demonstrated the worst
physiological conditions, encompassing depression, abnor-
mal eating and excretion, and dull fur. Conversely, the mice
in the FXR agonist group showed better physiological con-
ditions than LPS models. The specific behaviors and states
of the mice are detailed in Table 1. H&E staining results of
liver tissue revealed that FXR activation alleviated the
arrangement disarray and hepatocyte vacuolization,
whereas FXR inhibition aggravated the aforementioned li-
ver injury conditions compared with the LPS model
(Figure 1A). Also, liver damage indexes including AST,
LDH, and ALT was examined for further evaluating liver
damage, suggesting that FXR agnist restored liver damage
induced by LPS (p < 0.05, p <0.01, Figure 1B-D).

3.2 | FXR Activation Triggered FGF15/FGFR4
Pathway Activation

Subsequently, the mRNA expression levels of the key genes in
the FGF15/FGFR4 pathway were investigated with qRT-PCR.
CYP7A1 expression level in the ileum tissue in the agonist
treatment group was significantly lower (p <0.05), whereas
those in the inhibitor treatment and control groups were sig-
nificantly higher compared with the LPS model group
(p <0.05). Conversely, FGF15 and FGFR expression trends in
the four groups were inversely correlated with those of CYP7A1
(Figure 1E). Parallel expression trends of three mRNAs were
revealed likewise in the liver tissue (Figure 1F). Similarly,
Western Blot analysis revealed a high degree of concordance
between the protein expression patterns of FGF15, FGFR, and
CYP7AL1 in the ileum and liver tissues with their corresponding
mRNA expressions (Figure 2). Thus, the FXR agonist can
induce FGF15/FGFR4 pathway activation, thereby ameliorating
sepsis-induced hepatic injury according to our results.

3.3 | FXR Activation Promoted Bile Acid
Metabolism and Attenuated Inflammatory
Responses

The contents of total bile acid and cytokines were identified to
investigate the effects of FXR activation through the blood ex-
tracted from mice. The results of total bile acid concentration
determination indicated that the FXR agonist could signifi-
cantly decrease the bile acid content (p < 0.01), which demon-
strated the capacity of FXR agonist in improving the
metabolism of bile acids and potential preventive capacity of
cholestasis (Figure 3A). Meanwhile, examination of the BA
production indicated ABCC2 and BSEP were decreased in liver
induced by LPS, which were reversed by FXR agonist (p < 0.01,
Figure 3B,C). The decreasion of ABCC2 and BSEP led to
inflammatory response induced by LPS. Thus, IL-6, IL-10, and
TNF-a concentrations in the serum of mice were investigated
via the ELISA experiment procedure. Figure 3D illustrates that
IL-6 was significantly decreased after FXR activation (p < 0.05)
and increased after FXR inhibition (p <0.01). The concentra-
tion variation of TNF-a indicated a similar trend, with all the
differences being significant compared with the LPS model
group (Figure 3E). Interestingly, disparate variation trends were
revealed in IL-10, indicating that FXR agonist treatment con-
tributed to the content elevation of IL-10 (Figure 3F). The
mechanism may be attributed to the FXR agonist treatment that
inhibits the excessive inflammatory response and protects cells
via improving IL-10 activation through comprehensive analysis.

3.4 | Targeted Quantitative Determination of Bile
Acid Contents

A robust quantitative analysis method was developed with LC-
MS to precisely determine 41 bile acid species in serum sam-
ples, and a total of 12 serum samples were identified. Table 2
exhibits that all the correlation coefficients of linear regression
equations for bile acids were >0.99 and the retention time,
linear range, and limit of quantification of each bile acid were
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investigated. The recovery rates of all 41 bile acids were then
calculated according to the peak area of standard samples. The
results indicated that the recovery rates were 82%-120.8%,
indicating the robustness, reliability, and suitability of this
method for sample detection (Table 3). Eventually, the con-
centrations of the target in the serum samples were identified
according to the standard curve and the signal intensity
obtained during quantitative detection (Table 4).

3.5 | Metabolism Alterations in Each Bile
Acid Type

Bioinformatics analysis was conducted to perform further cru-
cial investigations after obtaining the quantitative data. The
PCA indicated that the control, LPS model, FXR agonist, and
FXR inhibitor groups separated clearly, with all samples in the
95% confidence interval (Figure 4A). The subsequent differen-
tial analysis revealed that several bile acid types demonstrated
significantly different concentrations, with the red dots repre-
senting bile acids that have been upregulated (fold change of
>1 and p < 0.05) and the blue dots representing bile acids (fold
change of < 1 and p < 0.05) (Figure 4B-D). Subsequently, all the
differential bile acids were further investigated for significant
differences in bile acid expression. T-B-MCA was upregulated
in the FXR agonist group, whereas TDCA was upregulated in
the inhibitor group (Figure 4E-G). Interestingly, T-a-MCA, as a
competitive natural FXR antagonist, was downregulated after
both agonist and inhibitor treatment, which may be attributed
to the competitive effect. Supporting Information S1: Figure 1

<0.001, control versus LPS model; *p <0.05, **p <0.01, **p < 0.001, ****p <0.0001, LPS model versus LPS + FXR agonist/

lipopolysaccharide.

exhibits the box plots of each bile acid type concentration
analysis, with p < 0.05 representing statistical significance.

4 | Discussion

The mortality of sepsis remains unacceptably high despite its
sophisticated and precise diagnostic criteria and progressively
improving treatment efficacy. Sepsis encompasses a spectrum of
complications, in which cholestasis demonstrates an earlier
symptom compared with other organ failure [22]. Furthermore,
cholestasis may become a potential diagnostic and prognostic
biomarker in sepsis due to its relative ease in disease detection
[23]. Thus, the adequate attention given to sepsis-induced
cholestasis, along with timely diagnosis and treatment, may
effectively prevent further deterioration of sepsis and its asso-
ciated complications.

The current study conducted a comprehensive exploration to
confirm the mechanism of abnormal bile acid metabolism
induced by sepsis. The normal bile acid metabolism is
undoubtedly related to the involvement of the physiological
enterohepatic circulation. However, the liver, as widely
acknowledged in sepsis conditions, is a central immune organ
in regulating host defenses and is extremely vulnerable to
bacterial endotoxin-induced injury and ischemic damage
caused by sepsis [24]. Besides, the significance of the liver in
various metabolism procedures is undoubted, and hepatic
damage inevitably causes aberrations in bile acid metabolism.
The sepsis mouse model was developed based on these
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FIGURE 3 | Variations of hematological biomarkers after FXR activation. (A) Total bile acid concentration of the control, LPS model, LPS +

agonist, and LPS + inhibitor groups. (B-C) The expression of ABCC2 and BSEP was examined using western blot. (D) IL-6 concentration of the
control, LPS model, LPS + agonist, and LPS + inhibitor groups detected with ELISA. (E) TNF-a concentration of the control, LPS model, LPS +
agonist, and LPS + inhibitor groups detected with ELISA. (F) IL-10 concentration of the control, LPS model, LPS + agonist, and LPS + inhibitor
groups detected with ELISA. *p <0.05, ***p < 0.01, ****p < 0.001, control versus LPS model; *p < 0.05, **p < 0.01, LPS model versus LPS + FXR
agonist/inhibitor. ELISA, enzyme-linked immunosorbent assay; FXR, farnesoid X receptor; LPS, lipopolysaccharide; ns, no statistical significantly.

characteristics of disease symptoms for subsequent exploration
via receiving the intraperitoneal injection of LPS, with the liver
tissue being injured and higher bile acid concentration in
serum.

Numerous studies have revealed sepsis-associated bile metab-
olism dysregulation as a highly intricate abnormal metabolic
process, involving multiple mechanisms, pathways, and aber-
rant tissues. The prevailing viewpoint for this disorder at pres-
ent is about NLRP3 inflammasome [25], whereas, few reports
pay attention to the classic FXR/FGF15/FGFR bile acid
metabolism pathway. Additionally, the report of cholestasis
induced by NAFLD [26, 27] indicated that bile acid production
was significantly increased during the NAFLD condition and
the proportion of FXR antagonistic bile acid was elevated,
thereby explaining hepatic FXR and FGFR4 signaling sup-
pression. Therefore, our study postulated that this pathway
would similarly demonstrate aberrations in the context of sep-
sis. The activation and inhibition treatments were conducted for
FXR in the sepsis model, with the variation in hepatic injury,
total bile acid concentrations, and the expression level of key
genes and proteins detected and analyzed, to validate our
hypothesis. The aforementioned investigation revealed the
involvement of the FXR pathway in aberrant bile acid metabolic
processes. Moreover, the activation treatment of FXR has been

demonstrated to ameliorate liver injury and cholestasis, which
is consistent with previous reports on abnormal metabolism in
other disease conditions, encompassing colorectal cancer
[28-30] and cholesterol gallstones [31].

FXR in the FXR/FGF15/FGFR4 pathway is the upstream reg-
ulatory receptor of the metabolism regulations of bile acids in
the enterohepatic circulation [32, 33]. Its highest expression
locations are concentrated in the liver and intestine, with bile
acids confirmed to be the natural ligands [34]. Excessive bile
acid will activate the FXR to regulate the downstream
reabsorption under normal regulatory circumstances [35, 36].
However, bile acid substantially accumulates after sepsis, which
causes the failure in efficient reabsorption of the surplus bile
acid, despite the presence of limited activated FXR. The emer-
gence and utilization of synthetic FXR agonists may potentially
contribute to alleviating this terrible condition; thus, our
attention was subsequently oriented to the effect of FXR agonist
treatment on downstream bile acid metabolism regulation.
Mouse-derived FGF15 (homologous to human FGF19) acts as
the endogenous hormone that circulates through the en-
terohepatic circulation. Several studies have revealed that acti-
vated FXR promotes FGF15/19 protein synthesis and secretion
by regulating FGF15/19 gene transcription through a series of
processes [37]. Subsequently, FGF15/19 is delivered to the liver
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Limit of quantification (ng/mL)

linear range (ng/mL)

Correlation coefficient (r)

Linear regression equation

Retention time (min)

(Continued)

Bile acid type

GDHCA
GCA

TABLE 2

5-8000
10-8000
1-8000
10-8000
5-8000
10-8000
5-8000
5-8000
10-8000
5-8000
5-8000

0.99900
0.99808

0.00255 x + —0.00931
0.00731 x + —9.01591e-4

y:

3.87
10.10
7.77
27.97
21.00
10.79
18.38
10.67
5.89
7.63
11.24

y:

0.99847
0.99488

0.02344 x + —0.02067
1.61854 x+ —0.12961
1.58038 x + —0.09165
0.01282 x + —0.14473
0.00297 x + —0.01093
770.19809 x + —3711.83820

y
y
y
y
y

GHCA

TLCA
TDCA

0.99776

0.99898

THDCA
TCDCA

0.99752

0.99961

y
y

TUDCA

0.99994
0.99454
0.99846

449.32928 x + —3711.50625

T-B-MCA
T-a-MCA

TCA

98.40021 x + —310.09353
344.57970 x + —1789.85630

y
y

through the portal vein and combined with the receptor com-
plex of FGFR4-f-klotho (KLp), thereby activating the FGFR4
[38-41]. FGFR4 is a significant FGFR family isoform, which is
highly detected in the liver [42] and demonstrates the FGF
binding activity in the metabolism regulatory procedure. The
negative feedback regulatory mechanism of CYP7A1l gene ex-
pression is triggered after the binding of FGF and FGFR,
thereby reducing the production of the rate-limiting enzyme
CYP7AL1 in the classical pathway of bile acid synthesis [19, 43,
44]. After the regulatory process, we conducted a comprehen-
sive investigation into the expression levels of genes and coding
proteins of the aforementioned key factors within the pathway
after FXR agonist and inhibitor treatment, respectively. The
expression levels of all genes and proteins we collected in our
experimental determination were significantly different after
FXR agonist treatment and consistent with results from previ-
ous studies. Furthermore, the result of the total bile acid con-
centration determination was significantly decreased after FXR
agonist treatment compared with the sepsis model. The above
findings conclude that activating FXR and its downstream
pathways by FXR agonists effectively improves bile acid
metabolism, thereby restoring bile acid levels to normal and
demonstrating a certain alleviating effect on liver injury, which
may demonstrate the potential significance of FXR agonists in
sepsis intervention.

Inflammatory response dysregulation represents another piv-
otal manifestation of sepsis. Previous evidence indicated that
the exaggerated inflammatory response manifested early period
of sepsis progression [45], consistent with the onset of chole-
stasis. Therefore, the inflammatory factors concentrations were
investigated after FXR agonist treatment to examine whether
FXR agonists can attenuate inflammatory response. Comfort-
ingly, significant alterations in the serum IL-6, IL-10, and TNF-
a concentrations were observed in the mouse model after FXR
activation, which may indicate the inflammation inhibition
effect of the FXR agonist.

Omics detection technology has appeared as a powerful tool for
elucidating the pathogenic mechanisms underlying diseases
and facilitating precise disease diagnosis and treatment with the
advancement of medical research toward high-throughput and
high-precision methodologies. As far back as a decade ago,
Seymour and colleagues conducted a study utilizing metabo-
lomics techniques to investigate the disparities in bile acid
metabolites between patients with sepsis and healthy volunteers
within the GenIMS cohort study project [46]. Subsequently,
numerous studies have concentrated on the global metabolic
profile of metabolites, such as bile acids, in sepsis patients and
endeavored to establish prognosis models for sepsis patients
based on the detected bile acid levels [47, 48]. The current study
conducted the metabolomics analysis to reveal the precise
quantitative alterations in each bile acid and obtain a compre-
hensive spectrum of each type of bile acid content alteration in
septic mice, as well as in septic mice following intervention
with FXR agonists or inhibitors. In comparison to the normal
control group, six distinct types of bile acids exhibiting signifi-
cant differences in concentration were identified in mice with
sepsis induced by LPS. Furthermore, two kinds of bile acids
demonstrated differential expression between the agonist/
inhibitor treatment and sepsis mouse model, respectively.
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TABLE 3 | Recovery rates of 41 types of bile acids.

Bile acid types

QC-1 samples
concentration (ng/mL)

QC-2 samples
concentration (ng/mL)

Actual added
concentration (ng/mL)

Average
recovery (%)

DHLCA
isoLCA
LCA
AILCA
23norDCA
apoCA
7-ketoLCA
12-ketoLCA
isoDCA
DCA
HDCA
UDCA
CDCA
DHCA
3-H-7,12-Dkca
6,7-diketoLCA
3-DHCA
7-KHCA
12-OCDCA
ACA

UCA

CA
B-MCA
HCA
a-MCA
GLCA
GDCA
GCDCA
GUDCA
GHDCA
GDHCA
GCA
GHCA
TLCA
TDCA
THDCA
TCDCA
TUDCA
T-B-MCA
T-a-MCA
TCA

2.47E + 02
2.44E + 02
2.29E + 02
2.60E + 02
2.43E + 02
2.48E + 02
2.53E + 02
3.07E + 02
2.66E + 02
2.62E + 02
2.43E + 02
2.44E + 02
2.87E + 02
2.79E + 02
2.71E + 02
2.78E + 02
2.69E + 02
2.78E + 02
2.78E + 02
2.47E + 02
2.68E + 02
2.59E + 02
2.71E + 02
2.57E + 02
2.77E + 02
2.55E + 02
2.59E + 02
2.78E + 02
2.21E + 02
2.53E + 02
2.77E + 02
2.62E + 02
2.49E + 02
2.49E + 02
2.39E + 02
2.37E + 02
2.43E + 02
2.76E + 02
2.63E + 02
2.36E + 02
2.69E + 02

2.05E + 02
2.06E + 02
1.81E + 02
2.31E+02
2.48E + 02
2.71E + 02
2.52E + 02
2.97E + 02
2.42E + 02
2.62E + 02
2.65E + 02
2.50E + 02
2.86E + 02
2.65E + 02
2.74E + 02
3.08E + 02
2.85E + 02
2.72E + 02
3.06E + 02
2.73E + 02
2.78E + 02
2.63E + 02
2.67E + 02
2.70E + 02
2.79E + 02
2.57E+ 02
2.48E + 02
2.67E + 02
2.55E + 02
2.60E + 02
2.80E + 02
2.55E + 02
2.52E + 02
2.35E + 02
3.06E + 02
2.75E + 02
2.58E + 02
2.95E + 02
2.51E + 02
3.06E + 02
2.74E + 02

250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250

90.3
90.1
82
98.18
98.18
103.7
100.96
120.8
101.7
104.92
101.6
98.86
114.54
108.76
109.08
117.22
110.8
110.04
116.84
103.88
109.24
104.4
107.58
105.38
111.3
102.38
101.46
108.92
95.14
102.5
111.42
103.2
100.14
96.92
108.94
102.36
100.16
114.14
102.62
108.38
108.52
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FIGURE 4 | Metabolomics analysis results of bile acid concentration variations. (A) PCA plot of the samples in the control, LPS model,

LPS + agonist, and LPS + inhibitor groups. (B) Volcano plot of bile acids with various concentrations following the FXR agonist treatment.
(C) Volcano plot of bile acids with various concentrations following the FXR inhibitor treatment. (D) Volcano plot of bile acids with various
concentrations between the control and the LPS model groups. (E) Heat map of bile acids with various concentrations following the FXR agonist
treatment. (F) Heat map of bile acids with different concentrations following the FXR inhibitor treatment. (G) Heat map of bile acids with various
concentrations between the control and the LPS model groups. FXR, farnesoid X receptor; LPS, lipopolysaccharide; PCA, principal component
analysis.
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Interestingly, Tauro a-Muricholic acid (T-a-MCA) expression
was downregulated after either an FXR activator or an FXR
inhibitor treatment. T-a-MCA is a competitive and reversible
endogenous inhibitor of FXR [49]; thus, we preliminarily infer
that its expression or activity may be diminished due to com-
petitive effects or transformed into other compounds through
other mechanisms under a more powerful synthetic activator/
inhibitor intervention. However, elucidating the specific
mechanism underlying this phenomenon poses an interesting
and challenging research, which requires further investigation
in subsequent works.

5 | Conclusions

Our research identified FXR as a promising target for treating
sepsis-induced cholestasis, and the agonist of FXR demonstrates
the potential preventive applications in treating sepsis, which
may facilitate more precise intervention of sepsis in the future,
thereby mitigating hospitalization duration, mortality, and
associated societal burden of sepsis.
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