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Gut microbial metabolite hyodeoxycholic acid
targets the TLR4/MD2 complex to attenuate
inflammation and protect against sepsis
Jiaxin Li,1,2,9 Yuqi Chen,1,9 Rui Li,1,9 Xianglong Zhang,1,9 Tao Chen,1 Fengyi Mei,1 Ruofan Liu,1 Meiling Chen,1

Yue Ge,2 Hongbin Hu,2 Rongjuan Wei,1 Zhenfeng Chen,1 Hongying Fan,3 Zhenhua Zeng,2 Yongqiang Deng,1

Haihua Luo,1 Shuiwang Hu,1 Shumin Cai,2 Feng Wu,2 Nengxian Shi,2 Zhang Wang,4 Yunong Zeng,1 Ming Xie,5

Yong Jiang,1 Zhongqing Chen,2 Wei Jia,6,7 and Peng Chen1,8

1Department of Pathophysiology, Guangdong Provincial Key Laboratory of Proteomics, School of BasicMedical Sciences, SouthernMedical University, Guangzhou 510515,

China; 2Department of Critical Care Medicine, Nanfang Hospital, Southern Medical University, Guangzhou 510515, China; 3Department of Microbiology, Guangdong

Provincial Key Laboratory of Tropical Disease Research, School of Public Health, Southern Medical University, Guangzhou 510515, China; 4Institute of Ecological

Sciences, School of Life Sciences, South China Normal University, Guangzhou 510515, China; 5Department of Urology, Nanfang Hospital, Southern Medical

University, Guangzhou 510515, China; 6Center for Translational Medicine and Shanghai Key Laboratory of Diabetes Mellitus, Shanghai Jiao Tong University Affiliated

Sixth People’s Hospital, Shanghai 200233, China; 7School of Chinese Medicine, Hong Kong Baptist University, Kowloon Tong, Hong Kong 999077, China;
8Microbiome Medicine Center, Zhujiang Hospital, Southern Medical University, Guangzhou 510515, China
Received 26 August 2022; accepted 19 January 2023;
https://doi.org/10.1016/j.ymthe.2023.01.018.
9These authors contributed equally

Correspondence: Zhongqing Chen, Department of Critical Care Medicine, Nan-
fang Hospital, Southern Medical University, Guangzhou 510515, China.
E-mail: zhongqingchen2008@163.com
Correspondence: Wei Jia, School of Chinese Medicine, Hong Kong Baptist Uni-
versity, Hong Kong 999077, China.
E-mail: weijia1@hkbu.edu.hk
Correspondence: Peng Chen, Department of Pathophysiology, Southern Medical
University, Guangzhou 510515, China.
E-mail: perchen@smu.edu.cn
Sepsis, a critical condition resulting from the systemic inflam-
matory response to a severe microbial infection, represents a
global public health challenge. However, effective treatment
or intervention to prevent and combat sepsis is still lacking.
Here, we report that hyodeoxycholic acid (HDCA) has excellent
anti-inflammatory properties in sepsis. We discovered that the
plasma concentration of HDCA was remarkably lower in
patients with sepsis and negatively correlated with the severity
of the disease. Similar changes in HDCA levels in plasma and
cecal content samples were observed in a mouse model of
sepsis, and these changes were associated with a reduced abun-
dance of HDCA-producing strains. Interestingly, HDCA
administration significantly decreased systemic inflammatory
responses, prevented organ injury, and prolonged the survival
of septic mice. We demonstrated that HDCA suppressed exces-
sive activation of inflammatory macrophages by competitively
blocking lipopolysaccharide binding to the Toll-like receptor 4
(TLR4) and myeloid differentiation factor 2 receptor complex,
a unique mechanism that characterizes HDCA as an endoge-
nous inhibitor of inflammatory signaling. Additionally, we
verified these findings in TLR4 knockout mice. Our study high-
lights the potential value of HDCA as a therapeutic molecule
for sepsis.

INTRODUCTION
Sepsis, a syndrome of organ dysfunction due to the dysregulation of
host inflammatory responses to systemic infection, is a global health-
care challenge.1,2 To eliminate invading pathogens, cytokine produc-
tion is required to activate immune cells that respond to bacterial
antigens. However, the overproduction of pro-inflammatory cyto-
kines during the course of infection has been associated with a higher
Molecular Therapy Vol. 31 No 4 April
mortality rate in the early stages of sepsis.3–5 Thus, anti-inflammatory
strategies are implemented early in sepsis patients to restore immuno-
logical homeostasis.

Over the past few years, the gut microbiota has been extensively inves-
tigated in relation to sepsis development.6–11 Recently, attention has
been drawn to the role of metabolites produced by gut microbiota,
with mechanistic studies suggesting that specific gut metabolites
have excellent anti-inflammatory properties.12–14 We found that
microbiota-derived granisetron has an anti-inflammatory effect,
modulates the host immune system, and determines host susceptibil-
ity to the development of sepsis in mice,15 while other reports also
showed similar therapeutic benefits of microbial metabolites in sepsis
models, including butyrate (short-chain fatty acids),16 ursodeoxy-
cholic acid,17 and taurodeoxycholate.18 These results have provided
strong evidence that warrants further investigation of gut microbial
metabolites with anti-inflammatory activity as a potential therapeutic
option for sepsis. Hyodeoxycholic acid (HDCA, also known as
3a,6a-dihydroxy-5b-cholanic acid) is a secondary bile acid converted
by the gut microbiota from the primary bile acids.19 Our previous
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study and other laboratories have reported that HDCA is involved in
metabolic diseases, with beneficial effects including alleviating hyper-
glycemia,20 preventing gallstone formation,21 suppressing atheroscle-
rosis development,22 and inhibiting cholesterol levels.23

In this study, a lower plasma HDCA level was found in patients with
sepsis, and the level of HDCA was negatively correlated with the
severity of sepsis. We further identified HDCA as an endogenous
antagonist of the Toll-like receptor 4 (TLR4), which suppressed the
overproduction of pro-inflammatory factors in response to
lipopolysaccharide (LPS) and prevented septic mice from a severe
inflammatory reaction, organ damage, or even death. Therefore, we
systematically investigated the anti-inflammatory activity of HDCA
as well as its mechanistic role in restoring the impaired immune
homeostasis associated with sepsis.

RESULTS
Endogenic HDCA level is reduced in septic patients and mice

To understand the potential contribution of HDCA on sepsis, 13
septic patients and 13 age- and gender-matched healthy subjects
(Table S1) were recruited, and their plasma HDCA levels were
measured. As Figure 1A shows, the plasma HDCA levels in septic
patients (48.52 ± 13.14 ng/mL) were significantly lower than those
in the healthy subjects (411.50 ± 74.40 ng/mL). We then extended
the sepsis cohort to 47 participants (Table S1) and found that, to
some extent, the plasma HDCA levels were negatively correlated
with the Sequential Organ Failure Assessment (SOFA) scores, the
Acute Physiology and Chronic Health Evaluation II (APACHE II)
scores, and the arterial lactate levels in septic patients, which are
used to determine the disease severity of critical patients (Figure 1B).
Furthermore, cecal ligation and puncture (CLP)-induced septic
mouse models were established to verify the above finding, as it is
considered the standard model for pre-clinical sepsis.24 As expected,
both plasma and cecal HDCA levels significantly decreased in septic
mice compared with sham-operated mice (Figures 1C and 1D). In
light of these results, HDCA may play a significant role in the path-
ogenesis of sepsis.

Given that the level of secondary bile acid is mainly synthesized by the
gut microbiota,19 we further investigated the contribution of gut mi-
crobes to the level of HDCA by employing antibiotics (ABX)-treated
Figure 1. Endogenic HDCA level is reduced in septic patients and mice

(A) The concentration of HDCA in the plasma of humans was determined by liquid chrom

sepsis patients). (B) Scatterplot depicting the statistical correlation of plasma HDCA co

patients (n = 47 sepsis patients). (C) The concentration of HDCA in the plasma of mice

3 days and subjected to sham-operated and CLP surgery. Plasma was collected 12

concentration of HDCA in the cecal contents of mice was determined by LC-MS/MS (n =

species) in each group was calculated using the (E) Chao1 index and (F) Simpson in

calculated using a PCoA score based on the weighted UniFrac distance matrices (n = 8

groups at the level of the genus Eubacterium shown in the blue area. The black line on the

are shown on the graph (n = 8). (I) Scatterplot depicting the statistical correlation b

Eubacterium_R (n = 16). (J) Plasma ALT and AST levels (n = 8–10). (K) Inflammatory cytok

mRNA levels in lung tissue (n = 7). *p < 0.05 (unpaired two-tailed Student’s t test in A, C,

order correlation test in B and I; mean ± SEM).
mice. The results affirmed that the level of HDCA cannot be detected
(below the minimal detectable concentrations) in the plasma and
cecal contents of ABX-treated mice (Figures 1C and 1D), implying
that the level of HDCA was generated by gut microbiota in mice.
Therefore, we hypothesize that lower levels of HDCA may be associ-
ated with lower relative abundances of gut microbes involved in
HDCA production. To address this issue, we performed a metage-
nomic sequencing analysis of cecal contents obtained from both the
sham and CLP groups. As illustrated in Figures 1E–1G, the alpha di-
versity (Chao1 and Simpson index) of gut microbiota in septic mice
was markedly diminished compared with sham-operated mice, and
beta diversity (principal coordinate analysis [PCoA]) revealed that
the overall microbial composition between sham and sepsis was
different. According to the report by Eyssen et al.,25 a strain of Eubac-
terium (EMBL: AJ238611) isolated from rat gut microflora could pro-
duce HDCA in vitro; we thus evaluated the relative abundance of
genus Eubacterium in the cecal contents and found that the relative
abundance of the genus Eubacterium was remarkably decreased in
the CLP group compared with that in the sham group, especially
the genus Eubacterium_R (Figures 1H and S1A). Regarding the spe-
cies level, the relative abundances of Eubacterium_R_sp002493325,
Eubacterium_R_sp000434995, Eubacterium_R_sp003526845, and Eu-
bacterium_R_sp000436835 were all substantially lower in the CLP
group than in the sham group (Figure S1B). In addition, we evaluated
the correlation between the relative abundance of the genus Eubacte-
rium and the respective cecal HDCA content in each animal to
confirm the key gut microbial members possibly contributing to
HDCA level alteration during sepsis in mice. As shown in Figure 1I,
the relative abundance of the genus Eubacterium_R was positively
correlated with the concentration of HDCA. These data demon-
strated that sepsis is associated with a lower level of HDCA, which
might be closely associated with the decreased abundance of the genus
Eubacterium during the sepsis challenge.

Since the strain of Eubacterium_R is unavailable, to further explore
the relationship between Eubacterium and HDCA, we supplemented
the mice with an available strain of Eubacterium limosumATCC 8486
(E. limosum), which was isolated from human intestine.26 Figure S2
illustrates that the concentration of HDCA in mouse feces was signif-
icantly increased after oral inoculation with 1 � 108 colony-forming
units (CFU)27 for 7 days. Our results suggested that E. limosum is one
atography-tandemmass spectrometry (LC-MS/MS) (n = 13 healthy subjects, n = 13

ncentrations with SOFA score, APACHE II score, and arterial lactate levels in septic

was determined by LC-MS/MS. Mice were treated with water or ABX cocktails for

h after surgery (n = 15 in the vehicle group, n = 16 in the ABX group). (D) The

16 in the vehicle group, n = 16 in the ABX group). (E and F) Alpha diversity (observed

dex (n = 8). (G) Each group’s beta diversity (microbial community structures) was

). (H) Ratio of mean relative abundance in the CLP groups compared with the sham

circle represents a ratio equal to 1. The specific ratios of the CLP versus sham group

etween HDCA level in the cecum contents and the relative abundance of genus

inemRNA levels of Tnf-a, Il-1b, and Il-6 in liver tissue (n = 6–8). (L) Inflammatory factor

D, and J–L; Wilcoxon rank-sum test in E and F; PERMANOVA in G; Spearman rank-
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of the gut bacteria that intrinsically produce HDCA. Therefore, we
wondered whether E. limosum could provide a preventive effect in
response to polymicrobial sepsis. To investigate this, E. limosum
was orally inoculated for 7 days before CLP and the effects of anti-in-
flammatory and organ protection were then determined. Compared
with the saline group, E. limosum lowered plasma alanine amino-
transferase (ALT) and aspartate transaminase (AST) levels and
reduced the severity of liver and lung inflammation, as revealed by
reduced inflammatory cytokine levels (Figures 1J–1L). These results
suggested that E. limosum, a potential HDCA-producing bacterium,
may, to some extent, exert anti-inflammation effects in septic mice
and protect the mice from septic injury.

HDCA protected mice from polymicrobial sepsis

To further explore whether HDCA participates in sepsis develop-
ment, mice were treated with HDCA (20 mg/kg) for 2 h before
CLP surgery. We detected the concentration of HDCA in cecal con-
tents at 12 h after surgery and found that HDCA treatment restored
and maintained the cecal HDCA concentrations after CLP surgery
(1,401 ± 258.4 ng/g) comparable with physiological concentrations
(950.9 ± 139.5 ng/g, p = 0.17) (Figure S3). In addition, we observed
that HDCA treatment effectively prolonged the mice survival rate in
both CLP-induced and LPS-induced sepsis compared with those
without treatment (Figures 2A and S4). Given that the lung is the
organ most susceptible to sepsis,28 lung tissue injury assessment
was conducted to determine the severity of organ inflammatory
response. As shown in Figures 2B and 2C, the septic mice suffered
from severe lung injury characterized by thickening of the alveolar
septum, cellular infiltration, hemorrhage, and edema. Nevertheless,
HDCA-treated septic mice showed less cellular infiltration and pro-
tein fragment deposition, along with lower alveolar septal thick-
ening and lung injury scores. In addition, the infiltration of inflam-
matory cells was assessed by F4/80 and Ly6G staining
immunohistochemically. We found that a large number of F4/80+

macrophages and Ly6G+ neutrophils were detected in the CLP
group and were significantly reduced by the HDCA treatment. To
further assess the magnitude of lung inflammation, myeloperoxidase
(MPO) activity, pro-inflammatory cytokine levels in bronchoalveo-
lar lavage fluid, and expression of the pro-inflammatory factors
in lung tissue were measured. The results revealed that HDCA
administration significantly reduced MPO activity and decreased
pro-inflammation as well as chemotactic cytokine generation in
lung tissue (Figures 2D–2F). All findings demonstrated that
HDCA attenuated organ damage and decreased mortality rate in
a murine model of polymicrobial sepsis.
Figure 2. HDCA prolongs survival and alleviates acute lung injury in septic mic

(A) Kaplan-Meier survival analysis showing a 72-h survival rate of mice following surger

positive stained cell numbers were calculated in 10 fields per slide at 400� magnificat

hematoxylin and eosin (H&E) staining, immunohistological staining of F4/80 (macrophag

sections (neutrophils, brown cell, third row). Scale bars, 50 mm. (D) MPO activity determin

a (TNF-a), interleukin-1b (IL-1b), and IL-6 in bronchoalveolar lavage fluid (BALF) were d

tissue homogenates were determined by qPCR (n = 5–7). Representative results from

Student’s t test except for log-rank test for survival rate analysis; mean ± SEM).
HDCA rescued sepsis-induced systemic immune cell

hyperactivation

Systemic immune cell dysregulation, particularly the overproduction
of inflammatory factors, is critical in sepsis-induced abnormalities.3

We further analyzed how HDCA affects the systemic immune cells
during sepsis by employing single-cell RNA sequencing (scRNA-
seq) for peripheral blood mononuclear cells (PBMCs) of mice. After
filtering the single-cell transcriptome data, a total of 26,337 high-
quality cells were used for an unbiased analysis (Figure S5). As pre-
sented in Figure 3A, uniformmanifold approximation and projection
(UMAP) segregated PBMCs into five cell types (the clusters were
conserved for a minimum of 20 cells in each sample), annotated as
myeloid I cells, myeloid II cells, natural killer (NK) cells, T cells,
and B cells based on their specific marker genes (Figure 3B). We
found that all the cell clusters were involved in the regulation of
inflammation response as revealed by the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis (Fig-
ure 3C). We then extracted all gene expressions in different groups
and performed gene set variation analysis (GSVA), which indicated
that the cytokine-cytokine receptor interaction had the highest
enrichment score in the CLP group (compared with the sham group)
but remarkably decreased after HDCA treatment (Figures 3D and
3E). In particular, the cytokine profile in this signaling pathway was
largely suppressed in the HDCA treatment group when compared
with the CLP group (Figure 3F). Similar to the scRNA-seq results,
bulk RNA-seq of peritoneal lavage fluid (PLF) cells revealed signifi-
cant downregulation of the pro-inflammatory cytokine and chemo-
kine genes when septic mice were treated with HDCA (Figure 3G).
Then, we presented validation results by checking cytokine protein
levels in plasma samples (Figure 3H) and inflammatory factor gene
expression levels in PLF cells (Figure 3I). These results collectively
suggested that HDCA can rescue the sepsis-induced overactivation
of systemic immune cells.

HDCA reduced macrophage pro-inflammatory response

We next investigated the potential mechanism by which HDCA has
defensive effects against polymicrobial sepsis, namely how HDCA re-
duces systemic inflammation. The hyperinflammation stage of sepsis
is associated with enhanced immune cell activation and cytokine
overexpression, which are the consequences of bacterial overload
and/or elevated inflammatory signaling transduction in immune
cells.5 We hypothesized that HDCA directly impacts microbes and
evaluated the anti-bacterial effects of HDCA by measuring the CFU
in the blood and cecum contents. Figure S6 shows that the bacterial
load in the blood and cecum contents did not exhibit a statistical shift
e

y (n = 5–11). (B) Histological score, F4/80-positive stained cell numbers, and Ly6G-

ion in lung tissue (n = 5–7). (C) Representative images of the left lung labeled with

es, brown cell, second row), and immunohistological staining of Ly6G in lung tissue

ed in the lung tissue homogenates (n = 5–10). (E) The levels of tumor necrosis factor

etermined by ELISA (n = 5–7). (F) Pro-inflammatory factor mRNA levels in the lung

two independent experiments with similar results. *p < 0.05 (unpaired two-tailed
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with the treatment of HDCA, which led us to investigate whether the
inflammatory signaling transduction in immune cells benefits from
HDCA treatment. Since macrophages and neutrophils are sentinel
cells of innate immunity, which contributed to the production of early
inflammatory cytokines,5 we investigated the effects of HDCA treat-
ment on both cells. First, we isolated peritoneal macrophages (PMs;
F4/80+CD11b+cells) derived fromHDCA-treated or non-treated sep-
tic mice by fluorescence-activated cell sorting to analyze their pro-in-
flammatory cytokine expression. We found that treatment with
HDCA reduced mRNA levels of pro-inflammatory cytokines in
PMs isolated from septic mice when compared with those without
treatment (Figures 4A and 4B). HDCA was then tested in murine
bone marrow-derived macrophages (BMDMs), human monocyte-
derived macrophages (THP-1-dMs), and neutrophils for its anti-in-
flammatory effects. Based on the results of the CCK8 test, HDCA
did not have any toxic effects on the viability of cells at the concentra-
tions tested (ranging from 0 to 400 mM) (Figure S7). In line with
in vivo experiments, the overexpressed pro-inflammatory factor levels
in LPS-stimulated macrophages and neutrophils were remarkably
reversed by HDCA treatment (Figures 4C, 4D, and S8). These results
suggested that HDCA appeared to protect against sepsis by inhibiting
the activation of inflammatory signaling in the immune cells.

As TLR4 signaling is a well-known signaling pathway regulating the
expression of pro-inflammatory cytokines and is a key pathway in the
pathophysiology of sepsis,29 we then explored whether HDCA could
inhibit TLR4 signaling, including mitogen-activated protein kinase
(MAPK) and nuclear factor kB (NF-kB) in macrophages. The phos-
phorylation of p38, extracellular signal-regulated kinase (ERK) 1/2,
and c-Jun N-terminal kinase (JNK) in the MAPK pathway, and phos-
phorylation of p65 in the NF-kB pathway were assessed by western
blotting. As Figures 4E–4H show, the expression levels of P-P38, P-
ERK, P-JNK, and P-P65 in the LPS-stimulated group were all signif-
icantly inhibited by HDCA treatment. These observations indicated
that the anti-inflammatory properties of HDCA may be attributed
to its inhibition of the TLR4 signaling pathway.

HDCA inhibited TLR4/MD2 complex activation

Among the key components of the inflammation process in sepsis,
TLR4 plays a crucial role in the response of the cells to LPS.30 Given
that the early stimulation of TLR4 by LPS is initiated from the cell
surface, we first explored whether HDCA could interfere with the
binding of fluorescein isothiocyanate (FITC)-LPS to the cell surface.
Figure 3. HDCA rescues sepsis-induced systemic immune cell hyperactivation

(A) UMAP visualization of cell clusters in three groups (sham, CLP, and HDCA+CLP, one

genes across the five clusters: myeloid I cells (Itgam+), myeloid II cells (Itgam+), NK cell

(C) Scatter chart shows the enrichment results of the inflammatory pathway between

represent various cell types, and the points represent gene ratios. (D) GSVA analysis was

group samples using the curated gene sets (C2) KEGG pathway subclass data in the m

(E) Cleveland’s dot plot shows the GSVA score of the cytokine-cytokine receptor interact

cytokine receptor interaction. (G) Heatmap shows the mean expression of 15 cytokin

upregulated; blue, downregulated). Rows represent cytokine/chemokines and columns

plasma were determined by ELISA (n = 5–6). (I) Pro-inflammatory factor mRNA levels o

experiments with similar results (H and I). *p < 0.05 (one-way ANOVA with Bonferroni’s
Macrophages (BMDM and THP-1-dMs) were co-incubated with
FITC-LPS in the presence of HDCA or not for 30 min, and the fluo-
rescence intensity of cells was analyzed by flow cytometry. We found
that HDCA treatment resulted in diminished fluorescence intensity,
which indicated a decreased affinity for FITC-LPS binding to mem-
brane surface receptors (Figures 5A and 5B). If HDCA binds to
LPS, it might alter the ability of LPS to bind to cell membranes. We
wondered whether HDCA could bind to LPS. Surface plasmon reso-
nance (SPR) detection of HDCA indicated that the binding ability of
HDCA to LPS was extremely weak (Figure S9), suggesting that
HDCA scarcely binds to LPS. Furthermore, the internalization of
TLR4 receptors also inhibits the binding of FITC-LPS to the cell
membrane. However, we found that the levels of TLR4 detected by
anti-TLR4-PE antibodies did not differ statistically under LPS stimu-
lation with or without HDCA (Figure S10), suggesting that HDCA
did not disturb the internalization of TLR4 receptors. In addition,
the expression of TLR4 and its accessory protein myeloid differenti-
ation protein 2 (MD2) did not change in the presence of HDCA
compared with the LPS group (Figure S11). The LPS-stimulated
dimerization of transmembrane TLR4 in complex with MD2 and
dimerization of TLR4 were responsible for inducing intracellular in-
flammatory signaling.31 We then tested whether HDCA affected the
dimerization of TLR4/MD2 or TLR4/TLR4. When FLAG-TLR4
and HA-MD2 plasmids were overexpressed in macrophages,
HDCA pretreatment as well as co-incubation with LPS reduced
the dimerization of TLR4/MD2 induced by LPS stimulation
(Figures 5C and S12). Similarly, the dimerization of TLR4, which is
observed after LPS treatment, can also be reduced by HDCA treat-
ment in FLAG-TLR4 and HA-TLR4 plasmid overexpressed macro-
phages (Figures 5D and S12).

Meanwhile, SPR analysis was used to explore the potential interaction
between HDCA and the recombinant human (rh) protein of rhTLR4/
MD2 complex, rhMD2, and rhTLR4. We found that HDCA rapidly
bound to the recombinant protein of rhTLR4/MD2 complex with an
equilibrium dissociation constant (KD) value of 9.91 � 10�9 M (Fig-
ure 5E), rhMD2 with a KD value of 1.23 � 10�8 M (Figure 5F), and
rhTLR4with a KD value of 1.29� 10�8M (Figure 5G) in a dose-depen-
dent manner, suggesting an excellent binding affinity. These results re-
vealed that HDCA may directly target the TLR4/MD2 complex.

The above results prompted us to further investigate the underlying
binding mode of HDCA in the TLR4/MD2 protein by using
mouse for each group). (B) Violin plots show the expression levels of selectedmarker

s (Klrb1c+Ncr1+), T cells (Cd3d+Cd3e+Cd3g+), and B cells (Cd79a+Cd79b+Cd19+).

CLP and HDCA + CLP groups by KEGG enrichment analysis. The different colors

calculated for each pathway based on the average expression of each gene in three

olecular signatures database (MSigDB) (yellow, upregulated; blue, downregulated).

ion of each group. (F) Heatmap shows the Z score of gene expression from cytokine-

es and chemokines in PLF cells. Colored bars indicate the expression levels (red,

represent groups (n = 5). (H) The protein levels of TNF-a, IL-1b, and IL-6 in mouse

f PLF were analyzed by qPCR (n = 5). Representative results from two independent

post hoc tests in H and I; mean ± SEM).
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molecular simulation of the LPS/TLR4/MD2 complex (PDB: 3FXI).
HDCA was shown to reside buried within the binding pocket and
to overlap in some capacity with the binding sites of LPS (docking
score of�3.332), which suggests a competitive inhibition mechanism
of LPS by HDCA (Figure 5H). Based on computer simulations, three
amino acid residues are most likely to form hydrogen bonds with
HDCA: Ser120, Asp294, and Lys362 (Figure 5I). To provide a qualitative
assessment of the key residues with the most contributions in HDCA
binding to rhTLR4/MD2, three new protein mutations, rhMD2S120A,
rhTLR4D294A, and rhTLR4K362A, were prepared. As determined by
the SPR assay, HDCA exhibits a much lower binding affinity to these
three mutations than wild-type HDCA: rhMD2S120A with a KD value
of 2.33 � 10�7 M (Figure 5J), rhTLR4D294A with a KD value of
2.44 � 10�3 M (Figure 5K), and rhTLR4K362A with a KD value of
2.49 � 10�5 M (Figure 5L), demonstrating that HDCA may interact
with multiple amino acid residues of TLR4/MD2 complex, including
Ser120 of MD2 and Lys362, Asp294 of TLR4. Together, our results
demonstrate that HDCA disrupts LPS interaction with the TLR4/
MD2 complex and elucidate the possible mechanism of HDCA bind-
ing to the rhTLR4/MD2 protein pocket, suggesting HDCA as an
endogenous inhibitor of the TLR4 receptor.

TLR4 signaling is required for HDCA’s anti-inflammatory effects

in sepsis

TLR4 knockout (TLR4�/�) mice (Figure S13A) were used to further
confirm the underlying mechanisms that drive the anti-inflammatory
properties of HDCA. Given that TLR4 signaling is essential for the
maintenance of inflammation during sepsis,32 we first assessed the
inflammation levels in TLR4�/� mice subjected to CLP surgery.
Despite the lower level of inflammatory factors in TLR4�/� mice
than in wild-type mice, mRNA levels of inflammatory factors in
PLF and lung tissue revealed an enhanced pro-inflammatory response
in TLR4�/� septic mice compared with sham-operated TLR4�/�

mice (Figures S13B and S13C), indicating that TLR4-independent
signaling pathways also mediated the sepsis-associated pro-inflam-
matory response in TLR4�/� mice. Pathological evaluation revealed
more severe structural damage in the alveoli, accompanied by conges-
tion, collapse, and thickened alveolar wall in CLP-operated TLR4�/�

mice compared with sham-operated TLR4�/� mice. Meanwhile,
more F4/80+ macrophages and Ly6G+ neutrophils were detected in
the CLP group than in the sham group. However, the histopatholog-
ical damage and inflammatory cell infiltration was not relieved in the
HDCA-treated group compared with the CLP group (Figures 6A and
6B). In addition, the inflammatory cytokine levels in plasma, lung tis-
Figure 4. HDCA reduces macrophage pro-inflammatory response and inhibits

(A) Flow cytometry gating strategy for sorting PMs (F4/80+CD11b+) in PLF. (B) Pro-inflam

determined by qPCR (n = 7). (C) Pro-inflammatory factor mRNA levels in BMDMs after

flammatory factor mRNA levels in THP-1-dMs after LPS (500 ng/mL) stimulated for 6 h w

ERK, and P38 (P-P65, P-JNK, P-ERK, P-P38), and total P65, P38, ERK, and JNK in BM

immunoblotting analysis. (F) Protein expression of P-P65, P-JNK, P-ERK, and P-P38, an

15min with or without 20 mMHDCA by immunoblotting analysis. (G) Phosphorylated leve

normalized to total proteins in THP-1-dMs (n = 3). Representative results from two (B) or t

(unpaired two-tailed Student’s t test in B; one-way ANOVA with Bonferroni’s post hoc
sue, and PLF were not attenuated by HDCA treatment in TLR4�/�

septic mice (Figures 6C–6E). In vitro, the phosphorylation of
P-P65, P-JNK, P-ERK, and P-P38, or the expression of pro-inflamma-
tory cytokines, did not relieve the HDCA-treated TLR4�/� BMDMs
(Figure S14). Taken together, these data suggested that the protective
effect of HDCA against sepsis may be, at least in part, due to the
inhibition of the TLR4 signaling pathway.

DISCUSSION
In this study we confirmed HDCA as an endogenous TLR4 inhib-
itor, which inhibits systemic inflammation, reduces organ damage,
and prolongs survival time in septic mice. Mechanistically, HDCA
inhibits the formation of LPS/TLR4/MD2 ternary complexes and
blocks the activation of TLR4 downstream signaling pathways in
macrophages. Thus, our study provided evidence for the design
of effective treatment strategies to alleviate sepsis and broadened
our understanding of the host-gut microbiome relationship in
sepsis.

HDCA species include HDCA, taurohyodeoxycholic acid (THDCA),
and glycohyodeoxycholic acid (GHDCA). Compared with the serum/
plasma levels of THDCA and GHDCA (0%–1%), HDCA is more
abundant in mice and humans.33,34 Although the natural abundance
of HDCA is lower in human plasma than in rodents,34 pharmacolog-
ical levels of HDCA, if administered, would be achievable for a favor-
able therapeutic response. Moreover, the feature of the delayed release
of bile acids from the intestine into the blood circulatory system
through enterohepatic reabsorption might allow HDCA to achieve
prolonged effects on target cells. It is currently recognized that
HDCA is mainly generated from gut microbiota; however, the
biosynthesis of HDCA is different among mammalian species. In
rats, HDCA was derived from muricholic acid via a strain of Eubac-
terium (EMBL: AJ238611)25 or from lithocholic acid (LCA) by cyto-
chrome P450 3A4 (CYP3A4).35,36 Our study has supported the
notion that HDCA may be derived from Eubacterium, as we found
that the relative abundance of the taxa Eubacterium_R was positively
correlated with cecal HDCA levels, while supplementation of an
available strain of Eubacterium can significantly increase the level
of HDCA in feces. However, no species-level annotation could be as-
signed to EMBL: AJ238611 with the current genome annotation in
the microbial database. Therefore, further clarification of specific
HDCA-producing bacteria in mice relies on the development of an
enhanced functionally and taxonomically annotated bacterial
gene catalog. In humans, HDCA is presumably derived from
the TLR4 signaling pathway

matory factor mRNA levels in PMs (F4/80+CD11b+) at 12 h after CLP surgery were

LPS (100 ng/mL) stimulated for 6 h were determined by qPCR (n = 6). (D) Pro-in-

ere determined by qPCR (n = 6). (E) Protein expression of phosphorylated P65, JNK,

DMs after LPS (100 ng/mL) stimulation for 15 min with or without 20 mM HDCA by

d total P65, P38, ERK, and JNK in THP-1-dMs after LPS (500 ng/mL) stimulation for

ls were normalized to total proteins in BMDMs (n = 3). (H) Phosphorylated levels were

hree (C–H) independent experiments with similar results. *p < 0.05; ns, not significant

tests in C, D, G, and H; mean ± SEM).
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taurolithocholic acid and LCA through the CYP3A4-mediated
6a-hydroxylation pathway.37,38 It is not clear whether or not Eubac-
terium, the secondmost common bacterial genus found in the human
intestine (after the Bacteroides),39 is involved in the synthesis of
HDCA. Interestingly, the concentration of HDCA in mouse feces
was significantly increased after oral inoculation with E. limosum,
which was isolated from human intestine. This result suggests that
Eubacterium may also be a contributor to endogenous HDCA in hu-
mans. In addition, other reports indicated that the fecal levels of
HDCA in pigs are associated with Clostridium and Parabacteroides.40

However, this was not observed in our study, suggesting that the bac-
terial strains associated with HDCA levels may be heterogeneous in
different diseases and hosts. Currently, the reason for HDCA reduc-
tion in sepsis is not clear. We speculate that the reduction of HDCA in
sepsis may result from two aspects. (1) The lower levels of HDCA are
associated with lower relative abundances of gut microbes involved in
HDCA production. Our results from metagenomic sequencing anal-
ysis showed that the relative abundance of the genus Eubacterium,
which has been reported to be one of the gut microbiota that produces
HDCA in vitro, was remarkably decreased in the cecal content sam-
ples of septic mice (Figure 1H). (2) A loss of homeostasis of bile acid is
associated with sepsis, as LPS-mediated inflammation causes hepato-
cytes to degrade their transporters,41 thus leading to dysregulation of
secondary bile acid levels.

Tissue macrophages, as known, are highly plastic cells that can be
classified into two types: pro-inflammatory M1 macrophages and
anti-inflammatory M2 macrophages.42 To further clarify whether
the anti-inflammatory effect of HDCA is associated with M2, we
assessed the phenotype of PMs (F4/80+CD11b+) in CLP and
HDCA + CLP mice by quantifying the cell surface expression of
inducible nitric oxide synthase (M1 macrophage marker) and
CD206 (M2 macrophage marker) by flow cytometry. Figure S15
shows that HDCA treatment significantly reduced the M1 macro-
phage percentage, while a higher percentage of M2 macrophages
was evident in HDCA-treated mice compared with the CLP group.
In light of these findings, the anti-inflammatory effect of HDCA
may be associated with the promotion of macrophage polarization,
but how HDCA regulates macrophage polarization requires
further investigation.
Figure 5. Identification of TLR4/MD2 as the molecular target of HDCA

(A) BMDMs were incubated with 100 mg/mL FITC-LPS in the absence or presence of 1

after washing. The binding of FITC-LPS was expressed as mean fluorescence intens

the absence or presence of 20 mM HDCA for 30 min. The binding of FITC-LPS was a

as MFI (n = 5–6). (C) Dimerization of TLR4/MD2 was detected after being pre-treated

and THP-1-dMs transfected with FLAG-TLR4 and HA-MD2 plasmids. These cells w

antibody. Statistical data are from three independent experiments. (D) Dimerization o

followed by LPS stimulation for 30 min in BMDMs and THP-1-dMs transfected with FL

PAGE after immunoprecipitation with an anti-HA antibody. Statistical data are from th

80 mM) binding to the recombinant (E) rhTLR4/MD2 complex protein, (F) rhMD2 protei

MD2 complex. (I) Binding sites between HDCA and TLR4/MD2 complex. (J–L) SP

(J) rhMD2S120A protein, (K) rhTLR4D294A protein, and (L) rhTLR4K362A protein. The

Representative results from two (A and B) or three (C–G, J–L) independent experimen

in A–D; mean ± SEM).
As polymicrobial sepsis is expected to activate multiple TLR
signaling pathways in response to microbial infection, we further
tested whether HDCA has an anti-inflammatory effect on other
TLR agonists. We examined cytokine expression after treatment
with the specific TLR agonists for 6 h, including Cu-CPT22 (for
TLR1/2), FEL-1 (for TLR2/6), LPS (for TLR4), poly I:C (for
TLR3), R848 (for TLR7/8), and imiquimod (for TLR7). We found
that HDCA potently inhibited the expression of inflammatory cyto-
kines induced by TLR4 and TLR3 receptors, whereas this agent
showed a limited effect on the rest of the receptors (Figure S16).
In contrast to TLR4, TLR3 may contribute less to macrophage
inflammation, as evidenced by much less expression of cytokines;
therefore, TLR4 activation is still the main target of HDCA during
inflammation. However, future work may still focus on the modu-
lation between TLR3 and sepsis, and whether HDCA participates
in the regulatory process.

Our results have provided solid evidence that HDCA is a natural
TLR4 antagonist, which inhibits TLR4 activation and TRL4 down-
stream signaling by competitively binding to LPS in macrophages.
Excessive activation of TLR4 signaling is a distinct immunological
phenotype in immune disorders, including sepsis, drug addiction,
neuropathic pain, and autoimmune diseases.43–46 It appears that
the therapeutic potential of HDCA is associated with various TLR4
overactivated diseases. Studies on HDCA metabolism in humans
have shown that oral administration of HDCA exhibited insignificant
toxic transformation in the body.47 However, further studies with
additional pre-clinical models are needed to gain a more comprehen-
sive understanding of the effect of HDCA on inflammatory diseases.
Indeed, naturally occurring HDCA generally does not exert the most
effective anti-inflammatory activities.48 Thus, further structural
modification of HDCA to enhance its druggability may hold the po-
tential to generate anti-inflammatory agents more potent thanHDCA
itself.

Overall, our results have provided supporting evidence that HDCA as
a potential endogenous TLR4 inhibitor could protect against the
development of sepsis in the mouse model and has the potential to
be used as a treatment for sepsis as well as other inflammatory disor-
ders involving TLR4 signaling.
0 mM HDCA for 30 min. The binding of FITC-LPS was analyzed by flow cytometry

ity (MFI) (n = 6–10). (B) THP-1-dMs were incubated with 100 mg/mL FITC-LPS in

nalyzed by flow cytometry after washing. The binding of FITC-LPS was expressed

with or without HDCA for 1 h followed by LPS stimulation for 30 min in BMDMs

ere lysed and subjected to SDS-PAGE after immunoprecipitation with an anti-HA

f TLR4/TLR4 was assessed after being pre-treated with or without HDCA for 1 h

AG-TLR4 and HA-TLR4 plasmids. These cells were lysed and subjected to SDS-

ree independent experiments. (E–G) SPR analysis of HDCA (10, 20, 40, 60, and

n, and (G) rhTLR4 protein. (H) Molecular docking analysis of HDCA with the TLR4/

R analysis of HDCA (10, 20, 40, 60, and 80 mM) binding to the recombinant

gray curve represents the response curve of wild-type recombinant protein.

ts with similar results. *p < 0.05 (one-way ANOVA with Bonferroni’s post hoc tests
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MATERIALS AND METHODS
Human study

The Medical Ethics Committee of Southern Medical University
approved all experiments that were conducted on humans in accor-
dance with the Declaration of Helsinki, which is the ethical code
adopted by the World Medical Association (approval number
NFEC-2021-139). Prior to inclusion, all participants signed an
informed consent form. The inclusion criteria of sepsis were defined
as follows: (1) diagnosed within 24 h of intensive care unit admission
based on Sepsis 3.0 criteria;49 (2) aged 18–80 years. The exclusion
criteria were patients: (1) with pregnancy or perinatal complications;
(2) who received HDCA-containing drugs (e.g., bezoar); (3) with
missing laboratory or clinical data. After recruitment, all clinical fea-
tures of sepsis patients were recorded. We enrolled 47 sepsis patients
and 13 healthy control subjects matched for age and gender (clinical
indices are shown in Table S1).

Experimental animals

Male C57BL/6J wild-type mice and TLR4�/� mice at 6–8 weeks old
were purchased from GemPharmatech (Nanjing, China). All proced-
ures involving animals were approved by the Animal Care and Use
Committee of Southern Medical University (Guangzhou, China)
with approval number SMUL2021094. The severe polymicrobial
sepsis model was performed by CLP. After anesthetizing the mice,
the cecum was exposed through a midline incision. A through-and-
through puncture was made into the cecum using an 18-gauge needle
after it had been isolated and ligated with a 4-0 surgical suture. The
cecum was reset and sutured after a portion of cecal contents was
extruded. Sham-operated mice underwent laparotomy without liga-
tion and puncture. All mice were resuscitated with 1 mL of pre-
warmed normal saline. Mice were sacrificed 12 h after surgery to
examine systemic inflammation and organ damage, and survival
rate was recorded for 72 h. A 20 mg/kg dose of HDCA (Aladdin,
China) was administered to mice by oral gavage 2 h before the CLP
operation. Control mice received the equivalent volume of 0.5%
carboxymethylcellulose sodium (CMC-Na). The gut microbiota of
mice was depleted by administering an antibiotic cocktail
(100mg/kg vancomycin, 200mg/kg neomycin sulfate, metronidazole,
and ampicillin) intragastrically for 3 days. E. limosum was orally
administered to mice for 7 days before CLP, and its anti-inflamma-
tory effects and organ protection were evaluated at 12 h after surgery
to explore its role in polymicrobial sepsis.

Sorting, isolation, and culture of cells

Sorting of PMs (F4/80+CD11b+) was performed using the Beckman
CoulterMoFlo XDP after peritoneal cells were stained with antibodies
Figure 6. TLR4–/– abolished the protective effect of HDCA in septic mice

(A) Representative images of the left lung labeled with H&E staining, immunohistologica

staining of Ly6G in lung tissue sections (neutrophils, brown cell, third row). Scale bars, 5

stained cell numbers were calculated in 10 fields per slide at 400� magnification in lun

determined by ELISA (n = 5–9). (D) Pro-inflammatory factor mRNA levels in the lung tis

mRNA levels in PLF were determined by qPCR (n = 5–6). Representative results from thr

with Bonferroni’s post hoc tests; mean ± SEM).
against euro-405-CD11b (#48-0112-82, eBioscience, Invitrogen) and
PE-F4/80 (#12-4801-82, eBioscience, Invitrogen). BMDMs were iso-
lated from mouse tibia and femurs. Cells were matured in Dulbecco’s
modified Eagle’smedium containing 1%penicillin-streptomycin, 10%
fetal bovine serum (FBS), and 20 ng/mL macrophage colony stimu-
lating factor (#416-ML-050, R&D Systems, USA) for 7 days. THP-1
cells (ATCC TIB-202) were cultured in 1640 medium supplemented
with 1% penicillin and 10% FBS streptomycin and then differentiated
into macrophages (THP-1-dMs) by stimulation with phorbol
12-myristate 13-acetate (5 ng/mL, #S7791, Selleck, China) for 48 h.

Quantitative analysis of HDCA

A liquid chromatography-tandem mass spectrometry system (LC-
MS/MS) was used for quantitative analysis of HDCA. The cecal con-
tent sample was ground down to homogeneity by adding ultrapure
water proportionally (g/mL = 1:9) upon precise weighing.

The plasma sample was collected from the hepatic portal vein of mice.
Methanol (1:4, v/v) was used to precipitate proteins from 300 mL of
homogeneous cecal content or 100 mL of plasma. After centrifuging
at 13,000 rpm and 4�C for 15 min, the supernatant was collected
and dried with nitrogen. Insoluble impurities were removed after re-
suspension in 100 mL of methanol and centrifugation for 10 min at
13,000 rpm and 4�C. Analysis was conducted with a TSQ Vantage tri-
ple quadrupole mass spectrometer and Prelude SPLC system from
Thermo Fisher Scientific. A Hypersil Gold C18 column (1.9 mm,
100 mm � 2.1 mm) was used with isocratic elution (solvent compo-
sition: A solution, 5 mM ammonium acetate and 0.1% [v/v] formic
acid; B solution, methanol) as mobile phase. A temperature of 40�C
was set for the column. TraceFinder software (version 3.3 sp1,
Thermo Fisher Scientific, USA) was used for data acquisition and
processing.

Metagenomic sequencing analysis of mouse cecal contents

The cecal contents of the mice (n = 8 from sham-operated and n = 8
CLP surgery mice) were collected and sent to BGI-Shenzhen (China)
for metagenomic analysis. Genomic DNA from feces was extracted,
quantified, and checked for preparation of DNA libraries. Library
construction and DNA sequencing were performed on the
BGISEQ-500 platform as previously described.50 Data were cleaned
using SOAPnuke v.1.5.2,51 and high-quality reads were assembled
by Megahit software.52 Kraken253 was used for taxonomy annotation,
species abundance analysis, and comparison of metagenomic data be-
tween different samples. AWilcoxon rank-sum test was performed to
measure the diversity of the microbial alpha diversity, and the PERM-
ANOVA test was performed for beta diversity.
l staining of F4/80 (macrophages, brown cell, second row), and immunohistological

0 mm. (B) Histological score, F4/80-positive stained cell numbers, and Ly6G-positive

g tissue (n = 5–8). (C) The levels of TNF-a, IL-1b, and IL-6 in mouse plasma were

sue homogenates were determined by qPCR (n = 4–6). (E) Pro-inflammatory factor

ee independent experiments with similar results. ns, not significant (one-way ANOVA
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Single-cell RNA sequencing and data processing

PBMCs were isolated from the inferior vena cava of mice (sham,
CLP, and HDCA + CLP, n = 1) and performed according to the
manufacturer’s protocol (#P6340, Solarbio, China). The cell viability
of each sample exceeds 90%. The GemCode Single Cell platform
(10x Genomics) was used to determine the transcriptome of single
cells, and the operating procedure is based on standard manufac-
turer’s instructions as described previously.54 Transcriptome data
were demultiplexed and mapped to the mm39 transcriptome with
Cell Ranger Software Suite 5.0.1.55 The Seurat package 4.0.656 was
used for integration in R 4.0.3 after obtaining the expression matrix
for each sample. From this, all cells were removed that had more
than 5,000 or fewer than 200 expression genes, over 30,000 unique
molecular identifiers, over 15% derived from mitochondrial genes,
over 50% derived from the ribosome genome, or over 0.01% derived
from the hemoglobin genome. Doublet cell and cell-free mRNA
were also removed.57,58 A normalization function within the Seurat
package was used to normalize the expression matrices of the re-
maining 26,337 cells. With the default settings in the RunUMAP
function, the first five principal components were further summa-
rized using UMAP dimensionality reduction. With the help of
canonical marker genes, cell clusters within the resulting two-
dimensional representation were annotated to known biological
cell types. Different periods were extracted, and KEGG enrichment
analysis was performed using the cluster profile package 3.18.1.59

The GSVA package 1.42.060 was used to analyze the KEGG subset
of canonical pathways described in curated gene sets contained in
the molecular signature database.

Transcriptome analysis of mice peritoneal lavage

Peritoneal lavage solution frommice (n = 5 in sham, n = 5 in CLP, and
n = 5 in HDCA + CLP) was centrifuged at 1,000 rpm and 4�C for
10 min. The total RNA samples were extracted by the TRIzol method
for quantitative and quality inspection. Library preparation, establish-
ment, and sequencing were performed on the Illumina Novaseq 6000
platform (Novogene Bioinformatics Technology, Beijing, China).
Gene expression levels were obtained by aligning with the mm39
reference genome and further converted into trusted platform
module values for subsequent analysis. The average expression levels
of inflammatory factors and cytokines with different group character-
istics were extracted, and heatmaps were drawn and displayed using
the heatmap package 1.0.12.

Flow-cytometry analysis of LPS-binding assay

BMDMs or THP-1-dMs (1 � 106) were collected and co-incubated
with FITC-LPS (100 mg/mL, #F8666, Sigma, St. Louis, MO) with or
without HDCA (10 mM HDCA in BMDMs, 20 mM HDCA in
THP-1-dMs) for 30 min at room temperature. The cells were washed
three times to remove unbound FITC-LPS and resuspended in cell
staining buffer (#420201, BD, China) for analysis. The binding of
FITC-LPS was determined by flow cytometry using a FACSCalibur
apparatus (BD Bioscience, Bedford, MA, USA). The mean fluores-
cence intensity was analyzed using FlowJo software (v.10, Tree
Star, USA).
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SPR experiment

An SPR experiment was conducted to determine HDCA binding af-
finity to recombinant proteins, including rhTLR4 (#10146-H08B,
Sino Biological, China), rhMD2 (#MB16MY1221, Sino Biological),
rhTLR4D294A (#MF16JU2051, Sino Biological), rhTLR4K362A

(#MF16JU1442, Sino Biological), rhMD2S120A (#MB16MY2092,
Sino Biological), and TLR4/MD2 complex protein (#3146-TM-050,
R&D Systems, USA). Three microliters of 0.3 mg/mL recombinant
protein was immobilized on the protein chip and activated with
10 mM NiSO4. The different concentrations of HDCA (at 10, 20,
40, 60, and 80 mM) were diluted with Dulbecco’s PBS (DPBS) and
flowed in the mobile phases at a rate of 30 mm/min. The binding
signal was recorded by PlexArray HT specialized software (Plexera
Bioscience, USA). Data were analyzed using Origin 9.0 (OriginLab,
USA) and BIAevaluation 4.1.1.

Immunoprecipitation

Human and murine overexpression wild-type and mutant plasmids
were purchased from Gikai Gene (Genechem, Shanghai, China).
The Endotoxin-Free Plasmid Extraction Kit (#D6950-01B, Omega)
was used to extract the plasmid. After transfection for 48 h,
BMDMs and THP-1-dMs were pre-treated with HDCA for 1 h and
then stimulated with LPS for 30 min, or HDCA and LPS were co-in-
tubated for 30 min in a cell-culture chamber (10 mM HDCA and
100 ng/mL LPS in BMDMs, 20 mM HDCA and 500 ng/mL LPS in
THP-1-dMs). Immunoprecipitation was conducted following the
instructions of the Pierce Classic IP Kit (#26146, Thermo Fisher Sci-
entific). In brief, cells were washed once with DPBS to remove any
remaining residuals. Immunoprecipitation lysate was added to enable
cracking for 10 min and centrifuged at 12,000� g for 15 min. The cell
lysis supernatant was collected and incubated overnight with HA
antibody (1:100, #51064-2-AP, Proteintech, China) at 4�C. The
next day, the protein A/G beads were added to the supernatant and
incubated at room temperature for 1 h. After washing the beads
with cold lysis buffer three times, beads were resuspended in 1�
SDS sample buffer and boiled at 100�C for 5 min, followed by a
western blot assay.

Simulations of HDCA docking with TLR4/MD2

The docking server Schrodinger-Maestro (version 11.1) was used to
predict and assess interactions between the HDCA (structure
obtained from PubChem) and humanTLR4/MD2 complex (obtained
from the Protein Data Bank, PDB: 3FXI). The ligands and water
molecules that are not involved in docking were removed from the
protein structure, after which polar hydrogen atoms and charges
were added.61,62 Receptor grid generation was used to choose a grid
box that enclosed the whole LPS-binding site. Docking was conducted
when HDCA was docked into the grid box (LPS-binding site). Other
parameters were set as default during the docking. The docking
images and docking scores were exported to be evaluated.

Statistical analysis

Statistics and mapping were performed by GraphPad Prism 9. A two-
tailed, unpaired Student’s t test was used for determining the
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statistical difference between two groups, and one-way ANOVA with
Bonferroni’s multiple comparisons test was used for more than two
groups. The log-rank statistics were used to evaluate the survival
curves of septic mice. Spearman’s rank correlation test was used to
analyze the correlation. All experimental results are expressed as
mean ± standard error of mean (SEM). A p value of <0.05 is consid-
ered significant, and the statistical sample size (n) is listed in each
figure legend.
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