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Abstract

Objective and design An accumulating body of evidence has shown that gut microbiota is involved in regulating
inflammation; however, it remains undetermined if and how gut microbiota plays an important role in modulating
deep venous thrombosis (DVT), which is an inflammation-involved thrombotic event.

Subjects Mice under different treatments were used in this study.

Methods and treatment We induced stenosis DVT in mice by partially ligating the inferior vena cava. Mice were
treated with antibiotics, prebiotics, probiotics, or inflammatory reagents to modulate inflammatory states, and their
effects on the levels of circulating LPS and DVT were examined.

Results Antibiotic-treated mice or germ-free mice exhibited compromised DVT. Treatment of mice with either
prebiotics or probiotics effectively suppressed DVT, which was accompanied with the downregulation of circulating
LPS. Restoration of circulating LPS in these mice with a low dose of LPS was able to restore DVT. LPS-induced DVT
was blocked by a TLR4 antagonist. By performing proteomic analysis, we identified TSP1 as one of the downstream
effectors of circulating LPS in DVT.

Conclusion These results suggest that gut microbiota may play a nonnegligible role in modulating DVT by
leveraging the levels of LPS in circulation, thus shedding light on the development of gut microbiota-based strategies
for preventing and treating DVT.
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Introduction
Deep veinous thrombosis (DVT) and pulmonary embo-
lism are the two major manifestations of venous throm-
boembolism, collectively affecting 900,000 individuals
in the US annually and leading to approximately 300,000
deaths, with half of survivals still suffering from post-
thrombotic syndrome [1, 2]. DVT has been reported to
be significantly high in critically ill patients with a high
rate of recurrence [3, 4]. DVT has been ascribed to three
major risk factors, venous stasis/stenosis, vascular wall
injury, and hypercoagulability (Virchow’s Triad), but the
involvement of other factors is still under exploration.
Anticoagulation therapy is essential for treatment of
DVT, but it carries a high risk of bleeding [5-7]. There-
fore, prevention is the major focus for DVT, and there
is an urgent need to further our understanding of the
mechanistic regulation of DVT so that the development
of more specific and safer strategies can be facilitated.
Gut microbiota plays an important role in influenc-
ing the overall health of the host [8, 9]. The ecosystem of
gut microbiota is contingent on a variety of host factors,
and dysbiosis of gut microbiota may lead to subacute
or chronic inflammation, thus facilitating the develop-
ment of multiple diseases, including cardiovascular dis-
ease, inflammatory bowel disease, and diabetes [10].
The influence of gut microbiota on inflammation can
be modulated by leaking endotoxin lipopolysaccharides
(LPS), which are components in the outer membrane
of gram-negative bacteria, from the gut to circulation
across intestinal epithelium [11]. LPS prime and acti-
vate innate immune cells via binding to TLR4 expressed
on these cells, promoting the production of proinflam-
matory cytokines, such as TNF-a and IL-6 [12, 13]. LPS
can also act on endothelial cells and platelets via TLR4 to
facilitate the coagulation cascade [14, 15]. The leakage of
LPS is primarily prevented by the tight junction structure
of the intestinal epithelial barrier [11, 16], which can be
protected by gut commensal microbes [17, 18]. Normally,
gut commensal microbes greatly outnumber poten-
tial gram-negative pathogenic microbes to maintain a
healthy gut environment [19]. Therefore, the intestinal
barrier can be improved by either probiotics or prebi-
otics [20, 21]. In addition to endotoxins, some metabo-
lites from gut microbes are also involved in modulating
inflammation, such as trimethylamine N-oxide (TMAO).
TMADO is generated in the liver of the host by convert-
ing trimethylamine (TMA), a metabolite of gut microbes
when feeding with TMA-containing dietary nutrients
[22], which potentially advances leukocyte recruitment
and enhances platelet reactivity [23-25]. Hence, gut
microbiota can participate in the regulation of inflam-
mation via the translocation of endotoxin LPS and other
metabolites into circulation.
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Mechanistically, DVT has a feature that involves com-
munication between the inflammatory response and the
thrombotic reaction [26, 27], in which neutrophils and
monocytes cooperate with platelets to initiate coagu-
lation [28, 29]. Due to the important role of gut micro-
biota in inflammation, its influence on thrombosis has
been observed in recent years. Thus far, multiple lines
of research have established the connection between gut
microbiota and arterial thrombosis [25, 30-32]. Although
the involvement of gut microbiota in DVT has also been
indicated in literature [33, 34], the precise role and the
underlying mechanism remain unclear. In this study, we
have examined the intrinsic effect of gut microbiota on
the regulation of DVT in mice and disclosed a nonnegli-
gible role of gut microbiota in stenosis DVT by modulat-
ing the levels of LPS in circulation.

Materials and methods

Experimental mice

Specific pathogen-free (SPF) C57BL/6 mice were pur-
chased from Shanghai Legen Biotechnology (Shanghai,
China) and housed under SPF conditions. Germ-free
C57BL/6 mice were purchased from Cyagen Biosci-
ence (Suzhou, China). Germ-free mice that underwent
fecal microbiota transplantation (FMT) were housed
in heterochronic donor cages containing soiled bed-
ding and fecal pellets, and they received heterochronic
donor microbiota via oral gavage. All animal studies have
been approved by the Institutional Animal Care and Use
Committee.

Treatments of mice with antibiotics, prebiotics and
probiotics

Antibiotic administration C57BL/6 mice at six weeks
of age were randomly divided into two groups. The treat-
ment group was housed with access to drinking water
containing an antibiotic cocktail (ABX: 1 mg/ml ampicil-
lin sodium, 0.5 mg/ml vancomycin hydrochloride, 1 mg/
ml neomycin sulfate, and 1 mg/ml metronidazole) for
four weeks to eliminate intestinal bacteria, as previously
described [35-37]. The control group of mice was housed
with access to normal drinking water.

Prebiotic administration C57BL/6 mice at six weeks of
age were randomly divided into two groups. One group of
mice was treated with xylooligosaccharides (XOS, 20 mg/
kg body weight) by daily intragastric administration for
four weeks. The control group of mice was treated with
normal drinking water.

Probiotic administration C57BL/6 mice at six weeks of
age were randomly divided into two groups. One group
of mice was treated with a probiotic cocktail including
Bifidobacterium, Lactobacillus and Enterococcus (BLE,
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Shanghai Sine, 100 mg/kg body weight) by daily intragas-
tric administration for four weeks. The control group of
mice was treated with saline buffer.

Treatment of mice with inflammatory reagents

Treatment of mice with LPS and LPS-RS To test the
effect of LPS on DVT, C57BL/6 mice at 8 weeks of age
were treated with a low dose of LPS intravenously (Cat#
12880, Sigma-Aldrich; 50 ng/kg body weight) before the
IVC ligation procedure. Some mice were pretreated with
a TLR4 antagonist LPS-RS intravenously for three days
(Cat# 13,106-MM, Invivogen; 1 mg/kg body weight/day).
Mice in the control group were treated with sterile saline
buffer.

Treatment of mice with TSP1 protein Mice at eight
weeks of age were randomized into two groups. Mice in
the treatment group was intraperitoneally injected with
purified TSP1 protein (Cat# CU45, Novoprotein; 2.5 mg/
kg body weight) before the IVC ligation procedure. Mice
in the control group were injected with sterile saline
buffer.

Stenosis-induced DVT model

Mice were deeply anesthetized by continuous isoflurane-
oxygen inhalation. In brief, mice were placed in a trans-
parent induction chamber with a precision calibrated
vaporizer set to the inducing dose of isoflurane (5%).
The unconscious mice were then transferred to a warm
surgical surface equipped with a nose cone connected
to the vaporizer to maintain deep anesthesia at a dose of
isoflurane (2—3%), assessed by toe pinch withdrawal and
respiratory rate. A laparotomy was performed to expose
the inferior vena cava (IVC) after carefully separating it
from the surrounding tissues near the renal veins. The
IVC was ligated over a spacer using a 5.0 monofilament
polypropylene filament. Following ligation, the spacer
was carefully removed to avoid complete vessel occlu-
sion. Additionally, branches were either ligated or cauter-
ized. The peritoneum and skin were immediately closed
and sutured. At defined time points, mice were eutha-
nized, and the IVC tissues were collected for measure-
ment. Based on our preliminary studies, the prevalence
of DVT in the IVC of control C57BL/6 mice ranged from
10 to 30% after partial ligation for 6 h. The prevalence
increased to approximately 70~80% after partial ligation
for 24 h. Therefore, these two time points were chosen to
evaluate factors promoting or inhibiting DVT. All mice
were assigned unique numbers, and the IVC ligation pro-
cedure was performed in a blinded fashion.

Collection and analysis of blood samples
Plasma preparation Blood samples was collected from
the facial vein using tubes containing either EDTA or
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heparin as anticoagulants. The collected whole blood
was centrifuged at 1,200 g for 10 min to obtain plasma
samples.

Endotoxin measurement The concentration of endo-
toxin in plasma was measured using the Limulus Amebo-
cyte Lysate (LAL) assay with using a commercial kit (Cat#
EC32545S, Xiamen Hou Reagents, China).

Quantification of TMAQ Serum samples were prepared
precipitating proteins using a solvent mixture of acetoni-
trile and water (7:3) followed by sonication for 15 min.
After centrifugation, the supernatants were transferred to
new polypropylene tubes for analysis. The quantification
of TMAO was performed using LC-MS/MS with a UPLC
system (Waters) coupled to a QTRAP6500 mass spec-
trometer (SCIEX, USA). A Waters BEH HILIC chromato-
graphic column (100 mm X 2.1 mm, 1.7 um) was used, and
the ion source was ESI, operating in positive ion mode.
The obtained results were analyzed using MultiQuant™
3.0.2 Software.

Plasma proteome analysis Quantitative proteomic
analysis was performed using the iTRAQ (isobaric Tags
for Relative and Absolute Quantitation) technology. High
abundant proteins in plasma samples were first immu-
nodepleted. Solution IEF (Isoelectric Focusing) was
employed as a second fractionation step to reduce the
complexity of plasma proteome. Following quantifica-
tion, 100 pg of protein sample was subjected to trypsin
proteolysis, and the resulting peptides were labeled using
the iTRAQ Reagent 8-plex kit (Applied Biosystems). Frac-
tionation of the labeled peptide mixture was achieved by
SCX (strong cation exchange) chromatography with an
LC-20AB HPLC pump system (Shimadzu, Kyoto, Japan).
Each fraction was reconstituted in phase A (2% aceto-
nitrile and 0.1% formic acid), centrifuged, and the pep-
tides in supernatant were isolated using an UltiMate 3000
UHPLC (Thermo Fisher Scientific, San Jose, CA). The
isolated peptides were ionized by nanoESI source and
analyzed by a benchtop orbitrap Q-Exactive™ HF-X mass
spectrometer (Thermo Fisher Scientific, San Jose, CA)
coupled online to the UHPLC. Raw data files acquired
from the Q Exactive instrument were converted into MGF
(Mascot Generic File) format using Proteome Discoverer
version 1.4 (Thermo) and the MGF files were searched
against mouse protein sequences from the UniProt data-
base using Mascot 2.3.02 (Matrix Science). The precursor
mass tolerance was set at 10 ppm, and the product ion
tolerance was set at 0.05 Da. False discovery rates (FDRs)
were obtained using Percolator, and only identification
with a g-value equal to or less than 0.01 were considered.
Protein quantification was based on unique peptides. The
iTRAQ quantitation was processed using the software
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IQuant [38]. The upregulated and the downregulated
proteins in the LPS-treated and XOS-treated samples,
compared to their respective controls, were identified.
Proteins with ratios>1.20 or <0.83, and a P-value<0.05,
were considered as statistically significant.

16 S rRNA gene sequencing and data analysis

For the analysis of gut microbiota, 16s rRNA gene
sequencing was performed. The genomic DNA was
extracted from the fecal samples using the QIAamp Pow-
erFecal Pro DNA Kit (Qiagen, USA). The V3-V4 region
of the 16S rRNA gene was amplified using the primers
338-F (5- CCTACGGGNGGCWGCAG-3’) and 806-R
(5- GACTACHVGGGTATCTAATCC-3) with Trans-
Start Fastpfu DNA Polymerase (TransGen, Beijing,
China) for 20 cycles. The amplicons were purified using
the QIAquick PCR Purification Kit (Qiagen) and pooled
at equal concentrations. The pooled amplicons were then
subjected to sequencing on an Illumina MiSeq instru-
ment (Illumina, San Diego, CA, USA) using a 2x300
cycle run. Quality filtering and clustering to the opera-
tional taxonomic units (OTUs) at a 97% similarity level
of the 16 S rRNA gene sequences were carried out using
Mothur software (version 1.41.1). The classification of
rRNA gene sequences was performed using the SILVA
SSU Ref database (v132, 99%). Based on the classifica-
tion information of samples (phylum), a heatmap of fecal
microbiota from mice and the clustering relationship of
the samples were constructed. The linear discriminant
analysis (LDA) effect size (LEfSe) method was utilized
to identify bacterial taxa that were significantly different
enriched in each group, with an LDA score>2.5. Alpha
diversity was statistically analyzed using one-way analysis
variance (ANOVA).

Histological study

Freshly collected intestinal tissues were fixed with 4%
PFA and subjected to standard histological process,
including embedding them in paraffin and obtaining
3 um sections. For IHC staining, the tissue sections were
stained with an anti-occludin antibody (Cat# GB111401,
Servicebio, Wuhan) or an anti-ZO-1 antibody (Cat#
GB11195, Servicebio, Wuhan) after antigen retrieval.
The ITHC images were taken under a microscope (Nikon
E100), and the IHC staining intensity were further quan-
tified based on optical density.

Western blotting

Extracted proteins were quantified using a BCA Protein
Assay kit (Cat# 23,227, Thermo Fisher Scientific), and the
samples were loaded onto SDS-PAGE using 4-20% gra-
dient gels (Cat# M00656, GenScript Biotech), followed
by transfer to a PVDF membrane (Cat# ISEQO00010,
Merck Millipore). After the transfer, the membrane was
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blocked with QuickBlock™ Western Blocking Buffer
(Cat# P0252, Beyotime Biotech) for 1 h at room tem-
perature and then used for immunoblotting. Antibodies
used in study included an anti-occludin antibody (Cat#
ab167161, Abcam), an anti-ZO-1 antibody (Cat# 21773-
1-AP, Proteintech), and an anti-B-actin antibody (Cat#
66009-1-1 g, Proteintech), an anti-TSP1 antibody (Cat#
sc-59,887, Santa Cruz Biotechnology), and an anti-trans-
ferrin antibody (Cat# ab278498, Abcam).

Statistical analysis

Results are expressed as means+SD. P values were cal-
culated using the two-tailed Student’s ¢ test. One-way
ANOVA with post hoc tests was performed for multiple
comparisons. A probability level of p<0.05 was consid-
ered statistically significant.

Results

ABX treatment or germ depletion effectively suppresses
DVT in mice

To investigate the contribution of gut microbiota to the
development of DVT in mice, we treated mice with a
broad-spectrum ABX cocktail to deplete the gut micro-
biota, as previously described [36]. Following the treat-
ment, a general reduction in the relative abundance of a
cluster of phyla in the feces of the ABX-treated mice was
observed (Fig. 1, A and B). DVT was induced in both the
ABX-treated mice and control mice by partially ligating
the IVC, as we previously described [29]. Interestingly,
we found that DVT was significantly suppressed in the
ABX-treated mice compared to the untreated control
mice (Fig. 1, C-E), indicating the potential involvement
of gut microbes in facilitating stenosis-induced DVT.
Furthermore, we utilized germ-free mice and observed
that DVT was also suppressed in these mice compared
to germ-free mice after fecal microbiota transplantation
(FMT) (Fig. 1, F-H), providing further evidence that gut
microbiota may play a role in promoting DVT.

Prebiotic or probiotic treatment suppresses DVT in mice

Commensal microbes play an essential role in maintain-
ing a diverse ecosystem of gut microbiota by suppressing
pathogenic microbes [19]. The health of the gut microbi-
ota can be nurtured by use of prebiotics or probiotics [20,
21]. XOS are known prebiotics to promote the growth
of beneficial commensal bacteria, such as Bifidobacte-
rium, in the gut and enhance the gut barrier function
[39, 40]. As expected, we observed a significant increase
in the abundance of Bifidobacterium in mice fed with
XOS (Fig. 2A). Importantly, we found that feeding mice
with XOS significantly suppressed DVT (Fig. 2, B-D).
Additionally, when we directly fed mice with probiotics
containing Bifidobacterium, Lactobacillus and Entero-
coccus, we also observed a suppression of DVT (Fig. 2,
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Fig. 1 Germ depletion in mice suppresses DVT. (A) The heatmap shows the fecal microbiome of control (CON) and antibiotic (ABX)-treated mice based
on 16 S rRNA gene sequencing data (n=8). (B) Rarefaction curves were calculated at the 97% similarity level with 16 S rRNA gene sequencing data from
the microbiota of CON and ABX-treated mice. (C-E) Partial ligation of the inferior vena cava (IVC) was performed on CON (n=8) and ABX-treated mice
(n=8) to induce DVT. After 24 h of ligation, the IVC tissues were harvested, and the formed thrombi were quantified and imaged. (F-H) Partial ligation of
the inferior vena cava (IVC) was performed to induced DVT in germ-free mice (GF, n=8) or GF mice with restored gut microbiota by FMT (GF-FMT, n=8).
After 24 h of ligation, the IVC tissues were harvested, and the formed thrombi were quantified and imaged. Data are shown as mean+SD. (*, p < 0.05; *¥,

p<0.07)

E-QG). These results indicate that enrichment of commen-
sal bacteria through use of either prebiotics or probiot-
ics can efficiently reduce the risk of DVT. Taken together
with the findings from ABX-treated or germ-free mice,
these observations suggest that an imbalance in patho-
genic microbes in the gut may contribute to the promo-
tion of DVT in mice.

Circulating LPS derived from gut microbiota plays an
important role in leveraging DVT in mice

To explore the possible mechanism involved, we exam-
ined whether treatment of mice with prebiotics or pro-
biotics affects the levels of circulating LPS and TMAO in
circulation since these are known inflammatory factors
originated from the gut microbiota. Since the gut bar-
rier provides a physical and functional barrier against
the transport of LPS from the gut to circulation, we first
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Fig. 2 Treatment of mice with prebiotics or probiotics suppresses DVT. (A) The alteration of fecal microbiome was analyzed between control (CON)
and XOS-treated mice. The bar graph shows the LDA scores, with green bars indicating genus enriched in the XOS group and red bars indicating genus
enriched in the CON group. (B-D) The partial IVC ligation procedure was performed after feeding mice with xylooligosaccharides (XOS, n=8) for 4 weeks.
After 24 h, the IVC tissues were harvested, and the formed thrombi were quantified and imaged, and the results were compared to those formed in CON
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examined the expression levels of intestinal tight junction
proteins, including occludin and ZO-1, in the intestinal
epithelium. We observed that treating with either XOS
(Fig. 3, A-C) or BLE (Fig. 3, D-F) significantly enhanced
the expression levels of these tight junction proteins.
Consistently, both treatments resulted in reduced levels
of LPS in circulation (Fig. 3, G and I). Interestingly, treat-
ment of mice with XOS led to decreased levels TMAO,

11). (E- G)The partial IVC ligation procedure was performed on mice treated with a probiotic cocktail including Bifidobacterium, Lactobacillus and
11), or saline buffer as CON (n=13) for 4 weeks. After 24 h, the formed thrombi in the IVC tissues of these mice were quantified and

while treatment with BLE unexpectedly increased the
levels of TMAO (Fig. 3, H and J). These findings suggest
that LPS in circulation derived from the gut microbiota
may play a more potent role in affecting DVT compared
to TMAO. To verify the importance of LPS in DVT, we
restored the levels of circulating LPS in XOS-treated
mice to similar levels as as untreated control mice by
injecting a low dose of LPS (50 ng/kg) (Fig. 3, G and
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K). We found that stenosis-induced DVT was restored
in these mice (XOS+LPS) (Figs. 2 and B-D and 3 and
L-N). Similarly, elevating the levels of circulating LPS in
BLE-treated mice also restored DVT (data not shown).
Collectively, these results demonstrate that the levels of
circulating LPS derived from the gut may play an impor-
tant role in exacerbating DVT in mice.

LPS promotes DVT via TLR4

As is known, LPS can initiate potential inflammatory
responses by binding to TLR4 on innate immune cells
[41, 42]. To further test the involvement of LPS-TLR4
signaling in DVT, we treated mice with a low dose of LPS
(50 ng/kg) in the presence or absence of LPS-RS, a potent
TLR4 antagonist [43]. We observed that treatment
of mice with LPS significantly enhanced DVT, while
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pretreatment of mice with the TLR4 antagonist LPS-RS
completely blocked the enhancement of LPS-induced
DVT (Fig. 4, A-C). These findings suggest that LPS pro-
motes DVT through the LPS-TLR4 signaling pathway.

Identification the downstream effectors of LPS in DVT

To identify possible downstream effectors of circulat-
ing LPS in DVT, iTRAQ quantification proteomics was
employed to examine altered plasma proteins in LPS-
treated mice. We discovered that 198 proteins were
upregulated, while 67 proteins were downregulated in
the plasma of LPS-treated mice compared to the con-
trols. Additionally, we examined altered proteins in the
plasma of XOS-treated mice, as they exhibited the oppo-
site effect on DVT. In XOS-treated mice, we observed
that 175 proteins were upregulated, and 171 proteins
were downregulated compared to the controls. To nar-
row down the effector candidates, we focused on plasma
proteins with opposite alterations between LPS-treated
mice and XOS-treated mice. As a result, we identified 15
proteins that were upregulated after LPS treatment and
downregulated after XOS treatment, and 3 proteins that
were reversely altered in these mice (Fig. 5, A-C).

Of particular interest, TSP1 was one of the plasma pro-
teins found to be upregulated in LPS-treated mice and
downregulated in XOS-treated mice (Fig. 5C). TSP1 is a
major component of platelet a-granules and is secreted
upon platelet activation, potentially playing a role in pro-
moting hemostasis [44—46]. It is also highly expressed
in myeloid lineage cells and functions in innate immu-
nity in conjunction with its ligand CD47 [47, 48]. In this
study, we focused on TSP1 and examined its potential
role in DVT, which has not been previously investigated.
Western blotting analysis confirmed its upregulation in
the plasma of LPS-treated mice and its downregulation
in XOS-treated mice (Fig. 5, D and E). Importantly, the
upregulation of TSP1 induced by LPS was blocked by the
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TLR4 antagonist LPS-RS (Fig. 5D), suggesting that LPS-
induced upregulation of TSP1 in circulation is medi-
ated by the LPS-TLR4 signaling pathway. Furthermore,
treatment of mice with purified TSP1 protein promoted
DVT (Fig. 5, F-H). These results indicate that TSP1 may
serve as an effective downstream effector of LPS in pro-
moting stenosis-induced DVT in mice. However, we
also observed that Serpine2 (GDN), a known anticoagu-
lant protein [49], exhibited similar regulation to TSP in
these mice (Fig. 5, A-C). This suggests that the role of
circulating LPS in modulating DVT could be balanced by
multiple downstream effectors in plasma, and their inte-
grated effect may ultimately determine the status of DVT.
Therefore, it is intriguing to investigate the involvement
of these altered proteins and their collaborative role in
regulating DVT in future studies.

Discussion

In this study, we have demonstrated the involvement
of gut microbiota in the regulation of stenosis-induced
DVT. Firstly, we observed that DVT was suppressed in
mice treated with a broad-spectrum ABX or in germ-
free mice. Secondly, treatment of mice with prebiotics or
probiotics, which are effective in enhancing commensal
bacteria in the gut, resulted in a compromised ability to
develop DVT. These findings suggest that pathogenic
bacteria in the gut microbiota may act as promoters of
DVT. It is known that gut microbiota can modulate sys-
temic inflammation by altering the levels of circulating
LPS and TMAO. Importantly, application of prebiotics
or probiotics efficiently reduced the levels of circulating
LPS in mice. Additionally, restoring the circulating LPS
levels in these mice by injecting LPS reinstated the ability
to develop DVT. These findings imply that the levels of
circulating LPS derived from the gut microbiota may play
a role in modulating stenosis-induced DVT. It is worth
noting that a very low dose of LPS (50 ng/kg) was used
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Fig. 4 Elevation of circulating LPS in mice promotes DVT via binding to TLR4. (A-C) Mice were treated with a low dose of LPS (50 ng/ml) with or without
pretreatment of a TLR4 antagonist. Untreated mice served as controls (CON). The partial IVC ligation assay was performed on these mice. After 6 h, the
IVC tissues were collected, and the formed thrombi in the IVC were quantified and imaged (n=10). Data are shown as mean +SD. (¥, p <0.05; **, p <0.01)
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Fig. 5 Identification of protein downstream effectors of LPS in plasma for DVT in mice. Quantitative proteomics was performed to quantify plasma
proteins in LPS-treated and XOS-treated mice, and their controls (CON). (A & B) Volcano plots illustrate the upregulated (red dots) and downregulated
(green dots) proteins in LPS-treated and XOS-treated samples when compared to their controls. (C) The plasma proteins that were reversely regulated in
LPS-treated and XOS-treated groups are listed. (D & E) Western blotting was conducted to compare TSP1 levels in the plasma of treated mice and their
controls. (F-H) Mice were intravenously injected with either TSP1 or saline buffer (CON), followed by the partial IVC ligation for 6 h. The IVC tissues were
collected and the formed thrombi in the IVC were quantified and imaged (n=10). Data are shown as mean+SD. (**, p<0.01)

to retore the circulating LPS levels to those observed in
untreated mice, which is significantly less than previously
reported sublethal dose (2 mg/kg) [50]. We believe that
these findings are important because they suggest that
downregulating circulating LPS by maintaining a healthy

gut microbiota ecosystem may help reduce the risk of
DVT. In addition to LPS, other pathogen-associated
molecular patterns from the gut microbiota may also
participate in the regulation of DVT. For instance, it has
been reported that peptidoglycan translocated from the
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gut to circulation has the potential to promote platelet
aggregation, prime systemic innate immunity, and induce
disseminated intravascular coagulation [51-53].

Surprisingly, we observed a reduction of circulating
TMAO only in mice treated with prebiotics (XOS), but
not those treated with probiotics (BLE), despite both
treatments leading to a reduction of circulating LPS and
the suppression of DVT. These observations suggest the
anti-DVT effect of prebiotics or probiotics may be asso-
ciated with multiple factors derived from the gut micro-
biota, among which LPS may be a potent one.

Innate immune cells, platelets, and local vascular endo-
thelial cells are all involved in initiation and progression
of DVT [28, 54]. Since a TLR4 antagonist effectively
blocks LPS-induced DVT, it is likely that the promoting
effect of LPS on DVT occurs through binding to TLR4
on these cells and triggering downstream inflammatory
responses [12—15, 55]. To further explore possible down-
stream effectors of circulating LPS in DVT, we conducted
proteomic analysis to examine altered plasma proteins
in mice after LPS treatment. Additionally, we included
XOS-treated samples in the analysis since XOS treatment
showed an opposite effect on DVT. Our results revealed
that TSP1 is among the plasma proteins upregulated by
LPS treatment and downregulated by XOS treatment.
Importantly, we demonstrated that TSP1 has the ability
to promote DV, suggesting that it may serve as one of
the downstream effectors of LPS in inducing DVT. Previ-
ous studies have reported that TSP1 released by platelets
is required for hemostasis by binding to CD36 on plate-
lets [45]. TSP1 also plays a role in innate immunity by
interacting with its ligand CD47 on myeloid lineage cells
and endothelial cells [47, 48, 56, 57]. Therefore, it would
be interesting to further explore how TSP1, along with
the other altered proteins, contribute to the modulation
of DVT in future studies.

Authors’ contributions

CL,YZ,HG,Z2Z,YZ,ZX and ZX. performed the research and reviewed
the manuscript; C.Z. provided reagent and reviewed the manuscript; H.Z.
performed the research, analyzed the data, and reviewed the manuscript;
Y.QM. designed the experiments, analyzed the data, and wrote the
manuscript. All authors approved the manuscript.

Funding
This work was supported by grants from the National Institutes of Health
(HL160861) and the National Natural Science Foundation of China (31770967).

Data availability

The data supporting the findings of this study are available within the article
and its supplementary materials.

Declarations

Competing interests
The authors declare no competing interests.

Ethical approval
All animal studies have been approved by the IACUC.

Page 10 of 11

Received: 28 March 2023 / Accepted: 15 June 2023
Published online: 29 June 2023

References

1. Raskob GE, Silverstein R, Bratzler DW, Heit JA, White RH. Surveillance for
deep vein thrombosis and pulmonary embolism: recommendations from a
national workshop. AmJPrevMed. 2010;38:502-S509.

2. Beckman MG, Hooper WC, Critchley SE, Ortel TL. Venous thromboembolism:
a public health concern. Am J Prev Med. 2010;38:495-501.

3. Malato A, Dentali F, Siragusa S, Fabbiano F, Kagoma'Y, Boddi M, et al. The
impact of deep vein thrombosis in critically ill patients: a meta-analysis of
major clinical outcomes. Blood Transfus. 2015;13:559-68.

4. Heit JA, Mohr DN, Silverstein MD, Petterson TM, O'Fallon WM, Melton LJ 3.
Predictors of recurrence after deep vein thrombosis and pulmonary embo-
lism: a population-based cohort study. Arch Intern Med. 2000;160:761-8.

5. Kittelson JM, Spyropoulos AC, Halperin JL, Kessler CM, Schulman S, Steg G, et
al. Balancing risk and benefit in venous thromboembolism trials: concept for
a bivariate endpoint trial design and analytic approach. J Thromb Haemost.
2013;11:1443-8.

6. Goldhaber SZ, Bounameaux H. Pulmonary embolism and deep vein throm-
bosis. Lancet. 2012;379:1835-46.

7. Nieto JA, Solano R, Ruiz-Ribo MD, Ruiz-Gimenez N, Prandoni P, Kearon C,
et al. Fatal bleeding in patients receiving anticoagulant therapy for venous
thromboembolism: findings from the RIETE registry. J Thromb Haemost.
2010;8:1216-22.

8. FanY, Pedersen O. Gut microbiota in human metabolic health and disease.
Nat Rev Microbiol. 2021;19:55-71.

9. Durack J, Lynch SV.The gut microbiome: Relationships with disease and
opportunities for therapy. J Exp Med. 2019;216:20-40.

10. Hakansson A, Molin G. Gut microbiota and inflammation. Nutrients.
2011;3:637-82.

11. Ghosh SS, Wang J, Yannie PJ, Ghosh S. Intestinal barrier dysfunction, LPS
translocation, and Disease Development. J Endocr Soc. 2020;4:bvz039.

12. Janssen AW, Kersten S. Potential mediators linking gut bacteria to metabolic
health: a critical view. J Physiol. 2017,595:477-87.

13.  Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol.
2004;4:499-511.

14.  Carnevale R, Raparelli V, Nocella C, Bartimoccia S, Novo M, Severino A, et al.
Gut-derived endotoxin stimulates factor VIl secretion from endothelial cells.
Implications for hypercoagulability in cirrhosis. J Hepatol. 2017,67:950-6.

15.  Zhang G, Han J, Welch EJ, Ye RD, Voyno-Yasenetskaya TA, Malik AB, et al.
Lipopolysaccharide stimulates platelet secretion and potentiates platelet
aggregation via TLR4/MyD88 and the cGMP-dependent protein kinase
pathway. J Immunol. 2009;182:7997-8004.

16.  Marchiando AM, Graham WV, Turner JR. Epithelial barriers in homeostasis and
disease. Annu Rev Pathol. 2010;5:119-44.

17. Rose EC, Odle J, Blikslager AT, Ziegler AL. Probiotics, Prebiotics and epithelial
tight Junctions: a Promising Approach to modulate intestinal barrier func-
tion. Int J Mol Sci 2021; 22.

18. Hayes CL, Dong J, Galipeau HJ, Jury J, McCarville J, Huang X, et al. Commensal
microbiota induces colonic barrier structure and functions that contribute to
homeostasis. Sci Rep. 2018,8:14184.

19.  Fouhy F, Ross RP, Fitzgerald GF, Stanton C, Cotter PD. Composition of the
early intestinal microbiota: knowledge, knowledge gaps and the use of high-
throughput sequencing to address these gaps. Gut Microbes. 2012,3:203-20.

20.  Bergmann KR, Liu SX, Tian R, Kushnir A, Turner JR, Li HL, et al. Bifidobacteria
stabilize claudins at tight junctions and prevent intestinal barrier dysfunction
in mouse necrotizing enterocolitis. Am J Pathol. 2013;182:1595-606.

21. ChenQ RenY,LuJ, Bartlett M, Chen L, Zhang Y et al. A novel prebiotic blend
product prevents irritable bowel syndrome in mice by improving gut micro-
biota and modulating Immune Response. Nutrients 2017; 9.

22. Wang Z Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, et al. Gut flora
metabolism of phosphatidylcholine promotes cardiovascular disease. Nature.
2011,472:57-63.

23. Seldin MM, Meng Y, Qi H, Zhu W, Wang Z, Hazen SL et al. Trimethylamine
N-Oxide promotes vascular inflammation through signaling of Mitogen-
Activated protein kinase and nuclear factor-kappab. J Am Heart Assoc 2016;
5.



Liu et al. Thrombosis Journal

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2023) 21:71

Rohrmann S, Linseisen J, Allenspach M, von Eckardstein A, Muller D. Plasma
concentrations of Trimethylamine-N-oxide are directly Associated with dairy
food consumption and Low-Grade inflammation in a german Adult Popula-
tion. J Nutr. 2016;146:283-9.

Zhu W, Gregory JC, Org E, Buffa JA, Gupta N, Wang Z, et al. Gut Microbial
Metabolite TMAO enhances platelet hyperreactivity and thrombosis risk. Cell.
2016;165:111-24.

Engelmann B, Massberg S. Thrombosis as an intravascular effector of innate
immunity. Nat Rev Immunol. 2013;13:34-45.

Stark K, Massberg S. Interplay between inflammation and thrombosis in
cardiovascular pathology. Nat Rev Cardiol. 2021;18:666-82.

von Bruhl ML, Stark K, Steinhart A, Chandraratne S, Konrad |, Lorenz M, et al.
Monocytes, neutrophils, and platelets cooperate to initiate and propagate
venous thrombosis in mice in vivo. J Exp Med. 2012;209:819-35.

YanY, Yang H, Hu X, Zhang Z, Ge S, Xu Z, et al. Kindlin-3 in platelets and
myeloid cells differentially regulates deep vein thrombosis in mice. Aging.
2019;11:6951-9.

Jackel S, Kiouptsi K, Lillich M, Hendrikx T, Khandagale A, Kollar B, et al. Gut
microbiota regulate hepatic von Willebrand factor synthesis and arterial
thrombus formation via toll-like receptor-2. Blood. 2017;130:542-53.
Witkowski M, Witkowski M, Friebel J, Buffa JA, Li XS, Wang Z, et al. Vascular
endothelial tissue factor contributes to trimethylamine N-oxide-enhanced
arterial thrombosis. Cardiovasc Res. 2022;118:2367-84.

Roberts AB, Gu X, Buffa JA, Hurd AG, Wang Z, Zhu W, et al. Development of a
gut microbe-targeted nonlethal therapeutic to inhibit thrombosis potential.
Nat Med. 2018;24:1407-17.

Hasan RA, Koh AY, Zia A. The gut microbiome and thromboembolism.
Thromb Res. 2020;189:77-87.

Yang M, Luo P, Zhang F, Xu K, Feng R, Xu P. Large-scale correlation analysis

of deep venous thrombosis and gut microbiota. Front Cardiovasc Med.
2022;9:1025918.

Seki E, De Minicis S, Osterreicher CH, Kluwe J, Osawa Y, Brenner DA, et al. TLR4
enhances TGF-beta signaling and hepatic fibrosis. Nat Med. 2007;13:1324-32.
Ge X, Ding C, Zhao W, Xu L, Tian H, Gong J, et al. Antibiotics-induced deple-
tion of mice microbiota induces changes in host serotonin biosynthesis and
intestinal motility. J Transl Med. 2017;15:13.

Reikvam DH, Erofeev A, Sandvik A, Grcic V, Jahnsen FL, Gaustad P, et al. Deple-
tion of murine intestinal microbiota: effects on gut mucosa and epithelial
gene expression. PLoS ONE. 2011;6:217996.

Wen B, Zhou R, Feng Q, Wang Q, Wang J, Liu S. IQuant: an automated
pipeline for quantitative proteomics based upon isobaric tags. Proteomics.
2014;14:2280-5.

Hsu CK, Liao JW, Chung YC, Hsieh CP, Chan YC. Xylooligosaccharides and fruc-
tooligosaccharides affect the intestinal microbiota and precancerous colonic
lesion development in rats. J Nutr. 2004;134:1523-8.

Tang S, ChenY, Deng F, Yan X, Zhong R, Meng Q, et al. Xylooligosaccharide-
mediated gut microbiota enhances gut barrier and modulates gut immunity
associated with alterations of biological processes in a pig model. Carbohydr
Polym. 2022;294:119776.

Park BS, Lee JO. Recognition of lipopolysaccharide pattern by TLR4 com-
plexes. Exp Mol Med. 2013;45:e66.

Vaure C, Liu Y. A comparative review of toll-like receptor 4 expression and
functionality in different animal species. Front Immunol. 2014;5:316.

43.

44,

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

Page 11 of 11

Coats SR, Pham TT, Bainbridge BW, Reife RA, Darveau RP. MD-2 mediates the
ability of tetra-acylated and penta-acylated lipopolysaccharides to antago-
nize Escherichia coli lipopolysaccharide at the TLR4 signaling complex. J
Immunol. 2005;175:4490-8.

Herken K, Glauner M, Robert SC, Maas M, Zippel S, Nowak-Gottl U et al. Age-
dependent control of collagen-dependent platelet responses by Throm-
bospondin-1-Comparative analysis of platelets from neonates, children,
adolescents, and adults. Int J Mol Sci 2021; 22.

Aburima A, Berger M, Spurgeon BEJ, Webb BA, Wraith KS, Febbraio M, et al.
Thrombospondin-1 promotes hemostasis through modulation of cAMP
signaling in blood platelets. Blood. 2021;137:678-89.

Baenziger NL, Brodie GN, Majerus PW. Isolation and properties of a thrombin-
sensitive protein of human platelets. J Biol Chem. 1972;247:2723-31.

Brown EJ, Frazier WA. Integrin-associated protein (CD47) and its ligands.
Trends Cell Biol. 2001;11:130-5.

Seiffert M, Cant C, Chen Z, Rappold |, Brugger W, Kanz L, et al. Human signal-
regulatory protein is expressed on normal, but not on subsets of leukemic
myeloid cells and mediates cellular adhesion involving its counterreceptor
CD47. Blood. 1999;94:3633-43.

BoulaftaliY, Adam F, Venisse L, Ollivier V, Richard B, Taieb S, et al. Antico-
agulant and antithrombotic properties of platelet protease nexin-1. Blood.
2010;115:97-106.

Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, et al. Histone hypercitrullination
mediates chromatin decondensation and neutrophil extracellular trap forma-
tion. J Cell Biol. 2009;184:205-13.

Clarke TB, Davis KM, Lysenko ES, Zhou AY, YuY, Weiser JN. Recognition of
peptidoglycan from the microbiota by Nod1 enhances systemic innate
immunity. Nat Med. 2010;16:228-31.

Kessler CM, Nussbaum E, Tuazon CU. Disseminated intravascular coagula-
tion associated with Staphylococcus aureus septicemia is mediated by
peptidoglycan-induced platelet aggregation. J Infect Dis. 1991;164:101-7.
Popescu NI, Silasi R, Keshari RS, Girton A, Burgett T, Zeerleder SS, et al.
Peptidoglycan induces disseminated intravascular coagulation in baboons
through activation of both coagulation pathways. Blood. 2018;132:849-60.
Xu Z, Cai J, Gao J, White GC, Chen F, Ma YQ. Interaction of kindlin-3 and beta2-
integrins differentially regulates neutrophil recruitment and NET release in
mice. Blood. 2015;126:373-7.

Cognasse F, Hamzeh H, Chavarin P, Acquart S, Genin C, Garraud O. Evidence
of toll-like receptor molecules on human platelets. Immunol Cell Biol.
2005;83:196-8.

Sick E, Jeanne A, Schneider C, Dedieu S, Takeda K, Martiny L. CD47 update: a
multifaceted actor in the tumour microenvironment of potential therapeutic
interest. Br J Pharmacol. 2012;167:1415-30.

Azcutia V, Stefanidakis M, Tsuboi N, Mayadas T, Croce KJ, Fukuda D, et al.
Endothelial CD47 promotes vascular endothelial-cadherin tyrosine phos-
phorylation and participates in T cell recruitment at sites of inflammation in
vivo. J Immunol. 2012;189:2553-62.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Circulating LPS from gut microbiota leverages stenosis-induced deep vein thrombosis in mice
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental mice
	﻿Treatments of mice with antibiotics, prebiotics and probiotics
	﻿Treatment of mice with inflammatory reagents
	﻿Stenosis-induced DVT model
	﻿Collection and analysis of blood samples
	﻿16 S rRNA gene sequencing and data analysis
	﻿Histological study
	﻿Western blotting
	﻿Statistical analysis

	﻿Results
	﻿ABX treatment or germ depletion effectively suppresses DVT in mice
	﻿Prebiotic or probiotic treatment suppresses DVT in mice
	﻿Circulating LPS derived from gut microbiota plays an important role in leveraging DVT in mice
	﻿LPS promotes DVT via TLR4
	﻿Identification the downstream effectors of LPS in DVT

	﻿Discussion
	﻿References


