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Trimethylamine-N-oxide
(TMAO) mediates the crosstalk
between the gut microbiota and
hepatic vascular niche to
alleviate liver fibrosis in
nonalcoholic steatohepatitis
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Liver fibrosis is one main histological characteristic of nonalcoholic steatohepatitis
(NASH), a disease paralleling a worldwide surge in metabolic syndromes with no
approved therapies. The role of the gut microbiota in NASH pathogenesis has not
been thoroughly illustrated, especially how the gut microbiota derives metabolites
to influence the distal liver in NASH. Here, we performed 16S rDNA amplicon
sequencing analysis of feces from a mouse NASH model induced by a Western diet
and CCly injury and found genera under Streptococcaceae, Alcaligenaceae,
Oscillibacter, and Pseudochrobactrum, which are related metabolites of TMAO.
Injection of the gut microbial metabolite TMAO reduced the progression of liver
fibrosis in the mouse NASH model. Further analysis revealed that the anti-fibrotic
TMAO normalized gut microbiota diversity and preserved liver sinusoidal
endothelial cell integrity by inhibiting endothelial beta 1-subunit of Na (+), K
(+)-ATPase (ATP1B1) expression. Collectively, our findings suggest TMAO-
mediated crosstalk between microbiota metabolites and hepatic vasculature,
and perturbation of this crosstalk disrupts sinusoidal vasculature to promote liver
fibrosis in NASH.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the hepatic
manifestation of cardiometabolic syndrome, which often also
includes obesity, diabetes, and dyslipidemia (1, 2). A sizable
minority of NAFLD patients develop NASH, which is
characterized by inflammatory changes that can lead to
progressive liver damage, cirrhosis, and hepatocellular
carcinoma (3, 4). Recent studies have shown that in addition
to genetic predisposition and diet, the gut microbiota affects
hepatic carbohydrate and lipid metabolism and influences the
balance between proinflammatory and anti-inflammatory
effectors in the liver, thereby impacting NAFLD and its
progression to NASH (5, 6).

Several studies have implicated the involvement of the gut
microbiome in NASH or NAFLD in mice and humans.
Microbiota from hyperglycemic or healthy mice was
transferred to germ-free mice and then fed the HFD, and only
mice transplanted with microbiota from hyperglycemic mice
developed fasting hyperglycemia, insulinemia, and hepatic
macrovesicular steatosis (7). Using 16S rDNA analysis of
NAFLD-associated parameters, the abundance of bacterial
species in mice fed a low-fat and high-fat diet showed an
association between Lactobacillus gasseri and Lactobacillus
taiwanensis and the area of lipidic droplets in the liver (8). In
another study, high-fat diet-fed germ-free mice inoculated with
the microbiota of NASH patients, rather than healthy donors,
showed an exacerbated NASH phenotype, as manifested by
increased liver steatosis and inflammation (9). A crucial
function of gut microbiota is that progression toward
steatohepatitis is linked to alterations in the metabolic outputs
of the intestinal microbiota, including short-chain fatty acids,
bile acids, phenylacetate and TMAO (10-12).

TMAO is a metabolite produced by the host in cooperation
with the gut microbiota. Dietary choline and L-carnitine can
serve as precursors and be degraded by gut commensal bacteria
to produce trimethylamine, which is absorbed and further
metabolized into TMAO by hepatic flavin-containing
monooxygenase3 (13). It has been shown that plasma levels of
TMAO are positively associated with the risk of adverse
cardiovascular disease and renal disease in humans (14-18). In
mice, TMAO feeding promotes glucose intolerance (19),
thrombosis (18), cardiovascular disease (15), chronic kidney
disease (20), and neurodegenerative disease (21), whereas the
reduction in TMAO prevents their development. Others have
pointed out that TMAO functions as a chemical chaperone (22)
and could actually be beneficial. Indeed, treatment of cells with
TMAQO, albeit at doses that are far greater than those observed in
vivo, can improve protein folding (23) and reduce endoplasmic
reticulum (ER) stress (24). Thus, TMAO could be detrimental,
beneficial, or neutral (25).
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In the present study, we describe a novel and potent role of
TMAO in reducing the severity of inflammation and
hepatocellular damage in livers in both acute injury and
NASH models. TMAO improves fibrosis during liver injury by
maintaining the integrity of the endothelium and suppressing
the ATP1B1 in the liver. We found that knockdown of ATP1B1
accelerated endothelial cell proliferation and angiogenesis and
that ATP1B1 inhibition with digoxin reduced liver fibrosis
in NASH.

Collectively, these data reveal that TMAO promotes
endothelial cell proliferation and angiogenesis by inhibiting
ATPI1BI1 expression, maintaining the integrity of blood vessels.
These results identify ATP1B1 as a key molecule in NASH and
provide a molecular basis and a fresh perspective for the
observed effects of TMAO in antagonizing liver injury.

Materials and methods
Mice

C57BL/6] mice were purchased from the Model Animal
Research Center of Nanjing University. All mice were housed in
pathogen-free animal facilities at a constant humidity of 65 +
15% and a temperature of 24 + 1°C under a 12 h light/dark cycle.
The animal study was approved by the Institutional Animal Care
and Use Committee of West China Second University Hospital.

Cells

Human umbilical vein endothelial cells (HUVECs) were
isolated from human umbilical cords. HUVECs were cultured
in an Endo GRO-VEGF Complete Culture Media Kit
(SCME002, Millipore) at 37°C in a humidified atmosphere of
5% CO2. HEK293T cells were obtained from the American Type
Culture Collection (ATCC). HEK293T cells were cultured in
DMEM (11965092, Gibco) with 10% fetal bovine serum (FBS)
(1600044, Gibco) at 37°C in a humidified atmosphere of
5% CO2.

Liver fibrosis and NASH models

To induce liver fibrosis, eight-week-old male mice were fed a
normal diet and were intraperitoneally injected with 1uL/g (1.6
g/kg) CCly every two days 9 times. The mice were randomly
assigned to two groups: a CCl, group and a TMAO (Sigma cat:
317594) supplemented-group. TMAO was supplemented at a
dose of 75 mg/kg/day according to a previous study (26). All
mice were sacrificed, and liver samples were collected two days
after the last injection of CCly. In addition, mice were given an
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intraperitoneal injection of digoxin (0.5 mg/kg) or vehicle four
times a week.

Induction of the mouse NASH model. Mice were fed a HFD
diet containing 21.1% fat, 41% sucrose, and 1.25% cholesterol
supplemented with a fructose (23.1 g/L) and glucose (18.9 g/L)
solution and were intraperitoneally injected with 0.5uL/g (0.8 g/
kg) CCl, every week for three months. The mice were randomly
assigned to two groups: a NASH group and a TMAO-
supplemented group injected with TMAO (75mg/kg).
Therefore, both groups were fed the HFD either with or
without TMAO. All mice were sacrificed, and liver samples
were collected two days after the last injection of CCl,.

Isolation of ECs

Liver tissues were washed twice with cold PBS, minced, and
incubated in a digestive mixture (1 mg/ml collagenase I and 1
mg/ml dispase II in PBS) on an orbital shaker at 37°C for 20 min.
Digested tissues were filtered through a cell strainer multiple
times, and cells were collected at 300 x g for 5 min. After red
blood cells were removed with RBC lysis buffer and washed once,
hepatocytes and NPCs were separated by an additional
centrifugation step at 50 g for 5 min at 4°C.

For EC (CD31+) isolation, Dynabeads sheep anti-Rat IgG
(01113068, Thermo Fisher Scientific) were washed three times
with 1 ml cold MAC wash buffer and incubated with CD31
(553370, BD Biosciences) antibody at 4°C for 4 hours. The beads
were then washed three times with MAC wash buffer. NPCs
were resuspended in 300 ul of MAC wash buffer. Two hundred
microliters of Dynabeads-CD31 antibody conjugate was added
to the NPC suspension and then incubated at 4°C for 30 min on
a rotator. CD31+ cells were washed with cold wash buffer and
then used for subsequent experiments.

Histological analysis

The liver tissues were fixed in 4% paraformaldehyde. For
histological analysis, paraformaldehyde-fixed liver tissues were
embedded in paraffin, cut into 5 um sections, and then stained
with hematoxylin and eosin (H&E), Sirius Red and Masson.

Immunofluorescence analysis

The liver tissues were embedded in OCT and stored at -80°C.
OCT-embedded liver tissues were cut into 6{m sections. The
sections were fixed in 4% paraformaldehyde for 15 min and then
washed with PBS. Next, the sections were incubated in
permeabilization solution (0.3% Triton X-100 in PBS) for
15 min and then washed with PBS. Then, the sections were
incubated with anti-collagen I (ab34710, Abcam), anti-Ki67
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(ab15580, Abcam) or o-SMA (ab7817, Abcam) antibodies.
After washing, the sections were incubated with Alexa Fluor
488-conjugated donkey anti-rabbit IgG (711-545-152, Jackson
ImmunoResearch Labs), Alexa Fluor 555-conjugated donkey
anti-rabbit IgG (ab150074, Abcam) or Alexa Fluor 594-
conjugated donkey anti-mouse IgG (715-585-150, Jackson
ImmunoResearch Labs). The sections were washed with PBS,
counterstained with 4,6-diamidino-2-phenylindole (DAPI)
(10236276001, Roche) and mounted with a cover glass. The
images were captured with a confocal laser microscope setup
(LSM980, Zeiss) and processed using ZEN (Zeiss).

Serum biochemistry

Blood was collected, and serum was obtained by centrifuging
at 3000 rpm and 4°C for 15 min. Serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
triglyceride (TG) were detected by an Olympus AU2700
analyzer (Olympus) to reflect liver function.

TMAO measurements

Blood was collected, and serum was obtained by centrifuging
at 3000 rpm and 4°C for 15 min. Serum TMAO was measured
according to the instructions of the commercial assay. TMAO
Elisa Kit (gelatins, JCSW2331).

Western blot analysis

Mouse livers or cells were lysed in RIPA lysis buffer (20-188,
Millipore). The membranes were blocked with Tris-buffered
saline Tween 20 containing 5% skim milk for 1 h at room
temperature and then incubated with the indicated GAPDH
(G3206-10D, Servicebio), anti-collagen I, Abcam), a-SMA
(ab7817, Abcam) and anti-ATP1B1 (K004215P, Solarbio)
antibodies (1:1000-1:2000) overnight at 4°C. After being
washed with TBST, the membranes were incubated with an
HRP-linked anti-mouse IgG secondary antibody (G1214,
Servicebio) or HRP-linked anti-rabbit IgG secondary antibody
(G1213, Servicebio) for 1 h at room temperature.

RNA extraction and quantitative RT—PCR

Total RNA was extracted via TRIzol reagent (15596026,
Thermo Fisher Scientific). Total RNA (0.5-1ug) was subjected to
reverse transcription with PrimeScript RT Master Mix (Takara,
RR0447A). To determine the relative mRNA level, Q-PCR was
performed using universal SYBR Master Mix (Q711-02,
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Vazyme), and gene expression was normalized to that of
GAPDH. The primers used for Q-PCR are listed in Table SI.

Flow cytometry

For the flow cytometric analysis of nonparenchymal cells,
liver tissue was digested into a single cell, treated with RBC lysis
buffer, 50 g centrifugal division NPC, and stained with
antibodies FITC-CD31 (553373, BD Biosciences), PerCP-
Cy'5.5-CD45 (550994, BD Biosciences), PE-F4/80 (565410,
BD Biosciences), PE-Cyanine7-CD11b (25-0112-82, Thermo
Fisher Scientific), and PE-Ly6G (551461, BD Biosciences).
After cell fixation, flow cytometry was performed on a FACS
Calibur (BD Biosciences), and the results were analyzed with
Flow Jo V10.

16S rDNA amplicon sequencing and
bacterial community analysis

Fresh colon contents (stool samples) were collected from all
mice. The hypervariable region of the 16S rRNA gene (V3 + V4
[primers F341-R806]) was amplified using the KAPA HiFi
Hotstart ReadyMix PCR kit (KAPA Biosystems, Boston, MA,
USA). Amplicons were extracted from 2% agarose gels and
purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA). The purified product was
used to prepare the Illumina DNA library. Libraries were
sequenced on the Illumina HiSeq PE250 platform (Illumina,
San Diego, CA, USA).

RNA-seq of mouse endothelial cells

For RNA-seq, endothelial cells (CD31+) from mouse livers
were isolated as described above, and total RNA from CD31+
cells was extracted with a RNeasy Mini Kit (74104, QIAGEN).
Then, a library was constructed, and RNA-seq was performed on
an Illumina Nova PE150 (Illumina, America). RNA-seq data
were used for follow-up analysis after quality control and

reference sequence alignment.

Cell viability

We used the CCK-8 kit to evaluate HUVEC viability.
HUVECs treated with a pulsed electric field were counted, and
approximately 1 x 10* cells were added to the 96-well plate. Each
group was replicated with three duplicate wells. Ten microliters
of CCK-8 reagent (CA1210, Solarbio) were added to the 96-well

Frontiers in Immunology

04

10.3389/fimmu.2022.964477

plate at 6 h of cell culture, taking care not to produce bubbles.
After 2 h of incubation in an incubator at 37°C, the absorbance
of the sample at 450 nm was measured using Enzyme.

Tube formation assay

Matrigel (BD Biosciences) was thawed overnight at 4°C
before use and then added to 96-well plates at 60puL/well and
solidified at 37°C for 30 mins. HUVECs (1x10* cells/well) were
resuspended in conditioned medium from sg-NC cells or sg-
ATP1BI1 cells and seeded in Matrigel-coated plates. Tube
formation was observed under an inverted light microscope
after 4 h of incubation at 37°C. The number of meshes and tubes
to assess the tube formation ability of the HUVECs.

Viral infection and transfection

LentiCRISPRv2 vectors were used to generate ATP1BI
knockout cells. HEK293 T cells were transfected by means of
Lipofectamine 6000 with pSPAX2, pMD2. Gand LentiCRISPRv2
containing a guide RNA (gRNA) that targeted human ATP1B1
and NC. Lentiviruses were collected 48 h later and were applied
to infect HUVECs. Subsequently, selection with puromycin
(1pg/ml) was carried out.

Transmission electron microscope

Livers were perfusion-fixed via the abdominal aorta with
2.5% glutaraldehyde and then stored overnight in fixative at 4°C.
Liver tissues were cut into pieces (1 x 1 x 5 mm). After washing
in PBS, the samples were postfixed in 1% osmium tetroxide.
After dehydration, the sample was embedded in resin, and
ultrathin sections were stained with uranyl acetate and lead
citrate for ultrastructural examination by a transmission
electron microscope.

Scanning electron microscope

The liver tissue sections were precisely cut to a size of
1 mm?® and fixed overnight in 2.5% glutaraldehyde. Then, 1%
osmium tetroxide was used for staining. These tissue sections
were further processed by stepwise dehydration with an ethanol
gradient and vacuum dried overnight. The stubs were applied
with sputtered metal coatings of gold, and the observations were
captured using a field emission scanning electron microscope.
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Statistical analysis

All data are expressed as the mean + SEM. Statistical
significance was determined by the unpaired two-tailed t test
using GraphPad Prism 8.0 software (San Diego, CA, USA).

Differences were considered statistically significant at p < 0.05.

Results

16S rDNA amplicon sequencing analysis
of feces from a mouse NASH model

To better simulate the pathogenesis of NASH, we established
a murine NASH model with rapid progression of extensive
fibrosis by using a Western diet (WD), which is high-fat, high-
fructose and high-cholesterol, combined with a low weekly dose

10.3389/fimmu.2022.964477

of intraperitoneal carbon tetrachloride (CCly), which serves as
an accelerator (Figure 1A). Next, we performed 16S rDNA
amplicon sequencing analysis of feces from mice with NASH.
To display the microbiome space between samples, PCA
indicated a symmetrical distribution of the fecal microbial
community among all samples (Figure 1B). Compared with
the control, fecal microbial diversity was decreased in NASH,
as examined by alpha diversity (Figure 1C). LEfSe (LDA Effect
Size) analysis was used to examine the effect of KEGG pathways
on the differential effect of each component, and we found that
changes in metabolic and immune pathways were most
significant in the NASH group (Figure 1E). Genus-level
analysis showed an increase in the relative abundances of
Streptococcaceae, Alcaligenaceae, Oscillibacter, and
Pseudochrobactrum, which are related metabolite TMAO (27—
29), in NASH (Figures 1D, F). Consistent with the elevated
abundance of the TMAO-producing microbiota, we found that
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serum TMAO levels were much higher in the NASH group than
in the control group, as detected by a TMAO ELISA Kit
(Figure 1G). These findings suggest that the gut-derived
microbial metabolite TMAO may play an important role in
regulating NASH.

TMAO restores the diversity of the gut
microbiota in NASH

Gut microbiota dysbiosis is considered to contribute to the
pathogenesis of NASH. We collected fecal samples from patients

A «Saline. TMAO

10.3389/fimmu.2022.964477

with NASH and performed 16S rDNA sequencing to examine
the effect of TMAO on the gut microbial profile. PCA indicated a
symmetrical distribution of the fecal microbial community
between the NASH-TMAO and NASH-saline groups
(Figure 2A). We then examined the effect of TMAO on the
alpha diversity of the gut microbiota. The results showed a
restoration of alpha diversity with TMAO intervention in NASH
(Figure 2B). Next, we performed linear discriminant analysis
coupled with effect size measurements to discriminate the gut
bacteria altered by TMAO treatment (Figure 2C). Meanwhile,
we compared the differences between the two groups at the
phylum, family, order and class levels (Figures 2D-H).
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Compared to the NASH-saline group, an increased abundance
of Pseudochrobactrum and a decreased abundance of
Bifidobacteria, Helicobacter and Enterobacteriaceae were
observed in the NASH-TMAO group (Figure 2I-K). Taken
together, these findings suggest that TMAO can regulate the
structure of the gut microbiota and restore the depleted diversity
in NASH.

TMAO alleviates liver fibrosis in murine
liver fibrosis and NASH models

To further elucidate the effect of TMAO on liver fibrosis, we
employed a chronic CCly injury model and NASH model in the
study. Hepatic histological analyses of H&E, Sirius red and
Masson staining demonstrated that intraperitoneal injection of
TMAO alleviated liver fibrosis in the acute injury liver fibrosis
model (Figures 3A, B). Consistently, the expression of collagen I
and aSMA and the content of hydroxyproline in the TMAO-
treated group were also significantly decreased compared to
those in the saline-treated group, as shown by immunostaining
and Western blotting (Figures 3A-G). Moreover, the mRNA
levels of aSMA, CXCL1 and IL-1P were downregulated in the
livers of TMAO-treated mice (Figure 3H). In addition to the
acute CCL, liver fibrosis model, we also found that liver fibrosis
was significantly attenuated after TMAO treatment in the NASH
model, as determined by H&E, Sirius red, Masson staining and
Western blot of aSMA (Figures 3I-L). Collectively, these
findings showed that TMAO supplementation ameliorated
liver fibrosis in murine liver fibrosis and NASH models.

TMAO protects the integrity of vascular
endothelial cells

Early observational work reported an association between
atherosclerosis and elevated levels of TMAO (15), playing a role
as modulators of vascular function. Injection of TMAO
significantly increased the number of endothelial cells and
decreased the number of M1 macrophages (Figures 4A-C).
Moreover, the mRNA levels of IL-6 and IL-1f in isolated liver
endothelial cells of TMAO-treated mice were significantly lower
than those of saline-treated mice (Figure 4D). The increase in the
basement membrane is one of the important factors in the
occurrence of liver fibrosis (30). TEM analysis revealed that
the basement membrane was reduced in vascular of TMAO-
treated mice (Figure 4E). There is growing evidence that
fenestrations may work as a permselective ultrafiltration
installation, which is important for the hepatic uptake of
substrates, particularly the metabolism of lipoproteins.
Aberrant fenestrated structure has been considered a vital
factor in liver lipid metabolism disorders (31, 32). SEM
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analysis revealed that fenestrations in liver sinusoidal
endothelial cells (LSECs) were increased in TMAO-treated
mice (Figure 4F). Our findings demonstrate that injection of
TMAO protects murine vascular function.

TMAO inhibits ATP1B1 expression in
vascular endothelial cells

Na+/K+-ATPase (NKA) has been proposed as a signal
transducer involved in various pathobiological processes,
including hepatocellular carcinoma (HCC) (33). We identified
an enrichment of the ATP1BI an astrocyte-specific isoform of
the Na+/K+-ATPase transmembrane ionic pump, by RNA
sequencing analysis of endothelial cells from a mouse liver
fibrosis model (Figure 5A).

Interestingly, ATP1B1 expression levels were also decreased
after TMAO treatment (Figure 5B, C), suggesting that ATP1B1
may be involved in the regulation of TMAO on endothelial cell
function to attenuate liver fibrosis. To determine whether
TMAO regulates endothelial cell function by targeting
ATP1BI1, we employed CRISPR-Cas9 to knock out the
ATPIBI gene and examined its function in endothelial cells.
Efficacy for the knockout of ATP1B1 with CRISPR-Cas9 in
HUVECs was evaluated with qPCR analysis, revealing a
significant decrease (Figure 5D). Consistent with the effect of
TMAO on endothelial gene regulation, the gene expression
levels of profibrotic factors, including CXCL10, CXCL1 and
CTGF, were significantly reduced in cells with ATP1B1
knockout in HUVECs (Figure 5E). Moreover, knockout of
ATP1B1 promoted cell proliferation and tube formation of
HUVECs (Figures 5F, G). These data suggest that the vascular
protective effect of TMAO may be mediated by targeting
endothelial cell ATP1BI.

Blockage of ATP1B1 attenuates
liver fibrosis

To investigate the role of ATP1B1 in liver fibrosis, we first
examined the changes in ATP1BI protein levels in patients with
cirrhosis and mice with liver fibrosis. Western blotting showed
that hepatic ATP1BI protein levels were upregulated in both
cirrhotic patients and NASH mice (Figures 6A, B). Moreover,
the aberrant upregulation of ATP1B1 protein in fibrotic livers
could be reversed by injection of TMAO (Figure 6C). These
findings suggest that the aberrant upregulation of ATP1B1 may
induce liver fibrosis. We then examined the effect of ATP1B1
blockade by the ATP1BI inhibitor glycoside digoxin, a selective
inhibitor of ATP1B1, on liver fibrosis. Histopathological analysis
with Sirius red revealed a significant decrease in the acute CCly
model after the intraperitoneal injection of 0.5 mg/kg digoxin
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FIGURE 3

TMAO alleviates liver fibrosis in murine liver fibrosis and NASH models (A—F) Wild-type mice were injected with CCl, every two days 9 times and

normal saline or TMAO (75mg/kg) injection on the remaining days. (n=

8/group) Liver fibrosis was analyzed by H&E, Sirius red, Masson staining

and IF for collagen | and aSMA (A-D), WB for aSMA (E—F), the content of hydroxyproline (G), hepatic aSMA, CXCL1 and IL1B were quantified by
the RT—PCR assay (H). (I-L) Mice were treated with WD/CCly for up to 16 weeks and normal saline or TMAO (75mg/kg) injection on the
remaining days. H&E, Masson and Sirius Red staining of representative mice treated with normal saline or TMAO (1-3J), WB for aSMA (K-L).

*p<0.05, **p<0.01, ***p<0.001.

relative to the control vehicle (Figure 6D). Western blot analysis
of collagen 1 and aSMA showed that liver fibrosis was
significantly attenuated after digoxin treatment. Liver function
was also ameliorated after digoxin treatment, as shown by the
downregulation of serum ALT and TG levels (Figures 6F, G).
Collectively, these findings demonstrate that blockade of
ATPI1BI1 halts disease progression in liver fibrosis mice and
preserves liver function.

Frontiers in Immunology

Discussion

Gut microbial and microbial metabolite alterations
contribute to the onset and progression of nonalcoholic fatty
liver disease (34-36). TMAO is a circulating metabolite
produced as a direct result of microbial degradation of dietary
methylamines in the intestinal tract, which is associated with
NASH, but correlation does not equate with causation. Our
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results shed new light and elucidate the mechanism underlying
the roles of TMAO in NASH. We found that TMAO
supplementation decreased liver fibrosis and improved liver
function in an acute injury model and NASH model. It also
restored the diversity of gut flora in a mouse NASH model. Zhao
et al. had a similar report that TMAO was beneficial to the
improvement of the structure of gut microbiota in a rat model
induced by high-fat high-cholesterol (HFHC) diet feeding (37).
It is worth mentioning that the mouse NASH model induced by
Western diet and CCl, is more advantageous in mimicking the
histological, immunological, and transcriptomic features of
human NASH than the HFHC model used in the previous
study (37, 38), By using the mouse NASH model, we found the
effect of TMAO on protecting the integrity of hepatic sinusoidal
endothelium and identified the ATP1BI instead of the canonical
targets and pathways, revealing a new insight into microbiota-
metabolite-vascular microenvironment crosstalk.
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One of the most important findings of this study is the
identification of an important role of TMAO in vascular
endothelial cells (ECs). ECs are distributed in virtually all organs
and modulate diverse pathophysiological functions (39). After
tissue injury, ECs supply instructive paracrine/angiocrine factors
to induce regeneration of adjacent parenchymal cells (40, 41).
Moreover, the proliferation and vasculogenesis of ECs guarantee
tissue injury repair. As shown in Figures 4A, B, injection of TMAO
significantly increased the number of endothelial cells in TMAO-
treated mice. Similar to our results, TMAQO enhanced blood-brain
barrier (BBB) integrity and protected it from inflammatory insult
(26). In a previous study, it was reported that TMAO promotes liver
steatosis in a mouse model of NAFLD (42). The difference in the
effect of TMAO between this previous study and our study may be
due to the following reasons. Firstly, the different dose of TMAO
were used. The dose of TMAO used in the previous study was 400
mg/kg daily, which is 5 to 6 times higher than the dose of TMAO
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TMAO inhibits the expression of ATP1B1 in vascular endothelial cells (A-B) Heatmap depicting the differential gene expression levels in
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proliferation in HUVECs by CCK8. (G) The effects of ATP1B1 on vascular formation ability in HUVECs by tube formation assay. *p<0.05,

*%p<0.01, ***p<0.001.

(75 mg/kg daily) used in the present study. Secondly, the different
animal models were used in two studies. Unlike the NAFLD model
induced by administration of high fat and cholesterol, our mouse
NASH model by using a WD diet+CCl, exhibits rapid progression
of advanced fibrosis and HCC and perfectly mimics the
characteristics of human NASH diseases. TEM and SEM analysis
revealed that the basement membrane was reduced and
fenestrations were increased in LSECs of TMAO-treated mice.
Our findings demonstrate that injection of TMAO protects liver
vascular function. Liver endothelial cells are mainly composed of
LSECs, and normal LSECs can maintain hepatic stellate cell (HSC)
in a resting state, however, LSECs lose the ability to control the
resting state of HSC in chronic liver injury (30). Therefore, how to
protect the integrity of LSEC is very important to improve
liver fibrosis.

However, we do not know the exact mechanism of action of
TMAO in endothelial cells. We identified an enrichment of the
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ATP1BI, an astrocyte-specific isoform of the Na'/K'-ATPase
(NKA) transmembrane ionic pump, by RNA sequencing
analysis of endothelial cells from a mouse liver fibrosis model
(Figure 5A). The ion transporter NKA is a transmembrane
protein that transports Na® and K" across cell membranes
(43), which is essential for the cellular electrochemical gradient
(44), ion homeostasis (45) and cell adhesion (46). Functional
NKA consists of a subunits and b subunits. To date, 4 NKA a-
subunits (al, a2, a3, and a4) and 4 b-subunits (b1, b2, b3, and b4)
have been identified. Abnormal NKA can lead to a variety of
diseases, including hypokalemic periodic paralysis and CNS
symptoms (47), cardiovascular disorders (48), atherosclerosis
(49), Alzheimer’s disease (50), and hepatocellular carcinoma
(HCC) (33). ATP1B1 is downregulated in human epithelial
cancer cells (51-53). Shibuya et al. (54)and Li et al. (55) noted
that ATP1A3 overexpression in HCC is related to the antitumor
activity of bufalin. ATP1B3 and ATP1BI1 were also significantly
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Blockage of ATP1B1 attenuates liver fibrosis (A—C) Immunoblots of ATP1B1 relative to GAPDH protein from NASH confirmed human and mouse
samples (A—B). Immunoblot analysis of ATP1B1 protein in NASH-TMAO mice (C) (D-E) Digoxin reduces liver fibrosis by histological analysis of
Sirius Red-stained sections. (F) Digoxin prevents hepatocellular damage as measured by the serum levels of ALT and TG. (G) Western blot of

Collagen 1 and aSMA. *p<0.05, **p<0.01, ***p<0.001.

upregulated in HCC (33). However, the role ATP1BI plays in
the pathophysiology of NASH remains largely unknown. We
first validated ATP1BI at the protein level in NASH confirmed
human and mouse samples by immunoblotting analysis, which
increased in NASH and reduced in NASH-TMAO mice. It also
occurred in endothelial cells of liver fibrosis. Next, I
demonstrated the function of ATP1B1 both in vivo and in
vitro. In HUVECs, ATP1B1 was knocked down with CRISPR-
Cas9. To further elucidate the anti-inflammatory effects of
ATPIBI inhibition, we analyzed the critical inflammatory
chemokines and cytokines CXCL10 and CXCL1 and the
fibrosis factor CTGF. Our analysis revealed that these
inflammatory and fibrotic factors were decreased in HUVECs
with knockdown of ATP1BI1. Proliferation and tube formation
of HUVECs were used to assess the effect on vascular function.
Compared with sg-NC, the knockdown of ATP1Bl1—sg-
ATP1B1 showed better cell proliferation and vascular
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formation ability in HUVECs. These data confirm that the
vascular protective effects were mediated by targeting ATP1B1
in endothelial cells. Meanwhile, in vivo animal experiments
demonstrate that pharmacological inhibition with digoxin, a
selective inhibitor of ATP1B1, halts disease progression in liver
fibrosis mice and preserves liver function.

There are limitations to the current study. The contribution
of an improved gut microbial profile to the attenuation of WD
diet+CCly-induced steatohepatitis by TMAO treatment was not
fully illuminated. There are limitations to the current study. The
contribution of an improved gut microbial profile to the
attenuation of WD diet+CCl,-induced steatohepatitis by
TMAO treatment was not fully illuminated. It has been
reported that TMAO inhibits the synthesis of bile acids which
disrupt the growth of intestinal flora (16). However, more
investigations concerning the effect of TMAO on gut
microbiota and metabolic consequences are needed. For
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example, the gut microbiota converts TMAO to TMA, and this
TMA is reoxidized to TMAO, in line with the process of
metabolic retroversion (56), and metabolic retroconversion of
TMAO may be protective.

In summary, we have provided evidence that the gut microbial
metabolite TMAO restores the diversity of gut flora, reduces liver
fibrosis, and protects murine vascular function. We identified that
the upregulation of ATP1B1 in ECs regulates an inflammatory
response and vascular function that contributes to liver fibrosis in
NASH mice. We provide evidence that inhibiting ATP1B1 might be
effective for treating nonalcoholic steatohepatitis. Therefore, the
present results reveal new insight into microbiota-metabolite-
vascular microenvironment crosstalk.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethical Committee of Biobank Center Related
Hospitals and West China Hospital. The patients/participants
provided their written informed consent to participate in this
study. The animal study was reviewed and approved by the
Institutional Animal Care and Use Committee of West China
Second University Hospital, Sichuan University. Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data
included in this article.

Author contributions

DZ and JZ designed and performed the experiments. CX and
CM analyzed the data and revised the manuscript. B-SD
conceived the project, designed, and supervised the

References

1. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global
epidemiology of nonalcoholic fatty liver disease-meta-analytic assessment of
prevalence, incidence, and outcomes. Hepatology (2016) 64:73-84. doi: 10.1002/
hep.28431

2. Fan JG, Kim SU, Wong VW. New trends on obesity and NAFLD in Asia. J
Hepatol (2017) 67:862-73. doi: 10.1016/j.jhep.2017.06.003

3. Asrani SK, Devarbhavi H, Eaton J, Kamath PS. Burden of liver diseases in the
world. ] Hepatol (2019) 70:151-71. doi: 10.1016/j.jhep.2018.09.014

4. Singh S, Allen AM, Wang Z, Prokop LJ, Murad MH, Loomba R. Fibrosis
progression in nonalcoholic fatty liver vs nonalcoholic steatohepatitis: a systematic

Frontiers in Immunology

12

10.3389/fimmu.2022.964477

experiments. DZ, CM, and B-SD wrote the manuscript with
input from all the authors. All authors contributed to the article,
read, and approved the final manuscript.

Funding

This work was supported by the Key Research and
Development Program focused on Stem Cell and Translational
Research (2016YFA0101600), National Science Foundation of
China (91639117, 81941007, 81925005, 81722005, and
91839301), Sichuan Science and Technology Program
(2019]DJQ0030, 2019YJ0059), the Fundamental Research Funds
for the Central Universities, and Sichuan University postdoctoral
interdisciplinary Innovation Fund.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.964477/full#supplementary-material

review and meta-analysis of paired-biopsy studies. Clin Gastroenterol Hepatol
(2015) 13:643-654.€641-649. doi: 10.1016/j.cgh.2014.04.014

5. Buzzetti E, Pinzani M, Tsochatzis EA. The multiple-hit pathogenesis of non-
alcoholic fatty liver disease (NAFLD). Metabolism (2016) 65:1038-48. doi: 10.1016/
j.metabol.2015.12.012

6. Leung C, Rivera L, Furness JB, Angus PW. The role of the gut microbiota in
NAFLD. Nat Rev Gastroenterol Hepatol (2016) 13:412-25. doi: 10.1038/nrgastro.2016.85

7. Le Roy T, Llopis M, Lepage P, Bruneau A, Rabot S, Bevilacqua C, et al.
Intestinal microbiota determines development of non-alcoholic fatty liver disease
in mice. Gut (2013) 62:1787-94. doi: 10.1136/gutjnl-2012-303816

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.964477/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.964477/full#supplementary-material
https://doi.org/10.1002/hep.28431
https://doi.org/10.1002/hep.28431
https://doi.org/10.1016/j.jhep.2017.06.003
https://doi.org/10.1016/j.jhep.2018.09.014
https://doi.org/10.1016/j.cgh.2014.04.014
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1038/nrgastro.2016.85
https://doi.org/10.1136/gutjnl-2012-303816
https://doi.org/10.3389/fimmu.2022.964477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

8. Zeng H, Liu J, Jackson MI, Zhao FQ, Yan L, Combs GFJr. Fatty liver
accompanies an increase in lactobacillus species in the hind gut of C57BL/6 mice
fed a high-fat diet. J Nutr (2013) 143:627-31. doi: 10.3945/jn.112.172460

9. Chiu CC, Ching YH, Li YP, Liu JY, Huang YT, Huang YW, et al.
Nonalcoholic fatty liver disease is exacerbated in high-fat diet-fed gnotobiotic
mice by colonization with the gut microbiota from patients with nonalcoholic
steatohepatitis. Nutrients (2017) 9:1220. doi: 10.3390/nu9111220

10. Hoyles L, Fernandez-Real JM, Federici M, Serino M, Abbott J, Charpentier J,
et al. Molecular phenomics and metagenomics of hepatic steatosis in non-diabetic
obese women. Nat Med (2018) 24:1070-80. doi: 10.1038/s41591-018-0061-3

11. Kimura I, Ozawa K, Inoue D, Imamura T, Kimura K, Maeda T, et al. The gut
microbiota suppresses insulin-mediated fat accumulation via the short-chain fatty
acid receptor GPR43. Nat Commun (2013) 4:1829. doi: 10.1038/ncomms2852

12. Sinal CJ, Tohkin M, Miyata M, Ward JM, Lambert G, Gonzalez F]. Targeted
disruption of the nuclear receptor FXR/BAR impairs bile acid and lipid
homeostasis. Cell (2000) 102:731-44. doi: 10.1016/S0092-8674(00)00062-3

13. Cho CE, Caudill MA. Trimethylamine-N-Oxide: Friend, foe, or simply
caught in the cross-fire? Trends Endocrinol Metab (2017) 28:121-30. doi: 10.1016/
j.tem.2016.10.005

14. Tang WH, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, et al. Intestinal
microbial metabolism of phosphatidylcholine and cardiovascular risk. N Engl J
Med (2013) 368:1575-84. doi: 10.1056/NEJMoal109400

15. 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. doi: 10.1038/nature09922

16. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, et al. Intestinal
microbiota metabolism of l-carnitine, a nutrient in red meat, promotes
atherosclerosis. Nat Med (2013) 19:576-85. doi: 10.1038/nm.3145

17. Wang Z, Roberts AB, Bufta JA, Levison BS, Zhu W, Org E, et al. Non-lethal
inhibition of gut microbial trimethylamine production for the treatment of
atherosclerosis. Cell (2015) 163:1585-95. doi: 10.1016/j.cell.2015.11.055

18. 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. doi: 10.1016/j.cell.2016.02.011

19. Gao X, Liu X, Xu J, Xue C, Xue Y, Wang Y. Dietary trimethylamine n-oxide
exacerbates impaired glucose tolerance in mice fed a high fat diet. J Biosci Bioeng
(2014) 118:476-81. doi: 10.1016/j.jbiosc.2014.03.001

20. Tang WH, Wang Z, Kennedy DJ, Wu Y, Buffa JA, Agatisa-Boyle B, et al. Gut
microbiota-dependent trimethylamine n-oxide (TMAO) pathway contributes to
both development of renal insufficiency and mortality risk in chronic kidney
disease. Circ Res (2015) 116:448-55. doi: 10.1161/CIRCRESAHA.116.305360

21. LiD, KeY, Zhan R, Liu C, Zhao M, Zeng A, et al. Trimethylamine-n-oxide
promotes brain aging and cognitive impairment in mice. Aging Cell (2018) 17:
€12768. doi: 10.1111/acel.12768

22. Dumas ME, Rothwell AR, Hoyles L, Aranias T, Chilloux J, Calderari S, et al.
Microbial-host co-metabolites are prodromal markers predicting phenotypic
heterogeneity in behavior, obesity, and impaired glucose tolerance. Cell Rep
(2017) 20:136-48. doi: 10.1016/j.celrep.2017.06.039

23. Fischer H, Fukuda N, Barbry P, Illek B, Sartori C. Matthay MA. partial
restoration of defective chloride conductance in DeltaF508 CF mice by
trimethylamine oxide. Am ] Physiol Lung Cell Mol Physiol (2001) 281:L52-57.
doi: 10.1152/ajplung.2001.281.1.L52

24. Achard CS, Laybutt DR. Lipid-induced endoplasmic reticulum stress in liver
cells results in two distinct outcomes: adaptation with enhanced insulin signaling
or insulin resistance. Endocrinology (2012) 153:2164-77. doi: 10.1210/en.2011-
1881

25. Ufnal M, Zadlo A, Ostaszewski R. TMAO: A small molecule of great
expectations. Nutrition (2015) 31:1317-23. doi: 10.1016/j.nut.2015.05.006

26. Hoyles L, Pontifex MG, Rodriguez-Ramiro I, Anis-Alavi MA, Jelane KS,
Snelling T, et al. Regulation of blood-brain barrier integrity by microbiome-
associated methylamines and cognition by trimethylamine n-oxide. Microbiome
(2021) 9:235. doi: 10.1186/s40168-021-01181-z

27. Mei Z, Chen GC, Wang Z, Usyk M, Yu B, Baeza YV, et al. Dietary factors,
gut microbiota, and serum trimethylamine-n-oxide associated with cardiovascular
disease in the Hispanic community health Study/Study of latinos. Am J Clin Nutr
(2021) 113:1503-14. doi: 10.1093/ajcn/nqab001

28. Yin J, Liao SX, He Y, Wang S, Xia GH, Liu FT, et al. Dysbiosis of gut
microbiota with reduced trimethylamine-n-oxide level in patients with large-artery
atherosclerotic stroke or transient ischemic attack. ] Am Heart Assoc (2015) 4(11):
€002699. doi: 10.1161/JAHA.115.002699

29. ZhouY, LiR, Zheng Y, Song M, Zhang S, Sun Y, et al. Diosgenin ameliorates
non-alcoholic fatty liver disease by modulating the gut microbiota and related
lipid/amino acid metabolism in high fat diet-fed rats. Front Pharmacol (2022)
13:854790. doi: 10.3389/fphar.2022.854790

Frontiers in Immunology

13

10.3389/fimmu.2022.964477

30. Xu M, Xu HH, Lin Y, Sun X, Wang L], Fang ZP, et al. LECT2, a ligand for
tiel, plays a crucial role in liver fibrogenesis. Cell (2019) 178:1478-92.e1420. doi:
10.1016/j.cell.2019.07.021

31. Maul GG. Structure and formation of pores in fenestrated capillaries. J
Ultrastructure Res (1971) 36:768-82. doi: 10.1016/S0022-5320(71)90030-X

32. Braet F, Wisse E. Structural and functional aspects of liver sinusoidal
endothelial cell fenestrae: a review. Comp Hepatol (2002) 1:1. doi: 10.1186/1476-
5926-1-1

33. Lu S, Cai S, Peng X, Cheng R, Zhang Y. Integrative transcriptomic,
proteomic and functional analysis reveals atplb3 as a diagnostic and potential
therapeutic target in hepatocellular carcinoma. Front Immunol (2021) 12:636614.
doi: 10.3389/fimmu.2021.636614

34. Zhao ZH, Lai JK, Qiao L, Fan JG. Role of gut microbial metabolites in
nonalcoholic fatty liver disease. J Dig Dis (2019) 20:181-8. doi: 10.1111/1751-
2980.12709

35. Islam KB, Fukiya S, Hagio M, Fujii N, Ishizuka S, Ooka T, et al. Bile acid is a
host factor that regulates the composition of the cecal microbiota in rats.
Gastroenterology (2011) 141:1773-81. doi: 10.1053/j.gastro.2011.07.046

36. Ridlon JM, Alves JM, Hylemon PB, Bajaj JS. Cirrhosis, bile acids and gut
microbiota: unraveling a complex relationship. Gut Microbes (2013) 4:382-7. doi:
10.4161/gmic.25723

37. Zhao ZH, Xin FZ, Zhou D, Xue YQ, Liu XL, Yang RX, et al. Trimethylamine
n-oxide attenuates high-fat high-cholesterol diet-induced steatohepatitis by
reducing hepatic cholesterol overload in rats. World ] Gastroenterol (2019)
25:2450-62. doi: 10.3748/wjg.v25.i20.2450

38. Tsuchida T, Lee YA, Fujiwara N, Ybanez M, Allen B, Martins S, et al. A
simple diet- and chemical-induced murine NASH model with rapid progression of
steatohepatitis, fibrosis and liver cancer. J Hepatol (2018) 69:385-95. doi: 10.1016/
j.jhep.2018.03.011

39. Ding BS, Cao Z, Lis R, Nolan DJ, Guo P, Simons M, et al. Divergent
angiocrine signals from vascular niche balance liver regeneration and fibrosis.
Nature (2014) 505:97-102. doi: 10.1038/nature12681

40. Ding BS, Nolan DJ, Butler JM, James D, Babazadeh AO, Rosenwaks Z, et al.
Inductive angiocrine signals from sinusoidal endothelium are required for liver
regeneration. Nature (2010) 468:310-5. doi: 10.1038/nature09493

41. Ding BS, Nolan DJ, Guo P, Babazadeh AO, Cao Z, Rosenwaks Z, et al.
Endothelial-derived angiocrine signals induce and sustain regenerative lung
alveolarization. Cell (2011) 147:539-53. doi: 10.1016/j.cell.2011.10.003

42. Tan X, Liu Y, Long ], Chen S, Liao G, Wu S, et al. Trimethylamine n-oxide
aggravates liver steatosis through modulation of bile acid metabolism and
inhibition of farnesoid x receptor signaling in nonalcoholic fatty liver disease.
Mol Nutr Food Res (2019) 63:€1900257. doi: 10.1002/mnfr.201900257

43. Liu CG, Xu KQ, Xu X, Huang JJ, Xiao JC, Zhang JP, et al. 17Beta-oestradiol
regulates the expression of Na+/K+-ATPase betal-subunit, sarcoplasmic reticulum
Ca2+-ATPase and carbonic anhydrase iv in H9C2 cells. Clin Exp Pharmacol
Physiol (2007) 34:998-1004. doi: 10.1111/j.1440-1681.2007.04675.x

44. Mijatovic T, Dufrasne F, Kiss R. Na+/K+-ATPase and cancer. Pharm Pat
Anal (2012) 1:91-106. doi: 10.4155/ppa.12.3

45. Rajasekaran SA, Huynh TP, Wolle DG, Espineda CE, Inge L], Skay A, et al.
Na,K-ATPase subunits as markers for epithelial-mesenchymal transition in cancer
and fibrosis. Mol Cancer Ther (2010) 9:1515-24. doi: 10.1158/1535-7163.MCT-09-
0832

46. Felippe Goncalves-de-Albuquerque C, Ribeiro Silva A, Ignacio da Silva C,
Caire Castro-Faria-Neto H, Burth P. Na/K pump and beyond: na/k-atpase as a
modulator of apoptosis and autophagy. Molecules (2017) 22(4):578. doi: 10.3390/
molecules22040578

47. Sampedro Castaneda M, Zanoteli E, Scalco RS, Scaramuzzi V, Marques
Caldas V, Conti Reed U, et al. A novel ATP1A2 mutation in a patient with
hypokalaemic periodic paralysis and CNS symptoms. Brain (2018) 141:3308-18.
doi: 10.1093/brain/awy283

48. Yan Y, Shapiro JI. The physiological and clinical importance of sodium
potassium ATPase in cardiovascular diseases. Curr Opin Pharmacol (2016) 27:43-
9. doi: 10.1016/j.coph.2016.01.009

49. Chen Y, Kennedy DJ, Ramakrishnan DP, Yang M, Huang W, Li Z, et al.
Oxidized LDL-bound CD36 recruits an Na(+)/K(+)-ATPase-Lyn complex in
macrophages that promotes atherosclerosis. Sci Signal (2015) 8:ra9l. doi:
10.1126/scisignal.aaa9623

50. Ohnishi T, Yanazawa M, Sasahara T, Kitamura Y, Hiroaki H, Fukazawa Y,
et al. Na, K-ATPase alpha3 is a death target of Alzheimer patient amyloid-beta
assembly. Proc Natl Acad Sci U.S.A. (2015) 112:E4465-4474. doi: 10.1073/
pnas.1421182112

51. Rajasekaran SA, Barwe SP, Rajasekaran AK. Multiple functions of Na,K-
ATPase in epithelial cells. Semin Nephrol (2005) 25:328-34. doi: 10.1016/
j.semnephrol.2005.03.008

frontiersin.org


https://doi.org/10.3945/jn.112.172460
https://doi.org/10.3390/nu9111220
https://doi.org/10.1038/s41591-018-0061-3
https://doi.org/10.1038/ncomms2852
https://doi.org/10.1016/S0092-8674(00)00062-3
https://doi.org/10.1016/j.tem.2016.10.005
https://doi.org/10.1016/j.tem.2016.10.005
https://doi.org/10.1056/NEJMoa1109400
https://doi.org/10.1038/nature09922
https://doi.org/10.1038/nm.3145
https://doi.org/10.1016/j.cell.2015.11.055
https://doi.org/10.1016/j.cell.2016.02.011
https://doi.org/10.1016/j.jbiosc.2014.03.001
https://doi.org/10.1161/CIRCRESAHA.116.305360
https://doi.org/10.1111/acel.12768
https://doi.org/10.1016/j.celrep.2017.06.039
https://doi.org/10.1152/ajplung.2001.281.1.L52
https://doi.org/10.1210/en.2011-1881
https://doi.org/10.1210/en.2011-1881
https://doi.org/10.1016/j.nut.2015.05.006
https://doi.org/10.1186/s40168-021-01181-z
https://doi.org/10.1093/ajcn/nqab001
https://doi.org/10.1161/JAHA.115.002699
https://doi.org/10.3389/fphar.2022.854790
https://doi.org/10.1016/j.cell.2019.07.021
https://doi.org/10.1016/S0022-5320(71)90030-X
https://doi.org/10.1186/1476-5926-1-1
https://doi.org/10.1186/1476-5926-1-1
https://doi.org/10.3389/fimmu.2021.636614
https://doi.org/10.1111/1751-2980.12709
https://doi.org/10.1111/1751-2980.12709
https://doi.org/10.1053/j.gastro.2011.07.046
https://doi.org/10.4161/gmic.25723
https://doi.org/10.3748/wjg.v25.i20.2450
https://doi.org/10.1016/j.jhep.2018.03.011
https://doi.org/10.1016/j.jhep.2018.03.011
https://doi.org/10.1038/nature12681
https://doi.org/10.1038/nature09493
https://doi.org/10.1016/j.cell.2011.10.003
https://doi.org/10.1002/mnfr.201900257
https://doi.org/10.1111/j.1440-1681.2007.04675.x
https://doi.org/10.4155/ppa.12.3
https://doi.org/10.1158/1535-7163.MCT-09-0832
https://doi.org/10.1158/1535-7163.MCT-09-0832
https://doi.org/10.3390/molecules22040578
https://doi.org/10.3390/molecules22040578
https://doi.org/10.1093/brain/awy283
https://doi.org/10.1016/j.coph.2016.01.009
https://doi.org/10.1126/scisignal.aaa9623
https://doi.org/10.1073/pnas.1421182112
https://doi.org/10.1073/pnas.1421182112
https://doi.org/10.1016/j.semnephrol.2005.03.008
https://doi.org/10.1016/j.semnephrol.2005.03.008
https://doi.org/10.3389/fimmu.2022.964477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

52. Li L, Feng R, Xu Q, Zhang F, Liu T, Cao J, et al. Expression of the beta3
subunit of Na(+)/K(+)-ATPase is increased in gastric cancer and regulates gastric
cancer cell progression and prognosis via the P13/AKT pathway. Oncotarget (2017)
8:84285-99. doi: 10.18632/oncotarget.20894

53. Talab F, Allen JC, Thompson V, Lin K, Slupsky JR. LCK is an important
mediator of b-cell receptor signaling in chronic lymphocytic leukemia cells. Mol
Cancer Res (2013) 11:541-54. doi: 10.1158/1541-7786.MCR-12-0415-T

54. Shibuya K, Fukuoka J, Fujii T, Shimoda E, Shimizu T, Sakai H, et al. Increase
in ouabain-sensitive k+-ATPase activity in hepatocellular carcinoma by

Frontiers in Immunology

14

10.3389/fimmu.2022.964477

overexpression of na+, k+-ATPase alpha 3-isoform. Eur ] Pharmacol (2010)
638:42-6. doi: 10.1016/j.¢jphar.2010.04.029

55. Li H, Wang P, Gao Y, Zhu X, Liu L, Cohen L, et al. Na+/K+-ATPase alpha3
mediates sensitivity of hepatocellular carcinoma cells to bufalin. Oncol Rep (2011)
25:825-30. doi: 10.3892/0r.2010.1120

56. Hoyles L, Jimenez-Pranteda ML, Chilloux J, Brial F, Myridakis A,
Aranias T, et al. Metabolic retroconversion of trimethylamine n-oxide and
the gut microbiota. Microbiome (2018) 6:73. doi: 10.1186/s40168-018-
0461-0

frontiersin.org


https://doi.org/10.18632/oncotarget.20894
https://doi.org/10.1158/1541-7786.MCR-12-0415-T
https://doi.org/10.1016/j.ejphar.2010.04.029
https://doi.org/10.3892/or.2010.1120
https://doi.org/10.1186/s40168-018-0461-0
https://doi.org/10.1186/s40168-018-0461-0
https://doi.org/10.3389/fimmu.2022.964477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Trimethylamine-N-oxide (TMAO) mediates the crosstalk between the gut microbiota and hepatic vascular niche to alleviate liver fibrosis in nonalcoholic steatohepatitis
	Introduction
	Materials and methods
	Mice
	Cells
	Liver fibrosis and NASH models
	Isolation of ECs
	Histological analysis
	Immunofluorescence analysis
	Serum biochemistry
	TMAO measurements
	Western blot analysis
	RNA extraction and quantitative RT–PCR
	Flow cytometry
	16S rDNA amplicon sequencing and bacterial community analysis
	RNA-seq of mouse endothelial cells
	Cell viability
	Tube formation assay
	Viral infection and transfection
	Transmission electron microscope
	Scanning electron microscope
	Statistical analysis

	Results
	16S rDNA amplicon sequencing analysis of feces from a mouse NASH model
	TMAO restores the diversity of the gut microbiota in NASH
	TMAO alleviates liver fibrosis in murine liver fibrosis and NASH models
	TMAO protects the integrity of vascular endothelial cells
	TMAO inhibits ATP1B1 expression in vascular endothelial cells
	Blockage of ATP1B1 attenuates liver fibrosis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


