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Transmembrane-6 superfamily member 2 (TM6SF2) regulates hepatic

fat metabolism and is associated with metabolic dysfunction-associated
steatohepatitis (MASH). TM6SF2 genetic variants are associated with
steatotic liver disease. The pathogenesis of MASH involves genetic factors
and gut microbiota alteration, yet the role of host-microbe interactions

in MASH development remains unclear. Here, we discover that mice with
intestinal epithelial cell-specific knockout of Tmésf2 (Tmésf2"'¥) develop
MASH, accompanied by impaired intestinal barrier and microbial dysbiosis.
Transplanting stools from Tm6sf2** mice induces steatohepatitis in
germ-free recipient mice, whereas MASH is alleviated in Tmésf2"'

mice co-housed with wild-type mice. Mechanistically, Tmé6sf2-deficient
intestinal cells secrete more free fatty acids by interacting with fatty
acid-binding protein 5toinduce intestinal barrier dysfunction, enrichment
of pathobionts, and elevation of lysophosphatidic acid (LPA) levels. LPA is
translocated from the gut to the liver, contributing to lipid accumulation
and inflammation. Pharmacological inhibition of the LPA receptor
suppresses MASH in both Tm6sf2*" and wild-type mice. Hence, modulating
microbiota or blocking the LPA receptor is a potential therapeutic strategy
in TM6SF2 deficiency-induced MASH.

Metabolic dysfunction-associated steatotic liver disease (MASLD)
is the leading chronic liver disease worldwide, affecting one billion
individuals globally’, while 23% of individuals with MASLD could pro-
gress to its more severe subtype—MASH—in 3 years®*. MASH is a com-
plex and progressive disease, and genetic factors are important in
shaping the susceptibility and progression of MASH>. An exome-wide
association study identified a Tmé6sf2 loss-of-function variant (mis-
sense mutation, encoding p.Glul67Lys) as an independent risk factor
of hepatic steatosis*. TM6SF2 is predominantly expressed in human

liver and small intestine*, and it is a regulator of liver fat metabolism,
influencing triglyceride secretion and lipid droplet content®. Using
liver-specific transgenic mice, the functional role of hepatic TM6SF2
in mediating intracellular cholesterol homeostasis has beenrevealed®.
Ontheother hand, liver-specific Tmé6sf2 deletion could impair hepatic
secretion of very low-density lipoprotein cholesterol, thereby causing
lipid accumulation in the liver and accelerating MASLD progression’.
However, although the expression of TM6SF2 in the small intestine
is even higher than the liver®, and TM6SF2 variant is associated with
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Fig.1|Intestinal Tmésf2 deficiency in mice triggers MASH. a, Experimental
schematic of Tmé6sf2*= and Tmésf2" male mice fed with NC for 4 or 12 months.
b,c, Representative small intestine images of TM6SF2 immunohistochemistry
(b), and TM6SF2 protein expression in small intestine and liver tissues (c) of
Tmé6sf2*™ and Tmé6sf2" mice (n =5 per group). d, Representative liver images of
Oil Red O and H&E staining and hepatic triglyceride of Tmésf2** and Tmésf2"
mice fed with NC for 4 months (n =5 per group). e-h, Representative liver
images of Oil Red O and H&E staining with histological scoring and hepatic
triglyceride (n =5 per group; e) and hepatic protein expression of NF-kB
pathway markers (Tm6sf2*", n = 3; Tmé6sf2", n = 5;f), flow cytometric analysis
of hepatic macrophage (M®) populations (Tmé6sf2*¢, n = 4; Tmé6sf2",n=5; g)
and volcano plot and Gene Ontology enrichment analysis of RNA sequencing on
liver tissues (n =5 per group; h) of Tm6sf2*'® and Tmésf2" mice at 12 months of

age. i, Experimental schematic, representative hepatic images of Oil Red O and
H&E staining with histological scoring and hepatic triglyceride and serum ALT
levels of Tmé6sf2"" and Tmésf2" female mice fed with NC for 12 months (n=9 per
group).j k, Experimental schematic and representative liver images of Oil Red O
and H&E staining with histological scoring (n = 9 per group; j) and hepatic protein
expression of NF-kB pathway markers (n = 3 per group; k) of Tmésf2*"* and
Tmé6sf2" male mice fed with CD-HFD for 2 months. I, Representative liver images
of Sirius Red staining and hepatic hydroxyproline of Tm6sf2* ¢ and Tmésf2"
mice fed with CD-HFD for 14 months (n=7 per group). Results are presented as
the mean + s.d. Statistical significance was determined by two-tailed Student’s
t-test (d, g, iandj), two-tailed Mann-Whitney U'test (e and 1), DESeq2 (h, left) or
clusterProfiler (h, right). Tmé, Tm6sf2.

lipid processing in the small intestine’, the role of intestinal TM6SF2
in MASH remains unknown.

Apart from host genetics, we previously reported that the gut
microbiota could drive MASH development in mice through impair-
ing the intestinal barrier and elevating production of harmful
metabolites'®". Another study found that individuals with MASLD har-
bouring the TM6SF2variant have increased levels of the endotoxaemia

marker lipopolysaccharide (LPS)-binding protein (LBP)". Neverthe-
less, it is unclear whether and how intestinal TM6SF2 affects the gut
microbiotaand intestinal barrier to contribute to MASH development.

Herein, we investigated the role of intestinal 7m6sf2 in MASH
development by specifically deleting Tm6sf2 in small intestinal
epithelial cells (IECs) of mice (Tm6sf2*¢). The effects of intestinal
Tmé6sf2 deficiency on intestinal barrier integrity, gut microbiota and
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metabolites were examined. Mechanistically, intestinal Tmé6sf2 could
directly bind to fatty acid-binding protein (FABP) 5 to regulate the
secretion of long-chain fatty acids (LCFAs) and influence microbiota
composition. The significance of the gut microbiotain MASH induced
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by intestinal Tmé6sf2 deficiency was testified by transplanting stools
from Tm6sf2*™ mice to germ-free mice. In addition, we evaluated the
therapeutic potential of targeting gut microbiota or toxic metabolites
against MASH.
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Fig.2|Intestine Tm6sf2 deficiency resultsinintestinal barrier dysfunction

and gut microbiota dysbiosis. a,b, LPS level in portal vein serum (a) and liver
tissues (b) of Tm6sf2*¥ and Tmé6sf2" mice fed with NC (n =5 per group) or CD-

HFD (n=9 pergroup). ¢, LBP level in portal vein serum of Tm6sf2* and Tm6sf2"
mice fed with CD-HFD (n=9 per group). d, Transmission electron microscopy

of Tm6sf2*"™ and Tmé6sf2" mice fed with NC at age 12 months (n = 5 per group) or
CD-HFD for2months (n=9 per group). e,f, Representative small intestine images
ofimmunofluorescence staining for E-cadherin (red), villin (green) and DAPI (blue;
e), and expression of intestinal barrier proteins in the smallintestine (f) of NC-fed

Tm6sf2*" and Tmé6sf2" mice (n =5 per group) g, a-diversity (Chaol or Simpson) and
B-diversity between NC-fed Tm6sf2*" (n =12) and Tmésf2" (n=13) mice. The central
horizontal line denotes the 50th percentile, while the box contains the 25th to 75th
percentiles of the dataset. The whiskers mark the 5th and 95th percentiles. Data
from two replicates were combined for analysis. h, Heat map of differential faecal
microorganisms between Tmé6sf2* (n =12) and Tmé6sf2" (n=13) mice. Results are
presented as the mean + s.d. Statistical significance was determined by two-tailed
Student’s t-test (a, right; b; cand d, right), two-tailed Mann-Whitney Utest

(a, leftand d, left), Wilcoxon test (g, left) or Adonis test (g, right).

Results
Systemic Tmé6sf2 deletion triggers MASH in mice
To investigate the role of Tm6sf2 in MASH, we generated systemic
Tmé6sf2 knockout (KO) mice that were fed a normal chow (NC) or a
choline-deficient high-fat diet (CD-HFD; Extended Data Fig. 1a-c,g).
Compared to wild-type mice, systemic Tmé6sf2 KO mice fed with NC
displayed more severe steatosis, oxidative stress and liver injury, as
evidenced by elevated MASH activity score (Extended Data Fig. 1d),
triglyceride content, lipid peroxidation (Extended Data Fig. 1e) and
serum alanine aminotransferase (ALT) level (Extended Data Fig. 1f).
Similarly, CD-HFD-fed systemic Tm6sf2 KO mice displayed more pro-
nounced steatohepatitis than CD-HFD wild-type mice, as evidenced by
increased MASH activity score (Extended Data Fig.1g), lipid peroxida-
tion (Extended DataFig.1h) and serum ALT level (Extended DataFig. 1i).
To examine the role of hepatic Tm6sf2 in MASH, we generated
liver-specific Tm6sf2KO (Tm6sf2*-"*") mice to specifically delete Tmésf2
inmouse liver (Extended Data Fig. 2a). The loss of Tm6sf2in the liver of
Tmé6sf2°"*" mice was confirmed by immunohistochemistry (Extended
Data Fig. 2b) and western blot (Extended Data Fig. 2c). Compared
to Tmé6sf2" wild-type littermates, Tmé6sf2*-" mice exhibited signifi-
cantly increased hepaticlipid accumulation (Extended DataFig.2d,e).
However, neither feeding of NC nor CD-HFD to Tmésf2*""* mice led
to a significant increase in MASH activity score or lipid peroxidation
(Extended Data Fig. 2d-g), whereas CD-HFD-fed Tm6sf2*"*" mice had
higher serum ALT levels than CD-HFD-fed wild-type controls (Extended
Data Fig. 2h). These findings thus suggest that systemic Tmésf2 defi-
ciency has stronger pro-steatohepatitic effects than liver-specific
Tmésf2 deficiency, implying the involvement of non-hepatic Tmé6sf2
in MASH development.

Intestinal Tmé6sf2 deficiency triggers MASH in mice

TM6SF2 is mainly expressed in human liver and small intestine, while
thelatter has higher expression’. To evaluate whether intestinal Tmésf2
playsarolein MASH, we generated IEC-specific Tm6sf2KO (Tm6sf2*")
mice fed with NC for 4 months or 12 months (Fig. 1a). The loss of intes-
tinal but not liver Tmé6sf2 in Tmésf2*'*° mice was confirmed by immu-
nohistochemistry staining and western blot (Fig. 1b,c). Tm6sf2*"“ mice
at4 months old spontaneously developed MASLD, as evidenced by
elevated hepatic lipidaccumulation (P=0.0002) and triglyceride con-
tent (P=0.0207) compared to Tm6sf2" wild-type mice (Fig. 1d). More
severe MASH was also observed in Tm6sf2** mice at 12 months old with
increased MASH activity score (P=0.0079), as well as elevated hepatic

lipid accumulation (P=0.0079) and triglyceride content (P=0.0159)
compared to Tmé6sf2" wild-type controls (Fig. 1e).

Hepatic levels of pro-inflammatory cytokine tumour necrosis
factor (TNF) were upregulated in Tm6sf2* mice compared to Tmésf2"
wild-type controls, together with enhanced nuclear factor kB (NF-kB)
activation by increased phosphor-p65 NF-kB subunit and decreased
IkBa (Extended Data Fig. 3aand Fig. 1f). Because TNF is mainly secreted
by macrophages®, flow cytometry was conducted to analyse mac-
rophage subtypes in mouse liver tissues (Supplementary Fig. 1). The
proportions of activated macrophages and M1 pro-inflammatory
macrophages (CD45'F4/80°CD11b*CD11¢*CD2067) were signifi-
cantly increased in Tm6sf2*"™ mice compared to Tmé6sf2" wild-type
controls (both P<0.001; Fig. 1g). These results were confirmed by
RNA sequencing onliver tissues of Tmésf2*™ and Tmésf2" littermates,
showing activation of multiple MASH-related pathways including
cytokine-mediated signalling, lipid metabolic process and NF-kB sig-
nalling (Fig. 1h and Extended Data Fig. 3b).

To determine whether these observations were sex dependent,
we assessed the effects of intestinal Tm6sf2 on MASH in female mice.
In line with the results from male mice, female Tm6sf2*'¥ mice dis-
played significantly elevated hepatic lipid accumulation (P = 0.0281)
and increased MASH activity scores (P=0.0106), as well as elevated
triglyceride content (P=0.0366) and serum ALT level (P=0.0087),
compared to female Tmésf2" wild-type controls (Fig. 1i). Collectively,
these findings demonstrate that intestine-specific Tmésf2 deficiency
spontaneously triggers MASH with increased hepaticinflammationin
both male and female mice.

Intestinal Tmésf2 deficiency accelerates diet-induced MASH
We alsoinvestigated whether intestinal Tmé6sf2 deficiency could aggra-
vate diet-induced MASH by supplementing Tm6sf2*¢ and Tmésf2"
mice with a CD-HFD for 2 months. Indeed, more pronounced steato-
hepatitis was developed in CD-HFD-fed Tm6sf2*"™ mice compared to
CD-HFD-fed Tmésf2" wild-type controls, as shown by elevated hepatic
lipid accumulation (P < 0.0001) and MASH activity score (P < 0.0001;
Fig. 1j). Upregulated NF-kB activation (increased p-NF-kB p65 pro-
tein) and pro-inflammatory cytokine secretion (TNF and interleukin
(IL)-6) were also observed in the livers of CD-HFD-fed Tm6sf2*"™ mice
(Fig. 1k and Extended Data Fig. 3c). Moreover, CD-HFD-fed Tm6sf2"'=
mice had significantly higher collagen deposition (P=0.0379) and
hepatic hydroxyprolinelevels (P=0.0041) than CD-HFD-fed wild-type
controls (Fig. 11).

Fig. 3 | Intestinal Tmé6sf2 deficiency promotes MASH by inducing metabolite
alteration. a,b, PCA and PLS-DA of untargeted metabolomic profiling (a), and
heat map of differential metabolites (b) in stools (n = 5 per group), portal vein
serum (n =4 per group) and liver tissues (n = 5 per group) of NC-fed Tmésf2*"* and
Tmé6sf2" mice. ¢, LPA-targeted metabolomics on portal vein serum of Tm6sf2*1%
and Tmésf2" mice fed with NC (n =4 per group), CD-HFD (n =9 per group) or
HFHC diet (n=7 per group). d, LPA-targeted metabolomics on liver tissues of
mice fed with NC (n =4 per group) or HFHC diet (n =7 per group). e, Correlation
analysis between differential bacteria and LPA levels in stools, portal vein serum
and liver tissues of Tm6sf2*'¥ and Tmésf2" mice. *P< 0.05,*P< 0.01.f, LPS-
targeted metabolomics in stools, portal vein serum and liver tissues of germ-free

mice gavaged with Lachnospiraceae for 10 days (n =5 per group).

g h, Representative images of Oil Red O staining with stained area normalized
to cellnumber (n =5 per group), cellular triglyceride and lipid peroxidation
normalized to total protein content (n = 3 per group), and supernatant TNF level
(n=3pergroup) of AML-12 mouse normal hepatocytes (g) or THLE-2 human
normal hepatocytes (h) under LPA treatment with or without LPAR inhibitor
AMO095. Results are presented as the mean = s.d. Statistical significance was
determined by Adonis test (a), two-tailed Student’s t-test (¢, d and f, left and
right), two-tailed Mann-Whitney U test (f, middle), Spearman’s correlation
analysis (e) or one-way analysis of variance (ANOVA) followed by Turkey’s
multiple comparison (gand h).
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Fig. 4| Intestinal cells with Tmésf2 deficiency secrete free fatty acids to
induce gut microbiota dysbiosis. a, Experimental schematic of untargeted
metabolomic profiling on the culture supernatant of IECs isolated from
Tmé6sf2*™ and Tmé6sf2" mice. Created with BioRender.com. b, PCA analysis and
heat map of differential metabolites secreted by IECs from mice (n = 8 per group).
¢, Metabolomics targeting free fatty acids on the cultural supernatant of isolated
IECs (n =8 per group). d, Representative small intestine images of H&E staining
and intestinal triglyceride of Tm6sf2* mice fed with NC (n =5 per group) or CD-
HFD (n =9 per group). e, Silver staining coupled with mass spectrometry analysis
after pull-down assay on mouse intestinal tissues. f, Co-immunoprecipitation

of TM6SF2 and FABP5 using mouse intestinal proteins. g, MST assay for direct
binding between TM6SF2 and FABP5 with dissociation constant (K,) provided.

h, Representative structure of molecular docking between TM6SF2 (purple)
and FABPS (blue). i, Metabolomics targeting free fatty acids in TM6SF2KO Caco2
cells with or without FABPS5 overexpression (n = 6 per group). j, Experimental
schematic and intestinal permeability by FITC-labelled dextran assay in mice
supplemented with the top differential free fatty acids (n = 5 per group).

k, Permeability of Caco2 cell monolayers treated with arachidic acid or
arachidonic acid (n =3 per group). I, m, Heat map of differential faecal micro-
organisms (I) and LPA-targeting metabolomics on portal vein serum (m) of mice
treated with free fatty acids (n = 4-5 per group). Results are presented as the
mean +s.d. Experiments were repeated three times with similar results (e and f).
Statistical significance was determined by two-tailed Student’s t-test (¢, d,

iand k) or one-way ANOVA followed by Turkey’s multiple comparison (jand m).

For confirmation, we established another mouse model of
diet-induced MASH by feeding Tm6sf2*'% and Tmésf2" mice with a
high-fat high-cholesterol (HFHC) diet for 2 months (Extended Data
Fig.4a).As expected, HFHC-fed Tm6sf2*" mice developed more severe
steatohepatitis than HFHC-fed Tmésf2" wild-type controls, as shown
by elevated MASH activity score (Extended Data Fig. 4b). Together, our
consistent findings from multiple mouse models indicate that intes-
tinal Tmé6sf2 deficiency plays a critical role in promoting the develop-
ment of spontaneous or diet-induced MASH in mice.

Intestinal Tmé6sf2 deficiency impairs the intestinal barrier

Human intestine and liver communicate through the gut-liver axis,
while animpaired intestinal barrier is the prerequisite for MASH devel-
opment™; therefore, we speculated that intestinal Tmé6sf2 deficiency
may influence the intestinal barrier. Indeed, portal vein (Fig. 2a) and
liver LPS levels (Fig. 2b) were significantly elevated in Tmé6sf2*"* mice fed
withNC or CD-HFD, compared with corresponding Tmésf2" wild-type
controls.Serum level of LBP, the binding protein of LPS, was also upreg-
ulatedin the portal vein of Tm6sf2*"™ mice fed with a CD-HFD (Fig. 2c).
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Fig. 5| Gut microbiota from Tm6sf2*" mice promotes NASH development

ingerm-free mice. a, Schematic of FMT experiment and representative images
of Oil Red O and H&E staining with histological scoring in male germ-free mice
transplanted with stools from Tmé6sf2* (G- Tmé6sf2*) or Tmé6sf2" (G-Tmésf2")
and fed with NC for 4 or 8 months (n =10-11 per group). b-d, Hepatic triglyceride
and lipid peroxidation (b), visceral fat (c) and PCR array and CclI and Cc/12mRNA

levelsin liver tissues (d) of G- Tm6sf2*'"C and G-Tm6sf2" mice 4 months after FMT
(n=10 per group). e, Representative images of Oil Red O and H&E staining with
histological scoring in G-Tmésf2"¥ (n = 11) and G-Tmésf2" (n =10) 8 months

after FMT. Results are presented as the mean + s.d. Statistical significance was
determined by two-tailed Student’s ¢-test (b and ¢) and two-tailed Mann-Whitney
Utest (aand e). TBARS, thiobarbituric acid-reactive substances assay.

Inkeeping with this, transmission electron microscopy revealed abnor-
malities of intestinal intracellular junctions in Tmésf2"™ mice with a
widened apical junctional complex and paracellular gap (Fig. 2d and
Extended Data Fig. 4c¢). Moreover, intestinal expressions of adherent
protein E-cadherinand tight junction proteins claudin 3 and occludin
were all markedly downregulated in Tmésf2® mice (Fig. 2e,f). For
further confirmation, we deleted TM6SF2 expression in human colon
epithelial cell line Caco2. Theresults showed that TM6SF2 deletion led
to increased permeability of in vitro monolayers of colon epithelial
cells (Extended Data Fig. 5). Collectively, these findings indicate that
intestinal Tmésf2 deficiency induces intestinal barrier dysfunction.

Intestinal Tmé6sf2 deficiency induces gut microbial dysbiosis

Given that the gut microbiota plays an important role in shaping the
structure and integrity of intestinal barrier”, we performed shotgun
metagenomic sequencing on faecal samples of Tm6sf2*™ and Tmé6sf2"
mice. Principal component analysis (PCA) revealed that the microbial
community was significantly different between Tmésf2* and Tmésf2"
wild-type mice (P=0.009; Fig. 2g). Differential bacterial taxa were
alsoidentified (Fig. 2h). Potentially pathogenic bacteriaincluding Por-
phyromonadaceae bacterium UBA 7221, Lachnospiraceae bacterium
UBA7098, L. bacterium CAG:364 and Alistipes sp. MarseilleP5061 were
markedly enriched in Tmé6sf2** mice, accompanied by the depletion

of protective bacteria Ruminococcaceae bacterium UBA3323,UBA3648
and UBA3903 (Fig. 2h).

Elevated LPA promotes MASH in mice with intestinal Tmésf2
deficiency

The liver is exposed to metabolites in the portal vein that are derived
from gut microorganisms'. To evaluate metabolite changes, we
performed untargeted metabolomic profiling on stools, portal vein
serum and liver tissues of Tm6sf2*" and Tmé6sf2" mice. PCA and par-
tial least-squares discriminant analysis (PLS-DA) revealed that the
metabolome profile was significantly different between Tm6sf2**¢ and
Tmésf2" wild-type mice in all three types of samples (Fig. 3a). Among
all differential metabolites, LPA was the top metabolite consistently
upregulated in stools, portal vein serum and liver tissues of Tm6sf2*'¥
mice (Fig. 3b). This was validated by targeted metabolomics, which
confirmed the significant elevation of LPA in the portal vein serum of
NC-fed, CD-HFD-fed or HFHC-fed Tm6sf2*° mice (Fig. 3c). LPA level
was also increased in liver tissues of NC-fed or HFHC-fed Tm6sf2*"™
mice, compared to Tm6sf2" littermates (Fig. 3d).

The correlation between differential microorganisms and metabo-
lites under intestinal Tmé6sf2 deficiency was determined. Integrative
analysis revealed that LPA levels in stools, portal vein serum and liver
tissues were positively correlated with enriched bacteria including
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Fig. 7| Gut microbiota modulation improves MASH induced by intestinal
Tmeésf2 deficiency. a, Experimental schematic of microbiota modulation by
co-housing male Tmé6sf2*= mice with male Tmésf2" mice for 4 months to restore
the gut microbiota (n =5 per group). b-e, Representative images of Oil Red O and
H&E staining with histological scoring (b), hepatic levels of TNF and IL-6 (c), flow
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cytometric analysis of hepaticimmune cell populations (d) and transmission
electron microscopy (e) in Tm6sf2*¢ and co-housed Tm6sf2* mice (n =5 per
group). Results are presented as the mean + s.d. Statistical significance was
determined by two-tailed Student’s ¢-test (b-e).
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Lachnospiraceae, Porphyromonadaceae and Alistipes, while negatively
correlated with Ruminococcaceae (Fig. 3e). Prediction analysis on
microbial functional pathways showed that Lachnospiraceae, Por-
phyromonadaceae and Alistipes encoded the enzyme gene gpsA which
isinvolved in the conversion of glycerone phosphate to sn-glycerol
3-phosphate, a precursor of LPA and catalyst of de novo synthesis of
glycerolipids”. Lachnospiraceae and Alistipes also encoded the enzyme
gene plsY, which could further catalyse the conversion of sn-glycerol
3-phosphate to LPA (Extended Data Fig. 6a,b). Hence, these results
imply the potential of these enriched bacteria to produce LPA under
intestinal Tmé6sf2 deficiency. Considering the significant enrichment of
Lachnospiraceaeinstools of individuals with MASLD®, its strong corre-
lation with LPA biosynthesis (Fig. 3e) and its presence of LPA-producing
enzymes (Extended Data Fig. 6a,b), we supplemented L. bacteriumto
germ-free wild-type mice via oral gavage. Compared to mice treated
withbroth control, L. bacterium-treated mice had significantly higher
levels of LPA intheir stools, portal vein serum and liver tissues (Fig. 3f),
thus suggesting that LPA elevation is at least partially derived from
enriched bacteria such as Lachnospiraceae in Tmésf2*" mice.

The in vitro role of LPA was investigated. LPA treatment signifi-
cantly induced triglyceride accumulation, lipid peroxidation and
inflammation in mouse normal hepatocytes AML-12 (Fig. 3g). Similarly,
increased lipid accumulation and lipid peroxidation were observedin
human normal hepatocytes THLE-2 after LPA treatment (Fig. 3h). LPA
receptor (LPAR) is the receptor of LPA in hepatocytes”. Therefore, we
applied LPAR antagonist AM095 to cells, in addition to LPA treatment.
LPAR blockade markedly reversed LPA-induced lipid accumulation,
lipid peroxidation and inflammation in mouse AML-12 and human
THLE-2 cells (Fig. 3g,h). Together, our findings illustrate that intes-
tinal Tmésf2 deficiency alters the gut microbiota and increases LPA
production, while the latter could enter the liver through the portal
vein circulation to promote MASH development.

Tmésf2-deficient IECs secrete LCFAs to induce gut dysbiosis
To decipher the underlying mechanism of intestinal Tmésf2 defi-
ciency in MASH, we isolated primary IECs from the small intestines
of Tm6sf2*"€ and Tmé6sf2" mice and performed untargeted metabo-
lomicsonthe culture supernatant (Fig. 4a). Our analysis identified that
metabolites secreted by IECs from Tmé6sf2"™ and Tm6sf2" mice were
significantly different, with free fatty acids being the top differential
metabolites (Fig. 4b). This was confirmed by targeted metabolomics,
of which LCFAsincluding arachidicacid (P < 0.0001), arachidonic acid
(P=0.0302), linoleic acid (P=0.0004) and palmitic acid (P=0.0028)
were significantly upregulated in the culture supernatant of IECs iso-
lated from Tmé6sf2** mice (Fig. 4c). Inaddition, significantly increased
lipid accumulation was observed in the small intestines of Tm6sf2'¢
mice fed withNC, CD-HFD and HFHC (Fig. 4d and Extended DataFig. 4d).
We next explored how intestinal Tm6sf2 deficiency triggers the
release of free fatty acids in the intestinal epithelium. Through silver
staining coupled with mass spectrometry, we identified that FABPS
was a potential interacting partner of Tmé6sf2 in mouse intestinal tis-
sues (Fig. 4e and Supplementary Table 1). Co-immunoprecipitation
experiments showed that anti-TM6SF2 could pull down FABP5, and
anti-FABP5 could reciprocally pull down TM6SF2, thus confirming
their interaction (Fig. 4f). The direct interplay between TM6SF2 and

FABP5 was also validated by microscale thermophoresis (MST) assay,
with adissociation constant 0f197.35 nM (Fig. 4g). Molecular docking
analysis revealed that TM6SF2 bound to FABPS5 through hydrogen
bonding and alkyl interactions, with a binding energy of -251.44 kcal
mol™ (Fig.4h). Overexpression of FABP5 in human colon epithelial cells
(Caco2) abrogated TM6SF2 KO-induced secretion of LCFAs (Fig. 4i), fur-
ther demonstrating that TM6SF2 regulates LCFA secretion via FABPS.
Meanwhile, intestinal expression of proteinsrelated to lipid transport
(NPCI1L1and CD36) was similar between Tmé6sf2* and Tmé6sf2" mice
(Extended Data Fig. 7). These results indicate that intestinal Tm6sf2
deficiencyinterrupts the binding between Tmé6sf2 and FABPS, whichin
turn promotes the secretion of free fatty acids and lipid accumulation
intheintestinal epithelium.

The effects of the top enriched free fatty acids under intestinal
Tmésf2 deficiency (arachidic acid, arachidonic acid, linoleic acid and
palmitic acid) on intestinal barrier and gut microbiota were evalu-
ated in mice (Fig. 4j). Supplementation of arachidic acid or arachi-
donicacidsignificantly increased intestinal permeability in mice with
elevated efflux of fluorescein isothiocyanate (FITC)-labelled dextran,
while no difference was observed in mice treated with linoleic acid or
palmitic acid (Fig. 4j). Consistently, arachidic acid and arachidonic
acid increased permeability of in vitro monolayers of human colon
epithelial cells (Caco2), indicating their capability to impair intestinal
barrier integrity (Fig. 4k). These two free fatty acids also induced gut
microbial dysbiosisin mice with marked enrichment of LPA-producing
Lachnospiraceae (Fig. 41). Of note, LPA level in portal vein serum was
significantly higher only in mice treated with arachidic acid, com-
pared to vehicle controls (Fig. 4m). These findings thus imply that
Tmeésf2-deficient IECs lead to elevated secretion of free fatty acids,
particularly arachidic acid, impairedintestinal barrier and gut dysbiosis
withenriched Lachnospiraceae, together promoting LPA biosynthesis
and accelerating MASH development.

Gut microbiota of Tm6sf2*"¢ mice promotes MASH in
germ-free mice
To determine whether the gut microbiotaplays acrucial role in MASH
induced by intestinal Tmésf2 deficiency, we transplanted faecal sam-
ples from Tmé6sf2"™ mice (G-Tm6sf2*C) or Tm6sf2" mice (G-Tmésf2")
into germ-free mice fed with NC. These germ-free mice were gavaged
with stools once at 2 months old and 3 months old, respectively, and
were euthanized 4 months or 8 months after the first faecal microbiota
transplantation (FMT). G-Tmé6sf2"™ mice at 4 months following FMT
had significantly higher hepaticlipid accumulationand MASH activity
score than G-Tmésf2" control mice (Fig. 5a). Hepatic triglyceride con-
tent (P=0.011) and lipid peroxidation (P = 0.0002) were also markedly
elevated in G-Tmé6sf2*¥ mice (Fig. 5b), accompanied by increased vis-
ceral fat weight (P=0.0044; Fig. 5c). Enhanced inflammation was con-
firmed by the upregulated expression of pro-inflammatory cytokines
including chemokine ligand (CCL)-1and CCL12 in G-Tm6sf2*"* mice
(Fig. 5d). Consistent results were observed in G-Tm6sf2**“ mice at
8 months following FMT with significantly elevated hepatic lipid
accumulation and MASH activity score (P < 0.0001; Fig. 5e).

The gut microbiota of recipient germ-free mice was evaluated.
Similarly todonor mice, there was no differencein microbial a-diversity,
whereas the microbial community was significantly different between

Fig. 8| Pharmacological inhibition of LPA receptor suppresses MASH.

a, Experimental schematic of 12-month-old male Tmésf2*" mice treated with LPAR
inhibitor AM095 (10 mg per kg body weight) or vehicle control twice per week for

6 weeks. b,c, Representative images of Oil Red O and H&E staining with histological
scoring (b), and hepatic triglyceride and hepatic lipid peroxidation (c) in Tmé6sf2*'¥
mice treated with AMO95 or vehicle control (n = 5 per group). d-f, Experimental
schematic (d), representative images of Oil Red O and H&E staining with histological
scoring (e), and hepatic triglyceride and serum ALT level (f) of male conventional
C57BL/6 wild-type mice fed with NC (n = 5), MCD diet with vehicle control (n=7),

or MCD diet with LPAR inhibitor AM095 (n = 8) for 10 days. g-i, Experimental
schematic (g), representative images of Oil Red O and H&E staining with histological
scoring (h) and hepatic triglyceride and lipid peroxidation (i) of male C57BL/6
wild-type mice fed with NC (n=5), MCD diet with vehicle control (n =5), or MCD diet
with LPAR inhibitor Brp-LPA (n = 6).j, Overview schematic of the study. Created with
BioRender.com. Results are presented as the mean + s.d. Statistical significance

was determined by two-tailed Student’s t-test (b and ¢) or one-way ANOVA

followed by Turkey’s multiple comparison (e, f,hand i). DMSO, dimethylsulfoxide;
i.p., intraperitoneal; TBARS, thiobarbituric acid-reactive substances assay.
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G-Tm6sf2™ and G-Tmé6sf2" mice in terms of B-diversity (P=0.001;
Fig. 6a,b). Potentially pathogenic bacteria including L. bacterium
CAG:364, L. bacterium UBA7098, P. bacterium UBA7221 and Alistipes sp.
Marseille P5061 were enriched in G-Tm6sf2*"* mice (Fig. 6¢), of which
the abundances of all these species were also increased in the donor
Tmé6sf2*™ mice (Fig. 2h). Protective Ruminococcaceae was depleted
in G-Tmé6sf2" mice (Fig. 6¢). Moreover, untargeted and targeted
metabolomics identified increased LPA levels in stools and portal
veinserum of G-Tm6sf2" mice, compared to G-Tmésf2" control mice
(Fig. 6d-f). Correlation analysis further showed that the abundances of
Porphyromonadaceae, Lachnospiraceae and Alistipes were positively
correlated with LPA level, in contrast to Ruminococcaceae, which
had a negative correlation (Fig. 6g). These results from FMT-treated
germ-free mice thus confirm the significance of gut microbiota in
mediating MASH developmentinduced by intestinal Tmésf2 deficiency.
Gut microbiota modulation improves MASH in Tmé6sf2"" mice
Given the importance of the gut microbiota, therapeutic potential of
microbiota modulation against MASH was investigated by co-housing
Tmé6sf2"™ mice with Tmésf2" wild-type mice for 4 months (Fig. 7a).
Gut microbial dysbiosis was restored with significantly decreased
L. bacterium and Porphyromonadeceae bacterium in Tmé6sf2*¢ mice
after co-housing (Extended Data Fig. 8). Co-housed Tm6sf2*" mice
exhibited ameliorated steatohepatitis with reduced hepatic lipid accu-
mulation, MASH activity score and pro-inflammatory cytokines TNF and
IL-6 (Fig. 7b,c). The proportions of activated macrophages (P = 0.0012)
and M1 pro-inflammatory macrophages (P = 0.0011) were also signifi-
cantly decreased in co-housed Tm6sf2* mice (Fig. 7d). Moreover, the
width of intestinal tight junctions was markedly reduced in co-housed
Tmé6sf2*™ mice (P= 0.0026; Fig. 7e), implying the improved integrity
of the intestinal barrier. These results thus suggest that targeting the
gut microbiotais effective against MASH induced by intestinal Tm6sf2
deficiency.

Pharmacological inhibition of LPA receptor suppresses MASH
Since unrestrained translocation of the toxic metabolite LPA from
the gut to liver is crucial for disease development, we hypothesized
that LPAR, thereceptor of LPA, could be atherapeutic target of MASH.
Tm6sf2* mice were treated with LPAR antagonist AM095 for 6 weeks
(Fig. 8a). LPARblockade markedly reduced lipid accumulation, MASH
activity score, hepatic triglyceride, and lipid peroxidation in Tmésf2*¥
mice, compared to vehicle Tmé6sf2**¢ control mice (Fig. 8b,c). We fur-
ther examined the effect of LPAR antagonist AMO95 or Brp-LPA in
wild-type mice with methionine-choline-deficient (MCD) diet-induced
MASH. AM095 treatment alleviated diet-induced lipid accumulation,
MASH activity score and triglyceride content in mice (Fig. 8d-f), while
Brp-LPAsignificantly reversed diet-induced MASH with reduced lipid
accumulation, MASH activity score and triglyceride content (Fig. 8g-i).
Similarly, AM095 reversed HFHC diet-induced triglyceride accumula-
tionand serumALT levelsinwild-type mice (Extended Data Fig. 9a-c).
Collectively, these findings indicate that LPAR blockade is a promising
therapeutic approach against MASH.

Discussion

Inthis study, we demonstrated a crucial cross-talk between anintestinal
gene and liver disease. TM6SF2is predominantly expressed in human
liver andintestines, whereasits loss-of-function variantis awell-known
risk factor of MASH. Using multiple mouse models, our results illus-
trated the contribution of intestinal Tm6sf2 deficiency to the develop-
ment of MASH. Mechanistically, TM6SF2 binds with FABP5 to regulate
fatty acids in IECs, yet its deletion leads to increased release of free
fatty acidsinto theintestinal microenvironment, harming the integrity
of the intestinal barrier and altering the gut microbiota (Fig. 8j). The
dysbiotic microbiota then triggers the secretion of toxic metabolite
LPA, which is more likely to enter the portal vein due to the impaired

intestinal barrier. The translocated LPA eventually promotes MASH
development after binding to its receptor LPAR in the liver.

Human gut and liver communicate bidirectionally viathe gut-liver
axis, starting fromthe intestinal barrier, portal vein circulation, biliary
tract and liver as the terminal. Previous studies have reported the
association of various intestinal factors with liver diseases in the con-
text of the gut-liver axis. For example, activation of intestine-specific
hypoxia-inducible factor 2o under obesity is a contributor of hepatic
steatosis?’, whereas high-density lipoproteins derived from entero-
cytes could restrain liver injury through the portal vein circulation®. On
the other hand, although the correlation between the TM6SF2 variant
and MASH is well reported®, the impact of intestinal TM6SF2 on this
diseaseremains unclear. Giventhe high expression of TM6SF2in human
intestines®, we speculated the potential role of intestinal TM6SF2 in
MASH. Using different mouse models with intestinal Tm6sf2 deficiency,
ourresults clearlyillustrate thatintestinal Tmésf2 deficiency promoted
MASH and fibrosis in mice, which in turnindicates the protective role
of intestinal TM6SF2 against MASH development.

Intestinal barrier dysfunction is a prerequisite for MASH
development™, while gut microbial dysbiosis is animportant cause of
such dysregulation. Our previous study reported that the intestinal
barrier is impaired in individuals with the TM6SF2 loss-of-function
variant'”. Here, we showed that intestinal barrier integrity is markedly
impaired in Tmésf2**¢ mice, concomitant with an altered gut micro-
biota. In particular, potentially pathogenic P. bacterium, L. bacterium
and Alistipes sp. Marseille were significantly enriched in Tm6sf2*'=
mice. Porphyromonadaceae is a pro-inflammatory bacteria enriched
in individuals with MASH?, and it could exacerbate steatohepatitis
in mice with inflammasome deficiency-induced MASH***, Similarly,
enriched Lachnospiraceae was reported in individuals with MASLD'®
while inducing MASLD development in germ-free mice”. Alistipes sp.
Marseille is a potential pathogenic bacterium enriched in mice fed
with a high-fat diet and is positively correlated with serum LPA level”.
Through metabolomic profiling, LPA was identified as one of the top
metabolites that were consistently elevated in stools, portal vein serum
and liver tissues of Tm6sf2*'¥ mice. LPA is a bioactive phospholipid
known to exhibit pro-tumorigenic effects by inducing inflammation,
liver steatosis and insulin resistance®. Integrative analysis revealed
a positive correlation between LPA level and faecal abundances of
Lachnospiraceae, Porphyromonadaceae and Alistipes. Moreover,
Lachnospiraceae harbours two enzymes involved in LPA production.
Germ-free mouse experiments confirmed that Lachnospiraceae was
involvedin LPA biosynthesis, while gut LPA could be translocated into
theliver through theimpairedintestinal barrier and portal vein. Hence,
adysregulated gut-liver axis caused by intestinal Tmésf2 deficiency
leads to gut microbial dysbiosis and unrestrained translocation of LPA
into the liver, thereby promoting MASH development.

The underlying mechanisms of how intestinal Tm6sf2 deficiency
induces gut microbial dysbiosis and metabolite alterations were inves-
tigated. IECs isolated from Tmé6sf2*¥ mice tend to secrete more free
fatty acids especially LCFAs. Increased LCFAs including arachidic acid
and arachidonicacid resultsinimpaired intestinal barrier, elevated LPA
level and enriched pathogenic bacteria including Lachnospiraceae
and Porphyromonadaceaein mice. Similarly to our results, a previous
reportshowed that diets with high contents of linolenic acid, palmitic
acid and arachidic acid could change the gut microbiota and villus
morphology in mouse smallintestine”. In general, fatty acids are first
absorbed intheintestines through thelipid transporter CD36, and then
transported intracellularly by various FABPs*. The binding between
free fatty acids and FABPs is critical to reduce toxicity of fatty acids in
cells®. In this study, we revealed the direct binding between TM6SF2
and FABP5, while overexpressing FABPS, could reverse the increased
secretion of LCFAs induced by Tmé6sf2 deletion in IECs. Together, our
findings indicate that the binding between TM6SF2 and FABPSis abol-
ished under TM6SF2 deletion, which in turn promotes the release of
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LCFAs and other free fatty acids from TM6SF2-deficient IECs. These
secreted free fatty acids then stimulate the gut microbiota to produce
more toxic metabolites particularly LPA, subsequently accelerating
MASH development.

The causative role of the gut microbiota in MASH induced by
intestinal Tmé6sf2 deficiency was validated by FMT. Indeed, the faecal
microbiota from Tm6sf2*= mice directly promoted lipid accumulation
and inflammationin recipient germ-free mice, thus implying that the
gut microbiota altered by intestinal Tm6sf2 deficiency is adequate to
induce MASH developmentin mice. Numerous preclinical and clinical
studies have reported the therapeutic potential of dietary intervention,
probiotics or FMT to modulate the gut microbiota against MASH> >,
Givenits crucial role, we hypothesized that modulating the gut micro-
biota or their metabolites may be effective to ameliorate MASH. By
co-housing Tmésf2*™ mice with wild-type controls, the dysbiotic
microbiota of Tm6sf2*"¥ mice was restored with ameliorated steato-
hepatitis. Besides, many antagonists of LPAR have been investigated
in clinical trials as therapeutic targets for different pathologies™. In
linewith these studies, here we found that pharmacological blockade
of LPAR also suppressed MASH in both Tmésf2*“ mice and wild-type
mice with diet-induced MASH. Collectively, while MASH is infamous
for having very limited treatment options with only one drug approved
by the USFood and Drug Administration, therapeutic potential of gut
microbiota or metabolite manipulation against this diseaseisincreas-
ingly demonstrated.

This study has several limitations. Firstly, the findings are pre-
dominantly based on mouse models. Human studies are necessary
to validate the significance of intestinal 7Tmé6sf2 in the progression of
MASLD. Secondly, the evaluation of LPAR antagonist Brp-LPA was con-
fined to an MCD mouse model, which inadequately recapitulates key
metabolic risk factors necessary torepresent the clinical spectrum of
MASLD?*. Nonetheless, although the MCD modelis a nutrient-deficient
approachthat cannot accurately reflect the natural history of MASLD,
it remains widely used in research due to its ability to induce severe
inflammation and moderate hepatic fibrosisinarelatively short feeding
period. Moreover, our investigation into the LPAR antagonist AM095
in mice with HFHC diet-induced MASH may address the limitation of
the MCD mouse model.

In conclusion, our study reveals that deficiency of intestinal
TM6SF2 is associated with MASH development. The loss of TM6SF2
promotes the release of free fatty acids from IECs, leading to intes-
tinal barrier dysfunction, gut microbiota dysbiosis and metabolite
alterations. These changes prompt the translocation of endotoxins
and harmful metabolitesinto theliver, eventually accelerating MASH
development. Onthe other hand, modulating the gut microbiota and
their metabolites is effective in alleviating MASH in mice. Altogether,
our findings report a gut-liver cross-talk in the development of liver
disease, involving an intestinal gene, gut microbiota and metabo-
lites, while targeting the microbiota or blocking metabolite receptors
might be apotential strategy inthe prevention and treatment of MASH
induced by the TM6SF2 loss-of-function variant.

Methods

Mouse experiments

Allanimal experiments were performed in accordance with guidelines
approved by the Animal Experimentation Ethics Committee of The
Chinese University of Hong Kong, Xiamen University, Army Medical
University and Gnotobio. Mice were housed in specific pathogen-free
facilities at 20-26 °C with 40-70% humidity under a 12-h light-dark
cycle. Food and water were provided ad libitum. Both male and female
Tm6sf2*"™ mice were used to investigate the role of intestinal Tmésf2
deficiency in steatohepatitis. For other experiments, male mice were
used following the precedent set by prior MASLD studies that pre-
dominantly used male mice. No statistical methods were used to pre-
determine sample size. Mice were randomly assigned to each group.

Tm6sf2 transgenic mice. Conditional Tmésf2 KO C57BL/6) mice were
generated through the Cre-loxP recombination system by Nanjing Bio-
medical ResearchInstitute of Nanjing University (Extended DataFig.10a).
Tmé6sf2" mice were first generated by CRISPR-Cas9-targeted insertion of
LoxPrecombinationsitesintointronicregions that surround exons 2-5.
Thesingle-guide RNA (sgRNA) sequences are: 5~-AGGGGAATCCACCTGTC;
3’-CCCAACACTCAACCCCCG. These Tm6sf2" mice (3-4 weeks) were
then cross-bred with Cre transgenic mice by in vitro fertilization to
yield Cre/Tm6sf2° mice. Tmé6sf2 was inactivated due to the deletion
of exons 2-5, induced by Cre-loxP recombination. Tissue specificity
of conditional Tmésf2 KO was contingent upon tissue-specific expres-
sion of the Cre recombinase. Alb-Cre (B6.Cg- Tg (Alb-Cre) 21 Mgn/JNju
mice, Nanjing University) or Villin-Cre mice (B6.Cg-Tg(Vill-cre)997Gum/)
mice, RRID: IMSR_JAX:004586, The Jackson Laboratory) were used for
liver-specific or IEC-specific Tm6sf2KO, respectively. Only homozygous
conditional Tmé6sf2KO mice were used for animal experiments.

Systemic Tmé6sf2 KO C57BL/6 mice were generated through the
CRISPR-Cas9 system at the animal centre of Xiamen University, Xia-
men, China. CRISPR-Cas9-mediated gene editingled to afour-base-pair
deletion in the first exon of the Tmé6sf2 gene, causing a frameshift
mutation that effectively inactivated Tmé6sf2 (Extended Data Fig.10b).
Backcross breeding with offsprings of C57BL/6 wild-type mice for
three generations was used to remove any possible off-target changes.
Genotypingwas screened with primerslistedin Supplementary Table 2.
Sanger sequencing was performed on PCR products for verification.

Male Tmé6sf2*"*, Tmé6sf2*™, Tmé6sf2 KO and their corresponding
wild-type littermates (n = 5-12 per group) were fed with NC (13.38% fat,
57.94% carbohydrate, 28.67% protein; 5001, LabDiet) for 4 or 12 months,
CD-HFD (36.2% fat, 27.3% carbohydrate, 27.2% protein; D19042402,
Research Diets) for 2 or14 months, or HFHC diet (43.7% fat, 36.6% carbo-
hydrate, 19.7% protein; SF11-078, Specialty Feeds) for 2months. Female
Tmé6sf2*™ ¢ and control mice (n =9 per group) were fed with NC for 12
months. In additional experiments, 8-month-old NC-fed Tmé6sf2*'¢
mice (n=>5 per group) were co-housed with Tmé6sf2" littermates for 4
months. 12-month-old NC-fed Tm6sf2'™ mice (n =5 per group) were
injected with AMO095 (10 mg per kg body weight) or vehicle control
(10% DMSO) intraperitoneally twice per week for 6 weeks. Mice were
fasted for 16 h before euthanasia.

Germ-free mice. Male C57BL/6 germ-free mice were bred in the
Department of Laboratory Animal Services, Army Medical Univer-
sity, Chongging, China. One gram of faecal samples from Tmé6sf2*'
or Tmé6sf2" mice was homogenized in 5 ml of PBS. Germ-free mice at 7
weeks old (n =10-11 per group) were gavaged with faecal samplesonce
at2months old and 3 months old, respectively. Mice were euthanized
4 months or 8 months after the first FMT.

Another batch of male C57BL/6 germ-free mice was acquired from
Gnotobio. L. bacterium CAG364 (DSM 20583, German Collection of
Microorganisms and Cell Cultures) were cultured under anaerobic
conditions using DSMZ Medium 104. Germ-free mice (n = 5per group)
received a daily dose of 1 x 108 colony-forming units of L. bacterium for
aconsecutive period of 10 days.

Mice treated with free fatty acids. Male 7-week-old C57BL/6 mice
(n=S5pergroup) were fed with NC mixed with free fatty acids, including
arachidic acid (10 g per kg body weight diet; A3631, Sigma-Aldrich),
arachidonicacid (10 g per kgbody weight diet; A3611, Sigma-Aldrich),
linoleic acid (50 g per kg body weight diet; L1376, Sigma-Aldrich) and
palmitic acid (22 g per kg body weight diet; PO500, Sigma-Aldrich)
for 10 days. FITC-dextran assay was performed before euthanasia to
determine intestinal permeability.

Mice treated with LPAR antagonists. Seven-week-old male C57BL/6
mice were fed with MCD diet (sucrose, 455.3 g per kg body weight;
corn starch, 200 g per kg body weight; corn oil, 100 g per kg body
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weight; 0296043910, MP Biomedicals) or corresponding control diet
(sucrose, 455.3 g per kg body weight; corn starch, 200 g per kg body
weight; corn oil, 100 g per kg body weight; choline chloride, 2 g per
kgbody weight; bL-methionine, 3 g per kg body weight, 0296044110,
MP Biomedicals) for 10 days. AM095 (10 mg per kg body weight body
weight; Apexbio) or vehicle control (10% DMSO) was intraperitoneally
injected into mice (n =5-8 per group) for a total of three times (days
3,6 and 9). Male 7-week-old C57BL/6 mice were fed with a HFHC diet
for 3 months and intraperitoneally injected with AM095 (30 mg per
kg body weight) three times per week for another 1 month (n=9-10
per group). To evaluate the effect of LPAR inhibition, male 7-week-old
C57BL/6 mice were fed withan MCD diet for 2 weeks. Brp-LPA (7.5 mg
per kg body weight; Echelon) or vehicle control (10% DMSO) was
intraperitoneally injected into mice for three times (n = 5-6 per group)
every 2 days for 1week.

Cell culture and treatment

Mouse normal hepatocytes AML-12 cells (RRID: CVCL_0140, CRL-2254),
human normal hepatocytes THLE-2 (RRID: CVCL_3803, CRL-2706),
human colon epithelial cells Caco2 (RRID: CVCL_0025, HTB-37) and
human HEK293T cells (RRID: CVCL_0063, CRL-3216) were purchased
fromthe American Type Culture Collection. AML-12 cells were cultured
in DMEM/F-12 medium (Gibco) supplemented with 10% FBS (Thermo
Fisher Scientific), 5 mg ml™ insulin, 5 pug ml™ transferrin, 5 ng mi™
selenium, 40 ng ml™ dexamethasone and 1% penicillin-streptomycin
(Thermo Fisher Scientific). Caco2 and HEK293T cells were cultured
in DMEM supplemented with 10% FBS and 1% penicillin-streptomy-
cin. THLE-2 cells were cultured in THLE-2 specific medium (CM-0833,
Procell). Cells were maintained at 37 °Cin a humidified incubator with
5% CO,. Cells were serum starved for 24 h and maintained in medium
containing 0.1% fatty acid-free BSA with or without supplementing
0.5 UM LPA for 48 h. For LPAR inhibition treatment, 10 uM AM095
was treated with cells for 1 h before LPA treatments. All cell lines were
authenticated by short tandem repeat profiling, and tested imme-
diately for Mycoplasma upon receipt using MycoAlert Mycoplasma
Detection Kit (LTO7-318, Lonza Bioscience).

Lentivirus production

sgRNAs for TM6SF2 were designed by Hanyin Biotechnology (Shang-
hai) and cloned into CMV-MCS-3XFlag-PGK-Puro lentiviral vector.
FABPS5 plasmid was designed by Inovogen Technology and cloned
into pLV-FABP5-Bsd lentiviral vector. sgRNAs were designed as fol-
lows: sgRNA for TM6SF2, FATTGATGAGCGCCCTAATCC; sgRNA for
FABPS, TGGGAGGTCTATATAAGCAGAG. Lentiviral sgRNA vector was
co-transfected into HEK293T cells with psPAX2 (12260, Addgene),
pMD2.G (12259, Addgene) and Lipofectamine 2000 (Thermo Fisher
Scientific) to produce lentivirus. Forty-eight hours after transfection,
virus was collected and frozen at -80 °C.

Caco2 cellswith TM6SF2 KO were generated through 48 h of lenti-
viral transduction, followed by puromycin selection. Caco2 cells with
FABPS5 overexpression were generated through 48 h of lentiviral trans-
duction, followed by blasticidin HCl selection. Caco2 cells with both
TM6SF2 KO and FABP5 overexpression were generated sequentially,
first with TM6SF2 KO followed by FABPS overexpression.

Primary small intestinal cell isolation

Smallintestine tissues from Tm6sf2* and corresponding Tmésf2" con-
trol mice were cutinto small pieces (1-2mm?®) and digested in 0.625 mg
ml™ collagenase 1V, 0.125 mg ml™ Dispase and antibiotics (50 pg ml™
gentamicin, 5 pg ml™” vancomycin and 0.5 pg ml™ amphotericin B) for
1hina37°Cshaker. The tissue suspension was then supplemented with
5 ml of DPBS with 10% FBS and filtered through a 70-pum cell strainer.
The cell population was centrifuged at 400g for 5 min twice. Cell pellets
were culturedin DMEM medium as primary IECs. Cell cultural medium
was collected for metabolomic profiling.

Histological analysis

Liver histology was assessed by H&E staining of paraffin-embedded
sections (4 pm). Histological scoring was independently evaluated
by twoinvestigators who were blinded to the group information. Stea-
tosis and inflammation were scored as previously described'®. MASH
activity score was calculated by the sum of steatosis, inflammation
and ballooning. The presence of steatosis was confirmed by Oil Red O
staining of frozen sections. Oil Red O-positive areas were quantified
by Image] (version1.53e).

Transcriptomic sequencing

Total RNA was isolated from liver tissues of Tm6sf2*¢ and Tmésf2"
mice by TRIzol Reagent (Thermo Fisher Scientific) according to
the manufacturer’s instructions, and subjected to transcriptomic
sequencing (Illumina NovaSeq 6000 Sequencing System). TruSeq
RNA Sample Preparation Kit (Illumina) was used for the construction
of the sequencinglibrary. Data were presented as reads per kilobase
of exon per millionreads mapped. Sequencing reads were preceded
by removing adaptors using cutadapt (version 1.18) and mapped
on the reference human genome (GENCODE version 30) by HISAT2
(version 2.1.0) with the default options. Differentially expressed
genes (P < 0.05) wereincluded in pathway and function analysis using
clusterProfiler (v4.0)* based on Gene Ontology and KEGG pathway
databases.

Shotgun metagenomic sequencing

Genomic DNA was extracted from 100 mg of mouse faecal samples
using PowerSoil Pro Kit (Qiagen), and subjected to shotgun metagen-
omic sequencing (Illumina HiSeq 2000). Raw reads were checked
using KneadData (v0.12.0, https://huttenhower.sph.harvard.edu/
kneaddata/) to ensure that data consisted of high-quality microbial
reads free from contaminants. Low-quality reads were removed using
Trimmomatic (v0.36) with the option ‘SLIDINGWINDOW:4:20 MIN-
LEN:70 LEADING: 3 TRAILING: 3. All adaptor sequences in paired-end
reads were clipped based on universal lllumina Nextera and TruSeq
adaptor sequences. The remaining reads were mapped to the mam-
malian genomes (hg38, felCat8, canFam3, mm10, rné, susScr3, gal-
Gal4 and bosTau8, UCSC Genome Browser), 6,093 UNiVec sequences,
7,681 complete plastomes and 46,775 bacterial plasmids (National
Center for Biotechnology Information (NCBI) RefSeq database)
to remove potential habitat/laboratory-associated or extrachro-
mosomal sequence contaminants after alignment using Bowtie2
(v2.4.5). Taxonomy was assigned to metagenomic clean reads using
k-mer-based algorithms implemented in Kraken2 taxonomic anno-
tation pipeline. A standard database comprising 13,844 bacterial
genomes from the NCBI (http://www.ncbi.nlm.nih.gov/) was built
by counting distinct 31-mersin the reference libraries usingJellyfish
(v.2.3.0)*%. Each k-mer in a read was mapped to the lowest common
ancestor of all reference genomes with the exact k-mer matches. Each
query was then classified into a taxon with the highest total hits of
k-mer matched by pruning the general taxonomic trees affiliated
with the mapped genomes. Bracken (v2.5.0) was used to accurately
estimate taxonomic abundance at genus and species levels. The
final metagenomic read counts were normalized by the cumulative
sum scaling method using the microbiome R/Bioconductor package
(https://github.com/microbiome/microbiome/)**. For analyses of
«- and B-diversities, abundance variation analysis and data visu-
alization, R packages phyloseq (v3.16; http://microbiome.github.
com/micro-biome/), ggpubr (v0.6.0; https://rpkgs.datanovia.com/
ggpubr/) and ComplexHeatmap (https://github.com/jokergoo/
ComplexHeatmap/) were used.

The reference genomes were downloaded based on the Genome
Taxonomy Database (R207). All genes in genomes were predicted by
prodigal (v2.6.3) and annotated by emapper (v2.1.9) under the EggNOG
(v5.0.2) and Biocyc (https://biocyc.org/) databases.
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Untargeted and targeted metabolomics

Untargeted liquid chromatography with tandem mass spectrometry
(MS/MS) was performed on stool (25 mg), portal vein serum (100 pl)
and liver tissues (25 mg) using an Orbitrap Exploris 120 Mass Spectrom-
eter (Orbitrap MS, Thermo Fisher Scientific) in Biotree (Shanghai).
The mobile phase consisted of 25 mM NH,OAc and 25 mM NH,OH in
water (pH 9.75). A TripleTOF mass spectrometer was used to acquire
MS/MS spectra on an information-dependent mode with acquisition
software (Analyst TF 1.7, AB Sciex). Ineach cycle, 12 precursorions with
intensity greater than100 were chosen for fragmentation ata collision
energy of 30 V (15MS/MS events with a production accumulation time
of 50 ms each).

Targeted metabolomic profiling of LPA was performed on liver tis-
sues and portal vein sera of mice. Fifty microlitres of portal vein serum
was mixed with 200 pl of extraction buffer (methanol:acetonitrile
ratio of 1:1+ 0.1% formic acid, containing 1 ppm of internal standard
(4-Cl-Phe)). Next, 10-20 mg of liver tissues was mixed with 500 pl of
extraction buffer (acetonitrilezmethanol:water ratio of 4:4:2 + 0.1%
formicacid, containing1 ppm ofinternal standard (4-CI-Phe)). Samples
were homogenized by ultrasonicationinice water for 15 min, following
by centrifugation at 20,000g for 10 min to collect the supernatants
and vacuum drying. The dried samples were then reconstituted in
100 pl of 50% methanol. Targeted metabolomic profiling of free fatty
acids was performed in the cultural medium of primary intestinal
cells and Caco2 cells. Metabolomic profiling was performed using a
6500+ Liquid chromatography/Electrospray lonization - QTrap Mass
Spectrometer (SCIEX).

Invivo and in vitro FITC-dextran assay

For theinvivo permeability test, mice were orally gavaged with 200 pl
of 4 kDa FITC-dextran (600 mg per kg body weight; Sigma-Aldrich)
after 4 h of fasting. Blood was collected 4 h after gavage and fivefold
diluted with PBS. Serum concentration of FITC-dextran was measured
atan excitation wavelength of 490 nm and an emission wavelength of
530 nm by fluorescence spectrometry. Serially diluted FITC-dextran
was used to establish a standard curve.

Forinvitro permeability test, Caco2 cells were seeded in Transwell
for 21 daysto differentiate into intestinal epithelium. Cells were then
starved overnight and treated with 200 puM arachidic acid, 100 uM
arachidonic acid or vehicle control (0.1% ethanol or 1% BSA). The
permeability of cell monolayer was accessed by adding 500 pl of
FITC-dextran (1mg ml™ in Hanks’ Balanced Salt Solution (HBSS)) to
the apical chamber. FITC-dextran concentration was measured after
2 hofincubation.

Tmé6sf2 immunohistochemistry staining

Mouse liver and small intestine sections (4 pm) were mounted onto
silane-coated glass slides. Anti-Tmé6sf2 antibodies were kindly pro-
vided by H. Hobbs in Howard Hughes Medical Institute of University
of Texas Southwestern Medical Center (TM6SF2 9E9, dilution 1:200)
or fromFabGennix (201AP, dilution1:200). Haematoxylin was used for
counterstaining and rabbit serumdiluted to the same concentration of
primary antibody was used as anegative control. Each random field was
scored totheamount and intensity of positive staining as follows: 0 = no
staining, 1= positive in less than 33% of cells, 2 = positive in 33-66% of
cells,and 3 = positive in more than 66% of cells.

Biochemical assays

ALT, aspartate aminotransferase and cholesterol levels in serum and
culture medium were measured using Catalyst One Chemistry Analyzer
(IDEXX Laboratories) according to the manufacturer’s instructions.
Triglycerideinliver and smallintestine was detected using Wako E-test
Triglyceride Kit (Wako Pure Chemical Industries). Lipid peroxidation
was quantified by measuring malondialdehyde through a thiobarbi-
turic acid-reactive substances assay (Sigma-Aldrich).

Determination of liver collagen content

Sirius Red staining for collagen was performed in paraffin-embedded
liver sections with quantitative morphometric measurement. Hepatic
hydroxyproline was measured using Hydroxyproline Assay Kit
(Jiancheng Bioengineering) according to the manufacturer’s instruc-
tions. In brief, liver tissues (80-100 mg) were homogenized in alkaline
hydrolysis buffer at 95 °C for 10 min. Hydroxyproline level was meas-
ured at a wavelength of 550 nm.

Immunofluorescence staining

OCT-embedded frozen sections of liver and smallintestine tissues were
fixedinice-cold acetone, washed with PBS and blocked with1% BSA and
avidin/biotin blocking agent. Sections were incubated with primary
antibodies, including E-cadherin (14472, Cell Signaling Technology)
and villin (NBP1-32841, Novus Biologicals) overnight at 4 °C. Slides were
thenincubated with fluorochrome-conjugated secondary antibodies
and examined by confocal microscopy (TCS SP8, Leica).

Western blot

Protein from 30-50 mg tissues or cell lysis was extracted using Cyto-
Buster Protein Extraction Reagent (Merck Millipore). Protein con-
centration was measured using Detergent Compatible Protein Assay
(5000111, Bio-Rad). Around 20-40 mg of protein was separated by
SDS-PAGE gel electrophoresis and transferred onto polyvinylidene
difluoride membranes (GE Healthcare). Membranes were blocked
and incubated with respective primary antibodies including TM6SF2
(H.Hobbs in Howard Hughes Medical Institute of University of Texas
Southwestern Medical Center; dilution 1:500), phospho-NF-kB p65
(Ser536; RRID: AB_331284, 3033S, Cell Signaling Technology; dilu-
tion 1:1,000), NF-kB p65 (RRID: AB_10859369, 8242S, Cell Signaling
Technology; dilution1:1,000), IkBa (RRID: AB_390781, 4814, Cell Sign-
aling Technology; dilution 1:1,000), E-cadherin (RRID: AB_2728770,
14472, Cell Signaling Technology; dilution 1:1,000), occludin (RRID:
AB_2934013, 91131, Cell Signaling Technology; dilution 1:1,000), clau-
din3 (RRID: AB_2833313, AF0129, Affinity Biosciences; dilution1:500),
CD36 (RRID: AB 2716564, ab133625, Abcam; dilution 1:1,000) and
NPCIL1 (RRID: AB 10976493, ab124801, Abcam; dilution1:1,000) over-
nightat4 °Candthenwith secondary antibodies at room temperature
for1h.Proteins of interest were visualized using Clarity Western ECL
Substrate (1705061, Bio-Rad). B-Actin and GAPDH was used as the
housekeeping control.

Real-time quantitative PCR

Total RNA was extracted from mouse liver or small intestine tissues
(50 mg) using TRIzol reagent (Invitrogen) according to the manufac-
turer’s instructions. RNA concentration and quality were measured
using a spectrophotometer, and 1,000 ng of the extracted RNA was
reversely transcribed into complementary DNA using PrimeScript RT
ReagentKitwith gDNA Eraser (RR047B; Takara). Real-time quantitative
PCRwas performed using TB Green Premix Ex Taq (Takara) in QuantS-
tudio 7Flex Real-Time PCR System (Thermo Fisher Scientific). Primers
used are listed in Supplementary Table 2.

Transmission electron microscopy

Small intestine tissues were collected and fixed in 2.0% glutaralde-
hydein 0.1 moll*sodium cacodylate (Electron Microscopy Sciences).
Ultrathin sections were prepared on a Reichert Ultracut E ultrami-
crotome. The ultrastructure of tissues was examined using a Philips
CMI100 transmission electron microscope.

LPS and LBP detection

LPS levels in portal vein serum and liver tissues were measured using
Mouse LPS ELISA Kit (Cusabio) according to the manufacturer’sinstruc-
tions. LBP concentration was measured using Mouse LBP Detection
Kit (Hycult Biotech).
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FACS analysis

Freshly isolated liver tissues were gently chopped in warm HBSS con-
taining collagenase IV and incubated at 37 °C for 15 min. The enzymatic
reaction wasimmediately stopped by addingice-cold HBSS. The tissue
suspension was filtered with a 70-pum cell strainer and centrifuged at
500g for 10 min. Next, 8 ml of resuspended cells was added to 4 ml of
80% Percoll, centrifuged at 500g for 10 min, and resuspended immedi-
ately in FACS buffer. Cell populations were stained with APC/Cyanine 7
anti-mouse CD45 recombinant antibody (RRID: AB_2890720, 157618,
QA17A26, BioLegend), PE anti-mouse F4/80 recombinant antibody
(RRID: AB_2832546, 157303, QA17A29, BioLegend), PE/Cyanine 7
anti-mouse/human CD11b antibody (RRID: AB_312798, 101215, M1/70,
BioLegend), PerCP/Cyanine 5.5 anti-mouse CD206 (MMR) antibody
(RRID: AB_2561991, 141715, C068C2, BioLegend), APC anti-mouse
CDl1lc antibodies (RRID: AB_313778, 117309, N418, BioLegend) and
FBD Horizon Fixable Viability Stain 520 (RRID: AB_2869573, 564407,
BD Bioscience). All stained cells were analysed by flow cytometry (BD
FACSCelesta Flow Cytometer, BD Biosciences). The cell population was
analysed using FlowJo (v10.4).

Pull-down assay

Mouse intestine tissues were lysed in RIPA buffer for co-
immunoprecipitation. One milligram of tissue lysates was incubated
with 2 pg of anti-Tmésf2 antibody or normal rabbit IgG control over-
night at 4 °C. The lysate-antibody mixture was then incubated with
20 pl of Protein A/G Mix Magnetic Beads (Merck Millipore) for 4 h at
4 °C. The eluted proteins were separated using SDS-PAGE gel, and
then analysed throughsilver staining and liquid chromatography with
mass spectrometry.

The protein mixture was also incubated overnight at 4 °C
with either anti-TM6SF2 antibody or anti-FABP5 antibody (RRID:
AB_2100341,12348-1-AP, Proteintech). The protein-antibody complex
was then captured by incubating with 50 pl of Protein A/G Plus Agarose
Beads (20423) or Protein A/G Magnetic Beads (88802; Thermo Fisher
Scientific). Beads were washed with PBS containing 0.05% Tween-20 to
remove unbound proteins. Captured proteins were eluted by boiling
and analysed by western blot.

MST assay

To measure the direct binding between TM6SF2 and FABPS, FABPS
in a gradient of concentrations was incubated with 0.2 pg pl™ of
pre-labelled recombinant TM6SF2 for 30 min at room temperature.
For measurement, the incubated mixture was loaded into Monolith
Capillaries (1,000 count; MO-K022, NanoTemper Technologies) and
loaded onto a Monolith NT.115 Instrument (NanoTemper Technolo-
gies). A cap scan of all capillaries was performed and an MST experi-
ment was conducted using auto LED/excitation power and medium
MST power. Data were analysed using MO.Affinity Analysis Software
(v2.3,NanoTemper Technologies).

Molecular docking analysis

Theaminoacid sequences of TM6SF2 (Q9BZW4) and FABP5 (Q01469)
were retrieved from the UniProt database. The protein domains of
TM6SF2 and FABP5 were retrieved from the RCSB Protein Data Bank
database and selected for analysis. Molecular docking was calculated
and processed by Gromacs software. Docking, analysis and visualiza-
tion were conducted using GMX-MM-PBSA.

Statistical analysis

Allresults are shown as the mean + standard deviation unless specified.
Datadistribution was assumed to be normal, but this was not formally
tested. Data collection and analysis were not performed blind to the
conditions of the experiments. Student’s t-test or Mann-Whitney U
test was used to compare the difference in numerical variables between
two groups. One-way ANOVA was used for multiple-group comparison.

Microbialabundance between groups was compared by general linear
models based on multivariate association using the MaAsLin2 package
inR*.Spearman’s rank correlation coefficient was used for correlation
analysis between microbial abundance and metabolites. Sample sizes
were established by referring to previous studies using a comparable
experimental setup and considering the assay’s recognized level of
variability. All statistical tests were performed and plotted using R
language or GraphPad Prism (v8). Two-sided Pvalues smaller than 0.05
were considered statistically significant.

Inclusion and ethics statement

Allcollaborators of this study have fulfilled the criteria for authorship
required by Nature Portfolio journals have beenincluded as authors, as
their participation was essential for the design and implementation of
the study. We confirm that the author list of this manuscript does not
include any large language models.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the main text, Extended Data or Supplemen-
tary Information. The raw data of metagenomic sequencing and RNA
sequencing in this study are deposited in the NCBI public repository
under accession PRJNA1135953. The raw data of metabolomics are
depositedinMetaboLights underaccession MTBLS11004. Source data
are provided with this paper.

Code availability

All customized scripts used in this study have been uploaded
to https://github.com/chuanfaliu/Intestinal_ TM6SF2_deficient_
mice_multiomics/.
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immunohistochemistry (b), and Tmé6sf2 protein expression in liver tissues (c) of
systematic Tmé6sf2 KO and wildtype mice (n=>5 per group); (d-f) Representative
images of Oil Red O and H&E staining with histological scoring (d), hepatic
triglyceride and lipid peroxidation (e), and serum ALT level (f) in Tm6sf2 KO
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(c, d) Representative small intestine images of transmission electron microscopy
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Extended DataFig. 5| Tmé6sf2 knockout increases intestinal epithelial cell permeability in vitro. Permeability of Caco2 cell monolayers treated with sSgRNA-Tmé6sf2
(n=3per group). Results are presented as mean + s.d. Statistical significance was determined by one-way ANOVA followed by Turkey's multiple comparison.
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Antibodies =
Antibodies used TMG6SF2 antibody (9E9, Prof. Helen Hobbs; #201AP, FabGennix, Frisco, TX); E-cadherin (RRID:AB_2728770, #14472, Cell Signaling %
Technology, Danvers, MA); Villin (NBP1-32841, Novus Biologicals, Littleton, CO); phospho-NF-kB p65 (Ser536) (RRID:AB_331284,
#3033S, Cell Signalling Technology); NF-kB p65 (RRID: AB_10859369, #8242S, Cell Signalling Technology); IkBa (RRID: AB_390781,
#4814, Cell Signalling Technology); Occludin (RRID:AB_2934013, #91131, Cell Signalling Technology); Claudin 3 (RRID:AB_2833313,
AF0129, Affinity Biosciences); CD36 (RRID:AB_2716564, ab133625, Abcam, Cambridge, United Kingdom); NPC1L1 (RRID:
AB_10976493, ab124801, Abcam); FABPS (RRID:AB_2100341, 12348-1-AP, Proteintech, Wuhan, China); APC/Cyanine7 anti-mouse
CD45 Recombinant Antibody (RRID:AB_2890720, Cat No. 157618, QA17A26, Biolegend, San Diego, CA), PE anti-mouse F4/80
Recombinant Antibody (RRID:AB_2832546, Cat No. 157303, QA17A29, Biolegend), PE/Cyanine7 anti-mouse/human CD11b Antibody
(RRID:AB_312798, Cat. No. 101215, M1/70, Biolegend), PerCP/Cyanine5.5 anti-mouse CD206 (MMR) Antibody (RRID:AB_2561991,
Cat. No. 141715, C068C2, Biolegend), APC anti-mouse CD11c antibodies (RRID:AB_313778, Cat. No. 117309, N418, Biolegend); FBD
Horizon™ Fixable Viability Stain 520 (RRID:AB_2869573, Cat. No. 564407, BD Bioscience).
Validation TMG6SF2 antibody (FabGennix, #201AP) was validated in mouse liver tissues using IHC and WB. https://fabgennix.com/TM6SF2-

Antibody

E-cadherin (Cell Signaling Technology, #14472) was validated in various cell lines by WB and IF. https://www.cellsignal.com/products/
primary-antibodies/e-cadherin-4a2-mouse-mab/14472?srsltid=AfmBOorGUh37gRLyB3w-8DKi2uDWjP4n1iR-0K5E6P0CTI842gW2D1S)
Villin (Novus Biologicals, #NBP1-32841) was validated in cell extracts and colon tissues by WB and IF. https://www.novusbio.com/
products/villin-1-antibody_nbp1-32841

phospho-NF-kB p65 (Ser536) (Cell Signalling Technology, #3033S) was validated in cell extracts by WB. https://www.cellsignal.com/
products/primary-antibodies/phospho-nf-kb-p65-ser536-93h1-rabbit-mab/3033?
srsltid=AfmBOoo_CPX3heKj7B5LOKcn707x0jIVFNDXENDGAmMvUaKQLPpl6uUIH

NF-kB p65 (Cell Signalling Technology, #8242S) was validated in various cell extracts by WB. https://www.cellsignal.com/products/
primary-antibodies/nf-kb-p65-d14e12-xp-rabbit-mab/8242

IkBa (Cell Signalling Technology, #4814) was validated in various cell extracts by WB. https://www.cellsignal.com/products/primary-
antibodies/ikba-135a5-mouse-mab-amino-terminal-antigen/4814

Occludin (Cell Signalling Technology, #91131) was validated from DLD-1 cell extracts by WB. https://www.cellsignal.com/products/
primary-antibodies/occludin-e6b4r-rabbit-mab/91131

Claudin 3 (Affinity Biosciences, AF0129) was validated from various cell extracts by WB. https://www.affbiotech.com/images/upload/
File/affinity-wb-handbook-en.pdf

CD36 (Abcam, ab133625) was validated from various cell extracts by WB. https://www.abcam.com/en-hk/products/primary-
antibodies/cd36-antibody-epr6573-ab133625#overlay=images&application=wb

NPC1L1 (Abcam, ab124801) was validated in HelLa whole cell lysate and human fetal liver tissues by WB. https://www.abcam.com/
en-hk/products/primary-antibodies/niemann-pick-c1-like-1-npcll1-antibody-epr5717-ab124801#application=wb

FABPS (Proteintech, 12348-1-AP) was validated in A375 cells, HepG2 cells, mouse skin tissue, Hela cells, A431 cells by WB. https://
www.ptglab.com/products/FABP5-Antibody-12348-1-AP.htm

APC/Cyanine7 anti-mouse CD45 Recombinant Antibody (Biolegend, 157618) was validated in mouse splenocytes by flow cytometry.
https://www.biolegend.com/ja-jp/products/apc-cyanine7-anti-mouse-cd45-recombinant-antibody-20633?
GrouplD=ImportedGROUP1

PE anti-mouse F4/80 Recombinant Antibody Biolegend, 157303) was validated in mouse peritoneal macrophages by flow cytometry.
https://www.biolegend.com/en-ie/products/pe-anti-mouse-f4-80-recombinant-antibody-18755

PE/Cyanine7 anti-mouse/human CD11b Antibody (Biolegend, 101215) was validated in mouse bone marrow cells by flow cytometry.
https://www.biolegend.com/ja-jp/products/pe-cyanine7-anti-mouse-human-cd11b-antibody-1921

PerCP/Cyanine5.5 anti-mouse CD206 (MMR) Antibody (Biolegend, 141715) was validated in Thioglycollate-elicited BALB/c mouse
peritoneal macrophages by flow cytometry. https://www.biolegend.com/ja-jp/products/percp-cyanine5-5-anti-mouse-cd206-mmr-
antibody-8477

APC anti-mouse CD11c antibodies (Biolegend, 117309) was validated in C57BL/6 mouse splenocytes by flow cytometry. https://
www.biolegend.com/ja-jp/products/apc-anti-mouse-cd11c-antibody-1813

FBD Horizon™ Fixable Viability Stain 520 (BD Bioscience, 564407) was validated in human Jurkat cells by flow cytometry. https://
www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/fixable-
viability-stain-520.564407.

Eukaryotic cell lines
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Policy information about cell lines and Sex and Gender in Research

Cell line source(s) AML-12, THLE-2, Caco2 and HEK293T cell lines were purchased from ATCC




Authentication The authentication of AML-12, THLE-2, Caco2 and HEK293T cell lines was confirmed by Short Tandem Repeat Analysis (STR).

Mycoplasma contamination These cell lines were tested negative for mycoplasma contamination.

Commonly misidentified lines  None
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals The conditional Tm6sf2 knockout mice at C57BL/6 background were generated through CRISPR-Cas9 system by Nanjing Biomedical
Research Institute of Nanjing University, China. Tm6sf2flox mice were first generated by CRISPR-Cas9-targeted insertion of LoxP
recombination sites into intronic regions that surround exons 2-5. The sgRNA sequences are: 5'-AGGGGAATCCACCTGTC; 3'-
CCCAACACTCAACCCCCG. These Tmb6sf2loxP mice (3-4 weeks) were then cross-bred with Cre transgenic mice by In vitro fertilization
to yield Cre/Tm6sf2loxP mice. Tm6sf2 gene was inactivated due to the deletion of exons 2-5, induced by Cre-loxP recombination.
Tissue specificity of conditional Tm6sf2 knockout was contingent upon tissue-specific expression of the Cre recombinase. Alb-Cre
(B6.Cg-8 Tg (Alb-Cre) 21 Mgn/JNju mice, Nanjing University) or Villin-Cre mice (B6.Cg-Tg(Vill-cre)997Gum/J mice,
RRID:IMSR_JAX:004586, The Jackson Laboratory) were employed for liver-specific or IEC-specific Tm6sf2 knockout, respectively. Only
homozygous conditional Tm6sf2 knockout mice were used for animal experiments.

Systemic Tm6sf2 KO mice were generated at the Animal Centre of Xiamen University at C57BL/6 background using CRISPR/Cas9
technology. In brief, the CRISPR/Cas9-mediated gene editing led to a 4-base pair deletion in the first exon of the TM6SF2 gene,
resulting in a frameshift mutation that effectively inactivated TM6SF2 (Extended Data Fig. 9B). This alteration was verified through
Sanger sequencing. Backcross breeding with offsprings of C57BL/6 wildtype mice for 3 generations was used to remove any possible
off-target changes.

Another 2 batches of 7-week-old C57BL/6 mice were from the Laboratory Animal Services Centre of the Chinese University of Hong
Kong.

All SPF mice were housed in the animal center of Xiamen University and the Chinese University of Hong Kong on a 12-hour light/dark
cycle and ad libitum assess to food and water. Mice were collectively housed in SPF conditions. Both male and female mice were
used for some experiments according to the Sex and Gender Equity in Research (SAGER) guidelines.

C57BL/6 male germ-free mice were bred at the Department of Laboratory Animal Services at the Army Medical University in
Chongging, China and Gnotobio Co Ltd, Dongguan, China.
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Wild animals No wild animals were used in this study.

Reporting on sex Both male and female mice were used to investigate the role of intestinal Tm6sf2 deficiency in steatohepatitis. The results from male
and female mice were consistent. For other experiments, male mice were used following the precedent set by prior MASLD studies
that predominantly employed male mice.

Field-collected samples  No field collected samples were used in the study.

Ethics oversight All animal studies were performed in accordance with guidelines approved by the Animal Experimentation Ethics Committee of
Xiamen University, Army Medical University, Gnotobio and the Chinese University of Hong Kong

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
g All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Freshly isolated hepatic tissue was gently chopped in warm HBSS containing collagenase IV and incubated at 37 °C for 15
min. Ice-cold HBSS was added immediately to stop the action of the enzymes. The tissue suspension was filtered with 70 um
cell strainer, washed with PBS and centrifuged at 500 g for 10 min. 8 ml of resuspended cells was then added to 4ml of 80%
Percoll. Cells were centrifuged at 500 g for 10min and resuspend immediately in FACS buffer.

Instrument BD FACSCelestaTM flow cytometry (Biosciences, San Jose, CA)
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Software FlowJo software version 10 (Treestar Inc., San Carlos, CA)




Cell population abundance The abundance of each cell population was provided in the figures. Purity was determined by flow cytometry and confirmed
in our data analysis.

Gating strategy Initially, all events were detected using FSC-A/SSC-A gating. Subsequently, CD45/APC-cy7 gating was implemented to isolate
CD45+ cells. The selection of single cells was achieved through FSC-A/FSC-H gating. Live cells were then distinguished using
FITC-Fvc gating. Finally, F4/80+CD11b+ macrophages were identified using PE/F4/80 and PE-Cy7-CD11b gating, while M1 and
M2 macrophages were discriminated based on APC/CD11c and PerCP-cy5.5/CD206 gating, respectively.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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