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Lactobacillus acidophilus suppresses non-alcoholic fatty liver
disease-associated hepatocellular carcinoma through
producing valeric acid
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Summary
Background Gut probiotic depletion is associated with non-alcoholic fatty liver disease-associated hepatocellular
carcinoma (NAFLD-HCC). Here, we investigated the prophylactic potential of Lactobacillus acidophilus against
NAFLD-HCC.

Methods NAFLD-HCC conventional and germ-free mice were established by diethylnitrosamine (DEN) injection with
feeding of high-fat high-cholesterol (HFHC) or choline-deficient high-fat (CDHF) diet. Orthotopic NAFLD-HCC
allografts were established by intrahepatic injection of murine HCC cells with HFHC feeding. Metabolomic
profiling was performed using liquid chromatography-mass spectrometry. Biological functions of L. acidophilus
conditional medium (L.a CM) and metabolites were determined in NAFLD-HCC human cells and mouse organoids.

Findings L. acidophilus supplementation suppressed NAFLD-HCC formation in HFHC-fed DEN-treated mice. This
was confirmed in orthotopic allografts and germ-free tumourigenesis mice. L.a CM inhibited the growth of
NAFLD-HCC human cells and mouse organoids. The protective function of L. acidophilus was attributed to its
non-protein small molecules. By metabolomic profiling, valeric acid was the top enriched metabolite in L.a CM
and its upregulation was verified in liver and portal vein of L. acidophilus-treated mice. The protective function of
valeric acid was demonstrated in NAFLD-HCC human cells and mouse organoids. Valeric acid significantly
suppressed NAFLD-HCC formation in HFHC-fed DEN-treated mice, accompanied by improved intestinal barrier
integrity. This was confirmed in another NAFLD-HCC mouse model induced by CDHF diet and DEN.
Mechanistically, valeric acid bound to hepatocytic surface receptor GPR41/43 to inhibit Rho-GTPase pathway,
thereby ablating NAFLD-HCC.

Interpretation L. acidophilus exhibits anti-tumourigenic effect in mice by secreting valeric acid. Probiotic
supplementation is a potential prophylactic of NAFLD-HCC.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is the most
common chronic liver disease worldwide, affecting one
billion individuals globally.1 NAFLD can gradually
develop into more severe pathologies including non-
alcoholic steatohepatitis (NASH), cirrhosis, and
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eventually hepatocellular carcinoma (HCC). To date,
NAFLD has become the fastest growing aetiology of
HCC.2 Compared to HCC caused by viral hepatitis, pa-
tients with NAFLD-associated HCC (NAFLD-HCC) have
worse survival and poorer response to immunotherapy.3,4

The mechanism of NAFLD-HCC development is
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Research in context

Evidence before this study
The global incidence of non-alcoholic fatty liver disease-
associated hepatocellular carcinoma (NAFLD-HCC) is rapidly
increasing, but there is currently lack of preventive measure
against its development. Recently, increasing evidence has
revealed the close correlation between NAFLD-HCC and gut
microbial dysbiosis with depletion of probiotics. However, the
effect of probiotics in protecting against NAFLD-HCC is still
largely unclear.

Added value of this study
We identified that Lactobacillus acidophilus is the top depleted
bacterial species in NAFLD-HCC mice. L. acidophilus suppresses
hepatocarcinogenesis in conventional mice induced by diet
and carcinogen, and such protective effect is validated in
orthoptic NAFLD-HCC allografts. The sole effect of
L. acidophilus in inhibiting NAFLD-HCC tumourigenesis is

confirmed in germ-free mice. We revealed that valeric acid is
the functional metabolite of L. acidophilus identified by
untargeted metabolomic profiling, and its upregulation in
L. acidophilus-treated mice is verified by targeted
metabolomics. Valeric acid exhibits protective function in bio-
functional in vitro assays, and it also inhibited NAFLD-HCC in
two tumourigenesis mouse models. Mechanistically,
L. acidophilus-produced valeric acid directly binds to
hepatocytic surface receptor GPR41/43 to inhibit the
oncogenic Rho-GTPase pathway.

Implications of all the available evidence
L. acidophilus exhibits protective function against NAFLD-HCC
tumourigenesis in mice by secreting valeric acid.
Supplementation of L. acidophilus or other probiotics is
therefore a potential prophylactic of NAFLD-HCC.
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complex, while growing evidence has illustrated its close
association with the gut microbiota. In humans, liver and
intestine mutually communicate through the portal vein
circulation to form the gut-liver axis.5 Notably, such
interplay is dysregulated during hepatocarcinogenesis, as
evidenced by the significant alteration in microbiota with
enriched pathobionts in NAFLD-HCC patients.6,7 Hence,
given by its importance, approaches to modulate the gut
microbiota may yield preventive potential against
NAFLD-HCC development.

Recent studies have demonstrated the effectiveness
of probiotics as prophylactics against several types of
cancer, and as adjuvants of cancer treatments to
improve their efficacy.8,9 Probiotics also showed prom-
ising therapeutic potential against NAFLD and NASH,10

yet their role in NAFLD-HCC is unclear. In general, gut
commensal probiotics were found to be depleted in
NAFLD-HCC patients.7 Our previous study also re-
ported the marked reduction of beneficial commensals
including Lactobacillus and Bifidobacterium in NAFLD-
HCC mice,11 thus suggesting the capacity of probiotic
supplementation against NAFLD-HCC.

In this study, we identified that L. acidophilus is the
top depleted bacterial species in mice with NAFLD-
HCC. L. acidophilus exhibited robust anti-tumourigenic
effects in vitro and in NAFLD-HCC mice. Through
metabolomic profiling, valeric acid which is a type of
short-chain fatty acid (SCFA), was found to be the key
metabolite responsible for the protective function of
L. acidophilus, and it could consistently suppress
tumourigenesis in multiple NAFLD-HCC mouse
models. Mechanistically, we revealed that L. acidophilus-
derived valeric acid binds to G protein-coupled receptors
(GPRs) to inactivate the oncogenic Rho-GTPase signal-
ling pathway.
Methods
NAFLD-HCC mouse models
Male conventional C57BL/6 mice at 2 weeks old were
intraperitoneally injected with a single dose of dieth-
ylnitrosamine (DEN; 25 mg/kg). At 6 weeks old, mice
were randomised and daily gavaged with L. acidophilus
(1 × 109 colony forming units resuspended in 200 μL of
phosphate-buffered saline (PBS)), valeric acid (500 μM
in PBS; sodium pentanoate, Aladdin, Shanghai, China),
or PBS as negative control (n = 8–10 per group).
Meanwhile, diet was changed from normal chow (NC)
to high-fat high-cholesterol (HFHC) diet (43.7% fat,
36.6% carbohydrate, 19.7% protein, 0.203% cholesterol;
#SF11-078, Specialty Feeds, Memphis, TN), or choline-
deficient high-fat (CDHF) diet (60 kcal% fat, no
choline; #D12492, Research Diets, New Brunswick, NJ)
until sacrifice. HFHC-fed or CDHF-fed DEN-treated
mice were sacrificed 28 weeks or 21 weeks after treat-
ment, respectively. NC-fed mice without any treatment
were set as model control.

Germ-free mouse model
Male germ-free C57BL/6 mice at 2 weeks old were
intraperitoneally injected with a single dose of DEN. At
6 weeks old, mice were fed with HFHC diet and rand-
omised to receive L. acidophilus or PBS on every other
day (n = 10–12 per group). Mice were sacrificed 34
weeks after treatment.

Orthotopic NAFLD-HCC allograft
Male conventional C54BL/6 mice were fed with HFHC
diet. At 15 weeks old, mice were randomised and daily
gavaged with L. acidophilus or PBS (n = 6 per group).
Murine HCC cell line Hepa 1–6 was resuspended
(1 × 105 cells/μL) in PBS mixed with Matrigel (Corning,
www.thelancet.com Vol 100 February, 2024
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Corning, NY) at a ratio of 1:1, then injected into the left
liver lobe of mouse at 18 weeks old (10 μL per mouse).
Mice were sacrificed 3 weeks after injection. Biolumi-
nescent imaging was performed weekly to monitor
tumour growth by intraperitoneal injection of D-lucif-
erin (150 mg/kg per mouse; PerkinElmer, Waltham,
MA), followed by image capture using IVIS Spectrum
In Vivo Imaging System (PerkinElmer). Liver, in-
testines, stools, portal vein blood, and whole blood were
collected from all mice at sacrifice. All animal studies
were approved by the Animal Experimentation Ethics
Committees of The Chinese University of Hong Kong
for conventional mice, and Sun Yat-sen University for
germ-free mice. Sample sizes of all animal experiments
were pre-determined and checked by the statisticians of
the Animal Experimentation Ethics Committees of The
Chinese University of Hong Kong.

Bacteria culture
L. acidophilus was purchased from The Leibniz Institute
(#DSM 20079, Braunschweig, Germany). Escherichia coli
strain MG1655 which is a non-pathogenic bacterium in
the human gut, was purchased from American Type
Culture Collection (#ATCC 700926, Manassas, VA) and
used as bacterial control. L. acidophilus and E. coli were
cultured in MRS broth mixed with Brain Heart Infusion
broth at a ratio of 1:1 in a shaking incubator at 37 ◦C
under aerobic condition. When the optical density (OD)
at 600 nm reached 0.5, the conditional medium of
L. acidophilus (L.a CM) was collected by centrifugation at
4000×g for 10 min and purification by filters with a pore
size of 0.22 μm. To characterise the molecules in L.a
CM, it was either heated at 100 ◦C for 30 min or treated
with proteinase K (50 μg/mL; Thermo Fisher Scientific,
Waltham, MA) with incubation at 55 ◦C for 30 min then
at 95 ◦C for 10 min. L.a CM with greater or less than
3 kDa was obtained by centrifugation at 4000×g for
30 min using Amicon Ultra-15 Centrifugal Filter Unit
(Merck Millipore, Burlington, MA).

Metabolite extraction
For untargeted metabolomic profiling, 50 μL of bacterial
conditional medium was mixed with 500 μL of extrac-
tion solution (methanol-to-water = 3:1) containing an
isotope-labelled internal standard. Sample mixtures
were ultrasonicated in ice water and incubated at −40 ◦C
for 60 min. Samples were then centrifuged at
12,000 rpm for 15 min and supernatants were collected.
The quality control sample was prepared by mixing an
equal volume of supernatants from all samples.

For targeted detection of SCFAs, a modified extrac-
tion protocol with derivatisation was required.12 50 μL of
bacterial conditional medium or mouse portal vein
serum was added to 200 μL of methanol containing an
internal standard (4-chlorophenol, 1 μg/mL). For mouse
liver tissues and stools, 20 mg of samples was added to
200 μL of extraction solution (acetonitrile-to-methanol-
www.thelancet.com Vol 100 February, 2024
to-water = 4:4:2) with the internal standard. After ho-
mogenisation, 80 μL of sample mixtures was vacuum
dried for 2 h and then derivatised by adding 40 μL of
3-nitrophenylhydrazine hydrochloride and 40 μL
of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hy-
drochloride, with incubation at 40 ◦C for 30 min. Upon
centrifugation at 20,000×g for 10 min, 90 μL of super-
natants was collected and transferred to a fresh glass vial
for liquid-chromatography-mass spectrometry (LC-MS).

LC-MS and metabolite annotation
LC-MS was performed by TSQ Altis Plus Triple Quad-
rupole Mass Spectrometer, coupled with Vanquish Flex
UHPLC System (Thermo Fisher Scientific). Chroma-
tography separation was conducted using ACQUITY
UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm;
Waters, Milford, MA). The auto-sampler temperature
was 4 ◦C, and the injection volume was 2 μL. MS/MS
spectra were acquired on information-dependent
acquisition mode in the acquisition software (Xcalibur,
version 4.2 SP1). The ESI source conditions were set as
following: sheath gas flow rate = 50 Arb; aux gas flow
rate = 15 Arb; capillary temperature = 320 ◦C; full MS
resolution = 60,000; MS/MS resolution = 15,000; colli-
sion energy = 10/30/60 in NCE mode; spray
voltage = 3.8 kV (positive) or −3.4 kV (negative).

Raw data were converted to mzXML format using
ProteoWizard (version 3.0.21229) and processed by
XCMS (version 3.2). R package CAMERA (version 3.16)
was used for peak annotation. Peaks with relative stan-
dard deviation >30% in quality control samples, or peaks
with missing value (intensity = 0) in >50% of samples,
were discarded. Only matched MS and MS/MS spectra
were included for metabolite annotation. The filtered
MS/MS spectra were assessed by Human Metabolome
Database, METLIN metabolite database, and an in-
house database to characterise metabolites. Metabolites
with MS2 score >0.8 were included for subsequent
analysis, with a total of 652 annotated MS/MS features.
Metabolites in L.a CM with P < 0.05 when compared to
both broth control and E. coli conditional medium
(E. coli CM), were considered statistically differential
(Supplementary Table S1).

RNA sequencing and analysis
Total RNA extracted from cell line HKCI-2 was sub-
jected to RNA sequencing (Illumina NovaSeq 6000
Sequencing System) performed by Novogene (Beijing,
China). TruSeq RNA Sample Preparation Kit (Illumina,
San Diego, CA) was used for the construction of
sequencing library. Data were presented as reads per
kilobase of exon per million reads mapped (RPKM).
Sequencing reads were preceded by removing adapters
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. The
number of reads mapped to each single gene was
3
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counted by HTSeq (version 0.11.2) with the option “−m
1 intersection-nonempty”. Gene expression levels were
calculated as fragments per kilobase of exon per million
mapped fragments (FPKM) by DESeq2 (version 3.16).
Differentially expressed genes (log2 fold change
≥2, −log(P) ≥ 10) were included for functional analysis
using GO, KEGG, and Reactome pathway databases
(Supplementary Table S2).

Statistical analyses
All results are shown as mean ± standard deviation.
Mann–Whitney U test was used to compare the differ-
ence in numerical variables between two groups unless
specified. One-way analysis of variance (ANOVA) was
used to compare the difference in numerical variables
among three groups. Repeated measures two-way
ANOVA was used to compare different timepoints or
stages between two groups. Categorical variables be-
tween two groups were compared by Fisher’s exact test.
All statistical analyses were performed and plotted using
GraphPad Prism (version 9.0) or R language. Two-tailed
P value smaller than 0.05 was considered statistically
significant.

Role of funders
The funding source did not have any role in study
design, data collection, data analyses, interpretation, or
writing of report.

Additional methods are provided in Supplementary
Information.
Results
L. acidophilus suppresses NAFLD-HCC development
in tumourigenesis mouse model
Given that the gut microbiota is closely associated with
NAFLD-HCC, we first characterised microbial alteration
in NAFLD-HCC mice. Based on faecal metagenomic
sequencing, L. acidophilus was identified as one of the
top depleted species in mice with NAFLD-HCC induced
by HFHC diet, compared to control mice (Fig. 1A). For
confirmation, additional differential analyses including
LEfSe, MetaStat, and random forest, were performed,
and all these tests consistently showed that L. acidophilus
was among the top depleted species in mice with
NAFLD-HCC (Supplementary Table S3). This result
suggested the potentially beneficial role of L. acidophilus
in NAFLD-HCC development.

We therefore treated a NAFLD-HCC mouse model
induced by carcinogen (DEN) and HFHC diet with daily
administration of L. acidophilus or PBS control. Upon 28
weeks of treatment, mice were sacrificed and macro-
scopic tumours were observed in the liver of all HFHC-
fed mice (Fig. 1B and C). Of note, L. acidophilus
supplementation significantly reduced tumour number,
tumour size, and tumour load compared with control
(all P < 0.05), whereas it had no effects on tumour
incidence (Fig. 1C). Histological assessment identified
the marked reduction of steatosis and inflammation in
the non-tumour liver tissues of L. acidophilus-treated
mice (both P < 0.05; Fig. 1D). Consistently, serum levels
of liver damage markers alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) as well as
cholesterol were significantly decreased in L. acidophilus-
treated mice (all P < 0.05; Fig. 1E), while there were no
differences in body weight and liver weight compared
with control (Supplementary Figure S1A). Moreover, the
proportion of proliferating cells was lowered by
L. acidophilus supplementation (P < 0.0001; Fig. 1F).
These findings thus demonstrated the anti-
tumourigenic effect of L. acidophilus on NAFLD-HCC.

L. acidophilus suppresses NAFLD-HCC development
in orthotopic allografts
For verification, we established an orthotopic NAFLD-
HCC allograft model by injecting a murine HCC cell
line (Hepa 1–6) into the liver of conventional mice fed
with HFHC diet (Fig. 2A). In line with the tumouri-
genesis mouse model, smaller liver tumours were
observed in L. acidophilus-treated mouse allografts
(Fig. 2B), with significantly reduced tumour weight and
tumour volume (both P < 0.05; Fig. 2C). Moreover, the
abundance of L. acidophilus was markedly enriched in
gavaged mice, hence confirming that L. acidophilus
supplementation was successful (Supplementary
Figure S1B). Together, our consistent findings of
different mouse models confirmed the protective effect
of L. acidophilus against NAFLD-HCC development.

L. acidophilus enriches probiotics and depletes
pathobionts in NAFLD-HCC mice
Since probiotics could confer benefits against liver dis-
ease by modulating microbiota,13 we evaluated the
impact of L. acidophilus on the gut microbiota by per-
forming faecal metagenomic sequencing. Interestingly,
the results showed that there were no differences in
α-diversity (Shannon and Chao1; Supplementary
Figure S1C) and β-diversity (Supplementary
Figure S1D) between L. acidophilus-treated and un-
treated control mice, implicating that L. acidophilus has
insignificant effect on the overall microbiota composi-
tion. Meanwhile, significantly altered microbes were
identified by differential analysis, and the result
confirmed the enrichment of L. acidophilus in gavaged
mice (Supplementary Figure S1E). Several well-
characterised probiotics such as Romboutsia and Bac-
teroides cellulosilyticus were also enriched in
L. acidophilus-treated mice, accompanied with the
depletion of opportunistic pathobionts including Bur-
kholderia cenocepacia and Micrococcus luteus. To validate
in silico results, we cultured several well-studied pro-
biotics including Bifidobacterium pseudolongum and
Lactobacillus gallinarum with L.a CM, and the result
showed that L.a CM directly promoted the growth of
www.thelancet.com Vol 100 February, 2024
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Fig. 1: L. acidophilus suppresses NAFLD-HCC development in tumourigenesis mouse model. (A) Heatmap of faecal metagenomic sequencing
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these probiotics in a concentration-dependent manner
(Supplementary Figure S1F). Collectively, although the
overall gut microbiota was unaffected by L. acidophilus, it
could elevate the abundance of commensal probiotics
while reducing potential pathobionts.
www.thelancet.com Vol 100 February, 2024
L. acidophilus suppresses NAFLD-HCC development
in germ-free mice
To testify the sole beneficial effect of L. acidophilus, we
supplemented L. acidophilus to germ-free mice with
NAFLD-HCC induced by DEN and HFHC diet.
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Macroscopic liver tumours were observed upon 34
weeks of treatment (Fig. 2D). L. acidophilus significantly
reduced tumour number (P < 0.01), tumour size
(P < 0.01), and tumour load (P < 0.001) compared with
untreated control, whereas it had no effects on tumour
incidence (Fig. 2E). Histological assessment identified
the reduction of steatosis (P < 0.05) in the non-tumour
liver tissues of L. acidophilus-treated mice (Fig. 2F).
Serum levels of ALT, AST, and cholesterol were also
significantly decreased in L. acidophilus-treated mice (all
P < 0.05; Fig. 2G), accompanied with lowered body
weight (P < 0.05) and liver weight (P < 0.01)
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(Supplementary Figure S1G). Moreover, the proportion
of proliferating cells was markedly reduced by
L. acidophilus supplementation (P < 0.01; Fig. 2E). In
addition, the abundance of L. acidophilus was markedly
enriched in gavaged mice, thus confirming the success
of L. acidophilus supplementation (Supplementary
Figure S1H). Hence, these findings indicated that
L. acidophilus alone is adequate to suppress NAFLD-
HCC in mice with a depleted microbiota.

L. acidophilus secretes non-protein small molecules
against NAFLD-HCC
The anti-tumourigenic mechanism of L. acidophilus was
investigated. While L. acidophilus was enriched in
mouse stools following oral gavage, it was undetected in
the liver of L. acidophilus-treated mice (Supplementary
Figure S2A). Through fluorescence in situ hybrid-
isation, L. acidophilus was found to be highly expressed
in the colon but absent in liver tissues of gavaged mice
(Supplementary Figure S2B). These results suggested
that the protective effect of L. acidophilus was attributed
to its secreted molecules but not the bacteria itself. We
therefore co-cultured two human NAFLD-HCC cell
lines HKCI-2 and HKCI-10 with L.a CM. The result
showed that L.a CM suppressed the viability of NAFLD-
HCC cells in a concentration-dependent manner, but no
effect on human normal hepatocytes MIHA (Fig. 3A
and Supplementary Figure S2C). Consistently, the
growth of tumour organoids derived from NAFLD-HCC
mice was significantly reduced by L.a CM (P < 0.0001),
whereas organoids derived from mouse normal hepa-
tocytes were unaffected (Fig. 3B).

Bacteria can secrete various molecules including
proteins and metabolites. We found that the inhibitory
effect of L.a CM still existed after it was heated or
treated with proteinase K, indicating that the molecules
responsible for L. acidophilus to exhibit protective effect
were not proteins (Fig. 3C, Supplementary Figure S2D
and E). Next, we separated L.a CM into different frac-
tions based on the molecular weight, and revealed that
only L.a CM with less than 3 kDa could suppress
growth (Fig. 3D) and proliferation (Fig. 3E and F) of
NAFLD-HCC cells. Significantly elevated apoptosis was
also observed in NAFLD-HCC cells co-cultured with
L.a CM with <3 kDa (Fig. 3G). Moreover, the treatment
of L.a CM with <3 kDa led to cell cycle arrest in
NAFLD-HCC cells with a marked increase in cells at
G0/G1 phase and a concomitant decrease in cells at
synthesis phase (Fig. 3H). These results were
confirmed by Western blot, which showed consistent
changes in the expression of protein markers related to
proliferation and apoptosis including Caspase-3, Parp,
and Pcna (Fig. 3I). Collectively, our findings implied
that the anti-tumorigenic effect of L. acidophilus is
attributed to its non-protein small molecules with a
molecular weight of <3 kDa.
www.thelancet.com Vol 100 February, 2024
Valeric acid is the major metabolite produced by
L. acidophilus
To characterise the functional molecules of
L. acidophilus, we performed untargeted metabolomic
profiling by LC-MS on L.a CM with <3 kDa. Our anal-
ysis revealed that the metabolomic profile was distinct
between L.a CM and controls (Fig. 4A). Among the
differential metabolites, valeric acid which is a type of
SCFA, was the top enriched metabolite in L.a CM
compared to broth control and E. coli CM (Fig. 4B and
Supplementary Table S1). Targeted metabolomics was
then conducted to specifically detect SCFAs, and the
result confirmed the significant enrichment of valeric
acid in L.a CM (P < 0.01; Fig. 4C). We also examined the
level of valeric acid in HFHC-fed DEN-treated conven-
tional mice, and identified its marked increase in liver
and portal vein serum after L. acidophilus supplemen-
tation (both P < 0.05; Fig. 4D). Similarly, valeric acid was
significantly enriched in liver (P < 0.01) and portal vein
serum (P < 0.05) of HFHC-fed DEN-treated germ-free
mice with L. acidophilus supplementation (Fig. 4E).

Given that L. acidophilus is a well-acknowledged
SCFA-producing bacteria,14 we also examined the
levels of other major SCFAs in L.a CM and in mice.
Indeed, acetate (P < 0.01) and propanoate (P < 0.05)
were enriched in L.a CM compared to broth control,
while no significant change was observed for butyrate
(Fig. 4C). Notably, none of these SCFAs was signifi-
cantly changed among liver and portal vein serum of
HFHC-fed DEN-treated conventional (Supplementary
Figure S3A and B) and germ-free (Supplementary
Figure S3C and D) mice, except for valeric acid. These
findings thus suggested that valeric acid is the major
metabolite of L. acidophilus to protect against NAFLD-
HCC.

Valeric acid exhibits protective function against
NAFLD-HCC in vitro
The role of valeric acid was tested in human NAFLD-
HCC cells. Valeric acid suppressed the viability of
NAFLD-HCC cells but not normal hepatocytes in a
concentration-dependent manner, with 100 μM being the
minimal significant concentration (Fig. 5A and
Supplementary Figure S4A). Such inhibitory effect was
not attributed to the cytotoxicity induced by exposure to
excess valeric acid (Supplementary Figure S4B). Simi-
larly, the growth of tumour organoids derived from
NAFLD-HCC mice was significantly reduced by valeric
acid (P < 0.0001), whereas organoids derived from mouse
normal hepatocytes remained unaffected (Fig. 5B). The
proliferation of NAFLD-HCC cells was suppressed after
valeric acid treatment, as indicated by colony formation
(Fig. 5C) and Ki-67 immunofluorescent staining
(Fig. 5D). Significantly elevated apoptosis was also
observed in NAFLD-HCC cells treated with valeric acid
(Fig. 5E). Moreover, valeric acid treatment led to cell cycle
7
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Fig. 3: L. acidophilus secretes non-protein small molecules against NAFLD-HCC. (A) Cell viability at OD570 of human NAFLD-HCC (HKCI-2,
HKCI-10) or normal hepatocyte (MIHA) cell lines treated with bacterial conditional medium. (B) Representative images and size of mouse
organoids after treatment. Scale bar = 100 μm. (C) Cell viability at OD570 after treatment of heated conditional medium. (D–H) Cell viability at
OD570 (D), colony formation assay (E), Ki-67 immunofluorescent staining with a scale bar of 25 μm (F), cell apoptosis assay (G), and cell cycle
assay (H) after treatment of conditional medium with different molecular weights. (I) Western blot of protein markers related to cell pro-
liferation and apoptosis. The used concentration of conditional medium was 7.5% in cell culture medium. P values in (A, C) were calculated by
comparing L.a CM (A) or L.a CM <3 kDa (C) to every other groups using repeated measures two-way ANOVA.*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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arrest with a marked increase in cells at G0/G1 phase and
a concomitant decrease in cells at synthesis phase
(Fig. 5F). These results were confirmed by Western blot,
which showed consistent changes in the expression of
protein markers related to proliferation (Pcna), apoptosis
(Caspase-3, Parp), and cell cycle (Cyclin D1) (Fig. 5G).
Collectively, our findings implicated the protective func-
tion of valeric acid against NAFLD-HCC.
www.thelancet.com Vol 100 February, 2024
Valeric acid suppresses NAFLD-HCC development in
tumourigenesis mouse models
We next examined the effect of valeric acid in mice with
NAFLD-HCC induced by DEN and HFHC diet.
Macroscopic tumours were observed in the liver of all
mice upon 28 weeks of treatment (Fig. 6A and
Supplementary Figure S5A). As expected, the level of
valeric acid was increased in stool (P < 0.05), liver
9
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(P < 0.0001), and portal vein serum (P < 0.001) of mice
with valeric acid supplementation (Supplementary
Figure S5B). Of note, valeric acid significantly reduced
tumour number (P < 0.05), tumour size (P < 0.01), and
tumour load (P < 0.05) compared with control (Fig. 6B).
Histological assessment reported the marked reduction
of steatosis and inflammation in the non-tumour liver
tissues of valeric acid-treated mice (both P < 0.05;
Fig. 6C). Serum levels of ALT, AST, and cholesterol
were also significantly decreased in valeric acid-treated
mice (all P < 0.05; Fig. 6D), while there were no dif-
ferences in body weight and liver weight compared with
control (Supplementary Figure S5C). Moreover, the
proportion of proliferating cells was lowered by valeric
acid treatment (P < 0.001; Fig. 6E), implying the anti-
tumourigenic role of valeric acid in NAFLD-HCC.

For verification, we established another mouse
model of NAFLD-HCC induced by DEN and CDHF diet
with daily supplementation of valeric acid. Macroscopic
liver tumours were observed upon 21 weeks of treat-
ment (Fig. 6F). Although tumours were developed in all
mice (Supplementary Figure S5D), valeric acid signifi-
cantly reduced tumour size and tumour load compared
with control (both P < 0.05; Fig. 6G). The enrichment of
valeric acid in mouse stool (P < 0.05), liver (P < 0.0001),
and portal vein serum (P < 0.001) of mice with valeric
acid supplementation was confirmed by targeted
metabolomics (Supplementary Figure S5E). Histological
assessment identified the marked reduction of steatosis
and inflammation in the non-tumour liver tissues of
valeric-acid treated mice (both P < 0.01; Fig. 6H). Serum
levels of ALT, AST, and cholesterol were also signifi-
cantly decreased in valeric acid-treated mice (all
P < 0.05; Fig. 6I), accompanied with lowered body
weight and liver weight (both P < 0.05; Supplementary
Figure S5F). Moreover, the proportion of proliferating
cells was markedly reduced by valeric acid treatment
(P < 0.01; Fig. 6J). Together, our consistent findings of
two mouse models confirmed the protective function of
valeric acid against NAFLD-HCC development.

Valeric acid improves intestinal barrier integrity in
NAFLD-HCC mice
Given that an impaired barrier is a prerequisite for
NAFLD-HCC development,15 we further assessed the
integrity of intestinal barrier in mice. Our result
revealed that the function of intestinal barrier was
improved by valeric acid, as indicated by the decreased
efflux of FITC-labelled dextran in mouse serum
(Supplementary Figure S5G). The endotoxemia marker
lipopolysaccharides (LPS) was also significantly
n = 10). (G) Measurement of tumour parameters. (H) Representative H
Measurement of serum markers. (J) Representative Ki-67 images and sc
*P < 0.05, **P < 0.01.
decreased in valeric acid-treated mice compared to
control (Supplementary Figure S5H). Similarly, colonic
mRNA and protein expressions of intestinal barrier
markers including Claudins, E-cadherin, and Zo-1 were
greatly downregulated after valeric acid treatment
(Supplementary Figure S5I and J). Hence, these find-
ings suggested that valeric acid could improve the
integrity and function of intestinal barrier in NAFLD-
HCC mice.

Valeric acid inhibits oncogenic Rho-GTPase
signalling pathway
To decipher the underlying mechanism, RNA
sequencing was conducted on NAFLD-HCC cells
(HKCI-2) with or without valeric acid treatment. Our
analysis identified 451 differentially upregulated and 81
downregulated genes in valeric acid-treated cells
compared to vehicle control (Supplementary Figure S6A
and Supplementary Table S2). Of note, the expression of
genes related to Rho-GTPase pathway including its
major activators RHOA, RAC1, and ROCK1 as well as
its downstream targets was significantly reduced by
valeric acid (Fig. 7A and Supplementary Figure S6B).
Rho-GTPase signalling is known to promote cancer
initiation and progression by manipulating prolifera-
tion, apoptosis, and cell cycle in tumour cells.16

Consistently, pathway analysis revealed the marked
downregulation of cell cycle and DNA replication in
NAFLD-HCC cells treated with valeric acid (Fig. 7B).
Moreover, hepatic mRNA (Supplementary Figure S6C
and D) and protein (Fig. 7C) expressions of RhoA,
Rock1, and other Rho-GTPase pathway markers were
decreased in valeric acid-treated mice, as well as in
L. acidophilus-treated mice (Supplementary Figure S6E
and F). These findings implicated that valeric acid
could suppress Rho-GTPase signalling.

Valeric acid binds to hepatocytic surface receptor
GPR41/43 to inhibit Rho-GTPase pathway
We next investigated how valeric acid inactivated Rho-
GTPase pathway. GPR41, GPR43, and GPR109a are
the major receptors of SCFAs in the liver.17 Our result
showed that the mRNA expression of Gpr41 and Gpr43
but not Gpr109a was significantly upregulated in the
liver of valeric acid-treated mice (Supplementary
Figure S6G). Hepatic protein expression of Gpr41 and
Gpr43 was also markedly increased by valeric acid
(Fig. 7D). Consistently, the mRNA expression of Gpr41
and Gpr43 was significantly upregulated in the liver of
L. acidophilus-treated (Supplementary Figure S6H). For
validation, we blocked GPR41 and GPR43 in vitro using
&E images and histological scoring of non-tumour liver tissues. (I)
oring of liver tissues. NT, non-tumour; T, tumour; VA, valeric acid.

www.thelancet.com Vol 100 February, 2024

www.thelancet.com/digital-health


C
Vehicle Valeric acid

HFHC+DEN

RhoA 21 kDa
Rock1 160 kDa
β-actin 45 kDa

Vehicle Valeric acid
CDHF+DEN

RhoA 21 kDa
Rock1 160 kDa
β-actin 45 kDa

✱ ✱✱1.5

1.0

0.5

0.0

noisserpxe
nietorp

evitale
R

RhoA

HFHC
+DEN

CDHF
+DEN

✱ ✱✱ Vehicle
Valeric acid

1.5

1.0

0.5

0.0

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

Rock1

HFHC
+DEN

CDHF
+DEN

Cell adhesion molecules (cams)
Cell cycle

DNA replication
Axon guidance

Type I diabetes mellitus
Complement and coagulation cascades

Viral myocarditis
Hematopoietic cell lineage

Protein digestion and absorption
P53 signalling pathway

Arachidonic acid metabolism
ECM-receptor interaction

Arrhythmogenic right ventricular cardiomyopathy (ARVC)
Graft-versus-host disease

Allograft rejection
Antigen processing and presentation

Hippo signaling pathway
Glutamatergic synapse

Fat digestion and absorption
Homologous recombination

B

z-score
-4 -2 420

Vehicle vs Valeric acid
HKCI-2A

-lo
g1

0 
( P

)

75

50

25

0

10

log2 (fold change)
-10 -2 102

Vehicle vs Valeric acid
HKCI-2

SPAG5

CCNB2
RHOA

ROCK1

RAC1

CDC45

BUB1

ECT2

ARHGAP11A

CDK1

CDC25C

D
Vehicle Valeric acid

HFHC+DEN

Gpr41 44 kDa

β-actin 45 kDa
Gpr43 39 kDa

Vehicle Valeric acid
CDHF+DEN

Gpr41 44 kDa

β-actin 45 kDa
Gpr43 39 kDa

✱✱✱
Gpr41

HFHC
+DEN

CDHF
+DEN

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on 4.0

3.0

1.0

0.0

2.0

✱ V e h ic le

V a le r ic a c id

3.0

2.0

1.0

0.0

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

Gpr43

HFHC
+DEN

CDHF
+DEN

I

E
✱✱✱✱

✱✱✱✱
HKCI-2

VA    - - +      +
PTX    - +      - +

D
O(

ytilibaiv lle
C

57
0)

0.0

0.4

0.6

0.8

0.2

✱✱
✱✱✱✱
HKCI-10

C
el

l v
ia

bi
lit

y 
(O

D
57

0)

0.0

0.2

0.3

0.4

0.1

VA    - - +      +
PTX    - +      - +

F
VA

PTX
- - +       +         - - +        +
- +       - +        - +       - +

HKCI-2 HKCI-10

GPR41

β-actin

GPR43

RHOA
ROCK1

21 kDa

44 kDa

45 kDa

39 kDa

160 kDa

H
✱

Vehicle VA
HFHC+DEN

H
D

AC
 a

ct
iv

ity
 (n

g/
m

in
/m

g) 8

6

4

0

2

G ✱✱✱
✱✱✱

VA (mM)  100   100   100
IgG     - +       -

GPR41     - +       +
Anti-GPR41     +       - +

44 kDaGPR41

)level
evitaler

01gol(
AV

0

2

4

6

Fig. 7: Valeric acid binds to hepatocytic surface receptor GPR41/43 to inhibit oncogenic Rho-GTPase signalling pathway. (A) Volcano plot of
differential genes (log2 fold change ≥2, −log(P) ≥ 10) in HKCI-2 cell line with or without valeric acid treatment. Top depleted genes related to Rho-
GTPase pathway are indicated. (B) Pathway analysis of differential genes. (C, D) Hepatic protein expression of markers related to Rho-GTPase
pathway (C) or GPRs (D) in mice. (E) Cell viability at OD570 of human NAFLD-HCC (HKCI-2, HKCI-10) cell lines after treatment of valeric acid
and/or PTX for 3 days. (F) Protein expression in cells treated with valeric acid and/or PTX. (G) Direct pull-down assay of valeric acid using GPR41
recombinant proteins. (H) Hepatic HDAC activity in HFHC-fed DEN-treated mice. (I) Overview schematic of the study (created by BioRender.com).
The used concentration of valeric acid was 500 μM. VA, valeric acid. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Articles

www.thelancet.com Vol 100 February, 2024 13

http://BioRender.com
www.thelancet.com/digital-health


Articles

14
pertussis toxin (PTX) which is an antagonist of GPRs.18

The use of GPR blocker abolished the protective effect
of valeric acid on NAFLD-HCC cells, as indicated by the
increase in cell viability (Fig. 7E) and the upregulation of
Rho-GTPase pathway markers (Fig. 7F). We further
confirmed that valeric acid could directly bind to GPR41
by pull-down assay (Fig. 7G). In addition, the activity of
histone deacetylase (HDAC) was significantly inhibited
by valeric acid in mouse liver (P < 0.05; Fig. 7H) and in
NAFLD-HCC cells (Supplementary Figure S6I), in line
with a previous study.19 Altogether, our findings illus-
trated that L. acidophilus-derived valeric acid binds to
surface receptor GPR41/43 on hepatocytes to inactivate
oncogenic Rho-GTPase signalling pathway, thereby
ablating NAFLD-HCC development (Fig. 7H).
Discussion
In this study, we identified that L. acidophilus supple-
mentation suppresses NAFLD-HCC development in
tumourigenesis mouse models. The role of gut micro-
biota in NAFLD-HCC is now increasingly acknowl-
edged. In particular, the occurrence of gut dysbiosis
together with the depletion of commensal probiotics
was reported in human patients and mice.7,11 Through
faecal metagenomic sequencing, we identified that
L. acidophilus is the top depleted bacteria in NAFLD-
HCC mice (Fig. 1). L. acidophilus is a well-known
gram-positive probiotic species which has been widely
commercialised as an oral supplement against various
diseases including colitis and lactose intolerance.20

Several studies also revealed the feasibility of
L. acidophilus supplementation against NAFLD and
NASH in human patients and in mouse models.21,22

Here, we for the first time discovered the anti-
tumourigenic effect of L. acidophilus against NAFLD-
HCC in mice, suggesting the potential of probiotic
administration against the development of liver
malignancy.

Our results showed that L. acidophilus supplemen-
tation inhibits NAFLD-HCC development in mice
with reduced tumour growth. Alleviated steatosis and
necro-inflammation which are two crucial factors of
NAFLD-HCC development,23 were also observed in
L. acidophilus-treated mice, consistent with previous
studies reporting the anti-steatosis and anti-
inflammatory features of L. acidophilus.20,24 Faecal met-
agenomic sequencing analysis further identified the
enrichment of commensal probiotics such as Rombout-
sia and B. cellulosilyticus as well as the depletion of
opportunistic pathobionts including B. cenocepacia and
M. luteus,25 in L. acidophilus-treated mice. We also
observed that the growth of several well-studied pro-
biotics including L. gallinarum and B. pseudolongum
which could also suppress NAFLD-HCC in mice,26

was markedly increased after L.a CM treatment.
Notably, L. acidophilus was capable of suppressing
tumourigenesis in NAFLD-HCC germ-free mice
(Fig. 2). These results collectively indicated that
L. acidophilus alone is sufficient to exhibit anti-
tumourigenic effect in microbiota-depleted mice,
meanwhile it could modulate other gut microbial com-
ponents in mice with an intact microbiota. Together,
our findings illustrate the prophylactic potential of
L. acidophilus against NAFLD-HCC development in
mice.

Given the absence of L. acidophilus in liver tissues of
gavaged mice, we hypothesised that it may secrete
several molecules in the intestines, which are then
translocated to the liver through the portal vein circu-
lation to exhibit protective function. Probiotics could
produce different kinds of molecules to confer health
benefits including proteins and metabolites.9,27 A previ-
ous study also reported the anti-inflammatory role of
extracellular polysaccharides derived from L. acidophilus
to alleviate liver tumourigenesis in rats.28 In this study,
we found that the inhibitory effect of L.a CM still exists
after it was heated or treated with proteinase, whereas
only L.a CM with a molecular weight of less than 3 kDa
has protective effects against NAFLD-HCC in bio-
functional assays (Fig. 3). These findings collectively
imply that the functional molecules of L. acidophilus are
non-protein small molecules.

As molecules with a molecular weight of less than
3 kDa are most likely metabolites, we therefore con-
ducted untargeted metabolomic profiling on bacterial
conditional medium. Our analysis identified the signif-
icant enrichment of SCFAs in L.a CM (Fig. 4), in line
with previous studies reporting that L. acidophilus is a
SCFA-producing bacteria.29 For verification, targeted
metabolomics was performed and the result confirmed
the significant upregulation of SCFAs in L.a CM and in
L. acidophilus-treated mice. In general, SCFAs are pro-
duced from microbes-mediated fermentation of dietary
fibres, and they are pivotally involved in metabolism of
liver and adipose tissues.30 Many studies have demon-
strated the anti-tumourigenic role of SCFAs against
cancer.27 For example, SCFA supplementation could
delay the progression from chronic liver disease to HCC
in transgenic mice,31 whilst the combination of acetate
with immune checkpoint blockade markedly improves
anti-tumour immunity.32 In humans, a recent study
identified a significant depletion of butyrate in HCC
patients compared to healthy individuals, while butyrate
supplementation could improve the efficacy of targeted
therapy.33 Of note, among all major SCFAs, only valeric
acid was consistently enriched in L.a CM and in mouse
liver and portal vein serum, implicating its translocation
from the intestine to the liver (Supplementary
Figure S3). Hence, valeric acid was selected as the key
functional metabolite of L. acidophilus for investigation.
Nevertheless, given the well-studied beneficial role of
SCFAs against various diseases and cancer, other
SCFAs apart from valeric acid may also contribute to the
www.thelancet.com Vol 100 February, 2024
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anti-tumourigenic effect of L. acidophilus, even though
they were not consistently enriched among all samples.

The role of valeric acid in NAFLD-HCC was exam-
ined by in vitro bio-functional assays. As expected,
valeric acid significantly supressed the growth of human
NAFLD-HCC cells and mouse tumour organoids
(Fig. 5). Our results also demonstrated that valeric acid
could reduce proliferation and induce apoptosis and cell
cycle arrest in NAFLD-HCC cells. We then validated our
in vitro findings in two NAFLD-HCC mouse models,
and the results showed that valeric acid supplementa-
tion greatly ablates tumourigenesis in these mice
(Fig. 6). Moreover, an impaired intestinal barrier is a
prerequisite for NAFLD-HCC development,15 whereas
valeric acid could improve its integrity, as observed by
the upregulation of intestinal barrier markers (E-cad-
herin, Claudins) in colon and reduced level of endo-
toxemia marker LPS in portal vein of mice
(Supplementary Figure S5). Together, our in vitro and
in vivo observations confirmed the protective function of
valeric acid against NAFLD-HCC.

Our transcriptomic analysis identified that multiple
genes related to cell cycle (BUB1, CDC25C, CDC45,
CDK1) and Rho-GTPase pathway (RHOA, RAC1,
ROCK1) are markedly downregulated in mouse liver
and NAFLD-HCC cells after valeric acid treatment
(Fig. 7). In general, Rho-GTPase pathway contributes to
cancer initiation and development by promoting prolif-
eration and mediating metabolism and stemness of
tumour cells, as well as facilitating the establishment of
a pro-inflammatory tumour microenvironment.16 We
then examined how valeric acid interacts with hepato-
cytes. GPRs especially GPR41 and GPR43 are known to
be the major receptors of SCFAs,17 whereas GPR41 has
higher binding affinity with valeric acid than GPR43.34

Indeed, we identified that hepatic expressions of
Gpr41 and Gpr43 are significantly upregulated in mice
after valeric acid supplementation. Once GPR inhibitor
(PTX) was used, the anti-tumourigenic effect of valeric
acid was lost, accompanied with the upregulation of
Rho-GTPase pathway. These findings thus confirm that
valeric acid exhibits protective function against NAFLD-
HCC via binding to GPR41/43 on hepatocytes, thereby
suppressing the oncogenic Rho-GTPase pathway. In
addition, dysregulated activation of HDAC, the major
epigenetic mediator of histone modification, is known
to be pro-tumourigenic and many studies have reported
the use of HDAC inhibitors against HCC.35 Here, we
showed that valeric acid markedly constrains hepatic
HDAC activity of NAFLD-HCC mice, consistent with a
study reporting that valeric acid could act as HDAC
inhibitor against hepatocarcinogenesis.19

In summary, here we found that L. acidophilus sup-
plementation significantly ablates NAFLD-HCC
tumourigenesis in conventional and germ-free mice.
Through untargeted and targeted metabolomics, our
results implied that gut L. acidophilus secretes SCFAs
www.thelancet.com Vol 100 February, 2024
particularly valeric acid, which are then translocated to
the liver to exhibit protective function. Valeric acid ex-
hibits anti-tumourigenic effects in vitro and in vivo, of
which it could bind to surface receptor GPR41/43 on
hepatocytes to inactivate oncogenic pathways. Overall, L
acidophilus supplementation is a potential prophylactics
against NAFLD-HCC development. Further clinical
investigation is warranted to confirm its feasibility to
alleviate the progression from NASH to liver malig-
nancy in human patients.
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