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Gut microbial metabolite butyrate suppresses hepatocellular carcinoma growth 
via CXCL11-dependent enhancement of natural killer cell infiltration
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ABSTRACT
Gut microbiota-derived butyrate plays a vital role in attenuating hepatocellular carcinoma 
(HCC) in murine models. However, the precise molecular mechanisms by which butyrate 
exerts its effects are largely undefined. Plasma short-chain fatty acids (SCFAs) were quanti
tatively measured by using gas chromatography-mass spectrometry (GC-MS) to access their 
association with HCC prognosis. Tumor-infiltrating immune cells were characterized by flow 
cytometry. The interactions between butyrate and natural killer (NK) cells were studied 
using in vitro assays, including migration, cytotoxic degranulation, and co-culture experi
ments. In vivo validation was conducted through neutralization experiments. The molecular 
pathways regulated by butyrate were further investigated by employing RNA sequencing 
(RNA-seq), chromatin immunoprecipitation sequencing (ChIP-seq), and Assay for 
Transposase-Accessible Chromatin using sequencing (ATAC-seq). A positive correlation was 
observed between elevated plasma butyrate levels and improved prognosis in HCC patients. 
Notably, butyrate inhibited tumor progression by enhancing NK cell infiltration into tumor 
tissues. Mechanistically, butyrate stimulated cytokine secretion, notably significantly enhan
cing the production of the chemokine CXCL11, thereby facilitating NK cell infiltration. Gene 
Set Enrichment Analysis (GSEA) of hepatic tumor cell lines revealed that the chemokine 
signaling and NK cell-mediated cytotoxicity pathways were upregulated following butyrate 
stimulation. Furthermore, transcriptomic and epigenomic analyses showed that exposure to 
butyrate induced de novo chromatin accessibility and enhancer remodeling, regulated by 
STAT family transcription factors. Our study demonstrated that butyrate was able to 
enhance the expression of CXCL11. This is likely attributed to chromatin remodeling, and 
then promoting NK cell infiltration and exerting effective anti-tumor effects on HCC.
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Introduction

Hepatocellular carcinoma (HCC) represents the 
sixth most common malignancy and ranks third 
in terms of cancer-related mortality. Despite recent 
advancements, the global incidence of HCC has 
been on the rise, and treatment options are still 
limited.1

The pathogenesis of liver cancer involves various 
hepatocellular components and extrahepatic 
factors.2 HCC is associated with fibrosis, cirrhosis, 
chronic hepatitis, and stromal activation, all of 
which contribute to an inflammatory environment 
that triggers antitumor immune responses.3 

Within the tumor immune microenvironment 
(TIME), immune cells undergo both functional 
and structural changes, which significantly impact 
HCC progression, metastasis, and prognosis. 
Hence, unraveling the diverse roles that infiltrating 

immune cells play in the TIME is crucial to the 
effective management of HCC. Moreover, the gut 
microbiota is emerging as a significant extrahepatic 
factor in the development and progression of HCC. 
Throughout this process, the gut microbiota and 
their metabolites not only shape the pathology of 
the liver but also intricately regulate both hepatic 
and systemic immune responses, contributing to 
the complexity of HCC.4 A recent study showed 
that the gut microbiome worked as a vital regulator 
of antitumor immunity in melanoma patients.5 

However, the intricate mechanisms underlying 
the impact of gut microbiota and their metabolites 
on liver immunity and tumor development remain 
elusive.

Short-chain fatty acids (SCFAs), defined as 
fatty acids containing no more than six carbon 
atoms, mostly acetate, propionate, and butyrate,
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are primarily produced in the intestine through 
bacterial fermentation of indigestible 
carbohydrates,6 which are important for miti
gating inflammation and maintaining intestinal 
homeostasis.7 Recent findings suggest that 
microbiota-produced butyrate can modulate the 
immune response system, thereby contributing 
to various health-promoting functions.8 

Propionate has been demonstrated to alleviate 
gut inflammation by directly influencing the 
differentiation of colonic Treg cells.9 Acetate 
has the potential to decrease infiltration of IL- 
17A-producing ILC3 cells, and anti-cancer 
therapies in combination with immune check
point inhibitors could enhance the efficacy of 
clinical treatments for HCC.10 Previous evidence 
indicated that SCFAs could impede hepatic 
tumor growth by regulating gene expression 
pivotal for tumor cell proliferation and 
apoptosis.11 These findings prompted us to 
investigate the role of butyrate in shaping the 
TIME within the context of HCC.

Besides, microbial-derived SCFAs were found to 
exert anticancer effect in colon cancer,12 regulate 
insulin,13 and modulate the immune system14 

without altering the DNA sequence. Given this, 
epigenetic changes may play a crucial role in med
iating butyrate-mediated transcriptome alterations 
in HCC.15 Epigenetic processes operate at multiple 
levels of nuclear organization. For instance, post
translational modifications of histone proteins, 
such as acetylation, methylation, ubiquitination, 
or phosphorylation, predominantly take place on 
the unstructured tails of histone core proteins 
within nucleosomes.16 However, studies on the 
involvement of histone modifications and distant 
cis-regulatory elements in butyrate-mediated tran
scriptional regulation remain limited.

In this study, we investigated the mechanism by 
which SCFAs, specifically butyrate, exerts an anti- 
tumor effect through modulating TIME in the 
liver. The results demonstrated that butyrate 
could enhance NK cells accumulation through 
a CXCL11/CXCR3/STAT4 dependent mechanism, 
This in turn, promoted antitumor immunity in the 
liver. These findings suggest that the immunomo
dulatory role of butyrate might exert a pivotal 
influence on liver cancer.

Statistical analysis

Data were analyzed by utilizing R and GraphPad 
Prism 8. Student’s t-test was employed for compar
ison of normally distributed variables, Mann – 
Whitney U-test was employed for analysis of non- 
normally distributed data. For multigroup compar
isons, one-way ANOVA and Kruskal – Wallis tests 
were conducted. Survival analysis was performed 
by using Kaplan – Meier method with log-rank test, 
with significance set at a p < 0.05 (two-tailed).

Results

Characteristics of gut microbiota and SCFAs levels 
in the HCC patients

Bacterial DNA from fecal samples of hepatocellu
lar carcinoma (HCC) patients (n = 36) and 
healthy donors (HD, n = 20) were extracted and 
subjected to 16S ribosomal RNA gene sequencing 
for taxonomic profiling. Demographics and clin
ical features of HCC patients and healthy subjects 
are detailed in Supplemental Table S1. The α- 
diversity (Chao1, Simpson, and Shannon indices) 
and β-diversity (non-metric multidimensional 
scaling, NMDS) analyses revealed a decreased 
taxonomic diversity in the microbiota of HCC 
patients compared to HD. (Figure S1A, and 
Figure S1B). To explore differences in fecal micro
bial composition between HCC patients and HD, 
linear discriminant analysis effect size (LEfSe) was 
performed (Figure S1C). Notably, at the genus 
level, Bacteroides and Prevotella_9 were decreased, 
while Escherichia-Shigella, Klebsiella, and other 
pathogenic species such as 
Erysipelatoclostridiaceae, Veillonellaceae, and 
Streptococcaceae were significantly increased in 
HCC patients (Figure S1D). These alterations sug
gest a potential link between gut microbiota and 
HCC pathogenesis.4 However, more thorough 
examination is necessary to delve into the under
lying mechanisms. Short-chain fatty acids 
(SCFAs), synthesized in the colon and metabo
lized by enzymes derived from intestinal bacteria, 
play a crucial part in maintaining a healthy gut 
microbiota, innate immunity, and an equilibrium 
in lipid and carbohydrate metabolism.17 In this 
study, we conducted gas chromatography-mass
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spectrometry (GC-MS) on plasma samples 
obtained from HCC patients or healthy donors 
(Figure 1(a)), and an orthogonal partial least 
squares-discriminant (OPLS) analysis revealed 
the SCFA profile of HCC patients was distinc
tively different from that of HD, as illustrated in 
Figure S1E. Additionally, Spearman’s correlation 
coefficient between differential SCFA metabolites 
and clinical indices of HCC patients was analyzed 
and presented as a heat map. It is interesting that 
plasma butyrate levels exhibited the most signifi
cant negative correlation with clinical indices of 
HCC (Figure 1(b)). In addition, butyrate was an 
independent factor influencing HCC outcomes, 
rather than being confounded by liver function- 

related factors (Supplemental Table S2 and S3). 
Furthermore, among patients with comparable 
tumor features and treatment modalities, those 
with higher-level plasma butyrate experienced 
a better progression-free survival than their low- 
level counterparts (Figure 1(c)). In addition to 
butyric acid, other plasma SCFA-such as acetic 
acid, propionic acid, and pelargonic acid-were all 
significantly reduced in HCC patients 
(Figure 1(d) and Figure S1F). The ROC curve 
analysis suggested that plasma butyrate levels 
may be strongly associated with HCC incidence, 
with an area under the ROC curve (AUC) of 
0.767 (Figure 1(e)). Additionally, certain butyrate- 
producing bacteria such as Ruminococcus

Figure 1. Gut microbiota-derived butyrate is associated with the prognosis of HCC patients. (a) Heatmap illustrating alterations in 
human plasma short-chain fatty acids (SCFAs) in healthy donors (HD, N = 20) and hepatocellular carcinoma patients (HCC, N = 36). (b) 
Spearman correlation analysis showing the association between the concentration of plasma SCFAs and clinical characteristics in HCC 
patients. *p < 0.05, **p < 0.01, and ***p < 0.001, by Spearman test. (c) Progression-free survival in butyrate-high and butyrate-low 
groups. p<0.001, by log-rank test. (d) GC-MS analysis revealing differences in plasma butyrate level between HD (N = 20) and HCC (N  
= 36) groups. (e) Receiver operating characteristic (ROC) analysis distinguishing HCC patients and HD in terms of plasma butyrate. (f) 
Percentage of community abundance at the phylum and genus level of gut microbiota in the two studied groups. **p < 0.01, by 
Mann-Whitney test.
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, Butyricicoccus, and Bacteroides, were signifi
cantly decreased in HCC patients (Figure 1(f)).

Butyrate treatment inhibits tumor growth and 
enhances NK cell infiltration

To assess the impact of butyrate on liver tumor 
growth and explore its potential mechanism, 
C57BL/6 mice were given either plain drinking 
water or water supplemented with butyrate, fol
lowed by subcutaneous inoculation of hepa1–
6 hepatic cancer cells. After a 14-day period, mice 
tumor tissues were collected for flow cytometric 
analysis. In addition, we also harvested the periph
eral blood and feces from mice for the determina
tion of butyrate levels and found that the butyrate 
level in the butyrate-fed mice was significantly 
increased in peripheral blood and feces compared 
to the control group, with the difference being 
statistically significant (Figure S2). Notably, oral 
butyrate reduced the tumor volume in C57BL/6 
mice treated with butyrate compared to water- 
only controls (Figure 2(a,b)). Ki67+ tumor cells 
were diminished in butyrate-treated mice 
(Figure 2(c)). Further, flow cytometry demon
strated a significant increase in NK1.1+ NK cells 
within tumor tissues following butyrate treatment, 
with minimal impact found on the populations of 
F4/80+ macrophages, CD3+ T lymphocytes, B220+ 
B lymphocytes, and Ly6G+ neutrophils 
(Figure 2(d)). Ultimately, NCR-1 immunofluores
cence staining of tumor tissues from mice indicated 
that butyrate triggered an infiltration of NK cells 
into the tumor tissues (Figure 2(e)). Collectively, 
these findings suggest that butyrate treatment 
impedes tumor development and enhances NK 
cell recruitment in the TIME.

Butyrate-induced tumor suppression relies on NK 
cells

Considering the increased infiltration of NK cells 
and the relatively low proportion of apoptotic 
tumor cells in tumor tissues treated with butyrate 
(Figure 2(d,e), Figure S3), we proposed that the 
in vivo suppression of Hepa1–6 tumors by butyrate 
depends on the presence of NK cells. To illustrate 
this, we treated mice with an NK cell-depleting 
antibody, anti-ASGM1, and flow cytometry 

analysis confirmed a highly efficient depletion of 
NK cells (CD3−/NK1.1+/NKP46+) in the anti- 
ASGM1 group compared to the isotype IgG control 
group (Figure 3(a–e)). Interestingly, the tumor- 
suppressing effect of butyrate was significantly 
reduced in NK cell-depleted mice compared to 
those with normal NK cell levels. Nonetheless, 
this phenomenon was not observed in the tumor- 
bearing mice treated with the vehicle. (Figure 3(b– 
d)). Furthermore, no significant differences in 
body weight were observed among the mice treated 
with different antibodies (Figure 3(c)).

To further confirm the direct effect of butyrate 
on NK cells, single-cell suspensions from mice 
spleen were prepared, isolated, and stimulated 
with Phorbol 12-Myristate 13-Acetate (PMA) and 
ionomycin (INSO) in vitro, with or without buty
rate treatment. The results showed that butyrate 
treatment up-regulated the expression of CD107a 
and IFN-γ in NK cells (Figure S4A). Additionally, 
our research demonstrated an up-regulated expres
sion of natural killer group 2D (NKG2D) on hepa
tic tumor cells after butyrate stimulation (Figure 
S4B). The lactate dehydrogenase (LDH) assay, 
which measures NK cell-mediated cytotoxicity, 
showed that butyrate enhanced the cytotoxic effect 
of NK cells on cancer cells (Figure S4C). Moreover, 
we also found that butyrate stimulated the release 
of CD107A and IFNγ from NK cells and signifi
cantly enhanced their proliferation (Figure S4D 
and E). These findings suggest that the tumor- 
suppressive effect of butyrate is largely dependent 
on NK cells.

Butyrate induces NK cell recruitment by 
upregulating CXCL11 in tumor cells

Based on these observations and the well- 
established role of chemokines in orchestrating 
immune responses against cancer cells, we investi
gated whether butyrate could modulate chemokine 
expression to influence NK cell migration. To test 
this hypothesis, a transwell assay was performed to 
assess the effect of conditioned media from buty
rate-treated hepatic tumor cells on NK cell migra
tion (Figure 4(a)). Since butyrate has the potential 
to induce apoptosis in cancer cells,18 we tested 
various concentrations of butyrate and observed 
that exposing hepatoma cell lines to 1 mm butyrate
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Figure 2. Butyrate exposure significantly attenuates tumor growth and reshapes the tumor microenvironment. (a) Schematic overview 
of butyrate treatment in Hepa1–6-bearing mice. N = 5 mice for each group. (b) Tumor volume was monitored, and representative 
images shown on the right. N = 5 mice per group. (c) Representative images of Ki67-positive cells of tumor sections in the control and 
butyrate-treated group (scale bar, 100 μM). Quantification of Ki67+ in the tumor (right). N = 5 mice per group. (d) C57BL/6 mice were 
pretreated with or without butyrate feeding as described in methods. Tumor-infiltrating immune cells were measured by flow 
cytometry. N = 5 mice per group. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, by two-tailed Student’s t-test. (e) 
Immunofluorescence staining of tumor tissues with anti- NCR1.
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for 48 hours had minimal effects on proliferation 
and survival and did not induce apoptosis (Figure 
S5A – C). This concentration range allows for 
a more thorough examination of how butyrate 
influences the interaction between immune cells 
and tumor cells. In these experiments, we initially 
treated two hepatic tumor cell lines, HepG2 and 
Huh7, with either butyrate or PBS (serving as con
trol). Subsequently, conditioned media from the 
treated cells were collected to measure NK cell 
migratory activity. The results revealed that condi
tioned media from hepatic tumor cells treated with 
butyrate significantly enhanced NK cell migration 
compared to media from PBS-treated cells 
(Figure 4(b)).

To further investigate the mechanisms behind 
butyrate-induced NK chemotaxis, HepG2 cells- 
with or without butyrate treatment-underwent 
RNA sequencing (RNA-seq). Following butyrate 
treatment, numerous genes were upregulated, 
including several genes associated with chemokines 
(CX3CL1, CCL2, CXCL11, CXCL8, CCL20, 
CXCL16, CCL26), NK cytotoxicity (ULBP1, 
ULBP2, ULBP3, etc.), and cell proliferation 
(PTEN, CCND2, ITGA7, etc.) (Figure 4(c)). This 
suggests that butyrate may enhance the immune 
response against cancer cells not only by upregu
lating chemokine expression to promote NK cell 
migration and by enhancing NK cell cytotoxicity. 
Gene set enrichment analysis (GSEA) revealed

Figure 3. NK cells are essential for butyrate-mediated suppression of hepatic tumor growth in a mouse model. (a) Schematic 
illustration of the experimental design and timeline for NK cell depletion assays in mouse models. (b) Monitoring of average tumor 
sizes under different conditions since tumor inoculation. N = 5 mice for each group. Representative images are displayed on the right. 
(c) Weight curves for mice. N = 5 mice for each group. (d) Recording of average tumor weight. N = 5 mice for each group. (e) Flow 
cytometrical measurement of the relative percentage (%) of NK cells in spleens from mice. N = 5 mice for each group. Data are 
presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s test.
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Figure 4. Butyrate-mediated up-regulation of CXCL11 is crucial for NK cell migration. (a) Schematic illustration of NK cell migration 
assays. (b) Transwell assay showing the NK cells migrating towards conditioned media from HepG2 and Huh7 cells pre-treated with 
butyrate (1 mm) and PBS for 48 h. (c) RNA-seq analysis of differentially-expressed genes in butyrate-treated hepatic tumor cells 
(HepG2) for 48 h, with a heatmap illustrating significantly upregulated genes. (d) Gene set enrichment analysis (GSEA) based on RNA- 
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significant enrichment in the “chemokine signaling 
pathway” and “natural killer cell cytotoxicity” path
ways (Figure 4(d)), suggesting a link between the 
phenotypic changes observed after butyrate treat
ment and these pathways.

Based on these findings and the well-established 
roles of chemokines in the regulation of immune 
responses against cancer cells, we investigated 
whether butyrate could modulate chemokine 
expression to influence NK cell migration. To test 
this hypothesis and identify butyrate-regulated 
chemokines, we treated the hepatic tumor cell line 
HepG2 with butyrate or PBS for 48 hours. 
Subsequently, we used the Olink Target 96 
Inflammation panel with proximity extension 
assays (PEA) to measure levels of 92 protein mar
kers. Our analysis identified significant changes in 
21 out of 92 proteins in the butyrate-treated group, 
including tumor necrosis factor (TNF), interleu
kins, and chemokines (Figure 4(e)). Notably, 
CXCL11, MCP-1, and CCL20 were up-regulated 
in butyrate-treated cells and exhibited distinct che
motactic activities.

Given previous reports linking high MCP-1 and 
CCL20 levels to unfavorable prognosis in HCC 
patients,19,20 along with the known role of CXCL 
chemo-attractants in immune cell trafficking,18 

and the paradoxical role of CXCL11 in HCC patho
genesis, we focused on CXCL11 regulation by buty
rate for the remainder of the study. qRT-PCR 
confirmed that treatment of two distinct hepatic 
tumor cell lines with butyrate led to up-regulation 
of CXCL11 (Figure 4(f)). To assess whether 
CXCL11 protein levels correlated with mRNA 
levels, we performed enzyme-linked immunosor
bent assays (ELISAs) on conditioned media from 
HepG2 and Huh7 cells treated with butyrate. As 
anticipated, the level of CXCL11 protein was also 
significantly increased in the media of HepG2 and 

Huh7 cells treated with butyrate (Figure 4(g)). 
Further experiments showed that adding recombi
nant CXCL11 protein to conditioned media signif
icantly enhanced NK cell migration, confirming 
CXCL11’s direct role in promoting NK cell migra
tion (Figure 4(h)).

To determine whether the butyrate-induced 
increase in NK cell migration depends on 
CXCL11 re-expression, we performed a blockade 
assay using an anti-human CXCL11 antibody. The 
results showed a significant reduction in NK cell 
migration compared to the control (Figure 4(i)). 
Notably, CXCR3, the main receptor of CXCL11, is 
expressed on the surface of NK cell line NK- 
92MI.21 To confirm CXCL11‘s role in mediating 
the enhanced NK cell migration induced by media 
from butyrate-treated tumor cells, we added 
a CXCR3-neutralizing antibody to the conditioned 
media. Similarly, neutralizing CXCR3 on NK-92MI 
cells inhibited their migration toward media from 
butyrate-treated hepatic tumor cells, compared to 
the IgG control (Figure S6). These findings suggest 
that CXCL11 could be upregulated by butyrate in 
hepatic tumor cells and might contribute to the 
migration of NK cells.

Butyrate alters global chromatin accessibility and 
cooperates with STAT4 to enhance CXCL11 
transcription

To understand how butyrate regulates CXCL11 
transcription, we analyzed changes in open 
chromatin regions (OCRs) and binding sites 
of H3K27ac/H3K9ac in hepatic tumor cells 
using assay for transposase-accessible chroma
tin sequencing (ATAC-seq)22 and chromatin 
immunoprecipitation sequencing (ChIP-seq),23 

respectively. This analysis was conducted at 
intervals of 48 hours before and after butyrate

seq profiles, showing a positive association between butyrate treatment and the chemokines signaling pathway and the natural killer 
cells-mediated cytotoxicity pathway. (e) Analysis of conditioned media from HepG2 cells treated with butyrate or PBS using a 92 
inflammation panels, with quantitative assessment of CXCL11 expression displayed using normalization protein expression (NPX) data. 
(f) qRT-PCR measurement of relative CXCL11 mRNA expression in HepG2 and Huh7 cells treated with butyrate (1 mm) for 48 h 
compared to PBS-treated cells, with ACTINB as the internal reference. (g) ELISA measurement of CXCL11 protein levels in supernatants 
from HepG2 and Huh7 cells treated with butyrate (1 mm) or PBS for 48 h. (h) Average number of NK cells that migrated toward 
conditioned media with or without recombinant human CXCL11 protein. (i) Average number of NK cells that migrated toward 
conditioned media collected from HepG2 and Huh7 cells that pretreated with butyrate, with or without CXCL11-neutralizing 
antibodies. Data are given as mean ± SEM based on three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, two-tailed 
Student’s test.

GUT MICROBES 9



stimulation (Figure 5(a) and Figure S7A). We 
identified four OCR clusters, representing 
regions that either remained unchanged or 
underwent specific changes during butyrate sti
mulation: (1) conserved: OCRs conserved with 
or without butyrate stimulation (n = 9188), (2) 
De novo: OCRs opened after 48 h butyrate sti
mulation (n = 1908), (3) poised: OCRs more 
selectively found after 48 h butyrate stimulation 
(n = 719), or (4) Lost: OCRs closed after 48 h 
butyrate stimulation (n = 1015). Furthermore, 
principal component analysis (PCA) demon
strated distinct clusters with or without buty
rate stimulation (Figure 5(b)). Cluster 
annotations revealed that OCRs treated with 
butyrate were more frequent in enhancer 
regions than in promoter regions 
(Figure 5(c)). Additionally, TF motif analysis 
on the four OCR clusters exhibited a specific 
enrichment of STAT motifs (STAT1, STAT2, 
STAT3, STAT4) in de novo OCRs, whereas 
IRF2 (IRF) motifs were enriched in poised 
OCRs, and ETS motifs were enriched in the 
conserved and lost OCRs (Figure 5(d)). 
Notably, CXCL11 was located within the de 
novo OCRs cluster. Furthermore, based on the 
H3K27ac peaks located more than 2000 bp 
from the transcription start site (TSS), we iden
tified a de novo enhancer near CXCL11. The 
enhancer of CXCL11 with reshaped chromatin 
accessibility partially overlapped with H3K9ac- 
and H3K27ac-enriched targets in butyrate- 
treated tumor cells (Figure 5(e)). Extensive 
ChIP-qPCR analysis confirmed that H3K9/ 
H3K27 acetylation was elevated at the enhancer 
regions of the CXCL11 genes (Figure 5(f,g)). 
Further, H3K27ac ChIP-seq combined with 
the JASPAR database search confirmed that 
CXCL11 is a downstream target of STAT4 
(Figure 5(h)). Gel electrophoresis revealed that 
STAT4 bound to the enhancer of CXCL11 
more efficiently in the butyrate-treated group 
(Figure 5(i)). The dual-luciferase reporter assay 
showed that butyrate enhanced the activity of 
the CXCL11 enhancer, rather than its promoter 
(Figure 5(j)). These results underscored the role 
of STAT4 in regulating CXCL11 expression in 
butyrate-treated tumor cells.

Butyrate-CXCL11-NK cell migration axis inhibits 
tumor development in vivo

We postulated that CXCL11 may play a crucial role 
in butyrate-mediated tumor suppression in 
a hepatic tumors mouse model. To test this hypoth
esis, C57BL/6 mice were given butyrate in their 
drinking water, subjected to tumor implantation 
and then injected with a CXCL11-neutralizing 
antibody (Figure 6(a)). Notably, we found that 
neutralizing CXCL11 may reduce butyrate’s 
tumor-inhibitory effect, indicating that CXCL11 
re-expression by butyrate is essential for hepatic 
tumor suppression without affecting mice‘s body 
weight (Figure 6(b–d)).

Furthermore, cellular experiments confirmed 
that butyrate administration did not significantly 
increase NK cell infiltration into tumors in mice 
treated with CXCL11 antibody (Figure 6(e)) com
pared to control mice without CXCL11 antibody 
treatment. This suggests that butyrate may facili
tate NK cell trafficking to tumor sites by modulat
ing CXCL11 expression. Taken together, these 
findings suggest that butyrate might mediate 
tumor suppression by inducing 
CXCL11 secretion, thus enhancing NK cell recruit
ment to tumor sites and inhibiting tumor cell 
growth.

Discussion

In our study, we metabolomically analyzed the 
plasma SCFA profile in hepatocellular carcinoma 
(HCC) patients. Our results revealed significantly 
decreased butyrate levels, which correlated with 
poor prognosis. We found that butyrate promoted 
CXCL11 production in tumor cells by enhancing 
H3K27ac and H3K9ac enrichment, thereby 
increasing chromatin accessibility at CXCL11 
enhancer regions. This upregulation facilitated 
NK cell infiltration into tumors and suppressed 
tumor growth. Additionally, butyrate improved 
NK cell function both in vitro and in vivo. These 
findings highlight the epigenetic role of butyrate in 
anti-tumor immunity and suggest the potential of 
probiotic-based therapies for HCC patients.

Our study found a correlation between plasma 
SCFA concentrations and prognostic outcomes in

10 M. ZHANG ET AL.



Figure 5. Histone modifications at gene enhancer sites modulate CXCL11 expression. (a) HepG2G2 cells were stimulated with or 
without butyrate for 48 h and analyzed for changes in ATAC-seq. Signal coverage heatmaps of ATAC-seq results are shown. (b) 
Principal component analysis (PCA) of clusters according to (a). (c) Genome browser view of normalized signals of H3K9ac, H3K27ac 
ChIP-seq and ATAC-seq at the CXCL11 locus in HepG2 cells with or without butyrate treatment. (d) Heatmap showing relative 
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HCC patients. A previous study showed that path
ways involved in butyrate metabolism were acti
vated in HCC patients, despite decreased plasma 
butyrate levels.24 Additionally, overexpression of 
genes related to butyrate metabolism was asso
ciated with a poor prognosis.24 These results 
further substantiate the findings of our research. 
Furthermore, liver cancer patients exhibit signifi
cantly reduced microbial diversity, especially in 
butyrate-producing microbes, compared to healthy 
individuals.25 Previous studies have also shown 

improved outcomes in colon cancer patients 
receiving butyrate supplementation.24 Thus, we 
speculate that changes in butyrate levels can influ
ence liver health by modulating the intestinal 
microbiota, and a butyrogenic diet or butyrate- 
producing microbes may have therapeutic poten
tial for HCC patients. These conclusions were 
based on an analysis of 36 patients, and future 
studies with a larger population are needed to 
validate these findings. Our study suggests the 
potential to improve outcomes in HCC patients

frequency of TF consensus motifs among five different classes defined in (a). Main TF families are highlighted at the top. Motif analysis 
was conducted using HOMER and visualized with R. (e) Genome browser view of normalized signals of H3K9ac, H3K27ac ChIP-seq and 
ATAC-seq at the locus of CXCL11 in HepG2 cells with or without butyrate treatment. (f – g) ChIP-qPCR performed in HepG2 and Huh7 
cells treated with butyrate to detect the enrichment levels of CXCL11 enhancer using H3K27ac and H3K9ac antibodies and IgG control. 
(h) The CXCL11 enhancer region is highly enriched with H3K27ac. The sites of the putative STAT4 binding motif in the − 76053933 
CXCL11 enhancer were predicted using the JASPAR database. (i) Gel electrophoresis of STAT4 enrichment at binding sites in the 
CXCL11 enhancer. (j) Luciferase assay of HEK293 T cells transfected for 48 h with the indicated plasmids: PGL3-basic, CXCL11 promoter 
and CXCL11 promoter + enhancer plasmid. Data are presented as mean ± SEM based on three independent experiments. *p < 0.05; 
**p < 0.01; ***p < 0.001, by two-tailed Student’s t-test.

Figure 6. Butyrate-mediated re-expression of CXCL11 is necessary for tumor suppression in hepatic tumor mouse model. (a) Schematic 
representation of the experimental design for CXCL11-neutralizing assays and timeline of mouse models. (b) Average tumor sizes were 
monitored for the indicated conditions since tumor inoculation. N = 5 mice for each group. Representative images are shown at right. 
(c) Mice weight curves are monitored. N = 5 mice for each group. (d) Average tumor weight was recorded. N = 5 mice for each group. 
(e) The percentage of Hepa1–6 tumor-infiltrating NK cell was flow cytometrically measured. N = 5 mice for each group. Data are 
presented as the mean ± SEM; ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, two-tailed Student’s test.
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by modulating the gut microbiota or their 
metabolites.

One important question arises: How dose 
microbiota-derived butyrate exert its anti-tumor 
effect? It has been reported that butyrate regulates 
CD8+ T cell antitumor immunity in non-small cell 
lung cancer (NSCLC) and colorectal cancer (CRC) 
patients.24,26 Our study also demonstrated that 
butyrate, a microbial metabolite, plays a pivotal 
role in shaping the immune landscape in an experi
mental HCC model, with NK cells playing a key 
role in butyrate-induced tumor suppression. The 
most significant finding was that treatment with 
butyrate enhanced infiltration of NK cells into the 
TIME. Additionally, we found that butyrate treat
ment improved NK cell-mediated cytotoxicity. In 
mice treated with antibiotics during early develop
ment, supplementation with butyrate or adminis
tration of Clostridium Butyricum promoted 
maturation and functional restoration of liver NK 
cells.27 These findings suggest that butyrate could 
act as a modulator of immune cell function. 
Recently, NK cell-based oncological therapy has 
shown promising efficacy in individuals diagnosed 
with advanced leukemia over the past two 
decades.28 Moreover, Adoptive Cell Transfer 
(ACT) therapy has been shown to be effective 
against hematological malignancies; however, its 
efficacy in most solid tumors, such as HCC, is 
limited due to low infiltration of NK cells within 
the TIME.29 Given butyrate’s ability to enhance 
both function and abundance of NK cells, lever
aging gut microbiota and their metabolites for NK 
cell-based immunotherapy offers a promising 
approach for liver cancer treatment. Furthermore, 
due to the complexity of HCC pathogenesis and 
limitations of current animal models, further 
research using humanized models is necessary 
before translating these results to clinical practice.

In addition, our research illustrated that butyrate 
stimulated the CXCL11 secretion from tumor cells, 
thus potentially enhancing NK cell migration and 
subsequently inducing potent anti-tumor effects. 
The chemokines, classified as chemoattractant cyto
kines, play a pivotal role as mediators of leukocyte 
migration in immune surveillance.30 Increased 
CXCL11 expression has been associated with 
enhanced anti-tumor immunity in various 
cancers.31,32 While evidence suggests that CXCL11 

could be a direct downstream target of butyrate and 
a crucial mediator of NK cell infiltration in HCC, 
alternative indirect regulatory mechanisms depen
dent on butyrate may also influence NK cell traf
ficking. For instance, Olink-seq shows that butyrate 
treatment leads to upregulation of CCL2, also 
known as MCP-1, compared to the untreated 
groups (Figure 4(e)). Interestingly, in the TIME of 
melanoma, inhibition of HIF-1α transcriptional 
activity led to the infiltration of NK cells and CD8 
+ T cells, which was associated with elevated release 
of the chemokines CCL2 and CCL5.33 Another 
notable butyrate-dependent chemokine identified 
by Olink-seq is MCP-3, which plays a crucial role 
in regulating NK cells behavior, including their 
migration and chemotaxis.34 Moreover, RNA-seq 
identified CX3CL1 as an adhesion molecule 
(Figure 4(c)). Notably, the upregulation of adhesion 
molecule expression was associated with increased 
NK cell infiltration and subsequent anti-tumor 
effects.35 Therefore, modulating adhesion molecule 
expression may enhance the recruitment of NK cells 
to the liver following butyrate treatment. Further 
investigations are needed to elucidate alternative 
regulatory mechanisms involved in butyrate- 
dependent NK cell trafficking.

Prior studies suggest that the anti-tumor and 
anti-inflammatory effects of butyrate may result 
from HDAC inhibition, which suppresses cell 
proliferation and differentiation.36 Moreover, 
active enhancers regulate gene expression by 
interacting with their target promoters.37 

However, in our study, through integrated 
genomic analyses, we systematically examined 
how the enhancer landscape interact with the 
rapid transcriptional burst typical of hepatic 
tumor cells under butyrate treatment. We also 
proposed molecular mechanisms that regulate 
cascades of enhancer activation. Our genome- 
wide analysis revealed significant changes in 
chromatin accessibility and enhancer activity in 
hepatic tumor cell lines following butyrate sti
mulation. In addition to changes in enhancers, 
transcription factor (TF) binding was also impli
cated in gene expression regulation post buty
rate stimulation. After 48 hours of butyrate 
stimulation, the enhancer region of CXCL11 
was significantly activated in tumor cells, 
accompanied by notable enrichment of H3K9ac
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and H3K27ac histone modifications. JASPAR 
prediction and ChIP-qPCR confirmed the 
recruitment of STAT4 to the enhancer region, 
leading to transcriptional upregulation of 
CXCL11 and subsequent NK cell infiltration, 
which exerted an anti-tumor effect. This 
mechanistic insight not only elucidates buty
rate’s molecular function but also opens new 
avenues for therapeutic strategies targeting NK 
cell-mediated antitumor response in HCC.

Due to the complexity of HCC pathogenesis and 
limitations of current animal models, further 
research utilizing humanized models is necessary 
before translating these results into clinical prac
tice. Furthermore, although plasma butyrate levels 
were correlated with HCC patient prognosis, future 
studies with larger populations are necessary. It 
remains unknown whether different doses of buty
rate can differentially regulate various immune and 
cancer cells in the TME. Meanwhile, determining 
the appropriate dose of butyrate supplementation 
for mice and patients remains a question to be 
addressed in future research.

In summary, our study suggests a positive 
correlation between plasma butyrate levels and 
prognosis in HCC patients, offering potential 
guidance for prognostic prediction and clinical 
management. Additionally, we found that buty
rate could promote NK cell infiltration into 
tumor tissues by regulating chemotaxis through 
the CXCL11-STAT4 signaling pathway, high
lighting a promising strategy to mitigate HCC 
progression and suggesting novel targets for 
future research and intervention.
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Highlights

● Serum butyrate levels are decreased in patients with HCC 
and positively correlated with progression-free survival.

● Butyrate enhances NK cells infiltration into tumors by 
regulating the CXCL11-CXCR3 axis.

● Butyrate reshapes the chromatin landscape in cancer cells 
and induces the formation of de novo Open Chromatin 
Regions (OCRs).

● Histone acetylation initiates chromatin opening and facil
itates STATs redeployment to de novo enhancers.

References

1. Waked I, Alsammany S, Tirmazy SH, Rasul K, Bani- 
Issa J, Abdel-Razek W, Omar A, Shafik A, Eid S, 
Abdelaal A, et al. Multidisciplinary consensus recom
mendations for management of hepatocellular carci
noma in Middle East and North Africa region. Liver 
Int. 2023;43(10):2062–2077. doi: 10.1111/liv.15685  .

2. Gao S, Jiang X, Wang L, Jiang S, Luo H, Chen Y, 
Peng C. The pathogenesis of liver cancer and the ther
apeutic potential of bioactive substances. Front 
Pharmacol. 2022;13:1029601. doi: 10.3389/fphar.2022. 
1029601  .

3. Ringelhan M, Pfister D, O’Connor T, Pikarsky E, 
Heikenwalder M. The immunology of hepatocellular 
carcinoma. Nat Immunol. 2018;19(3):222–232. doi:  
10.1038/s41590-018-0044-z  .

4. Song Q, Zhang X, Liu W, Wei H, Liang W, Zhou Y, 
Ding Y, Ji F, ho-Kwan Cheung A, Wong N, et al. 
Bifidobacterium pseudolongum-generated acetate sup
presses non-alcoholic fatty liver disease-associated 
hepatocellular carcinoma. J Hepatol. 2023;79 
(6):1352–1365. doi: 10.1016/j.jhep.2023.07.005  .

5. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, 
Andrews MC, Karpinets TV, Prieto PA, Vicente D, 
Hoffman K, Wei SC, et al. Gut microbiome modulates 
response to anti-PD-1 immunotherapy in melanoma 

14 M. ZHANG ET AL.

https://doi.org/10.1111/liv.15685
https://doi.org/10.3389/fphar.2022.1029601
https://doi.org/10.3389/fphar.2022.1029601
https://doi.org/10.1038/s41590-018-0044-z
https://doi.org/10.1038/s41590-018-0044-z
https://doi.org/10.1016/j.jhep.2023.07.005


patients. Science. 2018;359(6371):97–103. doi: 10.1126/ 
science.aan4236  .

6. Topping DL, Clifton PM. Short-chain fatty acids and 
human colonic function: roles of resistant starch and 
nonstarch polysaccharides. Physiol Rev. 2001;81 
(3):1031–1064. doi: 10.1152/physrev.2001.81.3.1031  .

7. Li G, Lin J, Zhang C, Gao H, Lu H, Gao X, Zhu R, Li Z, 
Li M, Liu Z, et al. Microbiota metabolite butyrate con
strains neutrophil functions and ameliorates mucosal 
inflammation in inflammatory bowel disease. Gut 
Microbes. 2021;13(1):1968257. doi: 10.1080/19490976. 
2021.1968257  .

8. Deleu S, Machiels K, Raes J, Verbeke K, Vermeire S. 
Short chain fatty acids and its producing organisms: an 
overlooked therapy for IBD? EBioMedicine. 
2021;66:103293. doi: 10.1016/j.ebiom.2021.103293  .

9. Smith PM, Howitt MR, Panikov N, Michaud M, 
Gallini CA, Bohlooly YM, Glickman JN, Garrett WS. 
The microbial metabolites, short-chain fatty acids, reg
ulate colonic Treg cell homeostasis. Science. 2013;341 
(6145):569–573. doi: 10.1126/science.1241165  .

10. Hu C, Xu B, Wang X, Wan WH, Lu J, Kong D, Jin Y, 
You W, Sun H, Mu X, et al. Gut microbiota-derived 
short-chain fatty acids regulate group 3 innate lym
phoid cells in HCC. Hepatology. 2023;77(1):48–64. 
doi: 10.1002/hep.32449  .

11. Pant K, Mishra AK, Pradhan SM, Nayak B, Das P, 
Shalimar D, Saraya A, Venugopal SK. Butyrate inhibits 
HBV replication and HBV-induced hepatoma cell pro
liferation via modulating SIRT-1/Ac-p53 regulatory 
axis. Mol Carcinog. 2019;58(4):524–532. doi: 10.1002/ 
mc.22946  .

12. Donohoe DR, Holley D, Collins LB, 
Montgomery SA, Whitmore AC, Hillhouse A, 
Curry KP, Renner SW, Greenwalt A, Ryan EP, 
et al. A gnotobiotic mouse model demonstrates 
that dietary fiber protects against colorectal tumor
igenesis in a microbiota- and butyrate-dependent 
manner. Cancer Discov. 2014;4(12):1387–1397. doi:  
10.1158/2159-8290.CD-14-0501  .

13. Chriett S, Dąbek A, Wojtala M, Vidal H, Balcerczyk A, 
Pirola L. Prominent action of butyrate over β- 
hydroxybutyrate as histone deacetylase inhibitor, tran
scriptional modulator and anti-inflammatory molecule. 
Sci Rep. 2019;9(1):742. doi: 10.1038/s41598-018-36941-9  .

14. Bolduc JF, Hany L, Barat C, Ouellet M, Tremblay MJ, 
Silvestri G. Epigenetic metabolite acetate inhibits class 
I/II histone deacetylases, promotes histone acetylation, 
and increases HIV-1 integration in CD4(+) T cells. 
J Virol. 2017;91(16):91. doi: 10.1128/JVI.01943-16  .

15. Wu SE, Hashimoto-Hill S, Woo V, Eshleman EM, 
Whitt J, Engleman L, Karns R, Denson LA, 
Haslam DB, Alenghat T, et al. Microbiota-derived 
metabolite promotes HDAC3 activity in the gut. 
Nature. 2020;586(7827):108–112. doi: 10.1038/s41586- 
020-2604-2  .

16. Portela A, Esteller M. Epigenetic modifications and 
human disease. Nat Biotechnol. 2010;28 
(10):1057–1068. doi: 10.1038/nbt.1685  .

17. Yao Y, Cai X, Fei W, Ye Y, Zhao M, Zheng C. The role 
of short-chain fatty acids in immunity, inflammation 
and metabolism. Crit Rev Food Sci Nutr. 2022;62 
(1):1–12. doi: 10.1080/10408398.2020.1854675  .

18. Griffith JW, Sokol CL, Luster AD. Chemokines and 
chemokine receptors: positioning cells for host defense 
and immunity. Annu Rev Immunol. 2014;32 
(1):659–702. doi: 10.1146/annurev-immunol-032713- 
120145  .

19. Xie M, Lin Z, Ji X, Luo X, Zhang Z, Sun M, Chen X, 
Zhang B, Liang H, Liu D, et al. FGF19/FGFR4-mediated 
elevation of ETV4 facilitates hepatocellular carcinoma 
metastasis by upregulating PD-L1 and CCL2. J Hepatol. 
2023;79(1):109–125. doi: 10.1016/j.jhep.2023.02.036  .

20. Vucur M, Ghallab A, Schneider AT, Adili A, Cheng M, 
Castoldi M, Singer MT, Büttner V, Keysberg LS, 
Küsgens L, et al. Sublethal necroptosis signaling pro
motes inflammation and liver cancer. Immunity. 
2023;56(7):1578–1595.e8. doi: 10.1016/j.immuni.2023. 
05.017  .

21. Wang X, Zhang Y, Wang S, Ni H, Zhao P, Chen G, 
Xu B, Yuan L. The role of CXCR3 and its ligands in 
cancer. Front Oncol. 2022;12:1022688. doi: 10.3389/ 
fonc.2022.1022688  .

22. Buenrostro JD, Giresi PG, Zaba LC, Chang HY, 
Greenleaf WJ. Transposition of native chromatin for 
fast and sensitive epigenomic profiling of open chro
matin, DNA-binding proteins and nucleosome 
position. Nat Methods. 2013;10(12):1213–1218. doi:  
10.1038/nmeth.2688  .

23. Ghavi-Helm Y, Zhao B, Furlong EE. Chromatin immu
noprecipitation for analyzing transcription factor bind
ing and histone modifications in drosophila. Methods 
Mol Biol. 2016;1478:263–277.

24. Che Y, Chen G, Guo Q, Duan Y, Feng H, Xia Q. Gut 
microbial metabolite butyrate improves anticancer 
therapy by regulating intracellular calcium 
homeostasis. Hepatology. 2023;78(1):88–102. doi: 10. 
1097/HEP.0000000000000047  .

25. Schneider KM, Mohs A, Gui W, Galvez EJC, 
Candels LS, Hoenicke L, Muthukumarasamy U, 
Holland CH, Elfers C, Kilic K. Imbalanced gut micro
biota fuels hepatocellular carcinoma development by 
shaping the hepatic inflammatory microenvironment. 
Nat Commun. 2022;13(1):3964. doi: 10.1038/s41467- 
022-31312-5  .

26. Zhu X, Li K, Liu G, Wu R, Zhang Y, Wang S, Xu M, 
Lu L, Li P. Microbial metabolite butyrate promotes 
anti-PD-1 antitumor efficacy by modulating T cell 
receptor signaling of cytotoxic CD8 T cell. Gut 
Microbes. 2023;15(2):2249143. doi: 10.1080/19490976. 
2023.2249143  .

27. Tian P, Yang W, Guo X, Wang T, Tan S, Sun R, Xiao R, 
Wang Y, Jiao D, Xu Y, et al. Early life gut microbiota 

GUT MICROBES 15

https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1152/physrev.2001.81.3.1031
https://doi.org/10.1080/19490976.2021.1968257
https://doi.org/10.1080/19490976.2021.1968257
https://doi.org/10.1016/j.ebiom.2021.103293
https://doi.org/10.1126/science.1241165
https://doi.org/10.1002/hep.32449
https://doi.org/10.1002/mc.22946
https://doi.org/10.1002/mc.22946
https://doi.org/10.1158/2159-8290.CD-14-0501
https://doi.org/10.1158/2159-8290.CD-14-0501
https://doi.org/10.1038/s41598-018-36941-9
https://doi.org/10.1128/JVI.01943-16
https://doi.org/10.1038/s41586-020-2604-2
https://doi.org/10.1038/s41586-020-2604-2
https://doi.org/10.1038/nbt.1685
https://doi.org/10.1080/10408398.2020.1854675
https://doi.org/10.1146/annurev-immunol-032713-120145
https://doi.org/10.1146/annurev-immunol-032713-120145
https://doi.org/10.1016/j.jhep.2023.02.036
https://doi.org/10.1016/j.immuni.2023.05.017
https://doi.org/10.1016/j.immuni.2023.05.017
https://doi.org/10.3389/fonc.2022.1022688
https://doi.org/10.3389/fonc.2022.1022688
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1097/HEP.0000000000000047
https://doi.org/10.1097/HEP.0000000000000047
https://doi.org/10.1038/s41467-022-31312-5
https://doi.org/10.1038/s41467-022-31312-5
https://doi.org/10.1080/19490976.2023.2249143
https://doi.org/10.1080/19490976.2023.2249143


sustains liver-resident natural killer cells maturation via 
the butyrate-IL-18 axis. Nat Commun. 2023;14(1):1710. 
doi: 10.1038/s41467-023-37419-7  .

28. Laskowski TJ, Biederstädt A, Rezvani K. Natural killer 
cells in antitumour adoptive cell immunotherapy. Nat 
Rev Cancer. 2022;22(10):557–575. doi: 10.1038/s41568- 
022-00491-0  .

29. Yao X, Matosevic S. Chemokine networks modulating 
natural killer cell trafficking to solid tumors. Cytokine 
& Growth Factor Rev. 2021;59:36–45. doi: 10.1016/j. 
cytogfr.2020.12.003  .

30. Ubogu EE, Cossoy MB, Ransohoff RM. The expression 
and function of chemokines involved in CNS 
inflammation. Trends Pharmacol Sci. 2006;27 
(1):48–55. doi: 10.1016/j.tips.2005.11.002  .

31. Zhang X, Wu J, Hu C, Zheng X, Guo Z, Li L. CXCL11 
negatively regulated by MED19 favours antitumour 
immune infiltration in breast cancer. Cytokine. 
2023;162:156106. doi: 10.1016/j.cyto.2022.156106  .

32. Wang G, Zhang Z, Zhong K, Wang Z, Yang N, Tang X, 
Li H, Lu Q, Wu Z, Yuan B, et al. CXCL11-armed 
oncolytic adenoviruses enhance CAR-T cell therapeutic 
efficacy and reprogram tumor microenvironment in 
glioblastoma. Mol Ther: J Am Soc Gene Ther. 2023;31 
(1):134–153. doi: 10.1016/j.ymthe.2022.08.021  .

33. Lequeux A, Noman MZ, Xiao M, Van Moer K, 
Hasmim M, Benoit A, Bosseler M, Viry E, 
Arakelian T, Berchem G, et al. Targeting HIF-1 alpha 
transcriptional activity drives cytotoxic immune effec
tor cells into melanoma and improves combination 
immunotherapy. Oncogene. 2021;40(28):4725–4735. 
doi: 10.1038/s41388-021-01846-x  .

34. Won Jun H, Kyung Lee H, Ho Na I, Jeong Lee S, Kim K, 
Park G, Sook Kim H, Ju Son D, Kim Y, Tae Hong J, 
et al. The role of CCL2, CCL7, ICAM-1, and VCAM-1 
in interaction of endothelial cells and natural killer cells. 
Int Immunopharmacol. 2022;113:109332. doi: 10.1016/ 
j.intimp.2022.109332  .

35. Patel A, Jagadesham VP, Porter KE, Scott DJ, 
Carding SR. Characterisation of fractalkine/CX3CL1 
and fractalkine receptor (CX3CR1) expression in 
abdominal aortic aneurysm disease. Eur J Vasc 
Endovasc Surg. 2008;36(1):20–27. doi: 10.1016/j.ejvs. 
2008.01.014  .

36. Liu H, Wang J, He T, Becker S, Zhang G, Li D, Ma X. 
Butyrate: a Double-edged sword for Health? Adv Nutr. 
2018;9(1):21–29. doi: 10.1093/advances/nmx009  .

37. Rickels R, Shilatifard A. Enhancer logic and mechanics 
in development and disease. Trends Cell Biol. 2018;28 
(8):608–630. doi: 10.1016/j.tcb.2018.04.003.

16 M. ZHANG ET AL.

https://doi.org/10.1038/s41467-023-37419-7
https://doi.org/10.1038/s41568-022-00491-0
https://doi.org/10.1038/s41568-022-00491-0
https://doi.org/10.1016/j.cytogfr.2020.12.003
https://doi.org/10.1016/j.cytogfr.2020.12.003
https://doi.org/10.1016/j.tips.2005.11.002
https://doi.org/10.1016/j.cyto.2022.156106
https://doi.org/10.1016/j.ymthe.2022.08.021
https://doi.org/10.1038/s41388-021-01846-x
https://doi.org/10.1016/j.intimp.2022.109332
https://doi.org/10.1016/j.intimp.2022.109332
https://doi.org/10.1016/j.ejvs.2008.01.014
https://doi.org/10.1016/j.ejvs.2008.01.014
https://doi.org/10.1093/advances/nmx009
https://doi.org/10.1016/j.tcb.2018.04.003

	Abstract
	Introduction
	Statistical analysis

	Results
	Characteristics of gut microbiota and SCFAs levels in the HCC patients
	Butyrate treatment inhibits tumor growth and enhances NK cell infiltration
	Butyrate-induced tumor suppression relies on NK cells
	Butyrate induces NK cell recruitment by upregulating CXCL11 in tumor cells
	Butyrate alters global chromatin accessibility and cooperates with STAT4 to enhance CXCL11 transcription
	Butyrate-CXCL11-NK cell migration axis inhibits tumor development in vivo

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Highlights
	References

