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Abstract. Cancer is one of the leading causes of mortality 
worldwide. The etiology of cancer has not been fully eluci‑
dated yet, and further enhancements are necessary to optimize 
therapeutic efficacy. Butyrate, a short‑chain fatty acid, is 
generated through gut microbial fermentation of dietary fiber. 
Studies have unveiled the relevance of butyrate in malignant 
neoplasms, and a comprehensive understanding of its role in 
cancer is imperative for realizing its full potential in oncolog‑
ical treatment. Its full antineoplastic effects via the activation 
of G protein‑coupled receptors and the inhibition of histone 
deacetylases have been also confirmed. However, the under‑
lying mechanistic details remain unclear. The present study 
aimed to review the involvement of butyrate in carcinogenesis 
and its molecular mechanisms, with a particular emphasis 
on its association with the efficacy of tumor immunotherapy, 
as well as discussing relevant clinical studies on butyrate as 
a therapeutic target for neoplastic diseases to provide new 
insights into cancer treatment.
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1. Introduction

The human gut contains ~100 trillion microorganisms (1), which 
form a complex community that influences host physiology, 
metabolism and responses to diseases by playing a pivotal role 
in food digestion, nutrient absorption and energy provision. 
Additionally, the gut microbiota helps to maintain immune 
system equilibrium and metabolic processes, acting as a 
protective barrier against pathogenic threats (2). Advancements 
in sequencing and histological technologies have expanded 
research beyond the gut microbiota's composition, and the 
focus has shifted toward recognizing the significance of gut 
microbiota‑derived metabolites in regulating host processes. 
Among these metabolites, short‑chain fatty acids (SCFAs) 
stand out as prominent end‑products of human gut microbiota's 
metabolic activities. SCFAs profoundly affect various aspects 
of health, including gastrointestinal well‑being, energy utiliza‑
tion, immune system functionality, inflammatory response and 
the gut‑brain axis. Additionally, SCFAs have been linked to a 
broad spectrum of diseases, including cancer (3‑6). A growing 
body of evidence supports the idea that increased dietary 
fiber intake can yield numerous beneficial effects, potentially 
including anticancer properties. This may be attributed to the 
increased production of SCFAs resulting from fiber fermenta‑
tion. Conversely, a previous study has observed an ecological 
imbalance in SCFAs‑producing bacteria within the gut micro‑
biota of patients with non‑small cell lung cancer (NSCLC) (7).

One of the most extensively researched SCFAs is butyrate, 
which is a four‑carbon SCFA generated by gut microbiota 
through fermenting dietary fiber. Butyrate is a critical nutrient 
for the intestinal mucosa that impacts several physiological 
functions (8). Among all SCFAs, butyrate has physiological 
effects at the lowest effective concentration, regulating the host 
immune system and oxidative stress, and mainly influencing 
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cellular energy metabolism and cell apoptosis through the 
activation of G protein‑coupled receptors (GPCRs) and effec‑
tive inhibition of histone deacetylases (HDACs) (9). Therefore, 
the present review focused on examining the impact of 
butyrate on cancer and understanding its key mechanisms 
by elucidating the importance of butyrate in the development 
and treatment of cancer with respect to immune regulation, 
inflammatory microenvironment, promotion of tumor cell 
apoptosis, enhancement of the effectiveness of tumor therapy 
and protection of the intestinal epithelial barrier function. 
Furthermore, the present review also summarized existing 
clinical studies with the aim of providing new approaches for 
clinical treatment.

2. Overview of the butyrate

The metabolic processes of gut microbiota are responsible 
for supplying the human organism with the required levels of 
butyrate (10). Following its synthesis, the majority of butyrate 
is promptly absorbed by the apical membrane of colonic cells, 
while a minor fraction is transported to the liver (Fig. 1). The 
synthesis of butyrate contributes to the provision of the neces‑
sary energy for proper physiological functioning in healthy 
individuals.

Synthesis of butyrate. SCFAs are organic carboxylic acids 
that contain 1‑6 carbon atoms and are the primary products 
of the fermentation of undigested carbohydrates such as 
resistant starch, oligosaccharides and non‑starch polysaccha‑
rides utilized by gut microbiota in the colon (10,11). Butyrate 
is one of the main SCFAs, accounting for ~20% of the total 
SCFAs (12). It acts as an energy source for the intestinal 
mucosa, and it regulates cell proliferation and differentia‑
tion (13). In total, 225 candidate bacteria potentially producing 
butyric acid were identified, with the majority belonging to the 
Firmicutes, Actinobacteria, Bacteroidetes, Fusobacteria and 
Proteobacteria groups (14). Changes in diet, misuse of antibi‑
otics, ingestion of probiotics and gastrointestinal inflammation 
infections may alter the ecology and composition of the gut 
microbiota, thus affecting the production of SCFAs (15,16). 
Oral administration of Lactobacillus plantarum for 4 weeks 
revealed an increase in probiotics such as Bifidobacterium, a 
decrease in conditionally pathogenic bacteria such as Vibrio 
vulnificus and a significant increase in the level of SCFAs in 
adults (17). In addition, the temperature and pH levels of the 
intestinal tract also affect the synthesis of SCFAs (18).

Transportation, absorption and metabolism of butyrate. 
SCFAs exist within the intestinal lumen as free anions 
(SCFA‑), exhibiting weak acidity and contributing to the 
reduction of colonic pH. The majority of SCFAs undergo 
absorption in the colon, and 5‑10% are excreted in feces (19). 
The absorption of SCFAs by colonic epithelium is facilitated 
by four mechanisms: (i) Non‑ionic diffusion (20); (ii) 1:1 
exchange with intracellular bicarbonate (21); (iii) cellular entry 
through hydrogen‑coupled monocarboxylate transporter; and 
(iv) cellular entry through sodium‑coupled monocarboxylate 
transporter (SMCT) (22). Butyrate primarily functions as an 
energy substrate for intestinal epithelial cells, supplying ~70% 
of the energy requirements for colon cells (23). Downregulation 

of SMCT‑1 expression within specific colorectal cancer (CRC) 
tissues results in reduced butyrate concentration or diminished 
butyrate uptake in colorectal tissues (24). Butyrate concentra‑
tion varies in a biological gradient from the intestinal lumen 
to systemic circulation, reaching a maximum level of 100 mM 
in the cecum and proximal colon. However, the physiological 
significance of this change is currently unclear (25). Butyrate 
that is not utilized by enterocytes is transported by the portal 
vein to the liver and metabolized, where it mainly participates 
in gluconeogenesis, ketogenesis and triacylglycerol synthesis, 
and also exerts anti‑inflammatory and antitumor effects 
through a variety of mechanisms (26).

Detection of butyrate. At present, the assessment of intestinal 
SCFAs production and bioavailability predominantly relies on 
indirect measurements, primarily through the quantification 
of SCFAs concentrations in fecal samples. The main SCFAs 
detected within feces include acetate, propionate and butyrate. 
Factors contributing to elevated SCFAs levels in feces include 
high‑fiber diets, reduced colonic transit time and proliferation 
of SCFAs‑producing microbiota (27). In recent years, gas 
chromatography‑mass spectrometry (GC‑MS) has emerged 
as the prevalent methodology for SCFAs analysis. This tech‑
nique leverages differences in the adsorption capacities of 
chromatographic columns for distinct SCFAs, enabling the 
direct assessment of the relative abundance of each SCFAs 
in a specimen. GC‑MS offers a streamlined and expedited 
approach (28). Currently, multi‑omics analysis is widely 
used, and the association between diseases and changes in 
the composition of gut microbiota and its metabolites can 
be revealed by analyzing the metagenomic and metabolomic 
differences in gut microbiota between patients.

3. Role of butyrate in tumorigenesis

Butyrate has an extensive and active regulatory effect on 
human health. In recent years, numerous studies have inves‑
tigated the antitumor effects of butyrate (29). As a tumor 
suppressor, butyrate slows down tumor growth by impacting 
immune, tumor and healthy intestinal cells. The following 
section summarizes the role of butyrate in cancer (Fig. 2).

Modulation of immune response
Promoting antitumor intrinsic immunity. Innate immune 
cells, including macrophages, dendritic cells (DCs) and 
natural killer (NK) cells, act as the first line of defense against 
foreign pathogens. Butyrate plays a crucial role in enhancing 
innate immune responses by promoting cell differentiation. It 
boosts monocyte differentiation into macrophages, enhancing 
their antimicrobial and antitumor capabilities (30). In vivo, 
macrophage activation pathways include M1 and M2 activa‑
tion. M1 activation yields potent immune effectors, while M2 
macrophages dampen immune responses, supporting tissue 
remodeling and angiogenesis. It has been shown that butyrate 
suppresses the expression of genes linked to M2 macrophages, 
hence reducing M2 polarization in macrophages obtained from 
humans. Butyrate acid's impact on M2 macrophages reduces 
the colitis caused by exposure to dextran sulfate sodium in 
mice (31). DCs, which are proficient antigen‑presenting 
cells, are more effective at inducing the transformation of 
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naïve T cells into regulatory T cells (Tregs) when derived 
from high‑fiber‑fed mice (32). This is in consistency with the 
link between high‑fiber diets, increased butyrate‑producing 
bacteria and higher butyrate levels. A previous in vitro study 
revealed that butyrate enhances the activity of NK cells and 
contributed to the development of liver‑resident NK cells (33).

Promoting antitumor adaptive immunity. Butyrate serves 
as a powerful modulator of adaptive immunity, inducing T 
cell differentiation and bolstering antibody production by B 
cells. Butyrate has the capacity to facilitate the differentiation 
of naïve T cells into Treg cells and stimulate the extra‑thymic 
development of Treg (34). In vitro and in vivo interventions 
involving butyrate have demonstrated an increase in the count 
of peripheral blood Tregs, coupled with elevated levels of 
IL‑10 (35,36). Furthermore, butyrate can directly augment 
the responses of antitumor CD8+ T cells (37). Elevated levels 
of circulating butyrate lead to an upregulation of chemokine 
ligand 20 expression in lung endothelial cells, subsequently 
attracting T helper (Th)17 cells to the lung, effectively inhib‑
iting the progression of melanoma lung metastases (38). An 
increase in the population of IgA‑secreting plasma cells in the 
intestinal tract of mice on a high‑fiber diet has been observed to 
correlate with butyrate‑facilitated B‑cell class switching (39). 
It is also noteworthy that butyrate indirectly regulates B 
cells by influencing other immune cell types, and it has been 
revealed to increase the production of follicular helper T (Tfh) 

cells in vivo and in vitro. Tfh cells, in turn, promote the activa‑
tion and differentiation of B cells into IgA‑producing plasma 
cells (40).

Butyrate plays a pivotal role in regulating the immunolog‑
ical response, facilitating the development and recruitment of 
immune cells, maintaining immune homeostasis and serving 
as a crucial intermediary connecting the gut microbiota with 
the immune system. Furthermore, it is critical to consider the 
concentration of butyrate exposure to various immune cell 
types in the body in order to predict the outcome of the immu‑
nological response mediated by butyrate in vivo.

Influences on the tumor inflammatory microenvironment. 
Epidemiological research has demonstrated a clear association 
between chronic inflammation and ~20% of tumorigenesis (41). 
Tumor‑associated inflammation is widely recognized as a 
fundamental biological hallmark of malignancies (42). Under 
normal physiological conditions, inflammation serves as 
a critical component of the host's immune defense against 
pathogens and facilitates the repair of damaged tissues (43). 
However, the prolonged presence of chronic inflammation, 
causing point mutations, deletions or rearrangements of cellular 
genes, can ultimately lead to the development of cancer (44). 
Epidemiological evidence supports the anti‑inflammatory 
effects of SCFAs and indicates that a reduced concentration 
of SCFAs in fecal matter is associated with an increased inci‑
dence of inflammatory diseases and tumors (45). It is worth 

Figure 1. Illustration of the pathways involved in the synthesis, absorption, and metabolism of butyrate. Glutarate, L‑lysate, succinate and non‑digestible 
carbohydrates are the four sources of butyrate that the gut bacteria use. It is absorbed and digested by the intestinal epithelial cells. Little amounts of butyrate 
enter the liver, where it regulates the metabolism of fatty acids.
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noting that the anti‑inflammatory efficacy of SCFAs varies, 
with propionate and butyrate demonstrating equivalent effec‑
tiveness, while acetate exhibiting the least potency.

Inhibiting pro‑inflammatory cytokines and chemokines. 
Butyrate, a primary anti‑inflammatory SCFA, exhibits a 
multifaceted role in mitigating inflammation (46,47). It 
inhibits the production of pro‑inflammatory cytokines and 
chemokines, such as IL‑6, TNF‑α and IL‑17, which helps to 
prevent colon cancer (48,49). In monocytes and neutrophils, 
butyrate reduces the expression of pro‑inflammatory factors, 
including TNF, IL‑2, IL‑6 and IL‑8, while promoting IL‑10 
production (50‑52). Additionally, butyrate enhances neutrophil 
cell chemotaxis and phagocytic activity, and regulates the 
production of reactive oxygen species (ROS) (53‑55), collec‑
tively mitigating undesirable inflammatory responses (56). 
Furthermore, in the absence of tissue‑damaging inflamma‑
tion, butyrate strengthens host defenses. It induces mucin 
and anti‑microbial peptide expression in the intestinal 
epithelium and stimulates IL‑18 production by intestinal 
epithelial cells (57). Inflammatory bowel disease (IBD) 
incidence and intestinal inflammation are closely associ‑
ated. Previous research indicates that intestinal butyrate 
and butyrate‑producing bacteria are reduced both before 
and during the development of intestinal inflammation, and 
that intestinal inflammation in IBD animal models can be 
decreased by supplementing butyric acid (58).

Dual rule of inflammatory pathways and inflammasome. 
Butyrate possesses the ability to inhibit several crucial inflam‑
matory signaling pathways, including the AKT and NF‑κB p65 
pathways, thereby ameliorating inflammatory responses (59). 
Additionally, butyrate has been observed to suppress inflam‑
mation by inhibiting the expression of cyclooxygenase‑2 
mRNA in colonic tissues (60). Notably, NLR family pyrin 

domain containing 3 (NLRP3) stands as the prominently 
studied inflammatory vesicle in SCFA research (61). Among 
SCFAs, butyrate exhibits the highest efficiency in the negative 
regulation of NLRP3, which effectively inhibits macrophage 
activation as well as the secretion of IL‑1β and IL‑18 (62). 
Activation of inflammatory vesicles plays distinct roles in both 
tumor development and treatment. Butyric acid introduces 
novel perspectives for tumor control by means of inhibiting 
inflammasome activation.

Butyrate plays a pivotal role in the regulation of inflamma‑
tion. Previous investigations have acknowledged that butyrate 
assumes a dual function in inflammation regulation. This dual 
role implies that butyrate can exhibit pro‑inflammatory char‑
acteristics. Notably, in healthy rats, butyrate has been observed 
to augment neutrophil migration to inflammatory sites (63). 
Experimental studies have shed light on the mechanism 
responsible for this paradox. Given that butyrate serves as a 
primary energy source for colon cells, its impact on cellular 
processes is concentration‑dependent. At low concentrations 
(0.5 mM), butyrate is primarily utilized as an energy source by 
cells, with no discernible effect on HDAC activity. By contrast, 
at higher concentrations (5 mM), butyrate is known to function 
as an HDAC inhibitor (HDACI) (64).

Induction of tumor cell apoptosis. Numerous studies have 
demonstrated the inhibitory impact of butyrate on the 
proliferation of diverse in vitro cultured tumor cell lines, 
including colon, esophageal, lung, liver and breast cancer 
cells, while concurrently promoting tumor cell senescence and 
apoptosis (65‑67). This effect exhibits a dose‑dependent char‑
acteristic, with the extent of cellular suppression manifesting 
progressively with increasing butyrate concentrations (7). 
Due to its involvement in the organism's oxidative processes, 

Figure 2. The role of butyrate in tumorigenesis. SCFAs are produced by the intestinal microbiome in the fermentation of undigested food fiber, non‑digestible 
carbohydrates, or resistant starch. Butyrate is one of the major SCFAs. The antitumor effect of butyrate is mainly reflected in four aspects: (A) Modulation of 
immune response; (B) Influences on the tumor inflammatory microenvironment; (C) Induction tumor cell apoptosis; (D) Enhancement of the immunothera‑
peutic effect and (E) Protection of the intestinal epithelial barrier function. SFCAs, short‑chain fatty acids.
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butyric acid exerts a safeguarding influence on normal cells, 
thereby promoting cellular proliferation and reducing apop‑
tosis. Conversely, within neoplastic cells, butyric acid exhibits 
an opposite role, suppressing cell proliferation, facilitating cell 
differentiation and stimulating apoptosis (7,67). A previous 
study has proposed a potential correlation between these 
phenomena and the inhibition of the Wnt/β‑catenin pathway by 
butyrate (68). Nevertheless, it should be noted that butyric acid 
may reduce the proliferation of distinct tumor cell types via 
different signaling pathways and mechanisms. Consequently, 
it is necessary to differentiate between diverse tumor species 
and pathological subtypes.

Enhancement of the immunotherapeutic effect. Although the 
advent of tumor immunotherapy has revolutionized cancer 
treatment, immune checkpoint inhibitors (ICIs) exhibit limita‑
tions, with >50% of patients failing to respond to treatment. 
As a result, there is a pressing need for biomarker explora‑
tion to identify potential patients who could benefit from ICI 
therapy (69). Butyric acid, which has been linked to tumor 
immunotherapy efficacy, is produced by gut microbiota after 
breaking down dietary fiber, and enhances anti‑programmed 
cell death protein 1 therapy through CD8+ T cell activa‑
tion (70‑73). Higher dietary fiber correlates with improved 
progression‑free survival (PFS) in patients with melanoma 
treated with ICIs (74). Elevated fecal butyric acid levels are 
associated with extended PFS and sustained benefits in various 
solid tumors, such as lung cancer (75‑77). This suggests that 
butyrate can predict tumor prognosis. Previous studies have 
reported that genes that modulate butyrate metabolism, which 
is related to butyric acid metabolism, can be used to evaluate 
the prognosis and drug sensitivity of patients with liver 
cancer (78). However, some clinical studies have indicated a 
negative correlation between blood butyric acid concentrations 
and the effectiveness of anti‑cytotoxic T‑lymphocyte associ‑
ated protein 4 (CTLA‑4) antibodies. This may be attributed to 
butyric acid counteracting the accumulation of tumor‑specific 
and memory T cells, as well as CD80/CD86 expression 
upregulation in DCs induced by anti‑CTLA‑4 antibodies (79).

Protection of the intestinal epithelial barrier function. 
Intestinal epithelial cells primarily obtain their energy from 
butyrate, which also helps to maintain energy homeostasis and 
regular physiological functions of cells (80). The intestinal 
mucosal barrier comprises four components: (i) A mechanical 
barrier; (ii) a chemical barrier; (iii) an immune barrier; and 
(iv) a biological barrier. These components work collaboratively 
to prevent the intrusion of pathogenic bacteria. In addition to 
protecting the mucous layer by encouraging the production of 
mucin2, trefoil factor 3, and other chemicals, butyric acid can 
also increase the expression of tight junction protein, which 
improves the intestinal tract's mechanical barrier perfor‑
mance (81,82). Butyrate influences the chemical barrier by 
regulating the intestinal luminal pH (83), and safeguards the 
biological barrier by promoting the proliferation of probiotic 
bacteria and restraining pathogenic bacteria (84). Regarding 
the regulation of the immune barrier, butyrate upregulates the 
production of antimicrobial peptides, including LL‑37 and 
CAP18, while also stimulating the release of IL‑18 (85,86). 
It additionally hinders the production of pro‑inflammatory 

substances (including NO, IL‑6 and IL‑12) by macrophages 
that are stimulated by lipopolysaccharide (LPS) (87); further‑
more, butyrate inhibits LPS‑induced maturation and 
metabolic reprogramming of human monocyte‑derived DCs, 
which promotes the polarization of naive CD4+ T cells into 
IL‑10‑producing Tregs, while preventing their polarization 
into Th1 and Th17 cells (88,89).

By adding butyrate to the diet, one can considerably increase 
the relative levels of Lactobacillus and Faecalibacterium 
Prausnitzii to reduce the levels of the pro‑inflammatory cyto‑
kines TNF‑α and IL‑6; increase zonula occludens‑1 protein 
expression; promote intestinal barrier recovery; and improve 
intestinal epithelial cell barrier function. These actions not 
only prevent the development of CRC, but also significantly 
improve IBD symptoms and reduce the risk of cancer in 
patients with IBD. According to a previous study, pathological 
alterations in the gut did not precede changes in butyric acid 
levels in patients with IBD. Due to intrinsic alterations in gut 
microbiota produced by IL‑15, there was a lower concentration 
of butyric acid in the intestinal lumen, which may increase 
the risk of more susceptible to IBD and CRC (90). These find‑
ings provide a theoretical basis for the therapeutic strategy of 
exogenous butyric acid supplementation. However, it should 
be noted that butyric acid does not improve existing barrier 
defects.

In conclusion, the aforementioned studies highlight the 
pivotal role of butyrate in tumor growth and cancer therapy. 
A decrease in fecal butyrate levels could potentially serve as 
a biomarker for both cancer therapeutic effect and prognosis. 
Currently, the mechanisms for effectively maximizing lever‑
aging butyrate's anticancer properties remain unclear, and 
therefore, further in vivo and in vitro studies, alongside clinical 
validation, are imperative to address this matter.

4. Mechanisms of butyrate's biological functions in tumor

The molecular mechanisms governing the tumor‑suppressive 
effects of SCFAs are markedly complex, which can be attrib‑
uted to their multifaceted interactions with various signaling 
molecules expressed by colonic epithelial and immune 
cells (91). Previous research has revealed that butyric acid 
primarily exerts its anticancer properties through two distinct 
mechanisms: (i) Activation of cell‑surface receptors (GPR41, 
GPR43 and GPR109A); and (ii) inhibition of HDACs in 
different cells.

Butyrate acts as a ligand of GPCRs. In animal models, 
butyrate exhibits anti‑inflammatory effects by activating 
GPCRs (92). GPCRs, also known as free fatty acid receptors 
(FFARs), can be dose‑dependently activated by free fatty 
acids and are critical drug targets (34). Key receptors involved 
in the anti‑inflammatory and immunomodulatory effects of 
SCFAs are GPR41 (FFAR3), GPR43 (FFAR2) and GPR109A 
(hydroxycarboxylic acid receptor 2) (93). These receptors 
are found in various cell types, with GPR43 predominantly 
expressed in immune cells; GPR41 mainly expressed in 
pancreas, spleen and adipose tissue; and GPR109A highly 
expressed in intestinal epithelial cells, macrophages, mono‑
cytes and neutrophils (94‑96). All SCFAs activate GPR43 and 
GPR41, but only butyrate activates GPR109A (97).
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Butyrate exerts its anti‑inflammatory and pro‑immune 
effects primarily by activating GPCRs on immune and 
intestinal epithelial cells. For instance, butyric acid 
suppresses the expression of inducible nitric oxide synthase 
(iNOS), TNF‑α, monocyte chemotactic protein‑1, IL‑6 and 
IL‑; stimulates neutrophil migration; and modulates ROS 
production through the activation of GPR41 and GPR43 
in macrophages, as well as GPR43 in neutrophils (98,99). 
Butyrate, via GPR43, promotes the production of IL‑10 by 
microbiota antigen‑specific Th1 cells (100). Additionally, 
butyrate induces the expansion of Tregs, and enhances the 
expression of IL‑10 and IL‑18 by activating GPR109A on 
macrophages and DCs (101,102). It is well‑established that 
the breakdown of the intestinal mucosal barrier contributes 
to the development of CRC, and butyrate can enhance intes‑
tinal barrier function by activating GPCRs (103). On one 
hand, the combination of butyrate and GPR109A activates 
K+ outflow, leading to cell hyperpolarization. This activation, 
in turn, triggers the NLRP3 inflammasome, resulting in an 
increased production of IL‑18 and the promotion of intestinal 
homeostasis (101,104). On the other hand, butyrate activates 
AMPK, facilitating tight junction assembly and stabilizing 
the intestinal environment. This occurs through the induc‑
tion of hypoxia‑inducing factor 1 by depleting O2 levels (93). 
Additionally, butyrate plays a key role in the regulation of 
energy metabolism. By interacting with GPR43 and GPR41 
receptors on the surface of intestinal endocrine L cells, 
butyrate promotes the secretion of glucagon‑like peptide‑1 
and peptide tyrosine‑tyrosine, which are essential for main‑
taining energy balance (105,106) (Fig. 3).

A partial overlap in the mechanisms through which butyric 
acid governs immune responses and inflammation within 
the context of GPR41, GPR43 and GPR109A exists (107). In 
general, GPCRs undergo phosphorylation, causing receptor 
internalization and desensitization. Activation of GPCRs 
subsequently triggers downstream signaling pathways, 
including MAPK, phospholipase C and NF‑κB, alongside 
other cascades, thus promoting the secretion of chemokines 
and cytokines. GPCRs hold a pivotal role in the regulation 
of immunity and inflammation; the preservation of intes‑
tinal barrier integrity; and regulation of energy metabolism 
processes due to the diverse effects their transmitted signals 
exert on various cell types.

Inhibition of HDAC activity in cells. The level of histone acet‑
ylation is determined by the interplay between the functions of 
histone acetyltransferase, which promotes gene transcription, 
and HDAC, which inhibits it. HDAC is widely expressed in 
immune, endothelial and vascular smooth muscle cells, and its 
expression varies in different tumor cells (64). HDACIs were 
first developed as anticancer drugs. SCFAs, a type of natural 
HDACI, have been found to exhibit varying inhibitory effi‑
ciencies. Butyrate, in particular, has demonstrated the highest 
inhibitory efficiency (>80%), and its effective inhibitory 
concentration of HDAC is within the mM range (108,109). The 
following subsections summarize the genes whose expression 
is regulated by butyrate (Fig. 4).

Enhancement of the expression of immune cell‑related 
genes. SCFA receptors are not significantly expressed in 
T or B cells; thus, the role of butyrate is more reliant on 

Figure 3. Butyrate plays an anticancer role within the human body through the activation of GPCRs. Its primary mode of action involves the regulation of 
cytokine production and immune cell functionality, achieved primarily by the activation of GPCRs. This activation serves to bolster intestinal barrier function, 
strengthen the immune system, mitigate inflammation, govern energy metabolism, and impede the progression of tumors. GPCR, G protein‑coupled receptor.
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HDACI activity. Inhibition of HDAC by butyric acid in T 
cells increases the acetylation of p70 S6 kinase and the phos‑
phorylation of ribosomal protein S6; activates mTOR and 
STAT3; and promotes the differentiation of T lymphocytes 
into effector T cells (such as Th1 and Th2 cells) (110,111). 
Butyrate also promotes the differentiation of T lymphocytes 
into Tregs, increases the expression of Foxp3 in Tregs, and 
enhances the stability and activity of Foxp3. This process 
simultaneously promotes IL‑10 production by naïve T 
cells while inhibiting excessive inflammation and immune 
responses (36,112).The inhibitory effect of butyric acid on 
B‑cell HDAC activity is dose‑dependent, and results in the 
promotion of B‑cell class switching and antibody secretion. 
Butyric acid upregulates the expression of plasma cell differ‑
entiation‑related genes such as Aicda, Xbp, Irf4, Prdm1 and 
Sdc1, and enhances the generation of post‑switch transcripts 
expressed by IgG3, IgG1, IgG2b, IgG2a and IgA (39,40). In 
other immune cells, butyric acid downregulates the activity 
of NF‑κB, thereby inhibiting its nuclear translocation and 
increasing the levels of IκB, which serves to ameliorate the 
regulation of prolonged inflammation. Furthermore, butyric 
acid reduces NO production in macrophages and intestinal 
myofibroblasts by modulating the expression of iNOS through 
the inhibition of the JAK/STAT1 signaling pathway (113). 
Butyrate inhibits NLRP3 inflammatory vesicle activation, 
and modulates immune cell infiltration in the pancreas by 

increasing the acetylation of histone H3K9, H3K14, H3K18 
and H3K27 sites (114).

Suppression of the expression of cell cycle‑related genes. 
Cell cycle arrest is a key regulatory mechanism in tumor cell 
proliferation (115). Butyrate has been found to induce cell cycle 
arrest in the G0/G1 phase in a dose‑dependent manner in vitro 
in numerous tumors, including colon, liver, lung and bladder 
cancer, and G1 phase arrest may be one of the mechanisms 
by which butyrate induces apoptosis (67). Butyrate alters the 
expression of certain genes that regulate the cell cycle and 
apoptosis by increasing the level of histone acetylation, such 
as p21WAF1/CIP1, c‑Myc, c‑Myb, cyclin‑dependent kinase (CDK) 
6, cyclin D1 and cyclin D3, while this effect is not exhibited 
in other SCFAs (116). Butyrate upregulates p21 protein 
expression via the p53 and Sp1/Sp3 pathways, and p21 protein 
induces G1‑phase arrest in tumor cells through loss of function 
upon binding to CDK/cyclin (117,118). In addition to directly 
inhibiting the expression of p21WAF1/CIP1, butyrate inhibits the 
degradation of splicing factor, arginine/serine‑rich 2 (SRSF2) 
through HDAC6 inhibition, which results in the accumulation 
of acetylated and non‑phosphorylated forms of SRSF2, thus 
promoting the activation of p21WAF1/CIP1 transcription (119). In 
addition, butyrate might further induce cell cycle arrest via the 
PI3K‑Akt pathway, and thus cause cell death (120).

Suppression of the expression of apoptosis‑related family 
genes. Butyrate was found to modulate the Bcl‑2 family 

Figure 4. Butyrate exerts anticarcinogenic effects through effecting acetylation. The main types of genes affected by butyrate include: (A) tumor immu‑
nity‑related genes; (B) tumor apoptosis‑related genes; (C) cell cycle control‑related genes; (D) tumor‑related miRNA; (E) tumor cell metabolism‑related genes. 
miRNA or miR, microRNA; HK, hexokinase.
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by disrupting the mitochondrial transmembrane potential, 
activating the caspase cascade amplification reaction and 
inducing apoptosis in tumor cells (121). Bcl‑2 serves as the 
most important regulator of mitochondrial membrane perme‑
ability (MMP), which is localized at the outer membrane of 
mitochondria. Alterations in MMP lead to a decrease in mito‑
chondrial transmembrane potential (ΔΨm). In the presence of 
butyrate, Bcl‑2 expression is inhibited and the mitochondrial 
permeability transition pore opens, leading to a decrease 
in ΔΨm until it is lost, thus disrupting the structure of the 
inner and outer membranes, and ultimately disintegrating 
the mitochondrion (122,123). Subsequently, mitochondria 
release cytochrome c (Cyt c), which forms apoptotic vesicles 
alongside apoptotic protease activating factor‑1 (Apaf‑1) and 
caspase‑9 in the presence of ATP, thus activating caspase‑3, 
initiating a cascade reaction and inducing apoptosis in 
tumor cells (124,125). Furthermore, in breast cancer cells, 
butyrate‑induced apoptosis is accompanied by elevated ROS 
levels and caspase activity (126). Such mechanism suggests 
that ROS can induce mitochondrial membrane damage, release 
Cyt c from damaged mitochondria, and enhance apoptosis via 
the Cyt c/caspase‑3 pathway (127).

Regulation of the expression of tumor cell proliferation, 
migration and invasion‑related non‑coding RNAs (ncRNAs). 
Butyrate, through the regulation of a complex molecular 
network that induces apoptosis, exerts inhibitory effects on 
tumor cell proliferation, invasion and metastasis. For example, 
666 differentially expressed mRNAs and 30 differentially 
expressed long nc RNAs (lncRNAs) were involved in the 
inhibition of CRC by butyrate. By constructing protein‑protein 
interaction network and competing endogenous RNA networks 
based on differentially expressed mRNAs and lncRNAs, a 
series of differentially expressed genes related to the prognosis 
of CRC were found (66). Butyrate‑treated lymphoma cell 
lines demonstrated increased expression levels of microRNA 
(miRNA or miR)‑101, miR‑143 and miR‑145, and these 
differential miRNAs were involved in migration, proliferation 
and apoptotic processes in lymphoma cells (128). Among the 
previous studies on the role of ncRNAs in butyrate on tumors, 
miRNA‑related studies are the most extensive. miRNAs are 
typically 20 nucleotides in length, and they are processed 
by sequential shearing of precursor transcripts. miRNAs 
have emerged as important regulators of tumorigenesis, and 
some miRNAs are novel targets for HDACI. Butyrate, by 

targeting miRNAs, induces apoptosis, and inhibits tumor cell 
proliferation, migration and invasion, which is associated with 
the diverse roles of individual miRNAs within the organism 
(Table I) (129‑134). The construction of RNA predictive 
molecular networks should be the focus of future research.

Regulation of the expression of metabolism‑regulated 
genes. Butyrate inhibits glucose transporter protein 1 expres‑
sion and promotes hexokinase activity, leading to improved 
mitochondrial function and oxidative metabolism in lung 
cancer cells (135). Additionally, butyrate reverses the Warburg 
effect by blocking the activation of the pyruvate dehydroge‑
nase complex via sirtuin 3 (136).

In summary, butyrate plays an important role by inhibiting 
HDAC. Butyrate can be readily received by any cell type via 
SMCT‑1 and subsequently inhibit HDAC (24), which is the 
basic of the butyrate's regulatory role in cells that exhibit low 
expression of GPCRs. In such cells, butyrate enhances target 
gene histone acetylation by inhibiting HDAC activity, thus 
changing chromatin from a dense repressive structure to a 
relaxed transcriptionally activated structure, which contrib‑
utes to the binding of transcription factors such as STAT3 and 
Foxp3 to DNA and initiates gene transcription. The present 
study reviewed the extensive inhibitory impact of butyrate 
on HDAC without an in‑depth exploration of specific HDAC 
subtypes. Subsequent studies should consider selectively 
targeting different HDAC subtypes to elucidate whether 
butyrate manifests its antitumor efficacy through particular 
HDAC subtypes.

5. Butyrate‑based novel therapeutic strategies

Metabolites in gut bacteria interact with the host in complex 
ways to achieve multi‑level homeostatic control, which has 
important implications for new therapeutic approaches based 
on metabolic bionics. Targeting butyrate to restore its abun‑
dance has the potential to become a novel strategy for treating 
tumors. Currently, the main interventions to modulate butyrate 
include optimizing diet, supplementing with Clostridium 
butyricum, implementing synergistic antitumor drug therapy 
and fecal microbiota transplantation (FMT).

Diet optimization. Adjuvant treatments for tumors often 
involve dietary supplementation with SCFAs. Fiber consump‑
tion alters the composition of gut microbiome to a greater 

Table I. Summary of miRNAs regulated by butyrate.

miRNAs Cancer types Expression Molecular axis Functions

miR‑203 Colorectal cancer Up miR‑203/NEDD9 Inhibit colorectal cancer cell proliferation and invasion
miR‑17‑92 Colorectal cancer Down miR‑17‑92 cluster Inhibit colorectal cancer cell proliferation
miR‑31 Breast cancer Up miR‑31/Bmi‑1 Inhibit breast cancer cell proliferation
miR‑22 Liver cancer Up miR‑22/SIRT‑1 Promote liver cancer cell apoptosis
miR‑200c Colorectal cancer Up miR‑200c/Bim‑1 Inhibit breast cancer cell migration
miR‑139‑5p Bladder cancer Up miR‑139‑5p/Bmi‑1  Activate the MAPK/mTOR pathway. Trigger autophagy 

and ROS production

miRNA or miR, microRNA.



INTERNATIONAL JOURNAL OF ONCOLOGY  64:  44,  2024 9

extent than other dietary factors and increases the number 
of butyrate‑producing bacteria (15). Direct butyrate supple‑
mentation (via capsules or enemas) differs from endogenous 
butyrate production that is not generated in discrete, punctu‑
ated boluses, but is rather coupled to fermentation, which is 
diurnal and rhythmic (137). Butyrate can selectively modulate 
gut bacteria. After the resistant starch diet was increased in 
rats, culturable Lactobacillus and Bifidobacterium were found 
to increase, while Enterobacterium decreased (138). While 
promising results have been observed in cellular and animal 
experiments, the efficacy in humans has been less consistent. 
Blindly increasing dietary fiber intake does not consistently 
yield desired outcomes. Clinical trials predominantly center 
on CRC, melanoma, breast cancer and gastric cancer. These 
studies investigate the connection between SCFAs, disease 

progression and prognosis, including the impact of resistant 
starch and probiotics on gut microbiota composition, SCFAs 
content and outcome of patients (Table II). However, these 
studies lack specificity regarding SCFAs types, and their 
objectives encompass diverse aspects such as treatment and 
prognosis. Variability in internal and external environments 
of individuals, timing, dosage and SCFAs sources may intro‑
duce bias into the results of note; clinical studies lack uniform 
criteria for evaluating effects, and challenges remain regarding 
assessing the impact of dietary fiber and supplementation of 
SCFAs.

Clostridium butyricum supplementation. Clostridium 
butyricum is an anaerobic bacterium classified as a probiotic 
due to its production of butyric acid (139). CBM588, a live 

Table II. Examples of clinical trials exploring the clinical application of SCFAs.

ClinicalTrials.gov     Primary 
ID Study title Cancer type Population purpose

NCT04700527 The Effects of SCFA Supplementation in Subjects Receiving Urinary Cancer, 122 Treatment
 Abdominopelvic RT: A Randomized Controlled Study Gynecological   
  Cancer  
NCT05113485 UCLA Breast Cancer Survivor Health Promotion Research Breast Cancer 30 Prevention
 Study
NCT04795180 Pilot Randomized Evaluation of Butyrate Irrigation Before Rectal cancer 45 Prevention
 Ileostomy Closure on the Colonic Mucosa in Rectal Cancer   
 Patients (BUTYCLO)   
NCT04538482 Determining the structural‑and Functional‑level Effects of Colorectal 112 Prevention
 Diet‑specific Interventions on the Gut‑microbiota of a Cancer  
 Diverse Sample of Southern United States Adults   
NCT02819960 Prevention of Irinotecan Induced Diarrhea by Probiotics: A ‑ 100 Prevention
 Phase III Study   
NCT04807582 Determining the Magnitude of Early Steps of Fatty Acid Cancer 24 Diagnosis
 Oxidation in Cerebral Metastases Using [18F]FPIA PET/MRI Metastasis  
NCT04005742 The Biomarkers of Risk of Colorectal Cancer (BORICC) Colorectal 47 Prevention
 Follow‑Up (BFU) Study (BFU) Cancer  
NCT03781778 Randomized, Controlled Trial of Resistant Starch in Stage I‑Ill Colon  10 Prevention
 Colorectal Cancer Survivors Pilot Study: The Fiber for Health Cancer, Rectal   
 After Cancer Study Cancer  
NCT05039060 A Modified Microbiota‑Accessible Carbohydrates (MAC) Diet Colorectal 40 Treatment
 and Change of Gut Microbiota in Patients with Colorectal Cancer  
 Cancer After Surgery: A Prospective, Open‑label, Cross‑over,   
 Single Center Study   
NCT05205187 Multi‑center and Multi‑omics Mechanism Research of Gut Stomach 450 Diagnosis
 Microbiota and Metabonomics in Borrmann Type IV Gastric Cancer  
 Cancer   
NCT03531606 The Effects of Mechnikov Probiotics on Symptom and Surgical Sigmoid 68 Treatment
 Outcome After Anterior Resection of Colon Cancer; Double‑ Colon  
 blind, Randomized, Placebo‑controlled Trial Cancer  
NCT04988841 Prospective randomized Clinical Trial Assessing the Tolerance Melanoma 60 Treatment
 and Clinical Benefit of fecal transplantation in patients with   
 melanoma Treated With CTLA‑4 and PD1 Inhibitors   

SFCAs, short‑chain fatty acids.
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bacterial product, includes Clostridium butyricum, which 
was originally identified by Chikaji Miyairi in 1933 in 
healthy human feces. This non‑pathogenic and non‑toxic 
bacterium has gained widespread use in Japan, Korea, China 
and Europe (140). Administration of CBM588 in combina‑
tion with antitumor therapy may result in increased efficacy. 
A retrospective study revealed a significant and positive 
association between CBM588 and PFS and overall survival 
in patients with NSCLC receiving ICIs (141). The beneficial 
effect of CBM588 was even more pronounced in patients 
receiving antibiotic therapy (142). In an open, single‑center 
study (NCT03829111), CBM588 significantly prolonged PFS 
in patients with metastatic renal cancer who had been treated 
with nivolumab‑ipilimumab and increased the response rate 
to treatment (143). CBM588 exerts direct antitumor effects 

by inducing polymorphonuclear neutrophils in the bladder to 
release substantial quantities of apoptosis‑inducing ligands, 
thus achieving antitumor effects (144). Moreover, CBM588 
modulates the structure and composition of gut microbiota, 
leading to a lower incidence of colitis‑associated colon 
cancer (145). These findings strongly support the hypoth‑
esis that CBM588 may be a safe and efficient treatment for 
oncological diseases. Clinical trials related to Clostridium 
butyricum and oncology therapy are summarized in Table III 
and additional information can be found in the ClinicalTrials.
gov database.

Adjuvant antitumor therapy. Butyrate has not shown side effects 
or drug toxicity in previous animal studies. However, its brief 
half‑life and unpleasant odor render it unsuitable for direct use 

Table III. Examples of clinical trials exploring the clinical application of clostridium butyricum.

ClinicalTrials.gov      Primary 
ID Study title Cancer type Drugs Population purpose

NCT02771470 Intestinal Microflora in Lung Cancer After Lung cancer Probiotics,  41 Supportive 
 Chemotherapy  containing   care
   Clostridium   
   butyricum  
NCT03922035 A Randomized Open Label Pilot Study of Hematopoietic  CBM588  36 Supportive 
 Clostridium Butyricum MIYAIRI 588 and Lymphoid Probiotic Strain  care
 (CBM588) in Recipients of Allogeneic Cell cancer   
 Hematopoietic Stem Cell Transplantation    
NCT02169388 Effects of Gut Microflora on the Immune Gastrointestinal Probiotics,  30 Supportive 
 and Nutritional Status of CRC Patients Neoplasm,  containing   care
 After Chemotherapy Colorectal  Clostridium   
  Cancer butyricum  
NCT03829111 Pilot Study to Evaluate the Biologic Effect Renal cell CBM588  30 Treatment
 of CBM588 in Combination with carcinoma Probiotic Strain  
 Nivolumab/Ipilimumab for Patients with    
 Metastatic Renal Cell Carcinoma    
NCT05122546 Pilot Study to Evaluate the Biologic Effect Renal Cell CBM588  30 Treatment
 of CBM588 in Combination with Carcinoma Probiotic Strain  
 Cabozantinib/Nivolumab for Patients with    
 Metastatic Renal Cell Carcinoma    
NCT05914389 Induction Chemotherapy Combined with Colon Cancer Clostridium  100 Supportive 
 Neoadjuvant Immunotherapy for MSS  butyricum  Care
 Colon Cancer: A Prospective Single‑center    
 Multi‑arm Open‑label Randomized Phase II    
 Study    
NCT04688242 A Randomized, Phase 2 Study of Anal ‑ Clostridium  164 Treatment
 Dilatation Plus Probiotics Before Ileostomy  butyricum  
 Reduction for Low Anterior Resection    
 Syndrome After Sphincter‑preserving    
 Proctectomy    
NCT05759741 Alterations of Gut Microbiome, Function Rectal Cancer CBM588  64 Treatment
 and Its Intervention After Total Mesorectal  Probiotic Strain  
 Excision with Dysfunctioning Ileostomy    
 for Mid‑low Rectal Cancer    
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as a chemotherapeutic agent (146). Alternative viable strategies 
involve the utilization of oral butyrate analogs, derivatives, 
or administration techniques at nanometer level to enhance 
bioavailability and mitigate olfactory irritation (147,148). 
Furthermore, butyrate not only alleviates the side effects 
associated with conventional chemotherapeutic agents such 
as oxaliplatin, irinotecan and 5‑fluorouracil (149‑151), but it 
also enhances the efficacy of both chemotherapy and immu‑
notherapy (128). This has increased the interest in research on 
butyrate as an adjuvant therapy. Notably, certain conventional 
drugs can act synergistically with oncological treatments by 
influencing the body's butyrate concentration. For example, 
metformin has been demonstrated to enhance the biosynthesis 
of butyrate while concurrently inhibiting the progression of 
CRC (152), while safranin has been observed to augment 
the prevalence of butyrate‑producing bacterial strains such 
as Allobaculum, Butyricoccus and Phascolarctobacter. 
This augmentation contributes to the increased production 
of butyrate, which has proven efficacious in preventing the 
recurrence of colorectal adenoma (153). The identification of 
effective biomarkers offers a potential solution to the challenge 
of heterogeneous response rates observed in immunotherapy 
across different tumor types. Considering the non‑invasive 
nature of fecal examination, butyrate is anticipated to serve 
as an independent predictor of immunotherapeutic response 
for a diverse spectrum of malignancies. This could encompass 
the successful stratification of responders and non‑responders 
to immune checkpoint inhibition through metabolomics 
analyses, or as a therapeutic target for improving the efficacy 
of ICIs in the treatment of specific tumors. In order to produce 
more accurate pharmacokinetic, absorption, distribution 
and metabolic data, organoids can simulate human‑specific 
metabolic pathways, cell interactions and tissue responses 
more effectively (154). In a study linking butyric acid to colon 
cancer organoids, butyrate enhanced the efficacy of radio‑
therapy while protecting the normal mucosa, thus minimizing 
the associated toxicity of radiotherapy. Butyrate significantly 
enhanced radiation‑induced cell death and enhanced treat‑
ment effects compared with administration of radiation alone. 
Notably, butyrate did not increase radiation‑induced cell 
death and improved regeneration capacity after irradiation in 
normal organoids (155,156). Butyrate can increase the uptake 
of serotonin by mouse ileal organoids and alleviate gastroin‑
testinal reactions by providing energy to cancer patients given 
radiation therapy (157). In liver organoids, butyrate could 
reduce drug‑induced hepatotoxicity by improve metabolic 
activation (158).

FMT. Another alternative that may promote the generation of 
butyric acid and combat cancer is FMT. FMT decreases the 
diversity of gut microbiota in patients with colon cancer and 
promotes the growth of gastrointestinal tumors in mice (159). 
Conversely, FMT in wild‑type mice alleviates CRC induced 
by dextran sulfate sodium or azoxymethane (160). Restoring 
the intestinal flora disturbed by FOLFOX (5‑fluorouracil, 
leucovorin and oxaliplatin) therapy in mice receiving healthy 
donor feces decreased diarrhea and intestinal mucosal inflam‑
mation (161). FMT offers a wide range of potential applications 
in tumor therapy because it is the most direct method of 
altering the microbiome and directly increasing the bacteria 

that produce butyrate. However, FMT has the potential to 
disperse hazardous bacteria. Certain FMT materials have been 
linked to the production of autoimmune disorders in animal 
studies due to their microbiome (162). Thus, FMT donors 
should undergo thorough screening, questioning regarding 
their family history and previous illness, as well as fecal 
testing for potential parasites in order to minimize these risks.

The role of butyrate in helping to develop personalized 
anticancer strategies cannot be overstated. However, each 
of the aforementioned therapeutic approaches necessitates 
meticulous evaluation within patient cohorts prior to their 
clinical implementation. This rigorous scrutiny will not only 
advance the current understandings of human pathophysi‑
ology but also increase the current knowledge about complex 
metabolite‑target group interactions and therapeutic associa‑
tions, and such insights are instrumental in the refinement of 
clinical treatment protocols.

6. Conclusion and future perspectives

Butyrate, as one of the important SCFAs, is a key metabolite 
linking dietary fiber and gut microbiota, and plays a key role 
in establishing and maintaining homeostasis in the intestinal 
internal environment. The majority of previous in vivo and 
ex vivo studies have demonstrated that butyrate can function 
as a crucial molecular signal of GPCRs, and as a substrate for 
HDAC inhibitors and acetyl coenzyme A to promote protein 
acetylation. Additionally, butyrate plays a role in inflamma‑
tion, immunity and cell proliferation, and differentiation, thus 
affecting tumor development. Butyrate may serve as an inde‑
pendent predictor of immunotherapeutic response in various 
types of cancer and as a therapeutic target for improving the 
efficacy of ICI therapy.

There are certain limitations in the currently available 
studies on butyrate and tumors. Firstly, the majority of data 
originate from animal studies, in vitro assays and preclinical 
trials, rendering the evidence in human patients inconclusive. 
Consequently, the role of butyrate in human energy and 
substrate metabolism necessitates further validation. Currently, 
the majority of studies on butyrate and its association with 
tumors is predominantly focused on CRC; thus, its applicability 
to other cancer types remains obscure. In terms of clinical 
application, the mechanism of action, safety, tolerability and 
optimal beneficial dose of butyrate still need further research. 
Secondly, the production of butyrate is directly impacted by 
gut microbiota, and investigating strategies to regulate it could 
aid in the creation of tailored tumor treatments. In a broader 
sense, future endeavors should concentrate on manipulating the 
gut microbiome and/or metabolome to adjust intestinal micro‑
ecology, which could induce strong antitumor effects. This 
field of research is currently under development and requires 
important advancements on various fronts. For example, 
sophisticated methods are necessary to decode complex flora 
and their metabolites, and it is crucial to expand techniques 
for the identification of metabolites from metabolomic data 
through the combination of macro‑genomics, culturomics and 
synthetic biology technologies. These promising technologies 
are expected to provide safer and more practical approaches 
for tumor treatment, greatly reducing cost, increasing‑effec‑
tiveness and benefiting patients.
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