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Abstract

Scope: The incidence of colorectal cancer (CRC), one of the most common cancers, is inversely 

proportional to dietary fiber intake. Butyrate, the fermentation end product of dietary fibers in the 

colon, is known for its antitumor effects. The objectives of this study were to evaluate the effects 

of butyrate on colorectal adenocarcinoma cell proliferation, differentiation, apoptosis, metabolism, 

and their mechanistic links using HT-29 and Caco-2 cells.

Methods and results: Butyrate suppressed proliferation, potentiated differentiation and 

induced apoptosis in both HT-29 and Caco-2 cells, associated with enhanced expression of 

isocitrate dehydrogenase 1 (IDH1) and pyruvate dehydrogenase (PDH). Furthermore, butyrate 

upregulated acetyl-CoA and α-ketoglutarate (α-KG), concomitant with enhanced histone 

acetylation and DNA demethylation in the promoter of DNA mismatch repair (MMR) gene. 

Knocking down IDH1 abolished the positive effects of butyrate on CRC apoptosis and MMR 

protein expression, in junction with reduced α-KG content. Importantly, α-KG supplementation 

recovered the beneficial effects of butyrate in IDH1 deficient cells.

Conclusion: In summary, butyrate inhibits indices of colorectal carcinogenesis in an α-

ketoglutarate-dependent manner.
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1. Introduction

Colorectal cancer (CRC) is the third leading cause of cancer death [1]. Genetic instability is 

considered as a hallmark of cancer cells to foster carcinogenesis [2]. The repair of genetic 

damage could preserve its integrity to prevent carcinogenesis [2]. DNA mismatch repair 

(MMR) proteins are critical for repairing DNA defects and eliciting cell apoptosis, an 
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effective way to eliminate cells with genetic or epigenetic errors [3]. The inactivation of 

MMR proteins is linked to dysfunctional DNA repair, further leading to an increase in 

microsatellite instability, while the activation of MMR proteins is a therapeutic strategy for 

preventing carcinogenesis [4]. Mutations in MMR proteins occur in 15% of sporadic 

colorectal cancers and account for more than 90% of detected mutations in hereditary non-

polyposis colorectal cancers [5].

Metabolism is highly associated with carcinogenesis [6]. The mutations in metabolic 

enzymes, such as those involved in the tricarboxylic acid cycle, may elicit carcinogenesis [7, 

8]. Even though mutant isocitrate dehydrogenase (IDH1) did not occur frequently in 

colorectal cancer, the expression level of IDH1 was decreased in CRC tissues comparing to 

the paired normal tissue in patients [9], indicating that the inhibition of IDH1 is associated 

with the development of CRC. Emerging evidence suggests that metabolic enzymes and 

their metabolites might mediate carcinogenesis epigenetically [10–12]. Acetyl-CoA is 

considered to be the acetyl donor for acetylation [11], and α-ketoglutarate (α-KG) serves as 

a substrate for the catalytic activity of ten-eleven translocation (TET) enzymes, catalyzing 

the demethylation of 5-methylcytosine (5mC) to generate 5-hydroxymethylcytosine (5hmC) 

[13]. Addition of α-KG, the metabolite of IDH in the tricarboxylic acid cycle, increases the 

ratio of 5-hmC to 5-mC in chromaffin cells [14], and the intraperitoneal administration of α-

KG impedes the growth and angiogenesis of transplanted tumor in mice [15].

Epidemiological studies link CRC incidence to dietary factors that are present in the lumen 

and directly contact with colonic epithelium, thereby affecting the growth, differentiation or 

death of epithelial cells [16]. The alcohol consumption and high meat intake are highly 

associated with the increased risk of CRC [17], while a low-fat and high-fiber diet reduces 

this risk [18]. Thus, dietary intervention is a promising method for CRC prevention or 

alleviation.

Butyrate, one of the short-chain fatty acids produced by gut microbiota through fermentation 

of dietary fibers, is known for its antitumor effects [19, 20]. Even though the exact 

underlying anti-tumor mechanisms have not been fully elucidated, increasing evidence 

points to its function as a histone deacetylase inhibitor (HDACi) [21, 22]. Through inhibiting 

HDAC activity, butyrate enhances nucleosomal DNA accessibility and upregulates gene 

expression due to enhanced histone acetylation [23], promoting the expression of key 

apoptotic mediators [24] and cell cycle inhibitors [25]. Furthermore, butyrate could alter the 

metabolic profile of CRC stem cells by promoting oxidative metabolism instead of 

glycolysis [26]. The metabolic changes might contribute to the alleviation of carcinogenesis. 

However, the underlying metabolic mechanisms responsible for the anti-tumor effects of 

butyrate remain undefined. The objectives of this study were to evaluate the effects of 

butyrate on proliferation, differentiation, apoptosis, and metabolism of colorectal 

adenocarcinoma cells, and to further unveil the role of metabolic enzymes in linking butyrate 

to its anti-tumor effects.
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2. Materials and Methods

2.1 Cell culture

The Caco-2 cell line and HT-29 cell line were purchased from American Type Culture 

Collection (Manassas, VA) and grown at 37 °C with 5% CO2 in a humidified incubator in 

DMEM (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (GE, Fairfield, 

CT) and 1% penicillin-streptomycin (Life Technologies, Grand Island, NY). Caco-2 cells 

and HT-29 cells were seeded at a density of 2×105 per well on 12-well plates, and treated 

with 4 mM sodium butyrate (NaB, Sigma) for 2 d (for MTT assay) and 4 d (for other 

assays). Medium with/without NaB was refreshed every day.

For plasmid transfection, only Caco-2 cells were used. Briefly, Caco-2 cells were transfected 

with IDH1 knock-down (KD) plasmid (#62907, Addgene, Cambridge, MA), IDH1 wild-

type (WT) plasmid (#62906, Addgene), or green fluorescent protein (GFP) plasmid 

(#13031, Addgene) using Lipofectamine 3000 (Life Technologies, Grand Island, NY) per 

manufacturer’s instructions. Caco-2 cells at 70% confluence were transfected with plasmids 

using a 2:4:4 ratio of DNA (μg): lipofectamine p3000 (μl): lipofectamine 3000 (μl). The 

medium was changed 12 h post transfection, then 400 μg/ml G418 (Amresco, Solon, OH) 

was added to IDH1 KD or IDH1 WT transfected cells in the following 7 d to select cells 

with transfection. After selection, the transfected cells were seeded onto 12-well plates at 

2×105 cells per well to be treated with 4 mM NaB, or 4 mM NaB supplemented with 4 mM 

dimethyl-α-ketoglutarate, a membrane permeable α-ketoglutarate (α-KG), for 4 d.

2.2 MTT assay

About 1×104 HT-29 cells or Caco-2 cells were seeded in each well of a 96 well plate. 

Treated with 4 mM NaB for 48 h, cells were incubated with 5 mg/ml 3-(4,5-Dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, Sigma) for 4 h. Formazan formed 

was dissolved in 100 μl of DMSO (VWR, Radnor, PA), and the absorbance at 540 nm was 

measured using a Synergy H1 microplate reader (BioTek, Winooski, VT).

2.3 Alkaline phosphatase assay

Alkaline phosphatase (AP) assay was performed as previously described [27]. Briefly, 

HT-29 cells or Caco-2 cells were seeded onto 12-well plates at 2×105 cells per well, and 

treated with 4 mM NaB for 4 d, then cells were rinsed with PBS, lysed and collected for AP 

activity measurement. AP activity was assayed by incubating with the substrate, 1 mg/ml 

pNPP (Sigma), at 37 °C for 30 min. The reaction was stopped by adding a final 

concentration of 3 mM NaOH. The absorbance at 405 nm was measured using a Synergy H1 

microplate reader.

2.4 Immunoblotting analysis

Immunoblotting analysis was performed according to the procedures as previously described 

[27]. Briefly, HT-29 cells or Caco-2 cells were seeded onto 12-well plates at 2×105 cells per 

well, treated with 4 mM NaB for 4 d, then cells were lysed and collected for protein 

extraction. The extracts were separated by 10% SDS-PAGE and transferred to nitrocellulose 

membranes, then incubated with antibodies and visualized using an Odyssey Infrared 
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Imaging System (Li-Cor Biosciences, Lincoln, NE). Band density was normalized to β-

actin. Antibodies against villin, IDH1, PDH, PARP, caspase-3, MSH2, MLH1 were 

purchased from Cell Signaling Technology (Danvers, MA). Anti-E-cadherin antibody was 

purchased from Life Technologies. Anti-TET3 antibody was purchased from Thermo 

Scientific (Waltham, MA). Anti-Ac-H3 and anti-Ac-H4 antibodies were purchased from 

Santa Cruz (Dallas, Texas). Anti-β-actin antibody was purchased from DSHB (Iowa City, 

IA). IRDye 680 goat anti-mouse secondary antibody and IRDye 800 CW goat anti-rabbit 

secondary antibody were purchased from Li-Cor Biosciences (Lincoln, NE).

2.5 Immunofluorescence staining

HT-29 cells or Caco-2 cells were seeded onto 12-well plates at 2×105 cells per well, treated 

with 4 mM NaB for 4 d, fixed in ice-cold methanol for 10 min, blocked in 5% goat serum at 

room temperature for 1 h, then incubated with anti-PCNA (1:200, Santa Cruz, Dallas, Texas) 

overnight at 4 °C. Stained cells were then incubated with goat anti-rabbit Alexa Fluor 488 

secondary antibody (1:1000, Cell Signaling Technology) at room temperature for 1 h. 

Fluorescence was examined using EVOS FL fluorescence microscope (Life Technologies) 

as previously described [27].

2.6 Acetyl-coenzyme A and α-ketoglutarate assays

HT-29 cells or Caco-2 cells were seeded onto 12-well plates at 2×105 cells per well, and 

treated with 4 mM NaB for 4d, then collected for α-ketoglutarate measurements using the 

α-ketoglutarate assay kit (Sigma). The relative content of α-ketoglutarate was assayed by 

incubating with the α-ketoglutarate converting enzyme at 37 °C for 30 min. The absorbance 

at 570 nm was measured using a Synergy H1 microplate reader.

Cytosolic acetyl-CoA was separated by subcellular fractionation, then measured using 

acetyl-coenzyme A assay kit (Sigma) following the manufacturer’s instruction. Briefly, 

HT-29 cells or Caco-2 cells were seeded onto 12-well plates at 2×105 cells per well, treated 

with 4 mM NaB for 4 d, then cells were incubated with fractionation buffer containing 250 

mM sucrose, 20 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA and 1 

mM EGTA. The cell lysate was incubated on ice for 15 min, collected using a cell scraper 

and centrifuged at 6,000 g at 4 ºC for 10 min to isolate the supernatant as the cytosolic 

fraction. The relative content of cytosolic acetyl-CoA was assayed by incubating with the 

acetyl-CoA converting enzyme at 37 ºC for 30 min. The fluorescent excitation at 535 nm 

and emission at 587 nm were measured using a Synergy H1 microplate reader.

2.7 Hydroxymethyl-DNA and methylcytosine immunoprecipitation

Hydroxymethyl-DNA and methylcytosine immunoprecipitation was performed as 

previously described [28]. Briefly, HT-29 or Caco-2 cells were seeded onto 12-well plates at 

2×105 cells per well and treated with 4 mM NaB for 4 d. Genomic DNA was isolated from 

cultured cells using phenol-chloroform method [29]. Isolated DNA (10 μg) was diluted in 

300 μl TE buffer and sonicated (30% amplitude, 6×10s impulses with 1min pauses, Thermo 

Scientific FB120 Sonic Dismembrator) into fragments between 300-1000 bp. DNA was 

denatured by incubation in boiling water for 10 min then immediately cooled on an ice bath, 

followed by adding 1/10 volume of 10×IP buffer (100 mM Na-phosphate, pH 7, 1.4 M 
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NaCl, 0.5% Triton X). Then, 1/50 5-hydroxymethylcytosine antibody (5hmC, Cell Signaling 

Technology), 5-methylcytosine antibody (5mC, Cell Signaling Technology), or normal 

rabbit IgG (Cell Signaling Technology) was added to denatured DNA. The DNA-antibody 

complex was incubated overnight at 4 °C, and pulled down with commercial pre-blocked 

Pierce™ magnetic protein A/G beads (Thermo Scientific, Waltham, MA). The captured 

beads were washed three times with 1×IP buffer and re-suspended in 250 μl digestion buffer 

(50 mM Tris HCl, pH 8, 10 mM EDTA, 0.5% SDS). Following treatment with proteinase K, 

DNA was purified using a ChIP DNA clean and concentrator kit (Zymo Research, Irvine, 

CA), which was then used as templates for quantitative PCR (qPCR). qPCRs were 

performed using SYBR Green supermixture (Bio-Rad) on a CFX96 RT-PCR detection 

system (Bio-Rad). Relative enrichment of detected regions was normalized to its respective 

input DNA. Primer information is shown in Supplementary Table S1.

2.8 Statistical analyses

Statistical data were analyzed as a complete randomized design using General Linear Model 

of Statistical Analysis System. Data are presented as mean ± standard error of the mean 

(SEM). Mean difference was separated by paired t-test. Statistical significance is considered 

as P ≤ 0.05.

3. Results

3.1 Butyrate suppresses proliferation, potentiates differentiation and induces apoptosis 
in colorectal adenocarcinoma cells

Given that 4 mM butyrate is a physiologically relevant concentration in the human colonic 

lumen [30, 31], 4 mM NaB was used in this study. Using PCNA staining and MTT analysis, 

we found that butyrate profoundly impeded DNA synthesis and the viability of HT-29 and 

Caco-2 cells, respectively (Figure 1A and C). Furthermore, butyrate-induced cell shrinkage 

and nuclear fragmentation in Caco-2 cells transfected with a GFP plasmid (Figure 1B), 

associated with enhanced cleavage of procaspase-3 and PARP, showing that butyrate 

remarkably stimulated apoptosis in both cell lines (Figure 1D). Butyrate potently increased 

the activity of AP and the expression of intestinal differentiation markers, E-cadherin and 

villin (Figure 2A and B), consistent with its anticarcinogenic effects (Figure 1).

3.2 Butyrate increases protein contents and activities of IDH1 and PDH in colorectal 
adenocarcinoma cells

We further examined the possible alteration of metabolic enzymes elicited by butyrate. The 

inclusion of butyrate augmented the protein content of isocitrate dehydrogenase 1 (IDH1) 

and pyruvate dehydrogenase (PDH), key metabolic enzymes in the tricarboxylic acid cycle, 

in both HT-29 and Caco-2 cells (Figure 3A). Consistently, the activity of IDH1 and PDH 

were enhanced, as indicated by the elevated levels of their metabolites, α-ketoglutarate (α-

KG) (Figure 3B) and cytosolic acetyl-CoA (Figure 3C), respectively.
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3.3 Butyrate triggers histone acetylation and DNA demethylation in colorectal 
adenocarcinoma cells

Consistent with increased cytosolic acetyl-CoA concentration, butyrate significantly 

increased the acetylation of histone H3 and H4 in both HT-29 and Caco-2 cells (Figure 4A), 

which is consistent with the function of butyrate as a histone deacetylase inhibitor (HDACi) 

[21]. DNA mismatch repair (MMR) proteins, MutS protein homolog 2 (MSH2) and MutL 

homolog 1 (MLH1), are inversely correlated to the incidence of tumorigenesis [32–34]. In 

this study, MSH2 and MLH1 were expressed in both colorectal adenocarcinoma cell lines, 

and their contents were upregulated in response to butyrate treatment, which were associated 

with the increased content of ten eleven translocation 3 (TET3) (Figure 4A and B). 

Furthermore, butyrate reduced 5mC and increased 5-hydroxymethylcytosine (5hmC), an 

intermediate of DNA demethylation, in the promoters of MSH2 (Figure 4C) and MLH1 

(Figure 4D), in agreement with the anti-carcinogenic effects of butyrate.

3.4 IDH1 mediates butyrate-induced antitumor effects in colorectal adenocarcinoma cells

Aberrant mRNA expression of IDH1 is associated with the development of CRC [9]. To 

evaluate the role of IDH1 in mediating the anticarcinogenic effects of butyrate, we 

downregulated IDH1 expression by transfecting IDH1 KD plasmid into Caco-2 cells. In the 

meantime, IDH1 WT plasmid was used as the corresponding control. After transfection, 

approximately 50% of IDH1 expression was decreased in IDH1 KD cells (Figure 5A). The 

apoptotic marker, cleaved PARP, was decreased in IDH1 KD cells, and was unable to be 

elevated by butyrate (Figure 5A). As expected, the contents of its metabolite α-KG and 

subsequently downstream enzyme TET3 were downregulated in IDH1 KD cells. In addition, 

butyrate failed to increase the contents of α-KG and TET3 in Caco-2 cells with IDH1 KD 

plasmids (Figure 5B and C). Similarly, IDH1 KD diminished the upregulated effect of 

butyrate on acetylated histone H3 (Ac-H3) and acetylated histone H4 (Ac-H4) as well as the 

contents of MSH2 and MLH1 (Figure 5D and E). α-KG supplementation recovered the 

beneficial effects of butyrate in IDH1 KD cells. Addition of α-KG enhanced cleaved PARP 

and MMR contents (Figure 6A and B), which was correlated with the elevated contents of 

TET3 and Ac-H3 (Figure 6C and D). Furthermore, 5mC was downregulated and 5hmC was 

upregulated by α-KG in the promoters of MSH2 and MLH1 in NaB treated IDH1 KD cells 

supplemented with α-KG (Figure 6E and F). These data showed that butyrate-induced 

antitumor effects in colorectal adenocarcinoma cells are partially through upregulating 

IDH1.

4. Discussion

Apoptosis and differentiation are closely related processes, both of which reduce the chance 

of excessive proliferation to reduce the carcinogenic risk [35]. Radiotherapy and 

chemotherapy induce genetic defects causing apoptosis, while apoptotic dysfunction renders 

colorectal cancer cells resistant to those therapies [36]. In this study, butyrate suppressed 

proliferation and induced apoptosis and differentiation in HT-29 and Caco-2 cells. The 

increased differentiation might be due to upregulated activity of protein kinase C and c-Jun 

N-terminal kinase [37]. The induced apoptosis by butyrate is also observed in other colonic 

adenoma and carcinoma cell lines [22] partially facilitated by MMR, because MSH2 
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complex recognizes mismatched bases and recruits MLH1 complexes to either initiate DNA 

repair or induce apoptosis in response to DNA damage signaling during carcinogenesis [38]. 

Furthermore, HCT-116 cells deficient in MLH1 failed to induce apoptosis [39], indicating 

the critical role of MMR in colorectal apoptosis.

Due to the accumulation of epigenetic and genetic abnormalities, CRC develops in a 

sequential normal-adenoma-carcinoma process [40, 41]. Abnormalities in epigenetic 

changes, such as DNA methylation and histone deacetylation, occur more frequently 

compared to genetic mutations [42]. Thus, altering epigenetic modifications has a potential 

to ameliorate colorectal carcinogenesis [43]. Previous studies reported that butyrate and its 

derivatives inhibit oncogenesis, attributed to its HDACi role in regulating gene transcription 

[44, 45]. However, trichostatin A, a typical HDAC inhibitor, alone could not activate MLH1 

in colon cancer cells [46]; trichostatin A combined with 5Aza-dC, a DNA demethylator, was 

sufficient for MLH1 activation [46]. Consistently, we found that butyrate leads to histone 

acetylation and reduces methylation in both MLH1 and MSH2 promoters in colonic 

epithelial cells. Similarly, the reduced methylation in MLH1 promoter was found in SW48 

cells treated with butyrate [47]. The post-translational modifications in the N-terminal 

domain of histone influences chromatin structure and the accessibility to DNA [48], while 

DNA demethylation is a prerequisite for effective MMR transcription induced by histone 

acetylation [49], indicating that histone modifications combined with DNA demethylation 

allow long-term activation of MMR proteins. However, the antitumor effects of butyrate 

might depend on the methylation status of MMR genes, because butyrate-induced 

antineoplastic effects only function in CRC cells with hypermethylated MLH1, not in 

demethylated MLH1 [47]. MLH1 and MSH2 are commonly hyper-methylated in hereditary 

non-polyposis colorectal cancers [5] and normally expressed in patients with sporadic and 

microsatellite stable colorectal carcinomas [34, 50, 51]. MLH1 is reduced under hypoxic 

tumor microenvironment [32], and upregulation of MSH2 induced by vitamin D and calcium 

treatment is associated with reduced incidence of colorectal adenomas [33, 34], indicating 

that downregulation in MLH1 and MSH2 might predispose to tumorigenic conditions. In 

this study, both MLH1 and MSH2 were expressed in HT-29 and Caco-2 cell lines. 

Consistently, MLH1 is expressed in other colorectal adenocarcinoma cell lines, such as 

SW480 and LoVo [52].

Metabolic reprogramming is closely associated with carcinogenesis [53]. In a healthy colon, 

butyrate is metabolized into acetyl-CoA in mitochondria as the main fuel for colorectal cells 

[54, 55]. On the contrary, intestinal stem cells prefer aerobic glycolysis and metabolize 

butyrate to lactate in cancerous colon [56]. IDH is a metabolic enzyme in the tricarboxylic 

acid cycle, and its mutation was first discovered in patients with primary colorectal cancers 

[57] and commonly discovered in glioblastoma tumors [58], concomitantly with the reduced 

generation of IDH metabolite, α-KG [59]. Even though mutant IDH1 did not occur 

frequently in colorectal cancer, the expression level of IDH1 was decreased in CRC tissues 

compared to the paired normal tissue in patients [9]. Similarly, IDH1 downregulation leads 

to the reduction of apoptosis and MMR protein contents in this study, suggesting that the 

inhibition of IDH1 is associated with colorectal carcinogenesis.
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IDH is epigenetically related to carcinogenesis [60]. The mutated IDH1 produces hydroxyl-

glutarate, an oncometabolite, that competes with α-KG to bind to histone demethylases, 

TET proteins, thus prohibiting DNA and histone demethylations [59]. Conversely, the 

upregulated IDH1 and PDH promote the generation of α-KG and acetyl-CoA, which enter 

the nucleus and act as epigenetic modifiers [61]. In this study, IDH1 downregulation 

decreased α-KG and subsequently its downstream DNA demethylator, TET3. Besides DNA 

demethylation, dysfunctional IDH1 also blocks histone demethylation by downregulating 

Jumonji domain-containing histone demethylase [11].

In this study, we found that knocking down IDH1 diminished the anti-carcinogenetic effects 

of butyrate in junction with reduced α-KG contents and the TET enzyme, while α-KG 

supplementation rescued these beneficial effects of butyrate in IDH1 KD cells. Consistently, 

accumulation of succinate in chromaffin cells deficient of succinate dehydrogenase inhibits 

α-KG mediated demethylation, leading to hypermethylator phenotype [14]; intraperitoneal 

administration of α-KG impeded tumor growth in a murine tumor xenograft model [15]. α-

KG increased the tolerance to genotoxic stress from ionizing radiation in MCF7 breast 

cancer cells [62], and inhibited angiogenesis in both hepatic [63] and [15] pulmonary cell 

lines, which might be due to the downregulation of hypoxia-inducible factors. Additionally, 

α-KG enhanced p21 and p27, and downregulated cyclin D1, thus inhibiting the proliferation 

of Caco-2, HT-29, and LS-180 cells [64], suggesting the protective role of α-KG in colon 

adenocarcinoma cells.

In summary, butyrate reduces proliferation, induces apoptosis and differentiation to inhibit 

colorectal carcinogenesis, which is associated with the upregulated expression and activity 

of metabolic enzymes, IDH1 and PDH. The metabolic alterations induced by butyrate lead 

to DNA demethylation and histone acetylation in the promoters of MMR genes (Fig. 6). 

These data deepen the current understanding about the link between butyrate and colorectal 

carcinogenesis, and provide new insights into the molecular mechanisms underlying the 

beneficial role of butyrate in intestinal health. Our finding is important because butyrate is a 

major fermentation end product of dietary fibers in the colon. Thus, butyrate as well as 

associated dietary fiber consumption can be used as a supportive preventive strategy for 

reducing the incidence of CRC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ac-H3 acetylated histone H3
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AP Alkaline phosphatase

CRC colorectal cancer

GFP green fluorescent protein
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MSH2 mutS protein homolog 2

MMR mismatch repair
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Figure. 1. Butyrate suppresses proliferation and induces apoptosis in HT-29 and Caco-2 cells.
Cells were treated with 0 (□) or 4 mM sodium butyrate (NaB, ■) for 4 d. (A) 

Immunofluorescence staining of PCNA for cell proliferation. Scale bars are 200 μm. (B) 

Caco-2 cells were transfected with GFP plasmid, and observed under a fluorescent inverted 

microscope. Scale bars are 200 μm on left and 100 μm on right. (C) MTT analyses for cell 

survival. (D) Protein contents of cleaved caspase-3 and cleaved PARP. Mean ± SEM, n = 3, 

*: P < 0.05; **: P < 0.01.
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Figure. 2. Butyrate promotes differentiation of HT-29 and Caco-2 cells.
Cells were treated with 0 (□) or 4 mM sodium butyrate (NaB, ■) for 4 d. (A) Alkaline 

phosphatase assay. (B) Protein contents of villin and E-cadherin. Mean ± SEM, n = 3, *: P < 

0.05; **: P < 0.01.
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Figure. 3. Butyrate increases protein contents and activities of IDH1 and PDH in HT-29 and 
Caco-2 cells.
Cells were treated with 0 (□) or 4 mM sodium butyrate (NaB, ■) for 4 d. (A) Protein 

contents of isocitrate dehydrogenase 1 (IDH1) and pyruvate dehydrogenase (PDH). (B) 

Relative contents of α-ketoglutarate. (C) Relative contents of cytosolic acetyl-CoA. Mean ± 

SEM, n = 3, *: P < 0.05; **: P < 0.01.
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Figure. 4. Butyrate triggers histone acetylation and DNA demethylation in HT-29 and Caco-2 
cells.
Cells were treated with 0 (□) or 4 mM sodium butyrate (NaB, ■) for 4 d. (A) Protein 

contents of acetylated histone H3 (Ac-H3), acetylated histone H4 (Ac-H4) and Ten-eleven 

translocation 3 (TET3). (B) Protein contents of MutS homolog 2 (MSH2) and MutL 

homolog 1 (MLH1). 5hmC and 5mC modifications in the promoter of MSH2 (C) and MLH1 

(D). Mean ± SEM, n = 3, *: P < 0.05; **: P < 0.01.
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Figure. 5. IDH1 mediates butyrate-induced anticarcinogenesis effects in Caco-2 cells.
Caco-2 cells were transfected with isocitrate dehydrogenase 1 (IDH1) knock-down (KD) 

plasmid or IDH1 wild-type (WT) plasmid to downregulate (−) or over-express (+) IDH1, 

then treated with 0 (−) or 4 mM sodium butyrate (NaB, +) for 4 d. (A) Protein contents of 

IDH1 and cleaved PARP. (B) Protein contents of ten-eleven translocation 3 (TET3). (C) 

Relative contents of α-ketoglutarate. (D) Protein contents of acetylated histone H3 (Ac-H3) 

and acetylated histone H4 (Ac-H4). (E) Protein contents of MutS homolog 2 (MSH2) and 

MutL homolog 1 (MLH1). Mean ± SEM, n = 3, *: P < 0.05; **: P < 0.01.
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Figure. 6. α-ketoglutarate recovers the positive effects of butyrate in IDH KD Caco-2 cells.
Caco-2 cells were transfected with isocitrate dehydrogenase 1 (IDH1) knock-down (KD) 

plasmid or IDH1 wild-type (WT) plasmid to downregulate (−) or over-express (+) IDH1. 

IDH1 KD cells then were treated with 0 (−) or 4 mM sodium butyrate (NaB, +), or 4 mM 

NaB supplemented with 0 (−) or 4 mM dimethyl-α-ketoglutarate (a membrane permeable α-

ketoglutarate, α-KG, +). (A) Protein contents of IDH1 and cleaved PARP. (B) Protein 

contents of ten-eleven translocation 3 (TET3). (C) Protein contents of acetylated histone H3 

(Ac-H3) and acetylated histone H4 (Ac-H4). (D) Protein contents of MutS homolog 2 

(MSH2) and MutL homolog 1 (MLH1). (E) 5hmC and (F) 5mC modifications in the 

promoter of MSH2 and MLH1. Mean ± SEM, n = 3, *: P < 0.05; **: P < 0.01.
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Figure. 7. Schematic diagram of mechanisms linking butyrate to epigenetic modifications of 
colorectal adenocarcinoma cells.
Butyrate upregulates pyruvate dehydrogenase (PDH) and isocitrate dehydrogenase 1 

(IDH1), which thereafter increases the contents of their metabolites, acetyl-CoA, and α-

ketoglutarate (α-KG), respectively. α-KG promotes DNA demethylation in the promoter of 

DNA mismatch repair (MMR) genes, as indicated by the conversion of 5mC to 5hmC. 

Acetyl-CoA enhances the histone acetylation in colorectal cancer cells. Histone acetylation 
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and DNA demethylation jointly promote MMR protein expression, thereby suppressing 

colorectal carcinogenesis.
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