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Abstract

Butyrate is a histone deacetylase inhibitor implicated in many studies as a potential therapy for 

various forms of cancer. High concentrations of butyrate (>1.5 mM) have been shown to activate 

apoptosis in several cancer cell lines including prostate, breast, and leukemia. Butyrate is also 

known to influence multiple signaling pathways that are mediators of cytokine production. The 

purpose of this study was to evaluate the impact of high concentrations of butyrate on the cancer 

microenvironment vis-à-vis apoptosis, cellular migration, and capacity to modulate cytokine 

expression in cancer cells. The results indicate that high concentrations of butyrate induced a 2-

fold activation of caspase-3 and reduced cell viability by 60% in U937 leukemia cells. Within 24 

hours, butyrate significantly decreased the levels of chemokines CCL2 and CCL5 in HL-60 and 

U937 cells, and decreased CCL5 in THP-1 leukemia cells. Differential effects were observed in 

treatments with valproic acid for CCL2 and CCL5 indicating butyrate-specificity. Many of the 

biological effects examined in this study are linked to activation of the AKT and MAPK signaling 

pathways; therefore, we investigated whether butyrate alters the levels of phosphorylated forms of 

these signaling proteins and how it correlated with the expression of chemokines. The results show 

that butyrate may partially regulate CCL5 production via p38 MAPK. The decrease in p-ERK1/2 

and p-AKT levels correlated with the decrease in CCL2 production. These data suggest that while 
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promoting apoptosis, butyrate has the potential to influence the cancer microenvironment by 

inducing differential expression of cytokines.
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 1. Introduction

Cytokines are regulatory proteins released from numerous immune and other cells of the 

body that mediate host defense and repair responses. Cytokines mainly regulate cells of the 

immune and hematopoietic systems, and modulate inflammatory responses [1, 2]. The study 

of cytokine function is complicated by characteristics which include: pleiotropy, redundancy, 

synergism, and receptor promiscuity [3]. Cytokines are divided into six subgroups: 

interferons, colony stimulating factors (CSF), growth factors, tumor necrosis factors (TNF), 

chemokines, and interleukins. It has become increasingly accepted by cancer researchers 

that in order to fully understand the tumorigenicity of cancer, the function of each cell type 

within the tumor and how these cells interact with the tumor microenvironment must be 

dissected. Exploring the crosstalk between these cells within the microenvironment via 
cytokines may explain their effects on tumor growth, angiogenesis, immune response, and 

metastasis [4-7].

Butyrate is a short-chain fatty acid produced in the human colon by bacterial fermentation 

activity [8, 9]. Butyrate is a histone deacetylase (HDAC) inhibitor [10, 11] implicated in 

many studies as a potential therapy for prostate [12], breast [13], and other forms of cancer 

[14] due to its ability at high concentrations (>1.5 mM) to cause cell death. Primarily 

highlighted for its use as a secondary chemotherapy, clinical use of butyrate holds 

substantial hope for reducing inflammation, reversing epigenetic aberrations, and 

suppressing the proliferation of cancer stem cells [15]. Butyrate is a feasible candidate to 

treat obesity, cardiovascular disease, neurological injury and even inherited diseases [15].

Previously, sodium butyrate (NaB) has been shown to induce apoptosis in leukemia cancer 

cell lines including U937 [16] and HL-60 cell lines [17]. Some reports imply that butyrate-

induced apoptosis is associated with inhibition of telomerase activity [16], alterations in pro- 

and anti-apoptotic proteins, and regulation of signaling pathways involved in apoptosis [14]. 

A well-known target of butyrate is the p21Waf1/Cip1 gene. Activation of p21 results in cell 

cycle arrest at G1, a phenomenon that may lead to apoptosis or cell differentiation [18-20] 

independent of p53 [21]. Prior studies have shown that butyrate alters gene expression due to 

its HDAC inhibitory capabilities. Joseph et al. demonstrated that H460 human lung 

carcinoma cells treated with butyrate displayed differential expression of genes responsible 

for cytokine signaling and metastasis [22]. Also, butyrate increases the production of 

Interleukin-5 (IL-5) via epigenetic modifications in Jurkat cells [23] and TGF-β1 in colon 

carcinoma [24]. All of these studies utilized concentrations of butyrate at or below 2 mM. 

Often, higher concentrations may be needed to elicit the appropriate response. However, the 

biological implications of using these higher concentrations are largely unknown. Our goal 
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was to understand whether high concentrations of butyrate that induce apoptosis are able to 

influence the tumor microenvironment vis-à-vis production and secretion of cytokines. We 

also elucidated the biological relevance of these alterations and attempted to pinpoint the 

associated signaling pathways required for butyrate-induced effects on cytokine production 

in leukemia cells. In summary, we concluded that butyrate alters the expression of cytokines 

and chemokines during apoptosis in leukemia cell lines.

 2. Materials and Methods

 2.1. Cell Culture

U937 leukemia cells were purchased from ATCC, HL-60 leukemia cells were from Dr. Ann 

Richmond at Vanderbilt University, and THP-1 leukemia cells were from Dr. Chandravanu 

Dash at Meharry Medical College. Cells were maintained in CO2 (5%) incubator in 

RPMI-1640 media (Gibco, Grand Island, NY) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS) (Biowest, Kansas City, MO) containing 50 U/mL each of penicillin and 

streptomycin (Gibco, Grand Island, NY). Cell viability was determined to be better than 

95% by trypan blue exclusion assay. Sodium butyrate (NaB) and valproic acid (VPA) 

(Sigma-Aldrich, St. Louis, MO) were reconstituted in sterile water at a stock concentration 

of 1 M.

 2.2. Isolation of Monocytes

Human peripheral blood mononuclear cells (PBMC) were isolated from anonymous donors 

(New York Blood Center, Long Island, NY). PBMCs were harvested via Ficol-Percoll PLUS 

gradient (GE Health Care, Piscataway, NJ). Monocytes of greater than 85% purity were 

harvested and suspended in RPMI-1640 media supplemented with 10% FBS containing 50 

U/mL each of penicillin and streptomycin as previously described [25].

 2.3. Cell Viability Assay

Cells (5 × 106) were either untreated or treated with various concentrations of butyrate or 

valproic acid for 24 hours, harvested, and then diluted in 0.4% trypan blue at a ratio of 1:5. 

The cell number was counted with a hemocytometer.

 2.4. Caspase-3 Activation

Cells (10 × 106) were untreated, treated with butyrate (5 or 10 mM) or valproic acid (2 or 4 

mM) for 24 hours. Cells were lysed and equal amount of cell lysate proteins (120 μg) were 

assayed for evidence of activated caspase-3 using a caspase-3 colorimetric protease assay 

(Medical & Biological Laboratories Co. LTD, Woburn, MA) as previously described [25]. 

This assay utilized a substrate in which the amino acid sequence aspartic acid-glutamic acid-

valine-aspartic acid is recognized by activated caspase-3 resulting in cleavage of substrate 

and exposure of a chromophore that can be detected with a spectrophotometer at 405 nm.

 2.5. Apoptosis Detection Using Annexin V Staining

Cells (5 × 106) were either untreated or treated with butyrate (5 mM) or valproic acid (4 

mM) over 24 hours. The cells were harvested, and suspended in 600 μL of Binding Buffer 
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containing Annexin V-FITC conjugate as provided by the manufacturer (Raybiotech, 

Norcross, GA). Stained cells were run on Guava EasyCyte flow cytometer (EMD Millipore, 

Billerica, MA) and analyzed with FlowJo 7.6 Single Cell Analysis software as previously 

described [26].

 2.6. Analysis of Cytokine Production

Culture supernatant from untreated or treated cells (5 × 106) was assayed for quantitative 

and qualitative levels of inflammatory cytokines and chemokines using a multi-analyte 

cytokine ELISA assay (SABiosciences, Frederick, MD). Briefly, tissue culture supernatants 

(50 μL/well) or standards (50 μL/well) were incubated in pre-coated 96-well microtiter 

plates at room temperature for 2 hours. After washing, 100 μL of the detection antibody 

mixture was added for 1 hour. Then, 100 μL of Avidin-HRP conjugate was added to each 

well for an additional 30 minutes at room temperature. Development and stop solutions were 

added and absorbance read at 450 nm. To quantify cytokine production, single-analyte 

ELISAs were used. In this assay, the protocol is previously described above. In addition, a 

range of 3.2 - 10,000 pg/mL recombinant cytokines was used to establish a standard curve 

for protein concentration.

 2.7. Cellular Migration Assay

BD Biocoat Chambers (BD Biosciences, San Jose, CA) were used as a matrix. Media from 

butyrate-treated cells (5 × 106), FBS, or RPMI media only was added to the bottom wells to 

act as a chemoattractant (500 μL). Human monocytes (1 × 105) were suspended in 100 μL of 

RPMI media only and placed in the insert. The chambers incubated for 24 hours in the tissue 

incubator at 37°C. After the incubation period, the number of migrated cells in the lower 

chamber was determined by trypan blue exclusion assay.

 2.8. Western Blot Analysis

U937 or HL-60 cells (10 × 106) were cultured overnight in serum-free media containing 

0.5% bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO) and 100 U/mL each of 

penicillin and streptomycin to eliminate the influence of serum components on the activation 

of signaling proteins. The cells were then treated at various time points with either individual 

or varying combinations of the following compounds: butyrate, SB203580 (10 μM) (EMD 

Millipore, Billerica, MA), Anisomycin (10 μg/mL) (Sigma-Aldrich, St. Louis, MO), DMSO 

(0.5%) (Sigma-Aldrich, St. Louis, MO), LY294002 (20 μM) (Cayman Chemical, Ann Arbor, 

MI), and U0126 (20 μM) (Cayman Chemical, Ann Arbor, MI). Cell lysates were prepared 

and equal amounts of proteins were analyzed by Western blotting as previously described 

[27]. The following antibodies were used: p-ATF, Caspase-3, GAPDH, total and 

phosphorylated forms of AKT, p38 MAPK, JNK, and ERK1/2 (Cell Signaling, Danvers, 

MA). Blots were visualized by enhanced chemiluminescence (ECL) (Thermo Fisher 

Scientific, Waltham, MA).

 2.9. Statistical Analysis

All data are presented as mean ± SEM. Results were compared using one-way ANOVA 

followed by Tukey's multiple comparison test. Differences were considered significant at 
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two-tailed p < 0.05. All statistical analyses were performed with GraphPad Prism Version 

6.0c (GraphPad software, La Jolla, CA). Data shown were obtained from at least five 

independent experiments unless otherwise indicated.

 3. Results

 3.1. Butyrate stimulates apoptosis in U937 leukemia cells

Previous studies indicate high concentrations (>1.5 mM) of butyrate induce apoptosis in 

various cancers [12-14, 16, 17, 28]. To confirm these reports, U937 cells were untreated or 

treated with butyrate or H2O, which serves as a vehicle, for 24 hours and analyzed for 

cellular viability using trypan blue exclusion assay. As figure 1A demonstrates, there is a 

significant decrease in the number of viable cells treated with 5 and 10 mM concentrations 

of butyrate when compared to the untreated cells by 52% and 61%, respectively. To 

investigate if the decline in cell viability was due to apoptosis, western blot analysis was 

utilized to examine cleavage of caspase-3. U937 cells were treated over 24 hours with 

varying concentrations of butyrate. The experimental results in figure 1B indicate that 

cleavage of caspase-3 occurs with as little as 2 mM butyrate with greatest cleavage at higher 

concentrations of butyrate, 5 and 10 mM. Additionally, figure 1C demonstrated that cleavage 

occurs 24 hours post-treatment compared to earlier time points of 6 and 12 hours. To 

confirm the catalytic activity of caspase-3, a colorimetric activity was employed. As 

illustrated in figure 1D, butyrate causes a 2.1 and 2.5 fold induction of activated caspase-3 

activity at 5 and 10 mM, respectively, after a 24-hour treatment. Furthermore, Annexin V 

binding increased in butyrate-treated cells (Figure 1E and Supplementary S1). These data 

are clear evidence of butyrate-induced apoptosis in U937 leukemic cells.

 3.2. Butyrate induces apoptosis in HL-60 cells but minimally in monocytes and THP-1 
cells

To determine if the biological changes induced by butyrate are similar in other types of acute 

myeloid leukemic cell lines, we employed HL-60 and THP-1 cell lines. HL-60 cells are less 

differentiated than U937 or THP-1 cells [29]. Based on the differentiating agent, HL-60 cells 

can be differentiated into monocytes or granulocytes; thus, they are considered myeloblastic/

promyelocytic [30]. Here, HL-60 cells are susceptible to butyrate-induce apoptosis 

demonstrated by a significant decrease in cell viability starting at 2 mM concentrations 

(Figure 2A), induction of caspase-3 activity (Figure 2D), and increase in Annexin V binding 

(Figure 2E and Supplementary S1). Although THP-1 cells are described as a model cell line 

resembling primary monocytes/macrophages [31], research shows this cell line may display 

transformative properties due to differential expression of cytokines in response to LPS [32], 

and contrasting magnitude of response to various stimuli [33]. For the purpose of this work, 

we consider this cell line as transformed, but highly differentiated compared to U937 and 

HL-60 cells [31, 34]. Upon treatment of THP-1 cells with butyrate, we observed moderate 

decline in cell viability (Figure 2B) despite the significant increase in caspase-3 (Figure 2D) 

and Annexin V binding (Figure 2F and Supplementary S1). Although high concentrations of 

butyrate reduced the cell viability of monocytes, it was not statistically significant (Figure 

2C). Butyrate induced caspase-3 activity in monocytes; however, this induction was not 

statistically significant (Figure 2D). These data demonstrate butyrate-induced apoptosis in 
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U937 and HL-60 cells are more potent than apoptosis induced in THP-1 cells and 

monocytes. This indicates the magnitude of apoptosis provoked by butyrate will depend on 

the level of cellular differentiation.

 3.3 Valproic acid induces apoptosis in U937 and HL-60 cells but not THP-1 cells

Next, we wanted to determine if another HDAC inhibitor might induce similar effects 

observed with butyrate treatment. We chose valproic acid (VPA) since it causes 

differentiation and apoptosis in hematopoietic malignancies and solid tumors [35-37]. As 

demonstrated via cell viability analysis, valproic acid induced a significant reduction in cell 

viability in U937 cells by 50% or greater beginning at concentrations as low as 2 mM 

following a 24-hour treatment (Figure 3A). In response to 4 mM of valproic acid, caspase-3 

activation (Figure 3D) and Annexin V binding (Figure 3E and Supplementary S1) increased. 

HL-60 cells were also susceptible to valproic acid-induced apoptosis (Figures 3B, 3D, 3E, 

and Supplementary S1). Similar to the results of butyrate treatment, the number of viable 

THP-1 cells declined but not significantly (Figure 3C) despite increased caspase-3 activity 

(Figure 3D) and Annexin V binding (Figure 3E and Supplementary S1). These data provide 

valid evidence that butyrate and valproic acid activate apoptosis in U937 and HL-60 

leukemic cells while producing minimal damage to the more differentiated THP-1 cells.

 3.4. Butyrate induces differential expression of cytokines in leukemia cells

The myriad of cytokines located in the tumor microenvironment has a profound effect on the 

progression or suppression of a tumor [4-6]. To determine whether butyrate alters this array 

of cytokines thereby altering the tumor biology and/or patient response, we utilized ELISA 

to monitor the secretion of cytokines into the culture supernatant of cells untreated or treated 

with butyrate for 24 hours. Analysis of the levels of inflammatory cytokines in Figure 4A 

indicated IL-5 and IL-17A experienced a concentration-dependent increase in the culture 

media of U937 cells in response to butyrate. TNF-α level decreased at the highest 

concentration of butyrate, 10 mM. IL-10 level displayed an increase at the 5 mM 

concentration, but decreased at 10 mM. TGF-β1 while constitutively expressed in relatively 

high levels, displayed a significant decrease in response to both 5 and 10 mM concentrations 

of butyrate confirming previous studies indicating a decrease in gene expression of TGF-β1 

[22].

Chemokines may regulate tumorigenesis by attracting anti- and pro-tumor leukocytes to the 

tumor microenvironment [6]. Multi-analyte ELISA was utilized to investigate the expression 

of 12 chemotactic cytokines, many of which are implicated in regulating the tumor 

microenvironment [6]. As Figure 4B demonstrated, 5 and 10 mM concentrations of butyrate 

significantly decreased CCL2 and CCL5. It is also essential to note that both CCL2 and 

CCL5 are constitutively expressed in high levels compared to other chemokines analyzed. 

Chemokine profiles were also analyzed in HL-60 and THP-1 cells. HL-60 cells exhibited 

significant decreases in CCL2, CCL5 and CXCL8 when treated with 10 mM butyrate 

(Figure 4C). THP-1 cells constitutively express low levels of CCL2, but butyrate reduced the 

production of CCL5 (Figure 4D).
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Treatment with butyrate (5 mM) was also shown to lower the mRNA levels of CCL2 and 

CCL5 by 3.8 and 1.4-folds respectively (Supplementary S2 and S3A) in U937 cells. Many 

other chemokines denoted changes in mRNA levels in response to butyrate. Surprisingly, 

CCL20 was highly upregulated by 19.9-fold, but this increase was not demonstrated at the 

protein level (Supplementary S3D). This indicates that regulating the expression of 

cytokines may involve both translational and post-translational mechanism yet to be 

identified.

 3.5. Effects of butyrate are specific and dependent on the maturation of the cell

To determine if alterations in the expression of chemokines induced by butyrate were 

universal for all HDAC inhibitors, we investigated the protein concentrations of CCL2 and 

CCL5 in butyrate or valproic acid-treated U937, HL-60, and THP-1 cells. Butyrate 

significantly reduced CCL2 in U937 and HL-60 cells (Figures 5A and 5C). In contrast to the 

data generated from the cytokine profile, the significant decrease in the cytokine levels of 

CCL5 did not translate to significant decreases in protein level for butyrate-treated U937 and 

HL-60 cells (Figures 5B and 5D). Unlike butyrate, valproic acid did not suppress the 

production of CCL2 in U937 (Figure 5A), but significant suppression of CCL5 was 

observed in valproic acid-treated U937 cells (Figure 5B). Since the potency of apoptotic 

induction of the respective concentrations of valproic acid and butyrate are similar (Figures 

1 and 3), this also demonstrates that the decrease in CCL2 in response to butyrate is not due 

to a decrease in cell viability; but in fact, butyrate utilizes a specific signaling mechanism to 

induce reduction in CCL2 secretion that is not induced in the presence of valproic acid.

Notably, the secretion of CCL2 in untreated THP-1 cells (Figure 5E) was constitutively 

lower when compared to untreated U937 and HL-60 cells. Results in THP-1 cells show a 

sharp contrast whereby treatment with 5 mM butyrate did not cause significant alterations in 

CCL2, but significantly reduce CCL5 (Figure 5F). Differences in response to butyrate and 

valproic acid may indicate that the regulation of CCL2 and CCL5 is dependent on the extent 

of cellular differentiation.

 3.6. Culture media from butyrate-treated cells decreases the chemotactic response of 
monocytes

Monocytes may be recruited to tumor sites to mediate tumor-specific immunity [38, 39] or 

tumor-promoting mechanisms [40]. To determine the biological relevance of the decrease in 

chemokines induced by butyrate, the chemotactic responses of monocytes to culture media 

from untreated or butyrate-treated cells was analyzed via Borden chamber. Media from 

leukemia cells treated with butyrate for 24 hours were used as a chemoattractant in the 

bottom chamber. Monocytes placed in the upper chamber were allowed to migrate for 24 

hours. Monocyte migration towards media from butyrate-treated U937 cells and HL-60 cells 

decreased in a concentration-dependent manner with significant reduction for U937 cells 

only (Figure 6A). The migration of monocytes towards media from THP-1 cells displayed 

little to no changes (Figure 6A). Figure 6B established the operability of our system using 

fetal bovine serum (FBS) as a positive control and RPMI media without FBS as a negative 

control. Based on these data, we infer butyrate decreases the release of chemoattractant 
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cytokines resulting in reduced migration of monocytes. For all subsequent experiments, 5 

mM concentration of butyrate was used unless otherwise stated.

 3.7. Butyrate regulates MAPK and AKT proteins

To elucidate the underlying mechanism involved in the regulation of CCL2 and CCL5 by 

butyrate, key signaling pathways involved in migration, apoptosis, and production of 

cytokines were analyzed in U937 cells. The mitogen-activated protein kinase (MAPK) 

proteins, p38, ERK, and JNK, possess diverse biological effects that include apoptosis, 

migration, differentiation, proliferation [41], and hematopoiesis [42]. Of particular interest, 

p38 and JNK are stress-induced proteins that may exhibit their roles as cytokine regulators 

[43]. AKT kinase has become a major focus of research due to its regulatory role in a wide 

variety of cellular processes that include protein synthesis, and cell survival [44]. Cells were 

treated with butyrate over a time course and analyses of phosphorylated and total forms of 

the proteins were conducted via Western blot. Butyrate significantly increases 

phosphorylation of p38 within 2 hours of treatment (Figure 7A, Supplementary S4A), but 

decreases p-ERK levels (Figure 7B, Supplementary S4B). Butyrate did not induce p-JNK 

(Figure 7C, Supplementary S4C). An initial decrease in p-AKT within 2 minutes show a 

decline in activation of AKT followed by re-activation 24 hours post-treatment (Figure 7D, 

Supplementary S4D).

 3.8. p38 MAPK potentially mediates butyrate-induced regulation of CCL5 production, but 
not CCL2 production in U937 cells

Butyrate induces p38 that regulate biological processes such as induction of β-globin [45], 

and regulation of apoptosis [41]. Yet, activation of this pathway by butyrate has not been 

linked to cytokine production. We exploited SB203580 (SB), a pharmacological inhibitor of 

p38, to directly correlate the role of p38 with the biological effects induced by butyrate. In 

Figure 8A, cells were subjected to varying conditions that included SB203580, butyrate, 

JNK and p38 inducer Anisomycin, and/or DMSO vehicle for 30 minutes or 24 hours. When 

cells were pretreated with SB203580 before butyrate treatment (Lane 5), phosphorylation of 

p38 decreases compared to butyrate treatment alone (Lane 3). Anisomycin successfully 

activated p38, JNK, and downstream protein activating transcription factor, ATF (Lane 7). 

Contrary, ATF was not activated by butyrate (Lanes 2 and 3). Lastly, butyrate-induced 

cleavage of caspase-3 decreased by 2-fold when p38 was blocked with SB203580 (Lanes 3 

and 5). These data imply that butyrate-induced p38 utilizes another downstream protein 

other than ATF to render its biological effect. Additionally, the p38 MAPK pathway plays a 

role in the induction of apoptosis by butyrate, thus confirming previous reports [46-48].

Next, the production of CCL2 and CCL5 were analyzed via ELISA using culture media 

from U937 cells treated with butyrate in the absence or presence of SB203580. The 

reduction of CCL2 induced by butyrate occurred 24 hours after administration of butyrate 

and not at earlier time points (Figure 8B). Blocking p38 MAPK did not abolish the decline 

in CCL2 production induced by butyrate. Although not statically significant, SB203580 

overcomes butyrate-induced suppression of CCL5 to levels similar to that of the untreated 

cells (Figure 8C) indicating that butyrate may utilize p38 to regulate CCL5 in U937 cells. 

Importantly, levels of CCL5 in cells treated with SB203580 alone were near levels similar to 
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the untreated cells and the viability of the cells did not change in the presence of SB203580 

(Supplementary S5A). This indicates regulation of this chemokine is due to signaling 

mechanism induced by butyrate and not due to a decrease in cell population. Furthermore, 

blocking p38 did not influence the expression of the mRNA of the cytokines analyzed with 

PCR (Supplementary S2 and S3).

 3.9. AKT and ERK may regulate the production of CCL2

To determine whether the decline in phosphorylated ERK and AKT play a role in the 

production of CCL2 and CCL5, cells were pretreated with pharmacological inhibitors 

against PI3K (LY294002) and MEK (U0126) and then treated with butyrate for 24 hours. In 

Figure 9A, treatment with LY294002, U0126, and combinational treatments (inhibitor and 

butyrate) significantly reduced CCL2 production but not CCL5 (Figure 9B) in U937 cells. 

HL-60 cells displayed identical effects to butyrate as U937 cells including increased p-p38, 

and decreased activation of AKT and ERK (Supplementary S5C). HL-60 cells also 

established p38 does not contribute to CCL2 secretion (Figure 9C). The changes observed 

for CCL5 were not statistically significant (Figure 9D). Both inhibitors were successful in 

reducing activation of AKT and ERK (Supplementary S5D); but they were also toxic to the 

cells similar to butyrate in U937 cells only (Supplementary S5A). These data infer the AKT 

and ERK signaling pathways are major contributors to the regulation of CCL2 in that 

inactivation of these pathways leads to a decline in CCL2 expression.

 4. Discussion

In this study, we determined high concentrations of butyrate induce differential expression of 

inflammatory and chemoattractant cytokines into the tumor microenvironment. We 

demonstrated pro-inflammatory cytokines IL-5, IL-17, TNF-α and anti-inflammatory 

cytokine IL-10 are produced and significantly altered at low concentrations at the protein 

level in U937 cells in response to butyrate (Figure 4). Unlike the fore mentioned cytokines, 

TGF-β1 is constitutively expressed in high levels of protein to butyrate. Additionally, mRNA 

levels of TNFSF13B displayed a dramatic reduction (Supplementary S3B). The reduction of 

TGF-β1 and TNFSF13B in response to butyrate may pose some significant biological 

relevance. Based on the standard curves generated, this puts IL-5, -10, 17A, and TNF-α at or 

below 14, 5.9, 28.4, 21.4 pg/mL respectively. Based on the sensitivity of the assay, these 

measurements are close to the limit of detection. Overall, the biological influences due to the 

changes of these cytokines are still yet to be determined, but merit investigation since many 

cancers are initiated as a state of chronic inflammation [4].

Our work focuses heavily on the effects of butyrate on the acute leukemia cell linage. Yet, 

there remains a vital need for similar studies to be carried out in normal cells such as human 

lymphocytes and immature bone marrow cells. A review of the literature has indicated a 

potential effect. A study involving oral science suggests high concentrations of butyric acid 

(21-36 mM) produced by periodontopathic bacteria strongly induced apoptosis in 

lymphocytes and monocytes at similar magnitudes [49]. Another study demonstrated normal 

lymphocytes undergo a 30% decline in viable cells 72 hours after treatment with butyrate. 

The authors suggested variations in c-myc and p21 expression delayed butyrate-induced 
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apoptosis for several hours [50]. The delay in the induction of apoptosis, evidence showing 

lymphocytes and monocytes behave similarly to butyrate, our data demonstrating the 

absence of butyrate-induced apoptosis on normal monocytes 24 hours post-treatment (Figure 

2) and the high rate of degradation of butyrate in vivo [51] suggests lymphocytes and 

monocytes may be protected from the anti-cancer activities of butyrate. These studies may 

lend to a potential mechanism of resistance to butyrate in both lymphocytes and monocytes.

The hallmark function of chemokines is to regulate leukocyte trafficking to sites of 

inflammation and injury. Chemokines produced by tumor, stromal, and tumor-associated 

immune cells have been shown to promote tumorigenesis [6, 52, 53]. Studies have indicated 

macrophages as important regulators of tumor progression, metastasis, invasion, and 

angiogenesis [54]. The pro- or anti-tumorigenic effects of the influx of macrophages into the 

tumor microenvironment vary based on the composition of the tumor microenvironment. 

Therefore, the chemokine profile of the tumor microenvironment plays a vital role in 

recruitment and function of macrophages [54, 55].

Studies have demonstrated that tumor epithelial cells express high levels of CCL2, and that 

these levels correlate with the recruitment of monocytes into tumor tissues [56-58]. It has 

become clear that CCL2 is the main determinant of leukocyte recruitment into specific 

tumors and positively associated with tumor-associated macrophage accumulation [40]. 

Recent results in estrogen receptor positive breast cancer demonstrate the essential role of 

both CCL2 and CCL5 in cancer progression [59]. Similar to CCL2, CCL5 plays an immense 

role in tumor proliferation, metastasis, and angiogenesis [60]. Here, we have demonstrated 

U937 and HL-60 cells constitutively express high levels of CCL2 and CCL5 resulting in the 

chemotactic activity of monocytes. We have also shown butyrate has the capability to reduce 

these chemokines influencing the migration of monocytes (Figures 4 and 6). Consequently, 

butyrate is capable of altering the tumor microenvironment that could effect the migration of 

monocytes to the tumor potentially reducing tumor-associated macrophage populations.

Previous studies have shown butyrate alters gene expression by virtue of its ability to inhibit 

HDACs [22-24]. Even so, it is essential to elucidate other mechanisms that may be used by 

butyrate to influence cytokine production. Often constitutively activated in a number of 

cancers [44, 61], the AKT signaling pathway functions in survival and the synthesis of 

proteins [44] that is ideal to target for apoptosis and cytokine production. Previously, 

butyrate has been shown to suppress the PI3K pathway resulting in apoptosis that is linked 

to induction of PTEN in gastric cancer cell [62] and colon cancer cells [63]. Our data 

supports butyrate-induced inactivation of AKT, which may be relevant to the induction of 

apoptosis and CCL2 (Figures 7 and 9). However, U937 cells contain a frame shift mutation 

in the PTEN/MMAC1 gene resulting in premature termination [64] implying PTEN is likely 

not responsible for the reduction of phosphorylated AKT in U937 cells. The exact 

mechanism of action of butyrate on AKT signaling remains unclear as to whether it is an 

indirect inhibition due to suppression of specific upstream proteins or a direct interaction 

with AKT. Yet, it is plausible the AKT may regulate CCL2 via transcription factor Snail [65] 

that may be activated by GSK-3, a downstream protein of AKT [61]. The AKT signaling 

pathway continues to be an essential pathway of interest posing a prime target for treatment 

in leukemias [44].
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The MAPK superfamily mediates biological processes that include proliferation, 

differentiation, apoptosis, and inflammation. For instance, the role of butyrate in K562 

erytholeukemic cells has been widely studied for its ability to induce γ-globin that is 

regulated by p38 activation [45]. Blocking the signaling of AKT with LY294002 in the 

presence of butyrate reduced the phosphorylation of ERK in U937 cells [66]. These and 

other studies [45, 66-70] indicate MAPK signaling and crosstalk between the AKT and 

MAPK proteins are specific for the action of butyrate, which appears to be the case for 

CCL2 (Figure 9 and Supplementary S5).

Our observations indicate p38 MAPK is the only MAPK protein induced by butyrate and is 

positively linked to apoptosis (Figure 7A and 8A). It is also important to note results from 

contradictive studies indicating other members of the MAPK family (ERK and JNK) 

responsible for butyrate-induced apoptosis [71-73]. However, cell type and concentrations of 

butyrate used may explain these contradictive findings. The p38 pathway was also associated 

with the regulation of CCL5 identified through the use of the p38 inhibitor, SB203580; but 

p38 does not appear to mediate butyrate regulation of CCL2 (Figures 8 and 9). Although the 

results were not significant, the p38 pathway may be one of multiple mechanisms 

responsible for production of CCL5. The p38 signaling pathway is linked to the activation of 

transcription factors; thus, analysis of the mRNA levels of the cytokines indicates 

differential changes after butyrate treatment. However, it did not appear the changes in 

mRNA levels were due to the induction of p38 (Supplementary S2 and S3). Regardless, it 

remains possible that both post-transcriptional and post-translational regulatory mechanisms 

induced by butyrate would play a role in the regulation of cytokine expression observed.

Based on our data and previous reports we propose the mechanistic model shown in Figure 

10. As suggested, butyrate-induced p38 activation may be associated with enhanced 

apoptosis, decline in CCL5 expression and subsequent reduction in migration. Also, by 

employing direct or indirect mechanisms, butyrate induces negative regulation of PI3K/AKT 

and ERK pathways, which may be associated with downstream decline in cell viability, 

expression of CCL2, and migration. Furthermore, butyrate causes differential expression of 

IL-5, IL-10, IL-17A, TGF-β1 and TNF-α through yet to be identified mechanisms. Lastly, 

the biologic effects of butyrate reported here might be independent of both JNK and PTEN.

 5. Conclusion

Collectively, these data depict butyrate as a viable adjunct therapy to induce apoptosis in 

leukemia cells, and reduce the migration of potential tumor-associated immune cells to the 

site of tumor by regulating cytokine production in the tumor microenvironment. These and 

other observations enhance the understanding of the action of butyrate providing valuable 

knowledge validating this drug as an effective adjuvant therapy for leukemia and other 

cancers.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• During apoptosis, butyrate differentially regulates inflammatory 

cytokines.

• Butyrate suppresses CCL2, CCL5, and subsequently monocyte 

migration.

• Expression of CCL5 may be partially dependent on p38 MAPK.

• Induction of CCL2 expression may be dependent on activation of AKT 

and ERK.

• The regulation of cytokines is dependent on stage of maturation in 

leukemia.
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Figure 1. Butyrate-induced apoptosis in U937 leukemic cells
(A) U937 cells were treated with butyrate (NaB) or H2O for 24 hours. Cell viability was 

determined using trypan blue exclusion assay. n = 5. (B) Cells were untreated or treated with 

butyrate or H2O vehicle for 24 hours. After harvesting, total cell lysates were analyzed for 

caspase-3 by western blot analysis. (C) Cells were untreated or treated with 5 or 10 mM of 

butyrate or H2O vehicle for 6, 12, or 24 hours. Cell lysate proteins underwent western blot 

analysis for caspase-3. Arrows indicate the cleaved caspase-3 fragments at 17 and 19 kDa. 

(D) U937 cells were untreated or treated with 5 or 10 mM butyrate or H2O for 24 hours. A 

colorimetric caspase-3 assay was used to analyze caspase activity. n = 7. (E) Cells were 

treated with butyrate (5 mM) and Annexin V fluorescence was measured by flow cytometry. 

n = 7. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 when compared to the untreated 

(0, UT).
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Figure 2. Regulation of apoptosis by butyrate in HL-60, THP-1 leukemia cells, and monocytes
(A) HL-60, (B) THP-1 leukemia cells, and (C) monocytes isolated from whole blood taken 

from anonymous donors were treated with butyrate for 24 hours. Cell viability was 

determined using trypan blue exclusion assay. n = 6, 5, and 9 respectively. (D) Cells were 

untreated or treated with 5 or 10 mM butyrate for 24 hours and subjected to colorimetric 

caspase-3 assay. n = 6, 5, and 5 respectively. (E) HL-60 and (F) THP-1 cells were treated 

with butyrate (5 mM) and Annexin V fluorescence was measured by flow cytometry. n = 7. 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 when compared to the untreated (0).
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Figure 3. Valproic acid-induced apoptosis in leukemia cells
Cells were treated with various concentrations of valproic acid (VPA) for 24 hours. (A) 

U937, (B) HL-60, and (C) THP-1 cell viability were determined using trypan blue exclusion 

assay. n = 5. (D) U937, HL-60, and THP-1 cells were untreated or treated with 2 or 4 mM of 

VPA for 24 hours and subjected to colorimetric caspase-3 assay. n = 7, 5, and 7 respectively. 

(E) Cells were treated with valproic acid (4 mM) and Annexin V fluorescence was measured 

by flow cytometry. n = 7. *p < 0.05, ****p < 0.0001 when compared to the untreated (0).
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Figure 4. Differential expression of cytokines in leukemia cells treated with butyrate
U937 cells were untreated or treated with butyrate for 24 hours and analyzed for the 

production of (A) inflammatory and (B) chemoattractant cytokines via multi-analyte ELISA. 

Data are presented as absorbance indicative of protein level. n = 8 and 5 respectively. 

Similarly, (C) HL-60 and (D) THP-1 cells were subjected to analysis of chemoattractant 

cytokines via multi-analyte ELISA. n = 5. *p < 0.05, **p < 0.01, ****p < 0.0001 when 

compared to the untreated (UT).
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Figure 5. Differential expression of CCL2 and CCL5 in leukemia cells treated with butyrate and 
valproic acid
U937 cells were untreated or treated with butyrate or valproic acid for 24 hours and analyzed 

for the production of (A) CCL2 and (B) CCL5 via ELISA. n = 5. (B) HL-60 cells were 

analyzed for (C) CCL2 and (D) CCL5 in the presence and absence of butyrate or valproic 

acid. n = 5. Similarly, THP-1 cells were treated under the same conditions and analyzed for 

(E) CCL2 and (F) CCL5. n = 5. *p < 0.05, ***p < 0.001, ****p < 0.0001 when compared to 

the untreated (0).
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Figure 6. Chemotaxis of monocytes decrease to media from butyrate-treated U937, HL-60, and 
THP-1 cells
(A) U937, (B) HL-60, and (C) THP-1 cells were treated or untreated with butyrate for 24 

hours. The migratory potential of monocytes was measured using the media of the treated 

cells as a chemoattractant in a Borden chamber. n = 5. (D) Fetal bovine serum (FBS), and 

media without FBS was used as a control. *p < 0.05, ***p < 0.001 when compared to the 

untreated (0, media only).
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Figure 7. Regulation of MAPK and AKT proteins in U937 cells by butyrate
U937 cells were untreated or treated with butyrate (5 mM) over a time course and analyzed 

for phosphorylated and total forms of (A) p38 MAPK, (B) ERK1/2, (C) JNK, and (D) AKT 

via Western blot analysis.
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Figure 8. p38 MAPK does not regulate the production of CCL2 and CCL5 in U937 cells
(A) Cells were untreated or pre-treated for 30 minutes with p38 MAPK inhibitor SB203580 

(SB), p38 inducer Anisomycin, DMSO vehicle, and/or butyrate for 30 minutes or 24 hours. 

After harvesting and lysing the cells, Western blot analysis was carried out to analyze 

multiple proteins. Quantitative analyses of p-p38 and total p38 proteins were determined 

using densitometry. n = 5. (B) Cells were untreated or pre treated for 30 minutes with p38 

MAPK inhibitor SB203580 (SB) followed with treatment of 5 mM butyrate for 6, 12, or 24 

hours and analyzed for CCL2 and (C) CCL5 via ELISA. n = 5. **p < 0.01 when compared 

to the untreated (UT, 0).
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Figure 9. Effect of p38, AKT, and ERK on the production of CCL2 and CCL5 by U937 and 
HL-60 cells
Cells were untreated or pre-treated for 30 minutes with p38 MAPK inhibitor SB203580 

(SB), PI3K inhibitor LY294002 (LY), MEK inhibitor U0126 (U0) and/or 5 mM butyrate 

(NaB) for 24 hours. (A) U937 cells were analyzed for CCL2 and (B) CCL5 via ELISA. n = 

5. Similarly, (C) HL-60 cells were analyzed for CCL2 and (D) CCL5 via ELISA. n = 5. *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 10. Potential mechanism of action of butyrate in U937 cells
Based on our experimental data and previous publications regarding signaling pathways 

regulated by butyrate, we have proposed this potential mechanism of action for the induction 

of cytokines and how these pathways may also regulate migration and apoptosis in butyrate 

treated cells.
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