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Purpose of review

High-fiber diets have been shown to reduce plasma concentrations of inflammation

markers. Increased production of fermentation-derived short-chain fatty acids (SCFAs)

is one of the factors that could exert these positive effects. This review examines the

effects of SCFAs on immune cells and discusses the relevance of their effects on

systemic inflammation, as frequently seen in obesity.

Recent findings

SCFAs have been shown to reduce chemotaxis and cell adhesion; this effect is

dependent on type and concentration of SCFA. In spite of conflicting results, especially

butyrate seems to have an anti-inflammatory effect, mediated by signaling pathways like

nuclear factor-kB and inhibition of histone deacetylase. The discrepancies in the results

could be explained by differences in cell types used and their proliferative and

differentiation status.

Summary

SCFAs show anti-inflammatory effects and seem to have the potency to prevent

infiltration of immune cells from the bloodstream in, for example, the adipose tissue. In

addition, their ability to inhibit the proliferation and activation of T cells and to prevent

adhesion of antigen-presenting cells could be important as it recently has been shown

that obesity-associated inflammation might be antigen-dependent. More studies with

concentrations in micromolar range are needed to approach more physiological

concentrations.
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Introduction

The last decades it has become clear that overnutrition

has impact on the immune system. Chronic overnutrition

leads to accumulation of fat in adipose tissue, which

subsequently can become infiltrated with immune cells.

This gives rise to a mild and sustained increase in

immune mediators in the systemic circulation, for

example, the acute-phase response marker C-reactive

protein (CRP) and its major regulators interleukin

(IL)-6 and tumor necrosis factor (TNF)-a [1]. In addition,

repeated exposure to increased concentrations of proin-

flammatory cytokines in the postprandial period after

high-fat meals or rapidly digestible carbohydrates has

recently postulated to be involved in the development

of low-grade inflammation in susceptible persons [2,3].

Chronic low-grade inflammation is associated with an

increased risk of, among others, insulin resistance, dia-

betes type 2, and atherosclerosis [4–6]. For this reason,

strategies to suppress low-grade inflammation as a pre-

ventive measure for these chronic diseases are relevant to

investigate. Food and food-derived substances receive

increasing attention as potential factors that can modulate
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cells or cell functions that play a role in immunological

processes. Dietary fiber intake has been shown in pro-

spective studies to be inversely related to plasma

concentrations of CRP [7–9] and the proinflammatory

cytokine IL-6 [10]. In a human study on healthy elderly,

immunomodulatory effects of the prebioticum B-galac-

tooligosaccharides (B-GOSs) were demonstrated [11].

B-GOS significantly increased the production of the

anti-inflammatory cytokine IL-10 and significantly

reduced production of IL-6, IL-1b, and TNF-a [11].

Another intervention study on elderly with fructooligosac-

charides resulted in decreased IL-6 mRNA expression in

peripheral blood monocytes [12]. In healthy young indi-

viduals, an evening meal rich in nondigestible carbo-

hydrate prevented the glucose-induced postprandial rise

in plasma IL-6 and TNF-a concentrations [13�]. One of

the proposed factors that could explain these effects is the

increase in short-chain fatty acids (SCFAs) acetate, pro-

pionate, and butyrate, which are produced by the colonic

microbiota when dietary fiber is fermented [14–16].

SCFAs are rapidly absorbed from the colonic lumen and

partly metabolized by colonic epithelial cells. A proportion

also enters the portal and peripheral circulation. In six
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nonfasted sudden death victims, portal concentrations of

acetate, propionate, and butyrate lay between 108 and

404 mmol/l, 17 and 194 mmol/l, and 14 and 64 mmol/l,

respectively and peripheral concentrations between 19

and 146 mmol/l, 1 and 13 mmol/l, and 1–12 mmol/l, respect-

ively [17].

SCFAs, and especially butyrate, have for long been the

center of interest for modulating inflammatory responses

in the colonic epithelial cells and results of these studies

indicate beneficial effects. Therefore, it seems worthwhile

to explore whether SCFAs could also affect systemic

inflammation. This is especially interesting because, as

discussed below, recent studies suggest that obesity-

induced inflammation is partly antigen-dependent. Infor-

mation about, for instance, the capacity of SCFAs to reduce

activation of T cells by monocyte-presented antigens is,

thus, highly relevant in this context. This review summar-

izes the results of studies investigating the effects of

SCFAs on immune cells and discusses the relevance of

these observations for the purported effects on systemic

inflammation and consequently for the development of

the metabolic syndrome.
Systemic low-grade inflammation
Inflammation of adipose tissue as well as circulating

mononuclear cells that are in a proinflammatory state is

proposed to contribute to systemic inflammation in

obesity. An increase in the proinflammatory transcription

factor nuclear factor-kB (NF-kB) in the nucleus together

with a decrease in its inhibitors IkB-a and/or IkB-b

is reflecting inflammation at the cellular level. These

characteristics were present in peripheral blood mono-

nuclear cells (PBMCs: lymphocytes, monocytes, and

macrophages) of obese persons and increased NF-kB

activity correlated positively with mRNA levels of IL-6

[18]. Postprandial, an inflammatory response to meals

with a high content of fat (30–50 g) and/or rapidly diges-

tible carbohydrates (e.g., sugars, white flour) has been

found in PBMCs and plasma even in normal-weight

individuals [19,20], which was aggravated in obese per-

sons [21]. Repeated exposure to postprandial inflamma-

tory responses is suggested to contribute to systemic

inflammation and type 2 diabetes [2,3] as well as to

vascular disease [2,22]. Very recently, postprandial acti-

vation of NF-kB and an increase in IL-6 mRNA has been

shown in visceral adipose tissue after a high-fat meal

(60% of the total energy from lipids) in rats [23].

However, generally, low-grade inflammation is thought

to originate from the adipose tissue, though the initiating

factors are still a matter of discussion. Hypertrophied

adipocytes secrete abnormally high amounts of chemoat-

tractants, such as the monocyte chemoattractant protein-

1 (MCP-1), which causes accumulation of macrophages in
opyright © Lippincott Williams & Wilkins. Unautho
adipose tissue [24]. These adipose tissue macrophages

are considered the major source of proinflammatory cyto-

kines [25]. More recently, it became clear that obese

adipose tissue also contains various subsets of lympho-

cytes [26,27�,28�,29,30�]. The proinflammatory T-cell

populations (cytotoxic T-cells and TH1 cells) were

increased in murine [27�,28�] and human obese adipose

tissue [26,29]. Regulatory T (Treg) cells, which contribute

to the homeostasis of the immune system by suppressing

immune response of other cells, have been demonstrated

to be significantly decreased in obese mice [27�,28�] but

not in obese humans [29]. However, in humans, a relative

lack of TH2 cells in obese visceral adipose tissue has been

proposed to lead to an unfavorable TH1/TH2 balance,

which has been shown to positively correlate with plasma

CRP, IL-6, and TNF-a concentrations [29]. Therefore,

the failure of TH2 cells to counterbalance the effect of

proinflammatory TH1 cells might contribute to inflam-

mation. Notably, however, the theory of a mandatory

TH1/TH2 balance for immune homeostasis does not hold

for all organ systems. For example, in the mucosal

immune compartment, TH2 responses are only observed

under helminth infections and not under other circum-

stances. The balance in the mucosal site is considered to

be dependent on TH1 and TH17 responses and kept in

balance by Treg cells [31]. It cannot be excluded that

similar systems are responsible for immune homeostasis

in adipose tissue.

In addition, changes in T-cell receptor diversity and

rearrangements are reported in adipose tissue lympho-

cytes, suggesting that obesity-induced inflammation might

be partly antigen-dependent [27�,28�,30�].
Receptors for short-chain fatty acids
The effects of SCFAs on immune cells might be

mediated by G protein-coupled receptors (GPRs). The

major SCFA receptors are GPR41 and GPR43, which are

both expressed on immune cells [32,33]. GPR43 is highly

expressed in polymorphonuclear cells (PMN, e.g., neu-

trophils) and at lower levels in PBMCs and purified

monocytes. GPR41 is similarly expressed in PBMCs

but not in PMNs, monocytes, and dendritic cells [33].

Both receptors are equally expressed in bone marrow and

spleen. GPR41 and GPR43 were also found to be

expressed in human adipose tissue [32,33]. Brown et al.
[32] showed that GPR41 levels in adipocytes are low,

whereas they are high in blood vessel endothelial cells,

especially in adipose tissue. Furthermore, higher expres-

sion of both receptors has been shown in subcutaneous

tissue than that in omental tissue of obese women [34].

GPR41 and GPR43 are activated by SCFAs with a

different rank order of potency. For GPR41, this rank

order was propionate>butyrate> acetate with acetate

100-fold less potent as compared to propionate and for
rized reproduction of this article is prohibited.
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GPR43, it was propionate> acetate¼butyrate [33].

The possible immune-modulatory functions of SCFAs

are highlighted by a recent study on GPR43�/� mice

[35��]. These mice exhibit aggravated inflammation,

related to increased production of inflammatory media-

tors and increased immune cell recruitment.
Effect of short-chain fatty acid on chemotaxis
and adhesion of immune cells
Effects of SCFAs on chemotaxis and adhesion of

immune cells are interesting in context of the role that

recruitment and accumulation of monocytes play in

adipose tissue as well as in smooth muscle cells in

atherosclerotic lesions.
Chemotaxis

Concentrations of 0.1 and 1 mmol/l but not of 10 mmol/l

of acetate and propionate have been shown to increase

the chemotactic response of neutrophils [33]. In accord-

ance with these results, Sina et al. [36] demonstrated

increased chemotaxis of isolated mice neutrophilic gra-

nulocytes after incubation with 0.1 mmol/l propionate

and butyrate. The noneffectiveness of high concen-

trations was confirmed in a study that showed that incu-

bation with 5 mmol/l butyrate did not affect migration

of human neutrophils [37]. In contrast, chemotactic

responses of mice neutrophils after 4 h pretreatment with

25 mmol/l acetate, 12 mmol/l propionate, and 4, 8,

12 mmol/l of butyrate were increased in the study of

Vinolo et al. [38�]. This was accompanied by an increased

expression of the adhesion molecule L-selectin but not b2

integrin on the surface of neutrophils [38�].

These results indicate a possible stimulatory effect of

SCFA on chemotaxis of neutrophils in different con-

centrations in the absence of a chemotactic stimula-

tor. Further, spontaneous migration of human and rat

neutrophils and migration induced by the bacterial

peptide formyl-Met-Leu-Phe (fMLP) were neither

affected by 1 mmol/l of acetate and propionate [33]

nor by higher concentrations of acetate, propionate,

and butyrate [38�].

In contrast, preincubation of murine macrophages (RAW

264.7) and rat primary macrophages with 2 mmol/l buty-

rate was recently demonstrated to reduce lipopolysac-

charide (LPS)-induced migration [39��]. The effect of

SCFAs on MCP-1 production of human monocytes and

PBMCs was assessed by Cox et al. [40�]. Overnight

incubation with acetate, propionate, and butyrate (0.2,

2, and 20 mmol/l) inhibited constitutive MCP-1 pro-

duction in a concentration-dependent manner either in

absence or presence of LPS, with the strongest effect

for butyrate.
opyright © Lippincott Williams & Wilkins. Unauth
The foregoing data illustrate that SCFA can influence

chemotaxis of immune cells but that its effect depends on

the type and concentration of the SCFA as well as on the

type of species and immune cell type. Butyrate seems to

be the most potent inhibiting factor for chemotactic

effects on human monocytes. Probably, more effects

are present, but remain to be identified.

Adhesion molecules

Differential effects of SCFA on expression of intracellu-

lar adhesion molecule-1 (ICAM-1) and vascular cell

adhesion molecule-1 (VCAM-1) were found. A 24-h

incubation of human umbilical vascular endothelial cells

(HUVECs) with 2 and 4 mmol/l of butyrate increased

ICAM-1 expression without affecting VCAM-1 expres-

sion [41], which was confirmed in the study of Miller et al.
[42] with 2.5–5 mmol/l butyrate and 5 mmol/l of propio-

nate. However, when VCAM-1 expression was induced

by TNF-a, preincubation with 2 and 4 mmol/l butyrate

was shown to reduce this expression. In addition, TNF-

induced adhesion of premonocytic U 937 to HUVECs

was reduced by this treatment [41]. These findings are in

line with those of Zapolska-Downar et al. [43,44�]: pre-

incubation of HUVECs with propionate and butyrate

(0.1, 1.0, and 10.0 mmol/l) for 24 h reduced VCAM-1

surface expression and mRNA levels in TNF-a and

IL-1b-stimulated cells in a dose-dependent manner.

Also, TNF-a-induced and IL-1b-induced adhesion of

freshly isolated monocytes and lymphocytes to HUVECs

was significantly reduced by treatment with both SCFAs

(10 mmol/l, 24 h). The pretreatment with SCFA also

reduced ICAM-1 surface expression and mRNA levels,

though the effect was less pronounced than that on

VCAM-1 [43,44�]. In contrary, no inhibitory effect on

TNF-a-induced ICAM-1 expression was observed by

Menzel et al. [41].

Taken together, these results indicate a clear inhibi-

tion of TNF-a and IL-1b-stimulated VCAM-1 expres-

sion by SCFA in HUVEC. In addition, butyrate could

decrease the expression of the adhesion molecules

ICAM-1 and lymphocyte function-associated antigen

3 (LFA-3) in monocytes [45]. This indicates that buty-

rate might prevent antigen-induced T-cell activation

by preventing cell adhesion, which is essential for

antigen-presenting cell (APC)-induced activation. More-

over, the same study demonstrated reduced expression

of the co-stimulatory molecule B7-1 and upregulation of

B7-2, indicating that butyrate might modulate T-cell

activation by affecting co-stimulatory molecules [45].

By preventing chemotaxis and cell adhesion, SCFAs

might prevent infiltration of immune cells in peripheral

tissues and can have a protective effect against systemic

inflammation. It would be interesting to see whether

SCFAs can affect the migration of immune cells in
orized reproduction of this article is prohibited.
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adipose tissue of obese people and whether SCFAs could

prevent the infiltration of macrophages in arteries. SCFAs

could by this means, in addition to their hypocholestere-

mic effect, contribute to the prevention of atherosclerosis

[46].
Effects of short-chain fatty acids, especially
butyrate, on the expression of cytokines in
leukocytes
In the late 1980s and early 1990s, Eftimiadi et al. [47,48]

already showed interaction of anaerobic bacteria derived

SCFAs on the function of leukocytes. They reported

impaired chemotaxis and reduced phagocytic activity

by leukocytes. However, most studies on the immuno-

modulating effects of SCFAs were performed on epi-

thelial cells in the context of inflammatory bowel disease.

As immune cells are major contributors to these diseases,

Säemann et al. [49] studied the effect of sodium butyrate

on the cytokine expression of PBMC-derived monocytes.

Butyrate inhibited Staphylococcus aureus-induced TH1

cytokines IL-2 and IFN-g and upregulated TH2 cytokine

IL-4 and anti-inflammatory IL-10 production. IL-12 and

its receptor, important activators of IFN-g production,

were downregulated, resulting in inhibition of IFN-g.

Thus, butyrate induced a shift from a more proinflam-

matory TH1-like profile to an anti-inflammatory profile.

Another study showed similar results in PBMCs and the

human acute monocytic leukemia cell line (THP-1)

macrophage cell line, wherein butyrate inhibited LPS-

induced inhibition of IkB degradation. In this way, buty-

rate prevented NF-kB translocation to the nucleus and

hence it prevented transcription of the proinflammatory

genes TNF-a, IL-1b, and IL-6. Similar results were

recently reported by Park et al. [50]. Inducible nitric

oxide synthase (iNOS), responsible for nitric oxide pro-

duction in leukocytes, was also shown to be inhibited by

butyrate in macrophages [39��,50–52].

These results indicate a clear anti-inflammatory effect of

butyrate in leukocytes. Data of Cavaglieri et al. [53]

suggest that this anti-inflammatory effect is mainly

caused by butyrate, as butyrate reduced IFN-g release,

whereas propionate and acetate increased IFN-g release.

Peculiarly, propionate and acetate increased IL-10

expression, whereas butyrate had no effect. Incubation

with a combination of butyrate and acetate or propionate

still showed inhibition of IFN-g release, whereas a com-

bination of the three SCFAs led to an increase in IFN-g,

suggesting that the effects of different SCFAs are exerted

via different mechanisms. A combination of the three

SCFAs showed a slightly reduced proinflammatory pro-

file compared to cultures without SCFAs [53]. Recently,

Vinolo et al. [54�] showed butyrate-impaired neutrophil

function, marked by decreased phagocytosis of Candida
albicans and decreased killing activity via reduced pro-
opyright © Lippincott Williams & Wilkins. Unautho
duction of reactive oxygen species. These parameters

were not changed by propionate or acetate. Other studies,

in contrast, showed anti-inflammatory effects of propio-

nate and acetate [50,55,56,57�].

Säemann et al. [49] suggested that in peripheral lympho-

cytes and monocytes, butyrate prevents a proinflam-

matory and TH1 profile and shifts it to a TH2 profile,

a phenomenon also reported for propionate [57�].

However, this is conflicting with other data, where, in

a LPS-stimulated and phytohemagglutinin-stimulated

whole-blood model, the butyrate-induced shift away

from a proinflammatory and TH1 profile did not result

in a clear TH2 profile [58]. Butyrate significantly reduced

expression of LPS-induced IFN-g, TNF-a, and IL-12

expression; however, IL-5 and IL-13, considered to be

TH2 cytokines, were also reduced. As cell viability was

not affected by LPS or butyrate, apoptosis was not

responsible for this overall cytokine downregulation as

shown in a recent study of Bailón et al. [59��]. They

showed downregulation of a large range of cytokines,

both TH1 and TH2 by butyrate. This effect was depen-

dent on the proliferative and differentiation status of the

different types of cells (primary murine lymphocytes and

monocytes and RAW 264.7 macrophages). In addition,

the observed effects might also be concentration-depen-

dent. An increase in IL-10 was reported for 0.5–1 mmol/l

butyrate, though this effect disappeared at higher con-

centrations (4 mmol/l) [59��]. Säemann et al. [49] reported

a dose-dependent increase in IL-10 upon incubation till

0.25 mmol/l; however, at higher concentrations (0.5–

1 mmol/l), this effect disappeared. Prostaglandin E2

(PGE2), a prostanoid that reduces LPS-induced TNF-

a expression, was induced by butyrate at 1 and 2 mmol/l,

but this effect also disappeared at higher concentrations

of 5 and 10 mmol/l [56]. On the other hand, other studies

show only effects of SCFA in lymphocytes at extremely

high concentrations of 30 mmol/l. As physiological con-

centrations of butyrate and propionate beyond the colon

are in the low micromolar range, experimental concen-

trations of 10 mmol/l or even 30 mmol/l are far from

physiological and relevance of effects become question-

able. As we will discuss later, SCFA can induce apoptosis

in neutrophils and lymphocytes at concentrations much

lower than 30 mmol/l. This implies that effects seen with

high concentrations of butyrate and propionate might be

due to toxicity, rather than a physiological relevant effect.

Therefore, we suggest to carefully choose the concen-

tration range of SCFA in the study of lymphocytes.
Mechanisms of butyrate-modulated cytokine
expression
Several studies looked into the effect of stress and

inflammatory signaling pathways as effector mechanisms

of butyrate. Especially NF-kB was studied and was found
rized reproduction of this article is prohibited.
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to be reduced in most studies [50,55,56,60]. Butyrate

exerted this effect on NF-kB by preventing the protea-

somal degradation of ubiquinated IkB; thus, NF-kB

remained sequestered in the cytoplasm [55,60]. In

addition to the effect of butyrate on NF-kB activation,

several studies analyzed the effect of butyrate on the

MAPK pathways. These mitogen-activated protein

kinases (MAPKs) respond on extracellular stimuli like

stress and cytokines and they regulate cellular processes

as growth, proliferation, apoptosis, and inflammation via

various cascades; major MAP kinases are ERK-1/2, JNK,

and p38. Park et al. [50] demonstrated inhibition of ERK-

1/2, whereas Diakos et al. [61] showed inhibition of JNK

in mast cells, but could not show inhibition of NF-kB. In

contrast, Bailón et al. [59��] did not see an effect of

butyrate on NF-kB nor the MAP kinase ERK, JNK, or

p38 in bone marrow-derived macrophages.

Butyrate is a known histone deacetylase (HDAC) inhibitor

[62]. HDAC prevents gene transcription by keeping chro-

matin in a compact form, so inhibition by butyrate results

in hyperacetylation. Via this mechanism butyrate can

modulate gene expression and exerts an antiproliferative

effect. It, therefore, attracted much attention for its poten-

tial role in fighting colon cancer [63]. It was also shown that

the complex mechanism of acetylation and deacetylation

can modulate NF-kB transcriptional activity via proteins in

the NF-kB pathway as well as in modulating the accessi-

bility of the NF-kB target genes [64]. IL-5, a typical TH2

cytokine, is upregulated by butyrate-induced acetylation

at its promoter site [65]. Butyrate and propionate repress

LPS-induced TNF-a expression by upregulation of PGE2

and cycloogygenase 2 (COX-2) via inhibition of HDAC in

PBMCs and RAW 264.7 [40�,56,66]. On the other hand,

butyrate strongly reduced COX-2 activity in the epithelial

HT-29 colon cancer cell line, indicating that butyrate has a

cell type specific effect [67].

Although the results are ambiguous, butyrate seems to

have an anti-inflammatory effect, mediated by signaling

pathways like NF-kB and inhibition of HDAC. The

discrepancies in the results are most likely explained

by the differences in cell types used and their prolifera-

tive and differentiation status.
The role of short-chain fatty acids in
proliferation and apoptosis
Butyrate has a long history as HDAC inhibitor [68,69] and

this function is thought to be involved in the effect of

butyrate on proliferation and differentiation [70,71].

Butyrate can affect the rate of cell growth, DNA synthesis

and it can induce growth arrest in the G1 phase of the cell

cycle [70,72]; however, these effects differ per cell type.

As butyrate affects proliferation, it has a more distinct

impact on proliferating cells than on differentiated cells
opyright © Lippincott Williams & Wilkins. Unauth
with a low rate of proliferation. Comalada et al. [73]

showed that butyrate significantly inhibited proliferation

and increased differentiation and apoptosis in the HT-29

carcinoma cell line, whereas normal, differentiated epi-

thelial cells were not affected. Recently, this group

elegantly showed that inhibition of proliferation and

induction of apoptosis was dependent on the type of cell

used, and more specifically its proliferation state [59��].

Low concentrations of butyrate were able to inhibit

proliferation in all tested immune cells (primary splenic

derived T cells, primary bone marrow-derived macro-

phages, and the murine RAW 264.7 macrophage cell line)

and nondifferentiated HT-29 cells. As T-cell clonal

expansion is required for activation, butyrate completely

inhibited cytokine production, whereas in normal macro-

phages, which stop proliferating when activated, butyrate

did not affect activation. Butyrate also induced apoptosis

in proliferating cells, whereas nonproliferating macro-

phages and differentiated epithelial cells were hardly

affected. These results indicate that the immune-mod-

ulatory effects of butyrate are dependent on the prolifer-

ation and differentiation status of the used cell type and

that induction of apoptosis might be proliferation-depen-

dent [59��]. Apoptosis was mediated by caspases; how-

ever, involvement of NF-kB and MAPK pathways was

inconclusive. This is in agreement with Aoyama et al.
[74��], who demonstrated participation of caspases, but

ruled out the involvement of MAPKs as well as GPR41

and GPR43 in butyrate and propionate-induced apopto-

sis in neutrophils. In their study, acetate did not induce

neutrophil apoptosis, in contrast to that in the study by

Maslowski et al. [35��] who recently demonstrated

GRP43-dependent apoptosis in neutrophils induced by

acetate. These differences might be explained by the use

of a GPR43�/� mice by Maslowski et al. [35��], whereas

Aoyama et al. [74��] performed in-vitro studies on human

neutrophils. As Aoyama et al. excluded GPR41 and

GPR43 as possible mediators of SCFA-induced apopto-

sis, this might imply that there are other SCFA receptors

present, which also could account for the differences in

immune-modulatory and HDAC-inhibiting functions by

SCFAs [53].

The apoptosis-inducing effect of SCFA also points to

possible toxicity in in-vitro studies. Aoyama et al. [74��]

show decreased cell viability of neutrophils after incu-

bation with 4 and 10 mmol/l butyrate or propionate, but

not with 0.4 mmol/l. Stehle et al. [75] demonstrated that

1 mmol/l butyrate and propionate could delay apop-

tosis, whereas 5 and 30 mmol/l accelerated apoptosis.

As pointed out before, the effects of SCFA are highly

dependent on the type of SCFA and its concentrations.

Concentrations used in in-vitro studies highly deviate

from in-vivo blood concentrations. Therefore, the choice

of SCFA and concentration should be carefully evaluated

when designing a study.
orized reproduction of this article is prohibited.
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Conclusion
Overall, SCFAs, especially butyrate, seem to exert broad

anti-inflammatory activities by affecting immune cell

migration, adhesion, cytokine expression as well as affect-

ing cellular processes such as proliferation, activation, and

apoptosis. Recently, it became clear that another HDAC

inhibitor may enhance numbers and function of Treg

cells, a population of T cells that suppress activity of

the immune system [76,77]. As several studies showed

increased butyrate-induced expression of IL-10, a modu-

lator of Treg cell function, it would be interesting to see

whether butyrate has the same effect on Treg cells and

whether it can manipulate the balance between detri-

mental TH1 and cytotoxic CD8þT cells versus Treg cells;

disturbance of this balance is more and more thought to

be central in obesity-associated and systemic inflam-

mation [27�,30�,78]. In addition, SCFA might prevent

infiltration of immune cells from the bloodstream in

peripheral tissues, for example, adipose tissue. Given

that there are clues that obesity-associated inflammation

might be antigen-mediated, and as butyrate was shown to

induce T-cell anergy, SCFAs might be good candidates

to evaluate in the fight against obesity-associated and

systemic inflammation in general.
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49 Säemann MD, Bohmig GA, Osterreicher CH, et al. Anti-inflammatory effects
of sodium butyrate on human monocytes: potent inhibition of IL-12 and up-
regulation of IL-10 production. FASEB J 2000; 14:2380–2382.

50 Park JS, Lee EJ, Lee JC, et al. Anti-inflammatory effects of short chain fatty
acids in IFN-gamma-stimulated RAW 264.7 murine macrophage cells:
involvement of NF-kappaB and ERK signaling pathways. Int Immunopharma-
col 2007; 7:70–77.

51 Chakravortty D, Koide N, Kato Y, et al. The inhibitory action of butyrate on
lipopolysaccharide-induced nitric oxide production in RAW 264.7 murine
macrophage cells. J Endotoxin Res 2000; 6:243–247.

52 Stempelj M, Kedinger M, Augenlicht L, Klampfer L. Essential role of the JAK/
STAT1 signaling pathway in the expression of inducible nitric-oxide synthase
in intestinal epithelial cells and its regulation by butyrate. J Biol Chem 2007;
282:9797–9804.

53 Cavaglieri CR, Nishiyama A, Fernandes LC, et al. Differential effects of short-
chain fatty acids on proliferation and production of pro- and anti-inflammatory
cytokines by cultured lymphocytes. Life Sci 2003; 73:1683–1690.

54

�
Vinolo MA, Hatanaka E, Lambertucci RH, et al. Effects of short chain fatty
acids on effector mechanisms of neutrophils. Cell Biochem Funct 2009;
27:48–55.

This article describes the effect of butyrate and propionate on effector functions of
neutrophils.

55 Tedelind S, Westberg F, Kjerrulf M, Vidal A. Anti-inflammatory properties of the
short-chain fatty acids acetate and propionate: a study with relevance
to inflammatory bowel disease. World J Gastroenterol 2007; 13:2826–2832.
opyright © Lippincott Williams & Wilkins. Unauth
56 Usami M, Kishimoto K, Ohata A, et al. Butyrate and trichostatin A attenuate
nuclear factor kappaB activation and tumor necrosis factor alpha secretion
and increase prostaglandin E2 secretion in human peripheral blood mono-
nuclear cells. Nutr Res 2008; 28:321–328.

57

�
Maier E, Kurz K, Jenny M, et al. Food preservatives sodium benzoate and
propionic acid and colorant curcumin suppress Th1-type immune response in
vitro. Food Chem Toxicol 2010; 48:1950–1956.

A paper on the immune modulatory effects of propionate (as food additive) on
PBMCs.

58 Nancey S, Bienvenu J, Coffin B, et al. Butyrate strongly inhibits in vitro
stimulated release of cytokines in blood. Dig Dis Sci 2002; 47:921–928.

59

��
Bailón E, Cueto-Sola M, Utrilla P, et al. Butyrate in vitro immune-modulatory
effects might be mediated through a proliferation-related induction of apop-
tosis. Immunobiology 2010. [Epub ahead of print]

An elegant study investigating the effect of butyrate on activation and apoptosis as
well as the dependence of this effect on the proliferation status of cells.

60 Segain JP, Raingeard de la BD, Bourreille A, et al. Butyrate inhibits inflam-
matory responses through NFkappaB inhibition: implications for Crohn’s
disease. Gut 2000; 47:397–403.

61 Diakos C, Prieschl EE, Saemann M, et al. Novel mode of interference with
nuclear factor of activated T-cells regulation in T-cells by the bacterial
metabolite n-butyrate. J Biol Chem 2002; 277:24243–24251.

62 Davie JR. Inhibition of histone deacetylase activity by butyrate. J Nutr 2003;
133:2485S–2493S.

63 Kouraklis G, Theocharis S. Histone deacetylase inhibitors: a novel target of
anticancer therapy (review). Oncol Rep 2006; 15:489–494.

64 Quivy V, Van LC. Regulation at multiple levels of NF-kappaB-mediated
transactivation by protein acetylation. Biochem Pharmacol 2004; 68:1221–
1229.

65 Han S, Lu J, Zhang Y, et al. HDAC inhibitors TSA and sodium butyrate
enhanced the human IL-5 expression by altering histone acetylation status at
its promoter region. Immunol Lett 2007; 108:143–150.

66 Park GY, Joo M, Pedchenko T, et al. Regulation of macrophage cycloox-
ygenase-2 gene expression by modifications of histone H3. Am J Physiol Lung
Cell Mol Physiol 2004; 286:L956–L962.

67 Tong X, Yin L, Giardina C. Butyrate suppresses Cox-2 activation in colon
cancer cells through HDAC inhibition. Biochem Biophys Res Commun 2004;
317:463–471.

68 Riggs MG, Whittaker RG, Neumann JR, Ingram VM. n-Butyrate causes
histone modification in HeLa and Friend erythroleukaemia cells. Nature
1977; 268:462–464.

69 Whitlock JP Jr, Augustine R, Schulman H. Calcium-dependent phosphoryla-
tion of histone H3 in butyrate-treated HeLa cells. Nature 1980; 287:74–76.

70 Darzynkiewicz Z, Traganos F, Xue SB, Melamed MR. Effect of n-butyrate on
cell cycle progression and in situ chromatin structure of L1210 cells. Exp Cell
Res 1981; 136:279–293.

71 Chung YS, Song IS, Erickson RH, et al. Effect of growth and sodium butyrate
on brush border membrane-associated hydrolases in human colorectal can-
cer cell lines. Cancer Res 1985; 45:2976–2982.

72 Kruh J. Effects of sodium butyrate, a new pharmacological agent, on cells in
culture. Mol Cell Biochem 1982; 42:65–82.

73 Comalada M, Valledor AF, Sanchez-Tillo E, et al. Macrophage colony-stimu-
lating factor-dependent macrophage proliferation is mediated through a
calcineurin-independent but immunophilin-dependent mechanism that med-
iates the activation of external regulated kinases. Eur J Immunol 2003;
33:3091–3100.

74

��
Aoyama M, Kotani J, Usami M. Butyrate and propionate induced activated or
nonactivated neutrophil apoptosis via HDAC inhibitor activity but without
activating GPR-41/GPR-43 pathways. Nutrition 2010; 26:653–661.

This is an interesting paper studying SCFA-induced apoptosis in neutrophils and
possible mechanisms.

75 Stehle HW, Leblebicioglu B, Walters JD. Short-chain carboxylic acids pro-
duced by Gram-negative anaerobic bacteria can accelerate or delay poly-
morphonuclear leukocyte apoptosis in vitro. J Periodontol 2001; 72:1059–
1063.

76 Tao R, de Zoeten EF, Ozkaynak E, et al. Deacetylase inhibition promotes the
generation and function of regulatory T cells. Nat Med 2007; 13:1299–1307.

77 Wang L, Tao R, Hancock WW. Using histone deacetylase inhibitors to
enhance Foxp3(þ) regulatory T-cell function and induce allograft tolerance.
Immunol Cell Biol 2009; 87:195–202.

78 Izcue A, Coombes JL, Powrie F. Regulatory T cells suppress systemic and
mucosal immune activation to control intestinal inflammation. Immunol Rev
2006; 212:256–271.
orized reproduction of this article is prohibited.


	Butyrate and other short-chain fatty acids as modulators of immunity: what relevance for™health?
	Introduction
	Systemic low-grade inflammation
	Receptors for short-chain fatty acids
	Effect of short-chain fatty acid on chemotaxis and adhesion of immune cells
	Chemotaxis
	Adhesion molecules

	Effects of short-chain fatty acids, especially butyrate, on the expression of cytokines in leukocytes
	Mechanisms of butyrate-modulated cytokine expression
	The role of short-chain fatty acids in proliferation and apoptosis
	Conclusion
	References and recommended reading




