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Abstract: Environmental cues have been proven as a pivotal participant in the shaping of immune system via metabolic control, epigenetic reprogramming and direct interaction on some key signaling pathways. Regulatory T cells
(Tregs), the major negative component among immune cells, are also a considerably dynamic, plastic and heterogenous cell population. As such, Tregs are sensitive to environmental factors, which can determine the induction of
their subsets such as tissue-specific Tregs, diet-induced Tregs and microbiota-induced Tregs. Recently, short-chain
fatty acids (SCFA), mainly produced by the gut microbiota, gained much attention regarding its interrelationship with
the immune system. Butyrate has been shown to be a powerful and versatile SCFA, part of its beneficial effect is
exerted through the induction of different types of peripheral Tregs. Here, we provide a brief overreview for the role
of butyrate in the induction of peripheral Tregs in disease conditions.
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The immune system has been noted containing
two complementary classes of regulatory T
cells (Tregs), the thymus-derived natural Treg
(nTreg) and the peripheral Treg (pTreg) [1]. In
general, nTregs play an important role in the
establishment and maintenance of self-tolerance, while pTregs are essential to sustain the
peripheral immune homeostasis. Therefore,
disturbance of either nTreg or pTreg would
cause severe pathological disorders. For this
reason, adoptive transfer of Tregs has long
been regarded as a hopeful therapeutic approach for treatment of immune related diseases. However, this strategy faces up with problems such as off-cell effects, Treg stability and
safety issues, which may impede its implication
as a long-term reliable therapeutic choice
[2]. Alternatively, large amount of efforts have
been concentrated on the de novo generation
and induction of pTregs such as induction of
antigen-specific pTregs using MHC-peptide coated nanoparticles [3]. pTregs have a widespread organ distribution and are easily affected by the unique organ micro-environment,
thereby manifesting different types imprinted

with distinct cell surface marker expression
and/or functional characteristics [4, 5].
Previous studies demonstrated that intestine,
a digestive organ, also serves as a major part
of mucosal immune system, which contains a
large repertoire of pTregs. Importantly, both diet
and microbiota can induce gut Tregs to mediate tolerance toward food antigen and commensal bacterial flora [6]. The metabolic products, short-chain fatty acids (SCFAs) resulted
from diet or bacterial fermentation, have been
recognized to be the major contributors for
induction of pTregs [7]. Butyrate, a well-documented SCFA is of particularly important. It
has been indicated to possess the ability either
to induce the differentiation or to promote the
functionality of Tregs. Especially, consumption
of diet containing Brassica. rapa. L could
increase the percentage of butyrate-producing
bacteria associated with higher butyrate content and IL-10 level in the spleen [8], and direct administration of butyrate through oral
gavage regulates Th17/Treg balance to prevent 2,4,6-trinitrobenzene sulfonic (TNBS) acid-
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induced colitis in rat [9]. Studies in isolated
cells also characterized its potency for induction of stable and suppressive Tregs in human
subjects [10, 11]. In this mini review, we intend
to provide an overreview for the role of butyrate in the induction of Tregs for the maintenance of immune homeostasis in disease conditions. We also discuss the related molecular
mechanisms and the potential for its derivatives in clinical applications.
Dietary fibers and microbiota
Generally, our diet is composed of a variety of
macronutrients including carbohydrates, proteins, fats and fibers. There is compelling evidence that humans and other vertebrates have
coevolved a reliance with gut bacteria during
evolution for fiber digestion along with the production of metabolites and certain vitamins
[12]. Therefore, our diet can shape gut bacterial ecology and diversity, and alterations in
nutritional components (e.g., fibers) correlate
with the development of human diseases [13,
14]. Indeed, consumption of diet containing
high levels of fibers is associated with a lower
risk death from a range of conditions [15].
Particularly, butyrate is one of the beneficial
molecules emanated from bacterial metabolism of dietary fibers.
The G protein-coupled receptor (GPCR)-mediated butyrate effect

[20]. Therefore, it is likely that those immune
cells with GPCR expression contribute to butyrate-mediated protective effect observed in
autoimmune models. It is believed that GPCR
is indirectly engaged in butyrate function
via dendritic cells. Oral intake of specific multifiber mix elevates Treg cell percentage in the
mesenteric lymph nodes (MLN), which correlates with increased tolerogenic lamina propria derived CD103+RALDH+DC in the MLN,
indicating a role of DC in the diet-induced
Tregs [23]. GPR109a, known as niacin receptor,
is also the receptor for butyrate. ButyrateGPR109a signaling endows colonic and splenic DC with the ability to secrete retinoic
acid, thereby instructing naïve T cells into Treg
cells [24]. In support of this notion, acetate
and propionate have been proven to prompt
accumulation of nTregs in the intestine milieu
through GPR43, either boosting the proliferation of nTregs or up-regulating GPR15 expression [21]. In contrast, butyrate appears to
exert its immnuoregulatory effect in GPR41 or
GPR43-independent manner, and it mainly influences the de novo generation of peripheral
induced pTregs, rather than thymus-derived
nTregs [22].
The impact of butyrate on epigenetic regulation

SCFA receptors belong to a family of G-proteincoupled receptor including GPR41 (FFAR3),
GPR43 (FFAR2) and GPR109a (HCAR2) [16].
They serve as an important molecular link
between metabolism and immune system [17].
Although much progress has been made concerning the pathological relevance of SCFA
receptors in energy metabolism and disorders
like type 2 diabetes and obesity, their role in
immune regulation, however, has recently begun to be recognized. For example, mice deficient in GPR43 manifest exacerbated or unresolved inflammation in models of colitis, arthritis and asthma [18], while GPR41 is required
for helminth-induced anti-inflammatory cytokine secretion and regulatory T cell suppressive
activity in the lung [19].

Butyrate has long been recognized as a potent HDAC inhibitor. It has been well known
that protein acetylation is a reversible and
dynamic epigenetic modification process, which is counter-regulated by histone acetyltransferases (HAT) and histone deacetylases
(HDACs). HDACs comprise a single NAD-dependent sirtuin family of class III (SIRT1-7) and
three classes of Zn-dependent enzymes: class
I includes HDAC1, 2, 3, and 8; class II includes
HDAC4, 5, 7 and 9 (subclass IIa), and HDAC6,
and 10 (subclass IIb); as well as the sole class
IV HDAC11 [25]. Butyrate inhibits the activity
of most HDACs except for class III SIRTs and
class IIb HDAC6 and 10. The mechanism may
involve the elevation of acetyl-CoA level and/
or direct contact, although the binding sites
remain elusive, and whether this inhibition is
competitive or noncompetitive is yet to be
determined [26].

SCFA receptors have a broad expression on
multiple immune cell types, with myeloid lineage showing the highest expression levels

Aberrant histone/protein acetylation is a causative factor in the disturbance of cell events.
Therefore, Treg differentiation and function are
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also closely-related to acetylation. There is
compelling evidence that Treg cells have significantly higher HDAC activity than that of
CD4+CD25 - T cells. Particularly, of the ten class
I and class II HDAC proteins, HDAC9 is a notable regulator for Foxp3 expression and, as a
result, depletion of HDAC9 promotes Foxp3
acetylation as well as Treg suppressive function
[27]. In line with this observation, pan-HDACi,
but not class I-specific HDACi, were found to
enhance Treg function and reduce colitis in
mice. Of note, HSP70 serves as a molecular
chaperon to mediates the effect of HDAC9
inhibitor on Foxp3 expression [28]. Other than
HDAC9, HDAC6 [29] and SIRT1 [30] are also
found capable of regulating Foxp3 expression,
albeit they are non-targets of butyrate. Conversely, members of class IIa exhibit negative
impact on Treg function. For example, loss of
HDAC5 attenuates Treg function and generation through an unknown mechanism [31].
Collectively, the isoform-selective effects of
HDAC inhibition on Treg function are yet to be
fully elucidated.
Interestingly, a recent study revealed that butyrate could increase H3 acetylation in the
Foxp3 promoter and the conserved noncoding sequence 1/3 region (CNS1/3), by which
it preferentially promotes the generation of
induced NRP1-Helios- CD103+ pTregs and, most
importantly, this process seems to be irrelevant to the over-expression of critical transcriptional factors such as c-Rel, NFAT, Smad3
or Stat5 [32]. It is noteworthy that butyratemediated HDAC inhibition is competent of
acting through dendritic cells and epithelial
cells. For example, butyrate could impair functional differentiation of human monocytederived dendritic cells by virtue of HDAC inhibition [33], and further studies revealed that
RelB could be a target responsible for the production of such Treg-supportive DC population
[22]. Similarly, butyrate was found to stimulate
epithelial production of retinoic acid via inhibition of epithelial HDAC [34], which forms another layer of action in favor of Treg generation.
Butyrate downstream signaling
Aside from GPCR and histone/protein acetylation, several signaling pathways are also suggested to be prominent in T cell anergy and tolerance induction. Studies in germ-free mice
demonstrated that some gut-indigenous ba7618

cteria are pretty important in T cell education
and immune adaptation. For example, segmented filamentous bacteria (SFB) specifically
deviate the generation of Th17 cells, while
clostridia and bacteroids fragilis are professional to navigate T cells towards Treg fate,
which largely relies on the TLR-MyD88 pathway [35, 36]. However, although butyrate is a
major product originated from so-called Treginducing bacteria, it appears to exert its function independent of TLR-MyD88 pathway [32],
indicating an additive and auxillary role of butyrate to sustain the Treg-promoting milieu since
they are initially educated.
As for other signaling pathways involved, some
of them clearly emerge as a secondary effect
resulted from HDAC inhibition. For example,
SCFA could suppress P38 and JNK1 signaling
through up-regulation of Lipin2 [37], which then
activates mTOR-S6K pathway via S6K acetylation [38], and restore acetylation of tumor
suppressor gene p21 to induce T cell anergy
through cell cycle inhibition [39]. Studies in p21
revealed the existence of butyrate response
element in the promoter region. After butyrate
administration, HDAC is inhibited, which results
in the higher activity of SP1/SP3 and the transcription of p21 [26]. However, not all pathways
have straight forward relationships with HDAC
mediated gene expression in T cells. Butyrate
has also been shown to activate GSK3beta
and PKA, as well as promote cAMP accumulation in T cells, by which it inhibits NFAT transcriptional activity and IL2 production without
affecting calcineurin, MAPK, AP1 and NF-kB
pathways [40]. Similarly, Granzyme-B also
contains butyrate response elements in the
promoter region, which renders it sensitive to
butyrate treatment [41]. Taken together, the
co-factors interacting with HDAC or the existence of other mechanisms and pathways
downstream of butyrate signaling still require
further investigation.
Butyrate and its derivatives in the treatment
of immune disorders
As a natural product, butyrate is quite convenient to be incorporated into the everyday diet.
It can also be easily modified to generate derivatives to overcome the defects of short halftime decay and inadequate pharmacological
efficacy. Chemical structure of butyrate and its
derivatives are summarized in Figure 1.
Int J Clin Exp Med 2018;11(8):7616-7623
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prevents graft-versus-host disease [50-52]. Collectively,
butyrate and its derivatives
are promising agents for future clinical applications. The
effect of butyrate and its derivatives on immune related
diseases are summarized in
Table 1.
Conclusion and perspectives
In the present mini review, we
summarized the function of
butyrate on T cell based tolerance induction, particularly
for its role in peripheral induced Treg generation. Lines of
evidence show that butyrate
could work directly on Treg
cells, leading to hyperacetylation of Foxp3 promoter and
Figure 1. Chemical structure of butyrate and its derivatives. (A) butyric acid;
(B) γ-Amino butyric acid (GABA); (C) 4-phenylbutyrate (PBA); (D) N-(1-carbamCNS region. It is noteworthy
oyl-2-phenylethyl) butyramide (FBA), and (E) 2-(4-morpholinyl) ethyl butyrate
that it does not have a perhydrochloride (MEB).
ceptible impact on thymus
derived nTregs, which differs
Apart from the well-defined role of butyrate
butyrate from other SCFA such as acetate and
played in inflammatory bowel disease (IBD)
propionate. The reason for this discrepancy
treatment [42-44], it has recently been identimay attribute to the low binding affinity of
fied as a regulator in the skin, where butyrate
butyrate to GPR43 which is expressed on
invokes induction of Tregs and shows the ponTreg cells. As for the conventional T cells,
tential to mitigate inflammatory skin reactions
butyrate and its derivatives prevent T cell acti[45]. In type 1 diabetes (T1D) model NOD mice,
vation and expansion by means of cell cycle
administration of butyrate-containing or butyrblockage and IL-2 deprivation. Furthermore,
ate-yielding diet boosts Treg function and
butyrate could also act indirectly through DC
decrease serum concentration of diabetogenic
and epithelial cells to secrete factors in support
cytokines, thereby providing a high degree of
of Treg induction.
protection against spontaneous T1D [46].
Despite we emphasize the immune regulatory
Similar as butyrate, its derivatives also exhibit
role of butyrate played herein, the possible prohigh potential for disease therapy in clinical
inflammatory effect should not be out of consettings. Orally administration of butyrate-recern. Studies also argue against the effect of
leasing derivative, N-(1-carbamoyl-2-phenyletSCFA including butyrate in promoting the funchyl) butyramide (FBA), reduces colitis symption of effector T cells, especially within the
toms and colon damage with improved taste
renal system [38, 53]. This kind of “butyrate
and smell [47]. Similarly, phenylbutyrate disparadox” remains obscure, and microenvironplays favorable effects on many human diseasment was accused for the discrepancy. For
es [48]. Moreover, both GABA, and y-Aminobuexample, under steady state butyrate promotes
tyric acid act as a major inhibitory neurotransTreg induction, while under inflammatory setmitter and possess high potency to inhibit
tings, butyrate may concurrently promote Th1/
autoimmune T cell response in T1D mouse
Th17 functionality and IL-23 secretion from
models [49]. In particular, 2-(4-morpholinyl)
activated DC [54], and other factors as well as
ethyl butyrate hydrochloride, the mostly studcell types presented in the microenvironment
ied butyrate derivative, is capable of inducing
could be decisive to the final outcome of butyrantigen-specific T cell anergy and, by which it
ate’s functional duality.
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Table 1. Butyrate and its derivatives in the treatment of immune related disease models
Butyrate or its derivatives

Disease entity

Modes of action

Publications

Butyrate, butyrate-yielding diet IBD
Skin inflammation
T1D

Peripheral Treg induction

Reduce neutrophil recruitment and maintain barrier integrity

[41-45]

FBA

DSS-induced colitis

PBA

Neuro-and lung inflammation NF-kB signaling suppression, alleviation of oxidative and ER stress

[46]
[47]

GABA

T1D

Inhibit diabetogenic T cell cycle progression

[48]

MEB

Transplantation

Allogenic T cell inactivation

[49-51]

FBA, N-(1-carbamoyl-2-phenylethyl) butyramide; PBA, 4-phenylbutyrate; GABA, γ-Amino butyric acid; MEB, 2-(4-morpholinyl)ethyl butyrate hydrochloride; IBD, inflammatory
bowel disease; T1D, type 1 diabetes.

Mechanistically, HDAC inhibition is regarded
as the main function of butyrate for a long period of time, which is also repeatedly proved to
be dominant in various of cell types and disease models. However, there is no reason to
exclude other possibilities. First, identification
of “butyrate response element” which under
the control of butyrate affects gene expression
without disturbance for the activity of known
important HDACs [41], suggesting the existence of acetylation on DNA-binding proteins.
More recently, butyrylation and endogenous
beta-hydroxybutyration have been recognized
as novel histone acyl-modifications [55], which are important in metabolic regulation and
inflammasome activation [56, 57]. Therefore,
further studies would be necessary to address
whether non-histone protein modification, or
other types of histone modification are engaged in the immune system and contribute to
the tolerance-inducing effect of butyrate.
In summary, butyrate serves as a bridge to link
diet, microbiota, metabolic process and epigenetics to the host immune adaptation. Dietary change, fasting, exercise, and caloric restriction are long-term life style adjustment,
while the beneficial effect on human health is
closely related to butyrate metabolism. Given
the fact of selective action on activated T cells
and induction of peripheral Tregs, butyrate
derivatives could be more effective immune
regulators as compared to the traditional immunosuppressants.
Acknowledgements
Our research was supported by the Natural
Science Foundation of China (81530024,
91749207 and 81770823), the Ministry of
Science and Technology (2017ZX09304022,
2016YFC1305002 and 2017YFC1309603),
the Department of Science and Technology of
Hubei province (2017ACA096), and the In7620

tegrated Innovative Team for Major Human
Disease Programs of Tongji Medical College,
Huazhong University of Science and Technology.
Disclosure of conflict of interest
None.
Address correspondence to: Cong-Yi Wang, The
Center for Biomedical Research, Tongji Hospital,
Tongji Medical College, Huazhong University of
Science and Technology, 1095 Jiefang Avenue,
Wuhan 430030, Hubei, China. E-mail: wangcy@tjh.
tjmu.edu.cn; Ziyun Zhang, Department of Rheumatology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, 1095
Jiefang Avenue, Wuhan 430030, Hubei, China.
E-mail: 201726244@qq.com

References
[1]
[2]
[3]

[4]

[5]
[6]

Shevach EM and Thornton AM. tTregs, pTregs,
and iTregs: similarities and differences. Immunol Rev 2014; 259: 88-102.
Singer BD, King LS and D’Alessio FR. Regulatory T cells as immunotherapy. Front Immunol
2014; 5: 46.
Clemente-Casares X, Blanco J, Ambalavanan P,
Yamanouchi J, Singha S, Fandos C, Tsai S,
Wang J, Garabatos N, Izquierdo C, Agrawal S,
Keough MB, Yong VW, James E, Moore A, Yang
Y, Stratmann T, Serra P and Santamaria P. Expanding antigen-specific regulatory networks
to treat autoimmunity. Nature 2016; 530: 434440.
Yuan X, Cheng G and Malek TR. The importance of regulatory T-cell heterogeneity
in maintaining self-tolerance. Immunol Rev
2014; 259: 103-114.
Bilate AM and Lafaille JJ. Induced CD4+Foxp3+
regulatory T cells in immune tolerance. Annu
Rev Immunol 2012; 30: 733-758.
Kim KS, Hong SW, Han D, Yi J, Jung J, Yang BG,
Lee JY, Lee M and Surh CD. Dietary antigens
limit mucosal immunity by inducing regulatory

Int J Clin Exp Med 2018;11(8):7616-7623

The effect of butyrate on treg

[7]

[8]

[9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

7621

T cells in the small intestine. Science 2016;
351: 858-863.
Perrigoue J, Das A and Mora JR. Interplay of
nutrients and microbial metabolites in intestinal immune homeostasis: distinct and common mechanisms of immune regulation in the
small bowel and colon. Nestle Nutr Inst Workshop Ser 2014; 79: 57-71.
Tanaka S, Yamamoto K, Yamada K, Furuya K
and Uyeno Y. Relationship of enhanced butyrate production by colonic butyrate-producing
bacteria to immunomodulatory effects in normal mice Fed an insoluble fraction of brassica
rapa L. Appl Environ Microbiol 2016; 82: 26932699.
Zhang M, Zhou Q, Dorfman RG, Huang X, Fan T,
Zhang H, Zhang J and Yu C. Butyrate inhibits
interleukin-17 and generates Tregs to ameliorate colorectal colitis in rats. BMC Gastroenterol 2016; 16: 84.
Asarat M, Apostolopoulos V, Vasiljevic T and
Donkor O. Short-chain fatty acids regulate cytokines and Th17/Treg cells in human peripheral blood mononuclear cells in vitro. Immunol
Invest 2016; 45: 205-222.
Schmidt A, Eriksson M, Shang MM, Weyd H
and Tegner J. Comparative analysis of protocols to induce human CD4+Foxp3+ regulatory
T cells by combinations of IL-2, TGF-beta, retinoic acid, rapamycin and butyrate. PLoS One
2016; 11: e0148474.
Sonnenburg JL and Backhed F. Diet-microbiota
interactions as moderators of human metabolism. Nature 2016; 535: 56-64.
Funda DP, Kaas A, Tlaskalova-Hogenova H and
Buschard K. Gluten-free but also gluten-enriched (gluten+) diet prevent diabetes in NOD
mice; the gluten enigma in type 1 diabetes.
Diabetes Metab Res Rev 2008; 24: 59-63.
Lerner A and Matthias T. Changes in intestinal
tight junction permeability associated with industrial food additives explain the rising incidence of autoimmune disease. Autoimmun
Rev 2015; 14: 479-489.
Park Y, Subar AF, Hollenbeck A and Schatzkin
A. Dietary fiber intake and mortality in the
NIH-AARP diet and health study. Arch Intern
Med 2011; 171: 1061-1068.
Kuwahara A. Contributions of colonic shortchain fatty acid receptors in energy homeostasis. Front Endocrinol (Lausanne) 2014; 5:
144.
Tan J, McKenzie C, Potamitis M, Thorburn AN,
Mackay CR and Macia L. The role of shortchain fatty acids in health and disease. Adv
Immunol 2014; 121: 91-119.
Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, Schilter HC, Rolph MS, Mackay F,
Artis D, Xavier RJ, Teixeira MM and Mackay CR.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

Regulation of inflammatory responses by
gut microbiota and chemoattractant receptor
GPR43. Nature 2009; 461: 1282-1286.
Zaiss MM, Rapin A, Lebon L, Dubey LK, Mosconi I, Sarter K, Piersigilli A, Menin L, Walker AW,
Rougemont J, Paerewijck O, Geldhof P, McCoy
KD, Macpherson AJ, Croese J, Giacomin PR,
Loukas A, Junt T, Marsland BJ and Harris NL.
The intestinal microbiota contributes to the
ability of helminths to modulate allergic inflammation. Immunity 2015; 43: 998-1010.
Brown AJ, Goldsworthy SM, Barnes AA, Eilert
MM, Tcheang L, Daniels D, Muir AI, Wigglesworth MJ, Kinghorn I, Fraser NJ, Pike NB,
Strum JC, Steplewski KM, Murdock PR, Holder
JC, Marshall FH, Szekeres PG, Wilson S, Ignar
DM, Foord SM, Wise A and Dowell SJ. The Orphan G protein-coupled receptors GPR41 and
GPR43 are activated by propionate and other
short chain carboxylic acids. J Biol Chem 2003;
278: 11312-11319.
Smith PM, Howitt MR, Panikov N, Michaud M,
Gallini CA, Bohlooly YM, Glickman JN and Garrett WS. The microbial metabolites, short-chain
fatty acids, regulate colonic treg cell homeostasis. Science 2013; 341: 569-573.
Arpaia N, Campbell C, Fan X, Dikiy S, van der
Veeken J, deRoos P, Liu H, Cross JR, Pfeffer K,
Coffer PJ and Rudensky AY. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 2013;
504: 451-455.
Hartog A, Belle FN, Bastiaans J, de Graaff P,
Garssen J, Harthoorn LF and Vos AP. A potential role for regulatory T-cells in the amelioration of DSS induced colitis by dietary nondigestible polysaccharides. J Nutr Biochem
2015; 26: 227-233.
Singh N, Gurav A, Sivaprakasam S, Brady E,
Padia R, Shi H, Thangaraju M, Prasad PD, Manicassamy S, Munn DH, Lee JR, Offermanns S
and Ganapathy V. Activation of Gpr109a, receptor for niacin and the commensal metabolite butyrate, suppresses colonic inflammation
and carcinogenesis. Immunity 2014; 40: 128139.
Schotterl S, Brennenstuhl H, Naumann U.
Modulation of immune responses by histone
deacetylase inhibitors. Crit Rev Oncog 2015:
139-54.
Davie JR. Inhibition of histone deacetylase activity by butyrate. J Nutr 2003; 133: 2485S2493S.
Tao R, de Zoeten EF, Ozkaynak E, Chen C,
Wang L, Porrett PM, Li B, Turka LA, Olson EN,
Greene MI, Wells AD and Hancock WW.
Deacetylase inhibition promotes the generation and function of regulatory T cells. Nat Med
2007; 13: 1299-1307.

Int J Clin Exp Med 2018;11(8):7616-7623

The effect of butyrate on treg
[28] de Zoeten EF, Wang L, Sai H, Dillmann WH and
Hancock WW. Inhibition of HDAC9 increases T
regulatory cell function and prevents colitis in
mice. Gastroenterology 2010; 138: 583-594.
[29] de Zoeten EF, Wang L, Butler K, Beier UH, Akimova T, Sai H, Bradner JE, Mazitschek R,
Kozikowski AP, Matthias P and Hancock WW.
Histone deacetylase 6 and heat shock protein
90 control the functions of Foxp3(+) T-regulatory cells. Mol Cell Biol 2011; 31: 2066-2078.
[30] Beier UH, Wang L, Han R, Akimova T, Liu Y and
Hancock WW. Histone deacetylases 6 and 9
and sirtuin-1 control Foxp3+ regulatory T cell
function through shared and isoform-specific
mechanisms. Sci Signal 2012; 5: ra45.
[31] Xiao H, Jiao J, Wang L, O’Brien S, Newick K,
Wang LC, Falkensammer E, Liu Y, Han R, Kapoor V, Hansen FK, Kurz T, Hancock WW and
Beier UH. HDAC5 controls the functions of
Foxp3(+) T-regulatory and CD8(+) T cells. Int J
Cancer 2016; 138: 2477-2486.
[32] Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, Nakanishi Y, Uetake C,
Kato K, Kato T, Takahashi M, Fukuda NN, Murakami S, Miyauchi E, Hino S, Atarashi K, Onawa S, Fujimura Y, Lockett T, Clarke JM, Topping
DL, Tomita M, Hori S, Ohara O, Morita T, Koseki
H, Kikuchi J, Honda K, Hase K and Ohno H.
Commensal microbe-derived butyrate induces
the differentiation of colonic regulatory T cells.
Nature 2013; 504: 446-450.
[33] Wang B, Morinobu A, Horiuchi M, Liu J and Kumagai S. Butyrate inhibits functional differentiation of human monocyte-derived dendritic
cells. Cell Immunol 2008; 253: 54-58.
[34] Schilderink R, Verseijden C, Seppen J, Muncan
V, van den Brink GR, Lambers TT, van Tol EA
and de Jonge WJ. The SCFA butyrate stimulates the epithelial production of retinoic acid
via inhibition of epithelial HDAC. Am J Physiol
Gastrointest Liver Physiol 2016; 310: G11381146.
[35] Round JL and Mazmanian SK. Inducible
Foxp3+ regulatory T-cell development by a
commensal bacterium of the intestinal microbiota. Proc Natl Acad Sci U S A 2010; 107:
12204-12209.
[36] Geuking MB, Cahenzli J, Lawson MA, Ng DC,
Slack E, Hapfelmeier S, McCoy KD and
Macpherson AJ. Intestinal bacterial colonization induces mutualistic regulatory T cell responses. Immunity 2011; 34: 794-806.
[37] Haghikia A, Jorg S, Duscha A, Berg J, Manzel A,
Waschbisch A, Hammer A, Lee DH, May C,
Wilck N, Balogh A, Ostermann AI, Schebb NH,
Akkad DA, Grohme DA, Kleinewietfeld M, Kempa S, Thone J, Demir S, Muller DN, Gold R and
Linker RA. Dietary fatty acids directly impact

7622

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]

[46]

[47]

central nervous system autoimmunity via the
small intestine. Immunity 2015; 43: 817-829.
Park J, Kim M, Kang SG, Jannasch AH, Cooper
B, Patterson J and Kim CH. Short-chain fatty
acids induce both effector and regulatory T
cells by suppression of histone deacetylases
and regulation of the mTOR-S6K pathway. Mucosal Immunol 2015; 8: 80-93.
Gilbert KM, Boger SR, Price P and Fifer EK. T
cell tolerance induced by histone deacetylase
inhibitor is mediated by P21cip1. Immunopharmacol Immunotoxicol 2005; 27: 545-564.
Diakos C, Prieschl EE, Saemann M, Novotny V,
Bohmig G, Csonga R, Baumruker T and Zlabinger GJ. Novel mode of interference with nuclear factor of activated T-cells regulation in Tcells by the bacterial metabolite n-butyrate. J
Biol Chem 2002; 277: 24243-24251.
Fregeau CJ, Helgason CD and Bleackley RC.
Two cytotoxic cell proteinase genes are differentially sensitive to sodium butyrate. Nucleic
Acids Res 1992; 20: 3113-3119.
Takahashi K, Nishida A, Fujimoto T, Fujii M,
Shioya M, Imaeda H, Inatomi O, Bamba S, Sugimoto M and Andoh A. Reduced abundance of
butyrate-producing bacteria species in the fecal microbial community in Crohn’s disease.
Digestion 2016; 93: 59-65.
Lewis JD and Abreu MT. Diet as a trigger or
therapy for inflammatory bowel diseases. Gastroenterology 2017; 152: 398-414, e396.
Felice C, Lewis A, Armuzzi A, Lindsay JO and
Silver A. Review article: selective histone deacetylase isoforms as potential therapeutic
targets in inflammatory bowel diseases. Aliment Pharmacol Ther 2015; 41: 26-38.
Schwarz A, Bruhs A and Schwarz T. The shortchain fatty acid sodium butyrate functions as
a regulator of the skin immune system. J Invest
Dermatol 2017; 137: 855-864.
Marino E, Richards JL, McLeod KH, Stanley D,
Yap YA, Knight J, McKenzie C, Kranich J, Oliveira AC, Rossello FJ, Krishnamurthy B, Nefzger
CM, Macia L, Thorburn A, Baxter AG, Morahan
G, Wong LH, Polo JM, Moore RJ, Lockett TJ,
Clarke JM, Topping DL, Harrison LC and Mackay CR. Gut microbial metabolites limit the frequency of autoimmune T cells and protect
against type 1 diabetes. Nat Immunol 2017;
18: 552-562.
Simeoli R, Mattace Raso G, Pirozzi C, Lama A,
Santoro A, Russo R, Montero-Melendez T, Berni Canani R, Calignano A, Perretti M and Meli
R. An orally administered butyrate-releasing
derivative reduces neutrophil recruitment and
inflammation in dextran sulphate sodium-induced murine colitis. Br J Pharmacol 2017;
174: 1484-1496.

Int J Clin Exp Med 2018;11(8):7616-7623

The effect of butyrate on treg
[48] Kusaczuk M, Bartoszewicz M and CechowskaPasko M. Phenylbutyric acid: simple structuremultiple effects. Curr Pharm Des 2015; 21:
2147-2166.
[49] Tian J, Lu Y, Zhang H, Chau CH, Dang HN and
Kaufman DL. Gamma-aminobutyric acid inhibits T cell autoimmunity and the development
of inflammatory responses in a mouse type 1
diabetes model. J Immunol 2004; 173: 52985304.
[50] Gilbert KM, Wahid R, Fecher NP, Freeman JP
and Fifer EK. Potential clinical use of butyric
acid derivatives to induce antigen-specific T
cell inactivation. J Pharmacol Exp Ther 2000;
294: 1146-1153.
[51] Gilbert KM, Boger S and Fifer EK. Butyric acid
derivative induces allospecific T cell anergy
and prevents graft-versus-host disease. Immunopharmacol Immunotoxicol 2003; 25: 13-27.
[52] Soderberg LS, Boger S, Fifer EK and Gilbert
KM. Macrophage production of inflammatory
mediators is potently inhibited by a butyric
acid derivative demonstrated to inactivate
antigen-stimulated T cells. Int Immunopharmacol 2004; 4: 1231-1239.
[53] Park J, Goergen CJ, HogenEsch H and Kim CH.
Chronically elevated levels of short-chain fatty
acids induce T cell-mediated ureteritis and hydronephrosis. J Immunol 2016; 196: 23882400.
[54] Berndt BE, Zhang M, Owyang SY, Cole TS,
Wang TW, Luther J, Veniaminova NA, Merchant
JL, Chen CC, Huffnagle GB and Kao JY. Butyrate increases IL-23 production by stimulated
dendritic cells. Am J Physiol Gastrointest Liver
Physiol 2012; 303: G1384-1392.

7623

[55] Goudarzi A, Zhang D, Huang H, Barral S, Kwon
OK, Qi S, Tang Z, Buchou T, Vitte AL, He T,
Cheng Z, Montellier E, Gaucher J, Curtet S, Debernardi A, Charbonnier G, Puthier D, Petosa
C, Panne D, Rousseaux S, Roeder RG, Zhao Y
and Khochbin S. Dynamic competing histone
H4 K5K8 acetylation and butyrylation are
hallmarks of highly active gene promoters.
Mol Cell 2016; 62: 169-180.
[56] Xie Z, Zhang D, Chung D, Tang Z, Huang H, Dai
L, Qi S, Li J, Colak G, Chen Y, Xia C, Peng C,
Ruan H, Kirkey M, Wang D, Jensen LM, Kwon
OK, Lee S, Pletcher SD, Tan M, Lombard DB,
White KP, Zhao H, Li J, Roeder RG, Yang X and
Zhao Y. Metabolic regulation of gene expression by histone lysine beta-hydroxybutyrylation.
Mol Cell 2016; 62: 194-206.
[57] Youm YH, Nguyen KY, Grant RW, Goldberg EL,
Bodogai M, Kim D, D’Agostino D, Planavsky N,
Lupfer C, Kanneganti TD, Kang S, Horvath TL,
Fahmy TM, Crawford PA, Biragyn A, Alnemri E
and Dixit VD. The ketone metabolite beta-hydroxybutyrate blocks NLRP3 inflammasomemediated inflammatory disease. Nat Med
2015; 21: 263-269.

Int J Clin Exp Med 2018;11(8):7616-7623

