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Mechanisms of allergy/immunology
Butyrate ameliorates allergic airway
inflammation by limiting eosinophil trafficking
and survival
Anna Theiler, MSc,a,c Thomas B€arnthaler, MD,a Wolfgang Platzer, MSc,a Georg Richtig, MD,a Miriam Peinhaupt, MSc,a

Sonja Rittchen, MSc,a Julia Kargl, PhD,a Trond Ulven, PhD,b Leigh M. Marsh, PhD,c Gunther Marsche, PhD,a,d

Rufina Schuligoi, PhD,a Eva M. Sturm, PhD,a and Akos Heinemann, MDa,d Graz, Austria, and Copenhagen, Denmark
GRAPHICAL ABSTRACT
Background: Lung eosinophilia is a hallmark of asthma, and
eosinophils are believed to play a crucial role in the pathogenesis
of allergic inflammatory diseases. Short-chain fatty acids
(SCFAs), such as acetate, propionate, and butyrate, are produced
in high amounts in the gastrointestinal tract by commensal
bacteria and can be absorbed into the bloodstream. Although
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there is recent evidence that SCFAs are beneficial in allergic
asthma models, the effect on eosinophils has remained elusive.

Objective: The role of SCFAs was investigated in human
eosinophil function and a mouse model of allergic asthma.

Methods: Eosinophils were purified from self-reported allergic
or healthy donors. Migration, adhesion to the endothelium, and
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Abbreviations used

AHR: Airway hyperresponsiveness

BAL: Bronchoalveolar lavage

BCL-2: B-cell lymphoma 2

BCL-XL: B-cell lymphoma extra-large

FCCP: Carbonyl cyanide-4-(trifluoromethoxy)

phenylhydrazone

HDAC: Histone deacetylase

HDACi: Histone deacetylase inhibitor

HMVEC-L: Human pulmonary microvascular endothelial cells

ILC2: Type 2 innate lymphoid cell

IL-5R: IL-5 receptor

MCL-1: Myeloid cell leukemia 1

OVA: Ovalbumin

PI: Propidium iodide

ROS: Reactive oxygen species

SCFA: Short-chain fatty acid

TSA: Trichostatin A

VLA-4: Very late antigen 4

ZVAD-FMK: N-benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoro-

methyl ketone
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eosinophil survival were studied in vitro. Ca21 flux, apoptosis,
mitochondrial membrane potential, and expression of surface
markers were determined by using flow cytometry and in part
by using real-time PCR. Allergic airway inflammation was
assessed in vivo in an ovalbumin-induced asthma model by using
invasive spirometry.

Results: For the first time, we observed that SCFAs were able to
attenuate human eosinophils at several functional levels,
including (1) adhesion to the endothelium, (2) migration, and
(3) survival. These effects were independent from GPR41 and
GPR43 but were accompanied by histone acetylation and
mimicked by trichostatin A, a pan–histone deacetylase inhibitor.
In vivo butyrate ameliorated allergen-induced airway and lung
eosinophilia, reduced type 2 cytokine levels in bronchial fluid,
and improved airway hyperresponsiveness in mice.

Conclusion: These in vitro and in vivo findings highlight the
importance of SCFAs, especially butyrate as a promising
therapeutic agent in allergic inflammatory diseases. (J Allergy
Clin Immunol 2019;144:764-76.)

Key words: Short-chain fatty acid, butyrate, eosinophils, asthma,
allergic airway inflammation, histone deacetylase

Short-chain fatty acids (SCFAs) are metabolic products from
the commensal intestinal microbiota that are derived from
fermentation of indigestible dietary fibers. The most
abundant SCFAs are acetate, propionate, and butyrate, which
can be absorbed into the circulation and act through the
G protein–coupled receptors GPR43 and GPR41 (ie, free fatty
acid receptors 2 and 3, respectively).1-3 In addition to activating
G protein–coupled receptors, propionate and especially
butyrate are known for their inhibitory capacity with regard to
histone deacetylases (HDACs), which mostly accounts for their
anti-inflammatory properties.4-6

Recently, it was found that SCFAs have beneficial effects in
models of experimental asthma.3,7-9 Maslowski et al2 reported
that GPR43-deficient mice showed enhanced lung inflammation
and eosinophil peroxidase levels on ovalbumin (OVA)
challenge compared with wild-type littermates. Another study
outlined that propionate or a high-fiber diet could dampen the
house dust mite–induced airway inflammation in mice through
GPR41 receptor activation.3 Conversely, in a mouse model of
Alternaria alternata–evoked asthma, butyrate alleviated airway
hyperresponsiveness (AHR) and eosinophilia, which were
mediated by HDAC inhibition but independent from GPR43 or
GPR41 activation.9

Eosinophils are crucial effector cells in the pathogenesis of
asthma and other allergic diseases.10,11 During allergic
inflammation, eosinophil survival is sensitively enhanced by
survival-promoting factors, including IL-5, IL-3, and GM-CSF,
thereby facilitating accumulation of eosinophils in the air-
ways.12,13 Activated eosinophils are a major source of cytokines,
growth factors, and cytotoxic granule proteins (eg, eosinophil-
derived neurotoxin and major basic protein), which can lead to
tissue damage and airway remodeling on release.14,15 Thus
eosinophils are currently considered a major therapeutic target
in allergic diseases and asthma. Drugs that selectively target accu-
mulation in tissue and survival of eosinophils are urgently needed.

Prompted by the favorable effects of SCFAs in experimental
allergic inflammation, we set out to investigate the regulatory
potential of SCFAs on eosinophils.We report that SCFAs regulate
eosinophil adhesion to the endothelium under flow conditions and
massively impair survival, independent of GPR43 or GPR41
receptor activation. In contrast to propionate, butyrate blunts
eosinophil migration. Systemic application of butyrate alleviates
lung eosinophilia and improves AHR in OVA-challenged mice.
Therefore we propose that SCFAs could serve as therapeutic
agents in eosinophilic inflammatory diseases.
METHODS
A detailed description of ethical permits, materials, and procedures

is provided in the Methods section in this article’s Online Repository at

www.jacionline.org.
Isolation of peripheral blood eosinophils
Human peripheral blood eosinophils were isolated from self-reported

allergic or healthy donors, as previously described.16,17
Real-time PCR
Total RNA from eosinophils was isolated, cDNA was synthesized, and

expression of genes of interest were analyzed, as previously described.18
Calcium flux
Intracellular Ca21 release from human eosinophils was detected by using

flow cytometry, as previously described.17
Annexin V/propidium iodide staining
Isolated eosinophils were incubated with different concentrations of

propionate, butyrate, or histone deacetylase inhibitors (HDACi) before

Annexin V/propidium iodide costaining was performed.
JC-1 staining
Purified eosinophils were stained with the JC-1 dye (2 mg/mL). Mitochon-

drial depolarization in response to propionate, butyrate, IL-5, or carbonyl

cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) was determined.

http://www.jacionline.org
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Wheat germ agglutinin staining of human

eosinophils
Purified eosinophils were stained with wheat germ agglutinin–Alexa Fluor

594 (1 mg/mL) after exposure to propionate, butyrate, or IL-5.

Caspase–3/7 Glo assay
The Caspase–3/7 Glo assay was performed, as previously described.19

Western blot
Eosinophils were lysed in RIPA buffer, and immunoblots were performed,

as previously described.20

Adhesion of eosinophils on human pulmonary

microvascular endothelial cell under flow

conditions
Purified human eosinophils were pretreated with SCFAs or vehicle before

stimulation with eotaxin-2 or vehicle and were perfused over endothelial cell

monolayers.

Eosinophil chemotaxis
Eosinophil chemotaxis was assessed by using micro-Boyden chambers, as

previously described.17

OVA-induced pulmonary inflammation model
BALB/c mice were immunized by means of intraperitoneal injections of

20 mg of OVA-adsorbed alum on days 0 and 7 and challenged with OVA on 3

consecutive days before being killed on day 21. Bronchoalveolar lavage

(BAL) fluid and bone marrow were taken, leukocytes were analyzed by using

flow cytometry, and AHR was determined.

Statistical analysis
Statistical analyses were performed with GraphPad Prism software 6.0

(GraphPad Software, La Jolla, Calif). Groups were compared by using 1-way or

2-wayANOVA, followedbyBonferroni, Dunnett, or Tukeymultiple comparison

tests. P values of less than .05 were regarded as statistically significant.
RESULTS

Acetate and propionate activate GPR43 on human

eosinophils
GPR43 mRNA is detectable in various tissues, particularly in

the gut and immune cells, including eosinophils.1,21-23 In contrast,
GPR41mRNA is highly expressed in adipose tissue, the pancreas,
and spleen.22 In this study we found mRNA for both receptors to
be expressed on eosinophils and neutrophils. Parenchymal lung
fibroblasts served as a negative control for GPR43 and monocytes
served as a negative control for GPR41, respectively (Fig 1, A).
GPR43 is coupled to Gq/11 protein,1 which triggers release of
intracellular Ca21. Both acetate and propionate induced a
concentration-dependent intracellular Ca21 flux in eosinophils
(Fig 1, B and C, left and middle panels). Interestingly, butyrate
did not stimulate Ca21 release in human eosinophils (Fig 1, D).
Involvement of GPR43 in SCFA-induced Ca21 flux was tested
by pretreating eosinophils with the GPR43 antagonist/inverse
agonist (S)-3-(2-(3-chlorophenyl)acetamido)-4-(4-(trifluoro-
methyl)-phenyl)-butanoic acid) (CATPB) (10 mmol/L)24 before
addition of either acetate or propionate (both 10 mmol/L; Fig 1,
B and C, right panel). CATPB completely inhibited Ca21 release
in human eosinophils, whereas the GPR41 antagonist/negative
allosteric modulator TUG-86925 had no effect (data not shown).
Furthermore, both acetate and propionate concentration-
dependently stimulated reactive oxygen species (ROS) produc-
tion in human eosinophils, reaching a maximal effect at
10 mmol/L for both SCFAs, whereas butyrate again was ineffec-
tive (see Fig E1, A, in this article’s Online Repository at www.
jacionline.org). Of note, acetate, propionate, and butyrate did
not induce eosinophil shape change or chemotaxis (see Fig E1,
B and C).
Propionate and butyrate, but not acetate, impair

viability of human eosinophils
During allergic inflammation, eosinophil survival is dramati-

cally enhanced, thereby fostering the allergic response.12,13

SCFAs have been previously shown to induce apoptosis in neutro-
phils and other cell types, such as colon carcinoma cells.26,27 Thus
we tested the apoptotic potential of acetate, propionate, and buty-
rate on human eosinophils. Peripheral blood eosinophils were
cultured in the presence of SCFAs or IL-5 (50 pmol/L) for
different time periods. Interestingly, acetate did not impair sur-
vival of human eosinophils (data not shown), whereas propionate
(10 mmol/L) and butyrate (3 and 10 mmol/L) induced apoptosis
starting after 18 hours of treatment (Fig 2, A and B), but survival
was not affected at earlier time points (Fig 2,C and F). This effect
was still visible up to 48 hours after treatment (see Figs E2 and E3
in this article’s Online Repository at www.jacionline.org).
Notably, propionate increased the viable portion (Annexin V2/
propidium iodide [PI]2) of the cells at a lower concentration
(1 mmol/L; 24 hours; see Fig E2) but significantly increased the
early apoptotic population at 10 mmol/L (24 hours, see Fig E2).
However, butyrate did not exert any life-prolonging effect on eo-
sinophils, although it significantly reduced the viable cell portion
and concomitantly promoted the early apoptotic eosinophil pop-
ulation (Annexin V1/PI2; Fig 2, B, and see Fig E3). Fig 2, C and
F, depict the live cell population over time, treated with different
concentrations of propionate (Fig 2, C), butyrate (Fig 2, F),
vehicle, or IL-5. Pretreatment of eosinophils with the GPR43
antagonist CATPB (100 mmol/L) for 30 minutes had no effect
on reduction of live eosinophils by either propionate (10 mmol/
L; Fig 2, D) or butyrate (3 mmol/L; Fig 2, G) for 24 hours. Pre-
treatment with hydroxybutyrate, a purported GPR41 antagonist
(10 mmol/L, 30 minutes),28 was also ineffective to reverse the
viability impairment by both SCFAs (Fig 2, E and H), suggesting
a receptor-independent effect.

To confirm these findings, we tested 2 other antagonists for
GPR43 (GLP0974,29 100 mmol/L) and GPR41 (TUG-869,24

10 mmol/L), and again, the loss of viable eosinophils induced
by SCFAs was not prevented (see Fig E4 in this article’s Online
Repository at www.jacionline.org). We also wanted to see
whether propionate and butyrate induce morphologic changes
of human eosinophils as an indicator of ongoing apoptosis. Incu-
bation with propionate (10 mmol/L) or butyrate (3 mmol/L)
reduced cell size and cell number, and eosinophils lost their
typical bilobed nuclei when compared with vehicle or IL-5 (50
pmol/L) treatment (Fig 2, I).
Propionate and butyrate activate the intrinsic

apoptosis pathway in human eosinophils
Apoptosis is a tightly regulated process accompanied by a loss

of mitochondrial membrane potential (DCm), release of

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
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FIG 1. Acetate and propionate, but not butyrate, induce Ca21 flux in human eosinophils. A, GPR43 and

GPR41 are expressed on human eosinophils (Eos) and neutrophils (Neutros) at the mRNA level. Paren-

chymal lung fibroblasts (Fibros) and monocytes (Monos) were used as negative controls for GPR43 and

GPR41, respectively. n.d., Not detectable. B-D, Acetate (Fig 1, B) and propionate (Fig 1, C), but not butyrate
(Fig 1, D), induce intracellular Ca21 release in purified eosinophils, which can be blocked by the GPR43

antagonist CATPB (right panels). Data are means 1 SEMs from 4 to 6 different donors and were analyzed

by using 1-way ANOVA with the Tukey posttest. *P < .05 and ***P < .001 versus vehicle.
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cytochrome C, and subsequent activation of effector caspases.
Hence we tested the membrane-depolarizing potential of SCFAs
on human eosinophils with a flow cytometry–based assay using
the cationic JC-1 dye. In healthy mitochondria JC-1 forms
aggregates that emit light at 590 nm, whereas in mitochondria
with reducedDCm, JC-1 prevails as monomers inducing a shift in
the fluorescent spectrum to 530 nm.30 The portion of eosinophils
with intact mitochondrial membranes was reduced when incu-
bated with propionate at 10 mmol/L (by 15%) and butyrate (by
31% with 3 mmol/L and by 44% with 10 mmol/L) for 18 hours
when compared with vehicle-treated cells, whereas lower SCFA
concentrations had no effect. IL-5 treatment preventedmembrane
depolarization (Fig 3, A and B). Additionally, FCCP, a potent un-
coupler of the inner mitochondrial membrane,30 caused a massive
loss in 590 nm of fluorescence emission, within 30minutes (Fig 3,
A). Mitochondrial depolarization caused by propionate and buty-
rate started 18 hours after treatment and lasted up to 48 hours
(Fig 3, B, and see Fig E5 in this article’s Online Repository at
www.jacionline.org).

Accordingly, propionate and butyrate significantly induced
effector caspase-3/7 activation after 24 hours of treatment (Fig 3,
C). However, 3 hours after treatment, there was no effect of

http://www.jacionline.org


FIG 2. SCFAs impair the viability of human eosinophils independent of GPR43 or GPR41. A and B, Eosino-

phil survival is compromised by propionate (Fig 2, A) and butyrate (Fig 2, B) treatment, as determined by

using Annexin V/PI staining. C-H, Reduction of the living cell population starts 18 hours after SCFA treat-

ment (Fig 2, C and F) and is not mediated by using GPR43 (Fig 2, D and G) or GPR41 (Fig 2, E and H), as
shown by using the GPR43 antagonist CATPB and GPR41 antagonist hydroxybutyrate (HB). I, Changes of

eosinophil morphology on SCFA treatment are depicted at 360 (upper panel) and 3180 (lower panel)

magnification (original micrographs were digitally enlarged by 3 times). Data are shown as

means1 SEMs from 3 to 6 different donors and were analyzed by using the 2-way ANOVA with Tukey post-

test (Fig 2, A-C and F) or 1-way ANOVA with the Dunnett posttest (Fig 2, D, E, G, and H). *P < .05, **P < .01,

and ***P < .001 versus vehicle.
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FIG 3. SCFAs activate the intrinsic apoptotic pathway in eosinophils. A, Propionate and butyrate cause

mitochondrial depolarization, as detected with JC-1 staining. FCCP, a mitochondrial membrane uncoupler,

served as a positive control (representative dot plots). B, Loss of mitochondrial membrane potential was

detected 18 hours after SCFA treatment and is depicted as a decrease in the FL-2 channel. C and D, Accord-

ingly, an increase of effector caspase-3/7 was detected on propionate and butyrate treatment (Fig 3, C) but

only in eosinophils from allergic donors (Fig 3, D). E, Pretreatment of eosinophils from nonallergic donors

(3 hours) with IL-5, followed by propionate or butyrate caspase-3/7 activation. F and G, SCFA treatment

caused a decrease in mRNA expression of the antiapoptotic factors BCL-XL (Fig 3, F) and MCL-1 (Fig 3,

G). Data are shown as means 1 SEMs from 4 to 7 different donors and were analyzed by using 2-way

(Fig 3, B, D, and E) or 1-way (Fig 3, C, F, and G) ANOVA with the Tukey or Bonferroni posttest. *P < .05,

**P < .01, and ***P < .001 versus vehicle (indicated as red dotted line in Fig 3, C, F, and G).
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SCFAs on caspase activation. In agreement with the Annexin V/
PI and JC-1 staining, SCFA activation of effector caspases started
18 hours after incubation. Interestingly, we found also a signifi-
cant reduction of caspase activity in cells treated with low-
concentration propionate (1 mmol/L), whereas butyrate
concentration-dependently activated effector caspases (see Fig
E6, A and B, in this article’s Online Repository at www.
jacionline.org). This effect was still present when eosinophils
were pretreated with IL-5 before incubation with SCFAs or vice
versa (see Fig E6, C-E, and as visualized in Fig E6, F). Because
all experiments were performed with eosinophils from allergic
donors, we were interested to see whether there is a difference
from nonallergic subjects in terms of SCFA-induced apoptosis.
In fact, we found that SCFAs did not induce caspase-3/7 activa-
tion in eosinophils from healthy donors (Fig 3, D). Interestingly,
after eosinophils from nonallergic donors were primed of with IL-
5 (30 ng/mL, 3 hours), propionate and butyrate activated effector
caspases (Fig 3, E).

http://www.jacionline.org
http://www.jacionline.org
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Expression of the B-cell lymphoma 2 (Bcl-2) family members
B-cell lymphoma extra-large (BCL-XL) and myeloid cell leuke-
mia 1 (MCL-1) in eosinophils has been linked to prolonged
survival.31,32 Hence we tested the regulatory potential of propio-
nate and butyrate on BCL-XL and MCL-1 mRNA expression
levels. In agreement with the literature,33 we found an increase
of BCL-XL expression in eosinophils when stimulated with IL-
5. Incubation with propionate or butyrate (10 mmol/L) reduced
BCL-XL expression by 30% and 44%, respectively, when
compared with vehicle, whereas lower concentrations had no sig-
nificant effect (Fig 3, F). We also investigated mRNA expression
levels of MCL-1, which were significantly diminished by propio-
nate (10 mmol/L) and butyrate (3 and 10 mmol/L; Fig 3, G).

We next sought to determine the mechanism underlying
propionate- and butyrate-induced apoptosis in eosinophils. First,
we confirmed caspase involvement by pretreating eosinophils
with the pan-caspase inhibitor N-benzyloxycarbonyl-Val-Ala-
Asp(O-Me) fluoromethyl ketone (ZVAD-FMK; 30 minutes)
before addition of propionate (10 mmol/L), butyrate (3 mmol/
L), or vehicle for 24 hours. ZVAD-FMKpretreatment reversed the
SCFA effect by increasing the proportion of live cells (Annexin
V2/PI2), demonstrating caspase involvement (Fig 4, A and B, left
panels), but it also blocked spontaneous apoptosis in the absence
of SCFAs. Similar results were found in caspase-3/7 activation as-
says (data not shown). In addition to receptor activation, butyrate
and propionate have been shown to act as HDACi.5,6 Therefore
we first pretreated the eosinophils with a-cyano-4-
hydroxycinnamic acid (30 minutes), a pan-inhibitor for monocar-
boxylate transporters before SCFA treatment (24 hours). Indeed,
5 mmol/L a-cyano-4-hydroxycinnamic acid increased the live
cell population (Fig 4, A and B, right panels), suggesting that
intracellular localization of both SCFAs is required to induce
apoptosis.

To confirm that propionate and butyrate acted as HDACi in
human eosinophils, we incubated cells with propionate, butyrate,
or vehicle (10 mmol/L or 3 mmol/L) for the indicated time points
and quantified histone H3 acetylation as a measure of HDAC
inhibition (Fig 4, C and D).6 Acetylated H3 was present 3 hours
after treatment with SCFAs and further increased after 18 and
24 hours. Because trichostatin A (TSA), a pan-HDACi, has
been reported to induce apoptosis in human eosinophils,34 we
set out to confirm this finding herein. TSA concentration-
dependently decreased the live cell portion after 24 hours of treat-
ment (Fig 4,E), whereas a shorter incubation period of 3 hours did
not affect eosinophil survival (see Fig E7, A, in this article’s On-
line Repository at www.jacionline.org) similar to propionate and
butyrate. We tested several subtype-selective HDACi on eosino-
phil apoptosis and found that the HDAC class IIa–selective inhib-
itor MC1568 significantly decreased levels of the live cell portion
after 24 hours of incubation (Fig 4, F), whereas inhibitors of
HDAC2, HDAC3, and HDAC8 did not reduce eosinophil survival
(see Fig E7, B-D).

SCFAs regulate eosinophil gene expression
Because we revealed that propionate and butyrate impaired the

survival of eosinophils from allergic donors, we wanted to
investigate the regulatory potential of both SCFAs on transcrip-
tion of genes involved in adhesion, migration, and survival of
human eosinophils. Eosinophils were cultured for 3 hours in the
presence of propionate, butyrate (both at 1-10 mmol/L), IL-5 (50
pmol/L), or vehicle. The 3-hour time point was chosen because
there was HDAC inhibition but no impairment of eosinophil
viability. Integrin a-4 (CD49d) transcription was significantly
reduced by treatment with propionate (10 mmol/L), whereas
lower concentrations had no effect. Similarly, butyrate potently
diminished CD49d mRNA expression already at 1 mmol/L when
compared with vehicle. IL-5 also decreased CD49d mRNA levels
(Fig 5, A). Expression of the extracellular matrix receptor CD44
mRNA was concentration-dependently decreased by butyrate
but was unaffected by propionate (Fig 5, C). Expression of
CCR3, a major chemotactic receptor on eosinophils,35 was down-
regulated at the highest propionate concentration (10 mmol/L)
and by IL-5, whereas the effect of butyrate was again very pro-
nounced (Fig 5, B). In contrast, acetate (10 mmol/L) decreased
CD49d mRNA expression (see Fig E8, A, in this article’s Online
Repository at www.jacionline.org) but did not blunt CCR3 or
CD44 mRNA levels (see Fig E8, B and C). At protein levels, pro-
pionate (10 mmol/L) and butyrate (3 mmol/L) reduced CD49d
surface expression of eosinophils after 18 hours of treatment
(Fig 5, A, right panel), whereas acetate was again ineffective
(see Fig E8, A, right panel). Additionally, butyrate (3 mmol/L)
reduced CCR3 and CD44 protein levels on eosinophils (Fig 5,
B and C, right panel); however, acetate (see Fig E8, B and C, right
panels) and propionate (Fig 5,B andC, right panels) were not able
to mimic this effect. L-selectin surface expression on eosinophils
was unaffected by SCFAs (see Fig E8, E).

Finally, because we found that SCFAs were also able to induce
apoptosis in the presence of IL-5, we tested for changes of IL-5
receptor (IL-5R) A expression after SCFA treatment. Our data
showed that propionate and butyrate, but not acetate,
concentration-dependently reduced IL-5RA mRNA expression
(see Fig E8, D).
Butyrate controls eosinophil migration
Next, we investigated whether changes in mRNA expression

corresponded to alteration in eosinophil locomotion. Eosinophils
were stimulated with eotaxin-2 (10 nmol/L) or vehicle for
10 minutes and were then superfused over human pulmonary
microvascular endothelial cells (HMVEC-L) under physiologic
flow conditions. Eotaxin-2 induced substantial adhesion of
eosinophils to the HMVEC-L monolayer, which was reversed
by propionate (10 mmol/L) or butyrate (3 mmol/L) to control
levels (Fig 6, A and B), whereas acetate (10 mmol/L) was ineffec-
tive (see Fig E9, A and B, in this article’s Online Repository at
www.jacionline.org). In a micro-Boyden chemotaxis assay buty-
rate (Fig 6, D), but not propionate (Fig 6, C) and acetate (see Fig
E9, C), attenuated eosinophil migration toward eotaxin-2. Pre-
treatment of eosinophils with the pan-HDACi TSA mimicked
the effect of butyrate and inhibited adhesion (see Fig E10, A
and B, in this article’s Online Repository at www.jacionline.
org) and migration (see Fig E10,C). Interestingly, SCFA pretreat-
ment did not alter eosinophil shape change and CD11b upregula-
tion induced by eotaxin-2 or C5a-stimulated degranulation, as
measured based on CD63 expression (see Fig E11 in this article’s
Online Repository at www.jacionline.org).
Butyrate ameliorates allergen-induced

inflammation in mice
Our in vitro data clearly show that SCFAs, in particular buty-

rate, affect eosinophil migration and survival. Hence we sought
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FIG 4. SCFAs are required intracellularly to induce apoptosis in eosinophils. Impairment of eosinophil

viability by propionate and butyrate requires caspases and monocarboxylate transporters. A and B, Eosin-

ophils were pretreated with ZVAD-FMK (pan-caspase inhibitor, left panels) and a-cyano-4-hydroxycinnamic

acid (CHC; pan-monocarboxylate transporter inhibitor, right panels), followed by propionate (Fig 4, A) or

butyrate (Fig 4, B) treatment. C, HDAC inhibition was detected through H3 acetylation. Eosinophils were

treated with propionate (lanes 3, 6, and 9), butyrate (lanes 4, 7, and 10), or vehicle (lanes 1, 2, 5, and 8)
for the indicated time periods. Cell lysates were probed for acetylated (ac)–H3, H3, and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) by using immunoblotting. D, H3 acetylation was quantified by using

densitometry and normalized to GAPDH. E and F, Pan-HDACi TSA (Fig 4, E) and the HDAC class IIa inhibitor

MC1538 (Fig 4, F) mimicked the SCFA effect on eosinophil survival. Data are shown as means1 SEMs from

5 to 9 different donors and were analyzed by using 1-way (Fig 4, A, B, E, and F) or 2-way ANOVA with the

Tukey posttest (Fig 4, D), *P < .05, **P < .01, and ***P < .001 versus vehicle.
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to further investigate their role in vivo in the acute OVA-induced
asthma model. Mice were injected with 1 g/kg butyrate daily,
which produced an estimated maximum plasma concentration
of approximately 1.8 mmol/L.36 OVA challenge induced a
tremendous influx of immune cells (Fig 7, B), mainly eosinophils,
into the lungs, which was strongly attenuated by butyrate treat-
ment (Fig 7, A). Accordingly, we found a reduction in IL-4, IL-
5, and IL-13 concentrations in BAL fluid (Fig 7, E), whereas



FIG 5. SCFAs regulate transcripts crucial for locomotion of human eosinophils. A, Propionate and butyrate

downregulate expression of CD49d mRNA and protein levels. B, Butyrate, but not propionate, also

decreased CD44 mRNA and surface expression. C, CCR3 mRNA was downregulated by both SCFAs, but

only butyrate decreased CCR3 protein levels. The middle panels depict surface expression on eosinophils,

and the right panels show representative flow cytometric plots. For all flow cytometric stainings, gating on

live eosinophils was performed. Histograms: line, isotype; gray area, vehicle; colored area, respective treat-

ment. Data are depicted as means 1 SEMs from 4 to 6 different donors and were analyzed by using 1-way

ANOVA with the Tukey posttest. *P < .05, **P < .01, and ***P < .001 versus vehicle.
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expression of CCR3 and IL-5Rawas unaffected on BAL fluid eo-
sinophils (see Fig E12, A andB, in this article’s Online Repository
at www.jacionline.org). We observed a clear trend toward
increased Annexin V binding on eosinophils (see Fig E12, C) in
the butyrate group. Butyrate without OVA challenge had no effect
on cell numbers (Fig 7, A and B). No differences were observed in
other cell types (Fig 7, C) or blood eosinophils (data not shown).
In agreement with the latter observation, butyrate had no effect on
eosinophilopoiesis in bone marrow (see Fig E13 in this article’s
Online Repository at www.jacionline.org). The BAL gating strat-
egy is provided in Fig E14 in this article’s Online Repository at
www.jacionline.org. Eosinophil numbers in lung tissue were
decreased in OVA-challenged mice after butyrate application
(see Fig E15, A, left panel, in this article’s Online Repository at
www.jacionline.org). CCR3 receptor expression was unchanged
(see Fig E15, B) on lung eosinophils, whereas we detected an in-
crease in IL-5Ra expression and a trend towards a more apoptotic
phenotype in eosinophils (see Fig E15, C and D). Interestingly,
there was no significant change in CD451 cell counts in the
lung (see Fig E15, A, right panel) or in CD4/CD25/forkhead
box P3 regulatory T cells (see Fig E16 in this article’s Online Re-
pository at www.jacionline.org) by butyrate treatment. AHR is a
common feature of asthma.37 Importantly, butyrate completely
reversed the OVA-induced AHR (Fig 7,D) and improved compli-
ance (data not shown).
DISCUSSION
The importance of the gut microbiome and SCFAs as their

metabolic products in the context of allergic inflammation and
asthma has been recently proposed.2,3,7,9 However, the effect of
SCFAs on eosinophils, key players in the pathogenesis of
allergic asthma,10 remains elusive. In this study, for the first
time, we show that SCFAs, especially butyrate, have a direct ef-
fect on human eosinophils in terms of adhesion to endothelial
cells, trafficking and survival, important cellular effects that
also translate to butyrate ameliorating allergic airway
inflammation.

In more detail we have demonstrated here that GPR43 is
expressed by human peripheral blood eosinophils and that GPR43
is activated by acetate and propionate but not butyrate. Further-
more, we show that propionate and butyrate trigger apoptosis in
human eosinophils through the intrinsic apoptosis pathway,
which is receptor independent but most likely mediated through
HDAC inhibition. Additionally, we report that propionate and
butyrate inhibit adhesion of eosinophils to endothelium, but only
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FIG 6. SCFAs blunt the adhesion and migration of eosinophils. A and B, Propionate and butyrate reduce

eotaxin-2–induced adhesion of eosinophils to endothelial cells under flow conditions. D and C, Butyrate pre-

treatment abolishes the chemotaxis of eosinophils toward eotaxin-2 (Fig 6, D), whereas propionate had no

effect (Fig 6, C). Data showmeans1 SEMs (5-6 different donors) andwere analyzed by using 1-way (Fig 6, B)
or 2-way ANOVA with the Tukey posttest (Fig 6, C and D). *P < .05, **P < .01, and ***P < .001.
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butyrate is able to hamper eosinophil migration. In line with these
findings, systemic application of butyrate decreased lung eosin-
ophilia and AHR in OVA-challenged mice.

GPR43 and GPR41 mRNA have been reported to be expressed
by eosinophils and neutrophils,2 which is in linewith our findings.
However, eosinophil proteome analysis suggested that GPR43,
but not GPR41, is expressed.38 Given the rather modest mRNA
expression levels of GPR41, we cannot exclude the possibility
that this receptor is not present on eosinophils. Activation of
GPR43 on eosinophils by acetate and propionate led to an intra-
cellular Ca21 increase, whereas butyrate had no effect. Similar re-
sults have been observed in neutrophils.1,39 Although acetate and
propionate increased Ca21 levels, they did not act as chemoattrac-
tants and did not induce shape change, which is consistent with a
lack of eosinophil activation by SCFAs. In neutrophils, however,
acetate and propionate were shown to trigger cytoskeletal rear-
rangements and migration.1,40 A more prominent GPR43 expres-
sion on neutrophils compared with other cell types was
reported.1,22 In our hands propionate triggered a more pro-
nounced Ca21 release in neutrophils compared with eosinophils
(data not shown). Given the trend toward a lower amount of
GPR43 transcript on eosinophils, it might be speculated that the
Ca21 flux on eosinophils is too modest to induce activation and
migration.

SCFAs have been reported to induce apoptosis in malignant
cells27 and neutrophils.2,4,26 In the present study we show that
propionate and butyrate induce apoptosis in human eosinophils,
which requires transport of SCFAs into the cell because inhibition
of monocarboxylate transporters completely abolished the effect
of propionate and partly inhibited butyrate. Passive membrane
diffusion6 or engagement of a yet unknown butyrate transporter
are possible.

We demonstrated that the proapoptotic effects of propionate
and butyrate were independent from GPR41 and GPR43, hence
also not relying on free intracellular Ca21 increase, but it ap-
peared that HDACs might play a role. A similar mechanism



FIG 7. Butyrate reduces OVA-induced eosinophilia in BAL fluid and ameliorates AHR. A, Eosinophil influx

into the lung is diminished by systemic butyrate application in mice. B and C, Total cell counts (Fig 7, B)
and differential cell counts from BAL fluid (Fig 7, C) are shown. D and E, Accordingly, butyrate improves

airway resistance in methacholine-challengedmice (Fig 7, D) and reduces type 2 cytokine levels in BAL fluid

(Fig 7, E). Data are expressed as means or means 1 SEMs for 5 to 12 mice per group. Statistical differences

were calculated with 1-way (Fig 7, B and C) or 2-way ANOVAwith the Tukey posttest (Fig 7,D and E), *P < .05

and ***P < .001.
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has been reported for neutrophils.4 Accordingly, HDAC inhib-
itors have been shown to induce apoptosis of eosinophils and
neutrophils.34 We confirmed this because SCFA-induced
apoptosis on eosinophils was accompanied by histone acetyla-
tion and was mimicked by the HDACi TSA showing similar
kinetics as SCFAs. These findings do not yet ultimately prove
but strongly suggest that HDAC inhibition is the underlying
mode of action of butyrate hampering eosinophil effector
functions.

Other mechanisms involved in butyrate-induced apoptosis
might be dependent in peroxisome proliferator–activated receptor
g, which was previously reported to be involved in apoptosis
induction of colon cancer cells.41 However, we could not confirm
this for eosinophils because a peroxisome proliferator–activated
receptor g antagonist could not abolish this effect (data not
shown). Additionally, butyrate is also known to be a ligand for
the niacin receptor GPR109a and induces GPR109a-dependent
cell death of breast cancer cells.42 However, this possibility is un-
likely for eosinophils because GPR109a is absent on
eosinophils.43

Acetate was demonstrated to have a proapoptotic potential in
neutrophils,26 although at a concentration of 25 mmol/L. Because
we tested concentrations only up to 10 mmol/L, we cannot
exclude the possibility that greater acetate concentrations might
impair eosinophil viability.

Propionate and butyrate are known to induce apoptosis through
the intrinsic pathway,44,45 which is also true for eosinophils, as
implicated by our data: members of the Bcl-2 family (BCL-XL
and MCL-1) have been linked to prolonged eosinophil sur-
vival.31,32 Accordingly, we observed that both SCFAs blunted
the expression of BCL-XL and MCL-1 on eosinophils.

In allergic inflammation, eosinophil apoptosis is often delayed
by survival-promoting factors, such as IL-5, thereby fostering the
allergic response and inhibiting resolution of inflammation.12,13

Strikingly, SCFA treatment of eosinophils still induced caspase
activation in the presence of IL-5. This was in linewith our finding
that IL-5RAmRNA is downregulated by propionate and butyrate,
and thus the responsiveness to IL-5 might be attenuated.
Conversely, butyrate has been shown to induce IL-5RAexpression
in the eosinophilic HL-60 cell line.46 This is difficult to compare
with our findings because we used primary eosinophils, different
concentrations of butyrate and shorter incubation times compared
with the aforementioned study.

In our study caspase-3/7 activation was dramatically increased
after SCFA treatment in eosinophils from allergic compared with
nonallergic donors. Given the fact that TNF-a–treated colon
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cancer cells are more prone to butyrate-induced apoptosis,47,48

onemight speculate that the cytokine-rich environment in allergic
patients might be a precondition for propionate and butyrate with
regard to caspase activation. Interestingly, SCFA-dependent cas-
pase activation was restored when eosinophils from nonallergic
donors were preactivated with IL-5.

Importantly, we demonstrated that propionate and butyrate
induced histone acetylation in human eosinophils as ameasure for
HDAC inhibition. Both SCFAs have been reported to inhibit
HDAC activity in different cell types.5,6 HDACs show a broad
range of actions regulating cellular responses, including survival,
adhesion, and migration.4,34,49,50 Indeed, butyrate impaired adhe-
sion of eotaxin-2–stimulated eosinophils to endothelium under
flow conditions and hampered chemotaxis, and the HDACi
TSA mimicked this. This was consistent with another finding of
this study that butyrate decreased expression of the adhesion mol-
ecules CD44 and CD49d (integrin a subunit of very late antigen 4
[VLA-4]) at the mRNA and protein levels. VLA-4 is crucial for
eosinophil extravasation and has been shown to promote eosino-
phil accumulation into the conjunctiva and lung.51,52 Other
studies also reported decreased expression of CD44 and VLA-4
on butyrate treatment of other cell types53,54 and other HDAC in-
hibitors.49,55 In addition, we found decreased mRNA and protein
expression of CCR3, the receptor for eotaxins and other chemo-
kines,56 which might further explain the reduced adhesion and
migration in response to eotaxin-2.

Interestingly, propionate acted differently because it only
impaired adhesion of eosinophils but had no effect on chemotaxis,
whereas acetate was ineffective. This might be explained by
observations that (1) propionate increases Ca21 levels in eosino-
phils, thereby counteracting its own inhibitory effect on migra-
tion, and (2) it reduced CCR3 expression to a lesser extent than
butyrate.

To substantiate our in vitro findings, we used the OVAmodel to
further examine the role of butyrate in experimental asthma.
Because we observed more pronounced in vitro effects of buty-
rate, we concentrated on this SCFA in vivo. As predicted by our
previous findings butyrate (1) blunted eosinophil migration into
the lung, (2) reduced airway eosinophilia, and (3) ameliorated
impaired lung function. Because other leukocyte populations
and eosinophil progenitors were not affected by systemic admin-
istration of butyrate in our experiments, we propose that the effect
is specific to mature eosinophils. Previous studies have addressed
the importance of SCFAs in the onset of asthma because applica-
tion was performed before initial allergen contact.3,9 Hence we
assessed the interventional potential of butyrate because it was in-
jected after OVA sensitization. Therefore our findings point to an
important therapeutic potential of butyrate in patients with
already established allergic inflammation and asthma. We pro-
pose that butyrate can serve as a lead compound in patients
with eosinophilic diseases that would require modifications to
improve potency and bioavailability in patients.

Although others have reported that butyrate affects regulatory
T cells,5,57,58 we could not detect any changes in CD4/CD25/fork-
head box P3 regulatory T-cell numbers in lung tissue. This is in
line with recent findings of Thio et al.9 These authors also showed
an inhibitory effect of butyrate on lung type 2 innate lymphoid
cell (ILC2) and their effector cell function. In the present study
butyrate did not alter the lymphocyte population in the BAL fluid,
which includes ILC2s. In the lung tissue only eosinophil numbers
were decreased, whereas the CD451 population was unaffected
by butyrate treatment, suggesting an eosinophil-selective effect.
Furthermore, we detected a butyrate-induced reduction of IL-4
and IL-13 levels and a trend toward reduced IL-5 in BAL fluid.
Although ILC2s are potent producers of type 2 cytokines in pa-
tients with allergic inflammation,9 eosinophilic granules also
contain these factors, which can be readily secreted on stimula-
tion. Therefore in our experimental setting eosinophils appear
to be the main cell type affected by butyrate.

Taken together, we propose a novel role for SCFAs, specifically
butyrate, in regulating central steps of the eosinophil lifecycle and
function. Hence butyrate’s effects should be considered as a drug
concept in patients with allergic asthma and other eosinophil-
associated diseases to curb the infiltration of eosinophils and also
to promote resolution of inflammation by limiting their survival.
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Key messages

d Butyrate and propionate induce apoptosis in eosinophils
independent of GPR43 or GPR41 activation.

d Butyrate limits eosinophil trafficking in vitro and in vivo.

d Application of butyrate alleviates allergen-induced
airway eosinophilia and AHR.
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