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Methods: We analyzed SCFA levels by high-performance liquid chromatography
(HPLC) in fecal samples from 301 one-year-old children from a birth cohort and
examined their association with early life exposures, especially diet, and allergy and
asthma later in life. Data on exposures and allergic diseases were collected by ques-
tionnaires. In addition, we treated mice with SCFAs to examine their effect on aller-
gic airway inflammation.

Results: Significant associations between the levels of SCFAs and the infant's diet
were identified. Children with the highest levels of butyrate and propionate (>95th
percentile) in feces at the age of one year had significantly less atopic sensitization
and were less likely to have asthma between 3 and 6 years. Children with the high-
est levels of butyrate were also less likely to have a reported diagnosis of food
allergy or allergic rhinitis. Oral administration of SCFAs to mice significantly reduced
the severity of allergic airway inflammation.

Conclusion: Our results suggest that strategies to increase SCFA levels could be a

new dietary preventive option for allergic diseases in children.

KEYWORDS

1 | INTRODUCTION

The increase in the prevalence of allergic diseases over the last dec-
ades has been associated with lifestyle changes in industrialized
countries. One of the lifestyle factors thought to be important is the
diet.! Nutritional factors and their interaction with the gut micro-
biota influence immunological processes, especially early in life.2
Even though it has been suggested that nutrition during infancy
might play a major role in the development of allergies later on in
childhood, successful strategies for allergy prevention based on
infant's diet are still needed.®

Among children from the Protection against Allergy-Study in
Rural Environments (PASTURE) birth cohort study, we previously
showed that an increased diversity of food introduced within the
first year of life might have a protective effect on allergy.* More-
over, we and others observed a strong reduction in the risk for the
development of atopic dermatitis and asthma later in life when
yogurt, butter, or vegetables and fruits were introduced in the first
year of life.#”

We therefore hypothesized that short-chain fatty acids (SCFAs)
might mediate some of the protective effects associated with early
life consumption of these foods. Dairy products such as yogurt and
butter contain SCFAs (eg, 100 g of butter contains 2.7 g butyrate
and 100 g of yogurt contains 0.1 g butyrate), while SCFAs are also
metabolites produced by intestinal bacteria through fermentation of
fibers.® Microbial fermentation and SCFA generation occur primarily
in the large intestine, while dietary-derived SCFAs may have
immunological effects in both the small and large intestine. Fecal
SCFA levels reflect the combination of dietary intake and in situ gen-
erated SCFAs. The major SCFAs are acetate, propionate, and

asthma, butyrate, food allergy, atopic sensitization, Short-chain fatty acid

butyrate, which have been shown to have anti-inflammatory proper-
ties including promoting the expansion of regulatory T cells via inhi-
bition of histone deacetylation, and induction of IgA production by
mucosal B cells.”1? SCFA effects are mediated by epigenetic mecha-
nisms or G protein-coupled receptor signaling and have been shown
in murine models to protect against colitis, inflammatory arthritis,
and allergic diseases.”*3'” Microbial metabolism and SCFA produc-
tion strongly influence the growth of beneficial bacteria in the gas-
trointestinal tract.*®

Since little is currently known about the role of SCFAs in the
development of allergy in children, we investigated whether levels of
SCFAs, measured at 1 year of age in feces among a subsample of
children from a large European birth cohort, the PASTURE study,
were associated with the development of allergic diseases and atopic
sensitization later in life. We further evaluated the effect of oral
administrated SCFAs in murine models of allergic airway

inflammation.

2 | METHODS

2.1 | Study design

The PASTURE study is a prospective birth cohort involving children
from rural areas in five European countries (Austria, Finland, France,
Germany, and Switzerland), designed to evaluate risk factors and
preventive factors, especially in early life, for atopic diseases.*’ Preg-
nant women were recruited during the third trimester of pregnancy
and divided into two groups. Women who lived on family-run farms,
where any kind of livestock was kept, were assigned to the farm

group. Women from the same rural areas not living on a farm were
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Children with high levels of butyrate or propionate in feces at one year of age have significantly less atopic sensitization compared to children

with lower levels. The infant's diet might influence the levels of SCFAs. Oral application of short-chain fatty acids might protect children

against the development of atopic sensitization and airway inflammation.

in the reference group. In total, 1133 children were included in this
cohort. The study was approved by the local research ethics commit-
tees in each country, and written informed consent was obtained

from all parents.

2.2 | Definitions

Questionnaires were administered in interviews or self-administered
to the mothers within the third trimester of pregnancy and when
children were 2, 12, 18, 24 months of age and then yearly up to age
6 years. Feeding practices were reported by parents in monthly dia-
ries between the 3rd and 12th months of life. Duration of breast-
feeding was categorized according to the number of months children
were breastfed (not exclusively).

Children were defined as having asthma when the parents
reported at least once that the child had either a doctor-diagnosed
asthma or at least two doctor-diagnosed episodes of obstructive
bronchitis in the last 12 months in the year 4, 5, or 6 questionnaire,
independently of diagnosis reported in the first 3 years. Obstructive
bronchitis is commonly used to define the first occurrence of asth-
matic symptoms. Food allergy was defined when the parents
reported up to age 6 years that the child had at least once been
diagnosed with food allergy by a doctor.

Children were defined as having atopic dermatitis when the par-
ents reported that the child had atopic dermatitis diagnosed by a
doctor at least once up to 6 years of age and/or a positive SCORAD
score (>0) assessed at the age of 1 year, during medical examination.

Allergic rhinitis was defined by the presence of symptoms (itchy,
runny, or blocked nose, without a cold, and associated with red itchy
eyes) or a doctor diagnosis of allergic rhinitis ever, reported at

6 years.

Positive parental history of allergies was defined as ever having

asthma, allergic rhinitis, or atopic dermatitis.

2.3 | Human-specific IgE quantification

Allergen-specific IgE antibodies (D. pteronyssinus, D. farinae, alder,
birch, hazel, grass pollen, rye, mugwort, plantain, cat, horse, dog,
Alternaria, hen's egg, cow's milk, peanut, hazelnut, carrot, and
wheat flour) were measured in blood from children at 6 years of
age, using the Allergy Screen Test Panel (Mediwiss Analytic, Moers,
Germany). Sensitization was defined as a specific IgE level of
>0.35 |U/mL.

2.4 | SCFA quantification

Fecal samples were processed and analyzed as previously
described.?° Fecal samples collected at 1 year of age were used
for the analyses of SCFAs (following one previous freeze/thaw
cycle). 1 mL of 0.15 mmol/L H,SO4 was added to 0.3 g feces to
generate a fecal suspension. After rigorous vortexing, the samples
were centrifuged two times (14 000 g for 30 minutes) and sequen-
tially filtered through a 0.45-pm (Millex-HA, Merck, Darmstadt,
Deutschland) and a 0.2-um filter (Millex-LG, Merck). The resultant
fecal homogenates were analyzed by high-performance liquid chro-
matography (Merck Hitachi, Schaumburg, USA) using an Rezex
ROA-Organic Acid H+ ion exchange column together with a Secu-
rityGuard Cartridges Carbo-H from Phenomenex (Torrance, USA)
at a flow rate of 0.4 mL at 40°C with 10 mmol/L H,SO,4 as eluent
solution. The samples were quantified in relation to standards

measured in parallel.!
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2.5 | Animals

Female BALB/c mice aged 6-8 weeks were obtained from Charles
River (Sulzfeld, Germany) and housed at AO Research Institute
Davos. Four to six animals were housed per cage in individually ven-
tilated cages in a 12/12 hours light/dark cycle with water and food
available ad libitum. All experimental procedures were carried out in
accordance with Swiss law and approved by the animal experiment
commission of the canton Grisons, Switzerland. For further informa-
tion on the animal experiments, see the method section in this arti-

cle's online repository.

2.6 | Statistical analysis

As the distribution of the SCFA levels was skewed, the variables
were log-transformed (natural logarithm), resulting in an approxi-
mately normal distribution. Linear regression was used to investigate
the association between exposures, such as dietary factors, and
SCFA levels. For SCFA levels, geometric means ratios (GMRs) with
95% Cls were calculated by exponentiation of the regression coeffi-
cients and their 95% Cls. Differences in the proportion of children
with atopy regarding the high and low levels of SCFAs were tested
by Fisher's exact test. Logistic regression was used to investigate the
association between level of SCFA and health outcomes. Data analy-
sis was conducted using SAS software version 9.4 (SAS Institute,
Inc., Cary, NC).

Mouse experiments were graphed and analyzed statistically with
Prism 5 software (GraphPad Software, San Diego, California). Data
were expressed as means + standard deviation (SD). Statistical sig-

nificance was tested by using the one-way ANOVA with Tukey test.

3 | RESULTS

3.1 | SCFA assessments in fecal samples from
one-year-old children and their association with early
life exposures

To assess the potential protective role of SCFAs in children, we
measured metabolite levels in fecal homogenate samples from one-
year-old children from the PASTURE birth cohort study. In total, this
cohort included 1133 children and SCFA analyses were performed
among a subsample of 301 children. The characteristics of the sub-
sample with SCFA measurements were more likely to be farmer, to
have prenatal exposure to antibiotics and to be born by vaginal
delivery (Table 1). Acetate was the most abundant SCFA, with a
median concentration of 60.8 pmol per gram of feces, followed by
propionate (median concentration 13.7 pmol/g) and butyrate (median
concentration 10.1 pmol/g) (Figure S2).

SCFA levels and early life exposures showed significant associa-
tions, especially with the infant's diet (Table 2). Introduction of
yogurt in the 1st year of life was associated with a significantly
increased level of butyrate in fecal homogenates at 1 year of age.

Also, introduction of fish in the 1st year of life and vegetables and/

RODUIT ET AL
TABLE 1 Characteristics of the study population
All study With SCFA
population quantification
n = 1133 n =301
n % n % P-value
Center
Austria 220 194 38 12.6 <0.001
Switzerland 242 214 45 15.0
France 203 179 83 27.6
Germany 254 224 53 17.6
Finland 214 189 82 27.2
Farmer 530 468 156 51.8 0.043
Parents with atopy 595 541 171 57.0 0.249
Cesarean delivery 192 17.7 38 12.7 0.008
Breastfeeding
0 mo 100 9.6 27 9.0 0.617
>0-2 mo 170 163 52 17.3
3-6 mo 289 277 86 28.6
7-9 mo 221 212 55 18.3
>10 mo 264 253 81 26.9
Breastfeeding at 2 mo
Yes, exclusively 658 65.5 184 66.0 0.221
Yes, but not exclusively 156 15.5 50 17.9
No 190 189 45 16.1
Antibiotics prenatal 250 226 80 26.9 0.043
Sibling
>3 116 10.2 33 11.0 0.324
1-2 604 533 169 56.2
0 413 365 99 329

or fruits in the first 6 months were associated with an increased
level of butyrate. Introduction of margarine in the 1st year of life
was associated with lower propionate and acetate levels. The intro-
duction of cereals in the first 9 months was significantly associated
with a reduced level of fecal acetate.

Children who were not breastfed had a higher level of propi-
onate compared to breastfed children (17.2 pmol/g vs. 13.2 umol/g
median level, respectively). Also, children with 3 or more siblings
showed an increased level of propionate and a tendency for an
increased level of butyrate.

3.2 | SCFA assessments in fecal samples from
one-year-old children and their association with
allergic diseases and atopy

We observed that especially children with the highest level of buty-
rate or propionate were less likely to suffer later in life from asthma
and food allergy (Table 3). Therefore, we stratified the children into
two groups depending on the levels of SCFA (< or >the 95th per-
centile). We found that the proportion of children with sensitization
to food and/or inhalant allergens at 6 years of age was significantly
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TABLE 2 Association between early life exposures and fecal SCFA levels

Butyrate Propionate Acetate
Exposures GMR % P value GMR % P value GMR w P value
Farmer vs. nonfarmer 098 085 113 0.792 108 089 131 0316 1.03 093 113 0.611
Parents with allergies: yes vs. no 097 084 1.13 0.730 0.87 0.75 1.01 0.070 099 090 1.10 0.908
Breastfeeding
0 mo 1.09 083 143 0547 147 112 194 0.006 1.04 086 1.26 0.702
>0-2 mo 098 079 122 0.880 110 088 137 0392 102 087 118 0.835
3-6 mo 110 091 133 0334 1.06 087 128 0.558 111 097 127 0.133
7-9 mo 093 075 115 0497 102 082 127 0861 094 081 1.09 0.434
>10 mo, ref. 1.00 1.00
Cesarean vs. vaginal delivery 116 093 143 0.182 0.92 074 114 0437 111 095 1.28 0.180
Antibiotics prenatal: yes vs. no 099 084 1.16 0.880 098 084 116 0837 102 091 115 0.682
Sibling
>3 126 099 1.62 0.063 130 101 1.67 0.042 093 0.78 1.10 0.391
1-2 111 095 130 0.190 111 095 130 0.185 099 089 110 0.842
0, ref. 1 1 1
Food introduced within 1st year
Farm milk: yes vs. no 1.02 088 119 0.747 1.06 091 123 0438 1.02 092 114 0.650
Cow's milk: yes vs. no 104 090 120 0569 106 092 123 0425 093 084 1.03 0.171
Yogurt: yes vs. no 120 100 144 0.045 109 091 131 0362 106 094 121 0.353
Fish: yes vs. no 121 105 140 0.010 098 084 114 0.783 1.03 092 114 0.627
Nuts: yes vs. no 092 078 1.10 0.364 1.01 085 120 0.923 098 0.86 1.10 0.715
Vegetables or fruits (in first 6 mo): yes vs. no  1.18 1.02 135 0.025 0.98 085 1.14 0.804 0.97 0.88 1.08 0.597
Butter: yes vs. no 094 081 110 0456 095 0.82 111 0.545 095 0.86 1.06 0.375
Margarine: yes vs. no 095 082 110 0514 085 074 0.99 0.031 090 0.81 0.99 0.032
Chocolate: yes vs. no 099 086 114 0.895 120 104 138 0.014 105 095 1.16 0.317
Egg: yes vs. no 096 082 100 0.554 1.03 088 120 0.748 092 083 1.02 0.109
Cereals (in first 9 mo):
yes vs. no 088 076 1.03 0.107 088 0.75 1.02 0.098 081 073 0.90 <0.0001
Meat (in first 9 mo): yes vs. no 113 096 132 0.136 098 083 115 0.778 097 0.87 1.08 0.595

Boldface values are significant (P-value < 0.05)

lower among children with very high levels of butyrate (>95th per-
centile; >26.88 pmol/g) at 1 year of age compared to children with
lower butyrate levels (Figure 1). The odds ratio (OR) for any sensiti-
zation between the level of butyrate above and below the 95th per-
centile was 0.28 (95% Cl, 0.09-0.91, P-value: 0.034), and after
adjustment for center, farmer, gender, parents with allergy, mode of
delivery, breastfeeding, and number of siblings, the association
remained significant (adjusted OR: 0.25, 95% Cl, 0.08-0.82, P-value:
0.023). We also observed a trend for a reduced prevalence of
asthma, allergic rhinitis, and food allergy among children with a high
level of butyrate, but the number of cases was very small (Table 3).
Regarding propionate, the proportion of children with sensitization
to any allergens was also significantly lower among children with
very high levels (>95th percentile; >32.87 umol/g) (Figure 1). The
OR for any sensitization between the level of propionate above and
below the 95th percentile was 0.19 (95% Cl, 0.05-0.69), and after

adjustment for the same potential confounders as mentioned above,
the OR was 0.20 (95% Cl, 0.05-0.74). A trend for a reduced risk of
asthma was also observed among those children with the highest
levels of propionate (Table 3). Children with high acetate levels
tended to show a lower prevalence of food sensitization and food
allergy, but no associations were observed with inhalant allergen
sensitization or asthma (Table 3, Figure 1). No difference in the pro-
portion of children with atopic dermatitis was observed between
the high and low levels of any SCFAs. Using a lower cut-off, below
and above the 90th percentile of SCFA levels, similar tendencies
were observed, even though less strong difference in the proportion
of children with or without allergic diseases or atopy (data not
shown).

The proportion of atopy between the quartiles of SCFAs showed
a reduction of the proportion of atopy with the increasing quartiles

of propionate (Table S1).



TABLE 3 Comparisons between children with high and low SCFA levels (>95th percentile and <95th percentile, respectively)

Acetate >95P
(>114.67 umol/g)

Propionate <95P Propionate >95P Acetate <95P
(<32.87 pmol/g) (>32.87 pmol/g)

Butyrate >95P

Butyrate <95P

(<114.67 pmol/g)

(>26.88 pmol/g)

(<26.88 pmol/g)

%

%

%

%

%

%

14.3

2/14
2/15
1/15
7/15
6/15

11.8
9.0

11.6
46.7

31/263
25/279
32/275
133/285

6.7
133

1/15
2/15
3/15
7/15
2/15

12.2

32/262
25/279
30/275
133/285
108/261

6.7
0.0
6.7
313

20.0

1/15
0/15
1/15
5/16
3/15

122

32/262
27/252
32/275
135/284
107/261

Asthma up to 6 yrs

13.3

9.0

10.9
46.7
414

9.7
11.6

Allergic rhinitis up to 6 yrs

6.7
46.7

20.0

Food allergy up to 6 yrs

46.7

47.5

Atopic dermatitis up to 6 yrs

40.0

39.9

104/261

13.3

41.0

Inhalant

sensitization at 6 yrs

38.7 1/15 6.7

101/261

37.9 3/15 20.0

991261

38.3 2/15 13.3

100/261

Food sensitization

at 6 yrs

RODUIT ET AL

55.6 6/15 40.0

56.3 4/15 26.7 148/261 56.7 3/15 20.0 145/261

147/261

Any sensitization

at 6 yrs

If the n per group was >3, a Fisher's exact test to compare two proportions was performed (P-value <0.05 was observed only with any sensitization at 6 yrs for butyrate and propionate).

To evaluate the effect of butyrate levels and yogurt exposure in
the 1st year of life, separately and combined, on atopic sensitization
at the age of 6 years, we used a variable with four categories: chil-
dren having a high level of butyrate (>95th percentile) or not and
consumed yogurt or not. Both exposure variables showed separately
a negative association with any sensitization (only yogurt: OR, 0.47;
95% Cl, 0.24-0.90, P-value: 0.024, and only high level of butyrate:
OR, 0.42; 95% Cl, 0.02-7.11, P-value: 0.545), even though only sig-
nificant for yogurt without high level of butyrate. However, only 2
of the 16 children having a high level of butyrate did not consume
yogurt in the 1st year of life. Children who consumed yogurt in the
1st year of life and had a high level of butyrate were strongly pro-
tected against sensitization (OR: 0.13; 95% ClI, 0.03-0.50, P-value:
0.004).

3.3 | Oral administration of SCFAs to mice reduced
the severity of airway inflammation

Using a murine airway inflammation model, we found that oral
administration of acetate, propionate, or butyrate to mice during
sensitization and challenge reduced airway hyperresponsiveness fol-
lowing methacholine challenge, compared to vehicle-treated mice
(Figure 2A). Moreover, the number of inflammatory cells and particu-
larly eosinophils were significantly reduced in bronchoalveolar
lavages (Figure 2B). Since previous studies suggested that SCFA pro-
tective effects can be mediated by regulatory T cells, we quantified
the number of these cells in lungs of the SCFA-treated mice.! We
found that oral administration of butyrate increased the percentage
of CD25*/Foxp3* cells in the lungs, while application of acetate and
propionate had no effect on the number of regulatory lymphocytes
within the lung (Figure 2C). Oral gavage with SCFAs did not signifi-
cantly influence the percentage of IL-17-, IFN-gamma-, or IL-4-posi-
tive lymphocytes within lung tissue (Figure S3). Finally, SCFA
administration had no effect on total and allergen-specific IgE levels

in sera of the mice (Figure 2D).

3.4 | Oral administration of SCFAs to mice during
pregnancy and weaning reduced the severity of
allergic airway inflammation in the offspring

In addition to SCFA treatment during sensitization and challenge
of the animals, we also investigated whether oral administration of
SCFA to mice during the pregnancy and weaning had an effect
on the offspring. Oral application of acetate, propionate, and
butyrate to mice during pregnancy and weaning phase reduced
the airway hyperresponsiveness to methacholine of the offspring
although it did not reach statistical significance (Figure 3A).
Moreover, administration of propionate and butyrate reduced total
cells, while administration of acetate and butyrate reduced eosino-
phil numbers in bronchoalveolar lavages of the offspring (Fig-
ure 3B). Furthermore, administration of butyrate increased the
percentage of lung CD25'/Foxp3* cells in the offspring
(Figure 3C).
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4 | DISCUSSION

Our data show that the infant's diet influences the fecal levels of
SCFAs, such as the introduction within the first year of life of
yogurt, fish, fruit, and vegetables, which was associated with
increased levels of butyrate. Moreover, children with the highest
levels of butyrate or propionate, at 1 year of age, were less likely to
be sensitized to food and/or inhalant allergens by 6 years of age.
There was also a trend for a reduced risk of asthma, allergic rhinitis,
or food allergy among children with the highest levels of butyrate.
Finally, dietary administration of butyrate, propionate, or acetate to
murine models reduced the severity of allergic airway inflammation.

SCFAs are produced by commensal bacteria in the colon by fer-
mentation of undigested sugars, including fibers.?2 One major role of
SCFAs is to promote gut homeostasis, but also to maintain the
intestinal barrier. Compromised epithelial integrity was shown to be
associated with diseases like asthma, allergies, and autoimmunity.
Furthermore, SCFAs have been shown to have anti-inflammatory
effects in animal models.”*?1® By increasing the expression of the
transcription factor FOXP3 via inhibition of histone deacetylation,
they support the expansion of T regulatory cells (Tregs) and increase
the production of IL-10.102324

In our study, children with the highest amounts of SCFAs, espe-
cially butyrate and propionate, were protected against atopy at
6 years. Our data also suggest a reduction in the proportion of chil-
dren having asthma, allergic rhinitis, and food allergy among those with
a very high level of butyrate, even though this difference was not sta-
tistically significant. However, only a small number of children had a
very high level of SCFAs. This is one of the shortcomings of this study
and the small numbers may contribute to the lack of statistical signifi-
cance for some of the associations, although clearly trends are evident.

Human studies investigating the role of SCFAs in allergic diseases are
rare. Nevertheless, recent findings showed that children developing
eczema or food allergy had lower levels of SCFAs in fecal samples
compared to those with no disease.2>¢ While we did not observe a
statistically significant association for atopic dermatitis or food allergy
in our study, there was a trend for reduced incidence in the children
with the highest levels of butyrate.

There is some debate concerning the relevance and biological
significance of fecal SCFA levels. It is unclear whether an increased
fecal SCFA level reflects increased dietary intake, increased microbial
synthesis, and/or a decrease in the absorption rate of the SCFA.
However, it has been shown that the measurement of fecal SCFAs
in humans is a valid indicator of their levels within the colon.?” In
addition, an intervention study among healthy adults showed that
diet could influence the fecal level of SCFAs, as a diet high in resis-
tant starch was shown to increase fecal SCFA levels.?® Interestingly,
this increase was observed only among individuals with a low or
intermediate level of butyrate at study entry, but not among those
with the highest butyrate levels. Moreover, in an intervention study
among adults, it was shown that fecal butyrate was increased after
yogurt consumption.?’ Similarly, we found significant association
between the infant's diet and SCFA levels measured at 1 year of
age. From the different food items, we observed that consumption
of yogurt in the first year of life was significantly associated with an
increased level of butyrate measured at 1 year of age. Children with
an increased number of siblings had a higher level of propionate and
a tendency of increased level of butyrate, compared to children with
less siblings. More siblings might be a marker for different nutritional
habits or different environmental factors leading to higher SCFA
levels mediated by enhanced SCFA consumption or by an altered

gut microbiota. Our current proposed hypothesis is that when
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FIGURE 2 Oral application of SCFA to mice reduced the severity of airway inflammation. (A) Airway resistance in response to increasing
doses of methacholine. (n = 5 per group). (B) Total and differential cell counts in BAL. Eos, eosinophils; Neut, neutrophils; Mac, macrophages;
Lymph, lymphocytes. (control NaCl [n = 16]; airway-inflam.: NaCl [n = 13], acetate [n = 11], propionate [n = 10], butyrate [n = 8]) (C)
Quantification of lung CD25"Foxp3* Treg cells. (control NaCl [n = 17]; airway-inflam.: NaCl [n = 18], acetate [n = 12], propionate [n = 9],
butyrate [n = 10]) (D) Quantification of total and ovalbumin-specific IgE in sera. (control NaCl [n = 12]; airway-inflam.: NaCl [n = 12], acetate
[n = 6], propionate [n = 6], butyrate [n = 5]) Each dot represents an individual animal; the data were generated in 4 independent experiments;
mean and SD; one-way ANOVA with Tukey test; Rn, resistance; BAL, bronchoalveolar lavage; prop, propionate; SCFA, short-chain fatty acid

[Colour figure can be viewed at wileyonlinelibrary.com]

butyrate levels increase above the level required by colonocytes as
an energy source, the excess butyrate is available to interact with
the immune system to induce an anti-inflammatory effect, including
induction of Tregs.

The strengths of this study are the assessment of the gut micro-
bial metabolites, such as SCFAs, among children from a large birth
cohort, with measurements performed in early life, and the prospec-
tive design of the study. One limitation might be the wide range of
SCFA levels. This variation in SCFA concentrations was observed in
other studies as well, and our measurements correspond to SCFA

levels previously reported in human studies.?**°

Besides improved hygiene, nutritional changes have been sug-
gested to be associated with the increase in the prevalence of
allergic diseases over the past decades in westernized countries.3!
The western diet is characterized by reduced vegetables and fiber
intake compared to developing countries or western diets of
40 years ago.3? Altered intake of fiber and fat has been associated
with changes in gut microbiota associated with altered levels of
SCFA, ®-3 fatty acids, vitamins, biogenic amines, or metabolites
from tryptophan catabolism, compounds known to be involved in
induction of immune regulation and disease protection.t143334 |n
our study, the mice models indicate that oral application of SCFAs
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might have a preventive effect on the development of allergic
These

studies, in particular a study showing that mice orally treated with

airway inflammation. results are consistent with other
propionate were protected against the development of allergic
airway inflammation.® Another study showed that mice fed with
acetate had reduced inflammation in a colitis model.*® Therefore,
not only an increased intake of fiber, but a direct intake of SCFAs,
or a diet rich in foods containing butyrate might be a simple strat-
egy worth investigating for allergy prevention. Moreover, our previ-
ous epidemiological data support this hypothesis, as we observed
that introduction of cow's milk products, such as yogurt, in the diet
within the first year of life reduced the risk of developing allergic
diseases and atopy.*°

We know that symptoms of allergic diseases can start in early life
and that the in utero period might be a critical period of time in the
development of allergy in childhood.?* Here, we could show that oral
application of SCFAs to mice during pregnancy and weaning phase
protects against allergic airway inflammation among the offspring.
Butyrate treatment of the mothers induced regulatory T cells in the
lungs of the offspring indicating an epigenetic mechanism, as was

previously suggested by others examining acetylation of the FOXP3

promoter.36

5 | CONCLUSION

Children with the highest level of SCFAs in feces early in life, espe-
cially butyrate and propionate, have a reduced risk to become sensi-
tized to food and/or inhalant allergens, which is associated with less
allergic diseases later in life. An increased exposure to butyrate or
propionate, either directly via dietary intake or via an increased
intake of fibers, which are fermented by the microbiota to release
these SCFAs in vivo, should be further investigated in human clinical

studies as potential novel strategies for allergy prevention.

ACKNOWLEDGMENTS

We thank all the fieldworkers and other PASTURE team members.
Supported by European Union research grants PASTURE/EFRAIM
(QRLT4-CT 2001-00250, KBBE-2-2-06) and the Kiihne-Foundation.


www.wileyonlinelibrary.com
www.wileyonlinelibrary.com

MWILEY Allergy

RODUIT ET AL

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest.

AUTHOR CONTRIBUTIONS

CR, ReF, RuF, CAA, RPL, and LO conceived and designed the experi-
ments. CR, ReF, RuF, SL, ES, PW, WB, NRP, and MW performed
and analyzed the experiments. CR involved in statistical analyses.
CR, CC, CL, ESH, MD, EvM, CBF, AK, PK, JP, JCD, JR, CA, RPL, and
LO contributed samples, reagents, materials, analysis tools and dis-
cussed the data. CR, ReF, EvM, RPL, and LO wrote the paper.

ORCID

Caroline Roduit
Liam O'Mahony

https://orcid.org/0000-0002-5988-0570
https://orcid.org/0000-0003-4705-3583

REFERENCES

10.

11.

12.

13.

14.

15.

. Thorburn AN, Macia L, Mackay CR. Diet, metabolites, and “western-

lifestyle” inflammatory diseases. Immunity. 2014;40:833-842.

. David LA, Maurice CF, Carmody RN, et al. Diet rapidly and repro-

ducibly alters the human gut microbiome. Nature.

(7484):559-563.

2014;505

. Wahn U. Considering 25 years of research on allergy prevention—

have we let ourselves down? Pediatr Allergy Immunol. 2013;24:308-
310.

. Roduit C, Frei R, Depner M, et al. Increased food diversity in the first

year of life is inversely associated with allergic diseases. J Allergy Clin
Immunol. 2014;133:1056-1064.

. Roduit C, Frei R, Loss G, et al. Development of atopic dermatitis

according to age of onset and association with early-life exposures. J
Allergy Clin Immunol. 2012;130:130-6 €5.

. Wijga AH, Smit HA, Kerkhof M, et al. Association of consumption of

products containing milk fat with reduced asthma risk in pre-school
children: the PIAMA birth cohort study. Thorax. 2003;58:567-572.

. Dunder T, Kuikka L, Turtinen J, Rasanen L, Uhari M. Diet, serum fatty

acids, and atopic diseases in childhood. Allergy. 2001;56:425-428.

. Parodi PW. Cows' milk fat components as potential anticarcinogenic

agents. J Nutr. 1997;127:1055-1060.

. Trompette A, Gollwitzer ES, Yadava K, et al. Gut microbiota metabo-

lism of dietary fiber influences allergic airway disease and hemato-
poiesis. Nat Med. 2014;20:159-166.

Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites
and colorectal cancer. Nat Rev Microbiol. 2014;12:661-672.

Kim CH. B cell-helping functions of gut microbial metabolites. Microb
Cell. 2016;3:529-531.

Byndloss MX, Olsan EE, Rivera-Chavez F, et al. Microbiota-activated
PPAR-gamma signaling inhibits dysbiotic Enterobacteriaceae expan-
sion. Science. 2017;357(6351):570-575.

Maslowski KM, Vieira AT, Ng A, et al. Regulation of inflammatory
responses by gut microbiota and chemoattractant receptor GPR43.
Nature. 2009;461(7268):1282-1286.

Smith PM, Howitt MR, Panikov N, et al. The microbial metabolites,
short-chain fatty acids, regulate colonic Treg cell homeostasis.
Science. 2013;341(6145):569-573.

Furusawa Y, Obata Y, Fukuda S, et al. Commensal microbe-derived
butyrate induces the differentiation of colonic regulatory T cells.
Nature. 2013;504(7480):446-450.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Frei R, Akdis M, O'Mahony L. Prebiotics, probiotics, synbiotics, and
the immune system: experimental data and clinical evidence. Curr
Opin Gastroenterol. 2015;31:153-158.

Tan J, McKenzie C, Vuillermin PJ, et al. Dietary fiber and bacterial
SCFA enhance oral tolerance and protect against food
allergy through diverse cellular pathways. Cell Rep. 2016;15:2809-
2824.

Marques FZ, Nelson E, Chu PY, et al. High-fiber diet and acetate
supplementation change the gut microbiota and prevent the devel-
opment of hypertension and heart failure in hypertensive mice. Cir-
culation. 2017;135:964-977.

von Mutius E, Schmid S, PASTURE Study Group. The PASTURE pro-
ject: EU support for the improvement of knowledge about risk fac-
tors and preventive factors for atopy in Europe. Allergy.
2006;61:407-413.

Dostal A, Baumgartner J, Riesen N, et al. Effects of iron supplemen-
tation on dominant bacterial groups in the gut, faecal SCFA and gut
inflammation: a randomised, placebo-controlled intervention trial in
South African children. Br J Nutr. 2014;112:547-556.

Pham VT, Lacroix C, Braegger CP, Chassard C. Early colonization of
functional groups of microbes in the infant gut. Environ Microbiol.
2016;18:2246-2258.

Payne AN, Zihler A, Chassard C, Lacroix C. Advances and perspec-
tives in in vitro human gut fermentation modeling. Trends Biotechnol.
2012;30:17-25.

Hoeppli RE, Wu D, Cook L, Levings MK. The environment of regula-
tory T cell biology: cytokines, metabolites, and the microbiome. Front
Immunol. 2015;6:61.

Arpaia N, Campbell C, Fan X, et al. Metabolites produced by com-
mensal bacteria promote peripheral regulatory T-cell generation. Nat-
ure. 2013;504(7480):451-455.

Kim HK, Rutten NB, Besseling-van der Vaart |, et al. Probiotic sup-
plementation influences faecal short chain fatty acids in infants at
high risk for eczema. Benef Microbes. 2015;6:783-790.

Sandin A, Braback L, Norin E, Bjorksten B. Faecal short chain fatty
acid pattern and allergy in early childhood. Acta Paediatr.
2009;98:823-827.

Ahmed R, Segal I, Hassan H. Fermentation of dietary starch in
humans. Am J Gastroenterol. 2000;95:1017-1020.

McOrist AL, Miller RB, Bird AR, et al. Fecal butyrate levels vary
widely among individuals but are usually increased by a diet high in
resistant starch. J Nutr. 2011;141:883-889.

Matsumoto M, Aranami A, Ishige A, Watanabe K, Benno Y. LKM512
yogurt consumption improves the intestinal environment and
induces the T-helper type 1 cytokine in adult patients with intract-
able atopic dermatitis. Clin Exp Allergy. 2007;37:358-370.

Arrieta MC, Stiemsma LT, Dimitriu PA, et al. Early infancy microbial
and metabolic alterations affect risk of childhood asthma. Sci Transl
Med. 2015;7(307):307ra152.

Rueter K, Prescott SL, Palmer DJ. Nutritional approaches for the pri-
mary prevention of allergic disease: an update. J Paediatr Child
Health. 2015;51:962-969.

Maslowski KM, Mackay CR. Diet, gut microbiota and immune
responses. Nat Immunol. 2011;12:5-9.

Frei R, Lauener RP, Crameri R, O'Mahony L. Microbiota and dietary
interactions: an update to the hygiene hypothesis? Allergy.
2012;67:451-461.

Rooks MG, Garrett WS. Gut microbiota, metabolites and host immu-
nity. Nat Rev Immunol. 2016;16:341-352.

Khan TK, Palmer DJ, Prescott SL. In-utero exposures and the evolv-
ing epidemiology of paediatric allergy. Curr Opin Allergy Clin Immunol.
2015;15:402-408.

Thorburn AN, McKenzie Cl, Shen S, et al. Evidence that asthma is a
developmental origin disease influenced by maternal diet and bacte-
rial metabolites. Nat Commun. 2015;6:7320.


https://orcid.org/0000-0002-5988-0570
https://orcid.org/0000-0002-5988-0570
https://orcid.org/0000-0002-5988-0570
https://orcid.org/0000-0003-4705-3583
https://orcid.org/0000-0003-4705-3583
https://orcid.org/0000-0003-4705-3583

RODUIT ET AL

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Roduit C, Frei R, Ferstl R, et al. High
levels of butyrate and propionate in early life are associated
with protection against atopy. Allergy. 2019;74:799-809.
https://doi.org/10.1111/all.13660

APPENDIX

THE PASTURE STUDY GROUP

The members of the PASTURE study group are (in alphabetical order
by study center): A Hyvérinen, S Remes, M Roponen (Finland); A
Chauveau, ML Dalphin, V Kaulek (France); M Ege, J Genuneit, S Illi,
M Kabesch, B Schaub, P Pfefferle (Germany); G Doekes (The
Netherlands).


https://doi.org/10.1111/all.13660

