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Abstract
Background: Intestinal microenvironmental perturbations may increase food allergy 
risk. We hypothesize that children with clinical food allergy, those with food sensitiza-
tion, and healthy children can be differentiated by intestinal metabolites in the first 
years of life.
Methods: In this ancillary analysis of the Vitamin D Antenatal Asthma Reduction Trial 
(VDAART), we performed untargeted metabolomic profiling in 824 stool samples col-
lected at ages 3–6 months, 1 year and 3 years. Subjects included 23 with clinical food 
allergy at age 3 and/or 6 years, 151 with food sensitization but no clinical food allergy, 
and 220 controls. We identified modules of correlated, functionally related metabo-
lites and sought associations of metabolite modules and individual metabolites with 
food allergy/sensitization using regression models.
Results: Several modules of functionally related intestinal metabolites were reduced 
among subjects with food allergy, including bile acids at ages 3–6 months and 1 year, 
amino acids at age 3–6 months, steroid hormones at 1 year, and sphingolipids at age 
3 years. One module primarily containing diacylglycerols was increased in those with 
food allergy at age 3–6 months. Fecal caffeine metabolites at age 3–6 months, likely 
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1  |  INTRODUC TION

Food allergy is prevalent, costly and has a major impact on quality of 
life.1 It is a complex disease with diverse risk factors, and a growing 
body of literature supports causal and likely interconnected roles 
of dietary factors2 and the intestinal microbiome3 in food allergy 
pathogenesis. The intestinal metabolome refers to the collection of 
small molecules present in the gut, and reflects diverse exposures 
relevant to food allergy risk, including the diet4 and microbiome.5 
Interrogation of the intestinal metabolome and its associations with 
food allergy could provide insight into mechanisms of food allergy 
pathogenesis, including progression from food sensitization to de-
velopment of clinical food allergy. Prior studies of the metabolomics 
of food allergy have identified associations with fecal diacylglycer-
ols6 and lipids,7,8 and with circulating microbial-derived metabolites 

including bile acids and sphingolipids9; however, in part due to study 
heterogeneity, a metabolomic signature of food allergy has not been 
established.

We previously reported that in participants in the Vitamin D 
Antenatal Asthma Reduction Trial (VDAART), fecal metabolites at 
age 3–6 months, including a depletion in Bacteroides-derived sphin-
golipids, were associated with food allergy by age 3 years.10 Here, we 
extend our analysis to include a larger number of stool samples with 
metabolomic profiling from ages 3–6 months, 1 year and 3 years, and 
leverage clinical data from up to age 6 years to determine food al-
lergy and sensitization phenotypes in a larger subsample of VDAART 
participants. We identified reductions in fecal metabolite classes 
with biologically plausible roles in allergy inception, including bile 
acids, steroid hormones, and sphingolipids in association with food 
allergy. In addition, we found that caffeine metabolites that are likely 

derived from breast milk, were increased in those with food allergy and/or sensitiza-
tion (beta = 5.9, 95% CI 1.0–10.8, p =  .02) and were inversely correlated with fecal 
bile acids and bilirubin metabolites, though maternal plasma caffeine levels were not 
associated with food allergy and/or sensitization.
Conclusions: Several classes of bioactive fecal metabolites are associated with food 
allergy and/or sensitization including bile acids, steroid hormones, sphingolipids, and 
caffeine metabolites.

K E Y W O R D S
bile acids, caffeine, food allergy, food sensitization, metabolomics

G R A P H I C A L  A B S T R A C T
This analysis identifies associations between the fecal metabolome at ages 3–6 months, 1 and 3 years with food allergy and/or sensitization. 
Fecal metabolites including bile acids, sphingolipids, and caffeine metabolites are associated with food allergy/sensitization. Results 
suggest that breast-milk derived intestinal caffeine may impact other fecal metabolites and thereby be associated with risk of food allergy/
sensitization.
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514  |    LEE-­SARWAR et al.

derived from maternal breast milk are enriched in stool samples of 
infants who developed food allergy and/or sensitization compared 
to control subjects and may impact disease risk via effects on other 
metabolites including bile acids.

2  |  METHODS

2.1  |  Study design

Detailed methods are available in the Appendix S1. Subjects were 
offspring of participants in VDAART, a randomized controlled trial 
of Vitamin D supplementation during pregnancy to prevent asthma 
in offspring conducted in the United States (St. Louis, Boston, and 
San Diego; NCT00920621).11 The study protocol was approved by 
the institutional review boards at each participating institution and 
at Brigham and Women's Hospital. All participants provided written 
informed consent.

All subjects were asked to provide a blood sample at ages 3 and 
6 years for measurement of serum specific IgE to egg white, wal-
nut, milk, peanut, soybean, and wheat. Parents completed question-
naires quarterly between birth and age 3 years and then annually 
in which they reported whether subjects had been diagnosed with 
food allergy by a healthcare provider, which food the subject was 
allergic to, and symptoms of interim food allergy reactions. Food 
sensitization was defined as specific IgE ≥0.35 kU/L to at least one 
food allergen and no parent-reported food allergy reactions. Food 
allergy was defined as parental report of diagnosed allergy to milk, 
egg, wheat, soy, peanut, or other nuts with IgE ≥0.35 kU/L to the 
same food. Control subjects had neither food sensitization nor food 
allergy at any time point.

Metabolomic profiling was performed by Metabolon, Inc. on 
stool samples collected at age 3–6 months, 1 year and 3 years as pre-
viously described.12,13 Plasma metabolomic profiling was performed 

on maternal blood samples collected during the third trimester of 
pregnancy and when offspring were 1 year old.

2.2  |  Statistical methods

Because race/ethnicity was associated with food allergy/sensitiza-
tion, it was included as a covariate in all analyses unless otherwise 
specified. We additionally adjusted for exact age at stool sample col-
lection in analyses of samples collected at age 3–6 months. False dis-
covery rate (FDR) correction was applied to address multiple testing 
in analyses of individual metabolites and FDR < 0.05 was considered 
statistically significant. In all other analyses, a threshold of p < .05 
determined statistical significance.

As metabolites belonging to the same class or with similar func-
tions are expected to be correlated, we constructed a network of 
highly correlated metabolites using the weighted gene correlation 
network analysis (WGCNA) R package.14 We identified associations 
of individual metabolites and metabolite modules with clinical out-
comes in pairwise adjusted logistic regression analysis. Subsequent 
analyses focused on an infant fecal metabolite module consisting 
of predominantly caffeine metabolites that was associated with 
food allergy/sensitization. We identified associations of the infant 
fecal caffeine metabolite module with breastfeeding status using t 
tests. We used Pearson correlation to seek associations between 
maternal plasma caffeine relative abundance in the third trimester 
of pregnancy and when offspring were 1 year old with one another 
and with the infant fecal caffeine metabolite module. We sought 
associations between maternal plasma caffeine and food allergy/
sensitization in adjusted logistic regression analyses. Finally, to 
identify potential confounders of the association between early-life 
caffeine exposure and clinical outcomes, we sought associations of 
caffeine exposures (maternal plasma and infant fecal caffeine) and 
of food allergy/sensitization with maternal characteristics using 

F I G U R E  1  Study design overview. sIgE, serum specific IgE to foods.
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    |  515LEE-­SARWAR et al.

Wilcoxon rank sum tests and Spearman correlation for categorical 
and continuous variables, respectively.

3  |  RESULTS

3.1  |  Subject characteristics

A total of 394 subjects had known food allergy/sensitization status 
and fecal metabolomics data available from at least one stool sam-
pling time point, and these subjects were similar in baseline charac-
teristic to the overall VDAART cohort (Figure 1, Table 1). There were 
220 (56%) control subjects who were neither food sensitized nor 
food allergic, 23 (6%) subjects with food allergy and 151 (38%) with 
food sensitization. Table S1 displays the clinical history and allergen-
specific IgE for subjects with food allergy. No subjects with food al-
lergy were diagnosed before 9 months of age, so the age 3–6 month 
stool sample collection time point preceded disease onset.

The majority of subjects with food allergy or sensitization were 
of black race (54% of sensitized, 52% of allergic vs 38% of control, 
Fisher exact test p =  .03, Table 1). Accordingly, subsequent analy-
ses were adjusted for race/ethnicity. Otherwise, subjects with food 
allergy, sensitization or healthy controls exhibited comparable base-
line characteristic distributions (Table 1). There were no significant 
differences between groups in microbiome-modifying environmen-
tal exposures including mode of delivery, perinatal antibiotic ex-
posure, pet dog or older siblings, breastfeeding, or daycare history 
(Table 1). As expected, subjects with food allergy were most likely to 
have eczema (86% vs 55% of sensitized and 56% of control, Fisher 
exact test p = .01), and asthma (70% vs 31% of sensitized and 28% of 
control, Fisher exact test p < .01).

Stool samples were collected for fecal metabolomics profiling 
at ages 3–6 months (n = 207 samples profiled in 2 batches), 1 year 
(n = 292 samples), and 3 years (n = 325 samples, Figure S1). The num-
ber of named metabolites detected at each stool sampling time point 
ranged from 647 to 751. The majority of metabolites were amino acids 
or lipids; metabolite class distributions are displayed in Figure S2A.

3.2  |  Fecal metabolite associations with food 
allergy/sensitization

In pairwise comparisons of phenotypes (food allergic vs sensitized; 
food sensitized vs control; and food allergic vs control), we identified 
numerous metabolites nominally (p < .05) associated with outcomes, 
though none remained statistically significant after correction for 
multiple testing (FDR > 0.05, Figure S3). Short-chain fatty acid me-
tabolites including acetate, propionate and butyrate were not asso-
ciated with food allergy or sensitization and were not included in 
subsequent analyses (p > .05 for pairwise phenotype comparisons at 
each time point, Figure S2B).

Absence of highly significant associations with individual metab-
olites does not preclude the possibility that groups of functionally 

related fecal metabolites could be associated with food allergy or 
sensitization. To identify groups of functionally related metabo-
lites, we performed weighted gene correlation network analysis 
(WGCNA),14 which yielded 26 metabolite modules from samples 
collected at age 3–6 months, 30 from age 1 year and 27 from age 
3 years (Table S2). Modules that differed by food allergy/sensitiza-
tion phenotype (adjusted logistic regression p < .05) are displayed in 
(Figures S4 and S5). At age 3–6 months, 3 fecal metabolite modules 
were associated with clinical food allergy: one module included bil-
irubin metabolites and bile acids that were reduced in association 
with food allergy compared to both controls (module OR  =  0.26, 
95% CI 0.08–0.66, p = .01) and those with food sensitization (mod-
ule OR = 0.41, 95% CI 0.17–0.87, p = .03); another module included 
amino acids (including 16 of the 20 proteinogenic amino acids) and 
the sphingolipid 3-ketosphinganine, which were lower in those with 
food allergy compared to control subjects (module OR = 0.48, 95% 
CI 0.21–0.96, p = .048); and a final module included several diacyl-
glycerols that were increased in those with food allergy compared 
to control subjects (module OR = 2.53, 95% CI 1.17–6.20, p = .02). 
Only one fecal metabolite module from age 3–6 months differed be-
tween subjects with food sensitization and control subjects; most of 
the metabolites in this module were caffeine metabolites that were 
increased in subjects with food sensitization compared to control 
subjects (OR = 1.66, 95% CI 1.03–2.68, p = .04) and also borderline 
increased in subjects with food allergy compared with control sub-
jects (OR = 2.92, 95% CI 0.94, 11.23, p = .08).

In analyses of fecal metabolite modules from stool samples col-
lected at ages 1 and 3 years, we found several modules of metabo-
lites that were reduced in subjects with food allergy compared with 
those with food sensitization and control subjects (Figure  S5). Of 
modules from age 1 year, 3 modules consisted of metabolites that 
were reduced in association with food allergy: two modules of bile 
acids (bile acid module 1: OR = 0.15, 95% CI 0.05–0.40, p < .001 and 
OR = 0.12, 95% CI 0.04, 0.36, p < .001; bile acid module 2: OR = 0.27, 
95% CI 0.06–0.91, p = .06 and OR = 0.27, 95% CI 0.06–0.90, p = .05 
for comparison to controls and sensitized, respectively), and a mod-
ule consisting of a mix of bile acids and steroid hormones (OR = 0.39, 
95% CI 0.15–0.98, p = .05 and OR = 0.14, 95% CI 0.03–0.51, p = .004 
for comparison to controls and sensitized, respectively). Finally, a 
module from stool samples collected at age 3 years included sphin-
golipids that were reduced in subjects with food allergy (OR = 0.24, 
95% CI 0.08–0.66, p = .01 and OR = 0.26, 95% CI 0.09–0.64, p = .01 
for comparison to controls and sensitized, respectively). In sensitiv-
ity analyses excluding 3 subjects with unknown food allergy reac-
tion signs/symptoms (subjects 10, 11, and 14 in Table S1), metabolite 
module associations with food allergy/sensitization were preserved, 
albeit with attenuated statistical significance as expected with re-
duced sample size (Table S3).

We previously reported on a group of fecal sphingolipids from 
age 3–6 months that was higher in subjects with food sensitization 
than those with food allergy or controls, in a pilot analysis utilizing 
a subset of the current data (fecal metabolomics data from 83 stool 
samples collected at age 3–6  months with clinical follow-up only 
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516  |    LEE-­SARWAR et al.

through age 3 years). We observed similar associations between rel-
evant sphingolipids and food allergy/sensitization in our expanded 
dataset (Table S4).

3.3  |  Infant fecal caffeine metabolites are 
associated with food allergy/sensitization

We focused subsequent analyses on the module of caffeine me-
tabolites detected in stool samples collected at age 3–6  months. 
This metabolite module included 9 metabolites involved in steps 
across nearly the entire caffeine metabolism pathway (Figure  2A) 

and was enriched among subjects with food allergy or sensitization 
compared with control subjects (Figure 2B). This finding raised the 
question of where these caffeine metabolites originated, and we hy-
pothesized that they could be derived from maternal breastmilk in 
breastfed infants whose mothers consumed caffeine.

Consistent with this, infant fecal caffeine metabolites were 
highly significantly enriched in subjects who were breastfed and not 
ingesting formula at the time of stool sample collection, in whom 
there was a range of caffeine metabolite abundances likely reflect-
ing the range of maternal caffeine intake (t test p < .001 for both 
batches, Figure 3). In contrast, among subjects who were not breast-
fed, most exhibited low fecal caffeine metabolite levels. Accordingly, 

TA B L E  1  Baseline characteristics of subjects with food allergy phenotype information and fecal metabolome data from at least one time 
point and the overall VDAART cohort

Analyzed subjects 
n = 394

Food allergic 
n = 23

Food sensitized 
n = 151

Control 
n = 220 p value

VDAART cohort 
n = 806

Male sex - number (%) 220 (56) 14 (61) 83 (55) 123 (56) .88 421 (52)

Race/ethnicity – number (%)

Black, non-Hispanic 176 (45) 12 (52) 81 (54) 83 (38) .03 317 (39)

White, non-Hispanic 72 (18) 5 (22) 23 (15) 44 (20) 161 (20)

Hispanic or other 146 (37) 6 (26) 47 (31) 93 (42) 328 (41)

Maternal education – number (%)

High school or lower 177 (45) 12 (52) 69 (46) 96 (44) .71 341 (42)

Some college or higher 217 (55) 11 (48) 82 (54) 124 (56) 465 (58)

Study center – number (%)

Boston 90 (23) 6 (26) 31 (21) 53 (24) .07 240 (30)

St. Louis 183 (46) 13 (57) 81 (54) 89 (40) 292 (36)

San Diego 121 (31) 4 (17) 39 (26) 78 (35) 274 (34)

Treatment assignment – number (%)

High dose vitamin D 200 (51) 11 (48) 75 (50) 114 (52) .90 405 (50)

Low dose vitamin D 194 (49) 12 (52) 76 (50) 106 (48) 401 (50)

Gestational age – mean (SD) 38.9 (2.2) 38.8 (2.5) 38.9 (1.9) 38.9 (2.3) .77 39.0 (2.0)

Preterm (<37 weeks 
gestation) – number (%)

44 (11) 3 (13) 15 (10) 26 (12) .75 71 (9)

Birth by cesarean section 
– number (%)

118 (30) 9 (39) 43 (28) 66 (30) .57 239 (30)

Perinatal antibiotics – 
number (%)

173 (44) 15 (65) 62 (41) 96 (44) .10 337 (42)

Pet dog during infancy – 
number (%)

97 (25) 5 (22) 31 (21) 61 (28) .28 168 (22)

Older sibling(s) – number (%) 218 (55) 13 (57) 88 (58) 117 (53) .62 435 (54)

Exclusive breastfeeding for 
first 4 months – number 
(%)

116 (30) 7 (32) 39 (27) 70 (33) .44 247 (33)

Daycare in first 3 years – 
number (%)

197 (51) 14 (64) 82 (56) 101 (47) .13 378 (53)

Asthma by age 6 years – 
number (%)

125 (32) 16 (70) 47 (31) 62 (28) <.01 198 (25)

Eczema by age 6 years – 
number (%)

222 (57) 19 (86) 83 (55) 120 (56) .01 370 (52)

Note: Missingness: Dog in home for 3 subjects; breastfeeding missing for 11 subjects; daycare missing for 10 subjects; eczema missing for 5 subjects. 
p value for gestational age is for Kruskal-Wallis test; all other p values are for Fisher exact test.
Bold values indicate p values of < .05.
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F I G U R E  2  (A) Caffeine metabolic 
pathway. Metabolites in the fecal caffeine 
metabolite module are displayed with 
purple background. Figure modified from 
KEGG Caffeine metabolism reference 
pathway (B). Fecal caffeine metabolite 
module from age 3–6 months. Displayed 
by association of individual metabolites 
with food allergy/sensitization (y axis, 
adjusted odds ratio) and by module 
membership (correlation of individual 
metabolite with module eigenvalue, x 
axis).

(A)

(B)

F I G U R E  3  Violin plots depict 
associations between the fecal caffeine 
metabolite module and whether subjects 
were ingesting breast milk and not 
ingesting formula at the time of stool 
sample collection. In metabolomics batch 
1, 27 subjects were breastfed and 55 
were not breastfed; in batch 2, 31 were 
breastfed and 92 not breastfed.
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associations between caffeine metabolites and food allergy/sensi-
tization were most prominent among subjects who were ingesting 
breastmilk at the time of stool sample collection (Figure S6).

While we did not directly ask participating mothers about caf-
feine intake, mothers did provide blood samples for plasma me-
tabolomics both during the third trimester of pregnancy and again 
when offspring were 1 year old. There was a moderate and highly 
statistically significant correlation between circulating caffeine rela-
tive abundance in mothers between these two time points (Pearson 
rho  =  0.47, p < 2e−16), indicating that these measures of maternal 
caffeine intake are reasonable proxies for maternal caffeine when 
offspring infant stool samples were collected at age 3–6  months. 
Maternal circulating caffeine levels both in pregnancy and when off-
spring were 1 year old were positively correlated with infant fecal 
caffeine metabolites and as expected, this pattern was strongest in 
infants who were breastfed at the time of stool sample collection 
(mean Pearson rho = 0.37 among breastfed and 0.17 among non-
breastfed, Figure S7). Mothers of infants who were breastfed at the 
time of infant stool sample collection had higher circulating caffeine 
both in the 3rd trimester of pregnancy (t-test p = .01) and when off-
spring were 1 year old (t-test p < .01). However, given that there was 
no direct association between breastfeeding and food allergy/sensi-
tization (Table 1), the association between fecal caffeine metabolites 
and food allergy/sensitization is unlikely to be due to breastfeeding 
itself. Of note, there was no direct association between maternal 
caffeine and offspring food allergy or sensitization (adjusted logistic 
regression p > .05 for pairwise comparisons of phenotype groups for 
both maternal caffeine measurement time points, Figure S8).

We considered that the observed association between infant 
fecal caffeine metabolites and food allergy/sensitization is due to 
confounding by a maternal characteristic associated with caffeine 
intake. Associations of caffeine exposures (infant fecal caffeine 
metabolites and maternal plasma caffeine) with maternal charac-
teristics are displayed in Figure S9. Across all measures of caffeine 
exposure, caffeine levels were reduced in association with black 
race, lower education, younger maternal age, poor diet quality, and 
increased household tobacco smoke exposure (Wilcoxon rank sum or 
Spearman correlation p < .05). Infant fecal caffeine metabolites were 
lower among offspring of mothers with asthma only in one batch of 

metabolomics (Wilcoxon rank sum p =  .02) and otherwise caffeine 
levels did not differ between mothers with and without asthma or 
eczema. Infant fecal caffeine metabolites were negatively correlated 
with maternal BMI, though this reached statistical significance in only 
one metabolomics batch (batch 1 Spearman rho = −0.31, p =  .005; 
batch 2 rho = −0.11, p = .25). Caffeine exposure was not associated 
with VDAART study treatment assignment (Wilcoxon test p > .05). 
However, with the exception of race/ethnicity, which was included 
as a covariate in models of metabolite associations with food allergy/
sensitization, none of these maternal factors were associated with 
food allergy/sensitization (p > .05 in Wilcoxon rank sum or Fisher 
tests and race/ethnicity-adjusted logistic regression), arguing against 
confounding by these caffeine-associated maternal characteristics. 
We considered the possibility that race could modify the association 
of fecal caffeine with food allergy/sensitization; however, in analyses 
stratified by race, the association between the infant fecal caffeine 
metabolite module with food allergy/sensitization was preserved 
(among all subjects with adjustment for race/ethnicity: OR 1.65, 
95% CI 1.05–2.61, among black subjects: OR 1.65, 95% CI 0.62–4.39, 
among non-black subjects: OR 1.67, 95% CI 1.04–2.77, Table S5).

Finally, because caffeine has a known impact on bile acid pro-
duction and absorption15 and bilirubin levels,16–18 we hypothesized 
that infant fecal caffeine may be associated with reductions in in-
testinal bile acids and bilirubin. Accordingly, we found that the fecal 
caffeine metabolite module was negatively correlated with the bile 
acid/bilirubin metabolite module associated with reduced food al-
lergy risk (metabolomics batch 1 Pearson rho  =  −0.49, p  =  2e−6, 
batch 2 rho = −0.33, p = .0002, Figure S4, Figure 4). These results 
suggest that presence of caffeine in the gut may impact food al-
lergy risk through its impact on other intestinal metabolic pathways, 
though validation of our findings in other cohorts, ideally including 
absolute quantification of relevant metabolites, is needed to make 
this conclusion. The caffeine metabolite module was associated with 
three other infant fecal metabolite modules (Spearman rho >|0.30| 
and p < .001 in both metabolomics batches; positive correlation with 
magenta and blue modules and negative correlation with turquoise 
module with module members provided in Table S2). However, none 
of those three additional metabolite modules were associated with 
food allergy/sensitization (all logistic regression p > .05).

F I G U R E  4  Scatterplots depict 
associations between food allergy/
sensitization-associated fecal intestinal 
bile acid/bilirubin and caffeine modules 
from stool samples collected at age 
3–6 months. Metabolomics Batch 1 
Pearson rho = −0.49, p = 2e−6, Batch 2 
rho = −0.33, p = .0002.
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4  |  DISCUSSION

We identified several classes of fecal metabolites associated with 
food allergy and/or sensitization over the first years of life. While 
some, including sphingolipids and bile acids, were associated with 
food allergy and/or sensitization when measured at multiple time 
points between infancy and age 3 years, the individual metabo-
lites in these classes differed between time points and our findings 
largely suggest that different metabolites are relevant at different 
points in the inception and maintenance of food allergy.

Bile acids appear to be associated with food allergy throughout 
the disease course: we previously found in offspring of VDAART par-
ticipants that fecal bile acids at age 3–6 months were reduced among 
subjects who later developed food allergy10 and here report that in-
verse associations of fecal bile acids with food allergy persist in stool 
from age 1 year. Additionally, a cross-sectional analysis by Crestani, 
et al found differences in serum bile acids between children with 
food allergy and those with asthma.9 Bacterially modified bile acids 
modulate T-cell differentiation and promote generation of T regu-
latory cells.19,20 Thus deficiencies in bile acids could impair immune 
system development. In our study, of bile acids in stool samples from 
age 3–6 months, those associated with reduced food allergy were all 
secondary microbially-modified bile acids, suggesting perturbation of 
microbial bile acid metabolism. In contrast, bile acids in stool samples 
from age 1 year that were associated with reduced food allergy in-
cluded 2 primary bile acids (chenodeoxycholate and cholate), 4 con-
jugated bile acids (e.g., glycocholate, taurocholate), and 11 secondary 
microbially-modified bile acids, suggesting broader involvement of 
the bile acid pathway in the early maintenance of food allergy.

We found in both our prior10 and current analyses that bilirubin 
metabolites D-urobilin and I-urobilinogen were the members of a 
metabolite module detected in stool samples from age 3–6 months 
that were most strongly associated with reduced risk of food allergy. 
These findings are in accordance with a recent report of inverse as-
sociations between unconjugated bilirubin and childhood asthma 
and wheeze, though that study found no association with allergic 
sensitization including to food allergens.21 Bilirubin has been hy-
pothesized to impact risk of asthma and atopy via its effects on lyso-
phosphatidic acid metabolism and antioxidant activity.21

We previously detected an association between fecal 
Bacteroides-derived sphingolipids at age 3–6 months and protection 
from food allergy in VDAART participants.10 Associations of metab-
olites proximal in the de novo sphingolipid production pathway with 
food allergy were preserved in this analysis, and in particular, the 
proximal sphingolipid metabolite 3-ketosphinganine was part of a 
metabolite module that was reduced in association with food allergy 
in stool samples collected at age 3–6 months. In contrast, sphingo-
lipid metabolites including lactosylceramides and hexosylceramides, 
which are products of distal steps in sphingolipid metabolism, were 
inversely associated with food allergy at age 3 years. These findings 
are consistent with findings of Crestani et al of reduced sphingo-
lipid metabolite products of ceramide9 in serum of subjects with 
food allergy and suggest that different parts of the sphingolipid 

pathway are relevant to food allergy development and maintenance. 
Mechanistically, sphingolipids might impact food allergy via differ-
ential regulation of the invariant natural killer T (iNK T) cell com-
partment,10 though sphingolipids may exert protective effects on 
intestinal homeostasis through other immune mechanisms22 includ-
ing effects on mast cell responsiveness.23 Microbial sphingolipids 
are produced by gut symbiont Bacteroidetes, and it is possible that 
the sphingolipid signal that we and other have observed marks a 
larger immune-protective role for this phylum.

We found evidence that in mothers who ingest caffeine, caffeine 
metabolites are present in breastmilk and appear in infant feces, 
where they are enriched in association with both food sensitization 
and allergy. Coffee and energy drinks are major sources of caffeine 
(63–235 mg per serving), with tea, soft drinks and chocolate contain-
ing lesser amounts (6–47 mg per serving).24 Our results are consis-
tent with a recent report on Japanese mother–child pairs that found 
that maternal caffeine intake in the middle or highest tertile during 
pregnancy was associated with increased food allergy in offspring 
compared to the lowest tertile.25 However, that study did not strat-
ify by breastfeeding status or analyze postpartum caffeine intake, 
and both that study and our study contrast with reports of inverse 
associations of caffeine intake with other atopic outcomes includ-
ing asthma in adults.26–29 Caffeine may have a different effect on 
asthma than food allergy due to specific effects on airway smooth 
muscle.30 Caffeine is used to treat respiratory conditions including 
apnea in premature infants,24,31 though this is unlikely to explain our 
results, as stool samples were collected starting at age 3 months and 
the frequency of prematurity was comparable between those with 
food allergy, sensitization and controls (Table 1).

Importantly, we did not observe a direct association between 
maternal circulating caffeine and offspring food allergy/sensitiza-
tion. This could be explained by measurement bias given that we did 
not ask mothers directly about caffeine intake at the time of infant 
stool sample collection. While the half-life of caffeine in adults is 
around 3.5 h, infants under age 5 or 6 months clear caffeine much 
more slowly, allowing for caffeine's half-life to extend up to 80 h.24 
So, infant fecal caffeine likely more accurately reflects routine caf-
feine exposure than maternal plasma caffeine measurement. The 
detection of caffeine, which is largely excreted by the kidney, in the 
infant gut may be due to different kinetics of caffeine metabolism 
in infants or possibly due to reduced renal excretion.32 We did ob-
serve detectable caffeine metabolites in some infants who were not 
breastfed (Figure 3), which could reflect intentional or inadvertent 
ingestion of caffeine-containing foods such as chocolate or choco-
late milk. It is possible that oral ingestion of caffeine is responsible 
for detectable fecal caffeine metabolites in some infants who were 
breastfed as well. Alternatively, maternal caffeine intake, which 
likely has both good and bad effects on maternal and child health,24 
may truly not have an overall effect on risk of food allergy/sensi-
tization but may exert effects specifically via infant gastrointesti-
nal exposure that do increases risk. Consistent with this, we found 
that subjects with higher fecal caffeine exhibited lower levels of a 
fecal bile acid/bilirubin metabolite module that was associated with 

 13989995, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.15602 by U

niversity O
f L

iverpool, W
iley O

nline L
ibrary on [27/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



520  |    LEE-­SARWAR et al.

reduced food allergy risk. Caffeine is known to impact bile acid flow 
and absorption15 and circulating bilirubin.16–18 Specifically, coffee 
consumption stimulates cholecystokinin production, which stimu-
lates gallbladder contractility and bile production.33 The mechanism 
of the association between caffeine and bilirubin is unknown and 
may relate to effects of caffeine on enzymes involved in bilirubin 
metabolism.17,18 Our findings suggest that intestinal caffeine expo-
sure may lead to a reduction in these metabolites that predisposes 
to food allergy.

Short-chain fatty acids are microbial-derived metabolites of di-
etary fiber fermentation that have been associated with protection 
from allergic diseases including atopic asthma,8,34,35 allergic rhinitis8 
and food allergy.8 We found no associations between fecal short-
chain fatty acids and food allergy/sensitization, possibly because all 
VDAART participants are at elevated genetic risk of atopy and may 
not reflect the full range of short-chain fatty acid levels in the gen-
eral population.

Our study had strengths, including diverse participants with sam-
pling at multiple time points and both clinical and laboratory data to 
distinguish food sensitization from clinical food allergy. However, 
there were study limitations. All VDAART subjects are at elevated 
genetic risk of atopic disease, which may limit generalizability of our 
findings. The relatively small number of subjects with food allergy lim-
ited power to detect associations. Food allergy was ascertained based 
on parental report of diagnosis for practical reasons, which could re-
sult in measurement bias compared to the gold standard of oral food 
challenge. Additional misclassification of the food allergy phenotype 
could have occurred, including due to lack of information on whether 
subjects were ingesting allergenic foods, i.e., sensitized infants who 
had never eaten the food might have had an allergic reaction had they 
been exposed to the food. We were unable to evaluate maternal caf-
feine consumption at the exact time of infant stool sample collection, 
and use of measurements of maternal plasma caffeine before and 
after the time of infant stool sample collection represents a potential 
source of measurement bias. Caffeine metabolites were quantified 
as relative, not absolute abundances; however, these measurements 
do appear to reflect the range of systemic caffeine exposure: fecal 
caffeine metabolites in infants were correlated with maternal plasma 
caffeine metabolites in our study, and in a study of adult participants 
in the TwinsUK study, fecal caffeine metabolites measured using the 
same method were correlated with both self-reported coffee intake 
and serum caffeine levels.5 While we performed analyses to identify 
potential confounders of the association between caffeine and food 
allergy/sensitization, confounding by unmeasured confounders is still 
possible. Given the strong correlation between food allergy and ec-
zema, it is possible that the observed associations with food allergy 
may actually be associations with eczema or may reflect pathobiology 
that is shared between these common comorbidities. Despite these 
limitations, our results could be used to inform future studies focused 
specifically on food allergy development.

In conclusion, our findings add to the literature pointing to a role 
for bile acids, sphingolipids, and bilirubin metabolites in food allergy 
pathogenesis and suggest a more novel pathway whereby exposure 

to caffeine metabolites in breast milk may predispose to food sen-
sitization and food allergy via modulation of the intestinal metab-
olome. Future epidemiologic and mechanistic studies, including in 
other human cohorts, are needed to validate these findings and, 
hopefully, will lead to new preventive and management strategies 
for food allergy.
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