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ARTICLE INFO ABSTRACT

Keywords: Animal research suggests that the gut microbiota and the HPA axis communicate in a bidirectional manner.
Cort%sol However, human data, especially on early childhood, remain limited. In this exploratory design, we investigated
Cortisone the connections between long-term HPA axis functioning, measured as cortisol, cortisone or dehydroepian-
g:?:ample drosterone concentrations and their ratios from hair segments of three centimeters, and gut microbiota profiles,
HPA axis (measured as diversity and bacterial composition by 16 S rRNA sequencing) in healthy 2.5-year-old toddlers (n
Microbiota = 135) recruited from the FinnBrain Birth Cohort Study. The alpha diversity of the microbiota was studied by

linear regression. Beta diversity analyses with weighted UniFrac or Bray-Curtis distances were performed using
PERMANOVA. The bacterial core genus level analyses were conducted using DESeq2 and ALDEx2. These analyses
suggested that hair sample concentrations of separate hormones, cortisol/cortisone and cortisol/dehydroepi-
androsterone ratios were associated with various gut bacterial genera such as the Veillonella, the [Ruminococcus]
torques group and [Eubacterium] hallii group, although multiple testing correction attenuated the p-values. Alpha
or beta diversity was not linked with either steroid concentrations or ratios. These findings in toddlers suggest
that long-term HPA axis activity may be related to genera abundancies but not to ecosystem-level measures in
gut microbiota. The influence of these observed interrelations on later child health and development warrants
further research.

1. Introduction

As a sign of hypothalamic-pituitary-adrenal (HPA) axis activity, the
end product cortisol is secreted from the adrenal cortex zona fasciculata
layer of adrenal glands to the circulation. Cortisol secretion in humans
has a diurnal pattern, with the peak measured during the morning and
with a nadir at midnight. While salivary cortisol measures typically
assess diurnal variability or stress reactivity, hair cortisol concentrations
capture the long-term hormone secretion acitivity of the HPA axis

(Stalder and Kirschbaum, 2012).

Cortisol exerts various effects on the human body, as it influences the
immune system and metabolism (Russell and Lightman, 2019). Elevated
levels of cortisol can be neurotoxic, while dehydroepiandrosterone
(DHEA), also secreted from the adrenal glands, can offer neuro-
protection (Kamin and Kertes, 2017). In fact, the cortisol/DHEA -ratio
has been used to quantify the net effect of cortisol (Kamin and Kertes,
2017). Cortisol can also be converted to inactive cortisone by the
enzyme 11 p-hydroxysteroid dehydrogenase type 2 (11p-HSD2)

Abbreviations: BMI SDS, body mass index standard deviation score; DHEA, dehydroepiandrosterone; FDR, false discovery rate; HCC, hair cortisol concentration;

HPA, hypothalamic-pituitary-adrenal; SD, standard deviation.
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(Tomlinson and Stewart, 2001). The cortisone and cortisol/cortisone
ratio can be used as an estimate for cortisol metabolism by 11p-HSD2
(Dotsch et al., 2001). In addition, cortisol metabolites produced by gut
microbiota act as 113-HSD2 inhibitors (Morris and Brem, 2019).

Hair cortisol concentrations (HCC) are linked with a reduced night-
time sleep duration in infants (Flom et al., 2017) and
attention-deficit-hyperactivity disorder (ADHD) in preschool boys
(Mann et al., 2021). Hair DHEA associates with cognitive flexibility in
kindergarten children (Pyle Hennessey et al., 2020) and the hair corti-
sol/DHEA ratio with depression in adolescent males (Kische et al.,
2022).

In rodents, the gut microbiota composition is important for HPA axis
development (Clarke et al., 2013; Sudo et al., 2004). The dynamics of the
HPA response varies between mice harboring different microbiota
compositions in their gut (Clarke et al., 2013; Sudo et al., 2004; Wu
et al., 2021). Further, stress- or circadian disruption-induced changes in
the HPA axis activity lead to subtle changes in gut microbiota, such as
increased levels of the Lachnospiraceae family (El Aidy et al., 2020), the
Ruminococcus torques species (Deaver et al., 2018), the genera Clos-
tridium (Bailey et al., 2011) and Alistipes (Bangsgaard Bendtsen et al.,
2012). Overall, these findings indicate that the gut microbiota compo-
sition and HPA axis activity are intertwined, although the exact mech-
anisms of the connections are unknown.

The microbiota composition and diversity change rapidly especially
during infancy (Backhed et al., 2015). Alpha diversity, which describes
the diversity and richness within the sample, increases with age (Fouhy
et al., 2019; Roswall et al., 2021), and the prevalence and abundance of
certain genera such as Prevotella and Ruminococcus increase over time in
young children (Roswall et al., 2021). Studies on infants showdifferent
connections between microbial components and cortisol measures, such
as a negative correlation between alpha diversity describing variation
within samples (calculated as the Shannon index) and saliva cortisol
stress reactivity (Keskitalo et al., 2021). In one month old children there
was a positive correlation between the genus Prevotella and saliva
cortisol reactivity, and a negative correlation between the genera in the
family Lachnospiracea and saliva cortisol reactivity (Rosin et al., 2021).
In addition, hair cortisol concentrations show a positive correlation with
Ruminococci in preadolescent children (Michels et al., 2019). Further-
more, beta diversity, describing the variation among samples and
calculated as weighted UniFrac and Bray-Curtis dissimilarity indices,
associate with the basal salivary cortisol at the age of three days (Jahnke
et al., 2021). In newborns with low salivary cortisol, the abundance of
Enterobacteriaceae was decreased, and the abundance of Bifidobacterium
was increased (Jahnke et al., 2021).

In humans, the existing studies on early gut microbiota composition
and cortisol concentrations have yielded varying results. There have
been differences in analysis methods, covariate selection and inclusion,
as well as how less prevalent genera were handled. To gain more
knowledge on the connections between the long-term HPA axis activity
and gut microbiota, we went on to study the long-term HPA axis activity
in toddlers. Thus, the aim of this study was to investigate associations
between fecal microbiota diversity and composition with long-term HPA
axis activity in a subcohort of 2.5-year-old children from the FinnBrain
Birth Cohort Study. The fecal microbiota diversity was estimated by
using both alpha, calculated as Shannon and Chaol indices, and beta
diversities, calculated as weighted UniFrac and Bray-Curtis dissimilarity
indices, and the composition was assessed using the abundances of the
core genera. The long-term HPA axis activity was assessed by hair
sample cortisol, cortisone and DHEA concentrations and relevant
cortisol/cortisone and cortisol/DHEA ratios. Based on earlier studies
using saliva cortisol, we hypothesized that cortisol, cortisone and DHEA
concentrations would be related to microbiota composition, such as
Ruminococcus and Prevotella.
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2. Methods
2.1. Participants

The study children are from the FinnBrain Birth Cohort Study
(Fig. 1), an ongoing pregnancy cohort study (n = 3808 families in
baseline), where the main aim is to investigate the effects of early life
stress on infant development (Karlsson et al., 2018). Out of the entire
cohort, the recruitment for the 30-month study visit, where also hair and
fecal sample collections were taking place for the current study, was
primarily targeted to 1042 families who had data on prenatal mea-
surements and longitudinal data on neuropsychological and
parent-child interaction assessments (Holmberg et al., 2022) and were
thus invited the follow-up visit. The total of 474 children participated
the study visit with 324 giving the hair sample and 242 a fecal sample.

Hair samples were collected during the 30-month study visits, and
fecal samples were collected at children’s homes by the parents and
brought into the research center according to a standardized protocol.
The final study population of this particular report is a convenience
sample of subjects with full overlapping data of hair samples and fecal
samples (i.e. participation in the neuropsychological study visit, hair
sample available and parents delivering the fecal sample and successful
laboratory analysis of both biological samples).

The FinnBrain Birth Cohort Study has been approved by the Ethics
Committee of the Hospital District of Southwest Finland. A written
informed consent was provided by mothers for the study prior any
measurements and tasks. Study recruitment from the general population
was performed at gestational week (gwk) 12 from 12/2011-4/2015 in
Southwest Finland and Aland. Children in the FinnBrain Study were
regularly followed from birth at 3-36-month intervals (Karlsson et al.,
2018). Children with a successfully analyzed gut microbiota profile from
a fecal sample and an available hair sample at the age of 30 months were
originally included in this study (n = 135, 67 boys, Table 1). Samples
were collected as a part of the 30-month study visit that comprised of
children participating in several tasks measuring child’s temperament,
cognition and evaluation of the parent-child interaction (Karlsson et al.,
2018).

Data of covariates and possible confounders were collected through
questionnaires and by linking register information to the study data. The
gestational age and birth mode variables were retrieved from The
Medical Birth Register by the Finnish Institute for Health and Welfare
(www.thl.fi). Childrens’ anthropometry data concerning the age of two
years were based on the information from the yearly child welfare clinic
visits, which parent had delivered to the FinnBrain pediatric study at the
child age of 5 year. This visit included around 1000 children. Due to
incomplete overlap among the participants from the 30-month and 5-
year-old visits, there are randomly missing values in the BMI data of
the current population of 30-month-olds. Data on pet ownership and on
the child’s daycare were retrieved from the parental questionnaire.

2.2. Hair samples

Hair samples and the related information were collected during the
study visit at 30 months of age. The total number of hair samples at the
30-month visit was 294. Hair samples were collected as previously
described (Mustonen et al., 2019) and proximal three-centimeter seg-
ments of hair were analyzed to assess the adrenal gland steroid accu-
mulation of the previous three months. Hair cortisol, cortisone and
DHEA were analyzed using mass spectrometry (Technical University of
Dresden, Germany) with a protocol previously described in detail
(Russell et al., 2015). To obtain a more complete picture of HPA axis
functioning, we also combined cortisol with cortisone and DHEA in this
study.
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Fig. 1. The flow chart of the sample collection.

2.3. The fecal samples

Fecal samples for the analysis of gut microbiota studies were
collected in sterile cups by parents at home, according to written and
oral instructions as previously described (Keskitalo et al., 2021). Parents
were informed to collect the sample close to the study visit and to store
the samples at 4 °C prior to delivery. The total number of fecal samples

from the 30-month visit was 208. Parents reported the sample collection
times, and only samples delivered within 48 h of sampling were
included for sequencing. Samples were stored at — 80 °C. The 16 S rRNA
sequencing was performed using the Illumina Miseq platform (Illumina,
San Diego, USA) using the V4 hypervariable region. The quality of the
raw reads was checked with FastQC. The annotations for the Amplicon
Sequence Variants (ASVs) were defined as part of the DADA2 workflow
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Table 1
Characteristics of the 2.5-year-old study children (n = 135).
Variable Value
Child sex (male, n) 67
Gestational age in weeks, mean (SD) 40.0 (1.3)
Birth mode (n) 113
Vaginal 21
C-section 1

Missing data

Mother’s age at birth, mean (SD) 31 (4.4)
Mothers BMI before pregnancy (kg/m2), mean (SD) 24.5 (5.6)
Daycare (n) 47
Home 55
Daycare 3
Other 30
Missing data
Pet ownership at 2 years of age (n) 62
No 40
Yes 33

Missing data

BMI SDS, median (min-max) 0.04 (—2.91 to 2.46)

BMI category (n) 5
Significant underweight 3
Underweight 69
Normal 16
Overweight 6
Obese 36
Missing data

Hair sample seasonal distribution (n) 35
Winter 37
Spring 32
Summer 31
Autumn

Hair steroid concentrations* (pg/mg), median (min-max)  27.4 (1.6-5851)
Cortisol 39.4 (4.9-157)
Cortisone 7.4 (0.2-66.2)
DHEA

BMI SDS, body mass index standard deviation score
SD, standard deviation

* Values included in the initial analyses (n =132 for cortisol and DHEA;
n = 133 for cortisone). Original median (min-max) cortisol, cortisone and DHEA
concentrations were 28.4 (1.6-15156.9) pg/mg, 39.7 (4.9-214.7.0) pg/mg and
7.4 (0-169.2) pg/mg, respectively.

log10 value
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in combination with the SILVA database. Phangorn and MSA packages
were used in the construction of the phylogenetic tree. Samples with less
than 10 k total reads were omitted from this study resulting in
15347-381833 (median = 96269) reads.

2.4. Statistics

Statistical analyses were conducted with R statistical language and
suitable packages including microbiome, DESeq2 and vegan. The Pheat-
map package (Kolde, 2019) was used in the construction of the heatmap
(Fig. 3).

Hair cortisol, cortisone and DHEA values (below mean +3 SD,
Table 1) as well as cortisol/cortisone and cortisone/DHEA ratios were,
after log-transformation (Fig. 2), used as a measure for the long-term
HPA axis activity and were used separately as an independent variable
in models. Practices of the field regarding outlier treatment vary and the
level of detail descriptions vary (Marceau et al., 2020). However,
exclusion of values > 3 SD above the mean is based on unpublished
expert consensus as it seems the correlations with hormone concentra-
tions measured from other biomatrices such as saliva are diminished
when hair hormone concentrations are extreme, which is assumed to
result from, for instance, the activity of the 11p-HSD peripherally and
other less well-known hair-related attributes. P-values of less than 0.05
were considered statistically significant. R scripts are found in Zenodo
(doi: 10.5281/zenodo0.7092636).

2.4.1. Confounders

After analyses without covariates, we adjusted the analyses for a
priori selected covariates if they, based on the literature, potentially
influenced both microbiota composition and analyzed hair steroid
concentrations (Abell et al., 2016; Davenport et al., 2014; Gray et al.,
2018; Jasarevic et al., 2016; Le Chatelier et al., 2013). In children, less is
known of the effect of seasonal variation on hair cortisol concentrations
(Gray et al., 2018). In adults, however, different patterns of seasonal
variation are observed potentially due to transpiration, temperature and
perhaps seasonal variation in mood (Abell et al., 2016; Braig et al.,
2015). Sunlight exposure may also play a role in seasonal variation in
hair glucocorticoids (Wester et al., 2016). The seasonal variation
observed in microbiota composition may be due to changes in diet
(Davenport et al., 2014).

A directed acyclic graph (DAG, Supplementary Figure 1) was

Cortisol Cortisone

DHEA Cortisol/Cortisone -ratio

Cortisol/DHEA -ratio

Fig. 2. Boxplots of log-transformed hair sample concentrations of cortisol, cortisone, DHEA (pg/mg) and cortisol/cortisone and cortisol/DHEA -ratios. Outliers not
included in the analysis are shown with triangle (in addition, DHEA value 0 pg/mg is not shown).
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constructed using dagitty and ggdag.

We chose a stepwise covariate inclusion as the sample size was
limited regarding the BMI covariate information. The first analyses with
covariates included the biological sex assigned at birth (henceforth sex)
and season. Secondly, analyses were also performed with sex and two-
categorical BMI. Lastly, analyses were performed with sex, season and
categorical BMI. The sample seasons were categorized as winter
(Dec-Feb), spring (March-May), summer (June-Aug) and autumn
(Sep-Nov). The body mass index standard deviation score (BMISDS),
which considers the sex and age of the child was categorized into two
weight classes of normal/underweight vs. overweight/obese according
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to the Finnish growth references and definitions (Saari et al., 2011). The
BMI class distribution differs from that of the FinnBrain Study as the
prevalence of overweight and obesity was 39% in boys and 8% in girls in
this study vs 29% in boys and 16% girls in the whole cohort (Hyppanen,
2020). The sex distribution and hair hormone concentrations are similar
than in the whole FinnBrain Study cohort and in all of the hair samples
from 30-month visit, respectively.

2.4.2. Alpha and beta diversity

Shannon and Chaol indices were used for alpha diversity (micro-
biome package), and both indices were used as a dependent variable in

phyla

Collinsella . .
Bacteroides Actinobacteriota
Barnesiella .
Odoribacter 1 Bacteroidota
Prevotella F ) t
Alistipes 0 Irmicutes
Parabacteroides H
Streptococous Proteobacteria
1.69 Clostridium sensu stricto 1 Unknown
[Eubacterium] eligens group
1.92 [Eubacterium] hallii group '1

[Eubacterium] xylanophilum group
[Ruminococcus] gnavus group
0.96 [Ruminococcus] torques group 2

Lachnospiraceae NK4A136 group
Lachnospiraceae UCG-004

[Eubacterium] siraeum group

Fig. 3. In the final model (model 4), a total of 37 genera were involved in the composition analyses. The figure shows the log,fold values in the DESeq2 analysis for
those genera (n = 9) that had a FDR < 0.25 in the final model when adjusting for season, sex and two categorical BMI. Genera that were excluded from part of the
analyses (n = 2) or FDR > 0.25 are shown in white. FDR= false discovery rate, BMI=body mass index.
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the linear regression models. Beta diversity calculations were based on
Bray-Curtis dissimilarity and weighted UniFrac distances. Both indices
take into account the relative abundance of taxa, and the UniFrac dis-
tance also uses the phylogenetic information. PERMANOVA analysis
was performed using the adonis2 function in vegan package with 999
permutations. Marginal effects were calculated.

2.4.3. Differential abundance analyses

In the microbiota composition analyses with the differential abun-
dances of core (prevalence>10%) genera (Fig. 3) Deseq2 (Love et al.,
2014) fitted a generalized linear model and reported the log,fold change
per unit of change of the continuous variable. The ‘poscounts’ method
uses positive counts for normalization. DESeq2 uses a shrinkage esti-
mation for dispersions (‘local’ fit was used). As this study was explor-
atory, the cutoff level of the Benjamini-Hochberg (BH) correction for
multiple testing (false discovery rate, FDR) was 0.25 (meaning 25% are
false positives) and was chosen to not overlook potential associations
with any of the core genera. Analyses of the core genera were also
repeated using ALDEx2, which is a more conservative method (Fer-
nandes et al., 2014).

3. Results

Hair cortisol, cortisone and DHEA concentrations. In the samples
included in the analyses, the median (range) hair cortisol, cortisone and
DHEA concentrations were 27.4 (5850.4) pg/mg, 39.4 (152.1) pg/mg
and 7.4 pg/mg (66.0), respectively (Table 1).

Alpha and beta diversity analyses. There was a high correlation be-
tween Shannon and Chaol indexes (Spearman p = 0.69, p < 0.0001).
No evidence was found for associations between child hair steroid
concentrations, or their ratios and alpha or beta diversities of gut
microbiota in unadjusted and adjusted analyses (Supplementary Ta-
bles 1 and 2).

Genus-level analyses. In the differential abundance analysis using
DESeq2, the genera within phylae Firmicutes, Actinobacteria and Bac-
teroidetes showed both positive and negative associations with hair
concentrations of cortisol and DHEA while hair cortisone associated
negatively mainly with members of Proteobacteria and Firmicutes
(Table 2). Overall, there was a positive association between the [Rumi-
nococcus] torques group and cortisol and a negative association between
the genus Veillonella and cortisol and positive associations with the
genera Prevotella and [Eucterium] hallii group and DHEA in the first three
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models (Table 2). The negative association between Escherichia-Shigella
and cortisone was still evident in the final model adjusting for sex,
season and BMI class (model 4, Fig. 3), where the Veillonella and
[Ruminococcus] torques group failed to show an association with cortisol
in the final model. Instead, they showed a negative and positive asso-
ciation with the cortisol/cortisone ratio, respectively, and this ratio also
showed a positive association with Escherichia-Shigella (Table 3). Lach-
noclostridium showed a negative association with cortisone and a nega-
tive association with DHEA, and there was also a negative association
between Blautia (phylum Firmicutes) and DHEA and a positive associa-
tion between Clostridium sensu stricto 1 (phylum Firmicutes) and Eu-
bacterium hallii group and DHEA in the final model.

Overall, in the analysis using ALDEx2 (Supplementary Table 3), the
analysis suggested associations mainly with members of Firmicutes even
though the results were not significant after multiple correction. From
the above-mentioned genera, the [Ruminococcus] torques group did not
show a positive association with cortisol; instead, the analysis suggested
that cortisone has a negative association with the [Ruminococcus] torques
group, not Escherichia-Shigella, and a positive association with Lachno-
spiraceae UCG-004. Veillonella showed a preliminary association with the
cortisol/cortisone ratio in the unadjusted model. The association with
Prevotella and DHEA was seen in the second model where the greatest
logsfold change was also seen using DESeq2. In the final model, ALDEx2
indicated associations between Blautia and the cortisol/cortisone ratio
instead of DHEA (Supplementary Table 4 and 5). Lastly, the positive
association with the [Eubacterium] hallii group and DHEA appeared
similar using both methods (Supplementary Table 4), where the greatest
estimates were seen in the last model.

The patterns of correlations seemed visually similar between long-
term HPA axis functioning and centered log ratio (clr)-transformed
abundances of selected genera based on previous analyses ([Rumino-
coccus] torques group, Veillonella and [Eubacterium] hallii group, Supple-
mentary Figure 2).

4. Discussion

In this exploratory study, we hypothesized that the characteristics of
fecal microbiota, i.e. microbial diversity and the abundances of certain
genera would correlate with measures of long-term HPA axis activity.
These measures included hair cortisol, cortisone and DHEA concentra-
tions as well as cortisol/cortisone and cortisol/DHEA -ratios in 2.5-year-
old children from the FinnBrain Birth Cohort Study. Our results suggest

Table 2
The genera with FDR< 0.25 in the DESeq2 differential expression analysis using the hair cortisol, cortisone and DHEA concentrations as independent variables.
Cortisol Cortisone DHEA
genus Log,fold FDR genus Log,fold FDR genus Log,fold FDR
Model 1 Ruminococcus torques group 0.83 0.031 Escherichia-Shigella -3.7 < 0.0005 Bifidobacterium -1.12 0.06
Lachnospira -0.94 0.031 Blautia -0.75 0.21 (Eubacterium) hallii group 1.65 0.06
Veillonella -0.84 0.032 Lachnospira -1.56 0.25 Prevotella 2.24 0.097
Bifidobacterium 0.49 0.14
Model 2 Veillonella -0.86 0.031 Escherichia-Shigella -2.85 0.005 Prevotella 4.2 < 0.0005
Prevotella 1.10 0.17 Blautia -0.82 0.065 Bifidobacterium -0.92 0.24
Lachnospira -0.77 0.17 Lachnoclostrdium -1.03 0.065 Eubacterium hallii group 1.3 0.24
Ruminococcus torques group 0.61 0.19 Unknown -1.39 0.065 Blautia -0.62 0.24
Alistipes 0.56 0.25
Model 3 Ruminococcus torques group 0.93 0.19 Escherichia-Shigella -3.56 0.0044 (Eubacterium) hallii group 1.85 0.11
Veillonella -0.81 0.19 Clostridium sensu stricto 1 1.60 0.11
Prevotella 2.39 0.19
Model 4 Escherichia-Shigella -2.99 0.032 Clostridium sensu stricto 1 1.69 0.10
Lachnoclostridium -1.36 0.037 (Eubacterium) hallii group 1.92 0.10
Blautia -0.82 0.11
Lachnoclostridium -1.01 0.11

Covariates: Model 1 without covariates; Model 2 with sex and season; Model 3 with sex and categorical BMI (normal/underweight vs overweight/obese); Model 4 with
sex, season and categorical BMI (n = 132, n = 133, n = 132 in models 1 and 2; n = 98, n = 99, n = 97 in model 3; n = 98, n = 98, n = 97 in model 4 [cortisol,

cortisone, DHEA respectively])
FDR= false discovery rate, BMI=body mass index
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Table 3

The genera with FDR< 0.25 in the DESeq2 differential expression analysis using the cortisol/cortisone and cortisol/DHEA -ratios as independent variables.

Psychoneuroendocrinology 154 (2023) 106309

Cortisol/cortisone -ratio

Cortisol/DHEA -ratio

genus Log,fold FDR genus Log,fold FDR
Model 1 Ruminococcus torques group 1.13 0.0061 Lachnospira -1.14 0.010
Veillonella -1.05 0.0071 Veillonella -0.91 0.010
Lachnospira -1.18 0.014 Ruminococcus torques group 0.85 0.022
Bifidobacterium 0.64 0.051 Bifidobacterium 0.61 0.025
Unknown 0.72 0.077
Alistipes 0.62 0.22
Model 2 Veillonella -1.14 0.0036 Veillonella -0.93 0.012
Prevotella 1.56 0.021 Lachnospira -0.99 0.031
Ruminococcus torques group 0.96 0.021 Bifidobacterium 0.47 0.15
Lachnospira -0.98 0.041 Prevotella -1.07 0.15
Escherichia-Shigella 1.12 0.041 Ruminococcus torques group 0.65 0.15
Unknown 0.78 0.041 Alistipes 0.56 0.20
Alistipes 0.77 0.052 Parabacteroides 0.75 0.21
UCG-002 1.24 0.14
Bifidobacterium 0.46 0.17
Model 3 Ruminococcus torques group 1.16 0.041 Ruminococcus torques group 0.99 0.15
Veillonella -0.83 0.20
Model 4 Veillonella -0.90 0.095
Escherichia-Shigella 1.45 0.095
Ruminococcus torques group 0.96 0.095

Covariates: Model 1 without covariates; Model 2 with sex and season; Model 3 with sex and categorical BMI (normal/underweight vs overweight/obese); Model 4 with
sex, season and categorical BMI (n = 131, n = 129 in models 1 and 2; n = 98, n = 96 models 3 and 4 [cortisol/cortisone and cortisol/DHEA-ratios, respectively]).

FDR= false discovery rate, BMI=body mass index

that long-term adrenal gland steroid concentrations and cortisol/DHEA
and cortisol/cortisone ratios are associated with the abundance of
certain gut microbial genera, while no associations with alpha or beta
diversity were observed. Animal studies show that the manipulation or
depletion of intestinal microbiota can alter the HPA axis development
(Sudo et al., 2004; Wu et al., 2021). However, findings from human
studies searching the possible links between markers of HPA axis func-
tioning and microbiota have been inconsistent. Our results suggest that
the preceding long-term HPA axis functioning is associated with fecal
microbiota composition in 2.5-year-olds, and highlight the need for
mechanistic studies on HPA axis functioning and gut microbiota.

Studies investigating the possible link between cortisol and the
microbiome in children have used both saliva and hair samples. In
humans, most of the circulating cortisol is bound to cortisol-binding
globulin. Saliva samples measure free cortisol for the moment (Vining
et al., 1983). Hair samples of cortisol, on the other hand, represent the
free cortisol that has been secreted into hair from surrounding capil-
laries from months previously (Stalder and Kirschbaum, 2012). Our
results were in part aligned with a study using hair samples for cortisol
assessment as one Ruminococcus genus showed a positive association
with hair cortisol in 8-16-year-old children and adolescents (Michels
et al., 2019).

Taken partly from an overlapping cohort subpopulation, infant
salivary cortisol acute stress reactivity did not relate to gut microbiota
composition (Keskitalo et al., 2021). Another study suggests that the
saliva cortisol reactivity shows positive correlation with the abundance
of the genus Prevotella, but an opposite correlation with the genera in the
family Lachnospiracea in one-month-old children (Rosin et al., 2021).
These interrelations may be different over time as children develop.
When newborns with either high or low saliva cortisol concentrations
were compared, there were differences in the abundances of typical gut
bacterial families such as Enterobacteriaceae and Bifidobacterium but
these differences were not observed when analyzed again at two months
of age (Jahnke et al., 2021)(. Long-term assessment methods may find
different associations than studies using momentary approaches as these
methods capture differential aspects of HPA axis functioning.

In DESeq2, hair cortisone showed the most consistent negative as-
sociation with the genus Escherichia-Shigella, belonging to the Enter-
obactericeae family of facultative anaerobic gram-negative bacteria. The
association was negative with cortisone, but positive with the cortisol/

cortisone ratio. The most studied species within this genus, namely
Escherichia coli, are linked with the stress response in mice, as cortisone
concentrations in one-hour restraint stress were higher in enteropatho-
genic E. coli monoassociated mice compared to germfree mice. However,
this was not seen when using mutant E. coli (Sudo et al., 2004). The
increased inflammation due to bacterial internalization to the intestinal
epithelial layer could affect the HPA axis activity (Sudo et al., 2004).
While this could also apply to other genera, Escherichia coli is still a very
typical member of gut microbiota. The factors determining the overall
wellbeing of the gut, such as diet or existing inflammation could mod-
erate the effect of gut microbiota on systemic health, as it has been re-
ported that the translocation of E. coli strains multiplied after exposure
to cytokines and nutrient depletion (Macutkiewicz et al., 2008).

In our study using DESeq2, the [Ruminococcus] torques group had
consistently positive associations with cortisol and the cortisol/DHEA
ratio, while Veillonella had a consistently negative association with
cortisol and the cortisol/DHEA ratio despite the decrease in power in the
models. In the final model, both of these associations with the Veillonella
and [Ruminococcus] torques group were still evident with the cortisol/
cortisone ratios. Interestingly, Ruminococcus torques has been previously
linked with stress, as mice that were exposed to 4 weeks of circadian
disruption had an increased abundance of this species (Deaver et al.,
2018). R. torques has the ability to metabolize carbohydrate branches of
mucin into less complex carbohydrates, and the abundance of this spe-
cies was substantially higher in patients with inflammatory bowel dis-
ease compared to controls (Png et al., 2010). In a recent review, the
genus Veillonella was increased within psychiatric disorders in all studies
that it was reported (McGuinness et al., 2022). Veillonella annotated taxa
also are linked with specific temperament traits in the 2.5-month-old
FinnBrain Study children, such as fear reactivity in girls, where both
positive and negative associations were found (Aatsinki et al., 2019).
Veillonellae do not typically metabolize dietary carbohydrates but use
lactate instead as their carbon source. After heavy exercise, their
abundance was increased, and the family Veillonellae were the preferred
microbe to metabolize lactate, producing propionate (Scheiman et al.,
2019). Lactate has been studied in the context of panic attacks, but it has
not been consistently linked with change in cortisol levels (Bandelow
et al., 2017). On the other hand, propionate can be protective on the
central nervous system (Hoyles et al., 2018), and lactate may also play
an important role in metabolic signaling in the developing brain
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(Monsorno et al., 2022).

The [Eubacterium] hallii group showed an association with DHEA
using both differential abundance analysis methods. Eubacterium hallii is
important in preventing lactate accumulation, and it can utilize lactate
and acetate as well as glucose to form butyrate (Duncan et al., 2004).
Eubacterium hallii is also capable of producing propionate (Engels et al.,
2016). Like DHEA, which was connected with cognition in children
(Pyle Hennessey et al., 2020), E. hallii also associates with cognition
(Kong et al., 2021; Oluwagbemigun et al., 2022). The connection with
DHEA has been speculated to be due to a decrease in the amygdalar- and
hippocampal-based functions that could lead to more refined cognitive
functions (Nguyen et al., 2017). In mice, short-chain fatty acids are
implicated in cognition (Burokas et al., 2017; van de Wouw et al., 2018).

Overall, several taxa from the class Clostridia showed both positive
and negative associations with hair sample concentrations of adrenal
gland steroids. Interestingly, the members of class Clostridia take part in
many physiological processes in the gut (Lopetuso et al., 2013). Espe-
cially the members of Lachnospiraceae and Ruminococcaceae are known
to be important butyrate producers, and, in infants Clostridium sensu
stricto was among the butyrate producing taxa (Vital et al., 2017).
Butyrate has anti-inflammatory effects and it is also an energy source for
colonic epithelial cells (Hamer et al., 2008). Butyrate has been nega-
tively associated with cardiovascular diseases (Karlsson et al., 2012) and
recently also with adult psychiatric disorders (Nikolova et al., 2021), as
the abundance of certain butyrate-producing bacteria was decreased,
and there was also an increase in butyrate depleting bacteria. High-dose
administration of sodium butyrate causes an increase in cortisol levels
(Gagliano et al., 2014).

By using hair samples, we were able to measure the long-term HPA
axis functioning for approximately the three previous months.
Combining cortisol with cortisone and DHEA in order to describe HPA
axis functioning in more detail could be beneficial in future studies as
some of the findings were not found by using only cortisol. We used
different methods in the analyses searching for these associations. Mi-
crobial abundance results typically differ between methods, and some
methods are more conservative (Nearing et al., 2022). Indeed, ALDEx2
with a low false-positive rate, but may additionally underestimate
findings in the range of low p values (Calgaro et al., 2020).

In this study, we used hair sample concentrations consistently as
independent variables in the models. Future studies should incorporate
longitudinal samples to obtain a more complete picture of the temporal
dynamics of the HPA axis, microbiota composition and possibly micro-
biota functional capacity or output. Moreover, the use of shot-gun
sequencing instead of amplicon sequencing would help to disentangle
the functional potential as well as give higher taxonomic resolution.

In conclusion, we observed several key associations with genera
abundances although the long-term secretion of cortisol, cortisone or
DHEA was not associated with fecal microbiota ecosystem-level char-
acteristics. These findings corroborate findings from earlier studies
(Jahnke et al., 2021; Michels et al., 2019; Rosin et al., 2021). They allude
to the importance of inflammatory cytokines and microbial metabolites
such as short chain fatty acids in the connection of gut-brain-axis ho-
meostasis. These findings will hopefully pave the way for studies with
higher granularity, and have the potential to make mechanistic hy-
potheses, by e.g., leveraging shot-gun sequencing and metabolomics.
This knowledge can be used to understand the role of gut microbiota and
HPA axis functioning in child development and health and develop in-
terventions to support it. Future studies are warranted and aim to
investigate the bidirectional nature of the gut-brain axis, whether al-
terations in HPA axis functioning impact gut microbiota communities
longitudinally and vice versa and what the possible involved mecha-
nisms are.
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