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ABSTRACT
An association has been suggested between altered gut microbiota, and attention deficit hyper-
activity disorder (ADHD), and autism spectrum disorder (ASD), respectively. Thus, we analyzed the 
gut microbiota composition in children and adolescents with or without these disorders and 
evaluated the systemic effects of these bacteria. We recruited study participants diagnosed with 
ADHD, ASD, and comorbid ADHD/ASD, while the control groups consisted both of siblings and 
non-related children. The gut microbiota was analyzed by 16S rRNA gene sequencing of the V4 
region, while the concentration of lipopolysaccharide-binding protein (LBP), cytokines, and other 
signaling molecules were measured in plasma. Importantly the gut microbiota compositions of 
cases with ADHD and ASD were highly similar for both alpha- and beta-diversity while differing 
from that of non-related controls. Furthermore, a subset of ADHD and ASD cases had an increased 
LBP concentration compared to non-affected children, which was positively correlated with inter-
leukin (IL)-8, 12, and 13. These observations indicate disruption of the intestinal barrier and 
immune dysregulation among the subset of children with ADHD or ASD.
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Introduction

Attention deficit hyperactivity disorder (ADHD) and 
autism spectrum disorder (ASD) are common neuro-
developmental disorders1,2, with poorly understood 
etiologies. Despite differences in the clinical manifes-
tations, overlapping symptomatology3 and 
heritability4 have been reported, suggesting shared 
developmental pathways5. While both have clear 
genetic involvement6–8, heritability alone does not 
fully explain the development of the disorders. 
Instead, it has been suggested that ADHD and ASD 
may arise as a result of complex interactions between 
genetic and environmental factors6,9. The treatment 
for both disorders is based on a bio-psycho-social 
approach10,11, which in the case of ADHD includes 
pharmacological treatment11. In both disorders, 
attempts have been made to complement the treat-
ment with non-pharmacological strategies, including 

dietary interventions12,13. These have yielded interest-
ing, but inconsistent results on ADHD or ASD symp-
toms. Furthermore, the mechanisms of action are not 
fully understood13–15.

Recent studies have suggested that the composi-
tion of bacteria in the gastrointestinal tract, termed 
the gut microbiota, may influence brain develop-
ment through a bidirectional interaction between 
the gut microbiota and the brain16,17. For both 
ADHD and ASD, gastrointestinal symptoms like 
constipation and abdominal pain are common18–20, 
suggesting that dysfunction of the gastrointestinal 
tract may be an element of the disorders21,22. 
Combined with the reported observations from diet-
ary interventions13,15, these findings have prompted 
studies investigating the involvement of the gut 
microbiota in ADHD and ASD (for a recent sys-
tematic review, see23).
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In 2000, Sandler et al.24 reported short-term 
improvements in behavioral symptoms in chil-
dren with ASD, following vancomycin treatment 
for diarrhea, suggesting that gut bacteria may be 
involved in the symptoms of ASD. This finding 
was supported by a number of studies showing 
that children with ASD possessed a gut microbiota 
that differed from non-affected controls21,25–34. 
Sharon et al.35 also reported that the transfer of 
gut microbiota from people with ASD could intro-
duce autism-like behavior in mice. Attempts have 
been made to utilize this clinically, by transplant-
ing feces from non-affected children to children 
with ASD. Both studies observed improvements in 
both ASD and gastrointestinal symptoms26,33, 
while a follow-up study observed that the benefi-
cial effects were maintained for at least two 
years36. Similarly, a recent study demonstrated 
that oral intake of an adsorbent, with affinity for 
small aromatic and phenolic molecules, could 
reduce the level of several bacterial metabolites 
in humans as it passes through the gastro- 
intestinal tract. Furthermore, it led to clinically 
relevant improvements in core symptoms of 
ASD, as well as reduced anxiety and irritability37. 
Despite these promising findings, a recent, large 
study by Yap et al.38 demonstrated that several of 
the gut microbial variations associated with ASD 
could be explained by variations in dietary prefer-
ences. Furthermore, the reported microbiota var-
iations in children with ASD have been highly 
heterogeneous and the role of the gut bacteria in 
the pathophysiology of the disorder remains 
poorly understood23,38.

The gut microbiota of patients with ADHD 
is, comparatively, not well defined23. A study by 
Pärtty et al.39 observed that children with 
ADHD had a lower relative abundance of 
Bifidobacterium compared to non-affected chil-
dren. More recent studies investigating the 
microbiota composition of children40–42, 
adolescents40,42–44, or adults43–45 diagnosed 
with ADHD have yielded mixed results23. 
Three studies have reported that ADHD was 
associated with a different gut microbiota com-
pared to controls40,43,44, whereas another three 

studies did not find any differences41,42,45. 
Interpretations of the results are complicated 
by variations in age and ethnicity of study par-
ticipants, as well as differences in study metho-
dology. Despite some inconsistency in previous 
association studies, a role of gut microbiota in 
relation to ADHD has been emphasized in 
a recent animal study46. Here, Tengeler et al.46 

showed that transfer of gut microbiota from 
individuals diagnosed with ADHD into mice 
could elicit behavioral modifications which 
were not observed when using gut microbiota 
from individuals without ADHD.

For both disorders, low-grade systemic 
inflammation has been detected21,47,48, possibly 
due to translocation of bacterial products across 
the gastrointestinal epithelial barrier49. Indeed, 
increased intestinal permeability has been 
described for both ADHD50 and ASD49,51. For 
ADHD, a higher concentration of zonulin was 
observed in serum50. This protein can reduce 
intestinal epithelial tight junction binding, thus 
increasing epithelial permeability52. 
Furthermore, lipopolysaccharide (LPS), 
a surface marker of gram-negative bacteria53, 
has been identified in blood samples of children 
with ASD, indicating translocation of bacterial 
products from the intestinal lumen49,51. The 
association of these observations with gut micro-
bial variations or immune activity is, however, 
not understood.

While previous studies have demonstrated the 
potential involvement of the gut microbiota in the 
development of both ADHD and ASD, the results 
are still not consistent regarding which bacteria 
are involved. Furthermore, despite the clinical 
overlap between the two neurodevelopmental 
disorders3, the microbiota variations associated 
with them have not been investigated in parallel 
and never in comorbid ADHD/ASD groups.

In this study, we profiled the gut microbiota in 
children and adolescents with ADHD, ASD, and 
comorbid ADHD/ASD compared to both non- 
affected siblings and non-related controls. 
Furthermore, we sought to assess whether the 
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intestinal barrier and immune system were 
affected in ADHD and/or ASD, as potential 
mechanisms of action of the gut microbiota.

Results

Demographics and clinical characteristics

A total of 95 study participants, aged 5–17 years 
(median age 10), were included in this study 
(Table 1). These were children and adolescents 
with ADHD (n = 32), ASD (n = 12), comorbid 

ADHD/ASD (n = 11), sibling controls (n = 14, 5, 
and 4 for sibling participants with ADHD, ASD, 
and comorbid ADHD/ASD, respectively), and 
non-related controls (n = 17). No significant differ-
ences were observed between age of cases and con-
trols, however, ADHD siblings were found to be 
significantly younger than ASD cases and siblings 
(p = 0.0176 and 0.0123, effect size (Cohen’s d) =  
−1.59 and −2.24, respectively). None of the chil-
dren that completed the study, were diagnosed 
with mood disorders or anxiety. No significant 
difference was observed in the frequency of 

Table 1. Demographic and clinical features of study participants. IQ were only available for around half the cases, and only one of the 
non-affected children (ADHD sibling with an IQ of 116). Three cases (one each of ADHD, ASD, and comorbid ADHD+ASD) furthermore 
had the diagnosis mental retardation (F70F71), while one ADHD case were diagnosed with borderline intellectual functioning (R41.8). 
Feces consistency described the fecal sample that was investigated and was rated by the parents according to the Bristol stool chart. 
All participants using Polyethylene Glycol 3350 (MovicolTM) were diagnosed with chronic constipation. No other medications 
targeting gastrointestinal symptoms were utilized by the study participants. Study participants were in some cases, evaluated with 
more than one diagnostic instrument. For a few study participants, the diagnostic instrument used for diagnosis, or the specific type of 
ADHD medication were not specified. ADOS2: the Autism Diagnostic Observation Schedule 2nd edition. ADHD-RS: ADHD rating scale. 
T.O.V.A: Test of Variables of Attention. KSADS-COMP: Kiddie Schedule for Affective Disorders and Schizophrenia, Computer version. 
Only the specified ADHD medications were utilized amongst children included in this manuscript, which corresponds to the most 
commonly used ADHD medications prescribed to children and adolescents in Denmark. Statistical significance is presented as □ = p <  
0.05 compared to ADHD cases, ○ = p < 0.05 compared to ASD cases, ▲= p < 0.05 compared to comorbid ADHD/ASD.

ADHD ASD Comorbid ADHD/ASD Non-related controls

Features
Cases 
n = 32

Siblings 
n = 14

Cases 
n = 12

Siblings 
n = 5

Cases 
n = 11

Siblings 
n = 4 N = 17

Samples available (n)
Feces 32 14 12 5 11 4 17
Blood plasma 30 13 9 3 9 4 17

Age, years 
(Median, Q1-Q3)

9 
(8–11)

8 
(6–9)

12 
(10–14)

15 
(10–15)

11 
(10–13)

11 
(10–12)

10 
(8–12)

Gender (male) % 65.6 57.1 75.0 60.0 81.8 50.0 52.9
IQ 

(Median, Q1-Q3)
90.5 

(82–100)
- 92 

(83–109)
- 104 

(93–108)
- -

Constipation, % 15.6 7.1 8.3 0.0 18.2 0.0 5.9
Abdominal pain, % 3.1 0.0 16.7 0.0 18.2 0.0 0.0
GI reflux, % 3.1 0.0 0.0 0.0 9.1 0.0 0.0
Feces consistency, %

1–2 9.4 21.4 16.7 20.0 18.2 0.0 0.0
3–5 84.4 64.3 83.3 80.0 81.8 100 94.1
6–7 0.0 0.0 0.0 0.0 0.0 0.0 0.0
NA 6.3 14.3 0.0 0.0 0.0 0.0 5.9

Diet, %
Atypical diet 9.4 0.0 50.0 0.0 9.1 0.0 5.9○

Vitamins 15.6 14.3 33.3 40.0 27.3 50.0 35.3
Fish oil 15.6 14.3 8.3 0.0 18.2 0 0.0

Diagnostic instrument, %
ADOS2 3.1 7.1 66.7 0.0 54.5 0.0 0.0
ADHD-RS 87.5 7.1 25.0 0.0 45.5 0.0 0.0
T.O.V.A 62.6 0.0 0.0 0.0 0.0 0.0 0.0%
KSADS-COMP 6.2 0.0 8.3 0.0 0.0 0.0 0.0
Not specified 12.5 0.0 33.3 0.0 27.3 0.0 0.0
Not tested 0.0 92.9 0.0 100.0 0.0 100.0 100.0

Medication, %
ADHD medication 46.9 0.0□ 0.0 0.0 36.4 0.0▲ 0.0□▲

Methylphenidate 73.3 0.0□ 0.0 0.0 75.0 0.0▲ 0.0□▲

Lisdexamfetamine 13.3 0.0□ 0.0 0.0 0.0 0.0 0.0□

Dexamfetamine 0.0 0.0 0.0 0.0 25.5 0.0▲ 0.0▲

Atomoxetine 6.6 0.0□ 0.0 0.0 0.0 0.0 0.0□

Not specified 6.6 0.0□ 0.0 0.0 0.0 0.0 0.0□

Polyethylene Glycol 3350 12.5 7.1 0.0 0.0 18.2 0.0 5.9
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gastrointestinal problems between cases and con-
trols, with the most common problem being con-
stipation, followed by abdominal pain and reflux. 
No study participants suffered from diarrhea dur-
ing, or immediately prior to, the study period. 
These findings were reflected in the parentally 
reported Bristol Stool Chart types54 of the sampled 
feces. Here, most of the fecal samples were rated as 
normal consistency (Bristol Stool Chart 3–5) with 
no significant differences between cases and con-
trols. Atypical diet was most common among chil-
dren with ASD (50.0% compared to 5.9% in non- 
related controls, p = 0.022, odds ratio = 0.070). This 
was mostly in the form of a diet that did not vary 
between days, as well as one child with ASD pre-
senting with a flexitarian diet. Only a single non- 
related control presented with a diet different from 
the norm (flexitarian). None of the participants 
received probiotic supplements. ADHD medica-
tion was given to 46.9% of children with ADHD 
and 36.4% of children with comorbid ADHD/ASD 
(p < 0.05 compared to either non-affected siblings 
or non-related controls), with methylphenidate 
being the most commonly used drug. Apart from 
these variables, the study groups were comparable 
for all other investigated variables.

Gut microbial communities in children with ADHD 
and ASD had comparable richness and diversity

Following sequencing, we obtained 5,761,785 
reads, with an average number of reads per 

study group of: 60,727 ± 11,020 for ADHD; 
62,897 ± 10,394 for ADHD siblings; 59,154 ±  
8,057 for ASD; 54,963 ± 8,949 for ASD siblings; 
60,095 ± 7,306 for comorbid ADHD/ASD; 
56,287 ± 14,493 for siblings to comorbid 
ADHD/ASD; and 62,771 ± 11,988 for non- 
related controls. A total of 2,255 amplicon 
sequence variants (ASVs) were identified fol-
lowing singleton removal, with taxonomy 
assigned for 98.9%, 97.5%, and 91.7% of ASVs 
at phylum, family, and genus levels, respec-
tively. To investigate bacterial alpha-diversity 
we calculated ASV richness, Shannon diversity 
index, and Faith’s phylogenic diversity 
(Figure 1). No significant differences were 
observed for ADHD, ASD, or comorbid 
ADHD and ASD, compared to each other or 
to non-affected children (p > 0.05, effect sizes 
between −1.70 and 1.53, Figure 1a–c). Only 
the Shannon diversity for ASD siblings was 
observed to be significantly lower compared to 
non-related children, ADHD siblings, and 
comorbid siblings (p = 0.012, 0.016, and 0.025, 
effect sizes = −2.88, 2.62, and −3.15, respec-
tively, Figure 1b). In order to investigate over-
all variations of cases compared to non-affected 
children, we next compared children with 
ADHD, ASD, and comorbid ADHD/ASD with 
a combined control group, consisting of non- 
affected siblings and non-related children (sup-
plementary figure S1). Compared to these, 

Figure 1. Alpha-diversity of each diagnostic group. The alpha diversity is determined using a) ASV richness, b) Shannon diversity index, 
and c) Faith’s Phylogenic Diversity. P-values are based on linear mixed effect models, with sibling pairs as random effects and pairwise 
testing adjusted for multiple comparisons using Tukey’s method. Cases were compared to non-affected siblings and non-related 
children, while non-affected siblings were compared to non-related children.
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cases tended to have a lower bacterial richness, 
although only significantly so for ADHD com-
pared to non-affected children (p = 0.036, effect 
size = −0.86 and p = 0.027, effect size = −0.88, 

for ASV richness and Faith’s phylogenic diver-
sity, respectively, supplementary figure S1a and 
c). Adding atypical diet, gastrointestinal com-
plaints, or ADHD medication as fixed effects, 

Figure 2. Beta-diversity of each diagnostic group. The beta-diversity is presented using principal coordinate analysis (PCoA), with 
either Bray-Curtis dissimilarities (a-c), weighted UniFrac (d-f), or unweighted UniFrac (g-i). The individual groups were analyzed as 
either ADHD (a, d, and g) or ASD (b, e, and h) compared to the non-related children, or as ADHD, ASD, and comorbid ADHD/ASD 
compared to each other (c, f, and i). Ellipses depict 95% confidence intervals. PERMANOVA results are indicated with adjusted p-values 
and R2 and represent the overall differences in beta-diversity. For cases compared to siblings and non-related children combined, see 
supplementary figure S2. Pairwise PERMANOVA comparisons can be seen in Supplementary data S1, while confounders as fixed effects 
are found in supplementary data S2.
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did not improve the model nor did it change 
the overall results (p > 0.05, data not shown).

The gut microbiota compositions of ADHD and ASD 
were highly similar but differed from non-related 
controls
To assess variations in bacterial communities, we 
next visualized the beta-diversity of gut microbiota 
in the included children using principal coordi-
nates analysis (PCoA), and tested variance using 
permutational multivariate analysis of variance 
(PERMANOVA) (Figure 2 and supplementary fig-
ure S2, pairwise PERMANOVA in supplementary 
data S1). Children with ADHD or ASD differed 
from non-related controls based on both Bray- 
Curtis dissimilarity as well as weighted and 
unweighted UniFrac (p < 0.05, Figure 2 a,b,d,e,g 
and h and supplementary data S1, all adjusted p <  
0.005). No significant differences were observed in 
beta-diversity between cases and their respective 
siblings (Figure 2, Supplementary data S1). As for 
alpha-diversity, we also compared children with 
either ADHD or ASD to the combined group of 
siblings and non-related controls, and identified no 

differences between cases and controls (supple-
mentary figure S2). However, siblings differed 
highly from each other as well as from non- 
related controls (p = 0.024, 0.136, and 0.046 for 
Bray-Curtis dissimilarity, weighted and 
unweighted UniFrac, respectively, supplementary 
figure S2 c, f, and i). Notably, children with 
ADHD, ASD, or comorbid ADHD/ASD could 
not be distinguished based on beta-diversity in 
any explored indices (p > 0.05, Figure 2c,f, and 
supplementary data S1). Confounders were added 
as fixed effects to a subsequent PERMANOVA 
model (Supplementary data S2), including atypical 
diet, use of ADHD medication or Polyethylene 
Glycol 3350, presence of constipation, and infor-
mation regarding matched siblings. Importantly, 
the significant effects of diagnostic groups com-
pared to non-related controls were maintained for 
all beta-diversity distances (R2 between 0.03 and 
0.06, adjusted p < 0.05). For all groups and mea-
sures, sibling similarity in gut microbiota variation 
was larger than other variables, although it did not 
obscure the effects of diagnostic groupings. This 

Figure 3. Composition of bacteria in each diagnostic group. Relative abundance of the individual bacterial at the taxonomic levels 
phylum (a) and genus (b), depicted as percentage of total bacteria per sample. For phylum, data are represented as a barplot, with 
a grouping of phyla that comprise<1% of total relative abundance. For ease of interpretation, genera are represented using 
a heatmap, with the 20 most abundant genera listed.
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was especially true when we compared cases to 
each other, where the sibling effects were the 
main cause of variance for all PERMANOVA 
results.

To further evaluate the bacterial variations, we 
performed compositional analyses (Figure 3). All 
groups were dominated by the phylum Firmicutes, 
with notable contributions from the phyla 
Bacteroidetes, Actinobacteria, and 
Verrucomicrobiota (Figure 3a). Several children 
with ADHD, ASD, or comorbid ADHD/ASD had 
a low relative abundance of the Bacteroidetes phy-
lum, with Actinobacteria being more dominant. 
For genera, we observed that most samples from 
all groups were dominated by the genera 
Bacteroides, Faecalibacterium, Blautia, and 

Bifidobacterium, with some individuals presenting 
with high Prevotella (Figure 3b).

Analysis of compositions of microbiomes 
with bias correction (ANCOM-BC)55 was used 
to further evaluate the variations in beta- 
diversity between children with ADHD, ASD, 
and non-related children (Figure 4). Compared 
to ADHD, non-related children had a higher 
relative abundance of the Clostridia_vadinBB60 
group and the genera Coprobacter, Bilophila, 
Howardella, and Colidextribacter among others. 
Conversely, the relative abundance of the genera 
Streptococcus, Lactobacillus, Hungatella, 
Eggerthella, and Ruminococcus gnavus group 
were higher among children with ADHD 
(Figure 4a). For ASD (Figure 4b), the relative 

Figure 4. Differential abundant bacterial genera based on the ANCOM-BC analysis. Genera that differentiate significantly between the 
groups are displayed when adjusting for sibling effects, with effect size (log fold change) and 95% confidence error bars. All effect sizes 
with Benjamini-Hochberg corrected p-values<0.05 are displayed. A) Pairwise differential abundance analysis of children with ADHD 
compared to non-related controls. B) Pairwise differential abundance analysis of children with ASD compared to non-related controls. 
No significant bacterial differences were observed when comparing children with ADHD or ASD to each other supplementary data S3.
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abundance of several genera, including 
Sutterella, Coprobacter, Paraprevotella, 
Bilophila, as well as the Clostridia_vadinBB60 
group were higher in non-related controls, 
whereas the relative abundance of the genera 
Eggerthella, Hungatella, Dielma, and the 
Ruminococus gnavus group were higher in chil-
dren with ASD.

Finally, we compared ADHD and ASD (supple-
mentary data S3). In line with the beta-diversity 
data, the bacterial compositions of the two disor-
ders were highly similar. While some variations 
were initially observed, none reached significance 
after adjusting for the effects of siblings.

A subset of children with ADHD or ASD possessed 
higher blood plasma concentrations of LPS-binding 
protein (LBP)

A possible interaction between gut microbiota 
and the host was assessed, using blood LBP and 
fecal calprotectin as indicators (Figure 5a,b). 
While no significant differences were observed, 
a subset of ADHD, ASD, and comorbid ADHD/ 
ASD cases had higher plasma LBP concentra-
tions compared to non-related children 
(Figure 5a, adjusted p = 0.20, 0.15, and 0.24, 
effect sizes = 0.94, 1.28, and 0.69, respectively). 
The variation observed in these cases was neither 
explained by the presence of constipation (p =  

Figure 5. Immunoproteomic measurements of systemic involvement in ADHD and ASD. a) ELISA-based measures of blood plasma LBP 
in triplicate. A single outlier was observed and removed from statistical tests (non-related control MN154 duplicate 1). We defined 
outliers as measures outside of Quartiles 1 and 3 ± 1.5× interquartile range (IQR), where outliers were removed if only one of the 
replicates was defined as an outlier with more than the IQR between the two measures. b ELISA-based measure of fecal calprotectin 
performed as singletons. Notably, the child with the highest fecal calprotectin concentration was subsequently diagnosed with 
Crohn’s disease. Excluding this child from the statistics did not affect the results. c-f) Duplicate measures of Meso Scale-based 
measures of immune markers. Meso Scale results are displayed as median normalized and log2 transformed signal intensities, with 
averaged technical replicas. The red line indicates the measured log2 signal of blank controls, consisting of buffer. Only measures with 
noteworthy variations between cases and controls are analyzed here, with additional figures found in supplementary figures S4–7. 
Cases were compared to other cases, the matching sibling group or to non-related children, with sibling pair as random effect.
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0.105, effect size = 0.67, supplementary figure S3) 
nor by an atypical diet (p = 0.179, effectsize =  
−0.59, supplementary figure S3). As LBP is 
rapidly produced in response to the presence 
of the gram-negative surface molecule LPS in 
the circulation53, this observation indicates that 
these children may have an increased transloca-
tion of bacterial products across the gastroin-
testinal epithelium. No differences between 
cases and controls were observed in fecal cal-
protectin (Figure 5b), suggesting that inflam-
matory bowel disorders did not explain 
differences in gut barrier permeability. Some 
outliers were observed with high fecal calpro-
tectin values for several diagnostic groups. 
However, neither LBP nor the fecal calprotectin 
measure was correlated with gut microbial 
alpha- or beta-diversity (Figure 6a and supple-
mentary data S4), indicating that disruptions in 
the gastrointestinal epithelium were not directly 
associated with the variations observed for beta- 
diversity. Overall, the results suggest that 
a subset of children with ADHD and ASD had 
disruptions of the normal gut barrier function.

Increased gut barrier permeability correlated with 
immune dysregulation in children with ADHD and, 
especially ASD

To evaluate if increased gut barrier permeability 
resulted in systemic effects for the included chil-
dren, we next analyzed the plasma level of cyto-
kines, chemokines, and other signaling molecules, 
as well as morning urine concentrations of corti-
sol (Figure 5 and supplementary figures S5–8). 
Due to inconsistencies with controls across dif-
ferent plates, analytes from the TH17 panel were 
not investigated further. For the remaining ana-
lytes, only Eotaxin-3 was observed to differ sig-
nificantly, having a higher concentration in ASD 
cases compared to ADHD cases (p = 0.009, effect 
size = 1.26, supplementary figure S6e). In addi-
tion, some tendencies were observed. Several 
ADHD and ASD cases had higher IL-1RA com-
pared to non-related controls (Figure 5c), while 
five ADHD cases and one ASD case had much 
higher IFN-γ concentrations compared to con-
trols (Figure 5e). Neither of these ADHD cases 
corresponded to participants with constipation or 
an atypical diet. The child with ASD and a high 
IFN-γ concentration did have an atypical diet, 

Figure 6. Multilevel correlation-testing of gut microbiota and intestinal permeability compared to systemic inflammatory markers. 
Multilevel Spearman’s correlation analysis of the correlation between a) bacterial alpha-and beta-diversity and b) fecal calprotectin 
and LBP compared to immunoproteomic markers, with sibling pair as random effect. Only correlations with Benjamini-Hochberg 
adjusted p-values<0.05 are displayed. Blue values indicate a negative correlation (rho−1–0), while red values indicate a positive 
correlation (rho 0–1). Raw values can be found in supplementary data S4–5. Only study participants with matching feces and plasma 
samples were include in the analysis.
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although overall diet was not associated with 
higher IFN-γ concentration (p = 0.542, effect 
size=+0.29, supplementary figure S4). Further 
analyses revealed a weak but significant positive 
correlation between LBP and Interleukin (IL)-8 
(rho = 0.34, adjusted p = 0.023), IL-12 (rho = 0.35, 
adjusted p = 0.018), IL-13 (rho = 0.32, adjusted p  
= 0.035), and PlGF (rho = 0.31, adjusted p =  
0.045)(Figure 6 and supplementary data S5). 
This suggests that disruption of the gut barrier 
function resulted in immune dysregulation. We 
further observed that weighted UniFrac, but also 
unweighted UniFrac as well as Bray-Curtis dis-
similarity were correlated with several immune 
markers (Figure 6, supplementary data S4), indi-
cating an interaction between bacterial variation 
and immune dysregulation.

Discussion

In this study, we demonstrated for the first time, 
that children with ADHD and ASD share gut 
microbiota signatures that differ from non-related 
controls. We observed a lower relative abundance 
of the genera Coprobacter, Howardella, as well as 
members of the Clostridia class for both disorders 
compared to non-related controls. In addition, the 
relative abundance of Eggerthella, Hungatelle, and 
the Ruminococcus gnavus group were increased for 
both ADHD and ASD cases. It is unclear whether 
these bacterial changes represent a pathological 
change in gut microbiota, or whether they reflect 
an altered functionality of the gastrointestinal tract 
amongst children with ADHD or ASD. However, 
a higher relative abundance of Eggerthella has pre-
viously been associated with delayed development 
of children56 and depression57. Furthermore, 
Wang et al.58 observed variations in the metabolites 
of the neurotransmitter glutamate in children with 
ASD, that were associated with a higher relative 
abundance of Eggerthella lenta. Overall, the simila-
rities in gut microbiota composition between 
ADHD and ASD coincide with other similarities 
observed between these two disorders, such as 
overlapping clinical presentation, 
symptomatology3,5, and heritability4.

When looking at children with ADHD sepa-
rately, these tended to have a lower bacterial rich-
ness compared to non-related children, 

significantly so compared to the combined non- 
affected control group. This is in marked contrast 
to previous studies that did not detect any varia-
tions in alpha-diversity between ADHD cases and 
controls23,40–45,59. The cause of this discrepancy 
might be due to methodological differences 
between studies as well as population-based 
differences60. A reduced bacterial alpha-diversity 
has previously been associated with a dysbiotic 
and inflammatory phenotype61. Indeed, we 
observed that ASV richness were correlated with 
several immune markers. This could indicate, that 
children with neurodevelopmental disorders, and 
especially children with ADHD, are more suscep-
tible to immune dysregulations, which fits with 
a previously described higher frequency of immune 
disorders in children with ADHD62–64. Looking at 
the bacterial composition in ADHD cases,, we 
observed changes in several low-abundant ASVs, 
which is in agreement with a study by Prehn- 
Kristensen et al.40. Previous studies investigating 
the gut microbiota in children40–42 or adolescents 
and adults43–45 support our findings of a different 
gut microbiota composition in ADHD compared 
to non-related controls. This included an increased 
relative abundance of Eggerthella in agreement 
with Aarts et al.43. However, no single bacteria 
has been consistently reported to differ between 
ADHD and non-related controls across all pub-
lished studies23,40–44. The increased relative abun-
dance of Streptococcus is interesting though, 
considering an observation by Leslie et al.65, who 
reported an increased frequency of previous strep-
tococcal infections in children with ADHD.

Compared to ADHD, children with ASD dis-
played more pronounced microbial variations 
than controls, which is consistent with previous 
observations of gut microbiota variations in chil-
dren with ASD23,66,67. In a recent study, Yap et al.38 

suggested that differences in diet might explain the 
majority of gut microbiota variations observed 
among children with ASD. While we did not collect 
as detailed information on diet as Yap et al., we 
similarly observed that the presence of an atypical 
diet significantly affected the beta-diversity of 
study participants. Despite this, the diagnostic 
group was still found to be more important than 
presence of atypical diet in explaining variation in 
gut microbial beta-diversity. Several bacterial 
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genera were observed to be differentially abundant 
in ASD compared to non-related controls. In 
agreement with previous studies, we found an 
increased relative abundance of the families 
Enterobacteriaceae31,68 and 
Peptostreptococcaceae69. Noteworthy, differences 
between this study and previous studies include 
the increased relative abundance of Eggerthella28, 
as well as the reduced relative abundance of the 
genera Sutterella70,71. Furthermore, despite pre-
vious studies often observing a reduced relative 
abundance of Streptococcus27,28,68,70,72,73, 
Escherichia27,66,70,73, Dialister66,69,72–74, and 
Bifidobacterium27,28,33,69,72,73 in children with 
ASD compared to non-affected controls, we did 
not observe any significant differences among 
these genera for children with ASD. Importantly, 
these previous studies have targeted different 
hypervariable regions of the 16S rRNA gene com-
pared to our study, clustered reads as operational 
taxonomic units (OTUs) as opposed to using 
ASVs, and, with a few exceptions27,71,74, did not 
utilize bead-beating during DNA extraction. These 
are all factors that can influence which bacteria are 
identified60. Importantly, despite different bacterial 
profiles in ADHD and ASD compared to non- 
related controls, only minor variations were 
observed when comparing the gut microbiota of 
ADHD and ASD.

Our findings of elevated plasma LBP in a subset 
of children with ADHD and/or ASD are in line 
with previous observations for cases with ASD51. 
The implications are unclear, although since high 
LBP levels are an indicator of increased gastroin-
testinal permeability and translocation of the 
strongly immune-stimulating molecule LPS to the 
blood49,53, the increased LBP concentration in chil-
dren with ADHD and/or ASD may be related to 
previous observations of increased proinflamma-
tory cytokines in children with ADHD47 and 
ASD21,48. Indeed, we observed that increased LBP 
was positively correlated with IL-8, IL-12, and IL- 
13. Furthermore, we observed significant correla-
tions between the bacterial beta-diversity and sev-
eral immune markers, indicating that the gut 
microbiota variations we observed in the children 
with ADHD and/or ASD, may be related to an 
imbalance in the regulation of the immune system 
in the children. However, many of the correlations 

were weak, and several confounders exist, and thus 
more studies are needed to investigate whether the 
variations in gut microbiota facilitate increased 
translocation of bacterial products into the blood, 
as well as the impact on the immune system in 
children with ADHD and/or ASD.

Proper selection of control groups is essential in 
studies investigating the gut microbiota in disease. 
Multiple lifestyle factors can influence the gut 
microbiota38,75,76, and thus the control group 
needs to resemble the case group as much as 
possible. Previous studies of gut microbiota in 
ADHD or ASD have often used either non- 
related controls22,31,40,44,68,69,71,74,77, or 
siblings25,27,29,43,44,78, with other studies reporting 
that the gut microbiota composition of siblings to 
children with ASD tended to be closer to that of 
their siblings as compared to non-related 
controls25,79. In our study, we reported that the 
microbial differences observed in children with 
ADHD and/or ASD were less pronounced com-
pared to siblings as opposed to non-related chil-
dren, which is in agreement with the findings of 
Ahmed et al.79. Furthermore, sibling effects were 
found to be a major effect on gut microbial beta- 
diversity. The siblings tended to be significantly 
different from that of non-related children. As 
such, several of the reported microbial variations 
between ADHD and ASD compared to non- 
related controls may be caused by differences in 
lifestyle instead, as indicated by Yap et al.38. 
However, while siblings are expected to have 
environmental factors, lifestyles, and genetics clo-
ser to that of the cases, the heritable nature of both 
disorders6,7 increases the risk of including chil-
dren with undiagnosed ADHD or ASD in the 
control group. This was also observed in our 
study, as one control sibling was diagnosed with 
ADHD briefly before this article was submitted 
for publication. We further observed for Shannon 
diversity and immunoproteomics measurements, 
that ASD siblings tended to be highly dissimilar 
from the other non-affected group. Thus, while we 
consider siblings to be an excellent control popu-
lation in studies investigating microbiota, they 
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introduce other confounders and thus we recom-
mend that care should be taken to ensure that they 
are indeed non-affected by the disorder studied.

Strengths and limitations

Some study limitations need to be addressed. 
Compared to ADHD, the number of children 
with ASD or comorbid ADHD/ASD was low, limit-
ing our ability to observe minor variations in gut 
microbiota. This problem was especially evident 
for immunoproteomic observations where several 
tendencies were observed that did not, however, 
reach significance. This was even more pro-
nounced for siblings to these two groups. 
Importantly, previous studies have been able to 
discern differences in gut microbiota for children 
with ASD with even lower sample sizes27,28. 
Secondly, while 16S rRNA amplicon sequencing is 
widely used for microbiota studies, it lacks accu-
racy for species identification compared to whole- 
genome sequencing, which may hide underlying 
microbial differences80. While the effects of atypi-
cal diet did not obscure the effects of diagnostic 
groups in this study we only had limited dietary 
information, unlike Yap et al.38. Thus, we have 
a lower resolution of the effects of dietary prefer-
ence on gut microbiota variation. The choice to 
only include binary information on diet was taken 
to reduce the strain on the included families. In this 
study, gastrointestinal disorders were assessed 
based on the clinical history of the study partici-
pants, an initial interview with the parents, as well 
as through a 14-day fecal diary. However, no stan-
dardized physical examinations were performed on 
the patients, and thus we might have missed parti-
cipants with smaller gastrointestinal disorders not 
manifesting in altered feces passage time. Finally, 
selection bias is a common issue in case-control 
studies, as demonstrated by Russel et al.81, with 
families experiencing more severe disorders or 
social problems being less likely to volunteer to 
participate in scientific studies. Attempts were 
made to accommodate problems raised by the indi-
vidual families, although we could not eliminate 
the impact of selection bias completely.

The study also has several strengths. It is the 
first study to investigate the gut microbiota of 

children with ADHD and ASD in parallel with 
identical collection protocol and sequencing 
technology, allowing a better understanding of 
the similarities and differences between these dis-
orders. In addition, the use of ASVs instead of 
clustering based on similarity as for OTUs allows 
higher resolution when analyzing bacterial 
composition82. The use of well-known and widely 
used diagnostic instruments to ensure that the 
children included as cases fulfill the diagnostic 
criteria, thus ensuring the inclusion of true 
cases with ADHD and ASD. Finally, the inclusion 
of markers of gut microbiota, gastrointestinal 
permeability, and systemic immune response 
allows a better understanding of the interaction 
between these factors in children with ADHD 
and/or ASD.

Conclusion

We demonstrated for the first time that children 
and adolescents diagnosed with ADHD and ASD 
share gut microbiota signatures different from 
non-related controls. These variations were char-
acterized by a lower relative abundance of the 
genera Coprobacter and Howardella, and an 
increased relative abundance of Eggerthella, 
Hungatelle, and the Ruminococcus gnavus 
group. Furthermore, we have shown that beta- 
diversity variations as well as increases in LBP 
were associated with changes in the balance 
between pro-and anti-inflammatory signals. 
Overall, further studies are still needed to eluci-
date how variations in gut microbiota, gastroin-
testinal permeability, and immune dysregulation 
may affect the behavioral, immunological, and 
gastrointestinal symptoms of children with 
ADHD and/or ASD.

Materials and methods

Study participants

Children and adolescents aged 5–17 years were 
recruited through the Clinic for Child and 
Adolescent Psychiatry at Aalborg University 
Hospital, Denmark as well as social media, and 
patient organizations. Inclusion criteria were 
ADHD and/or ASD according to the diagnostic 
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criteria described in the 10th revision of the 
International Statistical Classification of Diseases 
and Related Health Problems (ICD-10)83. Study 
cases were divided into the following three 
groups: 1. Children diagnosed with ADHD 
(F90.0, F90.1, or F98.8c), 2. Children diagnosed 
with ASD (F84.0, F84.1, F84.10, F84.11, F84.12, 
F84.5, or F84.8), and 3. Children diagnosed with 
comorbid ADHD/ASD. As controls, we included 
two groups of children without neurodevelop-
mental disorders: one consisting of siblings to 
the three case groups and another consisting of 
non-related children. The participants were 
divided into groups based on their diagnosis at 
the time of data acquisition or within the follow-
ing three months. The diagnoses of ADHD and/ 
or ASD were made at a multidisciplinary clinical 
conference after psychiatric examinations and 
tests have been performed. Regarding ADHD, 
the ADHD rating scale (ADHD-RS)84 and Test 
of Variables of Attention (T.O.V.A)85 were uti-
lized, whereas, for ASD, the Autism Diagnostic 
Observation Schedule 2nd edition (ADOS286 was 
used. Participants were diagnosed if they were 
above the clinical cutoff level in the specified 
diagnostic instruments for ADHD or ASD. For 
ADHD-RS, this is based on normative data on 
Danish school children87, while for ADOS288, 
a calibrated severity score above three was used 
as inclusion criteria. Cognitive testing was also 
performed when it was considered relevant as 
part of the normal process for children with 
ADHD or ASD. This was done either in the clinic 
as part of the psychiatric assessment, or by school 
psychologists prior to referral to child and ado-
lescent psychiatry. Based on ethical considera-
tions concerning the risk of applying a diagnosis 
to otherwise healthy children, the non-affected 
children were not tested for neurodevelopmental 
disorders.

Exclusion criteria included antibiotic treatment 
within three months of the inclusion date and 
active treatment with antipsychotics or selective 
serotonin receptor inhibitors due to previous 
reports of antimicrobial effects of these 
medications89,90. Other psychotropic medications 
like serotonin-norepinephe reuptake inhibitors 
and clonidine are not being used in children and 
adolescents in Denmark. Other exclusion criteria 

included organic, including symptomatic, mental 
disorders (F00-F09 of the ICD-10), schizophrenia 
(F20), manic episode (F30), bipolar affective dis-
order (F31), mental and behavioral disorders due 
to psychoactive substance use (F10-F19), or eating 
disorders (F50).

The study was approved by the North Denmark 
Regional Ethical Committee (reference: 
N-20170064) and registered with the Danish Data 
Protection Agency. Informed consent was obtained 
from parents or legal guardians of the included 
children.

Gastrointestinal symptoms, diet, and medical 
history

The parents of all participants were asked to 
describe the typical diet of the participating chil-
dren in general and for the week preceding inclu-
sion into the study. The diet was defined as atypical 
if it did not vary between days or if several common 
food items were excluded (e.g., vegetarian or other 
selected diets). During the study period, the parents 
were further asked to describe defecation frequency 
and consistency (according to the Bristol Stool 
Chart54 for 14 days before sample delivery, as well 
as to rate the consistency of the feces from which 
samples were collected. Constipation was defined 
as less than three defecations/week91. Further 
information on the clinical history and medication 
use were obtained through medical records.

Sample collection

Fecal and urine samples were available from all 
included study participants (n = 95), whereas 
blood samples were only available from 85 study 
participants (Table 1). Fecal and urine samples 
were collected at the home of study participants, 
with parents instructed in collecting samples using 
written, oral, and video guides to ensure correct 
sample handling. Fecal samples were stored for up 
to three days at −20 ° before being transported 
frozen in cooler bags to the Departments of 
Clinical Biochemistry at Aalborg University 
Hospital or North Denmark Regional Hospital. 
Here, peripheral blood was drawn into Vacuette® 
tubes containing K2-EDTA (Greiner Bio-One 
GmbH, Cat. No: 456043). These tubes were then 
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centrifuged at 2200×g for 10 min at 4°C to produce 
blood plasma. Following collection, fecal, urine, 
and plasma samples were aliquoted and stored at 
−80°C at the Centre for Clinical Research, North 
Denmark Regional Hospital.

Bacterial DNA extraction, 16S rRNA gene 
sequencing, and bioinformatics

Bacterial DNA was isolated from 250 ± 25 mg feces 
or, in the case of negative controls, nuclease-free 
water, using the QIAamp Powerfecal DNA kit 
(QIAGEN®, Cat. No. 51804) automated on 
a QIAcube® (QIAGEN, Cat. No. 9001293), follow-
ing the manufacturer’s protocol. DNA samples 
were transported on dry ice to DNAsense ApS 
(Denmark) for 16S rRNA gene sequencing. 
Library generation and sequencing were performed 
as a two-step polymerase chain reaction (PCR), as 
previously described92. First, the 16S rRNA V4 
region was amplified using the 515F (Parada)93/ 
806 R(Appril) 94 primer set. Next, unique barcoded 
primers were added. The resulting DNA were 
sequenced (2×300 bp) on a MiSeq platform using 
the MiSeq Reagent kit V3 (Illumina, cat. No. MS- 
102-3001), with a 10% PhiX control library 
(Illumina, Cat. No. FC-110-3001) added to esti-
mate error rate.

Following sequencing, read pairs were demulti-
plexed and filtered for PhiX sequences using the 
usearch v11 pipeline95. The resulting sequences 
were imported into the QIIME2 2020.8 bioinfor-
matics platform96. Forward reads were filtered for 
primers, truncated to 250 base pairs, and denoised 
using DADA2 with standard parameters to form 
ASVs. Samples with less than 40,000 reads, corre-
sponding to negative controls, were removed from 
downstream analysis. All ASVs were aligned with 
mafft through q2-alignment and used for the con-
struction of a phylogenetic tree using fasttree2. 
Taxonomy was assigned using the Naïve Bayesian 
classifier, implemented in the q2-feature-classifier, 
and trained against the SILVA 138 SSU reference 
database97. Feature tables were then exported for 
downstream analyses in R version 4.0.3 (https:// 
www.r-project.org/). 16S rRNA amplicon data 
were investigated using the packages phyloseq 
v1.32.0 (https://github.com/joey711/phyloseq) and 
ampvis2 v2.6.6 (https://github.com/KasperSkytte/ 

ampvis2). Alpha-diversity metrics included ASV 
richness, Faith’s phylogenetic diversity, and 
Shannon diversity index. Beta-diversity was visua-
lized using principal coordinate analysis (PCoA) 
with Bray-Curtis dissimilarity, weighted and 
unweighted UniFrac, and analyzed through 
PERMANOVA with 999 permutations and siblings 
as strata, as implemented in ADONIS and tested 
for variability using Betadisper. The ANCOM- 
BC55 was used to determine the most differentially 
abundant taxa between the different diagnostic 
groups, using siblings as random effects and, with 
a Benjamini-Hochberg adjusted p-value<0.05 con-
sidered significant.

Enzyme-linked immunosorbent assay (ELISA)-based 
measurement of fecal calprotectin, urinary cortisol, 
and LBP

Fecal calprotectin was measured using modular 
components for the ELIATM Calprotectin 2 kit 
(Thermo Fisher Scientific, Cat. No. 14-6748-01, 
83-1147-01, 83-1023-01, 83-1128-01, and 14- 
5651-01) automated on the Phadia 250 instrument 
(Thermo Fisher Scientific, Cat. No. 12-3900-01) 
with corresponding reagents (Thermo Fisher, Cat. 
No. 10-9440-01, 10-9441-01, 10-9442-01, 10-9479- 
01, and 10-9422-01), according to the manufac-
turer’s instructions. The concentration of LBP in 
peripheral blood plasma samples was measured in 
duplicates using the RayBio® Human LBP ELISA 
Kit (RayBiotech, Cat. No. ELH-LBP) according to 
the manufacturer’s instructions with plasma sam-
ples diluted 1:1000 with assay diluent. Morning 
urinary cortisol concentration was measured 
using the Cortisol Competitive ELISA kit 
(Thermo Fisher Scientific, Cat. No. EIAHCOR). 
This was normalized to the urinary creatinine con-
centration, which was measured using the 
Creatinine Urinary Detection kit (Thermo Fisher 
Scientific, Cat. No. EIACUN), to obtain cortisol per 
creatinine in duplicates of morning urine from all 
participants. Briefly, urine samples were diluted at 
1:30 for both cortisol and creatinine measures, and 
the immunoassay was performed according to the 
manufacturer’s instructions, although with six 
washes following each incubation step for cortisol. 
For LBP and cortisol measures, all incubation steps 
were performed at room temperature using an 
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orbital shaker (Thermo Fisher Scientific, Cat. 
No. 16514622) set at 150 rpm. Signal intensity 
was measured at 450 nm for LBP and cortisol and 
490 nm for creatinine, using a Fluostar Omega 
Plate Reader (BMG Labtech, Germany). LBP, cor-
tisol, and creatinine concentrations were subse-
quently calculated by comparing signaling 
intensity with standard curves generated from kit 
controls, using the four-parameter logistic regres-
sion method, as per the manufacturer’s recommen-
dation. Assay diluent was used as a negative 
control.

Meso scale-based measurements of blood plasma 
immune markers

Concentrations of 56 immune markers (53 unique) 
were analyzed in blood plasma, using electroche-
miluminescent immunoassays (Meso Scale 
Diagnostics). A combination of seven panels was 
used, including V-PLEX Angiogenesis Panel 1 
Human (Cat. No. K15190D), V-PLEX Chemokine 
Panel 1 Human (Cat. No. K15047D), V-PLEX 
Cytokine Panel 1 Human (Cat. No. K15050D), 
V-PLEX Cytokine Panel 2 Human (Cat. No. 
K15084D), V-PLEX Proinflammatory Panel 1 
Human (Cat. No. K15049D), V-PLEX Vascular 
Injury Panel 2 Human (Cat. No. K15198D), and 
V-PLEX TH17 Panel 1 Human (Cat. No. 
K15085D). Analyses were performed according to 
the manufacturer’s protocol. All panels were ana-
lyzed on the Meso QuickPlex SQ 120 platform 
(Meso Scale Diagnostics, Cat. No. AI0AA–0) that 
uses electrochemiluminescence. Samples were ana-
lyzed in triplicates, and positions on plates were 
randomized. Results were displayed as log2 trans-
formed fluorescent intensity. To adjust for varia-
tions across plates, signal intensities were median 
transformed between the individual plates. Assay 
diluent was used as a negative control.

Statistics

All statistical analyses were performed in R version 
4.2.2 (https://www.r-project.org/) through RStudio 
IDE (http://www.rstudio.com/). For continuous 
data, like alpha-diversity, ELISA, or Meso Scale 
results, distribution and variance were determined 
using the Shapiro-Wilks test and Bartlett’s test, 

respectively. Subsequently, results were analyzed 
using linear mixed effect models (continuous 
data) or generalized linear mixed models (catego-
rical data) to adjust for random effects of siblings in 
the study, while pairwise comparisons were per-
formed using the emmeans package (https:// 
github.com/rvlenth/emmeans) utilizing Tukey’s 
method for multiple-comparison testing. Effect 
sizes were estimated using Cohen’s d and odds 
ratio. The relationship between microbial alpha- 
and beta-diversity, as well as LBP and fecal cal-
protectin, compared to immunoproteomic mar-
kers, was assessed using multilevel Spearman’s 
correlation, as implemented in the correlation 
package (https://github.com/easystats/correla 
tion). Here, siblings were entered as random 
effects, while Benjamini-Hochberg’s procedure 
was used to adjust for the false-discovery rate 
due to multiple comparisons. Children with 
ADHD, ASD, or comorbid ADHD/ASD were 
compared to each other, to the matching sibling 
groups, to non-related children, and to 
a combined control group consisting of siblings 
and non-related children. The null hypothesis 
was rejected if the p-value or the adjusted 
p-value was<0.05. Technical replicates were aver-
aged before analyses.
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