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Abstract

Purpose Anorexia nervosa (AN) is a poorly understood and often chronic condition. Deviations in the gut microbiota have
been reported to influence the gut—brain axis in other disorders. Therefore, if present in AN, it may impact on symptoms and
illness progression. A review of the gut microbiota studies in AN is presented.

Method A literature search on PubMed yielded 27 articles; 14 were selected and based on relevance, 9 articles were included.
The findings were interpreted in the larger context of preclinical research and clinical observations.

Results 8 out of 9 included studies analysed microbiota from faeces samples, while the last analysed a protein in plasma
produced by the gut. Two studies were longitudinal and included an intervention (i.e., weight restoration), five were cross-
sectional, one was a case report, and the last was a case series consisting of three cases. Deviations in abundance, diversity,
and microbial composition of the faecal microbiota in AN were found.

Conclusion There are currently only a few studies on the gut microbiota in AN, all done on faeces samples, and not all
describe the microbiota at the species level extensively. The Archacon Methanobrevibacter smithii was increased in par-
ticipants with a BMI < 25 in one study and specifically in AN patients in three studies. Methanobrevibacter smithii may, if
detected, be a benchmark biomarker for future studies. We propose that microbiota samples could also be collected from
the small intestine, where a major exchange of nutrients takes place and where the microbiota may have a biological impact
on AN.

Keywords Anorexia nervosa - Faeces - Microbiota - Species - Biomarker

Introduction

Anorexia nervosa (AN) is a serious and often chronic psy-
chiatric condition. The hallmark feature of AN is a reduc-
tion of energy intake relative to energy expenditure lead-
ing to low body weight. Potential life-threatening medical
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complications that affect almost every organ frequently
occur contributing to AN having a high standardized mor-
tality ratio of 5.2 (3.7-7.5) [1]. In addition, there are no
effective treatments for AN and chronicity is high [2].
Elucidating biomarkers associated with AN could pro-
vide guidance for risk stratification, treatment and identify
targets for developing novel pharmacological treatments
as well as increasing disease understanding. Studies have
begun to explore whether the gut microbiota and its associ-
ated microbiome might harbour trait biomarkers for AN.
Definitionally, “microbiota” refers to a community of
microorganisms, including Bacteria, Viruses, Archaea,
and Fungi, and in this review, we have focused on the gut
Bacteria and Archaea in AN. The “microbiome” refers to
the collective genomes of the present microorganisms [3].
More than 1000 ‘species-level’ phylotypes exist in a human
[4]. The majority of these phylotypes are Bacteria, with
Faecalibacterium prausnitzii, Roseburia intestinalis, and
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Bacteroides uniformis dominating in the adult microbiota
found in faeces samples [5]. The phylotypes are mostly con-
sistent across individuals, but the relative composition and
diversity of organisms can vary markedly.

Gut microbiota not only play a critical role in the devel-
opment of the gut mucosal immunity [6, 7], but also affect
the regulation of the hypothalamic—pituitary—adrenal (HPA)
axis [8], serotonergic neurotransmission [9], and signalling
mechanisms affecting neuronal circuits involved in motor
control and anxiety in mice [10]. This pathway has been
described as the gut—brain axis [11]. The mechanism of this
interaction is not fully elucidated, and there are as yet no
dedicated studies to explore or intervene with this gut—brain
axis in AN.

Given the long periods of starvation associated with the
core psychopathology of AN, considerable adaptation in
intestinal microbiota could occur in people with AN. Alter-
natively, specific intestinal dysbiosis could predispose to
the drive toward negative energy balance in AN. Intestinal
dysbiosis has previously been associated with psychological
function and mental health including depression and anxiety,
both of which are commonly comorbid with AN [12]. AN
patients often present with comorbid anxiety (75% lifetime
prevalence of anxiety disorder) [13] and depression (more
than 34% lifetime prevalence of depression) [14, 15]. As
such, the gut-brain axis is of particular interest in under-
standing the psychopathology of AN.

The intestinal microbiota is involved in both weight gain
and weight loss as well as with energy extraction from the
diet in both humans and animals [16, 17]. Differences in the
composition of the intestinal microbiota between obese and
lean individuals have been consistently described, poten-
tially illustrating differences in energy extraction efficiency
between obese and lean individuals [18, 19]. Furthermore,
in an activity-based mouse model of AN Jésus et al. demon-
strated increased permeability in the colon, i.e., “gut leaki-
ness”, in anorexic mice, however the authors also found
that the gut leakiness was more related to malnutrition than
exercise [20]. In another study examining the role of exercise
on gut permeability, Pals et al. found that exercise increases
intestinal permeability measured with the lactulose and
rhamnose differential urinary excretion test [21]. In contrast
to this, a study by Monteleone et al. found reduced urinary
recovery of lactulose in AN patients reflecting a reduced
permeability in the small intestine, where breakdown and
absorption of lactulose take place [22].

Changes in the intestinal permeability may be caused by
AN pathophysiology; however, the current results on gut
permeability in AN are conflicting. The potential altered
gut permeability in AN may underlie the low-grade inflam-
mation and increased risk of autoimmune diseases found in
eating disorders [23]. Moreover, starvation has a significant
impact on the gut microbiota, and a diet based on animal
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products used for re-nutrition, may stimulate the growth of
Bacteria that trigger inflammation [24].

Studies have shown that the microbiota is highly specific
for different gut compartments and even differs within com-
partments, i.e., within the colon [25-28].

For example, the microbiota found in ileal effluent, which
has a uniquely personal composition [25], differ from that
found in faeces samples with lower overall diversity, fast
changing profiles, and increased relative abundances of spe-
cies within the orders Lactobacillales and Clostridiales, and
below detection limits of Archaea [29-31].

The aim of this article is to conduct a review of the evi-
dence of differences in the faecal microbiota in AN com-
pared to healthy controls. This could provide clues to the
pathophysiology of AN, index biomarkers, and generate new
ideas for treatment development. In addition, guidance for
future research is provided.

Method
Protocol for the review

The protocol is available as a table online at this URL: https
://drive.google.com/open?id=0B 1bvPK360I1XANVZGNXd
uSU85RWs.

Eligibility criteria

In view of the rather few studies done, all articles were
included, except reviews, animal studies, and studies with
no relevance to the intestinal microbiota in AN and the
gut—brain axis (Fig. 1).

Data sources

The PubMed database in the US National Library of Med-
icine was searched to identify any relevant studies on 27
August 2017.

Search strategy

The following search terms were included: “anorexia ner-
vosa” and “microbiota”. The reference lists of studies were
also hand checked for additional articles of interest.

Study selection

We only included original scientific publications, where
the human microbiota were analysed in persons with AN.
Excluded were review articles, commentaries, preclini-
cal and animal studies and all other types of non-scientific
original publications. One case study was also excluded as
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Fig. 1 Flow diagram of the
study selection

Records identified through
database searching
(n=27)

Additional records identified
through other sources
(n=4)

Identification

Records after duplicates removed
(n=27)

Eligibility Screening

Included

it examined fungi from a faeces sample instead of Bacteria
and Archaea, of which the two latter are the focus point of
this review (Fig. 1).

Data collection process

Given the heterogeneity in methods and the limited number
of publications, results were evaluated as presented in the
source publications (Table 1). No additional analysis were
made to the original presentations of data and the corre-
sponding results.

Risk of bias

Risk of bias was assessed by HFS and JMS by reviewing the
study designs, the methods used, any selection mechanisms
presented, and the consistency of results presentation. Risk
of bias is included in the above linked protocol.

Synthesis of results

The full texts were then retrieved and read in full by two
authors (HFS and JMS) independently to determine whether
the studies met inclusion criteria, and HFS wrote the manu-
script with extensive help from the fifth author (JMS). A

A 4

Records excluded
(n=13)

Records screened
(n=27)

A 4

Full-text articles excluded for
not meeting the eligibility
criteria
(n=5)

Full-text articles assessed
for eligibility
(n=14)

l

Studies included in
qualitative synthesis
(n=9)

second author (CK) and a third author (JT) provided impor-
tant revisions on science and content to the manuscript, and
a fourth author (NH) provided expert input on the microbiota
and its role in the metabolism and absorption of nutrients,
and a critical view on the limitations of the few studies done
so far. As raw data were not extracted, there was no handling
of data or combining of results.

Results

The search terms “anorexia nervosa” and “microbiota”
yielded a total of 27 unique articles. Reviewing the refer-
ence lists of all articles did not yield any additional original
scientific publications relevant for this review. All 27 articles
were screened and assessed for eligibility. 18 of these arti-
cles did not meet the eligibility criteria and were excluded
(Fig. 1). The main study characteristics of the 9 included
studies are summarized in Table 1. During revision of this
article for publication another study by Morkl et al. pub-
lished in November 2017 was included in this article and in
Table 1 [32], and thus a total of 10 articles were included.
See the end of the “Results” paragraph for a review of the
findings by Morkl et al.
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Of the 10 studies included in this review, two were lon-
gitudinal in design [33, 34], six were cross-sectional [32,
35-39], one was a case study involving a severe case of
AN [40], and the last study was a case series consisting of
three cases that was also longitudinal in its design [41].
The diagnostic criteria used for AN were from Diagnostic
and Statistical Manual IV (DSM-IV) in four studies [33,
35-37], from DSM-5th Edition in two studies [38, 41],
from ICD-10 in one study [32], and not specified in three
studies [34, 39, 40]. All studies except one were published
in the last 5 years [35].

The number of AN patients included in the six cross-
sectional studies ranged between 9 and 25 [32, 35-39],
and between 16 and 55 in the two longitudinal studies
[33, 34]. Three patients with AN were included in the case
series [41]. In the longitudinal studies over the course of
renourishment, the second time point (T2) was defined as
after approximately 14 weeks in one of the studies [34],
and when a mean body mass index (BMI) goal of approxi-
mately 17.4 kg/m? was achieved in the other study [33].
Healthy controls were included in all studies, and in four
of the ten studies, the controls were matched to the AN
groups both for age and sex [32, 34, 37, 38]. The nine stud-
ies that examined the intestinal microbiota all examined it
from faeces samples.

The methods used for assessing quantity and type of spe-
cies in faeces samples were 16S revers transcriptase-PCR
based. Morita et al. also included 23S rRNA gene targeted
technology. Two studies did not specify whether 16S or
23S rRNA gene targeted PCR was used [35, 36]. Additional
measures included organic acids including short-chain fatty
acids and pH of faeces (chromatography) [34, 37], and cul-
ture growth and mass spectrometry (Matrix-Assisted Laser
Desorption-Ionization) [40], and several measures of body
fat including anthropometric assessments and ultrasound
measurement of subcutaneous adipose tissue thickness
[32]. Three studies evaluated the relation between psychi-
atric measures and changes in abundance and composition
of the microbiota [32, 33, 38], and one study examined the
relation between caseinolytic peptidase B (ClpB) protein
concentrations in plasma and scores on the Eating Disorder
Inventory-2 (EDI-2) and the Montgomery-Asberg Depres-
sion Rating Scale (MADRS) [39].

Three studies used employees, relatives and family mem-
bers of the employees as controls [34, 35, 38]. The other
studies recruited controls through public advertisements [32,
33, 39], through previous studies using a snowball approach
and from healthy outpatients [36], or recruited controls
through non-disclosed methods [37]. Two studies did not
include controls, as the study designs were case studies [40,
41].

Bias was assessed in all studies, and the results are shown
in the linked online protocol. Furthermore, see Table 1 for

a description of the quality of technologies used for collec-
tion and handling of faeces samples in the different studies.

Microbiota results

Four studies explored the abundance of gut microbiota in
AN, and all investigated AN in the acute stage. Two of these
studies described a normal abundance of microbiota in AN
[34, 36], while one found a reduced microbiota abundance
in AN [37] and another an altered abundance measured on
several microbial phyla, genera, and species [38].

Three studies examined the diversity in AN compared to
healthy controls. Mack et al. found an overall normal micro-
bial diversity in AN in their weight restoration study at both
time point 1 (T1) and time point 2 (T2) [34], and in line with
this, Borgo et al. found no significant changes in diversity
in acutely ill AN patients compared to controls [38]. The
other weight restoration study by Kleiman et al. found a
lower alpha (within-sample) diversity at both T1 and T2
compared to controls indicating the number of observed spe-
cies in the analysed faeces sample [33]. Moreover, Kleiman
et al. found a significant association between alpha diver-
sity and depression and eating disorder psychopathology
[33]. Changes from T1 to T2 in persons with AN, i.e., beta
diversity (between-sample diversity), was also reported by
Kleiman et al.; however, the alpha diversity remained signifi-
cantly lower after weight gain than the observed diversity in
controls [33]. In the case series, which followed three female
patients with acute AN through hospitalization and weight
restoration, significant changes in magnitude of composition
and diversity on phylum to genus levels were observed, how-
ever, these changes were found to be patient specific and not
common changes in the three patients [41]. They also meas-
ured the resting energy expenditure (REE) and diet-induced
thermogenesis in the three patients, which both increased
during weight gain, but was not significantly associated with
diversity or composition of the gut microbiota.

Common findings in the acute stages of AN with regard
to specific microbiota were that the phylum Bacteroidetes
was low in AN in two studies [33, 34]. Conversely, two other
studies showed that Bacteroidetes also was decreased (or
trending towards decreased) in obese individuals [35, 36].
The phylum Firmicutes was increased in AN in three studies
[33-35] and decreased in one study [38].

The genus Methanobrevibacter and specifically, on the
species level, M. smithii was increased, when present, in
AN patients compared to normal-weight participants in four
studies [34-36, 38]. Mack et al. detected species belonging
to the genus Methanobrevibacter, of which M. smithii is the
most common species in the human gut, in 22% of patients
with AN at T1, which was higher than the proportion of
AN patients with Methanobrevibacter at T2 (14%), and
Methanobrevibacter was found in 15% of controls [34]. The
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relative abundance of Methanobrevibacter was statistically
higher in the 22% of AN patients at T1 than the 15% of con-
trols (p=0.004). In the study by Million et al. M. smithii was
detected in 64% of all participants including AN patients,
normal-weight controls, and obese participants (BMI > 25),
and M. smithii concentrations were higher in participants
with BMI <25 (p=0.008) with a trend towards a correlation
between a higher BMI and lower M. smithii concentration
(»=0.08). In line with this, Armougom et al. detected M.
smithii in 100% of the AN patients and 75% of lean par-
ticipants and found M. smithii statistically increased in AN
compared to the lean participants (p =0.0171) [35], and
Borgo et al. found a significantly higher average of genome
copy number of M. smithii in their AN group compared to
controls [38].

The case study examined the microbial composition of a
faeces sample from a 21-year-old Caucasian woman with a
severe case of AN with a BMI of 10.4 kg/m2 [40]. 19 new
microbial species never previously observed were found,
of which 11 were isolated and sequenced. Of these, 7 spe-
cies belonged to the phylum Firmicutes, 2 belonged to the
phylum Bacteroidetes, and 2 belonged to the phylum Act-
inobacteria. Interestingly, M. smithii was not identified in
the faeces of the patient in contrast to the other studies that
found an increase in this species in the acute stages of AN
[34-36, 38].

Apart from that, no clear patterns were detectable with
regard to microbiota in the nine selected studies.

Effects of weight restoration

Diversity and richness was initially normal and increased
after weight gain in one study [34]. Kleiman et al., reported
a lower diversity both at baseline and after inpatient weight
restoration [33]. Duration of inpatient stay was defined in
one study [34] as 14.0 + 6.8 weeks (mean + SD) with BMI at
admission of 15.3 +1.4 and at the end of treatment 17.7 +1.4
(mean + SD). In the other study [33], duration of stay was
4 weeks (Dr. Ian Carroll, personal communication) and BMI
at admission was 16.2+ 1.5 and 17.44+0.9 (mean + SD) at
endpoint. In the case series duration of stay varied from 34
to 73 days and, as mentioned before, changes in diversity and
composition were largely patient specific and no common
trend was observed [41].

With regard to specific microbiota, the relative concen-
tration of Bacteroidetes was found low at T1 and further
decreased at T2 in AN compared to healthy controls in
one study [34]. M. smithii and the mucin-degrading gen-
era Verrumcomicrobia and Bifidobacteria were found to be
increased in AN at baseline (T1) compared to controls in
one study [34], and the study by Kleiman et al., also found
lower abundances of Bacteroidetes in AN after weight resto-
ration compared to controls [33]. Firmicutes was increased
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compared to controls after weight restoration in both weight
restoration studies in AN [33, 34].

Relation to clinical symptoms

One weight restoration study found an improvement in total
gastrointestinal (GI) scores (reflecting complaints) after
weight restoration, although most upper and a few lower GI
symptoms such as abdominal pain and bowel noises did not
change [34], and no correlations between GI symptoms and
microbiota measures where found. The other weight restora-
tion study found an association between alpha diversity in
AN and levels of depression, anxiety, and eating disorder
psychopathology at baseline [33].

With regard to correlations between psychiatric symp-
toms measured on the BDI scale and specific microbiota,
Borgo et al. found a negative correlation between Clostrid-
ium spp. and depression score, and, in addition, a nega-
tive correlation between faecal butyrate concentration and
depression and anxiety scores [38].

Breton et al. examined the role of ClpB protein concen-
trations in plasma and its correlations to clinical symptoms
in 24 patients with restrictive AN, 29 patients with bulimia
nervosa, 13 patients with binge-eating disorder, and 29
gender-matched controls [39]. ClpB protein is produced by
Enterobacteriaceae such as Escherichia coli and has been
found as a conformational mimetic of alpha-melanocyte
stimulating hormone (alpha-MSH), which is thought to be
involved in satiety and anxiety [42]. Indeed, Breton et al.
found that ClpB protein concentrations correlated positively
with alpha-MSH-reactive IgG for all patients with eating
disorders and an increase in ClpB protein concentrations
was found in plasma in eating disorder patients compared
to plasma in controls, and that ClpB protein concentrations
were significantly correlated with several subscales on the
Eating Disorder Inventory-2 (EDI-2) for all patients with
eating disorders and the Montgomery—;\sberg Depression
Rating Scale (MADRS) total score and specifically the
anhedonia score for AN patients (p < 0.05). The study adds
evidence to the potential role of ClpB protein produced by
Enterobacteriaceae in the gut and its impact on the brain and
psychopathology in eating disorders.

Morkl et al. examined the faecal microbiota from five
groups; 18 inpatients with AN, 20 athletes, 22 overweight
participants, 20 obese participants, and 26 normal-weight
controls [32]. They found a lower alpha diversity in AN and
obese participants compared to other groups, and that the
athletes had the highest alpha diversity. In addition, they
found that greater levels of depression measured on the BDI
correlated with a lower alpha diversity, when all groups were
included in the analysis (p =0.032). Beta diversity was asso-
ciated with several parameters, and beta diversity was signif-
icantly associated with several different measures of body fat
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(» <0.05), smoking status (p=0.002), and cholesterol-HDL
ratio (p=0.024).

The phylotype Coriobacteriaceae was the only enriched
phylotype in AN compared to other entities. Collectively, the
authors concluded that their results supported the hypothesis
of a gut dysbiosis in AN.

Discussion

Individuals with AN are known to have a highly variable
weight gain during therapeutic renourishment, and the fac-
tors that contribute to this variability are currently unclear
[43]. Factors such as increased (and secretive) physical
activity [44] and diet-induced thermogenesis have been
proposed [45]. Thereby, it is reasonable to hypothesize that
AN patients may have a microbial imbalance in their gut
that in part contributes to the poor response to weight gain
observed during treatment.

Overall, there are few studies investigating the microbiota
in AN, all are experimental, and they differ with regard to
design and results. In this review, we have attempted to iden-
tify both common and divergent features in order to inform
future investigations.

Regarding abundance of microbiota, two studies found a
normal abundance of microbiota in AN [34, 36], while two
studies found a reduced and altered abundance of micro-
biota [37, 38]. The diverging results make an interpretation
difficult.

In four studies, the diversity of the microbiota was com-
pared to controls and explicitly described. Two of these
studies found a normal microbial diversity in AN and in
the weight restoration study by Mack et al. diversity further
increased after weight gain [34, 38]. The third study found a
lower alpha diversity compared to healthy controls that was
still significantly lower upon weight gain [33], and Morkl
et al. also found a low alpha diversity in AN patients and in
obese individuals. There was, however, a major difference
between the two weight restoration studies in the duration
of follow-up, differing by approximately 10 weeks. This
may have had an impact on the ability of the microbiota to
adjust to environmental factors. However, with only these
four studies, it is too early to draw any firm conclusion on
the diversity of the microbiota in AN.

With regard to specific changes in microbiota species,
there were some findings that may indicate the trend of
change in AN. The phylum Firmicutes was found increased
in AN in three studies [33-35], and Bacteroidetes was low
in AN in two studies [33, 34], although potentially conflict-
ing findings were made in two other studies, where Bac-
teroidetes was found to be decreased (or trending towards
decreased) in obese individuals [35, 36] and Firmicutes
was found to be decreased in one study [38]. Another study

found an increase in the phylum Coriobacteriaceae [32].
However, these findings may also reflect that it is dysregu-
lation per se, which may be at a similar level and direction in
AN and obese individuals, and not specific BMI scores, that
is related to the composition of the microbiota. Interestingly,
the genus Methanobrevibacter, specifically M. smithii, was
also increased, or trending towards an increase when present
in patients with AN or participants with BMI < 25 in four
studies [34-36, 38].

Methanobrevibacter smithii is involved in the breakdown
of polysaccharides from vegetable sources and the finding
of this specific Archaeon could illustrate an adaptation to a
typical diet rich in vegetables and fruits in persons with AN.
However, methanogenic Archaea, such as M. smithii, have
also been linked to constipation, a common complaint in
patients with AN, which statins have been shown to alleviate
by suppressing the growth of methanogens [35, 46—48]. The
evidence of M. smithii in faeces from constipated patients
necessitate further investigation of whether this finding in
AN patients is only related to constipation or also related to
AN psychopathology as a potential biomarker.

There were additional changes found in the different
studies, but no clear additional patterns were detectable
with regard to specific microbiota in the nine selected stud-
ies. 5 out of the 9 studies that examined the microbiota in
faeces samples reported microbial changes on the species
level extensively, while the remaining four studies reported
mainly findings on phylum to genus level, which may be
too broad [32-34, 41]. Differences in microbial species may
better reflect changes that are related to specific biological
effects [49].

With regard to the effect of weight gain on the faecal
microbiota, Firmicutes was increased after weight restora-
tion in both studies in AN [33, 34]. Furthermore, the Bac-
teroidetes was found low before weight gain and decreasing
in AN in one of the studies [34], while the other found a
decreasing level of Bacteroidetes after weight restoration
[33]. Only in one of the weight restoration studies were M.
smithii and the mucin degraders Verrumcomicrobia and
Bifidobacteria increased before weight gain, a finding that
was not replicated after weight gain in AN [34]. The only
significant finding after weight gain, as interpreted from
the two studies, was an increase in the phylum Firmicutes.
To conclude on specific microbiota differences in the acute
stages of AN compared to controls, only one finding on the
species level remains substantial and concrete; an increased
concentration of the Archaeon M. smithii. However, on the
phylum level Firmicutes was consistently shown to be over-
represented and specific species results from this phylum
could be expected in the future.

9 of 10 studies included in this review collected faeces
samples, i.e., reflecting mainly the colorectal microbiota.
Differences in the microbiota in the distal parts of the gut,
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when taken from faeces samples, may not relate in a mean-
ingful way to all relevant biological functions, since faeces
mainly contains a mixture of Bacteria from the various com-
partments of the colon and some Bacteria from the distal
ileum, and therefore faeces samples are proxies for the gut
microbiome rather than displaying true host-microbe inter-
actions [50]. In the large intestine resorption of fluid and
the forming of faeces take place and Bacteria are kept at
a distance from the epithelial cells by the mucus coat [51,
52]. Theoretically, another interesting location for micro-
biota sampling in AN, in addition to faeces samples, would
be the small intestine, notably the ileum, where there is a
microbial flora and where the major breakdown of food and
absorption of nutrients take place. It is possible that restric-
tive dietary intake, a characteristic trait in AN, causes micro-
bial dysbiosis in the small intestine, or microbial dysbiosis
in this compartment influences the brain to restrict the food
intake via the gut—brain axis.

Bacteria and Archaea from the small intestine are sub-
jected to a harsh environment with fast transit time, digestive
enzymes, and bile, and therefore largely contrast the envi-
ronment in the colon, demanding more resilient inhabitants
in the small intestine with different survival strategies, and
these microbes are also subjected to breakdown through the
digestive tract [53]. Any reported findings in faeces might
therefore not represent the microbiota in the small intestine.
A study by Vandeputte et al. showed that faecal microbial
richness was decreased in female patients with faster intes-
tinal transit time measured with Bristol Stool Scale (BBS)
as a proxy of intestinal transit time [54]. Thus, the patients
with diarrhoea had the least diverse faecal microbiota, and
different enterotypes existed in patients with different BBS
scores. In loose stool the Prevotella enterotype dominated,
while the Ruminococcaceae—Bacteroides enterotype, which
includes the genus Methanobrevibacter with the main spe-
cies M. smithii, dominates in harder stool. This supports the
repeated findings of M. smithii in AN patients and suggests
M. smithii to be perhaps correlated mainly with transit time,
which is frequently decreased in AN, rather than with AN
psychopathology. Interestingly, Archaea including Metha-
nobrevibacter and M. smithii have been found to be below
detection limit in ileal effluent from ileostomy patients [29]
suggesting this specific Archacon might dominate mainly in
the colorectum and less in the small intestine.

Vandeputte et al. concluded that transit time may be a
selective force on microbial life strategies. In line with this,
different transit times within the individual GI tract may
promote growth of different species and offer less diversity
in compartments with faster transit, i.e., the small intestine.
In addition, several studies have found significant differences
in microbiota composition between different compartments
in the GI tract in patients with ileostomy, autopsy patients,
and patients undergoing both gastro-duodenoscopy and
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colonoscopy [29-31, 55], and studies have found separate
clusters of bacteria at both family and species taxonomic
levels, when comparing colonic and rectal mucosal samples
with faeces in healthy control persons and patients with IBS
[25-28, 56]. Thus, different microbial compositions exist
within different intestinal compartments and even between
faeces and rectal mucosal samples indicating the importance
of intestinal mucosal biopsies for microbiota analysis in spe-
cific compartments.

From an immunological point of view, the small intestine
is also an interesting location as the microbiota is impor-
tant for immunological homeostasis and susceptibility to
immune-mediated diseases and disorders through the Peyer’s
patches and other parts of the gut-associated lymphoid tis-
sue (GALT), which are prominent in the small intestine and
constitute a major line of defence against pathogens in the
GI tract [57, 58].

To retrieve samples from the small intestine, one will
need to use pinch or submucosal biopsy from endoscopy
[50], alternatively using more novel technologies, such
as capsule endoscopy, which need further research before
implementation [59].

However, despite the several studies that point at the
small intestine as an immunologically and metabolically
important anatomical location for AN, faeces samples
remain the easiest to collect and should continue to be the
standard approach to analysing the gut microbiota until the
use of more minimally invasive approaches, such as capsule
endoscopy, are further developed.

The mechanistic link between gastrointestinal illnesses
and psychiatric disorders has been well-established [60].
Raevouri et al. found an increased prevalence of autoim-
mune disorders in patients with eating disorders, which
could possibly be caused by alterations in the gut micro-
biota, while another study found that early life stress altered
the microbiota, the systemic immune responses, and resulted
in an elevated HPA-axis function in a rat model [23, 61]. It
has also been established in a systematic review that more
than 50% of patients with IBS also meet the criteria for
mood disorders [62].

The relation between weight gain and clinical symptoms
were assessed in two studies [33, 34] and one weight restora-
tion study found that total GI scores (reflecting complaints)
were improved by weight gain, although individual symp-
toms did not change [34], while the other weight restora-
tion study described an association between within-sample
alpha diversity and levels of depression, anxiety, and eating
disorder psychopathology in AN at baseline [33]. Borgo
et al. also found a negative correlation between depression
and Clostridium spp. (p =0.089) and an inverse correla-
tion between faecal butyrate concentration and depression
(p=0.0379) and anxiety (p =0.0206) scores in AN patients
compared to controls, while Breton et al. found correlations
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between ClpB in plasma and several subscales on the EDI-2
in all eating disorder patients and with MADRS total score
and anhedonia score in AN patients when compared to con-
trols (both p < 0.05) [38]. These findings may support that it
is the gut-brain axis that is underlying, or at least involved,
in these symptoms in AN, and ClpB in plasma potentially
provides an interesting link between the gut and the brain.
The gut-brain axis has been described as a bidirectional
communication network that monitors and integrates gut
functions and connects them to cognitive and emotional
centres of the brain. This network includes the central,
autonomic, and enteric nervous systems, in addition to the
neuroendocrine, enteroendocrine, and neuroimmune Sys-
tems [63]. Furthermore, the network might mediate both the
effects of genetic and environmental factors on brain devel-
opment and function, and has been proposed to be involved
in the aetiology of several psychiatric disorders [64]. Albeit
early findings, which require validation in repeated and
larger studies before any clear conclusions can be made,
they point in a direction for the design of future microbiota
studies, which should include the assessment of psychiatric
symptoms in AN over time.

There were a number of potential weaknesses in all stud-
ies included. All studies included were conducted in adults
except the study by Mack et al. and Patient C in the case
series [41], and AN usually has an onset in the adolescence,
which may imply that the results were the effects of long
standing undernutrition, and/or a selected diet, i.e., as caused
by mainly external factors and less from any internal inher-
ent morphological or structural deviation. However, it may
also be inherent morphological or structural deviations that
explain differences between adolescents and adults with AN,
or why the disease has persisted into adulthood. It is also
possible that observed abnormalities in the microbiota in
adults with AN are absent in their adolescent counterparts as
a result of different hormonal levels, or it may relate to other
maturational effects. Another limitation of the studies is that
all studies have included females only, neglecting the fact
that 10% of AN patients are males, which make the results
hard to extrapolate to a male population with AN, though
limiting the population to females only reduces the risk of
sex as a confounder in the studies.

All of the studies were experimental and albeit several
were well designed, the studies were in general not designed
to adjust for potential bias. For the sake of compliance with
the rules of systematic reviews, we included a bias anal-
ysis (see link in methods section to our online protocol).
We found that recruitment was selective, e.g., based upon
available patients at the ward, and that selection of healthy
controls was biased in some studies, e.g., including available
staff or family members of staff. This may imply that the
controls used may not reflect changes in a general/normal
population, and using control persons that are genetically

related might underestimate potential findings as the intes-
tinal microbiota might also be genetically based and certain
Bacteria and Archaea might be shared within families. Fur-
thermore, the choice of timepoint for investigation in the
cross-sectional studies and other factors such as sample col-
lection procedures, calorie intake and contents of the diet
[65], activity level, and medication were not always specified
and may account for variation between studies. In addition,
transit time, i.e., stool consistency, varies from person to
person and has been shown to have a significant impact on
microbial composition [54], and only one study accounted
for stool frequency measured with the Gastro-Questionnaire
[66].

In the weight restoration studies, calory intake was only
controlled for in the study by Mack et al., apart from the
case series, where calory intake was measured extensively
throughout hospitalization [41]. Additionally, activity level
were in general also not controlled for, which may have
influenced bowel movements and energy expenditure. Fur-
thermore, not all studies examined the abundance of micro-
biota, and the duration of weight restoration in the two large
longitudinal studies was not equal [33, 34], and in the cross-
sectional studies severity and duration of AN were not con-
sistently specified throughout the studies, why these may
have differed substantially and contributed to differences in
the results [32, 35-39]. Only one individual was studied in
the case study [40] and three individuals in the case series
[41] and the relevance on a great scale to the characteristics
of the microbiota in AN and replicability therefore remain
limited.

Potential differences in the methods used to determine the
microbiota, i.e., differences in sampling, nucleic acid extrac-
tion, and analysis techniques, etc., can also have contributed
to the variability in results [50].

Other limitations were that not all studies examined the
abundance and diversity of microbiota, why a potential link
between overall abundance and diversity of microbiota and
AN remain undefined. In addition, different clinical aspects
were investigated in the two large weight restoration studies
making their results hard to compare.

Conclusion

Few studies have examined the microbiota in AN, and all
studies thus far have been experimental, and hypothesis gen-
erating. Larger, controlled studies will strengthen the valid-
ity of the results and should be a clear recommendation for
future studies. Future studies should focus more on report-
ing specific microbial species either through marker gene
analysis based on an amplicon of a single gene or through
metagenomic sequencing, which attempts to sequence all or
most genes in a sample.
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An issue raised in this systemic review is that fae-
ces samples may not optimally reflect differences in the
microbiome that are biologically relevant for AN as they
are proxies for the microbiome in the intestinal microbiota
rather than reflecting true host-microbe interactions in the
various gut compartments. It is proposed that future stud-
ies on the microbiota in AN in addition to faeces samples
consider collecting, when possible, faeces biopsies from
the small intestine, where breakdown and absorption of
nutrients occur, and where a large impact of the microbiota
on biological functions, and thereby symptoms and signs,
is likely to occur. However, analysing the microbiota from
faeces samples remains to date the most convenient, mini-
mally invasive, and easiest obtainable way to analysing the
microbiota in AN and potentially finding a biomarker. The
intestinal microbiota in AN is an interesting field and has yet
to be fully unraveled.
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