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Abstract \
Background: Anorexia nervosa (AN) is a psychological disorder, which is characterized by the misunderstanding of body image,
food restriction, and low body weight. An increasing number of studies have reported that the pathophysiological mechanism of
AN might be associated with the dysbiosis of gut microbiota. The purpose of our study was to explore the features of gut
microbiota in patients with AN, hoping to provide valuable information on its pathogenesis and treatment.

Methods: In this cross-sectional study, from August 2020 to June 2021, patients with AN who were admitted into Peking
University Third Hospital and Peking University Sixth Hospital (7 = 30) were recruited as the AN group, and healthy controls (HC)
were recruited from a middle school and a university in Beijing (7 = 30). Demographic data, Hamilton Depression Scale (HAMD)
scores of the two groups, and length of stay of the AN group were recorded. Microbial diversity analysis of gut microbiota in stool
samples from the two groups was analyzed by 16S ribosomal RNA (rRNA) gene sequencing.

Results: The weight (AN vs. HC, [39.31 +£7.90] kg vs. [56.47 + 8.88] kg, P < 0.001) and body mass index (BMI, AN vs. HC,
[14.92 + 2.54] kg/m* vs. [20.89 + 2.14] kg/m?, P < 0.001) of patients with AN were statistically significantly lower than those of
HC, and HAMD scores in AN group were statistically significantly higher than those of HC. For alpha diversity, there were no
statistically significant differences between the two groups; for beta diversity, the two groups differed obviously regarding
community composition. Compared to HC, the proportion of Lachnospiraceae in patients with AN was statistically significantly
higher (AN vs. HC, 40.50% vs. 31.21%, Z = —1.981, P = 0.048), while that of Ruminococcaceae was lower (AN vs. HC, 12.17%
vs. 19.15%, Z = —2.728, P =0.007); the proportion of Faecalibacterium (AN vs. HC, 3.97% vs. 9.40%, Z = —3.638, P < 0.001)
and Subdoligranulum (AN vs. HC, 4.60% vs. 7.02%, Z=—2.369, P=0.018) were statistically significantly lower, while that
of Eubacterium_hallii_group was significantly higher (AN vs. HC, 7.63% vs. 3.43%, Z = —2.115, P = 0.035). Linear discriminant
effect (LEfSe) analysis (LDA score >3.5) showed that o_Lachnospirales, f Lachnospiraceae, and g_Eubacterium_hallii_group (o,
fand g represents order, family and genus respectively) were enriched in patients with AN. Microbial function of nutrient transport
and metabolism in AN group were more abundant (P > 0.05). In AN group, weight and BMI were significantly negatively
correlated with the abundance of Bacteroidota and Bacteroides, while positively correlated with Subdoligranulum. BMI was
significantly positively correlated with Firmicutes; HAMD scores were significantly negatively correlated with Faecalibacterium.
Conclusions: The composition of gut microbiota in patients with AN was different from that of healthy people. Clinical indicators
have correlations with the abundance of gut microbiota in patients with AN.
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risk for developing AN in women is between 10 and 24

Eating disorders are caused by the interaction of years old, and the age of onset for AN tends to be
biological, psychological, and social factors, mainly i1,2]
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including anorexia nervosa (AN) and bulimia nervosa. youns
Among them, AN is characterized by a distorted cognition
of body image, an intense fear of gaining weight, and low
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At present, there is no agreed conclusion on the
pathogenesis of AN. With the development of biological
information technology, studies have found that the gut
microbiota can be associated with the brain through the
enteric nervous system, immune system, endocrine system,
metabolic system, efc. to form the mlcroblota—gut—bram
axis and play an important role in AN.I>* On the basis of
microbiota—gut—brain axis, the gut microbiota is involved
in the development of AN, which gives rise to the changes in
eating behaviors and emotion of the host. The most studied
mechanisms are as follows. One possible mechanism is
related to short-chain fatty acids (SCFAs, the metabolite of
gut microbiota), which bind to free fat acid receptor 2
(FFAR2) and free fat acid receptor 3 (FFAR3) together with
olfactory receptor family 51 subfamily E member 1
(ORS1E1, G protein-coupled receptor 164 [GPR164]) to
stimulate the secretion of hormones which can promote
satiety, such as %lucagon -like peptide-1 (GLP-1) and
peptide YY (PYY)."! Another possible mechanism is that
a- melanocyte stlmulatlng hormone (a-MSH), a polypep-
tide from prooplomelanocortm plays a part in accelerating
the anorexic process and regulating satiety.l®! Casein
hydrolytic peptidase B protein homolog (ClpB) encoded
by Escherichia coli is considered as the mimic antigen of
a-MSH, Wthh can increase the host’s satiety and decrease
food intake.”” I Besides, the activity of the hypothalamic-
pituitary—adrenal (HPA) axis, an important part of the
microbiota—gut—brain axis, increases with the rise of
cortisol levels in AN, which results in anxiety and anorexic
behaviors.!® In summary, the gut microbiota may be
involved in the pathogenesis of AN, encompassing neural,
immune, endocrine, and other pathways.

As a potential mechanism, the richness and diversity of gut
microbiota in patients with AN alter to varying degrees.

One possible hypothesis is that patients with AN
deliberately limit their diet because of worries about
weight gain or other reasons, which results in the
imbalance of some gut microbiota due to inadequate
food nutrition sources or being replaced by other
microbiota. As a result, abnormal microbiota plays a
role in the process of regulating host behavior, physiology,
and metabolism. The other hypothesis is that the disorder
of gut microbiota may appear before the onset of AN, and
its disorder may cause anorexia and other sym toms of the
host through microbiota—gut-brain axis.!*'°! At present,
there are few studies focused on gut microblota of patients
with AN in China; thus, in this study, we collected stool
samples both from patients with AN and healthy controls
(HC) through 16S ribosomal RNA (rRNA) gene sequenc-
ing to explore the features of microbial diversity and
composition. In addition, we also explored the functions
of gut microbiota and the correlations between gut
microbiota and clinical indicators in patients with AN.

Methods

Ethical approval

This study got approvals both from the Medical Science
Research Ethics Committee of Peking University Third
Hospital (No. IRB00006761-M2020409) and the Medi-
cal Ethics Committee of Peking University Sixth Hospital
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([No. 2021] L. S. No. [27]). Informed consents were
signed by study participants, or their legal guardians if the
participants were adolescents.

Patients and controls

A total of 60 participants took part in this cross-sectional
study. From August 2020 to June 2021, 30 patients with AN
(26 females and 4 males) admitted into Peking University
Third Hospital and Peking University Sixth Hospital were
recruited as the AN group, and 30 healthy controls (20
females and 10 males) were recruited from a middle school
and a university in Beijing as the HC group. The inclusion
and exclusion criteria of each group were as follows.

For the AN group, inclusion criteria were as follows: (1)
patients diagnosed with AN according to the Diagnostic and
Statistical Manual (DMS-V); (2) those aged 11-35 years; and
(3) those who did not accept any intervention treatments
before participating in the study, with a natural diet.
Exclusion criteria were as follows: (1) subjects with severe
psychiatric disorders who could not cooperate; (2) those with
diabetes mellitus, thyroid disease, and other physical diseases
which may influence weight and eating behaviors; (3) those
who had taken antibiotics, anti-obesity drugs, and probiotics
within the previous two weeks; and (4) pregnant and
lactating women. For the HC group, inclusion criteria
included: (1) subjects aged 11-35 years; and (2) those with
physical health, normal diet, and body mass index (BMI)
within normal range. Subjects with sleep and learning
disorders, or other mental illness were excluded and other
exclusion criteria were the same as those of AN.

Clinical data collection

For patients with AN, we collected the demographic data
including gender, age, height, weight, and BMI while they
collected their stool samples, and we also recorded their
length of stay. For HC, we also collected the same
demographic data. Moreover, all participants were
assessed by Hamilton Depression Scale (Hamilton,
1960, HAMD-24 items) by trained physicians for
depression and the scores were recorded.

Stool sample collection and storage

For patients with AN, we used sterile tools to fetch 1-3 g
stool samples at admission which could not be exposed to
the air and ground, then put the sample into the sampling
tube and store it in the —80°C liquid nitrogen refrigerator
within 2 h. Similarly, participants in HC group collected
their samples by the same procedure at home, then they
carried or delivered the samples to the hospital, which
were also kept in the —80°C liquid nitrogen refrigerator.
All of these samples were stored on dry ice and sent to the
Majorbio Bio-Pharm Technology Co. (Shanghai, China)
for microbial information analysis.

DNA extraction and polymerase chain reaction (PCR)
amplification

Total DNA of the microbial community was extracted
from 60 stool samples according to the manufacturer’s
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instructions of E.Z.N.A.” soil DNA Kit (Omega Bio-Tek,
Norcross, Georgia, USA). The DNA extraction was
checked by 1% agarose gel (Biowest, The Kingdom of
Spain), and DNA concentration and purity were deter-
mined by NanoDrop 2000 ultraviolet-visible spectropho-
tometer (Thermo Fisher Scientific, Wilmington, Delaware,
USA). The V3-V4 variable region of the bacterial 16S
rRNA gene was amplified with primers (Sangon Biotech
[Shanghai] Co., Ltd., China) 338F (5'-ACTCCTACGG-
GAGGCAGCAG-3’) and 806R (5'-GGACTACHVGGG-
TWTCTAAT-3') by ABI GeneAmp 9700 PCR
thermocycler (ABI, San Diego, California, USA). The
specific PCR amplification of 16S rRNA gene process was
as follows: initial denaturation at 95°C for 3 min, followed
by 27 cycles of denaturing at 95°C for 30 s, annealing at
55°C for 30 s and extension at 72°C for 45 s, and steady
extension at 72°C for 10 min, and finally keep them at 4°C.
The PCR reaction systems (all from Sangon Biotech
[Shanghai] Co., Ltd., China except TransStart FastPfu
DNA Polymerase) included 5 x TransStart FastPfu buffer
4 pL, 2.5 mmol/L deoxy-ribonucleoside triphosphates
(dNTPs) 2 pL, forward primer (5 wmol/L) 0.8 nL, reverse
primer (5 pmol/L) 0.8 L, TransStart FastPfu DNA
Polymerase (TransGen, Beijing, China) 0.4 L, bovine
serum albumin (BSA) 0.2 pL, template DNA 10 ng, and
finally double distilled H,O (ddH,O) up to 20 pL. There
were three replicates per sample. The PCR product was
extracted from 2% agarose gel (Biowest) and purified by
using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union C1ty, California, USA) and quantified
by using QuantusT Fluorometer (Promega, Madison,
Wisconsin, USA).

16S rRNA gene sequencing and data processing

Purified amplicons were pooled in equimolar and paired-
end sequenced on an Illumina MiSeq PE300 platform
(Illumina, San Diego, California, USA) according to the
standard protocols of Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China).

The raw 16S rRNA gene sequencing reads were quality-
filtered by Fastp (Version 0.19.6, https://github.com/
OpenGene/fastp) and merged by Fast Length Adjustment
Of Short Reads (FLASH, Version1.2.11, https://ccb.jhu.
edu/software/FLASH/index.shtml).!* -2 Operational
taxonomic units (OTUs) with a 97% similarity cutoff
were clustered by using UPARSE (Version7.0.1090,
Robert C. Edgar, USA, http://www.drives. com/uparse/%
and chimeric sequences were identified and removed.!'*'*
The taxonomy of each OTU representative sequence was
compared with the Silva 16S rRNA database (https://
www.arb-silva.de/), and the comparison threshold value
was set as 70%.

Statistical analysis and visualization

Statistical Program for Social Sciences 23.0 software
(SPSS, Inc., Chicago, Illinois, USA) was used for statistical
analysis. Data were tested for normality and homogeneity
of variance at first. Mean + standard deviation (SD) was
used to represent the measurement variables that
conformed to the normal distribution, and the median
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and interquartile range were used to represent measure-
ment variables of non-normal distribution. We used the
independent sample #-test to compare variables with
normal distribution between the two groups. Mann-
Whitney U test (rank-sum test) was used for comparison
of variables with non-normal distribution, and enumera-
tion data were tested by chi-squared test. Microbial
diversity analysis was completed through an online
bioinformatics analysis platform, Majorbio Cloud
(https://cloud.majorbio.com, Shanghai, China). Alpha
diversity on OTU level for each group was measured by
Sobs, Chao, and Ace indexes (for estimation of abun-
dance), Shannon and Simpson indexes (for estimation of
diversity), and the difference in alpha diversity between
the two groups was tested by the Mann—Whitney U test.
For beta diversity, principal coordinates analysis (PCoA)
and partial least squares discrimination analysis (PLS-DA)
were used to conduct composition similarity analysis
between the grouped samples on OTU level, and Adonis
analysis was used to detect the difference. The differences
in the mean relative abundance of gut microbiota between
the AN and HC groups were compared by the Mann-
Whitney U test. Linear discriminant effect (LEfSe) analysis
(LDA) was used to identify biomarkers with significant
differences from phylum to genus levels between the two
groups (LDA score >3.5). Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States
program (PICRUSt, Version 1.1.0, http://picrust.github.
io/picrust/) was used for the functional prediction of
microbiota based on the Cluster of Orthologous Groups
(COG) database (http://www.ncbi.nlm.nih.gov/COG/),
and we tested the differences of functions between the
two groups by Mann—Whitney U test. We further
analyzed the correlations between clinical indicators
and gut microbiota on phylum and genus levels by using
Spearman correlation analysis, and the correlation
coefficients were visually expressed in different colors
by Heatmap. P < 0.05 was considered to be statistically
significant. Figure 1 shows the flowchart of the study.

Results

Clinical indicators analysis of the two groups

Table 1 shows the summarized general data, including
demographic data and HAMD scores of HC and patients
with AN. There were no significant differences in gender,
age, and height (P > 0.05). However, the weight and BMI
of the two groups were significantly different, while those
of AN group were lower (P < 0.001). HAMD scores of
patients with AN were significantly higher than those of
HC (P =0.044), but no obvious depression was found in
the two groups. Besides, the length of stay of patients was
46 (17, 58) days.

Composition of gut microbiota

After quality filtering and removal, a total of 3,288,947
sequences were obtained from the 60 stool samples, with
an average of 54,816 sequences per sample. Finally, we
obtained 11 phyla, 22 classes, 51 orders, 99 families, 257
genera, 504 species, and 820 OTUs. There were 683 OTUs
of HC and 649 OTUs of patients with AN.
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Cross-sectional study: participants aged 11-35 years
from August 2020 to June 2021
(n=60)

AN group: patients with AN hospitalized and
diagnosed in Peking University Third Hospital
and Peking University Sixth Hospital
(n=30)

HC group: healthy controls recruited from a
middle school and a university in Beijing
(n=30)

—’[ Stool samples ]‘—

Demographic data, and Demographic data, and
HAMD scores were HAMD scores were
collected collected
SPSS analysis Microbial diversity analysis SPSS analysis

Figure 1: Flowchart of the study on features of gut microbiota in patients with anorexia nervosa. AN: Anorexia nervosa; HAMD: Hamilton Depression Scale; HC: Healthy controls.

Table 1: Comparison of general data between HC and AN groups.

Variables HC (n=30) AN (n=30) K2zt P-value
Gender
Male 10 (33.33) 4 (13.33) 3.354" 0.067
Female 20 (66.67) 26 (86.67)
Age (years) 18 (13, 24) 16 (13, 22) —0.455" 0.649
Height (cm) 164.07+7.76 161.99 +5.98 1.163% 0.250
Weight (kg) 56.47 + 8.88 39.31+7.90 7.906* <0.001
BMI (kg/m?) 20.89+2.14 14.92 +2.54 9.838% <0.001
HAMD 2 (2, 4) 5(2,9) —2.010° 0.044

Data are expressed as 7 (%), mean + standard deviation, or median (Qp, Qu). * x* value. " Z value. * ¢ value. AN: Anorexia nervosa; BMI: Body mass

index; HAMD: Hamilton Depression Scale; HC: Healthy controls; Qp: Lower quartile; Qu: Upper quartile.

Alpha and beta diversity analysis

Table 2 shows the differences in alpha diversity between
the two groups measured by Sobs, Chao, Ace, Shannon,
and Simpson indexes on OTU level. The results showed
that compared with HC, Sobs, Chao, Ace, and Shannon
indexes decreased in patients with AN; however, there
were no significant differences in these indexes (P > 0.05).
The rarefaction curves gradually flattened out, which
suggested that the sequencing data were sufficient to meet

the follow-up analysis, ensuring the reliability of the results
[Figure 2].

For beta diversity on OTU level, PCoA which was based
on the Weighted UniFrac and Unweighted UniFrac
distances showed obviously different microbial commu-
nity composition between the two groups (Weighted
UniFrac, Adonis, R*=0.036, P=0.048; Unweighted
UniFrac, Adonis, R*=0.040, P=0.003, with small
explained variance) [Figure 3]. According to the compo-
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Table 2: Alpha diversity analysis on OTU level between HC and AN groups.

Item Sobs index Chao index Ace index Shannon index Simpson index
HC 145.60 £37.93 198.57 + 52.69 210.27 £57.73 3.37+0.48 0.09 +0.07
AN 138.80 + 36.85 177.64 +50.72 183.07 +53.10 3.33+0.55 0.09+0.10
Z —0.495 -1.331 -1.789 -0.251 —0.163
P-value 0.626 0.186 0.075 0.807 0.877

Data are expressed as mean + standard deviation. AN: Anorexia nervosa; HC: Healthy controls; OTU: Operational taxonomic unit.

Shannon index on OTU level

1 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500
Number of reads sampled

Figure 2: The rarefaction curves of the samples of HC and AN groups based on the
Shannon index on OTU level. X-axis represents the extracted sequencing and Y-axis
represents the Shannon index. AN: Anorexia nervosa; HC: Healthy controls; OTU:
Operational taxonomic unit.

nent 1 (COMP1) and component 2 (COMP2) scores,
which accounted for 4.77% and 2.76 %, respectively, PLS-
DA analysis could discriminate the AN samples from the
HC samples, which indicated the composition of gut
microbiota in HC and patients with AN could be clustered
separately [Figure 4].

Gommunity barplot and community difference analysis

We found that the dominant phyla of the two groups were
identical, which included Firmicutes, Actinobacteriota,
Bacteroidota, and Proteobacteria  [Supplementary
Figure 1A, http://links.lww.com/CM9/B288]. The other
phyla encompassed Verrucomicrobiota, Desulfobacteria,
Patesciobacteria, Fusobacteriota, Synergistota, Cyanobac-
teria, and unclassified phyla. Supplementary Figure 1B,
http:/links.lww.com/CM9/B288 shows that different
from Bacteroidota, the proportions of Firmicutes, Actino-
bacteriota, and Proteobacteria were lower in patients with
AN, but without significant differences compared with
HC group (P > 0.05).

On family level, we found that the abundance of
Lachnospiraceae, Ruminococcaceae, Bifidobacteria-
ceae, Enterobacteriaceae, and Bacteroidaceae accounted

for a large proportion both in HC and patients with AN.
In patients with AN, the proportions of Lachnospir-
aceae, Bacteroidaceae, Enterobacteriaceae, Streptococ-
caceae, Coriobacteriaceae, and Rikenellaceae were
higher than those of HC group and the proportions
of Ruminococcaceae, Bifidobacteriaceae, Peptostrepto-
coccaceae, Oscillospiraceae, and Burkholderiaceae were
lower [Supplementary Figure 2A, http:/links.lww.com/
CM9/B288]. Specifically, the proportion of Lachnospir-
aceae in AN group was significantly higher (AN vs. HC,
40.50% vs. 31.21%, Z=—1.981, P =0.048), while the
proportion of Ruminococcaceae was significantly
lower (AN vs. HC, 12.17% wvs. 19.15%, Z=-2.728,
P=0.007) [Supplementary Figure 2B and 2C, http://
links.Iww.com/CM9/B288].

On genus level, patients with AN had higher proportions
of Blautia, Bacteroides, FEubacterium_hallii_group,
Escherichia-Shigella, Collinsella, Streptococcus, Rom-
boutsia, Ruminococcus, and Anaerostipes, while their
proportions of Bifidobacterium, Faecalibacterium, Sub-
doligranulum, Dorea, Agathobacter, and Fusicatenibacter
were lower than those of HC [Supplementary Figure 3A,
http:/links.lww.com/CM9/B288]. Among them, the pro-
portions of Faecalibacterium (AN wvs. HC, 3.97% uvs.
9.40%, Z=-3.638, P<0.001) and Subdoligranulum
(AN vs. HC, 4.60% vs. 7.02%, Z = —2.369, P=0.018) in
AN group were significantly lower, while the proportion
of Eubacterium_hallii_group was significantly higher (AN
vs. HC, 7.63% wvs. 3.43%, Z=-2.115, P=0.0395)
[Supplementary Figure 3B, http:/links.lww.com/CM9/
B288].

Taxonomic comparison analysis

LEfSe analysis (LDA score >3.5) screened out the
microbiota with significant differences between the two
groups from phylum to genus levels and the number of
enriched microbiota in HC was more than that in patients
with AN [Figure SA]. In HC, the main enriched taxa were
o_Oscillospirales, f Ruminococcaceae, g_Faecalibacte-
rium (o, f and g represents order, family and genus,
respectively), o_Veillonellales-Selenomonadales, g_Sub-
doligranulum, c¢_Negativicutes (c represents class), o_Bur-
kholderiales, f Veillonellaceae, o_Clostridia_UCG-014,
f_norank_o_Clostridia_UCG-014, g _norank_f_noran-
k_o_Clostridia_UCG-014, g_Dialister, f_Clostridiaceae,
o_Clostridiales, and g_Clostridium_sensu_stricto_1,
while the main enriched taxa were o_Lachnospirales,
f_Lachnospiraceae, and g_Eubacterium_hallii_group in
patients with AN [Figure 5B].
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Figure 3: PCoA of HC and AN groups on OTU level. The percentages in the titles of axes represent the interpretation of the data, and the axes have no actual meaning. (A) Weighted UniFrac
Distance. (B) Unweighted UniFrac Distance. Different color dots symbolize samples in different groups. X-axis and Y-axis represent PC1 and PC2, respectively. The elliptical region is the
95% confidence region. AN: Anorexia nervosa; HC: Healthy controls; OTU: Operational taxonomic unit; PC1: Principal component 1; PC2: Principal component 2; PCoA: Principal

coordinates analysis.
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Figure 4: PLS-DA of HC and AN groups on OTU level. Different color dots symbolize
samples in different groups. X-axis and Y-axis respectively represent the possible
influencing factor 1 (COMP1) and 2 (COMP2) for the deviation of bacterial composition of
the two groups. The percentages in the titles of axes represent the interpretation of the
data. The elliptical region is the 95% confidence region. AN: Anorexia nervosa; COMP:
Component; HC: Healthy controls; OTU: Operational taxonomic unit; PLS-DA: Partial least
squares discrimination analysis.

Functional analysis of gut microbiota

PICRUSt functional analysis is illustrated in Figure 6,
and the major functional features of gut microbiota of
the two groups include carbohydrate transport and
metabolism, amino acid transport and metabolism,
transcription and replication, as well as recombination
and repair. Besides, we found that these functions in
patients with AN were more abundant than those of HC,
which indicated that the metabolic functions increased in
patients with AN, but without significant differences
(P >0.095).

Correlations between gut microbiota and clinical indicators

On phylum and genus levels, we found that clinical
indicators were correlated with gut microbiota based on
the Spearman correlation analysis. Heatmap in patients
with AN mainly showed that, on phylum level, weight and
BMI were significantly positively correlated with the
abundance of Actinobacteriota (r=0.384, P=0.036;
r=0.412, P=0.024, respectively), while significantly
negatively correlated with the abundance of Bacteroidota
(r=-0.403,P=0.027;r=—-0.469, P =0.009, respective-
ly). Higher BMI was significantly correlated with a higher
abundance of Firmicutes (r=0.368, P =0.045) and lower
abundance of Proteobacteria (r=-0.422, P=0.020)
[Figure 7A]. On phylum level in HC, we found that
Bacteroidota had a slight correlation with body weight
(r=-0.202, P> 0.05) and BMI (r=-0.199, P> 0.05);
Firmicutes had a slight correlation with body weight
(r=-0.085, P >0.05) and BMI (r=-0.235, P> 0.05).
The abundance of Proteobacteria was significantly
negatively correlated with height (r = —0.462, P =0.010),
and Synergistota was significantly negatively correlated
with HAMD score (r=—0.445, P=0.014) [Figure 7B].

On genus level in patients with AN, weight and BMI were
significantly negatively correlated with the abundance of
Bacteroides (r= —0.444, P =0.014; r=—0.503, P = 0.005,
respectively), while significantly positively correlated with
the abundance of Subdoligranulum (r=0.510, P = 0.004;
r=0.495, P=0.005, respectively). The abundance of
Faecalibacterium was significantly negatively correlated
with HAMD scores (r=—0.367, P=0.046) [Figure 7C].
In HC, Bacteroides was significantly negatively correlated
with age (r=-0.427, P=0.019). Bifidobacterium was
significantly positively correlated with weight (r=0.383,
P =0.037). Escherichia-Shigella was significantly positively
correlated with age (r = 0.462, P =0.010), while negatively
correlated with height and weight (r=—0.547, P =0.002;
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r=-0.419, P=0.021, respectively). However, there were
no obvious correlations between HAMD scores and
Faecalibacteriwm in HC [Figure 7D], and from Figure 7
we did not find significant correlations between length of stay
and these microbiota.

Discussion

The purpose of this study was to explore the features of
gut microbiota in patients with AN by making a
comparison with that of healthy controls, so as to
examine alpha and beta diversities, community composi-
tion, and difference analysis on different taxonomic levels
between the two groups. Meanwhile, we also explored the

functions of gut microbiota and relationships between
microbiota and clinical indicators in the two groups. The
main findings of our study are as follows: In our study,
patients with AN indeed displayed significant difference in
gut microbiota compared to HC on various levels. Patients
with AN showed slight richness and diversity decrease in
gut microbiota and the two groups differed obviously in
community composition. Functions of nutrient transport
and metabolism in the AN group were more abundant.
Furthermore, positive or negative correlations between
gut microbiota and clinical indicators were also observed.
In short, the results indicated that the gut microbiota
altered in patients with AN compared to HC.
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Many studies showed that the diversity and composition
of gut microbiota in patients with AN differed from those
of healthy people, and the results of dlfferent studies were
also heterogeneous. Mack et all"™! found that the
abundance of Firmicutes and Actinobacteria in patients
with AN increased, while the abundance of Bacteroidota
reduced com ared with those of normal-weight people.
Morita et al''® found that the abundance of Streptococ-
cus, Clostridium, and Bacteroides was at a low level, and
the concentration of SCFAs in stool, such as acetic acid
and propionic acid, were also lower in patients with AN.
An Italian research showed that compared with the results
of normal controls, the abundance of Enterobacteriaceae
and Methanobrevibacter smithii in patients with AN were

significantly increased, while that of Roseburia, Rumino-
coccus, and Clostridium was on the decrease.'”] In
addltlon, Morkl et al"™® studied the gut microbiota in
people with various BMI, including patients with AN,
athletes, normal-weight, overweight, and obese women,
and the results turned out that the alpha diversity of gut
microbiota in patients with AN and obese women was
lower. Similarly, in a study performed by Schulz et al'’
they found that weight recovery was helpful for the
restoration of gut microbiota diversity in patients with
AN. To sum up, these studies indicated that alterations of
gut microbiota did exist in patients with AN, which
suggested that the occurrence of AN may be related to the
alteration of gut microbiota.
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Firmicutes and Bacteroidota, two predominant phyla in
the human gut, are considered to be associated with
human weight. Our findings showed that compared with
HC, the weight and BMI of patients with AN were
significantly decreased, and the abundance of Firmicutes
decreased and Bacteroidota increased in patients with AN,
but without statistical differences. Interestingly, in
patients with AN, there was a significantly negative
correlation between the abundance of Bacteroidota and
weight and BMI, while Firmicutes was positively corre.
lated with BML Similar to our results, Armougom et al*°
observed that the anorexic bacterial proﬁle of Firmicutes
and Bacteroidota was 81mllar to that of the normal weight
group. Borgo et al'”! found that the abundance of
Firmicutes was significantly lower in patients with ANj;
while in another study, the abundance of Firmicutes was
significantly higher and that of Bacteroidota was lower in
patients with AN compared to normal-weight partici-
pants, moreover, Bacteroidota significantly decreased and
Firmicutes s1gn1ﬁcantly increased after patients with AN
gained weight.!">! Koliada ez al*"! also found that the
content of Firmicutes gradually increased while Bacter-
oidota decreased with the increase of BMI and the
Firmicutes/Bacteroidota ratio also raised with the increase
of BMI. A possible explanation was that Firmicutes was
more efficient in energy utilization than Bacteroidota,
therefore it can promote more calorie absorption and
weight gaining. Therefore, we speculated that increasing
the abundance of Firmicutes in the gut of patients with AN
may improve their condition to a certain extent.
Moreover, a higher abundance of energy and nutrient
metabolism function were enriched in AN patients in our
study, which implied that they may need more energy-
efficient microbiota to maintain basic life. Firmicutes and
Bacteroidota have been extensively studied in the obese
population, while the inconclusive results in patients with
AN need further verification in the future.

Lachnospiraceae, the core family in gut microbiota,
belongs to the Firmicutes, and its abundance is influenced
by age and dietary composition.****Blautia, Dorea,
Coprococcus, Lachnospira, and Roseburia are the main
genera of Lachnospiraceae. These genera are anaerobic
and some of them have a strong hydrolysis function.
Starch and other sugars are used as hydrolysis substrates
by Lachnospiraceae to produce butyric acid and other
SCFAs which can provide energy for the colonic mucosa
and maintain the 1ntegr1t of the intestinal barrier to
improve intestinal health.***5! In our study, the propor-
tion of Lachnospiraceae was significantly higher in
patients with AN than that in HC; thus, we speculated
that the increase of Lachnospiraceae in patients with AN
may help to ameliorate energy utilization, which may be a
protective mechanism for patients with AN. Beyond that,
SCFAs can improve the host’s histone eplgenetlc states and
decrease levels of inflammatory markers.*®! A meta-
analysis showed that the pro-inflammatory cytokines like
tumor necrosis factor (TNF)-a and interleukin (IL)-6 are
elevated in patients with eating disorders,?” thus the
increase of SCFAs in patients with AN may help to
decrease the inflammation, but we need more studies to
verify this viewpoint. Chavez-Carbajal et al*® observed
an obvious increase in the members of Lachnospiraceae in
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obesity plus women with metabolic syndrome, indicating
that Lachnospiraceae may correlate with metabolic
disturbance. As mentioned above, disturbance of gut
microbiota in patients with AN is associated with anxiety
and depression, and a study showed that different taxa of
Lachnospiraceae (such as Blautia, Anaerostipes, and
Lachnosplraceae incertae sedis) Wete observed higher in
major depressive disorder (MDD).?”! In our study, the
relative abundance of Blautia and Anaerostipes indeed
increased in patients with AN but with no significant
differences, and the depression was not observed in
patients, which may relate to the severity of AN and
individual discrepancy to some extent.

The genus Alistipes prevalent in the human gut is
associated with anxiety and depression sy 0]]3t0ms because
of the decrease in serotonin availability.*°! A systematic
review found the abundance of Alistipes in patients with
AN was higher than that of healthy people, indicating a
relatlonshlp between Alistipes and depression and anxi-
ety.l"% In our study, the abundance of Alistipes in patients
with AN was higher than that in HC (P> 0.05), but
depression was not found in patients with AN. The reason
why the above results showed no significant differences
may be due to the small sample size or individual
differences and further studies are required in the future.
Faecalibacterium is one of the most common bacteria in
the gut microbiota of healthy adults and its abundance is
associated with a diet that i is r1ch in plant-based foods and
butyrate.*'*?! Schulz et all"! found that in patients with
AN, the abundance of Faecalibacterium at admission was
lower than that of healthy people. With the weight gain
and improvement of AN, Faecalzbactermm increased
significantly when patients were discharged.''”! Our data
showed that the abundance of Faecalibacterium was
significantly lower in patients with AN and was
significantly negatively correlated with their HAMD
scores. We speculated that the lower the abundance of
Faecalibacterium, the more severe inflammation in
patients with AN, and these patients are more likely to
develop de?ression. Faecalibacterium was observed lower
in MDD"”! and we did not find such a correlation in
healthy people, which indicated that Faecalibacterium
may be associated with the emotion of patients with AN.

Limitations of this study need to be taken into account when
analyzing the results. Firstly, we cannot reach conclusions
on a causal link between alterations of gut microbiota and
AN because of the cross-sectional study and this problem
may be addressed by using mice with AN models. Secondly,
admitted patients with AN tend to have severe malnutrition
symptoms, while the change of gut microbiota in out-
patients with mild symptoms was not involved in this study,
thus it is unknown whether the change is the same as that of
inpatients. Therefore, in future studies, the scope and
sample size should be further expanded. Thirdly, no further
metagenomic analysis was performed.

In conclusion, in comparison to healthy controls, the gut
microbiota in patients with AN clearly altered in
composition, which provides more information for the
pathogenesis, diagnosis, and treatment of AN and new
orientations for the study of gut microbiota in patients
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with AN. However, the causality between gut microbiota
and AN remains unclear, thus larger-scale studies are
needed in the future.
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