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A B S T R A C T   

In this study, the serum metabolic profiles of 10 female patients with restricting type anorexia nervosa (ANR) 
were compared to those of 10 age-matched healthy female controls. While the levels of amino acids were lower 
among the patients than among the controls, the levels of uremic toxins, including p-cresyl sulfate (PCS), indole- 
3-acetic acid, and phenyl sulfate, were higher in ANR patients. The serum PCS levels correlated positively with 
the abundance of the Clostridium coccoides group or the C. leptum subgroup in the feces of patients, but not in 
those of controls. Collectively, these results indicate that the serum metabolic profiles of patients with ANR differ 
from those of healthy women in terms of both decreased amino acid levels and increased uremic toxins. Gut 
microbes including C. coccoides or C. leptum may be involved in such an increase in uremic toxins.   

1. Introduction 

Anorexia nervosa (AN) is characterized by extreme weight loss and 
fear of weight gain [1,2], and affects 1 to 4% of all women [3]. AN is a 
psychiatric condition with one of the highest mortality rates [4] and is 
divided into the following two sub-types: restricting-type AN (ANR) and 
binge/purge-type AN (ANBP). Patients with ANR severely restrict their 
food intake and show physical and psychiatric symptoms due to severe 
emaciation. Besides such severe restriction of dietary intake, patients 
with ANBP regularly show frequent binge-eating or purging behaviors, 
such as self-induced vomiting. 

Psychosocial factors have been thought to play important roles in the 
development and progression of eating disorders [5–7]; however, bio
logical factors are also presumed to exert a substantial effect on AN 
pathology [8,9]. A recent large-scale genome-wide association study 
[10] demonstrated that the genetic origins of AN are both metabolic and 
psychiatric, and not purely psychiatric as thought. Therefore, geneti
cally vulnerable women are considered to develop AN when exposed to 
certain environmental factors, including psychosocial elements. There
fore, the gut microbiota has emerged as a potential environmental factor 
that can influence the pathological process of AN [11]. Independent 

research groups, including our own, have demonstrated the existence of 
gut dysbiosis in patients with AN [12–15]. Our recent report suggests 
that such dysbiosis contributed to poor weight gain and anxiety-like 
behavior in an ANR mouse model involving gut microbiota transplant 
from patients with ANR [16]. However, how and to what extent such 
changes in gut microbes can contribute to the development and clinical 
course of AN are largely unknown. 

Recently, metabolomics, one of the new ‘omics’ approaches, has 
been recognized as a useful method for exploring potential biomarkers 
in various diseases [17]. Metabolites are the end products of cellular 
regulatory processes and include low-molecular-weight organic and 
inorganic chemicals [18]. As it is conceivable that long-term starvation 
and low body weight might exert a considerable impact on the physi
ology and metabolism of patients with AN, obtaining a comprehensive 
metabolomic view of patients with anorexia may be useful for unrav
eling AN-specific pathologies that remain to be identified. 

Therefore, we hypothesized that patients with anorexia might have 
an altered profile of serum metabolites derived from gut microbes that 
could be linked with some anorexia-specific pathologies. To test this 
hypothesis, we compared the metabolic profiles of female patients with 
anorexia with those of age-matched healthy female control subjects. 
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2. Materials & methods 

2.1. Subjects 

We enrolled Japanese patients with AN who either were admitted to 
our department or who visited our outpatient section at Kyushu Uni
versity Hospital between 2010 and 2015, and 10 female patients with 
ANR agreed to participate in this study. We also enrolled 10 age- 
matched, healthy female volunteers. Volunteers with a history of 
digestive disease such as inflammatory-bowel disease and irritable- 
bowel syndrome were excluded. We also excluded participants with 
these conditions from the study: severe physical diseases (such as renal 
failure and infectious diseases), or a history of using antibiotics or 
regularly consuming yogurt or probiotics within 3 months before the 
study began. 

Patients with AN underwent a structured interview and their AN 
phenotypes were diagnosed according to the Diagnostic and Statistical 
Manual of Mental Disorders-IV-TR criteria. Patients with binge/purge- 
type AN were not included in this study, considering the substantial 
effects of binge-eating and purging behaviors (e.g., self-induced vomit
ing) on serum metabolomes. The patients with ANR enrolled in this 
study were not on psychotropic medication, but seven in 10 patients 
were consuming magnesium oxide at the time of blood sampling. No 
significant difference was found in the average number of defecations 
between patients with ANR and healthy participants (ANR 10 ± 5.3 per 
week, healthy participants 10 ± 6.4 per week). The study protocol was 
approved by the Institutional Review Boards of Kyushu University 
Hospital and written informed consent was obtained from all of the 
participants before enrollment in the study. 

2.2. Biochemical assays and self-reported questionnaires 

Blood samples were drawn in the morning after an overnight fast for 
biochemical assays and metabolome analysis. Blood samples were also 
used to determine the serum levels of albumin, blood urea nitrogen 
(BUN), creatinine, electrolytes, aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), and glucose. All participants completed 
a battery of self-reported questionnaires. Depression and anxiety levels 
were evaluated using the Japanese version of the Center for Epidemio
logic Studies-Depression Scale [19] and the Japanese version of the 
State-Trait Anxiety Inventory [20], respectively. Psychopathology 
related to eating disorders was assessed as per the Eating Disorder In
ventory (EDI), as described [21]. 

2.3. Dietary assessment 

Nutrition and food intakes were assessed using the food-frequency 
questionnaire based on food groups (FFQg) [22]. The FFQg includes 
food in 29 groups and 10 kinds of cookery and provides information 
regarding the average intake per week of each food or food group in 
commonly used units or portion sizes. The Japanese version of the FFQg 
was validated by comparing weighed dietary records for seven contin
uous days with 66 subjects, aged 19–60 years [23]. 

2.4. Serum metabolic profiling analysis using capillary electrophoresis- 
time-of-flight mass spectrometry (CE-TOFMS) and liquid chromatography- 
time-of-flight mass spectrometry (LC-TOFMS) 

Serum samples were separated from whole blood and stored at 
− 80 ◦C until analysis. Samples taken for metabolic analysis were pre
pared according to a described method [24,25]. For CE-TOFMS analysis, 
50 μl of each serum sample was added to 450 μl of methanol containing 
an internal standard solution (Solution ID: H3304–1002, Human 
Metabolome Technologies; HMT, Inc., Tsuruoka, Japan), on ice. Each 
solution was then mixed thoroughly with 500 μl of chloroform and 
200 μl of Milli-Q water, and the resulting mixtures were centrifuged at 

2300 × g for 5 min at 4 ◦C. Each upper aqueous layer was centrifuged 
through a Millipore 5-kDa cut-off filter (Ultrafree-MC PLHCC) at 9100 
× g for 120 min at 4 ◦C to remove macromolecules. Each filtrate was 
then centrifugally concentrated and reconstituted in 25 μl Milli-Q water 
before CE-TOFMS analysis. 

For LC-TOFMS analysis [26,27], 500 μL of each plasma sample was 
added to 1500 μL of 1% formic acid/acetonitrile containing an internal 
standard solution (Solution ID: H3304–1002, HMT, Inc.) at 0 ◦C to 
inactivate the enzymes. Each solution was mixed and centrifuged at 
2300  × g and 4 ◦C for 5 min. The supernatants were filtrated using a 
HybridSPE phospholipid filter (55,261-U, Supelco, Bellefonte, PA, USA) 
to remove phospholipids. The filtrates were desiccated and then dis
solved in 100 μL of isopropanol/Milli-Q for LC-TOFMS analysis. 

Peaks were generated using MasterHands automatic-integration 
software (Keio University, Tsuruoka, Japan) to obtain peak informa
tion including the mass-to-charge (m/z) ratio, the migration time (MT) 
for each CE-TOFMS measurement, the retention time (RT) for each LC- 
TOFMS measurement, and the peak area. Signal peaks corresponding to 
isotopomers, adduct ions, and other product ions of known metabolites 
were excluded and the remaining peaks were annotated as putative 
metabolites from the HMT metabolite database, based on their MT/RT 
ratios and m/z values, determined using TOFMS. The tolerance range for 
the peak annotation was configured at ± 0.5 min for the MT and at ± 10 
ppm for the m/z ratio. In addition, the peak areas were normalized 
against those of the internal standards, and the resultant relative-area 
values were further normalized based on the sample quantity used. 

Besides semi-quantitative analysis, the absolute quantities of 48 
metabolites, including 35 cations and 13 anions, were calculated based 
on the peak areas of the internal controls for each metabolite. 

2.5. Quantitative measurements of uremic toxins 

Serum levels of p-cresyl sulfate (PCS), indoxyl sulfate, indole-3-acetic 
acid (IAA), phenyl sulfate (PhS), phenyl acetic acid (PAA), and hippuric 
acid were quantified using selected-reaction monitoring of liquid chro
matography/electrospray ionization-mass spectrometry/mass spec
trometry (LC/ESI-MS/MS) at Kureha Corporation, as reported [28–30]. 
The selected-reaction monitoring method of LC/ESI-MS/MS was con
ducted using a triple quadrupole mass spectrometer (APl4000, AB 
SCIEX, Framingham, MA), equipped with an electrospray ionization 
(ESI) source. The mass-ion source parameters were: ion source tem
perature of 700 ◦C, ESI voltage of − 4.0 kV, curtain gas of 10 pounds per 
square inch (psi), ion source gas 1 of 60 psi, ion source gas 2 of 80 psi, 
collision gas of 4 psi, and the interface heater turned on. Data acquisition 
and processing were conducted using Analyst software, version 1.5.1. 

2.6. Determination of bacterial counts via 16S rRNA-targeted reverse 
transcription-quantitative polymerase chain reaction (qPCR) analysis 

The composition of gut bacteria in fecal samples of participants was 
performed using 16S rRNA-targeted RT-qPCR with a Yakult Intestinal 
Flora-SCAN (YIF-SCAN) system [13,31–33]. 

2.7. Statistical analysis 

All continuous data are expressed as the mean ± standard deviation 
or in box plots with the median. All analyses were performed using the 
JMP Pro-v.14.2.0 software package for Windows (SAS Institute, Japan). 
Blood-chemistry data, psychological-testing scores, and diet-related 
parameters between the two groups were evaluated using an un
paired, two-tailed Student’s t-test. 

Regarding serum metabolite analyses, differences in serum com
pounds between both groups were analyzed using an unpaired, two- 
tailed Student’s t-test, followed by the false-discovery rate (FDR) 
correction for multiple testing (p < 0.05). Principal component analysis 
(PCoA) and hierarchical clustering analysis (dendrograms) were 
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performed using the web-based metabolomic data processing tool 
MetaboAnalyst 4.0 (http://www.metaboanalyst.ca, McGill University, 
Montreal, Canada) [34–36]. Following PCoA, permutational multivar
iate analysis of variance (PERMANOVA) [37,38] was conducted to 
evaluate differences in serum metabolomes between the control and 
ANR groups. The PERMANOVAs were performed using the Adonis 
function in the vegan package of R software. Pathway analysis was also 
conducted using MetaboAnalyst 4.0, with which metabolite data were 
annotated based on data sources such as the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) and the Human Metabolome Database. 
Metabolic pathways with FDR-corrected p values of < 0.05 were 
considered significantly enriched. Topological pathway analysis was 
performed based on the relative betweenness centrality, and the 
pathway impact value threshold was set to > 0.1. Pathway impact values 
closer to 1.0 indicated a more perturbed pathway. 

Differences in uremic toxins levels between the two groups were 
analyzed using an unpaired, two-tailed Student’s t-test followed by 
Bonferroni’s correction. Pearson’s correlation coefficients were used to 
assess relationships between the number of the Clostridium leptum group 
or the C. coccoides subgroup in the feces, and the serum PCS levels. 

3. Results 

3.1. Participants profiles: demographic features, blood chemistry, 
psychological assessments, and specific dietary intake features in patients 
with anorexia 

Table 1 shows the body weights and body-mass index (BMI) values of 
patients with ANR and healthy women. The ANR group showed lower 
glucose levels and higher AST and ALT levels compared to the control 
group; however, the blood-chemistry data exhibited no other significant 
differences between both groups. 

In terms of the psychological aspects evaluated using the self- 
administered questionnaires, depression and anxiety levels were 
higher in the AN group than in the control group (Supplementary Table 
1). In subscales of the EDI questionnaire, interoceptive awareness and 
interpersonal distrust were also higher in the AN group than in the 
control group. 

As summarized in Supplementary Table 2, patients in the ANR group 
had a significantly lower total caloric intake than healthy women in the 
control group (t(17) = 3.113, p = 0.0063). Caloric intake in terms of fat 
and protein was also lower in patients with ANR than in the healthy 
controls. In contrast, dietary fiber consumption did not significantly 

differ between the control and AN groups. 

3.2. Serum metabolome profile of patients with anorexia 

We detected 275 metabolites in serum samples from patients with 
AN and healthy controls (Supplementary Table 3). Of these, 176 and 99 
compounds (including 114 cations and 62 anions) were identified using 
CE-TOFMS and LC-TOFMS, respectively. 

Nineteen metabolites showed significantly different levels between 
the two groups, based on an unpaired, two-tailed Student’s t-test with 
FDR-corrected p value of < 0.05 (Table 2). Most metabolites were at 
lower levels in the AN group than the control group; however, guani
dinosuccinic acid and phenylacetylglutamine were present at higher 
levels in the AN group than in the control group. Fold-change analysis 
revealed 11 metabolites with either a fold-change of > 2 or < 0.5, when 
expressed as abundance ratios (AN: control group; Supplementary Table 
4). The compounds α-hydroxyisobutyric acid and phenylacetylglut
amine displayed > 2-fold increases in serum levels in patients with AN 
compared with the control women. 

Quantitative analysis of serum metabolites based on CE-TOFMS 
detected 48 compounds, including 20 amino acids. As summarized in 
Table 3, eight of these 20 amino acids were present in significantly lower 
serum levels of patients with AN versus the control women (FDR-cor
rected p < 0.05), although cysteine levels were not quantified. 

As shown in Fig. 1a, unsupervised PCoA showed that a cluster of the 
AN group differed from that of the control group. A significant difference 
between the two groups was also confirmed via PERMANOVA (f = 3.43, 
p = 0.0029). Hierarchical cluster-analysis data, presented as a dendro
gram (Fig. 1b) or a heatmap (Fig. 1c), also revealed that the AN group 
was separated from the control group. 

3.3. Amino acid-related pathways enriched in patients with ANR 

We next conducted pathway enrichment analyses based on meta
bolic pathways registered in the KEGG. 

Twenty-one metabolic pathways that significantly differed between 
the ANR and control groups (Fig. 2 and Supplementary Table 5). The 
pathway of “phenylalanine, tyrosine, and tryptophan biosynthesis” was 
ranked with the highest impact score (impact 1, FDR-corrected p =
0.028). We also found that 10 of the 21 pathways were associated with 
amino acid biosynthesis and metabolism. 

Table 1 
Comparison of the characteristics and blood chemistry between control subjects 
(CON) and patients with restricting-type anorexia nervosa (ANR).   

CON (n = 10) ANR (n = 10) 

Age (years) 33.7 ± 8.5 30.3 ± 10.8 
Height (cm) 158.3 ± 4.9 154.7 ± 5.0 
Weight (kg) 53.5 ± 5.6 30.7 ± 4.6* 
BMI (kg/m2) 21.3 ± 2.1 12.8 ± 1.53* 
Albumin (g/dL) 4.5 ± 0.2 4.2 ± 0.6 
BUN (mg/dL) 12.5 ± 4.2 11.9 ± 3.2 
Crea (mg/dL) 0.61 ± 0.06 0.55 ± 0.09 
Na (mEq/L) 141.4 ± 1.4 142.7 ± 1.4 
K (mEq/L) 4.1 ± 0.2 4.2 ± 0.4 
Cl (mEq/L) 105.2 ± 1.5 105.6 ± 1.8 
AST (IU/L) 17.4 ± 5.7 37.8 ± 19.1** 
ALT (IU/L) 13.0 ± 3.9 43.1 ± 35.3* 
T-Chol (mg/dL) 190.7 ± 30.7 170.2 ± 21.1 
TG (mg/dL) 59.6 ± 15.9 76.1 ± 29.5 
Glucose (mg/dL) 82.7 ± 4.7 76.3 ± 6.8* 

BMI, body-mass index; BUN, blood urea nitrogen; Crea, creatinine; AST, 
aspartate aminotransferase; ALT, alanine aminotransferase; T-Chol, total 
cholesterol; TG, triglycerides; CRP, C-reactive protein. ** p < 0.01 and * p < 
0.05 indicate a significant difference between the ANR and control group, as 
determined by performing an unpaired, two-tailed Student’s t-test. 

Table 2 
Compounds with different levels between the ANR and control groups, based on 
an unpaired, two-tailed Student’s t-test.  

Compound t.stat Raw p value − log10 (p) FDR 

Citric acid − 7.074 1.35E-06 5.8705 0.0002 
Betaine − 4.878 0.00017 3.9176 0.0076 
cis-Aconitic acid − 4.732 0.00012 3.7795 0.0076 
Palmitoylcarnitine − 4.631 0.00021 3.6836 0.0076 
Guanidinosuccinic acid 4.202 0.00059 3.2713 0.0122 
Asparagine − 4.158 0.00066 3.229 0.0122 
Butyrylcarnitine − 4.129 0.00063 3.2152 0.0122 
Glycerophosphocholine − 4.108 0.00054 3.1803 0.0122 
2-Oxoisovaleric acid − 3.906 0.00103 2.9855 0.0148 
O-Acetylcarnitine − 3.892 0.0011 2.9822 0.0148 
Octanoylcarnitine − 3.877 0.00107 2.9576 0.0148 
N2-Phenylacetylglutamine 3.705 0.00168 2.7912 0.0191 
Choline 3.688 0.00162 2.7741 0.0191 
Taurine − 3.540 0.00244 2.6316 0.0241 
Ethanolamine − 3.520 0.00234 2.6118 0.0241 
Tyrosine − 3.358 0.0035 2.4562 0.0313 
Methyl-2-oxovaleric acid − 3.331 0.00381 2.4292 0.0313 
Alloisoleucine − 3.32 0.00371 2.4192 0.0313 
Isoleucine − 3.118 0.00593 2.2269 0.0462 

Important compounds that showed significantly different levels between the 
ANR and control groups were analyzed when the FDR-corrected p value between 
the groups was < 0.05. FDR: false-discovery rate. 

N. Miyata et al.                                                                                                                                                                                                                                 

http://www.metaboanalyst.ca


Physiology & Behavior 228 (2021) 113204

4

3.4. Increased uremic toxins in the sera of patients with ANR 

Although the patients enrolled in this study showed no apparent 
markers of renal dysfunction such as elevated creatinine or BUN, the 
serum levels of guanidinosuccinic acid and N2-phenylacetylglutamine, a 
uremic toxin, were significantly higher in patients with ANR. Therefore, 
we next quantified and compared the serum concentrations of uremic 
toxins between the two groups. 

As summarized in Table 4, six uremic toxins (PCS, indoxyl sulfate, 
IAA, PAA, PhS, and hippuric acid) were quantified in serum samples 
from patients with ANR and healthy participants. The concentrations of 
PCS, IAA, and PhS were significantly higher in the AN group than in the 
control group. 

3.5. Positive correlation between PCS levels with the abundance of the 
Clostridium group 

Previously, we showed that the gut microbiotas in patients with AN 
were substantially different from those in age-matched healthy women 
[13]. Therefore, we next examined whether such increased uremic 
toxins might correlate with the abundances of certain gut microbes. 

The PCS concentrations in patients with AN associated positively 
with the abundance of the C. coccoides group or the C. leptum subgroup 
(Fig. 3a), although such a positive association was not found with the 
control group (Fig. 3b). 

Table 3 
Quantitative measurements of serum amino acid concentrations.   

CON (μM) ANR (μM) p value FDR 

Asparagine 53 ± 7.5 41 ± 4.5* 0.00058 0.005947 
Tyrosine 67 ± 12 50 ± 11* 0.003657 0.021422 
Isoleucine 64 ± 14 46 ± 12* 0.006258 0.032074 
Alanine 341 ± 62 274 ± 36* 0.008847 0.035969 
Histidine 94 ± 8.2 81 ± 11* 0.009163 0.035969 
Leucine 118 ± 21 90 ± 23* 0.011405 0.035969 
Methionine 16 ± 3.0 12 ± 3.4* 0.010817 0.035969 
Proline 149 ± 36 109 ± 27* 0.010294 0.035969 
Tryptophan 60 ± 6.9 51 ± 8.8 0.020491 0.055106 
Valine 217 ± 26 181 ± 36 0.019756 0.055106 
Serine 134 ± 13 119 ± 20 0.056286 0.11328 
Phenylalanine 63 ± 7.6 53 ± 15 0.078046 0.14545 
Arginine 95 ± 21 84 ± 8.6 0.13129 0.22429 
Threonine 128 ± 25 112 ± 30 0.20757 0.30394 
Aspartic acid 19 ± 6.9 16 ± 5.6 0.30498 0.39075 
Glycine 254 ± 23 280 ± 72 0.29663 0.39075 
Glutamate 72 ± 21 62 ± 22 0.32313 0.40147 
Lysine 217 ± 36 227 ± 22 0.45873 0.53737 
Glutamine 497 ± 71 515 ± 61 0.55064 0.61017 
Cysteine ND ND   

Serum amino acid levels were quantitatively measured as described in the 
Methods section. An asterisk indicates a significant difference between the ANR 
and control groups when the threshold was set at an FDR-corrected p value of <
0.05. ND, not detected; FDR, false-discovery rate. 

Fig. 1. Serum metabolomics profiles of patients with anorexia 
and healthy control subjects. 
(a) Three-dimensional PCoA between 10 patients with ANR 
(ANR1–ANR10) and 10 healthy participants (CON1–CON10) 
was performed, using MetaboAnalyst 4.0. The explained vari
ances are shown in the round brackets. Each colored ellipse 
covers 95% of the samples belonging to a cluster. (b) Hierar
chical clustering is shown in a dendrogram. Euclidean dis
tances and Ward’s method were used to measure similarities 
and for clustering analysis, respectively. (c) The clustering re
sults are exhibited in a heatmap using the top-25 compounds 
showing the largest differences between patients with ANR and 
healthy participants.   
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4. Discussion 

In this study, patients with ANR had different serum metabolite 
profiles, such as lower amino acid levels and higher levels of uremic 
toxin-related compounds, compared to age-matched healthy women. 

Decreased amino acid levels and increased uremic toxins (such as PCS, 
IAA, and PhS) in the sera of patients with ANR were also confirmed via 
quantitative measurements. The serum PCS levels in patients with ANR 
associated positively with the abundance of the C. coccoides group or the 
C. leptum subgroup, whereas such an association was not noted in sera 
from healthy controls. Taken together, these results indicate that the 
metabolic profiles of patients with ANR differed from those of healthy 
women. Whether such a difference may contribute to AN-specific 
pathological features remains to be clarified in future studies. 

The serum levels of both essential amino acids (isoleucine, leucine, 
and methionine) and non-essential amino acids (asparagine, tyrosine, 
alanine, histidine, and proline) were significantly lower in the ANR 
group than in the control group. Several reports have shown that pro
longed starvation or undernutrition can elicit decreased serum amino 
acid levels in humans [39,40]. For example, 30 days of undernutrition 
caused decreased serum alanine, tyrosine, and tryptophan levels in 
American soldiers [39]. Since both tyrosine and tryptophan are neuro
transmitter precursors, the decrease in amino acids that mainly originate 
from a reduction in dietary intake may contribute to some psychiatric 
symptoms, like anxiety and depression [41]. 

In this study, patients with ANR exhibited higher serum levels of 
uremic toxin-related compounds than healthy controls. Such toxins are 
generated by proteins and peptides that enter the colon without being 
absorbed by the intestines [42]. Since these uremic toxins are produced 
by gut microbes, the current finding that patients with ANR had 
increased uremic toxin levels regardless of reduced oral protein intake 
raises the possibility that gut microorganisms may promote the eleva
tion of such uremic toxins. This possibility was supported by our current 
results showing that serum PCS levels in the ANR group (but not the 
control group) correlated positively with the abundance of the 
C. coccoides group or the C. leptum subgroup. Interestingly, in another 
cohort of patients with ANR [16], the relative abundances of members of 
the Blautia genus were significantly higher in patients with ANR than in 
age-matched healthy women. Previously, it was reported that the Blautia 
genus is the most abundant subgroup in human intestinal C. coccoides 
group populations identified using the YIF-SCAN system [43]. In addi
tion, Saito and colleagues [44] showed that Blautia hydrogenotrophica 
was the highest p-cresol producer. Taken together, these findings sug
gest that increased populations of certain bacteria belonging to the 
Blautia genus may help elevate the levels of serum uremic toxins in 
patients with ANR. Further studies are needed to identify a bacterium or 
some bacterial groups that contribute to the increased uremic toxin 
levels in patients with ANR. 

Quantitative measurements obtained using LC/ESI-MS/MS showed 
increased PCS, IAA, and PhS levels in patients with AN. Semi- 
quantitative analysis using CE-TOFMS also revealed that patients with 
ANR had higher serum levels of three uremic toxins (guanidinosuccinic 
acid, phenylacetylglutamine, and IAA) than control participants. These 
compounds are reported to exert a significant effect on the pathological 
process of either renal [45,46] and cardiovascular diseases [47,48], or 
neuropsychiatric disorders [49,50]. However, whether these uremic 
toxins can promote ANR development or progression remains unclear. 

This study had some limitations. First, the number of participants 
was small; this is because our inclusion criteria were strictly set to 
exclude patients with AN either with episodes of binge-eating and 
vomiting or with a history of taking psychotropic medication. However, 
considering the small number of patients with AN enrolled, we should 
have included patients with AN with a history of bulimia or vomiting. 
Furthermore, our current results should be validated in other cohort 
studies with a larger population of patients with AN. In addition, it is 
critically important to investigate whether AN-specific metabolite fea
tures, such as decreased amino acid levels and increased uremic toxin 
levels, could contribute to AN pathologies (i.e., poor weight gain and 
psychiatric symptoms). 

Most of our results cannot be related to mechanisms of development 
and maintenance of AN; however, these comprehensive descriptions will 

Fig. 2. Metabolic pathways based on the serum metabolomics profiles of pa
tients with anorexia and healthy controls. 
Pathway analysis was conducted using MetaboAnalyst 4.0, as described in the 
Methods section. The horizontal and vertical axes correspond to topology 
(pathway impact) and enrichment (–log (p)), respectively. Only pathways with 
p < 0.05 and a pathway impact value > 0.10 were marked. The impact value 
indicates the cumulative percentage for the matched metabolic nodes. 

Table 4 
Comparison of serum uremic toxin levels between patients with ANR and control 
participants.  

(mg/dl) CON (n = 10) ANR (n = 10) 

p-Cresyl sulfate 0.892 ± 0.461 2.701 ± 0.437* 
Indoxyl sulfate 0.092 ± 0.018 0.099 ± 0.017 
Indole-3-acetic acid 0.0246 ± 0.002 0.0325 ± 0.002* 
Phenyl acetic acid 0.0064 ± 0.002 0.0142 ± 0.002* 
Phenyl sulfate 0.0237 ± 0.006 0.0176 ± 0.005 
Hippuric acid 0.0367 ± 0.014 0.033 ± 0.014 

An asterisk indicates a significant difference between the ANR and control group 
after the Bonferroni correction, based on the total number of tests (*p < 
0.0083). 
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generate testable hypotheses and fuel interest among the community of 
eating disorders researchers, as the Russell’s [51] or Kaye’s [52,53] 
pioneering works raised the possibility that amino acids may have a role 
in the development and maintenance of AN. While the present results 
provide a more comprehensive metabolomic description of the AN 
phenotype than that in previous works, cause-effect studies based on 
realistic mechanistic hypotheses remain to be undertaken. 
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