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Abstract: Short bowel syndrome (SBS) is a major cause of intestinal failure (IF) that may require
long-term parenteral nutrition (PN) support. However, long-term PN is accompanied by severe
complications such as catheter-related blood stream infection (CRBSI) and intestinal failure-associated
liver disease (IFALD), and it is associated with high healthcare costs. In this study, we characterized
the plasma metabolomic profile and investigated the role of metabolism in predicting long-term PN
in pediatric patients with SBS. Untargeted metabolomics was performed in plasma samples from
20 SBS patients with PN support: 6 patients had IFALD and 14 patients had no liver disease. As
controls, 18 subjects without liver or intestinal diseases were included for the analysis. SBS patients
had distinct plasma metabolomic signatures compared to controls, and several pathways associated
with amino acid metabolism and cell death were significantly changed. The presence of IFALD in
SBS was associated with alterations of metabolites mainly classified as “amino acids, peptides, and
analogues” and “benzene and derivatives”. Serum direct bilirubin levels were negatively correlated
with levels of uridine, skatole, and glabrol. Importantly, SBS patients with long-term PN showed
significantly increased levels of glutamine compared to those in the short-term PN group. Finally,
using multivariate logistic regression analysis, we developed a prediction model including glutamine
and creatinine to identify pediatric SBS patients who need long-term PN support. These findings
underscore the potential key role of the metabolome in SBS with IF and suggest that metabolomic
profiles could be used in long-term PN assessment.

Keywords: intestinal failure; cholestasis; amino acid; glutamine; biomarker

1. Introduction

Intestinal failure (IF) can be caused by conditions such as short bowel syndrome (SBS),
intestinal dysmotility, and congenital enterocyte disorders [1]. With impaired intestinal
function, patients with IF need intravenous replenishment to maintain health and growth
since their own intake does not meet the minimum requirements for nutrition [2]. Parenteral
nutrition (PN) is an important way to provide source of nutrition for patients with IF,
though long-term use may lead to sever complications such as catheter-related blood
stream infection (CRBSI) and hepatobiliary dysfunction, which is defined as intestinal
failure-associated liver disease (IFALD) [3]. Therefore, the successful transition from PN to
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enteral nutrition (EN) is critical for IF patients as intestinal adaption progresses. Previous
studies suggested that a remaining bowel length of <100 cm is a predictor of permanent IF
in adult SBS adults, and the presence of terminal ileum and colon enhances weaning from
PN and survival probabilities [4]. Although different risk factors have been proposed to
influence the PN duration in pediatric patients with SBS-IF, there is no established way to
identify patients who need long-term PN support.

Metabolomics is a comprehensive biochemical profiling technique that is used to
assess systemic metabolism in a biological sample, reflecting the “net effects” of genetic,
transcriptomic, proteomic, and environmental interactions [5,6]. The authors of a recent
study performed fecal metabolomics in infants receiving PN, in which they identified
12 sphingomyelin lipids as potential biomarkers for the development of cholestasis in
combination with birth anthropometry [7]. However, current studies in SBS have mostly
focused on characterizing gut microbial or bile acid profiles [8,9], and little is known
about the global metabolomic signature. Thus, characterizing metabolomic profiles in SBS
patients is imperative for the translational potential of metabolomics to be fully realized.

In this study, we performed untargeted metabolomics of plasma samples from 20 pe-
diatric SBS patients with PN support and 18 non-SBS controls to characterize metabolomic
signatures. By integrating metabolomic findings with clinical parameters, we developed a
prediction model to identify pediatric SBS patients who need long-term PN with higher
accuracy than a model only based on clinical data.

2. Results
2.1. Cohorts Studied

The clinical characteristics of SBS patients and non-SBS controls are summarized in Table 1.
The median age of patients with SBS was found to be 4.01 months (IQR: 2.42-6.93 months), 70%
of SBS patients were male, and 65% of SBS patients were preterm. The median length of
remaining small intestine was 60 cm (IQR: 47.50-70.00 cm), and 65% of the patients had
intact ileocecal valves. The median duration of PN was 191 days (IQR: 121-247 days) for
patients with SBS, and 85% patients were treated with antibiotics. SBS patients and non-SBS
controls significantly differed by age (p < 0.001), preterm status (p = 0.002), and antibiotics
(p <0.001).

2.2. Metabolomic Profile Is Altered in Patients with SBS

Overall, 653 and 1131 compounds with identification information were detected by
positive and negative modes, respectively. The partial least squares discriminant analysis
(PLS-DA) (Figure 1A,B) and hierarchical clustering analysis (Figure 1C,D) of differential
metabolites showed that controls and SBS patients differently clustered in both modes.
Among all the identified metabolites, 170 (110 up- and 60 down-regulated, positive mode)
and 340 (192 up- and 148 down-regulated, negative mode) metabolites were differential
metabolites (VIP > 1, FC > 1.2 or <0.83, and p-value < 0.05; Table S1) when comparing
SBS with controls, as shown by volcano plots (Figure 2A,B). The top 10 up- and down-
regulated differential metabolites are listed in Table 2, and most of them were drug-derived
metabolites as a reflection of antibiotic use in SBS. For compounds with biological roles,
differential metabolites were mainly classified as “benzene and derivatives” and “amino
acids, peptides, and analogues” in both modes (Figure 2C,D). Lipids were mainly identified
by the negative mode, in which polyketides accounted for the most identified secondary
metabolites (Figure 2D).
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Table 1. Demographic and laboratory parameters of the study cohorts.

Characteristics Data Not Available Control SBS p-Value
Total n 18 20
Demographics
Age (months) 48 (24.00-84.00) 4.01 (2.42-6.93) <0.001
Sex, male, n (%) 11 (61.1%) 14 (70.0%) 0.815
Preterm birth, n (%) 2 (11.11) 13 (65.0) 0.002
Antibiotics, n (%) 0(0.0) 17 (85.0) <0.001
Laboratory parameters
RSL (cm) 60 (47.50-70.00)
PN duration (days) 191 (121-247)
Ileocecal valve, n (%) 13 (65.0)
Bile acid (umol/L) 4.25 (2.52-5.00) 3.85(1.48-17.92) 0.965
Creatinine (umol/L) 2 31.05 (22.70-37.08) 18.60 (16.60-20.82) <0.001
ALT (U/L) 13.25 (10.57-17.60) 104.00 (75.12-248.00) <0.001
AST (U/L) 42.85 (37.95-48.37) 143.00 (95.75-345.00) <0.001
Sodium (mmol/L) 2 138.50 (135.25-139.95)
To(tilrfgli/r‘f;in 4.65 (3.70-6.22) 34.90 (14.70-92.55) <0.001
Dir(‘frtnboillji‘l)bin 0.00 (0.00-0.00) 0.00 (0.00-39.65) 0.001
Albumin (g/L) 46.85 (44.23-48.35) 32.70 (31.15-37.23) <0.001
GGT(U/L) 11.00 (10.00-13.75) 114.50 (67.25-188.75) <0.001
White blood ;‘iﬂ count, 1445 (11.33-19.12)

Platelet counts, x10°/L

341.00 (253.75-362.50)

Prothrombin (s)

15.90 (14.60-16.95)

INR

1.45 (1.33-1.54)

Note: Data are presented as median (IQR). Bold font indicates significance (p-value < 0.05). Abbreviations: ALT,
alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; INR, international
normalized ratio; PN, parenteral nutrition; RSL, remaining small intestine length.

We next performed the pathway enrichment analysis of differential metabolites based
on the KEGG database (Figure 2E,F). Overall, pathways associated with amino acid
metabolism and cell death were significantly enriched. For example, “histidine metabolism”
and “biosynthesis of amino acids” were significantly enriched in both modes. Pathways
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including “tyrosine metabolism”, “tryptophan metabolism”, “phenylalanine, tyrosine and

v

tryptophan biosynthesis”, “D-glutamine and D-glutamate metabolism”, “cysteine and
methionine metabolism”, “arginine biosynthesis”, and “alanine, aspartate, and glutamate
metabolism” were exclusively enriched in the negative mode (Figure 2F). In addition,

cell death-associated pathways including “necroptosis”, “mTOR signaling pathway”, and
“apoptosis” were significantly enriched in SBS compared to controls (Figure 2E).
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Figure 1. The metabolomic profile is altered in patients with SBS. (A,B) PLS-DA and validation
plots from the SBS patients and non-SBS controls in positive mode ((A), R2Y = 0.99, Q2 = 0.87) and
negative mode ((B), R2Y = 0.99, Q2 = 0.94). (C,D) Hierarchical clustering of differential metabolites in
positive mode (C) and negative mode (D). Data were log2-transformed and zero-mean-normalized,
and Euclidean distance was calculated. PLS-DA, partial least squares discriminant analysis.
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Figure 2. Functional annotation of differential metabolites identified in the SBS cohort.
(A,B) Volcano plots showing differential metabolites in patients with SBS compared to non-SBS
controls in positive mode (A) and negative mode (B). Green represents the down-regulated differen-
tial metabolites, red represents the up-regulated differential metabolites, and metabolites without
statistic difference are labeled gray. (C,D) Classification of differential metabolites identified in
positive mode (C) and negative mode (D). The X axis represents the number of metabolites in each
class, and the Y axis represents the metabolite classification entries. Others means that classification
information is the remaining categories. (E,F) Metabolic pathway enrichment analysis of differential
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metabolites based on the KEGG database in positive mode (E) and negative mode (F). RichFactor is
the number of differential metabolites annotated to the pathway divided by all identified metabolites
annotated to the pathway. The dot size represents the number of differential metabolites annotated to
this pathway. Metabolic pathways with p-value < 0.05 were significant. VIP, variable importance in
the projection.

Table 2. Top 10 differential metabolites in SBS patients compared to controls.

Name vIP Ratio p-Value Up/Down
Fluconazole 2.15 15,234.08 0.004 up
Cefmetazole 1.95 4712.83 0.0011 up

1'(4'meﬁ‘;&‘ggﬁiﬂgﬁﬁiﬁer‘tanﬂ 3.15 427850 0 up
Penicilloic acid 1.34 4117.74 0.0134 up
Midazolam 3.58 3119.08 0 up
Omeprazole 2.51 2981.79 0.0003 up
Alpha-hydroxymidazolam 3.46 2787.79 0 up
Cefuroxime 1.67 1597.61 0.0003 up
2-(4-Methyl-5-thiazolyl)ethyl butanoate 3.48 1117.76 0 up
Benzothiazole 2.26 613.59 0 up
Cystathionine 1.46 —1666.67 0.044 down
Piperine 3.20 —555.56 0 down
Guaiacol sulfate 3.23 —357.14 0 down
Dihydronaringenin-o-sulphate 2.36 —312.50 0 down
hesperetin 3’-O-sulfate 1.92 —312.50 0.0004 down
Methyl indole-3-acetate 2.75 —270.27 0 down
2,4,5-Trimethoxybenzaldehyde 1.23 —142.86 0.0057 down
(e)-4-methoxycinnamic acid 1.54 —140.85 0.001 down
3-(7-hydroxy-4-oxo-4h-chromen-2-
yl)phenyl 2.25 —129.87 0 down
hydrogen sulfate
5-sulfooxymethylfurfural 3.15 —123.46 0 down

Abbreviations: VIP, variable importance in projection.

2.3. Development of IFALD in SBS Is Associated with Alterations in the Metabolomic Profiling

Approximately 20-30% of infants and children with SBS who require prolonged
PN will develop IFALD [10,11]. In children, IFALD is characterized more by cholestasis.
Therefore, we stratified SBS patients into non-IFALD (n = 14) and IFALD (n = 6) groups
based on serum direct bilirubin level (>34.2 umol/L) to investigate whether the presence
of IFALD is associated with alterations in metabolomic profiling. Among all the identified
metabolites, 49 (17 up- and 32 down-regulated, positive mode) and 79 (42 up- and 37 down-
regulated, negative mode) metabolites were identified as differential metabolites (VIP > 1,
FC > 1.2 or <0.83, and p-value < 0.05; Table S2) when comparing IFALD with non-IFALD,
as shown by volcano plots (Figure 3A,B). The top 10 up- and down-regulated differential
metabolites are listed in Table 3. Similarly, we detected several drug derivatives, such as
probucol, 8-hydroxydemethylclomipramine, and chlorcyclizine. Differential metabolites
were mainly classified as “benzene and derivatives” and “amino acids, peptides, and
analogues” in both modes (Figure 3C,D). Hierarchical clustering analysis showed that
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IFALD patients clustered differently compared to non-IFALD patients in the SBS cohort

(Figure 3E,F).
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Figure 3. Altered plasma metabolomic profile in SBS patients with IFALD. (A,B) Volcano plots
showing differential metabolites in SBS patients with IFALD (n = 6) compared to non-IFALD (n = 14)
in positive mode (A) and negative mode (B). Green represents the down-regulated differential
metabolites, red represents the up-regulated differential metabolites, and metabolites without statistic
difference are labeled gray. (C,D) Classification of differential metabolites identified in positive mode
(C) and negative mode (D) SBS patients with IFALD. (E,F) Hierarchical clustering of differential
metabolites in positive mode (C) and negative mode (D). Data were log2-transformed and zero-mean-
normalized, and Euclidean distance was calculated.
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Table 3. Top 10 differential metabolites in SBS patients with IFALD.

Name VIP Ratio p-Value Up/Down
Probucol 2.3583 13.9615 0.0267 up
8-hydroxydemethylclomipramine 2.2311 8.9335 0.0102 up
Chlorcyclizine 2.368 6.3946 0.0008 up
Neocasomorphin (1-5) 1.8981 5.6374 0.0101 up
Bis(5-hydroxynoracronycine) 1.6297 5.4574 0.0247 up
2-acetamido-1,5-anhydro-2-deoxy-3-
o-beta-d-galactopyranosyl-d- 2.8951 4.7293 0.0019 up
arabino-hex-1-enitol
Ginsenoyne B 1.7813 4.6596 0.004 up
Hydroxychloroquine 1.5343 4.6471 0.0397 up
Tropicamide 1.7151 4.5564 0.0181 up
Histidylphenylalanine 1.6365 4.4079 0.016 up
Dehydrophytosphingosine 1.3912 —32.3625 0.0216 down
C.I Acid Red 13 2.3328 —31.1526 0.007 down
Norfentanyl 1.8038 —25.0000 0.0146 down
2-ethoxy-4-(4-methyl-1,3-dioxolan-2- 24751 —22.0751 0.0039 down
yl)phenol
Benzolalpyrene-78 dihydrodiol- 1.6514 —20.5761 0.0062 down
9,10-oxide
(+/ —)-hesperetin 1.8447 —17.1527 0.0439 down
Brassinin 1.8249 —13.9082 0.0315 down
Pseudopelletierine 2.3423 —13.7363 0.013 down
Sinalbin B 1.546 —13.5318 0.0215 down
Skatole 1.0416 —11.5340 0.012 down

Abbreviations: VIP, variable importance in projection.

Next, we investigated the correlations between serum direct bilirubin levels and
differential metabolites in SBS patients. Interestingly, the heatmap analysis showed that
direct bilirubin was negatively correlated with uridine, skatole, and glabrol but positively
correlated with methionine sulfoxide, Tyr-Phe, and histidylphenylalanine, among others
(Figure 4).

2.4. Metabolites Improve Predictive Accuracy of Long-Term PN in SBS

As long-term PN in SBS is an important risk factor for developing sepsis and IFALD [12,13],
we aimed to predict whether SBS-IF patients require long-term PN support based on clinical
parameters and metabolomic features. We stratified SBS patients into two groups (n = 10 for
each group), PN short-term and PN long-term, using the median (191 days) of PN duration
as the cutoff. Among all differential metabolites in SBS, univariate regression analyses
identified that six of them were significantly associated with long-term PN after adjusting
for age, preterm birth status, and antibiotics (Table S3). Interestingly, glutamine level was
associated with long-term PN (p = 0.05) and was significantly increased in the long-term
PN group compared to the short-term PN group (Figure 5A). Therefore, glutamine was
included in the prediction model for long-term PN.
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Figure 4. Serum direct bilirubin levels correlate with differential metabolites in SBS patients.
Heatmap representing color-coded Spearman’s correlations between serum direct bilirubin levels
and differential metabolites identified in IFALD (n = 6) patients compared to non-IFALD (n = 14)
patients in the SBS cohort. Red color indicates positive correlation, and blue color indicates negative
correlation. * p < 0.05, ** p < 0.01, *** p < 0.001.

For clinical parameters, univariate regression analyses showed that serum creatinine
level (p = 0.098) was significantly associated with long-term PN (cutoff p < 0.1; Supple-
mentary Table S4). Multivariate logistic regression analyses were performed to develop
prediction models for long-term PN in SBS. After adjusting for age, preterm birth status,
and antibiotics, we found that creatinine alone had an AUC of 0.920 (95% CI: 0.798-1.000),
whereas adding glutamine significantly improved the predictive accuracy (likelihood ra-
tio p-value = 0.005). This model (glutamine + creatinine) had an AUC of 0.980 (95% CI:
0.929-1.000) for the prediction of long-term PN (Figure 5B). Overall, our data suggest
that assessing systemic metabolomics in SBS patients with IF might be helpful to identify
patients who need long-term PN support.
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Figure 5. Prediction of long-term PN using clinical features and glutamine in patients with SBS.
(A) Plasma level of glutamine (log transformation) in SBS patients and controls. SBS patients were
stratified into two groups (short-term PN and long-term PN) using the median of PN duration as
cutoff. (B) Receiver operating curves (ROCs) were created based on multivariate regression model to
predict long-term PN support in SBS. ** p < 0.01, *** p < 0.001.

3. Discussion

In this study, we performed untargeted metabolomics in pediatric SBS patients with
IF to demonstrate the translational utility of metabolomics for predicting long-term PN.
There were several key findings from this work. First, substantial alterations of metabolites
and pathways were associated with amino acid metabolism and cell death in SBS. In SBS
patients with IFALD, we observed significant reductions in skatole, glabrol, and uridine that
were negatively correlated with serum direct bilirubin. Among all differential metabolites
in SBS, glutamine was found to be significantly reduced in SBS patients with the short-term
PN group and was negatively correlated with PN duration. Finally, a multivariate logistic
regression model using glutamine and creatinine demonstrated a high prediction accuracy
for long-term PN in SBS. Since long-term PN is an important risk factor for developing
sepsis and IFALD, both of which contribute to the high mortality in patients with SBS-IF,



Metabolites 2022, 12, 600

11 of 16

metabolites together with clinical parameters might help to identify patients who need
long-term PN support in the future.

In patients with SBS, we observed a substantial proportion of differential metabolites
that were classified as amino acids accompanied by alterations of amino acid-associated
metabolism pathways. Amino acids are the building blocks of proteins, the disturbance of
which may have detrimental effects on life-sustaining chemical processes. In PN-dependent
patients, an inadequate supply of amino acids can cause muscle mass reduction and
atrophy [14]. In prematurely born infants, PN mixtures enriched in tyrosine, glutamine,
taurine, arginine, and cystine are needed to overcome the metabolic immaturity for healthy
growth [15]. In addition, we showed the enrichment of glutamine and glutamate-associated
metabolism pathways and the significant down-regulation of glutamine levels in SBS.
Glutamine is an important amino acid in the modulation of epithelial barrier function
under luminal threats [16]. Previous studies showed that glutamine metabolism was
impaired in infants underwent small bowel resection [17] and that supplementing dietary
glutamine improved gut barrier function in a rat model of SBS [18]. In total parenteral
nutrition (TPN) mice, glutamine supplementation prevented the loss of epithelial barrier
function and mucosal atrophy accompanied by decreased intestinal permeability and
increased expression of tight junction proteins [19]. Furthermore, glutamate is a precursor
for the stepwise production of citrulline and proline. Previous studies have described
citrulline as a biomarker for remnant enterocyte mass and absorptive function, and its
level is reduced in patients with SBS. In patients with SBS-IF, the baseline plasma citrulline
level was found to be significantly correlated with small bowel length, and teduglutide
treatment for 24 weeks increased the citrulline level [20]. Consistent with previous findings,
the perturbation of glutamine metabolism might indicate a promising therapeutic option
in pediatric SBS patients.

IFALD has been characterized as a hepatic complication that contributes to significant
morbidity in both neonates and adults with IF [21]. The pathogenesis of IFALD has been
summarized as the combined effects of the reduced ileal enterocyte production of fibroblast
growth factor 19 (FGF19) and the inhibition of hepatic farnesoid X receptor (FXR) that
lead to increased bile acid synthesis and retention [22]. In our study, we identified dehy-
drophytosphingosine as the most down-regulated metabolite in the IFALD group. A recent
study by untargeted metabolomics using stool samples from infants receiving PN showed
that low birth weight, extreme prematurity, longer duration of PN, and greater number of
antibiotic courses were all risk factors for developing PN-associated cholestasis (PNAC).
Among all stool biomarkers for the early prediction of PNAC, 12 out of 78 were identified
as sphingomyelin lipids that were positively correlated with PNAC [7]. Due to the limited
number of patients with IFALD, we did not detect significant changes in the classification
of sphingomyelin lipids. Among all differential metabolites in IFALD, we demonstrated
that uridine, skatole, and glabrol were significantly reduced and negatively correlated
with direct bilirubin, suggesting that their deficiency might contribute to the pathogenesis
of disease. Recent studies showed that uridine attenuates carbon tetrachloride-induced
liver fibrosis in mice. In vitro, uridine treatment inhibited the expression of alpha-smooth
muscle actin (x-SMA) and the migration of hepatic stellate cells (HSCs) [23]. Additionally,
uridine administration prevented tamoxifen-induced lipid accumulation in mice, possibly
by promoting the biosynthesis of membrane phospholipids [24]. Interestingly, we detected
a strong negative correlation between direct bilirubin and skatole levels. Although skatole
is mostly reported as a fecal metabolite, our data suggest that it could be used as a plasma
biomarker for the development of IFALD in SBS. As a tryptophan metabolite with fecal
odor, previous studies regarding skatole were mostly focused on pigs [25]. Skatole has been
detected in feces, urine, adipose tissue, and plasma, and its concentration can be affected
by feeding strategies and additives [26]. In addition, Deng et al. [27] compared the plasma
skatole levels between healthy pregnant women and pregnant women with hepatitis B
virus (HBV) infection. They found that plasma skatole levels were significantly different
between two groups. In pregnant women with HBV infection, the concentrations of skatole
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compounds were positively associated with transaminase levels. Future studies are needed
to validate the associations between skatole levels and the development of IFALD in a
larger cohort and by targeted metabolomics.

Severe SBS is a major cause of IF that may be reversible, depending on anatomy and
intestinal adaptation. PN is required for IF patients to provide nutritional support, but
the development of severe complications has been a persistent concern [3]. It has been
reported that SBS patients at age <1 year have high fluid and nutritional requirements
for normal growth and development, and they are more susceptible to PN-associated
complications [28]. Therefore, it is imperative to identify SBS-IF patients who need long-
term PN. In adults, a previous study by Messing et al. [28] showed that a small bowel
length of less than 100 cm is highly predictive of permanent IF. After 2 years of PN, the
probability of permanent IF is 94%. In neonates with SBS, survivors with >50 cm of residual
bowel had an 88% chance to wean off from PN in 1 year [29]. Importantly, a preserved
ileocecal valve in SBS patients was found to be associated with shorter PN duration [30].
Although it is critical for IF patients to wean off PN as intestinal adaptation progresses, this
process is highly individualized and complex, and more than 90% of patients who cannot
be weaned in 2 years eventually become PN-dependent [4]. In our study, we showed that
the level of creatinine was significantly associated with long-term PN. As creatinine is not
included in PN solution, the entire creatinine requirement results from de novo synthesis
from arginine. In a piglet mode of TPN, creatinine supplementation was found to result in
greater protein synthesis in the liver and kidney and lower liver cholesterol, suggesting
that the addition of creatinine appears to be necessary in rapidly growing neonates [31].
Consistently, our model suggests that a lower creatinine level might be an indicator of a
long-term PN requirement, but more research is needed to investigate the role of creatinine
in SBS-IF. Since there is no biomarker available to predict long-term PN in patients with
SBS-IF, glutamine together with simple clinical parameters might help in the future.

A strength of our study is the very well-characterized study cohort that included both
SBS patients and controls. As the first study to evaluate systemic metabolomic profiles in
SBS patients, we have provided a valuable tool to non-invasively predict the long-term
requirement of PN. Despite the strengths of the reported findings, several limitations
should be noted. First, our study was limited by the small sample size in the SBS cohort.
Although we had twenty patients with SBS, only six patients developed IFALD. Second, our
study showed that a substantial portion of differential metabolites were drug derivatives,
possibly due to the medications used by SBS patients. Last, targeted metabolomics and
an independent perspective cohort to validate our findings and predictive model are also
needed in the future.

4. Materials and Methods
4.1. Study Cohorts

Plasma samples were collected from 20 patients with SBS and 18 non-SBS controls
from January 2018 to March 2021. SBS was diagnosed via the extensive surgical resection
of intestine and required PN administration since the day of admission to the Division
of Pediatric Gastroenterology and Nutrition. PN duration was defined from the day re-
ceiving PN to the day of weaning off from PN or the death of the patient, as previously
described [32]. For SBS patients, exclusion criteria included: (1) patients with obstructive
jaundice, suspected or identified biliary tract atresia, viral hepatitis, congenital abnormali-
ties associated with metabolism, major chromosomal diseases, cytomegalovirus infection,
and congenital/acquired immune deficiency; (2) patients with primary malignancy at the
time of SBS occurrence; (3) patients with functional short bowel (e.g., chronic intestinal
pseudo-obstruction and congenital SBS); and (4) PN duration of less than 90 days. A
complete medication and medical history were collected at admission. IFALD is defined as
serum direct bilirubin >2 mg/dL (34.2 pmol/L) in SBS patients who have received PN for
at least 90 days and in whom other causes of liver diseases have been excluded [33,34].
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For non-SBS controls, subjects with impaired gut function or systemic diseases were
excluded. The baseline characteristics of the SBS patients and controls are summarized in
Table 1. All clinical sample collection was approved by Ethics Committee of Xinhua hospital
affiliated with Shanghai Jiao Tong University School of Medicine (XHEC-C-2021-110-1),
with informed consent from the parents or legal guardians.

4.2. Untargeted Metabolomics and Data Processing

Metabolite extraction was performed as previously described [35,36]. In short, 100 pL
plasma samples were extracted by directly adding 300 uL of precooled methanol and
acetonitrile (2:1, v/v), and an internal standard mix was added as a quality control (QC) of
sample preparation. After vortexing and sonicating, samples were incubated at —20 °C
for 2 h and centrifuged for 15 min at 20,000 rcf. The supernatant was then transferred for
vacuum freeze-drying. The metabolites were resuspended in 100 L of 70% acetonitrile and
centrifuged for 15 min at 20,000 rcf, and the supernatants were transferred to autosampler
vials for liquid chromatography-tandem mass spectroscopy (LC-MS/MS) analysis. A
QC sample was prepared by pooling the same volume of each sample to evaluate the
reproducibility of the whole LC-MS/MS analysis. The metabolite extracts were analyzed on
a Waters 2D UPLC (Waters, Milford, MA, USA) coupled to a Q Exactive mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) with a heated electrospray ionization (HESI)
source. Chromatographic separation was performed on a Waters ACQUITY UPLC BEH
Amide column (1.7 um, 2.1 mm x 100 mm, Waters, USA) with the temperature maintained
at 30 °C. Mass spectrometry analysis was conducted in the positive and negative ion modes.

Raw data were imported into Compound Discoverer 3.1 (Thermo Fisher Scientific,
USA) for data processing, including peak extraction, retention time correction, additive ion
pooling, missing value filling, peak labeling, and metabolite identification. The metabolites
were identified through the combined results of the BGI Library (BGI inhouse-developed
standard library), mzCloud, and ChemSpider (HMDB, KEGG, LipidMaps) databases. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) and the Human Metabolome Database
(HMDB) databases were referred to classify and annotate the identified metabolites in
order to understand the classification of the metabolites. MetaX [37] was used for statistical
analysis, including partial least squares discriminant analysis (PLS-DA) and metabolic
pathway analysis. Differential metabolites were selected based on the variable importance
in projection (VIP) of the first two principal components of the PLS-DA model >1, fold
change > 1.2 or <0.83, and p-value < 0.05.

4.3. Statistical Analysis

All statistical analyses were performed using packages in R statistical software (http:
/ /www.R-project.org) or SPSS version.26 (IBM corporation, Chicago, IL, USA). Two groups
were compared using the two-sided Mann-Whitney U test. Comparisons among the three
groups were conducted using one-way analysis of variance (ANOVA) with Tukey’s post
hoc test. Spearman’s correlation was performed using the corr.test function in R to calculate
the correlations. All statistics were two-sided. As long-term PN is associated with the de-
velopment of several complications, we stratified SBS patients into two groups (short-term
PN and long-term PN) using the median of PN duration as the cutoff. The two missing
values of creatinine were filled with the mean value. Univariate regression analyses were
performed for differential metabolites and clinical parameters to determine the associa-
tions with long-term PN. For differential metabolites, each variable was separately tested
after adjusting for age, preterm birth, and antibiotics. Significant metabolomic features
(p-value < 0.05) and clinical parameters (p-value < 0.1) were included in the multivariate
logistic regression analysis to develop prediction models for long-term PN. The likelihood
ratio test from the “rms” package in R was used to test whether adding metabolomic
features to clinical parameters significantly improves the prediction accuracy in multivari-
ate logistic regression models [38]. Receiver operating characteristic (ROC) analysis was
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performed based on multivariate logistic regression, and the area under the curve (AUC)
was reported.

5. Conclusions

In our study, we identified unique changes in the metabolomic profile associated with
PN duration in patients with SBS. Our study provides valuable information for character-
izing the global metabolomic profile in SBS and identifying patients who need long-term
PN. We will validate our findings in a larger cohort of SBS by targeted metabolomics in our
future studies.
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