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 Background: Autism spectrum disorder (ASD) is a complicated neuropsychiatric disease that displays significant heteroge-
neity. The diagnosis of ASD is currently primarily dependent upon descriptions of clinical symptoms, and it re-
mains urgent to find biological markers for the detection and diagnosis of autism. The current study applied 
the urinary metabolic profiling approach to characterize metabolic phenotypes in ASD.

 Material/Methods: Urine was obtained from children with ASD and their matched healthy siblings. Samples were analyzed using 
1H NMR-based methods designed to measure a broad range of metabolites. Partial least-square-discriminant 
analysis (PLS-DA) was used to develop models to identify metabonomic variations that can be used to distin-
guish between individuals with ASD and their unaffected siblings.

 Results: A significant difference was observed between the metabolomic profiles of children with ASD and that of their 
healthy siblings. An increase in the levels of tryptophan, hippurate, glycine, and creatine, and a decrease in trig-
onelline, melatonin, pantothenate, serotonin, and taurine were observed compared to the control group. We 
conclude that several metabolic pathways are affected by autism, which suggests that a gut-brain link may be 
important in the pathophysiology of ASD.

 Conclusions: 1H NMR-based metabonomic analysis of the urine can determine perturbations of specific metabolic pathways 
related to ASD and help identify a characteristic metabolic fingerprint to better understand the disease and its 
causes.
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Background

Autism spectrum disorder (ASD) is a major neurodevelop-
mental disorder. Epidemiological investigation reveals that 
the prevalence rate of ASD is 1% to 2% worldwide, making it 
the most common developmental disability in the world [1] 
with the highest morbidity rate of neurodevelopmental disor-
ders [2]. According to WHO statistics, about 35 million people 
worldwide have autism. As many as 1.5 million of that pop-
ulation are in China [2]. Typical autism, that is, autism in the 
traditional sense, has 3 major core symptoms: narrow interest 
and repetitive stereotyped behaviors, lack of social communi-
cation skills, and language and nonverbal communication dis-
orders [3–5]. Because neurological and mental development is 
severely impeded, 75% of typical autistic patients have men-
tal retardation, and 50% to 70% of adult patients still have so-
cial maladjustment or lifelong developmental disabilities, with 
significant impacts on both themselves and their friends and 
family. Thus, the social and economic burden of ASD is con-
siderable throughout life [6–8].

Due to the heterogeneity of autism, the underlying mecha-
nism remains unclear. Therefore, the diagnosis and treatment 
of ASD presents a significant medical challenge. The diagno-
sis of ASD has been primarily dependent on descriptions of 
clinical symptoms and testing for multiple criteria listed in the 
Diagnostic and Statistical Manual of Mental Disorders, Fourth 
Edition (DSM-IV-TR) [9–11]. However, due to differences in cul-
ture and educational levels across the world, the validity of au-
tism rating scales and behavior checklists has often by ques-
tioned [12]. Furthermore, while we can make a diagnosis of 
ASD in children as young as 3 years old, it is still very difficult 
to diagnose in younger children [13]. There remains a pressing 
need to find biological markers for detection and diagnosis of 
autism. There is evidence that impaired metabolism plays an 
important role in the etiology of ASD, such as nitrogen metab-
olism-related parameters that show a significant role in au-
tism [14]. While past research has revealed some distinctive 
biochemical indices in children with autism, because of the low 
sensitivity and reliability of these biomarkers, these findings 
have not previously been used in the diagnosis of ASD [15–17].

In the context of systems biology, various “omics” approach-
es, such as genomics and transcriptomics, have been gain-
ing traction and interest due to their potential to better re-
veal biomarkers and understand the pathobiology of autism. 
It has now been just over 20 years since the terms “metabo-
lomic” or “metabonomic” were first introduced into the scien-
tific literature to describe the large-scale study of metabolites 
expression in cells and tissues [18]. Since then, metabonomics 
has provided important insights into physiological and disease 
states and has advanced the understanding of underlying bio-
chemical pathways. The potential applications and importance 

of metabonomics in autism research lie in its ability to iden-
tify metabolites, networks of biofluid, and metabolic states. 
This study is the first to detect metabolomic changes in chil-
dren with autism from areas within Eastern Asia and to find 
metabolic disorders related to the perturbation of carbohy-
drates, amino acids, and oxidative stress. The establishment of 
a multi-modal detection program, including (1)H- and (1)H-(13)
C NMR-based methods and LC-HRMS-based approaches, pro-
motes the discovery of new biomarkers and identification of 
specific metabolic phenotypes in the ASD population [19,20]. 
Moreover, a recent study revealed insights regarding mamma-
lian-microbial co-metabolites in ASD patients [21–23].

In the present study, we used the 1H NMR-based metabolic 
profiling approach to detect biochemical changes in the me-
tabolomic profiles of autism patients. Multivariate statistical 
modeling was applied to find differences compared to healthy 
sibling controls and to identify promising metabolic biomarkers 
for the clinical diagnosis of autism in further studies.

Material and Methods

Patient	selection,	urine	sample	collection,	and	preparation

The study was approved by the Ethics Committee of Shenzhen 
Kangning Hospital (Approval number 2019-K014-01-2). Parents 
or guardians of each participant gave informed consent before 
their children were included in this study. Autistic subjects and 
their healthy siblings, all 3-9 years old, were recruited from 
Shenzhen Kangning Hospital. The DSM-IV criteria were used 
for the diagnosis of ASD, and the Childhood Autism Rating 
Scale (CARS) and Autism Behavior Checklist (ABC) were used 
by experienced neuropsychologists for screening and diagno-
sis of autism patients [12].

Morning first-pass urine samples were collected and imme-
diately frozen to avoid bacterial overgrowth. Aliquots were 
then stored at –80°C until they were delivered for metabolo-
mics analysis. Before detection, urine samples were placed at 
room temperature to thaw and were then mixed by a vortex.

After being centrifuged for 10 min at 12 000 rpm, the super-
natants of each urine sample (600 μL) were mixed with 60 μL 
of phosphate buffer (1 M Na2HPO4/NaH2PO4, pH 7.4) contain-
ing 1% 3-trimethylsilyl-1-[2,2,3,3-2H4] propionate (TSP) and 
2 mM NaN3. Urine samples at pH 7.35–7.45 (7.4±0.05) were 
then transferred into 5-mm NMR tubes (Bruker SampleJet) [24].

1H	NMR	spectroscopy	analysis

Using methods we previously reported [25,26], spectra were 
obtained on a Bruker Avance III 600 spectrometer. The 1H NMR 
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spectra were read out using a uniform one-dimensional pulse 
sequence. Typically, 128 transients were divided into 64 K 
data points with a spectral width of 12 000 Hz, an accession 
time of 2.73 s, and a relaxation delay of 4 s. The correspond-
ing line-broadening factor at 0.3 Hz was applied to all spectra 
before Fourier transformation. All 1H NMR spectra were pro-
cessed automatically in-phase, and baseline corrections were 
made using Topspin 3.2 software (BrukerBioSpin, Rheinstetten, 
Germany) and were referenced at TSP peak resonance at 0.00 
ppm. The transformed urine spectra were aligned regarding 
the TSP-d4 resonance at 0 ppm. The residual water and urea 
(4.71–5.06 and 5.72–5.94 ppm) were removed. 1H NMR spec-
tra (0−9.5 ppm) were divided into 147 buckets. After buckets 
with low variability in patients (RSD <15%) were removed, 
the data table (138 buckets) was analyzed using partial least-
square regression discriminant analysis (PLS-DA).

Data	processing

Multivariate data analysis was conducted using SIMCA soft-
ware (v 14.0, Umetrics). All the variables were mean-centered 
and scaled by the standard deviation. PLS-DA was used to ac-
quire intrinsic biochemical dissimilarities between predefined 
sample classes. Significantly characteristic differential metab-
olites or metabolic features between ASD patients and sibling 
controls were screened using the S-plot of the PLS-DA mod-
el [27]. The Q2 value is a measure of the predictability of the 
model, in which the R2Y value indicates the goodness of fit. 
The maximal theoretical value for Q2 is equal to 1 for fitness 
and predictability. The adjusted P value of the inter-groups 
nonparametric test (Mann-Whitney U test) for the potential 
differential metabolites was less than 0.05.

Biochemical	assay	for	important	indices	in	urine

Urine taurine, serotonin, and tryptophan were determinate 
by a simple colorimetric assay kit (Abcam), while urinary cre-
atinine was assessed with an Autolab-PM4000 Automatic 
Analyzer (AMS Co., Rome, Italy) using a standardized assay kit.

Results

Demographic	and	clinical	characteristics	of	participants

We collected 44 urine samples (22 ASD and 22 sibling controls). 
Figure 1 shows patient flow through the trial. Information for 
each participant, including age, sex, medication, and age at 
sampling, was collected. The diagnosis of ASD was performed 
using the Autism Behavior Checklist (ABC) and the Childhood 
Autism Rating Scales (CARS) Schedule for the assessment of 
communication and social interaction. Clinical assessments 
were conducted to ensure that the 22 healthy biological siblings 

(control group) ages 5–12 (15 males and 7 females) were neg-
ative for autistic behavior. Characteristics of the study partici-
pants are summarized in Table 1.

1H	NMR	spectroscopic	profiles	of	urine	samples

Typical 1H NMR spectra profiles of urine samples that were ob-
tained from children with ASD and their healthy siblings are 
shown in Figure 2, with each peak or 2 peaks indicating the 
different metabolites. The assignment of urinary metabolites 
could be referenced to chemical shifts reported in the pub-
lished literature and online databases (HMDB) [28,29], which 
indicate that the 1H NMR spectral region covers all urinary me-
tabolites. Thus, 1H NMR spectroscopy may be a rapid and reli-
able analytical tool that can simulate measurement of differ-
ent metabolites with high reproducibility.

PLS-DA analysis of ASD vs. sibling controls

To determine whether the urinary metabolite fingerprints 
showed significant differences between children with ASD 
and the healthy sibling control group, the PLS-DA models 
were established and employed. PLS-DA helped maximize the 

Participant
n=44

Diagnosis of ASD:
Autism behavior
Checklist (ABC)
Childhood autism
Rating scale (CARS)

ASD
22

Sibling
22

Figure 1. Flow diagram of patients through the trial.

Autism Control (siblings)

Participants N =22 N =22

Gender (Male: Female) 17: 5 15: 7

Age (mean±SD)  7.6±1.8  6.4±3.3

ABC total score 
(mean±SD)

 54.25±2.3 –

CARS total score 
(mean±SD)

 37.33±1.9 –

Table 1.  Demographic and clinical features of participants in this 
research.

ABC – Autism Behaviour Checklist; CARS – Childhood Autism 
Rating Scales; SD – standard deviation.
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discrimination between samples assigned to different groups. 
As revealed by Figure 3A, the rational segmentation between 
ASD and sibling healthy sample dot showed differences in clas-
sification between the clustering of the 2 groups.

In addition, a random permutation test was performed to vali-
date the models. The variance and predictive ability (R2X, R2Y, 
Q2) were established. R2Y provides an estimate of how well 
the model fits the Y data. In Figure 3B, the green dot repre-
sents the R2 value obtained from the replacement test, the blue 
square dots represent the Q2 value obtained from the replace-
ment test, and the 2 dashed lines represent the return line of 
R2 and Q2 values. All permuted R2Ys were below or around 
0.6 for positive and negative modes. All permuted Q2s were 

below or around 0 for positive and negative modes, indicat-
ing that the established model is consistent with the real sit-
uation of the sample data. In general, the original model had 
good prediction characteristics.

Using an NMR-based metabolomics approach and multivariate 
statistical tools, we were able to find chemical markers capable 
of discriminating between children with ASD and healthy sibling 
controls. The corresponding loading plots were used to reveal 
which metabolites contributed most to the separation of the 2 
groups in the score plots (Figure 3C). Peaks in the positive di-
rection indicate metabolites that are more abundant in the ASD 
group; consequently, metabolites that are more abundant in the 
control group are presented as peaks in the negative direction.

ASD ×5

Control

9.5 9.0 8.5 8.0 7.5 6.57.0 5.56.0 4.55.0 3.54.0 2.53.0 1.52.0 ppm1.0

Figure 2.  NMR spectrum (d0.5–6.2 and d6.2–9.5) of urine at 600 MHz, with a typical 1H spectrum as an external spectrum, 
showing the assignment of the significant metabolites responsible for distinguishing children with ASD from non-
autistic children. The region of d6.2–9.5 (in the dashed box) was magnified 5 times compared with the corresponding 
region of d0.5–6.2 for the purpose of clarity. Ace – acetate; Ach – acetylcholine; Aco – trans-aconitate; Act – acetone; 
Ad – acetamide; AH – aminohippurate; Ala – alanine; Asc – ascorbate; Bu – butyrate; Cap – caprate; Cho – choline; 
Ci – citrate; Cn – creatinine; Cr – creatine; DHT – dihydrothymine; DMA – dimethylamine; DMG – N, N-dimethylglycine; 
EA – ethanolamine; For – formate; Fum – fumarate; GA – guanidoacetate; GABA – Gama-aminobutyrate; 
Glu – glutamate; Gly – glycine; HIB – 2-hydroxyisobutyrate; Hip – hippurate; HMM – 3-hydroxy-4-methoxymandelate; 
HP – 3-hydroxypyruvate; IB – isobutyrate; IL – indolelactate; Ino – inosine; KG – a-ketoglutarate; Lac – lactate; 
Leu – leucine; Lys – lysine; M – malonate; Mal – malate; Met – methionine; MG – methylguanidine; MM – methylmalonate; 
Mol – methanol; NAA – N-acetylalanine; NMN – N-methylnicotinamide; NP – neopterin; OA – oxaloacetate; PA –picolinate; 
PAG – phenylacetylglycine; Pan – pantothenate; Py – pyruvate; Set – serotonin; Suc – succinate; Sum – succinimide; 
Tau – taurine; TMA – trimethylamine; TMAO – trimethylamine N-oxide; Tri – trigonelline; U – unassigned; Val – valine.
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Data	analysis	and	identification	of	potential	biomarkers

To select potential biomarkers related to ASD based on the re-
sults, statistically significant differences for the variables be-
tween the ASD and sibling control group were tested using an 
independent-sample t test. Firstly, the metabolites that differed 
significantly between the ASD group and the sibling control 
group (p<0.05) were selected as discriminating metabolites. 
Next, the variable importance in projection (VIP) greater than 
1 served as a criterion for selecting the importance of discrim-
inating variables. Using the criteria above, a total of 10 me-
tabolite chemical shift (VIP >1, P<0.05) were selected as po-
tential biomarkers. Table 2 summarizes the most promising 

biomarker candidates identified in this study. Our findings sug-
gest that children with ASD display high levels of serotonin, 
taurine, creatine, and tryptophan and low levels of butyrate, 
melatonin, citrate, and pantothenate.

To evaluate the reliability of the results obtained by NMR 
methods, we assayed several important biochemical indi-
ces in the urine (Figure 4). The results for children with ASD 
showed obviously higher levels of taurine, serotonin, trypto-
phan, and creatine.

Control
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Figure 3.  (A) Scatter plot of PLS-DA scores of the first principal component obtained from () controls and () ASD. t[1]p – PLS 
component 1; t [2]p – PLS component 2. (B) Validation of the corresponding partial least-squares discriminant analysis model 
by random permutation analysis. (C) The corresponding loading plots represent single NMR spectral region segments. The 
color map shows the significance of metabolite variations between the 2 clusters.
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Metabolites P-value r VIP

Butyrate: 1.55(mc), 2.19(m) 3.150×10–2 –0.580 3.337

Tryptophan: 4.04(s),3.47(m) 4.586×10–2 0.513 1.708

Citrate: 2.55(d), 2.68(d) 2.066×10–2 –0.650 4.072

Creatine: 3.04(s), 3.93(s) 5.166×10–3 0.612 9.475

Lactate: 1.34(d), 4.11(q) 2.066×10–2 –0.656 1.502

Pantothenate: 0.88(s), 0.93(s), 7.98(s) 2.066×10–2 –0.569 1.245

Serotonin: 6.87(d), 7.13(d), 7.32(s) 9.015×10–3 0.553 1.558

Taurine: 3.27(t), 3.44(t) 2.176×10–2 0.552 5.006

Trigonelline: 4.44(s), 8.01(m), 8.84(t), 9.13(s) 2.589×10–2 –0.575 1.183

Melatonin: 3.84(s), 1.92(s) 8.418×10–3 –0.545 2.072

Table 2. Summary of the discriminant metabolites accountable for the separation of metabolic profiles between control vs. ASD groups.
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Figure 4. (A–C)  Conventional biochemical measurements of metabolite indices in urine from control and ASD groups.
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Discussion

At present, children are diagnosed with ASD through a lengthy 
process involving a range of tests that assess social interac-
tion, communication, and imaginative skills, yet these meth-
ods of diagnosis are not always accurate. To remedy this issue, 
biofluids have proven to be a promising means of facilitating 
diagnosis and providing insight into the pathophysiological 
mechanism behind ASD and related disorders. The discovery 
of biochemical biomarkers from urine is of utmost importance 
in improving the efficiency and accuracy of diagnosis so that 
children receive the treatment and support they need as ear-
ly as possible [30].

In this study, we have shown that children with autism dem-
onstrate systematic metabolic differences compared to sib-
ling controls without autism. Permutation testing using PLS-
DA coefficients show significant differences in the metabolic 
composition of urine between children with and without ASD. 
Statistical analysis of the urinary NMR data identified some 
metabolites that varied significantly, while taurine levels were 
found to be significantly higher in the urine of children with 
autism, a finding that was also shown by biochemical tests. 
This suggests that an increase in levels of urinary taurine in 
autistic patients could indicate alteration in cysteine metab-
olism in autistic individuals. In addition, taurine is involved in 
the methionine cycle and plays an important role in cellular 
protection against free radicals and oxidative stress [31]. In 
addition, the increase in urine excretion of taurine is support-
ed by evidence that autistic children can have a defect in sul-
fate transporters and abnormal sulfur metabolism. Through 
1H NMR analysis, we also identified an increase in levels of 
urinary tryptophan in autistic children. This makes sense, as 
tryptophan is a precursor to 5-hydroxytryptophan (5-HTP), 
which is subsequently converted into serotonin and melato-
nin, and we also found that there were abnormal concentra-
tions of melatonin in patients with ASD. Abnormal melatonin 
synthesis and concentrations can have a critical effect on cir-
cadian rhythm, as identified in people who display autistic be-
havior [32–34]. As serotonin and melatonin are very important 
neurotransmitters related to some physiological and behav-
ioral functions, the precise metabolism of tryptophan into se-
rotonin and melatonin may be linked to a variety of behavior 
and cognitive disorders. Serotonin acts as a key neurotrans-
mitter in the bi-directional system of communication between 
the brain and the gastrointestinal tract (brain-gut axis) [35]. In 
addition, microbiotas in the gut regulate the biosynthesis of 
tryptophan and serotonin, and additional evidence suggests 
that alternate communications between the gut microbiome 
and the brain may play an important role in human brain disor-
ders. These findings are in line with previous research findings, 

as several recent publications have used NMR and LC-MS to 
illustrate the abnormality in tryptophan metabolism in autis-
tic children. A previous study suggested that disruption of the 
serotonin-NAS-melatonin pathway may be a highly sensitive 
and specific biomarker of ASD [36]. Our results provide further 
evidence that perturbations in the tryptophan-serotonin-mel-
atonin pathways are involved in autism. The crosslink of tryp-
tophan-serotonin metabolic pathways with the brain-gut axis 
provide important clues to the pathophysiology of ASD [37]. 
In this study, we used TSP as a chemical shift reference stan-
dard. However, it is noteworthy that TSP is actually sensitive 
to pH. Some studies suggested that 4,4-dimethyl-4-silapen-
tane-1-sulfonic acid (DSS) could be used as the chemical shift 
reference standard for all urinary NMR spectroscopy. Methods 
such as icoshift could be used in the alignment of biofluid to 
enhance the quality of data analysis [38].

In general, our preliminary data suggest that there are impor-
tant differences in the urinary metabolic phenotypes of indi-
viduals with and without ASD, and the specificity of the com-
bination of these urinary biochemical biomarkers regarding 
ASD neurodevelopment conditions requires further evalua-
tion. At the same time, whether the differential metabolites 
are the cause of autism or are instead the results of patholog-
ical development still remains to be determined in further clin-
ical studies or through simulation in animal models. Overall, 
our results indicate the importance of further investigation 
into the underlying mechanisms of impairments of melato-
nin synthesis in ASD.

Conclusions

We demonstrated that urinary metabolomics analysis by 1H 
NMR, performed in a minimally invasive and convenient man-
ner, can be used to obtain the metabolic profiles of individu-
als (specifically children) with typical autism. The disturbance 
of multiple metabolic pathways suggests an association with 
autism, which provides a promising potential direction for the 
subsequent verification of potential biomarkers and the cat-
aloging of small-molecule metabolites that could contribute 
to diagnosis or serve as early screening tools. Although there 
remain many challenges in clinical application, metabonom-
ics appears to be a promising and time- and cost-efficient 
tool that may ultimately lead to a simple and effective diag-
nostic tool for ASD.
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