
Clin Transl Sci. 2021;14:1327–1337.     | 1327www.cts-journal.com

Received: 12 October 2020 | Revised: 16 December 2020 | Accepted: 17 December 2020

DOI: 10.1111/cts.12984  

A R T I C L E

Metabolomics analysis of the serum from children with 
urolithiasis using UPLC- MS

Junxiang Wen1 |   Yinyin Cao2 |   Yang Li1 |   Fenhua Zhu1 |   Meifen Yuan1 |   Jin Xu1 |   
Jian Li1,3

This is an open access article under the terms of the Creative Commons Attribution- NonCommercial License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. Clinical and Translational Science published by Wiley Periodicals LLC on behalf of the American Society for Clinical Pharmacology and Therapeutics.

1Clinical Laboratory Center, Children’s 
Hospital of Fudan University, Shanghai, 
China
2Cardiovascular Center, Children’s 
Hospital of Fudan University, Shanghai, 
China
3Shanghai Key Laboratory of Birth 
Defect, Shanghai, China

Correspondence
Jin Xu and Jian Li, Clinical Laboratory 
Center, Children’s Hospital of Fudan 
University, 399 Wanyuan Road, Shanghai 
201102, China.
Email: xujinekjy@163.com and 
lijianjulia@fudan.edu.cn

Funding information
This work was supported by the National 
Natural Science Foundation of China 
(81670281); Children’s Hospital of 
Fudan University: Big Data and Artificial 
Intelligence Project (2020DSJ07); and 
the Shanghai Municipal Commission of 
Science and Technology Research Project 
(18140900304; and 19140900902).

Abstract
Pediatric urolithiasis is a common urologic disease with high morbidity and recurrence 
rates. Recent studies have shown that metabolic dysfunction plays a vital role in the 
pathogenesis of urolithiasis, especially in children, but the specific mechanism is still 
unclear. Metabolomics is an ideal technology for exploring the mechanism of metabolic 
disorders in urolithiasis. In the present study, a serum metabolomics based on ultra- 
performance liquid chromatography mass spectrometry was performed. A total of 50 
children subjects were recruited for the study, including 30 patients with kidney stones 
and 20 normal controls (NCs). Principal component analysis and orthogonal partial 
least- squares determinant analysis were carried, and 40 metabolites were found to be 
significantly altered in patients with kidney stones, mainly involving retinol metabolism, 
steroid hormone biosynthesis, and porphyrin and chlorophyll metabolism. The kidney 
stone group appeared to have a lower serum level of bilirubin, but a relative higher 
level of retinal, all- transretinoic acid, progesterone, and prostaglandin E2 compared with 
those of the NC group. All the findings suggest that patients with urolithiasis have sev-
eral metabolic characteristics, which are related to stone formation or compensation. 
These metabolites and pathways are very likely associated with development of kidney 
stones and should be considered as potential novel targets for treatment and prevention.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Metabolic disorders can be found in most children with kidney stones, suggesting 
that it plays a vital role in the pathogenesis of pediatric urolithiasis. Metabolomics is 
an ideal strategy to explore the mechanism of metabolic disorders in kidney stones.
WHAT QUESTION DID THIS STUDY ADDRESS?
We aimed to identify the changes of serum metabolites in children with urolithiasis 
compared with normal controls by using ultra- performance liquid chromatography 
mass spectrometry.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
We found the special metabolic characteristics in patients with pediatric urolithiasis, 
which are related to stone formation or compensation.
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INTRODUCTION

Urolithiasis is a common urologic disease with a high inci-
dence and recurrence rate in children, and the incidence of 
urolithiasis in children has increased rapidly in the past dec-
ades.1 Traditionally, urolithiasis is considered a urologic dis-
ease; however, recent studies have suggested that urolithiasis 
might be a chronic metabolic condition punctuated by symp-
tomatic and preventable stone events, and be linked to hy-
pertension, cardiovascular diseases, diabetes, and metabolic 
syndrome.2 Notably, among the patients with urolithiasis, the 
metabolic disorder rate is higher in children than adults, sug-
gesting that it plays a more critical role in the pathogenesis of 
pediatric urolithiasis.3

Owing to innovative developments in informatics and an-
alytical technologies, metabolomic profiling has been estab-
lished to elucidate the mechanisms of diseases for exploring 
novel biomarkers and therapeutic targets.4 Several studies 
have applied metabolomics to urolithiasis for evaluating the 
metabolic disorders associated with stone formation. The 
preliminary metabolic profiling of the urine from patients 
with kidney stones found four metabolic pathways closely 
related with urolithiasis, including glyoxylate and dicarbox-
ylate metabolism, glycine, serine and threonine metabolism, 
phenylalanine metabolism, and citrate cycle.5 A later metab-
olomics study based on the urine of calcium oxalate (CaOx) 
stone formers found 18 differential metabolites with potential 
for biomarkers, which mainly involved caffeine, phenylala-
nine, galactose, and tyrosine metabolism.6 These results pro-
vided metabiological data for adult patients with urolithiasis, 
but they are limited for only focusing on urinary metabolo-
mics. As a primary biofluid carrying small molecules in the 
body, serum is readily accessible and informative, and serum 
metabolomics is an ideal method for revealing homeostatic 
imbalances in the biological system.7 Thus, we believed that 
using serum for untargeted metabolomics could comprehen-
sively record metabolic changes in urolithiasis, providing 
valuable insights into the mechanisms of kidney stones.

In the present study, we investigated and compared the 
metabolite profiles of serum from children with urolithiasis 
and normal controls via ultra- performance liquid chroma-
tography mass spectrometry (UPLC- MS). We identified 40 
small molecules and 3 metabolic pathways associated with 
kidney stones. We believe that the data obtained will improve 
our understanding of the metabolic changes in the serum of 
pediatric urolithiasis.

METHODS AND MATERIALS

Sample collection and clinical information

A total of 50 children were enrolled in this study, among which 
there were 20 normal controls and 30 patients with urolithiasis. 
Patients with kidney stones and normal controls were recruited 
from January 2018 to July 2019 in Children’s Hospital of Fudan 
University. All patients were diagnosed with upper urinary tract 
stones in the department of nephrology, and normal controls 
were from the physical examination center. According to stone 
composition, patients were divided into groups, the CaOx group 
(n  =  10), the cystine stone (cystine group, n  =  10), and the 
calcium carbonate stone (CA group, n = 10). The detailed in-
formation is shown in Table 1. Venous blood (10 ml) from chil-
dren with urolithiasis and normal controls was collected from 
Children’s Hospital of Fudan University (Shanghai, China). 
The blood was clotted at room temperature, and serum was ob-
tained by centrifugation and stored at −80°C. The same stand-
ard operation procedures were used for all samples. The study 
was designed and performed as per the Declaration of Helsinki 
of the World Medical Association and was approved by the 
Ethics Committee of Children’s Hospital of Fudan University 
(approval number 2019- 258). Informed consent forms were 
signed by the enrolled subjects or their parents/guardians.

Serum sample pretreatment

Serum sample pretreatment was performed according to 
the prior study.8 The serum samples were thawed at room 

T A B L E  1  Characteristics of kidney stone patients and normal 
controls

Characteristic
Patients with 
kidney stones

Normal 
controls t- test

Number of samples 30 20 - 

Age range, years 5.02 ± 4.13 4.23 ± 3.35 p > 0.05

Sex (F/M) 0.47 0.35 p > 0.05

BMIa 18.09 ± 2.74 16.54 ± 0.71 p = 0.03

Calcium oxalate 10 - - 

Cystine 10 - - 

Abbreviation: BMI, body mass index.
aThe p < 0.05, patients with urolithiasis versus normal controls. 

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
Our findings indicate that the metabolic phenotype of serum in pediatric patients with 
urolithiasis is significantly different from that in normal controls. These metabolites 
and metabolic pathways associated with stone formation will help to develop novel 
therapeutic strategies and preventive interventions.
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temperature, and 300  μl methanol was used to extract 
100 μl of the sample, followed by the addition of 5 μl in-
ternal standard (2.8  mg/ml, DL- o- chlorophenylalanine). 
After vortex for 1 min, the samples were incubated for 1 h 
at −20°C. Then, the samples were centrifuged at 13,780 g 
at 4°C for 15 min, and 200 μl of the supernatant was col-
lected for liquid chromatography mass spectrometry (LC- 
MS) analysis.

Data acquisition

Data acquisition was performed according to the prior study.9 
The 10 μl of the supernatant were injected into the LC- MS 
(Ultimate 3000 LC, Q Exactive; Thermo Scientific) in ran-
dom order. A reverse- phase 2.1*100 mm 1.9 μm C18 column 
(Hyper gold) was used for separation. The mobile phases 
were (A) acetonitrile in water (5:95, v/v) containing 0.1% 
formic acid and (B) acetonitrile containing 0.1% formic acid. 
The mobile- phase gradient elution procedure was shown in 
Table S1. The mass parameters were as follows: electrospray 
ionization (ESI) positive: heater temp 300°C; sheath gas flow 
rate, 45 arb; aux gas flow rate, 15 arb; sweep gas flow rate, 1 
arb; spray voltage, 3.0 kV; capillary temp, 350°C; and S- lens 
RF level, 30%. ESI negative: heater temp 300°C, sheath gas 
flow rate, 45 arb; aux gas flow rate, 15 arb; sweep gas flow 
rate, 1 arb; spray voltage, 3.2 kV; capillary temp, 350°C; and 
S- lens RF level, 60%.

Data analysis

The data were subjected to feature extraction, preprocessed 
with Compound Discoverer software (Thermo Scientific), 
and then normalized and edited into a two- dimensional 
data matrix by Microsoft Excel 2010 software (Microsoft 
Corporation), including the retention time, compound 
molecular weight, observations (samples), and peak in-
tensity. A total of 3451 features in the (ESI positive) ion 
mode and 2698 features in the (ESI negative) ion mode 
were identified in this experiment and the data after edit-
ing were subjected to multivariate analysis using SIMCA- P 
software (version 14.0; Umetrics). Variable Importance in 
Projection generated from orthogonal partial least- squares 
determinant analysis (OPLS- DA) and false discovery rate 
(FDR)- adjusted p values were used to select metabolites 
distinguishing patients with kidney stones from normal 
controls. Permutation tests were used to check whether 
the models were overfitting. The raw data have been up-
loaded to the MetaboLights Database (URL www.ebi.
ac.uk/metab oligh ts/MTBLS 2231), and the ID number was 
MTBLS2231.10

The candidate metabolites were identified by searching the 
METLIN Database (https://metlin.scrip ps.edu/). Metabolic 

pathway analysis was performed by MetaboAnalyst version 
4.0 using the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database (https://www.kegg.jp/).11

RESULTS

Clinical characteristics of the participants

In this study, 30 patients with urolithiasis and 20 normal con-
trols aged from 6 months to 15 years in Children’s Hospital of 
Fudan University were recruited. Urolithiasis was diagnosed 
by imaging examination, and the composition of stones was 
identified by infrared spectroscopy. One- way analysis of var-
iance (ANOVA) showed no significant difference in age or 
sex between the two groups. Compared with normal controls, 
the body mass index of the kidney stone group was higher, 
suggesting that being overweight might affect stone forma-
tion. The clinical characteristics of participants are presented 
in Table 1.

Metabolomics analysis of serum samples

Serum samples were collected and subjected to metabo-
lomics analysis, as described in the Materials and Methods. 
Quality control samples clustered together tightly, indicating 
great repeatability and analysis system stability of experi-
ments. Visualization of the features performed by principal 
component analysis (PCA) showed clear separation between 
the kidney stone and normal control groups, suggesting that 
there was a significant difference between the two meta-
bolic profiles. However, partial overlaps among the CaOx, 
CA, and cystine groups implied that partial differences exist 
within the kidney stone group (Figure 1a,b). The cumulative 
interpretation rate of the PCA model was R2X = 0.57 and 
Q2  =  0.0765 for the positive mode and R2X  =  0.531 and 
Q2  =  0.0566 for the negative mode. OPLS- DA were then 
applied to compare metabolite profiles between the kidney 
stone and normal control groups (Figure 1c,d). The results 
showed a clear separation between them. In addition, R2Y 
was used to assess fitness and Q2 to indicate the prediction 
ability of the model (R2Y = 0.982, Q2 = 0.863 for the posi-
tive mode and R2Y  =  0.981, Q2  =  0.812 for the negative 
mode). The results indicated that no overfitting was found 
(Figure 1e,f). Differential metabolites were obtained in the 
standard of FDR- adjusted p value less than 0.05 and VIP 
greater than 1, with a total of 139 metabolites detected. Based 
on this detection platform, the main types of metabolites we 
obtained were fatty acyls, carboxylic acids and derivatives, 
steroids and steroid derivatives, and glycerophospholipids, 
as shown in Table S2. The molecular information and con-
fidence of identification of these metabolites are included in 
Table S3.

http://www.ebi.ac.uk/metabolights/MTBLS2231
http://www.ebi.ac.uk/metabolights/MTBLS2231
https://metlin.scripps.edu/
https://www.kegg.jp/
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F I G U R E  1  Significant disturbed metabolites analysis. (a, b) Principal component analysis score plots based on the data from liquid 
chromatography mass spectrometry under the electrospray ionization (ESI)- positive mode (a) and ESI- negative mode (b). (c, d) The orthogonal 
partial least- squares determinant analysis (OPLS- DA) between the normal controls (NCs) and the patients with kidney stones (KS) under the ESI- 
positive mode (c) and ESI- negative mode (d). Samples from the KS group are marked with red triangle and samples from the NC group are marked 
with green rhombus. (e, f) Permutation test of the OPLS- DA model under the ESI- positive mode (e) and ESI- negative mode (f). The values of R2Y 
and Q2 represent the goodness of fit and predictability of the model, respectively. CA, calcium carbonate; QC, quality control
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T A B L E  2  List of significant metabolites in serum from KS compared with NCs

Name VIP
FDR- adjusted p 
value Fold change Metabolic pathway

14,15- DiHETE 1.83786 0.002321692 8.206696603

Prostaglandin E2 1.93064 0.002183181 7.155911687 Arachidonic acid metabolic 
pathway

12- HEPE 1.59364 0.002086709 6.891761202

Progesterone 2.30579 3.48E−06 6.875274069 Steroid hormone biosynthesis

Resolvin D5 1.96848 0.002183181 6.714337917

7alpha- Hydroxypregnenolone 2.23074 6.40E−06 6.36947986 Steroid hormone biosynthesis

all- trans- Retinoic acid 1.60242 0.002059783 6.237153534 Retinol metabolism

19,20- DiHDPA 1.71094 0.004443925 6.138256788

14- HDoHE 1.67492 0.001594106 6.101611693

Stearidonyl carnitine 2.25607 5.57E−06 6.040409414

Dihydroandrosterone 1.55958 0.002430166 5.688303828

Epipregnanolone 1.58585 0.002102015 5.438231908

Retinal 1.65778 0.001623226 5.399985673 Retinol metabolism

Pregnenolone 1.59871 0.002059783 5.331412687 Steroid hormone biosynthesis

3- Hydroxyhexadecadienoylcarnitine 2.08407 4.07783E−05 5.263996188

Prostaglandin J2 1.3448 0.009278387 4.956518406

7- Ketocholesterol 1.4987 0.003862658 4.738107879

Tetradecanoylcarnitine 1.65977 0.001623226 4.660562725

Heptanoylcarnitine 2.13465 2.33506E−05 4.453388797

Tetrahydrodeoxycortisol 1.60022 0.002059783 4.227149803

3- Hydroxy−9- hexadecenoylcarnitine 1.97393 0.000120279 4.179010327

Vitamin D3 1.72711 0.001062085 4.160717912 Steroid biosynthesis

MG(P−18:0/0:0/0:0) 2.07303 0.001094262 4.056197582

17,18- EpETE 1.60072 0.002059783 3.939868312

Tetrahydrocortisol 1.62949 0.001941933 3.89128564 Steroid hormone biosynthesis

Prostaglandin E1 1.61982 0.006939291 3.832785008

Tocopheronic acid 1.76242 0.003644001 3.800301475

LysoPA(i−14:0/0:0) 1.34796 0.009278387 3.76117369

3- Hydroxyhexadecanoylcarnitine 2.03894 6.55712E−05 3.640922816

9- OxoODE 1.38374 0.008055574 3.584966457

Stearidonic acid 1.47385 0.004612203 3.520644742

Prostaglandin A1 1.7922 0.003104045 3.419913784

Tetrahydrodeoxycorticosterone 1.38872 0.007948791 3.341225478 Tetrahydrodeoxycorticosterone

Leucylleucine 1.88416 0.000295522 3.200143002

Glycylleucine 1.37698 0.008111066 2.785439389

9,12- Hexadecadienoylcarnitine 2.0249 6.9379E−05 2.500742344

Cholestenone 1.91604 0.000222369 2.478446854

L- beta- aspartyl- L- leucine 1.7162 0.001119926 2.402849132

Prostaglandin B1 1.62935 0.006817424 −3.351922979

Bilirubin 2.94423 5.78E−14 −5.823064548 Porphyrin and chlorophyll 
metabolism

Note: The cutoff value for FDR- adjusted p value was set at 0.01.
Abbreviations: FDR, false discovery rate; KS, kidney stone; NC, normal control; VIP, Variable Importance in Projection.
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Significant metabolites in serum from children 
with kidney stones

To further identify small molecules showing the greatest 
changes in the serum of patients with kidney stones, 139 me-
tabolites screened in the previous stage were further selected 
by the standard of FDR- adjusted p value less than 0.01 and 
fold change greater than 2. A total of 40 small molecules 
with the most obvious differences were identified (Table 2). 
Among these, 37 molecules were significantly upregulated, 
and 2 molecules downregulated in the kidney stone group 
(Figure 2). The heatmap in Figure 3 further showed the rela-
tive level difference and variation trend of the screened me-
tabolites. The CaOx was the main group distinguishing the 
normal controls, and bilirubin exhibited excellent consist-
ency in distinguishing the patients with kidney stones from 
the normal controls.

Disturbed metabolic pathways in pediatric 
urolithiasis

MetaboAnalyst version 4.0 was used to analyze metabolic 
pathways among the 40 metabolites, which revealed 6 meta-
bolic pathways possibly related to urolithiasis (Table  S4). 
According to the p value and pathway impact, three meta-
bolic pathways, porphyrin and chlorophyll metabolism, 
steroid hormone biosynthesis, and retinol metabolism, were 

considered to have significant abnormalities in urolithiasis 
(Figure  4). The schematic diagrams of the main disturbed 
metabolic pathways and corresponding metabolites were 
constructed (Figure 5).

DISCUSSION

In the past few decades, the incidence of pediatric urolithi-
asis has significantly increased, with a high recurrence rate 
in which ~ 50% of patients with kidney stones experience 
a relapse within 3 years.12 The cause of urolithiasis in chil-
dren has switched from urinary tract infection to metabolic 
disorder over the past few years, and metabolic disorders 
can now be found in most children with urolithiasis.13 
However, the specific mechanism of metabolic disorders 
in kidney stones is unclear. Therefore, monitoring methods 
based on metabolic analysis may be an ideal strategy to 
identify the causes of kidney stones and predict recurrence 
risk. Nevertheless, existing detection methods, such as 24- 
hour urine analysis, have many drawbacks and cannot meet 
the requirements.14

Metabolomics is a method to measure changes within the 
entire metabolome of samples.4 It has previously been per-
formed to analyze the serum and urine of animal models with 
CaOx stones, by which potential biomarkers and disturbed 
metabolic pathways in rats with stones were identified.15 
Recently, metabolomics studies using the urine of patients 
with kidney stones have also been published,5,6 which are of 
great significance for the prevention and treatment of kid-
ney stones. However, the previous researches only focused 
on adults, ignoring children and adolescents. To our knowl-
edge, our study is the first metabolomics research focusing 
on the serum of children with urolithiasis. We believe that 
the findings of this study provide a deeper understanding of 
urolithiasis in children.

The main metabolites we obtained were lipids, and the 
involved metabolic pathways in our findings did not com-
pletely match to previous studies. These differences may 
be related to filtration, reabsorption, secretion, synthesis, 
and degradation of the kidneys.16 Because the glomerular 
filtration barrier prevents lipoprotein particles from being 
filtered into the original urine, serum characterizes a more 
stable and abundant lipid profile than urine.17 Therefore, 
serum metabolomics can reveal metabolic disorders, espe-
cially lipids metabolism disorders, without being affected 
by the kidneys. Although the finding that porphyrin and 
chlorophyll metabolism altered in urolithiasis is not com-
pletely new, the previous study ignored the potential protec-
tive effect of bilirubin for only detecting glycine in urine.5 
We hypothesized that the excretion of bilirubin in serum 
and bile through the liver might mask the change in urine 
of patients with kidney stones.18 Therefore, we believed 

F I G U R E  2  Volcano plot representing the relationship between the 
fold change and significance of the metabolites. The red dots represent 
the 40 metabolites selected according to fold change greater than 2 
and false discovery rate (FDR)- adjusted p value <0.01. The gray dots 
represent filtered metabolites
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that serum and urine metabolomics were complementary 
for urolithiasis. The identification of small molecules that 
are closely related to urolithiasis and independent of renal 
excretion, may reveal metabolites and pathways that are re-
lated to stone formation.16

It is known that CaOx is the major component of the 
stones in children with urolithiasis. In addition, the rate of 
cystine stones and infectious stones is also high in children.13 
Therefore, serum was collected from patients with three 
major forms of stones (CaOx, cystine, and CA). Untargeted 
metabolomics was performed to comprehensively measure 
metabolic profiles associated with urolithiasis, by which 
three major metabolic disorder pathways, retinol metabolism, 
porphyrin and chlorophyll metabolism, and steroid hormone 
biosynthesis were identified.

The most obvious metabolic disorder in kidney stones 
based on our results was with regard to the retinol metabolic 
pathway. In this pathway, retinol is metabolized as retinal, 
which is further metabolized as all- transretinoic acid (tRA), 
as shown in Figure 5a. Notably, although we found no sig-
nificant difference in retinol levels between the patients 

with kidney stones and the normal controls, its downstream 
products, retinal, and tRA, were significantly increased in 
the patients (Figure 5h,i). TRA, as the main active ingredi-
ent of retinol, is known as a kidney- protective factor.19,20 It 
is thought to protect the kidneys by diminishing expression 
of inflammatory cytokines, protecting proximal renal tubu-
lar epithelial cells against hypoxia damage, and promoting 
the differentiation of renal tubular epithelial cells in kidney 
function reconstruction.21 Studies have shown that nephrotic 
fibrosis occurring in the chronic kidney diseases, including 
kidney stones, has the effect of kidney protection and repair 
reconstruction in response to renal tubular injury, which is 
tRA- dependent.22 Taken together, we believe that enhance-
ment of retinol metabolic pathway activity is a protective 
mechanism in response to crystal damage in the renal tubule.

There is a significant sex difference in the incidence 
of urolithiasis, which is three times higher in men than in 
women.23 Studies have suggested that androgens had a sig-
nificant role in stone formation, whereas estradiol might 
strongly inhibit it, indicating that sex hormones might be 
key in kidney stones.24 Coincidentally, in our study, steroid 

F I G U R E  3  Heatmap showing the expression of the 40 selected metabolites in 30 patients with urolithiasis and 20 normal controls. Significant 
differences were detected between the patients and controls. Red indicates an increase and blue a decrease. CA, calcium carbonate; CaOx, calcium 
oxalate; KS, kidney stone; NC, normal control
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hormone biosynthesis, the main synthetic metabolism of sex 
hormones, was obviously disturbed in children with uro-
lithiasis. The results showed that both androgens (dihydro-
testosterone [DHT]) and estradiol (pregnenolone [PREG]), 
progesterone, 7alpha- hydroxypregnenolone [7ɑ- OH PREG], 
tetrahydrodeoxycorticosterone, and tetrahydrocortisol) sig-
nificantly elevated in children with stone (Figure  5 and 
Table  S3). DHT is the main androgen in the body. Many 
studies have demonstrated that androgens promoted stone 
formation by inducing apoptosis of renal tubular epithelial 
cells and providing apoptotic fragments as stone matrix.25 In 
addition, its role in leading to hyperoxaluria, a risk factor for 
kidney stones, has been reported, indicating that the elevated 
DHT may be one of the reasons for kidney stone formation.26 
As for estradiol, its role in protecting the kidneys against 
crystal damage has been proved, based on the mechanism 
of decreasing surface expression of CaOx crystal receptors, 
reducing intracellular metabolism, and enhancing cell pro-
liferation and tissue healing.27 In addition, progesterone has 
been reported to affect parathyroid hormone transcription, 
which regulated the balance of water and salt.28 Besides, by 
promoting bone formation and bone turnover, progesterone 
lowered calcium levels in blood and urine.29 However, in our 
study, estrogen levels were significantly elevated in children 
with kidney stones. Therefore, we speculate that estrogen 
may be not the initiating factor of urolithiasis but rather part 
of the self- protection mechanism of the body after stone 
formation.

Most of the differential metabolites in the patients with 
kidney stones were elevated. On the contrary, bilirubin, a 
key molecule in the porphyrin and chlorophyll metabolic 
pathway, was significantly decreased (Figure  5a,b). As an 
endogenous antioxidant, bilirubin may play a significant an-
tioxidant effect at the physiological concentration,30 and ox-
idative stress induced by crystals in renal tubular epithelial 
cells is essential for the pathogenesis of urolithiasis.31 Recent 
studies have confirmed that bilirubin not only attenuated the 
renal injury by inhibition oxidative stress and apoptosis,32 
but also dose- dependently promoted the proliferation of 
renal tubular epithelial cells.33 All the results highlight the 
protective effect of bilirubin on renal tubular epithelial cells. 
Gilbert syndrome (GS) is a benign hyperbilirubinemia with 
mild unconjugated hyperbilirubinemia due to decreased uri-
dine 5′- diphospho- glucuronosyl transferase (UGT) activity.34 
Several clinical studies have shown that the incidence of type 
2 diabetes, coronary heart disease, and metabolic syndrome is 
significantly reduced in the population with GS.35 However, 
there is no clinical study on the incidence of kidney stones in 
GS. Here, we propose an interesting conjecture that bilirubin 
could attenuate oxidative stress damage caused by crystals 
of renal tubular epithelial cells as an antioxidant. Bilirubin 
deficiency in children with kidney stones may be the initiat-
ing factor, worsening crystal damage in renal tubular epithe-
lial cells, and eventually promoting urolithiasis. Inhibition of 
UGT activity may be a theoretical prophylaxis by modulating 
serum bilirubin level. Many natural compounds commonly 
used as nutraceuticals could inhibit UGT activity, such as an-
thocyanidin and pterostilbene.36,37

Arachidonic acid (AA) is a major component of cell 
membrane lipids and could be converted into various metab-
olites that trigger several inflammatory responses, which are 
thought to be closely related to kidney stone formation. In 
our study, the major metabolites generated from AA, pros-
taglandin E2 (PGE2), and prostaglandin F2a (PGF2a), were 
found to be significantly elevated in the patients with kidney 
stones (Figure 3 and Table S3). PGF2a is a lipid peroxida-
tion product that partially reflects the level of oxidative stress 
in the body,38 and its effect of kidney stone formation has 
been reported in CaOx rats. Animal models confirmed that 
serum PGF2a was significantly increased in rats with kidney 
stones.39 Therefore, we speculate that the elevated PGF2a 
might represent the increase of oxidative stress in renal tubu-
lar epithelial cells, which is considered one of the key factors 
in kidney stone formation.40 Besides, the role of PGE2 that 
is elevated in patients with kidney stones has been studied. 
Specifically, more PGE2 was secreted by the renal epithe-
lial cells in the presence of CaOx monohydrate crystals.41 
What is worse, the elevated PGE2 further increased calcium 
excretion by affecting renal tubular function and intestinal 
calcium absorption, and mediated apoptosis of renal tubu-
lar epithelial cells by inducing oxidative stress, all of which 

F I G U R E  4  Metabolic pathway analysis was performed with 
MetaboAnalyst version 4.0. The calculated p value was established 
based on pathway enrichment analysis, and the pathway impact 
value was based on pathway topology analysis. The most relevant 
metabolic pathways were the retinol metabolic pathway, porphyrin 
and chlorophyll metabolic pathway, and steroid hormone biosynthesis 
pathway
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F I G U R E  5  Metabolic pathways and metabolites associated with pediatric urolithiasis. (a) Schematic of abnormal metabolic pathways 
in patients with urolithiasis. Red or green represent metabolites that are elevated or reduced in the patients with kidney stones (KSs) 
compared with the normal controls (NCs), respectively. (b– i) The relative levels of disordered metabolites. The relative level was the log of 
the relative concentration. The cutoff value for false discovery rate (FDR)- adjusted p value was set at 0.01. PREG, pregnenolone; THDOC, 
tetrahydrodeoxycorticosterone; THF, tetrahydrocortisol; tRA, all- transretinoic acid
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promoted kidney stone formation.42 Based on our results and 
other studies on PGE2, we assume that there is a positive 
feedback mechanism between PGE2 and kidney stone forma-
tion, which may promote the development and recurrence of 
kidney stones.

CONCLUSIONS

In the present study, we investigated and identified the meta-
bolic characteristics of serum samples from children with 
urolithiasis and normal controls via UPLC- MS- based me-
tabolomics. Forty differential metabolites were identified, 
mainly involved in retinol metabolism, steroid hormone bio-
synthesis, and porphyrin and chlorophyll metabolism. These 
results indicated that the metabolic phenotype of serum in 
patients with kidney stones was significantly different from 
that in normal controls. Our study provides a new insight 
into the potential pathogenesis of urolithiasis, which may 
help to develop novel therapeutic strategies and preventive 
interventions.

CONFLICT OF INTEREST
The authors declared no competing interests for this work.

AUTHOR CONTRIBUTIONS
J.W. wrote the manuscript. J.X. and J.L. designed the re-
search. J.W., Y.C., Y.L., F.Z., M.Y., J.X., and J.L. performed 
the research. J.W., Y.C., and J.L. analyzed the data. Y.L., 
F.Z., M.Y., and J.X. contributed new reagents/analytical 
tools.

REFERENCES
 1. Dwyer ME, Krambeck AE, Bergstralh EJ, et al. Temporal trends in 

incidence of kidney stones among children: a 25- year population 
based study. J Urol. 2012;188:247- 252.

 2. Scales CD, Tasian GE, Schwaderer AL, et al. Urinary stone dis-
ease: advancing knowledge, patient care, and population health. 
Clin J Am Soc Nephrol. 2016;11:1305- 1312.

 3. Bevill M, Kattula A, Cooper CS, Storm DW. The modern meta-
bolic stone evaluation in children. Urology. 2017;101:15- 20.

 4. Johnson CH, Ivanisevic J, Siuzdak G. Metabolomics: beyond bio-
markers and towards mechanisms. Nature reviews. Mol Cell Biol. 
2016;17:451- 459.

 5. Duan X, Zhang T, Ou L, et al. (1)H NMR- based metabolomic 
study of metabolic profiling for the urine of kidney stone patients. 
Urolithiasis. 2020;48:27- 35.

 6. Wang X, Wang M, Ruan J, et al. Identification of urine biomarkers 
for calcium- oxalate urolithiasis in adults based on UPLC- Q- TOF/
MS. J Chromatogr B. 2019;1124:290- 297.

 7. Zhang A, Sun H, Wang X. Serum metabolomics as a novel di-
agnostic approach for disease: a systematic review. Anal Bioanal 
Chem. 2012;404:1239- 1245.

 8. Chen Y, Ma Z, Li A, et al. Metabolomic profiling of human 
serum in lung cancer patients using liquid chromatography/

hybrid quadrupole time- of- flight mass spectrometry and gas 
chromatography/mass spectrometry. J Cancer Res Clin Oncol. 
2015;141:705- 718.

 9. Guo C, Xue Y, Seddik H- E, et al. Dynamic changes of plasma me-
tabolome in response to severe feed restriction in pregnant ewes. 
Metabolites. 2019;9:112.

 10. Haug K, Cochrane K, Nainala VC, et al. MetaboLights: a resource 
evolving in response to the needs of its scientific community. 
Nucleic Acids Res. 2020;48:D440- D444.

 11. Chong J, Wishart DS, Xia J. Using MetaboAnalyst 4.0 for compre-
hensive and integrative metabolomics data analysis. Curr Protoc 
Bioinformatics. 2019;68:e86.

 12. Tasian GE, Kabarriti AE, Kalmus A, Furth SL. Kidney stone recur-
rence among children and adolescents. J Urol. 2017;197:246- 252.

 13. Scoffone CM, Cracco CM. Pediatric calculi: cause, prevention and 
medical management. Curr Opin Urol. 2018;28:428- 432.

 14. Hernandez JD, Ellison JS, Lendvay TS. Current trends, evalua-
tion, and management of pediatric nephrolithiasis. JAMA Pediatr. 
2015;169:964- 970.

 15. Gao S, Yang R, Peng Z, et al. Metabolomics analysis for hydroxy- 
L- proline- induced calcium oxalate nephrolithiasis in rats based on 
ultra- high performance liquid chromatography quadrupole time- 
of- flight mass spectrometry. Sci Rep. 2016;6:30142.

 16. Luo S, Coresh J, Tin A, et al. Serum metabolomic alterations 
associated with proteinuria in CKD. Clin J Am Soc Nephrol. 
2019;14:342- 353.

 17. Moestrup SK, Nielsen LB. The role of the kidney in lipid metabo-
lism. Curr Opin Lipidol. 2005;16:301- 306.

 18. Ponhong K, Teshima N, Grudpan K, Motomizu S, Sakai T. 
Simultaneous injection effective mixing analysis system for the 
determination of direct bilirubin in urinary samples. Talanta. 
2011;87:113- 117.

 19. Wong YF, Wilson PD, Unwin RJ, et al. Retinoic acid receptor- 
dependent, cell- autonomous, endogenous retinoic acid signaling 
and its target genes in mouse collecting duct cells. PLoS One. 
2012;7:e45725.

 20. Li Y, Zhang J, Liu H, et al. Curcumin ameliorates glyoxylate- 
induced calcium oxalate deposition and renal injuries in mice. 
Phytomedicine. 2019;61:152861.

 21. Zhou TB, Ou C, Jiang ZP, Xiong MR, Zhang F. Potential signal 
pathway between all- trans retinoic acid and LMX1B in hypoxia- 
induced renal tubular epithelial cell injury. J Recept Signal 
Transduct Res. 2016;36:53- 56.

 22. Nakamura J, Sato Y, Kitai Y, et al. Myofibroblasts acquire retinoic 
acid- producing ability during fibroblast- to- myofibroblast transi-
tion following kidney injury. Kidney Int. 2019;95:526- 539.

 23. Naghii MR, Babaei M, Hedayati M. Androgens involvement in the 
pathogenesis of renal stones formation. PLoS One. 2014;9:e93790.

 24. Yoshioka I, Tsujihata M, Okuyama A. Effect of sex hormones on 
crystal formation in a stone- forming rat model. Archivio italiano di 
urologia, andrologia. 2011;83:26- 30.

 25. Peng Y, Fang Z, Liu M, et al. Testosterone induces renal tubular 
epithelial cell death through the HIF- 1α/BNIP3 pathway. J Transl 
Med. 2019;17:62.

 26. Fan J, Glass MA, Chandhoke PS. Effect of castration and fi-
nasteride on urinary oxalate excretion in male rats. Urol Res. 
1998;26:71- 75.

 27. Peerapen P, Thongboonkerd V. Protective cellular mechanism of 
estrogen against kidney stone formation: a proteomics approach 
and functional validation. Proteomics. 2019;19:e1900095.



   | 1337PEDIATRIC UROLITHIASIS SERUM METABOLOMICS

 28. Epstein E, Silver J, Almogi G, Livni N, Naveh- Many T. Parathyroid 
hormone mRNA levels are increased by progestins and vary during 
rat estrous cycle. Am J Physiol. 1996;270:E158- E163.

 29. Seifert- Klauss V, Prior JC. Progesterone and bone: actions promot-
ing bone health in women. J Osteoporos. 2010;2010:845180.

 30. Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, Ames BN. 
Bilirubin is an antioxidant of possible physiological importance. 
Science (New York, N.Y.). 1987;235:1043- 1046.

 31. Khan SR. Reactive oxygen species as the molecular modulators 
of calcium oxalate kidney stone formation: evidence from clinical 
and experimental investigations. J Urol. 2013;189:803- 811.

 32. Oh SW, Lee ES, Kim S, et al. Bilirubin attenuates the renal tu-
bular injury by inhibition of oxidative stress and apoptosis. BMC 
Nephrol. 2013;14:105.

 33. Wang Y, Zhu Q, Luo C, et al. Dual effects of bilirubin on the pro-
liferation of rat renal NRK52E cells and ITS association with gap 
junctions. Dose- Response. 2013;11:220- 237.

 34. Erlinger S, Arias IM, Dhumeaux D. Inherited disorders of biliru-
bin transport and conjugation: new insights into molecular mecha-
nisms and consequences. Gastroenterology. 2014;146:1625- 1638.

 35. Vitek L, Bellarosa C, Tiribelli C. Induction of mild hyperbilirubin-
emia: hype or real therapeutic opportunity? Clin Pharmacol Ther. 
2019;106:568- 575.

 36. Szotáková B, Bártíková H, Hlaváčová J, Boušová I, Skálová 
L. Inhibitory effect of anthocyanidins on hepatic glutathione S- 
transferase, UDP- glucuronosyltransferase and carbonyl reductase 
activities in rat and human. Xenobiotica. 2013;43:679- 685.

 37. Jiang L, Zhang Z, Xia Y, et al. Pterostilbene supplements carry the risk 
of drug interaction via inhibition of UDP- glucuronosyltransferases 
(UGT) 1A9 enzymes. Toxicol Lett. 2020;320:46- 51.

 38. Sedlak L, Zych M, Wojnar W, Wyględowska- Promieńska D. 
Effect of topical prostaglandin F2α analogs on selected oxidative 
stress parameters in the tear film. Medicina (Kaunas, Lithuania). 
2019;55:366.

 39. Chen W, Liu W- R, Hou J- B, et al. Metabolomic analysis re-
veals a protective effect of Fu- Fang- Jin- Qian- Chao herbal 
granules on oxalate- induced kidney injury. Biosci Rep. 
2019;39(2):BSR20181833.

 40. Qin B, Wang Q, Yuchao LU, et al. Losartan ameliorates calcium 
oxalate- induced elevation of stone- related proteins in renal tubular 
cells by inhibiting NADPH oxidase and oxidative stress. Oxid Med 
Cell Longev. 2018;2018:1271864.

 41. Khan SR. Crystal- induced inflammation of the kidneys: results 
from human studies, animal models, and tissue- culture studies. 
Clin Exp Nephrol. 2004;8:75- 88.

 42. Rodgers AL, Siener R. The efficacy of polyunsaturated fatty acids 
as protectors against calcium oxalate renal stone formation: a re-
view. Nutrients. 2020;12:1069.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Wen J, Cao Y, Li Y, et al. 
Metabolomics analysis of the serum from children 
with urolithiasis using UPLC- MS. Clin Transl Sci. 
2021;14:1327–1337. https://doi.org/10.1111/cts.12984

https://doi.org/10.1111/cts.12984

