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Abstract 

Background  Gout is the most common inflammatory arthritis and closely related to metabolic syndrome, lead-
ing to excruciating pain and the decline in quality of patients’ life. However, the pathogenesis of gout is still unclear, 
and novel biomarkers are demanded for the early prediction and diagnosis of gout.

Objective  This study aimed at profiling the dysregulated metabolic pathways in asymptomatic hyperuricemia (AHU) 
and gout and elucidating the associations between AHU, gout and metabolomics, which may aid in performing gout 
screening.

Methods  A total of 300 participants, including 114 healthy controls, 92 patients with AHU, and 94 patients with gout, 
were analyzed by using a combination of dried blood spot (DBS) sampling and mass spectrometry (MS) technol-
ogy. Multiple algorithms were applied to characterize altered metabolic profiles in AHU and gout. The mainly altered 
metabolites were identified by random forest analysis.

Results  There were significant differences in AHU and gout compared with control group. The altered metabolites 
were involved in oxidation of fatty acids, carnitine synthesis, urea cycle, and amino acid metabolism in AHU and gout. 
Random forest classification of 16 metabolites yielded 3 important features to distinguish gout from AHU.

Conclusions  Distinct metabolomic signatures were observed in AHU and gout. The selected metabolites may have 
the potential to improve the early detection of gout.
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Introduction
Gout, the most common inflammatory arthritis, is 
induced by the deposition of monosodium urate (MSU) 
crystals in joints and soft tissues or the supersaturation 
of uric acid (UA) in extracellular fluid [1]. It has been 
reported to affect up to 6.8% worldwide human popula-
tion [2]. In china, approximately 1–3% of people were 
affected, and the number is on the rise year by year [3]. 
Gout causes excruciating pain, and lead to the decline in 
quality of patients’ life. Hence, gout has been became to 
an important public health issue.
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It is described as a typical progression from hyper-
uricemia without MSU crystal deposition, to MSU crys-
tals without signs of gout, to acute gout flares, and to 
advanced gout [4]. Hyperuricemia is a common condition 
where high levels of serum uric acid (SUA) are present. 
It has been recognized as an important causal precursor 
during the development process of gout and can signifi-
cantly increase risk of incident gout, and many individu-
als suffering from hyperuricemia form MSU crystals and 
develop gout, however, some of those individuals do not 
follow the trend, up to 76% of patients with asympto-
matic hyperuricemia (AHU) could not detect MSU crys-
tal deposition, and 10% of patients with AHU will not 
suffer from gout for life [5]. This discrepancy have led to 
many debates for the roles of SUA in the development of 
gout [6]. As such, it is a clinical challenge to find some 
other biomarkers for predicting who will develop gout.

Hyperuricemia and gout are closely related to meta-
bolic syndrome, kidney injury, and cardiovascular dis-
ease [7–9]. Systematic metabolic changes were observed 
in both of the two diseases [10, 11]. However, it is still 
unsure what are the differences in metabolism of hyper-
uricemia and gout and whether these differences could 
affect acute gouty attacks.

Metabolomics is a rapidly developing filed and can 
investigate the quantity and type of molecules in organ-
isms. The use of this technology can benefit to understand 
biochemical status in a system and monitor organism-
wide alterations in metabolome [12, 13]. It can be widely 
used in disease diagnosis and detection, and is valuable 
to clarify pathogenesis of disease [14]. Such metabolomic 
methods have been used in the study of rheumatic dis-
eases [15], however, limited studies were found in hyper-
uricemia and gout [16]. Recently, a metabolomic study 
revealed 23 different metabolites by gas chromatography 
(GC)/liquid chromatography (LC)-mass spectrometry 
(MS) method for 150 serum samples of acute gout arthri-
tis (AGA), AHU and healthy controls [17]. Another study 
in larger cohorts has been conducted to profile metabolic 
alterations and disordered metabolic pathways for hyper-
uricemia and gout by LC–MS analysis, and further dis-
covered 13 metabolites to distinguish hyperuricemia and 
gout from normouricemic controls [18]. However, most 
of these study were focus on male population. In order to 
extend results to female population, our study included 
female participants to further systematically profile 
metabolome for finding potential biomarkers to distin-
guish AHU from gout in a large cohort. Dried blood spot 
(DBS) sampling has been introduced as a microvolume 
sampling technique. It offers a simpler storage and easier 
transport compared with conventional whole blood sam-
pling, and reduces infection risk by infectious pathogens. 
The combination of DBS sampling and MS technology 

can provide a high-throughput, reliable, and stable detec-
tion for a broad array of analytes, and has been used in 
newborn screening and selecting high sensitivity and 
specificity metabolic biomarkers for some kinds of cancer 
and cardiovascular diseases [19–21]. However, this tech-
nology were seldom used in the study of gout. As we all 
known, amino acids take part in the synthesis, excretion, 
and regulation of UA [22]. In addition, acylcarnitines 
showed associations with incident hyperuricemia [23]. 
In this study, we applied a combination of DBS sampling 
and MS technology to study AHU and gout. Altered lev-
els of amino acids, carnitine/acylcarnitines and their 
ratios were determined for AHU, gout, and healthy con-
trols. After systematic selection, 16 metabolites were sig-
nificantly altered between AHU and gout groups. Among 
these metabolites, 3 metabolites were subsequently 
selected for distinguishing gout from AHU by random 
forest analysis.

Materials and methods
Study participants
In this study, a total of 300 participants were recruited, 
including 114 healthy individuals as control group, 92 
patients with AHU, and 94 patients with gout, at the ded-
ication of the Second Affiliated Hospital of Guizhou Uni-
versity of Traditional Chinese Medicine. Demographic 
data and clinical data were got from all participants 
(Table  1). The healthy participants met the following 
criteria: (1) age higher than 18  years; (2) levels of SUA 
were lower than 420 µmol/L in man and 360 µmol/L in 
woman; (3) without any clinically detectable severe dis-
eases. All the patients with AHU had SUA levels higher 
than 420 µmol/L in man and 360 µmol/L in woman on 2 
different days without the history of acute attack of gout 
and receiving drug treatment. All the patients with gout 
were in acute attack and diagnosed based on the clas-
sification criteria approved by the American College of 
Rheumatology Board and the European League Against 
Rheumatism Executive Committee in 2015 [24]. Partici-
pants with other diseases which could influence biologi-
cal indicators were excluded, such as diabetes mellitus, 
hypertension, hyperthyroidism, hyperlipidemia, alcohol 
abuse, rheumatoid arthritis, or tumor. All participants 
were willing to participate in this study, and written 
informed consent was obtained. The present study was 
conducted under the Declaration of Helsinki, and fol-
lowed the Ethics Committee of the Second Affiliated 
Hospital of Guizhou University of Traditional Chinese 
Medicine.

Blood sample collection and pretreatment
Labeled amino acid and carnitine/acylcarnitine inter-
nal standards with pure methanol were mixed together. 
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Mixture of these dissolved isotope standards aimed at 
preparing stock solutions. Stock solutions were stored 
at 4  °C. Working solution was prepared by 100-fold 
dilution of stock solution. In quality control (QC) pro-
cess, mixture of equal volumes from all collected sam-
ples was used as a pooled QC sample.

Blood samples were taken from all participants after 
an overnight fasting aimed at eliminating disturbance 
of diet. The blood samples for patients with gout were 
collected before medical treatments. A drop of whole 
blood was collected on DBS card, and then a disk with 
3  mm diameter was punched from this card. The disk 
was placed into Millipore MultiScreen HV 96-well 
plate (Millipore, Billerica, MA, USA) in order to extract 
metabolites. A 100-µL working solution was added 
into a well containing a punched disk, subsequently, 
a 20-min gentle shaking was performed. After cen-
trifuged at 1500  rpm for 2  min, the filtrate was trans-
ferred to a new flat-bottom 96-well plate. Aimed at 
monitoring the stability of MS detection, 2 low-level 
and 2 high-level QC sample solutions were randomly 
added into 4 blank wells. After dried in pure nitrogen 
gas flow at 50  °C, these filtrate and QC solutions were 
derivatized by using 60 µL mixture of acetyl chloride/1-
butanol (10:90, v/v) at 65 °C within 20 min. After dried 
again, a mixture of each dried sample and a 100-µL 
mobile phase solution was prepared for the following 
metabolomics analysis.

Metabolomics analysis
The direct injection MS was carried out on an AB Sciex 
4000 QTrap system (AB Sciex, Framingham, MA) with 
an electrospray ionization source. MS analysis was per-
formed under positive mode. The 20-µL sample was 
injected into this system. The mobile phase was 80% 
acetonitrile aqueous. The initial flow rate was 0.2  mL/
min, decreased to 0.01  mL/min in 0.08  min, and then 
remained stable over the next 1.5 min. In the next step, 
flow rate was returned to 0.2  mL/min in 0.01  min and 
maintained for 0.5  min. The MS detection parameters 
were set as follows: ion spray voltage, 4.5  kV; curtain 
gas pressure, 20 psi; auxiliary gas temperature, 350  °C; 
sheath and auxiliary gas pressure, 35 psi. Scan modes and 
parameters were set according to a previous study [25]. 
Analyst 1.6.0 software (AB Sciex) was applied to control 
system, align spectrum, and gather amino acid and carni-
tine/acylcarnitine data. ChemoView 2.0.2 (AB Sciex) was 
carried out for data preprocessing.

Data analysis
The study design and workflow of data analysis are shown 
in Fig. 1. Principal component analysis (PCA), an unsu-
pervised multivariate analysis, was used to discover 
general trends toward metabolomics data. In addition, 
a supervised partial least squares discriminant analysis 
(PLS-DA) model was built to distinguish AHU and gout 

Table 1  Clinicopathologic characteristics of control, AHU, and gout groups

AHU: asymptomatic hyperuricemia, BMI: Body-Mass Index, AST: aspartate aminotransferase, ALT: alanine aminotransferase, eGFR: estimated glomerular filtration rate, 
HDL: high density lipoprotein, LDL: low density lipoprotein
† p < 0.05 versus control group
‡ p < 0.05 versus AHU group

Characteristics Control AHU Gout p-value

Total number 114 92 94

Gender

 Male 98 82 88 0.2048

 Female 16 10 6

Age (years) 47.325 ± 13.850 46.587 ± 14.425 50.830 ± 14.878 0.0875

BMI (kg/m2) 24.229 ± 4.034 25.207 ± 4.372 24.150 ± 4.023 0.1284

Blood pressure

 Systolic (mmHg) 115.044 ± 14.848 129.337 ± 17.580† 128.787 ± 14.659† < 0.0001

 Diastolic (mmHg) 74.132 ± 8.825 79.924 ± 11.562† 81.915 ± 11.486† < 0.0001

 Uric Acid (μmol/L) 288.921 ± 83.550 489.924 ± 69.982† 463.691 ± 122.274† < 0.0001

 eGFR (ml/min.1.73m2) 105.105 ± 8.691 99.348 ± 22.161 87.936 ± 27.375†‡ < 0.0001

 AST/ALT 1.125 ± 0.208 1.025 ± 0.745† 1.013 ± 0.744† < 0.0001

 Total cholesterol (mmol/L) 4.281 ± 0.905 4.996 ± 1.317† 4.919 ± 1.275† < 0.0001

 Triglyceride (mmol/L) 1.024 ± 0.383 2.713 ± 3.646† 2.402 ± 1.238†‡ < 0.0001

 HDL (mmol/L) 1.390 ± 0.164 1.202 ± 0.409† 1.124 ± 0.343† < 0.0001

 LDL (mmol/L) 3.002 ± 1.291 3.183 ± 1.105 3.214 ± 1.059 0.6210
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from control group and obtain variable importance in 
projection (VIP) values which are the important vari-
ables contributing to the classification. In addition to 
that, the risk of over-fitting of PLS-DA model was evalu-
ated by using a 200-times permutation test. For para-
metric variables, a t-test statistical analysis was used to 
assess whether the means of control, AHU, and gout 
groups were statistically different from each other, and 
ANOVA test was applied to compare the means of the 
three groups. Subsequently, Wilcoxon–Mann–Whitney 
test and Kruskal–Wallis test were performed for non-
parametric variables. Benjamini–Hochberg procedure 
was executed to control false discovery rate (FDR) for 
hypothesis tests [26]. Volcano plots were created to find 
significantly altered metabolites with VIP > 1, fold change 
(FC) > 1.2 or < − 1.2, and adjusted p-value < 0.05 between 
two groups. Significance analysis of microarrays (SAM) 
was used to further select metabolites. MetaboAnalyst 
5.0 online server was used to analyze metabolic pathway 
based on the significantly altered metabolites between 
two groups. Random forest approach is a classifier which 
contains a set of decision trees. It (R package rfPermute) 
was used to further extract metabolites based on the 
importance of all the metabolites. The response variable 
was permuted 5000 times in order to estimate p values 

for random forest importance. Statistical analysis was 
executed by using SAS software and R language.

Results
Demographics and clinical characteristics of enrolled 
participants
Demographics and clinical characteristics of all par-
ticipants were collected, as shown in Table  1. A total 
of 300 participants, including 114 healthy individuals, 
92 patients with AHU, and 94 patients with gout, were 
recruited in this study to define lbiomarkers candidates. 
There were 16 females in control group, 10 females in 
AHU group, and 6 females in gout group. No statisti-
cal differences was observed for gender, age, Body-Mass 
Index (BMI), and low density lipoprotein (LDL) among 
the three groups. Although patients with hypertension 
were excluded, systolic blood pressure (SBP) and dias-
tolic blood pressure (DBP) in AHU and gout groups were 
significantly higher than control group. The levels of 
SUA in patients with AHU and patients with gout were 
distinctly higher than healthy individuals. In addition to 
that, patients with AHU have significantly higher levels 
of UA compared with patients with gout. The aspartate 
aminotransferase (AST)/alanine aminotransferase (ALT) 
ratio, total cholesterol, triglyceride, and high density 

Fig. 1  Design and data analysis for this study. AHU, asymptomatic hyperuricemia; MS, mass spectrometry; PCA, Principal component analysis; 
PLS-DA, Partial least squared discriminant analysis; SAM, Significance analysis of microarrays
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lipoprotein (HDL) were significantly different in AHU 
and gout compared with control group. Except for esti-
mated glomerular filtration rate (eGFR) and triglyceride, 
the other characteristics were not significantly different 
between AHU and gout.

Metabolic profiles of control, AHU, and gout groups
We performed metabolomic analysis by using a combi-
nation of DBS sampling and direct injection MS tech-
nology to detect 76 metabolites, including 21 amino 
acids, 27 carnitine/acylcarnitine, and 28 related ratios. 
The detected metabolites in this study were described in 
Additional file 1: Table S1. An unsupervised PCA method 
was used to assess general trends toward these detected 
metabolites (Fig. 2A). The metabolites gave better separa-
tion between AHU or gout and control group, suggest-
ing the metabolic alterations in AHU and gout compared 
with control group. In addition to that, similar separation 
trend was observed between AHU and gout. In order 
to further insight into metabolomic profiles, a super-
vised PLS-DA was carried out to maximize classification 
between the three groups (Fig. 2B). A 200-times permu-
tation test ensured that this model was not over-fitting, 
as shown in Additional file  1: Figure S1. This analysis 
revealed that the detected metabolomic profile could dis-
tinguish control, AHU, and gout groups.

Comparison of metabolic profiles between patients 
with AHU and control group
The PLS-DA method was performed to supervise the 
separation between AHU and control group, as shown 
in Fig.  3A. PLS-DA score plot showed a better sepa-
ration for all the detected metabolites between AHU 
and control group without over-fitting (Fig.  3B), and 
important variables contributing to this classification 
could be selected based on VIP value. As shown in 
Fig.  3C and D, according to calculated FC, univariate 

statistical test, and PLS-DA between the two groups, 
16 metabolites were selected with FC > 1.2 or < − 1.2, 
adjusted p-value < 0.05, and VIP > 1 (Fig. 3E). Heatmap 
cluster analysis showed a clear separation between the 
two groups (Fig.  3F). Among these selected metabo-
lites, 10 metabolites were significantly up-regulated, 
conversely, 5 metabolites were distinctively down-reg-
ulated in patients with AHU compared with healthy 
individuals based on SAM analysis (Fig.  3G). Pathway 
enrichment analysis demonstrated that these signifi-
cantly altered metabolites were primarily related to 5 
pathways: aspartate metabolism, arginine and proline 
metabolism, phenylalanine and tyrosine metabolism, 
urea cycle, cysteine metabolism, and β-oxidation of 
very long chain fatty acids (Fig. 3H).

Comparison of metabolic profiles between patients 
with gout and control group
We performed PLS-DA classification to compare the 
metabolic profiles for gout and control group. There 
is an obvious overall metabolic separation between 
the two groups without over-fitting (Fig.  4A and B). 
As shown in Fig.  4C–E, 18 metabolites with FC > 1.2 
or < − 1.2, adjusted p-value < 0.05 and VIP > 1 were 
significantly altered in gout compared with control 
group. The heatmap showed that significantly changed 
metabolites clustered in the two groups (Fig.  4F). In 
these metabolites, 16 metabolites were significantly up-
regulated, and 1 metabolite was distinctly down-regu-
lated in patients with gout according to SAM analysis 
(Fig.  4G). We found that oxidation of branched chain 
fatty acids, β-oxidation of very long chain fatty acids, 
urea cycle, aspartate metabolism, carnitine synthesis, 
ammonia recycling, and arginine and proline metabo-
lism pathways were significantly perturbed in the two 
groups (Fig. 4H).

Fig. 2  Score plots of PCA and PLS-DA analyses based on the 76 metabolites for AHU, gout, control groups. A Score plot of PCA analysis, indicating 
the separating trend among the three groups. B Score plot of PLS-DA analysis, suggesting the differential metabolic profiles among the three 
groups. The colors and shapes represent the participants from the three groups. AHU, asymptomatic hyperuricemia
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Comparison of metabolic profiles between gout and AHU
The PLS-DA score plot showed a clear overall separa-
tion between gout and AHU, as shown in Fig. 5A and B, 
which indicated the distinct metabolic profiles in the two 
groups. Volcano plots were used to further select signifi-
cantly altered metabolites. As shown in Fig.  5C and D, 
16 metabolites (Fig. 5E) with FC > 1.2 or < − 1.2, adjusted 

p-value < 0.05 and VIP > 1 showed distinct change in gout 
compared with AHU. Simultaneously, all the selected 
metabolites exhibited a clear cluster in heatmap (Fig. 5F). 
In the 16 metabolites, 13 metabolites were obviously up-
regulated, and 2 metabolites were significantly down-
regulated in gout compared with AHU (Fig.  5G). There 
were 6 pathways, including oxidation of branched chain 

Fig. 3  Metabolic profiles distinguish patients with AHU from healthy controls. A Score plot of PLS-DA analysis. B A 200-times permutation test 
for assessing the performance of PLS-DA model. The y-axis intercepts in test plot were R2 = (0.0, 0.154) and Q2 = (0.0, −0.368). C The volcano plot 
of adjusted p-value versus fold change (FC). Significantly altered metabolites were defined with adjusted p-value < 0.05 and FC > 1.2 or < −1.2. The 
selected metabolites were colored in red. D The volcano plot of VIP versus FC. Metabolites with VIP > 1 and FC > 1.2 or < −1.2 were selected. E Venn 
diagram showed the differential metabolites between patients with AHU and healthy individuals. Sixteen metabolites were screened with adjusted 
p-value < 0.05 and VIP > 1 and FC > 1.2 or < −1.2. F Heatmap of the 16 selected metabolites. Red indicates up-regulated metabolites, and blue 
indicates down-regulated metabolites in patients with AHU compared with healthy individuals. G Significance analysis of microarrays in patients 
with AHU and healthy individuals. The levels of 13 metabolites were down-regulated, and 25 metabolites were up-regulated in patients with AHU 
compared with healthy individuals. H Pathway enrichment plot based on differential metabolites between the two groups. AHU, asymptomatic 
hyperuricemia
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Fig. 4  Metabolic profiles distinguish patients with gout from healthy individuals. A Score plot of PLS-DA analysis. B A 200-times permutation test 
for assessing the performance of PLS-DA model. The y-axis intercepts in test plot were R2 = (0.0, 0.144) and Q2 = (0.0, −0.297). C The volcano plot 
of adjusted p-value versus fold change (FC). Significantly altered metabolites were defined with adjusted p-value < 0.05 and FC > 1.2 or < −1.2. 
The selected metabolites were colored in red. D The volcano plot of VIP versus FC. Metabolites with VIP > 1 and FC > 1.2 or < −1.2 were selected. 
E Venn diagram showed the differential metabolites between patients with gout and healthy individuals. Eighteen metabolites were screened 
with adjusted p-value < 0.05 and VIP > 1 and FC > 1.2 or < −1.2. F Heatmap of the 18 selected metabolites. Red indicates up-regulated metabolites, 
and blue indicates down-regulated metabolites in patients with gout compared with healthy individuals. G Significance analysis of microarrays 
in patients with gout and healthy individuals. The levels of 13 metabolites were down-regulated, and 33 metabolites were up-regulated in patients 
with gout compared with healthy individuals. H Pathway enrichment plot based on differential metabolites between the two groups
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Fig. 5  Metabolic profiles distinguishing patients with gout from patients with AHU. A Score plot of PLS-DA analysis. B A 200-times permutation test 
for assessing the performance of PLS-DA model. The y-axis intercepts in test plot were R2 = (0.0, 0.182) and Q2 = (0.0, −0.343). C The plot of adjusted 
p-value versus fold change (FC). Significantly altered metabolites were defined with adjusted p-value < 0.05 and FC > 1.2 or < −1.2. The selected 
metabolites were colored in red. D The plot of VIP versus FC. Metabolites with VIP > 1 and FC > 1.2 or < −1.2 were selected. E Venn diagram showed 
the differential metabolites between patients with gout and patients with AHU. Sixteen metabolites were screened with adjusted p-value < 0.05 
and VIP > 1 and FC > 1.2 or < −1.2. F Heatmap of different metabolites. Red indicates up-regulated metabolites, and blue indicates down-regulated 
metabolites in patients with gout compared with AHU. G Significance analysis of microarrays in patients with gout and patients with AHU. The 
levels of 4 metabolites were down-regulated, and 30 metabolites were up-regulated in patients with gout compared with patients with AHU. H 
Pathway enrichment plot based on differential metabolites between the two groups. AHU, asymptomatic hyperuricemia
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fatty acids, β-oxidation of very long chain fatty acids, glu-
tathione metabolism, urea cycle, cysteine metabolism, 
homocysteine degradation, carnitine synthesis, and argi-
nine and proline metabolism were significantly altered 
between the two groups (Fig. 5H).

Selection of important metabolite
After systematical selection, the random forest algo-
rithm was adopted to rank the importance of above 
selected metabolites, and important metabolites with 
p-value < 0.05 were retained by 5000 permutations of 
response variable. A total of 5 metabolites were screened 
based on the importance of differential variables in 
AHU and control group by using random forest algo-
rithm, as shown in Fig. 6A. Orn was observed to be the 
most important metabolite for predicting AHU. Other 
important variables for predicting AHU were Orn/Cit, 
Thr, Ala, and Trp. In order to distinguish gout patients 
from healthy individuals, 7 important metabolites were 
screened based on the significance of each features on 
response variable. As displayed in Fig.  6B, Orn is the 
most important feature for predicting gout. Other impor-
tant features were Orn/Cit, Phe, Ala, Phe, Thr, Trp, and 
C2. For distinguishing gout patients from AHU patients, 
3 important metabolites were obtained by random forest 
analysis. Orn was found to be the most important metab-
olite for distinguishing gout from AHU. Pip and C2 also 
contributed to this classification, as shown in Fig. 6C.

Discussion
Gout has become to a public health problem world-
wide. In the last few decades, the prevalence of gout has 
risen rapidly. It affects patients’ quality of life, and causes 
excruciating painful acute attacks of arthritis. Gout has 
complex pathogenesis. AHU has been regarded as a 
risk factor to gout progression [27]. Many patients with 
AHU have monosodium urate crystals and occur acute 
attacks of gout, however, several of them do not have 
this trend [6]. If use SUA as a biomedical indicator, the 
diagnosis of gout may be inaccurate, even though the 
crystal was detected in digit joint [28]. Hence, develop-
ing novel biomarkers beyond serum urate levels related 
to the occurrence and development of gout may con-
tribute to promote diagnosis, refine stages of gout, and 

improve care in comorbidities of hyperuricemia and gout 
[29]. Furthermore, AHU and gout are metabolic diseases, 
and metabolomics method can be applied to discover 
biomarkers and depict metabolism changes in biological 
systems for patients with AHU or gout, which is desirable 
to prevent acute attacks of gout and destruction of joints.

We carried out metabolomics study based on a combi-
nation of DBS sampling and MS technology to system-
atically define metabolic profiles for patients with AHU 
and gout toward detected amino acids, carnitine/acylar-
inieint, and their ratios. After systematical selection, pan-
els of metabolites were screened to differentiate control, 
AHU, and gout groups.

The important underlying mechanism of gout was 
referred to the increased levels of UA in the blood. Per-
sistent increase of UA levels triggers crystallization of 
UA and deposition of monosodium urate crystals, which 
can cause painful attacks of acute gout [30]. The SUA is 
the final product of purine metabolism [31]. Some amino 
acids were involved in the biosynthesis of purine and 
formed UA. Accumulated evidence links various amino 
acid levels to AHU and gout. In this study, metabolomic 
profile analysis showed that several amino acids were sig-
nificantly altered among controls, AHU, and gout. Levels 
of Orn, Orn/Cit, Thr, Ala, Trp, Phe, Asn, C5, (Glu + Gly)/
(Cit + Arg) were significantly higher in both AHU and 
gout groups compared with control group in this study. 
A previous study showed that concentrations of Trp, Phe, 
and Ala were significantly up-regulated in gout compared 
with controls [32], which was consistent with our analy-
sis results. However, our study also reported significantly 
increased levels of Pro, Leu, and Val, as well as decreased 
levels of Ser and Gly, which were inconsistent with our 
observations. Several factors may generate the contradic-
tory findings. There were different genetic background 
and lifestyle for the participants and different sample size 
in the two studies. In addition, in the previously reported 
study, the patients were not defined as acute gout attack. 
Furthermore, there were significant differences of gen-
der and BMI for the participants in the previous study. It 
has been found that the levels of Thr, Trp, and Ala were 
increased in patients with HUA compared with healthy 
individuals [33], which were consistent with our find-
ings. It is worth noting that abnormalities in tryptophan 

Fig. 6  The identification of important metabolites. The increase in node purity was used to rank the relative importance of metabolites in random 
forest model. A The contribution of metabolites in random forest model for AHU and control group. B The contribution of metabolites in random 
forest model for gout and control group. C The contribution of metabolites in random forest model for AHU and gout group. The higher increase 
in mode purity values indicated more important features. Levels of statistical significance are as follows: *p < 0.05 and **p < 0.01. Orn, Ornithine; His, 
Histidine; Pip, Piperamide; C2, Acetylcarnitine; Gly, Glycine; C4, Butyrylcarnitine; C16, Palmitoylcarnitine; Ala, Alanine; Arg, Arginine; Cit, Citrulline; Glu, 
Glutamic; Cys, Cysteine; C5, Isovalerylcarnitine; C3, Propionylcarnitine; C0, Free carnitine

(See figure on next page.)
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metabolism showed association with AHU [34] and 
acute gout [35]. The altered levels of Trp may be owing 
to the UA-induced dysfunction of multidrug resistance 
protein 4 (MRP4) and breast cancer resistance protein 
(BCRP) [36]. Amino acids are also the essential nutrients 
as energy source in human body. Ala is a precursor for 
gluconeogenesis in the liver. It can be synthesized from 
branched chain amino acid (BCAA) under starvation 
condition, and then transported to liver for making glu-
cose to meet energy demands [37]. The increased levels 
of Ala indicated that energy supply in patients with AHU 
or gout was disturbed and most patients may suffered 
unmet energy demand. Besides, Tyr as a ketogenic and 
glycogenic amino acid and Pro as a glycogenic amino acid 
in human body, all of them are vital to generate energy 
in human body. It has been proved that the degradation 
of pro was closely associated with TCA cycle and urea 
cycle [38]. The decreased levels of Tyr and Pro indicated 
the increased body’s energy consumption in patients 
with AHU. Gly, Glu, and Cys acts as the components of 
glutathione, the primary antioxidant in the body, which 
could protect cells from reactive oxygen species and free 
radicals and maintain cellular homeostasis via the regu-
lation of oxidative stress and detoxification [39]. Oxida-
tive stress may affect the development and manifestation 
for patients with gout [40]. In our study, accumulated 
Gly, Glu, and Cys in gout suggested the dysfunction in 
glutathione metabolism, which indicated that abnormal 
energy conversion and antioxidant capacity may be more 
severe in gout patients than in AHU patients. The levels 
of Orn and Orn/Cit ratio were up-regulated in AHU and 
gout compared with control group, and Arg levels were 
only increased in gout compared with AHU. Orn, Arg, 
and Cit take part in the urea metabolism, and urea cycle 
disorders could influence oxidative stress [41]. A previ-
ous study showed distinct serum metabolomic signa-
tures between AHU and gout, and arginine metabolism 
seems to play a crucial role [18], which were consistent 
with our finding from pathway analysis. Another study 
showed that arginine anabolic metabolism can dedicate 
to the progression of inflammation in patients with gout 
[42], and it could be used as a biomarker to distinguish 
between hyperuricemia and gout [18]. The up-regulated 
Orn levels and Orn/Cit ratio indicated the disordered 
urea cycle in AHU and gout, which subsequently influ-
ence oxidation stress. Besides, up-regulated levels of Arg 
in patients with gout may be suggested inflammation 
progression in gout. The (Glu + Gly)/(Cit + Arg) ratio was 
appropriate to discriminate heterozygous female patients 
with ornithine transcarbamylase deficiency (OTCD) 
from others, and this disease is the most common urea 
cycle disorder [43]. The increased (Glu + Gly)/(Cit + Arg) 
ratio in both AHU and gout may further imply the 

disordered urea cycle in AHU and gout. Histidine is an 
important material in the biosynthesis of purine via de 
novo synthesis pathway which needs a lot of energy [44]. 
The decreased His levels were only seen in gout patients, 
which indicated the acceleration of purine metabolism 
and excessive energy depletion in gout. Overall, these 
findings suggested a link between patients with AHU or 
gout and disordered amino acid metabolism, which could 
provide a new direction for preventing acute attacks of 
gout.

In order to guarantee continuous energy supply in 
human body, considerable amounts of fat besides glu-
cose was oxidized. In this process, carnitine/acylcarnitine 
transporter activates long-chain fatty acids from cytosol 
into mitochondrion, which is essential for fatty acid oxi-
dation and energy metabolism. Deficiency of carnitine/
acylcarnitine may influence the utilization of fat as fuel 
[45]. In addition, it has been observed that levels of long-
chain acylcarnitines were associated with incident hyper-
uricemia [23]. In this study, we only found one long-chain 
acylcarnitine (C16) was significantly down-regulated 
in patients with AHU compared with healthy individu-
als, which implied the impaired fatty acid β-oxidation in 
AHU. Significantly altered (C16 + C18:1)/C2 ratio was 
only observed in patients with gout. This ratio has been 
used to improve the diagnostic specificity for carnitine-
acylcarnitine translocase (CACT) deficiency and car-
nitine palmitoyl transferase 2 (CPT2) deficiency, which 
were regarded as inherited disorders of mitochondrial 
long-chain fatty acid oxidation [46]. In this study, the 
increased (C16 + C18:1)/C2 ratio may be influenced by 
the disordered mitochondrial long-chain fatty acid oxi-
dation in patients with gout. Besides long-chain acylcar-
nitines, several short-chain carnitines were accumulated 
in AHU and gout. C5 levels were significantly increased 
in AHU and gout compared with control group. Further-
more, obviously up-regulated levels of C0 and C2 were 
only shown in patients with gout. Moreover, increased 
levels of C4 can contribute to increased C4/C3 ratio in 
patients with gout compared with patients with AHU. 
As an important substance in energy metabolism in the 
cells, significantly increased carnitine levels were prob-
ably related to an active energy metabolism in AHU and 
gout [47]. It is widely known that lipotoxicity was closely 
associated with development of gout [48, 49]. The accu-
mulation of acylcarnitines may indicate the lipotoxicity-
induced mitochondrial stress in AHU and gout [50]. 
Based on these findings, altered metabolism of carnitine/
acylcarnitine was observed in AHU, especially in patients 
with gout who have more changed carnitine/acylcarni-
tine. Our findings might shed light on discovering new 
biomarkers for AHU and gout and further preventing 
and controlling related diseases.
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There are several limitations in the present study. 
Firstly, owing to the trade-off between coverage and 
cost, the number of detected metabolites was limited in 
this study, and more metabolites such as fatty acids will 
be collected for observing more potential biomarkers; 
Secondly, a multi-institution study with a larger sample 
size is required to further validate this study’s findings; 
Thirdly, it is warranted to conduct a longitudinal study 
for AHU and gout to further validate our findings. Gout 
can process through four pathophysiological stages: 
hyperuricemia without MSU crystal deposition, MSU 
crystals without signs of gout, acute gout flares, advanced 
gout, therefore, this study will be more systematic when 
a reasonable amount of patients at interval stage of 
gout are recruited; Fourthly, for the limited number of 
females in AHU and gout groups, more females will be 
collected and can be hierarchically analyzed according 
to menopausal age; Fifthly, the patients recruited in this 
study without common comorbidities related to gout 
may restrict generalizability to general gout population; 
Finally, although age, gender, and BMI were matched 
among control, AHU, gout groups, some other confound-
ing factors such as dietary habit are needed to evaluate 
our results.

Conclusion
To sum up, a combination of DBS sampling and MS tech-
nology was applied to detect metabolic changes in AHU 
and gout. Significant dysregulation of metabolic path-
way was observed in AHU and gout patients. Important 
altered metabolites, including Orn, Pip, and C2, were 
screened for distinguishing gout patients from AHU 
patients by random forest analysis. Our results may be 
helpful in detecting patients with AHU who are at a high 
risk of gout. Such a novel method may have profound 
effects on early prediction and diagnosis of gout.
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