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Background: Post-stroke depression (PSD) is one of the most common complications in 
stroke survivors. But, there are still no objective methods to diagnose PSD. This study aims 
to identify potential biomarkers for diagnosing PSD in middle-aged stroke survivors.
Methods: Middle-aged subjects aged 30 to 59 years (92 PSD patients and 89 stroke 
survivors without depression) were included in this study. Urinary metabolites were detected 
by gas chromatography-mass spectrometry (GC-MS). Differential urinary metabolites and 
potential biomarkers were screened by applying statistical analysis.
Results: The different urinary metabolic phenotypes between PSD patients and stroke 
survivors without depression were identified. A total of 12 differential urinary metabolites 
were accurately identified by using orthogonal partial least-squares-discriminant analysis. 
After analyzing those 12 differential urinary metabolites by step-wise logistic regression 
analysis, only seven metabolites (palmitic acid, hydroxylamine, myristic acid, glyceric acid, 
lactic acid, tyrosine and azelaic acid) were finally selected as potential biomarkers for 
diagnosing PSD in middle-aged stroke survivors. A panel consisting of these potential 
biomarkers could effectively diagnose middle-aged PSD patients.
Conclusion: Urinary metabolic profiles were different between middle-aged PSD patients 
and stroke survivors without depression. Our results would be helpful in future for develop-
ing an objective method to diagnose PSD in middle-aged stroke survivors.
Keywords: post-stroke depression, biomarkers, metabolites

Introduction
Cerebrovascular diseases are often coupled with a very high incidence of neurop-
sychiatric disorders. Post-stroke depression (PSD), as one of the most common 
complications in stroke survivors, has been widely investigated in recent decades.1 

It is estimated that one third of stroke survivors experience significant depressive 
symptoms during the first year after stroke.2 A study reported that PSD was 
diagnosed in 16.4% of patients in Hong Kong at the first three months after 
stroke.3 Another study found that there were 15.5% of patients with PSD at the 
first one month after stroke.4 Moreover, PSD could increase the morbidity and 
mortality rates among stroke survivors.5

PSD harms the rehabilitation of stroke survivors. It may reduce the patients’ 
compliance with rehabilitation programs, and at last result in a prolonged hospital 
stay.6 A previous study reported that patients with PSD were associated with poorer 
functional and cognitive recovery compared to stroke survivors without 
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depression.7 The depression severity is found to be an 
independent predictor of severity of impairment in activ-
ities of daily living (ADL). Consistent with these findings, 
a longitudinal study reported that PSD patients receiving 
nortriptyline or fluoxetine showed a decreased disability 
than PSD patients receiving placebo.8 Similarly, PSD 
patients who responded to treatment with nortriptyline or 
fluoxetine had significantly better improvement in ADL 
than non-responders.9 Therefore, it is vital to treat PSD 
during the management of stroke survivors.

However, PSD appears to remain frequently unrecog-
nized and untreated. The pathophysiology of PSD is still 
poorly understood, and no objective methods for diagnosing 
PSD exist. The clinicians mainly use the subjective evalua-
tion scales, such as DSM-5 criteria, to diagnose PSD. 
However, this method often causes misdiagnosis or under- 
diagnosis.10 To solve this issue, many works have been done. 
Liu et al suggested that malondialdehyde had the potential 
ability to be a biomarker for PSD.11 Serum IL-18 was found 
to be a potential predictor of PSD at six months after stroke.12 

Currently, metabolomics has been widely used to identify 
potential biomarkers for diseases and provide valuable 
insights into disease mechanisms.13–15 Using metabolomics, 
we have identified some potential biomarkers for diagnosing 
bipolar disorder patients during depressive episode and hepa-
titis B virus-infected patients with depression.16,17 In this 
study, we planned to identify some potential urine- 
accessible metabolite biomarkers for objectively diagnosing 
PSD in middle-aged (30–59 years) stroke survivors.

Patients and Methods
Recruiting Qualified Subjects
In this study, the middle-aged subjects (92 PSD patients 
and 89 stroke survivors without depression) were included. 

All the included patients provided the written informed 
consent. This study was approved by the Ethical 
Committee of Chongqing Emergency Medical Center 
(CEMC20200107) and conducted following the 
Declaration of Helsinki. The stroke was diagnosed using 
the criteria that were confirmed by the fourth National 
Conference on Cerebrovascular Diseases. The depressive 
symptoms were assessed using Hamilton Depression 
Rating Scale (HDRS).4 The HDRS-rating was conducted 
by an experienced psychiatrist. The included stroke survi-
vors were without other mental disorders before stroke, 
and were also without alcohol abuse, illicit drug use, 
somatic comorbidities and systemic medical illness. The 
detailed information is presented in Table 1.

Sample Preparation and Metabolites 
Acquisition
Samples, sample preparation procedures, and metabolites 
data acquisition were extracted from the previous 
studies.18,19 Briefly, after thawing in an ice-water bath, 
the urine samples were vortexed. A 15µL aliquot of each 
urine sample was mixed with 10µL aliquot of each internal 
standard solution (L-leucine-13C6, 0.02 mg/mL). To 
degrade the urea, 15µlurease was added into the mixture 
solution. One hour later (under 37°C), the 240μL and 
80μL ice-cold methanol were successively used to extract 
the mixture solution. After vortexing for 30 s and centri-
fugation at 14000rpm for 5 min (under 4°C), 224 µL of 
supernatant was vacuum-dried at room temperature. Then, 
30µlmethoxyamine (20 mg/mL) was used to derivate the 
dried metabolic extract for 90 min at 37°C. To obtain 
trimethylsilyl derivatives, 30µlBSTFA with 1% TCMS 
was added into the mixture. After heating the mixture for 
1 h at 70°C, 1.0µL cooled derivatives were added into the 

Table 1 Clinical Characteristics of Middle-Aged Subjects in Different Groups

Variables Training Set Testing Set

PSD Non-Depressed 
Stroke Survivors

p-value PSD Non-Depressed 
Stroke Survivors

p-value

Samples 58 59 – 34 30 –

Age 54.27(4.19) 52.27(5.25) 0.14 54.14(4.01) 51.77(4.49) 0.13

Education (years) 9.21(5.54) 9.33(5.48) 0.89 9.47(6.29) 9.17(5.66) 0.84
Married (Yes/No) 51/7 50/9 0.62 28/6 27/3 0.57

Sex(F/M) 25/23 28/21 0.85 19/15 16/14 0.84

BMI 24.02(3.34) 23.74(3.17) 0.73 22.43(2.87) 23(2.23) 0.62
HDRS 20.26(5.65) 1.32(1.68) <0.00001 20.29(0.23) 1.07(1.46) <0.00001

Abbreviations: PSD, post-stroke depression; F, female; M, male; BMI, body mass index; HDRS, Hamilton Depression Rating Scale.
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GC-MS system (Agilent 7980 GC system) to obtain meta-
bolic data.

Statistical Data Analysis
Multivariate data analysis was performed to visualize 
metabolic alterations between PSD patients and stroke 
survivors without depression. We used the creatinine to 
normalize the metabolite data, and then the data were unit 
variance scaled. Orthogonal partial least-squares- 
discriminant analysis (OPLS-DA) was conducted using 
metabolic data. The variable importance in the projection 
(VIP) value from the OPLS-DA model was used to select 
urinary metabolite responsible for the group discrimina-
tion. Those variables with VIP>1.0 (equivalent to 
a p-value of less than 0.05) were identified. 
Additionally, the nonparametric Mann–Whitney U-test 
was applied to measure the significance of each metabo-
lite with VIP>1.0 in discriminating the different groups. 
Here, we used the Benjamini and Hochberg False 
Discovery Rate to correct the p-values from multiple 
testing. Differential urinary metabolites were selected by 
consideration of both VIP (>1.0) and adjusted p-value 
(<0.05). To obtain potential biomarkers for diagnosing 
PSD in middle-aged stroke survivors, the step-wise logis-
tic regression analysis based on Akaike’s information 
criterion (AIC) rule was used to analyze these differential 
urinary metabolites further. The AIC value was used to 
assess the quality of each built logistic regression model. 
It could simultaneously take the goodness of fit and sim-
plicity of the model into account. The model with mini-
mum AIC value was identified as the preferred model. 
Finally, we used the receiver operating characteristic 
(ROC) curve analysis to evaluate the clinical application 
ability of the preferred model. The SIMCA-P 14.0 and 
SPSS 19.0 were used to do statistical analysis in this 
study.

Results
Regrouping the Included Subjects
It was essential to use independent samples to validate 
potential biomarkers. Therefore, the included subjects in 
this study were randomly assigned into training set (58 
PSD patients, 59 stroke survivors without depression) and 
testing set (34 PSD patients, 30 stroke survivors without 
depression). There were no significant differences on age, 
sex, body mass index (BMI) and HDRS scores between 
two groups (see Table 1). The training set was used to find 

the differential urinary metabolites, and the testing set was 
used to validate these metabolites.

Metabolic Alterations in Middle-Aged 
PSD Patients
An OPLS-DA model was constructed by using the training 
set, which showed the satisfactory group classification abil-
ity. As represented in the score scatter plot (Figure 1A), 
PSD patients and stroke survivors without depression were 
correctly separated with little overlap, representing the 
strong explanatory power of the data. The results of 599- 
items permutation test (R2=(0.0; 0.33), Q2=(0.0; −0.355)) 
further demonstrated the valid and stable of the built OPLS- 
DA model (Figure 1B). Meanwhile, the T-predicted scatter 
plot revealed a clear separation between PSD patients and 
stroke survivors without depression from the testing set, 
indicating a good predictive ability of the built OPLS-DA 
model (Figure 2). These results suggested the robust meta-
bolic alterations in middle-aged PSD patients. Also, we 
found that high body mass index (BMI) could not signifi-
cantly affect the urine metabolomic signature (see 
Supplementary file 1). The information of all analyzed 
metabolites and representative extracted ion chromato-
grams were also provided in Supplementary file 1.

Differential Urinary Metabolites 
Identification
Urinary metabolites with VIP>1 in the OPLS-DA model as 
well as the adjusted p-value<0.05 were selected as differen-
tial urinary metabolites responsible for subjects classifica-
tion. The corresponding OPLS-DA loading plot identified 
18 significantly changed urinary metabolites with VIP>1. 
But only 12 of these18 metabolites were with an adjusted 
p-value less than 0.05. Thus, 12 differential urinary metabo-
lites were identified in this study. These differential urinary 
metabolites between PSD patients and stroke survivors with-
out depression were palmitic acid, hydroxylamine, myristic 
acid, glucose, fructose, glyceric acid, lactic acid, tyrosine, 
azelaic acid, α-aminobutyric acid, pyroglutamic acid and 
uric acid. Those 12 differential urinary metabolites are sum-
marized in Table 2.

Potential Assessment of Metabolites 
Markers for Middle-Aged PSD
Based on the characteristic analysis of urinary metabolic 
profiles of middle-aged PSD patients shown above, we tried 
to explore the potential diagnostic biomarkers further. The 
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Figure 1 The scores plot of the OPLS-DA model: (A) OPLS-DA model was constructed using middle-aged PSD patients (red circle) and stroke survivor without depression 
(green circle); (B) 599-items permutation test showed that the model was valid and stable.  
Abbreviation: PSD, post-stroke depression.

Figure 2 T-predicted scatter plot of the OPLS-DA model. The model could correctly predict the middle-aged PSD patients (red circle) and stroke survivor without 
depression (green circle) in the testing set.  
Abbreviation: PSD, post-stroke depression.
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results of step-wise logistic regression analysis showed that 
the panel consisting of seven differential urinary metabolites 
could effectively separate PSD patients from stroke survivors 
without depression. These seven differential urinary metabo-
lites were palmitic acid, hydroxylamine, myristic acid, gly-
ceric acid, lactic acid, tyrosine and azelaic acid (Figure 3). 
The clinical application potential of this panel was evaluated 
by ROC curve analysis. As shown in Figure 4, this panel 
demonstrated good potential for the discrimination of PSD 

patients with an area under curve value (AUC)=0.920 in the 
training set and an AUC=0.877 in the testing set.

Pathway Analysis of Differential 
Metabolites
To further analyze the biological functions of these identi-
fied differential urinary metabolites, we used the online 
software MetaboAnalyst4.0 to analyze the related pathways 
for differential metabolites. According to the results of 
pathway analysis and enrichment analysis, four metabolic 
pathways were screened out in this study. These pathways 
were: phenylalanine, tyrosine and tryptophan biosynthesis 
(p=0.031, impact=0.50); fatty acid biosynthesis (p=0.048, 
impact=0.015); Glycerolipid metabolism (p=0.032, 
impact=0.093); and starch and sucrose metabolism 
(p=0.008, impact=0.42) (Figure 5). These pathways were 
related to biosynthesis, oxidative stress response and energy 
balance, such as Fatty acid biosynthesis and Starch and 
sucrose metabolism. These results might reveal the poten-
tial contributors to the metabolic changes in depression 
after stroke.

Discussion
In recent years, many studies have employed metabolo-
mics to identify disease-related markers.13–17 To the best 
of our knowledge, this is the first study to explore the 
differences of urinary metabolite markers in middle-aged 

Table 2 Differential Urinary Metabolites Responsible for 
Subjects Classification

Metabolites VIP P-valuea Adjust 
P-valueb

Fold 
Changec

Palmitic acid 1.92 7.74E-05 6.97E-04 0.52

Hydroxylamine 1.91 1.03E-05 1.86E-04 0.51
Myristic acid 1.77 1.21E-04 5.46E-04 0.56

Glucose 1.55 5.08E-03 1.02E-02 0.68

Fructose 1.51 1.96E-02 3.21E-02 0.64
Glyceric acid 1.32 7.74E-05 4.64E-04 0.45

Lactic acid 1.31 1.33E-04 4.78E-04 0.60
Tyrosine 1.22 4.28E-03 1.10E-02 1.85

Azelaic acid 1.14 7.70E-04 2.31E-03 0.40

Α-aminobutyric acid 1.08 1.88E-02 3.38E-02 0.71
Pyroglutamic acid 1.06 3.30E-02 4.96E-02 0.86

Uric acid 1.01 4.43E-03 9.97E-03 0.78

aNotes: aP-value was from the nonparametric Mann–Whitney U-test the Benjamini 
and Hochberg False. bAdjust P-value was from the Benjamini and Hochberg False 
Discovery Rate. c>1.0 and <1.0 indicated lower and higher level, respectively, in 
middle-aged PSD patients.

Figure 3 Column bar graphs of seven potential biomarkers for PSD in middle-aged stroke survivors.  
Abbreviation: PSD, post-stroke depression.
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stroke survivors with depression. In the present study, the 
built OPLS-DA model demonstrated that there were sig-
nificant differences of urinary metabolic profiles between 
PSD patients and stroke survivors without depression. In 
total, 12 differential urinary metabolites were identified, 
and a panel consisting of seven potential metabolic bio-
markers could effectively diagnose PSD in middle-aged 
stroke survivors. These results suggested that detecting 
differential urinary metabolites could be a valid way of 
diagnosing PSD in middle-aged stroke survivors.

The optimal method for PSD diagnosis remains 
unclear. A meta-analysis reported that the Center of 

Epidemiological Studies-Depression Scale (CES-D), 
HDRS, and 9-item Patient Health Questionnaire (PHQ-9) 
appeared to be the optimal measures for diagnosing 
PSD.20 However, PHQ-9 may be more pragmatic in 
a busy clinical practice when taking into account the 
feasibility of screening tools, although HDRS and CES-D 
may have high sensitivity.20 However, this kind of method 
using scales to detect depressive symptoms has its limita-
tions, as these scales are not capable of adequately char-
acterizing the highly heterogeneous of depressive 
symptoms in clinical presentation.21 Here, seven differen-
tial urinary metabolites were selected as potential biomar-
kers for diagnosing PSD in middle-aged stroke survivors. 
Our results could provide valuable information to facilitate 
searching PSD-specific biomarkers.

A previous study reported that the level of tyrosine was 
significantly decreased in depressed patients compared to 
healthy controls, and it could be a potential biomarker for 
depression.22 In this study, tyrosine with the significantly 
decreased level in PSD patients compared to stroke survi-
vors without depression was identified as a potential bio-
marker for PSD. Meanwhile, the disturbed phenylalanine, 
tyrosine and tryptophan biosynthesis pathway was found 
here. Interestingly, an animal study reported that depres-
sive behavior was associated with significantly lower 
levels of metabolites in the tyrosine-phenylalanine 
pathway.23 These findings suggested that the inhibited 
tyrosine-phenylalanine pathway might be related to the 
pathogenesis of PSD.

As the final product of purinergic catabolism, uric acid 
has an important role in antioxidant defense.24 In purine 
catabolism, the purine is preferentially metabolized to uric 

Figure 4 ROC curve analysis of the panel consisting of seven potential biomarkers.  
Abbreviation: AUC, area under the curve.

Figure 5 Metabolic pathway analyses of the differential urinary metabolites.
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acid to respond to the increased oxidative stress. Here, the 
uric acid level was significantly increased in PSD patients 
relative to stroke survivors without depression. Meanwhile, 
the previous study also reported a significantly higher level 
of uric acid in depressed patients compared to healthy 
controls.22 These results indicated the increased oxidative 
stress in PSD patients. Also, a significantly higher level of 
azelaic acid was found in PSD patients, and it was also 
identified as a potential biomarker for PSD in this study. 
Jones found that azelaic (nonanedioic) acid could inhibit 
reactive oxygen species (ROS) generation through nicoti-
namide adenine dinucleotide phosphate (NADPH) oxidase 
inhibition.25 These findings indicated that the increased 
oxidative stress might be related to the pathogenesis 
of PSD.

Increasing numbers of studies have shown that gut 
microbiota could play an important role in the develop-
ment of psychiatric disorders.26,27 Our previous study 
found that there were age-specific differences on gut 
microbiota in patients with depression.28 Meanwhile, the 
dysbiosis of gut microbiota has been found in stroke 
survivors.29,30 In this study, tyrosine, a metabolic bypro-
duct of gut microbiota, was identified as a potential bio-
marker for middle-aged PSD. Also, using germ-free mice, 
we found that the gut microbiota could affect the host 
behaviors and lipid metabolism in the prefrontal cortex 
of mice.31 Interestingly, the Fatty acid biosynthesis was 
found here to be significantly affected in middle-aged PSD 
patients. Combining our results with related reports, we 
assumed that the metabolism disorder resulted from the 
disturbed gut microbiota might promote the occurrence of 
depression in middle-aged stroke survivors.

There are several limitations in this study. First, all the 
included patients received medications to treat stroke, as 
medications could directly affect metabolomics profiles, 
our results needed further validation and support. 
Secondly, all the included patients were of the same eth-
nicity. Thus, the ethno-specific biases could not be ruled 
out here. Thirdly, we did not assess the effects of socio-
demographic variables on urinary metabolites, such as 
education and marital status; these variable were also 
important factors in depression. Fourthly, due to the rela-
tively small sample size, we did not analyze the sex- 
specific metabolic profiles; although the metabolic profiles 
likely also differ to sex. Finally, we only analyzed the 
urine metabolites; future studies should further analyze 
the metabolites in serum samples or cerebrospinal fluid 

to ensure these potential urinary biomarkers physiologi-
cally relate to PSD.

In conclusion, using both univariate and multivariate 
statistical analysis, we found the divergent urinary meta-
bolic phenotypes between middle-aged PSD patients and 
middle-aged stroke survivors without depression. The 12 
significantly changed metabolites were identified, and 
seven metabolites were selected as potential biomarkers 
for PSD in middle-aged stroke survivors. A panel consist-
ing of these potential biomarkers showed excellent diag-
nostic performance in both training set and testing set. 
Limited by the relatively small sample size, we will further 
validate these potential biomarkers in a large-scale study.
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