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Background: Post-stroke depression (PSD) is a major complication in stroke survivors, 
especially in elderly stroke survivors. But there are still no objective methods to diagnose 
depression in elderly stroke survivors. Thus, this study was conducted to identify potential 
biomarkers for diagnosing elderly PSD subjects.
Methods: Elderly (60 years or older) stroke survivors with depression were assigned into 
the PSD group, and elderly stroke survivors without depression and elderly healthy controls 
(HCs) were assigned into the non-depressed group. Urinary metabolite signatures obtained 
from gas chromatography-mass spectrometry (GC-MS)-based metabolomic platform were 
collected. Both univariate and multivariate statistical analysis were used to find the differ-
ential urinary metabolites between the two groups.
Results: The 78 elderly HCs, 122 elderly stroke survivors without depression and 124 
elderly PSD subjects were included. A set of 13 differential urinary metabolites responsible 
for distinguishing PSD subjects from non-depressed subjects were found. The Phenylalanine, 
tyrosine and tryptophan biosynthesis, Phenylalanine metabolism and Galactose metabolism 
were found to be significantly changed in elderly PSD subjects. The phenylalanine was 
significantly negatively correlated with age and depressive symptoms. Meanwhile, 
a biomarker panel consisting of 3-hydroxyphenylacetic acid, tyrosine, phenylalanine, 
sucrose, palmitic acid, glyceric acid, azelaic acid and α-aminobutyric acid was identified.
Conclusion: These results provided candidate molecules for developing objective methods 
to diagnose depression in elderly stroke survivors, suggested that taking supplements of 
phenylalanine might be an effective method to prevent depression in elderly stroke survivors, 
and would be helpful for future revealing the pathophysiological mechanism of PSD.
Keywords: post-stroke depression, metabolomics, biomarker

Introduction
Post-stroke depression (PSD) is a common neuropsychiatric disorder that can ser-
iously affect the quality of life of stroke survivors, especially the elderly ones.1 The 
incidence rate of PSD is about 30% at any time up to five years after stroke.2 A review 
reported that the depressive symptoms could slowly rise in first six months after 
stroke, then slightly alleviate at 12 months, and worsen again in the next year.3 

Epidemiological study showed that PSD might interfere with stroke recovery.4 

Because it could decrease the will of patients to participate in rehabilitation programs, 
and finally result in a longer length of hospital stay.5 Moreover, PSD could seriously 
affect the neural functional recovery of patients and the depressed patients have fewer 
daily activities. This might lead to the increased mortality and disability rate during the 
2–5 years after stroke.6 Therefore, it is very important to early diagnose and treat PSD.
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Although other researchers and we have done many 
works, the treatment and diagnosis of depression is still in 
the exploratory stage.7–10 The diagnosis of depression in 
stroke survivors is still based on the subjective identifica-
tion of symptom clusters, which often causes 
a misdiagnosis or under-diagnosis.11 To solve this pro-
blem, many works have been done to identify PSD- 
related biomarkers.12,13 Zhao et al found that the serum 
neurofilament light could be used to make early diagnoses 
of PSD.12 Another study suggested that MiR-140-5p might 
be closely related with the pathogenesis of PSD and could 
be used as a novel early warning biomarker for diagnosing 
PSD.13

Some studies have identified several urinary biomarkers 
for PSD.14–16 But none of these previous studies have taken 
age-based differences into consideration, especially consider-
ing that elderly stroke survivors are more likely to be 
depressed.1 In recent decades, metabolomics is widely used 
to find potential biomarkers for many diseases.17,18 Using 
metabolomic approaches, researchers have identified some 
potential urinary biomarkers that could be used to diagnose 
patients with depression.19,20 Here, we collected urinary 
metabolomic data from gas chromatography-mass spectro-
scopy (GC-MS) based metabonomic platform. The purpose 
of this study was to find the differential urinary metabolites in 
elderly PSD subjects and identify potential biomarkers for 
objectively diagnosing depression in elderly stroke survivors.

Patients and Methods
Subjects Obtained
This study was approved by the Ethical Committee of the 
First Affiliated Hospital of Nanchang University 
(NCU20180219) and conducted in accordance with the 
Declaration of Helsinki. The diagnostic criteria for ischemic 

or hemorrhagic stroke (confirmed by the fourth National 
Conference on Cerebrovascular Diseases) were used to diag-
nose stroke. PSD patients were screened by experienced 
psychiatrists using the DSM-IV, and the Hamilton 
Depression Rating Scale (HDRS) score was used to assess 
the depressive symptoms of stroke survivors. The elderly 
(age≥60) stroke survivors with HDRS score ≥17 were 
assigned into the PSD group, and others were assigned 
into the non-depressed group. The elderly stroke survivors 
were excluded if they had illicit drug use, alcohol abuse, 
preexisting mental disorders before stroke, or systemic med-
ical illness. Meanwhile, the elderly (age≥60) healthy con-
trols (HCs) were also recruited. Finally, 78 elderly HCs and 
122 elderly stroke survivors without depression were 
included and assigned into the non-depressed group, and 
124 elderly stroke survivors with depression were included 
and assigned into the PSD group. The included subjects 
provided the written informed consents before sample col-
lection. The detailed information is described in Table 1.

Sample Processing and Grouping
The morning urine samples were collected using a sterile cup 
after 12-hours fasting. The midstream urine was collected. 
After centrifugation (1500g, ten minutes), we divided the 
obtained supernatant into equal aliquots, and stored them at 
−80°C until later analysis. The procedure of GC-MS analysis 
and samples was extracted from the previous studies.14,15 

The global metabolome analysis was used here. In total, 59 
urinary metabolites were analyzed, and the analysis was done 
in Nanchang University. We randomly assigned the included 
subjects into training set (44 elderly HCs, 86 elderly stroke 
survivors without depression and 82 elderly PSD subjects) 
and testing set (34 elderly HCs, 36 elderly stroke survivors 
without depression and 42 elderly PSD subjects). Generally 

Table 1 Detailed Information of the Elderly Recruited Subjects

Variables Training Set Testing Set

HCs Strokes PSD P-value HCs Strokes PSD P-value

Number 44 86 82 – 34 36 42 –

Age 65.20 (3.71) 66.88 (4.84) 67.22 (4.69) 0.49a 65.41 (2.74) 67.19 (5.42) 66.17 (4.34) 0.99a

BMI 21.68 (2.59) 23.13 (2.80) 23.47 (2.99) 0.12a 21.98 (3.00) 22.37 (2.60) 23.73 (3.13) 0.20a

Sex (M/F) 18/26 26/40 39/43 0.57b 17/17 15/21 21/21 0.71b

HDRS 0.25 (0.61) 1.60 (1.85) 19.99 (5.42) <0.00001a 0.59 (1.05) 1.67 (1.56) 20.81 (5.69) <0.00001a

Notes: aP-value was obtained from one-way ANOVA test. bP-value was obtained from Chi-square test. 
Abbreviations: M, male; F, female; HCs, healthy controls; BMI, body mass index; PSD, post-stroke depression; HDRS, Hamilton Depression Rating Scale.
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speaking, it was very important to using testing set to validate 
the results obtained from the training set.

Statistical Analysis
The Student’s t-test, non-parametric Mann–Whitney 
U-test, one-way ANOVA test or Chi-square test was con-
ducted when appropriate. The Benjamini-Hochberg false 
discovery rate was used to correct the obtained p-value. 
A corrected p-value < 0.05 was considered to be statisti-
cally significant. To alleviate the potential effects of urine 
samples from the different subjects, the creatinine was 
used to normalize the raw metabolomics data; meanwhile, 
to alleviate the potential effects of different orders of 
magnitude in urinary metabolites, the zero-mean and unit- 
variance was used to further scale the metabolomics 
data.20

The orthogonal partial least-squares discriminant analy-
sis (OPLS-DA) was a supervised multivariate approach, 
which is widely used to analyze the Omics data to visualize 
discrimination between different groups.16,20 It was an 
excellent tool to identify “What’s the difference” between 
the two groups. Therefore, in this study, to find out the 
metabolic differences between elderly PSD subjects and 
elderly non-depressed subjects, the OPLS-DA model was 
firstly built using the training set. Then, the 399-iteration 
permutation test was conducted to evaluate the goodness-of- 
fit of the built OPLS-DA model. The testing set was further 
used to assess the predicted accuracy of the built model. 
Finally, the coefficient loading plot of the built OPLS-DA 
model was used to identify the metabolic differences in 
elderly PSD subjects. In this study, according to the number 
of samples in training set, we selected the correlation coeffi-
cient of |r|>0.217 (equivalent to p-value<0.05) as the cut-off 
value for identifying the differential urinary metabolites.

To obtain a simplified metabolite biomarker panel, the 
step-wise logistic-regression analysis was further used to 
analyze the obtained differential urinary metabolites. Based 
on Akaike’s information criterion (AIC) rule, a best model 
with balance between accuracy and complexity was 
obtained. The AIC rule would estimate the quality of each 
model composed of differential urinary metabolites. It could 
simultaneously consider the simplicity and the goodness of 
fit of each model. The best model was the one with mini-
mum AIC value. Then, the receiver-operating characteristic 
(ROC) curve analysis was conducted to evaluate the diag-
nostic performance of the obtained biomarker panel.21,22 

The area under the curve (AUC) was the evaluation index. 
In addition, we used the Pearson correlation coefficient to 

assess the relationship between the identified differential 
urinary metabolites and demographic data (HDRS, BMI 
and age). To further explore the biological functions of the 
differential urinary metabolites closely involved in, the 
online software MetaboAnalyst 4.0 was used here.23 IBM 
SPSS statistical software (Version 19.0, IBM Corp., 
Armonk, NY) was used for data analysis.

Results
Different Metabolic Profiling Between 
Two Groups
We firstly used the training set to build the OPLS-DA model. 
To avoid the potential influences of demographic data on our 
findings, the HDRS, BMI, gender and age were used as 
covariates here. As shown in Figure 1A, the elderly PSD 
subjects were intelligibly separated from the elderly non- 
depressed subjects with little overlap (Figure 1A): 78 of the 
82 elderly PSD subjects and 118 of the 130 elderly non- 
depressed subjects were correctly distinguished. The OPLS- 
DA model was evaluated by the parameters of R2Y and Q2. 
The values of R2Y=0.59 and Q2=0.45 demonstrated that the 
model was reliable. The 399-iteration permutation test indi-
cated that the model was not over-fitted. Meanwhile, the 
T-predicted scatter plot showed that most of samples from 
the testing set could be correctly predicted (Figure 1B): 35 of 
the 42 elderly PSD subjects and 62 of the 70 elderly non- 
depressed subjects were correctly predicted. These results 
suggested that there were pronounced metabolic differences 
between elderly PSD subjects and elderly non-depressed 
subjects at an overview level.

Differential Urinary Metabolites in Elderly 
PSD Subjects
Differential urinary metabolites in elderly PSD subjects were 
filtrated by the correlation coefficient (|r|>0.217). In total, 13 
identified metabolites with |r|>0.217 were identified according 
to the coefficient loading plots of OPLS-DA model. 
Compared to elderly non-depressed subjects, the elderly 
PSD subjects were characterized by higher levels of palmitic 
acid, azelaic acid, sucrose, glyceric acid, α-aminobutyric acid, 
lactic acid and fructose, along with lower levels of 3-hydro-
xyisobutyric acid, sorbitol, indoxyl sulphate, 3-hydroxyphe-
nylacetic acid, phenylalanine and tyrosine. Meanwhile, 
univariate statistical analysis (nonparametric Mann–Whitney 
U-test and Benjamini-Hochberg false discovery rate) was 
applied to validate the metabolic changes identified by multi-
variate statistical analysis (OPLS-DA model); 12 of 13 
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differential urinary metabolites remained significantly chan-
ged (Table 2).

Potential Biomarker Panel for Diagnosing 
Elderly PSD
The step-wise logistic-regression analysis based on AIC 
rule was used to further analyze the identified 13 differ-
ential urinary metabolites. The results showed that the 
most significant deviations between elderly PSD subjects 
and elderly non-depressed subjects could be described by 
the following eight differential urinary metabolites: 
3-hydroxyphenylacetic acid, tyrosine, phenylalanine, 
sucrose, palmitic acid, glyceric acid, azelaic acid and α- 
aminobutyric acid (Figure 2). Then, the ROC analysis was 
used to evaluate the diagnostic performance of the poten-
tial biomarker panel consisting of these eight metabolites. 
The results suggested that this panel could effectively 
separate elderly PSD subjects from elderly non-depressed 
subjects with an AUC of 0.9421 in the training set and an 
AUC of 0.8687 in the testing set (Figure 3).

Correlation Analysis and Biological 
Interpretation
Pearson correlation analysis showed that there was 
a significantly positive correlation between BMI and 
age; there was a significantly negative correlation 
between age and phenylalanine; there were significantly 
negative correlations between BMI and five differential 

urinary metabolites (3-hydroxyisobutyric acid, sorbitol, 
phenylalanine, tyrosine and azelaic acid); and there were 
significantly negative correlations between HDRS score 
and three differential urinary metabolites (phenylalanine, 
3-hydroxyisobutyric acid and sucrose). In addition, we 
used online software MetaboAnalyst 4.0 to conduct path-
way analysis, and found that three metabolic pathways 
were significantly affected in elderly PSD subjects 
(Figure 4A): Phenylalanine, tyrosine and tryptophan bio-
synthesis (p=0.0003, impact=1.0) (differential urinary 
metabolites: phenylalanine and tyrosine), Phenylalanine 
metabolism (p=0.002, impact=0.35) (differential urinary 
metabolites: phenylalanine and tyrosine), and Galactose 
metabolism (p=0.017, impact=0.039) (differential urin-
ary metabolites: sucrose and sorbitol). The detailed 
information of these three pathways is presented in 
Figure 4B.

Discussion
Through a GC-MS metabolomic approach coupled with 
OPLS-DA model, we identified a set of 13 differential 
urinary metabolites that could clearly separate elderly 
PSD subjects from elderly non-depressed subjects. Six 
differential urinary metabolites (palmitic acid, azelaic 
acid, sucrose, glyceric acid, fructose and sorbitol) were 
closely related with energy metabolism, which might indi-
cate the disordered energy balance in elderly PSD subjects. 
Meanwhile, a potential biomarker panel consisting of eight 

Figure 1 Metabolomic analysis of urine samples from different groups: (A) OPLS-DA model built with training set showed that the elderly PSD subjects (blue dot) could be 
intelligibly separated from the elderly non-depressed subjects (green dot); (B) T-predicted scatter plot showed that the model could effectively predict the elderly PSD 
subjects (blue dot) and elderly non-depressed subjects (green dot) from the testing set.
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differential urinary metabolites was identified. This panel 
was capable of discriminating the training samples and test 
samples with AUCs of 0.9421 and 0.8687, respectively. 
These results demonstrated that the urinary metabolites 
held the promise as an objective method to diagnose 

elderly PSD subjects, and this panel with excellent diag-
nostic performance in diagnosing depression in elderly 
stroke survivors should be further explored.

Zheng et al used GC-MS based metabolomic approach 
to identify some urinary metabolite biomarkers for 

Table 2 Important Metabolites Responsible for Diagnosing Elderly PSD Patients

Metabolites p-valuea Adjust p-valueb Rc Fold Changed

Palmitic acid 8.11E-06 9.57E-05 0.456159 0.82

Azelaic acid 8.95E-07 1.76E-05 0.450246 1.29

Sucrose 2.41E-06 3.56E-05 0.372082 0.97

Glyceric acid 4.09E-05 4.02E-04 0.366423 1.10

α-aminobutyric acid 9.63E-05 7.10E-04 0.352394 0.64

Lactic acid 7.37E-07 2.17E-05 0.284821 0.74

Fructose 1.06E-04 6.97E-04 0.217637 0.77

3-hydroxyisobutyric acid 1.98E-03 8.35E-03 −0.271174 −0.22

Sorbitol 8.00E-02 1.52E-01 −0.301555 −0.29

3-hydroxyphenylacetic acid 1.52E-02 4.73E-02 −0.33488 −0.60

Indoxyl sulphate 6.18E-03 2.14E-02 −0.355926 −0.30

Phenylalanine 1.37E-03 6.24E-03 −0.413967 −0.40

Tyrosine 1.96E-07 1.16E-05 −0.463675 −0.52

Notes: ap-values obtained from nonparametric Mann–Whitney U-test. bAdjust p-values obtained using Benjamini-Hochberg false discovery rate. cCorrelation coefficient 
obtained from OPLS-DA model, positive and negative values indicated higher and lower levels in elderly PSD patients, respectively. dLog2 fold-change, positive and negative 
values indicated higher and lower levels in elderly PSD patients, respectively.

Figure 2 Relative concentrations of these eight urinary metabolite biomarkers for elderly PSD (mean±standard deviation).
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diagnosing depression.24 But these potential biomarkers 
might not be appropriate for diagnosing depression in 
stroke survivors. Therefore, to obtain more accurate poten-
tial biomarkers for PSD, researchers have done many 
wonderful works to successfully identify several differen-
tial urinary metabolites.14,15 Meanwhile, Xie et al identi-
fied some potential metabolite biomarkers for middle-aged 
PSD subjects.16 However, these identified potential bio-
markers could not effectively separate elderly PSD sub-
jects from elderly non-depressed subjects. Here, we 
successfully identified a biomarker panel that could effec-
tively diagnose elderly PSD subjects. In addition, it may 
be meaningful to explore the possibility of combining 
biomarkers and demographic data; if successful, it may 

be helpful for developing a more personalized diagnostic 
method for stroke patients with depression.

The mechanism of PSD remains unclear, which brings 
a big challenge to its prevention and treatment. Our pre-
vious studies found that the disturbance of lipid metabo-
lism and energy metabolism might be closely related to the 
onset of depression.25–27 The neurotransmitter imbalance 
theory believes that the brain damage resulting from stroke 
could finally cause the reduced bioavailability of norepi-
nephrine, dopamine and serotonin.28 During PSD, there is 
an obvious increase in numerous pro-inflammatory cyto-
kines and inflammatory markers, such as interferon (INF)- 
α and interleukin (IL)-1β.29 Previous studies also reported 
that there was a close relationship between PSD and the 

Figure 3 Diagnostic performance of potential biomarker panel for elderly PSD: (A) AUC value in the training set; (B) AUC value in the testing set.

Figure 4 Pathway analysis using the differential urinary metabolites: (A) three metabolic pathways were found to be significantly affected in elderly PSD subjects; (B) the 
main metabolites involved in these pathways. Red and green ellipses represent the significantly increased and decreased metabolites, respectively, identified in this study.
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functional polymorphism of serotonin transporter gene- 
linked promoter region.30 Meanwhile, most of current 
evidences indicate that the specific location of a lesion 
may have a critical role in the pathogenesis of PSD.31

In general, neurotransmitters, gene polymorphism, 
inflammatory cytokines and lesion locations may be the 
four major biological causes of PSD, but none of these 
theories has been universally accepted. In this study, we 
found that three differential urinary metabolites (phenyla-
lanine, tyrosine, indoxyl sulphate) in elderly PSD subjects 
were the metabolic byproducts of gut microbiota. 
Meanwhile, the association between gut microbiota and 
depression has become a hotspot in recent decade.32,33 

Previous study found that there were age-related changes 
in gut microbiota in patients with depression.34 Therefore, 
the disturbance of gut microbiota might be related with the 
development of elderly PSD.

Two phenylalanine metabolism-related pathways 
(Phenylalanine metabolism, Phenylalanine, tyrosine and 
tryptophan biosynthesis) were found here to be signifi-
cantly affected in elderly PSD subjects. In addition, phe-
nylalanine was significantly negatively correlated with 
age, which suggested that the elderly subjects had the 
lower level of phenylalanine. Moreover, we also found 
the significantly negative correlation between phenylala-
nine and HDRS score. It suggested that the subjects with 
lower level of phenylalanine had the higher HDRS score 
or more serious depressive symptoms. The stroke could 
occur at any age, but most cases of stroke still occur in the 
elderly subjects.35 Phenylalanine, as one of the eight 
essential amino acids, might have the potential ability to 
relieve pain and depression. Taken together, these results 
suggested that phenylalanine might be a potential target 
for preventing and treating depression in elderly stroke 
survivors.

Limitations should be mentioned here. Firstly, we 
only adjusted the HDRS score, age, BMI and sex to 
avoid the potential influences of socio-demographic data 
on our findings; the effects of other sociodemographic 
variables, such as marital status and levels of education, 
were needed future studies to assess. Secondly, all the 
included stroke survivors received medications to treat 
stroke; because the medications might affect the metabo-
lomics profiles,36 further researches were needed to sup-
port and validate our conclusions. Thirdly, the 
antidepressive effects of taking supplements of phenyla-
lanine were not validated here; future studies should 
further explore whether taking supplements of 

phenylalanine can prevent depression in stroke survivors. 
Fourthly, we failed to confirm the specific metabolic 
activity of some enzymes in PSD patients according to 
the changes of differential urinary metabolites from the 
same metabolic pathway; this point was needed in future 
studies to further investigate. Fifthly, we enrolled combi-
nation of ischemic and hemorrhagic stroke patients, but 
patients with different kinds of stroke likely have differ-
ent urinary metabolic profiles; thus, future studies should 
validate whether our conclusion was appropriate for any 
single kind of stroke.

In conclusion, through analyzing the urinary metabo-
lites in elderly PSD subjects, a set of 13 differential urin-
ary metabolites responsible for the discrimination between 
elderly PSD subjects and elderly non-depressed subjects 
were identified. Meanwhile, a potential biomarker panel 
consisting of eight differential urinary metabolites was 
found to be effective in diagnosing elderly PSD subjects. 
Our results would be helpful for future developing an 
objective diagnostic method for elderly PSD, and provide 
novel insights into the mechanism of PSD.
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