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Abstract

Glial cell line-derived neurotrophic factor (GDNF) plays an important role in the protection of dopaminergic neurons, but there are few
reports of the relationship between GDNF and its precursors (a-pro-GDNF and B-pro-GDNF) and cognitive impairment in Parkinson’s disease.
This study aimed to investigate the relationship between the serum levels of GDNF and its precursors and cognitive impairment in Parkinson’s
disease, and to assess their potential as a diagnostic marker. Fifty-three primary outpatients and hospitalized patients with Parkinson’s disease
(23 men and 30 women) with an average age of 66.58 years were enrolled from the Affiliated Hospital of Xuzhou Medical University of China
in this case-control study. The patients were divided into the Parkinson’s disease with cognitive impairment group (n = 27) and the Parkinson'’s
disease with normal cognitive function group (n = 26) based on their Mini-Mental State Examination, Montreal Cognitive Assessment, and
Clinical Dementia Rating scores. In addition, 26 age- and sex-matched healthy subjects were included as the healthy control group. Results
demonstrated that serum GDNF levels were significantly higher in the Parkinson’s disease with normal cognitive function group than in the
other two groups. There were no significant differences in GDNF precursor levels among the three groups. Correlation analysis revealed that
serum GDNF levels, GDNF/a-pro-GDNF ratios, and GDNF/B-pro-GDNF ratios were moderately or highly correlated with the Mini-Mental State
Examination, Montreal Cognitive Assessment, and Clinical Dementia Rating scores. To explore the risk factors for cognitive impairment in
patients with Parkinson’s disease, logistic regression analysis and stepwise linear regression analysis were performed. Both GDNF levels and
Hoehn-Yahr stage were risk factors for cognitive impairment in Parkinson’s disease, and were the common influencing factors for cognitive
scale scores. Neither a-pro-GDNF nor B-pro-GDNF was risk factors for cognitive impairment in Parkinson’s disease. A receiver operating
characteristic curve of GDNF was generated to predict cognitive function in Parkinson’s disease (area under the curve = 0.859). This result
indicates that the possibility that serum GDNF can correctly distinguish whether patients with Parkinson’s disease have cognitive impairment
is 0.859. Together, these results suggest that serum GDNF may be an effective diagnostic marker for cognitive impairment in Parkinson'’s
disease. However, a-pro-GDNF and B-pro-GDNF are not useful for predicting cognitive impairment in this disease. This study was approved by
Ethics Committee of the Affiliated Hospital of Xuzhou Medical University, China (approval No. XYFY2017-KL047-01) on November 30, 2017.
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Introduction

Many non-motor symptoms of Parkinson’s disease (PD) lead
to painful experiences, which may increase overall disability
rates in the patient population (Poewe et al., 2017; Goulding
et al., 2019). In recent years, the non-motor symptoms of PD,
and especially cognitive impairment, have received increasing
attention (Calabresi et al., 2013). Approximately 30% of
patients with PD have mild cognitive impairment, which can
develop into dementia (Delgado-Alvarado et al., 2016). The
early diagnosis of mild cognitive impairment can be difficult
because of its subtle symptoms. Moreover, cognitive rating
scales are based on subjective judgments and are sensitive
to changes in the patient’s state. An objective and accurate
marker to identify PD with cognitive impairment (PDCI) as
early as possible is therefore urgently needed.

The current hypotheses regarding the pathogenesis of
cognitive impairment include a-synuclein pathology (Halliday
et al., 2014), tau and amyloid pathologies (Compta et al.,
2011; Howlett et al., 2015), neurotransmitter disorders
(Halliday et al., 2014), genetic risk (Aarsland et al., 2017), and
neurotrophic factor deficiencies (Leverenz et al., 2011; Lim
et al., 2016). The neurotrophic factor deficiency hypothesis
suggests that neurotrophic factors play a vital role in neuronal
plasticity and learning, as well as other cognitive functions.
For example, it has been reported that the deterioration
of cognitive function in patients with PD is related to
neurotrophic factors in the cerebrospinal fluid and plasma
(Leverenz et al., 2011; Lim et al., 2016).

Glial cell line-derived neurotrophic factor (GDNF) is a potent
growth factor that is a member of the transforming growth
factor-p superfamily. For the past few decades, our laboratory
has focused on investigating the protective effects of GDNF
on dopaminergic neurons. Our previous results demonstrated
that GDNF can activate the PI3 kinase/Akt pathway and
promote the expression of calbindin-D28K (Wang et al., 2008).
GDNF can also reduce the apoptosis rate of calbindin-D28K-
positive MNID cells after treatment with 6-hydroxydopamine
(Sun et al.,, 2011) and promote the survival of neurons in
the substantia nigra pars compacta of rats after treatment
with 6-hydroxydopamine (Yu et al., 2009). GDNF is also
reported to be essential for maintaining the survival of
dopaminergic neurons in the nigrostriatum (Cao et al., 2008).
In patients with mild cognitive impairment and Alzheimer’s
disease, decreased peripheral serum GDNF levels have been
observed (Forlenza et al., 2015). However, it has not yet
been determined whether there is a correlation between
the levels of GDNF and its precursors and cognitive function
in PD. Therefore, this study investigated the relationship
between serum GDNF and its precursors and PDCI, to look
for possible risk factors in the process of PDCI. By analyzing
the relationship between serum GDNF and its precursors and
PDCI, potential biomarkers for PDCI and possible intervention
measures for the diagnosis of PD may be revealed.

Participants and Methods

Participants

Subject screening

In this case-control study, fifty-three primary outpatients and
hospitalized patients with PD were included from the Affiliated
Hospital of Xuzhou Medical University, China, from October
2017 to August 2018. The detailed demographic information,
medical history, course of disease, motor symptoms, and
treatment were collected and evaluated by two experienced
neurologists, to ensure a diagnostic accuracy of over 90% for
PD. All cognitive scales were administered when patients were
in a good mental state and willing to cooperate.

Inclusion criteria for patients with PD

(1) Aged = 55 and < 75 years old.

(2) Ability to complete all neuropsychological, psychiatric, and
behavioral assessments under the guidance of a physician,
and to listen, speak, read and understand. This ability
was estimated by the neurologist based on demographic
characteristics (e.g., education level or occupation) before the
test (Litvan et al., 2012).

(3) A diagnosis of PD was independently made by two
experienced neurologists according to the UK Brain Bank
Criteria (Hughes et al., 1992), with reference to the Movement
Disorder Society diagnostic criteria (Postuma et al., 2015).

Exclusion criteria for patients with PD

(1) History of neurological disorders other than PD, such as
craniocerebral injury, stroke, and other types of dementia, as
ascertained by computed tomography or magnetic resonance
imaging.

(2) Drug-induced, head trauma-induced, vascular, or other
secondary parkinsonism.

(3) Parkinsonism-plus syndromes and other neurodegenerative
diseases.

(4) Severe anxiety, depression, schizophrenia, or other mental
disorders.

(5) Systemic diseases, including heart, liver, and renal diseases,
and other diseases that may affect cognitive function.

Healthy controls

The age- and sex-matched healthy participants were recruited
from the Medical Examination Center of the Affiliated Hospital
of Xuzhou Medical University, and had no history of major
disease and no global cognitive impairment. Subjects who
failed to complete the cognitive tests or who had taken drugs
that may affect cognitive function within the last month were
excluded.

Ethics approval

This study was approved by Ethics Committee of the Affiliated
Hospital of Xuzhou Medical University, China (approval No.
XYFY2017-KL0O47-01) on November 30, 2017. Informed
consent forms were signed by the subjects themselves.

Sample collection

Serum samples were collected on the first morning after
admission. Patients fasted, including water, from 22:00 the
previous day, and 5 mL of serum was collected from each
patient the next morning (between 07:00 and 08:00). The
samples were centrifuged at 1000 x g for 10 minutes at 4°C.
Before centrifugation, the samples were allowed to remain
at room temperature for up to 2 hours. To ensure that the
serum components were not destroyed, they were dispensed
into 500 pL Eppendorf tubes (BD Biosciences, Beijing, China)
immediately after centrifugation and stored at —80°C for later
assays. When serum had been collected from all subjects,
GDNF and GDNF precursor (a-pro-GDNF and B-pro-GDNF)
levels were measured in patients with PD and controls
using enzyme-linked immunosorbent assay kits (GDNF: R&D
Systems, Minneapolis, MN, USA; GDNF precursors: Shanghai
Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) in
strict accordance with the manufacturers’ instructions.

Neuropsychological assessments

The cognitive function of each patient was evaluated in the
morning on day 2 of admission, after the patient’s venous
blood had been collected. A comprehensive assessment of
cognitive domains was performed when patients were in a
good mental state and willing to cooperate. Demographic
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and clinical data of PD and healthy control participants were
also collected, including sex, age, education (years), and
anamnesis, as well as the disease duration and Hoehn-Yahr
stage of all patients with PD. The MMSE, MoCA, and CDR were
used to evaluate patients’ cognitive function. The primary
outcome was the scores of the cognitive function scales.

Cognitive impairment was defined as a total Mini-Mental
State Examination (MMSE) score of < 26 out of 30 (Dubois et
al., 2007); a Montreal Cognitive Assessment (MoCA) score of
< 26 out of 30 (Kandiah et al., 2014), with 1 point added to
the score if the number of years of education was < 12 years;
and a Clinical Dementia Rating (CDR) score of > 0.5 (Maiti et
al., 2020). Based on the cognitive scale scores, patients with
PD were divided into the PDCI group and the PD with normal
cognitive function (PDN) group. In the PDCI group, patients
with PD had global cognitive impairment without a detailed
distinction of their cognitive domains; subjects with an MMSE
score of < 26, a MoCA score of < 26, and a CDR score of > 0.5
were included. In the PDN group, patients with PD did not
have global cognitive impairment; subjects with an MMSE
score of > 26, a MoCA score of > 26, and a CDR score of < 0.5
were included. In the healthy control group, the age-and sex-
matched healthy participants presented no history of major
disease, no global cognitive impairment, and had an MMSE
score of > 26, a MoCA score of > 26, and a CDR score of < 0.5.
Three cognitive scales were used to evaluate the cognitive
function of the subjects, and the intersection was taken to
avoid false-negative or false-positive values caused by the use
of a single cognitive scale.

Quality assessment

All subjects evaluated using the cognitive function scales were
subjected to a random selection process for evaluation by a
third experienced neurologist. If the score was quite different
from that given by the first two doctors, the scores of the
cognitive function scales were discussed and determined
by the three doctors together. To minimize bias in the
experiment, we conducted a large, detailed literature search
before the study to determine the appropriate cognitive
function scales. Prior to the assessment of cognitive function,
the two experienced neurologists systematically studied
the use of the cognitive function scales. When a patient’s
mental state was good and they were willing to cooperate,
a comprehensive assessment of cognitive function was
conducted.

Statistical analysis

Professional biostatisticians provide guidance for the
statistical analysis of this study. We performed the statistical
analysis using SPSS 22.0 software (IBM Corp., Armonk, NY,
USA). The indexes, such as age and serum GDNF and GDNF
precursor concentrations, which were normally distributed,
were expressed as the mean + standard deviation (SD).
Education, disease duration, and the cognitive scale scores
were represented as the median (interquartile range)
[M(QR)] because they were not normally distributed. The
Mann-Whitney U test was used to compare nonparametric
data, such as disease duration, between two groups. For
comparisons among multiple groups, one-way analysis of
variance was used to analyze parametric data, and the least
significant difference post hoc test (such as for the comparison
of serum GDNF precursor concentration and the GDNF/a-pro-
GDNF and GDNF/B-pro-GDNF ratios among the three groups)
or the Dunnett’s T3 test (such as for the comparison of age
and a-pro-GDNF/B-pro-GDNF ratios among the three groups)
was used for further pairwise comparison, depending on the

homogeneity of variance. Education and the cognitive scale
scores, which were nonparametric, were analyzed among the
three groups using the Kruskal-Wallis test, and the Bonferroni
test was used for further pairwise comparisons to correct
the P-value, to control the total probability of type | errors.
Statistical significance was defined as two-sided P < 0.05/n (n
represents the number of groups; Bland and Altman, 1995).
Numerical data were compared using the chi-squared test.
The correlations between serum GDNF and its precursors and
the cognitive scale scores were measured using Spearman’s
rank correlation test, with P < 0.05 considered statistically
significant. Binary logistic regression analysis was used to test
the risk factors of PDCI, and stepwise linear regression analysis
was used to examine the factors that influence MMSE, MoCA,
and CDR scores.

Results

Participant demographics

A total of 79 participants were included in the study: 26 in
the healthy control group, 26 in the PDN group, and 27 in the
PDCI group (Figure 1). Demographic and clinical data analysis
and a comparison of serum GDNF and its precursor levels
were performed among the three groups (n = 79). Correlation,
regression, and receiver operating characteristic (ROC) curve
analyses were performed in all patients with PD (n = 53).

General characteristics of the three groups of subjects

A total of 26, 27, and 26 subjects were included in the PDN,
PDCI, and healthy control groups, respectively. Demographics,
clinical characteristics, and disease status are shown in Table
1. There were no significant differences in sex, age, smoking,
alcohol consumption, hypertension, or the proportion of
subjects with high school education and above among the
three groups. There were significant differences in years of
education and the proportion of subjects with diabetes among
the three groups, and there were also differences in Hoehn-
Yahr stage and disease duration between the PDN and PDCI
groups (P < 0.05).

Table 1 | Demographic and clinical data of Parkinson’s disease and healthy
control participants

Healthy
Iltems control PDN PDCI P
n 26 26 27
Gender [male, n(%)]° 14 (53.8) 13 (50.0) 10(37.0) 0.494
Age (mean4SD, years)®  64.73+3.75 65.04+10.55 68.07+6.81 0.210
Hoehn-Yahr stage
[n(stage)]
(1/1.5/2/2.5/3/4)° 1(1) 2 (1.5) 0.002"
Education [senior high 8(30.8) 4(15.4) 3(11.1) 0.161
school and up, n(%)]°
Education [M(QR), years]® 9 (3) 9(3.75) 0(6) 0.000
Disease duration [M(QR), 24(315)  48(74) 0.019"
months]*
High blood pressure 11 (42.3) 4(15.4) 8(29.6) 0.102
[n(%)1°
Diabetes [n(%)]° 8(30.8) 2(7.7) 2(7.4) 0.026'
Smoking [n(%)]° 2(7.7%) 5(19.2) 2(7.4) 0.307
Drinking [n(%)]* 5(19.2) 5(19.2 3(11.1) 0.653

Hoehn-Yahr stage: 1, unilateral involvement only; 1.5, unilateral and axial
involvement; 2, bilateral involvement without impairment of balance; 2.5,
mild bilateral disease with recovery on pull test; 3, mild to moderate bilateral
disease, some postural instability, physically independent; 4, severe disability,
still able to walk or stand unassisted. a: chi-squared test; b: one-way analysis
of variance, post hoc testing: Dunnett’s T3 test; c: Mann-Whitney U test; d:
Kruskal-Wallis rank sum test. *P < 0.05. PDCI: Parkinson’s disease with cognitive
impairment; PDN: Parkinson’s disease with normal cognitive function.
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Figure 1 | Summary diagram of the study.

CDR: Clinical Dementia Rating; ELISA: enzyme-linked immunosorbent assay;
GDNF: glial cell line-derived neurotrophic factor; MMSE: Mini-Mental State
Examination; MoCA: Montreal Cognitive Assessment; PD: Parkinson’s disease;
PDCI: Parkinson’s disease with cognitive impairment; PDN: Parkinson’s disease
with normal cognitive function; ROC: receiver operating characteristic.

Comparison of GDNF and its precursor levels among the
three groups

There were significant differences in serum GDNF levels
among the PDN, healthy control, and PDCI groups (P < 0.001;
Figure 2 and Additional Table 1). Furthermore, the levels of
GDNF in the PDN group were significantly higher than those
in the healthy control group (P < 0.001) and PDCI group (P
< 0.001; Figure 2 and Additional Table 1). Although the
concentration of GDNF appeared to be slightly higher in
the healthy control group, it was not significantly different
between the healthy control and PDCI groups (Figure 2 and
Additional Table 1).

Moreover, the GDNF precursor levels and the GDNF/a-pro-
GDNF, GDNF/B-pro-GDNF, and a-pro-GDNF/B-pro-GDNF ratios
were also compared among all groups. There were significant
differences in the GDNF/a-pro-GDNF ratio among the PDN,
healthy control, and PDCI groups (P = 0.042; Figure 2 and
Additional Table 1). Furthermore, the GDNF/a-pro-GDNF
ratio in the PDN group was significantly higher than that in
the PDCI group (P = 0.012); whereas there were no significant
differences between the PDN and healthy control groups or
between the PDClI and healthy control groups (Figure 2 and
Additional Table 1). Furthermore, there were no significant
differences in GDNF precursor level, GDNF/B-pro-GDNF ratio,
or a-pro-GDNF/B-pro-GDNF ratio among the three groups
(Figure 2 and Additional Table 1).

Cognitive scale scores in the three groups

The MMSE scores were significantly different among the three
groups (P < 0.001; Table 2). Furthermore, the MMSE scores
were significantly different between the healthy control and
PDCI groups, and between the PDN and PDCI groups, but
were not significantly different between the healthy control
and PDN groups. The unadjusted P-values were P < 0.001,
P < 0.001, and P = 0.951, respectively, and the Bonferroni-
adjusted values were P < 0.001, P < 0.001, and P = 1.000,
respectively. The MoCA results were similar to those of the
MMSE scores (P < 0.001; Table 2). More details are shown in
Table 2.
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Figure 2 | Comparison of levels of GDNF and its precursors between the
three groups.

(A=C) Levels of GDNF (A), a-pro-GDNF (B), and B-pro-GDNF (C) among the
three groups. (D—F) Ratios of GDNF/a-pro-GDNF (D), GDNF/B-pro-GDNF (E),
and a-pro-GDNF/B-pro-GDNF (F) among the three groups. n = 26 (HC), 26
(PDN), and 27 (PDCI). The three groups were assessed using one-way analysis
of variance followed by post hoc testing: Dunnett’s T3 test (GDNF, a-pro-
GDNF/B-pro-GDNF) or the least significant difference method (a-pro-GDNF,
B-pro-GDNF, GDNF/a-pro-GDNF, GDNF/B-pro-GDNF). *P < 0.01, ***P < 0.001.
GDNF: Glial cell line-derived neurotrophic factor; HC: healthy control; PDCI:
Parkinson’s disease with cognitive impairment; PDN: Parkinson’s disease with
normal cognitive function.

Table 2 | Comparisons of cognitive scale scores of the three groups

Healthy control ~ PDN group PDCI group

group (n = 26) (n=26) (n=27) P
MMSE 29(2)" 29(2)" 19(10) <0.001
MoCA 27(2.25)" 26.5(1)" 10(8) <0.001
CDR 0(0)" o(0)" 1(1) <0.001

Data are expressed as the M(QR). The results among the three groups were
compared with the Kruskal-Wallis test and corrected by Bonferroni method
(P <0.001). #P < 0.05, vs. PDCI group. CDR: Clinical Dementia Rating; MMSE:
Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; PDCI:
Parkinson’s disease with cognitive impairment; PDN: Parkinson’s disease with
normal cognitive function.

Correlation between GDNF and its precursor levels and
cognitive scores

To verify the value of GDNF and its precursors in clinical
practice, the correlations between the serum levels of GDNF
and its precursors and cognitive scores were analyzed (Figure
3 and Additional Table 2). There were positive correlations
between GDNF levels and the MMSE and MoCA scores (r =
0.610, P < 0.001 and r = 0.579, P < 0.001, respectively), and
a negative correlation between GDNF levels and CDR scores
(r=-0.573, P < 0.001; Figure 3 and Additional Table 2). The
correlations between GDNF precursor levels and cognitive
scores were also analyzed (Figure 3 and Additional Table 2).

Regression analyses of risk factors for PDCI

To determine risk factors for PDCI, a binary logistic regression
analysis was first conducted, which included the following
variables: sex, age, education (years), Hoehn-Yahr stage,
disease duration, GDNF (pg/mL), GDNF precursors (pg/mL),
GDNF/a-pro-GDNF ratio, GDNF/B-pro-GDNF ratio, and a-pro-
GDNF/B-pro-GDNF ratio. A likelihood ratio test was used (Table
3). GDNF level and Hoehn-Yahr stage had a significant effect on
cognition. Next, a stepwise linear regression analysis (backward
linear regression) was performed (Table 4). The variables
affecting the MMSE score were GDNF level, Hoehn-Yahr
stage, and a-pro-GDNF level (Table 4). The variables affecting
the MoCA score were GDNF level, Hoehn-Yahr stage, and
education (Table 4), and those affecting the CDR score were
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Figure 3 | Spearman’s correlations between GDNF and its precursors and
cognitive scores.

(A—C) Spearman’s correlations between MMSE scores and GDNF (r = 0.610,
P <0.001) (A), GDNF/a-pro-GDNF (r = 0.467, P < 0.001) (B), and GDNF/
B-pro-GDNF (r = 0.455, P < 0.001) (C). (D—F) Spearman correlations between
MoCA scores and GDNF (r = 0.579, P < 0.001) (D), GDNF/a-pro-GDNF (r =
0.323, P=0.018) (E), and GDNF/B-pro-GDNF (r=0.362, P = 0.008) (F). (G—
|) Spearman’s correlations between CDR scores and GDNF (r =—-0.573, P <
0.001) (G), GDNF/a-pro-GDNF (r =—-0.379, P = 0.005) (H), and GDNF/B-pro-
GDNF (r =-0.390, P = 0.004) (). The correlation coefficients and P-values
are indicated, and the shadows depict 95% confidence intervals. n = 53.
CDR: Clinical Dementia Rating; GDNF: glial cell line-derived neurotrophic
factor; MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive
Assessment.
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Figure 4 | ROC curves for GDNF and composite biomarkers as related to
PDCI.
ROC analyses of GDNF and composite biomarkers in the serum of PD patients.
Composite = (GDNF vs. GDNF/a-pro-GDNF vs. GDNF/B-pro-GDNF). The GDNF
cutoff point of PDCI diagnosis based on the ROC curve: *508.99 pg/mL. AUC:
Area under curve; GDNF: glial cell line-derived neurotrophic factor; PDCI:
Parkinson’s disease with cognitive impairment; ROC: receiver operating
characteristic.

GDNF level and Hoehn-Yahr stage (Table 4). Education only
affected the MoCA score among the three cognitive scales.

ROC curve of GDNF levels predicting cognitive function in
PD

The PDN and PDCI groups were analyzed to evaluate the
accuracy of GDNF levels in the diagnosis of PDCI (Figure
4). The distinction between PDN and PDCI was based on
MMSE, MoCA, and CDR scores. The diagnostic accuracy was
determined using ROC curve analysis (AUC = 0.859, P < 0.001,
95% confidence interval: 0.736-0.939). The best cut-off value
of serum GDNF levels for PDCI diagnosis was 508.991 pg/mL,
with a sensitivity and specificity of 85.19% and 84.62%,
respectively. Further analysis was performed to determine
whether the combination of GDNF, GDNF/a-pro-GDNF ratio,
and GDNF/B-pro-GDNF ratio had a higher diagnostic accuracy
for PDCI. Logistic regression was performed to fit the data,
and ROC analysis was used for comparison (AUC = 0.862, P <
0.001; Figure 4). The results revealed that the combination
was not significantly better than GDNF alone.

Discussion
We aimed to investigate the relationship between serum

Table 3 | Binary logistic regression analysis of cognition in patients with
Parkinson’s disease

B SE WALD P OR 95% Cl
Hoehn-Yahr stage 1.447 0.580 6.232 0.013 4250 1.365-13.233
GDNF 0.012 0.003 12.601 <0.001 0.988 0.981-0.995
Constant 4.004 1.655 5.855 0.016  54.799

A likelihood ratio test was used to evaluate the factors that influence
cognition in patients with Parkinson’s disease. To exclude confounding factors
at baseline, we included all variables with differences between the groups in
the demographic and clinical data (Table 1) and the variables to be analyzed
in the study. Thus, sex, age, education, Hoehn-Yahr stage, disease duration,
GDNF (pg/mL), a-pro-GDNF (pg/mL), B-pro-GDNF (pg/mL), GDNF/a-pro-
GDNF ratio, GDNF/B-pro-GDNF ratio, and a-pro-GDNF/B-pro-GDNF ratio were
included in the equation. Hoehn-Yahr stage and GDNF had a significant effect
on cognitive function in patients with Parkinson’s disease. n = 53. GDNF: Glial
cell line-derived neurotrophic factor; SE: standard error; B: unstandardized
coefficients.

levels of GDNF and its precursors and PDCI, and to find a
potential biomarker for the early diagnosis of PDCI. Our results
indicate that GDNF levels are significantly different between
patients with PD with different cognitive functions, and are
correlated with a variety of cognitive scales that objectively
evaluate and predict cognitive function in patients with PD.

Gui et al. (2017) demonstrated that neuroinflammation results
in decreased GDNF, accompanied by learning and memory
impairments, and that GDNF reduces these impairments
when injected into the lateral ventricle. In the present
study, reduced GDNF levels were also found in patients with
PDCI, whose global cognition was significantly worse than
that of the healthy control and PDN groups. These findings
support the previous experimental results. In another animal
experiment, Pertusa et al. (2008) reported that GDNF secreted
by astrocytes enhances neuronal function, characterized by
the increased local synthesis of neurotransmitters, such as
acetylcholine, dopamine, and 5-hydroxytryptamine. Moreover,
GDNF improves neuronal atrophy in aged rats, thereby further
improving their spatial learning and memory ability. These
findings all indicate the importance of GDNF for cognitive
function.

Analysis of the cognitive scale scores and serum levels after
eliminating confounding factors revealed differences in GDNF
levels and related parameters between the PDN and PDCI
groups. Correlation and regression analyses demonstrated
that serum GDNF levels, as well as Hoehn-Yahr stage and
education, had a significant relationship with cognition in
patients with PD. However, education had a significant effect
on MoCA scores only (Table 4). The reason for this finding
may be the large proportion of visuospatial and executive
functions and the difficulty of delayed recall in the MoCA
scale, which may require higher education. Moreover, most
subjects had low MoCA scores. The assessment of PDCI
can therefore not rely solely on the MMSE or MoCA scale,
but requires the combination of multiple cognitive scales.
Thus, our findings also provide guidance for clinical practice.
Because GDNF levels were correlated with the scores of
various neuropsychological scales, including the MMSE,
MoCA, and CDR, it is expected that preliminary screening
for cognitive function can be achieved by collecting data
on GDNF and its precursors in patients with PD, and vice
versa. Because cerebrospinal fluid is strongly associated with
the central nervous system, previous studies of peripheral
markers of neurodegenerative diseases have mostly focused
on cerebrospinal fluid markers. However, a lumbar puncture
is an invasive operation that is difficult to carry out widely,
and a substitute is therefore necessary. Straten et al. (2009)
demonstrated a correlation between peripheral blood GDNF
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Table 4 | Stepwise linear regression analysis of MMSE, MoCA, and CDR scores in patients with Parkinson’s disease

Model Variable R’ B SE B t P
Constant 22.541 2.724 8.274 <0.001
MMSE GDNF 0.561 0.022 0.004 0.633 5.742 <0.001
Hoehn-Yahr stage -2.779 0.635 -0.424 —4.374 <0.001
a-pro-GDNF —-0.003 0.001 -0.315 —-2.893 0.006
Constant 9.383 3.312 2.833 0.007
MoCA GDNF 0.551 0.021 0.005 0.483 4.670 <0.001
Hoehn-Yahr stage —2.204 0.843 -0.271 -2.616 0.012
education 0.398 0.182 0.238 2.186 0.034
Constant 0.993 0.291 3.419 0.001
CDR GDNF 0.465 —-0.002 0 -0.470 -4.436 <0.001
Hoehn-Yahr stage 0.276 0.072 0.404 3.818 <0.001

Stepwise linear regression analysis was used to evaluate the factors that influence MMSE, MoCA, and CDR scores in patients with Parkinson’s disease. To
exclude confounding factors at baseline, we included all variables with differences between the groups in the demographic and clinical data (Table 1) and the
variables to be analyzed in the study. Thus, sex, age, education, Hoehn-Yahr stage, disease duration, GDNF (pg/mL), a-pro-GDNF (pg/mL), B-pro-GDNF (pg/mL),
GDNF/a-pro-GDNF ratio, GDNF/B-pro-GDNF ratio, and a-pro-GDNF/B-pro-GDNF ratio were included in the equation. n = 53. Model MMSE: Constant, GDNF
(pg/mL), Hoehn-Yahr stage, a-pro-GDNF; Model MoCA: Constant, GDNF (pg/mL), Hoehn-Yahr stage, education; Model CDR: Constant, GDNF (pg/mL), Hoehn-
Yahr stage. CDR: Clinical Dementia Rating; GDNF: glial cell line-derived neurotrophic factor; MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive
Assessment; SE: standard error; B: unstandardized coefficients; B: standardized coefficients.

levels and cerebrospinal fluid GDNF levels in healthy people,
indicating that the levels of GDNF in peripheral blood may
be used to indirectly reflect the cerebrospinal fluid levels
of GDNF. Moreover, a recent study on Alzheimer’s disease
diagnostic markers by Jia et al. (2019) reported biomarkers in
the peripheral blood that had equivalent diagnostic efficacy
to those in cerebrospinal fluid. Furthermore, Lonka-Nevalaita
et al. (2010) revealed that both GDNF and pro-GDNF are
secretory proteins, thus providing a theoretical basis for the
study of serum GDNF and its precursors.

To date, alterations in GDNF levels in neurodegenerative
diseases remain inconclusive (Straten et al., 2009; Forlenza
et al., 2015; Rocha et al., 2018; Virachit et al., 2019). In
view of this, we compared the serum levels of GDNF and its
precursors in patients with PD based on our research and the
previous knowledge in this field. In the present study, there
were no significant differences in GDNF or GDNF precursor
levels between the healthy control and PD groups. In contrast,
GDNF levels were significantly higher in the PDN group than
in the PDCI group, which is consistent with results from a
previous study (Wang et al., 2011). There were also significant
differences in GDNF/a-pro-GDNF ratios between these two
groups. This study provides a preliminary description of both
GDNF and GDNF precursor levels in these three different
populations. However, a larger sample size is needed to verify
whether this finding applies to the wider population.

In the current study, the highest serum GDNF levels occurred
in the PDN group, rather than in the healthy control group.
GDNF levels were significantly lower in the healthy control
and PDCI groups than in the PDN group; this finding was
inconsistent with previously reported changes (Liu et al.,
2020). Because of the recognized neuroprotective properties
of GDNF, we hypothesized that elevated GDNF levels in
the PDN group may indicate that the system is activated to
combat an increasing loss of dopaminergic neurons. Based
on this hypothesis, the decrease in GDNF levels in the PDCI
group, indicating a failure of the system to compensate this,
may be one of the reasons for the decline in cognitive function
in these patents. It has been reported that PDN patients are
generally in the early stages of the disease, while PDCI tends
to occur later (Poewe et al., 2017). This effect can possibly be
attributed to the protective effects of GDNF on dopaminergic
neurons, which may lead to high expression of GDNF. A large
number of studies can confirm this hypothesis; some studies
have demonstrated that GDNF expression is increased in

the substantia nigra and striatum of rats with MPTP-induced
injury in the early days after injury occurs (Grunblatt et al.,
2001; Mandel et al., 2002). It has also been reported that
GDNF is highly expressed in dopaminergic neurons with
6-hydroxydopamine-induced injury in the early days following
injury, demonstrating a protective effect of GDNF in injured
dopaminergic neurons (Gao et al., 2016). It is speculated
that increased levels of GDNF reduce the activity of tyrosine
hydroxylase enzymes in dopaminergic neurons to compensate
for the synthesis and release of dopamine, thereby protecting
the injured dopaminergic neurons (Lonka-Nevalaita et al.,
2010). The protective mechanisms of GDNF on dopaminergic
neurons may also occur through the following molecular
pathways. GDNF can activate the PI3 kinase/Akt pathway
and promote the expression of calbindin-D28K, which
protects neurons from degeneration (Wang et al., 2008).
Moreover, GDNF regulates adhesion molecules, efficiently
repairs damaged cells, and increases phosphorylation of
neural cell adhesion molecules related to the Fyn pathway,
thus promoting axonal growth in damaged dopaminergic
neurons (Cao et al., 2008). It also mediates neural cell
adhesion molecule-140 translocation into lipid rafts, to
increase the viability of dopaminergic neurons damaged by
6-hydroxydopamine (Uhlen et al., 2017).

The serum levels of GDNF in the PDCI group were lower
than those in the PDN group in the present study, which
might be because long-term GDNF overexpression may lead
to compensatory changes in excess of nutritional demands
(Georgievska et al., 2002; Barroso-Chinea et al., 2016). In
contrast, moderate GDNF overexpression can compensate
for a damaged neurotrophic environment (Chauhan et al.,
2001) and provides the possibility of restoring the dynamic
balance of physiological dopamine (Kramer and Liss, 2015).
It is also possible that, with the development of the disease,
extensive apoptosis of nigrostriatal dopaminergic neurons
occurs. This is accompanied by apoptosis of the glial cells
around dopaminergic neurons, leading to a decrease in GDNF
expression, and further accelerating dopaminergic neuron
apoptosis, thus creating a vicious cycle.

However, it is somewhat puzzling that GDNF levels appeared
lower in the PDCI group compared with the healthy control
group, although this was not significant. Three possible
reasons are suggested. First, it may be related to the cognitive
levels of the included patients with PD. In our study, there
were few patients with PD with very severe cognitive

890 | NEURAL REGENERATION RESEARCH | Vol 16 | No.5 | May 2021



impairment and the overall sample size was small, which
may affect the results. Further research should include more
patients with PD with severe cognitive impairment. Second,
a local reduction of GDNF in the brain can lead to the long-
distance transfer of GDNF from the body to compensate,
thus preventing accurate detection of local reductions in
GDNF. Third, because high GDNF levels can cause cerebellar
toxicity (Lang et al., 2006) and are closely related to glioma
development and progression (Miao et al., 2000), the
protective mechanisms of the body may limit continuous
increases, leading to a decrease in GDNF.

We speculated that the altered GDNF levels were caused by
changes in GDNF precursors. Gu et al. (2020) demonstrated
that, at the gene level, the expression of B-pro-GDNF is
significantly higher than that of a-pro-GDNF in the mouse
brain, whereas it is opposite at the protein level. The
aforementioned higher protein B-pro-GDNF levels compared
with a-pro-GDNF levels are consistent with the concentrations
of GDNF precursors that we detected in the serum in the
present study. Both the change trends of the precursors and
the sum of the precursors were consistent with those of
GDNF; however, there were no statistical differences among
the three groups.

Although the present study preliminarily suggests that GDNF
may be an effective predictor of PDCI, it does not clarify
whether GDNF is a main factor in PDCI pathogenesis, or if it
is an upstream or downstream change (or if it is an additional
phenomenon of PD). We hypothesize that changes in GDNF
precursors levels lead to changes in GDNF levels, although the
current data on GDNF precursors cannot reasonably explain
this phenomenon. Our research was limited, the sample size
was small, and GDNF and its precursors were measured by
enzyme-linked immunosorbent assay kits, all of which may
affect the reliability of the results. Moreover, this was a cross-
sectional study from just a single time point. Thus, although
our GDNF precursor data were inconclusive, we hope to
stimulate further research by reporting them here. Our
research group is also investigating the production of GDNF
precursor antibodies. A final limitation of our study is that not
all follow-up data were collected from the patients with PD.
In the future, longitudinal studies will therefore be conducted
with the follow-up data to increase the credibility of this
research. In summary, our research results indicate that serum
GDNF may be an effective diagnostic marker for cognitive
impairment in PD.
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Additional Table 1 Comparison of levels of GDNF and its precursors between the three groups

Group HC PDN PDCI F P
GDNF (pg/mL)’ 494.80+188.92" 679.43+175.58  444.15+96.11 16.101  <0.001
a-pro-GDNF (pg/mL)? 1704.55+747.69 2135.10+761.04 1824.16+654.44 2.469  0.091
B-pro-GDNF (pg/mL)? 933.30+445.35  1081.74+412.65 944.67+357.38  1.081 0.344
GDNF/a-pro-GDNF? 0.31+0.11 0.34+0.11 0.27+0.09 3.297  0.042
GDNF/B-pro-GDNF? 0.57+0.23 0.68+0.23 0.54+0.22 2.991 0.056
o-pro-GDNF/B-pro-GDNF'  1.88+0.28 2.04+0.47 1.97+0.27 1.402  0.253

Three groups were assessed with one-way analysis of variance. Pairwise comparison between groups: '
Using Dunnett's T3 method; 2 Using LSD method. *P < 0.05, vs. PDN group. CDR: Clinical dementia
rating; GDNF: Glial cell line-derived neurotrophic factor; MMSE: Mini-mental state examination; MoCA:

Montreal cognitive assessment.

Additional Table 2 Spearman correlations between GDNF and its precursors and cognitive scores

in Parkinson's disease patients

MMSE MoCA CDR

r P r P r P
GDNF 0.610 <0.001%ff  0.579 <0.001%T  -0.573  <0.001%'t
a-pro-GDNF 0.034 0.810 0.175 0.210 -0.103  0.463
B-pro-GDNF 0.023 0.870 0.098 0.484 -0.049  0.729
GDNF/a-pro-GDNF 0.467 <0.001%ft  0.323  0.018ff -0.379  0.005't
GDNF/B-pro-GDNF 0.455 <0.001%ff  0.362  0.008ff -0.390  0.004't
a-pro-GDNF/B-pro-GDNF -0.001  0.997 0.141 0.313 -0.091 0.515

The correlation between serum GDNF and its precursors and the cognitive scales scores was measured
by the Spearman's rank correlation test. Tt P < 0.01, Tt P < 0.001. CDR: Clinical dementia rating; GDNF:
Glial cell line-derived neurotrophic factor; MMSE: Mini-mental state examination; MoCA: Montreal

cognitive assessment.



