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ABSTRACT
Introduction and aim. Fatigue is a debilitating non-motor symptom in Parkinson’s disease (PD). This exploratory cross-sectional 
mediation analysis investigated whether specific serum biomarkers mediate the relationship between PD and fatigue severity.
Material and methods. Ninety PD patients and 45 matched controls were enrolled in the study. Fatigue was assessed us-
ing the Fibro-Fatigue scale (FF). Serum levels of ten biomarkers (neuron‑specific enolase (NSE), glial fibrillary acidic protein 
(GFAP), brain-derived neurotrophic factor (BDNF), β-amyloid-42, α-synuclein, ubiquitin carboxy‑terminal hydrolase L1 (UCHL1), 
high‑mobility group box 1 (HMGB1), R‑spondin 1 (RSPO1), Dickkopf‑1 (DKK1), and sclerostin) were quantified by enzyme-linked 
immunosorbent assay. Mediation analysis (PROCESS Macro, Version 4.2, Model 4) tested whether these biomarkers mediated 
the relationship between PD status and FF score.
Results. The overall model predicting FF scores was highly significant (F(26,108)=54.08, p<0.001, R²=0.929). Mediation analysis 
revealed significant indirect effects from PD status to fatigue via GFAP, HMGB1, BDNF, and NSE. Moderation analysis indicated 
that the biomarker fatigue relationship was significantly modified by PD status only for HMGB1 and BDNF. For GFAP and NSE, 
the interactions were non‑significant. Bootstrapped analyses confirmed significant indirect effects of PD on fatigue through 
elevated levels of NSE (effect=1.743), HMGB1 (effect=1.207), GFAP (effect=1.101), and BDNF (effect=0.921).
Conclusion. PD-related fatigue is significantly mediated by neuroinflammation (HMGB1), astroglial activation (GFAP), neuronal 
injury (NSE), and a paradoxical BDNF response. Disease‑specific moderation was confirmed only for HMGB1 and BDNF.
Keywords. fibro-fatigue, mediation study, neuronal damage biomarkers, Parkinson’s disease, Wnt pathway biomarkers

Introduction
Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder pathologically defined by the degeneration 
of dopaminergic neurons in the substantia nigra and the 
accumulation of α-synuclein in Lewy bodies, leading to 
profound dopamine deficiency in the striatum.1,2 The 

cardinal motor symptoms, bradykinesia, tremor, rigid-
ity, and postural instability form the basis of the clini-
cal diagnosis.3,4 Non-motor symptoms are increasingly 
recognized for their devastating impact on quality of 
life.5 Among these, chronic fatigue stands out as one of 
the most prevalent and disabling symptoms, affecting 
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over 50% of patients and severely impairing daily func-
tioning. However, its underlying pathophysiological 
mechanisms remain poorly understood.6,7 A  pathway 
critically implicated in PD pathogenesis is the canoni-
cal Wnt/β‑catenin signaling cascade. This pathway is es-
sential for the development, maintenance, and survival 
of midbrain dopaminergic neurons.8,9 Its activation sup-
ports neurogenesis and synaptic plasticity and protects 
neurons by improving mitochondrial function and re-
ducing oxidative stress.10,11 Endogenous agonists and an-
tagonists govern the precise modulation of this pathway. 
For instance, Dickkopf‑1 (DKK1) is a potent antagonist 
whose upregulation is linked to neuronal damage, while 
R‑spondin 1 (RSPO1) acts as an agonist that potenti-
ates Wnt signaling and can attenuate DKK1-mediated 
inhibition.12,13 Other relevant modulators include scle-
rostin, a Wnt antagonist,14 and high‑mobility group box 
1 (HMGB1), a mediator of neuroinflammation with el-
evated levels in PD that can interact with α‑synuclein to 
potentiate neurodegeneration.15,16 Dysregulation of this 
central pathway is recognized as a contributor to neu-
rodegeneration.12,13,17 In parallel, a panel of circulating 
biomarkers provides insight into underlying neurode-
generative processes. Proteins such as α‑synuclein and 
β‑amyloid‑42 are being explored for their diagnostic 
potential, as they reflect core pathological hallmarks.18,19 
Furthermore, biomarkers indicative of active neuronal 
damage and glial response have emerged. Neuron‑spe-
cific enolase (NSE) and ubiquitin carboxy‑terminal hy-
drolase L1 (UCHL1) are elevated following neuronal 
injury.20 Recently, Al‑Hakeim and colleagues21 report-
ed that serum neuronal damage markers (NSE, GFAP, 
S100B) correlate with affective and chronic fatigue 
symptoms in a cohort of 70 PD patients. However, that 
study did not examine a broader panel of inflamma-
tory and astroglial markers, nor did it test for media-
tion or disease‑specific conditional effects. Conversely, 
brain-derived neurotrophic factor (BDNF) supports the 
survival of dopaminergic neurons, although its utility 
as a clear biomarker is debated.22,23 Glial fibrillary acid-
ic protein (GFAP), released into the blood upon astro-
cytic activation, shows promise for monitoring disease 
progression in PD.24,25 Despite these advances, a critical 
gap persists. While the role of Wnt signaling in neuro-
nal survival is well established, its potential effects on 
specific non-motor manifestations, particularly fatigue, 
remain largely unexplored. Furthermore, it is unclear 
whether the subjective experience of fatigue is reflect-
ed in quantifiable changes in circulating biomarkers of 
neuronal damage, neuroinflammation, and glial activa-
tion. Thus, the specific novelty of the present study is 
twofold. First, rather than reporting simple associations 
between biomarkers and fatigue, we formally test a sta-
tistical mediation model in which circulating biomark-
ers mediate the relationship between PD and fatigue. 

Second, we examine whether these mediation effects 
are disease-specific, i.e., whether the link between bio-
marker elevation and fatigue severity differs between 
PD patients and controls. To the best of our knowledge, 
this exploratory mediation approach has not previous-
ly been applied to fatigue in PD. It is important to em-
phasize that this analysis tests statistical indirect effects 
consistent with a causal model; however, causality can-
not be established from this cross-sectional design, and 
all findings are hypothesis-generating. We hypothesized 
that fatigue severity in PD might be associated with al-
tered levels of biomarkers indicative of neuronal damage 
(NSE, UCHL1), astrocytic activation (GFAP), neuroin-
flammation (HMGB1), and neurodegeneration (α-sy-
nuclein and β-amyloid-42). Given the established role 
of Wnt signaling in neuronal survival, we also explored 
whether Wnt pathway modulators (DKK1, RSPO1, scle-
rostin) were associated with fatigue, though these analy-
ses were considered exploratory.

Aim
This exploratory cross-sectional study aimed to inves-
tigate whether circulating levels of selected biomarkers 
(NSE, GFAP, BDNF, HMGB1, α synuclein, β amyloid 42, 
UCHL1, DKK1, RSPO1, and sclerostin) mediate the re-
lationship between PD status and fatigue severity. A sec-
ondary aim was to test whether the biomarker–fatigue 
association differs between PD patients and controls 
(disease specific moderation). Given the exploratory na-
ture of the analysis, all findings are intended to generate 
hypotheses for future longitudinal mechanistic studies, 
not to establish biological causality or clinical recom-
mendations.

Material and methods
Study design and participants
This case‑control study enrolled ninety patients with 
a confirmed diagnosis of PD and forty‑five age‑ and 
sex‑matched healthy controls. Participants were recruit-
ed from Al‑Sadr Medical City, Al-Najaf Teaching Hospi-
tal, and Al‑Furat Al‑Awsat Center for Neurosciences in 
Najaf, Iraq, between February and May 2025. The study 
protocol was approved by the Institutional Ethics Com-
mittee of the University of Kufa (MEC‑110/2025) and 
was conducted in accordance with the World Medical 
Association’s Declaration of Helsinki. All participants 
provided written informed consent before enrollment.

PD diagnosis was established using the UK Par-
kinson’s Disease Society Brain Bank Clinical Diagnos-
tic Criteria.26 All patients presented with bradykinesia 
plus at least one other cardinal feature (resting tremor, 
rigidity, or postural instability) and exhibited no signs 
suggestive of atypical Parkinsonism. To rule out con-
founding conditions, individuals with concurrent liver 
or kidney disease were excluded. Furthermore, to con-
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trol for systemic inflammation, only participants with 
serum C-reactive protein (CRP) levels below 6 mg/L 
were included.27 

Clinical assessments
An experienced neurologist conducted a semi-struc-
tured interview to collect sociodemographic and clini-
cal information from both control subjects and patients. 
Motor and non‑motor symptoms associated with PD 
were assessed using the Movement Disorders Society 
Revision of the Unified Parkinson’s Disease Rating Scale 
(MDS‑UPDRS), as previously outlined.28 The MDS‑UP-
DRS is divided into four parts: Part I (non‑motor Ex-
periences of Daily Living, nM‑EDL), Part II (motor 
Experiences of Daily Living, M‑EDL), Part III (motor 
examination), and Part IV (motor complications).28 
Neurologists conducted the MDS‑UPDRS assessment 
in patients, and ratings from the four domains were 
used for statistical analysis. The Hoehn and Yahr staging 
method was also used to rate PD severity.29 The severi-
ty of chronic fatigue syndrome (CFS) and fibromyalgia 
was assessed by a senior psychiatrist using the Fibro‑Fa-
tigue (FF) scale.30 The FF scale assesses both mental and 
physical aspects of central fatigue, including exhaustion, 
lack of energy, and cognitive fatigue, without directly 
measuring pain or fibromyalgia tender points. Howev-
er, fatigue in PD may overlap with depressive symptoms, 
sleep disturbances (e.g., insomnia, REM sleep behav-
ior disorder), or medication effects (e.g., dopaminergic 
agents, sedatives). While we did not systematically ex-
clude or separately measure these factors, our statistical 
model included key covariates (age, sex, BMI, exercise, 
and tobacco use disorder (TUD)) to reduce potential 
confounding. Nevertheless, the possibility that some 
variance in FF scores reflects depression, sleep dysfunc-
tion, or medication side effects cannot be excluded, and 
this is addressed as a limitation.

Assays
Fasting venous blood samples (5 mL) were collected 
from all participants at approximately 9:00 a.m. After 
clotting, samples were centrifuged at 1200×g for 5 min-
utes at room temperature. The resulting serum was ali-
quoted into three Eppendorf tubes, and any hemolyzed 
samples were discarded. Aliquots were stored at -80 °C 
until analysis. Serum concentrations of key biomark-
ers were quantified using commercially available en-
zyme-linked immunosorbent assay (ELISA) kits from 
Wuhan USCN Business Co., Ltd. (China). The key 
biomarkers included α‑synuclein (Catalog E3002h; 
range 0.1–15 ng/mL), β‑amyloid‑42 (Catalog E1706h; 
range 1–60 pg/mL), BDNF (Catalog E0115h; range 
15–2000 pg/mL), DKK1 (Catalog E1672h; range 31.2–
2000 pg/mL), GFAP (Catalog E0186h; range 0.1–20 ng/
mL), HMGB1 (Catalog E0722h; range 0.05–15 ng/mL), 

NSE (Catalog E0999h; range 0.5–50 ng/mL), RSPO1 
(Catalog E3921h; range 0.1–10 ng/mL), Sclerostin (Cat-
alog E2845h; range 15.6–1000 pg/mL), and UCHL1 
(Catalog E3156h; range 0.1–12 ng/mL). The inter- and 
intra‑assay coefficients of variation for all ELISAs were 
below 10%. Each sample was run in duplicate, and the 
mean optical density was used to calculate concentra-
tion. All assays were performed according to the man-
ufacturer’s protocols, and samples with high analyte 
concentrations were diluted 1:5 with the provided di-
luent.

Statistical analysis
An a priori power analysis using G*Power 3.1.9.7 indi-
cated that a total sample size of 134 participants would 
provide 90% power to detect a medium effect size 
(f=0.28) at an α level of 0.05. Data normality was as-
sessed using the Kolmogorov-Smirnov test. Normally 
distributed continuous data were presented as mean±-
standard deviation (SD) and compared using one‑way 
analysis of variance (ANOVA). Non‑normally distrib-
uted data are reported as medians (25th–75th percentiles) 
and were compared using the Mann-Whitney U test. 
Categorical variables were analyzed using chi‑square 
(χ²) tests.

Mediation and moderation were tested separately, 
not as a single moderated mediation model. First, mod-
eration was tested using linear regression with an in-
teraction term (PD status × biomarker) to determine 
whether the biomarker–fatigue relationship differed be-
tween PD patients and controls. Second, simple medi-
ation was tested using PROCESS Macro (Version 4.2, 
Model 4; Hayes, 2022) with PD status as the indepen-
dent variable, fatigue as the dependent variable, and all 
ten biomarkers entered as parallel mediators. Covari-
ates (age, sex, BMI, exercise, TUD) were included in 
all models. The indirect effect of PD on fatigue via each 
biomarker was considered significant if the bias-cor-
rected bootstrap 95% confidence interval (5,000 resam-
ples) did not cross zero.

The significance of the indirect effects was deter-
mined using bias-corrected bootstrap confidence inter-
vals (CIs) based on 5,000 bootstrap samples. An indirect 
effect was considered statistically significant if the 95% 
CI did not include zero. Variance inflation factors (VIFs) 
were calculated for all predictors in each mediation 
model. All VIFs were <2.5 (range 1.12–2.31), indicating 
no problematic multicollinearity. Bootstrapped stan-
dard errors (5,000 resamples) were used for all indirect 
effects. Confidence intervals were stable across repeated 
resampling. Residuals were approximately normal for 
all models, and Breusch-Pagan tests were non‑signifi-
cant (p>0.05 for all models). All statistical analyses were 
performed using IBM SPSS Statistics for Windows, Ver-
sion 28.0, with a two-tailed significance level of p<0.05.
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Results
Sociodemographic and clinical data
The sociodemographic and clinical characteristics of the 
study participants are summarized in Table 1. No sig-
nificant differences were observed between the PD pa-
tient group and the healthy control group in age, BMI, 
sex distribution, residency, physical activity levels, TUD, 
or marital status, indicating successful matching across 
these baseline variables. However, significant intergroup 
differences were identified in several key areas. Patients 
with PD had significantly lower levels of formal educa-
tion (p<0.05). Employment status also differed marked-
ly, with a significantly higher proportion of PD patients 
unemployed or retired, likely reflecting the disease’s 
functional impact. Furthermore, a positive family histo-
ry of PD was significantly more prevalent in the patient 
group compared to controls (p<0.05). Clinically, the PD 
cohort exhibited moderate disease severity, as indicated 
by a mean Hoehn and Yahr stage of 2.77±0.87. Motor 
symptoms were quantified using the Unified Parkinson’s 
Disease Rating Scale (UPDRS). The mean score for Part 
III (Motor Examination) was 54.27±11.38, and for Part 
IV (Motor Complications) was 16.77±4.11, confirming 
substantial motor impairment. Regarding pharmaco-
logical management, 70.0% (63/90) of patients were on 
levodopa therapy. A subset of patients was also treated 
with other common antiparkinsonian agents, including 
procyclidine (Kemadrin; 27.8%, 25/90) and carbido-
pa‑levodopa (Sinemet; 25.6%, 23/90).

Table 1. Demographic and clinical parameters in patients 
with PD and healthy controls*

Parameter Healthy controls PD Patients F/χ2 df p

Age (years) 61.311±5.351 63.722±13.154 1.392 1/133 0.240

Sex (female/male) 19/26 40/50 0.061 1 0.806

BMI (kg/m2) 27.019±2.27 26.797±4.131 0.113 1/133 0.737

TUD, no/yes 31/14 72/18 2.046 1 0.152

Exercise, no/yes 32/13 70/20 0.722 1 0.369

Employment, no/yes 12/33 16/74 1.438 1 0.023

Rural/Urban 11/34 17/73 0.563 1 0.453

Family history, no/yes 44/1 61/29 15.921 1 <0.001

Age of onset (years) – 58.811±13.164 – – –

Total-FF 11.467±2.634 40.289±7.312 – – –

TOTAL-m-EDL – 29.189±7.55 – – –

TOTAL-PARTIII – 54.267±11.38 – – –

TOTAL-Part IV – 16.767±4.105 – – –

Hoehn & Yahr stage - 2.772±0.868 – – –

TOTAL-nM-EDL – 29.111±7.102 – – –

Levodopa, no/yes – 27/63 – – –

Kemadrin, no/yes – 65/25 – – –

Sinemet, no/yes – 67/23 – – –

* BMI – body mass index, TUD – tobacco use disorder

Results of the mediation study
A multiple mediation analysis was conducted using 
Hayes’ PROCESS Macro (Version 4.2, Model 4) to 

examine whether a panel of ten biomarkers mediat-
ed the relationship between PD status and FF score, 
while controlling for sex, TUD, exercise, age, and BMI. 
The analysis was performed on a sample of 135 par-
ticipants.

Effects of PD on biomarker levels
A series of linear regression models was first estimat-
ed to examine the effect of PD status on each of the ten 
biomarkers. As summarized in Table 2, PD was a signif-
icant positive predictor of eight biomarkers. Specifically, 
patients with PD exhibited significantly elevated levels 
of NSE (β=1.379, p<0.001), DKK1 (β=14.011, p<0.001), 
HMGB1 (β=1018.094, p=0.003), GFAP (β=0.798, 
p=0.002), BDNF (β=8.143, p=0.018), β-Amyloid-42 
(β=9.942, p=0.048), α-Synuclein (β=5.620, p=0.033), 
and UCHL1 (β=0.545, p=0.012). No significant effects 
were found for RSPO1 or sclerostin.

Mediation model for FF scores
A comprehensive regression model predicting FF score 
from PD status, all ten biomarkers, their interactions with 
disease status, and the covariates was highly significant (F 
(26, 108)=54.08, p<0.001), accounting for 92.9% of the 
variance in FF (R²=0.929) as seen in Table 2. The test of 
highest-order unconditional interactions revealed signif-
icant moderation effects for two biomarkers. This high 
R² value indicates well-fitting model, and the significant 
F‑test confirms that the overall model has strong predic-
tive power. Specifically, the interactions between PD status 
and both HMGB1 (R²-change=0.005, β=0.001, p=0.010) 
and BDNF (R²-change=0.003, β=0.114, p=0.033) were 
statistically significant. The nature of these interactions is 
detailed in the conditional effects section below and visu-
alized in Figure 1.

Table 2. Associations between Parkinson’s disease 
status (X) and circulating biomarker mediators (M) after 
controlling for age, BMI, exercise, sex, and TUD. This table 
shows the regression models with each biomarker as the 
outcome variable

Biomarker (M)
Effect of X on M 

(coefficient)
SE t-value p R² Model p

NSE 1.379 0.209 6.603 <0.001 0.283 <0.001

DKK1 14.011 2.287 6.127 <0.001 0.255 <0.001

GFAP 0.798 0.251 3.173 0.002 0.108 0.022

HMGB1 1018.094 335.348 3.036 0.003 0.098 0.037

α-Synuclein 5.620 2.601 2.161 0.033 0.085 0.072

Sclerostin -0.442 1.589 -0.278 0.781 0.080 0.095

BDNF 8.143 3.385 2.406 0.018 0.065 0.188

UCHL1 0.545 0.215 2.534 0.012 0.058 0.257

β-Amyloid-42 9.942 4.969 2.001 0.048 0.057 0.271

RSPO1 24.835 22.339 1.112 0.268 0.026 0.754
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Table 3. Interaction effects between Parkinson’s disease 
status and biomarkers on fatigue scores: results of simple 
regression analyses. The moderation effects represent the 
X × M interaction on FF score, X=Parkinson’s disease status, 
and M=proposed biomarker mediators (M); the conditional 
effect of M on Y in controls (X=0) is not significant*

Biomarker 
(M)

PD status × 
Biomarker 

interaction p-value

Effect of M on FF 
in PD patients (SE) 

[95% CI]

Effect of M on FF 
in controls (SE) 

[95% CI]

Significant 
interaction

HMGB1 0.01
0.001 (<0.001) 
[0.001-0.002]

-0.001 (0.001) 
[-0.003 to 0.001]

Yes

BDNF 0.033
0.113 (0.028) 
[0.057-0.169]

-0.001 (0.018) 
[-0.037 to 0.035]

Yes

GFAP 0.469
1.380 (0.332) 
[0.722-2.037]

0.915 (0.876) 
[-0.822 to 2.652]

No

NSE 0.264
1.263 (0.442) 
[0.387-2.140]

0.447 (0.654) 
[-0.849 to 1.743]

No

α-Synuclein 0.445
0.063 (0.033) 

[-0.002 to 0.128]
0.031 (0.040) 

[-0.049 to 0.111]
No

*  Conditional effects are derived from regression models 
including all covariates (age, sex, BMI, exercise, TUD), a 
significant interaction indicates that the biomarker’s effect 
on fatigue differs between PD patients and controls

Conditional direct effects of biomarkers on FF scores
The interaction effects between PD status (X) and the 
biomarkers (M) on FF scores (Y) are presented in Ta-
ble  3. A significant interaction (PD status×biomark-
er) was observed for HMGB1 (p=0.010) and BDNF 
(p=0.033), indicating that the associations between 
these two biomarkers and fatigue differ between PD pa-
tients and controls. The interactions were not significant 
for GFAP (p=0.469) and NSE (p=0.264), suggesting that 
their associations with fatigue do not significantly differ 
by PD status. Other biomarkers (α‑synuclein, etc.) also 
showed non‑significant interactions.

Direct, indirect, and total effects
The direct, indirect, and total effects of the biomark-
ers on the FF score in PD are presented in Table 4. The 
bootstrapped analysis of indirect effects revealed four 
significant mediation pathways through which PD sta-
tus correlates with FF scores. The pure natural direct 
effect, accounting for all mediators, remained signifi-
cant (β=22.598, SE=1.114, p<0.001, 95% CI [20.391–
24.806]). The results in Table 4 present the bootstrap 

Fig. 1. Moderating effect of PD status on biomarker–fatigue relationships. Significant interactions (p < 0.05) were observed 
for HMGB1 and BDNF, with associations present only in PD patients. For GFAP and NSE, interactions were non‑significant 
(p>0.05), indicating no disease‑specific moderation
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confidence intervals for specific indirect effects, indicat-
ing significant mediation via four biomarkers. 

Table 4. Bootstrapped estimates of indirect associations 
between Parkinson’s disease status and fatigue scores via 
biomarkers*
Indirect pathway Effect (Boot) BootSE BootLLCI BootULCI p

PD → NSE → FF 1.743 0.735 0.366 3.293 <0.05

PD → HMGB1 → FF 1.207 0.543 0.266 2.38 <0.05

PD → GFAP → FF 1.101 0.371 0.464 1.936 <0.05

PD → BDNF → FF 0.921 0.445 0.14 1.869 <0.05

PD → DKK1 → FF 0.738 0.502 -0.292 1.692 >0.05

PD → α-Synuclein→ FF 0.355 0.252 -0.156 0.844 >0.05

PD → β-Amyloid-42→ FF 0.223 0.273 -0.191 0.88 >0.05

PD → Sclerostin → FF 0.02 0.14 -0.296 0.315 >0.05

PD → UCHL1→ FF -0.047 0.196 -0.407 0.384 >0.05

PD → RSPO1 → FF -0.164 0.186 -0.598 0.125 >0.05

Total indirect effect 6.095 - - - -

Pure direct effect 22.598 1.114 20.391 24.806 <0.001

Total effect 28.693 0.939 26.828 30.524 <0.001

* Bootstrapped 95% confidence intervals (5,000 resamples) 
that do not cross zero indicate significant indirect effects, 
models controlled for age, sex, BMI, exercise, and TUD, 
LLCI – lower level confidence interval, ULCI – upper level 
confidence interval

A statistically significant indirect effect of PD on 
fatigue was observed through elevated levels of NSE 
(Effect=1.743, 95% BootCI [0.366-3.293]), HMGB1 
(Effect=1.207, 95% BootCI [0.266-2.380]), GFAP (Ef-
fect=1.101, 95% BootCI [0.464-1.936]), and BDNF (Ef-

fect=0.921, 95% BootCI [0.140-1.869]). The indirect 
effects through the remaining biomarkers were not sta-
tistically significant. The direct and indirect effects of di-
agnosis (presence of PD) on functional score through 
blood biomarkers are presented in Figure 2. The to-
tal effect of PD on FF was significant (b=28.693, Boo-
tSE=0.939, 95% BootCI [26.828, 30.524]). 

Discussion
The primary finding of this exploratory cross-sectional 
mediation analysis is that GFAP, HMGB1, BDNF, and 
NSE each show significant indirect (mediated) effects 
from PD status to fatigue. Moderation analysis revealed 
that the biomarker‑fatigue relationship was disease‑spe-
cific (i.e., differed significantly between PD patients and 
controls) only for HMGB1 and BDNF, suggesting that 
the PD pathophysiological environment may be re-
quired for their association with fatigue. For GFAP and 
NSE, the non‑significant interactions suggest that their 
mediating roles did not differ significantly between 
groups. These findings are associational only; causality 
cannot be inferred from this cross-sectional design.

The indirect effects observed through GFAP, 
HMGB1, BDNF, and NSE are statistically consistent 
with the hypothesis that dysregulation within these mo-
lecular pathways may be associated with fatigue severity 
in PD. However, cross‑sectional mediation does not es-
tablish causation. Interestingly, Table 3 shows that only 
HMGB1 and BDNF had significant interactions with 
PD status, meaning their relationships with fatigue dif-

Fig. 2. Graphical diagram of the final model with key mediation and moderation pathways of fatigue in Parkinson’s disease
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fer between PD patients and controls. GFAP, a struc-
tural protein released during astrocytic activation and 
reactive gliosis,31,32 was significantly elevated in PD pa-
tients compared to controls and statistically mediated 
the PD‑fatigue association. Previous studies reported 
that serum GFAP levels are elevated in PD and correlate 
with cognitive decline,24,33 indicating astrocytic remod-
eling as a response to neurodegeneration.33,34 The pres-
ent results extend these observations by suggesting that 
astroglial activation may also be statistically linked to 
non‑motor symptoms, specifically fatigue.  

HMGB1 plays a central role in orchestrating inflam-
matory cascades upon release, driving microglial activation 
and progressive neurodegeneration, thereby establishing a 
feed‑forward cycle of damage.35,36 The role of HMGB1, a 
significant damage‑associated molecular pattern (DAMP) 
and key regulator of neuroinflammation, highlights the 
essential involvement of innate immune activation in this 
process.35,37 Elevated HMGB1 levels were associated with 
higher fatigue scores only among PD patients (condition-

al β=0.001, p=0.001). This aligns with previous work link-
ing HMGB1 to chronic neuroinflammation in PD,15,35 and 
extends it by associating HMGB1 with a specific non‑mo-
tor symptom. HMGB1‑induced microglial activation and 
mitochondrial dysfunction could, in theory, be associated 
with a perceived energy deficit, a core feature of fatigue.38 
Nevertheless, serum HMGB1 may also originate from pe-
ripheral sources.

NSE was elevated in PD and showed a significant 
indirect (mediated) effect on fatigue (Table 4). Howev-
er, the PD status × NSE interaction was not significant 
(p=0.264, Table 3), indicating that the association be-
tween NSE and fatigue did not differ significantly be-
tween PD patients and controls. Elevated NSE is well 
documented as a marker of acute or ongoing neuronal 
injury in various neurological disorders.20,32 Thus, NSE 
may reflect a general fatigue mechanism rather than 
a PD‑specific pathway. 

BDNF, typically considered neuroprotective and 
supportive of dopaminergic neuron survival,39 was un-

Fig. 3. Hypothetical integrative pathway linking GFAP, HMGB1, BDNF, and NSE to fatigue in Parkinson’s disease
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expectedly elevated in PD patients and positively as-
sociated with fatigue severity, with a conditional effect 
present only in the PD group (β=0.113, p<0.001). This 
finding appears paradoxical, given BDNF’s established 
role in neuronal health.23,39 Several speculative explana-
tions exist, none of which can be confirmed by the pres-
ent data. First, serum BDNF may reflect peripheral (not 
central) sources and could be influenced by medication 
effects, disease stage, or comorbid conditions, none of 
which were fully controlled in this exploratory analy-
sis. Second, if the finding is replicable, speculative ex-
planations could include a maladaptive compensatory 
response or context‑dependent signaling in inflamed 
neural tissue. However, longitudinal studies measur-
ing central and peripheral BDNF are needed before any 
mechanistic conclusions can be drawn.

The overall findings are consistent with a hypothe-
sized model in which central fatigue in PD may be re-
lated to neuroinflammation and neuronal‑astroglial 
dysfunction. However, causality is not established. Fig-
ure 3 illustrates the hypothesized integrative pathway 
of GFAP, HMGB1, BDNF, and NSE in PD fatigue. This 
cascade is proposed to disrupt critical brain regions in-
volved in motivation, reward, and the perception of ef-
fort, including the basal ganglia and prefrontal cortex.

While α‑synuclein, β‑amyloid‑42, UCHL1, RSPO1, 
DKK1, and sclerostin may be involved in PD pathogen-
esis or progression, they did not statistically mediate the 
relationship between PD and fatigue in our model. This 
dissociation suggests that different non‑motor symp-
toms may be associated with distinct biomarker profiles. 
For example, β‑amyloid‑42 has been linked to dopa‑re-
sistant gait disturbances and oxidative stress, rather than 
fatigue.40,41 Similarly, Wnt pathway modulators (DKK1, 
RSPO1, sclerostin) may be more relevant to neuronal 
survival and motor progression than to fatigue percep-
tion. These null findings should be interpreted cautious-
ly, given the sample size and the exploratory nature of 
the analysis.

Study limitations
Several limitations should be acknowledged. First, the 
cross‑sectional design precludes conclusions about cau-
sality, directionality, reverse causation, or unmeasured 
confounding. Second, biomarkers were measured in 
blood, not cerebrospinal fluid or brain tissue, and we 
lack neuroimaging to confirm central origin. Third, the 
FF scale does not fully distinguish fatigue from depres-
sion, apathy, sleep disturbances, or medication effects, 
and residual confounding cannot be excluded. Fourth, 
the case‑control design and single‑country sample 
(Iraq) limit generalizability. Finally, although Hoehn 
and Yahr stage was recorded, it was not included in the 
mediation model; future studies should examine wheth-
er disease stage modifies these effects.

Conclusion
The results of the present study are consistent with a sta-
tistical mediation model in which PD is associated with 
fatigue indirectly through elevated levels of specific bio-
markers of neuroinflammation (HMGB1), astroglial 
activation (GFAP), neuronal injury (NSE), and a par-
adoxical BDNF response. However, causality cannot 
be established from this cross‑sectional design. The 
disease‑specific moderation effects (biomarkers pre-
dicting fatigue only in PD for HMGB1 and BDNF) gen-
erate testable hypotheses for future longitudinal and 
mechanistic studies. These findings identify candidate 
biomarkers that warrant further investigation in inde-
pendent cohorts.

Acknowledgments
The authors would like to express their gratitude to Dr. 
Mohsen Mohammed Al‑Najm, a faculty member at the 
College of Medicine, Jaber Ibn Hayyan University, and 
consultant at the Al‑Furat Al‑Awsat Center for Neu-
rosciences, and Dr. Hussein Abdulkarim Al‑Barzanji, 
a consultant at Al‑Najaf Al‑Ashraf Teaching Hospital. 
Both are specialists in neurology and assisted with di-
agnosing and estimating the severity of disease in the 
study subjects.

Declarations
Funding
This research received no external funding.

Author contributions 
Conceptualization, T.A. and H.A.; Methodology, T.A.; 
Software, H.A.; Validation, H.A., T.A. and Z.Z.; Formal 
Analysis, H.A.; Investigation, T.A.; Resources, H.A.; 
Data Curation, H.A.; Writing-Original Draft Prepara-
tion, T.A.; Writing-Review & Editing, H.A.; Visualiza-
tion, T.A.; Supervision, H.A.; Project Administration, 
H.A.; Funding Acquisition, T.A.

Conflicts of interest
The authors declare no conflicts of interest.

Data availability
The datasets used during the current study are available 
from the corresponding author upon reasonable request

Ethics approval
The study was approved by the Institutional Ethics 
Committee of the University of Kufa (MEC‑110/2025).

Use of AI and AI-assisted technologies in the writing 
process
No artificial intelligence (AI) tools or AI-assisted tech-
nologies were used in the writing, editing, or prepara-
tion of this manuscript.



465Exploratory mediation analysis of associations between serum biomarkers of neuronal injury, astrocyte reactivity, neuroinflammation…

References
1.	 Mhyre TR, Boyd JT, Hamill RW, Maguire-Zeiss KA. 

Parkinson’s disease.  Subcell Biochem. 2012;65:389-455. 
doi:10.1007/978-94-007-5416-4_16

2.	 Tong J. The pathogenesis and treatment of Parkinson’s di-
sease. Theoretical and Natural Science. 2024;47:15-19. doi: 
10.54254/2753-8818/47/2024PJ0101

3.	 Tarakad A. Motor features of Parkinson’s disease. Neurol 
Clin. 2025;43(2):279-289. doi:10.1016/j.ncl.2024.12.007

4.	 Heo JY, Nam MH, Yoon HH, et al. Aberrant tonic in-
hibition of dopaminergic neuronal activity causes mo-
tor symptoms in animal models of Parkinson’s disease. 
Curr Biol. 2020;30(2):276-291.e279. doi:10.1016/j.cub. 
2019.11.079

5.	 Peña-Zelayeta L, Delgado-Minjares KM, Villegas-Rojas 
MM, et al. Redefining non-motor symptoms in Parkin-
son’s disease. J Pers Med. 2025;15(5):172. doi:10.3390/
jpm15050172

6.	 Müller B, Assmus J, Herlofson K, Larsen JP, Tysnes OB. 
Importance of motor vs. non-motor symptoms for he-
alth-related quality of life in early Parkinson’s disease. 
Parkinsonism Relat Disord. 2013;19(11):1027-1032. do-
i:10.1016/j.parkreldis.2013.07.010

7.	 Siciliano M, Trojano L, Santangelo G, De Micco R, Te-
deschi G, Tessitore A. Fatigue in Parkinson’s disease: a 
systematic review and meta-analysis. Mov Disord. 2018; 
33(11):1712-1723. doi:10.1002/mds.27461

8.	 Arenas E, Saltó C, Villaescusa C. WNT signaling in mid-
brain dopaminergic neuron development and cell repla-
cement therapies for Parkinson’s disease. Springer Plus. 
2015;4(1):L49. doi:10.1186/2193-1801-4-S1-L49

9.	 Dai TL, Zhang C, Peng F, et al. Depletion of canonical 
Wnt signaling components has a neuroprotective effect 
on midbrain dopaminergic neurons in an MPTP-indu-
ced mouse model of Parkinson’s disease. Exp Ther Med. 
2014;8(2):384-390. doi:10.3892/etm.2014.1745

10.	 Vallée A, Vallée JN, Lecarpentier Y. Potential role of can-
nabidiol in Parkinson’s disease by targeting the WNT/β-
catenin pathway, oxidative stress and inflammation. Aging. 
2021;13(7):10796-10813. doi:10.18632/aging.202951

11.	 Marchetti B, Tirolo C, L’Episcopo F, et al. Parkinson’s di-
sease, aging and adult neurogenesis: Wnt/β-catenin si-
gnalling as the key to unlock the mystery of endogenous 
brain repair. Aging cell. 2020;19(3):e13101. doi:10.1111/
acel.13101

12.	 Jacobs BM, Belete D, Bestwick J, et al. Parkinson’s disease 
determinants, prediction and gene-environment interac-
tions in the UK Biobank. J Neurol Neurosurg Psychiatry. 
2020;91(10):1046-1054. doi:10.1136/jnnp-2020-323646

13.	 Huang Y, Liu L, Liu A. Dickkopf-1: Current knowled-
ge and related diseases. Life Sci. 2018;209:249-254. doi: 
10.1016/j.lfs.2018.08.019

14.	 Drake MT, Khosla S. Hormonal and systemic regulation 
of sclerostin. Bone. 2017;96:8-17. doi:10.1016/j.bone.2016. 
12.004

15.	 Angelopoulou E, Piperi C, Papavassiliou AG. High-mobi-
lity group box 1 in Parkinson’s disease: from pathogenesis 
to therapeutic approaches. J Neurochem. 2018;146(3):211-
218. doi:10.1111/jnc.14450

16.	 Liang K, Li X, Guo Q, et al. Structural changes in the re-
tina and serum HMGB1 levels are associated with decre-
ased cognitive function in patients with Parkinson’s dise-
ase. Neurobiol Dis. 2024;190:106379. doi:10.1016/j.nbd. 
2023.106379

17.	 Anand AA, Khan M, V M, Kar D. The molecular basis 
of Wnt/β-Catenin signaling pathways in neurodegene-
rative diseases. Int J Cell Biol. 2023;2023:9296092. doi: 
10.1155/2023/9296092

18.	 Das S, Ramteke H. A Comprehensive review of the role of 
biomarkers in early diagnosis of Parkinson’s disease. Cu-
reus. 2024;16(2):e54337. doi:10.7759/cureus.54337

19.	 Soni R, Mathur K, Shah J. An update on new-age poten-
tial biomarkers for Parkinson’s disease. Ageing Res Rev. 
2024;94:102208. doi:10.1016/j.arr.2024.102208

20.	 Han Y, Wang Y, Zou X, Guo H. The serum proteomic 
profile in patients with migraine. Front Mol Neurosci. 
2025;18:1460403. doi:10.3389/fnmol.2025.1460403

21.	 Al-Hakeim HK, Khudhair HN, Ranaei-Siadat SO, et al. Af-
fective and chronic fatigue symptoms are associated with 
serum neuronal damage markers in Parkinson’s disease. Sci 
Rep. 2025;15(1):20647. doi:10.1038/s41598-025-07735-7

22.	 Wolf D, Ayon-Olivas M, Sendtner M. BDNF-Regulated 
modulation of striatal circuits and implications for Par-
kinson’s disease and dystonia. Biomedicines. 2024;12(8). 
doi:10.3390/biomedicines12081761

23.	 Ali NH, Al-Kuraishy HM, Al-Gareeb AI, et al. BDNF/
TrkB activators in Parkinson’s disease: a new therapeutic 
strategy. J Cell Mol Med. 2024;28(10):e18368. doi:10.1111/
jcmm.18368

24.	 Lin J, Ou R, Li C, et al. Plasma glial fibrillary acidic protein 
as a biomarker of disease progression in Parkinson’s dise-
ase: a prospective cohort study. BMC Med. 2023;21(1):420. 
doi:10.1186/s12916-023-03120-1

25.	 Liddelow SA, Barres BA. Reactive astrocytes: produc-
tion, function, and therapeutic potential. Immunity. 
2017;46(6):957-967. doi:10.1016/j.immuni.2017.06.006

26.	 Postuma RB, Poewe W, Litvan I, et al. Validation of the 
MDS clinical diagnostic criteria for Parkinson’s dise-
ase. Mov Disord. 2018;33(10):1601-1608. doi:10.1002/
mds.27362

27.	 Al-Hakeim HK, Al-Rammahi DA, Al-Dujaili AH. IL-6, 
IL-18, sIL-2R, and TNFα proinflammatory markers in de-
pression and schizophrenia patients who are free of overt 
inflammation. J Affect Disord. 2015;182:106-114. doi: 
10.1016/j.jad.2015.04.044

28.	 Goetz CG, Tilley BC, Shaftman SR, et al. Movement isor-
der society-sponsored revision of the unified Parkinson’s 
disease rating scale (MDS-UPDRS): scale presentation and 
clinimetric testing results. Mov Disord. 2008;23(15):2129-
2170. doi:10.1002/mds.22340



466 European Journal of Clinical and Experimental Medicine 2026; 24 (3): 457–466

29.	 Hoehn MM, Yahr MD. Parkinsonism: onset, progres-
sion and mortality. Neurology. 1967;17(5):427-442. doi: 
10.1212/wnl.17.5.427

30.	 Zachrisson O, Regland B, Jahreskog M, Kron M, Gott-
fries CG. A rating scale for fibromyalgia and chronic fa-
tigue syndrome (the FibroFatigue scale). J Psychosom Res. 
2002;52(6):501-509. doi:10.1016/s0022-3999(01)00315-4

31.	 Gogishvili D, Honey MIJ, Verberk IMW, et al. The 
GFAP proteoform puzzle: how to advance GFAP as a 
fluid biomarker in neurological diseases. J Neurochem. 
2025;169(1):e16226. doi:10.1111/jnc.16226

32.	 Godeiro Coelho LM, Teixeira FJP, Koru-Sengul T, et al. 
Predictive value of nervous cell injury biomarkers in mo-
derate-to-severe traumatic brain injury: a network meta-
-analysis. Neurology. 2025;105(5):e213997. doi:10.1212/
wnl.0000000000213997

33.	 Tang Y, Han L, Li S, et al. Plasma GFAP in Parkinson’s dise-
ase with cognitive impairment and its potential to predict 
conversion to dementia. NPJ Parkinsons Dis. 2023;9(1):23. 
doi:10.1038/s41531-023-00447-7

34.	 Su W, Chen HB, Li SH, Wu DY. Correlational study of the 
serum levels of the glial fibrillary acidic protein and neu-
rofilament proteins in Parkinson’s disease patients. Clin 
Neurol Neurosurg. 2012;114(4):372-375. doi:10.1016/j.cli-
neuro.2011.11.002

35.	 Gao HM, Zhou H, Zhang F, Wilson BC, Kam W, Hong 
JS. HMGB1 acts on microglia Mac1 to mediate chronic 
neuroinflammation that drives progressive neurodege-
neration. J Neurosci. 2011;31(3):1081-1092. doi:10.1523/
jneurosci.3732-10.2011

36.	 Li J, Wu N, Xiao Y, Xia Y. High mobility group box 1 and 
its post-translational modifications: Molecular mechani-
sms underlying neurodegenerative disease pathogenesis. 
Neural Regen Res. 2025. doi:10.4103/nrr.Nrr-d-25-01091

37.	 Razali K, Mohamed WMY. High-mobility group box 1 
(HMGB1) protein in Parkinson’s disease research: a 10-
year bibliometric analysis. J Integr Neurosci. 2023;22(4):87. 
doi:10.31083/j.jin2204087

38.	 Goyal A, Agrawal A, Dubey N, Verma A. High mobili-
ty group box 1 protein: a plausible therapeutic molecu-
lar target in Parkinson’s disease. Curr Pharm Biotechnol. 
2024;25(8):937-943. doi:10.2174/13892010256662309050
92218

39.	 Palasz E, Wysocka A, Gasiorowska A, Chalimoniuk M, 
Niewiadomski W, Niewiadomska G. BDNF as a promi-
sing therapeutic agent in Parkinson’s disease. Int J Mol Sci. 
2020;21(3). doi:10.3390/ijms21031170

40.	 Rochester L, Galna B, Lord S, et al. Decrease in Aβ42 pre-
dicts dopa-resistant gait progression in early Parkinson 
disease. Neurology. 2017;88(16):1501-1511. doi:10.1212/
wnl.0000000000003840

41.	 Butterfield DA, Perluigi M, Sultana R. Oxidative stress in 
Alzheimer’s disease brain: new insights from redox prote-
omics. Eur J Pharmacol. 2006;545(1):39-50. doi:10.1016/j.
ejphar.2006.06.026


	_Hlk211647525
	_Hlk212672994
	_Hlk212859252

