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ABSTRACT

Introduction: Wilson’s disease (WD) is a rare
genetic disorder of copper metabolism in which
impaired copper homeostasis may enhance
amyloid aggregation and trigger neurodegener-
ation. Tau protein is a highly soluble micro-
tubule-associated phosphoprotein that plays a
significant role in microtubule stabilization; it is
also a critical component of neurotoxic degen-
erative mechanisms. Tau has been shown to be
involved in neuronal degeneration and axonal
damage, and impaired copper metabolism has
been shown to be involved in copper

intoxication and thus associated with the pro-
cesses of neurodegeneration and cellular dam-
age. We have therefore investigated tau protein
as a potential marker of axonal impairment and
neurodegeneration.
Methods: Patients with WD (n = 47; mean
age ± standard deviation [SD]
30.19 ± 7.87 years; mean disease duration :
10.06 ± 3.9 years) and healthy controls (HC;
n = 30; mean age 29.6 ± 4.73 years) were tested
for serum tau protein levels using an enzyme-
linked immunosorbent assay method. All
patients were receiving a stable penicillamine
dose as ongoing therapy.
Results: Patients with WD had a higher mean
tau protein level than did the HC
(221.7 ± 135.1 vs. 71.14 ± 20.56 pg/mL,
p\0.0001). Patients with WD also had abnor-
mally high serum tau protein levels (t statis-
tic 6.047, 95% confidence interval - 218.2 to
- 95.86) in both the cerebral and hepatocere-
bral forms of WD, with patients having the
cerebral form showing a tendency toward
higher tau levels. We found that tau protein did
not differ according to gender, disease duration,
age at disease onset, ceruloplasmin serum level
and copper serum level.
Conclusion: This study provides novel data
revealing that high tau protein levels in WD
patients could be a potential biomarker for
axonal impairment and possible neuronal
damage due to tau protein, leading to neu-
rodegeneration in WD.
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INTRODUCTION

Wilson’s disease (WD) is a rare autosomal
recessive genetic disorder characterized by the
accumulation of copper and subsequent copper
toxicity predominantly in the brain, liver and
other target organs due to mutations in the
ATP7B gene. The prevalence of WD in the
general population of Europe is estimated at
1–2/60,000, and that in Ukraine is considered to
be about 1/45,000 [1–3].

Tau protein is a novel class of axonally
derived microtubule-associated proteins that
contain many phosphorous groups and which
appear to function in the formation and main-
tenance of axons by influencing of microtubule
organization [4–7]. Heat-stable tau protein reg-
ulates and promotes microtubule assembly and
stability. There are several molecular isoforms of
tau protein, which can be distinguished by the
number of binding domains. Tau plays an
important role in the modification of tubulin
monomers into microtubules, in the mainte-
nance of the neuron and glial cytoskeleton and
in axonal transport [8–11]. It is also a critical
component in the neurotoxic degenerative
mechanisms: for example, the aggregation of its
specific units into filamentous inclusions is the
most common feature of intraneuronal and
glial–fibril lesions in neurodegenerative disor-
ders such as Alzheimer disease’s (AD) and
tauopathies [5, 9, 11–13]. Recent studies have
demonstrated that tau has the potential to be a
diagnostic agent for detecting early axonal
damage in patients with brain trauma [14, 15].
Other studies have demonstrated that tau-asso-
ciated genes, proteins and tau phosphorylation
are abnormal manifestations in patients with
intractable epilepsy [16], multiple sclerosis (MS)
[17–19] and stroke [20].

A number of studies have shown that copper
dyshomeostasis may enhance the progression of
neurodegeneration. Alterations in copper
metabolism have been associated with
increased metal-related oxidative stress and the
formation and precipitation of b-amyloid

[1, 21]. Impaired cellular copper homeostasis
may trigger neurodegeneration through differ-
ent mechanisms, such as the induction of
oxidative stress [22, 23], promotion of a-synu-
clein and glial–fibril aggregations [24–26] and
activation of microglial cells [3, 27]. Mecha-
nisms involving the accumulation of toxic
substances, such as copper, may lead to wide-
spread neurodegeneration as free copper itself is
very toxic and can produce irreversible cellular
damage [28, 29]. Impaired copper transition
enhances amyloid aggregation and neurotoxic-
ity, as shown in animal models where copper
was found to also promote tau aggregation
[2, 7, 9]. WD represents an interesting neuro-
logical problem for which the roles of these
conditions are still unknown.

The identification of biomarkers of axonal
damage is of great clinical significance. Conse-
quently, we undertook a study to examine
pathological tau protein in patients with WD.
We hypothesized that because tau is involved in
neuronal degeneration and axonal damage and
because impaired copper metabolism with the
resultant copper intoxication is associated with
the processes of neurodegeneration and cellular
damage, it is possible that serum tau protein
level is a potential marker of axonal impairment
and neurodegeneration in patients with WD
versus controls.

METHODS

Patients

Forty-seven patients with WD (mean age ±

standard deviation [SD] 30.19 ± 7.87 years;
mean disease duration 10.06 ± 3.9 years) and
30 age-matched healthy controls (HC;
29.6 ± 4.73 years, range 18–36 years) were tes-
ted for serum tau protein levels at baseline. The
HC had no known neurological and psychiatry
diseases. The state of disease of all patients was
sporadic in nature, and all patients were born in
the Ukraine. At the time of the study, all WD
patients were on a stable dose of penicillamine,
with 21.27% of patients having been treated for
at least 5 years.
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All patients provided written informed
consent. All procedures performed in this study
involving human participants were in accor-
dance with local ethic committee and with the
1964 Helsinki declaration and its later amend-
ments or comparable ethical standards.

Procedures

Microtubule-associated tau protein was quanti-
fied as follows. Aliquots of blood (10.0 mL) were
collected in BD Vacutainer� collection tubes
(Becton, Dickinson and Co., Franklin Lakes, NJ,
USA; cat. reference 367896) and allowed to clot
for 30 min at room temperature, following
which the samples were centrifuged at 3000
g for 15 min and the serum collected. Serum
samples were then frozen at—30–80 �C until the
assay was performed. Tau concentrations in the
samples were measured by an enzyme-linked
immunosorbent assay (ELISA) method using a
commercially available Human Tau ELISA kit
(Sigma, St. Louis, MO, USA) according to the
manufacturer’s protocol. A Stat Fax� chemistry
analyzer (Awareness Technology Inc., Palm
City, FL, USA) at the Department of Clinical
Biochemistry, Kharkiv National Medical
University was used to make the measurements.
The optical density was determined with a
microplate reader set to 450 nm; the serum total
tau protein levels were presented as picograms
per milliliter. The detection limit of the tau
protein assay was 33 pg/mL, which corresponds
to the lowest standard on the calibration curve.
All standards and samples collected from the
HC and patients were measured in duplicate
with a coefficient of variation of \ 10%. The
protocols were approved by the Health Research
Ethics Committee.

The ceruloplasmin level was determined by
turbidimetry (model AU680; Olympus Corp.,
Tokyo, Japan) at 340 nm, and the protein con-
centration was determined using an assay kit
(Spinreact S.A., Girona, Spain; model
N1102062) according to standard procedures.

Statistical Analyses

Data were analyzed according to their distribu-
tion. Age and disease duration were compared
between groups (patients and HC) with the v2

test; parametric tests were used for normally
distributed data, and nonparametric tests were
use for abnormally distributed data.
Kruskal–Wallis and Mann–Whitney U tests were
applied in the Prism software package (Graph-
Pad Software Inc., La Jolla, CA, USA). To deter-
mine differences between groups, multivariate
analysis taking covariates into consideration
was performed; univariate analysis was per-
formed to assess the relationships between var-
ious factors. All reported p values are two-tailed;
p values of B 0.05 were considered statistically
significant.

RESULTS

Patient Characteristics

All 47 patients (24 men, 51.06%; 23 women,
48.94%) were aged between 19 and 54 years at
entry into the study. Established WD was diag-
nosed using the scoring system developed at the
8th International Meeting on Wilson’s Disease
(2001) and approved in 2008 by the American
Association for the Study of Liver Disease [2].
According to this scoring system, 25 WD
patients (53.19%) presented with a 47%
decrease of serum ceruloplasmin compared to
the normal level (normal level 11.75 mg/dL;
mean (± SD) level of patients (7.84 ± 1.96 g/L;
range 4.7–11.20 g/L). All investigated WD
patients were found to have the Kayser–Fleis-
cher ring by slit lamp examination, and their
serum ‘‘free’’ copper levels in all serum samples
were\1.6 lmol/L (Table 1).

WD patients were also classified according to
the main organs involved [1]. According to this
classification, 19 WD patients (40.42%) had
neurological presentation associated with
symptomatic liver disease (N1, hepatocerebral
form) and 28 patients (59.58%) had neurologi-
cal presentation not associated with symp-
tomatic liver disease (N2, cerebral form). In the
hepatocerebral group, one woman had a history
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of ovarian cyst (5.26%), and two patients had
complex partial seizures (10.53%); in addition,
brain injury was noted in the anamnesis of five
patients (26.31%). The demographic features of
the investigated patients are presented in the
Table 1.

Tau Protein

The tau levels in the serum samples collected
from the WD patients were elevated compared
to those of the HC (Fig. 1; p\0.0001, t statis-
tic 6.047, 95% confidence interval [CI] - 218.2
to - 95.86). In the patient group, median total
tau level (mean ± SD) was 221.7 ± 135.1 pg/mL
(lower to upper 95% CI of mean 182.1–261.4);
in the controls, it was 71.14 ± 20.56 pg/mL
(lower to upper 95% CI of mean 63.47–78.82).
Among the patients, 14 (29.78%) were found to
have a 34% increase in serum tau level (mean
221.7 pg/mL) (Table 2).

To evaluate the clinical prognostic value of
tau data, we further distinguished the different
WD forms, i.e. the cerebral and hepatocerebral
forms. The mean serum tau protein level was
231.3 ± 31.1 pg/mL in patients with the

cerebral form (mean age 35.21 ± 5.98 years),
whereas it was 207.6 ± 17.24 pg/mL in patients
with the hepatocerebral form (mean age
22.79 ± 2.76 years). Thus, higher tau levels
were observed in patients with the cerebral form
than in those with the hepatocerebral form
(Table 2); however, the difference between these
two groups was not statistically significant (95%
CI - 105.1 to 57.77, p[0.05, t statistic 0.5856).

Because the patients and controls were not
gender matched, serum tau levels were com-
pared between men and women (in HC and
patients). The levels were not found to be
comparable between male and female patients
with WD (p = 0.168) and controls. In the same
subset of samples, tau data were not correlated
with age, age at disease onset and serum ceru-
loplasmin level (p = 0.51 for age, p = 0.63 for
age at disease onset). Although patients in the
N2 group were older, disease duration did not
differ to any great extent between groups. Our
results showed no significant relationships
between tau protein levels and copper
dyshomeostasis; in all patients the serum cop-
per levels remained low during this time (mean
0.97 ± 0.4 lmol/L), with a decrease in serum

Table 1 Demographic features of Ukrainian patients with Wilson’s disease

Demographic features of
patients

Cerebral form of WD
(n = 28)

Hepatocerebral form of WD
(n = 19)

All WD patients
(n = 47)

Number of patients, n (%) 28 (59.58%) 19 (40.42%) 47 (100%)

Male, n (%) 16 (57.14%) 8 (42.1%) 24 (51.06%)

Female, n (%) 12 (42.86%) 11 (57.9%) 23 (48.94%)

Mean patient age (years) 35.21 ± 5.98 (26–54) 22.79 ± 2.76 (19–28) 30.19 ± 7.87

(19–54)

Mean WD duration (years) 10.75 ± 4.38 (2–19) 9.05 ± 2.86 (4–14) 10.06 ± 3.9 (2–19)

Mean age at WD onset (years) 24.68 ± 5.87 (12–39) 13.74 ± 2.423 (9–18) 20.26 ± 7.21 (9–39)

Mean serum ceruloplasmin level

(mg/dL)

11.72 ± 3.877 (4.7–18.4) 10.07 ± 3.794 (5.4–19.5) 11.05 ± 3.89

(4.7–19.5)

Mean serum copper level

(lmol/L)

0.95 ± 0.41 (0.22–1.60) 0.99 ± 0.38 (0.27–1.40) 0.97 ± 0.4

(0.22–1.60)

Values in table are presented as the mean ± standard deviation (SD) with the range in parenthesis, unless indicated
otherwise
SD standard-deviation values, WD Wilson’s disease

62 Neurol Ther (2019) 8:59–68



copper level of 31% compared to the normal
value in 20 patients (42.55%).

Patients with WD had abnormally high
serum tau protein levels, with a tendency for
patients with the late-onset cerebral WD form
to have even higher tau levels. This increase was
associated with baseline copper
dyshomeostasis.

DISCUSSION

In this cross-sectional study, we demonstrated
that serum tau protein levels were elevated in

patients with WD, indicating axonal impair-
ment and suggesting that tau protein may be
involved in the pathogenesis of tau-mediated
neurodegenerative processes in WD.

Tau protein is a highly soluble phosphopro-
tein and the most important protein of the
axonal cytoskeleton [6, 10]. This phosphopro-
tein mainly presents in the axon microtubules
where a high degree of phosphorylation
decreases its ability to promote and modulate
microtubule stability and axon morphology [8].
Tau regulates microtubule dynamics, axonal
transport and neurite outgrowth and might be

Fig. 1 Individual values of serum tau protein concentra-
tion in patients with Wilson’s disease (WD) and healthy
controls. Asterisk indicates that the difference between the
patient group (n = 47) and healthy controls (n = 30) at

baseline is significant at p\ 0.0001. Thick black horizon-
tal line indicates the mean, whiskers indicate the range

Table 2 Tau protein levels in patients with Wilson’s disease and healthy controls at baseline

Defined parameter Cerebral form of WD
(n = 28)

Hepatocerebral form of
WD (n = 19)

All WD patients
(n = 47)

Healthy controls
(n = 30)

Tau protein serum

level (pg/mL)

231.3 ± 31.1

(49.5–692.2)

207.6 ± 17.24

(142.7–457.2)

221.7 ± 135.1*

(49.5–692.2)

71.14 ± 20.56

(33.5–127.4)

Values in table are presented as the mean ± SD, with the range in parenthesis
*p\ 0.001, indicating values are statistically significantly different vs. healthy controls
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involved in the establishment and maintenance
of neuronal polarity [11, 29].

The axonal-derived phosphor-tau protein is
significantly involved in multiple neurotox-
ic–degenerative mechanisms [12, 13, 30, 31]. In
humans, tau hyperphosphorylation results in
the formation of neurofibrillary tangles and
neurophil threads, which are involved in the
pathogenesis of AD and tauopathies. Neurofib-
rillary tangles associated with AD are composed
mainly of paired helical filaments that result
from the aggregation of abnormally phospho-
rylated tau protein. Some researchers have also
reported the deposition of aggregates of differ-
ent tau isoforms in other neurodegenerative
diseases[29, 32].

Human studies have demonstrated that high
levels of total tau in the cerebrospinal fluid
(CSF) are frequently present not only in patients
with neurodegenerative diseases, including AD
[9, 11, 12, 30] and tauopathies [5, 13], but also
in patients with brain trauma [15], acute
ischemic stroke [20, 21], viral encephalitis
[4, 17] and severe epileptic seizures [16], sug-
gesting that tau protein levels in the CSF can
reflect axonal brain damage. Other studies have
shown high tau levels in patients with cerebral
infections [4]. Thus, there is a well-established
compilation of tau protein data from numerous
clinical and animal studies, but to our knowl-
edge the present study is the first large-scale
study to investigate serum tau protein levels in
WD patients, with a special focus on the rela-
tionship between different clinical forms, age at
disease onset and ceruloplasmin and copper
levels.

Copper is one of the main biometals, and it
plays diverse roles in many vital important
processes, including enzyme catalysis, protein
stabilization and energy production [1–3, 22].
Previous studies have shown that impaired
copper homeostasis and transition can enhance
amyloid aggregation and neurotoxicity and
trigger neurodegeneration [2, 3, 25]. The
authors of recent studies [22–24] have proposed
that copper could affect the accumulation of
a-synuclein, a protein involved in the patho-
genesis of neuronal death [26]. Mechanisms
involving the accumulation of copper to toxic
levels may lead to widespread

neurodegeneration as free copper is very toxic
on its own and can cause irreversible cellular
damage. Various mechanisms for impaired
copper metabolism, copper intoxication and
severe neurodegeneration have been proposed
based on experimental findings; these include
direct oxidative stress, unregulated apoptosis
and loss of caspase-3 inhibitory control
[1, 9, 22, 24]. Published studies have shown that
toxic copper deposits may induce oxidative
stress, modify gene expression and enzyme
catalysis and directly inhibit proteins and
mitochondria function. In the brain, copper
accumulates in astrocytes, leading to impair-
ment of the blood–brain barrier and consequent
neuron damage [2, 9, 23, 27, 33].

The results of this study demonstrate that
the mean (± SD) level of tau protein increased
in patients with WD as compared to the HC
(221.7 ± 135.1 vs. 71.14 ± 20.56 pg/mL,
respectively), indicating axonal impairment in
WD patients and revealing tau-mediated toxic-
ity in WD that might be sufficiently pro-
nounced as to be a potential cause or effect of
neurodegeneration. This finding has implica-
tions for clinical management as tau level may
be a good diagnostic tool to evaluate ongoing
axonal damage associated with neurodegenera-
tive processes during life such that tau protein
may be an early marker of peripheral axonal
damage. Tau protein has become the focus of
research in studies on WD diagnostics as serum
tau can be easily obtained, thereby providing
the means to quantify early axonal injury.

We analyzed the prognostic value of tau
protein as a biological marker of axonal damage
and tau-mediated neurodegeneration in the 28
patients with the cerebral form and in the 19
patients with the hepatocerebral form who have
had this disease for a mean of about 10 years.
We report here that the investigated patients
with WD had abnormally high levels of tau
protein in both the cerebral and hepatocerebral
clinical forms.

Tau is a new biomarker of interest in WD.
Elevated serum tau protein levels have been
associated with the presence of the late-onset
cerebral clinical WD form, with median base-
line serum tau levels tending to be higher in
patients with the cerebral form of WD
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(p = 0.5611). This result suggests that tau pro-
tein may serve as a prognostic biomarker for
cerebral forms of WD. Our two study groups
(patients and HC) did not appreciably differ in
terms of disease duration, age of disease onset
and serum ceruloplasmin levels; also, men and
women showed no differences in tau concen-
trations. The elevated serum levels of tau-
phosphor protein seems to reflect the destruc-
tion of neurons in the brain associated with
baseline copper dyshomeostasis that was
observed in all WD cases. Very high tau con-
centrations were found in 29.78% patients with
WD, with all patients with WD being on a
treatment course consisting of a stable dose of
penicillamine.

WD is a disease leading to the progressive
cell death of neurons and reactive astrogliosis
where tau partly reflects WD neurodegeneration
pathology [1–3]. Tau protein can be secreted
across a damaged blood–brain barrier (BBB) and
released into systemic circulation after the dis-
integration of neuron cells [34]. If the axonal
integrity is interrupted for any reason, tau pro-
tein passes into the extracellular space and then
to the CSF. Two pathophysiological mecha-
nisms that cause this axonal loss have been
proposed in the literature: inflammation and
degeneration. According to this hypothesis, the
source of tau protein in the CSF and blood is the
transected axons [4, 12]. The increase in CSF tau
concentration, found not only in numerous
neurodegenerative diseases but also in patients
with MS [18–20] and brain trauma [16], support
this hypothesis. One recent study, conducted
on patients with AD, suggests that tau protein
may be released extracellularly by an exosome-
based mechanism [32].

We can conclude that tau itself is the
prominent agent implicated in the pathogene-
sis of many neurodegenerative diseases with
axonal degeneration, but the key question on
whether the elevation of serum tau protein level
could reflect the primary disease pathogenesis
processes or whether it occurs secondary to
neurodegeneration in WD remains to be asses-
sed in future studies. Tau-related neurodegen-
eration plays a specific role in our current
understanding of the neurochemistry and
pathogenesis of WD, and the mechanisms

underlying these interactions are largely
unknown.

In the brain, copper accumulates predomi-
nantly in astrocytes, leading to BBB impairment
with consequent damage to neurons and
oligodendrocytes; the basal ganglia and brain-
stem are the regions with the highest suscepti-
bility to copper toxicity. The increased level of
free copper in the brain may also originate from
the copper mobilized from brain parenchyma
cells [35, 36], and not only from the serum. The
copper-related toxic effects on the brain and
BBB will lead to a worsening of the neurological
conditions, which may be reflected in sec-
ondary neurodegeneration, which was mea-
sured here for the first time using the parameter
of tau protein level. On the other hand, we
cannot deny that tau protein level could reflect
the pathological processes of the primary dis-
ease. However, the exact molecular mechanisms
underlying abnormal copper metabolism, neu-
rodegeneration, and tau protein levels are still
insufficiently understood. The clinical presen-
tation of WD can vary widely; consequently,
the diagnosis of WD is not always straightfor-
ward [37]. Key WD features are liver disease and
neuropsychiatric disturbances, and the diagno-
sis is especially difficult when WD presents with
liver pathology, as none of the available labo-
ratory tests is perfect. Gaining a better under-
standing of the molecular mechanism
underlying the development of WD is impera-
tive. Increased tissue copper levels may induce a
series of harmful biochemical reactions, partic-
ularly oxidative stress, which can damage the
structure and integrity of mitochondria, leading
to neuron injury [3, 22, 25]. A better under-
standing of the exact molecular mechanisms
causing aberrant copper deposition and of the
mechanisms of tau-induced brain pathology are
keys to developing effective management
approaches for neurodegeneration where early
detection of axonal impairment and early
intervention are important steps in the pre-
vention of disease progression.

Based on our results, we suggest that while
elevated tau protein levels could be one of the
causes of tau-mediated neurodegeneration pro-
cesses in WD, they are most likely a result of
neurodegenerative processes related to disease
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outcome. However, all patients in our study
were on pharmacotherapy and it is more likely
that copper can cause the release of tau into the
circulation where the elevated tau level should
be a mirror of neuronal damage. Our results also
support the role of tau level as a prognostic
factor in patients with the cerebral form of WD.
We found that serum tau protein levels were
increased in patients with WD and that tau
levels tended to be higher in patients with the
cerebral form. Taken together, our findings
increase our knowledge of WD pathogenesis in
humans.

Limitations

There are a number of inherent limitations to
this study. The main limitation is the lack of
objective measures of cognitive functions and
neuroimaging abnormalities, such as the extent
of atrophy rates (either hippocampal or whole
brain) and contrast enhancing pattern to
determine BBB breakage. However, we believe
that it is extremely difficult to obtain these
measures when examining patients with severe
WD. The exact serum tau profile [38] in relation
to cognitive dysfunction remains to be further
assessed; such results will provide simple non-
invasive tests to be useful in the stratification of
the disease clinical form. The relatively small
number of patients in this study limits us to
conclude that tau protein may have a useful role
in the monitoring of disease progression.
Prospective investigations in this area should be
performed.

CONCLUSION

The study provides novel data revealing high
tau protein levels in patients with WD to be a
indicator of axonal impairment. Consequently,
serum tau protein could be as a potential bio-
marker for neuronal damage and may play a
specific role in tau-mediated neurodegeneration
contributing to WD pathogenesis.
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