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Implication for health policy/practice/research/medical education:
Glycogen synthase kinase 3β (GSK3β) is directly causing phosphorylated tau (pTau) and amyloid precursor protein (APP) isoforms 
accumulation and increased secretion of Aβ in cognitive dysfunction. Platelet GSK3β has been a focus of the growing literature on blood-
based biomarkers for cognitive dysfunction. Recombinant human erythropoietin (rHuEPO) is a standard therapy for management of 
anemia in CKD and also acts as a neuroprotective agent. rHuEpo acts as neuroprotective through inhibition of GSK3β.
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Introduction: Patients with chronic kidney disease (CKD) have increasingly been diagnosed 
with cognitive impairment. Glycogen synthase kinase 3β (GSK3β) is directly causing both 
phosphorylated tau (pTau) and amyloid β (Aβ) accumulation in Alzheimer’s disease (AD). GSK3β 
expression is more abundant in human platelets than in other blood cells. Recombinant human 
erythropoietin (rHuEPO) is a common medicine for treating anemia in patients with CKD, as well 
as a neuroprotective agent.
Objectives: The goal of this research is to find out how platelet GSK3β regulates plasma Aβ, total 
Tau and tau phosphorylated at threonine 181 (p-tau181) levels in CKD patients with cognitive 
dysfunction and also the efficacy of rHuEPO treatment. 
Patients and Methods: The study included 60 participants, which consist of 30 CKD without 
cognitive dysfunction and 30 CKD with cognitive dysfunction based on the neuropsychological 
examination. The expression of GSK3β in platelets was evaluated using a western blot and plasma 
Aβ, total Tau, pTau 181 levels were quantified by ELISA. The data were compared statistically 
(P < 0.05) to AD, normocytic normochromic anemic and healthy patients.
Results: In CKD with cognitive dysfunction subjects, platelet GSK3β expression and plasma Aβ, total 
Tau and pTau181 levels were significantly (P < 0.05) altered like AD when compared to normocytic 
normochromic anemic, healthy and CKD without cognitive dysfunction subjects. In post rHuEPO 
(100 IU/kg, weekly twice, six months) treatment, the altered protein abnormalities were retrieved 
significantly (P < 0.05) compared to pre-treatment. 
Conclusion: This study established that platelet GSK3β expression and plasma Aβ, total Tau, 
pTau181 are the candidate biomarkers for cognitive dysfunction in CKD patients. The clinical 
utility of rHuEPO as a GSK3β inhibitor and therapeutic agent for cognitive dysfunction in CKD 
has been determined. 
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Introduction
Patients with chronic kidney disease (CKD) have 
twice the chance of developing dementia and cognitive 
dysfunction. The presence of hyperphosphorylated tau 
protein clusters and also neurofibrillary tangles (NFT) 
and extracellular amyloid (Aβ) protein aggregates (senile 
plaques), are clinically indicative of cognitive dysfunction 
and Alzheimer’s disease (AD). Aβ is a heterogeneous 
mixture of 39-43 amino acids of small peptide with a 
molecular weight of around 4 kDa. The action of BACE1 
and secretases results in proteolytic cleavage of an integral 
membrane protein known as amyloid precursor protein 
(APP). 

In the pathogenesis of dementia and AD, oxidative 
stress has been implicated. Excess reactive oxygen species 
(ROS) formation is manifested in CKD patients by high 
serum lipid peroxidation (LPO) indices and inadequate 
antioxidant levels. Oxidative stress is thought to be a 
critical element in the development of AD and mild 
cognitive impairment (MCI) (1). Studies have shown 
that oxidative stress and β amyloid development are 
proportionally connected because β amyloid induces 
oxidative stress in vivo and in vitro and oxidative stress 
increased the production of β amyloid by proteolytic 
cleavage of APP (2).

Tau is a major protein associated with microtubules (~55 
kDa) that plays an important role in axonal stabilization, 
neuronal growth, and neuronal polarity and among its 
post-translational modifications; Tau’s phosphorylation 
has been studied most widely (3). A characteristic of 
many neurodegenerative diseases, collectively known as 
tauopathies, is NFT composed of hyperphosphorylated 
tau protein. Studies have shown that elevated levels of 
plasma Aβ, total tau, and tau phosphorylated at threonine 
181 (p-tau181) in patients with AD and moderate 
cognitive impairment compare to healthy subjects (4) and 
p-Tau181 in plasma is more common to AD.

Platelet serves as a cellular model and systemic marker 
in various neurodegenerative diseases. Studies also have 
shown that platelets and neuron are strikingly close, 
pointing to a possible cross communication pathway 
between the systemic environment and the brain. 
Neuropeptides, neurohormones and neurotransmitters are 
stored in intercellular storage compartments in neurons 
that are close to granules of platelets, with the use of 
similar vesicle trafficking mechanisms. Normal neuronal 
biochemical processes include blood platelet aggregation 
and neurotransmitter release, sensitivity to calcium 
concentration fluctuations and membrane formation of 
other substances. Platelets have molecular mechanisms 
of neuronal exocytosis in common with neurons, and 
they include crucial proteins and polypeptides that cause 

neuronal depolarization. 
Glycogen synthase kinase-3 (GSK-3) is a serine-

threonine protein kinase that is strongly expressed in 
the central nervous system (CNS) and platelets. Among 
mammals two GSK-3 isoforms are encoded by separate 
genes (GSK3α and GSK3β). GSK3β is involved in neuronal 
cell death, which is a common pathogenic mechanism in 
neurodegenerative illnesses. It causes oxidative damage. 
GSK3β has been implicated in the phosphorylation of 
tau in the normal and AD brain. GSK3β activity and 
expression were found to be higher in AD brains, which 
could be owing to hypomethylation of its promoter region 
(5). In the affected brain regions of patients with AD, 
expression of neuronal protein phosphatase 2A is down-
regulated, allowing both phosphorylated tau and APP 
isoforms to accumulate and increased secretion of Aβ 
peptides (6). Studies have shown that oxidative damage 
causes over activation of GSK3β in neuronal cells (7). 
GSK3β is also expressed in larger quantities in human 
platelets than in other blood cells. Recent studies indicate 
platelet GSK3β plays a biomarker for MCI and AD (8). 
Till now, GSK3β expression in platelets and its relation 
with plasma levels of Aβ, total Tau and pTau-181 in CKD 
patients with cognitive dysfunction has so far been not 
studied.

Typically, anemia in CKD is normocytic, normochromic, 
and hypoproliferative. Recombinant human 
erythropoietin (rHuEPO) is routinely administered in the 
treatment of anemia in CKD and studies have shown that 
cognitive function also improves along with hemoglobin 
levels (9) after EPO therapy. Over the past few years, we 
have acquired experience on studies in handling of human 
platelets and plasma in CKD patients with cognitive 
dysfunction, healthy, normocytic normochromic anemic, 
AD subjects (9). In this study, we determined the impact 
of rHuEPO therapy on GSK3β expression in platelet by 
western blot method and Aβ, total Tau and pTau-181 
levels in plasma by enzyme linked immunosorbent assay 
(ELISA) in CKD with cognitive dysfunction and compare 
the parameters with other groups such as CKD patients 
without cognitive dysfunction, healthy, normocytic 
normochromic anaemic and AD subjects.

Objectives
The objective of this study is to determine the regulative 
role of platelet GSK3β on plasma Aβ, total Tau, p-tau181 
levels in CKD with cognitive dysfunction and also 
determine the impact of rHuEPO treatment.

In the current study, we also discussed the feasibility 
and possible benefits of using human platelets and plasma 
to assess protein levels for clinical laboratory explorations 
and therapeutic outcomes monitoring.
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Patients and Methods
Chemicals and drug 
For western blot analysis, Rabbit Anti GSK3β polyclonal 
(bs-0028R), rabbit Anti-beta- actin Polyclonal (bs-
0061R) and appropriate secondary antibody, Goat against 
Rabbit IgG Antibody (H+L). The HRP conjugates were 
purchased from Bioss in the United States, to detect 
GSK3β and β actin expressions in platelets. The levels of 
Aβ, total tau and pTau181 in plasma were detected by 
highly sensitive sandwich ELISA. E1230Hu kit for Aβ (1-
40), E1264Hu kit for Aβ (1-42) and E1333Hu kit for total 
tau were purchased from Bioassay Technology Laboratory, 
China. KHO0631 kit for pTau181 was purchased from 
Invitrogen, USA.

Recombinant human erythropoietin administration
The dose and duration of rHuEPO therapy were chosen 
based on previous publications (9,10) for CKD patients 
with cognitive impairment.

Participants 
A total of 130 subjects were studied including healthy 
(n=30), normocytic normochromic anemic (n=30), 
CKD without cognitive dysfunction (n=30), CKD 
with cognitive dysfunction (n=30) and to compare the 
parameters, we also observed in AD (n=10).

Inclusion criteria
A total of 60 CKD patients (20 and 50 years) of both 
genders were included in the study subjects as 30 CKD 
with cognitive dysfunction and 30 CKD without cognitive 
dysfunction based on neuropsychological questionnaires.

Exclusion criteria 
Uremic encephalopathy, type 1 DM, malnutrition, 
thrombocytopenia, CVA and critically ill patients were 
excluded from this study.

Methods
For screening of cognitive status, CKD patients were 
administered with MMSE, WMS- I and TOL test scoring 
followed by standard methods (9,10). 

Sample collection and preparation for platelet 
Blood was drawn into tubes coated with 0.1M sodium 
citrate. The blood samples were homogenized in 300 μL 
of 0.09M EDTA and centrifuged for 10 minutes at 1300 
rpm. Platelet rich plasma was isolated from blood cells, 
and platelets were extracted at room temperature using 
centrifugation at 2400 rpm for 10 minutes. Pellets were 
re-suspended in lysis buffer containing 10mM Tris–HCl, 
pH-7.4, 1mM EGTA, 100mM PMSF, and protease 
inhibitors after being rinsed with 5 mL of 10mM Tris, 

pH-7.4. The quantities of platelet protein in each sample 
were measured using the Lowry technique.

Estimation of platelet lipid peroxidation 
Platelet LPO level was calculated using Devasagayam and 
Tarachand’s technique. The data was calculated as nmol 
MDA produced per mg protein. Following rHuEPO 
(100 IU/ kg, twice weekly, six months) treatment, the 
parameters were examined again in CKD patients with 
cognitive dysfunction.

Determination of platelet GSK3β expression 
The expression of GSK3β in platelets was evaluated using 
the western blot technique according to Forlenza et al (8). 

Quantification of Aβ, total Tau and phospho Tau 181 
protein levels
After overnight fasting, blood sample from all the 
experimental community was obtained in standard 
vacuum potassium EDTA tubes and plasma was removed 
for 10 min after centrifugation at 3000 rpm. The plasma 
aliquoted a protease inhibitor into polypropylene tubes 
that held 40 μL. We placed the samples at −20°C. In 
accordance with the manufacturer’s instructions, plasma 
Aβ, total Tau and p-tau181 protein levels (expressed in 
ng/ L) were quantified using a highly sensitive sandwich 
ELISA.

Statistical analysis 
The results were analysed statistically by SPSS software 
version 21.0 using analysis of variance (ANOVA) and 
Turkey’s multiple comparison tests. The level of probability 
<0.05 was considered to be statistically significant. The 
correlation coefficient of Pearson’s was used to assess the 
possible association between expression of the platelet 
GSK3β and plasma Aβ, total Tau, p-tau181 protein 
abnormalities in the respective experimental groups.

Results
Effect of rHuEPO on platelet LPO and plasma AD markers 
level in CKD with cognitive dysfunction
Increased AD markers in plasma could be attributable to 
elevated levels of LPO in platelets of CKD individuals with 
cognitive dysfunction, compared to healthy, normocytic 
normochromic anemia, and CKD without cognitive 
dysfunction subjects. In post-rHuEPO treatment, the 
altered protein abnormalities and LPO were retrieved 
significantly compared to pre-treatment (Table 1).

Effect of rHuEPO on platelet GSK3β expression in CKD 
with cognitive dysfunction
Increased level of platelet GSK3β expression was observed 
in CKD with cognitive dysfunction, like AD patients 
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compared to healthy, normocytic normochromic anemia, 
and CKD individuals without cognitive dysfunction 
subjects. In post-rHuEPO treatment, the altered platelet 
GSK3β expression was retrieved significantly compared to 
pre-treatment (Figures 1and 2).

Correlation between platelet GSK3β expression and LPO 
level in respective patients
In this study, like AD, we observed increased levels of 
platelet LPO in CKD patients with cognitive dysfunction 
when compared to other groups. This may be due to 
increased platelet GSK3β expression. The altered platelet 
LPO and GSK3β recovered substantially in post-rHuEPO 
treatment compared with pre-treatment (Figure 3).

Correlation between platelet GSK3β expression and plasma 
AD markers in respective patients
In this study, like AD, we observed increased levels of 
plasma Aβ, total Tau and p-tau181 in CKD patients with 
cognitive dysfunction when compared to other groups. 
This may be due to increased platelet GSK3β expression. 
The altered protein levels recovered substantially in post-
rHuEPO treatment compared with pre-treatment (Figures 
4 to7).

Discussion
The risk of cognitive dysfunction in CKD patients with 
AD is significantly greater than in patients without CKD, 
not only in aged patients with CKD, but also in young 
patients with CKD (20-49 years) (9,10). It has been 
believed for a long-time that kidney function is associated 
with brain activity. According to clinical research, CKD 
patients are more vulnerable to cognitive impairment and 
AD, and the severity of cognitive impairment is closely 
linked to the development of CKD and renal failure. EPO 
is produced primarily by the kidney. EPO stimulates the 
production of RBC cells and maintains normal levels of 
hemoglobin concentrations. Hemoglobin and EPO serum 
concentrations in patients with CKD are slightly lower 
and patients with CKD are more vulnerable to anemia 
and anaemic hypoxia (11). A large cohort study of 3591 

Table 1. Clinical feature of study subjects

Parameters
Healthy group 
(n=30)

Normocytic 
normochromic
(n=30)

CKD without 
cognitive dysfunction 
(n=30)

AD (n=10)
CKD with cognitive dysfunction
(n=30)

Pre - rHuEPO
therapy

Post - six months 
rHuEPO therapy

Platelet LPO (nmol/mg protein) 4.48 ± 0.1 5.39 ± 0.2 6.47 ± 0.3 9.46 ± 0.1 8.4 ± 0.3 5.5 ± 0.2***

Aβ40 (ng/L) 13 ± 1.8 16.7 ± 1.5 22.4 ± 2.2 50.7 ± 2.3 48 ± 3.6 27.5 ± 2.5***

Aβ42 (ng/L) 20 ± 1.9 21.7 ± 2.1 29.2 ± 2.5 61.8 ± 3.9 53.8 ± 1.9 28.9 ± 2.3***

Total Tau (ng/L) 24.9 ± 2.1 25.7 ± 1.5 35.1 ± 1.5 63.9 ± 3.6 56.3 ± 3.1 33.4 ± 1.6***

p-Tau 181 (ng/L) 22 ± 1.4 22.7 ± 1.1 32.4 ± 14 55.1 ± 2.3 41 ± 1.7 31 ±1.9***

Aβ 42/Aβ 40 (ng/L) 1.5 ± 1 1.2 ± 1.4 1.3 ± 1.1 1.2 ± 1.6 1.1 ± 0.5 1 ± 0.9*

Total Tau/p-Tau 181 (ng/L) 1.1 ± 1.5 1.1 ± 1.3 1 ± 0.1 1.1 ± 1.5 1.3 ± 1.8 1 ± 0.8*

The data is presented as the mean ± SD comparison between the respective patients. Statistical significance was defined as a P value of < 0.05. ***P<0.0001, 
*P<0.5.

Figure 1. Representative WB image of GSK3β in platelets from respective 
groups. The internal/loading control was β actin.

Figure 2. The histogram represent mean ± SEM from three independent 
experiments. Letters a, b, c, d and e denote the statistical significance 
of the data at the level of P < 0.05. ‘a’ denotes healthy subjects versus. 
Other groups; ‘b’ denotes normocytic normochromic anemia versus. CKD 
without cognitive dysfunction, AD and pre - post rHuEPO treatment 
of CKD with cognitive dysfunction; ‘c’ denotes CKD without cognitive 
dysfunction versus. AD and pre - post rHuEPO treatment of CKD with 
cognitive dysfunction; ‘d’ denotes AD versus. Pre - post rHuEPO treatment 
of CKD with cognitive dysfunction; ‘e’ denotes pre versus. Post - rHuEPO 
treatment of CKD with cognitive dysfunction.
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participants showed that patients with CKD were more 
likely to show cognitive impairment (12), this suggests 
that the strong association was primarily due to the change 
in the concentration of hemoglobin in patients with 
CKD. The concentration of hemoglobin was significantly 
correlated with cognitive impairment. In addition, a study 
has shown that EPO can have neuroprotective effects (13), 
since the production of EPO can be stimulated by anemic 
hypoxia in the brain, and anemia is an independent 
risk factor of cognitive decline (14). Moreover, the fact 
that cognitive function is substantially improved in 
CKD patients after treatment with rHuEPO suggests a 
correlation between CKD and AD. The mechanisms 
behind this linkage, however, remain unclear. 

Oxidative stress is a major factor in the onset and 
progression of CKD. Overproduction of ROS combined 
with a lack of antioxidant mechanisms leads to increased 
oxidative stress. Platelets have a high number of 
mitochondria and most mammalian cells and platelets are 
an essential cause of ROS. Over 90% of mitochondrial 
ROS output can result in oxidative stress to mitochondrial 
proteins, membranes and DNA, impairing mitochondrial 
capacity to synthesize adenosine triphosphate (ATP) (15). 
Several studies have shown that GSK3β is found in the 
mitochondria and is highly activated (16). Mitochondrial 
GSK3β activity controlled the activity of the mitochondrial 

Figure 3. Correlation between platelets GSK3β expression and LPO levels 
in respective subjects. Each point represents a separate subject. Correlation 
coefficients and P values were determined using Pearson correlation.

Figure 4. Correlation between platelets GSK3β expression and plasma 
Aβ40 levels in respective subjects. Each point represents a separate subject. 
Correlation coefficients and P values were determined using Pearson’s 
correlation.

Figure 5. Correlation between platelets GSK3β expression and plasma 
Aβ42 levels in respective subjects. Each point represents a separate subject. 
Correlation coefficients and P values were determined using Pearson’s 
correlation.

Correlation between the platelet GSK3β expression and LPO levels. 
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Correlation between the platelet GSK3β expression and plasma Aβ40 levels. 
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Correlation between the platelet GSK3β expression and plasma Aβ42 levels. 
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complex I, production of ROS and morphology of the 
mitochondria. Conversely, under oxidative stress, GSK3β 
activity is upregulated. Grimes et al (17) propose that 
oxidative stress causes GSK3β activation in neuronal 
cells, while GSK3β inhibition is involved in oxidative 
stress regulation in neuronal hippocampal cell lines (7). 
This research proves a link between GSK3β and oxidative 
stress. Increased GSK3β expression in platelets were also 
identified in this investigation, which could be attributable 
to higher levels of platelets LPO in CKD with cognitive 
dysfunction, similar to AD patients compared to healthy, 
normocytic normochromic anemia, and CKD without 
cognitive dysfunction (Figures 1and 3 and Table 1).

In neurons, GSK3β is the most significant Tau kinase. It 
helps to build NFT and senile plaques. GSK3β has been 
found to hyperphosphorylate Tau in AD models, causing 
microtubule disintegration and feature loss (18). In AD 
patients and animal models, increased GSK3β activity 
has been associated to elevated levels of Aβ formation 
and deposits, tau hyperphosphorylation, and synaptic 
impairment in several studies (19). Inhibition of GSK3β 
has been demonstrated to decrease Aβ generation in AD 
patients as well as memory impairment in a rat model 
(20) and to decrease Aβ induced neurotoxicity in cultured 
neurons (21). In this study, like AD, we observed greater 
levels of Aβ, total Tau and p-tau181 in CKD patients with 

cognitive impairments when compared to other groups. 
This may be due to increased platelet GSK3β expression 
(Figures 4 to7).

The effects of rHuEPO treatment on platelet GSK3β 
expression, plasma Aβ, total Tau and p-tau181 levels 
in CKD patients with cognitive dysfunction were also 
investigated in this study. rHuEPO was commonly used 
in clinical practice especially CKD associated anaemia 
(Figure 8). In the present study, the expression of platelet 
GSK3β and plasma Aβ and total Tau and p-tau181 
levels, were reviewed in CKD patients with cognitive 
dysfunction after treatment with rHuEPO. Compared 
to pre-rHuEPO treatment (Figures 1 and 2 and Table 
1). All protein defects were substantially recovered along 
with increased scoring of neuropsychological tests which 
were published in our previous study (9). Wang et al (22) 
recently discovered that EPO is a key neuroprotective 
agent in the context of cognitive dysfunction associated 
with diabetes. EPO ameliorates diabetes induced 
oxidative stress in vitro and in vivo. EPO suppresses the 
synthesis of LPO and protects against oxidative stress by 
boosting the enzymatic antioxidant system, according to 
a recent research (23). Katavetin et al (24) showed that 
EPO promotes cytoprotection by reducing oxidative stress 
and directly exerting antioxidant effects by regulating 
antioxidant intracellular systems such heme oxygenase-1 

Correlation between the platelet GSK3β expression and plasma total Tau levels. 

     

     

     

18
20
22
24
26
28
30

44 49 54 59Pl
as

m
a t

ot
al

 T
au

  l
ev

el
s 

(n
g/

L)

Platelet GSK3β
(Relative Intensity)

A   Healthy subjects r= 0.809
p= <0.00001

21
23
25
27
29
31

55 60 65 70Pl
as

m
a t

ot
al

 T
au

  l
ev

el
s 

(n
g/

L)
Platelet GSK3β

(Relative Intensity)

B   Normocytic Normochromic 
Anemia r= 0.847

p= <0.00001

57
59
61
63
65
67
69
71

99 109 119Pl
as

m
a t

ot
al

 T
au

  l
ev

el
s 

(n
g/

L)

Platelet GSK3β
(Relative Intensity)

C Alzheimer's disease r= 0.970
p= <0.00001

32
33
34
35
36
37
38
39
40

62 67 72 77Pl
as

m
a t

ot
al

 T
au

  l
ev

el
s 

(n
g/

L)

Platelet GSK3β
(Relative Intensity)

D   CKD without Cognitive 
dysfunction r= 0.897

p= <0.00001

48

53

58

63

77 82 87 92 97Pl
as

m
a t

ot
al

 T
au

  l
ev

el
s 

(n
g/

L)

Platelet GSK3β
(Relative Intensity)

E  CKD with Cognitive dysfunction 
(Pre EPO) r= 0.849

p= <0.00001

29
30
31
32
33
34
35
36
37

47 57 67Pl
as

m
a t

ot
al

 T
au

  l
ev

el
s 

(n
g/

L)

Platelet GSK3β
(Relative Intensity)

F  CKD with Cognitive dysfunction 
(Post EPO) r= 0.801

p= <0.00001

 

Correlation between the platelet GSK3β expression and plasma p-Tau 181 levels. 
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 Figure 6. Correlation between platelets GSK3β expression and plasma 
total Tau levels in respective subjects. Each point represents a separate 
subject. Correlation coefficients and P-values were determined using 
Pearson’s correlation

Figure 7. Correlation between platelets GSK3β expression and plasma 
p-Tau 181 levels in respective subjects. Each point represents a separate 
subject. Correlation coefficients and P-values were determined using 
Pearson’s correlation.

https://www.nephropathol.com


https://www.nephropathol.com                                        Journal of  Nephropathology, Vol 12, No 4, October 2023 

                               Platelet glycogen synthase kinase 3β

7

and glutathione peroxidase. According to the study by 
Ma et al (25), EPO is neuroprotective through a PI3K/
Akt-dependent mechanism including GSK3β inhibition, 
which results in reduced Aβ 25–35 apoptosis in PC 12 
cells. In addition, accumulating studies have shown that 
the EPO has an inhibitory effect on GSK3β. In this 
experiment, based on the above data, we indicated that the 
recovered expression of platelet GSK3β and plasma Aβ, 
total Tau and pTau181 levels in post-rHuEPO therapy in 
CKD patients with cognitive dysfunction may be due to 
a substantial decrease in platelet LPO levels (Table 1) and 
the same trend was also observed in previous studies (9).

Conclusion
In conclusion, when compared to healthy, normocytic 
normochromic anemia and CKD without cognitive 
dysfunction, CKD with cognitive dysfunction participants 
have dramatically changed platelet GSK3β expression, 
plasma Aβ, total Tau and p-tau181 levels, similar to 
AD participants. The altered protein defects recovered 
substantially in post-rHuEPO treatment compared with 
pre-treatment. Platelet GSK3β expression and plasma 
Aβ, total Tau, p-tau181 are prospective biomarkers for 
cognitive dysfunction in CKD patients, according to this 
study. The clinical utility of rHuEPO as a GSK3β inhibitor 
and therapeutic treatment for cognitive dysfunction in 
patients with CKD has been established.

Authors’ contribution
Conceptualization: Vinothkumar Ganesan.  
Data curation: Krishnakumar Sethuraman, Venkataraman 
Prabhu, Vinothkumar Ganesan.
Formal analysis: All.
Investigation: Venkataraman Prabhu.
Methodology: Vinothkumar Ganesan.
Project administration: Venkataraman Prabhu.

Resources: All.
Supervision: Venkataraman Prabhu.
Validation: Krishnakumar Sethuraman.
Visualization: Vinothkumar Ganesan, Venkataraman 
Prabhu.
Writing–original draft: Vinothkumar Ganesan, Venkataraman 
Prabhu.
Writing–review & editing: All.

Ethical issues
The research followed the tenets of the Declaration of 
Helsinki. The study protocol was authorized by the 
Institutional Ethical Committee (Clearance No. 58/
IEC/2010) of SRM Medical College Hospital and Research 
Centre, SRM Institute of Science and Technology, India. 
The informed consent was collected from all the participants. 
This research was based on the Ph.D thesis of Vinothkumar 
Ganesan (Thesis#T0629) at SRM IST.

Conflict of interests 
The authors report no biomedical financial interests or 
potential conflicts of interest.

Funding/Support
This research was funded by the Indian Council of Medical 
Research – ICMR (Grant# GIA/ 77/ 2014-DHR), New 
Delhi, India.

References 
1. Butterfield DA. beta-Amyloid-associated free radical oxidative 

stress and neurotoxicity: implications for Alzheimer’s disease. 
Chem Res Toxicol. 1997;10:495-506. doi: 10.1021/
tx960130e.

2. Tamagno E, Guglielmotto M, Aragno M, Borghi R, Autelli R, 
Giliberto L, et al. Oxidative stress activates a positive feedback 
between the gamma- and beta-secretase cleavages of the beta-
amyloid precursor protein. J Neurochem. 2008;104:683-95. 
doi: 10.1111/j.1471-4159.2007.05072.x. 

Figure 8. Recombinant human erythropoietin (rHuEPO) therapy inhibits the production of GSK3β, resulting in the deactivation of APP processing and 
prevents the formation of Amyloid β (Aβ) and hyperphosphorylated tau (pTau) levels in anemic CKD patients with cognitive dysfunction.

https://www.nephropathol.com


Ganesan V et al

Journal of  Nephropathology, Vol 12, No 4, October 2023                                    https://www.nephropathol.com8

3. Zhang Y, Tian Q, Zhang Q, Zhou X, Liu S, Wang JZ. 
Hyperphosphorylation of microtubule-associated tau protein 
plays dual role in neurodegeneration and neuroprotection. 
Pathophysiology. 2009;16:311-6. doi: 10.1016/j.
pathophys.2009.02.003. 

4. Mattsson N, Zetterberg H, Janelidze S, Insel PS, Andreasson 
U, Stomrud E, et al. ADNI Investigators. Plasma tau in 
Alzheimer disease. Neurology. 2016;87:1827-35. doi: 
10.1212/WNL.0000000000003246.

5. Nicolia V, Fuso A, Cavallaro RA, Di Luzio A, Scarpa S. B 
vitamin deficiency promotes tau phosphorylation through 
regulation of GSK3beta and PP2A. J Alzheimers Dis. 
2010;19:895-907. doi: 10.3233/JAD-2010-1284. 

6. Sontag JM, Nunbhakdi-Craig V, Montgomery L, Arning 
E, Bottiglieri T, Sontag E. Folate deficiency induces in vitro 
and mouse brain region-specific downregulation of leucine 
carboxyl methyltransferase-1 and protein phosphatase 2A 
B(alpha) subunit expression that correlate with enhanced 
tau phosphorylation. J Neurosci. 2008;28:11477-87. doi: 
10.1523/JNEUROSCI.2816-08.2008.

7. Lee KY, Koh SH, Noh MY, Park KW, Lee YJ, Kim SH. 
Glycogen synthase kinase-3beta activity plays very important 
roles in determining the fate of oxidative stress-inflicted 
neuronal cells. Brain Res. 2007;1129:89-99. doi: 10.1016/j.
brainres.2006.10.055. 

8. Forlenza OV, Torres CA, Talib LL, de Paula VJ, Joaquim 
HP, Diniz BS, et al. Increased platelet GSK3B activity in 
patients with mild cognitive impairment and Alzheimer’s 
disease. J Psychiatr Res. 2011;45:220-4. doi: 10.1016/j.
jpsychires.2010.06.002.

9. Vinothkumar G, Krishnakumar S, Shivashekar G, Sreedhar S, 
Dinesh S, Sundaram A, et al. Therapeutic impact of rHuEPO 
on abnormal platelet APP, BACE 1, presenilin 1, ADAM 10 
and Aβ expressions in chronic kidney disease patients with 
cognitive dysfunction like Alzheimer’s disease: A pilot study. 
Biomed Pharmacother 2018; 104:211-22. doi: 10.1016/j.
biopha.2018.05.028.

10. Vinothkumar G, Krishnakumar S, Riya, Venkataraman P. 
Correlation between abnormal GSK3β, β Amyloid, total Tau, 
p-Tau 181 levels and neuropsychological assessment total 
scores in CKD patients with cognitive dysfunction: Impact 
of rHuEPO therapy. J Clin Neurosci. 2019;69:38-42. doi: 
10.1016/j.jocn.2019.08.073. 

11. Kutuby F, Wang S, Desai C, Lerma EV. Anemia of chronic 
kidney disease. Dis Mon. 2015;61:421-4. doi: 10.1016/j.
disamonth.2015.08.002.

12. Kurella Tamura M, Xie D, Yaffe K, Cohen DL, Teal V, Kasner 
SE, et al. Vascular risk factors and cognitive impairment in 
chronic kidney disease: the Chronic Renal Insufficiency 
Cohort (CRIC) study. Clin J Am Soc Nephrol. 2011;6:248-
56. doi: 10.2215/CJN.02660310. 

13. Fan X, van Bel F, van der Kooij MA, Heijnen CJ, Groenendaal 
F. Hypothermia and erythropoietin for neuroprotection after 

neonatal brain damage. Pediatr Res. 2013;73:18-23. doi: 
10.1038/pr.2012.139. 

14. Sousa NDS, Menezes TN, Silva NA, Eulálio MDC, Paiva 
AA. Prevalência de anemia e correlação da concentração de 
hemoglobina com fatores cognitivos em idosos [Prevalence 
of anemia and correlation between the concentration of 
hemoglobin and cognitive factors among the elderly]. 
Cien Saude Colet. 2018;23:935-944. Portuguese. doi: 
10.1590/1413-81232018233.09082016. 

15. Murphy MP. How mitochondria produce reactive oxygen 
species. Biochem J. 2009;417:1-13. doi: 10.1042/
BJ20081386.

16. Yang K, Chen Z, Gao J, Shi W, Li L, Jiang S, et al. The Key Roles 
of GSK-3β in Regulating Mitochondrial Activity. Cell Physiol 
Biochem. 2017;44:1445-59. doi: 10.1159/000485580. 

17. Grimes CA, Jope RS. The multifaceted roles of glycogen 
synthase kinase 3beta in cellular signaling. Prog Neurobiol. 
2001;65:391-426. doi: 10.1016/s0301-0082(01)00011-9. 

18. Lovestone S, Reynolds CH, Latimer D, Davis DR, Anderton 
BH, Gallo JM, et al. Alzheimer’s disease-like phosphorylation 
of the microtubule-associated protein tau by glycogen 
synthase kinase-3 in transfected mammalian cells. Curr Biol. 
1994;4:1077-86. doi: 10.1016/s0960-9822(00)00246-3.

19. Hurtado DE, Molina-Porcel L, Carroll JC, Macdonald C, 
Aboagye AK, Trojanowski JQ, et al. Selectively silencing 
GSK-3 isoforms reduces plaques and tangles in mouse models 
of Alzheimer’s disease. J Neurosci. 2012;32:7392-402. doi: 
10.1523/JNEUROSCI.0889-12.2012. 

20. Meijer L, Flajolet M, Greengard P. Pharmacological inhibitors 
of glycogen synthase kinase 3. Trends Pharmacol Sci. 
2004;25:471-80. doi: 10.1016/j.tips.2004.07.006. 

21. Koh SH, Noh MY, Kim SH. Amyloid-beta-induced 
neurotoxicity is reduced by inhibition of glycogen synthase 
kinase-3. Brain Res. 2008;1188:254-62. doi: 10.1016/j.
brainres.2007.10.064.

22. Wang M, Yan W, Liu Y, Hu H, Sun Q, Chen X, et al. 
Erythropoietin ameliorates diabetes-associated cognitive 
dysfunction in vitro and in vivo. Sci Rep. 2017;7(1):2801. 
doi: 10.1038/s41598-017-03137-6.

23. Jia Z, Xue R, Ma S, Xu J, Guo S, Li S, et al. Erythropoietin 
attenuates the memory deficits in aging rats by rescuing the 
oxidative stress and inflammation and promoting BDNF 
releasing. Mol Neurobiol. 2016;53:5664-70. doi: 10.1007/
s12035-015-9438-1. 

24. Katavetin P, Tungsanga K, Eiam-Ong S, Nangaku M. 
Antioxidative effects of erythropoietin. Kidney Int Suppl. 
2007;(107):S10-5. doi: 10.1038/sj.ki.5002482. 

25. Ma R, Xiong N, Huang C, Tang Q, Hu B, Xiang J, Li G. 
Erythropoietin protects PC12 cells from beta-amyloid(25-
35)-induced apoptosis via PI3K/Akt signaling pathway. 
Neuropharmacology. 2009;56:1027-34. doi: 10.1016/j.
neuropharm.2009.02.006. 

Copyright © 2023 The Author(s); Published by Society of Diabetic Nephropathy Prevention. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.nephropathol.com

