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ABSTRACT

Objectives: Chronic kidney disease (CKD) is a major clinical health problem as it is a systemic disorder that causes widespread organ damage 
and it is related to significant morbidity and mortality. Numerous studies have shown that, cognitive dysfunction increase in prevalence, due to 
increase in reactive oxygen species in CKD severity. Tau proteins are proteins that stabilize microtubules. Hyperphosphorylation of tau reduces its 
ability to bind to microtubule causes dystabilization and production of neurofibrillary tangles (NFT) and neurodegeneration in the brain. Aberrant 
hyperphosphorylation of tau is critical to the progression of neurodegeneration. Erythropoietin (EPO), a glycoprotein has been in clinical use for 
millions of anemic patients, and some studies show it has a neuroprotective role. Till now studies on the level of tau protein phosphorylation in brain 
regions of CKD-induced experimental animals and impact of EPO therapy are scarce. The aim of this study is to determine the impact of CKD and EPO 
therapy on tau protein phosphorylation in brain regions of experimental rats.

Methods: This study was performed on 48 adult male Wistar rats. Two phases were conducted to find out the difference between simultaneous and 
posttreatment of EPO. Phase I: 24 adult male Wistar rats were divided into 4 groups (6 animals each): Group 1: Control, Group 2: 0.75% of adenine 
mixed diet for 4 weeks, Group 3: 0.75% of adenine mixed diet was given for 4 weeks and simultaneous administration of EPO (100 IU/kg btw, ip) 
thrice weekly. Group 4: EPO alone (100 IU/Kg btw, ip) thrice per week. All the animals were sacrificed uniformly at the end of 4 weeks. In Phase II, 
24 animals were maintained separately for 40 days experimental period and divided into 4 groups. Groups 1, 2, and 4 animals were treated as same 
mentioned in Phase I. Group 3: For EPO posttreatment, adenine mixed diet was given for 4 weeks for chronic renal failure (CRF) induction. After the 4th 
week, EPO (100 IU/Kg btw.) was administered daily once for 12 days. At the end of the 40 days, all the animals were sacrificed uniformly. In both the 
phases after the treatment period, the brain tissue was removed and samples were homogenized. Total tau protein and phosphorylated tau protein 
expressions were analyzed by western blotting method.

Results: In results, both the total tau and phosphorylated tau protein levels were significantly increased all the brain regions of CRF-induced groups 
when compared to control. In both simultaneous and posttreatment of EPO, the levels were retrieved.

Conclusion: This study proves that EPO supplementation has a promising role in neuroprotection by preventing abnormal phosphorylated tau 
protein accumulation. This study also proves the clinical usefulness of EPO as a supplemental therapeutic agent in neurotoxicity.
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INTRODUCTION

Chronic kidney disease (CKD) is a major clinical health problem as 
it is a systemic disorder that causes widespread organ damage and 
it is related to significant morbidity and mortality [1]. The uremic 
state of CKD is characterized by the retention of solutes that are 
toxic in high concentration such as urea, creatinine, parathyroid 
hormone, myoinositol, and β2 microglobulin [2]. Several studies have 
postulated that middle molecules (MW 300 - 12,000 KDa) [3] are the 
toxins that underlie the development of neurological dysfunction 
in CKD, yet little evidence exist that such substances are actually 
neurotoxic [4].

Studies have shown that the accumulation of toxic metabolites in renal 
failure may lead to excessive production of free radicals or depletion 
of antioxidant capacity [5]. Cognitive impairment has been increasingly 
recognized in CKD  - affecting up to 80% of patients [6]. Cognitive 
dysfunction increases in prevalence, due to increase in reactive oxygen 
species (ROS) in CKD severity [7]. In addition to chronic cognitive 
dysfunction and dementia, acute disturbances of cognition are also 
prevalent in CKD.

Dementia is a primary neurodegenerative disorder and it leads to a 
complete psychological and physical dependency and finally to death 
within one to two decades. It involves aberrant protein processing 
characterized by the presence of both intraneuronal protein clusters 
composed of extracellular Aβ protein aggregates (senile plaques) and 
bundles of intracellular paired helical filaments of abnormal pTau 
(neurofibrillary tangles [NFT]) [8].

Tau proteins are proteins that stabilize microtubules. Tau is central to 
the dynamics of microtubule assembly and hence maintains neuronal 
physiology [9]. Hyperphosphorylation of tau reduces its ability to 
bind to the microtubule, causes dystabilization, production of NFT 
and neurodegeneration in the brain [10]. Hyperphosphorylation 
of tau is a physiologically reversible response of the brain to some 
stressful conditions such as heat shock, starvation, or ischemia [11]. 
Tau hyperphosphorylation affects the morphology and biological 
functions of the neurons. The disorganization of the neuronal 
skeletal contributes to neuronal malfunction, neuronal cell death 
and eventually dementia [12]. Although the precise significance of 
these pathological findings remains elusive, the number of NFT’s 
strongly correlates with the degree of dementia [13]. Aberrant 
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hyperphosphorylation of tau is, therefore, critical to the progression 
of neurodegeneration [14].

Erythropoietin (EPO), a glycoprotein was the first characterized as a 
hematopoietic growth factor and has been in clinical use for millions of 
patients over the decade for the treatment of anemia [15]. Studies also 
show EPO indirectly reduces cellular oxidative stress by increasing 
number of circulating young red blood cells and clinical reports 
also confirmed that EPO therapy increases the level of antioxidant 
enzymes in erythrocytes [16]. It acts as a tissue protective cytokine, 
especially within the nervous tissue, kidney and cardiac muscle, 
and its receptor is widely distributed in variety of tissues [17]. EPO 
protects neurons from apoptosis in cell culture studies and in animal 
models of CNS injury [18]. In mice, EPO improves hippocampus-
dependent memory by modulating plasticity, synaptic connectivity 
and activity of memory-related neuronal networks [19]. Till now 
studies on EPO treatment in CKD-induced neurotoxicity and the 
mechanism of tau phosphorylation is scarce. Hence, we intended to 
do the study on the impact of EPO therapy on CKD-induced changes in 
tau protein phosphorylation.

METHODS

Chemicals
Adenine and other chemicals were purchased from Sisco Research 
Laboratory, India. EPO was purchased from Serum Institute of 
India, Chennai. Primary and secondary antibodies to detect total tau 
and phosphorylated tau protein by western blotting method were 
purchased from Cell Signaling Technology Inc., USA. To detect total 
tau protein, mouse monoclonal (mAb) tau (Tau46) and to detect 
phosphorylated tau protein, rabbit polyclonal phospho-tau (ser202) 
were used. Anti-rabbit and anti-mouse HRP conjugated secondary 
antibodies were used to detect both of these antibodies. For control, 
rabbit monoclonal (mAb) GAPDH was also purchased from Cell 
signaling technology Inc., USA.

Experimental design
This study was performed on 48 adult male Wistar rats with 120-150 g 
in weight. After 10 days of acclimatization, the animals were randomly 
assigned to either the experimental groups or control group. Animals 
were housed in the Central Animal House of SRM Medical College 
Hospital. Institutional ethical committee approval was obtained for 
this study. Each 3 animal has given individual labeled cages, and the 
animals were maintained under standard laboratory conditions of 
12 hrs dark/light cycle, 20-22°C temp. Adenine is mixed with the feed 
at a conc. of 0.75%, w/w, for 4 weeks to induce chronic renal failure 
(CRF). Two phases were conducted to find out the difference between 
simultaneous and posttreatment of EPO in CRF-induced changes in 
protein expression in brain regions of experimental animals. The 
dose of adenine (0.75%) mixed diet for CRF induction was selected 
according to Ali et al. (2013) [20]. Dose and treatment procedure for 
EPO was selected according to Bagnis et al. (2001) [21] and Lee et al. 
(2009) [22].

Phase I: A total of 24 male Wistar rats were used in this phase, and 
the animals were divided into 4 groups (6 animals each): Group I: 
Control animals without treatment, Group II: Animals which was given 
adenine 0.75% in feed for 4 weeks (28 days), Group III: Animals were 
treated by adenine 0.75% mixed diet for 4  weeks and simultaneous 
administration of EPO (100 IU per kg body weight) thrice weekly, in 
that period. Group IV: Epo alone has given (100 IU/kg btw) thrice per 
week for 4 weeks. All the animals in this phase were sacrificed after 
4 weeks.

Phase II: A total of 24 male Wistar rats were used in this phase, and the 
animals were divided into 4 groups (6 animals each): Group I: Control 
animals without treatment, Group II: Animals which was given adenine 
0.75% in feed for 4  weeks, Group III: In EPO posttreatment group, 
animals were treated by adenine 0.75% mixed diet for 4 weeks for CRF 
induction. After the 4th week, EPO (100 IU/kg btw.) was administered 

for the next 12 days, daily once. Group IV: EPO alone has given (100 IU/
kg btw) thrice per week for 4 weeks. All the animals in this phase were 
sacrificed after 40 days.

Tissue collection and preparation
About 24 hrs after last treatment, the animals were sacrificed and brain 
was immediately removed and washed in ice-cold physiological saline 
repeatedly, and brain was dissected over ice-cold glass slides to the 
following regions: Cerebral cortex, cerebellum, and hippocampus [23]. 
Regions from each of the brain tissue were blotted, weighed accurately. 
The samples were homogenized using a Potter-Elvehjem homogenizer 
to produce 10% homogenates.

Western blotting
Total tau protein and phosphorylated tau protein expressions were 
analyzed by western blot. Tissues were homogenized with three 
volumes of lysis buffer containing 10 mmol/L HEPES, 1 mmol/L 
ethylenediaminetetraacetic acid, 100 mmol/L KCl, 1% triton X-100, 
pH 7.5 and protease inhibitors cocktail (1: 100), and the homogenates 
were centrifuged at 600 g for 10 minutes. The supernatants were 
further centrifuged at 45 000 g for 30 minutes at 4°C and stored at 
−80°C until use. The protein concentration of the tissue homogenates 
was determined by the standard method of Lowry et al. 1951. About 
50 µg of total protein was mixed with 6X sample buffer and boiled 
for 5 minutes. The sample mixture was run on 10% sodium dodecyl 
sulfate - polyacrylamide gel electrophoresis gel in 1X running gel buffer 
at 100 V for 1 hr. and then transferred to polyvinylidene difluoride 
membrane. Then, the membrane was blocked in blocking buffer 
containing 5% skimmed milk powder for overnight. After overnight, 
the blocked membranes were incubated with the specific primary 
antibodies for detection of total tau (mouse monoclonal, dilution 
1:1000) and phosphorylated tau (rabbit polyclonal phospho-tau 
ser202, dilution 1:1000). Phospho-tau (ser 202) antibody recognizes 
the endogenous level of tau protein only when phosphorylated at 
Ser 202. Rabbit monoclonal GAPDH (dilution 1:1000) was used as 
an internal control. Suitable secondary antibodies were added to 
detect each protein expression and incubated for 1 hr. The following 
two intermittent washes with 1X TTBS and TBS, membranes were 
developed using ECL and Chemi Doc Imaging System to detect signal. 
Then, the quantification of the band was done using image J software.

Statistical analysis
The statistical analysis of the results was conducted using SPSS version 
21, one-way analysis of variance and the independent t-test followed 
by Turkey’s multiple comparison tests. The p≤0.05 is considered as 
statistically significant. Results were expressed as a mean ± standard 
error of the mean.

RESULTS

Figs. 1 and 2 show the effect of EPO supplementation on CRF-induced 
changes in pTau and total tau protein expressions in the cerebral cortex. 
Both pTau and total tau protein levels were significantly increased 
in CRF-induced groups when compared to control. The level was 
significantly restored only after simultaneous treatment of EPO but 
restoration is not significant in posttreatment of EPO.

Figs. 3 and 4 show the effect of EPO supplementation on CRF-induced 
changes in pTau and total tau protein expressions in the cerebellum. 
Here, both the tau protein levels were increased in CRF-induced groups 
significantly when compared to control and it was significantly restored 
in both the simultaneous and post EPO supplementation. Figs. 5 and 
6 show the impact of EPO supplementation on CRF-induced changes 
in pTau and total tau levels in the hippocampus. The same trend was 
observed significantly in this region as in cerebellum.

DISCUSSION

CKD has a prevalence of 15% in developed nations [24]. Chronic renal 
failure in humans has been shown to cause several alterations in 
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behavior [25]. Accumulation of toxic metabolites in renal failure leads 
to excessive production of free radicals [26], and the brain is highly 
sensitive to oxidative stress.

Tau protein belongs to a group of proteins referred to as microtubule-
associated proteins that in common are heat resistant and limitedly 
affected by acid treatment without loss of their function [27]. Tau 
protein promotes tubulin assembly into microtubules, one of 
the major components of the neuronal cytoskeleton that defines 
the normal morphology and provides structural support to the 

neurons [28]. Alterations in the amount or the structure of tau protein 
can affect stabilization of microtubules and other processes related 
to this protein [29,30]. A normal level of phosphorylation is required 
for the optimal function of tau, whereas the hyperphosphorylated 
state makes tau to lose its biological activity [31]. In pathological 
conditions, not only does abnormal phosphorylation of tau protein 
decrease its tubulin binding capacity leading to microtubule 
disorganization but also this protein self-polymerize and aggregates 
in the form of NFTs [32,33]. In this study, both the total tau protein 
and phosphorylated tau (at ser 202 site) were increased in chronic 

Fig. 1: Simultaneous treatment of erythropoietin (EPO) in cerebral cortex. (a) Protein levels of pTau and total tau in rat cerebral 
cortex during chronic renal failure (CRF) and simultaneous treatment of EPO. The protein levels were measured by western blot 

assay. (b) Graphical representation of quantification of pTau and total tau in rat cerebral cortex of CRF and treatment groups. Results 
are expressed as mean ± standard error of the mean of 3 observation in each group; (a) p<0.001, (b) p<0.01, (c) p<0.05. Statistical 

significance compared between Groups 2 and 4 versus Group 1, Group 3 versus Group 2, respectively

ba

Fig. 2: Posttreatment of erythropoietin (EPO) in cerebral cortex. (a) Protein levels of pTau and total tau in rat cerebral cortex 
during chronic renal failure (CRF) and posttreatment of EPO. The protein levels were measured by western blot assay. (b) Graphical 
representation of quantification of pTau and total tau in rat cerebral cortex of CRF and treatment groups. Results are expressed as 

mean ± standard error of the mean of 3 observation in each group; (a) p<0.001, (b) p<0.01, (c) p<0.05. Statistical significance compared 
between Groups 2 and 4 versus Group 1, Group 3 versus Group 2, respectively

ba

Fig. 3: Simultaneous treatment of erythropoietin (EPO) in cerebellum. (a) Protein levels of pTau and total tau in rat cerebellum during 
chronic renal failure (CRF) and simultaneous treatment of EPO. The protein levels were measured by western blot assay. (b) Graphical 
representation of quantification of pTau and total tau in rat cerebellum of CRF and treatment groups. Results are expressed as mean ± 

standard error of the mean of 3 observation in each group; (a) p<0.001, (b) p<0.01, (c) p<0.05. Statistical significance compared between 
Groups 2 and 4 versus Group 1, Group 3 versus Group 2, respectively

ba
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renal failure induced experimental animals when compared to 
control.

Maintenance of energy homeostasis in the brain requires a distinct 
molecular circuitry which provides tight coupling between energy 
consumption and production during the performance of sensory, motor 
and cognitive tasks [34]. Creatine kinase (CK), a crucial enzyme is highly 
sensitive to free radicals [35]. In our previous study, increased serum CK 

level and its decreased activity in brain regions such as cerebral cortex, 
cerebellum, and hippocampus of chronic renal failure induced animals 
were observed [36]. It is also known that a decrease in CK activity is 
associated with neurodegenerative pathways that result in neuronal 
death in brain ischemia, neurodegenerative diseases bipolar disorder, 
and other pathological states [37]. In this study, the increased levels of 
both total and phosphorylated tau in brain regions of CRF-induced rats 
(Figs. 1-6) may be due to decreased CK activity in the same.

Fig. 4: Posttreatment of erythropoietin (EPO) in cerebellum. (a) Protein levels of pTau and total tau in rat cerebellum during chronic 
renal failure (CRF) and posttreatment of EPO. The protein levels were measured by western blot assay. (b) Graphical representation of 

quantification of pTau and total tau in rat cerebellum of CRF and treatment groups. Results are expressed as mean ± standard error of the 
mean of 3 observation in each group; (a) p<0.001, (b) p<0.01, (c) p<0.05. Statistical significance compared between Groups 2 and 4 versus 

Group 1, Group 3 versus Group 2, respectively

ba

Fig. 5: Simultaneous treatment of erythropoietin (EPO) in hippocampus. (a) Protein levels of pTau and total tau in rat hippocampus 
during chronic renal failure (CRF) and simultaneous treatment of EPO. The protein levels were measured by western blot assay. (b) 

Graphical representation of quantification of pTau and total tau in rat cerebellum of CRF and treatment groups. Results are expressed as 
mean ± standard error of the mean of 3 observation in each group; (a) p<0.001, (b) p<0.01, (c) p<0.05. Statistical significance compared 

between Groups 2 and 4 versus Group 1, Group 3 versus Group 2, respectively

ba

Fig. 6: Posttreatment of erythropoietin (EPO) in hippocampus. (a) Protein levels of pTau and total tau in rat hippocampus during chronic 
renal failure (CRF) and posttreatment of EPO. The protein levels were measured by western blot assay. (b) Graphical representation of 

quantification of pTau and total tau in rat cerebellum of CRF and treatment groups. Results are expressed as mean ± standard error of the 
mean of 3 observation in each group; (a) p<0.001, (b) p<0.01, (c) p<0.05. Statistical significance compared between Groups 2 and 4 versus 

Group 1, Group 3 versus Group 2, respectively

ba
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The clinical relevance of the use of EPO as a neuroprotective agent 
was enhanced when it was found to cross the blood  - brain barrier 
after peripheral administration [15]. EPO was first characterized as a 
hematopoietic growth factor and has been in clinical use for millions of 
patients over the decade for the treatment of anemia [38]. Epo exerts 
a remarkable neuroprotection in both cell cultures and in animal 
models [39,40]. Epo may indirectly reduce cellular oxidative stress 
by increasing number of circulating young red blood cells, clinical 
reports have confirmed that Epo therapy could increase the level of 
erythrocyte antioxidative enzymes [19]. Several studies have indicated 
that it may protect neurons from glutamate toxicity by activating 
calcium channels and limiting the production of tissue-injuring 
molecules such as ROS, leading to the increased activity of antioxidant 
enzymes in neurons [41].

In our study, we found that there is a significant change in the 
hyperphosphorylated, and total tau proteins were observed in 
selected brain regions of CRF-induced experimental animals after the 
supplementation of both simultaneous and posttreatment of EPO. In 
our previous study, the decreased CK activity in brain regions of CRF-
induced animals was significantly retrieved after the supplementation 
of simultaneous and posttreatment of EPO. This study proves that EPO 
promotes neuroprotection by preventing the abnormal phosphorylated 
tau protein accumulation through the activation of CK system in CRF-
induced experimental rats.

CONCLUSION

This study proves the clinical usefulness of EPO as a supplemental 
therapeutic agent in neurotoxicity. It also proves that EPO 
supplementation has a promising role in preventing neurotoxicity 
through the abnormal protein accumulation in CKD-induced 
animals.
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