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ABSTRACT
Background: Alzheimer’s disease is a type of dementia denoted by progressive 

neuronal death due to the accumulation of proteinaceous aggregates of Tau. Post-
translational modifications like hyperphosphorylation, truncation, glycation, etc. play 
a pivotal role in Tau pathogenesis. Glycation of Tau aids in paired helical filament 
formation and abates its microtubule-binding function. The chemical modulators of 
Tau PTMs, such as kinase inhibitors and antibody-based therapeutics, have been 
developed, but natural compounds, as modulators of Tau PTMs are not much explored. 

Materials and Methods: We applied biophysical and biochemical techniques 
like fluorescence kinetics, oligomerization analysis and transmission electron 
microscopy to investigate the impact of EGCG on Tau glycation in vitro. The effect of 
glycation on cytoskeleton instability and its EGCG-mediated rescue were studied by 
immunofluorescence microscopy in neuroblastoma cells.

Results: EGCG inhibited methyl glyoxal (MG)-induced Tau glycation in vitro. 
EGCG potently inhibited MG-induced advanced glycation endproducts formation in 
neuroblastoma cells as well modulated the localization of AT100 phosphorylated Tau 
in the cells. In addition to preventing the glycation, EGCG enhanced actin-rich neuritic 
extensions and rescued actin and tubulin cytoskeleton severely disrupted by MG. 
EGCG maintained the integrity of the Microtubule Organizing Center (MTOC) stabilized 
microtubules by Microtubule-associated protein RP/EB family member 1 (EB1).

Conclusions: We report EGCG, a green tea polyphenol, as a modulator of in vitro 
methylglyoxal-induced Tau glycation and its impact on reducing advanced glycation 
end products in neuroblastoma cells. We unravel unprecedented function of EGCG in 
remodeling neuronal cytoskeletal integrity. 

INTRODUCTION

Tau is a microtubule-associated protein, which aids 
in neuronal functioning [1, 2] and Tau neurofibrillary 
tangles is one of the important characteristic pathology 
in AD [3, 4]. Aggregation of Tau leads to loss of its 
physiological function and adds up to the pathology of 
AD [5, 6]. Tau undergoes various PTMs that either leads 
to its aggregation or prevent it. The pro-aggregation 
PTMs of Tau include phosphorylation [7–10], truncation 
[11, 12], glycation [13], acetylation [14, 15], sumoylation 
[16, 17], ubiquitination [18, 19] and nitration [20–22]. 

The anti-aggregation PTMs include O-glycosylation [23, 
24], dephosphorylation [25, 26] and prolyl isomerization 
[27, 28]. The cross talk between these pro and anti-
aggregation PTMs has an impact on Tau pathology [29]. 
The clearance of hyperphosphorylated Tau is decreased 
by PTMs like glycation, nitration and polyamination 
whereas, glycosylation and dephosphorylation prevents 
Tau hyperphosphorylation. 

Glycation, unlike phosphorylation is a non-
enzymatic PTM, occurring between reducing sugars and 
protein, lipids etc. Glycation is triggered in presence of 
high blood sugar levels due to their metabolism via polyol 
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pathway, which converts sugars into highly reactive 
intermediates like methyl glyoxal (MG), gloxal etc. 
Glycation involves multistep reactions including complex 
re-arrangements forming advanced glycation end products 
(AGEs). AGEs cause protein cross-linking hampering its 
function [30]. AGEs play a pathological role in various 
disorders such as retinopathy, nephropathy, atherosclerosis, 
neuropathy, etc. [31]. AGEs accumulate in the pyramidal 
neurons of brain with ageing [32]. Accumulation of AGEs 
and glycated Tau has been reported in the AD brains paired 
helical filaments (PHFs) as compared to non-demented 
brain [13]. Tau is found to be glycated at its microtubule-
binding region and glycation leads to its decreased affinity 
for microtubules [33, 34] (Figure 1A). The Tau present in 
the neurofibrillary tangles (NFTs) is observed to be cross-
linked, protease resistant and rendered insoluble as a result 
of AGEs-modification in AD [35–37]. Moreover, Tau 
glycation is modulated in an isoform-dependent manner 
and glycation along with phosphorylation increases the 
aggregation propensity of full-length Tau [38]. Glycated 
Tau has also been reported to induce oxidative stress.
[39] AGEs also increase Tau phosphorylation via up 
regulation of aspargine endopeptidases, which inactivates 
the phosphatase PP2a involved in Tau dephosphorylation 
[40]. Thus, glycation affects the function of Tau not only 
by cross-linking and inferring protease-resistant but also 
by inducing other unusual PTMs-like phosphorylation.

Cytoskeletal abnormalities of actin and tubulin 
organization are being reported in AD. Tau binds and 
stabilizes microtubules, but in modified and diseased 
state, it looses its affinity for microtubules leading to 
their destabilization [41, 42]. Microtubules and the motor 
proteins play a critical role in vesicular trafficking in 
neurons, which is an essential neuronal function [43]. 
Along with this, microtubules maintain the neuronal shape 
as well as they are involved in formation of neuronal 
growth cones [44]. Actin remodeling maintains synaptic 
plasticity and helps in learning [45]. The inclusions of 
cofilin-actin rods are pathological hallmarks of multiple 
neurodegenerative diseases. This abnormal actin 
reorganization is observed in presence of mutant Tau 
and co-exist with phosphorylated Tau aggregates [46]. 
Moreover, abnormal glycation of actin and tubulin have 
been reported in the brains of experimental model of 
diabetes which might play a pathological role in neuronal 
functioning [47, 48].

Epigallocatechin-3-gallate (EGCG) is a green 
tea polyphenol belonging to sub-class flavonoids [49] 
(Figure 1B). EGCG is known to have beneficial effects 
against cardiovascular diseases [50] and cancer [51, 52] 
and plays a protective role in protein misfolding. EGCG 
functions in neuroprotection by acting as an anti-oxidant 
and iron chelator [53]. Role of EGCG in modulating Tau 
post-translational modifications especially glycation is 
unexplored. In this study, we demonstrate the effect of 
EGCG in inhibiting Tau glycation in vitro and global 

glycation in the neuroblastoma cells. We report the role of 
EGCG in rescuing the actin and tubulin cytoskeleton by 
inhibiting their glycation and thus maintaining neuronal 
integrity. 

RESULTS

EGCG inhibits AGE modification of Tau in vitro 

Since Tau PTMs like phosphorylation and 
glycation leads to its altered pathogenic functions, we 
studied the effect of EGCG on Tau glycation involved 
in AD pathogenesis. Glycation is non-enzymatic post-
translational modification of lysine residues in proteins by 
sugar molecules and their reactive intermediates leading 
to protein cross-linking and affecting their structural 
as well as functional roles.  Glycation contributes to 
AD pathology as it alters and cross-links the protein 
leading to its aggregation. Moreover, glycation induces 
formation of reactive oxygen species and EGCG being 
a known antioxidant, we studied whether it can play a 
role in glycation. Methyl glyoxal, a reactive intermediate 
of glucose metabolism was used as a glycating agent. 
Aminoguanidine (AG) was used as a positive control as it 
is known to inhibit glycation. We monitored MG-induced 
Tau aggregation by ThS fluorescence and glycation by 
advanced glycation endproducts (AGEs) fluorescence. 
It was observed that EGCG untreated control showed 
more aggregation as compared to EGCG treated groups 
(Figure 1C). 500 μM of EGCG showed 60% inhibition 
of MG-induced Tau aggregation (Figure 1D). The AG 
treated sample did not show decrease in MG-induced 
aggregation (Figure 1C and 1D). The analysis of AGE 
auto fluorescence revealed that EGCG inhibit glycation 
of Tau in a concentration dependent manner (Figure 
1E). EGCG was found to be more potent at micro molar 
concentrations as compared to AG (1 mM). The highest 
concentration of EGCG 500 μM inhibited AGEs formation 
by 72% as opposed to 42% by 1 mM AG (positive control) 
(Figure 1F). 

EGCG inhibits formation of SDS-resistant Tau 
AGEs

As EGCG showed a significant inhibition of 
AGEs in presence of MG in the fluorescence assay, we 
analyzed these AGEs on SDS-PAGE. The SDS-PAGE 
analysis showed a decrease in glycated Tau in highest 
concentration of EGCG (500 μM) at 144 hours of 
incubation (Figure 2A and 2B) as compared to AG. We 
confirmed the SDS-PAGE results by probing the glycated 
Tau by AGEs-specific antibody and observed that EGCG 
treatment inhibits Tau glycation (Figure 2C). Thus, 
EGCG acts as potent Tau glycation inhibitor. In order to 
understand the morphological modulation of Tau AGEs by 
EGCG, AGEs were visualized by transmission electron 
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microscopy (TEM). The morphological analysis of this 
glycation revealed the formation of amorphous aggregates 
by glycated Tau. The AGEs morphology was not altered 
in presence of EGCG (Figure 2D). Thus, EGCG inhibits 
Tau AGEs formation without changes in the morphology 
of AGEs.

EGCG inhibits MG-induced AGEs formation 
and modulates Tau phosphorylation in 
neuroblastoma cells

EGCG was found potent in vitro in inhibiting 
glycation; we studied its effect on MG-induced AGEs 
formation in neuroblastoma cells (Figure 3A). Untreated 
and EGCG treated cells showed basal level of AGEs as 
compared to MG treated cells, which showed increased 

AGEs formation. This increased AGEs formation by 
MG was reduced in presence of EGCG (Figure 3B and 
3C). To confirm this observation, immunofluorescence 
microscopy studies were performed for MG-induced 
AGEs and Tau phosphorylation. AGEs fluorescence was 
uniform and in the cytoplasm of the cells (Supplementary 
Figure 1A and Supplementary Figure 2). The cells 
treated with EGCG along with MG showed basal level 
of AGEs formation suggesting inhibition of glycation 
by MG (Figure 3D). Moreover, the cells treated with 
EGCG in absence of MG did not show any effect on 
AGEs and displayed pattern similar to untreated cells. 
The quantification of fluorescence intensity revealed 
that MG treatment increased the overall AGEs formation 
in neuro2a cells, which was attenuated in presence of 
EGCG. The untreated and EGCG treated cells showed 

Figure 1: EGCG inhibits Tau glycation. (A) Full-length Tau domain organization highlighting the glycation sites (K259, K281, 
K280, K369, K353, K347). (B) Structure of EGCG. (C) The ThS analysis of MG-induced Tau aggregation revealed that in absence 
of EGCG there is increase in ThS fluorescence suggesting aggregation. Increase in concentration of EGCG showed decrease in ThS 
intensity with lowest at 500 μM of EGCG. The positive control for glycation inhibition, aminoguanidine (AG) showed constant ThS 
fluorescence. (D) The percent inhibition shows EGCG inhibits MG-induced Tau glycation but AG (1 mM) does not rescue this aggregation. 
(E) The AGEs auto fluorescence revealed that in presence of EGCG there is less AGEs formation as compared to untreated control. (F) 
EGCG inhibits glycation more efficiently than the positive control AG (1 mM). The values are mean ± std. deviation of two independent 
experiments. The statistical analysis was carried out by Student’s unpaired t-test with respect to untreated control. (***p ≤ 0.001, **p ≤ 0.01, 
*p ≤ 0.05. ns: non-significant p value). 
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basal level of AGEs  (Figure 3F). Thus, EGCG shows 
potent anti-glycation effect. Treatment of MG is known 
to induce Tau phosphorylation [54]. We studied the 
effect of EGCG on MG-induced Tau phosphorylation 
(Figure 3A). The untreated cells showed basal level of 
AT100 phosho-Tau distributed evenly throughout cells. 
EGCG treatment showed distinct nuclear localization 
of AT100 Tau surrounding the periphery (Figure 3E 
zoom, Supplementary Figure 1B). MG treatment showed 
nuclear localization but not specifically to the periphery. 
On treating the cells with MG in presence of EGCG, the 
nuclear peripheral localization of AT100 was observed in 
a population of cells (Figure 3E). The orthogonal cross-
sectional analysis confirmed the presence of AT100 in the 
nucleus surrounding the periphery (Supplementary Figure 

3). The fluorescence intensity quantification revealed 
that EGCG enhanced the AT100 Tau in the nucleus as 
compared to control and MG treated cells (Figure 3G).

EGCG enhances neuritic extensions

Actin-rich neuritic extensions are the key 
morphological features of neuronal cells. Neuritic 
extensions are involved in neuronal communication 
and differentiation. During the initial experiments 
we observed MG treatment affected neuronal cell 
morphology leading to rounding off of the cells and loss 
of neuronal extensions as compared to untreated and 
EGCG treated cells (Supplementary Figure 1A and 1B 
DIC). Hence, we checked the effect of EGCG on actin 

Figure 2: Inhibition of SDS-resistant Tau glycation. (A) The SDS-PAGE analysis showed the formation of glycated Tau as smear 
above the soluble protein band. In presence of EGCG the higher order glycated Tau decreased with increasing concentration and time. 
(B) Quantification of SDS-PAGE shows decrease in intensity in 500 µM EGCG in time dependent manner. (C) Immunoblots with AGEs-
specific antibody confirm EGCG inhibits Tau glycation in concentration and time dependent manner more efficiently than known glycation 
inhibitor aminoguanidine. (D) The TEM images show presence of amorphous aggregates of glycated Tau and the morphology is not altered 
by EGCG treatment.
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cytoskeleton and thus neuritic extensions. We captured 
Z-stacks and obtained a cumulative 3D image for each 
group. We observed that EGCG treated cells enhanced 
neuritic extensions as compared to control cells (Figure 
4A). MG treatment inhibited the neuritic extensions and 
disrupted actin cytoskeleton in some of the observed 
cells (Supplementary Figure 4). Treatment of cells 
together with MG and EGCG lead to rescue of actin 
cytoskeleton restoring neuritic extensions (Figure 4B) 
As EGCG showed potency in rescuing and enhancing 
neuritic extensions by remodeling actin cytoskeleton, we 
checked its effect on microtubule stability, since they are 
critical in maintaining neuronal shape and transport. Thus, 
we stained the cells for α-tubulin by anti-alpha Tubulin 
antibody (1:400). As with actin, MG also disrupted the 
microtubule network (Figure 5A). But EGCG maintained 
the stability of microtubule network and maintained the 
neuronal morphology disrupted by MG (Figure 5A). 

EGCG inhibits glycation of actin and tubulin 
cytoskeleton 

Since EGCG restored neuritic extensions disrupted 
by MG, we further studied its effect on preventing 
glycation of actin and tubulin cytoskeleton. The actin, 
tubulin and AGEs were mapped by anti-Beta-actin, anti-
alpha Tubulin antibody (1:400) and Anti-AGEs antibody 
(1:200) dilutions, respectively. MG-induced glycation of 
actin and tubulin was observed as yellow fluorescence 
(Figure 4C and Figure 5B red arrows heads). Glycation 
of actin/tubulin cytoskeleton was prevented in presence 
of EGCG (Figure 4C and Figure 5B white arrow heads). 
Moreover, the cells with completely disrupted actin 
cytoskeleton in MG treated cells showed excessive 
accumulation of AGEs (Figure 4B, white arrows). We 
performed the co-localization analysis for AGEs and actin 
and AGEs and tubulin for glycation by coloc2 plugin in 
Fiji on the background subtracted images [55]. It was 
observed that Pearson’s co-correlation co-efficient (PCC) 
for actin andAGEs was increased in presence of MG 
suggesting actin glycation. In presence of EGCG+MG, 
the PCC decreased confirming the decreased glycation of 
actin (Figure 4D). The PCC did not vary significantly for 
AGEs and tubulin co-localization analysis (Figure 5C). 
Thus, EGCG restores cytoskeleton and neuritic extensions 
by preventing its glycation. 

EGCG maintains cytoskeleton 

Actin forms contractile and protrusive ends of the 
cell maintaining the morphology as well as aiding in cell 
migration whereas microtubule forms a more polarized 
network involved in cellular trafficking. β-actin is more 
abundant in the cell cortex as opposed to tubulin, which 
is localized to the interior. We demonstrated that this 
normal distribution of actin and microtubule is disrupted 

on MG treatment with loss of extensions (Figure 6A 
white arrows). The part of cell was focused to make the 
distribution visible (Figure 6B and 6C). EGCG helped 
maintain this cytoskeleton distribution throughout the cells 
and inhibited the cytoskeleton disruption by MG. MG 
differentially affected the two cytoskeletal elements. The 
actin-rich extensions were severely affected and reduced 
to small peripheral distribution (Figure 6). In order to have 
enhanced view of the cytoskeleton localization we made 
3D images from the Z-stacks (Figure 6D). The untreated 
and EGCG treated groups showed the peripheral actin and 
interior tubulin (Figure 6D zoom). The distribution was 
hampered in MG treated cells whereas EGCG inhibited 
the effect of MG and maintained the cell cytoskeleton. 
In order to get the detailed structural distribution of 
cytoskeleton elements super-resolution SIM (structured 
illumination microscopy) was performed. The SIM images 
re-iterated the results wherein detailed intact distribution 
of actin and tubulin cytoskeleton was observed in control 
and EGCG treated neuro2a cells. The focused regions 
of interest (ROIs) revealed severe disruption of actin 
extensions and MTOC upon MG treatment. EGCG 
prevented this disruption and maintained the actin 
extensions and tubulin network intact. The SIM analyses 
demonstrated that microtubule network, though not as 
severely affected as actin, showed loss of microtubule-
organizing center in presence of MG (Figure 7). 

EGCG maintains microtubule stability via EB1 

Since, microtubule tread milling is one of the essential 
characteristic, and growth of microtubule ends is aided by 
+TIPs (microtubule plus end binding proteins), we checked 
the localization of microtubules with EB1, a +TIP. The 
overall cells showed disturbed microtubule-EB1 localization 
in MG treated cells (Figure 8A). The single cell visualization 
showed that in control as well as EGCG treated cells; EB1 
was localized at the ends of the microtubules (Figure 8B 
inset) in the extensions (Figure 8B). In MG treatment, this 
localization was found to be disrupted and less abundant. 
The 3D projections supported this observation (Figure 
8C). But the wide-field fluorescence microscopy imaging 
was not able to resolve the tubulin-EB1 localization. In 
order to get an in-depth insight we used super-resolution 
microscopy. The SIM images gave a clear evidence of loss 
of tubulin-EB1 localization on MG treatment (Figure 9). 
The decrease in abundance of EB1 localization at the ends 
of the microtubules was also observed. On the contrary, cells 
treated together with MG and EGCG showed enhanced EB1 
at the growing ends of the microtubules. This is observed 
as the yellow fluorescence for colocalization of tubulin 
and EB1. Thus, super-resolved images suggest that EGCG 
may act through EB1 for microtubule stabilization and 
maintain the structural integrity of the cells. Thus, EGCG 
may act as enhancer of actin rich extensions and stabilizer 
of microtubules. 
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DISCUSSION 

The abnormal post-translational modifications of 
Tau impacts are cellular localization and functioning in 
the neuronal cells. Though, voluminous studies report 
pathological effects of Tau hyperphosphorylation and its 

inhibition by specific molecules like kinase inhibitors [56], 
enhancers of phosphatase activity [57], Tau acetylation 
inhibitors [15] etc., complete rescue of Tau pathology 
is yet to be studied. Glycation on the other hand, is not 
a major Tau modification, but is known to enhance Tau 
pathology by stable cross-linking, protease resistance 

Figure 3: EGCG inhibits MG-induced AGEs formation in neuronal cells. (A) A hypothetical model proposing effect of EGCG 
on MG-induced AGEs formation and Tau phosphorylation. Left panel depicts the effect of MG in inducing AGEs formation, which is 
abolished in presence of EGCG; the right panel shows the MG-induced Tau phosphorylation and its modulation by EGCG. (B) Western 
blotting of neuronal cells treated with MG for AGEs shows increased AGEs formation in presence of MG as compared to untreated 
and EGCG treated. The level of glycation by MG is observed to decrease in presence of EGCG. (C) Quantification of AGEs formation 
normalized to actin levels show increased AGEs in MG treated cells as compared to other treatment groups. (D) Untreated and EGCG 
treated cells show basal level of AGEs. MG-induced cells show increased intensity for AGEs. EGCG show decrease in AGEs induced by 
MG. (E) AT100 Tau phospho-epitope is present in negligible levels in control cells and distributed uniformly. EGCG treatment shows a 
distinct nuclear localization of AT100 Tau around the periphery, which is disrupted in presence of MG. EGCG along with MG shows to 
restore this AT100 distribution in the nucleus. (F) Quantification for AGEs fluorescence confirms increased glycation in MG treated cells 
and rescue in MG treated cells supplemented with EGCG. (G) Tau phosphorylated at AT100 epitope shows enhanced nuclear localization 
in EGCG treated cells as compared to other groups. (The values are mean ± std. deviation of two independent experiments. The statistical 
analysis was carried out by Student’s unpaired t-test with respect to MG treatment group. ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05. ns: non-
significant p value). 
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and inferring insolubility. Moreover, Tau glycation has 
already been known to lead to its aggregation and abolish 
microtubule-binding function. The current study reports a 
potent anti-glycation activity of EGCG on inhibiting MG-
induced Tau glycation. EGCG modified with fatty acids 
have been shown to posses anti-glycation activity in vitro 
[58]. EGCG is known to posses the carbonyl trapping 
property with the ratio of 3 moles of EGCG per mole of 
MG [59]. In our studies, EGCG was found to be more 

potent than the known glycation inhibitor aminoguanidine. 
EGCG potently inhibited glycation with 5 fold excess of 
MG whereas AG showed inhibition with 2.5 excess of MG 
suggesting EGCG is twice as potent than AG in inhibiting 
Tau glycation in vitro.

EGCG potently rescued MG-induced AGEs 
formation in neuroblastoma cells. The significant decrease 
in MG-AGEs was observed in neuro2a. Similar studies 
have reported decrease in MG-induced AGEs formation in 

Figure 4: Effect of EGCG on actin cytoskeleton remodeling. (A) 3D analysis of actin cytoskeleton shows neuritic extensions, 
which are maintained in control cells and enhanced in EGCG treated cells. MG disrupts the neuritic extensions severely whereas EGCG 
restores the actin-rich neuritic extenstions. (B) MG treatment drastically reduced the neuritic extensions in cells as compared to control. 
EGCG treatment rescued the MG affected neurites and maintained the neuronal cell morphology. (C) The actin cytoskeleton is severely 
glycated in presence of MG which showed colocalization (red arrowheads). The cells with completely disrupted actin cytoskeleton 
show high levels of AGEs cytoskeleton (white arrows). Alternatively, EGCG together with MG showed decreased actin glycation (white 
arrowheads) and restoration of the extensions. (D) The Pearson’s co-efficient of correlation for co-localization analysis to study the actin 
glycation by MG showed a higher value as compared to untreated control and EGCG. EGCG was found to decrease the PCC in presence of 
MG suggesting less colocalization and inhibition of MG-induced glycation. The statistical analysis was carried out by Student’s unpaired 
t-test with respect to MG treatment group. ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05. ns: non-significant p value). 



Oncotarget8www.oncotarget.com

neuro2a by AG [54]. The same study demonstrates MG to 
induce Tau hyperphosphorylation and up regulate GSK3β. 
We have similar observations wherein MG disrupted the 
unique nuclear localization of Tau AT100, which was 
observed in EGCG treated cells. The exact significance of 
this unique localization still needs to be explored. Thus, 
EGCG can modulate dual modifications of glycation and 

phosphorylation-induced by MG.  The decrease in AGEs 
and ROS by EGCG has already been shown by previous 
studies via Nrf2 (Nuclear factor erythroid 2-related factor 
2)-dependent pathways in various cell types [60]. The 
exact mechanism of inhibiting AGEs formation in mouse 
neuroblastoma cells is unclear but it might be due to 
the quenching of carbonyls formed during glycation by 

Figure 5: Effect of EGCG on tubulin cytoskeleton. (A) Tubulin cytoskeleton was maintained in control and EGCG treated cells with 
intact MTOC. MG treated cells did not show severe disruption of microtubules but it lead to loss of MTOC integrity. EGCG re-established the 
integrity of microtubules and MTOC. (B) The control and EGCG treated cells showed intact tubulin cytoskeleton with basal levels of AGEs. 
MG-induced the glycation of tubulin cytoskeleton and lead to its disruption (red arrowheads). On complementation with EGCG, the glycation 
was inhibited (white arrowheads) and the intact morphology of cells was preserved. (C) The PCC for tubulin and AGEs co-localization did 
not show significant changes among the groups. The values are mean ± std. deviation. The statistical analysis was carried out by Student’s 
unpaired t-test with respect to MG treatment group. ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05. ns: non-significant p value.
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EGCG. The cytoskeletal proteins like actin and tubulin 
play a crucial role in maintaining the axonal integrity and 
fast axonal transport (FAT) [61, 62]. Tubulin glycation 
have been reported in diabetic rat model affecting the 
axonal transport [63]. Moreover, the reactive lysines are 
essential for microtubule assembly, which are modified by 
glycation [64, 65]. Thus, glycation might affect the tubulin 

assembly. Glycation of actin decreases its polymerization 
into F-actin [66], which plays a role in stabilizing spine 
morphology [67]. EGCG was found to reduce the 
glycation of cytoskeletal elements like actin and tubulin. 
Reduced glycation was accompanied with resumed tubulin 
assembly and enhanced actin extensions thus improving 
neuronal structural integrity (Figure 9). Moreover, tubulin 

Figure 6: Distribution of cytoskeletal elements. (A) Complete cell image showing multiple cells in various treatment groups. 
Untreated and EGCG treated cells maintain the cytoskeleton structure. MG treated all the cells show loss of cytoskeleton integrity and 
distribution whereas EGCG treated cells show maintained cytoskeleton distribution and restored integrity. (B) Single cell image of the 
same treatment groups with detailed distribution of cytoskeleton. (C) The actin and tubulin cytoskeleton are differentially distributed with 
actin enriched in small neuritic extensions followed by tubulin fibres. This distribution was found to be hampered on MG treated with 
excess loss of actin extensions and loss of MTOC integrity. This was unhampered on EGCG treatment along with MG. (D) The 3D analysis 
of the distribution of cytoskeletal elements shows clear cortical actin as opposed to tubulin in the cytoskeleton. The control and EGCG 
treated cells shows presence of minute actin extensions protruding out which might be involved in their motility towards other neurons 
in the vicinity. MG treated cells show loss of these minute extensions. EGCG together with MG showed restoration of these minute actin 
extensions.
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stabilization by EB1 was enhanced in presence of EGCG, 
which might be via interaction of Tau with EB1 [68, 69].

MATERIALS AND METHODS

Chemicals and reagents 

Luria-Bertani broth (Himedia); Ampicillin, 
NaCl, Phenylmethylsulfonylfluoride (PMSF), MgCl2, 
APS, DMSO, Ethanol (Mol Bio grade), Chloroform, 
Isopropanol (Mol Bio grade) were purchased from 
MP biomedicals; IPTG and Dithiothreitol (DTT) were 
obtained from Calbiochem; EGCG, MES, BES, SDS, 
MTT reagent, Okadaic acid and TritonX-100 from Sigma; 
EGTA, Protease inhibitor cocktail, Tris base, acrylamide 
and TEMED were purchased from Invitrogen. The cell 
biology reagents Dulbecco modified eagle’s media 
(DMEM), Fetal bovine Serum (FBS), Horse serum, 
Phosphate buffer saline (PBS, cell biology grade), Trypsin-
EDTA, Penicillin-streptomycin, Pierce™ LDH Cytotoxicity 
Assay Kit (Thermo, cat no 88953), RIPA buffer were also 
purchased from Invitrogen. The uncoated glass coverslips 

for immunofluorescence microscopy studies (18 mm) were 
purchased from Blue star. The following antibodies were 
used for the immunofluorescence microscopy studies; 
Anti-AGE (Advanced Glycated End-products) Antibody 
goat polyclonal 1:200 (Millipore Cat. No. AB9890) 
Beta-actin loading control 1:400 (Thermo fisher cat no. 
MA515739) rabbit alpha Tubulin 1:400 (Abcam, cat no 
ab176560), EB1 Monoclonal Antibody (KT51) Thermo 
fisher cat no. MA172531) total Tau antibody K9JA 1:500 
(Dako, cat no A0024), anti-mouse secondary antibody 
conjugated with Alexa flour-488 1:500 (Invitrogen, cat no 
A-11001), Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 
Secondary Antibody with Alexa Fluor 555 1:1000 (A-
21428), Rabbit anti-Goat IgG (H+L) Cross-Adsorbed 
Secondary Antibody with Alexa Fluor 594 (A27016) 
1:500 and DAPI (Invitrogen). 

Tau purification 

Protein purification for full-length Tau was carried 
out as previously described [70]. In brief, full-length 
recombinant Tau was expressed in E.coli BL21* strain.  

Figure 7: Super-resolution microscopy images for detailed analysis of cytoskeleton. The detailed analysis of distribution of 
actin and tubulin cytoskeleton was carried out by structured illumination microscopy. The SIM images distinct distribution of actin and 
tubulin cytoskeleton in control and EGCG treated cells. MG disrupted actin cytoskeleton severely but EGCG prevented this disruption and 
maintained the cytoskeleton integrity including MTOC.
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The cell pellets were homogenized under high pressure 
(15,000 psi) in a microfluidics device for 15 minutes. 0.5 
M NaCl and 5 mM DTT was added to the lysate before 
heating at 90°C for 15 minutes. The cooled lysate was 
centrifuged at 40,000 rpm for 50 minutes. The supernatant 
dialyzed in Sepharose A buffer overnight. Further 
clarification of lysate was performed by centrifuging at 
40,000 rpm for 50 minutes. This pre-clarified lysate was 
subjected to cation-exchange chromatography (Sepharose 
fast flow GE healthcare) for further purification. The 

fractions containing Tau were pooled and subjected size 
exclusion chromatography (16/600 Superdex 75pg GE 
healthcare). The Tau concentration was measured using 
BCA method.

Glycation inhibition assay

20 μM Tau was incubated with 2.5 mM of methyl 
glyoxal (MG) in BES buffer (pH 7.4), 25 mM NaCl 1mM 
DTT, protease inhibitor cocktail, 0.01% Sodium azide, 

Figure 8: Microtubule stabilization by EB1 maintained by EGCG. (A) Cell images showing distribution of EB1 with 
microtubules in different treatment groups. (B) Single cell images showing EB1 maintains the growing end of microtubules helping in 
its tread milling which is important for cellular functions. EB1 is bound to microtubules (inset) at the ends of the extension but this is not 
observed in case of MG treatment. MG treatment shows irregular distribution of EB1, which is maintained and resumed by EGCG. The 
inset enlarged images show the localization of EB1 at the growing ends of microtubules but disrupted by MG. (C) 3D images of Z-stacks 
show distinct distribution of EB1 protein at the ends of the microtubules (zoom). MG treatment disrupts the microtubules and hence the 
localization of EB1. EGCG maintains the microtubule EB1 localization in presence of MG thus stabilizing the microtubules.
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and different concentrations of EGCG 100, 200, 500 μM. 
Ammonium guanidine (1 mM) was used as a positive 
control for glycation inhibition. The reaction mixtures 
were incubated at 37°C and monitored regularly for 
aggregation by ThS fluorescence. The advanced glycation 
end products were monitored by auto fluorescence 
excitation 370 nm and emission 432 nm. The readings 
were obtained in triplicates for 2 sets of experiments. 

Electron microscopy 

MG-induced Tau aggregates in presence and 
absence of EGCG were visualized by Transmission 
electron microscopy. The reaction mixtures were diluted 

to 2 μM and applied to 400 mesh carbon coated copper 
grids for 1 minute. The grids were washed twice with 
filtered Milli Q water for 45 seconds each. The grids were 
further incubated with 2% uranyl acetate. The samples 
were scanned using Tecnai G2 20 S-Twin transmission 
electron microscope. Experiments were performed for 2 
sets of data.

SDS-PAGE

The samples from reaction mixtures made for 
glycation in presence and absence of EGCG were 
separated on 10% SDS-PAGE at 0, 24 and 144 hours and 
stained with Coomassie brilliant blue stain. 

Figure 9: Super-resolved images for EB1-mediated microtubule stabilization. The SIM images reveal clear localization of 
EB1 at the ends of microtubules in the control and EGCG treated cells. The EB1 localization was severely hampered and less abundant 
in MG treated cells. This effect of MG is inhibited in presence of EGCG. The rescued colocalization is visualized as yellow fluorescence.
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Immunoblotting

Tau glycation inhibition by EGCG was confirmed 
by immunoblotting the reaction mixtures at intervals of 
0, 24 and 144 hours with AGEs-specific antibody. The 
reaction mixtures at the given time points were separated 
on 10% SDS PAGE and transferred onto the methanol-
activated PVDF membrane. The membrane was blocked 
in 5% BSA for 1 hour and probed with anti-AGEs (1:2000 
dilutions) antibody overnight at 4°C. The unbound primary 
antibody was removed by 3 washes of PBST and the blot 
was incubated with secondary antibody donkey anti-goat 
HRP (1:5000 dilutions). The blot was developed by using 
ECL Plus chemiluminiscence kit.

For the cell biology studies, the cells were seeded 
as 1.5 × 105 for 24 hours in DMEM supplemented with 
10% FBS and antibiotics penicillin-streptomycin. Four 

experimental groups were maintained as cell control, 
EGCG (100 μM) treated, MG (1 mM) treated and 
MG+EGCG treated. Treatment was carried out for 24 
hours after which, the cells were lysed in RIPA buffer and 
75 μg of lysate was loaded onto the 10% SDS-PAGE. The 
immunoblotting protocol was carried out as described 
above for the biochemical studies. 

Immunofluorescence microscopy

Neuro2a cells were maintained in Advanced DMEM 
supplemented with 10% FBS and antibiotics penicillin-
streptomycin. For immunofluorescence microscopy studies 
5 × 104 cells were seeded on glass coverslip in a 12 well 
culture plate for 24 hours. Four experimental groups were 
maintained as cell control, EGCG (100 μM) treated, MG (1 
mM) treated and MG+EGCG treated. Treatment was carried 

Figure 10: EGCG maintains neuronal cell cytoskeleton integrity. Methyl glyoxal treatment leads to glycation of actin and 
microtubules leading to hampered growth of neuritic extensions and microtubule organization. Microtubule stabilization by +TIP EB1 is 
also affected resulting in loss of cell morphology. In presence of EGCG, the actin rich neuritic extensions are enhanced which might help 
in neuronal connections. EGCG also maintains intact MTOC and thus microtubule mediated transport. EGCG also helps in microtubule 
polymerization via EB1 protein thus maintaining and rescuing overall cell integrity.
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out for 24 hours after which, the cells were fixed with ice-
cold methanol. Cell permeabilization was carried with 0.2% 
TritonX 100. After 3 PBS washes cells were blocked in 
5% horse serum for 1 hour at 37°C. Cells were incubated 
with primary antibodies at 4°C overnight. Further, cells 
were washed with 1X PBS and incubated with respective 
antibodies anti-mouse secondary antibody conjugated 
with Alexa flour-488, Goat anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody with Alexa Fluor 555 (A-
21428) followed by 300 nM DAPI. The coverslips were 
mounted in 80% glycerol and sealed and were observed 
under 63× oil immersion lens in Axio Observer 7.0 Apotome 
2.0 (Zeiss) microscope using ZEN pro software. 

3D processing of the immunofluorescence 
microscopy images

All the images were acquired using 63× oil 
immersion lens in Axio Observer 7.0 Apotome 2.0 (Zeiss) 
microscope. The 3D Z-stack images were obtained with 
optimum slice size of 0.24 μm. The slice size may vary 
depending on cell thickness.  After acquiring the 3D 
Z-stacks images were processed for orthogonal projections 
to demonstrate the cross-sections of the cells. The 
quantitative analysis of the fluorescence intensities were 
done for the respective orthogonal projections by ZEN 
image processing software and the mean intensities were 
plotted using Sigma Plot 10.2. 

Co-localization analysis

To ensure the glycation of cytoskeleton, co-
localization analysis was carried out for AGEs (red) and 
actin (green) and AGEs (red) tubulin (green) fluorescence. 
The analysis was carried out on the background subtracted 
images the reported algorithm [55]. The Pearson’s co-
efficient of correlation was determined by the coloc-2 
plugin of Fiji software. The obtained values were plotted 
in Sigma Plot 10.2 and statistical analyses were carried 
out. 

Structured illumination microscopy

All the super-resolved images were captured on 
ZEISS Elyra 7 with Lattice SIM microscope. The Z- 
stacks were obtained and further processed in the Zen 
imaging software. 

Statistical analysis

All the statistical analyses were carried out by 
using unpaired t-test by Sigma Plot 10.2. For the in vitro 
Tau glycation experiments the percentage inhibition is 
calculated with respect to control (EGCG untreated). 
The error bars represent mean ± SD values. 95% 
confidence intervals were maintained for the analyses. 

The quantification of neurite extensions was carried out 
by neurite tracer plugin of Fiji. An average of 10 images 
containing multiple cells were analyzed for the neurite 
length. The determination of Pearson’s co-efficient of 
correlation for fluorescence colocalization was done by 
an in-built plugin coloc-2 of Fiji. 

CONCLUSIONS

The Tau-targeting therapeutics are being widely 
studied with respect to their Tau PTMs modifying 
potential especially phosphorylation. Glycation though not 
the major modification of Tau but is known to stabilize the 
preformed Tau PHFs aggravating the pathology. We report, 
EGCG as a modulator of Tau glycation and inhibitor of 
AGEs in the neuroblastoma cells. Additionally it helps 
to maintain the neuronal cytoskeleton by rescuing its 
modification. Thus, EGCG may be considered as a novel 
therapeutic targeting Tau PTMs remodeling cytoskeleton 
integrity (Figure 10). 

Abbreviations

PTMs: Post-translational modifications; AGEs: 
Advanced glycation end-products; MG: Methyl glyoxal; 
EGCG: Epigallocatechin-3-gallate; MTOC: Microtubule 
Organizing Center; EB1: Microtubule-associated protein 
RP/EB family member 1; Nrf2: Nuclear factor erythroid 
2-related factor 2; PCC: Pearson’s correlation coefficient.

Data availability

All the data described in the manuscript are located. 
Data can be shared upon request, and then the individual 
along with their contact information must be indicated. 

Author contributions

SKS and SC conducted most of the experiments, 
analyzed the results, and wrote the paper. SC 
Conceptualization provided resources, formal 
analysis, supervision, validation and wrote the paper.

ACKNOWLEDGMENTS AND FUNDING

This project is supported in part by grants from the 
Department of Biotechnology from Neuroscience Task Force 
(Medical Biotechnology-Human Development & Disease 
Biology (DBT-HDDB))-BT/PR/19562/MED/122/13/2016 
and in-house CSIR-National Chemical Laboratory grant 
MLP029526. SS acknowledges DBT for the fellowship. 
The author acknowledges Prof. Mahesh Kulkarni for his 
valuable comments and fruitful discussion of this manuscript. 
The authors gretaly acknowledges Dr. Amarnath S and Dr. 
Rishkant for SIM analysis from ZEISS from Bangalore.



Oncotarget15www.oncotarget.com

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

REFERENCES

1. Drubin DG, Kirschner MW. Tau protein function in 
living cells. J Cell Biol. 1986; 103:2739–46. https://doi.
org/10.1083/jcb.103.6.2739. [PubMed] 

2. Paglini G, Peris L, Mascotti F, Quiroga S, Caceres A. Tau 
protein function in axonal formation. Neurochem Res. 
2000; 25:37–42. https://doi.org/10.1023/a:1007531230651. 
[PubMed] 

3. Binder LI, Guillozet-Bongaarts AL, Garcia-Sierra F, 
Berry RW. Tau, tangles, and Alzheimer's disease. Biochim 
Biophys Acta. 2005; 1739:216–23. https://doi.org/10.1016/j.
bbadis.2004.08.014. [PubMed] 

4. Maruyama M, Shimada H, Suhara T, Shinotoh H, Ji B, Maeda 
J, Zhang MR, Trojanowski JQ, Lee VM, Ono M, Masamoto 
K, Takano H, Sahara N, et al. Imaging of tau pathology in a 
tauopathy mouse model and in Alzheimer patients compared 
to normal controls. Neuron. 2013; 79:1094–108. https://doi.
org/10.1016/j.neuron.2013.07.037. [PubMed] 

5. Avila J, Lucas JJ, Perez M, Hernandez F. Role of tau 
protein in both physiological and pathological conditions. 
Physiol Rev. 2004; 84:361–84. https://doi.org/10.1152/
physrev.00024.2003. [PubMed] 

6. Wang Y, Mandelkow E. Tau in physiology and pathology. 
Nat Rev Neurosci. 2016; 17:5–21. https://doi.org/10.1038/
nrn.2015.1. [PubMed] 

7. Lindwall G, Cole RD. Phosphorylation affects the ability of 
tau protein to promote microtubule assembly. J Biol Chem. 
1984; 259:5301–05. [PubMed] 

8. Steinhilb ML, Dias-Santagata D, Fulga TA, Felch DL, 
Feany MB. Tau phosphorylation sites work in concert 
to promote neurotoxicity in vivo. Mol Biol Cell. 2007; 
18:5060–68. https://doi.org/10.1091/mbc.e07-04-0327. 
[PubMed] 

9. Duka V, Lee JH, Credle J, Wills J, Oaks A, Smolinsky C, 
Shah K, Mash DC, Masliah E, Sidhu A. Identification of 
the sites of tau hyperphosphorylation and activation of tau 
kinases in synucleinopathies and Alzheimer's diseases. 
PLoS One. 2013; 8:e75025. https://doi.org/10.1371/journal.
pone.0075025. [PubMed] 

10. Despres C, Byrne C, Qi H, Cantrelle FX, Huvent I, 
Chambraud B, Baulieu EE, Jacquot Y, Landrieu I, Lippens 
G, Smet-Nocca C. Identification of the Tau phosphorylation 
pattern that drives its aggregation. Proc Natl Acad Sci 
U S A. 2017; 114:9080–85. https://doi.org/10.1073/
pnas.1708448114. [PubMed] 

11. Guillozet-Bongaarts AL, Garcia-Sierra F, Reynolds MR, 
Horowitz PM, Fu Y, Wang T, Cahill ME, Bigio EH, Berry 
RW, Binder LI. Tau truncation during neurofibrillary 
tangle evolution in Alzheimer's disease. Neurobiol 

Aging. 2005; 26:1015–22. https://doi.org/10.1016/j.
neurobiolaging.2004.09.019. [PubMed] 

12. Zhou Y, Shi J, Chu D, Hu W, Guan Z, Gong CX, Iqbal K, 
Liu F. Relevance of Phosphorylation and Truncation of 
Tau to the Etiopathogenesis of Alzheimer's Disease. Front 
Aging Neurosci. 2018; 10:27. https://doi.org/10.3389/
fnagi.2018.00027. [PubMed] 

13. Ledesma MD, Bonay P, Colaço C, Avila J. Analysis of 
microtubule-associated protein tau glycation in paired 
helical filaments. J Biol Chem. 1994; 269:21614–19. 
[PubMed] 

14. Cohen TJ, Guo JL, Hurtado DE, Kwong LK, Mills IP, 
Trojanowski JQ, Lee VM. The acetylation of tau inhibits 
its function and promotes pathological tau aggregation. 
Nat Commun. 2011; 2:252. https://doi.org/10.1038/
ncomms1255. [PubMed] 

15. Min SW, Chen X, Tracy TE, Li Y, Zhou Y, Wang C, 
Shirakawa K, Minami SS, Defensor E, Mok SA, Sohn PD, 
Schilling B, Cong X, et al. Critical role of acetylation in 
tau-mediated neurodegeneration and cognitive deficits. Nat 
Med. 2015; 21:1154–62. https://doi.org/10.1038/nm.3951. 
[PubMed] 

16. Dorval V, Fraser PE. Small ubiquitin-like modifier (SUMO) 
modification of natively unfolded proteins tau and alpha-
synuclein. J Biol Chem. 2006; 281:9919–24. https://doi.
org/10.1074/jbc.M510127200. [PubMed] 

17. Luo HB, Xia YY, Shu XJ, Liu ZC, Feng Y, Liu XH, Yu 
G, Yin G, Xiong YS, Zeng K, Jiang J, Ye K, Wang XC, 
Wang JZ. SUMOylation at K340 inhibits tau degradation 
through deregulating its phosphorylation and ubiquitination. 
Proc Natl Acad Sci U S A. 2014; 111:16586–91. https://doi.
org/10.1073/pnas.1417548111. [PubMed] 

18. Petrucelli L, Dickson D, Kehoe K, Taylor J, Snyder H, 
Grover A, De Lucia M, McGowan E, Lewis J, Prihar G, 
Kim J, Dillmann WH, Browne SE, et al. CHIP and Hsp70 
regulate tau ubiquitination, degradation and aggregation. 
Hum Mol Genet. 2004; 13:703–14. https://doi.org/10.1093/
hmg/ddh083. [PubMed] 

19. Arnaud L, Robakis NK, Figueiredo-Pereira ME. It may take 
inflammation, phosphorylation and ubiquitination to 'tangle' 
in Alzheimer's disease. Neurodegener Dis. 2006; 3:313–19. 
https://doi.org/10.1159/000095638. [PubMed] 

20. Reynolds MR, Reyes JF, Fu Y, Bigio EH, Guillozet-
Bongaarts AL, Berry RW, Binder LI. Tau nitration occurs at 
tyrosine 29 in the fibrillar lesions of Alzheimer's disease and 
other tauopathies. J Neurosci. 2006; 26:10636–45. https://
doi.org/10.1523/JNEUROSCI.2143-06.2006. [PubMed] 

21. Reyes JF, Fu Y, Vana L, Kanaan NM, Binder LI. Tyrosine 
nitration within the proline-rich region of Tau in Alzheimer's 
disease. Am J Pathol. 2011; 178:2275–85. https://doi.
org/10.1016/j.ajpath.2011.01.030. [PubMed] 

22. Horiguchi T, Uryu K, Giasson BI, Ischiropoulos H, 
LightFoot R, Bellmann C, Richter-Landsberg C, Lee 
VM, Trojanowski JQ. Nitration of tau protein is linked 

https://doi.org/10.1083/jcb.103.6.2739
https://doi.org/10.1083/jcb.103.6.2739
https://pubmed.ncbi.nlm.nih.gov/3098742
https://doi.org/10.1023/a:1007531230651
https://pubmed.ncbi.nlm.nih.gov/10685602
https://doi.org/10.1016/j.bbadis.2004.08.014
https://doi.org/10.1016/j.bbadis.2004.08.014
https://pubmed.ncbi.nlm.nih.gov/15615640
https://doi.org/10.1016/j.neuron.2013.07.037
https://doi.org/10.1016/j.neuron.2013.07.037
https://pubmed.ncbi.nlm.nih.gov/24050400
https://doi.org/10.1152/physrev.00024.2003
https://doi.org/10.1152/physrev.00024.2003
https://pubmed.ncbi.nlm.nih.gov/15044677
https://doi.org/10.1038/nrn.2015.1
https://doi.org/10.1038/nrn.2015.1
https://pubmed.ncbi.nlm.nih.gov/26631930
https://pubmed.ncbi.nlm.nih.gov/6425287
https://doi.org/10.1091/mbc.e07-04-0327
https://pubmed.ncbi.nlm.nih.gov/17928404
https://doi.org/10.1371/journal.pone.0075025
https://doi.org/10.1371/journal.pone.0075025
https://pubmed.ncbi.nlm.nih.gov/24073234
https://doi.org/10.1073/pnas.1708448114
https://doi.org/10.1073/pnas.1708448114
https://pubmed.ncbi.nlm.nih.gov/28784767
https://doi.org/10.1016/j.neurobiolaging.2004.09.019
https://doi.org/10.1016/j.neurobiolaging.2004.09.019
https://pubmed.ncbi.nlm.nih.gov/15748781
https://doi.org/10.3389/fnagi.2018.00027
https://doi.org/10.3389/fnagi.2018.00027
https://pubmed.ncbi.nlm.nih.gov/29472853
https://pubmed.ncbi.nlm.nih.gov/8063802
https://doi.org/10.1038/ncomms1255
https://doi.org/10.1038/ncomms1255
https://pubmed.ncbi.nlm.nih.gov/21427723
https://doi.org/10.1038/nm.3951
https://pubmed.ncbi.nlm.nih.gov/26390242
https://doi.org/10.1074/jbc.M510127200
https://doi.org/10.1074/jbc.M510127200
https://pubmed.ncbi.nlm.nih.gov/16464864
https://doi.org/10.1073/pnas.1417548111
https://doi.org/10.1073/pnas.1417548111
https://pubmed.ncbi.nlm.nih.gov/25378699
https://doi.org/10.1093/hmg/ddh083
https://doi.org/10.1093/hmg/ddh083
https://pubmed.ncbi.nlm.nih.gov/14962978
https://doi.org/10.1159/000095638
https://pubmed.ncbi.nlm.nih.gov/16954650
https://doi.org/10.1523/JNEUROSCI.2143-06.2006
https://doi.org/10.1523/JNEUROSCI.2143-06.2006
https://pubmed.ncbi.nlm.nih.gov/17050703
https://doi.org/10.1016/j.ajpath.2011.01.030
https://doi.org/10.1016/j.ajpath.2011.01.030
https://pubmed.ncbi.nlm.nih.gov/21514440


Oncotarget16www.oncotarget.com

to neurodegeneration in tauopathies. Am J Pathol. 
2003; 163:1021–31. https://doi.org/10.1016/S0002-
9440(10)63462-1. [PubMed] 

23. Robertson LA, Moya KL, Breen KC. The potential role 
of tau protein O-glycosylation in Alzheimer's disease. J 
Alzheimers Dis. 2004; 6:489–95. https://doi.org/10.3233/
jad-2004-6505. [PubMed] 

24. Liu F, Iqbal K, Grundke-Iqbal I, Hart GW, Gong CX. 
O-GlcNAcylation regulates phosphorylation of tau: a 
mechanism involved in Alzheimer's disease. Proc Natl Acad 
Sci U S A. 2004; 101:10804–09. https://doi.org/10.1073/
pnas.0400348101. [PubMed]

25. Liu F, Iqbal K, Grundke-Iqbal I, Rossie S, Gong CX. 
Dephosphorylation of tau by protein phosphatase 5: impairment 
in Alzheimer's disease. J Biol Chem. 2005; 280:1790–96. 
https://doi.org/10.1074/jbc.M410775200. [PubMed] 

26. Liu F, Grundke-Iqbal I, Iqbal K, Gong CX. Contributions 
of protein phosphatases PP1, PP2A, PP2B and PP5 to 
the regulation of tau phosphorylation. Eur J Neurosci. 
2005; 22:1942–50. https://doi.org/10.1111/j.1460-
9568.2005.04391.x. [PubMed] 

27. Lu PJ, Wulf G, Zhou XZ, Davies P, Lu KP. The prolyl 
isomerase Pin1 restores the function of Alzheimer-
associated phosphorylated tau protein. Nature. 1999; 
399:784–88. https://doi.org/10.1038/21650. [PubMed] 

28. Hamdane M, Dourlen P, Bretteville A, Sambo AV, Ferreira 
S, Ando K, Kerdraon O, Bégard S, Geay L, Lippens 
G, Sergeant N, Delacourte A, Maurage CA, et al. Pin1 
allows for differential Tau dephosphorylation in neuronal 
cells. Mol Cell Neurosci. 2006; 32:155–60. https://doi.
org/10.1016/j.mcn.2006.03.006. [PubMed] 

29. Martin L, Latypova X, Terro F. Post-translational 
modifications of tau protein: implications for Alzheimer's 
disease. Neurochem Int. 2011; 58:458–71. https://doi.
org/10.1016/j.neuint.2010.12.023. [PubMed] 

30. Iannuzzi C, Irace G, Sirangelo I. Differential effects of 
glycation on protein aggregation and amyloid formation. 
Front Mol Biosci. 2014; 1:9. https://doi.org/10.3389/
fmolb.2014.00009. [PubMed] 

31. Ahmed N. Advanced glycation endproducts--role in 
pathology of diabetic complications. Diabetes Res 
Clin Pract. 2005; 67:3–21. https://doi.org/10.1016/j.
diabres.2004.09.004. [PubMed] 

32. Münch G, Thome J, Foley P, Schinzel R, Riederer P. 
Advanced glycation endproducts in ageing and Alzheimer's 
disease. Brain Res Brain Res Rev. 1997; 23:134–43. https://
doi.org/10.1016/s0165-0173(96)00016-1. [PubMed] 

33. Ledesma MD, Bonay P, Avila J. Tau protein from 
Alzheimer's disease patients is glycated at its tubulin-
binding domain. J Neurochem. 1995; 65:1658–64. https://
doi.org/10.1046/j.1471-4159.1995.65041658.x. [PubMed] 

34. Nacharaju P, Ko L, Yen SH. Characterization of in vitro 
glycation sites of tau. J Neurochem. 1997; 69:1709–19. https://
doi.org/10.1046/j.1471-4159.1997.69041709.x. [PubMed] 

35. Cras P, Smith MA, Richey PL, Siedlak SL, Mulvihill 
P, Perry G. Extracellular neurofibrillary tangles reflect 
neuronal loss and provide further evidence of extensive 
protein cross-linking in Alzheimer disease. Acta 
Neuropathol. 1995; 89:291–95. https://doi.org/10.1007/
BF00309621. [PubMed] 

36. Smith MA, Taneda S, Richey PL, Miyata S, Yan SD, Stern 
D, Sayre LM, Monnier VM, Perry G. Advanced Maillard 
reaction end products are associated with Alzheimer disease 
pathology. Proc Natl Acad Sci U S A. 1994; 91:5710–14. 
https://doi.org/10.1073/pnas.91.12.5710. [PubMed] 

37. Smith MA, Sayre LM, Monnier VM, Perry G. Radical 
AGEing in Alzheimer's disease. Trends Neurosci. 1995; 
18:172–76. https://doi.org/10.1016/0166-2236(95)93897-
7. [PubMed] 

38. Liu K, Liu Y, Li L, Qin P, Iqbal J, Deng Y, Qing H. 
Glycation alter the process of Tau phosphorylation to 
change Tau isoforms aggregation property. Biochim 
Biophys Acta. 2016; 1862:192–201. https://doi.
org/10.1016/j.bbadis.2015.12.002. [PubMed] 

39. Yan SD, Chen X, Schmidt AM, Brett J, Godman G, Zou YS, 
Scott CW, Caputo C, Frappier T, Smith MA. Glycated tau 
protein in Alzheimer disease: a mechanism for induction of 
oxidant stress. Proc Natl Acad Sci U S A. 1994; 91:7787–
91. https://doi.org/10.1073/pnas.91.16.7787. [PubMed] 

40. Batkulwar K, Godbole R, Banarjee R, Kassaar O, Williams 
RJ, Kulkarni MJ. Advanced Glycation End Products 
Modulate Amyloidogenic APP Processing and Tau 
Phosphorylation: A Mechanistic Link between Glycation 
and the Development of Alzheimer's Disease. ACS Chem 
Neurosci. 2018; 9:988–1000. https://doi.org/10.1021/
acschemneuro.7b00410. [PubMed] 

41. Terry R. The cytoskeleton in Alzheimer disease: in Ageing 
and Dementia. Springer. 1998; 141–45.

42. Lee VM. Disruption of the cytoskeleton in Alzheimer's 
disease. Curr Opin Neurobiol. 1995; 5:663–68. https://doi.
org/10.1016/0959-4388(95)80073-5. [PubMed] 

43. Dent EW, Baas PW. Microtubules in neurons as information 
carriers. J Neurochem. 2014; 129:235–39. https://doi.
org/10.1111/jnc.12621. [PubMed] 

44. Kapitein LC, Hoogenraad CC. Building the Neuronal 
Microtubule Cytoskeleton. Neuron. 2015; 87:492–506. 
https://doi.org/10.1016/j.neuron.2015.05.046. [PubMed] 

45. Okamoto K, Nagai T, Miyawaki A, Hayashi Y. Rapid 
and persistent modulation of actin dynamics regulates 
postsynaptic reorganization underlying bidirectional 
plasticity. Nat Neurosci. 2004; 7:1104–12. https://doi.
org/10.1038/nn1311. [PubMed] 

46. Bamburg JR, Bloom GS. Cytoskeletal pathologies of 
Alzheimer disease. Cell Motil Cytoskeleton. 2009; 66:635–
49. https://doi.org/10.1002/cm.20388. [PubMed] 

47. McLean WG. The role of axonal cytoskeleton in diabetic 
neuropathy. Neurochem Res. 1997; 22:951–56. https://doi.
org/10.1023/a:1022466624223. [PubMed] 

https://doi.org/10.1016/S0002-9440(10)63462-1
https://doi.org/10.1016/S0002-9440(10)63462-1
https://pubmed.ncbi.nlm.nih.gov/12937143
https://doi.org/10.3233/jad-2004-6505
https://doi.org/10.3233/jad-2004-6505
https://pubmed.ncbi.nlm.nih.gov/15505370
https://doi.org/10.1073/pnas.0400348101
https://doi.org/10.1073/pnas.0400348101
https://pubmed.ncbi.nlm.nih.gov/15249677
https://doi.org/10.1074/jbc.M410775200
https://pubmed.ncbi.nlm.nih.gov/15546861
https://doi.org/10.1111/j.1460-9568.2005.04391.x
https://doi.org/10.1111/j.1460-9568.2005.04391.x
https://pubmed.ncbi.nlm.nih.gov/16262633
https://doi.org/10.1038/21650
https://pubmed.ncbi.nlm.nih.gov/10391244
https://doi.org/10.1016/j.mcn.2006.03.006
https://doi.org/10.1016/j.mcn.2006.03.006
https://pubmed.ncbi.nlm.nih.gov/16697218
https://doi.org/10.1016/j.neuint.2010.12.023
https://doi.org/10.1016/j.neuint.2010.12.023
https://pubmed.ncbi.nlm.nih.gov/21215781
https://doi.org/10.3389/fmolb.2014.00009
https://doi.org/10.3389/fmolb.2014.00009
https://pubmed.ncbi.nlm.nih.gov/25988150
https://doi.org/10.1016/j.diabres.2004.09.004
https://doi.org/10.1016/j.diabres.2004.09.004
https://pubmed.ncbi.nlm.nih.gov/15620429
https://doi.org/10.1016/s0165-0173(96)00016-1
https://doi.org/10.1016/s0165-0173(96)00016-1
https://pubmed.ncbi.nlm.nih.gov/9063589
https://doi.org/10.1046/j.1471-4159.1995.65041658.x
https://doi.org/10.1046/j.1471-4159.1995.65041658.x
https://pubmed.ncbi.nlm.nih.gov/7561862
https://doi.org/10.1046/j.1471-4159.1997.69041709.x
https://doi.org/10.1046/j.1471-4159.1997.69041709.x
https://pubmed.ncbi.nlm.nih.gov/9326300
https://doi.org/10.1007/BF00309621
https://doi.org/10.1007/BF00309621
https://pubmed.ncbi.nlm.nih.gov/7610759
https://doi.org/10.1073/pnas.91.12.5710
https://pubmed.ncbi.nlm.nih.gov/8202552
https://doi.org/10.1016/0166-2236(95)93897-7
https://doi.org/10.1016/0166-2236(95)93897-7
https://pubmed.ncbi.nlm.nih.gov/7778188
https://doi.org/10.1016/j.bbadis.2015.12.002
https://doi.org/10.1016/j.bbadis.2015.12.002
https://pubmed.ncbi.nlm.nih.gov/26655600
https://doi.org/10.1073/pnas.91.16.7787
https://pubmed.ncbi.nlm.nih.gov/8052661
https://doi.org/10.1021/acschemneuro.7b00410
https://doi.org/10.1021/acschemneuro.7b00410
https://pubmed.ncbi.nlm.nih.gov/29384651
https://doi.org/10.1016/0959-4388(95)80073-5
https://doi.org/10.1016/0959-4388(95)80073-5
https://pubmed.ncbi.nlm.nih.gov/8580719
https://doi.org/10.1111/jnc.12621
https://doi.org/10.1111/jnc.12621
https://pubmed.ncbi.nlm.nih.gov/24266899
https://doi.org/10.1016/j.neuron.2015.05.046
https://pubmed.ncbi.nlm.nih.gov/26247859
https://doi.org/10.1038/nn1311
https://doi.org/10.1038/nn1311
https://pubmed.ncbi.nlm.nih.gov/15361876
https://doi.org/10.1002/cm.20388
https://pubmed.ncbi.nlm.nih.gov/19479823
https://doi.org/10.1023/a:1022466624223
https://doi.org/10.1023/a:1022466624223
https://pubmed.ncbi.nlm.nih.gov/9239750


Oncotarget17www.oncotarget.com

48. Pekiner C, Cullum NA, Hughes JN, Hargreaves AJ, Mahon 
J, Casson IF, McLean WG. Glycation of brain actin in 
experimental diabetes. J Neurochem. 1993; 61:436–42. https://
doi.org/10.1111/j.1471-4159.1993.tb02143.x. [PubMed] 

49. Nagle DG, Ferreira D, Zhou YD. Epigallocatechin-3-
gallate (EGCG): chemical and biomedical perspectives. 
Phytochemistry. 2006; 67:1849–55. https://doi.
org/10.1016/j.phytochem.2006.06.020. [PubMed] 

50. Eng QY, Thanikachalam PV, Ramamurthy S. Molecular 
understanding of Epigallocatechin gallate (EGCG) in 
cardiovascular and metabolic diseases. J Ethnopharmacol. 
2018; 210:296–310. https://doi.org/10.1016/j.
jep.2017.08.035. [PubMed] 

51. Hwang JT, Ha J, Park IJ, Lee SK, Baik HW, Kim YM, Park 
OJ. Apoptotic effect of EGCG in HT-29 colon cancer cells 
via AMPK signal pathway. Cancer Lett. 2007; 247:115–21. 
https://doi.org/10.1016/j.canlet.2006.03.030. [PubMed] 

52. Zeng L, Yan J, Luo L, Ma M, Zhu H. Preparation and 
characterization of (-)-Epigallocatechin-3-gallate (EGCG)-
loaded nanoparticles and their inhibitory effects on Human 
breast cancer MCF-7 cells. Sci Rep. 2017; 7:45521. https://
doi.org/10.1038/srep45521. [PubMed] 

53. Weinreb O, Amit T, Mandel S, Youdim MB. Neuroprotective 
molecular mechanisms of (-)-epigallocatechin-3-gallate: 
a reflective outcome of its antioxidant, iron chelating and 
neuritogenic properties. Genes Nutr. 2009; 4:283–96. 
https://doi.org/10.1007/s12263-009-0143-4. [PubMed] 

54. Li XH, Xie JZ, Jiang X, Lv BL, Cheng XS, Du LL, 
Zhang JY, Wang JZ, Zhou XW. Methylglyoxal induces 
tau hyperphosphorylation via promoting AGEs formation. 
Neuromolecular Med. 2012; 14:338–48. https://doi.
org/10.1007/s12017-012-8191-0. [PubMed] 

55. Moser B, Hochreiter B, Herbst R, Schmid JA. Fluorescence 
colocalization microscopy analysis can be improved 
by combining object-recognition with pixel-intensity-
correlation. Biotechnol J. 2017; 12:1600332. https://doi.
org/10.1002/biot.201600332. [PubMed] 

56. Lee VM, Brunden KR, Hutton M, Trojanowski JQ. 
Developing therapeutic approaches to tau, selected kinases, 
and related neuronal protein targets. Cold Spring Harb 
Perspect Med. 2011; 1:a006437. https://doi.org/10.1101/
cshperspect.a006437. [PubMed] 

57. Voronkov M, Braithwaite SP, Stock JB. Phosphoprotein 
phosphatase 2A: a novel druggable target for Alzheimer's 
disease. Future Med Chem. 2011; 3:821–33. https://doi.
org/10.4155/fmc.11.47. [PubMed] 

58. Wang M, Zhang X, Zhong YJ, Perera N, Shahidi F. 
Antiglycation activity of lipophilized epigallocatechin 
gallate (EGCG) derivatives. Food Chem. 2016; 190:1022–26. 
https://doi.org/10.1016/j.foodchem.2015.06.033. [PubMed] 

59. Sang S, Shao X, Bai N, Lo CY, Yang CS, Ho CT. Tea 
polyphenol (-)-epigallocatechin-3-gallate: a new trapping 
agent of reactive dicarbonyl species. Chem Res Toxicol. 2007; 
20:1862–70. https://doi.org/10.1021/tx700190s. [PubMed] 

60. Kanlaya R, Khamchun S, Kapincharanon C, Thongboonkerd 
V. Protective effect of epigallocatechin-3-gallate (EGCG) via 
Nrf2 pathway against oxalate-induced epithelial mesenchymal 
transition (EMT) of renal tubular cells. Sci Rep. 2016; 
6:30233. https://doi.org/10.1038/srep30233. [PubMed] 

61. Schnapp BJ, Vale RD, Sheetz MP, Reese TS. Single 
microtubules from squid axoplasm support bidirectional 
movement of organelles. Cell. 1985; 40:455–62. https://doi.
org/10.1016/0092-8674(85)90160-6. [PubMed] 

62. Kuznetsov SA, Langford GM, Weiss DG. Actin-dependent 
organelle movement in squid axoplasm. Nature. 1992; 
356:722–25. https://doi.org/10.1038/356722a0. [PubMed] 

63. Cullum NA, Mahon J, Stringer K, McLean WG. Glycation 
of rat sciatic nerve tubulin in experimental diabetes mellitus. 
Diabetologia. 1991; 34:387–89. https://doi.org/10.1007/
BF00403175. [PubMed] 

64. Mellado W, Slebe JC, Maccioni RB. Tubulin 
carbamoylation. Functional amino groups in microtubule 
assembly. Biochem J. 1982; 203:675–81. https://doi.
org/10.1042/bj2030675. [PubMed] 

65. Szasz J, Burns R, Sternlicht H. Effects of reductive 
methylation on microtubule assembly. Evidence for an 
essential amino group in the alpha-chain. J Biol Chem. 
1982; 257:3697–704. [PubMed] 

66. Terman JR, Kashina A. Post-translational modification and 
regulation of actin. Curr Opin Cell Biol. 2013; 25:30–38. 
https://doi.org/10.1016/j.ceb.2012.10.009. [PubMed] 

67. Basu S, Lamprecht R. The Role of Actin Cytoskeleton 
in Dendritic Spines in the Maintenance of Long-Term 
Memory. Front Mol Neurosci. 2018; 11:143. https://doi.
org/10.3389/fnmol.2018.00143. [PubMed] 

68. Sayas CL, Tortosa E, Bollati F, Ramírez-Ríos S, Arnal I, 
Avila J. Tau regulates the localization and function of End-
binding proteins 1 and 3 in developing neuronal cells. J 
Neurochem. 2015; 133:653–67. https://doi.org/10.1111/
jnc.13091. [PubMed] 

69. Ramirez-Rios S, Denarier E, Prezel E, Vinit A, Stoppin-Mellet 
V, Devred F, Barbier P, Peyrot V, Sayas CL, Avila J, Peris L, 
Andrieux A, Serre L, et al. Tau antagonizes end-binding protein 
tracking at microtubule ends through a phosphorylation-
dependent mechanism. Mol Biol Cell. 2016; 27:2924–34. 
https://doi.org/10.1091/mbc.E16-01-0029. [PubMed] 

70. Gorantla NV, Shkumatov AV, Chinnathambi S. Conformational 
Dynamics of Intracellular Tau Protein Revealed by CD and 
SAXS. Methods Mol Biol. 2017; 1523:3–20. https://doi.
org/10.1007/978-1-4939-6598-4_1. [PubMed] 

https://doi.org/10.1111/j.1471-4159.1993.tb02143.x
https://doi.org/10.1111/j.1471-4159.1993.tb02143.x
https://pubmed.ncbi.nlm.nih.gov/8336132
https://doi.org/10.1016/j.phytochem.2006.06.020
https://doi.org/10.1016/j.phytochem.2006.06.020
https://pubmed.ncbi.nlm.nih.gov/16876833
https://doi.org/10.1016/j.jep.2017.08.035
https://doi.org/10.1016/j.jep.2017.08.035
https://pubmed.ncbi.nlm.nih.gov/28864169
https://doi.org/10.1016/j.canlet.2006.03.030
https://pubmed.ncbi.nlm.nih.gov/16797120
https://doi.org/10.1038/srep45521
https://doi.org/10.1038/srep45521
https://pubmed.ncbi.nlm.nih.gov/28349962
https://doi.org/10.1007/s12263-009-0143-4
https://pubmed.ncbi.nlm.nih.gov/19756809
https://doi.org/10.1007/s12017-012-8191-0
https://doi.org/10.1007/s12017-012-8191-0
https://pubmed.ncbi.nlm.nih.gov/22798221
https://doi.org/10.1002/biot.201600332
https://doi.org/10.1002/biot.201600332
https://pubmed.ncbi.nlm.nih.gov/27420480
https://doi.org/10.1101/cshperspect.a006437
https://doi.org/10.1101/cshperspect.a006437
https://pubmed.ncbi.nlm.nih.gov/22229117
https://doi.org/10.4155/fmc.11.47
https://doi.org/10.4155/fmc.11.47
https://pubmed.ncbi.nlm.nih.gov/21644827
https://doi.org/10.1016/j.foodchem.2015.06.033
https://pubmed.ncbi.nlm.nih.gov/26213070
https://doi.org/10.1021/tx700190s
https://pubmed.ncbi.nlm.nih.gov/18001060
https://doi.org/10.1038/srep30233
https://pubmed.ncbi.nlm.nih.gov/27452398
https://doi.org/10.1016/0092-8674(85)90160-6
https://doi.org/10.1016/0092-8674(85)90160-6
https://pubmed.ncbi.nlm.nih.gov/2578325
https://doi.org/10.1038/356722a0
https://pubmed.ncbi.nlm.nih.gov/1570018
https://doi.org/10.1007/BF00403175
https://doi.org/10.1007/BF00403175
https://pubmed.ncbi.nlm.nih.gov/1715829
https://doi.org/10.1042/bj2030675
https://doi.org/10.1042/bj2030675
https://pubmed.ncbi.nlm.nih.gov/7115308
https://pubmed.ncbi.nlm.nih.gov/7061504
https://doi.org/10.1016/j.ceb.2012.10.009
https://pubmed.ncbi.nlm.nih.gov/23195437
https://doi.org/10.3389/fnmol.2018.00143
https://doi.org/10.3389/fnmol.2018.00143
https://pubmed.ncbi.nlm.nih.gov/29765302
https://doi.org/10.1111/jnc.13091
https://doi.org/10.1111/jnc.13091
https://pubmed.ncbi.nlm.nih.gov/25761518
https://doi.org/10.1091/mbc.E16-01-0029
https://pubmed.ncbi.nlm.nih.gov/27466319
https://doi.org/10.1007/978-1-4939-6598-4_1
https://doi.org/10.1007/978-1-4939-6598-4_1
https://pubmed.ncbi.nlm.nih.gov/27975241

