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Abstract
Objective: Aggregation of the TAU proteins in the form of neurofibrillary tangles (NFTs) in the brain is a common risk 
factor in tauopathies including Alzheimer’s disease (AD). Several strategies have been implemented to target NFTs, 
among which chaperones, which facilitate the proper folding of proteins, appear to hold great promise in effectively 
inhibiting TAU polymerization. The aim of this study was to analyze the impact of the chaperone Artemin on TAU 
aggregation in vitro.

Materials and Methods: In this experimental study, recombinant TAU- or Artemin proteins were expressed in E.coli 
bacteria, and purified using ion-exchange and affinity chromatography. Sodium dodecyl sulfate-poly acrylamide gel 
electrophoresis (SDS-PAGE) was used to run the extracted proteins and check their purity. Heparin was used as an 
aggregation inducer. The interaction kinetics of TAU aggregation and disassembly was performed using thioflavin T 
(ThT) fluorescence analysis and circular dichroism (CD) spectroscopy. 
Results: Ion-exchange and affinity chromatography yielded highly pure TAU and Artemin proteins for subsequent 
analyses. In addition, we found that heparin efficiently induced TAU fibrillization 48 hours post-incubation, as evidenced 
by ThT assay. Importantly, Artemin was observed to effectively block the aggregation of both physiologic- and supra-
physiologic TAU concentrations in a dose-dependent manner, as judged by ThT and CD spectroscopy analyses.                    
Conclusion: Our collective results show, for the first time, that the chaperone Artemin could significantly inhibit 
aggregation of the TAU proteins in a dose-dependent manner, and support Artemin as a potential potent blocker of TAU 
aggregation in people with AD.       
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Introduction

Alzheimer’s disease (AD) is the best-known of the 
tauopathies which are characterized by the aggregation of 
TAU proteins in the brain (1, 2). In AD, TAU aggregates 
are observed in the form of intracellular neurofibrillary 
tangles (NFTs) (3, 4). NFTs are formed following the 
hyperphosphorylation and/or overexpression of TAU 
protein. Highly expressed in neurons, TAU protein 
is a microtubule-associated protein which facilitates 
microtubule-mediated trafficking within cells (5, 6). 
Increased intracellular concentrations and subsequent 
aggregation of TAU protein can reportedly impair axonal 
transportation of the organelles, particularly mitochondria 
(7-10). AD is diagnosed by short-term memory loss and 
gets worse over time, causing patients to suffer from 
additional symptoms including significantly decreased 
motivation, behavioral problems, and sleep disturbance 
(11-13). These symptoms apparently emerge because 
NFTs promote neuronal damage and death, synaptic 

dysfunction, and ultimately brain shrinkage and patient 
death (14-16). It is therefore important to develop 
strategies to target NFTs in AD patients (3, 17, 18). Since 
TAU aggregation in neurons could be, at least partly, 
attributed to abnormal folding (19, 20), agents (e.g. small 
molecules, proteins, or other factors) which inhibit the 
misfolding of proteins and/or promote proper protein 
folding might be applicable in this setting (21, 22). In 
fact, it has been reported that methylthioninium chloride 
(22), flavonoids (23), rhodanines (24), gossypetin (25), 
polyphenolic compounds (23), R55 (26), and N744 (27) 
could promote the disassembly of protein aggregates in 
vitro. Additionally, other factors (e.g. methylene blue) 
inhibit TAU fibrillization not only in vitro but also in 
animal models (28, 29).

Chaperones promote the proper folding of proteins 
as well as inhibit protein misfolding. They convert 
misfolded proteins into modified protein structures that 
are detectable by the ubiquitin-proteasome system (UPS) 
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for degradation, providing an efficient clearance system 
for cells to get rid of the potential toxicity caused by 
misfolded proteins (30). Therefore, chaperones may 
have the ability to be used as potential inhibitors of TAU 
polymerization (31). Artemin is a heat-resistant protein 
and constitutes 12-13% of proteins within the cysts of 
the aquatic crustacean Artemia. It protects Artemia cysts 
from stressful conditions through its different features, 
including high hydrodynamic hydration and its ability to 
renature aggregated and denatured protein structures (32, 
33). Artemin has, for example, been reported to inhibit the 
heat-induced aggregation of the protein citrate synthase 
in vitro (34). In addition, ‘denatured’ carbonic anhydrase 
and horse-radish peroxidase are restored to their normal 
folding and function in the presence of Artemin, indicating 
that Artemin is a potent chaperone capable of blocking 
aggregation and denaturation of these proteins (35).

In the present study, we tested whether Artemin protein 
from Artemia urmiana can inhibit TAU aggregation 
in vitro. We found that Artemin was able to efficiently 
block TAU fibrillization in a dose-dependent manner. We 
thus indicate for the first time that AD-associated TAU 
aggregates could be disintegrated through the use of 
Artemin in vitro. Our results might be applicable to target 
TAU aggregates in cell-based as well as animal models of 
TAU aggregation, providing a new avenue for chaperone 
research on tauopathies. 

Materials and Methods 
Expression and purification of TAU and Artemin

In this experimental study, in order to ectopically 
express recombinant human TAU protein in bacteria, a 
His-tagged TAU DNA (1N4R) (Eurofins MWG Operon 
Company, USA) was cloned into isopropyl-beta-D-
thiogalactopyranoside (IPTG)-inducible pET-21a (+) 
expression vector, and the resulting vector was transformed 
into E.coli BL21 (DE3) bacteria for expression. Vector-
transformed bacteria were incubated and grown at 37˚C 
in 1 L Luria Broth containing 100 µg/ml ampicillin at 200 
rpm to an optical density of 0.6 at 600 nm. IPTG was used 
at a final concentration of 1 mM to induce TAU expression 
in the bacteria. After 4 hours incubation at 37˚C, bacteria 
were harvested and resuspended in lysis buffer (1 mM 
EDTA, 5 mM DTT, 50 mM NaCl, 20 mM Tris-HCl, 0.1 
mM PMSF (all from Sigma-Aldrich, USA, pH=7.5) and 
were then broken by sonication on ice (Soniprep 150). The 
supernatants were filtered, loaded onto a SP Sepharose 
column, and washed with lysis buffer. A linear gradient of 
salt (0.05-1 M NaCl) in the same buffer without DTT and 
EDTA was used to elute the TAU protein. Next, we used 
a Nickel-Chelating Sepharose column (pre-equilibrated 
with 20 mM Tris-HCl, 0.5 M NaCl, 10 mM Imidazole 
(Sigma-Aldrich, USA), and 0.3% Triton X-100 (Merck, 
USA, pH=7.5) to load the fractions containing TAU 
protein. Then, a solution consisting of 20 mM Imidazole 
and 20 mM Tris-HCl (pH=7.5) was used to wash out the 
unbound proteins, and the TAU-containing fractions were 

eluted by a linear gradient of Imidazole (20-600 mM).
To misexpress Artemin in bacteria, a His-tagged 

Artemin-encoding pET-28a/Art expression vector with 
Kanamycin resistance (Novagen) was used to transform 
E.coli BL21 DE3 bacteria. The same procedures and 
steps as for TAU expression and purification (described 
above) were performed to express and purify Atermin, 
except that i. Kanamycin (50 µg/ml, Qiagen, Germany) 
was used for antibiotic selection of the vector-containing 
bacteria; ii. Lysis buffer consisted of 50 mM NaH2PO4 
(Merck, USA), 300 mM NaCl, 1 mM PMSF, pH=8.0, 
and iii. Only affinity chromatography was used to purify 
Artemin, using washing buffer (50 mM NaH2PO4, 300 
mM NaCl, and 10 mM Imidazole, pH=8.0) and then 
elution buffer (50 mM NaH2PO4, 300 mM NaCl, and 250 
mM Imidazole, pH=8.0). Bradford assay and Coomassie 
Brilliant Blue staining of 10% SDS-PAGE were used to 
estimate protein concentration and purity, respectively. 
The purified proteins were exchanged into 10 mM PBS 
buffer pH=7.4 (Thermo Fisher Scientific, USA) and 
transferred to -70˚C for long-term storage. This work 
was approved by the Scientific and Ethics Committee of 
Malek-Ashtar University of Technology.

Induction of TAU aggregation by heparin
Polymerization of TAU was induced in the presence of 

the aggregation inducer heparin (Sigma-Aldrich, USA) 
with a TAU: heparin molar ratio of 4:1. The kinetics of 
TAU aggregation in the presence of heparin was performed 
with physiologic- (4 µM) and supra-physiologic (20 µM) 
concentrations of TAU (36-38) for 0, 12, 24, 36, 48, and 
72 hours of incubation at 350 rpm and 37˚C (final volume 
of the reaction mixture was 200 µl). As a reducing agent, 
40 µM DTT buffer (pH=7.4) was prepared in Tris-HCl 
and used during the TAU-heparin incubations.

Thioflavin T fluorescence analysis

The interaction of aggregated TAU with the amyloid 
marker ThT (Sigma-Aldrich, USA) was analyzed by 
fluorescence measurements as described below. A fresh 
ThT stock solution was prepared in double-distilled water 
according to the vendor’s instructions (Sigma-Aldrich, 
USA), and filtered (0.22 µm pore size) before use to 
remove insoluble particles. Recombinant TAU (4 µM and 
20 µM) was incubated in 10 mM HEPES buffer (pH=7.4) 
containing 5 mM DTT, 100 mM NaCl, and 20 µM ThT 
(Sigma-Aldrich, USA) at 350 rpm and 37˚C for 48 hours 
in the presence of heparin. The resulting 200-µl solutions, 
which were run in triplicate, were added to separate wells 
of a 96-well plate in a CYTATION/3 imaging microplate 
reader (Biotek, USA) with an excitation wavelength of 
440 nm and emission wavelength of 450-550 nm.

Circular dichroism spectroscopy
The secondary and tertiary structures of the proteins 

were assessed by CD spectroscopy. TAU protein was 
mixed with heparin in 10 mM HEPES buffer (Sigma-
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Aldrich, USA, 100 mM NaCl, 5 mM DTT, pH=7.4) and 
incubated at 350 rpm and 37˚C for 48 hours. A 1.0-mm-
path-length quartz cell (Helma, Germany) was used for 
measurements in the far-UV region. All the CD spectra 
were recorded over the range of 190-250 nm at 37˚C. 
Measurements of the CD spectra were performed using an 
Aviv Model 215 Spectropolarimeter (Lakewood, USA). 
For each sample, eight scans, each with a speed of 50 nm/
minute, were performed and averaged, and the resulting 
spectra were normalized to the blank. The percentages 
of TAU protein secondary structures in the absence or 
presence of heparin and Artemin were estimated on a 
JASCO J-715 CD spectropolarimeter (Jasco Inc, Japan).

 Sodium dodecyl sulfate-poly acrylamide gel
electrophoresis

The aggregated TAU was mixed with SDS sample buffer 
(50% stacking gel buffer, 5% SDS, 5% β-mercaptoethanol, 
5% bromophenol blue, 0.25% glycerol, pH=6.8, all from 
Sigma-Aldrich, USA) and heated to 100˚C for 5 minutes. 
The samples were run on SDS-PAGE gels containing 
10% polyacrylamide.

Statistical analysis
Data were analyzed with Student’s t test using 

GraphPad PRISM™ software. A P<0.05 was considered 
statistically significant.

Results
Expression and purification of recombinant human 
TAU protein

Recombinant TAU protein provides a suitable in vitro model 
to evaluate TAU protein aggregation. To prepare recombinant 
TAU protein, we used an IPTG-inducible pET-21a (+) 
expression vector to misexpress recombinant TAU in E.coli 
bacteria (Fig.1A). Total protein was extracted from bacteria 
which had been treated for 3-4 hours with IPTG, followed by 
recombinant TAU purification using ion-exchange and affinity 
chromatography, respectively. Multiple elution fractions were 
harvested from the chromatography columns, whose optical 
density, as determined using a spectrophotometer, indicated 
that the most concentrated elution fractions were those eluted 
in the middle of the purification procedure (Fig.1B). These 
highly concentrated TAU-rich fractions were collected for 
further analysis. Next, we used SDS-PAGE to visualize the 
quality and purity of the purified TAU proteins following 
chromatography. Results of the SDS-PAGE analysis (Fig.1C) 
indicated that, in contrast to the vector-containing bacteria not 
induced by IPTG (Fig.1C, -IPTG lane), treatment with IPTG 
led to the emergence of a very thick protein band in the size 
range for human TAU protein (~50 kDa) within the extracted 
proteome of the bacteria (Fig.1C, +IPTG lane). Importantly, 
purification of the recombinant TAU protein was observed 
to be much higher after affinity chromatography with SP-
sepharose columns (Fig.1C, SP-sepharose lane). An even 
higher purification of recombinant TAU protein was obtained 
when the output of the affinity chromatography was subjected 
to ion-exchange chromatography with Ni-sepharose columns 

(Fig.1C, Ni-sepharose lane). These results show that we 
have successfully been able to induce the expression of 
recombinant human TAU protein in bacteria and obtain a 
highly purified TAU protein in vitro for subsequent analyses.

Fig.1: Expression and purification of recombinant TAU. A. Schematic 
showing the induction of TAU expression in bacteria by IPTG, B. Elution 
fractions of chromatography for TAU purification, and C. SDS-PAGE 
indicating the induction of TAU expression by IPTG and its purification by 
chromatography. 
IPTG; Isopropyl-beta-D-thiogalactopyranoside, SDS-PAGE; Sodium dodecyl 
sulfate-poly acrylamide gel electrophoresis, and OD; Optical density.

A

B

C
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Heparin efficiently induced TAU aggregation in vitro
Analysis of TAU aggregation induced by heparin using ThT 
assay

Because we wanted to analyze the effect of the 
molecular chaperone Artemin on the aggregation of TAU 
protein, we needed to provide an in vitro model of TAU 
aggregation, and to this end, we used an efficient inducer 
of TAU fibrillization. Several agents have been found 
to promote TAU aggregation (27, 39), among which we 
chose the extracellular matrix component heparin as a 
well-established aggregation inducer (40-42). To optimize 
and determine the length of time required for heparin 
treatment to induce TAU aggregation, we investigated the 
kinetics of aggregation of the physiologic concentration 
of TAU (4 µM) in the presence of heparin using the ThT 
assay.

Results of the ThT assay (Fig.2A) indicated that 
heparin promoted the induction and acceleration of TAU 
aggregation in a time-dependent manner, meaning that 
TAU aggregation increased in an almost linear manner 
over time, although TAU aggregation induced by heparin 
started decreasing 72 hours post-treatment. This finding 
shows that the most significant induction of physiologic 
TAU aggregation by heparin occurs 48 hours post-
treatment. Additionally, we performed the same procedure 
with a supra-physiologic TAU concentration (20 µM) to 
examine whether the starting TAU concentration might 
affect the kinetics of TAU aggregation. We found that, 
as with physiologic TAU concentration, heparin induced 
the efficient fibrillization of supra-physiologic TAU in 
a time-dependent manner, and that the aggregation of 
TAU was slightly, but not significantly, decreased 72 
hours after heparin addition (Fig.2B). Not surprisingly, 
heparin was able to induce a much higher aggregation of 
TAU proteins when the supra-physiologic concentration 
was used (Fig.1A, B). This indicates that heparin can 
not only successfully induce TAU fibrillization, but is 
also able to accelerate TAU aggregation in a time- and 
TAU-concentration-dependent manner. In this way, we 
established optimal conditions for the induction of TAU 
aggregation by heparin.

 Analysis of TAU aggregation induced by heparin using
CD spectroscopy

Next, to examine structural changes in TAU in the 
presence of heparin in a more accurate manner, we used 
CD spectroscopy. The CD assay works on the basis 
of detecting structural and conformational changes in 
the protein of interest in a changing environment. To 
analyze the structural changes in TAU protein induced 
by heparin, we performed CD spectroscopy at 195-
260 nm (i.e. far UV) in a 1 mm quartz cell. The CD 
spectrum of the far UV region is very sensitive to small 
changes in the secondary structure of proteins, while 
the near UV region indicates changes in the tertiary 
structure. Since TAU does not have a tertiary structure, 

we used the CD spectrum in the far UV region. The 
CD spectrum of monomeric TAU (i.e. in the absence 
of heparin) normally exhibits the structural pattern of 
a random coil.

Our results indicated that before heparin treatment, 
TAU displayed a high degree of negative ellipticity 
at 200 nm, which is indicative of the presence of a 
random coil structure that does not have an absorbance 
spectrum at 218 nm. In contrast, we found that when 
monomeric TAU is treated with heparin for 48 hours, 
an absorbance spectrum could be observed at 218 nm 
both for physiologic- (Fig.2C) and supra-physiologic 
TAU (Fig.2D), meaning that TAU had been 
successfully aggregated by heparin. Taken together, 
we were able to confirm the results of the ThT assay 
by CD spectroscopy and demonstrate that heparin was 
able to efficiently induce the formation of aggregated 
TAU in vitro.

Artemin efficiently inhibits TAU protein aggregation

To analyze the effect of Artemin on TAU aggregates, 
we firstly ectopically expressed recombinant Artemin 
in the E.coli strain BL21 DE3 using an IPTG-inducible 
pET-28a/Art vector, and extracted total protein 3-4 
hours post IPTG treatment (33, 35). To purify Artemin, 
we then used a Ni-NTA agarose column only (i.e. we 
did not perform ion-exchange chromatography to 
further purify it, as the Ni-NTA agarose column yielded 
a highly purified band corresponding to the size of the 
native Artemin) (Fig.3A). Next, we examined the effect 
of different concentrations of Artemin (1 µM, 2.5 µM, 
5 µM, 10 µM, 20 µM, and 50 µM) on the efficiency 
of heparin-induced TAU fibrillization. Interestingly, 
we observed that treatment of heparin-aggregated 
physiologic TAU with different concentrations 
of Artemin led to the efficient inhibition of TAU 
fibrillization 48 hours post-treatment, as evidenced 
by ThT assay (Fig.3B, C). Importantly, we found that 
Artemin effectively diminished the formation of TAU 
aggregates in a dose-dependent manner, although 
we observed strong inhibition of TAU aggregation 
even at 1 µM Artemin. This observation indicated 
that even low concentrations of Artemin were able 
to block TAU fibrillization, although the most potent 
inhibitions were observed to be exerted by higher 
Artemin concentrations (up to 20 µM), which is 
indicative of the significant potency of this chaperone 
in inhibiting aggregated TAU. More importantly, not 
only did Artemin significantly reduce the rate of 4 
μM TAU fibrillization, but it also markedly inhibited 
the heparin-induced aggregation of supra-physiologic 
TAU (20 µM) in a dose-dependent manner, as judged 
by ThT assay (Fig.3D, E). This result indicates that the 
different starting concentrations of the substrate (i.e. 
TAU) before induction of TAU aggregation does not 
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significantly interfere with the capability of different 
concentrations of Artemin (1, 2/5, 5, 10, and 20 µM) to 
inhibit the formation of TAU aggregates. Unexpectedly, 
we observed that the strong inhibitory effect of 
Artemin on TAU aggregation was reversed when a 
very high concentration of Artemin (50 µM) was added 
(Fig.3D, E). It may be that very high concentrations 
of Artemin interfere with its ability to effectively 
access aggregated TAU. Another possibility is that 
because a higher concentration of heparin was used 
to induce supra-physiologic TAU aggregation, heparin 
might have caused the Artemin protein to aggregate 
as well, leading to the high aggregation rate observed. 
Additionally, some aggregation inhibitors have also 
previously been reported to induce aggregation at high 
concentrations (43), which may also be the case with 
Artemin. 

Next, CD spectroscopy was performed to evaluate 
the conformational changes of TAU induced by 
heparin, thereby confirming the results of ThT assay. 

We observed that prior to heparin treatment, there was 
a high degree of negative ellipticity at 200 nm, which 
is due to the existence of a random coil structure that 
lacks an absorbance spectrum at 218 nm (Fig.4). After 
heparin treatment, we could detect an absorbance 
spectrum at 218 nm, indicating successful aggregation 
of TAU. Importantly, upon Artemin treatment, we 
found that the aggregated TAU exhibited a marked 
reduction in β-sheet structure and an increase in 
disordered structures (β-turn and unstructured random 
coils) (Table 1), as evidenced by the increased negative 
band at 200 nm as well as a decreased absorbance 
spectrum at 218 nm (Fig.4), which is indicative of 
disassembly of the β-sheet structure by Artemin. Of 
note, high concentrations of Artemin (50 μM) were 
observed to induce a high level of TAU aggregation 
(Fig.4, Table 1) which is consistent with the ThT 
results. In summary, we conclude that the chaperone 
Artemin is capable of inhibiting TAU aggregation in 
an effective manner.

Fig.2: Induction of TAU aggregation using heparin. Optimization of TAU aggregation induction using heparin. A. Barplot showing the ThT analysis of 
heparin-induced aggregation of physiologic (4 μM) TAU, B. Barplot showing the ThT analysis of heparin-induced aggregation of supra-physiologic (20 μM) 
TAU. CD spectroscopy analysis indicating the induction of C. TAU aggregation by heparin for physiologic- and D. Supra-physiologic TAU.

A B

C D
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Fig.3: Effect of Artemin on heparin-induced TAU aggregation. A. SDS-PAGE analysis showing the induction of Artemin expression by IPTG and its purification 
by chromatography, B. ThT spectra of Artemin treatment of heparin-induced aggregation of physiologic (4 μM) TAU, C. Simplified barplot representation of 
ThT data indicated in B, D. ThT spectra of Artemin treatment of heparin-induced aggregation of supra-physiologic (20 μM) TAU, and E. Simplified barplot 
representation of ThT data indicated in D. 
IPTG; Isopropyl-beta-D-thiogalactopyranoside and SDS-PAGE; Sodium dodecyl sulfate-poly acrylamide gel electrophoresis.

Table 1: Calculated percentages of TAU protein structure based on CD spectra

TAU TAU+Heparin TAU+Heparin+Art10 TAU+Heparin+Art20 TAU+Heparin+Art50

α-helix 2 8 3 6 2

β-sheet 5 68 53 46 83

β-turn 21 14 21 27 5

Random coil 72 10 23 21 10

B C

D E

A
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Fig.4: Circular dichroism (CD) analysis indicating the effect of different 
concentrations of Artemin (10, 20, and 50 μM) on heparin-induced TAU 
aggregation.

Discussion 
In the present study, we investigated the potential of a 

heat-resistant chaperone protein known as Artemin (33, 
35) to block the aggregation of TAU proteins in vitro. 
To this end, recombinant TAU and Artemin proteins 
were separately misexpressed in bacteria using IPTG-
inducible vectors coding for TAU and Artemin proteins, 
respectively. Notably, we utilized the ability of heparin 
as an inducer to promote the formation of TAU fibrils 
from physiologic and supra-physiologic concentrations 
of monomeric TAU protein in a cell-free model system. 
In fact, heparin has previously been used by other groups 
to effectively promote the aggregation of TAU protein in 
vitro (25, 27, 39). Using several techniques, we confirmed 
that heparin could indeed induce the formation of TAU 
aggregates in an efficient manner.

We then sought to determine the impact of Artemin on 
TAU protein aggregation. Interestingly, we found using 
CD spectroscopy and ThT assay that Artemin inhibited the 
fibrillization of TAU protein in a dose-dependent manner. 
Artemin’s inhibitory effect was observed not only at 
physiologic- but also at supra-physiologic concentrations 
of TAU protein, which suggests that Artemin is a 
robust inhibitor of TAU aggregation. To the best of our 
knowledge, this is the first time that Artemin (in our case, 
isolated from Artemia urmiana) is reported to inhibit the 
aggregation of TAU as an AD-associated protein. This 
suggests that Artemin might be a suitable candidate for 
the treatment of tauopathies, in particular AD, but only 
after it has been rigorously investigated using cell-based 
models of AD. Notably, neural cells derived through 
stem cell differentiation and/or cell fate reprogramming 
technologies (44-46) have the potential to provide 
proper neural cell sources needed for in vitro cell-based 
assessment of TAU aggregation. Animal models of TAU 
aggregation (28, 29) would be the next step to explore 

the impact of Artemin in vivo. The ability of Artemin 
to disassemble TAU fibrils is consistent with previous 
findings reporting that Artemin could significantly inhibit 
the heat-induced aggregation of citrate synthase (35). It 
has also been observed to effectively restore the native 
structure and the normal function of denatured carbonic 
anhydrase and horse-radish peroxidase (33, 35). These 
findings indicate that Artemin has the potential to restore 
the native structure and therefore normal function of 
proteins which have been exposed to denaturing or 
aggregating conditions. Taken together, these findings 
indicate that Artemin is a potent inhibitor of TAU 
polymerization in vitro.

Artemin may exert its inhibitory effect on TAU 
fibrillization through certain motifs on its surface, since 
specific motifs mediate the major functions of a protein 
(47, 48). It might be interesting to examine the effect of 
short peptide motifs derived from the Artemin protein on 
the aggregation kinetics of TAU protein. These analyses 
may bring the potential clinical use of Artemin and/
or Artemin-derived peptides in patients with AD a step 
closer, provided that Artemin and/or its derivatives are 
able to inhibit TAU aggregation in cell-based assays as 
well as in animal models of TAU aggregation.

Conclusion
Targeting TAU aggregates, which are a major risk factor 

in tauopathies, including AD, is of critical importance. 
Several strategies have been used to target TAU fibrils. 
Among these, the role of chaperones as key players within 
the cells has recently drawn the attention of researchers 
seeking a way to inhibit pathologic protein aggregation. 
In the present study, we demonstrated that the chaperone 
Artemin was able to block the polymerization of TAU 
proteins in a dose-dependent manner in a cell-free 
model system. Artemin has previously been observed to 
inhibit not only the aggregation of the enzymes horse-
radish peroxidase and carbonic anhydrase, but also 
the denaturation of the enzyme citrate kinase. In this 
study we show that it also inhibits TAU aggregation, 
suggesting that Artemin might have an intrinsic 
capability to inhibit the misfolding, aggregation and 
denaturation of different proteins, including the TAU 
protein. The next step of interest in this research would 
be to see whether Artemin is also able to inhibit TAU 
aggregation in vivo.

Acknowledgments
We thank the members of Nasiri-Khalili’s lab and 

Hassan-Sajedi’s lab for discussions and comments. We 
are grateful to Sirus Khodadadi for assistance with CD 
spectroscopy, Hossein Salehi for assistance with the ThT 
assay, Ramin Fallahzadeh for technical assistance, and 
Fatemeh Kamali for comments. This work was financially 
supported by a grant from Malek-Ashtar University 
of Technology to Mohammad-Ali Nasiri-Khalili. The 
authors declare that they have no conflicts of interest.



Cell J, Vol 19, No 4, Jan-Mar (Winter) 2018 576

Khosravi et al.

Author’s Contributions
M.A.N.K., M.Z., R.H.S., Z.K.; Conceived and 

designed the study. Z.K., M.A.N.K., S.M.; Designed the 
experiments and analyzed and interpreted the data. Z.K.; 
Performed all of the experiments. S.M., Z.K.;  Wrote the 
manuscript. M.A.N.K., R.H.S., M.Z.; Provided financial 
and administrative support and discussed the results. All 
authors reviewed and confirmed the manuscript before 
submission.

References
1. Ross CA, Poirier MA. Protein aggregation and neurodegenera-

tive disease. Nat Med. 2004; 10 Suppl: S10-17.
2. Bulic B, Pickhardt M, Schmidt B, Mandelkow EM, Waldmann 

H, Mandelkow E. Development of tau aggregation inhibitors for 
Alzheimer’s disease. Angew Chem Int Ed Engl. 2009; 48(10): 
1740-1752.

3. Fändrich M, Schmidt M, Grigorieff N. Recent progress in under-
standing Alzheimer’s beta-amyloid structures. Trends Biochem 
Sci. 2011; 36(6): 338-345.

4. Ahmed Z, Cooper J, Murray TK, Garn K, McNaughton E, Clarke 
H, et al. A novel in vivo model of tau propagation with rapid 
and progressive neurofibrillary tangle pathology: the pattern of 
spread is determined by connectivity, not proximity. Acta Neu-
ropathol. 2014; 127(5): 667-683.

5. Mandelkow EM, Mandelkow E. Biochemistry and cell biology 
of tau protein in neurofibrillary degeneration. Cold Spring Harb 
Perspect Med. 2012; 2(7): a006247.

6. Ballatore C, Lee VM, Trojanowski JQ. Tau-mediated neurode-
generation in Alzheimer’s disease and related disorders. Nat 
Rev Neurosci. 2007; 8(9): 663-672.

7. Reddy PH. Abnormal tau, mitochondrial dysfunction, impaired 
axonal transport of mitochondria, and synaptic deprivation in 
Alzheimer’s disease. Brain Res. 2011; 1415: 136-148.

8. Spillantini MG, Goedert M. Tau pathology and neurodegenera-
tion. Lancet Neurol. 2013; 12(6): 609-622.

9. Shahpasand K, Uemura I, Saito T, Asano T, Hata K, Shibata 
K, et al. Regulation of mitochondrial transport and inter-micro-
tubule spacing by tau phosphorylation at the sites hyperphos-
phorylated in Alzheimer’s disease. J Neurosci. 2012; 32(7): 
2430-1441.

10. Eckert A, Nisbet R, Grimm A, Götz J. March separate, strike 
together--role of phosphorylated TAU in mitochondrial dys-
function in Alzheimer’s disease. Biochim Biophys Acta. 2014; 
1842(8): 1258-1266.

11. Kabeshita Y, Adachi H, Matsushita M, Kanemoto H, Sato S, 
Suzuki Y, et al. Sleep disturbances are key symptoms of very 
early stage Alzheimer disease with behavioral and psychologi-
cal symptoms: a Japan multi-center cross-sectional study (J-
BIRD). Int J Geriatr Psychiatry. 2017; 32(2): 222-230.

12. Alzheimer’s Association. 2014 Alzheimer’s disease facts and 
figures. Alzheimers Dement. 2014; 10(2): e47-92.

13. Alzheimer’s Association. 2015 Alzheimer’s disease facts and 
figures. Alzheimers Dement. 2015; 11(3): 332-384.

14. Kumar A, Singh A, Ekavali. A review on Alzheimer’s disease 
pathophysiology and its management: an update. Pharmacol 
Rep. 2015; 67(2): 195-203.

15. Di J, Cohen LS, Corbo CP, Phillips GR, El Idrissi A, Alonso AD. 
Abnormal tau induces cognitive impairment through two differ-
ent mechanisms: synaptic dysfunction and neuronal loss. Sci 
Rep. 2016; 6: 20833.

16. Lang AE, Riherd Methner DN, Ferreira A. Neuronal degenera-
tion, synaptic defects, and behavioral abnormalities in tau45-230 
transgenic mice. Neuroscience. 2014; 275: 322-339.

17. Götz J, Ittner A, Ittner LM. Tau-targeted treatment strategies in 
Alzheimer’s disease. Br J Pharmacol. 2012; 165(5): 1246-1259.

18. Yoshiyama Y, Lee VM, Trojanowski JQ. Therapeutic strategies 
for tau mediated neurodegeneration. J Neurol Neurosurg Psy-
chiatry. 2013; 84(7): 784-795.

19. Tai HC, Wang BY, Serrano-Pozo A, Frosch MP, Spires-Jones 
TL, Hyman BT. Frequent and symmetric deposition of misfolded 
tau oligomers within presynaptic and postsynaptic terminals in 

Alzheimer’s disease. Acta Neuropathol Commun. 2014; 2: 146.
20. Zilka N, Kazmerova Z, Jadhav S, Neradil P, Madari A, Obetkova 

D, et al. Who fans the flames of Alzheimer’s disease brains? 
Misfolded tau on the crossroad of neurodegenerative and in-
flammatory pathways. J Neuroinflammation. 2012; 9: 47.

21. Bulic B, Pickhardt M, Mandelkow E. Progress and develop-
ments in tau aggregation inhibitors for Alzheimer disease. J 
Med Chem. 2013; 56(11): 4135-4155.

22. Wischik CM, Harrington CR, Storey JM. Tau-aggregation inhibi-
tor therapy for Alzheimer’s disease. Biochem Pharmacol. 2014; 
88(4): 529-539.

23. Xiaoyun MA, Dongyi HE, Linping HE. Assessing chloroquine 
toxicity in RA patients using retinal nerve fibre layer thickness, 
multifocal electroretinography and visual field test. Br J Oph-
thalmol. 2010; 94(12): 1632-1636.

24. Bulic B, Pickhardt M, Khlistunova I, Biernat J, Mandelkow EM, 
Mandelkow E, et al. Rhodanine-based tau aggregation inhibi-
tors in cell models of tauopathy. Angew Chem Int Ed Engl. 
2007; 46(48): 9215-9219.

25. Taniguchi S, Suzuki N, Masuda M, Hisanaga S, Iwatsubo T, 
Goedert M, et al. Inhibition of heparin-induced tau filament for-
mation by phenothiazines, polyphenols, and porphyrins. J Biol 
Chem. 2005; 280(9): 7614-7623.

26. Mecozzi VJ, Berman DE, Simoes S, Vetanovetz C, Awal MR, 
Patel VM, et al. Pharmacological chaperones stabilize retromer 
to limit APP processing. Nat Chem Biol. 2014; 10(6): 443-449.

27. Necula M, Chirita CN, Kuret J. Cyanine dye N744 inhibits tau 
fibrillization by blocking filament extension: implications for the 
treatment of tauopathic neurodegenerative diseases. Biochem-
istry. 2005; 44(30): 10227-10237.

28. Akoury E, Pickhardt M, Gajda M, Biernat J, Mandelkow E, 
Zweckstetter M. Mechanistic basis of phenothiazine-driven in-
hibition of Tau aggregation. Angew Chem Int Ed Engl. 2013; 
52(12): 3511-3515.

29. Fatouros C, Pir GJ, Biernat J, Koushika SP, Mandelkow E, Man-
delkow EM, et al. Inhibition of tau aggregation in a novel Cae-
norhabditis elegans model of tauopathy mitigates proteotoxic-
ity. Hum Mol Genet. 2012; 21(16): 3587-3603.

30. Xiong R, Zhou W, Siegel D, Kitson RR, Freed CR, Moody CJ, et 
al. A Novel Hsp90 Inhibitor Activates Compensatory Heat Shock 
Protein Responses and Autophagy and Alleviates Mutant A53T 
α-Synuclein Toxicity. Mol Pharmacol. 2015; 88(6): 1045-1054.

31. Kovalska VB, Losytskyy MY, Tolmachev OI, Slominskii YL, 
Segers-Nolten GM, Subramaniam V, et al. Tri- and pentam-
ethine cyanine dyes for fluorescent detection of α-synuclein 
oligomeric aggregates. J Fluoresc. 2012; 22(6): 1441-1448.

32. Qiu Z, MacRae TH. ArHsp22, a developmentally regulated 
small heat shock protein produced in diapause-destined Ar-
temia embryos, is stress inducible in adults. FEBS J. 2008; 
275(14): 3556-3566.

33. Shirzad F, Sajedi RH, Shahangian SS, Rasti B, Mosadegh B, 
Taghdir M, et al. Deletion of extra C-terminal segment and its 
effect on the function and structure of artemin. Int J Biol Macro-
mol. 2011; 49(3): 311-316.

34. Hu Y, Bojikova-Fournier S, King AM, MacRae TH. The structural 
stability and chaperone activity of artemin, a ferritin homologue 
from diapause-destined Artemia embryos, depend on different 
cysteine residues. Cell Stress Chaperones. 2011; 16(2): 133-
141.

35. Shahangian SS, Rasti B, Sajedi RH, Khodarahmi R, Taghdir M, 
Ranjbar B. Artemin as an efficient molecular chaperone. Protein 
J. 2011; 30(8): 549-557.

36. Necula M, Kuret J. Pseudophosphorylation and glycation of tau 
protein enhance but do not trigger fibrillization in vitro. J Biol 
Chem. 2004; 279(48): 49694-49703.

37. Kuret J, Congdon EE, Li G, Yin H, Yu X, Zhong Q. Evaluating 
triggers and enhancers of tau fibrillization. Microsc Res Tech. 
2005; 67(3-4): 141-55.

38. King ME, Ahuja V, Binder LI, Kuret J. Ligand-dependent tau fila-
ment formation: implications for Alzheimer’s disease progres-
sion. Biochemistry. 1999; 38(45): 14851-14859.

39. Khalili MA, Riazi G, Ahmadian S, Khodarahmi R, Khodadadi S, 
Afrasiabi A, et al. The role of anionic peptide fragments in 1N4R 
human tau protein aggregation. Protein Pept Lett. 2014; 21(6): 
511-516.

40. Chirita CN, Necula M, Kuret J. Anionic micelles and vesicles 



Cell J, Vol 19, No 4, Jan-Mar (Winter) 2018 577

Artemin Blocks TAU Aggregation

induce tau fibrillization in vitro. J Biol Chem. 2003; 278(28): 
25644-25650.

41. Huseby CJ, Kuret J. Analyzing Tau aggregation with electron 
microscopy. Methods Mol Biol. 2016; 1345: 101-112.

42. Crowe A, Ballatore C, Hyde E, Trojanowski JQ, Lee VM. High 
throughput screening for small molecule inhibitors of heparin-
induced tau fibril formation. Biochem Biophys Res Commun. 
2007; 358(1): 1-6.

43. Congdon EE, Necula M, Blackstone RD, Kuret J. Potency of a 
tau fibrillization inhibitor is influenced by its aggregation state. 
Arch Biochem Biophys. 2007; 465(1): 127-135.

44. Moradi S, Asgari S, Baharvand H. Concise review: harmonies 
played by microRNAs in cell fate reprogramming. Stem Cells. 
2014; 32(1): 3-15.

45. Shahbazi E, Moradi S, Nemati S, Satarian L, Basiri M, Gourabi 
H, et al. Conversion of human fibroblasts to stably self-renew-
ing neural stem cells with a single zinc-finger transcription fac-
tor. Stem Cell Reports. 2016; 6(4): 539-551.

46. Shahbazi E, Kiani S, Gourabi H, Baharvand H. Electrospun 
nanofibrillar surfaces promote neuronal differentiation and 
function from human embryonic stem cells. Tissue Eng Part A. 
2011; 17(23-24): 3021-3031.

47. Burkhard P, Stetefeld J, Strelkov SV. Coiled coils: a highly ver-
satile protein folding motif. Trends Cell Biol. 2001; 11(2): 82-88.

48. Moore DT, Berger BW, DeGrado WF. Protein-protein interac-
tions in the membrane: sequence, structural, and biological mo-
tifs. Structure. 2008; 16(7): 991-1001. 


	_GoBack
	_ENREF_3
	_ENREF_6
	_ENREF_8
	_ENREF_13
	_ENREF_16
	_ENREF_18
	_ENREF_24
	_ENREF_25
	_ENREF_26
	OLE_LINK216
	OLE_LINK217
	OLE_LINK88
	OLE_LINK89
	OLE_LINK94
	OLE_LINK179
	OLE_LINK180
	OLE_LINK15
	OLE_LINK16
	OLE_LINK212
	OLE_LINK213
	_ENREF_46
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	OLE_LINK4
	_ENREF_9
	_ENREF_32
	_ENREF_37
	_ENREF_40
	_ENREF_48
	_ENREF_50
	_GoBack
	OLE_LINK16
	OLE_LINK15
	_ENREF_20
	_ENREF_23
	_ENREF_34
	_GoBack
	_ENREF_7
	_ENREF_10
	_ENREF_14
	_ENREF_15
	_ENREF_19
	_ENREF_29
	_ENREF_6
	_ENREF_15
	_ENREF_13
	_ENREF_14
	_ENREF_16
	_ENREF_18
	_ENREF_20
	_ENREF_21
	OLE_LINK1
	_ENREF_10
	_ENREF_13
	_ENREF_20
	_ENREF_23
	_ENREF_26
	_ENREF_35
	_ENREF_36
	_ENREF_40
	OLE_LINK4
	OLE_LINK39
	OLE_LINK11
	OLE_LINK12
	OLE_LINK46
	OLE_LINK47
	OLE_LINK1
	OLE_LINK2
	OLE_LINK3
	OLE_LINK6
	OLE_LINK50
	OLE_LINK51
	OLE_LINK42
	OLE_LINK43
	OLE_LINK27
	OLE_LINK28
	OLE_LINK25
	OLE_LINK26
	OLE_LINK111
	OLE_LINK110
	OLE_LINK113
	OLE_LINK112
	OLE_LINK105
	OLE_LINK104
	OLE_LINK107
	OLE_LINK106
	OLE_LINK120
	OLE_LINK121
	OLE_LINK114
	OLE_LINK115
	OLE_LINK8
	OLE_LINK5
	article1.body1.sec2.sec4.p1
	OLE_LINK17
	OLE_LINK18
	OLE_LINK13
	OLE_LINK14
	OLE_LINK16
	OLE_LINK15
	OLE_LINK62
	OLE_LINK63
	OLE_LINK9
	OLE_LINK10
	OLE_LINK58
	OLE_LINK59
	_ENREF_22
	_ENREF_24
	_ENREF_32
	_ENREF_36
	graphic09
	graphic0E
	_GoBack
	graphic10
	_ENREF_11
	_ENREF_1
	_ENREF_26
	_ENREF_2
	_ENREF_13
	_ENREF_5
	_ENREF_21

