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A B S T R A C T   

The accumulation and amyloid formation of amyloid-β (Aβ) peptides is closely associated with the pathology of Alzheimer’s disease. The physiological environment 
wherein Aβ aggregation happens is crowded with a large variety of metal ions including Zn2+. In this study, we investigated the role of Zn2+ in regulating the 
aggregation kinetics of Aβ40 peptide. Our results show that Zn2+ can shift a typical single sigmoidal aggregation kinetics of Aβ40 to a biphasic aggregation process. 
Zn2+ aids in initiating the rapid self-assembly of monomers to form oligomeric intermediates, which further grow into amyloid fibrils in the first aggregation phase. 
The presence of Zn2+ also retards the appearance of the second aggregation phase in a concentration dependent manner. In addition, our results show that a natural 
dipeptide, carnosine, can greatly alleviate the effect of Zn2+ on Aβ aggregation kinetics, most likely by coordinating with the metal ion to form chelates. These results 
suggest a potential in vivo protective effect of carnosine against the cytotoxicity of Aβ by suppressing Zn2+-induced rapid formation of Aβ oligomers.   

1. Introduction 

Alzheimer’s disease (AD) is the most common neurodegenerative 
disorder, and is responsible for 60–80% of all cases of dementia. One of 
the main hallmarks of AD is the accumulation of amyloid-β (Aβ) peptides 
and the formation of extracellular amyloid plaques in the brain. Ag
gregation and amyloid fibril formation of Aβ has been suggested to be 
closely associated with the pathology of AD [1], although the funda
mental mechanism by which the assembly process of Aβ causes the 
toxicity leading to cell death still remains unclear. 

The physiological environment wherein Aβ aggregation happens is 
crowded with a large variety of metal ions such as Zn2+. Zn2+ is enriched 
in the hippocampus and neocortical region of mammalian brain [2]. The 
total concentration in the brain is estimated to be approximately 150 μM 
[3,4]. In addition, Zn2+ appears to co-aggregate with Aβ peptides and is 
enriched in senile plaques from brain tissues of AD patients [5,6]. Zn2+ is 
able to bind to Aβ by interacting with the residues at the N-terminal 
region [7,8], and in consequence is actively involved in the generation 
of Aβ amyloid fibrils and regulation of cytotoxicity of Aβ [9]. However, 
the mechanistic role of Zn2+ in modulating Aβ aggregation pathway and 
aggregation kinetics still remains elusive. Contradictory results of the 
effects of Zn2+ on the amyloidogenesis of Aβ have been reported in the 
literature. For instance, Yoshiike et al. reported that Zn2+ inhibits the 
aggregation of both Aβ40 and Aβ42 in an in vitro study [9]. Similarly, 
Abelein et al. also reported that the substoichiometric amount of Zn2+

effectively retards the generation of amyloid fibrils of Aβ under 

near-physiological conditions [10]. On the other hand, some other 
studies found that Zn2+ is capable of accelerating aggregation of Aβ 
under conditions with physiological pH in vitro [11,12]. In addition, 
Zn2+ is suggested to promote the formation of toxic and off-pathway 
oligomers of Aβ with reduced β-sheet content [13], or favor the forma
tion of amorphous aggregates [14,15]. These pioneering studies clearly 
show a critical role of Zn2+ in modulating Aβ aggregation, and indicate 
the sensitivity of the regulatory function of this metal ion on the specific 
environment. The detailed kinetic effects of Zn2+ on Aβ self-assembly 
still remains to be further elucidated. In the present work, we system
atically studied the impact of Zn2+ on the aggregation kinetics of Aβ40 
using a combination of spectroscopic and imaging methods. The results 
suggest that the presence of Zn2+ converts the typical sigmoid kinetics of 
Aβ40 aggregation to a biphasic kinetic process, and facilitates an early 
aggregation kinetic phase while retarding a second aggregation phase 
during the aggregation of Aβ40 in phosphate buffer solution. 

In addition, carnosine (β-alanyl-L-histidine), a natural dipeptide, is 
widely distributed in mammalian muscle and nervous tissues with high 
concentrations [16]. Carnosine exerts a variety of biological functions 
such as pH buffer modulator, antioxidant, hydroxyl radical scavenger, 
antiglycating agent, and chelator of metal ions such as Zn2+ and Cu2+

[17,18]. Growing amount of evidence suggests that carnosine is a neu
roprotective molecule against various neurodegenerative diseases 
including AD [19,20]. Recent studies have also shown that carnosine 
inhibits Aβ aggregation in vitro and ameliorates Aβ-induced cytotoxicity 
[21,22]. Being a metal ion chelator, the potential modulating role of 
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carnosine on Zn2+-mediated Aβ aggregation, however, has been little 
addressed. In this work, we also investigated the effect of carnosine on 
Aβ aggregation in the presence of Zn2+ to gain insight into the roles of 
carnosine in regulating Aβ aggregation in a metal ion-rich physiological 
environment. 

2. Materials and methods 

2.1. Synthesis and purification of Aβ40 

Aβ40 was synthesized on a PS3 solid-phase peptide synthesizer 
(Protein Technologies Inc., Woburn, MA) using Fmoc chemistry. The 
crude peptide was purified by high-performance liquid chromatography 
(HPLC) using a C18 reverse-phase column. After purification, the 

Fig. 1. Effect of Zn2+ on Aβ40 aggregation. (A) Aggregation kinetics of Aβ40 (10 μM) alone and in the presence of different concentrations of Zn2+ followed by ThT 
fluorescence at 37 ◦C in pH 7.4 phosphate buffer (50 mM Na-phosphate). (B) Expansion of the early stage of the aggregation kinetics curves shown in panel A. (C) 
Relative ThT fluorescence intensity at 8 h (the time point indicated in panel B) of the aggregation kinetics of Aβ40 in the absence or presence of different con
centrations of Zn2+. The data are reported as mean ± standard deviation of triplicate results. (D) The half time (t50) of the aggregation kinetics. For aggregation of 
Aβ40 with Zn2+ of 5–100 μM, the t50 value of the second aggregation phase is reported. (E) Relative ThT fluorescence intensity obtained at the end of the aggregation 
kinetics of Aβ40 shown in panel A. (F–H) Tapping mode AFM images of Aβ40 only samples measured at the time point I indicated in panel A (F), time point II (G), and 
at the end of the aggregation kinetics experiment (H). (I–L) Tapping mode AFM images of Aβ40 incubated with 10 μM Zn2+ measured at the time point I (I), time 
point II (J), time point III (K), and after 3 d of incubation (L). 
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peptide was lyophilized to obtain powder samples. The molecular 
weight of Aβ40 was verified to be 4330 by matrix-assisted laser 
desorption ionization (MALDI) mass spectrometry. The Aβ40 peptide 
utilized in the study was further monomerized as described previously 
[23]. 

2.2. Kinetic aggregation assay of Aβ40 using thioflavin T (ThT) 

The aggregation kinetics followed by ThT fluorescence were 
measured as described previously [24]. Briefly, monomerized Aβ40 
peptide solution was diluted to a final concentration of 10 μM in a pH 7.4 
phosphate buffer solution (50 mM Na-phosphate) which also contained 
20 μM ThT. 100 μL solution was then transferred into a well of a 96-well 
microplate (Costar black, clear bottom). The plate was loaded into a 
Gemini SpectraMax EM fluorescence plate reader (Molecular Devices, 
Sunnyvale, CA) and incubated at 37 ◦C. The fluorescence (excitation at 
440 nm, emission at 485 nm) was measured from the bottom of the plate 
at 10 min intervals, with 5 s of agitation before each reading. 

2.3. Atomic force microscopy (AFM) 

An aliquot of the peptide solution (20 μL) was adsorbed onto the 
surface of fresh mica (8 × 8 mm) for 5 min. The liquid was wicked off by 
absorption into filter paper. Salt and unbound materials were washed in 
triplicate by 20 μL of Milli-Q H2O and removed by filter paper absorp
tion. The samples were dried over night before measurement. The AFM 
images were acquired in tapping mode at a drive frequency of approx
imately 150 kHz using AFMWorkshop HR (Hilton Head Island, SC) with 
AFMWorkshop ACLA-10-W cantilevers. Multiple AFM imaging scans 
were performed at different spots on mica surface to ensure that the 
imaging results represent the morphological properties of the sample 
and avoid experimental bias caused by potentially inhomogeneous dis
tribution of sample on the mica surface. 

2.4. Circular dichroism (CD) 

The fresh peptide sample was diluted to a final concentration of 50 
μM in 10 mM phosphate buffer of pH 7.4 with a total volume of 300 μL in 
1 mm path length quartz sample cuvettes. The cuvettes were incubated 
quiescently at 37 ◦C in an incubator (VWRTM). At desired time points, 
CD spectra were collected on a J-810 spectropolarimeter (JASCO). Five 
scans were averaged for each sample. 

3. Results & discussion 

3.1. Effect of Zn2+ on the kinetics of Aβ40 aggregation 

The effect of Zn2+ on aggregation kinetics of Aβ40 was monitored by 
using the fluorescence of ThT. The fluorescent dye ThT interacts with 
β-sheet-rich structures in amyloid fibrils leading to an increase in the 
fluorescence intensity in the vicinity of 480 nm. As shown in Fig. 1A, the 
aggregation kinetics of 10 μM Aβ40 peptide in pH 7.4 phosphate buffer 
exhibits a typical single sigmoidal appearance containing a lag phase 
which is suggested to be associated with nucleation of Aβ, a fast growth 
phase linked to fibril elongation, and a final stationary phase indicating 
the formation of mature amyloid fibrils. The half time (t50) of the growth 
phase of the Aβ40 amyloidogenesis under the current condition was 
approximately 12 h, where t50 is defined as the time at which the fluo
rescence intensity reaches the midpoint between the pre- and post- 
aggregation baselines. The addition of 1 μM Zn2+ slightly delays the 
growth phase (Fig. 1A), and the t50 value of the aggregation kinetics was 
postponed to ~13.4 h. A weak but noticeable fast increase of the ThT 
fluorescence intensity is observed in the lag phase of the aggregation 
(Fig. 1A and B). In the presence of 5 μM Zn2+, the early initiation of the 
aggregation process becomes more significant, and the aggregation 
growth phase is further retarded to the t50 of ~19 h (Fig. 1A and B). The 

addition of higher concentration of Zn2+ leads to a more striking early 
aggregation phase in the kinetics (Fig. 1B), and the relative ThT fluo
rescence intensity during the growth of this early aggregation kinetics 
increases with increasing Zn2+ concentration (Fig. 1B and C). The 
appearance of this early aggregation phase observed in the presence of 
Zn2+ suggests that Zn2+ likely initiates a fast self-assembly of monomers 
and facilitates the oligomeric nucleus formation during the aggregation 
of Aβ, consistent with some previous reports [11–13]. 

The morphology of Aβ40 aggregates formed in the absence and 
presence of Zn2+ was studied by AFM imaging. As shown in Fig. 1F, at 
the time point I (indicated in Fig. 1A) in the early lag phase of Aβ ag
gregation with negligible ThT fluorescence intensity, only very few 
spherical oligomeric species were observed, and no fibrillar structures 
formed in the Aβ40 only sample. In contrast, a considerable amount of 
spherical oligomers was observed and a few fibrillar structures were also 
identified at the same time point in the Aβ40 sample with 10 μM Zn2+

(Fig. 1I). This is consistent with the ThT kinetics results showing that the 
addition of Zn2+ triggers a faster nucleation and aggregation of the 
peptide. At the time point II (Fig. 1A) of the first growth phase of the 
aggregation kinetics of Aβ40 with Zn2+, an appreciable amount of am
yloid fibrils was identified (Fig. 1J), whereas only spherical oligomers, 
prefibrillar and short fibrillar structures formed in the Aβ40 sample 
without Zn2+ (Fig. 1G). Taken together, both the fluorescence kinetics 
and the AFM imaging results indicate the role of Zn2+ in promoting the 
oligomer and fibril formation during the aggregation of Aβ. 

Intriguingly, the results of the kinetics from this study show that the 
addition of increasing concentration of Zn2+ gradually converts the 
original single sigmoid aggregation kinetics to a biphasic process under 
the current experimental condition. In particular, two distinct aggre
gation phases were clearly identified in the presence of 10 μM or higher 
concentration of Zn2+ (Fig. 1A). Here, we define the t50 of the second 
phase as the time at which the fluorescence intensity reaches the 
midpoint of the first stationary phase and the maximum of the ThT 
fluorescence intensity measured at the end of the experiment. Under the 
current experimental condition, Zn2+ delays the appearance of the 
second aggregation phase remarkably in a dose-dependent manner 
(Fig. 1D). For instance, in the presence of 10 μM Zn2+, the t50 of the 
second aggregation phase is ~35 h, ~3-folds of that of the single sig
moid kinetics of Aβ40 only. Higher amount of Zn2+ leads to a larger t50 
value of the second aggregation phase. The final intensity of the fluo
rescence of the second phase also decreases with increased concentra
tion of Zn2+ (Fig. 1E). These results suggest that Zn2+, although 
initiating and facilitating a fast aggregation process, can significantly 
delay the second aggregation phase during Aβ amyloid formation. This is 
probably in accord with some previous studies suggesting the inhibitory 
activity of Zn2+ on Aβ40 amyloidogenesis [10]. The morphology of the 
amyloids formed in the first stationary phase (time point III in Fig. 1A), 
as depicted in Fig. 1K, is similar to that observed in the first growth 
phase (Fig. 1J) and the amyloid imaging acquired after 3 d incubation 
(Fig. 1L), while the amyloid fibrils of Aβ40 only collected at the end of 
the kinetics experiment (Fig. 1H) are curlier in comparison to that of 
Aβ40 with Zn2+. 

Zn2+ has been reported to coordinate with Aβ via interacting with 
the N-terminal hydrophilic region of the peptide, especially the three 
histidine residues, His6, His13 and His14 [7]. These interactions could 
putatively arrange the N-terminal region into a more ordered confor
mation to some extent, and further favor the intermolecular hydro
phobic interactions to initiate nucleation, thus promoting the formation 
of oligomeric nuclei for the onset of a fast early aggregation phase. At 
the acidic pH of 5.0, there is no significant change of the aggregation 
kinetics of Aβ40 when Zn2+ is added (Fig. S1). This suggests the 
importance of His residues involved in the interactions with the metal 
ion. At this pH value, the His residues are largely protonated and contain 
positive charge which may impair the coordination of Zn2+ with the 
peptide, thus reducing the kinetic influence of Zn2+ on Aβ aggregation. 

The Zn2+-induced dose-dependent retardation of the second 
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aggregation phase could be due to a number of possible reasons. It may 
be attributed to the aggregation of the remaining free Aβ monomers that 
do not coordinate with Zn2+ and are not involved in the fast aggregation 
process. Increasing the concentration of Zn2+ can facilitate the self- 
assembly of Aβ during the first aggregation phase and therefore 
decrease the amount of free Aβ remained in solution, which may lead to 
a retarded secondary aggregation. Alternatively, the second aggregation 
phase may be correlated to a morphological rearrangement of the ag
gregates formed in the first phase to form the aggregated structures that 
bind more efficiently with ThT. In either plausible scenario, the results 
suggest that the amyloids formed in the presence of Zn2+ might have 
different packing properties between the monomeric molecules 
compared to those formed without Zn2+, although the morphology of 
the amyloid fibrils formed in both conditions is comparable as shown in 
the AFM imaging results. The CD spectrum of the fresh Aβ40 (Fig. 2) 
suggests a random coil structure of the peptide in solution. Over the 
incubation period, a negative band at ~216 nm appears with a positive 
band at ~195 nm, suggesting the formation of β-sheet-like structures 
upon aggregation. In the presence of Zn2+, the band change in the CD 
spectra over time becomes slower and more complex (Fig. 2). It was 
suggested that the orientation and twisting of β-sheets can affect the CD 
characteristics of proteins and amyloids [25]. Our results imply that the 
amyloid fibrils of Aβ40 co-incubating with Zn2+ may contain different 
structural characteristics such as distinct twisting angles of the β-strand 
in the aggregates. This also indicates that Zn2+ can modulate Aβ ag
gregation at different stages including both the early oligomerization 
and the subsequent elongation phase, and the overall impact is con
centration sensitive. 

Although it has been well recognized that Aβ generally undergoes a 
typical sigmoidal kinetics during aggregation, the emergence of biphasic 
aggregation kinetics of Aβ has recently been reported by different 
research groups [26–29]. For instance, by studying a dimAβ, in which 
two Aβ40 unites were connected through a flexible glycine-serine-rich 
linker, Hasecke et al. found that increasing peptide concentration 
above a critical value converted the aggregation kinetics from sigmoidal 
to biphasic [28], including a lag-free initial phase linked to the forma
tion of off-pathway oligomers and a second phase attributed to fibril 
nucleation and growth. Their results also suggested that the off-pathway 
oligomers compete with fibrils for monomers and inhibit the autocata
lytic amplification of amyloid fibrils, leading to the retardation of the 
second aggregation phase [29]. These studies highlight the sensitivity of 
the mechanistic details of protein aggregation on the specific experi
mental conditions and environments. Factors such as protein concen
tration and metal ions may significantly modify the aggregation 
pathway of proteins. Here in this study, Zn2+ promotes the formation of 
oligomeric nuclei and fibrillar structures in the first aggregation phase. 
This probably indicates that the oligomers formed in the presence of 
Zn2+ are efficient on-pathway nuclei favorable for further growth to 

form fibrils. 

3.2. Effect of carnosine on Aβ40 aggregation kinetics 

Carnosine is a bioactive molecule that has been indicated to provide 
protective benefits for counteracting to neurodegenerative conditions 
[30]. Recent studies reported that carnosine can inhibit the aggregation 
of amyloidogenic proteins such as α-crystallin and Aβ42 [21,31,32], 
which may ameliorate the toxicity of protein aggregates. The aggrega
tion kinetics results here show that the presence of a high concentration 
of carnosine decreases the ThT fluorescence intensity in the final plateau 
phase of Aβ40 aggregation (Fig. 3). For instance, the final ThT fluores
cence intensity drops ~20% in the presence of 5 mM carnosine (Fig. 3B). 
There is a ~53% drop in the ThT fluorescence intensity when 10 mM 
carnosine is added. These results are in accord with the previous reports 
of the inhibitory activity of carnosine on the aggregation of Aβ42 [21, 
32]. The addition of low concentration of carnosine, e.g., 1 mM or lower, 
does not decrease the final ThT fluorescence intensity dramatically, 
indicating a relatively modest inhibitory activity of the compound on 
Aβ40 aggregation. In addition, the addition of carnosine exerts little 
effect on the lag time of the aggregation kinetics, and the t50 values of the 
aggregation kinetics without or in the presence of different amount of 
carnosine are similar (Fig. 3C). A previous study by Attanasio et al. 
suggested that carnosine can bind to Aβ42 peptide and perturb the 
hydrogen bonding network in and around the central hydrophobic 
cluster, which may block the fibrillogenesis pathway of Aβ42 [21]. The 
weak influence of carnosine on the lag phase and t50 of Aβ40 aggregation 
observed here suggests that the interaction of carnosine and Aβ40 does 
not significantly perturb the early oligomerization process toward 
forming the crucial aggregation nucleus. Instead, it might interfere to 
some extent with the growth of oligomeric nuclei to form amyloid fi
brils. The relatively high concentration of carnosine required for sup
pressing amyloid formation indicates a weak interaction of carnosine 
and the peptide. 

3.3. Effect of carnosine on Zn2+-mediated Aβ40 aggregation 

One of the characteristic functions of carnosine is its capability to 
chelate with metal ions including Zn2+ [33]. It has been reported that 
carnosine coordinates to Zn2+ as a quadridentate ligand [34]. It is 
indicated that carnosine may contribute to the regulation of Zn2+

availability in the brain [35]. Therefore, in addition to directly inter
acting with Aβ to modulate its aggregation properties, carnosine may 
also influence Aβ aggregation in vivo indirectly by interacting with 
metal ions such as Zn2+. To assess the impact of carnosine on 
Zn2+-mediated Aβ aggregation, we measured the aggregation kinetics of 
Aβ40 (10 μM) in the presence of Zn2+ (10 μM) and different amounts of 
carnosine. As shown in Fig. 4, the addition of carnosine with a 

Fig. 2. CD spectra of Aβ40 (50 μM) alone (A) and in the presence of 50 μM Zn2+ (B). The peptide was incubated quiescently at 37 ◦C in pH 7.4 phosphate buffer (10 
mM Na-phosphate) and the spectra were measured at various time points of the incubation period. 
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concentration up to 2.5 mM gradually accelerates the aggregation rate 
in the second aggregation phase. The t50 value of the second aggregate 
phase decreases in a manner that correlates with the carnosine con
centration (Fig. 4C). This is most likely because that carnosine chelates 
with Zn2+ and therefore impairs the activity of Zn2+ on retarding the 
second aggregation kinetics. 

In the meantime, the addition of carnosine also suppresses the early 
aggregation phase induced by Zn2+ (Fig. 4B). The ThT fluorescence in
tensity in this early phase diminishes with the increase of carnosine. In 
the presence of 5 mM carnosine, the early aggregation phase is signifi
cantly suppressed and barely detectable (Fig. 4B). The aggregation ki
netics is essentially converted back to a single sigmoidal trace, while the 
half time of the aggregation kinetics is still longer than that of Aβ 
without Zn2+. The addition of 10 mM carnosine largely eliminates the 
influence of Zn2+ on Aβ aggregation, and the kinetics trace becomes 
comparable to that of Aβ only. This is most likely due to the chelation of 
most of Zn2+ by carnosine, thus eliminating the impact of Zn2+ on ag
gregation. Our results also suggest that Zn2+-carnosine complex prob
ably does not bind to Aβ efficiently, showing little impact on peptide 
aggregation. The effect of carnosine on Zn2+-mediated Aβ aggregation 
was also confirmed by AFM (Fig. S2). The presence of 10 mM carnosine 
strongly suppressed Zn2+-induced fast formation of fibrillar structures, 
whereas low amount of carnosine (100 μM) did not effectively inhibit 
Aβ40 fibril formation during the first aggregation phase, consistent with 
the ThT kinetics results. 

In this study, we have investigated the kinetic impact of Zn2+ on the 

aggregation of Aβ40 peptide. Our results show a transition of the ag
gregation kinetics from a single sigmoidal to a biphasic process upon the 
presence of Zn2+. As illustrated in Fig. 5, the interactions of Zn2+ and the 
peptide can facilitate the self-assembly of monomers to form on- 
pathway oligomeric intermediates, which further grow to form fibrils 
in the first fast aggregation phase. The second aggregation phase of Aβ40 
is retarded by Zn2+ in a dose-dependent manner. The future cytotoxicity 
studies on oligomers and amyloids formed during the first and second 
aggregation stages will provide insight into the influence of this metal 
ion on Aβ toxicity. Elucidation of the structural characteristics of Aβ 
aggregates formed at different stages of the aggregation using high 
resolution methods such as NMR will also be crucial for understanding 
the mechanistic role of Zn2+ in regulating Aβ cytotoxicity. In addition, 
our results show that carnosine has weak effect on the aggregation ki
netics of Aβ40, although high concentration of carnosine mildly inhibits 
Aβ40 aggregation which is consistent with previous studies [21]. 
Furthermore, our study shows that carnosine remarkably decreases the 
activity of Zn2+ on modulating Aβ aggregation, most likely via the co
ordination with the metal ion to form chelate (Fig. 5). The results 
indicate a promising in vivo protective effect of this natural dipeptide 
against Aβ cytotoxicity by suppressing Zn2+-induced rapid oligomeri
zation and fibrillation of Aβ under physiological conditions. 

Declaration of cometing interest 

The authors declare that they have no known competing financial 

Fig. 3. Effect of carnosine on Aβ40 aggregation. (A) 
Aggregation kinetics of Aβ40 (10 μM) alone and in 
the presence of different concentrations of carnosine 
followed by ThT fluorescence at 37 ◦C in pH 7.4 
phosphate buffer (50 mM Na-phosphate). (B) Relative 
ThT fluorescence intensity at the end of the aggre
gation kinetics of Aβ40 in the absence or presence of 
different concentrations of carnosine. The data are 
reported as mean ± standard deviation of triplicate 
results. (C) The half time (t50) of the aggregation ki
netics of Aβ40 shown in panel A.   
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Fig. 4. Effect of carnosine on Zn2+-mediated aggre
gation of Aβ40. (A) Aggregation kinetics of Aβ40 (10 
μM) without or with Zn2+ (10 μM) and different 
concentrations of carnosine followed by ThT fluores
cence at 37 ◦C in pH 7.4 phosphate buffer (50 mM Na- 
phosphate). (B) Expansion of the early stage of the 
aggregation kinetics curves shown in panel A. (C) The 
half time (t50) of the aggregation kinetics of Aβ40 
without or with Zn2+ (10 μM) and different concen
trations of carnosine. The t50 values of the second 
aggregation phase are reported for the samples with 
10 μM Zn2+ and 0–2.5 mM carnosine. The data are 
presented as mean ± standard deviation of triplicate 
results.   

Fig. 5. Schematic diagram of the proposed effects of Zn2+ and carnosine on the aggregation pathway of Aβ40.  
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[10] A. Abelein, A. Gräslund, J. Danielsson, Zinc as chaperone-mimicking agent for 
retardation of amyloid β peptide fibril formation, Proc. Natl. Acad. Sci. U.S.A. 112 
(2015) 5407–5412. 

[11] A.I. Bush, W.H. Pettingell, G. Multhaup, M.d. Paradis, J.-P. Vonsattel, J.F. Gusella, 
K. Beyreuther, C.L. Masters, R.E. Tanzi, Rapid induction of Alzheimer Aβ amyloid 
formation by zinc, Science 265 (1994) 1464–1467. 

[12] J. Guo, L. Yu, Y. Sun, X. Dong, Kinetic insights into Zn2+-induced amyloid 
β-protein aggregation revealed by stopped-flow fluorescence spectroscopy, J. Phys. 
Chem. B 121 (2017) 3909–3917. 

[13] M.-C. Lee, W.-C. Yu, Y.-H. Shih, C.-Y. Chen, Z.-H. Guo, S.-J. Huang, J.C. Chan, Y.- 
R. Chen, Zinc ion rapidly induces toxic, off-pathway amyloid-β oligomers distinct 
from amyloid-β derived diffusible ligands in Alzheimer’s disease, Sci. Rep. 8 (2018) 
1–16. 
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