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Abstract Abnormal aggregation of amyloid-b (Ab) peptides and associated inflammation and

apoptosis in cerebrovascular endothelial cells are prelude to inhibition of onset of vascular dementia

(VaD). Although small molecules have been widely used to mitigate the cell damage induced by

aggregated species of Ab, its molecular mechanism based on anti-amyloid properties and corre-

sponding mitigation of cytotoxicity against cerebrovascular endothelial cells have not been eluci-

dated. Herein, we used cryptotanshinone as the major bioactive compound from the root of

Salvia miltiorrhiza Bunge to effectively inhibit Ab fibrillation and associated cytotoxicity. Thoflavin

T (ThT) and 1-Anilino-8-naphthalene sulfonate (ANS) fluorescence, Congo red, and circular

dichroism (CD) analyses indicted that cryptotanshinone potentially inhibit Ab1-42 aggregation

through elongation of nucleation phase, apparent decrease in the slope of the growth phase, and

the final fluorescence intensity in a concentration-dependent manner. Also, cell viability, inflamma-

tion and capsae-3 assays showed that co-incubation of Ab1-42 peptide with cryptotanshinone in the

aggregation buffer not only mitigated their cytotoxicity, but also reduced the levels of TNF-a, IL-
1b, IL-6 and caspase-3 activity in cerebrovascular endothelial cells induced by Ab1-42. This study
uzhou
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suggested that cryptotanshinone may show a great promise in the development of small molecule-

based platforms for the treatment of VaD.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Vascular dementia (VaD) as the second most common type of demen-

tia after Alzheimer’s disease (AD) typically originates from cerebrovas-

cular disease (Román, 2003), during which, cerebrovascular

endothelial cells are damaged (Wang et al., 2018). Cerebrovascular

endothelial cell dysfunction arises before the emergence of VaD and

can finally disrupt the cerebral blood flow and induce blood–brain bar-

rier injury, followed by the upregulation of inflammatory mediators in

the brain, inducing cognitive impairment (Román, 2003; Wang et al.,

2018). The effects of VaD can range in severity from mild to severe.

Symptoms can have a profound effect on a person’s quality of life

and on their ability to live independently (Román, 2003).

The evaluation of pathological markers of AD in areas of trau-

matic damage have suggested that amyloidogenic peptides are pre-

sented in damaged sites of the brain (Siman et al., 1989; Otsuka

et al., 1991; Nakamura et al., 1992). Also, there has been a preliminary

affirmation to indicate that Ab1-42 peptides aggregates in patients with

multi-infarct dementia, and this aggregation is indistinguishable to

that observed in patients with AD (Kalaria et al., 1999). These

reported outcomes have crucial applications for compounds that act

as potential inhibitors against amyloid formation. Indeed, aggregated

forms of Ab1-42 peptides can be irreversibly cytotoxic against neurons

and cerebrovascular endothelial cells, and inhibition of protein aggre-

gation has been shown to prevent cerebrovascular cells dysfunction

(Chi et al., 2000; Xi et al., 2012). For example, it has been shown that

small molecules like potassium channel openers (Chi et al., 2000), fla-

vonoids (Xi et al., 2012), and lutein (Liu et al., 2017) prevent Ab from

production of aggregated species and relevant cytotoxicity against

cerebrovascular endothelial cells. Above all, these outcomes verify

the idea that aggregated species are as the crucial events causing

increases in the appearance of VaD.

Traditional Chinese herbal medicine has been extensively used for

the treatment of VaD (Chan et al., 2018). Cryptotanshinone is known

as the major bioactive compound extracted from the root of Salvia mil-

tiorrhiza Bunge, which recently used in the treatment of wide range of

diseases such as cancer (Chen et al., 2013), diabetes (Kim et al., 2007),

obesity (Kim et al., 2007), and neurodegenerative (Yu et al., 2007) dis-

orders. Although, the protective effects of cryptotanshinone on some

neurodegenerative diseases such as stroke and AD has been reported

(Yu et al., 2007), its molecular mechanism based on anti-amyloid prop-

erties and corresponding mitigation of cytotoxicity against cerebrovas-

cular endothelial cells as a prelude to VaD are not well understood.

Herein, we explored cryptotanshinone as a promising inhibitor of

Ab aggregation, leading to mitigation of cell mortality, oxidative stress

and apoptosis in cerebrovascular endothelial cells.
2. Materials and methods

2.1. Materials

Ab1–42 was obtained from Wuhan Moon Bioscience ltd.

(Wuhan, China). Thioflavin T (ThT), 1-Anilino-8-
naphthalene sulfonate (ANS), 1,1,1,3,3,3-hexafluoroisopropa
nol (HFIP), Fetal bovine serum (FBS) and DMEM high-

glucose medium and cryptotanshinone were obtained from
Sigma Chemical Co. (St. Louis, MO, USA).
2.2. Methods

2.2.1. Amyloid preparation

The protein purification and amyloid preparation was done

based on the literature (Qi et al., 2020). Briefly, Ab1–
42 (1 mg/ml) was solubilized in HFIP followed by ultrasonica-
tion (30 min), incubation at room temperature (24 h), HFIP

evaporation under vacuum, dissolvation in sodium hydroxide
solution, and centrifugation (15,000 rpm for 20 min) to have
monomeric Ab1–42. The Ab1–42 concentration was then mea-
sured employing UV spectrophotometry by tyrosine as a stan-

dard. Also, circular dichroism spectroscopy (CD) study was
performed to examine the secondary structure of the purified
protein. To explore the inhibitory effect of cryptotanshinone

against amyloid formation of Ab1–42 (40 mM), the protein in
the tris (hydroxymethyl) aminomethane buffer (pH 7.4) was
co-incubated with different concentrations of cryptotanshi-

none (4, 20, 40 mM) or Ab1–42 alone at 37 �C for 48 h. These
concentrations of cryptotanshinone were used as the lowest
concentrations which may show inhibitory effects against pro-

tein aggregation.

2.2.2. ThT fluorescence analysis

ThT fluorescence assay was done with a spectrophotometer

(Bruker, Germany). ThT solution (25 mM) in water was pre-
pared and filtered through a 0.22 lm Millipore filter. Ab1–42
(40 lM) samples co-incubated with different concentrations
of cryptotanshinone (4, 20, 40 mM) or Ab1–42 alone, were col-

lected at different time intervals. Each sample (100 mL) was
then mixed with 900 mL ThT solution, incubated for 15 min,
excited at 440 nm and emission was recorded at 485 nm. The

slit width for both emission and excitation assays were fixed
at 5 nm. All assays were run at least three times to calculate
the average data. The emission of the samples without protein

was measured and subtracted as background from the sample.
The kinetic study was also done using the relevant equation
reported in the literature (Nilsson, 2004).

2.2.3. ANS fluorescence intensity

Ab1–42 (40 lM) samples co-incubated with different concentra-
tions of cryptotanshinone (4, 20, 40 mM) or Ab1–42 alone, were
collected 48 h. Each sample (100 mL) was then mixed with
900 mL ANS solution, incubated for 30 min at room tempera-
ture in the dark, and excited at 380 nm and emission was

recorded between 430 and 650 nm. The other experimental
set up was similar to ThT fluorescence assay.

2.2.4. Congo red adsorption assay

Different Ab1–42 (40 lM) samples either alone or co-incubated
with different concentrations of cryptotanshinone (4, 20,
40 mM), were collected at 48 h. Then, each sample (250 mL)
was mixed with 750 mL Congo red solution (50 mM), and incu-

bated for 30 min at room temperature in the dark. Afterward,
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the absorbance of the samples was read between 400 and
600 nm using a on Shimadzu UV–vis spectrophotometer.

2.2.5. Circular dichroism (CD) measurements

Ab1–42 (40 lM) samples co-incubated with different concentra-
tions of cryptotanshinone (4, 20, 40 mM) or Ab1–42 alone, were
collected at 48 h, diluted to the final concentration of 2 mM,

and analyzed with a JASCO spectropolarimeter (JASCO,
Japan). The ellipticity changes were read from 260 to 190 nm
with a scanning speed of 100 nm/min in a 0.1 cm cuvette.

2.2.6. Cell culture

Mouse cerebrovascular endothelial cells (bEnd.3) (CRL-2299,
ATCC, USA) were cultured in DMEM containing FBS

(10 %), penicillin (100 U/mL) and streptomycin (100 U/mL)
at 37 �C at 5 % CO2. The bEnd.3 cells were passaged every
2–3 days to reach 70–80 % confluence. For cellular assays,

cells were exposed to Ab1–42 samples (4 mM) aged in aggrega-
tion buffer for 12 h either alone or with different concentra-
tions of cryptotanshinone for 24 h, where the highest

corresponding concentration of cryptotanshinone was 4 mM.

2.2.7. MTT assay

Cell viability was examined via MTT assay. In brief, the cells

were cultured and subjected to different Ab1–42 species (aged
for 12 h) as described above for 24 h. 20 lL of MTT (5 mg/
mL) was then added, incubated at 37 �C for another 4 h,

replaced with 150 lL of DMSO, and finally the OD values
were determined using a microplate reader (Thermo, USA)
at a wavelength of 570 nm. Cell viability was then reported
as a percentage of the control group treated with an aggrega-

tion buffer.

2.2.8. Enzyme-Linked immunosorbent assay (ELISA) to TNF-

a, IL-1b, IL-6

Quantification of TNF-a, IL-1b, IL-6 in the cell culture med-
ium was performed by TNF-a, ELISA kit (Abcam 108910),
IL-1b (Abcam 197742), IL-6 (Abcam 100713) according to

the manufacturer’s protocols.

2.2.9. Caspase-3 activity assay

The cells were homogenized and protein quantification in the
supernatant was done based on the Bradford assay after cen-
trifugation. Then, 20 mg of protein was used for determination
of caspase-3 activity (Abcam 39401) according to the manufac-

turer’s protocols.

2.2.10. Statistical analysis

Statistical analysis was done through one-way analysis of vari-
ance (ANOVA) with SPSS software. All results were expressed
as mean ± SD from at least three independent experiments
and statistical significance was fixed at p < 0.05.
3. Results

3.1. Influence of cryptotanshinone on the fibrillation of Ab1–42

Ab1–42 (40 mM) was incubated aggregation buffer without or

with different concentrations of cryptotanshinone (4, 20,
40 mM) at 37 �C, and Ab1–42 aggregated, first, by forming
nucleus, then growing into oligomers and fibrils, and finally
steady-state phase.

The kinetics of Ab1–42 aggregation in the presence of differ-
ent concentrations of cryptotanshinone (4, 20, 40 mM) or Ab1–
42 alone were assessed by ThT assay (Fig. 1). When 4, 20 and

40 lM cryptotanshinone were incubated with 40 lM Ab1–42 -
monomer during fibrillization process, the fluorescence inten-
sity of ThT was decreased in a concentration-dependent

manner and was not based on the fluorescence quenching (data
not shown), revealing that cryptotanshinone prevented Ab

1–42
-

aggregation. It was also seen that in the presence of cryptotan-
shinone, the lag phases are delayed continually as the

concentration of cryptotanshinone raises (Fig. 1), meanwhile,
the slope of the growth phase and the final fluorescence inten-
sity decrease in a dose-dependent fashion. These data show

that cryptotanshinone has potential to inhibit Ab1–42 fibrilla-
tion, and the Ab1–42 cryptotanshinone complexes appeared in
molar ratio of 1:1 can provide strongest capability to prevent

the fibrillation of Ab1–42 (Fig. 1).

3.2. Influence of cryptotanshinone on the formation of
hydrophobic patches of Ab1–42

Ab1–42 peptide during aggregation forms more hydrophobic
patches than Ab1�42 monomer, promotes faster fibrillization
and induces more cytotoxic effects. The influence of cryptotan-

shinone on the formation of hydrophobic patches of Ab1–
42 was assessed by reading ANS fluorescence intensity. When
ANS interacts with the hydrophobic patches of amyloid oligo-

mers or fibrils, the amount of the formed hydrophobic moieties
has a linear relationship with the ANS fluorescence intensity.

The ANS fluorescence emission of Ab1–42 samples in the

presence of different concentrations of cryptotanshinone (4,
20, 40 mM) or Ab1–42 alone was then determined by ANS anal-
ysis (Fig. 2). It was observed that incubation of cryptotanshi-

none with 40 lM Ab1–42 monomer during aggregation resulted
in the reduction in the ANS fluorescence intensity with an
obvious red shift in kmax in a concentration-dependent man-
ner. This data showed that cryptotanshinone mitigated the for-

mation of hydrophobic patches during Ab1–42 aggregation and
the Ab1–42 cryptotanshinone complexes formed in molar ratio
of 1:1 can show strongest ability to prevent the formation of

hydrophobic moieties of Ab1–42 (Fig. 2).

3.3. Influence of cryptotanshinone on the structure of Ab1–42

The Congo red interaction upon aggregation of Ab1–42 and
appearance of b-sheets structures increases, which result in a
significant increase in the Congo red absorbance and corre-

sponding red shift. Therefore, the protective effects of cryp-
totanshinone on the formation of b-sheet structures of Ab1–
42 was investigated by reading Congo red absorption intensity.
Indeed, when Congo red interacts with the b-sheet structures
of amyloid oligomers or fibrils, the amount of the aggregated
species has a linear relationship with the Congo red absorption
intensity.

The Congo red absorption spectra of Ab1–42 samples in the
presence of different concentrations of cryptotanshinone (4,
20, 40 mM) or Ab1–42 alone was then determined by UV–vis

spectroscopy (Fig. 3). It was revealed that incubation of cryp-



Fig. 1 ThT fluorescence analysis of Ab1–42 samples co-incubated

with different concentrations of cryptotanshinone at different time

intervals.

Fig. 2 ANS fluorescence analysis of Ab1–42 samples co-incu-

bated with different concentrations of cryptotanshinone after 48 h.

Fig. 3 Congo red absorbance analysis of Ab1–42 samples co-

incubated with different concentrations of cryptotanshinone after

48 h.

Fig. 4 CD analysis of Ab1–42 samples co-incubated with differ-

ent concentrations of cryptotanshinone after 48 h.
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totanshinone with 40 lM Ab1–42 monomers during aggrega-

tion led to a remarkable reduction in Congo red absorbance
with an apparent blue shift in kmax. It was also seen this poten-
tial effect of the reduction of Congo red absorbance was done
based on a concentration-dependent manner. This data dis-

played that cryptotanshinone mitigated the structural changes
and appearance of b-sheets structures during Ab1–42 (Fig. 3).

3.4. Influence of cryptotanshinone on the secondary structure of
Ab1–42

We then analyzed the secondary structure of Ab1–42 in the

presence of cryptotanshinone by circular dichroism (CD) spec-
troscopy study. Ab1–42 displayed a disordered structure at 0 h
in aggregation buffer (Fig. 4). After a 48 h incubation, the

197 nm peak as a marker of random coil conformation disap-
peared and a new minimum around 216 nm was observed
(Fig. 4), revealing the formation of Ab1–42 aggregated species

and presence of the b-sheet structure. After a 48 h incubation,
Ab1–42 in the presence cryptotanshinone showed a low number
of b-sheet structures, and this protective effect on the sec-

ondary structural changes of Ab1–42 was more effective in
higher concentrations of cryptotanshinone than that of lower
one (Fig. 4). This analysis indicates that cryptotanshinone

were likely to inhibit Ab1–42 amyloid growth in a concentration
dependent manner.

3.5. Effects of cryptotanshinone on cytotoxicity of Ab1–
42 aggregated spices on bEnd-3 cells

After incubation of bEnd.3 cells with cryptotanshinone
(4 mM), Ab1–42 monomer (4 mM), Ab1–42 aggregated (4 mM),

or Ab1–42 amyloid (4 mM) co-incubated with different concen-
trations of cryptotanshinone for 12 h, the viability of cells after



Cryptotanshinone against vascular dementia through inhibition of Ab aggregation and inflammatory responses in cerebrovascular endothelial cells 5
24 h was then assessed by MTT assay (Fig. 5). It was indicated
that when the bEnd.3 cells incubated with cryptotanshinone,
the viability of cells was not significantly reduced relative to

the control group, indicating the biocompatibility of cryp-
totanshinone as a natural compound. However, in the presence
of Ab1–42 either in the form of monomeric or aggerated spe-

cies, the viability of bEnd.3 cells significantly reduced relative
to control cells, indicating the possibility of Ab1–42 aggregation
in the presence of bEnd.3 cells. On the other side, the cytotoxic

effect of Ab1–42 samples aged (12 h) in the presence of cryp-
totanshinone against bEnd.3 cells after 24 h suggested that
cryptotanshinone reduced the cytotoxicity of Ab1–42 samples
in a concentration-dependent manner.

3.6. Effects of cryptotanshinone on the level of inflammatory

mediators in bEnd-3 cells incubated with Ab1–42

Ab1–42 samples can induce inflammatory response which pro-
motes cellular damage and apoptosis. bEnd.3 cells were incu-
bated with different Ab1–42 species (4 lM) either aged alone

or co-incubated with various concentrations of cryptotanshi-
none (Fig. 6 a-c). The levels of inflammatory mediators, for
example, TNF-a (Fig. 6a), IL-1 b (Fig. 6b) and IL-6

(Fig. 6c) after 24 h were shown to be significantly increased
after incubation of cells with Ab1–42 aggerated spices alone.
However, it was seen that co-incubation of Ab1–42 samples
with cryptotanshinone aged for 12 h decreased the level of

inflammatory mediators in bEnd.3 cells in a concentration
dependent manner. Indeed, when Ab1–42 samples aged with
cryptotanshinone for 12 h, the level of inflammatory mediators

decreased in the cell culture and this protective effect was more
pronounced in the presence of higher concentrations of cryp-
totanshinone (Fig. 6 a-c).
Fig. 5 MTT assay of bEnd.3 cells upon incubation with

cryptotanshinone (4 mM), Ab1–42 monomer (4 mM), Ab1–42
aggregated (4 mM), or Ab1–42 amyloid (4 mM) co-incubated

(12 h) with different concentrations of cryptotanshinone after

24 h. The letters indicated the p < 0.05.
3.7. Effects of cryptotanshinone on the caspase-3 activity in
bEnd-3 cells incubated with Ab1–42

It was seen that Ab1–42 alone aged in the aggregation buffer
elevated the caspase-3 activity as an indicator of apoptosis,

while the presence of cryptotanshinone in the aggregation buf-
fer could reduce the level of caspase-3 activity induced by Ab1–
42 sample (Fig. 7). This data suggested that Ab1–42 protects
bEnd.3 cells from damage by Ab1–42 (4 lM). Therefore, the

promising activity of cryptotanshinone can protect bEnd.3
cells from Ab1–42 -induced inflammation and apoptosis.

4. Discussion

The present study showed the mechanisms underlying cere-
brovascular endothelial cell dysfunction during Ab1–42 aggre-
gation as a prelude to VaD.

Ab peptides have long been considered as an effective target
for treatment of neurodegenerative diseases (Maltsev et al.,

2011; Tanaka et al., 2019). Ab fibrillization in the brain tissue
is known to stimulate some pathological processes. Hence,
inhibiting the Ab peptide aggregation with some bioactive

components like small molecules could hold a great promise
in the development of new therapies for neurodegenerative dis-
eases (Tanaka et al., 2019). The exploration of cytotoxicity and
the associated mechanism induced by amyloid species provides

a novel impetus for the advancement of therapeutic platforms.
It has been indicated that aggregated species of Ab may: i)
directly stimulate synaptic dysfunction and neuronal damage,

both which are as potential markers of neurodegenerative dis-
eases initiation and progression (Reddy and Beal, 2008); and
ii) induce processes like inflammation, which lead to the pro-

gression of neurodegenerative diseases (Ruan et al., 2009).
Although production of Ab in the form of monomeric state
is, in and of itself, a physiologically associated process, their
fibrillization is pathogenic. Thus, development of potential

inhibitors against Ab aggregation may lead to promising mit-
igation in onset of some hallmark diseases in the brain. There-
fore, the approach of preventing aggregation of Ab, more

specially the Ab1-42 isoform, has held a great promise in
disorder-modifying therapy for neurodegenerative disease
(Tanaka et al., 2019).

Normally coexisting with AD, mixed VaD and neurodegen-
erative dementia has appeared as the main starting point of
age-associated cognitive impairment. Indeed, it has been found

that there is a biofunctional and pathogenic synergy between
neurons, glia and cerebrovascular cells (Zlokovic, 2011;
Ahmad et al., 2020), revealing a new strategy to reconsider
how changes in cerebrovascular endothelial cells function

could result in the neuronal damage underlying cognitive
impairment (Ahmad et al., 2020). These findings call for a
re-evaluation of the function of cerebrovascular factors in cog-

nitive impairment. VaD, a brain disorder, is known as a cogni-
tive impairment caused by cerebrovascular pathologies
(Snyder et al., 2015). Furthermore, it has been disclosed that

the patients suffering from different kinds of dementia have
mixed pathology, consisting (amyloid plaques and ischemic
lesions (Schneider et al., 2009). These findings have promoted



Fig. 6 ELISA assay of bEnd.3 cells for determination of TNF-a (a), IL-1 b (b) and IL-6 (c) upon incubation with cryptotanshinone

(4 mM), Ab1–42 monomer (4 mM), Ab1–42 aggregated (4 mM), or Ab1–42 amyloid (4 mM) co-incubated (12 h) with different concentrations

of cryptotanshinone after 24 h. The letters indicated the p < 0.05.
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a gain to potentially understand how cerebrovascular lesions

influence cognition and neurodegeneration (Iadecola, 2013).
We reported that the cryptotanshinone with a polycyclic

aromatic structure may interact with Ab residues and prevent

its aggregation. Determining the exact residues can be consid-
ered as a key factor to be evaluated in future research efforts.
It has been indicated in the literature that a compound which
binds a selective subregion should meet the following potential

criteria: i) it should possess moieties fitting for interacting with
amino acids in, or adjacent to, the binding site; and ii) the
molecule should be large enough to provide reasonable steric

hindrance (Nie et al., 2011). It seems that cryptotanshinone
can satisfy these criteria and therefore can be capable of
inhibiting Ab fibrillization by interaction with a specific subre-
gion. In agreement with this finding, it has been reported that

some typical Ab fibrillization inhibitors such as Congo red,
chrysamine G and curcumin provide a similar mechanism
(Reinke and Gestwicki, 2007).

Also, through the comprehensive evaluation and summa-
rization, the upregulation of inflammatory mediators and
caspase-3 are suggested to serve as targets of new bioactive-
based platforms for the treatment of VaD. It has been reported

that bioactive compounds can mitigate cerebrovascular
endothelial cell dysfunctions from Ab -triggered oxidative
damage (Xi et al., 2012; Liu et al., 2017), which based on

our results it may be indicated these protective effects is
through apparent anti-amyloid features of small molecules like
cryptotanshinone.



Fig. 7 Caspase-3 assay in bEnd.3 cells upon incubation with

cryptotanshinone (4 mM), Ab1–42 monomer (4 mM), Ab1–42
aggregated (4 mM), or Ab1–42 amyloid (4 mM) co-incubated

(12 h) with different concentrations of cryptotanshinone after

24 h. The letters indicated the p < 0.05.
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5. Conclusion

In general, ThT and ANS fluorescence, Congo red, and CD analyses

showed that cryptotanshinone inhibits amyloid plaque formation of

Ab1–42. Additionally, cryptotanshinone showed a negligible cytotoxic-

ity against bEnd.3 cells and also co-incubation of Ab1–42 with cryp-

totanshinone in aggregation buffer protected the cells from

inflammation and apoptosis induced by Ab1–42 alone as a prelude to

VaD. Future study should be done to focus on Ab1–42 aggrega-
tion in vivo and the role of small molecules like cryptotanshinone in

inhibition of this process. Additionally, whether cryptotanshinone

can potentially cross the blood brain barrier demands further studies.
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