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REVIEW ARTICLE

Salvia miltiorrhiza: A source for anti-Alzheimer’s disease drugs

Xiu-Zhen Zhang, Shao-Song Qian, Yue-Jie Zhang, and Rui-Qi Wang

School of Life Sciences, Shandong University of Technology, Zibo, PR China

Abstract

Context: Alzheimer’s disease (AD) is a devastating neurodegenerative disorder that affects
millions of elderly people worldwide. However, no efficient therapeutic method for AD has yet
been developed. Recently, Salvia miltiorrhiza Bunge (Lamiaceae), a well-known traditional
Chinese medicine which is widely used for treating cardio-cerebrovascular, exerts multiple
neuroprotective effects and is attracting increased attention for the treatment of AD.
Objective: The objective of this study is to discuss the neuroprotective effects and neurogenesis-
inducing activities of S. miltiorrhiza components.
Methods: A detailed search using major electronic search engines (such as Pubmed,
ScienceDirect, and Google Scholar) was undertaken with the search terms: Salvia miltiorrhiza,
the components of S. miltiorrhiza such as salvianolic acid B, salvianolic acid A, danshensu,
tanshinone I, tanshinone IIA, cryptotanshinone, dihydrotanshinone, and neuroprotection.
Results: Salvia miltiorrhiza components exert multiple neuroprotective potentials relevant to
AD, such as anti-amyloid-b, antioxidant, anti-apoptosis, acetylcholinesterase inhibition,
and anti-inflammation. Moreover, S. miltiorrhiza promotes neurogenesis of neural progenitor
cells/stem cells in vitro and in vivo.
Conclusions: The properties of S. miltiorrhiza indicate their therapeutic potential in AD via
multiple mechanisms. In addition, S. miltiorrhiza provides lead compounds for developing
new drugs against AD.
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Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative

disorder characterized by progressive cognitive and memory

impairment, senile plaques, neurofibrillary tangles, and

neuronal cell death (Cummings, 2004). Although the etiology

of AD remains unclear, a number of hypotheses have been

proposed to explain the pathogenesis of AD, such as the

amyloid hypothesis, oxidative stress hypothesis, and APOE

genotype (Butterfield, 2002; Butterfield et al., 2007; Huebbe

et al., 2007). The accumulated amyloid-b (Ab) is widely

regarded as the primary pathogenic species causing AD (Kim

& Tsai, 2009). The deposition of abnormal Ab peptides

causes oxidative injury and inflammation, which contributes

to AD pathogenesis. Therefore, Ab, inflammation, and

reactive oxygen species have become potential targets of

AD therapy (Helmuth, 2002). Memory impairment is related

to cholinergic neuronal dysfunction in AD (Coyle et al., 1983;

Whitehouse et al., 1981), thus improving cholinergic function

is a therapeutic target in treating AD. Two classes of

drugs have been approved to treat AD: acetylcholinesterase

inhibitors, such as tacrine, donepezil, galantamine, and

rivastigmine, and an N-methyl-D-aspartate receptor

antagonist, memantine. The former protects the neurotrans-

mitter acetylcholine against breaking down and compensates

for the loss of neurons, and the latter blocks the action of

another neurotransmitter glutamate, which is overproduced in

AD brains and can overexcite neurons to death. Both types of

drugs cannot stop progressive neuritic dystrophy, thus limit-

ing their clinical efficacy (Helmuth, 2002). Therefore,

alternative agents to treat AD are necessary.

The roots of Salvia miltiorrhiza Bunge (Lamiaceae)

(known as ‘‘danshen’’ in Chinese) have been widely used to

treat cardiovascular and cerebrovascular diseases (Zhou et al.,

2005). According to their structural characteristics, the main

components of S. miltiorrhiza can be classified into two

groups. The first group contains water-soluble polyphenolic

compounds such as salvianolic acid B (Sal B), salvianolic

acid A (Sal A), and danshensu. The second group contains

lipophilic chemicals, such as tanshinone I, tanshinone IIA,

cryptotanshinone, and dihydrotanshinone (Chen et al., 2006;

Ren et al., 2004; Wang et al., 2007). Their corresponding

structures are presented in Figure 1. Both groups contribute to

the biological activities of S. miltiorrhiza. Studies have shown

that S. miltiorrhiza components have multiple neuroprotective

potentials that are relevant to AD, such as anti-Ab (Cao et al.,

2013; Durairajan et al., 2008; Mei et al., 2009), antioxidant

(Wang & Xu, 2005), anti-apoptosis (Chen et al., 2012; Tian

et al., 2008), anti-inflammation (Chen et al., 2007; Jiang

et al., 2013; Joe et al., 2012), and enhancement of cholinergic
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signaling (Kim et al., 2007; Liu & Wu, 1999; Wong et al.,

2010). In addition, S. miltiorrhiza induces neurogenesis

of neural progenitor cells/stem cells in vitro and in vivo

(Guo et al., 2010; Hu et al., 2011; Zhang et al., 2012; Zhuang

et al., 2012). Given that S. miltiorrhiza has been widely used

in clinical practice, this plant has important implications in

treating AD.

Neuroprotective effects of S. miltiorrhiza

Accumulated evidence suggests that many components of S.

miltiorrhiza such as Sal B, Sal A, danshensu, tanshinone I,

tanshinone IIA, cryptotanshinone, and dihydrotanshinone

have the activities of inhibiting Ab aggregation, antioxidant,

anti-inflammation, enhancing cholinergic signaling, and

decreasing cell apoptosis (Figure 2), and exert neuroprotec-

tive effects.

Anti-Ab

AD is characterized by extracellular plaques of Ab peptide

aggregates, intraneuronal accumulation of neurofibrillary

tangles, and neural loss (Mott & Hulette, 2005). Abnormal

Ab aggregation may be the primary cause of AD pathogenesis

(Hardy & Selkoe, 2002). Senile plaques are formed when

amyloid precursor protein (APP) is cleaved to Ab peptides by

b- and g-secretase, and then soluble Ab monomers aggregate

to b-sheet-rich oligomers and insoluble amyloid fibrils. As

such, any step involved in the processes of Ab production,

aggregation, and clearance is a potential therapeutic target for

anti-AD. Several components derived from S. miltiorrhiza

have exhibited anti-Ab effects. For example, Sal B, the most

abundant salvianolic acid in S. miltiorrhiza (Zhong et al.,

2009), inhibits Ab1–40 aggregation, destabilizes preformed Ab
fibrils, and prevents Ab-induced cytotoxicity in human

neuroblastoma SH-SY5Y cells (Durairajan et al., 2008).

Meanwhile, Sal A inhibits Ab aggregation by blocking

the formation of b-sheets from a-helices, disaggregating

preformed Ab fibrils, protecting SH-SY5Y cells against

Ab42-induced toxicity, and alleviating Ab-induced paralysis

in transgenic Caenorhabditis elegans (Rhabditida:

Rhabditidae) strain CL4176 (Cao et al., 2013). These results

suggest that Sal A and B have therapeutic potential in the

treatment of AD.

Tanshinones have been used to improve blood circulation

in the treatment of cardiovascular diseases in China. A recent

report suggested that tanshinone I and tanshinone IIA can

inhibit amyloid formation, disassemble Ab fibrils, and protect

SH-SY5Y cells from Ab-induced toxicity (Wang et al., 2013).

Further analysis revealed that tanshinones I and IIA prefer to

bind to the C-terminal b-sheet of Ab pentamer and prevent

Ab aggregation (Wang et al., 2013). In addition, cryptotan-

shinone also inhibits Ab aggregation and reduces Ab-induced

cytotoxicity in SH-SY5Y cells (Mei et al., 2012). Thus,

tanshinone I, tanshinone IIA, and cryptotanshinone are likely

to be promising therapeutics for AD.

Aside from Ab peptide, which is a major component of

senile plaques, APP can also be cleaved by a-secretase within

the Ab sequence. The cleaved products then generate a

secreted APP fragment (sAPPa) and preclude Ab generation.

Thus, inhibiting Ab generation by modulating APP proteoly-

sis is regarded as a potential target for AD therapy (Haass,

2004). Cryptotanshinone decreases amyloid plaque deposition

and improves spatial learning and memory of APP/presenilin-

1 transgenic mice (Mei et al., 2009). Further studies have

shown that cryptotanshinone promotes APP metabolism

toward the non-amyloidgenic product pathway by activating

the phosphatidylinositol 3-kinase (PI3K) pathway, upregulat-

ing ADAM1 protein expression, and increasing a-secretase

activity (Mei et al., 2010). In addition, sAPPa exhibits various

neurotrophic and neuroprotective effects (Mattson, 1997),

such as promoting neural survival and improving synapse

formation and long-term potentiation (Taylor et al., 2008;

Zhang et al., 2009).

Ab, glutamate, and oxidative stress can cause calcium

influx, thus activating calpain (a calcium-activated proteolytic

enzyme), which induces the cleavage of p35 to p25.

Figure 1. Chemical structures of natural and synthetic compounds derived from Salvia miltiorrhiza.
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The binding of p25 and cyclin-dependent kinase 5 (cdk5)

leads to hyperphosphorlating tau, which induces apoptosis in

primary neurons (Lee et al., 2000). Tanshinone IIA protects

neurons against Ab25–35-induced cytotoxicity by increasing

neuron viability, decreasing phosphorylated tau expression,

reducing p35 to p25 conversion, inhibiting cdk5 translocation

from the nucleus into the cytoplasm, and suppressing cdk5

activity. These protective functions may involve the calcium

and p35/cdk5 pathways (Shi et al., 2012).

Antioxidant

Although the mechanisms involved in Ab-mediated neuro-

toxicity remain unclear, studies have shown that Ab directly

causes reactive oxygen species (ROS) production. ROS cause

DNA damage, enzyme oxidation, lipid peroxidation, and cell

apoptosis. Thus, ROS have been implicated in AD pathogen-

esis (Radak et al., 2011) and have become research targets in

preventing and treating AD. Using antioxidants is a promising

preventive or therapeutic strategy to suppress oxidative-

dependent and Ab-mediated cytotoxicity. Tanshinone IIA

has been found to protect rat cortical neurons against

Ab25–35-induced oxidative stress and apoptosis by inhibiting

lipid peroxidation, antioxidant enzyme activities and ROS

generation, decreasing mitochondrial membrane potential,

and releasing cytochrome c from mitochondria (Liu et al.,

2010). Sal A protects SH-SY5Y cells against H2O2-induced

injury by increasing their stress tolerance via inhibition of

the mitogen-activated protein kinase and Akt signaling

pathways (Wang & Xu, 2005). Sal A also reverses

1-methyl-4-phenylpyridinium ion (an inhibitor of mitochon-

drial complex I)-induced cytotoxicity by decreasing ROS and

Bax/Bcl-2 ratio elevation (Wang & Xu, 2005). Salvianic

borneol ester, a compound based on the S. miltiorrhiza

formulas, has been found to destabilize Ab oligomers as well

as to protect SH-SY5Y and motor neuron hybridoma cells

VSC 4.1 against H2O2-induced toxicity (Han et al., 2011).

These compounds may be effective in treating AD associated

with oxidative stress.

Studies have shown that Sal B exhibits neuroprotective

activity that is mediated by its antioxidative property. For

example, Sal B protects PC12 cells against H2O2-induced

cytotoxicity by reducing lipid peroxidation, preventing loss of

antioxidant enzyme activities, inhibiting increases in intracel-

lular [Ca2+] level and caspase-3 activity, and decreasing

apoptosis (Liu et al., 2007). Moreover, Sal B protects neural

stem cells (NSCs) derived from mouse bone marrow against

H2O2 injury by reducing lactate dehydrogenase leakage

and inducing brain-derived neurotrophic factor (BDNF) pro-

duction (Zhang et al., 2012). In Ab25–35 peptide-induced AD

model mice, Sal B exhibits antioxidative and anti-inflamma-

tory effects as well as improves memory impairment in passive

avoidance tasks (Lee et al., 2013). These results suggest that

Sal B may be a potential candidate for AD therapy.

Figure 2. Schematic overview of some neuroprotective pathways of Salvia miltiorrhiza. STC inhibit Ab aggregation and amyloid plaques formation;
Cts increases a-secretase activity and promotes sAPPa generation; Tan IIA decreases tau phosphorylation via calcium and p35/cdk5 pathways; Sal A,
Sal B, SBE, Tan IIA, and Danshensu exhibit neuroprotective effects against oxidative injury via multiple pathways and decrease apoptosis. Ab,
amyloid-b; STC, salvianolic acid A salvianolic acid B, tanshinone I, tanshinone IIA, and cryptotanshinone; Cts, cryptotanshinone; Tan IIA, tanshinone
IIA; Sal A, salvianolic acid A; Sal B, salvianolic acid B; SBE, salvianic borneol ester.
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Recently, activating NFE2 p45-related factor (Nrf2)

signaling to activate enzymes against ROS has been regarded

as a new neuroprotection strategy (Calabrese et al., 2010).

The activated Nrf2 binds to the antioxidant-response element,

promotes expression of detoxifying and antioxidant

enzymes such as heme oxygenase-1 (HO-1), and exhibits

neuroprotective effects against oxidative injury. Danshensu

(b-3,4-dihydroxyphenyl-lactic acid), a water-soluble active

compound isolated from Radix S. miltiorrhiza, exhibits

neuronal protection in neurotoxin-treated rats (Chen et al.,

2006). Further studies have shown that danshensu protects

PC12 cells and zebrafish against 6-hydroxydopamine-induced

oxidative stress by enhancing HO-1 expression through

activation of the PI3K/Akt/Nrf2 signaling pathway

(Chong et al., 2013).

Anti-apoptosis

Ab has been shown to induce apoptosis of neurons directly or

indirectly in vitro and in vivo, and apoptosis is crucial in

neuronal loss in the brain of AD patients (Su et al., 1994;

Yagami et al., 2002). Tanshinone IIA attenuates apoptosis

induced by middle cerebral artery occlusion via decreasing

caspase-3 protein expression and increasing Bcl-2 protein

expression in the ischemic cortex (Chen et al., 2012).

Tanshinone IIA also suppresses Ab-induced apoptosis in

cortical neurons by activating the Bcl-xL pathway

(Qian et al., 2012).

In addition, Ab25–35 decreases the expression of the brain–

pancreas relative protein (BPRP) that is a protein associated

with cerebral ischemia (Chen et al., 2003). Sal B protects

PC12 cells against Ab25–35-induced neurotoxicity by revers-

ing BPRP reduction and suppressing accumulation of

ROS, calcium influx, and apoptosis (Lin et al., 2006).

Salvia miltiorrhiza extract protects SH-SY5Y cells against

Ab25–35-induced neurotoxicity via inhibiting oxidative stress

and the mitochondria-dependent apoptotic pathway (Yu et al.,

2014). Sal B also protects against 6-hydroxydopamine-

induced apoptosis in SH-SY5Y cells by inhibiting the

elevation of intracellular ROS and [Ca2+] levels, decreasing

caspase-3 activity, increasing extracellular signal-regulated

kinase (ERK)1/2 phosphorylation, and preventing the

decrease of mitochondrial membrane potential and Bcl-2

(Tian et al., 2008).

Enhancing cholinergic signaling

Memory impairment is an important AD symptom that is

related to a central cholinergic neuronal dysfunction (Coyle

et al., 1983). Thus, improving cholinergic function is a target

in AD therapy. Restoring cholinergic neurotransmission can

be achieved by inhibiting acetylcholinesterase (AChE) or

activating the postsynaptic receptors (such as GABAA

receptors; Kim et al., 2011). AChE is the major cholinesterase

in the brain that hydrolyzes the endogenous neurotransmitter

ACh. AChE inhibitors, such as tacrine, donepezil, galanta-

mine, and rivastigmine, have been employed in AD treatment.

They elevate ACh levels, improve the function of central

cholinergic synapses, and prevent neuronal degeneration

(Ren et al., 2004). However, the earlier mentioned drugs

can produce adverse effects such as nausea, vomiting,

diarrhea, dizziness, and weight loss (Hansen et al., 2008),

or even dose-dependent hepatotoxicity (caused by tacrine;

Watkins et al., 1994). Therefore, novel AChE inhibitors with

fewer adverse effects can be valuable alternatives in AD

treatment. Diterpenoid compounds extracted from the root of

S. miltiorrhiza, such as tanshinone I, tanshinone IIA,

cryptotanshinone, and dihydrotanshinone, are AChE inhibi-

tors (Ren et al., 2004). Tanshinone IIA and cryptotanshinone

exhibit anti-amnesic activity in the Morris water maze (Liu &

Wu, 1999; Wong et al., 2010). Kim et al. (2007) confirmed

that tanshinone congeners attenuate scopolamine (a choliner-

gic blockade)-induced learning and memory impairments in

mouse on passive avoidance tasks partly by enhancing

cholinergic signaling via inhibition of AChE and activation

of GABAA/benzodiazepine receptor. Sal B also has GABAA

receptor antagonistic properties. It reverses the cognitive

impairments caused by scopolamine or Ab25–35 in mouse

during passive avoidance, Y-maze, and the Morris water maze

tasks. This ameliorating effect is mediated partly by antag-

onistic GABAA receptor signaling (Kim et al., 2011).

Moreover, these compounds have been consumed for many

years without any severe adverse effects (Liu et al., 2001), and

they can provide useful information for developing anti-

amnesic drugs.

Anti-inflammation

Chronic inflammation occurs in the brain of AD patients

and contributes to AD pathogenesis. AD plaques cause

microglial activation, and activated microglia release

excitotoxins, which can increase inflammation. Some clin-

ical studies suggest that anti-inflammatory drugs may slow

down the progress or delay the onset of AD (Akiyama et al.,

2000). Nitric oxide (NO) overproduction is involved in

neuroinflammation and contributes to AD progression.

Inhibiting NO can slow down the disease thus NO has

been a target in therapeutic strategies for AD (Fernandez

et al., 2010; Togo et al., 2004). NO is synthesized by NO

synthase (NOS) enzymes, and HO-1 regulates inducible

NOS (iNOS) expression and NO production. Tanshinone

IIA, Sal B, and PF2401-SF (a standardized fraction of

S. miltiorrhiza) suppress iNOS expression and NO produc-

tion via increasing HO-1 expression and exhibit anti-

inflammatory effects on lipopolysaccharide (LPS)-activated

RAW 264.7 macrophages (Chen et al., 2007; Jiang et al.,

2013; Joe et al., 2012). Further studies show that tanshinone

IIA and cryptotanshinone inhibit LPS-induced NO produc-

tion in RAW 264.7 macrophages by inhibiting NF-kB and

activating the ERK signaling pathway (Choi et al., 2004).

Tanshinone IIA inhibits iNOS and inflammatory cytokines

(IL-1b, IL-6, and TNF-a) expression via activation of

estrogen receptor in LPS-activated RAW 264.7 cells

(Fan et al., 2009). Moreover, cryptotanshinone suppresses

inflammation by inhibiting cyclooxygenase-2 enzymatic

activity, and consequently reducing prostaglandin E2 (an

important inflammation mediator) synthesis in LPS and

phorbolmyristate acetate-stimulated human U937 promono-

cytes (Jin et al., 2006). The anti-inflammatory activities of

danshen extracts would likely help in slowing the progres-

sion or delaying the onset of AD.
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Peripheral macrophages remove Ab in vivo by phagocyt-

osis, which can provide a novel strategy to treat AD (Mildner

et al., 2011; Wisniewski et al., 1991). Danshen prevents

increases in intracellular ROS by inducing HO-1 expression

via the PI3K/Akt, MEK1, and Nrf2 signaling pathways; it also

exhibits cytoprotective activity in RAW 264.7 macrophages

(Lee et al., 2012).

Neurogenesis-inducing activities of S. miltiorrhiza

Neural cell loss, learning, and memory disability are the

main characteristics of AD. Neurons are terminally differ-

entiated cells and cannot regenerate after injury. To date, no

effective AD treatment has yet been reported. Recently,

significant interest has been given to NSC therapy of AD

because neurogenesis continues in the adult brain. Neural

progenitor cells in the subventricular zone (SVZ) and the

dentate gyrus of the hippocampus can proliferate and

differentiate into neurons, astrocytes, and oligodendrocytes

(Eriksson et al., 1998). NSC therapy replaces damaged

neuronal cells by mobilizing endogenous stem cells or

transplanting exogenous stem cells (Limke & Rao, 2002),

thus providing a promising approach to treat AD.

Neurogenesis in the adult brain is insufficient to stop

neural loss. Therefore, regulating NSC proliferation and

differentiation into functional neurons is an important factor

in using NSCs to treat AD. Recent research has indicated

that Sal B increases proliferation of mouse embryonic cortex

NSCs by accumulating G2/S phase cells, as well as

promotes neurite outgrowth and neural differentiation of

mouse cortex NSCs (Guo et al., 2010). Sal B also promotes

proliferation of rat embryonic cortex NSCs in a dose- and

time-dependent manner by activating the PI3K/Akt signaling

pathway. The Morris water maze test shows that post-

ischemic treatment with Sal B improves cognitive impair-

ment after stroke in rats (Zhuang et al., 2012). These results

suggest that Sal B is a potential candidate in mobilizing

endogenous stem cells to treat neurodegenerative diseases.

For transplanting exogenous stem cells, bone marrow is a

potent resource to produce NSCs. NSCs derived from bone

marrow cells (BM-NSCs) exhibit morphological properties

and differentiation ability comparable with those of NSCs

derived from the SVZ (Yang et al., 2010). However, the rate

of stem cell survival and differentiation after transplantation

to central neural system is poor (Mimura et al., 2005), and

antileptics that could enhance neural differentiation are

required. Fortunately, Sal B promotes BM-NSCs proliferation

and neural differentiation, as well as induces BDNF produc-

tion by BM-NSCs. BDNF is beneficial to cell survival and

differentiation in unfavorable environments (Zhang et al.,

2012). Hu et al. (2011) found that S. miltiorrhiza efficiently

induces differentiation of rat mesenchymal stem cells (MSCs)

into neurons with neurophysiological functions, including

action potentials, endocytosis, and exocytosis in response to

high potassium concentration. Moreover, Sal B provides

neuroprotection to spinal cord injury and improves the

survival of MSCs in vitro and in vivo (Bi et al., 2008).

Thus, transplanting MSCs induced with S. miltiorrhiza

may be an effective way in the treatment of neurodegenerative

diseases.

Induced pluripotent stem cells (iPSCs) have the potential

of differentiation into neural lineages, and thus have been

regarded as a promising source for treating nervous system

disorders (Almeida et al., 2013). Salvia miltiorrhiza enhances

the differentiation of mouse iPSCs into NSCs and neurons

in vitro, and promotes the survival and neural differentiation

of transplanted iPSCs-derived NSCs in vivo, as well as

improves function recovery after their transplantation to the

rat ischemic brain tissues (Shu et al., 2014). It is worth noting

that 1 or 5 mg/ml S. miltiorrhiza simulates the neurogenesis

from iPSCs, while 10 mg/ml S. miltiorrhiza has no significant

effects on it. It indicates that neurogensis-inducing effects of

S. Miltiorrhiza have an optimal range of concentrations (Shu

et al., 2014). It may be also related to the different effects of S.

Miltiorrhiza active components. For example, Ren et al.

(2013) reported that hydrophilic and lipophilic components of

S. Miltiorrhiza had opposite effects on human umbilical vein

endothelial cells (HUVECs): the former promoted and the

latter inhibited the proliferation and the migration of

HUVECs. Our results show that cryptotanshinone inhibits

the proliferation of human embryonic stem cells-derived

neural stem cells in vitro because it is an inhibitor of Stat3

(unpublished data).

Conclusion

AD is a complex neurodegenerative disorder that involves

multiple pathogenetic factors; ‘‘multitarget-directed ligand’’

design strategy (i.e., one agent modulates multiple targets

simultaneously) provides new methods to treat AD

(Bolognesi et al., 2009; Ji & Zhang, 2008). Salvia miltiorrhiza

and its active components, such as cryptotanshinone,

tanshinone I, tanshinone IIA, Sal B, Sal A, and danshensu,

exhibit multiple neuroprotective effects. In addition, S.

miltiorrhiza and Sal B exhibit neurogenesis-inducing activ-

ities. These components have been used in clinical practice as

drugs with efficient blood–brain barrier penetration (Ren

et al., 2004; Yu et al., 2011), and thus, may be effective in

preventing and treating AD. Moreover, more anti-AD drugs

are expected to be developed according to the structures and

actions of S. miltiorrhiza components.
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