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Abstract: The therapeutic effect of cardiac glycosides lies in their reversible inhibition on the membrane-bound Na
+
/K

+
-ATPase in hu-

man myocardium. Unfortunately, the utilization of steroidal cardiac glycosides suffers some severe adverse side effects. Magnesium 

lithospermate
 
B (MLB), a derivative of caffeic acid tetramer found in Danshen (Salvia miltiorrhiza), is suggested to provide a comparable 

cardiac therapeutic effect by effectively inhibiting Na
+
/K

+
-ATPase via the same molecular mechanism triggered by cardiac glycosides. 

Molecular modeling suggests that ouabain, a cardiac glycoside, and MLB presumably bind to the same extracellular pocket of the 

Na
+
/K

+
-ATPase. Moreover, MLB outperforms ouabain in cell toxicity, and thus has a great potential, with extensive clinical trials, to be-

come a safe substitute for cardiac glycosides. Neuroprotective effects of cardiac glycosides and MLB against ischemic stroke have been 

observed, and cumulative data suggest that effective inhibitors of Na
+
/K

+
-ATPase in the brain may be potential drugs for the treatment of 

ischemic stroke. Taken together, recent studies on MLB seem to promote a paradigm shift of searching potential drugs for the treatment 
of cardiac diseases from steroid-like compounds to non-steroid ones. 
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1. INTRODUCTION 

Improvement of the treatment of congestive heart failure, 

generally defined as incapability of the heart to supply sufficient 

blood flow to meet the body's needs, is a major medical challenge. 

Cardiac glycosides, such as ouabain and digoxin, are steroid-like 

compounds and have been used in the treatment of congestive heart 

failure for more than two centuries [1]. Their therapeutic effect 

mainly lies in reversible inhibition on the -subunit of membrane-

bound sodium-potassium pump (Na
+
/K

+
-ATPase), mainly but not 

exclusively, located in human myocardium [2, 3]. However, the 

narrow therapeutic index (the margin between effectiveness and 

toxicity) of cardiac glycosides apparently limits their clinical appli-

cations [4]. The limited benefit with certain side effects of the 

existing remedies has prompted investigators to search for 

complementary and alternative therapies and drugs. 

The core structure of cardiac glycosides consists of a tetracyclic 

steroidal framework, which is considered the pharmacophoric moi-

ety responsible for their inhibition on Na
+
/K

+
-ATPase [5]. Interest-

ingly, a number of steroid-like compounds, such as triterpenoids, 

steroids and saponins, are also found in many Chinese medicinal 

products used for promoting blood circulation, and regarded as the 

active ingredients responsible for their therapeutic effects [6-8]. 

Although these compounds unquestionably improve the conditions 

of patients, their arrhythmogenic potential together with a low 

therapeutic index has been regarded as a serious problem [9, 10]. 

Efforts have been made to develop novel cardiotonic agents, such 

as new digitalis-like molecules through chemical synthesis and 

modification [11, 12]. Unfortunately, these digitalis-like molecules 

still possess the same or similar steroid backbone, and thus the 

drawbacks and side effects are unlikely to be eliminated. 

Danshen, the dried roots of medicinal plant Salvia miltiorrhiza, 

is one of the most popular Chinese herbal products widely used in 

many medicine preparations and formulae taken by people in sev-

eral Asian countries [13, 14]. It was the first traditional Chinese 

medicine subjected to phase 2 and 3 clinical trials in the USA in 

1997. Traditionally regarded as an effective medicine for  
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eliminating blood stasis, relieving pain, promoting blood flow, 

stimulating menstrual discharge, and relaxing the mind, Danshen 

has been extensively used either alone or in combination with other 

herbal ingredients in the treatment of coronary heart disease, heart 

stroke, myocardial infarction, menstrual disorder, and other cere-

brovascular diseases [15-20].  

Recently, magnesium lithospermate
 
B (MLB) was suggested to 

be responsible for the cardiac therapeutic effect of Danshen by its 

effective inhibition on Na
+
/K

+
-ATPase via the same molecular 

mechanism triggered by cardiac glycosides [21-23]. This finding 

has an intriguing impact on the future molecular design of car-

diotonic agents, especially inhibitors of Na
+
/K

+
-ATPase. Structur-

ally MLB has no central steroid core, which is commonly shared 

among the current cardiotonic agents. This creates a new dimension 

for the structure-activity relationship in the inhibition of Na
+
/K

+
-

ATPase to explore new molecular design rules of future cardiotonic 

agents. Furthermore, without the steroid core, MLB can provide a 

way to prevent the possible cardiac arrhythmia, which is the main 

side effect found in the current cardiotonic prescriptions. Last but 

not the least, as a derivative of caffeic acid tetramer, MLB can be 

synthesized through a single reactant species, which provides a 

great challenge in organic synthesis. In this review, we intend to 

provide the overview about the cardiac therapeutic effect of MLB 

through both in vitro study and molecular modeling. 

2. NA
+
/K

+
-ATPASE AND CARDIAC GLYCOSIDES  

Gradients of Na
+
 and K

+
 across the plasma membrane of animal 

cells are important for maintaining membrane potentials, cell vol-

ume, and active transport of other solutes [24]. Homeostasis of 

these two gradients is maintained by a specialized pump termed 

Na
+
/K

+
-ATPase, a P-type ATPase also known as sodium pump. 

This specialized pump commonly consumes 20-30% of the adeno-

sine triphosphate (ATP) energy generated in animal cells at rest to 

actively transport three Na
+
 out of and two K

+
 into cells. The x-ray 

crystal structure of Na
+
/K

+
-ATPase recently resolved shows that it 

is composed of three subunits ( ,  and  subunits); and the  cata-

lytic subunit, a 112 kDa protein, contains sites important for ATP 

binding and phosphorylation as well as ion occlusion and an oua-

bain-binding site, the primary binding site for many pharmacologi-

cal agents, such as cardiac glycosides, that affect pump activity [25-

28]. 
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 Cardiac glycosides, such as ouabain and digoxin, are a diverse 

family of naturally derived compounds that bind to and inhibit 

Na
+
/K

+
-ATPase. While they show considerable structural diversity, 

all members of this family share a common steroidal framework, 

regarded as the pharmacophoric moiety responsible for the activity 

of these compounds [29]. The steroid core of cardiac glycosides is 

double-substituted with an unsaturated lactone ring at position 17 

and a sugar portion at position 3; and their lactone moiety is critical 

for their potent inhibition of Na
+
/K

+
-ATPase [30].  

The therapeutic effect of cardiac glycosides for the treatment of 

congestive heart failure lies in their reversible inhibition on the 

membrane-bound Na
+
/K

+
-ATPase located in human myocardium 

[2]. Inhibition of the Na
+
/K

+
-ATPase leads to the accumulation of 

intracellular sodium ion, which decreases the sodium gradient 

across the membranes of cardiac muscle cells. This reduced sodium 

gradient in turn limits the activity of the Na
+
/Ca

2+
 exchanger in the 

cell membrane, which normally uses the sodium gradient for energy 

in the extrusion of calcium ion [31]. Each cardiac action potential is 

thus followed by elevated levels of residual intracellular calcium 

ion. The elevated intracellular calcium concentration results in an 

increased inotropism, accentuating the force of myocardial contrac-

tion by increasing the velocity and extent of sarcomere shortening, 

thus translating into increased stroke work for a given filling vol-

ume of pressure [32]. In this way, inhibition of the Na
+
/K

+
-ATPase 

by cardiac glycosides produces beneficial effects in patients with 

congestive heart failure. However, severe side effects and narrow 

therapeutic index of cardiac glycosides have apparently limited 

their clinical applications [33].  

3. MLB IN DANSHEN  

Similar to cardiac glycosides, Danshen has been used for the 

treatment of congestive heart failure as well as other myocardial 

and cerebrovascular diseases. Ingredients in Danshen are mainly 

divided into lipid-soluble and water-soluble compounds. Before 

1990, identification of active ingredients putatively responsible for 

biological activities of Danshen was mainly focused on its lipid-

soluble constituents, such as diterpenoids and tanshinones [13]. In 

the past two decades, water-soluble components of Danshen, par-

ticularly caffeic acid derivatives, have attracted escalating attention 

on the basis of their reported medicinal potency [34]. So far, more 

than 20 caffeic acid derivatives have been isolated from Danshen 

and structurally determined through chemical and spectroscopic 

methods [14]. Among these water-soluble components, MLB, a 

derivative of caffeic acid tetramer, is present as the major soluble 

ingredient in Danshen, and has been demonstrated to possess sev-

eral medicinal effects, such as vasodilating, antihypertensive, anti-

oxidative, and free radical scavenging activities [35, 36].  

4. COMPARISON OF CARDIAC GLYCOSIDES AND MLB 

4.1. Structural Comparison between Ouabain and MLB 

Similar to cardiac glycosides that possess a rigid structure due 

to their steroid backbone, MLB also possesses a relatively rigid 

structure due to the formation of salt bridges between Mg
2+

 and the 

four oxygen atoms of carboxyl groups originated from the four 

caffeic acid fragments (Fig. 1, upper panels). The molecular organi-

zation and configuration of MLB and ouabain are somewhat com-

 

Fig. (1). (Upper panels) Chemical structures of ouabain and MLB. (Middle panels) Modeling of ouabain and MLB binding to the binding pocket of Na
+
/K

+
-

ATPase. The amino acid residues around the binding pocket of Na
+
/K

+
-ATPase are shown in ribbon structure, and ouabain and MLB in scaled ball and stick. 

(Lower panels) The amino acid residues of Na
+
/K

+
-ATPase close to ouabain or MLB are shown in wireframe, and the structures of ouabain and MLB in scaled 

ball and stick. Box or oval represents one or two hydrogen bonds formed between Na
+
/K

+
-ATPase and ouabain or MLB. (Adopted and modified from Figure 5 

of Chen et al. Acta Pharmacol Sin 2010; 31: 923-29) 
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parable in their structures, although they are totally different com-

pounds with distinct molecular weights (584.65 for ouabain and 

740.67 for MLB, respectively). Structurally, ouabain is composed 

of three major parts, i.e., the central rigid core, the head part and the 

tail part. The central rigid core is composed of 4-ring hydrophobic 

steroid skeleton with the hydroxyl groups. The head part is formed 

by a five-member lactone ring. The tail part usually contains a car-

bohydrate moiety. MLB can also be divided into the three sections 

as found in ouabain. For example, the rigid structure around the salt 

bridges formed between Mg
2+

 and carboxyl groups as mentioned 

previously mimics partially the steroid structure of ouabain. One of 

the three o-hydroxyphenol groups in MLB resembles the lactone 

head group. The other two o-hydroxyphenol groups of MLB form 

the tail group, quite different from that of ouabain. With great dif-

ference in structure, the comparison between MLB and ouabain 

regarding to the inhibition potency toward Na
+
/K

+
-ATPase should 

be intriguing. 

4.2. Inhibition of Na
+
/K

+
-ATPase by Ouabain and MLB 

In spite of being a non-steroid compound, MLB possesses po-

tent inhibition on Na
+
/K

+
-ATPase in vitro [21]. Under the same 

assay condition, inhibition effectiveness on Na
+
/K

+
-ATPase equiva-

lent to that for ouabain was observed for MLB with approximately 

half dosage by weight. It is proposed that ouabain and MLB may 

lead to a similar therapeutic effect via the same mechanism, i.e., 

accentuating the force of myocardial contraction by elevating cal-

cium concentration via the inhibition of Na
+
/K

+
-ATPase (Fig. 2). In 

agreement with this proposal, the intracellular Ca
2+

 levels of SH-

SY5Y neuroblastoma cells treated with MLB are substantially ele-

vated in a manner similar to that observed in cells treated with oua-

bain [22]. The elevated Ca
2+

 levels seem to be supplied by both 

extracellular influx through the Na
+
/Ca

2+
 exchanger and intracellu-

lar release from endoplasmic reticulum.  

4.3. Cell Toxicity of Ouabain and MLB 

Cell toxicity caused by cardiac glycosides at high concentra-

tions has been noticed and blamed to their putative triggering of 

several signaling cascade responses that lead to cell death [37]. In 

contrast, MLB, regarded as an antioxidant, possesses no appreciable 

toxicity [38]. Our studies showed that severe cell toxicity accompa-

nied with dendritic shrink was observed in SH-SY5Y cells treated 

with ouabain, but not in those treated with MLB [23]. Therefore, 

we propose that MLB has a great potential, with extensive clinical 

trials, to become a safe substitute for cardiac glycosides. 

4.4. Molecular Modeling of Ouabain and MLB Binding to 
Na

+
/K

+
-ATPase 

The comparable inhibitory potency between ouabain and MLB 

on Na
+
/K

+
-ATPase can be explained with molecular modeling and 

their docking to the extracellular domain of Na
+
/K

+
-ATPase  

subunit (Fig. 1, middle and lower panels). The docking results show 

that MLB is localized in the ouabain binding pocket of Na
+
/K

+
-

ATPase, and that equivalent interaction with the binding cavity of 

Na
+
/K

+
-ATPase is observed for ouabain and MLB by forming five 

intermolecular hydrogen bonds (H-bonds), respectively. Further-

more three H-bonds are formed between the lactone of ouabain and 

Ile328 (forming one H-bond) and Ala330 (forming two H-bonds) of 

Na
+
/K

+
-ATPase, and two H-bonds between the hydroxyl group at 

C-14 of ouabain and Thr804 of Na
+
/K

+
-ATPase. In contrast, three 

H-bonds are formed between the hydroxyl group at C-4’ position of 

MLB and Lys912 (forming two H-bonds) and Glu915 (forming one 

H-bond) of Na
+
/K

+
-ATPase, one H-bond between the carbonyl 

group at C-9’ position of MLB and Thr804 of Na
+
/K

+
-ATPase, and 

one H-bond between the hydroxyl group at C-4’ position of MLB 

and Leu110 of Na
+
/K

+
-ATPase. Similar to the hydrophobic steroi-

dal core of ouabain, the four aromatic rings of MLB form strong 

hydrophobic interaction with hydrophobic residues (Leu132, 

Tyr315, Ile322, Phe323, Ile325, Phe793, Ile794, and Leu802) 

around the binding pocket of Na
+
/K

+
-ATPase. Evidently, the dock-

ing results support that MLB, being a potent inhibitor of Na
+
/K

+
-

ATPase, acts as the active component responsible for the cardiac 

therapeutic effect of Danshen via the same physiological responses 

subsequently activated by effective inhibition of cardiac glycosides 

on Na
+
/K

+
-ATPase. 

 

Fig. (2). Proposed molecular mechanism responsible for the therapeutic effects of ouabain, a cardiac glycoside, and MLB in cardiac cells. Step 1: Inhibiting 

the cellular exchange of Na
+
 and K

+
 by drug binding to Na

+
/K

+
-ATPase. Step 2: Accumulation of Na

+
 in the intracellular space due to the inhibition of Na

+
/K

+
-

ATPase activity. Step 3: Promotion of the cellular exchange of Na
+
 and Ca

2+
 via the Na

+
/Ca

2+
 exchanger system. Step 4: Increasing the intracellular Ca

2+
 con-

centration owing to the activation of the Na
+
/Ca

2+
 exchanger system and intracellular release from endoplasmic reticulum (ER). Step 5: The elevated intracel-

lular Ca
2+

 concentration leads to an increased inotropism and accentuates the force of myocardial contraction. (Adopted and modified from the cover page for 

Tzen et al. Acta Pharmacol Sin 2007; 28: 609-15). 
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4.5. Neuroprotection of Cardiac Glycosides and MLB 

As the primary consumer of ATP, Na
+
/K

+
-ATPase in the brain 

is particularly vulnerable to ATP depletion commonly observed in 

ischemic stroke. Indeed, accumulating evidence suggests that inhib-

iting the brain Na
+
/K

+
-ATPase can actually provide neuroprotection 

in the context of ischemia [39]. Cardiac glycosides, being potent 

inhibitors of Na
+
/K

+
-ATPase, have been demonstrated to provide 

neuroprotection against ischemic stroke in a cortical brain slice-

based compound screening platform in a recent study [40]. Simi-

larly, the same neuroprotective activity and delayed therapeutic 

potential of MLB were observed also in this brain slice assay model 

[21]. It remains to be investigated whether cardiac glycosides and 

MLB exert neuroprotection against ischemic stroke via the same 

mechanism triggered by the inhibition of Na
+
/K

+
-ATPase. Of 

course, identification of the subsequent pathway in signal transduc-

tion and assessment of other stimulatory effects of this drug in brain 

are also interesting and challenging tasks. 
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Scheme 1. Plausible biosynthetic pathway of MLB. This pathway involves only caffeic acid as the starting material and five enzymatic reactions, E-1a, E-1b, 

E-2, E-3a, and E-3b. The arrows indicate the functional groups where the next reactions take place. In the last step, MLB is formed by chelating Mg
2+

 to le-

thospermic acid B.  
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5. PLAUSIBLE BIOSYNTHETIC PATHWAY OF MLB 

Structurally, MLB is a derivative of caffeic acid tetramer puta-

tively formed by dimerization of rosmarinic acid, and can be syn-

thesized through a single reactant species. On the basis of the bio-

synthetic pathway of rosmarinic acid [41], we proposed a plausible 

biosynthetic pathway of MLB including four steps of five enzy-

matic reactions by using caffeic acid, an intermediate compound in 

the lignin biosynthesis, as the starting material (Fig. 3). The first 

step comprises two reactions: one is to generate danshensu by in-

troducing H2O into the double bond of caffeic acid (E-1a reaction), 

and the other is to generate caffeoyl CoA ester by forming a 

carbon-sulfur bond between the sulfur atom of coenzyme A and the 

carboxyl acid group of caffeic acid (E-1b reaction). The second step 

is to generate rosmarinic acid by combining danshensu and caffeoyl 

CoA ester via a SN2 reaction (E2 reaction) in which the oxygen 

atom of the hydroxyl group of danshensu formed in the E-1a reac-

tion attacks caffeoyl CoA ester and leads to the leave of coenzyme 

A. The third step comprises two reactions: one is to form salviano-

lic acid E by dimerization of two rosmarinic acid molecules linked 

together by C-alkylation (E-3a reaction), and the other is to form 

lithospermic acid B by intramolecular cyclization between C-3 

hydroxyl group and C-7a in salvianolic acid E (E-3b reaction). The 

C-alkylation reaction is initialized by binding a pyrophosphate 

group to the C-8 of one rosmarinic acid, which is then attacked by 

the C2 of the other rosmarinic acid with the pyrophosphate group as 

the leaving group. The intramolecular cyclization reaction is possi-

bly catalyzed by cytochrome P450 in the presence of NADPH and 

O2. In the final step, chelation of Mg
2+

 to form salt bridges with the 

four oxygen atoms of lithospermic acid B leads to the formation of 

MLB, the major water-soluble compound in Danshen with four 

chiral carbons. However, the organic synthesis of MLB is still a 

great challenge due to its complicated structure and the four chiral 

carbon centers.  

6. CONCLUSION 

Cardiac glycosides are drugs clinically used to relieve the 

symptoms of congestive heart failure. Although these compounds 

unquestionably improve the condition of patients, safe administra-

tion of these drugs remains a difficult task because of their narrow 

safety margin and severe side effects. Recent studies suggest that 

MLB may provide an alternative solution to the above issue. In 

contrast with cardiac glycosides, MLB, lack of steroid-like structure 

and generally considered as an antioxidant without significant ad-

verse effects, possesses the cardiac therapeutic effect with no ap-

parent cell toxicity. It seems that MLB has great potential to be a 

substitute for cardiac glycosides in the treatment of congestive heart 

failure, provided it undergoes the necessary clinical trials. Of 

course, the assessment of other stimulatory effects in the brain of 

this potential drug is also an interesting and challenging task. 

Moreover, the proposed substitution of cardiac glycosides with 

MLB may promote a paradigm shift of searching potential drugs 

for the treatment of cardiac diseases from steroid-like compounds to 

non-steroid ones. It is expectable that other natural or synthetic non-

steroid compounds will be reveled and used as substitutes for 

cardiac glycosides in the follow-up investigation. 
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