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Abstract

Background: Salvianolic acid B (SAB) is a major component of Salvia miltiorrhiza root

(Danshen), widely used in East/Southeast Asia for centuries to treat cardiovascular

diseases. Danshen depside salt, 85% of which is made up of SAB, is approved in China

to treat chronic angina. Although clinical observations suggest that Danshen extracts

inhibited arterial and venous thrombosis, the exact mechanism has not been adequately

elucidated.

Objective: To delineate the antithrombotic mechanisms of SAB.

Methods: We applied platelet aggregation and coagulation assays, perfusion chambers,
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lication in any other scientific journal.

behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY-

es/by-nc-nd/4.0/).

www.rpthjournal.org - 1 of 13

https://doi.org/10.1016/j.rpth.2024.102443
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:yiming.wang@sickkids.ca
http://www.rpthjournal.org
https://doi.org/10.1016/j.rpth.2024.102443


NEVES ET AL.
LKSKI - Keenan Research Centre, 209

Victoria Street, Toronto, ON M5B 1T8,

Canada.

Email: heyu.ni@unityhealth.to

Handling Editor: Henri Spronk

2 of 13 -
Essentials

• Danshen, with its main ingredient salvia

• Danshen depside salt has a potent clinic

• SAB inhibits platelet function and coagu

• SAB shares structural similarities with d
and intravital microscopy models. The inhibition kinetics and binding affinity of SAB to

thrombin are measured by thrombin enzymatic assays, intrinsic fluorescence spectro-

photometry, and isothermal titration calorimetry. We used molecular in silico docking

models to predict the interactions of SAB with thrombin.

Results: SAB dose-dependently inhibited platelet activation and aggregation induced

by thrombin. SAB also reduced platelet aggregation induced by adenosine diphosphate

and collagen. SAB attenuated blood coagulation by modifying fibrin network structures

and significantly decreased thrombus formation in mouse cremaster arterioles and

perfusion chambers. The direct SAB-thrombin interaction was confirmed by enzymatic

assays, intrinsic fluorescence spectrophotometry, and isothermal titration calorimetry.

Interestingly, SAB shares key structural similarities with the trisubstituted benzimid-

azole class of thrombin inhibitors, such as dabigatran. Molecular docking models pre-

dicted the binding of SAB to the thrombin active site.

Conclusion: Our data established SAB as the first herb-derived direct thrombin cata-

lytic site inhibitor, suppressing thrombosis through both thrombin-dependent and

thrombin-independent pathways. Purified SAB may be a cost-effective agent for

treating arterial and deep vein thrombosis.

K E YWORD S

blood coagulation, platelet, salvianolic acid B (SAB), thrombin, thrombosis
nolic acid B (SAB), is widely used in Asia to treat cardiovascular diseases.

al antithrombotic effect, but the mechanism is unclear.

lation via thrombin-dependent and thrombin-independent pathways.

abigatran and directly blocks thrombin catalytic site.
1 | INTRODUCTION

Platelet adhesion, aggregation, andblood coagulation are key processes

of hemostasis to protect against blood loss following trauma in humans

and other mammals [1–6]. However, when the blood coagulation

cascade and platelets are inaptly activated, a similar process of hemo-

stasis may turn toward thrombosis, resulting in occlusion of the blood

vessel, ischemia of downstream tissues, and ultimately, heart attack and

stroke [7–12]. Thrombotic eventsmayalso occur in placentas, leading to

miscarriage [13,14]. Thrombotic diseases are estimated to account for 1

in 4 deaths worldwide, and their incidence andmortality rates continue

to rise in developing countries, where the risk is aggravated by limited

access to newer antithrombotic medications [15].

As a crucial coagulation factor, the serine protease thrombin is

generated through the activation of the coagulation cascade and

catalyzes the proteolytic conversion of the soluble fibrinogen into the

insoluble fibrin clot [16,17]. Thrombin is also a potent agonist for

platelet activation by enzymatically activating the platelet surface

protease–activated receptors [18–20]. Therefore, thrombin plays a

central role in platelet activation, aggregation, and blood coagulation
and has been an attractive target for the development of antith-

rombotic agents for decades [21]. It was only about a decade ago that

the first inhibitor of the thrombin active site, dabigatran, was

approved for clinical use [22]. However, the high price of dabigatran

and other new antithrombotic agents has significantly limited their use

in developing countries, where a surge in thrombosis-related mortality

and morbidity occurs [23].

Danshen, a traditional Chinese medicine, has long been used in

East and Southeast Asia for its antithrombotic, antiinflammatory, and

antimicrobial properties [24,25]. Danshen depside salt has been

approved by the Chinese State Food and Drug Administration to treat

coronary heart disease and is one of the most commonly used tradi-

tional Chinese medicines [26]. In China alone, Danshen depside has

been used in over 450 million patients since entering the market in

1994, although its exact mechanism of action is poorly understood

[27]. Salvianolic acid B (SAB) makes up over 85% of Danshen depside

salt and is the main active antithrombotic component of Danshen [28].

Considering the current large-scale clinical use of SAB in Asia, there is

an urgency to understand its mechanisms of action to maximize

benefits and prevent complications. With its potent clinical

mailto:heyu.ni@unityhealth.to
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antithrombotic effect, SAB was proposed to interact with platelet

P2Y1, P2Y12, and α2β1 integrin and moderately inhibited platelet

aggregation and adhesion [29–31]. However, whether these in-

teractions represent the predominant mechanisms for the inhibitory

effect of SAB on thrombus formation is unknown. In addition, the

impact of SAB on blood coagulation has never been previously

explored.

In this study, we investigated the role of SAB in platelet aggre-

gation and blood coagulation. Our findings established SAB as a direct

competitive inhibitor of thrombin.
2 | METHODS

2.1 | Platelet aggregation assay

Human platelet aggregation in platelet-rich plasma and piperazine-

N,N′-bis-2-ethanesulfonic acid buffer was performed as we previously

described [32–35]. Platelet aggregation was induced by 0.02 U/mL

bovine thrombin (Sigma–Aldrich), 5 μg/mL collagen (Chrono-Log), or

20 μM adenosine diphosphate (ADP, Sigma–Aldrich) utilizing a

computerized aggregometer (Chrono-Log) with the stir bar rate set to

1000 rpm at 37 ◦C. Platelet concentrations were determined with a

Coulter Counter and adjusted to a final concentration of 3.0 × 108

platelets/mL. Platelets were incubated with SAB solutions in

phosphate-buffered saline (PBS; 10 mM sodium phosphate buffer, 2.7

mM KCl, 137 mM NaCl, pH 7.4) in a concentration range from 0.1 to

0.3 mM SAB or control PBS buffer for 10 minutes at 37 ◦C. The
change in light transmission was recorded for a minimum of 8 minutes.
2.2 | Clot formation assay

Clot formation assay was performed as we previously described

[33,36]. Mouse blood (from the inferior vena cava) and human blood

samples were individually drawn into 3.2% (w/v) sodium citrate at 9:1

volume ratio. The blood samples were then diluted 3 times and

treated with a final concentration of 0.3 mM SAB in PBS or an equal

volume of blank PBS. All samples were recalcified with 1 mM CaCl2

and 2 U/mL thrombin and incubated at 37 ◦C for 90 minutes. The clot

was then removed from the serum, and dry weight was measured

after 24 hours at room temperature (20 ◦C).
2.3 | Prothrombin time and activated partial

thromboplastin time measurement

For prothrombin time (PT) measurements, 20 mL of RecombiPlasTin

2G (HemosIL) and RecombiPlasTin2G diluent were incubated for 20

minutes at room temperature and mixed in a 1:1 ratio as previously

described [37,38]. The reconstituted mixture was then incubated at 37
◦C for 5 minutes. A steel ball was placed in each cuvette, and 50 μL of

human platelet-poor plasma (PPP) was then added to each cuvette.
Once 100 μL of reconstituted RecombiPlasTin 2G was added to each

cuvette, the test was immediately started and concluded with the

formation of a solid gel. For activated partial thromboplastin time

measurements, SynthASil was mixed well, and both SynthASil and 20

mM CaCl2 were incubated at room temperature for 20 minutes. Fifty

microliters of SynthASil was added to the cuvette and incubated for 2

minutes at 37 ◦C. After adding 50 μL of 20 mM CaCl2, the test

immediately started and was completed with the formation of a solid

gel.
2.4 | Clot turbidity assay

The coagulation turbidity assay was conducted on human PPP

following a previously established method [39,40]. Aliquots of frozen

PPP samples stored in −20 ◦C for less than a week were thawed at

room temperature. Human PPP and SAB were preincubated for 10

minutes and then mixed with 50 mM CaCl2 and 0.1 U/mL thrombin in

a Thermo Scientific Nunc MicroWell 96-Well microplate to a final

volume of 100 μL. The microplate was then placed in a BioTek Synergy

Neo plate reader at 37 ◦C that rigorously mixed the plate for 15

seconds and then monitored the absorbance at 405 nm until all con-

ditions plateaued.
2.5 | Thromboelastography

The thromboelastography (TEG) assay was performed as we previ-

ously described [33]. Blood from healthy human donors in 3.2% so-

dium citrate was tested in a TEG 5000 Analyzer (Hemoscope)

following recalcification with 0.2 M calcium chloride. The blood was

treated with either 0.3 mM of SAB or an equal volume of PBS.
2.6 | Confocal laser scanning and scanning electron

microscopy

Fibrin clot formation was performed as previously described [33]. The

fibrin network was formed by combining 5 μL of human PPP with 1 μL

of unlabeled Fg and Alexa-488–labeled Fg mixture (40:1 ratio; total

final concentration, 1 mg/mL; Sigma–Aldrich). Samples were then

calcified with 1.5 μL of 0.2 M CaCl2 and incubated with SAB and blank

PBS in the control group. Finally, 4 μL of 50 U/mL of bovine thrombin

was added, and slides were incubated at room temperature for 30

minutes in a humidity chamber. Slides were imaged on a Zeiss LSM

700 microscope using a 40× water immersion objective at room

temperature and processed using Imaris software (Bitplane). Fibrin

network formation was prepared as described above using human

PPP. The fibrin network was fixed using 2.5% glutaraldehyde (Electron

Microscopy Sciences) in 0.1 M sodium phosphate buffer for 1 hour at

room temperature. The samples were then washed 3 times for 10

minutes each using 0.1 M sodium phosphate buffer. Samples then

underwent gold sputter coating and were mounted on scanning
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electron microscopy clips and captured using a scanning electron

microscope (Hitachi High-Technologies SU3800/SU3900).
2.7 | Perfusion chamber analysis

Perfusion chamber analysis was performed as we previously described

[41–44]. Heparin (5 U/mL) anticoagulated human whole blood was

perfused over the collagen-coated glass chamber surface at controlled

shear rates (1800 s−1 and 300 s−1) for 3 minutes using a syringe pump

individually. The thrombus formation was captured by confocal mi-

croscopy. Human whole blood was labeled with 1 μM 3,3′-dihex-
yloxacarbocyanine iodide (DiOC6, Sigma–Aldrich) for 20 minutes at 37
◦C and then incubated with SAB or PBS control for 10 minutes.

Platelet adhesion was recorded over the course of perfusion under a

Zeiss Axiovert 135 inverted fluorescence microscope (IBM IntelliS-

tation Z Pro). Mean fluorescence intensity (MFI) was analyzed using

the Slidebook program (Intelligent Imaging Innovations).
2.8 | Intravital microscopy thrombosis model

Intravital microscopy was performed as we previously described

[45–47]. Dylight 488–labeled pFn (5 μg) anti-GPIb antibodies (1 μg/g

body weight) were injected through the jugular vein cannula prior to

the injury. SAB was injected through the jugular vein cannula to a final

in vivo concentration of 0.010 mM based on the weight of each mouse

(80 μL/g total blood volume). Multiple independent injuries were

induced on cremaster arterioles using an Olympus BX51W1 micro-

scope equipped with a pulsed nitrogen dye laser. The dynamic for-

mation of the hemostatic plug was captured and analyzed using

Slidebook software (Intelligent Imaging Innovations).
2.9 | Ferric chloride carotid artery thrombosis

model

Carotid artery injury was induced as we previous described [34]. A

strip of Whatman filter paper saturated with 10% ferric chloride was

applied onto the exposed adventitia for 180 seconds in isoflurane-

anesthetized C57BL/6J mice (aged >8 weeks, 20-35 g). The vessel

was then rinsed with warm physiologic saline solution and the flow

rate was measured for 30 minutes with a miniature Doppler flow

probe (TS420 transit-time perivascular flowmeter, Transonic Systems

Inc). At the time of 50% reduction of the carotid flow, either normal

saline or 15 milligrams per kilogram (mpk) of SAB was injected

through the tail vein (corresponding to �0.3 mM final blood concen-

tration of SAB). The rescue of the carotid blood flow rate and occlu-

sion time was documented.
2.10 | Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) binding experiments were per-

formed using a MicroCal VP-ITC instrument at 20 ◦C in PBS buffer (pH

7.4) as we previously described [25,48,49]. SAB and thrombin were

prepared in PBS,while dabigatran stockwas prepared in 100%dimethyl

sulfoxide (DMSO) and diluted to experimental concentrations with

buffer to a final DMSO concentration of 1% (v/v). DMSO was added to

the thrombin solution and the reference cell at the same concentration

to avoid buffer mismatch. Titrations were performed with the small

molecule ligand samples in the cell and the protein as the titrant in the

instrument syringe. The binding experiments involving thrombin were

performed with the small molecule ligand solutions ranging from 10 to

20 μM using a protein concentration of 150 μM. ITC binding experi-

ments consisted of an initial delay of 60 seconds, first purge injection of

2 μL, and subsequent 20 injections of 14 μL, spaced every 300 seconds

between every injection. Titration of SAB into lysozymewas performed

with lysozyme (20 μM) in the cell and SAB (0.312 mM) as the titrant in

the syringe. Thebinding experiments involving lysozymeconsistedof an

initial delay of 60 seconds, first purge injection of 2 μL and subsequent

34 injections of 8 μL, also spaced every 300 seconds. The first point was

removed from all data sets due to the difference in injection volume. All

experiments were corrected for the heat of dilution of the titrant ob-

tained from analyte-to-buffer titrations. SAB binding to thrombin was

fitted to a 2-site cooperative binding model developed by Freiburger

et al. [50] using MATLAB 14 software, while dabigatran binding to

thrombin was fitted to a 2-site independent binding model using sup-

plied Origin 7 software [48]. Hill coefficient (nH) was determined using

the established methods [51,52].
2.11 | Fluorescence spectrophotometry analysis

The intrinsicfluorescence of SABwas analyzed in PBS employing a Cary

Eclipse fluorescence spectrophotometer and 10-mm fused quartz cu-

vettes. The temperature was maintained constant throughout each

experiment at 20 ◦C using a Cary Peltier controller. The spectrofluo-

rometer was optimized for the limit of detection to maintain constant

photomultiplier tube voltage, signal-to-noise ratio, and spectral band-

width parameters, and the inner-filter effect for the loss of the excita-

tion light intensity was calculated as we previously described [35,53].

Optimized intrinsic fluorescence properties of unbound SAB in PBS

were obtained at 382 nm excitation wavelength with a maximum

emission peak at 498± 1 nm.Next, 29.4± 0.5 μMSABwas titratedwith

thrombin from 0 to 71.6 ± 0.1 μM. For negative controls, we titrated

27.2 ± 0.4 μM SAB with lysozyme from 0 to 95.6 ± 0.1 μM and a blank

PBS buffer separately, in the same manner as described for thrombin.

Observed integrated SAB fluorescence emission intensities were

averaged, normalized, and plotted vs the titrant protein concentrations

to quantify the apparent dissociation constant (Kd) value. Each
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experiment was performed in 4 trials and analyzed using our previously

published binding model (OriginLab 2016) [54].
2.12 | Thrombin activity assay

We examined the effect of SAB on the enzymatic activity of 0.1 U/mL

human thrombin in a fluorogenic assay of n-benzoyl-Phe-Val-Arg 7-

amido-4-methylcoumarin (Sigma–Aldrich) as substrate utilizing a

BioTek Synergy Neo plate reader and its corresponding software. We

measured fluorescence signal propagation of 7-amino-4-

methylcoumarin at λex = 320 nm and λem = 420 nm as a function of

time and quantified the initial rate (V0) of thrombin activity in a con-

centration range of 0 to 0.1 mM substrate and a concentration range

of 0 to 0.1 mM SAB in PBS (pH 7.4) at 25 ◦C. The average initial rate

values from triplicated experiments were plotted as a function of

substrate concentration and analyzed using a global Michaelis–

Menten binding model to quantify thrombin activity parameters of

KM, Ki, and Vmax [34,55].
2.13 | Molecular modeling and docking

We analyzed the tertiary structure of the binding pocket of human

thrombin bound to trisubstituted benzimidazole inhibitor and SAB.

We used AutoDock Vina 1.2.0 scripts [56] and the available X-ray

crystal structure of the thrombin–inhibitor complex with 2.40 Å res-

olution [57] and the SAB structure. We clustered the obtained results

with maximum root mean square deviation values of 2.0 and

compared them for optimal binding efficiency based on the quantified

binding energies. We then rendered structures with the lowest

binding energy values (kcal/mol) in PyMol (Schrödinger, LLC) for bond

length measurements and visualization [58,59].
2.14 | Statistical analysis

GraphPad Prism 10 was used for all statistical analysis. Statistical sig-

nificance was assessed with paired or unpaired t-test (2-tailed). When a

1-way ANOVA for nonrepeated measures was performed, Dunnett’s

post hoc test was used to compare between treatments and control. All

data are presented as mean± SEM unless stated otherwise. Data were

determined to be statistically significant when P < .05.
3 | RESULTS

3.1 | SAB blocks thrombin-induced platelet

aggregation and attenuates platelet aggregation

induced by other agonists

Platelet aggregation is the key process for arterial thrombosis and

contributes to venous thrombosis [2,10]. We first examined the effect
of SAB on platelet aggregation. Human gel-filtered platelet aggrega-

tion induced by 0.02 U/mL of thrombin was dose-dependently

inhibited by SAB with an effective dose concentration (EC50) of

0.044 ± 0.01 mM (Figure 1A, B). At an SAB concentration of 0.16 mM,

platelet aggregation was completely abolished (Figure 1A, B).

Consistent with these results, we found that SAB inhibits the

expression of various human platelet surface activation markers, as

shown by flow cytometry (Figure 1C). SAB significantly reduced the

thrombin-induced platelet surface expression of P-selectin, Ricinus

communis agglutinin-1 (RCA-1, an activation marker following platelet

desialylation) [60,61], and annexin-V. Notably, the binding of platelet

activation complex-1 (PAC-1) monoclonal antibody and fibrinogen is

significantly decreased, which indicates a decreased activation of

αIIbβ3 integrin. SAB also attenuated collagen- and ADP-induced

platelet aggregation (Supplementary Figure S1A-D), suggesting that

SAB can inhibit both thrombin-dependent and thrombin-independent

pathways.

We found that prolonged storage in solution and repeated freeze-

thaw cycles lead to decreased SAB inhibitory function for platelet

aggregation. Freshly prepared SAB that preserved the optimal func-

tion, as shown in this study, has ultraviolet light absorption peaks at

250 nm and 280 nm in spectrophotometry corresponding to benzo-

furan and catechol functional groups (Supplementary Figure S2A).

After prolonged storage and frequent freeze-thaw cycles, inactivated

SAB that lost the inhibitory effect showed a distinct peak at 362 nm

(Supplementary Figure S2B). We attribute this change to the oxidation

process of catechol to benzoquinone. Interestingly, the SAB returns to

its active conformation when exchanged in 10% (v/v) trifluoracetic

acid (Supplementary Figure S2B). For our study, all SAB solutions used

in experiments were freshly made from SAB powder (Sigma–Aldrich)

stored at −20 ◦C, followed by confirmation of the absorption peaks at

250 nm and 280 nm by spectrophotometry, which we think is crucial

for ensuring the optimal biological/therapeutic function of SAB.
3.2 | SAB inhibited blood coagulation in vitro and

reduced fibrin–fiber density and diameter in the blood

clot

The potent suppression of thrombin-induced platelet aggregation by

SAB suggests a potential impact of SAB on blood coagulation, which is

a cascade of enzymatic reactions leading to the generation of

thrombin, which then converts the soluble fibrinogen to an insoluble

fibrin–fiber network [16]. We first analyzed the effect of SAB on blood

coagulation in vitro [33]. In a whole blood clot formation assay, 0.3 mM

of SAB significantly reduced the dry weight of the human blood clot

(Figure 2A), suggesting defects in clot organization and red blood cell

retention. Consistently, 0.6 mM SAB prolonged PT and activated

partial thromboplastin time of human cell-free plasma (Figure 2B, C),

indicating the inhibitory effect on both intrinsic and extrinsic coagu-

lation pathways. To evaluate the impact of SAB on the kinetics of clot

formation, we studied coagulation with a clot turbidity assay. SAB

dose-dependently delayed cell-free human blood plasma coagulation



F I GUR E 1 SAB inhibits thrombin-induced human platelet aggregation. Human gel-filtered platelet aggregation was induced with 0.02 U/mL

thrombin (A, B). Panel A shows a representative single experiment, and panel B displays dose–response and statistical analyses of thrombin-
induced aggregation as a function of SAB concentration. The EC50 dose is quantified (0.044 ± 0.01) mM SAB, R2 = 0.9974. (C) Human platelet
activation analyses using flow cytometry. Platelets were labeled at room temperature for 30 minutes, and 10,000 events were captured on a

Fortessa flow cytometer. The analyzed histograms and their corresponding activation markers are shown on top, and statistical analysis is
displayed on bottom panels. The black, blue, and red lines indicate the groups of PBS treatment with no agonists, PBS treatment with thrombin,
and SAB treatment with thrombin, respectively. **P value < .01, n = 3-4. EC50, effective dose concentration; PBS, phosphate-buffered saline;

SAB, salvianolic acid B.
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with an EC50 of (0.062 ± 0.07) mM (Figure 2D, E). SAB (0.3 mM) also

significantly prolonged the initiation of human blood coagulation in

TEG (Supplementary Figure S3). These data suggest that SAB interacts

with the coagulation cascade and suppresses blood clot formation.

To directly visualize the impact of SAB on the clot microstruc-

ture, fibrin networks were formed using plasma-free recombinant

human fibrinogen with thrombin as an agonist and then visualized

under a confocal laser scanning microscopy. SAB significantly

decreased the surface coverage of the fluorescently labeled fibrin

network formed in a glass chamber (Figure 3A, B), suggesting a

direct action on the enzymatic process of the thrombin-induced

fibrin network formation. The detailed fibrin–fiber structure was

observed under scanning electron microscopy. We found that SAB

modified the microstructure of the fibrin network and the individual

fibrin fibers. The fiber diameter was increased while the density was

significantly decreased (Figure 3C–E). These parameter changes
were previously reported to be associated with the weakening of

the fibrin network [62]. These in vitro data demonstrate that SAB

attenuated blood coagulation through direct modification of the

fibrin network of the clot.
3.3 | SAB attenuated thrombosis in mouse

cremaster muscle arterioles and ex vivo perfusion

chambers

We examined the impact of SAB on thrombus formation in vivo using a

laser–injury intravital microscopy model [41,45,47]. We found that

0.010 mM of SAB reduced thrombus formation in mouse cremaster

vessels by approximately 65% ± 5% (Figure 4A, B), suggesting a strong

antithrombosis effect in vivo. In collagen-coated glass chambers

[42,44], human platelet thrombus formation was significantly inhibited



F I GUR E 2 SAB inhibits human blood coagulation in vitro. (A) SAB decreased the dry weight of clots formed in whole blood. (B, C) SAB

prolonged PT and aPTT at 0.6 mM. (D) Delay of blood coagulation in the clot turbidity assay. Superimposed turbidity plots as a function of SAB
concentration. Turbidity at 405 nm was used as an indication of coagulation and monitored for 20 minutes at 37 ◦C. Differential turbidity values
were analyzed using a Boltzmann kinetics model. SAB dosages from 0.08 to 0.32 mM were utilized. (E) The measured delay time of blood

coagulation plots shown in panel D was analyzed as a function of SAB concentration, where an EC50 of 0.062 ± 0.07 mM SAB was quantified
(dotted red line), R2 = 0.9844. **P < .01, *P < .05. aPTT, activated partial thromboplastin time; PT, prothrombin time; SAB, salvianolic acid B.
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by 0.32 mM of SAB under both venous shear rate (300 s−1;

Supplementary Figure S4A–C) and arterial shear rate (1800 s−1;

Supplementary Figure S4D–F). SAB also rescued the carotid blood

flow and prolonged the vessel occlusion in the ferric chloride carotid

artery thrombosis model (Supplementary Figure 5A, B). These data

showed the significant inhibition of thrombosis by SAB in vivo and

ex vivo, providing a mechanism for the potent clinical antithrombotic

effect observed in patients.
3.4 | SAB dose-dependently reduced enzymatic

activity of thrombin through blocking the thrombin

catalytic site

Our in vitro and in vivo data showed that SAB suppresses platelet ag-

gregation, adhesion, and blood coagulation [57]. The inhibitory effect

was particularly potentwhen thrombinwas used as an agonist. Utilizing

an enzymatic activity assay for thrombin, we found that SAB dose-

dependently inhibited the thrombin protease function with an inhibi-

tion constant (Ki) of 1.70 ± 0.27 μM (Figure 5A and Supplementary

Table S1), suggesting a direct inhibition of thrombin by SAB.

To study whether there is direct binding SAB to thrombin using a

label-free technique, we utilized steady-state fluorescence spectropho-

tometry to analyze the binding affinity of SAB-thrombin in vitro, which is
the first to report the application of SAB autofluorescence. Bymeasuring

the fluorescence intensity change as a function of thrombin concentra-

tion, we quantified the apparent dissociation constant of SAB-thrombin

as 21.7 ± 1.5 μM (Figure 5B). The apparent dissociation constant con-

firms the total effect of binding. Upon the titration of thrombin protein in

SAB solution, the inherent fluorescence emission of SAB was initially

quenched up to �1 μM thrombin and then enhanced as thrombin con-

centration added up to 71.6 μM (Figure 5C). We separately titrated SAB

with lysozymeandPBSbufferasnegativecontrols,which showeda linear

change due to the dilution of SAB (Supplementary Figure S6A, B), sug-

gesting no direct interactions between lysozyme and SAB. We also

examined the stabilityof SABbound to thrombin asa functionof timeand

found less than3%decrease in the SAB-thrombin complex signal after 24

hours at room temperature (Supplementary Figure S6C).

Using ITC, we revealed a nonsigmoidal binding isotherm for

thrombin–SAB titrations, which are consistent with direct binding of

SAB to thrombin at 2 distinct binding sites, with a dissociation con-

stant (Kd1) of 0.62 ± 0.08 μM at the strong binding site and Kd2 of

37 ± 4 μM at the weak binding site (Figure 5D, Table). In comparison

with SAB, dabigatran binds to thrombin with a lower Kd1 of 0.49 ±
0.16 nM and Kd2 of 24 ± 13 nM (Figure 5E, Table). Furthermore, we

used lysozyme as a control and detected no interaction with SAB

(Figure 5F). The thermodynamic analysis of the binding between SAB

and thrombin reveals that this ligand forms a complex with an



F I GUR E 3 SAB reduces thrombin-induced fibrin network formation with rhFg. Human blood coagulation was induced by 0.02 U/mL bovine

thrombin in rhFg. (A, B) Dose-dependent inhibition of surface fibrin clot coverage by SAB at dosages from 0.02 mM to 0.16 mM. Each black
scale bar signifies 100 microns. (C, D, E) 0.16 mM SAB significantly increased the fibrin–fiber diameter and reduced fiber density. Each white
scale bar measures 50 microns. **P < .01, *P < .05. rhFg, recombinant human fibrinogen; SAB, salvianolic acid B.
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unfavorable enthalpy change; hence, the SAB-thrombin binding is

driven by a favorable increase in entropy (Table).

We next analyzed the molecular structure of SAB (Figure 6A) and

identified a striking structural similarity with the trisubstituted benz-

imidazole class of thrombin inhibitors, such as dabigatran (Figure 6B).

Importantly, SAB possesses a benzofuran core group similar to that in

the dabigatran benzimidazole backbone, which is essential for the

structure-based design of thrombin inhibitors [57]. The main differ-

ence is that SAB has 2 side chains at positions 3 and 4 of the
F I GUR E 4 SAB inhibits thrombus formation in vivo. (A) Representative
laser injury model. The platelets were labeled in red. The scale bar denotes
shown by platelet MFI. n = 4. SAB was injected through the jugular vein c

weight of each mouse (80 μL/g total blood volume). MFI, mean fluorescen
benzofuran backbone. Using the resolved crystal structure of

thrombin, we individually docked SAB and dabigatran to the thrombin

active site using an in silico molecular docking model (Figure 6C, E),

which showed several shared binding residues between SAB and

dabigatran with the thrombin active site (Figure 6D, F).

Our results elucidate the inhibitory effect of SAB on the enzy-

matic activity of thrombin and explain its mechanism of action by

sterically hindering the thrombin catalytic site. Thus, SAB can repre-

sent a robust and naturally available thrombin inhibitor with striking
image of thrombus formation induced in a murine cremaster muscle
10 microns. (B) SAB markedly reduced thrombus formation in vivo as
annula to a final in vivo concentration of 0.010 mM based on the

ce intensity; SAB, salvianolic acid B.



F I GUR E 5 Direct binding of SAB to thrombin. (A) SAB directly inhibits the enzymatic activity of thrombin. Plot of initial rate vs substrate

concentration at different SAB concentrations. Global Michaelis–Menten model (fit all curves to shared parameters). (B) Exhibits intrinsic
fluorescence of 0.03 mM SAB (λex 382 nm) titrated with thrombin in PBS (pH 7.4) at 20 ◦C. (C) Data obtained from the fluorescence binding
detection assay were fit to our previously published binding script. Intrinsic fluorescence of SAB shows direct binding to thrombin. The inset
displays a zoomed view of 2 binding events, quenching and enhancement. Characterization of thrombin binding to (D) SAB and (E) dabigatran

using ITC. (F) Shows the ITC titration of SAB into control lysozyme solution, where no binding was observed. ITC reveals direct binding of SAB
to thrombin. For each ITC panel, on top is the raw titration data demonstrating the heat resulting from each injection of ligand into protein
solution. The bottom shows the integrated heat plot after correcting for the heat of dilution. Binding experiments were performed in PBS buffer

(pH 7.4) at 20 ◦C. n = 3 to 4. ITC, isothermal titration calorimetry; PBS, phosphate-buffered saline; SAB, salvianolic acid B.
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structural and functional similarities to the laboratory-designed

trisubstituted benzimidazole class of thrombin inhibitors.
4 | DISCUSSION

In this study, we demonstrated, for the first time, that SAB inhibits

blood coagulation through direct blocking of the thrombin active site.

Our findings offered a novel mechanism to explain the potent inhibi-

tion of SAB on thrombin-induced platelet aggregation, activation, and

thrombus formation in vivo (Figures 1–3). SAB, a compound derived
T AB L E Isothermal titration calorimetry binding affinities and thermod

Reagent Kd1 (nM) ΔH1 (kcal/mol) ¡TΔS1 (kcal/mol)

SAB 620 ± 80 18 ± 1 −27 ± 1

Dabigatran 0.49 ± 0.16 −5.2 ± 0.6 −12 ± 1

Kd1 and Kd2, dissociation constant; SAB, salvianolic acid B.
aIsothermal titration calorimetry data were acquired at 20 ◦C in PBS buffer (pH

experimental conditions.
from an ancient herbal medicine, Danshen, shares striking structural

similarities with the pharmacologically designed and biochemically

synthesized trisubstituted benzimidazole class thrombin inhibitors.

Our finding provides a new antithrombotic mechanism for SAB and

establishes SAB as the first herb-derived direct thrombin inhibitor. In

addition, SAB can inhibit platelet aggregation via thrombin-

independent mechanisms (Supplementary Figure S1), which likely

work synergistically with the thrombin blockage and result in a potent

in vivo antithrombotic effect.

Danshen depside salt is one of the most widely used traditional

Chinese medicine, and it has been prescribed to millions of patients in
ynamic properties of SAB and dabigatran interactions with thrombina.

Kd2 (nM) ΔH2 (kcal/mol) ¡TΔS2 (kcal/mol) nH

3700 ± 400 180 ± 6 −185 ± 12 1.1

24 ± 13 −7.4 ± 0.9 −4.9 ± 0.9

7.4). No binding was detected with SAB–lysozyme control under these



F I GUR E 6 SAB occupies the 2-site binding pocket of the trisubstituted benzimidazole thrombin inhibitors. Molecular structure of SAB (A)
and dabigatran (B). Thrombin binding pocket interactions with (C, E) SAB in red and (D, F) the inhibitor dabigatran in fuchsia resolved using

computational docking analysis. The blue ribbon displays the published X-ray crystal structure of thrombin (PDB: 1KTS). Purple side chains
show interacting residues with the bound ligands. SAB, salvianolic acid B.
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Asia and around the world [27]. The primary rationale for its use is the

potent clinical antithrombotic effect. The low cost of Danshen depside

salt makes it particularly attractive for the treatment of cardiovascular

disease in developing countries. As the predominant ingredient of

Danshen depside salt, SAB is considered the main active antith-

rombotic component. However, the mechanism of SAB in treating

thrombosis is insufficiently explored, which significantly limits the

understanding and study of its clinical benefits and risk profiles [63].

Previous studies focused on analyzing SAB and platelet receptor in-

teractions and suggested that SAB targets platelet surface P2Y1,

P2Y12, and α2β1 integrin [29–31]. While these findings provide some

explanations for the inhibitory effects of SAB in platelet aggregation,

they are insufficient to elucidate the whole spectrum of its potent

clinical antithrombotic outcome. Our data revealed a new perspective
on the antithrombotic function of SAB through direct inhibition of

thrombin activity. Thrombin is a serine protease and one of the most

potent platelet agonists through its proteolytic activation of platelet

PAR1 and PAR2 receptors [19]. We showed that SAB exerted a more

potent inhibitory effect and could abolish platelet aggregation when

thrombin was used as an agonist, suggesting that the direct blocking

of thrombin activity is a crucial mechanism of action for suppressing

platelet aggregation.

The inhibition of SAB for in vivo thrombus formation, as observed

in our intravital microscopy model (Figure 4A, B), is considerably more

potent than observed in the in vitro and ex vivo experiments. Indeed,

in vitro assays for cell-free plasma coagulation and platelet aggregation

induced by a single agonist require a relatively high dose of SAB. This

is likely due to a synergistic effect of action on platelet adhesion,
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aggregation, and blood coagulation in vivo. The stable adhesion of

platelets was mediated by integrins such as α2β1 integrin, which was

found to be targeted by SAB [31]. Additional platelet aggregation on

the adhered platelets is mediated by platelet activation through the

outside-in and inside-out signaling, with significant contributions from

ADP and thrombin. SAB was reported to block ADP receptors P2Y1

and P2Y12 [29, 30], and our results showed that thrombin activity is

also suppressed. In addition to its action on platelets, SAB suppressed

the “second wave” of thrombus formation [30] by inhibiting fibrin clot

formation on the initial platelet plug. This versatile inhibitory effect of

SAB on multiple key steps of platelet thrombus formation and coag-

ulation suggests that SAB may represent an efficient “one stone for

two birds” strategy for both arterial and venous thrombosis therapy.

In addition, mounting evidence indicates that thrombin promotes

atherosclerotic plaque progression [64]. The established antiathero-

sclerosis function of Danshen extracts [65] can also be attributed to

the inhibition of thrombin activity by SAB.

SAB, as the main component of Danshen, has been used in Asia

for decades without a clear understanding of its pharmacologic

mechanism of action. On the other hand, the trisubstituted benz-

imidazole class thrombin inhibitors, such as dabigatran, were designed

by Boehringer Ingelheim in the early 2000s based on the crystal

structure of thrombin [57]. It is, therefore, surprising to see that SAB

and dabigatran share similar molecular structures and bind to similar

residues in the thrombin active site. While the use of dabigatran is

limited by its high cost, Danshen depside salt is readily available and

represents a common antithrombotic remedy used in China and other

Asian countries. Although the inhibitory potency of SAB for thrombin

activity was less than dabigatran, it was given at a high dose clinically

through direct intravenous infusion [27].

The obtained thermodynamic parameters for SAB binding to

thrombin showed that the enthalpy change of ligand binding is unfa-

vorable, though this is counter-balanced by a favorable change in

entropy (Table). Upon the formation of the SAB-thrombin complex,

SAB and thrombin interact in a way that induces an increase in the

entropy of the system, possibly due to the conformational changes in

both SAB and thrombin. As a result, the complex can rearrange mul-

tiple orientations [66,67]. This increase in disorder contributes posi-

tively to the binding processes, where entropy serves as a driving

factor that supports the stable binding of SAB to thrombin (Figure 5).

These ITC data support the conformational change observed with our

in silicomolecular docking, where 2 conformers of SAB were yielded at

this binding site (Figure 6). In addition to the favorable entropy, hy-

drophobic interactions can contribute to the overall binding affinity

and stability of the SAB-thrombin complex [67,68]. We observed a Hill

coefficient of 1.1 for the interaction between SAB and thrombin,

indicating a positive cooperativity. This implies that the binding of the

first interaction of the SAB with the thrombin catalytic cavity triggers

a conformational change, facilitating a stronger binding for the second

SAB-thrombin interaction.

Our study also explained the reason for a relatively high dose of

SAB required for the clinical antithrombotic effect. Danshen depside
salt (>85% made of SAB) is given clinically via intravenous (I.V.) in-

jection at a daily dose of 200 mg (half-life of 2.87 hours and a median

length of therapy period of 7 days) [69], which equals to >0.050 mM

of plasma SAB concentration after each i.v. injection in 5.1 ± 0.8 L

total blood volume in an average adult person. This clinical i.v. dosage

and half-life are consistent with our observed in vivo effective dosage

at � 0.010 mM (Figure 4). It is noticeable that this i.v. effect is ach-

ieved through a synergistic effect on thrombin-dependent and

thrombin-independent mechanisms described above. The reduced

thrombin-blockage potency (as compared with dabigatran) is likely

due to the existence of the side chain catechol group on the benzo-

furan core structure, which interfered with the close contact of SAB

with the thrombin active site (Figure 6). Removal of this side chain

group may significantly enhance the efficacy of SAB in treating

thrombosis. We also made the crucial finding that repeated freeze-

thaw cycles and oxidation of SAB can change its potency

(Supplementary Figure S2A–D), which should be a key consideration

for prospective drug development.

In summary, our data established SAB as an herb-derived direct

thrombin inhibitor that suppresses platelet activation, aggregation, and

coagulation. The anticoagulation effect identified here provides critical

mechanistic data for further investigations of the efficacy and safety of

SAB in clinical use. The thrombin-dependent and thrombin-independent

pathways may make SAB an attractive choice to synergistically block

platelet adhesion, aggregation, and blood coagulation, which should

significantly impact therapies against both arterial and deep vein

thrombosis. Future chemical modifications may increase the anti-

thrombin effect of SAB and broaden its application as an antithrombotic

therapy.
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