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INTRODUCTION 
 

Tanshinone IIA (Tan IIA) is one of the major therapeutic 

components of Salvia miltiorrhiza Bunge. It is widely 

used to treat cardiovascular diseases, such as angina 

pectoris, myocardial infarction and other heart disorders 

due to its anti-atherosclerotic (AS) effects [1, 2]. 

However, the mechanism of anti-atherogenesis of Tan 

IIA remains incompletely understood. This is not only 

because the pharmacological functions of Tan IIA are not 

entirely clear [3], but the mechanisms of AS formation 

are also not fully elucidated [4]. In recent decades, the 

dysregulated sterile inflammation was identified to be 

related to the development of many inflammatory, 

metabolic and degenerative diseases [5]. The 

inflammasome-mediated inflammation plays a crucial 

role in the pathology of some cardiovascular diseases [6–

8]. AS, a major cardiovascular disease, is a multifactorial 

disorder in which sterile inflammation was shown to play 

a pathogenic role [9]. It has been shown that aberrant 

macrophage activation and subsequent uncontrolled 

production of pro-inflammatory cytokines in AS plaque 

mediate AS progression [10]. Recent studies revealed 

that the NLRP3 inflammasome activation by oxidized 
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ABSTRACT 
 

Tanshinone IIA (Tan IIA) possesses potent anti-atherogenic function, however, the underlying pharmacological 
mechanism remains incompletely understood. Previous studies suggest that oxidized LDL (oxLDL)-induced NLRP3 
(NOD-like receptor (NLR) family, pyrin domain-containing protein 3) inflammasome activation in macrophages 
plays a vital role in atherogenesis. Whether the anti-atherogenic effect of Tan IIA relies on the inhibition of the 
NLRP3 inflammasome has not been investigated before. In this study, we found that Tan IIA treatment of high-fat 
diet fed ApoE-/- mice significantly attenuated NLRP3 inflammasome activation in vivo. Consistently, Tan IIA also 
potently inhibited oxLDL-induced NLRP3 inflammasome activation in mouse macrophages. Mechanically, Tan IIA 
inhibited NF-κB activation to downregulate pro-interleukin (IL) -1β and NLRP3 expression, and decreased oxLDL-
induced expression of lectin-like oxidized LDL receptor-1 (LOX-1) and cluster of differentiation 36 (CD36), thereby 
attenuating oxLDL cellular uptake and subsequent induction of mitochondrial and lysosomal damage — events 
that promote the NLRP3 inflammasome assembly. Through regulating both the inflammasome ‘priming’ and 
‘activation’ steps, Tan IIA potently inhibited oxLDL-induced NLRP3 inflammasome activation, thereby ameliorating 
atherogenesis. 
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low density lipoprotein (oxLDL) and its derived 

cholesterol crystal (ChC) is a key pathogenic event that 

drives initiation of sterile inflammation in AS [10–17]. 

 

The inflammasomes are a group of intracellular 

multimeric protein complexes that are mainly responsible 

for processing and maturation of the inflammatory 

cytokines IL-1β and IL-18, and thereby constitutes the 

first line of the host defense [18, 19]. A typical 

inflammasome usually consists of an inflammasome 

sensor protein, the adaptor protein apoptosis-associated 

speck-like protein containing CARD (ASC) and pro-

caspase-1. Several inflammasome sensor proteins have 

been identified to date, including Nod-like receptors 

(NLRs), RIG-I-like receptors (RLRs) and AIM2-like 

receptors (ALRs) [20].  NLR Family Pyrin Domain 

Containing 3 (NLRP3) is the most studied and best 

characterized NLRs in monocytes/macrophages [21], 

which senses many exogenous pathogenic stimuli [22–

24] as well as endogenous ‗‗danger‘‘ signals [15, 25–28]. 

Since these inflammatory stimuli are functionally and 

structurally unrelated, it is believed that they in turn 

activate common downstream signaling intermediates 

(e.g. mitochondrial damage, lysome rupture and ion 

mobilization) that eventually result in the inflammasome 

assembly and activation. The inflammasome activation 

leads to caspase 1 autocleavage and activation, which 

then cleaves pro-IL-1β and pro-IL-18 into their bioactive 

forms respectively, thereby initiating inflammation [19].  

 

During atherosclerosis, oxLDL was taken up by 

macrophages via scavenger receptors, including lectin-

like oxidized LDL receptor-1 (LOX-1), scavenger 

receptor A1 (SR-A1) and cluster of differentiation 36 

(CD36) [29, 30]. LOX-1 is highly expressed on vascular 

endothelial cells, smooth muscle cells and macrophages 

[31–33]. Upon binding by oxLDL, LOX-1-mediated 

uptake of oxLDL induces mitochondrial damage 

causing mitochondrial reactive oxygen species (mtROS) 

accumulation, and mitochondrial DNA (mtDNA) 

damage and release, both mtROS and mtDNA can 

engages NLRP3 [34–36]. Another important oxLDL 

receptor is CD36 that mediates soluble oxLDL-Ch 

nucleation into particulate ChC (Cholesterol crystal) in 

endo-lysosome. The ―undigested‖ particulate ChC 

breaches the membrane of late endosomes/lysosomes, 

resulting in cathepsin B release from lysosome into 

cytosol [37]—an event shown to induce NLRP3 

inflammasome assembly and robust IL-1β production, 

thereby promoting AS development [8].  

 

Although Tan IIA was shown to antagonize LPS-induced 

NF-κB activation [38], ROS accumulation [39] and 

NLRP3 activation in cardiac myocytes [7] and scavenger 

receptor expression in macrophages [40], how it inhibits 

AS has remained incompletely understood. Here we 

show that Tan IIA potently inhibited oxLDL-induced 

NLRP3 inflammasome activation by attenuating both the 

priming and activation signals. Mechanically, Tan IIA 

inhibited NF-κB activation to downregulate pro-IL-1β 

and NLRP3 expression, and decreased oxLDL-induced 

expression of LOX-1 and CD36, attenuating oxLDL 

cellular uptake and subsequent induction of 

mitochondrial damage and mtROS accumulation. In 

summary, our results have revealed previously 

unrecognized mechanisms underlying Tan IIA‘s potent 

anti-AS effects, and thereby provide a molecular basis for 

its clinical use to treat AS. 

 

RESULTS 
 

Tan IIA inhibits atherosclerosis and IL-1β/IL-18 

production in vivo  
 

To confirm the anti-AS effect of Tan IIA in vivo, we 

tested whether the administration of Tan IIA (Figure 1A) 

could inhibit atherogenesis in the ApoE
-/-

 mice fed with a 

high-cholesterol diet (HCD). Histomorphological 

analyses revealed that the AS plaque size in the aorta of 

the Tan IIA-treated mice (~ 20 % of total area) were 

significantly lower than that of untreated mice (~ 45 % of 

total area) (Figure 1B, 1C). Consistently, Tan IIA 

treatment also strongly reduced cross-section areas of the 

plaque in HCh-diet-fed mice relative to untreated 

controls (Figure 1D, 1E). High levels of total Ch (T-Ch), 

low-density-lipoprotein Ch (LDL-Ch) and triglyceride 

(TG) in the sera are widely considered as the major risk 

factors of AS. Although Tan IIA had little effect on 

serum T-Ch and HDL-Ch levels (Figure 1F, 1G), it 

significantly decreased the amounts of LDL-Ch and TG 

in the sera of HCD-fed ApoE-deficient mice (Figure 1H, 

1I), with the strongly reduction seen in LDL-Ch (~40%). 

These results have therefore collectively confirmed Tan 

IIA‘s potent anti-AS activity in vivo. 

 

OxLDL- and ChC-induced inflammasome activation 

was recently shown to be a key pathogenic event that 

promotes AS lesion formation and progression [15, 16]. 

Consistent with this notion, mice deficient in 

inflammasome signaling are resistant to atherogenesis 

[15]. To investigate whether Tan IIA inhibits 

inflammasome activation in vivo, we analyzed the the 

production of inflammasome-dependent cytokines, IL-

1β and IL-18, in the aorta of the HCD-fed ApoE-

deficient mice with or without Tan IIA treatment. 

Indeed, Tan IIA significantly inhibited HCD-induced 

IL-1β and IL-18 production both in the aortic tissues 

(Figure 1J, 1M) and in the sera (Figure 1N, 1Q) of 

ApoE-deficient mice, suggesting that Tan IIA can 

inhibit inflammasome activation. Interestingly, we also 

noted reduced levels of TNFα and IL-6 after Tan IIA 

treatment (Figure 1K, 1L, 1O, 1P), which indicates that 
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Tan IIA is likely to interfere with NF-κB signaling in 

general. 

 

Tan IIA inhibits oxLDL-induced NLRP3 

inflammasome activation 

 

To confirm our above in vivo results, we further tested 

whether Tan IIA could inhibit IL-1β production in mouse 

macrophages in vitro. We first noted that oxLDL itself 

can act both as priming and activation signals to induce 

mature IL-1β production (Figure 1R, 1S) from  

mouse bone marrow-derived macrophages (BMDMs). 

We next reconfirmed that oxLDL activates NLRP3 

inflammasome, not other inflammasomes, because 

BMDMs deficient in NLRP3, ASC or Casp1, but not 

AIM2 nor NLRC4, failed to induce IL-1β release upon 

oxLDL stimulation (Supplementary Figure 1A–1F). 

Importantly, pretreatment of Tan IIA significantly 

reduced oxLDL-induced IL-1β release (Figure 1U). 

Consistently, caspase-1 activation, as shown by the 

presence of autocleaved p10 fragments, was also reduced 

upon Tan IIA treatment (Figure 1T). These data 

collectively suggest that Tan IIA inhibits oxLDL-induced 

inflammasome activation in cultured macrophages. 
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Figure 1. Effects of Tan IIA on HCh diet-induced AS lesion formation, serum lipid levels and cytokine productions in ApoE-/- 
mice. (A) Molecular structure of Tanshinone IIA. (B) AS lesions stained by Oil Red O in the aorta of ApoE-deficient mice fed on the different diets 
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(regular diet, HCh diet and HCh diet plus Tan IIA (20 mg/kg/day)). (C) Percentage of the lesion area of the aorta was calculated as the ratio of the 
lesion area to the total area. (D) Histological images of frozen section of the lesions stained with Oil Red O and Haematoxylin/eosin (HE). (E) 
Relative lesion area of the section of AS in the aorta. Average areas of AS lesions were calculated from 12 sections in ApoE-deficient mice fed on 
the different diets. (F–I) Levels of T-Ch, HDL-Ch, LDL-Ch and TG in the sera of ApoE-deficient mice fed with different diets for 16 weeks. Oxidized 
LDL-induced and Tan IIA inhibited cytokine (IL-1β, TNFα, IL-6 and IL-18) productions at mRNA levels measured by qRT-PCR in the aortic tissues (J–
M) and at protein levels determined by ELISA in the sera (N–Q). (R, S) Effects of Tan IIA (2.5, 5, 10 μg/mL) on oxLDL-induced IL-1β productions in 
the culture media of LPS-primed and un-primed mouse B6 macrophages, respectively. (T, U) Effects of Tan IIA on oxLDL-induced caspase-1 
activation (10 kDa) and IL-1β maturation (17 kDa) in mouse B6 macrophages. 
 

Tan IIA inhibits the inflammasome priming 

signaling pathway  
 

Two signals are required for the production of biologically 

active IL-1β: the NF-κB-mediated priming signal for pro-

IL-1β and NLRP3 expression, and Nod-like receptor-

mediated activation signal for IL-1β maturation/release 

[19, 20, 18]. To test whether Tan IIA inhibits the priming 

step, the immortalized bone marrow-derived macrophages 

from C57BL/6 mice (hereafter referred as B6 

macrophages) were pretreated with different doses of Tan 

IIA, followed by stimulation with LPS for 6 h or oxLDL 

for 24 h. We found that LPS and oxLDL induced NF-κB 

P65 phosphorylation in the cells and nucleus (Figure 2A, 

2B) and subsequent upregulation of pro-IL-1β (Figure 

2C–2E), IL-6 (Figure 2F, 2G), TNFα (Figure 2H, 2I) and 

NLRP3 (Figure 2J–2L) expression. These results suggest 

that oxLDL can activate both signals for inflammasome 

activation, while the Tan IIA strongly inhibited the 

priming signal by preventing NF-κB activation. 

 

oxLDL activates the NLRP3 inflammasome via 

LOX-1 and CD36 

 

We next further investigated the mechanism by which 

oxLDL activates the NLRP3 inflammasome and how 

Tan IIA inhibited such a process. Cellular uptake of 

oxLDL is required for activating macrophages. Three 

membrane-bound scavenger receptors (LOX-1, CD36 

and SR-A1) were implicated in oxLDL cellular uptake 

and foam cell formation [19, 20, 18]. To determine which 

of these three receptors is dominantly involved in 

oxLDL-induced NLRP3 activation, lentivirus-mediated 

small interfering RNA (siRNA) against mouse LOX-1, 

CD36 and SR-A1 (Supplementary Table 2) were used to 

knock down (KD) their expressions in the macrophages, 

respectively (Supplementary Figure 2A–2C). We found 

that LOX-1 and CD36, but not SR-A1 siRNA potently 

inhibited IL-1β productions (Figure 3A–3C), suggesting 

that oxLDL-induced NLRP3 activation mainly requires 

LOX-1 and CD36 mediated cellular uptake pathways. 

 

Tan IIA inhibits oxLDL-induced LOX-1 expression 

and subsequent NLRP3 activation 
 

Next we investigated whether Tan IIA regulates LOX-1. 

To this end, we pretreated WT and LOX-1-KD 

macrophages with Tan IIA and then stimulated them 

with oxLDL. As shown in Figure 3D and 3E, oxLDL 

potently induced LOX-1 expression in a dose-dependent 

manner—an effect that was inhibited by Tan IIA 

pretreatment (Figure 3F, 3G). Importantly, we found 

that Tan IIA also inhibited the release of IL-1β from 

macrophages (Figure 3H), and reduced caspase 1 

activation (Figure 3I), indicating that Tan IIA can 

inhibit oxLDL-induced LOX-1-mediated inflamma- 

some activation. 

 

Tan IIA prevents oxLDL-induced mitochondrial 

damage 

 

LOX-1-mediated cellular uptake pathway was 

previously shown to trigger mitochondria damage and 

subsequent production of ROS [37], which were 

shown to be an important activator of NLRP3 

inflammasome [36, 42]. We then speculated that Tan 

IIA may inhibit oxLDL-induced LOX-1-mediated 

ROS generation, thereby keeping the NLRP3 

inflammasome activation in check. To test this, WT 

and LOX-1-KD macrophages were treated with Tan 

IIA (10 μg/mL) followed by stimulation with oxLDL 

(50 μg/mL). The amounts of ROS were then quantified 

using the 2´, 7´-Dichlorofluorescein diacetate (DCFH-

DA) probe. The results showed that oxLDL treatment 

induced robust ROS generation in WT macrophage 

relative to untreated cells (Figure 4A1, A2), and that 

deficiency in LOX-1 drastically attenuated ROS 

production (Figure 4A3). Of note, prior treatment of 

Tan IIA significantly inhibited ROS production 

induced by oxLDL or ATP—a classical NLRP3 

activator (Figure 4A4–A6).  

 

It has been demonstrated that mitochondrial damage 

and subsequent mitochondrial ROS (mtROS) 

production are key events during NLRP3 

inflammasome activation [36, 42]. Indeed, we found 

that oxLDL induced robust mtROS production—as 

quantified by a mitochondrial superoxide probe 

MitoSOX—in WT macrophages, while to a less extent, 

in LOX-1-deficient macrophages (Figure 4B–4F). 

Consistently, LOX-1 deficient macrophages had less 

mitochondrial damage and loss of mitochondrial 

membrane potential (ΔΨm) relative to WT cells after 

oxLDL stimulation (Figure 4G, 4H). This suggests that 
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Figure 2. Tan IIA inhibits LPS- and oxLDL-induced pro-inflammatory cytokine and NLRP3 production in macrophages.  
(A, B) Effects of Tan IIA on LPS- or oxLDL-induced NF-κB P56 activity in the cytoplasm and nucleus of mouse B6 macrophages. (C) Effects of 
Tan IIA at the different doses (2.5, 5 and 10 μg/mL) on pro-IL-1β expressions by qRT-PCR detection in LPS- and oxLDL-induced mouse B6 
macrophages. (D, E) Effects of Tan IIA on pro-IL-1β expressions detected by Western blot in LPS- and oxLDL-induced B6 macrophages, 
respectively. (F, G) Effects of Tan IIA on IL-6 expression in the cells by RT-PCR and in the culture medium by ELISA, respectively, in LPS- and 
oxLDL-induced B6 macrophages. (H, I) Effects of Tan IIA on TNFα expression in the cells by qRT-PCR and in the culture medium by ELISA, 
respectively, in LPS- and oxLDL-induced B6 macrophages. (J) Effects of Tan IIA on NLRP3 expressions by qRT-PCR detection in LPS- and oxLDL-
induced mouse B6 macrophages. (K, L) Effects of Tan IIA on NLRP3 expressions in the culture medium by Western blot in LPS- and oxLDL-
induced B6 macrophages, respectively.   
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Figure 3. Effects of the LOX-1, CD36 and SR-A1 siRNAs on oxLDL-induced IL-1β productions and effects of oxLDL and Tan IIA 
on LOX-1 expression and LOX-1-mediated caspase-1activation/IL-1β release. (A–C) Effects of lentivirus-mediated LOX-1, CD36 and 
SR-A1 siRNAs (MOI = 30) on oxLDL-induced IL-1β productions in mouse macrophages measured by ELISA. (D, E) Effects of oxLDL on LOX-1 
expression in macrophages measured by qRT-PCR and Western blot, respectively. (F, G) Effects of Tan IIA on oxLDL-induced LOX-1 expression 
determined by qRT-PCR and Western blot, respectively. (H) Effects of Tan IIA on oxLDL-induced LOX-1-mediated IL-1β expression in 
macrophages. (I) Effects of Tan IIA on oxLDL-induced LOX-1-mediated caspase-1 activation in macrophages.   
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LOX-1 at least partially contributes to oxLDL-induced 

mitochondrial damage and subsequent mtROS 

production. Notably, Tan IIA pretreatment effectively 

inhibited the oxLDL-induced mitochondrial damage 

and mtROS generation both in WT and LOX-1-

deficient macrophages (Figure 4B–4F). These results 

suggest that Tan IIA inhibits oxLDL-induced LOX-1 

mediated mitochondrial damage, thereby preventing the 

activation of the NLRP3 inflammasome. 

 

The inhibitory effect of Tan IIA on NLRP3 

inflammasome also involves CD36 

 

A number of previous studies have shown that CD36 is 

not only involved in oxLDL-uptaking, but also involved 

in intracellular cholesterol crystal formation in 

macrophages, leading to lysosome rupture and cytosolic 

release of its contents (namely cathepsins) that 

indirectly activate NLRP3 [41]. We therefore 

investigated whether Tan IIA may affect CD36 

function, thereby regulating the NLRP3 inflammasome 

activation. We first confirmed previous observations 

[42, 43] that oxLDL indeed upregulated CD36 

expression in macrophages (Figure 5A, 5B). 

Importantly, Tan IIA treatment prior to oxLDL 

stimulation significantly inhibited CD36 upregulation 

(Figure 5C, 5D). Furthermore, by using CD36 siRNAs 

as well as a CD36-specific inhibitor—sulfosuccinimidyl 

oleate (SSO), we found that inhibition of CD36 

attenuated oxLDL-induced caspase 1 activation and IL-

1β production (Figure 5E, 5F). These results 

collectively suggest that Tan IIA reduces oxLDL-

induced CD36 expression in macrophages, and thereby 

limits subsequent NLRP3 inflammasome activation.  
 

Next, we investigated the molecular mechanism by 

which Tan IIA attenuated oxLDL-induced CD36 

expression. Two transcriptional factors—nuclear factor-

E2-related factor 2 (Nrf2) and peroxisome proliferator-

activated receptor-γ (PPARγ)—were shown to be 

responsible for inducing CD36 expression [44–47], we 

therefore tested whether inhibition of Nrf2 and PPARγ 

could reduce CD36 expression after oxLDL stimulation. 

Flow cytometry analyses showed that silencing Nrf2 

gene by siRNA significantly inhibited oxLDL-induced 

CD36 expression, whereas Nrf2 activator sulforaphane 

(SFN) enhanced CD36 expression (Figure 5G). 

Similarly, inhibition of PPARγ by siRNA or its 

pharmacological inhibitor PD 068235 significantly 

inhibited oxLDL-induced CD36 expression, whereas 

PPARγ-agonist thiazolidinediones (TZDs) promoted 

oxLDL-induced CD36 expression (Figure 5H). These 

results suggest that oxLDL-induced CD36 expression is 

Nrf2- and PPARγ-dependent. Of note, we found that 

Tan IIA could dose-dependently inhibit oxLDL-induced 

Nrf2 expression and PPARγ activity (Figure 5I, 5J), 

thereby suppressing CD36 expression and subsequent 

NLRP3 inflammasome activation. 

 

Tan IIA inhibits oxLDL-induced CD36-dependent 

lysosomal damage 

 

Previous work suggests that lysosomal damage and 

cathepsin B release are key events during oxLDL-

induced NLRP3 inflammasome activation [15, 16]. We 

therefore tested whether Tan IIA directly or indirectly 

affected these processes to inhibit NLRP3 

inflammasome activation. WT macrophages were 

pretreated with Tan IIA followed by stimulation with 

oxLDL. The cells were then stained with fluorescently 

labeled chlorotoxin B (red) for cell membrane, DQ 

Ovalbumin (green) (fluorogenic substrate for cathepsin 

B) for cathepsin B activity and Hoechst 33342 (blue) 

for nuclear after saponin treatment. Confocal imaging 

analysis showed that cathepsin B activity (as shown by 

the green fluorescent signal) in untreated WT cells 

(Mock) was largely restricted to cellular compartments 

(lysosome) (Figure 6A1). Notably, upon stimulation 

with oxLDL, cathepsin B started to become diffused in 

the cytosol (Figure 6A2), suggesting the possible 

rupture of lysosome that caused its release. However, 

when the cells were pretreated by Tan IIA, cytosolic 

diffuse of cathepsin B was significantly decreased 

(Figure 6A3, 6A4). As controls for the specificity of the 

above assay, we observed little green fluorescent signal 

in cathepsin B
-/-

 macrophages with or without ox-LDL 

stimulation (Figure 6A6). Additionally, CA-074-Me—

the cathepsin B inhibitor—strongly decreased the green 

signal in cytosol of oxLDL-stimulated WT 

macrophages (Figure 6A5).  

 

We also observed that CD36 is required for oxLDL-

induced lysosomal damage because silencing CD36 by 

siRNA significantly inhibited cathepsin B cytosolic 

release (Figure 6A7). To further verify that Tan IIA 

inhibits oxLDL-induced lysosomal damage and 

cathepsin B release, WT macrophages were pretreated 

with Tan IIA and then incubated with digitonin plus 

phenylmethylsulfonyl fluoride (PMSF) to permeabilize 

the plasma membrane without disturbing the membrane 

integrity of cellular organelles (e.g. lysosome, ER and 

mitochondria). During this procedure, cathepsin B that 

escaped from damaged lysosome can be further released 

into culture medium. Immunoblot analysis showed that 

cathepsin B (25 kDa) was detected in oxLDL-

stimulated cells, but not untreated cells (Mock) (Figure 

6B). CD36 siRNA significantly inhibit cathepsin B 

release from lysosome in oxLDL-stimulated 

macrophages. Tan IIA pretreatment significantly 

inhibited cathepsin B release from lysosome and 

reduced IL-1β levels in the culture medium (Figure 6C). 

Together, the above results indicate that Tan IIA 
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suppresses oxLDL-induced CD36-dependent lysosomal 

damage and cathepsin B release.  

 

Since our results show that Tan IIA prevents lysosomal 

and mitochondrial damage after oxLDL stimulation in 

macrophage, we reasoned that it may possess the ability 

to stabilize the lipid membrane. To test this hypothesis, 

we performed anti-hypotonic solution-induced 

haemolysis assay using rat erythrocytes and anti-lipid 

peroxidation assay with the thiobarbital acid method by 

measuring malondialdehyde (MDA). As shown in 

Supplementary Figure 3, Tan IIA partially inhibited 

hypotonic solution-induced haemolysis in a dose-

dependent manner, suggesting that Tan IIA is capable 

of stabilizing the membrane. The stability of cellular 

membranes largely relies on the phospholipids present 

in bilayer membranes. Upon oxidative stress, these 

phospholipids can be oxidized by ROS, resulting in 

lipid peroxidation that alters membrane integrity. To 

test if oxLDL induce lipoperoxidation and whether 

Tan IIA inhibits this process in vitro, we pretreated WT 

macrophages with Tan IIA for 12 h and then stimulated 

the cells with oxLDL for 24 h or H2O2 (as a positive 

control) for 2 h. We found that Tan IIA indeed 

significantly inhibited oxLDL- and H2O2-induced MDA 

increase (Supplementary Figure 4), thus indicating that 

Tan IIA possesses the capacity to inhibit lipid 

peroxidation induced by ROS.  
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Figure 4. Tan IIA inhibits oxLDL-induced LOX-1-mediated ROS production and mitochondrial damage in macrophages. (A) 
Oxidized LDL induction and Tan IIA inhibition on ROS generation detected using ROS fluorescence detector DCFH-DA (ATP treatment as a 
positive control). (B, C) Oxidized LDL induction and Tan IIA inhibition on mito-ROS production detected with MitoSOX (Invitrogen) using a flow 
cytometer in mouse B6 macrophages and LOX-1-KD B6 macrophages, respectively. (D) Mito-ROS production in the B6 macrophages induced 
by oxLDL at the different doses (0, 10, 25, 50, 100 μg/mL). (E) Inhibition of Tan IIA on oxLDL-induced mito-ROS production in the B6 
macrophages. (F) The oxLDL-induced mitochondria damage and Tan IIA inhibition on it in mouse B6 macrophages and LOX-1-KD 
macrophages. MitoTracker Deep Red for health mitochondria staining and MitoTracker Green FM for total mitochondria staining. NAC is a 
ROS inhibitor. (G) The oxLDL-induced mitochondrial membrane potential loss. (H) Tan IIA inhibition on oxLDL-induced mitochondrial 
membrane potential loss. ATP as a positive control for oxLDL-induced the loss of mitochondrial membrane potential.   
 

DISCUSSION 
 

Salvia miltiorrhiza, a traditional Chinese medicine 

containing active ingredients of Tan IIA, is an anti-

atherosclerosis drug that has been widely used in China 

and Southeast Asian countries for many centuries. 

Although some reports showed that Tan IIA can inhibit 

ROS-induced oxidative stress [48–51] and attenuate 

vascular inflammation [38], the precise molecular 

mechanism by which Tan IIA inhibits atherogenesis 

remains elusive. Our results presented here show, for 

the first time, that Tan IIA is a potent inhibitor of the 

NLRP3 inflammasome—a key pathogenic driver of 

atherosclerosis.  

 

A number of recent studies have shown that sterile 

inflammation caused by various pathogenic factors is a 

key pathogenic promoter of atherosclerosis [9, 17]. 

Specifically, dysregulated NLRP3 inflammasome—an 

innate immune sensor for tissue damage—is responsible 

for initiation of sterile inflammation in the artery that 

leads to atherosclerosis [15, 16, 32, 8]. Mechanistically, 

the oxLDL and ChC were identified to be the pivotal 

activators of NLRP3 inflammasome in the context of 

atherosclerosis. Based on these previous findings, we 

speculated that Tan IIA may inhibit the NLRP3 

inflammasome activation and thereby prevents the 

development of atherosclerosis [38–40]. In this study, 

we first confirmed the potent anti-atherogenic efficacy 

of Tan IIA using ApoE
-/-

 mice—a well-established 

murine atherosclerosis model [52] and then further 

investigated whether and how Tan IIA inhibits oxLDL-

induced NLRP3 inflammasome activation in 

macrophages. Our results show that Tan IIA inhibits 
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Figure 5. Tan IIA inhibits oxLDL-induced CD36 expression by inhibiting Nrf2 expression and PPARγ activity. (A, B) Effects of 
oxLDL on CD36 expressions at mRNA levels measured by qRT-PCR and protein levels detected by Western blot in macrophage, respectively; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase as an internal control. (C, D) Effects of Tan IIA on oxLDL-induced CD36 expressions at 
mRNA levels and protein levels in macrophages, respectively. (E) Effects of Tan IIA on oxLDL-induced caspase-1 activation in the cells 
detected by Western blot. (F) Effects of Tan IIA on oxLDL-induced IL-1β productions measured by ELISA in macrophages. (G, H) Effects of Nrf2 
and PPARγ gene knockdown by siRNA on CD36 expression on the cell membrane, respectively, detected by flow cytometry, presented by 
mean fluorescence intensity (MFI). (I, J) Effects of Tan IIA on oxLDL-mediated Nrf2 expression measured by RT-PCR and oxLDL-mediated 
PPARγ activity measured by a commercial kit in the cells.  
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both the priming and activation steps for NLRP3 

inflammasome activation. Tan IIA inhibits NF-κB 

activation, and thus attenuates the inflammasome 

priming strength. However, whether Tan IIA directly 

inhibits NF-κB or through some unknown indirect 

mechanisms remains an open question. Tan IIA also 

attenuates the inflammasome activation by reducing 

LOX-1 and CD36 expression, thereby limiting oxLDL-

induced mitochondrial and lysosomal damage to 

ultimately inhibit NLRP3 inflammasome activation. 

 

LOX-1 is a key scavenger receptor responsible for 

cellular uptake of oxLDL. Stimulation of macrophages 

with oxLDL induces mitochondrial stress characterized 

by overproduction of mtROS that oxidatively damage 

mitochondrial contents, including mitochondrial DNA 

(mtDNA) [32, 33, 53]. Oxidized mtDNA has been 

shown to promote atherogenesis through regulating the 

NLRP3 inflammasome activation [54]. Our current 

results demonstrated that oxLDL could induce LOX-1 

expression, promote mitochondrial damage and mtROS 

generation and activate NLRP3 inflammasome in 

macrophages. Of note, we show that Tan IIA can inhibit 

oxLDL-induced NLRP3 activation by suppressing 

LOX-1 expression, although the molecular mechanism 

involved needs further investigation.  

 

Tan IIA‘s inhibitory effect on NLRP3 inflammasome 

activation also involves CD36—another scavenge 

receptor for cellular uptake of oxLDL in macrophages 

and other vascular cells [43]. It was shown that CD36 

promotes oxLDL-induced NLRP3 inflammasome 

activation by facilitating intracellular nucleation of 

oxLDL-ChC into ChC particulates [15, 41], which in 

 

 
 

Figure 6. Tan IIA inhibits oxLDL-induced macrophage lysosomal damage and cathepsin B release. (A) Fluorescence confocal 
assay for oxLDL-induced cathepsin B release from lysosome of mouse B6 macrophages or cathepsin B-/- B6 macrophages under the different 
treatments, respectively. The cells were treated with oxLDL (50 μg/mL) alone (2), oxLDL plus 2.5 μg/mL Tan IIA (3), oxLDL plus 10 μg/mL Tan 
IIA (4) and oxLDL plus Cathepsin B inhibitor CA-074-Me (5). The Cathepsin B-/- mouse macrophages (6) were treated with oxLDL alone. The 
small interfering RNA-mediated CD36 silenced-mouse B6 macrophages (7) were treated with oxLDL alone. All the cells were stained with 
Alexa 647-conjugated cholera toxin B (membrane staining, red), and then with DQ ovalbumin (cathepsin B staining, green) and Hoechst dye 
(nuclei staining, blue) after saponin treatment. (B) Western blot detection for Cathepsin B releases from cytosol of oxLDL-induced B6 
macrophages or cathepsin B-/- B cholera 6 macrophages treated with digitonin and phenylmethylsulfonyl fluoride (PMSF). (C) ELISA assay for 
oxLDL-induced Il-1β releases from mouse B6 macrophages or cathepsin B-/- B6 macrophages under the different treatments.   
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turn cause endo-lysosomal rupture, resulting in the 

cytosolic release of cathepsins that promote NLRP3 

inflammasome activation [15, 41]. Our results showed 

that Tan IIA can reduce CD36 expression via inhibiting 

Nrf2 expression and PPARγ activity, thereby 

attenuating the NLRP3 inflammasome activation. 

Although our results suggest that Tan IIA may help 

prevent lipid peroxidation and thereby stabilizing 

cellular membranes (e.g. mitochondrial and lysosomal 

membranes), the precise molecular mechanism involved 

needs to be further defined.  

 

Taken together, our work revealed that the potent anti-

atherogenic effect of Tan IIA at least partially relied on 

its strong inhibition of oxLDL-induced NLRP3 

inflammasome activation. Tan IIA significantly 

attenuated both the priming and activation steps during 

NLRP3 inflammasome assembly, and thereby decreases 

oxLDL-induced sterile inflammation and ultimately 

prevents the development of atherosclerosis.  

 

MATERIALS AND METHODS  
 

Mice and cells 
 

Apolipoprotein E-deficient (ApoE
-/-

) male mice 

(C57BL/6 background), 7-week-old, were purchased 

from the Animal Center of Beijing University (Beijing, 

China). Mouse B6 macrophages and their derived gene-

knockout macrophages, Nlrp3
−/−

, Asc
−/−

, Capase-1
−/−

, 

Nlrc4
−/−

, Cathepsin B
−/−

 macrophages
 
were kind gifts 

from Dr. Katherine Fitzgerald (University of 

Massachusetts Medical School) [55].  

 

Reagents 

 

Diphenyleneiodonium (DPI), 2′,7′-dichlorofluorescin 

diacetate (DCFH-DA), polysaccharide (LPS), ATP, 

CA-074-Me, Oil Red O, 2-thiobarbituric acid, 

sulfosuccinimidyl oleate (SSO), sulforaphane (SFN), 

PD068235, thiazolidinediones (TZDs) were purchased 

from Sigma (Sigma-Aldrich, St. Louis, MO, USA). 

Human LDL were from Biomedical Technologies 

(Stoughton, MA, USA). Ultrapure LPS and poly 

(dA:dT), Lipofectamine 2000, and MitoSOX
MT

 Red 

mitochondrial superoxide indicator were purchased 

from Invitrogen (Carlsbad, CA, USA). Alexa 647-

conjugated cholera toxin B (red), Alexa 555-

conjugated cholera toxin B (green) and DQ ovalbumin 

were purchased from Life Technologies (Carlsbad, 

CA, USA). Tanshinone IIA, CA-074-Me (cathepsin B 

inhibitor) and the antibodies used for immunoblotting, 

including rabbit anti-mouse caspase-1 p10 (M-20), 

rabbit anti-mouse cathepsin B (FL-339) / goat anti-

rabbit IgG-AP, Armenian hamster anti-mouse IL-1β 

(B122) / goat anti-Armenian hamster IgG-AP, goat 

anti-mouse or human GAPDH (L-18) / rabbit anti-goat 

IgG-AP, goat anti-mouse LOX-1 polyclonal antibody, 

goat anti-mouse P62 polyclonal antibody, goat anti-

mouse CD36 polyclonal antibody (N-15), goat anti-

mouse NLRP3 antibody (M-12), donkey anti-goat 

IgG-HRP, donkey anti-goat IgG-FITC were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). The antibodies for mouse IL-1β measurement 

with ELISA, including anti-mouse IL-1β (capture 

antibody) and biotinylated rabbit anti-mouse IL-1β 

(detection antibody), and Avidin-HRP and the 

standard recombinant mouse IL-1β, were purchased 

from eBioscience (San Diego, CA, USA). Mouse 

TNFα, IL-6 and IL-18 ELISA kits were purchased 

from R&D Systems (Minneapolis, MN, USA). Nuclear 

Extraction Kit (ab113474) were from Abcam 

Biotechnology (Cambridge, United Kingdom). 

InstantOne
TM

 ELISA kit for NF-kB phosphorylated 

P65 assay (eBioscience). Lentivirus vectors (pLKO.1, 

pLKO.1-SCR, pVSV-G and pLV-CMVΔ8.9 plasmids) 

for delivery of siRNA were from Sigma (St. Louis, 

MO, USA). MitoTracker Deep Red and MitoTracker 

Green and Tetramethylrhodamine, methyl ester 

(TMRM) were from Life Technologies (Carlsbad, CA, 

USA).  

 

Mouse experiments 
 

ApoE
-/-

 mice, housed under the specific antigen-free 

conditions on a 12-h light/dark cycle in the 

Experimental Animal Center of College of Veterinary 

Medicine in Hebei Agricultural University, were 

divided into three groups (n = 8 in each group), high 

cholesterol diet (HCh) group, high cholesterol diet plus 

Tanshinone IIA groups (HCh-Tan), and normal diet 

control group. The HCh and HCh-Tan groups were fed 

on a high cholesterol diet (21 % fat, 1.25 % cholesterol 

and 2 % cholic acid) for 16 weeks to induce AS, the 

control group were fed on a normal diet. The HCh-Tan 

groups were simultaneously treated with Tanshinone 

IIA (20mg/kg/day). Mice received the food and water 

ad libitum. All experiments in this study were approved 

by the Animal Ethics Committee of Hebei Agricultural 

University. 

 

Histological assessment of atherosclerosis 
 

After 16-week feeding experiment, the mice were 

euthanized by intraperitoneal injection of avertin 

anesthetic (240 mg/kg) and infused successively with 

PBS to remove the blood from blood vessel and then 

with 4 % phosphate-buffered formaldehyde (PBF) 

containing 5% sucrose and 20 mM EDTA for 1 h to fix 

the artery (infused in left ventricular and released from a 

small hole cut in right atrium). After washing with PBS 

to remove the 4% PBF fixing solution, the entire aorta 
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from brachiocephalic artery to iliac artery bifurcation 

was carefully excised. After removing the peripheral fat 

and adventitial tissue under a dissecting microscope, 

aortas were longitudinally opened with micro-surgical 

scissors and laid on a plate with dark background for 

enface presentation. After rinsing with 60 % 

isopropanol twice, the aorta was stained with filtered 

0.3% Oil Red O in isopropanol for 20 min, and then 

distained with 60 % isopropanol. Finally, the images of 

the aortas were captured with a digital color camera. 

The percentage of the lesion area stained by Oil Red O 

to total luminal surface area was quantified using 

computer-assisted morphometry (NIH ImageJ 

software). 

 

For histomorphometric analysis of aortic 

atherosclerosis, the aortas were isolated from 

euthanized mice by surgical operation after infused with 

PBS. After removing the peripheral fat and adventitial 

tissue under a dissecting microscope, the aortas were 

cross-cut into 3-4 mm fragments and the fragments 

were subsequently embedded vertically at different 

position on the tray with optical cutting temperature 

(OCT) compound at -20° C in a freezing microtome. 

The embedded aortic fragments were cut into 10 μm-

thick sections which were then mounted on a glass 

slide. The sections on the slide were subjected to be 

stained successively with 0.3 % Oil Red O and 

Hematoxylin solution and then sealed by cover glass 

using aqueous mounting solution. The images of the 

aortic atherosclerosis were captured by a digital 

microscope as quantified using computer-assisted 

morphometry (NIH ImageJ software).  

 

Cell culture and stimulation 

 

Mouse B6 macrophages were cultured in DMEM 

medium, supplemented with 10 % fetal bovine serum 

(FBS) and 100 units/mL penicillin, 100 μg/mL 

streptomycin, 2 mM L-glutamine at 37° C and 5 % CO2 

as previously described [56].  

 

For inflammasome activation assay, the B6 cells 

cultured in X-VIVO-15 serum-free medium (LONZA) 

was primed with LPS (0.25 μg/mL) for 12 h. The 

various regulators, including oxLDL, ATP or Tan IIA 

as described in individual experiments were added. The 

supernatants were collected for measurement of IL-1β 

by enzyme-linked immunosorbent assay (ELISA). The 

cells were collected either for cell imaging capture 

using confocal microscope after staining, or for 

immunoblot after cell lysis. For the experiments of Tan 

IIA anti-inflammasome activation induced by oxLDL, 

the B6 cells were pretreated with Tan IIA at different 

levels (2.5, 5.0, 10 μg/mL), and then primed by LPS and 

stimulated with oxLDL.  

Isolation of cytoplasmic and nuclear protein 

fractions  

 

Cytoplasmic and nuclear protein fractions were isolated 

from mouse macrophages using a nuclear extraction kit 

(Abcam Biotechnology) following the manufacturer‘s 

instructions.  

 

Detection of phosphorylated P65 in the cells and 

nucleus 
 

Phosphorylated P65 levels in the cells, cytoplasm and 

nucleus were measured using InstantOne
TM

 ELISA kit 

for NF-kB phosphorylated P65 assay kit (eBioscience) 

according to the manual‘s instructions. 

 

Cytokine assay 
 

Mouse cytokines, including IL-1β, TNFα, IL-6 and IL-18 

were measured by enzyme-linked immunosorbent assay 

(ELISA). The measurements of all the above cytokines, 

except for IL-1β, were performed using commercially 

available ELISA kits (R&D Systems) according to  

the manufactures‘ instructions. The mouse IL-1β 

measurement was conducted with a sandwich ELISA as 

previously described [56]. Microtiter plates were coated 

with 100 μL/well of 3.5 μg/mL anti-mouse IL-1β 

antibodies and blocked with 5 % fat free milk in PBS-T 

at 37° C for 2 h. 100 μL of serially diluted standard 

recombinant mouse IL-1β (R&D System) or supernatant 

samples were added. After incubation at 37° C for 2 h on 

shaking and washing, 100 μL of 3 μg/mL biotinylated 

rabbit anti-mouse IL-1β antibody was added. After 

incubation and washing, 100 μL of 1:500 diluted Avidin-

HRP was added and incubated at 37° C for 1 h. 100 

μL/well of 3,3′,5,5′-Tetramethylbenzidine (TMB) 

substrate solution was added to each well and incubated 

at room temperature for 5 ~ 20 min for color 

development. The color reaction was terminated by 

adding 50 µL of 2 M H2SO4 stop solution. Absorbance 

value was read at 450 nm using an microplate reader 

(BioTek Instruments) within 30 min after reaction 

termination.   

 

Immunoblot analysis  
 

The immunoblot analysis was performed as previously 

described [26]. Briefly, for cellular protein detection, 

the B6 macrophages in a 6-well plate were collected 

and lysed with 200 μL of lysis buffer (5 mM Tris-HCl, 

25 mM KCl, 2 mM EGTA, 2 mM EDTA, 1 % NP-40, 

150 mM NaCl, protease inhibitor cocktail in PBS, pH 

7.4). The lysate supernatant was collected by 

centrifugation and subjected to be separated by running 

15 % SDS-PAGE and transferred onto nitrocellulose 

membranes by electro-blotting. The protein on the 



 

www.aging-us.com 924 AGING 

membrane was detected by corresponding primary 

antibody and HRP- or AP-conjugated secondary 

antibody. For the secreted protein detection in the cell 

culture, the cell culture was first concentrated by 

trichloroacetic acid (TAC) precipitation and then 

subjected to immunoblot as described above.  

 

qRT-PCR  
 

Total RNA was isolated from the mouse B6 

macrophages with the different treated conditions using 

Trizol reagent (Invitrogen). The cDNA was prepared 

using the iScript cDNA Synthesis Kit (Bio-Rad). The 

mRNA levels for the different proteins were measured 

by qRT-PCR using the different specific primers 

(Supplementary Table 1). The qRT-PCR was performed 

using iQ SYBR Green Super-mix (Bio-Rad) with the 

iCycler iQ RT-PCR detection system (Bio-Rad), with 

40 cycles of real-time data collection at 95° C for 30s, 

50° C- 65° C (variable based on the different genes) for 

1 min and 72° C for 1 min, followed by melt-curve 

analysis to verify the presence of a single product. All 

gene expression data are presented as the expression 

relative to GAPDH.  

 

RNA interference  
 

Down-regulating LOX-1, CD36, SR-A1, Nrf2 and 

PPARγ expressions in mouse B6 macrophages was 

achieved by adopting small interfering RNA strategy 

using lentivirus vector as a gene delivering system. 

Briefly, the target sequences for each gene were selected 

based on their cDNA sequences using siDirect version 

2.0 software (Supplementary Table 2). The double-

stranded sticky-ended DNA fragments were designed 

based on the target sequences in order to insert the 

fragments into the lentivirus cloning vector (pLKO.1) at 

Age I and EcoR I sites to express the specific single-

stranded RNA consisting of two complementary siRNA 

sequences linked by a loop. The pairs of oligos were 

synthesized (Sangon, Shanghai, China) and double-

stranded DNA with 5´-Age I and 3´-EcoR I sticky ends 

was generated by annealing the two oligos, and inserted 

into the pLKO.1 plasmid through Age I and EcoR I sites 

to produce pLKO-X-siRNA vectors (X presents LOX-1, 

CD36, SR-A1, Nrf2 or PPARγ). The pLKO-X-siRNA 

vectors (10 μg), as well as  pLKO.1-SCR vector as 

siRNA negative control, were co-transfected with pVSV-

G (1 μg) and pLV-CMVΔ8.9 (5 μg) package vectors into 

HEK 293T cells cultured in OptiMEM medium (Gibco, 

NY, USA) in T25 flask, using Lipofectamine 2000 (20 

μL) for 12 h. The medium was replaced by DMEM/15% 

FBS and the cells were incubated for an additional 48 h 

to generate recombinant lentiviruses (mouse X-siRNA-

Lentiviruses and siRNA control Lentivirus), which were 

harvested from the culture medium, filtered with a 0.22 

μm syringe filter (Millipore, Billerica, MA, USA), and 

titrated before use.  

 

ROS detection 
 

ROS in the macrophages was detected with 2,7-

dichlorofluorescein diacetate (DCFH-DA) fluorescence 

assay. The B6 cells in 6-well plate were washed with 

PBS and incubated with 10 μmol/L 2′-7′-

dichlorofluorescin diacetate (DCFH-DA) in the dark at 

37° C for 30 min. After carefully washing with PBS, 

ROS in the cells were detected using a fluorescence 

microscope. The mitochondria-derived ROS was 

measured by flow cytometry as previously described 

[56]. MitoSOX, a dye that stains superoxide specifically 

generated from mitochondria, was used to quantify the 

relative amounts of mitochondrial ROS after 

stimulations. Briefly, B6 cells were first pretreated with 

different doses of Tan IIA for 12 h, then stimulated with 

oxLDL (50 μg/mL) for 24 h, and finally loaded with 2.5 

µmol/L of MitoSOX for 20 min. The cells were then 

washed three times with PBS and the level of 

mitochondrial ROS was measured via the FACSCaliber 

flow cytometer (BD Biosciences, San Jose, CA) and the 

data collected using CellQuest-Pro. Files were further 

analyzed using FlowJo software.  

 

Mitochondria damage detection 

 

Mitochondrial damage was examined by flow 

cytometry using MitoTracker Deep Red and 

MitoTracker Green. MitoTracker Deep Red is a red 

fluorescent dye that stains mitochondria of living cells; 

MitoTracker Green is a green fluorescent dye that stains 

mitochondria of all cells. Mouse B6 macrophages 

cultured in 6-well plates were treated with different 

substances and then stained with 0.5 μM MitoTracker 

Deep Red and 0.2 µM MitoTracker Green for 30 min at 

37° C in the dark. After incubation, cells were washed 

twice gently with PBS to remove excess unbound dye 

and reincubated with fresh PBS. Damage to 

mitochondria was measured in a FACSCaliber flow 

cytometer and analyzed using CellQuest software.  

 

Mitochondrial membrane potential (ΔΨm) loss 

detection 
 

Mitochondrial membrane potential (ΔΨm) was 

determined using TMRM, a cell-permeant, cationic and 

fluorescent red-orange dye, which readily enters the cell 

and is then sequestered by active mitochondria (with 

normal Ψm). The fluorescence signal is therefore very 

weak. During mitochondrial damage, the ΔΨm is 

disturbed, the TMRM cannot be sequestered, and 

fluorescence can be detected. The procedure, briefly, 

was as follows: the B6 cells were trypsinized, 
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resuspended in 100 μL 200 nM TMRM in a 1.5 mL 

tube at a cell density of 5×10
6
 cells/mL, and incubated 

at 37° C for 30 min before staining. After washing with 

washing buffer (PBS/ 50 nM TMRM), the cells were 

resuspended in 340 μL PBS and 100 μL aliquots of each 

sample in triplicate were added to wells of a 96-well 

plate. The fluorescent intensities were measured by 

spectrofluorophotometry (excitation 540 nm, emission 

574 nm).  

 

Detection of cathepsin B release from lysosome 
 

Two methods were used to analyze cathepsin B release 

from lysosome, the immunoblot for detecting the 

cathepsin B in the culture medium released from cytosol 

and the confocal imaging for intracellular cathepsin B.  

 

Immunoblot assay was performed as previously 

described [24]. Briefly, the B6 cells or cathepsin B
-/-

 B6 

cells were grown in 6-well plate in DMEM complete 

medium. When the cells reached about 85% confluence, 

the culture medium was changed for X-VIVO-5 serum-

free medium. The cells were pretreated with Tan IIA 

(2.5, 10 μg/mL), CD36 siRNA-lentivirus (MOI = 30) 

for 12 h, or CA-074-Me (cathepsin B inhibitor, 50 μM) 

for 6 h, and then stimulated with oxLDL (50 μg/mL) for 

24 h. The cells were collected and subjected to 

permeabilization with 50 μg/mL digitonin and 1 mM 

phenylmethylsulfonyl fluoride in PBS (pH 7.4) for 10 

min on ice. This procedure has been shown to 

successfully lyse the plasma membrane while still 

keeping the integrity of membranes of intracellular 

organelles. The cellular extract was then subjected to 

immunoblot analysis for detecting cathepsin B.     

 

For confocal imaging assay, the cells seeded on the cover 

slip in 24-well plate with X-VIVO-5 medium were 

pretreated separately with Tan IIA, CD36 siRNA or CA-

074-Me, then stimulated with oxLDL as described above. 

The cells were fixed with 4% polyformaldehyde (PFA) at 

room temperature for 30 min and incubated with 1 

mg/mL 647-conjugated cholera toxin B (red) at 4° C in 

the dark for 1h for cell membrane staining, and then 

treated with 0.2% saponin/PBS solution for 20 min to 

increase the permeability of the membrane. Finally, the 

cells were incubated with 0.2 mg/mL DQ Ovalbumin for 

cathepsin B staining (green) and 1 μg/mL Hoechst 33342 

blue dye in the dark for 1h for nuclear DNA staining. 

After staining, the cells were imaged immediately on 

confocal microscope. 

 

Measurements of TCh, HDL-Ch, LDL-Ch and TG 

in mouse sera 
 

Total Ch and triglyceride (TG) in the mouse serum were 

measured by end-point method with commercial kits 

from Beijing Lideman Biochemical (Beijing, China); 

High-density-lipoprotein (HDL) Ch and low-density-

lipoprotein (LDL) Ch were measured by direct method 

with the kit from Beijing Strong Biotechnologies 

(Beijing, China) on the HITACHI 7600-020 chemistry 

analyzer (Tokyo, Japan). 

 

Membrane stabilizing activity assay 
 

Membrane stabilizing activity of Tan IIA was assessed 

using the hypotonic solution-induced rat erythrocyte 

hemolysis method [57]. The rat blood was collected by 

cardiac puncture with heparinized syringes. The blood 

was washed and resuspended with the isotonic buffered 

solution (150 mM NaCl in 10 mM sodium phosphate 

buffered saline, pH 7.4). The rat erythrocyte suspension 

(0.5 mL) was mixed with 5 mL of hypotonic solution 

(50 mM NaCl in 10 mM sodium phosphate buffered 

saline) containing the Tan IIA (0, 2.5, 5, 10 μg/mL). 

The mixtures were incubated for 10 min at room 

temperature and centrifuged at 3000×g for 10 min and 

the absorbance of the supernatant was measured at 540 

nm. The percentage inhibition of haemolysis or 

membrane stabilization was calculated according to 

modified method described by Shinde [57] as follows: 

% Inhibition of heamolysis = ((ODcontrol -

ODtest)/ODcontrol)×100.   

 

Preparation of oxLDL 
 

The oxLDL preparation was performed as previously 

described [41, 42]. Briefly, LDL (Biomedical 

Technologies) was diluted in PBS to a concentration of 

250 μg /ml and was dialyzed overnight at 4° C in a 3 

liters of PBS. Moderately oxidized LDL was prepared 

by dialysis for 6 h against 5μM CuSO4, which was 

terminated by the addition of EDTA (200 nM) and 

butylated hydroxytoluene (500 nM). To obtain 

minimally modified LDL and extensively oxidized 

LDL, dialysis against 5 μM CuSO4 was terminated after 

2 h and 24 h, respectively.  

 

Anti-lipoperoxidation assay 
 

Anti-lipoperoxidation of Tan IIA was detected by 

thiobarbituric acid (TBA) method to measure 

malondialdehyde (MDA) concentration using a 

commercial kit according to the manufacture‘s 

instruction. 

 

Statistical analysis  

 

The significance of differences between groups was 

evaluated by one-way analysis of variance (ANOVA) 

with Dunnett‘s post-comparison test for multiple groups 

to control group, or by Student‘s t test for two groups. 
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All the presented data are shown as mean ±SD. *P < 

0.05, **P < 0.01. NS, no significance. 

 

Abbreviations 
 

Tan IIA: Tanshinone IIA; oxLDL: oxidized LDL; NLR: 

Nod-like receptors; NLRP3: NLR Family Pyrin Domain 

Containing 3; RLR: RIG-I-like receptors; LOX-1: lectin-

like oxidized LDL receptor-1; CD36: cluster of 

differentiation 36; SR-A1: scavenger receptor A1; AS: 

atherosclerosis; ChC: cholesterol crystal; ASC: 

Apoptosis-Associated Speck-Like Protein Containing 

CARD; ROS: Reactive oxygen species; TG: triglyceride; 

LDL-Ch: low-density-lipoprotein –Ch; BMDMs: bone 

marrow-derived macrophages; siRNA: small interfering 

RNA; DCFH-DA: 2 ,́ 7´-Dichlorofluorescein diacetate; 

mtROS: mitochondrial ROS; ΔΨm: mitochondrial 

membrane potential; Nrf2: nuclear factor-E2-related 

factor 2; PPARγ: peroxisome proliferator-activated 

receptor-γ; PMSF: phenylmethylsulfonyl fluoride;  
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SSO: sulfosuccinimidyl oleate; SFN: sulforaphane; 

TZDs: thiazolidinediones; ELISA: enzyme-linked 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 

 

 

 

 

 
 

Supplementary Figure 1. Inhibitory effects of Tan IIA on IL-β release from oxLDL-induced different sensor gene-knockout 
macrophages. (A–F) Wild-type, NLRP3-/-, AIM-/-, NLRC4-/-, ASC-/- and caspase 1-/- mouse B6 macrophages. 

 

 
 

Supplementary Figure 2. Effects of the specific siRNAs on LOX-1, CD36 and SR-A1 expressions. (A–C) LOX-1, SR-A1 and CD36 
expressions measured by qRT-PCR in the macrophages under the treatments with their siRNA, respectively. 
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Supplementary Figure 3. Inhibition rates of Tan IIA on hypotonic solution-induced rat erythrocyte hemolysis. 
 

 
 

Supplementary Figure 4. Tan IIA inhibition on lipid peroxidation induced by H2O2. 
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Supplementary Tables  

 

 

Supplementary Table 1. qRT-PCR primers. 

Genes 
Primers sequences (5′→3′) 

Size (bp) Accessary No. 
Forward Reverse 

IL-1β AATGCCACCTTTTGACAGTGATG GGAAGGTCCACGGGAAAGAC 224 NM_008361.4  

TNFα AGGCACTCCCCCAAAAGATG CCACTTGGTGGTTTGTGAGTG 213 NM_001278601.1 

IL-6 GCCTTCTTGGGACTGATGCT TGGAAATTGGGGTAGGAAGGAC 475 NM_031168.2 

IL-18 GGCTGCCATGTCAGAAGACT GTCTGGTCTGGGGTTCACTG 239 NM_008360.2 

NLRP3 CTACGGCCGTCTACGTCTTC GGCCAAAGAGGAATCGGACA 438 NM_145827.4 

LOX-1 GCGAACCTTACTCAGCAGGA GGGCCCATGGAAGAGGTAAC 546 NM_138648.2 

CD36 GGAGGCATTCTCATGCCAGT CTGCTGTTCTTTGCCACGTC 176 NM_001159556.1 

SR-A1 TGTGGCTCTACCCCTCCTAC GCAGATCTTGTGGACAGCCT 231 NM_001008422.1 

Nrf2 CCTCTGTCACCAGCTCAAGG TTCTGGGCGGCGACTTTATT 323 NM_010902.4 

 

 

Supplementary Table 2. Small interfering RNA target sequences and double-strand DNA for generating siRNAs.  

Genes Target sequence Location Double-stranded DNA designed for insertion into cloning vector* 

LOX-1 GGTGTTGTCAGTGACC 

CTTAT 

185-205 5′ CCGGGGTGTTGTCAGTGACCCTTATCTCGAGATAAGGGTCACTGACAACAC 

CTTTTTG  

CCACAACAGTCACTGGGAATAGAGCTCTATTCCCAGTGACTGTTGTGGAAAAACTTA

A5′ 

CD36 GGAGCCATCTTTGAG 

CCTTCA 

818-838 5′ CCGGGGAGCCATCTTTGAGCCTTCACTCGAGTGAAGGCTCAAAGATGGCTCC 

TTTTTG  

CCTCGGTAGAAACTCGGAAGTGAGCTCACTTCCGAGTTTCTACCGAGGAAAAACTTA

A5′ 

SR-A1 GGGATAGGTCATCC 

AAGAAGA 

2386-2406 5′ CCGGGGGATAGGTCATCCAAGAAGACTCGAGTCTTCTTGGATGACCTATCCC 

TTTTTG  

CCCTATCCAGTAGGTTCTTCTGAGCTCAGAAGAACCTACTGGATAGGGAAAAACTTA

A5′ 

Nrf2 GCAGGACATGGATT 

TGATTGA 

297-317 5′ CCGGGCAGGACATGGATTTGATTGACTCGAGTCAATCAAATCCATGTCCTGC 

TTTTTG  

      

CGTCCTGTACCTAAACTAACTGAGCTCAGTTAGTTTAGGTACAGGACGAAAAACTTA

A5′ 

PPARγ GCATTTCTGCTCCAC 

ACTATG 

618-639 5′ CCGGGCATTTCTGCTCCACACTATGCTCGAGCATAGTGTGGAGCAGAAATGC 

TTTTTG  

      

CGTAAAGACGAGGTGTCATACGAGCTCGTATCACACCTCGTCTTTACGAAAAACTTA

A5′ 

   * Cloning sites: Age I/EcoR I. 


