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Abstract 11 

Salvia miltiorrhiza Bunge is a well-known medicinal plant in China. Salvianolic acid B (Sal B) is 12 

the most abundant bioactive compound extracted from the root of Salvia miltiorrhiza Bunge. The 13 

present study investigates the effect of Sal B on cardiac function and cardiomyocyte apoptosis in 14 

DOX-treated mice. After pretreatment with Sal B (2 mg/kg i.v.) for 7 d, male BALB/c mice were 15 

injected with a single dose of DOX (20 mg/kg i.p.). The cardioprotective effect of Sal B was 16 

observed in 7th day after DOX treatment. DOX caused retarded body growth, apoptotic damage, 17 

and Bcl-2 expression disturbance. In contrast, Sal B pretreatment (2 mg/kg i.v. before DOX 18 

administration) attenuated the DOX-induced apoptotic damage in heart tissues. Futher study 19 

indicated that Sal B protected against DOX-induced cardiotoxicity, at least, partially, by inhibiting 20 

ER stress, and by being involved in an PI3K/AKT pathway. These findings elucidated the 21 

potential of Sal B as a promising reagent for treating DOX-induced cardiotoxicity. 22 

Keywords: Doxorubicin, Salvianolic acid B, Cardiac dysfunction, Endoplasmic reticulum stress, 23 

Phosphatidylinositol 3-kinase /protein kinase B. 24 
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Introduction  26 

Doxorubicin (DOX) is an anthracycline derivative widely used to treat various cancers. However, 27 

the clinical use of DOX may cause hepatotoxicity 
1
, nephrotoxicity 

2
, and cardiotoxicity 

3
, which 28 

severely limit its clinical application. The most dangerous side effect of DOX is cardiotoxicity. 29 

Lots of studies are looking for measures to attenuated DOX-induced heart injury 
4
. The 30 

mechanisms for DOX-induced cardiotoxicity are multifactorial, including the increase in oxidant 31 

production, altered calcium handling and mitochondrial injury 
5, 6

. It has been accepted that 32 

DOX-induced ROS generation and oxidative stress play an important function in triggering 33 

cardiomyocyte apoptosis 
7-10

. Antioxidants reportedly exert protective effects on DOX-induced 34 

cardiotoxicity in animal models 
11

. Besides, DOX-induced intrinsic activation of the endoplasmic 35 

reticulum (ER) stress also serves an important function in myocardial dysfunction 
12, 13

. 36 

ER is responsible for protein translocation, folding and post-translational modifications 
14

. ER 37 

stress occurs when ER homeostasis and function are disrupted. Excessive ER stress may 38 

ultimately trigger the unfolded protein response (UPR). UPR activation depresses the translational 39 

process, then reduces the synthesis of new proteins and activates transcriptional of genes for 40 

chaperones and folding enzymes to remove misfolded proteins in ER 
15

. However, excessive and 41 

prolonged activation of the UPR results in cell apoptosis 
16

. Three main ER stress sensors, 42 

PKR-like ER kinase (PERK), inositol requiring enzyme 1 (IRE1), and activating transcription 43 

factor-6 (ATF-6), will be activated in response to ER stress and then trigger the caspase cascade 44 

and ultimately induce apoptosis. Phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) 45 

signaling pathway is important in cell growth, survival and proliferation 
17

. Akt activation can 46 

reduce ER stress-induced cell death and apoptosis 
18-20

.  47 

Salvia miltiorrhiza Bunge (SM), also known as Danshen in China, has been widely used in clinic 48 

in China, Japan, and Korea 
21

. The roots of SM have been used for the treatment of various 49 

diseases, including coronary heart disease 
22

, cerebrovascular disease 
23

, Alzheimer’s disease 
24

, 50 

Parkinson’s disease 
25

, renal deficiency 
26

, hepatocirrhosis 
27

, cancer 
28

, and bone loss 
29

. Recent 51 

studies found that the principal bioactive components of SM are diterpenoid quinines and 52 

hydrophilic phenolic acids 
30

. Salvianolic acid B (SalB) is the major water-soluble component 53 
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extracted from SM. Sal B has strong cardiovascular protective effects by promoting cell survival, 54 

inhibiting apoptosis and preserving normal cellular functions 
31-33

. Our group also found that Sal B 55 

could reduce arsenic trioxide-induced cardiotoxicity and ischemia/reperfusion injury on isolated 56 

heart of rats 
34, 35

. There is still no documentation for the amelioration of Sal B against 57 

DOX-induced cardiotoxicity in mice to date. We observed for the first time, to the best of our 58 

knowledge, that Sal B significantly attenuated DOX-induced cardiac dysfunction in mice. The 59 

mechanisms may involve the inhibition of ER stress and activation of PI3K/Akt signaling 60 

pathway.  61 

Materials and methods 62 

Materials 63 

Sal B standard was purchased from the Shanghai Winherb Medical S & T Development (Shanghai, 64 

China, purity > 99%). All antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, 65 

CA, USA). All chemicals were purchased from Sigma (St. Louis, MO, USA). 66 

Animals and experimental protocols 67 

Male BALB/c mice (6-8 weeks old) used in our study were obtained from Vital River Laboratory 68 

Animal Technology (Beijing, China). The mice were maintained under standard environmental 69 

conditions (room temperature at 25 ± 1℃ and humidity of 60% with 12 h light/dark cycle). The 70 

mice were randomly divided into the following groups: (1) Control group: Mice in this group were 71 

injected intravenous (i.v.) with normal saline (solvent for DOX and Sal B); (2) Sal B group: Mice 72 

in this group were treated with Sal B at a dose of 2 mg/kg i.v. every day for one week; (3) DOX 73 

group: Mice in this group were treated with a single dose of DOX at 20 mg/kg i.p.. The dosage of 74 

DOX was based on previous reports 
36

; (4) Sal B + DOX group: Mice in this group were treated 75 

with Sal B at a dose of 2 mg/kg i.v. every day for one week followed by DOX at 20 mg/kg i.p..  76 

Mice were euthanized 7 days after the DOX administration for morphological and cellular studies. 77 

The body weights were measured. Echocardiographic measurements and electrocardiography 78 

were conducted. Mice were sacrificed and serum was collected for analysis of the enzymatic 79 
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activity of LDH, CK and AST by corresponding kit. All mice used in this study were handled in 80 

compliance with the guideline for the care and use of laboratory animals established by the 81 

Chinese Council on Animal Care. 82 

Echocardiographic measurements 83 

AUBM system (Vevo 770, VisualSonics, Toronto, Canada) equipped with a 7.5 MHz imaging 84 

transducer was used for all the examinations. After treatment, the mice were anaesthetized, and 85 

the chests were shaved. The mice were placed in recumbent position. Left ventricle internal 86 

diameter in systolic phase (LVIDs), left ventricular internal diameter at diastolic phase (LVIDd), 87 

fractional shortening (FS) and ejection fraction (EF) were digitally measured on M-mode tracing. 88 

In a separate experiment, the mice were injected with a selective PI3K antagonist wortmannin 89 

(WM; 1 mg/kg body weight) 1 h before DOX administration (n = 15/group). PI3K inhibitor doses 90 

were selected on the basis of previous studies 
37, 38

.  91 

Electrocardiography (ECG) 92 

ECG recording was taken after the treatment in conscious animals. After treatment with DOX for 93 

7 days, mice were anesthetized with pentobarbital (60 mg/kg, i.p.), and electrodes were inserted in 94 

the right hind limb, right front limb, and left hind limb. Data were collected and the heart rate was 95 

calculated using 16-Channel Advanced Research Workstation (MP150, BIOPAC Systems, Inc., 96 

CA, USA). 97 

Measurement the activity of LDH, CK and AST 98 

Blood samples were obtained from the inner canthus using a capillary tube. The samples were 99 

centrifuged at 3000×g for 15 min within 1 h after collection. The activities of lactate 100 

dehydrogenase (LDH), creatine kinase (CK), and aspartate transaminase (AST) in the plasma were 101 

measured with the corresponding detection kit according to the manufacturers’ instruction 102 

(Nanjing Jiancheng Bioengineering, China). 103 

Histological studies 104 
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Heart tissues were excised and fixed with a 4% solution of formalin in PBS. Following 105 

dehydration, the ventricular tissue was embedded in paraffin and was serially cut to produce 4 µm 106 

thick sections, which were stained with haematoxylin and eosin and then examined under a light 107 

microscope (CKX41, 170 Olympus, Tokyo, Japan) by a pathologist blinded to the groups under 108 

study. 109 

Electron microscopy 110 

After treatment, heart tissues of the mice were isolated. The left ventricle was cut into 1 cubic 111 

millimeter
 
size and was immersion fixed in phosphate-buffered 2.5% glutaraldehyde (pH 7.4) 112 

immediately. Ultrathin sections were fixed with 1% osmium tetroxide, dehydrated through a 113 

graded ethanol series, embedded in Epon medium, stained with uranyl acetate and lead citrate and 114 

observed under H-7600 electron microscope (HITACHI Medical Corp, Tokyo, Japan). 115 

TUNEL staining 116 

Cardiomyocyte apoptosis was detected using terminal deoxynucleotidyl transferase-mediated 117 

dUTP nick end-labelling (TUNEL) assay. This method was performed according to the 118 

manufacturer's protocol. After dewaxing and rehydration, the heart sections were incubated with 119 

proteinase K for 15 min at room temperature. After rinsing with PBS, the slices were incubated 120 

with working-strength terminal deoxynucleotidyl transferase enzyme for 1 h at 37 °C in a 121 

humidified chamber, rinsed in a stop/wash buffer and incubated with working-strength 122 

anti-digoxigenin conjugate for 30 min at room temperature. After staining with 123 

4′6-diamidino-2-phenylindole, the slices were observed under a fluorescence microscope (Leica, 124 

Heidelberg, Germany). 125 

Western blot analysis 126 

Heart tissues were added with saline at a ratio of 1:9 (mg/mL) to form a homogenate. After 127 

centrifugation at 7000 rpm for 5 min, precipitation was lysed on ice with tissue protein extraction 128 

reagent containing 0.1 mM dithiothreitol and proteinase inhibitor cocktail. The protein 129 

concentration was determined using a BCA kit (Pierce Corporation, Rockford, USA). Equal 130 
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amounts of protein fractions were separated by 12% SDS-PAGE and were then transferred onto 131 

nitrocellulose membranes (Millipore Corporation, USA) in tris-glycine buffer at 100 V for 55 min. 132 

The membranes were blocked with 5% (w/v) non-fat milk powder in tris-buffer that containing 133 

0.05% (v/v) Tween-20 (TBST) for 2 h at room temperature. After overnight incubation with 134 

appropriate primary antibodies at 4 °C, the membranes were washed thrice with TBST, incubated 135 

with secondary antibodies for 2 h at room temperature and then washed again thrice with TBST. 136 

Protein blots were developed using an enhanced chemiluminescence solution. Protein expression 137 

levels were visualised with Image Lab Software (Bio-Rad, USA). 138 

Statistical analysis 139 

Results from at least three independent experiments were expressed as mean ± SE. Statistical 140 

comparisons between different groups were measured using Student’s t-test or ANOVA with 141 

Prism 5.00 software. Statistical significance was considered at p < 0.05. 142 

Results 143 

Pretreatment with Sal B attenuated DOX-induced body weight reduction and heart 144 

dysfunction in mice 145 

The body and heart weights of mice in the DOX group were lower than those in the control group. 146 

Sal B pretreatment caused a recovery of body and heart weights (Fig. 1B and 1C). The relative 147 

heart weight index (heart weight to body weight ratio) was similar among all four groups after 148 

(Fig. 1D). DOX administration significantly decreased the cardiac function in mice as evidenced 149 

by reducing EF and FS and increasing LVIDd and LVIDs compared with saline-treated mice (Fig. 150 

2B). All these pathological changes were attenuated by pre-treatment with Sal B. However, Sal B 151 

alone had no influence on body weight and heart function on mice compared with the control 152 

group (Figs. 1-2).  153 

Pretreatment with Sal B prevented against DOX-induced heart demage 154 
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DOX significantly increased the serum levels of LDH, CK and AST in mice, which indicated a 155 

severe cardiac injury. Pretreatment with Sal B inhibited these elevations (Fig. 3A). In the DOX 156 

group, the arrangement of cardiac fibres was disrupted, nuclear loss existed in some 157 

cardiomyocytes and the intercellular border was obscure (Fig. 3B). Using transmission electron 158 

microscopy, clear heart tissue abnormities, such as cytoplasmic vacuolisation, myofibrillar loss, 159 

mitochondrial oedema, chromatin condensation and cardiomyocyte necrosis, were observed in 160 

DOX-treated mice (Fig. 3C). Pre-treatment with Sal B partially prevented DOX-induced structural 161 

abnormalities of heart tissues in mice. Besides, Sal B pretreatment significantly increased 162 

DOX-induced reduction of heart rate (Figs. 3D and 3E). 163 

Pretreatment with Sal B inhibited DOX-induced apoptosis and regulated apoptosis-related 164 

protein expression in the myocardium 165 

TUNEL assay was performed to investigate the effects of Sal B on cardiomyocyte apoptosis. Few 166 

TUNEL-positive cells were detected in the control group, while TUNEL-positive cells increased 167 

dramatically in DOX group (2.43% ± 0.51% and 23.05% ± 0.77%, respectively). Pretreatment 168 

with Sal B significantly decreased the amount of TUNEL-positive cardiomyocytes (Fig. 4A). The 169 

levels of cleaved cas-3 and cas-12 increased significantly in DOX group but were neutralized by 170 

Sal B pretreatment (Fig. 4B). Bcl-2/Bax ratio was down-regulated in the mice injected with DOX, 171 

which was up-regulated by pretreatment with Sal B (Fig. 4C). 172 

Pretreatment with Sal B attenuated DOX-induced ER stress and regulated ER-related 173 

apoptotic protein expression 174 

To explore the potential mechanism responsible for Sal B-offered protection against 175 

DOX-induced myocardial damage, protein levels of ER stress markers, GRP78 and CHOP, were 176 

evaluated. DOX significantly increased the expression of GRP78 and CHOP. Pretreatment with 177 

Sal B effectively ameliorated these changes (Fig. 5A). We next evaluated the expression levels of 178 

ER-related apoptotic proteins. DOX treatment significantly up-regulated protein levels of p-IRE-1, 179 

P-JNK, ATF-6 and p-PERK, which was inhibited by Sal B-pretreatment (Fig. 5B). 180 
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Pretreatment with Sal B attenuated DOX-induced decrease in myocardial phospho-Akt and 181 

phospho-GSK3β 182 

PI3K/Akt is a survival regulation pathway, which can rescues cardiac contractile dysfunction by 183 

inhibiting ER stress 
39

. PI3K/Akt serves an important function in DOX-induced cardiac 184 

dysfunction 
40

. The present study also found that DOX decreased phosphorylation of Akt and 185 

GSK3β, which can be ameliorated by pretreatment with Sal B (Fig. 6A). To further assess the 186 

involvement of PI3K signaling in the cardioprotective effects of Sal B, a selective PI3K antagonist 187 

(WM) was used in the next experiment. Sal B-preserved expression in phospho-Akt and 188 

phospho-GSK3β was partially abrogated by WM. Also, WM mitigated the inhibition effect of Sal 189 

B on GRP78 and CHOP expression. These results suggested that PI3K/Akt may be upstream 190 

regulator of ER stress in this pathophysiological process. Sal B may attenuate DOX-induced ER 191 

stress partially through PI3K signaling (Fig. 6B). We also evaluated the cardiac function in mice 192 

by echocardiography upon stimulation with DOX, Sal B and WM. Data shows that WM decreased 193 

EF and FS but increased LVIDs and LVIDd compared with Sal B and DOX co-administrated 194 

group (Figs. 7A and 7B). 195 

Discussion 196 

The results of the present study showed that Sal B protected against DOX-induced cardiac 197 

dysfunction and cardiomyocyte apoptosis. The salient finding of our study revealed that Sal B 198 

significantly inhibited DOX-induced ER stress in mice myocardium, which may be mediated by 199 

PI3K/Akt activation. 200 

Several studies have demonstrated that Sal B possesses cardioprotective effects in different 201 

models 
33

. The present study demonstrated that Sal B significantly increased EF and FS and 202 

decreased LVIDs in DOX-treated mice. Sal B also reduced serum levels of AST, LDH and CK in 203 

DOX-treated mice. All these results showed that Sal B could prevent DOX-induced cardiac 204 

dysfunction and injury. In our preliminary studies, two other methods of Sal B administration 205 

were applied, oral administration and intraperitoneal injection. Only pretreatment with Sal B by 206 

tail vein injection showed a significant protection against DOX-induced cardiotoxicity 207 
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(Supplemental Table S1). The reason for this difference may be attributed to the bad membrane 208 

permeation of Sal B. 209 

DOX-induced cardiomyocyte apoptosis has been reported in many studies 
41-43

 and contributes to 210 

the progression of heart failure 
44

. TUNEL assay showed that DOX exposure significantly 211 

increased DNA fragmentation in the heart of mice, which were inhibited by pretreatment with Sal 212 

B. Caspase-3 and Caspase-12 are important in driving the terminal events of apoptosis 
45

. Our 213 

study showed that DOX increased the protein expression of caspase-3 and caspase-12 in the heart 214 

tissues of mice. Moreover, in accordance with previous reports 
10, 46

, DOX treatment increased 215 

pro-apoptotic protein (Bax) expression and decreased anti-apoptotic protein (Bcl-2) expression. 216 

However, Sal B could antagonize all these DOX-mediated pro-apoptotic events, suggesting that 217 

Sal B protected against DOX-induced cardiotoxicity via inhibiting the apoptosis of 218 

cardiomyocyte. 219 

Three different signaling pathways of ER stress transducers have been identified which were 220 

mediated by IRE1, ATF6, or PERK. Activated IRE1 interacts with the adaptor protein TRAF2 and 221 

initiates a cascade of phosphorylation events that ultimately activates JNK. JNK may induce 222 

apoptosis through the pro-apoptotic Bcl-2 family members. Besides, PERK and ATF6 pathways 223 

are also involved in the ER stress-associated apoptosis. Activated ATF6 can trigger CHOP, a 224 

special pro-apoptosis protein of ER stress. CHOP can down-regulate Bcl-2 and up-regulate BIM. 225 

Activation of PERK can also trigger CHOP through phosphorylated eIF2α 
47

. Consistent with 226 

another study 
13

, DOX increased the expression of GRP78 and CHOP in cardiac tissues. We also 227 

found that ER stress-related apoptosis proteins increased significantly after DOX treatment, 228 

including p-IRE-1, p-JNK, ATF-6 and p-PERK. However, pretreatment with Sal B ameliorated 229 

these changes, which indicated that Sal B may inhibit DOX-induced apoptosis in mice 230 

cardiomyocyte via alleviating ER stress. 231 

PI3K/Akt signaling pathway is involved in many pathophysiological processes and serves an 232 

important function in cardiomyocyte survival 
17

. Activation of Akt can rescue ER stress-impaired 233 

murine cardiac contractile function 
20, 39

. Our present study revealed that DOX exposure decreased 234 

the phosphorylation of Akt and GSK3β in the heart of mice, which was neutralized by 235 
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pre-treatment with Sal B. In order to verify whether PI3K/Akt was involved in Sal B-mediated 236 

inhibition of ER stress, mice were pretreated with a selective PI3K antagonist Wortmannin (WM) 237 

before DOX administration. The results showed that WM abolished the protection of Sal B against 238 

DOX-induced cardiac dysfunction. WM also abrogated the inhibition of Sal B on DOX-induced 239 

activation of ER stress-related proteins. These results suggested that Sal B may ameliorate 240 

DOX-induced ER stress via activating PI3K/Akt signaling pathway.  241 

Conclusion 242 

In conclusion, our study demonstrated that Sal B attenuated DOX-induced myocardial dysfunction 243 

by inhibiting cardiomyocyte apoptosis. The mechanisms may involve the activation of PI3K/Akt 244 

signaling pathway and down-regulation of ER stress. These findings demonstrated the potential of 245 

Sal B for the treatment of DOX-induced cardiac dysfunction. If the therapeutic roles of Sal B are 246 

fully explored in patients and animal models, Sal B treatment can be a promising strategy for 247 

reducing the DOX-induced cardiotoxicity in cancer patients. 248 
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 435 

Figure legends 436 

Fig. 1. Effects of Sal B and DOX on body weight. (A) Molecular structure of Sal B. (B) Body weights and heart 437 

weights (C) of mice were measured 7 d after DOX injection. (D) Relative heart weight index (heart 438 

weight-to-body  weight ratio) was determined. Data are presented as mean ± SE, *P < 0.05 vs. Cont group; #P 439 

<0.05 vs. DOX group. 440 

Fig. 2. Effects of Sal B and DOX on cardiac function. (A) Representative M-mode echocardiography images are 441 

shown. (B) Echocardiography values are expressed as mean ± SE. EF, ejection fraction; FS, fractional shortening; 442 

LVIDd, left ventricular internal diameter at diastolic phase; LVIDs, left ventricular internal diameter at systolic 443 

phase. Data are presented as mean ± SE, *P < 0.05 vs. Cont group; #P <0.05 vs. DOX group. 444 

Fig. 3. Effects of Sal B on DOX-induced myocardial injury. (A) Effects of Sal B and DOX on AST, LDH and CK 445 

activities. (B) Effects of Sal B and DOX on histological changes in mice hearts by HE staining (scale bar = 10 µm). 446 

(C) Effects of Sal B and DOX on ultrastructure changes in mice hearts observed under electron microscope (scale 447 

bar = 200 pm). (D) Effects of Sal B and DOX on the mice ECG pattern. (E) Effects of Sal B and DOX on the heart 448 

rate of mice. Data are presented as mean ± SE, *P < 0.05 vs. Cont group; #P <0.05 vs. DOX group. 449 

Fig. 4. Effects of Sal B and DOX on heart apoptosis and apoptosis related proteins. (A) Representative images of 450 

TUNEL and DAPI staining of myocardium tissue and quantification of TUNEL-positive cells (scale bar = 10 µm). 451 

Arrowheads in the pictures indicate the nuclei of apoptotic cells; blue color represents cell nuclei that were 452 

counterstained with DAPI. (B) Effects of Sal B and DOX on protein expression of cleaved caspase-3, caspase-3, 453 

cleaved caspase-12 and caspase-12. (C) Effects of Sal B and DOX on protein expression of Bcl-2 and Bax. Data 454 

are presented as mean ± SE, *P < 0.05 vs. Cont group; #P <0.05 vs. DOX group. 455 

Fig. 5. Effects of Sal B and DOX on ER stress sensors and ER stress-related apoptotic protein expression in heart 456 

tissues. (A) Western blot analysis of GRP78 and CHOP. (B) Western blot analysis of p-IRE1, IRE-1, p-JNK, JNK, 457 

ATF-6, p-PERK and PERK. Data are presented as mean ± SE, *P < 0.05 vs. Cont group; #P <0.05 vs. DOX group. 458 

Fig. 6. Effects of Sal B and DOX on protein expression of PI3K/Akt signaling pathway. (A) Protein levels of 459 

p-AKT, AKT, p-GSK3β and GSK3β in the myocardium examined by Western blot analysis. (B) Effects of 460 
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pharmacological inhibitor WM (a selective PI3K antagonist) on levels of p-AKT, p-GSK3β, GRP78, CHOP, in the 461 

myocardium of Sal B and DOX co-treated mice. Data are presented as mean ± SE, *P < 0.05 vs. Cont; #P < 0.05 462 

vs. DOX-treated mice; $P <0.05 vs. Sal B and DOX co-treated mice.  463 

Fig. 7. Involvement of PI3K/Akt signaling in DOX-induced cardiac dysfunction. (A) Cardiac function was 464 

examined by echocardiography 7 d after DOX administration. Representative M-mode echocardiography images 465 

are shown. (B) Echocardiography values are expressed as mean ± SE. EF, ejection fraction; FS, fractional 466 

shortening; LVIDd, left ventricular internal diameter at diastolic phase; LVIDs, left ventricular internal diameter at 467 

systolic phase. Data are presented as mean ± SE, *P < 0.05 vs. Cont; #P < 0.05 vs. DOX-treated mice; $P <0.05 vs. 468 

Sal B and DOX co-treated mice. 469 
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Fig. 2. 477 
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Fig. 3. 484 
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Fig. 4. 492 
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Fig. 5. 497 
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Fig. 6. 499 
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Fig. 7. 503 
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Salvianolic acid B protects against doxorubicin-induced cardiac dysfunction via 

inhibition of ER-stress-mediated cardiomyocyte apoptosis 
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