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Abstract
Cardiac mesenchymal stem cells (C-MSCs) are endogenous cardiac stromal cells that play a role in heart repair after injury. C-MSC-
derived exosomes (Exo) have shown protective effects against apoptosis induced by acute myocardial ischemia/reperfusion. Suxiao 
Jiuxin pill (SJP) is a traditional Chinese medicine (TCM) formula used in China for the treatment of acute myocardial ischemia, which 
contains tetramethylpyrazine (TMP) and borneol (BOR) as major components. In this study, we investigated whether SJP treatment 
affected exosome release from C-MSCs in vitro. C-MSCs prepared from mice were treated with SJP (62.5 µg/mL), TMP (25 µg/mL) 
or BOR (15 µg/mL). Using an acetylcholinesterase activity assay, we found that both SJP and TMP treatment significantly increased 
exosome secretion compared to the control ethanol treatment. The neutral sphingomyelinase 2 (nSMase2) pathway was important in 
exosome formation and packaging. But neither the level of nSMase2 mRNA nor the level of protein changed following SJP, TMP or BOR 
treatment, suggesting that SJP stimulated exosome release via an nSMase2-independent pathway. The Rab27a and Rab27b GTPases 
controlled different steps of the exosome secretion pathway. We showed that SJP treatment significantly increased the protein levels 
of Rab27a, SYTL4 (Rab27a effector) and Rab27b compared with the control treatment. SJP treatment also significantly upregulated 
the mRNA level of Rab27b, rather than Rab27a. Moreover, SJP-induced increase of C-MSC-exosome release was inhibited by Rab27b 
knockdown, suggesting that SJP promotes exosome secretion from C-MSCs via a GTPase-dependent pathway. This study reveals a 
novel mechanism for SJP in modulating cardiac homeostasis.
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Introduction
The Suxiao Jiuxin pill (SJP) is a traditional Chinese herbal 
medicine (TCM) that has a clinical application in angina pecto-
ris with notable cardioprotective effects[1-4].  The major compo-
nents of SJP include tetramethylpyrazine (TMP) and borneol 
(BOR).  Tetramethylpyrazine is the rhizome of Ligusticum 
chuanxiong Hort[5].  The mechanisms of cardioprotection by 
SJP are not well understood.  Li et al[6] reported that SJP plays 
an important role in anti-inflammation by down-regulating 
the expression of Peroxisome proliferator-activated receptor 
gamma (PPARγ) and nuclear factor-kappa beta (NF-κB) pro-

teins and inhibiting oxidative stress by upregulating super-
oxide dismutase (SOD) activity in a high fat diet rat model.  
Bai et al[7] demonstrated that SJP has a potent inhibitory effort 
on vessel constriction induced by KCl and U46619 in human 
internal mammary arteries.

There are resident cardiac mesenchymal stromal cells 
(C-MSCs) in adult hearts that express the cardiac transcription 
factor GATA-4 compared with bone marrow stromal cells[8].  
C-MSCs have cardiac repair properties via paracrine effects 
that are mediated by either angiogenic factors[9, 10] or exo-
somes[11-13].  C-MSC-derived exosomes (Exo) are 40–100 nm in 
diameter vesicles with a distinct GATA4-responsive miR-451 
enrichment[13].  We have reported that Exo protect cardiomyo-
cytes from acute myocardial ischemia/reperfusion injury[13].

Exosomes secreted from stem cells can be taken up by their 
surrounding tissues.  Therefore, protein, RNA, and lipids from 
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stem cell-derived exosomes can enter into neighboring cells, 
such as cardiomyocytes, and modulate their cell signaling.  
The neutral sphingomyelinase2 (nSMase2) pathway and the 
small GTPase Rab27 are two important signaling pathways 
that control exosome generation and secretion.  Inhibition 
of the nSMase2 pathway using GW4869, a pharmacologi-
cal compound, effectively inhibits exosome biogenesis[14].  In 
additional, Guo et al[15] reported that knockdown of nSMase2 
in mouse cells using shRNA also decreases the release of exo-
somes.  The small GTPases Rab27a and Rab27b, members of 
the small GTPase Rab family, can control membrane traffick-
ing and microvesicle transport, in particular the secretion of 
exosomes.  Zhang et al[16] confirmed that inhibition of Rab27 
results in decreased exosome release into the culture medium 
of breast cancer cells.  It remains unknown whether SJP treat-
ment impacts C-MSC function regarding exosome secretion 
and related mechanisms.  In this study, we investigated the 
effect of SJP on exosome secretion in C-MSCs in vitro and 
associated signaling pathways.  We found that SJP treatment 
increases exosome release from C-MSCs with a significant 
upregulation of the Rab27a, SYTL4 (Rab27a effector), and 
Rab27b proteins, as well as the small GTPases, and was inde-
pendent of the nSMase2 pathway.

Materials and methods
C-MSC isolation and culture
Cardiac mesenchymal stem cells were isolated from the 
hearts of 2- to 3-month-old male C57BL/6 mice (The Jackson 
Laboratory, Bar Harbor, ME, USA) via a 2-step procedure as 
described previously[8, 17].  Briefly, in step 1, ventricular cardiac 
tissues were minced into 1 mm3 size, digested with 0.1% colla-
genase IV and 1 U/mL dispase in DMEM/F-12 and explanted 
in fibronectin/gelatin coated wells (0.5 mg fibronectin in 100 
mL 0.1% gelatin).  Culture cardiac explants were maintained 
until the small round phase-bright cells migrated from the 
adherent explants and proliferated over a fibroblast layer.   In 
step 2, Sca-1+ cells were enriched from the phase-bright cells 
through a mouse hematopoietic lineage-depletion cocktail kit 
(STEMCELL Technologies, Vancouver, Canada), followed by 
enrichment for Sca-1+ cells via magnetic-activated cell sort-
ing (MACS) with Sca-1 magnetic beads (Miltenyi Biotec Inc, 
Auburn, CA, USA) according to the manufacturers’ protocols.  
The selected Sca-1 cells were cultured and maintained in com-
plete DMEM/F12 media containing 10% fetal bovine serum, 
200 mmol/L L-glutamine, 55 nmol/L β-mercaptoethanol, and 
1% MEM nonessential amino acids.

Flow cytometry
Flow cytometry analyses of cultured C-MSCs were performed 
with a BD LSRII flow cytometer and BD FACSDiva™ software 
as previously described[17].  Briefly, C-MSCs were blocked with 
5% rat serum and stained with a panel of conjugated antibod-
ies, including anti-Sca-1-PE (BD Biosciences, San Jose, CA, 
USA), anti-CD105-APC (BioLegend, San Diego, CA, USA), 
anti-c-kit-FITC (BD Biosciences), and anti-CD45-Alexa 700 (BD 
Biosciences), or isotype-matched control antibodies (eBiosci-

ence, Waltham, MA, USA).

Drug preparation, cell treatment and exosome purification
The origin, medicinal composites, and processing technology 
of SJP (Tianjin Zhongxin Pharmaceutical Group Co, Ltd, Tian-
jin, China) were strictly standardized on the basis of marker 
compounds to achieve quality control according to the Chinese 
Pharmacopoeia 2015[18].  The dosages of SJP and BOR for cell 
culture are based on therapeutic drug concentrations in plasma 
from patients who received effective SJP treatment[4, 19], and the 
dosage of TMP for cell culture is based on a previous experi-
mental report[20].   In cell culture experiments, SJP was diluted 
in ethanol to 62.5 mg/mL (1000× stock), TMP was diluted in 
ethanol to 25 mg/mL (1000× stock), and BOR was diluted in 
ethanol to 15 mg/mL (1000× stock).  C-MSCs in 15-cm dishes 
were treated with 0.1% ethanol (Ctrl), 62.5 μg/mL SJP[4], 25 
μg/mL TMP[20] or 15 μg/mL BOR[19] in culture medium with 
10% exosome-depleted FBS for 48 h.  The C-MSC-released exo-
somes were purified as described in the literature with modifi-
cation[21].  Briefly, supernatants were centrifuged at 150×g for 10 
min to eliminate cells, followed by filtration through a 0.22 µm 
filter to remove cell debris.   Exosomes in medium were pre-
cipitated with 5×polyethylene glycol 4000 (PEG4000, 8.5% final 
concentration) with 10× NaCl (0.4 mol/L final concentration) 
overnight at 4 °C, followed by centrifugation at 2100×g for 30 
min.  The pellets were resuspended in PBS and stored at −80 °C 
for future use.

Immuno-electron microscopy imaging
Standard immuno-electron staining was performed with anti-
CD63 as described previously[22].  Fixed exosome prepara-
tions were placed on carbon-Formvar coated 200 mesh nickel 
grids for 30 min.  The grids were then quenched with 1 mol/L 
ammonium chloride for 30 min and blocked with 0.4% BSA in 
PBS for 2 h.  The grids were washed with PBS three times and 
then incubated with primary rabbit-anti-CD63 (1:100, Santa 
Cruz Biotechnology, Inc, Santa Cruz, CA, USA) for 1 h.  Then, 
the grids were washed with ddH2O and PBS and floated on 
drops of 1.4 nm anti-rabbit nanogold (1:1000, Nanoprobes, Inc) 
in blocking buffer for 1 h.  After enhancement with HQ Silver 
(gold enhancement reagent, Nanoprobes, Inc), the samples 
were wicked dry and then allowed to air dry before observa-
tion in a transmission electron microscope (JEOL JEM 1230, 
Peabody, MA, USA).  TEM sample preparation and imaging 
was performed at the Electron Microscopy and Histology Core 
Laboratory at Augusta University (www.augusta.edu/mcg/
cba/emhisto/).

Zeta analysis
We measured the exosome particle size with nanoparticle 
tracking analysis (NTA) using ZetaView PMX 110 (Particle 
Metrix, Meerbusch, Germany) and the corresponding software 
ZetaView 8.02.28.  Isolated exosome samples were appropri-
ately diluted using 1×PBS buffer (Life Technologies, Carlsbad, 
CA, USA) to measure the particle size.  NTA measurement 
was recorded and analyzed at 11 positions.  The ZetaView sys-
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tem was calibrated using 100 nm polystyrene particles.  Tem-
perature was maintained at approximately 25 °C.

Small-interference RNA (siRNA) transfection
Silencer™ Select Pre-Designed siRNA for mouse Rab27a 
(Rab27a-siRNA, sirna_id: s62663, Thermo Fisher Scientific, 
Waltham, MA, USA), mouse Rab27b (Rab27b-siRNA, sirna_id: 
s95999, Thermo Fisher Scientific) and a non-targeting control 
siRNA (NT-siRNA, sc-37007, Santa Cruz Biotechnology, Inc, 
Dallas, TX, USA) were used for knockdown experiments.  For 
transfection, 100 nmol/L Rab27a-siRNA, Rab27b-siRNA, or 
NT-siRNA was transfected into C-MSCs in 100 μL “R buffer” 
using the Neon electroporation transfection system (Invitro-
gen) operating at 1350 V with two 30 ms pulses, and then the 
cells were incubated for an additional 48 h before treatment.

Assessment of acetylcholinesterase (AChE) activity
Acetylcholinesterase activity was used to determine exosome 
release as described previously[23].  We use the Amplex® Red 
Acetylcholine/Acetylcholinesterase Assay Kit (Thermo Fisher) 
for the acetylcholinesterase assay.  Briefly, 10 μL exosomal 
fractions were suspended in 90 μL of PBS.  Then, 100 μL of 
this PBS-diluted exosome fraction was added to individual 
wells of a 96-well flat-bottomed microplate.  Next, 100 μL of 
the Amplex Red reagent/HRP/choline oxidase/acetylcho-
line working solution was added to exosome fractions in a 
final volume of 200 μL.  After 30 min of incubation at room 
temperature in the dark, the fluorescence was measured in 
a fluorescence microplate reader using emission detection at 
590 nm.  For each well, the value is corrected via subtracting 
the background fluorescence from the no acetylcholinesterase 
control and then normalized to the protein concentration of 
treated C-MSCs.

Isolation and quantification of messenger RNA
Total RNA from C-MSCs was extracted by RNAzol RT 
(Molecular Research Center, Inc, Cincinnati, OH, USA) follow-
ing the manufacturer’s instructions.  cDNA was synthesized 
from total RNA using the RevertAid First Strand cDNA Syn-
thesis kit (Thermo Scientific).  The cDNA was used to perform 
quantitative PCR on a CFX96 Touch Real-Time PCR Detec-
tion System (Bio-Rad Laboratories, Hercules, CA, USA) using 
PowerUp SYBR Green Master Mix (Thermo Fisher).  Ampli-
fication was performed at 50 °C for 2 min, 95 °C for 2 min, fol-
lowed by 40 cycles of 95 °C for 15 s, and 60 °C for 1 min with 
the primers listed in Table 1.

Western blotting assay
Purified exosomes or treated C-MSCs were assessed for their 
protein content using a BCA Protein Assay Kit (Pierce, Rock-
ford, IL, USA) and then resolved on a 10% sodium dodecyl 
sulfate Bis-tris gel, and transferred to an Odyssey® Nitrocel-
lulose membrane (LI-COR Biosciences, Lincoln, NE, USA).  
For the Odyssey technology, the membrane was blocked with 
Odyssey blocking buffer (LICOR Biosciences) and probed with 
rabbit anti-CD63 (1:250, Santa Cruz Biotechnology, Inc), mouse 

anti-Tsg101 (1:1000, Thermo Scientific), mouse anti-nSMase2 
(1:250, Santa Cruz Biotechnology, Inc), rabbit anti-Rab27a 
(1:1000, Abcam, UK), rabbit anti-Rab27b (1:1000, Merck Milli-
pore, Burlington, MA, USA), rabbit anti-Sytl4 (1:1000, Abcam), 
and mouse anti-GAPDH (1:5000, Millipore) at 4 °C overnight.  
Then, the membranes were incubated for 1 h at room tempera-
ture with IRDye 680 goat anti-rabbit IgG at 1:10 000 or IRDye 
800 goat anti-mouse IgG at 1:10 000 (LI-COR Biosciences).  
Probed blots were scanned using an Odyssey infrared imager.

Immunofluorescent staining
For cell staining, C-MSCs plated on 8-well chamber slides 
(Millipore, Billerica, MA, USA) were treated with drug for 48 h 
and fixed with 4% paraformaldehyde.  After blocking with 5% 
goat serum, the cells were incubated with rabbit anti-Rab27a 
(1:200, Abcam) or rabbit anti-Rab27b (1:200; Millipore) at 4  °C 
overnight.  Primary antibodies were resolved via secondary 
staining with a goat anti-rabbit Alexa Fluor 488-conjugated 
antibody (1:400, Life Technologies, Carlsbad, CA, USA).  The 
slides were mounted using VECTASHIELD HardSet Mount-
ing Medium with DAPI (Vector Laboratories, Burlingame, CA, 
USA).

Statistical analysis
All values are expressed as the mean±standard error of the 
mean (SEM).  Student’s t-test was used to compare two 
groups.  One-way ANOVA was used for comparisons between 
3 or more means.  A value of P<0.05 indicated statistically sig-
nificant differences.

Results
Characterization of C-MSCs
C-MSCs were obtained using a two-step procedure: cardiac-
derived cells were grown from enzymatically digested minced 
adult mouse heart and expanded, and then the C-MSCs were 
isolated using a hematopoietic lineage-depletion cocktail fol-
lowed by enrichment for Sca-1+ cells via MACS sorting (Fig-
ure 1A).  Immunofluorescent staining showed that C-MSCs 
express GATA4, an early cardiac transcription factor (Figure 
1B).  The identification of MSCs is currently based on the pres-
ence of surface markers (Sca-1 and CD105) and the absence of 
hematopoietic (c-kit and CD45) antigens[24].  Surface marker 
expression was profiled by flow cytometry.  Over 90% of the 

Table 1.  Prime list.

    Gene list	       Sequence (5'–3')

Rab27a FWD	 CAGGAGAGGTTTCGTAGCTTAAC
Rab27a REV	 GGCTTATCCAGTTTCGGACAT
Rab27b FWD	 CTTACCACTGCCTTCTTCAGAG
Rab27b REV	 TGCAGTTGACTCATCCAGTTT
SMPD3/nSMase2 FWD	 CTACATCGATTCTCCCACCAAC
SMPD3/nSMase2 REV	 CACAGAGGCTGTCCTCTTAATG
GAPDH FWD	 TGACATCAAGAAGGTGGTGAAG
GAPDH REV	 AGTGGGAGTTGCTGTTGAAG
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sorted cells were positive for both Sca-1 and CD105 while only 
approximately 1.4%–1.8% of sorted cells were positive for c-kit 
and CD45 (Figure 1C).  These data indicate that C-MSCs rep-
resent a subpopulation of cardiac-derived mesenchymal stem 
cells.

Characterization of the C-MSC-derived exosomes
Morphological analysis of the C-MSC-derived exosomes using 
electron micrograph analysis demonstrated grape-like clusters 
of vesicles positive for the exosomal marker CD63 (Figure 2A).  
Western blot analysis of C-MSC-derived exosomes revealed 
the presence of exosome markers: lysosomal-associated 
membrane protein 3 (CD63) and ESCRT-I complex subunit 

TSG101(Tsg101) (Figure 2B).  The size of pelleted structures 
was determined with dynamic light scattering (DLS) using a 
ZetaView®, a nanoparticle tracking analyzer for hydrodynamic 
particle size.  The pellets consisted of particles with an average 
size of approximately 100 nm in diameter, consistent with the 
characteristic size range of exosomes (Figure 2C).

Effects of SJP on exosome secretion in C-MSCs via AChE activity assay
To determine the effect of SJP on exosome release, we mea-
sured exosome release in C-MSCs treated with Ctrl, SJP, TMP 
and BOR; the latter two are major components of SJP.  We per-
formed exosome quantification using an acetylcholine esterase 
(AChE) activity assay.   The AChE enzyme is highly enriched 

Figure 1.  Phenotypic characterization of C-MSCs.  (A) Cultured C-MSCs.  (B) Immunofluorescent staining of C-MSCs for the cardiac transcription factor 
GATA4 (red); cell nuclei were counterstained with DAPI (blue). (C) Flow cytometric analyses of C-MSCs for expression of the cell surface markers Sca-1, 
CD105, c-kit and CD45.

Figure 2.  Characterization of C-MSC-derived exosomes.  (A) Transmission electron micrograph image of C-MSC-derived exosomes after immunoelectron 
labeling with an anti-CD63 antibody.  Scale bar=100 nm.  (B) Western blot results demonstrate the expression of CD63 and Tsg101 in exosomes 
derived from C-MSCs.  (C) Particle size distribution in purified pellets consistent with the size range of exosomes (average size 100 nm), measured by 
ZetaView® Particle Tracking Analyzer.
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in exosomes, and AChE activity was used for exosome quanti-
fication[25].  We measured AChE activity in exosome fractions 
obtained from Ctrl, SJP, TMP, and BOR treated C-MSCs.  As 
shown in Figure 3A, both SJP and TMP treatment significantly 
increased AChE activity compared to Ctrl treatment.  Notably, 
SJP treatment had the highest AChE activity compared to TMP 
and BOR treated groups, suggesting that SJP treatment stimu-
lates exosome secretion from C-MSCs and that there is a syner-
gistic effect with a combination of herbs (Fangji) in traditional 
Chinese medicine.  We further measured the dose-response 
and time-course of SJP on exosome secretion from C-MSCs.  
As shown in Figure 3B, SJP-mediated exosome release shows 

significant effects at 31.2 μg/mL and peaked at 62.5 μg/mL.  
Next, we studied the time-course of SJP (62.5 μg/mL) on exo-
some release from C-MSCs and observed that SJP-stimulated 
exosome release peaks at 48 h (Figure 3C).

Effect of SJP on stimulating exosome secretion from C-MSCs is 
nSMase2 independent
Previous reports have shown that nSMase2 signaling com-
monly controls exosome secretion[26].  To identify the mecha-
nism of SJP in stimulating the secretion in C-MSCs, we mea-
sured the mRNA expression level and protein abundance 
of nSMase2 in Ctrl, SJP, TMP and BOR treated C-MSCs.  

Figure 3.  Quantification of acetylcholinesterase (AChE) activity of purified 
exosomes.  (A) AChE activity of exosomes from Ctrl, SJP, TMP and BOR 
treated C-MSCs (*P<0.05 vs Ctrl, TMP & BOR, n=6; #P<0.05 vs Ctrl, 
SJP, BOR,  n=6); (B) Dose effect of SJP on the AChE activity of exosomes 
(*P<0.05, n=3); (C) Time effect of SJP on AChE activity of C-MSC-derived 
exosomes (*P<0.05, n=3).

Figure 4.  Identification of nSMase2 expression in Ctrl, SJP, TMP and BOR 
treated C-MSCs.  (A) Real-time PCR results show nSMase2 mRNA level 
in Ctrl, SJP, TMP and BOR treated C-MSCs [no significance (NS), n=3]; 
(B) Western blot results show nSMase2 protein abundance in Ctrl, SJP, 
TMP and BOR treated C-MSCs; (C) Densitometric arbitrary units were 
normalized to GAPDH abundance and are expressed as the mean±SEM 
(NS, n=3).
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Figure 5.  Identification of Rab27a and Rab27b expression in Ctrl, SJP, TMP and BOR treated C-MSCs.  (A) Real-time PCR results show Rab27a mRNA 
expression in Ctrl, SJP, TMP and BOR treated C-MSCs (NS, n=3); (B) Staining of Rab27a in Ctrl and SJP treated C-MSCs; (C, D) Western blot results 
show protein level of Rab27a in Ctrl, SJP, TMP and BOR treated C-MSCs.  Densitometric arbitrary units were normalized to GAPDH abundance and are 
expressed as the mean ± SEM (*P<0.05 vs Ctrl, TMP & BOR, n=5); (E) Real-time PCR results show Rab27b mRNA expression in Ctrl, SJP, TMP and BOR 
treated C-MSCs (*P<0.05, n=3); (F) Staining of Rab27b in Ctrl and SJP treated C-MSCs; (G, H) Western blot results show protein level of Rab27b in Ctrl, 
SJP, TMP and BOR treated C-MSCs.  Densitometric arbitrary units were normalized to GAPDH abundance and are expressed as the mean±SEM (*P<0.05, 
n=5); (I, J) Western blot results show protein level of SYTL4 in Ctrl, SJP, TMP and BOR treated C-MSCs.  Densitometric arbitrary units were normalized to 
GAPDH abundance and are expressed as the mean±SEM (*P<0.05 vs Ctrl, TMP & BOR, n=3).
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However, qRT-PCR and Western blot experiments showed 
that there was no significant difference among the four 
groups, suggesting that SJP stimulates exosome release via an 
nSMase2-independent pathway (Figure 4A–4C).

SJP treatment regulates small GTPase expression in C-MSCs
Rab27, a small GTPase in the Rab family, controls exosome 
secretion.  The small GTPases Rab27a and Rab27b control 
membrane trafficking and microvesicle transport pathways, in 
particular the secretion of exosomes at different steps[27].  We 
first measured the mRNA and protein levels of Rab27a among 
Ctrl, SJP, TMP and BOR treated C-MSC groups and found that 
SJP treatment does not increase the mRNA level of Rab27a 
compared with Ctrl.  However, SJP, TMP and BOR treat-
ment significantly increased the protein abundance of Rab27a 
in C-MSCs, suggesting a complicated, non-transcriptional 
regulation of Rab27a (Figure 5A–5D).  Next, we assayed the 
mRNA expression level and protein abundance of Rab27b 
among Ctrl, SJP, TMP and BOR treated C-MSCs.  We found 
that SJP treatment significantly increases both Rab27b mRNA 
and protein in treated C-MSCs compared with control (Figure 
5E–5H).  Silencing the Rab27 effector, SYTL4, inhibits exosome 
secretion and phenocopies silencing Rab27a[26].  We assayed 
SYTL4 protein abundance among Ctrl, SJP, TMP and BOR 
treated C-MSCs and found that SJP treatment significantly 
increased SYTL4 protein compared with the control (Figure 5I, 
5J).  Finally, we assayed Tsg101 and CD63 protein abundance 
among Ctrl, SJP, TMP and BOR treated C-MSCs and also 
observed that SJP treatment significantly increases Tsg101 and 

CD63 protein compared with the control (Figure 6).

The role of Rab27a and Rab27b on SJP-mediated exosome secretion
To determine whether increased Rab27a and Rab27b were 
responsible for increased exosome release post-SJP treatment 
in C-MSC, we knocked down Rab27a or Rab27b expression 
in C-MSCs by transfection with si-Rab27a or si-Rab27b.  qRT-
PCR showed that Rab27a-siRNA knocked down Rab27a 
expression approximately 80% (Figure 7A), and Rab27b-
siRNA knocked down Rab27b expression approximately 64% 
(Figure 7B).  We observed that the SJP-induced increased exo-
some secretion was slightly inhibited by Rab27a knockdown 
(Figure 7C).  However, Rab27b knockdown almost abolished 
the SJP-induced increase of exosome secretion in C-MSCs 
(Figure 7D).  Electroporation by the Neon Transfection System 
may interrupt SJP-mediated exosome secretion as SJP treat-
ment only increased exosome release in the NT-siRNA group 
by approximately 1.8-fold, which is far less than its effect on 
un-transfected C-MSC.  Collectively, these observations indi-
cate that the exosome secretion of C-MSCs is increased by 
SJP and that the mechanism of increased exosome release is 
dependent on an SJP-mediated increase of Rab27b expression.

Discussion
This is the first observation that the Suxiao Jiuxin pill can 
stimulate exosome secretion from cardiac mesenchymal stem 
cells in vitro.  In our experiments, we found that SJP treat-
ment stimulates exosome secretion from C-MSCs with a sig-
nificant increase in Rab27a, SYTL4, and Rab27b protein, but 

Figure 6.  Identification of Tsg101 and CD63 expression in Ctrl, SJP, TMP and BOR treated C-MSCs.  (A, B) Western blot result shows protein level of 
Tsg101 in Ctrl, SJP, TMP and BOR treated C-MSCs.  Densitometric arbitrary units were normalized to GAPDH abundance and are expressed as the 
mean±SEM (*P<0.05, n=4); (A, C) Western blot result shows protein level of CD63 in Ctrl, SJP, TMP and BOR treated C-MSC.  Densitometric arbitrary 
units were normalized to GAPDH abundance and are expressed as the mean±SEM (*P<0.05, n=3).
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not nSMase2, in the corresponding C-MSCs compared to Ctrl 
treatment.  Moreover, the SJP-induced increase of C-MSC-
exosome release can be abolished by Rab27b knockdown.  Col-
lectively, these observations indicate that SJP stimulates exo-
some release via small GTPases in an nSMase2-independent 
pathway.

We observed that there is difference in exosome quantifica-
tion between the AChE activity assay and nanoparticle track-
ing analysis (NTA).  The NTA assay showed a 2.5-fold increase 
of exosome release by SJP treatment (1.1E+10 particles/cm3 
in SJP vs 4.4E+9 particles/cm3 in Ctrl) while the AChE assay 
show an approximate 3–5-fold increase by SJP treatment com-
pared with control treatment.  Because exosomes are sticky 
and sometimes accumulate to form grape-like clusters under 
electron microscopy (Figure 2A), this phenomenon might help 
us explain why the value of NTA quantification is lower than 

AChE activity.
In this study, we found that SJP treatment does not increase 

mRNA levels of Rab27a expression but significantly increased 
Rab27a protein abundance, which might be due to post-
transcriptional regulation.  Post-transcriptional gene expres-
sion occurs on at least three levels, including (1) RNA post-
transcriptional modification, which is a dynamic and tissue 
specific deposition of m6A, ψ, and m5C in RNA, which there-
fore regulates protein synthesis so cells adapt to environment 
stress[28]; (2) mRNA degradation by microRNAs, which target 
the 3’ untranslated region (3’UTR) to regulate mRNA degra-
dation and change translational rates[29-31]; and (3) regulation 
of protein stability via ubiquitination and proteasome deg-
radation.  Post-transcriptional regulation is also observed in 
hypoxia preconditioning, which increases the protein level of 
hypoxia-inducible factor 1α (HIF-1α) expression via stabilizing 
HIF-1α protein by inhibiting ubiquitin–proteasome pathway-
mediated rapid degradation of the oxygen-dependent degra-
dation (ODD) domain in HIF-1α[17, 32].  However, hypoxia pre-
conditioning reduces mRNA levels of HIF-1α via decreasing 
HIF-1α mRNA stability by inducing an increase in the quan-
tity of antisense HIF-1[33].

Our findings demonstrated that SJP treatment increases 
exosome secretion from C-MSCs with Rab27b mRNA and 
protein expression.  We found that SJP treatment shows sig-
nificantly higher exosome secretion compared to TMP and 
BOR in C-MSCs, suggesting a synergistic effect in enhancing 
the exosome secretion pathway by multiple-component herbal 
combination, which is consistent with the concept that multi-
herb prescription might have synergistic effects via underlying 
interactive effects[34].  SJP-mediated Rab27b regulation occurs 
at both transcriptional and post-transcriptional levels, and SJP 

Figure 7.  Knockdown of Rab27a or Rab27b inhibits SJP-mediated exosome release in C-MSCs.  (A, B) qRT-PCR quantification of Rab27a and Rab27b 
mRNA levels (normalized to GADPH levels) in C-MSCs transfected with Rab27a siRNA, Rab27b siRNA, or non-targeting (NT) siRNA (*P<0.05, n=3); (C, D) 
Quantification of AChE activity of exosomes from Ctrl or SJP treated C-MSCs with NT-siRNA, Rab27a-siRNA or Rab27b-siRNA transfection (*P<0.05, n=3).

Figure 8.  Schematic overview of the activation of exosome secretion 
signaling after SJP treatment.  SJP treatment leads to upregulation of 
Rab27 expression and exosome secretion in C-MSCs.
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is not a single component.  To determine the initiating event 
triggering Rab27b expression in C-MSCs, we can use a new 
high throughput ribosome profiling approach called translat-
ing ribosome affinity purification (TRAP) followed by RNA 
sequencing technology (TRAP-SEQ)[35] to differentiate trans-
lational or post-translational regulation of Rab27b in C-MSCs.  
Briefly, we will transfect C-MSCs with the RPL10a ribosomal 
fusion protein, a core ribosomal protein, which enables affin-
ity purification of 80S ribosome translated specific mRNA 
genome-wide[36].  TRAP-SEQ permits us to conduct compre-
hensive studies of translated mRNAs in C-MSCs in response 
to SJP treatment.  Next, to identify transcriptional regulation 
of Rab27b expression by transcription factors (TFs), we per-
formed bioinformatics analysis of both enhancer and promoter 
regions of Rab27b gene and found that (1) the promoter region 
has binding sites for p53, Gfi-1, POU2F1a, POU2F1, Ik-3, 
POU6F1(c2), Oct-B1, oct-B2, and oct-B3 using the DECipher-
ment Of DNA Elements (DECODE) assay; and (2) the distal 
enhancer region has 28 TF binding sites, including HDAC1, 
LEF1, PKNOX1, ATF1, MAX, CEBPG, FOSL1, TCF12, ZNF766, 
CTBP1, GATA2, NCOR1, POLR2A, TRIM24, RCOR1, CREM, 
SMARCE1, RNF2, SOX6, DPF2, NR2F2, ZNF592, GABPA, 
JUND, HDAC2, SMARCA4, HMBOX1, and HNF4A by Ency-
clopedia of DNA Elements (ENCODE) analyses.

Because SJP treatment can upregulate exosome signaling 
and increase exosome release, SJP has the therapeutic poten-
tial to promote endogenous cardiac protection via increased 
exosome release.  SJP can regulate critical elements of exosome 
signaling via post-transcriptional processes and therefore 
might increase protective exosome release compared to de novo 
exosome synthesis.   There is a small amount of C-MSCs in 
normal hearts, and therefore, the cardioprotective effect of SJP 
cannot be explained by stimulation of exosome secretion from 
C-MSCs.  As the major mechanism of stem cell therapy is by 
paracrine effects from donor cells, we might use SJP to precon-
dition C-MSCs to promote their paracrine effects to enhance 
heart repair.

In summary, we found that the SJP treatment can stimulate 
exosome secretion in C-MSCs via GTPase regulation (Figure 
8).  This finding broadens our current understanding of the 
function and mechanism of SJP in treating ischemic heart dis-
ease.  Our findings also highlight, for the first time, the impor-
tant effect of SJP on regulating exosome release from resident 
C-MSCs.
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