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Salvianolate inhibits reactive oxygen species
production in H,0,-treated mouse cardiomyocytes in
vitro via the TGFf3 pathway
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Aim: To investigate the effects of salvianolate, a water-soluble active compound from Salvia miltiorrhiza Bunge, on reactive oxygen
species (ROS) production in mouse cardiomyocytes in vitro.

Methods: Primary ventricular cardiomyocytes were prepared from neonatal mouse. The cell viability was determined using MTT
assay. Culture medium for each treatment was collected for measuring the levels of NO, iNOS, total antioxidant capacity (TAOC) and
transforming growth factor 1 (TGFB1). TGFB1 and Smad2/3 expression in the cells was detected with Western blotting.

Results: H,0, (1.25 mmol/L) did not significantly affect the cell viability, whereas the high concentration of salvianolate (5 g/L)

alone dramatically suppressed the cell viability. Treatment of the cells with H,0, (1.25 mmol/L) markedly increased ROS and iNOS
production, and decreased the levels of NO, TAOC and TGFB1 in the culture medium. Furthermore, the H,0, treatment significantly
increased TGFB1 and Smad2/3 expression in the cells. Addition of salvianolate (0.05, 0.1, and 0.5 g/L) concentration-dependently
reversed the H,0,-induced alterations in the culture medium; addition of salvianolate (0.05 g/L) reversed the H,0,-induced increases
of TGFB1 and Smad2/3 expression in the cells. Blockage of TGFB1 with its antibody (1 mg/L) abolished the above mentioned effects

of salvianolate.

Conclusion: Salvianolate inhibits ROS and iNOS production and increases TAOC and NO levels in H,0,-treated cardiomyocytes
in vitro via downregulation of Smad2/3 and TGFB1 expression. High concentration of salvianolate causes cytotoxicity in mouse

cardiomyocytes.
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Introduction

Congestive heart failure (CHF) is a major cause of cardiac mor-
bidity and mortality world-wide. Recent experimental and
clinical studies have suggested that oxidative stress plays an
important role in myocardial remodeling and heart failure!" 2.
The increased production of oxygen radicals in the failing
heart has been linked to the development of left ventricular
hypertrophy and heart failure progression. Reactive oxygen
species (ROS) cause contractile failure and structural dam-
age in the myocardium. The importance of oxidative stress is
emerging with respect to a pathophysiological mechanism of
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LV remodeling responsible for heart failure progression.

Transforming growth factor beta (TGFp) is an important
fibrogenic growth factor. TGFp can induce renal extracel-
lular matrix (ECM) accumulation and organ fibrosis, includ-
ing cardiac fibrosis in chronic heart failure patients. ROS is a
signaling molecule that mediates the effects of TGFp1. TGFp1
induces prolonged mitochondrial ROS generation in Mv1Lu
cellsPl. Elevated systemic TGFB impairs aortic vasomotor
function through the activation of NADPH oxidase-driven
superoxide production and leads to hypertension, myocardial
remodeling, and increased plaque formation in apoE(-/-)
mouse!’.

Salvianolate is a newly discovered water-soluble phenolic
compound that is one of the most bioactive compounds in
Salvia miltiorrhiza Bunge. As a highly purified aqueous extract



from Danshen, salvianolate contains mainly magnesium lith-
ospermate B (285%), rosmarinic acid (210.1%) and lithosper-
mic acid®™ ‘! Salvianolate inhibits cytokine gene expression in

5]

the small intestine of cirrhotic rats”. Salvianolate can inhibit

cardiomyocytic apoptosis and improve heart function after
acute myocardial infarction (AMI) in swine”.

To date, the effect of salvianolate on ROS production in car-
diomyocytes remains unknown. In this study, we aimed to
investigate whether salvianolate influences ROS production in
cardiomyocytes undergoing H,O,-induced oxidative damage.
We also explored the role of the TGF signaling pathway in the
regulation of H,O,-induced ROS injury and whether this path-
way is involved in the protective effects of salvianolate.

Materials and methods

Neonatal mouse primary cardiomyocyte culture

The procedure used to culture ventricular cardiomyocytes
from neonatal mouse was established by modifying previously
described methods!®. Briefly, one- to three-day-old neonatal
mice were euthanized by cervical dislocation. Hearts were
removed aseptically from the mouse, and the ventricles were
retained and kept in Hanks’ balanced salt solution. The cells
were dissociated at 37 °C for 8 min in an enzyme solution. The
suspended cells were then collected and plated at a density
of 1.0x10° cells/cm?* and incubated under the same conditions
as described above. The H,O,-treated cardiomyocytes were
divided into 5 groups, namely, the control, 0.05 g/L salviano-
late-treated, 0.1 g/L salvianolate-treated, 0.5 g/L salvianolate-
treated and TGFP1 inhibitor groups. Cardiomyocytes in all
H,O,-treated groups were treated with 1.25 mmol/L H,0O,.
Cardiomyocytes in the TGFP1 inhibitor group were adminis-
tered TGFpP1 neutralization antibody (1 mg/L, Biolegend, CA,
USA) together with salvianolate and H,O,. The non-treated
cardiomyocyte group was used as a control. All cells were
cultured in a 5% CO, incubator for 24 h before analyses.

MTT assay

Cell viability was determined by a short-term microculture
MTT assay. Cardiomyocytes were plated at a density of 3x10*
cells/well on 96-well microplates containing 150 mL FBS-
DMEM, and four replications were performed of each treat-
ment to reduce lab errors. After being cultured for 48 h, the
cells were exposed to different concentrations (0.075, 0.15,
0.3, and 0.6 mmol/L) of H,O, for 3 h, and the media was then
replaced by 100 mL of DMEM and 20 pL of MTT solution (5
mg/mL). The cells were incubated for another 4 h. After
incubation, the media and MTT solution were removed. The
remaining formazan blue crystals were dissolved with DMSO.
Absorbance at 570 nm was measured by a Multiskan MK3
plate reader (Thermo Lab System:s).

Measurement of nitric oxide (NO) and inducible nitric oxide
synthase (iNOS) levels in culture medium

Culture medium for each treatment was collected from tripli-
cate wells to reduce system error and used to detect NO and
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iNOS levels. The nitrite level in cell-free medium was mea-
sured using Griess reagent as a reflection of NO production.
The NO level was assessed by measuring the level of nitrite
(NO,) using a spectrophotometer set to read the absorbance
at a wavelength of 550 nm. Nitrite concentrations were calcu-
lated using a sodium nitrite standard. Fresh culture medium
served as a blank in all experiments. The iNOS level was
measured using a chemical colorimetric method according
to the NOS reagent kit instructions. One hundred microliter
of culture medium was applied to assay NOS activity, with
absorbance readings taken at 550 nm.

Total antioxidant capacity (TAOC) of culture medium

TAOC was measured in serum taken from triplicate wells to
reduce system error for each treatment using a commercial
kit (Randox Laboratories, Antrim, UK), and the assay results
were expressed as Trolox equivalents (mmol/L). RBC super-
oxide dismutase (SOD) and whole blood Gpx activities were
determined using Randox kits (Antrim, UK), and the enzyme
activities were expressed as U/mL. Serum vitamin C levels
were assayed spectrophotometrically using the 2,4-dinitrophe-
nylhydrazine method (normal range: 0.5-1.5 mg/dL).

Measurement of TGFB1 level in cell culture medium

To determine the extracellular TGFp1 level, 100 pL of culture
medium for each treatment was obtained from triplicate wells
to reduce system error, aiming to simulate the intravascular
environment with culture medium. TGFf ELISA kits were
purchased from Abcam (Cat ab119557, Hong Kong, China),
and the experiments were carried out in accordance with the
protocol provided.

Western blotting for TGFB1 and Smad2/3

We used Western blot assays to evaluate the protein expres-
sion level of TGFP1 and Smad2/3. Assays were performed in
triplicate to reduce experimental error. Cells were lysed using
lysis buffer (10 mmol/L Tris, 1 mmol/L EDTA, 1% Triton
X-100, 1 mmol/L Na;VO,, 1 mmol/L AEBSF, 0.3 pmol/L apro-
tinin, 10 umol/L bestatin, 10 umol/L E64, and 100 pmol/L
leupeptin); 250 pg of crude protein lysate was resolved on
10% SDS-PAGE gels. After protein transfer to nitrocellulose
paper, the blots were probed with a 1:1000 (v/v) dilution of
polyclonal anti-TGFp1 and Smad2/3 primary antibody. After
hybridization at 37°C, the blots were washed and hybridized
with a 1:2000 dilution of goat anti-rabbit IgG horseradish per-
oxidase-conjugated secondary antibody (Santa Cruz Biotech-
nology, USA). Blocking was performed with 5% skim milk
in t-TBS buffer. A signal was generated by adding enhanced
chemiluminescent reagent.

Statistical analysis

All of the data in the different experimental groups were
expressed as the meanSD. Differences between the groups
were assessed using one-way ANOVA and the t-test. P<0.05
was considered to be statistically significant.
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NO and iNOS levels in cardiomyocyte groups

H,O, administration significantly reduced NO levels in car-
diomyocytes compared with controls (58.47£9.54 vs 26.37+9.1
pmol/L, P<0.001, Figure 2A). Salvianolate administration
induced marked increases in NO level (26.37£9.1 vs 40.45+9.3
pmol/L, P=0.03). However, when TGFp1 antibody was
administrated, the NO level decreased to the H,O,-treated cell
level (30.49+6.3 vs 26.37£9.1 ymol/L, P=0.034). With increas-
ing salvianolate concentration, NO levels appeared to continu-
ously increase (Figure 2A), while iNOS levels displayed the
opposite trend. Compared with the activity of control cells,
iNOS activity was markedly significantly decreased after H,O,
treatment (35.76+6.2 vs 17.57+5.8 U/mL, P<0.001, Figure 2B).
Salvianolate administration induced a marked reduction in
iNOS activity (35.76+6.2 vs 20.42+4.8 U/mL, P<0.001). TGFp1
antibody administration caused an increase in iNOS activity
(31.65+6.2 U/mL, P=0.012, Figure 2B).

ROS and TAOC level changes

ROS and TAOC measurements in cultured cardiomyocytes
were repeated three times, and the mean ROS levels were
recorded. In comparison with normal controls, the levels
of ROS in H,0,-treated cells were significantly increased
(247.40+8.45 vs 80.56+12.34 pmol/L, P<0.001). Likewise, the
levels of ROS were significantly reduced in the salvianolate
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Figure 1. Effect of salvianolate on cell viability of neonatal mouse
primary cardiomyocytes. °P<0.05, °P<0.01 compared with control group.
P<0.01, paired sample T test, compared with paired H,0,-treated groups. D 3-5j ¢
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Figure 2. NO and iNOS level in culture medium. (A) The NO level in
culture medium of cardiomyocytes; (B) iNOS activity in culture medium;
(C) ROS production in culture medium; (D) TAOC level in culture medium.
°P<0.05, °P<0.01, compared with H,0,-treated group. Mean+SD.

group when compared with the H,O, group (247.40+8.45 vs
156.52+11.36 pumol/L, P=0.02, 0.05g/L salvianolate-treated).
When TGFB1 antibody was administered, ROS levels
increased again (205.33+12.1 pmol/L, P=0.018, Figure 2C).

TAOC levels were significantly reduced in H,O,-treated car-
diomyocytes, which was enhanced by salvianolate administra-
tion (3.94 U/mg protein in control, 2.32 U/mg protein in H,O,-
treated cells and 3.17 U/mg protein in 0.05 g/L salvianolate-
treated cells); however, when TGF1 was blocked, the increase
in TAOC was not observed (Figure 2D).

TGFpB1 levels in cardiomyocyte culture medium

TGFp1 levels in cardiomyocyte culture medium were deter-
mined with ELISA. Compared with controls, the levels of
TGFB1 in H,O,-treated cells were significantly decreased
(0.839+0.059 vs 1.755+0.037 ng/L, P<0.001). TGFp1 signifi-



cantly increased in the salvianolate group (1.79£0.068 ng/L vs
H,O,-treated cells, P<0.001, Figure 3). Unlike the other mea-
sured parameters, with increasing salvianolate concentration,
TGEFpL1 levels appeared to approach those of the H,O,-treated
group instead of those of the control group.
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Figure 3. TGFB1 level in cell culture medium, determined by ELISA.
®P<0.05, °P<0.01, compared with H,0, treated group. Mean+SD.

Protein levels of Smad2/3 and TGFB1 in cardiomyocytes
determined by Western blotting

The expression of Smad2/3 was shown in Figure 4. H,O,
treatment significantly induced the expression of TGF1 and
Smad2/3 protein levels. Treatment with salvianolate mark-
edly reduced Smad2/3 and TGFf1 expression. However, high
salvianolate concentration (0.5 g/L) caused reversedly overex-
pression of Smad2/3 and TGFP1 compared to the H,O,-treated
group, indicating the potential toxicity of high concentrations
of salvianolate (Figure 4).

Discussion

In this study, we report that salvianolate can maintain or even
improve cell viability under external stimulation. Addition-
ally, salvianolate can reverse the adverse effects of H,O, stimu-
lation by inhibiting H,O,-mediated ROS and iNOS production,
increasing the levels of TAOC and NO, and downregulating
increased Smad2/3 and TGFp1 expression. Notably, blockage
of TGFB1 with its antibody depletes the protective effect of sal-
vianolate, suggesting that this effect is mediated by the TGFf1
signaling pathway.

The chronic release of ROS has been recently linked to the
development of left ventricular hypertrophy and heart fail-
ure progression’®, and appears to derive from nonphagocytic
NAD(P)H oxidase and mitochondria. The fibrosis, collagen
deposition, and metalloproteinase activation involved in the
remodeling of the failing myocardium are all dependent on
ROS released during the phenotypic transformation of fibro-
blasts to myofibroblasts associated with the progression of
end-stage heart failurel®"".

TGFp1 stimulates the production of ROS in various types of
nonphagocytic cells, such as endothelial cells, epithelial cells,
smooth muscle cells, and fibroblasts™ ¥, The ROS pathway
has been shown to play an important role in TGFB1-induced
fibronectin and PAI-1 upregulation in NRK-52E cells"*. Our
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Figure 4. Relative intracellular Smad2/3 and TGFB1 level by Western
blotting. (A) Raw data. (B) Relative quantity of Smad2/3, adjusted with
B-actin. (C) Relative quantity of TGFB1, adjusted with B-actin. °P<0.05,
°P<0.01, compared with H,0, treated group.

results show that TGF{1 levels changed consistently with ROS
production. More importantly, the inhibition of TGFB1 by
its antibody abolished the decrease of ROS, suggesting that
the interaction between ROS and TGFB1 was involved in the
mechanism behind the effect of salvianolate on cardiomyo-
cytes.

The beneficial effects of salvianolate have been reported
previously. However, our replicable and compelling cell
viability data indicate that high concentrations of salvianolate
are potentially toxic to cells, although other data including
ELISA, Western blotting, and cell culture medium detection
did not provide any direct evidence that the TGFp pathway
was involved in these toxic effects.

Salvianolate, combined with other medications, reduced
glutathione in the progression of chronic renal failure in
patients with chronic kidney diseases. Salvianolate can reduce
the extent of postoperative intestinal adhesions, decrease the
expression of IL-13 and TNF-a and inhibit the hyperplasia of
fibrous connective tissue". Salvianolate can reduce endotoxin
levels, restore intestinal mucosal injury, and inhibit the expres-
sion of TNF-a and IL-6 in the small intestine of cirrhotic rats®.
Salvianolate administered via intravenous drip can inhibit
cardiomyocytic apoptosis and improve heart function AMI
in pigs”.
induced by monocytes by salvianolate has also been observed.

The facilitation of the migration of endothelial cells

Salvianolate stimulates the expression of VEGF and bFGF
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and their mRNA in monocytes and may induce endothelial

[16]

cell migration via these two factors Salvianolate inhibits

proliferation and endothelian release in cultured rat mesan-
[17]

gial cells"”. In this study, we reported that salvianolate may
inhibit ROS production and increase the antioxidant capacity
of cardiomyocytes, suggesting its potential in the treatment of

chronic cardiac fibrosis.
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