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Aspirin attenuates angiotensin II-induced inflammation
in bone marrow mesenchymal stem cells via the
inhibition of ERK1/2 and NF-kB activation
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Abstract. Angiotensin II (Ang II) is a peptide hormone that
plays a critical role in numerous physiological and pathophysi-
ological processes. It is also commonly used as an inducer for
the directional differentiation of bone marrow mesenchymal
stem cells (bmMSCs). Previous studies demonstrated that
Ang II induces inflammatory responses in endothelial cells,
smooth muscle cells and fibroblasts. Aspirin is generally used
as analgesic, antipyretic and occasionally anti-inflammatory
medication. Whether aspirin suppresses inflammatory
responses in bmMSCs has not been elucidated. In this study,
we investigated the effect of aspirin on Ang II-induced
inflammation in bmMSCs. Our results demonstrated that
Ang IT (10 nM-10 M) increased the secretion of tumor
necrosis factor (TNF)-a and interleukin (IL)-6 from bmMSCs
in a dose-dependent manner. This result was further confirmed
by a reverse transcription-polymerase chain reaction (RT-PCR)
assay, which demonstrated a dose-dependent increase in the
mRNA expression of TNF-a, IL-6, IL-1f and monocyte
chemotactic protein-1 (MCP-1) in bmMSCs following expo-
sure to Ang II. Furthermore, it was also observed that Ang II
increased the expression of phospho-extracellular signal-regu-
lated kinase 1/2 (ERK1/2) and phospho-nuclear factor
k-light-chain-enhancer of activated B cells (NF-xB)-p65 in
bmMSCs. The application of aspirin (0.1 mM) significantly
inhibited the activation of ERK1/2 and NF-kB, the expression
of TNF-a, IL-6, IL-1 and MCP-1 genes and the secretion
of TNF-a and IL-6. Our findings indicated that aspirin may
attenuate Ang Il-induced inflammation in bmMSCs via the
inhibition of ERK1/2 and NF-«xB activation.
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Introduction

Bone marrow mesenchymal stem cells (bmMSCs) are a type
of multipotent stem cells that are derived from the adult
bone marrow and are able to differentiate into a variety of
cell types, such as osteoblasts, chondrocytes, adipocytes and
cardiomyocytes (1,2). Angiotensin II (Ang II) is a peptide
hormone that plays a critical role in a series of physiological
and pathophysiological processes, including cell proliferation,
differentiation, apoptosis and inflammation (3). Recently,
Ang II was used to induce the differentiation of bmMSCs to
other functional cell lineages, such as cardiomyocytes, adipo-
cytes and smooth muscle-like cells (4-6). It was demonstrated
that Ang IT induces inflammatory responses in vitro in several
types of cells, including endothelial cells, smooth muscle cells,
fibroblasts and kidney tubule epithelial cells (7-9).

Aspirin is a drug commonly used as analgesic, antipyretic
and occasionally anti-inflammatory medication (8). Recent
studies demonstrated that aspirin may suppress inflammatory
responses in cultured endothelial cells, fibroblasts and other
cell lines, via the inhibition of reactive oxygen species (ROS)
generation (8,10,11). Ang II, as a strong inducer of ROS
generation, may induce inflammatory responses in bmMSCs
and aspirin may attenuate these inflammatory responses. The
purpose of the present study was to investigate the effects of
aspirin on Ang II-induced inflammation in bmMSCs and the
possible underlying mechanisms.

Materials and methods

Materials and reagents. Aspirin, Ang II and 2X PCR
Reaction mix were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The mouse tumor necrosis factor a (TNF-a)
Quantikine ELISA kit and the mouse interleukin (IL)-6
Quantikine ELISA kit were purchased from R&D Systems
Inc. (Minneapolis, MN, USA). DNase I, RNeasy Mini kit
and SuperScript II First-Strand cDNA Synthesis kit were
purchased from Invitrogen Life Technologies (Carlsbad, CA,
USA). Rabbit anti-mouse phospho-extracellular signal-regu-
lated protein 1/2 (ERK1/2), ERK1/2, phospho-nuclear factor
k-light-chain-enhancer of activated B cells (NF-xB)-p65 and
NF-kB-p65 antibodies were obtained from Cell Signaling
Technology, Inc. (Danvers, MA, USA). -actin antibody and
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horseradish peroxidase (HRP)-conjugated goat anti-rabbit
secondary antibody were purchased from Abcam (Cambridge,
MA, USA). ECL Western Blotting Substrate was purchased
from Thermo Scientific (Rockford, IL, USA). The polyvi-
nylidene fluoride (PVDF) membranes were obtained from GE
Healthcare (Pittsburgh, PA, USA).

Cell culture and study protocol. BmMSCs were obtained
as previously described (12,13). In brief, bone marrow was
harvested from the mouse tibia and femur, washed and cultured
in Dulbecco's modified Eagle's medium supplemented with
15% fetal bovine serum for 3 h. Subsequently, the non-adherent
cells were removed and the medium was replaced. A purified
population of bnMSCs was obtained after 3 weeks of culture.
The cells were plated in 6- and 12-well plates and treated with
0, 10 nM, 100 nM, 1 M and 10 uM Ang II for 12 h. In other
experiments, the cells were pretreated with 0.1 mM aspirin for
30 min and then exposed to 1 yM Ang II for an additional
12 h.

Enzyme-linked immunosorbent assay (ELISA). Following
treatment with Ang II and aspirin, the supernatants of the
growth medium were collected by centrifugation and frozen at
-80°C until use. The levels of TNF-a and IL-6 were measured
using the mouse TNF-a Quantikine ELISA kit and the mouse
IL-6 Quantikine ELISA kit, according to the manufacturer's
instructions. Absorbance at 450 nm was read by a microplate
reader.

Western blot assay. Proteins were extracted from the
treated bmMSCs and separated by 12% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis. Following
electrophoresis, the proteins were transferred to the PVDF
membranes. The membranes were blocked with 5% bovine
serum albumin in Tris-buffered saline with Tween-20
(TBS-T) and then incubated with phospho-ERK1/2, ERK1/2,
phospho-NF-kB-p65, NF-xkB-p65 and p-actin antibodies
at 4°C overnight. Subsequently, the blots were washed with
TBS-T and incubated with HRP-conjugated secondary anti-
body for 1 h at room temperature. The immunoreactive bands
were visualized by enhanced chemiluminescence.

Reverse transcription-polymerase chain reaction (RT-PCR)
assay. Total RNA was extracted from the treated bmMSCs
with a RNeasy Mini kit and complementary DNA (cDNA) was
synthesized with a SuperScript II First-Strand cDNA Synthesis
kit. To eliminate contamination of the genomic DNA, RNA
was pretreated with DNase I prior to the synthesis of cDNA.
RT-PCR was performed using 2X PCR reaction solution with
100 ng cDNA and 0.3 M primers. The primer sequences and
reaction cycles are listed in Table I.

Statistical analysis. Statistical analysis was performed with
SPSS software, version 11.5 (SPSS Inc., Chicago, IL, USA).
Data are presented as means + standard deviation (SD) from
4 independent experiments. Univariate comparisons of the
means were evaluated using the Student's t-test and/or one-way
analysis of variance with Tukey's post hoc adjustment for
multiple comparisons when appropriate. P<0.05 was consid-
ered to indicate a statistically significant difference.
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Results

Ang Il induces inflammation in bmMSCs. In this study, the
levels of TNF-a and IL-6 were evaluated by ELISA. As
shown in Fig. 1A and B, TNF-a and IL-6 were increased in
a dose-dependent manner in the growth medium with the
cultured bmMSCs as the cells were exposed to 10 nM-10 xM
Ang II. These data were further confirmed by an RT-PCR
assay, which demonstrated a dose-dependent increase in
TNF-a and IL-6 mRNA in the bmMSCs following expo-
sure to 10 nM-10 puM Ang II (Fig. 1C,D and F). In addition,
a significant increase in IL-1f and monocyte chemotactic
protein-1 (MCP-1) mRNA was also observed in the bmMSCs
following exposure to different concentrations of Ang II
(Fig. IC,E and G).

Ang Il activates ERK1/2 and NF-kB signals in bmMSCs.
Western blotting demonstrated that treatment with Ang II
(10 nM-10 uM) increased the expression of phospho-ERK1/2
and phospho-NF-kB-p65 in bmMSCs in a dose-dependent
manner; however, Ang II did not significantly affect the total
expression of ERK1/2 and NF-xB-p65 (Fig. 1H-L). These
data demonstrated that ERK1/2 and NF-«xB are activated in
bmMSCs following exposure to different concentrations of
Ang II.

Aspirin inhibits the activation of ERK1/2 and NF-xB.Based on
preliminary data, 1 #uM Ang Il was used in the following experi-
ments to investigate the effect of aspirin on Ang Il-induced
inflammation. As shown in Fig. 2A-E, the application of
aspirin (0.1 mM) significantly inhibited the Ang II-induced
expression of phospho-ERK1/2 and phospho-NF-xB-p65,
although it did not significantly affect the total expression of
ERK1/2 and NF-kB-p65.

Aspirin suppresses Ang Il-induced inflammation. The RT-PCR
assay demonstrated that the application of aspirin significantly
inhibited the Ang II-induced expression of TNF-a, MCP-1,
IL-6 and IL-1p genes (Fig. 2F-J). In addition, the ELISA
revealed that aspirin (0.1 mM) significantly inhibited the
Ang Il-induced secretion of TNF-a and IL-6 from bmMSCs
(Fig. 2K and L).

Discussion

The present study demonstrated that Ang II induces inflam-
matory responses and the activation of ERK1/2 and NF-kB
in bmMSCs and that the application of aspirin inhibits
the Ang Il-induced activation of ERK1/2 and NF-xB and
inflammatory responses, indicating that aspirin may inhibit
Ang II-induced inflammation in bmMSCs via the inhibition of
ERK1/2 and NF-kB activation.

BmMSCs are the most promising source of stem cells
for cell transplantation therapy and have been widely used
in tissue regenerative medicine. Generally, bmMSCs must be
induced in vitro by chemical or biological reagents for direc-
tional differentiation prior to transplantation. Ang II is one of
the most commonly used inducers of MSC differentiation. It
was demonstrated that Ang II is able to induce the differentia-
tion of bmMSCs to cardiomyocytes, adipocytes and smooth
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Table I. Primers for reverse transcription-polymerase chain reaction.

Primer Sequence Product size (bp) Reaction cycles
TNF-a Sense: 5'-CCGATGGGTTGTACCTTGTC-3' 352 32
Antisense: 5'-GGGCTGGGTAGAGAATGGAT-3'
MCP-1 Sense 5'-GGAGCATCCACGTGTTGGC-'3 391 33
Antisense: 5'-GTAGGAGTGACCAGTGTGACAGT-3'
IL-6 Sense: 5'-GATGCTACCAAACTGGATATAATC-3' 269 37
Antisense: 5'-GGTCCTTAGCCACTCCTTCTGTG-3'
IL-1B Sense: 5'-GAAATGCCACCTTTTGACAGTG-3' 225 38
Antisense: 5'-GAAGGTCCACGGGAAAGACAC-3'
[-actin Sense: 5'-TTCTTTGCAGCTCCTTCGTTGCCG-3' 458 32
Antisense: 5'-TGGATGGCTACGTACATGGCTGGG-3'
TNF-a, tumor necrosis factor a; MCP-1, monocyte chemotactic protein-1; IL, interleukin.
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Figure 1. Angiotensin IT (Ang II) induces inflammation in bone marrow mesenchymal stem cells (bmMSCs). (A,B) The ELISA demonstrated the levels of
tumor necrosis factor o (TNF-o) and interleukin (IL)-6 in the medium with the cultured bmMSCs. (C-G) The reverse transcription-polymerase chain reaction
assay demonstrated the expression of TNF-a, IL-6, IL-1f and monocyte chemotactic protein-1 (MCP-1) in bmMSCs exposed to 10 nM-10 M Ang II for 12 h.
(H-L) Western blotting demonstrated the expression of extracellular signal-regulated protein-1/-2 (ERK1/2), nuclear factor x-light-chain-enhancer of activated
B cells (NF-xB)-p65, phospho-ERK1/2 (p-ERK1/2) and phospho-NF-kB-p65 (p-NF-kB-p65) in bmMSCs following exposure to 10 nM-10 M Ang II for 12 h.
The bar graphs represent means + SD (4 independent experiments/group). "P<0.05 vs. control.
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Figure 2. Aspirin inhibits angiotensin II (Ang II)-induced inflammation in bone marrow mesenchymal stem cells (bmMSCs). (A-E) Western blotting
demonstrated that aspirin (0.1 mM) inhibits the Ang II (1 xM)-induced expression of phospho-extracellular signal-regulated protein-1/-2 (p-ERK1/2) and
phospho-nuclear factor «-light-chain-enhancer of activated B cells (p-NF-«xB) in bmMSCs. (F-J) The reverse transcription-polymerase chain reaction assay
demonstrated that aspirin inhibits the Ang II-induced expression of tumor necrosis factor oo (TNF-a), interleukin (IL)-6, IL-1p and monocyte chemotactic
protein-1 (MCP-1) in bmMSCs. (K,L) The ELISA demonstrated that aspirin inhibits the Ang II-induced secretion of TNF-a and IL-6 from bmMSCs. The bar
graphs represent means + SD (4 independent experiments/group). “P<0.05 vs. control and “P<0.05 vs. Ang II.

muscle cells (4-6). The present study demonstrated that treat-
ment with Ang II may also induce inflammatory responses in
bmMSCs.

It is known that the inflammatory responses in bmMSCs
limit their clinical use. Treatment with anti-inflammatory
and anti-immune rejection drugs may promote the survival of
bmMSCs in recipient organs following transplantation (14).
Previous studies demonstrated that aspirin inhibits the inflam-
matory responses in several cell lines, including endothelial
cells and fibroblasts, via the inhibition of NADPH oxidase
activity and ROS generation (8,10). In the present study, we
also observed that aspirin inhibited Ang II-induced inflamma-
tory responses in bmMSCs.

ERK1/2 are members of the mitogen-activated protein
kinase superfamily that is implicated in the development

of acute and chronic inflammatory disorders (15,16). It was
reported that aspirin inhibits the activation of ERK1/2 and
inflammatory responses in a series of pathophysiological
conditions (17,18). In the present study, we observed that aspirin
(0.1 mM) significantly inhibited the AnglI-induced activation
of ERK1/2 in bmMSCs. In addition, we also observed that
aspirin markedly inhibited the Ang II-induced activation
of NF-kB. NF-kB is another important factor involved in
inflammation (19). Previous studies demonstrated that aspirin
inhibits the activation of NF-xB pathway in certain chronic
inflammatory conditions, protecting organs and tissues from
inflammation and damage (20-22). In this study, the inhibi-
tory effects of aspirin on the Ang II-induced inflammation in
bmMSCs may be attributed to its role in the regulation of the
ERK1/2 and NF-kB activity.
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In summary, we demonstrated that Ang II induces inflam-
matory responses and activation of ERK1/2 and NF-kB in
bmMSCs in a dose-dependent manner and that the application
of aspirin inhibits the Ang II-induced activation of ERK1/2,
NF-«kB and inflammatory responses. These findings suggest
that aspirin may be effective in attenuating Ang II-induced
inflammation in cultured bmMSCs and may serve as an alter-
native drug to suppress inflammatory responses when the cells
are exposed to Ang II for directional differentiation.
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