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migration by abolishing the ERK1/2/p90RSK-mediated Akt 
and NF-κB signaling pathways, respectively, and osteogenic 
switching by suppressing p90RSK- and JNK-mediated AP-1 
activity.
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Introduction

Vascular smooth muscle cells (VSMCs), the predominant 
constituents of the vascular wall that provide structural 
support, play an important role in the biomechanical and 
biochemical functions of blood vessels in the regulation of 
blood pressure. Excessive proliferation and migration of 
VSMCs lead to a reduction in blood vessel lumen diam-
eter, consequently causing vascular remodeling in restenosis 
and hypertension (Mulvany et al. 1996; Owens et al. 2004). 
Angiotensin II (Ang II), a crucial mediator of the renin-
angiotensin system, can bind to the Ang II type 1 receptor 
to induce pathological effects, such as vasoconstriction, cell 
proliferation, migration, and hypertrophy, leading to cardio-
vascular diseases (Lin et al. 2020).

VSMC proliferation is regulated by many downstream 
signaling pathways, such as the Ras/mitogen-activated pro-
tein kinase (MAPK), and Janus kinase/signal transducer 
and activator of transcription pathways (Wang et al. 2018). 
In VSMCs, our previous study showed that the activation 
of 90 kDa ribosomal S6 kinase (p90RSK) downstream of 
MAPK extracellular signal-regulated kinase 1/2 (ERK1/2) 
stimulates the protein kinase B (Akt)/mammalian target of 
rapamycin (mTOR) signaling pathway, leading to prolifera-
tion both in vitro and in vivo (Huynh et al. 2020). In addition, 
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ERK1/2/p90RSK activation also upregulates nuclear factor 
kappa-light-chain-enhancer of activated B (NF-κB), which 
in turn increases VSMC migration by inducing matrix metal-
loproteinases (MMPs), such as MMP2 and MMP9 (Zhang 
et al. 2005; Huynh et al. 2020). NF-κB is associated with 
Ang II-induced aortic thickening by binding to the connexin 
43 gene promoter, enhancing the communication between 
endothelial cells and smooth muscle cells under pathogen 
stimulation (Alonso et al. 2010). This can be explained by 
the NF-κB transcription factor, which induces chemokines, 
pro-inflammatory cytokines, and adhesion molecules, con-
sequently recruiting inflammatory cells as well as VSMCs 
to the intima (Shimizu et al. 2006). Therefore, modulating 
p90RSK could contribute to the management of VSMC pro-
liferation and migration during vascular remodeling.

VSMCs exert phenotypic plasticity, characterized by 
switching from a contractile phenotype to a synthetic phe-
notype and then an osteogenic stage to adapt to abnormal 
environmental cues induced by vasoconstrictors, such as 
Ang II and platelet-derived growth factor (Abedin et al. 
2004; Jaminon et al. 2019). The osteogenic phenotype is 
characterized by increased production of Runt-related tran-
scription factor 2, RY-related HMG-box 9, and osteopontin 
(OPN) (Jaminon et al. 2019; Grootaert and Bennett 2021). 
OPN production is regulated by the activator protein 1 (AP-
1) transcription complex, formed by the dimerization of 
c-fos and c-jun (Halazonetis et al. 1988). c-jun N-terminal 
kinase (JNK) activation leads to upregulation of AP-1-in-
duced OPN production (Taurin et al. 2002; Tang et al. 2018). 
ERK1/2/p90RSK activation could increase c-fos production 
(Tagaya and Tamaoki 2007). In addition, JNK activation is 
also implicated in driving VSMC proliferation (Chen et al. 
2016; Hu et al. 2020). Thus, targeting the JNK and p90RSK 
signaling pathways is one strategy to counteract osteogenic 
switching and further proliferation in vascular remodeling.

6′-sialyllactose (6′SL), one of the major sialylated oligo-
saccharides among human milk oligosaccharides, consists 
of sialic acid which binds to the galactosyl unit of lactose at 
the 6 position (Martín-Sosa et al. 2003). Recently, several 
studies have revealed that 6′SL possesses beneficial effects 
on lipopolysaccharide-induced necrotizing enterocolitis 
and benign prostatic hyperplasia (Jin et al. 2019; Kim et al. 
2019; Sodhi et al. 2021). In addition, it has been studied the 
safety of 6′SL in human and found that oral administration of 
3 g of 6′SL twice a day for 12 weeks showed no significant 
difference in liver and kidney function-related biochemical 
values, and no clinical serious adverse reactions between the 
placebo and 6′SL groups in 60 healthy adults (27–79 years 
old of man and women) (Kim et al. 2022). However, the 
effects of 6′SL on vascular diseases remain unclear. In the 
present study, we investigated the effects of 6′SL on vascular 
remodeling caused by VSMC proliferation, migration, and 
osteogenic phenotypic switching.

Materials and methods

Antibodies and reagents

Primary antibodies for p90RSK, phospho-p90RSK 
(Ser380), ERK1/2, phospho-ERK1/2, Akt, phospho-Akt 
(Ser473), mTOR, phospho-mTOR, NF-κB p65, phospho-
NF-κB p65, JNK, phospho-JNK (Thr183/Tyr185), cyclin 
D1, cyclin-dependent kinase 6 (CDK6), CDK inhibitor 
(p27), and phospho-retinoblastoma protein (p-Rb) were 
purchased from Cell Signaling Technology Inc. (Danvers, 
MA, USA). OPN and proliferating cell nuclear antigen 
(PCNA) antibodies were purchased from Santa Cruz Bio-
technology Inc. (Dallas, TX, USA). Anti-MMP2 and anti-
MMP9 were purchased from EMD Millipore (Daejeon, 
South Korea). Anti-α-tubulin antibody, anti-IgG antibody, 
sulforhodamine B sodium salt (SRB), trichloroacetic acid 
(TCA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), and Ang II (#A9525) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Bovine 
serum albumin (BSA) was purchased from Bioworld (Dub-
lin, OH, USA). FMK (Axon 1848), a specific p90RSK 
inhibitor, was purchased from Axon Medchem (Reston, 
VA, USA). SP600125 (#1496), a JNK inhibitor, was pur-
chased from Tocris Bioscience (Bristol, UK). 6′SL sodium 
salt powder was purchased from GeneChem Inc. (Daejeon, 
Korea).

Cell culture

Rat aortic smooth muscle cells (RASMCs) and human aortic 
smooth muscle cells (HASMCs) were purchased from the 
American Type Culture Collection (Manassas, VA, USA) 
and Cell Applications (San Diego, CA, USA), respectively. 
RASMCs were grown in Dulbecco’s modified Eagle’s 
medium containing 10% (v/v) fetal bovine serum (Gibco, 
Carlsbad, CA, USA), and 1% (v/v) 100 IU/mL penicillin 
and 100 µg/mL streptomycin. HASMCs were grown in 
Medium 231 containing 5% smooth muscle growth supple-
ment (SMGS) (Gibco, Carlsbad, CA, USA) with 1% (v/v) 
100 IU/mL penicillin and 100 µg/mL streptomycin. Cells 
were cultured at 37 °C and 5% CO2 in a humidified atmos-
phere (HERAcell 150i, Thermo Electron Corp., Waltham, 
MA, USA). RASMCs and HASMCs at passages 7–15 and 
passages 5–10, respectively, were used for experiments.

Cell viability assay

Cell viability was performed using 96-well plates at a 
density of 1 × 104 cells per well with MTT as previously 
described (Cai et al. 2021).
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Cell proliferation assay

SRB binds to basic amino-acid under a mild acidic condi-
tion to form a precipitate. SRB cell proliferation assay was 
performed as previously described (Jeon et al. 2021). Under 
a basic condition, this precipitate is solubilized, indicating 
cell mass. After treatment, cells were fixed with 3.3% TCA 
for 1 h at 4 °C and rinsed with running tap water. After the 
cells were dried, the cells were incubated with 0.057% SRB 
for 30 min at room temperature (RT). The unbound dye then 
was eliminated by rinsing 3 times with 1% acetic acid. The 
dried dye subsequently was dissolved by 10 mM Tris base, 
and then was analyzed by a microplate reader at 510 nm 
(TECAN, Mannedorf, Switzerland).

Cell cycle assay

Cell cycle analysis was performed using MUSE cell cycle kit 
(#MCH100106, Merck Millipore, Billerica, MA, USA) as 
previously described (Jeon et al. 2021). After treatment was 
finished, the cell suspension was centrifuged at 2000 rpm 
for 1 min at 4 °C. The cell pellets were collected and then 
washed with PBS prior to being fixed with 70% ethanol at 
− 20 °C for at least 3 h. After washing with PBS, the fixed 
cells subsequently were incubated with Muse cell cycle rea-
gent and analyzed by Muse cell analyzer.

Western blot analysis

Western blotting analysis was performed as described previ-
ously (Zheng et al. 2021).

Real‑time quantitative reverse transcription‑polymerase 
chain reaction (qRT‑PCR)

After treatment, total RNA was isolated using Tri-RNA rea-
gent (Favorgen, Pingtung, China) and 1 µg of total RNA 
was used to analysis qRT-PCR as previously described (Lee 
et al., 2021). Briefly, the 1 µg of total RNA was used to syn-
thesize single-stranded DNA by the reverse transcription 5X 
master mix (Elpisbio, Daejeon, Korea). qRT-PCR was per-
formed with specific primers and iQ™ SYBR green super-
mix (Bio-rad Inc., Hércules, CA, USA). The mRNA expres-
sion levels were analyzed using the 2−∆∆Ct method. β-actin 
was used as the internal control. All rat primer sequences 
used in qRT-PCR are listed in Table 1.

In vitro wound‑healing assay

Cells were seeded in 12-well plates. Once the cells reached 
70% confluence, wounds were created characterized by 
scratches of 200 µl pipette tips. After treatment, these cells 
were fixed with 4% formaldehyde in PBS for 10 min. The 
fixed cells then were stained with 0.5% crystal violet solution 
for 10 min at RT. Images were captured using an Olympus 
BX51 microscope (Olympus cooperation, Tokyo, Japan).

Immunofluorescence staining

Immunofluorescence staining was performed as described 
previously (Nguyen et al. 2021). The cells were observed 
using a laser scanning confocal spectral microscope 
(K1-Fluo, Nanoscope systems, Daejeon, Korea). Fluores-
cence intensity was quantified using Image J software.

Table 1   Primer sequences for 
qRT-PCR

Gene Forward (5′–3′) Reverse (5′–3′)

c-jun GAA​GTG​ACC​GAC​TGT​TCT​ATG​ACT​ TCC​CTC​TTT​GCG​TTT​GGA​CTA​
c-fos CCA​CGA​CCA​TGA​TGT​TCT​CGG​GTT​ CTT​CTC​TGA​CTG​CTG​CTC​ACA​GGG​CTA​
CDK2 CTT​AAG​AAA​ATC​CGG​CTC​GAC​ ATC​CAG​CAG​CTT​GAC​GAT​GTTA​
CDK6 AAT​CTT​GGA​CGT​CAT​CGG​ACT​ CAG​GTC​TTG​GAA​GTA​CGG​GT
Cyclin D1 TGC​ATC​TAC​ACT​GAC​AAC​TCTAT​ GCA​TTT​TGG​AGA​GGA​AGT​GTTC​
Cyclin E TGA​AAT​TGG​TGT​CGG​TGC​CTAT​ TGC​TCC​TCC​ATT​AGG​AAC​TCT​CAC​
MMP2 GAT​ACC​CCA​AGC​CACTG​ TCC​AAA​CTT​CAC​GCT​CTT​
MMP9 CAG​ACC​AAG​GGT​ACA​GCC​TGTT​ AGC​GCA​TGG​CCG​AACTC​
NF-kB TGG​ACG​ATC​TGT​TTC​CCC​TC GTG​CTT​CTC​TCC​CCA​GGA​AT
OPN GCT​CTC​AAG​GTC​ATC​CCA​GTTG​ TGT​TTC​CAC​GCT​TGG​TTC​ACT​
p27 CAG​AAT​CAT​AAG​CCC​CTG​GA TCT​GCG​AGT​CAG​GCA​TTT​G
PCNA TGA​AGT​TTT​CTG​CGA​GTG​GG CAG​TGG​AGT​GGC​TTT​TGT​GAA​
VCAM-1 ACA​AAA​CGC​TCG​CTC​AGA​TT GTC​CAT​GGT​CAG​AAC​GGA​CT
β-actin ATG​GAT​GAC​GAT​ATC​GCT​GCG​ CAG​GGT​CAG​GAT​GCC​TCT​CTT​
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Statistical analysis

One-way analysis of variance (ANOVA) was performed and 
followed by a Bonferroni for multiple comparisons (Graph-
Pad 5.02, GraphPad Software Inc., San Diego, CA, USA). 
A value of p < 0.05 indicates a statistically significant dif-
ference. Data were presented as means ± SEM, and experi-
ments were conducted independently at least 2 times.

Results

Effects of Ang II on cell proliferation and related 
signaling pathways in VSMCs

First, we explored the effect of Ang II on RASMC and 
HASMC proliferation. Confluent RASMCs or HASMCs 
were stimulated with various doses of Ang II for 24 h or 
48  h, respectively. MTT and SRB assays showed that 
Ang II significantly enhanced the viability and prolifera-
tion of either RASMCs or HASMCs at a dose of 100 nM 
(Fig.  1A–C). Thus, 100 nM Ang II was chosen for the 

subsequent experiments. As the ERK1/2/p90RSK axis and 
JNK signaling pathways have been reported to upregulate 
Ang II-induced vascular remodeling (Hu et al. 2020; Huynh 
and Heo 2021), we explored these signaling pathways to 
confirm the activity of Ang II. As expected, Ang II-induced 
phosphorylation of ERK1/2, p90RSK, and JNK peaked at 
30 min and remained higher than the control group up to 
60 min, but decreased from 2 h after Ang II treatment in 
RASMCs (Fig. 1D). After 12 h of Ang II challenge, total 
p90RSK expression increased compared to that in the con-
trol group (Fig. 1E). We further confirmed the effects of 
Ang II by examining the p90RSK downstream targets Akt/
mTOR under the same conditions. Consistently, Ang II acti-
vated Akt/mTOR at 30 to 60 min after Ang II stimulation 
(Fig. 1F, H).

6′SL inhibits Ang II‑induced activation of the ERK1/2/
p90RSK/Akt/mTOR signaling pathway

Next, we explored the effects of 6′SL on VSMC prolifera-
tion. As shown in Fig. 2A and B, there was a significant 
reduction in cell viability in the 6′SL-treated groups at a dose 
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Fig. 1   Effects of Ang II on cell proliferation and related signaling pathways in VSMCs. A, B RASMCs were exposed to serial concentrations 
of Ang II for 24 h. Cell viability was determined by MTT assay (A) and SRB assay (B), respectively. C HASMCs were stimulated with indi-
cated concentrations of Ang II for 48 h. Cell proliferation was examined by SRB assay. Data represent means ± SEM (n ≥ 3). D–G RASMCs 
were treated with 100 nM Ang II for indicated times in each figure. Total cell lysates were subjected to western blot analysis to examine indi-
cated protein expressions. α-tubulin was used as a loading control. H, I The bar graphs indicate densitometric quantifications. Data represent 
means ± SEM (n ≥ 2). *p < 0.05, **p < 0.01, and ***p < 0.001 versus control group. RASMCs rat aortic smooth muscle cells, HASMCs human 
aortic smooth muscle cells, Ang II angiotensin II, MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, SRB sulforhodamine B 
sodium salt, ERK1/2 extracellular signal-regulated protein kinase 1/2, JNK c-jun N-terminal kinase, p90RSK p90 ribosomal S6 kinase, Akt pro-
tein kinase B, mTOR mammalian target of rapamycin
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of 100 µM 6′SL compared to the Ang II-stimulated group in 
RASMCs. Similar effects of 6′SL on HASMC proliferation 
were observed at the dose of 100 µM 6′SL (Fig. 2C). To 
determine the underlying molecular mechanisms, we investi-
gated the ERK1/2/p90RSK signaling pathway. In RASMCs, 
treatment with U0216, an ERK1/2 inhibitor, dramatically 
inhibited Ang II-induced p90RSK activation (Fig. 2D, fF. 
However, U0126 treatment abolished the phosphorylation 
of Akt and mTOR to a lesser degree compared to p90RSK 
(Fig. 2E, F). Likewise, in HASMCs, inhibiting p90RSK 
phosphorylation by FMK treatment also dramatically 
decreased the Ang II-induced activation of Akt/mTOR sign-
aling pathway (Fig. 2G–I). Herein, we found that the inhibi-
tory effects of 100 µM 6′SL on Ang II-induced p90RSK/
Akt/mTOR activation were significant but lower than that 
in the U0126-treated group in RASMCs (Fig. 2D–F) and 

in the FMK-treated group in HASMCs (Fig. 2G–I). These 
data reveal that inhibition of the ERK1/2/p90RSK signaling 
pathway is involved in the anti-proliferative effect of 6′SL in 
RASMCs and HASMCs.

6′SL suppresses Ang II‑stimulated cell cycle 
progression

To confirm the anti-proliferative effect of 6′SL, we 
employed a cell cycle assay to explore the cell cycle dis-
tribution. Herein, we found that the cell population of the 
G0/G1 in the Ang II-treated group was lower than that 
in the vehicle group. However, this reduction in the cell 
population of these phages was significantly alleviated by 
6′SL treatment (Fig. 4A). These data illustrate that 6′SL 
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treatment inhibited the Ang II-triggered shift of RASMCs 
from G0/G1 to S and G2/M phases.

Next, we confirmed the effect of 6′SL by examining 
the cell cycle-related molecules. The cell cycle is regu-
lated by the binding of cyclins to CDKs during specific 
phases. These complexes stimulate cell cycle progression 
by phosphorylating transcription regulators, such as Rb 
(Malumbres 2014). Consistent with the cell cycle assay 
results, the elevated protein expression and mRNA levels 
of cell cycle progression molecules including cyclin D1, 
CDK6 and p-Rb in response to Ang II indicated that Ang 
II induced the transition from G0 to G1 (Fig. 3B, C). In 
the later phase, Ang II led to upregulation of cyclin E 
and CDK2, associated with the transition from G1 phase 
to S phase (Fig. 3C). Moreover, there was a concomitant 
downregulation of p27, a cell cycle checkpoint arrestor, 
in the Ang II-treated group compared to that in the con-
trol group. As expected, 6′SL reversed these effects of 
Ang II on the cell cycle shift from the G0 to G1/S phase 
(Fig. 3B, C). These data indicated that 6′SL inhibited Ang 
II-induced cell cycle progression.

6′SL attenuates Ang II‑induced proliferation 
accompanied by osteogenic switching

Osteogenic switching has been reported to contribute to the 
progression of vascular remodeling and OPN is one of the 
markers characterizing osteogenic differentiation (Abedin 
et al. 2004; Jaminon et al. 2019). Binding of c-fos and c-jun 
to AP-1 sites leads to osteogenic switching characterized by 
increased OPN transcription (Renault et al. 2003; Liu et al. 
2021). Thus, we further examined whether VSMC prolif-
eration occurs with osteogenic switching and the effect of 
6′SL on this process. Both OPN and the proliferation marker 
PCNA were increased by Ang II treatment in terms of pro-
tein expression and mRNA levels. However, 6′SL treatment 
remarkably reversed the effects of Ang II (Fig. 4A–D). 
These findings suggest that 6′SL exerts a protective effect 
on Ang II-induced osteogenic switching in VSMCs.

6′SL diminishes NF‑κB pathway in Ang II‑stimulated 
VSMCs

NF-κB signaling pathway is involved in migration by 
increasing MMPs production (Bond et  al. 2001; Lee 
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et al. 2008). Therefore, we determined the effect of 6′SL 
on NF-κB transcription factor. Immunofluorescence data 
showed that 6′SL markedly inhibited Ang II-induced translo-
cation of NF-κB from the cytosol to the nucleus in RASMCs 
(Fig. 5A, B). We also examined NF-κB phosphorylation and 
found that the Ang II-induced NF-κB activation was signifi-
cantly decreased by 6′SL treatment not only in RASMCs 
(Fig. 5C) but also in HASMCs (Fig. 5D). Consistently, 6′SL 
reduced Ang II-induced NF-κB mRNA (Fig. 5E). In addi-
tion, the expression of vascular cell adhesion molecule-1 
(VCAM-1), an NF-κB target adhesion molecule, is preva-
lent in VSMCs in intimal neovessels (Braun et al. 1999). 
Herein, we found that 6′SL significantly downregulated Ang 
II-induced VCAM-1 expression (Fig. 5E). These results sug-
gest that 6′SL might inhibit NF-κB-mediated VSMC migra-
tion stimulated by Ang II.

6′SL inhibits Ang II‑induced migration of VSMCs

Next, we confirmed the effects of 6′SL on VSMC migra-
tion. The wound healing assay showed that Ang II resulted 
in remarkable migration compared to the control group, 
whereas 6′SL treatment significantly suppressed this Ang II 
effect in a dose-dependent manner in RASMCs (Fig. 6A, B). 
Similarly, 100 µM 6′SL treatment significantly inhibited Ang 
II-induced HASMC migration but there was no difference 

between low and high doses of 6′SL treatment (Fig. 6C, D). 
MMPs, which are target molecules of NF-κB, are considered 
factors causing the excessive migration of VSMCs (Newby 
2006). Thus, we investigated the expression of MMP2 and 
MMP9 and found that 6′SL treatment significantly reduced 
Ang II-induced expression of these molecules in RASMCs 
(Fig. 6E–G). These data suggest that 6′SL exerts anti-migra-
tion effects on VSMCs by downregulating NF-κB-mediated 
MMP2 and MMP9 production.

6′SL decreases Ang II‑induced JNK 
and p90RSK‑mediated AP‑1 activity

Regulation of the AP-1 complex, formed by c-fos and c-jun 
components, is affected by NF-κB and JNK activation (Tau-
rin et al. 2002; Fujioka et al. 2004). Based on these studies, 
we further investigated the effects of 6′SL on the JNK path-
way in RASMCs and found that 6′SL treatment significantly 
abolished JNK phosphorylation induced by Ang II, and that 
6′SL remarkably decreased c-jun mRNA levels compared to 
Ang II treatment (Fig. 7A–C). In addition, we also checked 
c-fos production and found that Ang II-induced exces-
sive production of c-fos was considerably downregulated 
by 6′SL treatment (Fig. 7D). Next, we examined whether 
there was crosstalk between JNK and p90RSK, and found 
that there was no change in the phosphorylation of JNK or 
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p90RSK under FMK (an irreversible inhibitor of p90RSK) 
or SP600125 (a JNK inhibitor), respectively (Fig. 7E). How-
ever, FMK pre-treatment significantly inhibited the Ang II-
stimulated c-fos and c-jun transcription (Fig. 7F, G). These 
data suggest that 6′SL has the potential to reduce prolifera-
tion and AP-1-mediated phenotypic switching by inhibiting 
the p90RSK and JNK signaling pathways.

Discussion

Vascular remodeling is associated with the pathological 
effects of vasoconstrictors such as Ang II, causing vascular 
diseases such as restenosis and hypertension (Owens et al. 
2004). 6′SL has been reported to exert various protective 

effects (Jin et al. 2019; Kim et al. 2019; Sodhi et al. 2021). 
However, there are no studies on the effect of 6′SL on vas-
cular diseases. In this study, we demonstrated that 6′SL had 
inhibitory effects on Ang II-induced VSMC proliferation 
and migration in RASMCs by attenuating ERK1/2/p90RSK-
mediated Akt and NF-κB signaling pathways, respectively. 
In addition, 6′SL inhibited osteogenic switching by sup-
pressing AP-1-mediated OPN production by abolishing 
p90RSK and JNK signaling pathways (Fig. 8).

VSMC hyperplasia is closely related to vascular remod-
eling. The Akt/mTOR signaling pathway has been reported 
to be involved in promoting VSMC proliferation both 
in vitro and in vivo (Stabile et al. 2003; Yin et al. 2017). In 
our previous study, we found that blocking p90RSK effec-
tively reduced Ang II-induced Akt/mTOR-mediated VSMC 
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proliferation (Huynh et al. 2020). In the current study, we 
observed that 100 nM Ang II induced the phosphorylation 
of ERK1/2/p90RSK and its downstream target Akt/mTOR, 
resulting in an increase in VSMC proliferation (Fig. 1). The 
ERK1/2/p90RSK/Akt/mTOR axis was confirmed by inhibit-
ing ERK1/2 or p90RSK with U0126 or FMK, individually, 
in RASMCs or HASMCs (Fig. 2). Interestingly, inhibition 
of ERK1/2 totally blocked Ang II-accelerated p90RSK acti-
vation (Fig. 2). In HASMCs, inhibiting p90RSK activation 
totally eliminated the effect of Ang II on Akt/mTOR phos-
phorylation (Fig. 2). Herein, we found that 100 µM 6′SL 
significantly blunted Ang II-induced activation of ERK1/2/
p90RSK/Akt/mTOR, but 6′SL was less effective than in 
U0126 treatment in RASMCs and in FMK-treated HASMCs 
(Fig. 2). These data reveal that inhibition of the ERK1/2/
p90RSK pathway is involved in the anti-proliferative effect 
of 6′SL in VSMCs. This effect was further confirmed by 
examining cell cycle profiles. As expected, 6′SL significantly 
reduced the elevated levels of cycle progression molecules, 
which are Akt/mTOR target molecules, such as cyclin D1, 
CDK6, cyclin E, CDK2, and p-Rb in response to Ang II 
in RASMCs (Fig. 3). Furthermore, 6′SL enhanced Ang II-
induced p27 reduction, inhibiting the cell cycle shift from G0 
to G1/S phase (Fig. 3). These data revealed that 6′SL inhib-
ited VSMC proliferation by inhibiting the p90RSK-mediated 
Akt/mTOR signaling pathway.

The transcription factor NF-κB is a characteristic of 
vascular remodeling owing to its effect on VSMC migra-
tion (Zahradka et  al. 2002). In our previous study, we 
showed that Ang II stimulated NF-κB activation by phos-
phorylating ERK1/2/p90RSK in VSMCs, contributing to 
the increase in MMPs (Huynh et al. 2020). In agreement 
with this report, here, immunofluorescence data showed 
that there was an increase in NF-κB nuclear translocation 
in Ang II group compared to the control group (Fig. 5A, 
B). In addition, Ang II increased NF-κB phosphorylation in 
RASMCs (Fig. 5C) and HASMCs (Fig. 5D). As expected, 
the effects of Ang II were effectively reversed by treatment 
with 6′SL in both these cell lines (Fig. 5C, D). In previous 
report, the genetic deficiency of MMP2 or MMP9 in mice 
leads to reduction of VSMC invasion and MMP2 deficiency 
inhibits this event more effectively than MMP9. However, 
MMP9 but not MMP2 plays a vital role in the attachment 
of VMSCs to collagen thereby VSMCs degrade collagen 
and consequently facilitate VSMC migration (Johnson and 
Galis 2004). Herein, we found that 6′SL inhibited NF-κB-
mediated MMP2 and MMP9 production and expression, 
thereby suppressing Ang II-induced migration (Fig. 6). In 
addition, the expression of NF-κB target adhesion molecules 
such as VCAM-1 is prevalent in VSMCs in intimal neoves-
sels (Braun et al. 1999). The presence of adhesion molecules 
in turn recruits immune cells including macrophages and 
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leukocytes, resulting in excessive production of pro-inflam-
matory mediators and subsequent inflammation and late 
neointimal thickening (Welt and Rogers 2002). In the present 
study, Ang II increased VCAM-1 production, whereas 6′SL 
considerably diminished this effect (Fig. 5E). Collectively, 
these data suggest that p90RSK/NF-κB signaling pathway 
is involved in the anti-migratory effect of 6′SL.

Accumulating evidence has demonstrated that osteo-
genic switching plays an important role in the progression 
of vascular remodeling, and OPN is one of the markers of 
osteogenic differentiation (Abedin et al. 2004; Jaminon 
et al. 2019). Therefore, in this study, we examined whether 
VSMC proliferation occurs during osteogenic switching. As 
expected, we found that Ang II increased both OPN and the 
proliferation marker PCNA in terms of mRNA level and 
protein expression, suggesting that VSMC proliferation is 
accompanied by osteogenic phenotypic switching (Fig. 4). 
Interestingly, this effect of Ang II was considerably miti-
gated by treatment with 100 µM 6′SL.

Since the activity of AP-1 transcription factor in VSMCs 
plays an important role in regulating OPN production, 
we further examined two members of the AP-1 transcrip-
tion complex, c-fos and JNK-mediated c-jun (Halazonetis 
et al. 1988; Renault et al. 2003). Here, we found that Ang 

II remarkably augmented JNK phosphorylation and c-jun 
mRNA levels, whereas 6′SL completely inhibited Ang II-
induced JNK activation and reversed c-jun transcription 
(Fig. 7A-C). Concurrently, Ang II also induced an increase 
in c-fos production, but 6′SL treatment significantly reversed 
this effect of Ang II (Fig. 7D). These data suggest that 6′SL 
reduces the activity of AP-1 transcription factor and subse-
quently abolishes OPN production.

To investigate whether there was a relationship between 
p90RSK and JNK, we pretreated RASMCs with SP600125, 
a JNK inhibitor, or FMK, a p90RSK inhibitor, before stim-
ulation with Ang II. We found that no crosstalk between 
JNK and p90RSK activation (Fig. 7E). However, FMK 
treatment significantly reduced Ang II-induced c-jun tran-
scription to a lesser extent than SP600125 treatment. This 
may be explained by the involvement of p90RSK-mediated 
NF-κB activation in the enhancement of AP-1 activity and 
the consequent production of c-jun (Fujioka et al. 2004). 
Interestingly, pre-treatment with FMK, but not SP600125 
significantly reduced c-fos production (Fig. 7G). This may 
result from the effect of ERK1/2/p90RSK activation on c-fos 
as previously described (Tagaya and Tamaoki 2007; He et al. 
2010). In addition, there is accumulating evidence indicat-
ing that JNK activation results in VSMC proliferation by 
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downregulating p27 and upregulating cyclins and CDKs 
(Banes et al. 2001; Zhan et al. 2003; Chen et al. 2016). Thus, 
our findings suggest that 6′SL exerts an inhibitory effect on 
anti-osteogenic switching and anti-proliferation of VSMCs 
by attenuating the activation of JNK and p90RSK-mediated 
AP-1 activity.

In conclusion, our data suggest that 6′SL exerts a protec-
tive effect against Ang II-induced vascular remodeling by 
inhibiting p90RSK/Akt-mediated proliferation and p90RSK/
NF-κB-mediated migration of RASMCs and HASMCs. In 

addition, 6′SL diminished Ang II-induced osteogenic phe-
notypic switching via inhibition of JNK and p90RSK signal-
ing pathways, thereby downregulating AP-1-mediated OPN 
production. Thus, 6′SL is a potential therapeutic candidate 
for vascular remodeling.
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inhibited AP-1-mediated osteogenic phenotypic switching. 6′SL 6′-sialyllactose, RASMCs rat aortic smooth muscle cells, Ang II angiotensin II, 
AT1R Ang II type 1 receptor, MAP3K mitogen-activated protein kinase kinase kinase, ERK1/2 extracellular signal regulated protein kinase 1/2, 
p90RSK p90 ribosomal S6 kinase, JNK c-jun N-terminal kinase, Akt protein kinase B, mTOR mammalian target of rapamycin, NF-κB nuclear 
factor kappa-light-chain-enhancer of activated B, AP-1 activator protein-1, VCAM-1 vascular cell adhesion molecule-1, MMP matrix metal-
lopeptidase, CDK cyclin-dependent kinase, OPN osteopontin, PCNA proliferating cell nuclear antigen, Rb retinoblastoma protein, p27 cyclin-
dependent kinase inhibitor, P phosphorylation
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