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Abstract 
The pathogenesis of atherosclerosis is accompanied by chronic inflammation 
with changes in the stiffness of the coronary artery wall. Being the main 
component of the vascular media, the smooth muscle cells (SMCs) are crucial 
to maintain blood vessel function. SMCs are mechano-sensitive, which can 
rapidly adapt to the fluctuations in the microenvironment of the blood vessel, 
including the subtle changes of the vascular stiffness. However, how substrate 
stiffness influences the phenotype and inflammatory response of SMCs is not 
well understood. In this study, we investigated the effects of substrate stiffness 
on SMCs phenotype, inflammatory gene expression and the nuclear factor-
kappa B (NFκB) signaling pathway of vascular SMCs. From 1 kPa to 100 kPa, 
the SMCs cytoskeleton became more and more organized with the increase of 
the substrate stiffness, representing by the uniformed distribution of the 
stress fibers. SMCs cultured on both soft (1 kPa) and hard (100 kPa) substrate 
increased the expression of macrophage marker CD68 molecule (CD68) and 
Galectin 3 (LGALS3) and the inflammatory gene Interleukin-6 (IL-6) and In-
terleukin-1β (IL-1β) than those on 40 kPa substrate. Moreover, the protein 
expression level of phosphorylated nuclear factor kappa B inhibitor (p-IκB) 
was higher on either soft (1 kPa) or hard (100 kPa) substrate. In consistent, 
the dephosphorylated IκB showed a higher expression level on the substrate 
stiffness of 40 kPa. These results suggested that substrate stiffness played an 
important role in SMCs cell morphology, phenotype and inflammatory re-
sponse by affecting NFκB signaling pathway. 
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1. Introduction 

Atherosclerosis, a major cause of heart attack and stroke, is associated with 
chronic inflammation in the coronary arteries [1]. Innate immune cells such as 
macrophages are the main cause of vascular inflammation. Studies have shown 
that in the early stage of atherosclerosis, monocytes adhere to endothelial cells, 
migrate to the intima, and then mature into macrophages [2]. Macrophages play 
an important role in atherosclerotic formation, including the clearance of lipo-
proteins, cytokines and reactive oxygen, which may lead to plaque rupture and 
thrombosis [3]. More recently, Bennett and Sinha et al. found that smooth mus-
cle cells in atherosclerotic plaques can change their phenotype to macro-
phage-likecells, and then affect the inflammation of the blood vessels [4]. It has 
been reported that more than 50% of CD68+ foam cells are SMCs-derived in 
atherosclerotic lesion [5]. 

Moreover, the vascular environment could change with the development of 
atherosclerosis. The deposition of lipoproteins in the blood vessels will soften the 
blood vessels. Subsequently, excessive lipid leads to extracellular matrix, fibrous 
tissue hyperplasia and calcareous deposition, which gradually increases vascular 
stiffness, and finally affects the vascular environmental homeostasis [6] [7]. In 
the physiological state, the stiffness of aorta is about 40 kPa. In contrast, the pa-
thological condition could cause stiffness to decrease to as low as 1 kPa and in-
crease to even 100 kPa [8] [9]. Substrate stiffness can affect the chemotaxis and 
adhesion of monocytes by regulating the microRNA expression level of endo-
thelial cells [10]. Meanwhile, SMCs can also sense and respond to substrate 
stiffness changes in the vascular wall, causing phenotypic switching. Tian et al. 
found that as substrate stiffness increases, SMCs transform from a synthetic 
phenotype to a contractile phenotype, and substrate stiffness regulates SMCs 
matrix remodeling through TGF-β signal pathway. [11]. Hence, it is necessary to 
explore the effects of substrate stiffness on the SMCs’ immune response in the 
atherosclerosis. 

Nuclear transcription factor κB (NFκB), the central transcriptional control 
point in vascular inflammation, is a key regulator in atherosclerosis. Further-
more, NFκB plays a vital role in a complex system that allows cells to adapt and 
respond to environmental changes. The activation of NFκB depends on phos-
phorylation-induced degradation of the NFκB protein inhibitor IκB [12]. It has 
been reported that the activation of NFκB can be induced by both physically (ul-
traviolet exposure) and physiologically (ischemia) factors [13] [14]. There is an 
evidence that NFκB was activated by low extracellular Mg2+ in cerebrovascular 
smooth muscle cells [15]. Macrophages also have been shown to induce the ex-
pression of associated inflammatory cytokines (IL-6, TNF-α, IL-1) through the 
activation of NFκB [16].  

Therefore, the effects of substrate stiffness on the SMCs, including cells mor-
phology, phenotype and immune response were studied. Furthermore, whether 
NFκB signaling pathway was activated in response of SMCs to the substrate 
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stiffness was also investigated. 

2. Materials and Methods 
2.1. Cell Culture and Treatment 

The human aortic smooth muscle cells (SMCs) were grown in SMCs medium 
(Scien Cell, USA), supplemented with 2% fetal bovine serum, 1% penicil-
lin/streptomycin, and 1% smooth muscle cell growth supplement. SMCs were 
cultured in a 37˚C incubator (Corning, USA) with the supplement of 5% CO2. 

The SMCs were cultured on polyacrylamide hydrogels with different stiffness 
for 24 hours before proceeding to the experiments. 

2.2. Preparation of Substrates with Different Stiffness 

Poly-acrylamide hydrogel substrates with different stiffness were prepared as 
described previously by adjusting the ratio of 40% acrylamide (w/v) (Sangon 
Biotech, China) to 2% bis-acrylamide (w/v) (Sangon Biotech, China) [11]. Te-
tramethylethylenediamine (Klamar, China) and 10% ammonium persulfate so-
lution (Sinopharm, China) were added to the mixture for cross-linking. Before 
polymerization, the mixture was added to a glass slide and a silicified cover glass 
was put on the gel droplets to form a leveled surface. On completion of the po-
lymerization, the glass slide was removed and the cover glass with the substrates 
were treated with sulfo-SANPAH (Thermo Fisher, USA) and coated with 1 
mg/mL Collagen Type I (Corning, USA) to facilitate cell adhesion. The stiffness 
of the substrates were measured by an atomic force microscope. The substrates 
were sterilized by UV and 75% alcohol for 30 minutes before cell culture. 

2.3. Real-Time Quantitative PCR (RT-qPCR) 

Total RNA was extracted from SMCs using the RNA simple Total RNA Extrac-
tion kit (TIANGEN, China). Reverse transcription was performed using the 
Fastking RT kit with gDNase (TIANGEN, China). For RT-qPCR, the Super-
RealPreMix Plus kit (SYBR Green) (TIANGEN, China) was used. The primer 
pairs sequences were listed in Table 1. The mRNA expression of the targetgene 
was expressed as fold of change to GAPDH control. 
 
Table 1. RT-qPCR primer sequences. 

Primer 
name 

Forward primer (5’-3’) Reverse primer (5’-3’) 

GAPDH GGGAAGGTGAAGGTCGGAGT GGGGTCATTGATGGCAACA 

MYH11 GCTCAGAAAGTTTGCCACCTC CATCCGCCCAACCTTGATA 

IL-6 ATGAGGAGACTTGCCTGGTG GTGAGGAACAAGCCAGAGCT 

IL-1β TCTTCATTGCTCAAGTGTCTG TGCCACTGTAATAAGCCATC 

LGALS3 CATGCTGATAACAATTCTGGG GGTTAAAGTGGAAGGCAACAT 
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2.4. Western Blotting 

Total SMCs lysates were extracted in the plus RIPA lysis buffer (Beyotime, Chi-
na) with protease and phosphatase inhibitor. BCA Protein Assay Kit (Thermo 
Scientific, USA) was used to quantify the protein concentration. Equal amount 
of the total cell lysates was subject to the SDS-PAGE, and transferred to PVDF 
membrane. After 10% BSA blocking, primary antibodies of CD68 (Abcam, UK), 
p-IκB (Cell Signaling Technology, USA), IκB (Cell Signaling Technology, USA), 
GAPDH (Cell Signaling Technology, USA) and α-Tubulin (Cell Signaling Tech-
nology, USA) were incubated overnight at 4˚C, respectively. HRP-conjugated 
secondary antibodies (Cell Signaling Technology, USA) were incubated for 
1hour at room temperature. The bands were visualized by Immobilon western 
chemiluminescent HRP substrate (Merck Millipore, Germany). The protein ex-
pression was normalized to α-Tubulin (Cell Signaling Technology, USA) in the 
respective samples. 

2.5. Immunofluorescence Staining and Image Processing 

SMCs were fixed in 4% (w/v) PFA for 10 minutes. Then, F-actin was stained 
with phalloidin conjugated with iFluorTM488 (AAT Bioquest, USA) for 90 mi-
nutes. Finally, cell nucleus was stained with DAPI for 5 minutes. Images were 
captured under a laser scanning confocal microscope (Leica TCS SP5 II, Ger-
many). 

For image processing, as described in Z. Püspöki et al. [17], the local orienta-
tion properties of images are computed according to the Orientation J software 
and were then visualized as color images with the orientation being typically 
encoded in the color (hue). 

2.6. Statistical Analysis 

For all the experiments, at least 3 independent trials were performed. Unless 
otherwise indicated, data were expressed as mean ± SEM. Pairwise comparisons 
were made using a Student t-test. Comparison of three or more groups was per-
formed using One-way ANOVA. A value of *p < 0.05 was considered statistically 
significant. Data were analyzed by GraphPad Prism 6.0 software.  

3. Results 
3.1. Substrate Stiffness Affected SMCs Morphology. 

SMCs were grown on different stiffness for 24 hours and subjected to phalloidin 
staining for F-actin filaments representing the stress fibers in the cell. The mor-
phology of SMCs exhibited significant difference and the average F-acting fluo-
rescence intensity increased with the increase of substrate stiffness (Figure 1(A) 
and Figure 1(B)). The F-actin stress fiber orientation colormaps (Figure 1(C)) 
were analyzed by Orientation J software. The color maps of actin stress fibers 
showed that SMCs on the 1 kPa substrate exhibited mixed colors, whereas the 
color maps for SMCs on 40 and 100 kPa substrate exhibited similar colors. In  
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Figure 1. Substrate stiffness affected SMCs morphology. SMCs were seeded on different substrate stiffness (1 kPa, 40 kPa, 100 
kPa) for 24 hours. (A): Immunofluorescence staining of F-actin (green), DAPI staining of nucleus (blue) (scale bar, 100 μm). (B): 
The amount of F-acting was quantified by the fluorescence intensity. (C): The color maps for SMCs F-acting orientation on dif-
ferent substrate stiffness. (D): Quantitation of the distribution of SMCs F-acting orientation on different substrate stiffness. 
*indicates p < 0.05. 

 
addition, the distribution of stress fibers orientation on different substrate stiff-
ness were counted. The results showed that, with the increasing of substrate 
stiffness, the distribution of stress fibers orientation is more condensed, indicat-
ing a more organized overall SMCs cytoskeleton (Figure 1(D)). Taken together, 
these results suggested that substrate stiffness affected SMCs morphology and 
cytoskeleton organization. 

3.2. Substrate Stiffness Regulated SMCs Phenotype 

SMC is an undifferentiated cell type with significant phenotypic plasticity. It has 
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been shown that increased extracellular substrate stiffness drives the develop-
ment of arterial pathology and changes the phenotype of vascular cells. We ana-
lyzed the effect of substrate stiffness on the phenotype of SMCs. With the treat-
ment of different stiffness, the gene expression of SMC contractile maker 
MYH11 and the macrophage marker LGALS3 and CD68 were examined. The 
results showed the expression of SMC contractile maker MYH11 was increased 
(Figure 2(A)) with the increase of substrate stiffness. And SMCs expressed 
higher LGALS3 on both soft (1 kPa) and hard (100 kPa) substrates (Figure 2(B)) 
than on 40 kPa substrate. Consistently, the Western blotting results showed that 
the expression level of CD68 was the lowest on 40 kPa substrate (Figure 2(C), 
Figure 2(D)). 

3.3. Substrate Stiffness Affected SMCs Inflammatory Response 

The acquisition of macrophage phenotypes is associated with inflammatory res-
ponses. To further explore the inflammatory response of SMCs on different  
 

 
Figure 2. Substrate stiffness affected SMCs phenotype. SMCs were seeded on different 
substrate stiffness (1 kPa, 40 kPa, 100 kPa) for 24 hours. (A): SMC marker MYH11 gene 
expression level was measured by RT-qPCR. (B): Macrophage marker LGALS3 gene ex-
pression level was measured by RT-qPCR. GAPDH was used as the internal control for 
normalization (n = 3). (C): Macrophage marker CD68 protein expression was analyzed 
by Western blotting analysis. The expression of α-Tubulin was used as the internal con-
trol. (D): Quantitation of the CD68 protein expression was calculated as the ratio of target 
protein to α-Tubulin (n = 3). *indicates p < 0.05. 
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substrate stiffness, the expression of inflammation-related genes was examined 
in this study. RT-qPCR results showed that, same as the LGALS3 and CD68 the 
gene expression of IL-6 and IL-1β were higher on both soft (1 kPa) and hard 
(100 kPa) substrates (Figure 3(A), Figure 3(B)). SMCs on the 40 kPa substrate 
shown a relatively low level of gene expression, suggesting lower inflammation 
on 40 kPa substrate. 

3.4. Substrate Stiffness Affected NFκB Signaling Pathway of SMCs 

In vivo and in vitro experiments studies have shown that NFκB is activated in an 
inflammatory environment. Here, the Western blotting analysis used to detect 
the activity of NFκB signaling related molecules. The results showed that, com-
pared with the 40 kPa, the protein expression of p-IκB was higher at 1 kPa and 
100 kPa. On the contrary, the protein level of IκB was lower at 40 kPa than that 
on 1 kPa and 100 kPa substrates (Figure 4). These results suggested that NFκB 
signaling pathway was involved in the inflammatory response of SMCs. 
 

 
Figure 3. Substrate stiffness affected SMCs inflammatory response. SMCs were seeded on 
different substrate stiffness (1 kPa, 40 kPa, 100 kPa) for 24 hours. (A): IL-6 expression 
level was measured by RT-qPCR. (B): IL-1β expression level was measured by RT-qPCR. 
GAPDH was used as the internal control for normalization (n = 3). *indicates p < 0.05. 
 

 
Figure 4. Substrate stiffness affected NFκB signaling pathway of SMCs. SMCs were 
seeded on different substrate stiffness (1 kPa, 40 kPa, 100 kPa) for 24 hours. (A): IκB and 
p-IκB protein expression was analyzed by Western blotting analysis. The expression of 
α-Tubulin was used as the internal control. (B), (C): Quantitation of the protein expres-
sion was calculated as the ratio of target protein to α-Tubulin (n = 3). *indicates p < 0.05. 
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4. Discussion and Conclusion 

In the process of atherosclerosis, the vascular microenvironment, such as high 
lipid, reactive oxygen species, substrate stiffness, will change, and then affect the 
development of lesions. Studies have shown that, compared with normal arte-
ries, the aortic elastic modulus of rabbits fed with high cholesterol gradually de-
creased within 1 - 8 weeks. Afterwards, with the development of the lesion, the 
elastic modulus of the aorta gradually increases until calcification [18]. Mean-
while, studies have shown that vascular remodeling may contribute to medial 
and intimal calcification and increase vascular stiffness [19]. Therefore, it is 
meaningful to pay attention to the effect of substrate stiffness on the function 
and structure of vascular cells. 

Smooth muscle cells are the main component of the vascular media. Their 
main function is contract, which can regulate the tension of blood vessels and 
maintain blood vessel function [20]. In addition, smooth muscle cells exhibit 
significant phenotypic plasticity and they can rapidly adapt to fluctuating envi-
ronmental signals [21]. More and more evidences show that SMCs have under-
gone significant cytoskeletal remodeling during migration and phenotypic 
transformation [11] [22]. It is reported that vasoconstrictors and vasodilators 
can induce changes in vascular smooth muscle cytoskeletal remodeling [23]. Our 
results also showed that substrate stiffness affected SMCs cytoskeleton remodels 
and phenotypic transformation. The SMCs cytoskeleton were progressively dis-
rupted following the decreasing substrate stiffness (Figure 1). In addition, in vi-
tro studies, the substrate stiffness showed a significant effect on the autophagy of 
smooth muscle cells. With the increment of substrate stiffness, the level of auto-
phagy of smooth muscle cells increased and the phenotypic transition of smooth 
muscle cells was activated [24]. Our results showed that as the stiffness of the 
substrate changes, SMCs showed a phenotypic switch to foam cells. SMCs ex-
pressed higher LGALS3 and CD68 on both soft (1 kPa) and hard (100 kPa) sub-
strates maybe because 1 kPa and 100 kPa substrate stiffness are the pathological 
stiffness of atherosclerosis which more easily to induce SMCs phenotypic trans-
formation.  

It is well known that atherosclerosis is intimately linked with inflammation. 
Studies have shown that the inflammation-related genes including IL-6, IL-1β, 
MCP-1, VCAM-1, etc. showed a significantly up-regulated in atherosclerotic 
susceptible areas [24] [25]. The inflammatory response of SMCs on variational 
substrate stiffnesses was investigated in this study. Compared with the middle 
substrate stiffness (40 kPa), the expression of inflammatory factors IL-6 and 
IL-1β are higher on the softer (1 kPa) and harder (100 kPa) substrate stiffness, 
which means that a moderate substrate stiffness is beneficial to cellular function. 
In addition, NFκB is a key regulator of inflammation and atherosclerosis [26]. 
The activation of NFκB can be initiated under cytokine signaling or environ-
mental stress [27]. Typical pathways for NFκB activation include the rapid de-
gradation of IκB by proteasomes, and the release of NFκB subunits. Then, the 
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NFκB subunits translocate to the nucleus and bind to homologous DNA motifs 
of target genes to promote transcription [28]. Autieri and Yue et al. found that 
activation of NFκB signaling pathway could inhibit the adhesion and prolifera-
tion of human vascular smooth muscle cells and can prevent the formation of 
new intima in rat carotid arteries [29]. Interestingly, our results showed that 
SMCs had higher expression of p-IκB on softer (1 kPa) and harder (100 kPa) 
substrate stiffness to promote inflammation. It is suggested that a reasonable 
substrate stiffness can suppress SMCs inflammation by regulating NFκB signal 
pathway. 

In summary, this study found that substrate stiffness regulated SMCs mor-
phology and cytoskeleton organization. Furthermore, substrate stiffness also af-
fected the phenotypic transformation and inflammatory response of SMCs by 
activating NFκB signaling pathway. This is complementary to our current un-
derstanding of the mechanism and pathogenesis of atherosclerosis. 
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