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Abstract

Background

Aortic aneurysm/dissection (AAD) is now encountered more often because of the increasing

prevalence of atherosclerosis and hypertension in the population. Despite many therapeutic

improvements, in particular timely and successful surgery, in-hospital mortality rates are still

higher. Timely identification of patients at high risk will help improve the overall prognosis of

AAD. Since early clinical and radiological signs are nonspecific, there is an urgent need for

accurate biomarkers. Smooth muscle 22α (SM22α) is a potential marker for AAD because

of its abundant expression in vascular smooth muscle, which is involved in development of

AAD.

Methods

We prepared three different mouse models, including abdominal aortic aneurysm, neointi-

mal hyperplasia and atherosclerosis. SM22α levels were assessed in serum and vascular

tissue of the mice. Next, the relationships between serum SM22α level and vascular lesion

were studied in mice. Finally, serum from 41 patients with AAD, 107 carotid artery stenosis

(CAS) patients and 40 healthy volunteers were tested for SM22α. Serum levels of SM22α
were measured using an enzyme-linked immunosorbent assay (ELISA).

Results

Compared with the controls, serum SM22α levels were reduced in the models of aortic

aneurysm, neointimal formation and atherosclerosis, and elevated in mice with ruptured

aneurysm. Serum SM22α level was negatively correlated with apoptosis rate of vascular

smooth muscle cells (VSMC), ratio of intima/ media (I/M) area and plaque size. Patients
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with AAD had significantly higher serum SM22α levels than patients with only CAS, or nor-

mal controls.

Conclusion

Serum SM22α could be a potential predictive marker for AAD, and regulation of VSMC is a

possible mechanism for the effects of SM22α.

Introduction

Aortic aneurysm/dissection (AAD) is one of the most life-threatening disease, associated with

high rates of mortality in case of aortic rupture [1,2]. For all patients with AAD, the early diag-

nosis and treatment is crucial for improved survival. However, due to the lack of typical clini-

cal symptoms, AAD is often misdiagnosed as angina, acute myocardial infarction or other

cardiovascular diseases, resulting in the delay of treatment. Currently, the diagnosis and fol-

low-up of AAD mainly depends on various imaging techniques, such as magnetic resonance

angiography, computed tomography angiography, or ultrasound, which are relatively time-

consuming in some emergency situations. Therefore, blood-derived biomarkers may be more

suitable for the rapid diagnosis of AAD.

The structural and functional changes in the vascular smooth muscle cells (VSMC) includ-

ing phenotypic transformation and apoptosis play a critical role in the pathogenesis of vascular

remodeling. Loss of VSMC functions and activation of inflammation are thought to weaken

the arterial wall and increase the risk of AAD formation and rupture [3–7].

Smooth muscle 22α (SM22α) is an actin-associated protein abundant in contractile VSMC

and is widely used as a phenotypic marker to identify VSMC phenotypic transformation.

SM22α decorates the contractile filament bundles within cultured VSMC exhibiting differenti-

ated phenotypes. Decrease in expression of SM22α has been demonstrated in human athero-

sclerotic lesions, neointima formation [8,9], abdominal aortic aneurysm (AAA) [10,11], and

thoracic aortic dissection [12], and mouse models [13,14]. Our previous studies demonstrate

that the arteries of Sm22α-/- mice develop enhanced inflammatory response and ROS produc-

tion, which is involved in aortic aneurysm through different signaling mechanisms [15–18],

suggesting that SM22α expression is closely associated with the structure and function of vas-

cular media.

However, a report directly addressing circulating SM22α levels in AAD patients is still lack-

ing. Thus, on the basis of such premises, we investigated serum SM22α level in patients with

AAD compared with patients with only carotid artery stenosis (CAS) and normal controls,

and assessed it value as diagnostic and monitoring markers in AAD.

Materials and methods

Animals

Male C57BL/6J mice were obtained at 6~8 weeks of age from the Hebei Medical University

Experimental Animal Center (Hebei, China). Mice were maintained under standard condi-

tions at 22˚C with a 12-hour light/dark cycle and free access to food and water. For the induc-

tion of AAA, C57BL/6J mice were induced by perivascular application of CaPO4. A small

piece of gauze soaked in 0.5M CaCl2 was applied perivascularly for 15 min. This gauze is then

replaced with another piece of phosphate buffered saline (PBS)-soaked gauze for 5 min. Aortic
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aneurysm rupture model of mice was infused with β- aminopropionitrile (BAPN 300 mg/kg/

d) combined with Ang II (4.0 mg/kg/d) simultaneously for 21 days via intraperitoneal injec-

tion. BAPN and Ang II were purchased from Sigma (St. Louis, MO). The neointimal forma-

tion of the C57BL/6J mice was induced by complete ligation of the left common carotid artery

for 14~28 days. Ldlr−/− mice (at 6~8 weeks of age from Ex&Invivo Biotech Co.td, Hebei,

China) were fed a high fat diet (HFD) containing 0.5% cholesterol and 20% fat for 12 weeks to

induce atherosclerosis development. All animals were euthanized using intraperitoneal over-

dose anesthesia with sodium pentobarbital (200~250 mg/kg) at the end of the experiments,

and the vascular tissues and blood samples were collected. All animal procedures conformed

to the Guide for the Care and Use of Laboratory Animals published by the US National Insti-

tutes of Health (NIH Publication, 8th Edition, 2011), and were approved by the Institutional

Animal Care and Use Committee of Hebei Medical University.

Patients

The Medical Ethics Committee of Hebei Medical University approved all protocols using

human samples (No. 2017042). All participants provided written informed consent prior to

their participation in the study.

From May 2020 to March 2021, according to the computed tomography angiography

results, clinical features, and diagnostic clinical results, a total of 41 AAD patients were admit-

ted to the Vascular Surgery Department of the Fourth Affiliated Hospital of Hebei Medical

University for their first-ever AAD. All of these people were treated via emergency surgical

repair. May 2020 was chosen at the commencement time for this study and patients were

selected on the basis of the following inclusion criteria: (1) emergency surgical treatment of

Stanford type A dissection or type B dissection thoracic aneurysm; (2) no history of neoplasm

or autoimmune, infectious, or inflammatory systemic diseases; (3) no presence of genetic syn-

dromes known to be responsible for aortic disease. Serum samples were collected at 5 time

points: preoperative, day 1, 5, 7 and 14 postoperative.

107 CAS patients were included to assess the difference in serum SM22α between AAD and

atherosclerotic carotid stenosis disease in the same period. All patients were from the Depart-

ment of Cardiovascular Medicine and underwent Duplex Carotid Ultrasound examination,

which were enrolled on the basis of the following inclusion criteria: (1) when a plaque was

identified in the carotid artery, the following degree of stenosis categorized by hemodynamic

criteria were recorded: mild (<50%), moderate (50%~69%), and severe stenosis (�70%); (2)

no cardiac causes of stroke; (3) no history of neoplasm or autoimmune or inflammatory sys-

temic diseases; and (4) no familiar or personal history of AAD.

40 normal controls (NC group) matched for age and sex were included in this study to

obtain reference values for serum levels of SM22α. These were selected on the basis of the fol-

lowing exclusion criteria: (1) no presence of genetic syndromes known to cause aortic disease;

(2) no family history of AAD or atherosclerotic cardiovascular disease; (3) no history of AAD

or atherosclerotic disease; (4) no diabetes mellitus; (5) no dyslipidaemia; and (6) no uncon-

trolled hypertension.

Since this was a retrospective observational study, the sample size was informed by the

available participants during the study period rather than as a result of a prespecified sample

size estimate.

Study variables and criteria

Clinical data including patient age, sex, smoking, drinking and blood pressure were

recorded during clinical reviews or were obtained from previous hospital admission

PLOS ONE SM22α as a new biomarker for aortic aneurysm/dissection

PLOS ONE | https://doi.org/10.1371/journal.pone.0264942 March 31, 2022 3 / 15

https://doi.org/10.1371/journal.pone.0264942


records. Smoking was defined as current smoking (smoking within the last month). Drink-

ing was defined as an intake of more than one standard cup of Chinese liquor, one large

bottle of regular beer, or one double measure of red wine at a time more than three times a

week. Blood pressure was measured from each patient’s upper right arm in a sedentary

position using an automated sphygmomanometer after a 5-min rest. Hypertension was

defined as an office blood pressure of 140/90 mmHg and above. All blood variables, includ-

ing levels of fasting plasma glucose (FPG), serum total cholesterol (TC), triglyceride (TG),

high-density lipoprotein cholesterol (HDL-c) and low- density lipoprotein cholesterol

(LDL-c), were measured concomitantly. Abnormal blood glucose was diagnosed at

FPG�7.0 mmol/L. Dyslipidemia was generally defined as the serum level of TC of 6.19

mmol/L and above, the serum level of TG of 2.27 mmol/L and above, the serum level of

LDL-c of 4.14 mmol/L and above.

Measurement of SM22α level in serum

Serum levels of SM22α were measured using enzyme-linked immunosorbent assay (ELISA),

according to the manufacturer’s instructions (cat.EK6896 & cat.EK6897, Signalway Antibody,

USA). All serum samples should be tested initially without any dilution. Final SM22α serum

levels were obtained based on the dilution of samples which corresponded to the linear portion

of the standard curve.

Immunofluorescence analysis

Immunofluorescence staining was performed on 6-μm-thick frozen sections. Sections were

blocked using 5% normal goat serum in TBS for 30 min and then incubated with primary anti-

bodies against SM22α (Abcam, ab14106, 1:100) at 4˚C overnight, and isotype matched con-

trols. Sections were washed 3 times with TBS and incubated with fluorescein-conjugated

secondary antibodies (Alexa Fluor1543, Invitrogen) at a 1/200 dilution for 1 h at room tem-

perature. Nuclei were detected by DAPI (Antifade Mountant with DAPI, Thermofisher).

Images were acquired using a Confocal Laser Scanning Microscope Systems (Leica). Digitized

images were analyzed with software program LAS AF Lite.

Western blotting

RIPA buffer (50 mM Tris-HCl, pH 7.5, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 1 mM

EDTA, 150 mM NaCl supplemented with complete proteinase inhibitor) was used to extract

the whole protein from the neointimal hyperplasia, AAA and atherosclerotic tissues of

mice. To ensure the same amount of proteins for each sample, supernatant was quantified

by Bradford protein assay. Equal amounts of protein (30~60 μg) were separated by 10%

SDS-PAGE, and electro-transferred to a PVDF membrane. Membranes were blocked with

5% non-fat milk in tris-buffered saline-Tween for 1 h at room temperature, and incubated

with primary antibodies against SM22α (Abcam, ab14106, 1:1000), α-SMA (Abcam,

ab5694, 1:1000), OPN (Proteintech, 22952-1-AP, 1:500) and β-actin (Santa Cruz, sc-47778,

1:1000) at 4˚C overnight. The membranes were then incubated with horseradish peroxi-

dase-conjugated anti-mouse IgG (Abcam, ab205719, 1:20000) or anti-rabbit IgG (Abcam,

ab205718, 1:20000) for 1 h at room temperature. The blots were evaluated with GE Image

Quant™ LAS 4000 detection system. The protein bands of interest were quantified using

Image Pro Plus 6.0 software, and the integrated signal densities were normalized to β-actin

(the loading control).
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RNA isolation and quantitative reverse transcription-PCR (qRT -PCR)

Total RNAs from vascular tissues of mice were isolated using TRIzol reagent (Life Technolo-

gies). The nuclear and cytoplasmic fractions were extracted using Minute™ Cytoplasmic and

Nuclear Extraction Kit (Invent Bio technologies). To quantify the amount of mRNA and cir-

cRNA, cDNAs were synthesized using the M-MLV First Strand Kit (Life Technologies), and

quantitative PCRs were performed using SYBR Green qPCR SuperMix-UDG (Life Technolo-

gies). For quantification, all RNA expression was normalized to the amount of Tubulin using

the 2-ΔΔCt method. For RT-PCR analysis, the following specific primers were used: SM22α for-

ward, 5΄-CAACAAGGGTC CATCCTACGG-3΄ and reverse, 5΄-ATCTGGGCGGCCTACATCA-3΄;
β-actin forward, 5΄-CGAGGCCCAGAGCAAGAGAGGTAT-3΄ and reverse, 5΄-CAC

GGTTGGCCTTAGGGTTCA-3΄.

Statistics

Data analysis was performed with SPSS version 16.0. Data are presented as the

means ± standard error of the mean (SEM), while categorical variables are presented as num-

bers or percentages. Differences between two groups were compared by t-tests. Associations

were analyzed using Pearson correlations and linear regression models. The clinically impor-

tant variables were selected for multiple linear regression analysis. Receiver operating charac-

teristic (ROC) curve analysis was performed to assess the area under the curve (AUC) and

Youden index was used to determine the best cut-off value of serum SM22α levels for predict-

ing AAD in study subjects. Significance was taken at P<0.05 throughout, and denoted with

one, two and three asterisks when lower than 0.05, 0.01 and 0.001, respectively.

Results

Serum SM22α levels are correlated with vascular disease in mice

We showed that the incidence of AAA induced by CaPO4 was 50% (4/8). Obviously, the maxi-

mum diameter of abdominal aorta was enlarged in mice induced by CaPO4 (P<0.001, Fig 1A

and 1B), accompanied by increased elastin disruption and degradation (Fig 1F). Immunofluo-

rescence staining, qRT-PCR and Western blotting indicated that the expression of SM22α was

remarkably decreased in AAA tissues compared with normal aortic tissues (P<0.001), and

negatively correlated with the maximum diameter of abdominal aorta (r = -0.825, P<0.05, Fig

1G–1I). To validate VSMC phenotypic states in this study, we also detected other markers of

phenotypic switching, including contractile VSMC markers (α-SMA) and synthetic VSMC

marker (OPN). Expression of SM22α and α-SMA were significantly decreased while the

expression of OPN was significantly increased in aortic aneurysm tissues compared to control

aortic tissues. The phenotypic changes of VSMC are from constriction to synthesis, which can

lead to change of tunica media character and eventually lead to aortic aneurysm.

Aortic aneurysm rupture model of mice was established by administering β-aminopropio-

nitrile (BAPN), a lysyl oxidase inhibitor, and angiotensin II (Ang II) to induce hypertension

and degeneration of the elastic lamina, which would eventually result in the onset of aneurysm

rupture. In this model, cotreatment with BAPN and Ang II caused an 85.7% (6/7) aneurysm

incidence, with 71.4% (5/7) of these having aortic aneurysm rupture (Fig 1C).

Similarly, histomorphological and immunofluorescence staining showed that the expres-

sion of SM22α in aneurysm tissues was significantly decreased with the development of aneu-

rysm (Fig 1G).

As shown in Fig 1D and 1E, serum SM22α levels were decreased in AAA model of mice

induced with CaPO4 (P<0.001), which were consistent with reduction of SM22α levels in
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Fig 1. SM22α expression of serum samples and tissues in mice subjected to aneurysm compared with their histological perturbations. (A-B)

The maximal abdominal aortic diameter and the incidence of AAA in Saline or CaPO4-induced group (n = 8). (C) The incidence of aneurysm

rupture in WT mice (n = 7) after BAPN and Ang II administration for 3 weeks. (D) SM22α serum levels from CaPO4 induced WT mice compared

with Saline (n = 8). (E) SM22α serum levels from BAPN and Ang II induced WT mice (Saline and BAPN+Ang II 14d group, n = 7 per group,

Ruptured group, n = 5). (F-G) H&E, VVG, Masson and immunofluorescence staining for SM22α were arranged each for aortic aneurysm tissues

and control aortic tissues (n = 5). Scale bars, 100μm. (H-I) The expression of SM22α mRNA and protein in aortic aneurysm tissues and control

aortic tissues (n = 3). (J) The apoptosis rate of VSMC was detected by TUNEL in Saline or CaPO4-induced group (n = 6) Scale bars, 100μm. All

data are expressed as mean±SEM. �P<0.05, ��P<0.01, ���P<0.001 vs controls; ###P<0.001 vs BAPN+Ang II 14d. WT, wild-type; BAPN, β-

aminopropionitrile; Ang II, angiotensin II.

https://doi.org/10.1371/journal.pone.0264942.g001
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lesion tissues and negatively correlated with the rate of smooth muscle cells apoptosis in arte-

rial media (r = -0.778, P<0.05, Fig 1J). Similar changes were found in a mouse model of BAPN

and Ang II-induced aortic aneurysm formation and rupture. At an early stage of aneurysm

development (after 2 weeks of co-administration of BAPN and Ang II), serum SM22α levels

were markedly decreased compared with saline group (P<0.001), and significantly elevated in

mice with ruptured aneurysm after 3 weeks administration (P<0.001), suggesting that it may

be associated with SM22α released into the blood stream during the rupture process of

aneurysm.

Expression of SM22α in tissues and serum specimens displays a similar profile in mice,

which is also reflected in other arterial injury models in mice. During the neointimal forma-

tion induced by the carotid artery ligation, the expression of SM22α in the carotid artery liga-

tion group was significantly decreased (Fig 2G–2I), accompanied with increased intima/media

(I/M) area ratio (Fig 2C and 2D). SM22α expression was negatively correlated with I/M area

ratio (r = -0.913, P<0.05). Similarly, the expression of SM22α in the athero- sclerotic plaque of

HFD-fed mice was significantly decreased and negatively correlated with plaque size (r =

-0.913, P<0.05, Fig 2E and 2F), suggesting that the expression of SM22α may reflect the struc-

ture and function of vascular media. A significant decrease in the serum levels of SM22α was

observed in carotid artery ligation and HFD-fed models of mice compared with normal con-

trols (P<0.001, Fig 2A and 2B), and decreased serum SM22α levels were associated with pro-

gression of vascular lesions (P<0.001).

We further explored whether the serum SM22α levels could be used to evaluate the severity

of vascular media injury. The results showed that serum SM22α levels were negatively correlated

with the I/M area ratio in neointimal formation (r = -0.874, P<0.001, Fig 2D) and plaque size of

HFD-fed mice (r = -0.855, P<0.05, Fig 2E and 2F). Next, the carotid artery ultrasound results of

HFD-fed mice showed that the systolic diameter and diastolic diameter were significantly

decreased, the vessel wall thickness and the resistance index were significantly increased (Fig 2J).

Correlation analysis showed that serum SM22α levels were negatively correlated with the vessel

wall thickness and resistance index (r = -0.8745, r = -0.8714, P<0.001). These data indicated that

SM22α serum levels closely paralleled the increasing degree of arterial injury and could be a

potential serum marker for detecting the occurrence and development of arterial injury.

Serum level of SM22α in patients with AAD and CAS

Serum SM22α levels were investigated in 41 patients diagnosed with AAD undergoing surgery

and compared with 107 CAS patients and 40 normal controls (Table 1).

In this study, we simultaneously detected serum SM22α levels in patients with AAD before

and after surgical intervention. As shown in Fig 3A and 3B, the serum SM22α level of AAD

patients (n = 41) at admission (3.080±0.370 ng/mL) was significantly higher than that of the

normal controls (2.297±0.122 ng/mL, P<0.001). Next, we compared the serum SM22α levels

between type A dissection patients (n = 34) and type B dissection thoracic aneurysm patients

(n = 7), serum SM22α levels were significantly increased in patients with type A dissection and

type B dissection thoracic aneurysm (3.189±0.300 ng/mL, 2.595±0.121 ng/mL, respectively,

P<0.05) compared with the normal controls. More interestingly, we observed sharp differ-

ences in serum SM22α levels between these two groups (P<0.05), speculating that the serum

SM22α levels may be related to the lacerated range and degree. Serum SM22α levels were

markedly decreased at day 1 after surgery, and it was significantly reduced to the normal range

on the 14th day after operation (2.190±0.230 ng/mL, P<0.05).

In addition, we measured serum SM22α levels in 107 patients with CAS. These patients

were categorized into mild (n = 27), moderate (n = 40) and severe (n = 40) carotid stenosis
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Fig 2. Serum SM22α level in models of common carotid artery ligation and HFD-fed mice is paralleled with its expression in

vascular tissues. (A-B) SM22α levels of serum samples in models of carotid artery ligation (n = 8) and HFD-fed mice (n = 10). (C)

Representative images of H&E and oil red O-stained aorta. Scale bars, 250 μm. (D) The ratio of intimal/medial (I/M) area in Saline and

carotid artery ligation mice aortas (n = 5). (E) Histologic quantification of plaque area at set distances from the aorta in HFD-fed mice

(n = 6). (F) Lesion volume was calculated as area under the curve in (E). (G) Immunofluorescence staining for SM22α in each group.

Scale bars, 100 μm. (H) Relative mRNA expression of SM22α in mice aortas of each group (n = 3). Gene expression was normalized to β-
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groups by ultrasonography, we found that serum SM22α levels were dramatically lower in

CAS patients (1.797±0.204 ng/mL, Fig 3C). Meanwhile, in the patients with CAS, the levels of

serum SM22α also showed significant differences with increasing stenosis. The reduction of

serum SM22α level was the most obvious in severe stenosis group (1.572±0.091 ng/mL) com-

pared with that in mild stenosis group and moderate stenosis group (1.975±0.074 ng/mL,

1.902±0.128 ng/mL, respectively, P<0.0001, Fig 3C). The difference of serum SM22α levels

between patients with AAD and CAS indicates that SM22α is specifically released into periph-

eral blood in patients with AAD.

Diagnostic value and correlation of serum SM22α levels with clinical

parameters in patients with AAD and CAS

According to the ROC curve results, the AUC of serum SM22α for predicting AAD was 0.996,

P<0.0001, sensitivity and specificity were 100% and 95%, respectively, the cut-off value was

2.514 ng/mL. When the levels of serum SM22α are greater than or equal to 2.514 ng/mL, the

risk of AAD significantly increases (Fig 3E). These results suggest that the serum levels of

SM22α have potential to be used as diagnostic biomarkers for AAD. We also found that the

AUC value, sensitivity, and specificity of serum SM22α for predicting CAS was 0.977, 85% and

100%, respectively, the cut-off value was 2.028 ng/mL (Fig 3F), when the levels of serum

SM22α are lower than or equal to 2.028 ng/mL, the risk of CAS significantly increases, suggest-

ing that the detection of serum SM22α level may be used for rapid screening of the risk of

CAS, with high specificity.

Correlation analysis showed that serum SM22α level in patients with AAD was particu-

larly associated with FPG (r = 0.350, P<0.05), TC (r = 0.309, P<0.05), HDL-c (r = -0.372,

actin. (I) Western blot for the expression of SM22α in mice aortas of each group (n = 3). β-actin served as a loading control. (J) Carotid

ultrasonic examination in normal diet (ND) and HFD group, including representative images, systolic diameter, diastolic diameter,

vessel wall thickness, resistance index. All data are expressed as mean±SEM. �P<0.05, ��P<0.01, ���P<0.001 vs controls; #P<0.05,
##P<0.01, ###P<0.001 vs Ligated 14d or HFD 4weeks.

https://doi.org/10.1371/journal.pone.0264942.g002

Table 1. Characteristics of the study participants.

Variable NC AAD CAS

Gender (men/women) 21/19 32/9 80/27

Age (years) 53.43±10.06 54.29±12.33 66.26±11.25

Smoking [n (%)] 5 (12.50%) 7 (20.59%) 21 (19.63%)

Drinking [n (%)] 5 (12.50%) 8 (23.53%) 17 (15.89%)

SBP (mmHg) 127.70±7.47 153.82±9.41��� 137.33±17.68

DBP (mmHg) 74.63±9.47 82.53±9.23 78.03±11.76

FPG (mmol/L) 5.10±0.93 4.77±0.81 5.27±2.27

TG (mmol/L) 1.54±0.85 3.29±0.61��� 2.34±1.38���

TC (mmol/L) 4.87±0.80 3.24±1.00 4.03±1.60

HDL-c (mmol/L) 1.38±0.35 1.33±0.56 1.39±0.71

LDL-c (mmol/L) 3.13±0.64 2.73±1.04 2.82±1.40

Data are expressed as mean±SD, median (interquartile range), or n (%).

���P<0.001 vs NC group.

SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; TC, total cholesterol; TG,

triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol.

https://doi.org/10.1371/journal.pone.0264942.t001
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P<0.05, Table 2), while further multiple linear regression analysis basically ruled out the

interference of those related indicators on the serum SM22α level of AAD patients (P>0.05,

Table 3).

In addition, as shown in Fig 3D and Table 2, serum SM22α levels in CAS patients were neg-

atively correlated with the degree of carotid stenosis (r = -0.939, P<0.001), and there were also

close correlations between serum SM22α and age (r = 0.329, P<0.001), DBP (r = -0.265,

P = 0.003), TG (r = -0.283, P = 0.002), HDL-c (r = 0.290, P = 0.001) in patients with CAS. How-

ever, multiple linear regression analysis showed that only the degree of carotid artery stenosis

was an independent related factor for serum SM22α level in patients with CAS (P<0.001,

Table 4).

Discussion

Our studies and others have demonstrated that the disruption of SM22α impairs vascular

structure and functions via promoting VSMC phenotype switching [7,14,19], whereas elevated

SM22α expression also serves as a marker of VSMC senescence and hypertension [20]. Schelle-

kens et al. found that plasma SM22α levels were closely paralleled the increasing degree of

intestinal transmural damage upon progression of the duration of ischemia and a major part

of the SM22α protein leaked out of the smooth muscle cells into blood [21]. However, this was

not systemically studied by comparing serum, tissue and clinical data. So far, there is currently

Fig 3. SM22α levels of serum samples in human. (A) The level of SM22α was assayed using an ELISA in human serum samples from normal

controls (NC) group (n = 40), AAD patients (n = 41), type A dissection patients (n = 34), type B dissection aneurysm patients (n = 7). (B) Serum

level of SM22α in the type A dissection patients (n = 13) at different days after arrival in the hospital. (C) Serum SM22α levels were significantly

decreased in patients with CAS (n = 107) and comparison of serum SM22α in patients with different severities of stenosis. (D) Correlation of

serum SM22α level with the degree of carotid stenosis in patients (r = -0.939, P<0.001). (E-F) The ROC curve analysis: The diagnostic prediction

of serum SM22α for AAD and CAS. The AUC value was 0.996 and 0.977, respectively. AUC indicates area under the receiver operating curve. All

data are expressed as mean±SEM. �P<0.01, ��P<0.01 and ���P<0.001.

https://doi.org/10.1371/journal.pone.0264942.g003
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no specific serum biomarker of the media damage that might indicate VSMC phenotypic states

and reflect the apoptosis of smooth muscle cells.

In animals, we demonstrate, for the first time, that SM22α serum levels are paralleled with

its lower tissue expressions and may affect VSMC-specific contribution during the repair pro-

cess after vascular injury, which drive damage of arterial media and reflect the progression of

arterial media remodeling diseases. Importantly, the increased serum level of SM22α is associ-

ated with the occurrence of AAD. On the other hand, we confirmed that serum SM22α level in

Table 3. Multiple linear regression analysis of serum SM22α with clinical indicators in patients with AAD.

Indicators Factors β SE β΄ t P
SM22α FPG 0.090 0.069 0.229 1.307 0.201

TC 0.045 0.057 0.141 0.794 0.434

HDL-c -0.156 0.098 -0.272 -1.594 0.121

Multivariate linear regression analysis with SM22α as dependent variable. Independent variables (FPG, TC and HDL-c) were obtained from correlation analysis. β:

Partial regression coefficient, SE: Standard error of regression co- efficient, β΄: Standardized partial regression coefficient. Significance level: P<0.05.

https://doi.org/10.1371/journal.pone.0264942.t003

Table 4. Multiple linear regression analysis of serum SM22α with clinical indicators in patients with CAS.

Indicators Factors β SE β΄ t P
SM22α Stenosis rate -0.010 <0.001 -0.948 -22.927 <0.001

Age <0.001 0.262 <0.001 -0.012 0.990

DBP <0.001 0.119 0.250 -0.446 0.642

TG 0.360 0.219 0.106 0.306 0.760

HDL-c 0.374 0.175 0.161 -0.806 0.422

Multivariate linear regression analysis with SM22α as dependent variable. Independent variables (stenosis rate, age, DBP, TG and HDL-c) were obtained from

correlation analysis. β: Partial regression coefficient, SE: Standard error of regression coefficient, β΄: Standardized partial regression coefficient. Significance level:

P<0.05.

https://doi.org/10.1371/journal.pone.0264942.t004

Table 2. Correlation analysis of serum SM22α level with clinical indicators in patients with AAD, CAS.

Items AAD CAS

r P r P
Stenosis rate (%) — — -0.939 <0.001

Gender (men/women) 0.262 0.067 0.035 0.362

Age (years) 0.119 0.250 0.329 <0.001

Smoking [n (%)] 0.219 0.106 -0.035 0.360

Drinking [n (%)] 0.175 0.161 -0.031 0.374

SBP (mmHg) 0.177 0.159 -0.028 0.389

DBP (mmHg) 0.121 0.248 -0.265 0.003

FPG (mmol/L) 0.350 0.021 -0.011 0.456

TG (mmol/L) 0.219 0.106 -0.283 0.002

TC (mmol/L) 0.309 0.038 -0.021 0.416

HDL-c (mmol/L) -0.372 0.015 0.290 0.001

LDL-c (mmol/L) 0.275 0.058 -0.150 0.061

r: Pearson’s correlation coefficient. Significance level: P<0.05.

https://doi.org/10.1371/journal.pone.0264942.t002
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mice is negatively correlated with the rate of smooth muscle cells apoptosis in arterial media,

the ratio of intima/media (I/M) area, atherosclerotic plaque size and extent. These data dem-

onstrate that serum SM22α level as a specific biomarker in smooth muscle cells contributes to

assess the structure and function of vascular media.

Typically, serum biomarkers should be potentially used to screen patients with compatible

symptoms. Smooth muscle myosin heavy chain (SM-MHC) is a major component of medial

smooth muscle, which is also present in uterine and intestinal smooth muscle [22]. Previous

studies showed that in patients with aortic dissection admitted to the hospital within 24 hours

of onset, SM-MHC levels in serum were greatly raised. At 24 hours after operation, however,

all cases showed a rapid decrease to normal values [23,24]. Similarly, we reviewed 41 patients

with AAD to examine the value of SM22α in diagnosing AAD. The results suggested that the

serum level of SM22α was significantly increased in patients with AAD at admission and

showed potential diagnostic value for AAD. That is, if patients with unexplained chest pain

have high serum SM22α levels at admission, they may be at high risk of AAD and should

receive aggressive monitoring and therapeutic interventions. In addition, our result obtained

from the comparison of SM22α levels between AAD and CAS patients seems to be of particu-

lar interest, we found that serum SM22α levels were significantly increased in AAD patients

compared with CAS patients and health controls, suggesting that SM22α is specifically released

in patients at high risk of AAD. We also found that serum SM22α levels were markedly

decreased at day 1 after surgery, and it was significantly reduced to the normal range on the

14th day after operation, suggesting that dynamic changes of serum SM22α level are poten-

tially useful for a better understanding of AAD disease course and progression, meanwhile,

they provide serological basis for the early intervention.

The following serum markers, in contrast, have its limitations. Elastin is one of the main

structural components of the arterial wall. As one of the main pathological features of the aor-

tic media in aortic dissection is elastin lamellar disruption, elastin degradation products

(sELAF) could potentially be released into the circulation at the time of aortic dissection,

which may reflect the damage of vascular media [25]. Shinohara et al. indicated that high

sELAF serum levels were directly associated with aortic dissection. But sELAF remain elevated

for a period of 72 hours in patients with aortic dissection, therefore, it is not suitable for early

screening [26].

In addition, during the past decade, several potential diagnosis-predictive markers, such as

high sensitivity C-reactive protein (hs-CRP) [27–29], D- dimer (DD) [30–33], serum amyloid

A (SAA) [34], relaxin 2 (RL2) [35], have been reported. However, those markers were lack of

specificity though they have some features for the clinical preliminary assessment and the

markers themself have some factors suffering disturbance.

Serum-based SM22α tests are potentially more acceptable for screening of the general and

high-risk population, as they are high specificity and sensitivity. Although our biomarker

model based on the serum SM22α levels showed high performance in distinguishing arterial

injury patients from the controls, there were still some limitations to our study. First, baseline

levels of serum SM22α in normal controls, and the elevation of serum SM22α in AAD patients

should be further validated with a large number of patients. Second, the causality of SM22α
and other additional markers, especially those relating to inflammation and endothelial func-

tion, could not be inferred, the simultaneous measurement of other additional markers might

expand our understanding. Third, we did not detect dynamic changes in plasma SM22α levels

in the AAD patients. Finally, association between serum SM22α levels with in-hospital death

needs to be confirmed in a large-scale study, as we had no death events in 41 AAD patients.

We did not follow-up patients to assess long-term mortality or prognosis, either. Thus, we

need to conduct follow-up studies to detect the clinical outcomes of these patients.
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In conclusion, this study shows that serum SM22α level could serve as a potential bio-

marker for discerning AAD patients from CAS patients and the healthy population.
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