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Objective: To explore the relationship between dietary inflammatory index (DII) and heart

failure (HF) in participants with cardiovascular and cerebrovascular diseases.

Methods: NHANES (1998–2018) data were collected and used to assess the

association of HF with DII. Twenty-four-hour dietary consumptions were used to calculate

the scores of DII. Demographic characteristics and physical and laboratory examinations

were collected for the comparison between HF and non-HF groups. Logistic regression

analysis and random forest analysis were performed to calculate the odds rate and

determine the potential beneficial dietary components in HF.

Results: A total of 19,067 cardiac-cerebral vascular disease participants were

categorized as HF (n = 1,382; 7.25%) and non-HF (n = 17,685; 92.75%) groups. Heart

failure participants had higher levels of DII score compared with those in the non-HF

group (0.239 ± 1.702 vs. −0.145 ± 1.704, p < 0.001). Compared with individuals with

T1 (DII: −3.884 to −0.570) of DII, those in T3 (DII: 1.019 to 4.598) had a higher level

of total cholesterol (4.49 ± 1.16 vs. 4.75 ± 1.28 mmol/L, p < 0.01), globulin (29.92

± 5.37 vs. 31.29 ± 5.84 g/L, p < 0.001), and pulse rate (69.90 ± 12.22 vs. 72.22 ±

12.77, p < 0.001) and lower levels of albumin (40.76 ± 3.52 vs. 39.86 ± 3.83 g/L, p

< 0.001), hemoglobin (13.76 ± 1.65 vs. 13.46 ± 1.77 g/dl, p < 0.05), and hematocrit

(40.83± 4.69 vs. 40.17± 5.01%, p< 0.05). The odds rates of HF for DII from the logistic

regression were 1.140, 1.158, and 1.110 in models 1, 2, and 3, respectively. In addition,

from the results of random forest analysis, dietary magnesium, fiber, and beta carotene

may be essential in HF.

Conclusion: Dietary inflammatory index was positively associated with HF in US adults,

and dietary intervention might be a promising method in the therapy of HF.

Keywords: heart failure, dietary inflammatory index, nutrition, national health and nutrition examination survey,

cardiovascular and cerebrovascular diseases
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INTRODUCTION

Chronic heart failure (HF) is a complicated syndrome that occurs
with a high probability at the end stage of various cardiovascular
diseases (CVDs). Intestinal congestion is a common feature of
HF, which is always contributed to anorexia or poor appetite (1).
The variety of dietary supplement pattern had been reported to
be linked with the progression of HF. A Western dietary pattern
with a higher intake of high-fat products is closely associated
with the risk of HF (2). On the contrary, a Mediterranean dietary
pattern, which contains high consumptions of vegetables or fish,
reduces the risk of HF (3).

The connection between dietary consumption and
inflammation has been proposed for many years (4). Although
sufficient energy or nutrients supply potentially postpones the
evolution of cardiac cachexia (5), the diet-related inflammation
should not be neglected. The dietary inflammation index
(DII), a widely used scoring system in evaluating the levels of
inflammation derived from nutrient supplements, was developed
by Cavicchia et al. (6) and updated by Shivappa et al. (7).

An inappropriate dietary pattern is closely related with higher
inflammatory factors. For example, a Western diet increases the
level of CRP and IL-6 (8), while aMediterranean diet is associated
with lower inflammation factors (9).

Previous studies suggested that IL-1, IL-6, TNF-α, and IFN-
γ are increased in HF patients (10). Inflammatory factors lead
to anorexia and promote protein degradation in skeletal muscles
(11). In addition, inflammatory factors increase cardiac apoptosis
and impair cardiac function (12). Importantly, evidence from
a clinical trial (CANTOS) indicated that the application of IL-
1β receptor inhibitor reduced cardiovascular events (13). In
addition, anakinra exhibited favorable trends in reducing high-
sensitivity CRP and NT-proBNP in HF with a preserved ejection
fraction (14).

Since HF is regarded as an inflammatory-related disease (15,
16) and closely linked with nutrient intake, the assessment of
diet-related inflammation would be essential. In order to explore
the underlying beneficial nutrients and provide some clues in the
therapeutics of HF, we investigated the connections between DII
score and HF from the NHANES data.

MATERIALS AND METHODS

Study Population and Design
Data from NHANES 1999–2018 were combined to increase the
sample sizes. In order to alleviate the effects of confounding
factors, participants with a diagnostic history of coronary artery
disease, prediabetes, diabetes, hypertension, heart attack, stroke,
or angina were regarded as the control group, while participants
who were accompanied with at least one of those basic diseases
and HF was defined as the HF group. The verification of HF
is based on the questionnaire from MCQ by asking “Someone
ever told you had congestive heart failure?” The demographic
information and characteristics, which consist of the age, gender,
BMI, race, education, income, and current smoking status, were
obtained by interviewing. The present study is based on a
secondary date analysis which lacked personal identifiers and
does not need institutional reviewing.

Calculation of the Dietary Inflammation
Index
The DII is a scoring system in evaluating the potential
inflammatory levels of dietary components, which was developed
by Shivappa through literature review (7). DII calculates the
inflammation effects of dietary consumption from 45 nutrients.
The calculation of DII is based on the addition of each
component’s score from the diet consumed in 24 h, including
the score from the pro-inflammatory and anti-inflammatory
diet. Briefly, the Z score is a value obtained by subtracting
the Global daily mean intake and divided by the standard
deviation, and then, the value is converted to a percentile score,
followed by doubling each percentile score and subtracting “1”
to achieve a symmetrical distribution. Then, the percentile value
is multiplied by the corresponding “overall inflammation effect
score.” By summing each DII score, we can achieve an individual
“overall DII score.” In this study, 26 nutrients were used for
the calculation of the DII score, which includes alcohol, vitamin
B12/B6, β-carotene, caffeine, carbohydrate, cholesterol, energy,
total fat, fiber, folic acid, Fe, Mg, MUFA, niacin, n-3 fatty acids,
protein, PUFA, riboflavin, saturated fat, Se, thiamin, vitamins
A/C/E, and Zn. Importantly, even if the nutrients applied for the
calculation of DII is <30, the DII scores are still available (7).

Statistical Analysis
The data were processed by R or SPSS 20.0. Student’s t-test
or one-way ANOVA was performed for the comparison
of continuous variables followed by LSD or Dunnett’s T3

FIGURE 1 | Flow chart of study participants. Sample selection and exclusion

criteria for the comparison of HF and non-HF participants, as well as the

association between DII and HF. MCQ, the questionnaire of Medical

Conditions; NHANES, National Survey of the National Center for Health

Statistics; *Including one of the following diagnostic history: hypertension,

diabetes, prediabetes, coronary artery disease, heart attack, stroke, angina.
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TABLE 1 | Demographics and characteristics of participants, from NHANES 1999–2018.

Characteristic HF

(N = 1,382; 7.25%)

Non-HF

(N = 17,685; 92.75%)

p-values

Age, years, Mean ± SD 67.82 ± 12.16 58.82 ± 15.55 <0.001

Gender, N (%)

Male 778 (56.30%) 8,472 (47.91%) <0.001

Female 604 (43.70%) 9,213 (52.10%)

BMI, kg/m2, N (%)

<20 34 (2.46%) 412 (2.33%) 0.001

20–25 195 (14.11%) 2,959 (16.73%)

25–30 386 (27.93%) 5,720 (32.34%)

≥30 695 (50.29%) 8,225 (46.51%)

Mean ± SD 31.89 ± 8.06 30.74 ± 7.14 <0.001

Missing 72 (5.21%) 369 (2.09%)

Waist, cm, Mean ± SD 108.78 ± 17.01 104.35 ± 15.71 <0.001

Race, N (%)

Mexican American 130 (9.41%) 2,481 (14.03%) <0.001

Other Hispanic 90 (6.51%) 1,395 (7.89%)

Non-Hispanic white 748 (54.12%) 8,003 (45.25%)

Non-Hispanic black 350 (25.33%) 4,388 (24.81%)

Other race or multi-racial 64 (4.63%) 1,418 (8.02%)

Education, N (%)

<High school 530 (38.35%) 4,963 (28.06%) <0.001

High school 344 (24.89%) 4,234 (23.94%)

>High school 507 (36.69%) 8,463 (47.85%)

Missing 1 (0.07%) 25 (0.14%)

Annual family income, N (%)

<20,000 USD 532 (38.50%) 4,793 (27.10%) <0.001

≥20,000 USD 789 (57.09%) 12,159 (68.75%)

Missing 61 (4.41%) 733 (4.14%)

Current smoking status, N (%)

Smoking 266 (19.25%) 3,290 (18.60%) <0.001

Non-smoking 588 (42.55%) 5,503 (31.12%)

Missing 528 (38.21%) 8,892 (50.28%)

Hypertension, N (%) 1,156 (83.80%) 14,414 (81.60%) 0.043

Diabetes, N (%) 593 (44.40%) 4,848 (28.30%) <0.001

Prediabetes, N (%) 82 (14.50%) 1,925 (19.40%) 0.004

Coronary artery disease, N (%) 580 (43.30%) 1,265 (7.20%) <0.001

Angina, N (%) 360 (26.70%) 876 (5.00%) <0.001

Heart attack, N (%) 651 (47.40%) 1,261 (7.10%) <0.001

Stroke, N (%) 301 (21.90%) 1,381 (7.80%) <0.001

Data are presented as N% (χ2-test) or Mean ± SD (independent t-test).

for post-hoc multiple comparisons, while chi-square test was
performed for comparing the constituent ratio of each group.
Levene statistic was used for the homogeneity of the variance
test. Logistic regression was performed to assess the association
between HF and DII after adjusting for covariates. Random
forest analysis was performed using the dietary and examination
data using R and 10-fold cross-validation. Receiver operative
characteristic curve (ROC) were plotted and area under curves
(AUCs) were compared using the pROC package in R (17).
Random forest model constructed by Machine learning was used

to calculate the score of AUC and explore the possibly beneficial
nutrients in HF. In all analyses, differences were considered
statistically significant at a value of p < 0.05.

RESULTS

Demographic Characteristics of
Participants
A total of 101,316 participants were included from NHANES
1999–2018. After excluding participants without information
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TABLE 2 | Characteristics of HF participants by tertiles of dietary inflammatory index (DII).

Tertiles of dietary inflammatory index

Characteristic T1, n = 460 T2, n = 461 T3, n = 461 p-values

(–3.884−0.570) (–0.566–1.019) (1.019–4.598)

Age, years, Mean ± SD 68.23 ± 11.89 68.57 ± 12.24b* 66.67 ± 12.31 0.041

Gender, N (%)

Male 322 (70.00%) 251 (54.45%) 205 (44.47%) <0.001

Female 138 (30.00%) 210 (45.55%) 256 (55.53%)

BMI, kg/m2, N (%)

<20 10 (2.17%) 9 (2.10%) 15 (3.40%) 0.182

20–25 72 (15.65%) 63 (13.67%) 60 (13.02%)

25–30 144 (31.31%) 123 (26.68%) 119 (25.810%)

≥30 210 (45.65%) 239 (51.84%) 246 (53.36%)

Mean ± SD 31.01 ± 7.21a** 32.58 ± 8.44 32.07 ± 8.41 0.013

Missing 24 (5.22%) 27 (5.86%) 21 (4.56%)

Waist, cm, Mean ± SD 108.25 ± 16.23 110.25 ± 18.17 107.94 ± 16.60 0.119

Race, N (%)

Mexican American 46 (10.00%) 38 (8.24%) 46 (9.98%) <0.001

Other Hispanic 27 (5.87%) 30 (6.51%) 33 (7.16%)

Non-Hispanic white 266 (57.83%) 256 (55.53%) 226 (49.02%)

Non-Hispanic black 87 (18.91%) 121 (26.25%) 142 (30.80%)

Other race or multi-racial 34 (7.38%) 16 (3.47%) 14 (3.04%)

Education, N (%)

<High school 141 (30.65%) 173 (37.53%) 216 (46.85%) <0.001

High school 120 (26.09%) 114 (24.73%) 110 (23.86%)

>High school 199 (43.26%) 174 (37.74%) 135 (29.28%)

Annual family income, N (%)

<20,000 USD 146 (31.74%) 184 (39.91%) 202 (43.82%) 0.001

≥20,000 USD 289 (62.83%) 255 (55.31%) 245 (53.15%)

Missing 25 (5.43%) 22 (4.77%) 14 (3.04%)

Current smoking status, N (%)

Smoking 68 (14.78%) 79 (17.14%) 119 (25.81%) <0.001

Non-smoking 232 (50.43%) 189 (41.00%) 167 (36.23%)

Missing 160 (34.78%) 193 (41.87%) 175 (37.96%)

Hypertension, N (%) 380 (82.61%) 387 (83.95%) 389 (84.38%) 0.280

Diabetes, N (%) 191 (41.52%) 202 (43.82%) 200 (43.38%) 0.959

Prediabetes, N (%) 32 (6.96%) 27 (5.86%) 23 (4.99%) 0.612

Coronary artery disease, N (%) 203 (44.13%) 189 (41.00%) 188 (40.78%) 0.343

Angina, N (%) 132 (28.70%) 124 (26.90%) 104 (22.56%) 0.157

Heart attack, N (%) 200 (43.48%) 231 (50.11%) 220 (47.72%) 0.016

Stroke, N (%) 93 (20.22%) 87 (18.87%) 121 (26.25%) 0.003

Data are presented as N% (χ2-test) or Mean ± SD (independent t-test). a, b represents the post hoc between T1 and T2, T1 and T3, respectively. *p < 0.05, **p < 0.01.

of HF diagnosis, uncertain cardiac-cerebral vascular disease,
and missing essential dietary information for the calculation
of DII, 19,067 participants were obtained for the statistical
analysis. Then, they were divided into two groups including
the HF (Cardiovascular patients with HF, n = 1,382) and
non-HF (Cardiovascular patients without HF, n = 17,685)
groups (Figure 1). The characteristics of analysis samples are
shown in Table 1. The prevalence of HF in cardiovascular and
cerebrovascular diseases participants was 7.25%. The enrolled
participants included 778 (56.30%) and 8,472 (47.91%) male

participants with mean ages of 67.82 ± 12.16 and 58.82 ± 15.55
years old in the HF and non-HF groups, respectively Heart failure
participants had a higher BMI (31.89 ± 8.06 vs. 30.74 ± 7.14
kg/m2, p < 0.001) and waist circumference (108.78 ± 17.01 vs.
104.35 ± 15.71, p < 0.001) compared with the non-HF group.
In addition, the HF participants had a lower education and
annual family income. Moreover, the composition of race is also
different between these two groups. It is also not surprising that
the prevalence of diabetes, coronary artery disease, angina, heart
attack, and stroke was higher in participants in the HF group than

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 July 2021 | Volume 8 | Article 7024899

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Liu et al. Dietary Inflammatory and Heart Failure

TABLE 3 | Logistic regression analysis of DII on HF in participants with

cardiac-cerebral vascular disease in NHANES (1999–2018).

OR 95% CI p-values

Model 1

DII score 1.140 1.104–1.177 <0.001

Model 2

DII score 1.158 1.119–1.199 <0.001

Age, years 1.054 1.048–1.059 <0.001

Gender

Male Ref. Ref. <0.001

Female 0.606 0.538–0.682

BMI, kg/m2 1.049 1.040–1.057 <0.001

Model 3

DII score 1.110 1.060–1.163 <0.001

Age, years 1.048 1.041–1.056 <0.001

Gender

Male Ref. Ref. <0.001

Female 0.611 0.518–0.721

BMI, kg/m2 1.051 1.040–1.062 <0.001

Race

Mexican American 0.680 0.434–1.065 0.092

Other Hispanic 0.961 0.594–1.555 0.872

Non-Hispanic white 1.157 0.795–1.683 0.447

Non-Hispanic black 1.056 0.713–1.565 0.785

Other Race or Multi-racial Ref. Ref.

Education

<High school 1.276 1.056–1.542 0.012

High school 1.185 0.976–1.437 0.086

>High school Ref. Ref.

Annual family income

<20,000 USD Ref. Ref.

≥20,000 USD 0.696 0.592–0.818 <0.001

Current smoking status

Smoking 1.305 1.085–1.571 0.005

Non-smoking Ref. Ref.

The cardiac-cerebral vascular disease in the present study including: hypertension,

diabetes, prediabetes, coronary artery disease, angina, heart attack, and stroke.

that of the non-HF group, as these basic diseases would increase
the incidence of HF.

Physical and Laboratory Examinations of
Participants
The results of examinations are shown in
Supplementary Table 1. The DII scores ranged from −3.884
to 4.598 and −4.949 to 4.422 in the HF and non-HF groups,
respectively Heart failure participants showed a slight increasing
trend of WBC (7.60 ± 2.66 vs. 7.38 ± 4.00, p = 0.051) and
had a higher DII score (0.239 ± 1.702 vs. −0.145 ± 1.704, p <

0.001) when compared with the non-HF group. Although the
average BMI and waist were higher in HF participants, they
had an interesting blood lipid profile, which had a lower total
cholesterol (4.61 ± 1.20 vs. 5.05 ± 1.14 mmol/L, p < 0.001),

HDL (1.26± 0.41 vs. 1.36± 0.42 mmol/L, p < 0.001), LDL (2.58
± 0.99 vs. 2.91 ± 0.93 mmol/L, p < 0.001), and a slightly higher
triglyceride (1.77 ± 1.92 vs. 1.62 ± 1.34 mmol/L, p = 0.055)
when compared with non-HF participants. Additionally, HF
groups had lower levels of albumin (40.27 ± 3.66 vs. 41.63 ±

3.42 g/L, p < 0.001), while there was no significance in ALT, AST,
and blood sodium. BUN (7.43 ± 4.32 vs. 5.41 ± 2.45 mmol/L,
p < 0.001), Cr (1.30 ± 0.96 vs. 0.97 ± 0.58 mg/dl, p < 0.001),
and UA (386.22 ± 11.56 vs. 339.32 ± 88.29 µmol/L, p < 0.001)
were increased in HF patients which indicated their impairment
of renal function. In addition, the plus rate in HF and non-HF
are similar though they showed a significant difference (70.84
± 12.46 vs. 72.59 ± 12.79, p < 0.001). Moreover, the levels of
hemoglobin (13.55 ± 1.72 g/dl vs. 13.98 ± 1.55 g/dl, p < 0.001)
and hematocrit (40.29 ± 4.90 vs. 41.35 ± 4.38, p < 0.001) in
HF were slightly lower than in the non-HF groups. Another
interesting finding is that, there is no significant difference
in the systolic blood pressure, but the HF group had a lower
diastolic blood pressure (66.48 ± 16.20 mmHg vs. 71.10 ±

14.97 mmHg, p < 0.001).

Characteristics and Examinations of HF
Participants by Tertiles of Dietary
Inflammatory Index
In order to further investigate the correlation between DII
and HF, DII was divided by tertiles (Table 2). The DII
score ranges from −3.884 to −0.570, −0.566 to 1.019, and
1.019 to 4.598 in tertile 1 (T1), tertile 2 (T2), and tertile
3 (T3), respectively. Individuals in T2 seem to be the
oldest, with 54.45% of them males. In addition, individuals
in T1 had the lowest BMI, with higher education, more
family income, and lowest smoking rate. The prevalence of
hypertension, diabetes, prediabetes, coronary artery disease,
and angina had no significant difference among T1, T2,
and T3, while T3 occupied a highest proportion of stroke
(26.25%) and T2 occupied a highest proportion of heart
attack (50.11%).

The physical and laboratory examinations in HF participants
divided by tertiles are exhibited in Supplementary Table 2.
Individuals in T1 had the lowest level of cholesterol
compared with the T3 individuals (4.49 ± 1.16 vs.
4.75 ± 1.28 mmol/L, p < 0.01). In addition, the T1
group had the highest level of albumin (40.76 ± 3.52
g/L), hemoglobin (13.76 ± 1.65 g/dl), and hematocrit
(40.83 ± 4.69%) among these groups, which possibly
indicates that a lower DII score is correlated with a better
cardiac function.

Association Between HF and Dietary
Inflammatory Index
The unadjusted and adjusted models are presented in Table 3.
Model 1 was a crude model which shows that there is a
statistically significant difference between increased odds of HF
and higher DII score [OR (95% CI) = 1.140 (1.104–1.177),
p < 0.001]. The odds rate in model 2 was 1.158 after it
was adjusted for age, gender, and BMI, while model 3 was

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 July 2021 | Volume 8 | Article 70248910

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Liu et al. Dietary Inflammatory and Heart Failure

FIGURE 2 | Random forest analysis and AUC curves. Random forest analysis in (A) male, (B) female, (C) overall participants and their corresponding (D) AUC curves.

The green (HF group) and red (non-HF group) nodes which were significantly different between these two groups denoted the important score in the construction of

the random forest model. The AUC curves for the random forest models in separating HF and non-HF groups using the dietary information and laboratory

examinations. The red font indicated the dietary indices. AUC, area under the curve.

additionally adjusted for race, education, income, and smoking
status. Although the association was slightly weakened, there was
still a significant association between higher DII levels and the
increase of HF (OR = 1.110, 95 CI% 1.060–1.163, p < 0.001)
in model 3.

Random Forest Modeling of HF Using
Laboratory Examinations and Dietary Data
Random forest analysis discriminated HF participants from
non-HF with an area under the curve (AUC) of 0.73, 0.76,
and 0.76 using the laboratory examinations and demographic
characteristics from male, female, and total individuals,
respectively (Figure 2). The important dietary indices in
constructing a random forest model in the male subgroup
include magnesium, energy, total cholesterol, niacin, iron,
carbohydrate, selenium, vitamin E, fiber, and folic acid.
However, these important dietary indices disappeared in
the model of the female subgroup except for carbohydrate,
while magnesium, fiber, and beta carotene were important
indices in all the participants. These results might suggest

that dietary intervention is more essential for male. In
addition, supplement with magnesium might be essential
for HF.

DISCUSSION

In this study, we provide evidences that HF is closely associated
with DII by using the NHANES 1999–2018 data, in which fiber,
niacin, iron, selenium, vitamin E, β-carotene, and magnesium
might be important dietary factors in HF. Nutrition is a factor
that should not be ignored in the progress of HF. Malnutrition
or cachexia is an independent risk factor which increases the
mortality of HF (18). In fact, the failing heart is regarded as
an engine out of fuels (19). Beyond the supply of raw materials
for protein synthesis, nutrients also serve as energy sources
for the heart. Therefore, supplement with sufficient nutrients is
recommended at the end stage of HF, especially those patients
who are accompanied with malnutrition (5). Nevertheless, the
diet-related inflammation is an indispensable factor that needs
to be a concern.
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Previous studies have investigated the association between
DII and metabolic syndrome or cardiovascular risk factors (20–
22). Although HF is the terminal stage of various CVD, their
pathological mechanism indeed might be different and fewer
studies are concerned about DII and HF. Recently, growing
evidences have indicated that the progress and prognosis of HF
are influenced by gut microbiota and their metabolites (23). In
addition, dietary intakes severely impact the composition of gut
microbiota (24). For example, trimethylamine oxide, which is
derived from a high choline diet by gut microbiota, is highly
associated with HF (25). Focusing on the dietary consumption
of HF patients might provide some valuable information.

In the present study, we observed that HF is more prevalent
in individuals with a lower family income and lower education.
However, a small sample size prospective study indicated
that education levels were not associated with readmission
or mortality rates (26). This discrepancy might be due to
the difference of regions. From a multinational, prospective
cohort study, the effect of low education on CVD is stronger
in middle-income or low-income countries rather than high-
income countries (27). Another interesting finding is that LDL,
a traditional risk factor in CVDs, is reduced in HF individuals.
The possible explanation is on the poor nutritional intake or
appetite of HF patients (28). In addition, individuals in T1 of DII
have a slightly increased level of serum albumin, hemoglobin, and
hematocrit, which also supported that diet is essential in HF.

Furthermore, from the results of the random forest model,
the dietary magnesium, fiber, and beta carotene might be
nutritional elements that are beneficial to HF. Emerging
evidences suggested that a low dietary magnesium intake is
associated with an increased CVDs risk and the beneficial effects
of magnesium supplements on the prevention of CVDs (29).
However, the impact of magnesium might be more profound
in males from our observation. In addition, a high fiber intake
has been shown to be closely linked with gut microbiota
and ameliorated cardiac function (30). Previous studies have
demonstrated that lower concentrations of serum beta carotene
may increase the risk of sudden cardiac death (31) and is
associated with an increased risk of chronic HF (32). Diet
intervention might be an easily modifiable method in the therapy
of HF, while further investigation is needed to determine the
underlying mechanism.

There are still some limitations that should be mentioned in
the present study. First, the design is an observational study,
which might lead to bias and lack of evidence of the cause and
effect. Second, the diagnosis of HF is acquired by a questionnaire
survey, and it is hard to assess the severity of HF. In addition,
without the data of ejection fraction, the subtype of HF cannot
be categorized.

In summary, we report an association between DII and HF, in
which the dietary components should be a concern in the future.
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Background: Lysyl oxidases (LOXs), including LOX, LOXL1, LOXL2, LOXL3, and LOXL4,

catalyze the formation of a cross-link between elastin (ELN) and collagen. Multiple LOX

mutations have been shown to be associated with the occurrence of aortic dissection

(AD) in humans, and LOX-knockout mice died during the perinatal period due to aortic

aneurysm and rupture. However, the expression levels and roles of other LOX members

in AD remain unknown.

Methods: A total of 33 aorta samples of AD and 15 normal aorta were collected for

LOXs mRNA and protein levels detection. We also analyzed the datasets of AD in GEO

database through bioinformatics methods. LOXL2 and LOXL3 were knocked down in

primary cultured human aortic smooth muscle cells (HASMCs) via lentivirus.

Results: Here, we show that the protein levels of LOXL2 and LOXL3 are upregulated,

while LOXL4 is downregulated in AD subjects compared with non-AD subjects, but

comparable protein levels of LOX and LOXL1 are detected. Knockdown of LOXL2

suppressed MMP2 expression, the phosphorylation of AKT (p-AKT) and S6 (p-S6), but

increased the mono-, di-, tri-methylation of H3K4 (H3K4me1/2/3), H3K9me3, and p-P38

levels in HASMCs. These results indicate that LOXL2 is involved in regulation of the

extracellular matrix (ECM) in HASMCs. In contrast, LOXL3 knockdown inhibited PCNA

and cyclin D1, suppressing HASMC proliferation. Our results suggest that in addition to

LOX, LOXL2 and LOXL3 are involved in the pathological process of AD by regulating

ECM and the proliferation of HASMCs, respectively. Furthermore, we found that LOXL2

and LOXL4 was inhibited by metformin and losartan in HASMCs, which indicated that

LOXL2 and LOXL4 are the potential targets that involved in the therapeutic effects of

metformin and losartan on aortic or aneurysm expansion.

Conclusions: Thus, differential regulation of LOXs might be a novel strategy to prevent

or treat AD.

Keywords: lysyl oxidase, aortic dissection, LOX, MMP2, metformin, losartan
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BACKGROUND

Aortic dissection (AD) is a life-threatening condition, and the
annual incidence of AD is estimated to be 3.8–8.8 per 100,000
persons (1–3). Patients with acute Stanford type A AD (TAAD)
who do not receive proper operation have a mortality rate
of up to 50% within the first 48 h, and surgery is the main
treatment of choice due to the lack of effective conservative
treatment strategies (4). Thus, the need to further investigate
the pathogenesis of AD is critical. The major pathological
features of AD include an enlarged and degenerative medial
layer, vascular smooth muscle cell (VSMC) death and loss, and
collagen-elastic fiber crosslinking disorder and fragmentation (5–
7). Given that elastin (ELN) and collagen are two of the most
abundant extracellular matrix (ECM) proteins, their adequate
crosslinking is necessary to maintain the vessel’s normal function
(8). Moreover, mutations in ECM-associated genes [e.g., fibrillin
1 (FBN1) and lysyl oxidase (LOX)] lead to the occurrence of AD
(9, 10).

Lysyl oxidase and its family members are the primary enzymes
that regulate the crosslinking of ELN and collagen (11). The LOX
family, including LOX, LOX-like 1 (LOXL1), LOXL2, LOXL3,
and LOXL4, consists of mammalian copper-binding amine
oxidases (12). These enzymes oxidize lysine and hydroxylysine ε-
amino groups in ELN and collagen into highly reactive aldehydes,
which then spontaneously react to form a variety of inter- and
intra-chain crosslinks (8, 11). Lysyl oxidase family members
(LOXs) play crucial roles in the cardiovascular system. For
example, Lox−/− mice died perinatally due to severe vascular
abnormalities (e.g., aortic aneurysms and aortic tortuosity) (13);
Loxl1−/− mice were also found to have vascular defects (14).
More importantly, accumulated evidence suggests that LOX
mutations, such as p.Met292Arg, p.Met298Arg, p.Ser280Arg, and
p.Ser348Arg, are closely associated with aortic dilation, thoracic
aortic aneurysm and AD in humans (8, 10, 15). However,
conflicting results on the role of LOX in vasculopathy in patients
with Marfan syndrome (MFS) have been reported. Some studies
reported that LOX expression and activity were reduced in the
aortas of MFS patients, while other research demonstrated that
comparable LOX mRNA levels and activity were found in the
aortas of MFS patients and healthy subjects (11). Intriguingly, O
Busnadiego et al. showed that the expression levels of LOX and
LOXL1were increased in the aortas ofMFS patients and in aMFS
mouse model (Fbn1C1039G/+) (11). Thus, the need to clarify the
expression pattern of the LOX family, as well as their function
in aortic dilation, is urgent. Aortic dilation and MFS are risk
factors or etiologies of AD, but the expression patterns and roles
of the LOX family in AD, especially non-hereditary AD, remain
largely unknown. In addition, recent findings have shown that
the functions of LOXs extend beyond their role in stabilization

Abbreviations: LOXs, lysyl oxidases; AD, aortic dissection; TAAD, Stanford type

A AD; HASMCs, human aortic smooth muscle cells; VSMC, vascular smooth

muscle cell; ECM, extracellular matrix; FBN1, fibrillin 1; LOXL1, LOX-like 1;

MFS, Marfan syndrome; GEO, gene expression omnibus; PBS, phosphate-buffered

saline; DMEM, Dulbecco’s modified Eagle’s medium; SD, standard deviation;

shRNA, short hairpin RNA; ELN, elastin; TGFβ, transforming growth factor-β;

ERK1/2, extracellular signal regulated kinases 1/2.

of the ECM and include roles in cell chemotactic responses, cell
proliferation, adhesion, migration, and transcriptional regulation
(13). Thus, investigating the non-classical functions of the LOX
family in VSMCs would be interesting.

Here, we show that the protein levels of LOXL2 and LOXL3
are elevated in the aortas of patients with TAAD, but LOXL2
and LOXL3 play different roles in VSMCs. LOXL2 affects
ECM by upregulating MMP2, while LOXL3 facilitates VSMC
proliferation. Furthermore, the inhibitory effects of metformin
and losartan on aortic dilatation may be partially achieved by
suppressing LOXL2 and LOXL4 expression. These results suggest
that activating LOXL3 and inhibiting LOXL2 might be a novel
therapeutic strategy for the prevention of AD.

METHODS

Human Aorta Samples
The human thoracic aortic tissue samples were collected from
Division of Cardiothoracic and Vascular Surgery at Tongji
Hospital, Tongji Medical College, Huazhong University of
Science and Technology, with approval of Institutional Review
Board. Written informed consent was obtained from all subjects.
All experiments conducted with human tissue samples were
performed in accordance with the relevant guidelines and
regulations. Samples were obtained from patients with TAAD
and donors for cardiac transplant. We did not conduct genetic
testing on all patients, so we were unable to rule out whether
these patients had unknown mutations in genes. Detailed patient
information is displayed in Supplementary Table 1.

Gene Expression Profiles in the Gene
Expression Omnibus Database
We used the keywords “aortic dissection” and “Homo sapiens
[porgn]” to search datasets in the GEO database (https://www.
ncbi.nlm.nih.gov/geo/). To investigate the expression levels of
LOXs in patients with AD, we included all microarray and
RNA-sequence datasets with both control and AD samples.
Thus, four gene expression datasets, “GSE153434,” “GSE98770,”
“GSE52093,” and “GSE147026,” were included in the present
study. The GSE153434 dataset contains data from 10 TAAD
samples and 10 control samples and is based on the GPL20795
platform [HiSeq X Ten (Homo sapiens)]. The GSE98770
dataset contains data from six TAAD samples and five control
samples and is based on the GPL14550 platform [Agilent-
028004 SurePrint G3 Human GE 8×60K Microarray (Probe
Name Version)]. The GSE52093 dataset contains data from
seven TAAD samples and five normal samples and is based on
GPL10558 (Illumina HumanHT-12 V4.0 Expression BeadChip).
The GSE147026 dataset, which contains four aorta tissue samples
from donors and four aorta tissue samples from patients with AD,
is based on GPL24676 [Illumina NovaSeq 6000 (Homo sapiens)].

Western Blot and Antibodies
Total proteins in human aortic smooth muscle cell (HASMC)
and aortic tissues were extracted by RIPA solution with
phosphatase inhibitors and protease inhibitors, and western blot
was performed as described previously (3, 16, 17). The antibodies
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used in this study included α-SMA (ab7817), LOX (ab174316),
SM22 (ab14106), H3K4me1 (ab8895), H3K36me3 (ab9050),
Bax (ab32503), and Bcl-2 (ab182858) which were bought from
Abcam. LOXL1 (A10191) and LOXL4 (A13131) were got
from ABclonal. LOXL2 (GTX105085), MMP2 (GTX634832),
MMP9 (GTX100458), H3K9me3 (GTX121677), and PCNA
(GTX100539) were purchased from GeneTex. LOXL3 (sc-
377216) was obtained from Santa Cruz. β-actin (#8457S), Beclin-
1 (#3495), S6 (#2317), phosphorylation of S6 (p-S6) (#5364), AKT
(#4685), phosphorylation of AKT (p-AKT) (#4060), p38 (#8690),
p-p38 (#4511), p-JNK1/2 (#9255), p-ERK1/2 (#4370), p-GSK3 β

(#5558), H3K4me2 (#9725), H3K4me3 (#9727), p-p65 (#3033),
cyclinD1 (#2978), and LC3 (#12741) were purchased from Cell
Signaling Technology.

Real-Time PCR
Total mRNA was extracted from human aorta tissues and
HASMCs by using TRI Reagent R© solution (AM9738;
ThermoFisher Scientific). The precipitated mRNA was dissolved
in nuclease-free water, and the RNA concentration was
determined by a Nanodrop2000 (ThermoFisher Scientific).
Subsequently, mRNA was reverse transcribed into cDNA
by using a Transcriptor First Strand cDNA Synthesis Kit
(4896866001, Roche). Then, 2 µl of the cDNA solution, primers,
DEPC water and Hieff R© qPCR SYBR R© Green Master Mix
(YEASEN, 11201ES08) were added to each well for the real-
time PCR assay. Furthermore, the relative mRNA levels were
detected by the CFX ConnectTM Real-Time PCR Detection
System (Bio-Rad). The primers used in this study are listed in
Supplementary Table 2.

Plasmids
LOXL2 and LOXL3 knockdown plasmids were constructed
by cloning double-stranded shRNA oligonucleotides targeting
human LOXL2 and LOXL3 into the pLKO.1 plasmid at AgeI
and EcoRI restriction enzyme sites. The targeting sequences
of shRNA were shLOXL2: CCAGATAGAGAACCTGAATAT;
shLOXL3: CATCTTCACTCACTATGATAT.

Primary Human Aorta Smooth Muscle Cell
Culture and Treatments
Ascending aortic tissues were taken from patients who
underwent heart transplantation. Then, the tissues were
placed into culture dishes filled with Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (SH30023.01; HyClone) at 4◦C.
Intimal and residual adventitial tissues were stripped under a
stereomicroscope. Subsequently, the middle layer of the aortic
wall was cut into small pieces (1–2mm) and transferred to cell
culture flasks with 5ml of DMEM/F12 supplemented with 10%
fetal bovine serum (SH30084.03; HyClone) and 1% penicillin-
streptomycin (15140-122; ThermoFisher Scientific). A few days
later, long, spindle-shaped HASMCs were observed and then
passaged when the degree of cell fusion reached approximately
80%. Human aortic smooth muscle cells were cultured at 37◦C
in a humidified incubator with 5% CO2. Human aortic smooth
muscle cells were infected with lentivirus containing shLOXL2
or shLOXL3 to knockdown LOXL2 or LOXL3 according to

our previously reported methods (3, 17). Human aortic smooth
muscle cells were starved for 12 h and then treated with losartan
(10 and 100µM, S1359; Selleck) and metformin (5 and 10mM,
HY17471A; MedChemExpress) for 48 h, with DMSO treatment
serving as a control.

EdU Incorporation Assay
Human aortic smooth muscle cells infected with lenti-PLKO.1
or lenti-shLOXL3 were plated in 24-well plates and incubated
with EdU medium (50 µmol/L) for 4 h. After washing with
phosphate-buffered saline (PBS) twice, HASMCs were fixed with
4% paraformaldehyde for 30min. Then, the HASMCs were
incubated with glycine (2mg/ml) to neutralize paraformaldehyde
and immersed in 0.5% Triton X-100 for 10min. The HASMCs
were stained with 1× Apollo staining solution, and the nuclei
were stained with 1× Hoechst 33342 for 30min at room
temperature. Images were captured with a BX53 Olympus light
microscope system.

Statistical Analyses
All the data are represented as the mean ± standard deviation
(SD) in the present study. For bioinformatics analysis, because
different platforms were used for each dataset, we analyzed each
dataset separately. We downloaded data from the supplementary
file and selected raw data instead of the processed matrix file.
To analyze the data, the raw expression values in each dataset
were normalized by the R package limma, and log2 conversion
was completed. After processing, we calculated the p-value for
the difference in expression between AD samples and control
samples by Student’s t-test. Statistical analyses to compare the
means of two groups were carried out by using Student’s two-
tailed t-test, while multiple group comparisons were conducted
by using one-way ANOVA with least significant difference (equal
variances assumed) or the Tamhane T2 (equal variances not
assumed) test in SPSS software (version 13.0). p < 0.05 was used
to indicate a statistically significant difference.

RESULTS

Analysis of LOXs Expression Levels in the
Aorta Based on Data From the Gene
Expression Omnibus Database
To clarify the role of LOXs in AD, we first analyzed the
relative mRNA expression levels of LOXs in aorta samples
from patients with TAAD and normal aorta samples from GEO
datasets (GSE153434, GSE147026, GSE52093, and GSE98770).
These four datasets include a total of 24 normal and 27 TAAD
samples. Because different platforms were used to prepare the
datasets, the expression levels of LOXs in four datasets are
shown individually in Figure 1. Specifically, in the GSE153434
and GSE147026 datasets, the mRNA levels of LOXL2 and LOXL3
were significantly increased in the aortas of TAAD patients. In
the GSE52093 dataset, elevated LOX mRNA levels were detected
in individuals with TAAD, and in the GSE98770 dataset, LOXL2
expression levels were higher in samples from patients with
TAAD than in those from their normal counterparts. However,
no significant changes in the expression of other LOX family
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members were detected (Figure 1). These results indicated that
the occurrence of TAAD is accompanied by expression changes
in specific LOXs, but this finding needs further verification.

Verification of the Expression Levels of
LOXs in the Human Aorta
Because the four GEO datasets were collected from a relatively
small sample size and no consistent conclusions were drawn,
we further verified the protein levels of LOXs in aorta samples
from normal controls and TAAD patients in our own center.
The detailed demographic and clinical characteristics of the
patients are presented in Supplementary Table 1. Compared
with those in normal controls, the protein levels of LOXL2,
and LOXL3 were significantly increased, while LOXL4 protein
levels were decreased in patients with TAAD, but comparable
protein levels of LOX and LOXL1 was observed between
groups (Figures 2A,B). We further investigated the relationship
between LOXs expression levels and aortic diameter in 33 TAAD
patients. The results demonstrated that except for the significant
correlation between LOXL1 mRNA expression and the diameter
of the aortic arch, other LOXs showed no significant correlation
with the diameter of the ascending aorta, aortic arch, descending
aorta, or abdominal aorta (Supplementary Figures 1A–E).

LOXL2 Regulates ECM in Primary Cultured
HASMCs
In human TAAD samples, we found that LOXL2 protein
levels were obviously upregulated. Given that LOXL2 is
critical for ECM regulation, we first evaluated the impact of
LOXL2 knockdown on ECM. We constructed short hairpin
RNA (shRNA) targeting LOXL2, which was packaged into
lentivirus and then used to infect primary cultured HASMCs
to knock down LOXL2. The LOXL2 mRNA and protein levels
were verified, the results of which demonstrated that the
mRNA and protein levels of LOXL2 were remarkably reduced
in HASMCs infected with shLOXL2 (Figures 3A,B). More
importantly, we found that the protein level of MMP2, but not
MMP9, was dramatically reduced after LOXL2 knockdown in
HASMCs (Figure 3C). Given that MMP2 is the primary matrix
metalloproteinase that regulates Col1A1, Col1A2, Col4A1,
Col5A1, and ELN (18), our results showed that Col5A1 and
ELN were downregulated by LOXL2 knockdown, while Col1A1,
Col1A2, and Col4A1 were not affected by LOXL2 deficiency
(Figure 3D). These results indicates that LOXL2 plays a critical
role in ECM regulation by promoting MMP2, Col5A1, and
ELN expression.

The phenotypic switching of HASMCs is one of the features of
AD (19). However, LOXL2 knockdown did not affect expression
of the contractile markers α-SMA or SM22 (Figure 3C).
Apoptosis and autophagy were reported to affect HASMC
loss during AD (3, 17, 20). However, our data showed that
LOXL2 knockdown had no impact on the expression of the
apoptosis markers Bcl2 or Bax, or the autophagy marker LC3I/II
(Figure 3C).

LOXL2 Knockdown Inhibited AKT
Phosphorylation but Activated p38 in
Primary Cultured HASMCs
LOXL2 knockdown was reported to inhibit p38 phosphorylation
in MDA-MB-231 cells (21), and LOXL2 accelerates cardiac
fibroblast-to-myofibroblast transformation by activating the
PI3K/AKT signaling pathway to produce TGFβ2 (22). Thus,
we wondered whether the p38 and AKT signaling pathways
would be regulated by LOXL2 in HASMCs. Our results
demonstrated that knockdown of LOXL2 suppressed AKT
and S6 ribosomal protein phosphorylation but facilitated p38
phosphorylation in HASMCs (Figure 3E). However, comparable
levels of phosphorylated JNK1/2 and ERK1/2 were detected
in HASMCs with or without LOXL2 knockdown (Figure 3E).
In addition, LOXL2 inhibits NF-κBp65 phosphorylation in
ATDC5 cells, and NF-κBp65 activation is also involved in AD
(23). Unexpectedly, the phosphorylation of NF-κBp65 was not
regulated by LOXL2 in HASMCs (Figure 3E).

LOXL2 Inhibited H3K4me1/2/3 and
H3K9me3 in HASMCs
Our previous data demonstrated that histone methylation is
involved in the pathologic process of TAAD in humans (6).
Recently, Peiró et al. found that LOXL2 could oxidize histone
H3 at lysine 4 (H3K4ox) to prevent the di- and trimethylation
in H3K4 but had no effect on H3K9me2 or H3K9me3 (24, 25).
Thus, we further detected the levels of H3K4me1/2/3, H3K9me3,
andH3K36me3 in HASMCs with LOXL2-knockdown.We found
that H3K4me1/2/3 and H3K9me3 were significantly upregulated
after LOXL2 knockdown, while H3K36me3 were not affected by
LOXL2 (Figure 3F).

Knockdown of LOXL3 Inhibited Primary
Cultured HASMCs Proliferation
To investigate the role of LOXL3 in HASMCs, we first knocked
down LOXL3 in primary cultured HASMCs (Figures 4A,C).
We subsequently evaluated the impact of LOXL3 on autophagy,
apoptosis, and phenotypic switching, and the results indicated
that LOXL3 knockdown had no effect on these biological
processes, as evidenced by the similar protein levels of
Beclin-1, Bax, Bcl2, α-SMA, and SM22 in HASMCs with or
without LOXL3 knockdown (Figure 4A). Additionally, LOXL3
did not regulate MMP2 expression or H3K4 methylation
(Figure 4A). Intriguingly, we found that PCNA and cyclin
D1 were downregulated by LOXL3 knockdown in HASMCs,
indicating that proliferation had been inhibited (Figures 4B,C).
Furthermore, the EdU incorporation assay indicated that
EdU-positive HASMCs were remarkably reduced after
LOXL3 knockdown (Figures 4D,E). STAT3 is a ground-
state transcription factor required for cell proliferation, and
LOXL3 deacetylates/deacetyliminates STAT3, disrupting its
dimerization, nuclear translocation, and activation to restrict cell
proliferation (26). However, we found that LOXL3 knockdown
facilitated the phosphorylation of Tyr705 in STAT3, and
inhibited the phosphorylation of Ser727 in STAT3 in HASMCs
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FIGURE 1 | The relative mRNA levels of LOXs in the aortas of individuals with or without AD. We downloaded four datasets from the GEO database, and the relative

mRNA levels of LOXs in the GSE153434, GSE147026, GSE52093, and GSE98770 datasets are shown. Normal indicates aorta samples from individuals without

aortic dissection, and TAAD indicates aorta samples from individuals with Stanford type A aortic dissection.

(Figure 4F). These results indicated that LOXL3 is a positive
regulator that accelerates HASMC proliferation.

The Effect of Losartan and Metformin on
LOXs Expression
Accumulating evidence has demonstrated that losartan and
metformin have the potential to delay expansion of the aortic root
or abdominal aorta or even prevent this major life-threatening
manifestation in patients with MFS or AAA (27, 28). Thus, we
wondered whether LOXs are involved in the effect of losartan and
metformin on the aorta. We treated primary cultured HASMCs
with metformin (5 and 10mM) or losartan (10 and 100µM)
for 48 h. Our results showed that the protein levels of LOX
(5mM), LOXL2 and LOXL4 were reduced in HASMCs treated
with metformin, while LOXL1 and LOXL3 were not affected by
metformin (Figures 5A,B). Instead, losartan inhibited LOXL1,
LOXL2, and LOXL4 expression at a concentration of 100mM,
but not LOX or LOXL3 expression in HASMCs (Figures 5C,D).

These results suggest that LOXL2 and LOXL4 may partially
mediate the protective roles of both losartan and metformin on
aorta dilation and AAA.

DISCUSSION

Lysyl oxidases are well known to be crucial for ECM (13).
However, the expression levels of LOXs in the aortas of patients
with TAAD and their non-canonical functions in VSMCs are
unclear. In the present study, we found that the protein levels
of LOXL2 and LOXL3 are upregulated in the aortas of TAAD
patients. Knockdown of LOXL2 inhibited MMP2, p-AKT, and
p-S6 but promoted H3K4me1/2/3, H3K9me3, and p-P38 in
HASMCs, which may be involved in regulating ECM. Instead,
LOXL3 knockdown suppressed cyclin D1 and PCNA expression
to inhibit HASMC proliferation. Moreover, LOXL2 and LOXL4
may partially mediate the therapeutic effects of losartan and
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FIGURE 2 | The protein levels of LOXs in the human aorta. (A) The protein levels of LOXs were detected in aorta samples from 6 normal controls and 21 TAAD

patients by using western blotting. (B) Relative quantification of LOXs protein levels in (A). Total protein served as the loading control.

metformin on aortic dilatation. Therefore, our present study not
only detected the expression patterns of LOXs in patients with
TAAD but also clarified the functions of LOXL2 and LOXL3
in HASMCs.

Lysyl oxidases are the enzymes responsible for the crosslinking
between collagen and ELN, which is critical to the structural
integrity of the aorta (13). Accumulating evidence has
demonstrated that the mutation or downregulation of LOX
is closely related to aorta dilation and AD (15), and knockout of
LOX in mice resulted in perinatal death due to AD rupture and
was accompanied by reductions in ELN- and collagen-specific
crosslinks in the aorta by 60 and 40%, respectively (29). BAPN
is an irreversible inhibitor of LOX activity that can efficiently
induce AD in both young mice and rats, but it is less efficient in
adult mice and rats (7). The reason for this phenomenon may
partially be because that ELN layers in the aorta are laid down
during development and have a long half-life (approximately
40 years) (10, 30). In addition, a high-fat diet induced LOX
overexpression in the aortas of rats, and BAPN prevented an

increase in circulating leptin levels, reducing fibrosis, in rats
fed a high-fat diet (31). Lysyl oxidases was also found to be
upregulated in the vitreous of diabetic subjects (32). Given
that diabetes mellitus is negatively associated with AD (33),
diabetes-induced LOX overexpression in the aorta may mediate
this protective effect.

In addition to LOX, the roles of other members of the
LOX family in AD have been rarely reported. In the present
study, we found that LOXL2 and LOXL3 protein levels are
enhanced, while the protein level of LOXL4 is reduced in patients
with TAAD compared to normal subjects. Although LOXL2
has been widely studied in cancer and fibrotic diseases such as
idiopathic pulmonary fibrosis, liver fibrosis, and cardiac fibrosis
(34), its expression and function in AD were unclear. Our results
showed that compared with that in non-AD aorta samples, the
protein level of LOXL2 in the aortas of patients with TAAD
was remarkably increased. Wong et al. reported that chronic
inflammation could induce LOXL2 expression and extracellular
secretion in the liver (35, 36). The pathological process of AD is
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FIGURE 3 | Knockdown of LOXL2 inhibited MMP2 expression and AKT signaling, but facilitated the methylation of H3K4 and H3K9 in primary cultured HASMCs. (A)

The protein levels of LOXL2 were evaluated by western blotting (n = 4). (B) The mRNA levels of LOXL2 in HASMCs infected with lenti-shRNA, lenti-shLOXL2 were

detected by RT-PCR (n = 5). (C) The protein levels of MMP2, MMP9, SM22, Bax, Bcl2, and LC3I/II in HASMCs infected with lenti-shRNA or lenti-shLOXL2 (n = 4). (D)

The mRNA levels of Col1A1, Col1A2, Col4A1, Col5A1, and ELN in HASMCs were detected by RT-PCR (n = 5). (E) The p-AKT, S6, GSK3β, p38, ERK1/2, JNK1/2,

and p65 in HASMCs was evaluated by western blotting (n = 4). (F) Western blotting was used to detect the protein levels of H3K4me1, H3K4me2, H3K4me3,

H3K9me3, and H3K36me3 in HASMCs infected with lenti-shRNA or lenti-shLOXL2 (n = 4). β-Actin served as the loading control.

accompanied by inflammation, and excessive inflammation is an
independent predictor of adverse clinical outcomes (37). Thus,
elevated LOXL2 expression levels in the aortas of AD patients
may be related to inflammation.

As LOXL2 is critical for ECM regulation (35), we detected
the expression levels of MMP2 and MMP9 in primary cultured
HASMCs with or without LOXL2 knockdown. Our results
demonstrated that LOXL2 knockdown significantly suppressed
MMP2 expression but not MMP9 expression. Increased MMP2
expression was also observed in the aorta of patients with
AD (38). MMP2 is predominantly derived from VSMCs
and fibroblasts, and MMP2 degrades collagen and ELN
(38). Moreover, MMP2 deficiency significantly reduced BAPN-
induced formation and AD rupture in mice (39). MMP2
deletion inhibited the activation of transforming growth factor-
β (TGFβ) and its non-canonical signaling cascade downstream
of extracellular signal regulated kinases 1/2 (ERK1/2) in the
aortas of mice (40). Atorvastatin and amlodipine were reported
to reduce MMP2 activity, and doxycycline inhibited MMP2

expression to delay aorta dilation (38, 40). Thus, LOXL2 may
facilitate AD by inducing MMP2 expression. However, the
precise effect of LOXL2 on AD and how it regulates the
expression of MMP2 require further investigation.

We found that the expression levels of LOXL3were elevated in
the aortas of humans with AD. LOXL3 was initially identified as
an amine oxidase, but a variety of novel functions have recently
been attributed to LOXL3 (41). In our study, we demonstrated
that LOXL3 deficiency in primary cultured HASMCs remarkably
suppressed HASMC proliferation. As VSMC loss is one of the
major feature of AD, the LOXL3-mediated regulation of VSMC
proliferation may be a compensatory effect. In pancreatic ductal
adenocarcinoma cells, LOXL3 physically interacted with SNAIL
to promote proliferation (41). Another study demonstrated that
LOXL3 interacted with proteins involved in DNA stability (e.g.,
BRCA2 and SMC1A) and mitosis completion to accelerate
the proliferation of melanoma cells (42). However, LOXL3
colocalized with STAT3 in the nucleus to deacetylate STAT3,
disrupt STAT3 dimerization, and then inhibit the transcriptional
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FIGURE 4 | LOXL3 knockdown suppressed the proliferation of primary cultured HASMCs. (A) The protein levels of LOXL3, Beclin 1, Bax, Bcl2, α-SMA, SM22,

MMP2, H3K4me2, and H3K4me3 in HASMCs infected with lenti-shRNA or lenti-shLOXL3 (n = 4). (B) The protein levels of the proliferation markers cyclin D1 and

PCNA in HASMCs infected with lenti-shRNA or lenti-shLOXL3 (n = 4). (C) The mRNA levels of LOXL3, cyclin D1, and PCNA in the indicated HASMCs were evaluated

by RT-PCR (n = 5). (D,E) The EdU assay was performed in HASMCs infected with lenti-shRNA or lenti-shLOXL3 (D), and EdU-positive cells were quantified (E) (n =

4). (F) Levels of STAT3 phosphorylated at serine 727 and tyrosine 705 in HASMCs infected with lenti-shRNA or lenti-shLOXL3 (n = 4). β-Actin served as the loading

control.

activity of STAT3 to restrict Th17 and Treg proliferation and
differentiation (26). In our study, the levels of p-STAT3 (Ser727)
were decreased, while those of p-STAT3 (Tyr705) were increased
in LOXL3-knockdown HASMCs. It has been reported that the
phosphorylation of Ser727 in STAT3 inhibits STAT3 dimerization
and nuclear translocation by enhancing the dephosphorylation
of Tyr705 in STAT3 (43). Thus, the impact of LOXL3 on VSMCs
proliferationmay not be associated with STAT3 phosphorylation,
but whether LOXL3 regulates VSMCs proliferation by interacting
with SNAIL, BRCA2 or SMC1A requires further research.

Accumulating evidence indicates that losartan (an AT1
antagonist) and metformin (a hypoglycemic drug) have an
inhibitory effect on aortic dilation in MFS patients or AAA
patients (27, 28, 44). A recently published long-term clinical
study suggested that combined losartan and β-blocker treatment
in patients with MFS had a clinical benefit (27). We treated
primary cultured human VSMCs with losartan and metformin.
Our results showed that both losartan and metformin inhibited
LOXL2 and LOXL4 expression. Thus, LOXL2 and LOXL4 may

be common targets of losartan and metformin in this condition.
Nevertheless, other mechanisms are involved in their protective
roles; for example, the PI3K/AKT/mTOR/autophagy pathway
was inhibited by metformin to repress the pathophysiology of
AAA (45).

Although we have systematically verified the expression of
LOXs at the mRNA and protein levels in human clinical samples,
we have not clarified the regulatory mechanisms that mediate
these changes in LOXs expression. In addition, we studied the
role of LOXL2 and LOXL3 at only the cellular level and did not
use knockout animal models to reveal their roles in AD in vivo.
In addition, whether LOXL1 and LOXL4 are also involved in the
regulation of AD needs to be further explored.

CONCLUSIONS

In conclusion, the present study demonstrated that
increased LOXL2 in patients with TAAD might facilitate
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FIGURE 5 | The protein levels of LOXs in primary cultured HASMCs treated with metformin or losartan. (A,B) The protein levels of LOX, LOXL1, LOXL2, LOXL3, and

LOXL4 in HASMCs stimulated with 5 or 10mM metformin were evaluated by western blotting (n = 4). (C,D) LOX, LOXL1, LOXL2, LOXL3, and LOXL4 protein levels in

HASMCs treated with 10 or 100µM losartan were detected by using western blotting (n = 4). H2O-treated HASMCs served as the control group in (A) and (B).

MMP2, Col5A1, and ELN expression to affect ECM
in aorta. However, as LOXL3 knockdown inhibited
VSMC proliferation, elevated LOXL3 seems to be a
compensatory effect. Thus, the differential regulation
of LOXs may be a novel strategy for the treatment
of AD.
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Objective: Aortic dissection (AD) is characterized by an acute onset, rapid progress,

and high mortality. Levels of soluble ST2 (sST2) on presentation are elevated in patients

with acute AD, which can be used to discriminate AD patients from patients with chest

pain. sST2 concentrations were found to be highly heritable in the general population.

The aim of this study was to investigate the associations of variations in ST2-related gene

expression with sST2 concentrations and AD risk.

Methods: This case-control study involving a total of 2,277 participants were

conducted, including 435 AD patients and age- and sex-matched 435 controls in

the discovery stage, and 464 patients and 943 controls in the validation stage.

Eight ST2-related genes were selected by systematic review. Tag single-nucleotide

polymorphisms (SNPs) were screened out from the Chinese population of the 1,000

Genomes Database. Twenty-one ST2-related SNPs were genotyped, and plasma sST2

concentrations were measured.

Results: In the discovery stage, rs13019803 located in IL1R1 was significantly

associated with AD after Bonferroni correction (p = 0.0009) and was correlated with

circulating sST2 levels in patients with type A AD(AAD) [log-sST2 per C allele increased

by 0.180 (95%) CI: 0.002 – 0.357] but not in type B. Combining the two stages

together, rs13019803Cwas associated with plasma sST2 level in AAD patients [log-sST2

increased by 0.141 (95% CI: 0.055–0.227) for per C allele]. Odds ratio of rs13019803

on the risk of AAD is 1.67 (95% CI: 1.33–2.09).

Conclusions: The IL1R1 SNP rs13019803C is associated with higher sST2 levels and

increased risk of AAD.

Keywords: IL1R1 gene, soluble ST2, aortic dissection, ST2-related genes, risk factor
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INTRODUCTION

Aortic dissection (AD) is an important cause of cardiovascular
death characterized by acute onset and rapid progress with poor
prognosis and high mortality (1). Acute AD is a fatal clinical
emergency, with an untreated mortality rate of 1–2% per hour
after symptom onset and almost 50% in the first week (2).
Therefore, identifying those members of the population with
higher risk to AD is very important. Contributing factors of
AD are diverse, including male sex, advanced age, smoking,
hypertension, and genetic factors (3). Although the pathogenesis
of AD remains unclear, genetic variation plays a critical role,
and the American College of Cardiology Foundation and the
American Heart Association recommended that identification
of the genetic variations leading to these aortic diseases
has the potential for early identification of individuals at
risk (4).

AD is a multifactorial disease whose primary pathology is
connective tissue degeneration of the medial layer of the aorta.
During the early phase of aortic damage, a large number of
vascular injury-related proteins are produced in response to
injury of vascular smooth muscle and elastic laminae (5–7).
Soluble (s)ST2 is also regulated by vascular injury and is rapidly
secreted into the circulation after stress and pro-inflammatory
stimulation.We have used it to discriminate acute AD from other
diseases presenting with acute chest pain (8). In the early stages
of AD, sST2 elevated levels reflect the degree of vascular injury
(9, 10). sST2 also participates in adverse remodeling of blood
vessels by stimulating expression of type I collagen, fibronectin,
and profibrotic factors (11).

In previous studies, it was found that the concentration of
sST2 varies greatly in AD patients (8). The level of soluble
ST2 was affected by age, gender, clinical manifestations, and
genetic variation in the general population (12). Despite being
correlated with multiple traditional cardiovascular risk factors,
soluble ST2 concentrations were found to be highly heritable
in the Framingham Heart Study population, in which clinical
factors accounted for only 14% of the interindividual variation
in soluble ST2 concentrations, and genetic factors accounted for
up to 45% of the remaining variation. Therefore, although sST2
is affected by different clinical phenotypes, genetic factors may
also play an important role in determining the circulating level
of patients.

Variation in genes encoding vascular injury-associated
proteins is known to associate increased risk for AD, such as
matrix metalloproteinases(MMPs), SMAD4, and interleukin 6
(IL-6) genes (13–15). However, it is unclear whether variation
in ST2 gene expression is related to AD risk. Determination of
genetic variants that significantly affect sST2 concentrations and
AD risk would be helpful in the early identification of high-risk
populations to achieve better clinical outcomes.

Abbreviations: AD, aortic dissection; sST2, soluble ST2; SNP, single-nucleotide

polymorphism; MAF, minor allele frequency; CI, confidence interval; IQR,

interquartile range; CAD, coronary artery heart disease; HBP, high blood pressure;

BMI, body mass index.

The aim of this study, therefore, was to investigate whether
sST2-related gene polymorphisms are associated with increased
sST2 concentrations and higher risk of AD.

MATERIALS AND METHODS

Participants
The overall study design is shown in Figure 1. This study
included AD patients and controls who had visited Anzhen
Hospital, Beijing, China, between January 2017 and January 2019.
The study comprised a discovery stage including participants
from January 2017 to August 2017 and a validation stage
including participants from September 2017 to January 2019.
All patients who were referred to the surgical service for the
evaluation and management of AD were included. All patients
with AD had image information from echocardiograms and
computed tomography to confirm the final diagnosis. The
diagnosis of AD was based on the detection of intimal flaps in the
aorta (16). The Stanford classification was applied to determine
the types of AD. With this classification system, type A AD is
defined as an intimal tear involving the ascending aorta, whereas
type B AD is not (17). Patients were excluded if they met any
of the following criteria: (a) received packed red blood cells,
whole blood, or platelets fewer than 10 days before the blood
sample was taken; (b) aortic trauma; (c)with active cancer; and
(d) entered the hospital for checkups after surgery or undergone
open or endovascular treatment in temporal proximity fewer
than 1 year. A patient’s aorta was considered aneurysmal when
its diameter was >1.5 times the normal diameter, based on
the patient’s sex, age, and body size. The acute phase, subacute
phase, and chronic phase are defined as occurring within 2
weeks, 2 weeks to 2 months, and more than 2 months after the
onset of initial symptoms, respectively. We defined the thoracic
aorta as the portion of the vessel located above the diaphragm,
including the ascending aorta, the aortic arch, and the descending
thoracic aorta, and we defined the abdominal aorta as the
portion of the vessel located below the diaphragm, including
the suprarenal and infrarenal segments. Malperfusion syndromes
were subclassified as (1) coronary: ischemic electrocardiographic
changes, elevation of troponin levels, and regional wall motion
abnormalities on echocardiography; (2) hepatic: increased liver
enzymes; (3) mesenteric: abdominal tenderness, bowel paralysis,
lactate acidosis; (4) renal: decreased urine output and increased
creatinine; (5) nervous system: transient ischemic attack, stroke,
paraplegia/paraparesis, limb (loss of pulses, clinical signs of limb
ischemia). The degree of aortic injury was defined based on
previous studies, including in situ aortic and distal aorta injury.
Severely involved aortic root type: (a) the diameter of the aortic
sinus was between 35 and 50mm with severe disruption of the
sinotubular junction, (b) the diameter of the aortic sinus was
50mm or greater, and (c) severe aortic insufficiency. Severely
involved in the distal aorta are the following (dependent upon
the extent and extension of aortic dissection extending beyond
the ascending aorta and arch): (a) the primary tear located in the
transverse arch or the descending aorta; (b) aneurysm formation
in the aortic arch or the distal aorta (>40mm); (c) involvement,
aneurysm formation, and occlusion of the brachiocephalic artery;
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FIGURE 1 | Overall study design. (A) Work flow of the selection subjects for the discovery stage. (B) Work flow of the selection subjects for the validation stage. (C)

Selection of tag SNPs. AD, aortic dissection; SNP, single-nucleotide polymorphism. *The SNP screening design is shown in (C).
†
See Supplementary Materials for

system review details.

(d) Marfan syndrome; (e) or sleeve-like striping. Mild involved
type is when the primary tear was located in the ascending aorta
without the above characteristics (18).

Controls were participants without aortic diseases who
underwent routine annual health checks and who had a blood
sample saved at the hospital. Controls without aortic dissection

were selected from potentially eligible subjects who had chest or
abdominal images admitted during the same period. They were

excluded from the study if they met any of the following criteria:

(a) received packed red blood cells, whole blood, or platelets

fewer than 10 days before the blood sample was taken; (b) with

aortic trauma, aortic aneurysm, other aortic disease or family
history of aortic disease; and (c) active cancer. In the discovery

stage, a subset of healthy controls was then randomly selected

from the database, matched 1:1 with the selected cases by age (3

years), sex, and geographic region.
None of the subjects were related to each other, and all

provided written informed consent for study participation.
Baseline characteristics of the subjects were collected from
medical records and confirmed by the study physicians. The
height and weight of the patients were measured directly
or self-reported, and body mass index (BMI) was calculated.

The study included eligible patients from the DPANDA aortic
aneurysm and/or dissection registry study at Anzhen Hospital
(NCT03233087 in clinicaltrials.gov). This study was approved by
the Beijing Anzhen Hospital Ethics Review Board.

Tag Single-Nucleotide Polymorphisms
Selection and Genotyping
All reported genes related to sST2 concentrations were identified
from a systematic review (see details in Supplementary Text 1;
Supplementary Text 2; Supplementary Table 1;
Supplementary Figure 1). Polymorphisms around the eight
candidate loci (IL1RL1, IL1RL2, IL1R1, IL18R1, IL18RAP,
SLC9A2, SLC9A4, and SH3YL1) drawn from the 1000
Genomes Project (Han Chinese in Beijing, China, https://
www.internationalgenome.org) were analyzed with Haploview
(v4.1, Broad Institute, Boston, MA, USA). Markers were selected
from the genomic region of each locus, including 5 kb up-
and downstream of the coding region. Following filtering of
the marker set to exclude rare alleles (minor allele frequency
<0.05), the tagger algorithm was used to select markers from
the 1,000 Genomes Project database. This identified a set of
SNPs that efficiently captured genetic variation at each locus
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so that all untyped variants had a high correlation (R2
> 0.8)

with one member of the typed set. If there is a linkage balance
between SNPs in the same gene in the screening process, the
reported SNPs will be preferred. Genotyping results were tested
for Hardy–Weinberg equilibrium. Nineteen of 21 SNPs did not
deviate significantly from the Hardy–Weinberg equilibrium
(p > 0.001), so they were included in the subsequent analysis
(Supplementary Table 2).

DNA from whole blood was isolated using a commercial
DNA isolation kit (BioTeKe Corporation, Beijing, China).
Genotyping was performed by mass spectrometry (Massarray
System 4; Agena Inc., San Diego, CA, USA). Polymerase
chain reaction (PCR) and detection primers were designed
using the MassARRAY Assay Design software (Sequenom).
The DNA samples were amplified by multiplex PCR reactions.
The terminator nucleotides were desalted and added into a
384-element SpectroCHIP array. Then, allele detection was
performed using a time-of-flight (MALDI-TOF) SpectroReader
mass spectrometer (Sequenom). Last, the mass spectrograms
were analyzed for peak identification using the Typer Analyzer
software (Sequenom), and for quality control, the missing
genotype rate of each SNP was set to lower than 10%.

sST2 Measurements
Plasma samples were collected from subjects at admission and
stored at −80◦C. Circulating sST2 was measured using a DuoSet
ELISA kit (DY523B-05; R&D Systems, Minneapolis, MN, USA)
according to the instructions of the manufacturer (19–21). The
limit of detection for sST2 was 0.019 ng/ml, with a mean intra-
assay coefficient of variation of <6.0% and mean inter-assay
coefficient of variation of <9.5%. Detailed procedures as well as
the comparison between assay methods for sST2 are described in
Supplementary Text 3.

Statistical Analyses
Continuous variables in the patients’ information were expressed
as mean [standard deviation (SD)] or median (interquartile
range) for skewed variables (e.g., sST2). The two-sample t-
test was used to compare continuous variables (log-transformed
where appropriate). Categorical variables were presented as
counts and percentages, and differences were assessed using
the χ2 test or Fisher’s exact test. Soluble ST2 concentrations
were log-transformed because of their right-skewed distribution.
Associations of genetic variants and sST2 concentrations
were tested using linear regression under an additive genetic
model. Bonferroni correction was used for multiple comparison
adjustments of the p-values. Analyses were performed using
Stata version 15.1 (Stata Corp, College Station, TX, USA)
and Haploview version 4.2 (Daly Lab, Cambridge, MA,
USA) software.

RESULTS

Study Populations
This study included 899 AD patients and 1,378 controls. The
discovery stage included 435 AD patients and 435 controls
from Anzhen Hospital in China between January 2017 and

August 2017, whereas the validation study included 464 type
A AD patients and 943 controls recruited between September
2017 and January 2019 (Figure 1; Supplementary Text 4;
Supplementary Figures 2, 3). sST2 concentrations were
measured in 632 AD patients with plasma available. Baseline
characteristics of all participants are shown inTable 1. Compared
with controls, AD patients had a significantly higher body mass
index (BMI; 25.56 ± 3.67 vs. 24.52 ± 3.16 in the discovery stage,
and 25.99 ± 3.62 vs. 23.68 ± 3.27 in the validation stage; both p
< 0.05), significantly more were smokers (42.8 vs. 27.1% in the
discovery stage and 44.0 vs. 19.5% in the validation stage; both
p < 0.05), and had significantly more frequent hypertension
(68.7 vs. 21.4% in the discovery stage and 71.6 vs. 18.6% in
the validation stage; both p < 0.05). sST2 levels were elevated
at 34.63 ng/ml (median, IQR: 15.85–74.90) in the patients
with AD compared with 8.09 ng/ml in controls (median, IQR:
6.18–10.70) in the discovery stage, and 53.64 ng/ml (median,
IQR: 25.03–120.08) in the patients with type A AD compared
with 7.98 ng/ml (median, IQR: 5.87–10.16) in controls in the
validation stage. No other differences were observed between the
two groups. Among the 899 AD patients, there were 652(72.5%)
patients with type A aortic dissection and 247 (27.5%) patients
with type B.

Selection of Single-Nucleotide
Polymorphisms With Soluble ST2
Concentrations in Control and Aortic
Dissection
The association of these 19 SNPs with sST2 concentrations was
reported in the discovery stage of the study. Of these SNPs, 15
located in seven genes (rs1921622, rs3821204, rs6751967, and
rs12712135 in IL1RL1; rs887971 and rs1558650 in IL18RAP;
rs4241211, rs4851608, rs1468788, and rs11692304 in SLC9A4;
rs3771172 and rs2241116 in IL18R1; rs13019803 in IL1R1;
rs17775170 in SLC9A2; and rs2241132 in IL1RL2) were shown
to be significantly associated with sST2 concentration in controls
(p < 0.0026; Supplementary Table 3).

The genotype distribution of the 19 SNPs and chi-square
analysis in the discovery stage is shown in Table 2. In controls,
the C allele of rs13019803 (located in IL1R1) accounted for 82.4%,
and the T allele accounted for 17.6%. In patients with AD, the
C allele accounted for 88.0% and the T allele for 12.0%. The T
allele of rs13019803, referring to the reverse strand, represents
the alternative (minor) allele for this SNP. rs13019803 (located
in IL1R1) was significantly associated with AD (p = 9.30E−04),
even after a conservative Bonferroni adjustment (p < 0.0026).

Association of rs13019803 With Soluble
ST2 Concentration in Aortic Dissection
Patients
In the discovery stage, sST2 concentrations were measured in
173 type A AD patients and 169 type B AD patients. For all
AD patients, rs13019803C is related to the sST2 level [beta(95%
CI) = 0.106 (−0.006–0.219), p = 0.064]. Compared with type
A AD, type B AD does not involve the ascending aorta and is
less dangerous (22). We separately analyzed type A and type
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TABLE 1 | Summary of participant characteristics.

Discovery stage Validation stage

Controls

(n = 435)

AD patients

(n = 435)

Controls

(n = 943)

Type A AD patients

(n = 464)

Age 48.88 (11.91) 48.95 (12.01) 42.56 (12.11) 50.03 (11.78)*

Sex (male) 330 (75.9%) 330 (75.9%) 474 (50.3%) 361 (77.8%)*

Smoke (current) 118 (27.1%) 186 (42.8%)* 184 (19.5%) 204 (44.0%)*

Diabetes (yes) 18 (4.1%) 24 (5.5%) 26 (2.8%) 21 (4.5%)

Hypertension

(yes)

93 (21.4%) 299 (68.7%)* 175 (18.6%) 332 (71.6%)*

BMI (kg/m2 ) 24.52 (3.16) 25.56 (3.67)* 23.68 (3.27) 25.99 (3.62)*

CAD (yes) 26 (6.0%) 34 (7.8%) 33 (3.5%) 38 (8.2%)*

Hyperlipidemia (yes) 88 (20.2%) 77 (17.7%) 204 (21.6%) 90 (19.4%)

sST2 (ng/ml) 8.09 (6.18,10.70) 34.63 (15.85,74.90)*a 7.98 (5.87,10.16) 53.64 (25.03, 120.08)*b

Log-sST2 0.90 (0.18) 1.55 (0.49)*a 0.88 (0.18) 1.73 (0.48)*b

*p < 0.05.
aOnly 342 AD patients in the discovery stage had sST2 concentrations measured with plasma available.
bOnly 290 type A AD patients in the validation stage had sST2 concentrations measured with plasma available.

AD, aortic dissection; BMI, body mass index; CAD, coronary artery disease.

TABLE 2 | Genotype distribution and chi-square analysis in the discovery stage.

SNP Gene Major

allele/minor allele

Controls

(N = 435)a
AD patients

(N = 435)a
p-value*

rs13019803 IL1R1 C/T 0.176 0.120 9.30E−04

rs2241132 IL1RL2 C/A 0.300 0.272 0.200

rs4988958 IL1RL1 T/C 0.131 0.154 0.175

rs11692304 SLC9A4 G/A 0.181 0.203 0.262

rs6751967 IL1RL1 T/C 0.133 0.151 0.283

rs2241116 IL18R1 C/A 0.179 0.174 0.784

rs3917296 IL1R1 A/G 0.152 0.174 0.209

rs3917254 IL1R1 G/A 0.236 0.201 0.077

rs1468788 SLC9A4 C/T 0.223 0.202 0.279

rs887971 IL18RAP T/C 0.321 0.293 0.222

rs4851608 SLC9A4 C/T 0.320 0.315 0.836

rs4241211 SLC9A4 T/G 0.439 0.445 0.805

rs10167431 IL1RL2 C/T 0.338 0.352 0.565

rs1921622 IL1RL1 G/A 0.366 0.354 0.597

rs17775170 SLC9A2 G/A 0.181 0.174 0.690

rs3771172 IL18R1 C/T 0.306 0.264 0.054

rs3821204 IL1RL1 C/G 0.312 0.275 0.086

rs1558650 IL18RAP T/A 0.459 0.449 0.703

rs12712135 IL1RL1 A/G 0.456 0.485 0.234

*Significant after Bonferroni correction for 19 tests (p < 0.0026).
aMinor allele frequencies.

AD, aortic dissection.

B patients. rs13019803 is only related to the level of sST2 in
patients with type A [beta(95% CI) = 0.180(0.002–0.357), p =

0.048], but not in type B [beta(95% CI) = −0.033 (−0.160–
0.093), p = 0.604]. The correlation between rs13019803 and
sST2 concentration in AAD patients remained significant after
adjusting for confounders [beta(95% CI)= 0.229(0.066–0.393), p

= 0.006] (Table 3). Therefore, only patients with type A AD were
included in the validation cohort.

Overall, a total of 463 among 652 type A AD (AAD)
patients were measured for sST2 concentrations with plasma
available. Patients were divided into two groups according to
the median level of sST2. Patients with acute onset, severe chest
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TABLE 3 | rs13019803 associated with sST2 concentrations in AD patients in the

discovery stage.

Beta (95% CI)a p-valuea

Discovery (N = 342)

Model 1 0.106 (−0.006,0.219) 0.064

Model 2 0.126 (0.016,0.236) 0.025

Model 3 0.132 (0.031,0.234) 0.010

Type A (N = 173)

Model 1 0.180 (0.002,0.357) 0.048

Model 2 0.189 (0.012,0.366) 0.036

Model 3 0.229 (0.066,0.393) 0.006

Type B (N = 169)

Model 1 −0.033 (−0.160, 0.093) 0.604

Model 2 −0.031 (−0.151, 0.089) 0.607

Model 3 −0.020 (−0.130,0.091) 0.725

aLinear regression for log-sST2.

Model 1: Unadjusted.

Model 2: Adjusted age, sex, BMI, hypertension, hyperlipidemia, diabetes, smoking, and

cardiovascular disease.

Model 3: Adjusted age, sex, BMI, hypertension, hyperlipidemia, diabetes, smoking,

cardiovascular disease, and acuity.

and back pain, malperfusion, and severe distal aorta injury have
higher sST2 levels (p < 0.05; Supplementary Table 4). Then,
we added the analysis after adjusting the above variables to the
discovery stage. In the discovery stage, the correlation between
rs13019803 and sST2 concentration in AAD patients remained
significant after adjusting for confounders (age, sex, BMI,
hypertension, hyperlipidemia, diabetes, smoking, cardiovascular
disease, acute, abrupt onset pain, severely involved distal aorta,
and pre-operative presence of malperfusion) [beta(95% CI) =
0.198(0.042–0.353), p = 0.013] (Supplementary Table 5). In the
validation stage, for each additional copy of the C-allele, log-sST2
was increased by 0.139 (95% CI: 0.022–0.257) in AAD patients.
Overall, for each additional copy of the C-allele, log-sST2 was
increased by 0.151 (95% CI: 0.054–0.248) in AAD patients.
After adjusting for the confounding factors in AAD patients, the
correlation between rs13019803 and sST2 concentration in AAD
patients remained significant [0.141 (95% CI: 0.055–0.227), p =

0.001] (Table 4).

Association of rs13019803 With Type A
Aortic Dissection Risk
We investigated the association of the SNPs rs13019803 and risk
of AAD according to three regression models (Table 5). In the
validation stage, for each additional C allele of rs13019803, the
odds ratio (OR) of AAD was 1.35 (95% CI: 1.08–1.68; p= 0.007).
Furthermore, this association remained significant after adjusting
for age, sex, BMI, coronary artery disease (CAD), hypertension,
diabetes, and hyperlipidemia (OR = 1.42; 95% CI: 1.09–1.85; p
= 0.010). Overall, the OR of AAD was 1.54 (95% CI: 1.27–1.86;
p = 1.1E−5) for each additional C allele of rs13019803. This
association remained significant after adjusting for confounding
factors (OR = 1.67; 95% CI: 1.33–2.09; p= 1.0E−5). The
genotype of rs13019803 distribution was not associated with

TABLE 4 | Association rs13019803C between sST2 in type A AD patients (N =

463).

Model Beta (95% CI)a p-valuea

Validation Model 1 0.139 (0.022, 0.257) 0.020

Model 2 0.133 (0.014, 0.252) 0.029

Model 3 0.113 (0.008, 0.217) 0.035

Combined Model 1 0.151 (0.054, 0.248) 0.002

Model 2 0.155 (0.057, 0.252) 0.002

Model 3 0.141 (0.055, 0.227) 0.001

aLinear regression for log-sST2.

Model 1: Unadjusted.

Model 2: Adjusted age, sex, BMI, hypertension, hyperlipidemia, diabetes, smoking, and

cardiovascular disease.

Model 3: Adjusted age, sex, BMI, hypertension, hyperlipidemia, diabetes, smoking,

cardiovascular disease, acute, abrupt onset pain, severely involved distal aorta, and

pre-operative presence of malperfusion.

TABLE 5 | Odds ratio of rs13019803 on the risk of type A AD.

Model OR (95% CI)* p-value

Discoverya Model 1 2.37 (1.57, 3.59) 3.9E−5

Model 2 2.37 (1.57, 3.58) 4.2E−5

Model 3 2.97 (1.82, 4.84) 1.2E−5

Validation Model 1 1.35 (1.08,1.68) 0.007

Model 2 1.34 (1.06,1.69) 0.015

Model 3 1.42 (1.09,1.85) 0.010

Combined Model 1 1.54 (1.27,1.86) 1.1E−5

Model 2 1.52 (1.25,1.86) 2.8E−5

Model 3 1.67 (1.33,2.09) 1.0E−5

*C allele is risk allele.
aOnly type A AD patients included.

Model 1: Unadjusted.

Model 2: Adjusted age, sex.

Model 3: Adjusted age, sex, BMI, hypertension, hyperlipidemia, diabetes, smoking, and

cardiovascular disease.

OR, odds ratio; CI, confidence interval.

confounding factors of AAD patients (p > 0.05), but with
sST2 level (p < 0.05) (Supplementary Table 6). In addition, we
performed a subgroup analysis with or without hypertension.
The results showed that rs13019803 was associated with the
risk of AD in patients with and without hypertension [OR
(95% CI) = 1.71 (1.26–2.33), p = 0.001 with hypertension; OR
(95% CI) = 1.59 (1.13–2.23), p = 0.007 without hypertension]
(Supplementary Table 7).

DISCUSSION

In this study, we analyzed the relationship between ST2-related
genes and circulating sST2 concentrations or AD. The C allele of
IL1R1 rs13019803 was associated with increased circulating sST2
concentrations and risk of AAD.

Genetic variation was verified to affect sST2 levels. In five
independent GWAS studies, it was found that multiple SNPs in
a 1M area near IL1RL1 were related to ST2 concentration (p <
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5 × 10−8) (23–27). Our results in controls are consistent with
those of other studies. In molecular studies, IL1RL1 missense
mutation-induced ST2 expression directly affects the ST2L signal
and regulates ST2 promoter activity. Variants of IL1RL1 can also
increase the expression of sST2 by inducing the expression of
IL-33 and IL1-β, and enhancing the reactivity of IL-33 (23).
In this study, we found that the C allele of rs13019803 is
not only associated with sST2 concentration in healthy people
but also with high sST2 concentration in patients with aortic
dissection. The MAF of rs13019803 is 0.162 in Anzhen hospital
population, which is nearly the same with that of the CHB
population [T = 29 (14.1%) vs. 740 (16.2%), p = 0.407] (Han
Chinese in Beijing, China, https://www.internationalgenome.
org).

We found that rs13019803 was associated with sST2 level in
patients, independent of patients characters. Before the onset
of AD, ST2-related gene variations may contribute to disease
development by increasing ST2 production at transcriptional
and translational levels (28, 29). The long-term accumulation
of ST2 from genetic variations may induce inflammatory
reactions of the aorta and systemic blood vessels, leading to
severe vascular injury in patients with high ST2 level (10,
30–32). Soluble ST2 concentration may be affected by the
expression of ST2-related genes, which is driven by genetic
variation under stress conditions in AD patients and finally
leads to the difference of sST2 level in patients (33). There
is a significantly positive correlation between rs13019803 and
serum sST2 in type A AD; however, it showed no correlation
in type B AD. Compared with type A AD, type B AD does
not involve the ascending aorta and has less hemodynamic
stress (22). This indicates that there may be differences for
underlining pathophysiology between type A and type B. The
level of sST2 could be differently regulated by hemodynamics
between type A and type B. ST2-related genes are attractive
candidates for AD risk. Soluble ST2 acts as a decoy receptor
for IL-33 and inhibits IL-33/ST2L signaling, thus, blocking
its protective effect. sST2 may be involved in the occurrence
and expansion of AD through injury and inflammation of
smooth muscle cells (34). Variants in these genes are associated
with a range of diseases risk (23, 35) and are involved in a
variety of progressive diseases including CAD, hypertension,
and asthma (28, 36). The long-term accumulation of ST2
from genetic variations may induce inflammatory reactions of
the aorta and systemic blood vessels, leading to blood vessel
damage in the smooth muscle cells of individuals without
AD (10).

This study investigated 21 SNPs in seven ST2-related genes,
but only rs13019803 in IL1R1 was found to be associated
with AAD. Rs13019803 is located in the intron region. In the
Framingham study, rs13019803 is the top 10 SNP in the GWAS
study with the concentration of sST2 and is the most strongly
associated with sST2 in IL1R1 gene (23). In GTEx studies, it

is located in the 3
′

-promoter flaking region of the gene, which
may regulate the expression of this gene region. Rs13019803 is
not only related to the concentration of sST2 but also to the
regulation of IL1R1 and IL18 gene expression (37, 38). This SNP

was not found to be related to other phenotypes other than sST2
(39, 40). IL1R1 encodes cytokine receptors belonging to the IL-
1 receptor family, including IL-1α, IL-1β, and IL-33 (41). IL-
1β is a multifunctional proinflammatory cytokine that binds to
the IL1-R receptor on target cells (42). Recent studies reported
that sST2 and IL-1β expression is strongly correlated and that
both systems are associated with inflammation and vascular
smooth muscle cell injury (43–45). Local IL-1β expression
may be involved in AD development by upregulating matrix
metallopeptidase (MMP)-2 and MMP-9 and increasing elastin
fiber breaks (46, 47). IL-18 encoded by IL18 gene may participate
in AD by regulating macrophage differentiation and inducing
SMC apoptosis induced by macrophages (48). Therefore, the
genetic variation of rs13019803 may affect the whole IL1 axis,
not only the role of sST2. Although rs13019803C showed an
increased risk of AD accompanied by high levels of sST2 in
the AD group, further studies are needed to determine whether
IL1β or other factors are involved in the effect of IL1R1
on AD.

Accumulating evidence supports the conclusion that sST2 is a
biomarker of vascular health with diagnostic and/or prognostic
value in various cardiovascular diseases, including coronary
artery disease, myocardial infarction, atherosclerosis, giant-cell
arteritis, acute aortic dissection, and ischemic stroke (10).
Genetic variations may affect the development and prognosis
of cardiovascular diseases by regulating sST2 production. ST2-
related genes may have the value of being added to the polygenic
detection panel of AD risk. However, these IL1R1 variants should
still be interpreted with caution because recent studies suggest
that a small number of potentially causal genetic findings can
be selected for return into clinical practice (49). Nonetheless,
molecular studies can help clarify the causative role of identified
variants (50). Our findings suggest that genetic variations of
biomarkers for acute elevation might also have potential value
in disease. This finding also provides a possible explanation for
patients with similar disease severity, but the level of circulating
sST2 is of variety.

This study demonstrates that genetic polymorphisms affect
plasma sST2 levels and AD risk. The findings of this study will
help to explain the difference in circulating sST2 levels after onset
of disease and early identification of high-risk patients. However,
this study also has potential limitations. First, it was a single-
center study with a relatively small sample size at the discovery
stage, so may lack the ability to detect SNPs with small effects
and/or low MAF. Second, the mechanisms by which genes affect
sST2 concentrations are still not fully understood. Therefore,
there is a clear need for further studies to better understand the
underlying molecular mechanisms.

In conclusion, IL1R1 variation is related to sST2 levels and
AAD risk. This SNP is located in an intron and, therefore, is
unlikely to be functional itself, but it may be in LD with a yet
to be identified functional locus. This study supports the notion
that ST2-related genes, in particular, the IL1R1 gene, might play
a role in AD etiology and development. Further research is
needed to confirm whether it can be used for patient screening
and stratification.
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Insufficient recommendations do not support the clinical use of carotid ultrasonography

for further risk stratification in moderate-to-high risk patients with cardiovascular disease

(CVD). A literature review was performed to assess six aspects of the research

progress and limitations of carotid ultrasonography and carotid atherosclerosis-related

risk factors: (1) structures of the carotid intima and media; (2) plaques; (3) inflammation;

(4) dynamics of carotid blood flow; (5) early detection and intervention; and (6) risk

factors for CVD. Although carotid intima-media thickness and carotid plaques are

well-acknowledged independent predictors of CVD risk, normative and cut-off values

are difficult to define due to the heterogeneous measurements reported in previous

studies. Plaque properties, including location, number, density, and size, become more

important risk predictors for cardiovascular disease, but a better approach for clinical use

needs to be further established. Three-dimensional ultrasound and contrast-enhanced

ultrasound are promising for promoting risk stratification with more details on plaque

morphology. Moreover, inflammatory diseases and biomarkers should be evaluated for a

full assessment of the inflammatory burden for atherosclerosis. Carotid flow velocity is not

only an indicator for stenosis but also a potential risk predictor. Carotid atherosclerosis

should be detected and treated early, and additional clinical trials are needed to determine

the efficacy of these measures in reducing CVD risk. Cardiovascular risk factors tend

to affect carotid plaques, and early treat-to-target therapy might yield clinical benefits.

Based on the aforementioned six aspects, we consider that these six important factors

act like a “SPIDER” spinning the web of atherosclerosis; a timely comprehensive

assessment and intervention may halt the progression to CVD. Carotid ultrasound

results should be combined with other atherosclerotic factors, and a comprehensive risk

assessment may help to guide cardiovascular prevention decisions.

Keywords: carotid ultrasonography, carotid intima-media thickness, carotid plaque, cardiovascular risk

prediction, cardiovascular risk factors

Subject terms: ultrasound, atherosclerosis, vascular disease, cardiovascular disease, peripheral vascular disease.
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BACKGROUND

Carotid ultrasonography is a non-invasive, non-radioactive
and reproducible imaging method used to detect carotid
atherosclerosis and screen high-risk patients for cardiovascular
disease (CVD). The carotid intima-media thickness (CIMT)
is recommended to be measured in asymptomatic patients at
intermediate risk for further risk stratification (1). However,
the inconsistency in cut-off values and additive values used
in cardiovascular risk prediction models limit the clinical
application of CIMT (2, 3). Although carotid plaques are
independently associated with an increased CVD risk and are
recommended to be screened in patients with diabetes for
a cardiovascular risk evaluation, the current method used to
detect the presence of carotid plaques does not comprehensively
consider their morphological properties (4–6). Furthermore,
evidence that early carotid atherosclerosis interventions are
beneficial is lacking (1). Despite the large body of research, no
individual parameters of carotid ultrasonography are sufficient
for determining an accurate prediction of the cardiovascular risk
in asymptomatic patients. Insufficient recommendations limit
the clinical use of carotid ultrasonography for cardiovascular
risk evaluations as a primary preventative measure. A recent
review focusing on the usefulness of carotid ultrasonography
for risk stratification of cerebral and cardiovascular disease
suggests the need to consider various aspects of carotid
ultrasound imaging (7). In addition to carotid ultrasonography
itself, there are other atherosclerotic factors affecting carotid
atherosclerosis and cardiovascular events. Hence, we further
propose a combination of carotid ultrasound, clinical condition,
and laboratory tests to comprehensively evaluate the future risk
of CVD.

In this review, we summarize the research progress, predictive
value and limitations of carotid ultrasonography in determining
the structure of the carotid intima andmedia, plaques and carotid
flow velocity, and discuss other carotid atherosclerotic factors,
including inflammation, early detection and intervention, and
traditional CVD risk factors. A comprehensive cardiovascular
assessment based on carotid ultrasonography with other
atherosclerotic factors is important for risk stratification and
medical decisions.

DIRECT PARAMETERS OF CAROTID
ULTRASONOGRAPHY

Structures of the Carotid Intima and Media
CIMT
An abnormal increase in CIMT reflects the progression of carotid
atherosclerosis, which is detected clearly by ultrasound. The
CIMT has been suggested to be an independent predictor of
the risk of incident CVD in most studies (8–10). Moreover, a
slower CIMT progression caused by therapeutic intervention
could predict the degree of CVD risk prediction (11). It is
measured between the lumen-intima and the media-adventitia
interfaces at the far wall of carotid arteries on ultrasound images,

which show an obvious “double-line” sign. Changes in the intima
and media have been further specified, as the intima layer is
thicker and the media layer is thinner in patients with CVD than
in healthy subjects (12). There were relatively few small-scale
cross-sectional studies calculating the age-specific normal value
of CIMT in healthy individuals, but the measurement methods
and normative value of CIMTwere not identical (13, 14). To date,
a stable normative value for CVD risk prediction has not yet been
defined (2).

The CIMT measurements, endpoint events and cut-off values
for the CIMT used in large population-based prospective studies
are summarized in Table 1. The discrepancies between studies
concern five aspects: (1) the sites of CIMT measurement;
(2) the CIMT parameters used for statistical analysis; (3)
the endpoints of each study; (4) whether carotid plaques
are included; and (5) the cut-off values used for predicting
CVD risk.

Most studies measured the CIMT at the far wall of bilateral
common carotid arteries (CCAs), but some studies measured the
CIMT at both the near and far walls, at the carotid bifurcations
(BIFs) and internal carotid arteries (ICAs), or only at the right
CCA; measurements were recorded at three different angles or
were repeated three times. The maximal CCA-IMT (18); the
mean maximal CIMT (5, 9, 15, 20, 24, 26); the mean CIMT
normalized by the IMT of the bilateral CCAs, BIFs, and ICAs
(8); and the mean CCA-IMT and ICA-IMT of the bilateral
carotid arteries (10, 17, 22, 25, 26) have been separately used
for establishing distinct risk prediction models. For example,
Chambless et al. (8) defined the mean CIMT as the average of the
bilateral CCA-IMT, BIF-IMT, and ICA-IMT, while Baldassarre et
al. (25) and O’Leary et al. (9) reported different values for the
mean CIMT of the bilateral CCAs and ICAs.

Growing evidence suggests that CIMT can predict CVD risk
partly because of the inclusion of plaques (22), which might
magnify the measurement of the IMT and elicit false positive
associations with CVD risk. Studies have reported the mean
CCA-IMT, excluding plaques, but did not identify an association
between the CCA-IMT and risk of incident CVD (22, 26, 29).
Another source of heterogeneity was the arbitrary cut-off value
used to predict the risk of the cardiovascular endpoints. For
instance, the top quintile of the mean CCA-IMT was 1.18mm
in the Cardiovascular Health Study (9), while the top quintile of
the mean CCA-IMT was 0.805mm in the three-city study (22).
Such heterogeneity might affect the comparison and synthesis of
CIMT results.

The consensus for the use of carotid ultrasound to evaluate
CVD risk and identify subclinical vascular disease issued by the
American Society of Echocardiography (ASE) in 2008 established
a standard method for CIMT assessment. It is categorized
into four parts: (1) a cross-sectional scan for an overview of
the arterial wall structure; (2) a Doppler ultrasound scan for
identifying significant stenosis; (3) three-angle scans (anterior,
lateral, and posterior) for the identification and description of
plaques at the near and far walls of bilateral CCAs, bulbs, and
ICAs; and (4) three-angle images of the “double line” sign for
CIMT measurements, with the distal 1 cm of each CCA gated
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TABLE 1 | Prospective studies with a large general population that assessed the association between carotid intima-media thickness (CIMT) and cardiovascular risk.

Study Year Sample

size

Age (years) Follow-up Measurements Primary endpoints Hazard ratio* (95% CI)

KIHD (5) 1991 1,288 42–60 1 month−2.5 years Mean of the maximal CCA-IMT, far wall,

bilateral, three repeated measures,

mineralized plaque not included

AMI 2.17 (1.08–4.26) per 0.1 mm

ARIC (8) 1997 12,841 45–64 Median 5.2 years Mean CIMT of CCA + BIF + ICA, far wall,

bilateral

MI, CHD death IMT ≥ 1 mm: women: 5.07 (3.08–8.36), men: 1.85

(1.28–2.69);

The third tertile vs. the first tertile: women: 6.69

(3.01–14.89), men: 2.88 (1.91–4.34)

CHS (9) 1999 4,476 72.5 ± 5.5 Median 6.2 years Mean of the maximal CCA/ICA-IMT and

the average CIMT, near and far walls,

bilateral, three repeated measures for ICA,

focal plaque included

MI, stroke Relative risk per 1 SD increase: CCA-IMT: 1.27

(1.17–1.38); ICA-IMT: 1.30 (1.20–1.41); average IMT:

1.36 (1.25–1.47);

The top quintile vs. the bottom quintile: CCA-IMT: 2.22

(1.58–3.13); ICA-IMT: 2.47 (1.59–3.85); average IMT:

3.15 (2.19–4.52)

Rotterdam study

(15)

2004 6,389 69.3 ± 9.2 7–10 years Mean of the maximal CCA-IMT, near and

far walls, bilateral

MI IMT ≥ 1.12 mm: 1.95 (1.19–3.19)

MDCS (16) 2005 5,163 45–64 Median 7 years CCA-IMT, far wall, right MI, IHD IMT per 1SD increase: 1.23 (1.07–1.41);

The top quintile vs. the bottom quintile: 2.76 (1.05–7.25)

CAPS (17) 2006 5,056 50.1 ± 13.1 Mean 4.2 years Mean CCA/BIF/ICA-IMT, far wall, bilateral MI, stroke, death IMT per 1 SD increase: CCA: 1.17 (1.08–1.26); BIF: 1.14

(1.05–1.24); ICA: 1.09 (1.01–1.18);

The top quartile vs. the bottom quartile: CCA: 1.85

(1.09–1.35); BIF: 1.27 (0.80–1.99); ICA: 1.25 (0.84–1.86)

EAS (18) 2007 1,007 69.4 ± 5.6 12 years Maximal CCA -IMT, far wall, bilateral MI, angina, stroke, IC Odd ratios for MI/stoke with IMT ≥ 0.9 mm: 1.59

(1.07–2.37)

Tromsø study

(19)

2007 6,226 55–74 Mean 5.4 years Mean CCA-IMT and mean IMT, near and

far walls for the CCA and far walls for the

carotid bulb, right, plaque included

MI Relative risk: the top quartile vs. the bottom quartile: 1.73

(0.98–3.06) for men and 2.86 (1.07–7.65) for women

CCCC (20) 2008 2,190 ≥35 Median 10.5 years Mean of the maximal CCA-IMT, far wall,

bilateral

MI, CHD death,

revascularization

Relative risk for CHD: IMT per 1 SD increase: 1.38

(1.12–1.70)

Cournot et al.

(21)

2009 2,561 51.6 ± 10.5 Median 6 years Mean CCA-IMT, far wall, bilateral, 3 times,

plaque not included

AMI, angina, cardiac

death, sudden death

IMT > 0.63: 2.26 (1.35–3.79)

Three-city study

(22)

2011 5,895 73.3 ± 4.9 Median 5.4 years Mean CCA-IMT, far wall, bilateral, plaque

not included

MI, angina, CHD death,

revascularization

IMT per 1SD increase: 0.8–1.1;

The top quintile vs. the bottom quintile: 0.8 (0.5–1.2)

Framingham

offspring study

(23)

2011 2,965 58 ± 10 Average 7.2 years Mean CCA-IMT and maximal ICA-IMT, far

wall, bilateral, end-diastole, plaque not

included

MI, angina, HF, CHD

death, stroke, IC

IMT per 1 SD increase: CCA: 1.13 (1.02–1.24); ICA: 1.21

(1.13–1.29); IMT per 1mm increase: CCA: 2.46

(1.18–5.13) ICA: 1.26 (1.16–1.36)

FATE (24) 2011 1,574 49.4 ± 9.9 Mean 7.2 years Mean of the maximum CCA-IMT, far wall,

right, at least 3 repeated measures

MI, RSCA,

revascularization, SVD

IMT per 1 SD increase: 1.45 (1.15–1.83)

IMPROVE (25) 2012 3,703 Mean 64.2 Median 36.2 months Mean and maximal CCA/BIF/ICA-IMT, far

wall, bilateral, 3 angles, plaque included

MI, angina, HF, SCD,

stroke, IC,

revascularization

Mean IMT per 1SD increase: CCA: 1.31 (1.14–1.49); BIF:

1.24 (1.08–1.44); ICA: 1.27 (1.11–1.44);

Maximal IMT per 1SD increase: CCA: 1.27 (1.12–1.44);

BIF 1.26 (1.08–1.46); ICA: 1.30 (1.14–1.50)

MESA (26) 2012 1,330 63.8 ± 9.5 Median 7.6 years Mean of the maximal CCA-IMT, far wall,

right, plaque excluded

MI, angina, CHD death,

RSCA, revascularization

IMT per 1 SD increase: 1.17 (0.95–1.45)

(Continued)
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FIGURE 1 | A single-angle cross-sectional scan of the near wall and far wall

CIMT of the left CCA. To better show the distinction between the near wall and

far wall of common carotid artery, we choose the cross section. The far wall

CIMT of a 50-year-old Chinese man is 0.8mm in (A), while the near wall CIMT

of a 41-year-old Chinese man is thicker (1.3mm) than the far wall CIMT in (B).

by the optimized R-wave (4). The accuracy of far-wall CCA-IMT
measurements has been validated by the absence of a significant
difference from in vitro specimens (30), while the near-wall
measurements are less accurate due to liable artifacts. Three-
angle scans of the CCAs help prevent an irregular CIMT from
being inadequately evaluated without considering the near-wall
CIMT. For instance, the far-wall CIMT of a 50-year-old man is
clearly measured to be 0.8 millimeters (mm) in Figure 1A, while
the CIMT of another 41-year-old man was significantly thicker,
measuring 1.3mm at the near wall in Figure 1B. In addition to
CCA-IMT, significantly thicker CIMT values at carotid bulbs and
ICAs should not be neglected, especially in patients with normal
CCA-IMT values, to avoid underestimations of cardiovascular
risk. The Mannheim CIMT and Plaque Consensus states that
CIMT can be assessed at carotid bulbs and ICAs (31). A CIMT
≥75th percentile after adjusting for the patient’s age, ethnicity,
and sex is recommended as an indication of an increased
CVD risk.

A comprehensive meta-analysis of 16 prospective studies
performed by the PROG-IMT collaboration revealed a positive
association between the mean CCA-CIMT and a 16% increase
in cardiovascular risk but no association between CIMT
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progression and cardiovascular events (32); moreover, the
identification of meaningful normative values is difficult due to
the substantial heterogeneity in the percentiles of CIMT reported
across studies (2). In addition, another meta-analysis challenged
the additive value of CIMT, as it showed only a 0.8% net
reclassification improvement (NRI) after it was added to the 10-
year Framingham risk score (FRS)-based risk prediction model
(3). The challenge to the predictive value of CIMT progression
and the additive value of CIMT to the FRS reduce the priority to
measure the CIMT in cardiovascular risk assessments (33, 34).
Interestingly, recent research using two cohorts with 20,862
participants from the ARIC study and the CHS study revealed
a significantly positive association between CIMT and sudden
cardiac death (SCD) during at least 13.1 years of follow-up
(27). The long-term predictive value of CIMT for SCD may be
better than the unsatisfactory predictive ability of 10-year total
cardiovascular risk.

In short, far-wall CIMT is a useful independent predictor for
CVD risk, with good reproducibility and accuracy. Due to the
heterogeneity of CIMT measurements, CIMT results must be
combined with other atherosclerotic markers instead of using
carotid ultrasound alone (18, 35). Furthermore, the lifetime
predictive value of the CIMT in young adults is worth exploring,
regardless of whether the 10-year risk predictive value is low.

Carotid Artery Diameters
The CCA diameter, which is affected by the CIMT and carotid
plaques, increases in individuals with carotid atherosclerosis
and is measured transversely at a plaque-free site (36). An
increased carotid lumen diameter was demonstrated to be
associated with increased all-cause mortality (37), but its
correlation with incident cardiovascular disease was uncertain.
The interadventitia CCA diameter (ICCAD) is easier to detect
than the lumen diameter, and an increase in the ICCAD exhibits
additive predictive value for composite cardiovascular events
(25). A meta-analysis of four cohort studies also reported that
patients with a CCA diameter >8mm had a higher risk of
total CVD than patients with a diameter <7mm (38). However,
direct evidence that the ICCAD or the CCA diameter predicts
the risk of coronary heart disease is unavailable (38). Carotid
artery diameters represent the structural and functional changes
induced by atherosclerosis and may be associated with an
increased cardiovascular risk. Carotid arterial diameters should
not be neglected in risk assessments.

Plaques
The Presence of Carotid Plaques
In people aged 30–79 years, the global prevalence of an increased
CIMT is estimated to be 27.6% and the global prevalence of
the presence of carotid plaques is estimated to be 21.1% in
2020. The percent increase in both an increased CIMT and the
presence of carotid plaques is >50% in 2020 (39). The carotid
atherosclerotic burden is significantly increased worldwide.
Accumulating evidence from prospective studies has identified
the presence of carotid plaques as a strong independent CVD risk
factor, with significant additive value for risk prediction models
(10, 40). Carotid plaques are defined as having a focal thickness

that is at least 50% greater than that of the surrounding wall
or a focal thickness distinct from the adjacent boundary greater
than 1.5mm, with protrusion into the lumen, which easily occurs
at carotid bulbs. Carotid plaques are classified into three grades
according to the up-to-date recommendations for the assessment
of carotid arterial plaque by ultrasound from ASE: grade I is
defined as protuberant plaques with CIMT <1.5mm, grade II
as either protuberant or diffuse plaques with CIMT ≥1.5mm
but <2.5mm, and grade III as either protuberant or diffuse
plaques with CIMT ≥2.5mm (41). Plaques are recommended
to be detected at both the near and far walls of bilateral CCA,
carotid bulb and ICA segments, and the presence of carotid
plaques after adjustment for the patient’s age, sex, and ethnicity
implicates an increased CVD risk (4, 42). Carotid atherosclerosis
including carotid plaques is a strong cardiovascular predictor,
even among patients with previous myocardial infarction or
previous stroke (43).

A summary of the large prospective studies on the association
between carotid plaques and CVD risk is shown in Table 2.
Heterogeneity in plaque measurements mainly exists due to
heterogeneity in three aspects: (1) the site at which plaques are
detected; (2) the parameters of interest for plaques; and (3)
the definition of plaques. Most of the studies detected plaques
at bilateral CCAs, carotid bulbs, and ICAs (15). A few studies
detected carotid plaques in the bilateral CCAs and bulbs (5),
bilateral CCAs and ICAs (19, 21), and only the right carotid
arteries (16).

The parameters of interest for carotid plaques also varied
across studies. Despite the presence of plaques, most studies
chose plaque scores to predict the risk (16, 18, 20, 36), while some
studies collected data on plaque echogenicity, plaque texture,
plaque surface, and plaque area (9, 19, 29). In addition, early
studies defined plaques as a focal area with protrusion into
the lumen without a cut-off standard for CIMT, which might
lead to overestimations of the predictive value of CIMT. The
heterogeneity of plaque parameters also increased the difficulty of
identifying a stable cut-off value for plaque number or properties
to predict the cardiovascular risk. Uniform quantification of
carotid plaques may help to better establish the cut-off value for
parameters of carotid plaques in cardiovascular risk prediction.

Plaque Scores
Various scoring systems with satisfactory predictive ability
have been developed to quantitatively measure carotid plaques
(Table 3). In the Rotterdam study, the plaque score was
computed as the total number of sites where plaques occurred
in bilateral CCAs, BIFs, and ICAs, with a total score of 6 points
(15). A similar score was calculated for the near and far walls
of the bilateral CCAs, BIFs, and ICAs, with a total score of 12
points, in the MESA study (46). Plaque scores reflecting the
severity of plaques in carotid arteries also showed a significant
association with cardiovascular events (16, 20). Handa et al. (48)
reported an algorithm that calculated the sum of the bilateral
maximal thickness of each plaque in four segments, which was
associated with the severity of coronary artery lesions (50). Prati
et al. (49) established a scoring system consisting of four parts:
the degree of stenosis, echogenicity, heterogeneity of the texture,
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TABLE 2 | Prospective studies with a large general population that assessed the association between carotid plaques and cardiovascular risk.

Study Year Sample

size

Age (years) Follow-up Measurements Primary endpoints Hazard ratio*

KIHD (5) 1991 1,288 42–60 1 month−2.5 years Bilateral CCAs + carotid bulbs, the presence of plaques, a

focal area with mineralization or protrusion into the lumen

AMI Small plaque: 4.15 (1.15–11.47);

Stenotic plaque†: 6.71 (1.33–33.91)

Rotterdam study

(15)

2004 6,389 69.3 ± 9.2 At least 7 years Bilateral CCAs + carotid bulbs + ICAs, the presence of

plaques and plaque score, a focal area with protrusion into

the lumen

MI Plaque score ≥ 3 points: 1.38 (1.27–2.62)

MDCS (16) 2005 5,163 45–64 Median 7 years Right CCA + carotid bulb + ICA + ECA, the presence of

plaques and plaque score, a focal thickening of IMT > 1.2mm

MI, IHD Plaque score per 1 SD increase: 1.39

(1.10–1.78)

CHS (44) 2007 5,020 72.6 ± 5.5 Median 11 years Bilateral CCAs + ICAs, classification of plaques, the largest

focal lesion classified by surface characteristics, echogenicity,

and texture

MI, stroke, cardiovascular

death, all-cause death

High-risk plaque‡: 1.38 (1.14–1.67)

Tromsø study

(19)

2007 6,226 55–74 Mean 5.4 years Bilateral CCAs + carotid bulbs + ICAs, the presence of

plaques + plaque echogenicity (grade 1–4) + plaque area, a

focal area with protrusion into the lumen

MI Relative risk according to plaque area: the

top tertile vs. no plaque: 1.56 (1.04–2.36)

for men;

3.95 (2.16–7.19) for women;

Echogenicity: the bottom tertile vs. no

plaque: 1.08 (0.68–1.70) for men;

2.79 (1.45–5.37) for women

NOMAS (45) 2007 1,118 68 ± 8 Mean 2.7 years Bilateral CCAs + ICAs, the presence of plaques and calcified

plaque, a focal area with protrusion 50% greater than the

surrounding wall and plaques with acoustic shadowing were

calcified

MI, stroke, vascular

death

Calcified plaques vs. no plaque: 2.4

(1.0–5.8)

NOMAS (6) 2008 2,189 68 ± 10 Mean 6.9 years Bilateral CCAs + BIFs + ICAs, MCPT, a focal area with

protrusion 50% greater than the surrounding wall

MI, stroke, vascular

death

MCPT ≥ 1.9mm vs. no plaque: 1.48

(1.05–2.10);

CCCC (20) 2008 2,190 ≥35 Median 10.5 years Bilateral CCAs + carotid bulbs + ICAs + ECAs, the severity

of plaque score

MI, CHD death,

revascularization

Relative risk for CHD: 1.15 (1.07–1.24) per

1 increase in plaque score

Cournot et al.

(21)

2009 2,561 51.6 ± 10.5 Median 6 years Bilateral CCAs + ICAs, the presence of plaques, a focal area

with hyperechogenicity or protrusion into the lumen

AMI, angina, cardiac

death, sudden death

2.81 (1.84–4.29)

Three-city study

(22)

2011 5,895 73.3 ± 4.9 Median 5.4 years Bilateral CCAs + BIFs + ICAs, the presence of plaques, a

focal area with protrusion into the lumen for at least 50%

greater than the surrounding vessel wall

MI, angina, CHD death,

PCI, CABG

Plaques at ≥ 2 sites vs. no plaque: 2.2

(1.6–3.1)

Framingham

offspring study

(23)

2011 2,965 58 ± 10 Average 7.2 years Bilateral ICA, the presence of plaques, an area of IMT ≥

1.5mm

MI, angina, CHD death,

stroke, IC, HF

1.92 (1.49–2.47)

MESA (10) 2013 6,562 61.1 ± 10.2 Mean 7.8 years Bilateral CCAs + BIFs + ICAs, the presence of plaques, a

focal area with protrusion into the lumen

MI, angina, CHD death,

RSCA

1.45 (1.20–1.76)

High-risk plaque

BioImage (29)

2017 5,808 Average 69 Median 2.7 years Bilateral carotid arteries, MCPT and total plaque area (mm2 ),

a focal protrusion ≥ 0.5mm or 50% of the surrounding wall;

or IMT > 1.5mm

MI, stroke, cardiovascular

death

The top tertile vs. the bottom tertile:

MCPT: 1.96 (0.91–4.25);

Total plaque area: 2.36 (1.13–4.92)

MESA (46) 2017 4,955 61.6 ± 10.1 Median 11.3 years Bilateral CCAs + BIFs + ICAs, plaque score, a focal

thickness of IMT > 1.5mm or > 50% of the surrounding wall

MI, angina, CHD death,

RSCA, stroke

Plaque score per 1 SD increase: 1.27

(1.16–1.40)

MESA (47) 2018 2,706 65.4 ± 9.6 Mean 13.3 years Bilateral CCAs + BIFs + ICAs, plaque score and total plaque

score and greyscale plaque features

MI, angina, CHD death,

RSCA, stroke

Total plaque area per 1 SD increase: 1.23

(1.11, 1.36); carotid plaque score per 1 SD

increase: 1.33 (1.18–1.49)

(Continued)
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and surface characteristics of each plaque. These quantitative
plaque scoring systems are considered to improve the evaluation
of plaque severity and future cardiovascular risk.

Plaque Properties
Plaque properties, including the thickness, area, echogenicity
and surface characteristics, have attracted the attention of an
increasing number of researchers. Rundek et al. measured the
maximal carotid plaque thickness, and values greater than the
75th percentile were associated with a 1.48-fold higher risk of
combined vascular events (6). In addition, the plaque area also
predicts the risks of myocardial infarction (MI), stroke, and
cardiovascular death, which are significantly higher in females
than in males (19, 29, 47). Carotid plaques are categorized
as hyper-echo, low-echo, mixed-echo, and ulcer plaques based
on the level of echogenicity (Figure 2). The echogenicity of
plaques is positively associated with the density and stability
of carotid plaques. Ulcer plaques are more unstable and have
a rough surface. Cao et al. (44) defined high-risk plaques
as plaques with markedly irregular or ulcerated surfaces or
hypodense or heterogeneous plaques that occupy 50% of the total
plaque volume, which were related to a 1.38-fold greater risk of
composite CVD events. Patients with calcified carotid plaques
exhibiting high echogenicity also had a notably higher risk of
combined cardiovascular events than patients without plaques
(45). In the Circulatory Risk Communities Study, heterogeneous
plaques correlated positively with increased risk of total stroke,
ischemic stroke, lacunar infarction, coronary artery disease, and
total cardiovascular disease. In addition, patients with markedly
irregular or ulcerated plaques had a significantly higher risk
for coronary artery disease and total cardiovascular disease
but not stroke (28). Recording plaque location, thickness, area,
and number is recommended for a more precise description
of carotid plaques (31). Plaque properties are associated with
CVD risk, but additional scientific evidence must be obtained
for validation.

Plaque identification by carotid ultrasound is largely
based on two-dimensional ultrasound, which cannot display
the original three-dimensional structure of carotid plaques.
Three-dimensional ultrasound has a wider dynamic scale for
measurement of the progression of the plaque area and CIMT
(32), which is too small to be detected by a two-dimensional
scan. A more accurate measurement of plaque morphology
by either single-region or full-vessel protocols by using three-
dimensional ultrasound has been recently recommended for the
assessment of carotid arterial plaque by ultrasound from ASE.
Three-dimensional ultrasound is capable of measuring a specific
lesion in all planes, which can avoid missing height or area when
it is out of plane by two-dimensional ultrasound imaging (41).
A prospective study demonstrated that a three-dimensional
plaque volume <0.09mL can better identify patients with a low
risk of coronary artery disease than a two-dimensional plaque
thickness <1.35mm (51). Additionally, 1-year progression
of total plaque volume is reported to independently predict
cardiovascular events (52). Contrast-enhanced ultrasound is also
a novel technology that allows visualization of carotid intraplaque
neovascularization and evaluation of carotid plaque vulnerability,
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TABLE 3 | Differences between the carotid plaque scoring systems.

Study Scoring system

Rotterdam study

(15) and MESA

(46)

The sum of the sites with plaque in (the near and far walls of) the CCA, BIF, and ICA

MDCS (16) A scale dependent on the severity of BIF: 0 = normal; 1 = one small plaque (<10 mm2 ); 2 = small plaques ≥2; 3 = one large plaque (>10 mm2 ); 4

= one large plaque plus small plaques; 5 = large plaques ≥2 or one plaque with stenosis >50% or circumferent

CCCC (20) The total grade of each CCA, carotid bulb, ICA and ECA bilaterally: grade 0 = normal; 1= one small plaque (stenosis: <30%); 2 = one medium plaque

(stenosis: 30–49%) or multiple small plaques; 3 = one large plaque (stenosis: 50–99%) or multiple plaques with medium plaque ≥1; 4 = occlusion

Handa et al. (48) The sum of the bilateral maximal thickness of each plaque in the area from the ICA < 15mm proximal to the BIF region to the CCA >30mm proximal

to the BIF region.

Prati et al. (49) The total score of four parameters: (1) stenosis ≥40% = 1; (2) echogenicity from low (1) to high (3); (3) heterogeneous texture with complex echo

pattern = 1; and (4) irregular surface = 1. In addition, the plaque with the highest score was analyzed.

BIF, carotid bifurcation; CCA, common carotid artery, CCCC, the Chin-Shan Community Cardiovascular Cohort Study; ECA, external carotid artery; ICA, internal carotid artery; MDCS,

the Malmo Diet and Cancer Study; MESA, the Multi-Ethnic Study of Atherosclerosis; mm, millimeter.

FIGURE 2 | Ultrasound images of hyper-echo (A), low-echo (B), mixed-echo

(C), and ulcer plaques (D) at the carotid bulbs.

and an increased carotid intraplaque neovascularization score is
a strong predictor for significant coronary artery disease, with
high sensitivity and specificity (53, 54). Superb microvascular
imaging ultrasound without contrast is a novel technology using
an algorithm to remove clutter and motion wall artifacts under
the condition of low-velocity blood flow, and seems to detect
carotid intraplaque neovascularization accurately comparable to
contrast-enhanced ultrasound (55). Plaque properties obtained
by three-dimensional ultrasound, contrast-enhanced ultrasound,
and superb microvascular imaging appear to be powerful tools of
cardiovascular risk assessment in clinical use, but further studies
are necessary to validate precise and practical parameters.

In summary, carotid plaques are more powerful risk
predictors than CIMT and should be reported in combination
with CIMT (4). For high-risk patients with diabetes whose
stratification of CVD risk may be underestimated by traditional
risk assessments, carotid plaques should be measured for risk
stratification (34).

Dynamics of Carotid Blood Flow
Carotid Flow Velocity
Carotid flow velocity, specifically peak-systolic velocity (PSV), as
measured by gray-scale or Doppler ultrasound, is always used to
classify ICA stenosis. For instance, a PSV ≥125 cm/s indicates
ICA stenosis rate ≥50%, while a PSV ≥230 cm/s indicates >80%
ICA stenosis. When the ICA stenosis rate is >90%, PSV is
undetectable (56). However, the predictive ability of carotid flow
velocity remains unclear. A large follow-up study measured end
diastolic velocity (EDV), which was reported to be associated
with ischemic stroke. Patients with a low EDV and high IMT
exhibited a 2.10-fold higher risk of ischemic stroke than patients
with a high EDV and low IMT. However, the predictive value
of a low EDV for coronary events has not been validated (57).
Another cohort study of patients with hypertension revealed a
higher risk of composite cardiovascular events that was related to
a PSV/systolic carotid artery diameter < 85.7 s, which provided
additive value for risk prediction models (58). Additional studies
should be conducted to confirm the association between carotid
flow velocity and the risk of coronary heart disease. Carotid
flow velocity should not be merely considered as a stratification
standard for diameter stenosis.

Shear Stress of Carotid Artery Wall
The disrupted and turbulent flow at the stenosis location may
promote carotid plaque formation. An asymmetrical distribution
of CIMT is closely correlated with hemodynamic changes across
the carotid artery, and the highest CIMT was reported to be
located at the posteromedial wall of the bifurcation and internal
carotid segments and the anterolateral wall of the common
carotid segment (59). The maximum wall shear stress appears at
the peak of carotid plaques, while the minimum wall shear stress
was reported to be located at the place after passing of the peak,
which was lower than non-stenotic areas (60). The reduction in
carotid endothelial shear stress with age was also an independent
predictor of carotid plaque development (61). Goudot et al.
suggested that a combination of maximal wall shear stress at
the peak of carotid plaque and shear wave elastography texture
predicted vulnerable carotid plaques with good performance
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(62). However, there is no reference value of shear stress for
vascular evaluation in clinical practice. Additionally, perivascular
adipose tissue also participates in carotid plaque formation
induced by disturbed flow in ApoE−/− mice which may be
mediated by focal inflammation attenuation (63). Haberka and
Gasior provided a novel index of the perivascular adipose index,
carotid extra-media thickness (EMT), and found that EMT
was positively associated with cardiometabolic risk factors (64).
Detection of perivascular adipose tissue by the combination
of inflammatory markers and imaging for cardiovascular risk
prediction requires further struggles.

EARLY DETECTION AND INTERVENTION

CIMT is recommended to be measured in intermediate-
risk adults for additional risk stratification. However, whether
the early detection of carotid atherosclerosis is beneficial for
improving clinical outcomes remains uncertain. There is no
strong evidence that suggests the need for therapies for abnormal
CIMT (1). Whether extra measures for the early detection and
treatment of carotid atherosclerosis are needed is a key question.

A recent randomized controlled study compared the FRS
between patients who were informed of their carotid ultrasound
results and patients who did not receive their results, and a
significant decrease in the FRS from baseline to the 1-year
follow-up was unexpectedly observed in the intervention group.
Thus, an awareness of subclinical carotid atherosclerosis is
beneficial for reducing cardiovascular risk, whichmight originate
from improved compliance with medication and lifestyle
modifications (65). In addition, a treat-to-target approach
for CVD risk factors, including lifestyle interventions and
medications, contributed to slower CIMT progression and
lower morbidity related to cardiovascular events compared to
usual care in patients with rheumatoid arthritis who did not
present with CVD (66). However, in elderly patients with
type 2 diabetes and coronary artery disease, the CIMT of
patients without identified carotid plaques was reduced by a 1-
year exercise training program (67). These studies stressed the
importance of early detection and intervention for subclinical
carotid atherosclerosis. Carotid ultrasonography may also help
to evaluate cerebrovascular and cardiovascular risk without
unnecessary invasive examination in low-risk patients with
infectious disease, including human immunodeficiency infection
and COVID-19 (68, 69). Hence, an early alarm and intervention
based on carotid ultrasound results might prevent irreversible
outcomes of carotid plaques or established CVD.

CARDIOVASCULAR RISK FACTORS
RELATED TO CAROTID
ATHEROSCLEROSIS

Inflammation
Inflammation plays an important role in carotid atherosclerosis.
The CIMT and presence of carotid plaques are positively
correlated with systematic inflammatory diseases and chronic
inflammation (70, 71). Patients with chronic inflammatory

disease are at increased risk of cardiovascular events. This is
the case for rheumatoid arthritis, the prototype of a chronic
inflammatory disease, which is associated with accelerated
atherosclerosis (72). Interestingly, several studies have revealed
that both CIMT (73) and the presence of carotid plaques (74) are
strong predictors of future cardiovascular events in patients with
rheumatoid arthritis. Furthermore, carotid ultrasound, as well
as other surrogate markers, better identifies rheumatoid arthritis
patients with a very high risk of cardiovascular disease than well-
defined risk chart algorithms, such as the Systematic Coronary
Risk Assessment (SCORE) (75, 76). Moreover, inflammatory
intermediate monocytes are reported to correlate strongly with
CIMT (77). A proteomic analysis also revealed that CIMTmainly
correlates with chemotaxis-related proteins rather than other
inflammatory proteins (78). According to the Canakinumab
Anti-inflammatory Thrombosis Outcome study (CANTOS), the
administration of anti-inflammatory therapy reveals a close
association between inflammation and cardiovascular disease
(79). An increased inflammatory burden should be carefully
considered when carotid ultrasound results are interpreted.

Traditional Inflammatory Markers
High-sensitivity C-reactive protein (hsCRP) and serum amyloid
A (SAA) are two of the classic acute-phase proteins that have been
proven to be independent cardiovascular risk predictors (26, 35).
A large asymptomatic cohort revealed a positive association
of hsCRP and SAA with the risk for carotid atherosclerotic
progression (80). Interestingly, high hsCRP levels predict CVD
mortality only in patients with severe atherosclerosis but not
in patients with atherosclerosis (44). In addition to hsCRP,
other traditional inflammatory markers including fibrinogen
and leukocyte counts were demonstrated to be independently
associated with the progression of CIMT (81).

Cytokines, Chemokines, and Other Novel

Inflammatory Factors
A recent systematic review provided a summary of high-risk
carotid plaque-related inflammatory cytokines (interleukin-6,
interleukin-1β, tumor necrosis factor-α, etc.), chemokines
(monocyte chemotactic protein-1, MCP-1), endothelial and cell
adhesion factors (intracellular adhesion molecule-1, vascular cell
adhesion molecules-1, and selectins), proteolysis factors (matrix
metalloproteinases), metabolic biomarkers (lipids, adipokines,
homocysteine, etc.), angiogenic markers (vascular endothelial
growth factor), and thrombotic biomarkers (plasminogen
activator inhibitor-1) (82). Among these serum biomarkers,
interleukin 6 was also demonstrated to further increase the
predictive capacity, accompanied by the presence of carotid
plaques, for obstructive coronary artery disease (83). Other
serum inflammatory markers play an important role in both
carotid and coronary atherosclerosis. Neopterin, an activation
biomarker for monocytes/macrophages, is positively associated
with both complex carotid plaques and coronary artery disease
(84, 85). High lipoprotein-associated phospholipase A2 (Lp-
PLA2), correlated with a high risk of coronary artery disease, is
significantly associated with the symptomatic status of carotid
plaques (86, 87). Fatty acid binding protein 4, an important
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inflammatory protein also participating in macrophage
cholesterol trafficking, is positively correlated with carotid
plaques and stroke symptoms and clearly predicts the risk of
cardiovascular mortality (88, 89). Local inflammation of carotid
atherosclerosis can be assessed by 2-deoxy-2-[18F]fluoro-D-
glucose positron emission tomography/computed tomography
(18F-FDG PET/CT) and the expression inflammatory markers
at carotid plaque lesions (86). A high level of galectin 3, a
novel vascular inflammatory marker, is a strong predictor of
heart failure and poor cardiovascular outcome (90). However,
a low intraplaque concentration of galectin-3 is associated
with symptomatic and unstable carotid plaques, which can be
reversed by short-term statin treatment (91). Serum complement
complex C5b-C9 was also an independent risk factor for unstable
carotid plaques in patients with acute ischemic stroke (92),
whereas the relationship between complement C3 and carotid
plaques was controversial in patients with systematic lupus
erythematosus (93, 94). Some activated T and B cells, including
CD33+HLA-DR+ T cells, CD19+CD86+ B cells, CD20+CD69+

T cells, and CD16+ monocytes, were also found to be associated
with CIMT, carotid plaques, and the severity of stenosis (95).

Furthermore, moderate doses of statins have been shown to
decrease MCP-1 levels followed by CIMT regression, indicating
that anti-inflammatory drugs reverse carotid atherosclerosis
(96). Therefore, inflammation should be simultaneously assessed
with carotid ultrasound for comprehensive evaluations of
cardiovascular risk.

Risk Factors for CVD
High-Density Lipoprotein
A low high-density lipoprotein cholesterol (HDL-C) level is well-
acknowledged to be associated with high cardiovascular risk,
and is also associated with elevated CIMT and carotid plaque
burden (97). An elevation in HDL-C levels was shown to be
correlated with a reduction in carotid plaque growth in patients
with preexisting carotid plaques (98). With the advancement
of HDL quality studies, other HDL-related metrics were also
found to be associated with carotid atherosclerosis. El Khoudary
et al. reported that higher large HDL particles via ion-mobility
were associated with higher CIMT close to menopause but
with lower CIMT in the postmenopausal period (99). Moreover,
HDL2-C was positively associated with carotid plaque thickness,
while HDL3-C was inversely associated with carotid plaque area
(100). The relationship between protein components in HDL
and carotid atherosclerosis was also investigated. Aroner et al.
found that HDL containing apoC-III was positively associated
with carotid plaque score, while HDL lacking apoC-III was
negatively associated with carotid plaque score and CIMT, which
supported the role of apoC-III in HDL in carotid atherosclerosis
(101). Surprisingly, Shea et al. reported that HDL-mediated
cholesterol efflux capacity was positively associated with carotid
plaque progression, but negatively associated with incident hard
CVD based on cross-sectional analysis (102). The correlation
between HDL function and carotid atherosclerosis requires
further investigation. Non-HDL-C, calculated as total cholesterol
minus HDL-C, and the non-HDL-C/HDL-C ratio were also
cardiovascular risk factors positively associated with carotid

atherosclerosis (103, 104). In total, HDL-related metrics were
important variables for cardiovascular risk prediction and the
evaluation of carotid atherosclerosis.

Low-Density Lipoprotein
Low-density lipoprotein cholesterol (LDL-C) is a strong
predictor for both cerebrovascular events and cardiovascular
events, and the recommended target of LDL-C becomes lower
in order to reduce residual risk (105). A greater possibility
of a higher carotid plaque score was demonstrated to be
related to an increase in LDL-C within 1 year of the
final menstrual period, which might be associated with an
elevation of cardiovascular risk for postmenopausal women
(106). Furthermore, an increased circulating oxidized LDL-C was
significantly associated with a higher risk of 10-year progression
of subclinical carotid plaques (107). However, a targeted LDL-
C level of <70 mg/dL did not reduce the incidence of newly
diagnosed carotid plaque compared to a higher LDL-C target
in patients with ischemic stroke (108). Therefore, early target
control of LDL-C before the incidence of atherosclerotic events
is more beneficial in cardiovascular prevention.

Diabetes
Diabetes is one of the strongest risk factors for both carotid
atherosclerosis and CVD, and the detection of carotid plaque
is recommended in diabetic high-risk patients (39, 109). The
presence of echogenic carotid plaques, compared to that of
echolucent and heterogeneous plaques, was demonstrated to be
a stronger predictor for incident major adverse cardiovascular
events in patients with type 2 diabetes (110). Patients with type 1
diabetes also had a higher proportion of echogenic and calcified
plaques than subjects without type 1 diabetes (111). Furthermore,
the frequency of carotid plaques was increased in patients with
latent autoimmune diabetes in adults (LADA) compared to type
1 and type 2 diabetes, which was also increased with increasing
diabetes duration in LADA (112). For diabetic complications,
obesity, renal function decline, and diabetic retinopathy were
investigated to be positively associated with the presence of
carotid plaques (113–115). Therefore, carotid ultrasonography is
necessary for the evaluation of vascular complications as well as
the risk of cardiovascular events.

Hypertension
Hypertension is an important traditional risk factor, and
antihypertensive targeted therapy is protective against
cardiovascular events (116). Both high systolic and diastolic
blood pressure at age 40 were demonstrated to be associated
with carotid plaque burden late midlife (117). Additionally,
carotid plaque score and CIMT were demonstrated to be
potent predictors for stroke, and the former performed
more accurately (118). H-type hypertension, characterized
by hypertension and hyperhomocysteinemia with high
cardio-cerebrovascular risk, was reported to be positively
associated with higher presence of carotid plaques than isolated
systolic hypertension and simple hypercysteinemia (119).
Recently, Ben et al. also found that blood homocysteine levels
in hypertensive patients with hyperhomocysteinemia were
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positively associated with carotid plaque thickness, stenosis
degree, and contrast-enhanced ultrasound quantification, but
negatively associated with shear wave velocity (120). Hence,
carotid ultrasonography is a useful tool for atherosclerotic
evaluation of hypertensive patients.

Unhealthy Lifestyle
An unhealthy lifestyle associated with increased cardiovascular
risk can also promote carotid atherosclerosis. Smoking is one of
the major atherosclerotic factors, and both current and former
smokers were at higher risk of echodense carotid plaques than
never smokers (121). Sedentary behavior is another common
unhealthy lifestyle. A moderate level of physical activity with a
sedentary time ≤3 hours/day was associated with lower odds
of the presence of carotid plaques, but no reduction in carotid
plaque presence by physical activity combined with a sedentary
time >3 hours/day (122). Moreover, a Western dietary pattern,

including higher red meat, sugar intake, and deep-fried products,
was positively associated with higher CIMT in the common
carotid artery, which might contribute to future cardiovascular
risk (123). Poor sleep quality and short sleep time, a universal
phenomenon of menopause, were found to be associated with
higher CIMT and odds of carotid plaques (124). Middle-aged
male shift workers also had higher CIMT and carotid plaque
presence than fixed daytime workers (125). Additionally, sleep
apnea, defined as an apnea-hypopnea index of 15 events per
hour, was associated with an increased presence of carotid plaque
in subjects aged <68 years but not in older adults. Greater
hypoxemia was also associated with increasing carotid intima-
media thickness in younger subjects but not in older adults (126).
Patients with chronic obstructive pulmonary disease had higher
CIMT (127), and lower pulmonary function was associated with
an increased risk of carotid atherosclerosis compared to higher
pulmonary function (128).

FIGURE 3 | The schematic diagram of the impact of inflammation and traditional risk factor on carotid plaque progression and the grading system of carotid plaques.

Traditional inflammatory markers, cytokines, chemokines, adhesion factors, proteolysis factors, and other novel inflammatory factors, in combination with traditional

risk factors promotes elevated carotid plaque grade and unstable carotid plaques. According to Recommendations for the Assessment of Carotid Arterial Plaque by

Ultrasound from the American Society of Echocardiography in 2020 (41), the carotid plaque grade was classified into 4 levels: grade 0 (no plaques with CIMT

<1.5mm), grade 1 (protuberant CIMT < 1.5mm), grade 2 (protuberant or diffuse CIMT between 1.5 and 2.4mm), and grade 3 (protuberant or diffuse CIMT

≥2.5mm). The ultrasound characteristics of unstable carotid plaques includes low echogenic plaques, ulcer plaques, and thrombosis. CIMT, carotid intima-media

thickness; HDL, high-density lipoprotein; hsCRP, hypersensitive C reactive protein; ICAM-1, intercellular cell adhesion molecule-1; IL-6, interleukin-6; IL-1β,

interleukin-1 beta; LDL, low-density lipoprotein; MCP, monocyte chemotactic protein-1; MMP, matrix metallopeptidase; TNF-α, tumor necrosis factor-alpha; VCAM-1,

vascular cell adhesion molecule-1.
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FIGURE 4 | Schematic diagram of the “SPIDER” proposal. The progression of atherosclerosis is similar to a spider spinning a web, and a full consideration of these 6

aspects may help to prevent the progression of atherosclerosis.

Intervention for Traditional Risk Factors
Traditional cardiovascular risk factors, including age, sex,
blood pressure, smoking history, lipid levels, and diabetes,
are independent determinants of the presence of carotid
atherosclerosis (129–131). Previous evidence has shown that
traditional risk factors do not largely contribute to the variance
in CIMT and carotid plaque burden (132, 133). CVD risk
factors have also been reported to partly account for of the
total carotid plaque area and three-dimensional carotid plaque
volume (129, 134). However, an improvement in CVD risk
factors may not reduce carotid plaque progression to a greater
extent than an early increase in the CIMT. As mentioned above,
an early treat-to-target approach for CVD risk factors has been
shown to slow down CIMT progression and reduce the risk
of incident cardiovascular events in a high CIMT population
without prior CVD (66). However, no benefits of exercise training
in terms of CIMT reduction were observed in patients with
established CVD (67). Moreover, in the Study ofWomen’s Health
Across the Nation, a healthier diet score was associated with
a smaller CCA-IMT and CCA adventitial diameter, but it was
not significantly correlated with the presence of carotid plaques
(135). Our previous network meta-analysis also demonstrated
that high-intensity statins and the combination therapy of statins
and ezetimibe were associated with larger CIMT reduction
compared to moderate/low-intensity statins and no statins, but
the evidence for the association between statins and carotid
plaque changes remained insufficient (136). Another population-
based observational study did not observe a correlation between
omega-3 fatty acid consumption and the presence of carotid
plaques (137).

Hence, CVD risk factors interact with carotid atherosclerosis,
and treatments targeting CVD factors may possibly reverse
carotid atherosclerosis in the early phase, but multidisciplinary

efforts are needed for the early prevention of carotid
atherosclerosis progression.

EVALUATION OF CAROTID
ULTRASONOGRAPHY COMBINED WITH
CARDIOVASCULAR RISK FACTORS

The prevalence of carotid atherosclerosis increases with age
(39, 138); thus middle-aged and elderly individuals are at
higher risk of carotid atherosclerosis and CVD than young
adults and may benefit from carotid ultrasound detection.
Inflammatory factors and traditional risk factors have integral
effect on the hemodynamics and vessel dysfunction of carotid
artery, which causes carotid plaque progression and instability
(Figure 3). Additionally, high-risk plaque is not clearly defined,
and lacks evidences for intervention, although it is largely
correlated with cerebrovascular and cardiovascular disease.
Several serum atherosclerotic biomarkers combined with carotid
ultrasonography may assist clinicians in identifying high
cardiovascular risk patients who need intervention (82). When
evaluating the risk of CVD using carotid ultrasonography,
the major problem is the lack of normative values of carotid
ultrasound parameters and the weak combination of carotid
ultrasound results with cardiovascular risk factors in clinical
practice. Based on the comprehensive literature review and
within the context of international guidelines (1, 33, 34, 139), we
propose that atherosclerosis, like a web, is promoted and alarmed
by the “SPIDER” (Figure 4), the name of which originated from
the first letter of the 6 abovementioned aspects. A comprehensive
assessment of combining carotid ultrasonography and other
atherosclerotic factors may halt the progression of atherosclerosis
for cardiovascular prevention.
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CONCLUSION

Carotid ultrasound results should be combined with other
important atherosclerotic factors, and a comprehensive
cardiovascular assessment can better predict CVD risk and guide
primary preventative measures.
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Background: The existing predictionmodels lack the generalized applicability for chronic

heart failure (CHF) readmission. We aimed to develop and validate a widely applicable

nomogram for the prediction of 180-day readmission to the patients.

Methods: We prospectively enrolled 2,980 consecutive patients with CHF from two

hospitals. A nomogram was created to predict 180-day readmission based on the

selected variables. The patients were divided into three datasets for development, internal

validation, and external validation (mean age: 74.2± 14.1, 73.8± 14.2, and 71.0± 11.7

years, respectively; sex: 50.2, 48.8, and 55.2% male, respectively). At baseline, 102

variables were submitted to the least absolute shrinkage and selection operator (Lasso)

regression algorithm for variable selection. The selected variables were processed by

the multivariable Cox proportional hazards regression modeling combined with univariate

analysis and stepwise regression. The model was evaluated by the concordance index

(C-index) and calibration plot. Finally, the nomogramwas provided to visualize the results.

The improvement in the regression model was calculated by the net reclassification index

(NRI) (with tenfold cross-validation and 200 bootstraps).

Results: Among the selected 2,980 patients, 1,696 (56.9%) were readmitted within 180

days, and 1,502 (50.4%) were men. A nomogramwas established by the results of Lasso

regression, univariate analysis, stepwise regression and multivariate Cox regression,

as well as variables with clinical significance. The values of the C-index were 0.75

[95% confidence interval (CI): 0.72–0.79], 0.75 [95% CI: 0.69–0.81], and 0.73 [95%

CI: 0.64–0.83] for the development, internal validation, and external validation datasets,

respectively. Calibration plots were provided for both the internal and external validation

sets. Five variables including history of acute heart failure, emergency department

visit, age, blood urea nitrogen level, and beta blocker usage were considered in the

final prediction model. When adding variables involving hospital discharge way, alcohol

taken and left bundle branch block, the calculated values of NRI demonstrated no

significant improvements.
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Conclusions: A nomogram for the prediction of 180-day readmission of patients

with CHF was developed and validated based on five variables. The proposed

methodology can improve the accurate prediction of patient readmission and have the

wide applications for CHF.

Keywords: chronic heart failure, readmission, hospitalization, nomogram, prediction model

INTRODUCTION

It is well-known that chronic heart failure (CHF) is a systemic
clinical syndrome as well as an endpoint stage of various
cardiovascular diseases with typical symptoms of systolic and/or
diastolic dysfunction. In recent years, existing treatments are
effective in reversing the progression to end-stage disease
among patients diagnosed with CHF; however, the mortality
and readmission rates are still high (1). To better address these
issues, many experts and clinical physicians have committed to
identifying a prognostic model of CHF in its early stages (2).

In developed countries, some physicians in the United States
focus on the 30-day readmission rate (3, 4), thus leading to
the investigation on the readmission rate in patients with CHF
(5), which usually reflects the 30-day all-cause readmission
or cardiovascular outcomes (6). However, the focus varies
in developing countries (7). The existing readmission models
of heart failure (HF) have been established and widely used
in different regions of China, including the standard model
developed by Tan et al. (8) and two models restricted to the
northern cities of China (9, 10). Given the delay in the treatment
of patients, the 180-day readmission time seemsmore suitable for
patients in developing countries (11, 12). Based on these studies,
we can conclude that readmission rates vary from 34.9 to 56.4%,
and most of the state-of-the-art models are derived from single-
center studies consisting of a large sample of patients admitted
in the hospital, which usually lack general applicability in real-
world clinical diagnoses. The objective of this study is to establish
a widely applicable 180-day readmission nomogram for patients
with CHF in North and South China.

MATERIALS AND METHODS

The flowchart of the selection of patients for the multicenter
prospective cohort study is depicted in Figure 1. First, the
collected samples from a medical center of North China were
divided into development and internal validation databases, and
then a nomogram was proposed for the research works. Second,
the models were evaluated by using an interval validation set.
Third, the data provided by a medical center in South China
were used for external validation. Following the steps mentioned
above, it is natural for us to develop effective methods.

Study Population
We selected patients hospitalized for CHF between January
2019 and June 2019 at two centers, where one was a North
China center of HF (Qingdao Central Hospital) and the other
was a South China center of HF (The First Affiliated Hospital

FIGURE 1 | Flowchart of the chronic heart failure prediction model.

of Shantou University Medical College). The patients would
be enrolled if they met the following criteria: patients with
CHF and diagnosed with various etiologies, New York Heart
Association (NYHA) class II–IV, and age >18 years. Moreover,
the exclusion criteria were as follows: planned HF readmission
within 6 months (patients who had hospitalization plan within 6
months were excluded), missing data for the essential variables
and outcomes (patients missing 30% or more variables will be
excluded), severe patients with liver and kidney dysfunction
and/or malignant tumors, and poorer treatment compliance (i.e.,
difficult to follow up). Severe liver dysfunction is defined as an
alanine aminotransferase level more than twice that of normal
or Budd–Chiari grade C. Severe renal dysfunction is defined as
chronic kidney disease stage V. As per the above indicators, the
definitions are provided in further studies.

It should be stressed that this study was approved by the ethics
committee (KY-2018046, No. 2019129) of each chosen hospital
and was also conducted in accordance with the Declaration of
Helsinki (ChiCTR1800019869). Furthermore, the participants
from both hospitals provided informed written consent for
supporting the clinical research studies.

Predictors
In this study, the main predictors include sociodemographics,
clinical characteristics, comorbidities, results of laboratory tests
(blood sample assay), other relevant physical examinations,
medication usages in the hospital and at discharge, and other
treatment measures. In detail, the sociodemographics contain
basic information, such as age, sex, the distance between
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the hospital and residence, length of hospital stay, medical
social insurance status, and other variables associated with
readmission. In addition, we collected some samples in the
progress of treatments, as detailed as possible, and selected
the features that corresponded to the prognosis of the disease.
Among these predictors, comorbidities, complications, and
Charlson comorbidity index (CCI) (13) were recorded for
each patient.

Definitions
The diagnosis of CHF is based on the 2016 ESC Guideline
for HF management, and patients were diagnosed by
two experienced cardiologists in each HF center (1). The
180-day cardiovascular readmission is defined as 180-day
unplanned readmission, registered in the same HF center
as the index hospitalization (when HF worsens, the patients
will be transferred from the community hospital to the
nearest HF center). It should be mentioned that estimated
glomerular filtration rate (eGFR), as a baseline indicator,
reflects the filtration function of the kidney and mortality
due to heart failure with preserved ejection fraction (HFpEF)
(14). In the numerical results, eGFR is calculated by the
Chronic Kidney Disease Epidemiology Collaboration formulas
shown below:

eGFR = 141×min (Cr/k,1)α ×max (Cr/k,1)-1.209×0.993Age×

1.018(Female)×1.159 (Black),

where k = 0.7 (Female) or 0.9 (Male), α= -0.329(Female) or
-0.411 (Male), Cr = plasma creatinine

(mg/dl)

1 mg/dl= 88.4 µmol/l (15).

Model Development Cohorts
The prediction model for CHF can be established according to
the statements in the transparent reporting of a multivariable
prediction model for individual prognosis (TRIPOD) guidelines
(16), where we use the data samples from a prospective cohort
study at the HF center of Qingdao Central Hospital. To satisfy
the study requirements, we identified 2,687 consecutive patients
with HF and then randomly divided them into development and
validation cohorts by virtue of a ratio of 7:3. The development
cohort (comprising 1,883 patients, i.e., 70% of the Qingdao
Central Hospital cohort) was used for the model development.

Model Validation Cohorts
In addition to the internal validation cohorts (comprising
804 patients, i.e., 30% of the Qingdao Central Hospital
cohort), an external validation cohort (comprising 293
patients) was developed from a prospective study at the
First Affiliated Hospital of Medical College in Shantou
University. Based on the development and validation
cohorts, numerical comparisons will be provided by the
proposed methodology.

Outcome
The primary outcome is unplanned HF readmission within 180
days after the first admission for the referred patients. They
are collected from both centers mentioned above, and they
are followed up for 180 days after discharge from the index
admissions. To better track the patients, we adopted the way by
telephoning the interviews and further verified their conditions
by virtue of the hospital system.

Statistical Analysis
We provide the numerical comparisons for the continuous
variables, which are described as the mean ± standard
deviation. Meanwhile, categorical variables are described as
percentages or frequencies. Continuous variables are divided
into categorical variables based on the results of restricted
cubic spline according to data distribution and its clinical
implications and boundaries (Figures 2A–D). Hazard ratios
(HRs) are expressed as 95% confidence interval (CI). The least
absolute shrinkage and selection operator (Lasso) regression-
based mathematical model would be considered to screen
the variables, and the multivariate Cox regression analysis is
presented to generate a prediction model for patients with
CHF. Meanwhile, taking the results of univariate Cox and
stepwise regression into consideration, they are combined with
clinical significance. The improvement of the model is evaluated
by net reclassification improvement (NRI) (17) when adding
variables to the model. The involved variables with missing
values are <30% of the development population, and they are
selected to enter into the Lasso and Cox regression models for
further analysis. To make comparisons, 10-fold cross-validation
operations are presented in the model development set. Finally,
the missing values are imputed through multiple imputation in
the statistical analysis.

In the numerical verification, both internal and external
comparisons are conducted for the desired expectations. The
concordance index (C-index), with 200 bootstrap samples, and
the calibration plot are considered to evaluate the prediction
accuracy as well as test the consistency of the prediction model,
respectively. Besides this, the NRI is provided to compare
the different models in the numerical experiments. All of
the statistical analyses are conducted using SPSS version 25.0
(IBM Corp., Armonk, NY) and the R Project package for
statistical computing (www.cran.r-project.org/version 3.6.1) on a
personal computer.

RESULTS

Baseline Characteristics
A total of 2,980 patients were enrolled between January 2019
and June 2019. The baseline characteristics of the patients are
shown in Table 1. In the entire cohort, 1,696 (56.9%) patients
were readmitted within 180 days. The 180-day readmission rates
were 59.0% (1,112 patients), 54.1% (435 patients), and 51.2% (150
patients) in the development, internal validation, and external
validation cohorts, respectively. The mean ages were 74.2 ±

14.1 years in the development cohort, 73.8 ± 14.2 years in
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FIGURE 2 | (A) Blood urea nitrogen level and 180-day heart failure readmission risk. (B) Age and 180-day heart failure readmission risk. (C) Natural logarithm of

plasma N-terminal pro-B-type natriuretic peptide (LnNT-proBNP) and 180-day heart failure readmission risk. (D) Estimated glomerular filtration rate and 180-day heart

failure readmission risk. We used a three-level classification of BUN, eGFR, and LnNT-proBNP and five-level classification of age according to the results of restricted

cubic spline and clinical meanings.

the internal validation cohort, and 71.0 ± 11.7 years in the
external validation cohort. Male patients accounted for 50.4%
(1,502) of the patients in the entire cohort; 1,345 (45.1%) had
coronary heart disease and 1,795 (60.2%) had a history of acute
heart failure (AHF). The proportion of HFrEF is 31.3%, both in
the development set and internal validation set. In the external

validation set, the rate is 12.9%. Based on previously published
data, patients with HFpEF and patients with HFrEF often have
similar predictors (18). Consequently, they are all included in our
study. We made a collinearity diagnosis of prediction variables at
baseline and excluded the variables with no clinical significance
and correlation coefficient >0.7.
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TABLE 1 | Baseline characteristics of the enrolled patients with CHF.

Characteristic Development set Internal vad External vad P-Value

(n = 1,883) (n = 804) (n = 293)

Age, years (mean ± SD) 74.2 ± 14.1 73.8 ± 14.2 71.0 ± 11.7 0.089

Gender: Male, n (%) 947 (50.2%) 393 (48.8%) 162 (55.2%) 0.169

HFrEF, n (%) 590 (31.3%) 252 (31.3%) 38 (12.9%) <0.01

SBP (mmHg), mean ± SD 148 ± 17 132 ± 7 147 ± 33 <0.01

DBP (mmHg), mean ± SD 81 ± 8 76 ± 2 89 ± 13 <0.01

Remoteness (<5 km), n (%) 1,653 (87.8%) 713 (88.6%) 142 (48.4%) <0.01

Hospital stay (day), mean ± SD 15 ± 5 12 ± 2 5 ± 2 <0.01

CHD, n (%) 898 (47.6%) 376 (46.7%) 71 (24.2%) <0.01

AHF, n (%) 1,204 (63.9%) 484 (60.1%) 107 (36.5%) <0.01

Hypertension, n (%) 1,547 (82.1%) 658 (81.8%) 256 (87.3%) 0.07

Diabetes, n (%) 716 (38.0%) 310 (38.5%) 115 (39.2%) <0.01

Alcohol consumption, n (%) 354 (18.7%) 150 (18.6%) 18 (6.1%) <0.01

Smoker, n (%) 363 (19.2%) 157 (19.5%) 64 (21.8%) 0.433

COPD, n (%) 179 (9.5%) 60 (7.4%) 32 (10.9%) 0.146

Pulmonary infection (not COVID-19), n (%) 220 (11.6%) 81 (10%) 67 (22.8%) <0.01

AF, n (%) 709 (37.6%) 275 (34.2%) 73 (24.9%) <0.01

CCI, mean ± SD 4.0 ± 0.5 4.5 ± 1.5 4.5 ± 0.5 <0.01

Stroke, n (%) 200 (10.6%) 118 (14.6%) 47 (16.0%) 0.076

Hypertensive heart disease, n (%) 805 (42.7%) 318 (39.5%) 85 (29.0%) <0.01

Hyperthyroidism, n (%) 56 (2.9%) 23 (2.8%) 6 (2.0%) 0.07

Hyperkalemia, n (%) 105 (5.5%) 35 (4.3%) 9 (3.0%) 0.292

WBC (*10∧9/L), mean ± SD 6.0 ± 1.02 6.7 ± 0.5 4.2 ± 2.73 0.012

RBC (*10∧12/L), mean ± SD 4.0 ± 0.5 5.2 ± 0.7 4.1 ± 0.2 <0.01

Hemoglobin (g/L), mean ± SD 144 ± 4 127 ± 6 119 ± 19 <0.01

RDW-CV (%) 13.6 ± 1.1 9.9 ± 1.0 16.7 ± 0.8 <0.01

Glucose (mmol/L), mean ± SD 9.6 ± 0.5 4.7 ± 0.1 8.7 ± 3.6 <0.01

Serum sodium (mmol/L), mean ± SD 140 ± 4 142 ± 3 135 ± 7.9 <0.01

Serum potassium (mmol/L), mean ± SD 3.9 ± 0.8 4.3 ± 0.1 4.1 ± 0.1 <0.01

TC (mmol/L), mean ± SD 4.52 ± 1.51 3.75 ± 0.54 1.5 ± 0.3 <0.01

NTproBNP (pg/mL), mean ± SD 8,720 ± 4,914 9,669 ± 9,479 500 <0.01

eGFR (mL/min/1.73 m2), mean ± SD 34 ± 9 57 ± 31 46 ± 3 <0.01

Creatinine (µmol/L), mean ± SD 82 ± 3 203 ± 74 109 ± 4 <0.01

BUN (mmol/L), mean ± SD 12.9 ± 5.5 8.0 ± 0.8 7.2 ± 0.6 <0.01

CysC (mg/L), mean ± SD 0.8 ± 0.1 1.1 ± 0.3 1.31 0.037

UA (µmol/L), mean ± SD 330 ± 117 323 ± 167 382 ± 66 <0.01

Albumin (g/L), mean ± SD 44 ± 7 37 ± 9 32.8 ± 6.9 <0.01

ACEI, n (%) 336 (17.8%) 157 (19.5%) 76 (25.9%) <0.01

ARB, n (%) 962 (51.0%) 403 (50.1%) 106 (36.1%) <0.01

Beta-blocker, n (%) 1,216 (64.5%) 531 (66%) 134 (45.7%) <0.01

Diuretic, n (%) 1,362 (72.3%) 572 (71.1%) 148 (50.5%) <0.01

MRA, n (%) 1,605 (85.2) 683 (84.9%) 127 (43.3%) <0.01

ARNI, n (%) 585 (31%) 244 (30.3%) 12 (4.0%) <0.01

Anti-PLT medication, n (%) 1,193 (63.3%) 537 (66.7%) 77 (26.2%) <0.01

CCB, n (%) 587 (31.1%) 257 (31.9%) 169 (57.6%) <0.01

Antidiabetic drugs, n (%) 578 (30.6%) 243 (30.2%) 88 (30.0%) 0.955

Statin, n (%) 602 (31.9%) 271 (33.7%) 153 (52.2%) <0.01

QRS duration, mean ± SD 97.2 ± 29.1 118.6 ± 17.0 73 ± 7 0.292

LVEDD (mm), mean ± SD 45 ± 5 58 ± 5 53 ± 7 <0.01

ACEI, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; AHF, acute heart failure; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor enkephalinase inhibitor; BUN,

blood urea nitrogen; CCB, calcium channel blockers; CCI, Charlson comorbidity index; CHD, coronary heart disease; COPD, chronic obstructive pulmonary disease; CysC, Cystatin C;

DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; External Vad, external validation set; Glu, fasting glucose; HFrEF, heart failure with reduced ejection fraction;

Hospital stay, length of hospital stay; Internal Vad, internal validation set; LVEDD, Left ventricular end diastolic diameter; MRA, mineralocorticoid receptor antagonist; NT-proBNP, N-

terminal pro brain natriuretic peptide; SBP, systolic blood pressure; RDW-CV, coefficient of variation in red blood cell distribution width; Remoteness, distance of residence from hospital;

TC, total cholesterol; UA, uric acid.
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Lasso and Cox Regression for Model
Development
The model is developed from 102 variables by screening with the
Lasso–Cox regression algorithm. The most prominent advantage
of Lasso regression is that it penalizes the coefficients of all
variables by regression and makes the relatively unimportant
independent variable coefficients zero by the regularization
technique. Therefore, when we use Lasso regression, we have
retained the punitive and inhibited the collinearity. Results of
Lasso regression are shown in Figure 3 [Lasso regression (A) and
cross-validation (B) results].

The five selected variables consisted of AHF, emergency
department visit (emergency), eGFR, N-terminal pro-B-type
natriuretic peptide (NT-proBNP) and blood urea nitrogen (BUN)
level. It supported the proportional risk hypothesis (p > 0.05):
the p-values for AHF, BUN, emergency, eGFR, and NT-proBNP
were 0.77, 0.27, 0.38, 0.79, and 0.88, respectively. They were
identified as independently associated with the 180-day HF
readmission. The results of collinearity diagnosis of the five
selected variables are shown in the Table 2. The variance inflation
factors are all <10, and the five selected factors preserved very
weak multicollinearity.

At the same time, we combined the results with univariate Cox
analysis and stepwise regression to avoid missing variables that
were clinically significant. According to the results of univariate
analysis and stepwise regression, 24 variables were selected from
102 baseline variables, and 24 variables were allocated to five
groups (the group was divided into five groups according to the
Lasso–Cox result) according to the model inclusion principle of
clinical significance (16). In each group, we identified variables
with low correlation. They were age (r = 0.137), β-blocker usage
(r = −0.141), hospital discharge way (r = 0.136), alcohol taken
(r = 0.131), and left bundle branch block (r = 0.097).

NRI (17) was assessed to evaluate the value of adding
the additional clinical variables to the model. NRI showed a
significant improvement: 18.5% (95% CI 10.3% to 24.4%) in
the development set, 8.2% (95% CI 4.2% to 10.9%) in the
internal validation set, and 6.3% (95% CI 2.2% to 7.8%) in
the external validation set when adding variables of age and
β-blocker. The new model (AHF + emergency + BUN +

NT-proBNP + eGFR + age + β-blocker) showed a positive
improvement compared with the old model (AHF + emergency
+ BUN + NT-proBNP + eGFR). However, when adding
variables of hospital discharge way, LBBB, and alcohol taken,
the model suggested a poor improvement: 2.7 (95% CI 0.5% to
3.6%), 2.6 (95% CI 1.8% to 3.8%), and 0.2 (95% CI −0.2% to
0.5%) (Table 3). It means that some CHF patients cannot be
correctly classified.

Considering the Akaike information criterion (19) and
convenience of clinical practice, we finally applied five
variables related to HF readmission. The HRs of age,
AHF, emergency, β-blocker, and BUN are 1.247 (1.180–
1.317, p < 0.01), 3.342 (2.632–4.773, p < 0.01), 1.201
(1.086–1.329, p < 0.01), 0.722 (0.549–0.950, p = 0.02),
and 1.132 (1.045–1.225, p < 0.01), respectively (depicted
in Table 4). The C-index in the development set is
0.75 (95% CI: 0.72–0.79; p < 0.001).

A nomogram is built to visualize the risk of readmission by
using the selected predictors according to the probability values
obtained by Cox regression modeling in the development set
(Figure 4). Firstly, the values of the predictive factors at baseline
were recorded using standard criteria for each patient. Secondly,
the score of the patient for each variable is determined by drawing
a line perpendicular to the top line. Finally, we add the scores of
all selected variables, and the total score is determined by drawing
a corresponding line perpendicular to the bottom line to obtain
the 180-day HF readmission risk. For example, a patient with a
history of emergency admission, with a total of 60 points, has
an 80% risk of 180-day readmission according to the nomogram
of the study. Meanwhile, we developed an interactively dynamic
nomogram online (https://youyueer.shinyapps.io/dynnomapp/).

The validation of the prediction model in the internal
validation set is evaluated by discrimination and calibration.
A calibration plot further shows good fitness with
the actual readmission rates (Supporting Information,
Supplementary Figure 1).

Internal Validation
In order to verify the effectiveness of the nomogram, it
is necessary to predict the 180-day readmission of patients
with CHF. Besides this, we conducted a comprehensive
validation using the internal validation set. The C-index
of the internal validation model is 0.75 (95% CI: 0.69–
0.81). It should be specially noted that the calibration
plot can show good consistency in predicting the 180-day
readmission risk for patients with CHF (Supporting Information,
Supplementary Figure 1).

External Validation
We found that AHF, emergency, eGFR, BUN, and NT-proBNP
were independently associated with the 180-day readmission of
patients with CHF. In order to establish an optimal nomogram
model, the C-index is used to validate the model using the
external validation set. The C-index is 0.73 (95% CI: 0.64–
0.83), indicating that the nomogram could correctly predict
individuals with a 180-day unplanned readmission in the external
validation set.

DISCUSSION

For patients with CHF, an accurate prediction of the readmission
rate will aid in clinical stratification and treatment decision-
making for the development of appropriate diagnosis and
treatment programs and the development of healthcare and
management guidelines for HF. In this study, we established
an easy-to-use nomogram based on easy-to-get clinical variables
and validated in patients in a second hospital (>1,000 km away
from the first hospital). This ensured wide applicability of the
prediction model. This is the first 180-day CHF readmission
model based on data of hospitals in North and South China.
Compared with previous HF readmission models (8–11), we
considered that the lateness of hospitalization in patients with
CHF after discharge and the 180-day readmission are more in
line with the actual situation.
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FIGURE 3 | (A) Results of the Lasso regression. (B) Results of the 10-fold cross-validation. Consequently, five variables were selected for inclusion in the more

concise prediction model within one standard error.
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TABLE 2 | Collinearity diagnosis results of five selected variables.

Variable Tolerance VIF P-Value

AHF 0.395 2.532 <0.01*

BUN 0.726 1.377 <0.01*

Emergency 0.683 1.464 <0.01*

eGFR 0.394 2.538 <0.01*

NT-proBNP 0.505 1.980 <0.01*

AHF, acute heart failure; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration

rate; Emergency, emergency department visit; N-terminal-pro B-type natriuretic peptide;

VIF, variance inflation factor.

*P < 0.01.

TABLE 3 | Net reclassification improvement in CHF patients who had unplanned

readmission in the three patient sets.

Net reclassification improvement in CHF patients

NRI (%)

(AHF +Emergency +

BUN + NT-proBNP +

eGFR + Age +

β-blocker)

NRI (%)

(AHF +Emergency +

BUN + NT-proBNP +

eGFR + Hospital

discharge way + LBBB

+ Alcohol taken)

Training set

(AHF + Emergency +

BUN + NTproBNP +

eGFR)

18.5 2.7

Internal Vad

(AHF + Emergency +

BUN + NTproBNP +

eGFR)

8.2 2.6

External Vad

(AHF + Emergency +

BUN + NTproBNP +

eGFR)

6.3 0.2

External Vad, external validation set; Internal Vad, internal validation set; NRI, net

reclassification improvement.

A 90-day readmission model of HF is developed by Tan et
al. from the South China. The C-statistic of the model of Tan is
0.732. Themodel shows amoderate predictive accuracy; however,
95% CI and validation are not given. Another HF model is
developed by Yang et al. and they estimate 30-day (C-index:
0.778, 95% CI: 0.693–0.862) and 1-year readmission rates (C-
index: 0.738, 95% CI: 0.640–0.836). The model is developed in
North China and lacks external validation. Our nomogram shows
a similar accuracy (C-index: 0.752, 95% CI: 0.720–0.790) and we
validate it in internal and external sets. However, more mental
variables (such as depression, anxiety) and social support should
be taken into account in further studies. Han’s model (C-index:
0.737, 95% CI: 0.673–0.800) enrolls mental variables, but the
common variables of HF and the lack of internal and external
validation are neglected. Hughes’ analysis of 30- and 180-day
readmission showed a lower accuracy (Supplementary Table 1

shows details in the Supplementary Materials).
In terms of validation, our model is validated by cross-

validation, internal validation, and external validation. We used

TABLE 4 | Multivariate Cox regression of 180-day unplanned readmission in

patients with CHF.

Variable Hazard ratio (HR) Lower 95% Upper 95% P-Value

Age 1.247 1.180 1.317 <0.01*

AHF 3.342 2.632 4.773 <0.01*

Emergency 1.201 1.086 1.329 <0.01*

β-blocker 0.722 0.549 0.950 0.02*

BUN 1.132 1.045 1.225 <0.01*

AHF, acute heart failure; β-blocker, beta-blocker usage; BUN, blood urea nitrogen;

Emergency, emergency department visit.

*P < 0.05.

10-fold cross-validation (20), that is, the original samples are
divided into 10 groups, each group has several samples, each
time a different group is selected for validation, and another
nine groups are used to train the model. After the model is
trained, the selected group is used to verify the model, and the
deviation between the predictive value and the real value of each
sample in the group is obtained, and then the average deviation is
obtained. According to the above process, the parameter value
of the simulation process is the target parameter value when
the average deviation is the smallest for 10 cycles. At the same
time, the sample is split 7:3 to complete the internal verification.
Finally, the validity and consistency of the model are verified in
the external set.

In terms of applicability, we used two CHF prospective study
cohorts from HF centers in both North and South China, an
optimal prognostic prediction model for 180-day readmission,
including age, AHF, β-blocker, BUN, and emergency. Different
data sources ensure the general applicability of the model.
Besides, Lasso regression made the coefficients of some useless
variable features penalized and even made some coefficients
with smaller absolute values directly forced to zero. Finally, the
penalty condition was satisfied and the sum of residual squares
was minimized so as to enhance the generalization ability of
the model.

Lasso regression used the following formula (21):

β̂
Lasso

=

n∑

i=1

(yi −

p∑

j=1

xijβj)
2
+ λ

p∑

j=1

|βj|

Penalty condition:
p∑

j=1
|βj| ≤ λ; the penalty function is to

punish the absolute value of the regression coefficient, which
requires that the sum of the absolute values of all regression
coefficients is less than or equal to the penalty coefficient
lambda; p refers to the number of the variable; n refers to
the number of samples. Satisfactory consistency with good
calibration was observed in the independent external validation
set. The developed nomogram robustly quantified the risk of
readmission of an individual within 180 days of discharge. The
intuitive features easily allowed the clinical staffs to predict the
readmission and prognosis of patients with CHF using several
important symptoms and clinical indicators.
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FIGURE 4 | Nomogram for risk of readmission constructed using the selected predictors. Using this nomogram, the individualized 180-day readmission risk for

patients with chronic heart failure is easy to calculate. AHF, history of acute heart failure; BUN, blood urea nitrogen level; β-blocker, beta-blocker usage; emergency,

emergency department visit.

History of CHF
Prediction variables independently associated with readmission
are included in our model. Two predictors (AHF and emergency)
are associated with the medical history of the patients. AHF (22)
is common in the natural history of HF, and it is associated with
high in-hospital mortality (23). The occurrence of AHF will lead
patients to enter a state of stress. The state of stress will aggravate
AHF and atrial fibrillation (24). AHF attack is caused by
amplified leukocytes/neutrophils and monocytes/macrophages
(25). Neutrophilic leukocytosis (neutrophilia) and continuous
activation of neutrophils are the main factors determining the
overactive inflammation of AHF and the prognosis of long-
term CHF. This keeps patients with CHF in a state of persistent
inflammation. A history of AHF suggests that it usually occurred
within the past 3 months. Generally speaking, early AHF is
an independent risk factor for acute exacerbation in patients
with CHF and this is consistent with a previous study of AHF
(26), which suggests that the prognosis of patients with CHF
is poor at some degree. A Denmark nationwide study showed
that patients with acute attack of CHF have higher all-cause
mortality and readmission rates than patients with new-onset
AHF (27). This may because CHF patients with AHF attack
often have more comorbidities. However, AHF recurrence may
be reduced if given early and timely attention, and technical

clinicians are able to provide too much comprehensive and
effective treatment measures.

The emergency treatments are important indicators in the
180-day readmissionmodel for CHF. The emergency department
is the key point of initial treatment for patients with AHF
attack. The emergency department plays an important role in
the management and treatment of AHF patients (28). Therefore,
whether CHF patients have AHF attacks and whether they
have been to the emergency department are closely related to
readmission, as we found in our studies (22).

Age and NT-proBNP
With the aging process, the number of CHF patients is increasing.
In developed countries, the incidence rate of HF is about 1–2% in
adults, while in elderly people over 70, the figure rises to nearly
10% (29). The prevalence of HF over 35 years old is 1.3% in
China (7), and considering the population base, there are about
13.7 million patients with HF. In addition to aging combined
with various diseases, we cannot ignore the problem of frailty.
The FRAIL-HF study has shown that patients with frailty had a
higher risk of 30-day dysfunction and0 higher 1-year readmission
rate and 1-year all-cause mortality (30). This is one of the reasons
for CHF readmission. In addition, the elderly have higher levels
of plasma natriuretic peptide. NT-proBNP varies with age and
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cardiac dysfunction. It follows from previous studies that plasma
NT-proBNP level is an important biomarker in predicting the
prognosis of patients with CHF, especially for patients with
diabetes (31), where NT-proBNP is closely related to the left
ventricular reconstruction in CHF. However, the NT-proBNP
level varies greatly after finishing the HF therapy, accompanied
with apparent individualization. In our study, we regard the
elevated NT-proBNP level as a baseline predictor, which seems
not appropriate at some degree. We should regard the NT-
proBNP level as an independent, dynamic biomarker. Only in
this way can we get a more accurate readmission rate. 1NT-
proBNP or the ratio of BNP/NT-proBNP could be observed and
calculated in the future prediction model.

Renal Dysfunction and CHF
In the present study, we mainly consider plasma BUN level.
The level of BUN reflects the protein metabolism, indicating
the renal function, which is independently associated with
the prognosis of patients with CHF. Moreover, they are also
selected for model inclusion. Fluid overload is a common
pathophysiological mechanism of CHF as well as renal disorders.
There exist complex neurohormonal interactions between the
heart and kidney for patients with CHF. Patients with CHF have
a higher incidence of renal dysfunction due to several shared
pathophysiological pathways and mutual risk factors (32). The
existing results suggest that renal dysfunction progression is
closely related to readmission rate and clinical prognosis. For
patients with CHF, the hemodynamic perturbations would lead
to sodium and water retention and worsening of renal function.
In addition, the cardiorenal syndrome further highlights the
concept of bidirectional interaction, such that CHF has several
negative effects on kidney function, while renal dysfunction
significantly influences cardiac function. As the course of CHF
progresses, blood flow will decrease through tissues and organs.
It should be noted that the kidney is sensitive to ischemia,
resulting in significant decreases in eGFR, as well as glomerular
and secondary tubular injuries, activation of the neuroendocrine
system (renin–angiotensin–aldosterone system and sympathetic
nervous system), congestion of the venous system, and increased
central venous pressure. In recent years, studies have shown
that an increase of central venous pressure is associated with
a poor prognosis for patients with CHF, potentially because
a disproportionately higher central venous pressure effectively
contributes to elevated left-sided filling pressure (14).

In order to design new strategies to improve clinical outcomes,
a better understanding of themechanisms has to be achieved, and
the experimental results for the hemodynamic changes affecting
the lungs and kidneys in HF need to be validated further.

eGFR is another factor to be analyzed; however, it is a sensitive
factor together with the change of blood creatinine. Improvement
is not obvious when we add eGFR to our prediction model. This
is similar to the conclusion of an HFpEF study (26). This may
because of the fluctuation of eGFR, which leads to inaccurate
results. Compared with this study, our present study included a
small number of ultrasound variables and future research should
be evaluated in detail.

Usage of β-Blocker and CHF
From the analysis, we observed the benefits of β-blocker usage
in CHF patients. In future studies, we would consider the dosage
of β-blockers in detail, as well as the individual differences when
choosing the requirements of drug use. The elderly aged ≥75
years who received a β-blocker hold a lower 90-day mortality
rate and lower readmission rate (33). Consequently, β-blocker
therapy is closely related to the prognosis of patients with HF.

Finally, the five variables associated with CHF readmission
entered into the model were as follows: AHF, emergency, age,
BUN, and β-blocker usage. This fits with the AIC principle.When
the predictive effect is similar, we tend to choose fewer variables
for clinical applicability.

STUDY STRENGTHS AND LIMITATIONS

Several studies focused on the enhancement of the accuracy of
the models (34) but ignored their wide clinical applications. Our
study was conducted in a real-world situation. By conducting
a rigorous multicenter prospective study, this work focuses on
developing a prediction model for a 180-day CHF readmission
using standard and easily collected clinical variables. The
prediction model can be well-validated in an external database
from a second HF center. As a result, the proposed predictor
model will play a key role for effective verification. Nevertheless,
this study has several potential limitations. Firstly, we did not
take into account the all-cause mortality endpoint completely.
Because of the influence of COVID-19, accurate mortality might
not have been observed at some degree. In a future study, we will
take into account heart injury as a result of the new coronavirus
(35–37). Secondly, the model does not consider some novel
biomarker phenotypes associated with CHF. We are considering
whether adding some novel biomarker phenotypes can increase
the accuracy of model prediction.

CONCLUSIONS

This work mainly provides a simple model, which can address
data collected for clinical practice to predict the 180-day
readmission of patients with CHF. Both internal and external
validations further suggest a broad applicability of the given
model. From the results, the prediction model can show a
reference value for a meaningful prognosis to stratify patients
with CHF and then aid in timely clinical decision-making.
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Aims: This study concentrates on the relationship between antipsychotic drugs (APDs)

and aortic calcification.

Methods: All 56 patients with schizophrenia were divided into two groups according

to aortic calcification index. APD equivalent dose was calculated via defined daily

doses method.

Results: In schizophrenia patients with higher aortic calcification index scores,

APD equivalent doses were lower. APD equivalent dose was negatively related to

aortic calcification index. Although equivalent APD dose in patients without olanzapine

treatment was negatively related to aortic calcification index, it seems that equivalent

APD dose did not associate with aortic calcification.

Conclusion: Aortic calcification is negatively associated with APD dose in schizophrenia

patients. Olanzapine seems to be vital to the relationship between aortic calcification and

APD treatment.
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INTRODUCTION

Severe mental illness has persistent procession, and schizophrenia causes serious disabilities
to individuals worldwide (1). Antipsychotic drugs (APDs) are essential in providing recovery
opportunities for schizophrenia patients (2, 3). However, besides alleviating symptoms, APDs also
lead to adverse effects, especially elevating cardiovascular risks (4).

Several APDs have been proven to have metabolic effects, which would cause cardiovascular
diseases (5). Jess Fiedorowicz et al. reported that vasculopathy is related to psychosis and arterial
stiffness is also enhanced in patients with conventional APD exposure (6). Different APDs exert
adverse side effects on the vascular system, based on their metabolic effects (7). Olanzapine has been
confirmed to result in metabolic syndromes and exert several adverse cardiovascular effects (8, 9).
Olanzapine has also been widely used in cancer patients to avoid chemotherapy-caused nausea and
vomiting (10). Of note, the dose of APD is especially vital for all patients who underwent such a
medication process (10).
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Emerging evidence suggests that APD dose should be
personalized and cardiovascular risk must be taken into
consideration (11). Aortic calcification is acknowledged as a vital
predictor of cardiovascular risk (12). Moreover, olanzapine could
reduce blood pressure and cardiac contractile function in vivo (8).
However, the relationship between aortic calcification and APD
treatment, especially olanzapine, was not clear. In this study, we
investigated schizophrenia patients to explore the relationship
between APD treatment and aortic calcification.

METHODS

Study Subjects and Clinical Information
Extraction
Between December 2016 and August 2017, 79 patients diagnosed
with schizophrenia were enrolled in this study. All these
patients sought routine follow-ups at the Psychiatric Hospital of
Guangzhou Civil Affairs Bureau. We enrolled patients of both
sexes, and both the patients and their relatives consented to our
accessing their medical records. The study was approved by the
Ethics Committee of Psychiatric Hospital of Guangzhou Civil
Affairs Bureau. Themethods complied with the ethical guidelines
of the 1975 Declaration of Helsinki. All the subjects, or their
agents, provided their written informed consent.

Diagnosis of schizophrenia was conducted according to
Chinese Classification and Diagnosis of Mental Diseases and
confirmed by at least two different independent psychiatrists (13).
All the subjects enrolled in this study underwent a continuous
oral APD treatment for at least 1 year. Patients who received
more than one kind of APD treatment or who were admitted
to a hospital for further treatment were excluded. The patients’
APD doses were unchanged for at least 6 months. In total, 56
patients with schizophrenia were enrolled in this study. Clinical
information including blood sample measurements was obtained
in the medical records, and individual histories were provided by
patients or their relatives. In addition, no interference is present
in this manuscript, and written informed consent was provided
by the patients or their guardians.

Collection of Blood Samples and Baseline
Diameters Measurement
Blood samples were collected and sent to the clinical laboratory
of the Psychiatric Hospital of Guangzhou Civil Affairs Bureau.
Some biochemical characteristics including lipoprotein
metabolism, hepatic function, and blood routines were measured
by a standardized procedure.

Blood pressure and body mass index (BMI) were measured
and calculated by at least 2 nurses from the clinic department
and confirmed by their relatives. ECGs were conducted and
diagnosed by the ECG section and confirmed by physicians.

Aortic Calcification Index Calculation
Aortic calcification (AoAC) indices were obtained via chest
X-rays. The chest radiology information was obtained from
the medical imaging department of Psychiatric Hospital of
Guangzhou Civil Affairs Bureau. The aortic calcification index
was calculated by experienced radiologists using established

methods (14). Briefly, each plain chest radiography was divided
into 16 sections according to the aortic arch and assigned a
calcification index present as a percentage in our study. The aortic
calcification indices were graded on a scale from 0 to 3, as in
previous studies (15, 16).

APD Equivalent Dose Calculation
According to the defined method for minimum effective dose,
APD doses were standardized into equivalent doses for further
analysis (17). APD equivalent dose was calculated by the defined
daily doses (DDD)method (18). The standardization process was
based on chlorpromazine, and the duration of APD treatment
was recorded in years. The accumulated APD treatment was
calculated by multiplying the standardized daily dose by the
duration of the treatment. Accumulated APD treatment was
tested for the normal distribution. Log transformation was
conducted if necessary.

Statistical Analysis
All such data extracted from medical records are presented
in this article, with continuous data as mean values with a
standard deviation (SD) and categorical data as frequencies with
percentages. Before comparison, all continuous data underwent
non-parametric tests to confirm normal distribution. For those
normal distribution values, comparisons were conducted by
Student’s t-test and multiple regression analysis. Some of the
non-normal data were transformed, which was further confirmed
by nonparametric tests, (specific details are included in the
results section). Nonparametric comparisons were conducted on
the data that could not be transformed. Furthermore, Pearson’s
correlations were conducted for parametric data and Spearman’s
correlations were conducted for non-parametric data, referred to
as r or rS. To reveal the independent factors, multiple regression
analysis was used. All statistical analysis was performed using the
software SPSS 20.0. For all statistical tests, two-tailed p-values <

0.05 was the threshold of statistical significance.

RESULTS

Comparison of Aortic Calcification,
Accumulated APD Treatment, and Clinical
Characteristics in Schizophrenia Patients
Receiving APDs
All schizophrenia patients included in this project were divided
into two groups according to their AoAC score. The comparison
of clinical characteristics and kinds of ADP treatment are shown
inTable 1. It is shown that patients with higher AoAC scores were
older, male, and inclined to develop smoking habits. Comparison
of APD profiles indicated that in the high AoAC score group,
APD equivalent doses were lower, with no difference in the
duration of APD treatment (Figure 1).
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Relationship Between Aortic Calcification
Index, APD Treatment, and Clinical
Characteristics
To further investigate the relationship between the aortic
calcification index and other potential factors, Spearman’s
correlation analysis was conducted. As shown in Table 2, aortic
calcification index was related to age, sex, and smoking (r =

0.536, P < 0.001; r = 0.332, P = 0.012; r = 0.349, P = 0.008).
In addition, APD equivalent dose was negatively related to aortic
calcification index (r = −0.413, P = 0.002). It is indicated
that APD equivalent dose would be the one of factors for
aortic calcification.

TABLE 1 | Comparation between patients with different severities of aortic

calcification.

AoAC < 2 AoAC ≥ 2 P

Age (years) 56.09 ± 12.35 65.08 ± 8.00 0.001*

Gender (Male%) 3 (13.6%) 16 (47.1%) 0.010*

Smoking (n%) 0 (0%) 9 (26.5%) 0.008*

Hypertension (n%) 6 (27.3%) 11 (32.4%) 0.686

DM (n%) 4 (18.2%) 11 (32.4) 0.242

CAD (n%) 1 (4.5%) 7 (20.6%) 0.130

Stroke (n%) 2 (9.1%) 2 (5.9%) 0.642

BMI (kg/m2 ) 22.74 ± 3.48 21.40 ± 3.12 0.146

WBC (109/L) 7.41 ± 1.80 7.17 ± 1.73 0.605

RBC (109/L) 4.04 ± 0.48 3.92 ± 0.66 0.467

PLT (109/L) 267.36 ± 90.97 251.71 ± 93.42 0.539

ALT (U/L) 18.05 ± 6.90 20.29 ± 9.01 0.324

AST (U/L) 20.05 ± 6.86 21.56 ± 5.94 0.385

γ-GGT (U/L) 22.23 ± 14.65 21.18 ± 10.54 0.756

TG (mmol/L) 1.54 ± 0.94 1.49 ± 0.87 0.845

TC (mmol/L) 4.70 ± 0.90 4.79 ± 1.06 0.765

Glucose (mmol/L) 5.39 ± 0.99 5.78 ± 2.33 0.395

ALT, alanine aminotransferase; APD, antipsychotic drugs; AST, aspartate

aminotransferase; BMI, body mass index; CAD, coronary artery disease; DM,

diabetes mellitus; TC, total cholesterol; TG, triglyceride; γ-GGT, γ glutamyl transferase.
*P < 0.05.

Olanzapine Treatment and Aortic
Calcification in Schizophrenia Patients
Patients were divided into four groups, based on which APD
was used in their treatment. It is shown in Figure 2 that
the aortic calcification indices in these groups (clozapine,
olanzapine, quetiapine, and risperidone) did not differ. However,
the duration and equivalent dose were quite different between
groups, and olanzapine treated patients seemed to have higher
APD equivalent doses compared to the clozapine and quetiapine
groups (Figure 2B). Although clozapine-treated patients had

TABLE 2 | Relationship between aortic calcification index and clinical

characteristics.

rs P

Age 0.536 <0.001*

Gender 0.332 0.012*

Smoking 0.349 0.008*

Hypertension 0.148 0.276

DM 0.102 0.454

CAD 0.207 0.125

Stroke 0.035 0.800

BMI −0.235 0.082

WBC −0.017 0.900

RBC −0.202 0.136

PLT 0.036 0.794

ALT 0.175 0.197

AST 0.140 0.304

γ-GGT 0.033 0.811

TG −0.039 0.773

TC −0.122 0.368

Glucose −0.159 0.243

APD equivalent dose −0.413 0.002*

Duration of APD treatment −0.151 0.266

ALT, alanine aminotransferase; APD, antipsychotic drugs; AST, aspartate

aminotransferase; BMI, body mass index; CAD, coronary artery disease; DM,

diabetes mellitus; TC, total cholesterol; TG, triglyceride; γ-GGT, γ glutamyl transferase.
*P < 0.05.

FIGURE 1 | Comparison of APD medication profiles in patients according to their AoAC index. (A) APD equivalent dose, (B) duration of APD treatment, (C) Aortic

calcification index. *p < 0.05. APD, antipsychotic drug.
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FIGURE 2 | Comparison of aortic calcification index and APD treatment in patients with different kinds of APDs. (A) APD equivalent dose, (B) duration of APD

treatment, (C) Aortic calcification index. *p < 0.05. APD, antipsychotic drugs.

FIGURE 3 | Correlation analysis of equivalent APD dose and aortic calcification index. (A) all patient, (B) patients without olanzapine treatment. APD, antipsychotic

drugs.

longer durations of APD treatment, it seems that the duration of
APD treatment was not related to aortic calcification, as shown
in Table 2.

Correlation analysis showed that in patients who were not
treated with olanzapine, the aortic calcification index was
associated with APD equivalent dose (r = −0.338, P = 0.027,
Figure 3). Considering the limited number of patients in each
group, and that age is a major factor in the development of aortic
calcification, age should be ruled out while comparing equivalent
APD dose and aortic calcification index. Ordinal regression
analysis indicated that in all patients age and equivalent APD
dose are vital factors associated with aggravation of aortic
calcification (age: OR = 1.122, P < 0.001; equivalent APD
dose: OR = 0.999, P = 0.021). However, in patients without
olanzapine treatment, only age is associated with aggravation
of aortic calcification (OR = 1.126, P = 0.001) (Table 3). Such
results indicated that olanzapine would be a vital factor related to
aortic calcification, regardless of age.

DISCUSSION

Using an aortic calcification indices from chest X-rays is
believed to be one most available and effective methods to
predict cardiovascular events (19). To describe the severity of
aortic calcification degree, AoAC score was used to predict
the cardiovascular risks (15). Although calcification evaluation
from chest X-ray might not be as accurate as from CT (20),
long-term APD treatment for schizophrenia patients tend to
suffer more from financial burdens (21), and it is quite hard
for patients or caregivers to arrange such examinations. In our
study, schizophrenia patients were enrolled and APD equivalent
dose was higher in the group with AoAC ≥ 2, indicating
that some potential relationship between aortic calcification and
APD treatment. Some recent studies revealed that besides some
potential benefits, long-term APD treatment did indeed lead to
several adverse results in patients’ cardiovascular and metabolic
systems, including disrupting lipid and glucose metabolism (22).
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TABLE 3 | Ordinal regression analysis between AoAC grade and potential factors

in patients with APD treatment or without olanzapine treatment.

All patients OR 95% CI P

Age 1.122 (1.054, 1.194) <0.001*

APD equivalent dose 0.999 (0.997, 1.000) 0.021*

Gender (Female) 0.404 (0.096, 1.700) 0.216

Gender (Male) 1 – –

Smoking 0.586 (0.091, 3.759) 0.573

Non-smoking 1 – –

Not Olanzapine OR 95% CI P

Age 1.126 (1.048, 1.210) 0.001*

APD equivalent dose 0.998 (0.996, 1.000) 0.087

Gender (Female) 0.312 (0.045, 2.147) 0.237

Gender (Male) 1 – –

Smoking 1.668 (0.156, 17.880) 0.673

Non-smoking 1 – –

APD, antipsychotic drugs. *P < 0.05.

Presently, APD treatment is still a major beneficial treatment
for schizophrenia patients that decreases the risk of relapse and
reduces all-cause mortality (23). Emerging evidence indicated
that APDs could also contribute to overall 5-year diabetes
occurrence (24). Some pharmacological research also emphasized
that long-term use of APD treatment would leave schizophrenia
patients suffering from adverse effects, including cardiovascular
risks and brain structure changes (25). As one efficient method
to evaluate cardiovascular risk, aortic calcification was proven
to be negatively related to equivalent APD dose, suggesting that
APD exerts some potential effects on patients (Table 2). Despite
this, schizophrenia patients with olanzapine treatment suffered
more from cardiovascular risk, and the major disturbance from
olanzapine is based on metabolic abnormalities (26).

Due to the high heterogeneity of atypical APDs, different
kinds of APDs exert various effects, especially on the
cardiovascular system (27). Of note, olanzapine seems to
dramatically enhance cardiovascular risk compared to all other
atypical APDs, including risperidone, clozapine, and quetiapine
(22). Surprisingly, this study showed that the aortic calcification
index is negatively associated with APD dose increment.
Olanzapine has a higher equivalent dose among patients, and in
patients without olanzapine treatment the relationship between
equivalent APD dose and aortic calcification index vanishes.
Although olanzapine is proven to induce some metabolic
disorders (9), it is reported recently that olanzapine might have
some extra protective effects such as reducing reactive oxygen
species induced cell death (28). Therefore, the exact mechanism
of olanzapine in the pathological process of aortic calcification
needs further investigation.

Our study had several limitations. Firstly, the number of
patients involved in our study was relatively small. Due to the
poor management of schizophrenia patients in China, long-
term APD treatments and monitoring were not satisfying, and
some schizophrenia patients and their guardians or relatives
refused to do further tests in clinics. Secondly, the present work
is based on one sectional study and we could only reveal the
relationship between aortic calcification and APD equivalent
dose. We could not rule out the possibility that patients with
lower aortic calcification could tolerate higher doses of APD.
Thus, further studies with larger sample sizes and cohort studies
are needed to confirm our findings.

CONCLUSIONS

It is shown in this study that aortic calcification was negatively
correlated with APD equivalent dose in schizophrenia patients,
and that olanzapine plays a role in aortic calcification. The
marked effects of APD treatment on aortic calcification should
not be ignored when choosing different kinds of APDs.
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Background: Chronic inflammation in type 2 diabetes mellitus (T2DM) is an

essential contributor to the development of diabetic retinopathy (DR). The

monocyte–to–high-density lipoprotein cholesterol (HDL-C) ratio (MHR) is a novel

and simple measure related to inflammatory and oxidative stress status. However, little

is known regarding the role of the MHR in evaluating the development of DR.

Methods: A total of 771 patients with T2DM and 607 healthy controls were enrolled

in this cross-sectional study. MHR determination and eye examination were performed.

The association of MHR with the prevalence of DR in T2DM patients was analyzed.

Results: The MHR in patients with DR was significantly higher than that in both

non-DR diabetic patients (P < 0.05) and healthy controls (P < 0.01). No significance

was observed in the MHR of different DR severity grades. Moreover, the MHR was

similar between patients with non-macular oedema and those with macular oedema.

Logistic regression analysis demonstrated that MHR was independently associated with

the prevalence of DR in diabetic patients [odds ratio (OR) = 1.438, 95% confidence

interval (CI): 1.249–1.655, P < 0.01]. After additional stratification by HbA1c level and

diabetic duration, the MHR was still independently associated with the prevalence of DR.

Conclusions: Our study suggests that the MHR can be used as a marker to indicate

the prevalence of DR in patients with T2DM.

Keywords: monocyte to high-density lipoprotein cholesterol ratio, type 2 diabetes, diabetic retinopathy, biomarker,

inflammation

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a highly and rapidly evolving global health issue (1, 2), even
in patients with prediabetes, the risk of macrovascular and microvascular disease were increased
(3–5). Diabetic retinopathy (DR) is one of themost important diabeticmicrovascular complications
and a leading cause of irreversible blindness among the working-age population around the world
(6). Although the underlying molecular mechanisms of DR are not yet fully understood, abundant
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evidence indicates that inflammation plays a key role in the
pathophysiology of DR (7). Various inflammatory cytokines
and chemokines, such as ICAM-1, IL-1β, IL-6, IL-8, TNF-α,
and MCP-1, have been reported to be elevated in the serum
and vitreous and aqueous humor from diabetic patients with
DR (8).

Monocytes are released from their precursors in bone
marrow into the circulation and migrate to tissues and
release proinflammatory cytokines at sites of inflammation,
thereby affecting the severity of inflammation, which is
considered an inflammatory biomarker (9). Additionally, plasma
high-density lipoprotein cholesterol (HDL-C) has an inverse
relationship with DR risk (10, 11). In addition, HDL-C
has antioxidant efficacy to protect endothelial functions (12,
13). Therefore, the monocyte count–to–HDL-C ratio (MHR)
can reflect the inflammatory status and is related to the
development of disease associated with chronic inflammation.
The MHR has been found to be associated with the occurrence
and prognosis of cardiovascular diseases (CVDs), diabetic
nephropathy and diabetic peripheral neuropathy (14–17).
However, to the best of our knowledge, there are a few
studies with small sample size that evaluated the associations
of the MHR with DR and got contradictory conclusion (18,
19). Further studies investigating the relationship between
MHR and DR in larger patient groups are needed. Thus, in
the present study, we aimed to investigate the associations
between the MHR and the prevalence of DR in adults
with T2DM.

METHODS

Study Population
A total of 1,378 subjects between the ages of 18 and 70 years,
including 771 patients with T2DM and 607 healthy individuals,
were included consecutively in this observational cross-sectional
study between January 2016 and December 2018. T2DM patients
were diagnosed based on the 1999 criteria of the World Health
Organization (WHO) (20). The exclusion criteria were as follows:
active or chronic inflammation, active infection, autoimmune
diseases, hematological disorder, recent blood transfusion before
enrolment, malignancy, acute or chronic renal/hepatic diseases,
or coronary artery disease. Ethics approval was obtained from
the Third Affiliated Hospital of Sun Yat-sen University Network
Ethics Committee.

Data Collection and Laboratory Analysis
Baseline information, including age, sex, comorbidities,
smoking status, alcohol intake, medications, body height,
weight, and blood pressure, was collected from medical
records. Laboratory assessments consisted of fasting blood
glucose, liver and renal function, uric acid, total cholesterol,
triglycerides, low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C), which were
examined by a HITACHI (Tokyo, Japan) 7180 Automatic
Analyser using 8-h overnight fasting blood samples. HbA1c was
measured by high-performance liquid chromatography (HPLC)
with a D-10 hemoglobin testing program (Bio-Rad). White

blood cell measurement was performed with an automated
hematology analyser XE-1200 (Sysmex, Kobe, Japan). The
MHR ratio was calculated by dividing the monocyte count
by HDL-C.

Eye Examination
Eye examinations were performed on all participants according
to standard operation procedures by trained ophthalmologists.
The eye examinations included visual acuity measurements,
tonometry, intraocular pressure, an anterior ocular structure,
and fundus examination using a standard protocol. The
external and anterior ocular segments were examined
by slit lamp biomicroscopy (BQ900; Haag-Streit, Bern,
Switzerland). Two 45◦ field digital, color, non-stereoscopic
fundal photographs of each eye were taken in the macula-
centered and posterior pole by a non-mydriatic auto-fundus
camera (TRC-NW400 Non-Mydriatic Retinal Camera, Topcon,
Tokyo, Japan).

Assessment of DR
Two physicians made the assessment of DR independently
(Kappa index = 0.919, P < 0.0001, indicating an excellent
agreement between two physician). DR was diagnosed if any
characteristic lesions existed as defined by the Early Treatment
Diabetic Retinopathy Study (ETDRS). DR severity was further
categorized into mild, moderate and severe non-proliferative
DR (NPDR) and proliferative DR (PDR). Another important
additional categorization in DR was diabetic macular oedema
(DME) and non-DME (21).

Statistical Analyses
Database management and statistical analysis were performed
using PASW 22.0 for Windows (IBM Inc., Armonk, USA).
Continuous variables are presented as the means ± standard
deviation or median (interquartile range), while categorical
variables are expressed as numbers (percentages). One-way
ANOVA was applied for the comparison of continuous variables
among groups, and a post-hoc test using Fisher’s least significant
difference (LSD) was used to determine which means differed
following ANOVA. Differences in categorical variables were
evaluated by Pearson’s chi-square test. Univariate logistic
regression analysis was performed to assess the non-adjusted
relationships between 10∗MHR and the prevalence of DR.
Odds ratios (ORs) and 95% confidence intervals (CIs) were
estimated for the association between DR and 10∗MHR. Then,
two multivariate logistic regression models were performed
to adjust for confounding factors. Model 1 was adjusted
for age, sex. Model 2 was additionally adjusted for body
mass index, diabetes duration, smoking status, SBP, DBP,
triglyceride, LDL-C, Cr, UA, FBG, HbA1c, and medications.
To determine whether the duration of diabetes and glucose
control status affect the relationship between MHR and the
prevalence of DR, subgroup analyses were performed based
on the duration of diabetes (<10 and ≥10 years) and HbA1c
levels (<7.0 and ≥7.0%). A two-tailed P < 0.05 was considered
statistically significant.
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RESULTS

The Clinical Characteristics of the
Participants
Of 771 patients with T2DM, 164 (21%) were DR patients. The
clinical characteristics of all participants are summarized in
Table 1. No significant differences were observed in terms of age,
sex, smoking status, or alcohol intake among all groups. Body
mass index (BMI), blood pressure, monocyte counts, TGs, fasting
blood glucose, HbA1c, and BUN in the healthy control group
were lower than those in T2DM patients, while HDL-C and LDL-
C were higher (all P < 0.05). Among all subjects with T2DM, the
diabetic duration in the subjects with DR was much longer than
that in the subjects with non-DR (P < 0.01). Higher neutrophil
counts, monocyte counts, TGs, Cr, BUN, UA, and insulin use
and lower levels of HDL-C were observed in patients with DR
(all P <0.05). However, no significant differences were observed
in hyperlipidemia, blood pressure, fasting blood glucose, HbA1c,
UACR, antiplatelet use, or statin use between subjects with DR
and non-DR.

The Association Between MHR and DR
Compared to that in the healthy controls, the level of MHR
was remarkably increased in patients with T2DM (P < 0.01),
as shown in Figure 1A. The MHR in patients with DR was
significantly higher than that of both the diabetic patients without
DR and the healthy controls (P < 0.01). No significant difference
was observed in DR subjects with different severity or between
subjects with DME and non-DME subjects (Figures 1B,C).

Univariate and Multivariate Logistic
Regression Analysis
Univariate logistic regression analysis demonstrated that
10∗MHR was associated with the development of DR [OR (95%
CI) = 1.435 (1.277–1.614), P < 0.001] (Table 2). After adjusting
for age and sex, 10∗MHR was still independently related to the
development of DR [OR (95% CI) = 1.424 (1.263–1.605), P
< 0.001]. When further adjusting for BMI, diabetes duration,
smoking status, SBP, DBP, triglyceride, LDL-C, Cr, UA, FBG,
HbA1c, and medications, 10∗MHR remained independently
associated with the prevalence of DR [OR (95% CI) = 1.438
(1.249–1.655), P < 0.001].

Subgroup Analysis
The most consistent risk factors for the development of DR
are long duration of diabetes and hyperglycemia (6, 22, 23).
A reasonable HbA1c level is below or around 7% and longer
duration of diabetes was 8–11 years according to the American
Diabetes Association (ADA) and the European Association for
the Study of Diabetes (EASD) (24, 25). To preclude the influence
of the duration of diabetes and glucose control status, which
were introduced in the subgroup analysis, as shown in Table 2,
we further performed a subgroup regression analysis stratified
by HbA1c levels (<7 vs. ≥7%) and the duration of diabetes
(<10 vs. ≥10 years). In multivariate logistic regression Model 2,
the 10∗MHR group had a significantly higher prevalence of DR

regardless of the level of HbA1c (P < 0.05) and diabetic duration
(P < 0.01).

DISCUSSION

In the present study, the results provide evidence about
the unique association between the MHR and DR. Elevated
MHR levels were associated with increased odds of DR,
independent of a variety of conventional DR risk factors.
However, we did not detect a significant association between
the MHR level and DR severity or macular edema in patients
with T2DM.

Inflammation markers and monocytes play an important role
in the development of diabetic complications (16, 26, 27). Retinal
chronic inflammation plays a pivotal role in the development
of DR (6, 7). The levels of monocytes are increased in the
retinal vessels and differentiate into macrophages that secrete
inflammatory cytokines and growth factors adhering to the
outer surface of retinal capillaries, leading to the breakdown of
the blood retinal barrier, increased retinal vascular permeability
and capillary non-perfusion, which are considered characteristic
pathologic features in early DR (28, 29). In the present study,
neutrophil and monocyte counts were remarkably increased
in patients with DR compared to healthy controls or patients
without DR, which is consistent with the findings in previous
studies. Hyperglycemia enhances the inflammatory status to
release more neutrophils and monocytes from bone marrow and
then recruit them into the retinal vessels, causing damage to these
vessels (30).

Lipid disorders seem to contribute to the development and
progression of DR (31, 32). Accumulated evidence indicates that
poor control of triglycerides and LDL is associated with the
incidence and progression of DR, while higher HDL-C levels
and the use of lipid-lowering medication significantly reduce the
risk of DR (33–35). Our results also showed higher levels of
triglycerides and lower HDL in DR individuals.

Recently, the MHR has emerged as a novel and convenient
marker with the integration of proinflammatory and anti-
inflammatory factors (14–19). Emerging data suggest that
higher MHR values are associated with various diseases or
organ dysfunctions, such as endothelial dysfunction in Behçet
disease, the presence and severity of metabolic syndrome,
polycystic ovary syndrome, cardiac syndrome X, serum
albumin level saphenous vein graft disease in coronary bypass,
the high SYNTAX score in patients with stable coronary
artery disease, asymptomatic organ damage in patients with
primary hypertension, left atrial remodeling in atrial fibrillation,
abdominal aortic aneurysm size, myocardial infarction, and CVD
in patients with obstructive sleep apnea syndrome (14, 15, 36–
43). It has also been shown thatMHR is an independent predictor
of in-hospital and long-termmortality and major adverse cardiac
events in patients with acute coronary syndromes or a post-PCI
status (44). Therefore, the MHR is a new prognostic marker
in several CVDs, which are associated with inflammation. In
addition, accumulated evidence has shown that the MHR is
related to diabetes and diabetic complications (16, 45) and
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TABLE 1 | Baseline characteristics.

Variables Health control

(n = 607)

NDR

(n = 607)

DR

(n = 164)

Age, years 56.7 ± 8.6 57.1 ± 10.5 57.4 ± 9.8

Male, n (%) 286 (47.1) 294 (48.4) 93 (56.7)

BMI, kg/m2 23.0 ± 3.3 24.4 ± 3.4** 24.3 ± 3.8**

Diabetes duration, years – 6.0 (2.0–11.0) 10.0 (5.0–15)##

Smoking, n (%) 140 (23.1) 143 (23.6) 47 (28.7)

Alcohol, n (%) 98 (16.1) 96 (15.9) 32 (19.5)

Hyperlipidemia, n (%) – 38 (6.3) 8 (4.9)

Hypertension, n (%) – 191 (31.5) 65 (39.6)

SBP, mmHg 117.4 ± 14.1 132.1 ± 18.7** 131.9 ± 18.6**

DBP, mmHg 75.1 ± 9.7 80.7 ± 11.0** 80.1 ± 10.9**

Laboratory tests

White blood cells, 109/L 6.22 ± 1.43 6.38 ± 1.61 6.99 ± 2.26

Neutrophils, 109/L 3.62 ± 1.16 3.65 ± 1.21 4.28 ± 2.04**#

Lymphocytes, 109/L 2.16 ± 0.55 2.11 ± 0.70 2.04 ± 0.59

Monocytes, 109/L 0.43 ± 0.13 0.42 ± 0.12 0.47 ± 0.18*#

TC, mmol/L 5.00 ± 0.95 4.81 ± 1.20* 4.88 ± 1.49

TG, mmol/L 1.01 (0.75–1.47) 1.31 (0.92–1.87)** 1.32 (1.00–2.11)**#

HDL-C, mmol/L 1.30 ± 0.29 1.18 ± 0.28** 1.10 ± 0.28**#

LDL-C, mmol/L 3.34 ± 0.92 3.00 ± 1.01** 2.98 ± 1.05**

MHR, 109/mmol 0.351 ± 0.147 0.370 ± 0.119* 0.458 ± 0.224**##

FBG, mmol/L 5.18 ± 0.68 9.51 ± 5.88** 9.92 ± 6.43**

HbA1c, % 5.3 ± 0.4 8.9 ± 2.5** 8.9 ± 2.3**

UACR, mg/g – 0.99 (0.65–2.39) 1.25 (0.78–3.40)

Cr, umol/l 71.97 ± 15.55 71.32 ± 52.77 90.21 ± 52.05**##

BUN, umol/l 4.62 ± 1.13 5.71 ± 1.91** 6.35 ± 3.23**##

UA, umol/l 375.8 ± 101.9 352.7 ± 100.6** 375.3 ±106.1#

Medications

Insulin, n (%) – 189 (31.1) 75 (45.7)#

Metformin, n (%) – 399 (65.7) 103 (62.8)

Glucosidase inhibitor, n (%) – 185 (30.5) 52 (31.7)

Sulfonylureas, n (%) – 169 (27.8) 55 (33.5)

DPP-4 inhibitors, n (%) – 152 (25.0) 39 (23.8)

GLP-1R, n (%) – 11 (1.8) 4 (2.4)

SGLT2 inhibitor, n (%) – 13 (2.1) 4 (2.8)

Glinides, n (%) – 19 (3.1) 5 (3.0)

Anti-platelet, n (%) – 273 (45.0) 84 (51.2)

Statin, n (%) – 431 (71.0) 112 (68.3)

ACEI/ARB, n (%) – 151 (24.9) 49 (29.9)

β-blocker, n (%) – 61 (10.0) 28 (17.1)#

CCB, n (%) – 87 (14.3) 32 (19.5)

Diuretic, n (%) – 10 (1.6) 6 (3.7)

Data are mean (SD), median (25th to 75th percentile) or n (%).

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG, Fasting blood glucose; UACR, urine albumin to creatinine rate; Cr, plasma creatinine; BUN,

blood urea nitrogen; UA, uric acid; TC, total cholesterol; TG, triglycerides; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; ACEI/ARB, angiotensin

converting enzyme inhibitor/angiotensin receptor blocker; CCB, calcium channel blockers.

*P < 0.05 vs. Health control, **P < 0.01 vs. Health control, #P < 0.05 vs. NDR, ##P < 0.01 vs. NDR.

ocular disorders, including pseudoexfoliation syndrome (46),
glaucoma, branch retinal vein occlusion (47), and central
serous retinopathy (48). MHR values are increased in patients

with diabetes compared to healthy controls, and an elevated
MHR can predict diabetic nephropathy and diabetic axonal
polyneuropathy (49). Moreover, there are a few studies with
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FIGURE 1 | The association between the MHR and patients with DR. (A) MHR levels in healthy controls, diabetic patients with and without DR; (B) MHR levels in DR

subjects with different severity; (C) MHR levels between subjects with DME and non-DME.

TABLE 2 | Logistic regression analysis assessing the association of the MHR with diabetic retinopathy.

Variables Univariate Model 1* Model 2*

OR 95%CI P-value OR 95%CI P-value OR 95%CI P-value

10*MHR, 108/mmol

Overall 1.435 1.277–1.614 <0.001 1.424 1.263–1.605 <0.001 1.438 1.249–1.655 <0.001

Stratified by HbA1c

<7.0 1.440 1.156–1.793 0.001 1.519 1.195–1.931 0.001 1.739 1.232–2.455 0.002

≥7.0 1.433 1.248–1.646 <0.001 1.411 1.226–1.623 <0.001 1.432 1.206–1.699 <0.001

Stratified by diabetic duration

<10 1.375 1.168–1.618 <0.001 1.373 1.157–1.628 <0.001 1.304 1.070–1.589 0.008

≥10 1.500 1.263–1.781 <0.001 1.465 1.233–1.740 <0.001 1.724 1.354–2.195 <0.001

*Model 1 was adjusted for age, sex.

Multivariate regression analysis model 2 was adjusted for age, sex, BMI, diabetes duration, smoking status, SBP, DBP, triglyceride, LDL-C, Cr, UA, FBG, HbA1c, and medications.

small sample size that evaluated the associations of the MHR
with DR and got contradictory conclusions. Işil Çakir et al.’
study showed that MHR was significantly higher in DR group
than T2DM without DR group and found that specificity and
sensitivity of MHR in detecting DR were relatively low (18);
while it can be inferred that MHR is not affected by diabetes, but
only by the proliferation process in Inhsan Solmaz et al.’ study
(19). Then, in the present study with larger sample size showed
that diabetes, a chronic inflammatory disease, yields an elevated
MHR level, and an elevated MHR can be an useful biomarker for
DR independent of conventional risk factors, but not predict the
severity stage of DR, which is not consistent with the previous
study (18, 19). To date, several studies in addition to our study
have consistently demonstrated that the MHR is a reliable factor
for inflammation and is associated with diabetic micro- and
macrovascular complications.

Furthermore, compared to other expensive inflammatory
markers, such as interleukin factor (IL)-1, IL-6, tumor necrosis
factor-α, and monocyte chemo-attractant protein-1, the MHR
can be easily calculated from a simple blood analysis, making
the use of this index more practical, cost-effective, and useful to
predict DR (8).

It is important to note the limitations of our investigation.
First, it was a single-center cross-sectional study; thus, causal

relationships between MHR and DR cannot be confirmed.
These findings should be cautiously interpreted, and further
prospective studies are needed. Second, we did not exclude
subjects with macrovascular complications, such as coronary
artery disease, because the percentage of subjects with these
complications did not vary significantly between the DR and
non-DR groups. Finally, additional inflammation markers, such
as CRP, interleukin factor (IL)-6, and tumor necrosis factor-α,
were not evaluated herein.

In summary, the present study suggests that elevated MHR
is a convenient and effective measurement for predicting the
presence of DR in patients with T2DM.
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Cardiovascular disease (CVD) is the leading cause of death globally. Risk assessment

is crucial for identifying at-risk individuals who require immediate attention as well

as to guide the intensity of medical therapy to reduce subsequent risk of CVD. In

the past decade, many risk prediction models have been proposed to estimate the

risk of developing CVD. However, in patients with a history of CVD, the current

models that based on traditional risk factors provide limited power in predicting

recurrent cardiovascular events. Several biomarkers from different pathophysiological

pathways have been identified to predict cardiovascular events, and the incorporation

of biomarkers into risk assessment may contribute to enhance risk stratification in

secondary prevention. This review focuses on biomarkers related to cardiovascular and

metabolic diseases, including B-type natriuretic peptide, high-sensitivity cardiac troponin

I, adiponectin, adipocyte fatty acid-binding protein, heart-type fatty acid-binding protein,

lipocalin-2, fibroblast growth factor 19 and 21, retinol-binding protein 4, plasminogen

activator inhibitor-1, 25-hydroxyvitamin D, and proprotein convertase subtilisin/kexin type

9, and discusses the potential utility of these biomarkers in cardiovascular risk prediction

among patients with CVD. Many of these biomarkers have shown promise in improving

risk prediction of CVD. Further research is needed to assess the validity of biomarker

and whether the strategy for incorporating biomarker into clinical practice may help to

optimize decision-making and therapeutic management.

Keywords: adipocyte, B-type natriuretic peptide, cardiac troponin, coronary artery disease, fibroblast growth

factor, lipocalin, plasminogen activator inhibitor, risk prediction

INTRODUCTION

Individuals with stable coronary artery disease (CAD) are at higher risk of recurrent
cardiovascular event and mortality than the general population. Preventive strategies
and intensive management of cardiovascular risk factors are much needed to improve
the prognosis of these patients. Although conventional risk prediction models such as
Framingham Risk Score have been developed and widely used to estimate individual’s risk
for primary prevention of cardiovascular disease (CVD) (1), effective tools for risk assessment
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in secondary prevention are still missing. The mechanisms
underlying the increased risk of recurrent CVD are not fully
understood. Existing prediction models that based on traditional
risk factors such as age, gender, diabetes status, blood pressure,
cholesterol levels, and smoking status may have limited value to
risk stratify patients with stable CAD (2).

Circulating biomarkers such as high sensitivity C-reactive
protein and cardiac troponin have been playing a crucial role
in the diagnosis, risk stratification, and management of patients
with several disease conditions including heart failure (HF) and
acute coronary syndrome (ACS) (3, 4). Recently, numerous novel
biomarkers from different pathophysiological pathways have
been found to be associated with cardiovascular risk and may
provide important prognostic information (5–7). The combined
use of multiple biomarkers has also proven to be useful in
the risk stratification of CVD (8). In this review, we focus on
the potential utility of various biomarkers from cardiac- and
metabolic-related pathways for predicting cardiovascular risk in
secondary prevention setting. The reviewed biomarkers include:
(i) cardiac-related biomarkers [B-type natriuretic peptide (BNP),
N-terminal pro-B-type natriuretic peptide (NT-proBNP), and
cardiac troponin I (cTnI)]; and (ii) metabolic-related biomarkers
[adiponectin, adipocyte fatty acid-binding protein (A-FABP),
heart-type fatty acid binding protein (H-FABP), lipocalin-2,
fibroblast growth factor (FGF) 19 and 21, retinol-binding
protein 4 (RBP4), plasminogen activator inhibitor-1 (PAI-1), 25-
hydroxyvitamin D, and proprotein convertase subtilisin/kexin
type 9 (PCSK9)]. These biomarkers are of special interest as
they are thought to provide sufficient information for improving
cardiovascular risk stratification. Evolving biomarkers such as
non-coding RNAs are beyond the scope of this review, although
they have shown a potential in this field (9). The potential
mechanistic link between biomarkers and CVD are summarized
in Table 1.

CHARACTERISTICS OF BIOMARKER

A biomarker, or biological marker, is broadly defined as a
“characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes,
or pharmacologic responses to a therapeutic intervention”
(27). Biomarkers can be classified into four types: diagnostic
biomarkers are expected to facilitate the early detection of
disease; prognostic biomarkers are used for estimating the likely
course of the disease; predictive biomarkers are used to predict
patient’s response to a particular therapy; therapeutic biomarkers
help to identify new therapeutic targets (28). Biomarkers can
also be used as a substitute for a clinical endpoint in clinical

Abbreviations: ACS, acute coronary syndrome; A-FABP, adipocyte fatty acid-

binding protein; AUC, area under the curve; CAD, coronary artery disease; hs-

cTnI, high-sensitivity cardiac troponin I; CVD, cardiovascular disease; BNP, B-type

natriuretic peptide; FGF, fibroblast growth factor; HF, heart failure; H-FABP, heart-

type fatty acid-binding protein; IDI, integrated discrimination improvement; IMT,

intima-media thickness; NT-proBNP, N-terminal pro-B-type natriuretic peptide;

NRI, net reclassification index; PAI, plasminogen activator inhibitor; PCSK9,

proprotein convertase subtilisin/kexin type 9; RBP, retinol-binding protein; T2DM,

type 2 diabetes mellitus.

TABLE 1 | Potential mechanistic link between CVD and biomarkers.

Biomarker Potential link with CVD References

Cardiac troponin I Myocardial injury (10)

BNP/NT-proBNP Myocardial stretch (11)

Adiponectin Insulin resistance

Altered lipid metabolism

Endothelial dysfunction

Atherosclerosis Inflammation

(12, 13)

A-FABP Insulin resistance

Altered lipid metabolism

Endothelial dysfunction

Atherosclerosis

Inflammation

(14, 15)

H-FABP Altered lipid metabolism

Myocardial injury

(16)

Lipocalin-2 Atherosclerosis

Plaque instability

Vascular remodelling

Insulin resistance

Inflammation

(17, 18)

FGF-19 Altered lipid metabolism

Altered glucose metabolism

Insulin resistance

(19, 20)

FGF-21 Altered lipid metabolism

Altered glucose metabolism

Insulin resistance

(19, 21)

RBP4 Insulin resistance

Atherosclerosis

Inflammation

(22, 23)

PAI-1 Thrombus formation

Impaired fibrinolysis

Insulin resistance

Inflammation

(24)

25-hydroxyvitamin D Insulin resistance

Endothelial dysfunction

Atherosclerosis

Inflammation

(25)

PCSK9 Altered lipid metabolism

Atherosclerosis

(26)

A-FABP, adipocyte fatty acid-binding protein; BNP, B-type natriuretic peptide; FGF,

fibroblast growth factor; H-FABP, heart-type fatty acid-binding protein; NT-proBNP, N-

terminal pro-B-type natriuretic peptide; PAI, plasminogen activator inhibitor; PCSK9,

proprotein convertase subtilisin/kexin type 9; RBP, retinol-binding protein.

trials. The desired characteristics of biomarkers vary based on
their intended use. For instance, high specificity is required
if a biomarker is used for screening purpose. As stated by
Morrow and de Lemos, biomarker should fulfill a set of criteria
to be clinically useful: (1) it must be accurate, reproducible,
easy to obtain and inexpensive; (2) it must provide added value
over existing measures; (3) it must aid in clinical decision-
making (29).

STATISTICAL ASSESSMENTS FOR THE
EVALUATION OF BIOMARKER
PERFORMANCE

Several statistical measures have been proposed for evaluating the
utility of a new biomarker. The statistical association between
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a biomarker and the outcome can be assessed using metrics
such as odds ratio, relative risk or hazard ratio. Statistical
significance of an association is necessary but insufficient to
provide information regarding the clinical contribution or
usefulness of a new biomarker (30). Other measures including
discrimination, calibration and reclassification are recommended
for assessing the incremental contribution of a new biomarker to
a conventional risk prediction model.

Discrimination refers to the ability of a biomarker to
distinguish individuals who develop a disease from those
who do not (31). The area under the receiver operating
characteristic (AUC), which is equivalent to the c statistic,
is the most used measure of model discrimination (32). The
AUC is the probability that a randomly chosen individual
with the disease has a higher predicted risk than a randomly
chosen individual without the disease. Values for AUC range
from 0.5 (no discrimination) to 1.0 (perfect discrimination).
In general, the AUC > 0.7 indicates a good model. The
increase in AUC can also be used to quantify the added
predictive value offered by the new biomarker. However, the
AUC is relatively insensitive to small improvements in model
performance when the AUC of the baseline model is well-
discriminated (33).

Calibration is also an important measure of model accuracy.
It measures the ability of the model to accurately predict the
proportion of individuals in a group who will develop the
disease events. A risk prediction model is well-calibrated when
the predicted probabilities agree with the observed frequencies
of an event. Statistical metric of Hosmer-Lemeshow χ

2 test is
commonly used for assessing the calibration of a risk prediction
model (34). A P< 0.05 for Hosmer-Lemeshow test indicates poor
calibration of the model.

Reclassification refers to the ability to reclassify individuals
into different risk categories. The reclassification measures
including net reclassification index (NRI) and integrated
discrimination improvement (IDI) have been proposed to
quantify how well a new biomarker improves risk classification
and as alternatives to the AUC (35). NRI is the net proportion
of individuals with the event correctly reclassified “upward” (i.e.,
moving up to higher risk category) and the net proportion of
individuals without the event correctly reclassified “downward”
(i.e., moving down to lower risk category). This category-
based NRI is highly sensitive to the number of risk categories
and the choice of risk thresholds. Pencina et al., therefore,
proposed a category-free version of the NRI to overcome
the problem of selecting categories (36). Positive values of
NRI indicate improved reclassification and negative values
indicate worsened reclassification. On the other hand, IDI is
independent of risk category and defined as the difference in
discrimination slopes between models with and without the
new marker (35). Discrimination slope is calculated as the
difference between the average predicted probabilities for events
and non-events.

In summary, there is no single statistical method can be
used for evaluating the incremental value of a new biomarker.
The metrics that used should be depending on the needs
and objectives.

METHODS

Search Strategy
A literature search was conducted using PubMed to identify
all relevant studies. Research articles were also selected
manually from the reference lists of articles. The search
strategy used the terms “biomarker,” “coronary artery disease,”
“cardiovascular disease,” “metabolic disease,” “cardiac troponin,”
“natriuretic peptide,” “heart-type fatty acid-binding protein,”
“adipokines,” “adiponectin,” “fibroblast growth factor,” “fatty acid
binding protein,” “lipocalin 2,” “neutrophil gelatinase-associated
lipocalin,” “retinol binding protein,” “plasminogen activator
inhibitor,” “vitamin D,” “PCSK9,” and “risk prediction” in several
combinations. Duplicated studies were identified and removed
using Endnote duplicate function. The abstracts and titles of
article retrieved were screened to exclude the irrelevant studies.
Full-text articles were then examined to determine whether they
met the inclusion criteria.

Inclusion and Exclusion Criteria
Inclusion criteria were: (1) studies investigating the association
of a biomarker with metabolic and cardiovascular diseases, and
adverse clinical outcomes such as cardiovascular events and
death; (2) studies using blood serum or plasma for biomarker
analysis; and (3) peer-reviewed articles and all types of reviews
published in English between January 1980 and November 2020.
Unpublished theses, reports, and conference proceedings were
excluded. Animal studies were also excluded.

Data Extraction and Quality Assessment
Due to the heterogeneity of focus and results from the refined
studies, we did not perform a meta-analysis as part of the
review process. Data were extracted using a standardized form
by one reviewer and verified by a second reviewer. The following
data were extracted from eligible studies: first author, year of
publication, country, study design, population characteristics
and sample size, specimen type, follow-up duration, and main
findings. The Newcastle-Ottawa Scale was used to assess the
quality of the selected cohort and case-control studies, with a
maximum score of nine points (37). The quality of the cross-
sectional studies was assessed using the adapted version of the
Newcastle-Ottawa Scale that awards a maximum score of 10
points (38). The Newcastle-Ottawa Scale assesses three main
domains: selection, comparability, and outcome assessment. The
AMSTAR-2 (AMeasurement Tool to Assess Systematic Reviews-
2) was used to evaluate the methodological quality of systematic
reviews (39).

RESULTS

Study Identification
The study selection process is summarized in Figure 1. A total of
1,423 records were identified through the initial literature search.
After removing 554 duplicates, the remaining 869 articles were
screened, and 643 articles were excluded. The remaining 226 full-
text articles were retrieved for detailed assessment. Ninety-one
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FIGURE 1 | Flowchart of study selection process.

articles were identified to fulfill the eligibility criteria and were
included in the final analysis.

Study Characteristics
The 91 included studies were conducted in 24 countries and
were published from 1986 to 2020. There were 43 cohort studies,
36 cross-sectional studies, 7 case-control studies, and 5 meta-
analyses. The sample size of these observational studies ranged
from 22 to 41,504, with a total of 135,811 participants. The
following biomarkers were studies: 6 studies investigated cardiac
troponin I, 10 investigated BNP or NT-proBNP, 9 reported on

adiponectin, 8 reported on A-FABP, 5 reported on H-FABP, 12
on lipocalin-2, 12 on FGF-19 and/or FGF-21, 7 assessed RBP4, 7
assessed PAI-1, 8 reported on vitamin D, and 7 on PCSK9.

Quality Assessment
The results of study quality assessment are presented
in Supplementary Table 1 for the cohort studies, in
Supplementary Table 2 for the case-control studies, in
Supplementary Table 3 for the cross-sectional studies, and
in Supplementary Table 4 for the meta-analyses. According to
the Newcastle-Ottawa Scale, 84 studies scored 7 or more points
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(good quality) and 2 studies scored 6 points (fair quality). Of the
five included reviews, according to the AMSTAR-2 rating, three
were rated as moderate or high quality and two were rated as low
or critically low quality.

ROLE OF BIOMARKERS IN
CARDIOVASCULAR RISK ASSESSMENT

Cardiac Troponin I
cTnI is one of the subunits of troponin regulatory complex
that exclusively expressed in cardiac muscle, and released into
the bloodstream after cardiac injury. cTnI is an established
biomarker and clinically used as gold standard for the detection
of myocardial injury (10). Increased levels of cTnI can be found
in a variety of cardiac and non-cardiac conditions, including
myocardial infarction, HF, pulmonary embolism, myocarditis,
sepsis, and renal failure (40). Several studies have demonstrated
that elevated high-sensitivity cardiac troponin I (hs-cTnI) levels
in patients with HF were associated with poor prognosis and
increased risk of mortality (41, 42). The addition of hs-cTnI to
a traditional risk factor model improved the AUC by 0.05 for
subsequent HF and cardiac death (43). Moreover, levels of hs-
cTnI independently predicted adverse cardiovascular events in
type 2 diabetes mellitus (T2DM) patients with ACS. Patients with
hs-cTnI levels>99th percentile demonstrated a 4-fold higher risk
of major cardiovascular events (44). Among patients with stable
CAD, hs-cTnI has been shown to predict subsequent myocardial
infarction and cardiovascular death during amedian follow-up of
6 years (45). In a prospective study of patients with CAD, elevated
hs-cTnI levels were higher in patients with more severe CAD,
and were independently associated with adverse cardiovascular
events and mortality. Addition of hs-cTnI improved the AUC by
0.03 and an NRI of 25% (46). These findings showed that hs-cTnI
levels had an additive prognostic value for future cardiovascular
outcomes over a conventional model with clinical risk factors.
Supplementary Table 5 summarizes the studies on the predictive
value of cTnI.

B-Type Natriuretic Peptide
BNP is a protein secreted by the cardiac ventricles in response
to increased ventricular stretch or wall stress. It is also involved
in regulating volume homeostasis and cardiovascular remodeling
(47). BNP is synthesized as proBNP and is cleaved into active
BNP and more stable NT-proBNP within cardiomyocytes. NT-
proBNP has a longer half-life and lower variation than BNP.
The clinical utility of BNP and NT-proBNP is largely similar
(11). BNP and NT-proBNP are widely used for the diagnosis
and risk stratification in patients with HF (48). Circulating
BNP levels are lower in obese than in non-obese patients,
and inversely correlated with body mass index (49). Higher
levels of BNP have been found in patients with left ventricular
hypertrophy and myocardial infarction (50). It has been proven
that BNP level provides important prognostic information in
patients with CAD, T2DM, and hypertension (51–53). Among
patients with ACS and T2DM, BNP has been shown to be a
powerful predictor of cardiovascular death, regardless of prior
history or HF or any prior CVD (54). Another study has

demonstrated that HF patients with elevated levels of BNP and
cardiac troponin were at particularly high risk for mortality
(55). Previous studies have also found that elevated BNP levels
were associated with increased risk of adverse cardiovascular
events and mortality in patients with CAD. The addition of
BNP to a traditional risk factor model improved the AUC
by 0.02 for prediction of adverse cardiovascular events (51,
56). Multi-marker approach based on NT-proBNP and cardiac
troponin was associated with adverse events after adjustment
for cardiovascular risk factors. The model incorporating a
combination of NT-proBNP and cardiac troponin resulted in
increases in the AUC, NRI, and IDI, suggesting that these
biomarkers may serve as independent prognostic markers for
CVD risk prediction (57). Supplementary Table 6 summarizes
the studies on the predictive value of BNP/NT-proBNP.

Adiponectin
Adiponectin is an adipokine secreted by adipose tissues
and exhibits anti-inflammatory, anti-atherogenic, and
cardioprotective effects (12, 13). Adiponectin expression is
reduced in obesity, insulin resistance, and T2DM, and the
plasma level is inversely related to body mass index and
components of metabolic syndrome such as triglycerides and
insulin levels (58, 59). Lower adiponectin levels are associated
with endothelial dysfunction, increased carotid intima-media
thickness (IMT) and severity of CAD (60–62). Several studies
have demonstrated that adiponectin could serve as a risk factor
for CVD and had moderate accuracy for the identification
of metabolic syndrome, with AUC ranged from 0.67 to 0.89
(63). Circulating adiponectin has also been shown to predict
cardiovascular and all-cause mortality risk in patients with
prevalent CVD (64). In patients with ACS, adiponectin was
associated with higher risk of adverse cardiovascular outcomes
(65). Another prospective study of patients with stable CAD
also reported that higher level of adiponectin was associated
with a 6-fold increased risk of all-cause mortality, with good
discrimination ability (AUC, 0.78) (66). Supplementary Table 7

summarizes the studies on the predictive value of adiponectin.

Adipocyte Fatty Acid-Binding Protein
A-FABP is mainly expressed in adipocytes and macrophages,
and has an important role in regulating glucose and lipid
metabolism (14). Circulating A-FABP levels are closely linked
to the development of obesity, insulin resistance, diabetes,
hypertension, cardiac dysfunction, and atherosclerosis (15, 67).
Elevated A-FABP levels are found in patients with CAD, and
are positively correlated with metabolic syndrome and severity
of coronary atherosclerosis (68, 69). Recent studies have shown
that increased A-FABP concentrations were independently
associated with increased risk of adverse cardiovascular events
and cardiovascular mortality in patients with CAD (70–72). The
association between A-FABP levels and cardiovascular events
has also been observed in a prospective study with median
follow-up of 9.4 years (73). Subjects with elevated A-FABP
levels showed a 1.6-fold increased risk of cardiovascular events.
The NRI and IDI were significantly improved by adding A-
FABP to a traditional risk factor model (NRI, 18.6%; IDI,
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0.25%). In another prospective study of patients with ACS, A-
FABP was associated with a higher risk of adverse events, and
demonstrated that the model with a combination of A-FABP and
NT-proBNP may provide a better predictive performance than
A-FABP alone, with the AUC increased from 0.65 to 0.68 (74).
Supplementary Table 8 summarizes the studies on the predictive
value of A-FABP.

Heart-Type Fatty Acid-Binding Protein
H-FABP is a low molecular-weight cytoplasmic protein that
is abundant in the myocardium. H-FABP is released rapidly
into the circulation in response to myocardial injury, and is
therefore used as an early and sensitive diagnostic marker for
myocardial infarction (16). It has been reported that serum H-
FABP levels are elevated in patients with metabolic syndrome
and pre-diabetic patients, and positively correlated with carotid
IMT (75, 76). Circulating H-FABP level has also been shown
to be a strong predictor of major cardiac events and mortality
in patients with ACS, suggesting that H-FABP may provide
incremental information for cardiovascular risk stratification
that was independent of traditional risk factors, troponin I, and
BNP (77). In patients with chronic heart failure, high H-FABP
was associated with 5.4-fold higher risk cardiac events, and had
a higher predictive value than BNP (AUC, 0.79 vs. 0.67) (78).
A recent prospective study comprising of 4,594 patients with
stable CAD showed that high levels of H-FABP were associated
with increased risk of adverse cardiovascular events, and found a
greater risk in CAD patients with impaired glucose metabolism
(79). Supplementary Table 9 summarizes the studies on the
predictive value of H-FABP.

Lipocalin-2
Lipocalin-2, also known as neutrophil gelatinase-associated
lipocalin, belongs to the lipocalin superfamily, and was first
identified in the specific granules of neutrophils (80). Lipocalin-
2 is expressed in a various tissues including liver, kidney,
lung, adipose tissue, stomach, and small intestine (81). There
is also evidence to suggest that lipocalin-2 may play a role in
vascular remodeling and plaque instability in atherosclerosis
(17). Circulating lipocalin-2 levels are elevated in obese patients
and patients with T2DM, and positively correlated with insulin
resistance index and inflammatory markers (18, 82, 83). It has
been reported that high levels of lipocalin-2 are associated with
markers of atherosclerosis, presence and severity of CAD (84–
86). In a population-based cohort study, lipocalin-2 level was an
independent predictor of cardiovascular events in male subjects.
The addition of lipocalin-2 to traditional risk factors improved
the AUC from 0.77 to 0.81 (87). Serum lipocalin-2 levels were
higher in patients with CAD or chronic HF compared with
the healthy individuals (88, 89). Several studies have reported
that elevated lipocalin-2 level was associated with increased risk
of cardiovascular and all-cause mortality in patients with ST-
segment elevation myocardial infarction after adjustment for
conventional risk factors, with AUC ranging from 0.76 to 0.85,
indicating a good predictive ability for prediction of mortality
in these patients (90, 91). Elevated level of lipocalin-2 has
also been found to be associated with a 4-fold higher risk

of mortality in a 2-year follow-up study of patients with HF
(92). Supplementary Table 10 summarizes the studies on the
predictive value of lipocalin-2.

Fibroblast Growth Factor 19 and 21
FGF-19 and FGF-21 belong to the same subfamily of endocrine
FGFs. The FGF family comprises of 22 members, which
are classified into seven subfamilies based on the structural
characteristics and mechanisms of action (93). FGF-19 is
primarily secreted by the small intestine during feeding, and
FGF-21 is secreted by the liver during fasting, with both FGF-
19 and FGF-21 share similar functions in regulating lipid,
glucose and energy metabolism (19). It has been shown that
circulating levels of FGF-19 are decreased in obese patients
and T2DM patients with metabolic syndrome, and are inversely
correlated with fasting glucose levels (20, 21, 94). In a study of
315 patients, serum FGF-19 levels were significantly lower in
patients with CAD than those in the control group, and were
independently associated with severity of CAD (95). On the
other hand, levels of FGF-21 are elevated in patients with T2DM
and those with established CAD, and are strongly associated
with body mass index, triglycerides, insulin resistance, and
serum A-FABP levels (96, 97). High FGF-21 level has also been
reported to be an independent predictor of the development
of T2DM and metabolic syndrome (98, 99). A prior study
recruited individuals who underwent carotid IMT assessment
demonstrated that elevated FGF-21 levels were associated with
the presence of carotid atherosclerosis (100). Serum FGF-21
level was increased in patients with acute myocardial infarction
compared to the control group, and associated with a higher risk
of adverse cardiovascular event after follow-up of 24 months.
The predictive performance of FGF-21 level was modest with
an AUC of 0.67 (101). In patients with CAD, elevated FGF-21
level was associated with increased risk of cardiovascular events
and mortality after adjustment for traditional cardiovascular
risk factors (102, 103). Supplementary Table 11 summarizes the
studies on the predictive value of FGF-19 and FGF-21.

Retinol-Binding Protein 4
RBP4 is a member of the lipocalin family and the sole retinol
transporter in blood. It is mainly secreted by the human liver
and adipose tissue (104). Previous studies have revealed that
RBP4 concentrations were elevated in patients with obesity and
T2DM, and were associated with insulin resistance (105). Other
studies have also demonstrated strong correlations of increased
RBP4 levels with carotid IMT and components of the metabolic
syndrome including hypertension, hypertriglyceridemia, and
waist circumference, suggesting that RBP4 may serve as a
marker of metabolic complications and atherosclerosis (22, 23,
106). Moreover, circulating RBP4 levels have been shown to
be correlated with CVD. A recent study reported that RBP4
levels were higher in patients with CAD than those in control
subjects, and were positively correlated with the prevalent and
severity of CAD (107). Elevated RBP4 level was associated with
an increased risk of CAD in a 16-year follow-up study of women
subjects (108). It has also been reported that serum RBP4 level
is an independent predictor of adverse cardiovascular events in
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patients with chronic HF after adjustment for cardiovascular risk
factors, and shows good prognostic performance with an AUC of
0.74 (109). Supplementary Table 12 summarizes the studies on
the predictive value of RBP4.

Plasminogen Activator Inhibitor-1
PAI-1, a member of the serine protease inhibitor (serpin) family,
is the primary inhibitor of both the tissue-type and the urinary-
type plasminogen activator (110). PAI-1 is mainly secreted by
endothelial cells and various tissue types such as liver and
adipose tissue. It is also involved in various physiological and
pathological processes including fibrinolysis, tissue modeling,
cancer, inflammation and CVD (24, 111, 112). Circulating levels
of PAI-1 are increased in obesity, insulin resistance, and T2DM
(113, 114). Elevated plasma PAI-1 levels have been reported to
be an independent predictor of CVD in patients with myocardial
infarction (115). Recently, a study revealed that elevated PAI-1
level was causally associated with incident CAD, suggesting that
PAI-1 may have a role in the pathogenesis of CAD (116). Several
studies have also demonstrated that elevated PAI-1 levels were
associated with adverse cardiovascular events in patients with
established CAD (117). In a prospective study of patients with ST-
elevation myocardial infarction, high PAI-1 level was associated
with a 5.5-fold increased risk of 5-year mortality, with an AUC
of 0.75 (118). Furthermore, in the study of the Framingham
Offspring study, Tofler et al. showed that both baseline and
serial changes in PAI-1 levels were associated with subsequent
risk of CVD, but only modest improvement in the AUCs were
observed when adding PAI-1 to the traditional risk factor model
(119). Supplementary Table 13 summarizes the studies on the
predictive value of PAI-1.

Vitamin D
Vitamin D is a secosteroid hormone that involves in maintaining
calcium and phosphorus homeostasis, and promoting bone
mineralization. 25-hydroxyvitamin D concentrations is the best
indicator of vitamin D status (120). Vitamin D deficiency is often
associated with bone disorders such as rickets and osteoporosis.
VitaminD has also been linked to non-skeletal diseases, including
cancer, CVDs, obesity, diabetes and hypertension (25). Low
vitamin D level has been found to be independently associated
with increased carotid IMT and presence of carotid plaque,
suggesting a potential role of vitamin D in the development
of atherosclerosis (121). In addition, vitamin D deficiency was
found to be associated with the prevalence and severity of CAD
(122). Several studies have demonstrated that low vitamin D
level was associated with increased risk of cardiovascular events
including myocardial infarction (123–125). In a prospective
study of 41,504 individuals, vitamin D deficiency was associated
with higher prevalence of diabetes, hypertension, hyperlipidemia,
and peripheral vascular disease. Patients with vitamin D level
below 15 ng/mL demonstrated a 2-fold higher risk of adverse
outcomes than those with normal level (126). Another large
prospective study also reported that low vitamin D levels
were associated with increased risk of ischemic heart disease,
myocardial infarction and early death (127). More recently,
a study showed that serum vitamin D levels on admission

were associated with in-hospital mortality in patients with
acute pulmonary embolism. A cut-off level of vitamin D
≤6.47 ng/mL was optimum for the prediction of in-hospital
mortality with an AUC of 0.81, suggesting that vitamin D may
be a potential prognostic biomarker for pulmonary embolism
(128). Supplementary Table 14 summarizes the studies on the
predictive value of 25-hydroxyvitamin D.

Proprotein Convertase Subtilisin/Kexin
Type 9
PCSK9, a member of the proprotein convertase family, is
predominantly produced in the liver and plays a key role in
cholesterol homeostasis. It reduces the low-density lipoprotein
intake from circulation by enhancing the degradation of
hepatic low-density lipoprotein receptor (26). Circulating PCSK9
concentrations are elevated in patients with metabolic syndrome,
T2DM, and obesity (129–131). In a study of 126 with
hypertensive patients, serum PCSK9 was associated with carotid
IMT (132). Several studies have reported that PCSK9 levels were
associated with the severity of coronary stenosis in patients with
ACS, after adjustment for established risk factors (133). In a
prospective study of 1,225 patients with stable CAD, elevated
PCSK9 levels were related to cardiovascular metabolic markers
such as total cholesterol and hemoglobin A1c, and independently
associated with increased risk of adverse cardiovascular events.
Patients with T2DM and high PCSK9 levels demonstrated a 5-
fold increased risk of adverse cardiovascular events compared
with non-diabetic patients with low PCSK9 levels (134). The
association of PCSK9 levels with cardiovascular events was
also observed in patients with CAD on statin treatment
(135). Supplementary Table 15 summarizes the studies on the
predictive value of PCSK9.

DISCUSSION

Accurate risk stratification tools are important for clinical risk
prediction and treatment strategy, particularly for individuals
in higher risk groups. The selected biomarkers in this review
are closely linked with CVD and have shown promise in
improving the prediction of adverse cardiovascular events for
primary and secondary prevention. However, validation of
potential biomarkers on a larger scale remains challenging
and their clinical utility in stable CAD patients is still to
be determined. There is some controversy regarding which
biomarker is more suitable for the prognosis of CAD. The
multi-biomarker approach may help overcome some of the
limitations of individual markers and improve the prognostic
accuracy. It has been suggested that the strategy of combining
biomarkers from different pathways is more likely to be clinically
useful than biomarkers in the same pathway, and may provide
greater discriminative ability than individual biomarker. For
example, Hillis et al. demonstrated that the combined model
of NT-proBNP and cardiac troponin provided better prognostic
information with regard to the risk for future cardiovascular
events than the use of a single biomarker (57). Reiser et al.
also reported that the combination of NT-proBNP and A-FABP
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yielded a more accurate predictive value for adverse outcomes in
patients with ACS (74). These findings provide new insights into
the potential use of multiple biomarkers related to cardiovascular
and metabolic pathways to improve strategies for secondary
prevention of CVD.

Cost is also an important consideration when selecting
biomarkers for risk prediction models. Some biomarkers can
be expensive to measure and other practical issues such as
collection, storage and handling of samples may affect the cost
of a biomarker model. Moreover, the economic burden on
healthcare system after implementation of biomarker prediction
tools may include the costs of: (i) additional biomarker tests; (ii)
detailed assessments for risk estimation; and (iii) new therapies
or interventions for treating high-risk patients to reduce risk.
Although the overall costs may be increased, it may be cost-
effective if health outcomes are improved sufficiently. Further
evaluation of the cost-effectiveness of using biomarker prediction
tools is needed to inform health policy as well as to guide
clinical decisions.

In conclusion, our study revealed that these biomarkers
representing different pathophysiological pathways could
help to improve risk stratification for CVD. Further
work is warranted to identify optimal combination of
biomarkers for risk stratification of secondary prevention
patients. In addition, validation studies are still required
to confirm the applicability of these biomarkers in CVD
risk prediction.
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Background: Hyperhomocysteinemia is a risk factor for contrast-induced nephropathy.

Folic acid can attenuate such nephropathies in rats. The protective effect of folic acid

against contrast-induced nephropathy has not been studied in humans. We aimed to

investigate the effect of folic acid on the incidence of contrast-induced nephropathy (CIN)

after coronary catheterization in patients with hyperhomocysteinemia.

Methods: This was a single-center, prospective, double-blind, randomized controlled

trial (ClinicalTrials.gov, NCT02444013). In total, 412 patients (mean age: 65 ± 12 years,

268 male) with plasma homocysteine ≥15µM, who underwent coronary arteriography

(CAG) or percutaneous coronary intervention (PCI) from May 2015 to August 2018, were

enrolled. Patients were randomly assigned to two groups: a treatment group (n = 203),

taking 5mg of folic acid (orally, three times/day) immediately after enrollment and for

72 h after operation, and a control group (n = 209), taking placebo. Contrast-induced

nephropathy was defined as an increase in serum creatinine of >25% or 44µM within

48 or 72 h after contrast medium administration.

Results: In total, 50 (12%) patients developed CIN after 48 h after catheterization,

including 16 (8%) in the treatment group and 34 (16%) in the control group (P = 0.009).

Meanwhile, 53 (13%) patients developed CIN after 72 h of CAG/PCI, including 18

(9%) in the treatment group and 35 (17%) in the control group (P = 0.017). The

incidence of contrast-induced nephropathy in the treatment group was lower than

that in the control group (P = 0.017). Logistic regression analysis confirmed that

administration of folic acid was a protective factor against contrast-induced nephropathy

(RD = 0.0788, 95%CI: 0.0105–0.1469, P = 0.019). We found no serious adverse

events associated with folic acid. No death or hemodialysis occurred in either group.
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Conclusions: Perioperative administration of folic acid attenuates the incidence

of contrast-induced nephropathy after coronary catheterization in patients with

hyperhomocysteinemia.

Clinical Trial Registration: ClinicalTrials.gov, identifier [NCT02444013].

Keywords: contrast-induced nephropathy, folic acid, hyperhomocysteinemia, coronary catheterization, acute

kidney injury

INTRODUCTION

Contrast-induced nephropathy (CIN) is a common complication
when using intravenous iodinated contrast. It is the third
most common cause of hospital-acquired acute kidney injury,
accounting for 11% of cases (1), second only to decreased renal
perfusion and nephrotoxic medication (2). The overall incidence
of CIN ranges from 3 to 7% but can be as high as 50% in patients
with moderate to advanced chronic kidney disease (CKD) (3).
CIN is associated with prolonged hospital stays, as well as an
increased risk of CKD, cardiovascular events, and death (4). It
has been reported that 49% of CINs occur after either coronary
arteriography (CAG) or percutaneous coronary intervention
(PCI) (5). Therefore, investigating the potential means to reduce
the risk of CIN in patients undergoing CAG or PCI is warranted.

The pathogenesis of CIN has been explained by combinations
of various mechanisms, such as renal vasoconstriction, increased
oxidative stress, and impaired endothelial function, as well as
renal tubular-cell cytotoxicity and apoptosis (6, 7). Homocysteine
(Hcy), a sulfhydryl-containing amino acid, is closely associated
with a risk of renal and cardiovascular diseases (8–10);
hyperhomocysteinemia (HHcy) is known to induce oxidative
stress, endothelial dysfunction, apoptosis, and thrombosis (9, 11).
From previous studies, including our own (12), HHcy is a known
independent risk factor for CIN (13).

Folic acid, an important dietary determinant of Hcy,
exerts antioxidative and anti-apoptotic effects, and improves
endothelial function; therefore, it plays a vital role in the
management of cardiovascular diseases associated with HHcy
(14, 15). A previous study revealed that folic acid could attenuate
CIN in rats (16). However, the protective effect of folic acid
against CIN has not been studied in humans. In this study, we
aimed to investigate the effect of folic acid on the incidence of
CIN after CAG or PCI in patients with HHcy.

MATERIALS AND METHODS

Study Population
This was a single-center, prospective, double-blind, randomized
controlled trial, registered on May 14, 2015 (ClinicalTrials.gov,
NCT02444013). Patients with HHcy, scheduled to undergo
CAG or PCI, were prospectively enrolled, after screening for
eligibility, from May 2015 to August 2018, at the Department

Abbreviations: CAG, coronary arteriography; CIN, contrast-induced

nephropathy; eGFR, estimated glomerular filtration rate; Hcy, homocysteine;

HHcy, hyperhomocysteinemia; ICU, intensive care unit; PCI, percutaneous

coronary intervention; Scr, serum creatinine.

of Cardiovascular Medicine, the Third Affiliated Hospital, Sun
Yat-sen University. The inclusion criteria were an age ≥18
years and a fasting plasma Hcy concentration ≥15µM. The
exclusion criteria were as follows: pregnancy; use of folic acid,
vitamin B12, contrast agent, or nephrotoxic drugs within 14 days
before enrollment; allergy to iodine-containing contrast medium;
and end-stage renal failure. All procedures were conducted
in accordance with the tenets of the Declaration of Helsinki,
and all participants provided written informed consent before
being enrolled in the study. This study was approved by the
institutional review board of the Third Affiliated Hospital, Sun
Yat-sen University (IRB: 20150216).

Randomization and Masking
Patients were randomly assigned (1:1) to the group receiving
oral 5-mg folic acid or the group receiving matching placebo
three times/day. Patients were allocated to the two treatment
arms by central computer allocation using simple randomization
with no stratification factors. A random number table was
generated by one researcher, and another researcher put the
random number and group number into opaque envelopes of the
same size and color. Randomization was performed by a third
investigator. Random generation, concealment, and assignment
were performed by three different investigators, none of whom
participated in the subsequent part of the intervention program.
All doctors and subjects were blinded to the allocation of
drug administration, as a double-blinding method was used for
the allocation.

Procedures
As protection against the intravenous contrast medium, all
patients received prophylactic hydration with 0.9%NaCl solution
(1–2 mL/kg/h, intravenous), 6 h before and 6 h after contrast
administration. Random number tables were used to assign
patients to two groups: a treatment group, taking 5mg of folic
acid (orally, three times a day) immediately after enrollment, and
a control group, taking a placebo at the same intervals.

Blood samples were collected at baseline and analyzed on
a Hitachi 7180 clinical analyzer (Hitachi High-Tech Corp,
Japan) for the evaluation of blood urea nitrogen, uric acid,
blood lipids, cystatin C, and fasting glucose. Hemoglobin was
measured using the cyanmethemoglobin method. Hemoglobin
A1C was measured, via the D-10 Hemoglobin Testing System
(Bio-Rad Laboratories, Inc., Hercules, CA, USA), using high-
performance liquid chromatography. Plasma Hcy was measured
on the ADVIA Centaur (Siemens Healthineers AG, Erlangen,
Germany) at baseline, as well as the day before and 72 h after
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CAG/PCI. Serum creatinine (Scr) concentration was estimated
using the sarcosine oxidase enzymaticmethod at baseline, the day
before CAG/PCI, as well as at 24, 48, and 72 h after CAG/PCI.
The estimated glomerular filtration rate (eGFR) was calculated
using the equation developed by theModification of Diet in Renal
Disease study group (17).

Cardiac catheterization was performed in accordance with
standard clinical practice, via a femoral or radial approach.
Coronary angiography was routinely performed using the
Judkins technique. Significant coronary artery disease was
defined as >50% coronary stenosis in at least one vessel.
The contrast type and dose were decided by two experienced
interventional cardiologists based on operative requirements.

The primary outcome measure was the rate of occurrence of
CIN. According to previous studies, CIN can be defined as either
48 or 72 h (18, 19). Therefore, in order to reduce the risk of
obtaining different results due to the different criteria, we revised
the registration scheme at the beginning of study, and used both
CIN criteria for analysis. Thus, CINwas considered as an increase
in Scr concentration of more than 25% or 44µM within 48
and 72 h after contrast medium administration, without evidence
of other causes. The secondary outcome measures were major
in-hospital clinical events with 72 h, including: (1) bleeding,

defined as a reduced hemoglobin level ≥20 g/L; (2) all-cause
death; (3) dialysis or hemofiltration due to symptoms or signs
of uremic syndrome or management of refractory hypervolemia,
hyperkalemia, or acidosis; (4) worsening heart failure, defined
as a deteriorated NYHA functional class; and (5) intensive
care unit (ICU) admission. The safety outcome was measured
by assessment of adverse reactions, such as nausea, decreased
appetite, insomnia, and allergic reaction. In addition, we assessed
the serial changes in serum creatinine and Hcy concentration.

Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics for
Windows version 22.0 (IBM Corp., Armonk, NY, USA).

We designed this study to assess the superiority of folic acid
over the standard approach to reduce CIN in patients with
hyperhomocysteinemia undergoing coronary catheterization.
We calculated the necessary sample size on the basis of previous
trial data suggesting that 15.4% of the control group and 6.34%
of folic acid treatment group would develop CIN. We also
estimated that 10% of patients would be lost to follow-up, based
on previous CIN prevention trials enrolling patients undergoing
cardiac procedures (20). On the basis of these assumptions, a chi-
squared analysis suggested that 404 patients would be needed to

FIGURE 1 | Flowchart of the study population of patients with hyperhomocysteinemia receiving folic acid and the control group. CAG, coronary arteriography; PCI,

percutaneous coronary intervention; eGFR, estimated glomerular filtration rate.
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TABLE 1 | Baseline characteristics of patients with hyperhomocysteinemia

receiving folic acid vs. a control group.

Treatment group Control group P-value

(n = 203) (n = 209)

Age, years 66 ± 12 65 ± 12 0.293

Male, n (%) 138 (68) 130 (62) 0.219

BMI, kg/m2 24.9 ± 3.5 24.7 ± 3.2 0.378

Systolic blood

pressure, mmHg

139.27 ± 20.21 138.46 ± 22.72 0.396

Diastolic blood

pressure, mmHg

81.71 ± 13.31 79.58 ± 12.38 0.149

Heart rate, bpm 75.31 ± 12.25 74.82 ± 12.76 0.350

Hypertension, n (%) 158 (78) 152 (73) 0.153

Diabetes mellitus, n (%) 70 (34) 78 (37) 0.548

Hyperlipidemia, n (%) 72 (35) 69 (33) 0.600

CHF, n (%) 24 (12) 25 (12) 0.965

Anemia, n (%) 32 (16) 36 (17) 0.690

Current smoker, n (%) 86 (42) 86 (41) 0.802

Hemoglobin, g/L 131.7 ± 18.7 130.9 ± 18.7 0.588

Total cholesterol, mM 4.47 ± 1.17 4.53 ± 1.30 0.792

Triglyceride, mM 1.79 ± 1.59 1.56 ± 1.19 0.089

HDL-C, mM 1.02 ± 0.28 1.11 ± 0.28 0.001

LDL-C, mM 2.83 ± 1.03 2.88 ± 1.11 0.748

Fasting glucose, mM 5.81 ± 1.64 5.70 ± 1.61 0.390

HbA1C, % 6.11 ± 0.95 6.27 ± 1.30 0.708

BUN, µM 5.77 ± 1.96 5.41 ± 1.81 0.842

Scr, µM 99.02 ± 27.61 97.14 ± 21.78 0.441

eGFR, mL/min/1.73 m2 59 ± 19 60 ± 19 0.285

LVEF, % 55.17 ± 9.40 56.13 ± 7.34 0.271

ACEI/ARB, n (%) 115 (57) 114 (55) 0.667

Statins, n (%) 183 (90) 197 (94) 0.119

Diuretic, n (%) 86 (42) 86 (41) 0.802

Aspirin, n (%) 139 (68%) 150 (72%) 0.465

Clopidogrel, n (%) 94 (46%) 114 (55%) 0.094

Ticagrelor, n (%) 26 (13%) 28 (13%) 0.859

Clinical diagnosis

ACS 56 (28%) 58 (28%) 0.970

CAD 76 (37%) 79 (28%) 0.940

NCHD 71 (35%) 72 (34%) 0.911

Procedure, n (%) 0.797

CAG 122 (60) 123 (59)

PCI 81 (40) 86 (41)

Duration of procedure,

min

77.9 ± 52.2 83.6 ± 55.4 0.282

Contrast volume, mL 102.5 ± 48.2 109.7 ± 51.1 0.150

Prehydration, mL 672.9 ± 89.4 672.0 ± 86.0 0.512

Post-hydration, mL 760.1 ± 132.3 744.7 ± 101.8 0.368

Length of stay, day 9.76 ± 1.6 10.0 ± 2.0 0.133

Hospitalization cost,U 27,464.9 ± 21,638.3 22,857 ± 22,083.9 0.033

Categorical variables are presented as n (%). Continuous variables are presented as

mean ± SD. BMI, body mass index; CHF, congestive heart failure; HDL-C, high-density

lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HbA1C, hemoglobin

A1C; BUN, blood urea nitrogen; Scr, serum creatinine; eGFR, estimated glomerular

filtration rate; LVEF, left ventricular ejection fraction; ACEI, angiotensin converting enzyme

inhibitor; ARB, angiotensin receptor blocker; ACS, acute coronary syndrome; CAD,

Chronic coronary artery disease; NCHD, Non-coronary heart disease; CAG, coronary

arteriography; PCI, percutaneous coronary intervention.

detect a statistically significant difference, with 80% power and a
two-sided α of 0.05.

Intention-to-treat (ITT) analysis was primarily used for
this trial including all participants who received folic acid
or placebo and underwent coronary angiography. Continuous
variables are presented as mean ± standard deviation values,
whereas categorical variables are presented as frequencies and
percentages. Continuous variables were tested for a normal
distribution using the Shapiro–Wilk test. Normally distributed
variables were compared using two-tailed, independent t-tests.
Non-normally distributed variables were compared using the
two-tailed Mann–Whitney U-test. Repeated measures variables
were analyzed using two-way repeated measures ANOVA
and a linear mixed model to analyze changes. Categorical
data were compared between the groups using Pearson’s chi-
square and Fisher’s exact tests. Univariate logistic regression
analyses were used to determine independent predictors of
CIN. We used logistic regression with interaction testing
and Chi-square test to assess whether the treatment effect
was consistent across post-hoc subgroups. P-values of ≤0.05
were considered to indicate statistical significance. One-way
ANOVA was used to analyze intergroup differences with a
Bonferroni multiple comparison post-test. P-values <0.0167
were considered statistically significant.

RESULTS

Baseline Characteristics
Among the 3,541 consecutive patients who underwent CAG or
PCI, the plasma Hcy concentration was ≥15µM in 644 patients
screened for inclusion (Figure 1). Ultimately, 412 patients (mean
age: 65 ± 12 years, 268 male and 144 female) participated in
the study, with 203 in the treatment group and 209 in the
control group. All randomized patients who provided consent,
constituting the full analysis set, were included according to
ITT principles for the efficacy analyses. Baseline characteristics
of the study population are presented in Table 1. The mean
eGFR of all patients was 61 ± 19 mL/min/1.73 m2. There
were similar distributions of clinical diagnosis in two groups. In
terms of operations, 245 (59%) patients received CAG and 167
(41%) received PCI, with a mean contrast-material volume of
106.1 ± 49.8mL. The mean pre- and post-operative intravenous
hydration volumes were 672.4 ± 87.7 and 752.3 ± 116.8mL,
respectively. All stents are drug eluting stent. All randomly
assigned patients received their allocated treatment (Figure 1).

Outcomes
Primary Endpoint
In total, 50 (12%) patients developed CIN after 48 h of CAG/PCI,
including 16 (8%) in the treatment group and 34 (16%) in
the control group (P = 0.009). Meanwhile, 53 (13%) patients
developed CIN after 72 h of CAG/PCI, including 18 (9%) in
the treatment group and 35 (17%) in the control group (P =

0.017). Regardless of the adopted standard, the incidence of
CIN was significantly lower in the treatment group than in the
control group.
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TABLE 2 | Change in serum creatinine concentration from pre-PCI baseline to 48 h and 72 h after the initiation of PCI in two groups.

Treatment group (n = 203) Control group (n = 209) P-value

Baseline Scr, µM 99.02 ± 27.61 97.14 ± 21.78 0.441

48 h max Scr, µMa 107.42 ± 30.33 107.66 ± 24.56 0.928

1Scr (48 h max – baseline), µM 8.39 ± 13.72 10.52 ± 13.12 0.108

72 h max Scr, µMa 108.74 ± 30.60 110.86 ± 23.83 0.432

1Scr (72 h max – baseline), µM 9.71 ± 13.77 13.73 ± 12.08 0.002

aHighest serum creatinine (Scr) concentration within 48 or 72 h; 1Scr, change in serum creatinine concentration. All values are presented as mean ± SD.

As indicated in Table 2, the highest Scr concentrations were
significantly higher within 48 h after the initiation of PCI than
those at baseline in the two groups (treatment group: 107.42 ±

30.33 vs. 99.02± 27.61µM, P = 0.0037; control group: 107.66±
24.56 vs. 97.14 ± 21.78µM, P < 0.001). Otherwise, the highest
Scr concentrations were significantly higher within 72 h after
the initiation of PCI than those at baseline in the two groups
(treatment group: 108.74 ± 30.60 vs. 99.02 ± 27.61µM, P =

0.0009; control group: 110.86 ± 23.83 vs. 97.14 ± 21.78µM,
P < 0.001). The change in Scr concentration (1 Scr) from pre-
PCI baseline (0 h) to 72 h after PCI in the folic acid group was
significantly lower than that in the control group (9.71± 13.77 vs.
13.73± 12.08µM, P = 0.002). However, there was no significant
difference in the 1 Scr within 48 h between two groups (8.39
± 13.72 vs. 10.52 ± 13.12µM, P = 0.108). The linear mixed
model showed that folic acid decreased the Scr concentration
(P < 0.0001 for group and group-time interaction).

In the treatment group, the baseline concentration of plasma
Hcy was 23.99 ± 8.24µM. After taking folic acid for a median
duration of 6.0 (range, 5.0–8.0) days, the concentration of plasma
Hcy decreased significantly to 16.94± 8.26µM by the day before
CAG/PCI (P < 0.001 vs. baseline). At 72 h after CAG/PCI, the
concentration of plasma Hcy had further reduced to 13.41 ±

6.01µM(P< 0.001 vs. baseline and vs. the day before CAG/PCI).
In the control group, the baseline concentration of plasma Hcy
(23.16 ± 3.30µM) was similar to that of the treatment group
(P = 0.19). Furthermore, the concentrations of plasma Hcy in
the control group did not change significantly during the study
(P > 0.05; Figure 2). The linear mixed model showed significant
differences in change in the Hcy concentration between the two
groups, due to the interaction between the groups and time, with
the folic acid group showing a faster decline.

Secondary Outcomes
Table 3 shows the major adverse clinical events. There were no
serious adverse events related to study treatment, and no death
or hemodialysis occurred in either group. The rate of worsening
heart failure events was lower, although not significantly so, in
the treatment group (relative difference [RD] = 0.0138, 95%
confidence interval [CI]: −0.0244 to −0.0532, P = 0.54). There
was no statistical difference in the occurrence of bleeding and
ICU admission rate between the two groups. No safety signal
related to folic acid administration emerged during the study.

Univariate logistic regression analysis indicated that treatment
with folic acid could lower the risk of CIN significantly (RD

= 0.0788, 95%CI: 0.0105–0.1469, and P = 0.019). We further
performed post-hoc subgroup analyses stratified by hypertension,
diabetes mellitus, heart failure, age, sex, eGFR, and anemia with
72 h (Table 4). Administration of folic acid was a protective factor
against CIN in patients with hypertension, diabetes mellitus, no
heart failure, age>65 years, eGFR > 60 ml/min/1.73 m2, and
no anemia, and those who were male (P < 0.05), except in
patients with congestive heart failure (P = 0.299) or anemia (P
= 0.34). The P-value of interaction testing for logistic regression
in post-hoc subgroups was >0.05, except for sex.

DISCUSSION

Intravenous iodinated contrast is associated with a high risk
for CIN, which may lead to increased morbidity, prolonged
hospitalization, an increased risk of complications, a potential
need for dialysis, and an increased mortality rate (5). Therefore,
it is crucial to consider strategies for the prevention of
CIN. Previous studies indicated HHcy as a risk factor for
CIN (12, 13), and that folic acid can attenuate CIN in rats
(16). In the present study, of 412 consecutive patients with
HHcy undergoing coronary catheterization, we confirmed that
perioperative treatment with folic acid could lead to a statistically
significant reduction of plasma Hcy concentration and was
associated with a lower incidence of CIN compared to those
in patients treated with placebo. Logistic regression analysis
demonstrated that folic acid was a protective factor against CIN.
At the same time, 50 and 53 patients developed CIN within 48
and 72 h, respectively; thus it is necessary to extend the time of
creatinine detection in clinical practice.

Many clinical trials have been conducted to test the abilities
of various substances to reduce the incidence of CIN, such
as acetylcysteine, sodium bicarbonate, statins, and furosemide.
However, such attempts have yielded contradictory results (21–
25), and the best strategy remains unclear. KDIGO (Kidney
Disease: Improving Global Outcomes) published the first
international and interdisciplinary clinical practice guideline on
acute kidney injury, recommending intravenous prehydration
with 0.9% NaCl as the basic strategy in patients at an increased
risk for CIN (26). Therefore, in the present study, all participants
received prophylactic hydration with intravenous 0.9% NaCl
(1–2 mL/kg/h) at 6 h before and after contrast administration.
Nonetheless, >12% of patients still developed CIN after
catheterization. According to previous reports, the incidence of
CIN is ∼2% in patients with normal renal function and without
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FIGURE 2 | Homocysteine (Hcy) change over time in patients with hyperhomocysteinemia receiving folic acid and the control group. One-way ANOVA was used to

analyze intergroup differences with a Bonferroni multiple comparison post-test. P < 0.0167 were considered statistically significant. The linear mixed model showed

significant differences in the change in Hcy concentration between the two groups due to the interaction between the groups and time (P < 0.001). The folic acid

group showed a faster decline. The average of the control group was 0.81 lower than that of the folic acid group at baseline, 6.02 higher than that of the folic acid

group before procedure, and 9.05 higher than that at 72 h after procedure. ANOVA, analysis of variance; CAG, coronary arteriography; PCI, percutaneous coronary

intervention.

TABLE 3 | Incidence of contrast-induced nephropathy and major adverse events in 72 h.

Treatment group Control group Risk difference P-value

(n = 203) (n = 209) (95% CI)

CIN-48 h 16/203 (8.9%) 34/209 (16.7%) 0.0839 (0.0172 to 0.1505) 0.009

CIN-72 h 18/203 (8.9%) 35/209 (16.7%) 0.0788 (0.0105 to 0.1469) 0.017

Bleed 5/203 (2.5%) 5/209 (2.4%) 0.0007 (−0.0367 to −0.0389) 1.00

Worsening heart failure 4/203 (2%) 7/209 (3.3%) 0.0138 (−0.0244 to −0.0532) 0.54

All-cause mortality 0/203 0/209 – 1.00

Dialysis 0/203 0/209 – 1.00

Intensive care admission 2/203 (1.0%) 3/209 (1.4%) 0.0045 (−0.0265 to 0.036) 1.00

other risk factors; however, the incidence can increase to 9–40%
in high-risk patients (27). The most important risk factor for CIN
is pre-existing renal insufficiency (28). The mean eGFR in the
present study was <60 mL/min/1.73 m2, indicating that many
participants had pre-existing renal insufficiency. Besides, many
patients had other risk factors for CIN, such as old age, anemia,
diabetes, and heart failure. This may explain why the incidence
of CIN in the present study was relatively high, despite adequate
perioperative hydration. Severe CIN may require hemodialysis
to remove the contrast media from the blood (29), which is why
we excluded patients with eGFR < 30 mL/min/1.73 m2. Perhaps
we excluded patients who used contrast agents multiple times
in a short period of time, which means that some patients with

complex conditions were not included. This may explain why
there were less serious complications occur serious complications
in the present study.

In order to reduce the risk of CIN, it is extremely important
to identify patients at a high risk of CIN and to develop
new pretreatment strategies. The pathogenesis of CIN is closely
related to endothelial dysfunction and cellular toxicity induced
by the contrast agent, as well as to tubular apoptosis resulting
from hypoxic damage and reactive oxygen species (26). As
elevated Hcy concentrations can induce endothelial dysfunction,
apoptosis, oxidative stress, and thrombosis (9, 11), it follows
that there is a potential link between Hcy and the risk of CIN;
however, such a hypothesis has not been extensively evaluated.
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TABLE 4 | Occurrence of contrast-induced acute kidney injury in post-hoc subgroups.

Treatment Control Risk difference P-value P-value for

group group (95% CI) intervention

Hypertension 0.712

Yes (n = 310) 15/158 26/126 0.1114 (0.0234 to 0.2033) 0.048

No (n = 102) 3/45 9/57 0.0912 (−0.0578 to 0.2263) 0.156

Diabetes mellitus 0.35

Yes (n = 148) 5/70 15/78 0.1209 (−0.001 to 0.238) 0.032

No (n = 264) 13/123 20/131 0.047 (−0.0431 to 0.1355) 0.177

CHF 0.927

Yes (n = 49) 3/24 6/25 0.115 (−0.1362 to 0.3491) 0.299

No (n = 363) 15/179 29/184 0.0738 (0.0023 to 0.1453) 0.031

Age 0.632

>65 years (n = 190) 10/123 12/67 0.0978 (−0.0059 to 0.221) 0.044

≤65 (n = 222) 8/80 23/142 0.062 (−0.0455 to 0.1523) 0.201

Sex 0.046

Male (n = 268) 8/138 23/130 0.119 (0.0369 to 0.2036) 0.201

Female (n = 198) 10/65 12/79 0.0019 (−0.1242 to 0.1358) 0.754

eGFR 0.967

>60 ml/min/1.73 m2 (n = 214) 9/104 20/110 0.0953 (−0.0042 to 0.193) 0.042

≤60 ml/min/1.73 m2 (n = 198) 9/99 15/99 0.0606 (−0.0395 to 0.161) 0.191

Anemia 0.804

Yes (n = 68) 5/32 9/26 0.1899 (−0.0549 to 0.4215) 0.34

No (n = 344) 13/171 26/173 0.0743 (0.0026 to 0.1464) 0.03

CHF, chronic heart failure; eGFR, estimated glomerular filtration rate.

As we have previously demonstrated (12) that plasma Hcy
concentration is an independent biomarker for predicting CIN,
and as Barbieri et al. (13) demonstrated a statistically significant
relationship between plasma Hcy concentration and the risk of
CIN, reduction of the plasma Hcy concentration may reduce the
risk of CIN.

Folic acid is an essential co-factor in Hcy metabolism (30);
it exerts antioxidative and anti-apoptotic effects and improves
endothelial functional properties (31). The administration of
folic acid attenuated CIN statistically significantly in diabetic
rats, the mechanism of which may be related to the inhibition
of oxidative stress (16, 32). In clinical practice, folic acid
is used in the management of many diseases, including
diabetes mellitus, hypertension, and cardiovascular disorders
(14, 15, 31). A meta-analysis of the efficacy of folic acid
supplementation in stroke prevention demonstrated that folic
acid supplementation can effectively reduce the risk of stroke in
primary prevention (33). Xu et al. (34) found that enalapril-folic
acid therapy, compared with enalapril alone, can significantly
delay the progression of CKD among patients with mild-to-
moderate disease.

In the present study, folic acid administration was first
demonstrated to reduce both the plasma Hcy level and
incidence of CIN statistically significantly after coronary
catheterization. Subgroup analyses further confirmed that
administration of folic acid was an independent protective
factor against CIN, except in patients with congestive heart
failure or anemia. However, as the number of participants

with congestive heart failure (n = 49) or anemia (n =

68) was relatively small in our study, the effectiveness of
folic acid in protecting such patients against CIN needs to
be verified. Based on its potential benefits and few side
effects, we recommend perioperative administration of folic
acid to attenuate CIN in patients with HHcy undergoing
coronary catheterization.

Several limitations of the present study should be noted.
First, this was a single-center study. Analyses involving different
surgeons and using therapeutic strategies may lead to different
results. Second, the overall sample size was relatively small;
clinical trials with larger samples should be conducted for
verification of our results. Third, this study included only HHcy
patients. Potential preventive effects of folic acid on CIN may
arise not only from a reduction in Hcy concentration, but
also because of its antioxidative and anti-apoptotic properties.
Therefore, research into the effect of folic acid in non-HHcy
patients is also warranted. Finally, as the pathophysiological link
between folic acid and CIN remains unclear, further studies
will be required to elucidate the potential molecular mechanism
underlying its action.

In conclusion, results from the current study suggest that
perioperative administration of folic acid is associated with a
statistically significant reduction in the incidence of CIN after
coronary catheterization in patients with HHcy. More studies
on the potential molecular mechanism should be conducted
to uncover the exact role of folic acid in the protection
against CIN.
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and Alkaline Phosphatase in
Early-Pregnancy Associated With the
Development of Gestational
Hypertension and Preeclampsia
Yequn Chen 1†, Weichao Ou 1,2†, Dong Lin 1, Mengyue Lin 1,2, Xiru Huang 1,2, Shuhua Ni 1,

Shaoxing Chen 1, Jian Yong 1, Mary Clare O’Gara 2, Xuerui Tan 1,2* and Ruisheng Liu 3

1 First Affiliated Hospital of Shantou University Medical College, Shantou, China, 2 Shantou University Medical College,

Shantou, China, 3Morsani College of Medicine, University of South Florida, Tampa, FL, United States

Background: Previous studies have reported that biomarkers of liver injury and

renal dysfunction were associated with hypertensive disorders of pregnancy (HDP).

However, the associations of these biomarkers in early pregnancy with the risk of HDP

and longitudinal blood pressure pattern during pregnancy were rarely investigated in

prospective cohort studies.

Methods: A total of 1,041 pregnant women were enrolled in this prospective

cohort study. BP was assessed in four stages throughout pregnancy. The following

biomarkers were measured at early pregnancy before 18 weeks gestation: lactate

dehydrogenase (LDH), aspartate aminotransferase to alanine aminotransferase ratio

(AST/ALT), gamma-glutamyl transpeptidase (GGT), alkaline phosphatase (ALP), uric acid

(UA), and estimated glomerular filtration rate (eGFR). Linear mixed-effects and logistic

regression models were used to examine the associations of these biomarkers with

longitudinal BP pattern during pregnancy and HDP incidence, respectively.

Results: In unadjusted models, higher serum UA, GGT, ALP, and LDH levels, as well as

lower eGFR and AST/ALT, were associated with higher BP levels during pregnancy and

an increased risk of HDP. After adjustment for maternal age, pre-pregnancy BMI and

other potential confounders, UA, GGT, ALP, and LDH remained positively associated

with both BP and HDP. However, eGFR and AST/ALT were not associated with HDP

after adjusting for potential confounders. When including all 6 biomarkers simultaneously

in multivariable analyses, increased UA, GGT, and ALP significantly associated with

gestational hypertension and preeclampsia.

Conclusion: This study suggests that increased UA, GGT, and ALP in early-pregnancy

are independent risk factors of gestational hypertension and preeclampsia.

Keywords: biomarker, blood pressure, hypertensive disorders of pregnancy, longitudinal cohort study, pregnancy
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INTRODUCTION

Hypertensive disorders of pregnancy (HDP) affect up to 10%
of pregnant women and remain major causes of maternal and
perinatal morbidity and mortality worldwide (1–5). Identifying
women at risk early in the course of such disorders, especially
gestational hypertension and preeclampsia would facilitate
intensive monitoring and intervention. Serum gamma-glutamyl
transpeptidase (GGT), alkaline phosphatase (ALP), lactate
dehydrogenase (LDH), aspartate aminotransferase to alanine
aminotransferase ratio (AST/ALT) are common biomarkers of
liver injury (6–8). Plasma creatinine (Cr), uric acid (UA), and
estimated glomerular filtration rate (eGFR) are widely used as
indicators for renal dysfunction (9, 10). Previous case-control
studies have found that serum GGT, ALP, LDH, and UA levels
are increased in women diagnosed with HDP (11–17). Recently,
several studies have reported that lower AST/ALT was associated
with insulin resistance, metabolic syndrome and cardiovascular
disease (18–20). However, the associations of these biomarkers in
early pregnancy with the risk of HDP were rarely investigated in
prospective cohort studies.

Blood pressure (BP) changes progressively during pregnancy
(21). In normal pregnancy, BP initially decreases until mid-
pregnancy, and subsequently increases until delivery (21–23). A
longitudinal study by Kac and colleagues recently reported that
elevation of ALP, ALT, and Cr levels in the first trimester were
associated with increased BP levels during pregnancy (24). As
noted by the authors, the study involved a relatively small sample
size and the study itself pertained to normotensive pregnant
women. The associations reported prompt further investigation
in large prospective cohort studies and the general population.

Accordingly, we investigated the associations of 6 hepatic and
renal function biomarkers (GGT, ALP, AST/ALT, LDH, UA, and
eGFR) in early pregnancy with longitudinal BP pattern during
pregnancy and the risk of HDP in a large prospective cohort.

MATERIALS AND METHODS

Study Population
This study was embedded in a population-based prospective
cohort of pregnant women who received antenatal care in
the First Affiliated Hospital of Shantou University Medical
College in Shantou, China. Clinical characteristics of participants
were assessed by questionnaire and physical examination at
7th−18th, 19th−27th, 28th−34th, and 35th−39th gestational
weeks. Subjects were scheduled at enrollment for clinic visits
during follow-up. Patients who missed their scheduled visits
would be contacted for clinic visits, whereupon the patient’s
information would be collected. For patients who could not
attend clinical visits, patients’ information would be collected by
telephone interviews with their families and electronic medical
records. If patients could not be followed up through in-clinic

Abbreviations: BP, blood pressure; HDP, hypertensive disorders of pregnancy;

LDH, lactate dehydrogenase; AST/ALT, aspartate aminotransferase to alanine

aminotransferase ratio; GGT, gamma-glutamyl transpeptidase; ALP, alkaline

phosphatase; UA, uric acid; eGFR, estimated glomerular filtration rate; BMI, body

mass index; T, tertile.

visits, telephone interviews, or electronic medical records, such
patients were recorded as a loss to follow-up. A total of 2,206
pregnant women were accumulatively recruited from March
2014 to April 2016 inclusive. Included were women who had
baseline measurement of hepatic and renal biochemical function
before 18 weeks gestation (N = 1,371). Exclusion criteria
included in vitro fertilization or twin pregnancies (N = 16),
miscarriage (N = 9), loss to follow-up (N = 221), or having
been diagnosed with chronic hepatitis B (N = 74), chronic
nephritis (N = 5), rheumatoid arthritis (N = 3), or systemic
lupus erythematosus (N = 2). After exclusion, 1,041 participants
were enrolled.

Blood Pressure Measurements
BP was assessed in four stages during pregnancy (7th−18th,
19th−27th, 28th−34th, and 35th−39th gestational weeks). At
each visit, BP was measured thrice in the morning by qualified
nurses using an Omron HEM-7052 automatic blood pressure
monitor (Omron Healthcare Ltd., Dalian, China) according
to the standard measurement procedure recommended by the
American Heart Association (25). The mean of 3 readings was
used in the analysis. Some subjects hadmissing BPmeasurements

TABLE 1 | Baseline characteristics of the study population.

Characteristics Total (N = 1,041)

Age, y 29.5 ± 4.3

Pre-pregnancy BMI, kg/m2 20.5 ± 2.9

Monthly per capita income

<3,000 RMB 392 (37.7)

3,000–5,000 RMB 355 (34.1)

>5,000 RMB 294 (28.2)

Education level

Below high school 226 (21.7)

High school 223 (21.4)

Beyond high school 592 (56.9)

Nulliparous 461 (44.3)

Folic acid supplement 761 (73.1)

Family history of hypertension 208 (19.9)

Family history of diabetes mellitus 138 (13.3)

Smoking 25 (2.4)

Alcohol consumption 300 (28.8)

HDP 60 (5.8)

Gestational age at sampling, weeks 13.7 ± 3.1

UA, µmol/L 241.8 ± 50.1

eGFR, mL/min/1.73 m2 112.2 ± 10.8

GGT, U/L 15.1 ± 8.8

ALP, U/L 49.7 ± 13.7

LDH, U/L 150.8 ± 21.9

AST/ALT 1.19 ± 0.42

Data are presented as means ± standard deviation or n (%). BMI, body mass index; HDP,

hypertensive disorders of pregnancy; UA, uric acid; eGFR, estimated glomerular filtration

rate; GGT, gamma–glutamyl transpeptidase; ALP, alkaline phosphatase; LDH, lactate

dehydrogenase; AST/ALT, aspartate aminotransferase to alanine aminotransferase ratio.
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due to missed visits. In total, 3,274 blood pressure measurements
were available for analysis, of which 31 subjects had one
measurement, 225 subjects had two measurements, 347 subjects
had 3 measurements, and 438 subjects had 4 measurements.

Hypertensive Disorders of Pregnancy
Maternal outcomes were obtained from medical records. A total
of 60 pregnant women met the criteria of HDP, including 7 with
chronic hypertension, 22 with gestational hypertension, and 31
experienced preeclampsia.

Chronic hypertension was defined as SBP ≥ 140 mmHg
and/or DBP ≥ 90 mmHg before 20 weeks gestation. Gestational
hypertension was defined as SBP ≥ 140 mmHg and/or DBP ≥

90 mmHg without proteinuria, which had developed for the first
time after 20 weeks gestation (26). Preeclampsia was defined as
SBP ≥ 140 mmHg and/or DBP ≥ 90 mmHg with proteinuria
(defined as≥300mg of protein in a 24-h urine specimen or≥1+
in two random urine samples collected at least 4 h apart) (26).

Laboratory Analysis
Hepatic and renal function biochemical testing (comprising
LDH, AST, ALT, ALP, GGT, UA, and Cr) was performed in
the Department of Clinical Laboratory of the First Affiliated
Hospital of Shantou University Medical College, using an
automatic biochemical analyzer (Beckman counter AU5800,
USA). Maternal overnight fasting blood samples were collected
in the morning during early pregnancy (median 13.4 weeks,
95% range 7.1–18.0). The eGFR was calculated using the
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
formula (27).

Covariates
Maternal age, monthly per capita income, education level,
nulliparous (yes or no), folic acid supplement intake during
pregnancy (yes or no), family history of hypertension (yes or no),
family history of diabetes mellitus (yes or no), smoking habit (yes
or no), alcohol consumption (yes or no), pre-pregnancy weight

FIGURE 1 | Longitudinal trend of systolic blood pressure change with gestational age vs. early-pregnancy biomarkers levels, predicted by linear mixed-effects

regression models. (A) lactate dehydrogenase (LDH); (B) aspartate aminotransferase to alanine aminotransferase ratio (AST/ALT); (C) gamma-glutamyl transpeptidase

(GGT); (D) alkaline phosphatase (ALP); (E) uric acid (UA); (F) estimated glomerular filtration rate (eGFR).
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and height were obtained by questionnaire on enrolment. Pre-
pregnancy BMI was calculated as pre-pregnancy weight/height2

(kg/m2) (28).

Statistical Analysis
The hepatic and renal function biomarkers were categorized
into tertiles and were analyzed as categorical variables (24).
Linear mixed-effects regression models were used to evaluate
the association of biomarkers with SBP and DBP change
during pregnancy (22). This regression technique considers the
correlation of repeated measurements in the same individual
and allows incomplete outcome data, commonly applied to
the analysis of repeated measurement data (29). Gestational
age (linear and quadratic terms) was included in the linear
mixed-effects regression models to fit the quadratic function of
the association of blood pressure with time (24). Gestational
age was included in the models as both random and fixed
effects, whereas biomarkers and other covariates were analyzed
as fixed effects. Maternal age, BMI, income, education, folic acid

supplementation, family history of hypertension, family history
of diabetes mellitus, as well as smoking and alcohol consumption
have been reported to be associated with HDP (30–32). In
order to adjust for these potential confounders, we applied 3
models: Model 1 was adjusted for gestational age (linear and
quadratic terms);Model 2 was further adjusted for pre-pregnancy
BMI, maternal age, monthly per capita income, education level,
parity, folic acid supplementation during pregnancy, family
history of hypertension, family history of diabetes mellitus, and
smoking and alcohol consumption; Model 3 included all six
biomarkers simultaneously and was adjusted for covariates as
in Model 2. To further assess whether similar associations were
also present in a normotensive population, we repeated the
analyses in women who remained normotensive throughout
pregnancy. The curve of longitudinal blood pressure change with
gestational age was estimated using a crude linear mixed-effects
regression model.

The associations of 6 early-pregnancy biomarkers with the
risk of HDP were analyzed using three logistic regression models:

FIGURE 2 | Longitudinal trend of diastolic blood pressure change with gestational age vs. early-pregnancy biomarkers levels, predicted by linear mixed-effects

regression models. (A) lactate dehydrogenase (LDH); (B) aspartate aminotransferase to alanine aminotransferase ratio (AST/ALT); (C) gamma-glutamyl transpeptidase

(GGT); (D) alkaline phosphatase (ALP); (E) uric acid (UA); (F) estimated glomerular filtration rate (eGFR).
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Model 1 was unadjusted; Model 2 was adjusted for pre-pregnancy
BMI, maternal age, monthly per capita income, education level,
parity, folic acid supplement intake during pregnancy, family
history of hypertension, family history of diabetes mellitus,
smoking, alcohol consumption, and gestational age at sampling;
Model 3 included all six biomarkers simultaneously and was
adjusted for covariates as in Model 2.

In addition, among normal pregnancy, gestation
hypertension, and preeclampsia, one way ANOVA was
performed to analyze the difference of maternal age, pre-
pregnancy BMI, gestational age at sampling weeks, UA, eGFR,
GGT, ALP, and LDH. Chi-square was used to analyze the
difference of monthly per capita income, education level,
nulliparous, folic acid supplement intake during pregnancy,
family history of hypertension, family history of diabetes
mellitus, smoking habit, and alcohol consumption.

All statistical analyses were performed using SPSS version 19.0
(SPSS Inc., Chicago, Illinois, USA). Two-tailed P-values < 0.05
were considered statistically significant.

RESULTS

Participant Characteristics
Baseline characteristics of the study population are shown in
Table 1. Mean maternal age and pre-pregnancy BMI were 29.5
± 4.3 years and 20.5 ± 2.9 kg/m2, respectively. Of all women
included in the study, 44.3% was nulliparous and 19.9% had a
family history of hypertension. At follow-up, 60 (5.8%) pregnant
women had developed HDP.

Serum Biomarkers and Blood Pressure
Pattern During Pregnancy
Figures 1, 2 show the longitudinal patterns of SBP and DBP
change and early pregnancy biomarker level during different
tertiles of pregnancy. The distribution of maternal blood pressure
throughout pregnancy was shown in Supplementary Figures S1,
S2. Women in the third tertile of LDH, GGT, ALP, and UA levels
had higher SBP and DBP than those in the first tertile, whereas

TABLE 2 | Longitudinal associations of early-pregnancy biomarkers levels with systolic blood pressure levels during pregnancy.

Biomarkers N Model 1* Model 2† Model 3‡

UA, µmol/L

T1 (125–218) 349 Reference Reference Reference

T2 (219–256) 347 1.81 (0.31, 3.31)§ 1.54 (0.06, 3.03)§ 1.22 (-0.27, 2.71)

T3 (257–430) 345 5.29 (3.78, 6.80)‖ 3.75 (2.24, 5.27)‖ 3.15 (1.63, 4.68)‖

eGFR, mL/min/1.73 m2

T1 (68–109) 366 3.07 (1.5, 4.64)‖ 0.87 (−0.75, 2.49) 0.25 (−1.35, 1.86)

T2 (110–118) 321 1.65 (0.02, 3.28)§ 0.29 (−1.31, 1.89) −0.08 (−1.66, 1.51)

T3 (119–137) 354 Reference Reference Reference

GGT, U/L

T1 (4–10) 336 Reference Reference Reference

T2 (11–15) 375 1.85 (0.27, 3.42)§ 1.15 (−0.35, 2.66) 0.69 (−0.84, 2.22)

T3 (16–68) 330 4.72 (3.10, 6.34)‖ 3.11 (1.56, 4.67)‖ 2.04 (0.31, 3.76)§

ALP, U/L

T1 (18–43) 341 Reference Reference Reference

T2 (44–52) 332 1.92 (0.31, 3.53)§ 1.57 (0.06, 3.08)§ 1.16 (−0.34, 2.67)

T3 (53–193) 368 4.83 (3.26, 6.40)‖ 3.2 (1.69, 4.71)‖ 2.32 (0.78, 3.86)‖

LDH, U/L

T1 (97–139) 333 Reference Reference Reference

T2 (140–157) 353 −0.13 (−1.74, 1.48) −0.02 (−1.52, 1.48) −0.38 (−1.87, 1.10)

T3 (158–273) 355 3.08 (1.47, 4.69)‖ 2.44 (0.94, 3.94)‖ 1.48 (−0.08, 3.27)

AST/ALT

T1 (0.38–0.97) 340 3.36 (1.75, 4.97)‖ 1.68 (0.11, 3.25)§ 0.09 (−1.62, 1.79)

T2 (1.00–1.29) 355 2.80 (1.21, 4.39)‖ 1.49 (−0.03, 3.00) 0.76 (−0.78, 2.30)

T3 (1.30–3.40) 346 Reference Reference Reference

Results were regression coefficients (95% confidence interval) of linear mixed-effects regression models. UA, uric acid; eGFR, estimated glomerular filtration rate; GGT, gamma–glutamyl

transpeptidase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; AST/ALT, aspartate aminotransferase to alanine aminotransferase ratio; T, tertile.

*Model 1 was adjusted for gestational age (linear and quadratic terms).
†
Model 2 was adjusted for gestational age (linear and quadratic terms), pre-pregnancy BMI, maternal age, monthly per capita income, education level, nulliparous, folic acid supplement

intake during pregnancy, family history of hypertension, family history of diabetes mellitus, smoking and alcohol consumption.
‡Model 3 included all six biomarkers simultaneously and was adjusted for gestational age (linear and quadratic terms), pre-pregnancy BMI, maternal age, monthly per capita income,

education level, nulliparous, folic acid supplement intake during pregnancy, family history of hypertension, family history of diabetes mellitus, smoking and alcohol consumption.
§P < 0.05.
‖P < 0.01.
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TABLE 3 | Longitudinal associations of early-pregnancy biomarkers levels with diastolic blood pressure levels during pregnancy.

Biomarkers N Model 1* Model 2† Model 3‡

UA, µmol/L

T1 (125–218) 349 Reference Reference Reference

T2 (219–256) 347 1.27 (0.07, 2.47)§ 1.12 (−0.01, 2.25) 0.96 (−0.17, 2.09)

T3 (257–430) 345 3.52 (2.32, 4.73)‖ 2.37 (1.21, 3.52)‖ 1.88 (0.73, 3.04)‖

eGFR, mL/min/1.73 m2

T1 (68–109) 366 2.70 (1.51, 3.88)‖ 1.28 (0.09, 2.46)§ 0.88 (−0.33, 2.10)

T2 (110–118) 321 1.85 (0.62, 3.08)‖ 1.02 (−0.15, 2.19) 0.73 (−0.47, 1.93)

T3 (119–137) 354 Reference Reference Reference

GGT, U/L

T1 (4–10) 336 Reference Reference Reference

T2 (11–15) 375 1.82 (0.64, 3.01)‖ 1.27 (0.13, 2.40)§ 0.99 (−0.17, 2.15)

T3 (16–68) 330 4.01 (2.79, 5.23)‖ 2.80 (1.63, 3.98)‖ 1.93 (0.63, 3.24)‖

ALP, U/L

T1 (18–43) 341 Reference Reference Reference

T2 (44–52) 332 1.18 (−0.04, 2.39) 0.95 (−0.20, 2.09) 0.62 (−0.52, 1.76)

T3 (53–193) 368 3.82 (2.64, 5.01)‖ 2.62 (1.47, 3.76)‖ 1.98 (0.81, 3.14)‖

LDH, U/L

T1 (97–139) 333 Reference Reference Reference

T2 (140–157) 353 0.01 (−1.22, 1.22) 0.12 (−1.02, 1.26) −0.18 (−1.3, 0.95)

T3 (158–273) 355 1.83 (0.61, 3.05)‖ 1.37 (0.23, 2.51)§ 0.76 (−0.38, 1.90)

AST/ALT

T1 (0.38–0.97) 340 2.70 (1.48, 3.92)‖ 1.45 (0.26, 2.64)§ 0.18 (−1.11, 1.47)

T2 (1.00–1.29) 355 1.82 (0.62, 3.02)‖ 0.87 (−0.28, 2.02) 0.25 (−0.91, 1.42)

T3 (1.30–3.40) 346 Reference Reference Reference

Results were regression coefficients (95% confidence interval) of linear mixed-effects regression models. UA, uric acid; eGFR, estimated glomerular filtration rate; GGT, gamma–glutamyl

transpeptidase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; AST/ALT, aspartate aminotransferase to alanine aminotransferase ratio; T, tertile.

*Model 1 was adjusted for gestational age (linear and quadratic terms).
†
Model 2 was adjusted for gestational age (linear and quadratic terms), pre-pregnancy BMI, maternal age, monthly per capita income, education level, nulliparous, folic acid supplement

intake during pregnancy, family history of hypertension, family history of diabetes mellitus, smoking and alcohol consumption.
‡Model 3 included all six biomarkers simultaneously and was adjusted for gestational age (linear and quadratic terms), pre-pregnancy BMI, maternal age, monthly per capita income,

education level, nulliparous, folic acid supplement intake during pregnancy, family history of hypertension, family history of diabetes mellitus, smoking and alcohol consumption.
§P < 0.05.
‖P < 0.01.

women in the third tertile of AST/ALT and eGFR had lower SBP
and DBP during pregnancy than those in the first tertile.

Tables 2, 3 show the longitudinal associations of early-
pregnancy biomarkers with SBP and DBP levels during
pregnancy, respectively. In crude analyses (Model 1), higher
UA, GGT, ALP, and LDH levels, as well as lower eGFR and
AST/ALT, were associated with higher SBP andDBP levels during
pregnancy. After adjustment for maternal age, pre-pregnancy
BMI and other potential confounders (Model 2), higher UA,
GGT, ALP, LDH, and AST/ALT remained associated with both
increased SBP and DBP, whereas lower eGFR was only associated
with increased DBP. When all 6 biomarkers were simultaneously
included in multivariable analyses (Model 3), only increased
UA, GGT, and ALP remained associated with increased BP.
Similar results were found in pregnant women without HDP
(Supplementary Tables S1, S2).

Serum Biomarkers and HDP
Table 4 presents the association of early-pregnancy biomarkers
with the risk of HDP, using multivariable logistic regression

models. In unadjusted analyses (Model 1), higher UA, GGT,
ALP, and LDH levels, as well as lower eGFR and AST/ALT,
were associated with increased risk of HDP. After adjustment
for maternal age, pre-pregnancy BMI and other potential
confounders (Model 2), only increased UA, GGT, ALP, and LDH
remained associated with the risk of HDP.When all 6 biomarkers
were simultaneously included in multivariable analyses (Model
3), the highest tertile of UA, GGT, and ALP were associated
with a higher risk of HDP (odds ratio, 3.57 [95% confidence
interval, 1.36–9.39]; odds ratio, 2.61 [95% confidence interval,
1.05–6.83]; odds ratio, 2.12 [95% confidence interval, 1.01–4.90],
respectively). The associations of LDH, eGFR and AST/ALT
with HDP were no longer statistically significant following
multivariate adjustment for UA, GGT, and ALP (Model 3).

UA, GGT, and ALP Levels in Normal
Pregnancy and HDP
Table 5 presents baseline characteristics of normal pregnancy
(group 1), chronic hypertension (group 2), gestation
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TABLE 4 | Associations of early-pregnancy biomarkers levels with risk of hypertensive disorders of pregnancy.

Biomarkers N Model 1* Model 2† Model 3‡

UA, µmol/L

T1 (125–218) 349 Reference Reference Reference

T2 (219–256) 347 3.50 (1.39, 8.82)‖ 3.25 (1.24, 8.53)§ 2.91 (1.09, 7.82)§

T3 (257–430) 345 6.25 (2.59, 15.09)‖ 4.48 (1.76, 11.41)‖ 3.57 (1.36, 9.39)‖

eGFR, mL/min/1.73 m2

T1 (68–109) 366 3.09 (1.54, 6.22)‖ 1.56 (0.67, 3.63) 1.14 (0.48, 2.75)

T2 (110–118) 321 1.64 (0.75, 3.58) 0.97 (0.40, 2.33) 0.75 (0.3, 1.87)

T3 (119–137) 354 Reference Reference Reference

GGT, U/L

T1 (4–10) 336 Reference Reference Reference

T2 (11–15) 375 1.83 (0.77, 4.33) 1.29 (0.52, 3.19) 1.17 (0.45, 3.05)

T3 (16–68) 330 5.02 (2.3, 10.97)‖ 3.39 (1.46, 7.85)‖ 2.61 (1.05, 6.83)§

ALP, U/L

T1 (18–43) 341 Reference Reference Reference

T2 (44–52) 332 1.75 (0.75, 4.05) 1.42 (0.58, 3.46) 1.13 (0.45, 2.87)

T3 (53–193) 368 4.00 (1.9, 8.44)‖ 2.83 (1.27, 6.3)§ 2.12 (1.01, 4.90)§

LDH, U/L

T1 (97–139) 333 Reference Reference Reference

T2 (140–157) 353 1.17 (0.55, 2.47) 1.3 (0.59, 2.88) 1.14 (0.49, 2.63)

T3 (158–273) 355 2.36 (1.21, 4.58)§ 2.1 (1.02, 4.3)§ 1.66 (0.78, 3.54)

AST/ALT

T1 (0.38–0.97) 340 2.40 (1.20, 4.82)§ 1.71 (0.79, 3.68) 0.93 (0.38, 2.24)

T2 (1.00–1.29) 355 1.75 (0.85, 3.61) 1.15 (0.52, 2.52) 0.84 (0.36, 1.96)

T3 (1.30–3.40) 346 Reference Reference Reference

Results were odds ratio (95% confidence interval) derived from logistic regression models. UA, uric acid; eGFR, estimated glomerular filtration rate; GGT, gamma–glutamyl transpeptidase;

ALP, alkaline phosphatase; LDH, lactate dehydrogenase; AST/ALT, aspartate aminotransferase to alanine aminotransferase ratio; T, tertile.

*Model 1 was unadjusted.

†Model 2 was adjusted for pre-pregnancy BMI, maternal age, monthly per capita income, education level, nulliparous, folic acid supplement intake during pregnancy, family history of

hypertension, family history of diabetes mellitus, smoking, alcohol consumption and gestational age at sampling.
‡Model 3 including all six biomarkers simultaneously and was adjusted for pre-pregnancy BMI, maternal age, monthly per capita income, education level, nulliparous, folic acid supplement

intake during pregnancy, family history of hypertension, family history of diabetes mellitus, smoking, alcohol consumption and gestational age at sampling.
§P < 0.05.
‖P < 0.01.

hypertension (group 3), and preeclampsia (group 4). Since
the sample size of chronic hypertension is too small, statistical
analysis was only performed in groups 1, 3, and 4 and presented
in Figure 3. UA and ALP levels were significantly higher in
gestational hypertension and preeclampsia as compared to
normal pregnancy.

DISCUSSION

In this population-based prospective cohort study, we
demonstrate that higher serum UA, GGT, ALP, and LDH
levels in early pregnancy, as well as lower eGFR and AST/ALT,
are associated with higher BP levels during pregnancy and
an increased risk of HDP. When including all 6 biomarkers
simultaneously in multivariable analyses adjusted for potential
confounders, increased levels of UA, GGT, and ALP were
significantly associated with gestational hypertension and
preeclampsia. Our study suggests that elevated UA, GGT, and

ALP in early pregnancy are independent risk factors for the
development of gestational hypertension and preeclampsia.

UA
For UA, our results are consistent with previous cross-sectional
and prospective studies demonstrating the positive association
between UA and HDP (15, 33, 34). Furthermore, we find
that increased serum UA in early pregnancy is independent
factor associated with higher longitudinal BP progression during
pregnancy. In contrast to our findings, Kac et al. reported UA
in the first trimester was not associated with BP levels during
pregnancy following adjustment for maternal BMI (24). This
inconsistency may be due to differences in sample size and
participant characteristics. The study, as stated by the authors,
investigated a relatively small sample size of 225 and specifically
studied normotensive pregnant women (24). However, when we
repeated the analysis in pregnant women without HDP, increased
UA remained associated with both higher SBP and DBP levels
during pregnancy following adjustment for maternal BMI and
other confounders (Supplementary Tables S1, S2).
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TABLE 5 | Baseline characteristics of normal pregnancy (group 1), chronic hypertension (group 2), gestation hypertension (group 3), and preeclampsia (group 4).

Characteristics Group 1 Group 2 Group 3 Group 4 P-value**

(n = 981) (n = 7) (n = 22) (n = 31)

Age, y 29.33 ± 4.20 35.86 ± 4.22 32.86 ± 5.66 32.06 ± 4.79 0.000*

Pre-pregnancy BMI, kg/m2 20.33 ± 2.76 25.33 ± 2.76 23.51 ± 3.59 22.15 ± 4.67 0.000*

Monthly per capita income 0.702&

<3,000 RMB 283 (28.8%) – 4 (18.2%) 7 (22.6%)

3,000–5,000 RMB 335 (34.1%) 1 (14.3%) 9 (40.9%) 10 (32.3%)

>5,000 RMB 363 (37.0%) 6 (85.7%) 9 (40.9%) 14 (45.2%)

Education level 0.378&

Below high school 565 (57.6%) 3 (42.9%) 10 (45.5%) 14 (45.2%)

High school 209 (21.3%) 7 (31.8%) 7 (22.6%)

Beyond high school 207 (21.1%) 4 (57.1%) 5 (22.7%) 10 (32.2%)

Nulliparous 442 (45.1%) 1 (14.3%) 6 (27.3%) 12 (38.7%) 0.203&

Folic acid supplement 726 (74.0%) 5 (71.4%) 15 (68.2%) 15 (48.4%) 0.006&

Family history of hypertension 185 (18.9%) 5 (71.4%) 7 (31.8%) 11 (35.5%) 0.025&

Family history of diabetes mellitus 125 (12.7%) 1 (14.3%) 5 (22.7%) 7 (22.6%) 0.117&

Smoking 20 (2.0%) – 2 (9.1%) 3 (9.7%) 0.003&

Alcohol consumption 287 (29.3%) – 4 (18.2%) 9 (29.0%) 0.527&

Gestational age at sampling, weeks 13.67 ± 3.04 12.39 ± 3.92 13.88 ± 3.57 14.70 ± 3.01 0.172*

eGFR, mL/min/1.73 m2 112.59 ± 10.46 105.71 ± 7.84 104.11 ± 11.57 106.06 ± 15.87 0.000*

UA, µmol/L 239.96 ± 49.34 258.43 ± 48.86 275.43 ± 56.03 273.81 ± 52.54 0.000*

GGT, U/L 14.80 ± 8.63 23.71 ± 9.79 22.23 ± 11.28 17.77 ± 7.67 0.000*

ALP, U/L 49.02 ± 12.29 67.14 ± 21.10 55.95 ± 17.73 64.68 ± 30.19 0.000*

LDH, U/L 150.03 ± 21.11 162.57 ± 25.11 166.73 ± 30.31 159.90 ± 31.13 0.000*

AST/ALT 1.19 ± 0.42 0.86 ± 0.30 1.06 ± 0.27 1.10 ± 0.42 0.147*

Data are presented as means ± standard deviation or n (%). BMI, body mass index; UA, uric acid; eGFR, estimated glomerular filtration rate; GGT, gamma–glutamyl transpeptidase;

ALP, alkaline phosphatase; LDH, lactate dehydrogenase; AST/ALT, aspartate aminotransferase to alanine aminotransferase ratio.

*Analysis with one way ANOVA, &Analysis with Chi-square. **All statistical analysis was not included group 2 due to small sample size.

FIGURE 3 | The uric acid, gamma-glutamyl transpeptidase and alkaline phosphatase levels were compared in normal pregnancy (group 1), gestation hypertension

(group 3), and preeclampsia (group 4) by One way ANOVA. (A) uric acid (UA); (B) gamma-glutamyl transpeptidase (GGT); (C) alkaline phosphatase (ALP). Chronic

hypertension (group 2) was not included for analysis due to small sample size. *Preeclampsia (group 4) compare to normal pregnancy (group1) by One way ANOVA.
&Gestation hypertension (group 3) compare to normal pregnancy (group1) by One way ANOVA.

Many experimental studies suggest that UA may play a casual
role in the development of hypertension (14, 15). Hyperuricemia
induced hypertension, which can be prevented by UA-lowering
treatment (35). Hyperuricemia has been shown to stimulate
the renin-angiotensin system, inhibit neuronal nitric oxide
synthase and induce endothelial dysfunction (35, 36). In addition,
UA has been reported to induce trophoblastic production
of pro-inflammatory interleukin-1β through activation of
inflammatory pathways (37). These underlying mechanisms

may partly explain the role of UA in BP progression and the
development of HDP.

GGT
Serum GGT is a known biomarker for liver injury and alcohol
consumption (38). Several longitudinal studies have reported
GGT as positively associated with BP progression and the
risk of hypertension in non- pregnant persons (39–41). A
study of almost 12,000 hypertensive adults found that higher
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baseline GGT levels were associated with higher follow-up
BP and an increased risk of cardiovascular mortality (42).
However, no prior longitudinal study has investigated the
associations of serum GGT in early pregnancy with longitudinal
BP during pregnancy and the risk of HDP. In this present
study, serum GGT in early pregnancy is positively associated
with BP levels during pregnancy and a risk for HDP having
adjusted for various confounders. Although exact mechanisms
that link GGT with BP progression and HDP are not fully
elucidated, several possible explanations are posited: GGT
plays a role in the generation of free radical species through
its interaction with iron and other transition metals (43).
Serum GGT has been positively associated with inflammatory
markers such as fibrinogen, C-reactive protein (CRP), and F2-
isoprostanes. Thus, elevated GGT could potentially act as an
additional marker for oxidative stress and inflammation, which
are, as demonstrated by Palei et al., important features of
HDP (44).

ALP
In the current study, higher serum ALP in early pregnancy is
also independently associated with elevated BP during pregnancy
and increased HDP incidence. This finding confirms and
extends the result of a previous study that has reported a
positive association of ALP with BP during normal pregnancy
(24). The relationship of ALP with BP and HDP may be
partly explained by its correlation with vascular calcification.
ALP is a hydrolase enzyme that catalyzes the hydrolysis of
inorganic pyrophosphate, an inhibitor of vascular calcification
(45). Increased levels of ALP have been found in vessels with
medial calcification (46), and have been positively associated
with higher risk of hypertension, peripheral arterial disease
and cardiovascular diseases (47–49). In addition, many studies
have reported that serum ALP positively correlated with
the inflammatory marker, CRP (20, 50–52). High serum
ALP levels may partially reflect the inflammatory process,
which has been associated with the pathology of HDP (44).
We further compared the levels of UA, GGT, and ALP
between normal pregnancy and gestational hypertension and
preeclampsia. UA, GGT, and ALP were associated preeclampsia
(Figure 3).

In conclusion, our study provided evidence that higher UA,
GGT, and ALP levels in early pregnancy are independent risk
factors of gestational hypertension and preeclampsia. These
findings suggest that UA, GGT, and ALP could be markers for
the development of gestational hypertension and preeclampsia.
However, it is not clear the elevations of UA, GGT, and ALP
in early pregnancy is a casual factor or consequence of the
development of gestational hypertension and preeclampsia. This
would be an open and essential question for future studies
that could provide new targets for treatment of gestational
hypertension and preeclampsia. Our findings warrant further
both clinical and experimental studies to identify the underlying
mechanisms and clinical value in the early diagnosis, prevention
and management of HDP.

Study Strengths and Limitations
The strengths of our study include the large prospective
population-based cohort from early pregnancy onwards,
standardizedmeasurement of BP, the ability to adjust for multiple
traditional confounders and the ability to simultaneously assess
multiple biomarkers. However, our study has some limitations.
First, this was a single-center study with a small number of
HDP events. Second, the serum concentrations of hepatic
and renal biomarkers were assayed solely in early pregnancy.
Thus, the correlation of blood pressure and HDP with these
biomarkers measured before pregnancy and after delivery cannot
be evaluated. Third, since BP varies during the day according to a
circadian rhythm (53) and our study did not include ambulatory
blood pressure measurements, this may introduce some random
measurement error in the analysis. Finally, the sample size of
chronic hypertension in pregnancy was too small to perform
statistical analysis.
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Objective: Hydrogen sulfide (H2S) is a gaseous signaling molecule and redox factor

important for cardiovascular function. Deficiencies in its production or bioavailability are

implicated in atherosclerotic disease. However, it is unknown if circulating H2S levels differ

between vasculopaths and healthy individuals, and if so, whether H2S measurements

can be used to predict surgical outcomes. Here, we examined: (1) Plasma H2S levels

in patients undergoing vascular surgery and compared these to healthy controls, and

(2) the association between H2S levels and mortality in a cohort of patients undergoing

surgical revascularization.

Methods: One hundred and fifteen patients undergoing carotid endarterectomy, open

lower extremity revascularization or lower leg amputation were enrolled at a single

institution. Peripheral blood was also collected from a matched control cohort of 20

patients without peripheral or coronary artery disease. Plasma H2S production capacity

and sulfide concentration were measured using the lead acetate andmonobromobimane

methods, respectively.

Results: Plasma H2S production capacity and plasma sulfide concentrations were

reduced in patients with PAD (p < 0.001, p = 0.013, respectively). Patients that

underwent surgical revascularization were divided into high vs. low H2S production

capacity groups by median split. Patients in the low H2S production group had increased
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probability of mortality (p = 0.003). This association was robust to correction for

potentially confounding variables using Cox proportional hazard models.

Conclusion: Circulating H2S levels were lower in patients with atherosclerotic disease.

Patients undergoing surgical revascularization with lower H2S production capacity, but

not sulfide concentrations, had increased probability of mortality within 36 months

post-surgery. This work provides insight on the role H2S plays as a diagnostic and

potential therapeutic for cardiovascular disease.

Keywords: hydrogen sulfide, peripheral artery disease (PAD), limb ischemia, biomarker, surgery

INTRODUCTION

Hydrogen sulfide (H2S) is a redox modifying and diffusible
gasotransmitter that plays numerous physiologic roles across
various organ systems including the cardiovascular system
(1). While high levels of exogenous H2S are toxic, increased
levels within a supraphysiologic range have been shown to
mediate many beneficial effects ranging from stress resistance
to longevity (2–4). Exogenous H2S has been shown to extend
lifespan and increase stress resistance in Caenorhabditis elegans
(C. elegans) and Drosophila melanogaster (D. melanogaster),
and to protect mice from lethal levels of hypoxia, although
effects on human lifespan and survival remain to be determined
(2, 5). H2S has also emerged as a critical mediator of
vascular homeostasis (6) in preclinical models through its
functions as a vasodilator (7), antioxidant (8), oxygen sensor
(9, 10), immunomodulator (11), and anti-inflammatory gas
(12). Individuals with diabetes-related vascular inflammation
had decreased circulating sulfide levels (13). As atherosclerosis
is a chronic inflammatory disease, it is important to note
H2S is shown to regulate several atherosclerotic cellular and
inflammatory processes (14–17).

While H2S has been implicated in the pathogenesis of multiple
cardiovascular disease processes, the measurement of H2S is
arduous and often relies on indirect measures and surrogates
(18–23). Nevertheless, further characterizing the role of H2S
in systemic disease states such as peripheral arterial disease
(PAD) may yield important insights on potential diagnostic and
therapeutic applications.

Thus, our objective was to assess the clinical relevance of
plasma H2S levels in patients suffering from vascular disease.
Individuals included in this study were diagnosed with either
carotid artery stenosis requiring carotid endarterectomy
(CEA), or peripheral artery disease (PAD) necessitating
revascularization or amputation secondary to unsalvageable
critical limb ischemia. Patients were followed for 36 months
post-surgery with clinical outcomes and mortality measured.
A baseline control cohort of patients matched for age, sex,
and hypertension (7), but with no history of PAD, prior MI,
coronary interventions, heart failure, or stroke were included
for comparing H2S levels in the diseased vs. healthy state. Our
study provides new insight into the relevance of circulating
H2S levels in patients suffering from atherosclerosis, and during
surgical revascularization.

MATERIALS AND METHODS

Study Design and Demographic Data
Collection
The study followed the principles of the Declaration of Helsinki
and was approved by the Partners Human Research Committee
institutional review board (IRB). Informed consent was obtained
for prospective collection of demographic and clinical data.
All consecutive patients, at a single institution undergoing
elective vascular surgery from 2012 to 2015, scheduled for
carotid endarterectomy, open lower extremity revascularization,
and major lower extremity amputation (secondary to critical
limb ischemia) were enrolled. None of the amputations were
traumatic. Patients were excluded if they were <18 years, had an
emergent indication for the operation or if they were involved in
another clinical research study. The cohort baseline risk factors
and demographics were collected including age, race, history
of PAD, history of stroke or myocardial infarction as well as
history of coronary intervention (Supplemental Table 1). To
compare levels of H2S between patients with vascular disease
vs. healthy patients, an additional group of 20 control subjects
were enrolled without documented or diagnosed PAD or CAD.
This control cohort was matched for age, sex and hypertension,
and was randomly extracted from the Brigham and Women’s
biobank. No additional clinical information was provided for this
control cohort.

Hydrogen Sulfide Measurements
On the day of surgery, but prior to surgical
intervention, peripheral venous blood was collected into
ethylenediaminetetraacetic acid (EDTA) collection tubes at the
time of peripheral intravenous line placement. The tube was
inverted several times to ensure mixing with the anticoagulant
and then transferred to the lab for processing. To obtain plasma
all samples were centrifuged at room temperature for 15min at
2,000 g, plasma was then stored at −80◦C for future analysis. All
samples were then thawed and processed for H2S production
capacity at once to ensure uniformity.

Hydrogen sulfide production capacity was measured using the
lead acetate method (24). In brief, plasma was mixed with 150µl
freshly prepared reactionmixture, containing 100mML-cysteine
and 0.5mM pyridoxal 5’-phosphate (PLP, aka Vitamin B6) in
Phosphate buffered saline (PBS) in a plastic 96-well plate. The
plate was then incubated at 37◦C with lead acetate embedded
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filter paper on top. Upon the reaction of H2S with the lead acetate
paper, a dark lead sulfide precipitate is produced. The paper was
incubated for 6 h, until a detectable, but non-saturated signal
was seen.

In vitro H2S production assays to demonstrate sensitivity and
validity of the lead acetate assay to detect iron-catalyzed H2S
production were similarly performed as previously described
(25). Briefly, 150 µL reactions in PBS were set up in 96-well
plates. Each reaction contained 10mM L-cysteine, and according
to the respective conditions as indicated in the figures, 0–50µM
FeCl3, 0–50µM hemin, 0–1,000µM PLP, and/or 0 to 50mM
homocysteine. The lead acetate filter paper was then placed on
top of the reaction plates with a weight on top and incubated at
37◦C for 1.5–2 h.

The amount of lead sulfide captured on the paper was
quantitated by using the IntDen measurement function in
ImageJ software and normalized to the respective control
group after subtracting the background. An empty well
without plasma, was used as blank value was used for
backgroundmeasurement. Thesemeasurements were assessed by
2 independent investigators blinded to group assignment.

Hydrogen sulfide concentration determination using theMBB
method was conducted as described previously (26). Briefly:
In almost complete darkness due to the light sensitivity of
the MBB reagent, 20 µl of 50mM HEPES (pH = 8.0) buffer
and 20 µl of 10mM monobromo-bimane (Sigma Aldrich) was
added to 20 µl of plasma sample. After 10min in the dark at
room temperature, the product sulfide-dibimane was extracted
with 200 µl of pure ethyl acetate. The organic supernatant
was collected and evaporated to dryness and stored at −20◦C
until measurement. The solid samples were redissolved prior
to HPLC measurements in acetonitrile. Ten microliter was
injected and separated on an Agilent Eclipse XDB-C18 (4.6 ×

250mm, 5µm) using a Merck Hitachi L7000 HPLC instrument
with a Thermo UltiMate 3000 fluorescent detector. The elution
method employed a 28min long gradient using water and
acetonitrile both containing 0.1% TFA. The detection of the
product was carried out using UV-absorbance measurement
at 254 nm and fluorescent measurement with extinction at
390 nm and detection at 480 nm. Quantitation was done using
a standard calibration curve in aqueous buffered solutions,
where H2S concentrations were verified by the DTNB assays. It
should be noted that the MBB method measures endogenous
sulfide levels that are easily liberated from the bound plasma
sulfide pool and hence absolute values largely depend on the
applied conditions (temperature, alkylation time, concentration
conditions etc). This is the reason why absolute sulfide values
obtained here should not be compared with values reported in
other studies (23).

The enzymatic activity of CBS in blood samples was measured
by an HPLC-MS/MS protocol previously published (27). Briefly,
20 µL of plasma sample was added to 25 µL of solution
containing 200 mmol/L Tris-HCl (pH 8.6), 1 mmol/L pyridoxal

5
′

-phosphate, 1 mmol/L SAM and 40 mmol/L 2,3,3-2H-labeled
serine (Cambridge Isotope Laboratories, Inc). Five microliter
of starting solution containing 280 mmol/L homocysteine
thiolactone in 100 mmol/L Tris-HCl (pH 8.6), 10 mmol/L DTT,

1.225 mol/L NaOH was incubated for 5min at 37◦C to produce
homocysteine by thiolactone cleavage, pH was adjusted to 8.6
with 1:1 HCl solution and the solution was added to the plasma
mixture. After 4 h of incubation at 37◦C, the reaction was
quenched by acidification of the mixture with 100 µL of EZ:faast
Internal Standard Solution (Phenomenex) containing 3.3µmol/L
of internal standard 3,3,4,4-2H-labeled cystathionine. Sample
preparation was carried out using EZ:faast kit (Phenomenex) kit,
that included a solid phase extraction step, derivatization with
propyl chloroformate, and an extraction into an organic solvent.
The prepared samples were separated on an EZ:faast AAA-MS
column (250 × 2.0mm, Phenomenex) using LC and MS settings
described in the EZ:faast user manual using a Thermo Scientific
UltiMate 3000 HPLC connected to a Thermo Scientific LTQ-
XL MS instrument. Concentrations (and enzyme activities) were
calculated using the internal standard.

Statistical Analysis
Plasma H2S production capacity and sulfide concentration in
vascular surgery patients and healthy controls were compared
using Student’s t-test. Pearson correlation coefficient was
calculated to assess the association between plasma H2S
production capacity and plasma sulfide concentration. High
low H2S production capacity/free sulfide groups and groups
were divided by median split, which was arbitrary. The Kaplan-
Meier method was used to estimate survival in high and low
H2S production capacity/free sulfide groups and groups were
compared using log-rank test. Cox proportional hazard models
were fit to estimate mortality hazard ratios between high and
lowH2S producing groups, corrected for potentially confounding
variables (age, gender, BMI). Both unadjusted and adjusted Cox
proportional hazard models met assumptions of proportional
hazard. To assess the odds of post-surgical complication in high
vs. low H2S producing individuals, Fisher’s exact test was used.
Statistical tests were performed using Graphpad Prism 7 and R
version 3.3.2. Kaplan-Meier curves and Cox proportional hazard
models were fit in R using the Survival package and Kaplan-Meier
curves were visualized using the Survminer package. All reported
P values are based on 2-sided tests and P values of <0.05 were
considered statistically significant.

RESULTS

H2S Levels Are Reduced in Patients With
Vascular Disease Compared to Patients
With No Documented Atherosclerosis
The characteristics of the control and the vascular cohort
are summarized in Table 1. Mean (SD) age of the control
and vascular patients was 68 (2.3) and 69 (9), respectively.
These patients only differed in the prevalence of PAD, prior
MI/coronary revascularization, and hyperlipidemia (Table 1).
The control cohort included a group of 20 subjects, matched
for age, sex and hypertension, but with no documented
atherosclerotic cardiovascular disease. The vascular cohort
included a heterogenous group of 115 patients. Forty nine
underwent carotid endarterectomy (asymptomatic n = 34,
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TABLE 1 | Baseline study population characteristics.

Variable Control

cohort

Vascular

cohort

P

n = 20 n = 115

Age (SD) 68 (2.3) 69 (9) 0.62

Male (%) 13 (65) 73 (63) 0.89

Ethnicity (%)

White 18 (90) 97 (84) 0.51

Hispanic 0 10 (9)

Black 0 4 (3.5)

Other 2 (10) 4 (3.5)

BMI (SD) 28.7 (7.2) 28.3 (5.3) 0.76

Comorbidities (%)

Heart failure 0 19 (17) 0.16

History of stroke 0 24 (21) 0.08

PAD 0 75 (65) <0.01

Prior coronary intervention 0 44 (38) <0.01

Prior MI 0 30 (26) 0.03

Hypertension 19 (95) 106 (92) 0.65

Hyperlipidemia 6 (30) 98 (85) <0.01

COPD 0 7 (6) 0.81

Renal dysfunction 1 (5) 16 (14) 0.24

Diabetes mellitus 2 (10) 45 (39) 0.01

Smoking status (%)

Never 9 (45) 25 (22) 0.03

Former 11 (55) 60 (52) 0.81

Current 0 30 (26) 0.03

Procedure type (%)

Carotid endarterectomy 0 49 (43)

Asymptomatic 0 34 (69)

Symtomatic 0 15 (31)

Infra-inguinal revascularization 0 44 (38)

Claudication 0 21 (48)

Resting pain 0 15 (34)

Tissue loss 0 13 (30)

Lower extremity amputation 0 22 (19)

Medications

Aspirin 102 (89)

ACE inhibitor 49 (43)

Beta blocker 89 (78)

Coumadin 11 (10)

Ca2+ channel blocker 37 (32)

Statin 99 (86)

Fibrate 3 (3)

Metformin 8 (7)

SD, standard deviation; BMI, body mass index; MI, myocardial infarct; HTN, hypertension;

COPD, chronic obstructive pulmonary disease.

symptomatic n = 15), 44 infra-inguinal revascularization
(claudication n = 21, resting pain n = 15, tissue loss n = 13),
and 22 amputation.

Analysis of the baseline blood sample (pre-operative) H2S
production capacity assay using the lead acetate-based method,
showed that controls had significantly higher H2S production

capacity compared to vascular disease patients (Figure 1A;
Supplementary Figure 1A; 80.8±12.9 vs. 57.0 ± 8.4 arbitrary
units, p < 0.001). Importantly, H2S levels was similarly reduced
in patient that underwent carotid endarterectomy (CEA, 58.6
± 5.79), infra-inguinal revascularization (IGR, 57.1 ± 10.1)
and amputation (Amp, 53.3 ± 8.97). Results using the MBB
method also showed that healthy controls had significantly
greater plasma sulfide levels (Figure 1B; 0.95 ± 0.30 vs. 0.58 ±

0.16µM, p < 0.05), and was consistent across the underlying
vascular surgeries (CEA 0.59 ± 0.17, IGR 0.59 ± 0.17, Amp
0.52 ±0.13; Figure 1B). Although both of these sulfide-based
measurements were significantly higher in healthy controls,
there was no observable correlation between the measurements
(Figure 1C; rs = −0.12, p = 0.34), suggesting that the two
methods measure fundamentally different phenomena and/or
sulfide pools.

H2S Levels Correlate With Post-operative
Survival
To assess the associations of these H2S measurements with
clinical outcomes after surgical procedures, the vascular
surgery patients were divided by median split into patients
with high and low pre-operative H2S production capacity
(Supplementary Figure 1B). Over 36 months of follow up,
patients with low H2S production capacity had significantly
decreased probability of survival compared to patients with
high H2S production capacity (Figure 1D; 54 vs. 82% survival
probability, log-rank test p = 0.0029). However, when patients
were divided by median split into high and low MBB-measured
sulfide measurements, there was no significant association with
survival and the trend was reversed such that those with higher
sulfide tended to have lower probability of survival (Figure 1E;
71 vs. 52% survival probability, log-rank test= 0.15).

To further assess the robustness of H2S production capacity as
a predictor of mortality after a vascular surgery intervention, we
generated Cox proportional hazard models to adjust for potential
confounding variables. A univariate unadjusted model showed
that individuals in the high H2S production capacity group had
significantly reduced risk of death during follow up (HR(95%
CI) = 0.31(0.11–0.87), coefficient p = 0.025, model Wald p =

0.025). In a Cox proportional hazard model adjusted for age,
BMI, gender, smoking history, race, procedure type, diabetes,
hyperlipidemia, and renal function, H2S production capacity was
significantly associated with survival (HR = 0.95, CI = 0.90–1,
coefficient p= 0.07, model Wald p < 0.001; Figure 2).

H2S Production Reflects a Non-enzymatic
Process
Finally, to characterize the biochemical nature of the plasma H2S
production capacity measurement, we investigated whether it
might be generated by enzymatic or non-enzymatic production.
It has been proposed that the H2S generating enzyme
cystathionine beta synthase (CBS) is present in human
plasma. We measured plasma CBS activities, but found no
observable association between plasma CBS activity and H2S
production capacity (Figure 3A; r = −0.07, p = 0.71). We
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FIGURE 1 | Plasma H2S production capacity and sulfide levels are reduced in patients with vascular disease, with production capacity predicting mortality. (A) Plasma

H2S production capacity and (B) plasma sulfide measured by the MBB method from human patients suffering vascular occlusive disease including 115 patients

undergoing carotid endarterectomy (CEA), infra-inguinal revascularization (IGR) and amputation (Amp), as well as age-matched individuals (n = 20). Error bars indicate

SD; different letters indicate difference p < 0.05 in One Way ANOVA Tukey post-hoc test. (C) Correlation between H2S production capacity and sulfide measured by

the MBB method in vascular disease patients. (D) Probability of survival for vascular disease patients during follow up after intervention with low (n = 57) vs. high (n =

57) H2S production capacity and (E) low and high plasma sulfide measurements. High vs. low was determined by median split. P value calculated from log-rank test.

next performed the assay under protein denaturing conditions
by heating and adding DTT, and found a highly correlated
pattern of signals compared to when the assay was performed
under non-denaturing conditions (Figure 3B; r = 0.34, p =

0.0002). These results suggest a non-enzymatic process for
H2S production in the plasma. Finally, we added chelators
and found that EDTA was able to almost completely ablate
the H2S release, while EGTA was not (Figure 3C). On the
other hand, EDTA had a reverse effect on measured sulfide
concentrations by the MBB method (23) corroborating that
the two methods measure sulfide released from fundamentally
different endogenous pools and/or production mechanisms.
This suggests a vital role for free and bound iron as
a catalyst in H2S release. In combination with PLP and
the substrate L-cysteine, H2S release is ultimately dampened
by increasing homocysteine concentrations (Figures 3D–F;
Supplementary Figures 1C–E). These results on the likely non-
enzymatic nature of the signal are in agreement with the recent

thorough characterization of mechanisms of H2S release in blood
by Hine et al. (25).

DISCUSSION

Pre-clinical studies have suggested that decreased levels of H2S
accelerate the development of atherosclerosis (14), and are
reduced in the skeletal muscle of CLI patients (1). Here we show
that patients with vascular disease have significantly decreased
circulating H2S production capacity and sulfide concentrations,
compared to subjects with no clinical evidence of coronary or
peripheral artery disease. Together, these results suggest that
patients with atherosclerotic vascular disease have a decreased
capability to generate H2S. Furthermore, patients with higher
H2S production capacity measured prior to vascular surgery
had reduced post-operative mortality at 36 months follow-up
compared to those with lower H2S production. It also suggests
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FIGURE 2 | Hazard ratios of death during follow up period. Hazard ratio estimates and 95% confidence intervals for clinically relevant parameters and plasma H2S

production capacity as measured by the lead acetate release method.

possible therapeutic application of H2S donors, to restore or
increase H2S levels in humans. Indeed, the administration of
exogenous H2S (NaHS, SG1002) protected against ischemia-
induced heart failure, and improved overall survival in rodents
(28, 29). Such an H2S donor is being tested in clinical trials
(NCT01989208). Similarly, exogenous administration of H2S in
preclinical models protects from ischemic injury to the liver (2),
the brain (30), and the kidney (31), which could have therapeutic
benefits in the context or solid organ transplantation, myocardial
infarction or stroke. Interestingly, some FDA approved drug,
with H2S-releasring properties, such as the ACE inhibitor
Zofenopril or sodium thiosulfate, improve vascular function, and
limit intimal hyperplasia (unpublished data).

Interestingly, this association was not observed with sulfide
levels that were measured by the MBB-method. While this
suggest that although both measures are related to sulfide
release from bound sulfide reserves, they specifically capture

distinct biological phenomena with clinical relevance. Hine
and colleagues have recently performed a thorough chemical
characterization of the mechanisms of non-enzymatic H2S
production in blood, demonstrating that it is catalyzed by
iron and vitamin B6 (PLP) with cysteine serving as optimum
substrate (25). Although this work gives usmany clues, important
questions remain about what specific components of the plasma
determine and regulate H2S production capacity. One theory
revolves around the sulfur containing amino acid homocysteine,
which in itself has been long associated with cardiovascular
disease risk, but its mechanism of pathology is not well-
understood (32). As reported by Nakano et al. (33) and
measured via the quantitative analysis of reactive sulfur species
using MBB-method similar to our present study, homocysteine
captures H2S and/or HS− to form a homocysteine persulfide in
cardiac tissue, which could potentially interfere with H2S-related
cardiovascular protection (33). Thus, if surgical patients with
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FIGURE 3 | Mechanisms of H2S release from plasma. (A) Correlation between plasma cystathionine-beta synthase activity and plasma H2S release. (B) Correlation

between plasma H2S release performed under protein non-denaturing (x-axis) and protein denaturing (y-axis) conditions. (C) H2S release from plasma when

incubated with PLP, PLP + EDTA or PLP + EGTA. (D) In vitro H2S release performed using cysteine and increasing concentration of FeCl3, (E) PLP or (F)

homocysteine (n = 5 reactions per condition). *p < 0.05, ****p < 0.0001 vs. respective 0uM control.

decreased survival showed an increase in plasma homocysteine
levels, then this could explain the dichotomy in H2S release
in these patients using the two different methods (lead acetate
vs. MBB). Furthermore, in the non-enzymatic production of
H2S in plasma catalyzed by iron described previously (25) and
confirmed here, PLP still acts as an important co-factor by the
formation of a Schiff base and subsequent cysteine-aldimine and
thiazolidine five-member ring intermediates prior to iron rapidly
catalyzing the release of the sulfide. Importantly, homocysteine
itself can also form a Schiff base with PLP, except it will result in a
more thermodynamically stable six-member tetrahydrothiazine
ring (34). The formation of the stable tetrahydrothiazine ring
poses two complications for H2S production in circulation:
the first being sequestration of valuable PLP co-factor from
both enzymatic and non-enzymatic H2S production where

cysteine serves as substrate; and the second being slow H2S
production kinetics when iron serves as a catalyst (25), which
we demonstrate here. Thus, the suppression of H2S release by
increased circulating homocysteine may represent a mechanism
explaining the robust association between homocysteine levels
and cardiovascular disease.

In addition to addressing the issues brought up in the
discussion, the results reported here will aid in the development
of specific H2S assays for diagnostic purposes. Further, they will
guide therapeutic interventions if these specific determinants
are shown to be causal to the disease process. Despite these
remaining questions, we demonstrate that the lead acetate assay
represents a simple, rapid and very low-cost method which
appears to capture substantial information on clinical risk in
this population.
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Limitations of our study include the quantification of
H2S using the lead acetate method measures only relative
differences in H2S between individuals and groups, and
not absolute differences. Likewise, it primarily serves as a
surrogate for the actual amount of H2S produced from
available substrates in plasma. It is also important to note that
mortality outcomes in this study encompassed two uniquely
different patient populations, patients with carotid stenosis
and patients with PAD necessitating surgical revascularization
or amputation. These differences may influence disparities in
mortality outcomes and future work will need to validate
these findings in larger cohorts with more homogenous
interventions. In addition, we previously demonstrated that
dietary restriction (2, 35) or the hypothalamic-pituitary axis
(36) were important regulators of endogenous H2S production
and downstream signaling (37, 38). These factors, including
circulating homocysteine levels, were not specifically assessed
here, however, they do illuminate the possibilities that patients
with increased survival post-surgery having an H2S production
promoting diet and/or endocrine makeup in the days/hours
leading to surgery. Nevertheless, we highlight our important
results showing that both H2S production capacity and MBB-
method-measured sulfide levels in vascular patients were
significantly reduced compared to healthy subjects, indicating
a potential correlation between H2S and the progression of
cardiovascular pathology.

CONCLUSION

This study shows that patients with vascular disease have
significantly decreased circulating H2S production capacity
and sulfide concentrations, compared to subjects with no
clinical evidence of coronary or peripheral artery disease.
In addition, the lead acetate H2S detection represents a
simple, rapid and low-cost method to capture clinical risk
in patients undergoing vascular surgery. Altogether, results
provide further insights into the role of H2S biology in
surgical patients and open an avenue for the use of H2S for
diagnostics and therapeutics in those with dysfunction of their
vascular system.
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Tampa, FL, United States

Background: Low-dose rivaroxaban and low-intensity warfarin are widely used in Asia

for patients with atrial fibrillation (AF). However, in Asians, it is unclear whether low-dose

rivaroxaban and low-intensity warfarin can improve the prognosis of AF. In this study,

we investigate the survival benefits of low-dose rivaroxaban and low-intensity warfarin in

Asian patients with AF in clinical practice.

Methods: This cohort study used medical records in a single tertiary hospital in China,

between 2019 and 2020, to identify patients with AF who used rivaroxaban or warfarin, or

had no anticoagulant therapy. Follow-ups were performed through telephone contact or

medical record review. Cox proportional hazards models were used to compare the risk

of mortality of patients in the anticoagulant-untreated group vs. warfarin-treated groups

and rivaroxaban-treated groups.

Results: A total of 1727 AF patients, discharged between 2019 and 2020, were enrolled

in this cohort, of which 873 patients did not use any anticoagulant, 457 patients received

warfarin and 397 patients used rivaroxaban. Multivariable analysis showed that, of all the

warfarin groups, patients with an international normalized ratio (INR) below 2, good INR

control, or poor INR control had a significantly lower risk of mortality compared with that

of patients without anticoagulants (HR 0.309, p = 0.0001; HR 0.387, p = 0.0238; HR

0.363, p < 0.0001). Multivariable Cox proportional hazard analyses also demonstrated

that, compared with the no anticoagulant group, all rivaroxaban dosage groups (≤10mg,

HR 0.456, p = 0.0129; 15mg, HR 0.246, p = 0.0003; 20mg, HR 0.264, p = 0.0237)

were significantly associated with a lower risk of mortality.

Conclusion: Despite effects being smaller than observed with recommended optimal

anticoagulation, the use of warfarin with an INR below 2, poor INR control and the use

of low-dose rivaroxaban may still provide survival benefits, suggesting viable alternatives

that enable physicians to better resolve decisional conflicts concerning the risks and
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benefits of anticoagulant therapies, as well as for patients in need of but unable to

receive standard anticoagulant therapy due to bleeding risk or other factors, such as

financial burden, concerns of adverse outcomes, as well as low treatment compliance

and persistence.

Keywords: atrial fibrillation, warfarin, rivaroxaban, mortality, anticoagulant

INTRODUCTION

Atrial fibrillation (AF) has a prevalence of 2–3%worldwide (1, 2),
with a recent meta-analysis estimating over 7 million adults in
China alone having AF (3). AF significantly increases the risk of
thromboembolic events, congestive heart failure, and mortality
(2, 4). Vitamin K antagonists (primarily warfarin) have been
effective antithrombotic therapies for inexpensive prevention
of ischemic stroke in AF patients (5). However, warfarin has
many issues that limit its use, such as multiple food, drug, and
pharmacogenomic interactions, which result in unpredictable
pharmacokinetics and pharmacodynamics (5, 6). Since warfarin
is associated with risk of bleeding and thromboembolism,
warfarin dosing for maintaining anticoagulation therapy must
be monitored using the international normalized ratio (INR). As
a result, regular coagulation monitoring and dose adjustments
are continually required (7). The European Society of Cardiology
(ESC) and American Heart Association (AHA) recommend an
INR in the range of 2.0–3.0 as a target for the prevention
of thromboembolism and hemorrhage in patients with non-
valvular AF (8, 9). However, several studies have shown that
Asians are more susceptible to warfarin-induced bleeding than
non-Asians (10, 11). Previous meta-analyses have shown that in
Asian non-valvular AF patients taking warfarin, patients within
INR target values of 1.5–2.5 have a reduced risk of bleeding
without increases in thromboembolism (12–15). Several studies
have found a high proportion of low INR intensity warfarin
use in Asians (16), but the efficacy and safety of low INR
intensity warfarin use in Asian populations in clinical practice
remain unclear.

Direct oral anticoagulants (DOACs), including dabigatran,
apixaban, edoxaban, and rivaroxaban (17), are effective and safe
alternatives to warfarin for stroke prevention in patients with
non-valvular AF (NVAF) (18, 19). Since DOACs do not require
routine monitoring of drug concentrations, it is important to
select the appropriate dose of DOACs based on the dosing criteria
defined in randomized controlled trials. Results from non-
Asian and Japanese clinical trials have shown that the efficacy
of rivaroxaban is not inferior to warfarin (19, 20). However,
populations from randomized controlled trials are usually
selected based on strict eligibility criteria and under careful
protocol-based follow-up. Therefore, the results of randomized
controlled trials may not apply to all patients with AF in clinical
settings. Previous studies found that low-dose rivaroxaban (10
mg/day) is widely used in actual clinical practice in Asian
countries (21–23). Since Asian populations are associated with
a higher risk of bleeding, such as intracranial hemorrhaging (24),
physicians tend to prescribe low-dose DOACs for Asian patients
with AF in daily clinical practice. However, there is a paucity

of evidence on the effects of low-dose rivaroxaban in Asian
populations. In this study, we plan to investigate the survival
benefits of low-dose rivaroxaban and low-intensity INR warfarin
in Asian patients with AF in a clinical setting.

METHODS

Patients and Data Collection
This was a prospective observational study using data from
AF patients who were admitted to the First Affiliated Hospital
of Shantou University Medical College from 2019 to 2020.
The inclusion criteria were above 18 years of age, had
medical conditions that required anticoagulation, received either
rivaroxaban, warfarin, or no anticoagulation therapy, and
consented to follow-up after the index discharge date. AF patients
with the following characteristics were excluded: (1) pregnant;
(2) used warfarin with no INR values; (3) used rivaroxaban
with missing dosing information; (4) were missing baseline
risk factors or demographic information. Patients with evidence
of AF from electronic health records or electrophysiologic
evaluations were considered as having AF. AF was defined as
a supraventricular tachyarrhythmia with uncoordinated atrial
electrical activation and consequent ineffective atrial contraction.
The electrocardiographic characteristics of AF include irregular
R-R intervals (when atrioventricular conduction is not impaired),
absence of distinct repeating P-waves, and irregular atrial
activations (25). This study was approved by the Ethics
Committee of the First Affiliated Hospital of Shantou University
Medical College, and all participants provided written informed
consent before inclusion in this study.

Subject characteristics at baseline, including medical histories,
prior and concomitantmedications, demographic characteristics,
alcohol, smoking, CHA2DS2-VASc score, HAS-BLED score,
and other clinical characteristics, as well as the usage of
treatments and baseline INR, were collected from the medical
records. Follow-up INR records, and anticoagulant treatments
were procured from telephone visits and the hospital system’s
outpatient-based electronic medical records. The baseline
comorbidities were rheumatic heart disease (RHD), malignancy,
chronic kidney disease (CKD), chronic obstructive pulmonary
disease diastolic (COPD), thyroid disease, congestive heart failure
(CHF), gastrointestinal (GI) bleeding, hypertension, diabetes
mellitus, coronary disease, and ischemic stroke. Other clinical
characteristics were systolic blood pressure (SBP), diastolic blood
pressure (DBP), creatinine (Cr), prothrombin time-international
normalized ratio (PT-INR), and ejection fraction (EF). Prior
medications were aspirin, clopidogrel, and statin. For quantifying
thromboembolic risk, we combined comorbidity information
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into the CHA2DS2-VASc score (26), consisting of congestive
heart failure, hypertension, age (65–74 years, ≥75 years),
diabetes, transient ischemic attack (TIA)/stroke attack, vascular
disease, and gender. To assess the risk of bleeding, we calculated
the HAS-BLED score (27), which includes hypertension, age
> 65, stroke history, renal disease, liver disease, prior major
bleeding or predisposition to bleeding, labile INR, medication
usage predisposing to bleeding, and alcohol consumption.

Follow-ups were carried out by medical record review and/or
telephone interviews at 30, 90, 180, and 365 days after discharge.
The follow-up period for patients using rivaroxaban started from
the index date of rivaroxaban prescription. The follow-up period
of patients without anticoagulants started from the index date
of hospital discharge. The follow-up period of patients receiving
warfarin began from the last discharge date with warfarin
prescription. Patient information, including survival status, INR,
and anticoagulant treatment was collected during follow-up
through electronic medical records. All INR values were collected
during follow-up, independent of the follow-up visits. Patients
with missing medical records were contacted via telephone
interviews with patients or their family members to collect
their information. If patients could not be followed up through
electronic medical records or telephone interview, such patients
were recorded as lost to follow-up. All patients were followed
up to the occurrence of death, switching of treatment (i.e.,
received OAC for the anticoagulant-untreated group; received
an alternative OAC, including dabigatran and apixaban, for the
warfarin group and rivaroxaban group), were lost to follow-
up, and the end of the study period, whichever came first. For
patients who switched anticoagulant treatments during follow-
up, only information collected from study enrollment to the day
of switching anticoagulant treatments was used for the analysis.

Study Outcomes
The primary outcome of this study was all-cause mortality,
collected using telephone visits and medical records of subjects.

Statistical Analysis
The warfarin treatment groups were categorized based on the
PT-INR (PT-INR < 2, 2 ≤ PT-INR ≤ 3, PT-INR>3) collected
at the last hospital discharge before the occurrence of death
or last contact date. The warfarin treatment groups were also
categorized based on the percentage of INR measurements
in the therapeutic range (PINRR), with a PINRR ≤ 56.1%
regarded as poor INR control and a PINRR > 56.1% regarded
as good INR control. PINRR was the number of INR values
of 2.0–3.0 of the total number of INR values measured. A
cut-off value of PINRR ≤ 56.1% was shown to be a good
discriminator of a time to therapeutic range (TTR) <65%
(28). Patients using rivaroxaban were categorized into ≤10mg,
15mg, and 20mg groups. In all analyses that used comparisons
with the rivaroxaban group, subjects who had moderate to
severe mitral stenosis, a bioprosthetic or mechanical prosthetic
valve, or end-stage chronic kidney disease with or without
dialysis or hypertrophic cardiomyopathy were excluded from the
anticoagulant-untreated group.

For continuous variables, data are shown as mean± standard
deviation or median with interquartile ranges. For categorical
variables, data are shown as counts with percentages. The
baseline characteristics of the anticoagulant-untreated groups
were compared with warfarin groups and rivaroxaban groups
using the Kruskal-Wallis test for continuous variables and chi-
square tests for categorical variables.

Cumulative incidence of mortality was estimated using
the Kaplan-Meier method and compared using the log-rank
test. Univariable and multivariable Cox proportional hazards
models were used to compare the risk of mortality of patients
without anticoagulants to patients using warfarin, as well as
patients receiving rivaroxaban. Hazard ratios (HRs) with 95%
confidence intervals (CIs) are presented. Multivariable models
for the comparison of patients using warfarin and patients
without anticoagulant medication was adjusted for gender, age,
TIA/stroke, malignancy, CKD, and GI bleeding. Multivariable
models for the comparison of patients receiving rivaroxaban
and patients without anticoagulants were adjusted for gender,
age, coronary disease, TIA/stroke, aspirin, CHF, malignancy,
CKD, and statin. Statistical analyses were performed using SPSS
version 22.0 (SPSS Inc., Chicago, Illinois, USA), and figures were
constructed using R software version 3.6.1 (R Foundation for
Statistical Computing, Vienna, Austria). Two-tailed p < 0.05
were considered statistically significant.

RESULTS

Baseline Characteristics
A total of 2092 patients with AF, who were discharged between
2019 and 2020, were enrolled in this cohort. Among the 2092
participants, 204 patients were excluded because of lack of
follow-up data, 49 patients in the warfarin-treated group were
excluded because of missing INR values, 86 patients in the
rivaroxaban-treated group were excluded because of missing
dosing information, and 26 patients were excluded owing
to lack of baseline risk factors or demographic information.
The final analysis included 1,727 patients with diagnosed AF,
of which 873 patients did not use any anticoagulant, 457
patients received warfarin and 397 patients used rivaroxaban.
Baseline characteristics of patients without anticoagulants,
patients using warfarin (PT-INR < 2, 2 ≤ PT-INR ≤ 3, PT-
INR > 3, PINRR > 56.1%, PINRR ≤ 56.1%), and NVAF
patients receiving rivaroxaban (≤10, 15, 20mg) are shown in
Tables 1A,B, respectively. In addition to age, CHA2DS2-VASc
score, and HAS-BLED score, comorbidities (congestive heart
failure, hypertension, coronary disease), smoking, biomarkers
(systolic blood pressure, creatinine, and PT-INR), use of other
medications (statin, aspirin, or clopidogrel) were significantly
different between patients not using anticoagulants and either
patients using warfarin or patients receiving rivaroxaban. Gender
was significantly different in the comparison of patients without
anticoagulants with patients receiving warfarin but not with
patients using rivaroxaban. Chronic kidney disease, diabetes,
GI bleeding, and ischemic stroke were significantly different in
the comparison of patients without anticoagulants with patients
receiving rivaroxaban.
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TABLE 1 | Baseline characteristics of enrolled patients (A) warfarin and (B) rivaroxaban.

Characteristics No anticoagulant

(n = 873)

PT-INR PINRR

PT-INR < 2

(n = 330)

PT-INR 2–3

(n = 93)

PT-INR > 3

(n = 34)

P ≤56.1%

(n = 354)

>56.1%

(n = 103)

P

(A) WARFARIN

Gender (female) 345 (39.5%) 179 (54.2%) 41 (44.1%) 19 (55.9%) <0.001 187 (52.8%) 52 (50.5%) <0.001

Age (years) 70.45 ± 12.61 64.16 ± 11.45 64.75 ± 10.56 67.15 ± 7.97 <0.001 64.42±11.30 64.51 ± 9.87 <0.001

CHA2DS2-VASc score 3.48 ± 1.85 3.06 ± 1.68 2.95 ± 1.39 3.24 ± 1.5 <0.001 2.85 ± 1.64 2.92 ± 1.49 <0.001

HAS-BLED score 2.7 ± 1.19 2.34 ± 1.19 2.36 ± 1.14 2.61 ± 1.14 <0.001 2.28 ± 1.08 2.45 ± 1.20 <0.001

RHD 34 (3.95%) 100 (30.9%) 38 (41.3%) 11 (34.4%) <0.001 105 (29.7%) 44 (42.7%) <0.001

CKD 122 (14.2%) 33 (10.2%) 10 (10.9%) 7 (21.9%) 0.11 39 (11.0%) 11 (10.7%) 0.49

COPD 64 (7.4%) 10 (3.1%) 4 (4.4%) 1 (3.1%) 0.031 11 (3.1%) 4 (3.9%) 0.0358

CHF 401 (45.9%) 225 (68.2%) 70 (75.3%) 24 (70.6%) <0.001 245 (6.9%) 74 (7.2%) <0.001

GI bleeding 32 (3.7%) 4 (1.2%) 1 (1.1%) 2 (6.3%) 0.06 6 (1.7%) 1 (1.0%) 0.14

Hypertension 541 (62.9%) 149 (46.0%) 37 (40.2%) 13 (40.6%) <0.001 157 (44.4%) 42 (40.8%) <0.001

Diabetes mellitus 238 (27.7%) 79 (24.9%) 24 (26.1%) 12 (37.5%) 0.37 89 (25.1%) 26 (25.2%) 0.75

Coronary disease 326 (37.9%) 77 (23.8%) 20 (21.7%) 4 (12.5%) <0.001 84 (23.7%) 17 (16.5%) <0.001

Ischemic stroke 228 (26.5%) 72 (22.2%) 16 (17.4%) 4 (12.5%) 0.05 74 (20.9%) 18 (17.5%) 0.095

Smoking 270 (30.9%) 70 (21.2%) 23 (24.7%) 5 (14.7%) 0.002 76 (21.5%) 22 (21.4%) 0.0173

SBP (mmHg) 139.6 ± 47.0 131.6 (23.1) 128.5 ± 24.8 130.4 ± 24.2 0.032 131.8 ± 22.7 129.3 ± 22.0 <0.001

DBP (mmHg) 86.29 ± 41.0 84 ± 18.1 79.45 ± 15.2 84.17 ± 12.7 0.53 83. 5 ± 17.1 81.1 ± 14.2 0.17

Cr (µmol/L) 126.96 ± 91.1 118.07 ± 98.0 115.36 ± 57.1 127.42 ± 42.6 <0.001 116.4 ± 81.3 116.6 ± 52.0 0.23

PT-INR 1.16 ± 0.54 1.5 ± 1.31 2.22 ± 0.95 3.79 ± 0.95 0.013 1.61 ± 1.46 2.11 ± 0.94 <0.001

EF (%) 58.01 ± 12.2 57.71 ± 12.6 58.17 ± 12.6 59.31 ± 11.8 0.19 57.84 ± 11.07 57.47 ± 9.84 0.61

Aspirin-clopidogrel 467(53.5%) 95(28.8%) 13(14.0%) 4 (11.8%) <0.001 98 (27.7%) 14 (13.6%) <0.001

Statin 489 (56.0%) 158 (47.9%) 39 (41.9%) 10 (29.4%) <0.001 166 (46.9%) 41 (39.8%) 0.0021

Characteristics No anticoagulant

(n = 813)

Rivaroxaban

≤10mg

(n = 131)

15mg

(n = 169)

20mg

(n = 97)

P

(B) RIVAROXABAN

Sex (Female) 316 (38.9%) 58 (42.3%) 82 (42.9%) 30 (28.0%) 0.0276

Age (years) 70.70 ± 12.41 74.74 ± 9.0 71.12 ± 9.80 62.06 ± 10.30 <0.001

CHA2DS2-VASc score 3.43 ± 1.83 4.22 ± 1.50 3.35 ± 1.64 2.09 ± 1.60 <0.001

HAS-BLED score 2.66 ± 1.16 2.91 ± 1.12 2.45 ± 1.05 1.8 ± 1.11 <0.001

RHD 8 (0.98%) 3 (2.2%) 5 (2.6%) 2 (1.9%) 0.37

CKD 98 (12.05%) 21 (15.7%) 16 (8.4%) 7 (6.7%) 0.0302

COPD 56 (6.89%) 11 (8.2%) 18 (9.4%) 3 (2.9%) 0.20

CHF 308 (37.9%) 81 (59.1%) 99 (51.8%) 26 (24.3%) 0.0017

GI bleeding 25 (3.08%) 6 (4.5%) 1 (0.5%) 0 (0) 0.081

Hypertension 505 (62.1%) 100 (74.6%) 125 (65.5%) 55 (52.4%) <0.001

Diabetes mellitus 230 (28.3%) 46 (34.3%) 43 (22.5%) 20 (19.1%) 0.0076

Coronary disease 308 (37.9%) 65 (48.5%) 84 (44.0%) 36 (34.3%) 0.0017

Ischemic stroke 219 (26.9%) 44 (32.8%) 38 (19.9%) 17 (16.2%) <0.001

Smoking 257 (31.6%) 29 (21.2%) 45 (23.6%) 37 (34.6%) 0.0084

SBP (mmHg) 138.86 ± 46.3 139.6 ± 21.1 138.1 ± 24.0 130.7 ± 20.6 <0.001

DBP (mmHg) 85.97 ± 39.95 84.3 ± 14.4 87.0 ± 16.5 83.2 ± 12.1 0.25

Cr (µmol/L) 118.89 ± 61.56 119.2 ± 43.3 105.4 ± 28.3 104.2 ± 25.1 0.072

PT-INR 1.18 ± 0.46 1.13 ± 0.31 1.14 ± 0.71 1.07 ± 0.24 0.41

EF (%) 58.1 ± 9.98 57.51 ± 13.2% 58.36 ± 12.28 61.46 ± 10.14 0.27

Aspirin-clopidogrel 444 (54.6%) 72 (52.6%) 80 (41.9%) 31 (29.0%) <0.001

Beta-blocker 484 (59.5%) 73 (54.9%) 106 (64.5%) 66 (70.2%) 0.097

Statin 476 (58.6%) 101 (73.7%) 110 (57.6%) 54 (50.5%) <0.001

Data are number (%), median (interquartile 1, interquartile 3) or mean ± SD; PT-INR, prothrombin time international normalized ratio; PINRR, the percentage of INR measurements in

range; CHA2DS2-VASc score includes congestive heart failure, hypertension, age (65–74 years, ≥75 years), diabetes, stroke/transient ischemic attack, vascular disease, sex; HAS-

BLED, hypertension, abnormal liver/renal function, stroke history, bleeding history or predisposition, labile INR, elderly, drug/alcohol usage; RHD, rheumatic heart disease; COPD,

chronic obstructive pulmonary disease; CHF, congestive heart failure; GI, gastrointestinal; ICH, intracranial hemorrhage; SBP, systolic blood pressure; DBP, diastolic blood pressure; Cr,

creatinine; EF, ejection fraction.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 November 2021 | Volume 8 | Article 768730120

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Lin et al. Low-Intensity Anticoagulation, Mortality, and AF

FIGURE 1 | Cumulative mortality of warfarin groups and the anticoagulant-untreated group (PT-INR).

Comparison Between Warfarin- vs.
Anticoagulant-Untreated Groups for
Mortality
The cumulative incidence of mortality in patients using warfarin
(PT-INR < 2, 2 ≤ PT-INR ≤ 3, PT-INR > 3), as well as PINRR
(>56.1%, ≤56.1%), was lower than that of patients not using
anticoagulants (log-rank p < 0.001) (Figures 1, 2). To delineate
the associations between warfarin usage and the risk of mortality,
Cox proportional hazards models were constructed (Table 2).
Univariate analysis revealed that patients with a PT-INR <2 had
only 0.274 times the risk of mortality compared with patients
not using anticoagulants. After adjustment for gender, age,
TIA/stroke, malignancy, chronic kidney disease, and GI bleeding,
patients with a PT-INR < 2 were significantly associated with a
lower risk of mortality (HR 0.309, 95%CI 0.170–0.56, p= 0.0001)
(Table 2). Compared with the no anticoagulant group, both
PINRR ≤ 56.1% and PINRR > 56.1% groups had significantly
lower risk of mortality in univariate and multivariable analysis
(Table 2).

Comparison Between Rivaroxaban- vs.
Anticoagulant-Untreated Groups for
Mortality
There was a clear trend showing that NVAF patients using
rivaroxaban (≤10, 15, 20mg) had a significantly lower incidence

of mortality than patients without anticoagulant treatment
(log-rank test p < 0.001) (Figure 3). Similarly, univariate and
multivariable Cox proportional hazard model analyses also
demonstrated that, compared with the anticoagulant-untreated
group, rivaroxaban treatment at all dosages (≤10mg,
HR 0.454, 95%CI 0.256–0.804, p = 0.0068; 15mg, HR
0.139, 95%CI 0.051–0.376, p = 0.0001; 20mg, HR 0.276,
95%CI 0.087–0.874, p= 0.0286) was significantly associated with
lower risk of mortality in NVAF patients (Table 3).

DISCUSSION

In this study, we investigated the risk of mortality in Asians
with AF who received warfarin, rivaroxaban, or no anticoagulant
therapy. The main findings of this study are as follows: (1) among
patients taking warfarin, patients with an INR lower than 2, as
well as PINRR ≤ 56.1% and PINRR > 56.1%, had a significantly
lower risk of mortality than that of patients without anticoagulant
therapy, suggesting that warfarin still noticeably reduces the risk
of mortality in Asians despite not achieving a target standard-
intensity INR of 2–3; (2) low-dose rivaroxaban treatment (10
mg/day) is associated with a significantly lower risk of mortality
than in patients not treated with anticoagulants, indicating that
low-dose rivaroxaban may have survival benefits for Asians.

Previous studies have found a high percentage of AF
patients do not follow the practice guidelines, especially in
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FIGURE 2 | Cumulative mortality of warfarin groups and the anticoagulant-untreated group (PINRR).

TABLE 2 | Univariate and multivariable analysis comparing the mortality of patients receiving warfarin vs. no anticoagulant treatment.

Unadjusted Adjusted

HR (95% CI) P HR (95% CI) P

No anticoagulant Reference Reference

PT-INR

<2 0.274 (0.158, 0.475) <0.0001 0.309 (0.170, 0.560) 0.0001

2–3 0.444 (0.196, 1.007) 0.052 0.539 (0.236, 1.229) 0.14

>3 0.571 (0.182, 1.794) 0.34 0.652 (0.207, 2.052) 0.46

PINRR*

≤56.1% 0.345 (0.211, 0.562) <0.0001 0.363 (0.220, 0.599) <0.0001

>56.1% 0.428 (0.189, 0.969) 0.0418 0.387 (0.170, 0.882) 0.0238

HR, hazard ratio; CI, confidence interval; PT-INR, prothrombin time international normalized ratio; PINRR, the percentage of INR measurements in range; p<0.05 statistically significant;

PT-INR vs. no anticoagulant was adjusted for gender, age, TIA/stroke, malignancy, CKD, and GI bleeding.

*PINRR vs. no anticoagulant was adjusted for age, coronary disease, left ventricular heart failure, malignancy, and aspirin.

the Asian population (2, 3). Compared with Caucasians,
Asians have a higher incidence of massive hemorrhaging,
including intracranial hemorrhaging (10, 29, 30). Therefore,
many physicians and patients in Asia are concerned about
warfarin-induced bleeding and thrombosis, resulting in low-
intensity INR warfarin becoming common in Asia (31–33).
Our study shows that low-intensity INR warfarin substantially

reduces mortality. A recent meta-analysis of 32 randomized
controlled trials in East Asia showed no significant differences
in the mortality of AF patients using warfarin with lower INR
and that of AF patients using warfarin with standard INR.
These findings show that the use of warfarin provides a survival
benefit even in cases with a low INR target, suggesting that
the use of warfarin with a low INR target might be beneficial
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FIGURE 3 | Cumulative mortality of rivaroxaban groups and the anticoagulant-untreated group.

TABLE 3 | Univariate and multivariable analysis comparing the mortality of patients receiving rivaroxaban vs. no anticoagulant treatment.

Unadjusted Adjusted

HR (95% CI) P HR (95% CI) P

No anticoagulant Reference Reference

Rivaroxaban ≤ 10mg 0.529 (0.300, 0.935) 0.0285 0.454 (0.256, 0.804) 0.0068

Rivaroxaban 15mg 0.136 (0.050, 0.368) <0.0001 0.139 (0.051, 0.376) 0.0001

Rivaroxaban 20mg 0.171 (0.055, 0.538) 0.0025 0.276 (0.087, 0.874) 0.0286

HR, hazard ratio; CI, confidence interval; p<0.05 statistically significant; Adjusted for age, gender, coronary disease, TIA/stroke, CHF, CKD, aspirin, and statin.

to Asian patients who prefer warfarin but cannot have their
anticoagulation intensity frequently monitored.

Intake of direct oral anticoagulants for the prevention of
stroke in patients with AF is increasing rapidly worldwide,
but varies widely, depending mainly but not exclusively on
the socioeconomic status of the country under consideration
(34, 35). Since DOACs do not require routine monitoring
of drug concentrations, it is important to use an appropriate
dose of DOAC based on the dosing criteria defined in a
randomized controlled trial. However, the prescription of off-
label DOACs remains a major problem in daily practice (36).
One of the possible reasons is the concern of drug-induced

adverse outcomes. Our study shows that various dosages of
rivaroxaban, including 10mg or less, can substantially reduce
mortality, providing evidence of benefits associated with low-
dose rivaroxaban use. This finding suggests that the use of low-
dose rivaroxaban may be considered as an alternative, or in
preference to no anticoagulant therapy, especially in situations
where physicians have decisional conflicts with the risks and
benefits of rivaroxaban.

Furthermore, several studies have shown that DOACs are
more commonly studied in low-risk populations (37). Advanced
age, frailty, and co-morbidities are common characteristics
of the elderly population, making them less likely to be
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treated with DOACs (38). In our study, the mean age of
the low-dose rivaroxaban group (74.7 years old) was ∼4
years older than that of the anticoagulant-untreated group
(70.7 years old). Although there were larger proportions of
comorbidities and higher CHA2DS2-VASc and HAS-BLED
scores in the low-dose rivaroxaban group compared to that of
the anticoagulant-untreated therapy group, the risk of mortality
was still significantly lower in the low-dose rivaroxaban group.
This result indicates that rivaroxaban may substantially reduce
the risk of mortality in Asian patients with AF, suggesting that the
use of low-dose rivaroxaban may be an alternative for patients,
especially elderly patients, who have concerns about the adverse
effects and costs of standard-dose rivaroxaban.

Strengths and Limitations
Due to the complex clinical profile of patients with AF,
certain patients were usually excluded from previous randomized
controlled trials, making it challenging for physicians to prescribe
anticoagulation therapy in clinical practice. On the one hand,
our study includes a wide range of AF patients encountered
in clinical practice. Therefore, our study could, to some extent,
reflect the treatment patterns and associated risks of mortality
in the Chinese population. On the other hand, our study
observes treatment patterns and outcomes after discharge, and
as such, it examines the associations of post-hospitalization
anticoagulant dosage use patterns and death. The drug dose of
OACs was as per the attending physician’s discretion based on the
patients’ conditions and was collected from the medical records.
Non-compliance with guidelines for warfarin and rivaroxaban
use may be influenced by many factors. First, the perceived risks
of bleeding impeded clinicians from prescribing anticoagulants
and patients to adhere to therapy. Second, some patients with low
body weight and/or renal impairment were underdosed because
of a fear of toxicity. Finally, the high cost of rivaroxaban limited
the options for some patients in the cohort. Nevertheless, there
are limitations to this study. First, our patients are from a hospital
that may have introduced selection bias. Second, our study
does not include clinical information, such as bleeding events,
thrombosis events, and BMI because of unclear or incomplete
data. Third, although TTR has been recommended by the main
international guidelines (39, 40) as a measure of the quality
of anticoagulation control, it has not gained much popularity
in clinical practice due to its tedious calculation; PINNR is
much easier to obtain and simpler to calculate in everyday
clinical practice, and was shown to have a good correlation with
TTR (28). Finally, our sample size is relatively small, and is
especially small for subjects with INR 2–3, so this study might
have insufficient power to achieve statistical significance in the
analyses for subjects with INR 2–3.

CONCLUSION

In Asian patients with AF, the risk of death is significantly
lower in both patients receiving rivaroxaban and patients using

warfarin with an INR below 2 in comparison with patients
without anticoagulant therapy. These findings show that, despite
effects being smaller than obtained with recommended doses, the
use of warfarin below the standard INR target and the use of
low-dose rivaroxaban still provide survival benefits, suggesting
viable alternatives to physicians to better resolve decisional
conflicts with the risks and benefits of anticoagulant therapy, as
well as to patients in need of anticoagulant therapy but are not
receiving it due to bleeding risk or other factors, such as financial
burden, concerns of adverse outcomes, as well as low treatment
compliance and persistence.
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Objective: Vascular calcification (VC) is an important predictor of cardiovascular

morbidity and mortality in patients with chronic renal failure (CRF). It is well-known that

obesity and metabolic syndrome (OB/MS) predicts poor prognosis of CRF patients.

However, the influence of OB/MS on VC in CRF patients isn’t clear. IL-18 mediates

OB/MS-related inflammation, but whether IL-18 is involved in OB/MS -mediated VC in

CRF patients hasn’t been studied. In this study, it was explored that whether OB/MS

caused by high-fat diet (HFD) can affect the level of serum IL-18 and aggravate the

degree of VC in CRF rats. Furthermore, it was studied that whether IL-18 induces rat

vascular smooth muscle cells (VSMCs) calcification by activating the MAPK pathways.

Approach: The rats were randomly assigned to the sham-operated, CRF and

CRF+HFD groups. CRFwas induced by 5/6 nephrectomy. Serum IL-18 levels and aortic

calcification indicators were compared in each group. Primary rat VSMCs calcification

were induced by β-glycerophosphate and exposed to IL-18. VSMCs were also treated

with MAPK inhibitors.

Results: The weight, serum levels of hsCRP, TG and LDL-C in CRF + HFD group

were significantly higher than those in sham-operated and CRF groups (p < 0.05).

Compared with the sham-operated group, the calcium content and the expression of

BMP-2 of aorta in CRF and CRF + HFD groups were significantly increased (p < 0.05).

Moreover, the calcium content and the expression of BMP-2 of aorta in CRF + HFD

group was significantly higher than those in CRF group (p < 0.05). And the serum IL-18

level was positively correlated with aortic calcium content. It was also found that p38

inhibitor SB203580 can suppress the VSMCs calcification and osteoblast phenotype

differentiation induced by IL-18. But the JNK inhibitor SP600125 can’t suppress the

VSMCs calcification and osteoblast phenotype differentiation induced by IL-18.

Conclusions: These findings suggest that obesity-related inflammation induced by

high-fat diet could exacerbate VC in CRF rats. Furthermore, serum IL-18 level had a

positive correlation with the degree of VC. It is also found that IL-18 promoted osteogenic

differentiation and calcification of rat VSMCs via p38 pathway activation.

Keywords: IL-18, vascular calcification, chronic renal failure, high-fat diet, MAPK
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Vascular calcification (VC) is a pathological process which is
increased by age and aggravated in chronic diseases including
chronic kidney disease (CKD), hypertension, diabetes mellitus
and bone-mineral disorders (1, 2). VC is a common vascular
complication in patients with chronic renal failure (CRF), which
induce a series of adverse effects on hemodynamics, and is an
important factor responsible for the increase in themorbidity and
mortality of cardiovascular diseases in patients with CRF (3, 4).
VC is believed to be an actively regulated process which is similar
with bone formation and is initiated by phenotype change of
vascular smooth muscle cells (VSMCs) to osteoblast-like cells (5).

Inflammation is known to be a key factor in promoting
the formation of VC, but the exact pathological mechanism of
inflammation-mediated VC is not yet fully understood (6, 7). IL-
18 (interleukin-18) is a proinflammatory cytokine that belongs to
the IL-1 superfamily and is produced by macrophages and other
cells, including VSMCs (8). Our previous study had found that
IL-18 is an important inflammatory factor that induces VSMCs
calcification (7). Many studies have found that serum IL-18 levels
in patients with CRF are significantly higher than those with
normal renal function (9, 10). It is well-known that VC is the
most common vascular complication in patients with CRF, but
whether IL-18 is involved in the development of VC in patients
with CRF is not clear.

Energy-dense food with a high fat content is identified
to implicated in the pathogenesis of obesity and metabolic
syndrome (OB/MS) (11). It is well-known that obesity can cause
kidney damage, and its mechanism is more complicated. Current
research believes that obesity damages the kidneys through
four ways: hypertension, hyperglycemia, hyperlipidemia, and
hyperuricemia. And at the same time, the four factors affect
each other, forming a vicious circle (12, 13). Adipose tissue
is also an important endocrine system of the body. It can
produce a variety of adipokines, including leptin, adipocytokines,
adiponectin, etc., as well as tumor necrosis factor-α, monocyte
chemotactic factor and angiotensin II. These substancesmay have
a direct effect on the occurrence and development of CRF (14).
VC is an important vascular complication in patients with CRF,
which indicates increased cardiovascular and death risk. Our
previous research suggested that in subjects without CRF, those
with OB/MS had higher incidence VC and the OB/MS-related
inflammation might be involved in regulating the formation of
VC (15, 16). However, the influence of OB/MS on VC in patients
with CRF has not been studied in detail. A large amount of
research evidence confirms that IL-18 mediates OB/MS-related
inflammation (17). However, whether IL-18 is involved in the

Abbreviations: ALP, alkaline phosphatase; Apo, apolipoprotein; BMI, body mass

index; BMP-2, bone morphogenetic protein-2; BSA, bovine serum albumin; Ca,

calcium; CHE, cholinesterase; Cr, creatinine; CRF:chronic renal failure; CVD,

cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; LDL-C,

low-density lipoprotein cholesterol; hsCRP, high-sensitivity C-reactive protein;

MAC, medial arterial calcification; MAP, mean arterial pressure; MetS, metabolic

syndrome; OB/MS, obesity and metabolic syndrome; OR, odds ratio; P, phosphate;

PVDF, polyvinylidene difluoride; SBP, systolic pressure; SD, standard deviation;

SOD, superoxide dismutase; TC, total cholesterol; TG, triglycerides; UA, uric acid;

VC, vascular calcification; VSMCs, vascular smooth muscle cells.

pathogenic mechanism of OB/MS -mediated VC in patients with
CRF has not yet been studied.

The mitogen-activated protein kinase (MAPK) pathway is
responsible for conveying information about the extracellular
environment to the cell nucleus and is known to play a critical
role in osteoblast differentiation and mineralization (18). JNK
and p38 are the main MAPK signaling pathways. At present,
studies suggest that the MAPK pathway is involved in the
development of VC (19, 20). Studies have also proved that IL-
18 can cause biological effects by activating MAPK pathway
(21, 22). Therefore, we speculate that IL-18 may promote
VSMCs calcification and osteoblast phenotype differentiation by
activating the MAPK signaling pathway.

This study was based on a rat model of CRF to observe
whether OB/MS caused by high-fat dietary (HFD) can affect the
level of serum IL-18 in rats, aggravate the degree of VC, and
initially reveal the relationship between IL-18 andOB/MS-related
VC in CRF rats. Furthermore, we explore whether IL-18 induces
rat VSMCs calcification and osteoblast phenotype differentiation
by activating the MAPK pathways, so as to further clarify the
mechanism of IL-18 inducing VC.

MATERIALS AND METHODS

Animal Model and Grouping
The animal experiments were approved by the Committee on
Ethics of Animal Experiments and conducted in accordance
with the Guidelines for Animal Experiments, Sun Yat-sen
University and the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).

Male Sprague-Dawley rats with an average body weight
of 200–250 g were used in this study. All the animals were
housed in an environmentally controlled room at 24 ± 1◦C
with a 12 h light/dark cycle and fed with tap water. The
rats were randomly assigned to the CRF and sham-operated
groups. CRF was induced by 5/6 nephrectomy (5/6 Nx) with
surgical excision of two-thirds of the left kidney, followed by the
complete right nephrectomy 1 week later. Sham-operated group
underwent similar surgical procedures but with only removal
of the renal envelope. The operations were carried out under
general anesthesia (pentobarbital sodium, 50 mg/kg ip) using
strict hemostasis and aseptic techniques. The 5/6 Nx rats were
randomly divided into CRF and CRF + high fat diet (HFD)
groups. The sham-operated and CRF groups were fed a standard
laboratory diet with a total fat content of 4.3%. The CRF +

HFD group were fed a HFD with a total fat content of 34.9%.
Six animals were included in each group. Six months later,
rats were sacrificed and serum levels of IL-18 were measured
with commercially available kits (Ab Frontier). The aortas were
dissected for calcium deposition assay, von Kossa and Alizarin
red S staining, RNA and protein extraction.

Cell Culture
Primary aortic VSMCs of 2-month-old male Sprague–Dawley
rats were obtained as described previously (7) and maintained in
the high glucose (4.5 g/L) Dulbecco’s modified Eagle’s medium

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 November 2021 | Volume 8 | Article 724233128

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Zhang et al. High-Fat Diet Induce Vascular Calcification

(DMEM, Gibco) containing 10% fetal bovine serum (FBS),
100 U/ml penicillin and 100 mg/ml streptomycin at 37◦C in
a humidified atmosphere containing 5% CO2. The cells at
passages 4–8 were used for the experiments. Each experiment
was repeated for at least three times. VSMCs calcification
was induced by calcifying medium, DMEM containing 10%
FBS, 10mM sodium pyruvate, 100 U/ml penicillin, 100 mg/ml
streptomycin and 10mM β-glycerophosphate (β-GP, Sigma)
for 14 days with medium changes every 2 days 4. After
using IL-18 (R&D) to interfere with rat VSMCs for 2, 5, 10,
15, and 30min, the phosphorylation and non-phosphorylation
protein expression levels of two MAPK pathways including
p38 and JNK were detected by Western blot. Rat VSMCs
were pre-incubated with p38 inhibitor SB203580 (Sigma) at
a final concentration of 10 µmol/L for 2 h, and then treated
with β-GP (10 mmol/L) or IL-18 (100 ng/ml) + β-GP (10
mmol/L) for 14 days, respectively. Rat VSMCs were also pre-
incubated with JNK inhibitor SP600125 (Sigma) at a final
concentration of 10 µmol/L for 30min, and then treated with β-
GP (10 mmol/L) or IL-18 (100 ng/ml) + β-GP (10 mmol/L) for
14 days, respectively.

Serum Analyses
Blood of mice was collected from the caudal vein and serum
concentrations of creatinine (Cr), calcium (Ca), phosphate
(P), total cholesterol (TC), triglycerides (TG), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C) and high-sensitivity C-reactive protein
(hsCRP) were measured by a standardized and certified
program with an automatic biochemical analyzer (7170A,
HITACHI, Japan).

Measurement of Systolic and Mean Blood
Pressures
Systolic blood pressure (SBP) and mean blood pressure (MBP)
were obtained by a tail-cuff measurement (BP-98A, Softron,
Tokyo, Japan). Conscious rats were placed in a restrainer with
an electrical warming pad for 20-min and trained for 1 week
before testing. In order to avoid variations of the SBP and MBP,
all measurements were carried out between 8 and 11 am. At least
three measurements of each rat were taken at 2min intervals and
the mean values of MBP and SBP were calculated.

Alizarin Red S Staining
Alizarin red S staining method was used to determine the
calcification of rat aortas and VSMCs (7). The paraffin sections
of the rat aortas were deparaffinized twice with xylene. And
then the aortic slices were subjected to gradient concentration
of ethanol and pure water each time for 5min. After that,
the sections were washed with phosphate buffered saline (PBS,
Gibco) and stained with 2% Alizarin (sigma) for 30min. Finally,
the sections were washed with PBS before air-dry, and then sealed
with neutral gum. VSMCs were with PBS and then fixed with
4% paraformaldehyde. After that, the cells were washed with
PBS and exposed with 2% Alizarin Red S for 10min, and then
observed under the microscope. Positively stained cells displayed
a red color.

Von Kossa Staining
The rat aorta and VSMCs slides were fixed with ice acetone
at −20◦C and washed with PBS. Von Kossa staining was
performed as described previously (23). Five percentage silver
nitrate solution was added to the slides. Discard the silver nitrate
solution and add 1ml of 5% sodium thiosulfate solution. Back
staining with 1% basic fuchsin for 10 s. The slides are dehydrated
with anhydrous. Finally, Seal the film with neutral gum and
observe the calcium nodules under a light microscope.

Hematoxylin-Eosin Staining of Rat Aorta
Paraffin sections are deparaffinized with xylene, washed with
water after gradient ethanol. After hematoxylin staining for
5min, the sections were washed with water for 1min. Then,
the sections were differentiated with l% hydrochloric acid
alcohol and stained with saturated lithium carbonate. Finally, the
sections were stained with eosin, then dehydrated and sealed.

Quantification of Calcium Deposition
Quantification of VSMCs and aortic calcium deposition
was performed as described previously (24). VSMCs were
collected and dissolved in 2 mol/L HNO3 overnight. Thereafter,
VSMCs were re-dissolved with a blank solution (27 nmol/L
KCl, 27 µmol/L LaCl3 in de-ionized water). The calcium
deposition of VSMCs was measured by an atomic absorption
spectrophotometer at 422.7 nm (Hitachi, Z-5000). Calcium
deposition of VSMCs was normalized by protein concentration.
Take the rat aorta (10–20mg) and dry it thoroughly at 80◦C,
and weigh. Add 2 mol/L concentrated nitric acid to digest for
24 h, put the digestion tube into the automatic control electric
heating digester to digest until all the acid is volatilized. After
cooling, reconstitute it with deionized water containing 27
nmol/L KCl and 27 µmol/L LaCl3 overnight. Then add 1%
strontium chloride and measure the optical density value of
each tube at 422.7 nm wavelength with an atomic absorption
spectrophotometer. Repeat the measurement for each sample
three times and take the average value, and then convert it into
the calcium content of the tissue (µmol/gdw).

Alkaline Phosphatase Activity Assay
The cells were washed with PBS and treated with 1% Triton
X-100 in 0.9% NaCl. After centrifugation at 12,000 rpm at
4◦C for 10min, the supernatants were harvested to detect for
alkaline phosphatase (ALP) activity with the use of ALP assay
kit (Jiancheng Bioengineering Co., Nanjing, China). ALP activity
was measured colorimetrically as thehydrolysis of p-nitrophenyl
phosphate and the results were normalized to the levels of
total protein.

Immunohistochemistry
For the detection of bone morphogenetic protein-2(BMP-2),
immunohistochemical staining was performed. Rat aortas were
embedded in paraffin blocks for immunohistochemical staining.
Endogenous peroxidase activity was blocked by 3% H2O2.
Sections were incubated with anti-BMP-2 antibody (dilution
1:250, Santa Cruz, California, US) overnight at 4◦C, then washed
with PBS. Thereafter, sections were incubated with secondary
antibody of anti-horseradish peroxidase (HRP) (dilution 1:50,
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Santa Cruz, California, US) at room temperature for 30min,
then washed again three times with PBS prior to staining with
3, 3′-diaminobenzidine (DAB) at room temperature for 4min.
BMP-2 protein expression was visualized as brown deposits
using a microscope.

Quantitative Real-Time Polymerase Chain
Reaction
Trizol and liquid nitrogen were added to every 1 cm rat aorta.
Then the tissue was grinded into powder and centrifuged at
1,2000 g at 4◦C for 5min. And the supernatant was aspirated
and transferred into a new EP tube. Total RNA from VSMCs and
rat aortas was isolated by the Trizol method (TaKaRa, Japan)
and was reverse-transcribed with the PrimeScript RT reagent
kit (TaKaRa, Japan) following the manufacturer’s recommended
protocol (7). Amplification reactions were set up in 20µl reaction
volumes containing amplification primers and SYBR Premix
Ex Taq TM II (Takara, Japan). One µl cDNA was used in each
amplification reaction. Preliminary experiments were carried out
to optimize primer concentrations. The PCR primers were as
follows: BMP-2, forward 5′-ACCG TGCTCAGCTTCCATCAC-
3′ and reverse5′-CTATTTCCCAAAGCTTCCTGCAT TT-3′;
GAPDH, forward 5′-GGCACAGTCAAGGCTGAGAATG-3′

and reverse5′-ATGGTGGTGAAGACGC CAGTA-3′. Each
sample was run in triplicates and each experiment was repeated
at least once. Amplification data were analyzed using the
LightCycler 480 real-time PCR instrument (Roche, Germany).
Quantification was performed using the 11Ct method. The
results were normalized to GAPDH and expressed as percentage
of controls.

Western Blot Analysis
The rat aortas were treated with RIPA lysis buffer (Beyotime,
Haimen, China) and comminuted with homogenizer on ice.
VSMCs were washed twice with cold PBS and treated with
RIPA lysis buffer on ice for 30min. After centrifugation at
12,000 rpm at 4◦C for 10min, the supernatants of the aortic
homogenate and VSMCs were harvested to determine the
protein expression. The protein samples were mixed with
the loading buffer and boiled at 95◦C for 5min. The boiled
samples were separated on the SDS–polyacrylamide gels, and
the proteins were transferred to the polyvinylidene difluoride
(PVDF) membranes. The PVDF membranes were incubated
in a blocking buffer containing 5% (w/v) bovine serum
albumin (BSA). The blots were then incubated with primary
antibodies: anti-total p38 antibody, anti-phospho-p38 antibody,
anti-total ERK1/2 antibody, anti-phospho-ERK1/2 antibody,
anti-total JNK antibody, anti-phospho-JNK antibody, anti-
GAPDH antibody (dilution: 1:1000, Cell signaling technology,
Danvers, US), anti-BMP-2 antibody (dilution: 1:300, Santa Cruz,
California, US) in TBST containing 5% (w/v) BSA (antibody
buffer) overnight at 4◦C. The members were then washed and
incubated with the horseradish peroxidase-linked secondary
antibody (dilution: 1:1000, Cell signaling technology, Danvers,
US) and then visualized with the enhanced chemiluminescence
(Thermo Fisher Scientific, Waltham, US). The bands were
analyzed semi-quantitatively.

TABLE 1 | Comparison of body weight and serum biochemical indexes of rats in

each group.

Sham-operated CRF CRF + HF

Weight (g) 360 ± 10 334 ± 37.2 401 ± 40.8#*

Ca (mmol/L) 2.52 ± 0.40 1.92 ± 0.14# 1.92 ± 0.22#

P (mmol/L) 1.07 ± 0.01 1.72 ± 0.21# 1.75 ± 0.26#

Cr (µmol/L) 56.67 ± 4.73 104.31 ± 14.44# 110.47 ± 19.01#

HsCRP (mg/L) 4.45 ± 0.62 8.29 ± 1.25# 9.91 ± 1.81#*

CHOL (mmol/L) 2.10 ± 0.34 2.09 ± 0.35 2.38 ± 0.51

TG (mmol/L) 0.64 ± 0.10 0.58 ± 0.13 1.41 ± 0.45#*

LDL-C (mmol/L) 0.39 ± 0.06 0.34 ± 0.10 0.49 ± 0.17#*

HDL-C (mmol/L) 1.00 ± 0.20 0.94 ± 0.16 0.91 ± 0.18

*p < 0.05 vs. CRF group; #p < 0.05 vs. sham-operated group.

Statistical Analysis
Each experiment was repeated three times independently. Data
were expressed as means ± SD. The results were compared with
one-way ANOVA followed by Student-Newman-Keuls test for
post-hoc comparison among more than two groups. Pearson’s
correlation analysis was used to analyze the relationship between
serum IL-18 levels and aortic calcium content. All statistical
analyses were performed using the software SPSS 17.0. For all
statistical tests, two-tailed P-value < 0.05 indicated the statistical
significance of the results.

RESULTS

Comparison of Weight and Serum
Biochemical Indexes Among CRF, CRF +

HFD and Sham-Operated Rats
The weight and biochemical indexes of rats in three groups
are shown in Table 1. Compared with sham-operated rats, CRF
and CRF + HFD rats had higher serum levels of Cr, P and
hsCRP (p < 0.05) and lower level of Ca (p < 0.05). And the
weight, serum levels of TG and LDL-C in CRF + HFD rats
were significantly higher than sham-operated and CRF rats (p <

0.05). Furthermore, the serum level of hsCRP in CRF+HFD rats
significantly higher than CRF rats (p < 0.05).

Comparison of the Blood Pressure of Rats
in Each Group
The blood pressure of the rat tail was measured before the
operation and 1, 4, 7, 10, and 13 weeks after the operation. The
results showed (Figures 1A,B) that the systolic blood pressure
(SBP) and mean arterial pressure (MAP) in the CRF and CRF
+ HFD groups showed an upward trend after surgery, but the
SBP and MAP in the sham-operated group did not change
significantly. From the first week after surgery, the SBP and MAP
in CRF and CRF + HFD group were significantly higher than
those in the sham-operated group (p < 0.05). From the first week
after surgery, theMAP in the CRF+HFD group was significantly
higher than that of the CRF group (p< 0.05), while the SBP in the
CRF+HFD group was not significantly different from that of the
CRF group (p > 0.05).

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 November 2021 | Volume 8 | Article 724233130

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Zhang et al. High-Fat Diet Induce Vascular Calcification

FIGURE 1 | Comparison of systolic blood pressure (A) and mean arterial pressure (B) of rats in each group. Six rats were included in each group. *P < 0.05 vs.

sham-operated group; #P < 0.05 vs. CRF group. CRF, chronic renal failure; HFD, high fat diet; MAP, mean arterial pressure; SBP, systolic blood pressure.

FIGURE 2 | Comparison of calcium content in the aorta of rats in each group.

Six rats were included in each group. *P < 0.05 vs. sham-operated group; #P

< 0.05 vs. CRF group. CRF, chronic renal failure; HFD, high fat diet.

Comparison of Calcium Content in the
Aorta of Rats in Each Group
Take the aorta of rats in each group 6 months after operation
for the detection of calcium content. The results are shown in
Figure 2. Compared with the sham-operated group, the calcium
content of the aorta in the CRF and CRF + HFD groups were
significantly increased (360.68± 98.48, 504.82± 120.30 vs. 91.17
± 29.63, p < 0.05). Moreover, the calcium content of aorta in the
CRF + HFD group was significantly higher than that in the CRF
group (504.82± 120.30 vs. 360.68± 98.48, p < 0.05).

HE and Calcification Staining of Rat Aortas
in Each Group
The aortic sections of rats in each group were stained with
Alizarin Red, Von Kossa and HE staining at 6 months after
operation to observe the aortic calcification. As shown in
Figure 3A, the Alizarin Red staining revealed that there were no

obvious calcium nodules in the aorta of the rats in sham-operated
group, while the aorta of the rats in CRF and CRF+HFD groups
showed scattered orange-red staining. The calcium nodules in the
aorta of rats in CRF+HFD group were more obvious than those
in CRF group. Von Kossa staining (Figure 3B) showed that there
was a large amount of black granular calcium deposits between
the elastic fibers of the aorta of the rats in CRF and CRF + HFD
groups, and the calcium deposits in the aorta of the rats in CRF
+ HFD group were more significant than those in CRF group.
But there was no obvious calcium deposition among the elastic
fibers of the aorta in the sham-operated group. The HE staining
showed that the aortic intima of rats in CRF and CRF + HFD
groups was shrunken and broken and the nuclear arrangement
was disordered, while the aortic intima of the sham-operated
group was flat. The nuclei are arranged neatly (Figure 3C).

Comparison of BMP-2 mRNA and Protein
Expression in the Aorta of Rats in Each
Group
The rat aortas of each group were taken 6 months after the
operation to detect the expression of BMP-2 mRNA and protein.
The results showed that compared with the sham-operated
group, the BMP-2 mRNA and protein expression of the aortas
in the CRF and CRF + HFD groups were significantly increased
(p < 0.05, Figure 4A). Moreover, the expression of BMP-2
mRNA and protein in the aortas of the CRF + HFD group
was significantly higher than that of the CRF group (p < 0.05,
Figure 4B).

Immunohistochemical Staining of BMP-2
Protein Expression in Aortas of Rats in
Each Group
The aortas of each group were separated 6 months after
operation, and routine paraffin sections were used to observe
the expression of BMP-2 protein in the aortic wall by
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FIGURE 3 | Staining of rat aorta in each group. (A) Alizarin red staining of rat aorta in each group. (B) Von Kossa staining of rat aorta in each group. (C) staining of rat

aorta in each group. (D) Quantification of calcium deposits in rat aortas stained with Alizarin Red. (E) Quantification of calcium deposits in rat aortas stained with Von

Kossa. Six rats were included in each group. *P < 0.05 vs. sham-operated group; #P < 0.05 vs. CRF group. CRF, chronic renal failure; HFD, high fat diet.

immunohistochemical staining (Figure 5). The results revealed
that the BMP-2 protein staining of the aortic wall in the CRF
and CRF + HFD groups was light brown fine granular, and the
BMP-2 protein expression in the aorta of the CRF + HFD group
was more obvious than that of the CRF group. While there was
no obvious BMP-2 protein expression in the aortic wall of the
sham-operated group.

Trend of Serum IL-18 in Rats of Each Group
The venous blood of each group was collected before operation
and the second, fourth, and 6th month after the operation,
and the serum IL-18 expression level was detected by ELISA
(Figure 6). The results suggested that the postoperative serum
IL-18 level of rats in the CRF and CRF + HFD groups gradually
increased with time, while the postoperative serum IL-18 level
of rats in the sham-operated group did not change significantly.
Moreover, the postoperative serum IL-18 levels of rats in the CRF
and CRF + HFD groups were significantly higher than those in
the sham-operated group (p< 0.05). In addition, the serum IL-18
level in the CRF + HFD group was significantly higher than that
in the CRF group (p < 0.05).

Correlation Analysis of Rat Serum IL-18
Level and Aortic Calcification Content
Correlation analysis between serum IL-18 level and aortic
calcium content of all the rats in three groups at the 6th month
after surgery (Figure 7) showed that serum IL-18 level was
positively correlated with aortic calcium content (r = 0.934, p <

0.001), indicating that with the increase of serum IL-18 level, the
degree of aortic calcification in rats became serious.

The Activation of IL-18 on MAPK Pathways
As shown in Figure 8, when IL-18 intervened for 2min, the
expression of phosphorylated p38 (p-p38) protein in VSMCs
began to increase. The expression of p-p38 was the most
significant when IL-18 intervened for 5min. After 10min of
IL-18 intervention, the expression of p-p38 began to show
a downward trend. Moreover, 2min after IL-18 treatment,
p-JNK protein significantly increased. After IL-18 acted for
5min, the protein expression of p-JNK showed a gradually
decreasing trend.

Effect of p38 Pathway on IL-18-Induced
Calcification and Osteogenic Phenotypic
Transformation of Rat VSMCs
We found that SB203580 decreased IL-18-enhanced calcium
content (35.21 ± 3.46 vs. 81.83 ± 4.05, p < 0.01) and
ALP activity (74.99 ± 1.63 vs. 141.75 ± 3.32, p < 0.01)in
the IL-18 + β-GP group (Figure 9). Furthermore, SB203580
decreased IL-18-enhanced the expression of BMP-2 mRNA and
protein in the IL-18 + β-GP intervention group (p < 0.01,
Figure 10). But SB203580 pre-incubation had no significant
effect on the calcium content (31.42 ± l.50 vs. 33.38 ±

2.91, p > 0.05) and ALP activity (71.32 ± l.53 vs. 74.06
± 2.29, p > 0.05) of the β-GP group (Figure 9). SB203580
pre-incubation had no significant effect on the expression of
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FIGURE 4 | Comparison of BMP-2 mRNA (A) and protein (B) expression in the aortas of rats in each group. Six rats were included in each group. *P < 0.05 vs.

sham-operated group; #P < 0.05 vs. CRF group. BMP-2, bone morphogenetic protein-2; CRF, chronic renal failure; HFD, high fat diet.

FIGURE 5 | Immunohistochemical staining of BMP-2 protein expression in aortas of rats in each group. Six rats were included in each group. The BMP-2 protein

staining of the aortic wall was light brown fine granular. *P < 0.05 vs. sham-operated group; #P < 0.05 vs. CRF group. CRF, chronic renal failure; HFD, high fat diet.

BMP-2 mRNA and protein in the β-GP group (p > 0.05,
Figure 10). Alizarin Red staining showed that SB203580 pre-

incubation can significantly reduce the calcium deposition of

IL-18 + β-GP group. The β-GP group pre-incubated with

SB203580 and the β-GP group not pre-incubated with SB203580

showed no significant changes in cellular calcium deposition

(Figure 11).

Effect of JNK Pathway on IL-18-Induced
Calcification and Osteogenic Phenotypic
Transformation of Rat VSMCs
The results indicated (Figure 12) that SP600125 had no
significant effect on IL-18-enhanced calcium content (76.42 ±

4.86 vs. 81.83 ± 4.05, p > 0.05) and ALP activity (136.36 ±

3.50 vs. 141.75 ± 3.32, p > 0.05) in the IL-18 + β-GP group.
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FIGURE 6 | Trend of serum IL-18 in rats of each group after operation. Six rats

were included in each group. *P < 0.05 vs. sham-operated group; #P < 0.05

vs. CRF group. CRF, chronic renal failure; HFD, high fat diet.

FIGURE 7 | Correlation analysis of rat serum IL-18 level and aortic calcification

content. Six rats were included in each group.

And SP600125 also had no significant effect on IL-18-enhanced
expression of BMP-2 mRNA and protein in the IL-18 + β-
GP group (p > 0.05, Figure 13). Furthermore, SP600125 pre-
incubation had no significant effect on the calcium content
(32.0 ± 3.32 vs. 33.38 ± 2.91, p > 0.05) and ALP activity
(69.48 ± 3.96 vs. 74.06 ± 2.29, p > 0.05) of the β-GP group
(Figure 12). SP600125 pre-incubation had no significant effect
on the expression of BMP-2mRNA and protein in the β-GP
group (p > 0.05, Figure 13). SP600125 pre-intervention has no
significant effect on calcium deposition in IL-18 + β-GP and
β-GP groups (p > 0.05, Figure 14).

DISCUSSION

VC is a preventable, reversible and highly adjustable process
similar to bone and cartilage formation, and the key mechanism
of VC is the osteogenic differentiation of VSMCs (25).
Inflammation is currently considered to be one of the important

FIGURE 8 | Activation of p38 and JNK pathways by IL-18 in rat VSMCs. After

using IL-18 to interfere with rat VSMCs for 2, 5, 10, 15, and 30, the

phosphorylation and non-phosphorylation protein expression levels of two

MAPK pathways including p38 and JNK were detected by Western blot. The

experiment was repeated 3 times independently.

factors regulating the development of VC (7). Our previous
research results suggested that in subjects without CRF, obesity-
related inflammation might be involved in regulating the
formation of VC (15). Obesity conferred greater cardiovascular
risk when combined with metabolic syndrome in CRF patients
(26). VC is a common vascular complication of CRF and
an important indicator of poor prognosis. Nowadays, the
relationship between obesity-related inflammation and VC in
CRF patients is still controversial. Krasniak et al. had proved that
the coronary artery calcification score is positively correlated with
BMI in maintenance haemodialysis patients (27). But the study
by Kim et al. concluded that there was no significant correlation
between obesity and aortic calcification in dialysis patients (28).
Therefore, this study explored the effect of obesity caused by
high-fat diet on VC in a rat model of CRF.

The results of the study showed that the calcium content and
BMP-2 expression of the aorta in the CRF rats fed with high-
fat diet were significantly higher than the CRF rats fed with
conventional diet. This study confirms for the first time that in
a rat model of CRF, feeding with high-fat diet can further induce
the osteogenic phenotype transformation and deteriorate VC.

Indeed, it is now widely agreed that obesity is a state of low-
grade chronic inflammation (29, 30). Increased circulating levels
of inflammatory cytokines have been reported in overweight and
obese adults, and this event has been linked to the increased
cardiovascular risk seen in obesity (31). Our study also showed
that the body weight, blood lipids and hsCRP level of CRF rats
fed with high-fat diet were significantly higher than those of CRF
rats fed with conventional diet. HsCRP is one of the important
inflammatory factors, suggesting that in CRF rats, a high-fat diet
may cause obesity-related inflammation.
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FIGURE 9 | Effect of p38 pathway on IL-18-induced calcification of rat VSMCs. (A) Effect of p38 pathway on calcium content of rat VSMCs after IL-18 intervention.

(B) Effect of p38 pathway on ALP activity of rat VSMCs after IL-18 intervention. Rat VSMCs were pre-incubated with p38 inhibitor SB203580 (10 µmol/L) for 2 h, and

then treated with β-GP (10 mmol/L) or IL-18 (100 ng/ml) + β-GP (10 mmol/L) for 14 days, respectively. The experiment was repeated 3 times independently. *P < 0.01

vs. control group; #P < 0.01 vs. IL-18 + β-GP group. ALP, alkaline phosphatase; BMP-2, bone morphogenetic protein-2; β-GP, β-glycerol phosphate.

FIGURE 10 | Effect of p38 pathway on IL-18-induced osteogenic phenotypic transformation of rat VSMCs. (A) Effect of p38 pathway on the BMP-2 mRNA

expression of rat VSMCs after IL-18 intervention. (B) Effect of p38 signal pathway on the BMP-2 protein expression of rat VSMCs after IL-18 intervention. Rat VSMCs

were pre-incubated with p38 inhibitor SB203580 (10 µmol/L) for 2 h, and then treated with β-GP (10 mmol/L) or IL-18 (100 ng/ml) + β-GP (10 mmol/L) for 14 days,

respectively. The experiment was repeated 3 times independently. *P < 0.01 vs. control group; #P < 0.01 vs. IL-18 + β-GP group. BMP-2, bone morphogenetic

protein-2; β-GP, β-glycerol phosphate.
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FIGURE 11 | Alizarin red staining of VSMCs. Effect of p38 pathway on IL-18-induced calcium deposition of rat VSMCs. Rat VSMCs were pre-incubated with p38

inhibitor SB203580 (10 µmol/L) for 2 h, and then treated with β-GP (10 mmol/L) or IL-18 (100 ng/ml) + β-GP (10 mmol/L) for 14 days, respectively. The experiment

was repeated 3 times independently. *P < 0.01 vs. control group; #P < 0.01 vs. IL-18 + β-GP group. β-GP, β-glycerol phosphate.

FIGURE 12 | Effect of JNK pathway on IL-18-induced calcification of rat VSMCs. (A) Effect of JNK pathway on calcium content of rat VSMCs after IL-18 intervention.

(B) Effect of JNK pathway on ALP activity of rat VSMCs after IL-18 intervention. Rat VSMCs were pre-incubated with JNK inhibitor SP600125 (10 µmol/L) for 30min,

and then treated with β-GP (10 mmol/L) or IL-18 (100 ng/ml) + β-GP (10 mmol/L) for 14 days, respectively. The experiment was repeated 3 times independently. *P <

0.01 vs. control group. ALP, alkaline phosphatase; BMP-2, bone morphogenetic protein-2; β-GP, β-glycerol phosphate.

Some studies have confirmed that IL-18 is an important
inflammatory marker of MetS, which is involved in regulating
the development of MetS. In addition, studies have also shown
that IL-18 is closely related to obesity and is one of the important
regulators of obesity-related inflammation (32, 33). Bruun and
Jung et al. all proved that the IL-18 levels in adipose tissue and

serum of obese subjects were significantly higher than those of
control subjects (34, 35). Our previous study found that IL-18
can induce calcification of VSMCs (7). However, whether IL-18
is involved in the regulation of VC in CRF patients with obesity
has not been reported yet. This study indicated that the serum
IL-18 levels of CRF rats fed with high-fat diet and a regular diet
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FIGURE 13 | Effect of JNK pathway on IL-18-induced osteogenic phenotypic transformation of rat VSMCs. (A) Effect of JNK pathway on the expression of BMP-2

mRNA of rat VSMCs after IL-18 intervention. (B) Effect of JNK pathway on the expression of BMP-2 protein of rat VSMCs after IL-18 intervention. Rat VSMCs were

pre-incubated with JNK inhibitor SP600125 (10 µmol/L) for 30min, and then treated with β-GP (10 mmol/L) or IL-18 (100 ng/ml) + β-GP (10 mmol/L) for 14 days,

respectively. The experiment was repeated 3 times independently. *P < 0.01 vs. control group. BMP-2, bone morphogenetic protein-2; β-GP, β-glycerol phosphate.

FIGURE 14 | Alizarin red staining of VSMCs. Effect of JNK pathway on IL-18-induced calcium deposition of rat VSMCs. Rat VSMCs were pre-incubated with JNK

inhibitor SP600125 (10 µmol/L) for 30min, and then treated with β-GP (10 mmol/L) or IL-18 (100 ng/ml) + β-GP (10 mmol/L) for 14 days, respectively. And then the

VSMCs were stained with Alizarin red. The experiment was repeated 3 times independently. *P < 0.01 vs. control group. β-GP, β-glycerol phosphate.
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both showed an increasing trend with time, and the serum IL-
18 levels of these two groups were significantly higher than the
sham-operated group. Moreover, the postoperative serum IL-18
level of CRF rats fed with high-fat diet was significantly higher
than that of CRF rats fed with conventional diet, which indicated
that obesity caused by high-fat diet can further upregulate serum
IL-18 levels in CRF rats. We further analyzed the correlation
between serum IL-18 level and VC. The results suggest that
the serum IL-18 level of rats is positively correlated with the
aortic calcium content, indicating that as the serum IL-18
level increases, the degree of aortic calcification is aggravated.
However, the mechanism by which IL-18 regulates the formation
of VC is not yet clear and needs to be further explored.

Previous studies have proved that in patients with CRF,
the levels of serum CRP, IL-6 and other inflammatory factors
are positively correlated with the degree of coronary artery
calcification (27, 36). In addition, a large number of in vivo and
in vitro studies have also shown that inflammatory factors can
induce the transformation of VSMCs into osteoblast phenotypes,
and then promote VSMCs calcification (37, 38). Therefore,
inflammation is considered to be an important regulator of
VC. In our study, it was proved that the up-regulation of
inflammatory factor levels in CRF rats fed with high-fat diet had
a close correlation with the development of VC. And this results
further indicated that obesity-related inflammation induced by
high-fat diet might be an important regulator of VC in CRF rats.

The MAPK signaling pathway is a type of serine/threonine
protein kinase that exists widely in mammals, which can be
activated by a series of extracellular signals or stimuli. The
JNK and p38 pathways are two main members of the MAPK
signaling pathway. Previous studies had proved that IL-18 could
cause different biological effects by activating the JNK and p38
signaling pathways (21, 22, 39), suggesting that the MAPK
pathways might be the important downstream pathways for IL-
18. Our research also showed that IL-18 could promote the
expression of JNK and P38 pathway phosphorylated proteins
in rat VSMCs, indicating that IL-18 could induce biological
effects by activating the MAPK pathways in rat VSMCs. The
results of Takahisa et al. showed that advanced glycation end
products could promote VSMCs calcification by activating the
p38 pathway (40). Our research also found that the p38 signaling
pathway blocker SB203580 can significantly reduce the calcium
content, ALP activity and BMP-2 expression of rat VSMCs
induced by IL-18. The P38 signaling pathway is not only involved
in the regulation of cell proliferation and survival (41), but also
plays a key role in immune and inflammatory responses (42).
The above results indicated that the p38 signal transduction
pathway is also involved in the regulation of IL-18 to promote the

process of osteoblast differentiation and calcification of VSMCs.
OPG is one of the osteoblast transcription factors closely related
to VC. The study by McCarthy et al. found that the effect of
PDGF on osteoblast cell lines to produce OPG is regulated by
p38 signaling pathways, but not affected by the JNK signaling
pathway (43). Although the results of this study found that IL-
18 can also activate the JNK signaling pathway, blocking the
JNK pathway has no significant effect on VSMCs calcification
induced by IL-18, which suggested that the JNK signaling
pathwaymight not be involved in regulation the process of IL-18-
induced VC. Although different MAPK pathways of have similar
cascade reactions, the biological effects produced by different
extracellular activation signals are not completely the same.

In summary, it was demonstrated that obesity-related
inflammation induced by high-fat diet could elevate serum IL-
18 levels and exacerbate VC in CRF rats. Furthermore, serum
IL-18 level had a positive correlation with the degree of VC. It
is also found that IL-18 promoted osteogenic differentiation and
calcification of rat VSMCs via p38 pathway activation.
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Background: Intimal hyperplasia is a major complication of restenosis after angioplasty.

The abnormal proliferation and oxidative stress of vascular smooth muscle cells (VSMCs)

are the basic pathological feature of neointimal hyperplasia. 17β-Estradiol can inhibit

VSMCs proliferation and inflammation. However, it is still unclear whether and how

17β-Estradiol affects intimal hyperplasia.

Methods: The neointima hyperplasia was observed by hematoxylin/eosin staining. The

expression of PCNA, cyclin D1, NOX1, NOX4 and p47phox in neointima hyperplasia

tissues and VSMCs was determined by qRT-PCR and Western blotting. MTS assay,

cell counting and EdU staining were performed to detect cells proliferation. The oxidative

stress was assessed by ROS staining.

Results: 17β-Estradiol suppressed carotid artery ligation-induced intimal hyperplasia,

which is accompanied by an increase of BHLHE40 level. Furthermore, loss- and gain-of-

function experiments revealed that BHLHE40 knockdown promotes, whereas BHLHE40

overexpression inhibits TNF-α-induced VSMC proliferation and oxidative stress. 17β-

Estradiol inhibited TNF-α-induced VSMC proliferation and oxidative stress by promoting

BHLHE40 expression, thereby suppressing MAPK signaling pathways. In addition,

enforcing the expression of BHLHE40 leads to amelioration of intimal hyperplasia.

Conclusions: Our study demonstrates that 17β-Estradiol inhibits proliferation and

oxidative stress in vivo and in vitro by promotion of BHLHE40 expression.

Keywords: 17β-Estradiol, VSMCs, BHLHE40, proliferation, oxidative stress

INTRODUCTION

Vascular smooth muscle cell (VSMC), which plays a crucial role in maintaining vascular structure
and function, is mainly subsistence in the medial layer of the blood vessel wall (1). Nevertheless,
abnormal VSMC proliferation, migration, inflammation or oxidative stress could lead to vascular
remodeling, which contributes to the development of a series of vascular diseases, such as
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atherosclerosis, hypertension and post-angioplasty restenosis (2,
3). Tumor Necrosis Factor-α (TNF-α) is one of the cytokines
which are involved in systemic inflammation. It is reported that
TNF-α greatly induces VSMC proliferation and takes part in the
formation of neointimal in response to vascular injury (4, 5).
Therefore, inhibiting TNF-α signaling may be a useful method
for preventing cardiovascular diseases.

Class E basic helix-loop-helix protein 40 (BHLHE40)
has been proposed as a transcriptional repressor, which
negatively regulates the activity of the clock genes (6). The
BHLHE40 protein is widely expressed in a variety of human
tissues. Researchers demonstrate that BHLHE40 is closely
involved in many kinds of biological processes like cell
proliferation, senescence, inflammation and oxidative stress (7–
10). A previous study showed that BHLHE40 inhibits high
glucose–induced calcification/senescence by directly binding
to the promoter region of lncRNA-ES3 in HA-VSMC (11).
In addition, multiple reports provide strong support for
the association between BHLHE40 and oxidative stress (12).
In myogenic cells, downregulation of BHLHE40 significantly
reduces mitochondrial efficiency, resulting in the burst of ROS
(13). Increased ROS production is integral to hypertension and
atherosclerosis burden in mouse, rat and human arteries (14–
16). However, whether BHLHE40 participates in the regulation
of vascular remodeling is largely unknown. Here we explored
the function of BHLHE40 in ligation injury-induced intimal
hyperplasia, providing causative evidence that proliferation and
oxidative stress were negatively regulated by BHLHE40 protein
in VSMC.

17β-Estradiol (E2), an endogenous estrogen secreted by
the ovaries of women, plays a vasoprotective role through
regulating injury-induced chemokine expression and leukocyte
infiltration (17). Previous studies have shown that E2 prevents
the formation of atherosclerosis by inhibiting the proliferation
and inflammation of VSMC (18). Besides, E2 contributes
to reducing in-stent restenosis in porcine coronary injury
models via suppressing smooth muscle cells proliferation and
improving vascular re-endothelialization (19). Furthermore, it
has been known that estrogen treatment can effectively increase
the interaction of ERα with NF-κB p50, and reduce the
interaction of KLF5 with NF-κB p50 induced by high glucose,
thereby inhibiting inflammatory response in VSMC (20). It
is therefore significant to gain mechanistic insights into how
E2 and VSMC proliferation/oxidative stress are involved in
vascular remodeling.

In this study, we identify that E2 exerts a protective effect
on carotid artery ligation by regulating BHLHE40 expression.
Additionally, we find that the up-expression of BHLHE40 in
VSMC results in the suppression of MAPK signaling pathway.
Taken together, our findings provide potential therapeutic targets
for restenosis.

MATERIALS AND METHODS

Animal Model and Treatment
Animal experiments were approved by the Institutional Animal
Care and Use Committee of Hebei Medical University (approval

ID: HebMU 20080026). Eight-week-old C57BL/6N male mice
were purchased from Vital River Laboratory Animal Technology
Co., Ltd., (Beijing, China). Animals were housed in a climatically
controlled environment, on a 12 h light/dark cycle, with free
access to water and standard food ad libitum.

The mice carotid artery ligation model applied has been
described previously (21). Briefly, C57BL/6N male mice were
anesthetized with 1.5% isoflurane. The left common carotid
arteries were exposed and completely ligated with a 6–0 silk
suture under the left carotid artery bifurcation to induce intima
formation. The silk suture was passed below the exposed left
carotid artery but not tightened as the control (n = 10).
E2 (Sigma, 50-28-2, Purity ≥98%) (0.02 mg·kg−1·day−1) was
infused through subcutaneous osmotic minipump (Alzet, Model
2004, USA) implantation 7 days before ligation injury and
continuing for 14 days thereafter (n = 10). Ligated animals
without E2 treatment received DMSO and corn oil at an
equivalent amount (n= 10). The pcDNA3.1-BHLHE40 plasmids
(n = 10) or pcDNA3.1-vehicle plasmids (n = 10) were diluted
with EntransterTM solution (Engreen Biosystem, Beijing, China)
and 10% glucose mixture (1:1 v/v) to 0.5 µg/µL in vivo. Then,
added 10 µL aforesaid mixture into the 90 µL of 20% F-127
pluronic gel (Sigma, 9003-11-6) at 4◦C for 2 h. Immediately
after ligation, the exposed carotid artery adventitial surface
was treated with 100 µL pluronic gel containing plasmids.
At 14 days after surgery, all animals were anesthetized and
perfused with cold PBS, and tissues were harvested for follow-
up experiments.

Hematoxylin and Eosin (HE) Staining
For morphometric analyses, the arteries were fixed with 4%
paraformaldehyde and embedded in paraffin. Four µm cross-
sections were cut from the proximal carotid ligation site
and prepared for hematoxylin and eosin (HE) staining. For
each section, six random non-contiguous microscopic fields
were analyzed. The neointimal area and intima-to-media
ratio were calculated using Image-Pro Plus Analyzer (version
5.1) software (Media Cybernetics, Silver Spring, MD) in a
blinded manner.

Cell Culture and Treatment
Mouse aortic vascular smoothmuscle cell (mVSMC) (ATCC, No.
CRL-2797TM) were cultured in low-glucose Dulbecco’s modified
Eagle’s medium (DMEM, Gibco Life Technologies, Rockville,
MD) supplemented with 10% fetal bovine serum (GEMINI,
USA) and 1 × Penicillin-Streptomycin-Glutamine (Gbico,
USA), containing 100 units/mL of penicillin and 100µg/mL
of streptomycin, cultured at 37◦C with 5% CO2 atmosphere.
VSMCs were blocked by incubation in serum-deprived DMEM at
80–90% confluence or 24 h before stimulated with TNF-α or E2.

Cell Transfection
siRNAs targeting mouse BHLHE40 (si-BHLHE40) and negative
control (si-Ctrl) were designed and synthesized by GenePharma
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(Shanghai, China). The siRNA sequences used in our studies were
as follows:

Name Sequences 5′to 3′

BHLHE40 Sense: GGAGAACGUGUCAGCACAATT

Antisense:UUGUGCUGACACGUUCUCCTT

Control Sense: UUCUCCGAACGUGUCACGUTT

Antisense:ACGUGACACGUUCGGAGAATT

The expression plasmids of BHLHE40 (pcDNA3.1-
BHLHE40) were created by the placement of mouse
BHLHE40 CDS region of mRNA into the pcDNA3.1 vector.
The siRNAs or plasmids were transiently transfected into
VSMC with Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocols.

Cell Counting
The cell number was determined by CountessTM Automated Cell
Counter (Invitrogen). After different treatment, VSMCs were
digested, resuspended and blown into its individual tube. Ten
µL of the cell suspension was mixed with 10 µL of Trypan
blue, and counted by an Invitrogen Countess. Untreated cells
were used for the baseline count. Each sample was counted
three times, and the average value from triplicate experiments
was measured.

MTS Assay
Cell viability was determined using the MTS assay, as
previously described (22). In brief, 1 × 10 4 cells/well
were seeded into 96-well plates with 5 replicates for each
group, The next day, the cells were pretreated in 100
µL serum-free medium for 24 h and then incubated with
appropriate treatment. The cells were incubated with CellTiter
96 AQueous One Solution (Promega, G3582) for 3 h, and
the absorbance at 490 nm was measured using a Multiskan
Spectrum (Thermo).

Isolation of RNA and Real-Time PCR
Total RNA was extracted from VSMC or mouse aortic
tissues using Trizol (InvitrogenTM) according to the
manufacturer’s instruction. The concentration and purity
of the extracted RNA were detected by NanoDrop ND-
2000 spectrophotometer (Thermo Fisher, Waltham,
USA).cDNA was synthesized using an M-MLV First Strand
Kit (Life Technologies) and real-time PCR analysis was
done with the BIO-RAD CFX96TM Real-Time System,
using the Platinum SYBR Green qPCR SuperMix UDG
Kit (Invitrogen). Relative mRNA expression levels were
normalized to 18S. All PCRs were performed in triplicate.
Relative amount of transcripts was calculated using the
2−11Ct formula.

The primer sequences were as follows:

Name Sequences 5′to 3′

18s Forward: CGCCGCTAGAGGTGAAATTC

Reverse: CCAGTCGGCATCGTTTATGG

PCNA Forward: GGAGAGCTTGGCAATGGGAA

Reverse: TAGGAGACAGTGGAGTGGC

cyclin D1 Forward: TGCCATCCATGCGGAAA

Reverse: AGCGGGAAGAACTCCTCTTC

NOX1 Forward: GTGCCTTTGCCTGGTTCAACAAC

Reverse: AGCCAGTGAGGAAGAGACGGTAG

NOX4 Forward: CTGGAAGAACCCAAGTTCCA

Reverse: CTGATGCATCGGTAAAGTCT

p47phox Forward: ATTCACCGAGATCTACGAGTTC

Reverse: TGAAGTATTCAGTGAGAGTGCC

KLF4 Forward: CTAACCGTTGGCGTGAGGAACTC

Reverse: TCTAGGTCCAGGAGGTCGTTGAAC

BHLHE40 Forward: GGAGAGGCGAGGTTACAGTG

Reverse: AATGCCAGGCACATGACAAG

Immunofluorescence Staining
Immunofluorescence staining was performed on 4µm paraffin
cross-sections from mouse artery samples. The sections were
deparaffinized with xylene and rehydrated, and then were
permeabilized by incubation with 0.5% Triton X-100 in
phosphate-buffered saline (PBS). Non-specific sites were blocked
by incubation in 10% normal goat serum (710027, KPL, USA)
for 30min. Then the sections were incubated with primary
antibodies at 4◦C overnight. The primary antibodies were
mouse anti-SMα-actin (sc-130617, Santa Cruz) and rabbit
anti-BHLHE40 (NB100-1800, Novus). Secondary antibodies
were rhodamine-labeled antibody to rabbit IgG (031506,
KPL, USA) and fluorescein-labeled antibody to mouse IgG
(021815, KPL, USA). Nuclei were stained with DAPI (0100-20,
SouthernBiotech) in each experiment. Images were captured by
confocal microscopy (DM6000 CFS, Leica) and processed by LAS
AF software.

Immunohistochemistry
Immunohistochemical staining was visualized by use of an
SPN-9001 HistostainTM-SP kit (Zhongshan Goldenbridge
Biotechnology, Beijing, China) according to the manufacturer’s
instruction. Paraffin cross-sections were deparaffinized with
xylene and rehydrated in a graded ethanol series, and endogenous
peroxidase activity was inhibited by incubation with 3% H2O2

for 30min. Sections were blocked with 10% normal goat serum
for 10min and incubated overnight at 4◦C with anti-BHLHE40
antibody (1:100 dilution, NOVUS, NB100-1800). After a PBS
wash, sections were incubated with secondary antibody at 37◦C
for 30min. Drops of horseradish enzyme labeled streptomycin
were added for 15min, washed with PBS for 5min and three
times and then DAB staining was performed under the ordinary
light microscope. Sections were counterstained with hematoxylin
to visualize nuclei.
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ROS Assay
The intracellular ROS levels were measured following the
instruction of Reactive Oxygen Species Assay Kit (Beyotime
Biotechnology, China). Briefly, the cells were seeded in 12-
well plates with microscope cover glasses and exposed to
various treatments. The treated cells were loaded with 10 µM/L
DCFH-DA at 37◦C for 20min. Subsequently, cells were washed
with PBS three times and then observed using fluorescence
microscopy (Olympus).

Western Blot Analysis
Protein was isolated from VSMC or aortic tissues as the
manufacturer’s instruction of RIPA Lysis Buffer (Solarbio,
Beijing, China). Equal amounts of protein were electrophoresed
on 10% SDS-PAGE and transferred onto a PVDF membrane
(Millipore). Membranes were blocked with 5% milk in TBS-
Tween-20 (TBST) for 1.5 h at 37◦C and incubated overnight
at 4◦C with the following primary antibodies: anti-PCNA
(1:1000, ab92552, Abcam), anti-cyclin D1 (1:1000, 60186-
1-Ig, Proteintech), anti-NOX1 (1:500, DF8684, Affinity
Biotech), anti-NOX4 (1:500, 14347-1-AP, Proteintech),
anti-p47phox (1:1000, 4312, Cell Signaling Technology),
anti-KLF4 (1:1000, GTX101509, GeneTex), anti-BHLHE40
(1:500, 17895-1-AP, Proteintech), anti-p44/42 MAPK (ERK1/2)
(1:1000, 9102, Cell Signaling Technology), anti-phospho-
p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (1:1000, 4370, Cell
Signaling Technology), anti-JNK (1:500, 9252, Cell Signaling
Technology), anti-phospho-SAPK/JNK (Thr183/Tyr185) (1:500,
4668, Cell Signaling Technology), anti-p38 MAPK (1:500,
9212, Cell Signaling Technology), anti-phospho-p38 MAPK
(Thr180/Tyr182) (1:500, 4511, Cell Signaling Technology) and
anti-β-actin antibody (1:2000, ab6276, Abcam). Membranes were
then incubated with secondary antibody (1:10000, Rockland) for
1.5 h at room temperature. At last, protein blots were treated with
the ImmobilonTM western chemiluminescent HRP substrate
(Millipore) and detected by ECL (enhanced chemiluminescence)
Fusion Fx (Vilber Lourmat). Images were captured and processed
by FusionCapt Advance Fx5 software (Vilber Lourmat).

EdU Incorporation Assay
The EdU incorporation assay was carried out according to the
manufacturer’s instruction (RiboBio, China). The representative
images acquired by fluorescence microscope (Olympus). The cell
proliferative rate was calculated as the proportion of Hoechst
33342-staining cells that incorporated EdU in 10 high-power
fields per well.

Statistical Analysis
Data are expressed as the means ± S.E.M. of at least three
independent experiments. All analyses were performed using
GraphPad Prism 5.0 software (GraphPad Software, La Jolla, CA).
Differences between two groups were analyzed by Student’s t-test.
Formultiple comparisons or repeatedmeasurements, ANOVAor
repeated ANOVA followed by a Tukey’s post-hoc test was used. A
value of p < 0.05 was considered statistically significant.

RESULTS

E2 Significantly Decreases Neointimal
Formation, Proliferation and Oxidative
Stress Induced by Carotid Artery Ligation
HE staining showed that carotid arterial intima thickness
was significantly increased in ligation injury-induced intimal
hyperplasia mice models at 14 days post-operation. Compared
with the ligated group, the degree of neointimal formation
was obviously reduced in E2-treated group (Figure 1A). The
ratio of intima to media (I/M ratio) and intimal area
were dramatically lower in E2-treated group than that in
the ligated group (Figures 1B,C). These results indicate that
E2 can effectively inhibit neointimal formation induced by
carotid artery ligation. Since it is known that ligation injury-
induced intimal hyperplasia is closely related to VSMC
proliferation and oxidative stress, we next investigate the
effects of E2 on proliferation and oxidative stress-related
genes expression in carotid arteries. Western blotting analysis
revealed that vascular injury increased the expression of
PCNA, cyclin D1, NOX1, NOX4 and p47phox, whereas KLF4
expression was remarkably downregulated. Notably, carotid
artery ligation-induced these changes were reversed by E2
(10mg ·kg−1·day−1) treatment (Figure 1D). qRT-PCR analysis
of PCNA, cyclin D1, NOX1, NOX4, p47phox and KLF4
expression was consistent with their expression of protein
level (Figure 1E). Overall, these studies demonstrated E2 could
alleviate vascular remodeling in intimal hyperplasia mice
partly through limiting the proliferation and oxidative stress
of VSMC.

E2 Inhibits TNF-α-Induced VSMC
Proliferation and Oxidative Stress
Because it is known that TNF-α stimulates VSMC proliferation
and oxidative stress, we sought to determine whether E2
suppressed neointimal hyperplasia through restraining
TNF-α-induced VSMC proliferation and oxidative stress.
As shown in Figures 2A–D, TNF-α treatment markedly
increased VSMC viability and number in a dose and
time-dependent manner by MTS assay and cell counting.
Simultaneously, exposure of VSMC to TNF-α dose and time-
dependently enhanced mRNA and protein expression of
PCNA, cyclin D1, NOX1, NOX4 and p47phox (Figures 2E–H).
Next, we detected the effects of E2 treatment on VSMC
proliferation and oxidative stress induced by TNF-α. As
shown by MTS assay and cell counting, treating VSMC
with TNF-α (10 ng/mL) promoted cell proliferation in a
time-dependent manner, whereas pretreatment of VSMC
with 25, 50 and 100 nM of E2 for 6 h dose-dependently
abrogated the inducing effects of TNF-α on VSMC viability
and number (Figures 2I,J). Western blotting and qRT-PCR
assay displayed that E2 offsets the up-regulation of PCNA,
cyclinD1, NOX1, NOX4 and p47phox expression induced by
TNF-α (Figures 2K,L). In addition, EdU staining proved that E2
reversed TNF-α-induced VSMC proliferation (Figures 2M,N).
In Figure 2O, E2 also visibly blocked TNF-α-induced ROS
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FIGURE 1 | E2 attenuates neointimal formation, proliferation and oxidative stress induced by carotid artery ligation. (A) Representative photomicrographs of the

HE-stained sections of carotid arteries from unligated vessels, ligated vessels, and ligated vessels treated with E2 (n = 4). Scale bars = 100µm. (B,C) Morphometric

quantification of I/M ratio and the intima area in the different groups. ***p < 0.001 vs. Unligated group, ##p < 0.01 vs. Ligated group. (D) PCNA, cyclin D1, NOX1,

NOX4, p47phox and KLF4 expression in unligated, ligated and ligated + E2-treated carotid arteries was detected by Western blotting. Statistic of band intensities is

shown on the right (n = 3). *p < 0.05 and **p < 0.01 vs. Unligated group, #p < 0.05 and ##p < 0.01 vs. Ligated group. (E) PCNA, cyclin D1, NOX1, NOX4, p47phox

and KLF4 expression in unligated, ligated and ligated + E2-treated carotid arteries was detected by qRT-PCR (n = 3). *p < 0.05 and **p < 0.01 vs. Unligated group,
#p < 0.05 vs. Ligated group.

production in VSMC. In general, these results indicate
that E2 inhibits TNF-α-induced VSMC proliferation and
oxidative stress.

E2 Promotes the Expression of BHLHE40
Both in vivo and in vitro
In order to obtain which genes have been changed during
neointimal hyperplasia, we downloaded an expression dataset
(GSE56143) from the Gene Expression Omnibus (GEO), and
found that the rhythm gene BHLHE40 was down-regulated in
the ligated vascular tissue (Figure 3A). It has been reported that
BHLHE40 can participate in the occurrence and development
of cancer (23), but its role in the regulation of proliferation

and oxidative stress in VSMC is still unclear. Therefore,
we focused our research on BHLHE40. Western blotting
and qRT-PCR assay showed that compared with unligated
tissues, protein and mRNA expression levels of BHLHE40
were down-regulated by more than 0.5 times at 14 days
after carotid artery ligation (Figures 3B,C). Furthermore, both
immunofluorescence staining and immunochemistry staining
of BHLHE40 were markedly reduced in injured arteries
compared to sham-operation. Noticeably, carotid artery ligation-
induced downregulation of BHLHE40 was reversed by E2
(Figures 3D,E). Western blotting (Figure 3F) and qRT-PCR
assay (Figure 3G) revealed that TNF-α treatment lessened
protein and mRNA expression of BHLHE40 compared with
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FIGURE 2 | E2 inhibits TNF-α-induced proliferation and oxidative stress in VSMC. (A–H) VSMCs were stimulated with TNF-α for indicated doses and times. The cell

viability was determined by MTS assay (A,B). *p < 0.05 and **p < 0.01 vs. untreated group, respectively. Cell counting was carried out using a Countess automated

(Continued)
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FIGURE 2 | counter (C,D). *p < 0.05 and **p < 0.01 vs. untreated group, respectively. qRT-PCR detected the mRNA expression of PCNA, cyclin D1, NOX1, NOX4

and p47phox (E,F). *p < 0.05 and **p < 0.01 vs. untreated group, respectively. Western blotting detected PCNA, cyclin D1, NOX1, NOX4 and p47phox protein

expression (G,H). Statistic of band intensities is shown on the right. *p < 0.05 and **p<0.01 vs. untreated group, respectively. (I,J) VSMCs were pretreated with 25,

50 and 100 nM of E2 for 6 h and then were stimulated with TNF-α (10 ng/mL) for the indicated times. The cell viability was determined by MTS assay (I), and cell

counting was carried out using a Countess automated counter (J). *p < 0.05 and **p < 0.01 vs. DMSO group, #p < 0.05 and ## p < 0.01 vs. TNF-α group. (K–O)

VSMCs were pretreated with E2 (100 nM) for 6 h and then were stimulated with TNF-α (10 ng/mL) for 24 h. PCNA, cyclin D1, NOX1, NOX4 and p47phox expression

was determined by Western blotting (K) and qRT-PCR (L). Statistic of band intensities is shown on the right. *p < 0.05 and **p < 0.01 vs. DMSO group, #p < 0.05

and ##p < 0.01 vs. TNF-α group. Cell proliferation was detected by EdU staining (M). Scale bar = 100µm. Analysis of the percentage of EdU positive cells (N). **p

< 0.01 vs. DMSO group, #p < 0.05 vs. TNF-α group. ROS levels were detected by DCFH-DA staining (O). Scale bar = 25µm.

FIGURE 3 | E2 promotes the expression of BHLHE40 both in vivo and in vitro. (A) The data of BHLHE40 expression was downloaded from the GEO databases

(GSE56143). (B,C) BHLHE40 expression in unligated, ligated and ligated + E2-treated carotid arteries was detected by Western blotting (B) and qRT-PCR (C).

Statistic of band intensities is shown on the right. *p < 0.05 vs. Unligated group, #p < 0.05 vs. Ligated group. (D) Immunofluorescence staining of a-SMA (SMA;

green), BHLHE40 (red) and the nucleus (DAPI; blue) in unligated, ligated and ligated + E2-treated carotid arteries. Scale bars = 25µm. Statistics of BHLHE40-positive

cells unligated, ligated and ligated + E2-treated carotid arteries is shown on the right. **p < 0.01 vs. Unligated group, #p < 0.05 vs. Ligated group. (E)

Immunochemistry staining of BHLHE40 in unligated, ligated and ligated + E2-treated carotid arteries. Scale bars = 100µm. Statistics of BHLHE40-positive cells

unligated, ligated and ligated + E2-treated carotid arteries is shown on the right. *p < 0.05 vs. Unligated group, #p < 0.05 vs. Ligated group. (F,G) VSMCs were

pretreated with 100 nM of E2 for 6 h and then were stimulated with TNF-α (10 ng/mL) for 24 h, the expression of BHLHE40 was determined by Western blotting (F)

and qRT-PCR (G). Statistic of band intensities is shown on the right. *p < 0.05 and **p < 0.01 vs. DMSO group, #p < 0.05 and ##p < 0.01 vs. TNF-α group.

the control group, whereas pretreatment with E2 (100 nM)
largely counteracted the inhibitory effects of TNF-α on
BHLHE40 expression. Taken together, these findings suggest

that E2 promotes the expression of BHLHE40 both in vivo

and in vitro.

Knockdown of BHLHE40 Promoted
TNF-α-Induced VSMC Proliferation and
Oxidative Stress
To further illustrate the role of BHLHE40 in ligation injury-
induced intimal hyperplasia, we assayed the effects of BHLHE40
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FIGURE 4 | Downregulation of BHLHE40 promotes TNF-α-induced proliferation and oxidative stress in VSMC. (A) VSMCs were transfected with si-BHLHE40, and

the expression of BHLHE40 was detected by Western blotting and qRT-PCR. **p < 0.01 vs. si-Ctrl group. (B–H) VSMCs were transfected with si-BHLHE40 and then

treated or not with TNF-α for 24 h. The expression of PCNA, cyclin D1, NOX1, NOX4 and p47phox was determined by qRT-PCR (B) and Western blotting (C). Statistic

of band intensities is shown on the bottom. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. si-Ctrl group. The cell viability was determined by MTS assay (D), and cell

counting was carried out using a Countess automated counter (E). *p < 0.05, **p < 0.01 and ***p < 0.001 vs. si-Ctrl group. Cell proliferation was detected by EdU

staining (F). Scale bar = 100µm. Analysis of the percentage of EdU positive cells (G). *p < 0.05, and ** p < 0.01 vs. si-Ctrl group. ROS levels were detected by

DCFH-DA staining (H). Scale bar = 25µm.

down-regulation on cellular proliferation and oxidative stress in
VSMC. Firstly, we confirmed that the expression of BHLHE40
at the protein and mRNA levels was silenced by about 70%
in si-BHLHE40 transfected VSMC (Figure 4A). Subsequently,
we examined the effects of si-BHLHE40 on the expression of
proliferation and oxidative stress-related genes, and found that
treating VSMC with TNF-α clearly increased the expression
of PCNA, cyclinD1, NOX1, NOX4 and p47phox, which was
enforced by si-BHLHE40 transfection (Figures 4B,C). In follow-
up experiments, we found that BHLHE40 knockdown increased
TNF-α-induced proliferation in VSMC, as shown by MTS
analysis and cell counting (Figures 4D,E). Meanwhile, EdU
staining evidenced that depletion of BHLHE40 by its siRNA
increased TNF-α-induced VSMC proliferation (Figures 4F,G). In

Figure 4H, ROS staining showed that si-BHLHE40 and TNF-α
co-treatment further enhanced TNF-α-induced ROS production
in VSMC. All in all, these data suggested that knockdown of
BHLHE40 contributes to TNF-α-induced VSMC proliferation
and oxidative stress.

Overexpression of BHLHE40 in VSMC
Inhibits Cell Proliferation and Oxidative
Stress
Next, we successfully overexpressed the BHLHE40 at both
mRNA and protein level in VSMC (Figure 5A). To further
explore whether BHLHE40 participates in the induction of
proliferation and oxidative stress in TNF-α-treated VSMC,
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FIGURE 5 | Overexpression of BHLHE40 inhibits TNF-α-induced proliferation and oxidative stress in VSMC. (A) VSMCs were transfected with pcDNA3.1-BHLHE40,

and the expression of BHLHE40 was detected by Western blotting and qRT-PCR. **p < 0.01 vs. pcDNA3.1 group. (B–H) VSMCs were transfected with

pcDNA3.1-BHLHE40 and then treated or not with TNF-α for 24 h. The expression of PCNA, cyclin D1, NOX1, NOX4 and p47phox was determined by qRT-PCR (B)

and Western blotting (C). Statistic of band intensities is shown on the left. *p < 0.05 and **p < 0.01 vs. pcDNA3.1 group, #p < 0.05 and ##p < 0.01 vs. pcDNA3.1

+ TNF-α group. The cell viability was determined by MTS assay (D), and cell counting was carried out using a Countess automated counter (E). **p < 0.01 vs.

pcDNA3.1 group, ##p < 0.01 vs. pcDNA3.1 + TNF-α group. Cell proliferation was detected by EdU staining (F). Scale bar = 100µm. Analysis of the percentage of

EdU positive cells (G). **p < 0.01 vs. pcDNA3.1 group, ##p < 0.01 vs. pcDNA3.1 + TNF-α group. ROS levels were detected by DCFH-DA staining (H). Scale bar =

25µm.

we forcedly expressed BHLHE40 and found that BHLHE40
overexpression distinctly reduced the expression of PCNA,
cyclinD1, NOX1, NOX4 and p47phox induced by TNF-α at

both mRNA and protein levels (Figures 5B,C). As presented

by MTS assay and cell counting, overexpression of BHLHE40
efficaciously counteracted the stimulatory effect of TNF-

α on VSMC proliferation (Figures 5D,E). Similarly, EdU
staining showed that the enforced expression of BHLHE40 in
VSMC had opposite effects on TNF-α-induced proliferation

(Figures 5F,G). Up-regulation of BHLHE40 led to a decrease

in the production of TNF-α-induced ROS (Figure 5H).

Altogether, these results indicate that BHLHE40 negatively
regulates the proliferation and oxidative stress of VSMC by
affecting the expression of PCNA, cyclinD1, NOX1, NOX4
and p47phox.

BHLHE40 Suppressed Proliferation and
Oxidative Stress Responses Through
Inhibiting MAPK Signaling Pathway
Next, we performed BHLHE40 knockdown experiment to
investigate whether BHLHE40 mediates the inhibitory role
of E2 in the proliferation and oxidative stress of VSMCs.
As shown in Figure 6A, down-regulation of BHLHE40 can
reverse the inhibitory effects of E2 on the proliferation and
oxidative stress. It is known that MAPK cascade activation is
the center of multiple signaling pathways, and plays a key role
in cell proliferation, inflammation and oxidative stress. Western
blotting analysis revealed that TNF-α treatment markedly
increased phosphorylation of ERK, JNK and P38 in VSMC,
but the effects of TNF-α on MAPK signaling pathways were
normalized by E2 treatment (Figure 6B). In order to clarify
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FIGURE 6 | BHLHE40 suppresses proliferation and oxidative stress responses through suppressing MAPK signaling pathways. (A) VSMCs were transfected with

si-BHLHE40 or si-Ctrl and then treated with the indicated treatments. The expression of PCNA, cyclin D1, NOX1, NOX4 and p47phox was determined by Western

blotting. Statistic of band intensities is shown on the right. *p < 0.05 and **p < 0.01 vs. si-Ctrl + TNF-α + E2 group. (B) VSMCs were pretreated with E2 (100 nM) for

6 h and then were stimulated with TNF-α (10 ng/mL) for 24 h. Western blotting was performed for total and phosphorylated ERK, JNK and p38. Statistic of band

intensities is shown on the left. *p < 0.05 and ** p < 0.01 vs. DMSO group, #p < 0.05 and ##p < 0.01 vs. TNF-α group. (C) VSMCs were transfected with

pcDNA3.1- BHLHE40 for 24 h, and Western blotting analysis was performed for total and phosphorylated ERK1/2, JNK and p38. Statistic of band intensities is

shown on the right. *p < 0.05 and **p < 0.01 vs. pcDNA3.1 group. (D) VSMCs were transfected with si-BHLHE40 for 24 h, and Western blotting analysis was

performed for total and phosphorylated ERK, JNK and p38. Statistic of band intensities is shown on the left. *p < 0.05 and **p < 0.01 vs. si-Ctrl group. (E) VSMCs

were transfected with si-BHLHE40 or si-Ctrl and then treated with the indicated treatments. Total protein lysates were collected and the expression of ERK, JNK and

p38 and their phosphorylated forms were examined by Western blotting. Statistic of band intensities is shown on the right. *p < 0.05 and **p < 0.01 vs. si-Ctrl +

TNF-α, #p < 0.05 and ##p < 0.01 vs. si-Ctrl + TNF-α + E2 group.

the mechanism by which BHLHE40 regulates proliferation

and oxidative stress, we up-regulated or down-regulated the

expression of BHLHE40 in VSMC, and monitored the expression

of related genes in the MAPK signaling pathway. As shown in

Figure 6C, up-regulation of BHLHE40 can lead to decreased

ERK, JNK and p38 phosphorylation. On the contrary, down-
regulating the expression of BHLHE40 can usefully increase
ERK, JNK and p38 phosphorylation (Figure 6D). In order to
confirm whether E2 regulates the MAPK signaling pathway
by affecting the expression of BHLHE40, we conducted rescue
experiments. As demonstrated in Figure 6E, TNF-α-induced
phosphorylation of ERK, JNK and P38 were partly inhibited
after E2 preincubation (Figure 6E, lane 3 vs. lane 2). Knockdown
of BHLHE40 restrained this inhibitory effect of E2 (Figure 6E,
lane 4 vs. lane 3). In addition, we examined the effect of

E2 and BHLHE40 on AKT phosphorylation, as shown in
Supplementary Figure S1, E2 treatment can lead to decreased
AKT phosphorylation, but down-regulated BHLHE40 have no
influence on the inhibitory effect of E2. On balance, the above
results confirmed that 100µM E2 displays suppressive effects on
TNF-α-induced pathologic changes through deactivating MAPK
signal pathways.

BHLHE40 Overexpression Alleviated
Neointimal Formation Induced by Carotid
Artery Ligation Through Repressing
Proliferation and Oxidative Stress in
Arterial Walls
To examine whether BHLHE40 is a key mediator in vascular
remodeling, Pluronic F-127 gel solution containing pcDNA3.1
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FIGURE 7 | BHLHE40 overexpression alleviates neointimal formation, proliferation and oxidative stress induced by carotid artery ligation. (A) Representative

photomicrographs of the HE-stained sections of carotid arteries from unligated vessels, ligated + pcDNA3.1 vessels, and ligated + pcDNA3.1-BHLHE40 vessels (n =

4). Scale bars = 100µm. (B,C) Morphometric quantification of I/M ratio and the intima area in the different groups. ***p < 0.001 vs. Unligated group, ##p < 0.01 vs.

Ligated + pcDNA3.1 group. (D) BHLHE40, PCNA, cyclin D1, NOX1, NOX4, p47phox and KLF4 expression in unligated, ligated + pcDNA3.1 and ligated +

pcDNA3.1-BHLHE40 carotid arteries was detected by Western blotting. Statistic of band intensities is shown on the right (n = 3). *p < 0.05 and **p < 0.01 vs.

Unligated group, #p < 0.05 vs. Ligated + pcDNA3.1 group. (E) PCNA, cyclin D1, NOX1, NOX4, p47phox and KLF4 expression in unligated, ligated + pcDNA3.1 and

ligated + pcDNA3.1-BHLHE40 carotid arteries was detected by qRT-PCR (n = 3). *p < 0.05 and **p < 0.01 vs. Unligated group, #p < 0.05 vs. Ligated + pcDNA3.1

group.

plasmids or pcDNA3.1-BHLHE40 plasmids were applied to the
exposed adventitial surface of an ∼5mm segment of the ligated
carotid artery. The intimal thickness of the ligated artery was
determined 14 days after the surgery. As expected, carotid
arterial ligation increased vascular wall thickness in control-
plasmids transfected mice, and this expansion was strongly
reduced in BHLHE40-plasmids transfected mice (Figure 7A).
Consistent with these results, BHLHE40-overexpressed mice
showed an important decrease in the ratio of intimal/medial
area (I/M ratio) and neointimal area compared with control-
plasmids transfected mice (Figures 7B,C). Next, we examined
the expression of PCNA, cyclinD1, NOX1, NOX4 and p47phox

and KLF4 in the injured carotid artery of pcDNA3.1 plasmids
or pcDNA3.1-BHLHE40 plasmids transfected mice. Notably,
western blotting and qRT-PCR analysis data showed that carotid
artery ligation-induced above gene changes were normalized by
BHLHE40 overexpression (Figures 7D,E). To sum up, these data
support the pathophysiological role of BHLHE40 depletion in
vascular hypertrophy.

DISCUSSION

Vascular remodeling is the pathological basis of many
cardiovascular diseases such as hypertension and atherosclerosis.
The abnormal proliferation and oxidative stress of VSMC
play an important role in the occurrence and development
of vascular remodeling (24, 25). Evidence is also emerging to
suggest that treatment of proliferation and oxidative stress
of VSMC causes a reduction or prevents the progression
of the carotid intima-media thickness, paralleled by
a decrease in cardiovascular risk and events (26, 27).
Therefore, exploring an effective treatment strategy to
block the proliferation of VSMC and the occurrence
of oxidative stress is essential for the treatment of
cardiovascular diseases.

In this study, we showed that (1) E2 inhibited carotid
artery ligation-induced intimal hyperplasia in vivo and
TNF-α-induced VSMC proliferation and oxidative stress in
vitro. (2) E2 inhibited TNF-α-induced VSMC proliferation
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and oxidative stress by increasing BHLHE40 expression,
(3) Overexpression of BHLHE40 abolished TNF-α-induced
VSMC proliferation and oxidative stress, (4) BHLHE40
mediated E2-induced suppression of MAPK signaling
pathway expression, and (5) BHLHE40 overexpression
protected against neointimal hyperplasia induced by carotid
artery ligation.

17β-estrogen is a powerful steroid hormone, high in women
from puberty to menopause and low in men. Anecdotal
evidence suggested that the incidence of atherosclerosis in
pre-menopausal women is much lower than that of age-
matched males, but the discrepancy narrowed after post-
menopausal in women, suggesting the preventive effect of
estrogen on cardiovascular diseases (28, 29). Previous studies
have indicated that 17β-estradiol treatment reduces neointimal
hyperplasia and ameliorates re-endothelialization in injured
carotid arteries (19, 30). It is well-known that a key mechanism
for inhibiting intimal thickening is the repression of cell
proliferation and oxidative stress (31, 32).In line with previous
results, and our animal experiment data showing E2 can
effectively improve neointimal hyperplasia in ligated carotid
arteries by diminution of proliferation-related genes expression
and attenuation of NADPH oxidase activity in VSMC. It
has long been known that increased PCNA and cyclin D1
expression and enhanced ROS levels in VSMC exposed to
TNF-α (33, 34). Our data showing E2 markedly inhibited the
TNF-α-induced expression of PCNA, cyclin D1, NOX1, NOX4
and p47phox.

It is well-established that the MAPK signaling pathway
regulates cellular proliferation, calcification, inflammation and
oxidative stress (35, 36). Recently reports showed that increased
phosphorylation of ERK1/2 expression contributes to the
proliferation of VSMC (37, 38), Beyond cell proliferation, ERK
1/2 phosphorylation modulates VSMC phenotypic switch in
Abdominal Aortic Aneurysms (39). In addition, p38 MAPK
kinase promotes vascular calcification by inducing the expression
of RUNX2 in VSMC (40). In primary mouse VSMC, p38 kinase
is key to TGF-β-mediated growth inhibition (41). Previous
studies showed that corylin treatment effectively attenuated
atherosclerotic lesions by suppressing ROS production, VSMC
proliferation and JNK phosphorylation in ApoE-deficient mice
(42). Similarly, Ox-LDL induced oxidative stress promoted
VSMC transformation from contraction to secretion via the JNK
and ERK signaling pathways (43). Our recent study indicated
that the activation of MAPK family members, such as ERK1/2,
JNK and p38, was largely significantly abolished by E2 in TNF-α-
induced VSMC.

Recently, an increasing number of reports have clarified
the regulatory mechanisms mediated by BHLHE40 and its
associations with the etiopathogenesis of various diseases
(44, 45). For example, BHLHE40 directly interacts with
estrogen receptor α to suppress the proliferation of ER-
positive breast cancer cells (46). According to the newest
reports, BHLHE40 deficiency resulted in accelerated osteopenia
through attenuated PI3KCA/Akt/GSK3β signaling (47). In
addition, the high expression of BHLHE40 in gastric epithelial

cells increased the production of CXCL12 by interacting
with p-STAT3 in Helicobacter pylori-associated gastritis,
which further aggravated the development of gastritis (9).
However, only a few studies have been reported on the
function of BHLHE40 in vascular remodeling for now.
As demonstrated in our study, TNFα-induced ROS levels
and NADPH oxidase activation were attenuated and cell
proliferation was reduced in BHLHE40-overexpressed
VSMC. In the followed experiments, we found that
BHLHE40 blocks VSMC proliferation and oxidative
stress by inhibiting TNF-α-induced activation of MAPK
signaling pathways.

In line with previous results using E2-treated ligated mice,
and our in vivo data showed that up-expressed BHLHE40 could
significantly reduce carotid artery ligation-induced neointimal
formation. Because VSMC proliferation requires the activation
of the transcription of several cell cycle promoting genes, we
examined the expression of PCNA and cyclin D1 in pcDNA3.1-
BHLHE40-transfected injured carotid arteries, beyond that, we
also measured the expression of the NADPH oxidase catalytic
subunits-NOX1, NOX4, and p47phox. Consistent with previous
results in vitro, and our in vivo data showing decreased
neointimal thickness via reducing ROS production and VSMC
proliferation with localized overexpression of BHLHE40 in
injured carotid arteries.

Our results demonstrated for the first time that in TNF-α-
stimulated mouse VSMC, E2 diminished VSMC proliferation
and oxidative stress via restoring TNF-α-decreased BHLHE40
expression. Furthermore, we explore the possibility that E2
may suppress TNF-α-induced MAPK activity by regulating
BHLHE40. In conclusion, our results along with previous
studies indicate that E2 exerts the cardiovascular protective
effect via-multiple molecular mechanisms, but the accurate
mechanism needs further study. This research offers a
new molecular explanation for the vasoprotective effect
of 17β-estrogen.
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Background: Inflammatory activation and immune infiltration play important roles in the

pathologic process of heart failure (HF). The current study is designed to investigate

the immune infiltration and identify related biomarkers in heart failure patients due to

ischemic cardiomyopathy.

Methods: Expression data of HF due to ischemic cardiomyopathy (CM) samples

and non-heart failure (NF) samples were downloaded from gene expression omnibus

(GEO) database. Differentially expressed genes (DEGs) between CM and NF samples

were identified. Single sample gene set enrichment analysis (ssGSEA) was performed

to explore the landscape of immune infiltration. Weighted gene co-expression network

analysis (WGCNA) was applied to screen the most relevant module associated with

immune infiltration. The diagnostic values of candidate genes were evaluated by receiver

operating curves (ROC) curves. The mRNA levels of potential biomarkers in the peripheral

blood mononuclear cells (PBMCs) isolated from 10CM patients and 10 NF patients were

analyzed to further assess their diagnostic values.

Results: A total of 224 DEGs were identified between CM and NF samples in

GSE5406, which are mainly enriched in the protein processing and extracellular matrix

related biological processes and pathways. The result of ssGSEA showed that the

abundance of dendritic cells (DC), mast cells, natural killer (NK) CD56dim cells, T

cells, T follicular helper cells (Tfh), gammadelta T cells (Tgd) and T helper 2 (Th2)

cells were significantly higher, while the infiltration of eosinophils and central memory

T cells (Tcm) were lower in CM samples compared to NF ones. Correlation analysis

revealed that Calumenin (CALU) and palladin (PALLD) were negatively correlated

with the abundance of DC, NK CD56dim cells, T cells, Tfh, Tgd and Th2 cells,

but positively correlated with the level of Tcm. More importantly, CALU and PALLD

were significantly lower in PBMCs from CM patients compared to NF ones.
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Conclusion: Our study revealed that CALU and PALLD are potential biomarkers

associated with immune infiltration in heart failure due to ischemic cardiomyopathy.

Keywords: heart failure, ischemic cardiomyopathy, inflammatory activation, biomarker, diagnosis

INTRODUCTION

Heart failure refers to the complex clinical syndrome and the end-
stage manifestations of cardiovascular disease (1, 2). Large-scale
epidemiological analysis shows that the global prevalence of HF
is on the rise due to the aging of the population and the progress
in the diagnosis and treatment of cardiovascular diseases. In
developed countries, the prevalence of HF is 1.5–2.2% (3). The
latest report in China shows that the prevalence of HF among
residents ≥35 years old is 1.3%, that is, there are ∼13.7 million
patients (3).Therefore, HF has always been a hot spot in the field
of cardiovascular research.

HF is caused by the complicated interaction of myocardial
damage, neurohormonal activation, inflammatory response, and
renal dysfunction (4–6). During the process, the cytoskeletal and
membrane associated proteins are increased and disorganized,
while the contractile myofilaments and sarcomeric proteins are
decreased in the heart (7). In addition, cardiomyocytes in the
failing heart display impaired excitation-contraction coupling
due to the decreased calcium transients, enhanced diastolic
sarcoplasmic reticulum (SR) calcium leak and diminished SR
calcium sequestration (8). Although the pathogenesis of HF
is still perplexing, the persistent inflammation and immune
abnormalities are believed to participate in the pathogenesis
across the spectrum of HF (9). Elevated and long-lasting
leukocyte recruitment mediated by G protein-coupled receptor
kinase 5 (GRK5) in the injured heart is reported to be
associated with chronic cardiac inflammation and heart failure
(10). Moreover, evidence indicates that transcriptome changes
in immune cells could affect the prognosis of HF. DNA
methyltransferase 3 alpha (DNMT3A) mutations in monocytes
significantly increase the expression of inflammatory genes
and are correlated with the aggravation of chronic HF
(11). Metabolically active genes such as fatty acid binding
protein 5 (FABP5) are highly enriched in classical monocytes
from heart failure patients, whereas b-catenin expression was
significantly higher in another functionally distinct monocyte
subset (CD14++CD16+ intermediate monocytes) (12). These
studies suggest that further understanding of the inflammatory
response and immune cell infiltration in HF is of great
significance for optimizing the diagnosis and treatment of
heart failure.

In recent years, microarray technology and integrated
bioinformatics analyses have been performed to identify novel
genes related to various diseases that might act as diagnostic and
prognostic biomarkers (13–15). However, the diagnostic value
of genes associated with immune infiltration in heart failure
remains unclear. Thus, in the current study, we downloaded two
microarray datasets of HF from the GEO database and used
bioinformatic methods to screen for immune infiltration related

biomarkers in heart failure, and to provide a theoretical basis for
the diagnosis and treatment of HF patients.

MATERIALS AND METHODS

Ethics Statement
This study was approved by the institutional review board of the
Third Affiliated Hospital, Sun Yat-sen University (IRB: 202102-
201-01).

Data Source
In the current study, gene expression profiles of 16 non-failure
controls (NF) and 108 heart failure samples caused by ischemic
cardiomyopathy (CM) in GSE5406 dataset and 14 NF and
13CM samples in GSE116250 dataset were downloaded from
GEO database.

Identification and Functional Enrichment
Analysis of DEGs
LimmaR package was used to identify DEGs betweenNF andCM
samples with |log2FC| >0.5 and adjusted p < 0.05 in GSE5406
datasets. ClusterProfiler R package was applied for GO and
KEGG pathway enrichment analyses of DEGs. Biological process
(BP), molecular function (MF) and cellular component (CC)
were included in the GO analysis.

ssGSEA
ssGSEA was performed by Gene Set Variation Analysis (GSVA)
R package to analyze the infiltraion of 24 immune cells in NF
and CM samples (16). The 24 immune cells were TFH, Th2
cells, B cells, T cells, Tgd, NK CD56dim cells, Tem, macrophages,
neutrophils, Th1 cells, mast cells, cytotoxic cells, DC, iDC,
eosinophils, T helper cells, aDC, TReg, pDC, NK CD56bright
cells, NK cells, Th17 cells, CD8T cells, and Tcm.

WGCNA Analysis
A sample clustering tree map was first constructed to detect
and eliminate outliers. Then, WGCNA was performed based on
the gene expression profiles from GSE5406 dataset and sample
traits (differentially infiltrated immune cells between NF and
CM samples). The pick Soft Threshold function of WGCNA
was used to calculate β from 1 to 20 in order to select the
best soft threshold. Based on the selected soft threshold, the
adjacency matrix was converted to topological overlap matrix to
construct the network, and the gene dendrogram and module
color were established by using the degree of dissimilarity. We
further divided the initial module by dynamic tree cutting and
merged similar modules. The Pearson correlation coefficient
between the module eigengenes and sample traits were calculated
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to find out the most relevant module (hub module) associated
with sample traits.

Identification of Biomarkers in CM
First, DEGs were intersected with genes from the hub module
in WGCNA analysis to obtain immune infiltration related
candidate genes. Next, gene signature was selected by least
absolute shrinkage and selection operator (LASSO) algorithm
using glmnet R package (17) and support vector machine-
recursive feature elimination (SVM-RFE) method using e1071
package (18), respectively. Robust gene signature was identified
by overlapping gene signature obtained from LASSO and SVM-
RFE. The diagnostic values of gene signature were evaluated
by receiver operating curves (ROC) curves. Then, the external
validation dataset GSE116250 was used to verify the expressions
and diagnostic values of gene signature identified in GSE5406.
Validated gene signature was identified as robust diagnostic
biomarkers in heart failure.

Functional Analysis of Biomarkers in CM
To investigate the potential mechanisms of diagnostic
biomarkers in regulating heart failure, 108 patients in GSE5406
were divided into high- and low-expression groups based on
the median expression of each diagnostic biomarker. Moreover,
to explore the relationship between diagnostic biomarkers and
immune infiltration, the correlations between the expressions
of diagnostic biomarkers and the abundance of differentially
infiltrated immune cells were calculated.

Subject Characteristics and Realtime-PCR
Patients aged 18 and older, diagnosed with CHD by coronary
computed tomography angiography or coronary angiography,
with ejection fraction of 40% or less were enrolled into CM
group. Age-matched CHDpatients without heart failure (ejection
fraction of 50% or above) were enrolled into NF control group.
Patients with a history of malignancy, acute coronary syndrome,
pulmonary embolism, renal failure [Glomerular filtration rate
<60 ml/(min·1.73 m2)] were excluded. The characteristics of CM
and NF patients were shown in Supplementary Table 3.

RNA of PBMCs from CM (n = 10, 7 male and 3 female)
and NF (n = 10, 8 male and 2 female) patients were extracted
using Nuclezol LS RNA Isolation Reagent (ABP Biosciences
Inc.) according to manufacturer’s instructions. Collected RNA
was diluted using nuclease-free water and electrophoresed
on a denaturing formaldehyde agarose gel to visualize rRNA
and ensure overall sample quality. RNA concentrations and
purity were detected on ultraviolet spectrophotometer (Jinghua,
Shanghai, China). Reverse transcription was performed on
1 µg total RNA from each sample using the SureScript-
First-strand-cDNA-synthesis-kit (GeneCopoeia) according to
manufacturer’s instructions, and a CFX96 Real-time PCR System
(Bio-Rad) was utilized to conduct the real time quantitative
PCR (qPCR) reactions. BlazeTaqTM SYBR R© Green qPCRMix 2.0
(GeneCopoeia) was used for qPCR reactions, using 4 µL cDNA
and appropriate volumes of specific primers in a final 10 µL
volume. Triplicate reactions were performed to ensure accuracy.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used

TABLE 1 | Primers sequence.

Genes Forward Reverse

CALU GTTTCTTATGTGCCTGTCCCT TTCCTTGCTCTCTTCTGGTGT

PALLD GCCTACTTTCCTCCTGTTTTT AGTGGTCATTGTTGGATTCTC

GAPDH CGCTGAGTACGTCGTGGAGTC GCTGATGATCTTGAGGCTGTTGTC

as the reference gene, and the relative gene expression was
quantified by the 2−11CT method (19). The primer sequences
were given in Table 1.

Statistical Analysis
All data were analyzed by R software (version 4.0.0). Wilcoxon
test was used to compare the data between two groups, and
significant difference was considered as p < 0.05 unless specified.

RESULTS

Transcriptome Profile Analyses of NF and
CM Samples
A total of 224 DEGs were identified in GSE5406, including
93 up-regulated and 131 down-regulated genes in CM
group compared to NF group (Figure 1A). The expression
profile of top 50 up-regulated DEGs and top 50 down-
regulated DEGs were shown in the heatmap (Figure 1B). To
investigate the biological function of DEGs, we performed
GO and KEGG pathway analysis. A total of 217 BP, 42 CC,
37 MF, and 16 KEGG pathways were significantly enriched
(Supplementary Tables 1, 2). As shown in Figure 1C, DEGs
were mainly enriched into protein processing and extracellular
matrix (ECM) related BPs, including response to topologically
incorrect protein, response to unfolded protein (UPR), “de
novo” protein folding, protein folding, chaperone-mediated
protein folding, extracellular matrix organization, extracellular
structure organization, “de novo” posttranslational protein
folding, chaperone cofactor-dependent protein refolding,
response to mechanical stimulus. Consistent with the results
of GO analysis, protein processing and ECM related pathways
were significantly enriched, including protein processing in
endoplasmic reticulum, ECM-receptor interaction, and focal
adhesion. In addition, estrogen signaling and MAPK signaling
pathways showed to have close relationship with heart failure
(Figure 1D).

Identification of Immune Infiltration Pattern
in CM
Mounting evidence suggest that immune cells play important
roles in heart failure (14–16). Thus, we explored the profile
of immune cell infiltration in CM and NF samples by
ssGSEA. Twenty-four subpopulations of infiltrated immune
cells in CM and NF samples were identified and presented
in the heatmap (Figure 2A). Interestingly, we found that
the abundance of DC, mast cells, NK CD56dim cells, T
cells, Tfh, Tgd, and Th2 cells were significantly higher, while
the infiltration of eosinophils and Tcm were significantly
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FIGURE 1 | Comprehensive analyses of the transcriptome profiles of NF and CM samples. (A) Volcano plot of significant DEGs between NF and CM samples. (B) A

heatmap of the top 50 significantly upregulated or downregulated DEGs. (C) Bar plot of top 10 enriched GO terms of DEGs in each category. BP, biological process;

CC, cellular components; MF, molecular functions. (D) Bubble plot of significantly enriched KEGG pathways of DEGs.
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FIGURE 2 | Landscape of the immune infiltration in NF and CM samples. (A) Heatmap of the immune infiltration profiles of NF and CM samples analyzed by ssGSEA

score-based method. (B) Comparison of immune cell infiltration between NF and CM samples. *p < 0.05, **p < 0.01, ****p < 0.001.

lower in CM samples compared to NF ones (Figure 2B).
These results indicate that the inflammatory response of

these immune cells may be critical for the etiology of

heart failure.

Screening for Gene Signature of Immune
Infiltration in CM
To further explore the genes mostly correlated with the
inflammatory response in CM, we performed WGCNA
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FIGURE 3 | Screening of the hub module associated with immune infiltration in CM. Heatmap of the correlation between module eigengene and differentially infiltrated

immune cells. Each row represents a color-coded module eigengene, each column represents a type of infiltrated immune cells. The number in each cell means the

correlation coefficient and p-value.

to screen for the hub module associated with above
infiltrated immune cells. After eliminating the outlier samples
(Supplementary Figure 1), we built the sample dendrogram
and trait heatmap (Supplementary Figure 2). By using the
pick Soft Threshold function of WGCNA, we found the
optimal soft threshold power was 9, in which R2 was 0.85
(Supplementary Figure 3A). After merging similar modules,
eight modules from the co-expression network were identified
(Supplementary Figure 3B). According to the module-trait

relationships in Figure 3, we found that the MEbrown module
was the most relevant module associated with DC (Cor = 0.3,
p < 0.01), NK CD56dim cells (Cor = 0.62, p < 0.01), T cells
(Cor = 0.81, p < 0.01), Tcm (Cor = −0.5, p < 0.01), TFH (Cor
= 0.52, p < 0.01), Tgd (Cor = 0.65, p < 0.01) and Th2 cells
(Cor =0.49, p < 0.01). Thus, MEbrown module was selected for
downstream analysis.

Next, we overlapped DEGs with genes in the MEbrown
module and obtained 10 candidate genes (Figure 4A). Ten
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FIGURE 4 | Identification of candidate genes by LASSO regression model. (A) Venn diagram of 10 overlapped candidate genes shared by DEGs and MEbrown

module. (B) LASSO coefficient profiles of candidate genes. (C) Cross-validation to select the optimal tuning parameter log (Lambda) in LASSO regression analysis. (D)

ROC curve evaluation of LASSO regression analysis.

candidate genes were input into LASSO and SVM-RFE to
identify gene signature, respectively. LASSO identified nine gene
signatures under lambda.min= 0.0021, including PALLD,DexD-
box helicase 39A (DDX39A), stress induced phosphoprotein 1
(STIP1), solute carrier family 38 member 2 (SLC38A2), CALU,
CD164 molecule (CD164), selenoprotein T (SELT), four and
a half LIM domain 1 (FHL1) and claudin domain containing
1 (CLDND1) (Figures 4B,C). The accuracy of LASSO was
evaluated by ROC curve that the area under the ROC curve
(AUC) was 0.902 (Figure 4D). Meanwhile, we identified 7 gene
signatures by SVM-RFE, including PALLD, DDX39A, CD164,
CLDND1, SLC38A2, CALU, and heat shock protein family D
member 1 (HSPD1) with the accuracy of 0.962 (Figures 5A,B).
To get the robust gene signature in heart failure, we overlapped

genes from LASSO and SVM-RFE and got six gene signatures
(Figure 5C), including PALLD, DDX39A, CD164, CLDND1,
SLC38A2, and CALU. The expression levels of PALLD, DDX39A,
CD164, CLDND1, SLC38A2, and CALU were all significantly
higher in NF samples compared to CM ones in GSE5406
(Figure 5D).

Verification of the Potential Biomarkers for
CM
We further evaluated the diagnostic values of PALLD, DDX39A,
CD164, CLDND1, SLC38A2, and CALU in GSE5406 by ROC
curves. We found that they all had high accuracy with AUC
>0.7 (Figure 6A). To verify the diagnostic values of the
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FIGURE 5 | Identification of candidate genes by SVM-RFE. (A) 7 gene signatures are identified by SVM-RFE analysis with the accuracy of 0.962 and (B) error of

0.038. (C) Venn diagram of six overlapped candidate genes shared by the LASSO and SVM-RFE algorithms. (D) The expressions of candidate diagnostic biomarkers

in the NF and CM samples from GSE5406 dataset.
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FIGURE 6 | Verification of biomarkers for CM. (A) ROC curve evaluation of the diagnostic effectiveness of candidate biomarkers using GSE5406 dataset. (B) The

expressions of candidate diagnostic biomarkers in the GSE116250 dataset. (C) ROC curve evaluation of the diagnostic effectiveness of candidate biomarkers using

GSE116250 dataset. (D) Heatmap of correlations between PALLD, CALU and differentially infiltrated immune cells. (E) Real-time PCR analyses of the expression

levels of PALLD and CALU in PBMCs isolated from CM and NF patients *p < 0.05, **p < 0.01, ***p <0.001
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candidate biomarkers, we examined their expressions in an
external validation dataset GSE116250 to get robust diagnostic
biomarkers. We found that the expression trends of CALU and
PALLD in GSE116250 were consistent with those in GSE5406
(Figure 6B), and that CALU and PALLD also had high accuracy
in classifying heart failure samples, as evidenced by AUC >0.7
(Figure 6C). Moreover, we found that the expressions of CALU
and PALLD were significantly negative correlated with DC, NK
CD56dim cells, T cells, Tfh, Tgd, and Th2 cells, and positive
correlated with Tcm (Figure 6D).

To further evaluate the value of CALU and PALLD as
biomarkers, the levels of CALU and PALLD were assessed
in PBMCs isolated from CM and NF patients. In agreement
with the results in GSE116250 and GSE5406, the levels of
CALU and PALLD were also significantly lower in PBMCs
collected from CM patients compared to NF ones (Figure 6E)
Collectively, these results suggest that CALU and PALLD may
be potential diagnostic biomarkers for heart failure due to
ischemic cardiomyopathy.

DISCUSSION

The prevalence of HF is increasing worldwide and has reached
epidemic proportions. Although significant progress has been
made in the medications and interventions for HF, the mortality
and hospitalization rates remain high (20). Recently, immune
cell infiltration has been confirmed to play a vital role in the
occurrence and development of cardiovascular diseases (10,
13). Cardiac inflammation and subsequent tissue damage are
orchestrated by the infiltration and activation of various immune
cells in the myocardium which result in heart failure eventually
(20). Thus, it is essential to comprehensively investigate the
contributions of infiltrated immune cells in HF. In this study,
we analyzed the immune infiltration profiles of CM and NF
samples, and identified CALU and PALLD as potential diagnostic
biomarkers for heart failure due to ischemic cardiomyopathy by
using integrated bioinformatics analyses.

Consistent with a previous report (21), we found that DEGs
between NF and CM were mainly enriched into biological
processes and pathways related to protein processing and ECM.
Structural changes occur in the level of ER and UPR components
in cardiomyocytes of patients with HF (22). When maladaptive
UPR fails to restore ER homeostasis, it might induce risk
factors for HF including increased reactive oxygen species
(ROS) production, inflammation and apoptosis which further
aggravate HF (22). In addition, numerous studies have explored
the relationship between ECM and heart diseases (23, 24).
Alterations in the architecture, composition, and distribution of
interstitial ECM play a major role in pathological myocardial
structural remodeling and left ventricular diastolic dysfunction
(25, 26). Myocardial fibrosis is characterized by accumulation of
collagen-rich ECM, such as collagen type I and III fibers, results
from the predominance of fiber formation and deposition over
its degradation and removal (27). ECM dyshomeostasis is also
postulated to occur during the development and progression of
HF, including changes in the synthesis, processing, degradation,

and turnover of proteins such as fibrillar collagen (28). Therefore,
those DEGs we found may regulate HF through protein
processing and ECM.

Increasing evidence show that immune cell infiltration in the
myocardium has adverse effect on heart function (29–31). Single-
cell sequencing analyses reveal that the immune cell profiles are
remarkably different in healthy and diseased hearts (15, 32, 33).
In this study, we found that the abundance of DC, mast cells,
NK CD56dim cells, T cells, Tfh, Tgd, and Th2 cells were higher,
while the infiltration of eosinophils and Tcm were lower in HF
samples, indicating their important roles in the etiology of HF.
Consistent with our findings, Patella V et al. and Abdolmaleki
F et al. found an increase in numbers of mast cells and T
cells in HF, respectively (34, 35). Mast cells initiate adverse
myocardial remodeling by activating matrix metalloproteinase
(MMP) and fibrosis in the heart (36). Moreover, the profibrotic
and antiangiogenic functions of Th17, Th2, and dysfunctional
Treg cells are indispensable for the progression to ischemic
heart failure (37, 38). On the contrary, inducible depletion
of eosinophils exacerbates cardiac dysfunction, cell death, and
fibrosis, by producing IL-4 and cationic protein mEar1, fibroblast
activation, and neutrophil adhesion (39). Studies from our and
other groups suggest a critical role of immune infiltration in the
development of heart failure, and further understandings of the
effect of each type of infiltrated immune cells may provide us
clues for developing novel therapeutic strategies for heart failure.

PALLD encodes a cytoskeleton protein involved in actin
reorganization (40), which plays an important role in heart
development (41). PALLD was reported to be related to vein
graft stenosis after coronary artery bypass grafting. A single-
nucleotide polymorphism (SNP) in the PALLD has been reported
to be associated with coronary heart disease (CHD) (42).
CALU produces a Ca2+-binding protein that is localized in
the endoplasmic reticulum (ER) (43). During the excitation-
contraction coupling process, CALU regulates Ca2+ uptake
and plays an important role in maintaining normal heart
function (44). Our analyses show that the expressions of CALU
and PALLD were significantly negative correlated with the
abundances of DC, NK CD56dim cells, T cells, Tfh, Tgd and Th2
cells, and Tcm, suggesting that CALU and PALLD may regulate
HF via immune-related pathways mediated by the infiltration of
these immune cells. More importantly, we confirmed that the
expression levels of CALU and PALLD were markedly lower in
PBMCs from CM patients compared with NF ones. Collectively,
these findings indicate that CALU and PALLD are potential
biomarkers for the diagnosis of HF.

Several limitations of the present study should be noted.
Firstly, the study was retrospective, further prospective studies
are needed to assess the diagnostic and prognostic value of
CALU and PALLD in HF. Secondly, the relationships between
the biomarkers and immune regulation in heart failure were only
verified by assessing their levels in PBMCs from CM and NF
patients. Further in vitro and in vivo experiments are required
to explore the detailed mechanisms through which CALU and
PALLD regulate inflammatory responses in HF. Taken together,
our analyses delineate the potential etiology of HF due to CM and
identified immune infiltration related biomarkers in HF, which

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 December 2021 | Volume 8 | Article 774755164

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Liu et al. Biomarkers in Heart Failure

may provide guidance for diagnosis and treatment of patients
with HF.
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Spermidine, which can be synthesized by the gut microbiota, can prevent cardiac

hypertrophy and delay the progression to heart failure (HF). However, it is not clear

whether the effect of spermidine on cardiac function is mediated by modulating the

gut microbiota when HF occurs. Female HF Kunming mice induced by transverse

aortic constriction were administered spermidine (HF+S group) or its antagonist (HF+SR

group). Echocardiography, messenger ribonucleic acid (RNA) and protein expression of

galectin-3 in the heart, cardiomyocyte apoptosis assays and gut microbiota analysis

were detected. Left ventricular end-diastolic volume and diameter (LVVd and LVDd), and

left ventricular end-systolic volume and diameter in the HF+SR group were significantly

enlarged compared with those in the HF group (all P < 0.05). The HF+S group had a

smaller LVDd and LVVd than the HF+SR group (5.01 ± 0.67 vs. 6.13 ± 0.45mm, P =

0.033; 121.44 ± 38.74 vs. 189.94 ± 31.42 µL, P = 0.033). The messenger RNA and

protein expression of galectin-3 and the number of apoptotic cardiomyocytes increased

significantly in the HF+SR group compared to the HF group. Gut microbiota analysis

showed that spermidine antagonists reduced the Firmicutes/Bacteroidetes ratio and

changed the microbial community richness and diversity. In conclusion, spermidine can

improve cardiac function in HF, and the regulation of gut microbiota and cardiac fibrosis

may be a factor in the effect of spermidine on the improvement of cardiac function.

Keywords: heart failure, spermidine, microbiota, cardiac fibrosis, galectin-3

INTRODUCTION

Cardiac function and gut microbiota can affect each other. Reduced cardiac output causes
intestinal wall ischemia, edema and structural disruption of the intestinal epithelial barrier
function in heart failure (HF), leading to increased intestinal permeability, which in turn,
contributes to the progression of HF (1). Furthermore, the impairment of intestinal barrier
function leads to the translocation of gut bacterial deoxyribonucleic acid (DNA) and/or endotoxins
into the bloodstream (2) and contributes to the deterioration of cardiac function (3). Studies
have shown that in chronic HF, the gut microbiota is characterized by large compositional
shifts with low bacterial richness and depletion of the core microbiota (4, 5). Therefore, the
intestinal microbiota plays an important role in the development and progression of HF (6–8).
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Spermidine is a natural polyamine present in all living
organisms at levels from micromolar to millimolar that is
critically involved in the maintenance of cellular homeostasis
(9, 10), usually with endogenous spermidine concentrations
decreasing during the natural process of organismal aging
(11, 12). Some studies have shown that dietary spermidine
protects against cardiovascular aging (13), prevents cardiac
hypertrophy and delayed the progression to HF (14), suggesting
a beneficial effect on HF. One possible mechanism is that
spermidine can enhance cardiac autophagy, mitophagy and
mitochondrial respiration (14, 15). Moreover, the gut microbiota
is significantly related to the synthesis of spermidine (16) and
some gut microorganisms contain spermidine synthase (17).
Spermidine can also enhance the gut barrier integrity and alter
the gut microbiota in diet-induced obese mice (18). Although
spermidine and the gut microbiota are both associated with
HF, it is not clear whether cardiac function can be affected by
spermidine through modulating the gut microbiota when HF
occurs. We speculated that regulation of the gut microbiota
might be a contributing factor to the effect of spermidine on
the improvement of cardiac function. A close relationship may
exist among spermidine, HF and the gut microbiota, and the
cardioprotective role of spermidine, especially to HF, may be
mediated by optimizing the gut microbiota composition.

In this study, we investigated the effect of spermidine on
HF by altering its levels and assessed the association between
spermidine and gut microbiota in an HF model induced
by transverse aortic constriction (TAC) to explore whether
spermidine can affect cardiac function by modulating the
gut microbiota.

MATERIALS AND METHODS

Aortic Constriction
TAC was performed as described previously (19). Briefly,
female Kunming mice, weighing 45–52 g, 11 weeks old,
after anesthetization with pentobarbital sodium (40 mg/kg,
intraperitoneally injected), were intubated and ventilated with a
small animal respirator, at a rate of 130 breaths/min and a tidal
volume of 0.4ml. Aortic constriction was applied by tying a 7.0
silk string ligature around a 27-gauge needle and then removing
the needle. Sham-operated mice served as controls and were
subjected to the same surgeries except for the ligation of the
aorta. These experiments conformed to the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH publication No. 85-23, revised 2011).
The protocol was approved by the institutional ethics committee
of Guangzhou First People’s Hospital.

The HF mice were then randomly divided into three groups
at 70 days post-operation: the HF group (n = 5), treated with
saline; the HF+S group (n = 8), administered with spermidine
by intraperitoneal injection of 10 mg/kg/d (Sigma-Aldrich, USA,
diluted with saline solution) for 7 days (20); and the HF+SR
group (n = 8), treated with trans-4-methylcycloh exylamine
(4-MCHA), an antagonist of spermidine, by intraperitoneal
injection of 100 mg/kg/d (Sigma-Aldrich, USA, diluted with
saline solution) for 7 days (21). All animals had free access

to common food and water. At 70 days after administration,
the mice were sacrificed by pentobarbital sodium overdose (150
mg/kg), and then fecal samples and left ventricular tissues were
harvested for the analysis (Figure 1).

Quantitative Real-Time Polymerase Chain
Reaction
Total ribonucleic acid (RNA) was isolated from left
ventricular biopsies using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. Primers
were designed to detect galectin-3 gene expression
(forward: GAGTACTAGAAGCGGCCGAG, reverse:
CTGTGCCGCTCACCTGATTA) based on the sequences
available in NCBI database (at http://ncbi.nlm.nih.gov) using
Primer software. After measuring RNA concentration, 1.5 µg
RNA was treated with DNase I (Invitrogen) and used for cDNA
synthesis by reverse transcriptase M-MLV (Takara, Japan).
The galectin-3 messenger RNA (mRNA) levels were measured
with CFX96 quantitative real-time polymerase chain reaction
(QT-PCR) system (Bio-Rad). The relative amounts of mRNA
were determined based on 2-11Ct calculations.

Echocardiography
Transthoracic echocardiography was performed using a Vevo
2100 imaging system equipped with a 15–30 MHz linear array
transducer (VisualSonics, Inc., Canada) by a single blinded
observer as described previously (14). The following parameters
were measured and averaged from 3 cardiac cycles: stroke
volume, left ventricular end-diastolic volume and diameter
(LVVd and LVDd), and left ventricular end-systolic volume
and diameter (LVVs and LVDs), left ventricular anterior and
posterior wall thickness in systole and diastole (LVAWs, LVAWd,
LVPWs, and LVPWd). The left ventricular mass was calculated
following the previously described method of Gao et al.: left
ventricular mass = [(LVDd + LVAWd + LVPWd)3 – LVDd
3] × 1.055, where 1.055 is the gravity of the myocardium (22).
Fractional shortening (FS, %) was calculated using the equation:
100× [(LVDd – LVDs)/LVDd]. Left ventricular ejection fraction
(LVEF, %) was calculated as 100× (LVVd – LVVs)/LVVd.

Western Blot Analysis
Left ventricular tissues were homogenized in RIPA buffer
(Beyotime Biotechnology, China) to obtain whole cell lysates and
centrifuged to isolate the protein. Fifty micrograms of protein
was subjected to SDS-polyacrylamide gel electrophoresis and
blotted onto a PVDF membrane. After blocking with 5% non-fat
milk, the membranes were incubated with the following primary
antibodies: galectin-3 (Abcam, Shanghai, China), spermidine
(Abcam, Shanghai, China) or β-actin (Proteintech, Wuhan,
China). Then, after incubation with anti-rabbit HRP-conjugated
IgG (1:2,500, Boster, China) or anti-mouse HRP-conjugated
IgG (1:2,500, Boster, China) for 1 h at room temperature, the
immunoreactive bands were visualized by chemiluminescence
reagents (ECL; KeyGEN BioTECH, Nanjing, China). The band
intensity was quantified using ImageJ analysis software in
a blinded manner, and all bands were normalized to the
corresponding β-actin bands.
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FIGURE 1 | The animal grouping and time line of the experimental protocol.

Immunohistochemistry
For galectin-3 and spermidine immunohistochemistry, formalin-
fixed left ventricular tissues were embedded in paraffin and
sectioned into 5-µm-thick sections. After deparaffinization,
rehydration and pre-treatment with hydrogen peroxide, the
sections were incubated with primary antibodies against
galectin-3 (Abcam, Shanghai, China) and spermidine (Abcam,
Shanghai, China) overnight at 4◦C before being incubated
with a secondary antibody for 1 h at room temperature. The
sections were stained with DAB (Servicebio, China) followed
by counterstaining with hematoxylin. Three entire sections
per heart were examined by skilled observers blinded to the
treatment group.

Terminal Deoxynucleotidyl
Transferase–Mediated dUTP Nick-End
Labeling Staining
TUNEL assays were performed to detect apoptotic cells in
the heart tissue sections according to the manufacturer’s
protocols (Roche, China). Briefly, the left ventricular tissues were
deparaffinized and rehydrated with serial changes in xylene and
five different concentrations of ethanol. After proteinase K and
endogenous peroxidase treatment, the heart tissue sections were
stained with DAB (Servicebio, China). The TUNEL-positive cells
were quantified using Image-Pro Plus analysis software.

Microbiome Sequencing and Analysis
Mouse fecal samples were collected under sterile conditions by
pressing on the outer wall of the colon to push its contents
into sterile tubes, at which time they were snap frozen in liquid
nitrogen and then stored at −80◦C until analysis. Total genomic
DNA from the samples was extracted using the CTAB/SDS
method by Novogene (Tianjin, China). The DNA concentrations
and purity were analyzed on 1% agarose gels. The diluted DNA
was used as the template to amplify the 16S rRNA (16S V4:
515F-806R) with specific barcoded primers. All polymerase chain
reaction (PCR) reactions were carried out with Phusion R© High-
Fidelity PCR Master Mix (New England Biolabs). The PCR

products were purified with the GeneJET Gel Extraction Kit
(Thermo Scientific). The sequencing libraries were generated
using the NEB Next R© UltraTM DNA Library Prep Kit for
Illumina (NEB, USA) and index codes were added. The library
quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo
Scientific) and the Agilent Bioanalyzer 2100 system. Then the
qualified library was sequenced on the Illumina MiSeq platform,
and 250 bp paired-end reads were generated. The paired-end
reads were combined using FLASH (V1.2.7) and assigned to the
samples according to their barcodes.

Sequence analysis was conducted by Uparse software
(V7.0.1001) and sequences with ≥ 97% similarity were assigned
to the same operational taxonomic units (OTUs). Alpha diversity
was analyzed through 3 parameters, including Chao 1, abundance
coverage estimator (ACE), observed- species and phylogenetic
diversity (PD)-whole tree. The linear discriminant analysis
(LDA) effect size (LEfSe) was selected for the quantitative
analysis of the microbial biomarkers within the different groups.
The differences between the groups were assessed according to
the LDA scores [OTUs with (log10)]. Cluster assessment was
preceded by principal component analysis (PCA) using QIIME
software (V1.7.0).

Statistical Analyses
Continuous variables were expressed as the mean ± standard
deviation. Differences among the means were evaluated with
a two-independent-sample t-test or one-way ANOVA test with
S-N-K analysis, as appropriate. P-values were two-sided and
considered significant when < 0.05. Statistical analyses were
carried out using the SPSS version 17.0 software package (SPSS
Inc., Chicago, USA).

RESULTS

Assessment of the HF Model Induced by
Aortic Constriction and Grouping
During the observation period after the operation, three mice
died, while all sham-operated animals (controls, n= 4) survived.
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The TAC mice showed some signs of congestive HF such
as anorexia, dyspnea and lethargy at 70 days post-operation,
indicating the appearance of HF. Echocardiography showed that
LVDs, LVDd, LVVs, LVVd, left ventricular mass average weight
(LV Mass AW), and LV Mass AW (corrected) were significantly
increased, and LVEF and FS were significantly decreased in the
HF mice compared to the sham-operated mice (all P < 0.05,
Table 1).

Variation in Echocardiographic Parameters
After the Administration of Spermidine or
Its Antagonist
After administration of spermidine or 4-MCHA, the HF mice
were examined by Doppler echocardiography. Figure 2 shows
that the echocardiographic parameters, including LVDs, LVDd,
LVVs, LVVd, FS, LVEF, LV mass AW, and LV mass AW
(corrected) were not significantly different at 14 days after
administration among the three groups: the HF, HF+S, and
HF+SR groups. However, statistically significant differences were
noted 56 days after administration. The LVDs, LVDd, LVVs,
and LVVd in the HF+SR group were greatly enlarged (5.51 ±

0.69 vs. 4.14 ± 0.47mm, P = 0.033; 6.13 ± 0.45 vs. 5.02 ±

0.40mm, P = 0.019; 150.44 ± 41.68 vs. 76.92 ± 21.08 µL, P
= 0.040; 189.94 ± 31.42 vs. 119.83 ± 22.31 µL, P = 0.022)
compared with those in the HF group. Furthermore, LVDd
and LVVd were significantly smaller (5.01 ± 0.67 vs. 6.13 ±

0.45mm, P = 0.033; 121.44 ± 38.74 vs. 189.94 ± 31.42 µL,
P = 0.033) in the HF+S group than in the HF+SR group
(Figure 3).

The mRNA Expression of Galectin-3 in the
Heart
Relative gene expression of galectin-3 in the left ventricular
tissues was analyzed using QT-PCR at 70 days after
administration. The results showed that galectin-3 expression
was significantly increased in the two treated groups. The
galectin-3 mRNA levels increased 3.5-fold in the HF+S group
and 3.1-fold in the HF+SR group compared to the HF group
(both P < 0.05). However, there was no difference between the
HF+S and HF+SR groups (Figure 4A).

The Protein Expression of Galectin-3 in the
Heart
To investigate the protein expression of galectin-3 in the heart,
western blotting was conducted. The results showed that the
expression levels of spermidine were elevated in the HF+S group,
and the relative protein expression levels of galectin-3 were
higher in the HF+SR group than in the HF and HF+S groups
(∼2.1-fold, all P < 0.05). However, no difference was observed in
the protein expression of galectin-3 between the HF and HF+S
groups (Figures 4B,C).

Immunohistochemistry of Galectin-3 in the
Heart Tissue
The protein expression of galectin-3 in the heart was also
confirmed by immunohistochemistry and semiquantitative
analysis, indicated as the values of the average optical density
(AOD) measured by Image-Pro Plus 6.0. Immunohistochemistry
staining showed that the protein expression of galectin-3 was
significantly increased in the HF+SR group compared with
the control and HF groups (AOD, 0.051 ± 0.005 vs. 0.040 ±

0.005 and 0.043 ± 0.005, both P < 0.05). There was also no
difference in the expression of galectin-3 between the HF and
HF+S groups (AOD, 0.043± 0.005 vs. 0.043± 0.010, P= 0.976)
(Figure 5).

Effect of Spermidine on Cardiomyocyte
Apoptosis
To assess the effect of spermidine on cardiomyocyte apoptosis,
a TUNEL assay was used. Brown-stained cells accompanied
by condensed or fragmented nuclei were considered TUNEL-
positive cells. The number of apoptotic cardiomyocytes
was significantly increased in the HF, HF+S and HF+SR
groups compared with the controls. There was a modest
0.5-fold increase in the number of apoptotic cells in
the HF+SR group compared to the HF group, but no
difference was observed between the HF and HF+S groups
(Figure 6).

Compositional Alteration of Gut Microbiota
in Mice With Different Treatment Schemes
The compositions of the microbial community richness or
diversity were assessed by ACE, observed-species and PD-whole

TABLE 1 | Comparisons of echocardiographic parameters between sham-operated and heart failure groups at 10 weeks post-operation and before administration.

Heart rate

(bpm)

LVDs (mm) LVDd (mm) LVVs (uL) LVVd (uL) FS (%) LVEF (%) LV mass AW

(mg)

LV mass AW

corrected

(mg)

Sham (n = 4) 438 ± 35 2.54 ± 0.56 4.12 ± 0.54 24.69 ±

13.71

76.63 ±

24.48

38.79 ± 5.32 69.29 ± 7.12 138.03 ±

29.41

110.42 ±

23.53

HF (n = 21) 499 ± 40 3.53 ± 0.47 4.89 ± 0.42 53.45 ±

17.04

113.38 ±

23.67

27.89 ± 5.98 53.39 ± 9.12 218.56 ±

46.25

174.84 ±

37.00

P 0.008 0.004 0.011 0.012 0.023 0.008 0.010 0.010 0.010

Values presented as mean ± SD. bpm, beats per minute; LVDs, left ventricular end-systolic diameter; LVDd, left ventricular end-diastolic diameter; LVVs, left ventricular end-systolic

volume; LVVd, left ventricular end-diastolic volume; FS, fractional shortening; LVEF, left ventricular ejection fraction; LV Mass AW, left ventricular mass average weight.
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FIGURE 2 | Difference in the echocardiographic parameters among the HF (n = 5), HF+S (n = 8) and HF+SR (n = 8) mice at 14 days after administration. There

were no differences in LVDs, LVDd (A), LVVs, LVVd (B), FS, LVEF (C), LV mass or LV mass corrected (D) among the three groups. Representative echocardiographic

images showing cardiac function and dimensions in the HF (E), HF+S (F), and HF+SR (G) mice.

tree. The ACE and observed-species index were significantly
higher in the controls than in the HF, HF+S or HF+SR groups
(Figures 7A,B, all P < 0.05). The PD-whole tree index was lower
only in the HF+S group than in the controls (Figure 7C, P =

0.023). Moreover, a significant difference in unweighted UniFrac
distances was observed between these two groups (P = 0.038;
Figure 7D).

LefSe analysis showed that at the family and genus
levels, the HF+S mice had an increased abundance
of Muribaculaceae, whereas increased abundances of
Tannerellaceae, Beijerinckiaceae, Bacteroidaceae, Parabacteroides
and Bacteroides were found in the HF mice (Figure 7E). When
compared to the HF mice, the HF+SR mice possessed more
Muribaculaceae, but no other difference was found between the
two groups.

MetaStat analysis showed that the spermidine antagonist
reduced the relative abundance of Millionella massiliensis and
other unidentified bacteria (both P < 0.05, Figure 8A).

By comparison with the top 35 most frequent bacterial
genera, the HF mice had 5 abundant genera (red color) within
Bacteroidetes and 4 rare genera (blue color) within Firmicutes,
and the HF+S mice possessed 3 abundant genera within
Firmicutes and 4 rare genera within Bacteroidetes, whereas the
HF+SR mice had 2 abundant genera within Bacteroidetes and 4
rare genera within Firmicutes (Figure 8B).

As shown in Figure 8C, all tested mice dominated two major
microbiota among the top 10 phyla: Bacteroidetes (54–74%) and
Firmicutes (19–40%). However, the Firmicutes/Bacteroidetes ratio
was different. The HF+SR mice had more Bacteroidetes and
less Firmicutes.
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FIGURE 3 | Comparison of echocardiographic parameters among the different groups at 56 days after administration. Comparisons of LVDs, LVDd (A), LVVs, LVVd

(B), FS, LVEF (C), LV mass and LV mass corrected (D) among the control (n = 4), HF (n = 5), HF+S (n = 8), and HF+SR (n = 8) mice. Representative

echocardiographic images in the control (E), HF (F), HF+S (G), and HF+SR (H) mice. *P < 0.05 vs. controls, #P < 0.05 vs. HF group, and §P < 0.05 vs. HF+S

group.

DISCUSSION

In the present study, the HF+SR mice presented worsening
echocardiographic parameters including LVDs, LVDd, LVVs,

and LVVd compared with the HF mice. LVDd and LVVd
were better in the HF+S mice than in the HF+SR mice.
The mRNA and protein expression levels of galectin-3 in the
heart were significantly higher in the HF+SR mice than in the
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FIGURE 4 | The mRNA and protein expression of galectin-3 in the heart in

different groups. Relative mRNA levels of galectin-3 in the heart (A).

Representative immunoblots for galectin-3 in the heart (B). Quantitation of

galectin-3 protein levels in the heart (C). *P < 0.05 vs. controls (n = 4), #P <

0.05 vs. HF group (n = 5) and §P < 0.05 vs. HF+S group (n = 8).

HF mice. In addition, the amount of cardiomyocyte apoptosis
was the highest in the mice treated with an antagonist of
spermidine. Analysis of the gut microbiota showed that the
alpha diversity was significantly higher in the controls than
in the HF, HF+S, or HF+SR groups. Moreover, the microbial
community diversity decreased significantly and the microbial
composition changed considerably after administration of
the spermidine antagonist, especially decrease of Millionella
massiliensis, the Firmicutes/Bacteroidetes ratio and the increase
of Muribaculaceae. These findings showed that inhibiting
spermidine deteriorated cardiac function and that increasing
spermidine was beneficial to cardiac function in HF, and the
regulation of the gut microbiota might be a contributing factor
to the effect of spermidine on cardiac function.

Dietary spermidine protects against cardiovascular aging
(23). In rats with hypertension-induced congestive heart
failure, spermidine feeding decreased their systolic blood
pressure and prevented cardiac hypertrophy, thus delaying the
progression to HF. In humans, high levels of dietary spermidine
increase survival and are inversely related to the incidence
of cardiovascular disease (13, 14). These results implied that
supplementation with spermidine might prevent the occurrence
of cardiovascular diseases including HF. However, how was HF
affected when changing the levels of spermidine? Our results
showed that in HF, reducing spermidine levels by administrating
its antagonist led to worsening of the echocardiographic
parameters and an increase of galectin-3, a marker of cardiac
fibrosis (24), suggesting that decreasing spermidine levels can
aggravate cardiac fibrosis and deteriorate cardiac function. Thus,
spermidine may be helpful in alleviating cardiac fibrosis during
the process of HF and may be beneficial for the recovery of
cardiac function. Similar to other potential novel biomarkers
for myocardial fibrosis such as secreted frizzled-related protein
(25, 26), spermidine may have potential preventive or therapeutic
value in myocardial fibrosis and HF.

Spermidine plays many important roles in many aspects of
cardiovascular pathophysiology. It can reverse arterial stiffness
and restore arterial endothelial function in old mice (27). It
reduces lipid accumulation and the formation of atherosclerotic
plaques (28, 29). These results show that spermidine has
a protective role to arteries and is beneficial for supplying
cardiocytes with oxygen and nutrients and maintaining cardiac
function. Therefore, maintenance of the appropriate spermidine
levels may be important for maintaining cardiac function.

Our results showed that a decrease in spermidine reduced

cardiac function, and supplementation with spermidine had a

beneficial effect on cardiac function. Although the galectin-3

mRNA levels increased after spermidine supplementation, an

increase in protein levels was not observed. Post-transcriptional

regulation and translation of mRNA proteins may be responsible

for the discrepancy in mRNA and protein levels in galectin-
3. The method and duration of spermidine supplementation

may be one cause of the small beneficial effect of spermidine

supplementation in this study, because the absorption rate

may be different when spermidine is administered by injection
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FIGURE 5 | Immunohistochemistry of galectin-3 in heart tissues from different groups. The controls had almost no galectin-3 expression (A). The HF (n = 5) and

HF+S (n = 8) mice had some galectin-3 expression (B,C). The HF+SR mice (n = 8) showed significantly stronger staining for galectin-3 (D). Semiquantitative analysis

of galectin-3 levels by measuring AOD (E). *P < 0.05 vs. controls, #P < 0.05 vs. HF group.

or orally. In addition, spermidine is a two-edged sword, and
only appropriate concentrations can improve cardiac function
because inappropriate spermidine levels damage tissue and
organs. In rats, spermidine had a potential antipsychotic effect
at a low dose (10 mg/kg), but adverse effects appeared at
a higher dose (20 mg/kg) (30). It has been reported that
excessive intake of spermidine is not without risk. Spermidine
showed dose-dependent cytotoxicity in the cultured cells via
necrosis and was found to be toxic when its concentrations were
above the maximum at which they have been found in food
(31). Cancer patients with higher levels of spermidine have a
worsed prognosis suggesting that abundant spermidine likely
contributes to enhanced growth rates of cancer cells because it
is indispensable for cell growth and tumor progression (7, 32).

Moreover, spermidine is not associated with a protective
role in cardiovascular disease. It also has an adverse effect
on the cardiovascular system. Patients with higher metabolic
scores calculated according to the metabolic profile including
spermidine levels had worse New York Heart Association
functional classes and an adverse prognosis (33). In addition,
because cardiac dysfunction is often accompanied by
microcirculation disorders (34), a sufficient supply of the
myocardium with oxygen and energy by the microcirculation
plays very important roles in maintaining normal cardiac
function (35, 36). However, Wierich et al. thought that
spermidine had no effect on the quantitative characteristics of
capillaries or arterioles, including the capillary volume, surface
area and length as well as vascular endothelial growth factor-A
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FIGURE 6 | Differences in the number of apoptotic cardiomyocytes among the four groups. Representative photomicrographs of ventricular tissue stained for TUNEL.

The controls had very few TUNEL-positive cells (A). Many TUNEL-positive cells appeared in the HF (n = 5) and HF+S (n = 8) mice (B,C). The percentage of

TUNEL-positive cells was significantly increased in the HF+SR mice (n = 8) (D). Quantitative analysis of TUNEL-positive cells in the heart sections (E). *P < 0.05 vs.

controls, #P < 0.05 vs. the HF group.

expression, suggesting that spermidine has no effect on the
quantitative structural characteristics of the microcirculation in
the aging heart (37). Therefore, the therapeutic role of spermidine
may be dose-dependent and identifying a suitable concentration
for the improvement of heart failure is very important.

For gut microbiota analysis, consistent with previous
observations (3, 4), our results showed that the bacterial
richness decreased when HF occurred, regardless of whether
spermidine or its antagonist was administered. Furthermore,
spermidine increased the abundance of Muribaculaceae and its
antagonist significantly decreased the Firmicutes/Bacteroidetes
ratio, a widely used marker of gut dysbiosis, meaning

that reduced Firmicutes/Bacteroidetes ratio was related to
deteriorated cardiac function. Firmicutes and Bacteroidetes are
the two dominant phyla in the murine and human intestinal
microbiota (38), and the Firmicutes/Bacteroidetes ratio was
associated with many disorders. Elderly individuals have a
lower Firmicutes/Bacteroidetes ratio than adults (39), and
the Firmicutes/Bacteroidetes ratio decreased in isoproterenol-
induced acute myocardial ischemia rats and chronic intermittent
hypoxia exposed pigs (40, 41).

However, different results were also observed in other studies.
Lataro et al. thought that the Firmicutes/Bacteroidetes ratio
was not altered in HF model rats subjected to myocardial
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FIGURE 7 | The compositions of the microbial community richness or diversity in the different groups. The community richness was estimated by ACE (A) and the

observed-species (B). The community diversity is represented by the PD-whole tree (C). Unweighted UniFrac distances revealed significant differences between the

controls (n = 4) and HF+S mice (n = 8) (D). The relative abundance of 6 taxa decreased, while only one increased in the HF+S mice compared with the HF mice (n =

5) (E). *P < 0.05 vs. controls.
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FIGURE 8 | Distribution of bacterial abundance. MetaStat analysis showing the bacterial abundance at the genus level among the control (n = 4), HF (n = 5), HF+S

(n = 8) and HF+SR (n = 8) mice (A). Top 35 most frequent bacterial genera in the four different groups (B). Relative abundance of the major phyla among the gut

microbiota in the four groups. Bacteroidetes and Firmicutes were the two most abundant bacteria (C). *P < 0.05 vs. controls. **P < 0.05 vs. HF.S group.

infarction (42). However, Marques et al. found that a high fiber
diet led to a decrease in the Firmicutes/Bacteroidetes ratio and
prevented the development of hypertension and heart failure in
hypertensive mice (43). An increased Firmicutes/Bacteroidetes
ratio was also observed in hypertensive patients and rats
(44). Perhaps the age of the host, the type of disease, the
dietary composition, the environment and other factors can
all affect the abundance and composition of gut microbiota
(45, 46). The gut microbiota is significantly associated with
some polyamines including spermidine. In addition to
synthesizing spermidine (14), some gut microorganisms,
including Firmicute species, also contain spermidine synthase
and some accumulate spermidine as the sole polyamine (15).
Therefore, the levels and function of spermidine and the
microbial community richness or diversity can affect each other.
Moreover, decreasing spermidine resulted in the deterioration of
HF and a reduction in the Firmicutes/Bacteroidetes ratio. Thus,
spermidine may also play beneficial roles by optimizing the gut
microbiota composition.

Several limitations should be discussed. First, in this
study, the timing of the administration of spermidine or
its antagonist was only 1 week, which was shorter than
other reports in which spermidine was administered for 6–
12 weeks or longer (13, 14). It is possible that a significant
beneficial effect of spermidine in improving cardiac function
might be seen if it was administered for a longer period
of time. Second, to avoid the effects of sex differences on
the roles of spermidine, only female mice were used in
this study. The roles of spermidine in cardiac function in
male mice need to be investigated further. Third, we did
not investigate the appropriate concentrations of spermidine
for improving cardiac function and did not measure the
variation of spermidine in the blood. Last, our results
showed that the abundance of Millionella massiliensis decreased
significantly in HF mice treated with 4-MCHA, a spermidine
synthase inhibitor. However, spermidine can be synthesized
by some gut microorganisms. We did not investigate whether
Millionella massiliensis possessed much greater spermidine
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synthesis ability than other microbiota and 4-MCHA acted as a
spermidine synthase inhibitor by decreasing the abundance of
Millionella massiliensis.

In summary, these findings showed that inhibiting spermidine
by inhibiting its synthesis deteriorated cardiac function, while
increasing spermidine improved cardiac function, and the
regulation of gut microbiota and cardiac fibrosis might be
a factor in the effects of spermidine on the modulation of
cardiac function.
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Background: Vascular calcification (VC) is an important predictor of prognosis in

atherosclerosis, the phenotypic transformation of vascular smooth muscle cells (VSMCs)

is thought to be a process of VC. However, the implications and potential mechanisms

for VSMCs phenotypic transition remain unknown.

Methods: To study the transformation of vascular smooth muscle cells (VSMCs) in the

calcification early period, we analyzed single-cell sequencing data from carotid artery

calcified core and paracellular tissue, based on the results of enrichment analysis and

protein-protein interaction analysis. Upstream transcription factors were tracked and

finally the results were validated using the MESA database.

Results: We successfully identified a subpopulation of inflammatory macrophage-like

VSMCs and determined that MMP9 is an important factor in the phenotypic

transformation of VSMCs. We found that RELA regulates MMP9 expression and that

knockdown of RELA attenuated MMP9 expression and reduced the expression of BMP2

and the macrophage marker LGALS3 in vascular smooth muscle in inflammatory states,

while serum levels of MMP9 correlated significantly with the inflammatory response.

Conclusion: This study reveals that the phenotypic transformation of VSMCs can be

regulated by modulating MMP9, providing a new idea for the early treatment of VC.

Keywords: single cell sequencing, vascular calcification, vascular smooth muscle cells, phenotypic modulation,

MMP9, atherosclerosis, inflammation

INTRODUCTION

Vascular calcification (VC) is an independent predictor for the prognosis in atherosclerotic
patients. Despite the current advances in various treatments for atherosclerosis, including drug
therapy and surgical resection, VC is still associated with increased mortality in patients (1).
Various pharmacological treatments have been administered for arterial VC, including calcium
channel blockers, inhibitors of the renin-angiotensin-aldosterone system, statins, vitamin K and
others (2), but the results are unsatisfactory. vascular smooth muscle cells (VSMCs) play an
important role in the process of arterial VC (3). It has been previously shown that VSMCs
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phenotypic transdifferentiation from contractile to osteogenic is
a prerequisite for VC (4, 5) in the atherosclerotic setting, VSMCs
undergo phenotypic modulation can develop into inflammatory
macrophage-like cells with upregulated expression of LGALS3, or
become ’synthetic’ VSMCs (6). However, the specific regulatory
processes involved in the regulation of VSMCs phenotypes have
not been clarified. Since VC is irreversible and when it occurs,
the vascular condition will not fully recover (7), prediction and
prevention of VC is essential. Recent advances in single-cell
transcriptomic sequencing have made comprehensive analysis of
transcriptome expression of individual cells possible, providing
the opportunity to identify cells into different states of transition
(8). The use of single-cell sequencing to study the phenotypic
transition of VSMCs in the calcification process has not been
reported. Seurat is an algorithm that can integrate multiple single
cell sequencing datasets to enable the classification of different
cells based on their characteristics (9). By using Seurat and
enrichment analysis, we can sort out subclasses of cells in samples
from different sampling sites and explore the role of this class of
cells in arterial VC.

In this study, we used a single-cell transcriptome sequencing
database of entire calcified atherosclerotic core (AC) plaques
and patient-matched proximal adjacent (PA) portions of carotid
artery tissue from patients undergoing carotid endarterectomy.
Macrophage-like cell subpopulations were identified by the t-
distributed stochastic neighbor embedding (tSNE) algorithm
(10), which revealed that the proportion of macrophage-like
cells was most variable in the comparison between AC and PA.
We further explored the biological functions of macrophage-
like cells using enrichment analysis and found that they were
associated with neutrophil activation. Protein interaction analysis
was used to obtain that MMP9 was central to the overall
protein regulatory network. Then, based on the differentially
expressed genes in this subpopulation, we traced the common
upstream of these genes and found that the expression of most
differential genes was regulated by NFκB1 and RELA. Finally,
we selected a high-throughput sequencing database associated
with VSMCs with knockout of RELA genes and calculated
the expression of related genes based on the inflammatory
state. Induction of the inflammatory state in VSMCs with
TNFα resulted in a decrease in the rise of MMP9, BMP2
and the macrophage marker LGALS3 following knockout of
RELA. We determined that knockout of RELA reduces the
expression of MMP9, which can affect phenotypic transition
and calcification progression in VSMCs. The Multi-Ethnic Study
of Atherosclerosis (MESA) examines disease characteristics in
patients with cardiovascular disease across multiple regions and
uses these risk factors to predict the progression of cardiovascular
disease. The baseline examination 1 collected demographics,
laboratory data and coronary computed tomography scans. To
further define our results, we analyzed the relationship between
serumMMP9 levels and clinicopathophysiological characteristics
by using the MESA database. Significant associations were
found between MMP9 and BMI, Agatston calcium score,
C-reactive protein, and TNF-R1. This study could provide
new ideas for the prevention and early intervention of
arterial VC.

MATERIALS AND METHODS

Data Collection
ScRNA-seq data from human carotid endarterectomy tissues
and multiple high-throughput sequencing data were used for
analysis in this study. ScRNA-seq data for a total of 51,721 cells
from three human atherosclerotic calcified core plaques and
their collateral tissues were obtained from Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo), registration
number GSE159677 database, which contains 39,244 cells
from the calcified core and 12,477 cells from the paratissue,
based on Illumina NextSeq 500 with a read depth of 10x
genomics. A total of 8 data from vascular smooth muscle cell
samples with registration numbers GSM3175352, GSM3175352,
GSM3175354, GSM3175355, GSM3175360, GSM3175361,
GSM3175362, GSM3175363, from human embryonic stem cells
with CRISPR / Cas9-mediated Gene edited human embryonic
stem cells (hESCs) that differentiate into VSMCs.

Processing of scRNA-Seq Data
A total of 51,721 cells from the calcified core and its paracrine
tissue were included in this analysis. The Seurat software package
in R with version number 3.2.0 was used for quality control,
statistical analysis and exploration of the scRNA-seq data.

Supplementary Figure 1 lists gene expression before
exclusions.

We excluded 6,711 low quality cells based on quality
control criteria.

1. Exclusion of genes detected in <3 cells;
2. Excluded cells with <200 total genes detected;
3. Excluded cells with more than 6,000 total genes detected;
4. Cells with ≥10% of mitochondria-expressed genes

were excluded.

Gene expression of the remaining 45,010 cells was normalized
by using a linear regression model. Integrating data points were
found for 6 samples and integrated (11). PCA was performed
on the integrated results to identify usable data with a p
< 0.05. Twenty initial PCs were used and the t-distributed
stochastic neighbor embedding (tSNE) algorithm was applied for
dimensionality reduction. A final cluster classification analysis
was performed on all cells to obtain 20 clusters. Differential
expression analysis was performed between genes with LogFC ≥

0.5 within cell clusters using the limma package in R with version
number 3.44.3 to identify marker genes for each cluster, adjusted
for a P < 0.05. Subsequently, the marker genes were manually
validated and corrected according to their compositional patterns
by using the CellMarker database and existing experimentally
proven cellular marker genes.

The corresponding genes used to annotate cell surface
markers for cell clusters are listed in Supplementary Table 1.

Enrichment Analysis and Protein-Protein
Interactions Analysis
The external-gene-name was converted to entrezgeneid by using
the biomaRt package (12) in R, version 2.44.1. The clusterProfiler
package (13), version 3.16.1 in R, which automates the process
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of biomaRt classification and gene cluster enrichment analysis,
was used to perform KEGG differential analysis (14) and
GO differential analysis (15) of differential genes in cluster
7. The differential genes screened from cluster 7 are fed into
PPI (https://string-db.org/) for analysis, which is used to
construct protein-protein interaction networks and to analyse
the molecular mechanisms of disease from multiple perspectives
such as physical interactions or functional correlations.
The PPI-derived data were subjected to statistical analysis
using RStudio.

Tracing Upstream Transcription Factors
Using TRRUST version 2 (https://www.grnpedia.org/trrust/),
which contains data on human and murine transcriptional
regulatory networks, the differential genes screened by cluster
7 were imported for analysis to obtain the transcription
factors regulating the differential genes. Transcription
factors and differential genes were counted and linked using
Cytoscape software.

High-Throughput Sequencing Data
Processing and Statistics
All subgroups were divided into mainly WT and KO types,
control and TNFα addition groups. The number of read counts
of sequencing data was normalized using the DESeq2 package
(16) with version number 1.28.1 in R. The gene expressions
of RELA, MMP9, BMP2 and LGALS3 were extracted and
analyzed using ANOVA as well as ordinary ANOVA test to
assess whether the differences between gene expressions were
statistically significant. And compare the mean on each column
with the mean of every other column, with a confidence interval
of 95%.

Meta data for 8 samples of VSMCs are presented in
Supplementary Table 2.

MESA Data Statistics and Analysis
MESA is a multi-ethnic observational cohort study that includes
Caucasians, African, Americans, Chinese and Hispanics. A test
from MESA in 2012 was used for this study, which included a
test for serum MMP9 level. Institutional Review Board approval
and informed consent of participants were obtained prior to
the review (17). Blood pressure was classified according to
“Hypertension by JNC VI (1997) criteria” and medical history.
Bodymass index (BMI) is calculated by dividing body weight (kg)
by the square of height (m). The Agatston calcium score is used to
determine the progression of coronary artery calcification (CAC)
and is classified according to the presence or absence of CAC:
no CAC (Agatston = 0) and CAC (Agatston > 0). C-reactive
protein (CRP) rises in response to infection or tissue damage
and can be classified according to the amount of level: normal
(CRP ≤10), abnormal (CRP >10). Ankle-brachial index (ABI) is
used to reveal vasoconstrictor function and can be divided into
two types: normal (ABI ≥ 0.97) and abnormal (ABI < 0.97).
The level of TNF-R1 was divided into two groups based on the
median 1,223.

Statistical analysis was performed using IBM SPSS Statistics
25, and whether serum MMP9 level were associated with the

clinicopathological characteristics was calculated using the Mann
Whitney test or the Unpaired t-test. Subgroup analysis of
the association between MMP9 levels and CAC progression
using binary logistic analysis. Graphing was performed using
GraphPad Prism 9.

RESULTS

Analysis of scRNA-Seq Data Reveals High
Cell Heterogeneity in Carotid Artery
Calcification Core Tissues
Single-cell sequencing data from six carotid artery calcification
core tissues were normalized according to quality control
criteria, excluding cells with selection criteria, and the total
number of cells in the six samples was reduced from 51,721
to 45,010, and the six samples were then combined. The
number of genes detected correlated significantly with the
depth of sequencing (Figure 1A). Principal component analysis
(PCA) was performed on the tissue cells to identify available
principal components (PCs) that were subsequently used to
screen for relevant genes. There was some separation between
tissue cells in the PCA results (Figure 1B). The differential
genes in the heat map of the first four PCs were not identical
(Figure 1C). Based on the results of the analysis, 20 PCs
were selected for subsequent analysis (Figure 1D). Subsequently,
using the t-distributed stochastic neighbor embedding (tSNE)
algorithm, the carotid artery calcified core tissue was divided
into 20 cell clusters (Figure 2A) and differential analysis was
performed to obtain marker genes with logFC >0.5 in the
20 clusters (Figure 1E). These tissue cells could be divided
into two groups, carotid artery calcified core (AC) and
proximal adjacent to carotid artery (PA), based on different
sampling locations.

The Calcified Core and Paracellular
Tissues Can Be Classified Into 20 Clusters
Based on the summary annotation of CellMarker and the
currently known expression patterns of marker genes for each
type of cell (Figure 2B), we have classified the 20 clusters as
follows. Clusters 0, 2, 5 and 15 were labeled as T cells, contain
a total of 14,981 cells; clusters 1, 12 were labeled as endothelial
cells, containing a total of 5,964 cells; cluster 3 was labeled as
fibroblasts, contained a total of 4,292 cells; cluster 4 was labeled as
VSMCs, contained a total of 3,625 cells; clusters 6 were labeled as
M2 Macrophage, contained a total of 3,499 cells; cluster 7 was
labeled as macrophage-like VSMCs, contained a total of 2,722
cells; clusters 8 were labeled as M1 Macrophage, contained a
total of 2,568 cells; cluster 9 was labeled as B-cells, contained
a total of 1,602 cells; clusters 10 and 13 were labeled as NK
cells, contained a total of 2,231 cells; cluster 11 was labeled
as mesenchymal cells, contained a total of 1,287 cells; clusters
16 were labeled as M2 Monocyte, contained a total of 581
cells; cluster 17 was labeled as mast cells, contained a total of
509 cells.

In both groups, the proportion of different cell types varied
(Figure 2C). In the AC group, the higher proportion were T
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FIGURE 1 | Twenty clusters identified based on single-cell RNA-Seq data reveal multiple cell subpopulations in calcified plaques. (A) The number of genes detected

correlates significantly with the depth of sequencing. (B) PCA showing separation of cells in calcified plaques. (C) Differential genes in the first 4 PCs. (D) PCA

identifies 20 PCs. (E) Differential analysis identifying the top 10 marker genes for each cell cluster is shown in the heat map. From yellow to purple indicates gene

expression levels from high to low.
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FIGURE 2 | Cellular annotation of subpopulations of calcified core cells, grouped and shown in varying proportions. (A) The tSNE algorithm was applied to downscale

the 20 PCs and divide the cells into 20 cell clusters. (B) Identification of markers for different cell clusters. (C) Different cell clusters have different proportions in AC and

PA respectively. (D) Proportions of each of the 20 cell clusters in AC and PA respectively. (E) Variation in the proportion of the 20 cell clusters in AC and PA, with closer

to 50% representing less variation.
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FIGURE 3 | Enrichment analysis of cluster7, protein interactions, upstream transcription factors (A) KEGG enrichment analysis of cluster 7. (B) Biological process

enrichment analysis of cluster 7. (C) Enrichment analysis of cellular component of cluster 7. (D) Enrichment analysis of molecular function of cluster 7. (E) Protein

interaction network of cluster 7 differential genes. (F) Statistics of cluster 7 protein-interaction pairs. (G) Specific expression of cluster 7 genes. (H) Upstream

transcription factor relationship map of cluster 7 differential genes.
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FIGURE 4 | Comparison of gene expression in VSMCs before knockdown of RELA and after knockdown. (A–D) Expression of RELA, MMP9, BMP2 and LGALS3 in

control and TNFα-added groups after knockdown vs. before knockdown, respectively. **P<0.01, ***P<0.001.

cells, monocytes. In the PA group, the higher proportions were
endothelial cells, fibroblasts (Figure 2D). In the comparison of
the proportions of cells in the two groups, the largest percentage
rise in the AC group was in cluster 7, which is macrophage-
like smooth muscle cells, while inflammation-related cells such
as T cells and monocytes all rose to varying degrees. In contrast,
endothelial cells, fibroblasts and mesenchymal cells decreased
substantially (Figure 2E).

Enrichment Analysis Reveals That Cluster
7 Is Highly Correlated With Inflammatory
Activity

Gene enrichment analysis (KEGG, BP, CC, MF) was performed
on cluster 7 for the identification of relevant pathways, biological
processes, cellular components, and molecular functions
of macrophage-like VSMCs. The results showed that the
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cellular pathways of cluster 7 were mainly associated with
cytokine receptor interactions and chemokine signaling
(p < 0.001) (Figure 3A). The biological processes of
cluster 7 were mainly associated with neutrophil activation,
degranulation, migration, and immune response (p < 0.001)
(Figure 3B). The main active cellular components of cluster
7 are the extracellular matrix and the granule membrane
associated with secretion, and the granule lumen (p < 0.001)
(Figure 3C). Cluster 7 active cellular functions are mainly for
receptor ligands and signaling receptor activators (p < 0.001)
(Figure 3D).

Protein interaction analysis of the differential genes of cluster
7 contained physical interactions and functional correlations
between proteins (Figure 3E). In the protein-protein interaction
network, there are 629 relational pairs, of which MMP9 is
involved in 29 pairs, and other proteins that are more involved
are CXCL8, FN1 and CCR7 (Figure 3F). MMP9, SPP1 (OPN),
and LGALS3 were specifically expressed in cluster 7 (Figure 3G).
The upstream transcription factors regulating differentially
expressed genes in cluster 7 were identified based on the
regulatory information of the genes, and the results showed that
NFκB1 and RELA regulated the highest number of downstream
(Figure 3H). Other transcription factors that regulated many
downstream were SP1, JUN and SPI.

Knockout of RELA Affects the Cellular
Phenotypic Transition of VSMCs
TNFα induced an inflammatory response in the cells, and the
addition of TNFα to WT-type VSMCs resulted in a rise in
RELA expression, whereas it was not expressed in the KO-
type VSMCs with RELA knocked out (Figure 4A). MMP9
expression was significantly higher in the inflammatory response,
whereas knockdown of RELA resulted in a significantly lower
rise in MMP9 than the WT-type (Figure 4B). Similarly, BMP2
expression rose in the inflammatory response but did not
change significantly in the KO-type (Figure 4C). In contrast,
the macrophage phenotype marker gene LGALS3, which was
significantly elevated in theWT type stimulated with TNFα, had a
reduced rise after knockdown of RELA compared to theWT-type
(Figure 4D).

Association Between Baseline
Characteristics of MESA Participants and
MMP9
A total of 999 participants were tested for serum MMP9 levels
and 57.0% of the population were female with a mean age of all
was 59.35 years at baseline (Table 1). Of the study population,
408 (40.8%) participants had hypertension and 716 (71.6%)
had a BMI at overweight levels. Of these, 554 (55.4%) had no
CAC (Agatston=0),445 (44.5%) had at least moderate CAC. In
contrast, 927 (92.7%) had an ABI at or above 0.97 and only 0.72%
had <0.97. In the serum level test, 97 (0.97%) people had CRP
>10mg/L and 50% had TNF-R1 levels over 1223pg/mL. There
was no significant difference in the effect of age, hypertension and
ABI on MMP9 levels.

TABLE 1 | Association between serum MMP9 level and the

clinicopathological characteristics.

N Mean ± SD P-value

Age (years)

≤60 579 242.98 ± 5.65 0.54

>60 420 248.58 ±7.38

Gender

Female 570 255.07 ± 6.32 0.035

Male 429 232.40 ± 6.25

Hypertension

No 591 240.87 ± 5.65 0.238

Yes 408 251.80 ± 7.40

BMI (kg/m²)

<25 282 232.29 ± 8.20 0.024

≥25 716 250.02 ± 5.37

Agatston calcium score

0 554 236.46 ± 5.59 0.031

>0 445 256.37 ± 7.33

C-reactive protein (mg/L)

≤10 901 236.68 ± 4.48 <0.0001

>10 97 322.40 ±18.60

Ankle-brachial index

<0.97 72 280.47 ± 20.57 0.086

≥0.97 927 242.6 ± 4.58

TNF-R1 (pg/mL)

<1,223 499 214.31 ± 4.99 <0.0001

≥1,223 500 276.3 ± 7.25

MMP9 levels were higher in overweight than normal
individuals (Figure 5A) and higher in those with CAC
than in those without CAC (Figure 5B). CRP associated
with infection and injury in the organism had a significant
effect on serum MMP9 levels (Figure 5C). TNF-R1
plays a role in cellular inflammation and there was a
significant difference in serum MMP9 levels between the
two groups divided by a median of 1,223 pg/mL, with
higher serum MMP9 levels in those with high TNF-R1
levels (Figure 5D).

To explore the specific populations at increased risk of CAC
progression due to altered MMP9 levels, we conducted subgroup
analyses based on traditional risk factors (Table 2). We found
that the positive association between MMP9 levels and CAC
progression was significant in females (OR 1.002; 95%CI 1.001–
1.003; P < 0.0001).

DISCUSSION

Our study shows that macrophage-like cells transformed from
VSMCs are involved in VC progression and that these cells are
mainly associated with inflammatory responses. MMP9 plays an
important role in the phenotypic transition of VSMCs and is
regulated by RELA.
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FIGURE 5 | Differences in serum MMP9 levels and clinical physiopathological characteristics. (A) MMP9 levels in BMI ≥25 vs. BMI <25. (B) MMP9 levels in Agatston

calcium score = 0 vs. Agatston calcium score > 0. (C) MMP9 levels in CRP ≤10 vs. CRP >10. (D) MMP9 levels in TNF-R1 < 1,223 vs. TNF-R1 ≥1,223. *P<0.05,

****P<0.0001.

The phenotypic changes in VSMCs during the calcification
process were often investigated using various chemicals or
growth factors for experiments. A number of in vitro studies
have found increased or decreased expression of smooth muscle
cell markers, including upregulation of the macrophage marker

LGALS3 (6), and the resulting differentiation of VSMCs into
multiple subpopulations. In an in vivo study, Wirka et al. (18)
proposed that VSMCs regulated by phenotypic alterations would
change from contractile VSMCs to fibroblast-like cells along a
continuous trajectory.
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TABLE 2 | Subgroup analysis of the association between MMP9 level and CAC

progression.

Subgroups OR 95%CI P-value

Age, years(%)

≤64 (69.6) 1.002 1.000–1.003 0.008

>64 (30.4) 1.001 1.000–1.003 0.02

Sex(%)

Female (57.1) 1.002 1.001–1.003 <0.0001

Male (42.9) 1 0.999–1.002 0.569

BMI, kg/m² (%)

≤25 (28.2) 1.001 1.000–1.003 0.031

>25 (71.8) 1.001 1.000–1.002 0.043

Hypertension (%)

No (59.2) 1.001 1.000–1.003 0.042

Yes (40.8) 1.001 1.000–1.002 0.063

In this study, we found that macrophage-like cells were
highly variable in calcified core plaques and were associated
with inflammatory responses. These findings were based on a
single cell transcriptome sequencing database and we validated
the results using data from VSMCs with knockout RELA.
As there are multiple cells in the calcified core plaques, we
classified all cells into 20 cell clusters. In addition to the
macrophage-like cells studied in this experiment, there were T
cells, endothelial cells, fibroblasts, VSMCs, monocytes, B cells,
NK cells, mesenchymal cells, and mast cells, all of which are
consistent with the composition of the vasculature. In addition
to the upregulation of LGALS3 expression in macrophage-
like cells, the macrophage markers CD14 and CD68 were
also upregulated, as were bone bridging protein (OPN) and
bone morphogenetic protein 2 (BMP2), which are associated
with calcification.

The results of the enrichment analysis showed that
macrophage-like cells are involved in neutrophil activation
and migration mainly through cytokine receptor interactions.
To further explore the biological processes of macrophage-like
cells, we analyzed the protein-protein interaction network
and found that MMP9 was associated with the action of
numerous proteins. The matrix metalloproteinase (MMP)
family is involved in the breakdown of the extracellular
matrix in numerous physiopathological processes and
plays an important role in leukocyte migration. NFκB
and RELA are transcriptional regulators that modulate
the intracellular expression of MMP9 (19), and their
inappropriate activation can lead to various inflammatory
conditions. Previous experiments have demonstrated that
TNFα action activates NFκB to promote the osteogenic
transformation of VSMCs (20), however the exact process is not
yet known.

By analyzing high-throughput sequencing data, we found
that the expression of MMP9 in VSMCs could be reduced
by knocking out RELA. In contrast, VSMCs induced by the

addition of TNFα could transdifferentiate into macrophage-
like cells, and the macrophage marker LGALS3 decreased
dramatically after knockout of RELA. BMP2 induces cartilage
and bone formation and plays an important role in the
calcification process of VSMCs, and BMP2 expression rises
in the inflammatory response and promotes calcification of
VSMCs, while BMP2 expression after knockout of RELA did not
change significantly.

This suggests that RELA may regulate the phenotypic
transition and calcification process of VSMCs in the
inflammatory response through MMP9. MMP9 increases
the density of inflammatory infiltration, accelerates
vascular injury and regulates the entry of monocytes and
T cells into the vessel wall (21), and inhibition of MMP9
expression protects the vascular intima and reduces the
inflammatory response.

In our derived results, inhibition of MMP9 inhibited the
conversion of VSMCs into macrophage-like cells, delayed
bone and cartilage differentiation and affected the formation
of atherosclerotic calcified core plaques. The results of the
MESA data analysis also demonstrate that MMP9 in plasma
is associated with an inflammatory response, and that MMP9
levels are elevated to varying degrees in people with overweight
and CAC.

A potential limitation of our study is that an animal
model of arterial vascular calcification has not been used
to further validate the specific effects of MMP9 on the
transdifferentiation of VSMCs. Although an association
between MMP9 and some of the clinical physiopathological
features was clearly established, a causal relationship could not
be demonstrated.

CONCLUSIONS

Using scRNA-seq and high-throughput RNA-seq data, we found
that inflammation can affect the transdifferentiation of VSMCs
intomacrophage-like cells, and thatMMP9 is an important factor
in this process. The role of MMP9 in promoting atherosclerotic
plaque calcification was validated based on the MESA database.
This study highlights the impact of MMP9 in early vascular
calcification, as well as providing new ideas for improving
prognosis in patients with atherosclerosis.
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Aortic dissection (AD), a dangerous disease threatening to human beings, has a hidden

onset and rapid progression and has few effective methods in its early diagnosis. At

present, although CT angiography acts as the gold standard on AD diagnosis, it is

so expensive and time-consuming that it can hardly offer practical help to patients.

Meanwhile, the artificial intelligence technology may provide a cheap but effective

approach to building an auxiliary diagnosis model for improving the early AD diagnosis

rate by taking advantage of the data of the general conditions of AD patients, such

as the data about the basic inspection information. Therefore, this study proposes to

hybrid five types of machine learning operators into an integrated diagnosis model, as

an auxiliary diagnostic approach, to cooperate with the AD-clinical analysis. To improve

the diagnose accuracy, the participating rate of each operator in the proposedmodel may

adjust adaptively according to the result of the data learning. After a set of experimental

evaluations, the proposed model, acting as the preliminary AD-discriminant, has reached

an accuracy of over 80%, which provides a promising instance for medical colleagues.

Keywords: aortic dissection, early detection, artificial intelligence, diagnosis model, RS-easy ensemble

INTRODUCTION

Aortic dissection (AD) is a dangerous cardiovascular disease with complex pathogenesis. AD cause
damage in the aortic intima and tunica media membrane structure, blood in the aortic lumen flows
into the tunica media from the tear of aortic intimal film, causing membrane separation along the
aorta extending along the long axis of cavities and false cavities of the aortic wall separating state,
and cause the corresponding symptoms like chest pain. Incidences of AD each year are about 5–10
cases per million population and peak ages are 50–70 years old, with the ratio of male to female
about 2–3: 1.65–70%, all have a hidden onset and rapid progression (1). AD prognosis is poor
without timely treatment, patients shall receive a quick death because of the acute complications
such as cardiac tamponade and arrhythmia (2).

At present, acknowledged etiology of AD is relatively limited and known risk factors associated
with AD include vascular endothelial damage and high blood pressure (1). Due to the hidden
onset and rapid progression of AD in the early phase leading to higher mortality, many primary
medical institutions, without appropriate equipment such as CT, have serious difficulty providing
early diagnosis and prognosis of AD.Most doctors of these basic level medical institutions diagnose
AD based on their experience instead of with CT angiography because tests are expensive and take
a long time due to their complexity. Since only a handful of large hospitals are equipped with the
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necessary equipment, many AD patients who first come to a basic
level hospital are not accurately diagnosed and treated, which
means they lose the best chance of getting effective treatment or
referral (3). Therefore, establishing an early auxiliary diagnosis
model of AD recognition that uses routine medical data that
can be gained by basic level medical staff is an urgent and
important task.

Using an auxiliary diagnosis model based on artificial
intelligence is a hot topic in the field of biomedical engineering,
and it is a very good example of combiningmultiple technologies,
such as computer science, big data technology, cognitive science,
and logic, with the practice of medicine. There has been
great progress in using artificial intelligence assisted diagnostic
technology in diagnosis of AD, such as using machine learning
model to classify aortic dissection patients. Da Huo et al. used
Weka toolkit to employ four common classifiers on dataset
including Bayesian Network, Naïve Bayes, J48 and SMO, and
found Bayes Net model has the best performance among four
classifiers (4). Lijue Liu et al. used multiple machine learning
models, include AdaBoost, SmoteBagging, EasyEnsemble and
CalibratedAdaMEC, to study aortic dissection screening method,
and found that the screening performance of the models had a
misdiagnosis rate lower than 25% except AdaBoost (5). These
research showed that artificial intelligence technology can help
clinicians build a new early screening approach for AD.

Although machine learning methods are helpful for the
diagnosis of AD, the high death rate of AD requires higher
accuracy and single modeling and analysis method is not enough.
Ensemble learning strategies have demonstrated impressive
capacities to improve the prediction accuracy of base learning
algorithms. Zhenya Qi et al. used t-test to investigate if the
performance of an ensemble for heart disease prediction, which
contains five heterogeneous classifiers: random forest, logistic
regression, support vector machine, extreme learning machine
and k-nearest neighbor, was better than individual classifiers and
the contribution of Relief algorithm (6). The best performance
was achieved by the proposed method according to 10-fold
cross validation. The statistical tests demonstrated that the
performance of the proposed ensemble was significantly superior
to individual classifiers, and the efficiency of classification
was distinctively improved by Relief algorithm (6). Therefore,
establishing an auxiliary diagnosis model by using artificial
intelligence technology and applying it to the early diagnosis of
AD should increase the positive diagnostic rate of AD greatly. At
the same time, the establishment of a model may improve the
survival rate and prognosis of AD patients.

METHODS

Case Information Collection
After signing all relevant documents, including the
confidentiality agreements and ethical review document,
patient‘s information are retrieved from the Xiangya hospital’s
electronic medical record system and statistics from 2006 to
2016. A total number of 3,249 AD patients’ and another 95,711
cases of non-AD patients‘ clinical data had been collected.
All these data were divided into three categories: (1) patients’

basic information: gender, age, height, weight, family history,
past medical history, personal habits; (2) text messages about
symptoms and complaints: presence of chest pain, heart
palpitations, dizziness or headache symptoms, frequency and
extent, presence of abnormal blood vessel pulsing, aortic valve
area signs such as noise; (3) quantitative index of tests and
examinations: Blood routine, coagulation routine, hepatorenal
function, etc.

Indexes Screening
The indexes chosen for this research come mainly from
the following tests and examinations: blood routine (BR),
coagulation routine (CR), hepatorenal function and serum lipid,
myocardial enzymology, and serum electrolyte. These indexes are
commonly used in basic level medical institutions. Furthermore,
results can be quickly obtained after sampling, meaning it takes
less time to judge the situation of a patient compared to some
examinations that require special equipment, such as coronary
CTA and CT angiographic. If these indexes, which used to have
little significance in AD diagnosis, can actually play an important
role in some way, they may be irreplaceable to AD patients
because of their cheap price and accessibility.

BR is one of the most commonly used laboratory tests in
clinical laboratories and the basic principle is using electrical
impedance and spectrophotometric colorimetry to detect if the
blood’s composition, composed of red blood cells, white blood
cells and platelets, is in the normal range. The number and
normal of size of cells, can be used to identify if the cells are
normal. BR can also figure average density and conversion of
various types of cells in the blood by formula, such as hematocrit,
mean corpuscular volume, or mean corpuscular hemoglobin.
Using BR to assess the patient’s blood type and quantity of cells
may help detect significant hemodynamic changes in the early
phase of AD. Existing studies have shown that 43% of ADpatients
have different degrees of BR abnormalities (7). Therefore, 22
indexes of BR are taken from Xiangya hospital into further
analysis (Table 1).

CR is an activity to detect various coagulation factors with
solidification method, hair color substrate method and immune
turbidity method by using photoelectric principle. CR can assess
a patient’s blood coagulation function and bleeding risk from
the activity of coagulation factors such as PT, APTT, TT and
FBG in the blood. Research shows that a considerable number
of preoperative AD patients have lower levels of coagulation
factor than normal and the MAp MAf is in a state of relative
hyperthyroidism. This may be because the blood contact with
the endothelium of the false lumen height of thrombin activation
in the early phase of AD. Because acute AD patients’ onset time
is very short, blood coagulation function is still in the stage of
high activation of high condensation, and under the action of
thrombin, the expression of platelet fibrinogen are increased.
The indexes od CR, D—dimer especially have been proven to
have guiding function in the process of AD diagnosis (8). Thus,
10 indexes of CR are taken from Xiangya hospital into further
analysis (Table 2).

Hepatorenal function and myocardial enzymology are
commonly used tests to detect several important organs‘
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TABLE 1 | Twenty two indexes of blood routine (BR) from Xiangya hospital.

Index name Unit Reference range

White blood cells count 10‘9/L 3.5–9.5

Red blood cells count 10‘12/L 3.85–5.1

Hemoglobin g/L 115–150

Thrombocyte 10‘9/L 125–350

Hematocrit % 35.0–45.0

Neutrophil granulocyte count 10‘9/L 1.8–6.3

Lymphocyte count 10‘9/L 1.1–3.2

Eosnophils granulocyte count 10‘9/L 0.02–0.52

Basophilic granulocyte count 10‘9/L 0.00–0.6

Monocyte count 10‘9/L 0.1–0.6

Neutrophil percentage % 40.0–75.0

Lymphocyte percentage % 20.0–50.0

Eosnophils percentage % 0.1–1.0

Basophilic percentage % 0.4–8.0

Monocyte percentage % 3.0–10.0

Mean corpuscular volume fl 82.0–100.0

Mean corpuscular hemoglobin PG 27.0–34.0

Mean corpuscular hemoglobin concentration g/L 316–354

Red blood cells distribution width % <15

Thrombocytocrit % 0.18–0.22

Mean platelet volume fl 7.6–13.2

Platelet distribution width % <17.2

TABLE 2 | Ten indexes of coagulation routine (CR) from Xiangya hospital.

Index name Unit Reference range

Prothrombin time (PT) sec 10.0–16.0

Prothrombin percentage (PP) % 70–140

International normalized ratio (INR) – 0.8–1.2

Activated partial thromboplastin time (APTT) sec 25.0–43.0

Thrombin time sec 14.0–21.0

Fibrinogen g/L 2.0–4.0

Plasma fibrinogen degradation products mg/L 0–5

D - dimer mg/L 0–0.5

Plasma plasminogen antigen mg/L 230–386

Plasma antithrombin III antigen mg/L 180–392

function, like heart, liver and kidney, and whole body metabolic
function in clinical way. These tests mainly use the enzyme
circulation method, enzyme coupling method, continuous
monitoring method, Reitman colorimetric method and
fluorescent method to complete the systematic analysis of
indicators related to the metabolism of an organ. The tests can
reflect the basic situation of important organs and whole body
metabolic function. In the early phase of AD, the effects of
hemodynamic changes on metabolism may be subtle, but they
do exist. Due to the organizational microenvironment disorder
and myocardial damage caused by hemodynamic changes, some
abnormal results may be reflected in the results of such tests

TABLE 3 | Eighteen indexes of hepatorenal function and myocardial enzymology

from Xiangya hospital.

Index name Unit Reference range

Total protein g/L 65.0–85.0

Albumin g/L 40.0–50.0

Globulin g/L 20.0–40.0

A/G – 1.2–2.4

Total bilirubin µ mol/L 1.7–17.1

Direct bilirubin µ mol/L 0.0∼6.8

Total bile acid µ mol/L 0.0–12.0

Glutamic-pyruvic transaminase U/L 7.0–40.0

Glutamic oxalacetic transaminase U/L 13.0–15.0

Glycated serum protein mmol/L 1.18–2.20

Urea nitrogen mmol/L 3.10–8.80

Creatinine mmol/L 41.0–111.0

Trioxypurine µ mol/L 155.0–357.0

Glucose µ mol/L 3.90–6.10

Lactic dehydrogenase U/L 120.0–250.0

Creatine kinase U/L 40.0–200.0

Creatine kinase isoenzymes U/L <24.0

Myohemoglobin µ g/L <70.0

TABLE 4 | Five indexes of serum lipid from Xiangya hospital.

Index name Unit Reference range

Total triglyceride (TG) mmol/L <1.70

Total cholesterol (TC) mmol/L <5.18

High-density lipoprotein (HDL) mmol/L 1.04–1.55

Low-density lipoprotein (LDL) mmol/L 1.55–3.19

HDL/TC - 0.17–0.45

(9, 10). Thus, 18 indexes of hepatorenal function and myocardial
enzymology are taken into further analysis (Table 3).

Serum lipid is a routine test given to patients with
cardiovascular diseases since abnormal lipids metabolism
is believed to have an important relationship with
angiocardiopathy. The purpose of this test is to analyze
blood lipid levels and species of patients through the Cholesterol
oxidase-peroxidase-anti-peroxidase method (COD—PAP
method) and super centrifugal plasma combined with selective
precipitation. As one of the most common risk factors for
coronary heart disease, blood lipid results can also be an indirect
risk factor for AD patients. Lipid metabolism may allow us to
assess AD patients’ vascular stability and risk of sudden death by
indirect methods (11). Therefore, five indexes of serum lipid are
also taken into further analysis (Table 4).

Serum electrolyte is the test that detects specific ion
concentrations in serum. The concentration of several important
ions that maintain balance of osmotic pressure between blood
and interstitial fluid, such as sodium, chloride, and calcium,
are measured by the ion selective electrode method. It is not
surprising to find that hemodynamic changes of AD patients
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affect their level of serum electrolytes in blood and tissue
fluid microenvironment (12, 13). Therefore, 8 indexes of serum
electrolyte are taken from Xiangya hospital into further analysis
(Table 5).

Modeling Method and Data Mining
Research adopts the following main modeling methods: linear
discriminant analysis (LDA), artificial neural networks (ANNs),
decision tree (DT), support vector machine (SVM) and
EasyEnsemble learning. LDA is one of the most classic analyses
to classify statistical models of simple discriminant function.
In the feature space, LDA can be used to compare different
categories of discriminant function value size and classify them
by analyzing different categories (14). ANNs is a method to
calculate by simulating the way of people thinking. It is a non-
linear dynamic system and has the characteristics of distributed
storage and parallel collaborative information processing. Back
Propagation (BP) neural network algorithm, which is also known
as the error Back Propagation algorithm, and it is an artificial

TABLE 5 | Eight indexes of serum lipid from Xiangya hospital.

Index name Unit Reference range

Potassium mmol/L 3.50–5.30

Sodium mmol/L 137.0–147.0

Chlorine mmol/L 99.0–110.0

Calcium mmol/L 2.00–2.60

Phosphorus mmol/L 0.86–1.78

Magnesium mmol/L 0.66–1.07

Carbon dioxide (CO2) mmol/L 19.0–33.0

Anion gap (AG) mmol/L 8.0–16.0

neural network supervised learning algorithm. In theory, the
BP algorithm can approximate arbitrary functions because its
basic structure is composed of a non-linear change unit and
it has a strong non-linear mapping ability. Furthermore, due
to parameters such as number of the middle layer, processing
units of each layer and network coefficient of learning can be
set according to the concrete situation; BP has great flexibility
(15). DT is an algorithm to calculate the net present value of the
probability of expectation, which is greater than or equal to zero
based on the probability of known situations. Using a decision
tree, the project risk and feasibility evaluation can be easily done
with a graphic method. To be specific, DT is a prediction model
with tree structure, and it represents the object properties and a
mapping relationship between object values, where each internal
node is a test on an attribute; each branch represents a test output;
each leaf node represents one kind of category (16). SVM is a
kind of supervised learning model related to the relevant learning
algorithm andmainly used to analyze data and recognize patterns
in classification and regression analysis. The statistical learning
theories that SVM is based on, like Vapnik-Chervonenkis (VC)
dimension theory and structure risk minimum principle, enable
SVM to get the best generalization ability and seek the best
compromise between the complexity of the model (i.e., on a
particular learning accuracy of training samples) and learning
ability (i.e., the ability to identify random sample correctly)
according to the sample of limited information (17).

All modeling data mining is given operation with nGram
function of a decision tree model and session texts are segmented
in pairs and get the keyword combination table (Figure 1). Each
word combination contains two words and the high frequency
word combinations will be picked out after statistic analysis.
Then the words that already exist in the table are filtered out
and the possible keywords combinations (Figure 2) are obtained.

FIGURE 1 | Preliminary discrimination of keywords.
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FIGURE 2 | Secondary screening of keywords.

Finally, there is human intervention for keyword selection and
confirming official keyword combinations (Table 6).

Modeling Parameters and the Training
Process
Because of the uncertainty of the AD on each patients, the
majority of data that patients provide to doctors are fuzzy
and inaccurate. Inevitably, one must try a variety of modeling
methods in the process of creating an AD auxiliary diagnosis
aneurysm model. According to analysis of the actual AD
diagnosis process and knowledge of artificial intelligence and
medical statistics, a variety of methods are built to analyze the
data and compare the effect of different models (Figure 3). The
goal of this research is not only to gain an auxiliary diagnosis
aneurysm model that simulate the diagnosis of AD, but also
adaptively adjust diagnosis model parameters and improve the
accuracy of the auxiliary diagnosis with the accumulation of
cases. After eliminating imbalances of each modeling method,
the final ensemble learning model is established (Figure 4). All
clinic data are organized by the Excel files and numbering
(Supplementary Materials 1, 2). Finally 80 features are used and
obtained corresponding data from the electronic medical record
and number all features as 1–80. These features were input into
the machine learning model as feature vectors.

Linear Discriminant Analysis Model
For the ith feature vector Xi= (xi1, xi2 ..., xi80), LDA calculate
the discriminant functions gc(Xi)=XiWc

T, where c ∈{1, 2} is the
number of categories, Xi is the feature vector of the ith sample,
Wc =(Wc1 Wc2...,Wc80) is the weight vector of class c. The final
decision result depends on which category of decision function
has a larger value.

BP Neural Network Model
BP neural network is an ANNs algorithm and its basic idea is
a kind of gradient descent method. BP creates the minimum
actual output value of the network and the minimum desired
output error of the mean square error by using gradient search
technology. The function of one neuron is to seek the inner
product of input vectors and weight vectors, and obtain a
scalar result via a non-linear transfer function. The individual
neurons split an n-dimensional vector space into two parts with a
hyperplane and make a judgment that the vector belong to which
side of the hyperplane by given an input vector. The BP network
applied in these paper was a 2 layer network with 80 input unit, 1
hidden layer and 1 output unit.

Decision Tree Model
DT establishes the model of decision-making based on data
attribute tree structure, and it is often used to solve classification
and regression problems. Common algorithms of DT include
Classification and Regression Tree (CART), ID3, C4.5, and
Random Forests (RF). DT classification can be used as a
predictionmodel and it represents a mapping between object and
object attribute values. From the root node, each minor node
can express attributes of object judgment conditions, while the
branch is representative of the object that meets the requirements
and the leaves nodes are the object’s prediction results.

Support Vector Machine Model
SVM modeling depends on different Kernel functions, such as
the kernel function including Linear Kernel (LK), Polynomial
Kernel (PK) and Radial Basis Kernel Function (RBF). RBF is also
known as the Gaussian Kernel (GK), The operation results of
SVM default parameters are satisfactory, so some adjustments
are made in the penalty coefficient and kernel functions. The
final parameters are penalty coefficient C= 0.125; kernel= “rbf;”
degree= 3; gamma= 0.0078125.
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TABLE 6 | Text indexes of basic information and complaint.

Indexes Type Value/unit Notes

Main complaint

Thoracalgia Text ① Yes ②No Yes = 1, No = 0

(below)

Stomachache Text ①Yes ②No

Palpitation Text ①Yes ②No

Dizziness or Headache Text ①Yes ②No

Abnormal pulse Text ①Yes ②No

Aortic area murmur Text ①Yes ②No

Family history

Hypertension Text ①Yes ②No

Diabetes Text ①Yes ②No

Marfan syndrome Text ①Yes ②No

Aortic dissection Text ①Yes ②No

Medical history

Chest trauma Text ①Yes ②No

Marfan syndrome Text ①Yes ②No

Time of Marfan

syndrome

Numerical Year

Hypertension Text ①Yes ②No

Time of Hypertension Numerical Year

Diabetes Text ①Yes ②No

Time of Diabetes Numerical Year

Basic information

Age Numerical Year

Gender Text ①Male ②Female Male = 1, Female

= 0

Heart rate Numerical Beats/min

Systolic pressure Numerical mmhg

Diastolic pressure Numerical mmhg

Smoking status Text ①Yes ②No③Quit Yes = 1, N0 = 0,

Quit = 2

Time of Smoking Numerical Year

Time of Quitting

Smoking

Numerical Year

Drinking status Text ①Yes ②No③Quit Yes = 1, N0 = 0,

Quit = 2

Time of Drinking Numerical Year

Time of Quitting

Drinking

Numerical Year

Aortic dissection text ①Yes ②No Target variable

EasyEnsemble Model
EasyEnsemble is a kind of integrated learning which deals with
big categories of data by using the down-sampling method with
Adaboost as a weak classifier, and it is an efficient path to dealing
with unbalanced data. Data ratio is severely unbalanced due to
the rarity of AD; the amount of data from AD patients is very
small compared with non-AD patients, and the two kinds of data
have an ∼1: 65 ratio imbalance. Therefore, EasyEnsemble is the
best choice to build an effective model. The specific practices are
as follows: Assuming P as the dataset of the minority class, and
N as the dataset of the majority class, |P| and |N| as the cardinal

FIGURE 3 | Comparison of modeling method algorithms.

FIGURE 4 | Eliminate imbalances of modeling method.

number meet the condition that |N| > > |P|. The dataset of the
majority class is divided into several subdatasets like class N1, N2
and N3...NT, for any dataset Ni (1< I< T), give | Ni |= | P|. Each
Ni dataset will be trained to be a classifier Hi by combining with P
as training set. AdaBoost is used to train Hi in this algorithm and
make up the final model through the combination of classifier
with number T.

RESULTS

Data Preliminary Processing and Screening
All relevant data are exported from the electronic medical
records of Xiangya hospital and obtained a total of 3,249 AD
patients’ medical records and 95,711 cases of non-AD patients’
medical records from 2006 to 2016. After preliminary statistical
analysis and exclusion of patients with undetermined diagnoses
or incomplete data, a total of 53,213 cases are taken as the
modeling cases, including 802 AD patients and 52,411 non-AD
patients and finally 43 indexes, which P ≤ 0.001, are designated
as model analysis indexes (Table 7).
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TABLE 7 | Forty-three indexes of modeling analysis.

Indexes AD patients

(N = 802)

Non-AD patients

(N = 52,411)

t/Chi p

Age (Mean ± SD) 55.57 ± 12.90 62.56 ± 13.06 15.03 <0.001

Gender (Male, %) 574 (71.57) 29,994 (57.23) 66.47 <0.001

Thoracalgia 206 (25.79) 9,460 (18.05) 30.99 <0.001

Palpitation 63 (7.86) 6,106 (11.65) 11.10 0.001

Dizziness or headache 62 (7.73) 7,803 (14.89) 32.13 <0.001

Aortic area murmur 23 (2.87) 377 (0.72) 48.88 <0.001

Chest trauma 11 (1.37) 206 (0.39) 18.62 <0.001

Smoking status 85.79 <0.001

Never smoking 296 (36.91) 12,293 (23.46)

Smoking 485 (60.47) 37,121 (70.83)

Quit smoking 21 (2.62) 2,997 (5.71)

Time of smoking 10.22 ± 14.39 7.34 ± 13.88 −5.63 <0.001

Hypertension 530 (66.08) 31,571 (60.24) 11.29 0.001

Diabetes 88 (10.97) 11,910 (22.72) 62.47 <0.001

Time of diabetes 0.85 ± 2.87 1.82 ± 3.83 9.40 <0.001

Heart rate 81.74 ± 13.87 78.73 ± 14.20 −6.10 <0.001

Systolic pressure 142.41 ± 26.71 136.86 ± 21.90 −5.85 <0.001

Diastolic pressure 83.20 ± 16.59 80.46 ± 13.01 −4.66 <0.001

Neutrophil granulocyte count 7.16 ± 4.08 4.79 ± 3.47 −16.35 <0.001

Neutrophil percentage 72.83 ± 10.79 65.30 ± 12.09 −19.59 <0.001

Lymphocyte percentage 16.94 ± 9.10 24.22 ± 10.44 22.43 <0.001

Lymphocyte count 1.36 ± 0.60 1.57 ± 2.03 9.07 <0.001

Mean platelet volume 8.93 ± 1.39 9.36 ± 1.58 8.60 <0.001

Total protein 64.58 ± 7.06 65.43 ± 8.04 3.41 0.001

Albumin 37.08 ± 5.67 38.61 ± 6.26 7.60 <0.001

Globulin 27.57 ± 5.19 26.94 ± 5.32 −3.39 0.001

A/G 1.40 ± 0.36 1.49 ± 0.37 6.77 <0.001

Total bilirubin 16.19 ± 21.62 13.20 ± 26.81 −3.86 <0.001

Glutamic-pyruvic transaminase 66.50 ± 296.27 32.47 ± 108.73 −3.25 0.001

Glycated serum protein 2.25 ± 0.62 2.03 ± 0.73 −9.79 <0.001

Lactic dehydrogenase 322.03 ± 684.10 236.51 ± 283.48 −3.54 <0.001

Myohemoglobin 72.69 ± 84.95 57.60 ± 59.02 −5.01 <0.001

Potassium 3.83 ± 0.56 3.97 ± 0.52 7.52 <0.001

Sodium 139.37 ± 4.28 140.71 ± 3.79 8.77 <0.001

Chlorine 101.08 ± 4.95 102.59 ± 4.62 8.56 <0.001

Calcium 2.16 ± 0.16 2.21 ± 0.18 8.88 <0.001

PP 99.83 ± 18.59 106.62 ± 17.36 10.28 <0.001

INR 1.06 ± 0.39 1.01 ± 0.28 −3.91 <0.001

APTT 37.66 ± 11.29 35.54 ± 9.68 −5.29 <0.001

Fibrinogen 4.44 ± 1.81 3.77 ± 1.22 −10.45 <0.001

D – dimer 1.37 ± 1.94 0.97 ± 1.27 −5.49 <0.001

Plasma plasminogen antigen 252.01 ± 24.57 255.86 ± 27.68 4.40 <0.001

PT 13.57 ± 4.39 13.02 ± 3.06 −3.58 <0.001

Classification of Model Operation Results
Since thoracalgia is the most important symptom in diagnosing
AD, and because it is very difficult to distinguish AD patients
with thoracalgia from other patients with ailments such as
hypertension or CAD in time, collected research data are divided
into three parts: (1) AD patients confirmed by coronary CTA

or observed in surgical, (2) non-AD patients with thoracalgia
confirmed by coronary CTA or coronary angiogram, (3) non-
AD patients without thoracalgia confirmed by coronary CTA
or coronary angiogram. Model are built with five methods
according to the data sets, namely LDA, BP, DT, SVM and
EasyEnsemble. First, all data are divided into four categories:
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True Positive (TP): predicting outcome and actual outcome
are both AD; True Negative (TN): predicting outcome and
actual outcome are both non-AD; False Positive (FP): predicting
outcome is AD but actual outcome is non-AD; False Negative
(FN): predicting outcome is non-AD but actual outcome is AD.
The main evaluation indexes are used to assess the model are
as follows.

Accuracy
Accuracy (A) is the correct identification of all kinds of patients,
and it is one of the most important indexes that assesses model
prediction efficiency in this research. Specifically, the proportion
of each model diagnosing correct real results of the total number
of AD patients and non-AD patients are taken as the accuracy of
the model. The formula is:

A =
TP + TN

TP + TN + FP + FN
∗100% (1)

Error Rate
Error rate (ER) is the index that represents how many non-
AD patients are mispredicted as AD patients. Because of
the importance of thoracalgia in AD diagnosis, ER of non-
AD patients with thoracalgia and non-AD patients without
thoracalgia are calculated separately. The non-AD patients with
thoracalgia are expressed as TNt or FPt, the non-AD patients
without thoracalgia are expressed as TNnt or FPnt, Similarly there
are ERt and ERnt. The formulas:

ERt =
FPt

TNt + FPt
∗100% (2)

ERnt =
FPnt

TNnt + FPnt
∗100% (3)

Recall
Recall R© can tell how many positive examples are predicted
correctly according to the original sample. Due to the low
incidence of AD, A and ER are not precise enough to assess the
model prediction efficiency, so Recall are added to ensure model
soundness. The proportion of AD patients that are correctly
predicted by each model out of the total number of AD patients
is taken as the recall. The formula is:

R =
TP

TP + FN
∗100% (4)

Comparison of Prediction Results
The final results of the five models have obvious differences
(Table 8). Based on the results, EasyEnsemble is chosen as the
main modeling method for the AD auxiliary diagnosis model. It
is not the model with the highest accuracy or lowest ER, but its
highest recall enables it to discover the most AD patients. After
some adjustments and verified model stability through multiple
tests, the official algorithm code are finalized. Under the premise
of maintaining the EasyEnsemble basic algorithm, number M
EasyEnsemble model is constructed for Hi (1 < = I < =M) and
took half training characteristics, which were randomly selected
from the whole data set, as the new training characteristics of

the training set. The final model was acquired when the simple
average of number M/2 selected from number M EasyEnsemble
complete training finished. The upgrade algorithm called RS -
EasyEnsemble and pseudo code of the algorithm are shown. The
final model has basically achieved expected goals, and it is ready
to put into formal application in clinical work after software
development work.

RS-EasyEnsemble algorithm code

1. Load in t subsets of set N, for each subset Ti , |Ti |=|P|, Ti ∩Tj = Φ(i 6= j),

let TSi= Ti
⋃
P, TSi is the training set of the ith base classifier of ensemble

model, P is the set of minority class, N is the set of majority class, where

|P|<<|N|. Initial the number of base classifiers M.

2. i=1

3. while i<=M repeat

3.1: Randomly sample some features to create a subspace Si .

3.2 Map the samples to feature subspace Si to create a new sample set

P’ and N’, where P’ and N’ are the set P and N in feature subspace Si .

3.3 Using each Ti to train the base classifier Hi .

3.4 i=i+1

3 : Select a half of best model from the M models.

4 : Output an Ensemble model H(x)

H (x) = Round( 2
M

∑ M
2
i=1 Hi )

DISCUSSION

From the trend of medical science development, the combination
of artificial intelligence technology and clinical medical analysis
is increasingly tight and plays an important role in early
warning and auxiliary diagnosis of many diseases (18, 19).
Models built by various algorithms can replicate the process
of diagnosing diseases which used to depend on the subjective
judgment of a clinician with objective data and can provide
a better basis for decision-making by clinical doctors by
collecting and analyzing new disease information to update the
diagnosis methods. As there is uncertainty in the diagnosis
of AD based on medical records that are collected in a
hurry, using the auxiliary diagnosis model to help in the
diagnosis is a good choice. This research has searched
for the appropriate algorithm to build an AD auxiliary
diagnosis model with the highest accuracy by trying a variety
of algorithms.

LDA is a classical method used to figure out a vector a which
make the new ubspace that has both the largest and minimum
class distance in same time and construct the prediction model
(20). Accuracy of LDA was 78.4% and ERs of thoracalgia and
non-thoracalgia patients were 4 and 5.77%. This could indicate
the LDA model is overall good and rarely misdiagnoses non-
AD patients as AD patients. However, the recall was only
4.35% and this did not meet the level to identify as many
AD patients as possible. So LDA was not taken into the final
model’s building.
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TABLE 8 | Prediction efficiency results of modeling five algorithms.

Model LDA BP DT SVM RS-EasyEnsemble

Accuracy 78.40% 77.60% 71.79% 83.20% 80.09%

Recall 4.35% 34.78% 20.48% 73.91% 81.11%

Error rate (t) 4.00% 16.00% 0% 20.00% 19.20%

Error rate (nt) 5.77% 9.62% 0% 9.62% 11.80%

The BP neural network basic algorithm includes signal
forward-propagating and error back-propagation in two parts
(21). The direction of calculation error output is from input
to output and changes to output to input when weight and
threshold values are adjusted. The accuracy of the BP model
was 77.6%, which is lower than the LDA model, and two ERs
were higher than the LDA model, too. Though accuracy and ERs
of the BP model were not as good as the LDA model, it had
better recall with 34.78%. This may not be good enough to be
used in practical applications, but the BP model can be consider
as a more advantageous than the LDA model in identifying
AD patients.

The main method of the DT model is random forests, and
it is a classifier that contains multiple decision trees; the output
category is decided by the mode of the individual tree output
category. Samples can be trained and provide better prediction
by using multiple decision trees (22). Two of DTmodel ERs were
reduced to 0%, which means the DT model can identify all non-
AD patients. However, the DT model is still not the first choice
since 20.48% of recall and 71.79% of accuracy did not enable us
to find enough AD patients.

SVM has the advantages of dimension reduction ability, small
sample training, and quick sort. The SVM model aims to find
a hyperplane as demarcation of two types of training sample
segmentation so that it could ensure minimum classification ERs.
Furthermore, the linear inseparable samples are raised from a
low dimension feature space to higher one so it became linear
separable by using kernel function RBF (23). Under the premise
of maintaining accuracy at 83.2%, the recall of the SVM model
rose to 73.91% from 8.7% in default parameters. Although the
ERs of thoracalgia and non-thoracalgia patients were up to 20
and 9.62%, respectively, the SVM model was really close to
experimental objective.

RS-EasyEnsemble is the improved method based on
EasyEnsemble, and its main principle is random subspace
(RS). Since the key of integrated learning is diversity of base
classifiers integration, decision forests are made with RS to
increase diversity. Specifically, different parts of characteristics
are randomly selected when constructing each decision tree,
then all of the map samples are putted into a feature subspace
and built new decision trees by using samples after mapping
(24). Random feature subspace enables the model to effectively
avoid dimension disaster or reduce the redundancy feature
space when it meet the dimension disaster (25). The random
proportion of the feature space is set to 0.5 because it is close
to the optimal combination of precision after experiments
on several data sets. RS-EasyEnsemble had the highest recall

at 81.11%, which means it is the best model to identify AD
patients. Though accuracy of 80.09% is a little lower than the
SVM model and two ERs of 19.2 and 11.8%, are not ideal,
RS-EasyEnsemble is still the last choice of the main modeling
algorithm since the goal of this research is to build an auxiliary
diagnostic model that discovers the maximum number of AD
patients in the early stage, and it is acceptable to have a few
more false AD patients in order to reduce AD mortality caused
by missing the diagnosis. From this point of view, this AD
auxiliary diagnosis model based on RS-EasyEnsemble achieves
experimental objective.

According to the analysis of the actual diagnosis process
of AD, an auxiliary diagnosis model had been built whose
core algorithm is an integrated learning algorithm and tested
the prediction efficiency of the model. From the results, in
which the accuracy and recall were both over 80%, this
auxiliary diagnosis model is proven to do well in simulating
AD diagnosis, and it can improve the diagnosis accuracy
with the adaptively adjusted diagnosis model parameters with
new data. Though there were some disadvantages in this
research, such as positive sample sizes being too small, partial
information collection not being complete, and raw data text
messages being incomplete digital transformation. This AD
auxiliary diagnosis model is a positive attempt in solving
clinical problems by using artificial intelligence technology
and opening some new research directions and ideas in AD
diagnosis. After further improvement and software development
work, the AD auxiliary diagnosis model may provide good
help for basic level medical staff and save more lives of
AD patients.
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Introduction: Pathological vascular remodeling is a hallmark of various vascular

diseases. Smooth muscle cell (SMC) phenotypic switching plays a pivotal role during

pathological vascular remodeling. The mechanism of how to regulate SMC phenotypic

switching still needs to be defined. This study aims to investigate the effect of

Andrographolide, a key principle isolated from Andrographis paniculate, on pathological

vascular remodeling and its underlying mechanism.

Methods: A C57/BL6 mouse left carotid artery complete ligation model and rat

SMCs were used to determine whether Andrographolide is critical in regulating SMC

phenotypic switching. Quantitative real-time PCR, a CCK8 cell proliferation assay, BRDU

incorporation assay, Boyden chamber migration assay, and spheroid sprouting assay

were performed to evaluate whether Andrographolide suppresses SMC proliferation and

migration. Immunohistochemistry staining, immunofluorescence staining, and protein

co-immunoprecipitation were used to observe the interaction between EDNRA, EDNRB,

and Myocardin-SRF.

Results: Andrographolide inhibits neointimal hyperplasia in the left carotid artery

complete ligation model. Andrographolide regulates SMC phenotypic switching

characterized by suppressing proliferation and migration. Andrographolide activates the

endothelin signaling pathway exhibited by dramatically inducing EDNRA and EDNRB

expression. The interaction between EDNRA/EDNRB and Myocardin-SRF resulted in

promoting SMC differentiation marker gene expression.

Conclusion: Andrographolide plays a critical role in regulating pathological

vascular remodeling.

Keywords: Andrographolide, EDNRA, EDNRB, Myocardin-SRF, CArG box, pathological vascular remodeling
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INTRODUCTION

Pathological vascular remodeling exhibits smooth muscle cell
(SMC) phenotypic switching (1). SMCs have remarkable
plasticity, and can undergo phenotypic switching in response
to vascular endothelium damage (2), altered blood flow (3),
inflammatory stimulation (4), or various disease conditions.
Typical SMC phenotypic switching from the differentiation
stage to the dedifferentiation stage is characterized by enhanced
proliferation and decreased expression of SMC contractile-
specific marker genes, including smooth muscle (SM) α-actin,
smooth muscle myosin heavy chains (SM MHCs), smooth
muscle myosin light chains, h1-calponin, and smooth muscle
α-tropomyosin (1). SMC phenotypic switching is critical in
initiation of vascular diseases, including atherosclerosis, post
angioplasty restenosis, aneurysm, pulmonary hypertension,
diabetic-related retinal vasculopathy, allograft vasculopathy,
and transplantation associated vasculopathy (5, 6).

SMCs express differentiated marker genes. Tremendous
progress has been made in serum response factor (SRF)
homodimers with conserved CArG boxes and promoter-
enhancer regions of several SMC differentiated marker genes to
regulate SMC differentiated marker gene expression (1, 7, 8).
The CArG box-dependent SMC differentiation marker genes
include smooth muscle a-actin, Calponin, SM22a, and MHC.
Whereas CArG box-independent SMC differentiation marker
genes include FRNK, Smoothelin, and a1-integrin (1).Myocardin
dramatically promotes the interaction between SRF and CArG
boxes (9). Additional coactivators have been reported to enhance
Myocardin and SRF-CArG boxes interaction, such as Prx1, stat3,
Klf4, GATA4, Nkx3.2, and MRTFA/B (10–13).

The endothelin/sarafotoxin family comprises three isoforms,
including ET-1, ET-2, and ET-3, which comprise similar
structures with 21 amino acids (14, 15). Endothelins are
produced primarily in the vascular endothelium, and the
most potent vasoconstrictors through activation of two G
protein-coupled receptors are endothelinA (EDNRA) and
endothelinB (EDNRB) (16). Endothelins play critical roles in
regulating vascular homeostasis, such as atherosclerosis and
pulmonary hypertension (17). Endothelins are also implicated
vascular diseases of several organ systems, including the heart,
lungs, kidneys, and brain (18). Endothelin 1 has been reported to
promote SMCmigration and is critical for neointima hyperplasia
in giant-cell arteritis (19). Endothelin 1 also contributes to
regulate vascular remodeling (20). However, the underlying
mechanism of endothelin 1 in regulating pathological vascular
remodeling is not well defined.

Traditional Chinese Medicine is used in the treatment
of cardiovascular diseases. Numerous studies indicated that
Andrographolide (21) suppresses vascular angiogenesis through
p300, VEGF, and Mir-21-5p/TIMP3 signaling pathways (22–25).
Andrographolide inhibits neointimal hyperplasia in arterial
restenosis (26). Our previous studies demonstrated that
Andrographolide is critical in gastric vascular homeostasis
regulation (27). However, the role of Andrographolide in
regulating pathological vascular remodeling through SMC
phenotypic switching has not been reported. We found that

Andrographolide promoted SMC contractile-specific marker
gene expression in different culture conditions, as well as in
vivo vascular injury studies. We observed that Andrographolide
significantly promotes the expression of EDNRA, EDNRB, SRF,
and Myocardin in vivo and in vitro. However, whether and how
Andrographolide can regulate pathological vascular remodeling
still need to be illustrated. In this study, we tried to determine
whether Andrographolide suppresses pathological vascular
remodeling by enhancing the interaction between EDNRA,
EDNRB, and Myocardin-SRF to regulate smooth muscle cell
differentiated marker gene expression.

MATERIALS AND METHODS

Animal Ethical Approval
The use of mice in this study was approved by the Experimental
Animal Ethics Committee of Chengdu University of Traditional
Chinese Medicine. Ethical approval number: 2019-04.

Mouse Common Carotid Artery Complete
Ligation Model
The mouse left common carotid artery complete ligation model
that induces vascular remodeling is based on the previously
described method (28). Briefly, mice were pretreated with
Andrographolide (10 mg/kg) for 5 consecutive days, and
anesthetized with ketamine (80 mg/kg) and xylazine (5 mg/kg)
by intraperitoneal injection.We exposed the left common carotid
arteries and completely ligated them at the bifurcation site with
6-0 silk. The right carotid artery was exposed, but not ligated.
After continuous consecutive treatment with Andrographolide
for 14 or 21 days, sections (5µm) were collected between 100
and 1,000µMaway from the ligation site. Morphological analysis
based on H&E staining was conducted. The quantification of
neointima areas andmedia layer area was completed using Image
J software (29).

Rat Aortic SMC Culture
SMC culture from the thoracic artery of Sprague-Dawley rats
was separated as previously reported (30, 31). Briefly, we
harvested thoracic aorta after the rats were anesthetized, removed
periadventitial tissues, and denuded the endothelium under a
microscope. We digested the aorta with a Blend enzyme III
solution (Roche, 0.5 U/ml) for 10min at 37◦C, and removed the
adventitial layer. Then, we minced the medial layer into small
pieces, and following a second digestion with Blend enzyme III
for 2 h at 37◦C, we suspended cells in 10% FBS DMEMmedium.

CCK8 Cell Proliferation Assay
A total of 3×103 rat SMCs (each well) were seeded in a 96-well
culture plate, and treated with Andrographolide (5µM) for 24 h.
Absorbance at 450 nm was evaluated using a CCK8 kit.

BRDU Incorporation Assay
Rat SMCs were suspended in culture media contained
Andrographolide (5µM), followed by BRDU reagent labeling for
24 h. Immunofluorescence staining was performed to determine
BRDU-incorporated SMCs.
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Scratch Wound Healing Assay
The rat SMCs were seeded into a 6-well culture dish. Scratch
wounds were made with a 10 µl pipette tip, and scratch
gaps were monitored at different time points based on crystal
violet staining.

Boyden Chamber Migration Assay
A total of 1×106 rat SMCs were suspended in 100 ul of FBS
free culture media and seeded in a Boyden chamber (353097,
FALCON). We set up the Boyden chamber with a 24-well
culture plate which contained 500µl of complete culturemedium
(10% FBS) and 5µM Andrographolide. We fixed the cells after
incubation for 12–24 h, and manually counted cells numbers in
five random microscopic fields after crystal violet staining (32).

Spheroid Sprouting Assay
The spheroid sprouting assay was performed as described
previously (33). The methylcellulose solution was prepared
by dissolving 6 g of methylcellulose (sigma) into 250ml
of prewarmed serum free medium, and 250ml of DMEM
containing 10% serum was added. Suspended cells were added
to the dissolved methylcellulose solution which was prepared by
10ml of methylcellulose solution and 40ml of culture medium
to form the spheres. We added the neutralized collagen solution
to a 24-well culture plate and incubated it at 37◦C until the
collagen solidified. We mixed the spheres with dissolved collagen
solution and transferred it to a collagen-solidified culture plate.
We solidified the culture plate for 30min at 37◦C, added 200 ul
of complete medium containing Andrographolide, and cultured
overnight. Spheroid sprouting was visualized after calcein AM
staining. Images were captured using a confocal microscope
(Leica Microsystem CMS GmbH). The number of sprouts and
the sprout length of each sphere were analyzed by Image
J software.

Co-immunoprecipitation Assay
Total protein from rat SMCs was extracted using RIPA buffer.We
precleared the cell lysate using anti-species-specific IgG beads.
We incubated the precleared cell lysate with EDNRB (abcam),
EDNRA (abcam), Myocardin (Santa Cruz), and SRF (abcam) for
1 h at 4◦C. Next, we incubated the lysate with pre-equilibrated
protein A/G agarose beads on a rocking platform overnight
at 4◦C. The co-immunoprecipitated targets were evaluated by
western blotting.

SiRNA Transfection
Scrambled siRNA and siRNA targeting rat SRF and EDNRAwere
synthesized from GenePharma. The siRNAs were transfected
into rat SMCs by using Lipofectamin 2000 reagent following the
manufacturer’s protocol.

Quantitative Real Time PCR Analysis
Total RNA from rat SMCs was extracted using Trizol reagent.
Quantification of RNA was monitored by a spectrophotometer
(Denovix, USA). A total of 600 ng of RNA was used as the
template, random hexamer primers were used for the reverse
transcription reaction to obtain cDNA using an iScript cDNA
synthesis kit. Real-time PCR was performed twice for each

TABLE 1 | List of primer sequences used for real time PCR in the study.

Gene name Species Sequence

RPLPO Rat F: 5′-GGACCCGAGAAGACCTCCTT-3 ′

Rat R: 5′-TGCTGCCGTTGTCAAACACC-3′

SRF Rat F: 5′-GATGGAGTTCATCGACAACAAGCTG-3′

Rat R: 5′-CCCTGTCAGCGTGGACAGCTCATA-3′

SM α-actin Rat F: 5′-ATGCTCCCAGGGCTGTTTTCCCAT-3′

Rat R: 5′-GTGGTGCCAGATCTTTTCCATGTCG-3′

Calponin Rat F: 5′-AACTGGCACCAGCTGGAGAACATAG-3′

Rat R: 5′-GAGTAGACTGAACTTGTGTATGATTGG-3′

SM MHC Rat F: 5′-CAGTTGGACACTATGTCAGGGAAA-3′

Rat R: 5′-ATGGAGACAAATGCTAATCAGCC-3′

Myocardin Rat F: 5′-GTTCAGCTACCCTGGGATGCACCAA-3′

Rat R: 5′-GGCCTGGTTTGAGAGAAGAAACACC-3′

KLF4 Rat F: 5′-CGGGAAGGGAGAAGACACTGC-3′

Rat R: 5′-GCTAGCTGGGGAAGACGAGGA-3′

SM22α Rat F: 5′-TGACATGTTCCAGACTGTTGACCTCT-3′

Rat R: 5′-CTTCATAAACCAGTTGGGATCTCCAC-3′

MRTFA Rat F: 5′-CAGAGAGATCAGAGCTGGTCAG−3′

Rat R: 5′-CATCGCTGCTGTCCTCGTCAAA-3′

FGF9 Rat F: 5′-GACTTGCCGATTTGCTCTGCACTT-3′

Rat R: 5′-AGCCTCTCTCCCTGCTTTCACAAT-3′

SIRT1 Rat F: 5′-TAGCCTTGTCAGATAAGGAAGGA-3′

Rat R: 5′-ACAGCTTCACAGTCAACTTTGT-3′

Gata6 Rat F: 5′-GCCCCTCATCAAGCCACA−3′

Rat R: 5′-CATAGCAAGTGGTCGAGGCA−3′

TBX2 Rat F: 5′-CATCCTGAACTCCATGCACAAG−3′

Rat R: 5′-ACAGTGCTCCTCATACAAACGG−3′

TBX3 Rat F: 5′-TTATAGCTGCTGATGACTGTCG−3′

Rat R: 5′-GCTGGTACTTGTGCATGGAGTT−3′

TBX18 Rat F: 5′-CGAGTGCACATCATCCGTAAAG−3′

Rat R: 5′-GCATATGACTCCACCAGAGCTT−3′

EDN1 Rat F: 5′-GACCAGCGTCCTTGTTCCAA-3′

Rat R: 5′-TTGCTACCAGCGGATGCAA-3′

EDN2 Rat F: 5′-GGCTTGACAAGGAATGTGTGTACT-3′

Rat R: 5′-CACGTCTTGCTAGTCTCTAACACA-3′

EDN3 Rat F: 5′-CGTGCTTCACTTATAAGGACAAGG-3′

Rat R: 5′-CAACGTAAGCGTGTCTGTGGAGAA-3′

EDNRA Rat F: 5′-CTCAACGCCACGACCAAGTT-3′

Rat R: 5′-GCAAGCTCCCATTCCTTCTG-3′

EDNRB Rat F: 5′-TGGCCATTTGGAGCTGAGAT-3′

Rat R: 5′-TCCAAGAAGCAACAGCTCGAT-3′

CCND1 Rat F: 5′-AATGGAACTGCTTCTGGTGAACA-3′

Rat R: 5′-CGGATGATCTGCTTGTTCTCATC-3′

c-Myc Rat F: 5′-CCCCTCAGTGGTCTTCCCCTAC-3′

Rat R: 5′-TGTTCTCGCCGTTTCCTCAGTA-3′

ADK Rat F: 5′-TGGCTTCTTTCTCAGCGTCT-3′

Rat R: 5′-ACTCCACAGCCTGAGTTGCT-3′

CDKN1A Rat F: 5′-ATGACTGAGTATAAACTTGTGG-3′

Rat R: 5′-TCAVATGACTATACACCTTGTC-3′

CDKN1B Rat F: 5′-GTCTCAGGCAAACTCTGAG-3′

Rat R: 5′-GTTTACGTCTGGCGTCGAAG-3′

p53 Rat F: 5′-GACTTCTTGTAGATGGCCATGG-3′

(Continued)
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TABLE 1 | Continued

Gene name Species Sequence

Rat R: 5′-ATGGAGGATTCACAGTCGGATA-3′

GADD45 Rat F: 5′-ATGACTTTGGAGGAATTCTCGG-3′

Rat R: 5′-TCACCGTTCGGGGAGATTAATC-3′

PTEN Rat F: 5′-GCACAAGAGGCCCTGGATT-3′

Rat R: 5′-TGAAACAACAGTGCCACTGG-3′

c-Fos Rat F: 5′-GGGACAGCCTTTCCTACTACC-3′

Rat R: 5′-AGATCTGCGCAAAAGTCCTG-3′

IL-15 Rat F: 5′-ACTACCTGTGTTTCCTTCTCAAC-3′

Rat R: 5′-TTGGCCTCTGTTTTAGGG-3′

IL-18 Rat F: 5′-TCCTTTGAGGAAATGAATCC-3′

Rat R: 5′-GCTAGAAAGTGTCCTTCATAC-3′

PDCD4 Rat F: 5′-AACTATGATGATGACCAGGAGAAC-3′

Rat R: 5′-GCTAAGGACACTGCCAACAC-3′

CCN3 Rat F: 5′-GGAAGTGCATTCGTTGAGGC-3′

Rat R: 5′-AAGCAAGTCACCCCTAAGCC-3′

MyD88 Rat F: 5′-GATCCCACTCGCAGTTTGTT-3′

Rat R: 5′-GATGCGGTCCTTCAGTTCAT-3′

Thbs-1 Rat F: 5′-CGGTTTGATCAGAGTGGTGA-3′

Rat R: 5′-CGGCACTCGTATTTCATGTC-3′

Cdh13 Rat F: 5′-AACCCACAGACCAACGAG-3′

Rat R: 5′-TGATCAGCAGGGTGTGAA-3′

Hif1α Rat F: 5′-ACAGGATTCCAGCAGACCC-3′

Rat R: 5′-GCTGATGCCTTAGCAGTGGTC−3′

IGFBP5 Rat F: 5′-ATGAAGCTGCCGGGC-3′

Rat R: 5′-TCAACGTTACTGCTGTCGAAG-3′

IGF1 Rat F: 5′-GGCACTCTGCTTGCTCACCTTT-3′

Rat R: 5′-CACGAATTGAAGAGCGTCCACC-3′

GSK3β Rat F: 5′-GGGCACCAGAGCTGATCTTT-3′

Rat R: 5′-GCCGAAAGACCTTCGTCCA-3′

Cav1 Rat F: 5′-GACGAGGTGAATGAGAAGCAAG-3′

Rat R: 5′-GAGAGGATGGCAAAGTAGATGC-3′

Ddx39b Rat F: 5′-CAACTATGACATGCCAGAGGAC-3′

Rat R: 5′-GATTCCTCTACCGTGTCTGTTC-3′

sample on the Bio-Rad real-time PCR system. The primer
sequences used in this study are exhibited in Table 1. The relative
gene expression level was analyzed using the 2−11ct method
against RPLP0.

Protein Extraction and Western Blotting
Protein from rat SMCs was extracted using RIPA lysis buffer.
Protein concentration was determined by a BCA kit (Biosharp).
The protein was denatured at 98◦C, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred onto polyvinylidene fluoride (PVDF) membranes.
Next, we blocked the protein with 5% fat free milk, and
incubated it with specific antibodies at 4◦C overnight. Images
were captured using an ImageQuant LAS 4000 Imager Station
and we quantified densities of protein bands using ImageQuant
TL software.

Hematoxylin and Eosin Staining,
Immunohistochemistry, and
Immunofluorescence Staining (IF)
We harvested carotid arteries and fixed them with 4%
paraformaldehyde overnight at 4◦C. Slides of 5µm thickness
were collected after being paraffin-embedded. H&E staining
was performed as per our previous study (34). For IHC
staining, the slides were deparaffinized, antigen retrieval was
performed by citric acid treatment at 98◦C for 5 to 10min.
After antigenic unmasking, the slides were incubated with
EDNRB (abcam), EDNRA (abcam), Myocardin (Santa Cruz),
and SRF (abcam) overnight at 4◦C, followed by incubation with
biotinylated secondary antibody at room temperature for 1 h
(Vector Laboratories), and then incubated with ABC solution
(Vector Laboratories) for 30min at room temperature. The
targets were visualized after the DAB solution was added.
For IF staining, the deparaffinized slides were permeabilized
with PBS contained 0.25% Triton-X-100, blocked with 10
% goat serum, incubated with primary antibodies overnight
at 4◦C, washed with PBST, and incubated with Alexa 594-
conjugated or Alexa 488-conjugated secondary antibody at
room temperature for 1 h. Nuclei were visualized with 4′, 6′-
diamidino-2-phenylindole (DAPI) staining. For BRDU staining,
DNA was denaturized using 2N HCl, followed by antibodies
incubation. Images were captured using confocal microscopy
(LS510, Zeiss).

Statistics
Quantitative data are presented as mean±SEM. The statistical
analysis was performed by GraphPad prism software. Normal
distribution was determined by the Kolmogorov-Smirnov test.
Statistical comparisons between two groups were analyzed using
two-tailed unpaired Student’s t test or one- or two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc tests when
appropriate. Two-sided P values were quantified. ∗ P < 0.05 was
considered statistically significant.

RESULTS

Andrographolide Attenuates Neointima
Hyperplasia Induced by Vascular Ligation
Injury
To evaluate whether Andrographolide had an inhibitory effect on
neointimal hyperplasia, we created a vascular injury model using
C57BL/6 mice and complete ligation of the left common carotid
artery, followed by consecutive Andrographolide treatment (10
mg/kg) (21, 27). The arteries were harvested and paraffin-
embedded. Slides of 5µm thickness at different locations
from the ligation site were collected. We performed H&E
staining to visualize vascular morphological changes. After 14
consecutive days of treatment, Andrographolide significantly
attenuated neointimal hyperplasia (Figure 1A). We analyzed the
neointima areas at different locations from the ligation site
using Image J software. Our data showed that the neointimal
areas from 100 to 700µm distance significantly decreased after
Andrographolide treatment (Figure 1B). We compared the ratio
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FIGURE 1 | Andrographolide attenuates neointima hyperplasia induced by vascular ligation injury. (A) Complete ligation of the left common carotid artery in C57BL/6

mice, and following Andrographolide treatment (10 mg/kg) by intraperitoneal injection for 14 consecutive days. The arteries were harvested and paraffin-embedded.

Slides of 5µm thickness at different locations from the ligation site were collected. H&E staining was performed to visualize vascular morphological changes. (B,C)

Analysis areas of the neointimal hyperplasia and ratio of the neointimal areas to the medium layer area (n = 5). (D) Andrographolide (10 mg/kg) was administered by

intraperitoneal injection for 21 consecutive days, the representative image of H&E staining. (E,F) Analysis areas of the neointimal hyperplasia and ratio of the neointimal

areas to the medium layer area (n = 5). Data are expressed as mean ± SEM. *P < 0.05.

of neointima area to media smooth muscle layer area, and
found the ratio significantly deceased after Andrographolide
treatment (Figure 1C). The areas of the media smooth muscle
cells layer were determined, however, no significance was
found (Supplementary Figure 1A). We also observed the

vascular morphological changes after 21 consecutive days of
treatment with Andrographolide, our data demonstrated that
Andrographolide treatment significantly inhibited neointimal
hyperplasia (Figure 1D), decreased both neointima areas and
the ratio of neointima area to media smooth muscle layer area

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 January 2022 | Volume 8 | Article 783872205

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Hu et al. Andrographolide Regulates Pathological Vascular Remodeling

(Figures 1E,F), whereas no statistical changes were observed on
the media smooth muscle cell layer (Supplementary Figure 1B).
The data indicated that Andrographolide significantly attenuated
the formation of vascular neointimal hyperplasia.

Andrographolide Is Critical in Regulating
Smooth Muscle Cell Phenotypic Switching
The phenotypic switching of SMCs plays a critical role during the
process of pathological vascular remodeling. However, whether
Andrographolide is critical in regulating SMC phenotypic
switching is not well defined. We cultured primary rat aortic
SMCs and treated them with Andrographolide (5µM). After
treatment for 30 h, quantitative real-time PCR was performed
to determine the transcription level of SMC differentiated genes
and cell growth positive regulated genes. The data indicated
that SMC differentiated genes, including Myocardin, SRF,
MRTFA, klf4, and smooth muscle α-actin were dramatically
increased, and genes inhibiting cell proliferation, such as
CDKN1A and CDKN1B, were upregulated (Figure 2A). Some
other signaling pathways involved in SMC differentiation
regulation were also enhanced (Supplementary Figure 2A).
The characteristics of phenotypic switching for matured SMCs
exhibited enhanced proliferation, whereas differentiation was
decreased. We sought to determine whether Andrographolide

is critical in regulating SMC phenotypic switching. First, we
mimicked a condition that promotes cell growth by PDGF-
BB treatment (Supplementary Figure 2B). With presence
of PDGF-BB, Andrographolide treatment could inhibit the
expression of PCNA, c-Myc, and ADK, whereas it enhanced
CDKN1A, CDKN1B, and PTEN expression (Figure 2B). We
next induced SMC differentiation by Rapamycin treatment
(Supplementary Figure 2C). After Rapamycin incubation,
following Andrographolide treatment, SMC differentiated
specific marker genes, including Myocardin, SRF, KLF4,
Calponin, SM22a, and MHC markedly induced differentiation
(Figure 2C). We further induced SMC differentiation
by starvation treatment (Supplementary Figure 2D).
Andrographolide treatment also promoted the expression
of Myocardin, SRF, KLF4, Calponin, and smooth muscle a-actin
(Figure 2D). Our data demonstrated that Andrographolide is
critical in regulating SMC phenotypic switching.

Andrographolide Inhibits Proliferation of
Vascular Smooth Muscle Cells
The hallmark of SMC phenotypic switching is characterized
by enhanced proliferation. We sought to determine whether
Andrographolide can inhibit SMC proliferation. We treated
rat aortic SMCs with Andrographolide (5µM) and the cell

FIGURE 2 | Andrographolide is critical in regulating smooth muscle cells phenotypic switching. (A) Rat SMCs were treated with Andrographolide (5µM) for 30 h, the

mRNA levels of SMC-specific marker genes, including myocardin, SRF, klf4, calponin, SM22α, SM α-actin, MHC, MRTFA, and proliferation-related genes including

CDKN1A, CDKN1B, PTEN, and c-Myc were detected by real-time PCR (n = 6). (B) Proliferation of rat SMCs induced by PDGF-BB (25 ng/ml) incubation, following

Andrographolide (5µM) treatment. Proliferation-related genes were evaluated by real-time PCR (n = 6). (C) Differentiation of rat SMCs was induced by rapamycin (100

nM/L), following Andrographolide (5µM) treatment. Real-time PCR was performed to determine SMC-specific marker gene expression (n = 6). (D) Differentiation of

rat SMCs was mimicked by starvation (0.2% FBS), following Andrographolide (5µM) treatment. Real-time PCR was performed to determine SMC-specific marker

gene expression (n = 6). Data are expressed as mean ± SEM. *P < 0.05.
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FIGURE 3 | Andrographolide inhibits proliferation of vascular smooth muscle cells. (A) Rat SMCs were treated with Andrographolide (5µM), and the cell numbers

were counted at different time points (n = 6). (B) Cell viability was detected by a CCK8 cell proliferation assay (n = 8). (C) The mRNA levels of proliferation-related

genes were detected by real-time PCR (n = 6). (D) Rat SMCs were incubated with BRDU labeling buffer for 20 h, following Andrographolide treatment overnight.

Immunofluorescence staining was performed to evaluate BRDU incorporation and BRDU-positive cells shown in (E). (F,H) Immunohistochemical staining was

performed against proliferation marker genes PCNA and Ki67 on the left common carotid artery complete ligation model. PCNA and Ki67-positive SMCs in neointimal

areas are shown in (G,I) (n = 5). The analysis data are expressed as means ± SEM. *P < 0.05.

numbers were counted. Andrographolide treatment significantly
decreased cell numbers at 36 h and 48 h following treatment
(Figure 3A). Andrographolide treatment decreased SMCs
viability which was measured by CCK8 (Figure 3B). Cell
growth-related genes were determined by real-time PCR.
Andrographolide treatment promoted expression of cell
cycle negative-related genes, including PDCD4, CDKN1A,
P53, and PTEN (Figure 3C). The BRDU incorporation assay
was also performed to evaluate whether Andrographolide
could suppress SMC proliferation. With the addition of

Andrographolide, the BRDU-positive cells—which were
detected by immunofluorescence staining—were dramatically
decreased (Figures 3D,E). That Andrographolide suppressed
SMC proliferation was validated in vivo. We performed
immunohistochemistry staining on slides from injured
animals. Andrographolide treatment dramatically decreased
the number of both PCNA and Ki67 positive numbers
within the neointimal area (Figures 3F–I). However, no
statistical difference of PCNA or Ki67 positive numbers
within the media smooth muscle layer between the
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FIGURE 4 | Andrographolide inhibits migration of rat smooth muscle cells. (A) A wound scratching assay was performed to determine whether Andrographolide

treatment (5µM) suppressed SMC migration. The number of scratch gaps at 24 h and 48 h is exhibited in (B) (n = 5). (C) A Boyden chamber cell migration assay was

performed in the presence of Andrographolide (5µM), the migrated cells were visualized by crystal violet staining, and cell numbers are exhibited in (D) (n = 5). (E) A

spheroid sprouting assay was performed in the presence of Andrographolide (5µM), the sprouting of SMCs was visualized by calcein AM staining. Quantification of

sprouts and sprout length is exhibited in (F,G) (n = 8). The analysis data are expressed as means ± SEM. *P < 0.05.

Andrographolide treatment group and vehicle treatment
group was exhibited (Supplementary Figures 3A,B).
The data demonstrated that Andrographolide suppressed
SMC proliferation.

Andrographolide Inhibits Migration of Rat
Smooth Muscle Cells
Enhanced migration of smooth muscle cells is evident
during SMC phenotypic switching. To explore whether
Andrographolide plays a critical role in regulating the
migration of SMC, we performed a scratch wound healing
assay following crystal violet staining to visualize the scratch
gap at different time points. Much bigger scratch gaps were
seen after Andrographolide treatment (Figures 4A,B). We
next performed a Boyden chamber migration assay to
evaluate the effect of Andrographolide on regulating the
migration of SMCs. The data indicated that Andrographolide
treatment observably reduced rat SMCs passing through
the Boyden chamber (Figures 4C,D). Furthermore, we
performed a spheroid sprouting assay, and found that

Andrographolide remarkably suppressed both sprouts and
sprout length (Figures 4E–G). The data indicated that
Andrographolide could significantly inhibit the migration
of rat SMCs.

Andrographolide Activates Endothelin
Family Response to Vascular Injury Stress
Andrographolide plays a critical role in maintaining the
differentiated stage of SMCs which is characterized by
inhibiting proliferation and migration of vascular SMCs.
However, the underlying mechanism is not well defined.
We performed real-time PCR to evaluate different signaling
pathways that are associated with SMC phenotypic switching
regulation. The data indicated that expression of Myd88, P53,
IGFBP5, GS3Kβ, EDNRA, and EDNRB was dramatically
enhanced after Andrographolide treatment. The most
obvious change in expression level occurred in EDNRA
and EDNRB (Supplementary Figure 4). Both EDNRA and
EDNRB are receptors for the endothelin/sarafotoxin family
which is critical in regulating vasoconstriction. We first
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FIGURE 5 | Andrographolide activates endothelin family response to vascular injury stress. (A) Rat SMCs were treated with Andrographolide (5µM) for 30 h.

Real-time PCR was performed to detect the mRNA level of the endothelin family (n = 6). (B) Western blot was performed to determine the expression of EDNRA and

EDNRB in SMCs after Andrographolide (5µM) treatment for different time points, and the quantification data are shown (C) (n = 3). (D) Immunohistochemistry

staining was performed to detect the expression of EDNRA and EDNRB in the completely ligated carotid arteries. (E) The relative protein levels were quantified by

Average Optical Density (Integrated option density/Area) using Image J software (n = 5). (F) Immunofluorescence staining was used to evaluate the expression of

EDNRA ligated left carotid arteries. The analysis data are expressed as means ± SEM. *P < 0.05.

evaluated the expression of ET1, ET2, and ET3 in SMCs.
We observed the highest expression level in ET1 under
normal culture conditions (Supplementary Figure 5A).
The expression of EDNA was much higher than that of
EDNB (Supplementary Figure 5B). In order to confirm the
potential targets for Andrographolide, we further treated
rat SMCs with different doses of Andrographolide, and
performed real-time PCR to determine the expression of the

endothelin family and its receptors. Treatment with 1µM
Andrographolide did not change the expression of ET1, ET2,
and ET3 in rat SMCs, whereas it significantly induced EDNRA
and EDNRB expression (Supplementary Figures 6A,B).
The treatment with 5µM Andrographolide dramatically
suppressed the transcription levels of ET1, ET2, and ET3
in rat SMC, whereas it observably induced EDNRA and
EDNRB transcription levels (Figure 5A). The protein levels
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FIGURE 6 | Andrographolide promotes the interaction of EDNRA and EDNRB with the Myocardin-SRF complex. (A) Real-time PCR was performed to determine SRF

and Myocardin mRNA levels in SMCs after 5µM Andrographolide treatment (n = 6). (B) Rat SMCs were treated with Andrographolide (5µM) over different time

points. A western blot assay was performed to evaluate the protein level of SRF and Myocardin, quantified densities of protein were bound by Integral Optical Density

(IOD) using ImageQuant TL software (C) (n = 3). (D,E) Immunofluorescence staining was performed to evaluate the expression of Myocardin in ligated left carotid

arteries. (F) Co-immunoprecipitation was performed to determine the interaction of EDNRA/EDNRB and Myocardin-SRF. Total protein from rat SMCs was extracted

using RIPA buffer. The cell lysate was precleared using anti-species-specific IgG beads. The precleared cell lysate was incubated with EDNRB (abcam), EDNRA

(abcam), Myocardin (Santa Cruz), and SRF (abcam) for 1 h at 4◦C. Following incubation with pre-equilibrated protein A/G agarose beads on a rocking platform

overnight at 4◦C, the co-immunoprecipitated targets were evaluated by western blotting. *P < 0.05.

of EDNRA and EDNRB were also enhanced after 5µM
Andrographolide treatment in SMCs (Figures 5B,C). We
induced proliferation of rat SMCs by PDGF-BB treatment, and
similar results were exhibited (Supplementary Figures 6C,D).
To validate whether Andrographolide could regulate the
endothelin/sarafotoxin family in vivo, we performed
immunohistochemistry against EDNRA and EDRNB
antibodies on pathological sections of complete ligation of

the left common carotid artery. The results showed that
the expressions of EDNRA and EDRNB were remarkably
increased after Andrographolide treatment (Figures 5D,E). That
Andrographolide treatment enhanced the expression of EDNRA
was also validated by immunofluorescence staining (Figure 5F).
The data demonstrated that Andrographolide activates the
endothelin/sarafotoxin family by increasing both EDNRA and
EDRNB in vascular SMCs.
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Andrographolide Promotes the Interaction
of EDNRA and EDNRB and the
Myocardin-SRF Complex Resulting in
Inducing the Expression of SMC
Differentiated-Specific Genes
The most exciting and significant advance in SMC phenotypic
switching is the discovery of SRF and Myocardin, which
can bind to the CArGA box to regulate the expression of
SMC differentiated genes (1). Andrographolide promotes the
expression of both EDNRA and EDNRB in SMCs. However,
whether enhanced EDNRA and EDNRB expression can regulate
the expression of SRF and Myocardin is not fully defined.
We first determined whether Andrographolide treatment could
regulate the expression of SRF and Myocardin. We found that
different doses (1µM and 5µM) of Andrographolide treatment
dramatically enhanced SRF and Myocardin transcription levels
(Supplementary Figure 7A; Figure 6A). Similar results were
found with PDGF-BB (Supplementary Figure 7B). Different
time points of Andrographolide (5µM) treatment significantly
induced the protein levels of SRF andMyocardin (Figures 6B,C).
We next evaluated the expression of Myocardin in vivo;
immunofluorescence staining showed that Andrographolide
treatment obviously increased the expression ofMyocardin in the
completely ligated left common carotid artery (Figures 6D,E).
To further explore whether EDNRA and EDNRB could interact
with SRF and Myocardin, a co-immunoprecipitation experiment
was performed. Pooled protein from rat SMCs was used. After
being precleared using anti-species-specific IgG beads, incubated
with EDNRB (abcam), EDNRA (abcam), Myocardin (Santa
Cruz), and SRF (abcam) antibodies, and following incubation
with pre-equilibrated protein A/G agarose beads, the co-
immunoprecipitated proteins were evaluated by western blotting.
We observed that EDNRA can bind to EDNRB to form a
complex; SRF and Myocardin can also interact with each other
(Figure 6F). The data indicated that EDNRA binds to EDNRB to
form a complex which interacts with Myocardin-SRF complexes.

Inhibition of Endothelin Receptors and SRF
Attenuates Andrographolide-Promoted
SMC Dedifferentiation
EDNRA and EDNRB can bind to SRF. However, whether this
binding is critical in regulating SMC phenotypic switching is not
well defined. We treated SMC with Macitentan, a non-specific
inhibitor for EDNRA and EDNRB, and detected whether
Macitentan regulated SMC proliferation and migration. The
BRDU incorporation assay and CCK8 cell proliferation assay
indicated that Macitentan alone can promote SMC proliferation
(Supplementary Figures 8A–C). Macitentan treatment also
promoted SMC migration, which was evident in our spheroid
cell migration assay (Supplementary Figures 9A–C). Following
Andrographolide treatment, the BRDU incorporation assay
indicated that Andrographolide suppressing SMC proliferation
was obviously attenuated in the presence of Macitentan
(Figures 7A,B). Similar results were exhibited in the CCK8
cell proliferation assay (Supplementary Figure 10). Macitentan
dramatically attenuated the suppressed migration of SMCs

induced by Andrographolide treatment (Figures 7C–E). We
further used siRNA to delete EDNRA and SRF in rat SMCs. After
transfection, real-time PCR was performed to evaluate deletion
efficiency (Supplementary Figures 11A,B, 12A,B). The siRNA
targeted deletion of EDNRA and SRF was chosen from three
difference sequences, and the sequences are exhibited in Table 2.
After transfection of si-EDNRA, Andrographolide treatment
significantly suppressed the expression of MHC, calponin,
SM22α, and smooth muscle α-actin (Supplementary Figure 13).
After transfection of si-SRF, no difference in the expression of
smooth muscle marker genes was found between si-SRF and
Andrographolide treatment alone (Supplementary Figure 14).
However, after transfection with both si-EDNRA and si-SRF,
following Andrographolide treatment, the smooth muscle
marker genes were dramatically inhibited, including MHC,
calponin, SM22α, smooth muscle α-actin, and klf4 (Figure 7F)
and which resulting the increase of cell viability (Figure 7G).
The data demonstrated that Andrographolide promotes the
interaction between endothelin-dependent EDNRA/EDNRB and
Myocardin-SRF to regulate pathological vascular remodeling.

In summary, vascular injury suppresses the expression of
SRF and Myocardin, resulting in decreased expression of SMC-
specific marker genes, which is characterized by enhanced
proliferation and migration, and eventually leads to vascular
hyperplasia. The treatment of SMC with Andrographolide
activates the endothelin signaling pathway and promotes
the interaction of EDNA and EDNB with the Myocardin-
SRF complex to induce SMC-specific marker gene expression
(Figure 7H).

DISCUSSION

This study provides evidence that Andrographolide regulates
pathological vascular remodeling. The treatment of rat SMCs
with Andrographolide activates the endothelin signaling
pathway and promotes interaction of EDNA and EDNB with
the Myocardin-SRF complex to induce SMC-specific marker
gene expression, resulting in restrained pathological vascular
remodeling. We provide first evidence that Traditional Chinese
Medicine Andrographolide regulates pathological vascular
remodeling through interaction between endothelin receptors
with the Myocardin-SRF complex.

Endothelin was first identified from bovine endothelial cell
in 1985 (35). The endothelin/sarafotoxin family consists of
three isoforms, including ET-1, ET-2, and ET-3 (14). The
expression of ET-1 is much higher than ET-2 and ET-3
(Supplementary Figure 5A). The transcription level of ET-1
was obviously changed after Andrographolide treatment. We
focused on ET-1 in this study and evaluated whether and how
Andrographolide regulates pathological vascular remodeling.
However, as a secreted peptide, it is difficult to evaluate the
concentration and activation of ET in tissues and organs. We
monitored the transcription level of ET-1 in SMCs by real-time
PCR following Andrographolide treatment.

ET-1 interacts with cognate receptors to regulate
vasoconstriction. Three types of G protein-coupled
endothelin/sarafotoxin family receptors have been identified,
including EDNRA, EDNRB, and EDNRB2 (36). Both ET-1
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FIGURE 7 | Inhibition of endothelin receptors and SRF attenuates Andrographolide-promoted SMC dedifferentiation. (A) Rat SMCs were treated with Macitentan

(1µM) and Andrographolide (5µM), followed by incubation with BRDU labeling buffer for 20 h. Immunofluorescence staining was performed to observe BRDU

incorporation, and BRDU-positive cells were quantified, as shown in (B) (n = 5). (C) A spheroid sprouting assay was performed in the presence of Macitentan (1µM)

and Andrographolide (5µM). The sprouting was visualized by calcein AM staining, and sprouts and sprouting length are quantified in (D,E) (n = 8). (F) Rat SMCs were

transfected with small interfering RNA si-SRF and si-EDNRA for 4-6 h, and then treated with Andrographolide (5µM) for 30 h, the mRNA levels of SMC-specific marker

genes, including SRF, Myocardin, MHC, calponin, SM22α, SMα-actin, KLF4, and MRTFA, and proliferation-related genes including CDKN1A, CDKN1B, and PCNA

were detected by real-time PCR (n = 6). (G) Rat SMCs were transfected with small interfering RNA si-SRF and si-EDNRA for 4–6 h, and then treated with

Andrographolide (5µM) for 24 h, the cell viability was detected by CCK8 (n = 9). Data are presented as mean ± SEM. *P < 0.05. (H) The schematic diagram indicates

that vascular injury suppresses the expression of SRF and Myocardin, resulting in decreased expression of SMC-specific marker genes, which is characterized by

enhanced proliferation and migration, eventually leading to vascular hyperplasia. Treatment of SMCs with Andrographolide activates the endothelin signaling pathway

and promotes the interaction of EDNA and EDNB with the Myocardin-SRF complex to induce SMC-specific marker gene expression.
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TABLE 2 | The sequences of siRNA.

Gene name Species Sequence

Si-control Rat S: 5′-UUCUCCGAACGUGUCACGUTT-3′

Rat AS: 5′-ACGUGACACGUUCGGAGAATT-3′

Si-SRF Rat S: 5′-CACCUCCACAAUCCAAACATT-3′

Rat AS: 5′-UGUUUGGAUUGUGGAGGUGTT-3′

Si-EDNRA Rat S: 5′-CACGACGGCUUUCAAAUAUTT-3′

Rat AS: 5′-AUAUUUGAAAGCCGUCGUGTT-3′

and ET-2 can activate these three kinds of receptors, whereas
ET-3 only activates EDNRB and EDNRB2. EDNRB is a major
receptor that is expressed in SMCs (Supplementary Figure 5B).
However, Andrographolide treatment dramatically enhanced the
expression of EDNRA and EDNRB. In this study, we determined
whether Andrographolide treatment regulates pathological
vascular remodeling by the interaction between ET-1 and
EDNRA or EDNRB.

In this study, we identified a novel mechanism where
Andrographolide activates the endothelin signaling pathway and
promotes the interaction of receptors EDNA and EDNB with the
Myocardin-SRF complex to induce SMC-specific marker gene
expression. Previous studies demonstrated that ET-1 promotes
proliferation and migration of vascular smooth muscle cells.
Although the majority of ET-1 is generated by endothelial cells,
ET-1 can also be released by vascular SMCs (37, 38). However,
whether and howAndrographolide regulates SMCdifferentiation
is not well defined. Identification of SRF and Myocardin
represents tremendous progress in defining SMC phenotypic
switching. SRF dimerism binds to the CArG element that exists in
the promoter regions of multiple SMC marker genes. Myocardin
induces multiple SMC marker gene expression by binding to
SRF. In this study, we demonstrated that Andrographolide
promoted the interaction of EDNA and EDNB with Myocardin-
SRF, and induced CArG boxes containing SMC-specific marker
gene expression (Figure 7G).

Pathological vascular remodeling involves SMC proliferation,
endothelial cell inflammation, collagen synthesis (39), and
macrophages, etc. We performed a CCK8 cell proliferation
assay and BRDU cell incorporation assay to evaluate whether
Andrographolide suppresses SMC proliferation. We also
performed a Boyden chamber migration assay and spheroid
sprouting assay to determine whether Andrographolide inhibits
SMC migration. Furthermore, we defined that Andrographolide
activates the endothelin signaling pathway and promotes the
interaction of receptor EDNA and EDNB with Myocardin-SRF
to induce CArG boxes containing SMC-specific marker gene
expression. The data are very interesting. However, these data
cannot account for every detail that happens during pathological
vascular remodeling. More studies need to focus on how
Andrographolide regulates endothelial cell behaviors during
pathological vascular remodeling.

Although we provide evidence that Andrographolide
regulates pathological vascular remodeling by inducing the

interaction of EDNRA and EDNRB with the Myocardin-SRF
complex, resulting in enhanced expression of CArG boxes
containing SMC-specific marker genes. Some other signaling
pathways may also be involved during pathological vascular
remodeling. Our real-time PCR data exhibited that IL-15,
IL-18, IGF1, and Hif1a were also regulated in SMCs after
Andrographolide treatment (Supplementary Figure 4).

Extra matric deposition, degradation, and rearrangement
are critical for development of the vascular system and aging
of tissue and organs. Our real-time PCR data indicated that
expression of versicon, collagen I, collagen II, and fibronectin
were decreased in SMCs following Andrographolide treatment
(Supplementary Figure 10).

In summary, this study not only demonstrates the critical
role of Andrographolide on regulating pathological vascular
remodeling, but also identifies a novel mechanism where
Andrographolide activates the endothelin signaling pathway and
promotes the interaction of EDNA and EDNB with Myocardin-
SRF to induce CArG boxes containing SMC-specific marker
gene expression.
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Background: The relationship between galectin-3 (Gal-3) and coronary artery disease

(CAD) has not been fully elucidated.

Aim: This study aimed to determine the relationship between the presence and severity

of CAD and serum Gal-3 levels.

Patients and Methods: Three-hundred thirty-one consecutive CAD patients were

enrolled as the study group. An additional 62 patients without CAD were enrolled as the

control group. Serum Gal-3 levels were separately compared between the non-CAD and

CAD groups, among the stable CAD and Acute coronary syndrome (ACS) groups, and

between CAD patients with low and high SYNTAX scores (SSs). The 1-year cumulative

rate of major adverse cardiac events (MACEs) was also compared among ACS patients

by Gal-3 levels.

Results: Serum Gal-3 was significantly higher in the CAD group than in the non-CAD

group 3.89 (0.16–63.67) vs. 2.07 (0.23–9.38) ng/ml, P < 0.001. Furthermore, serum

Gal-3 was significantly higher in the non-ST-segment elevation ACS (NSTE-ACS) group

than that in the stable CAD group, 4.72 (1.0–16.14) vs. 2.23 (0.65–23.8) ng/ml, P = 0.04

and higher in the ST-segment elevation myocardial infarction (STEMI) group than that in

the stable CAD group 7.87 (0.59–63.67) vs. 2.23 (0.65–23.8) ng/ml, P < 0.001. Serum

Gal-3 level was an independent predictor of ACS compared with stable CAD group (OR

= 1.131, 95% CI: 1.051–1.217, P = 0.001) as well as high SS (OR = 1.030, 95% CI:

1.021–1.047, P = 0.038) after adjust other confounding risk factors. Acute coronary

syndrome patients with Gal-3 levels above the median (gal-3 = 4.78 ng/ml) showed

a higher cumulative MACE rate than those with Gal-3 levels below the median. After

adjusting other confounding risk factors, Gal-3 remained an independent risk factor for

the cumulative rate of MACEs in ACS patients (6% higher rate of MACEs incidence per

1 ng/ml increment of Gal-3).

Conclusion: Galectin-3 correlated with the presence of CAD as well as coronary

stability and complexity. Galectin-3 may be valuable in predicting mid-term prognosis

in ACS patients.

Keywords: coronary artery disease, galectin-3, syntax score, prognosis, acute coronary syndrome
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INTRODUCTION

Cardiovascular diseases (CVDs) remain the leading cause of
death worldwide (1). Atherosclerosis is a major cause of stroke
and CVDs (2) and is characterized by the excessive accumulation
of lipoprotein in macrophages, monocyte chemo-attraction in
vascular lesions, and the infiltration of vascular smooth muscle
cells (VSMCs) into the sub-endothelial space (3). Inflammation
mediated by macrophages plays an important role in the
initiation and progression of atherosclerosis (3, 4).

Galectin-3 (Gal-3) is a pro-inflammatory cytokine that is
mainly secreted by activated macrophages (5). It is a circulating
35 kDa β-galactosidase-binding lectin and the unique chimera-
like galectin member of the vertebrate family (6). It has one C-
terminal carbohydrate recognition domain connected to a long
N-terminal domain, and in the human genome, it is encoded
solely by LGALS3, located on chromosome 14, locus q21-22
(5, 6). Galectin-3 has several biological functions, including
intracellular and short-distance signaling, regulation of gene
expression, cell-to-cell interaction, and exchanges between cells
and the extracellular matrix (ECM) (7, 8). Over-expression
of Gal-3 has been observed in patients with decompensated
congestive heart failure (CHF). In addition, Gal-3 may play an
important role in the inflammatory response, fibrosis and scar
formation, cardiac remodeling, and heart failure in the clinical
setting of acute myocardial infarction (AMI) (9).

Recently, clinical data have suggested that Gal-3 is closely
correlated with coronary atherosclerosis (9–13). However, the
precise role of Gal-3 in coronary artery disease (CAD) has
not yet been fully elucidated, and more data are needed to
systemically explore the association between serum Gal-3 levels
and atherosclerotic plaque burden and stability. We therefore
performed a retrospective cohort clinical study to explore the
relationship between peripheral Gal-3 levels and the presence of
CAD as well as plaque burden and stability. The value of Gal-
3 in predicting mid-term prognosis in acute coronary syndrome
(ACS) patients was also evaluated.

PATIENTS AND METHODS

Study Population
This is a single-center, retrospective cohort study. From January
1 to December 1, 2018, we continuously enrolled 393 consecutive
patients who underwent coronary angiography due to suspected
coronary heart disease. Patients who met one of the following
criteria were excluded: (1) patients with acute or chronic
infectious diseases or autoimmune diseases or recently used
drugs that affect the immune response; (2) patients with
severe heart failure, liver or kidney dysfunction; (3) patients
complicated with any kind of tumor; and (4) patients who refused
to sign the informed consent form and did not want to participate
in this research.

Methods
First, the enrolled patients were divided into the control (non-
CAD group, n = 62) and CAD groups (n = 331). Serum
Gal-3 levels were compared between the two groups. Then,

we did subgroup analysis and all the enrolled CAD patients
were further divided into the stable CAD, non-ST-segment
elevation ACS (NSTE-ACS) group and ST-segment elevation
myocardial infarction (STEMI) group. Serum Gal-3 levels were
compared among the three groups. The SYNTAX score (SS)
was then calculated for all CAD patients, and the serum Gal-3
level was also compared between the low SS (<22) group and
the high SS (≥22) group. We performed multivariate logistic
regression analysis to explore the correlation between serumGal-
3 and ACS compared with stable CAD and high SS compared
with low SS.

Clinical Data Collection
The patient’s medical history, sex, age, body mass index (BMI),
and laboratory test results such as white blood cell (WBC)
count, the serum creatinine (CR), fasting glucose (FG) level,
glycosylated hemoglobin level, hs-CRP, left atrial diameter,
and left ventricular ejection fraction (LVEF) according to
echocardiography, Killip grades, medication treatment during
hospitalization were obtained and collected from the hospital
medical record system.

Definitions
Coronary artery disease was defined as ≥50% luminal diameter
stenosis of at least one major epicardial coronary artery. ST-
segment elevation myocardial infarction was defined as follows:
(i) There is evidence of myocardial injury which is defined
as an elevation of cardiac troponin values with at least one
value above the 99th percentile upper reference limit. (ii)
Patients with persistent chest discomfort or other symptoms
suggestive of ischemia. (iii) ST-segment elevation in at least
two contiguous leads (14). Non-ST-segment elevation ACS was
defined according to 2020 European Society of Cardiology (ESC)
Guidelines (15) and was stated as follows: patients with acute
chest discomfort but no persistent ST-segment elevation. ECG
changes may include transient ST-segment elevation, persistent
or transient ST-segment depression, T-wave inversion, flat T
waves, or pseudonormalization of T waves; or the ECG may
be normal.

Stable CAD was defined according to the 2013 ESC guidelines
recommended (16).

Galectin-3 Detection
The blood sample was collected from the cubital vein in
an ethylene diaminetetraacetic acid (EDTA) vacuum tube,
placed in a 4◦C refrigerator, allowed to stand for 4 h, and
centrifuged at 1,000 × g for 15min. Then, the supernatant was
collected and placed in a −80◦C refrigerator for later inspection.
The assay was performed and calibrated according to the
manufacturer’s protocol using an enzyme-linked immunosorbent
assay.Measurements were performed in duplicate, and the results
were averaged. The standard curve ranged between 0.47 and
30.0 ng/ml. The limit of detection was 0.29 ng/ml, and the intra-
and inter-assay reproducibility coefficients of variation were 7.5
and 5.4%, respectively.
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TABLE 1 | The baseline clinical and biochemical characteristics of the study with CAD or no-CAD.

Variable no-CAD, n = 62 CAD, n = 331 P

Age, years 60.35 ± 10.36 60.81 ± 11.78 0.601

Gender male sex, % (n) 49 (79.0) 268 (80.9) 0.833

BMI, kg/m2 24.51 ± 2.22 24.10 ± 2.58 0.248

Hypertension, % (n) 26 (41.9) 195 (58.9) 0.013*

DM, % (n) 8 (12.9) 65 (19.6) 0.285

History of hyperlipidemia, % (n) 1 (1.6) 12 (3.6) 0.701

Smoking, % (n) 23 (37.1) 136 (41.1) 0.330

Family history of CAD, % (n) 0 (0) 9 (2.7) 0.365

Systolic blood pressure, mm Hg 134.87 ± 22.83 142.32 ± 23.33 0.420

WBC, 109/L 7.33 ± 1.74 9.51 ± 4.91 <0.001*

Hb, g/L 139.27 ± 15.48 140.31 ± 21.89 0.704

Fasting blood glucose, mmol/L 5.53 ± 1.18 6.55 ± 2.29 <0.001*

Hb A1c, % 6.11 ± 1.51 6.35 ± 1.41 0.026*

Creatinine, µmol/l 71 (43–131) 85 (33–187) <0.001*

hs-CRP, mg/L 5.16 ± 1.72 8.22 ± 1.13 0.029*

Total cholesterol, mmol/L 4.26 ± 0.94 4.52 ± 1.23 0.119

HDL cholesterol, mmol/L 0.68–1.99 0.27–4.62 0.829

LDL cholesterol, mmol/L 2.45 ± 0.74 2.81 ± 1.08 0.028*

Triglycerides, mmol/L 1.7 (0.56–5.82) 1.52 (0.49–7.93) 0.176

ApoA1, mg/dl 1.09 ± 0.17 1.11 ± 0.25 0.747

ApoB100, mg/dl 0.84 ± 0.22 1.02 ± 0.39 0.001*

Lpa, mg/dl 176 (0–885) 168 (0–3,440) 0.334

LV diameter, mm 45.5 (31–59) 46.5 (28–69) 0.082

LVEF,% 65 (50–75) 59 (22–80) 0.016*

Serum Gal-3, ng/ml 2.07 (0.23–9.38) 3.89 (0.16–63.67) <0.001*

CAD, coronary artery disease; BMI, body mass index; DM, diabetic mellitus; WBC, white blood cell; Hb, hemoglobin; HbA1C, hemoglobin A1C; CRP, C-reactive protein; TC,

total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglyceride; ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; LP(a),

Lipoprotein(a); LVEF, left venticular ejection fraction.

*P< 0.05.

TABLE 2 | Association between serum Gal-3 and presence of CAD.

Gal-3 Incident rate Model 1 Model 2 Model 3

OR (95%CI) P-value OR (95%CI) P-value OR (95%CI) P-value

Per ng/ml 331/393 1.30 (1.13, 1.50) <0.001 1.21 (1.07, 1.37) 0.002 1.21 (1.07, 1.38) 0.003

Model 1, adjusted for age, gender; Model 2, further adjusted for SBP, WBC, Cr, LDL-c, apoB 100; Model 3, further adjusted for fasting glucose, ejection fraction.

Coronary Angiography and SYNTAX Score
All patients underwent coronary angiography in the catheter
lab of the Department of Cardiology in our hospital. Coronary
arteriography was conducted using the standard Judkins
technique (17). The results of the angiography were judged by
two experienced specialists. The SS of each of the selected patients
in this study was calculated by the online SS calculator version
2.1 (www.syntaxscore.com).

Follow-Up
All enrolled ACS patients were followed up for 12 months.
Major adverse cardiac events (MACEs) are defined as re-
infarction, worsening heart failure, or recurrent angina. The

survival time without a MACE is the time before the first MACE
during follow-up. Data were obtained through outpatient or
telephone interviews.

Statistical Analysis
Statistical analysis was performed using the SPSS package,
version 17.0 (Chicago, Illinois, USA). To test differences between
the groups, the Student’s t-test was used for numerical variables
with a regular distribution, and the Mann–Whitney U-test was
employed if there was an irregular distribution. Categorical
variables were analyzed with the chi-squared and Fisher’s exact
tests. Logistic regressions were used to assess the relationship
between serum gal-3 andACS, high SS. The initial model adjusted
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TABLE 3 | The baseline clinical and biochemical characteristics of STEMI vs NSTE-ACS vs Stable CAD vs. non-CAD in the study.

No CAD Stable CAD NSTE-ACS STEMI P-value

n = 62 n = 95 n = 97 n = 139

Age, years 60.35 ± 10.36 61.00 ± 10.61 61.95 ± 10.17 58.49 ± 13.19 0.058

Gender male sex, % (n) 39 (62.9) 57 (60) 82 (84.5) 120 (89.4) <0.001

BMI, kg/m2 24.51 ± 2.22 24.18 ± 2.53 24.17 ± 2.50 24.00 ± 2.67 0.483

Hypertension, % (n) 26 (41.9) 59 (62.1) 60 (75.9) 76 (54.6) 0.026

DM, % (n) 8 (12.9) 21 (21.1) 22 (22.7) 22 (15.8) 0.292

History of hyperlipidemia, % (n) 1 (1.6) 6 (6.3) 3 (3.1) 3 (2.2) 0.096

Smoking, % (n) 23 (37.1) 29 (30.5) 37 (38.1) 70 (50.4) 0.014

Family history of CAD, % (n) 0 (0) 3 (3.1) 4 (4.1) 2 (1.4) 0.507

Systolic blood pressure, mm Hg 142.32 ± 23.33 137.93 ± 20.50 136.06 ± 22.84 131.94 ± 24.12 0.020

Total cholesterol, mmol/L 4.26 ± 0.94 4.23 ± 1.13 4.26 ± 1.09 4.84 ± 1.33 0.042

HDL cholesterol, mmol/L 1.05 (0.68–1.99) 1.12 (0.48–2.89) 1.10 (0.07–4.62) 1.02 (0.26–3.4) 0.692

LDL cholesterol, mmol/L 2.45 ± 0.74 2.48 ± 0.90 2.49 ± 0.91 3.27 ± 1.14 <0.001

Triglycerides, mmol/L 1.7 (0.56–5.82) 1.32 (0.54–6.51) 1.46 (0.56–7.93) 1. 63 (0.49–6.87) 0.140

ApoA1, mg/dl 1.09 ± 0.17 1.04 ± 0.24 1.08 ± 0.27 1.15 ± 0.24 0.026

ApoB100, mg/dl 0.77 (0.51–1.39) 0.82 (0.33–2.58) 0.88 (0.36–2.58) 1.10 (0.26–2.91) 0.031

Lpa, mg/dl 176 (0–885) 128 (4–1,334) 173 (1.5–1,546) 188 (4–3,440) 0.007

WBC, 109/L 7.33 ± 1.74 7.02 ± 1.72 8.45 ± 2.39 11.94 ± 6.37 <0.001

Hb, g/L 136 (116–169) 136 (69–172) 144 (75–274) 142 (69–274) 0.005

Fasting blood glucose, mmol/L 5.31 (4.15–10.28) 5.36 (4.02–12.79) 5.91 (4.36–15.9) 6.04 (3.7–18.79) <0.001

Hemoglobin A1c, % 5.85 (5–11) 5.9 (3.46–11.1) 6.1 (4.4–11.1) 6.0 (5.0–14.5) 0.008

Creatinine, mmol/l 71 (43–131) 75 (43–131) 92 (48–187) 81 (42–401) <0.001

hs-CRP, mg/l 1 (0–67.6) 0.7 (0–12.4)* 2.1 (0–54.2) 5.8 (0–183.2) <0.001

Troponin T, ng/L 40 (3–89) 40 (3–48) 40 (3–2000) 108 (40–3,650) <0.001

Pro-BNP, pg/ml 60 (24–560) 60 (5–892) 165 (17–9000) 514 (24–11,232) <0.001

LV diameter, mm 45 (31–59) 45 (28–61) 47 (38–64) 46 (35–69) 0.006

LVEF, % 65 (48–75) 65 (42–79) 62 (30–80) 58 (22–74) <0.001

Number of lesion vessels – 1 (1–3) 3 (1–3) 3 (1–3) <0.001

Antiplatelet therapy 6 (9.6) 86 (93.4) 94 (97) 136 (98) <0.001

Statins use,% (n) 10 (16.1) 94 (98.9) 94 (97) 137 (98.6) 0.187

β blocker use,% (n) 14 (22.6) 53 (55.8) 81 (83.5) 115 (82.7) <0.001

ACEI/ARB use,% (n) 10 (15.1) 62 (65.3) 71 (73.2) 97 (69.8) <0.001

Diuretics use,% (n) 6 (9.7) 19 (20) 40 (41.2) 57 (41) <0.001

Gal-3, ng/ml 2.07 (0.23–9.38) 2.23 (0.65–23.8)* 4.47 (0.16–27.1)N 7.87 (0.59–63.67)※ <0.001

CAD, coronary artery disease; BMI, body mass index; DM, Diabetic mellitus; WBC, white blood cell; HbA1C, hemoglobin A1C; CRP, C-reactive protein; TC, total chelosterol; HDL-C, high

density lipoprotenchlesterol; LDL-C, low density lipoprotein cholesterol; TG, triglyceride; ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; LP(a), Lipoprotein (a); LVEF, left venticular

ejection fraction; Gal-3, galectin-3.

* means Stable CAD group vs. no CAD group, P = 0.035.

※ means STEMI group vs. Stable CAD group, P < 0.001.

N means NSTE-ACS group vs. Stable CAD group, P = 0.04.

for age and gender. A second model additionally adjusted for
SBP, WBC, Cr, LDL-c, apoB 100, FG, and LVEF. Kaplan-Meier
analysis was used to compare the cumulative rate of MACEs.
We used the median Gal-3 level as the cut-off value to divide
the ACS patients into a high Gal-3 (>4.78 ng/ml, n = 118) and
low Gal-3 (≤4.78 ng/ml, n = 118) group. The 1-year cumulative
rate of MACEs was compared between ACS patients whose Gal-3
level was above and below the median level. Multivariate logistic
regression analysis was performed to explore the correlation
between Gal-3 and 1 year ofMACEs in ACS patients in this study.
A p-value of < 0.05 was regarded as statistically significant.

RESULTS

Serum Galectin-3 Expression in Patients
With CAD vs. No CAD
The baseline characteristics of the patients in CAD and control
groups are shown in Table 1. Compared with that in the no-CAD
group, a higher proportion of the patients in the CAD group
had a history of hypertension. The biochemical results showed
that the WBC count and fasting blood glucose, glycosylated
hemoglobin, CR, and hs-CRP levels were higher in the CAD
group than in the non-CAD group. The levels of low-density
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TABLE 4 | Logistic regression analysis for risk factors attributing to ACS presence in the study.

Univariate analysis Multivariate analysis

Variable OR (95% CI) P-value OR (95% CI) P-value

Gender male sex, % (n) 3.784 (2.379–6.018) <0.001 1.648 (0.599–4.532) 0.333

Smoking, % (n) 1.688 (1.109–2.569) 0.015 0.991 (0.455–2.154) 0.981

Systolic blood pressure, mm Hg 0.989 (0.980–0.997) 0.012 0.979 (0.962–0.996) 0.015 *

WBC, 109/L 1.630 (1.448–1.835) <0.001 1.523 (1.286–1.803) <0.001*

Hb, g/L 1.012 (1.002–1.023) 0.022 1.019 (0.999–1.038) 0.056

Fasting blood glucose, mmol/L 1.338 (1.168–1.532) 0.001 1.313 (1.062–1.623) 0.012 *

Creatinine, µmol/L 1.023 (1.013–1.033) <0.001 1.017 (0.999–1.035) 0.057

hs-CRP, mg/L 1.082 (1.041–1.124) <0.001 1.009 (0.976–1.043) 0.602

Totalcholesterol, mmol/L 1.124 (1.047–1.487) 0.013 0.983 (0.515–1.873) 0.957

HDL cholesterol, mmol/L 0.802 (0.487–1.320) 0.386

LDLcholesterol, mmol/L 1.631 (1.305–2.391) <0.001 0.959 (0.439–2.096) 0.916

Triglycerides, mmol/L 1.139 (0.944–1.373) 0.174

ApoA1, mg/dl 3.027 (1.226–7.472) 0.016 4.321 (0.713–26.086) 0.112

ApoB100, mg/dl 7.062 (3.363–14.831) <0.001 1.907 (0.555–6.549) 0.733

Lpa, mg/dl 1.001 (1.000–1.002) 0.001 1.001 (0.999–1.002) 0.380

LVEF, % 0.000 (0.000–0.004) <0.001 0.851 (0.804–0.902) 0.006 *

Gal-3, ng/ml 1.141 (1.081–1.204) <0.001 1.131 (1.051–1.217) 0.001*

CAD, coronary artery disease; BMI, body mass index; DM, Diabetic mellitus; WBC, white blood cell; Hb, hemoglobin; HbA1C, hemoglobin A1C; CRP, C-reactive protein; TC,

total chelosterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; TG, triglyceride; ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; LP(a),

Lipoprotein(a); LVEF, leftventicular ejection fraction; Gal-3, galectin-3; *P<0.05.

FIGURE 1 | Receiver operating characteristic (ROC) plot of serum level of

galetcin-3 predicting presence of ACS. Area under the curve was 0.746, 95%

CI (0.696–0.797), P < 0.001. When the cut-off value of galectin-3 was

3.93 ng/ml, the sensitivity was 60% with specificity 79% for predicting the

presence of ACS.

lipoprotein cholesterol (LDL-C) and ApoB100 were also higher
in the CAD group. The level of serum Gal-3 in the CAD group
was significantly higher than that in the non-CAD group, 3.89
(0.16–63.67) vs. 2.07 (0.23–9.38) ng/ml, P < 0.001. To further
clarify the relationship, we subsequently adjusted confounding
risk factors such as age, gender, SBP, WBC, Cr, LDL-c, apoB
100, FG, and LVEF. Serum Gal-3 remained an independent risk

factor for CAD with an increase of 1 ng/ml in Gal-3 associated
with a 21% higher rate of presence of CAD (OR = 1.21, 95% CI:
1.07–1.38, P = 0.003, Table 2).

Serum Galectin-3 Expression in Patients
With STEMI vs. NSTE-ACS vs. Stable CAD
We further divided the CAD patients into the stable coronary
heart disease group (stable-CAD, n = 95), Non-ST segment
elevation myocardial infarction (NSTE-ACS, n= 97) and STEMI
(n = 139). The serum Gal-3 level in the NSTE-ACS group
was higher than those in the stable CAD group, 4.72 (1.0–
16.14) vs. 2.23 (0.65–23.8) ng/ml, P = 0.04. The same trend
was found in the STEMI group compared with the stable-CAD
group 7.87 (0.59–63.67) vs. 2.23 (0.65–23.8) ng/ml, P < 0.001
see in Table 3. Univariate and multivariate logistic regression
analysis showed that after adjusting for other risk factors, Gal-
3 was an independent risk factor for ACS, with an OR = 1.131
(95% CI: 1.051–1.217, P = 0.001) (Table 4). Receiver operator
characteristic (ROC) analysis showed that the area under the
curve for serum Gal-3 level predicting ACS was 0.746 (95% CI:
0.696–0.797) and the best cut-off value was 3.93 ng/ml, with a
specificity of 79% and a sensitivity of 60% (Figure 1).

Serum Galectin-3 Expression in Patients
With High vs. Low SYNTAX Scores
To explore the correlation between the level of serum Gal-3 and
the plaque burden of CAD, we calculated the coronary SS of
each CAD patient and divided the patients into a low SS (<22,
n = 248) and a high SS group (≥22, n = 83). The serum Gal-3
expression of the high SS group was significantly higher than that
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TABLE 5 | The baseline clinical and biochemical characteristics of the low SS group and High SS group.

Variable SS < 22, n = 280 SS ≥ 22, n = 51 P-value

Age, years 60.49 ± 11.88 62.49 ± 11.20 0.198

Gender male sex, % (n) 222 (79.3) 46 (90.2) 0.048

BMI, kg/m2 24.16 ± 2.51 23.81 ± 2.93 0.137

Hypertension, % (n) 164 (58.6) 31 (60.7) 0.887

DM, % (n) 56 (20) 9 (17.6) 0.848

History of hyperlipidemia, % (n) 12 (4.28) 0 (0) 0.225

Smoking, % (n) 117 (41.8) 18 (35.3) 0.389

Systolic blood pressure, mm Hg 135.36 ± 22.65 132.19 ± 23.89 0.364

WBC, 109/L 10.03 (4.01–28.7) 11.25 (6.39–21.25) 0.752

Hb, g/L 141 (69–274) 140 (84–223) 0.482

Creatinine, µmol/l 84.72 ± 24.70 90.62 ± 25.70 0.152

hs-CRP, mg/l 2.3 (0–183) 2.25 (0–50) 0.384

Fasting blood glucose, mmol/L 5.8 (3.70–15.24) 6.0 (4.03–18.79) 0.697

Hemoglobin A1c, % 6 (4.6–14.5) 6.0 (4.5–13) 0.325

Total cholesterol, mmol/L 4.52 ± 1.21 4.49 ± 1.35 0.872

HDL cholesterol, mmol/L 1.029 (0.07–4.62) 1.05 (0.17–2.46) 0.159

LDL cholesterol, mmol/L 2.82 ± 1.06 2.80 ± 1.19 0.923

Triglycerides, mmol/L 1.54 (0.49–7.93) 1.38 (0.54–6.87) 0.591

ApoA1, mg/dl 1.07 (0.46–1.99) 1.06 (0.74–1.74) 0.683

ApoB100, mg/dl 0.96 (0.26–2.91) 0.95 (0.41–2.21) 0.864

Lpa, mg/dl 175 (0–3,440) 253 (0–1,961) 0.116

LA diameter, mm 33.28 ± 4.31 33.03 ± 3.06 0.705

LV diameter, mm 46 (35–69) 46 (40–58) 0.592

LVEF,% 57 (31–87) 62 (35–85) 0.595

Gal-3, ng/ml 3.48 (0.16–63.67) 5.62 (1.64–60.15) 0.037

CAD, coronary artery disease; WBC, white blood cell; Hb, hemoglobin; HbA1C, hemoglobin A1C; CRP, C-reactive protein; TC, total chelosterol; HDL-C, high density lipoprotein

cholesterol; LDL-C, low density lipoprotein cholesterol; TG, triglyceride; ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; LP(a), Lipoprotein (a); LVEF, left venticular ejection fraction;

Gal-3, galectin-3.

*P < 0.05.

FIGURE 2 | Positive correlation of serum Gal-3 with Syntax Score (SS),

r = 0.397, P < 0.001.

of the low SS group 5.62 (1.64–60.15) vs. 3.48 (0.16–63.67) ng/ml,
P = 0.037, see in Table 5. Spearman correlation analysis showed
that the serum Gal-3 levels were positively correlated with SS (r
= 0.397, P < 0.001) (Figure 2). Multivariate logistic regression
analysis showed that after adjusting for other risk factors, serum
Gal-3 level remained a risk factor for high SS (OR = 1.030, 95%
CI: 1.021–1.047, P = 0.038) (Table 6).

The Value of Serum Gal-3 Level in
Predicting 1-Year MACEs in ACS Patients
Four patients were lost during follow-up, three of which were
in the Gal-3 >4.78 ng/ml group while the other one was in the
Gal-3 ≤ 4.78 ng/ml. Kaplan-Meier analysis showed that 1-year
MACEs were significantly higher in the high Gal-3 group (Gal-3
>4.78 ng/ml) than in the low Gal-3 group (Gal-3 ≤ 4.78 ng/ml),
P = 0.036 (Figure 3). Logistic regressions showed that after
adjusting other confounding risk factors, Gal-3 remained an
independent risk factor for the cumulative rate of MACEs in ACS
patients. A 6% higher rate of presence of MACEs per 1 ng/ml
increment in Gal-3 level (Table 7).
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TABLE 6 | Univariate and multivaiate logistic regression analysis for risk factors attributing to high SS (SS>22) in the CAD patient.

Univariate analysis Multivariateanalysis

Variable OR (95% CI) P OR (95% CI) P

Gender male sex, % (n) 2.146 (1.055–4.367) 0.035 2.418 (1.013–5.773) 0.047*

WBC, 109/L 1.071 (1.001–1.146) 0.048 1.040 (0.957–1.130) 0.355

Fasting blood glucose, mmol/L 1.145 (1.031–1.271) 0.011 1.088 (0.951–1.245) 0.220

hs-CRP, mg/l 1.015 (1.001–1.030) 0.039 1.006 (0.991–1.021) 0.462

Total cholesterol, mmol/L 1.071 (0.861–1.333) 0.536

HDL cholesterol, mmol/L 0.588 (0.271–1.276) 0.179

LDL cholesterol, mmol/L 1.154 (0.903–1.475) 0.251

Triglycerides, mmol/L 0.927 (0.723–1.188) 0.548

ApoA1, mg/dl 0.914 (0.302–2.768) 0.874

ApoB100, mg/dl 1.641 (0.839–3.207) 0.148

Lpa, mg/dl 1.00 (1.000–1.001) 0.206

LV diameter, mm 1.063 (1.006–1.123) 0.030 1.027 (0.955–1.105) 0.470

LVEF,% 0.058 (0.006–0.604) 0.017 0.724 (0.026–20.300) 0.849

Gal-3, ng/ml 1.047 (1.020–1.076) 0.001 1.031 (1.021–1.047) 0.038*

CAD, coronary artery disease; WBC, white blood cell; Hb, hemoglobin; HbA1C, hemoglobin A1C; CRP, C-reactive protein; TC, total chelosterol; HDL-C, high density lipoprotein

cholesterol; LDL-C, low density lipoprotein cholesterol; TG, triglyceride; ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; LP(a), lipoprotein(a); LVEF, left venticular ejection fraction;

Gal-3, galectin-3.

*P < 0.05.

FIGURE 3 | Kaplan-Meier’s curves for 1 year MACE according to levels above

or below median of serum Gal-3 in patients with ACS. One-year MACE events

were significantly higher in Gal-3 >4.78 ng/ml group than that in the Gal-3 =

4.78 ng/ml group, P = 0.036 (Breslow). ACS, acute coronary syndrome.

DISCUSSION

The main findings of the present study were as follows. (1) Serum
Gal-3 was significantly higher in CAD patients than in non-
CAD patients and was higher in ACS patients than in stable
CAD patients. (2) Galectin-3 was an independent predictor of
the presence of CAD as well as the presence of non-stable CAD
(ACS). (3) Galectin-3 positively correlated with the complexity of
CAD and was an independent risk factor for a high SS. (4) A high
level of serum Gal-3 was associated with a higher rate of MACEs
in ACS patients over the 1 year of follow up.

Inflammation and oxidative stress play a key role in all stages
of atherosclerosis, from initiation to progression of atheromatous
plaque, finally leading to ACS (18). In recent years, the role
of many new inflammatory-related markers in CVD has been
explored, including secret frizzled related proteins (19, 20), gut
microbiota produced trimethylamine N-oxide (TMAO) (21),
Gal-3 (22), etc. Galectin-3 is a macrophage- and endothelium-
derived mediator actively involved in the regulation of many
aspects of inflammatory cell behavior (12). It has been found to be
involved in proliferation, macrophage chemotaxis, phagocytosis,
neutrophil extravasation, and deposition of type-1 collagen in
the ECM, resulting in adverse matrix remodeling (23). Clinically,
limited data have shown that plasma Gal-3 is significantly
higher in CAD patients than in non-CAD patients. However,
the precise role of Gal-3 in CAD remains unclear; more data
are needed to determine the association between circulating
Gal-3 and atherosclerosis. Abayomi Oyenuga et al. showed
that higher levels of Gal-3 were associated with greater carotid
atherosclerosis (24). In the present study, we found that serum
Gal-3 was significantly higher in CAD patients than in non-
CAD patients and that Gal-3 was an independent predictor of the
presence of CAD. Our data are consistent with previous results
(11). Furthermore, we found that Gal-3 levels were positively
correlated with WBC count and hs-CRP levels. Although this
correlation was weak, these data support the hypothesis that Gal-
3 is involved in inflammation and contributes to the formation
of atherosclerosis.

Galectin-3 is not only involved in the formation of
atherosclerotic plaques but may also contribute to plaque
destabilization. To date, it hasn’t reached an agreement on
the role of Gal-3 on plaque stability, and clinical study and
experimental study showed conflicting results (12, 18, 25–29).
Current evidence has shown that Gal-3 may play a dual role in
plaque instability (22). Our study showed that serum Gal-3 was
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TABLE 7 | Association between serum Gal-3 and incident rate of MACEs.

Gal-3 Incident

rate

Model 1 Model 2 Model 3 Model 4

OR

(95%CI)

P-value OR

(95%CI)

P-value OR

(95%CI)

P-value OR

(95%CI)

P-value

Per ng/ml 26/236 1.051

(1.010,

1.094)

0.014 1.065

(1.018,

1.114)

0.007 1.058

(1.011,1.108)

0.015 1.060

(1.010,

1.112)

0.017

Model 1, adjusted for age, gender; Model 2, further adjusted for Cr, apoB 100; Model 3, further adjusted for fasting glucose, number of lesion vessels; Model 4, further adjusted for

N-Terminal Pro-Brain Natriuretic Peptide, Troponin T.

higher in ACS patients than in stable CAD and non-CADpatients
and was an independent predictor of the presence of ACS with a
specificity of 79% and a sensitivity of 60% for a cut-off value of
3.93 ng/ml. Our data was in favor of the conception that gal-3
was positively correlated with plaque destabilization. To date, no
firm conclusions about the action of Gal-3 (pro-inflammatory vs.
anti-inflammatory) during atherosclerosis evolution in rodents
have been drawn. More data are needed to clarify the relationship
between coronary plaque destabilization and plasma levels
of Gal-3.

The SS was developed as a tool to assess the complexity of
coronary lesions in the SYNTAX (Synergy between Percutaneous
Coronary Intervention with TAXUS and Cardiac Surgery) study.
This score adds many characteristics to the simple definition of
the number of diseased vessels related to the severity of CAD
and has also been indicated to have the prognostic ability (30).
To date, few studies have explored the correlation between Gal-3
and SS (18, 31). Aksan et al. found that the plasma concentration
of Gal-3 was higher in high SS CAD patients but was not an
independent risk factor for high SS after adjusting for other
confounding risk factors (19). Turan et al. found that Gal-3 was
independently associated with SS (31). In this study, we found
that Gal-3 levels were positively correlated with SS. The serum
Gal-3 level was shown to be a risk factor for high SS, even after
adjusting for other risk factors. The different number of samples
and high cut-off SS valuesmay have contributed to the differences
in the results. Our data indicated that Gal-3 could be used as a
valuable biomarker for the assessment of the severity of CAD.

In our study, we found that serum Gal-3 was positively
correlated with LDL-C and ApoB100. It is well known that the
interaction between dyslipidemia and inflammation is the basis
of atherosclerosis, and many inflammatory factors are involved
in the regulation of lipid metabolism disorders (3, 32). This may
be evidence that Gal-3 directly regulates cholesterol metabolism,
which is an interesting topic that deserves further exploration.

LIMITATIONS

This study has several limitations. First, it is a single center
retrospective cohort study and investigated only a relatively
small number of patients, further prospective studies with larger
sample sizes should be conducted to explore the relationship
between Gal-3 and CAD. Second, as it was an observational
study, we could not exclude residual confounding factors, despite
we had adjusted for potential covariates as much as possible.

Thirdly, timing of interventional treatment for ACS was an
important confounding risk factor that has an impact on the
prognosis. However, data were lacking in our study, which was
one of the limitations of the study. Finally, we did not assess serial
changes in circulating levels of Gal-3 among STEMI patients
and there was evidence that showed that Gal-3 was in dynamic
changes during acute phage.

CONCLUSION

Galectin-3 correlated with the presence of CAD as well as
coronary stability and complexity. Galectin-3 may be valuable in
predicting mid-term prognosis in ACS patients.
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Background: Both β1 adrenergic receptor autoantibody (β1-AA) and soluble

suppression of tumorigenicity-2 (sST2) take a role in the pathological remodeling of heart

failure. However, limited studies investigated the correlation between the expression of

β1-AA and sST2 in patients with acutely decompensated heart failure (ADHF).

Objective: To explore the correlation between β1-AA and sST2, and evaluate their

prognostic value in patients with ADHF.

Methods: Patients who were admitted for ADHF were included. The N-terminal

pro-brain natriuretic peptide (NT-proBNP), sST2, and β1-AA in blood samples were

tested at hospital admission and then followed up for assessing the outcomes. Pearson

correlation analysis was used to explore the correlation between β1-AA and sST2. The

effects of β1-AA, sST2, or the combination of them on the all-cause mortality of patients

with ADHF were assessed by Multivariate Cox regression analysis.

Results: There were 96 patients with ADHF and 96 control populations enrolled. The

β1-AA was significantly higher in ADHF than in the control group (0.321± 0.06 vs. 0.229

± 0.04, P = 0.000). Pearson correlation analysis showed that β1-AA was positively

correlated with sST2 (r = 0.593), NT-proBNP (r = 0.557), Procalcitonin (r = 0.176),

and left ventricular end-diastolic diameter (r = 0.315), but negatively correlated with

triglycerides (r = −0.323), and left ventricular ejection fraction (r = −0.430) (all P < 0.05)

in ADHF. Patients with ADHF, complicated with both high β1-AA and sST2, showed the

highest all-cause mortality during an average of 25.5 months of follow-up. Multivariate

Cox regression showed the combination of both high β1-AA and sST2 independently

correlated with the all-cause mortality after adjustment for other risk factors (hazard ratio

3.348, 95% CI 1.440 to 7.784, P = 0.005). After adding with β1-AA and sST2, the

area under the curves for the prognostic all-cause mortality could increase from 0.642

to 0.748 (P = 0.011).
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Conclusion: The β1-AA is positively correlated with sST2 in patients with ADHF.

Elevated plasma β1-AA and sST2 level in patients with ADHF are associated with

poorer prognoses.

Keywords: β1 adrenergic receptor (β1-AR), autoantibodies, heart failure, soluble suppression of tumorigenicity-2

(sST2), mortality

INTRODUCTION

Heart failure (HF) is a terminal stage of heart disease
characterized by high mortality, which becomes more and more
prevalent and brings a huge burden to health care (1). Acutely
decompensated HF (ADHF) may have a higher in-hospital
mortality risk (2). On the other hand, HF is associated with
various pathophysiological and biochemical disorders. No single
biomarker can display all these characteristics. Therefore, earlier
identification of patients with ADHF, with high mortality risk
and more sensitive assessing prognosis by the combination of
cardiac multi markers that implement effective cardiovascular
preventive measures, can improve the survival of those patients.

The β1 adrenergic receptor (β1-AR) is a G protein-
coupled receptor that triggers physiological or pathological
responses via activating the signaling cascade of adenylate
cyclase, cyclic adenosine 3’,5’-monophosphate, and protein
kinase A. This signaling pathway regulates intracellular calcium
concentration and determines cardiomyocyte contractility (3).
The β1 adrenergic receptor autoantibody (β 1-AA) is a kind
of autoantibody existing in the serum of patients with heart
failure (4), which binds to the second extracellular loop of the
β1-AR. The β1-AA is found in 30–75% of patients with dilated
cardiomyopathy (DCM) (5, 6), which appear to be functionally
active and are associated with a markedly worse prognosis in
DCM (7). The β 1-AA is characterized by continuous activation
without desensitization in HF, which result in intracellular
calcium overload and myocardial apoptosis, promoting cardiac
remodeling, prolongingQT dispersion tomalignant arrhythmias,
and cardiac sudden death (5, 8). Studies on clinical heart failure
found that the β 1-AA can be antagonized by β-blockers and can
be eliminated through immunoadsorption, which reverses the
pathological remodeling and improves cardiac function (9, 10).

Soluble suppression of tumorigenicity-2 (sST2) has been
implicated in the pathogenesis of myocardial fibrosis and
remodeling in HF (11). The sST2 concentration is not influenced
by age, kidney function, or body mass index, unlike the
natriuretic peptides (12). So, the sST2 provides additional
prognostic value over N-terminal pro-brain natriuretic peptide
(NT-proBNP) in the prediction of death in patients with ADHF
(13). At present, the sST2 assay has been tested for diagnosis and
prediction in either acute or chronic HF populations (13, 14).

The involvement of both β1-AA and sST2 in the pathological
remodeling of HF suggests a relationship between them.
However, few studies investigated the correlation between the
expression of β1-AA and sST2 in patients with ADHF. The
current study aimed to analyze the correlation between the β1-
AA and sST2. Furthermore, we also investigated whether the
combination of β1-AA and sST2 was more accurate than β1-AA

or sST2 alone in predicting the short-term survival in patients
with ADHF.

MATERIALS AND METHODS

Study Population
The study was approved by the Medical Ethics Committee of the
Zhongshan People’s Hospital, Guandong Province, China. All the
participants in this study had signed written informed consents.

According to the 2021 European Society of Cardiology (ESC)
Guidelines for the diagnosis and treatment of acute and chronic
heart failure (2), the patients included in the study should have
the signs and symptoms which indicated they had an attack
of new-onset HF or acutely decompensated chronic HF (e.g.,
dyspnea, edema, weight gain). Also, they should be observed
with elevated levels of NT-proBNP and the impaired systolic
or diastolic function of the heart by echocardiography. The
control populations without heart failure were from the physical
examination center or outpatient clinic of Zhongshan People’s
Hospital. The exclusion criteria were age <18 years, acute
coronary syndrome, unstable hemodynamics, cardiac surgery,
malignant tumor, serious hepatic dysfunction (ALT ≥3ULN),
kidney insufficiency (eGFR<60 ml/min·1.73m2 or Scr ≥ 265
umol/L), and cerebrovascular diseases. Between November 2018
and October 2019, 228 patients with ADHF were enrolled
prospectively. At last, 96 patients with ADHF were enrolled
because of deaths during hospitalization, loss to follow-up,
and missing data. Ninety-six control populations without heart
failure were selected for baseline comparison.

Baseline Data Collection
Clinical data of each patient would be collected including
age, gender, hypertension and diabetes history, and smoking.
Furthermore, the results of laboratory examination such as
Serum Creatinine (Scr), Total cholesterol (TC), Low-Density
Lipoprotein Cholesterol (LDL-c), triglycerides (TG), C-reactive
protein (CRP), and Procalcitonin (PCT) would be recorded. Left
ventricular ejection fraction (LVEF) and left ventricular end-
diastolic diameter (LVEDd) were tested with Simpson’s method.
Blood samples for the tests were obtained from each participant
within the first 24 h after admission. We centrifuged blood
samples at 18,000 g for 10min and stored the serum samples
at−80◦C.

Follow-Up
The follow-up period would start from the first day when the
participants were discharged. The subjects would be investigated
by the cardiologists. All the patients with ADHF were treated
with standard HF management according to the current
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clinical practice guidelines, the control group were treated with
antihypertensive or antidiabetic drugs if needed. Data of an
all-cause mortality was collected with the means of regular
telephone interviews, administrative databases, and medical
records monthly.

Biochemical Measurement
The serum sample of β1-AA was sent to the Laboratory of
Cardiovascular Immunology, Union Hospital, Tongji Medical
College of Huazhong University of Science and Technology.
The level of β1-AA was measured by the enzyme linked
immunosorbent assay (ELISA) as previously described (15).
The optical density (OD) was determined using an ELISA
plate reader at 450 nm. Serum sST2 was measured with
a human ST2 Quantikine ELISA Kit (R&D Systems, Inc.,
Minneapolis, Minnesota, United States). Serum NT-proBNP
was tested by electrochemiluminescence immunoassay (Roche,
Basel, Switzerland).

Statistical Analysis
Data were expressed as mean ± SEM or median (interquartile
range, IQR). Comparison of continuous variables between
two groups was performed by analysis of variance with the
independent-sample student’s t-test. Otherwise, the rank-sum
test was used. Categorical data such as the incidence of disease
were analyzed by chi-square test. Pearson correlation analysis was
used for correlation analysis between β1-AA and sST2. Kaplan-
Meier assessed the effect of different levels of β1-AA and sST2
(above or below mean) on the survival rate of patients with heart
failure by Log-rank test. Cox regression analysis and LR Forward
(P < 0.05 in, >0.1 out) was performed to identify the risk
factors for an all-causemortality. To evaluate the improvement in
predictive accuracy, we built the receiver operating characteristic
(ROC) curves of the risk prognostic models and calculated the
area under the curves (AUC), respectively. The comparisons
between models by a pair-wise method were performed with the
method of Hanley JA andMcNeil BJ (16). The IBM SPSS Statistics
26.0 software was used for statistical analysis (IBM SPSS Inc.,
Chicago, USA). Values of P < 0.05 were considered to denote
statistical significance.

RESULTS

Patient Characteristics
The baseline characteristics of patients with ADHF and the
control population enrolled were shown in Table 1. There was
no significant difference in age, gender, LDL level, hypertension,
and smoking history between the two groups, but the incidence of
diabetes (P = 0.018) and median follow-up of an all-cause death
(P < 0.01) were significantly higher in the ADHF group than in
the control group. The TC and TG in the ADHF group (4.11
± 1.14 mmol/L and 1.16 ± 0.53 mmol/L) were lower than the
control group (4.58± 0.98 mmol/L and 1.70±0.62 mmol/L), but
the mean concentration of NT-proBNP and sST2 is 5543 (IQR,
2,889.75, 10,667.25) pg/ml and 21.21 (IQR, 12.89, 41.26) ng/ml
in the ADHF group, which were significantly higher than those
in the control group. Left ventricular ejection fraction (LVEF) in
the ADHF group (46.15%±10.43%) was lower than that in the

TABLE 1 | Baseline characteristics of patients.

ADHF (N = 96) Control (N = 96) P

Male, n (%) 54 (56.5%) 53 (55.2%) 0.500

Age (years) 71.53 ± 14.24 70.69 ± 12.57 0.668

Hypertension, n (%) 59 (61.6%) 54 (56.3%) 0.279

Diabetes, n (%) 23 (23.9%) 11 (11.5%) 0.018

Mortality, n (%) 39 (40.6%) 0 (0) 0.000

Smoking, n (%) 39 (40.6%) 31 (32.3%) 0.147

NT-proBNP (pg/mL) 1 5,543 93.80 0.000

(2,889.75, 10,667.25) (27.25,187.50)

sST2 (ng/mL) 1 21.21 (12.89,41.26) 8.49 (4.79, 13.81) 0.000

β1-AA OD 0.321 ± 0.06 0.229 ± 0.04 0.000

LVEF% 46.15 ± 10.43 65.53 ± 6.11 0.000

LVEDd (mm) 53.85 ± 10.49 46.02 ± 4.83 0.000

TC (mmol/L) 4.11 ± 1.14 4.58 ± 0.98 0.000

TG (mmol/L) 1.16 ± 0.53 1.7 ± 0.62 0.000

LDL-c (mmol/L) 2.53 ± 0.97 2.55 ± 0.74 0.872

PCT (ng/mL) 1 0.064 (0.035, 0.133) 0.035 (0.022,0.049) 0.000

SCr (umol/L) 1 107.00 (83.25, 125.75) 74.00 (62.00,90.25) 0.000

CRP (mg/L) 1 10.80 (2.84, 20.30) 1.50 (0.70,3.50) 0.000

Data are presented as the x± SD, the median (1); sST2, soluble suppression of

tumorigenicity-2; β1-AA, β1-adrenoceptor autoantibody; TC, Total cholesterol; TG,

triglycerides; LDL-c, low-density lipoprotein cholesterol; LVEF, left ventricular ejection

fraction; LVEDd, left ventricular end-diastolic diameter; NT-proBNP, N-terminal proB-type

natriuretic peptide; PCT, procalcitonin; and SCr, serum creatinine.

P values are comparison between ADHF and Control groups.

control group (65.53%±6.11%), while LVEDD was significantly
higher in the ADHF group (53.85 ± 10.49mm) than that in
the control group (46.02 ± 4.83mm). The OD value of β 1-AA
in the ADHF group (0.321±0.06) was also significantly higher
than that in the control group (0.229±0.04). The levels of PCT,
serum creatinine, and C-reactive protein in the ADHF group
were higher than those in the control group (all P-values <0.01).

Correlation Analysis Between β 1-AA and
Other Indicators of Heart Failure
Age, sST2, NT-proBNP, CRP, PCT, CR, TC, TG, LVEF, and
LVEDD values were included in the Pearson correlation analysis
for all data. Results showed that sST2 (r = 0.525, P < 0.01) and
TG (r = −0.305, P < 0.01) were correlated with the value of β1-
AA in all population. In the ADHF group, sST2 (r = 0.593, P <

0.01), NT-proBNP (r = 0.557, P < 0.01), PCT (r = 0.176, P =

0.026), LVEDd (r= 0.315, P < 0.01), TG (β =−0.323, P < 0.01),
and LVEF (β =−0.430, P< 0.01) were correlated with the β1-AA
level (Table 2).

Effects of Different Levels of the β1-AA and
SST2 on the All-Cause Mortality in Patients
With ADHF
Groups were divided according to the mean of β1-AA and the
median of sST2 in the patients with ADHF: the high-value group
and the low-value group. Cumulative all-cause mortality was
higher in the high β1-AA or sST2 groups than in the low β1-AA
or sST2 groups (respectively, 25 vs.15.63%, P = 0.017; 26.04 vs.
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TABLE 2 | Correlation between the β1-AA and indexes by Pearson correlation

analysis in all population and patients with ADHF.

All population ADHF

r P r P

sST2 0.525 0.000 0.593 0.000

NT-proBNP 0.189 0.066 0.557 0.000

TG −0.305 0.005 −0.323 0.000

PCT 0.105 0.329 0.176 0.026

LVEDd 0.088 0.392 0.315 0.000

LVEF −0.183 0.074 −0.430 0.000

2Log transformations were made for the sST2, NT-proBNP, and PCT in the analysis

because of their skewed distribution.

TABLE 3 | The relationship between levels of the β1-AA, sST2 and the all-cause

mortality in patients with ADHF by Chi-square analysis.

All-cause mortality % (n) chi-square

value

df P-value

High Low

β1-AA (N = 96) 25% (24) 15.63% (15) 5.671 1 0.017

sST2 (N = 96) 26.04% (25) 14.58% (14) 6.028 1 0.014

β1-AA+sST2

(N = 70)

27.14% (19) 12.85% (9) 8.037 1 0.018

High: the level of β1-AA was above the mean in β1-AA line, the level of sST2 was above

the median in sST2 line, the level of β1-AA and sST2 was both above their mean or median

in β1-AA+ sST2 line.

Low: the level of β1-AA was below the mean in β1-AA line, the level of sST2 was below the

median in sST2 line, the level of β1-AA and sST2 was both below their mean or median

in β1-AA+ sST2 line.

Compared with the low value group, the all-cause mortality in the high value group was

significantly increased, and P < 0.05.

14.58%, P = 0.014). After the combination of β1-AA and sST2,
the cumulative all-cause mortality of both high-value groups was
significantly higher than that of the low-value groups (27.14 vs.
12.85%, P= 0.018) by chi-square test (Table 3).

The β1-AA and SST2 Are Independent Risk
Factors for an All-Cause Death in Patients
With ADHF
A total of 228 patients were discharged, except for 32 deaths
during hospitalization. Thirty-six other cases were lost with
follow-up information and 64 data were lacking during an
average of 25.5 ± 1.47 months of follow-up. There was no
incidence of death in the control group during follow-up,
we, thus, analyzed the effect of the β1-AA and sST2 on the
prognosis only in patients with ADHF. We group according to
the mean levels of β1-AA and median levels of sST2. Kaplan-
Meier analysis showed that patients with high β1-AA, high sST2,
and both high β1-AA and sST2 showed a higher cumulative
rate of an all-cause mortality than those with low β1-AA,
low sST2 and both low β1-AA and sST2 (P for log-rank test
=0.046,0.027, and.014, respectively, Figures 1A–C). Multivariate
Cox regression analysis showed the high β1-AA (HR 2.199;

95% CI 1.106–4.373, P = 0.025), high sST2(HR 2.333; 95% CI
1.173–4.638, P = 0.016), and the combination of both high β1-
AA and sST2 (HR 3.348; 95% CI 1.440–7.784, P =0.005) were
independent risk factors for all-cause mortality after adjusting
other risk factors (Table 4).

The Combination of β1-AA and SST2
Provides Incremental Prognostic Value in
the Survival of Patients With ADHF
Model 1 consisted of age, diabetes, NT-proBNP, and PCT. Model
2 was made up of Model 1 and β1-AA. Model 3 was constructed
by Model 1 with Log2 sST2. Model 4 was built by combining
Model 1 with β1-AA and Log2 sST2. Table 5 showed the ROC
curves of models for predicting the all-cause mortality of patients
with ADHF, in which the AUC of Models 1, 2, 3, and 4 were
0.642 (95% CI.519–0.765),0.714 (95% CI.599–0.830), 0.735 (95%
CI.625–0.846), and.748 (95% CI.638–0.858), respectively (all P <

0.05). Among them, the area under the curves (AUC) of Model
2, 3 and 4 performed better than that of Model 1 (respectively,
1AUC.072, P = 0.041; 1AUC 0.093, P = 0.018; 1AUC 0.106,
P = 0.011), but the prognosis of all-cause mortality had no
significant difference among Models 2, 3, and 4 (AUC4-AUC2 =
0.034, AUC4-AUC3 = 0.013, both P > 0.05). More details about
the different ROC curves of models were shown in Table 5. The
result showed that the risk stratification value of β1-AA and sST2
was additive in patients with ADHF.

DISCUSSION

A number of studies have suggested that the β1-AA has an
important role in pathophysiological processes of heart failure (6,
9, 10, 17) The current study found that the β1-AA was positively
correlated with sST2 and NT-proBNP in ADHF. Therefore, this
study demonstrates for the first time the internal relationship
between the expression of β1-AA and sST2. It has been
suggested that the inflammatory factors, including interleukine-
6 (IL-6), various viral and microbial candidate proteins can
promote β1AR-directed autoimmune cardiomyopathy through
enhancing the β1-AA production (15, 18, 19). The sST2 is also
involved in inflammatory diseases. The sST2 is increased in
conditions of cardiac and vascular stress, particularly in HF.
(14, 20) Interestingly, sST2 induces the secretion of IL-6, a
pro-inflammatory cytokine that stimulates β1-AA production,
leading to a cardiac damage by promoting oxidative stress and
inflammation (21). Therefore, we speculate that the high-level
sST2 in patients with ADHF promotes the secretion of IL-
6, which increases the production of β1-AA and exaggerates
myocardial injury. This provides a possible explanation for the
positive correlation between the β1-AA and the sST2. Similar to
the effect of sST2, the β1-AA can also induce an IL-6 secretion
through mediating T lymphocyte disorder, aggravating cardiac
remodeling (17). In addition, β1-AA and the sST2 activate
a similar intracellular signal pathway that induces myocardial
fibrosis. Studies showed that the β1-AA promotes proliferation
in cardiac fibroblasts through activating p38 mitogen-activated
protein kinase (p38MAPK) through specifically binding to the
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FIGURE 1 | (A–C) Survival analysis of β1-AA and sST2 baseline levels in patients with ADHF. Kaplan-Meier analysis showed that patients with high β1-AA and sST2

had obviously higher cumulative rates of the all-cause mortality than those with low β1-AA and sST2. High β1-AA and high sST2, the level of β1-AA and sST2 was

above their mean or median; low β1-AA and low sST2, the level of β1-AA and sST2 was below their mean or median. High β1-AA+ sST2, the level of β1-AA and sST2

was both above their mean or median; low β1-AA+ sST2, the level of β1-AA and sST2 was both below their mean or median.
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TABLE 4 | Association between level of β1-AA/sST2 and all-cause mortality by

Multivariate Cox regression.

B S.E. W value HR 95 % CI P

β1-AA# 0.788 0.351 5.05 2.199 1.106–4.373 0.025

sST2* 0.847 0.351 5.381 2.333 1.173–4.638 0.016

β1-AA+ sST2§ 1.208 0.430 7.880 3.348 1.440–7.784 0.005

β1-AA, sST2 and combination of β1-AA and sST2 were independent risk factors for an

all-cause mortality in ADHF by multivariate cox regression, all P < 0.05. B, regression

coefficient; S.E., standard error; W value, Wald chi-square value; HR, hazard ratio; CI,

confidence interval.
# adjust for age, diabetes, sST2, NT-proBNP,and PCT.
* adjust for age, diabetes, β1-AA, NT-proBNP, and PCT.
§ adjust for age,diabetes, NT-proBNP, and PCT.

TABLE 5 | The AUC and 1 AUC of the ROC curves from different models and the

comparisons.

AUC 95% CI P 1AUC P1

Model 1 0.642 0.519–0.765 0.024

Model 2 0.714 0.599–0.830 0.001 0.072# 0.041

Model 3 0.735 0.625–0.846 0.000 0.093* 0.018

Model 4 0.748 0.638–0.858 0.000 0.106§ 0.011

Model 1: age, diabetes, NT-proBNP and PCT; Model 2: Mode l +β1-AA; Model 3: Mode

l + Log 2 sST2; Model 4: Mode l +β1-AA+ Log 2 sST2.
#
1AUC, Model 2-Model1; *1AUC, Model 3-Model1; §

1AUC, Model 4-Model1.

AUC, the area under the curves. 1AUC, the difference of two AUC. P, the significance

of the probability for ROC curves of models for predicting the all-cause mortality of

patients with ADHF. P1, the significance of the probability for difference of 1AUC. CI,

confidence interval.

β1-AR (7), leading to a myocardial fibrosis. The sST2 can also
activate p38MAPK and nuclear factor-κB (NF-κB) signaling
pathways, inducing ventricular remodeling, and fibrosis (11, 22).
Of note, both β1-AA and the sST2 in promoting intracellular
p38MAPK phosphorylation can be antagonized by β blockers
(10, 11). Studies have shown that the dose of β-blockers in
patients with HF may affect the concentration of sST2, and the
combination of sST2 value and the dose of beta-blockers can
be used for risk stratification on the prognosis of patients with
HF (23). Therefore, the positive correlation between β1-AA and
sST2 may be that sST2 promote the secretion of β1-AA on the
one hand, and on the other hand, both of them share a common
intracellular signaling pathway that causes myocardial fibrosis
and is antagonized by β blockers, so, they are both interrelated
and synergistic in inducing myocardial fibrosis. Consequently,
we speculated that the degree of myocardial fibrosis may be more
obvious when the β1-AA and sST2 are elevated simultaneously
in patients with heart failure. So far, there is no relevant report
and the next study of synergistic effect of β1-AA and sST2 on
promoting cardiac fibrosis will be testified by cardiac MRI in our
future study.

Another important finding in this study is that the β1-AA
and sST2 were, respectively, independent risk factors for a short-
term all-cause death in patients with ADHF, and higher levels
of these biomarkers were associated with a higher risk of an

all-cause death. Of particular significance, the combination of
β1-AA and sST2 could improve risk stratification in predicting
short-term survival among patients with ADHF. An animal
study confirmed that the NT-proBNP was increased and the
left ventricular shortening rate was decreased in rats immunized
with β1-AA (18). Meanwhile, the β1-AA level is an independent
predictor of myocardial reverse remodeling (24). The β1-AA
reduces cardiac function, enhances arrhythmia, and sudden
cardiac death, (5, 8, 25) so it can be used as a predictor for
death risk in patients with heart failure (8, 26). Consistent
with previous findings, this study showed that the β1-AA was
positively correlated with NT-proBNP and negatively correlated
with the EF value in ADHF. The current results indicated
that β1-AA could accelerate myocardial remodeling and was
an independent risk factor for a short-term all-cause death in
patients with ADHF.

Many novel biomarkers had been explored in the prognosis
of HF, such as Secreted frizzled-related proteins (Sfrps)
(27–29) and Trimethylamine N-oxide (TMAO) (30). In
addition, our previous study demonstrated the biomarkers of
myocardial fibrosis, such as sST2 and Procollagen Type III
N-Terminal Peptide (PIIINP), are independent prognostic
factors for all-cause mortality in patients with ADHF (31),
and the combination of biomarkers could be more sensitive
to predict an all-cause death in patients with ADHF. Our
finding showed that the β1-AA and sST2 were, respectively,
independent predictors for short-term all-cause death in
patients with ADHF after adjustment for other risk factors.
Importantly, the combination of β1-AA and sST2 is a
stronger predictive for an all-cause mortality in patients
with ADHF.

LIMITATIONS

Limitations of the presented study include that this study was
performed on a single center with small sample size and many
confounders cannot be adjusted, the conclusion of which still
warrants confirmation in multiple centers with larger sample
sizes. In addition, the current study only analyzed the levels of
the β1-AA and sST2 in patients when they were admitted to
the hospital. We should take the blood sample after the HF
guideline-directed management at different periods. It is more
helpful to elucidate the relationship between the expression of the
biomarkers and the prognosis of ADHF.

Further studies should establish the optimal timing of β1-
AA and sST2 sampling, and more importantly, assess whether
specific action in response to the prognostic information
conveyed by β1-AA and sST2 indeed improves patient status
and outcomes.

CONCLUSIONS

The current study confirmed that the β1-AA was positively
correlated with sST2 in patients with HF. Furthermore, elevated
plasma β1-AA and sST2 level in patients with patients is
associated with poorer prognoses.
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Background: Many epidemiological studies have investigated the relationship between

occupational noise and hypertension, but with conflicting findings. This study aimed

to assess the relationship between occupational noise exposure and the risk

of hypertension.

Methods: A case-control study was conducted to explore hypertension predictors, and

then sensitivity analysis was performed based on propensity score matching (PSM). Data

were collected from participants’ annual physical examinations and occupational noise

exposure measurements. Odds ratios (ORs) and 95% confidence intervals (CIs) were

estimated using logistic regression analysis. A restricted cubic spline (RCS) function was

used to fit the dose-effect relationship.

Results: 500 cases and 4,356 controls were included in the study. Multivariate logistic

regression showed that an increase in the level of occupational noise [range 68–102

dB(A)] of 1 dB(A), corresponded to an increase in hypertension risk of 8.3% (OR: 1.083,

95% CI: 1.058–1.109). Compared to the first quartile, the risk of hypertension in the

fourth quartile was 1.742 (95% CI: 1.313–2.310). After applying PSM to minimize bias,

we obtained a population of 500 cases and 1,000 controls. Noise level was significantly

associated with the risk of hypertension. In addition, the RCS curve showed the risk of

hypertension was relatively stable until a predicted noise level of around 80 dB(A) and

then started to increase rapidly afterward (Pnonlinear = 0.002).

Conclusions: Occupational noise exposure was significantly associated with

hypertension risk and there was a positively correlated dose-response relationship.

Keywords: hypertension, noise, dose effect relationship, epidemiology, risk factors

INTRODUCTION

Noise exposure is a common occupational hazard. Noise exposure not only adversely affects health,
but also increases the risk of diseases such as hearing loss (1), ischemic heart disease (2), mental
distress, and sleep disturbance (3). To protect workers, an occupational exposure limit has been set
for the workplace (standard GBZ2.2-2007) of 85 dB(A) (4). However, even if occupational noise
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exposure does not exceed this limit, increased incidences of
chronic diseases such as hypertension have been shown among
workers as revealed by annual physical examinations (5).
Hypertension is a serious medical condition associated with
increased disease risk to the heart, brain, kidneys, and other organ
systems. The burden of hypertension disproportionately affects
workers in low and middle-income countries, with two-thirds of
cases being found there, largely due to recent increases in risk
factors in these populations (6). Previous studies have focused on
the typical risk factors for hypertension, such as salt intake (7),
smoking (8), and obesity (9), with some studies also addressing
the impact of noise exposure on the incidence and development
of hypertension (10–15).

Evidence from animal and human studies has suggested
hyperactivity of the sympathetic nervous system to be a possible
mechanism for the association between noise exposure and
hypertension (16). The sympathetic nervous system plays an
important role in long-term blood pressure regulation in
both normotension and hypertension (17). Noise exposure
increases sympathetic activity triggering the release of stress
hormones, such as epinephrine and norepinephrine, which
act on the corresponding vascular receptors to enhance the
contractility of resistance arterioles and increase blood pressure
(18, 19). In addition, elevated stress hormone levels trigger
the inflammatory and oxidative stress pathways by activating
the nicotinamide adenine dinucleotide phosphate oxidase
uncoupling of endothelial/neuronal nitric oxide synthase,
thereby inducing endothelial and neuronal dysfunction (20).

Some epidemiological studies have suggested associations
between traffic noise and hypertension, with one study relating
aircraft noise and road traffic noise to an increased risk of
hypertension (10, 11). However, epidemiological investigations
conducted in the working population have not yet reached
a consistent conclusion (12–15). Differences in findings have
been attributed to differences in study design, sample sizes
and baseline characteristics, and the influence of confounding
factors. Meta-analyses have been used to summarize the
relationship between occupational noise exposure and the risk
of hypertension. However, their conclusions have been limited.
Meta-analyses conducted by Wang et al. (21) and Yang et al. (22)
included only Chinese literature and Chinese workers. Different
study designs (cross-sectional studies, cohort studies, and case-
control studies) were included in the three meta-analyses (23–
25), which may indirectly explain the results. Recent meta-
analyses have been limited by the overall low methodological
quality of the included epidemiological studies, with only three
of the 24 studies having a low risk of bias (26).

The purpose of this study was to explore the relationship
between occupational noise exposure and hypertension risk, to
provide a theoretical basis for improving conditions for factory
workers and promoting workplace protection.

METHODS

This was a case-control study. It was conducted according to
the Strengthening the Reporting of Observational Studies

in Epidemiology (STROBE) reporting guidelines (27)
(Supplementary Table S1).

Study Design and Population
Male workers were recruited from a modern automobile
manufacturing facility in Shenyang. Participants underwent
occupational health examinations between July and October
2013. The inclusion criteria of participants were as follows: (1)
Those working in places where occupational noise may exist;
(2) Those with a cumulative duration of noise exposure of ≥1
year; (3) Those who were physically healthy. Participants were
excluded if they were new employees, worked in an office space
free of occupational noise (e.g., finance department, management
department, etc.), or those who suffered from coronary heart
disease, liver disease, kidney disease, or any endocrine disease.
Hypertension was defined as a systolic blood pressure of ≥140
mmHg and or a diastolic blood pressure of ≥90 mmHg (2018
ESC/ESH Practice Guidelines) (28). Participants who met the
criteria for hypertension were assigned to the case group,
otherwise, they were placed in the control group.

This study was approved by the medical scientific research
ethics committee of the First Affiliated Hospital of China
Medical University (No. AF-SOP-07-1.0-01). All procedures
performed in the study complied with the ethical standards of
the institution, the National Research Committee, and the 1964
Helsinki Declaration and its subsequent amendments, or similar
ethical standards.

Data Collection
The patients and the public were not involved in the design and
analysis of this study. Demographic and clinical examination
data were extracted from the management system of the
medical examination center. Occupational noise exposure was
measured in the workplace where the members of factory
personnel were located, and measurements were undertaken by
an occupational health assessment institution with the relevant
safety assessment qualification.

Basic participant information was collected by two trained
interviewers using a questionnaire survey that included their age,
family history of hypertension (yes/no), smoking status (yes/no),
job role, and duration in post. Smoking was defined as at least 1
cigarette per day for a year or more.

Clinical examination and blood sample collection were
conducted by a healthcare professional. The clinical examination
included height (m), weight (kg), body mass index (BMI),
blood pressure (mmHg), listening test (normal/abnormal), and
pulmonary function (normal/abnormal). Normal pulmonary
function was defined using the ratio of forced expiratory
volume in 1 s (FEV1) to forced vital capacity (FVC) taking a
value of >80 %. Height and weight were measured using an
automatic measuring instrument, and body mass index (BMI)
was calculated as weight/height2 (kg/m2). Blood pressure was
measured in the upper left arm after 5–10m of rest in a
seated position using an automated device (HEM-746C, Omron,
Japan). Each of the above was measured twice, and the mean
of the two measurements was used in the analysis. Blood tests
were conducted using an automatic biochemical instrument
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operated by trained technicians, including total cholesterol (TC),
triglyceride (TG), high-density lipoprotein (HDL), and low-
density lipoprotein (LDL) levels.

Occupational noise exposure was measured by occupational
safety inspection professionals, using a statistical noise analyzer
(AWA6218; Beijing Xihua Instrument Technology Co., Ltd.).
Actual noise levels were recorded according to the normalization
of the equivalent continuous A-weighted sound pressure level to
a nominal 8-hour working day (LEX, 8h).

Statistical Analysis
In the presence of any missing data, multiple imputation was
used to complete the dataset. Continuous variables were shown
as median and inter-quartile ranges (25, 75%), and categorical
variables were shown as frequencies (%). Mann-Whitney U-
tests and chi-square tests, respectively, were used to compare the
distributions of continuous and categorical variables between the
two groups.

The odds ratio (OR) and 95% confidence interval (CI) of each
variable were calculated using logistic regression. A univariate
model was used to describe the linear effects of continuous
variables. The continuous variables that were included in the
corresponding risk models were transformed into categorical
variables by selecting the corresponding critical values to ensure
the clinically relevant balance between the groups (29). For
occupational noise, the critical value was <85 dB(A), and ≥85
dB(A). For age, thresholds of <24, 24–25, 26–29 and ≥30 years
were used. For BMI, the critical value was <18.55, 18.55-23.98,
and ≥23.99 kg/m2. For heart rate, the critical value was <60, 60–
100, and ≥100 beats per minute. For TG, the critical value was
<1.70, 1.70–2.25, and ≥2.26 mmol/L. For TC, the critical value
was <5.18, 5.18-6.21, and ≥6.22 mmol/L. For LDL, the critical
value was <3.37, 3.37–4.13, and ≥4.14 mmol/L. For HDL, the
critical value was <1.04, 1.04–1.54, and≥1.55mmol/L (30). Years
of working at the facility were included as a continuous variable.
Smoking status (reference: none), family history (reference:
none), pulmonary function (reference: normal), and hearing
(reference: normal) were also included in the risk model.

To explore the accuracy of using occupational noise as
a predictor of hypertension, the association was explored
according to the inter-quartile range of occupational noise levels
[≤76.4 dB(A), 76.41–78.8 dB(A), 78.81–80.90 dB(A), and>80.90
dB(A)]. Finally, Restricted cubic splines (RCS) with knots at
the 25, 50, and 75th percentiles of the distribution were used
to assess the dose-effect relationship between them, with 80
dB(A) as the reference group. A Spearman correlation test was
performed to evaluate the association between occupational noise
level and hypertension.

As participants were not randomly assigned to case and
control groups, therefore, we used propensity score matching
(PSM) to minimize the impact of confounds on the sensitivity
analysis (31, 32). We then calculated the propensity score of
each participant using multivariate logistic regression modeling.
A nearest-neighbor matching method was then used, making
the ratio between the case group and control group 1:2, that
is, each 1 participant from the case group was matched to 2
participants in the control group with similar propensity scores.

The balance of the matched model was assessed using the
standardized mean differences between the two groups (33).
Finally, the corresponding OR and 95% CI of noise exposure
on the risk of hypertension were calculated using univariate
logistic regression.

Statistical analyses were conducted using SPSS version 25
(Armonk, NY: IBM Corp.) (34), except for spline fitting, which
was performed using SAS version 9.4 (SAS Institute, Cary, NC). A
two-sided P-value < 0.05 was considered statistically significant.

RESULT

Demographic Characteristics
Table 1 shows the participant characteristics of the case and
control groups across the entire study cohort. There were 500
cases and 4,356 controls. Noise exposure level, age, TG, TC, LDL,
BMI, heart rate, years working at the facility, and pulmonary
function were higher in the case group than in the control group
(P < 0.05). HDL was lower in the case group than in the control
group (P < 0.05). Smoking, family history of hypertension,
and hearing level did not significantly differ between the two
groups (P > 0.05).

Identify Predictors of Hypertension
Independent predictors of hypertension in the entire participant
cohort were identified using logistic regression models with the
original value for each variable (Supplementary Table S2). In
the multivariate logistic regression, an increase in occupational
noise exposure level of 1 dB(A) was associated with an increased
hypertension risk of 8.3% (OR: 1.083, 95% CI: 1.058–1.109). Age,
heart rate, and BMI were independent predictors of the risk
of hypertension.

Table 2 shows the independent predictors of hypertension in
the entire cohort identified by analyzing the nonlinear effects of
the continuous variables. Multivariate logistic regression showed
that exposure to occupational noise ≥85 dB(A) was significantly
associated with the risk of hypertension (OR: 4.917, 95%CI:
2.920–8.279). When occupational noise level was analyzed as a
categorical variable, the risk of having hypertension in the fourth
quartile was 1.742 (95% CI: 1.313–2.310), compared to the first
quartile. In addition, age, heart rate, BMI, TG, and TC were
independent predictors of hypertension.

Sensitivity Analysis
PSM was used for sensitivity analysis to minimize the effects of
confounding factors. The baseline characteristics of participants
after PSM are shown in Table 3. When occupational noise was
analyzed as either a continuous or categorical variable, it was
significantly associated with the risk of hypertension, consistent
with the results of the other analyses performed (Table 4).

Dose Effect Relationship Between Noise
and Hypertension
The Spearman correlation test showed that the correlation
between occupational noise exposure and hypertension was
significant at the 0.01 level (2-tailed). Subsequently, the RCS
curve showed a positively correlated nonlinear dose-response
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TABLE 1 | Baseline characteristics of the groups in all participants.

Total = 4,856 Case (n = 500) Control (n = 4,356) P-value

Noise [dB(A)] 78.8(76.4–80.9) 78.8(78.8–81.1) 78.8(75.9–80.6) <0.001*

Demographics

Age (year) 26(24–30) 28.5(25.5–32) 26(24–29) <0.001*

Years of working (year) 2(1–3) 2(1–6) 2(1–3) <0.001*

Smoking 0.57

No 2,020(41.6%) 202(40.4%) 1,818(41.7%)

Yes 2,836(58.4%) 298(59.6%) 2,538(58.3%)

Family history of hypertension 0.90

No 84(1.7%) 9(1.8%) 75(1.7%)

Yes 4,772(98.3%) 491(98.2%) 4,281(98.3%)

Clinical examination

Heart rate (beats per minute) 79(72–87) 83.5(77–94) 78.5(72–86) <0.001*

BMI (kg/m2 ) 23.95(21.3–26.81) 27.68(24.79–29.48) 23.66(21.11–26.23) <0.001*

Hearing 0.89

Normal 4,629(95.3%) 476(95.2%) 4,153(95.3%)

Abnormal 227(4.7%) 24(4.8%) 203(4.7%)

Pulmonary function 0.001*

Normal 4,651(95.8%) 465(93.0%) 4,186(96.1%)

Abnormal 205(4.2%) 35(7.0%) 170(3.9%)

Blood biochemistry

TG (mmol/L) 1.27(0.84–1.9) 1.76(1.22–2.73) 1.2(0.81–1.83) <0.001*

TC (mmol/L) 4.4(3.9–5) 4.9(4.2–5.5) 4.4(3.8–5.0) <0.001*

LDL (mmol/L) 2.51(2.08–2.94) 2.78(2.35–3.24) 2.47(2.06–2.91) <0.001*

HDL (mmol/L) 1.07(0.94–1.21) 1.02(0.91–1.15) 1.07(0.95–1.22) <0.001*

TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; BMI, body mass index. The differences in the distribution of noise, age, heart rate,

TG, HDL, LDL, TC, BMI, and years of working between the two groups by Mann-Whitney U tests. The differences in the distribution of smoke, family history of hypertension, hearing,

pulmonary function between the two groups by Chi square test.

*P < 0.05.

relationship between noise exposure and hypertension (Pnonlinear
= 0.002; Figure 1). The risk of hypertension was relatively stable
until a predicted occupational noise level of around 80 dB(A) and
then started to increase rapidly afterward.

DISCUSSION

Main Results and Description
We used a case-control study design to explore predictors
of hypertension. Independent of whether occupational
noise was analyzed as a continuous or categorical variable,
there was a nonlinear dose-response relationship between it
and hypertension.

Literature Review
We found that occupational noise exposure was associated
with an increased risk of hypertension. Previous studies have
reported that occupational noise exposure increases the risk
of hypertension. A cross-sectional study reported this in
steelworkers (OR: 2.03, 95% CI: 1.15–3.58) (12), Bolm et al.
(26) conducted a meta-analysis of 24 studies and concluded
that the risk of hypertension increased 1.77-fold (95% CI 1.36–
2.29) for employees exposed to occupational noise levels of

80–85 dB(A), and increased 3.50-fold (95% CI 1.56–7.86) for
employees exposed at 85–90 dB(A). However, Tessier et al.
(13) and Stokholm et al. (14) reported an absence of any
such association. The inconsistency of these findings may be
attributed to the noise exposures reported in their studies
not being high enough to detect an effect. In addition, the
present results show a nonlinear dose-response relationship
between occupational noise and the risk of hypertension. For
occupational noise exposures in the range 68–80 dB(A), the
risk of hypertension was relatively stable. Exposures above 80
dB(A) were associated with a risk of hypertension that increased
rapidly with noise exposure level. Lin et al. (15) also reported
a curved exposure-response pattern between occupational noise
and hypertension, whereby the risk of hypertension increased
for exposures between 82 and 106 dB(A), and then sharply
decreased for exposures over 107 dB(A). This may be related
to the extensive use of personal protective equipment in people
exposed to high levels of occupational noise, thereby reducing the
incidence of hypertension.

Study Strengths and Limitations
Hypertension is a consequence of many factors working together.
The influence of potential confounding factors on research
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TABLE 2 | The OR and 95% CI of the relationship between classified variables and hypertension in all participants.

Univariate model Multivariate model a

OR (95%CI) P value OR (95%CI) P value

Noise [dB(A)]

Reference:<85 3.953 (2.491–6.274) <0.001* 4.917 (2.920–8.279) <0.001*

Noise [dB(A)]

Reference: ≤76.40 1 0.004* 1 <0.001*

76.41–78.80 1.096 (0.850–1.413) 0.48 0.955 (0.730–1.250) 0.739

78.81–80.90 1.208 (0.894–1.632) 0.22 1.073 (0.781–1.475) 0.66

>80.90 1.570 (1.206–2.046) 0.001* 1.742 (1.313–2.310) <0.001*

Demographics

Age(year)

Reference: <24 1 <0.001* 1 <0.001*

24–25 1.440 (1.041–1.994) 0.03* 1.402 (0.998–1.969) 0.05

26–29 1.421 (1.038–1.945) 0.03* 1.098 (0.787–1.530) 0.58

≥30 3.292 (2.468–4.390) <0.001* 2.094 (1.503–2.917) <0.001*

Years of working (year) 1.068 (1.039–1.098) <0.001* 1.001 (0.968–1.035) 0.954

Smoking

Reference: No 1.057 (0.875–1.276) 0.57 1.038 (0.847–1.272) 0.72

Family history of hypertension

Reference: No 0.956 (0.476–1.920) 0.9 0.802 (0.376–1.714) 0.57

Clinical examination

Heart rate (beats per minute)

Reference: 60–99 1 <0.001* 1 <0.001*

<60 0.492 (0.179–1.351) 0.17 0.631 (0.223–1.786) 0.39

≥100 3.679 (2.739–4.941) <0.001* 4.018 (2.889–5.586) <0.001*

BMI (kg/m2 )

Reference: 18.55– 23.89 1 <0.001* 1 <0.001*

<18.55 0.406 (0.148–1.116) 0.08 0.443 (0.159–1.234) 0.12

≥23.99 4.879 (3.855–6.221) <0.001* 3.942 (3.047–5.100) <0.001*

Hearing

Reference: Normal 1.032 (0.669–1.591) 0.89 0.897 (0.564–1.427) 0.65

Pulmonary function

Reference: Normal 1.853 (1.272–2.700) 0.001* 1.457 (0.964–2.204) 0.07

Blood biochemistry

TG (mmol/L)

Reference:<1.70 1 <0.001* 1 <0.001*

1.70–2.25 1.896 (1.462–2.460) <0.001* 1.180 (0.888–1.569) 0.25

≥2.26 3.456 (2.796–4.272) <0.001* 1.699 (1.302–2.216) <0.001*

TC (mmol/L)

Reference: <5.18 1 <0.001* 1 0.02*

5.18–6.21 2.321 (1.872–2.877) <0.001* 1.365 (1.027–1.815) 0.03*

≥6.22 4.391 (3.159–6.103) <0.001* 1.923 (1.165–3.174) 0.01*

LDL (mmol/L)

Reference:<3.37 1 <0.001* 1 0.39

3.37–4.13 2.288 (1.773–2.952) <0.001* 1.117 (0.789–1.582) 0.53

≥4.14 3.800 (2.301–6.275) <0.001* 1.606 (0.812–3.175) 0.17

HDL (mmol/L)

Reference:<1.04 1 <0.001* 1 0.84

1.04–1.54 2.139 (1.076–4.252) 0.03* 0.938 (0.450–1.954) 0.86

≥1.55 1.486 (0.747–2.957) 0.26 1.001 (0.486–2.062) 0.99

OR, odds ratio; CI, confidence interval; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; BMI, body mass index.
aMultivariable models include noise, age, years of working, smoking, family history, heart rate, BMI, hearing, pulmonary function, TG, TC, LDL, HDL.

*P < 0.05.
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TABLE 3 | Baseline characteristics of the groups in PSM participants.

Total = 1,500 Case (n = 500) Control (n = 1,000) Standardized mean differences P–value

Before PSM After PSM

Noise [dB(A)] 78.8(78.2–80.9) 78.8(78.8–81.1) 78.8(75.9–80.6) / / <0.001*

Demographics / /

Age (year)b 28.5(25–32) 28(25–32) 0.43 0.04 0.96

Years of working (year) 2(1–7) 2(1–6) 2(1–7) / / 0.24

Smoking / / 0.97

No 607(40.5%) 202(40.4%) 405(40.5%) / /

Yes 893(59.5%) 298(59.6%) 595(59.5%) / /

Family history of hypertension / / 0.66

No 24(1.6%) 9(1.8%) 15(1.5%) / /

Yes 1,476(98.4%) 491(98.2%) 985(98.5%) / /

Clinical examination / /

Heart rate (beats per minute) b 83(77–92) 83.5(77–94) 83(77–92) 0.48 0.06 0.41

BMI (kg/m2 ) b 27.1(24.68–29.48) 27.68(24.79–29.48) 27.02(24.5–29.48) 0.93 0.05 0.26

Hearing / / 0.19

Normal 1,411(94.1%) 476(95.2%) 935(93.5%) / /

Abnormal 89(5.9%) 24(4.8%) 65(6.5%) / /

Pulmonary function / / 0.11

Normal 1,415(94.3%) 465(93%) 950(95%) / /

Abnormal 85(5.7%) 35(7%) 50(5%) / /

Blood biochemistry / /

TG (mmol/L) b 1.73(1.2–2.6) 1.76(1.22–2.73) 1.71(1.18–2.51) 0.34 0.05 0.23

TC (mmol/L) b 4.9(4.3–5.5) 4.9(4.2–5.5) 4.85(4.3–5.5) 0.5 0.04 0.64

LDL (mmol/L) 2.77(2.35–3.24) 2.78(2.35–3.24) 2.77(2.35–3.23) / / 0.80

HDL (mmol/L) 1.02(0.9–1.15) 1.02(0.91–1.15) 1.01(0.9–1.15) / / 0.56

PSM, propensity score matching; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; BMI, body mass index. The differences in the

distribution of noise, age, heart rate, TG, HDL, LDL, TC, BMI, and years of working between the two groups by Mann–Whitney U tests. The differences in the distribution of smoke,

family history of hypertension, hearing, pulmonary function between the two groups by Chi square test.
bThose variables (age, heart rate, BMI, TG, TC) that has been identified as independent predictors of hypertension.

*P < 0.05.

TABLE 4 | The OR and 95% CI of the relationship between noise and

hypertension in PSM participants.

Univariate model

OR (95%CI) P value

Noise, per 1 dB(A) 1.068(1.040–1.096) <0.001*

Noise:

Reference:<85 3.114(1.698–5.711) <0.001*

Noise(dB)

Reference: ≤76.40 1 0.001*

76.41–78.80 1.138(0.851–1.521) 0.384

78.81–80.90 1.054(0.749–1.483) 0.762

>80.90 1.797(1.316–2.454) <0.001*

OR, odds ratio; CI, confidence interval.

*P < 0.05.

findings must be considered when analyzing the impact of noise
exposure on the risk of hypertension. Multifactor regression
analysis is the most commonly used method that adjusts for

confounding factors, but collinearity between variables can lead
to instabilities in such a model (35). Firstly, we used PSM to
balance the distributions of potentially confounding variables
between participant groups by matching participants in the case
group with those from the control group, thereby reducing
the error (36). Secondly, we used RCR regression to flexibly
model the association between occupational noise and the risk of
hypertension. As such, we obtained a more intuitive dose-effect
relationship curve.

Our study also had some limitations. Firstly, we have no
information about the use of antihypertensive drugs within
the participant cohort, which may provide a confounding
factor to determining the association between occupational
noise exposure and hypertension. Secondly, we did not set the
caliper value for the PSM, potentially leading to a deviation
in the results (37). However, the balance achieved between
the groups after PSM suggests that the model was stable. In
addition, noise exposure and blood pressure measurements
were collected at a single time point, so it is not possible
to infer any causal relationship between noise exposure and
hypertension. Prospective longitudinal studies will be needed

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 February 2022 | Volume 9 | Article 803695238

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wu et al. Noise and Hypertension

FIGURE 1 | Dose effect relationship between occupational noise and hypertension in entire participants.

to explore the causal relationship between noise exposure
and hypertension.
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Background: Red blood cell distribution width (RDW) is associated with cardiovascular
mortality. However, the relationship between preoperative RDW and outcomes after
thoracic endovascular aortic repair (TEVAR) in type B aortic dissection (TBAD) remains
to be determined.

Methods: We review the records of 678 patients with TBAD and treated with TEVAR
in three centers. Patients were divided into two groups according to the admission
RDW cut-off by receiver operating characteristic curve analysis [≤13.5% (n = 278)
and >13.5% (n = 400)]. The association between RDW and long-term mortality was
evaluated using Cox survival analysis. Additionally, we used general additive models
(GAM) with restricted cubic splines (RCS) to explore non-linear relationships between
RDW and outcomes.

Results: Subjects with a high RDW had significantly higher in-hospital mortality rates
(1.4 vs. 4.3%, P = 0.038). A total of 70 subjects died after a median follow-up period
of 3.3 years. Kaplan–Meier analysis showed that subjects with an RDW >13.5% had
worse survival rates than those with lower RDW values (P < 0.001). Multivariate Cox
proportional hazard modeling revealed that an RDW >13.5% was an independent
predictor of long-term mortality (adjusted HR = 2.27, P = 0.006). Also, we found
that there was a non-linear relationship between RDW and mortality from RCS, and
RDW of 13.5% might be an inflection point to distinguish the long-term mortality risk
of TBAD patients.

Conclusion: As an inexpensive and routinely measured parameter, RDW holds promise
as a novel prognostic marker in patients with TBAD receiving TEVAR. We found that
an RDW >13.5% on admission was independently associated with increased long-
term mortality.

Keywords: aortic dissection, red blood cell distribution width, thoracic endovascular aortic repair, prognostic
marker, in-hospital mortality
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INTRODUCTION

Type B aortic dissection (TBAD) is a fatal disease, characterized
by acute and subacute forms that present with several
complications including a high mortality [(1), p. 2873–926].
Thoracic endovascular aortic repair (TEVAR) is an emerging
treatment approach that has rapidly gained acceptance by
clinicians for treating acute and sub-acute TBAD [(2, 3); (4),
p. 407–16]. Compared to open surgery and medical treatment,
TEVAR is considered a superior treatment strategy with lower
mortality rates (5). However, postoperative mortality is still
high during short- and long-term follow-ups [(3); (6), p. 213–
25]. Therefore, early identification of patients at high risk
for adverse outcomes is essential for clinicians to make the
necessary therapeutic adjustments in a timely manner to
improve prognosis.

Red blood cell distribution width (RDW) is a routine
laboratory test parameter that reflects variations in the volume
of red blood cells (RBC) volume [(7), p. 71–4]. In TBAD
patients, blood entering the intima-media space may lead to
blood loss. Liu et al. found that RDW was significantly higher
in patients with anemia than in those with normal RBC
levels [(8), p. 205–9]. In addition, RDW can be influenced
by imbalanced physiological conditions, including oxidative
stress, tissue hypoxia, neurohumoral hyperactivity, endothelial
dysfunction, and chronic inflammation, all of which play an
important role in aortic dissection (AD) [(9), p. 72–3]. In several
clinical conditions, a high RDW has been associated with adverse
outcomes. Therefore, we hypothesized that RDW could be a
prognostic marker for patients with TBAD receiving TEVAR. The
present study aimed to determine the relationship between RDW
and adverse outcomes in patients with TBAD after TEVAR.

MATERIALS AND METHODS

Patient Selection
Included in the study, were patients with consecutive TBAD
who underwent TEVAR between January 2010 and July
2015, they were retrospectively identified at the Guangdong
Provincial People’s Hospital (Guangzhou, China), Nanhai
Hospital of Guangdong General Hospital (Foshan, China), and
Zhuhai Hospital of Guangdong Provincial People’s Hospital
(Zhuhai, China). TBAD was diagnosed according to a multi-
detector computed tomography scanning, and patients without
complications received TEVAR when the true lumen was
severely compressed or when the false lumen was >22 mm
in diameter [(10), p. 374–81]. The operation was performed
in a cardiac catheterization room with a suitable anatomical
structure. According to the pathology of the aorta, the aortic
stent diameter generally exceeds the standard by 5–10%. In order
to eliminate tears at the proximal entrance, all stent grafts were
deployed retrogradely through the percutaneous femoral artery
approach. The left subclavian artery was covered when necessary
to obtain a 1.5–2-cm proximal landing area. The exclusion
criteria were as follows: (1) age <18 years; (2) AD caused by
trauma, iatrogenic injury, or intramural hematoma; (3) diagnosis

FIGURE 1 | Study population flow chart.

of Marfan syndrome; (4) previous TEVAR or surgery for AD;
(5) chronic AD (onset >90 days before treatment) (11); (6)
no previous TEVAR interventions; (7) history of malignancy or
hematological disease, except anemia; and (8) end-stage kidney
disease (Figure 1). The study protocol was approved by the
central ethics committee of the Guangdong Provincial People’s
Hospital (2017-15), with a waiver for informed consent. This
approval by the central ethics committee applied to the other two
collaborating hospitals as well.

Biochemical Assays and Data Collected
Upon admission of the patients, venous blood was collected to
determine specific laboratory parameters. RDW was measured
using an automated blood cell counter (LH780, Beckman
Coulter, Brea, CA, United States), with a normal range of 11–
16%. Clinical data were collected through chart review and
electronic case reports entered into EpiData software 3.1 (The
EpiData Association, Odense, Denmark) and processed using
a consistency check on two copies. The estimated glomerular
filtration rate (eGFR) in Chinese patients was evaluated using
the 4-variable Modification of Diet in Renal Disease (MDRD)
equation [(12), p. 2937–44].

Follow-Up and Endpoints
All patients were followed up by trained researchers via telephone
interviews or clinic record visits from 9 August 2016 to 30
February 2017. In addition, the full clinical records of readmitted
patients and outpatients were reviewed for adverse events.
The primary endpoint was long-term mortality, which was
defined as death from all causes after being diagnosed with
TBAD. In-hospital death, stroke, type I endoleak, and dialysis
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events were recorded. Type I endoleak is defined as significant
when detected during intraoperative control angiography or
primary postoperative CTA control (in-hospital) [(13), p. 1022–
33, 1033.e15]. Stroke includes ischemic or hemorrhagic stroke,
with the clinical diagnosis supported by brain imaging.

Statistical Analysis
All statistical analyses were performed using SPSS software
(version 22.0; SPSS, Inc., Chicago, IL, United States) and R
version 3.6.11 (the R Foundation). Mean (±SD) or median
(quartile range) values were used to describe continuous
variables, which were compared using two independent sample
t-tests or non-parametric tests based on the data. Categorical
variables were reported as absolute values with percentages
and compared using the Chi-squared test. Receiver operator
characteristic (ROC) curve analysis was performed to evaluate
the predictive value of RDW for in-hospital and long-
term mortality. In addition, the optimal cut-off values were
calculated. The optimal cut-off values for the ROC curves were
established using the Youden index. Univariate Cox survival
analysis was conducted to assess the risk factors for long-term
mortality, indicators with P-values less than 0.05 were placed
in a multivariate Cox proportional hazard model for further
analysis. To visually evaluate the functional relationships between
continuous variable and outcomes, the way similar with previous
studies explored [(14), p. e007054; (15), p. 4322–9], we used
general additive models (GAM) with restricted cubic splines
(RCS) to assess the non-linear relationships between RDW and
outcomes. Statistical significance was set at P < 0.05.

RESULTS

After screening, data from 678 patients were included in the final
analysis. The mean age of the patients was 55 ± 11 years, 86.6%
were men, and 21 (3.1%) died during the initial hospitalization.
An ROC curve analysis was conducted to determine the
predictive value of RDW at admission for in-hospital mortality.
The optimal cut-off value was 13.5%, with relatively high
sensitivity and specificity (AUC = 0.646, 95% CI, 0.530–0.763,
P = 0.023, Figure 2).

Patients were classified into two groups according to the
threshold value of RDW, with RDW ≤13.5% (n = 278) and RDW
>13.5% (n = 400). At admission, 26.8% of patients developed
anemia, with a higher percentage of subjects with a high RDW
(33.3 vs. 16.9%, P < 0.001). Clinical information was compared
between the two groups (Table 1). Hemoglobin and eGFR were
lower in the group with a RDW >13.5%, while the serum
creatinine was higher.

During hospitalization, 51 (7.5%) patients experienced
endovascular leaks after the TEVAR procedure, 23 (3.4%)
developed stroke, and 14 (2.1%) required dialysis. There was no
statistically significant difference between the patients with an
RDW above or below 13.5%. However, the in-hospital mortality

1http://www.R-project.org

FIGURE 2 | The ROC curves for RDW in predicting in-hospital death.

was higher in patients with an RDW >13.5% (4.3 vs 1.4%,
P = 0.038, Table 1).

After a median follow-up of 3.3 years, 70 (10.3%) patients
died, and 87 (12.8%) were lost to follow-up. Kaplan–Meier curve
analysis showed that patients with an RDW >13.5% had a
worse survival than those with a lower RDW (15.9 vs 6.1%,
log-rank test = 13.37, P < 0.001, Figure 3). The results of the
Cox proportional hazard modeling analysis are presented in
Table 2. Univariate survival analysis indicated that RDW >13.5%
was associated with long-term mortality (HR = 2.78; 95% CI,
1.57–4.92; P < 0.001). After the adjustment for these variables,
RDW >13.5% remained an independent predictor of long-term
mortality (adjusted HR = 2.27; 95% CI, 1.27–4.07; P = 0.006).

The RCS suggested a non-linear association between RDW
and mortality, while this significance was not observed in
RDW-MACE relationship (Figure 4). There were increasing
relationships between RDW and outcomes. The difference was
that, RDW-mortality relation first showed a plateau phase and
then increased, while RDW-MACE relation was the opposite.
Notably, for RDW-mortality relation (Figure 4A), when RDW
(x-axis) was 13.5%, the Log RR (relative risk) for mortality (y-
axis) was approximately 0, suggesting that RR = 1, which implied
RDW at this cutoff value had no impact on the probability
of mortality. When RDW >13.5%, the Log RR of mortality
increased monotonically, reflecting that the increased long-term
mortality risk of TBAD patients with the increase of RDW.

DISCUSSION

To the best of our knowledge, this study is the first to
investigate the prognostic value of RDW in patients with TBAD
receiving TEVAR. The results showed that RDW could be a
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TABLE 1 | Clinical characteristics according to RDW cut-off.

Clinical variables RDW ≤ 13.5%
(n = 278)

RDW >13.5%
(n = 400)

P

Age (years) 53.7 ± 10.5 55.4 ± 10.9 0.050

Females, n (%) 37 (13.3) 54 (13.5) 0.943

Hypertension, n (%) 228 (82.0) 347 (86.8) 0.091

Diabetes mellitus, n (%) 14 (5.0) 28 (7.0) 0.297

Type, n (%)

Acute 223 (80.2) 328 (82.0) 0.558

Sub-acute 55 (19.8) 72 (18.0)

Hemoglobin (g/L) 130.0 ± 14.5 125.1 ± 19.6 <0.001

Anemia, n (%) 47 (16.9) 135 (33.8) <0.001

CRP (mg/L) 74.0 (28.1, 114.5) 77.4 (26.2,126.8) 0.926

lgDDI 3.11 ± 0.54 3.12 ± 0.53 0.751

Serum creatinine (µmol/L) 97.5 ± 43.1 105.7 ± 50.5 0.024

eGFR (mL/min/1.73 m2) 83.8 ± 29.5 78.7 ± 32.6 0.037

LVEF (%) 64.8 ± 5.8 65.0 ± 7.3 0.689

Artery affected, n (%)

Celiac axis 84 (32.7) 119 (31.7) 0.801

SMA 48 (18.8) 78 (20.9) 0.506

Right renal artery 54 (21.0) 108 (28.6) 0.032

Left renal artery 68 (26.4) 93 (24.9) 0.673

Pleural effusion, n (%) 130 (48.0) 188 (47.5) 0.900

Aortic arch bypass, n (%) 45 (16.2) 81 (20.3) 0.181

Stent inserted ≥2, n (%) 55 (19.8) 72 (18.0) 0.558

Hospital stay, days 13.0 (9.0, 18.0) 13.0 (10.0,18.0) 0.351

In-hospital events, n (%)

Stroke 9 (3.2) 14 (3.5) 0.853

Type I endoleak 20 (7.2) 31 (7.8) 0.787

Dialysis 4 (1.4) 10 (2.5) 0.339

Death 4 (1.4) 17 (4.3) 0.038

Long-term mortality, n (%) 15 (6.1) 55 (15.9) <0.001

CRP, C-reactive protein; DDI, D-dimer; eGFR, estimated glomerular filtration rate;
LVEF, left ventricular ejection fraction; SMA, superior mesenteric artery.

predictor of in-hospital mortality. In addition, an RDW >13.5%
was independently associated with an increased risk of long-
term mortality.

Besides, we found a non-linear RDW-mortality relationship
by GAM with RCS, suggesting that there was a threshold effect in
the trend of mortality with RDW, and the two-piecewise linear
regression models on both sides of the inflection point were
statistically significant. As can be seen from the Figure 4A, the
RDW of 13.5% might be the inflection point for distinguishing
the mortality risk of TBAD patients, corresponding to the RDW
cut-off value determined by the ROC curve.

Type B aortic dissection of the descending aorta or arch of
the aorta is a life-threatening disease. Open surgical treatment
has a high mortality and significant late complications, which
have gradually been replaced by TEVAR [(13, 16), p. 1022–33,
1033.e15]. The epidemiological data indicate that the in-hospital
mortality rate is 32% for patients with TBAD and treated with
surgery, 7% for those treated with TEVAR, and 10% for those
treated with medicine only [(17), p. 800–11]. In our study, the
long-term mortality rate was 10.3%, which is similar to previous
data [(4), p. 407–16]. Despite the decrease in TEVAR mortality,

FIGURE 3 | Cumulative rate of long-term mortality in patients with RDW
>13.5% and patients with RDW <13.5%.

a significant number of patients still die after this intervention.
Therefore, there is an urgent need to identify patients with a
high mortality risk.

Red blood cell distribution width quantifies the heterogeneity
of circulating RBCs and has been used to differentiate the causes
of anemia. Subsequently, RDW is a well-established predictor
of short- and long-term outcomes in various clinical conditions,
including coronary artery disease and infectious diseases, as well
as in the general population [(18), p. 515–23; (19), p. 163–8; (20),
123–7]. However, its potential to provide prognostic information
for patients with TBAD remains unclear. In this study, we found
that increased RDW was associated with in-hospital and long-
term mortality after TEVAR for TBAD.

The following features can explain this effect. First, blood
could enter the false lumen through the endovascular tear
in patients with TBAD, leading to a decrease in circulating
blood volume. This phenomenon can be detected by routine
blood tests and may present as anemia. In our analysis, 26.8%
of the subjects had anemia on admission. A previous study
demonstrated a significant increase in RDW in patients with
anemia [(8), p. 205–9]. Anemia is a predictor of adverse outcomes
in several cardiovascular diseases [(21), p. 610–20; (22), p. 818–
27]. However, this result was not the only explanation, as the
RDW significance could not be eliminated by including anemia
in our multivariate analysis. Second, increased oxidative stress
has been found in patients with AD (23). Oxidative stress can
directly damage RBCs and decrease their survival, resulting in
increased anisocytosis (24, 25) and increased RDW. Selenium
was negatively correlated with RDW as a component of the
antioxidant defense system (26). A higher RDW may reflect
severe oxidative stress, leading to adverse outcomes. Third,
stress on the endoplasmic reticulum might occur, altering the
regulation of apoptosis and inflammation. Excessive apoptosis
could subsequently promote inflammation and degeneration of
the vascular wall, which is an important mechanism for the
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TABLE 2 | Univariate and multivariate Cox proportional hazard modeling analysis for long-term mortality.

Univariate analysis Multivariate analysis

Clinical variables HR 95% CI P HR 95% CI P

Age 1.05 1.02, 1.07 <0.001 1.05 1.02, 1.07 <0.001

Females 1.82 1.01, 3.27 0.046 2.10 1.14, 3.87 0.017

Hypertension 1.55 0.71, 3.39 0.271

Diabetes 0.86 0.32, 2.37 0.777

Acute TBAD 0.93 0.51, 1.69 0.804

RDW >13.5% 2.78 1.57, 4.92 <0.001 2.27 1.27, 4.07 0.006

Anemia 1.90 1.18, 3.06 0.008 1.22 0.73, 2.02 0.452

CRP 1.00 0.99, 1.00 0.549

lgDDI 1.68 1.07, 2.65 0.025 1.47 0.93, 2.34 0.100

Serum creatinine 1.00 1.00, 1.01 0.028 1.01 1.00, 1.01 0.019

LVEF 0.97 0.94, 1.01 0.109

Celiac axis affected 1.23 0.72, 2.10 0.440

SMA affected 1.73 0.99, 3.05 0.056

Right renal artery affected 1.42 0.82, 2.46 0.217

Left renal artery affected 1.08 0.61, 1.91 0.799

Pleural effusion 1.07 0.67, 1.72 0.768

Aortic arch bypass 1.28 0.74, 2.21 0.381

Stent inserted ≥2 1.08 0.58, 2.03 0.801

SBP, systolic blood pressure; DBP, diastolic blood pressure; CRP, C-reactive protein; DDI, D-dimer; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection
fraction; SMA, superior mesenteric artery.

FIGURE 4 | General additive models (GAM) with restricted cubic splines (RCS) demonstrate the relationship between RDW and the risk of mortality and MACE. The
resulting figures show the predicted log RR (relative risk) in the y-axis and the RDW in the x-axis. Log RR can be converted to a relative risk by taking antilog. For
example, a log RR of 0 implies the relative risk of 1 (no impact on the probability of prognosis), whereas a log RR of 1 implies the relative risk of 2.71 (i.e., 2.71-fold
increase in the probability of MACE or mortality). (A) Association between RDW and log RR for mortality. (B) Association between RDW and log RR for MACE.The
results were adjusted for covariates that statistically significant in multivariate analysis in Table 2, including age, gender, and serum creatinine.

formation and progression of AD (27). In response to this
inflammatory process, pro-inflammatory cytokines are released,
resulting in an increase in RDW [(28), p. 1011–23]. Finally,
shear stress may be another factor leading to a high RDW and
adverse outcomes. Taguchi et al. found that a high shear stress
could induce intimal tears, which can progress to overt AD [(29),
p. 78–82]. In addition, increased shear stress was associated with

the development of retrograde aortic type A dissection, which is
a severe complication of TBAD [(30), p. 324–330]. Shear stress
can also impair RBC deformation and precipitate hemolysis,
promoting increased RDW [(31), p. 1017–25].

The current study found that an increase in RDW levels
upon admission is independently associated with an increase in
long-term mortality in patients with TBAD. As an easily available
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indicator in routine blood testing, RDW can be used as an
important factor in prognostic risk stratification, selecting high-
risk patients, guiding treatment strategies, and reducing the risk
of all-cause death in patients with TBAD. In view of the common
prognostic effect of high RDW in several cardiovascular and
infectious diseases, a high RDW is likely to represent secondary
damage related to inflammatory responses, and oxidative stress.
Monitoring changes in RDW may reflect the effects of controlling
cardiovascular risk factors. It may be possible to base future
follow-up plans on patients’ RDW and improve the long-term
survival of AD patients, since many patients with TBAD may not
strictly follow the annual follow-up recommendation.

Study Limitation
This study had several limitations. First, due to its retrospective
design, confounding factors may have affected the results.
However, a multivariate analysis was performed to reduce these.
Second, the predictive value of RDW was not compared with that
of other inflammatory markers. Third, the RDW was not detected
dynamically. Therefore, it is not clear whether a continuous
measurement of the dynamic changes in RDW rather than the
measurement of the baseline RDW would have a better predictive
value for the outcomes of the patient. Finally, the lost to follow-
up rate (12.8%) in the present study was relatively high and could
lead to selection bias.

CONCLUSION

As an inexpensive and routinely measured RBC parameter,
RDW has been proven to be a useful prognostic marker in
patients with TBAD receiving TEVAR. Increased RDW was
significantly associated with in-hospital and long-term mortality.
This relationship should be investigated in prospective studies
with larger sample sizes.
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