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Abstract

Human cytomegalovirus (CMV) infection is associated with hypertension and has been
linked with the pathogenesis of increased arterial blood pressure (BP). Currently, whether
CMV infection is associated with the progression of hypertension and hypertensive target
organ damage (TOD) remains to be identified. We aimed to examine the relationship
between CMV infection and the progression of hypertension and hypertensive TOD, which
could provide clues on the possible mediating mechanisms, in the Han Chinese population.
A total of 372 patients with hypertension and 191 healthy controls (Han participants from
Xinjiang, China) were included in the study. Enzyme-linked immunosorbent assay (ELISA)
and qPCR were used to detect CMV infection. C-reactive protein (CRP), tumor necrosis
factor-a (TNF-a), and interleukin-6 (IL-6) titers were also analyzed using an ELISA kit. More-
over, cardiovascular disease markers were evaluated by echocardiography, carotid ultraso-
nography, and tomographic scans. Essential hypertension (EH) patients exhibited a marked
increase in CMV IgG antibody, CRP, TNF-a, and IL-6 levels. Higher grade of hypertension
and hypertensive TOD had higher CMV IgG antibody and CRP levels. The CMV IgG anti-
body titers were positively correlated with arterial BP, greater grade of hypertension and
hypertensive TOD, and CRP and IL-6 levels. The higher quartile of CMV IgG titer and CRP
level were associated with the incidence of hypertension and the progression of hyperten-
sion and hypertensive TOD. In the Han Chinese population, high CMV IgG titers are associ-
ated with the progression of hypertension and hypertensive TOD. CMV IgG titer >4.25 U
could be an independent predictor of hypertension and progression of hypertension, while
that >4.85 U could be an independent risk factor for hypertensive TOD. The underlying
mechanism may be largely mediated by chronic inflammation.
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Introduction

Hypertension is a global disease [1]. More than 1 billion adults have hypertension worldwide,
and 90-95% of which is essential hypertension (EH) [2]. Several risk factors and features are
involved in the development of hypertension, including age, race, gender, family history of
hypertension (FH), environmental interactions, dietary factors, and stress [1, 3-6]. Although
the definite cause of hypertension is poorly understood, preventive measures may contribute
to decreasing blood pressure (BP) [7-9].

Human cytomegalovirus (CMV) infection plays an essential role in hypertension. CMV, a
member of the beta-herpesvirus family, contains a large double-stranded DNA genome and is
widespread [10]. CMV seroprevalence is 40% during people’s first year of life [11] and ranges
from 40 to 100% in adults [12]. CMV seropositive rate is 72.3 and 65.9% in women and men,
respectively, in Finland [13]; 66.7% in the USA [14]; and 90.1% in Hans and 95.4% in Kazakhs
in Xinjiang Province, China [15]. Primary CMV infection has lifelong persistence, mostly an
asymptomatic infection in a human host, and results in the development of a lifelong carrier
status with periodic reactivation and shedding of the virus from mucosal sites [11, 16]. Previ-
ous studies demonstrated that CMYV is associated with various diseases, including cardiovascu-
lar disease (CVD) [14, 15, 17-19], those affecting cognitive functioning [20, 21], tumor [22],
and type 2 diabetes mellitus [3, 23], and even mortality [4, 24].

Moreover, CMV may mediate inflammatory responses. CMV IgG antibody up-regulation
may increase inflammatory cytokines [4]. Elevated levels of C-reactive protein (CRP), tumor
necrosis factor-a (TNF-a.), and interleukin-6 (IL-6) are found to be associated with cytomega-
lovirus-related diseases [4, 14, 18, 25].

This study aimed to assess the relationship between CMV infection and the progression of
hypertension and hypertensive target organ damage (TOD) among the Han Chinese popula-
tion. We hypothesized that higher CMV IgG antibody levels is associated with the progression
of hypertension and hypertensive TOD and that CMV infection and inflammatory factors are
correlated.

Material and methods
Study participants and data collection

Here, 563 participants from the Shihezi and Shawan regions in Xinjiang Province, China, were
recruited between November 2014 and July 2015. The study protocol was reviewed and
approved by the Ethics Committee of First Affiliated Hospital of Medical College of Shihezi
University (approval number: AF/SC-08/01.0) and performed in strict accordance with the
rules ethics review of Biomedical research in human (2007) and the principles of the Declara-
tion of Helsinki. All participants signed the informed consent, completed a questionnaire,
accepted essential auxiliary examination, and agreed to have their blood samples collected for
future research.

A total of 191 normotensives and 372 hypertensives were involved in the study. The partici-
pants were seated in a relaxed position for at least 15 min prior to BP measurement, which was
performed three times. We used the 1999 WHO/ISH Hypertension Guidelines for the defini-
tion of hypertension: systolic BP (SBP) >140 mmHg and/or diastolic BP (DBP) >90 mmHg
or use of antihypertensive agents. Hypertension was further divided into three grades (grade
1 = 140/90-159/99 mmHg, grade 2 = 160/100-179/109 mmHg, and grade 3 >180/110
mmHg). The exclusion criteria were (i) secondary hypertension; (ii) acute infection or illness
in the last 4 weeks; (iii) organ transplantation, tumor, and immunodeficiency disease (includ-
ing HIV infection) or autoimmune disease.
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Obtaining medical history, physical examination, laboratory investigation, and further
diagnostic tests were performed in all participants. Data on age, gender, and cardiovascular
risk factors, such as smoking status, drinking status, FH, body mass index (BMI), fasting blood
sugar (FBS), total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol
(LDL-c), high-density lipoprotein cholesterol (HDL-c), CRP, TNF-a, and IL-6, were obtained.
Blood samples were assessed for CMV infection, including CMV IgG and CMV IgM antibody
and CMV DNA. Serum blood urea nitrogen, serum creatinine (Cr), inter-ventricular septum
end-diastolic thickness (IVSd) and left ventricular end-diastolic dimension (LVIDd), carotid
atherosclerotic plaques (CAP), white matter lesions, infarctions, and microbleeds were identi-
fied as CVD markers.

Hypertensive TOD was defined as a cardiovascular event that affects the following: (i)
heart: myocardial infarction (at least two of the following diagnostic criteria: typical chest pain,
ECG diagnosis, transient conventional myocardial enzyme increase by more than twice the
normal), ventricular hypertrophy, and ischemic heart disease; (ii) arteries: carotid plaques; (iii)
brain: stroke (cognitive decline, computer tomography evidence); and (iv) kidney: chronic
kidney disease (CKD) [5, 26, 27].

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay kit (CMV IgG antibody Diagnostic Kit or CMV IgG
antibody Diagnostic Kit, Haitai Biotech Inc, Zhuhai, China) was employed to determine CMV
infection (IgG antibody, IgM antibody) using baseline frozen (-80°C) serum samples accord-
ing to the product specifications (antibody titer <1.1 is seronegative; antibody titer >1.1, sero-
positive). The test sensitivity was 96.2 and 99.9% and the specificity was 97.8 and 99.8% for
CMV IgG and IgM, respectively. The optical density (OD) value and the antibody titer were
proportional. Among the 563 participants, 16 participants were CMV IgG seronegative (anti-
body titer <1.1) and 547 were CMV IgG seropositive (>1.1); 561 participants were CMV IgM
seronegative (<1.1) and 2 were CMV IgM seropositive (>1.1). All participants were further
categorized into four groups according to quartiles of CMV antibody concentrations (U):
0-3.75, 3.76-4.25, 4.26-4.85, and >4.85.

We also evaluated CRP, TNF-o, and IL-6 levels with E-EL-H0043c, E-EL-H0109¢, and
E-EL-H0102c, respectively (Wuhan Elabscience Biotechnology, Wuhan, China), according to
the manufacturer’s instructions. The OD value and the CRP/TNF-a/IL-6 concentration were
proportional. CRP/TNF-a/IL-6 concentrations in the samples were calculated based on the
OD value and standard curve, according to the kit manual, using the software curve expert 1.3.

DNA extraction and gPCR detection

Blood specimens were stored at -80°C until DNA extraction, which was performed using
QIAGEN kit (QIAGEN Inc., Valencia, CA) according to the manufacturer’s directions. We
evaluated the seropositivity and copy number of HCMV using CMV-DNA kit (DaAn Co,
Guangzhou, China) in all participants; the PCR primers for this assay were derived from the
immediate early gene. The PCR conditions were as follows: 93°C for 2 min, followed by 10
cycles of 93°C for 45 s, 55°C for 1 min, and 30 cycles of 93°C for 30 s and 33°C for 45 s. 7300
Real-Time PCR system (Applied Biosystems, Singapore) was employed. Real-time fluores-
cence measurements were recorded and the threshold cycle (Ct) value calculated by deter-
mining the point at which the fluorescence exceeded a threshold limit according to the
manufacturer’s directions. Samples were considered positive when the Ct values exceeded
30 cycles.
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Doppler echocardiography

Doppler echocardiogram was performed using an EPIQ 7C B-mode ultrasonography (EPIQ
7C, Philips Ultrasound Inc., USA). IVSd and LVIDd were identified based on the American
Society of Echocardiography recommendations. Patients were examined in a resting position
for specific parts of the examination and during end-expiration by a single experienced exam-
iner with no access to the clinical data of the participants.

Carotid ultrasonography

The common carotid artery was examined by ultrasonography (EPIQ 7C, Philips Ultrasound
Inc., USA). The subject was placed in the supine position with his/her neck extended and rolled
contralaterally by approximately 45°. The right/left common carotid artery was examined at 1.5
cm proximal to the carotid bifurcation. Subjects with a focal encroachment of the carotid arte-
rial wall and area of focal protrusion into the lumen at least 50% greater than the surrounding
wall thickness were diagnosed as having carotid plaque [28, 29]. All carotid ultrasound exami-
nations were performed by the same assessor who had no access to the subjects’ clinical data.

Computed tomography of the brain

All subjects were examined using computed tomography (CT) (GT 1700V, GE Healthcare,
USA). To identify the predictors, CT scan was performed and the finding (dependent variable)
was categorized as normal or abnormal. Abnormal CT scan includes the detection of white
matter lesions, silent brain infarctions, lacunar infarctions, or microbleeds. Two assessors per-
formed the evaluation, who were blinded to the clinical findings.

Statistical analysis

For continuous variables, the t test and Kruskal-Wallis ANOVA (for normally distributed vari-
ables) or Mann-Whitney U test (for skewed variables) was employed. For categorical variables,
the chi-squared test was used. Multivariable linear regression was performed to assess the asso-
ciation between the CMV IgG titers or inflammatory cytokines and BP values, and was further
used to identify the relationship between inflammatory cytokine levels and CMV IgG titer val-
ues. Spearman’s rank correlation and partial correlation analyses were performed to evaluate
the association between CMV IgG titers and the different grades of BP or hypertension with-
out/with TOD and that between inflammatory cytokines and the different grades of BP or
hypertension without/with TOD. Subsequently, we evaluated the relationship between CMV
and risk of hypertension and hypertensive TOD (as a dependent variable) using binary logistic
regression. Moreover, we analyzed the association of CMV with the risk of hypertension
according to the grade by ordinal logistic regression. P<0.05 was considered statistically signif-
icant. All statistical analyses were performed using SPSS version 20.0 (IBM Corporation,
Armonk, NY).

Results

A total of 563 subjects (28-86 years old) were randomly selected. Table 1 lists the participants’
clinical characteristics stratified by BP. Participants were further categorized into two (normo-
tensive and hypertensive) or four (normotension and hypertension grades 1 to 3) groups
according to the BP values. The number of normotensive subjects and those with grade 1,
grade 2 and grade 3 hypertension was 191, 110, 114 and 148, respectively. The participants
with hypertension were older (P<0.001); were more likely to be males (P = 0.006); had higher
weight, BP (including SBP, DBP, and mean arterial pressure(MAP)), and CMV IgG antibody,
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Table 1. Clinical characteristics and laboratory values of study participants by BP categories.

Characteritics Normotensive Hypertension P, value |Grade 1 Grade 2 Grade 3 P>
hypertension hypertension hypertension value
n 191 372 110 114 148
Age (years) 48.77+8.68 58.79+12.18 <0.001* | 54.97+11.11* 60.31+12.01** 60.45+12.50%* <0.001
Males (%) 66 (34.55) 174 (46.77) 0.006* | 59 (53.64)* 50 (43.86) 65 (43.92) 0.013
Smokers (%) 67 (35.08) 130 (34.95) 0.975 47 (42.73) 37 (32.46) 46 (31.08) 0.240
Alcohol (%) 46 (24.08) 93 (25.00) 0.811 33 (30.00) 29 (25.44) 31 (20.95) 0.414
FH (%) 41 (21.47) 99 (26.61) 0.181 38 (34.55) 25(21.93) 36 (24.32) 0.064
Weight (Kg) 67.63+11.58 73.43+11.94 <0.001* | 73.63+12.08* 70.93+11.20 75.20+12.12*%t1ad | <0.001
Height (m) 1.66+0.08 1.67+0.08 0.588 1.68+0.08 1.65+0.08 1.67+0.09 0.207
BMI (kg/mz) 24.34+2.99 26.31+3.01 <0.001* | 26.02+2.56* 25.82+2.94* 26.91+3.27*% <0.001
SBP (mmHg) 120.66+7.41 165.76£17.77 <0.001* | 144.67+8.52* 164.02+5.96*" 182.77+9.46%*8 <0.001
DBP (mmHg) 74.77+6.11 97.08+12.48 <0.001* | 85.40+2.93* 96.24+7.94%% 106.41+12.15%#& <0.001
MAP (mmHg) 90.06+6.07 119.93+12.63 <0.001* | 105.17+2.96* 118.81+5.44*# 131.76+8.28*#& <0.001
CMV IgG antibody 3.56+1.07 4.69+1.49 <0.001* | 4.02+0.87* 4.26+1.32* 5.51+1.59%#& <0.001
titers (U)
CMV IgG 186 (97.38) 361 (97.04) 0.819 105 (95.45) 110 (96.49) 146 (98.65) 0.464
seropositivity (%)
CMV IgM antibody 0.25+0.20 0.24+0.12 0.656 0.24+0.13 0.24+0.12 0.24+0.10 0.972
titers (U)
CMV IgM 1(0.52) 1(0.27) 0.631 0(0) 1(0.88) 0(0) 0.583
seropositivity (%)
CMV DNA-positive (%) | 1 (0.52) 4 (1.08) 0.507 0 (0) 1(0.88) 3(2.04) 0.322
CRP (ug/ml) 0.50 0.56 0.005* |0.53 0.53 0.64 (0.22—1.23)**& | <0.001
(0.20-0.91) (0.22-1.23) (0.30-0.86) (0.29-1.03)**
TNF-a (ng/ml) 0.18 0.19 <0.001* | 0.19 0.20 0.19 <0.001
(0.13-0.53) (0.13-0.48) (0.13-0.45)* (0.13-0.48)* (0.13-0.36)**
IL-6 (ng/ml) 0.16 0.16 0.025* |0.16 0.14 0.17 <0.001
(0.05-0.31) (0.05-0.49) (0.05-0.33) (0.05-0.49) (0.09-0.45)*#&
FBS (mmol/L) 4.95+0.64 5.41+£0.94 <0.001* | 5.19+0.71 5.22+0.79* 5.7141.11%#& <0.001
TC (mmol/L) 4.38+1.00 4.24+0.96 0.103 4.211£0.91 4.2510.97 4.25+0.99 0.433
TG (mmol/L) 1.17+0.53 1.67+0.85 <0.001* | 1.53+0.57* 1.63+0.92* 1.81+0.96** <0.001
LDL-C (mmol/L) 2.82+0.78 2.72+0.87 0.182 2.69+0.76 2.72+0.85 2.74+0.95 0.567
HDL-C (mmol/L) 1.17+0.28 1.11+0.33 0.021* | 1.12+0.30 1.14+0.41 1.07+0.27* 0.041
BUN (mmol/L) 5.12 5.31(1.98-91.40) | 0.020* |5.53 5.30 5.15 0.020
(2.04-8.50) (2.60-9.97)* (2.43-91.40) (1.98-68.00)
Cr (umol/L) 65.10 (43.10- 70.40 (45.20— <0.001* | 72.50 (45.20— 70.40 (45.20— 69.30 <0.001
107.10) 588.70) 201.70)* 588.70)* (45.20-381.2)*
IVSd (mm) 8.39+1.06 9.07+1.09 <0.001* |9.04+1.00* 8.78+1.08* 9.33+1.10%% <0.001
LVIDd (mm) 8.46+1.02 9.30+1.13 <0.001* | 8.97+1.01* 9.29+1.13* 9.55+1.14*# <0.001
Brain infarction (%) 27 (14.14) 168 (45.16) 0.006* | 43(39.09)* 47 (41.23)* 78 (52.70)** <0.001
CAP (%) 42 (21.99) 200 (53.76) <0.001* | 43 (39.09)* 63 (55.26)** 94 (63.51)** <0.001

Values are given as mean + SD, percentages or median [range]. Abbreviations: BP, blood pressure; FH, familial history of hypertension; BMI, body mass
index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial blood pressure; CMV, cytomegalovirus; CRP, C-reactive protein;
TNF-a, tumor necrosis factor-a; IL-6, interleukin-6; FBS, fasting blood sugar; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein
cholesterol; HDL-C, high-density lipoprotein cholesterol; BUN, serum blood urea nitrogen; Cr, serum creatinine; 1VSd, the inter-ventricular septum end-
diastolic thickness; LVIDd, the left ventricular end-diastolic dimension; CAP, carotid atherosclerotic plaques. P value, hypertension versus (vs.)
normotensive; P, value, grade 3 hypertension vs. grade 2 hypertension vs. grade 1 hypertension vs. normotensive, respectively.

*P<0.05, hypertension, grade 1, grade 2 or grade 3 hypertension vs. normotensive, respectively

#P<0.05, grade 2 or grade 3 hypertension vs. grade 1 hypertension, respectively

&pP<0.05, grade 3 hypertension vs. grade 2 hypertension.

https://doi.org/10.1371/journal.pone.0181440.t001
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CRP, TNF-0, and IL-6 levels (CRP, P = 0.005; IL-6, P = 0.025; others, P<0.001); had higher
levels of other traditional CVD risk factors, such as BMI, FBS, and TG (P<0.001); and had
lower levels of HDL-C (P = 0.021). BUN, Cr, IVSd, and LVIDd values and the incidence of
brain infarction and CAP were also higher (BUN, P = 0.020; brain infarction incidence,

P =0.006; others, P<0.001) in the hypertension group than in the control group.

Furthermore we examined whether differences among the four categories of BP exist. Par-
ticipants with a higher grade of BP had higher CRP levels (P<0.001) than those with lower
grade of BP. Those with grade 2 or grade 3 hypertension were older (P<0.05) and had higher
CAP value (P<0.05), while those with grade 3 hypertension had higher CMV IgG, IL-6 and
FBS values (P<0.05) than those with grade 1 or grade 2 hypertension; had higher TG and
LVIDd values (P<0.05) and higher incidence of brain infarction than those with grade 1
hypertension; and had higher weight, BMI, and IVSd value than (P<0.05) those with grade 2
hypertension. No significant differences in smoking, drinking, FH, TC, LDL-c, CMV IgM
antibody titers, CMV IgG and IgM seroprevalence, and CMV DNA among the subjects
(Table 1). At baseline, 86 participants had hypertension without TOD, and 286 had hyperten-
sion with TOD. The participants with hypertension with TOD were more likely to be older
(P<0.05) and had higher BP (including SBP, DBP, and MAP), CMV IgG antibody, CRP, IVSd
and LVIDd values (P<0.05) than those with hypertension without TOD (Table 2).

The seroprevalence of CMV IgG was 97.16% (547/563), thereby possibly indicating a high
prevalence of CMV infection in the Han Chinese population. No significant difference in
CMV seropositivity status between the participant with and those without CMV infection
were found (Table 3); however, but the CMV-specific IgG titers had significant differences.

In Fig 1, the subjects were divided into four groups, according to CMV antibody titers.
CMV antibody titers were parameterized using a dummy variable to compare the highest
quartile (quartile 4) with the bottom three quartiles (quartiles 1 to 3). Groups 1 to 4 had 143,
140, 136, and 144 subjects, and had 59, 62, 112, and 139 subjects with hypertension, respec-
tively (Fig 1A and 1B). The prevalence of hypertension and hypertensive TOD were signifi-
cantly different among the CMV IgG titer groups (P<0.001). Moreover, we examined the
incidence of hypertension among the groups, and significant differences were observed
between groups 1 and 3 as well as between groups 1 and 4 (see S1 Table for data) (P<0.001)
(Fig 1A). The incidence of hypertension with TOD was significantly different between groups
1 and 4 (see S2 Table for data) (P = 0.002) (Fig 1B).

The correlation between CMV IgG titers and BP was confirmed by multivariable linear
regression analyses (Table 4). CMV IgG titers were significantly positively correlated with BP
(including SBP, DBP, and MAP) (P<0.001) in all models (model 1, before adjustment; model
2, adjustment for covariates: BMI, FBS, TG, HDL-C; model 3, further adjustment for age and
sex). The CMV IgG titers had a significant positive correlation (P<0.001) with higher grade of
BP and hypertension in all models, and were positively correlated with hypertension with
TOD in models 1 and 2 (model 1, P<0.001; model 2, P = 0.013) (Table 5).

To determine whether CMV IgG titer is an independent risk factor for the development of
hypertension, we used binary logistic regression to adjust for potential confounding factors.
We found that CMV IgG titers are associated with hypertension in all models (P<0.001).
Compared with the lowest CMV IgG quartile (<3.75 U), CMV IgG titers of quartiles 3 and 4
(4.26-4.85 and >4.85 U, respectively) were significantly associated with hypertension in all
models (P<0.001). We further categorized the IgG titers into two groups (i.e., <4.25 and
>4.25U). CMV IgG titer >4.25 U was significantly associated with hypertension in all models
(P<0.001) compared with CMV IgG <4.25 U (Table 6).

Table 7 shows the results of the ordinal logistic regression for the progression of hyperten-
sion. The CMV IgG antibody titer was a significant factor for the progression of hypertension
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Table 2. Clinical characteristics and laboratory values of study participants in normotensive and hypertension with/without TOD.

Characteritics

n

Age (years)

Males (%)

Smokers (%)

Alcohol (%)

FH (%)

Weight (Kg)

Height (m)

BMI (kg/m?)

SBP (mmHg)

DBP (mmHg)

MAP (mmHg)

CMV IgG antibody titers (U)
CMV IgG seropositivity (%)
CMV IgM antibody titers (U)
CMV IgM seropositivity (%)
CMV DNA-positive (%)
CRP (ug/ml)

TNF-a (ng/ml)

IL-6 (ng/ml)

FBS (mmol/L)

TC (mmol/L)

TG (mmol/L)

LDL-C (mmol/L)

HDL-C (mmol/L)

BUN (mmol/L)

Cr (umol/L)

IVSd (mm)

LVIDd (mm)

Values are given as mean + SD, percentages or median [range].

Normotensive
191
48.77+8.68
66 (34.55)
67 (35.08)
46 (24.08)
41 (21.47)
67.63+11.58
1.66+0.08
24.34+2.99
120.66+7.41
74.77+6.11
90.0616.07
3.56+1.07
186 (97.38)
0.25+0.20
1(0.52)
1(0.52)
0.50 (0.20-0.91)
0.18 (0.13-0.53)
0.16 (0.05-0.31)
4.95+0.64
4.38+1.00
1.17+0.53
2.82+0.78
1.17+0.28
5.12 (2.04-8.50)

65.10 (43.10-107.10)

8.39+1.06
8.46+1.02

Hypertension without TOD
86

51.3118.34

40 (46.51)*

30 (34.88)

28 (32.56)

28 (32.56)
72.99+11.08*
1.68+0.08
25.93+2.81*
156.37+18.17*
93.90+10.70*
114.72+12.07*
4.16+1.16*

82 (95.35)
0.23+0.09

0(0)

0(0)

0.53 (0.34-0.88)
0.18 (0.13-0.45)*
0.16 (0.05-0.29)
5.28+0.73*
4.23+0.93
1.51+0.54*
2.60+0.81
1.15+0.30

5.22 (2.60-8.20)
66.70 (45.20—-109.20)
8.59+0.83
8.80+0.79*

Hypertension with TOD

286
61.03+12.26%*
134 (46.85)*
100 (34.97)

65 (22.73)

71 (24.83)
73.56+12.20%
1.66+0.08
26.43+3.06*
168.58+16.68**
98.04+12.82**
121.49+12.39*%
4.85+1.54*%
279 (97.55)
0.24+0.12
1(0.35)

4 (1.40)

0.58 (0.22-1.23)**

0.20 (0.13-0.48)*
0.16 (0.05-0.49)*
5.45+0.99%
4.24+0.97
1.7240.92%
2.76+0.88
1.0920.34%

5.36 (1.98-91.40)

72.50 (45.20-588.70)*

9.22+1.11*#
9.45+1.17*%

Pvalue

<0.001
0.021
0.999
0.065
0.174
<0.001
0.522
<0.001
<0.001
<0.001
<0.001
<0.001
0.545
0.714
0.795
0.384
0.003
<0.001
0.035
<0.001
0.264
<0.001
0.119
0.025
0.051
<0.001
<0.001
<0.001

Abbreviations: TOD, target organ damage; FH, familial history of hypertension; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; MAP, mean arterial blood pressure; CMV, cytomegalovirus; CRP, C-reactive protein; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6; FBS,
fasting blood sugar; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; BUN,
serum blood urea nitrogen; Cr, serum creatinine; 1VSd, the inter-ventricular septum end-diastolic thickness; LVIDd, the left ventricular end-diastolic

dimension.

* P<0.05 hypertension without TOD or hypertension with TOD vs. normotensive, respectively

#P<0.05, hypertension without TOD vs. hypertension without TOD.

https://doi.org/10.1371/journal.pone.0181440.t002

in all models (P<0.001), and higher CMV IgG quartiles were significantly associated with

higher grade of hypertension in all models (P<0.001). CMV IgG >4.25 U was significantly
associated with higher grade of hypertension in all models (P<0.001) compared with CMV

IgG <4.25 U.

Furthermore, CMV IgG titers were also associated with hypertensive TOD in all models
(model 3, P = 0.046; others, P<0.001; Table 8). Compared with the lowest CMV IgG quartile

(<3.75 U), the CMV IgG titer of quartile 4 (>>4.85 U) was significantly associated with hy-

pertensive TOD in models 1 and 2 (model 1, P = 0.002; model 2, P = 0.007) but had no signifi-
cant association (P = 0.155) with hypertensive TOD in model 3. CMV IgG >4.85 U was
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Table 3. Clinical characteristics and laboratory values of study participants with and without serologic evidence of CMV infection.

Characteristics
n

Age (years)
Males (%)
Smokers (%)
Alcohol (%)

FH (%)

Weight (Kg)
Height (m)

BMI (kg/m?)
SBP (mmHg)
DBP (mmHg)
MAP (mmHg)
CRP (ug/ml)
TNF-a (ng/ml)
IL-6 (ng/ml)
FBS (mmol/L)
TC (mmol/L)
TG (mmol/L)
LDL-C (mmol/L)
HDL-C (mmol/L)
BUN (mmol/L)
Cr (umol/L)
IVSd (mm)
LVIDd (mm)

Brain infarction (%)

CAP (%)

Values are given as mean + SD, percentages or median [range].
Abbreviations: CMV, cytomegalovirus; FH, familial history of hypertension; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood

CMV infection
547
55.50+12.13
232 (42.41)

192 (35.10)

135 (24.68)

134 (24.50)
71.37£12.10
1.67+0.08
25.64+3.15
150.56+26.21
89.63+15.10
109.90+17.86
0.51 (0.36-0.90)
0.17 (0.13-0.34)
0.14 (0.11-0.22)
5.26+0.88
4.29+0.98
1.50+0.79
2.761£0.84
1.13+£0.32
5.31(3.32-7.52)

69.35 (48.30-88.20)

8.84+1.12
9.01£1.16

193 (35.28)
238 (43.51)

No CMV infection
16

51.63+9.78
(50.00)
(31.25)
4 (25.00)
6 (37.50)
74.46+12.95
1.70£0.09
25.75+2.91
147.13+24.34
85.44+13.92
106.13+16.96
0.55 (0.20-1.23)
0.18 (0.13-0.53)
0.16 (0.05-0.49)
4.97+0.59
4.31+£0.90
1.761£0.78
2.61+0.71
1.151£0.28

5.22 (1.98-91.40)

8
5

69.30 (43.10-588.70)

9.06+1.18
9.19+1.11
2 (12.50)
4 (25.00)

Pvalue

0.206
0.545
0.750
0.977
0.236
0.316
0.136
0.890
0.605
0.273
0.404
0.340
0.484
0.440
0.185
0.934
0.197
0.496
0.746
0.784
0.673
0.426
0.550
0.059
0.140

pressure; MAP, mean arterial blood pressure; CRP, C-reactive protein; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6; FBS, fasting blood sugar; TC,
total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; BUN, serum blood urea nitrogen;
Cr, serum creatinine; 1VSd, the inter-ventricular septum end-diastolic thickness; LVIDd, the left ventricular end-diastolic dimension.

https://doi.org/10.1371/journal.pone.0181440.t003
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participants with EH (%)

N
<

"TIs375  [3.76'4.25] [4.26:4.85]  [>4.85]
CMV IgG antibody titers (U)

Fig 1. Incidence of hypertension and hypertensive TOD with different CMV IgG titers in study
participants. Abbreviations: TOD, target organ damage; CMV, cytomegalovirus. A. Incidence of

hypertension with TOD (%

TT[s375 [3.76'4.25] [4.26:4.85] [>4.85]
CMVIgG antibody titers (U)

P=0.002

hypertension with different CMV IgG titers in all study participants. B. Incidence of hypertensive TOD with

different CMV IgG titers in participants with hypertension.

https://doi.org/10.1371/journal.pone.0181440.g001
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Table 4. Correlation of CMV IgG titers with BP in study participants.

SBP DBP MAP
B Pvalue B Pvalue B Pvalue
Model 1 8.73 <0.001* 4.42 <0.001* 5.82 <0.001*
Model 2 7.08 <0.001* 3.43 <0.001* 4.61 <0.001*
Model 3 5.39 <0.001* 3.14 <0.001* 3.85 <0.001*

Abbreviations: CMV, cytomegalovirus; BP, blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial blood
pressure. Model 1: unadjusted for all the confounder factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.
* P<0.05 considered statistically significant.

https://doi.org/10.1371/journal.pone.0181440.t1004

significantly associated with hypertensive TOD in all models (model 3, P = 0.027; others,
P<0.001) compared with CMV IgG <4.85 U.

Table 9 shows the correlation between CMV IgG titers and the levels of inflammatory cyto-
kines (CRP, TNF-q, IL-6). The CMV IgG titers were positively correlated with CRP and IL-6
levels in all models (model 3 of IL-6, P = 0.001; others, P<0.001), whereas had no significant
correlation with TNF-a levels was noted.

Table 10 shows the correlation between the levels of inflammatory cytokines (CRP, TNF-o,
IL-6) and BP values. CRP levels were positively correlated with SBP in all models (model 1,
P<0.001; model 2, P = 0.005; model 3, P = 0.038), DBP only in model 1 (P = 0.001), and MAP
in models 1 and 2 (model 1, P<0.001; model 2, P = 0.024). TNF-o. levels were positively corre-
lated with SBP (all models, P<0.001), with MAP (model 1, P = 0.003; model 2, P = 0.001;
model 3, P = 0.008), and with DBP only in models 1 (P = 0.049) and 2 (P = 0.030). IL-6 levels
were positively correlated with SBP (model 1, P<0.001; model 2, P = 0.001; model 3, P =
0.018) and with MAP only in model 1 (P = 0.002). As the inflammatory cytokines levels were
positively correlated with BP, we examined whether inflammatory cytokines levels were also
positively correlated with higher grades of BP and hypertension and hypertension with TOD
(Table 11). Moreover, CRP levels had a significant positive relationship with higher grade of
BP and hypertension in all models (model 3 of group 1, P = 0.003; others, P<0.001) and with
hypertensive TOD only in models 1 and 2 (model 1, P = 0.048; model 2, P = 0.0135). TNF-o.
levels had a significant positive relationship only with higher grade of BP in all models (model
3, P =0.002; others P<0.001). IL-6 levels also had a significant positive relationship with higher
grade of BP in all models (model 3, P = 0.022; others, P = 0.002) and higher grade of hyperten-
sion in model 1 (P = 0.024).

Table 5. Correlation between CMV IgG titers and the different stages of BP and hypertension and hypertension without/with TOD in study
participants.

Model 1 Model 2 Model 3
r Pvalue r Pvalue r Pvalue
Group 1 0.59 <0.001* 0.45 <0.001* 0.37 <0.001*
Group 2 0.51 <0.001* 0.40 <0.001* 0.36 <0.001*
Group 3 0.20 <0.001* 0.18 0.001* 0.10 0.053

Abbreviations: CMV, cytomegalovirus; BP, blood pressure; TOD, target organ damage.

Group 1, the four grades of BP (from normotensive to grade 3 hypertension in sequence); Group 2, the three grades of the hypertension (from grade 1
hypertension to grade 3 hypertension in sequence); Group 3, the two grades of hypertension without/with TOD. Model 1: unadjusted for all the confounder
factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.

* P<0.05 considered statistically significant.

https://doi.org/10.1371/journal.pone.0181440.t005
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Table 6. Hazard ratio for incidence of hypertension by CMV IgG titers.

Model 1 Model 2 Model 3

OR (95% CI) Pvalue OR (95% CI) Pvalue OR (95% Cl) Pvalue
CMV IgG titers (U) 2.11 (1.75-2.54) <0.001* 1.95 (1.59-2.40) <0.001* 1.66 (1.33-2.06) <0.001*
The titers quartiles (U)
<3.75 1 (reference) 1 (reference) 1 (reference)
3.76-4.25 1.13(0.71-1.81) 0.607 0.97(0.55-1.70) 0.907 0.78(0.42-1.45) 0.432
4.26-4.85 6.64 (3.82—11.54) <0.001* 6.83(3.60—12.93) <0.001* 6.97(3.48—-13.95) <0.001*
>4.85 39.58 (15.27-102.57) <0.001* 25.73(9.35-70.81) <0.001* 12.89(4.48-37.08) <0.001*
The titers binary division (U)
<4.25 1 (reference) 1 (reference) 1 (reference)
>4.25 11.59 (7.38-18.19) <0.001* 10.52 (6.29-17.60) <0.001* 9.37 (5.35-16.44) <0.001*

Abbreviations: CMV, cytomegalovirus; OR, odds ratio; Cl, confidence interval.

Model 1: unadjusted for all the confounder factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.
* P<0.05 considered statistically significant

https://doi.org/10.1371/journal.pone.0181440.t006

Table 12 shows the association of the levels of inflammatory cytokines (CRP, TNF-o, IL-6)
with hypertension. CRP levels were associated with hypertension in model 1 (P = 0.003). No
significant relationships between CRP levels and hypertension in models 2 and 3 were
detected. TNF-o and IL-6 levels were associated with hypertension in all models (TNF-o::
P<0.001; IL-6: model 1, P = 0.002; model 2, P = 0.029; model 3, P = 0.044).

The results of the ordinal logistic regression for the progression of hypertension are shown
in Table 13. CRP level was a significant factor of the progression of hypertension in all models
(P<0.001); apparently, TNF-o. and IL-6 levels are not factors for progression of hypertension.

Table 14 shows the association of the levels of inflammatory cytokines (CRP, TNF-g, IL-6)
with hypertensive TOD. CRP levels were associated with hypertensive TOD in all models
(model 1, P = 0.006; model 2, P = 0.021; model 3, P = 0.043). TNF-o, and IL-6 levels were not
significantly associated with hypertensive TOD.

Discussion

To the best of our knowledge, our study is the first to comprehensively report on the associa-
tion of CMV IgG titers with the progression of hypertension and hypertensive TOD in the
Han Chinese population. The involvement of CMV in the pathogenesis of hypertension is
widely accepted and CMV has been linked to hypertension. Previous research found that

Table 7. Hazard ratio for incidence of different grades hypertension by CMV IgG titers.

Model 1 Model 2 Model 3
OR (95% CI) Pvalue OR (95% CI) Pvalue OR (95% CI) Pvalue
CMV IgG titers (U) 0.53(0.44-0.62) <0.001* 0.54(0.45-0.65) <0.001* 0.57 (0.47-0.68) <0.001*
The titers quartiles (reverse order) (U) 2.17(1.78-2.63) <0.001* 2.11(1.73-2.59) <0.001* 2.02(1.64-2.48) <0.001*
The titers binary division (U)
>4.25 1 (reference) 1 (reference) 1 (reference)
<4.25 4.41 (2.89-6.76) <0.001* 4.52 (2.90-7.04) <0.001* 4.19 (2.67-6.57) <0.001*

Abbreviations: CMV, cytomegalovirus; OR, odds ratio; CI, confidence interval.

Model 1: unadjusted for all the confounder factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.
* P<0.05 considered statistically significant.

https://doi.org/10.1371/journal.pone.0181440.t007
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Table 8. Hazard ratio for incidence of hypertension with TOD by CMV IgG titers.

Model 1 Model 2 Model 3

OR (95% CI) Pvalue OR (95% CI) Pvalue OR (95% CI) Pvalue
CMV IgG titers (U) 1.41 (1.17-1.69) <0.001* 1.39(1.15-1.68) 0.001* 1.24 (1.00-1.52) 0.046*
The titers quartiles (U)
<3.75 1 (reference) 1 (reference) 1 (reference)
3.76-4.25 0.99 (0.45-2.17) 0.979 0.961(0.43-2.13) 0.921 0.84(0.35-1.99) 0.689
4.26-4.85 0.85 (0.43-1.70) 0.655 0.87(0.43-1.75) 0.697 0.83(0.39-1.75) 0.615
>4.85 3.35 (1.54-7.28) 0.002* 2.99(1.36-6.58) 0.007* 1.86(0.79—4.38) 0.155
The titers two division (U)
<4.85 1 (reference) 1 (reference) 1 (reference)
>4.85 3.62 (1.98-6.63) <0.001* 3.23 (1.74-5.97) <0.001* 2.14(1.09-4.19) 0.027*

Abbreviations: CMV, cytomegalovirus; TOD, target organ damage; OR, odds ratio; Cl, confidence interval.
Model 1: unadjusted for all the confounder factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.

* P<0.05 considered statistically significant.

https://doi.org/10.1371/journal.pone.0181440.t008

CMYV seropositivity is associated with hypertension [30]. Our previous study, Jeong SJ,

and Simanek AM found that CMV IgG titers are associated with BP [13, 15, 31] and CMV
infection may be a predisposing factor for hypertension [32]. Moreover, some studies also sug-
gested that CMV plays an essential role in coronary artery disease [18, 33], carotid atheroscle-
rotic plaques [19, 34], stroke [35, 36], CKD [37], and increased arterial stiffness in the early
stage of CKD [38].

Although most of the aforementioned studies demonstrated a positive relationship between
CMYV infection or high CMV IgG levels and hypertension [13, 15, 30, 32], little is known about
the effects of CMV infection and high CMV IgG levels on the progression of hypertension and
hypertensive TOD. Nevertheless, CMV antibody may indirectly represent the cumulative viral
burden [17, 39, 40]. Recently, Jeong SJ [31] and Simanek AM [13] showed that CMV antibody
levels are positively correlated with BP, which is similar to our results. Moreover, a study
showed that CMV IgG titer >127 U/ml might be an independent risk factor for diabetic ath-
erosclerosis in type 2 diabetes mellitus [3]. In our study, we found that higher CMV IgG anti-
body titer is associated with hypertension, progression of hypertension, and hypertensive
TOD. CMV IgG titer >4.25 U might be an independent predictor of hypertension and the
progression of hypertension, and CMV IgG titer >4.85 U might be an independent risk factor
for hypertensive TOD. Thus, CMV titers remain the strongest predictor of the progression of
hypertension and hypertensive TOD.

Table 9. Correlation of CMV IgG titers with the levels of inflammatory cytokines.

CRP TNF-a IL-6
B Pvalue B Pvalue B Pvalue
Model 1 0.03 <0.001* 0.00 0.222 0.01 <0.001*
Model 2 0.02 <0.001* 0.00 0.214 0.01 0.001*
Model 3 0.02 <0.001* 0.00 0.681 0.01 <0.001*

Abbreviations: CMV, cytomegalovirus; CRP, C-reactive protein; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6.
Model 1: unadjusted for all the confounder factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.

* P<0.05 considered statistically significant.

https://doi.org/10.1371/journal.pone.0181440.t009
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Table 10. Correlation of the levels of inflammatory cytokines with BP.

SBP DBP MAP

B Pvalue B Pvalue B Pvalue
CRP
Model 1 24.92 <0.001* 10.57 0.001* 15.24 <0.001*
Model 2 14.48 0.005* 4.54 0.125 7.76 0.024*
Model 3 9.66 0.038* 3.19 0.273 5.27 0.107
TNF-a
Model 1 85.24 <0.001* 25.06 0.049* 45.03 0.003*
Model 2 85.61 <0.001* 24.73 0.030* 44.95 0.001*
Model 3 63.61 <0.001* 18.49 0.099 33.55 0.008*
IL-6
Model 1 72.95 <0.001* 18.31 0.070 36.3 0.002*
Model 2 50.02 0.001* 5.12 0.574 19.87 0.061
Model 3 33.92 0.018* 0.54 0.952 11.509 0.254

Abbreviations: BP, blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial blood pressure; CRP, C-reactive
protein; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6.

Model 1: unadjusted for all the confounder factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.

* P<0.05 considered statistically significant.

https://doi.org/10.1371/journal.pone.0181440.t010

We confirmed that CMV IgG antibody titers and BP are positively associated. Although the
conclusion was similar to that of Jeong SJ [31] and Simanek AM [13], was inconsistent with
our previous study [15]. This discrepancy may due to the difference in CMV infection which
could be attributed to the following factors: hygienic conditions, lifestyle behaviors, socioeco-
nomic status, age ranges, close contact with young children, and sexual exposure to multiple

Table 11. Correlation between the levels of inflammatory cytokines and the different stages of BP and hypertension and hypertension without/
with TOD in study participants.

Model 1 Model 2 Model 3

r Pvalue r Pvalue r Pvalue
CRP
Group 1 0.17 <0.001* 0.15 <0.001* 0.12 0.003*
Group 2 0.18 <0.001* 0.20 <0.001* 0.18 <0.001*
Group 3 0.10 0.048* 0.13 0.013* 0.10 0.057
TNF-a
Group 1 0.15 <0.001* 0.17 <0.001* 0.13 0.002*
Group 2 -0.05 0.347 -0.04 0.454 -0.04 0.397
Group 3 0.06 0.245 0.08 0.149 0.08 0.151
IL-6
Group 1 0.13 0.002* 0.13 0.002* 0.10 0.022*
Group 2 0.12 0.024* 0.10 0.064 0.08 0.153
Group 3 0.07 0.203 0.09 0.080 0.05 0.304

Abbreviations: BP, blood pressure; TOD, target organ damage; CRP, C-reactive protein; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6

Group 1, the four grades of blood pressure (from normotensive to grade 3 hypertension in sequence); Group 2, the three grades of the hypertension (from
grade 1 hypertension to grade 3 hypertension in sequence); Group 3, the two grades of hypertension without/with target organ damage. Model 1:
unadjusted for all the confounder factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.

* P<0.05 considered statistically significant.

https://doi.org/10.1371/journal.pone.0181440.t011
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Table 12. Hazard ratio for incidence of hypertension by the levels of inflammatory cytokines.

Model 1 Model 2 Model 3

OR(95%Cl) Pvalue OR(95%Cl) Pvalue OR(95%Cl) Pvalue
CRP (ug/ml) 4.24 0.003* 2.15 0.168 1.47 0.54

(1.66-10.87) (0.73-6.35) (0.43-4.97)
TNF-a (ng/ml) 2.41x10° <0.001* 1.65%x108 <0.001* 4.96x10° <0.001*

(1.87x10%-3.11x107) (6.74%10%-4.06%10°) (1.98x10%-1.24x10°)
IL-6 (ng/ml) 138.08 0.002* 43.86 0.029* 58.36 0.044*
(6.25-3.05x10%) (1.47-1.31x10%) (1.12-3.03x10%)

Abbreviations: OR, odds ratio; Cl, confidence interval; CRP, C-reactive protein; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6.
Model 1: unadjusted for all the confounder factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.
* P<0.05 considered statistically significant.

https://doi.org/10.1371/journal.pone.0181440.t012

partners [3, 41]. CMV IgG antibody remains in the human host throughout his/her lifetime
[16]. Recurrent CMV infection, reactivation of latent CMV, or underlying immune status may
result in higher CMV IgG antibody concentrations [3, 17, 42]. CMV IgM antibodies may also
suggest current infection [43]. In this study, we found that seropositive CMV IgG was higher
than seropositive CMV IgM, which was scarce in all participants. Moreover, gPCR was em-
ployed to evaluate CMV DNA in blood specimens; CMV DNA was only detectable in 0.88% of
all participants. Although no difference in CMV infection between the hypertension and nor-
motension groups was noted, the CMV IgG titers were significantly related with hypertension,
progression of hypertension, and hypertensive TOD. Additionally, our study suggests that
latent and longer CMYV infection could affect hypertension, progression of hypertension, and
hypertensive TOD. However, whether high anti-CMYV antibody titers were induced by fre-
quent viral reactivations, longer infection, or underlying immune status remains to be further
investigated. These findings could affect the reliability of our findings on the relationship
between anti-CMV antibody levels and the progression of hypertension or hypertensive TOD.
Nevertheless, reducing CMV exposure and frequence of the viral reactivations may be neces-
sary among infected individuals.

Numerous studies support an independent association between CMV infections and hyper-
tension. CMV infection affects the renin-angiotensin system (RAS), which could be linked to
hypertension [30, 44]. CMV infection was found to increase arterial pressure, induce renin
expression in kidney cells and vascular endothelial cells (EC), and increase angiotensin-II in
mouse serum and arterial tissues [25]. CMV activity may lead to an increased RAS activation,
resulting in arterial constriction via the influence of angiotensin-II, thereby increasing BP val-
ues [13]. Moreover, CMV could infect all cell types, including smooth muscle cells (SMC), EC,

Table 13. Hazard ratio for incidence of different grades hypertension by the levels of inflammatory cytokines.

Model 1 Model 2 Model 3
OR(95%Cl) Pvalue OR(95%Cl) Pvalue OR(95%Cl) Pvalue
CRP (ug/ml) 0.09(0.03-0.25) <0.001* 0.13(0.04-0.36) <0.001* 0.15(0.05-0.44) <0.001*
TNF-a (ng/ml) 10.06(0.32—-321.18) 0.191 3.58(0.10—122.85) 0.479 4.19(0.12-150.51) 0.433
IL-6 (ng/ml) 0.04(0.00-0.0.64) 0.023* 0.07(0.00-1.33) 0.077 0.11(0.01-2.13) 0.145

Abbreviations: OR, odds ratio; Cl, confidence interval; CRP, C-reactive protein; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6.
Model 1: unadjusted for all the confounder factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.
* P<0.05 considered statistically significant.

https://doi.org/10.1371/journal.pone.0181440.t013
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Table 14. Hazard ratio for incidence of hypertension with TOD by the levels of inflammatory cytokines.

Model 1 Model 2 Model 3
OR(95%Cl) Pvalue OR(95%Cl) Pvalue OR(95%Cl) Pvalue
CRP (ug/ml) 6.60(1.70—25.63) 0.006* 6.10(1.49-24.93) 0.012* 4.95(1.05-23.36) 0.043*
TNF-a (ng/ml) 17.69(0.15-2112.29) 0.239 33.81(0.29-3993.55) 0.148 48.43(0.33-7195.37) 0.128
IL-6 (ng/ml) 53.37(1.01-2810.32) 0.049* 35.22 (0.66—1893.50) 0.080 18.46 (0.23-1462.91) 0.191

Abbreviations: TOD, target organ damage; OR, odds ratio; Cl, confidence interval; CRP, C-reactive protein; TNF-a, tumor necrosis factor-a; IL-6,

interleukin-6.

Model 1: unadjusted for all the confounder factors; Model 2: further adjusted for BMI, FBS, TG, HDL-C; Model 3: further adjusted for age and sex.

*P<0.05 considered statistically significant.

https://doi.org/10.1371/journal.pone.0181440.t014

and leucocytes [45, 46]. Hence, CMV infections likely contributes to hypertension by vascular
cell damage, consequently increasing oxidative stress levels and inflammation [47, 48]. In a
previous study, increased oxidative stress in spontaneously hypertensive rats resulted in
decreased nitric oxide (NO) bioavailability and soluble guanylyl cyclase expression and activity
[49]. CMV infection impairs endothelial NO synthase function and causes endothelial damage
[50], enhances NAD(P)H oxidase activity, and elicits reactive oxygen species (ROS) produc-
tion. ROS directly causes vasoconstriction via the modulation of calcium levels and/or arachi-
donic acid metabolism [51, 52], and ROS contributes to collagen secretion by vascular smooth
cells, which may favor the progression of intimal hyperplasia [53].

Moreover, the inflammatory cytokine CRP is considered to be an indicator of systemic
low-grade inflammation [13] and an active mediator of cardiovascular disease [54]. Increased
CRP levels are one of the strongest predictors of progressive vascular diseases [55]. In addition,
CMV-infected cells also secrete a number of inflammatory cytokines, such as TNF-o. and IL-6
[56]. CMV-independent TNF-a production may trigger latent CMV reactivation [57] and can
affect the mechanical properties of arteries via increased stiffness of vascular endothelial cells
and vascular permeability [58], thereby promoting vascular SMC proliferation [59]. IL-6 also
promotes vascular SMC proliferation, which is a feature of the early stages of hypertension and
atherosclerosis [60]. A combination of IL-6, high-sensitivity C-reactive protein, and high
CMV-neutralizing antibody titers increases the risk of cardiac events [18]. A previous study
also found that CMV infection increases BP apparently via the overexpression of inflammatory
cytokines (including IL-6 and TNF-o) [25]. These mechanisms may partly explain the associa-
tion we observed among CMV IgG titers, inflammation cytokine levels, higher grade of hyper-
tension, and hypertensive TOD. Furthermore, we found that higher CMV IgG titer and CRP
levels were an independent risk factor of hypertension progression and hypertensive TOD and
that CMV IgG titers were positively correlated with CRP and IL-6 levels. These findings sug-
gest that CMV infection likely contributes to the progression of hypertension and hypertensive
TOD and is possibly mediated by inflammation.

This study has several limitations. First, the sample size was relatively small. Second, we
only studied the Han Chinese population, which could not represent all Chinese populations
or all ethnic groups. Third, our study is a cross-sectional study. Future studies should include a
larger sample and a longer follow-up to strengthen the results. Nonetheless, this study has clin-
ical significance. This is the first comprehensive report to evaluate the relationship between
anti-CMV antibody titers and the progression of hypertension and hypertensive TOD in an
Asian population.

In summary, our novel results demonstrate that CMV infection is associated with hyperten-
sion, progression of hypertension, and hypertensive TOD. CMV IgG titer >4.25 U could be an
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independent predictor of hypertension and even the progression of hypertension, while CMV
IgG titer >4.85 U could be an independent risk factor for hypertensive TOD. The underling
mechanism may be largely mediated by chronic inflammation. These findings provide insights
into the role of CMV in the pathogenesis of hypertension progression and hypertensive TOD
in the Han Chinese population.

Supporting information

S1 Table. Incidence of hypertension with different CMV IgG titers in study participants.
(DOC)

S2 Table. Incidence of hypertensive TOD among different CMV IgG titers in hypertension.

(DOC)

Author Contributions

Conceptualization: Fang He.

Data curation: Zhen Li, Yan Tang, Na Tang, Yong-min Liu, La-mei Wang.
Formal analysis: Zhen Li, Yan Tang, Na Tang, Yong-min Liu, La-mei Wang.
Funding acquisition: Fang He.

Investigation: Zhen Li, Yan Tang, Na Tang, Qian Feng, Hua Zhong.
Methodology: Fang He.

Project administration: Zhen Li, Fang He.

Resources: Fang He.

Software: Zhen Li, La-mei Wang.

Supervision: Fang He.

Validation: Fang He.

Visualization: Fang He.

Writing - original draft: Zhen Li, Yan Tang.

Writing - review & editing: Zhen Li, Qian Feng, Fang He.

References

1. GuDF, Jiang H, Wu XG, Reynolds K, Gan WQ, Liu DH, et al. Prevalence,awareness,treatment and
control of hypertension in Chinese adults. Zhonghua yu fang yi xue za zhi [Chinese journal of preventive
medicine]. 2003; 37(2):84-9. PMID: 12839656

2. Lloyd-Jones D, Adams R, Carnethon M, De SG, Ferguson TB, Flegal K, et al. Heart disease and stroke
statistics—2009 update: a report from the American Heart Association Statistics Committee and Stroke
Statistics Subcommittee. Circulation. 2009; 119(3):480-6. https://doi.org/10.1161/CIRCULATIONAHA.
108.191259 PMID: 19171871

3. ZhangJ, LiuY,SunH,LiS, Xiong H, Yang Z, et al. High Human Cytomegalovirus IgG Level is Associ-
ated with Increased Incidence of Diabetic Atherosclerosis in Type 2 Diabetes Mellitus Patients. Medical
Science Monitor International Medical Journal of Experimental & Clinical Research. 2015; 21:4102-10.

4. Roberts ET, Haan MN, Dowd JB, Aiello AE. Cytomegalovirus antibody levels, inflammation, and mortal-
ity among elderly Latinos over 9 years of follow-up. American Journal of Epidemiology. 2010; 172
(4):363-71. https:/doi.org/10.1093/aje/kwq 177 PMID: 20660122

PLOS ONE | https://doi.org/10.1371/journal.pone.0181440 August 24, 2017 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181440.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181440.s002
http://www.ncbi.nlm.nih.gov/pubmed/12839656
https://doi.org/10.1161/CIRCULATIONAHA.108.191259
https://doi.org/10.1161/CIRCULATIONAHA.108.191259
http://www.ncbi.nlm.nih.gov/pubmed/19171871
https://doi.org/10.1093/aje/kwq177
http://www.ncbi.nlm.nih.gov/pubmed/20660122
https://doi.org/10.1371/journal.pone.0181440

@° PLOS | ONE

High anti-human cytomegalovirus antibody levels, essential hypertension, hypertension progression,
hypertensive target organ damage

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Pierdomenico SD, Di NM, Esposito AL, Di MR, Ballone E, Lapenna D, et al. Prognostic value of different
indices of blood pressure variability in hypertensive patients. American Journal of Hypertension. 2009;
22(8):842—7. https://doi.org/10.1038/ajh.2009.103 PMID: 19498342

Kunes J, Zicha J. The interaction of genetic and environmental factors in the etiology of hypertension.
Physiological Research. 2009; 58 Suppl 2(2):S33—41.

Goémezhernandez A, Beneit N, Diazcastroverde S, Escribano O. Differential Role of Adipose Tissues in
Obesity and Related Metabolic and Vascular Complications. International Journal of Endocrinology.
2016;2016.

Rust P, Ekmekcioglu C. Impact of Salt Intake on the Pathogenesis and Treatment of Hypertension.
2016.

Wang HH, Wong MC, Mok RY, Kwan MW, Chan WM, Fan CK, et al. Factors associated with grade 1
hypertension: implications for hypertension care based on the Dietary Approaches to Stop Hyperten-
sion (DASH) in primary care settings. BMC Family Practice. 2015; 16(1):1-10.

Dolan A, Cunningham C, Hector RD, Hassanwalker AF, Lee L, Addison C, et al. Genetic content of
wild-type human cytomegalovirus. Journal of General Virology. 2004; 85(Pt 5):1301-12. https://doi.org/
10.1099/vir.0.79888-0 PMID: 15105547

Ouml, DERBERG, NAUCL, Eacute, C. Does cytomegalovirus play a causative role in the development
of various inflammatory diseases and cancer? Journal of Internal Medicine. 2006;259(3):219-46.

Cannon MJ, Schmid DS, Hyde TB. Review of cytomegalovirus seroprevalence and demographic char-
acteristics associated with infection &dagger; &Dagger. Reviews in Medical Virology. 2010; 20(4):202—
13. https://doi.org/10.1002/rmv.655 PMID: 20564615

Haarala A, Kdhénen M, Lehtimé&ki T, Aittoniemi J, Jylhava J, Hutri-Kéhdnen N, et al. Relation of high

cytomegalovirus antibody titres to blood pressure and brachial artery flow-mediated dilation in young
men: the Cardiovascular Risk in Young Finns Study. Clinical & Experimental Immunology. 2012; 167
(2):309-16.

Simanek AM, Dowd JB, Pawelec G, Melzer D, Dutta A, Aiello AE. Seropositivity to cytomegalovirus,

inflammation, all-cause and cardiovascular disease-related mortality in the United States. Plos One.
2011; 6(2):: 16103. https://doi.org/10.1371/journal.pone.0016103 PMID: 21379581

Tang N, Li JW, Liu YM, Zhong H, Wang LM, Deng FM, et al. Human cytomegalovirus infection is associ-
ated with essential hypertension in Kazakh and Han Chinese populations. Medical science monitor:
international medical journal of experimental and clinical research. 2014; 20:2508—-19. Epub 2014/12/
03. https://doi.org/10.12659/msm.892861 PMID: 25448630; PubMed Central PMCID:
PMCPmc4262054.

Gandhi MK, Wills MR, Sissons JG, Carmichael AJ. Human cytomegalovirus-specific immunity following
haemopoietic stem cell transplantation. Blood Reviews. 2004; 17(4):259-64.

Jeong SJ, Ku NS, Han SH, Choi JY, Kim CO, Song YG, et al. Anti-cytomegalovirus antibody levels are
associated with carotid atherosclerosis and inflammatory cytokine production in elderly Koreans. Clinica
chimica acta; international journal of clinical chemistry. 2015; 445:65-9. https://doi.org/10.1016/j.cca.
2015.03.015 PMID: 25797894

Mundkur LA, Shivanandan H, Hebbagudi S, Endrész V, Varma M, Rao V, et al. Human cytomegalovirus
neutralising antibodies and increased risk of coronary artery disease in Indian population. Heart. 2012;
98(13):982-7. https://doi.org/10.1136/heartjnl-2012-301850 PMID: 22668865

Yaiw KC, Ovchinnikova O, Taher C, Mohammad AA, Davoudi B, Shlyakhto E, et al. High prevalence of
human cytomegalovirus in carotid atherosclerotic plaques obtained from Russian patients undergoing
carotid endarterectomy. Herpesviridae. 2013; 4(1):1-10. https://doi.org/10.1186/2042-4280-4-1

Aiello AE, DrPH MNHM, Lynn Blythe BS, Kari Moore MS, Ms JMG, William Jagust MD. The Influence of
Latent Viral Infection on Rate of Cognitive Decline over 4 Years. Journal of the American Geriatrics
Society. 2006; 54(7):1046-54. https://doi.org/10.1111/j.1532-5415.2006.00796.x PMID: 16866674

Lin WR, Wozniak MA, Wilcock GK, ltzhaki RF. Cytomegalovirus is present in a very high proportion of
brains from vascular dementia patients. Neurobiology of Disease. 2002; 9(1):82—7. https://doi.org/10.
1006/nbdi.2001.0465 PMID: 11848687

Shamran HA, Kadhim HS, Hussain AR, Kareem A, Taub DD, Price RL, et al. Detection of human cyto-
megalovirus in different histopathological types of glioma in iraqi patients. Biomed Research Interna-
tional. 2015;2015:1-7.

Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler PC. Beta-cell deficit and increased
beta-cell apoptosis in humans with type 2 diabetes. Diabetes. 2003; 52(1):102—10. PMID: 12502499

1 GMS, Pachnio A, Kaul B, Morgan K, Huppert FA, Brayne C, et al. Cytomegalovirus infection is associ-
ated with increased mortality in the older population. Aging Cell. 2013; 12(3):381-7. https://doi.org/10.
1111/acel.12059 PMID: 23442093

PLOS ONE | https://doi.org/10.1371/journal.pone.0181440 August 24, 2017 16/18


https://doi.org/10.1038/ajh.2009.103
http://www.ncbi.nlm.nih.gov/pubmed/19498342
https://doi.org/10.1099/vir.0.79888-0
https://doi.org/10.1099/vir.0.79888-0
http://www.ncbi.nlm.nih.gov/pubmed/15105547
https://doi.org/10.1002/rmv.655
http://www.ncbi.nlm.nih.gov/pubmed/20564615
https://doi.org/10.1371/journal.pone.0016103
http://www.ncbi.nlm.nih.gov/pubmed/21379581
https://doi.org/10.12659/msm.892861
http://www.ncbi.nlm.nih.gov/pubmed/25448630
https://doi.org/10.1016/j.cca.2015.03.015
https://doi.org/10.1016/j.cca.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/25797894
https://doi.org/10.1136/heartjnl-2012-301850
http://www.ncbi.nlm.nih.gov/pubmed/22668865
https://doi.org/10.1186/2042-4280-4-1
https://doi.org/10.1111/j.1532-5415.2006.00796.x
http://www.ncbi.nlm.nih.gov/pubmed/16866674
https://doi.org/10.1006/nbdi.2001.0465
https://doi.org/10.1006/nbdi.2001.0465
http://www.ncbi.nlm.nih.gov/pubmed/11848687
http://www.ncbi.nlm.nih.gov/pubmed/12502499
https://doi.org/10.1111/acel.12059
https://doi.org/10.1111/acel.12059
http://www.ncbi.nlm.nih.gov/pubmed/23442093
https://doi.org/10.1371/journal.pone.0181440

@° PLOS | ONE

High anti-human cytomegalovirus antibody levels, essential hypertension, hypertension progression,
hypertensive target organ damage

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Cheng J, Ke Q, Jin Z, Wang H, Kocher O, Morgan JP, et al. Cytomegalovirus Infection Causes an
Increase of Arterial Blood Pressure. Plos Pathogens. 2009; 5(5):4713-5.

Ehret GB, Ferreira T, Chasman DI, Jackson AU, Schmidt EM, Johnson T, et al. The genetics of blood
pressure regulation and its target organs from association studies in 342,415 individuals. Nature Genet-
ics. 2016; 48(10).

Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bbhm M, et al. 2013 ESH/ESC Practice
Guidelines for the Management of Arterial Hypertension. Blood Pressure. 2014; 25(1):1751-62.

Delitala AP, Filigheddu F, Orru M, Alghatrif M, Steri M, Pilia MG, et al. No evidence of association
between subclinical thyroid disorders and common carotid intima medial thickness or atherosclerotic
plaque. Nutrition Metabolism & Cardiovascular Diseases Nmcd. 2015; 25(12):1104—10.

Huang LC, Lin RT, Chen CF, Chen CH, Juo SH, Lin HF. Predictors of Carotid Intima-Media Thickness
and Plaque Progression in a Chinese Population. Journal of Atherosclerosis & Thrombosis. 2016.

Li S, Zhu J, Zhang W, Chen Y, Zhang K, Popescu LM, et al. Signature microRNA expression profile of
essential hypertension and its novel link to human cytomegalovirus infection. Circulation. 2011; 124
(2):175-84. https://doi.org/10.1161/CIRCULATIONAHA.110.012237 PMID: 21690488

Jeong SJ, Han SH, Kim CO, Choi JY, Song YG, Kim JM. Association between human cytomegalovirus
antibody levels, and essential hypertension and functional status in elderly Koreans. Geriatrics & Ger-
ontology International. 2016;(1).

HuiJ, QuYY, Tang N, Liu YM, Zhong H, Wang LM, et al. Association of cytomegalovirus infection with
hypertension risk: a meta-analysis. Wiener klinische Wochenschrift. 2016; 128(15-16):586-91. https://
doi.org/10.1007/s00508-016-0977-x PMID: 26980213; PubMed Central PMCID: PMC5010589.

Muhlestein JB, Horne BD, Carlquist JF, Madsen TE, Bair TL, Pearson RR, et al. Cytomegalovirus Sero-
positivity and C-Reactive Protein Have Independent and Combined Predictive Value for Mortality in
Patients With Angiographically Demonstrated Coronary Artery Disease. Circulation. 2000; 102(16):20—
1.

Martinez-Rodriguez JE, Munné-Collado J, Rasal R, Cuadrado E, Roig L, Ois A, et al. Expansion of the
NKG2C+ natural killer-cell subset is associated with high-risk carotid atherosclerotic plaques in sero-
positive patients for human cytomegalovirus. Arteriosclerosis Thrombosis & Vascular Biology. 2013; 33
(11):2653-9.

Huang ZR, Yu LP, Yang XC, Zhang F, Chen YR, Feng F, et al. Human cytomegalovirus linked to stroke
in a Chinese population. CNS Neuroscience & Therapeutics. 2012; 18(6):457—60.

Zheng L, Sun Z, Sun Z, Zhang X, Jing K, Li J, et al. Human Cytomegalovirus Increases the Risk of
Future Hemorrhagic But Not Ischemic Stroke- A Nested Case-Control Study. Circulation Journal Official
Journal of the Japanese Circulation Society. 2016.

Chen YM, Hung YP, Huang CF, Lee NY, Chen CY, Sung JM, et al. Cytomegalovirus disease in nonim-
munocompromised, human immunodeficiency virus-negative adults with chronic kidney disease. Jour-
nal of Microbiology Immunology & Infection. 2014; 47(4):345-9.

Wall NA, Chue CD, Edwards NC, Pankhurst T, Harper L, Steeds RP, et al. Cytomegalovirus seroposi-
tivity is associated with increased arterial stiffness in patients with chronic kidney disease. Plos One.
2013; 8(2):e55686—e. https://doi.org/10.1371/journal.pone.0055686 PMID: 23451030

Mehta SK. Reactivation and shedding of cytomegalovirus in astronauts during spaceflight. Journal of
Infectious Diseases. 2000; 182(6):1761—4. https://doi.org/10.1086/317624 PMID: 11069250

Mcvoy MA, Adler SP. Immunologic evidence for frequent age-related cytomegalovirus reactivation in
seropositive immunocompetent individuals. Journal of Infectious Diseases. 1989; 160(1):1—10. PMID:
2543705

Gaytant MA, Steegers EA, Semmekrot BA, Merkus HM, Galama JM. Congenital cytomegalovirus infec-
tion: review of the epidemiology and outcome. Obstetrical & Gynecological Survey. 2002; 57(4):245.

Wang GC, Wen HLK, Murakami P, Xue QL, Chiou RB, Detrick B, et al. Cytomegalovirus Infection and
the Risk of Mortality and Frailty in Older Women: A Prospective Observational Cohort Study. American
Journal of Epidemiology. 2010; 171(10):1144-52. https://doi.org/10.1093/aje/kwg062 PMID: 20400465

Choudhary A, Pati SK, Patro RK, Deorari AK, Dar L. Comparison of conventional, immunological and
molecular techniques for the diagnosis of symptomatic congenital human cytomegalovirus infection in
neonates and infants. Indian Journal of Medical Microbiology. 2015; 33 Suppl(2):135—44.

Sachetelli S, Liu Q, Zhang SL, Liu F, Hsieh TJ, Brezniceanu ML, et al. RAS blockade decreases blood
pressure and proteinuria in transgenic mice overexpressing rat angiotensinogen gene in the kidney.
Kidney International. 2006; 69(6):1016—23. https://doi.org/10.1038/sj.ki.5000210 PMID: 16528251

Popovi¢ M, Smiljani¢ K, Dobutovi¢ B, Syrovets T, Simmet T, Isenovi¢ ER. Human cytomegalovirus
infection and atherothrombosis. Journal of Thrombosis and Thrombolysis. 2012; 33(2):160-72. https://
doi.org/10.1007/s11239-011-0662-x PMID: 22161772

PLOS ONE | https://doi.org/10.1371/journal.pone.0181440 August 24, 2017 17/18


https://doi.org/10.1161/CIRCULATIONAHA.110.012237
http://www.ncbi.nlm.nih.gov/pubmed/21690488
https://doi.org/10.1007/s00508-016-0977-x
https://doi.org/10.1007/s00508-016-0977-x
http://www.ncbi.nlm.nih.gov/pubmed/26980213
https://doi.org/10.1371/journal.pone.0055686
http://www.ncbi.nlm.nih.gov/pubmed/23451030
https://doi.org/10.1086/317624
http://www.ncbi.nlm.nih.gov/pubmed/11069250
http://www.ncbi.nlm.nih.gov/pubmed/2543705
https://doi.org/10.1093/aje/kwq062
http://www.ncbi.nlm.nih.gov/pubmed/20400465
https://doi.org/10.1038/sj.ki.5000210
http://www.ncbi.nlm.nih.gov/pubmed/16528251
https://doi.org/10.1007/s11239-011-0662-x
https://doi.org/10.1007/s11239-011-0662-x
http://www.ncbi.nlm.nih.gov/pubmed/22161772
https://doi.org/10.1371/journal.pone.0181440

@° PLOS | ONE

High anti-human cytomegalovirus antibody levels, essential hypertension, hypertension progression,
hypertensive target organ damage

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Guetta E, Guetta V, Shibutani T, Epstein SE. Monocytes harboring cytomegalovirus: interactions with
endothelial cells, smooth muscle cells, and oxidized low-density lipoprotein. Possible mechanisms for
activating virus delivered by monocytes to sites of vascular injury. Circulation Research. 1997; 81
(81):8-16.

Landmesser U, Cai H, Dikalov S, Mccann L, Hwang J, Jo H, et al. Role of p47phox in Vascular Oxidative
Stress and Hypertension Caused by Angiotensin Il. Hypertension. 2002; 40(4):511. PMID: 12364355

Chobanian AV, Alexander RW. Exacerbation of Atherosclerosis by Hypertension. Archives of Internal
Medicine. 1996; 156(17):1952—6. PMID: 8823148

Priviero FB, Zemse SM, Teixeira CE, Webb RC. Oxidative stress impairs vasorelaxation induced by the
soluble guanylyl cyclase activator BAY 41-2272 in spontaneously hypertensive rats. American Journal
of Hypertension. 2009; 22(5):493-9. hitps://doi.org/10.1038/ajh.2009.18 PMID: 19247264

Zhang M, Yang Y, Yang X, Cai J. Human cytomegalovirus infection is a novel etiology for essential
hypertension. Medical Hypotheses. 2011; 76(5):682—4. https://doi.org/10.1016/j.mehy.2011.01.032
PMID: 21316863

Cosentino F, Sill JC, Katusi¢ ZS. Role of superoxide anions in the mediation of endothelium-dependent
contractions. Hypertension. 1994; 23(2):229-35. PMID: 8307634

Vecchione C, Frati A, Di PA, Cifelli G, Carnevale D, Gentile MT, et al. Tumor necrosis factor-alpha medi-
ates hemolysis-induced vasoconstriction and the cerebral vasospasm evoked by subarachnoid hemor-
rhage. Hypertension. 2009; 54(1):150-6. https://doi.org/10.1161/HYPERTENSIONAHA.108.128124
PMID: 19470883

Patel R, Cardneau JD, Colles SM, Graham LM. Synthetic smooth muscle cell phenotype is associated

with increased nicotinamide adenine dinucleotide phosphate oxidase activity: effect on collagen secre-
tion. Journal of Vascular Surgery. 2006; 43(2):364—71. https://doi.org/10.1016/j.jvs.2005.10.032 PMID:
16476616

Labarrere CA, Zaloga GP. C-reactive protein: from innocent bystander to pivotal mediator of atheroscle-
rosis. American Journal of Medicine. 2004; 117(7):499-507. https://doi.org/10.1016/j.amjmed.2004.03.
039 PMID: 15464707

Meer IMVD. C-Reactive Protein Predicts Progression of Atherosclerosis Measured at Various Sites in
the Arterial Tree The Rotterdam Study. Stroke. 2002; 33(12):2750-5. PMID: 12468765

Dumortier J, Streblow DN, Moses AV, Jacobs JM, Kreklywich CN, Camp D, et al. Human cytomegalovi-
rus secretome contains factors that induce angiogenesis and wound healing. Journal of Virology. 2008;
82(13):6524-35. https://doi.org/10.1128/JVI1.00502-08 PMID: 18448536

Prosch S, Heine AK, Volk HD, Kriiger DH. CCAAT/enhancer-binding proteins alpha and beta negatively
influence the capacity of tumor necrosis factor alpha to up-regulate the human cytomegalovirus IE1/2
enhancer/promoter by nuclear factor kappaB during monocyte differentiation. Journal of Biological
Chemistry. 2001; 276(44):40712—20. https://doi.org/10.1074/jbc.M009815200 PMID: 11522776

Lee SY, Zaske AM, Novellino T, Danila D, Ferrari M, Conyers J, et al. Probing the mechanical properties
of TNF-a stimulated endothelial cell with atomic force microscopy. International Journal of Nanomedi-
cine. 2011; 6(Issue 1):179-95.

Young W, Mahboubi K, Haider A, Li I, Ferreri NR. Cyclooxygenase-2 is required for tumor necrosis fac-
tor-alpha- and angiotensin Il-mediated proliferation of vascular smooth muscle cells. Circulation
Research. 2000; 86(8):906—14. PMID: 10785514

Ikeda U, Ikeda M, Oohara T, Oguchi A, Kamitani T, Tsuruya Y, et al. Interleukin 6 stimulates growth of
vascular smooth muscle cells in a PDGF-dependent manner. American Journal of Physiology. 1991;
260(2):1713-7.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181440 August 24, 2017 18/18


http://www.ncbi.nlm.nih.gov/pubmed/12364355
http://www.ncbi.nlm.nih.gov/pubmed/8823148
https://doi.org/10.1038/ajh.2009.18
http://www.ncbi.nlm.nih.gov/pubmed/19247264
https://doi.org/10.1016/j.mehy.2011.01.032
http://www.ncbi.nlm.nih.gov/pubmed/21316863
http://www.ncbi.nlm.nih.gov/pubmed/8307634
https://doi.org/10.1161/HYPERTENSIONAHA.108.128124
http://www.ncbi.nlm.nih.gov/pubmed/19470883
https://doi.org/10.1016/j.jvs.2005.10.032
http://www.ncbi.nlm.nih.gov/pubmed/16476616
https://doi.org/10.1016/j.amjmed.2004.03.039
https://doi.org/10.1016/j.amjmed.2004.03.039
http://www.ncbi.nlm.nih.gov/pubmed/15464707
http://www.ncbi.nlm.nih.gov/pubmed/12468765
https://doi.org/10.1128/JVI.00502-08
http://www.ncbi.nlm.nih.gov/pubmed/18448536
https://doi.org/10.1074/jbc.M009815200
http://www.ncbi.nlm.nih.gov/pubmed/11522776
http://www.ncbi.nlm.nih.gov/pubmed/10785514
https://doi.org/10.1371/journal.pone.0181440

