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Atherosclerotic cardiovascular disease (AVD) is the leading
cause of death andmorbidity in the western world. Since first
proposed in 1999 by Ross, inflammation has been gradually
accepted to be one of the key components in development of
atherosclerosis and in its acute clinical manifestations such
as heart attacks and strokes [1]. This special issue includes a
series of papers that cover a diverse spectrumof this topic. It is
aimed to provide the readers a concurrent understanding of
the fundamental development as well as molecular insights
of AVD thus facilitating therapeutic discovery by targeting
cardiovascular inflammation.

First, the decade-old concept that atherosclerosis is a
chronic inflammatory disease is reinforced by a clinical
observation published in this issue by Su et al. that serum IL-
6, a hallmark of inflammation, is significantly associated with
all-cause- and cardiovascularmortality in hospitalized ethnic
Han Chinese patients with coronary artery disease.

The study reveals the positive correlation between serum
IL-6 levels and these events. Interestingly, another recent
study demonstrates that serum IL-6 concentrations are asso-
ciated with mortality in elderly adults [2].

Second, from disease pathogenesis perspective, endothe-
lium activation by physiological stimulation, such as sheer
stress, or by inflammatory insults, is an early event of athero-
genesis and may also contribute to late thrombotic event
[3]. Krötz et al. investigated the role of endothelial tyrosine
phosphatase (SHP-1) in platelet-endothelium interaction and
arterial thrombosis. SHP-1 is known to negatively regulate

endothelial superoxide production [4]. They showed that
SHP-1 likely serves as an autoinhibitory molecule to pre-
vent excess inflammatory response and thrombus formation,
which is crucial in TNF𝛼-induced endothelial inflammation.

Following endothelial activation, leukocytes and mono-
cytes in particular are recruited to the artery wall where
they initiate local inflammation, thereby underscoring early
atherogenesis [5]. Binding of chemokines to their G-protein-
coupled receptors (GPCRs) is essential for monocyte migra-
tion and activation [6]. Patel et al. reviewed the regulation of
chemokine receptor signaling in the context of atheroscle-
rosis. They proposed that targeting the molecules in the
GPCR signaling pathway, such as GPCR kinases (GRKs),
arrestin proteins, and regulator of G-protein signaling (RGS)
proteins, may limit cardiovascular inflammation and provide
new strategies of therapeutic discovery for atherosclerosis.
Leukocyte trafficking to the inflammatory site is highly
regulated in infection. The involved mechanisms may also
underlie cardiovascular inflammation. Using a mouse model
of peritoneal inflammation, Lam et al. shows that reversible
chemotactic gradients between peritoneal exudates and
blood exist in both basal and inflamed conditions, whichmay
play a role in directing leukocyte trafficking.

As atherosclerotic lesion advances, vascular smoothmus-
cle cells and leukocytes release paracrine substances that
affect the extracellular matrix (ECM) composition [7]. In
particular, degradation of the ECM weakens the plaque
eventually resulting in plaque rupture, which is likely to cause
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acute events such as stokes and acute myocardial infarctions
[8]. Elevated levels of matrix metalloproteinases (MMPs) in
plaques are suspected to be a major underlying cause of
plaque rupture [9].The gelatinases MMP-2 andMMP-9 have
been mainly in focus [10]. The recent contribution of MMP-
8, which initially was believed to be restricted to neutrophils
but now is known to be associated with multiple cell types
within the plaque [11], is reviewed in this special issue by
Lenglet et al. They display the involvement of MMP-8 in the
remodeling processes within the atherosclerotic plaque that
promotes its rupture. Furthermore, accumulating evidence
associates MMP-8 gene variation with atherogenesis. The
authors suggest that new studies need to be designed to
evaluate the role of MMP-8 as a potential biomarker, which
could be a part of the multipanel biomarker system in
predicting cardiovascular events.

Pentraxin 3 (PTX3) is an acute phase protein-like C-
reactive protein (CRP). It belongs to the pattern recognition
family and is involved in the complement-mediated clearance
of apoptotic cells [12, 13]. Bonacina et al. thoroughly reviewed
the role of PTX3 in cardiovascular inflammation. Although
the majority of data favor a physiologically protective role of
PTX3 against cardiovascular inflammation, its exact role and
therapeutic value await further examination.

Finally, noninvasive imaging tools have been increasingly
used to assess cardiovascular disease. They are particularly
informative by allowing longitudinally assessment of car-
diovascular disease progress as well as functional/structure
changes. Escher et al. demonstrated that speckle tracking
echocardiography is a useful adjunctive assisting tool for
evaluation over the course of intramyocardial inflammation
in patients with acute myocarditis and chronic cardiomy-
opathy, although an unequivocally confirmed diagnosis by
endomyocardial biopsies is still required.

Collectively, this special issue aims at providing insight
into some key aspects of cardiovascular inflammation, to
which new therapeutic discovery may be directed.

Miao Wang
Weijun Jin

Austin Meng Guo
Jane Stubbe
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Objectives. To evaluate whether serum interleukin-6 (IL-6) is associated with increased risk of mortality in coronary artery disease
(CAD) patients. Methods. We performed a prospective cohort study of 718 CAD patients from the Guangzhou Cardiovascular
Disease Cohort (GCDC) study. Multivariable-adjusted Cox proportional hazards regression analyses were used to examine the
association between serum IL-6 with all-cause and cardiovascular mortality. Results. During the 1663 person-years of followup, the
cumulative all-cause mortality and cardiovascular mortality were 6.5% (𝑛 = 47) and 3.3% (𝑛 = 24), respectively. The mean length
of followup was 2.32 ± 0.81 years. In the multivariable analyses, a one-SD increment in log-transformed serum IL-6 was positively
associated with an increased risk of all-cause and cardiovascular mortality, with hazard ratios (HR) of 2.93 (95% CI, 2.11–4.08) and
2.04 (95% CI, 1.34–3.68) within the patients combined and 2.98 (95% CI, 2.12–4.18) and 3.10 (95% CI, 1.98–4.85) within males,
respectively. Patients in the highest serum IL-6 tertile versus the lowest tertile were at higher risk of all-cause and cardiovascular
mortality, with HR of 17.12 (95% CI 3.11–71.76) and 8.68 (95% CI, 1.88–37.51), respectively. Conclusions. In hospitalized patients with
CAD, serum IL-6 is significantly associated with all-cause and cardiovascular mortality.

1. Introduction

Inflammatory biomarkers have been shown to be associated
with and to predict the onset of cardiovascular events [1–3].
Thepredictive value of thesemarkers, including interleukin-6
(IL-6), has been demonstrated for subjects with existing coro-
nary artery disease (CAD) and apparently healthy subjects
[3–6].

There is an extensive body of the literature that supports
the role of chronic inflammation in the development and
progression of atherosclerosis [7]. It has been reported that
increased levels of inflammatory agents, including IL-6, are
associated with acute ischemic conditions and are predictors
of recurrent events in patients with CAD [1, 2, 7]. The serum
level of IL-6, along with other cytokines, is also associated
with unfavourable clinical outcomes in patients hospitalised
for unstable angina and ST-elevated myocardial infarction

(STEMI) [6, 8, 9]. Furthermore, many chronic conditions
that are common causes of death in older persons may
stimulate and sustain a systemic inflammatory state, which
can be measured by increased levels of serum IL-6 or other
proinflammatory cytokines. The secretion of IL-6, which
is a major determinant of the production of acute-phase
proteins, is increased in clinical situations characterised
by tissue injury, including infections, malignant neoplasms,
ischemic diseases, and trauma [10]. This pathophysiology
may also explain the elevated risk ofmortality associatedwith
increased circulating levels of inflammatory markers.

Only a few population-based studies have investigated
the association between circulating levels of serum IL-6
and the risk of all-cause and cardiovascular mortality in
CAD patients [6–8].The Guangzhou Cardiovascular Disease
Cohort (GCDC) study is an ongoingmulticentre, prospective
observation study of the risk factors of cardiovascular disease
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(CVD) that has generated detailed information. This dataset
gave us the opportunity to investigate the value of IL-6 as
an independent predictor of the 2.3-year risk of mortality in
CAD patients.

2. Materials and Methods

2.1. Study Population. The details of the cohort, selection,
criteria, and purpose of theGCDC study have been published
elsewhere [11–13]. Briefly, between 2008 and 2012, about 3500
patients aged between 40 and 80 years were selected from
four hospitals. Patients were eligible if they were diagnosed
with CAD, hypertension, diabetes mellitus (DM), or stroke
by a cardiologist according to the criteria of the American
Heart Association Council on Epidemiology and Prevention
[14]. As part of the GCDC study, this analysis covered 1050
CAD patients. The inclusion criteria were significant CAD
defined as a greater than 20% stenosis in at least one major
coronary artery [15]. Of the 1050 patients, 250 did not have
a baseline IL-6 measurement and 72 patients had no follow-
up information and so were excluded. We also excluded
10 patients who died within three months of blood time,
resulting in a final sample of 718 participants. The study was
approved by the Institutional Review Board of the Sun Yat-
sen University Health Science Centre. All of the participants
provided written informed consent.

2.2. Data Collection. A face-to-face interview was performed
with each participant by a trained postgraduate or medical
undergraduate from Sun Yat-sen University. The data on
general information of examination date, sex, birth date
and place, address, occupation, education level, leisure time
physical activity, smoking habits, alcohol and tea consump-
tion, family history of CAD, medication history, and a
validated food frequency questionnaire [16] were conducted
as previously published [11–13]. Smoking was defined as at
least one cigarette a day and lasting more than half a year.
Smoking status was classified as never, past, or current.
Alcohol drinking was defined as persons who drank any type
of alcoholic beverage at least once a week [17] and lastedmore
than six months.

2.3. Biochemical Measures. Peripheral venous blood was
obtained the next day after the patients were diagnosed
with CAD following an overnight fast and centrifuged at
4∘C and 3360 g for 15min. All of the samples were then
stored at −80∘C until analysis. The total cholesterol (TC),
triglyceride (TG), and high-density lipoprotein cholesterol
(HDL-c) concentrations were determined enzymatically.The
low-density lipoprotein cholesterol (LDL-c) level was assayed
using an indirect method. We measured the serum levels
of IL-6 and CRP with the Human Basic Kit FlowCytomix
(BMS8420FF, eBioscience, USA) and the Human FlowCy-
tomix (Simplex BMS8213FF and BMS8288FF, eBioscience,
USA) on a BD FACSCalibur instrument (BD Biosciences,
USA) according to the manufacturer’s instructions. Data
were obtained using the CellQuest software (BD Biosciences)
and calculated using the FlowCytomix Program (eBioscience,

USA). The low detection limit of the assay was 1.01 pg/mL
and 0.1 ng/mL for IL-6 andCRP, respectively.Themean inter-
assay and intra-assay coefficients of variation were 7.1%, 9.9%
and 6.2%, 5.6%, respectively, for IL-6 and CRP.

2.4. Outcomes and Quality Control. The primary outcome of
the study is all-causemortality, which includes cardiovascular
mortality and death due to other causes (accident, cancer,
liver or kidney failure, and injury). Cardiovascular death
includes sudden death and death caused by pump failure,
acute myocardial infarction (AMI), stroke, and heart failure
(HF) or after a cardiovascular procedure. Semiannual tele-
phone interviewswere conductedwith patients or their proxy
to ask about death or hospitalisation. When a suspicious
cardiovascular event recurrence was reported, we accessed
the hospital’s medical records, death certificates, or forensic
inspection reports and confirmed whether a particular event
actually occurred with a committee of cardiologists. All
clinical events were defined according to the American Heart
Association Council on Epidemiology and Prevention [14].

2.5. Statistical Methods. Descriptive statistics were used to
compare the baseline characteristics across quartiles of log-
transformed IL-6 levels. A chi-square test and one-way
ANOVA were used for the categorical and continuous vari-
ables and a Mann-Whitney 𝑈 or Kruskal-Wallis 𝐻 test was
used for variables that were not normally distributed.

Cox proportional hazards models were used to examine
the hazard ratio (HR) of all-cause and cardiovascular mortal-
ity associated with serum IL-6 and CRP levels as continuous
variables (log transformed) and also divided into tertiles as
categorical variables (by gender). The adjusted confounders
were as follows:model 1: age, sex, and bodymass index (BMI);
model 2: model 1 plus smoking, alcohol use, hypertension,
DM, LDL-c, and HDL-c; model 3: model 2 plus CRP or IL-6.
We stratified our analysis by males only, because only eight
of the females died during followup, with one cardiovascular
death.

We used the Kaplan-Meier method analysis to compare
the survival curves for serum IL-6 levels with all-cause and
cardiovascular mortality. The cumulative survival rates of
patients with different serum IL-6 levels were compared using
a log-rank test.

The statistical significance was set as 𝑃 < 0.05. All of the
computations were carried out with SPSS 16.0 software (SPSS,
Inc., Chicago, Illinois).

3. Results and Discussion

3.1. Description of the Population. The baseline demographic,
clinical and laboratory characteristics of the 718 patients
(63% male) are shown in Table 1. The mean age (±standard
deviation, SD) and BMI of the subjects were 64 (±11) years
and 23.9 (±3.6) kg/m2, respectively. Patients with higher
serum IL-6 levels (quartile 4) were older, more likely to be
DM, current smokers, and to be separated, and less likely
to be married than patients with low IL-6 levels (quartile
1). Additionally, patients with higher serum IL-6 levels in
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Table 1: Baseline clinical characteristics according to total and quartiles of serum interleukin-6.

Total Quartile 1 Quartile 2 Quartile 3 Quartile 4 P trend P∗

Range, pg/mL 0.10–101.63 ≤1.31 1.32–2.39 2.40–4.26 4.27–101.63 — —
No. of patients 718 180 179 180 179 — —
Time of followup, y 2.32 ± 0.81 2.26 ± 0.63 2.47 ± 0.72 2.37 ± 0.86 2.19 ± 0.80 0.006 0.429
Age, y 64 ± 11 63 ± 11 64 ± 11 63 ± 11 65 ± 11 0.114 0.022
Male sex (𝑛, %) 454 (63) 108 (59) 113 (62) 111 (60) 122 (67) 0.431 0.114
Hypertension (𝑛, %) 673 (93) 167 (91) 167 (91) 170 (92) 169 (92) 0.924 0.708
Diabetes mellitus (𝑛, %) 158 (22) 25 (14) 40 (22) 43 (23) 50 (27) 0.012 0.001
Current smoker (𝑛, %) 200 (28) 38 (21) 58 (32) 50 (28) 54 (30) 0.094 0.032
Current drinker (𝑛, %) 79 (11) 21 (12) 21 (12) 15 ( 8) 22 (12) 0.626 0.500
Education
Middle school and below (𝑛, %) 344 (48) 90 (50) 81 (45) 79 (44) 94 (53) 0.320 0.355
High school (𝑛, %) 195 (27) 46 (26) 50 (28) 46 (26) 53 (30) 0.785 0.229
Above high school (𝑛, %) 170 (24) 42 (23) 45 (25) 53 (29) 30 (17) 0.038 0.073
Missing (𝑛, %) 9 (1) 2 (1) 3 (2) 2 (1) 2 (1) 0.952 0.686

Marriage
Single (𝑛, %) 119 (17) 19 (11) 30 (17) 40 (22) 30 (17) 0.031 0.059
Married (𝑛, %) 447 (62) 131 (73) 111 (62) 101 (56) 104 (58) 0.005 0.002
Separated (𝑛, %) 138 (19) 27 (15) 33 (18) 37 (21) 41 (23) 0.272 0.038
Missing (𝑛, %) 14 (2) 3 (2) 5 (3) 2 (1) 4 (2) 0.687 0.497

Body mass index, kg/m2 23.91 ± 3.58 23.92 ± 4.03 24.07 ± 3.18 23.71 ± 3.50 23.92 ± 3.60 0.822 0.985
Total cholesterol (mmol/L) 4.75 ± 1.13 4.74 ± 1.16 4.77 ± 1.06 4.85 ± 1.22 4.63 ± 1.06 0.290 0.334
Triglyceride (mmol/L) 1.82 ± 1.26 1.72 ± 1.00 2.07 ± 1.76 1.79 ± 1.17 1.69 ± 0.92 0.018 0.812
LDL-c (mmol/L) 3.01 ± 0.97 3.03 ± 0.97 2.95 ± 0.91 3.10 ± 1.05 2.94 ± 0.94 0.313 0.358
HDL-c (mmol/L) 1.09 ± 0.30 1.13 ± 0.30 1.08 ± 0.28 1.06 ± 0.35 1.06 ± 0.29 0.097 0.024
C-reactive protein 3.15 (0.74–10.27) 1.21 (0.33–5.11) 2.16 (0.55–8.38) 3.39 (1.01–12.07) 6.37 (2.89–16.90) <0.0001 <0.0001
Interleukin-6 2.39 (1.31–4.26) 0.85 (0.56–1.11) 1.82 (1.55–2.07) 3.25 (2.77–3.74) 6.93 (5.36–11.42) <0.0001 <0.0001
The values are the mean ± SD for the continuous variable if normally distributed, the median (25th, 75th) for nonnormally distributed variables, and n (%) for
the categorical variables. ∗Quartile 4 versus quartile 1. LDL-c: low-density lipoprotein cholesterol; HDL-c: high-density lipoprotein cholesterol.

quartiles 2 to 4 had higher CRP levels of 2.16 (0.55–8.38),
3.39 (1.01–12.07) and 6.37 (2.89–16.90) ug/mL, respectively,
(all 𝑃 values < 0.001) than patients with low serum IL-6
levels. Patients with low IL-6 levels (quartile 1) had higher
HDL-c levels than patients with high IL-6 levels (1.13 versus
1.06mmol/L, 𝑃 = 0.024).

3.2. Mortality during Followup. During the 1663 person-
years of followup, the all-cause mortality and cardiovascular
mortality of patients with serum IL-6 levels in tertiles 1 to 3
were 3.7, 15.1, and 68.8 and 3.7, 5.0, and 36.3 per 1000 person-
years, respectively (Table 2).Themean length of followupwas
2.32 ± 0.81 years.

3.3. Hazard Ratios for All-Cause and Cardiovascular Mortal-
ity. For each additional SD, even after adjustment for age,
sex, BMI, smoking, alcohol use, hypertension, DM, LDL-
c, HDL-c, and CRP, the log-transformed serum IL-6 levels
were positively associated with a higher risk of all-cause and
cardiovascular mortality, with hazard ratios of 2.93 (95% CI,
2.11–4.08,𝑃 < 0.001) and 2.04 (95%CI, 1.34–3.68,𝑃 < 0.001),
respectively (see Table 2).When stratified into tertiles, higher
serum IL-6 levels (tertile 3) were significantly associated
with both all-cause mortality (HR: 17.12, 95% CI, 3.11–71.76,

𝑃 < 0.001) and cardiovascular mortality (HR: 8.68, 95% CI,
1.88–37.51, 𝑃 < 0.001) compared with the reference group
even after adjustment for potential confounders in model 3
(see Table 2).

In stratified analysis inmales, for each additional SD, even
after adjustment for potential confounders in Table 2, the log-
transformed serum IL-6 levels were positively associatedwith
a higher risk of all-cause and cardiovascular mortality, with
hazard ratios of 2.98 (95% CI, 2.12–4.18, 𝑃 < 0.001) and 3.10
(95% CI, 1.98–4.85, 𝑃 < 0.001), respectively (see Table 3).
When stratified into tertiles, higher serum IL-6 levels (tertile
3) were significantly associated with both all-cause mortality
(HR: 11.68, 95%CI, 3.04–37.56,𝑃 < 0.001) and cardiovascular
mortality (HR: 8.37, 95%CI, 1.93–36.22,𝑃 < 0.001) compared
with the reference group even after adjustment for potential
confounders in model 3 (see Table 3, Figures 1 and 2).

3.4. Main Findings. In these hospitalized CAD patients with
a mean followup of 2.32 years, increased serum IL-6 levels
were associated with an increased risk of all-cause and
cardiovascular mortality even after adjusted for potential
confounders, suggesting a possible pathophysiological role
of this proinflammatory cytokine in the process leading to
death.
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Table 2: Hazard ratios of all-cause and cardiovascular mortality stratified by interleukine-6 tertiles and continuous levels.

Variable Tertile 1 Tertile 2 Tertile 3 Per SD increment
Interleukine-6 (pg/mL)
Male 0.10–1.65 1.68–3.67 3.69–101.63
Female 0.09–1.63 1.68–3.38 3.39–43.19

No. of patients 238 241 239
No. of all-cause deaths 2 9 36
Person-years 545 595 523
Rate per 1000 person-years 3.7 15.1 68.8
Model 1∗ [Reference] 4.80 (1.03–22.42), P = 0.046 19.44 (4.38–86.29), P < 0.001 3.05 (2.23–4.18), P < 0.001
Model 2† [Reference] 4.57 (0.95–21.93), P = 0.058 17.78 (3.93–77.65), P < 0.001 3.04 (2.22–4.17), P < 0.001
Model 3‡ [Reference] 4.06 (0.88–18.78), P = 0.073 17.12 (3.11–71.76), P < 0.001 2.93 (2.11–4.08), P < 0.001

No. of CVD deaths 2 3 19
Person-years 545 595 523
Rate per 1000 person-years 3.7 5.0 36.3
Model 1∗ [Reference] 1.32 (0.22–7.92), P = 0.760 10.69 (2.39–49.56), P < 0.001 2.74 (1.75–4.28), P < 0.001
Model 2† [Reference] 1.22 (0.19–7.79), P = 0.831 9.65 (2.01–47.88), P < 0.001 2.34 (1.56–4.07), P < 0.001
Model 3‡ [Reference] 1.12 (0.16–7.77), P = 0.906 8.68 (1.88–37.51), P < 0.001 2.04 (1.34–3.68), P < 0.001

The quartiles are stratified by gender and the interleukin-6 levels are log transformed. The values are HR (95% confidence interval).
∗Adjusted for age, sex, and body mass index. †Adjusted for the variables in model 1 plus smoking, alcohol use, hypertension, diabetes mellitus, low-density
lipoprotein cholesterol, and high-density lipoprotein cholesterol. ‡Adjusted for the variables in model 2 plus C-reactive protein (log transformed).

Table 3: Hazard Ratios for All-cause and Cardiovascular Mortality According to Interleukine-6 Quartiles and Continuous Levels in Males.

Variable Tertile 1 Tertile 2 Tertile 3 Per SD increment
Interleukine-6 (pg/mL) 0.01–1.65 1.68–3.67 3.69–101.63
No. of patients 147 150 148
No. of all-cause deaths 2 8 29
Person-years 340 362 304
Rate per 1000 person-years 5.9 22.1 95.4
Model 1∗ [Reference] 4.54 (0.92–22.41), 𝑃 = 0.064 16.34 (3.52–72.70), P < 0.001 3.18 (2.21–4.57), P < 0.001
Model 2† [Reference] 4.19 (0.88–20.02), 𝑃 = 0.072 13.89 (3.30–58.42), P < 0.001 3.16 (2.17–4.60), P < 0.001
Model 3‡ [Reference] 3.55 (0.75–16.75), 𝑃 = 0.109 11.68 (3.04–37.56), P < 0.001 2.98 (2.12–4.18), P < 0.001

No. of CVD deaths 2 3 18
Person-years 340 362 304
Rate per 1000 person-years 5.9 8.3 59.2
Model 1∗ [Reference] 1.32 (0.22–7.93), 𝑃 = 0.759 11.35 (2.49–51.78), P = 0.002 3.41 (2.05–5.67), P < 0.001
Model 2† [Reference] 1.14 (0.18–7.43), 𝑃 = 0.892 10.81 (2.05–57.13), P = 0.005 3.34 (1.99–5.62), P < 0.001
Model 3‡ [Reference] 1.10 (0.16–7.74), 𝑃 = 0.927 8.37 (1.93–36.22), P = 0.005 3.10 (1.98–4.85), P < 0.001

The interleukin-6 levels are log transformed. The values are HR (95% confidence interval). ∗Adjusted for age and body mass index.
†Adjusted for the variables in model 1 plus smoking, alcohol use, hypertension, diabetes mellitus, low-density lipoprotein cholesterol, and high-density
lipoprotein cholesterol. ‡Adjusted for the variables in model 2 plus C-reactive protein (log transformed).

3.5. Association of IL-6 and Mortality in the Published Liter-
ature. Several previous studies have probed the association
between serum IL-6 and mortality, with conflicting results.
The Women’s Health and Aging study showed that among
women with prevalent CVD, those with higher plasma IL-
6 levels had a more than fourfold risk of death (RR: 4.6,
95%CI, 2.0–10.5) compared with women in the lowest tertile,
but the study did not find this association among those
without CVD [18]. In contrast, Tuomisto et al. reported that
CRP and TNF-𝛼 but not IL-6 were significant independent
predictors of total mortality among men [19]. Arai reported

that serum IL-6 was not associated with all-cause mortality
in 285 subjects with a mean age of 101.5 [20]. However,
Scharnagl et al. found IL-6 to be more strongly associated
with all-cause and cardiovascular mortality than CRP [5].
Other recent studies have shown that elevated levels of serum
IL-6 provide valuable information for the risk assessment of
long-term cardiovascular mortality in patients with STEMI
and are a powerful predictor of cardiovascular and all-cause
mortality [8, 21].These conflicting findings may be explained
by the small sample size in several of the studies, the old
age of the participants, and heterogeneous populations. Our
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Figure 1: Kaplan-Meier hazard plots for all-cause mortality by
tertiles of interleukin-6. The probability values represent the trend
across all three tertiles.
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Figure 2: Kaplan-Meier hazard plots for cardiovascular disease
mortality by tertiles of interleukin-6. The probability values repre-
sent the trend across all three tertiles.

hospitalised cohort study enrolled a larger number of CAD
patients with a homogeneous status who were younger than
those in some of the aforementioned studies. Our findings
show a clear association between serum IL-6 and all-cause
and cardiovascular mortality in existing CAD patients.

Few studies have examined the association between IL-
6 and mortality in Chinese CAD patients. A recent study

found that plasma IL-6 level predicts short- and long-term
mortality in patients with acute heart failure (HF) [4]. In two
prospective studies, long-term serum IL-6 levels were associ-
ated with CHD [22]. Haugen et al. showed that an increased
IL-6 concentration predicts mortality in elderly HF patients
[23]. Panichi et al. reported plasma IL-6 to be a stronger
predictor of total and cardiovascular mortality than CRP in
haemodialysis patients [24].Our study confirms these reports
of positive associations between circulating IL-6 concentra-
tion and subsequent risk of mortality, finding that serum IL-
6 is a stronger predictor of total and cardiovascular mortality
than CRP, which supports the potential role of inflammation
in the progression and prognosis of CAD.Additionally, in our
stratified analysis, serum IL-6 was positively associated with
increased risk of all-cause and cardiovascular mortality in
males even after adjustment for potential confounders.There
were only 8 females among the 47 patients who died, and
thus, the data were insufficient for a detailed analysis of the
female patients, which is a limitation of the study. However,
this situationmay change as the followup extends.The issue of
gender-specific aspects of mortality, including inflammatory
markers, is still controversial [25]. It is thus necessary to
further study the gender specificity of mortality in relation
to the inflammatory hypothesis and CAD.

3.6. Potential Mechanisms. The proinflammatory cytokine
IL-6 has been extensively studied. The key mechanisms by
which circulating IL-6 contributes to the development of
CAD are summarised elsewhere [26]. First, serum IL-6 is
the main stimulator of hepatic acute-phase response, which
is associated with increased blood viscosity and increased
platelet number and activity. Second, the autocrine and
paracrine activation of monocytes by IL-6 in the vessel wall
contributes to the deposition of fibrinogen [27]. Acute-phase
response proteins such as CRP and fibrinogen are both
strong risk factors for CAD.Third, IL-6 decreases the activity
of lipoprotein lipase (LPL) and the levels of monomeric
LPL in plasma, thereby increasing the uptake of lipids by
macrophages [28]. Fourth, circulating IL-6 also stimulates the
hypothalamic-pituitary-adrenal (HPA) axis, the activation of
which is associated with central obesity, hypertension, and
insulin resistance [29].

A large number of studies report a positive association
between serum IL-6 concentration and the risk of mortality
from CAD [1, 6, 30–32]. However, whether elevated serum
IL-6 plays a causal role in CAD mortality remains unclear. A
recent report showed that IL-6 may play a causal role in the
development of coronary heart disease [33] as interleukin-
6 receptor (IL6R) blockade reduced systemic and articular
inflammation. Furthermore, this causal association between
IL6R-related pathways and coronary heart disease is also
strongly supported by a collaborative meta-analysis [34].
These results suggest that targeting IL6R could provide a
novel therapeutic approach to the prevention of coronary
heart disease. Our study found that serum IL-6 levels were
significantly higher at baseline in patients who died during
followup, in line with previous studies, thus supporting
the notion that the chronic inflammatory process may
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play a causal role in the development and prognosis of
atherosclerotic disease. Further research is needed to confirm
the causality of association between serum IL-6 levels and
mortality.

3.7. Limitations and Strengths of Our Study. To the best of
our knowledge, this is the first study to show that serum IL-
6 is associated with all-cause and cardiovascular mortality
in a hospitalised cohort of Chinese CAD patients. However,
although the study has a prospective design, the findings
should be interpreted with caution, in that cytokine IL-
6 is not to be regarded as a causative factor of death
but rather a possible long-term biomarker of mortality in
CAD patients. Also, the study samples and incident cases
are small, and further investigations in a large number of
subjects are needed to confirm the present findings. Although
in this study cytokine measures were employed only at
baseline, other studies suggest that prospective changes in
inflammatory markers are better predictors of mortality than
baseline measures [35]. However, a more recent systematic
review reported that even ignoring the variability, increasing
IL-6 levels are still associated with progressively increasing
CHD risk, and the 17 available prospective studies gave a
combined odds ratio of 1.61 (95% CI, 1.42–1.83) per 2 SD
increase in baseline IL-6 (corresponding to an odds ratio
of 3.34 (95% CI, 2.45–4.56) per 2 SD increase in the usual
(long-term average) IL-6 levels). Our findings thus have
some merit, although they require replication in studies
with multiple time points of inflammatory measures. We
considered diseases associated with inflammation, but were
unable to consider other potential factors associated with
inflammation such as diet. However, the homogeneous status
of the GCDC participants as ethic Han Chinese from the
same area with similar dietary patterns means that diet may
not have had a significant effect on the study findings.

4. Conclusions

In Chinese hospitalised patients with CAD, serum IL-6
concentrations were associated with all-cause and cardio-
vascular mortality independent of potential confounders.
This medium-scale prospective analysis provides reliable
evidence of the role of serum interleukin-6 in the progression
and prognosis of atherosclerotic disease. Our findings are
consistent with and extend those of previous studies showing
the potential of inflammatory pathways as targets for cardio-
vascular disease prevention and highlight the need for studies
of IL-6 signalling inhibition for the prevention of coronary
artery disease.

Conflict of Interests

The authors declare that they have no conflict of interests.

Authors’ Contribution

Dongfang Su and Zhongxia Li contributed equally to this
work.

Acknowledgments

The authors are indebted to Dr. Fengying Dong, their nurse
Liang Yang, and all other cardiologists and staff from hos-
pitals and patients in the field work of this research and to
the voluntary students of Sun Yat-Sen University. This study
was supported by the key project of National Natural Science
Foundation of China (NSFC, no. 81130052) and NSFC-CIHR
Joint project, no. 81010017.

References

[1] G. Luc, J. M. Bard, I. Juhan-Vague et al., “C-reactive protein,
interleukin-6, and fibrinogen as predictors of coronary heart
disease: the PRIME study,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 23, no. 7, pp. 1255–1261, 2003.

[2] M. G. Shlipak, J. H. Ix, K. Bibbins-Domingo, F. Lin, and M.
A. Whooley, “Biomarkers to predict recurrent cardiovascular
disease: the heart and soul study,”American Journal ofMedicine,
vol. 121, no. 1, pp. 50–57, 2008.

[3] J. K. Lee, R. Bettencourt,D. Brenner, T.A. Le, E. Barrett-Connor,
and R. Loomba, “Association between serum interleukin-6 con-
centrations and mortality in older adults: the rancho bernardo
study,” PLoS ONE, vol. 7, Article ID e34218, 2012.

[4] R. Pudil, M. Tichy, V. Blaha, C. Andrys, and J. Vojacek, “Plasma
interleukin 6 level is associated with nt-probnp level and
predicts short- and long-term mortality in patients with acute
heart failure,” European Heart Journal Supplements, vol. 12, p.
F91, 2010.

[5] H. Scharnagl, T. Stojakovic, G. Weihrauch, B. R. Winkelmann,
B. O. Boehm, and W. Maerz, “Interleukin-6 is stronger associ-
ated with all-cause and cardiovascular mortality than c-reactive
protein, serum amyloid a and fibrinogen (the luric study),”
Atherosclerosis Supplements, vol. 11, pp. 42–42, 2010.

[6] Z. X. Fan, Q. Hua, J. Tan, J. Gao, R. K. Liu, and Z. Yang,
“Interleukin-6 but not soluble adhesion molecules has short-
term prognostic value on mortality in patients with acute ST-
segment elevation myocardial infarction,” African Journal of
Biotechnology, vol. 10, no. 8, pp. 1454–1459, 2011.

[7] E. Zakynthinos and N. Pappa, “Inflammatory biomarkers in
coronary artery disease,” Journal of Cardiology, vol. 53, no. 3,
pp. 317–333, 2009.

[8] Z. X. Fan, Q. Hua, Y. P. Li, R. K. Liu, and Z. Yang, “Interleukin-
6, but not soluble adhesion molecules, predicts a subsequent
mortality from cardiovascular disease in patients with acute st-
segment elevationmyocardial infarction,”Cell Biochemistry and
Biophysics, vol. 61, pp. 443–448, 2011.

[9] S. James, A. Siegbahn, and L. Wallentin, “Interleukin-6 is
a better predictor of mortality than c-reactive protein very
early after symptom onset in patients with non-st elevation
acute coronary syndrome,” Journal of the American College of
Cardiology, vol. 43, p. 1A, 2004.

[10] D. A. Papanicolaou, R. L. Wilder, S. C. Manolagas, and G.
P. Chrousos, “The pathophysiologic roles of interleukin-6 in
human disease,” Annals of Internal Medicine, vol. 128, no. 2, pp.
127–137, 1998.

[11] X. Lv, Y. Zhang, S. Rao et al., “Joint effects of genetic variants in
multiple loci on the risk of coronary artery disease in chinese
han subjects,” Circulation Journal, vol. 76, pp. 1987–1992, 2012.

[12] X. F. Lv, Y. Zhang, S. Q. Rao et al., “Lack of association between
four snps in the slc22a3-lpal2-lpa gene cluster and coronary



Mediators of Inflammation 7

artery disease in a chinese han population: a case control study,”
Lipids in Health and Disease, vol. 11, article 128, 2012.

[13] Y. J. Xiao, Y. Zhang, X. F. Lv et al., “Relationship between lipid
profiles and plasma total homocysteine, cysteine and the risk
of coronary artery disease in coronary angiographic subjects,”
Lipids in Health and Disease, vol. 10, 2011.

[14] V. L. Roger, A. S. Go, and D.M. Lloyd-Jones, “Heart disease and
stroke statistics—2011 update: a report from the american heart
association,” Circulation, vol. 123, pp. e18–e209.

[15] A. Ritsch, H. Scharnagl, P. Eller et al., “Cholesteryl ester
transfer protein and mortality in patients undergoing coronary
angiography: the ludwigshafen risk and cardiovascular health
study,” Circulation, vol. 121, no. 3, pp. 366–374, 2010.

[16] B. Zhang, P. Wang, C.-G. Chen et al., “Validation of an FFQ to
estimate the intake of fatty acids using erythrocyte membrane
fatty acids and multiple 3d dietary records,” Public Health
Nutrition, vol. 13, no. 10, pp. 1546–1552, 2010.

[17] L. N. Kolonel, B. E. Henderson, J. H. Hankin et al., “A multieth-
nic cohort in Hawaii and Los Angeles: baseline characteristics,”
American Journal of Epidemiology, vol. 151, no. 4, pp. 346–357,
2000.

[18] S. Volpato, J. M. Guralnik, L. Ferrucci et al., “Cardiovascular
disease, interleukin-6, and risk ofmortality in older women: the
women’s health and aging study,” Circulation, vol. 103, no. 7, pp.
947–953, 2001.

[19] K. Tuomisto, P. Jousilahti, J. Sundvall, P. Pajunen, and V.
Salomaa, “C-reactive protein, interleukin-6 and tumor necrosis
factor alpha as predictors of incident coronary and cardiovascu-
lar events and total mortality. A population-based, prospective
study,” Thrombosis and Haemostasis, vol. 95, no. 3, pp. 511–518,
2006.

[20] Y. Arai, M. Takayama, Y. Gondo et al., “Adipose endocrine
function, insulin-like growth factor-1 axis, and exceptional
survival beyond 100 years of age,” Journals of Gerontology A, vol.
63, no. 11, pp. 1209–1218, 2008.

[21] M. Rao, D. Guo,M. C. Perianayagam et al., “Plasma interleukin-
6 predicts cardiovascular mortality in hemodialysis patients,”
American Journal of Kidney Diseases, vol. 45, no. 2, pp. 324–333,
2005.

[22] J. Danesh, S. Kaptoge, A. G. Mann et al., “Long-term
interleukin-6 levels and subsequent risk of coronary heart
disease: two new prospective studies and a systematic review,”
PLoS Medicine, vol. 5, no. 4, article e78, 2008.

[23] E. Haugen, L.-M. Gan, A. Isic, T. Skommevik, and M. Fu,
“Increased interleukin-6 but not tumour necrosis factor-alpha
predicts mortality in the population of elderly heart failure
patients,”Experimental and Clinical Cardiology, vol. 13, no. 1, pp.
19–24, 2008.

[24] V. Panichi, U. Maggiore, D. Taccola et al., “Interleukin-6 is a
stronger predictor of total and cardiovascular mortality than C-
reactive protein in haemodialysis patients,” Nephrology Dialysis
Transplantation, vol. 19, no. 5, pp. 1154–1160, 2004.

[25] G. Candore, C. R. Balistreri, F. List̀ı et al., “Immunogenetics,
gender, and longevity,” Annals of the New York Academy of
Sciences, vol. 1089, pp. 516–537, 2006.

[26] J. S. Yudkin, M. Kumari, S. E. Humphries, and V. Mohamed-
Ali, “Inflammation, obesity, stress and coronary heart disease: is
interleukin-6 the link?” Atherosclerosis, vol. 148, no. 2, pp. 209–
214, 2000.

[27] T. Van Der Poll, M. Levi, C. E. Hack et al., “Elimination
of interleukin 6 attenuates coagulation activation in experi-
mental endotoxemia in chimpanzees,” Journal of Experimental
Medicine, vol. 179, no. 4, pp. 1253–1259, 1994.

[28] I. Hardardottir, C. Grunfeld, and K. R. Feingold, “Effects of
endotoxin and cytokines on lipidmetabolism,”Current Opinion
in Lipidology, vol. 5, no. 3, pp. 207–215, 1994.

[29] G. Mastorakos, G. P. Chrousos, and J. S. Weber, “Recombinant
interleukin-6 activates the hypothalamic-pituitary-adrenal axis
in humans,” Journal of Clinical Endocrinology and Metabolism,
vol. 77, no. 6, pp. 1690–1694, 1993.

[30] B. T. Baune, M. Rothermundt, K. H. Ladwig, C. Meisinger, and
K. Berger, “Systemic inflammation (interleukin 6) predicts all-
cause mortality in men: results from a 9-year follow-up of the
MEMO study,” Age, vol. 33, no. 2, pp. 209–217, 2011.

[31] P. Jaremo and O. Nilsson, “Interleukin-6 forecasts long-term
mortality after acute myocardial infarctions,” Bologna, Italy,
Medimond S R L, 2007.

[32] E. Z. Fisman, M. Benderly, R. J. Esper et al., “Interleukin-6
and the risk of future cardiovascular events in patients with
angina pectoris and/or healedmyocardial infarction,”American
Journal of Cardiology, vol. 98, no. 1, pp. 14–18, 2006.

[33] D. I. Swerdlow, M. V. Holmes, K. B. Kuchenbaecker et al., “The
interleukin-6 receptor as a target for prevention of coronary
heart disease: a mendelian randomisation analysis,”The Lancet,
vol. 379, pp. 1214–1224, 2012.

[34] N. Sarwar, A. S. Butterworth, D. F. Freitag et al., “Collaboration
IRGCERF: interleukin-6 receptor pathways in coronary heart
disease: a collaborative meta-analysis of 82 studies,”The Lancet,
vol. 379, pp. 1205–1213, 2012.

[35] D. E. Alley, E. Crimmins, K. Bandeen-Roche, J. Guralnik, and
L. Ferrucci, “Three-year change in inflammatory markers in
elderly people and mortality: the Invecchiare in Chianti study,”
Journal of the American Geriatrics Society, vol. 55, no. 11, pp.
1801–1807, 2007.



Hindawi Publishing Corporation
Mediators of Inflammation
Volume 2013, Article ID 279781, 11 pages
http://dx.doi.org/10.1155/2013/279781

Research Article
The Endothelial Tyrosine Phosphatase SHP-1 Plays an
Important Role for Vascular Haemostasis in TNF𝛼-Induced
Inflammation In Vivo

Elisabeth Koch,1 Joachim Pircher,1,2 Thomas Czermak,1 Erik Gaitzsch,1 Stefan Alig,1

Hanna Mannell,2 Markus Niemeyer,3 Florian Krötz,4 and Markus Wörnle1

1 Medizinische Klinik und Poliklinik IV, Innenstadt, Ludwig Maximilians Universität München, Ziemssenstr. 1,
80336 Munich, Germany

2Walter Brendel Zentrum für Experimentelle Medizin, Ludwig Maximilians Universität München, Marchioninistr. 27,
81377 Munich, Germany

3 Frauenklinik und Poliklinik der Technischen Universität München, Technische Universität München, Ismaninger Straße 22,
81675 Munich, Germany

4 Invasive Kardiologie, Klinikum Starnberg, Oßwaldstr. 1, 82319 Starnberg, Germany

Correspondence should be addressed to Markus Wörnle; markus.woernle@med.uni-muenchen.de

Received 21 December 2012; Revised 6 March 2013; Accepted 25 March 2013

Academic Editor: Austin Meng Guo

Copyright © 2013 Elisabeth Koch et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction. Inflammation and endothelium-derived superoxides are important pathomechanisms in atherothrombotic diseases.
We could previously show that the tyrosine phosphatase SHP-1 acts as a negative regulator in endothelial superoxide production.
In this study we investigated the influence of SHP-1 on platelet-endothelium interaction and arterial thrombosis in TNF𝛼-induced
endothelial inflammation in vivo. Methods. Arteriolar thrombosis and platelet rolling in vivo were investigated in C57BL/6 mice
using intravital microscopy in the dorsal skinfold chamber microcirculation model. Results. Inhibition of SHP-1 by the specific
pharmacological inhibitor sodium stibogluconate did not significantly enhance platelet-endothelium interaction in vivo under
physiological conditions but led to an augmented fraction of rolling platelets in TNF𝛼-induced systemic inflammation. Accordingly,
ferric-chloride-induced arteriolar thrombus formation, which was already increased by SHP-1 inhibition, was further enhanced in
the setting of TNF𝛼-induced inflammation. Platelet aggregation in vitro as well as ex vivo was not influenced by SHP-1-inhibition.
In cultured endothelial cells, sodium stibogluconate increased TNF𝛼-induced surface expression of p-selectin and vonWillebrand
factor. Additionally, TNF𝛼 increased SHP-1 activity and protein expression.Conclusions.The endothelial tyrosine phosphatase SHP-
1 plays an important role for vascular hemostasis in vivo, which is crucial in TNF𝛼-induced endothelial inflammation where it may
serve as an autoinhibitory molecule to prevent excess inflammatory response and thrombus formation.

1. Introduction

Inflammatory processes play a critical role in the devel-
opment of atherosclerosis and its fatal outcomes, such as
myocardial infarction and ischemic stroke [1, 2]. Proinflam-
matory cytokines including TNF𝛼 and IL-1𝛽 contribute to
progression of atherosclerotic plaque size [3, 4]. Translo-
cation of NF-𝜅B, increased production of ROS (reactive
oxygen species), or influence on eNOS expression seem to be
central steps inmediating the inflammatory effects [5–9].The
roles of inflammatory cytokines and ROS in cardiovascular

diseases are inseparably linked, and elevated endothelial-
derived ROS activate proatherogenic signalling pathways and
stimulate vascular smooth muscle cell proliferation [10, 11],
scavenge endothelium-derived nitric oxide, and, thus, aggra-
vate endothelial dysfunction [10, 12]. In addition, platelets
represent an important link between inflammation, athero-
genesis, and thrombosis [13–16]. Platelets can interact with
the activated endothelium [17] and release proinflammatory
cytokines and chemokines stored in 𝛼-granules such as IL-
1𝛽 or CD40L [18], which in turn enhance endothelial inflam-
mation and maintain the vicious circle of inflammation.
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It is not surprising that patients with chronic inflammatory
disorders are at increased risk for cardiovascular morbid-
ity and atherothrombotic events [19], which could not be
explained by traditional cardiovascular risk factors [20–22].
We and others could previously show that systemic admin-
istration of TNF𝛼 mediates prothrombotic effects in vivo
[23, 24], which at least in part are mediated via endothelial
cells.

The SH2-domain containing protein tyrosine phos-
phatase 1 (SHP-1) is known to be a negative regulator of
immune receptor signalling in lymphocytes, macrophages,
and platelets, in which it is typically coactivated upon cellular
stimulation to exert an autoinhibitory function [25–27].Mice
with a defect in the SHP-1 gene (“motheaten viable mice”)
show increased activation of the transcription factor NF-𝜅B
and consecutively elevated levels of inflammatory cytokines
impacting upon the regulation of the immune response [28].
We could previously show that SHP-1 is expressed in vascular
endothelial cells and negatively regulates NAD(P)H-oxidase-
dependent endothelial superoxide production by inhibition
of PI3 K activity and subsequent inactivation of the small
GTPase Rac1; SHP-1 mRNA knockdown as well as inhibition
with the pharmacological inhibitor sodium stibogluconate
leads to oxidative stress in endothelial cells [29].

In this study we investigated the influence of the SHP-1
inhibitor sodium stibogluconate on platelet-endothelium
interaction and arterial thrombosis in TNF𝛼-induced
endothelial inflammation in vivo.

2. Methods

2.1. Chemicals. Murine TNF𝛼 was from Chemicon Inter-
national (USA), human TNF𝛼 from Reliatech (Germany),
collagen was from Nycomed (Germany), and reagents for
multiplate analysis were fromDynabyte (Munich, Germany);
antihuman SHP-1 antibodies (C-19 and D-11) were from
SantaCruz (USA), rabbit anti-humanphospho-SHP-1 (Y564)
antibody was from Abcam (Cambridge, UK), anti-GAPDH
antibody was from Millipore (Billerica, USA), antirabbit
antibody and antimouse secondary antibodies were from
Calbiochem (Darmstadt, Germany) and anti-human vWF-
FITC, Anti-human p-selectin-RPE, and respective negative
controlswere fromAbdSerotec (UK). Sodium stibogluconate
and all other chemicals were from Sigma-Aldrich (Germany).

2.2. Animals. Animal experiments were performed in
wildtype C57BL/6 mice, which were purchased from
Charles River, Sulzfeld, Germany. Surgical procedures
were performed under short-term anesthesia induced by
a single intraperitoneal injection of Midazolam 5mg/kg
(Ratiopharm, Germany), Fentanyl 0.05mg/kg (CuraMED
Pharma, Germany), and Medetomidinehydrochloride
0.5mg/kg (Pfizer, Germany; produced by Orion Pharma,
Finland) diluted in 0.9% NaCl. After the experiments the
animals were killed by injection of an overdose (2 g/kg) of
sodium pentobarbital (Merial, Germany). All experiments
were conducted in accordance with the German animal
protection law and approved by the district government of

Upper Bavaria (approval reference number AZ 55.2-1-54-
2531-162-08). The investigation conforms to the Directive
2010/63/EU of the European Parliament.

2.3. Intravital Microscopy in the Dorsal Skinfold Cham-
ber Microcirculatory Model. The dorsal skinfold chamber
microcirculatory model was used in mice as described
previously [24]. Animals with an intact microcirculation
underwent carotid artery catheterization for application of
drugs or injection of isolated platelets, respectively. Intravital
fluorescence microscopy was performed using a modified
microscope (Zeiss Axiotech Vario, Germany). Images were
recorded with a digital camera (AxioCam HSm, Carl Zeiss
Germany). For all in vivo experimentsmurineTNF𝛼 (Chemi-
con International, USA)was administered via a carotid artery
catheter at a dose of 0.4 𝜇g/kg. This was calculated to match
plasma levels of approximately 5 ng/mL, which caused effects
in vitro. Sodium stibogluconate was infused via the carotid
artery catheter in a dose calculated to match plasmal levels of
approximately 10 𝜇g/mL, as it has been shown to specifically
inhibit SHP-1 in this concentration [30].

2.4. Mouse Platelet Isolation and Staining for In Vivo Studies.
Whole blood was drawn from anesthetized mice by cardiac
puncture. To prevent blood from clotting syringes contained
10% of sodium citrate. The citrated whole blood was spun at
130 g and the obtained PRP was incubated with Carboxyflu-
orescein (CFDA-SE 17𝜇mol/L, Bachem, Switzerland) in the
dark for 30 minutes. Labeled platelets were then spun at
340 g and resuspended in a buffered calcium-free physiologic
solution (138mmol/L NaCl, 2.7mmol/L KCl, 12mmol/L
NaHCO

3,
0.4mmol/L NaH

2
PO
4
, 1 mmol/L MgCl

2
× 6H
2
O,

5mmol/L D-Glucose, and 5mmol/L Hepes; pH 7.35). For
centrifugation Iloprost (10 ng/mL, Schering, Germany) was
added to prevent platelet activation.The ability of the isolated
and stained platelets to aggregate was tested by platelet
aggregometry.

2.5. Intravital Analysis of Platelet-Vessel-Wall Interaction. For
intravital studies of platelet interaction with the intact vessel
wall isolated and fluorescent-stained murine platelets from
a donor animal were injected via a carotid artery catheter
and observed in the dorsal skinfold chamber model. Movie
sequences of 30 s in 4–6 vessel segments in each animal
were recorded and analyzed using AxioVision Software (Carl
Zeiss, Germany). Vessels with abnormal flow were excluded
from analysis. From the resulting length of the platelet
trace in single images, velocities of single platelets were
calculated using the exposure time of each single picture.
Platelet vessel wall interaction (PVWI) was expressed in
frequency histograms consisting of all platelet velocities
analyzed. Histograms were normalized to the maximum
platelet speed within a vessel to exclude biasing influences of
altered blood flow velocities between different arterioles. As a
consequence a rightward shift in platelet velocity distribution
within a histogram expresses less PVWI, whereas a left-
wards shift signalises increased PVWI at the arteriolar wall.



Mediators of Inflammation 3

Platelets with less than 5% of the velocity of the fastest
platelets were defined as rolling platelets.

2.6. Intravital Assessment of Arteriolar Thrombosis. Intravital
thrombotic vessel occlusion time was assessed in arterioles
of C57BL/6 mice in the dorsal skinfold chamber model.
For induction of intra-arteriolar thrombosis, the ferric chlo-
ride superfusion method was used as described previously
[24]. Before the experiments blood vessel flow was digitally
recorded and regular blood flow was confirmed for all
analyzed arterioles. To visualize vessel lumina before vessel
injury 50 𝜇L of a 5% fluorescein isothiocyanate-labelled
dextran solution (FITC-Dextran, MW 150,000) was infused
via the carotid catheter. Injury to the vascular wall was then
performed by application of 30𝜇L of a ferric chloride solution
(25mmol/L) onto arterioles, using a standardized protocol
and movies were recorded until blood flow ceased.

2.7. Platelet Aggregation Studies. Platelet aggregation in
human platelet-rich plasma (PRP) was measured using the
turbidimetric method described by Born [31]. Human PRP
was obtained by centrifugation of whole citrated blood,
drawn from human cubital veins at 130 g. ADP-, collagen-, or
TRAP-induced platelet aggregationwasmeasured photomet-
rically using a 2-channel aggregometer (ChronoLog 490-2D,
USA) under continuous stirring at 1000 rpm at 37∘C.Written
consent was obtained from platelet donors.

For mice studies blood was collected from the inferior
vena cava in anesthetizedmice with a syringe containing hep-
arin. Whole blood aggregation was performed by impedance
aggregometry with the Multiplate (multiple platelet func-
tion analyzer) assay (Dynabyte, Munich, Germany) accord-
ing to the manufacturer’s protocol. Changes in impedance
expressed as aggregation amplitudes were recorded over 6
minutes in duplicates and results were expressed as mean
arbitrary aggregation units (AU).

2.8. Cell Culture. Human umbilical vein endothelial cells
(HUVECs) and porcine aortic endothelial cells (PAECs)
were isolated as described previously [32] and cultured in
M199 media supplemented with 10% FCS, 10% endothe-
lial growth media (PromoCell, Germany), and 1% peni-
cillin/streptomycin. For all cell culture experiments recom-
binant human TNF𝛼 (Reliatech, Germany) was used. The
procedure was approved by a university ethic review board
and the investigation conforms with the principles outlined
in the Declaration of Helsinki.

2.9. Endothelial Surface Molecule Expression. HUVECs were
grown as described and incubated with sham or recombinant
TNF𝛼 (5 ng/mL) or sodium stibogluconate as indicated. Cells
were stained using anti-p-selectin RPE and anti-vWF FITC
or corresponding RPE- or FITC-labeled negative control. For
measuring a FACSCanto II flow cytometer (Becton Dickin-
son, USA) was used. Data were analyzed using FACSDiva
software (Becton Dickinson).

2.10. Immunoprecipitation of SHP-1 and SHP-1 Activity.
PAECs were washed and lysed in radioimmunoprecipitation
(RIPA) buffer and protein content determined as described
elsewhere [33]. From aliquots of 300𝜇g protein immuno-
precipitations of SHP-1 were performed using a polyclonal
primary anti-SHP-1 mouse antibody (C-19), MACS Pro-
tein G MicroBeads, and MACS separation columns from
Miltenyi Biotec (Bergisch Gladbach, Germany) according
to the manufacturer’s protocol. Equal amounts of SHP-1
were then equilibrated in phosphatase assay buffer (Hepes
20mmol/L, sodium chloride 100mmol/L, magnesium chlo-
ride 5mmol/L, manganese chloride 5mmol/L, pH 6.5). After
addition of 10mmol/L of the chromogenic substrate p-
nitrophenylphosphate and incubation for 1 h (37∘C) solutions
were transferred to multiwell plates, and extinction was
measured at 405 nm (SpectraFluor, Tecan, Germany).

2.11. Western Blot. Protein lysates from PAEC or HUVEC
(whole cell lysate) were prepared and protein content quan-
tified as described elsewhere. Lysates were subjected to
Western blot analysis as previously described [33] and SHP-
1 was detected using a polyclonal rabbit anti-SHP-1 antibody
(C-19). To measure SHP-1 activity phosphorylation of SHP-
1 on Y564 was detected using a rabbit anti-phoshpho-Y564-
SHP-1 antibody (Abcam), as phosphorylation at this site has
been described to correlatewith the phosphatase activity [34].
GAPDH was used as loading control.

2.12. Statistical Analysis. SigmaStat Software was used to
calculate statistical differences. Data were analyzed using
Student’s 𝑡-test or ANOVA for normally distributed variables
or the Mann-Whitney Rank Sum Test or ANOVA on ranks,
when normal distribution was not given. Data are expressed
as means ± SEM. Differences were considered significant
when the error probability level was 𝑃 < 0.05.

3. Results

3.1. Platelet-Endothelium Interaction In Vivo . We assessed
transient interaction of injected labelled platelets to the vessel
wall in vivo by intravital microscopy of vessels in the dorsal
skinfold chamber. Sodium stibogluconate was used in a
concentration of 10𝜇g/mL (11𝜇M), for which it has been
shown to exhibit the by far highest affinity for SHP-1, whereas
10-fold higher concentrations were required to inhibit other
tyrosine phosphatases such as SHP-2 and PTP1B [30].

Systemic treatment with sodium stibogluconate
(10 𝜇g/mL, 30min) did slightly enhance the amount of
rolling platelets under physiological conditions (0.4 ±
0.2% of all analyzed injected platelets versus 0.1 ± 0.1%
without SHP-1 inhibition; 𝑃 = 0.12, 𝑛 = 5) but significantly
elevated rolling platelets in acute systemic inflammation
induced by TNF𝛼 treatment (5 ng/mL, 4 hours; 1.0 ± 0.3%
rolling platelets versus 0.4 ± 0.2% without SHP-1 inhibtion,
𝑃 < 0.05, 𝑛 = 5, Figure 1(a)). Increased transient platelet-
endothelium interaction after SHP-1 inhibition by sodium
stibogluconate in TNF𝛼-induced inflammation is also
indicated by a leftward shift in the platelet flow velocity
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Figure 1: Inhibition of SHP-1 leads to increased platelet rolling in vivo in TNF𝛼-induced systemic inflammation. (a) In vivo the amount of
rolling platelets (defined as platelets with a velocity of less than 5% of maximal velocity) as analyzed by intravital microscopy in the dorsal
skinfold chamberwas slightly enhanced in vivo after treatmentwith the SHP-1 inhibitor sodium stibogluconate (10 𝜇g/mL, 30min) under basal
conditions but significantly increased in TNF𝛼-induced inflammation (TNF𝛼 5 ng/mL, 4 h). (b) Inhibition of SHP-1 by sodium stibogluconate
in TNF𝛼-induced inflammation resulted in a leftward shift in platelet velocity distribution pattern (i.e., towards lower platelet velocities) in the
frequency histogram, indicating increased transient platelet interaction with the endothelium. The histograms display all platelet velocities
from 5 different animals per group. SG: sodium stibogluconate. ∗Significantly different at 𝑃 < 0.05 (𝑛 = 2900 − 3300 platelets per group from
5 different animals).

histogram (velocities from 2900–3300 analyzed platelets
from 5 different animals in each group, Figure 1(b)). The
maximum platelet velocities in the analyzed vessels as an
approximate measure of flow velocity were not significantly
different between the treatment groups.

3.2. Arteriolar Thrombus Formation In Vivo . To analyze the
effect of SHP-1 inhibtion on thrombus formation in vivo, we
assessed the time to thrombotic arteriolar vessel occlusion
following injury by ferric chloride superfusion to the vascular
wall. The time to complete thrombotic vessel occlusion upon
injury was significantly accelerated from 307 ± 34 s in control
animals to 149 ± 49 s in animals treated with the SHP-1
inhibitor sodium stibogluconate 10 𝜇g/mL for 30 minutes

(𝑛 = 6, 𝑃 < 0.05 versus control animals). Vessel occlusion
time was further accelerated by SHP-1 inhibition in TNF𝛼-
induced (5 ng/mL, 4 hours) inflammation (50 ± 14 s versus
176± 42 s without SHP-1 inhibtion; 𝑛 = 5;𝑃 < 0.05, Figure 2).

3.3. Influence of SHP-1 Inhibtion on Endothelial P-Selectin
and vWF Surface Expression. To better define the relative
contribution of the endothelium to the prothrombotic effects
exerted by SHP-1 inhibtion in TNF𝛼-induced inflamma-
tion we analyzed adhesion molecules relevant to platelet-
endothelium interaction in vitro in primary human endothe-
lial cells (HUVECs) by flow cytometry. First we tested
whether sodium stibogluconate inhibits SHP-1 in endothelial
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Figure 2: Inhibition of SHP-1 leads to accelerated arteriolar throm-
bus formation in vivo. Time to thrombotic arteriolar vessel occlusion
in vivo, as measured in the ferric chloride superfusion model in
the dorsal skinfold chamber in mice, was significantly accelerated
when animals were treated with the SHP-1 inhibitor sodium sti-
bogluconate (10𝜇g/mL, 30min) under basal conditions. TNF𝛼-
induced inflammation itself (TNF𝛼 5 ng/mL, 4 h) led to accelerated
thrombus formation, but the effect was further increased by SHP-
1 inhibition. SG: sodium stibogluconate. ∗Significantly different at
𝑃 < 0.05 (𝑛 = 5-6).

cells and measured SHP-1 activity by the enzymatic pNNP-
dephosphorylation assay. Treatment with sodium stiboglu-
conate (10 𝜇g/mL, 30min) reduced SHP-1 activity in HUVEC
to 58 ± 15% of baseline activity (𝑛 = 7-8, 𝑃 < 0.05,
Figure 3(a)).

P-selectin was not significantly upregulated by the SHP-
1 inhibitor sodium stibogluconate (10𝜇g/mL, 30min) under
basal conditions (120 ± 11% of baseline, 𝑛 = 9–12; 𝑃 =
0.06) but was significantly increased by SHP-1 inhibition in
TNF𝛼-induced (5 ng/mL, 4 hours) inflammation (180 ± 22%
of baseline and 126± 11% of baseline without SHP-1 inhibtion,
𝑛 = 12, 𝑃 < 0.05, Figure 3(b)).

Next we measured vWF on the surface membrane of
HUVEC, which was upregulated by the SHP-1 inhibitor
sodium stibogluconate (10 𝜇g/mL, 30min) already under
basal conditions (124 ± 8% of baseline, 𝑛 = 20, 𝑃 < 0.05)
and showed a tendency to be further increased by SHP-1
inhibtion in TNF𝛼-induced (5 ng/mL, 4 hours) inflammation
(136 ± 13% of baseline versus 121 ± 8% of baseline without
SHP-1 inhibtion, 𝑛 = 9, n.s.; both 𝑃 < 0.05 versus control,
Figure 3(c)).

3.4. Platelet Aggregation. To test for direct effects of the SHP-
1 inhibitor sodium stibogluconate and TNF𝛼 on platelets
we assessed platelet aggregation in vitro in human PRP
using light transmission aggregometry (Born’s method).
Incubation of PRP with human TNF𝛼 5 ng/mL for 4 hours

and additional inhibition of SHP-1 (sodium stibogluconate
10 𝜇g/mL for 30min) did not affect platelet aggregation,
upon stimulation neither with low nor with high doses of
the platelet agonists ADP, collagen, and thrombin-receptor-
activating peptide (TRAP; 𝑛 = 9–12, each, Figure 4(a)).

To test effects of systemic SHP-1 inhibition on platelets
aggregation was measured in whole blood of mice after oral
treatment with sodium stibogluconate, which did not change
ADP-induced (ADP 6.5 𝜇M) platelet aggregation compared
to control treated animals, neither under basal conditions nor
in TNF𝛼-induced inflammation (𝑛 = 6 animals per group,
Figure 4(b)).

3.5. Influence of TNF𝛼 on SHP Activity and Expression. To
investigate whether TNF𝛼 affects SHP-1 phosphatase activity
and protein expression we measured SHP-1 phosphatase
activity by pNPP-dephosphorylation assay and by detection
of SHP-1 phosphorylation at tyrosine 564 by Western blot in
primary endothelial cells (PAEC and HUVEC, resp.).

TNF𝛼 treatment (5 ng/mL) of PAEC caused a rapid
increase of SHP-1 phosphatase activity to 120 ± 6% of baseline
after 3 minutes and 136 ± 14% of baseline after 30 minutes
(𝑛 = 6; 𝑃 < 0.05 versus control, Figure 5(a)) in PAEC.
Similarly, SHP-1 activity was increased by TNF𝛼 treatment
(5 ng/mL for 4 h) in HUVEC (112 ± 2% of baseline, 𝑛 = 4;
𝑃 < 0.05; Figure 5(b)).

SHP-1 protein expression was not changed by TNF𝛼
(5 ng/mL) after 4 hours of stimulation but was significantly
elevated after 24 hours (132 ± 6% of baseline, 𝑛 = 8, 𝑃 < 0.05;
Figure 5(c)).

4. Discussion

In this study we show that inhibition of the tyrosine
phosphatase SHP-1 results in increased platelet-endothelium
interaction and accelerated arteriolar thrombus formation
in vivo, possibly by upregulation of adhesion molecules on
endothelial cells. These effects are further potentiated in
the setting of TNF𝛼-induced inflammation. Since TNF𝛼
augments the activity of SHP-1, the tyrosine phosphatase
may serve as an autoinhibitory feedback mechanism, which
is important to prevent excess inflammatory responses and
thrombus formation.

In our in vivo studies inhibition of treatment with the
SHP-1 inhibitor sodium stibogluconate led to a slightly
greater amount of rolling platelets as compared to control
treated animals under physiological conditions. However,
this effect was significantly increased when SHP-1 was inhib-
ited in an acute inflammatory setting caused by systemic
TNF𝛼 treatment, resulting in significantly elevated transient
platelet-endothelium interaction. When the endothelium is
activated, similar to leukocytes, platelets can roll on the
endothelium [17]. Under shear stress p-selectin and its
counterreceptors PSGL-1 or GPIb and vWF are mediating
platelet interaction with the endothelium and trigger the
release of proinflammatory cytokines and chemokines stored
in 𝛼-granules such as p-selectin or the chemokine-like
factors IL-1𝛽 and CD40L [18] which in turn can activate
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Figure 3: Inhibition of SHP-1 increases TNF𝛼-induced upregulation of p-selectin and vWF in endothelial cells in vitro. (a) Incubation of
endothelial cells with the pharmacological SHP-1 inhibitor sodium stibogluconate effectively reduces SHP-1 activity as measured by pNPP-
dephosphorylation assay. (b) Endothelial p-selectin was not changed by sodium stibogluconate under basal conditions but, significantly
upregulated in TNF𝛼-induced endothelial inflammation. (c) vWF was already upregulated by sodium stibogluconate under basal conditions
to a similar level as observed in TNF𝛼-induced endothelial inflammation. SG: sodium stibogluconate. ∗Significantly different at 𝑃 < 0.05
(HUVEC, 𝑛 = 9–12).

the endothelium. Indeed, in vitro in cultured endothelial cells
inhibtion of SHP-1 by sodium stibogluconate led to rapid
upregulation of p-selectin in a TNF𝛼-induced inflammatory
condition, whereas a significant upregulation of vWF was
observed already under basal conditions, which fits very
well in with our in vivo results. These adhesion molecules
have been described to be upregulated by ROS not only
via redox-sensitive transcription factors such as NF-𝜅B [12]
but also by rapid release from Weibel-Palade bodies by a
posttranslational cell signaling responsemediated by not only
classical NADPH oxidase but also by xanthine oxidase [35].
We have previously identified SHP-1 as a negative regulator of

endothelial NADPH-oxidase dependent superoxides already
under basal conditions [29], which highly suggests a role for
ROS to be involved in mediating these effects.

Moreover inhibition of SHP-1 already under basal con-
dition (i.e., without prior stimulation with TNF𝛼) led to a
significantly accelerated thrombotic vessel occlusion time in
vivo in dorsal skin arterioles upon ferric chloride injury.
This effect was even more pronounced in TNF𝛼-induced
inflammation. We have previously shown that TNF𝛼 can
increase arteriolar thrombosis in vivo by several mechanisms
on the transcriptional level including upregulation of tissue
factor, PAI-1, and downregulation of thrombomodulin [24].
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Figure 4: Inhibtion SHP-1 does not affect platelet aggregation in vitro and ex vivo. (a) In platelet-rich plasma (PRP) from healthy human
volunteers SHP-1 inhibition by sodium stibogluconate did not increase platelet aggregation neither under basal conditions nor after
pretreatment with TNF𝛼 (5 ng/mL, 4 h) upon stimulation with the platelet agonists ADP, collagen, or thrombin-receptor activating peptide
(TRAP) in different concentrations (low ADP: 0.5–1 𝜇M; high ADP: 10𝜇M; low collagen: 0.5–4𝜇g/mL; high collagen: 10 𝜇g/mL; low TRAP:
1–1.5𝜇M; high TRAP: 10–14𝜇M; 𝑛 = 9–12, each). (b) Treatment of animals with the SHP-1 inhibitor sodium stibogluconate (10 𝜇g/mL, 30min)
did not affect ADP-induced (6.5 𝜇M) platelet aggregation ex vivo, neither under basal conditions nor in TNF𝛼-induced inflammation (TNF𝛼
5 ng/mL, 4 h, 𝑛 = 6 animals per group). SG: sodium stibogluconate, AU: arbitrary unite.
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Figure 5: TNF𝛼 increases SHP-1 activity and protein expression. (a) TNF𝛼 (5 ng/mL) treatment of endothelial cells increased SHP-1 activity
already within minutes of stimulation as assessed by pNPP-dephosphorylation assay in PAEC (𝑛 = 6–8). (b) This could also be observed
in HUVEC after TNF𝛼 stimulation (5 ng/mL, 4 h) as detected by phosphorylation of SHP-1 at Y564. (c) SHP-1 protein expression was not
changed within the first hours of stimulation but significantly increased after 24 hours of stimulation. ∗Significantly different versus baseline
or as indicated at 𝑃 < 0.05 (𝑛 = 6–8).

Inhibtion of SHP-1 activity for only a short time again
suggests that rapid upregulation of endothelial vWF and p-
selectin, probably involving generation of ROS, is responsible
for the potentiation of TNF𝛼-induced prothrombotic effects.
Elevated expression of vWF on endothelial cells has been
shown to contribute tomicrovascular thrombosis in vivo [36]
and oxidative stress is well described to induce prothrombotic
changes [12].

It should be mentioned, though, that from the thrombus
formation experiment direct effects of SHP-1 inhibition in

platelets cannot be excluded. This is of special interest
especially in the light of a previous study where platelets
isolated from “motheaten viable mice”, which have a defect
in the SHP-1 gene, were hyporesponsive to GPVI stimulation
suggesting a physiological role for SHP-1 in lowering the
threshold for activation by GPVI [27]. In addition, a role for
SHP-1 in the regulation of platelet eNOS has been reported
[37]. To elucidatewhether the observed prothrombotic effects
in vivo could be due to direct effects of SHP-1 inhibition
by sodium stibogluconate in platelets we performed in vitro
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(human PRP) and ex vivo (mouse blood) aggregation studies.
Interestingly, in the concentration where striking effects on
endothelial cells were detected, no changes in platelet aggre-
gation in vitro, neither by sodium stibogluconate itself nor
after prior stimulation with TNF𝛼, compared to untreated
platelets in response to several platelet-activating stimuli such
as collagen, ADP and TRAP could be observed. Similarly,
ex vivo platelet aggregation in mouse whole blood after
treatment with sodium stibogluconate, which caused accel-
erated thrombus formation in vivo, was not affected, neither
under basal conditions nor in TNF𝛼-induced inflammation.
Therefore we conclude that the effects we observed in the in
vivo experiments are due to endothelial mechanisms rather
than direct effects on platelets.

The potentiation of TNF𝛼-induced proinflammatory or
prothrombotic effects by inhibition of SHP-1 activity in
endothelial cells could be explained by an autoinhibitory
feedback mechanism of the phosphatase. Autoinhibitory
functions for SHP-1 have been described in other cell types,
such as lymphocytes, macrophages, and platelets, where the
phosphatase is coactivated and serves as a negative regulator
of immune receptor signaling [25–27]. In this sense we could
previously show that inhibition of SHP-1 in endothelial cells
leads to increased VEGF-dependent superoxide formation
[29]. In bovine aortic endothelial cells, TNF𝛼 has been
shown to activate SHP-1 and inhibit growth factor-mediated
cell proliferation through this mechanism [38]. Accordingly,
Sugano et al. showed that TNF-alpha modulates angiogenic
processes probably by employing SHP-1, as SHP-1 inhibition
increased endothelial cell growth. Interestingly, this was
shown to be caused by an impairment of the ability of TNF𝛼
to block the tyrosine phosphorylation of VEGFR2 induced
by VEGF, strongly suggesting that SHP-1 exhibits a negative
feedback regulation in TNF𝛼 signaling [39]. Several proteins
are tyrosine phosphorylated downstream of TNF-receptor
activation, involving src- and jak-family kinases [40], which
in part have been shown to be regulated by SHP-1 [41]. In
endothelial cells TNF𝛼 caused SHP-1 phosphatase activation
starting already within minutes after stimulation. As SHP-1
inhibition led to prothrombotic changes, which are especially
pronounced in TNF𝛼 induced inflammation, we propose that
activated SHP-1 plays an important autoinhibitory role in
acute TNF𝛼-signaling. Interestingly, protein levels of SHP-
1 in endothelial cells were not significantly elevated after 4
hours of TNF𝛼 stimulation but increased after 24 hours,
suggesting also a function for SHP-1 in chronic inflammatory
processes.

Considering the crucial role of inflammatory cytokines
and oxidative stress in the pathophysiology of cardiovascular
diseases these factors are interesting targets for pharmaco-
logical approaches. Numerous studies targeting inflamma-
tory cytokines by antibodies or ROS by antioxidants have
been performed, which, however, led to conflicting results
regarding a clinical benefit and have not become established
as standard therapy in cardiovascular diseases [42–44]. The
understanding of the pathophysiological processes leading to
cardiovascular diseases is therefore fundamental to develop
new therapeutic strategies. SHP-1 has already been tested as
a therapeutic target in ischemic conditions such as stroke

or myocardial infarction, where inhibition of its activity
resulted in a reduction of infarct sizes [45–47]. Inhibition
of another tyrosine phosphatase, namely PTP1B, resulted
in improvement of peripheral endothelial dysfunction in
heart failure [48]. The cellular effects and functions of the
numerous different cytosolic and membrane-bound tyrosine
phosphatases aremultiple andmany times antagonistic.Thus,
preservation of tyrosine phosphorylation as a therapeutic
principle for vascular medicine, especially using tyrosine
phosphatase inhibitors, must be viewed in a very differenti-
ated manner and evaluated with caution.

5. Conclusion
Our findings indicate that the endothelial tyrosine phos-
phatase SHP-1 plays an important role for vascular hemosta-
sis, which is of great relevance in TNF𝛼-induced endothe-
lial inflammation where it may serve as an autoinhibitory
molecule to prevent excess inflammatory response. Even-
tually decreased SHP-1 activity in an inflammatory setting
increases platelet-endothelium interaction and accelerates
arteriolar thrombus formation in vivo.
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Heterotrimeric G-protein-coupled receptors (GPCRs) are keymediators of intracellular signalling, control numerous physiological
processes, and are one of the largest class of proteins to be pharmacologically targeted. Chemokine-induced macrophage
recruitment into the vascular wall is an early pathological event in the progression of atherosclerosis. Leukocyte activation and
chemotaxis during cell recruitment are mediated by chemokine ligation of multiple GPCRs. Regulation of GPCR signalling is
critical in limiting vascular inflammation and involves interaction with downstream proteins such as GPCR kinases (GRKs),
arrestin proteins and regulator of G-protein signalling (RGS) proteins. These have emerged as new mediators of atherogenesis
by functioning in internalisation, desensitisation, and signal termination of chemokine receptors. Targeting chemokine signalling
through these proteins may provide new strategies to alter atherosclerotic plaque formation and plaque biology.

1. Introduction

GPCRs are a diverse family of seven transmembrane-
spanning receptors that activate intracellular signalling path-
ways by coupling to heterotrimeric G-proteins. They repre-
sent one of the largest families of cell-surface receptors with
∼1000 encoded by themammalian genome and are targets for
a large number of current therapeutic drugs [1, 2]. GPCRs are
activated by a variety of ligands including neurotransmitters,
chemokines, hormones, calcium ions, and sensory stimuli.
Consequently, they control many physiological processes
such as sensory perception, neurotransmission, proliferation,
cell survival, and chemotaxis. Given that GPCR signalling is
so widespread, and various GPCR subtypes can control dif-
ferent responses; this system requires regulation by processes
such as receptor desensitisation, internalisation, and signal
termination. In this review, we will give an overview of GPCR
activation with the main focus being on the mechanisms
of chemokine-mediated GPCR signalling in atherosclerosis.
GPCR regulation, and GPCR interacting proteins will be

highlighted with examples from experimental models of
inflammation providing insights into atherosclerosis.

2. Atherosclerosis and Plaque Development

Atherosclerosis is a chronic inflammatory disease of medium
to large arteries that is characterised by the accumulation of
oxidised low-density lipoprotein (oxLDL) within the arterial
wall and a progressive inflammatory cell infiltrate [3, 4].
Monocytes enter at sites of endothelial inflammation and
differentiate intomacrophages, which accumulate cholesterol
to form foam cells [5, 6]. Consequently, fatty streak lesions
develop and growth continues into fibrofatty plaques through
continued recruitment and differentiation of monocytes and
macrophages [5, 6]. T-lymphocytes and vascular smooth
muscle cells (VSMCs)migrate to form an intima and a fibrous
cap, encasing a core of lipid deposits and a cellular infiltrate
of foam cells [7]. A buildup of necrotic cells leads to the
formation of an acellular necrotic core which is stabilised
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by the fibrous cap [8]. Advanced atherosclerotic lesions are
further complicated with calcification and degradation of
the cap by matrix metalloproteinases (MMPs) which make
the plaque vulnerable to rupture [8, 9]. Unstable plaques
that rupture release the highly thrombogenic content of
the lesion to the circulation and trigger platelet activation
and the blood coagulation cascade, which causes thrombus
formation at the plaque site [10, 11]. This can lead to vessel
occlusion, restriction of blood flow, and subsequently trigger
catastrophic clinical events such as myocardial infarction.

The key role of leukocyte recruitment and its regulation
by chemokines has been elegantly demonstrated in experi-
mental models of atherosclerosis. To study the progression
of atherosclerosis, gene targeting techniques have created
murine models of hyperlipidaemia which have allowed the
assessment of disease progression in a time-dependant man-
ner [12]. The apolipoprotein E (ApoE) and LDL receptor
(Ldlr) knockout mouse models of atherosclerosis have ele-
vated plasma cholesterol levels when fed a high-fat diet (and
on a chow diet in the case of 𝐴𝑝𝑜𝐸−/−) due to impaired
lipoprotein clearance as a result of ligand (ApoE) or recep-
tor (LDLR) deletion [13]. These well-characterised mouse
models are predisposed to develop lesions at specific sites
throughout the arterial system [14]. As observed in humans,
these sites are localised to curved and branched regions
of low shear stress at the vessel wall [15, 16], such as the
aortic root, the brachiocephalic artery, and the aortic arch.
Studies in the𝐴𝑝𝑜𝐸−/− and 𝐿𝑑𝑙𝑟−/−mousemodels have given
us an insight into the critical cellular processes in plaque
formation and progression and identified key molecules in
leukocyte recruitment, especially in the chemokine family,
using genetic targeting or antagonists of these molecules and
their receptors. Increasingly, genetic interventions targeting
the pathways downstream of chemokine receptors are also
being explored in these and other models of inflammation.

3. Chemokines in Atherosclerosis

The recruitment of inflammatory cells is triggered by the
production of chemokines within the plaque microenviron-
ment [3]. Chemokines are a family of small molecular weight
proteins of ∼8–12 kDa that are divided into four subfamilies
based on the position of conserved cysteine residues in their
structure (C, CC, CXC, and CX3C) [17, 18]. The major CC
and CXC chemokine classes have a highly conserved tertiary
structure, characterised by a flexible N-terminus, followed
by a cysteine motif, three 𝛽-sheets, and a C-terminal 𝛼-helix
[19]. The N-terminus, containing a region known as the N-
loop, is important in forming chemokine-receptor binding
interactions and subsequent activation [20]. Chemokines
signal through their G-protein-coupled receptors (GPCRs),
and, to date, there are 50 known chemokines and 19
known chemokine receptors, indicating functional redun-
dancywithin the chemokine family [21]. Chemokines are able
to bind multiple receptors in the same way that an individual
chemokine receptor is able to bindmultiple chemokines.This
compensatorymechanismwhich results in similar functional
responses through different chemokine-receptor pairings

underlies the myriad of chemokine-signalling pathways in
both homeostasis and inflammation.

Chemokines are released from endothelial cells, mast
cells, platelets, macrophages, and lymphocytes. They are sol-
uble proteins that are produced with a signal peptide which is
cleaved before secretion from the cell [17]. Chemokines bind
to glycosaminoglycans (GAGs) on the cell surface or in the
extracellular matrix (ECM) which serve to immobilise them
and promote the formation of a chemokine gradient [22]. In
the vasculature, under shear flow conditions, this is necessary
for the local concentration of chemokines that are presented
on endothelial cells. Chemokines form interactions with
corresponding receptors that are highly expressed on leuko-
cytes and are able to direct sequential events in leukocyte
trafficking: from bone marrow mobilisation to extravasation
from the blood, through to migration into tissues. Dur-
ing inflammation, proinflammatory cytokines (e.g., TNF-
𝛼, interleukins (IL)-𝛼/𝛽), bacterial (lipopolysaccharide) and
viral (dsRNA) products induce the production of chemokines
that then attract leukocytes to the site of inflammation [23].
Controlled leukocyte recruitment is crucial for the generation
of an immune response, but inappropriate trafficking can lead
to the development of chronic inflammatory diseases.

Chemokines and chemokine receptors have been impli-
cated in atherosclerosis; at the initiation phase of plaque
formation during leukocyte adhesion and chemotaxis, during
progression and regression. Both CC and CXC chemokines
are known to be expressed in murine and human atheroscle-
rotic plaques, and progression correlates with an increased
expression of pro-inflammatory chemokines and their recep-
tors within aortas of hyperlipidaemic mice [3]. Studies in
mice deficient in a chemokine or chemokine receptor on the
ApoE or LDLr knockout background have highlighted the
functional role of many chemokines in the recruitment of
leukocytes in lesions. For example, mice with deficiency of
either CCL2 or CCR2 or with leukocyte CCR2-deficiency on
an atherosclerotic background all showed decreased lesion
formation in the aortic root [24–27]. In the two former
mouse models, this attenuation was accompanied by reduced
macrophage numbers in the aortic root. In addition to
regulating macrophage migration into plaque, chemokines
also control lymphocyte function in atherosclerosis.

Lymphocyte activation occurs during lesion progres-
sion, with T-lymphocyte infiltration generally observed in
advanced lesions [28]. CD4 and CD8 T-lymphocytes regulate
the adaptive immune response through the secretion of
TNF-𝛼 and IFN-𝛾 following reactivation by presentation of
oxLDL peptide by antigen presenting cells, macrophages,
and dendritic cells [29, 30]. Ccr1 deficiency on the 𝐴𝑝𝑜𝐸−/−
background has proatherogenic effects, causing an increase
in aortic root lesion development and T-lymphocyte infil-
tration, indicative of a shift to a pro-inflammatory Th1 (T-
helper) type response [31]. In contrast, Ccr5 deficiency on
the 𝐴𝑝𝑜𝐸−/− background protects mice against diet-induced
atherosclerotic lesion formationwhich is accompanied by the
reduced monocyte and T-lymphocyte infiltration in Ccr5−/−
aortic roots [31]. The many chemokines and their receptors
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have been highlighted in experimental models of atheroscle-
rosis which have been extensively reviewed elsewhere [3, 32–
34].

In addition to well-defined roles in plaque development,
through the regulation of leukocyte recruitment, new roles
for chemokines in cell retention and even plaque regression
are becoming apparent. The molecules and signals that cause
retention of cells within plaque are poorly understood, but
there is emerging evidence that chemokines, for example,
CX
3

CL1, which serves as a chemoattractant and adhesion
molecule for monocytes, and T-lymphocytes is upregulated
with human monocyte differentiation into macrophages in
response to oxLDL and is required for macrophage/foam cell
adhesion to coronary artery smooth muscle cells (SMCs) [35,
36]. This indicates a potential role in macrophage retention
in atherosclerotic plaques.

Recent models of atherosclerosis regression when plaque
regression is initiated by the normalisation of hyperlipi-
daemia with surgical transfer of plaque to wild type animals
or by genetic intervention, chemokines may control the
efflux of lipid laden macrophages [37]. In the regression
environment, macrophages have been shown to exhibit a
dendritic like state and emigrate to draining lymph nodes in
a CCR7-dependent manner [37].

From these studies, it is clear that chemokine signalling
plays an important function in leukocyte trafficking in the
pathogenesis of atherosclerosis. Despite greater than 20
years of research on chemokines and chemokine recep-
tors in atherosclerosis, no drugs have yet been licenced.
Although compounds such asMLN-120, an anti-CCR2mon-
oclonal antibody are in development, there are comparatively
few chemokine inhibitors given the vast number multiple
chemokine-chemokine receptor pairings [38]. Identifying
the mechanisms that regulate the downstream chemokine
receptor-signalling pathways would reveal potential thera-
peutic targets in atherosclerosis.

4. GPCR Activation and Signal Transduction

The general paradigm for GPCR activation is that binding
of agonists to extracellular domains of the receptor induces
conformational changes in the seven transmembrane span-
ning domain. This facilitates interactions with intracellular
heterotrimeric G-proteins and enables transmission of the
signal. Heterotrimeric G-proteins are composed of 𝛼, 𝛽, and
𝛾 subunits.

Upon activation, GPCRs act as guanine nucleotide
exchange factors (GEFs) for the G𝛼 subunit which results
in guanosine diphosphate (GDP) to guanosine triphosphate
(GTP) exchange [1].This leads to the dissociation of theGTP-
boundG𝛼 subunit from the G𝛽𝛾 heterodimers, thus allowing
both subunits to propagate downstream signal transduction
pathways (Figure 1). There are 23 known mammalian G𝛼
proteins divided into four broad subfamilies: G𝛼s, G𝛼i/o,
G𝛼q/11, and G𝛼12/13. The majority of chemokines mediate
their signals via G𝛼i proteins, although several have been
postulated to interact with alternative G𝛼 proteins such as
G𝛼q [39, 40].

5. Chemokine-Mediated GPCR Signalling

Chemokine-stimulated GPCRs can initiate several down-
stream effectors that ultimately lead to actin polarisation,
shape change, and directed cell movement. Stimulation of
G𝛼i subunits can result in the activation of calcium chan-
nels and inhibition of adenyl cyclases and cyclic adenosine
monophosphate (cAMP) production [41]. However, it is
the G𝛽𝛾 subunits, which are required for chemotaxis [42].
The activation of these subunits can trigger a number of
signalling effectors such as GPCR kinases (GRKs), ion chan-
nels, and phospholipase C-𝛽 (PLC-𝛽) [41]. PLC-𝛽 catalyses
phosphatidylinositol (3,4,5)-trisphosphate (PIP

3

) to inositol
trisphosphate (IP

3

) and diacylglycerol (DAG). IP
3

causes a
release in calcium from endoplasmic reticulum (ER) stores,
and DAG can activate protein kinase C (PKC), which is
involved in receptor regulation through phosphorylation
and desensitisation. Moreover, both G𝛼 and G𝛽𝛾 subunits
can activate phosphoinositide 3-kinase (PI3K) independently
that results in the activation of the kinases, Akt and the
mitogen-activated proteins kinases (MAPKs) [43].

PI3K phosphorylates phosphatidylinositol (4,5)-bisphos-
phate (PIP

2

) to PIP
3

at the cell membrane [44, 45]. An
increase in PIP

3

results in the localised recruitment of sig-
nalling proteins containing PIP3-pleckstrin homology (PH)
domains [44]. These proteins then drive actin polymeri-
sation and morphological changes at the leading edge of
the cell, causing it to polarise and move forward towards
the highest concentration of chemokine [44, 46]. Given
the widespread action of GPCRs, it is crucial that GPCR
expression, activation, and signalling are tightly controlled by
cellular regulatory mechanisms.

6. Regulation of GPCRs

6.1. Regulation of GPCRs: Internalisation. GPCR signalling
can be regulated at the level of receptor expression by the
process of internalisation which aims to reduce the amount
of available GPCRs on the cell surface (downregulation), thus
attenuating receptor-mediated signalling. Following ligand
activation, intracellular domains of receptors are phospho-
rylated by kinases such as the second messenger kinases
and GRKs. This targets them for internalisation into the cell
via endosomes for lysosomal degradation [47]. In addition
to degradation, in some cases, endocytosed receptors are
dephosphorylated by endosomal-associated phosphorylases
(resensitisation) and recycled back to the cell surface [1, 48].

Chemokines are able to influence chemokine receptor
internalisation and recycling. CCR7 is efficiently internalised
when engaged by CCL19 in comparison to its other ligand
CCL21, as CCL19 induces greater phosphorylation of the
receptor [49, 50]. For the recruitment of arrestin proteins
which are described later, phosphorylation is a prerequisite
[49]. Internalisation of CCR7/CCL19 is arrestin-dependent
mechanism but not for CCR7/CCL21 [49]. However, inter-
nalisation of a receptor is not required for the migration of
a cell, as reported in studies by Hsu et al. on wild type, and
phosphorylation deficient N-formyl peptide receptors that
fail to be internalised in U937 myeloid cells have no defects
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Figure 1: Schematic summary of chemokine-mediatedGPCR signalling. Chemokine binding to the receptor induces conformational changes
in its transmembrane domain to allow it to couple to a heterotrimeric G-protein. Chemokine receptors predominantly couple to G𝛼i proteins
(green) but alsoG𝛼q proteins (purple). Chemokines also interact with their receptors to induce the formation of receptor dimers or oligomers.
This inducesGDP toGTP exchange at the nucleotide binding site of theG𝛼 subunit.This causes the dissociation of theGTP-boundG𝛼 subunit
from the G𝛽𝛾 heterodimers and the activation of downstream signalling effectors. This leads to the production of second messengers which
further propagate signal transduction pathways that cause a cellular response. Inactivation of the G-protein occurs through hydrolysis of
GTP, allowing the G𝛼-GDP to recombine with the 𝛽𝛾 dimers.

in chemotaxis to formyl-methionyl leucyl phenylalanine
[49, 51]. Differential effects on receptor recycling can also
modulate GPCR signalling and the magnitude of the cellular
response through one ormore selective chemokine receptors.
CCL5 causes CCR1, CCR3, and CCR5 internalisation but
through different pathways, such that CCR3 is partially
degraded and recycled whereas CCR5 is completely recycled
in eosinophils [52, 53].The implications for in vivo trafficking
are unclear but as well as causing chemotaxis, chemokines
may induce retention through hyporesponsiveness. If cells
migrate to an inflammatory site and become localised, they
may not be responsive to other chemokines that signal
through the same receptor and stop movement until they
encounter another chemokine signal [52].

Intriguingly, some receptors have the ability to continue
to signal or initiate other signal transduction pathways
during endosomal trafficking [48]. This can have con-
founding effects through excessive signalling and promote
inflammatory disease. Truncated CXCR4 variants impli-
cated in the immunodeficiency WHIM (Warts, Hypogam-
maglobulinemia, Infections, and Myelokathexis) syndrome,
are able to mediate chemotactic responses but unable to

be desensitised and internalised [54]. This mechanism is
believed to alter the function of leukocytes in WHIM, since
the receptors activate G-proteins effectively that result in
enhancedCXCL12-induced chemotaxis [54, 55].This appears
to result in the abnormal retention of neutrophils in the
bonemarrow. Additionally, CXCR4 is a good example of how
regulation of GPCR signalling can be influenced by receptor
dimerisation. The formation of heterodimers between wild-
type and truncated CXCR4 is thought to account for the
increased signalling to CXCL12 activation and their inabil-
ity to be endocytosed [54]. In addition to internalisation,
receptor dimerisation/oligomerisation can influence agonist
affinity, potency, and receptor phosphorylation and may
therefore regulate functional responses of the GPCR [56,
57]. Chemokine receptor dimers and oligomers have been
identified in both the CC and CXC subfamilies [58]. Many
of these studies have been performed in cell lines expressing
CCR2 and/or CCR5 and assessed ligand binding in cells
expressing CCR2/5 heterodimers [59]. Chemokine recep-
tor homodimerisation results in G𝛼i-mediated signalling
(Figure 1), whereas chemokine receptor heterodimerisation
is induced by the presence of two different chemokines and
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activates G𝛼q signalling [60]. This can cause downstream
activation of different G-protein effectors.

The rapid process of endocytosis and downregulation of
GPCRs is closely related to the process of desensitisation
which regulates GPCRs at the functional level, since they
are both augmented by the interactions between intracellular
domains of the GPCR and heterotrimeric G-protein and
cytoplasmic proteins, such as GRKs, arrestins, and RGS
proteins. The processes behind chemokine-mediated GPCR
internalisation, desensitisation, and termination are high-
lighted in Figures 2 and 3.

6.2. Arrestins. Arrestin proteins act as adapters at GPCRs
following receptor activation and phosphorylation, and func-
tion in desensitisation through two processes. Firstly, binding
of arrestins to the phosphorylated receptor sterically blocks
receptor and G-protein interaction [61]. Secondly, arrestin
binding targets the GPCR to clathrin coated pits at the cell
surface resulting in subsequent receptor internalisation to
endosomes for degradation, dephosphorylation, and recy-
cling back to the membrane [62, 63] (Figure 2). 𝛽-arrestin
1 gene expression is upregulated in splenocytes and mesen-
teric lymph nodes following induction of the inflammatory
disease, adjuvant arthritis in rats [64]. In knockout studies,
𝛽-arrestin 2-deficient neutrophils exhibit increased calcium
signalling and GTPase activity, accompanied by reduced
CXCR2 receptor internalisation in response to CXCL1 [65].
The recruitment of neutrophils was increased in response to
CXCL1 in the air pouch model to assess in vivo chemotaxis
[65]. 𝛽-arrestin 2-deficient T-lymphocytes have decreased
CXCR4/CXCL12 mediated migration in vitro; confirming
that T-lymphocyte chemotaxis has a critical role in lung
inflammation in vivo [66]. In vivo studies have demonstrated
that 𝛽-arrestin 2 is involved in allergic asthma, since allergen-
treated knockout mice have no accumulation of Th2 cells in
lungs that is characteristic of inflammation in asthma [66].

Arrestins have functions independent of receptor desen-
sitisation. Arrestins aremultifunctional proteins that connect
different signalling effectors in cells, in particular, the MAPK
system. 𝛽-arrestin 2 overexpression in human embryonic
kidney (HEK)-293 and HeLa cells enhances in vitro migra-
tion to CXCL12 by augmenting p38 MAPK activation [67].
This mechanism behind p38 MAPK function in chemo-
taxis remains unclear but is likely to occur through the
phosphorylation of an F-actin cap binding protein [67].
Together, these studies imply amore complex role of arrestins
in different aspects of chemokine signalling and leukocyte
recruitment and both protective and nonprotective roles in
disease. In cardiovascular inflammation, 𝛽-arrestin 2 levels
are increased in human atherosclerotic arteries in compar-
ison to non-atherosclerotic arteries [68]. Animal studies in
the LDLr knockout model have shown that 𝛽-arrestin 2 is
proatherogenic [69].𝛽-arrestin 2−/−𝐿𝑑𝑙𝑟−/−mice develop less
atherosclerosis in the aorta after 12 weeks on a western type
diet that is linked to a reduced SMC content in aortic root
lesions. SMC proliferation and migration into the arterial
intima is linked to the development of atherosclerosis sug-
gesting that arrestins regulate this process.

6.3. Regulation of GPCRs: Desensitisation. Desensitisation
is a regulatory mechanism in controlling receptor activity,
attenuating signalling to prolonged or repeated stimulation
[70]. Two types of desensitisation exist: homologous and
heterologous. Homologous desensitisation occurs when an
agonist that is specific for a receptor causes loss of a response
and is a result of phosphorylation of the receptor by GRKs
and subsequent 𝛽-arrestin action. Much evidence comes
from in vitro systems, where high concentrations of ligand
are required for homologous desensitisation and whether
this occurs in vivo remains to be determined. In contrast,
heterologous desensitisation refers to the activation of one
receptor in causing desensitisation of multiple receptors in
their active or inactive forms by kinases such as protein kinase
A (PKA) and protein kinase C (PKC) that are stimulated by
second messengers [62, 71]. PKA and PKC directly uncouple
GPCRs from G-proteins by phosphorylation of intracellular
serine and threonine residues in the intracellular loop and the
carboxy terminus of theGPCR [47].The importance of GRKs
and 𝛽-arrestins in chemokine mediated responses have been
demonstrated in knockout and overexpressing mice where
GPCR phosphorylation, desensitisation, and internalisation
are affected. The regulatory proteins discussed in this review
are summarised in Table 1 in the context of atherosclerosis.
Receptor desensitisation is an important feedback mecha-
nism preventing acute or chronic receptor overstimulation
that could lead to abnormal cellular signalling.

6.4. GRKs. GRKs phosphorylate agonist occupied GPCRs,
which increases the affinity of the receptor for arrestin-
dependent binding [61] (Figure 2). This results in recep-
tor and G-protein uncoupling and receptor internalisation
[62]. In contrast to second messenger-dependent protein
kinases, much higher concentrations of agonist are required
to phosphorylate and desensitise receptors by this pathway
[62]. Several GRKs show high expression in immune cells
(GRK2, -3, -5, -6) and their expression levels are regulated
in inflammation [2]. In vitro studies with proinflammatory
cytokines IL-6 and IFN-𝛾 induce GRK2 protein downregula-
tion in human peripheral blood mononuclear cells (PBMCs)
and GRK2 and GRK6 levels are reduced in PBMCs from
patients with rheumatoid arthritis (RA) and in splenocytes
from experimental mouse models of multiple sclerosis (MS)
[2]. GRK2+/− T-lymphocytes have increased migration to
the chemokines CCL3 and CCL4 [77]. This suggests that
during inflammation when there is an increase in pro-
inflammatory mediators; this is likely to cause an downreg-
ulation of GRK2/5/6 activity in vivo [61]. In non-pathological
inflammation, this is required for a controlled response to
chemokine stimulation, but in chronic inflammation, this
may lead to enhanced chemokine signalling and increased
cell infiltration to an inflammatory site.

In contrast, enhanced GRK activity has been associated
with cardiovascular disorders including hypertension and
cardiac hypertrophy. An upregulation of GRK2 in non-
myocyte cardiac cells is linked to enhanced 𝛽1-adrenergic
receptor signalling and is associated with heart failure [78].
GRK6−/− neutrophils show enhanced calcium signalling and
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Figure 2: GRKs and arrestins in chemokine-mediated GPCR signalling. Following receptor activation and G-protein dissociation (1)
downstream signalling pathways are activated (2). Ligand-activated GPCRs are phosphorylated by GRKs (3), resulting in the recruitment
of arrestins (4). This uncouples the receptor from its G-protein, thereby attenuating further receptor signalling. The binding of arrestins to
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Table 1: GPCR signalling regulatory proteins in atherosclerosis.

Regulatory protein Experimental evidence in atherosclerosis Reference

𝛽-arrestin 2 (i) 𝛽-arrestin 2−/−𝐿𝑑𝑙𝑟−/− mice have reduced aortic atherosclerosis
(ii) 𝛽-arrestin 2−/−𝐿𝑑𝑙𝑟−/− mice have reduced SMC content in the aortic root [69]

GRK2

(i) GRK2+/−Ldlr−/− chimeric mice have reduced atherosclerosis and necrotic core in the
aortic root
(ii) GRK2+/−Ldlr−/− chimeric mice have increased macrophage and VSMC content in aortic
root lesions
(iii) CCL5-induced in vivomigration of leukocytes is increased GRK2+/−Ldlr−/− chimeras

[72]

GRK5
(i) GRK5−/−ApoE−/− mice have increased atherosclerosis in aorta than ApoE −/− mice
(ii) GRK5−/−ApoE−/− mice have increased macrophage and VSMC proliferation in aortic
root lesions
(iii) GRK5 −/− monocytes have increased migration to atherogenic stimuli in vitro

[73]

RGS1

(i) Rgs1 expression is upregulated in thoracic aortas from 𝐴𝑝𝑜𝐸−/− mice at 16 weeks of age in
comparison to 𝐴𝑝𝑜𝐸−/− mice at 8 weeks of age and wild-type C57BL/6J mice
(ii) Rgs1 was found to be upregulated in unstable segments of plaque from human carotid
endarterectomy specimens over stable segments from the same patient
(iii) Rgs1 upregulated in human atherosclerotic coronary arteries

Unpublished data,
Channon laboratory

[74]
[68]

RGS2 (i) Genetic polymorphisms in Rgs2 have been associated with intima-media thickening of
the carotid artery in patients with hypertension [75]

RGS5 (i) Rgs5 expression is downregulated in SMCs of atherosclerotic plaques from nonhuman
primates [76]
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Figure 3: RGS proteins in chemokine-mediated GPCR signalling. Following receptor activation and G-protein coupling, the G𝛼 and G𝛽𝛾
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chemotactic responses to leukotriene B4 (LTB4) and CXCL12
in vitro [79, 80]. GRK2 +/− mice develop acute onset of
experimental autoimmune encephalomyelitis (EAE) that is
accompanied by significantly increased cellular infiltration
in the spinal cord [81]. Homozygous GRK2 −/− mice are
embryonically lethal [78]. GRK2+/− T-lymphocytes display
increased calcium mobilisation, migration, and downstream
Akt and extracellular signal-regulated kinase (Erk1/2) sig-
nalling to CCR5 ligands [77].

Based on these findings, it might be expected that tar-
geted GRK2+/− deletion would lead to enhanced chemokine
signalling which would propagate inflammatory cell recruit-
ment in vivo and augment atherosclerotic lesion forma-
tion in GRK2+/− mice with hyperlipidaemia. Contrary to
these findings, atherosclerosis is attenuated in mice with a
haemopoietic deficiency in GRK2+/−, that is accompanied
by a 79% decrease in necrotic core size [72]. Interestingly,
macrophage content in the lesions from GRK2+/− mice was

significantly greater than control mice as indicated by %
MOMA-2 positive staining. However, a conditional GRK2
deficiency in a macrophage/granulocyte specific transgenic
model (LysM-Cre GRK2 flox/flox) did not display any differ-
ences in atherosclerosis indicating thatmacrophageswere not
solely responsible for the phenotype observed in GRK2+/−
bonemarrow chimeras [72]. Furthermore, circulatingmono-
cytes were reduced inGRK2+/−mice, highlighting a potential
role for GRK2 in monocyte mobilisation and may account
for the increased plaque macrophage content observed in
GRK2+/− mice.

In contrast to GRK2, GRK5 activity is antiatherogenic,
since GRK5−/−𝐴𝑝𝑜𝐸−/− mice have an increase in lesion area
in comparison to 𝐴𝑝𝑜𝐸−/− mice through two different cell-
type regulatory mechanisms in monocyte/macrophages and
SMCs [73]. In SMCs, GRK5 is able to promote the degra-
dation of the non-GPCR proatherogenic receptor, platelet-
derived growth factor receptor-𝛽 (PDGFR𝛽) in lysosomes
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which is thought to reduce PDGF-mediated SMC pro-
liferation and migration [73]. GRK5 regulates monocyte
chemotaxis; in vitro GRK5 −/− monocytes have increased
migration to CCL2, a ligand for the GPCR, CCR2 and colony
stimulating factor-1, a ligand for the CSFR-1, a receptor
tyrosine kinase [73]. CCL2-mediated leukocyte migration
is instrumental in atherosclerotic lesion progression and
responsible for the increased macrophage content in lesions
from GRK5−/−𝐴𝑝𝑜𝐸−/− mice. These findings highlight the
potential mechanisms in both monocyte retention and emi-
gration after their migration across the endothelium and
present new strategies to limit atherosclerotic lesion progres-
sion.

6.5. Regulation of GPCRs: Signal Termination. GPCR sig-
nalling can be terminated by desensitisation followed by
internalisation. However, further regulation leading to signal
termination can be achieved through G-protein interaction
with RGS proteins. In the last ten years, there has been
growing evidence indicating the importance of RGS proteins
in contributing to signal termination, without interacting
with the receptor itself, but by action at the G𝛼-subunit
coupled to the receptor. Chemokine receptors couple to
G𝛼i subunits that are present in leukocytes, with G𝛼i2 and
G𝛼i3 being principally expressed in murine lymphocytes and
macrophages [2, 82]. Regulation of G𝛼i-signalling pathways
in vivo is required for proper functioning of the immune
system, for correct homing of cells to lymphoid organs and
for cell trafficking to sites of inflammation [83]. Inactivation
of G𝛼-subunits is driven by a number of processes such
as the intrinsic GTPase activity of the G𝛼 protein that
hydrolyses GTP to GDP, enabling the heterotrimer to reform
[41]. This process can be accelerated by RGS proteins that
act as GTPase activating proteins (GAPs) and thus promote
G-protein inactivation by downregulating the intracellular
response to repeated ligand stimulation [84] (Figure 3).

Currently, there are 30 known mammalian RGS protein
familymembers, divided into eight subfamilies that are based
on sequence homologies [85]. Subfamily proteins contain
a conserved ∼120 amino acid residue RGS domain or an
RGS-like domain; however, homologous regions outside this
domain are thought to be shared within each subfamily.
RGS proteins exert GTPase activation via binding of the
RGS domain to the GTP-binding domain of the G𝛼 protein.
The G𝛼 active site is composed of three switch regions
that undergo conformational changes during activation and
deactivation from GTP to GDP bound states [84]. The RGS
domain stabilises the transition state of these switch regions
of the G𝛼 subunit upon binding but does not make contact
with bound GTP and therefore is not directly involved in
catalysis [84, 86]. By altering the conformation of the active
G𝛼-GTP complex, RGS proteins are able to accelerate the rate
of GTP hydrolysis by theGTPase, by asmuch as>2000 fold in
vitro [84]. Given the widespread expression of RGS proteins
in several tissues and the numerous cellular functions medi-
ated by GPCRs, RGS proteins have been identified to have a
critical role in signalling pathways involved in cardiovascular,
phototransduction and CNS functions. Given the potency of

RGS proteins in modulating GPCR function, dysregulation
of RGS proteins may lead to pathological disorders such as
atherosclerosis. Currently, there is limited published work on
the role of RGS proteins in inflammatory disease, but we will
discuss emerging data on RGS control of leukocyte function
that provide insights for atherosclerosis.

In the cardiovascular system, RGS2 and RGS5 control
physiological regulatory responses to blood pressure and
cardiac rhythmicity, whereas changes in the expression of
Rgs3 and Rgs4 have been associated with heart failure in
humans [87]. RGS1 has been linked to cardiovascular disor-
ders and in particular chemokine signalling in inflammation.
Rgs1 mRNA has been reported to be expressed in the left
ventricularmyocardiumof patientswith dilated and ischemic
cardiomyopathy [88], and mRNA transcripts are also present
in the heart and aorta of septic animals [89].

Emerging evidence for a role for RGS1 specifically in
atherosclerosis is provided by several human studies that
have measured Rgs1 gene expression in vascular disease.
During inflammation, increased chemokine signalling can
contribute to disease progression through overactivation and
recruitment of monocyte-macrophages.

Anger et al. found Rgs1mRNA upregulation in advanced
calcified aortic valve stenosis [90]. In a gene array study
to investigate plaque rupture, stable and unstable human
carotid artery atherosclerotic plaques were examined. Rgs1
mRNA was found to be upregulated 12-fold with plaque
instability [74]. Likewise, gene expression profiling of human
atherosclerotic and nonatherosclerotic coronary arteries, also
measured an increased Rgs1 expression in atherosclerotic
coronary arteries [76]. Studies from our laboratory have
identified Rgs1 as one of the differentially expressed genes in
the thoracic aortas of 16-week-old atherosclerotic 𝐴𝑝𝑜𝐸−/−

mice, compared with 8-week-old 𝐴𝑝𝑜𝐸−/− mice (unpub-
lished data).Rgs1 expression is associatedwith atherosclerotic
plaque progression, and furthermore these results correlated
with the expression of the macrophage marker, CD68 indi-
cating a role for Rgs1 in macrophage function.

The role of RGS1 in the regulation of in vivo chemotactic
responses has been highlighted in studies of Rgs1 −/− mice.
These studies have been limited to lymphocytes and the
control of B-lymphocyte homing to lymph nodes, since
RGS1 is highly expressed in germinal centres [91]. However
this provides an insight into its potential role in leukocyte
function. The migration of activated B-lymphocytes to these
centres is regulated by their expression of distinct chemokine
receptors such as CXCR4 and CXCR5 [92]. Additionally in
vitro, Rgs1−/− B-lymphocytes show increased chemotaxis and
calciummobilisation to CXCL12 and CXCL13 [91]. Following
chemokine pre-exposure, they still retain this exaggerated
response to these chemokines due to impaired desensitisation
[82, 91]. These differences support altered in vivo function
as Rgs1−/− mice exhibit excessive germinal centre forma-
tion following immunisation and abnormal trafficking of
antibody-secreting cells, implying inappropriate recruitment
of B-lymphocytes into germinal centres during the humoral
immune response [91]. Collectively, these studies present
evidence that RGS1 is key regulator of leukocyte trafficking
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and is critical in downregulating the response to sustained
chemokine signalling.

Further recent evidence for a role for RGS1 in leukocyte
chemotaxis is more complex. In assessing in vivo migration,
Agenès et al. used parabiotic mice to investigate naı̈ve and
regulatory T-lymphocyte (Treg) migration [93]. Näıve T-
lymphocytes migrated more readily than Tregs. Chemotaxis
of näıve T-lymphocyteswas correlatedwith a downregulation
of RGS1, whereas Tregs were characterised by an elevated
expression of RGS1. This suggested that an increase in RGS1
may increase desensitisation and reduce the capacity of T-
lymphocytes to migrate [93]. A recent study has shown
that RGS1 expression is higher in human gut T-lymphocytes
in comparison to peripheral blood T-lymphocytes and that
it reduces intestinal T-lymphocyte migration to lymphoid
homing chemokines [94]. Furthermore, when Rgs1 −/− and
wild type T-lymphocytes were transferred in the colitismodel
in Rag2 deficient mice which lack mature lymphocytes, Rgs1
deficiency showed a protective phenotype indicating RGS1 in
having a potential role in T-lymphocyte retention in the gut
[94]. A proatherogenic role exists for T-lymphocytes, since
a deficiency in this cell type inhibits atherosclerotic lesion
development [95]. These studies in lymphocytes would give
us an insight into the role of RGS1 in atherosclerosis. Targeted
Rgs1 deletion may lead to enhanced chemokine signalling
in macrophages due to a lack of desensitisation resulting in
increased chemotaxis. This may propagate inflammatory cell
recruitment in vivowhich will augment atherosclerotic lesion
formation in Rgs1−/− mice on an atherosclerotic background.

7. Conclusions

Many of the in vivo studies highlighted here have demon-
strated the importance of regulatory proteins in chemokine
biology and that dysregulation of GPCR signalling can lead
to both pro- and antiatherogenic responses. This underlines
that enhanced or impaired desensitisation and that signal
termination of GPCRs can lead to altered leukocyte traf-
ficking in inflammation. Their roles in controlling leukocyte
recruitment may yield insight into the mechanism of patho-
logical recruitment and retention of leukocytes at sites of
atherosclerotic plaque. Understanding this additional layer
of control and specificity to our understanding of disease
biology may help us both further understand the specificity
that is achieved by this widely expressed system and allow us
to target this system with therapeutics.

To target these downstream regulatory pathways, we need
to understand when inhibition or enhancement of activity is
required, given the opposing roles of the regulatory proteins
in atherosclerotic mice. Heterozygotic GRK2+/− mice on the
LDLr background have reduced atherosclerosis [72], and
overexpression ofGRK2 is linked to heart failure [96], imply-
ing that inhibiting GRK2 would be beneficial. Currently, the
GRK2/3 family have been targeted for inhibition, but this has
proven ineffective due to inhibitors lacking selectivity [96].
In contrast, in neurological disorders, gene therapy has been
raised as a potential tool for enhancing GRK6 activity by
overexpression [96]. GRK5 would be an ideal target to be

therapeutically activated since GRK5−/−𝐴𝑝𝑜𝐸−/− mice have
increased atherosclerosis [73]. However, enhancing activity
of GRK5/6 requires further elucidation on the mechanism
behind their cellular concentrations, degradation and tran-
scription, and is currently speculative.

Modulating chemokine signalling by targeting RGS pro-
teins is still in early development and requires much more
understanding on their physiological regulation. Current
research has focussed on altering RGS protein interactions
with G𝛼 protein subunits or by changing the localisation or
expression of a particular RGS protein in a cell type [97].
Given the regulation of RGS protein expression in different
cells and that they act at different G𝛼 proteins, it may be
possible to achieve a high degree of target specificity. For
example, suppressing RGS1 in inflammatory tissue by an
inhibitor which might result in enhanced G𝛼i signalling
might prevent the retention of cells which would normally
progress inflammation. Different RGS proteins would require
either inhibitors or potentiators to attenuate or enhance G-
protein action, and the possibilities have been discussed
in detail by Zhong and Neubig [98]. In comparison to
chemokine biology, the role of GPCR regulatory proteins in
atherosclerosis is still limited, but with the development of
new experimental mouse models in the last 5 years, this field
will expand and enable the discovery of novel therapeutic
strategies in cardiovascular inflammation.
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Pentraxin 3 (PTX3) is an essential component of the humoral arm of innate immunity and belongs, together with the C-reactive
protein (CRP) and other acute phase proteins, to the pentraxins’ superfamily: soluble,multifunctional, pattern recognition proteins.
Pentraxins share a common C-terminal pentraxin domain, which in the case of PTX3 is coupled to an unrelated long N-terminal
domain. PTX3 in humans, like CRP, correlates with surrogate markers of atherosclerosis and is independently associated with the
risk of developing vascular events. Studies addressing the potential physiopathological role of CRP in the cardiovascular systemwere
so far inconclusive and have been limited by the fact that the sequence and regulation have not been conserved during evolution
between mouse and man. On the contrary, the conservation of sequence, gene organization, and regulation of PTX3 supports the
translation of animalmodel findings in humans.While PTX3 deficiency is associatedwith increased inflammation, cardiac damage,
and atherosclerosis, the overexpression limits carotid restenosis after angioplasty. These observations point to a cardiovascular
protective effect of PTX3 potentially associated with the ability of tuning inflammation and favor the hypothesis that the increased
levels of PTX3 in subjects with cardiovascular diseases may reflect a protective physiological mechanism, which correlates with the
immunoinflammatory response observed in several cardiovascular disorders.

1. Introduction

Several inflammatory mediators have been implicated in
the pathogenesis of cardiovascular disorders (CVD) [1] and
most of them, such as the flogistic molecules CD40 and
its soluble ligand, the adhesion molecules ICAM-1, VCAM-
1, E-selectin and P-selectin, the peptides NT-proBNP and
troponin T, and fibrinogen, are useful as systemic biomarkers
for inflammation and tissue damage associated with CVD
[2, 3]. However, the acute phase protein which is widely used
as a biomarker of cardiovascular and inflammatory disorders
is the classical C-reactive protein (CRP), a component of
the pentraxin superfamily [4]. Pentraxins are an essential
component of the humoral arm of innate immunity and are
a superfamily of soluble, multifunctional, pattern recognition

proteins characterized by a cyclic multimeric structure [5, 6].
In addition to CRP, the pentraxin superfamily includes the
long pentraxin 3 (PTX3), a protein composed by a long
characteristic N-terminal domain coupled to the C-terminal
pentraxin domain which is emerging as an important player
in immunity and inflammation [6].The aim of this paper will
be to discuss the experimental and clinical relevance of PTX3
in cardiovascular diseases.

2. The Pentraxin Superfamily

The pentraxin superfamily is characterized by the presence,
in the carboxy-terminal region, of the “pentraxin domain”,
composed of a conserved 8-amino-acid long sequence
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(HxCxS/TWxS, where x is any amino acid) [6]. Pentraxins
are divided into short and long pentraxins based on the
primary structure of the protein: CRP and serum amyloid
P-component (SAP) are two well-characterized short pen-
traxins of about 25-kDa, mainly produced by hepatocytes in
response to proinflammatory mediators, such as IL-6 [6, 7].
In humans, plasma levels of CRP are below 3mg/L under
normal conditions but could increase up to 1000 folds in 48
hours during the acute-phase response; this is not true for
SAP plasma levels which are relatively stable (30–50mg/L)
even during the acute-phase response [6].

PTX3, which is the prototypic long pentraxin, was identi-
fied in the early 1990s, as amolecule rapidly induced by IL-1 in
endothelial cells (ECs) or by tumor necrosis factor (TNF) in
ECs and fibroblast [8, 9]. The protein presents a high degree
of conservation from mouse to human (82% identical and
92% conserved amino acids) and is induced in a variety of
somatic and innate immunity cells by primary inflammatory
stimuli [6]. PTX3 plays a nonredundant role as a soluble
pattern recognition receptor for selected pathogens [10] but
is also critical for extracellular matrix (ECM) deposition,
fertility, and vascular biology [6, 11]. In addition, in humans,
PTX3 plasma levels increase during vascular atherosclerosis,
inflammation, or damage [12] especially after myocardial
infarction and reach the peak much earlier compared to CRP
[13].This prompted the research to investigate whether PTX3
may represent a rapid biomarker for primary local activation
of innate immunity and inflammation [11].

3. PTX3: From Molecular Structure
to Physiological Implications

3.1. Gene Organization, Protein Structure, and Production.
The human PTX3 gene has been localized on chromosome
3 band q25 and is organized in three exons separated by
two introns: the first two encode the signal peptide and the
N-terminal domain of the protein, respectively, whereas the
third exon encodes the C-terminal domain, the pentraxin
sequence with high degree of conservation with short pen-
traxins [8]. The murine gene shows high evolutionary con-
servation in sequence, gene organization and regulation [14].
Indeed, the proximal promoters of both human and murine
PTX3 genes share numerous potential enhancer-binding
elements, including activator protein-1 (AP-1), nuclear factor
kappa B (NF-𝜅B), and selective promoter factor 1 (SP1). It has
been shown that the NF-𝜅B-binding site is essential for the
transcriptional response to pro-inflammatory cytokines, as
TNF-𝛼 and interleukin 1𝛽 (IL-1𝛽), whereas AP-1 controls the
basal transcription of PTX3 [14, 15].

The mature secreted PTX3 protein consists of a major
45 kD form of monomers, which are assembled to form
multimers predominantly of 440 kD apparent molecular
mass [6]. The N-glycosylation site in the C-terminal domain
[16] affects the binding of PTX3 to a number of ligands and
links changes in the glycosylation status with the modulation
of the activity [16].

PTX3 is induced in several cell types, including
ECs, fibroblast, smooth muscle cells (SMCs), adipocytes,

mesangial cells, and synoviocytes, following the exposure to
several inflammatory signals: IL-1𝛽, TNF-𝛼, TRL agonists,
and microbial components, including lipopolysaccharide
(LPS), lipoarabinomannan, outer membrane proteins,
peptidoglycan, and oxidized lipids [8, 9, 17–21]. Also in
myeloid cells, such as monocytes and dendritic cells (DCs),
PTX3 expression is induced by pro-inflammatory stimuli;
polymorphonuclear cells (PMNs) instead do not express
PTX3 messenger RNA [17] but present the protein stored in
specific granules in a ready-to-use form, which is released
in response to microorganisms or TLR agonists [22].
In these cells the protein localizes in extracellular traps
extruded from activated PMNs (neutrophil extracellular
traps) and contribute to the generation of an antimicrobial
microenvironment essential to trapping and killing microbes
[23, 24]. More recently also anti-inflammatory molecule
were shown to modulate PTX3 expression. Glucocorticoid
hormones (GCs) induce and enhance the protein expression
under inflammatory conditions in fibroblast, but not in
myeloid cells [25], while high-density lipoproteins (HDLs),
which possess a series of vascular protective activities
[26], induce PTX3 expression in endothelial cells [27]. The
latter mechanism requires the activation of the PI3K/Akt
pathway through G-coupled lysosphingolipid receptors
and is mimicked by sphingosine 1 phosphate and other
S1P mimetics [27], physiologically present in HDL and
responsible for some of the activities linking HDL to the
immunoinflammatory response [28].

3.2. Multifunctional Properties of PTX3 in Innate Immunity.
PTX3 is a key player of the humoral arm of the innate
immunity and its physiological functions are associated to
the recognition and binding to different ligands, including
microbial moieties, complement components, and P-selectin.

Similarly to short pentraxins, PTX3 recognizes the
highly conserved pathogen-associated molecular patterns
(PAMPs) expressed by microorganisms [29] and binds a
number of bacteria, fungi, and viruses. A specific binding
has been observed to conidia of Aspergillus fumigatus [10],
Paracoccidioides brasiliensis, and zymosan [30], to selected
gram-positive and gram-negative bacteria [10, 18, 31] and
finally to some viral strains, including human and murine
cytomegalovirus and influenza virus type A (IVA) [31, 32].

Both short pentraxin and PTX3 bind apoptotic cells and
facilitate their clearance [33, 34]. Surface boundCRP activates
the classical pathway of complement through interaction
with C1q, thus leading to cells elimination [35]. Cell-bound
PTX3 might favor the clearance of apoptotic cells [34, 36] by
enhancing the deposition of both C1q and C3 on cell surface
[35]. On the contrary, when in the fluid phase, PTX3 interacts
with C1q and dampens the deposition on apoptotic cells and
the resulting phagocytosis by DCs and phagocytes [37–40].

In addition to PTX3 C1q recognizes and binds to ficolin-
2 and mannose-binding lectin (MBL), thus modulating the
classical and the lectin pathways of complement activation
[41]. The best described and characterized ligand of PTX3
is the first component of the classical complement system
C1q [35, 41]; PTX3 interacts with the globular head of
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the protein [42] thus resulting in the activation of the classical
complement cascade only when C1q is plastic-immobilized,
a situation that mimics C1q bound to a microbial sur-
face. On the contrary, when the interaction occurs in the
fluid phase, a dose-dependent inhibition of C1q haemolytic
activity is observed, suggesting a possible inhibitory effect
by competitive blocking of relevant site [35]. A further
level of modulation of complement activation by PTX3 is
dependent on the glycosylation status of the protein; indeed,
deglycosylation or desialylation enhance PTX3 binding to
C1q, because of a reduction of the dissociation rate which
stabilizes the PTX3/C1q complex [16]. PTX3 interacts with
ficolin-2 [43] and the MBL [44], thus promoting also the
activity of the lectin-dependent complement pathway and
favors complement deposition on A. fumigatus conidia and
opsonophagocytosis of Candida albicans by polymorphonu-
clear leucocytes [45]. Of note, PTX3 interacts also with
Factor H [46] and C4b-binding protein (C4BP) [33, 47], two
inhibitors of the complement cascade, thus probably favoring
a negative feedback, limiting an exaggerated complement
activation. Recently, it has been shown that PTX3 competes
with leukocyte PSGL-1 for the interaction with P-selectin
through the binding of the N-linked glycosidic moiety in the
C-terminal domain of PTX3. This mechanism was shown, in
vivo, to inhibit the rolling of leukocytes on P-selectin and
to limit P-selectin-dependent inflammation by dampening
excessive neutrophil recruitment and extravasation [48].

4. PTX3: An Emerging Player in
Cardiovascular Diseases

In the last decade, the presence of PTX3 was detected in the
myocardium and in the vasculature under different patho-
logical conditions which was paralleled by the observation of
increased plasma PTX3 levels in patients with cardiovascular
disorders [12]. These data prompted the research toward the
investigation of the role of PTX3 as biomarker, player, or
both in the context of cardiovascular disease. So far a role
for PTX3 was described in the context of angiogenesis, vas-
cular restenosis, atherosclerosis, and myocardial infarction
(Figure 1).

4.1. Role of PTX3 in Angiogenesis and Restenosis. PTX3
dampens fibroblast-growth-factor-2-(FGF2-) dependent ECs
proliferation [49] in vitro and this results in the inhibition
of angiogenesis, the process of new blood vessel formation
[50–52]. Transfection of PTX3 in normal microvascular
endothelial cells (MVECs) blunts their angiogenic properties,
while PTX3 silencing by small interfering RNA restores
the ability of the cells to produce capillaries and promotes
angiogenesis [53].

This effect is dependent on the ability of PTX3 to bind
with high affinity and selectivity FGF-2 [51, 54] which in
turn results in the inhibition of the interaction of FGF2
with tyrosine-kinase receptors (FGFRs) and heparin sulphate
proteoglycans (HSPGs) on the surface of ECs and SMCs,
thus dampening the generation of the proangiogenic complex
HSPG/FGF2/FGFR [20].

Interestingly, TSG6, the secreted product of tumor necro-
sis factor-stimulated gene, reverts the inhibitory effects
exerted by PTX3 on FGF2-dependent angiogenesis through
competition with FGF2/PTX3 interaction, thus exerting a
proangiogenic function [55]. The interaction between TSG-
6 and the N-terminal domain of PTX3 plays also a funda-
mental role in female fertility: TSG-6, the glycosaminoglycan
hyaluronan (HA), inter-𝛼-trypsin inhibitor (I𝛼I), and PTX3
all cooperate in the formation of an ECM around the
preovulatory oocyte, the cumulus oophorus complex (COC)
matrix [56, 57].These interactions are essential for the correct
organization of the viscoelastic matrix of cumulus oophorus
and the lack of PTX3 is associated with female subfertility, as
a consequence of cumulus matrix instability [58, 59].

The FGF/FGFR system plays also a crucial role in SMC
proliferation, migration, and survival in vitro [60–63] and
neointimal thickening after arterial injury in vivo [64, 65].
These processes are critically involved in restenosis, the
process of blood vessel narrowing that frequently occurs
after percutaneous transluminal coronary angioplasty of
atherosclerotic arteries. The possibility that PTX3, by inter-
acting with FGF2, could inhibit FGF2-dependent SMCs acti-
vation and intimal thickening after carotid injury is indeed
intriguing. Experimental data confirmed this hypothesis and
the overexpression of PTX3 in vivo or exogenously added
PTX3 in vitro resulted in the inhibition of FGF2-dependent
SMCs proliferation [54]. This effect was associated with
the suppression of the mitogenic and chemotactic activities
exerted by endogenous FGF2 on these, sequestering the
growth factor in an inactive form [54].

These observations suggest that PTX3 could act as an
“FGF2 decoy” and may represent a potent inhibitor of the
autocrine and paracrine stimulations exerted by FGF2 on
SMCs and point to a novel therapeutic role of PTX3 in the
treatment of restenosis after angioplasty [45].

4.2. PTX3 and Atherosclerosis. Immunohistochemical stain-
ing of advanced atherosclerotic lesions revealed a strong
expression of PTX3 on the surface of lumen as well as
within the atherosclerotic plaque in animal models and in
humans [66, 67]. Cholesterol accumulation in the intima
of the vessels, the major pathological feature of atheroscle-
rosis, is associated with the induction of an immune-
inflammatory response resulting in the recruitment ofmono-
cyte/macrophages, PMNs and in the activation of ECs, which
are all able to produce PTX3 in response to inflamma-
tory stimuli normally associated with atherogenesis. IL-1
and TNF𝛼 are both expressed in advance atherosclerotic
lesions [68–70] and these molecules are major candidates
for regulating PTX3 expression [67]. Moreover, it has been
demonstrated that the disruption of the internal layers of
the vessel, after coronary stenting in patients with severe
atherosclerosis, causes the increase of PTX3 plasma lev-
els already after 15 minutes [71]. Furthermore, neutrophils
and monocytes/macrophages could contribute to the large
amount of PTX3 observed in arterial thrombi and aortic
tissue in patientswith different degrees of atherosclerosiswith
acute myocardial infarction [72].



4 Mediators of Inflammation

PTX3

Protective functions

Cardio inflammatory state

PTX3 deficiency

↓ FGF2 activity ↓ P-selectin function

↑

↑

↑

↑

↑

↑

↑

Atherosclerosis

↑ Heart damage and inflammation

Myocardial lesions

Atherosclerotic lesions
Macrophage accumulation

Tissue damage with a greater no-reflow area

SMCs proliferation and migration
Intimal thickening after arterial injury
Restenosis

Neutrophil and macrophage infiltration

Bone marrow monocytosis

↓

↓

↓

↓

↓

↓

Recruitment and extravasation of leukocytes
Platelet prothrombotic action
Tissue damage and inflammation

Figure 1: Effects of PTX3 in cardiovascular diseases. PTX3 plasma levels rapidly increase during atherosclerosis andMI in humans andmice.
PTX3 could then interact with FGF2 and/or P-selectin and exert cardiovascular protective activities. On the contrary, PTX3 deficiency leads
to increased heart damage and inflammation after MI and atherosclerosis.

Oxidized LDL (but not native LDL) increases PTX3
mRNA expression in vascular SMCs (VSMCs), an effect
dependent on NF-𝜅B activation [21]. In turn, PTX3 could
favor the clearance of lipid-loaded macrophages and VSMCs
apoptotic cells mediating their removal by mature DCs [21].
A similar effect could rely on the atheroprotective activity of
HDL that was shown to induce PTX3 expression [28] and
potentially promote the same mechanism [73].

The potential role of PTX3 in atherosclerosis was recently
addressed in PTX3/apolipoprotein E (ApoE) double knock-
out mice [66]. Normally mice are poorly susceptible to
atherosclerosis [74]; therefore, the effects of the deficiency or
the overexpressions of a protein have to be tested inmice with
a background susceptible to atherosclerosis. For this reason,
specific transgenic mice were generated and among them,
mice lacking apoE or LDL-receptor are widely used [74–76].

PTX3 KO/Apo E KO mice developed larger atheroscle-
rotic lesions compared to Apo E KO, an observation
that was coupled to increased macrophage accumulation,
increased bone marrow monocytosis, and, interestingly,
increased expression of adhesion molecules, cytokines, and
chemokines in the vascular wall. These findings suggest an
increased immune-inflammatory response in PTX3 KO/Apo
E KO mice compared to Apo E KO animals [66].

PTX3 expression, similar to that of CRP, is increased
also in coronary plaques of patients with unstable angina
pectoris (UAP) compared to those with stable angina (SAP).
Nevertheless, PTX3 and CRP distribution is different; PTX3
expression is increased in complicated plaque compared to
fibroatheroma, while the opposite is true for CRP; moreover
abundant PTX3 was detected in intraplaque hemorrhage,
while CRP stainingwasmore intense in lipid rich plaque [77].
Finally PTX3 is highly expressed in CD163-positive areas
which normally marks anti-inflammatory M2 macrophages
[77].

In summary, PTX3 is produced following stimulation of
macrophages, SMCs, and ECs with LPS, IL-1, TNF, or oxLDL
and is able to induce tissue factor [78, 79]. Functional data
clearly point to a cardiovascular protective effect [12] which is
associated with the ability to dampen ischemic heart disease
and atherosclerosis.

4.3. PTX3 in Ischemic Heart Disease. Plasma concentration
of PTX3 rapidly rises in the early phase after ischemic heart
disorders in humans and animal models [13, 67, 80, 81]
suggesting the possibility that PTX3 could also play a role
in myocardial infarction. To this aim coronary artery ligation
and reperfusion was performed in PTX3-deficient mice [81].
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Following myocardial infarction, increased PTX3 mRNA
and protein expression was observed in the ischemic area
of the heart. PTX3 KO mice had greater myocardial lesions,
an increased tissue damage with a greater no-reflow area,
increased neutrophil and macrophage infiltration, decreased
number of capillaries, and increased number of apoptotic
cardiomyocytes, a phenotype reversed by the use of exoge-
nous PTX3 [81]. The possibility that PTX3 could dampen
an excessive complement system activation is supported by
the observation that C3 deposition is increased in infarct
areas of PTX3 KO mice [81]. Of note, in the intestinal
ischemia/reperfusion model, obtained by the total occlu-
sion of the superior mesenteric artery, Souza and col-
leagues showed that PTX3 overexpression is associated with
increased cytokines production, tissue inflammation, and a
reduced survival [82]. This finding was later confirmed in
PTX3 KO mice which showed an opposite profile [83].

These works clearly highlight different roles played by
PTX3 in mediating reperfusion injury in the heart, where its
function is protective and localized, rather than the intestine,
where PTX3 has a harmful role [83] and could also indicate
that the molecule may have different functions in different
settings or temporal windows of vascular pathology.

More recently, the identification of P-selectin as a target
protein of PTX3 [48] raised the possibility that this mech-
anism could be relevant in disorders where the excessive
neutrophil recruitment to activated endothelium and collat-
eral damages associated to leukocyte activation such as acute
coronary syndromes could play a role [84].

Maugeri and colleagues identified PTX3 stored in neu-
trophils’ secondary granules as an attractive candidate that
leads to the increased plasma levels of the protein after early
AMI [85].The depletion of neutrophil intracellular PTX3was
also associated with increased platelets-neutrophil aggregates
and with the binding between PTX3 and activated platelets,
which dampens their inflammatory potential and prothrom-
botic action [85]. Future studies should investigate whether
PTX3might exert a protective role in AMI by dampening the
neutrophil-activation loop during atherothrombosis.

5. PTX3: A Clinical Biomarker
of Cardiovascular Inflammation

Following myocardial infarction (MI), PTX3 plasma levels
peak within 7.5 hours as compared to CRP which peaks
around 50 hours [13]. In MI patients, PTX3 but not CRP,
after adjustment for major risk factors and other acute phase
proteins, independently predicted 3-month mortality [80].
These data, suggesting PTX3 as a strong prognosticmarker of
CVD death, paved the road for several studies addressing its
role as a biomarker of cardiovascular inflammation (Figure 2)
independently of other acute phase proteins such as CRP.

5.1. PTX3 in Subclinical Atherosclerosis and Peripheral Vascu-
lar Diseases. Ultrasound detection and quantification of the
common carotid artery wall thickness (intima-media thick-
ness, IMT) (CCA-IMT) is considered a surrogate marker of
subclinical atherosclerosis [86].

In the Bruneck study, PTX3 plasma levels, although not
correlated with CCA-IMT, were higher in individuals with
atherosclerotic plaques and prevalent vascular diseases [87].

Also in patients with metabolic syndrome, PTX3 levels
were directly correlated with CCA-IMT [88]; this correlation,
however, was no longer significant after adjustment for HDL-
C levels. As not only PTX3 but also HDL sense changes in the
immune response [89], the possibility that, in patients with
metabolic syndrome, changes in PTX3 orHDL-C levels could
both reflect similar alterations in the immunoinflammatory
profile should not be excluded. The analysis of the predictive
value of PTX3 levels on IMT progression, in addition to the
association with IMT, is warranted to support the relevance
of PTX3 as a marker of preclinical atherosclerosis.

PTX3 levels, together with proteinuria, were also shown
to be independently associated with endothelial dysfunction
in end-stage renal disease patients [90]; this suggests the
possibility that PTX3 could also represent a biomarker
of peripheral vascular damage. Studies investigating PTX3
levels in relation to arterial stiffness, peripheral artery disease
(PAD), or pulse wave velocity (PWV) are warranted to clarify
this issue.

5.2. PTX3 in Acute Coronary Syndromes. PTX3 is present in
the intactmyocardium, increases in the blood of patients with
acute myocardial infarction, and represent an early indicator
of myocytes irreversible injury in ischemic cardiomyopathy
[13].

In a large cohort of patients with myocardial infarction,
with ST elevation, PTX3 but not the liver-derived short
pentraxin CRP or other cardiac biomarkers (NT-proBNP,
TnT, CK) predicted 3-month mortality after adjustment for
major risk factors and other acute-phase prognostic markers
[80]. Of note, ECG-documented postinfarction angina, re-
infarction, or induced ischemia after the provocative test
was not affected by this marker. A similar observation was
confirmed in the Cardiovascular Health Study where PTX3
was showed to be independently associated with increased
risk of all-cause death and cardiovascular-disease-(CVD-)
related mortality (also after adjusting for all major cardio-
metabolic risk factors) [91]. Further studies confirmed that
PTX3 represents a more specific marker for acute coronary
syndrome (ACS) compared to neutrophil activating peptide-
2 (NAP-2) and cardiac troponin I (cTnI) in patients with
unstable angina pectoris, NSTEMI, and STEMI within the
first six hours of the onset of chest pain [92]; furthermore
its coronary sinus plasma levels positively correlate with
the Gensini score and negatively with multidetector-row
computed tomography plaque density (while hsCRP did not)
[93]. These findings support the concept of PTX3 as a very
sensitive marker of plaque inflammation and vulnerability
and of the prognosis of the coronary disease.

Patients with unstable angina pectoris and those who
undergo percutaneous coronary intervention generally
present PTX3 levels three times higher than the reference
range [94]. Coronary stenting enhances circulating PTX3
levels in association with an inflammatory response and
the levels are positively correlated with the increase in
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Figure 2: PTX3 as a marker of cardiovascular inflammation. A variety of cell types produce PTX3 in response to pro- and anti-inflammatory
signals. Increased PTX3 levels are useful as a marker of different cardiovascular diseases including (a) cardiac inflammatory disorders, such
as HF, MI, and atrial fibrillation, and (b) vascular damage, as IMT, PCI, and restenosis.

activated Mac-1 on the surface of neutrophils at 48 h in the
coronary sinus [71]. These data suggest that PTX3 may be a
useful marker for evaluation of inflammatory reaction and
neointimal thickening after coronary vascular injury and
also myocardial infarction.

5.3. PTX3 in Heart Failure. The role of inflammation in
the progression of chronic heart failure (HF) is debated.
Among the different markers of inflammation tested PTX3
was consistently associated with outcomes in HF patients
[95]. In two large independent clinical trials (CORONA and
GISSI-HF), baseline elevated PTX3 was associated with a
higher risk of all-cause mortality cardiovascular mortality or
hospitalization for worsening HF. Three-month changes in
PTX3 were associated with fatal events after adjustment for
hsCRP or NT-proBNP [95].

PTX3 levels were positively associated with the severity of
dilatative cardiomyopathy and increased risk of HF [96]. Fur-
thermore high PTX3 plasma levels (but not CRP, interleukin-
6, or TNF-𝛼) were associated with an echocardiographic
measure of left ventricular dysfunction (E/𝑒 ratio) in controls
without HF and in patients with HF and normal or reduced
ejection fraction [97]. PTX3 levels were significantly elevated
in patients with HF but normal ejection fraction (HFNEF)
and the protein was observed in the coronary circulation in
patients with left ventricular diastolic dysfunction (LVDD)
[97] indicating that PTX3, but not high-sensitivity CRP, is

an independent inflammatory marker correlated with the
presence of LVDD and HFNEF.

The clinical application of assessing blood PTX3 for
predicting HF development is debated [98] and studies
addressing how PTX3 would compare with established HF
markers, such as B-type natriuretic peptide, are warranted.

6. Conclusions

PTX3 has emerged as a key acute-phase protein associated
with inflammation in cardiovascular disorders, including
heart failure, atherosclerosis, acute coronary syndromes, and
peripheral vascular diseases. More importantly the predictive
value of PTX3 appears to be independent of other risk
factors including other markers of the same superfamily such
as CRP. The rapid increase of PTX3 plasma levels during
cardiovascular events as a consequence of rapid synthesis
by various cell types supports the idea that PTX3 could be
an early indicator of the activation of both immune and
inflammatory responses.

Data from animalmodels suggest that this increasemight
reflect a feedback mechanism involved in dampening an
excessive inflammation rather than only the consequence
of the activation of the immunoinflammatory system. The
ability of PTX3 to control infections and subsequent inflam-
mation will fit with this hypothesis [10, 48].
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In conclusion, available data indicate PTX3 as a potential
target for therapy. While rosuvastatin was shown to increase
PTX3 levels in patients with HF this activity was not associ-
ated with a beneficial effect [95]. On the contrary pitavastatin
treatment was associated with reduced PTX3 levels [99]. The
pharmacological relevance of targeting PTX3 in relation to
clinical benefits would represent therefore a main subject of
investigation for further studies.
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and E. Kale, “Comparative diagnostic accuracy of serum lev-
els of neutrophil activating peptide-2 and pentraxin-3 versus
troponin-I in acute coronary syndrome,” Anadolu Kardiyoloji
Dergisi, vol. 11, no. 7, pp. 588–594, 2011.

[93] T. Soeki, T. Niki, K. Kusunose et al., “Elevated concentrations of
pentraxin 3 are associated with coronary plaque vulnerability,”
Journal of Cardiology, vol. 58, no. 2, pp. 151–157, 2011.

[94] K. Inoue, A. Sugiyama, P. C. Reid et al., “Establishment of a
high sensitivity plasma assay for human pentraxin3 as a marker
for unstable angina pectoris,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 27, no. 1, pp. 161–167, 2007.

[95] R. Latini, L. Gullestad, S. Masson et al., “Pentraxin-3 in chronic
heart failure: the CORONA and GISSI-HF trials,” European
Journal of Heart Failure, vol. 14, no. 9, pp. 992–999, 2012.

[96] N. Kotooka, T. Inoue, S. Aoki, M. Anan, H. Komoda, and K.
Node, “Prognostic value of pentraxin 3 in patients with chronic
heart failure,” International Journal of Cardiology, vol. 130, no. 1,
pp. 19–22, 2008.

[97] J. Matsubara, S. Sugiyama, T. Nozaki et al., “Pentraxin 3 is a new
inflammatory marker correlated with left ventricular diastolic
dysfunction and heart failure with normal ejection fraction,”
Journal of the American College of Cardiology, vol. 57, no. 7, pp.
861–869, 2011.

[98] B. M. Kaess and R. S. Vasan, “Pentraxin 3-a marker of diastolic
dysfunction and HF?” Nature Reviews Cardiology, vol. 8, no. 5,
pp. 246–248, 2011.

[99] H. Ohbayashi, C. Miyazawa, K. Miyamoto, M. Sagara, T.
Yamashita, and R. Onda, “Pitavastatin improves plasma pen-
traxin 3 and arterial stiffness in atherosclerotic patients with
hypercholesterolemia,” Journal of Atherosclerosis and Thrombo-
sis, vol. 16, no. 4, pp. 490–500, 2009.



Hindawi Publishing Corporation
Mediators of Inflammation
Volume 2013, Article ID 931562, 9 pages
http://dx.doi.org/10.1155/2013/931562

Research Article
Inflammatory Mediator Profiling Reveals Immune
Properties of Chemotactic Gradients and Macrophage
Mediator Production Inhibition during Thioglycollate
Elicited Peritoneal Inflammation

Derek Lam, Devon Harris, and Zhenyu Qin

Division of Vascular Surgery, Department of Surgery, University of Texas Health Science Center at San Antonio,
San Antonio, TX 78229, USA

Correspondence should be addressed to Zhenyu Qin; qinz@uthscsa.edu

Received 28 December 2012; Revised 17 February 2013; Accepted 24 February 2013

Academic Editor: Miao Wang

Copyright © 2013 Derek Lam et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Understanding of spatiotemporal profiling of inflammatory mediators and their associations with MΦ accumulation is crucial to
elucidate the complex immune properties. Here, we used murine thioglycollate elicited peritonitis to determine concentrations of
23 inflammatory mediators in peritoneal exudates and plasma before (day 0) and after (days 1 and 3) thioglycollate administration
to peritoneal cavities; these mediators included TNF-𝛼, FGF-9, IFN-𝛾, IP-10, RANTES, IL-1𝛼, IL-6, IL-7, IL-10, IL-11, IL-12p70, IL-
17A, lymphotactin, OSM, KC/GRO, SCF, MIP-1𝛽, MIP-2, TIMP-1, VEGF-A, MCP-1, MCP-3, and MCP-5. Our results showed that
concentrations of most mediators in exudates and plasma reached peak levels on day 1 and were significantly reduced on day 3.
Conversely,MΦnumbers started to increase on day 1 and reached peak levels on day 3.Moreover, LPS treatment in vitro significantly
induced mediator productions in cell culture media and lysates fromMΦ isolated on day 3. Our results also showed that on day 0,
concentrations of many mediators in plasma were higher than those in exudates, whereas on day 1, the trend was reversed. Overall,
the findings from thioglycollate elicited peritonitis reveal that reversible chemotactic gradients between peritoneal exudates and
blood exist in basal and inflamed conditions and the inflammatory mediator production in vivo is disassociated with macrophage
accumulation during inflammation resolution.

1. Introduction

During the early stage of inflammatory diseases, the gradients
of some of the inflammatory mediators play important
roles in the recruitment of leukocytes to inflamed areas.
In this stage, monocytes and macrophages (MΦ) are the
secondary line of inflammatory cells after neutrophils. In
contrast to the recruited neutrophils with short life spans
due to apoptosis [1], MΦ have longer life spans and play
a more important role in the clearance of neutrophils via
phagocytosis. In addition to leukocyte recruitment, another
primary response to inflammation is the secretion of the
inflammatory mediators, including both proinflammatory
mediators such as interleukin (IL)-1, IL-6, and tumor necrosis
factor (TNF)-𝛼, and anti-inflammatory mediators such as
IL-10. These mediators are produced mainly by leukocytes

within the inflamed areas and they elicit particular immune
responses to target cells or tissues via specific receptors
and signaling pathways. Thus, it is important to understand
the spatiotemporal association between the inflammatory
mediator profiling and leukocyte accumulation.

Murine thioglycollate elicited peritonitis is an appropriate
model with which to study inflammatory events that are
accompanied by inflammatory mediator production and
leukocyte accumulation. In this model, neutrophil numbers
start to increase and reach peak levels between 4 and 24
hours after treatment, while MΦ numbers start to increase
at 24 hours and reach peak levels at 3 to 4 days. We
reported that copper is accumulated in the peritoneal MΦ
lack of ATP7A [2]. The peritoneal cavity is colonized with
leukocytes. Under steady conditions, the resident peritoneal
cells include MΦ, T cells, B cells, NK cells, mast cells, and
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dendritic cells [3, 4]. ResidentMΦ and dendritic cells provide
a basal immune surveillance. Notably, a newly described
population in adipose tissue, associated lymphoid clusters,
has been observed in the murine peritoneal cavity [5]. In
addition to these immune cells, mesothelial cells that line the
peritoneum also serve as a source of inflammatory mediators
within the peritoneal cavity [6, 7]. Although controversy
exists on the subject, the role of resident peritoneal MΦ
in thioglycollate elicited murine peritonitis appears to be
minimal. For example, following the selective depletion of
resident MΦ (86% reduction) by pretreatment of mice with
liposomes containing Cl

2
MDP (clodronate), thioglycollate

administration did not alter neutrophil accumulation into
peritoneal cavities [8]. A similar finding also occurred when
mast cells were selectively depleted (95% reduction) by the
pretreatment of mice with compound 48/80 [8]. Interest-
ingly, resident MΦ depletion inhibited neutrophil influx in
lipopolysaccharide (LPS) induced peritonitis, whereas MΦ
depletion increased neutrophil influx in zymosan induced
peritonitis [8]. Previously, studies also showed that thio-
glycollate treatment ousted nearly all of the resident peri-
toneal MΦ in the draining lymph nodes within 4 hours
[9, 10]. Although large-scale studies have been performed
to investigate the association between thioglycollate induced
inflammatory mediator production and peritoneal leukocyte
accumulation in vivo, these studies were usually designed
to elucidate elegant mechanisms that were related to the
functions of specific proteins in these events. Therefore, a
global view is needed of the inflammatory mediator profiling
and its association with leukocyte accumulation. Thus, we
recently investigated the concentrations of multiple inflam-
matory mediators in peritoneal exudates and plasma before
(day 0) and after (day 1 and 3) thioglycollate administration
to murine peritoneal cavities. This study reveals important
immune properties that are related to chemotactic gradients
and the inhibition of MΦmediator production in vivo.

2. Materials and Methods

2.1. Mice. C57BL/6 males (The Jackson Laboratory, Bar
Harbor,ME,USA)were used for this study at 10–14weeks old.
The animal protocol was approved by Institutional Animal
Care and Use Committee of the University of Texas Health
Science Center at San Antonio.

2.2. Thioglycollate Induced Peritonitis. Peritoneal cavities
were lavaged with 3% Brewer thioglycollate broth (Sigma-
Aldrich, St. Louis, MO) to establish acute sterile peritonitis.
During the peritoneal exudate collection,mice were excluded
from further studies if obvious adhesions were observed
between the peritoneum and skin and/or if marked increases
were observed in peritoneal thickness of peritoneum.

2.3. Collection of Blood and Peritoneal Exudates. Mice were
euthanized at indicated times, and heparinized blood was
collected from the hearts. Blood samples were centrifuged
at 250×g for 5 minutes for plasma isolation. Subsequently,
in order to collect peritoneal exudates, one milliliter of

1x phosphate buffered saline (PBS) was administered via
intraperitoneal (i.p.) injection. Peritoneal exudates were har-
vested following 60 seconds of peritoneal massage. After
centrifugation at 250×g for 5 minutes, the supernatant exu-
dates were collected. Both the plasma and exudate samples
were stored at −80∘C before further studies. After the first
administration of 1mL of PBS, mice were administered a
second dose of 3mL of 1xPBS. The cell pellets from these
two administrations were combined and resuspended in 1mL
of red blood cell lysis buffer (Hybri-Max, Sigma-Aldrich)
at room temperature for 1min. Next, the mixtures were
washed with RPMI 1640 medium (Hyclone, Logan, UT)
that was supplemented with 10% fetal bovine serum (FBS),
100 units/mL of penicillin, and 100mg/L of streptomycin.
Cells were then pelleted and resuspended in the same growth
medium at room temperature for further studies.

2.4. Flow Cytometry. Peritoneal exudate cells were first incu-
bated with Fc block (anti-CD16/CD32) (BD Biosciences, San
Jose, CA) for 20min and stained for surface expression using
anti-Ly6G-PE (BD Biosciences) and/or anti-F4/80-AF647
(Serotec, Oxford, UK) for 30min. All washing and staining
were performed with 2% FBS in PBS. At least 22,000 cells
were analyzed for each sample. The numbers of neutrophils
and macrophages were calculated by multiplying the total
cell number by the percentage of positive cells for each
immunostain.

2.5. Peritoneal MΦ Isolation and Treatment with Lipopolysac-
charide (LPS). Peritoneal exudate cells were placed on
polystyrene Petri dishes (95mm × 15mm) at 1–0.5 ×
106 cells/mL for two hours at 37∘C in a humidified 95% air-
5% CO

2
atmosphere. Then these cells were washed twice to

remove nonadherent cells. The MΦ purity was confirmed by
F4/80 staining and morphology.

LPS (Sigma-Aldrich) is extracted from Escherichia coli
serotype O55:B5 and purified by gel filtration chromatog-
raphy. LPS stock solution was prepared in double distilled
water at a concentration of 5mg/mL. During the experiment,
murine peritoneal MΦ at 0.5 × 106 cells/mL were first placed
into a 24-well plate with growth area at 2 cm2 for 4 h. Cells
were then treated 24 h with LPS. After collection of cell
culture media, the cell pellets were lysed with 50mM Tris-
HCl with 2mM EDTA, pH 7.4. Both cell culture media and
lysates were stored at −80∘C before further studies.

2.6. Detection of Inflammatory Mediators. Twenty-three
inflammatory mediators were analyzed in plasma, peritoneal
exudates, cell culture media, and lysates using a bead-based
multiplexing immunoassay (Myriad RBM, Austin, TX) [11,
12]. These mediators included TNF-𝛼, fibroblast growth
factor (FGF) 9, interferon (IFN) 𝛾, IFN-𝛾-inducible protein
(IP) 10, RANTES, IL-17A, IL-12p70, IL-11, IL-10, IL-7, IL-6,
IL-1𝛼, lymphotactin, oncostatin-M (OSM), growth-regulated
𝛼 protein (KC/GRO), stem cell factor (SCF), macrophage
inflammatory protein (MIP)-1𝛽, MIP-2, tissue inhibitor of
metalloproteinase (TIMP)-1, vascular endothelial growth
factor (VEGF)-A, monocyte chemotactic protein (MCP)-1,
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MCP-3, and MCP-5. For the analyses, samples were first
thawed, vortexed, and centrifuged before being loaded into
a 96-well microtiter plate. Next, the microtiter plate was
placed onto a liquid handler machine in which the samples
were automatically added to reaction wells that contained
capture beads.The beads were incubated with the samples for
1 hour at room temperature to allow the antigens of interest
to bind to their targets. Multiplexed cocktails of biotinylated,
reporter antibodies for eachmultiplex were added to the bead
mixtures, andwere incubated for 1 hour at room temperature.
Multiplexes were developed using an excess of streptavidin-
phycoerythrin solution that was thoroughly mixed into each
multiplex and incubated for 1 hour at room temperature. The
plates were washed to remove unbound detection reagents
and were read on a Luminex 100 instrument, in which the
excitation beams detected the fluorescent signals of each
bead. A minimum of 50 beads were detected per protein,
per sample. All values were reported as the means. For each
multiplex, both calibrators and controls were included on
each microtiter plate. This assay was validated by ELISA
[13, 14] and has been widely used to determine murine
inflammatory mediator profiling at the protein levels [15].

2.7. Statistics. For each inflammatory mediator, the mean ±
standard error (SE) was calculated for each experimental
group. Data were compared by Student’s t-test (two tails).
Significant differences were defined as having P values <
0.05. For inflammatory mediator detection in plasma and
exudates, if more than 50% of the samples from an exper-
imental group were below the detection limit, the group
was marked as undetectable. If fewer than (or equal to)
50% of samples from an experimental group were below the
detection limit, the least detectable dose was used as the
concentration of these samples for further statistics. For the
fold increase determination in the LPS treatment studies,
if the pretreatment sample values were below the detection
limit, the least detectable dose was used to estimate the fold
increase.

3. Results

In our studies, we first determined the total cell numbers
and numbers of neutrophils and MΦ in the peritoneal
exudates before and after thioglycollate treatment. As shown
in Figure 1, the total numbers of cells in the peritoneal
exudates increased nearly 10-fold on day 1 (10.74± 0.54 × 106
neutrophils and 5.48 ± 0.28 × 106MΦ; 𝑛 = 3) compared to
day 0 (0.87±0.06 × 104 neutrophils and 1.07±0.07 × 106MΦ;
𝑛 = 4), and reached peak levels on day 3 (1.94 ± 0.09 × 106
neutrophils and 40.19 ± 1.87 × 106MΦ; 𝑛 = 4).

3.1. Inflammatory Mediator Concentrations in Peritoneal Exu-
dates Reached the Peak on Day 1 Following Thioglycollate
Treatment In Vivo. We analyzed the concentrations of 23
inflammatory mediators at three timepoints in peritoneal
exudates following thioglycollate treatment. As shown in
Figure 2, the concentrations of all mediators reached peak
levels on day 1. Based on the concentration levels in the
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Figure 1: Fold increases of total cell numbers in peritoneal exudate
during thioglycollate treatment in vivo. C57BL/6 mice (males)
were treated with thioglycollate as described in Section 2. At three
timepoints, before (day 0) and after (day 1 and 3) the treatment,
peritoneal exudate cells were isolated and counted as described in
Section 2. Fold increases were calculated as the cell number at a
timepoint divided by the cell number on day 0 (defined as 1). Values
are presented as the means ± SE. 𝑛 = 3-4 per timepoint. ∗𝑃 < 0.001
versus day 0.

exudates on day 1 (Table 1), these mediators were divided
into three groups. The concentrations of the first group,
which included MCP-1, MCP-3, FGF-9, MIP-1𝛽, and TIMP-
1, reached nanogram levels. Considering that these mediator
concentrations were higher than those of other groups, these
are likely the most important candidates to affect the induc-
tion of the MΦ accumulation on day 3. The concentrations
of the mediators in the second group were determined
to be in the picogram range, including IL-17A, KC/GRO,
IFN-𝛾, IL-6, IL-11, MIP-2, IL-12p70, lymphotactin, TNF-𝛼,
MCP-5, IL-7, IP-10, IL-10, IL-1𝛼, OSM, SCF, and VEGF-A.
The concentrations of the third group were lower, in the
femtogram range, including RANTES. Notably, in order to
collect the peritoneal exudates, one milliliter of PBS was
administered to the peritoneal cavities. Although we cannot
accurately evaluate the volumes of original peritoneal fluid
prior to PBS administration so far, our observation indicates
that the volumes were lower than 0.5mL. Thus, a 3-fold
dilution before and after PBS administration was assumed in
the evaluation of the original concentrations of the mediators
in peritoneal exudates.

3.2. Concentrations of Inflammatory Mediators In Vivo Were
Generally Lower in Plasma than Those in Peritoneal Exudates
on Day 1 afterThioglycollate Treatment. As shown in Figure 2
and similar to that observed in the exudates, the production
of most mediators, except lymphotactin, reached peak levels
in plasma on day 1. IL-7, IL-10, IL-11, and IL-12p70 were
not detected in the plasma samples. Because comparisons
of mediator concentrations between exudates and plasma
would allow the source of the increased concentrations of
mediators on day 1 to be identified, we calculated the ratios
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Figure 2: Concentration changes of 23 inflammatory mediators in peritoneal exudates and blood during thioglycollate treatment in vivo.
C57BL/6 mice (males) were treated with thioglycollate as described in Section 2. At three timepoints, before (day 0) and after (day 1 and 3)
the treatment, peritoneal exudates and plasma were isolated as described in Section 2.The concentrations of 23 inflammatory mediators were
determined by a bead-based multiplexing immunoassay as described in Section 2. Values are represented as the means ± SE. 𝑛 = 3–8 per
timepoint. Data are from two independent experiments. ∗Denotes that the mediator was undetectable at the indicated timepoint.

of mean values between exudates versus plasma for each
mediator concentration. Based on our previous assumption
that the exudates were likely diluted 3-fold, we chose 0.33
as an arbitrary threshold: if the ratio was higher than 0.33,
the concentration of the mediator was likely higher in the
exudates than in the plasma, and the source of the increased
concentrations of the mediators was likely to be in the
exudates. If the ratio was lower than 0.33, the concentration

of the mediator was likely higher in the plasma than in the
exudates, and the source of the increased concentrations of
the mediators was likely to be in the plasma. There were
19 mediators with detectable concentration levels in both
exudates and plasma (Table 1). Among these, 5 mediators
exhibited ratios higher than 0.33 in addition to significant
differences between the exudate and plasma concentrations
(𝑃 < 0.05); these included lymphotactin, MIP-1𝛽, RANTES,
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Table 1: Concentrations and ratios of inflammatory mediators in
exudates and plasma on day 1 after thioglycollate treatment in vivo∗.

Exudates
(A, 𝑛 = 3)

Plasma
(B, 𝑛 = 4)

Ratio of
mean value
between A
and B

FGF-9 2.60 ± 0.26 2.23 ± 0.51 1.17

KC/GRO 11.33 ± 2.33 335.00 ± 127.05 0.03

IFN-𝛾 14.00 ± 1.53 10.90 ± 3.52 1.28

IP-10 114.00 ± 16.70 117.50 ± 5.72 0.97

IL-1𝛼 170.33 ± 3.53 282.00 ± 71.17 0.60

IL-6 18.67 ± 0.67 14.65 ± 4.24 1.27

IL-17A 6.23 ± 0.92 2.81 ± 1.62 2.22

Lymphotactin∗∗ 38.70 ± 1.45 98.00 ± 5.28 0.40

MIP-1𝛽∗∗ 3373.33 ± 274.73 610.25 ± 105.45 5.53

MIP-2 26.70 ± 0.67 35.75 ± 10.38 9.75

MCP-1 1069.33 ± 341.10 364.25 ± 65.35 2.94

MCP-3 2193.33 ± 579.55 970.50 ± 64.64 2.26

MCP-5 89.00 ± 21.50 69.25 ± 1.65 1.29

OSM 260.00 ± 17.32 231.25 ± 79.01 1.12

SCF 707.00 ± 21.55 1084.50 ± 198.52 0.65

RANTES∗∗∗ 0.09 ± 0.01 0.04 ± 0.00 2.17

TIMP-1∗∗ 38.67 ± 3.18 7.40 ± 0.85 5.23

TNF-𝛼∗∗ 71.67 ± 2.96 35.75 ± 2.93 2.01

VEGF-A 820.33 ± 18.44 943.00 ± 109.18 0.87
∗

The unit for all concentrations is pg/mL, except FGF-9 and TIMP-1 as
ng/mL.
∗∗
𝑃 < 0.001.
∗∗∗
𝑃 < 0.05.

All other samples 𝑃 > 0.05.

TIMP-1, and TNF-𝛼, indicating their origins from exudates.
Thirteen mediators exhibited ratios higher than 0.33 and
had no significant differences between exudate and plasma
concentrations (𝑃 > 0.05); these included MCP-1, MCP-
3, FGF-9, IL-6, MIP-2, IFN-𝛾, MCP-5, IP-10, IL-1𝛼, IL-
17A, OSM, SCF, and VEGF-A. However, a clear trend was
observed inwhich the concentrations in exudateswere higher
than those in plasma, indicating that these mediators were
highly likely to originate in the exudates. Only one mediator,
KC/GRO, had a ratio lower than 0.33 and an insignificant
difference between exudate and plasma concentrations (𝑃 >
0.05). These findings indicate that, for most of inflammatory
mediators, the increases in mediator concentrations on day 1
likely originate from the exudates.

3.3. Inflammatory Mediator Concentrations In Vivo Were
Generally Significantly Reduced in Peritoneal Exudates on Day
3 versus Day 1 after Thioglycollate Treatment. As shown in

Figure 2, there were ten mediators for which the concentra-
tions in the exudates were below the detection limits at both
day 0 and day 3; these included KC/GRO, IL-17A, IFN-𝛾,
IL-6, IL-11, IL-12p70, TNF-𝛼, IL-7, IL-10, and OSM. There
were 3 mediators, RANTES, MCP-1, and IL-1𝛼, for which
the concentrations in exudates were detectable on day 3,
but not day 0; the concentrations of these mediators were
significantly reduced on day 3 when compared to those on
day 1 (𝑃 < 0.01). Another group of 10 mediators were
detected at all three timepoints; except for VEGF-A, the
concentrations of these mediators were significantly reduced
on day 3 compared to day 1 (𝑃 < 0.005). Among these
10 mediators, the day 3 concentrations of FGF-9 and MIP-
2 reduced to the levels of those on day 0 (𝑃 > 0.05).
Thus, the concentrations of the mediators (except VEGF-A)
in peritoneal exudates on day 3 were significantly reduced
compared to those on day 1.

3.4. Basal Concentrations of Inflammatory Mediators In Vivo
AreHigher in Plasma than in Exudates. As shown in Figure 2,
there were eight inflammatory mediators that were detected
in both plasma and exudates on day 0: IP-10, lymphotactin,
MIP-2, MCP-3, MCP-5, SCF, TIMP-1, and VEGF-A. Table 2
compared the concentrations of these detectable mediators
and calculated the ratios of mean values between plasma
and exudate concentrations. Using an estimated threshold
of 0.33 as previously described, the concentrations of these
eight mediators were significantly higher in plasma than in
exudates at basal conditions (𝑃 < 0.001).

3.5. LPS Induces the Production of Inflammatory Mediators
In Vitro in Peritoneal MΦ That Were Isolated from Mice
Treated with Thioglycollate for Three Days. In contrast to the
maximum numbers of peritoneal MΦ that were observed
on day 3 after thioglycollate treatment (Figure 1), the general
production of inflammatory mediators was reduced signif-
icantly at this timepoint in both peritoneal exudates and
blood (Figure 2). Thus, an intriguing question is whether
the peritoneal MΦ switch to a subset with an irreversibly
low capacity to produce these mediators between days 1
and 3. To address this issue, peritoneal MΦ were isolated
on day 3, purified, and treated with LPS for 24 hours. As
shown in Table 3, after the treatment, inflammatorymediator
productions were markedly increased in both cell culture
media and lysates. There were eleven mediators with greater
than 10-fold production increases in culture media; these
included IL-1𝛼,MIP-2,MCP-1,MCP-3, IFN-𝛾, TIMP-1, TNF-
𝛼, IP-10,MCP-5, IL-6, andMIP-1𝛽. Notably, the fold increases
in mediator concentrations between culture media and cell
lysates were generally consistent (𝑃 > 0.05), except for IL-
6, MCP-3, RANTES, and TIMP-1, hinting the participation
of posttranslational mechanisms in the regulation of the
production of these mediators.

4. Discussion

In this study, we investigated the spatiotemporal profiling
of multiple inflammatory mediators at different times (days
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Table 2: Concentrations of inflammatory mediators in exudates and plasma at basal condition in vivo.

Exudates (A, 𝑛 = 6) Plasma (B, 𝑛 = 8) Ratio of mean value
between A and B on day 0

Ratio on day 1

IP-10 3.05 ± 0.12 44.00 ± 4.88 0.07 0.97
lymphotactin 7.57 ± 0.68 89.50 ± 15.23 0.09 0.40
MIP-2 3.63 ± 0.26 12.59 ± 1.61 0.29 9.75
MCP-3 3.42 ± 0.16 59.50 ± 2.66 0.06 2.26
MCP-5 0.73 ± 0.10 7.83 ± 1.32 0.09 1.29
SCF 119.00 ± 6.88 472.00 ± 39.11 0.25 0.65
TIMP-1 0.20 ± 0.02 0.61 ± 0.05 0.32 5.23
VEGF-A 50.62 ± 12.06 403.50 ± 43.57 0.13 0.87
(1) 𝑃 < 0.001 between A and B for all groups.
(2) The unit for all concentrations is pg/mL, except TIMP-1 as ng/mL.
(3) The ratio on day 1 is derived from Table 1.

Table 3: Fold increases of inflammatory mediator productions in
cell culture media and lysates of murine peritoneal macrophages
following LPS treatment for 24 h in vitro.

Fold increase
Culture media (A, 𝑛 = 2) Cell lysates (B, 𝑛 = 4)

IL-11 1.66 ± 0.03 4.65 ± 1.30

OSM 1.78 ± 0.10 11.91 ± 3.55

IL-7 1.90 ± 0.16 8.75 ± 2.82

SCF 1.94 ± 0.15 11.86 ± 3.30

Lymphotactin 1.98 ± 0.22 6.14 ± 1.61

FGF-9 2.22 ± 0.23 2.48 ± 1.10

IL-10 3.29 ± 0.08 7.71 ± 2.33

IL-12p70 4.36 ± 0.93 2.20 ± 0.96

VEGF-A 4.81 ± 1.36 2.72 ± 0.53

KC/GRO 6.21 ± 2.87 17.28 ± 5.00

RANTES∗∗ 8.93 ± 3.00 1.87 ± 0.55

IL-1𝛼 10.44 ± 2.36 225.12 ± 126.41

MIP-2 12.61 ± 6.43 25.01 ± 11.05

MCP-1 14.17 ± 0.80 12.95 ± 1.56

MCP-3∗∗ 17.69 ± 1.20 11.44 ± 0.98

IFN-𝛾 17.94 ± 1.23 29.28 ± 11.75

TIMP-1∗∗ 20.87 ± 3.31 10.32 ± 0.97

TNF-𝛼 20.93 ± 8.58 42.44 ± 17.07

IP-10 44.65 ± 14.11 28.17 ± 7.03

MCP-5 47.69 ± 23.83 3.72 ± 0.32

IL-6∗ 81.43 ± 11.59 33.04 ± 4.43

MIP-1𝛽 127.89 ± 103.35 20.52 ± 9.87
∗

𝑃 < 0.01 A versus B.
∗∗
𝑃 < 0.05 A versus B.

All other groups, 𝑃 > 0.05.

0, 1, and 3) and in different locations (peritoneal cavity and
blood vessels) during thioglycollate treatment in vivo. Thus,
our discussionwill focus on two immune properties that were

revealed by the investigation of multiple mediators, rather
than the biological significance of a specific mediator.

4.1. Chemotactic Gradient between Blood and Peritoneal
Exudates. Leukocyte accumulation in inflamed tissues is a
vital immune response to inflammation, which is guided
by chemotactic gradients of a goup of proinflammatory
mediators. Indeed, thioglycollate induced peritonitis has
been widely used as a model with which to investigate the
mechanisms behind the correlation between chemotactic
gradients and leukocyte accumulation. Using this model,
proteins that are newly identified in the process of leukocyte
accumulation include a heterotrimeric Gi-protein G

𝛼i2 [16],
polypeptide N-acetylgalactosamine transferase-1 [17], SLP-
76 [18], ADAP [18], and sphingosine 1-phosphate receptor
2 [19]. Our current studies provided additional evidence to
demonstrate these concepts, in which at basal levels, the
mediator concentrations generally in the blood were higher
than those in exudates (Table 2). This finding indicates the
presence of a reversed chemotactic gradient at basal levels
between the blood vessels and peritoneal cavity, which likely
plays a critical role in the prevention of MΦ emigration
from circulating peripheral blood. Although only some of
the mediators show significant differences between exudates
and blood on day 1 following thioglycollate treatment, a trend
is obvious (Table 1): the mean value ratios of all detectable
mediator concentrations in the exudates versus blood were
below 0.33 (down to 0.07) on day 0, while all ratios were
above 0.33 (up to 9.75) on day 1. This finding indicates that
although inflammatorymediator concentrations in both exu-
dates and blood were increased one day after thioglycollate
treatment, the increased concentrations of most mediators in
exudates were higher than in blood. These results elucidate
that overlapping chemoattractant gradients exist between the
blood and peritoneal exudates on day 1 after thioglycollate
treatment, which allows MΦ migration to reach maximum
levels on day 3.

Severalmodels have been proposed previously to evaluate
chemotactic gradients, such as the in vitro agarose gel-filled
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tissue culture dish [20] and ex vivo cocultures with mouse
cremaster muscle in agarose gel [21]. Our studies provide
evidence that thioglycollate induced peritonitis is another
model with which to study chemotactic gradients in vivo,
such as genetically modified mice.

4.2. Inhibition of Inflammatory Mediator Production in MΦ.
Wewere surprised to discover initially that the productions of
nearly all inflammatorymediators in both exudates andblood
were reduced on day 3 following thioglycollate treatment,
because MΦ are believed to be major producers for inflam-
matory mediators andMΦ numbers reach peak levels on day
3. However, this result can be interpreted by the previous
finding that the phagocytosis of apoptotic neutrophils by
MΦ results in the inhibition of proinflammatory mediator
production [22]. Although this previous finding is based
on in vitro models, our result hints that this early finding
could be applied to in vivo models. Because increased cell
death, as characterized by early and late apoptotic cells,
can be detected as early as 4 hours after thioglycollate
treatment [23], it is highly likely that MΦ gradually lose the
ability to produce inflammatory mediators after taking up
apoptotic cells in vivo. However, there are some differences
between our in vivo study and the previous in vitro study.
For example, previous studies showed that treatment with
apoptotic cells during monocyte activation increased the
production of anti-inflammatory cytokine IL-10, whereas in
our model, IL-10 production was not increased on day 3,
hinting that regulation of IL-10 production in vivo is more
complicated.

Our studies also showed that the increased neutrophil
andMΦ accumulation promote inflammatory mediator pro-
ductions within the first day after thioglycollate treatment,
indicating that the level of neutrophil and MΦ accumula-
tion determines the intensity of inflammation in the early
stage of inflammation. The resolution stage of inflamma-
tion is defined as the interval from maximum neutrophilic
accumulation to the point at which neutrophils are fully
removed from the tissue [24]. During this stage, neutrophils
are undergoing apoptosis and are subsequently cleared by
MΦ and other phagocytic cells. Our studies also indicated
that in the resolution stage of inflammation, increased MΦ
accumulation is not associatedwith themediator productions
and the level of MΦ accumulation likely determines the
persistence of inflammation.

Extensive evidence from both clinical studies and animal
models has implicated the dysregulation of inflammatory
mediators as a contributing factor in the pathophysiological
progression of cardiovascular disease, such as atherosclerosis
[25], abdominal aortic aneurysm, and cardiac infarction
[26]. In addition, peritoneal MΦ are a reasonable model for
mimicking cardiovascular MΦ responses [27, 28], including
foam cell formation [29, 30], MΦ recruitment [31, 32], MΦ
apoptosis [33], and cytokine production [34]. In this regard,
the regulation of MΦ accumulation has been proposed as
a therapeutic approach to regulate inflammatory mediator
production [35, 36]. Our results hint that the optimal period
of this therapeutic intervention is likely to be in the early stage
of inflammation.
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Background. The diagnosis of acute myocarditis (AMC) and inflammatory cardiomyopathy (DCMi) can be difficult. Speckle track-
ing echocardiography with accurate assessments of regional contractility could have an outstanding importance for the diagnosis.
Methods and Results. 𝑁 = 25 patients with clinically diagnosed AMC who underwent endomyocardial biopsies (EMBs) were
studied prospectively. Speckle tracking imaging was examined at the beginning and during a mean follow-up period of 6.2 months.
In the acute phase patients had markedly decreased left ventricular (LV) systolic function (mean LV ejection fraction (LVEF)
40.4 ± 10.3%). At follow-up in 𝑛 = 8 patients, inflammation persists, correlating with a significantly reduced fractional shortening
(FS, 21.5 ± 6.0%) in contrast to those without inflammation in EMB (FS 32.1 ± 7.1%, 𝑃 < 0.05). All AMC patients showed a
reduction in global systolic longitudinal strain (LS, −8.36 ±−3.47%) and strain rate (LSR, 0.53 ± 0.29 1/s). At follow-up, LS and LRS
were significantly lower in patients with inflammation, in contrast to patients without inflammation (−9.4±1.4 versus −16.8±2.0%,
𝑃 < 0.0001; 0.78±0.4 versus 1.3±0.3 1/s). LSR andLS correlate significantlywith lymphocytic infiltrates (forCD3 𝑟 = 0.7,𝑃 < 0.0001,
and LFA-1 𝑟 = 0.8, 𝑃 < 0.0001). Conclusion. Speckle tracking echocardiography is a useful adjunctive assisting tool for evaluation
over the course of intramyocardial inflammation in patients with AMC and DCMi.

1. Introduction

Acute myocarditis (AMC) is a serious disorder, whereby the
clinical course and presentation are highly variable [1, 2].
Acute “infarct-like” changes to the ECG, a positive troponin
T measurement, and a finding of edema, in patients with
clinically suspected myocarditis indicates nonspecifically,
virus-associated or inflammatory cell-associated injury to
the myocardium. Both complete recovery of left ventricular
(LV) function and progression to LV dysfunction have been
described. Subsequently, dilated cardiomyopathy (DCM)
may result from chronic inflammatory activation due to an
inadequate immune response [3].

To make a specific diagnosis on which to base causative
treatment, it is important to take endomyocardial biopsies
(EMBs) [4–6].The immunohistochemical characterization of
infiltrates compared with LV dysfunction has led to a new
entity of secondary cardiomyopathies acknowledged by the
WHO, the inflammatory cardiomyopathies (DCMi). Ongo-
ing viral persistence and intramyocardial inflammation diag-
nosed in EMBs have been associated with an adverse prog-
nosis in DCM with an increased risk of cardiac death or the
need or cardiac transplantation [7–11]. EMB-based diagnosis
is gaining an increasing relevance in clinical practice because
controlled clinical trials have demonstrated beneficial effects
of immunomodulatory therapies [12–14].
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Figure 1: Quantitative analysis of global longitudinal strain (in %)
in AMC at baseline and at followup in patients with inflammation
(𝑛 = 8) in EMB and without inflammation (𝑛 = 17) at followup.
Columns represent mean ± standard deviation with ∗𝑃 < 0.05.

Findings in conventional echocardiography are in addi-
tion to systolic dysfunction, increase of LV diameter, regional
wall motion abnormalities, diastolic dysfunction, and unspe-
cific changes in image texture [15]. However, there is a lack
of specific distinguishing features in AMC and suspected
DCMi, and in cases where a preserved LV systolic function
had been noted, diagnosis of myocarditis has often failed.

The advent of speckle tracking has dramatically expanded
the scope of echocardiography. In that, strain and strain rate
measurements are new quantitative indices of intrinsic car-
diac deformation in real time, providing accurate assessment
of regional contractility, and are presumed to be independent
of translational motion and other through-planemotion [16–
21]. Whether or not these techniques have incremental utility
over conventional echocardiography in the course of AMC
and DCMi still remains unclear.

We therefore analysed speckle tracking echocardiography
as a new assisting tool for comprehensive assessment of textu-
ral and functional alterations of left ventricular myocardium
during the course of AMC and DCMi.

2. Methods

2.1. Study Design. The present study’s subjects consisted of
25 consecutive patients (17 males, 8 females) admitted to our
institute from January 2007 to November 2010.

The diagnosis of AMC was ascertained clinically. We
included patients who presented with a very recent onset of
congestive heart failure symptoms, with an abrupt onset of

complaints such as angina or dyspnoea, and any infarct-
like presentation like elevated serum markers of myocardial
injury (troponin T and creatine kinase/creatine kinase MB)
and/or newly developed ECG changes (ST segment elevation
or T wave inversion).Themean time interval from new onset
of symptoms till admission to the hospital was 1.7±0.3weeks.

The demographic and clinical characteristics of patients
at baseline are summarized in Table 1. All patients underwent
heart catheterization for the evaluation of the coronary
status. After angiographic exclusion of any coronary artery
disease and other possible causes of LV dysfunction, EMBs
from the right ventricular septum were obtained using a
flexible bioptome (Westmed, Germany) via the femoral vein
approach [22].

All patients were invited to a followup after 6.2 months.
Assessment included physical examination, conventional
echocardiography, speckle tracking imaging, and EMBs.
Patients with severe arterial hypertension, valvular heart
disease, and metabolic and endocrine diseases were excluded
from the study.

2.2. Analysis of Endomyocardial Biopsies

2.2.1. Histology and Immunohistochemical Staining. EMBs
were obtained from the RV septum, frozen in liquid nitrogen,
and stored at−80∘C. For each patient, several biopsies (at least
five) were analysed. The histological sections were paraffin-
embedded and haematoxylin-eosin-(HE-) stained and exam-
ined according to the Dallas criteria [23].They were analysed
by light microscopy for evidence of myocardial necrosis and
presence of infiltrates. The coded slides were examined in a
blinded fashion. For immunohistological evaluation, speci-
mens were embedded in Tissue Tec (SLEE, Mainz, Germany)
and immediately snap-frozen in methyl butane which had
been cooled in liquid nitrogen and then again stored at−80∘C
until processing. Embedded specimens were cut serially into
cryosections having a 5𝜇mthickness and placed on 10%poly-
L-lysine precoated slides. Immunohistochemistry was used
for the characterization of inflammatory infiltrates and cell
adhesion molecules (CAMs).

Myocardial inflammation was defined by the detection
of infiltrating lymphocytes (CD3+ T-lymphocytes (Dako,
Glostrup, Denmark; dilution 1 : 25) and CD11a/LFA-1+ lym-
phocytes (Immuno Tools, Friesoythe, Germany; dilution
1 : 250), considered as positive intramyocardial inflammation
at threshold cell count >14.0 cells/mm2) and macrophages
(CD11b/Mac-1 (Immuno Tools, Friesoythe, Germany; dilu-
tion 1 : 500), considered as positive intramyocardial inflam-
mation at threshold cell count >35.0 cells/mm2) in associa-
tion with enhanced expression of cell adhesion molecules/
area fraction (AF); HLA-1 (Dako, Glostrup, Denmark; dilu-
tion 1 : 2000), ICAM-1 (Immuno Tools, Friesoythe, Germany;
dilution 1 : 800). As secondary antibody, we used the enhanc-
ing EnVision peroxidase conjugated anti-mouse antibody
(DakoCytomation, Hamburg, Germany). Immunohistolog-
ical staining was visualized using 3-amino-9-ethylcarbazole
(Merck, Darmstadt, Germany) as a chromogenic substrate.
Finally, the slides were counterstained in hematoxylin and
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Figure 2: Analysis of global longitudinal strain (in %) correlated with inflammation in EMB. (a) Correlation between global longitudinal
strain and CD3 positive T-lymphocytes. (b) Correlation between global longitudinal strain and LFA-1 positive lymphocytes. (c) Correlation
between global longitudinal strain and Mac-1 positive cells used as marker for macrophages and (d) correlation between global longitudinal
strain and HLA-1 expression.

mounted with Kaiser’s gelatinR (Merck, Darmstadt, Ger-
many). The staining and peroxidase reactions in all samples
were carried out identically and in parallel for all samples.
Immunoreactivity was quantified by digital image analy-
sis (DIA; unit: area fraction) at 200-fold magnification as
described elsewhere [24]. Representative images are shown
in Figure 3.

2.2.2. Detection of Viral Genomes in EMBs by nPCRand qPCR.
Four specimens were submitted for molecular biological
investigation of cardiotropic viral genomes according to
published techniques [9]. In brief, nested polymerase chain
reaction (PCR)was performed onRNA extracted fromEMBs
for enteroviruses (EVs)—including coxsackie viruses and
echoviruses—and in DNA for Epstein-Barr virus (EBV), B19,
and human herpes virus 6 (HHV6). As a control for the
successful extraction of DNA and RNA from heart muscle
tissue, oligonucleotide sequences were chosen from the DNA

sequence of the glyceraldehyde 3-phosphate dehydrogenase
gene. Specificity of all amplification products was confirmed
by automatic DNA sequencing [7].

2.3. Echocardiographic Analysis

2.3.1. Definition and Assessment of Ventricular Function.
Conventional Doppler flow velocities were recorded in the
apical 4-chamber view obtained by a Vivid 7 (GE Healthcare,
Chalfont St Giles, UK) as described previously [25]. LVEF
was measured by using the biplane Simpson’s method. The
LV mass was calculated according to the formula proposed
by Devereux and divided by body surface area for LV mass
index calculation [26].Measurements were performed offline
using EchoPAC Version 7.0 (GE, Healthcare, Chalfont, St
Giles, UK). Left ventricular dimensions were measured from
the standard M-mode using the long parasternal axis view
according to the recommendations of the American Society
of Echocardiography [27].
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(a) (b)

(c) (d)

Figure 3: Representative images of EMBs: (a) HE staining of samples from patients with acute myocarditis at baseline, (b) immunohisto-
chemical staining of extremely increased CD3 positive T-lymphocytes in acute myocarditis at baseline, (c) immunohistochemical staining of
CD3 positive T-lymphocytes in patients without inflammation at followup, and (d) increased CD3 positive T-lymphocytes in patients with
proof of inflammation at followup (magnification 200×).

2.3.2. Speckle Tracking Imaging. Myocardial deformation
measurements were performed using speckle tracking imag-
ing. Three cardiac cycles were recorded as three-beat cine-
loop clips in apical four-chamber view and two-chamber
view. In each view, a global longitudinal strain and strain rate
curve were obtained, including all LV myocardial segments,
and using standard ECHOPAC application for two-dimen-
sional strain analysis. The average values of peak systolic
longitudinal strain and peak systolic strain rates for all views
were calculated as global systolic longitudinal strain (LS) and
strain rate (LSR), respectively [28, 29]. Representative images
are shown in Figure 4.

2.4. StatisticalMethods. Data are shown asmedian values and
standard deviations. After having established that the data
were not distributed normally, the nonparametric Mann-
Whitney U test was used. A probability value of <0.05 was
considered statistically significant. Data was analysed with
Graphpad 5.01 (PRISM, SanDiego, USA).

3. Results

3.1. Demographic and Clinical Data. Baseline population and
clinical characteristics are presented in Table 1. The study
included 25 patients, 17 males, 8 females, with a mean age of
41.3 ± 12.5 years. The entire cohort had been presented with

chest pain, ST elevation, and cardiac biomarker changes and
then proceeded to coronary angiography during the same
admission. The mean follow-up period was 6.2 months.

3.2. Detection of Viral Genomes, Histology, and Immunohis-
tological Staining in EMBs. At baseline in the acute phase,
severe increased immunohistological signs of inflammation,
infiltrative cells (mean 57.7±25.6 LFA-1 + lymphocytes/mm2
and mean 95.5 ± 44.8Mac 1 monocytes/macrophages/mm2)
as well as cell adhesion molecules (mean 0.082 ± 0.068HLA-
1/AF and 0.051 ± 0.042 ICAM-1/AF) were detected in all
patients. All EMB samples were classified as active myocardi-
tis positive according to the Dallas criteria [23]. Therefore,
they especially showed infiltrates in a focal pattern in the
neighbourhood of myocytolysis in the histology.

At followup in the EMBs of 𝑛 = 17 patients in regard to
the immunohistological staining, the number of neither T-
lymphocytic nor macrophage infiltrates was increased. Out
of these 17 patients, 𝑛 = 8 showed a mild increase of cell
adhesion molecules only. However, this, by definition, is not
to be considered as intramyocardial inflammation.

In 𝑛 = 8 patients a persistence of inflammation could
be observed. For details see Table 2. The frequencies of viral
genomes detected by nPCR are shown in Table 2. The pre-
valence of virus genomes was not found to be significantly
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Figure 4: Representative strain imaging by speckle tracking imaging in (a) patients with inflammation in EMB specimens at followup in a
4-chamber view, (b) 2-chamber view, (c) patients without EMB inflammation in a 4-chamber view, (d) 2-chamber view.

increased in patients with and without persistence of inflam-
mation at the followup.

3.3. Heart Dimensions and Systolic Function: Conventional
Echocardiography. Conventional echocardiographic measu-
rements at baseline and at follow-up are shown in Table 3.

Patients in acute myocarditis had markedly decreased LV
systolic function (mean LV ejection fraction (LVEF) 40.4 ±
10.3% and fractional shortening (FS) 19.3 ± 4.2%) and
ventricular dilation at baseline (left ventricular enddiastolic
diameter, LVEDD 59±8mm). Additionally, an increased sep-
tal thickness (13.1 ± 0.4mm) was observed in 𝑛 = 18 patients
with acute myocarditis. The interaction between grade of
inflammation and time for fractional shortening was statis-
tically significant (𝑃 = 0.0005).

During followup, one patient developed a dilated car-
diomyopathy. Six of the patients with an initial mildly redu-
ced EF did not recover fully in regard to their LV function.
Twenty of the patients showed a complete normalization of
LV function in the followup (Table 3).

At followup, patients for whom no inflammation had
been detected showed a marked improvement in the FS
(32.1 ± 7.1%), resulting in improved LV systolic function. In
the 𝑛 = 8 patients with inflammation in EMB at followup,
FS was significantly reduced (21.5 ± 6.0%). Spontaneous
resolution of LV thickening was observed in 𝑛 = 14 patients
at followup. The left ventricular mass index was significantly
different between patients with persistence of inflammation
and those with reconvalescence at followup and, moreover,
even increased in patients in the acute phase.

Complete normalization of ventricular function was
significantly more likely in patients with no inflammation
at followup, and the left ventricular diastolic dimension
remained significantly smaller in the group of patients with
inflammation at followup. One of the patients with an initial
mildly reduced LVEF developed DCM.

3.4. Speckle Tracking Imaging. Results of the speckle tracking
imaging are presented in Table 3. LSR and LS correlated with
LVEF (𝑟 = 0.573, 𝑃 = 0.03; 𝑟 = 0.05, 𝑃 = 0.02).

In the acute phase all patients showed a reduction in LSR
(0.53 ± 0.29 1/s) and LS (−8.36 ± −3.47%) even in those who
had preserved LV systolic function (Figure 1). Therefore LS
and LSR correlated significantly with grade of inflammation
in the acute phase (𝑃 = 0.001). At follow-up LS and LSR
(−9.4 ± −1.4 versus −16.8 ± −2.0%, 𝑃 < 0.0001; 0.78 ± 0.4
versus 1.3 ± 0.3 1/s, resp.) were significantly lower in patients
with inflammation, in contrast to the patients without
inflammation. In detail, LSR and LS correlate significantly
with lymphocytic infiltrates (for CD3 𝑟 = 0.7, 𝑃 < 0.0001,
and LFA-1 𝑟 = 0.8, 𝑃 < 0.0001) but not with monocytes/
macrophages (Mac-1) andCAMs; see Figure 2.Nodifferences
in LSR and LS measurements were seen in the acute phase at
baseline between the patientswho recover and those inwhom
inflammation was confirmed in the followup.

4. Discussion

The salient finding of this study is that speckle tracking imag-
ing is an assisting tool for comprehensive assessment of textu-
ral and functional alterations of left ventricular myocardium
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Table 1: Clinical characteristics.

Parameter Acute myocarditis
at baseline

Patients without
inflammation at followup

Patients with inflammation
at followup

Gender (m/f), 𝑛 17/8 11/6 5/3
Age, y 41.3 ± 12.5 40.4 ± 11.5 43.5 ± 14.7

BMI, kg/m2 27.0 ± 3.3 26.7 ± 3.5 27.1 ± 3.4

Arrhythmias, 𝑛 8 1 4
(i) Atrial fibrillation/flutter 6 1 2
(ii) Ventricular tachycardia 1 0 0
(iii) Bradycardia 0 0 0

Atrial ventricular block, 𝑛 0 0 0
Left bundle branch block, 𝑛 0 0 0
Hypertension, 𝑛 7 5 2
Hyperlipidaemia, 𝑛 4 2 2
Diabetes mellitus, 𝑛 1 1 0
𝛽-blockers, 𝑛 19 8 4
ACE inhibitors, 𝑛 21 4 4
Statins, 𝑛 4 2 2
Data were not significant between patients with and without inflammation at followup. Data are shown as mean ± standard deviation.
BMI: body mass index; ACE: angiotensin converting enzyme.

Table 2: Intramyocardial inflammation by immunohistochemistry and virus genomes by PCR.

Parameter Acute myocarditis at
baseline

Patients without Inflammation at
followup Patients with Inflammation at followup

Inflammation
CD3+/mm2

45.0 ± 17.0 4.9 ± 2.1 20.5 ± 5.4
∗

LFA-1+/mm2
57.7 ± 25.6 3.3 ± 7.1 29.3 ± 7.1

∗

Mac-1+/mm2
95.5 ± 44.8 19.8 ± 10.4 28.8 ± 13.2

HLA class I/AF 0.082 ± 0.068 0.045 ± 0.015 0.057 ± 0.009

ICAM-1/AF 0.051 ± 0.042 0.023 ± 0.017 0.033 ± 0.0137

Virus
Enterovirus, 𝑛 2 0 1
B19, 𝑛 17 9 10
HHV-6, 𝑛 1 1 0

∗Significant differences between patients with and without inflammation at followup. ns: not significant. Data are shown as mean ± standard deviation.

and correlates with EMB-proven inflammation in patients
with acute myocarditis and inflammatory cardiomyopathies.
In our study we could show wall motion abnormalities
demonstrated by decreased longitudinal strain in patients
with EMB-proven intramyocardial inflammation in DCMi
even in those who had a preserved LV systolic function.

Diagnosingmyocarditis and inflammatory cardiomyopa-
thy is difficult since the symptoms are characterized by a pro-
nounced variability. Previous studies of conventional echo-
cardiography in myocarditis have demonstrated a variety of
echocardiographic findings, and in addition to systolic dys-
function, regional wall abnormalities, changes in image
texture, and pericardial effusion had been reported [19, 30–
32]. However, until now, no study has been reported which
attempts to distinguish the spectrum of EMB-proven intra-
myocardial processes. They are mainly used to rule out other

causes of heart failure. Our study confirms that patients
with AMC have a decreased longitudinal strain, and, in
addition, patientswithDCMihave a speckle tracking imaging
presentation that is distinct from that of patients without
intramyocardial inflammation proved by EMBs. Beyond that,
we discriminate in AMC and DCMi patients LS and LSR and
septal textural alteration with wall dispersion recognized by
conventional echocardiography and correlating with EMB-
proven inflammation. We noted in 𝑛 = 18 patients transient
LV hypertrophy in AMC. Spontaneous resolution of LV
thickening was observed in 14 patients at followup. At the six-
month followup, in these patients, a significant improvement
in LVEF could be observed. Here, we are in line with pre-
vious studies involving observed transient LV hypertrophy
in the setting of acute myocarditis [33–36]. The presence
of myocardial interstitial oedema leads to a thickening of
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Table 3: Conventional echocardiographic parameters and speckle tracking echocardiography at baseline and at followup.

Parameter Acute myocarditis
at baseline

Patients without inflammation
at followup

Patients with inflammation
at followup

LVEF, % 40.4 ± 10.3 65.3 ± 6.1 56.2 ± 7.2
∗

Regional wall abnormalities, 𝑛 10 2 2
LVEDD, mm 59 ± 8 51 ± 3 55 ± 4

LVESD, mm 51 ± 7 39 ± 5 42 ± 7

LA, mL 35.4 ± 5.4 34.6 ± 4.2 37.8 ± 6.3

Septum, mm 13.1 ± 0.4 10.4 ± 0.5 11.5 ± 1.4

Posterior wall, mm 11.2 ± 1.7 11.2 ± 0.5 10.2 ± 0.8

Dispersing wall, 𝑛 16 3 3
LV mass index, g/m2 91.1 ± 18.4 76.3 ± 10.1 86.2 ± 11.1

∗

FS, % 19.3 ± 4.2 32.1 ± 7.1 21.5 ± 6.0
∗

LSR, 1/s 0.53 ± 0.29 1.3 ± 0.3 0.78 ± 0.4
∗

LS, % 8.36 ± 3.47 16.87 ± 2.0 9.4 ± 1.4
∗

LSRsep, 1/s 0.54 ± 0.34 0.81 ± 0.41 0.51 ± 0.14
∗

LSsep, % 12.98 ± 2.76 16.65 ± 3.98 13.43 ± 4.32
∗

∗Significant differences between patients with and without inflammation at followup. ns: not significant. Data are shown as mean ± standard deviation.
LVEDD: left ventricular enddiastolic diameter, LVESD: left ventricular endsystolic diameter, LA: left atrium, FS: fractional shortening, LSR: global systolic
longitudinal strain rate, LSRsep: septal longitudinal systolic strain rate, LS: global systolic longitudinal strain, LSsep: septal systolic longitudinal strain.

the ventricular wall in acute myocarditis. The increased
thickness is likely due to a great inflammatory response
seen in EMBs. However, adhesion molecules, expressed on
endothelial cells and involved in process of increased vascular
leakage, did not correlate with LS or LSR.

Moreover, interstitial edema may contribute to both
thickened ventricular walls and decreased ventricular con-
tractility in this disorder. The endocardial layer, among the
different intramural layers of LV wall, is that which better
contributes to the overall myocardial thickening. Intramy-
ocardial infiltration can be located in the epicardial layer of
ventricular wall during myocarditis but this cannot be asso-
ciated with any clear evidence of wall motion abnormalities.
Therefore, the conventional transthoracic echocardiography
cannot identify the presence of a segmental myocardial
dysfunction. Di Bella et al. reported that strain echocardiog-
raphy was able to identify longitudinal segmental myocardial
dysfunction derived from edema in the acute phase of myo-
carditis [29, 37].

Additionally, in previous studies a significant relationship
between the left ventricular mass indexes during acute myo-
carditis was observed [24]. Elevation of the left ventricular
mass index during the acute phase myocarditis is due to
myocardial edema from increased infiltration and vascular
permeability. Therefore, it is presumed that the decreased
longitudinal strain in this study was the result of myocar-
dial wall motion disturbance from the elevation of the left
ventricular mass index. Also, decreased longitudinal strain
should be regarded as a myocardial functional disturbance
in the myocarditis because elevation of the left ventricular
mass index is an index of geometric change in inflammatory
cardiomyopathy.

Speckle tracking imaging is a promising and noninvasive
method to help identify intramyocardial inflammation even

in the case of lack ofwallmotion abnormalities. Systolic strain
rate is usually regarded as the most significant index of left
ventricular contractility among the indices obtained from
myocardial deformation analyses having been described in
patients with other forms of cardiomyopathy (e.g., ischemic
or hypertrophic cardiomyopathy).

In our study, at followup LS and LSR were significantly
lower in patients with inflammation in contrast to those
patients without inflammation. In detail, LSR and LS cor-
relate significantly with lymphocytic infiltrates which is the
strongest predictor of poor outcome [11]. Here, we reported
on the use of strain echocardiography to identify longi-
tudinal myocardial dysfunction derived from infiltration.
Decreased left ventricular FS has been shown to result from
the decreased systolic myocardial contractility, caused by
myocarditis, during the acute phase. We observed the same
finding during the acute phase of the disease with speckle
tracking echocardiography.

The acute phase of myocarditis is characterized by exten-
sive cellular infiltration, especially in a focal pattern and nec-
rosis, whereas in the case of chronic myocarditis, no myocyte
necrosis apart from cellular infiltration could be detected.
Whether speckle tracking imaging is able to recognize focal
infiltrative pattern or deformation associated with edema
remains unclear. In spontaneous course of the disease the
acute phase is necessary for virus elimination. Thus, virus
genomes cannot be detected in a number of cases in the acute
phase. In regard to presence of viruses until now none of our
echocardiographic findings seem to be able to detect viral
genomes, and this has significant therapeutic implications.
Therefore, an unequivocally confirmed EMB diagnosis is the
crucial prerequisite for differential diagnostic evaluation and
the specific treatment strategies derived from this.
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Nevertheless, in our study LS and LSR are impaired in
EMB-dependent DCMi having diffuse intramyocardial cellu-
lar lymphocytic infiltrative pattern and should therefore war-
rant a useful adjunctive investigation.
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Plaque rupture is the main cause of acute myocardial infarction and stroke. Atherosclerotic plaques have been described to be
vulnerable and more prone to rupture when they are characterized by thin, highly in�amed, and collagen-poor �brous caps and
contain elevated levels of proteases, including metalloproteinases (MMPs). Initiation of collagen breakdown in plaques requires
interstitial collagenases, aMMP subfamily consisting ofMMP-1,MMP-8, andMMP-13. Previous reports demonstrated thatMMP-
1 andMMP-13might be overexpressed in both human and experimental atherosclerosis. Since neutrophils have been only recently
reported in atherosclerotic plaques, the role ofMMP-8 (formerly known as “neutrophil collagenase”) was onlymarginally evaluated.
In this paper, we will update and comment on evidence of themost relevant regulatory pathways and activities mediated byMMP-8
in atherogenesis.

1. Introduction

To date, theMMP family comprises 25 structurally and func-
tionally relatedmembers, of which 24 are found inmammals.
All MMPs are characterized by a shared multidomain struc-
ture and, in particular, a highly conserved catalytic domain
consisting of a Zn2+-binding consensus sequence. Based on
their primary structure and substrate speci�city, MMPs can
be classi�ed into �ve groups: collagenases (MMP-1, -8, and
-13), gelatinases (MMP-2 and -9), stromelysins (MMP-3, -10,
and -11), minimal MMPs (MMP-7 and -26) and membrane-
type MMPs (MT-MMPs). Most MMPs are synthesized and
secreted as inactive proenzymes or zymogens (pro-MMP)
and require a proteolytic process to become active. Given
their relevant “cannibal” potential of MMPs, their biological
activity is tightly controlled.is regulationmay take place at
the levels of gene transcription, translation, and proenzyme
activation. Finally, the activity of MMPs might be regu-
lated by other inhibitory proteins, such as 𝛼𝛼2-macroglobulin
(a plasma protein that acts as a general proteinase inhibitor)
and speci�c tissue inhibitors of MMPs (TIMP-1, -2, -3, and
-4).e biochemical properties and local expression patterns

have been shown to actively determine the net resultantMMP
activity within tissues, mainly characterized by the balance
between the levels of activated MMPs and TIMPs [1].

Together with other collagenolytic enzymes (such as
the cysteine proteases cathepsins K and L) [2, 3], MMPs
have been shown to play a critical role in in�ammatory
processes underlying plaque rupture. Several studies have
demonstrated that MMP overexpression was positively asso-
ciated with the destruction of the extracellular matrix (ECM)
at the vulnerable shoulders of human atheroma [4]. For
example, Sukhova and coworkers have shown that the
increased collagenolysis in atheromatous plaques is mediated
by the interstitial collagenases MMP-1 and MMP-13 [5].
Indeed, these proteases are able to cleave the triple helix of
collagens. Another promising candidate widely investigated
in observational studies in atherosclerosis is represented by
MMP-9. Effectively, the upregulation of intraplaque MMP-
9 leads to the increase of plaque hemorrhage and rupture in
mouse models [6]. e analysis of human coronary lesions
has revealed active synthesis of MMP-9 by macrophages and
smooth muscle cells (SMCs) in plaques of patients with acute
coronary syndromes but not in those with stable angina [7].



2 Mediators of In�ammation

Also neutrophils have been shown to colocalize with MMP-9
in mouse roots plaques, suggesting these cells to be as a
potential source of intraplaque MMP-9 [8]. Furthermore,
peripheral serum levels of MMP-2 and -9 have been shown
to be increased in patients with acute coronary syndromes,
suggesting an active role in plaque destabilization [9, 10].
However, type I and type II collagens, which account for the
load-bearing strength of the plaque cap, are not substrates for
the MMP-9 enzyme [11]. In some reports, it has been shown
that high concentrations of others gelatinases like MMP-2
can degrade type I collagen in an in vitro environment
devoided of TIMPs. Nonetheless, it is likely that only in
vivo the interstitial collagenases are able of degrading these
�brillar collagens and therefore must play a role in the
pathogenesis of plaque rupture.

e majority of the studies provided persuasive evidence
that gelatinases are critical degrading agents of protective
histological structures of the atheroma. e aim of this
paper is to update evidence for a direct involvement of the
neutrophilic collagenaseMMP-8 in atherogenesis and plaque
vulnerability.

2. Role of MMP-8 in Atherosclerotic
Plaque Pathophysiology

Like most MMPs, MMP-8 is secreted as an inactive proen-
zyme that needs to be activated before it can exert its function.
MMP-8 activation can bemediated by reactive oxygen species
(ROS) released from activated neutrophils or a variety of
proteases like cathepsin G, chymotrypsin, or MMPs (-3, -7,
-10, and -14). is suggests that MMP-8 activation is indeed
strongly regulated andmostly limited to sites of in�ammation
than in the systemic circulation. Once activated, MMP-8
can cleave a wide range of substrates. In particular, MMP-
8 degrades type I collagen, which is a major component
of the �brous cap (which protects the vessel from rupture
and maintains the integrity of the atherosclerotic vessel
wall), 3-fold more potently than MMP-1 and -13 [12, 13].
Degradation occurs by cleavage of the collagen molecule at
the distinct Gly(775)-Ile(776) position, which generates 2
fragments that are further degraded by nonspeci�c proteases.

One of the most intriguing MMPs, MMP-8, also known
as collagenase-2 or neutrophil collagenase, was long thought
to be expressed solely in neutrophil precursors since it has
been cloned from RNA extracted from peripheral blood
leukocytes of a patient with chronic granulocytic leukemia
[14]. In 2001, Herman and coworkers demonstrated that
MMP-8was also expressed by endothelial cells (ECs), smooth
muscle cells (SMCs), and macrophages (M∅) within human
atherosclerotic lesions, thus attesting that MMP-8 expression
extends beyond a single-cell type [15]. Indeed, the authors
demonstrate that MMP-8 synthesis and release by EC, SMC,
and M∅ require a prolonged exposure to in�ammatory
cytokines (such as IL-𝛽𝛽 or CD40L), whereas neutrophils
store MMP-8 zymogen in intracellular granules and releases
the collagenase almost immediately on stimulation. West-
ern blot analysis also revealed that the 55-kDa form of
MMP-8 in atheroma corresponds to the active form of the

enzyme.Moreover, colocalization experiments demonstrated
that MMP-8 is expressed with cleaved type I collagen rather
than intact type I collagen. ese data strongly support an
active proatherosclerotic role of MMP-8 in atherogenesis.

Shortly a�er, Dollery and colleagues con�rmed the pres-
ence of the “neutrophil elastase” inM∅ of the atherosclerotic
plaques [16]. But more accurately, they demonstrated that
the robust staining for MMP-8 and M∅ was localized
to the lesion’s shoulder, a region prone to rupture, and
provokes acute coronary syndromes. On the contrary, the
�brous plaques which possess abundant SMCdid not contain
immunoreactive MMP-8 as endothelial cells. Biochemical
studies corroborated the immunohistochemical �ndings of
increased MMP-8 in atheroma and particularly those with
characteristics of vulnerability to rupture. us, MMP-8 was
8-fold greater in atheromatous plaques and 3-fold greater
in �brous plaques than in normal vessels. From this study,
it appears that the collagenase MMP-8 identi�ed and pro-
duced within the plaque may play an important role in the
arterial remodeling or in the promotion in plaque rupture.
Indeed, MMP-8 has been shown to activate other MMPs
(i.e., MMP-2, -3, and -9) and inactivate TIMP-1 [17–19].
Nevertheless, the potential contribution of one of the major
sources ofMMP-8 (i.e., neutrophils) to atherosclerotic plaque
maturation should be also considered in the different phases
of atherogenesis.

Indeed ex vivo studies on coronary artery specimens
con�rmed an increased number of neutrophils in ruptured
plaques as compared to intact plaques and suggest that neu-
trophil in�ltration is actively associated with acute coronary
events [20, 21]. To in�rm this hypothesis, Dorweiler and
coworkers have proposed a very elegant model of human
neointima formation to study the molecular mechanism
underlying human polymorphonuclear phagocytes (PMN)
recruitment within atherosclerotic lesions [22]. Authors
demonstrated that LDL-induced secretion of IL8 by intimal
SMC induced the adherence, transmigration, and local in�l-
tration of PMN into intima. Moreover, the authors showed
that the in�ltrating PMN releasedMMP-8 in response to LDL
and favored endothelial cell (EC) apoptosis in this experi-
mental setting. Taken together, these results demonstrated
that the release of MMP-8 and the subsequent apoptosis
of ECs may be linked to �brous cap thinning and plaque
rupture, thus promoting the transformation of stable into
unstable lesions in clinical cardiovascular disease [21].

Additional evidence for MMP-8 in plaque rupture has
been proposed by Molloy and coworkers [23]. In a cohort
of 159 patients, authors showed that the concentrations
of the active form of the MMP-8 collagenase were sig-
ni�cantly increased in clinically de�ned unstable carotid
plaques. Moreover, MMP-8 protein colocalized with M∅-
positive areas, thus con�rming that these cells are a potential
intraplaque source of MMP-8. is study also suggests
that the active form of the enzyme is most important in
modulating plaque rupture and con�rms the pivotal role
of macrophage in�ltration in plaque destabilization. Since
no relevant changes in two collagenolytic enzymes MMP-1
and -13 were observed, these studies further supported a
leading role of MMP-8 in the plaque rupture [24, 25]. Analog
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results with MMP-8 were found in carotid atherosclerotic
plaques from a cohort of 150 patients, but the authors
also demonstrate increase activity levels for MMP-9 in
unstable plaques and MMP-2 in stable lesions, respectively,
con�rming that the MMPs activities differ among carotid
plaque phenotype [26]. Finally, in a cohort of 543 patients
undergoing carotid endarterectomy, Peeters and coworkers
have shown that, in contrast with MMP-2, increased carotid
plaque MMP-8 and MMP-9 levels are associated with an
unstable plaque phenotype. Moreover, an increased plaque
MMP-8 level was associated with an increased risk for the
occurrence of secondary manifestations of atherosclerotic
disease during followup [27]. is result hypothesized that
the local MMP-8 plaque level might predict atherosclerotic
cardiovascular events.

e major breakthrough comes from the study of Laxton
and coworkers. ey generated ApoE−/− MMP-8−/− mice to
support a pathogenic role for MMP-8 in the development
and progression of atherosclerosis. MMP-8 knocking out
substantially reduced the atherosclerotic extent in Western
diet-fed ApoE−/− mice. e atherosclerotic lesions in these
mice had fewer macrophages and higher collagen content,
suggesting that these modi�cations could have implications
on atherosclerotic lesion stability [28]. MMP-8 possesses
also a proteolytic activity on some nonmatrix proteins such
as angiotensin I (Ang I) [29]. In vitro assays showed that
MMP-8−/− mice had lower Ang II and blood pressure levels
than in controls. Consistent with these �ndings, the authors
demonstrated that the plasma levels of Ang I, precursor
of Ang II, were higher and blood pressure was lower in
MMP8−/− mice than those in the control group.ese results
are relevant since previous studies have demonstrated that
Ang II induced the expression of adhesion molecules, such
as VCAM-1, which has been shown to increase leukocyte
intraplaque recruitment in atherogenesis [30, 31]. VCAM-1
plasma levels and its expression on ECs were substantially
reduced in the MMP-8−/− mice as compared to controls. As
expected, in these knockout mice, the leukocyte rolling and
adhesion on vascular endotheliumwere attenuated compared
with those of controls [28]. is effect might be explained
by the reduction of both Ang II and VCAM-1 levels in
the MMP-8−/− mice. us, MMP-8 might play a role in
the development and progression of atherosclerosis also via
degradation of nonmatrix proteins like Ang I. Since reduced
blood pressure levels have been observed in MMP-8−/−
mice, an antiatherosclerotic mechanism independent of any
other Ang II properties might be also considered. ese
mechanisms, as well as the identi�cation of the sources
of MMP-8 (vascular versus extravascular), merit further
investigations.

3. Association of CirculatingMMP-8 Levels
and Atherosclerotic Disease

�iven the low-grade systemic in�ammation characteriz-
ing atherosclerosis, circulating mediators and acute phase
proteins have been investigated together with intraplaque

in�ammation to better evaluate the global patient vulnerabil-
ity [32, 33].emost extensively studied serum biomarker in
atherosclerosis is the C-reactive protein (CRP). Nevertheless,
the predictive value of CRP as in atherosclerosis is only
moderate [34]. It has been shown that some proteins derived
from unstable plaques can be secreted into the bloodstream.
For example, increased circulating levels ofMMP-9 have been
reported in patients with acute coronary syndromes, stable
coronary artery disease, and carotid artery stenosis [35–37].
On the other hand, the circulating levels of this MMP corre-
late with the cardiovascular risk. e measurement of MMPs
in the blood has been recommended as a noninvasive tool
in diagnosis and monitoring [38]. Unfortunately, both serum
and plasma MMP-8 concentrations have only rarely been
determined in the context of cardiovascular diseases (CVD),
so the possible association between circulatingMMP-8 levels
and the cardiovascular risk remains to be evaluated. Results
from a cohort of patients undergoing carotid endarterectomy
(𝑛𝑛 𝑛 𝑛𝑛) for symptomatic and asymptomatic disease have
been recently published [39]. e authors demonstrated that
MMP-8 plasma levels were signi�cantly higher in patients
with unstable, hypoechogenic plaques as assessed on ultra-
sound than those of subjects with stable, hyperechogenic
plaques. Furthermore, plasma MMP-8 levels decreased dur-
ing the time aer ischemic stroke. us, the plasma MMP-8
concentrations have been found to be associated with carotid
plaque instability, morphology, and the time aer stroke.
Another study was conducted in patients undergoing coro-
nary angiography (𝑛𝑛 𝑛 𝑛𝑛𝑛) for coronary artery disease
(CAD) [40]. Plasma MMP-8 concentrations were signi�-
cantly higher in CAD patients as compared to those of
subjects without the disease. Moreover, the authors observed
a stepwise increase in MMP-8 concentration depending on
the number of stenotic coronaries. In patients with unstable
angina (UAP) (𝑛𝑛 𝑛 𝑛𝑛) and with stable CAD (𝑛𝑛 𝑛 𝑛𝑛𝑛),
Momiyama and co-workers found that plasmaMMP-8 levels
were higher in patients with stable CAD than those of
controls.ey also noticed thatMMP-8 levels in patients with
UAP were much higher than those in stable CAD [41]. More
recently, in two case-control studies (𝑛𝑛 𝑛 𝑛𝑛𝑛 and 343 resp.)
high serum concentrations of MMP-8 and MMP-8/TIMP1
ratios were strongly associatedwith acute coronary syndrome
[42, 43]. So, the results obtained in these “large” studies
indicated that the plasma MMP-8 concentrations in patients
with advanced atherosclerosis have been positively associated
with the presence and severity of carotid artery plaque
progression.

A decisive step was made by Tuomainen and coworkers
in a prospective men-population-based (𝑛𝑛 𝑛 𝑛𝑛𝑛𝑛) study
with a clinical followup for 10 years [44]. Authors showed
that serum MMP-8 concentration was an independent risk
factor for acute myocardial infarction, CAD and CVD. e
increased risk for CVD death was especially substantial in
male patients with subclinical atherosclerosis at baseline.
Indeed, high serum MMP-8 concentration increased by 3-
fold the risk for CVD death during the followup indepen-
dently of other known CVD risk factors. However, further
analyses are required to con�rm the clinical relevance of
MMP-8 in CVD in a general population including women.
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e present �ndings on circulating MMP-8 may have
practical implications on both diagnosis and therapy of
carotid and coronary diseases. Obviously, muchmore studies
are needed before serumMMP-8 levels could be validated as a
clinically useful marker for better evaluating the risk of acute
cardiovascular events.

4. MMP-8 Gene Polymorphisms
in Atherosclerosis

Considerable evidence has implied a role for MMPs in
atherosclerosis. Nevertheless, evidence from expression stud-
ies and circulating markers cannot prove causality, because
changes could be secondary to the disease phase.e study of
polymorphisms,which are associatedwith lifelong changes in
MMP activity, offers the possibility of determining whether
such relationships are really causal. Using genetic variants
in this way is referred as mendelian randomization and
has been used to determine causality in cardiovascular
diseases [45]. Several genetic association studies on the
role of speci�c MMP variants in atherosclerosis have been
performed, especiallywithMMP1,MMP-3, andMMP-9 [46–
48]. ese studies have demonstrated for example that the
MMP-3 6A6A genotype is suggested to be associated with
atherosclerosis and the 5A allele with plaque rupture. On
the other hand, a meta-analysis of studies associating the
MMP-9 polymorphisms with CAD found no evidence of an
association [48].

e human MMP-8 gene is located on chromosome
11q22.2-q22.3 in a cluster of nine MMP genes and is
composed of 12 exons [14, 49, 50]. Little is known about
the functional properties of its promoter or about the tran-
scriptional regulation of the gene, which is most likely a key
regulator step, as has been observed for other MMPs. By
sequencing the MMP-8 gene proximal promoter and coding
regions and tagging single nucleotide polymorphisms (SNP)
in the introns, 5′ upstream sequence and 3′-untranslated
region in CAD patients (𝑛𝑛 𝑛 𝑛𝑛𝑛𝑛), Laxton and colleagues
have detected an association between the extent of coronary
atherosclerosis and SNP rs19440475 [28]. Additional geno-
typing of CAD patients (𝑛𝑛 𝑛 𝑛𝑛𝑛𝑛) for this SNP revealed
a highly signi�cant association between the SNP and extent
of coronary atherosclerosis. Furthermore, the prospective
study with this entire population (𝑛𝑛 𝑛 𝑛𝑛𝑛𝑛) revealed
that the T-allele of SNP rs1940475 was associated with a
protective effect against carotid atherosclerosis progression in
a 10-year followup. Interestingly, in vitro functional analysis
indicated that the MMP-8 zymogen (the latent form of
secreted MMP -8) with Lys87 (produced by the T allele) is
less amenable to activation than the “native” zymogen with
Glu87 (produced by the C allele) [28]. In summary, this
genetic approach has demonstrated a signi�cant relationship
between a MMP-8 gene polymorphism and the progression
of atherosclerosis.

More recently, Djurić and coworkers investigated the
association of two promoter polymorphisms, rs1125395
(-799 C/T) and rs1320632 (-381 A/G), with plaque occur-
rence in Caucasians from Serbia (𝑛𝑛 𝑛 𝑛𝑛𝑛) [51]. ese

polymorphisms have been previously identi�ed in African-
Americans (𝑛𝑛 𝑛 𝑛𝑛𝑛), and in vitro data have demonstrated
that these SNP confer increased MMP-8 promoter activity
contributing to adverse events linked to extracellular matrix
breakdown [52]. Interestingly, the presence of the -381 A/G
polymorphism was not con�rmed in studies of Asian popu-
lations, thus suggesting a diverse regulation of the promoter
depending on the population analyzed [53, 54]. In their
preliminary study, Djurić and coworkers showed a signi�cant
association between the -381G allele and the occurrence of
carotid plaque in females [51]. However, further validation
studies in a larger population are needed to verify the sex-
speci�c association of this polymorphism with the presence
of a carotid plaque. Additionally, signi�cant higher expres-
sions of MMP-8 mRNA were detected in atherosclerotic
plaque tissue samples of carriers of the -381G allele and
-381G/-799T haplotype. is result suggests that the MMP-
8 promoter gene polymorphisms affect mRNA expression
in human atherosclerotic plaque. Nevertheless, additional
research is needed to further analyze functionality of the
promoter polymorphisms and of the intraplaque mRNA-
protein correlation before a conclusion can be drawn.

5. Conclusion

During the last decade, the studies presented here have
provided novel and important insight into the role of MMP-
8 in atherosclerosis. Indeed, due to its speci�c localization
in immune cells and activity, MMP-8 is involved in the
remodeling processes within the atherosclerotic plaque and
promotes its rupture. In addition, the association between
MMP-8 gene variation and atherosclerosis was validated in
several population-based studies. Finally, only few studies
demonstrated thatMMP-8 concentrations (orMMP8/TIMP-
1 ratios) may have prognostic and diagnostic signi�cance in
the assessment of patient’s cardiovascular risk. Considering
the multifactorial causes of atherosclerosis, it is probably too
simplistic to assume that a single systemic or intraplaque
biomarker (i.e., MMP-8) would suffice as a pathophysiolog-
ical target for treatments and diagnosis. So, we believe that
future studies might not only focus on MMP-8 alone but
they have to consider this metalloproteinase as a promising
parameter combined with a multimarker approach.
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