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Abstract The number of circulating mesenchymal stem

cells (MSC), analyzed after acute myocardial infarction

(AMI), was lower in AMI patients who developed heart

failure (HF) in the follow-up. Conversely, the circulating

levels of tumor necrosis factor (TNF)-a, and osteoproteg-

erin (OPG) were higher in AMI patients who developed HF

with respect to the patients who did not develop HF. In

vitro exposure to TNF-a enhanced the migration of MSC in

response to TNF-related apoptosis-inducing ligand

(TRAIL) and significantly increased the release of OPG by

endothelial cells. On the contrary, OPG dose-dependently

neutralized the in vitro pro-migratory activity of TRAIL.

Thus, TNF-a exhibits opposite effects on MSC migration

driven by TRAIL: it is capable of potentiating MSC

migration as well as of inhibiting MSC migration as an

indirect consequence of OPG induction, which might result

in a suboptimal recruitment of circulating MSC after AMI

in those patients who develop HF in the follow-up.
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Introduction

Several studies have demonstrated that the circulating

levels of tumor necrosis factor (TNF)-a are elevated in

patients with coronary artery disease (CAD) and, in par-

ticular, in patients with acute myocardial infarction (AMI)

[1–4]. While most initial studies underlined a negative

prognostic role of elevated levels of circulating TNF-a in

the physiopathology of heart failure (HF) in AMI patients,

other more recent studies have suggested that TNF-a might

exert a beneficial role by increasing the recruitment of

mesenchymal stem cells (MSC) [5, 6]. Interestingly, one of

the major transcriptional targets of TNF-a is osteoproteg-

erin (OPG), a soluble member of the TNF receptor super-

family [7, 8]. The levels of OPG have been found elevated

in the serum/plasma of patients affected by CAD, and

increased amounts of OPG in these patients represent a risk

factor for cardiovascular disease progression [9–20]. On

the other hand, it has been recently shown that the circu-

lating levels of one of the two major ligands of OPG,

TNF-related apoptosis-inducing ligand (TRAIL) [8], are

decreased in CAD patients. Importantly, low levels of

TRAIL have a negative prognostic significance for the

development of HF and vascular mortality [21, 22]. In line

with a protective role of TRAIL against CAD, a subsequent

study has demonstrated that elevated levels of soluble

TRAIL protect against restenosis in CAD patients [23].

On these bases, we have analyzed the circulating levels

of TNF-a, OPG, and TRAIL in a cohort of patients with

AMI in relationship with the levels of circulating MSC,

which are thought to play a key role in regeneration after

AMI [24], and with the development of HF in the follow-

up. In parallel, since we have recently demonstrated that

TRAIL promotes the in vitro migration of human bone

marrow (BM)-derived MSC [25], we have evaluated the
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potential interplay of the TNF-a/OPG/TRAIL system in in

vitro BM-MSC and endothelial culture systems.

Materials and methods

Blood sampling and processing

Blood samples were collected from a total of 80 AMI

patients and 40 healthy control subjects, described in

Table 1. For the measurement of circulating TNF-a, OPG,

and TRAIL, serum samples were obtained from all indi-

viduals. Aliquots of serum samples were stored at -80�C

and thawed only once before the assays. Assessment of

circulating MSC was carried out on freshly collected blood

samples, which were kept at room temperature until pro-

cessing, and analyzed within a few hours. These analyses

were possible for a subset (n = 50) of AMI patients and

(n = 20) control subjects, following procedures in accor-

dance with the Declaration of Helsinki and approved by the

institutional review board (University-Hospital of Ferrara

and Udine). All participant subjects gave written informed

consent.

The AMI patients and the control group did not signif-

icantly differ for age, sex, and body mass index (BMI), as

evaluated by Student’s t test (for age and BMI) or chi-

square test (for percentage of men). Criteria adopted for

AMI definition finalized to patient enrolling were those of

the ESC/ACC Joint Committee [26]. Most of the patients

presented with ST-segment elevation myocardial infarction

(95%), anterior in location (59%), without signs of HF on

admission (92%) and with a mean left ventricular ejection

fraction (LVEF %) of 48 ± 11. Primary percutaneous

coronary intervention (PCI) reperfusion treatment was

carried out according to current guidelines in 60% of the

patients, while 21% of the patients received trombolytics.

A total of 80% of AMI patients received medication with

statins. Exclusion criteria were: myocardial infarction

precipitated or confounded by other co-morbidities or

secondary to coronary revascularization procedures, the

presence or history of any cardiomyopathy or of valvular

heart disease more than mild in severity, mechanical

complications, cardiogenic shock, malignant disease,

inflammatory disease, and severe kidney disease. The AMI

patients underwent outpatient visits every 6 months. The

main outcome of interest was represented by occurrence of

new-onset HF, in accordance with previously proposed

criteria [27]. Serial blood samples were collected from the

AMI patients. In particular, serial samples were collected

between the entry (B12 h after symptom onset) and the

discharge (approximately 7 days), which are collectively

referred to as ‘‘acute phase’’ in ‘‘Results’’, and sub-

sequently at 6 months follow-up after AMI.

Flow cytometry

Unfractioned blood samples were stained with directly

conjugated monoclonal antibodies: PERCP-CD45, FITC-

CD34, and PE-CD90 (BD Biosciences, Franklin Lakes, NJ,

USA). Before being acquired by CyAn (Dako, Glostrup,

Denmark) or FACScan (BD Biosciences), samples were

lysed by FACS Lysing Solution (BD Biosciences) and

Table 1 Characteristics of the study population

Variables Healthy control

subjects (n = 40)

AMI patients

All (n = 80) With HF (n = 21) Without HF (n = 59)

Clinical and biomedical

Age (years) 57.1 ± 9.4 62.1 ± 10.8 66.6 ± 10.9 60.3 ± 11.9

Men (%) 66.1 78.5 66.7 83.7

BMI (kg/m2) 23.9 ± 4.2 28.0 ± 4.6 29.0 ± 4.8 27.7 ± 4.8

CK (U/L) – 2,149.3 ± 2,022.3 3,029.7 ± 2,580.8 1,924.6 ± 1,819.4

Peak CK-MB (ng/ml) – 205.2 ± 162.1 226.3 ± 169.4 193.3 ± 157.9

Troponin I at peak (ng/ml) – 74.9 ± 61.1 89.2 ± 86.4 52.5 ± 49.8

BNP (pg/ml) – 111.6 ± 87.3 124.1 ± 95.5 108.4 ± 85.9

CRP (mg/dl) 0.6 ± 0.4 3.7 ± 6.4 7.8 ± 12.1 2.6 ± 2.9

Cytokines

TNF-a (pg/ml) 17.8 ± 7.5 28.3 ± 11.7 36.9 ± 16.4 25.4 ± 7.8

OPG (pg/ml) 99.7 ± 36.3 168.4 ± 80.1 195.6 ± 100 158.4 ± 70.6

TRAIL (pg/ml) 75.4 ± 17.9 50.4 ± 20.6 32.7 ± 18.5 56.7 ± 17.6

OPG/TRAIL ratio 1.6 ± 0.8 4.5 ± 4.2 8.3 ± 6.1 3.2 ± 2.0

Values given as percentage or as mean ± SD

BMI Body mass index, BNP B-type natriuretic peptide, CK creatine kinase, CK-MB creatine kinase-MB fraction, CRP C-reactive protein
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200,000–400,000 cells/sample were collected. Every

experiment included negative controls. For multi-color

staining, single-color stained controls were included in

order to create a compensation matrix (Summit Software,

Dako). Analyses were performed utilizing SummitSoftware

(Dako) and CellQuest (BD Biosciences).

Enzyme-linked immunosorbent assays (ELISA)

Measurement of circulating TNF-a, OPG, and TRAIL were

performed in duplicate by using specific, commercially

available ELISA kit (Alexis Biochemicals, Lausen,

Switzerland, for OPG, and R&D Systems, Minneapolis,

MN, for TRAIL and TNF-a) in accordance with the man-

ufacturer’s instructions, and analyzed with an ELISA

reader at 450 nm. The same ELISA kits were also used for

the measurement of OPG and TRAIL in the supernatants of

endothelial cell cultures. Sensitivity of the TNF-a assay

was 1.6 pg/ml, and the intra- and inter-assay coefficients of

variation (CV) were 4.7 and 5.8%, respectively, and the

upper limit of detection (ULOD) was 1,000 pg/ml. Sensi-

tivity of the OPG assay was 2.8 pg/ml, the intra- and inter-

assay CV were 9 and \10%, respectively, and the ULOD

was 600 pg/ml. Sensitivity of the TRAIL assay was 2.9 pg/ml,

and the intra- and inter-assay CV were 3.9 and 6%,

respectively, and the ULOD was 1,000 pg/ml. Selected

serum samples were run in each ELISA plates, as internal

controls, confirming the reproducibility of the determina-

tions over time.

Cell cultures and migration assay

Human bone marrow (BM)-derived MSC and human

umbilical vein endothelial cells (HUVEC) were purchased

from Lonza (Walkersville, MD). BM-MSC were routinely

cultured in MSC-Growth Medium (MSC-GM; Lonza) and

were used at the second to sixth passage in all experiments.

Migration assays were performed in transwell plates

(Corning Costar, Cambridge, MA, USA) 6.5 mm in

diameter, with 8-lm pore filters, as described [28]. Briefly,

the upper side of the transwell filter was coated for 1 h with

collagen IV, and serum-starved MSC (3 9 105), either left

unstimulated or pretreated with TNF-a for 20 h, were

added to the upper chamber. Recombinant human TRAIL,

produced as described [29], was added to the lower

chamber in 600 ll of serum-free medium. For the experi-

ments carried out in presence of OPG, 50 pg/ml of TRAIL

were pre-incubated for 30 min with or without scalar doses

(15–50–150–300 pg/ml) of recombinant full-length OPG

(R&D Systems), before adding to the lower chamber in

600 ll of serum-free medium. In some experiments, pre-

incubation of TRAIL with recombinant OPG (300 pg/ml)

was carried out in the presence of 1 lg of a neutralizing

anti-OPG antibody (Ab, mouse IgG1; R&D Systems).

Migration observed in the presence of 30% FCS, served as

positive control for each experimental round. After 16 h of

incubation at 37�C in 5% CO2, the upper side of the filters

was carefully washed with PBS, and cells remaining on the

upper face were removed with a cotton wool swab.

Transwell filters were then fixed and stained using May

Grünwald Giemsa. Cells that had migrated were counted

using light microscopy at high-power magnification. The

average number of migrating cells per field was assessed

by counting at least four random fields per filter. Each

experiment was done in duplicate.

HUVEC were grown on 0.2% gelatin-coated tissue

culture plates in M199 endothelial growth medium

supplemented with 20% FBS, 10 mg/ml heparin, and

50 mg/ml ECGF (all from Lonza). In all experiments,

endothelial cells were used between the 3rd and 5th

passage in vitro. When indicated, endothelial cells and

BM-MSC were treated with human recombinant TNF-a
purchased from R&D Systems.

Statistical analyses

Data are calculated and shown as mean ± SD or as median

and Interquartile Range (IQR), according to the distribu-

tion. Differences in mean values across study phases were

analyzed using analysis of variance (ANOVA) for repeated

measures. Comparisons between groups were performed

with Student’s t test and with chi-square test. A two-sided

P value \0.05 has been chosen as statistically significant.

Results

The number of circulating MSC and the serum levels

of TNF-a are acutely increase after AMI

MSC have been implicated in heart regeneration [24].

Therefore, in the first group of experiments, the presence of

putative (CD34-/CD45-/CD90?) circulating MSC was

analyzed in AMI patients in acute phase and 6 months after

AMI in comparison with healthy control donors by multi-

color flow cytometry (Fig. 1a). In the acute phase after

AMI, MSC resulted to be significantly (P \ 0.01) recruited

into the bloodstream of the patients (Fig. 1b). Indeed, while

these cells were virtually undetectable in healthy control

subjects, the median number of circulating MSC measured

acutely after AMI was of 12.5 cells/ll (15.6 ± 16.3,

mean ± SD), decreasing 6 months after AMI. Since it has

been shown that the migratory response of MSC to

chemotactic stimuli is modulated by TNF-a [5, 6, 30], we

have also analyzed the serum levels of TNF-a in the

AMI patients in comparison with normal control subjects.

Modulation of MSC migration 1309



As shown in Fig. 1c, TNF-a levels were significantly ele-

vated in the acute phase after AMI and decreased at later

time.

Patients who developed HF in the follow-up exhibit

lower levels of circulating MSC and higher levels

of TNF-a in the acute phase after AMI

In order to investigate the potential relationship between

MSC mobilization during the acute phase after AMI and a

major prognostic outcome, such as the development of

heart failure (HF), we have analyzed the number of MSC in

the AMI patients subdivided in two groups based on the

occurrence of HF in the follow-up (Table 1). We observed

that the number of circulating MSC in the acute phase

after AMI was significantly (P \ 0.05) lower in patients

who developed HF (6.4 cells/ll median; 10.4 ± 10.2,

mean ± SD) with respect to patients who did not develop

HF (13.3 cells/ll median; 16.9 ± 17.6, mean ± SD)

(Fig. 2a). In contrast, the circulating levels of TNF-a
(Fig. 2b), as well as OPG, were significantly (P \ 0.05)

higher in AMI patients who developed HF (Table 1). It is

also noteworthy that among the AMI patients only 28.8%

of patients who developed HF were under medical treat-

ment with statins, while 71.2% of AMI patients without HF

in the follow-up received treatment with statins.

TNF-a modulates the in vitro migratory response

of BM-MSC to TRAIL

Based on the results obtained analyzing the AMI patients,

we have next explored in vitro the potential interplay

among TNF-a, OPG and TRAIL on the migration of

BM-derived MSC. Since recombinant soluble TRAIL

Fig. 1 Comparison of the

circulating MSC and TNF-a
levels between healthy control

subjects and AMI patients.

Circulating levels of putative

MSC were quantified in blood

of AMI patients and of healthy

donors by multi-parametric

flow-cytometry, utilizing the

CD34/CD45/CD90 antibody

combination (a, b).

a Representative FACS plots

of controls and AMI patients,

examined during the acute

phase and at 6 months after

AMI, show the gating strategy

adopted to identify circulating

MSC. Mononuclear cells were

chosen on the basis of their

physical properties (FSC/SSC;

top panels). CD45-/CD34-

cells (middle panels) were gated

and this subpopulation was

further characterized for the

expression of CD90;

percentages of CD90?/CD34-

are reported in the top left

quadrants (bottom panels).

b Circulating cell concentration

is expressed as number of

cells/ll of blood. c Serum levels

of TNF-a were evaluated in

AMI patients and in healthy

control subjects by ELISA. In

b and c, horizontal bars at

median, upper, and lower edges

of box are 75th and 25th

percentiles, lines extending

from box are 10th and 90th

percentiles
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(50–100 pg/ml) significantly (P \ 0.05) induced the

migration of BM-derived MSC (Fig. 3a, white columns),

we sought to investigate whether pre-exposure to TNF-a
(100 pg/ml) affects the in vitro migratory response of BM-

MSC to TRAIL. It is important to point out that in these in

vitro experiments both TNF-a and TRAIL were used at

concentrations comparable to those found in human serum/

plasma. On the other hand, previous studies reporting the

ability of TNF-a to promote MSC migration used higher

concentrations of TNF-a (1–10 ng/ml) [30], which are not

in the physiological range. Overnight pre-stimulation of

MSC with TNF-a alone marginally affected BM-MSC

migration, while it induced a reproducible (P \ 0.05)

increase in the migratory response of MSC to TRAIL

(Fig. 3a, black columns). Although OPG has been shown to

neutralize TRAIL cytotoxicity in apoptotic assays mostly

carried out in tumor cells [31], its ability to interfere with

the pro-migratory activity of TRAIL on MSC has never

been tested. For this purpose, in the next experiments the

effect of OPG on TRAIL-driven MSC migration was

assessed by pre-incubating TRAIL with scalar doses of

recombinant human OPG. When used at an OPG:TRAIL

ratio up to 1:1, similar to that found in the blood of healthy

donors, OPG did not affect the MSC migration in response

Fig. 2 Circulating levels of MSC and TNF-a in AMI patients in

relationship to the occurrence of HF after AMI. Circulating levels of

MSC (a) and TNF-a (b), determined in the samples of AMI patients

in the acute phase, were analyzed in relationship to the occurrence of

HF during the follow-up after AMI. Horizontal bars at median, upper,

and lower edges of box are 75th and 25th percentiles, lines extending

from box are 10th and 90th percentiles

Fig. 3 Effect of TNF-a on migratory response of BM-MSC to

TRAIL. a Migration capacity of unstimulated and TNF-a-stimulated

BM-MSC toward recombinant TRAIL, used at the indicated concen-

trations, was evaluated in Transwell plates as described in the

Methods. *P \ 0.05 with respect to untreated cultures (without

cytokines); **P \ 0.05 with respect to the corresponding unstimu-

lated culture exposed to the same TRAIL concentration. b Effects of

recombinant OPG on BM-MSC migration driven by TRAIL. After

plating BM-MSC in the upper compartment of Transwell plates,

soluble recombinant TRAIL (100 pg/ml) was used either alone (w/o

pre-incubation) or after pre-incubation with OPG (TRAIL ? OPG),

used at the indicated OPG:TRAIL ratios, in the absence or presence of

neutralizing anti-OPG Ab. *P \ 0.05 with respect to cells treated

with TRAIL in the absence of OPG. In a and b, data are the

mean ± SD of results from at least three independent experiments,

each performed in duplicate

Modulation of MSC migration 1311



to TRAIL (Fig. 3b). Of note, at OPG:TRAIL ratios of 3:1

and 6:1, similar to those found in acute AMI patients, in

particular in patients who developed HF (Table 1), OPG

significantly (P \ 0.05) decreased (at a ratio of 3:1) or

abrogated (at a ratio of 6:1) the TRAIL-mediated induction

of MSC migration (Fig. 3b). When recombinant OPG

(300 pg/ml) was pre-incubated with TRAIL in the presence

of anti-OPG neutralizing Ab (1 lg/ml), the pro-migratory

activity of TRAIL was restored (Fig. 3b).

Since endothelial cells represent a major source of

circulating OPG [8], in parallel experiments, we have

investigated whether TNF-a is able to modulate the

expression and release of OPG and/or TRAIL. As shown in

Fig. 4 (gray columns), TNF-a significantly (P \ 0.05)

up-regulated, dose- and time-dependently, the release of

OPG in HUVEC culture medium. On the other hand,

HUVEC did not release appreciable levels of TRAIL either

in basal culture conditions or after stimulation with TNF-a
(Fig. 4, black columns).

Discussion

Mobilization of both CD34? hematopoietic stem/progeni-

tor cells [32–34] and MSC [24] from bone marrow has

been described in the acute phase after AMI. Although the

relative contribution of these stem cell populations to heart

regeneration after AMI is incompletely understood, we

have previously demonstrated that CD34? hematopoietic

cells do not express TRAIL receptors [8]. On the other

hand, MSC express functional levels of surface TRAIL-R2

[25]. Although various chemotactic factors and cytokines

have been described as enhancing MSC migration [30, 35,

36], in this study we have focused our attention on the

potential effects of TNF-a on TRAIL-induced migration of

MSC. Since TNF-a is increased in damaged and inflamed

myocardial tissues [5, 6], it has been speculated that the

release of TNF-a at the site of injury might mobilize MSC

from bone marrow, thereby initiating the process of MSC

recruitment [37]. However, the data on the potential

physiopathological role of circulating TNF-a in the path-

ogenesis of CAD are conflicting [1–6]. In this respect, we

found that: (1) in the acute phase after AMI, both circu-

lating levels of MSC and TNF-a are more elevated in AMI

patients with respect to normal healthy control subjects,

and significantly decrease at later time points after AMI;

and (2) in the acute phase after AMI, patients who devel-

oped HF in the follow-up show higher levels of TNF-a and

OPG, but lower levels of circulating MSC, with respect to

AMI patients who did not develop HF. On the basis of

these in vivo data, we have analyzed the ability of TNF-a
to modulate the migratory activity of MSC in the absence

or presence of TRAIL and OPG when used in the range of

concentrations found in human plasma/serum of normal

individuals and AMI patients. While recombinant TNF-a
and OPG alone marginally affected MSC migration, solu-

ble TRAIL promoted the migration of BM-derived MSC.

Of interest, pre-exposure of BM-MSC to TNF-a induced a

significant increase of the migratory response to TRAIL, in

keeping with previous data suggesting that TNF-a poten-

tiates the migration response of MSC to chemokines [30].

In the same in vitro context, an additional important finding

of our study was that the migratory response of BM-MSC

to TRAIL was dose-dependently inhibited by pre-incuba-

tion with soluble OPG. In particular, the pro-migratory

activity of TRAIL was completely abrogated when OPG

and TRAIL were used at an OPG/TRAIL ratio (6:1) similar

to that found in AMI patients who developed HF. More-

over, when endothelial cells, which represent a major

source of circulating OPG [8], were exposed to TNF-a, the

release of OPG (but not of TRAIL) was significantly

enhanced. Although we are aware that we have not directly

linked the ability of TNF-a to increase the in vitro pro-

duction of OPG by endothelial cells to the inhibitory

activity of OPG on MSC migration in response to TRAIL,

the ability of recombinant OPG to dose-dependently sup-

press the migratory response of MSC to TRAIL offers a

potential physiopathological mechanism for previous data,

which have clearly established a solid link between ele-

vated levels of circulating OPG and risk of cardiovascular

events [9–20]. It is also noteworthy that a higher percent-

age of patients receiving statins before AMI showed lower

levels of circulating TNF-a and OPG and a better pro-

gnosis. Consistently with our present findings, it has

Fig. 4 Effect of TNF-a on the release of OPG and TRAIL by

endothelial cells. OPG and TRAIL levels were assessed by ELISA in

culture supernatants of endothelial cells stimulated for 20 h with the

indicated concentrations of TNF-a. Data are the mean ± SD of

results from four independent experiments, each performed in

duplicate. *P \ 0.05 with respect to unstimulated cells

1312 F. Corallini et al.



been previously shown that statins are able to down-regu-

late the TNF-a-induced secretion of OPG by vascular cells

[38].

The potential role of MSC in heart regeneration has

been underscored in previous studies demonstrating that

MSC can be mobilized from BM and migrate into the

infarcted myocardium, where they are thought to exert

their regenerative activity mainly by releasing pro-angio-

genic cytokines and also by exerting their anti-

inflammatory activity [39, 40]. Since the molecular medi-

ators involved in MSC migration are poorly understood,

our current data suggest that the reciprocal fluctuations of

the levels of inflammatory cytokines, such as TNF-a and

OPG, and of other cytokines, such as TRAIL, in the

bloodstream of AMI patients might play an important role

in recruiting BM-derived MSC into the circulation. TNF-a
seems to exhibit two independent and apparently con-

trasting effects on MSC migration: on the one hand, it

contributes to enhance the migratory response of MSC

toward TRAIL, but, on the other hand, it might indirectly

suppress the biological activity of TRAIL by increasing the

release of its soluble neutralizing receptor OPG (as sum-

marized and depicted in Fig. 5). It is likely that the net

effect of the interplay among these cytokines will be

determined by their concentrations and/or ratio. Since

TRAIL exerts anti-inflammatory [41, 42] and anti-athero-

sclerotic [43] effects, a TNF-a-dependent elevation of OPG

might have pathogenic implications in the outcome of AMI

by neutralizing the beneficial activity of TRAIL in the

vascular system, including the mobilization of BM-derived

MSC.

Acknowledgment This work was supported by a grant from

‘‘Programma di Ricerca Regione-Università 2007/2009’’ (Regione
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