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Abstract Myocardial infarction (MI) is the most com-
mon cause of cardiac injury in the Western world. Car-
diac injury activates innate immune mechanisms initiating
an inflammatory reaction. Inflammatory cytokines and
vascular cell adhesion molecules (VCAM) promote adhe-
sive interactions between leukocytes and endothelial cells,
resulting in the transmigration of inflammatory cells into
the site of injury. Low vitamin D levels are associated
with higher prevalence of cardiovascular risk factors and
a higher risk of MI. In this paper, we examine the effects
of short-term vitamin D supplementation on inflammatory
cytokine levels after an acute coronary syndrome. We
recruited patients arriving to the hospital with an acute
MI. All patients received optimal medical therapy and
underwent a coronary catheterization. Half of the patients
were randomly selected and treated with a daily supple-
ment of vitamin D (4,000 IU) for 5 days. A short course

of treatment with vitamin D effectively attenuated the
increase in circulating levels of inflammatory cytokines
after an acute coronary event. Control group patients had
increased cytokine and cellular adhesion molecules serum
concentrations after 5 days, while the vitamin D-treated
group had an attenuated elevation or a reduction of these
parameters. There were significant differences in VCAM-
1 levels, C-reactive protein, and interleukin-6. There
were trends toward significance in interleukin-8 levels.
There were no significant differences in circulating levels of
intercellular adhesion molecule 1, E-selectin, vascular
endothelial growth factor, and tumor necrosis factor-α.
These findings provide information on the anti-inflammatory
effects of vitamin D on the vascular system and suggest
mechanisms that mediate some of its cardioprotective proper-
ties. There is place for further studies involving prolonged
vitamin D treatment in patients suffering from ischemic heart
disease.
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Introduction

Myocardial infarction (MI) is the most common form of
acute cardiac injury and is a leading cause of morbidity
and mortality in the Western world. Advances in therapy
have led to a decline in mortality during the acute phase, but
this decrease in mortality is paralleled by an increase in the
incidence of chronic heart failure (HF) in patients surviving
with significant residual myocardial damage [1, 2]. The
human heart has negligible regenerative capacity and
cardiac injury poses a great challenge for the reparative
mechanisms of the body, ultimately resulting in formation
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of a scar. The development of HF after MI is determined by
the size of the necrotic area, the wound healing response that
occurs in the days and weeks after the event, and the chronic
remodeling of the infarct scar and the remote, non-infarcted
left ventricular (LV) myocardium.

The post-MI healing process is mediated by inflammatory
mechanisms. Ischemia triggers a series of events that
culminates in the death of the ischemic cardiomyocytes [3].
The acute ischemic episode leads to both systemic humoral
and local cellular inflammatory responses that promote the
myocardial healing process. Both systemic and local
responses trigger a complex myocardial inflammatory reac-
tion. Inflammation participates in physiological myocardial
scar formation. However, in the case of an exuberant inflam-
matory reaction, the extent of the damage to myocardial tissue
may paradoxically increase [4, 5].

Vitamin D is known to have several immunomodulatory
functions, including suppression of proinflammatory cyto-
kine expression and regulation of immune cell activity
[6–15]. Low levels of 25-hydroxyvitamin D are linked to
the presence of cardiovascular, autoimmune, endocrine,
neurological, and malignant disorders [6–8, 10, 11,
16–30]. Vitamin D and its analogs have been noted to have
positive effects on fibrinolysis, blood lipids, thrombogenic-
ity, endothelial regeneration, and smooth muscle cell growth
[31]. These findings are supported by a meta-analysis show-
ing that oral vitamin D3 treatment is associated with reduced
all-cause mortality, partially by decreasing cardiovascular
deaths [32]. Vitamin D deficiency has been related to higher
rates of MI [31], and vitamin D supplementation has been
related to reduced proinflammatory cytokines in patients
with HF [27, 33].

Most of the data now known about the effects of vitamin
D are drawn from observational studies and experimental
models. Few prospective papers exist that examine the
effects of vitamin D treatment on the acute inflammatory
response associated with acute coronary syndrome (ACS).
In this study, we tested the effect of treating patients with
vitamin D after an acute coronary event on blood profile of
inflammatory cytokines and adhesion molecules.

Patients and Methods

Study Design

The study was designed as a prospective, randomized, open-
label, single-center trial. It was conducted in accordance
with the ethical principles of the Declaration of Helsinki,
the Good Clinical Practice Guidelines of the International
Conference of Harmonization, and local regulatory require-
ments; it was approved by the Ethics Committee of Meir
Medical Center.

Study Population

Study patients were adult ACS patients hospitalized at the
Intensive Cardiac Care Unit of Meir Medical Center in
Israel between July and December 2010. Criteria used to
diagnose acute myocardial infarction (AMI) were characteris-
tic elevation and gradual decline of biochemical markers of
myocardial necrosis with at least one of the following symp-
toms: ischemic symptoms, pathologic Q wave in the electro-
cardiogram (ECG), or changes in ECG waves indicating
ischemia (elevation or depression of ST segment) [34].

The major exclusion criteria were renal failure (defined
as creatinine level of 1.5 mg/dl or higher), known calcium
homeostasis or parathyroid hormone abnormalities, febrile
disorders, acute or chronic inflammatory disease upon
presentation, steroid or immunosuppressive therapy, or
active vitamin D supplementation within the month prior
to admission. Informed consent was obtained from the pa-
tient after explanation from the researcher (Y.A). Eligible
patients were randomly assigned in a 1:1 ratio to receive
either daily treatment with orally administered vitamin D
(4,000 IU 25(OH)-vitamin D/day) or no treatment. The
study was designed to end after 5 days of supplementation.

Biochemical Analysis

For routine blood count and blood chemistry analysis, pe-
ripheral venous blood samples were collected using stan-
dard methods and sent to the institution’s clinical laboratory
as part of the patient’s standard treatment. Blood tests for
adhesion molecules and cytokines were drawn from all
participants twice. The first test was drawn within 12 h of
presentation to the hospital with an ACS. The second test
was drawn after 5 days of hospitalization. All samples were
centrifuged at 3,000 rpm for 10 min. The serum was stored
at −40 °C for subsequent analysis. All samples were
processed at the same time by technicians blinded to the
origin of samples.

We used LIAISON® 25(OH)-vitamin D (DiaSorin) im-
munoassay to measure serum concentrations of 25(OH)-
vitamin D. Interleukin (IL) levels were assayed using a
high-sensitivity enzyme-linked immunosorbent assay
(ELISA). Serum levels of adhesion molecules (vascular cell
adhesion molecule 1 [VCAM-1], intercellular adhesion mol-
ecule 1 [ICAM-1], E-selectin, and vascular endothelial
growth factor [VEGF]) were measured by commercially
available ELISA kits according to the manufacturer’s
instructions (R&D Systems, Inc., Minneapolis, MN, USA).

Statistical Analysis

Quantitative parameters were presented as the mean value
and standard deviation. Qualitative parameters were presented
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as the number and percentage. Continuous variables were
compared using Student’s t test. Nominal variables such as
gender and other comorbidities were analyzed using Fisher’s
exact test. Probability values of p<0.05 were considered
statistically significant.

Results

Patients

During the study period, 50 patients were recruited. The
patients were randomized into 2 groups, with 25 participants
each. The two groups were well-matched with respect to
baseline characteristics (age, sex, and major cardiovascular
risk factors). A total of nine patients did not complete the 5-
day trial (six patients from the treatment group and three
patients from the control group). Three patients progressed
to cardiac bypass surgery after coronary angiography, four
patients were discharged from the medical facility after 3 to
4 days of hospitalization, and 2 patients refused the second
blood test. Table 1 presents the clinical characteristics and
the biochemical data for the study groups.

Blood Test Analysis

The levels of cytokines and cellular adhesion molecules
(CAM) closely after an acute coronary event are listed in
Table 1. Vitamin D levels at arrival averaged 18.5±
7.1 ng/ml. After 5 days, the average vitamin D level for
the control group was 22.86±4.6 ng/ml and for the treated
patients was 24.9±7.3 ng/ml. The differences between the
two groups were not significant.

The inflammatory cytokines and molecules tested were
IL-6, IL-8, C-reactive protein (CRP), and tumor necrosis
factor-α (TNF-α). IL-6 levels decreased by 31 % in the
treated patients, compared to a 48.7 % increase in the
untreated group. The difference was statistically significant,
p=0.05. IL-8 levels decreased by 24.5 % in the treated
patients serum, compared to a 75.7 % increase in the control
group, p=0.1. TNF-α levels were mildly affected, showing
a mild decrease in both groups after 5 days. Average CRP
levels were elevated for all patients at presentation, with an
average level of 1.28±1.77 mg/dl. CRP concentrations con-
tinued to rise after the coronary event. The levels increased
by 108 % in the treated patients, compared to an average
361 % increase for the patients without vitamin D supple-
mentation (p=0.03) (Table 2). The anti-inflammatory cyto-
kine IL-10 was also tested and the levels were detectable
only in 14 of 50 patients in the first blood sample and in
8 patients after 5 days (data not presented).

The vascular parameters tested were the adhesion mole-
cules VCAM-1, ICAM-1, and E-selectin in addition to

VEGF. In the untreated patients, VCAM-1, ICAM-1, and
VEGF levels were increased after 5 days, representing a
continuous inflammatory process. In the treated group,
circulating VCAM-1 levels decreased 3.3 % (from 471.4
to 456.1 ng/ml in the study group), compared to a 23 %
increase in the control group, p=0.03. E-selectin levels
decreased by 8 % among the treated patients, compared to
a 0.4 % decrease in the control group, p=0.15. ICAM-1 and
VEGF levels continued to rise in both patient groups.

Discussion

Inflammation is a cornerstone of the post-MI healing pro-
cess. Sudden induction of ischemia by coronary artery oc-
clusion triggers a series of events that culminates in the
death of ischemic cardiomyocytes throughout the anatomic
region supplied by this artery [3]. Sudden myocardial ische-
mia due to coronary lumen narrowing or abrupt closure
leads to both systemic humoral and local cellular inflamma-
tory responses that promote the local myocardial healing
process.

Rapid reperfusion of the infarct-related coronary artery is
the most effective method of limiting tissue necrosis and
improving outcome in AMI. The process of restoring blood
flow to ischemic myocardium can, however, induce reper-
fusion injury. Reperfusion injury is partially caused by the
activation of endothelial cells and recruitment of inflamma-
tory cells to the infarct area, causing endothelial dysfunction
and vascular plugging which lead to the release of degrada-
tive enzymes and reactive oxygen species [35]. The extrav-
asation response is mediated by interactions between CAM
and their cognate ligands, expressed on leukocytes, plate-
lets, and endothelial cells. Both systemic and local
responses trigger a complex myocardial inflammatory reac-
tion. Inflammation participates in physiological myocardial
scar formation. However, in the case of an exuberant in-
flammatory reaction, the extent of the damage to myocardial
tissue may paradoxically increase [4, 36].

The Inflammatory Response and Cardiac Repair
After Myocardial Infarction

Since the mammalian heart cannot produce enough energy
under anaerobic conditions to maintain essential cellular
processes, a constant supply of oxygen is indispensable to
sustain cardiac function and viability. Ischemic myocardial
injury results in decreased oxygen tension within the cell,
subsequent loss of oxidative phosphorylation, and decreased
generation of high-energy phosphates. Adenosine triphos-
phate (ATP) depletion leads to failure of the sodium pump,
loss of potassium, influx of sodium and water, and cell
swelling. Cessation of aerobic metabolism, ATP depletion,
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and accumulation of products of anoxic metabolism (such as
lactic acid) occur within 10 s of occlusion. Striking loss of

contractility occurs almost simultaneously and is evident
within 60 s. Minutes after the onset of ischemia, reversible
ultrastructural cardiomyocyte changes appear, including
cellular and mitochondrial swelling and glycogen depletion.
Irreversible cardiomyocyte injury, evidenced by sarcolem-
mal disruption and the presence of small amorphous densi-
ties in the mitochondria, develops after 20–40 min of
sustained severe ischemia.

The human heart has low regenerative ability. Dying cells
trigger an inflammatory reaction, activating reparative
pathways that ultimately result in the formation of a scar.
The inflammatory response and cytokine release from the
myocardium are essential components of the host response
to AMI and play a crucial role in cardiac repair. The healing
process of the heart after an infraction can be divided
into three phases, partially overlapping: the inflammatory
phase, the proliferative phase, and wound scarring and
maturation [37].

The acute repair process is mediated by cytokines and
inflammatory cells in the infarcted myocardium. The induc-
tion of proinflammatory mediators and leukocyte infiltration
play a crucial role in phagocytosis and removal of necrotic
cells and matrix debris from infarcted myocardium. More-
over, they promote tissue repair and scar formation [38].
During the inflammatory phase, activation of chemokine
and cytokine cascades results in the recruitment of leuko-
cytes into the infarcted area. Chemokine upregulation is a
noted feature of the postinfarction inflammatory response
(Table 3). Neutrophils and macrophages clear the wound
from dead cells and matrix debris. Activated macrophages
release cytokines and growth factors, leading to the forma-
tion of highly vascularized granulation tissue. At this stage,
the expression of proinflammatory mediators is suppressed,
while fibroblasts and endothelial cells proliferate. During
the proliferative phase of healing, activated myofibroblasts
produce extracellular matrix proteins and an extensive

Table 1 Clinical characteristics of the vitamin D and placebo groups

Vitamin group Control group p value

Number 25 25

Males, n (%) 18 (72) 21 (84) 0.5

Age, years (mean±SD) 59.7±13.4 61.6±12.7 0.36

Smokers, n (%) 12 (48) 11 (44) 1.0

Hypertension, n (%) 13 (52) 9 (36) 0.4

Dyslipidemia, n (%) 18 (72) 15 (60) 0.55

Diabetes, n (%) 3 (12) 5 (20) 0.7

Type of coronary event

ST elevation MI 16 15

Non-ST elevation MI/ACS 9 10

Hematological and biochemical characteristics

Hemoglobin (g/dl) 13.9±1.45 14±1.75 0.49

WBC (K/μl) 12.1±4 11.6±4.17 0.41

Platelets (K/μl) 251±72.9 250.4±56.76 0.49

Creatinine (mg/dl) 0.97±0.02 1.04±0.25 0.15

Calcium (mg/dl) 9.31±0.48 9.17±0.41 0.12

Albumin 3.92±0.39 3.88±0.45 0.36

Troponin T (ng/ml) 1.55±1.87 2.03±2.42 0.23

Vitamin D (ng/ml) 18.69±6.65 18.25±7.63 0.42

Adhesion molecule levels at baseline

VCAM (ng/ml) 471.4±196.4 444.8±168.6 0.31

ICAM (ng/ml) 224.4±85.4 194.4±75.4 0.11

E-selectin (ng/ml) 41.2±17.6 36.2±20 0.19

VEGF (pg/ml) 288.3±269.9 278.4±295.1 0.45

Inflammatory cytokine levels at baseline

CRP (mg/dl) 1.1±1.36 0.9±0.96 0.28

IL-6 (pg/ml) 6.5±7.9 6.8±5.4 0.87

IL-8 (pg/ml) 10.6±9.4 9.95±7.2 0.80

TNF (pg/ml) 7.15±3.16 7.55±3.9 0.7

Table 2 Changes in adhesion
molecules and inflammatory
levels 5 days after an acute
coronary event with and without
vitamin D treatment

Italicized entries are the
statistically significant p values
(all p values under 0.05)

Vitamin D group Control group p value

Day 5 Increase Day 5 Increase

Vitamin D (ng/ml) 24.92±7.26 6.23 (33.3 %) 22.86±8.17 4.61 (25.3 %) 0.14

Change in adhesion molecule levels

VCAM-1 (ng/ml) 456.1±181.8 −15.4 (−3.3 %) 547.8±299.4 103.3 (23.2 %) 0.03

ICAM-1 (ng/ml) 229.4±68.1 4.93 (2.2 %) 210.2±80.4 15.8 (8.1 %) 0.22

E-selectin (ng/ml) 37.9±15 −3.27 (−8 %) 36.02±15.9 −0.15 (−0.4 %) 0.15

VEGF (pg/ml) 414.7±334.6 126.3 (43.9 %) 541.5±391.5 263.1 (94.5 %) 0.29

Changes in inflammatory cytokine levels

CRP (mg/dl) 2.3±1.9 1.2 (108.6 %) 4.15±4.1 3.25 (361 %) 0.03

IL-6 (pg/ml) 4.4±3.24 −2.06 (−31.6 %) 10.15±7.9 3.33 (48.7 %) 0.05

IL-8 (pg/ml) 8.00±6.7 −2.61 (−24.5 %) 17.49±32.7 7.54 (75.7 %) 0.1

TNF (pg/ml) 6.98±2.7 −0.17 (−2.5 %) 7.00±3.32 −0.55 (−7.3 %) 0.16
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microvascular network is formed. Maturation of the scar
follows: fibroblasts and vascular cells undergo apoptosis
and a collagen-based scar is formed.

Reperfusion of the coronary vessel accentuates the in-
flammatory reaction and greatly accelerates the healing re-
sponse. The acute localized inflammatory response is
transient and is followed by resolution of the inflammatory
infiltrate and fibrous tissue deposition. A crucial commit-
ment is made during the late stages of the inflammatory
phase to convert the response from phagocytosis and clear-
ance of dead cells and debris to a mode that promotes tissue
repair and scar formation [38]. The inhibition of chemokine
and cytokine synthesis after a dramatic early peak is crucial
for the repair process, preventing prolonged expression of
inflammatory mediators in the healing infarct and suppress-
ing continuous leukocyte recruitment and injury. Thus,
optimal healing requires mechanisms inhibiting chemokine
and cytokine synthesis, resulting in the resolution of the
inflammatory infiltrate and transition to fibrous tissue depo-
sition. These mechanisms involve (a) clearance of the
neutrophilic infiltrate and removal of matrix debris, (b)
inhibition of cytokine and chemokine synthesis, (c) removal
of the fibrin-based provisional matrix, and (d) activation of
fibroblasts and collagen deposition. Although very few
studies have dealt with the process of resolution of inflam-
mation in the healing infarct, understanding these concepts
is crucial for planning strategies targeting the reparative
response [39–41].

Vitamin D as an Effector of Systemic Inflammatory
Reaction

1,25-Dihydroxyvitamin D3 (1,25(OH)2D3), originally de-
scribed as an essential hormone for bone and mineral ho-
meostasis, is the biologically active form of the secosteroid

vitamin D3. Most of the known biological effects of 1,25
(OH)2D3 are mediated through the vitamin D3 receptor, a
member of the superfamily of nuclear hormone receptors [42].

The awareness of the role of vitamin D in the regulation
of immune responses was triggered by the discovery of
vitamin D receptors in almost all immune cells [7, 14].
These include activated CD4+ and CD8+ T cells, B cells,
neutrophils, and antigen-presenting cells (APCs), such as
macrophages and dendritic cells (DCs) [43]. Moreover, the
enzyme responsible for the final and rate-limiting hydrox-
ylation step in the synthesis of 1,25(OH)2D3, the 25(OH)D3-
1α-hydroxylase enzyme, is expressed by activated macro-
phages, making them able to synthesize and secrete 1,25
(OH)2D3 in a regulated fashion. Although the enzyme
found in macrophages is identical to the known renal form,
its expression is regulated differently. While renal 1α-
hydroxylase is mainly regulated by mediators of calcium
and bone homeostasis (e.g., parathyroid hormone and 1,25
(OH)2D3 itself), its macrophage version is predominantly
under the control of immune signals, such as interferon-γ
(IFN-γ) [44].

1,25(OH)2D3 has several immunomodulatory functions
and pleiotropic activities in the immune system, including
suppression of proinflammatory cytokine expression and
regulation of immune cell activity. 1,25(OH)2D3 can affect
the differentiation and function of cells in the immune
system. In experimental models, the addition of 1,25
(OH)2D3 results in the inhibition of T lymphocyte prolifer-
ation, cytokine secretion, and cell cycle progression from
G1a to G1b. By inhibiting IFN-γ transcription, the major
positive feedback signal for APCs, 1,25(OH)2D3 prevents
further antigen presentation and recruitment of T lymphocytes
[45]. Strikingly, 1,25(OH)2D3 uses several different molecular
mechanisms to regulate cytokine expression, either directly
targeting transcription initiation and regulation or indirectly
interfering with other intracellular signaling pathways. More-
over, APCs as well as T lymphocytes can be direct targets of
the immunomodulatory effects of 1,25(OH)2D3, leading to
the inhibition of pathogenic effector T lymphocytes and the
enhanced frequency of regulatory T lymphocytes, largely via
the induction of DCs with tolerogenic properties.

The fact that 1,25(OH)2D3 influences the immune sys-
tem, not merely by suppression, but by immune modulation
through induction of immune shifts and regulator cells,
makes this compound very appealing for clinical use, espe-
cially in the treatment and prevention of autoimmune dis-
eases and regulation of inflammatory reactions. Vitamin D
supplementation poses a minor limitation that we should be
aware of, namely, its rare dose-dependent side effects, in-
cluding hypercalcemia, hypercalciuria, renal calcification,
and increased bone resorption. Indeed, the in vitro observed
immunomodulatory effects of 1,25(OH)2D3 only occur at
concentrations of 10−10M and higher.

Table 3 The role of inflammatory cytokines after myocardial ischemia
and reperfusion

IL-1 Activation of inflammatory and fibrogenic pathways

IL-6 Negative inotropic effects

Oxidative stress and endothelial dysfunction via angiotensin
II receptor

Stimulates expression of ICAM-1, VCAM-1, and selectins

IL-8 Induce neutrophil infiltration

IL-10 Suppression of inflammatory mediators

TNF-α Negative inotropic effects

CRP Increase IL-6 release

Stimulates expression of ICAM-1, VCAM-1, and selectins

Inhibits angiogenesis

Stimulates apoptosis of endothelial cells

Increase migration and proliferation of smooth muscle cells
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Vitamin D and the Cardiovascular System

Low vitamin D levels have been linked to diseases not
traditionally associated with vitamin D and calcium homeo-
stasis, including cardiovascular diseases (CVDs) [12]. There
are several mechanisms by which vitamin D may be asso-
ciated with atherosclerosis and CVD events (Fig. 1). The
role of vitamin D in CVDs has gained increasing interest in
recent years. The mechanisms mediating a potential associ-
ation with CVDs are not fully understood. Because many
cell types involved in cardiovascular function like cardio-
myocytes, endothelial cells, or vascular smooth muscle cells
express vitamin D receptors, a direct influence of vitamin D
on the cardiovascular system can be assumed. On one hand,
vitamin D has been suggested to stimulate differentiation of
vascular smooth muscle cells in the vessel wall to a calci-
fying osteoblast-like phenotype (vascular calcification) [46].
This would actually suggest a positive association of vita-
min D levels with CVD risk. On the other hand, vitamin D
deficiency might exert an unfavorable influence through its
association with important CVD risk factors, such as diabe-
tes [47] and hypertension [48], as well as with inflammation
and cell proliferation.

Several observational studies have shown that vitamin D
deficiency is a common finding in patients with CVD [49].
In a retrospective cohort study recently published [31], men
with circulating 25(OH)D levels of at least 30 ng/ml had
approximately half the risk of MI, independent of other
CVD factors. The association was suggestively stronger
for fatal coronary heart disease, but the number of cases
was too small to make definitive conclusions. Two case–
control studies [22, 28] and a small prospective study [30]
found that individuals with low 25(OH)D levels were at
higher risk for ischemic heart disease.

In a UK study of 2,686 men and women aged 65 years or
more, the participants were randomized to receive 830 IU of
vitamin D daily (administered once every 4 months) or
placebo for 5 years. While the in-study 25(OH)D levels
were 29.7 ng/ml in the vitamin D group and 21.4 ng/ml in
the placebo group, only a nonsignificant decrease in CVD
incidence (RR, 0.90; 95 % CI, 0.77–1.06) and CVD mor-
tality (RR, 0.84; 95 % CI, 0.65–1.10) was observed in the
intervention group [50]. A recent meta-analysis [32] of total
mortality as a secondary end point of randomized controlled
trials with varying levels of vitamin D vs. placebo controls
found a statistically significant 8 % reduction in risk of total
mortality in individuals who had received vitamin D. Al-
though the authors could not evaluate cause-specific mor-
tality, the relatively immediate effect of a large enough
magnitude to affect total mortality would suggest a benefit
on CVD risk. In an animal study conducted with mice [51],
oral administration of the active form of vitamin D3

inhibited atherosclerosis development by inducing tolero-
genic DCs and T regulatory cells. These cells also func-
tioned as antiatherogenic agents and played a role in the
beneficial effects of calcitriol on atherogenesis.

There is growing evidence to suggest that vitamin D
status is associated with the development and progression
of HF [52]. A recently published study demonstrated that
low 25(OH)D levels are common in HF and are indepen-
dently related to an increased risk for all-cause mortality and
HF rehospitalization [53]. Further, a low 25(OH)D concen-
tration was associated with higher plasma rennin activity and
CRP levels, which suggests that activated rennin–angiotensin
and inflammation play a role in the association between 25
(OH)D levels and HF prognosis. Inflammation plays an
important role in the pathogenesis of HF. Abnormal inflam-
matory response may result in increased levels of inflamma-
tion, tissue destruction, cardiovascular remodeling, vascular
calcification, and loss of function, which may contribute to
the development and progression of HF.

The Role of Cytokines in Ischemia-Induced Inflammation

The cytokines engaged in the ischemic myocardium are
produced by myocardiocytes, liver cells, activated macro-
phages, and lymphocytes, as well as adipose tissue. Inflam-
matory cytokines, such as TNF-α, IL-6, and IL-8, are
among the promoters of the humoral post-MI healing
process [54–58]. Upregulation and production of these
cytokines represent an intrinsic or an innate stress response
against myocardial injury.

Under normal conditions, the human heart does not
express cytokines; however, during an ischemic event, they
may be up to 50 times in the culprit ischemic region and up
to 15 times in the adjacent “nonischemic” zones [59]. In the
early post-MI phase, a certain degree of cytokine production

Vitamin D Deficiency

Activation 
of RAAS
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beta cell 

dysfunction

Insulin 
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Inflammation DiabetesHypertension

Atherosclerosis

CV Events

Fig. 1 Potential mechanisms for cardiovascular effects of vitamin D
deficiency

Clinic Rev Allerg Immunol (2013) 45:236–247 241



is physiological because, in this phase, cytokines play an
important cytoprotective role by reducing cell apoptosis
[60]. The robust upregulation may return to baseline levels
if the infarction is small. However, if the infarction is large
or if host inflammatory response is exuberant, there can be
either sustained cytokine upregulation or a second wave of
cytokine upregulation, corresponding to the chronic remod-
eling phase. The second wave can also extend to involve the
non-infarct remote zone, mediating the important remodel-
ing process in the entire myocardium. Cytokines can self-
amplify through a positive feedback loop targeting the
nuclear factor-κB. In extensive MIs, cytokines may persist
at very high levels and remain detectable also in the normal
adjacent myocardium. This phenomenon produces an
unfavorable myocardial remodeling, eventually worsening
clinical outcomes [61].

Cytokine accumulation directly interferes with the myo-
cardial contractility, vascular endothelial (VE) function, and
recruitment of other inflammatory cells. In the setting of
injury, the reduction in contractility mediated by TNF and
IL-6 may be an adaptive response to decrease myocardial
energy demand. TNF-α and IL-6 can attenuate myocyte
contractility directly through the immediate reduction of
systolic cytosolic [Ca2+] via alterations in sarcoplasmic re-
ticulum function, reversible by the removal of cytokine
exposure. Experimental studies indicate that inflammatory
cytokines (TNF-α and IL-6) are associated with HF, includ-
ing progressive LV dysfunction, pulmonary edema, LV
remodeling, fetal gene expression, myocyte hypertrophy,
and myocyte apoptosis [62]. Alteration of endothelial per-
meability is an important feature during inflammatory con-
ditions and is associated with leukocyte transendothelial
migration and accumulation within the tissues. A number
of proinflammatory cytokines, such as TNF-α and IFN-γ,
have been shown to alter the distribution of adhesion recep-
tors involved in cell–cell adhesion, namely, VE–cadherin–
catenin complexes, and prevent the formation of F-actin
stress fibers. This results in restructuring of the intercellular
junction, leading to loss of endothelial permeability and
favoring leukocyte transmigration [63].

TNF-α production in the acute post-MI phase is triggered
mainly by ischemia, as well as by other factors, such as
mechanical stress deformation of damaged myocytes, reac-
tive oxygen species, and autoregulating self-amplification
[64, 65]. Kapadia et al. have shown that direct hemodynam-
ic stretch can trigger myocardial production of TNF-α de
novo within 30 min [66]. Upregulation of TNF-α in the
infarct myocardium can upregulate the levels of TNF-α in
the neighboring normal myocardium, leading to amplified
cytokine effects. TNF-α stimulates the expression of proin-
flammatory cytokines, chemokines, and adhesion molecules
by leukocytes and endothelial cells and regulates extracel-
lular matrix metabolism by reducing collagen synthesis and

by enhancing matrix metalloproteinase (MMP) activity in
cardiac fibroblasts [67]. Schleithoff et al. [27] demonstrated
that daily vitamin D supplementation led to lower TNF-α
and higher IL-10 levels in HF patients. Recent clinical and
experimental studies have suggested that, among inflamma-
tory cytokines, increased release of TNF-α can contribute to
the progression of LV remodeling and dysfunction. In adult
rats surgically implanted with an osmotic minipump infus-
ing TNF-α for 5 days in order to reach plasma levels
comparable to those reported in clinical HF, a decrease in
LV fractional shortening occurred and LV end diastolic
diameter increased by over 25 % when compared with
time-matched controls [68]. In a transgenic mouse model,
myocardial TNF-α overexpression caused increased systolic
and diastolic LV volumes and a reduced collagen cross-
linking in the myocardium [69]. Since the activation of
TNF-α receptors increases the production of MMPs, one
mechanism by which TNF-α can influence LV remodeling
appears to be the induction of myocardial MMPs and sub-
sequent degradation of extracellular matrix components. In
patients undergoing postischemic LV remodeling in vitro,
TNF-α production immediately after the ischemic event was
statistically increased in comparison with patients who did
not develop LV remodeling. Furthermore, 6 months after
MI, in the same group of patients, TNF-α production was
persistently higher than that in the patients not undergoing
LV remodeling [70].

IL-6 is a proinflammatory cytokine that affects many
immune system cells, including B cells, T cells, vascular
smooth muscle cells, and endothelial cells. This IL has been
shown to enhance fatty lesion development in mice. IL-6
levels appear to be predictive of future coronary artery
disease (CAD) and are elevated in patients with unstable
angina (UA) compared with those with stable angina [71].
Patients with persistently elevated IL-6 levels demonstrate a
worse in-hospital outcome following admission with UA.
Raised levels of IL-6 is often correlated to CRP levels,
consistent with IL-6 being the main stimulant for the hepatic
production of CRP.

IL-6 synthesis is rapidly induced in mononuclear cells
and cardiomyocytes of the ischemic myocardium [72]. IL-6
may mediate a biological interplay between various immune
responses and exert autocrine, paracrine, and endocrine
responses to link clinical risk [73]. IL-6 serves as an endog-
enous pyrogen, an upregulator of inflammatory reaction and
a stimulator of acute-phase reactants. IL-6 is capable of
modulating the phenotypic characteristics and gene expres-
sion of many cell types involved in infarct healing. IL-6
null mice demonstrated significantly delayed cutaneous
wound healing, suggesting a significant role for IL-6 in
tissue repair [74].

IL-8 is also an inflammatory cytokine secreted from
activated macrophages and by endothelial cells in response
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to inflammatory stimuli. The prospective EPIC-Norfolk
population study provided evidence that elevated plasma
levels of IL-8 were associated with an increased risk of
CAD in apparently healthy individuals [75]. IL-8 production
is activated by the complement cascade, which, together
with platelet activated factor produced by the endothelial
cells, stimulates endovascular adhesion of neutrophils, thus
increasing vascular and tissue inflammation. A significant
amount of myocardial injury induced by coronary artery
occlusion followed by reperfusion is considered to be
neutrophil-dependent [76]. CRP is known to enhance IL-
8 production at 8 to 24 h of incubation. It is also conceivable
that IL-8 may promote neutrophil–endothelial cell adhesion
by increasing the expression of endothelial CAM [77]. The
induction of monocyte procoagulant activity with either IL-
6 or IL-8 has been proposed as a possible link between the
inflammation and thrombosis in patients with CAD.

Our study has shown that, 5 days following an AMI,
vitamin D-treated patients had lower serum IL-6 and IL-8,
whereas in the control group, there was an increase in
circulating levels of these cytokines. These differences were
statistically significant for IL-6, but not for IL-8. TNF-α
levels decreased slightly after 5 days in both groups with no
significant difference.

Systemically circulating cytokines, such as TNF-α and
IL-6, stimulate the liver to produce inflammatory markers,
such as CRP. These proteins are “acute-phase” reactants,
meaning that they change in characteristic ways during the
early phase of injury and infarction. High levels of CRP
have been associated with a higher risk of cardiovascular
events in older patients without CVD, in particular HF
events. CRP binds to the damaged myocardial cells, stim-
ulates the complement cascade, and may finally increase the
infarcted zone size, worsening the overall post-MI outcomes
[78]. CRP is considered not only as an inflammatory mark-
er, but also as a direct inflammatory promoter with proa-
therogenic and prothrombotic properties [79, 80]. CRP has
also been reported to increase IL-8 levels [81, 82]. It has
also been recently demonstrated that CRP causes the ex-
pression of the adhesion molecules ICAM-1 and VCAM-1
by endothelial cells [83]. CRP levels after an AMI can
predict LV remodeling and HF development [84]. In our
study, we demonstrated elevated CRP levels following an
acute coronary event. The molecule levels were higher
5 days after the event and elevation was significantly atten-
uated under vitamin D treatment.

Vitamin D as an Effector of Circulating Adhesion Molecule
Levels

CAM are surface proteins involved inmodulating intercellular
communication among a wide variety of different cell types.
Several major families of adhesion molecule receptors have

been identified and characterized; these include the integrins,
cadherins, selectins, membrane-associated proteoglycans, and
immunoglobulin superfamily members. CAM mediate the
margination, adhesion, and transendothelial migration of cir-
culating mononuclear cells from the bloodstream to the extra-
vascular compartment [85]. Soluble circulating forms of
adhesion molecules can be measured from peripheral blood
samples, and their levels reflect the amount of membrane-
bound adhesion molecules and the degree of local endothelial
activation [86].

The first contact between leukocytes and the vessel wall
is established by members of the selectin family of adhesion
molecules, among them E-selectin which is expressed ex-
clusively by endothelial cells. E-selectin is found on endo-
thelial cells stimulated by inflammatory cytokines, such as
TNF-α, IL-1, or platelet factor 4. Plasma E-selectin levels
are elevated in patients with ACS [87] and in patients after
undergoing coronary angioplasty [88], and E-selectin is also
detected on human atherosclerosis-prone endothelial cells
and on the surface of fibrous and lipid-containing human
plaques [89]. After selectin-mediated slowing down of the
leukocytes, their adhesion to the vascular wall involves
interaction between the leukocyte integrins and members
of the immunoglobulin superfamily, ICAM-1 and VCAM-
1 [90–92].

VCAM-1 (or CD106) and ICAM-1 (or CD54) are two
members of the immunoglobulin gene superfamily that are
critical in the recruitment and infiltration of inflammatory
cells to sites of injury. VCAM-1 binds circulating mono-
cytes and lymphocytes expressing the integrins α4β1 and
α4β7, whereas ICAM-1 is the counterreceptor for several
leukocyte β2 integrins (e.g., lymphocyte function-associated
antigen [CD11a/CD18] and Mac-1 [CD11b/CD18]). The in-
teraction of ICAM-1 with leukocyte integrins also plays an
important role in leukocyte trafficking and the initiation of
antigen-specific immune responses. ICAM-1 can be
expressed by a variety of cells, mostly endothelial cells and
leukocytes, whereas VCAM-1 expression is restricted only to
endothelial cells. VCAM-1 is expressed on endothelial cells in
response to inflammatory cytokines, and like ICAM-1, it
interacts with integrins on the surface of leukocytes. Both
ICAM-1 and VCAM-1 promote firm adhesion and subse-
quent arrest of leukocytes on the surface of endothelial
cells [92].

The importance of adhesion molecules in the inflamma-
tory process has been confirmed by several in vitro and in
vivo studies. Specifically, monoclonal antibodies and anti-
sense oligonucleotides to adhesion molecules and their
ligands, as well as the absence of CAM expression in
knockout mice, prevent tissue injury associated with both
acute and chronic inflammation [93]. Plasma concentrations
of CAM may be higher in patients with atherosclerosis, and
the predisposition of the old vessels to develop atherosclerotic
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lesions may be related to an age-dependent increase of the
expression of CAM on the surface of VE cells [94].

Levels of soluble adhesion molecules have been shown
to correlate to various cardiovascular risk factors, such as
smoking, hypertension, and dyslipidemia [95, 96]. The ex-
pression of VCAM-1 is induced by arterial endothelial cells
in response to the accumulation of cholesterol within the
intima of aortas [97]. VCAM-1 is also rapidly induced in
proatherosclerotic conditions in animal models and humans
[96]. ICAM-1 is expressed in ischemic myocardial segments
as early as 1 h after reperfusion, with marked elevations
after longer time intervals.

Since the initial discovery that cytokines induce VCAM-
1 expression on endothelial cells, many cytokines, including
IL-1 and TNF-α, have been implicated in the induction of
an array of adhesion molecules and chemokines in the
vascular wall. Patients with ACS show significantly higher
levels of both VCAM-1 and ICAM-1, compared with those
with stable angina pectoris (AP) and healthy controls.
Circulating VCAM-1 molecules have been found to be good
predictors of future cardiovascular events in patient with
ACS, regardless of troponin levels [98]. ICAM-1 may facil-
itate both emigration of neutrophils in reperfused myocar-
dium and their adherence-dependent cytotoxic behavior. In
contrast to VCAM-1, circulating ICAM-1 levels are not
considered to relate to future cardiovascular risk in AMI
patients. The ARMYDA-CAM study, examining CAM levels
in stable AP patients undergoing elective PCI after 1 week of
statin treatment (atorvastatin, 40 mg/day vs. placebo) [99],
showed an attenuation of postprocedural increase of ICAM-1
and E-selectin levels. The authors concluded that reduction of
the endothelial inflammatory response might explain some of
the statin protective effects. In a canine model, selectin block-
ade as an adjunct to thrombolysis significantly reduced infarct
size and myocardial neutrophil infiltration well beyond the
thrombolytic effect alone [100].

In our study, VCAM-1 levels were highly detectable
close to the cardiac event. The levels continued to increase
in untreated patients, compared to the patients who received
vitamin D. ICAM-1 levels followed a similar pattern,
although the differences did not reach statistical signifi-
cance. The high circulating CAM levels represented a
continuous inflammatory process after the coronary event,
and vitamin D supplementation effectively reduced the in-
flammatory burden. E-selectin levels were high shortly after
an acute coronary event. After 5 days, E-selectin levels
declined in both patient groups. Vitamin D treatment was
associated with a higher rate of decline, although the
changes were not statistically significant.

VEGF is a vascular permeability factor which is typically
considered to be an endothelial-specific growth factor with
both angiogenic and antiapoptotic activities [101]. VEGF
levels are elevated during a thrombotic event, such as an ST

elevation MI. In vitro, vitamin D has been shown to induce
VEGF expression and release in vascular smooth muscle
cells. VEGF can be induced by IL-6 and TNF-α, which
were inhibited by vitamin D treatment. In this study, VEGF
levels were elevated following an ACS and continued rising
for at least 5 days. There were no significant differences
between the groups regarding VEGF levels.

This investigation had several limitations. Plasma levels
of cytokines and adhesion molecules showed high variabil-
ity, indicating substantial interindividual variation. The
study was limited by the small number of participants, short
duration of treatment, and short follow-up time. We do not
know if the trends we found in our study conferred any
clinical significance on the patients’ outcome, and finally,
this study also did not assess the possibility of a dose effect
for vitamin D treatment.

Conclusion

Myocardial ischemia and especially MI lead to a systemic
inflammatory response, as well as to a local–regional in-
flammatory response. The purpose of this inflammation is to
promote a complex physiological myocardial healing pro-
cess. The acute inflammation itself may paradoxically have
deleterious effects on myocardial cells, especially in the case
of an inflammatory response. For many years, inflammation
has been a pharmacological therapeutic target; however,
treatment with specific anti-inflammatory agents and cyto-
kine inhibitors has been unsuccessful in clinical practice
[102]. Even if interventions targeting the inflammatory re-
sponse do not reduce cardiomyocyte death, modulation of
the reparative process in order to optimize the mechanical
and functional properties of the infarcted heart remains an
interesting direction. Experimental evidence suggests that
inhibition of chemokine signaling, modulation of extracel-
lular matrix remodeling, and enhancement of the endoge-
nous protective mechanisms that contribute to the resolution
and containment of the inflammatory response may be
promising therapeutic strategies.

Understanding the inflammatory response to ischemic
myocardial injury and the role of cytokines after MI may
allow us to promote improved healing and cardiac remodel-
ing after MI. Low levels of 25(OH)D are known to be
associated with increased atherosclerosis and higher risk of
MI [31]. The results of this study demonstrated that vitamin
D can attenuate the inflammatory process following AMI.

As vitamin D deficiency is widespread in many popula-
tions and is in theory amenable to potential interventions,
clarification of its role in myocardial ischemia and infarction
may be of great public health relevance. The possible clin-
ical benefits of vitamin D for patients after an ischemic
event warrant future studies.
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