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Plasma von Willebrand factor level is transiently elevated
in a rat model of acute myocardial infarction
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Abstract. The von Willebrand factor (vWF) is a plasma glyco-
protein that plays an essential role in hemostasis by supporting
platelet adhesion and thrombus formation in response to
vascular injury. Plasma levels of vVWF are an independent risk
factor for patients with acute myocardial infarction (AMI);
however, clinical data have demonstrated a marked variation
of vWF levels in patients with AMI, the reason for which has
not yet been identified. In the present study, a rat model of
ST-segment elevation AMI was established, and cardiac and
peripheral blood was collected for a time-course examination of
the plasma levels of vVWF and tumor necrosis factor-a (TNF-a).
The level of vVWF in the blood plasma increased, peaked at 1 h
and decreased to normal levels by day 7 following AMI, while
the level of TNF-a peaked at 24 h and remained elevated until
day 7. The effects of TNF-a on VWF secretion and expression
were examined in cultured human umbilical vascular endothe-
lial cells (HUVECSs). TNF-a treatment increased vVWF secretion
from the HUVECs but inhibited the mRNA and protein expres-
sion of VWF in the HUVECsS. These results indicate that VWF
secretion from endothelial cells is transiently elevated following
AMI, and then decreases as the expression of VWF is inhibited
by TNF-a. The present study increases the understanding of the
pathophysiology of VWF and indicates that the determination
of vVWF levels may be useful in the clinical evaluation of AMI.

Correspondence to: Professor Ju Liu, Laboratory of Microvascular
Medicine, Medical Research Center, Shandong Provincial
Qianfoshan Hospital, Shandong University, 16766 Jingshi Road,
Jinan, Shandong 250014, P.R. China

E-mail: ju.liu@sdu.edu.cn

“Contributed equally

Key words: von Willebrand factor, acute myocardial infarction,
secretion, cardiac blood, TNF-a

Introduction

The von Willebrand factor (vWF) is a large multimeric plasma
glycoprotein produced by endothelial cells and megakaryo-
cytes (1). VWF can be secreted through a constitutive pathway
following synthesis, or by a regulated pathway involving storage
and release by secretagogues (2,3). Although platelets secrete
VWF, plasma vWF levels have been shown to depend almost
entirely on VWF from endothelial cells (4). A large amount
of VWF is stored in Weibel-Palade bodies in endothelial cells
and released towards the lumen of blood vessels in response to
various stimuli (5,6). In blood circulation, vVWF is well known
for its role in homeostasis, where it binds to platelet receptor
glycoprotein Ib and to the constituents of the sub-endothelial
connective tissue (4,7). vVWF also binds to blood coagulation
factor VIII, another blood clotting protein, and acts as its carrier
in the circulation (8). In addition to homeostasis, VWF has
recently been recognized as a critical regulator in angiogenesis,
inflammation and cell proliferation (9-11).

The vWF gene is located on chromosome 12p and comprises
52 exons spanning ~178 kb of genomic sequence (12). Mutations
in the VWF gene are responsible for von Willebrand disease, a
bleeding disorder that prolongs the blood clotting process (13).
The vWF gene is also a marker of endothelial cell heteroge-
neity as demonstrated by the existence of regional variations
in VWF protein and mRNA levels within the vascular tree (14).
The vascular-bed specific expression of VWF is regulated by a
group of distinct signaling pathways, each communicating with
different regions of the promoter (15,16). In pathological condi-
tions such as sepsis, diabetes and cancer development, vVWF
expression in endothelial cells is regulated by specific groups of
transcription factors (17-21).

The plasma levels of VWF have been found to be associated
with cardiovascular diseases, particularly myocardial infarc-
tion (MI) (22,23). MI is a common cause of mortality; as of
2008, >3,000,000 individuals exhibited ST elevation MIs and
4,000,000 non-ST elevation MIs every year worldwide (24). As
a result of inadequate coronary artery blood flow, MI triggers
ischemic responses, which include myocyte death, endothelial
cell dysfunction and abnormal tissue repair with fibrosis (25).
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Table I. Reverse transcription-quantitative polymerase chain reaction primer sequences.

Gene Sense/antisense Primer sequence Size (bp) Tm (°C)

vWF Sense CGGCTTGCACCATTCAGCTA 90 61.5
Antisense TGCAGAAGTGAGTATCACAGCCATC

GAPDH Sense TGATGACATCAAGAAGGTGGTGAAG 240 57.9
Antisense TCCTTGGAGGCCATGTGGGCCAT

All sequences are written in the 5' to 3' orientation. Tm, melting temperature.

To date, no clinical marker is available for the accurate assess-
ment of this process (26). Plasma vVWF concentration has been
shown to be increased in patients with acute MI (AMI) (27,28).
However, other studies have reported that no difference in the
VWF levels was identified between patients with MI and the
controls (29,30). It is therefore necessary to accurately assess
the plasma vWF level during MI.

In the present study, a rat model of ST-elevation AMI was
established, and the plasma vWF level in the cardiac and periph-
eral blood was examined at different time-points. The plasma
level of TNF-a, an inflammatory cytokine, was also examined
and the effects of TNF-a on VWF secretion and expression in
cultured endothelial cells were investigated. The data obtained
may be important for evaluating the association between plasma
vWF and AMI progression.

Materials and methods

Animal model. Fifty-seven male Wistar rats (age, 8 weeks;
weight, 280-300 g) were obtained from the Animal Center
of Shandong University (Jinan, China) and randomized into
four groups: Sham-operated and MI 1-h, 24-h and 7-day
groups. Each group contained 12-15 rats. Following anesthesia
with 3% sodium pentobarbital (30 mg/kg intraperitoneally;
Sigma-Aldrich, St. Louis, MO, USA), the rats were intubated
via tracheotomy and ventilated with a small-animal ventilator
(HX-300S; Chengdu TME Technology Co., Chengdu, China).
The heart was exposed through left fourth intercostal lateral
thoracotomy, and the AMI model was induced by permanently
ligating the left anterior descending artery ~2 mm from its origin
as previously described (31,32). At each time-point, ~5-u1 blood
samples were collected from the coronary sinus and inferior
vena cava using a 30-gauge needle. Electrodes were attached
to the four limbs for electrocardiography, and successful
creation of AMI was verified by ST-segment elevation shown
by electrocardiography. The rats of the sham-operated group
underwent thoracotomy and pericardiotomy without coronary
artery ligation. The study was approved by the Animal Care
and Use Committee of Shandong University and all procedures
involving animals were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health (publication no. 85-23, revised 1996).

Masson's trichrome staining. Masson's trichrome staining was
performed as previously described (33). Briefly, the rats of the
MI 7-day group were decapitated following blood collection.
Subsequently, their hearts were removed, washed and fixed in

Bouin's solution [Tiangen Biotech (Beijing) Co., Ltd.,China] for
2 h. They were then embedded in optimum cutting temperature
compound (Tissue-Tek; Miles Laboratories, Inc., Elkhart, IN,
USA) by dry ice-ethanol bath. The frozen-embedded rat hearts
were transversely sectioned (6 ym) and stained with Weigert's
iron hematoxylin (Shanghai Jinpan Biotech Co., Ltd., Shanghai,
China) for 10 min, then washed and stained in 1% ponceau-acetic
acid solution (mixture of equal volumes of 0.5% ponceau 2R
in 1% acetic acid and 0.5% acid fuchsin in 1% acetic acid)
for 5 min. Following washing with phosphate-buffered saline
(PBS), the sections were incubated with 1% phosphomolybdic
acid for 5 min and counterstained light green. The images were
captured under an Olympus FSX200 microscope (Olympus
Corporation, Tokyo, Japan).

ELISA. The rat blood samples were centrifuged at 1,075 x g for
2 min at 4°C, and the supernatant (blood plasma) was collected.
Then, the plasma samples were diluted 1:20 with PBS for the
detection of VWF and TNF-a protein levels using a vVWF ELISA
kit (Ramco Laboratories Inc., Stafford, TX, USA) and a TNF-a
Rat ELISA kit (Abcam, Cambridge, MA, USA), respectively.
For cell culture, HUVECs were grown to confluence and
serum/growth factor-free media containing 0, 10 or 50 ng/ml
TNF-a (Miltenyi Biotec, Bergisch Gladbach, Germany) was
applied. At each time-point, the media were collected for detec-
tion of the VWF protein level using the vVWF ELISA kit. The
measurements were performed 4 times (n=4).

Cell culture. Human umbilical vascular endothelial cells
(HUVECs) were purchased from the American Type Culture
Collection (Manassas, VA, USA) and maintained in endothelial
growth media (EGM-2) supplemented with EGM™ -2-MV
bullet kit (Lonza, Basel, Switzerland) and containing antibiotics
(100 TU/ml penicillin and 100 pg/ml streptomycin), in humidi-
fied air at 37°C with 5% CO,.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was isolated from HUVECs
treated with 10 ng/ml TNF-a at 37°C at each time-point
(0,0.5, 1, 2, 6, 12 and 24 h) using the RNeasy Mini kit
(Qiagen, Hilden, Germany). cDNA was synthesized using
the High Capacity RNA-to-cDNA Master Mix (Applied
Biosystems-Life Technologies, Carlsbad, CA, USA).
RT-qPCR was performed using SYBR Green master mixes
(Life Technologies) with a ViiA7 Real-Time PCR system
(Life Technologies). All PCR reactions were repeated in
triplicate. The relative expression of VWF was calculated
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Figure 1. Establishment of an AMI model in male Wistar rats. (A) Representative electrocardiography of the rats from the sham-operated and MI groups.
Rats with MI showed a clear ST-segment elevation when compared with the sham-operated group. (B) Representative image of sections of rat hearts from the
sham-operated and MI (7-day) groups stained with Massion's trichrome. AMI, acute myocardial infarction; MI, myocardial infarction.

using GAPDH as an endogenous internal control. The primer
sequences are listed in Table 1.

Immunofluorescence. HUVEC monolayers grown on
fibronectin-coated glass chamber slides were exposed to 0 or
10 ng/ml TNF-a. After 24 h, the media was aspirated and
the monolayers were washed with PBS containing 100 mM
L-glycine, fixed with 4% paraformaldehyde, and re-washed
with PBS. Immunofluorescence assay was performed using a
primary polyclonal rabbit anti-human vWF antibody (cat. no.,
A008229; dilution, 1:200; Dako, Glostrup, Denmark) and an
Alexa Fluor® 546 polyclonal anti-rabbit secondary antibody (cat.
no., A-11035; dilution,1:200; Life Technologies). The cells were
incubated with the primary antibody overnight at 4°C, washed
with PBS and then incubated with the secondary antibody for
1 h at room temperature. Photographic images of the slides were
captured using an Olympus FSX200 microscope (Olympus
Corporation) with an excitation wavelength of 546 nm.

Statistical analysis. Data are expressed as the mean + standard
error. An unpaired, two-tailed Student's t-test was used for
the comparison between means. The SPSS 17.0 software for
Windows (SPSS Inc., Chicago, IL, USA) was used for the statis-
tical analysis. P<0.05 was considered to indicate a statistically
significant difference.

Results

Model establishment. The establishment of the AMI model
was confirmed by the significant ST-segment elevation shown

on electrocardiography (Fig. 1A). Following blood sample
collection at each time-point, the rats were sacrificed and
the hearts were extracted to verify the effects of AMI. The
Masson's trichrome staining results of the sections of the
cardiac tissues from the rats of the AMI model after 7 days are
shown in Fig. 1. In these sections, the normal myocardium was
stained red, while the region of fibrosis that caused infarction
damage was stained blue. In the sham-operated control group,
only the perivascular area was stained light blue (Fig. 1B).
By contrast, the infarcted zone of the AMI group contained
a large quantity of blue fibrotic tissues (Fig. 1B), suggesting
that the AMI model has been successfully developed in the
Wistar rats.

vWF levels in blood plasma. The concentrations of VWF
in blood plasma were detected using ELISA. As shown in
Fig. 2, the level of vVWF in the cardiac blood collected from
the coronary sinus underwent a 1.31-fold increase (P<0.01) at
1 h and a 0.88-fold increase (P<0.05) at 24 h following AMI,
but decreased to normal levels by day 7. The level of vWF
in the peripheral blood collected from the inferior vena cava
underwent a 0.37-fold increase at 1 h (P<0.05) and a 0.18-fold
increase at 24 h (P<0.05), but decreased to normal levels at
day 7. Thus, following AMI, the concentrations of vVWF in
the cardiac and peripheral blood increased, peaked at 1 h and
then gradually decreased to normal levels. At the peak level,
the increase of VWF in the peripheral blood (0.37-fold) was
considerably smaller than that in the cardiac blood (1.31-fold),
suggesting that VWF was secreted from the heart following MI
and diluted through the circulatory system.
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Figure 2. vVWF concentration in cardiac and peripheral blood from male
Wistar rats with AMI. Time-course measurement of vVWF concentration
in (A) cardiac blood and (B) peripheral blood of rats with AMI (n=12 for
each assay; "P<0.05 and ""P<0.01 compared with the control group). vVWF,
von Willebrand factor; AMI, acute myocardial infarction; MI, myocardial
infarction; n.s., not significant.
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Figure 3. TNF-a concentration in cardiac and peripheral blood from male
Wistar rats with AMI. Time-course measurement of TNF-o concentration
in (A) cardiac blood and (B) peripheral blood of rats with AMI (n=12 for
each assay; ‘P<0.05 and “"P<0.01 compared with the control group). TNF-a,
tumor necrosis factor-a; AMI, acute myocardial infarction; MI, myocardial
infarction.
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Figure 4. TNF-a induced vWF secretion in HUVECs. vWF ELISA of the
culture media of HUVECS treated with 10 and 50 ng/ml TNF-a (n=4; "P<0.05
and “"P<0.01 compared with baseline). TNF-a, tumor necrosis factor-a;; VWF,
von Willebrand factor; HUVEC, human umbilical vascular endothelial cell.

TNF-a levels in blood plasma. TNF-a, a pro-inflammatory
cytokine, regulates VWF expression in the vasculature (34).
The concentration of TNF-a in the blood plasma collected
from the rat model of AMI was examined. The cardiac plasma
level of TNF-a was increased at 1 h (0.89-fold; P<0.05), 24 h
(1.32-fold; P<0.05) and 7 days (1.23-fold; P<0.05) after AMI.
The peripheral plasma level of TNF-a was also increased at
all time-points as follows: 0.53-fold increase at 1 h (P<0.05),
0.71-fold increase at 24 h (P<0.05) and 0.72-fold increase at
7 days (P<0.01). During AMI, TNF-a was also produced in
the heart and diluted through the circulatory system. Unlike
VWP, the level of TNF-a peaked at 24 h, and a high level was
maintained until day 7 after AMI (Fig. 3).

Effect of TNF-a.on HUVECs. TNF-a was added to the medium
of cultured HUVECs and the VWF secretion in vitro was
examined. Following treatment with 10 or 50 ng/ml TNF-a,
the level of vVWF secreted into the medium was significantly
increased at all time-points (Fig. 4), suggesting that TNF-a
stimulates vVWF secretion. In addition, VWF expression in the
HUVEGC:s treated with 10 ng/ml TNF-a for 24 h was examined.
RT-qPCR analysis indicated that the mRNA level of vVWF
was significantly decreased at 2 h and continued to decrease
until 24 h after treatment (Fig. 5A). An immunofluorescence
assay using a rabbit anti-human vWF antibody was performed
on the HUVEC monolayer. As shown on Fig. 5B, the vWF
protein was abundant on the membranes of the untreated cells
but its expression on the cells following a 24-h treatment with
10 ng/ml TNF-a was considerably reduced. Therefore, TNF-a.
treatment increased the secretion of vVWF by HUVECs, but
decreased the expression of VWF in the HUVECs.

Discussion

In the present study, a rat model of AMI was successfully devel-
oped, which was validated by the ST-segment elevation shown
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Figure 5. TNF-a induced downregulation of VWF expression in HUVECs. (A) Reverse transcription-quantitative polymerase chain reaction analysis of
vWF mRNA expression in HUVECsS treated with 10 ng/ml TNF-a (n=4; "P<0.05 and “P<0.01 compared with baseline). (B) Immunofluorescence of vVWF in
HUVECS treated with 0 and 10 ng/ml TNF-a for 24 h (magnification, x100). vVWF, von Willebrand factor; HUVECs, human umbilical vascular endothelial
cells; TNF-a, tumor necrosis factor-o.
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Figure 6. Schematic illustration of TNF-a regulated vWF secretion and expression. TNF-a, tumor necrosis factor-o; TNFR1, tumor necrosis factor receptor 1;
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on electrocardiography and the results of Masson's twrichrome ~ while the level of TNF-a continuously increased until it
staining on the cardiac tissues. The plasma level of VWF, as  peaked at 24 h and remained elevated for 7 days. The in vitro
determined by ELISA, was transiently increased following  experiments indicated that TNF-a stimulated vWF secretion
AMI, and then decreased in the cardiac and peripheral blood,  but inhibited the expression of VWF in cultured endothelial
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cells. The present study, therefore, partially elucidated the
cause of the variation in human plasma vWF levels during
AMI and the underlying mechanisms.

The plasma level of vVWF is a potential clinical marker
for AMI and may be a risk factor for recurrent myocardial
infarction (35). A number of studies have investigated the asso-
ciations between VWF plasma levels and AMI events (22,23);
however the results are inconsistent and the conclusions remain
controversial. The present study determined the plasma level
of VWF in a rat AMI model, and indicated that vWF is tran-
siently increased following AMI in the cardiac and peripheral
blood. This time-course is consistent with the results of a
clinical study that recorded the progression of AMI precisely,
and reported that the vVWF concentration was significantly
increased at the onset stage of AMI and normalized 14 days
following AMI (36). The present findings suggest that a higher
plasma level of VWF is associated with the early stage but not
the later stage of AMI. In addition, the discrepancies between
this and previous studies are, at least partially, due to the
different time-points of blood collection from patients.

Inflammation plays an important role in AMI, and TNF-a
is the central regulator of inflammation (37,38). At low levels,
TNF-a exhibits a cardioprotective effect, whereas high levels
of TNF-a induce myocardial damage (39,40). TNF-a is
produced primarily by activated macrophages and expressed
by multiple cell types in the heart (41,42). During AMI, the
expression of TNF-a is increased in cardiac tissues (43). In
the present study, it was found that the plasma level of TNF-a
continuously increased during the first 24 h and was main-
tained at a high level for the 7-day period following AMI,
suggesting that circulating TNF-a could be associated with
AMLI. These results are consistent with the findings of clinical
studies, which support that observation that the TNF-a. level
is higher in patients with AMI (25,44). The increase in the
level of TNF-a may be caused by both the ischemia-induced
damage of myocardial tissues and the late consequences of
tissue repair (40,45).

TNF-a in blood plasma interacts with its receptors on the
membrane of endothelial cells, triggers a collection of signaling
pathways and regulates various cellular processes (46,47). In
healthy humans, the intravenous injection of recombinant
TNF-a has been found to stimulate the release of VWF from
storage into the circulation, which is one of the consequences
of TNF-a-induced endothelial cell activation (48). Through
in vitro experiments in the present study, it was also observed
that TNF-a-induced an increase in VWF secretion; however,
TNF-a was shown to downregulate the mRNA and protein
expression of VWF (Fig. 6). It has previously been discovered
that transcription factor GATA3 and ETS transcription factor
ERG are positive regulators of vVWF expression (12,34). TNF-a
inhibits the expression of these transcription factors in endo-
thelial cells (18,49), thus repressing the expression of VWF.
As the expression of VWF is decreased, the TNF-a-induced
secretion of VWF reaches a peak shortly afterwards and then
decreases.

In conclusion, the present study found that the plasma level
of vWF is transiently elevated in a rat model of AMI, which
may result from a TNF-a-induced increase in VWF secretion
and reduction in VWF expression. The present results suggest
that plasma level of vVWF may be a clinical marker of the early
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stage of AMI. Future studies are required in order to elucidate
the role of VWF in the progression of AMI and the underlying
mechanism.
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