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ABSTRACT

Acute aortic dissection is one of the most lethal cardiovascular disease. The major histopathological feature of
AAD is medial degradation, especially breakdown of elastin and collagen. However, the underlying mechanism
remains a mystery. Platelets expressed CD40 Ligand (CD40L) is recently recognised as a key effector of
cardiovascular disease development through its pro-inflammatory effect. To clarify the role of CD40L in AAD,
we examined level of CD40L in human blood serum samples and found that it is significantly higher in AAD
patients compared with healthy subjects (26.815.52 ng/mL versus 13.414.00 ng/mL). To further investigate if
CDA40L is involve in the development of AAD, we applied B-aminopropionitrile (BAPN) induced mouse model of
AAD. Consistent with the human data, circulating CD40L in AAD mice much higher than normal mice
(148.40+£75.96 pg/mL versus 44.09t19.65 pg/mL). Meanwhile, multiple pro-inflammatory chemokines
significantly increased in AAD mice. Importantly, the CD40L-/- mice treated with BAPN did not develop these
phenotypes. Lastly, we confirmed that endothelial cells migration was significantly inhibited by CD40L,
suggesting impaired recovery from intimal injury. In summary, we found that CD40L promoted AAD
development through its pro-inflammatory effects and inhibition of endothelial cell function.

INTRODUCTION

Acute aortic dissection (AAD) accounts for a
substantial part of deaths from aortic diseases [1]. Type
A AAD is the most complicated form according to
Stanford classification, which is characterized by abrupt
onset, rapid progression and poor prognosis. Type A

AAD has a mortality of 50% within the first 48 hours
and 90% within 1 month if not operated. However,
cumulative evidence has proved that surgery can reduce
I-month mortality to 30% or even lower [2]. Hence, a
biomarker which is sensitive and specific for diagnosis
or a therapeutic target for delaying development of
AAD is of great importance. Elucidation of the risk
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factors and wunderlying pathological mechanisms
associated with the disease will help us achieve that
goal.

Pathophysiologically, aortic dissection is defined as
disruption of the medial layer provoked by intramural
bleeding, resulting in separation of the aortic wall layers
and subsequent formation of a true lumen (TL) and a
false lumen (FL) with or without communication [2].
Taking account of the histopathological findings,
medial degeneration is the most widely accepted risk
factor that induces AAD formation and is described as
disruption and loss of elastic fibers and increased
deposition of proteoglycans [1,3]. Thus, medial
integrity maintained by collagen and elastin cross-links
is one of the key points to protect from AAD. -
aminopropionitrile (BAPN) is described as a lysyl
oxidase inhibitor, which cause defective elastin and
collagen synthesis and create a pre-AAD status in
immature mice [4,5]. Mice fed with BAPN has been
reported to suffer from AAD and is successfully
established as an AAD model with a successful rate of
over 80% [3,6,7].

However, AAD is most often initiated by intimal tear,
resulting in communication of the two lumens and
further disruption of vessel wall [2]. That makes us
wonder if intimal injury or inflammation is also a risk
factor which participate in the development of AAD.
CD40 ligand (CD40L, CD154), an intrinsic membrane
glycoprotein which constitutes a member of the TNF
ligand superfamily, has been a star molecule of cardio-
vascular research since 1998 and is largely expressed by

platelets [8-10]. Originally regarded as a key role in
cellular immunity, it has now been proved to induce
atherosclerosis and thrombosis through its pro-
inflammatory effects [11]. CD40 is the main receptor
that interacted with CD40L and is widely expressed by
many cells, including endothelial cells [9]. Our previous
work has revealed that platelet is involved in the
development of AAD [12]. Hence, the aim of this
experiment is to investigate whether platelet expressed
CDA40L is able to impair endothelial cells and further
induce AAD formation.

RESULTS

Elevated levels of CD40L, pro-inflammatory
chemokines and adhesion molecules in blood
samples from AAD patients

We first compared demographic factors in healthy
volunteers and type A AAD patients, there were no
significant differences in average age and ratio of men
to women among these groups (Table 1). We then
screened the levels of circulating CD40L in blood
samples from healthy volunteers and patients with type
A AAD, the levels were significantly higher in all
patients compared with healthy volunteers (Table 1).
CD40L-CD40 interaction is known to up-regulate
adhesion molecules (e.g. E-selectin and VCAM-1
[vascular cell adhesion molecule 1]), pro-inflammatory
chemokines (e.g. IL-6, TNF-o [tumor necrosis factor-a]
and MCP-1 [monocyte chemoattractant protein-1]) as
well as MMPs (MMP-2 and -9) [8,10]. Thus, we also
measured the IL-1pB, IL-6, TNF-a, VCAM-1, E-selectin,

Table. Background and cytokine of human peripheral blood.

AAD(100) Control(139) P value
Male (%) 70(70) 98(70.5) 0.933
Year 48.3+11.97 48.8+9.98 0.718
BMI 25.3+3.71 24.2+3.45 0.017
Hypertension (%) 44(44) 24(17.3) <0.001
sCD40L (ng/mL) 26.8+5.52 13.444.00 <0.001
E-Selectin (ng/mL) 116.1+24.88 77.1£14.30 <0.001
IL-1B (pg/mL) 62.6+13.28 48.6+9.76 <0.001
IL-6 (pg/mL) 500.8+91.61 421.4433.87 <0.001
MCP-1 (pg/mL) 217.9+56.22 140.8+28.07 <0.001
MMP-2 (ng/mL) 196.0+34.43 168.4+13.34 <0.001
MMP-9 (ng/mL) 469.1£77.74 326.0+30.51 <0.001
VCAM-1 (ng/mL) 516.24+86.53 396.9+57.41 <0.001

55.6+9.04 37.1£5.43 <0.001

TNF-a (pg/mL)

BMI indicates body mass index; AAD, acute aortic dissection.
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MCP-1, MMP-2 and MMP-9 levels in serum samples of
different groups, and found that the circulating levels of
them all were significantly higher in the type A AAD
group than the healthy volunteers group studied (Table
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Significantly higher mortality and prevalence rate of
AAD in wild mice treated with BAPN
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CD40L-++BAPN

CD40L+

- WT
CD40L-++BAPN == WT+BAPN
—*= CD40L"

—— CD40L"+BAPN

CD40L+

Survival Carve

10 20 30
. E " ..
5 250
o
3 = 200
© £
2 150
z 2 100
o
< é 50
¥
'al DWT
g CIWT+BAPN
o EmCD40L"
CD40L"+
F -%APN
T WT WT+BAPN CD40L"-  CD40L+BAPN
8.25% 25 .57% ” '2.89% 9.65%| S
€ £
3 -
S L A 20
CD40L > 0 CD40L

Figure 1. BAPN administration-induced TAD formation is inhibited by genetic depletion of CD40L. (A)
Echography showed aortic arch dilation. (B) Representative images showed autopsy features of isolated mouse aorta after
feeding with BAPN or saline for 28 days; arrow, location of TAD. (C) Haematixylin and eosin (H&E) staining showed
significant dissected intima in WT+BAPN mice, while flat intima could be seen in other 3 groups. (D) Survival curve of WT
(n=12), WT+BAPN (n=27), CD40L-/- (n=12) and CD40L-/-+BAPN (n=17) mice. (E) ELISA of sCD40L showed that circulating
levels of CD4O0L are elevated in plasma from WT+BAPN mice. (F) Representative flow cytometry analysis showed percentage
of CD41+ CD62b+ CD40L+ platelets divided by total CD41+ CD62b+ platelets in mice plasma. (G) Statistical data analysis

from four separate experiments. Data were expressed as percentage

subpopulations in total CD41+ CD62b+ platelets counted.

+

SD of the CD41+ CD62b+ CD40L+ platelets
**P < 0.01 versus WT, CD40L-/- and CD40L-/-+BAPN mice.
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water. Group B consisted of 30 mice and all mice were
treated with BAPN solution. During the experiment,
mice were monitored using echography, and aortic
dilation could be detected in group B (Fig. 1A) without
high-resolution imaging of intimal flap. Till the end of
the experiment, 21 mice in group B died, 16 of which
were diagnosed with thoracic aortic dissection (TAD)
after autopsy (Fig. 1B), other 5 possessing normal aorta.
9 surviving mice were sacrificed for flow cytometry,
histology and analysis of plasma. For group A, all mice
were alive until the end of experiment and all of them
were sacrificed for flow cytometry, histology and
analysis of plasma.

Haematixylin and eosin (H&E) staining showed dissect-
ed intima and disruption of media on the location of
thoracic aorta after BAPN administration (Fig. 1C).

Eventually, except for 3 mice sacrificed for flow
cytometry without autopsy, 21 were diagnosed with
AAD in group B, indicating a successful rate of 77.78%
(Fig. 1D).
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Platelet expressed CD40L correlates with elevation
of pro-inflammatory chemokines in BAPN treated
wild mice

Blood samples were taken from all survival mice in 2
groups, and circulating CD40L levels were detected
using ELISA. We could tell from the result that level of
CD40L was significantly higher in group B than group
A (Fig. 1E). Since activated platelets are major source
of membrane bound CD40L and soluble CD40L, and
our previous work have proved that platelets are largely
activated during the process of aortic dissection
formation, then we further investigate the amount of
platelets expressed CD40L in 2 groups through flow
cytometry. Analysis data demonstrated that there were
more platelets expressed CD40L in group B compared
with group A (Fig. 1F, 1QG).

To clarify whether pro-inflammatory chemokines and
endothelial adhesion molecules were released after
interaction of CD40L with endothelial cells expressed
CD40, many biomarkers including E-selectin, ICAM-1,
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Figure 2. Circulating pro-inflammatory chemokines were elevated in plasma of WT+BAPN mice. E-
selectin, ICAM-1, P-selectin, IL-1B, IL-2, IL-6, TNF-a and MMP-9 were examined. IL-1B, IL-2, IL-6 and TNF-a and P-
selectin were significantly higher in WT+BAPN mice. Values are mean +SEM. *P<0.05 versus other groups, **P<0.01
versus other groups. MMP9 indicates matrix metalloproteinase 9; ICAM-1, intercellular cell adhesion molecule-1.
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P-selectin, IL-1pB, IL-2, IL-6, TNF-o and MMP-9 were
tested. Quantitative results implicated that levels of IL-
1B, IL-2, IL-6 and TNF-o and P-selectin were
significantly higher in group B. However, endothelial
adhesion molecules such as E-selectin and ICAM-1 did
not differ between the 2 groups. Also we found no
differences in MMP-9 levels (Fig. 2).

Prevention of AAD by genetic depletion of CD40L

To determine whether CD40L plays a key role in mice
treated with BAPN, CD40L-/- mice was obtained and fed
in the same way as we did to wild mice. In brief, CD40L-
/- mice was divided into 2 groups, which is group C
(n=15) and group D (n=20). Mice in group D were
treated with BAPN and mice in group C were not. To our
surprise, neither in group C nor group D, there were no
mice died before the end of experiment. Consistent with
our observation, we did not detect aortic lesion during the
experiment using echography and autopsy confirmed that
(Fig. 1A, 1B). Haematixylin and eosin (H&E) staining
exhibited normal aortic wall, without dissected intima
and disruption of media (Fig. 1C). All mice in group C
and group D survived after 28 days (Fig. 1D). In respect
of all pro-inflammatory chemokines and endothelial
adhesion molecules we’ve listed before, there were no
differences between 2 groups. However, when compared
with group B, plasma levels of IL-1pB, IL-2, IL-6 and
TNF-0. and P-selectin in group C and group D was
significantly lower while others were similar (Fig. 2).
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CD40L inhibited endothelial cell migration

In our exploration of CD40L on endothelial cells,
HUVECs were obtained and cultured with or without
CDA40L, and endothelial cells migration were assessed
by a scratched wound assay. The results showed that
scratch area was 53.97£2.846% in group 1 and
29.14£1.645% in group 2 (Fig. 3A, 3B). We could see
from the image that CD40L significantly inhibited
endothelial cells migration.

DISCUSSION

AAD is reported to be one of the most fatal cardio-
vascular disease [13-15]. Thus, rapid diagnosis and
effective treatment is essential. Computed Tomography
Angiography (CTA) is known to be the gold standard
for diagnosis. However, it is not practical and cheap to
perform CTA to every patient complaining with chest
pain. A biomarker with high sensitivity and specialty
that can warn clinicians of AAD is of great importance.
Until now, many biomarkers have been tested [16]. Of
them all, only d-dimer has a clinically relevant role in the
setting of suspected aortic dissection. In our current
experiment, we have elucidated that serum CD40L was
significantly higher in type A AAD patients, providing a
potential bio-marker for AAD diagnosis [17]. However,
we did not test CD40L level in type B AAD. The
sensitivity and specialty of CD40L in diagnosing AAD
remain to be demonstrated.

CD40L

Figure 3. Endothelial cells migration was significantly inhibited by CD40L. (A)
Representative images showed different scratch area in groups incubated with or without
recombinant human soluble CD40 ligand. (B) Quantitative analysis showed significantly larger scratch
area in wound area incubated with CD40L. Data were expressed as percentage + SD. **P < 0.05.
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Due to its insidiousness in regard to formation and its
acuteness in regard to onset, underlying pathological
mechanisms responsible for AAD development remain
elusive. Fortunately, we have successfully established
an AAD model which is beneficial for us to learn more
about AAD [6,7]. Indeed, BAPN was previously used to
establish aortic aneurysm model and we did not know
whether there has been aortic dissection or not. In recent
years, some researchers have established AAD model
using BAPN treatment companying with Ang II
stimulation. Tomohiro Kurihara et al have reported a
successful rate of 100% and Atsushi Anzai et al have
reported a successful rate of 70% [3,5]. Our previous
applications of BAPN alone treatment have reported
successful rate of 87% and 89% respectively. Hence,
the BAPN model is a reliable model for us to
investigate AAD.

At present, platelets are acknowledged to interface with
thrombosis, inflammation, and immunity [18-20].
Interestingly, it was not until CD40L was demonstrated
to be largely expressed by platelets in 1998 that
platelets were admitted to participate in inflammation
reaction [9]. Since then, CD40L have been a key
effector in the interaction of platelets and cardiovascular
diseases. The relationship between coronary artery
disease (CAD) and CD40L is well studied. For
example, CD40L is proved to increase neointimal
formation after arterial injury and is proved to activate
platelets and further trigger an inflammatory reaction of
endothelial cells [21-23]. Moreover, endothelial
dysfunction was previously elucidated to play a role in
AAD development by endoplasmic reticulum (ER)
stress dependent microparticles derived from smooth
muscle cells [24]. However, to our knowledge, no one
have ever investigated the effects of CD40L on the
endothelial cells of aorta. In our study, BAPN-induced
AAD could be inhibited by CD40L gene knock out and
in vitro study showed suppression of endothelial cell
migration. Thus, we are the first to correlate CD40L
with endothelial cells dysfunction in the development of
AAD. Besides, among all the biomarkers that indicate
the injury of endothelial, EMP (Endothelial
microparticles) is the one of the most widely accepted
[25,26]. However, no single marker for EMP exists, as
many antigens are also present on a number of different
cell sub-sets [27]. Thus, we tested many pro-inflam-
matory chemokines and endothelial adhesion molecules
which have been validated to be markers of endothelial
cells CD40L-CD40 interaction in order to identify
endothelial cells dysfunction. Of them, VCAM-1, E-
selectin, P-selectin, MCP-1, IL-6, MMP-2 and MMP-9
were previously demonstrated to promote AAD
formation [3,5,28-31]. DU XM et al observed TNF-a
mRNA was elevated in blood samples of AAD patients
[32]. Weis-Miiller BT et al reported that IL-2 gene

expression was up-regulated in the lesion of AAD [33].
And not surprisingly, TNF-a and IL-2 plasma levels
were found significantly higher [34]. With regard to IL-
13 and ICAM-1, Jia LX et al confirmed larger
expression of mRNA in aorta specimens of AAD
patients and mouse [24]. In addition, ICAM-1 has been
identified to be a risk factor for spontaneous cervical
artery dissection [35]. In the present study, IL-1p, IL-6,
TNF-a, VCAM-1, E-selectin, MCP-1, MMP-2 and
MMP-9 levels in human serum samples were identical
to studies performed by other researchers. Nevertheless,
what we found in mouse plasma samples were a little
different, E-selectin and ICAM-1 and MMP-9 did not
differ between AAD mouse and wild mouse, possibly
suggest other mechanisms in the process of AAD
formation.

This study has a few limitations. First, except for
platelets, CD40L was reported to be expressed by many
other cells. The contribution of CD40L from other cells
in peripheral blood need further investigation. Second,
we did not perform immunohistochemical analysis on
aortic specimens from AAD patients and mice, so we
did not demonstrate that there is neutrophil infiltration
on aortic wall after AAD formation. However, previous
studies have shown that there is neutrophil infiltration in
dissected aorta [3,5]. Third, we did not regularly test
levels of CD40L and other factors during the 28
experimental days, which is hard for us to judge
whether CD40L continuously contribute to the whole
progress of the BAPN-induced development of Acute
Aortic Dissection or just certain stage. Last, most
experiments were performed in mice, so whether anti-
CD40L therapy is a potential medical treatment target
needs to be investigated by future clinical study.

CONCLUSION

CD40L induces endothelial cells dysfunction through
pro-inflammatory effect and further promote AAD
development. Thus, CD40L is a potential biomarker for
diagnosis and medical treatment to reduce the risk of
AAD.

MATERIALS AND METHODS
Human blood samples

Between August 2016 and February 2017, 100 patients
diagnosed with type A AAD and 139 healthy volunteers
were registered in the study. All the patients were free
from connective tissue disorders such as Marfan
syndrome, Ehlers-Danlos syndrome, and aortitis
diagnosed according to the clinical history and physical
examinations. The blood samples from patients were
collected within 1 hour before surgery. Diagnosis of
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AAD was confirmed by computed tomography
angiography. The blood samples were collected in the
Beijing Anzhen Hospital, and signed informed consent
for the usage of the samples in the experiments. This
study was approved by Medical Ethical Committee of
Capital Medical University, Beijing, and complied with
the principles outlined in the Declaration of Helsinki

[7].
Establishment of AAD model in mice

Wild-type (WT) and CD40L" mice on C57BL/6
background were purchased from Jackson Laboratory
(Bar Harbor, ME) and gene knocking out of CD40L
were validated (see Supplementary Material). Three-
week old male mice were fed on a regular diet and
administered BAPN (Sigma-Aldrich, St. Louis, MO,
USA) dissolved in drinking water (1 g/kg per day) for 4
weeks as described previously [6]. All mice died before
expected end time of the experiment were autopsied
immediately, mice surviving at the end of the
experiment were sacrificed by an overdose of sodium
pentobarbital and their blood and tissue samples were
collected for further analyses [6]. Mice were scanned by
a microcomputed tomographic system (GE Healthcare,
Tokyo, Japan) for imaging of aortas. All studies were
reviewed and approved by The Institutional Animal
Care and Use Committee of Capital Medical University,
Beijing, China.

Aortic ultrasonography monitoring

Mice were anaesthetized with 1% isoflurane and
underwent echography in M-mode, using a high-
resolution micro-ultrasound system (Vevo 2100,
VisualSonics, Toronto, Canada) equipped with a
30MHz transducer as previously described [7].

Histology

Histopathological evaluations were performed with
samples taken from wild mice, wild mice treated with
BAPN, CD40L™"" mice and CD40L™ mice treated with
BAPN mice. After euthanasia, normal and dissected
aortas were harvested from the ascending aorta to the
iliac artery and were fixed in 10% buffered formalin, as
previously described [6]. Fixed, paraffin-embedded
tissues were cut at 5 um thickness, and then stained with
H&E. In each section, the aortic tissues were photo-
graphed.

Flow cytometry
Peripheral blood of mice was obtained from eyes into

an anticoagulant tube. Then blood was centrifuged at
150% g for 20 min immediately, and the supernatant was

platelet rich plasma (PRP). PRP was centrifuged at
800x g for 10 min to obtain platelets. Platelets were re-
suspended for use. The isolated platelets were stained
with anti-CD41-FITC (Biolegend), anti-CD62P-PE
(Biolegend), anti-CD40L-APC (R&D), at 4°C for 25
min in dark. To exclude nonspecific binding of
antibodies to Fcy receptors, an isotype control was set
as the isolated cells were incubated with homologous
nonimmune IgG (anti- Rat IgGl (Biolegend), anti-
Mouse IgG2a (Biolegend), and anti-Rat [gG2A (R&D)).
Subsequently Flow cytometry was performed on a
NovoCyte 3130 (ACEA, USA) and the data were
analyzed with Flow Jo software (Tree Star, Ashland,
OR, USA).

Blood analysis

Mouse plasma CD40L and MMP-9 concentrations were
quantified using Quantikine ELISA kits (R&D Systems)
according to the manufacturer’s instructions. Analysis
of IL-1B, IL-2, IL-6 and TNF-a were performed using
the V-PLEX Custom Mouse Cytokine Plate (Meso
Scale Discovery, Gaithersburg, MD, USA) [36,37]. The
levels of E-selectin, ICAM-1 and P-selectin were
detected by Milliplex Catalog MCVDIMAG77K07
Mouse CVD Mag (Millipore Corporation, St Charles,
MO, USA).

Human serum CD40L, IL-1B, IL-6, TNF-0, VCAM-1,
E-selectin, MCP-1, MMP-2 and MMP-9 were
quantified wusing Quantikine ELISA kits (RZC)
according to the manufacturer’s instructions.

HUVEC:s culture and scratched wound assay

Pooled human umbilical vein ECs (HUVECs) were
purchased from Cell Systems/Clonetics and cultured
refer to previous work [38—41]. In brief, HUVEC were
cultured in endothelial basal medium supplemented
with hydrocortisone (1 mg/ml), bovine brain extract (3
mg/ml), gentamicin (50 mg/ml), amphotericin B (50
mg/ml), epidermal growth factor (10 mg/ml), and 10%
fetal calf serum until the third passage. All HUVECs
were divided into 2 groups, cells in group 1 were
incubated with recombinant human soluble CDA40
ligand (rh-CD40L, 0.5ug/ml, Abcam) and cells in group
2 were not. After detachment with trypsin, cells were
grown for at least 18 h. Confluent monolayers of
HUVEC were grown onto 6-cm wells and exposed to
laminar fluid flow in a cone-and-plate apparatus as
previously described. A constant shear stress of 15
dynes/cm® was used in all experiments to simulate
physiological shear stress.

In vitro scratched wounds were created by scraping the
cell monolayer with a sterile disposable cell scraper as
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previously described [41-43]. To detect competence of
HUVECSs migration, scratch area 24 hours after injury
were observed with a computer-assisted microscope
(Zeiss) at 3 distinct positions (every 5 mm).

Statistical analysis

In all experiments, data were collected and expressed as
mean =+ SD. Statistical analysis of the data was
performed with a two-tailed Student’s t-test. P< 0.05 or
P <0.01 indicates statistical significance.

AUTHOR CONTRIBUTIONS

Lu Han and Lu Dai contributed equally to this study; Lu
Han, Lu Dai, Wenjian Jiang, Feng Lan and Hongjia
Zhang designed the study; Lu Han, Lu Dai, Haiyang Li
performed the experiments; Lu Han, Ou Liu performed
data analysis; Lu Han, Lu Dai, Wenjian Jiang, Ou Liu
wrote the manuscript.

ACKNOWLEDGEMENTS

We would like to thank Wenjian Jiang and Xiaolong
Wang for preparing the human samples, and Taoyan
Liu and Jing Liu for their generous support and
encouragement during this study.

CONFLICTS OF INTEREST
The authors declare no competing financial interests.
FUNDING

This study was supported by the National Natural
Science Foundation of China (No. 81170283 and No.
81470580) and the Beijing Lab for Cardiovascular
Precision Medicine, Beijing, China.
PXM2017 014226 _000037.

REFERENCES

1. Hiratzka LF, Bakris GL, Beckman JA, Bersin RM, Carr
VF, Casey DE Jr, Eagle KA, Hermann LK, Isselbacher
EM, Kazerooni EA, Kouchoukos NT, Lytle BW,
Milewicz DM, et al, and American College of
Cardiology Foundation/American Heart Association
Task Force on Practice Guidelines, and American
Association for Thoracic Surgery, and American
College of Radiology, and American Stroke
Association, and Society of Cardiovascular
Anesthesiologists, and Society for Cardiovascular
Angiography and Interventions, and Society of
Interventional Radiology, and Society of Thoracic
Surgeons, and Society for Vascular Medicine. 2010

ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM
Guidelines for the diagnosis and management of
patients with thoracic aortic disease. A Report of the
American College of Cardiology Foundation/American
Heart Association Task Force on Practice Guidelines,
American Association for Thoracic Surgery, American
College of Radiology,American Stroke Association,
Society of Cardiovascular Anesthesiologists, Society
for Cardiovascular Angiography and Interventions,
Society of Interventional Radiology, Society of
Thoracic Surgeons,and Society for Vascular Medicine.
J Am Coll Cardiol. 2010; 55:e27-129.
https://doi.org/10.1016/j.jacc.2010.02.015

Erbel R, Aboyans V, Boileau C, Bossone E, Bartolomeo
RD, Eggebrecht H, Evangelista A, Falk V, Frank H,
Gaemperli O, Grabenwoger M, Haverich A, lung B, et
al, and The Task Force for the Diagnosis and
Treatment of Aortic Diseases of the European Society
of Cardiology (ESC). 2014 ESC Guidelines on the
diagnosis and treatment of aortic diseases: document
covering acute and chronic aortic diseases of the
thoracic and abdominal aorta of the adult. Eur Heart
J. 2014; 35:2873-926.
https://doi.org/10.1093/eurheartj/ehu281

Kurihara T, Shimizu-Hirota R, Shimoda M, Adachi T,
Shimizu H, Weiss SJ, Itoh H, Hori S, Aikawa N, Okada
Y. Neutrophil-derived matrix metalloproteinase 9
triggers acute aortic dissection. Circulation. 2012;
126:3070-80.

https://doi.org/10.1161/CIRCULATIONAHA.112.097097

Kumar D, Trent MB, Boor PJ. Allylamine and beta-
aminopropionitrile induced aortic medial necrosis:
mechanisms of synergism. Toxicology. 1998;
125:107-15. https://doi.org/10.1016/50300-
483X(97)00168-6

Anzai A, Shimoda M, Endo J, Kohno T, Katsumata Y,
Matsuhashi T, Yamamoto T, Ito K, Yan X, Shirakawa K,
Shimizu-Hirota R, Yamada Y, Ueha S, et al. Adventitial
CXCL1/G-CSF expression in response to acute aortic
dissection triggers local neutrophil recruitment and
activation leading to aortic rupture. Circ Res. 2015;
116:612-23.
https://doi.org/10.1161/CIRCRESAHA.116.304918

Ren W, Liu Y, Wang X, lJia L, Piao C, Lan F, Du J. B-
Aminopropionitrile monofumarate induces thoracic
aortic dissection in C57BL/6 mice. Sci Rep. 2016;
6:28149. https://doi.org/10.1038/srep28149

Jia LX, Zhang WM, Zhang HJ, Li TT, Wang YL, Qin YW,
Gu H, Du J. Mechanical stretch-induced endoplasmic
reticulum stress, apoptosis and inflammation
contribute to thoracic aortic aneurysm and
dissection. J Pathol. 2015; 236:373-83.
https://doi.org/10.1002/path.4534

WWWw.aging-us.com

378

AGING



10.

11.

12.

13.

14.

15.

16.

17.

Nurden AT. Platelets, inflammation and tissue
regeneration. Thromb Haemost. 2011 (Suppl 1);
105:513-33. https://doi.org/10.1160/THS10-11-0720

Aloui C, Prigent A, Sut C, Tariket S, Hamzeh-Cognasse
H, Pozzetto B, Richard Y, Cognasse F, Laradi S,
Garraud O. The signaling role of CD40 ligand in
platelet biology and in platelet component
transfusion. Int J Mol Sci. 2014; 15:22342-64.
https://doi.org/10.3390/ijms151222342

Lievens D, Eijgelaar WJ, Biessen EA, Daemen MJ,
Lutgens E. The multi-functionality of CD40L and its
receptor CD40 in atherosclerosis. Thromb Haemost.
2009; 102:206-14. https://doi.org/10.1160/TH09-01-
0029

Antoniades C, Bakogiannis C, Tousoulis D,
Antonopoulos AS, Stefanadis C. The CD40/CD40
ligand system: linking inflammation with athero-
thrombosis. J Am Coll Cardiol. 2009; 54:669-77.
https://doi.org/10.1016/j.jacc.2009.03.076

Liu O, Jia L, Liu X, Wang Y, Wang X, Qin Y, Du J, Zhang
H. Clopidogrel, a platelet P2Y12 receptor inhibitor,
reduces vascular inflammation and angiotensin |l
induced-abdominal aortic aneurysm progression.
PLoS One. 2012; 7:e51707.
https://doi.org/10.1371/journal.pone.0051707

Hagan PG, Nienaber CA, Isselbacher EM, Bruckman D,
Karavite DJ, Russman PL, Evangelista A, Fattori R,
Suzuki T, Oh JK, Moore AG, Malouf JF, Pape LA, et al.
The International Registry of Acute Aortic Dissection
(IRAD): new insights into an old disease. JAMA. 2000;
283:897-903.
https://doi.org/10.1001/jama.283.7.897

Howard DP, Banerjee A, Fairhead JF, Perkins J, Silver
LE, Rothwell PM, and Oxford Vascular Study.
Population-based study of incidence and outcome of
acute aortic dissection and premorbid risk factor
control: 10-year results from the Oxford Vascular
Study. Circulation. 2013; 127:2031-37.

https://doi.org/10.1161/CIRCULATIONAHA.112.000483

Pape LA, Awais M, Woznicki EM, Suzuki T, Trimarchi
S, Evangelista A, Myrmel T, Larsen M, Harris KM,
Greason K, Di Eusanio M, Bossone E, Montgomery
DG, et al. Presentation, Diagnosis, and Outcomes
of Acute Aortic Dissection: 17-Year Trends From the
International Registry of Acute Aortic Dissection. ] Am
Coll Cardiol. 2015; 66:350-58.
https://doi.org/10.1016/j.jacc.2015.05.029

Nienaber CA, Clough RE. Management of acute aortic
dissection. Lancet. 2015; 385:800-11.
https://doi.org/10.1016/50140-6736(14)61005-9

Vianello E, Dozio E, Rigolini R, Marrocco-Trischitta
MM, Tacchini L, Trimarchi S, Corsi Romanelli MM.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Acute phase of aortic dissection: a pilot study on
CD40L, MPO, and MMP-1, -2, 9 and TIMP-1
circulating levels in elderly patients. Immun Ageing.
2016; 13:9. https://doi.org/10.1186/s12979-016-
0063-2

Miller KA, Chatterjee M, Rath D, Geisler T. Platelets,
inflammation and anti-inflammatory effects of
antiplatelet drugs in ACS and CAD. Thromb Haemost.

2015; 114:498-518. https://doi.org/10.1160/TH14-
11-0947
Ferroni P, Riondino S, Vazzana N, Santoro N,

Guadagni F, Davi G. Biomarkers of platelet activation
in acute coronary syndromes. Thromb Haemost.
2012; 108:1109-23. https://doi.org/10.1160/TH12-
08-0550

Thomas MR, Storey RF. The role of platelets in
inflammation. Thromb Haemost. 2015; 114:449-58.
https://doi.org/10.1160/TH14-12-1067

Hristov M, Gliimbel D, Lutgens E, Zernecke A, Weber
C. Soluble CD40 ligand impairs the function of
peripheral blood angiogenic outgrowth cells and
increases neointimal formation after arterial injury.
Circulation. 2010; 121:315-24.
https://doi.org/10.1161/CIRCULATIONAHA.109.8627
71

Bou Khzam L, Boulahya R, Abou-Saleh H, Hachem A,
Zaid Y, Merhi Y. Soluble CD40 ligand stimulates the
pro-angiogenic  function of peripheral blood
angiogenic outgrowth cells via increased release of
matrix metalloproteinase-9. PLoS One. 2013;
8:e84289.
https://doi.org/10.1371/journal.pone.0084289

Henn V, Slupsky JR, Grafe M, Anagnostopoulos |,
Forster R, Miller-Berghaus G, Kroczek RA. CD40
ligand on activated platelets triggers an inflammatory
reaction of endothelial cells. Nature. 1998; 391:591—
94. https://doi.org/10.1038/35393

Jia LX, Zhang WM, Li TT, Liu Y, Piao CM, Ma YC, Lu Y,
Wang Y, Liu TT, Qi YF, Du J. ER stress dependent
microparticles derived from smooth muscle cells
promote endothelial dysfunction during thoracic
aortic aneurysm and dissection. Clin Sci (Lond). 2017;
131:1287-99. https://doi.org/10.1042/CS20170252

Pope CA 3rd, Bhatnagar A, McCracken JP, Abplanalp
W, Conklin DJ, O'Toole T. Exposure to Fine Particulate
Air Pollution Is Associated With Endothelial Injury and
Systemic Inflammation. Circ Res. 2016; 119:1204-14.
https://doi.org/10.1161/CIRCRESAHA.116.309279

Dignat-George F, Boulanger CM. The many faces of
endothelial microparticles. Arterioscler Thromb Vasc
Biol. 2011; 31:27-33.
https://doi.org/10.1161/ATVBAHA.110.218123

WWWw.aging-us.com

379

AGING



27.

28.

29.

30.

31.

32.

33.

34.

35.

Schiro A, Wilkinson FL, Weston R, Smyth JV,
Serracino-Inglott F, Alexander MY. Endothelial
microparticles as conveyors of information in
atherosclerotic  disease. Atherosclerosis. 2014;
234:295-302.

https://doi.org/10.1016/j.atherosclerosis.2014.03.019

Fukuda M, Aoki T, Manabe T, Maekawa A, Shirakawa
T, Kataoka H, Takagi Y, Miyamoto S, Narumiya S.
Exacerbation of intracranial aneurysm and aortic
dissection in hypertensive rat treated with the
prostaglandin F-receptor antagonist AS604872. J
Pharmacol Sci. 2014; 126:230-42.
https://doi.org/10.1254/jphs.14148FP

Fan LM, Douglas G, Bendall JK, McNeill E, Crabtree
MJ, Hale AB, Mai A, Li JM, McAteer MA, Schneider JE,
Choudhury RP, Channon KM. Endothelial cell-specific
reactive oxygen species production increases
susceptibility to aortic dissection. Circulation. 2014;
129:2661-72.

https://doi.org/10.1161/CIRCULATIONAHA.113.005062

Tieu BC, Lee C, Sun H, Lejeune W, Recinos A 3rd, Ju X,
Spratt H, Guo DC, Milewicz D, Tilton RG, Brasier AR.
An adventitial IL-6/MCP1 amplification loop
accelerates macrophage-mediated vascular
inflammation leading to aortic dissection in mice. J
Clin Invest. 2009; 119:3637-51.
https://doi.org/10.1172/JCI38308

Ren W, Liu Y, Wang X, Piao C, Ma Y, Qiu S, Jia L, Chen
B, Wang Y, Jiang W, Zheng S, Liu C, Dai N, et al. The
Complement C3a-C3aR Axis Promotes Development
of Thoracic Aortic Dissection via Regulation of MMP2
Expression. J Immunol. 2018; 200:1829-38.
https://doi.org/10.4049/jimmunol.1601386

Du XM, Liu LW, Du ZK, Gu RX, Han YL, Wang XZ.
Association of TNF-a gene variations with thoracic
aortic dissection risk in a Chinese Han population. Int
Angiol. 2016; 35:418-24.

Weis-Miller BT, Modlich O, Drobinskaya I, Unay D,
Huber R, Bojar H, Schipke JD, Feindt P, Gams E, Miller
W, Goecke T, Sandmann W. Gene expression in acute
Stanford type A dissection: a comparative microarray
study. J Transl Med. 2006; 4:29.
https://doi.org/10.1186/1479-5876-4-29

del Porto F, Proietta M, Tritapepe L, Miraldi F,
Koverech A, Cardelli P, Tabacco F, de Santis V,
Vecchione A, Mitterhofer AP, Nofroni I, Amodeo R,
Trappolini M, Aliberti G. Inflammation and immune
response in acute aortic dissection. Ann Med. 2010;
42:622-29.
https://doi.org/10.3109/07853890.2010.518156

Longoni M, Grond-Ginsbach C, Grau AJ, Genius J,
Debette S, Schwaninger M, Ferrarese C, Lichy C. The

36.

37.

38.

39.

40.

41.

42.

43.

ICAM-1 E469K gene polymorphism is a risk factor for
spontaneous cervical artery dissection. Neurology.
2006; 66:1273-75.

https://doi.org/10.1212/01.wnl.0000208411.01172.0b

Hocher B, Sharkovska Y, Mark M, Klein T, Pfab T. The
novel DPP-4 inhibitors linagliptin and Bl 14361 reduce
infarct size after myocardial ischemia/reperfusion in
rats. Int J Cardiol. 2013; 167:87-93.
https://doi.org/10.1016/].ijcard.2011.12.007

Tonomura Y, Mori Y, Torii M, Uehara T. Evaluation of
the usefulness of biomarkers for cardiac and skeletal
myotoxicity in rats. Toxicology. 2009; 266:48-54.
https://doi.org/10.1016/j.tox.2009.10.014

Dimmeler S, Fleming |, Fisslthaler B, Hermann C,
Busse R, Zeiher AM. Activation of nitric oxide
synthase in endothelial cells by Akt-dependent
phosphorylation.  Nature.  1999; 399:601-05.
https://doi.org/10.1038/21224

Urbich C, Mallat Z, Tedgui A, Clauss M, Zeiher AM,
Dimmeler S. Upregulation of TRAF-3 by shear stress
blocks CD40-mediated endothelial activation. J Clin
Invest. 2001; 108:1451-58.
https://doi.org/10.1172/)CI200113620

Dimmeler S, Haendeler J, Nehls M, Zeiher AM.
Suppression of apoptosis by nitric oxide via inhibition
of interleukin-1beta-converting enzyme (ICE)-like and
cysteine protease protein (CPP)-32-like proteases. )
Exp Med. 1997; 185:601-07.
https://doi.org/10.1084/jem.185.4.601

Urbich C, Dernbach E, Aicher A, Zeiher AM, Dimmeler
S. CD40 ligand inhibits endothelial cell migration by
increasing production of endothelial reactive oxygen
species. Circulation. 2002; 106:981-86.

https://doi.org/10.1161/01.CIR.0000027107.54614.1A

Tamura M, Gu J, Matsumoto K, Aota S, Parsons R,
Yamada KM. Inhibition of cell migration, spreading,
and focal adhesions by tumor suppressor PTEN.
Science. 1998; 280:1614-17.
https://doi.org/10.1126/science.280.5369.1614

Dimmeler S, Dernbach E, Zeiher AM. Phosphorylation
of the endothelial nitric oxide synthase at ser-1177 is
required for VEGF-induced endothelial cell migration.
FEBS Lett. 2000; 477:258-62.
https://doi.org/10.1016/50014-5793(00)01657-4

WWWw.aging-us.com

AGING



SUPPLEMENTARY MATERIAL
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Supplementary Figure 1. PCR Identification of CD40L knockout. WT: wild-type mice;
Mut: CD40L knock-out mice; P: Positive Control; B6 : Negative Control; N : No-Template
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Supplementary Figure 2. Original figure of flow cytometry analysis on CD40L positive activated platelets. Panel 1.
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Supplementary Figure 2. Original figure of flow cytometry analysis on CD40L positive activated platelets. Panel 2.
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Supplementary Figure 2. Original figure of flow cytometry analysis on CD40L positive activated platelets. Panel 3.
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Supplementary Figure 2. Original figure of flow cytometry analysis on CD40L positive activated platelets. Panel 4.
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Supplementary Figure 2. Original figure of flow cytometry analysis on CD40L positive activated platelets. Panel 5.
CD41+ indicates anti-CD41-FITC, CD62P+ indicates anti-CD62P-PE and CD41+ CD62P+ platelets indicates activated platelets. M4

means percentage of CD41+ CD62P+CD40L+ platelets divided by CD41+ CD62P+ platelets.
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