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Abstract: Cardiopulmonary bypass (CPB) induces cytokine production and causes postoperative monocytic inflam-
matory responses, which are associated with patient outcomes. In fact, monocytes regulate immunity through
dynamic networks of survival and cellular apoptosis as well as thrombomodulin (TM)-associated differenciiation.
Whether CPB affects the plasma level of eotaxin-2, a potent chemoattractant, or stimulates monocyte apoptosis
among patients undergoing elective coronary artery bypass graft (CABG) surgery is also unknown. Thus, we aimed
to investigate this subject and explored the feasible roles of TM in the phenomena. Firstly, clinical data showed that
after CABG surgery, patients with lower plasma eotaxin-2 levels and higher TM expression levels exhibited reduced
monocytic apoptosis, compared with that in patients with lower TM expression levels. Subsequently, to explore the
hypothesis that eotaxin-2 induces monocytic apoptosis mediation by TM expression, we used in vitro monocytic THP-
1 cells. The results indicated that treatment of THP-1 cells with eotaxin-2 markedly increased apoptosis. Knockdown
of TM significantly increased, and overexpression of TM significantly reversed eotaxin-2-induced monocyte apopto-
sis, which was compared with that of only eotaxin-2-treated THP-1 cells. TM may regulate mitochondria-mediated
apoptosis by its PI3K/Akt axis signaling pathway, which acts as an extinguisher for p53 and BAX activation, as
well as limit further downstream release of cytochrome ¢ and cleavage of caspases 8 and 3; we suggest that TM
interacts with the cofilin cytoskeleton, which further supports a role for TM in eotaxin-induced THP-1 cell apoptosis.
Based on clinical observation and in vitro study, we conclude that TM expression on monocytes is associated with
their apoptosis. The above mechanisms may be relevant to clinical phenomena in which patients exhibiting more
monocytic apoptosis are complicated by higher plasma levels of eotaxin-2 and lower TM expression on monocytes
after CABG surgery.
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Introduction tory responses as appropriate. With the ex-

ception of granulocytes, monocytic function is

Cardiopulmonary bypass (CPB) is still an indis-
pensable technology that is widely used in
cardiac surgery. However, CPB causes postop-
erative inflammatory responses that involve
the expression of cytokines [1-7]. Therefore,
cardiac surgeons, pharmacologists, and scien-
tists have devoted their efforts to developing
better surgical processes, drugs, and CPB
materials to regulate postoperative inflamma-

associated with the inflammatory and coagula-
tion physiology in patients undergoing cardiac
surgery [8]. CPB alters the inflammatory capac-
ity of monocytes [6]. CPB may activate mono-
cytes and trigger the secretion of proinflamma-
tory cytokines [9], which allows monocyte
binding to complement and subsequent adher-
ence of fibrinogen to the endothelium [10].
Additionally, monocytes can also influence the


http://www.ajtr.org

Thrombomodulin regulates monocytic apoptosis

coagulation cascade directly during CPB, medi-
ated by increases in tissue factor expression
[11] and factor X activation [10]. Dysfunction of
monocytes may cause the pathogenesis of
myocardial ischemia and stunning in systemic
inflammation after cardiac surgery [12]. Since
monocytes play an essential role in regulation
inflammation after cardiac surgery, their apop-
tosis is a key mechanism in this process that
engineers and regulates host immune re-
sponses during systemic inflammation [13].
Maintaining adequate function of monocytes is
essential to maintaining good recovery in the
clinic after cardiac surgery [14, 15]. Sequelae
from cardiac surgery with CPB may induce the
apoptosis of monocytes, which is associated
with the acute phase of several postoperative
complications [16]; thus, it is necessary to
understand the occurrence, mechanism, and
regulation of monocytic apoptosis after sur-

gery.

Thrombomodulin (TM) is expressed constitu-
tively on the surfaces of monocytes and ma-
crophages [17], which include a single-chain
transmembrane glycoprotein with five distinct
domains, including a C-type lectin-like domain,
six sequential epidermal growth factor-like pep-
tides, a serine/threonine-rich domain, a trans-
membrane domain and a cytoplasmic tail [18].
Previously, we showed that IL-6 induces mo-
nocytic cell migration in vitro and inflammatory
responses [8, 10, 19] in patients receiving
coronary artery bypass graft (CABG) surgery
[20] that are regulated by TM via its domain 5
(cytoplasmic tail) co-localized with the cytos-
keleton, F-actin and intersectin | [21]. Additi-
onally, TM also exhibits procoagulant activity
and adhesion molecules expressing micropar-
ticles [22], which may be a key regulator of
monocyte-related coagulation reactions. Re-
cently, evidence has also demonstrated that
TM regulates monocyte differentiation via
PKC® and ERK1/2 pathways in vitro and in
atherogenesis [23]. Decreased TM expression/
function may yield inflammatory responses
[24], as well as coagulopathy after cardiac sur-
gery [25, 26]; in contrast, the increasing pro-
duction of TM may prevent the morbidity of
allografts, which results from anti-coagulant
and anti-inflammatory effects of TM [27]. Sin-
ce TM plays critical roles in monocytic func-
tion and TM function is also altered by seve-
ral pathophysiological and biological factors
in monocytes [24, 28], it is necessary to

3134

thoroughly elucidate the roles of TM in mo-
nocytes.

Evidence has proved that eotaxin-2 is a po-
tent chemoattractant that is encoded by the
chemokine (C-C motif) ligand 24 gene on chro-
mosome 7 in humans [29]. Eotaxin-2 is pro-
duced by activated monocytes and T lympho-
cytes, which attracts lymphocytes, basophils,
eosinophils, and monocytes in inflammation
[30]. Additionally, the results from respiratory
epithelial cells, bronchial smooth muscle cells,
vascular endothelial cells, fibroblasts, helper T
cells, etc., also express C-C chemokine recep-
tor-3, a receptor for eotaxin-2 [31, 32], and
respond to eotaxin-2 stimulation [33, 34].
Monocyte-derived eotaxin-2 and macrophage-
derived eotaxin-2 are differentially regulated
and are implicated in innate and adaptive
immunity, respectively [35]. A previous report
has noted that cardiac surgery increases the
plasma level of eotaxin-2 in patients. Our pre-
liminary analysis also demonstrated that CPB
may induce the production of eotxin-2, which
we speculate may be due to the process of
immune-induced environmental changes in
physiology, although the impact on the recov-
ery period after cardiac surgery needs to be
elucidated. Furthermore, the function/survival
of monocytic cells is related to inflammation
and immunosuppressive situation in patients
who are undergoing cardiac surgery. In the
past, our research showed that TM expression
by monocytes is related to their differentiation
and migration, which is also related to the
outcome after cardiac surgery. Given that
cell-mediated apoptosis is also one of the fac-
tors that affect the function of monocytes.
Therefore, we aimed this study to explore the
impact of eotaxin-2 on apoptosis in monocytes
during cardiac surgery and to determine wheth-
er TM plays an important role in this process.

Materials and methods
Clinical study

Ethics and patient collection: The ethics com-
mittee of our institution approved this study.
Written informed consent was obtained from
18 patients undergoing elective CABG surgery.
Patients were excluded from the study if they
had undergone previous isolated cardiac sur-
gery, had experienced a reduced cardiac ejec-
tion fraction (less than 50%), had a history of
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cardiogenic shock, had used an intra-aortic
balloon pump (IABP), had received extracorpo-
real membrane oxygenation (ECMO), or had
been placed on a respiratory ventilator. Pa-
tients with rheumatoid arthritis, asthma, ch-
ronic bronchitis, cancer, or autoimmune dis-
ease and patients receiving steroidal or non-
steroidal anti-inflammatory drug therapies
were also excluded. Aspirin was discontinued
in all patients 7 days before the operation.

Conventional CPB technique and CABG sur-
gery: Before the operation, radial artery cathe-
terization was performed, and a Swan-Ganz
standard thermodilution pulmonary artery
catheter (Abbott Laboratories, Abbott Park, IL,
USA) was inserted through the internal jugular
vein. Anesthesia for all patients was induced
with thiopental and maintained with isoflura-
ne in oxygen, fentanyl, and pancuronium. All
patients underwent median sternotomy CABG.
The CPB was performed with standard can-
nulation and a Capiox SX 18 extracorporeal
membrane oxygenator (Terumo, Aliso Viejo, CA,
USA). Porcine heparin was administered as an
anticoagulant before cannulation. A nonpulsa-
tile Terumo Sarns 9000 roller pump was used
for all patients. The invasive blood pressure
was monitored with an arterial catheter during
the surgical procedure. The mean arterial pres-
sure of all patients placed on CPB was main-
tained at approximately 70 mmHg with phar-
macological treatment and/or heart-lung ma-
chine/mechanical support. During the surgical
process, the patients were cooled to a 28°C
to 30°C body temperature, and cardiac arrest
was induced with warm blood cardioplegia
(the ratio of cardioplegia solution to blood was
1:4; 15 mL/kg body weight), which was deliv-
ered antegradely and retrogradely every 20
minutes. The saphenous vein and intermittent
anastomosis of the graft were used for revas-
cularization. On discontinuation of the CPB cir-
cuit, heparin was neutralized with protamine
sulfate. No antifibrinolytic drugs (such as apro-
tinin) were used in these patients.

Plasma extraction and enzyme-linked immuno-
sorbent assay: Blood was obtained from an
indwelling arterial catheter and was taken
preincision and 24 hours after the end of the
operation (the end of CPB). All blood samples
were collected into tubes containing 3.8%
sodium citrate. Plasma was separated from
fresh blood by centrifugation and stored at
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-80°C until used. Enzyme-linked immunosor-
bent assays (ELISAs) were performed to deter-
mine the plasma concentration of eotaxin-2
according to the manufacturer’s protocol (Th-
ermo Fisher Scientific Co., Waltham, MA, USA).
The absorbance at 450 nm was determined
using a microplate reader.

Monocyte extraction and flow cytometry: Total
mononuclear cells were isolated from total
blood cells by density gradient centrifuga-
tion with Histopaque-1077 (Sigma-Aldrich, St.
Louis, MO, USA) and analyzed immediately
[36]. Fluorescein isothiocyanate (FITC)-conju-
gated mouse anti-hCD45 antibodies (BiolLe-
gend, San Diego, CA, USA) and phycoerythrin
(PE)-conjugated mouse anti-TM antibodies
(BioLegend, San Diego, CA, USA) were added
and incubated in the dark for 20 minutes. The
cells were then fixed with 1% paraformalde-
hyde. The CD45-positive cells were separated
into forward-scatter and side-scatter fractions
by flow cytometry (Becton Dickinson, San Jose,
CA, USA), and lymphocytes, granulocytes, and
monocytes were included. Ten thousand mo-
nocytes were gated for the analysis of mem-
brane TM expression. Additionally, an Annexin
V/Propidium lodide Staining Kit (eBioscience,
San Diego, CA, USA) was used to detect the
cellular apoptosis.

In vitro study

Purification of recombinant eotaxin-2 protein:
The open reading frame of eotaxin-2 (CCL24)
was originally PCR-amplified using THP-1 cell
cDNA as a template, 0.1 mM dNTPs, 0.2 mM
each of gene-specific primers and 1 U Pfu DNA
polymerase (Promega, Madison, WI, USA) with
the following program: one cycle of 95°C for 5
minutes; 35 cycles of 95°C for 30 seconds,
60°C for 30 seconds, and 72°C for 30 sec-
onds; 1 cycle of 60°C for 30 seconds and
72°C for 10 minutes; and a final incubation at
72°C for 10 minutes with 1 U Tagq DNA poly-
merase. The eotaxin-2-specific forward and
reverse primers used in the PCR reaction were
as follows: Pr-CCL24-BamHI-F2: 5'aag gat
cca agt ggt cat ccc ctc tcc ctg ct 3" and
Pr-CCL24-R1: 5 ccc tcg agt tag cag gtg gtt tgg
ttg cca g 3. The amplified eotaxin-2 (CCL24)
fragment was then cloned into the pCR2.1-
TOPO vector (Invitrogen, Carlsbad, CA, USA)
and subsequently cloned in-frame into the
BamHI and Xhol sites of the pGEX-5X-1 ex-
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pression vector (GE Healthcare Biosciences,
Pittsburgh, PA, USA) for expression in E. coli
(DHb5a). For purification of recombinant eotax-
in-2 protein, BL21 cells were transformed with
the pGEX-5X-1-eotaxin-2 expression vector,
and the recombinant eotaxin-2 protein was
purified. Briefly, BL21 (DE3) pLysS cells (RBC
Bioscience, New Taipei City, Taiwan) containing
the plasmid pGEX-5X-1-eotaxin-2 were grown
overnight at 37°C in 50 mL of LB medium sup-
plemented with 100 ug/mL ampicillin. Then, 50
mL of overnight culture was transferred into
1000 mL of LB medium and grown at 16°C to
an A600 of 0.6-0.8 (approximately 2 hours).
Expression of the fusion protein was then
induced by adding IPTG to a final concentra-
tion of 1 mM at 16°C for 6 hours. The bacteria
were pelleted by centrifugation for 10 minutes
at 8000 rpm, and recombinant GroEL was
extracted under native conditions using the
GST Gene Fusion System according to the
manufacturer’s instructions (GE Healthcare
Biosciences, Pittsburgh, PA, USA). Finally, the
recombinant eotaxin-2 protein was purified
with an elution buffer containing 50 mM Tris-
HCI and 10 mM reduced glutathione (pH 8.0).
The quantity of recombinant eotaxin-2 protein
was measured using the Bio-Rad Protein Assay
(Bio-Rad, Hercules, CA, USA). The fusion pro-
tein was detected by SDS gel electrophoresis
and identified by immunoblotting with a GST
antibody (GE Healthcare Biosciences, Pitts-
burgh, PA, USA). The endotoxin levels in the
recombinant eotaxin-2 protein preparation
were measured using a Limulus Amebocyte
Lysate Kit from Cambrex, Inc., in the USA. The
LPS levels were below 1 pg/mL.

Cell culture

THP-1 cells, a human promyelomonocytic cell
line, were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA)
and grown in RPMI 1640 medium with 2 mM
L-glutamate, 4.5 g/L glucose, 10 mmol/L HE-
PES, 1.0 mmol/L sodium pyruvate, 10% fetal
bovine serum, and 1% antibiotic-antimycotic
mixture. The cell density was maintained be-
tween 5 x 10% and 8 x 10° viable cells/mL, and
the medium was refreshed every 2-3 days.

Construction and expression of HA-tagged full-
length TM expression vectors

The pCDNA3.1/V5-His-TM plasmid containing
a segment of the TM open reading frame was a
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gift from Professor Yu-Jia Chang, Taipei Medical
University, Taiwan. For the construction of the
influenza hemagglutinin (HA) epitope-tagged
full-length TM expression plasmid (HA-TM FL),
the pCDNA3.1/V5-His-TM plasmid was first
digested with Sacl and Xhol enzymes, filled in
with Klenow, and subsequently cloned in-frame
into the Smal sites of the pXJN-HA vector,
which contains the chick B-globin intron down-
stream (3’) of the CMV promoter. THP-1 cells
were transfected with HA-TM FL plasmids via
electroporation using a Neon transfection sys-
tem (Invitrogen, Carlsbad, CA, USA), according
to the manufacturer’s instructions. A total of
10° cells were transfected with 2 pg of HA-TM
FL plasmid. The cells were analyzed for overex-
pression 24 hours after electroporation.

Knockdown of gene expression by RNA inter-
ference

The knockdown of TM gene expression was
performed by siRNA transfection. Cells (3 x
10°) were suspended in 2.5 mL of serum-free
medium, and 25 mM of TM siRNA duplexes
(Invitrogen Catalog THBD-HSS110719, 110-
721, 186320, Carlsbad, CA, USA) were trans-
fected according to the manufacturer’'s in-
structions. Silencer Validated siRNA (negative
control siRNA, Santa Cruz Catalog sc-44230,
Dallas, TX, USA) was used to validate the kn-
ockdown. The cells were seeded into six-well
plates immediately following transfection for
further experiments 24 hours after transfec-
tion. Following knockdown of gene expression
by RNA interference, TM expression was ana-
lyzed by flow cytometry and confocal micro-
scopy.

Detection of apoptosis using fluorescence
microscopy and flow cytometry

THP-1 cells (10°) were rinsed with PBS, fixed in
4% paraformaldehyde, and spun onto glass
slides using a Shandon Cytospin 4 Cytocen-
trifuge (Thermo Scientific, Pittsburgh, PA, USA).
The slides were stained using an Annexin
V-conjugated Alexa Fluor® 488 Assay kit
(Thermo Fisher Scientific Co., Waltham, MA
USA), and nuclei were identified using Hoechst
33258 (Sigma, St. Louis, MO, USA). Images
were obtained using an Axio Imager A1 micro-
scope (Carl Zeiss Micro Imaging Inc., Thorn-
wood, NY, USA). Additionally, the fixed THP-1
cells were also stained using the BD Annexin
V-FITC Assay on the BD FACSVerse™ System
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and analyzed using flow cytometry on a
FACSCalibur™ platform (BD Biosciences, Fran-
klin Lakes, NJ, USA).

Western blot analysis

We placed 3 x 10° cells into a 10 cm dish for
western blot analysis. We collected the sus-
pended and attached THP-1 cells, and the
total cell lysates or mitochondrial protein
lysates were extracted. Protein concentrations
were determined using a Bio-Rad Protein Assay
Kit (Bio-Rad Inc., CA, USA), with BSA used as
the standard. For each blot, approximately 50
pg of total protein was fractionated by SDS-
PAGE and transferred to a PVDF (polyvinylidene
difluoride) membrane. The membranes were
separately probed with rabbit anti-human bcl-2
(Santa Cruz Biotechnology, Santa Cruz, CA,
USA), rabbit anti-BAX (Cell Signaling, Danvers,
CA, USA), rabbit anti-p53 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), mouse anti-phos-
phorylated Akt (Merck-Millipore, Temecula, CA,
USA), mouse anti-total Akt (Merck-Millipore,
Temecula, CA, USA), rabbit anti-caspase 3
(Santa Cruz Biotechnology, Santa Cruz, CA,
USA), rabbit anti-caspase 8 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), mouse anti-
human cytochrome ¢ (BD Pharmingen, San
Jose, CA, USA), and rabbit anti-Cofilin (Abcam,
Cambridge, MA, USA) antibodies. The mem-
branes were then incubated with specific ho-
rseradish peroxidase (HRP)-conjugated sec-
ondary antibodies. The proteins were visualiz-
ed using an enhanced chemiluminescence
(ECL) detection kit (Amersham Biosciences,
Piscataway, NJ, USA). Mouse anti-Actin anti-
bodies (Chemicon-Millipore, Temecula, CA,
USA) and rabbit anti-human/mouse GRP94
(Abcam, Cambridge, MA, USA) were used as
the loading controls.

Detection of the mitochondrial potential for as-
sessing apoptosis using image cytometry

Loss of the mitochondrial membrane potential
is known to precede apoptosis; therefore, the
lipophilic dye 5, 5, 6, 6-tetrachloro-1, 1, 3,
3-tetraethylbenzimidazol-carbocyanine iodide
(JC-1), which can display membrane potential-
dependent accumulation in the mitochondrial
was used to evaluate the mitochondrial po-
tential. THP-1 cells (10°) were rinsed with PBS,
a solution of JC-1 (final concentration: 2.5 pg/
ml) was added to the cells, and the mixtures

3137

were incubated 10 minutes at 37°C. Then,
the supernatant was completely removed with-
out disturbing the cell pellet and washed 3
times using PBS. Finally, the cell pellet was
resuspended by pipetting in 0.25 mL PBS
containing 1 pg/ml DAPI and analyzed immedi-
ately using a NucleoCounter® NC3000™ Cell
Analyzer (ChemoMetec A/S, Davis, CA, USA).

Immunoprecipitation

THP-1 cells were transfected with either TM
siRNA or NC siRNA and lysed in buffer contain-
ing 150 mM NaCl, 50 mM Tris-HCI (pH 7.4), 1%
NP-40, and 1 x protease inhibitor cocktail
(Sigma, St. Louis, MO, USA). Lysed cells were
placed on ice for 30 minutes and then centri-
fuged at 10,000 x g for 30 minutes to remove
cell debris. Approximately 500 ug of protein
extract was precleaned with 20 mL of a 50%
protein A/G suspension mixture (protein A:
Bio-Rad, CA, USA; protein G: Amersham, IL,
USA). The pre-cleaned lysates were immuno-
reacted with rabbit anti-human TM (OriGene
Technologies, Rockville, MD, USA), mouse anti-
human cofilin antibodies (Abcam, Cambridge,
MA, USA) or rabbit IgG (Sigma, St. Louis, MO,
USA) at 4°C for 16 hours and then immuno-
precipitated by adding 50 mL of a 50% pro-
tein A/G sepharose mixture at 4°C for 1.5
hours. The beads were washed three times
with ice-cold lysis buffer, and the bound pro-
teins were eluted with 2 x SDS-PAGE loading
buffer and subjected to western blot analysis.

Statistical analyses

Values are expressed as the means + SD.
Statistical evaluations were performed using
Student’s t-tests and a one- or two-way ANOVA
followed by Dunnett’s test. A p value of <0.05
was considered significant.

Results

Greater monocytic apoptosis in patients was
complicated by lower TM expression after
surgery

To determine whether expression of TM was
associated with monocytic apoptosis in pa-
tients who underwent CABG surgery, we used
flow cytometry to analyze the annexin V and
TM expression. As shown in Figure 1A, the
interesting results demonstrated a tendency
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for greater monocytic apoptosis in patients to
be complicated by lower TM expression 24
hours after surgery. Then, we divided the
patients with more than a 2-fold increase in
annexin V into group 1 (11 patients) and the
other patients into group 2 (7 patients). As
shown in Figure 1B, the patients exhibited
126.3 £+ 14.1% and 302.6 + 42.3% of TM
expression before surgery in group 1 and
group 2, respectively. In contrast, monocytic
annexin V increased to 2675 + 23.9% of
the preoperative level in group 1 and 114.2 +
83.9% of the preoperative level in group 2. The
monocytic TM decreased and the apoptosis
increased markedly in group 1 and was sig-
nificantly different from that of group 2.
Additionally, eotaxin was significantly increased
during the process of cardiac surgery [3];
therefore, we decided to explore the effects of
eotaxin-2 on monocytic TM and annexin V
expression. ELISA was used to analyze the
plasma eotaxin-2 concentrations in the two
groups of patients. Before surgery, the plasma
levels of eotaxin-2 were 124.3 + 20.0 pg/mL
and 126.3 + 19.7 pg/mL in groups 1 and 2,
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Figure 1. Patients have lower monocytic TM expres-
sion in combination with higher monocytic apoptosis
and plasma eotaxin-2 level after surgery. A. Blood
samples were collected at preincision and 24 hours
after the commencement of CPB. Membrane TM
expression and annexin V expression on monocytes
were analyzed with flow cytometry. B. According to
the tendency toward TM expression and the apopto-
sis situation, we distributed the patients with more
than a 2-fold increase in annexin V into group 1 (11
patients) and the others into group 2 (7 patients).
The bar graph shows the expression ratio (% before
surgery) of TM and annexin V in group 1 (m) and
group 2 (o). C. Changes in plasma concentrations
of eotaxin-2 in patients who had undergone CABG.
Data are presented as the means + SEM; *P<0.05
was considered significant.

respectively. However, the eotaxin-2 level re-
ached 187.5 + 14.9 pg/mL in group 1, which
was significantly different from 135.5 + 15.7
pg/mL in group 2 24 hours after surgery. To
rule out the impact of patient demographic
characteristics and perioperative surgical char-
acteristics on monocytic TM expression and
apoptosis, we collected demographic data and
perioperative surgical characteristics, which
are shown in Tables 1 and 2. The characteris-
tics did not differ significantly across the two
groups. These results indicated that patients
with higher TM expression presented fewer
apoptotic monocytes than did patients with
lower TM expression after surgery. We also
predicted that the increased plasma eotaxin-
2 level would lead to declined TM expression
and, thus, increased apoptosis.

TM was associated with eotaxin-2-induced
THP-1 cell apoptosis

To explore the hypothesis that eotaxin-2 in-
duces monocytic apoptosis mediated by T™M
expression, we used fluorescent microscopy
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Table 1. Demographic characteristics before surgery in elec-
tive CABG patients

Group 1 (n=11) Group 2 (n=7)

Gender (Male/Female) 5/6 4/3
Age (years) 67.3+12.2 64.7 £ 14.2
Body weight (kg) 65.3+9.8 64.9 + 10.3
Body height (cm) 155.7 £10.2 159.2+ 16.4
Hypertension (n, %) 10, 90.9% 6, 85.7%
Smoke (n, %) 3,27.3% 1,14.3%
Hypercholesterolemia (n, %) 8, 72.7% 5, 71.4%
Diabetes mellitus (n, %) 7,63.6% 5, 71.4%
Peripheral vascular disease (n, %) 4,36.4% 2,28.6%
COPD (n, %) 5,45.5% 3,42.9%
Ejection fraction (%) 60 + 8% 61+ 7%

CABG, coronary artery bypass grafting; COPD, chronic obstructive pulmonary
disease.; Values are mean * SD.

Table 2. Perioperative characteristics in elective CABG patients

Group 1 (n=11) Group 2 (n=7)

firm the immunofluorescence da-
ta. As shown in Figure 2B and
2C, the cell surface annexin/PI
expression was strongly induced
by 203.0 + 30.1% of the control
level after the cells were exposed
to eotaxin-2 to induce apoptosis.
The siRNA knockdown of TM ma-
rkedly deteriorated eotaxin-2-in-
duced apoptosis by 350.7 =+
20.4% of the control level relative
to the eotaxin-2-treated group.
Conversely, the levels of annexin/
Pl expression were significantly
decreased by 109.9 + 15.7% of
the control levels when THP-1
cells were transfected with the
HA-TM FL plasmid followed by
eotaxin-2 stimulation. On the
other hand, transfection of THP-1
cells with NC siRNA or a mock

Minimal esophageal temperature  29.1 + 1.1°C 29.5+1.2°C plasmid did not affect the an-
Heparin (unit) 20500 + 4931 19980 + 5632 nexin V/Pl expression. The data
CPB time (minutes) 108.5 + 48.7 107.3 +51.5 indicated that TM played a role
Aortic clamping time (minutes) 712+ 151 69.2 + 14.3 in eotaxin-2-induced monocytic
PRBC transfusion (unit) 32£22 39+24 THP-1 cell apoptosis.
Drainage loss (mL 813.6 £ 120.9 796.1+142.3

g (mb) TM modulates apoptosis-related
Number of grafts 3.5 3.2 . . .

] protein expression via PI3K/Akt
Mortality 0 0

CPB, cardiopulmonary bypass; pRBC, packed red blood cells; Values are mean

+ SD.

and flow cytometry for an in vitro investigation
of monocytic THP-1 cells. We first determined
the expression of annexin V/PI in eotaxin-2-in-
duced THP-1 cells. The data indicated that
treatment of THP-1 cells with 10 ng/mL eotax-
in-2 for 24 hours markedly increased the in-
tensity of annexin V/PI (Figure 2A). To verify
that TM contributed to the effects of eotaxin-
2-induced THP-1 cell apoptosis, we transfected
THP-1 cells with either TM siRNA for knock-
down or an HA-TM FL plasmid for overexpres-
sion for 24 hours, followed by eotaxin-2 treat-
ment for 24 hours. The results showed that
knockdown of TM significantly increased eotax-
in-2-induced monocytic apoptosis compared
with that in THP-1 cells receiving only eotaxin-2
treatment. In contrast, overexpression of TM
significantly reversed the apoptosis situation
when followed by eotaxin-2 treatment in THP-1
cells. Similarly, flow cytometry was used to con-
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axis signaling, which reduces
apoptosis in eotaxin-2-stimulated
THP-1 cells

Apoptosis is a process of programmed cell
death that is generally characterized by various
protein-dependent biochemical mechanisms.
The expression of pro-apoptotic protein BAX
and anti-apoptotic protein BCL-2 was analyzed
using western blotting. As shown in Figure 3A,
inducing apoptosis with eotaxin-2 markedly
inhibited Bcl-2 and increased BAX relative to
the levels in the untreated group. To determine
whether TM contributed to these effects, we
knocked down TM expression using TM siRNA
prior to eotaxin-2 treatment. The results show-
ed that TM knockdown significantly increas-
ed BAX and inhibited Bcl-2 expression in the
eotaxin-2 treatment group compared with the
only-eotaxin-2 treatment group. On the other
hand, when followed by eotaxin-2 treatment,
overexpression of TM in THP-1 cells markedly
decreased the BAX expression and slightly
increased the Bcl-2 expression relative to the
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Figure 2. TM plays a role in eotaxin-2-induced monocytic THP-1 cell apoptosis. THP-1 cells were transfected with TM
siRNA or HA-TM FL plasmid for 24 hours followed by 10 ng/mL eotaxin-2 stimulation for 24 hours. The expression of
annexin V/Pl expression on THP-1 cells was analyzed with fluorescence microscopy (A) and flow cytometry (B and C).
Silencer validated siRNA (NC siRNA) and mock plasmid were used to validate the knockdown and overexpression,
respectively. Five independent experiments were performed (n=5), and representative immunofluorescence images
are shown. Data are presented as the means + SEM; *P<0.05 was considered significant.

expression levels in the eotaxin-2 treatment
group (Figure 3B). Bcl-2 and BAX are trans-
criptional targets for the p53, a tumor sup-
pressor protein that induces apoptosis [37].
Additionally, PI3K/Akt signaling is an impor-
tant pathway for regulating the apoptosis me-
diated by Bcl-2 and BAX expression. Therefore,
Figure 3C demonstrates that the level of p53
was decreased and the phosphorylation/acti-
vation of Akt was increased when cells were
transfected with HA-TM FL followed by eotax-
in-2 treatment, suggesting that TM contribut-
ed to the effects of eotaxin-2-regulated p53
and Akt expression in THP-1 cells. Pretreat-
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ment with the PI3K inhibitor LY294002 for 1
hour significantly ameliorated the positive
effects of HA-TM FL transfection in eotaxin-
2-treated THP-1 cells (Figure 3D). The above
results indicate that TM modulates apoptosis-
related protein expression via PI3K/Akt axis
signaling, which involves apoptosis in eotaxin-
2-stimulated THP-1 cells.

TM regulates mitochondria-mediated apopto-
sis in eotaxin-2-stimulated THP-1 cells

According to previous evidence, Bcl-2 and
BAX regulate mitochondria-mediated apoptosis
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Figure 3. TM modulates BAX and Bcl-2 expression via PI3K/Akt axis signaling in eotaxin-2-stimulated THP-1 cells.
THP-1 cells were transfected with TM siRNA or HA-TM FL plasmid followed by eotaxin-2 stimulation for 18 hours (A
and B) or 6 hours (C). The expression of Bcl-2, BAX, and p53 and the phosphorylation of Akt on THP-1 cells were
analyzed using western blot analysis. (D) THP-1 cells were transfected with HA-TM FL plasmid for 24 hours followed
by 10 mM LY294002 for 1 hour then 10 ng/mL eotaxin-2 stimulation for 18 hours (for BAX and Bcl-2) or 6 hours
(for p53). BAX, Bcl-2, and p53 were analyzed using western blot analysis. The total-Akt and B-actin were as loading
controls. Silencer validated siRNA (NC siRNA) and mock plasmid were used to validate the knockdown and overex-
pression, respectively. The amount of protein expression was quantified using densitometry and is presented as a
bar graph. The data are presented as the mean + SEM (n=3), and *P<0.05 was considered significant.
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Figure 4. TM modulates mitochondria-mediated apoptosis in eotaxin-2- stimulated THP-1 cells. A and B. THP-1 cells
were transfected with TM siRNA or HA-TM FL plasmid followed by eotaxin-2 stimulation for 6 hours. The mitochon-
dria membrane potentials were analyzed using image cytometry. The percentage of JC-1 aggregation in experi-
mental groups relative to the control group represents the decline in the mitochondria membrane potential. The
data are presented as the mean + SEM (n=5), and *P<0.05 was considered significant. C and D. THP-1 cells were
transfected with TM siRNA or the HA-TM FL plasmid followed by eotaxin-2 stimulation for 8 hours. The release of
cytochrome ¢ and cleaved/activated of caspase 3 and 8 on THP-1 cells were analyzed using western blot analysis.
Silencer validated siRNA (NC siRNA) and mock plasmid were used to validate the knockdown and overexpression,
respectively. B-actin was employed as a loading control.

[38]. Collapse of the mitochondrial membrane
potential is an initial phenomenon during the
cellular apoptosis process [39]. The analysis of
JC-1 aggregation using image cytometry (Fi-
gure 4A showed that the mitochondria mem-
brane potentials were strongly decreased by
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62.5 + 10.4% of the control level after the cells
were exposed to eotaxin-2 for 6 hours. The
siRNA knockdown of TM markedly deteriorated
the eotaxin-2-decreased mitochondria mem-
brane potential by 40.1 + 7.1% of the control
level relative to the eotaxin-2-treated group.
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Figure 5. TM may act as a scaffold for cofilin docking, which modulates mi-
tochondria-mediated apoptosis in THP-1 cells. THP-1 cells were transfected
with HA-TM FL plasmid for 24 hours followed by 10 ng/mL eotaxin-2 stimu-
lation for 12 hours. A. The total cell lysates were purified and analyzed for
the activation (phosphorylation) of cofilin using western blot analysis. b-actin
was used as a loading control. B. The mitochondrial fractions were extracted
and analyzed for the cofilin using western blot analysis. GRP94 was used as
a loading control. C. Total cell lysates of THP-1 cells were immunoprecipitat-
ed using a rabbit IgG control, an anti-TM antibody, or anti-cofilin antibody fol-
lowed by immunoblotting with antibodies against TM, or cofilin, as indicated.
Ten-percent inputs were used to identify the specificities of the antibodies.

HA-TM FL plasmid followed by
eotaxin-2 stimulation (Figure
4B). During mitochondria-me-
diated apoptosis, the stimu-
lation induces cytochrome c
release from mitochondria,
and then caspase 9 and cas-
pase 3 are cleaved/activated
and accumulate rapidly. In-
deed, Figure 4C shows that
induction with eotaxin-2 for
6 hours markedly increased
cytochrome ¢ release and cl-
eaved caspase 3 and 8 ac-
cumulation relative to the
levels in the untreated group.
Even though TM knockdown
significantly increased cyto-
chrome c release in the con-
trol group, TM knockdown se-
verely increased cytochrome
c release and cleaved cas-
pase 3 and 8 accumulation
in the eotaxin-2-treatment gr-
oup compared with the con-
trol, only-eotaxin-2 treatment,
and only-TM-knockdown gro-
ups. On the other hand, ov-
erexpression of TM in THP-1
cells markedly decreased the
cytochrome c release and cle-
aved caspase 3 and 8 ac-
cumulation followed by eo-
taxin-2 treatment relative to
the eotaxin-2 treatment gro-
up (Figure 4D). The above
results show that TM regu-
lates mitochondria-mediated
apoptosis in eotaxin-2-stimu-
lated THP-1 cells.

TM interacts with cofilin,
which may regulate eotaxin-
induced THP-1 cell apoptosis

Increasing evidence has reve-
aled that mitochondrial trans-
location and interaction with
cofilin is an early step during
the apoptosis process [40,
41]. Hence, we hypothesized

Conversely, the levels of the mitochondria that TM may act as a scaffold for cofilin do-
membrane potential were significantly revers- cking. We first determined whether cofilin
ed by 110.6 + 16.4% of the control levels expression was responsible for the function of
when THP-1 cells were transfected with the TM in eotaxin-2-induced THP-1 cells. Western
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Figure 6. The mechanism by which TM contributes to eotaxin-2-mediated apoptosis in monocytic cells. TM may regu-
late cell apoptosis via the PI3K/Akt axis signaling pathway, which acts as an extinguisher for p53 and BAX activation,
as well as further downstream cytochrome c release and caspase 8 and 3 cleavage. The interaction between TM
and cofilin further supported a role for TM in cell apoptosis.

blotting showed that induction with eotaxin-2
markedly inhibited the phosphorylation of co-
filin in the cytosolic fraction relative to the
levels in the untreated group. The level of co-
filin phosphorylation was significantly reversed
when THP-1 cells were transfected with the
HA-TM FL plasmid followed by eotaxin-2 stimu-
lation (Figure 5A). Conversely, the levels of
cofilin in the mitochondria fraction was sig-
nificantly increased when THP-1 cells were
treated with eotaxin-2, and transfection with
the HA-TM FL plasmid reversed the phenome-
non, followed by eotaxin-2 stimulation (Figure
5B). A co-IP assay was used to verify the in-
teraction between TM and cofilin in eotaxin-
2-stimulated THP-1 cells. Western blot analysis
showed that no cofilin signal was observed in
the IgG IP control (Figure 5C, upper lane 2),
whereas cofilin was detectable in the anti-TM-
antibody immunoprecipitated fraction derived
from naive THP-1 cells (Figure 5C, upper lane
3). Additionally, the interaction of TM and cofilin
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was decreased by TM siRNA (Figure 5C, up-
per lane 4), indicating that there was an in-
teraction between TM and cofilin in THP-1 cells.
To further confirm the interaction between TM
and cofilin, immunoprecipitation using goat
anti-cofilin antibody was also performed in
non-transfected THP-1 cells (Figure 5C, upper
lane 4). To confirm the validity, we collected
data, which indicated that the co-immunopre-
cipitated TM was clearly present in the anti-
cofilin antibody immunoprecipitate (Figure 5C,
lower). These results indicate that cofilin inter-
acts with TM. We therefore suggest that T™M
acts as a scaffold for cofilin docking, which
regulates the mitochondria-mediated down-
stream signaling pathway.

Discussion
The schematic shown in Figure 6 summarizes

our current results in vitro. We demonstrated
for the first time that TM might decrease cell
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apoptosis in eotaxin-2-stimulated monocytic
cells. In fact, TM may regulate mitochondria-
mediated apoptosis by the PI3K/Akt axis sig-
naling pathway, which acts as an extinguisher
of p53 and BAX activation and limits further
downstream release of cytochrome ¢ and cle-
avage of caspase 8 and 3. Furthermore, we
suggest that TM interacts with the cofilin cyto-
skeleton, which further supports a role of TM
in cell apoptosis. These above mechanisms
may be relevant to the clinical situations in
which patients with more monocytic apoptosis
were complicated by lower TM expression after
CABG surgery.

Eotaxin-2 regulates lymphocyte activation.
CD16-postive macrophage express eotaxin-2
and then activate T cells during HIV infections
[42]; eotaxin-2 is involved in lentiviral protein-
induced CD4-postive lymphocyte activation
[43]; a high concentration of eotaxin-2 trig-
gers T cell migration and is associated with
metastatic tumors of colorectal cancer [44];
and eotaxin-induced thymocyte activation may
have important physiological implications for
lymphocyte mobilization within and from this
lymphoid organ [45]. Eotaxin-2 expression in
the epithelium may be associated with asth-
ma onset, control, and severity, resulting from
its contribution to eosinophil migration [46].
Patients with a high plasma level of eotaxin-2
show a positive correlation with susceptibility
to severe asthma, which may be associated
with the +1272 A to G polymorphism and ht2
as well as ht6 haplotypes in the eotaxin-2
gene [47]. Interestingly, anti-eotaxin-2 anti-
bodies provide efficacious protection in ex-
perimental atherosclerosis and arthritis [30,
48]. However, an analysis from the Taiwan
National Health Insurance Research Database
has shown that major complications and mor-
tality are significantly increased in patients
with asthmatic disease who undergo major
inpatient surgeries [49]. Cardiac surgery may
result in a severe attack of asthma or other
complications during or immediately after car-
diac surgery. Similarly to previous investiga-
tors [3], we found that the level of eotaxin-2
significantly increased in some CPB patients
and predicted that the increase in eotaxin-2
may be associated with post-surgical compli-
cations/early outcomes in the hospital, alth-
ough we did not analyze the phenomena in this
clinical study. On the other hand, the results
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indicated that eotaxin-2-induced monocytic
apoptosis may be associated with axis of im-
munity after CPB. Additionally, why eotaxin-2
did not increase in some patients after car-
diac surgery remains to be further analyzed.
Eotaxin-2 is also secreted from epithelial cells,
eosinophils, monocytes, and macrophages.
We observed that plasma levels of eotaxin-2
were increased in some patients who under-
went CPB, although we did not identify the
source organs and tissues. Undoubtedly, since
cardiac surgery increases plasma eotaxin-2
levels and eotaxin-2 may increase the risk of
postoperative complications, it is essential to
explore the effects on monocytic function,
and eotaxin-2 may be a potential therapeutic
target for preventing and treating postsurgical
complications.

Inflammatory responses are necessary for an
organism to resist external stressors such as
bacterial/viral infections and trauma and to
repair and restore damaged tissue/cellular
functions. Many types of cells are involved
in inflammatory responses, including granulo-
cytes, lymphocytes, and monocytes. For mono-
cytes, the number and physiological status of
the cells need to be maintained in a specific
and appropriate manner so that the inflamma-
tory reaction can be accomplished correctly
and completely [50]; that is, after appropriate
inflammatory responses are launched and the
stress is eliminated, the monocytes should
stop their activity smoothly so as not to cause
excessive inflammation and secondary dam-
age to the tissue/organism [51]. Under normal
and theoretical conditions, cellular apoptosis
is one of the ways to regulate and stop the
inflammatory response in monocytes [52]. The
timing of this braking mechanism is the key
factor in determining the appropriateness of
the inflammatory response; therefore, many
diseases, including neurodegenerative diseas-
es, ischemic damage, immune deficiency, and
cancers, are due to inappropriate apoptosis
[50], and the inflammatory response cannot
be properly terminated [13]. Previously, we had
demonstrated that TM regulates monocytic
migration and differentiation, which is associ-
ated with early outcomes in cardiac surgery
patients during hospitalization [20, 21]. Addi-
tionally, TM gene C1418T polymorphism is as-
sociated with the development of coronary
allograft vasculopathy [53] which may result
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from chronic systemic inflammation and mono-
cytic activity. In this study, we also found that
patients with less increase in cellular TM at
24 hours after CABG surgery had an increas-
ed apoptotic status in monocytes (probably
due to an increased level of plasma eotaxin-2).
Based on these results, we predict that CPB
can cause disorder of the inflammatory dy-
namical mechanism of monocytes. Which of
the factors (cardioplegia solution infusion, for-
eign material attachment, ischemia and reper-
fusion) is the main stimulus still needs to be
elucidated. There was no significant difference
in preoperative demographic characteristics
and perioperative characteristics between pa-
tients in groups 1 and 2. However, the same
surgical approach and the single-surgeon oper-
ation still caused differences in the plasma
levels of eotaxin-2; we are curious as to the
distinguishing factors that cause some pa-
tients to retain their sensitivity to CPB and are
currently studying this issue.

The switching on of inflammation is an im-
mune system process that is necessary for the
organism to repair damaged tissues and resist
the pressure of foreign pathogens and anti-
gens. In this process, the monocyte is a cen-
tral component that plays critical roles. In the
absence of immune stress, monocytes gener-
ally circulate in the bloodstream for 1-2 days
and expire via the activation of spontaneous
apoptosis [54]. During inflammation, the mo-
nocyte life span is prolonged by intracellu-
lar mechanical inhibition of the spontaneous
apoptosis [55], which provides enough time
for differentiation and migration as well as rel-
evant inflammatory responses. However, previ-
ous studies have also shown that after the
inflammatory response has started and the
proper effects have occurred, the relevant mo-
nocytes involved in the inflammation should
stop their activity via cellular apoptosis, which
results in the return of the physiological state
to a well-balanced origin [56, 57]. The inflam-
matory response is similar to a double-edged
sword in that over-response as well as insuffi-
cient action will cause serious disturbances of
cellular physiological functions. However, it is
not easy to achieve this goal with precision to
maintain an appropriate, i.e., not excessive or
insufficient, inflammatory response in the org-
anism. Pleiotropic stress always undermines
the ability of the immune system to initiate
immune cell activity and to terminate the
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inflammatory responses of immune cells in
a timely manner. We had demonstrated that
patients undergoing CABG surgery who have
increased blood levels of TNF-a& may exhibit
decreased TM expression in monocytes and,
hence, a poor early outcome after cardiac sur-
gery [20]; we interpret this situation to mean
that decreased TM in monocytes after CABG
surgery results in an unfit inflammatory state.
Additionally, TM directly colocalizes and in-
teracts with highly expressed PKCO in CD68-
positive infiltrated macrophages in human
atherosclerotic plaques, indicating that the
coordination between TM and PKCd in macro-
phages participates in atherogenesis [23].
In this study, eotaxin-2 induced by CABG sur-
gery promoted the decrease of TM in mono-
cytes, subsequently resulting in apoptosis
(although we did not confirm the majority
source of plasma eotaxin-2). The decrease in
TM caused by CABG surgery results in in-
creased monocytic migration and apoptosis,
and TM modulates monocytic differentiation
and infiltration into the arterial wall during
atherogenesis, which can be considered a
result of the change in immune capacity. This
phenomenon causes a disorder of inflammato-
ry patterns and disturbances of the inflamma-
tory process so that immune cells cannot
respond properly at appropriate times to the
pressure. How to control monocytic migration,
apoptosis, differentiation and inflammatory
responses in an appropriate state through reg-
ulating TM is the principal research subject
for the near future.

In conclusion, the increased eotaxin-2 after
CPB may induce monocytic apoptosis which is
associated with TM expression. TM may regu-
late mitochondria-mediated apoptosis by its
PI3K/Akt axis signaling pathway, which acts
as an extinguisher for p53 and BAX activation,
as well as limit further downstream release
of cytochrome ¢ and cleavage of caspases 8
and 3; these data strongly suggest that TM
expression participates in eotaxin-2-induced
monocyte apoptosis, and the present study
provides a novel view of the role of TM in mo-
nocyte apoptosis during the development
and regulation of inflammation after cardiac
surgery.
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