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Abstract: Cardiac microvascular endothelial cells (CMECs) extensively secrete cytokines during myocardial isch-
emia/reperfusion injury (MIRI). Tongxinluo (TXL) has been demonstrated to preserve the function of the endotheli-
um and myocardium against MIRI. This study was designed to identify alterations in the paracrine function of CMECs
under hypoxia/reoxygenation (H/R) conditions and assess its modulation by TXL. CMECs were exposed to different
concentrations of TXL for 30 min and then subjected to hypoxia and reoxygenation for 12 and 2 h, respectively.
Apoptosis was measured to determine the optimal TXL concentration. Protein antibody arrays were used to assess
changes in cytokines secreted into conditioned medium by CMECs. A Gene Ontology (GO) analysis was applied to
interpret the functional implications of changes in cytokines. TXL inhibited CMEC apoptosis in a concentration-
dependent manner after H/R, reaching peak efficacy at a concentration of 800 ug/ml. H/R significantly altered 33
cytokines, and TXL (800 pg/ml) changed the levels of 121 different cytokines compared with the H/R group. Among
these cytokines, 10 that were increased by H/R were decreased by TXL, five that were decreased by H/R were
increased by TXL, and eight that were attenuated by H/R were further decreased by TXL. Insulin-like growth factor
binding protein-1 was up-regulated by H/R and was further increased by TXL. Significantly altered factors were found
to be involved in cell proliferation, growth and differentiation, as well as chemotaxis and transport. TXL inhibited the
apoptosis of CMECs and modulated their paracrine function in MIRI.
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Introduction tion, are the primary cells in the myocardium,
and their function is jeopardized in MIRI [4]. The
initiation of MIRI upon restoration of blood flow
contact with the myocardium sets in motion a
pathophysiological process involving complex
interactions among hematocytes, endothelial
cells, and cardiomyocytes. CMECs, which com-
pose the microcirculatory tract, serve as a func-
tional interface between flowing blood and car-

Myocardial ischemia/reperfusion injury (MIRI)
remains an unresolved problem in the era of
coronary revascularization therapy for acute
myocardial infarction. MIRI accounts for almost
50% of the final necrosis size and leads to ma-
ny acute complications, such as reperfusion
arrhythmias, myocardial stunning, and the no-
reflow phenomenon [1]. A notable feature of

myocardial reperfusion injury is microcircula-
tion dysfunction [2, 3]. Cardiac microvascular
endothelial cells (CMECs), the fundamental
building blocks of the myocardial microcircula-

diomyocytes. In this capacity, they communicate
with both cardiomyocytes and blood cells.
However, how this interaction is changed in
MIRI is poorly understood.
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Cytokines, acting as mediators or messengers,
play important roles in the interactions among
different types of cells, in cellular responses to
the environment, and in the maintenance of
cellular and tissue homeostasis. Cytokine syn-
thesis and secretion are modulated in most
pathophysiological processes, such as cancer
and cardiovascular diseases, including MIRI.
CMECs secrete a considerable range of cyto-
kines that participate in regulating not only the
metabolism and activity of cardiomyocytes, but
also the communication with leukocytes [5, 6],
which may be modulated during the process of
ischemia/reperfusion injury. Cytokine modula-
tion reflects interactions among cells. It has
been shown that some individual factors
secreted by CMECs, such as neuregulin-13
(NRG-1B), are modulated in MIRI [7, 8]. To date,
however, how the cytokine profile or the para-
crine function of CMECs is regulated in MIRI
has remained unclear.

Tongxinluo (TXL), a traditional Chinese medi-
cine made from 12 different herbals and avail-
able in capsule form, was approved for treating
cardiocerebral vascular diseases by the State
Food and Drug Administration (SFDA) of China
in 1996. Results of high-performance liquid
chromatography and gas chromatography anal-
yses indicate that the major ingredients of TXL
include peoniflorin, ginsenoside Rgl, ginsen-
oside Rb1, jujuboside A, jujuboside B, isobor-
neol and borneol [9]. In our previous studies,
we found that TXL reduced myocardial no-
reflow and reperfusion injury by inhibiting the
apoptosis of CMECs and preserving endothelial
function [10-12]. Diverse ingredients in TXL
were speculated to have multiple synergetic or
antagonistic effects on the cytokine profile of
CMECs. However, it is still unclear whether TXL
regulates the paracrine function of CMECs and,
if so, how the mixture ultimately changes the
cytokine profile. To address these unanswered
questions, we employed an in vitro CMEC model
of ischemia/reperfusion in conjunction with
human cytokine antibody arrays to assess cyto-
kine modulation and its regulation by TXL.

Materials and methods

Cell culture and the hypoxia/reoxygenation
model

CMECs from healthy humans were purchased
from ScienCell Research Laboratories (San
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Diego, CA) and cultured as instructed. The cells
were grown in complete Endothelial Cell Me-
dium (ECM) containing 5% fetal bovine serum
(FBS), 1% endothelial cell growth supplement
(ECGS), and 1% penicillin/streptomycin at 37°C
with 5% CO,. When cells reached ~90% conflu-
ence, they were detached using 0.25% trypsin-
EDTA (Invitrogen) and subcultured at a ratio of
1:3. Cells in passage 3 were washed with phos-
phate-buffered saline (PBS) and then exposed
to different treatments in serum-free DMEM for
30 min. Thereafter, cells were exposed to
hypoxia by incubating in a sealed, hypoxic
GENDbox jar fitted with a catalyst (Bio-Me'rieux)
to scavenge free oxygen for 12 h, and then
transferred to normoxic conditions for a 2-h
reoxygenation period, as previously described
[13]. Oxygen tension in the medium was mea-
sured using an anaer indicator (BioMe'rieux).

Preparation of the TXL solution

A solution of TXL ultrafine powder (Lot Number:
071201; Shijiazhuang Yiling Pharmaceutical
Co., Shijiazhuang, China) was prepared as des-
cribed in our previous study [12]. Briefly, after
dissolving TXL powder in serum-free Dulbecco’s
modified Eagle’s medium (DMEM,; Life Techno-
logies, Grand Island, USA), the mixture was son-
icated for 30 min and then centrifuged at
2000xg for 15 min. The supernatant was fil-
tered, and the precipitate was dried at 60°C to
allow calculation of an accurate weight of the
dissolved ingredients. The solution was adjust-
ed to a final concentration of 2000 pg/ml by
adding DMEM and then stored at -20°C. The
TXL solution was adjusted to different concen-
trations (100, 200, 400, 800, 1200 ug/ml) by
gradually adding DMEM before addition to cul-
tures for 30 min and exposure to hypoxia/reox-
ygenation (H/R).

Assessment of apoptosis

Cell apoptosis was quantitatively determined
using an Annexin V-FITC/PI Kit (Biosea Bio-
technology, Beijing), according to the manufac-
turer’s instructions. Briefly, cells from different
experimental groups were collected and resus-
pended in 500 pl of buffer. Five microliters of
Annexin V solution was added to the cell sus-
pension, and the mixture was incubated in the
dark for 15 min at room temperature. The-
reafter, 5 ul of propidium iodide (Pl) was added,
and at least 15,000 cells were acquired by flow
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Figure 1. TXL inhibits H/R-induced apoptosis of CMECs in a concentration-dependent manner. A. Representative
scatterplots of flow cytometry results showing apoptotic quadrants. B. Histogram of CMEC apoptosis rates at differ-
ent TXL concentrations. The values represent means + SEM. Each group was biologically repeated three times (#P
< 0.05 versus the normal group; *P < 0.05 versus the H/R group).

cytometry using a FACSCalibur System (Becton-
Dickinson) and analyzed with Flowjo software
(version 7.6.1). The cells were segregated into
four quadrants: viable cells (Annexin V-/Pl-),
early apoptotic cells (Annexin V+/PI-), late apop-
totic cells (Annexin V+/Pl+), and necrotic cells
(Annexin V-/Pl+). Apoptotic rates were calculat-
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ed by summing the early and late apoptotic
quadrants.

Human cytokine antibody array

Medium from the control group, the H/R group,
and the TXL group at the experimentally deter-
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Figure 2. Results of a cluster analysis based on samples and all significantly altered factors (fold-change > 1.5; P <
0.05). The color gradient represents the range of cytokine levels, as indicated on the right. Each group was biologi-

cally repeated three times.

mined best working concentration was collect-
ed after H/R and centrifuged. The concentra-
tions of cytokines in the supernatant were then
quantified using a Quantibody Human Cytokine
Antibody Array 7000 kit (Catalog No. QAH-
CAA-7000; RayBiotech, Norcross, GA, USA).
This array consists of 320 different antibodies
spotted in quadruplicate onto eight slide chips.
The cytokine profile of each group was deter-
mined using three independent biological sam-
ples. Samples in each array were assayed
simultaneously using a sandwich enzyme-lin-
ked immunosorbent assay (ELISA) procedure.
The signal was acquired by fluorescence detec-
tion and quantified, and the relative expression
levels of cytokines were determined by com-
parison between groups. Experiments were
performed by CapitalBio Technology (Beijing,
China) following the manufacturer’s instruc-
tions.

Gene ontology analysis

The Gene Ontology (GO) project provides a con-
trolled vocabulary for describing gene and gene
product attributes in any organism (http://
www.geneontology.org). GO assignments are
categorized into three domains: biological pro-
cess, cellular component, and molecular func-
tion. Fisher’s exact test was used to determine
whether the overlap between the differentially
expressed factors list and the GO annotation
list was greater than would be expected by
chance alone. The p-value denotes the signifi-
cance of GO term enrichment in the set of dif-
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ferentially expressed factors. The lower the
p-value, the more significant the GO Term (a
p-value < 0.05 is recommended).

Statistical analysis

The experimental data are presented as the
means of each condition £+ SEM. A one-way
analysis of variance (ANOVA) was used to com-
pare more than two groups, and a paired
Student’s t-test was performed for compari-
sons of two conditions (SPSS for Windows ver-
sion 16.0). A P-value < 0.05 (two sided) was
considered statistically significant. The original
data were standardized using IQR methods,
and pooled analysis of the data was imple-
mented using R method.

Results

TXL protects CMECs from H/R-induced apop-
tosis

We adopted an in vitro model of endothelial
reperfusion injury (2 h of hypoxia followed by 12
h of reoxygenation) as described previously [13,
14] to induce the apoptosis of CMECs. To inves-
tigate whether TXL inhibited apoptosis, we
exposed CMECs to different concentrations of
TXL (100, 200, 400, 800, 1200 pg/ml) for 30
min before H/R. Flow cytometric assays (Figure
1) demonstrated that H/R exposure significant-
ly increased the apoptotic rate of CMECs com-
pared with controls (35.15% + 0.78% vs. 5.90%
+ 0.96%, P < 0.0001). TXL attenuated H/R-
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H/R + TXL vs. H/R control

induced apoptosis in a concentration-depen-
dent manner, beginning at a concentration of
200 pg/ml. TXL achieved its maximum anti-
apoptotic efficacy at 800 yg/ml, a concentra-
tion that reduced the apoptosis rate after H/R
exposure to 14.64% + 2.23% (P = 0.001; Figure
1).

H/R exposure and TXL treatment alters the
cytokine profile of CMECs

To investigate the paracrine function of CMECs
after H/R and determine how it is modulated by
TXL, we used a human cytokine antibody array
to assess changes in secreted cytokines in cul-
ture supernatants. TXL was used at its optimal
anti-apoptotic concentration of 800 ug/ml. The
results of a cluster analysis are shown in Figure
2. To identify meaningful changes in the cyto-
kine profile, we selected factors that were sig-
nificantly altered (fold-change > 1.5; P-value <
0.05) as previously described [15], in compari-
sons between the H/R group and the control
group and/or the H/R + TXL group and the H/R
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with the H/R group.

group. Compared with the control group, 33 dif-
ferent cytokines were significantly changed by
H/R, including 19 that were down-regulated
and 14 that were up-regulated. Among these
factors, angiopoietin-like 4 (AGNPTL-4) was the
most up-regulated (3.99-fold, P = 9.04x1075;
Figure 3A), and urokinase-type plasminogen
activator (uPA) was the most down-regulated
(0.23-fold, P =5.31x10°%; Figure 3A). Treatment
with TXL significantly changed 121 factors
compared with the H/R group, including 28 that
were up-regulated and 93 that were down-regu-
lated. Among these factors, granulocyte colo-
ny-stimulating factor (G-CSF) was the most up-
regulated (38.01-fold, P = 4.07x10*; Figure 3B)
and bone morphogenetic protein-2 (BMP-2)
was the most down-regulated (0.02-fold, P =
1.12x10%; Figure 3B).

Twenty-four factors were significantly changed
in comparisons between the H/R group and the
control group as well as those between the TXL
group and the H/R group, as shown in Figure
4A. Among these factors, 10 that were incre-
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Figure 4. Notable differentially expressed factors revealed by pairwise comparisons. A. Color gradient representa-
tion of 24 factors that were significantly changed in comparisons of the H/R group versus the control group and
of the TXL group versus the H/R group. B. Boxplots of ANGPTL-4, G-CSF, VEGF, and NRG-1( expression in different
groups.
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Table 1. GO analysis of differentially expressed cytokines in conditioned media

GO TERM/GO ID

H/R vs. Normal

H/R vs. Normal

TXL vs. H/R

TXL vs. H/R

Positive regulation of cell
proliferation GO:0008284

Negative regulation of cell
proliferation GO:0008285

Regulation of cell growth
G0:0001558

Positive regulation of cell dif-
ferentiation GO:0045597

Negative regulation of cell dif-
ferentiation GO:0045596

Chemotaxis GO:0006935

Transport GO:0006810

Vasculogenesis G0:0001570

Positive regulation of angio-
genesis GO:0045766

Negative regulation of angio-
genesis GO:0016525

Angiogenesis G0:0001525

Up-regulated

IL-21

GRO«; BMP-2; 4-1BB

ErbB2; IGFBP-1

IL-21; BMP-2

CRP; BMP-2

GROo; MCP-2

CRP; adipsin; ferritin;
4-1BB; MCP-2

ANGPTL4

ANGPTL4

Down-regulated

VEGF R2; IL-7; PDGF-AB; IL-2;
bFGF; SCF R; PDGF-BB
bFGF; BMP-4

bFGF; IL-2; NOV

bFGF; IL-2; IL-5; IL-7; VEGF
R2; BMP-4

SCF R; BMP-4; follistatin

uPA; bFGF

bFGF; follistatin; ANG-1; IL-2;
IL-5; SCF R; PDGF-AB; PDGF-
BB; NOV; BMP-4; LIMPII

VEGF R2
VEGF R2; bFGF

VEGF R2

Up-regulated

IL-24; G-CSF; VEGF R2; VEGF; SCF R; GM-
CSF; IL-6

IL-24; 1L-6; TNF RIl; TNF RI

IGFBP-1; IGFBP-2; VEGF

GM-CSF; IL-6; VEGF R2; TNF RI; TNF RlI;
VEGF

IL-6; SCF R; TNF RI; TNF RII; follistatin
uPAR; MIP-3ax
GM-CSF; G-CSF; follistatin; aloumin; ICAM-

1; IL-6; SCF R; lipocalin-2; PECAM-1; PD-1;
E-selectin; TNF RI; TNF RIl; VEGF

VEGF R2; VEGF; endoglin
VEGF R2; VEGF

VEGF R2; VEGF; CEACAM-1

Down-regulated

VEGF-C; PDGF-AB; IGF-II R; bFGF; APRIL; IL-21; AR; IL-6 sR; NT-3; PDGF-
BB; IL-7; EG-VEGF; ENA-78; FGF-19; MCSF; FGF-4; IGF-I; IL-11; BAFF;
FGF-7; cripto-1; IP-10

IGFBP-3; BMP-2; IL-1 R6; BMP-4; bFGF; IL-6 sR; MPIF-1; GRO«; sFRP-3;
angiostatin; IGF-

bFGF; sFRP-3; BMP-9; NRG-1B; IGFBP-3; IGFBP-4; NOV; IL-17B R;
CXCL16; WISP-1

MCSF; bFGF; sFRP-3; BMP-9; NRG-1B; IGF-I; IGFBP-3; IL-4; IL-6 sR; IL-7;
IL-12p40; IL-12p70; IL-13 R2; IL-13; SCF; NGFR; NT-3; PF4; angiostatin;
IL-21; BDNF; BMP-2; BMP-4; VEGF-C; procalcitonin; TRANCE

CRP; FGF-4; DKK-1; sFRP-3; IFNo/B R2; IGF-; IL-4; IL-6 sR; IL-13 R2; IL-
13; NGFR; PF4; BDNF; MIP-1a; BMP-2; BMP-4; procalcitonin

CXCL16; RANTES; bFGF; MIP-1a; IL-4; MCP-2; MPIF-1; GRO«; ENA-78;
MIG; C5a; GCP-2; CXCL14; IP-10; HCC-4

BAFF; AMICA; CRP; adipsin; bFGF; FGF-7; DKK-1; FOLRZ,; ferritin; ANG-1;
NRG-1B; IFNo/B R2; IGF-I; IGF-II R; IL-1 R6; IL-4; IL-6 sR; IL-11; IL-12p40;
IL-12p70; IL-13 R2; IL-13; IP-10; AR; NGFR; NT-3; PDGF-AB; PDGF-BB;
PF4; NAP-2; angiostatin; CXCL16; NOV; BDNF; MIP-1a; RANTES; MCP-2;
BMP-4; C5a; VEGF-C; procalcitonin; TRANCE; LIMPII; FGF-19

BMP-9; cripto-1

BMP-9; IL-1 R6; bFGF; C5a

BMP-9; PF4; IP-10

VEGF-C; EG-VEGF; TGFq; angiostatin
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ased in the H/R group were decreased by TXL,
five that were decreased in the H/R group were
increased by TXL, and eight that were down-
regulated by H/R were further reduced by TXL.
Notably, insulin-like growth factor binding pro-
tein-1 (IGFBP-1) was among the factors that
were up-regulated by H/R and further increased
by TXL.

Some factors that were previously shown to
participate in the myocardial reperfusion injury
process were also identified by the protein
arrays; however, the observed changes were
shown in comparisons either between the H/R
group and the control group, or between the
TXL group and the H/R group. For example, the
level of ANGPTL-4 was significantly changed
only in comparisons of the H/R group with the
normal group. Also notable, vascular endothe-
lial growth factor (VEGF) and G-CSF were
increased by TXL, and NRG-13 was decreased
by TXL. (Figure 4B).

GO analysis of significantly altered cytokines

As previously reported, some growth factors
might participate in the protection against myo-
cardial ischemia/reperfusion injury [16]. Thus,
we used a GO analysis to identify the functions
of significantly altered factors identified in cyto-
kine antibody arrays. The GO project provides a
controlled vocabulary for describing gene and
gene product attributes in any organism (http://
www.geneontology.org). Using this controlled
vocabulary, we analyzed ‘Biological processes’
and ‘molecular functions’ associated with
these factors and identified a number of rele-
vant terms, including positive and negative
regulation of cell proliferation or differentiation,
cell growth, chemotaxis, transport, vasculogen-
esis, and positive and negative regulation of
angiogenesis. The classification of these fac-
tors by different functions is shown in Table 1.

Discussion

In this study, we used a previous model of
CMEC ischemia/reperfusion injury to illuminate
changes in the cytokine profile after H/R and
its modulation by TXL. Our results indicated
that 1) H/R significantly altered cytokine secret-
ed by CMECs, and TXL further changed the
cytokine profile sharply; and 2) the functions of
differentially secreted CMEC-derived factors
mainly centered on cell proliferation, cell gro-
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wth, cell differentiation, chemotaxis, and trans-
port. To our knowledge, this is the first study to
investigate alterations in the CMEC cytokine
profile under ischemia/reperfusion conditions.

CMECs are the principal cells in the myocardi-
um, and outnumber cardiomyocytes by approxi-
mately 2-fold [4]. They not only constitute the
pathway through which the microcirculation
supplies nutrients and oxygen, they also play a
unigue role as a barrier against inflammatory
cells and toxins. Notably, CMECs act through
their paracrine functions to differentially affect
cardiomyocytes in the MIRI process. For exam-
ple, factors secreted by these cells, such as
interleukins (ILs), tumor necrosis factor-o (TNF-
«), monocyte chemotactic protein (MCP), endo-
thelin (ET) and angiotensin-Il (Ang-Il), aggravate
myocardial inflammatory responses [1, 4, 6].
But CMECs also protect cardiomyocytes by
secreting protective factors, such as nitric
oxide (NO) and NRG-1p [17, 18].

In pairwise comparisons, we identified 24
secreted factors that were significantly changed
by ischemia/reperfusion injury and TXL. A few
studies have previously reported some of these
myocardial reperfusion injury-related factors,
notably including GROx (growth-related onco-
gene «) also called chemokine (C-X-C motif)
ligand 1 (CXCL1). CXCL1 is a chemoattractant
secreted by ischemic tissue that induces early
inflammatory responses, including neutrophil
infiltration [19-21]. Previous studies have dem-
onstrated that some therapeutics used for
myocardial preservation share the mechanism
of down-regulating CXCL1 and subsequently
limiting leukocyte infiltration [22, 23]. Some of
the factors we found to be changed have not
previously been reported in the context of MIRI,
although the effects of these factors on inflam-
matory responses or cell apoptosis have been
described in other studies. For example, MCP-
2, a chemoattractant protein that recruits
monocytes, lymphocytes, basophils and eosin-
ophils, is secreted by microvascular endothelial
cells under conditions of infection or inflamma-
tion [24]. Decoy receptor 3 (DCR3), which is
barely detectable in normal tissue but is elevat-
ed under conditions of infection or stress, is
known to modulate immune functions of mono-
cytes and macrophages [25-27]. DCR3 has
also been shown to induce apoptosis in rodent
RAW 264.7 cells [28]. Inflammation and apop-
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tosis are recognized as key mechanisms in
myocardial reperfusion injury [29]. Consistent
with their known roles, these three inflamma-
tion or apoptosis-related factors-CXCL1, MCP-2
and DCR3-were up-regulated by H/R and down-
regulated by TXL in our study. A GO term analy-
sis indicated chemotaxis as a common function
of many altered factors, implying that the dys-
functional endothelium in MIRI attracts white
blood cells. Notably, TXL inhibited the secretion
of many chemotactic factors. This suggests
that TXL enhances microvascular endothelial
cell barrier function, possibly accounting for the
alleviation of inflammatory cell leakage outside
the microvasculature produced by TXL observed
in our previous animal study [11].

ANGPTL-4, which we found to be up-regulated
after H/R, has been shown to inhibit the no-
reflow phenomenon and maintain vascular
integrity [30]. Thus, the elevation of ANGPTL-4
in response to MIRI might be part of a protec-
tive mechanism initiated by CMECs. ANGPTL-4
levels also showed a trend toward further
increases with TXL treatment. Although this lat-
ter effect did not reach statistical significance,
the possible modulation of ANGPTL-4 by TXL
warrants further study. Furthermore, TXL sharp-
ly increased the levels of secreted VEGF [31,
32] and G-CSF [33], which are known to amelio-
rate MIRI, further helping to explain the protec-
tive role of TXL.

Some findings in our study were unanticipated.
NRG-1 has been previously identified as a pro-
tective factor secreted by CMECs experiencing
reperfusion injury [7]. In accord with this previ-
ous study, we found that H/R significantly
increased NRG-10; unexpectedly however, TXL
decreased it. Two additional factors-kallik-
erein-14 (KLK14) and BMP-2-followed a similar
trend. Delivery of the KLK14 gene has been
shown to attenuate myocardial reperfusion
injury by inhibiting apoptosis of cardiomyocytes
and by activating Akt-glycogen synthase
kinase-3 (GSK3) and Akt-Bad signaling path-
ways [34, 35]; hence, KLK14 seems to be pro-
tective. BMP-2 has shown therapeutic potential
in individuals with myocardial ischemia by
improving contractility of cardiomyocytes in a
phosphatidylinositol 3-kinase (PI3K)-depende-
nt manner [36] and by inhibiting the death of
cardiomyocytes through phosphorylation of
Smad1/5/8 proteins [37]. Nevertheless, our
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study indicated that TXL decreased KLK14
secretion, and we found the H/R increased the
level of BMP-2, whereas TXL decreased it.

We also found unexpectedly that a few factors
that protect against MIRI, such as platelet-
derived growth factor (PDGF) [38], basic fibro-
blast growth factor (bFGF) [39-41] and angio-
poietin-1 (ANG-1) [42-44], were down-regulated
by H/R and further reduced by TXL. Hausenloy
and Yellon have proposed the concept of a
reperfusion injury salvage kinase (RISK) path-
way, which posits that growth factors protect
against ischemia/reperfusion injury by activat-
ing pro-survival kinase signaling cascades,
including PI3K/Akt and p42/p44 extracellular
signal-regulated kinases (ERK1/2) [16]. PDGF,
bFGF and ANG-1 exert their protective effect, at
least in part, by promoting the RISK pathway.
Moreover, KLK14 and BMP2, as well as NRG-13
[45], activate PI3K/Akt during MIRI. A GO term
analysis showed that most factors that affect
cell proliferation, differentiation, and growth
were down-regulated by TXL. However, we pre-
viously demonstrated that TXL inhibited MIRI by
activating both PISK/Akt and MEK/ERK path-
ways [12, 46]. These observations suggest that
TXL activates RISK pathways directly rather
than indirectly by promoting growth factors
that, in turn, activate RISK cascades.

We further found that IL-21, fatty acid-binding
protein (FABP) and C-reactive protein (CRP)
were elevated after H/R and reduced by TXL. In
accord with these findings, previous studies
showed that IL-21 and FABP were up-regulated
in some non-cardiac organs after reperfusion
injury. Specifically, IL-21 is elevated in hepatic
or nephritic tissues [47, 48], and FAPB is elevat-
ed during intestinal reperfusion injury [49-51].
We also found that TXL attenuated the secre-
tion of BMP-4. BMP-4 induces apoptosis by
activating the JNK/MAP kinase pathway, and
inhibiting the BMP-4 signaling pathway has
been shown to alleviate MIRI [52]. From this, we
infer that the reduction in BMP-4 levels by TXL
is one of the protective mechanisms against
MIRI. Our study was limited in its ability to dem-
onstrate changes in well-known injurious fac-
tors, such as TNF-qa, ET, and Ang-Il.

In this study, we used protein arrays to investi-
gate alterations in cytokines secreted by
CMECs. A protein array is a mid-throughput
method for simultaneously studying a series of
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protein, but it is only able to identify changes in
preestablished factors. Thus, whether addition-
al unknown factors participate in the MIRI pro-
cess currently remains unclear. In addition, we
chose only a single time point for illuminating
alterations in the cytokine profile; thus, time-
dependent trends of altered factors remain to
be revealed by further research.

Conclusions

We found that TXL inhibited H/R-induced apop-
tosis of CMECs in a concentration-dependent
manner, reaching its peak efficacy at 800 ug/
ml. H/R significantly affected CMEC paracrine
functions, which were further modulated by
TXL. ANGPTL-4 was up-regulated by H/R, and
its possible regulation by TXL requires further
investigation. TXL increased VEGF and C-GSF
and decreased NRG-1p. The levels of most fac-
tors that affect chemotaxis or cell growth were
attenuated by TXL.
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