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Ticagrelor attenuates myocardial ischaemia-
reperfusion injury possibly through
downregulating galectin-3 expression in the
infarct area of rats
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AIMS

The full benefits of myocardial revascularization strategies applied to acute myocardial infarction patients might be reduced by
myocardial ischaemia and reperfusion (I/R) injury. It is known that inflammation plays an important role in the pathogenesis of I/R
injury and galectin-3, a known inflammatory factor, is actively involved in ischaemia-induced inflammation and fibrosis of various
organs. Previous studies demonstrated that anti-platelets therapy with ticagrelor, a new P2Y12 receptor antagonist, could ef-
fectively attenuate myocardial I/R injury and I/R injury-related inflammatory responses. It remains unknown whether the
cardioprotective effects of ticagrelor are also mediated by modulating myocardial galectin-3 expression.

METHODS

We determined the ratio of infarct area (IA)/area at risk (AAR), expression of galectin-3, TNF-a and IL-6 in infarct area of rats treated
with placebo (equal volume saline per gastric gavage immediately after LAD ligation, then once daily till study end) or ticagrelor
(150 mg kg~ dissolved in saline per gastric gavage immediately after LAD ligation, then once daily till study end) at 24 h, 3 and 7
days post | (45 min)/R injury. Sham-operated rats served as control.

RESULTS

Our results showed that ticagrelor treatment significantly reduced IA/AAR ratio at 3 and 7 days post I/R, downregulated mRNA
and protein expression of galectin-3, as well as mMRNA expression of TNF-a and IL-6 in infarct area at 24 h, 3 and 7 days post I/R.

CONCLUSIONS

Our results suggest that the cardioprotective effects of ticagrelor might partly be mediated by downregulating galectin-3 ex-
pression in infarct area in this rat model of myocardial I/R injury.
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT

e Ischaemia/reperfusion (I/R) injury is linked with increased inflammation.

e The expression of galectin-3 is upregulated in renal I/R injury.

e Ticagrelor could reduce myocardial I/R injury.

WHAT THIS STUDY ADDS

e Galectin-3 is upregulated in the infarct area post myocardial I/R injury.
e Ticagrelor reduced I/R injury and myocardial galectin-3 expression.
e Downregulating galectin-3 in the infarct area post I/R might be a novel working mechanism of ticagrelor.

Introduction

Although revascularization strategies have significantly re-
duced the acute mortality of patients with acute myocardial
infarction (AMI) [1], revascularization-related myocardial is-
chaemia and reperfusion (I/R) injury still remains an issue
of concern in the modern interventional cardiology era
[2, 3]. It is known that inflammation plays an important
role in the pathophysiology of I/R injury [4-6]. Myocardial
I/R injury-induced inflammatory responses are typically as-
sociated with increased cytokines secretion, upregulated ex-
pression of cell adhesion molecules, and enhanced
neutrophil infiltration and microvascular permeability [7].
Previous study revealed that platelets are crucially involved
in inflammatory response in the process of I/R injury [8], it
was shown that platelets could enhance I/R injury by
promoting inflammatory response in ischaemic myocardium
[9, 10]. Enhanced inflammatory response by platelets is
usually mediated through two signalling pathways: (1) via
P-selectin expressed on the surface of activated platelets,
which could accelerate the binding of white blood cells and
platelet, and the activated white cell system could then medi-
ate the subsequent endothelial inflammation responses; and
(2) via platelet-dependent CD40 and CD40L interaction,
which could enhance the synthesis of adhesion molecules,
chemokines and tissue factors, resulting in the activation of
matrix metalloproteinases and further upgrading the inflam-
mation responses [8]. Recent research results indicate that
anti-inflammatory strategy may be one of the promising ther-
apy options for cardiovascular diseases, including I/R injury
[11-13]. In fact, previous studies have demonstrated that
anti-platelet therapy with ticagrelor, a new P2Y12 receptor
antagonist, could effectively attenuate I/R injury and I/R
injury-related inflammatory responses [14, 15].
Accumulating evidence suggests that galectins play an
important role in regulating the physiological and patho-
logical processes of I/R injury via modulating the inflamma-
tory responses [16]. Galectin-3 is one of the most studied
galectins and there is mounting evidence to suggest that it
is actively involved in the pathogenesis of cardiovascular
diseases [17]. Galectin-3 is a multi-functional lectin with a
broad range of actions, including promotion of neutrophil
adhesion, induction of oxidative stress, mastocyte migra-
tion and degranulation. It is known that macrophages, as
well as many other cells, such as neutrophils, eosinophils,
mast cells and fibroblasts that all play important regulatory
roles in the process of myocardial infarction, could produce
galectin-3 [18, 19]. Previous studies found that galectin-3
was actively involved in the pathophysiology of

inflammation and fibrosis in heart, kidney, lung, liver and
other organs through activating fibroblasts and enhancing
macrophage infiltration [20, 21]. Li ef al. [22] found that en-
hanced myocardial injury after I/R injury in mice deficient
in Akt2 was associated with increased cardiac macrophage
density and macrophage marker galectin-3. Sanchez-Mas
et al. [23] reported that the mRNA expression of galectin-3
in the infarcted area was the highest at 1 week after myocar-
dial infarction and then gradually decreased in the next few
weeks. Hashmi and Al-Salam [24] also showed significantly
upregulated mRNA and protein expressions of galectin-3 at
60 min and 24 h after myocardial infarction in mice. Our
group recently demonstrated that inflammation might par-
ticipate in the worsening cardiorenal functions and remod-
elling processes post aortocaval fistula in unilateral
nephrectomized rats [25], and significant upregulation of
galectin-3 expression in the hearts and kidney was evi-
denced in this model [26]. These data collectively indicate
that upregulated myocardial galectin-3 expression might
be an important determinant responsible for the initiation
and progression of various myocardial diseases.

It remains unknown if the previously reported
cardioprotective effects of ticagrelor in I/R injury models
might also be related to its role in modulating myocardial
galectin-3 expression. We therefore tested the hypothesis
that ticagrelor might reduce myocardial I/R injury in rats at
least partly via downregulating the myocardial galectin-3
expression.

Methods

Animal groups

Sprague-Dawley (SD) rats, weighing 200-250 g, were
purchased from the Experimental Animal Center of Tongji
Medical College, Huazhong University of Science and Tech-
nology. The rats were divided into the following groups:

e Sham group (n = 5 each): 24-h sham-operated group; 3-day
sham-operated group; 7-day sham-operated group. Rats in
sham-operated groups underwent similar surgical proce-
dures without ligating the left anterior descending artery
(LAD).

® Placebo group (n = 5 each): 24-h placebo group, 3-day pla-
cebo group and 7-day placebo group. Rats in the placebo
groups received equal volume saline per gastric gavage im-
mediately after ligation of LAD, then once daily post LAD li-
gation till the study end.
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e Ticagrelor group (n = 5 each): 24-h ticagrelor group; 3-day
ticagrelor group; 7-day ticagrelor group. Rats in ticagrelor
groups received ticagrelor [150 mg kg !, 10 mg ticagrelor
dissolved in 1 ml saline] per gastric gavage (3 to 3.75 ml) im-
mediately after LAD ligation, then once daily till the study
end. The dose of 150 mg kg™" of ticagrelor was chosen based
on a previous study showing that this dose (per oral gavage,
once daily for 7 days) could significantly reduce the infarct
size in male Sprague-Dawley rats that underwent 30-
minute coronary artery ligation and 24-h reperfusion [27].

The experiment protocol was approved by the Ethics
Committee of Puai Hospital Affiliated to Tongji Medical Col-
lege of Huazhong University of Science and Technology. All
experiments were conducted in compliance with the ARRIVE
guidelines and in accordance with the National Institutes of
Health guide for the care and use of laboratory animals (NIH
Publications No. 85-23, revised 1996).

Establishment of ischaemia—reperfusion model
Rats were weighed and anesthetized by intraperitoneal injec-
tion of 3% pentobarbital sodium (50 mg kg ~"). Rats were then
intubated and connected with a small animal ventilator
(ALC-VS8S, Shanghai Orcote Biotech Co., Ltd). Ventilator pa-
rameters were adjusted to: tidal volume of 3 ml per 100 g, ven-
tilation frequency of 70 beats min~', and breathing ratio of
1:2. I/R injury was induced as previously described [28].
Briefly, a 5-0 ophthalmic suture was placed around the left an-
terior descending coronary (LAD) after pericardiotomy fol-
lowing an incision in the left fourth intercostal. The LAD
was completely ligated to obtain regional ischaemia. The vi-
sualization of pale colour in the myocardium distal to the oc-
clusion served as evidence of effective LAD occlusion. After
45 min of ischaemia, blood flow was restored by releasing
the ligature and the 5-0 ophthalmic suture remained in posi-
tion. The reperfusion of the ischaemic region was confirmed
by visual inspection of the return of a bright red colour. The
sham rats were subjected to the same surgical procedures as
performed on the myocardial I/R rats but without LAD
occlusion.

Determination of myocardial infarct size

Area at risk (AAR) and infarct size were determined as previ-
ously described [29]. Briefly, 24 h, 3 days or 7 days after reper-
fusion, the LAD was religated with the 5-0 ophthalmic suture
remaining in situ and 3 ml of 2% Evans blue dye (Fluka,
Switzerland) was injected via the right jugular vein to stain
non-ischaemic myocardium and delineate the AAR. When
the epicardial surface turned blue, the heart was harvested
and the right atrium, the right ventricle and the left atrium
were removed, the left ventricle was frozen and cut into 5-6
slices perpendicular to the base-apex axis. The mid-LV slice
(2-mm thick) was weighed, the ischaemic and non-ischaemic
parts separated, frozen on dry ice and kept in the freezer
(—80°C) wuntil analysed. All other slices were weighed,
scanned from both sides for the determination of the AAR
and put in 1% triphenyltetrazolium chloride solution for
15 min at 37°C to distinguish viable myocardium from ne-
crotic. After 24 h of incubation in 4% formaldehyde, slices were
scanned again from both sides, and the extent of myocardial
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necrosis and the AAR were determined by planimetry of
computer images (Image ], version 1.31, NIH, Bethesda, MD).

Mpyocardial mRNA expression of galectin-3,
IL-6 and TNF-a in infarct area detected by
real-time PCR

The total RNA was extracted from the frozen tissue using the
TRIzol reagent (Ambion, Cat. No. 15596-026, Carlsbad, CA,
USA) according to the instruction provided by the manufac-
turers, and the mRNA was reverse transcribed using the re-
verse transcription kit PrimeScript RT Master Mix Perfect
Real Time (Takara, Cat. No. RRO36A, Otsu, Shiga, Japan)
(1 pg). Real-time polymerase chain reaction was performed
to detect the expression of various cytokines by QuantiFast
SYBR Green PCR Kit (Qiagen, Cat. No. 208054, Germantown,
Maryland, USA). Quantitative RT-PCR analysis was per-
formed using a T100-Thermal Cycler (BIO-RAD, Hercules,
CA, USA) and a real-time system (BIO-RAD, Hercules, CA,
USA). The PCR was set up to maintain 39 cycles at 95°C for
3 min, 95°C for 5 s, 56°C for 10 s, and 72°C for 25 s, 65°C
for 5's, 95°C for 50 s. GAPDH was used as internal control;
primers are shown in Table 1.

Mpyocardial galectin-3 protein expression
determined by Western blot

The protein labelling was performed by chemiluminescence
ECL colorimetric technique. The protein was first extracted
from the tissue sample with lysate and then the extracted pro-
tein (10 pg) was added to the 12% SDS-PAGE gel wells (con-
centrated glue 80 V 40 min, separation glue 120 V 50 min).
After electrophoresis, the membrane was blocked in TBS solu-
tion containing 5% nonfat dry milk at room temperature for
2 h and then incubated overnight at 4°C. This was followed
by 1:10000 dilution of HRP-labelled secondary antibody,
incubated with the membrane at room temperature for 1 h.
Finally, the protein expression was measured using a fully
automated chemiluminescence analyser (Tanon-5200,
Shanghai Tianneng) according to the manufacturer’s instruc-
tions. Rabbit anti-galectin-3 (113486, 1:10000; GENETEX),
anti-GAPDH (1039, 1:10000; ASPEN) and Goat Anti-Rabbit
1gG (PAB160011, 1:10 000; BIOSWAMP) were used to deter-
mine the myocardial protein expression of galectin-3.

Table 1
RT-PCR primers

Genes Sequence 5'-3’
11-6 forward GCCAGAGTCATTCAGAGCAAT
11-6 reverse CTTGGTCCTTAGCCACTCCT

TNF-o forward CACCACGCTCTTCTGTCTACTG
GCTACGGGCTTGTCACTCG

CAACTGGCCCTAGTGCTTATC

TNF-a reverse
Galectin-3 forward
CAGAGTGATACTGTTTGCGTTG
CGCTAACATCAAATGGGGTG

Galectin-3 reverse

GAPDH forward

GAPDH reverse TTGCTGACAATCTTGAGGGAG
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Statistics

All data were presented as mean + standard deviation. The
data were analysed using a homogeneity of variances test.
Data with P < 0.05 by the test of homogeneity of variances
were analysed by the Games-Howell test. Data with
P > 0.05 by the test of homogeneity of variances were
analysed by the Tukey HSD test. All data were analysed by
SPSS22.0 statistical analysis software, and P < 0.05 was con-
sidered statistically significant.

Results

Ticagrelor limits myocardial infarct size
Compared to the placebo group, the IA/AAR ratio in the
ticagrelor group was reduced 12.62% at 24 h
(34.51 +12.19% vs. 47.13 £ 12.42%, P = 0.144), 38.41% at 3
days (17.74 £ 9.9% vs. 56.15 £ 9.44%, P < 0.01) and 34.29%
at 7 days (14.02 + 5.08% vs. 48.31 £+ 19.01%, P < 0.01)
(Figure 1).

Mpyocardial mRNA expression of galectin-3,
TNF-a and IL-6 in sham-operated rats and in
infarct area post 1/R injury

Myocardial galcectin-3 mRNA expression was low in sham-
operated rats, and was significantly upregulated at 24 h, 3
days and 7 days post I/R injury in the infarct area of placebo
groups, which was significantly higher at 3-day and 7-day
groups compared to the 24-h group post I/R injury in
placebo-treated rats. Ticagrelor treatment significantly down-
regulated galcectin-3 mRNA expression in the infarct area at
24 h, 3 days and 7 days post I/R injury (Figure 2A) as com-
pared to placebo-treated rats. Compared to the sham group,
myocardial galcectin-3 mRNA expression increased 3.12-fold
in the placebo group and 1.95-fold in the ticagrelor group at
24 h; increased 10.80-fold in the placebo group and 6.45-fold
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Ratio of infarct area (IA)/area at risk (AAR). Ticagrelor (black circle)
significantly reduced IA/AAR ratio at 3 days and 7 days post I/R injury
compared to saline-treated rats (open circle). IA/AAR ratio was also
significantly lower at 3 days and 7 days compared to 24 h in
ticagrelor group. ** P < 0.01 vs. placebo group. * P < 0.05 vs. 24 h,
"P<0.01vs.24h
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Figure 2

mRNA expression of galectin-3 (A), TNF- a (B) and IL-6 (C) in the
myocardial tissue of sham group (white bar), placebo group (gray
bar) and ticagrelor group (black bar) in infarct area at 24 h, 3 days
and 7 days post I/R. * P < 0.05 vs. sham-operated group; P < 0.05
vs. placebo group at the same time point; ¥P<0.05vs. 24-h group
within the same treatment group

in the ticagrelor group at 3 days; increased 12.26-fold in the
placebo group and 7.45-fold in the ticagrelor group at 7 days.
As shown in Figure 2A, that relative mRNA expression of
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galectin-3 is higher at 3 days and 7 days compared to 24 h in
the placebo group, which is line with previous findings show-
ing that galectin-3 mRNA expression peaked at 7 days in the
infarct area [23].

As shown in Figure 2B, the mRNA expression of TNF-a was
also significantly and equally upregulated post I/R in the in-
farct area of placebo groups from 24 h to 7 days compared
to sham hearts for the corresponding area. Ticagrelor treat-
ment significantly downregulated TNF-o0 mRNA expression
in the infarct area at 24 h, 3 days and 7 days post I/R injury
compared to placebo-treated rats.

mRNA expression of IL-6 was significantly upregulated at
24 h, then reduced at 3 days and 7 days post I/R, which were
significantly higher than in the respective sham groups at all
three measured time points in the placebo groups. Ticagrelor
treatment significantly downregulated IL-6 mRNA expres-
sion in infarct area at 3 days and 7 days post I/R as compared
to placebo-treated rats (Figure 2C). As shown in Figure 2C,
mRNA expression of IL-6 was lower at 3 days and 7 days than
in 24 h in the placebo group. This result is in line with a pre-
vious finding showing that IL-6 peaked at 24 h in 93 patients
receiving thrombolytic treatment for their first AMI [30].

Protein expression of galcectin-3 in myocardial
tissue of sham rats and in infarct area of rats
post I/R injury

As shown in Figure 3, protein expression of galcectin-3 was
significantly upregulated in the infarct area from 24 h to 7
days post I/R in placebo groups, which was significantly
higher at 3 days and 7 days post I/R compared to 24 h post
I/R in placebo-treated rats. Ticagrelor treatment significantly
downregulated protein expression of galcectin-3 in the in-
farct area at 24 h, 3 days and 7 days post I/R as compared to
placebo-treated rats (Figure 3A, 3B).

Discussion

The major findings of the present study are as follows: (1)
ticagrelor application per gavage immediately after LAD liga-
tion significantly reduced the ratio of infarct area (IA)/area at
risk (AAR); (2) ticagrelor use immediately after LAD ligation
significantly downregulated galectin-3, TNF-o and IL-6 ex-
pression in the infarct area in this rat model of I/R injury.

Ticagrelor is a reversibly binding and selective oral P2Y12
antagonist, the disposition and metabolism of which has
been investigated in mice, rats and marmosets. The results
of those studies showed that the metabolic profiles were sim-
ilar between these animal species and humans, and the in vivo
metabolite profiles were also qualitatively similar across all
species [31]. The plasma concentration of oral ticagrelor
peaked at 2 h and the half-life ranged from 10.9 to 14.9 h.
The average absolute bioavailability of ticagrelor was approx-
imately 36% (range 25.4-64.0%) in humans [32].

The observed cardioprotective results represented by re-
duced infarct area and myocardial proinflammatory cytokine
levels from our study are in line with previous finding show-
ing that a single acute dose of ticagrelor via intraperitoneal
injection (30 mg kg~") 5 min before reperfusion significantly
reduced infarct size and reduced the proinflammatory
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(A) S1, S3 and S7 represents sham group at 24 h, 3 days and 7 days;
P1, P3, P7 represents placebo group at 24 h, 3 days and 7 days; T1,
T3, T7 represents ticagrelor group at 24 h, 3 days and 7 days. Repre-
sentative blot for galectin-3 of various groups at 24 h, 3 days and 7
days post sham operation or I/R injury. Protein expression of
galectin-3 (B) in the myocardial tissue of sham group (white bar)
and infarct area of placebo group (gray bar) and ticagrelor group
(black bar) at 24 h, 3 days and 7 days post I/R injury. * P < 0.05 vs.
sham-operated group; TP<0.05vs. placebo group at the same time
point; ¥P < 0.05 vs. 24-h group within the same treatment group

cytokine levels in a rat ischaemia/reperfusion model [15]. It
is noted that IA/AAR ratio tended to be lower at 24 h as com-
pared to 3 days and 7 days in the placebo-treated rats
(P > 0.05). Although not statistically significant, this devia-
tion should be kept in mind when interpreting the data for
potential bias in the analysis process. IA/AAR ratio was signif-
icantly lower at 3 days and 7 days as compared to 24 h in the
ticagrelor group (both P < 0.05), which suggests that the drug
accumulation in rats after 3 days and 7 days might contribute
to the stronger cardioprotective effects of ticagrelor, which
has a half-life around of 10.9-14.9 h [32].

Beyond above findings, we showed for the first time that
ticagrelor application post LAD also significantly downregu-
lated the galectin-3 expression in infarct area; thus, the
cardioprotective effects of ticagrelor might also be associated
with its modulating effects on galectin-3 expression in the
ischaemic area in this rat model of I/R injury.

Multiple mechanisms have been indicated for the benefi-
cial effects of ticagrelor in attenuating ischaemic insult, in-
cluding increasing myocardial adenosine levels, augmenting
the phosphorylation of the pro-survival kinases Akt and
ERK 1/2 and endothelial NO synthase [15] as well as
inhibiting glandular transporter (ENT-1) on erythrocytes gly-
coside reuptake, strengthening of the local adenosine re-
sponse, and vasodilation [14, 27, 33]. Previous studies also
suggested that the cardioprotective effects of ticagrelor was
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independent of its role in inhibition of platelet aggregation,
as the cardioprotective effects were not observed post
clopidogrel application [14, 15]. Beyond the above knowl-
edge on the potential therapeutic mechanisms of ticagrelor
in I/R injury models, the present study results suggest that
the observed cardioprotective effects of ticagrelor might at
least partly be mediated through downregulating the expres-
sion of galectin-3 in the infarct area in this rat model of I/R
injury. Supportive data are reported by Fernandes Bertocchi
et al., who demonstrated that galectin-3 knockout animals
presented less acute tubular necrosis and a more prominent
tubular regeneration when compared with wild-type
controls, concurrently with lower expression of MCP-1,
IL-6, IL-1beta, less macrophage infiltration and lower ROS
production in mice models of renal I/R [34]. Accordingly, Co-
hen and colleagues revealed that the reno-protective effects
of areno-protective cocktail was accompanied by the reduced
tissue galectin-3 level in a rat model of renal ischaemia [35].
The above evidence, including ours, thus collectively indi-
cate a crucial role of galectin-3 in ischaemia injuries of vari-
ous organs, and targeted downregulating of galectin-3 might
be a promising anti-ischaemic strategy.

Although we did not observe the impact of ticagrelor on in-
flammatory cell infiltration in the infarct area, including mac-
rophages, neutrophils, eosinophils, mast cells and fibroblasts,
which are all capable of producing galectin-3, our results indi-
rectly suggest that the reduced expression of galectin-3 in the
infarct area might be the result of reduced inflammatory cell
infiltration in this area post ticagrelor use. We have no data to
show whether or not the downregulation of galectin-3
expression in the infarct area of rats by ticagrelor is dose-
dependent, but future studies are planned to address this issue.

Future studies using galectin-3 antagonist are warranted
to show the direct therapeutic evidence in both in vivo and
in vitro I/R models and prove the hypothesis that targeting
galectin-3 is a novel anti-inflammatory and anti-ischaemic
strategy in heart, liver, kidney and cerebral diseases.
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