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A B S T R A C T   

Background: The sequelae of myocardial infarction (MI) require specific pharmacological therapy to minimise the 
post-MI remodelling, which in many cases evolves into cardiovascular complications. The aim of this study was 
to analyse the effect of edoxaban, an oral anticoagulant, on cardiac recovery in a rat model of permanent cor
onary artery ligation. 
Methods: An experimental method to assess the post-MI remodelling in rats for 4 weeks, based on cardiac 
magnetic resonance imaging (MRI) and final histological analysis of the hearts was performed. The influence of 
daily oral treatment with edoxaban (20 mg/kg/day) for 28 days post-MI was analysed in comparison to vehicle. 
Results: In our model, edoxaban was shown to be safe and bleeding was observed in 1 of 10 animals. General 
physical recovery of the treated animals was shown by higher body weight recovery compared with non-treated 
animals (38.6 ± 2.9 vs. 29.9 ± 3.1 g, respectively, after 28 days). There was not a pronounced effect of edoxaban 
in post-MI cardiac remodelling, but mitigated fibrosis was observed by the reduced expression of vascular 
endothelial growth factor and tumour growth factor β1 in the peri-infarct zone. 
Conclusions: Our analysis provided the experimental basis to support the feasibility of MRI to study cardiac 
function and characterise myocardial scarring in a rat model. Overall data suggested the safety of edoxaban in 
the model, and compared to placebo, it showed a better post-MI recovery, probably by reducing fibrosis of the 
heart. Further research on mid-term cardiac recovery with edoxaban after MI is justified.   

1. Introduction 

Cardiovascular disease is the leading cause of death globally and the 
leading cause of premature death in Europe, and ischaemic heart disease 

is its most important subgroup (World Health Organization, 2020). 
Acute myocardial infarction (AMI) survival has improved because of 
diagnostic and therapeutical advances (Keeley et al., 2003; Kim et al., 
2008); with a subsequent increment of morbidity and health 
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expenditure (Ahmed et al., 2012; Klocke et al., 2007). Left ventricular 
dysfunction due to adverse remodelling is the most important predictor 
of poor outcomes (including death, recurrent myocardial infarction, 
heart failure, arrhythmias, angina, and stroke), and it is crucial to pre
vent it in an early stage (Ahmed et al., 2012; Li et al., 2019). In this field, 
our challenges are to understand the underlying pathophysiological 
mechanisms of this process, identify and test novel therapeutic ap
proaches, and translate this knowledge to clinical practice (Li et al., 
2019; Malliaras et al., 2013). 

Bearing in mind that it has been suggested that after the acute phase 
of coronary syndromes, the hypercoagulable state is maintained for a 
time (Ardissino et al., 2003; Orbe et al., 2008), anticoagulation after 
AMI for secondary prevention is a therapeutic option, and this includes 
the direct oral anticoagulants (DOACs) (Sharma et al., 2014). DOACs are 
considered an interesting, safe, and efficient alternative to old vitamin K 
antagonists in several clinical settings (Capodanno et al., 2020; Fawzy 
et al., 2019; Makam et al., 2018). In particular, factor X-activated (FXa) 
inhibitors have been shown to reduce stroke or systemic embolism, as 
well as all-cause mortality in patients with atrial fibrillation (Deitelz
weig et al., 2022). However, their effect on acute coronary syndrome 
prevention is less clear (Pop et al., 2019). Nevertheless, in a sub-analysis 
of the ENGAGE AF-TIMI 48 trial, the reduction in ischaemic events with 
edoxaban versus warfarin was greater in patients with established cor
onary artery disease, while bleeding was significantly reduced with 
edoxaban regardless of coronary artery disease status (Zelniker et al., 
2019). Apart from secondary prevention, DOACs could also modulate 
the pathophysiological mechanisms after AMI survival, particularly in 
the cardiac remodelling process that always starts after an infarction. In 
this sense, edoxaban has shown pleiotropic effects on vascular cells that 
could improve myocardial recovery after ischaemia (Almenglo et al., 
2020). This is a new hypothesis, but considering that the myocardial 
infarction event rates continue to increase as the population ages (Khan 
et al., 2020), it is imperative to maintain policies to reduce cardiovas
cular risk factors and to explore new approaches to myocardial infarc
tion treatment. One of these approaches is to reduce adverse cardiac 
remodelling after infarction, and we will test the possible role of edox
aban in this setting. 

Preclinical data about the effects of DOACs in this particular post- 
infarction setting should be provided. Therefore, creating suitable ani
mal experimentation models plays an essential role in those advances 
(Do et al., 2018; Klocke et al., 2007; Shudo et al., 2011). However, one of 
the limitations of these models, especially in small animals, is the use of 
advanced cardiac imaging techniques. In this study, we have chosen the 
rat because of its ease of management and its relatively few ethical 
problems (Klocke et al., 2007). We chose cardiac magnetic resonance 
imaging (MRI) because it is the Gold Standard technique in clinical 
practice for comprehensive evaluation of patients with cardiac ischae
mic diseases (Ahmed et al., 2012; Kim et al., 2008; Ordovas and Higgins, 
2011). This technique is constantly evolving with new sequences to 
explore various aspects of the disease (Do et al., 2018; Garg et al., 2018; 
Yla-Herttuala et al., 2018). In summary, the objective of the study was to 
analyse the possible influence of edoxaban in the post-infarction 
myocardial remodelling in a rat experimental model of permanent cor
onary ligation, functionally characterised by cardiac MRI during the 
process, and histologically analysed as the end-point measurement. The 
progress of this objective could open new therapeutic alternatives for 
myocardial infarction and the protection of cardiac tissue, with drugs 
and molecular mechanisms not yet explored in this regard. This, ulti
mately, would contribute to reducing the socio-sanitary burden of 
ischaemic heart disease. 

2. Materials and methods 

2.1. Animals, invasive procedures and postoperative care 

The entire study and protocols were approved by the Bioethics 

Committee of the University of Santiago de Compostela and the regional 
Galician Government (code 15,005/16/004). 

Twenty-two male Wistar-Kyoto rats (weight 350 ± 50 g; from the 
central animal facility, Santiago de Compostela) were divided into an 
intervention group (IG; n = 18) and a control group (CG, sham; n = 4). In 
the IG, a surgical ligation of the left anterior descending (LAD) artery of 
the heart was performed to create an AMI, following the procedure 
described by Pfeffer et al. with slight modifications (Pfeffer et al., 1979). 
In brief, animals were anesthetised with 60 mg/kg of ketamine and 5 
mg/kg of xylazine. A toe and tail pinch confirmed sedation. Then, a 
catheter was inserted into the trachea and connected to a ventilator that 
introduced anaesthesia from an induction chamber with 3% isoflurane 
and oxygen for 5–7 min. Anaesthesia was sustained afterwards with 
2.5% isoflurane and oxygen at a ventilation rate of 2.5 l/min. Animals 
were placed in the right decubitus position on a warming pad at 37 ◦C, 
and the left lateral surface of the chest was shaved and disinfected. The 
depth of anaesthesia was continually monitored by assessment of the 
tail-pinch reflex and respiratory rhythm. Following a left thoracotomy in 
the fourth intercostal space and the application of a chest retractor, the 
pericardium was dissected and the LAD artery was ligated 1–2 mm 
below the left auricular appendage with a 6/0 polypropylene thread 
(Prolene 6/0; Ethicon Inc., Johnson & Johnson, New Brunswick, NJ, US) 
in animals of the IG, whereas animals of the CG were closed as follows, 
without ligation. The chest retractor was retired, and the intercostal 
space and chest skin were sutured with 4/0 Vicryl thread (Vicryl v496 h, 
4/0 Ethicon Inc.). A cannula was left between the sutures that allowed 
intrathoracic air to be aspirated once the wound was closed, and it was 
removed immediately after this manoeuvre. Finally, the ventilator was 
turned off and removed when the animal was able to breathe on its own. 
The researchers took all possible measures to minimise animals’ pain 
and suffering. Buprenorphine (0.1− 2.5 mg/kg) was injected s. c. 20–30 
min before the beginning of the anaesthesia and immediately before the 
end of the surgery as postoperative analgesia. 

After surgery, animals were kept separately in a cage warmed with a 
heat lamp until they had fully recovered from anaesthesia. Welfare 
monitoring of animals via behavioural observation was performed every 
day. Food (pellets) and fresh water were provided ad libitum. A 12 h: 12 
h light: dark cycle and a constant temperature of 24 ◦C were maintained 
during the entire experimentation time. At the end of the study, animals 
were humanely killed. Exsanguination was performed under general 
anaesthesia (isoflurane 2.5% in oxygen at 2.5 l/min), the thorax was 
opened, blood was withdrawn from the vena cava, and the heart was 
harvested. 

2.2. Magnetic resonance imaging 

MRI procedures were performed under sevoflurane anaesthesia (5% 
induction and 3.5% maintenance in a gas mixture of 70% NO2 and 30% 
O2) and breath monitoring. During MRI studies, each animal was fixed 
in a Plexiglas holder using a tooth bar, ear bars and adhesive tape to 
minimise spontaneous movement during imaging acquisition. Each an
imal underwent 3 MRI studies: basal (MRI0), 4 days (MRI1) and 4 weeks 
(MRI2) after the AMI onset. All cardiac MRI studies (CMR) were per
formed on a 9.4 T horizontal bore magnet (Bruker BioSpin, Ettlingen, 
Germany) with 440 mT/m gradients and a quadrature volume coil (7 cm 
in diameter). 

The study protocol consisted of covering the entire heart with 
Gradient echo (GE) cine MR images with electrocardiogram triggering in 
the prone position in the short axis (SA, for heart function quantification 
purposes). A single long-axis slice was obtained in order to place the 
corresponding short-axis slices covering the apex to the base (8–10 sli
ces). GE sequence was used to acquire cine cardiac images with the 
following parameters: echo time (TE) = 3.3 ms, repetition time (TR) = 8 
ms, slice thickness 1.5 mm, no slice separation, field of view (FOV) = 60 
× 60 mm2, matrix size 256 × 256 (isotropic in-plane resolution of 0.234 
mm/pixel). Sixteen cine-frames were recorded to cover the cardiac 

J. Martínez-Fernández et al.                                                                                                                                                                                                                  



European Journal of Pharmacology 962 (2024) 176216

3

cycle. The presence of delayed myocardial enhancement was assessed 
with late gadolinium enhancement (LGE) sequence after intravenous 
injection of a dose of 0.5 mmol/kg body weight Gd-DTPA. For this 
purpose, a fast low-angle shot pulse (IR-FLASH) was used. Short-axis 
views were obtained using the following imaging parameters: repeti
tion time, 430 ms; echo time, 2.1 ms; interpolated in-plane resolution, 
0.313 × 0.313 mm; slice thickness, 1.5 mm with contiguous 6 slices; 
inversion time, 350–450 ms. Inversion time was optimised to the null 
point of normal myocardium manually in each individual, and a cardiac 
gating system was used in IR-FLASH sequences. The total acquisition 
time was 90 min. 

Data were collected by a radiologist with more than 15 years of 
experience in CMR. The following parameters were quantified for the 
left ventricle (LV): end-diastolic volume (EDV), end-systolic volume 
(ESV), and ejection fraction (EF). Calculations were completed from the 
cine MR sequences on SA planes. The volumes of all LV slices in 
maximum relaxation and end-contraction stages were calculated to 
obtain EDV and ESV, respectively. EF was calculated as a ratio (%) ac
cording to the expression: EF = (EDV-ESV)/EDVx100. 

The criteria followed for LV measurements are detailed as follows. 
Baseline slices, near the valve plane, were revised carefully to not 
include the left atrium. Papillary muscles and trabeculae were included 
in volume and EF calculations as part of the cavity because it assures 
lower interoperator variability. Global LV function was quantified using 
Segment v2.0 R5165 (http://segment.heiberg.se) (Heiberg et al., 2010). 
Expert manual drawing of ventricular images was performed since it was 
considered the reference standard in practice. 

Abnormalities (late enhancement) in the LGE sequence to assess 
myocardial scarring were analysed in a semi-quantitative visual 
assessment scale, using the following categories: ‘No’, ‘Possible’, 
‘Probable’ and ‘Yes’, in increasing order of suspicion of pathology. The 
categorisation was made by consensus between two radiologists. 

2.3. Edoxaban treatment 

After the MRI1, AMI was confirmed, and the animals in the IG were 
divided randomly into treated (TG) and non-treated (NTG) groups. The 
day after MRI1, treatment started in the TG by oral administration of 
edoxaban 20 mg/kg by the intragastric gavage technique from a 3 mg/ 
mL solution of edoxaban in water (this corresponds with 0.66 ml/100 g 
of body weight). The NTG was subjected to the same intragastric gavage 
technique, but water, at the same volume as in TG, was administrated 
instead of edoxaban. Administrations were done daily, always at the 
same time of the day (9–11 a.m.) until the day of the last MRI (MRI2) and 
sacrifice of the animal (completing 28 days of treatment and follow-up). 
Attention to external signs of bleeding (in the nose, eyes, nails, blood in 
the animal bedding, etc.) was paid to detect any increase in bleeding risk 
as soon as possible. 

2.4. Histological analysis 

Rats were sacrificed 28 days post-surgery and their hearts were 
harvested for histological studies. Animal and heart weights were 
recorded. Hearts were fixed in 4% paraformaldehyde-buffered solution, 
pH = 7 (Alfa Aesar, Avantor, Radnor, PA, US), for 24 h at room tem
perature. Hearts were then bisected and dehydrated, through a series of 
ethanol and xylene and embedded in paraffin. Four blocks of paraffin 
were done for each heart, and the blocks were done by four equal short- 
axis slides of 0.5 cm each. Sections of 4 μm thick were mounted on 
silanised coated slides (Dako-Agilent, Santa Clara, CA). Epitope retrieval 
was performed in a PT-Link (Dako-Agilent) at high pH for 20 min and 
then automatically immunostained in an Autostainer-Link 48 (Dako- 
Agilent), employing the monoclonal antibodies and protocols listed in 
Table 1. As a detection system, we used EnVision FLEX/HRP (Dako- 
Agilent), for 30 min, and 3,3′-diaminobenzidine tetra-hydrochloride 
(DAB) as the chromogen for 10 min. The following proteins were 

immunohistochemically detected: desmin, vimentin, α-smooth muscle 
actin (α-SMA), vascular endothelial growth factor (VEGF), metal
loprotease 9 (MMP9), tissue inhibitor of metalloproteinases 1 (TIMP1), 
superoxide dismutase 2 (SOD2), and tumour growth factor beta1 
(TGFβ1). For haematoxylin–eosin (HE) and Masson trichrome staining 
standard protocols were used. 

Images of transversal sections of hearts were captured with a loupe 
Leica DMD 108 (Leica). We used the slice where the scar was largest to 
assess the AMI as scarred/total LV area, expressed in a percentage. 
Immunohistochemistry quantification was performed using the ‘Split 
channels’ function (green channel) from Fiji-ImageJ® software (http 
s://imagej.net/software/fiji/). For each measurement, at least n = 3 
samples were used for the histologic experiments. 

2.5. Data analysis 

The statistical analyses were performed with SPSS (Statistical Pack
age for the Social Sciences), version 17.0. The categorical or dichoto
mous variables were expressed as absolute values and percentages and 
were compared with the Pearson Ҳ2 test. In the case of continuous 
variables, normality was checked with the Kolmogorov–Smirnov test. 
When normally distributed, variables were described as the mean ±
standard error of the mean (s.e.m), and when not, as the median and 
inter-quartile range. The Student’s t-test was used for the comparisons of 
continuous variables between groups of patients (two-tail distribution 
and equal variances between samples) when variables fulfilled the 
condition of normality, whereas the Mann–Whitney U test was used 
when variables did not fulfil the condition of normality. Non-normal 
distributed variables were compared with the Wilcoxon test. A p-value 
of <0.05 was considered statistically significant. 

3. Results 

3.1. Interventional procedure and treatment 

Forty-seven rats were included in the study. Two of them were 
excluded before starting the interventional programme after they did 
not pass the routine health tests in the animal facility, nineteen died 
during the surgery (intraoperative mortality of 42.2%), three more did 
not survive to the first 6 h after surgery (perioperative mortality of 
48.9%), and one more died during the 4-week follow-up period by in
ternal bleeding (day 5 of edoxaban’s administration, overall mortality 

Table 1 
Antibodies and incubation protocols.  

Antigen Antibody’s 
Source 

Clone Catalogue No. 
& 
Manufacturer 

Conc. Incubation 
time 

SOD2/ 
Mn 

Mouse 349,810 MAB3419, 
R&D Systems 

1:500 20 min 

MMP-9 Mouse 4H3 MAB911, R&D 
Systems 

1:20 20 min 

TIMP-1 Mouse 63,515 MAB970, R&D 
Systems 

1:100 20 min 

VEGF Mouse VG1 MA1-16629, 
ThermoFisher 

1:20 20 min 

TGF-β1 Mouse 1,018,746 MAB10502, 
R&D Systems 

1:5000 20 min 

Vimentin Mouse V9 M0725, Dako- 
Agilent 

RTU 20 min 

α-SMA Mouse 1A4 M0851, Dako- 
Agilent 

RTU 20 min 

Desmin Mouse D33 M0760, Dako- 
Agilent 

RTU 20 min 

Abbreviations: α-SMA: α-smooth muscle actin; Conc.: concentration; MMP-9: 
metalloprotease 9; RTU: ready to use; SOD2: superoxide dismutase 2; TGF-β1: 
tumour growth factor beta1; TIMP1: tissue inhibitor of metalloproteinases 1; 
VEGF: vascular endothelial growth factor. 
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51.1%). Therefore, 22 animals survived until histological analysis, from 
which four were sham-operated (Fig. 1). In the IG, nine rats of the TG 
were treated with oral edoxaban (20 mg/kg daily) for 28 days. In par
allel, nine rats were included in the NTG and administered water in the 
same quantity as the TG (6.66 mL/kg daily) by the intragastric gavage 
technique. One extra-animal was included in the TG that died of internal 
bleeding after day 5 of edoxaban administration. Anatomic analysis 
after death suggested that an injury to the oesophagus or stomach during 
the intragastric gavage technique caused gastrointestinal bleeding that 
the anticoagulant effect of edoxaban did not stop. No other signs of 
bleeding were observed in the rest of the animals used in the study, so it 
was not justified to conduct blood sampling during the period of edox
aban treatment to monitor clotting times. 

3.2. Post-infarction period 

After the surgery to provoke the AMI, the animals showed a general 
recovery observed by their physical activity and body weight recovery. 
Animals from the NTG weighting 362.4 ± 14.2 g on the day of the 
surgery increased a mean of 29.9 ± 3.1 g after 28 days of water 
administration (vehicle of edoxaban). On the other hand, the animals 
from the TG (358.1 ± 15.0 g on the day of the surgery) gained a mean of 
38.6 ± 2.9 g, being statistically significant in comparison with the NTG 
(p = 0.047, Mann–Whitney U). This weight recovery tended to be higher 
in the TG than in the NTG from the day 11 of treatment, being statisti
cally significant in the last days of treatment (Fig. 2). The sham group 
gradually increased their body weight after the thoracic surgery, but two 
differences were appreciated in comparison with the NTG and TG. First, 
rats did not suffer a myocardial infarction, so the impact of the surgery 
was less pronounced than in the other groups in terms of body weight 
loss and behaviour in the days after the intervention and before starting 
the treatment (data not shown). After recovery from the anaesthesia, the 
animals showed normal behaviour without signs of pain and normal 
access to food and water. Second, the body weight gain continued during 
the following 28 days, but it was more gradual than in the case of the 
other two groups (21.7 ± 3.1 g, p = 0.024 and p = 0.001 with respect to 
the NTG and TG, respectively; Fig. 2). 

3.3. MRI, infarction confirmation and cardiac remodelling follow-up 

Table 2 summarizes the data from the MRI at the different times and 
groups. No significant differences were found between the NTG and TG 
regarding the EDV, ESV, SV, EF or estimated LV mass over the study. 
AMI induced a reduction of the EDV, which was recovered during the 
post-infarction follow-up in both the NTG and TG, with a mean overall 
increase of 0.07 and 0.13 mL (for NTG and TG, respectively). The same 
happened with the SV, but the recovery of this parameter in the NTG was 
more pronounced after the AMI than in the TG, with a mean overall 
increase of 0.03 and 0.06 mL (for NTG and TG, respectively). The esti
mated LV mass seemed not to be affected by the AMI, but an increase in 
this parameter was observed over the study, with an overall increase of 

Fig. 1. Experimental design and workflow. Graphical representation of the experimental design with the linear workflow of the interventions, analysis, and the 
animals included and dropouts. Abbreviations: AMI: acute myocardial infarction; MRI: cardiac magnetic resonance imaging; NTG: non-treated group; Sham: sham 
operated animals; TG: treated group. a No passing health check; b intraoperative mortality; c No support the infarction; d gastrointestinal bleeding. *Two animals of 
each group could not undergo MRI2 because COVID pandemic lockdown. 

Fig. 2. Weight recovery after infarction. Weight variation during the treat
ment time for the non-treated group (NTG, placebo), the treated group (TG) 
with edoxaban (20 mg/kg/day), and sham group (thoracic surgery without 
infarction induction). Points represent the mean values of the weight variation 
with respect to the first day of treatment for all the animals in the same group. 
Vertical bars show the standard error of the mean for each value. *p < 0.05 
between NTG and TG; #p < 0.05 between Sham and NTG. 
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0.05 and 0.06 g (for NTG and TG, respectively). 
AMI was confirmed in the MRI studies by LGE. We considered 

‘Probable’ and ‘Yes’ as positive diagnostic categories in LGE for 
myocardial infarct, and ‘No’ and ‘Possible’ as negative diagnostic cate
gories. We took as infarcts those myocardial scars which measured more 
than 5% of the LV surface in histology and no infarcts those myocardial 
scars which measured less than 5%. MRI1 had a 33% sensitivity, an 80% 
specificity, a 75% positive predictive value and a 40% negative pre
dictive value, with an overall accuracy of 50%. MRI2 had a 22% sensi
tivity, a 100% specificity, a 100% positive predictive value and a 42% 
negative predictive value, with an overall accuracy of 50%. 

No statistical difference in the detection of the AMI by LGE was 
observed between the NTG and TG at MRI1 (p = 0.383). No difference 
was observed between these groups at MRI2 (p = 0.318; Fig. 3A and B). 
Therefore, AMI sequelae in MRI were comparable for both groups. 
Finally, although the radiologist observer detected an improvement in 
LGE between MRI1 and MRI2 in three of seven rats in the NTG and five 
of seven rats of the TG, this difference was not statistically significant (p 
= 0.280; Fig. 3C). Four animals (two per group) could not complete the 
MRI2 because of the COVID-19 pandemic lockdown. 

3.4. Histologic analysis after 28 days of treatment post-infarction 

The wet weight of the hearts at the end of the study was 1.82 ± 0.08 
g for the NTG and 2.02 ± 0.12 g for the TG, with no statistical difference 
between them (p = 0.169). In the same way, the ratio of weights be
tween the hearts and animals was no different for both groups (0.49 ±
0.03 and 0.54 ± 0.03% for NTG and TG, respectively; p = 0.215). 

In the histological analysis, we found small fibrotic areas located on 
the lateral LV wall in all individuals, that are compatible with well- 
healed small myocardial infarcts. The area of infarction was measured 
in the representative histological slides of the AMI, after Masson’s 
staining, to optimise the image differentiation between healthy tissue 
and scar tissue (Fig. 4A). The area of infarction was automatically 
calculated by the ‘Split channels’ function (green channel) from Fiji- 
ImageJ® software (https://imagej.net/software/fiji/). 

Assuming a threshold of 5% of scarred myocardial surface in histo
logical slices to consider the infarct as significative, we obtained that 
72.2% of animals surpassed that threshold and presented significative 
AMI (77.7 and 66.6 % for TG and NTG, respectively, p > 0.05). 

Scars were located in the lateral wall of the LV, as expected after the 
ligature of the LAD artery in rats. Mean infarcted myocardial surfaces 
were 6.3 ± 3.2 and 14.6 ± 6.5 mm2, for NTG and TG, respectively (p =
0.536). The percentage of the infarcted area over the total area of the 
heart section was 9.1 ± 2.7 and 11.4 ± 3.4% for NTG and TG, respec
tively (p = 0.514; Fig. 4B). A good correlation was observed between the 
infarcted area denoted by LGE and the scar observed in the histological 
analysis (Fig. 4C), which validated the data obtained by cardiac MRI. 

Haemorrhagic level in the ventricle wall, leukocyte infiltration, 
ventricle wall thinning, depth of the infarct in the ventricle wall, and 
necrosis were evaluated and categorised in the haematoxylin–eosin 
staining of all the hearts. Leukocyte infiltration was only valued as 
presenr or not, depth of infarct was categorised as transmural or not, and 
the rest of the variables were valued on a three-grade scale (mild, 
moderate, and severe). The results of this analysis are summarised in 
Supplementary Table S1. Specific staining and immunohistological 
analysis were done over the slides with infarction. Masson’s staining 
served to evaluate the dimension of the infarction-induced scar. The 
expression of different biomarkers was revealed by immunohistological 
analysis to characterise the cardiac tissue. The following proteins were 
analysed in three regions (core, periphery, and surroundings) with 
respect to the infarct lesions: desmin (marker of myofilaments), 
vimentin (marker of fibroblasts), α-SMA (marker of myofibroblast and/ 
or smooth muscle cells), VEGF (angiogenic and pro-remodelling factor), 
MMP9 (remodelling protease), TIMP1 (metalloproteases inhibitor), 
SOD2 (antioxidant enzyme), and TGFβ1 (profibrotic marker). Core was 
defined as the area clearly affected by the infarct, and where it was 
possible to demonstrate the formation of collagen histologically (Mas
son’s staining), the loss of desmin or the formation of vimentin. Pe
riphery was considered the thin layer bordering the core, where changes 
in the normal histology of the heart were evident. Finally, the sur
roundings were defined as the area bordering the periphery zone and 
where the histologic disposition of the tissue was a transition between 
the infarct zone and the normal tissue. 

Staining patterns were evaluated using the intact myocardial tissue 
present in all slides as an internal control. Staining or immunohisto
logical patterns were graded as Grade 0: no staining, Grade 1: much less 
detectable, Grade 2: slightly less detectable, Grade 3: detectable at the 
same level as intact myocardium, Grade 4: slightly more detectable, and 
Grade 5: much more detectable. The results of the immunohistological 
analysis are summarised in Supplementary Table S1. 

As a result, a tendency to a higher necrosis level was observed (p =
0.067) in the peri-infarcted area of the TG with respect to the NTG, but 
no changes were detected for SOD2 (Fig. 5). VEGF expression in the 
peripheral area of the infarction was significantly less in the TG than in 
the NTG (p = 0.027). However, this was not associated with significant 
changes in α-SMA expression. Desmin expression was slightly higher in 

Table 2 
Results from the MRI analysis during the study.  

Variable MRI* NTG (n = 9) TG (n = 9) pa 

EDV (mL) MRI0 0.70 ± 0.05 0.64 ± 0.05 0.805 
MRI1 0.67 ± 0.03 0.67 ± 0.05 0.945 
MRI2 0.77 ± 0.03 0.77 ± 0.06 0.805 

pb  0.734 0.196  
pc  0.042 0.028  
pd  0.027 0.027  

ESV (mL) MRI0 0.35 ± 0.05 0.30 ± 0.03 0.456 
MRI1 0.36 ± 0.04 0.32 ± 0.03 0.295 
MRI2 0.39 ± 0.02 0.38 ± 0.05 0.710 

pb  0.600 0.463  
pc  0.236 0.108  
pd  0.399 0.072  

SV (mL) MRI0 0.35 ± 0.01 0.34 ± 0.02 1.000 
MRI1 0.31 ± 0.02 0.35 ± 0.04 0.731 
MRI2 0.38 ± 0.02 0.40 ± 0.02 0.535 

pb  0.233 0.292  
pc  0.027 0.017  
pd  0.027 0.172  

EF (%) MRI0 50.47 ± 2.57 53.20 ± 1.25 0.456 
MRI1 46.74 ± 3.42 52.53 ± 3.02 0.534 
MRI2 49.84 ± 1.57 52.30 ± 3.20 0.710 

pb  0.028 0.917  
pc  0.499 0.499  
pd  0.735 0.345  

e-LVM (g) MRI0 0.56 ± 0.02 0.54 ± 0.02 0.620 
MRI1 0.59 ± 0.03 0.59 ± 0.03 0.731 
MRI2 0.61 ± 0.03 0.60 ± 0.03 0.805 

pb  0.395 0.068  
pc  0.034 0.034  
pd  0.352 0.891  

Data from sham group are not presented since only MRI0 was done in this group 
and their values were like the other groups (no surgical interventions were done 
at this point). 
* Two animals of each group could not undergo MRI2 because COVID pandemic 
lockdown. 
a p value of the U Mann-Whitney test for the comparison between NTG and TG. 
b p value of the Wilcoxon test for the comparison between MRI0 and MRI1. 
c p value of the Wilcoxon test for the comparison between MRI0 and MRI2. 
d p value of the Wilcoxon test for the comparison between MRI1 and MRI2. 
Bold numbers indicate statistical significance. 
Abbreviations: EDV: end-diastolic volume, EF: ejection fraction, e-LVM: esti
mated left ventricle mass, ESV: end-systolic volume, MRI: magnetic resonance 
imaging, NTG: non-treated group, SV: systolic volume, TG: treated group. 
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the surrounding regions of the TG, and there could be a possible 
reduction of TGFβ1 and MMP9 expression in the core and periphery of 
the TG, respectively (Fig. 5). However, no differential expression was 
observed for vimentin or TIMP1 between the NTG and TG. These data 
merit a discussion about the possibility of a modification in the fibrosis 
process in the TG. 

4. Discussion 

In this work, an experimental method has been successfully devel
oped to assess the post-MI remodelling in rats over 4 weeks. The method 
was based on cardiac MRI in living animals and a final histological 
analysis of the hearts. The influence of a treatment with daily oral 
edoxaban (20 mg/kg/day) in post-infarcted rats during the follow-up 
period was analysed and compared with non-treated animals. To our 
knowledge, this was done for the first time. In our experimental model, 
this treatment was not shown to be deleterious. The risk of bleeding was 
in a reasonable range, as shown by no external signs of bleeding during 
the treatment. Only one animal died of internal damage induced by the 
intragastric gavage, but not directly by the treatment. Thus, good data 
on safety was observed. The general physical recovery of treated animals 
was better than non-treated animals during the follow-up period. 

Although there was not a marked effect of edoxaban in the post- 
infarction heart remodelling, a possible weak reduction of fibrosis, 
shown by a significant reduction of VEGF, and a tendency to less TGFβ1 
and MMP9 expression, was observed. Overall data suggested non- 
inferiority of edoxaban compared to placebo, and in some parameters, 
edoxaban could be beneficial for heart recovery during the mid-term 
post-MI period. 

The intraoperative and perioperative mortality rates of our study 
were similar to previous reports in this experimental model (Antonio 
et al., 2009; Lin et al., 2008; Pfeffer et al., 1979). EDV, ESV, SV and EF 
were mostly unaffected by AMI onset, findings that are in agreement 
with previous reports (Pfeffer et al., 1979). On the contrary, EDV and SV 
increased during the post-infarction follow-up period, maintaining the 
global values of EF in both the NTG and TG. Only EF was reduced after 
infarction in some rats, and this parameter was not totally recovered 
during the follow-up time, although the mean values did not worsen in 
the TG or NTG. Evolution of estimated LV mass in MRIs and heart mass 
at necropsy showed no significant myocardial mass lost during the 
overall process. Total weight gain during the follow-up was always 
continuous, showing the recovery of the general state of the animals. 
These findings are in accordance with previous works (Pfeffer et al., 
1979), concluding that the rat model of coronary artery ligation does not 

Fig. 3. Cardiac MRI study. Representative images of late gadolinium enhancement (LGE) for (A), an animal of the treated group, and (B) an animal from the non- 
treated group, in the moment of the MRI at the end of the study. (C) An example of improvement of myocardial scar observed in the MRI study for a treated animal. 
Left image shows a representative LGE after infarction induction (MRI1), and right image at 28 days post-treatment (MRI2). White arrows point to myocardial infarct 
regions. Scale bars = 1 mm. 
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produce gross heart failure. In this sense, although the permanent liga
tion of the coronary artery is not the most mimetical model of the 
clinical situation in humans, where the opening of the coronary flow is a 
mandatory objective, the particularity of the rats to support the infarcts 
makes them suitable to study myocardial recovery and remodelling after 
AMI. 

The evolution of cardiac function after LAD coronary artery ligation 
was unaffected by the treatment with edoxaban. There were no statis
tical differences in any parameter of the cardiac MRI analysis (EDV, SV, 
estimated LV mass, and EF) after the period of treatment between the 
NTG and the TG. It deserves comment that we detected five cases of 
improvement in the LGE image after the treatment with edoxaban and 
only three cases in the NTG. However, we could not perform the final 
MRI in four animals, because of the pandemic lockdown, and this 
drastically reduced our statistical power, and as a result, no significance 
was reached. Therefore, cardiac function, analysed by MRI, was unaf
fected by the treatment of edoxaban in our experimental conditions. 
This means that there was no worsening of this function: cardiac toxicity 
or damage was not produced by edoxaban. However, it would be of 
interest to analyse a possible improvement in cardiac function by post- 
MI edoxaban treatment in a larger study. 

Histology confirmed that the surgical procedure was effective in 
creating a myocardial scar in all animals, with 72.2% of them of sig
nificant size, these results being similar to those obtained by Pfeffer et al. 
(1979). The mean infarcted myocardial surface was 10.2 ± 3.5%, lower 
than data reported by Kainuma et al. (2017), which obtained 29%, but 
also with a great variation (from 4 to 65%) and using female Lewis rats, 
not male Wistar–Kyoto as in our case. Furthermore, we have calculated 
the percentage of the infarcted area, in comparison to all the heart 
surfaces in the section, not only the LV area. All lesions were located in 
the lateral wall of the LV, confirming the ligature of the LAD artery, 
which is described to irrigate that area at least in some other strains 
(Kainuma et al., 2017). LGE findings were consistent with the 

histological location of AMI scars, with a 50% global diagnostic accu
racy, still lesser than observed in human diagnostic MRI (Kim et al., 
2008; Ordovas and Higgins, 2011), probably because of the small size of 
the heart and infarct. 

Edoxaban (20 mg/kg/day) was administered daily by an intragastric 
gavage in an aqueous solution. Water was administered in control ani
mals by the same procedure, in the same volume as in the treated group. 
Rats supported the manoeuvre, but attention should be taken to avoid 
the unexpected movements of the animal during administration, espe
cially in treated rats. The reason is that any violent movement could 
damage the oesophagus or stomach of the animal and induce internal 
bleeding. This happened with one of the animals treated with edoxaban, 
and it died less than 24 h after the damage. Because the bleeding was 
internal, it was undetectable until autopsy. However, it was the only 
case of bleeding, which allows us to conclude that the procedure of 
intragastric gavage and the dosage of edoxaban is, with a controllable 
risk, safe for rats. As observed in clinical trials, edoxaban is not 
exempted from bleeding risk, but the overall rate of bleeding-related 
problems is reduced comparing to traditional anticoagulants like 
vitamin K antagonists (Vilain et al., 2020; Zelniker et al., 2019). The 
long-term effects of edoxaban therapy in patients with atrial fibrillation 
and stable coronary artery disease are currently under study (Cho et al., 
2022). 

Anticoagulant treatment was maintained for 28 days in parallel with 
placebo. During this time, animals recovered from the AMI and general 
health conditions were followed by daily weighing. This allowed us to 
confirm the recovery of all the animals but with a significant improve
ment in the TG with respect to the NTG and sham group. Interestingly, 
survival from myocardial infarct seemed to induce a general reaction in 
the animals observed by a rapid body weight gain from day 4 after the 
event and during the following 10 days. After that, body weight increase 
was parallel to the NTG and sham groups. Weight gain in the TG seemed 
to be faster from day 11 of treatment in comparison with the NTG and 

Fig. 4. Infarct characterization. (A) Representative images of Masson’s staining in an infarcted section, showing the steps for the calculus of the infarcted area: 
from left to right, the images show 1) the total area of the heart section bounded by a yellow line, 2) the computational contrast differentiation for infarction 
differentiation, and 3) the area of heart free of infarction bounded by a yellow line. (B) Mean of the infarcted area on the non-treated group (NTG, placebo) and 
treated group (TG). Columns represent the mean value of the group and symbols show the individual values of each animal. (C) Left image shows an example of the 
MRI of late gadolinium enhancement, and right image shows the histological image after Masson’s trichrome staining of the same region of the heart at the end of the 
study. Arrows mark the site of correlation in both images. Scale bars = 1 mm. 
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sham, and this healthy state could be due to edoxaban treatment. Large 
studies in the elderly have been done with edoxaban, and it has become 
the Fit-fOR-The-Aged (FORTA) classification of beneficial (B level). 
However, its vote was closest to very beneficial (A level) (Wehling et al., 
2017). This underlines the overall positive assessment of the risk/benefit 
ratio for this drug against available evidence. 

Post-infarction treatment with edoxaban for 28 days did not have a 
remarkable effect on cardiac remodelling in our experiments. This 
period of 4 weeks was previously used in rat models for the evaluation of 
post-MI cardiac remodelling (Lin et al., 2008; Liu et al., 2009; Saleh 
et al., 2012), and this was the reason to maintain the treatment during 
that time. We could also confirm that animals were able to recover their 
general physical state in that period. The histological analysis of the 

biopsies allowed a detailed study of the remodelling process. As stated, 
there was no change in the size of the infarction after treatment. How
ever, this was something expected, considering the nature of this 
end-point parameter. Analysing by biomarkers, the absence of differ
ences in α-SMA and vimentin expression between the NTG and TG 
suggests that after 28 days of treatment, edoxaban was not able to 
reduce fibroblast migration to the scar. The conversion of fibroblasts to 
myofibroblasts can be followed by the expression of α-SMA (Venugopal 
et al., 2022), and its presence suggests the activation of the secretion of 
extracellular matrix components to the scar of the damaged tissue. A 
process that seems to be still active after 28 days post-infarction, inde
pendently of the edoxaban treatment. 

Cardiac remodelling also seems to be active after edoxaban treat
ment. The immunohistochemistry for vimentin reveals all the non- 
myocardial cell types, including endothelial cells, vascular smooth 
muscle, fibroblasts, etc. Therefore, its positivity suggests the location of 
active remodelling (Kondo et al., 2022). However, this could also sug
gest that this remodelling could be a mechanism to avoid the formation 
of a permanent scar with reduced contractile properties, since myocar
dial fibrosis areas did not reveal myofibroblasts in previous works 
(Istratoaie et al., 2015). In fact, in our samples, there was a slightly 
higher expression of desmin in the surroundings of the scar in the TG. 
This element of the myofilaments could indicate better protection of 
cardiomyocytes by the action of edoxaban. This protein has been found 
in the late period after infarction during the remodelling process (Datta 
et al., 2017). 

Although the levels of TIMP1 were not affected comparing TG and 
NTG, the possible tendency to the reduction of TGFβ1 and MMP9 shown 
in the TG could also suggest reduced fibrosis after 28 days of treatment, 
through the TGFβ1-Smad-MMP9 signalling pathway (Wang et al., 2022). 
The active participation of MMPs in the remodelling process of rat hearts 
has been previously demonstrated (Parthasarathy et al., 2014). This 
could be supported by the fact of the reduction observed in VEGF 
expression in the periphery of the infarction of the TG with respect to 
NTG, which could suggest a reduced active process of remodelling after 
28 days of treatment (Cheng et al., 2016). Results agree with the possible 
anti-inflammatory and protective effects showed by edoxaban in endo
thelial cells, which could have a role in the protection and recovery of 
cardiac tissue (Almenglo et al., 2020). More recently, it has been 
demonstrated that DOAC, apart from their anticoagulant effects, also 
have cellular effects affecting gene expression, inflammatory response, 
and fibrosis (Gadi et al., 2021). These effects are more pronounced for 
FXa inhibitors than for thrombin inhibitors and depend, at least in part, 
on the different activation of protein C, a signal component and cyto
protective protease. 

Finally, oxidative stress has been suggested to participate in cardiac 
remodelling after AMI in murine models (Hou et al., 2018). A reduction 
in superoxide anions by SOD or hydrogen peroxide by catalase could 
reduce the tissue damage caused by ischaemia. However, there were no 
changes in SOD2 levels between the NTG and TG, in agreement with 
previous studies (Almeida et al., 2014). 

4.1. Limitations 

The main limitation of our study is the number of animals included in 
the study. This reduces the potency of the statistical analysis. The 
variation of the infarct size induced by the experimental model con
tributes to this limitation. Further research in large populations is 
needed to confirm our findings. Second, our study was made only in 
males of a particular rat strain; thus, the results can be different 
considering sex and strain differences. Third, the last MRI (MRI2) was 
not possible in some of the animal, because the irruption of the SARS- 
CoV-2 pandemic situation closed some facilities in our institute. 

Fig. 5. Histological analysis. Representative histological images (all acquired 
at 4×) of infarct regions in the hearts from the non-treated group (NTG, left 
column of images) or from the treated group (TG, right column) of animals, 
after staining with Masson’s trichrome and immunostainings with different 
antibodies. (A) Masson’s trichrome staining (COL), which show higher necrosis 
in the periinfarcted area of the TG. Collagen is stained in blue, muscle in red 
and necrosis in light red/pink (B) Desmin (DES) expression was slightly higher 
in the surrounding regions of TG. Positive staining in brown. (C) VEGF 
expression in the peripheral area of the infarction was significantly less in TG 
than in NTG. Positive staining in brown. (D) Possibly a reduction of TGFβ1 
expression in the infarct core of TG. Positive staining in brown. (E) Reduction of 
MMP9 expression in the periphery area of TG. Positive staining in brown. 
Dotted lines showing the core of the infarct regions. Scale bars = 250 μm. 
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4.2. Conclusions 

In conclusion, our surgical protocol showed effectiveness in creating 
an AMI and the radiological and histological results provide some 
experimental basis to support the feasibility of MRI to study cardiac 
function and characterise myocardial scars in a rat model. However, 
further in vivo studies should be developed especially to improve the 
homogeneity of infarcts and, thus, improve the LGE diagnostic sequence 
performance. 

For the first time in our model, daily oral edoxaban treatment after 
infarction was shown to be safe, with a controllable risk of bleeding. In 
comparison to the placebo, edoxaban showed a better general recovery 
of animals, non-inferiority heart remodelling, and promising data in 
pathophysiological modulation of cardiac fibrosis and angiogenesis. 
Therefore, the present results justify further research on post-infarction 
cardiac recovery by edoxaban treatment. Especially trying to exploit the 
possible benefit of pharmacological modulation of adverse cardiac 
remodelling. 
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