
Biomedicine & Pharmacotherapy 158 (2023) 114214

Available online 4 January 2023
0753-3322/© 2023 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Beneficial effect of TLR4 blockade by a specific aptamer antagonist after 
acute myocardial infarction 

Marta Paz-García a, Adrián Povo-Retana a, Rafael I. Jaén a, Patricia Prieto b, Diego A. Peraza a, 
Carlos Zaragoza c,d, Macarena Hernandez-Jimenez e, David Pineiro e, Javier Regadera f, 
María L. García-Bermejo g, E. Macarena Rodríguez-Serrano g, Sergio Sánchez-García a, 
María A. Moro h, Ignacio Lizasoaín i, Carmen Delgado a,d, Carmen Valenzuela a,d, 
Lisardo Boscá a,d,j,* 
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A B S T R A C T   

Experimental evidence indicates that the control of the inflammatory response after myocardial infarction is a 
key strategy to reduce cardiac injury. Cellular damage after blood flow restoration in the heart promotes sterile 
inflammation through the release of molecules that activate pattern recognition receptors, among which TLR4 is 
the most prominent. Transient regulation of TLR4 activity has been considered one of the potential therapeutic 
interventions with greater projection towards the clinic. In this regard, the characterization of an aptamer (4FT) 
that acts as a selective antagonist for human TLR4 has been investigated in isolated macrophages from different 
species and in a rat model of cardiac ischemia/reperfusion (I/R). The binding kinetics and biological responses of 
murine and human macrophages treated with 4FT show great affinity and significant inhibition of TLR4 
signaling including the NF-κB pathway and the LPS-dependent increase in the plasma membrane currents (Kv 
currents). In the rat model of I/R, administration of 4FT following reoxygenation shows amelioration of cardiac 
injury function and markers, a process that is significantly enhanced when the second dose of 4FT is administered 
24 h after reperfusion of the heart. Parameters such as cardiac injury biomarkers, infiltration of circulating in
flammatory cells, and the expression of genes associated with the inflammatory onset are significantly reduced. 
In addition, the expression of anti-inflammatory genes, such as IL-10, and pro-resolution molecules, such as 
resolvin D1 are enhanced after 4FT administration. These results indicate that targeting TLR4 with 4FT offers 
new therapeutic opportunities to prevent cardiac dysfunction after infarction.   

1. Introduction 

The myocardial tissue is composed of cardiomyocytes (25–35% of 
cells and around 70–80% of the tissue volume), cardiac fibroblasts, 
endothelial cells, smooth muscle cells, and immune cells, which are 

present as homeostatic resident cells. Both myocytes and non-myocytic 
cells actively respond to pathogenic situations coordinating the immune 
response [1]. 

After an acute myocardial infarction (MI), neutrophils, monocytes/ 
macrophages, and endothelial cells sense these injury-released 
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molecules, which promote the increased expression of inflammatory 
mediators [2], activating the endothelial permeability and immune cell 
infiltration into the myocardium [3,4]. During cardiac ischemia/r
eperfusion (I/R), an enhanced infiltration of inflammatory leukocytes 
occurs, which contributes to the removal of dead cardiomyocytes. 
However, the adult mammalian heart has insufficient regenerative ca
pacity; hence, a reparative process is activated to replace these dead 
cardiomyocytes with scar tissue and promote a rapid pro-inflammatory 
response [5,6]. Interestingly, it was demonstrated that leukocytes are 
necessary for a proper resolution of inflammation and fibrotic scar for
mation [7,8]. Thus, a correct switch between the inflammatory and 
reparative response is necessary since the depletion of neutrophils or 
macrophages induces greater damage [6,9]. 

Regarding inflammation, the Toll-like receptor TLR4 is widely 
expressed in many cell types and it is well known for its implication in 
cardiovascular diseases (CVDs) [10,11]. Excessive TLR4 activation dis
rupts the immune homeostasis in the host as dead cardiomyocytes 
release pro-inflammatory cytokines that activate and attract more leu
kocytes. This secretion of inflammatory cytokines and chemokines is a 
hallmark associated with the development of heart failure [12–15]. In 
agreement with this, Tlr4 deficient mice show a lower inflammatory 
response with a decrease in the NF-κB signaling pathway after 
myocardial I/R injury [16]. Consequently, these animals show a lower 
cardiac inflammatory infiltration and infarct size when compared with 
wild-type counterparts [2,17–19]. One possibility to modulate TLR4 ac
tivity is using selective aptamer antagonists. Aptamers are short 
single-stranded oligonucleotides (20–100 nucleotides) of DNA or RNA 
(ssDNA, ssRNA) that are characterized by having a specific and complex 
three-dimensional structure (for a review, see [20–22]). These mole
cules bind to their target by conformational compatibility. To ensure 
specificity, aptamers are generated in vitro by Systematic Evolution of 
Ligands by Exponential Enrichment (SELEX) technology [23]. The 
function of aptamers is similar to antibodies because they recognize and 
bind to a preselected target in a specific way [24–27]. The specificity is 
based on the three-dimensional structure that the sequence acquires. 
The specificity and high affinity of aptamers for their targets are com
parable to that of antibodies but, due to their size, aptamers can access 
epitopes or tissues that antibodies cannot [26]. Accordingly, here we 
have characterized the protective effects against cardiac ischemia/r
eperfusion injury of an aptamer that blocks specifically TLR4 signaling. 

2. Materials and methods 

2.1. Materials 

Reagents were from Sigma-Aldrich-Merck (Madrid, ES) or Roche 
(Darmstadt, DE). Murine or human cytokines were purchased from 
PeproTech (London, UK). Antibodies were from Abcam (Cambridge, 
UK) or Cell Signaling (Danvers, MA, USA). Reagents for electrophoresis 
were from Bio-Rad (Madrid, ES). Tissue culture dishes were from Falcon 
(Lincoln Park, NJ, USA), and serum and culture media were from Invi
trogen (Life Technologies/Thermo-Fisher, Madrid, ES). The aptamer 
(4FT, ApTOLL; a human TLR4 antagonist), provided by AptaTargets S.L. 
and stored lyophilized. The sequence and characterization have been 
previously reported [28]. After resuspension in PBS containing 1 mM 
MgCl2, it was structured by heat-cold incubation (10 min at 90ºC fol
lowed by 10 min at 4ºC) before use. 

2.2. Cell procedures 

Human macrophages (hMφ) were prepared from buffy coats of blood 
from healthy anonymous donors from the Centro de Transfusión de la 
Comunidad de Madrid (Madrid, ES). All the participants provided 
written consent following the ethical guidelines of the 1975 Declaration 
of Helsinki and the Committee for Human Subjects (28504/000011). 
Blood from Macaca mulatta was provided by AptaTargets S.L. and 

monocytes were processed as the human counterparts following previ
ous protocols [29,30]. Monocytes were differentiated into macrophages 
and maintained in RPMI 1640 medium (Lonza; Basel, CH) supplemented 
with heat-inactivated 10% FBS (fetal bovine serum; Sigma) and antibi
otics (100 unit/ml penicillin, streptomycin; Sigma). Murine peritoneal 
macrophages were obtained by peritoneal wash, following previous 
protocols [31]. Macrophages were maintained in RPMI 1640 medium 
supplemented with 2% FBS and antibiotics. The incubation chamber 
conditions were 37ºC with 5% CO2. 

2.3. Cell lines 

The cardiomyocytic cell lines HL-1 (mouse), H9c2 (rat) and AC16 
(human) were cultured in Claycomb medium from Sigma (HL-1) or 
Dulbecco’s Modified Eagle’s Medium (DMEM; Lonza) supplemented 
with heat-inactivated 10% FBS and antibiotics (100 unit/ml penicillin 
and streptomycin), following previous protocols [32,33]. 

2.4. Animal experimentation 

Animals were cared for according to the protocol approved by the 
Ethical Committee of our institution (following directive 2010/63/EU of 
the European Parliament and Recommendation 2007/526/EC regarding 
the care of experimental animals, enforced in Spanish law under Real 
Decreto 53/2013, and approved by the Institutional Ethics Committee 
(PROEX 197/18). Animals were housed ad libitum in an environment 
with maintained temperature and relative humidity and a light/dark 
cycle (12 h light/12 h dark). Rat myocardial infarction (ischemia/ 
reperfusion model I/R) was done in Sprague-Dawley male rats 
(200–250 g) supplied by Charles River (Sant Cugat del Valles, ES). Rats 
were divided into four groups: Sham (n = 12); myocardial I/R followed 
by saline buffer administration 10 min after reperfusion (I/R; n = 37), 
myocardial I/R followed by administration of 4FT 10 min after reper
fusion (I/R+4FT) (n = 36), myocardial I/R followed by administration 
of 4FT 10 min and 24 h after reperfusion (I/R+2×4FT) (n = 20). To 
perform I/R, rats were anesthetized by inhalation of sevoflurane (3–4%; 
O2 1%). The temperature was maintained with a warm pad. Before the 
surgical process started, tramadol (Adolonta; 100 mg/kg) was injected 
subcutaneously as postoperative analgesia. Rats were ventilated by 
endotracheal intubation using a ventilator (New England Medical In
struments, Model 121/1; 55 breaths per min; 2.5 ml; Chelmsford, MA). 
Rats were continuously monitored by a pulse oximeter that controls the 
heart rate and blood oxygen levels. An incision was made parallel to the 
lower costal margin. The left pectoralis major muscle was cut up and the 
ribs were exposed. To reach the anterior surface of the heart, a left 
thoracotomy was performed, and a retractor was used to expand the 
ribs. The left anterior descending artery (LAD) was occluded with a blue 
propylene monofilament surgical non-absorbable suture 6/0 and a 
propylene tube (PE-10). LAD occlusion was confirmed by the dramatic 
color change (red to pallor) and restricted ventricular motion. After 30 
min of ligation, the tube and suture were removed initiating the reper
fusion for 24 h, 72 h or 7 days. The chest was closed with silk non- 
absorbable suture 4/0. 4FT was administered by tail vein injection of 
25 nmol/kg body weight; controls received vehicle (PBS and 1 mM 
MgCl2). Rats were monitored until spontaneous recovery. The sham- 
operate group underwent the same surgical procedure without LAD 
ligation. After 24 h post-surgery tramadol was injected subcutaneously 
in all groups (Fig. 4A). 

2.5. Transthoracic echocardiographic evaluation 

M-mode echocardiography was employed to assess cardiac function 
before and after surgery. Rats were anesthetized by inhalation of sevo
flurane (3–4%; O2 1%). After chest shaving, warm ultrasound trans
mission gel was applied and cardiac function was analyzed with a high- 
frequency micro-ultrasound system (Vivid Q, GE Healthcare, IL, USA). 
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Parasternal short-axis-view images of the heart were recorded using a 
30-MHz RMV scan head in B-mode to allow M-mode recordings by 
positioning the cursor in the parasternal short-axis view perpendicular 
to the interventricular septum and posterior wall of the left ventricle 
[33,34]. Left ventricle ejection fraction and fractional shortening were 
determined using the on-site software cardiac package (GE Healthcare). 

2.6. Nitrite determination 

NO synthesis by macrophages was evaluated spectrophotometrically 
from the amount of nitrites accumulated in the cell culture medium 
following a previous protocol [31]. 

2.7. Analysis of 4FT binding to TLR4 by flow cytometry 

The indicated human, simian, mice, and rat cultured cells were 

incubated with 4FT conjugated with 4FT-Alexa 488 and, after 10 min of 
incubation, were analyzed by flow cytometry (FACSCanto II; Beckton 
Dickinson; Madrid, ES) and positive cells were quantified using FlowJo 
software. DAPI (Life Technologies; Madrid, ES) was used to discriminate 
dead cells in the analysis. For cell counting, absolute counting beads 
were added (CountBright, Invitrogen). 

2.8. Analysis of the subcellular distribution of 4FT 

Time-lapse experiments were achieved by fluorescent microscopy 
(Cell Observer, Zeiss; Oberkochen, DE). Cells were incubated with 4FT- 
Alexa 488 and images were taken after 10 min of accommodation using 
a 25x objective (Plan-Apochromat 25x/0.8 oil immersion objective). 
Cells were fixed for 10 min at 20ºC with 4% paraformaldehyde/0.1 M 
PBS (pH 7.4), followed by permeabilization with 0.5% saponin for 
10 min and incubation with blocking solution (1% BSA, 0.3 M glycine in 

Fig. 1. Treatment of macrophages with 4FT 
inhibits LPS-dependent TLR4 signaling and 
promotes internalization of the 4FT-TLR4 
complex. (A) Human macrophages (hMφ) 
were treated with 4FT (100 nM) and LPS 
(100 ng/ml) and the phosphorylation and total 
levels of IκBα were determined after 10 min of 
incubation. (B) The mRNA levels of NFKBIA 
were determined after 1 h of treatment of hMφ 
with 4FT (100 nM) and LPS (100 ng/ml). (C) 
Time-course of the internalization of 4FT 
labeled with Alexa 488 (300 nM) in hMφ, and 
(D) co-localization with the early endosome 
marker EEA1 (Rab5 effector early endosome 
antigen 1); white arrowheads show colocalization 
of 4FT-Alexa 488 with EEA1. (E) Dose- 
dependent incorporation of 4FT-Alexa 488 in 
primary cultures of macrophages from different 
species (10 min of incubation). (F) Re-exposure 
of TLR4 in the cell membrane of hMφ. Cells 
were treated with 100 nM 4FT for 10 min. After 
extensive washing of the cells to remove 
extracellular 4FT, cells were incubated for 
10 min with 4FT-Alexa 488 at the indicated 
times after washing and the incorporation of 
the labeled 4FT was quantified by flow cytom
etry. Control (CTRL) refers to cells untreated 
with 4FT and challenged only with 4FT-Alexa 
488. (G) Quantification of annexin V+ cells 
treated for 18 h with the indicated concentra
tions of 4FT and the apoptosis-inducer staur
osporine (200 nM). Results show representative 
blots and images (A, C, D) and the mean + SD 
of five independent experiments. *P < 0.05, 
* **P < 0.005 vs. the corresponding 4FT 
vehicle (B) or cells untreated with 4FT (CTRL, 
panel F).   
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PBS and 0.1% Tween). The primary antibody (Rab5 effector early en
dosome antigen 1, EEA1, in 1% BSA) was incubated in a humid chamber 
overnight at 4ºC. Finally, cells were incubated with DAPI and prepared 
to be visualized, using Prolong (Invitrogen) as mounting medium, by 
confocal microscopy (LSM710-Zeiss). 

2.9. TLR4 re-exposition kinetics and functional analysis of 4FT-TLR4 
complexes 

Cells were incubated with 100 nM 4FT for 10 min. After extensive 
cell washing to remove extracellular unbound 4FT, 100 nM 4FT-Alexa 
488 was added at different times, and the incorporation of the labeled 
4FT was followed by flow cytometry as previously described. 

2.10. 4FT toxicity analysis 

Different cell types were incubated for 18 h with increasing con
centrations of 4FT and viability was determined by the incorporation of 
the tetrazolium dye MTT [3-(4,5-dimethylthiazol-2-yl)− 2,5-diphe
nyltetrazolium bromide] and by staining with annexin V as previously 
described [31]. Co-incubation of 4FT with staurosporine (200 ng/ml; 
Sigma) was used as a positive control of apoptosis-induction. 

2.11. Determination of plasma membrane currents 

Potassium currents were recorded at 20–25 ◦C and a frequency of 
0.1 Hz using the whole-cell patch-clamp technique with an Axopatch 
200B patch-clamp amplifier (Molecular Devices, San Jose, CA), 
following previous protocols [35]. The intracellular solution contained 
(in mM): 80 K-aspartate, 42 KCl, 3 phosphocreatine, 10 KH2PO4, 3 

MgATP, 5 HEPES-K, 5 EGTA-K; pH 7.25 with KOH. Macrophages were 
superfused with an external solution containing (in mM): 136 NaCl, 4 
KCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES-Na and 10 glucose; pH 7.40 with 
NaOH. Cells were pre-incubated for 1 h with 100 nM 4FT, and then 
20 ng/ml LPS was added to the external solution and incubated for 16 h. 
Origin 8.5 (OriginLab, Northampton, MA) and Clampfit 10 (Molecular 
Devices) programs were used to perform least-squares fitting and for 
data presentation. 

2.12. Protein extraction and Western blot analysis 

Cells or tissues were homogenized in a buffer containing 10 mM Tris- 
HCl, pH 7.5; 1 mM MgCl2, 1 mM EGTA, 10% glycerol, 0.5% CHAPS and 
a protease and phosphatase inhibitor cocktail (Sigma). The extracts were 
vortexed for 30 min at 4ºC and after centrifuging for 20 min at 13,000 g, 
the supernatants were stored at − 20ºC. Protein levels were determined 
using Bradford reagent (Bio-Rad). Equal amounts of proteins (30 μg) 
were subjected to 10% SDS-PAGE electrophoresis gels. Proteins were 
transferred into polyvinylidene difluoride (PVDF) membranes (Bio- 
Rad). Membranes were incubated for 1 h with non-fat milk powder (5%) 
in PBS containing 0.1% Tween-20. Blots were incubated overnight at 4ºC 
with primary antibodies at the dilutions recommended by the suppliers. 
Proteins were visualized using HRP-conjugated secondary antibodies. 
Blots were developed by ECL protocol and different exposition times 
were performed for each blot to ensure the linearity of the band in
tensities [31]. Values of densitometry were normalized for lane charge 
using antibodies against the corresponding loading control and densi
tometry was determined using Image J software. 

Fig. 2. 4FT inhibits the LPS-dependent rise in the Kv 
current of human macrophages. The Kv current generated 
by the Kv1.3/KV1.5 heterotetrameric channels was 
determined by patch-clamp analysis in cultured hMφ. (A- 
B) Cells were incubated for 16 h with 100 ng/ml of LPS 
and the Kv current was registered at different membrane 
potentials. (C-D) hMφ were treated for 1 h with 100 nM 
4FT, followed by the addition of LPS (100 ng/ml). The Kv 
current was registered after 16 h of incubation with LPS 
(17 h with 4FT). Results show the mean + SD of five in
dependent experiments. *P < 0.05, *P < 0.05, *P < 0.05,.   
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2.13. Histological analysis of cardiac lesion area 

Rats were sacrificed and reperfused hearts were immediately fixed 
with formaldehyde, embedded in paraffin, cut into 3-μm-thick trans
verse sections, and stained with hematoxylin/eosin (H&E, Sigma) to 
evaluate the heart lesion. Picrosirius Red (Sigma) staining was per
formed to determine the collagen content in selected slides where the 
maximal I/R injury was observed. Images were quantified using ImageJ 
software. 

2.14. Assay of myeloperoxidase (MPO) activity 

MPO activity was measured in homogenized heart extracts (80 μg of 
protein in 200 μl of 10 mM Tris-HCl, pH 7.5; 1 mM MgCl2, 1 mM EGTA, 
and a protease and phosphatase inhibitor cocktail from Sigma) centri
fuged at 15,000 g. Aliquots of supernatants (50 μl) were assayed in a 
reaction mixture that contained 110 μl PBS, 20 μl of 0.22 M NaH2PO4 
(pH 5.4), 20 μl of 0.026% (vol/vol) H2O2, and 20 μl of 18 mM tetra
methylbenzidine in 8% (vol/vol) of aqueous dimethylformamide. After 
15 min of reaction at 37 ºC, 30 μl of sodium acetate (1.5 M; pH 3) were 
added, and the absorbance at 620 nm was read in a microtiter plate 
reader. The activity was expressed as mU/g of tissue [36]. 

2.15. Analysis of immune cell infiltration by flow cytometry 

Flow cytometry was used to evaluate differences between treatments 
in white cell counts in the heart. Rats were anesthetized with sodium 
pentobarbital (100 mg/kg i.p.) and heparinized (4 UI/g i.p.). Hearts 
were harvested and cannulated via the ascending aorta for Langerdorff 
perfusion in Tyrode solution containing 450 U/ml of collagenase I, 
60 U/ml of hyaluronidase type I-S, and 60 U/ml of DNase-I, as previ
ously described [37] The resulting cell suspension was dispersed by 
pipetting, filtered through a 250 mm nylon mesh and centrifuged for 
4 min at 200 g. The cells were resuspended in HBSS (Thermo Fisher) 
supplemented with 10 mM HEPES and 0.5% fatty acid-free fraction V of 
bovine serum albumin (pH 7.4), incubated for 30 min at 4 ◦C with 
specific anti-rat antibodies and analyzed by flow cytometry following 
previous protocols [38,39]. Briefly, the CD45 population was labeled 
with APC-Cy7-conjugated anti-rat CD45 mAb (1:200; BioLegend, San 
Diego, CA, USA); the CD4 population with FITC-conjugated anti-rat CD4 
mAb (1:100; BioLegend), and the CD11b/c cells with PE-conjugated 
anti-rat CD11b/c mAb (1:100; BioLegend). Flow cytometry was con
ducted in a FACSCanto II (Becton Dickinson), and the different cell 
subsets were defined using FlowJo software (Treestar, Ashland, OR, 
USA). For cell counting, absolute counting beads were added (Count
Bright, Invitrogen). 

2.16. Myocardial apoptosis determination by fluorometric Terminal 
deoxynucleotidyl transfer-mediated dUTP Nick End-Labelling (TUNEL) 
assay 

TUNEL-positive cells were quantified in isolated cardiac cells as 
described in the previous section and fixed cardiac sections as follows: 
The heart was harvested and rinsed with PBS. The organ was perfused 
through the aorta and cells were isolated in Langerdorff perfusion cut 
into 3 slides and immediately fixed with formaldehyde. The fixed tissue 
was embedded in paraffin and cut into 3-µm-thick transverse sections. 
TUNEL assays in isolated cells and heart slides were carried out using a 
fluorescein-based Cell Death Detection Kit (11684795910, Roche), 
following the instructions of the supplier. Hearts were also incubated 
with DAPI solution (1:500) for 10 min and Prolong (Invitrogen) was 
used as the mounting medium. Images were analyzed using ImageJ. 

2.17. Biochemical analysis of serum 

Troponin I level in serum was determined as a marker of myocardial 
injury, using the STAT High-Sensitive troponin I assay (Abbott Diag
nosis; Madrid, ES). Plasmatic brain natriuretic peptide (BNP) levels were 
determined using the RayBio Immunoassay (Raybiotech; Peachtree 
Corners, GA, USA) following the manufactureŕs instructions. Other tis
sue injury indicators were LDH and AST activities, using commercial kits 
(LDH: 11581; AST: 11830, BioSystems, Gerona, ES). The levels of lip
oxin A4 (LXA4) and resolvin D1 (RvD1) were measured in serum using 
specific ELISA kits (Cayman; Barcelona, ES), and following the in
structions of the supplier. 

Fig. 3. Dose-dependent incorporation of 4FT in cardiomyocytic cell lines and 
effects on TLR4 activation. The human, rat, and mouse-derived cardiomyocytic 
cell lines AC16, H9c2 and HL-1, respectively, were incubated with different 
concentrations of 4FT or 4FT labeled with Alexa 488. (A) Flow cytometry 
analysis of the dose-dependent incorporation of 4FT-Alexa 488 after 10 min of 
incubation. (B) Effect of 4FT on the viability of the cardiomyocytic cell lines. 
Cells were incubated for 24 h with different concentrations of 4FT and the 
percentage of annexin V+ cells was determined by flow cytometry. As a positive 
control, cells were treated for 24 h with staurosporine 200 nM to induce 
apoptosis. (C) The human cardiomyocytic cell line AC16 was treated for 8 h 
with 100 nM of 4FT or the same amount of non-structured aptamer as control, 
and 100 ng/ml of LPS. The mRNA levels of TLR4 and NFKBIA were determined 
by real-time RT-PCR. Results show the mean + SD of four (A,B) and six (C) 
independent experiments. *P < 0.05, * *P < 0.01, * **P < 0.005 vs. AC16 cells 
(A) or vs. the corresponding condition in the absence of LPS (C). ###P < 0.005 
vs. the LPS condition in the absence of 4FT (C). 
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2.18. Quantitative RT-PCR analysis 

Total RNA was isolated from cells or hearts after perfusion through 
the left ventricle with PBS RNAse-free (ThermoFisher), by homogeni
zation in QUIAZOL by a TissueLyser LT and eluted using MinElute col
umns (Qiagen, Madrid, ES). RNA integrity was assessed by RNA Nano 
Chip (Agilent; Madrid, ES). RNA was retro-transcribed by using the 
High-Capacity cDNA Reverse Transcription Kit (Applied Bioscience) and 
qRT-PCR was conducted using specific primers (ThermoFisher). Se
quences are reported in Suppl. Table I. Calculations were made from the 
measurement of duplicates of each sample. The relative amount of 
mRNA was calculated with the comparative 2-ΔΔCt method using rat 
Rpl32 and human RPLP0 as endogenous control transcripts. 

2.19. Statistical analysis 

Values in graphs correspond to the mean ± standard deviation (SD). 

Statistical significance was estimated with two-tailed Student t-test for 
unpaired observations and one-way ANOVA for multiple comparisons 
followed by Tukeýs range test as indicated under each figure. All ana
lyses were performed using GraphPad Prism Software. 

3. Results 

3.1. Characterization of the binding of the aptamer 4FT to the TLR4 
receptor 

Since the aptamer 4FT was developed to bind the extracellular 
domain of the human TLR4 receptor, we first confirmed the antagonistic 
nature of 4FT over LPS-dependent TLR4 activation of human macro
phages (hMφ) by following the phosphorylation of the TLR4 down
stream kinase IKKα/β (a key regulator of the NF-κB pathway). As Suppl. 
Fig. S1 shows, incubation of hMφ with 4FT blunted the LPS-dependent 
phosphorylation of this kinase, which resulted in the absence of 

Fig. 4. Administration of 4FT to rats following cardiac 
ischemia/reperfusion (I/R) exerts significant protection 
against heart injury. (A) Rats were submitted to the 
described I/R protocol. Following reperfusion, rats 
received 20 nmol/kg body weight of 4FT via the tail vein 
10 min after reperfusion (I/R+4FT group), or a second 
dose at 24 h post-reperfusion (I/R+2×4FT group). (B-D) 
Quantification of injury markers in serum of rats 72 h 
after reperfusion. (E-F) Effect of 4FT administration on the 
functional cardiac parameters and infarct size after I/R. 
Results show the mean + SD of 12 animals for each con
dition. *P < 0.05, * *P < 0.01, * **P < 0.005 vs. the 
Sham condition; #P < 0.05, ##P < 0.01 vs. the I/R con
dition (in the absence of 4FT administration).   
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phosphorylation and reduced proteolytic degradation of IκBα, one of its 
main substrates (Fig. 1 A). In agreement to this, incubation of hMφ with 
4FT significantly prevented the LPS-dependent and the expression of NF- 
κB-dependent genes, such as NFKBIA (encoding IκBα; Fig. 1B). 

Interestingly, after binding of 4FT to TLR4, the receptor is internalized 
(Fig. 1 C) and partially localized in early endosomes, as determined by 
the colocalization of 4FT with the Rab5 effector early endosome antigen 
1 (EEA1, Fig. 1D). Furthermore, the labeling of different types of 

Fig. 5. Administration of 4FT to rats following cardiac ischemia/reperfusion (I/R) reduces the pro-inflammatory profile and favors the synthesis of pro-resolution 
lipid mediators. (A) Rats were submitted to the I/R protocol described in Fig. 4. The mRNA levels of the indicated genes were measured in the cardiac tissue by real- 
time quantitative RT-PCR. (B) The serum levels of the pro-resolution lipid mediators lipoxin A4 (LXA4) and resolvin D1 (RvD1) were quantified. Results show the 
mean + SD of 8 animals for each condition (A), or 6 animals per condition assayed per triplicate (B). *P < 0.05, * *P < 0.01, * **P < 0.005 vs. the Sham condition; 
#P < 0.05, ##P < 0.01, ###P < 0.005 vs. the I/R condition (in the absence of 4FT administration). 
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macrophages with 4FT (using 4FT-Alexa 488) shows apparent affinities 
from 30 to 40 nM (human, monkey and rats) to 140 nM in mice 
(Fig. 1E). The kinetics of the re-exposition of TLR4 in the cell membrane 
surface is shown in Fig. 1 F. 4FT does not promote macrophage cell 
death when assayed up to 400 nM. It does not modify the pro-apoptotic 
death induced by staurosporine either (Fig. 1 G). Moreover, treatment of 
murine or human macrophages with 4FT does not induce the synthesis 
of NO and significantly inhibited the LPS-induced NO production in 
murine cells (human macrophages did not express NOS2 after LPS 
challenge; Suppl. Fig. 2). 

Since the plasma membrane Kv currents are modulated by TLR4 
activation, we evaluated the effect of treatment with 4FT on these cur
rents. Analysis of Kv currents in human macrophages reveals that in
cubation with 4FT minimally reduces the current but it significantly 
impairs the rise in the current induced by LPS (Fig. 2 A-D). 

Analysis of the binding of 4FT to human, rat, and mouse car
diomyocytic cell lines shows a similar profile to macrophages from the 
same species (Fig. 3 A; apparent 50% labeling: 50, 45 and 137 nM, 
respectively). Also, 4FT does not alter the cell viability of these car
diomyocytic cell lines (Fig. 3B) but it impairs the expression of TLR4 and 
NFKBIA in the human cardiomyocytic cell line AC16 after treatment 
with LPS (Fig. 3 C); in this case, non-structured 4FT aptamer, used as a 
control to ensure the specificity of the structured molecule, failed to 
inhibit the response to LPS in these cells (Fig. 3 C). 

3.2. Administration of 4FT after rat cardiac ischemia/reperfusion reduces 
post-myocardial infarction injury 

Having shown that the affinity of TLR4 for 4FT in rat cells is similar 
to the human counterparts, we chose the use of the acute myocardial 
infarction (MI) ischemia/reperfusion (I/R) model described in Fig. 4 A. 
In this model, 4FT was administered 10 min after reperfusion and, in 
other cases, a second dose was administered 24 h after reperfusion. As 
Fig. 4B, C show, single addition of 4FT reduced the levels of the injury 
markers BNP (Brain Natriuretic Peptide), troponin I and LDH. Other 
injury markers, such as AST, which is more related to liver injury, 
remained unchanged across the treatments (Fig. 4 C). This protective 
effect of 4FT was significantly accentuated when a second dose of 4FT 
was administered at 24 h post-reperfusion, including a reduction of 
myeloperoxidase activity in the heart (Fig. 4D), an increase in the car
diac ejection fraction and the value of the fractional shortening (Fig. 4E), 
and a reduction in the infarct size (Fig. 4 F). 

At the transcriptomic level, the treatment of rats with 4FT after 
myocardial I/R has an impact at 24 h on the reduction of Nppb (encoding 
BNP), Tlr4 and genes associated with the pro-inflammatory profile, such 
as Tnf, Il1b, Il6, Nfkb1 and Nfkbia, or the mRNA encoding NOS2 or COX2 
(Suppl. Fig. S3). However, the effect on the transcription of anti- 
inflammatory genes, such as Il10 is not evident (Suppl. Fig. S3). Anal
ysis at 72 h post-I/R allows the evaluation of the single vs. the two-doses 
administration of 4FT. Fig. 5A shows that the mRNA levels of Ccl2, Il6 
and Nos2 evidence a reduction in the two-doses model, suggesting that 
infiltration and activation of immune cells are significantly attenuated 
after two-doses administration of 4FT. Interestingly, the mRNA levels of 
Il10 (involved in the induction of an anti-inflammatory phenotype), and 
also those of Hmox1 (encoding heme oxygenase 1), Ptgs2 and Alox15 
(encoding lipoxygenase 15, an enzyme involved in the biosynthesis of 
lipid pro-resolution mediators; SPM) were enhanced. For this reason, the 
levels of the SPMs lipoxin A4 (LXA4), derived from arachidonic acid, 
and resolvin D1 (RvD1), derived from the n-3 docosahexaenoic acid, 
were measured to evaluate their potential contribution to the resolution 
of the inflammation after MI. As Fig. 5B shows, no statistically signifi
cant differences in the serum levels of LXA4, but a significant increase of 
RvD1 after two doses of 4FT was observed between the different groups 
studied. 

Also, Nppb mRNA levels still show a significant reduction at 72 h 
after 4FT two-dose administration vs. the single administration. At 7 

days after MI, Nppb mRNA returned to basal (Suppl. Fig. S4). Other 
genes involved in collagen synthesis (Col1a1 and Col3a1) exhibited a 
reduction vs. the MI condition. The levels of S100a4 (encoding the 
calcium-binding protein A4, a protein involved in the organization of 
the cytoskeleton) and Acta2 (encoding the α-actin) decreased after 4FT 
administration. In addition to this, the elevation of Tlr4 levels post-MI 
was suppressed after 4FT administration (Suppl. Fig. S4). 

3.3. Treatment of rats with 4FT after myocardial infarction reduces 
cardiac infiltration of immune cells, apoptosis and fibrosis 

Infiltration of circulating immune cells into the heart after I/R is one 
of the main factors governing the fate of the heart [3,40]. Quantification 
of cardiac immune cells on day 7 after I/R showed a significant reduc
tion after treatment with a single dose of 4FT, an effect that was 
intensified after two doses of 4FT (Fig. 6A). In particular, the reduction 
of CD4+ and CD11b/c+ cells after two doses of 4FT generated a profile 
similar to the control group (Fig. 6A). Interestingly, this reduction in 
infiltrating cells is consistent with the decrease in MPO activity 
measured in heart extracts after 72 h post-MI and treatment with two 
doses of 4FT (Fig. 4D). 

Blocking TLR4 with two-dose of 4FT after I/R reduced the extent of 
TUNEL+ cells in the heart at 72 h (Fig. 6B). This effect was more evident 
in samples obtained on day 7 after I/R, and a significant reduction in 
apoptotic cells was evident in rats treated with a single dose of 4FT 
(Fig. 6C). 

Analysis of the hematoxylin/eosin staining of hearts post-MI shows a 
significant decrease in the lesion after administration of 4FT (Fig. 6D). 
This decrease in the injury was more evident after two-dose of 4FT 
(Fig. 6D). In addition to this, analysis of the fibrotic area with picrosirius 
Red confirms the reduction in the collagen scar in animals treated with 
two-doses of 4FT (Fig. 6D). 

4. Discussion 

Most CVDs are due to ischemic heart injury [41,42]. Cardiomyocytes 
use the oxidative metabolism of free fatty acids, triglycerides, and car
bohydrates as the main source of energy [43,44]. Therefore, the depri
vation of oxygen and nutrients results in a sudden interruption of the 
oxidative phosphorylation pathway and a decrease in ATP levels [45, 
46]. This ATP reduction provokes hypercontraction and cell death [47], 
leading to the activation of a ‘sterile’ inflammatory response [48–50], 
which promotes the infiltration and activation of immune cells in the 
re-perfused heart. In this scenario, TLR4 activation by 
damage-associated molecular pattern mediators (DAMPs) promotes the 
transcription of genes dependent on NF-κB [2,10,51,52]. Indeed, studies 
inhibiting or stimulating pharmacologically TLR4 activity showed the 
pivotal role of this receptor in the pathophysiology of CVDs. Myocardial 
I/R injury in Tlr4 deficient mice, which show a lower inflammatory 
response with a decrease in NF-κB-dependent gene transcription is an 
example of this. These animals show a lower cardiac inflammatory 
infiltration and infarct size when compared with the wild type [8,53,54]. 
On the contrary, injection of the DAMP S100-A1, a TLR4 agonist asso
ciated with cardiac injury, enlarges infarct size and worsens left 
ventricle function [55]. Thus, one of the most promising strategies to 
minimize cardiac dysfunction after MI and other CVDs is through the 
control of the inflammatory onset, and TLR4 is considered a therapeutic 
target with the greatest clinical projection [17,28,56,57]. In this sense, 
the specific TLR4-antagonist aptamer 4FT, ApTOLL, is proposed as a 
pharmacological tool to block the action of TLR4, with several advan
tages over immunotherapeutic approaches that regulate this receptor 
[28,56]. Importantly, the aptamer 4FT, ApTOLL, is currently being 
developed in clinical trials. In a First-in-Human study, the aptamer 
showed a great safety profile and appropriate pharmacokinetics to be 
administered in acute indications such as myocardial infarction [27,57]. 
Following these results, two clinical trials are currently being developed 
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to assess safety and efficacy in acute stroke patients (APRIL trial: 
NCT04734548) and COVID-19 patients (APTACOVID trial; 
NCT05293236). 

Characterization of the binding of the selective aptamer 4FT to TLR4 
from hMφ showed a rapid internalization of the aptamer at the time that 
the LPS-dependent TLR4 signaling was significantly inhibited. This was 
confirmed by the reduced activity of the IKKα/β complex, resulting in 
the absence of IκBα phosphorylation and thus degradation by the 
ubiquitin/proteasome pathway, and the reduced expression of genes 
associated with TLR4 and TLR4-dependent NF-κB activation, such as 
TLR4 and NFKBIA, and the blockade of the Kv current [58,59]. After this 
characterization, we analyzed the binding kinetics, functionality, and 
toxicity of the TLR4-specific 4FT aptamer in macrophages and car
diomyocytes from different species (human, simian, rat and mice). This 

initial analysis confirmed the absence of 4FT toxicity in these cells and 
showed that the affinity of 4FT for the mice TLR4 was significantly lower 
than that of the rat and human counterparts (ca. one order of magni
tude). For this reason, we decided to use the myocardial I/R model in 
rats, rather than mice. 

After myocardial I/R, necrotic cardiomyocytes release DAMPs 
[60–62]. TLR4 activation by DAMPs is involved in the process of infil
tration of immune cells through the upregulation of integrins and 
selectins by the endothelial and circulating cells, thus, activating the 
endothelial permeability and immune cell infiltration of the myocar
dium [63]. 

At this point, it is important to consider the kinetics of immune cell 
infiltration. This is because they can determine the protocol of 4FT 
administration. Given the re-exposition kinetics of TLR4 in hMφ treated 

Fig. 6. 4FT administration to rats after cardiac 
ischemia/reperfusion (I/R) reduces the infil
tration of circulating immune cells and protects 
against cardiac apoptosis and fibrosis. (A) Rats 
were submitted to the I/R protocol described in 
Fig. 4. The amount of CD45, CD4 and CD11b/c 
positive cells was determined by flow cytom
etry after digestion of the hearts, and data were 
referred to as percentage vs. the vehicle condi
tion (in the absence of I/R). (B-C) Apoptosis 
was quantified by using the TUNEL assay kit in 
samples obtained at the indicated times. (D) 
Immunohistochemical analysis of cardiac injury 
after I/R. Hearts were stained with hematoxy
lin/eosin (upper panel), or with picrosirius Red 
to estimate the extent of fibrosis (lower panel). 
Results show the mean + SD of 6 (Sham) and 7 
animals for each I/R condition. *P < 0.05, 
* *P < 0.01, * **P < 0.005 vs. the Sham con
dition; #P < 0.05, ##P < 0.01, ###P < 0.005 vs. 
the I/R condition (in the absence of 4FT 
administration).   
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with 4FT (ca. 30 min), we considered comparing the effects of the single 
dose administered 10 min after reperfusion vs. a second dose adminis
tered 24 h later. As our data show, this two-dose administration of 4FT 
has a higher impact on the recovery after MI in almost all parameters 
evaluated. This is probably due to the modulation of the profile and 
intensity of the inflammatory cells recruited after cardiac injury. Indeed, 
the administration of a single dose of 4FT reduced Tlr4 and Nfkb1 levels 
in the infarcted hearts and showed a decrease in the mRNAs which 
encode chemoattractant molecules that promote the infiltration of in
flammatory cells (i.e., Sele and Ccl2) during the first 24 h; however, this 
protection in terms of apoptotic death was lesser than the two-dose 
protocol at 7 days. 

The first immune cell type to infiltrate the injured area, especially at 
the ischemic border zone, are neutrophils, which reach a peak the day 
after reperfusion [64]. These neutrophils display an inflammatory ac
tivity, releasing reactive oxygen species and promoting MPO activity 
[65]. In fact, MPO cardiac activity is reduced after 4FT single-dose 
treatment, an effect enhanced in the two-dose protocol. Neutrophils 
contribute to the clearance of necrotic cells and tissue debris and the 
recruitment of monocytes into the infarcted area. These inflammatory 
monocytes in mice infiltrate during the first hours after the MI reaching 
a peak by days 3–4 [3,66,67]. Their efferocytotic activity and the release 
of anti-inflammatory cytokines such, as IL-10 and TGF-β favor the 
infiltration of inhibitory leukocyte subsets, reprogramming the transi
tion and the secretion of anti-inflammatory mediators by survival car
diomyocytes of the survival zone [9,68]; hence, they stimulate the 
suppression of the pro-inflammatory response. From our results, 4FT 
administration, especially under the two-dose protocol, has a dual ac
tion: it promotes the release of anti-inflammatory mediators, such as 
IL-10, and at the same time favors the synthesis of pro-resolution lipid 
mediators, such as RvD1, contributing to the preservation of cardiac 
function, attenuation of the inflammatory response and adapting fibrosis 
to repair the damaged tissue [33,69,70]. Thus, a correct switch between 
the inflammatory and reparative response is necessary as it was 
described that depletion of neutrophils or macrophages induces greater 
damage [9,64,68]. Therefore, 4FT administration after I/R prevents an 
excessive infiltration and activation of leukocytes, which can induce 
cytotoxic injury by releasing ROS and proteolytic enzymes, not only in 
the infarcted area, but also in the viable tissue resulting in a secondary 
infarct extension, cardiac dysfunction and, finally, heart failure. Thus, 
the sum of the restricted capacity of the heart to regenerate and tolerate 
an extended inflammatory process makes it vulnerable to greater 
myocardial injury. In this regard, it is well known that short-term acti
vation of innate immunity (preconditioning) confers adaptive and pro
tective effects in the heart against subsequent and sustained ischemia 
[17,71]. However, long-term activation leads to maladaptive remodel
ing and worsens the situation leading to irreversible damage. Ischemic 
preconditioning (IPC) is based on brief episodes of repeated ischemia 
that protect the heart against a more severe and prolonged period of I/R. 

5. Concluding remarks 

According to our data, aptamer 4FT (ApTOLL), can be considered a 
candidate to attenuate TLR4 signaling with a significant security range. 
For this reason, clinical trials are in course to assess its use in inflam
matory pathologies, such as stroke [28,56,57]. Therefore, 4FT can be 
added to a growing portfolio of TLR4 inhibitors and antagonists, 
including several clinical trials that have been done to target TLR4 ac
tivity (with low success up to now). This was the case of Eritoran, a 
synthetic lipidic TLR4 antagonist which was investigated as a possible 
treatment for sepsis but failed in phase III of the clinical trial [72]. 
However, apart from targeting sepsis, Eritoran could still be studied and 
used for therapy in other inflammatory diseases such as cardiac hyper
trophy, where it demonstrated beneficial effects in an aortic constriction 
animal model [73]. In addition, other strategies targeting TLR4, such as 
the use of miR-135a, or NI-0101, a monoclonal anti-TLR4 antibody that 

has been tested in clinical trials for the treatment of acute and chronic 
inflammation [74] opened new venues in protection against myocardial 
injury [75]. Indeed, in the field of MI, the possibility exists of combined 
myocardial revascularization by percutaneous coronary intervention, 
including thrombolytic therapy based on tissue plasminogen activator 
(tPA) administration and, as a novelty, targeting TLR4 activity as an 
emerging complementary approach. 

In summary, this work provides experimental evidence for the use of 
the aptamer 4FT as a therapeutic alternative in the case of complex 
pathology such as MI. In addition, new studies are required to consider 
the administration of a second dose that maintains TLR4 inhibition for a 
longer period in these animal models to prevent the phase of tissue 
damage after I/R. 
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González, V. Andrés, P. Martín-Sanz, L. Boscá, Deletion or inhibition of NOD1 
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