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ABSTRACT 

 

Protective role of bilirubin nanoparticle on heart ischemia-reperfusion 

injury 

 

 

 

 

In the context of myocardial infarction, ischemia-reperfusion injury (IRI) represents a significant 

therapeutic challenge, with current treatments are insufficient in effectively mitigating the associated 

tissue damage. IRI occurs paradoxically with the restoration of blood flow following ischemia, 

exacerbating initial tissue damage through oxidative stress and inflammatory responses. Bilirubin, 

an endogenous metabolite resulting from heme catabolism, has emerged as a potential therapeutic 

agent for its antioxidant and anti-inflammatory properties. This study investigated the efficacy of 

bilirubin nanoparticles in rat models of myocardial IRI, employing proteomic analysis through liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) to elucidate underlying mechanisms. 

Treatment with bilirubin nanoparticles significantly attenuated myocardial infarction and apoptosis 

in a dose-responsive manner. Proteomic profiling identified 3,616 protein groups and 76,681 unique 

peptides, with clustering analysis delineating proteins based on their expression patterns. Notably, 

202 proteins were downregulated in the IRI model and showed recovery after treatment with 

bilirubin nanoparticles, whereas 35 proteins were upregulated in response to IRI and exhibited 

recovery following bilirubin treatment. Pathway analysis underscored significant enhancements in 

the Wnt signaling and insulin signaling pathways, along with increased Golgi apparatus markers, 

indicating their roles in mediating the protective effects of bilirubin nanoparticles against myocardial 

IRI. These findings advance the proteomic landscape associated with myocardial IRI and propose 
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bilirubin nanoparticles as an effective strategy for cardiac protection, warranting further 

investigation in human clinical settings. 
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I. INTRODUCTION 

 

Ischemia is a pathological condition characterized by insufficient blood flow and oxygen supply 

to tissues or organs.1 It contributes to various severe diseases, including myocardial infarction, 

ischemic heart disease, cerebral infarction, and transplant organ damage.2,3 During ischemia, 

oxidative phosphorylation via the electron transport chain is reduced, resulting in accumulation of 

superoxide radicals along with decreased adenosine triphosphate. Ischemic conditions further 

disrupt ionic, acid-base, and protein homeostasis, exacerbating organ dysfunction.4 Although timely 

reperfusion is crucial for reducing ischemic damage, it can paradoxically lead to ischemia-

reperfusion injury (IRI), worsening tissue damage.1,5,6 This occurs through various mechanisms, 

including oxidative stress, inflammation, and cell death.2,7 Despite numerous attempts to mitigate 

IRI, an effective treatment remains elusive.8  

Bilirubin, a metabolite of heme primarily derived from aged or damaged red blood cells, was 

historically deemed toxic.9 Recent studies, however, have revealed that bilirubin possesses potent 

antioxidant effects in the body.10,11 Additionally, bilirubin demonstrates the ability to reduce 

inflammatory responses and inhibit vascular smooth muscle cell proliferation.12 These attributes 

offer a promising avenue for mitigating IRI, as evidenced by bilirubin's inverse correlation with 

cardiovascular disease severity and mortality.13,14 Furthermore, emerging research underscores its 

protective effects against IRI in vital organs such as the heart, liver, and kidney.15-17 Although it is 

presumed that bilirubin's antioxidant or anti-inflammatory effects contribute to its protective role, 

the specific mechanisms are not fully understood.  

The objective of this study was to evaluate the underlying mechanism of bilirubin nanoparticle 

treatment against myocardial IRI. We employed a rat model of myocardial IRI treated with bilirubin 

nanoparticles. A proteomics-driven approach was applied to identify the effects of IRI and the 

impact of bilirubin nanoparticle treatment. 
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2. MATERIALS AND METHODS 

 

2.1. Animals and reagents  

2.1.1. Animals 

Male Sprague–Dawley rats, aged 8–9 weeks and weighing 290–320 g, were purchased from 

Orient Bio (Orient bio Inc., Seongnam, Republic of Korea). The rats were maintained in a controlled 

environment with a temperature of 22 ± 2 °C, humidity at 60 ± 6%, and a consistent 12:12-hour 

light-dark cycle. The light phase starting at 8 A.M. and all experimental procedures were conducted 

during this light phase. This study was conducted in accordance with the institutional guidelines on 

the use of live animals for research, and the experimental protocol was approved by the Institutional 

Animal Care and Use Committee of Yonsei University Health System. 

 

2.1.2. Bilirubin nanoparticle 

Despite the recognized antioxidant and anti-inflammatory effects of bilirubin, its clinical 

application has been significantly constrained by inherent challenges related to its insolubility and 

rapid systemic clearance.18,19 To overcome these challenges, a novel pharmaceutical approach by 

conjugating bilirubin with polyethylene glycol (PEG) has been developed. In this study, we used 

self-assembled mono-PEGylated bilirubin 3α nanoparticle, consisting of 36 ethylene oxide moieties 

and one synthetic bilirubin 3α, covalently bonded (BX-001N, Figure 1).20,21 BX-001N was provided 

by Bilix Co., Ltd. (Yongin, Republic of Korea). 
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Figure 1. Structures of bilirubin nanoparticles.  

 

 

2.1.3. Experimental procedures 

All rats were anesthetized using 3% isoflurane, with maintenance via tracheal intubation. 

Ventilation parameters were controlled at 60–80 breaths per minute, with a tidal volume of 2–3 

mL/100 g body weight. During the procedures, the body temperature of each rat was consistently 

maintained at 36.5–37.5 °C using a heating pad. The chest wall and pericardium were dissected in 

all rats to reveal the heart. The left anterior descending coronary artery (LAD) was exposed, and a 

5-0 silk ligature was placed beneath it, threaded through a small plastic tube to enable reversible 

LAD occlusion (Figure 2). 
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2.1.3.1. Sham group  

Rats underwent the same surgical procedures as the IRI group, including LAD exposure and 

ligature placement, but without actual LAD occlusion, serving as a control. Normal saline was 

administered intravenously at the same time points as in the IRI group. For control, BX-001N (40 

mg/kg) was administered intravenously. 

 

 

Figure 2. Myocardial ischemia-reperfusion injury model in rat. Ischemia was induced by ligating 

the left anterior descending coronary artery (LAD) for 20 minutes, followed by a reperfusion. The 

first dose of bilirubin nanoparticle (BX-001N) was administered five minutes before inducing 

ischemia, and the second dose 35 minutes after reperfusion, with an interval of one hour between 

the two administrations. 
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2.1.3.2. Ischemia-reperfusion injury group 

Ischemia was induced in this group by ligating the LAD for 20 minutes, followed by a reperfusion 

period of 120 minutes. A corresponding volume of normal saline was injected intravenously at the 

same time points as the BX-001N administration. 

 

2.1.3.3. Ischemia-reperfusion injury + bilirubin nanoparticle treatment group 

BX-001N was dissolved in 100% normal saline and administered intravenously at 20 mg/kg and 

40 mg/kg through the tail vein. The first dose was administered five minutes before inducing 

ischemia, and the second dose 35 minutes after reperfusion, with an interval of one hour between 

the two administrations. 

 

2.2. Histology  

2.2.1. Triphenyltetrazolium chloride staining 

2,3,5-Triphenyltetrazolium chloride (TTC) staining was conducted to evaluate myocardial 

viability. Myocardial tissue sections were incubated in a TTC solution at 37°C for 20 minutes. Viable 

myocardial tissues were identified by the development of a red precipitate, indicative of the 

enzymatic conversion of TTC to formazan within live cells. In stark contrast, necrotic regions did 

not stain and remained colorless, thereby providing a distinct contrast between viable and non-viable 

myocardial regions. Subsequent to the staining procedure, the tissue sections were fixed, 

photographed for documentation, and meticulously analyzed to determine the extent of myocardial 

infarction. 

 

2.2.2. Terminal deoxynucleotidyl transferase dUTP nick end labeling staining 

To detect apoptosis in myocardial tissue, we performed Terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL) staining on 5-μm thick paraffin-embedded sections using the 

TUNEL assay kit (R&D Systems, MN, USA), following the manufacturer’s instructions. The 
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TUNEL reaction was visualized using HRP-labeled streptavidin and DAB solution, and sections 

were counterstained with Methyl Green. After dehydration and clearing, slides were mounted with 

mounting medium. The result was viewed under a light microscope at magnification, x200. The 

statistical significance between means was determined with a one-way ANOVA. A significance level 

of p-value < 0.05 was used with Tukey’s method using GraphPad Prism software (Version 8.0.1). 

 

2.3. Proteomics analysis 

2.3.1. Tissue Preservation for Analysis 

The intact heart area was dissected and fixed in 10% neutral buffered formalin for 48 hours before 

embedding in paraffin. Corresponding myocardial tissue was quickly frozen in liquid nitrogen and 

stored at −80 °C for protein analysis. 

 

2.3.2. Protein extraction 

The myocardium tissues were homogenized in the RIPA buffer supplemented with protease and 

phosphatase inhibitor mixture (Thermo Fisher Scientific, MA, USA). The lysates were then 

centrifuged. The protein concentration of the supernatants was quantified using the Protein Assay 

Dye (BIO-RAD Laboratories, CA, USA). 

 

2.3.3. Trypsin digestion with S-Trap method 

We have performed sample preparation for LC-MS/MS with following methods of Cho et al. and 

minor modification.22 A Protifi S-TrapTM mini spin column (C02-mini-80, Protifi, USA) was 

employed to process each sample following the guidelines provided by the manufacturer. 

Specifically, 300 µg of proteins in SDS 5% buffer, treated with 5 mM TCEP (final concentration) at 

55 °C for 15 minutes, underwent reduction. Subsequently, alkylation was performed with 20 mM 

iodoacetamide (final concentration) at room temperature for 10 minutes in the absence of light. 

Phosphoric acid was introduced to the alkylated proteins, reaching a final concentration of 1.2%, 
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and acidified proteins were combined with six volumes of binding buffer (90% methanol; 100 mM 

TEAB; pH 7.1). The resulting mixture was applied to the S-Trap column, followed by centrifugation 

at 4,000 g for 30 seconds to capture proteins. Next, 400 µL of wash buffer (90% methanol; 100mM 

TEAB; pH 7.1) was added three times to cleanse the proteins. Finally, the proteins were subjected 

to digestion with trypsin gold (V5280, Promega, WI, USA) at 37 °C overnight, maintaining a 

protein-to-enzyme ratio of 10:1 (w/w). The digested peptides were eluted through a three-step 

process, using 80 µL of 50 mM TEAB in water, 0.2% formic acid in water, and 50% acetonitrile in 

water, respectively, at 4,000 g for 1 minute. The pooled peptide solution was then dried using a 

speed-vacuum. 

 

2.3.4. Tandem mass tag-labeling and reverse phase-high performance liquid 

chromatography fractionation 

Peptide samples quantified at 100 µg using the Quantitative Colorimetric Peptide Assay 

(cat#23275, Thermo Fisher Scientific, MA, USA) were dissolved in 100 µL of 100 mM TEAB. 

Tandem mass tag (TMT)-10 and 11 reagents (cat#37725, Thermo Fisher Scientific, MA, USA) were 

re-suspended in acetonitrile to a concentration of 10 µg/µL. The TMT reagent was added to each 

sample, mixed, and incubated for 1 hour at 25 °C at 800 rpm. Subsequently, the reaction was 

quenched with 5% hydroxylamine and incubated for 15 minutes at 25 °C at 800 rpm. For quality 

control, half of each plex was combined to create a quality control (QC) sample, allowing for an 

assessment of the success of TMT labeling on liquid chromatography-tandem mass spectrometry 

(LC-MS/MS). The dried QC sample was reconstituted in water and subjected to analysis using a 

NexeraXR HPLC system (LC-20AD, Shimadzu, Japan). The analysis involved a 70-minute gradient, 

transitioning from 5% to 95% mobile phase B (5 mM ammonium formate in 95% ACN) at a flow 

rate of 0.5 mL/min. Mobile phase A consisted of 5 mM ammonium formate in distilled water. 

Subsequently, fractionation was performed using an FRC-10 (FRC-10A, Shimadzu, Japan), 

collecting samples over 20 minutes at one minute intervals. The resulting 40 fractions were 
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combined into 20 fractions and dissolved in 0.1% formic acid for subsequent LC-MS/MS analysis. 

 

2.3.5. Nano liquid chromatography tandem mass spectrometry 

Twenty dissolved samples in 0.1% formic acid were subjected to analysis using an LC-MS/MS 

system comprising an UltiMate 3000 RS LC-nano system (Thermo Fisher Scientific, MA, USA) 

and an Orbitrap Eclipse Tribrid mass spectrometer (Thermo Fisher Scientific, MA, USA) equipped 

with a nano electrospray source. An autosampler facilitated the loading of sample solutions into a 

C18 trap column (Acclaim PepMapTM 100, 75 μm × 2 cm; 164535, Thermo Fisher Scientific, MA, 

USA), where samples underwent desalting and concentration for 9.5 minutes at a flow rate of 4 

μL/min. Subsequently, the trapped samples were separated on a C18 analytical column (PepMapTM 

RSLC C18, 2 μm, 100 Å, 75 μm × 50 cm; ES903, Thermo Fisher Scientific, MA, USA). The mobile 

phases consisted of 99.9% water (A) and 99.9% ACN (B), each containing 0.1% formic acid. The 

LC gradient initiated with 5% of B for 10 minutes, followed by a ramp to 13% of B for 40 minutes, 

25% of B for 65 minutes, and 95% of B for 5 minutes. This was succeeded by a 5-minute hold at 

95% of B and 5% of B for an additional 1 minute. The column was re-equilibrated with 5% of B for 

14 minutes before the next run. A voltage of 2,100 V was applied for ionization. 

Throughout the chromatographic separation, the Orbitrap Eclipse Tribrid mass spectrometer 

(Thermo Fisher Scientific, MA, USA) operated in a data-dependent mode, automatically 

transitioning between MS1 and MS2. Full-scan MS1 spectra (400–2,000 m/z) were acquired by the 

Orbitrap at a resolution of 120,000, with an automatic maximum ion injection time and an AGC 

target value of 4.0 × 105. MS2 spectra were obtained by the Orbitrap mass analyzer at a resolution 

of 30,000, utilizing HCD (36% normalized collision energy, maximum ion injection time of 50 ms, 

AGC target value of 5.0 × 104). Previously fragmented ions were excluded for 30 seconds within a 

10 ppm range. Sequential experimental steps undertaken in our study are illustrated in Figure 3.  
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Figure 3. Schematic illustration of the experimental steps. A total of 9 rat heart tissue samples [(C, 

Sham = 3), (I, IRI = 3), (B, IRI + BX-001N 40mg/kg = 3)] were digested into peptides using S-trap 

method. Each sample was labeled with TMT-11plex, including pooled reference samples. The 

combined TMT-labeled peptides were fractionated by high basic pH reverse phase-high performance 

liquid chromatography.  
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2.3.6. Integrated proteomics pipeline search and bioinformatic analysis 

The MS/MS spectra were subjected to analysis utilizing the E. Integrated proteomics pipeline 

(IP2) search algorithm (Integrated Proteomics Applications, Inc., CA, USA) in conjunction with the 

UniProt human protein database (March 2021, containing reviewed proteins). To assess false 

discovery rate (FDR), the reverse sequences of all proteins were incorporated into the database. 

Peptide identification was carried out using ProLuCID, specifying a precursor mass error of 5 ppm 

and a fragment ion mass error of 50 ppm. The enzyme trypsin was chosen, allowing for two potential 

missed cleavages. TMT modification (+229.1629) at the N-terminus and lysine residue, along with 

carbamidomethylation at cysteine, were designated as static modifications. Methionine oxidation 

was considered a variable modification. 

Post-analysis, output data files were filtered and organized using DTASelect (The Scripps 

Research Institute, CA, USA) with a requirement of two or more peptide assignments per protein 

for identification, maintaining a false positive rate below 0.01. Quantitative analysis was conducted 

using Census within the IP2 pipeline. Reporter ions were extracted within a small window (± 20 

ppm) around their anticipated m/z in the HCD spectrum. Protein abundances were computed from 

the sum of peptide abundances derived from TMT reporter ion intensities, subsequently log2-

transformed and normalized through the column median method to account for equal loading across 

samples. Statistical analysis was executed using Perseus software (Version 1.6.15.0).  
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3. RESULTS 

 

3.1. Histologic assessments of ischemia-reperfusion injury 

3.1.1. Effect of BX-001N treatment on myocardial tissue damage in rat IRI models 

The effects of BX-001N treatment on myocardial infarct size was evaluated using the TTC assay, 

with the findings illustrated in Figure 4. Notably, administration of BX-001N at 40 mg/kg in the 

absence of IRI did not induce any myocardial tissue damage. Conversely, a marked increase in 

myocardial infarction was observed within the LAD territory in the IRI group compared to the sham 

group (p-value < 0.0001). Importantly, BX-001N administration significantly attenuated myocardial 

damage in a dose-responsive manner. Within the IRI group, the average infarct size represented 

26.88 ± 2.93% of the myocardial tissue. Remarkably, this infarct dimension was significantly 

diminished in the bilirubin treatment group receiving 20 mg/kg (12.21 ± 2.64%, p-value = 0.0001) 

and 40 mg/kg (8.81 ± 1.47%, p-value < 0.0001) of BX-001N. 

 

3.1.2. Effect of BX-001N treatment on myocardial apoptosis in rat IRI models 

The extent of apoptosis within myocardial tissue was meticulously quantified utilizing the 

TUNEL assay (Figure 5). In the sham group, the apoptotic index (AI) in the non-infarcted 

myocardium was noted at 10.72 ± 0.79%. The AI value increased significantly in the IRI group to 

20.52 ± 1.65%, indicating enhanced apoptosis. Notably, administration of BX-001N led to a 

significant decrease in the AI, with values of 16.23 ± 0.67% at 20 mg/kg and 14.68 ± 1.00% at 40 

mg/kg, respectively. These findings support the potential therapeutic role of BX-001N in reducing 

myocardial apoptosis associated with IRI. 
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Figure 4. TTC staining analysis. (A) BX-001N treatment reduced infarct size in IRI rat models 

determined by the TTC assay. (B) Quantitative analysis of infarct sizes among different groups. 

Sham vs. IRI, p-value < 0.0001; IRI vs. IRI + BX-001N (20 mg/kg), p-value = 0.0001; IRI vs. IRI 

+ BX-001N (40 mg/kg), p-value < 0.0001. 
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Figure 5. TUNEL staining. (A) TUNEL staining in myocardial tissue sections from each 

experimental group (magnification: ×200). (B) Quantification of apoptotic index (AI). The AI is 

quantified based on the number of TUNEL-positive cells (highlighted with black arrows in A), 

representing the proportion of apoptotic cells in the tissue sections. Sham vs. IRI, p-value < 0.0001; 

IRI vs. IRI + BX-001N (20 mg/kg), p-value = 0.053; IRI vs. IRI + BX-001N (40 mg/kg), p-value = 

0.0061.  
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3.2. LC-MS/MS proteomics profiling 

To further investigate the impact of BX-001N treatment on LAD-ligated heart tissue, we 

performed proteomics analysis using LC-MS/MS on heart tissue from sacrificed rats (Figure 3). 

Analyzing 20 fraction RAW files, we identified a total of 8,560 protein groups with 76,681 distinct 

peptides, achieving a 1.0% FDR at both spectra and protein levels using ProteinInferencer, against 

the total 84,856 rat database including unreviewed entries. For protein quantification analysis, 3,616 

protein groups with two or more unique peptides were selected, utilizing an in-house Python 3.9-

coded program for spectra filtering with two global reference samples and the Bonferroni-Hochberg 

filtering method from a TMT-11-plex experiment (Figure 6). After the global normalization, sample 

similarity was assessed using Pearson’s Correlation, with all comparisons showing an R2 value of 

0.98 or higher. It is indicated that all tested samples have high comparability among them. 
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Figure 6. The Pearson correlation for each sample reveals values exceeding 0.98 within the same 

sample group. 
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Upon constructing a heatmap from the identified protein list using z-score normalization, distinct 

clustering patterns emerged, correlating with specific expression profiles. In our clustering analysis, 

we formed four distinct clusters with a threshold of 2.6478, grouping data points based on a 

similarity score exceeding this threshold. This revealed meaningful patterns and relationships, 

providing valuable insights into the dataset's structure. We identified two primary clusters of proteins, 

denoted as Cluster 0 (C0) and Cluster 1 (C1), each displaying unique expression patterns in response 

to different treatments (Figure 7). First, the C0 of 202 proteins shows down-regulated on IRI model 

and recovered on IRI + BX-001N treatment. The other hand, the C1 of 35 proteins shows up-

regulated on IRI and recovered on IRI + BX-001N treatment. Finally, only five and two proteins 

were classified as the Cluster 2 (C2) and Cluster 3 (C3), respectively.  
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Figure 7. The heatmap of clustered samples revealed distinct patterns for each cluster. In this 

representation, the color red denotes an increase, while a decrease is represented by the color green. 

In Cluster 0, a noticeable reduction was observed in the IRI model, followed by an improvement 

upon the administration of IRI + BX-001N treatment. Conversely, in Cluster 1, an increase was 

evident during the IRI model, followed by a subsequent decrease upon BX-001N treatment. 
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3.3. Bioinformatic analysis 

Particularly noteworthy is the behavior of proteins in C0 (Table 1). Upon conducting pathway 

analysis for proteins corresponding to C0, using Metascape, it was observed that Golgi-to-

endoplasmic reticulum (ER) retrograde transport had the lowest -log10 (p-value) of 10.029 (Figure 

8A). Additionally, the Wnt signaling pathway and insulin signaling were identified with -log10 (p-

values) of 6.829 and 6.123, respectively. As discussed in the paper, these three pathways, with BX-

001N treatment, show potential therapeutic effects. This suggests the possibility of therapeutic 

efficacy in BX-001N treatment, as indicated by these pathways. 

Although C1 comprises 35 proteins, it holds significance as a group of proteins that are up-

regulated in IRI but recover upon BX-001N treatment (Table 2). Pathway analysis revealed the 

identification of the nitric oxide transport pathway and the reactive oxygen species metabolic 

process, with -log10 (p-value) of 7.359 and 5.715, respectively (Figure 8B). This suggests a 

correlation with BX-001N acting as a potent antioxidant. As observed in the paper, these findings 

underscore the meaningful impact of G1, displaying its role in the recovery of proteins affected by 

BX-001N treatment. 
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Table 1. Results of pathway analysis using the Metascape tool for cluster 0 

Term Description Log10(p-value) 

R-RNO-8856688 Golgi-to-ER retrograde transport -10.0292 

R-RNO-9716542 Signaling by Rho GTPases, Miro GTPases and 

RHOBTB3 

-9.88945 

rno05132 Salmonella infection -9.78415 

R-RNO-199991 Membrane Trafficking -9.2998 

R-RNO-194315 Signaling by Rho GTPases -9.29188 

R-RNO-6811442 Intra-Golgi and retrograde Golgi-to-ER traffic -9.12304 

R-RNO-5653656 Vesicle-mediated transport -8.91712 

GO:0120035 Regulation of plasma membrane bounded cell 

projection organization 

-7.96152 

R-RNO-6807878 COPI-mediated anterograde transport -7.66433 

R-RNO-73887 Death Receptor Signaling -7.29949 

GO:0010975 regulation of neuron projection development -7.04214 

R-RNO-5357956 TNFR1-induced NF-kappa-B signaling pathway -7.00573 

R-RNO-199977 ER to Golgi Anterograde Transport -7.00282 

GO:0072659 Protein localization to plasma membrane -6.9079 

WP375 Wnt signaling pathway -6.82917 

GO:0016310 Phosphorylation -6.72316 

GO:0022604 Regulation of cell morphogenesis -6.69262 

CORUM:611 Exocyst complex -6.65661 

GO:0031346 Positive regulation of cell projection 

organization 

-6.59416 

GO:0051668 Localization within membrane -6.56522 

GO:1990778 Protein localization to cell periphery -6.52182 
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R-RNO-6811434 COPI-dependent Golgi-to-ER retrograde traffic -6.51283 

R-RNO-446728 Cell junction organization -6.38452 

GO:0051640 Organelle localization -6.36861 

R-RNO-948021 Transport to the Golgi and subsequent 

modification 

-6.2364 

WP439 Insulin signaling -6.12344 

GO:0034330 Cell junction organization -5.87974 

R-RNO-6811436 COPI-independent Golgi-to-ER retrograde 

traffic 

-5.8292 

GO:0007030 Golgi organization -5.81215 

R-RNO-264876 Insulin processing -5.69446 

R-RNO-3371556 Cellular response to heat stress -5.66558 

GO:0051648 Vesicle localization -5.58476 

R-RNO-446203 Asparagine N-linked glycosylation -5.55239 

GO:0072657 protein localization to membrane -5.54564 

R-RNO-1500931 Cell-Cell communication -5.53389 

R-RNO-75893 TNF signaling -5.51867 

R-RNO-2262752 Cellular responses to stress -5.45135 

R-RNO-8953897 Cellular responses to stimuli -5.41183 

R-RNO-1266738 Developmental Biology -5.39055 

GO:0048193 Golgi vesicle transport -5.3515 

GO:0099175 Regulation of postsynapse organization -5.33848 

R-RNO-195258 RHO GTPase Effectors -5.31573 

GO:1905475 Regulation of protein localization to membrane -5.27781 

GO:0046578 Regulation of Ras protein signal transduction -5.259 

R-RNO-1632852 Macroautophagy -5.24109 
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R-RNO-9612973 Autophagy -5.24109 

GO:0070966 Nuclear-transcribed mRNA catabolic process, 

no-go decay 

-5.14551 

GO:0050770 Regulation of axonogenesis -5.03982 

rno04510 Focal adhesion -4.80779 

R-RNO-1640170 Cell Cycle -4.77091 
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Table 2. Results of pathway analysis using the Metascape tool for cluster 1 

Term Description Log10(p-value) 

GO:0030185 Nitric oxide transport -7.35859 

R-RNO-1247673 Erythrocytes take up oxygen and release carbon 

dioxide 

-7.20391 

R-RNO-1237044 Erythrocytes take up carbon dioxide and release 

oxygen 

-6.82741 

R-RNO-1480926 O2/CO2 exchange in erythrocytes -6.82741 

GO:0015670 Carbon dioxide transport -6.7229 

GO:0015671 Oxygen transport -6.37323 

GO:0015669 Gas transport -5.87177 

GO:0072593 Reactive oxygen species metabolic process -5.71505 

R-RNO-9711123 Cellular response to chemical stress -5.43657 

R-RNO-9707564 Cytoprotection by HMOX1 -5.39883 

rno05143 African trypanosomiasis -5.29517 

GO:0019755 one-carbon compound transport -4.9232 

rno05144 Malaria -4.87447 

GO:0098869 Cellular oxidant detoxification -4.23137 

GO:1990748 Cellular detoxification -3.96013 

GO:0097237 Cellular response to toxic substance -3.78683 

GO:0098754 Detoxification -3.75686 

R-RNO-2262752 Cellular responses to stress -3.50868 

R-RNO-8953897 Cellular responses to stimuli -3.4963 

R-RNO-382551 Transport of small molecules -3.01325 

GO:0043434 Response to peptide hormone -2.86764 

GO:0009636 Response to toxic substance -2.68807 
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GO:1901652 Response to peptide -2.61819 

GO:0070372 Regulation of ERK1 and ERK2 cascade -2.54233 

GO:0071375 Cellular response to peptide hormone stimulus -2.49988 

GO:1901653 Cellular response to peptide -2.24854 

GO:0032940 Secretion by cell -2.23198 

GO:0140352 Export from cell -2.06694 

GO:0036293 Response to decreased oxygen levels -2.04363 
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Figure 8. The outcomes of pathway analysis enriched via the Metascape web tool. This figure 

illustrates the results of pathway enrichment analyses for proteins identified in Cluster 0 and Cluster 

1. (A) Pathway analysis for Cluster 0; down-regulated on IRI and recovered following IRI + BX-

001N treatment. (B) Pathway analysis for Cluster 1; up-regulated on IRI and recovered following 

IRI + BX-001N treatment. 
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Further investigation into the proteins associated with the C0 was conducted using web-based 

tools such as STRING database (https://string-db.org/), and KEGG pathway database 

(https://www.genome.jp/kegg/pathway.html). Our analysis revealed the involvement in critical 

pathways including Wnt signaling, Golgi-to-ER retrograde transport, and insulin signaling from the 

STRING analysis result with interacting proteins of C0 (Figure 9). The outcomes of the STRING 

analysis underscored the intricate network of interconnections among various proteins related to 

Wnt signaling. We observed that the robust interaction landscape among proteins within C0 

emphasizes their collective role in modulating the Wnt signaling pathway. From the result of KEGG 

pathway analysis, proteins associated with the main pathway of Wnt and Insulin signaling were also 

confirmed (Figure 10). 
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Figure 9. Pathway analysis results utilizing STRING database. (A) STRING analysis results 

for proteins associated with Wnt signaling, (B) STRING analysis results for proteins related to 

Insulin signaling, (C) STRING analysis results for proteins associated with Golgi-to-ER retrograde 

transport. 
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Figure 10. Pathway analysis results utilizing KEGG. (A) KEGG analysis results for proteins related 

to Wnt signaling, (B) KEGG analysis results for proteins associated with Insulin signaling. 
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4. DISCUSSION 

 

In our study, we assessed the therapeutic efficacy of bilirubin nanoparticle (BX-001N) for 

mitigating myocardial tissue damage and apoptosis in rat IRI models. BX-001N treatment markedly 

reduced myocardial infarction and apoptosis in a dose-dependent manner, underscoring its 

cardioprotective properties against IRI. This suggests BX-001N's capability to mitigate myocardial 

injury and apoptosis effectively. Our proteomics analysis elucidated potential mechanisms, revealing 

upregulation in Wnt and insulin signaling pathways and increased Golgi markers following BX-

001N treatment, which may underpin the cardioprotective effects observed. 

Bilirubin, an endogenous metabolic end-product of heme catabolism, has historically been viewed 

as a harmful substance.9 However, growing evidence reveals that bilirubin has potent antioxidant, 

anti-inflammatory, and immunomodulatory properties.10-12 Accumulating clinical data suggest that 

bilirubin may confer protective benefits against various conditions, including IRI, cardiovascular 

and metabolic diseases, and may even reduce all-cause mortality.23-25 Its beneficial roles extend into 

organ transplantation, positing bilirubin as a candidate with broad therapeutic implications.17,26 

Despite the promising therapeutic prospects of bilirubin, its clinical utility has been hampered by its 

insolubility and short half-life (< 5 minutes).19 Recent technological advances in nanoparticle 

development have effectively addressed these challenges, overcoming the inherent hydrophobicity 

and rapid clearance of bilirubin.19-21 Through encapsulating bilirubin within nanoparticles, its 

solubility is significantly enhanced and its systemic circulation time is extended, thereby augmenting 

its therapeutic utility. 

Reperfusion of ischemic tissues triggers a series of detrimental effects, predominantly oxidative 

and inflammatory responses, which exacerbate cellular and organ damage.5-7 Consequently, 

effective IRI management strategies necessitate interventions that can mitigate oxidative stress and 

attenuate inflammatory response. Given its recognized antioxidant and anti-inflammatory properties, 
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bilirubin emerges as a promising therapeutic agent for IRI management.18,21 Experimental studies 

have confirmed protective role of bilirubin against IRI in crucial organs such as the heart, liver, 

kidneys, and intestines.15,16,27,28 However, research on the use of bilirubin nanoparticles for IRI 

remains limited, particularly regarding the protective mechanisms of bilirubin nanoparticles against 

IRI.15,16 In the present study, we employed a proteomics-driven approach to elucidate the protective 

mechanisms of bilirubin nanoparticles in rat models of IRI. 

Over the past decade, the Biology/Disease-driven Human Proteome Project has made significant 

efforts for the Human Proteome Project HPP by focusing on understanding the roles of proteins in 

various biological states and diseases, facilitating the development of targeted therapies and 

advancing our knowledge in disease diagnostics and prognostics with human as well as model 

organism samples.29,30 However, the proteomic approaches for IRI and an effective treatment have 

reported very rare.31,32 Our proteomic analysis identified significant upregulation in the Wnt and 

insulin signaling pathways and increased Golgi markers, indicating their role in mediating bilirubin 

nanoparticle's protective effects. 

The enhancement of the Wnt signaling pathway, as identified in our study, plays a critical role in 

both heart development and recovery following IRI.33-35 The upregulation of this pathway may 

attenuate oxidative stress, partly by inhibiting oxidative enzymes like NADPH oxidase, which are 

activated during oxidative stress conditions.36 Furthermore, the Wnt pathway significantly 

contributes to dampening inflammatory responses, particularly through the suppression of nuclear 

factor kappa B (NF-κB), a key transcription factor involved in regulating inflammation and cell 

death.37,38 The dual function of the Wnt pathway in mitigating oxidative stress and inflammation 

offers a plausible explanation for the protective effects of bilirubin in myocardial IRI. 

As the Wnt signaling pathway encompasses various signaling branches, previous studies have 

demonstrated the multifaced roles of Wnt signaling in myocardial IRI (Table 3).39 When activated, 

Wnt/β-catenin promotes inflammation, extracellular matrix remodeling, angiogenesis, and 

fibrosis.40 Conversely, its inhibition during ischemia can lead to increased oxidative stress.41 
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Activation of the Wnt/planar cell polarity (PCP) pathway during ischemia promotes inflammation 

and cell hypertrophy, while during reperfusion, inhibition of Wnt/β-catenin signaling is associated 

with promoting apoptosis, inflammation, and cell hypertrophy.42,43 Activation of Wnt/PCP and 

Wnt/Ca2+ pathways during reperfusion further promotes apoptosis, inflammation, and 

angiogenesis.44,45  

Currently, several therapeutic strategies targeting the Wnt signaling pathway are being explored 

for the treatment of IRI.39,43 These strategies aim to modulate different branches of the Wnt signaling 

pathway to confer cardioprotection (Table 4). Our findings suggest that bilirubin nanoparticles may 

offer an additional therapeutic approach by modulating the Wnt signaling pathway, warranting 

further investigation in future studies. 

 

 

Table 3. Effect of Wnt signaling pathways during myocardial ischemia-reperfusion injury 

Phase Wnt signaling Activity Effect 

Ischemia Wnt/β-catenin Activated Promoting inflammation, extracellular matrix 

remodeling, angiogenesis, fibrosis 

Wnt/β-catenin Inhibited Promoting oxidative stress 

Wnt/PCP Activated Promoting inflammation, cell hypertrophy 

Reperfusion Wnt/β-catenin Inhibited Promoting apoptosis inflammation, cell 

hypertrophy 

Wnt/PCP Activated Promoting apoptosis, inflammation, 

angiogenesis 

Wnt/Ca2+ Activated Promoting apoptosis 

Abbreviation: PCP, planar cell polarity.  
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Table 4. Therapeutic strategies targeting Wnt signaling for the treatment of ischemia-reperfusion 

injury 

Target pathways Strategies  Effects 

Active Wnt/β-catenin 

pathway 

Exosomes isolated from 

adipose-derived Mesenchymal 

stem cells 

Up-regulate Wnt3a; Inhibiting 

apoptosis 

Down-regulated miR-148b Up-regulate Wnt1; Inhibiting 

apoptosis and oxidative damage 

Up-regulation of LncRNA 

AZIN1-AS1 

Inhibiting apoptosis 

A polypeptide of tuna stem 

protein 

Inhibiting apoptosis 

GSK3β inhibitor Inhibiting apoptosis and cell 

hypertrophy 

Inhibit Wnt/β-catenin 

pathway 

Dexamethasone Inhibit Wnt3a and Wnt5a; 

Inhibiting apoptosis 

Huoxin pill Inhibit NF-κB; Inhibiting 

inflammation 

Inhibit Wnt non-

canonical pathways 

Up-regulation of Sfrp5 Inhibit Wnt5a/JNK and Wnt/PCP; 

Inhibiting apoptosis and 

inflammation 

Abbreviation: GSK, glucogen synthase kinase; JNK, c-Jun N-terminal kinase; NF-κB, nuclear 

factor-κB; PCP, planar cell polarity; Sfrp5, secreted frizzled-related protein 5.  
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Our data show an upregulation of insulin signaling pathways, which might confer protection 

against myocardial IRI. This increase in insulin signaling could potentially mitigate oxidative stress, 

possibly through a reduction in reactive oxygen species production.46 Additionally, insulin signaling 

is also associated with the inhibition of NF-κB activation, thereby contributing to its anti-

inflammatory effects.47 Consequently, the enhanced insulin signaling observed following bilirubin 

nanoparticle treatment appears to provide myocardial protection through both its anti-oxidative and 

anti-inflammatory actions. 

Moreover, the increased expression of Golgi markers in our study points to bilirubin’s potential 

influence on myocardial IRI by modulating ER stress and enhancing Golgi function. The ER is 

crucial for protein synthesis, modification, and processing, playing a key role in maintaining cellular 

balance.48 However, ischemic-reperfusion injury disrupts ER function, leading to the accumulation 

or misfolding of proteins.49 While the exact molecular mechanisms of how bilirubin nanoprticle 

affects Golgi dynamics and ER stress modulation are not fully understood, our initial findings point 

to a complex interaction between bilirubin, ER stress, and Golgi function in the intricate scenario of 

myocardial IRI. 

While bilirubin's antioxidant and anti-inflammatory properties are well-documented, our study 

enhances this understanding by utilizing bilirubin nanoparticle to improve bilirubin's solubility and 

bioavailability, thereby overcoming its traditionally rapid clearance and poor solubility. Our findings 

indicate that the modulation of specific signaling pathways, notably Wnt and insulin, may represent 

the mechanisms through which bilirubin nanoparticles exert their protective effects against oxidative 

stress and inflammation, pivotal factors in the pathogenesis of IRI. These insights provide a 

foundational understanding of the potential mechanisms underpinning the cardioprotective role of 

bilirubin nanoparticles in myocardial IRI, highlighting the necessity for further detailed 

investigations. Future research should focus on elucidating the exact molecular interactions and 

pathways by which bilirubin nanoparticles confer cardioprotection. Additionally, studies employing 
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human models of IRI are essential to ascertain the translational value of these findings and to assess 

the clinical feasibility of bilirubin nanoparticles as a therapeutic strategy for IRI. 

 

 

5. CONCLUSION 

 

In conclusion, our study uncovers a multifaceted network of cellular responses to bilirubin 

nanoparticle treatment in myocardial IRI, including the upregulation of Wnt and insulin signaling 

pathways and the enhancement of Golgi functions. This presents promising avenues for future 

research in cardiac protection strategies, potentially offering novel therapeutic approaches for 

myocardial ischemia-reperfusion injury. 
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Abstract in Korean 

 

빌리루빈 나노파티클의 심장 허혈-재관류 손상 보호 효과 

 

 

 

 

심근경색은 관상동맥 혈류가 차단되는 허혈 시 발생하는데, 이 때 심장의 

비가역적 손상을 막기 위해서는 최대한 빨리 혈류가 통할 수 있도록 재관류 치료가 

필요하다. 그러나 역설적으로 재관류 치료를 시행하면 심장 조직에 추가적인 허혈-

재관류 손상이 발생한다. 허혈-재관류 손상은 허혈이 발생한 조직에 혈류가 복원될 

때 산화 스트레스와 염증 반응을 통해 조직 손상이 발생하는 현상으로 현재까지 

효과적인 치료법이 없다. 빌리루빈은 헴 (Heme) 대사 과정에서 발생하는 산물로 

체내에서 가장 강력한 항산화 및 항염증 효과를 갖는 물질이다. 이러한 항산화 및 

항염증 작용으로 미루어 심장의 허혈-재관류 손상에 대해 빌루리빈의 치료 효과를 

기대해 볼 수 있다. 본 연구는 백서 심근 허혈-재관류 손상 모델에서 빌리루빈 

나노파티클 치료 효과를 조사하였다. 또한 액체 크로마토그래피-질량 분석법을 

이용하여 단백체학 분석을 수행하여 빌리루빈 나노파티클 치료의 허혈-재관류 손상 

방어 메커니즘을 규명하고자 하였다. 빌리루빈 나노파티클 치료는 심근 허혈-재관류 

손상 모델에서 용량 의존적으로 심근 경색 면적 및 세포사멸을 유의하게 감소시켰다. 

단백체 프로파일링 결과, 총 3,616개의 단백질 그룹과 76,681개의 펩타이드를 

확인하였다. 이들 단백질에 대해 허혈-재관류 손상 및 빌리루빈 나노파티클 치료 시 

나타나는 패턴에 따라 클러스터링 분석을 수행하였다. 그 결과, 심근 허혈-재관류 

손상 모델에서 202개의 단백질이 감소하였으며, 빌리루빈 나노파티클 치료 후 

회복되었다. 반면에, 35개의 단백질은 허혈-재관류 손상 시 증가하였으나, 빌리루빈 
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나노파티클 치료 후에 감소했다. 경로 분석을 통해 이들 단백질 변화는 Wnt 신호 및 

인슐린 신호 경로의 강화와 골지체 마커의 증가와 연관된 것으로 나타났다. 이는 

빌리루빈 나노파티클이 심근 허혈-재관류 손상에 대항하여 보호 효과를 발휘하는 

메커니즘을 제시하였다. 향후 사람을 대상으로 하는 임상 모델에서의 추가 연구를 

통해 빌리루빈 나노파티클의 임상적 적용 가능성을 탐색할 필요가 있다. 
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