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1. Abstract 

Post-operative atrial fibrillation (POAF) is a common complication following cardiac and non-
cardiac thoracic surgeries, with significant associated risks, increased morbidity and mortality. 
This condition has been linked to mitochondrial dysfunctionality which can disrupt fatty acid 
oxidation, contributing to metabolic imbalances that predispose individuals to atrial fibrillation 
[1]. Despite measures such as β-blockers, which are used for lowering blood pressure and heart 
rate, POAF still occurs in  20-40% of cardiac surgical procedures and 10-20% of non-cardiac 
thoracic procedures [2]. Addressing this lack of efficacious treatment options, we explore a novel 
approach to preventing POAF by targeting peroxisome proliferator-activated receptors (PPARs), 
specifically PPARα and PPARδ. These receptors are crucial in fatty acid metabolism within the 
mitochondria, particularly in the β-oxidation of the long-chain fatty acid acetyl-coenzyme A in the 
mitochondrial matrix [1]. Our drug, Rythmiar, aims at reducing POAF occurrence by at least 
70%. 
Development begins with in silico screening, which uses computational methods to find 
promising compounds by integrating both structure- and ligand-based virtual screenings. 
Subsequent in vitro assays will be used to determine the specificity, toxicity, binding affinity and 
activation of fatty acid oxidation pathways.  In vivo validations in selected animal models, 
including rodents, Göttingen pigs and German Landrace pigs will provide information on 
pharmacokinetics, pharmacodynamics, and long-term effects, which are all crucial for assessing 
safety and efficacy. Finally, clinical trials will have the primary outcome of reducing POAF 
occurrence by 70% in patients over 40 undergoing coronary artery bypass graft surgery through 
pre- and post-operative continuous intravenous infusion of the drug. In the future, Rythmiar’s 
application could be extended to other surgery complications and conditions like acute kidney 
injury (AKI) and chronic atrial fibrillation (CAF), for which an oral formulation of the drug would 
be developed. This would further bolster the projections for the drug’s market potential and 
financial viability. 

2. Introduction 

2.1 POAF Occurrence and Underlying Mechanisms  

Post-operative atrial fibrillation (POAF) is a surgical complication that arises upon 20-40% of 
cardiac surgical procedures and 10-20% of non-cardiac thoracic procedures [2]. The occurrence 
of POAF is most often episodic, with a peak around 2 to 4 days postoperatively, and usually 
ends with a spontaneous return to a healthy sinus rhythm. In addition to extending hospital stays 
and thus increasing costs, POAF causes hemodynamic instability, increased risk of stroke, 
increased short-term and long-term morbidity and mortality, an eight-fold increase in the risk of 
subsequent atrial fibrillation (AF), and a higher rate of cardiovascular death [2].  
 
Due to the complexity of the underlying mechanisms and the interactions of predisposing 
factors, the causes of POAF remain unclear. However, cardiac ischemia, inflammation, 
sympathetic activation, obesity, age, hypertension, diabetes, dyslipidemia, tobacco use, and 
cardiac diseases have all been linked to higher rates of POAF [3]. Due to the difficulty of 
establishing causal links between the predisposing factors and the occurrence of POAF, current 
treatments mainly consist of prophylaxis and control. The best-established prevention is based 
on the prophylactic administration of different types of β-blockers to diminish myocardial oxygen 
requirements and overall ischemic events [4]. If POAF does occur, the usual treatment is rate 
control, rhythm control being reserved for patients who develop hemodynamic instability [3]. 

2.2 PPAR as a Target Treatment for Mitochondrial Dysfunction 

Research suggests that fatty acid oxidation (FAO)  in the mitochondria plays an important role 
in cardiac metabolism, since fatty acids (FAs) are the primary energy source of the myocardium, 
especially when confronted with the metabolic demands and oxygen fluctuations that 
accompany surgery and post-operative period [5], [6].  
Mitochondrial FAO involves the uptake and activation of FAs in the cytoplasm, their transport 
into the mitochondria, and subsequent β-oxidation in the mitochondrial matrix, leading to 

https://www.zotero.org/google-docs/?FzwyFm
https://www.zotero.org/google-docs/?ildRrt
https://www.zotero.org/google-docs/?QNJOM0
https://www.zotero.org/google-docs/?d9hGbQ
https://www.zotero.org/google-docs/?95OGxa
https://www.zotero.org/google-docs/?wVlgLg
https://www.zotero.org/google-docs/?9hfl6M
https://www.zotero.org/google-docs/?8WlP48
https://www.zotero.org/google-docs/?0384BD
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adenosine triphosphate (ATP) production via the Krebs cycle. The disruption in mitochondrial 
FAO typically occurs during the β-oxidation step in the mitochondrial matrix. In this phase, 
impaired oxidation of FAs can result in inadequate ATP production, affecting the energy balance 
within heart cells and potentially contributing to altered electrical and mechanical functioning in 
the heart, which is a key factor in the onset of AF [7]. 
Mitochondrial FAO is an inherently efficient pathway compared to glycolysis when oxygen levels 
are reduced such as during cardiac surgery. Maintaining it would thus provide continuous, 
adequate ATP production and ensure mitochondrial function in order to reduce stress that could 
generate cardiac arrhythmias [8]. Furthermore, a strong connection has been observed between 
FAO and anti-inflammatory effects, particularly through the modulation of macrophage activity. 
This anti-inflammatory response could be beneficial in preventing postoperative complications, 
including AF [9].  
For these reasons, we investigated peroxisome proliferator-activated receptors (PPARs), a 
family of nuclear receptor proteins that play a crucial role in regulating many processes including 
mitochondrial FA metabolism, occurring in the mitochondrial matrix. The three existing isoforms, 
PPARα, PPARδ and PPARγ function as transcription factors that control the expression of 
genes involved in FAO. Their activation could reduce POAF occurrence. We will mainly focus 
on PPARα and PPARδ since they are more specific to the heart than PPARγ [10].  

2.3 Drug Chosen to Control the Target 

As mentioned, the molecular targets of our drug Rythmiar will be PPARα and PPARδ. When 
bound to FA ligands, these nuclear receptors are translocated to the nucleus where they bind 
to the nuclear receptor response element (NRRE) with their partners and coactivators RXR and 
PGC1. The latter attract further molecules, forming a complex that promotes the transcription 
and RNA splicing of genes involved in FAO, specifically myocardial FAO for PPARδ, thus 
regulating the energy metabolism in cardiomyocytes [11], [12]. We aim at developing a molecule 
that binds and stabilizes PPARs’ complexes to stimulate this mechanism. 

2.4 Target Product Profile 

The intravenous route for our product is chosen for its rapid onset, precise dosing, and reliability, 
particularly beneficial in a hospital setting for close monitoring and immediate response. It's also 
suitable for patients with absorption issues or those unable to take oral medications [2]. 
Additionally, continuous infusion before and after surgery ensures steady medication delivery 
and optimal drug levels during critical periods [13]. The expansion to acute kidney injury (AKI) 
and chronic atrial fibrillation (CAF) is possible because both these diseases are linked to PPARα 
and PPARδ agonist mediated mitochondrial FAO [14], [15] (See Table 2.1 for a description of 
the target product profile). 
 

Parameter Essential Profile Extended Profile  

Indications Post-operative, acute phase AF Expansion to AKI and CAF 

Patient Population Patients 40+ years old, undergoing coronary 
artery graft bypass surgery 

Expansion to other cardiac surgeries 
and all surgeries involving 
extracorporeal circulation and AKI, 
CAF 

Therapeutic modality Nuclear Receptor Ligand 

Efficacy ≥ 70% decrease in occurrence of AF within 7 
days post-surgery. (Compared to the 
occurrence of AF post-surgery without medical 
intervention) 

TBD 

Safety ≤ 20% incidence of adverse side effects such as dizziness, tiredness, abdominal 
discomfort, epigastric pain, nausea, and vomiting and no serious adverse side effects 
(i.e., death) 

https://www.zotero.org/google-docs/?XlKLQT
https://www.zotero.org/google-docs/?fsaDGI
https://www.zotero.org/google-docs/?qbyNya
https://www.zotero.org/google-docs/?SzUbZE
https://www.zotero.org/google-docs/?p1Yym1
https://www.zotero.org/google-docs/?QDy1QB
https://www.zotero.org/google-docs/?hSkGgY
https://www.zotero.org/google-docs/?6z4JCB
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Dosing and 
Administration 

Continuous infusion pre- and post-operatively. 
Start of treatment: one day pre-operatively 
Duration of treatment: six days post-surgery 
(subject to adjustments from pre-clinical trial 
results in animal models) 

Oral, once-daily administration 

Mechanism of Action Activation of PPARα and δ nuclear receptors resulting in increased mitochondrial FA 
metabolism in the heart  

Table 2.1: Target product profile for Rythmiar. Abbreviations:  AF = Atrial Fibrillation; AKI = acute kidney injury;  
CAF = chronic atrial fibrillation; TBD = to be defined 

2.5. Drug Development Process Overview 

An overview of the drug development process can be seen in Figures 2.1 and 2.2.  

Figure 2.1: Overview of drug development.  
Abbreviations: IV = Intravenous; PPAR-𝞪 (𝛅) = peroxisome proliferator-activated receptor-alpha (delta); (#) = Number 
of compounds assessed in the corresponding step; LEA3D = Computer-Aided Ligand Design and screening software; 
PLANTS = Protein-Ligand ANTSystem;  ADME(T) = absorption distribution metabolism excretion (Toxicity); SPA = 
Scintillation Proximity Assay; LDH = Lactate Dehydrogenase; HPAC = High-Performance Affinity Chromatography; 
PAMPA = Parallel Artificial Membrane Permeability Assay; FA = Fatty Acid; ITC = Isothermal Titration Calorimetry; 
AF = Atrial Fibrillation; ATP = Atrial Tachypacing; ECG = Electrocardiogram. 
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Figure 2.2: Flow chart of drug development.  
Abbreviations:  PPAR-𝞪 (𝛅) = peroxisome proliferator-activated receptor-alpha (delta); PDB = Protein Data Bank; 
LEA3D = Computer-Aided Ligand Design and screening software; ADME(T) = absorption distribution metabolism 
excretion (Toxicity); FA = Fatty Acid; KD = Dissociation rate; BBB = Blood Brain Barrier; AF = Atrial Fibrillation; ECG 
= Electrocardiogram; ROS= Reactive Oxygen Species.  
 

3. In Silico Screening 

Over the last few years, computational (in silico) methods have gained importance and have 
been used for pharmacological structure predictions and testing in drug discovery. Computer 
aided drug discovery (CADD) methods are often utilized in conjunction with in vitro data, serving 
a dual purpose of building and assessing predictive models. These models identify new 
molecules that exhibit a specific binding affinity towards a particular target [16]. The initial step 
for CADD is screening available molecular databases. This involves two approaches: structure-
based virtual screening (SBVS) which uses a target protein structure to predict its binding to 
ligands, and ligand-based virtual screening (LBVS) which uses a reference ligand to predict 
structurally similar compounds to the reference [17].  
To generate a library of potential compounds that can bind and activate PPARα and PPARδ, 
we combined both approaches by first applying LBVS to enrich our database of candidate 

https://www.zotero.org/google-docs/?jomLdM
https://www.zotero.org/google-docs/?KSXgt3
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ligands and then testing these candidates’ binding likelihood to our targets through SBVS. Our 
main goal is to narrow down the candidate compounds, which are going to be further tested and 
validated in vitro, to save time, money and materials. In addition, we aim to investigate whether 
there are any dual agonist ligands that bind to both PPARα and PPARδ to make the ligands 
potentially more suitable for broader applications of our drug.  

3.1 PPAR Structures 

For SBVS, to identify the available PPARα and PPARδ molecular structures, we used the 
UNIPROT Knowledgebase [18], a database of functional information on proteins. From there, 
we found the experimental structures that are deposited in Protein Data Bank (PDB) [19], a 
database for 3D structures of large biomolecules. Among the structures that were characterized 
with different experimental methods, we chose 1K7L (PPARα) [20] and 3TKM (PPARδ) [21] 
because of their large protein sequence coverage and high resolution. However, all structures 
that we found contained a ligand bound to the protein (GW409544 for PPARα and GW0742 for 
PPARδ), introducing a conformational change. We therefore also used AlphaFold [22], [23] for 
structures predicted with artificial intelligence. 
 
To predict the potential binding sites of the target structures, we used an online tool (COACH) 
based on structural and sequence alignments [24], [25]. Thus, information such as consensus 
binding residues (several residues creating a binding pocket), center coordinates of the binding 
pocket and C-score (confidence score of the prediction) are generated for potential binding sites. 
An example output that COACH generates can be seen for PPARα in Figure 3.1 where the 
predictions are ranked according to the C-score. We used the binding site prediction with the 
highest C-score for each of the structures (PDB and AlphaFold) for the docking simulations. 
Other binding site predictions will also be tested in the future. 

Figure 3.1: Top 3 binding site predictions of PPARα PDB structure (1K7L) in COACH. 

 
To observe the conformational differences between PDB and AlphaFold structures, we 
performed structural alignment and observed a root mean square deviation of 0.540 for PPARα 
and 0.491 for PPARδ. These low values demonstrate that there were only slight differences 
between the PDB and AlphaFold structures as shown in Figure 3.2 for PPARα. In their inactive 

conformations, PPARs include the helix 12 (Activation Function-
2) structure folding over the binding pocket. When an agonist 
ligand binds to it, helix 12 locates itself in an open conformation 
so that coactivator proteins can bind to PPAR to promote 
transcription [26], [27].  
In Figure 3.2, helix 12 adapts a similar conformation for PDB 
and AlphaFold structures showing that they are both in active 
conformations. PPARδ, which is not shown here, also 
demonstrates a similar conformation and alignment in helix 12 
for both PDB and AlphaFold structures. 
 

3.2 Ligands Library Design 

After exploring the structures of PPARα and PPARδ, we proceeded to identify candidate ligands 
through LBVS and establish a molecular library. Our small molecules will be agonists as they 
bind and activate either one of the PPAR types or both at once. 
 

Figure 3.2: Structural alignment of PPARα PDB structure in active conformation (in green) and AlphaFold structure (in 

blue) created using PyMOL [28]. Helix 12 of the PDB structure is shown in red.  

 

 

 

 

https://www.zotero.org/google-docs/?ORKFYQ
https://www.zotero.org/google-docs/?FwKMXF
https://www.zotero.org/google-docs/?rYw8hJ
https://www.zotero.org/google-docs/?fH82Pr
https://www.zotero.org/google-docs/?et2Jpu
https://www.zotero.org/google-docs/?Ht0kZG
https://www.zotero.org/google-docs/?o0A4da
https://www.zotero.org/google-docs/?HVwQKF
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First, by literature search [11], we identified known natural and synthetic agonist ligands. Natural 
ligands (Supplementary Table S1) consist mainly of Omega-3 polyunsaturated FAs. Being 
known to bind their receptors with high affinity (nanomolar scale) and activate them [29], the aim 
of considering these natural compounds in the future will be to validate the structure of the 

designed new ligands. On the other hand, synthetic ligands such as fibrates, GW501516 and 
Elafibranor, which is a dual agonist for PPARα and PPARδ, were used to collect multiple 
reference structures (Supplementary Tables S2 and S3) from the PDB database [19]. These 
reference molecules were then used to determine de novo ligands.   
 
For our product, we used the online LEA3D server to come up with de novo ligands using a 
similarity percentage score [30]. LEA3D is a computer-aided drug design web server that 
depends on fragment molecules. It has a fast and comprehensive system that combines 
different tools for SBVS and LBVS. One tool it offers for LBVS is the de novo drug design which 
facilitates the creation of new compounds by optimizing a user-specified scoring function [31]. 
The newly generated molecules are created through modifications on reference molecules by 
mutation (suppression, addition, replacement or permutation of a fragment) or crossover 
(recombination of pre-existing fragments) operators [32]. Each submission runs for a maximum 
of 50 generations, with the top candidate (best score in percentage) of each generation 
represented as an output [31].  
 
Two methods were used to generate candidate compound libraries through de novo drug 
design: one with and one without specific constraints which incorporate some molecular 
properties to refine the libraries.  

3.2.1 Method without Constraints  

Through SenSaaS (SENsitive Surface as a Shape), a tool within LEA3D, we estimated 
molecular shape similarity to uploaded reference molecules using flexible molecule alignment. 
In this process, each run evaluated 2040 new molecules across several generations (up to a 
maximum of 50), and the best molecule from each generation was presented as a result. The 
purpose of considering a method without constraints was to have a large number of potential 
new ligands that will be optimized in the future by making them more drug-like thus having 
favorable ADME (absorption, distribution, metabolism and excretion) characteristics.  

3.2.2 Method with Constraints 

Using LEA3D we also added constraints by using specific ranges for several molecular 
properties along with a weight equal to one in the final score for most of these properties 
(Supplementary Table S4). Having these ranges allowed us to ensure that the new ligands 
possess drug-like properties. Moreover, the equal weighting of the final score ensured that all 
the molecular features had the same level of influence on the results. We mainly based our 
choice on Lipinski's rule of five and other relevant properties for our drug. In fact, this rule of five 
is often involved in drug discovery by suggesting properties based on empirical observations 
[33]. The assessment of whether a molecule potentially has the chemical and physical properties 
to be orally bioavailable was based on four specific properties: no more than five hydrogen bond 
donors, no more than 10 hydrogen bond acceptors, molecular mass less than 500 Da, and a 
partition coefficient (MolLogP) not greater than five. According to Lipinski's rule, an orally active 
drug can have no more than one violation of these conditions [33]. Having the goal in mind to 
expand our drug from IV to oral administration, those factors were relevant for the development 
of our product. Furthermore, when constraints are used, LEA3D has the option of conducting de 
novo drug design both with and without reference structures and both options were explored. 
Since this method uses restrictions to generate new ligands, the resulting number of candidates 
was smaller compared to the method without constraints.  
 
Overall, using the methods described in Section 3.2.1 and 3.2.2, a library of candidate 
compounds was generated for each type of synthetic ligand. The total number of these 
compounds was 1118.  

https://www.zotero.org/google-docs/?ZWU3Ip
https://www.zotero.org/google-docs/?efcEAn
https://www.zotero.org/google-docs/?NBRGJR
https://www.zotero.org/google-docs/?xQWbGc
https://www.zotero.org/google-docs/?7cJHsS
https://www.zotero.org/google-docs/?RFx5v9
https://www.zotero.org/google-docs/?es0AGc
https://www.zotero.org/google-docs/?oYbZC9
https://www.zotero.org/google-docs/?IHM1N6
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3.3 Docking 

To screen the compound libraries that were generated in Section 3.2 and test their binding 
abilities with our targets (PPARα and PPARδ), we performed molecular docking. Apart from its 
de novo drug design tool, LEA3D also performs docking using PLANTS (Protein-Ligand ANT 
System) [34]. PLANTS uses an algorithm that treats the ligand as flexible whereas keeping the 
protein partially flexible on its side chains to optimize a minimum energy conformation.  
  
Since PLANTS does not change the backbone conformation of the proteins, it may not be able 
to optimize the inactive conformation of the target. Therefore, using the active conformation of 
PPAR as an input in docking is more promising for testing the binding capabilities of ligands. 
For this reason, we decided to use only the PDB structures as they represent the active 
conformation more accurately than the AlphaFold predictions. 
 
As input parameters for docking, we used the center coordinates of the binding pocket predicted 
by COACH and a default binding site radius of 10Å, which was observed to cover all the binding 
residues in PyMOL [28]. We performed docking for each compound type separately and 
evaluated them based on their docking scores. The docking score is provided by PLANTS and 
it assesses the steric complementarity of the protein-ligand complex [34]. We selected a docking 
score of 70% as a threshold and selected the ligands that have a higher score as candidates. 
As a result, we ended up with 62 ligands for PPARα and 70 ligands for PPARδ. Among these 
ligands, 45 ligands reached the threshold for both PPARs and therefore represent the dual-
agonist ligands that will further be evaluated with the in vitro screening and testing. 
Consequently, the library of candidate compounds shrinks from 1118 to a total of 45 dual-agonist 
ligands.  
The best candidates of each compound type for PPARα are shown in Table 3.1, where they are 
classified depending on the usage of constraints. Similar score rankings and classifications were 
also conducted for PPARδ. The simulations performed in Section 3.2.2 without any reference 
structure were not included as their scores were below 70%. In addition, the dual agonist ligands 
with the highest scores are shown in Supplementary Table S5. To be able to examine the 
binding of the best dual agonist ligand, its protein-depicted in Figure 3.3 where similar binding 
pockets can be observed for PPARα and PPARδ.  

Table 3.1: Ligands with the highest docking scores with PPARα for each synthetic compound type  
 
 
 
 
 
 
 
Figure 3.3: Binding of the best dual agonist ligand (with 
constraints) for PPARα (in orange) and PPARδ (in 
yellow). The dashed lines represent the binding site 
sphere and the ligand, which adapts different 
conformations for both, is shown at the center of them 
(in cyan for PPARα and in magenta for PPARδ). 

https://www.zotero.org/google-docs/?vkuw1d
https://www.zotero.org/google-docs/?CL4xaG
https://www.zotero.org/google-docs/?KOy8KP
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3.4 Future Developments  

Same screening steps will be repeated with thousands of compounds in the future, as have 
been described with the first 1118 of them in this report. This way, a higher docking score 
threshold for selection will be used. Then, once the library of candidate compounds is narrowed 
down with docking, lead optimization will be performed on the selected chemical structures using 
pharmacophore modeling tools such as Phase to make them gain drug-like properties [35], [36]. 
Additionally, we can also use the Drug Sniffer tool [37] which performs all the steps from de 
novo ligand design to molecular docking as well as ADMET (Absorption, Distribution, 
Metabolism, Excretion and Toxicity) prediction [38]. For ADMET prediction, it uses several 
molecular fingerprint-based predictive models that evaluate multiple properties such as HERG 
cardiotoxicity, toxic myopathy, and mitochondrial toxicity [39]. These properties are particularly 
interesting since they will guide the toxicity tests that will be performed in vitro. Furthermore, as 
the docking simulations (LEA3D and Drug Sniffer) do not consider the backbone flexibility of the 
protein, we will conduct molecular dynamics simulations using CHARMM-GUI [40] to simulate 
the conformational flexibility of the protein-ligand complex and dynamically observe their 
binding. Finally, both PPARα and PPARδ can be associated with different mutations that might 
cause conformational changes [37], [38]. Therefore, the common mutations will be identified 
from the literature and checked to determine if they correspond to the binding sites and affect 
the binding of the candidate ligands.  

4. In Vitro Screening and Assays 

4.1 In Vitro Screening  

After the virtual screening, a set of 45 potential candidates will undergo in vitro screening in 
order to ensure a specific interaction of our drug with our targets PPARα and PPARδ and 
validate the results from the in silico screenings.  

4.1.1 Screen for the interaction between PPAR and our Candidate Drugs  

In order to further select molecules that bind with high affinity to PPARs, high-performance 
affinity chromatography (HPAC) will be used [41]. HPAC is useful in early drug discovery as it 
gives information about the amount of binding (%) after a single injection [41]. The percentage 
of binding of the molecule is obtained from its retention factor k at equilibrium: 

 % 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 =  
𝑘

𝑘+1
 [42].  

This procedure requires only a small amount of protein, and at the same time enables a large 
number of experiments, since the same protein preparation can be reused multiple times [41]. 
It relies on the immobilization of PPARs on a support. It is of utmost importance to not disturb 
their natural conformation when binding to the column, and to leave the binding site accessible 
to the drug. To ensure a proper immobilization, methods such as biotin-(strept)avidin interaction 
can be used. By genetic engineering, PPARs can be fused to biotin [43] at their N-terminal, as 
it interferes less with the 3D structure [11]. Then, the biotinylated protein can be immobilized on 
avidin, streptavidin or monomeric avidin supports [43]. A solution containing the molecules of 
interest is injected into the column and the drugs targeting PPARs with high affinity elute later 
than the ones with lower or no affinity [41]. We will also test whether the drug candidates could 
bind to the common mutations of PPAR as mentioned in the in silico section. A candidate is kept 
if it has a binding of at least 90%. 

4.1.2 Specificity Screen 

The specificity of our candidate drugs can be investigated using a technique called ligand-
binding assay (LBA), enabling us to determine possible off-targets. Different proteins are tested 
for their interaction with our candidate drugs, including proteins conformationally similar to 
PPARs and proteins targeted by FDA approved drugs: proteins that circulate in the blood (such 
as thrombin, Xa factor), and some proteins that reside in the cardiomyocytes (beta 
adrenoceptors, potassium channels). This ligand-binding assay is implemented in a 96-well 
plate, with each well corresponding to a protein-ligand combination. The interaction can be 
measured by scintillation proximity assay (SPA), a labeling strategy not disrupting the affinity of 
the binding [44]. The protein is immobilized on a solid surface, and the ligand is labeled with a 

https://www.zotero.org/google-docs/?2nVklX
https://www.zotero.org/google-docs/?Rx31p4
https://www.zotero.org/google-docs/?aStP72
https://www.zotero.org/google-docs/?oIMY22
https://www.zotero.org/google-docs/?JnH0gt
https://www.zotero.org/google-docs/?V07yqU
https://www.zotero.org/google-docs/?lbosCD
https://www.zotero.org/google-docs/?INPLYk
https://www.zotero.org/google-docs/?yRmeNj
https://www.zotero.org/google-docs/?IA7HSC
https://www.zotero.org/google-docs/?9qRucT
https://www.zotero.org/google-docs/?nA48Sm
https://www.zotero.org/google-docs/?6UeOd3
https://www.zotero.org/google-docs/?DFh1Ro
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radioactive isotope, 125I [44]. Light is emitted as a result of energy transfer from the radioactive 
decay of the ligand to the bead (scintillant) attached to the protein, when they are in close 
proximity [44]. The principle of this technique can be seen in Figure 4.1. We will quantify the 
emitted light by measuring the absorbance at a certain wavelength of the solution. The negative 
control is established by measuring the absorbance without adding any ligand and the positive 

control is done by adding a 
ligand for which we know that it 
binds with high affinity to the 
protein of interest (for example, 
common drugs that bind to the 
protein). We keep a drug 
candidate if it has less than 5% 
of binding to the tested proteins.  

 

4.2 Toxicity Assays 

After the specificity screen, we are left with an estimate of 20 potential drugs, which will pass 
through the toxicity assays. 

4.2.1 Cytotoxicity  

A molecule is defined as cytotoxic if it significantly interferes 
with cell morphology and physiology, causing cell death. 
Each tested compound will be added separately into a cell 
culture and incubated for a few hours. Then, the presence 
of dead cells that have lost their membrane integrity will be 
assessed by measuring released lactate dehydrogenase 
(LDH) activity [45] by a fluorogenic LDH-release assay [46] 
explained in Figure 4.2. An excess amount of lactate, 
NAD+, and resazurin is added into the cell mixture allowing 
the extracellular LDH to convert NAD+ into NADH, a very 
powerful reducing agent that converts resazurin into a 
fluorogenic product (resorufin) in the presence of the 
diaphorase enzyme. Finally, the amount of resorufin, 
proportional to the released LDH quantity, can be 
measured using a plate reading fluorometer. All the compounds causing more than 10% of 
cellular death will be discarded. The selection of this strict threshold is dictated by the nature of 
our drug that will interfere with cardiomyocytes which are essential for the tissue homeostasis.  
 
A micronucleus test [47] will also be performed, as micronuclei are biomarkers of potential 
genotoxic effects generated from mitosis malfunctioning upon exposure with the tested 
molecule. This assay consists of determining the micronucleus formation frequency in a treated 
cell culture. A candidate drug showing micronucleus formation in more than 30% of cell divisions 
will not be selected to undergo further secondary assays.  
Toxicity testing will be performed on multiple cell types, listed in Table 4.1. Knowing that our 
drug will be metabolized by the liver, these tests will be repeated on hepatocytes. Keratinocytes 
will also be tested as our drug could have skin contact with the patient or doctors during the IV 
injection procedure. Other cell types could be further tested depending on the in vivo distribution 
results. 

Cell type Cell line Application 

Cardiomyocyte AC16 Human 
Cardiomyocyte[48] 

Study cardiac function and gene expression during normal and 
pathological conditions  

Keratinocyte HaCaT High capacity to differentiate and proliferate 

Hepatocyte HepaRG [49]  Increased metabolic activity to give more predictive value for toxicity 
assays 

Table 4.1: The different cell types and cell lines that would be used in the cytotoxicity screen. 

Figure 4.2: Schema of the fluorogenic 

LDH-release assay. From Cytotoxicity 

Assays: In Vitro Methods to Measure 

Dead Cells [46]. 

Figure 4.1: Scintillation proximity assay (SPA) principle. 

 

 

 

https://www.zotero.org/google-docs/?9yRuRY
https://www.zotero.org/google-docs/?Z7iWn0
https://www.zotero.org/google-docs/?dQRxPQ
https://www.zotero.org/google-docs/?ynnIsS
https://www.zotero.org/google-docs/?NsYnTS
https://www.zotero.org/google-docs/?yeLy2D
https://www.zotero.org/google-docs/?ZFWmLJ
https://www.zotero.org/google-docs/?qoqsC7


 
11 

4.2.2 Genotoxicity  

Potential mutagenic properties of the candidate molecules will be determined by the Ames test 
[50], which uses mutated strains of Salmonella bacteria. These strains carry mutations in the 

genes involved in the histidine synthesis, 
preventing them from producing it. The test 
quantifies the capability of a given compound 
to induce mutations by exposing these 
strains to the compound and growing them 
on a histidine free-medium (See Figure 4.3). 
By counting the number of viable colonies 
that have regained the capability of 
synthesizing histidine, the mutagenic 
properties are quantified. The compounds 
presenting more than 10% growing colonies 
would not be further used since they are 
characterized as highly mutagenic. 

Figure 4.3: Schema of the Ames test [51]. 

4.2.3 Cardiotoxicity Tests 

The introduction of synthetic substances in the heart can lead to cardiomyocyte dysfunction and 
damage. Knowing that the final drug will essentially target the heart, cardiotoxicity outcomes will 
be extensively tested in order to minimize potential heart issues caused by the drug injection. 
The in vitro cardiotoxicity will be evaluated on the AC16 Human Cardiomyocyte cell line.  
 
Contractile Activity: After exposing the cardiomyocytes to a compound, the contractile activity 
can be microscopically determined and analyzed in order to compare their physiology before 
and after drug exposure. Since the contractile activity of cardiomyocytes is temperature 
dependent, the temperature of the microscope stage will be controlled. Each compound should 
not affect the contractile activity to any extent [48]. 
 
Intracellular Reactive Oxygen Species Production Assay: Nitroblue tetrazolium (NBT), an 
oxidative marker, is added to a cardiomyocyte culture previously exposed to the tested 
compound. NBT is oxidized by the reactive oxygen species (ROS), produced by the 
cardiomyocytes in the mitochondria, producing NBT-formazan which has a specific absorbance 
at 550nm. The concentration of the oxidized form of NBT can be measured 
spectrophotometrically and the ratio between NBT-formazan and initial NBT load will show the 
concentration of ROS produced by the tested cardiomyocytes. Tested molecules leading to 
higher ratios than in normal condition would not be selected because they increase ROS 
production in mitochondria, thus promoting AF [52].   

4.2.4 Testing Drug Interference to Common AF Drugs 

As drugs interfere with the metabolism of cells, it is of great importance to test whether our 
candidate drugs could potentially interfere with common approved drugs that could be taken in 
combination with ours and ensure the absence of negative effects. A cell-based approach will 
be implemented where our candidate drugs can be administered to cultures of cardiomyocytes, 
in addition to a panel of common AF drugs. This includes, among others, β-blockers 
(administered to control heart rate, like Betapace AF). Certain patients also receive anti-
coagulation drugs that will be included in our assay (heparin, enoxaparin or dalteparin in 
combination with Coumadin or Aspirin (or both) in the acute conversion to sinus rhythm) [53]. 
Then, the different combinations of drugs are assessed for cytotoxicity, cardiotoxicity and 
genotoxicity of the in vitro assays as presented above in this section, and a candidate is kept if 
it passes their corresponding thresholds.  

4.3 Primary Assays  

The remaining candidates, expected around 15, will undergo a series of in vitro assays to select 
only the molecules with relevant physical properties. Although these important physical 

https://www.zotero.org/google-docs/?H0hiVI
https://www.zotero.org/google-docs/?XcvMLF
https://www.zotero.org/google-docs/?LCjknr
https://www.zotero.org/google-docs/?FRYr0n
https://www.zotero.org/google-docs/?pnFW6D
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properties have already been simulated during the virtual screening, the suggested in vitro 
assays will act as validation. 

4.3.1 Solubility Screen 

Considering that the final drug will be delivered by IV injection, solubility will play an important 
role and only highly soluble molecules will be selected for further and more in-depth screens. 
The shake-flask protocol [54] will be used. The compound of interest is dissolved in DMSO and 
linear serial dilutions are performed in an aqueous buffer until precipitate formation. Thanks to 
a membrane, the precipitates are filtered out and the fraction still in solution can be determined 
by UV or LC-MS (Liquid chromatography–mass spectrometry) using calibration curves. Only 
candidates with an aqueous solubility >100μg/mL will be kept in order to reduce the potential 
solubility-related issues that might be encountered during drug development. This test will be 
performed for different pH values in a range close to the human body’s one in order to mimic as 
closely as possible the IV delivery condition.  

4.3.2 Lipophilicity Screen 

Since our drug targets a gene activator, it needs to easily bypass the nuclear membrane, 
meaning it should be sufficiently lipophilic to readily pass through the cell membranes but not 
so lipophilic to get stuck. One common way to determine the molecule lipophilicity consists of 
mixing a given compound quantity into a medium composed of an aqueous phase buffered with 
phosphate at pH 7.4 and an organic solvent. Then, the compound concentration in each phase 
is determined by UV spectrophotometry and, based on the shake-flask procedure [55], the ratio 
between the compound concentration in the organic phase and its concentration in the water 
phase provides a measure of lipophilicity. Only compounds with a ratio between 2 and 3 would 
be kept in order to remove highly and poorly lipophilic molecules.  

4.3.3 Permeability Screen  

The parallel artificial membrane permeability assay (PAMPA) [56] will be performed on a 96-
wells plate setup to analyze simultaneously the purely passive diffusion of all the different 
compounds through an artificial cell membrane. Then, with LC-MS/MS, the molecules on both 
sides of the membrane are quantified to determine the molecule’s permeability. Only 
compounds capable of bypassing the membrane for more than 70% of the initial amount will be 
selected. Several different types of artificial cell membranes are available, made from organic 
to inorganic material. Here we will use a polymeric organic synthetic membrane to mimic as 
closely as possible human cell membranes [57].  

4.4 Secondary Assays 

After the primary assays, we predict to have 8 compounds left that will undergo the secondary 
assays.  

4.4.1 Verification of the Fatty Acid Oxidation Pathway Activation 

The main purpose of our drug is to stimulate the FAO pathway in cardiomyocytes. We will verify 
the pathway activation with a succinate dehydrogenase MTT assay. The enzymatic reduction of 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to MTT-formazan is 
catalyzed by mitochondrial succinate dehydrogenase, and is therefore dependent on the 
mitochondrial respiration, which mainly derives from the mitochondrial β-oxidation fatty acid 
pathway [52]. Hence, by measuring the concentration of MTT-formazan, it is possible to 
determine the level of activity of the pathway. MTT-formazan concentration is quantified thanks 
to a colorimetric reaction, from which the absorbance is measured at 570 nm.  

A candidate is kept if the ratio 
[𝑀𝑇𝑇−𝑓𝑜𝑟𝑚𝑎𝑧𝑎𝑛],𝑤𝑖𝑡ℎ 𝑑𝑟𝑢𝑔

[𝑀𝑇𝑇−𝑓𝑜𝑟𝑚𝑎𝑧𝑎𝑛],𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑑𝑟𝑢𝑔
> 1. 

4.4.2 Specific Characterization of the Binding between our Drugs and PPAR 

To characterize binding mechanisms after assessing binding affinity with primary screening, we 
will perform isothermal titration calorimetry (ITC), with the advantage that the step of protein 
immobilization on a surface is absent. This method measures the heat uptake or release upon 
complex formation [37] and consists in the successive addition of a drug to a solution of protein 

https://www.zotero.org/google-docs/?EDeG4A
https://www.zotero.org/google-docs/?g7BMuc
https://www.zotero.org/google-docs/?TTLdC3
https://www.zotero.org/google-docs/?bNJCaS
https://www.zotero.org/google-docs/?pJWXO5
https://www.zotero.org/google-docs/?kfgoOI
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contained in a reaction cell [41]. The formation of ligand-protein complex leads to heat release, 
which is monitored, and allows to determine the different pharmacokinetics. We keep the 
candidates with the lowest 𝐾𝐷 . 

5. In Vivo Validation 

After narrowing down potential compounds through in silico and in vitro screening, the remaining 
~6 candidates will undergo in vivo validation. This step is crucial for assessing efficacy and 
evaluating risks and potential off-target effects of our drug in living models. It will additionally 
allow the determination of optimal doses for upcoming clinical trials in humans, based on 
pharmacokinetics (PK) and pharmacodynamics (PD). 
Only 1 compound and a potential backup compound meeting stringent criteria for efficacy and 
safety will be selected for clinical trials. Doses and potential off-target effects considered as 
acceptable will be assessed and tightly monitored for these candidates during clinical trials. 

5.1 Animal Selection 

Several animal models exist to study AF, including rodents (mice and rats), Göttingen mini pigs, 
pigs, dogs, sheep and chimpanzees [58]. 
 
To select the most pertinent species for each assessment, we first compared PPARα and 
PPARδ expression profiles in potential animal models to those in humans. Using NCBI and 
Bgee databases (See Table S6) as well as studies on PPARs using Göttingen mini pigs, we 
were able to see that both isoforms of PPARs are expressed in the heart, liver, muscle, brain 
and kidney of all species [59]–[61]. All of them are thus suitable for our study in vivo and 
translation to humans. 
Moreover, the preferred routes of administration of our compounds for in vivo studies are oral 
administration and IV injection as they will be the ones used in humans. They are both available 
for the mentioned species [62].   
 
Selected animal models for PK and PD investigations include Göttingen minipigs because of 
their close resemblance to humans in heart size, physiology, and cardiovascular system 
characteristics as well as their predisposition to arrhythmia [63], [64]. Their ease of handling in 
a laboratory setting and their less restrictive ethical concerns compared to larger animal models 
also make them a preferred choice for our study [65]. However, since parts of these 
assessments as well as toxicity studies require sacrificing several animals, we will also use mice 
that are more available and cost-effective while still being representative of human physiology 
[66]. Finally, the efficacy of our compounds will be evaluated both acutely and chronically on 
German Landrace pigs allowing the use of procedures for larger models such as catheterization 
and intrathoracic surgery while providing the required information for our study thanks to their 
cardiac similarities to humans [67], [58]. Despite the absence of spontaneous AF in pigs, they 
remain suitable for the study thanks to an artificial induction method of rapid atrial heart rates 
that will be further described called Atrial Tachypacing (ATP) (See Section 5.4) [58].  
To be able to perform in vivo validation with mice, Göttingen pigs and German Landrace pigs 
as wanted, Institutional Animal Care and Use Committee (IACUC) approval will be needed. In 
order to get approval, a detailed research protocol outlining study objectives, methods, and 
ethical considerations according to local and international regulations will be submitted [68], [69]. 
Established protocols and guidelines for working with these animal models will be followed to 
ensure compliance with regulations.  
In summary, the workflow will be as indicated in Figure 5.1. 

https://www.zotero.org/google-docs/?2N3aCI
https://www.zotero.org/google-docs/?4IvYQ5
https://www.zotero.org/google-docs/?43q51I
https://www.zotero.org/google-docs/?yO317N
https://www.zotero.org/google-docs/?P5ZZNi
https://www.zotero.org/google-docs/?ORxG8w
https://www.zotero.org/google-docs/?O0P3Oi
https://www.zotero.org/google-docs/?8eNnmG
https://www.zotero.org/google-docs/?gHA4Qa
https://www.zotero.org/google-docs/?dZvOmy
https://www.zotero.org/google-docs/?aLmhRn
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Figure 5.1: In vivo validation workflow. Abbreviations: IV = intravenous; MetID = metabolite identification; AF = atrial 
fibrillation; ATP = atrial tachypacing; ECG = electrocardiogram; PK = pharmacokinetics; PD = pharmacodynamics 

5.2 Pharmacokinetics (PK) 

5.2.1 Absorption 

Absorption is the process through which the drug is delivered from its administration form to the 
systemic circulation. Based on a study on Göttingen minipigs on the absorption of paracetamol 
[70], we will similarly perform an analysis of absorption with both oral dosing and IV 
administration. We will take the difference in absorption mechanisms between both routes into 
account. Ultimately, we will reconstruct the curve of the drug plasma concentration by collecting 
blood samples at several time points after administration (t = 30 min, 1h, 2h, 8h, 24h post-
injection) and analyze them by LC-MS/MS. From this plot, we will extract relevant features, such 
as the area under the curve (AUC), the plasma concentration (Cmax), the time to reach Cmax (tmax), 
the half-life (t1/2), the clearance (CL) and the bioavailability [63].  

5.2.2 Distribution 

Distribution reflects how the drug gets spread throughout the body and will be tested by stable 
isotope labeling [71]. 
The pre-selected compounds will be tagged with the stable heavy isotope 13C, then orally 
administered to mice and quantified in different organs of interest at successive time points after 
administration (every 2h). This will allow us to track the distribution of the drugs across time, as 
well as to identify the targeted sites. The detection consists in the extraction of cross-sectioned 
slices from animals, followed by isotopic ratio outlier analysis (IROA) [72]. We will analyze 
several organs, including the liver, the muscles, the heart and the brain, to assess whether the 
drug is able to cross the blood-brain barrier (BBB), which is an exclusion criterion, and to assess 
possible metabolic processing through the hepatic route. From this we will also determine the 
volume of distribution of the drug (Vd), which will allow us to calculate the loading dose [73].  

https://www.zotero.org/google-docs/?QVyBm0
https://www.zotero.org/google-docs/?fnp8Wi
https://www.zotero.org/google-docs/?d4EtCK
https://www.zotero.org/google-docs/?AVInee
https://www.zotero.org/google-docs/?h7agwJ
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Supplementary analysis will be performed to assess placental transfer. The principle is simply 
to administer the isotope labeled drugs to pregnant mice and to subsequently compare the 
concentration of drug in the maternal and fetal plasma, also at successive time points post-dose 
[74]. The following steps remain the same. Regardless of the results, pregnancy or intend to 
conceive will be an exclusion criterion for the initial clinical trial. 

5.2.3 Metabolism 

Metabolism studies provide insight on how the drug is processed into subsequent compounds. 
We will carry a metID experiment on heart samples [75], using hydrophilic interaction 
chromatography (HILIC) for separation, combined with  Mass Spectrometry (MS) for 
identification of the metabolites [76]. This will allow us to determine which metabolites are 
formed, and to use human-specific toxic metabolites as an exclusion criterion. Based on in vitro 
results, we will select the two drugs expected to interfere the most with our candidate 
compounds, and assess in vivo drug-drug interactions (DDI) by a screening assay [77]. 

5.2.4 Excretion  

Drugs are most commonly excreted from the body through the renal route [73]. Using the same 
pipeline of 13C isotope labeling [71], we will perform a mass balance experiment [77],  [78]. 
Samples will be collected every 2 hours, up to 48 hours post-administration. We will use 13C 
labeled glucose as an isotopic internal standard, by administering it through food beforehand 
[71]. The analysis of the content will be carried via MS analysis. We will consider a passing 
threshold of 1% of the dose being excreted within a 24-hour period [80]. 

5.3 Pharmacodynamics (PD) 

5.3.1 Biomarkers’ Assessment  

To further characterize our compound, we will do a preliminary PD study, in conjunction with the 
preliminary PK study. We will administer each compound both orally and intravenously in 5 
healthy mice for 7 days with 5 control mice, to assess the effects of those compounds on the 
heart and metabolism according to Table 5.2 [58].  

Table 5.2: Cardiac functions and toxicity assay on healthy mice [58]. 

 

5.3.2 RNA-seq Analysis 

Multiple blood biomarkers have been identified in previous studies to diagnose patients 
susceptible to develop POAF [81]– [84]. We will perform RNAseq on mouse heart left ventricle 
(LV) and blood samples to determine genes that are up or downregulated upon treatment. 
Unbiased gene set enrichment analysis will allow us to go from the gene level to the pathway 
level and thus to determine which pathways are significantly affected upon treatment. RNAseq 
on LV samples will give us mechanistic insights while RNAseq on blood samples will render the 
analysis translatable to humans. Thus, blood samples will be retrieved from patients of the 
clinical trial, before and after treatment, and will be analyzed for differential metabolite 

https://www.zotero.org/google-docs/?Cx7HSo
https://www.zotero.org/google-docs/?om4F5B
https://www.zotero.org/google-docs/?WQkhZz
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https://www.zotero.org/google-docs/?YMhSeb
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https://www.zotero.org/google-docs/?6xklsC
https://www.zotero.org/google-docs/?oJzbHB
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composition. In particular, we will focus on BNP, a marker of myocardial stretch, to analyze the 
enrichment in that pathway [85]. 

5.4 Primary Studies for Efficacy 

We will use 65 German Landrace pigs (usual amount for in vivo testing: 5 for control and 15 for 
AF testing per compound), aged 3–4 months old and weighing 50–70 kg [86]. 
As mentioned previously, AF has to be artificially induced by atrial tachypacing (ATP) in pigs. 
To prevent systolic dysfunction during ATP in swine, AV nodal blockade can be used (e.g., 
digoxin), which at the end enables the production of over 60 minutes of AF episodes without 
signs of congestive heart failure (CHF).  
Upon the initiation of pacing, pigs were given our drug twice daily with a dosage calculated from 
the results in section 5.2, orally and intravenously in order to maximize compound diffusion, and 
digoxin (0.005 to 0.01 mg/kg daily, oral) to slow the ventricular response rate [87]. Prior to 
pacemaker implantation, swine are initially anesthetized intravenously with usual compounds 
[87]. A pacemaker is then implanted in the right atria by the internal jugular vein. The pacemaker 
is programmed to stimulate at 50 Hz for 1s followed by 1s of no stimulation [88]. Every 1 to 2 
weeks, the pacemaker is deactivated to determine whether the AF can be sustained for more 
than 20 minutes, so that it can be used for testing [87], [88]. 
 
To test efficacy of the drug we would have to check for different parameters reflecting cardiac 
functions and assess how well the drugs minimize the effects of induced AF. We plan to look at 
the variation of stroke volume as the irregular rhythm of AF leads to irregular ventricular filling 
that should affect the end-systolic volume and, consequently, the cardiac output. It can also 
modify the heart's afterload, affecting the pressure against which the ventricle must pump. Our 
compounds should reduce those effects, and the end-systolic elastance should be considerably 
more comparable to healthy pigs afterwards. End-Systolic Elastance (Ees) study will help us 
define how ventricular function adapts or deteriorates in response to persistent irregular atrial 
contractions upon administration of our compounds in addition to providing valuable data about 
their efficacy. ECG recordings, done via implantation of twelve-head ECGs and 
Electrophysiology (EP) measurements will be as shown in Table 5.3 [86].  

 
Table 5.3: ECGs and Electrophysiology measurements on pigs.  

 
Catheter-based techniques enable a good proxy of the heart's ability to generate the force 
needed to eject blood during systole and it can be tested by measuring the contractility of cardiac 
muscle of the left ventricle (LV). Using a pressure sensor in the catheter, we will register the 
change in end-systolic pressure-volume relationship (ESPVR) [89]. Here we assess alterations 
in contractile function by continuously measuring the blood conductivity within the LV. We will 

https://www.zotero.org/google-docs/?6ymDBH
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obtain pressure-volume curves during induced AF and an hour after the voltage induction. It is 
based on those results that we calculate the regression slope of the end-systolic pressure-
volume relationship and the end-systolic elastance. For a decreased value of Ees, the LV is able 
to eject a lower blood volume against the same afterload, which indicates a decreased 
contractility [90]. Our compounds should then show an unchanged contractility as it reduces 
occurrence overall.  

5.5 Chronic Studies 

Chronic POAF represents a burden for patients after surgery. Affected patients show specific 
activation patterns as overall deterioration in general health: cardiomyopathy, increased risk of 
heart failure, atrial remodeling, impaired cardiac function [87].  
We administer the same dose of drug orally and intravenously every day for 30 days on pigs of 
the same age and weight as in previous assays. AF episodes are induced as previously by 
programmed pacemakers, trying to maintain AF for at least 7 days. Once the AF is maintained 
in the pigs, we check for overall effects with ECGs and electrophysiology measurements as 
described in Table 5.3.  
Histology is used to characterize structural changes, as persistent AF leads to structural 
remodeling of the atria, and fibrosis which could be responsible for the maintenance of 
arrhythmia. Animals will be euthanized after ∼30 days of AF. Tissue samples will be taken from 
several locations in ventricles, and LV. Samples will then undergo Masson's trichrome staining 
which enables identifying collagen fibers and other fibrous tissues, characteristic of fibrosis that 
should not be shown with our compound as it reduces POAF occurrence [87].  

5.6 Secondary Studies in Vivo: Toxicology 

In some cases, PPAR activation by synthetic compounds might induce tumorigenesis. We will 
therefore conduct a two-year carcinogenicity study in rodents before proceeding with clinical 
trials following the timeline in Table 5.1, as advised by authorities such as the Food and Drug 
Administration (FDA) for PPAR agonists [91]. 
Assessing the results of such a study will involve an assessment of the dose-response 
relationship, to determine a clear correlation between compound dosing and tumor incidence. 
We will test for a threshold obtained thanks to data collected in section 5.2, below which no 
tumors are observed and above which there is an increase in tumor incidence. We will also 
evaluate the types of observed tumors and the organ specificity.  
 
Finally, the absence of toxicity due to drug interference will have been assured in vitro as well 
as during PK studies.  
 

6. Clinical Trials 

6.1 Phase I 

Phase I evaluates safety, pharmacokinetics, and the maximum tolerable dose in 21 to 36 (cf. 
Supplementary Materials) participants equally split between males and females aged 18 to 65. 
This range excludes the vulnerable elderly while still testing on a broad subgroup of the 
population. Pregnant women, individuals actively trying to conceive, and those undergoing 
current treatment are excluded [92]. This phase is anticipated to extend for up to one year. 

 
Phase I will use the 
standard 3+3 design, where 
each cohort consists of 
three subjects, across two 
escalation studies. The first 
study aims to determine the 
maximum tolerated dose of 
the drug [93].  

Figure 6.1: Overview of the “3+3” design. 
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The second study assesses the toxicity upon longer exposure of the drug. Considering that the 
drug is designed for the acute phase of AF, a single dose, short test will be performed.  
Four cohorts will be implemented, randomly assigning participants, while keeping them blinded 
to the dosage level. In line with the 3+3 design (See Figure 6.1), cohorts of three patients are 
assigned to dose levels (See Tables 6.1 and 6.2) until one or more dose-limiting toxicities 
(DLTs) are observed. The DLTs are measured based on pre-defined adverse events during 
dose escalations [94]. The aim is to determine the maximum tolerated dose and the safety profile 
of the investigational drug in a small group of participants. If one out of three patients 
experiences a DLT, three more patients will be assigned to the current dose. The starting dose 
(SD) will be determined with the body surface area (BSA) normalization method which uses the 
difference of body surface area between the animal model and humans to adapt the loading 
dose, determined in section 5.4 [95]. This method has been shown to have a better correlation 
between various animal models than the conversion based on body weight [95].  
 

Cohort 1 Cohort 2 Cohort 3 Cohort 4 

SD 200% of SD 300% of SD 400% of SD 

Table 6.1: Dose levels for initial escalation study. 

 
After this first escalation study, a second trial is held to control for the toxicity of the drug upon 
longer exposure. A 3+3 design is used (Table 6.2) [93]. Four cohorts of healthy men and women 
between 18 and 60 years old receive the treatment for 1 month, followed by 1 month of 
observation. The timeline for Phase I is presented in Figure 6.2. 
 

Cohort 1 Cohort 2 Cohort 3 Cohort 4 

25% of MTD 50% of MTD 75% of MTD 100% of MTD 

Table 6.2: Dose levels for second escalation study. 
 

Within two weeks after treatment, every patient will be requested to complete a follow-up 
questionnaire to report any potential side effects related to PPAR agonists administration, such 
as abdominal discomfort, epigastric pain, nausea, and vomiting. 

Figure 6.2: Timeline for Phase I of clinical trials. 
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Table 6.3: List of the outcome measurements that will be assessed in the clinical trials.  

 
To recruit healthy individuals, we will collaborate with specialized research clinics, healthy 
volunteer databases, research-ready hospitals, online advertising platforms, patient advocacy 
groups, and healthcare providers. This multicenter approach aims to boost enrollment, though 
it may introduce confounding factors into statistical analysis. This decision is, however, 
necessary due to the limited patient numbers in a single hospital [102].  

6.2 Phase II 

Phase II aims to assess the efficacy of the drug in patients subjected to potential POAF through 
the same outcome measures as in Phase I (cf. Table 6.3). Additionally, the blood samples will 
be retrieved and used for RNAseq analysis, as mentioned in section 5.3.2.  
The primary and secondary outcomes are detailed as follows. 
The primary outcome is reducing the incidence of POAF within seven days after surgery [14] by 
at least 70% compared to the placebo. Preventative β-blockers, which are commonly used for 
lowering blood pressure and heart rate, have been shown to decrease POAF incidence by 48% 
[103]. A PPARδ agonist, initially designed for treatment of acute kidney injury (AKI) post-cardiac 
surgery, showed a 78% reduction in POAF incidence, suggesting the 70% decrease is realistic 
[14].   
Secondary outcomes include stroke occurrence, AKI, side effects (abdominal discomfort, 
epigastric pain, nausea, and vomiting), length of hospital stay and death. The diagnosis of AKI 
can be done through measuring serum creatinine levels (Table 6.3) [104], [105] . 
To assess drug effectiveness, a randomized parallel assignment study is carried out with triple 
blinding involving a group of 200 men and women (cf. Supplementary Materials). This phase 
will last up to 2 years. The subjects will be selected based on Tables 6.4 and 6.5. 
  

Test Reason Comments 

ECG, Blood Pressure, Heart Rate, 
Echocardiography  
and Physical Examination [96] 

Determine safety  
and tolerability 

ECG is the most deterministic test to diagnose 
postoperative atrial fibrillation. Done by means of a 
Holter monitor. 

Kansas City Cardiomyopathy 
Questionnaire (KCCQ) 
 

Determine drug 
efficacy on daily-
life activities and  
patient well-being 

The KCCQ is an FDA-approved assessment of  
heart failure patients' health through symptoms, 
physical limitations, social impact and quality of life 
[97]. 

6 Minute Walking Test (6MWT), (starting in 
Phase II) 

The 6MWT evaluates exercise tolerance and  
cardiac response to stress post-surgery [98].  

Bicycle Stress Echocardiogram The Bicycle Stress Echocardiogram measures  
heart performance at rest and during stress [99]. 

The Cardiac Rehabilitation Barriers Scale 
(CRBS) 

The CRBS identifies patient barriers to 
participating in cardiac rehabilitation programs 
[100]. 

Blood testing: Albumin, C-reactive 
protein, creatine kinase, creatinine, 
calcium, potassium, BNP, troponin, 
magnesium, phosphate, sodium, urea, uric 
acid, liver enzymes and bilirubin 

Assess safety, 
tolerability and  
kidney and liver 
function 

Blood testing can give valuable insights into the 
functioning of organs and help assess secondary 
outcome measurements such as acute kidney  
injury. 

Side effects such as abdominal discomfort, 
epigastric pain, nausea, and vomiting. 

Test for common  
side effects  

See in vivo section; PPAR agonists have been 
associated with cardiotoxicity, hepatotoxicity, 
gastrointestinal toxicity, and reproductive and 
developmental toxicity [91] 

Cognitive testing: Standardized  
Mini-Mental Status Exam (SMMSE) and 
Memory and Executive Screening (MES) 

Cognitive function  
test  

AF increases the risk of cognitive impairment and 
dementia, making cognitive testing vital to  
understand treatment effects beyond  
cardiovascular outcomes [101] 
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Variable Criterium Reason 

Age >40 years old Most occurrences of AF 

Surgery Having undergone coronary artery bypass graft surgery Target population for the drug 

Informed 
consent 

All patients must be able to provide informed consent to  
participate in the study 

Legally required 

Table 6.4: List of the inclusion criteria 

Variable Criterium Reason 

Drug 
Interactions 

Currently taking any drugs except  
Aspirin, Clopidogrel, β-blockers, Statins or  
ACE inhibitors [106] 

The drug should be compatible with commonly  
used post-coronary artery bypass graft  
surgery medications 

Previous 
Diagnosis 

Diagnosis prior to surgery of heart  
arrhythmias (including AFib), stroke,  
heart failure, COPD, hepatic or renal failure 
or >2nd degree AV blockade [103],[104] 

These patients already have chronic arrhythmias  
not targeted by the treatment or are at a higher  
risk of death 

Previous 
Procedures 

Splenectomy Exacerbates atrial inflammatory fibrosis  
and vulnerability to atrial fibrillation induced by 
pressure overload [109] 

Fertility  Male: Intent to conceive; Female:  
Pregnant, lactating, not currently on birth  
control and not menopausal, intent to  
conceive [110] 

The effects on fertility were not evaluated and  
safety cannot be guaranteed 

Table 6.5: List of the exclusion criteria. 

Gender Medical History Drugs Qualitative variables 

Male, Female Hypertension,  
Diabetes, Myocardial  
infarction, Smoking 

Aspirin, Clopidogrel, Statins,  
ACE inhibitors 

Age, BMI, Serum creatinine 

Table 6.6: Variables among which the treatment and placebo groups must have roughly the same distributions. 

 
The attributes in Table 6.6 will be assessed before treatment and statistically evaluated in order 
to ensure comparable distributions between treatment and placebo group. 
Figure 6.3 reports a tentative timeline for outcome measurements. It outlines a preliminary 
once-daily continuous IV administration for six days post-surgery which is subject to adjustments 
from pre-clinical trial results. 
 

  
Figure 6.3: Phase II Timeline; Treatment group in blue, control in purple and both in black. 
Abbreviations: 6MWT = 6 Minute Walking Test; KCCQ = Kansas City Cardiomyopathy Questionnaire 

 
To assess the effective dosage of the drug, patients will be divided into four randomly assigned 
subgroups. Each subgroup will be administered a different dosage of the drug in order to obtain 
the best efficacy while achieving a high level of safety (Table 6.7).  
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Patients will be tested for the same outcomes as evaluated in Phase I. Additionally, they will be 
asked to report any additional adverse effects. The number of patients discontinuing intervention 
in both the placebo and treatment group will be assessed during the study.  

Cohort 1 Cohort 2 Cohort 3 Cohort 4 

25% of Maximum  
Long-Term Tolerated  
Dosage  

50% of Maximum  
Long-Term Tolerated  
Dosage  

75% of Maximum  
Long-Term Tolerated 
Dosage  

100% of Maximum Long-
Term Tolerated Dosage  

Table 6.7: Best efficacy assessment 

6.3 Phase III 

Phase III assesses the drug's safety and efficacy over a longer period, screening for rare or 
long-term side effects. 524 men and women over 40 will be assessed (cf. Supplementary 
Material). Patients are allocated randomly into two groups receiving a placebo (10% of 
participants), or the drug. The primary and secondary outcomes are the same as in Phases II 
and IIl. After the successful completion of Phase III, the drug can be brought to market.  

6.4 Phase IV 

Phase IV monitors a drug's long-term safety and efficacy in real-world settings following its 
market release. It explores safety profiles during extended use and optimal dosing for specific 
patient groups. This research of at least five years informs label updates and regulatory 
decisions, with patient feedback contributing to assessments of tolerability and effectiveness in 
real-life situations and scrutinizes the drug's economic impact. Phase IV is vital for ensuring 
safety, guiding healthcare practices, and enhancing public health. 

7. Business Plan 

Executive Summary: Rythmiar targets postoperative atrial fibrillation (POAF) and has potential 
applications in acute kidney injury (AKI) and chronic atrial fibrillation. Proven effective and safe 
in clinical trials, it initially targets patients over 40 undergoing coronary artery bypass graft 
surgery. 
 
Market Analysis: POAF occurs in 20-40% of cardiac surgical procedures [2] representing a 
significant market opportunity. Apart from heightened risk of stroke, thromboembolism, and 
mortality, POAF also increases the duration of hospital stay, imposing a serious burden on the 
healthcare system as well as the patient [111] . 
The drug will first gain market approval through the FDA in the US before the market is expanded 
worldwide to increase revenue further. The future expansion to other surgeries, AKI and Chronic 
Atrial Fibrillation enhances the drug's potential market further. Our drug targets an unmet need 
for specialized treatments in these areas. 
 
Product Description: Rythmiar works by targeting fatty acid metabolism in the heart through 
PPARα and PPARδ interaction, offering a new approach to manage POAF. It will be 
administered via continuous infusion pre- and post-operatively, with an oral formulation in 
development (See Table 2.1). The drug reduces atrial fibrillation (AF) incidence by at least 70% 
and, therefore, also minimizes associated complications like stroke and prolonged hospital 
stays. 
 
Financial: POAF affects 20-40% of the 400k cardiac surgical procedures conducted annually 
in the United States [112]. The condition presents not only a substantial health concern but also 
a notable economic burden. Managing POAF costs an average of $15k [113], translating to an 
estimated Total Addressable Market (TAM) of approximately $1.8B each year. With a 
conservative estimate of achieving a 20% market penetration, the Serviceable Available Market 
(SAM) for Rythmiar is projected to be around $360M annually.  
 
In terms of pricing strategy, Rythmiar is set at $7k for the complete treatment, or $875 per dose. 
This pricing considers the drug's high efficacy rate. The cost efficiency of Rythmiar is further 
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bolstered by its production costs. Estimated at $2 per dose [114], [115]   and factoring in an 
additional 25% for contract manufacturing, the total production cost amounts to $2.50 per dose 
allowing for a substantial profit margin of $872.50 per dose.  
 
In order to become profitable, the drug will need to break even on the development costs. The 
pre-clinical studies have an estimated cost of $1.2M [116]. The most substantial expense in 
developing Rythmiar will be the clinical trials. With the average cost of $39,857 per patient in 
cardiovascular trials [117], our planned clinical phases 1 to 3 will lead to an estimated total cost 
of approximately $37.5M. Taking the total development cost as $38.7M a break-even point of 
about 45k doses or 5.5k treatment courses can be calculated. Given the estimated market 
penetration rate this should be achieved in a little over a month post market release. With the 
expansion to other applications of the drug the market size and revenue are expected to grow 
further. 

8. Conclusion 

Atrial fibrillation is associated with mitochondrial dysfunction. Specifically, this involves a 
disruption in fatty acid oxidation (FAO), which impairs energy production, as this process is the 
primary source of ATP. Efficient FAO ensures a steady energy supply, minimizing cardiac stress 
and thereby reducing the risk of arrhythmias, particularly atrial fibrillation. Targeting peroxisome 
proliferator-activated receptors (PPARs), namely PPARα and PPARδ, emerges as a promising 
strategy to alleviate postoperative atrial fibrillation (POAF) and address heart-specific concerns. 
We employed in silico methods to discover a PPARα/δ dual agonist, facilitating efficient 
screening and optimization of potential drug candidates before experimental testing. 
Subsequently, we validated the compound's efficiency through in vitro studies, consisting in 
primary assays to assess solubility, lipophilicity, permeability, and toxicity, along with secondary 
assays targeting genotoxicity and cardiotoxicity. We proceeded to conduct in vivo studies to 
further evaluate the compound's efficacy and safety in a living organism, such as mice, 
Göttingen pigs and German Landrace pigs. Finally, we advanced through four phases of clinical 
trials, administering the drug intravenously to patients undergoing coronary artery graft bypass 
surgery through an 8-day once-daily infusion during their in-hospital stay for the acute phase of 
atrial fibrillation. Upon release, the drug is expected to have a break-even point of about 48 '000 
doses. 
Furthermore, we intend to expand the scope of this drug for chronic atrial fibrillation (AF), 
necessitating a transition to daily oral administration. Additionally, the established effectiveness 
of PPARδ agonists in treating Acute Kidney Injury (AKI) post-cardiac surgery suggests potential 
benefits for our product in addressing this disease. Given the emerging research on the 
connection between mitochondrial dysfunctionality and heart diseases, coupled with our drug's 
efficacy, there is exploration potential for its application in other forms of heart diseases and 
various surgeries, including valvular surgery and non-cardiac surgeries [118]. However, these 
extensions, including chronic atrial fibrillation, AKI, other types of surgery, and various heart 
diseases, will require further assessments. 
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10. Supplementary Material 
1) In silico screening:  

Table S1:  Reference molecules of natural ligands, PPAR targets and corresponding PDB reference links. 

 

Synthetic ligands from 
literature  

Molecule ID PPAR target PDB references 

 
 
 
 
 
 
 
 
 
 
 
Fibrates  

PEM Alpha, Delta and Gamma https://www.rcsb.org/ligand/PEM 

BOG Delta https://www.rcsb.org/ligand/BOG 

F5A Alpha  https://www.rcsb.org/ligand/F5A 

GW9 Alpha https://www.rcsb.org/ligand/GW9 

P7F Delta https://www.rcsb.org/ligand/P7F 

GOL Alpha and Delta https://www.rcsb.org/ligand/GOL 

PLM Alpha https://www.rcsb.org/ligand/PLM 

2VN Alpha https://www.rcsb.org/ligand/2VN 

WY1 Alpha https://www.rcsb.org/ligand/WY1 

T4T Alpha https://www.rcsb.org/ligand/T4T 

C5F Alpha https://www.rcsb.org/ligand/C5F 

EWR Alpha https://www.rcsb.org/ligand/EWR 

T02 Alpha https://www.rcsb.org/ligand/T02 

T06 Alpha https://www.rcsb.org/ligand/T06 

735 Alpha https://www.rcsb.org/ligand/735 

Y1N Alpha and Gamma https://www.rcsb.org/ligand/Y1N 

 
GW501516 
 

7T1 Alpha and Delta https://www.rcsb.org/ligand/7T1 

B7G Delta https://www.rcsb.org/ligand/B7G 

 
Table S2:  Reference molecules of synthetic ligands, PPAR targets and corresponding PDB reference links.  
 

Dual-agonist ligand 
from literature  

Molecule ID PPAR target PDB references 

 
 
Elafibranor 

BJB Alpha, Delta and Gamma https://www.rcsb.org/ligand/BJB 

KKB Alpha, Delta and Gamma https://www.rcsb.org/ligand/KKB 

MUO  Alpha and Delta https://www.rcsb.org/ligand/MUO 

 Natural ligands Molecule ID PPAR target PDB references 

Omega-3 
polyunsaturated fatty 
acids (PUFAs) 

ITY Alpha https://www.rcsb.org/ligand/IT
Y 

EPA Delta https://www.rcsb.org/ligand/EP
A 

https://www.rcsb.org/ligand/PEM
https://www.rcsb.org/ligand/BOG
https://www.rcsb.org/ligand/F5A
https://www.rcsb.org/ligand/GW9
https://www.rcsb.org/ligand/P7F
https://www.rcsb.org/ligand/GOL
https://www.rcsb.org/ligand/PLM
https://www.rcsb.org/ligand/2VN
https://www.rcsb.org/ligand/WY1
https://www.rcsb.org/ligand/T4T
https://www.rcsb.org/ligand/C5F
https://www.rcsb.org/ligand/EWR
https://www.rcsb.org/ligand/T02
https://www.rcsb.org/ligand/T06
https://www.rcsb.org/ligand/735
https://www.rcsb.org/ligand/Y1N
https://www.rcsb.org/ligand/7T1
https://www.rcsb.org/ligand/B7G
https://www.rcsb.org/ligand/BJB
https://www.rcsb.org/ligand/KKB
https://www.rcsb.org/ligand/MUO
https://www.rcsb.org/ligand/ITY
https://www.rcsb.org/ligand/ITY
https://www.rcsb.org/ligand/EPA
https://www.rcsb.org/ligand/EPA
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Table S3: Reference molecules of dual-agonist synthetic ligands, PPAR targets and corresponding PDB reference 
links. 

Table S4:  Molecular constraints minimal and maximal values used in LEA3D tool.   

 
In Table S4, we chose to set the weight in the final score as 1 for most of the properties to assign 
the same degree of importance. The weights of Fsp3, Volume and Area properties are set to 0 
because they are not very commonly used. The last column shows some relevant references 
explaining the chosen respective values of each property.  
 

 
Table S5:  Dual-agonist ligands with the highest docking scores for PPARα and PPARδ. 
  

Property name  Minimal 
value 

Maximal 
value 

Weight in 
final score 

Rules & References 

Molecular weight 
 

180 465 1 Ghose filter (160 <= MW <= 480) [119] & Lipinski’s 
rule (MW <= 500) [120]  

MolLogP 1 4.8 1 Ghose filter (-0.4 <= LogP <= 5.6) [119]& Lipinski’s 
rule (LogP <= 5) [120]  

Number of atoms (H 
excluded) 

10 70 1 Ghose filter (20 <= #atom <= 70) [119]  

Number of H-donors 0 4 1 Lipinski’s rule (#donor <= 5) [120]  

Number of H-acceptors 
 

0 8 1 Lipinski’s rule (#acceptor <= 10) [120]  

Polar solvent accessible 
surface area 

0 140 1 Veber’s rule (<=140) [121]  

Fraction of sp3-
hybridized C (Fsp3) 
 

0 0 0 Not very common  

Volume 
 

0 0 0 Not very common  

Area 
 

0 0 0 Not very common  

Number of rotatable 
bonds 
 

0 8 1 Veber’s rule (<=10, optimally 7) [121]  

Number of rings 
 
 

1 6 1 Lepre et al (1 < #rings < 6) [30]  

Number of aromatic 
rings 
 

0 3 1 Lepre et al (#aromatic rings <=3)[30]  

https://www.zotero.org/google-docs/?FAqJ9v
https://www.zotero.org/google-docs/?3JPcFi
https://www.zotero.org/google-docs/?cLvhuU
https://www.zotero.org/google-docs/?gHDD8N
https://www.zotero.org/google-docs/?Y5Ql5Z
https://www.zotero.org/google-docs/?ZHqgFF
https://www.zotero.org/google-docs/?Yhlcd8
https://www.zotero.org/google-docs/?f7i2ey
https://www.zotero.org/google-docs/?Bpva92
https://www.zotero.org/google-docs/?ldm0pU
https://www.zotero.org/google-docs/?NiSvII
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2) In vivo validation: 

 
Table S6: Expression profiles of PPARα and PPARδ using respectively Bgee databases NCBI 
databases [59], [60].  
For PPARα, the values obtained are the expression scores going from 0 to 100 while for PPARδ, 
the values obtained are the Reads Per Kilobase per Million mapped reads (RPKM). 
 

3) Clinical Trials:  
 
The number of individuals for Phase I is calculated as follows: 4 cohorts of 3 individuals each 
(4*3=12) plus another 12 in case there are subjects showing side effects (24 in total). Other 12 
patients will be used for the second escalation study (36 in total). 
 
The number of individuals for Phase II is calculated assuming a medium effect size of d=0.7, a 
power=0.8 (standard in statistics) and an alpha=0.01 (also standard). The effect size was 
chosen based on a different paper as explained in the clinical trials. A power of 0.8 means that 
the study is optimally equipped to detect meaningful effects, with an 80% probability of 
accurately identifying real changes (i.e between the placebo and the treatment).  
Considering we will use 4 cohorts and each cohort has a sample size of 50, obtained using the 
parameters mentioned before, the total sample size is 50*4=200.  
The number of individuals for Phase III is calculated as previously, but with 2 cohorts, each of 
262 subjects.  
A two-sample t-test will be implemented; although it may be considered somewhat simplistic, it 
provides a first indication of the number of individuals needed for phases 2 and 3 of the clinical 
trials. 
Code used in R for phases 2 and 3 [122]: 

 

https://www.zotero.org/google-docs/?z4vGLb
https://www.zotero.org/google-docs/?i1KaHD

