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ABSTRACT 

 
The primary objective of this project is to develop and validate a method to predict compounds’ toxicity 

using both in vitro and in silico models to deselect compounds with a high probability of producing 

significant adverse effects in the early stages of drug discovery, contributing to improve chances of 

success of the entire process.  

Initially, the effect of parent compounds was assessed by testing 28 drugs in seven cell lines (HepG2, 

HK-2, MRC-5, Neuro2a, T98G, H9c2, and Jurkat), representing various body systems, including liver, 

kidney, lung, CNS, heart, and immune system. Compounds’ cytotoxicity was assessed by measuring 

cells’ viability by detecting ATP, an indicator of metabolically active cells. Overall, the results were 

compliant with the known drugs’ toxicity found in previous studies and with the toxicity outcomes of 

the drugs in clinics. 

Secondly, toxicity related to metabolites deriving from parent compounds was investigated. As the liver 

is the main organ for drugs’ metabolism, HepaRG, a human metabolically competent liver cell line, was 

used to test the cytotoxicity of 7 drugs (diclofenac, acetaminophen, troglitazone, fialuridine, 

amiodarone, nefazodone, and simvastatin). HepaRG cells were cultured in different configurations—

monolayer, sandwich, and spheroids—to compare the toxic outcomes in 2D and 3D systems. The study 

found that HepaRG spheroids (3D), which more closely mimic in vivo conditions, exhibited higher 

cytotoxicity than cells cultured in 2D systems (monolayer and sandwich), demonstrating that 3D cultures 

may provide a more accurate model for toxicity testing. 

To further explore species-specific differences in drugs’ metabolism, which can affect toxicity, 

cytotoxicity tests were performed in primary rat and pig hepatocytes, and the results were compared to 

those previously found in the human model HepaRG. Our findings showed that overall, in the short-

term assessment, drugs induced comparable hepatotoxic effects across human and animal species. 

However, in the long-term assessments, HepaRG spheroids were clearly more sensitive to drugs’ toxicity 

than rat and pig primary hepatocytes. This finding highlights that, often, animal models do not 

adequately replicate human metabolism and thus do not represent the ideal model to study human 

toxicity. 

With the aim to identify metabolites responsible for toxicity, the drug nefazodone was used as a case 

study, and the parent compound, along with its main metabolites, NFZ-OH and NFZ-TD, were 

singularly tested in HepG2 and HepaRG. Our hepatotoxicity test showed, for the first time, that NFZ-

OH exerts a toxic effect comparable to that of nefazodone parent compound, whereas NFZ-TD was non-

toxic. 

The project also introduced the use of hollow fiber bioreactors (HFS), a dynamic system able to 

faithfully replicate the pharmacokinetic/pharmacodynamic (PK/PD) profile of drugs in vivo. This system 
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represents a valuable model for studying the long-term hepatotoxic effects of drugs more accurately than 

static models previously used. Preliminary studies were designed to ensure the stability of cells within 

the HFS and compatibility with the drug, setting the basis for future chronic toxicity assessments. 

Alongside the in vitro studies, two in silico approaches were employed for drug toxicity prediction. The 

first, DEREK Nexus, is a software that is able to predict the potential toxicity of drugs based on the 

detection of structural alerts in chemicals. While DEREK Nexus successfully predicted the 

hepatotoxicity of several drugs, confirming our in vitro findings, it failed to predict hepatotoxicity of 

amply documented hepatotoxic drugs such as nefazodone and fialuridine, highlighting the need for 

experimental validation of its predictions.  

The second in silico approach, developed at Heinrich Heine University, used deep learning methods to 

simulate interactions between drugs and human liver enzymes, predicting potential impacts on liver 

toxicity. The model successfully identified high-affinity interactions between a subset of drugs, 

including amiodarone, nefazodone, astemizole, troglitazone, and trazodone, and key enzymes involved 

in lipid and bile acid metabolism. These interactions align with known drug-induced liver injuries 

(DILI), including conditions like steatosis, cholestasis, bile acid disorders, and non-alcoholic 

steatohepatitis. By analyzing specific drug-target interactions, this approach not only validates toxic 

effects observed in vitro but also provides insights into possible new mechanisms of toxicity. 

Overall, this project shows that the integration of in vitro and in silico methods for more accurate and 

comprehensive toxicity predictions represents a strategic tool to increase success in early drug discovery, 

therefore expanding the therapeutic arsenal for treatments of patients.  
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ABBREVIATIONS 

 

2D Two-dimensions 

3D Three-dimensions 

5-FU 5-FluoroUracil 

5-HT2A 5-hydroxy-tryptamine receptor type 2A 

ADMET absorption, distribution, metabolism, excretion and toxicity 

ALP Alkaline Phosphatase 

ALT Alanine transaminase 

AST                            Aspartate aminotransferase 

ATP Adenosine triphosphate 

AZT                           Azidothymidine 

BSEP                        Bile Salts Export Pump 

CCA Cell Culture Analogue 

CNS Central Nervous System 

CYP450 Cytochromes P450 

DILI Drug-induced Liver Injury 

DNA Deoxyribonucleic acid 

ECM Extracellular matrix 

ELISA Enzyme-linked immunosorbent assay 

GABA Gamma-aminobutyric acid 

GSTs Glutathione S-transferases 

hERG                        Human Ether-à-go-go-Related Gene 

HSC Human Stellate Cells 

HTS                           High throughput screening     

IC50 Half-maximal inhibitory concentration 

LC50 Half-maximal lethal concentration 

LD0 Maximal non-lethal dose 

LD50 Half-maximal inhibitory dose 

LDH Lactate dehydrogenase  

MDR3 Multidrug resistance protein 3 

MMP Matrix metalloproteinases 
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MRP3 Multidrug-resistance protein 3 

MRP4 Multidrug-resistance protein 4 

MTT 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide 

NAD+ Nicotinamide adenine dinucleotide (oxidized form) 

NADH Nicotinamide adenine dinucleotide hydrogen (reduced form) 

NADPH Nicotinamide Adenine Dinucleotide Phosphate Hydrogen 

NAFDL Non-alcoholic fatty liver disease 

NASH Non-alcoholic steatohepatitis 

NATs N-acetyil transferases 

NBE New biological entity 

NCE New chemical entity 

NTCP Na/bile acid cotransporter 

OAT1-2 Organic anion transporter 1-2 

OXPHOS Oxidative phosphorylation 

PD                            Pharmacodynamic 

PGS Poly (glycerol sebacate) 

PK                             Pharmacokinetics 

PLGA Poly(dl-lactic-co-glycolide) 

QSAR Quantitative structure-activity relationship 

ROS Reactive oxygen species 

SAR                           Structure activity relationship 

SOD Superoxide dismutase 

SULTs Sulfotransferases 

TC50 Half-maximal toxic concentration 

TD50 Half-maximal toxic dose 

TI Therapeutic index 

TIMP Tissue inhibitors of metalloproteinases 

UGTs UDP-glucuronosyltransferases 

ULN  Upper limit normal 

VEGF Vascular endothelial growth factor 
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INTRODUCTION 

1. Evolution of toxicology throughout history 

Toxicology is defined as a multidisciplinary science that studies the adverse effects of toxic agents on 

biological systems, as well as the symptoms deriving from toxicant exposure, the mechanisms that 

underlie their toxicity, and the investigation of poisoning treatments.  

The term “toxicology” derives from the fusion of the ancient Greek words toxikon, which means poison, 

and logia, which means science. Hence, a more traditional and straightforward definition of toxicology 

is the “science of poisons.” 

Toxic agents normally refer to chemicals, like drugs, although they could refer to physical agents, like 

radiation, or biological agents, like bacterial toxins. 

Toxicology originated in the Renaissance era with Paracelsus who is considered the father founder of 

this science. His famous sentence “Omnia venenum sunt: nec sine veneno quicquam existit. Dosis sola 

facit, ut venenum non fit -All things are poison, and nothing is without poison; only the dose makes that 

a thing is no poison – “introduced for the first time in history a fundamental concept of toxicology: the 

dose makes the poison. In other words, any substance at sufficiently high doses can become toxic and 

harmful to living organisms. Indeed, any medicine we benefit from in everyday life can become harmful 

if administered at very high doses. Paracelsus was also the pioneer of experimental medicine, stating the 

essential need for animal testing to study both the toxic and beneficial effects of chemicals. 

An outstanding figure in the field of toxicology was Matheu Orfila, a Spanish physician who published 

several treatises on the poisoning effect of substances found in the mineral, vegetable, and animal 

kingdom and their potential use in medicine. He used animal models, and human tissues from autopsies 

to elaborate a method for poisons detection (Michaleas SN et al., 2022).  

Along with Orfila, Claude Bernard, a French medical doctor and author of “Lessons on the effects of 

toxic substances and drug,” described the toxicological effects of opium, atropine, curare, and other 

neuroactive compounds and studied for the first time the effects of carbon monoxide in the human body 

(Griffin JP, 1993).  

At the beginning of the 20th century, Paul Elrich introduced arsenic-based compounds to treat syphilis, 

and shortly after, he discovered their acute and chronic toxicological properties.  

The work of all these scientists over history remarkably contributed to the development and evolution 

of modern toxicology.  

From the second half of the 20th century, the introduction of chemicals in agriculture, farms, factories, 

and particularly the rising pharmaceutical industry, with the development of new medicines introduced 
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to the market, brought the population more and more into contact with xenobiotics. Consequently, cases 

of poisoning increased dramatically.  

The widespread use of DDT (dichlorodiphenyltrichloroethane), a synthetic compound with potent 

insecticide properties, revolutionized the agriculture world in 1950. However, its success only lasted a 

few decades due to the severe adverse effects on humans as an endocrine-disrupting agent and its 

harmful impact on the environment. DDT-related risks led to its ban in 1972 (Beard J. et al., 2006). 

The Minamata disease, a human neurological syndrome discovered in 1956, was revealed to be caused 

by mercury poisoning. For three decades, dimethylmercury, a waste product of the chemical industry, 

was discarded in Minamata Bay (Japan), entering the food chain through seafood consumption by the 

Minamata inhabitants. This environmental disaster caused over 2000 victims among the inhabitants of 

the Minamata area at the time (Eto K, 2000; Harata M, 1995). 

Thalidomide, an anti-nausea drug commercialized at the beginning of the fifties, is probably the most 

ancient example of drug withdrawal from the market due to toxicity. The drug, initially prescribed to 

pregnant women, was associated with newborns with severe congenital abnormalities. Later, 

thalidomide’s proved teratogenicity led to its withdrawal in 1961 (Lenz W, 1988; Hayes AN et al., 2009).  

Numerous cases of toxicity have been reported throughout history. Chemicals were discovered to be 

responsible for human and animal poisoning, environmental disasters, or post-marketing adverse effects 

that led to drug withdrawals. The ones listed above only represent a few of the most famous examples.  

Since the last century, all these toxicity cases and the consequent increasing research in the field of 

chemicals’ harmful effects have shaped the history of modern toxicology and set the necessity to 

establish monitoring bodies and guidelines to control compounds’ safety, above all in the pharmaceutical 

industry, in addition to food and chemical sectors. 

In this scenario, many regulatory organs were instituted worldwide: EMA, established in 1995 with the 

aim to ensure efficacy and safety of medicines across Europe; the FDA (Food and Drug Administration), 

founded in the US since 1906 to protect the public health by controlling security and quality of drugs, 

biological products, food and cosmetics; the EPA (Environmental Protection Agency) and the NIEHS 

(National Institution of Environmental Health Science), responsible for regulating and conducting 

research on impact of environmental pollutants to human health. Along with those agencies, principal 

professional organizations like the SOT (Society of Toxicology) in the US, EUROTOX in Europe, and 

IUTOX (International Union of Toxicology) work in cooperation to advance and disseminate globally 

the knowledge in toxicology science. In 1990, the International Council of Harmonization (ICH) was 

created with the mission of unifying the actions of regulatory authorities and pharma industries 

worldwide with respect to the technical requirements of therapeutic agents for human use during the 

drug development process. 
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2. Toxicology in drug discovery 

The development of a new therapeutic agent is a cumbersome, hugely costly, and long-lasting process 

that typically starts from the identification of hit compounds against a specific target to the final approval 

of the drug by the regulatory authorities (e.g., FDA, EMA) and its launch into the market. Other 

approaches for hit identification involve high throughput tests of compound libraries, using whole cells 

or non-specific assays, followed by the discovery of the compound’s mechanism of action. 

It has been estimated that the whole process requires an average of 12-15 years and an investment of 

around $2.6 billion (DiMasi et al., 2016). This amount has increased by 15% since 2022, as shown in a 

study conducted in the top 20 biopharma industries worldwide (Deloitte Report, 2023). 

Conventionally, the first step of the drug discovery pipeline involves target identification and validation, 

where a biological molecular structure is accurately selected once it is demonstrated to have a pivotal 

role in the disease`s pathogenesis or progression and its modulation is proven to be effective for disease 

elimination. A high percentage of failures occurring at clinical stages were found to be related to an 

incorrect target selection, making this step crucial in the early stage of drug discovery and essential to 

avoid enormous capital and time-wasting (Hay et al., 2014). 

Following the target selection, libraries of thousands of compounds are tested via high throughput 

screening (HTS) assays to select the molecules that most efficiently bind to the target. The selected 

compounds at this stage, referred to as hits, are considered the starting point in drug discovery. Hits are 

then retested to confirm their interaction with the target, and then biological in vitro tests are performed 

to define their affinity and potency. The most potent compounds enter thereafter the hit-to-lead phase, 

where they are characterized in terms of selectivity, off-target activity, and druggability through an initial 

structure-activity relationship (SAR) study. The aim here is to identify the most promising molecules 

that will constitute the group of lead compounds. Starting from the selected lead structures, SAR and 

structure-based design studies are used as tools for analog synthesis. Analogs are expected to exhibit 

superior potency, affinity, and physiochemical properties such as solubility and stability and possibly a 

lower off-target effect. During this stage, called lead optimization, ADMET properties are investigated, 

and the most attractive compounds identified here will be used for in vivo studies in the preclinical phase 

conducted in animal models (Keseru et al., 2006). The welfare of animals used in the preclinical phase 

is highly regulated by guidelines of the competent authorities such as the FDA and EMA that guarantee 

compliance to the 3R rule: Reduction (reduce the number of animals used for the experiments), 

Refinement (ensure the least pain and stress to the animal), Replacement (replace animal testing with a 

suitable alternative in vitro and/ or in silico assay).  

Typically, the preclinical phase includes several types of studies: pharmacokinetics (PK), 

pharmacodynamics (PD), ADME, and toxicology studies. The main objective of the preclinical stage 

studies is to develop the drug formulation, test it in terms of PK and PD parameters, and finally, define 
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the correct dose for the First In Human (FIH) administration, which allows to proceed to the clinical 

phase. Besides understanding the interactions between the drug candidate and the body systems via PK 

and PD studies, toxicology testing in animal models is required for drug safety prediction in humans. 

These studies focus on the identification of tissues where toxicity occurs and comprehend in vivo and in 

vitro experiments concerning short-term (acute) and long-term (chronic) toxicity. While acute toxicity 

is evaluated after a single dose administration, chronic effects are analyzed after multiple dosage 

applications over a long period of time, set according to the drug and the animal model selected. Toxicity 

related to a new chemical entity needs to be exhaustively defined before compounds advance to clinical 

trials, where the first human tests will be performed. 

During Phase I studies of clinical trials, single or multiple ascending doses of drug candidates are 

administered to a small group of healthy volunteers for PK and safety assessments. In the course of 

Phase II and Phase III, dose, efficacy, and toxicity studies are evaluated in patients. The main objective 

of Phase II trials is to examine efficacy and safety in patients, especially those with comorbidities, 

compared to Phase I, where drug candidates were tested in healthy volunteers. Phase II trials are crucial 

intermediaries where different doses and administration regimens can be tested, with the aim of selecting 

the best treatment condition to ensure therapeutic efficacy and an acceptable therapeutic index in Phase 

III studies. Data collected in Phase II will be used to design Phase III trials, where the effectiveness of 

the drug candidates will be confirmed, and the side effects will be monitored in a larger population of 

patients. 

If the selected drug candidates succeed in the three clinical trial phases, they are reviewed by the 

regulatory bodies (e.g., FDA, EMA) for approval and finally launched into the market. 

 

3. Principal reasons for failure in drug discovery 

Drug discovery is a complex and multifaceted process, often marked by a high failure rate.  

To launch a new drug into the market, up to 10.000 compounds may need to be tested. From the initial 

screening, approximately 10-20 normally enter the preclinical phase, and from here, only a few progress 

to clinical trials (Takebe T et al., 2018).  Nevertheless, it is estimated that 90% of candidates reaching 

clinical phases will fail at this stage, making the entire journey extremely arduous (Sun D et al., 2022). 

According to recent reports, lack of efficacy and lack of safety are the two principal attritions in drug 

discovery (Kiriiri, G.K et al., 2020; Harrison RK, 2016; Fogel DB, 2018; Hwang TJ et al., 2016). 

Particularly, toxicity issues account for 24% of total failures, with lack of efficacy being the first cause 

of 52% of total failures (Harrison RK, 2016). Strategic, commercial, and operational issues represent 

only minor concerns of failure (Fig.1). 
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Fig.1. Causes of failure in drug discovery (Harrison RK, 2016). 

 

A study conducted in 2014 by Cook D et al. analyzed 142 projects interrupted between 2005 and 2010 

at AstraZeneca with the scope to identify the reasons for their failure (Cook D et al., 2014). All the 

projects selected were projects from preclinical to clinical phase II. According to this study, lack of 

safety was the primary cause of the project’s closure in the preclinical phase and in clinical Phase I, with 

a percentage of 82% and 62%, while in Phase IIa and Phase IIb, toxicity issues were responsible for the 

35% and 12% of projects terminations, respectively.  

On the other hand, efficacy concerns accounted for only 6% of closures of pre-clinical projects and 15% 

of compounds’ termination in Phase I. However, insufficient efficacy was the main reason for failure at 

later stages, leading to the closure of 57% of projects in Phase IIa and 88% in Phase IIb (Cook D et al., 

2014). 

The study by Cook D et al. highlights the critical challenges in drug development, emphasizing the 

significant role of safety and efficacy in the progression of pharmaceutical projects. These insights are 

crucial for the pharmaceutical industry to refine strategies for successful drug development and align 

with findings from other notable research in the field (Harrison RK, 2016; Watkins PB, 2011).  

Although this study referred specifically to a single pharmaceutical company in a limited timeframe, it 

highlighted important insights that could help to better understand toxicity reasons leading to failure and 

thereby help to optimize the drug discovery process. 

safety 
24%

strategic 
15%

operational 
3%

efficacy 
52%

commercial 
6%

REASONS FOR FAILURE IN DRUG DISCOVERY
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There are many reasons leading to lack of efficacy in drug discovery. One of the major issues is the poor 

translatability of preclinical, experimental animal models to clinical trials in humans. Many times, in 

fact, animal models of disease, isolated animal tissue, or animal cell lines do not efficiently replicate 

outcomes in human clinical trials due to species-specific differences (Olson H et al., 2000).   

Another reason for inadequate efficacy is associated with the pharmacokinetics properties of the drug 

candidate. Compounds with unsuitable bioavailability or metabolism properties or poor distribution to 

the target tissue often fail to replicate promising results observed in in vitro experiments against the 

selected target.  

Reduced drug efficacy can also occur when the pathogenesis mechanism, or the target, is not well-

known. When these elements are not fully understood, developing effective and selective agents could 

be very challenging (Hingorani AD et al., 2019).  

Additionally, insufficient efficacy could be related to dose problems. Often, the maximal dose tolerated 

in healthy tissues is not sufficient to achieve the desired therapeutic effects in diseased tissues (Sun D et 

al., 2022). Therefore, increasing the dose could expose the patient to the risk of toxicity. Indeed, the 

success of candidates depends on a precarious balance between effectiveness and toxicity that defines 

the benefit/risk ratio of each drug.  

Toxicity is the second leading cause that hinders success in drug discovery. Often, toxicity issues cause 

candidates to terminate at the late stages of drug discovery, when compounds have already undergone 

clinical trials, and sometimes even after approval or commercialization (Fogel DB, 2018). When such 

discontinuations occur, all the efforts and resources invested to progress the candidates to the final 

phases are wasted. This highlights the importance of early and comprehensive toxicity screening to 

mitigate risks and reduce late-stage failures.  

While efficacy properties are extensively screened in early drug discovery, safety tests are only 

conducted starting from the preclinical phase, both in in vitro and in vivo animal models. If the candidate 

accomplishes all the required safety features in animals, then toxicity will be tested in humans during 

clinical trials. However, the greatest percentage of compounds fail in this stage because of adverse events 

in humans that were not detected in animal models (Sun d et al., 2022). The key reason for this 

discrepancy is the inter-species difference between human and animal models, which affects the safety 

profile of drugs. Variations in the physiological architecture of tissues and organs’ functioning account 

for the different pharmacodynamic effects between humans and animals, which could lead to 

interactions with unexpected or not predicted targets, leading ultimately to toxicity. 

Also, metabolic differences between humans and animals can indeed lead to the formation of harmful 

compounds in humans that are not produced in animal models (Olson H et al., 2000; Clark M and Steger-

Hartmann T, 2018). This discrepancy constitutes a significant challenge, as it may result in the 

underestimation of potential risks when translating findings from animals to humans. 
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Such findings indicate the importance of developing more predictive models and testing methods to 

determine therapeutic efficacy and adverse effects that can better simulate the human in vivo 

environment and its responses to new compounds.  

4. Impact of toxicological issues in failure of compounds in drug discovery       

 
Toxicity issues, being the second major cause of attrition in drug discovery, have been extensively 

analyzed with the aim of identifying the most critical factors in research and development and possibly 

improving the success rate of drug candidates. 

Many are the safety concerns leading to compounds’ discontinuation in drug discovery. Several studies 

highlighted the critical impact of hepatotoxicity, cardiotoxicity, and neurotoxicity as primary factors 

leading to clinical trial termination. According to a study conducted on 79 drug candidates that were 

interrupted in clinical phases (Watkins PB, 2011), safety concerns occurring in the liver, cardiovascular, 

and nervous systems represented the three major causes equally contributing to failure in clinical trials 

(Fig. 2). 

  

Fig. 2. Toxicity reasons for compound discontinuation in clinical phases I, II, and III (Watkins PB, 2011). 

Other studies conducted years later confirmed the same outcomes, highlighting that hepatotoxicity, 

cardiotoxicity, and neurotoxicity are the three main reasons for projects’ interruption in preclinical and 

clinical studies (Stevens JL and Baker TK, 2009; Cook D et al., 2014). The consistency of these results 

over time suggests that despite advancements in drug design and screening, toxicity remains a major 

hurdle. 

22% hepatotoxicity

22% neurotoxicity

22% cardiotoxicity

4% hematotoxicity

5% GI

6% other

9% renal

11% immunotoxicity

TOXICITY REASONS FOR FAILURE IN CLINICAL TRIALS
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Among cardiotoxicity issues, disturbances of cardiac electric activity such as prolongation of QT 

interval, ventricular tachycardia, and torsade de pointes represent major causes of potentially lethal 

arrhythmias that led to compounds drop in clinical trials or in the post-marketing phase (Herrmann, J, 

2020).  

Some inhibitors of VEGF developed for cancer therapy were discontinued in clinical trials due to toxic 

effects such as arrhythmias following prolongation of the QC interval as well as for hearth failure and 

thromboembolism (Van Heeckeren WJ et al., 2006; Dobbin SJH et al., 2021; Snider KL and Maitland 

ML, 2009). Some compounds belonging to the class of peroxisome proliferator-activated receptors 

(PPARs) agonists did not reach the market because of cardiovascular events developed in clinical trials 

(Nissen SE et al., 2005). Additionally, cardiotoxicity remains a serious concern in the post-approval 

phase, causing several drug withdrawals. Antihistaminic agents like terfenadine and astemizole, as well 

as cisapride, the antipsychotic drug thioridazine, and the antibiotic grepafloxacin, represent only a few 

examples of drugs withdrawn from the market following life-threatening cardiotoxicity issues (Gottlieb 

S, 1999; Ashworth L, 1997; Quigley EM, 2011; Haddad PM and Anderson IM, 2002; Cowling T and 

Farrah K, 2019). 

Neurotoxicity, another leading cause of failure in clinical trials, manifested in multiple ways following 

candidates’ administration. In general, principal neurotoxic effects included seizures, cognitive 

impairment, speech disturbances, encephalopathies, neurological degeneration, and many others. 

Several agents, either small molecules or biopharmaceutical products, induced severe adverse effects in 

the central nervous system, leading to termination in clinical phases. An anti-CD-28 monoclonal 

antibody-induced cytokine storm after infusion in clinical trials led to cerebral edema and intracranial 

pressure elevation (Suntharalingam G. et al., 2006). A fatty acid amide hydrolase inhibitor provoked 

cerebral hemorrhage and necrosis after administration, leading to the death of one volunteer (Kaur R et 

al., 2016). The monoclonal antibody pembrolizumab, approved for various cancer treatments, was 

associated with encephalitis in clinical trials (Feng S et al., 2017). Although, in general, well tolerated, 

IDH1 inhibitors, lately developed for specific cancer treatments, were often associated with neurological 

adverse events (Miller JJ, 2022). 

Hepatotoxicity remains a significant challenge in the development of new pharmaceuticals, with a range 

of toxic liver effects observed in clinical trials leading to the discontinuation of some compounds. For 

instance, fialuridine, an antiviral drug developed to treat Hepatitis B infections, was halted in clinical 

phase II following severe liver failure that caused five deaths and two liver transplantations (Manning 

FJ, Swartz M, 1995).  

In 2005, the clinical studies conducted for aplaviroc, an anti-HIV agent, were terminated after two weeks 

because some patients developed hyperbilirubinemia and severe hepatic cytolysis (Nichols WG et al., 

2007).  
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During a Phase I study of an anti-inflammatory compound with an inhibitory effect against microsomal 

prostaglandin synthase 1 (MPGES1), four women developed severe signs of liver failure. After 

recognizing the significant liver damage induced by the compound, the investigation was terminated 

(Marumoto A et al., 2013). 

Severe cases of drug-induced liver injuries (DILI) reported after commercialization led to the 

termination of several medications. Some of the most notorious examples include the fluoroquinolone 

trovafloxacin, the antidiabetic agent troglitazone, the antidepressant nefazodone, along with the anti-

inflammatory lumiracoxib and the anticoagulant ximelagatran (Choi S, 2003; Graham DJ et al., 2003; 

Murphy EJ et al., 2003; Kaden T et al., 2023; Shi S and Klotz U, 2008). These and many other cases of 

discontinued drugs highlight the unpredictable nature of DILI, often occurring as an idiosyncratic event 

that can manifest after a drug has been marketed.  

DILI has always been a bottleneck among toxicity reasons for failure in drug discovery. A study 

analyzing drugs withdrawn from the market between 1975 and 2007 reported that 32% of drugs were 

discontinued for hepatic adverse events (Stevens JL and Baker TK, 2009). Figure 3 depicts the impact 

of different toxicity concerns that led to drug withdrawals between 1953 and 2013 (Onakpoya IJ et al., 

2016).  

 

Fig. 3. Reasons for compound withdrawals in the post-marketing phase (Onakpoya IJ et al., 2016). 

 

The study of Onakpoya et al., conducted on 462 drugs, confirmed and expanded the results of previous 

research, providing a broader outcome by including a larger dataset of drugs and a more extended 

timespan. Indeed, several studies were previously conducted to review and analyze toxicity issues 

related to drug withdrawals. Remarkably, hepatotoxicity resulted overall a leading reason for medicinal 

product discontinuation, followed by cardiovascular adverse events (Fung M et al., 2001; Siramshetty 
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VB et al., 2016; Babai S et al., 2016; Björnsson ES, 2015; Reuben A et al., 2010; Lasser KE et al., 2002; 

Stevens JL and Baker TK, 2009). 

5. Drug-induced liver injury (DILI) 

 
The essential role of the liver in the metabolism and excretion of xenobiotics -substances foreign to the 

body, such as drugs and chemicals- makes this organ highly vulnerable to damage. Toxic effects in the 

liver caused by drugs are referred to as drug-induced liver injuries (DILI). DILI incidence is estimated 

to be 14 to 19 cases per 100.000 people, with jaundice constituting 30% of cases (Björnsson ES et al., 

2013; Sgro C et al., 2002). DILI is a challenging problem in clinics, causing more than 50% of the total 

cases of acute liver failure in the western world (Reuben A et al., 2010; Wei G et al., 2007). It is worth 

noting that paracetamol overdose is responsible for more than half of the total cases of acute liver failure 

and about 20% of liver transplantations in the US (Yoon E et al., 2016). 

 

5a. Liver: the target system 

The liver is the largest organ of the human body, with a cone shape and a weight of approximately 1.5 

Kg in adult humans. It is involved in numerous vital metabolic reactions; indeed, it is estimated that 

more than 500 functions are performed by the liver (Naruse K et al., 2007). This organ is situated in the 

upper right-hand portion of the abdominal cavity, beneath the diaphragm, and on top of the stomach. 

The liver is constituted by four lobes: right, left, caudate, and quadrate, and it is perfused by two large 

blood vessels: the hepatic artery, delivering oxygen from the aorta, and the portal vein, delivering blood 

enriched with nutrients deriving from the gastrointestinal tract, spleen, and pancreas. Another 

fundamental vessel connected to the liver is the vena cava inferior, which collects and transports oxygen-

poor blood from the liver and other organs to the heart, situated in the part of the body below the 

abdomen (Fig. 4). 
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Fig.4. Anatomic structure of the liver. Two principal blood vessels perfuse the liver: the hepatic artery and the portal vein, 

along with the inferior vena cava are shown, as well as the liver connection with the gallbladder. Image created with 

BioRender.com. 

 

The hepatic artery and portal vein subdivide in the liver into smaller and smaller branches to form 

capillaries, known as hepatic sinusoids, which supply the lobules, the smallest functional autonomous 

unit of the liver. Each lobule is made of millions of hepatocytes closely interconnected by a rich capillary 

network of sinusoids. While the hepatic artery and portal vein represent the inlet flow, the vena cava 

inferior constitutes the outlet flow.  

A third system is present in every lobule, formed by the bile ducts, with the function of bile transporters. 

The bile, produced by liver cells and conveyed into the bile ducts in growing vessels, is concentrated in 

the gallbladder and finally poured into the small intestine to promote the digestion of dietary lipids. 

Altogether, the intrahepatic ramifications of the portal vein, hepatic artery, and bile ducts form the triad 

of vessels, typically located peripherally at each corner of the lobule (Fig. 5).   

 

Fig.5. Schematic structure of the lobule. Inlet flows come from the hepatic artery and portal vein (blue and green vessels in 

the corner of the lobule), which, along with bile ducts (in green), form the triad of vessels. The centrilobular vein forming the 

outlet flow is also represented (Lorente S et al., 2020). Image reproduced with BioRender.com. 

The liver's architecture is designed to facilitate the vital process of blood mixing. The assembly of 

lobules forms a porous medium through which oxygenated blood from the hepatic artery and 

deoxygenated blood from the portal vein can interweave. This intricate arrangement allows for the 

efficient exchange of substances between blood and liver cells. The positioning of lobules ensures that 

blood from both sources comes into close contact with liver cells, optimizing the organ's ability to 

regulate metabolism and remove toxins from the bloodstream. 

Approximately 60% of the total cell population in the liver are parenchymal hepatocytes, cells highly 

specialized in metabolism and secretion, characterized by three surfaces: sinusoidal, canalicular, and 
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lateral. The polarity of hepatocytes is unique. Adjacent hepatocytes form with their canalicular surfaces, 

capillary-sized canaliculi; the sinusoidal surfaces are directed towards the endothelial cells, which form 

the sinusoids, and the lateral surfaces are engaged in cell-cell interactions forming basal domains 

connected with the extracellular matrix (Müsch A, 2013; Treyer A and Müsch A, 2013).  

The remaining 40% of total liver cells consist of non-parenchymal cells, including endothelial cells, 

forming the largest part of this population, Kupffer cells, and stellate cells. Sinusoidal endothelial cells 

form the endothelium of the liver’s fenestrated sinusoids. The endothelium of sinusoids is characterized 

by loose junctions that generate fenestrae, relatively large spaces where blood can easily flow into 

Disse’s spaces and come into contact with hepatocytes.  

Kupffer cells, the liver macrophages, reside in the lumen of sinusoids in contact with endothelial cells. 

They represent the first line of defense of the liver against infections and circulating toxins.  

Although forming only 5% of the hepatic cell population, stellate cells, also known as Ito cells, are cells 

specialized in the accumulation of lipid and liposoluble vitamins such as vitamin A. Additionally, they 

produce components of the extracellular matrix (e.g., collagen and laminin) and are primarily involved 

in fibrosis development upon liver injury (Kamm DR and McCommis KS et al., 2022). 

 

5b. Principal liver functions 

The liver is a highly specialized tissue predisposed to multiple functions. The main ones include 

metabolism, bile secretion, reserve function, and synthesis. 

The liver plays a crucial role in maintaining the body's metabolic balance. This organ regulates glucose 

homeostasis through glycogenolysis, glycogen synthesis, and gluconeogenesis. The excess of 

circulating glucose accumulates as glycogen in the liver, which is broken down in case of glucose 

reduction in blood. Additionally, in case of glucose depletion, gluconeogenesis can be activated from 

amino acid, lactate, and glycerol.  

Another important function of the liver is exerted in lipid metabolism. Fatty acids from digestion are 

captured by the liver, where they are oxidized to produce energy or accumulated as triacylglycerols in 

the formation of lipoproteins. 

Additionally, the liver is responsible for the amino acid catabolism, incorporating the nitrogen portion 

of these molecules into urea, which is formed for excretion.  

Besides metabolic functions, the liver is also involved in fundamental synthetic processes. It plays a 

central role in the synthesis of serum proteins, with albumin being the most abundant one. Albumin's 

critical functions include maintaining oncotic pressure, which is essential for the distribution and balance 

of fluid in the body, and binding various substances, including drugs, thereby facilitating their transport 
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and metabolism. Furthermore, the liver synthesizes binding proteins that are crucial for the storage and 

transport of trace elements and vitamins, such as copper, iron, and vitamin A. Ultimately, the liver's role 

in the synthesis of coagulation factors, such as Factor VIII, underscores its importance in hemostasis.  

As mentioned, bile is the principal product secreted by the liver. This liquid, a physiological solution 

containing bilirubin, bile acids, electrolytes, phospholipids, and cholesterol, is fundamental for the 

emulsion of dietary lipids and their absorption in the small intestine.  

Additionally, the liver’s reserve function is also well recognized, as glycogen, liposoluble vitamins, 

triglycerides, and iron accumulate here. 

Remarkably, the liver is the primary body site where detoxification of xenobiotics, including drugs, 

environmental contaminants, and toxins, takes place. The liver is the first organ to encounter chemicals 

absorbed from the gastrointestinal tract into the systemic circulation, which makes this body system 

particularly vulnerable to their toxicity.  

The delicate interplay between all the liver’s metabolic pathways ensures the energy supply to vital 

organs and maintains the health state. Indeed, liver dysfunctions always reflect the alteration of 

fundamental body functions, resulting in malabsorption of nutrients, development of edema or ascites, 

blood clotting diseases, and metabolic disorders.  

 

5c. Metabolism and detoxification of drugs 

Metabolic transformation of drugs is essential for their elimination from the body and to terminate their 

pharmacological effect. In general, biotransformation reactions transform drugs into more hydro soluble 

molecules, easily eliminated by the body. Most xenobiotics are lipophilic substances, and as such, they 

are easily absorbed from the intestinal tract and conveyed to the liver. Inside the hepatocytes, these 

substances are converted into polar metabolites, then exported into the blood circulation or to bile 

through specific transporter proteins located on the hepatocytes’ membrane for their excretion through 

the kidneys or the intestine.  

Hepatic biotransformation of drugs typically includes Phase I and Phase II reactions. In some cases, 

Phase III reactions may also follow.  

Phase I reactions are also known as the modification or functionalization reactions as they involve the 

introduction or exposure of specific chemical moieties in the molecules such as -OH, -CO2H, NH2, or -

SH (Penner N et al., 2012). They include oxidation, hydrolysis, oxidative deamination, and reduction 

reactions mostly catalyzed by the enzymes of the CYP450 family primarily situated in the endoplasmic 

reticulum of the hepatocytes. The majority of CYP450 reactions are oxidations carried out using 

molecular oxygen O2 and NADH or NADPH as cofactors (Guengerich FP, 2018). The principal CYP450 
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isoforms involved in drugs’ metabolism are: CYP3A4, CYP2D6, CYP2B6, CYP2C8, CYP2C9, 

CYP2C19, CYP1A2 AND CYP2E1. Other major enzymes involved in Phase I reactions are flavin-

containing monooxygenases (FMOs), monoamine oxidases (MAOs), xanthine oxidase (XO), alcohol 

dehydrogenase (ALDH), and aldehyde oxidase (AO) (Table 1). 

 

Drug Metabolism Enzyme  Major Enzyme Isoform Localization in 

Human Liver 

Biotransformation 

Reaction 

Cytochrome P450 CYP1A2, 
CYP2B6, 

CYP2C8, 

CYP2C9, 
CYPC19, 

CYP2D6, 

CYP3A4/5 

Microsomes Oxidation 

Aldheyde oxidase; Xantine oxidase AO, XO Cytosol Oxidation 

Alcohol dehydrogenase ALDH1 

ALDH2 

Cytosol Oxidation 

Uridine 5’ -diphospho 

glucuronosyltransferase 

UGT1A1, 
UGT1A3, 

UGT1A4, 

UGT1A6, 
UGT1A9, 

UGT2B7, 

UGT2B10, 
UGT2B15 

Microsomes Conjugation 

Sulfotransferases SULT1A1, 

SULT1A3, 
SULT1E1, 

SULT2A1, 

SULT1B1 

Cytosol Conjugation 

Aldo-keto reductases AKR1A1, 
AKR1B1, 

AKR1C1, 

AKR1D1 

Cytosol, microsome Reduction 

FMOs FMO3, 

FMO4, 

FMO5 

Microsomes Oxidation 

MAO MAO-A, 
MOA-B 

Cytosol Oxidation 

N-acetyltransferases NAT1, 

NAT2 

Cytosol, 

mitochondria 

Conjugation 

Methyl transferases COMT, 
PNMT 

Cytosol, 
microsomes 

Conjugation 

Glutathione S - transferase GST A1-1, 

M1-1, 
P1-1 

Cytosol Conjugation 

amino acid conjugation enzymes Acyl-CoA synthetase, 

Amino acid N- 

acyltransferase 

Cytosol, 

microsomes, 

mitochondria 

Conjugation 

 

Table 1. Enzymes of drug metabolism, biotransformation reactions, and localization in human liver (Penner N et al., 2012). 

 

Phase II reactions involve conjugations of the initial drug molecule or the activated drug from Phase I 

reactions with endogenous substrates (e.g., glucuronic acid, glycine, glutathione, glutamic) in order to 

render the product hydrosoluble and pharmacologically inert. Phase II reactions include glucuronidation, 

sulfonation, acetylation, amino acid conjugation, methylation, and GSH conjugation. They are catalyzed 

primarily by specific transferases such as UGTs (Uridine di-phospho glucuronosyltransferase), SULTs 
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(sulfotransferases), GST (glutathione S-transferase), NATs (N-acetyl transferase), amino acid 

conjugation enzymes and methyltransferases (Table 1).  

Lately, Phase III reactions are included in drug metabolism, which refers to the transporter-mediated 

elimination of drugs and their metabolites through the liver, intestine, and lung cells (Almazroo OA et 

al., 2017). In the liver, Phase III reactions are those operated by membrane transporters transferring 

products of drug metabolism outside the hepatocyte or into the bile excretion system.  

The expression of metabolizing enzymes and transporters is under genetic control, and there may be 

significant differences in metabolic capacity in relation to race and slow or rapid metabolizer status, 

leading to unexpected sensitivity or resistance to drugs among different individuals (Williams DP and 

Park BK, 2003). Also, the different expressions of metabolizing enzymes between human and animal 

species account for different drug effects observed between species and often for different adverse 

effects. 

Moreover, the activity of these enzymes in an individual can be increased or decreased by the action of 

co-administered drugs and other substances that behave as enzymatic inductors or inhibitors. For 

instance, rifampicin and carbamazepine are well-known inducers of the isoform CYP3A4 (Bolleddula J 

et al., 2022; Fuhr LM et al., 2021). On the other hand, ketoconazole and omeprazole are known for their 

inhibitory activity against the same isoform (Deodhar M et al., 2020; Shirasaka Y et al., 2013). These 

represent just a few examples of drugs affecting CYP activity, which must be considered when drugs 

are co-administered. Indeed, enzyme inhibition and induction represent the major mechanism underling 

drug-drug interactions.  

As mentioned, xenobiotics’ metabolism, operated by the liver, serves to detoxify and eliminate drugs 

from the body. However, biotransformation can often potentiate drugs’ pharmacological activity or, 

alternatively, activate toxicity. The drug-induced liver injury occurs when a drug or its metabolites cause 

hepatocyte toxicity, leading to liver damage that manifests in various forms, ranging from mild and 

transitory symptoms to chronic and severe life-threatening pathologies.  
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6. Types and mechanisms of DILI 

DILI is a major cause of hepatic-related morbidity and mortality and a leading cause of drug withdrawals 

from the market (Garcia-Cortes M et al., 2020).  

Two different types of drug-induced liver injury are overall recognized: direct and idiosyncratic. Direct 

DILI is due to the intrinsic toxic properties of the drug; it is characterized by dose-dependent symptoms, 

and it is often predictable. It generally has a short onset, typically a few days after drug administration 

(Hoofnagle JH and Björnsson ES, 2019).  

On the other hand, idiosyncratic DILI is unpredictable, and it is caused by medications not intrinsically 

toxic, with a wide-ranging onset from days to years after drug administration. Despite its rarity, with an 

incidence rate of 1-50 cases per 100.000 exposures, idiosyncratic DILI remains a challenge due to its 

unpredictable nature and potential severity (Björnsson ES et al., 2013; Chalasani N et al., 2015). 

Some authors include indirect hepatotoxicity as a third type of DILI, including, in this category, 

exacerbation or induction of liver damage due to a preexisting pathology or individual predisposition 

(Hoofnagle JH, Björnsson ES, 2019). This type of DILI is quite rare but much more frequent than 

idiosyncratic reactions, and it is also predictable in some cases.  

The three types of DILI are characterized by different phenotypic manifestations. 

 

6a. Direct DILI 

 
The most frequent clinical manifestation of direct DILI consists of temporary elevation of liver enzymes 

in serum like alanine amino transferase (ALT), aspartate transferase (AST), and alkaline phosphatase 

(ALP) which normalize upon dose reduction or discontinuation. Normally, no jaundice is present, and 

other symptoms are minimal. Sometimes, serum enzyme elevation can resolve spontaneously in a 

process called adaptation (Watkins PB, 2005). The common pattern of direct liver injury is acute hepatic 

necrosis, occurring soon after the drug administration, most frequently after a single high dose or at 

overdose. Generally, necrosis is not accompanied by inflammation, but in severe cases, liver failure can 

occur and be fatal. The typical example of severe drug-induced acute hepatic necrosis is that of 

paracetamol. Paracetamol’s misuse represents the primary cause of acute liver failure in the western 

world, being responsible for more than 50% of the total cases (Larson AM et al., 2005). Additionally, 

other drugs such as amiodarone, aspirin, and antitumor agents were found to be associated with acute 

hepatic necrosis (Pye M et al., 1988; Laster J and Satoskar R, 2014; Mudd TW and Guddati AK, 2021).  

Intrinsic DILI is typically initiated by a direct effect of the drug or its metabolites. Compounds can 

directly attack mitochondria, acting as uncoupling agents and damaging the electron transport chain 
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(Varga ZV et al., 2015). Other drugs (e.g., chlorpromazine) acting as surfactants cause alterations of the 

hepatocyte’s plasma membrane, leading to cell death (Morgan K et al., 2019).  

Most frequently, the mechanism of hepatotoxicity involves the metabolic bioactivation of drugs. Often, 

reactive metabolites produced in the liver can bind covalently proteins or DNA, inactivating 

fundamental cell functions and causing damage and cell death. Reactive metabolites can also produce 

ROS with consequent oxidative stress and lipid peroxidation, which are responsible for the alteration of 

membrane integrity. Mitochondria dysfunction represents one of the primary mechanisms of DILI, 

which can be caused mainly by OXPHOS (Oxidative Phosphorylation and Electron Transport Chain) 

impairment, mitochondria membrane disruption, or impairment of fatty acid oxidation. In some cases, 

drugs can induce mitochondrial permeability transition pore opening through various mechanisms, 

leading to cell necrosis or apoptosis (Mihajlovic M, Vinken M, 2022). Alternatively, reactive compounds 

interfering with the OXPHOS chain can affect the ATP synthesis process, causing ATP depletion, thereby 

leading to cell death (Fromenty B and Pessayre D, 1995; Terada H, 1990).  

Hepatocytes’ damage can also occur following impairment of beta-oxidation of fatty acids, resulting in 

intracellular accumulation of triglycerides or fatty acids forming micro- or macro vesicles, a typical 

feature of steatosis disease (Fromenty B, 2019; Amacher DE, 2014). Several drugs, including 

amiodarone, acetaminophen, valproic acid, troglitazone, and tetracycline, can induce steatosis by 

inhibition of beta-oxidation enzymes (Fromenty B, 2019; Fromenty B et al., 1990; Aires CCP et al., 

2010; Fulgencio J.P et al., 1996; Szalowska E et al., 2014). 

Lactic acidosis accompanied by microvesicular steatosis is another common sign of direct liver injury 

induced by drugs such as aspirin, intravenous tetracycline, and linezolid (Kishor K et al., 2015; Simon 

TG et al., 2024; Patel V and Sanyal AJ, 2013). The mechanism of pathogenesis involves mitochondria 

damage with consequent impairment of aerobic metabolism. This leads to acidosis deriving from the 

overproduction of lactate deriving from the activation of anaerobic metabolism, along with lipid 

accumulation in vesicles inside the cells. 

The alkylating agents' busulfan and cyclophosphamide used in the hematopoietic stem cells 

transplantation regimen as well as the monoclonal antibody approved for acute leukemia gemtuzumab-

ozogamicin, were reported for hepatotoxicity caused by sinusoidal obstruction syndrome, a potentially 

life-threatening condition characterized by obstruction of sinusoids (McKoy JM et al., 2006; Jain R et 

al., 2017; Pramod G et al., 2020). The initial damage and subsequent loss of endothelial cells forming 

the sinusoids lead to inflammation, edema, and fibrin deposition within the venules’ lumen, causing 

partial or total occlusion, hindering blood flow, and ultimately causing liver injury. 
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6b. Idiosyncratic DILI 

 
The great majority of DILI cases are of idiosyncratic origin (Meunier L and Larrey D, 2019). In contrast 

to direct DILI, idiosyncratic DILI relies not only on the intrinsic properties of the drug but also on the 

susceptibility of the individual due to its genetic predisposition and other factors (Uetrecht J, 2019). For 

this reason, idiosyncratic DILI is individual-specific and, therefore, very challenging to predict. Also, 

the late onset, typically weeks or months after continuous treatment, makes idiosyncratic DILI even 

more difficult to recognize and to do differential diagnosis. 

According to several studies, it has been established that idiosyncratic DILI has an immunological 

mechanism (Fontana RJ, 2013; Liu W et al., 2021; Utrecht J, 2019;). Specifically, the production of new 

antigens, typically modified cellular proteins or macromolecules originating from the drug or drug 

metabolites’ binding, will induce, in susceptible individuals, an innate immune response followed by an 

adaptive response (Williams DP Park BK, 2003; Boelsterli UA and Lee KK, 2014; Uetrecht J and 

Naisbitt DJ, 2013; Fontana RJ, 2013). The activation of macrophages will stimulate T-cells and promote 

the adaptive immune response (Mosedale M and Watkins PB, 2017). The association of idiosyncratic 

DILI with specific HLA genotypes strongly supports the immune-mediated theory (Daly AK and Day 

CP, 2012), and the time needed for lymphocytes’ activation and sufficient proliferation to mediate the 

immunological event could explain the prolonged latency before symptoms’ occurrence. While most 

idiosyncratic DILI are immune-mediated, there are few exceptions suggesting that further mechanisms 

are involved in this type of DILI (Clay KD et al., 2006; Orman ES et al., 2011). 

Conventionally, idiosyncratic DILI are divided into hepatocellular, cholestatic, and mixed, based on the 

induced imbalance of liver enzymes (Danan G. and Benichou C, 1993; Brennan PN et al., 2021). The 

most frequent clinical manifestation of idiosyncratic DILI is hepatocellular hepatitis, resembling signs 

and symptoms of those of viral hepatitis, with significant serum ALT elevation (5 times or more the 

Upper Limit of Normal-ULN), inflammation and cellular (eosinophils) infiltration. This type causes 11-

15% of cases of acute liver failure in the western world (Reuben A et al., 2010; Wei G et al., 2007). The 

evolution of hepatocellular hepatitis into chronic hepatitis is rare. However, it can occur if the drug is 

continued for a long period of time. In such cases, autoantibodies are produced. Several drugs like 

isoniazid, nitrofurantoin, and diclofenac were reported to cause hepatocellular liver injury by 

idiosyncrasy mechanism (Schmeltzer PA et al., 2015; Metushi I et al., 2016).  

Cholestatic hepatotoxicity, a condition characterized by the obstruction of bile flow, can lead to various 

symptoms and complications. The elevation of alkaline phosphatase (ALP) levels, typically not 

exceeding twice the upper limit of normal (ULN), is one of the diagnostic markers for this condition. 

The underlying cause is often the damage to the bile ducts, which can result from certain medications. 

A drug often associated with cholestatic hepatitis is the commonly prescribed antibiotic amoxicillin- 
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clavulanic acid (Beraldo DO et al., 2013). While symptoms like jaundice and itching are common, severe 

cases may lead to complete bile duct disruption. 

The mixed pattern of liver injury is characterized by both histological signs of cholestasis as well as 

hepatocellular damage. Notorious prescribed drugs associated with mixed hepatotoxicity include 

antibiotics of fluoroquinolones and macrolides families and the anti-epileptic phenytoin and 

carbamazepine (Chalasani N et al., 2015; Orman ES et al., 2011; Martinez MA et al., 2015; Chalasani 

N et al., 2022). Typically, the mixed type of idiosyncratic DILI has a benign prognosis, and it rarely 

evolves into liver failure. 

It is worth noting that, overall, antibiotics and antiepileptics account for more than 60% of the total cases 

of idiosyncratic DILI (Kaplowitz N, 2005; Chalasani N et al., 2015). 

 

6c. Indirect DILI 

 
Indirect DILI is a condition not due to the intrinsic properties of the drug nor to its immunogenicity. 

Indirect DILI encompasses liver conditions triggered by a secondary effect of the drugs. For instance, 

fatty liver disease can result from drugs affecting triglycerides accumulation, like lomitapide, or from 

the insulin-resistance induced by chronic administration of glucocorticoids (Alonso R et al., 2019; 

Rahimi L et al., 2020). Acute hepatitis can occur following anticancer therapy with drugs like imatinib 

or iplimumab (Aliberti S et al., 2009; Kleiner DE and Berman D, 2012). There is evidence that therapy 

with tumor necrosis factor antagonists is associated with marked hepatocellular injury triggered by an 

autoimmune mechanism (Ghabril M et al., 2013).  

Differently from idiosyncratic reactions, which are individual-specific and drug-specific, indirect DILI 

is a common reaction regarding an entire class of medications. 

 

6d. Spectrum of pathologies deriving from DILI 

 
DILI encompasses a wide range of hepatic manifestations, from asymptomatic conditions to severe liver 

pathologies, including acute/chronic liver failure, steatosis, hepatitis, vascular damage, cholestasis, and 

others. Although most injuries resulting from the toxic drug’s effect occur in hepatocytes, other liver 

cells can be involved, including cholangiocytes, stellate cells, and endothelial cells. Depending on the 

cell type affected, different pathologies can originate (Fig.6, Suh JI, 2020). 
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Fig. 6. Spectrum of DILI. Drugs can cause several liver diseases ranging from asymptomatic conditions to fatal liver failures. 

Depending on the liver cell type involved in DILI (hepatocytes, stellate cells, cholangiocytes, endothelial cells), different 

pathologies can manifest (Suh JI, 2020). 

A common classification of DILI is based on the disease’s onset. Typically, acute liver injuries are 

referred to as those recovering within six months. However, if the pathology persists for more than six 

months, it is defined as chronic DILI (Suh JI, 2020).  

Liver failure represents the most common manifestation of DILI, accounting for approximately 50% of 

the total liver failure cases requiring transplantation (Larrey D, 1995).  

Acute liver failure results from severe and rapid damage of the hepatocytes. Paracetamol is the first 

cause of acute liver failure, followed by other prescription drugs and herbal supplements, the latter 

representing the second major cause (Stravitz RT and Lee WM, 2019). Direct toxicity (toxic paracetamol 

by-products) or immune-mediated mechanisms (idiosyncratic DILI) induce hepatocellular necrosis or 

apoptosis, impairing the liver’s vital functions. Although acute liver failure has, in general, a favorable 

prognosis after treatment discontinuation, in some cases, it can progress into chronic failure 

necessitating transplantation or be fatal. 

Cholestasis is a condition characterized by bile stagnation in the liver following a marked reduction of 

bile flow due to hepatocytes’ function impairment. The sudden decrease in bile flow within the liver can 

lead to the accumulation of bile acids and toxins within the hepatocytes. Some drugs can induce 

cholestasis by direct inhibition of bile acids transporters (e.g., BSEP, MDR3, MRP3, MRP4) or 

indirectly by dysregulating the transporters’ expression or localization within the hepatocyte (Yang K et 

al., 2013). In some cases, DILI can cause a chronic form of cholestatic hepatitis, which persists for a 



31 

 

prolonged period after discontinuation of the drug. This condition can lead to irreversible liver damage 

and progression to liver cirrhosis. 

Steatosis, or fatty liver disease, is the consequence of lipids accumulation within the hepatocytes in 

micro- or macro vesicles. Drugs like corticosteroids, amiodarone, methotrexate, and tamoxifen were 

associated with steatosis (Amacher DE and Chalasani N et al., 2014). The principal mechanism involved 

in the pathogenesis of fatty liver disease relies on beta-oxidation and oxidative phosphorylation 

impairment in hepatic mitochondria. The reduced capacity of fatty acid breakdown induced by 

prolonged exposure to steatogenic drugs leads to fatty acid accumulation and ultimately to ATP 

depletion. In some instances, steatosis, if accompanied by inflammation and cell damage, can progress 

into non-alcoholic steatohepatitis (NASH), characterized by lobular hepatitis, inflammatory cell 

infiltration, and ultimately collagen deposition (Amacher DE and Chalasani N et al., 2014). 

If endothelial liver cells are injured, pathologies like sinusoidal obstruction syndrome or vascular 

thrombosis can occur. As mentioned, the impairment of blood flow, oxygen delivery, and nutrient supply 

to hepatocytes results in ischemic injury or necrosis. 

The prolonged use of drugs such as minocycline, methyldopa, infliximab, and phenytoin was associated 

with cases of autoimmune hepatitis, a disease involving the attack of liver cells by the immune system, 

causing inflammation and liver damage. Although the exact cause of autoimmune hepatitis is not fully 

understood, it is believed to involve a combination of genetic, environmental, and immunological factors 

(Harmon EG et al., 2018; Czaja AJ, 2011; Jenkins A et al., 2021).    

Hepatic fibrosis is the liver response to persistent insults, including chronic drug exposure. The 

deposition of collagen and other extracellular matrix proteins is the initial event of fibrosis, resulting in 

the alteration of the liver tissue and, thereby, of its vital functionality (Mormone E et al., 2011). A key 

process in hepatic fibrosis initiation is the activation of stellate cells and their consequent transformation 

into myofibroblast-like phenotype. These transformed cells exhibit an increased secretion of collagen 

and other ECM proteins, which contributes to fibrosis progression (Garbuzenko DV, 2022). 

7. Strategies for DILI identifications in drug discovery 

Toxicity evaluation of compounds is a critical step in drug discovery. Determining accurate toxicity in 

the initial phases of the process is necessary to prevent failures in clinical trials. Given that 

hepatotoxicity represents a leading cause of attrition, the prediction of liver adverse effects during the 

early development of novel agents is fundamental to prevent late-stage attritions and severe adverse 

reactions in the post-marketing phase.  

In general, toxicological studies can be carried out using different models: in vitro, like cell cultures or 

subcellular fraction; in vivo, using animal experimental models; ex vivo, in tissues or organs directly 
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isolated from animals and in silico, with the aid of computational provisional tools or mathematic 

models. Finally, epidemiological studies conducted in clinical trials represent the in vivo evaluation of 

toxicological effects in humans. Each of the above-mentioned models belongs to a specific step of the 

drug development process. However, whereas efficacy and potency are extensively studied in early drug 

discovery, in this phase, few tests for toxicity evaluation are performed, like genotoxicity tests performed 

in bacteria strains. Toxicity evaluation of compounds is primarily assessed in animal models starting 

from the preclinical phase. 

Several studies highlight the poor capability of animal models in predicting human toxicity. Indeed, 

animal models often fail to detect adverse reactions of compounds in humans, which progressing in 

clinical trials could expose volunteers and patients to unknown toxic effects (Dirven H et al., 2021; Van 

Norman GA, 2019). A comparative study conducted by Olson et al. in 2000, which collected data from 

150 compounds, showed that rodent and non-rodent preclinical models only detected approximately 

50% of the total human liver injuries induced by these drugs (Olson et al., 2000). Another study, 

analyzing the capability of animal models to identify toxicity causes for withdrawals of 43 drugs, 

reported that preclinical tests were able to detect only 19% of 93 severe adverse reactions (van Meer PJ 

et al., 2012). Remarkably, there are several examples of drugs that caused serious toxicological problems 

in humans that were found to be safe in animal models. A striking case was that of thalidomide, which 

caused numerous cases of phocomelia, while its teratogenicity had not been found in tests performed on 

different animal species (Brook CG et al., 1977; Cuthbert R and Speirs AL, 1963). The TGN1412 

antibody caused acute severe complications during Phase I studies. During Phase II, the antiviral drug 

fialuridine induced severe liver failure that led to 5 deaths and two liver transplantations 

(Suntharalingam G et al., 2006; Attarwala H, 2010; Manning FJ and Swartz M, 1995). However, all 

these serious adverse effects were not previously detected during preclinical testing. This stresses the 

necessity of having a system that can effectively detect the toxicity of NCE in the human species.  

Recent advancements have seen a shift from traditional animal models to more refined human in vitro 

cell-based models, which offer multi-parametric endpoints for better prediction of human toxicity 

(Walker PA et al.,2020). 

Being hepatotoxicity the major concern among toxicity issues, often causing termination of projects in 

drug discovery, pharmaceutical industries along with academia are directing hepatotoxicity research 

towards the development of in vitro systems capable of resembling the in vivo human liver 

microenvironment to achieve a more reliable toxicity prediction. 

The examination of the most common in vitro systems developed so far is important to analyze their 

advantages and disadvantages, and it will help to understand the progressive evolution towards the most 

sophisticated and reliable ones.  
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7a. In vitro systems for toxicity detection of compounds 

 
Monolayer cultures, constituting the conventional 2D cellular model, are widely used in cell biology 

and drug discovery. Typically, in such systems, cells are grown on a flat plastic surface, like a flask, and 

adhere to it, forming a single cell layer. Monolayer cultures provide a simplified and easy system for 

studying basic cellular processes, including cell proliferation, differentiation, and response to external 

stimuli. In such systems, cells are in contact with a homogeneous environment with uniform exposure 

to nutrients and other soluble factors present in the culture medium, ensuring uniform cells proliferation. 

On the other hand, the homogeneous access to oxygen and nutrients does not resemble their natural 

gradient in vivo. For their ease of use and relatively low-cost, monolayer cultures are widely applied in 

high-throughput screening assays, allowing rapid evaluation of numerous compounds or different 

experimental conditions. Indeed, monolayer cultures are often used in drugs’ screening for toxicity 

during the preclinical phase, providing a useful model for the evaluation of compounds' effects on 

cellular proliferation, apoptosis, or other cellular endpoints. Despite the many advantages offered, 

monolayer cultures have limitations. In such systems, cells are flattened; therefore, their three-

dimensional morphology and polarity are lost. This leads to a less physiological growth environment 

with limited intercellular interactions. Monolayer cultures also lack interactions with the extracellular 

matrix (ECM) components, which are crucial to regulating several functions. Components of ECM, like 

integrins and proteoglycans, are key signaling mediators, thereby affecting cell proliferation and cell 

fate.  Additionally, ECM, acting as a reservoir for growth factors, drives cellular differentiation (Chen 

SS et al., 2007), and it is the essential substrate for cell migration (Kim SH et al., 2011).   

Ultimately, the bidimensionality of monolayer systems limits cells’ growth and cells’ diffusion, which 

should be achieved instead in a three-dimensional space (Charwat V and Egger D, 2018). For these 

limitations, monolayer cultures do not fully recapitulate the complex in vivo microenvironment and 

tissue architecture. Therefore, cellular responses to drugs and external stimuli can be biased in such 

systems.   

In an attempt to reduce the limits of monolayer cultures and to better simulate cellular behaviour in vivo, 

several strategies have been used, and more sophisticated cellular systems have been developed, thanks 

to the advanced in vitro techniques currently available.  

For instance, the sandwich culture technique, introduced for the first time in 1989, is a bidimensional 

system where cells are seeded between two layers of extracellular matrix (e.g., collagen, Matrigel, 

fibronectin). In such systems, cells retain their natural morphology and polarity (Dunn JC et al., 1989). 

Originally developed to culture rat hepatocytes, which struggled to survive in conventional 2D 

monolayers, the sandwich configuration allows for relatively long-term cultivation. Moreover, it 

facilitates essential interactions between cells and their surrounding matrix, improving signalling and 

functionality.  
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Sandwich systems are particularly suitable for hepatocytes culture. The polarity of the hepatocyte plays 

a crucial role in the correct functionality of the liver tissue, as the metabolic and secreting functions of 

the liver rely on the polarized epithelium of the hepatocyte. Indeed, concerning the lobule architecture, 

hepatocytes form with their apical membrane, the bile canaliculi network, and with their basal 

membrane, the sinusoid network. Hepatocytes cultured in sandwich configuration retain their polarity 

expressing specific transporters in each of those membranes, representing, therefore, a reliable tool to 

study liver functionality and response to drugs’ insults (Bi YA et al., 2006; Ziegerer C et al., 2016; Yang 

K et al., 2016). Moreover, these systems provide culture for extended periods compared to monolayer 

systems, allowing drugs-toxicity assessments at longer times.  

Another remarkable application of sandwich culture was its use in the establishment of hippocampus 

neuronal cultures that enabled the visualization of neurites’ interactions (Brewer GJ and Cotman CW, 

1989). 

Although sandwich culture mimics more closely than 2D monolayer the in vivo environment, it still has 

some bottlenecks. The major limitation of this system is the cellular de-differentiation that results in a 

reduced functional capacity and sensitivity to the effect of drugs, already seen after 24 h of culture (Bell 

CC et al., 2018). Indeed, studies showed altered protein expression already after two weeks of culture.  

Moreover, poor cell-cell interaction constitutes another important limitation of these cultures, which is 

responsible for altering cell behaviour and impaired ability to respond to stimuli (Duval K et al., 2017). 

Sandwich cultures can be considered pseudo-3D systems as they do not completely simulate the 

complex in vivo system. Therefore, to enhance predictability in drug discovery, more advanced three-

dimensional culture systems have been developed. 

Cells’ growth and interaction in three-dimensional models allow to recapitulate more closely the in vivo 

microenvironment. For this reason, such systems gained lately more and more importance in cell biology 

and drug discovery, representing a bridge between in vitro and in vivo models, and their use has increased 

to study physiology, pathology, and tissue response to drugs (Urzì O et al., 2023; Langhans SA, 2018). 

Compared to bidimensional systems, 3D cultures offer increased cell-cell interaction and cell-ECM 

interactions, which are established while cells retain their spatial organization and polarity, better 

mimicking the in vivo architecture of a tissue. The three-dimensionality affects proteins and receptor 

organization on the cell’s surface, thereby influencing cell signalling, communication, and processes 

(Wanigasekara J et al., 2023). Additionally, in 3D systems, a gradient of oxygen and nutrients is 

spontaneously generated, as the access to them is reduced proportionally towards the inner part of the 

culture (Griffith LG and Swartz MA, 2006). 

Several strategies have been developed for three-dimensional cultures, some of them involving 

scaffolds, whereas others are scaffolds-free, like cell aggregates (e.g., spheroids). In general, hydrogels 

are used as scaffolds, which are made of collagen, fibronectin, hyaluronic acid, Matrigel®, and other 
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proteins of the natural ECM. Also, biodegradable polymers have been included, like poly(dl-lactic-co-

glycolide) (PLGA) and poly(glycerol sebacate) (PGS) as a scaffold for 3D cultures (Cardoso BD et al., 

2023). Besides the mechanical support function for cells, the ECM acts as a repository for grow factors, 

hormones, and active mediators promoting cell proliferation and differentiation, and influencing several 

biological behaviours (Cukierman E et al., 2001). It has been described how the presence of ECM in 3D 

cultures not only increases specific gene expressions that are not expressed in 2D cultures but also 

induces cells’ deposit and remodelling of their own ECM as it happens in vivo (Frantz C et al., 2010). 

Moreover, the mechanical properties of the ECM are key in cell migration occurring through 

mechanotransduction, a process starting with the mechanical stimulation of integrins and ion channels-

mediated pathways, leading to control of nuclear transcription (Saraswathibhatla A et al., 2023). 

The introduction in the last decades of the electrospinning technique (Xue J et al., 2019) allowed the 

manufacturing 3D scaffolds for cell culture made of tightly woven nanofibers that faithfully mimic the 

structure of the natural ECM, providing an ideal environment for cell culture (e.g., BioSpun™). The 

specific porosity and uniformity of these membranes ensure that cells retain their correct three-

dimensional morphology, which is crucial to display the natural organization of the membrane’s 

receptors.  This is essential to simulate the real drug-target interaction and the consequent cell response.  

Spheroids are the simplest three-dimensional model for cell culture, introduced for the first time by 

Sutherland et al. in 1970 to study survival after radiation of solid tumour cultures (Sutherland RM et al., 

1970). Spheroids are self-aggregation of one or multiple cell types, typically generated under centrifugal 

force in low-attachment plates, characterized by the absence of a support scaffold. Another method for 

spheroids formation is the hanging drop technique, where a drop of cell suspension is pipetted into a 

plate lid. By inverting the lid, the superficial tension and the gravity force promote cells’ aggregation. 

In the method called liquid overlay, cell aggregation is induced by continuous rotation using a shaker 

(Białkowska K et al., 2020). 

In the formation of spheroids, cadherins, and integrins are the proteins that play a major role. 

Particularly, three stages in spheroids formation have been identified. The first involves the formation 

of loose aggregation through ECM fibers, allowing anchorage of integrins; the second, in which 

enhanced cell aggregation is mediated by upregulated E-cadherins; and the last, consisting in the 

establishment of strong homophilic interactions between E-cadherins, responsible for the increasing 

compactness and transition from irregular to round-shape spheroids (Lin RZ et al., 2006). 

Spheroids represent the most common model for in vitro tumour as they accurately emulate the key 

feature of the tumour tissue, characterised by highly proliferating cells in the outer layer and hypoxic, 

necrotic tissue in the inner space (Nunes AS et al., 2019). Therefore, spheroids find large applications 

as tumour models in cancer research to study tumour microenvironment signalling, and factors 
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implicated in drug penetration and accumulation, which ultimately serve to assess the antitumor efficacy 

of drugs for screening and development of new therapies (Pinto B et al., 2020). 

For their relatively simple creation, handling, and reasonable costs, spheroids offer the advantage of 

being amenable for high throughput screening of compounds’ toxicity in drug discovery.  

More complex than spheroids are organoids, 3D in vitro models mimicking structures and function of 

specific in vivo tissues. They derive from stem cells, like embryonal, adult, or induced pluripotent stem 

cells subjected to directed growth conditions (McCauley HA and Wells JM, 2017; Spence JR et al., 

2010; Takasato M et al., 2015). The peculiarity of such models is the self-organization, the ability to 

auto-organize, forming complex 3D structures containing several differentiated cell types recapitulating 

the functional characteristics of specific organs (Lewis A et al., 2021). Organoids are increasingly being 

used in drug discovery to test the potency and toxicity of compounds as their physiological similarity 

with in vivo models provides a relevant and accurate prediction of drug-response and insights into the 

mechanism of action (Matsui T and Shinozawa T, 2021). 

Conventional 3D systems described so far, like organoids and spheroids, are static models as they are in 

contact with a static medium but do not include systems that recapitulate blood flow like in in vivo 

conditions. Such systems do not consider, therefore, nutrients, oxygen, and waste fluctuations over time, 

nor do drug concentration changes. Furthermore, they do not consider shear stress, which can affect cell 

functions in several ways. Cells cultured under continuous flow are subjected to a mechanic force that 

can stimulate cells, affecting ion channels activation, gene expression, and polarization, therefore 

accelerating proliferation, protein expression, differentiation, and cell signalling (Fois CAM et al., 2021; 

Huang Y et al., 2021; Chistiakov DA et al., 2017; Espina JA et al., 2023; Tsaryk R et al., 2022). As static 

models do not provide vascular perfusion, interstitial flow, and circulation of immune cells, ADME of 

drugs is not accurately reproduced, and therefore, neither is their PK/PD profile. Hence, testing the 

efficacy and toxicity of drugs can lead to erroneous outcomes (Ingber DE, 2022). 

To address the limitations of static 3D models and make them more capable of resembling the 

physiology of the human body, dynamic cell culture systems have been developed in the last decades. 

One of the most revolutionary 3D dynamic culture models is the organ-on-a-chip, developed thanks to 

the cooperation between cell biology and bioengineering studies.  

The first idea of a microscale organ traces back to 2004 when Shuler and colleagues developed the cell 

culture analogue (CCA), a microscale device consisting of multiple chambers with mammalian cells 

communicating through a network of channels, which can be considered the precursor of the current 

organ-on-a-chip (Sin A et al., 2004; Viravaidya K et al., 2004). 

The term organ-on-a-chip was introduced later by Dr. Donald Ingber, the Founding Director of the Wyss 

Institute at Harvard University (Boston), who developed a microdevice to recreate tissue-tissue 

interfaces essential for the organ function, as such, the human lung (Huh D et al., 2010).  
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Organ-on-a-chip are microfluidic devices providing miniature tissues cultured in a plastic support, that 

can recapitulate physiological and pathological functions of a human organ. Typically, mammalian cells 

are cultured within chambers interconnected by micro-channels where media is continuously flowing, 

reproducing the circulatory system. Such technology, in contrast to the traditional static models, which 

use a single cell type, provides connection and communication between different cell types, to 

recapitulate the complexity of the entire organ, which is the result of several functions specifically 

carried out by a heterogeneous population of diverse cell types (Mertz DR et al., 2018). Organ-on-a-

chip systems provide precisely a controlled cellular microenvironment through the simulation of 

nutrients and oxygen gradients, continuous perfusion shear stress, and mechanical cues, leading to 

longer cell viability compared to that of static 3D models (Białkowska K et al., 2020). 

Organ-on-a-chip are used to model the functionality of several body systems including lung, heart, liver, 

kidney, bones, skin, brain and intestine (Huh D et al., 2010; Zhang YS et al., 2016; Ho C et al., 2016; 

Jang KJ et al., 2013; Mansoorifar A et al., 2021; Zoio P et al., 2022; Bang S et al., 2019; Xiang Y et al., 

2020). Additionally, interconnecting different organs-on-a-chip, multi-organ- or even body-on-a-chip 

have been recently developed to study multiple organs interplay in physiological processes or in the 

pathogenesis and progression of diseases, such as the metastatization process in cancer (Park SE et al., 

2019; Esch MB et al., 2014; Sung JH et al., 2019).  

Organ-on-a-chip finds several applications in research besides the faithful reproduction of organ 

physiology. Indeed, they are used to model human disorders, reproduce interactions between different 

organs, and study human response to drugs, chemicals, or pathogens. Interestingly, the accurate mimicry 

of the liver tissues achieved by the co-culture in the liver chip of primary human hepatocytes, sinusoidal 

endothelial cells, and Kupffer cells allowed to reproduce liver-specific functions, like Phase I and II 

reactions, accurately replicating PK parameters found in in vivo human tests (Sarkar U et al., 2015). A 

liver chip was used to demonstrate drug-drug interactions by its capability to modulate CYP3A4 

enzymes under the effect of different agents (Long TJ et al., 2016). Ultimately, an outstanding 

application of liver chips is in the evaluation of drugs’ hepatotoxicity. By the microscale reconstruction 

of the sinusoid circulation, drugs’ transportation through the liver endothelium can be simulated, as well 

as their metabolism (Lee PJ et al., 2007). Additionally, species-specific liver toxicities were revealed by 

using hepatocytes isolated from dogs, rats, and humans, highlighting the potential of such in vitro 

systems to overcome the limitations of preclinical animal models in hepatotoxicity prediction (Jang KJ 

et al., 2019). According to a recent survey, the replacement of animal models with in vitro organ-on-a-

chip for DILI identification could bring significant economic benefit to pharmaceutical companies and 

would also align with ethical requirements related to the use of animal models in drug discovery research 

(Ewart L et al., 2022). 

Despite 3D cell culture systems offer a more physiologically relevant environment for studying complex 

biological processes, they do have challenges. They often lack reproducibility due to the intrinsic 
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variability within each 3D structure, which can lead to difficult standardization of testing and difficult 

interpretation of results (Khafaga AF et al., 2022). On the other hand, the simplicity of 2D cultures 

facilitates the achievement of reproducible results and easy standardization, although they are far from 

emulating the in vivo tissue. Furthermore, 3D cultures often require more resources, both in terms of 

time and cost, and they necessitate higher expertise than their 2D counterparts. However, the potential 

of 3D cultures to fill the gap between in vitro and in vivo testing in drug discovery continues to drive 

research in this field. 

 

7a.i. Cell type selection for toxicity assessments 

 
Primary cells are considered the gold standard for ADME and toxicity studies, as they retain the 

characteristics of the real tissues; therefore, their responses to drugs and chemicals closely mimic those 

observed in vivo (Richter M et al., 2021; Eglen R and Reisine, 2011). Unlike tumour cell lines, when 

primary cells are subjected to toxic drugs, they undergo apoptosis or necrosis, depending on the damage. 

However, primary cells undergo dedifferentiation when cultured in vitro, losing their characteristic 

functionality (Hu C and Li L, 2015; Heslop JA et al., 2017). Therefore, cell lines commonly used often 

derive from cancer phenotypes, ensuring in this manner unlimited replicability, high reproducibility of 

results, and easier handling (Gillooly JF, et al., 2012). However, some drawbacks need to be considered. 

For example, due to their tumor derivation, processes of cell death are here altered and, therefore, can 

jeopardise the toxicity outcomes (Wilding JL and Bodmer WF, 2014; Mirabelli P et al., 2019; Kaur G 

and Dufour JM, 2012).   

Moreover, another important factor that must be considered, especially when liver toxicity is studied, is 

the different metabolic capacities expressed by different cell types. For instance, the hepatoma cell line 

HepG2, despite the advantage of unlimited proliferation over numerous passages, does not accomplish 

the metabolic requirements for the accurate detection of drugs’ toxicity (Yokoyama Y et al., 2018). 

HepG2 express indeed a very low biotransformation capacity compared to primary hepatocytes; thereby, 

drugs are not adequately activated or detoxified, and this can affect the toxicity outcomes (Westerink 

WM and Schoonen WG, 2007, a, and b). A good compromise is reached with the HepaRG, an engineered 

cancer cell line, expressing the great majority of liver metabolizing enzymes and at the same time with 

the indefinite proliferative features of cancer cells (Guo L et al., 2011; Seo et al., 2019), allowing in this 

way to have in a single cell type both the principal advantages of primary hepatocytes and cancer-derived 

liver cell lines. 

Given the poor translatability of toxicity outcomes across different species, the choice of the species 

where the assays are going to be performed also plays a crucial role. For example, if the final goal is 

liver toxicity evaluation in human species, then human hepatocytes-based models are usually preferred 
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to animal hepatocytes’ models, like mice and rats, although rodent-based models are still commonly 

used. 

7a.ii. Assays and parameters for drugs cytotoxicity evaluation 

 
The capacity of a compound to induce cell damage by impairment of fundamental structures or living 

functions is referred to as basal cytotoxicity, a concept introduced by Dr. Biorn Ekwall, a distinguished 

Swedish toxicologist who made a fundamental contribution to the history of cellular toxicology. In 1983, 

he formulated the basal cytotoxicity concept based on the observation that 80% of a battery of 

compounds showed the same toxicity in vitro and in vivo (Ekwall B, 1983), suggesting the idea of basal 

cytotoxicity as the agents provoked a similar lethality by interfering with essential functions, common 

to diverse cell types. 

Ekwall demonstrated for the first time the reliability of cellular in vitro tests in the assessment of toxicity 

of chemical compounds in humans. Specifically, Ekwall undertook an outstanding project, the MEIC 

(Multicentre Evaluation of In Vitro Cytotoxicity Programme, 1989-1999), involving 100 laboratories 

worldwide, in which 61 different in vitro toxicity tests were used to determine the concordance with 

LC50 and IC50 of 50 compounds found in humans (Bondesson I et al., 1989; Ekwall B et al., 1990). The 

novelty of this work relied on the use, for the first time, of lethal and sublethal compounds’ blood 

concentration in humans as reference values for test comparison. Through this work, Ekwall provided 

experimental evidence that in vitro toxicity testing is are valuable tool to extrapolate in vivo toxicity 

outcomes in humans (Clemedson C et al. 1998). This started a new era in the experimental field of 

toxicology, which has led to the evolution of the numerous refined in vitro assays we have today for 

drug toxicity prediction.  

Overall, three principal steps can be identified in the cytotoxicity process, common to every cell type: 

initial injury, mitochondrial injury, and cell death (Vinken M and Blaauboer BJ, 2016). Therefore, in the 

evaluation of a compound’s toxicity, if there are no tissue-specific toxicity insights, it is recommendable 

to prior proceed by assessing general toxicity tests. Such general assays can address initial cell injury, 

mitochondria dysfunction, including ROS-mediated mitochondria damage, and cell death by apoptosis 

or necrosis. 

One of the most common effects of initial injury, which can be triggered by different mechanisms (e.g., 

phospholipid double-layer damage, channel proteins, or transporter impairment), is the plasma 

membrane disruption. As a result of damage to the plasma membrane, the release of cellular components, 

including enzymes or metabolic products, occurs, compromising the compartmentalization of cellular 

functions and, ultimately, cell homeostasis. 

Some assays developed to assess membrane injury are based on the detection of enzymes’ leakage in 

the extracellular media, like lactate dehydrogenase (LDH) or proteases, constitutively present in all cell 
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types. Some examples of such assays include the LDH leakage assay and the protease activity assay. 

The first one relies on the quantification of the LDH, the enzyme necessary for the biotransformation 

pyruvate-lactate. In the conversion lactate-pyruvate catalysed by LDH, NAD+ is reduced in NADH. The 

LDH released in the extracellular media can be indirectly quantified by detecting the NADH 

consumption in a coupled reaction, where the substrate, a tetrazolium salt, is converted to a red formazan 

product, detectable by measuring absorbance at 490 nm (Korzeniewski C and Callewaert DM, 1983).  

Similarly, the proteases released can be quantified by measuring their activity. The protease activity 

assay is based on the ability of constitutive cellular proteases to convert an uncoloured substrate into a 

fluorescent product. The fluorescence quantification is used to correlate the number of viable cells (Niles 

AL et al., 2007).  

Additionally, the Trypan blue exclusion assay is a very common, simple, and low-cost assay that 

selectively discriminates cells with integer membranes. It is based on the capability of the dye trypan 

blue to penetrate only cells with damaged membranes, therefore staining intracellular proteins. As a 

result, alive cells are visualized as white, whereas dead cells are blue (Piccinini F et al., 2017). 

Several cytotoxicity assays were developed to address mitochondria dysfunction, which is a critical 

factor in cellular health. Indeed, mitochondria represent the energy factory of the cell, where beta-

oxidation and oxidative phosphorylation take place thanks to a controlled interplay of enzyme-guided 

reactions for the final production of ATP, essential for cell vitality. Therefore, compounds interfering 

with mitochondria functions can cause damage generally associated with impairment of energy 

metabolism, leading to a marked reduction of ATP production. Additionally, compounds can damage 

mitochondria with different mechanisms by altering the mitochondrial membrane potential, 

compromising the mitochondria transition pore, or uncoupling the electron transport chain, leading to 

ROS formation (Vuda M and Kamath A, 2016). 

The MTT assay, considered one of the most valuable in vitro viability tests, relies on the ability of 

metabolically active cells to reduce tetrazolium salts, like the MTT substrate (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl-2H-tetrazolium bromide) into the blue-coloured formazan products (Mosmann T, 

1983). Although this reaction is primarily catalysed by a mitochondrial reductase, other organelles’ 

enzymes can perform it. Thus, the MTT assay is more considered a general cell viability test rather than 

a specific mitochondrial functionality test.  

Similarly, the Resazurin assay, also known as the trade name of Alamar blue™, is a colorimetric assay 

based on the reduction of the substrate resazurin into resofurin, a fluorescent and soluble product (Page 

B et al., 1993). The fluorescence released gives an estimation of the number of living cells. However, it 

is worth noting that the assay reflects the overall metabolic activity rather than just mitochondrial 

function, as the reaction is operated by mitochondrial and cytosolic enzymes. Therefore, the results 

should be interpreted as a general picture of cell functionality. 
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Assays developed to monitor ATP content in cells offer one of the most robust tools to estimate viable 

and metabolically active cells, being ATP, the primary energy-carrying molecule for cells’ functions. 

The great majority of such assays rely on the firefly luciferin–luciferase system for ATP detection. The 

principle of this assay is the oxidation of the natural substrate luciferin by the enzyme luciferase, which 

gives the oxidized product with the emission of light (Fig. 7). 

 

 

Fig.7. Schematic representation of the ATP-content assay principle (e.g., CellTiter-Glo®, Promega). ATP is necessary as it is 

consumed during the oxidation of the Luciferin substrate into oxyluciferin product, operated by the Luciferase enzyme. As 

cells are the source of ATP, the luminescence signal is proportional to the number of viable cells. Source: CellTiter-Glo® 

Luminescence Assay, Promega Corporation. 

 

As this reaction requires ATP, its consumption is proportional to the bioluminescent signal, which 

indirectly quantifies the intracellular ATP (Riss TL et al., 2013; Lomakina GY et al., 2015). Assays for 

ATP detection are considered among the most reliable in measuring cell viability as these biomarkers 

undergo a rapid decrease in damaged cells, where metabolic pathways are compromised. Additionally, 

as ATP is primarily produced in mitochondria, this assay is a valuable evaluation of mitochondria 

integrity and functionality (Lanza IR and Nair KS, 2010). Furthermore, the high sensitivity, 

reproducibility, stability of the signal that could remain stable up to 5 h, and the low background noise 

represent remarkable advantages, making such an assay one of the most used in determining cell 

viability. Another advantage is its applicability for high throughput screening due to its agility, simple 

handling, and absence of incubation time, unlike other in vitro tests (Niles AL et al., 2008; Cali JJ et al., 

2008). Finally, it is worth noting that such assay can be used to determine cell viability in 3D systems, 

like spheroids, 3D scaffold-based cultures, or microtissues, and lately, innovative ATP-based methods 

have been advanced to measure ATP in living cells and animals (Kijanska M and Kelm J, 2016; 
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Morciano G et al., 2017). This represents an added value, given the increasing use of three-dimensional 

models in research. 

However, some limitations of the ATP content assays need to be mentioned. These include the high cost 

and the low stability of luciferase to certain compounds or culture conditions. Also, the requirement of 

cell lysis makes the assay an end-point test. Additionally, as a consequence of cell lysis, ATPases 

released in the media can degrade ATP molecules, affecting the results (Cali JJ et al., 2008).   

The introduction of engineered and more stable luciferases to chemicals and temperature, as well as the 

inclusion of ATPase inhibitors within assays working solutions, overcame many of those limitations, 

making the current versions of ATP-content assays extremely reliable and sensitive (Hall MP et al., 

1998; Kitayama A et al., 2003; Koksharov MI and Ugarova NN, 2012). 

In addition to cell viability tests, other in vitro tests have been developed to specifically determine 

mitochondrial damage and dysfunction. Among these, we find mitochondrial membrane potential assays 

and those measuring oxidative stress by quantification of intracellular ROS. Assays based on ROS 

detection include direct methods, which quantify superoxide radicals or lipid peroxidation, or indirect 

methods based on measurement of the activity of ROS- neutralizing enzymes, like superoxide dismutase 

(SOD), catalase and glutathione peroxidase (Sakamuru S et al., 2016; Hadwan MH, 2018; Ahmed AY 

et al., 2021). 

Healthy mitochondria display a membrane potential characterized by a negative charge. However, when 

mitochondria are damaged, the incorrect ion distribution across their membrane alters the potential. 

Assays developed to detect altered mitochondria membrane potential rely on the use of cationic 

fluorescent dyes, which accumulate within the mitochondria matrix, thereby giving the damage 

estimation through the fluorescent signal (Perry SW et al., 2011).  

General ROS species and superoxide radicals can be detected using molecular probes, which can 

permeate cells and can be oxidized by reactive oxygen species into fluorescent-colored products, 

detectable by spectrophotometry. Although they constitute valuable assays for ROS detection, the 

principal limit is the artifact generation as such probes can react with other intracellular oxidant rather 

than solely ROS or superoxide radicals (Kalyanaraman B et al., 2011; Chen, X et al., 2010). More precise 

techniques to determine cellular oxidative stress are based on measuring the activity of enzymes 

involved in redox reactions like catalase, SOD, and glutathione peroxidase. These methods are 

colorimetric assays based on the use of enzyme-specific substrates transformed into colored detectable 

products (Beers RF Jr and Sizer IW, 1952; Nebot C et al., 1993; Hadwan MH, 2018). 

General toxicity induced by compounds can be detected using cell death assays. These assays can 

differentiate between apoptosis and necrosis, the principal forms of cell death.  The annexin V staining 

assay, for example, is used to detect early phases of apoptosis. This test exploits the high affinity of the 

protein annexin V for phosphatidylserine (PS) residues, which are exposed outside the plasma 
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membrane during apoptosis initiation (Mariño G and Kroemer G, 2013). Annexin V can be fluorescently 

labeled and used in this way to detect apoptotic cells after binding the exposed PS residues (Vermes I et 

al., 1995). Other widely used methods for apoptosis assessment rely on quantification of caspase-3 

(CAS-3) activity, as this enzyme plays a key role in the apoptotic pathway. Such methods are based on 

the measurement of specific substrates cleaved by CAS-3 (Pérez-López AM et al., 2016; Savitsky AP et 

al., 2012). Although this is an overall accepted method for apoptosis detection, it has been described that 

such substrates’ specificity is not restricted to CAS-3 and that other enzymes like caspase-6 and -7 can 

also induce apoptosis without the involvement of CAS-3 (Liang Y et al., 2001). Therefore, it is 

recommended to use multiple assays to ensure the activation of a specific caspase in apoptosis activation. 

An alternative method for apoptosis identification is the TUNEL (terminal deoxynucleotidyl transferase 

biotin-dUTP nick end labeling) assay, which detects DNA fragmentation, a typical indicator of apoptotic 

cells. In this assay, labeled 2-deoxyuridine 5-triphosphate (dUTPs) nucleotides are bonded to hydroxyl 

ends of DNA, marking DNA strand breaks (Kyrylkova K et al., 2012). Although very sensitive, the 

TUNEL assay is very costly, so alternative low-cost tests are preferred in certain applications, such as 

propidium iodide (PI) staining, used to identify necrotic cells due to its inability to permeate intact cell 

membranes. 

Altogether, the described assays provide a comprehensive view of general mechanisms of cell damage 

that can occur in any cell type, which is crucial for understanding the general toxicity of compounds and 

to further investigate the mechanism of toxicity concerning specific tissues. 

 

7a.iii. Liver-specific assays for DILI 

 
General toxicity tests are often end-point assessments, so they do not provide information regarding 

initial or progressive cell damage as they measure irreparable events such as membrane disruption, 

mitochondria impairment, or cell death. General toxicity evaluation has the advantage of being 

applicable to any cell type, but for its nature, it lacks specificity. Therefore, specific methods have been 

developed to provide tissue-specific toxicity. For instance, specific tests were generated to detect liver-

specific injuries. The liver is the organ majorly insulted by drugs and chemicals due to its fundamental 

role in xenobiotic metabolism. Among the main ones, we find specific tests for cholestasis, steatosis, 

and fibrosis detection.  

Cholestasis is a condition characterized by impairment of bile flow from the liver to the intestine with 

consequent accumulation of bile acids inside or outside the liver (intrahepatic cholestasis or extrahepatic 

cholestasis). Dysfunction or alteration of the expression of bile acid transporters, mainly localized in the 

canalicular membrane of the hepatocytes, results in the accumulation of toxic bile acids, leading to liver 

injury (Pauli-Magnus C and Meier PJ, 2005). Principal causes of cholestasis are genetic disorders 
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causing defective expression of bile acid transporters, pre-existing liver diseases, and medications 

(Shaffer EA, 2002; Velayudham LS and Farrell GC, 2003; Zollner G and Trauner M, 2008). Several 

commercial drugs, including amoxicillin-clavulanic acid, erythromycin, nitrofurantoin, chlorpromazine, 

estrogens, and amiodarone, have been directly associated with cholestatic diseases deriving from bile 

acid transporters’ inhibition or indirectly, by altering their expression or functionality (Padda MS et al., 

2011; Sundaram V, Björnsson ES et al., 2017; Yang K et al., 2013). Assays to assess cholestasis are 

based on the use of specific fluorescent or labeled substrates for the principal bile acid transporters (e.g., 

BSEP, MRP2-3, NTCP, OAT1-2) to evaluate their functionality (Jazaeri F et al., 2021; Jackson JP and 

Brouwer KR, 2019). 

Steatosis, also known as fatty liver disease, is a condition characterized by the accumulation of lipids in 

liver cells, mainly triglycerides. This disease results principally from the impairment of fatty acid 

metabolism within the hepatocytes, which leads to intracellular accumulation in the form of micro or 

macrovesicles and ultimately interferes with normal liver tissue functionality. Besides alcohol 

consumption, considered the leading cause of steatosis, genetic factors, other disorders such as insulin 

resistance, and drugs are involved in steatosis. If not treated, NAFLD can progress into a condition of 

severe inflammation called non-alcoholic steatohepatitis (NASH) (Cobbina E  and Akhlaghi F, 2017). 

Several drugs have been reported to be associated with NAFLD and NASH, such as amiodarone, 

glucocorticoids, methotrexate, tamoxifen, nonsteroidal anti-inflammatory drugs, paracetamol, estrogens 

(Kolaric TO et al., 2021). Therefore, in DILI evaluation, it becomes crucial to test compounds for 

steatosis. Different in vitro assays are available to determine steatosis induced by compounds and 

chemicals. The most used ones are colorimetric assays based on neutral triglycerides and lipid stainings 

such as Oil Red-O or fluorescent dyes, which selectively detect lipid droplets like Nile staining (Mehlem 

A et al., 2013; Stellavato A et al., 2018; Martinez V and Henary M, 2016). 

In general, fibrosis consists of the substitution of the functioning parenchymal tissue with fibrotic tissue. 

In the liver, a perpetual insult caused by chronic diseases could promote fibrosis, impairing the 

physiological activities of the liver. This process is typically initiated by transformed stellate cells 

(HSC), which pass from a quiescent state into fibroblast-like cells, which start depositing components 

of the ECM (Kamm DR and McCommis KS, 2022; Yang F et al., 2021). Subsequently, HSC acquire 

contractility, Kupffer cells are activated, and ECM materials are accumulated in the Disse space (Yang 

F et al., 2021; Roehlen N et al., 2020). In severe cases, this status can become irreversible, progressing 

to cirrhosis (Ginès P et al., 2021). Fibrotic tissue in the liver is characterized by the abundance of 

collagen I, III, and IV and other proteins, mainly including fibronectin, elastin, and laminin, due to 

enhanced secretion and inhibition of metalloproteinases activity (Bataller R and Brenner DA, 2005). 

Several in vitro tests for liver fibrosis evaluation have been developed. Some of them, such as Sirius 

Red (SR) or Picrosirius Red (PSR) assays, are commonly used and rely on the red staining of collagen 

fibers visible under light or fluorescence microscopy (Rittié, L, 2017). Other tests are based on the 
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quantification of hydroxyproline, an amino acid highly present within the collagen protein (Langrock T 

and Hoffmann R, 2019). Also, specific collagen types can be identified through immunostaining or 

ELISA tests (Bielajew BJ et al., 2020). Such methods are more accurate, although quite costly and time-

consuming. Other techniques for liver fibrosis detection include the evaluation of metalloproteinase 

(MMPs) activity or tissue-inhibitor metalloproteinase (TIMP) blockage (Hawkes SP et al., 2010). 

 

7b. Pragmatic strategy for early hepatotoxicity assessment of compounds 

 
When hepatotoxicity assessment concerns novel compounds whose toxic effect has never been explored 

before, a pragmatic approach consists of evaluating firstly a general cytotoxicity, then once this is 

verified, proceed with the evaluation of liver-specific toxicity.  

The selection of the appropriate cell type and culture format is key to achieving a reliable cytotoxicity 

evaluation, and this is strictly dependent on the purpose of the investigation. Although primary cells are 

considered the gold standard as they retain the characteristics of the in vivo tissue, they do not represent 

the optimal cell type for an initial cytotoxicity assessment. Cell lines are preferable in such cases, as 

they offer several advantages compared to primary cells, like higher stability, high proliferation rate, 

easy handling, and reproducibility of results. For instance, in vitro liver cytotoxicity screenings in drug 

discovery are mainly carried out with the tumor-derived HepG2 or HepaRG cell lines, while for organ-

specific tests, primary cells, such as primary hepatocytes, are considered more valuable tools (Vinken 

M and Hengstler JG, 2018). 

Concerning the species, although rodent cell lines are still widely used, human cell lines are, in general, 

highly preferable as they more closely replicate human in vivo physiology and response to drugs. 

Selecting the appropriate culture format is also crucial for an accurate cytotoxicity assessment. There 

are many different systems available nowadays for cell culture, all of them with their advantages and 

disadvantages. While conventional monolayer cultures are reliable and widely used for cytotoxicity 

detection, they lack the complexity of the in vivo environment. More sophisticated 3D systems, such as 

spheroids, scaffold-based 3D cultures, organoids, or organ-on-a-chip, offer a more physiologically 

relevant model. Some of them, like organoids and organ-on-a-chip, however, are not amenable for HTS 

and, therefore, are not accessible for general cytotoxicity assessments. Lately, 96 well plates providing 

inserts of ECM membranes or where it is possible to generate spheroids represent a valuable solution, 

offering an in vivo-like system compatible with the HTS plate format.  

Lastly, selecting adequate test conditions is fundamental to achieving reliable results. If a general 

cytotoxicity screening of a set of novel compounds has to be performed, the use of 96 plates allows 

simultaneous testing of several compounds in multiple concentrations, reducing resources and time 

needed. Normally, it is advisable to start testing a broader range of concentrations in a preliminary 
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experiment to then narrow down the compounds’ concentrations to establish a reasonable range for the 

expected effects. For initial cytotoxicity assessments, the recommended exposure time to drugs is 

between 24h and 72h, and at least three repeats for each measurement are recommended.  

Additionally, other parameters need to be considered, such as the medium composition, which can affect 

the readout, and the compounds’ solubility (Tabernilla A et al., 2021). Indeed, as many drugs are 

insoluble in cell media, they require prior solubilization in organic solvents. DMSO is one of the 

principal solvents used for its high solubilizing capacity and for its compatibility with biological 

systems. However, some studies showed that DMSO, at certain concentrations, can damage cells 

(Sangweni NF et al., 2021). Therefore, when organic solvents such as DMSO are used, it is necessary 

that a proper control, consisting of media supplied with the used DMSO concentration, is included as a 

negative control. Obviously, positive control is also required. In general, in the case of cytotoxicity 

assessments, a positive control is represented by a well-known toxic drug, inducing strong cell mortality 

in the tested cell type. For instance, tamoxifen is the typical drug used as a positive control in assays 

assessing hepatocyte viability, owing to its proven high toxic profile in liver cells (Petinari L et al., 

2004).  

After deciding the most appropriate cell type, system, and experimental conditions, one should proceed 

with the adequate assay selection: general or specific, depending on the purpose of the study.  

Typically, the first step involves general cytotoxicity evaluation, followed by organ-specific toxicity 

studies. As previously mentioned, reliable general cytotoxicity assays include ATP-content assays as 

well as LDH activity and MTT assays, which provide a comprehensive view of cell viability, making 

them appropriate for initial screenings. Specifically, ATP-based assays measure the energy content 

within the cell, reflecting its metabolic state. LDH activity assays indicate the cell membrane integrity 

by detecting the released lactate dehydrogenase from damaged cells. Finally, MTT assays identify 

metabolically active cells based on mitochondrial functioning.  

Each one of these cytotoxicity tests generates a dose-response outcome to evaluate compounds’ toxicity. 

The dose, defined as the quantity of a therapeutic agent administered at one time, is the principal 

parameter used. As a result, toxicity is expressed via toxicological indexes that estimate the substance 

concentration at which toxicity occurs. As such, the most common indexes are LD50 (Median Lethal 

Dose), the drug’s dose killing 50% of the tested population of living organisms; LC50 (Median Lethal 

Concentration), the drug’s concentration killing 50% of the population; LD0 (Lethal Dose zero), the 

drug’s dose at which no individual in the population is expected to die. If the assay endpoint is not the 

lethality event but a specific toxic event, TD50 (Toxic Median Dose) and TC50 (Toxic Median 

Concentration) are used. TD50 and TC50 are defined respectively as the drug dose or drug concentration 

at which toxicity occurs in 50% of cases. 
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The major indicator of a drug`s safety in toxicology is the therapeutic Index. By definition, the 

therapeutic index (TI) is the ratio between the lethal dose (LD50) and the therapeutic dose (ED50, the 

effective dose of a drug producing a biological response in 50% of the tested population). It is a 

quantitative measure used both in preclinical and clinical trials to estimate the margin of safety of a 

pharmaceutical agent. The higher the TI, the safer the drug is. 

After general cytotoxicity has been verified, more targeted studies are performed to address the 

mechanism of toxicity and pathogenesis of specific organ-related diseases. In the case of the liver, tests 

revealing drugs-induced cholestasis, steatosis, or fibrosis, as those mentioned in the previous section of 

this report, may be used.  

 

7c. Conditions for toxicity assessment of drugs in the present study 

 
Several cell lines to study toxicity in different organs have been selected in the present study, each one 

representative of a different human organ. For instance, the HepaRG cell line was selected to study the 

toxicity of the liver, and other cell lines were chosen to assess toxicity in other organs, such as the lungs, 

kidneys, heart, CNS, and immune system. All of them are human-derived cell lines.  

In the case of hepatotoxicity assessment, we also added rat and pig hepatocytes for comparison to 

possibly highlight species-specific differences. Finally, in the case of hepatotoxicity evaluation, we used 

monolayer, sandwich, and 3D spheroids as different in vitro formats to analyze the advantages and 

drawbacks, as well as the different sensitivity to drugs. 

Concerning our in vitro models, conventional monolayer cultures were chosen to confirm the known 

toxicity of a set of drugs within the cell lines. Additionally, liver toxicity evaluation was performed in 

sandwich and spheroids formats. As the liver is the most affected organ by the toxicity of drugs, 

comparing conventional systems, such as monolayer, to more sophisticated in vitro cultures that better 

reflect the in vivo liver microenvironment, like sandwich and spheroids, could provide a more realistic 

prediction of toxicity. Moreover, despite their complexity, sandwich and spheroid formats remain 

compatible with high-throughput screening (HTS) platforms, such as 96-well plates, facilitating their 

integration into early drug discovery processes. Indeed, the aim of this project is to develop and validate 

an in vitro reliable screening procedure to evaluate compounds’ toxicity during the initial stages of drug 

development to accurately drive the advancements towards safer and more promising candidates.  

Three-dimensional systems like organoids and organ-on-a-chip are considered even more representative 

of the in vivo tissue. However, they are not amenable to medium-high throughput screening (Ingber DE, 

2022), and therefore, they do not represent a suitable model for the purpose of this study.  Nonetheless, 

in the specific case of organ-on-a-chip, it must be mentioned that polydimethylsiloxane polymers 

(PDMS), the principal material used for their manufacturing, absorbs hydrophobic drugs, limiting its 
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use in drug discovery (Toepke MW and Beebe DJ, 2006). Similarly, despite the promising development 

recently of higher throughput organ-on-a-chip, the issue related to the material still constitutes a major 

limitation of these devices in drug discovery research (Azizgolshani H et al., 2021; Bircsak KM et al., 

2021). 

Several specific assays are very useful in determining the initiation or progression of organ-specific 

pathologies. However, in this study, we needed a broader test to detect cell viability in response to drug 

exposure. Such an assay would provide a global view of cellular safety status without exploring the 

mechanism of cell death and not necessarily discriminating the type of cell damage, which could 

represent a further and important step in elucidating the mechanism of toxicity. Therefore, an ATP-

content assay was selected to evaluate cells’ viability in our study for its high sensitivity, reproducibility, 

and stability and because it is an indirect measure of mitochondria damage, which is one leading 

mechanism of drugs’ toxicity (Massart J et al., 2018). More importantly, this test, for its rapidity and 

easy handling, could be applicable in HTS, which is the final goal of the toxicity prediction procedure 

provided here. 
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8. In silico tools for toxicity evaluation 

 
The introduction of Artificial Intelligence (AI) in the last couple of decades has extremely affected the 

pharmaceutical industry by advancing and accelerating the conventional drug development process. The 

advent of deep learning tools, along with the rapidity of data interpretation, contributed to the more rapid 

and less costly identification of promising NCE (new chemical entities) or NBE (new biological entities) 

with high safety profiles (Nag et al., 2022). 

Lately, machine learning models have found valuable applications in predicting potential toxicity, 

providing a cost-effective and time-efficient alternative to in vivo animal testing. Many of these 

innovative approaches aim to enhance the predictability of drug-induced liver injury (DILI), making 

hepatotoxicity the primary cause of failure in clinical trials, thereby improving the safety profile of new 

compounds before reaching clinical trials. It's a concerted effort to bridge the gap between preclinical 

studies and human outcomes, ensuring a higher success rate in drug development and safer therapeutic 

options for patients. 

Advancements in predictive toxicology based on machine learning models are helping researchers 

identify potential toxicity earlier in the drug discovery. Computational methods, including quantitative 

structure-activity relationship (QSAR), along with ADME models, have been increasingly used in 

toxicity predictions (Wang MWH et al., 2021). The shift from in vivo to in silico studies observed in the 

last years offers the advantage of successful predictions with decreased animal and human testing 

aligning with ethical research practices.  

Typically, computational models developed for drug safety assessment can be divided into three main 

categories: qualitative classification, quantitative regression, and read-across (Yang H et al., 2018). 

Qualitative models are used at the beginning of drug safety assessment to understand only if a compound 

is toxic or not, whereas quantitative regression models address the extent of toxicity, and read-across 

assessments are used to identify specific toxicity endpoints based on comparing outcomes associated 

with experimental toxicity findings (Yang H et al., 2018). 

Building a machine learning model involves four main steps: data collection, data description, model 

building, and model evaluation (Yang H et al., 2018). Creating a high-quality experimental dataset is 

key to building a valuable in silico prediction model. Data are collected through several databases in 

which chemical structures are associated with toxic effects, target interactions or biological pathways. 

Some examples include TOXNET (Fowler S and Schnall JG, 2014), ACToR (Judson R et al., 2008), 

DSSTox (Williams-DeVane CR et al., 2009), PubChem (Richard AM et al., 2006), KEGG (Kanehisa M 

and Goto S, 2000), SuperToxic (Schmidt et al., 2009), ToxBank (Kohonen P et al., 2013), admetSAR 

(Cheng et al., 2012b).  
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The second step, the data description, is done by representing chemical structures through numeric 

features such as molecular descriptors or molecular fingerprints (Winter R et al., 2018; Bajusz D et al., 

2017). In this way, data can be processed and used to build a computational model for toxicity prediction, 

which is finally evaluated. There are several publicly available tools that are used singularly or in 

combination to build a computational predictive model, such as Scikit-learn (Pedregosa et al., 2011) and 

WEKA (Frank E et al., 2004).  

Finally, the model has to be evaluated. The evaluation of a model aims to determine its accuracy, 

sensitivity, and specificity by estimating specific parameters that compare the values provided by the 

model to those of experimental findings. 

Other computational methods for toxicity prediction of chemicals are based on the identification of 

Structural Alerts (SAs), chemical substructures responsible for toxicity. The pioneer in such a field was 

the scientist Ashby, who first demonstrated a strict association between certain mutations occurring in 

Salmonella and specific chemical patterns (Ashby J and Tennant RW, 1988). Nowadays, SAs are 

identified through software tools such as SARpy, MoSS, Gaston, and Derek Nexus (Yang H et al., 2017) 

and stored in web servers such as ToxAlerts and SApredictor (Hua Y et al., 2022). 

Currently, many computational tools have been developed to determine organ-specific toxicity. One 

example is VenomPred, developed by Galati S. et al. in 2022. 

As liver injury still represents a major cause of attrition in drug discovery, several in silico models are 

applied for DILI determination, offering the advantage of predicting hepatotoxicity with high accuracy, 

reduced time, and, more importantly, without the necessity to synthesize products for experimental 

testing, thereby reducing costs enormously. However, independently from the type of model used, a 

common feature limiting their performance is the accessibility to high-quality data (Hewitt M and 

Przybylak K et al., 2016; Di Zeo-Sánchez DE et al., 2022; Ellison C et al., 2022).  

In addition to the described tools, investigative toxicology has recently gained importance as a field to 

minimize the risk of toxicity in drug development (Fig.8, Beilmann M et al., 2019). This field of study 

uses advanced techniques to perform prospective analysis, aiming to predict compounds’ toxicity before 

in vivo trials are carried out and retrospective analysis based on already-known clinical toxicity findings 

(Pognan et al., 2023). The goal is to discard the most toxic compounds in early drug discovery and direct 

the compounds’ selection towards the most promising and successful ones from the safety point of view.  



51 

 

 

Fig.8. Investigative toxicology: goals and approaches in drug discovery and development (Beilmann M et al., 2019). MoA= 

mode of action; AOP= adverse outcome pathways; PoT= pathways of toxicity. 

 

However, the creation of a high-quality data set, essential to assess meaningful toxicological evaluations, 

constitutes the major limit of all the described approaches, hindering their progress and effectiveness. 

Access to high-quality data relies not only on the quantity of collected data but also on their diversity 

and relevance. Despite the abundance of data nowadays available online, building robust models 

remains yet challenging as data availability can be limited, especially for emerging chemicals, and the 

quality of existing data may vary.  

Additionally, while in silico methods for toxicity predictions offer several advantages, they have some 

disadvantages that need to be considered. These models often rely on computational algorithms based 

on chemical structures and physical properties of the molecules but do not consider the complexity of 

biological systems, thus lacking the mechanistic understanding responsible for the biological 

mechanism of toxicity. Therefore, these models may not always accurately predict the in vivo toxicity 

of compounds. 

In this scenario, we believe that the integration of a reliable in vitro screening tool along with in silico 

methods for early detection of compounds’ toxicity is key to enhancing the success of novel drugs. Such 

tools can streamline the drug development process by identifying potential toxic compounds and 

preventing failures in clinical stages, thereby minimizing time and money investments in research and, 

more importantly, reducing human and animal testing with potential adverse effects. 
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AIM OF THE STUDY 

The present study is within the scope of the INNOTARGETS project, a European Union’s Horizon 2020 

research and innovation program under the Marie Skłodowska-Curie action. The focus of 

INNOTARGETS is to identify innovative targets in multi-drug resistant (MDR) bacteria for the 

development of novel antimicrobials overcoming the limitations of current drugs.   

Within the INNOTARGETS project, a crucial step in the development of novel agents is the toxicity 

assessment. The high attrition rates in drug discovery due to adverse effects not predicted by traditional 

animal models require urgent alternative and innovative methodologies to accurately predict the adverse 

effects of compounds in humans. 

Nowadays, toxicology research is moving towards the development of more and more sophisticated in 

vitro and in silico models to reliably predict toxicity and reduce reliance on animal models, aligning 

with the ethical 3R principle of replacement, reduction, and refinement. 

The aim of the present study is to develop and validate in vitro and in silico approaches for toxicity 

prediction of novel compounds in humans that are suitable for compounds’ screening in early drug 

discovery. We started by testing the general toxicity of drugs in human cell lines, each one used as a 

model of a different organ, to then focus our study on hepatotoxicity prediction. The liver, being the 

primary organ involved in drug metabolism, is indeed principally affected by toxicity exerted by the 

parent drug and eventually by the production of toxic metabolites. Within the hepatotoxicity evaluation, 

we aim to emphasize the selection of appropriate in vitro systems and species-specific effects, remarking 

toxicity discrepancies between 2D and 3D systems as well as between humans and animal hepatocytes-

based models, such as rat and pig hepatocytes.  

The other goal of the study is to develop in silico tools for toxicity prediction and for the elucidation of 

the mechanism of compounds’ toxicity. The use of machine learning tools could streamline the screening 

process, providing precious insights by predicting adverse effects of compounds based on their chemical 

structure or by predicting the formation of toxic metabolites without the need for synthesis and 

experimental testing. On the other hand, in vitro testing is more time-consuming and expensive 

compared to in silico assessment, but it is necessary to refine computational tools by generating 

experimental data on toxicity. 

We believe that the integration of in vitro and in silico methodologies for toxicity prediction could have 

a synergistic effect, providing a valuable tool applicable at the early stages of drug discovery potentially 

revolutionizing the process. It will guide the Go/No-Go decision by anticipating toxic compounds, 

thereby preventing their advancement in clinical trials. The combination of in vitro and in silico tools 

could reduce toxicity issues, ultimately enhancing the efficiency and success of drug discovery. 
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MATERIALS AND METHODS 

 

1. Drug compounds 

All drug compounds tested in the experimental part of this project were commercially available drugs 

or withdrawn drugs. The complete list of the compounds includes 5-aminobenzimidazole, 5-

FluoroUracil, Acetaminophen, Acyclovir, Amiodarone hydrochloride, Amphotericin B, Astemizole, 

Bleomycin sulfate, Bortezomib, Ciprofloxacin, Clozapine, Colistin Sodium methane sulfonate, 

cyclophosphamide monohydrate, Dexamethasone, Diclofenac Sodium salt, Doxorubicin hydrochloride, 

Erythromycin, Fialuridine, Imipramine hydrochloride, Isoniazid, Nefazodone hydrochloride, 

Nefazodone’s metabolite M7, Nefazodone’s metabolite M8, Nitrofurantoin, Rapamycin, Simvastatin, 

Tamoxifen, Trazodone hydrochloride, Troglitazone, Valproic acid sodium salt, Vancomycin 

hydrochloride, Zidovudine. All the compounds were purchased from Sigma Aldrich except for 

Bleomycin sulfate (European Pharmacopoeia Reference Standard), Bortezomib (EMD Millipore Corp., 

USA), Nefazodone’s metabolite NFZ-OH (TRC, Toronto Research and Chemicals Inc.) and 

Nefazodone’s metabolite NFZ-TD (TRC, Toronto Research and Chemicals Inc.), Vancomycin 

hydrochloride (European Pharmacopoeia Reference Standard). 

 

2. Monolayer cultures of tissue-specific cell lines 

To test compounds’ cytotoxicity in different body tissues the following cell lines were selected: HepG2 

(human hepatocellular carcinoma, ATCC HB-8065™), HK-2 (normal human adult male kidney, ATCC 

CRL-2190™), MRC-5 (human lung fibroblast, ATCC® CCL-171), T98G (human glioblastoma 

multiforme, ATCC CRL-1690™), Neuro-2a (mouse neuroblasts, ATCC CCL-131™), H9c2 (rat 

cardiomyocyte, ATCC CRL-1446 ™), Jurkat Clone E6-1 (human acute leukemia T-lymphocyte, ATCC 

TIB-152 ™). All cell lines were obtained from the American Type Culture Collection (ATCC). 

 

2a. HepG2 culture  

Cryopreserved HepG2 were thawed and maintained in culture following the vendor’s instructions. 

Specifically, after thawing cells were seeded in a flask and cultured in MEM medium (Gibco™) 

completed with 10% heat-inactivated Fetal Bovine Serum (Gibco™), 1mM Sodium Pyruvate solution 

(Sigma), 1% MEM Non-Essential Amino Acid solution (100X, Sigma), 1% penicillin-streptomycin 

(100X, Sigma). Cells were maintained in a humidified incubator with 5% CO2 at 37°C and cultured until 

passage 6 or 7 before starting the cytotoxicity assay. Medium was renewed three times a week. For the 

cytotoxicity assay, HepG2 were seeded in a monolayer in 96 well, transparent flat bottom plate, at a 

concentration of 35,000 cells per well.  
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2b. HK-2 culture 

Cryopreserved HK-2 cells were thawed and maintained in culture following the vendor’s instructions. 

Specifically, after thawing, cells were seeded in a flask and cultured in Keratinocyte Serum-Free 

Medium (K-SFM, Gibco™ kit catalog number 17005-042) completed with 0.05 mg/mL of Bovine 

Pituitary Extract (BPE) and five ng/mL of Human recombinant Epidermal Growth Factor (EGF). Cells 

were maintained in a humidified incubator with 5% CO2 at 37°C for two weeks before starting the 

cytotoxicity assay. Medium was renewed three times a week. For the cytotoxicity assay, HK-2 were 

seeded in a monolayer in 96 well, transparent flat bottom plate, at a concentration of 8,000 cells per 

well.  

 

2c. MRC-5 culture 

Cryopreserved MRC-5 cells were thawed and maintained in culture following the vendor’s instructions. 

Specifically, after thawing cells were seeded in a flask and cultured in MEM medium (Gibco™) 

completed with 10% heat-inactivated Fetal Bovine Serum (Gibco™), 1mM Sodium Pyruvate solution 

(Sigma), 1% MEM Non-Essential Amino Acid solution (100X, Sigma), 1% penicillin-streptomycin 

(100X, Sigma). Cells were maintained in a humidified incubator with 5% CO2 at 37°C for three weeks 

before starting the cytotoxicity assay. Medium was renewed three times a week. For the cytotoxicity 

assay, MRC-5 were seeded in a monolayer in 96 well, transparent flat bottom plate, at a concentration 

of 7,000 cells per well.  

 

2d. T98G culture 

Cryopreserved T98G were thawed and maintained in culture following the vendor’s instructions. 

Specifically, after thawing cells were seeded in a flask and cultured in MEM medium (Gibco™) 

completed with 10% heat-inactivated Fetal Bovine Serum (Gibco™), 1mM Sodium Pyruvate solution 

(Sigma), 1% MEM Non-Essential Amino Acid solution (100X, Sigma), 1% penicillin-streptomycin 

(100X, Sigma). Cells were maintained in a humidified incubator with 5% CO2 at 37°C for three weeks 

before starting the cytotoxicity assay. Medium was renewed three times a week. For the cytotoxicity 

assay, T98G were seeded in a monolayer in 96 well, transparent flat bottom plate, at a concentration of 

10,000 cells per well.  
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2e. Neuro2a culture 

Cryopreserved Neuro2a were thawed and maintained in culture following the vendor’s instructions. 

Specifically, after thawing cells were seeded in a flask and cultured in MEM medium (Gibco™) 

completed with 10% heat-inactivated Fetal Bovine Serum (Gibco™), 1mM Sodium Pyruvate solution 

(Sigma), 1% MEM Non-Essential Amino Acid solution (100X, Sigma), 1% penicillin-streptomycin 

(100X, Sigma). Cells were maintained in a humidified incubator with 5% CO2 at 37°C for three weeks 

before starting the cytotoxicity assay. Medium was renewed three times a week. For the cytotoxicity 

assay, Neuro2a were seeded in a monolayer in 96 well, transparent flat bottom plate, at a concentration 

of 5,000 cells per well.  

 

2f. H9c2 culture 

Cryopreserved H9c2 cells were thawed and maintained in culture following the vendor’s instructions. 

Specifically, after thawing, cells were seeded in a flask and cultured in DMEM medium w/Glutamax 

(Gibco™) completed with 10% heat-inactivated Fetal Bovine Serum (Gibco™), 1mM Sodium Pyruvate 

solution (Sigma), 1% penicillin-streptomycin (100X, Sigma). Cells were maintained in a humidified 

incubator with 5% CO2 at 37°C for at least three weeks before starting the cytotoxicity assay. Medium 

was renewed three times a week. For the cytotoxicity assay, H9c2 were seeded in a monolayer in 96 

well, transparent flat bottom plate, at a concentration of 5,000 cells per well.  

 

2g. Jurkat clone E6-1 culture 

Cryopreserved Jurkat were thawed and maintained in culture following the vendor’s instructions. 

Specifically, after thawing, cells were seeded in a flask and cultured in suspension in IMDM medium 

(Gibco™) completed with 10% heat-inactivated Fetal Bovine Serum (Gibco™) and 1% penicillin-

streptomycin (100X, Sigma). Cells were maintained in a humidified incubator with 5% CO2 at 37°C for 

at least three weeks before starting the cytotoxicity assay. Medium was renewed three times a week. For 

the cytotoxicity assay, Jurkat were seeded in a monolayer in 96 well, transparent flat bottom plate, at a 

concentration of 40,000 cells per well.  

 

3. Exposure of tissue-specific cell lines to Drugs 

Twenty-four hours after seeding in 96 well plates, each cell line cultured in a monolayer was exposed to 

increasing concentrations of each test compound. In total, six concentrations per drug were assayed, 

ranging from the Cmax (the therapeutic maximal drug concentration in human plasma) as the lowest to 

32-fold Cmax as the highest. Drugs’ values of Cmax were found in published literature (see Tab. 1 in 
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the “Results and Discussion” section). Mother solutions of compounds were prepared by dissolving each 

drug in 100% DMSO in order to have 200X the highest concentration (32-fold Cmax). The other test 

concentrations were made starting from the mother solution and preparing 2-fold serial dilutions in 

100% DMSO.  

DMSO solution, at the final concentration of 0.5% v/v (DMSO/media), was used as negative control. 

Tamoxifen, 200 µM final concentration, was used as positive control of toxicity.  

Drug concentrations tested in all cell lines are provided in Table 1.  

 

HepG2 test compounds Abbreviation Test concentrations (µM) 

Diclofenac DCF 500, 250, 125, 62.5, 31.3, 15.65 

Acetaminophen ACP 4000, 2000, 1000, 500, 250, 125 

Troglitazone TRG 200, 100, 50, 25, 12.5, 6.3 

Fialuridine FLD 60, 30, 15, 7.5, 3.75, 1.87 

Amiodarone AMI 300, 150, 75, 37.5, 18.75, 9.37 

Nefazodone NFZ 200, 100, 50, 25, 12.5, 6.3 

Simvastatin SIM 0.66, 0.32, 0.16, 0.08, 0.04, 0.02 

Tamoxifen (ctr +) TMX 200 

Dimethyl sulfoxide (ctr -) DMSO 0.5% (v/v) 

 

HK-2 test compounds Abbreviation Test concentrations (µM) 

Colistin COL 200,100, 50, 25, 12.5, 6.3 

Cyclophosphamide CPM 200,100, 50, 25, 12.5, 6.3 

Rapamycin  RAP 200, 100, 50, 25, 12.5, 6.3 

Amphotericin B AMB 100, 50, 25, 12.5, 6.3, 3.1 

Doxorubicin DOX 400, 200, 100, 50, 25, 12.5 

Vancomycin VAN 400, 200, 100, 50, 25, 12.5 

Dexamethasone DEX 400, 200, 100, 50, 25, 12.5 

Tamoxifen (ctr +) TMX 200 

Dimethyl sulfoxide (ctr -) DMSO 0.5% 

 

MRC-5 test compounds Abbreviation Test concentrations (µM) 

Bleomycin BLM 200,100, 50, 25, 12.5, 6.3 

Cyclophosphamide CPM 2000, 1000, 500, 250, 125, 63.5 

Amiodarone AMI 200,100, 50, 25, 12.5, 6.3 

Methotrexate MET 1, 0.5, 0.25, 0.12, 0.06, 0.03 

Doxorubicin DOX 100, 50, 25, 12.5, 6.3,3.1 

Nitrofurantoin NIT  200, 100, 50, 25, 12.5, 6.3 

Amphotericin B AMB 100, 50, 25, 12.5, 6.3, 3.1 

Tamoxifen (ctr +) TMX 200 

Dimethyl sulfoxide (ctr -) DMSO 0.5% 

 

T98G/Neuro2a test compounds Abbreviation Test concentrations (µM) 

Valproate VAL 8000, 4000, 2000, 1000, 500, 250 

Imipramin IMI 200, 100, 50, 25, 12.5,6.3 

Paclitaxel PAX 4, 2, 1, 0.5, 0.25, 0.12 

Bortezomib BOR 0.2, 0.1, 0.05, 0.025, 0.012, 0.006 

Isoniazid ISO 8000, 4000, 2000, 1000, 500, 250 

Amiodarone AMI 40, 20, 10, 5, 2.5, 1.25 

Ciprofloxacin CIP 200, 100, 50, 25, 12.5, 6.3 

Tamoxifen (ctr +) TMX 200 

Dimethyl sulfoxide (ctr -) DMSO 0.5% 
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H9c2 test compounds Abbreviation Test concentrations (µM) 

Doxorubicin DOX 100, 50, 25, 12.5, 6.3, 3.1 

Amiodarone AMI 100, 50, 25, 12.5, 6.3, 3.1 

5-F Uracile 5FU 800, 400, 200, 100, 50, 25 

Zidovudin AZT 100, 50, 25, 12.5, 6.3, 3.1 

Trazodone TRZ 300, 150, 75, 37.5, 18.8, 9.4 

Diclofenac DIC 400, 200, 100, 50, 25, 12.5 

Astemizole AST 20, 10, 5, 2.5, 1.2, 0.6 

Tamoxifen (ctr +) TMX 200 

Dimethyl sulfoxide (ctr -) DMSO 0.5% 

 

Jurkat test compounds Abbreviation Test concentrations (µM) 

Doxorubicin DOX 8, 4, 2, 1, 0.5, 0.25 

5Fluorouracil 5FU 160, 80, 40, 20, 10, 5 

Aciclovir ACI 160, 80, 40, 20, 10, 5 

Dexamethasone DEX 80, 40, 20, 10, 5, 2.5 

Rapamycin RAP 4, 2, 1, 0.5, 0.25, 0.12 

Ciprofloxacin CIP 800, 400, 200, 100, 50, 25 

Erythromycin ERT 400, 200, 100, 50, 25, 12.5    

Tamoxifen (ctr +) TMX 200 

Dimethyl sulfoxide (ctr -) DMSO 0.5% 

 

Table 1. The table shows the drugs that were used to evaluate the cytotoxic effects on different cell lines. The right column 

indicates the final concentrations (µM) of the drugs that were applied to the cells. Each drug was tested in six different 

concentrations. 

 

To expose cells to the drugs, 1 µL of each drug solution (200X) was added from the drugs’ mother plate 

to 199 µL of media contained in each well where cells were seeded previously. In this way, the overall 

DMSO concentration per well was 0.5% v/v. To test acute toxicity, cell cultures with added drugs were 

then incubated with for 48h, and then cytotoxicity assay was performed. 

 

4. Cytotoxicity assay 

Cell viability assessment was performed in HepG2, HK-2, MRC-5, T98G, Neuro2a, H9c2, and Jurkat 

cell lines by evaluating cellular ATP content using the CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega), following manufacturer’s instructions. Briefly, the medium was renewed, and an equal 

volume to that of the media of CellTiter-Glo® reagent was added to each well. The plates were put in 

an orbital shaker for 2.5 minutes to allow the mixing of the reagent and to induce cell lysis. Finally, 

plates were incubated at RT in the dark for 10 minutes, and then the luminescence signal was measured 

and recorded using BioTek Synergy H1 Plate Reader. Relative light units (RLUs) of luminescence signal 
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were proportional to the ATP released by lysed cells and served, therefore, as a parameter of cells’ 

viability. 

 

5. Data analysis 

At least three independent experiments were conducted to assess the compounds’ toxicity in each cell 

line. Raw data of luminescence signal were analyzed by generating mean and standard error of the mean, 

SEM (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). Each value, subtracted from the 

blank (luminescence signal from wells with medium only), was then divided by the control 

(luminescence signal of cells treated with 0.5% DMSO only) and expressed as a percentage of viable 

cells with respect to the control. LC50 values were calculated using non-linear regression analysis with 

a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). 

Comparison between culture systems was performed using two-way ANOVA followed by Tukey’s 

multiple comparison test or Sidak’s multiple comparison test (GraphPad Prism 8.3.0; GraphPad 

Software, San Diego, CA). p<0.05 was considered statistically significant. 

 

6. HepaRG monolayer cell culture (2D) 

Cryopreserved differentiated HepaRG were purchased from Gibco™ (Thermo Fisher Scientific). After 

thawing, cells were seeded in monolayer in transparent flat bottom 96 well plates coated with Collagen 

I, Rat tail (Gibco™). A solution of 0.05 mg/mL of Collagen I, Rat Tail, was used for the coating. Cells 

were seeded at a density of 70,000 cells/well and maintained in William’s E media (Gibco™) 

supplemented with 10% heat-inactivated Fetal Bovine Serum (Gibco™), 1% penicillin-streptomycin 

(100X, Sigma-Aldrich), five µg/mL of insulin (insulin solution from bovine pancreas, Sigma-Aldrich 

Chemie, Germany), 0.1 µM dexamethasone (Sigma-Aldrich), Glutamax™ (100X, Gibco™). Cells were 

maintained in culture for six days, renewing the media every two days. For the cytotoxicity assay, drugs 

were added on day 7. 

 

7. HepaRG sandwich culture (SW) 

To establish HepaRG sandwich culture, HepaRG cells were seeded between a layer of Collagen Type I 

Rat Tail (Gibco™, BD 354236) and Matrigel® (Sigma) matrixes. Ninety-six-well plates for cell culture 

were coated with collagen solution of 0.05 mg/mL one day prior to cells’ seeding and stored at 4 °C.  

Collagen I Rat Tail solution 0.05 mg/mL was prepared as follows: 
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- A solution of acetic acid 0.02 N was prepared by adding 572 µL of concentrated acetic acid 

(SIGMA 49199-50ML-F) to 500mL of Milli-Q water. 

- The solution was sterilized by filtration with a Millipore filter of 0.22 µm cutoff. 

- 8.33 mL of Collagen I Rat Tail solution to 491.67 mL of the filtered acetic acid water solution 

in order to reach a final concentration of 0,05 mg/ml.  

- 70 µL/well of collagen I solution were dispensed. 

- The plate was incubated at RT for 1h. 

- Then, collagen solution was aspirated, and each well was washed three times with 100 µL/well 

of sterile room temperature PBS 1X solution.  

The next day, HepaRG cells, cultured in a flask to confluency, were trypsinized and counted. The number 

of viable cells was obtained with Trypan blue exclusion method (Trypan Blue Solution, 0.4%, Gibco™) 

using the automated cell counter Countess™ II Automated Cell Counter (Invitrogen). Then, cells were 

seeded in the collagen-coated plate at a density of 70,000 cells/well. After 4h, necessary for the initial 

cells’ attachment, the medium was aspirated, and 100 µL/well of iced cold Matrigel® solution were 

added. 

Matrigel® solution was prepared by adding Matrigel® Matrix (Sigma; concentration variable, reported 

in each bottle) to an iced-cold medium (to avoid Matrigel® coagulation) to reach a final concentration 

of Matrigel® solution equal to 0.5 mg/mL. One hundred µL/well of Matrigel® solution were dispensed. 

HepaRG sandwich culture was incubated at 37°C, 5% CO2. 

 

8. HepaRG spheroid culture (3D) 

Cryopreserved HepaRG (Gibco™) vial was thawed quickly in a 37⁰C water bath. Upon thawing, cells 

were transferred into a 15 mL centrifuge tube containing 9 mL of HepaRG complete media (see section 

6 in Materials and Methods, “HepaRG monolayer cell culture”). The tube was centrifuged at 500 x g for 

3 minutes, and then the supernatant was discarded. The cell pellet was gently re-suspended in 5 mL of 

HepaRG complete media. Cell counting was performed with Trypan Blue using a Countess™ II 

Automated Cell Counter.  

Cell suspension was prepared to contain 1,500 cells/200 μL of media. Using a multichannel pipette, 200 

µL of the cell suspension was added into each well of Nunclon™ Sphera™ super low attachment U-

bottom 96-well microplates. Then, plates were centrifuged at 200 x g for 2 minutes to allow cells to pool 

at the bottom of each well. Then, plates were transferred to an incubator (37⁰C, 5% CO2, humidified) 

and allowed to aggregate in complete HepaRG media. Media was renewed every two days by discarding 

half the volume (100 μL) of old media and adding another half (100 μL) of fresh media. This procedure 

allowed the aspiration of spheroids to be avoided while renewing media as they grow in suspension. 
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9. Rat Primary Hepatocytes monolayer cultures 

Rat (Sprague-Dawley) Cryopreserved Hepatocytes, Plateable Male, were purchased from Thermo 

Fisher Scientific (cat. N. RTCP10) and cultured following the manufacturer’s instructions. Briefly, 

cryopreserved rat primary hepatocytes (RPH) were thawed in a 37°C water bath and transferred in 9 mL 

of complete media consisting of William’s E medium 500 mL supplemented with Hepatocyte Thawing 

and Plating Supplement Pack (Thermo Fisher, CM3000, containing Prequalified fetal bovine Serum, 

dexamethasone, cocktail solution of fetal bovine serum, penicillin-streptomycin, human recombinant 

insulin, HEPES). Resuspended cells were centrifuged at 55 x g for 3 min at RT, and then the supernatant 

was discarded. The cell pellet was resuspended in 3-4 mL of complete media, and then cells were 

counted. The percentage of viable cells after thawing was assessed with trypan blue exclusion test as 

described before (see section 7 in Materials and Methods, “HepaRG sandwich culture “). Then, cells 

were seeded with a density of 70,000 cells/well in collagen-coated 96 well plates. For the coating, a 0.05 

mg/mL solution of Collagen I Rat Tail (Gibco™, rat tail collagen I) was used. Collagen I Rat Tail 

solution was prepared as described before (see section 7 in Materials and Methods, “HepaRG sandwich 

culture “). Monolayer cultures were incubated at 37°C, 5% CO2, for two days before adding test 

compounds. Media was renewed every two days. 

 

10. Rat Primary Hepatocytes sandwich cultures  

To establish rat primary hepatocytes (RPH) sandwich culture, RPH were seeded between a layer of 

Collagen Type I Rat Tail (Gibco™, BD 354236) and Matrigel® (Sigma) matrixes as follows. Ninety-

six-well plates for cell culture were coated with collagen solution of 0.05 mg/mL one day prior to cells 

seeding and stored at 4 °C. Collagen I Rat Tail solution was prepared as described before (see section 7 

in Materials and Methods, “HepaRG sandwich culture “).  

After thawing, RPH were counted with Trypan blue exclusion method (Trypan Blue Solution, 0.4%, 

Gibco™) using the automated cell counter Countess™ II Automated Cell Counter (Invitrogen). Then 

RPH were seeded in monolayer as described in the previous section at a density of 70,000 cells/well in 

plates previously coated with Collagen I Rat tail solution. Cells were incubated at 37°C, 5% CO2 for 4-

5 h, until attachment to the bottom of the plates was reached. After incubation, the medium was 

aspirated, and 100 µL/well of iced cold Matrigel® solution were added. 

Matrigel® solution was prepared by adding iced cold Matrigel® Matrix (Sigma; concentration variable, 

reported in each bottle) to iced-cold medium (to avoid Matrigel coagulation) to reach a final 

concentration of Matrigel® solution equal to 0.5 mg/mL. One hundred µL/well of Matrigel solution 

were dispensed. RPH sandwich cultures were incubated at 37°C; 5% CO2. 
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11. Rat Primary Hepatocytes spheroids cultures 

Rat (Sprague-Dawley) Cryopreserved Hepatocytes in a 37⁰C water bath. Upon thawing, the cells were 

transferred into a 15 mL centrifuge tube containing 9 mL of complete media (see section “Rat Primary 

Hepatocytes monolayer cultures” in “Materials and Methods”). The tube was centrifuged at 500 x g for 

3 minutes, and then the supernatant was discarded. The cell pellet was gently re-suspended in 5 mL of 

RPH complete media. Cell counting was performed with Trypan Blue using a Countess™ II Automated 

Cell Counter.    

Cell suspension was prepared to contain 1,500 cells/200 μL media. Using a multichannel pipette, 200 

µL of the cell suspension were added into each well of Nunclon™ Sphera™ super low attachment U-

bottom 96-well microplates. Then, plates were centrifuged at 200 x g for 2 minutes to allow cells to pool 

at the bottom of each well. Then, plates were transferred to an incubator (37⁰C, 5% CO2, humidified) 

and allowed to aggregate in RPH complete media. Media was renewed every two days by discarding 

half the volume (100 μL) of old media and adding another half (100 μL) of fresh media. This procedure 

allowed to avoid aspiration of spheroids while renewing media, as they grow in suspension. 

  

12. Isolation of pig hepatocytes 

Two separate hepatocytes’ isolations were performed during the secondment at IRTA-CReSA. The first 

one was carried out starting from an adult pig’s liver; the second one started from two piglets’ livers. 

After resection, the livers were aseptically weighted. Then, perfusion was applied in sterile conditions 

with an ice-cold complete medium (DMEM supplemented with 10% FBS, Penicillin, Streptomycin, L-

glutamine, and sodium pyruvate) using a 20 mL syringe directly inserted into the portal vein multiple 

times.   

After perfusion, the liver was transferred into a sterile beaker filled with an iced-cold complete medium 

for transportation to the laboratory. All the reagents and solutions were prepared before starting the 

isolation process as follows: 

Perfusion Buffer 1 (PB1): PBS 500 mL; BSA 0.2 mg/mL; EDTA 0.5 mM 

Perfusion Buffer 2 (PB2): DMEM 250 mL; BSA 0.2 mg/mL 

Digestion Buffer (DG): DMEM 250 mL; BSA 0.2 mg/mL; Collagenase A (100mg, dissolved directly in 

the medium); DNAse I (100 mg, dissolved directly by adding media) 

Complete media/Plating media1: DMEM+ 10% FBS+ Pen/strep+ L-glutamine+ Sodium pyruvate 

Plating media2: William’s medium E, supplemented with 100 mU/mL penicillin, 100 μg/mL 

streptomycin and 10% fetal bovine serum, dexamethasone 1µM, insulin 10 μg/mL.  
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Red Blood Cells (RBC) Lysis Buffer 10X: 8.02 g NH4Cl; 0.84 g NaHCO3; sterile Milli-Q water up to 

100 ml. Diluted 1:10 with sterile Milli-Q water. 

The liver was first washed multiple times with Perfusion Buffer 1(PB1) and then with Perfusion Buffer 

2 (PB2) by inserting a syringe directly in the portal vein. A volume of 250 mL of PB1 and PB2 was used 

each time for the washing steps. 

The liver specimens were diced into small pieces (cubes about 0.5 cm in size) using a sterile scalpel and 

forceps. Digestion buffer (DB) was then added to the minced tissue in a ratio of 1:4 (50 ml of DB were 

added to digest approximately 200 g of the liver specimen), and the mixture was incubated at RT for 1 

h to allow the complete digestion of the tissue. After incubation, the liver pieces were pressed with the 

back part of a sterile syringe to mince the digested tissue. Then, the mixture was filtered with a sterile 

mesh of 250 µM to discard debris and collected in a 50 mL falcon tube. 

The mixture was filtered through a 100 µM cell strainer first and with a 70 µM cell strainer second. 

After each filtration, the suspension was centrifuged at 75 x g, 5 min, 4°C; the supernatant was discarded, 

and the pellet was resuspended in complete media. As the amount of red blood cells (RBC) was visibly 

very high, an extra step was added at this point in the second isolation performed. Here, the suspension 

was centrifuged at 200 x g for 5 min, 4°C, and the supernatant was discarded. The pellet was resuspended 

with a minimal amount of RBC lysis buffer and incubated in a 37 °C bath for 5 min. After incubation, 

sterile PBS was added to inactivate the RBC lysis buffer process. Cells were centrifuged again at 200 x 

g for 5 min at RT, and the supernatant was discarded.  

The entire pellet was resuspended partially with Plating Media 1 and partially with Plating Media 2. 

However, it was impossible to count the cells before seeding due to the high amount of debris still 

present in the suspension. For plating, all the flasks and plates used were previously coated with a 

solution of collagen I (Collagen I Rat tail, A10483-01, Gibco™) to improve the hepatocytes’ attachment 

and proliferation. Cultures were incubated in a humidified incubator with 5% CO2 at 37 °C. 

 

13. Pig primary hepatocytes monolayer culture 

In order to define the optimal growing conditions of isolated PPH, two different media were used to 

maintain monolayer cultures for comparison. The first one consisted of William’s Medium E basal 

medium, no phenol red, supplemented with GlutaMAX™ and HepaRG™ Thaw, Plate & General 

Purpose Medium Supplement (HPRG 770, Gibco™). The second consisted of DMEM (Dulbecco 

Modified Eagle’s Medium, Gibco™) supplemented with 10% inactivated FBS, 1% Penicillin-

Streptomycin, L-glutamine, and Sodium pyruvate. All cultures were maintained in a humidified 

incubator with 5% CO2 at 37 °C. Monolayer cultures were performed in 96 well plates (96 wells, white 
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cell culture microplate, transparent bottom, Greiner bio-one) and flasks. Medium was renewed three 

times a week. 

 

14. Pig Primary Hepatocytes sandwich cultures 

To establish pig primary hepatocytes (PPH) sandwich culture, PPHs were seeded between a layer of 

Collagen Type I Rat Tail (Gibco, BD 354236) and Matrigel® (Sigma) matrixes as follows. Ninety-six-

well plates for cell culture were coated with collagen solution of 0.05 mg/mL one day prior to cells 

seeding and stored at 4 °C. Collagen I Rat Tail solution was prepared as described before (see section 7 

in Materials and Methods, “HepaRG sandwich culture “). 

After isolation, PPHs were counted manually with Trypan Blue exclusion method (Trypan Blue 

Solution, 0.4%, Gibco). Then, PPHs were seeded in complete DMEM in monolayer as described in the 

previous section at a density of 70,000 cells/well, in plates previously coated with Collagen I Rat tail 

solution. Cells were incubated at 37°C, 5% CO2 for 4-5 h, until attachment to the bottom of the plates 

was reached. After incubation, the medium was aspirated, and 100 µL/well of iced cold Matrigel® 

solution were added.  

Matrigel® solution was prepared by adding Matrigel® Matrix (Sigma; concentration variable, reported 

in each bottle) to an iced-cold medium (to avoid Matrigel coagulation) to reach a final concentration of 

solution equal to 0.5 mg/mL. One hundred µL/well of Matrigel® solution were dispensed. PPH 

sandwich cultures were incubated at 37°C; 5% CO2. 

 

15. Pig primary hepatocytes spheroid culture  

For the spheroids generation, PPH were counted and seeded in a concentration of 1500 cells per well in 

a ULA (ultra-low attachment) 96 well plate (Nunclon Sphera, 96U, Thermo Scientific). A total volume 

of 200 µL/well was used for seeding. Then, cells were centrifuged at 200 x g for 3 minutes to allow cells 

to group at the bottom of the wells and incubated overnight in a humidified incubator with 5% CO2 at 

37 °C. The medium was renewed every two days by removing 100 µL/well of the old medium and 

replacing it with the same volume of fresh medium. Spheroids cultures were maintained for one week; 

after this time, they were used for drug cytotoxicity assays. Images were taken with an optical 

microscope (Nikon Eclipse, Ti series, Japan), and the diameter was analyzed with NIS-Elements 3.0. 

 

16. Immunofluorescence assay 

For the immunofluorescence assay, PPHs were seeded in monolayer in a 96-well, white, transparent 

bottom cell culture microplate in two different concentrations, 4000 and 8000 cells/well, and incubated 
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overnight at 37 °C, in a humidified incubator with 5% CO2.  The next day, the medium was removed. 

Cells were incubated 10 min at RT with formaldehyde 4% (pre-warmed at 37 °C) for fixation. After 

incubation, formaldehyde was removed, and cells were washed three times with PBS 1X. Next, 0.1% 

solution of TritonX-100 (in PBS 1X) was added to the fixed cells and incubated for 15 min at RT for the 

permeabilization step. Then, cells were washed three times with PBS 1X and blocked by adding a 

solution of BSA 3% (prepared in PBS 1X). For this step, cells were incubated 1h at RT. Then, cells were 

incubated overnight, at 4 °C, with a goat anti-pig albumin (Goat anti-pig albumin A100-110 Bethyl 

Labs), as the primary antibody, diluted 1:200. The next day, cells were washed 5 times with PBS 1X, 

then a rabbit anti-goat, FITC conjugated (Rabbit Anti Goat IgG- FITC, 31509 Invitrogen) diluted 1:50 

and HOECHST 33342 diluted 1:5000, were added and incubated 1h, RT, in the dark. Visualization of 

the positive cells was done by fluorescence microscope (Nikon eclipse, Ti series, Japan), and images 

were taken with Motic Images Plus 3.0. 

17. Drugs’ exposure of 2D, SW and 3D cultures of HepaRG, RPH and PPH  

Twenty-four hours after cells’ seeding in 96 well plates, monolayer, sandwich, or spheroids cultures 

were exposed to increasing concentrations of each test compound. HepaRG monolayer and sandwich 

cultures were maintained for 6 days before adding drugs, whereas RPH and PPH monolayer and 

sandwich were maintained for 2 days before adding compounds. All spheroids cultures were maintained 

for 6 days prior to drugs’ exposure to allow mature spheroids’ formation.  

In total, six concentrations per drug were assayed, ranging from the Cmax (the therapeutic maximal drug 

concentration in human plasma) as the lowest to 32-fold Cmax as the highest. Drugs’ values of Cmax 

were found in published literature (see Tab. 1 in “Results and Discussion,” section 1).  

Mother solutions of compounds were prepared by dissolving each drug in 100% DMSO in order to have 

a final concentration of 200X the highest drug’s concentration. The other test concentrations were made 

starting from the mother solution and preparing 2-fold serial dilutions in 100% DMSO. Drug 

concentrations tested in all cell lines are provided in Table 2.  

Test compounds in HepaRG, RPH, PPH  Abbreviation Test concentrations (µM) 

Diclofenac DCF 500, 250, 125, 62.5, 31.3, 15.65 

Acetaminophen ACP 4000, 2000, 1000, 500, 250, 125 

Troglitazone TRG 200, 100, 50, 25, 12.5, 6.3 

Fialuridine FLD 60, 30, 15, 7.5, 3.75, 1.87 

Amiodarone AMI 300, 150, 75, 37.5, 18.75, 9.37 

Nefazodone NFZ 200, 100, 50, 25, 12.5, 6.3 

Simvastatin SIM 0.66, 0.32, 0.16, 0.08, 0.04, 0.02 

Tamoxifen (ctr +) TMX 200 

Dimethyl sulfoxide (ctr -) DMSO 0.5% (v/v) 

 

Table 2. The table shows the drugs used to evaluate the cytotoxic effects at 48h and 14 days in HepaRG, RPH, and PPH 

cultured, each one in monolayer, sandwich, and spheroids formats. The right column indicates the final concentrations (µM) of 

the drugs applied to the cells. Each drug was tested in six different concentrations.  
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To expose cells to the drugs, 1 µL of each drug solution (200 X) was added from the drugs’ mother plate 

to 199 µL of media contained in each well where cells were seeded previously. In this way, the overall 

DMSO concentration per well was 0.5% v/v. DMSO solution, at the final concentration of 0.5% v/v 

(DMSO/media), was used as negative control. Tamoxifen 200 µM final concentration, was used as 

positive control of toxicity.  

To test acute toxicity, cell cultures with added drugs were incubated for 48h, and then cytotoxicity assay 

was performed. To test long-term toxicity, cells were maintained in culture for 2 weeks, and drugs were 

added following the procedure mentioned above every other day by renewing the media every time. On 

day 14, cytotoxicity assay was performed. 

 

18. Cytotoxicity assay 

Cell viability assessment was performed in HepaRG, RPH, and PPH cultured in monolayer, sandwich 

format, and spheroids by evaluating cellular ATP content using the CellTiter-Glo® Luminescent Cell 

Viability Assay (Promega), following the manufacturer’s instructions. Briefly, the medium was renewed, 

and an equal volume to that of the media of CellTiter-Glo® reagent was added to each well. Plates were 

put in an orbital shaker for 2.5 minutes to mix the reagent and to induce cell lysis. Finally, plates were 

incubated at RT in the dark for 10 minutes, then luminescence signal was measured using BioTek 

Synergy H1 Plate Reader and recorded. Relative light units (RLUs) of luminescence signal were 

proportional to the ATP released by lysed cells and served, therefore, as a parameter of cells’ viability. 

 

19. Data analysis 

At least three independent experiments were conducted to assess compounds’ toxicity in each cell line. 

Raw data of luminescence signal were analyzed by generating mean and standard error of the mean, 

SEM (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). Each value, subtracted from the 

blank (luminescence signal from wells with medium only), was then divided by the control 

(luminescence signal of cells treated with 0.5% DMSO only) and expressed as a percentage of viable 

cells with respect to the control. LC50 values were calculated using non-linear regression analysis with 

a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). 

Comparison between culture systems was performed using two-way ANOVA followed by Tukey’s 

multiple comparison test or Sidak’s multiple comparison test (GraphPad Prism 8.3.0; GraphPad 

Software, San Diego, CA). p<0.05 was considered statistically significant. 
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20. Reactions and metabolites generation in the in silico model assessment 

To generate Phase-I and II reactions, we first provided SMARTS (SMiles ARbitrary Target 

Specification) IDs in the RDKit python package, each one referring to a specific moiety of a molecule. 

Then, the moieties provided were matched with the substrates’ molecules to test, introduced as SMARTS 

as well. 

In each reaction, reactants and products are defined as SMARTS notation. Each reactant is converted to 

one or more products.  

The reaction was performed by matching patterns (IDs) defined in the reactions that are found in the 

selected substrate. If present, the defined pattern will be highlighted in the displayed molecule of the 

substrate (Fig. 1). Then, when the reaction is run, the system will generate and visualize all the plausible 

metabolism products. 

An example is given in Fig.1. Here, the reaction performed, named “aromatic hydroxylation,” consists 

of the introduction of OH groups into aromatic rings. In the example reported, the drug diclofenac was 

chosen as substrate (reactant). In this case, the system generates 18 products, some of which do not exist 

in reality. 

A  B 

Fig.1. Aromatic hydroxylation reaction performed on Diclofenac. The matched patterns defined by the reaction are highlighted 

(A). One of the products, the hydroxylated Diclofenac, is shown (B).  

 

RDKit generated around 2000 predicted products from 29 drugs undergoing Phase I reactions. 

Metabolites from Phase II reactions are not generated yet. Then, products were “filtered” based on valid 

smiles (complying with chemical criteria) and real compounds by comparison with the PubChem 

database. 

 

21. KM prediction and Data analysis 

All the simulations of compound-target proteins were performed by the KM prediction tool, a deep-

learning system that enables to predict the Michaelis-Menten constant, Km, assigning it to each 

compound-target pair.  
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The list of hepatic proteins to test, including both enzymes and transporters, was selected in Uniprot. 

UniProt IDs were used in the KM prediction tool to refer to the respective hepatic protein. The 29 parent 

drugs and their metabolites, previously generated and filtered, were uploaded in KM prediction, 

provided as SMILES (Simplified Molecular-Input Line-Entry System), along with the total proteins, to 

run the interactions. The total entries generated were filtered to select only interactions with Km≤10µM 

and then listed from the lowest to the highest Km values.  

Data were analyzed by dividing all the entries by target, identifying for each protein the correspondent 

substrate/s and Km. 

Protein clustering was carried out by uploading each protein ID (Uniprot IDs) in the eggNOG-mapper. 

Protein-protein network analysis was performed using String Version 11.5. to identify the proteins 

involved in each clustered pathway. 
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RESULTS AND DISCUSSION 

 

One of the major causes of failure in the drug development process is related to safety concerns arising 

in clinical trials or drug withdrawals during the post-marketing phase. Principal human adverse reactions 

are predominantly associated with the liver, heart, kidney, and central nervous system (Cook et al., 2014; 

Olson et al., 2000; Sacks et al., 2014). 

Most frequently, drug-induced liver injuries (DILI) represent the cause of such failure (Onakpoya IJ et 

al., 2016; Fisher K et al., 2015; Watkins PB, 2011). 

As drug-related toxicity cannot be exhaustively predicted with animal models, an innovative, reliable 

alternative is needed. The intent of this project is to develop a method where in vitro and in silico 

approaches are integrated to accurately predict the toxicity of a drug. 

 

1. Compounds and cell line selection 

 

To validate the method object of this study, marketed compounds were accurately selected based on 

cytotoxicity data reported in scientific literature.  

The goal of this project is to demonstrate the robustness of the method in toxicity prediction. As such, 

for its validation, approved drugs were used, as their adverse reactions have already been demonstrated 

and largely described. Once the model is validated and its solidity is demonstrated, it could be applied 

to examine the toxicity of innovative compounds investigated during the early stages of drug discovery.  

To encompass as many drugs’ adverse effects as possible, 28 marketed compounds were chosen, 

belonging to several medical classes, including antibacterial, antifungals, anticancer, anti-inflammatory, 

antiarrhythmic, antidepressant, immunosuppressant, antiviral, anticonvulsants, antipyretic, anti-

cholesterol.  

Drug selection relied on two main criteria: the severity of toxic reactions and the onset of these effects.  

To accomplish the first criterion, we selected drugs with different known adverse effects in each body 

system, ranging from low-medium to high-toxic compounds, to simulate all possible cases of toxicity.  

To completely describe drug-related toxicity, timing of occurrence is the other fundamental parameter 

that needs to be considered. In fact, some medicinal products evoke adverse effects right after a single, 

relatively potent dose administration. Indeed, the so-called acute toxic reactions are generally 

characterized by rapid onset, severe clinical symptoms, and unpredictability. By contrast, sometimes, 

patients exposed to repeated administrations at therapeutic doses over a long period of time do not show 
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any adverse effects at the beginning. However, adverse effects could occur in the long term, leading to 

chronic toxicity. 

Therefore, to address the second criterion, the present study included both drugs associated with acute 

and chronic toxicity. 

In this manner, it is possible to cover all possible cases of toxicity triggered by drugs and demonstrate 

that the method proposed here is reliable. 

Taking advantage of the fact that the compounds tested in this study are approved drugs, I referred to 

the US FDA Toxicity Knowledge Base and EMA pharmacovigilance reports, searching for those that 

meet the criteria previously mentioned.  

For accurate control of medicinal products’ safety, FDA guidelines require the medicines exhibiting 

adverse events to be assigned to one of three different lists: Box Warning, Warning and Precautions, and 

Adverse Reactions, according to the severity of toxicity (FDA, 2011, Guidance for Industry warning 

and precautions, contraindications and box warning sections of labeling for Human Prescription Drug 

and Biological Products). Life-threatening agents or drugs’ adverse events leading to patient 

hospitalization are labeled as Box Warnings while Warning and Precaution labels are applicable to those 

drugs with clinically significant adverse reactions but not life-threatening. Finally, the Adverse 

Reactions label is assigned to compounds with fewer toxicity concerns (Code of Federal Regulations). 

Withdrawn drugs are also remarked within this classification.  

Pharmacovigilance reports are continuously updated by the EMA to warrant the safety of approved drugs 

in the post-marketing phase. It is possible to access those reports to be aware of any toxicity alerts related 

to commercialized medicines.   

For the selection of the compounds panel to test in this study, I referred to both the FDA classification 

and EMA reports. High toxic compounds were elected among the Black Box warning labeled drugs list, 

while drugs included in the Warning and Precaution and Adverse Reactions lists were selected as 

medium-low toxic compounds.  

In addition, few withdrawn drugs were included in this study as representatives of acute severe-toxicity 

inducers in specific organ in vitro models. Conversely, few compounds with ambiguous or not proven 

toxicity were also included as examples of safe drugs. 

The complete list of drugs investigated in the present study is shown in Table 1, along with the 

corresponding medical class, the Cmax in the human species, and the related toxic reactions. 
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Drug Therapeutic class Cmax Toxic effects  References 

5-Fluorouracil 

(5FU)                                    

Chemotherapic 6.23 µg/mL 

 

Cardiotoxicity, acute 

coronary 

syndrome/myocardial 

infarction 

Casale F et al., 2004; Sara 

JD et al., 2018; Lamberti 

M et al., 2014 

Acetaminophen 

(ACP) 

Antipyretic 12-14 

µg/mL  

Liver necrosis  Gold JR et al., 2023; 

Mingzhu Yan et al., 2018; 

Yoon E et al, 2016; 
Mazaleuskaya et al., 2015 

Acyclovir  

(ACV)                                                  

Antiviral 0.45-0.52 

µg/mL   

nausea, vomiting, 

abdominal pain and 

rush  

Taylor M and Gerriets V, 

2023; Gnann JW Jr, et al., 

1983; Yorulmaz A et al., 

2016 

Amiodarone  

(AMI)   

Antiarrhythmic 1.4 µg/mL  

 

DILI; pulmonary, 

cardiac, and thyroid 

gland toxicity 

Meng X et al., 2001; 

Stravitz RT, et al., 2003; 

Ramachandran A et al., 

2018; Wolkove N, 

Baltzan M, 2009; Barrett 

B, Bauer AJ, 2021 

AmphotericinB 

(AMB)                                    

Antifungal 0.7 mg/kg  

 

Acute Kidney Injuries Deray G, 2002; 

Tragiannidis A et al., 

2021; Noor A, Preuss CV, 

2023 

Astemizole  

(AST)                                              

Antihistaminic 0.0036 

mg/L 

 

Cardiotoxicity, hERG 

channel inhibition 

Asai T et al., 2021; 

Bishop RO, Gaudry PL, 

1989; Lehmann DF et al., 

2018 

 

Bleomycin 

(BLE)                                  

Anticancer 0.1-0.5 

mU/mL 

Lung pneumonitis and 

fibrosis 

O'Sullivan JM et al., 

2003; 

Hay J et al., 1991; Tomas 

Reinert et al., 2013 

Taparra K et al., 2019; 

Oken MM et al., 1981 

 

Bortezomib  

(BOR)                                             

Antibiotic;  

Anticancer 

20.4 ng/mL Peripheral neuropathy Moreau P et al., 2012; Tan 

CRC et al., 2019 

Ciprofloxacin  

(CIP)                                         

Antibiotic 1.26 µg/mL Tendinopathies, 
peripheral neuropathy, 

and neuropsychiatric 

adverse effects  

Sudo RT et al., 1990; 
Thai T et al., 2023  

Colistin  

(COL) 

Antibiotic 0.6-7.8 

µg/mL  

Nephrotoxicity Zabidi MS et al., 2021; 

Gai Z et al., 2019 

 

Cyclophosphami

de (CYC) 

Anticancer 49 µg/mL 

 

Myelosuppression, 

Pneumonitis, 

pulmonary fibrosis, 

Nephrotoxicity 

(hemorrhagic cystitis 

and bladder fibrosis) 

Yang L et al., 2015;  

Malik SW et al., 1996; 

Patel JM, 1990; Santos 

MLC et al., 2020. 

Dexamethasone 

(DEX)                             

Antiinflammatory 0.097 

µg/mL 

Gastric disorders, 

fluid retention, 

electrolyte 

imbalances, weight 

gain, nausea, 

vomiting, acne, 

agitation, and 

depression  

Harahap Y et al., 2009; 

Polderman JAW et al., 

2019 

Diclofenac  

(DCF)                         

Analgesic 17.7-17.9 

µg/mL  

Mitochondria 

impairment 

Leuratti C et al., 2019; Xu 

JJ et al., 2008; Bort r et 

al., 1998 

Doxorubicin  

(DOX)               

Anticancer 630.4 

ng/mL 

Cardiotoxicity, 

nephrotoxicity, 

hepatotoxicity, 

neurotoxicity, lung 

toxicity 

Barpe DR et al., 2010; 

Liston DR et al., 2017; 
Chatterjee K et al., 2010; 

Kaviyarasi Renu et al., 

2022 
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Erythromycin  

(ERY)                                       

Antibiotic 1.8 µg/mL indigestion and 

abdominal pain; 

allergic reactions; 

arrhythmia. 

National Center for 

Biotechnology 

Information (2024); 
Carter BL et al., 1987; 

Hancox JC et al., 2014; 

Jorro G et al., 1996. 

 

Fialuridine  

(FLD)                                            

Antiviral 0.24 µg/mL  Acute liver failure, 

Mitochondria 

damage, reactive 

oxygen species 

formation, lipid 

accumulation, 

apoptosis induction,  

Bowsher RR et al., 1994 

Hendriks DFG et al., 

2019 

Gentamycin 

(GEN) 

Antibiotic 20 µg/mL Nephrotoxicity, 

ototoxicity 

Hodiamont CJ et al., 

2022; Blunston MA et al., 

2015 

Imipramin   

(IMI)                  

Antidepressant 0.96-1.44 

µg/mL 

Central nervous 

system toxicity, 

sedation, confusion, 

dizziness; cardiac 

arrhythmia 

Asadpour E and  

Sadeghnia H, 2012; 

Rohner TJ Jr and Sanford 

EJ, 1975; Khalid MM and 

Waseem M, 2024 

Isoniazid  

(ISO)                                               

Antituberculosis 3 µg/mL  Neurotoxicity, 

peripheral neuropathy, 

hepatotoxicity 

Peloquin CA, 2002; 

Badrinath M, John S, 

2022; Wang P et al., 

2016 

Nefazodone  

(NFZ)                 

Antidepressant  µg/mL  

 

Severe acute liver 

failure, hepatitis, 

cholestasis 

Garside et al., 2014; 

Aranda-Michel J et al., 

1999; Lucena MI et al., 

1999 

 

Nitrofurantoin 

(NIT)                                       

Antibacterial 0.8- 1.81 

µg/mL  

chronic pneumonitis 

and pulmonary 

fibrosis  

Wijma RA et al., 2018; 

Milazzo E et al., 2021; 

Batzlaff C and Koroscil 

M, 2020 

Rapamycin  

(RAP)                                             

Immunosuppressant; 

Antibiotic 

67.4±22.8 

ng/L  

Diabetes-like 

syndrome, 

thrombocytopenia, 

leukopenia, 

pulmonary and renal 

toxicity  

Emoto C et al., 2013; 

Buhaescu I et al., 2006; 

Barlow AD et al., 2013 

Simvastatin  

(SIM)                                             

Anti-cholesterol 5.56 

±2.39µg/L  

 

Muscle toxicity Moon SJ et al., 2017; 
Jeeyavudeen MS et al., 

2022; Di Stasi SL et al., 

2010 

 

Tamoxifen  

(TMX)                                             

Anticancer 59.1-63.6 

ng/ml 

Genotoxicity, ROS 

formation, 

hepatotoxicity, 

retinopathy 

Fuchs WS et al., 1996; 

Yang G et al., 2013 

Trazodone  

(TRZ)                     

Antidepressant  1.48 µg/mL  

 

arrhythmias Kale P, Agrawal YK et al., 

2015; Soe KK and Lee 

MY, 2019; Mohan G et 

al., 2023  

 

Troglitazone   

(TRG)                                          

Antidiabetic 2.8 µg/mL  Liver Failure; 

mitochondria 

dysfunction; 

cholestasis (BSEP 

inhibition) 

Xu JJ et al., 2008; Dirven 

H et al., 2021; Gale EA, 

2001 

Masubuchi Y, 2006 

Funk C et al., 2001; 

Dawson S et al., 2012 

 

Valproic acid  

(VAL) 

Antiepileptic 50-100 

µg/mL  

Encephalopathy, 

hepatotoxicity 

Tseng YJ et al., 2020; 

Wu J et al., 2021; 

Kesterson JW et al., 1984 

Vancomycin  

(VAN)               

Antibacterial 10-40 

µg/mL  

nephrotoxicity Rybak MJ., 2006; 

Bamgbola O, 2016 
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Zidovudine  

(AZT)                                  

Anti-HIV 0.49 µg/mL Anaemia, cell 

proliferation 

impairment 

Morris DJ, 1994; Unadkat 

JD et al., 1990 

 

Table 1. The panel of drugs investigated in the present study includes therapeutic function and putative mechanism/s of toxicity 

in the human body. 

 

Amiodarone, one of the most commonly used antiarrhythmic agents, is associated with a high risk of 

DILI and pulmonary, cardiac, and thyroid gland toxicity. Typically, toxicity is associated with long-term 

treatments of amiodarone. However, cases of idiosyncratic reactions were reported after intravenous 

administration for emergency treatments of arrhythmias (Livertox, 2016; Wolkove N et al., 2009).  For 

these reasons, the FDA introduced amiodarone to the list of black box warning-labeled drugs and 

recommended the use of this medicinal product only for life-threatening arrhythmia (Siddoway LA, 

2003). The mechanism of amiodarone’s toxicity is ascribed to the impairment of mitochondrial 

functions, membrane lipids peroxidation, and the damage of fatty acid catabolism (Stravitz RT et al., 

2003; Ramachandran A et al., 2018). In the present study, amiodarone was selected to validate its 

cytotoxicity in liver, heart, and lung in vitro models. 

Nefazodone is a serotonin and noradrenaline reuptake inhibitor introduced into the market in 1994 as an 

antidepressant (Goldberg RJ, 1995). Cases of fatal acute hepatotoxicity led to its withdrawal in 2003 in 

Europe, while in the US, it is still used to treat severe cases of depression that do not respond to other 

therapies (Spigset O et al., 2003; Choi S, 2003). The mechanism of nefazodone-induced hepatotoxicity 

remains controversial and might be triggered by toxic compounds derived from nefazodone’s 

metabolism. The most plausible mechanism of nefazodone hepatotoxicity seems to be related to the 

OXPHOS enzymes’ impairment in mitochondria along with ROS production (Silva AM et al., 2016). 

Acute hepatitis and cholestasis are the acute adverse events happening after a few weeks of nefazodone 

treatments, whereas serum levels of liver biomarkers like AST (aspartate aminotransferase) and ALT 

(alanine aminotransferase) can slightly exceed the normal thresholds. Cases of liver failure related to 

nefazodone’s chronic treatments have an incidence of 1 per 250,000 (Voican CS et al., 2014).  

Troglitazone is an anti-type II diabetes that was launched into the market in 1997. Only three years later, 

it was discontinued due to severe cases of hepatic injuries. Troglitazone was responsible for 90 cases of 

liver failure leading to death or liver transplantation (Gale EA, 2001). Reactive metabolites of 

troglitazone seem to trigger troglitazone`s toxic effect by binding cell macromolecules and causing 

mitochondria dysfunction (Masubuchi Y, 2006). Previous studies also described the inhibition of Bile 

Salts Export Pump (BSEP) in human hepatocytes by troglitazone with the consequent intracellular 

accumulation of bile acids, the initiation process of cholestasis (Funk C et al., 2001; Dawson S et al., 

2012). 
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Both nefazodone and troglitazone are used in this study to investigate severe hepatotoxicity related to 

different mechanisms of action. 

Trazodone is an antidepressant with a structure analogous to nefazodone. Trazodone exerts its 

pharmacological properties through the inhibition of serotonin receptors, particularly 5-HT2A, as well 

as through antihistaminic and antiadrenergic actions, including the blockade of alpha-1 adrenergic 

receptors. Cardiotoxicity is a significant concern associated with trazodone use, particularly in cases of 

overdose, where it can lead to severe and life-threatening arrhythmias. Studies by Soe KK and Lee MY 

(2019) and Mohan G et al. (2023) have reported cases of trazodone overdose resulting in arrhythmias. 

This adverse effect is believed to be mediated by the inhibition of hERG (human Ether-à-go-go-Related 

Gene) channels by trazodone (Lee S et al. 2016). In your study, trazodone was selected as a 

representative example of a high-risk drug, and its potential for cardiotoxicity was assessed in 

cardiomyocytes.  

The antihistaminic agent astemizole, initially developed for allergic rhinitis, was banned worldwide in 

1999 (Gottlieb S, 1999). Its off-target effect, the inhibition of voltage-dependent heart hERG channels, 

was found to be responsible for severe cardiotoxic effects (Asai T et al., 2021). In vitro myocardiocyte 

models were used in this study to confirm the cardiotoxicity of astemizole.  

The non-steroidal anti-inflammatory drug diclofenac remains one of the most widely used drugs for 

inflammation and pain treatment. Cases of acute and chronic toxicity have been reported in the last 

decades, particularly liver damage related to the drug. While initially it was thought that the 

hepatotoxicity of diclofenac was linked to hypersensitivity phenomena, through the formation of adducts 

hepatic proteins-drug, subsequent studies have shown that the main mechanism of hepatotoxicity is due 

to specific metabolites of the drug (Pumford NR et al., 1993; Miyamoto et al., 1997). The main 

mechanism of diclofenac’s toxicity is mitochondrial damage, resulting in cell ATP depletion. Although 

this effect is triggered by diclofenac parent compound, some metabolites have been identified as 

responsible for mitochondrial damage. Specifically, 5-OH diclofenac and N,5-(OH)2-diclofenac appear 

to be responsible for mitochondrial impairment due to NADPH consumption following redox 

interchange reactions between the two metabolites (Bort et al., 1998). In this study, diclofenac was used 

to validate its hepatotoxicity in short- and long-term assessments. 

Doxorubicin is an antibiotic agent extracted from Streptomyces peucetius bacterium, widely used as an 

anti-neoplastic agent since the 60s. Doxorubicin belongs to the anthracycline family, and it is used to 

treat hematologic and several types of solid tumors. Despite its effectiveness, this agent is characterized 

by multi-organ toxicity, with cardiotoxicity being the most relevant one. Other toxic effects were 

observed in the kidneys, pulmonary tissue, liver, nervous system, and reproductive organs (Kaviyarasi 

Renu et al., 2022; Chatterjee K et al., 2010; Pugazhendhi A et al., 2018; Eisenbeis CF et al., 2001). The 

principal mechanism of doxorubicin toxicity is believed to be the promotion of oxidative stress caused 
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by ROS production overwhelming cells' antioxidant defenses, which in turn triggers mitochondria 

dysfunction, inflammation, and cell death (Oktay T et al., 2013; Mia Baxter-Holland and Crispin R Dass, 

2018). Therefore, doxorubicin represents an interesting example of drug-induced toxicity in several 

body districts and was tested in the present study to assess cytotoxicity in cardiomyocytes, human kidney 

cells, human T-lymphocytes, and human lung fibroblasts. 

Cyclophosphamide is an alkylating agent widely approved for clinical use in the treatment of various 

cancers, including lymphoma, leukemia, breast cancer, and ovarian. However, myelosuppression, 

pulmonary toxicity, and nephrotoxicity have been often associated with cyclophosphamide. Specifically, 

cyclophosphamide can cause interstitial pneumonitis, and its prolonged or high-dose exposure may lead 

to pulmonary fibrosis. (Malik SW et al., 1996; Patel JM, 1990; Kachel DL and Martin WJ 2nd, 1994). 

Nephrotoxic effects, particularly manifest as hemorrhagic cystitis and bladder fibrosis in chronic 

treatments. (Santos MLC et al., 2020). For these reasons, in this study, cyclophosphamide was tested for 

acute cytotoxicity in lung fibroblast and renal tubular human cell lines. 

The antimetabolite 5-Fluorouracil is the third most common drug used for solid tumor treatment 

worldwide (Sara JD et al., 2018; Grem JL, 2000). Among chemotherapy drugs, 5-FU is recognized as 

the second most common agent causing cardiotoxicity after anthracyclines (e.g., doxorubicin) (Sara JD 

et al., 2018). Mechanisms of cardiotoxicity include autoimmune injury of the myocardium, endothelial 

impairment, thrombosis, as well as myocardial damage and induction to necrosis (Sorrentino et al., 

2012). 5-FU also could cause gastrointestinal and skin toxicity as well as myelosuppression (Macdonald 

JS, 1999). Both 5-fluorouracil and doxorubicin were used to test cardiotoxicity by exposing 

cardiomyocytes to several concentrations of the compounds.  

Rapamycin, also known as sirolimus, is a macrolide compound with strong immunosuppressive 

properties used to prevent rejection after transplantation. Rapamycin also shows important anti-

proliferative functions, demonstrating the capacity to reduce cell proliferation and cancer progression 

(Blagosklonny MV, 2023); therefore, it is also used as an anti-neoplastic agent. Lately, important anti-

age functions of rapamycin have been discovered. Indeed, it was demonstrated that the drug’s capacity 

to delay the onset of age-related pathologies (Selvarani R et al., 2021). Besides typical side effects like 

anemia, leukopenia, thrombocytopenia, and hypercholesterolemia, there is evidence that rapamycin has 

detrimental effects on pancreatic β-cells and peripheral insulin sensitivity (Barlow AD et al., 2013). 

Also, pulmonary and renal toxicity were recognized as severe complications related to rapamycin 

treatments (Buhaescu I et al., 2006). In the present study, rapamycin has been tested in vitro in human 

T-lymphocytes to explore toxic effects on the immune system. 

Amphotericin B is an antifungal medication approved for the treatment of serious systemic fungal 

infections such as aspergillosis, candidiasis, cryptococcosis, blastomycosis, and coccidioidomycosis. 

Amphotericin B belongs to the polyene class, and its mechanism of action includes the binding to 
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ergosterol, the principal constituent of fungi membrane, provoking the disruption of the osmotic 

integrity of the membrane in fungi (Ellis D, 2002). However, the high incidence of nephrotoxicity related 

to amphotericin B limits its use. The direct impairment of epithelial cells’ membranes, along with 

vasoconstriction at the tubular level, can cause tubular damage and a dramatic reduction of the 

glomerular filtration rate (Deray G, 2002). Therefore, amphotericin B was assayed in the human tubular 

cell line to assess in vitro acute nephrotoxicity.  

Colistin and vancomycin, similarly to amphotericin B, were included in the set of drugs tested on HK-

2 cells, the in vitro model of human epithelial tubular cells used in this study, to evaluate acute 

nephrotoxicity. Vancomycin, being one of the most commonly used antibacterial agents in hospitalized 

patients, has been associated with cases of nephrotoxicity. These instances typically involve tubular cell 

impairment and nephritis. While nephrotoxicity associated with vancomycin’s use is clinically 

significant, it tends to occur majorly with exceptionally high doses of the medication (Vora S, 2016; 

Barceló-Vidal J et al., 2018; Kan WC et al., 2022). Conversely, acute kidney injury is a significant issue 

associated with colistin therapy, as highlighted in previous studies (Deryke CA et al., 2010; Özkarakaş 

H et al., 2017). Due to concerns about nephrotoxicity, the use of colistin was largely abandoned in the 

1970s. However, in recent years, colistin has regained importance due to the emergence of multidrug-

resistant bacteria. As a result, it is now being used to treat infections caused by multidrug-resistant gram-

negative bacteria, for whose few effective treatment options exist. Despite its nephrotoxic potential, 

colistin remains a valuable tool in combating these challenging infections.  

Bortezomib is a first-in-class proteasome inhibitor introduced in the market as an antitumor agent for 

multiple myeloma and mantle cell lymphoma treatment (Richardson PG et al., 2003; Tan CRC et al., 

2018). However, bortezomib-induced peripheral neurotoxicity often requires regimen adjustments, 

sometimes limiting its use (Tan CRC et al., 2018; Argyriou AA et al., 2014; Meregalli C, 2015). 

Bortezomib neurotoxicity was assayed in our study by exposing human glioblastoma and mouse 

neuroblasts to the drug. 

Acetaminophen (paracetamol) is the most commonly prescribed antipyretic drug used also to treat 

moderate pain for its minor analgesic properties. Hepatotoxicity induced by acetaminophen is the most 

studied case of DILI worldwide. The mechanism of acetaminophen`s hepatotoxicity has been elucidated 

and fully described, and it is known to be triggered by the accumulation in the liver of NAPQI, its toxic 

metabolite. At therapeutic doses, acetaminophen is mainly metabolized and transformed into 

glucuronide and sulfate conjugates. Only a small percentage of the drug is converted into NAPQI, a 

reactive intermediate, which is quenched by GSH conjugation. However, when administered at 

overdoses, the GSH conjugation pathway becomes overwhelmed, and NAPQI accumulates inside the 

hepatocytes, causing liver damage and leading to acute liver failure. Moreover, it has been observed that 

other factors and processes contribute to hepatotoxicity induced by acetaminophen besides the formation 

of NAPQI. Mitochondria impairment, oxidative stress, DNA damage, and apoptosis were found to be 
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related and triggered by high doses of acetaminophen and may contribute to the different hepatocyte 

damage that is observed between human and animal species (Yamada N et al., 2020; Zheng J et al., 

2021; Abdullah-Al-Shoeb M et al., 2020). 

Acetaminophen represents a useful model for studying hepatotoxicity, as it has a high safety profile at 

therapeutic doses and severe toxicity at overdose, triggered by liver metabolism. In this study, 

acetaminophen was evaluated in human and animal hepatocytes to determine its dose-dependent toxicity 

and different outcomes between species. 

Fialuridine is a nucleoside analog developed in 1993 as a potential therapy for hepatitis B and 

discontinued because of five fatal cases of acute liver failure and two liver transplantations that occurred 

during Phase II clinical trials (McKenzie R et al., 1995). This was surprising because the drug did not 

show any sign of liver toxicity in animal studies. It is believed that mitochondrial damage is the principal 

mechanism of fialuridine’s toxicity due to the compound's incorporation into mitochondrial DNA, 

causing impaired DNA synthesis (Mihajlovic M, Vinken M., 2022). Later on, hepatotoxicity induced by 

chronic exposure to fialuridine was demonstrated (Hendriks DFG et al., 2019). We included fialuridine 

in our set of compounds to test its toxicity in liver models in vitro, not only because of its known liver 

toxicity but also as an example of chronic toxicity and to compare the different effects across human 

and animal species. 

Isoniazid, a pharmaceutical agent used for the treatment of tuberculosis, is a potent antibiotic associated 

with risk of acute and chronic toxicity. Acute toxicity can manifest with seizures due to GABA depletion 

induced by the drug, while toxicity in the long term mainly consists of peripheral neuropathy and 

hepatotoxicity (Badrinath M, John S, 2022; Wang P et al., 2016). Isoniazid induces both the inactivation 

of pyridoxine species and the enzyme pyridoxine phosphokinase necessary to convert pyridoxin into its 

active form, leading to depletion of this cofactor, fundamental for nerve integrity and GABA synthesis. 

Therefore, isoniazid represents a useful case of a drug that can be used to verify its toxic effects on 

neuronal cells. 

The antiepileptic drug valproate was also included in the set of compounds to test dose-related toxicity 

in neuronal cell lines. In fact, cases of valproate-induced toxicity mainly occur during the drug regimen’s 

adjustment. At overdose, valproate can cause encephalopathy with or without edema, which is generally 

reversible (Rupasinghe J, Jasinarachchi M, 2011).  

We also chose two antibiotics, gentamycin and ciprofloxacin, and the antidepressant imipramine as 

compounds with a safe profile to test in our in vitro model of neuronal cell lines. Gentamycin is a 

bactericidal antibiotic from the aminoglycoside class used to treat Gram-negative infections. The main 

adverse effects of gentamycin are nephrotoxicity and ototoxicity, which occur after prolonged and 

systemic exposure to the drug (Blunston MA et al., 2015). Ciprofloxacin is a fluoroquinolone antibiotic 

that can treat various bacterial infections, such as urinary tract infections, pneumonia, gonorrhea, 
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digestive tract infections, skin and joint infections, acute bronchitis, and others. Ciprofloxacin has, in 

general, a good tolerability profile, and it is used in this study as an example of a safe drug tested in 

human lymphocytes and lung fibroblasts. However, some rare cases of nephrotoxicity leading to acute 

renal failure have been reported (Hajji M et al., 2018). 

Simvastatin, belonging to statins, is one of the most common cholesterol-lowering agents used 

worldwide. Adverse effects related to statins in general and simvastatin are rare events. Serum elevation 

of the typical liver injury biomarkers (AST, ALT) was occasionally reported in long-term therapy with 

simvastatin (0.1%), totally reversible after drug discontinuation (Björnsson ES, 2017). Fatal liver 

injuries were only associated with patients with previous severe liver diseases (e.g., cirrhosis). Sporadic 

cases of autoimmune hepatitis-like diseases were also reported to be associated with simvastatin 

(LiverTox: Clinical and Research Information on Drug-Induced Liver Injury, Updated 2021). Overall, 

simvastatin-induced liver injury is estimated to be 1 per 100 patients; therefore, this drug was inserted 

in this study as an example of a safe compound with no hepatotoxic effects (Gillett RC Jr and Norrell 

A, 2011). 

The antibacterial drug nitrofurantoin has reemerged as a valuable option for combating antibiotic-

resistant infections, owing to its effectiveness against strains such as vancomycin-resistant enterococci 

and clinical strains of Escherichia Coli (Ten Doesschate et al., 2022). Unlike many other antibiotics, 

nitrofurantoin has not elicited significant resistance development among bacteria. However, rare 

pulmonary toxicity occurs with nitrofurantoin administration, ranging from acute effects due to 

hypersensitivity reactions to chronic pneumonitis and pulmonary fibrosis (Milazzo E et al., 2021; 

Batzlaff C and Koroscil M, 2020). For this reason, nitrofurantoin was introduced in the set of compounds 

to test in our human lung fibroblast MRC5 cell line to assess lung toxicity. 

Like nitrofurantoin, the drug bleomycin has been tested in MRC5 cells to address acute pulmonary 

toxicity. Bleomycin, a natural derivative with potent antitumor activity, is notorious for its pulmonary 

adverse effects triggered by DNA damage and induction of lipid peroxidation, leading to cytotoxicity 

(Hay J et al., 1991). These effects can manifest with mild respiratory symptoms to severe pulmonary 

toxicity, which can lead to fatal outcomes in up to 10% of patients (Ge V et al., 2018). Lung injuries 

represent a significant limitation of bleomycin therapy, particularly in cancer treatment regimens.  

Drugs with a low toxicity profile were also included in this study to validate the reliability of our cell-

based in vitro testing in discriminating different levels of toxicity. These drugs include erythromycin, 

dexamethasone, acyclovir, and zidovudine (AZT).  

Erythromycin is a broad-spectrum antibiotic, frequently prescribed for its high tolerability and safety. 

Occasionally, minor side effects can occur, such as gastrointestinal disturbances and abdominal pain 

(Carter BL et al., 1987). Rare cases of erythromycin allergic reactions and arrhythmias were reported 

(Hancox JC et al., 2014; Jorro G et al., 1996).  
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The potent corticosteroid dexamethasone has a wide variety of uses in clinics. Dexamethasone is used 

to treat inflammation, hypersensitivity reactions, allergies, sclerosis, and respiratory pathologies like 

asthma and dermatitis. Lately, dexamethasone has also been recommended for severe COVID-19 

patients (Agarwal A et al., 2020). Adverse effects related to dexamethasone therapy are only minor and 

include gastric disorders, fluid retention, electrolyte imbalances, weight gain, nausea, vomiting, acne, 

agitation, and depression (Polderman JAW et al., 2019).  

Lastly, two antiviral medications were included in our cytotoxicity assessment: zidovudine (AZT) and 

acyclovir. Acting as nucleoside inhibitors, they inhibit viral DNA replication. Although zidovudine is 

selective for the HIV reverse transcriptase, it can interfere with specific human DNA polymerases, 

causing impairment of cell replication. Therefore, anemia represents a major adverse event (Morris DJ, 

1994).  

Acyclovir is mostly used to treat herpes simplex and varicella-zoster virus infections. It has a wide 

therapeutic window; indeed, cases of overdose were rarely reported. Minor adverse events like nausea, 

vomiting, abdominal pain, and rush were associated with acyclovir intravenous administration (Taylor 

M and Gerriets V, 2023; Gnann JW Jr et al., 1983; Yorulmaz A et al., 2016). Previous studies by 

Poluektova et al. (1996) and Wingard et al. (1983) have demonstrated selective T-cell toxicity induced 

by acyclovir in both mice and humans. Considering this existing knowledge, the present study aims to 

investigate the in vitro toxicity prediction of acyclovir in human T-lymphocytes. 

Zidovudine is known to affect cardiac mitochondrial function, causing cardiotoxicity, mainly in long-

term treatments (Varga ZV et al., 2015; Mak IT et al.,2009). Therefore, this agent was tested to confirm 

its cardiotoxicity in vitro in cardiomyocytes.  

Representative cell lines of the body systems were selected to investigate toxicity in vitro in the liver, 

kidney, lungs, nervous system, heart, and immune system. Respectively, the following cell lines were 

chosen for each system: HepG2, HK-2, MRC-5, T98G, Neuro-2a, H9c2, and Jurkat. 

The toxicity of test compounds was evaluated by quantifying viable cells after compound application to 

the culture. The endpoint used to determine drug toxicity was the measure of cells’ viability through 

ATP detection. This biomarker, in fact, is representative of metabolically active cells. The amount of 

ATP released by the cells exposed to the drugs under investigation was compared to that released by 

untreated cells, representing our control.  

Seven drugs were tested in each organ model at six increasing concentrations per drug, starting from the 

Cmax, the therapeutic maximal drug concentration in human plasma, which is considered the lowest. 

The values of Cmax related to each drug were found in published literature (Table 1). All the 

concentrations tested ranged from the Cmax, as the lowest, to 32-fold Cmax, as the highest. 
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The assumption underlying the comparison of blood or plasma concentrations and cell culture medium 

concentrations is that the distribution of drugs between plasma and cells in vivo is comparable to that 

between cell culture medium and cells in vitro (Vinken M and Hengstler JG, 2018). 

2. Evaluation of parent drugs cytotoxicity in human tissue-specific cell lines 

 

As drug toxicity can derive from the action of parent compounds, the first step of the project was to 

analyze the effect of unmodified drugs in all cell lines cultured in monolayer or suspension as a simple 

model to resemble the main human organs. For each cell line belonging to a different apparatus, seven 

commercial compounds were selected depending on the different types and levels of toxicity published.  

The HepG2 cell line was adopted to test hepatotoxicity. HepG2 are human hepatoma cells widely used 

in toxicity screening and liver metabolism studies. Their unlimited lifespan, stability, and ease of 

handling represent their principal advantages in performing in vitro tests. Furthermore, HepG2 express 

many features of differentiated hepatocytes like triglycerides, bile acids, glycogen, lipoprotein synthesis, 

and plasma protein secretion (Donato MY et al., 2015). Thus, HepG2 are considered a valuable model 

to assess DILI.  However, the poor expression of certain drugs metabolizing enzymes of the phase I and 

II reactions constitutes their major limitation (Guo L et al., 2011; Rodriguez-Antona C et al., 2002).  

HepG2 monolayer cultures were exposed to six serial concentrations of diclofenac, acetaminophen, 

troglitazone, fialuridine, amiodarone, nefazodone, and simvastatin. The dose-response curves of each 

drug are shown in Fig.1. 
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drugs LC0 (µM) LC50 (µM) 

DCF 30.5 293.8 

ACP 175 >4000 

TRG <6.3 83.8 

FLD 3.75 >60 

AMI <9.37 15.3 

NFZ <6.3 19.2 

SIM 0.61 >0.66 
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Fig.1. Dose-viability curves of selected compounds in HepG2 monolayer cultures. Cells were treated with diclofenac (DCF), 

acetaminophen (ACP), troglitazone (TRG), fialuridine (FLD), amiodarone (AMI), nefazodone (NFZ) and simvastatin (SIM) 

for 48h. Drug concentration is indicated in µM. Cell viability was expressed in percentage relative to the control, represented 

by cells treated with DMSO only. Data are presented as mean ± SEM of three separate experiments. LC50 values reported in 

the table were calculated using non-linear regression analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; 

GraphPad Software, San Diego, CA). 

 

Based on cell viability after 48h of incubation with the drugs, nefazodone and amiodarone showed the 

highest toxicity with an LC50 of 19.2 µM and 15.3 µM, respectively (Table, Fig.1H). Simvastatin, 

fialuridine, and acetaminophen did not significantly affect cells’ viability (Fig. 1B, 1D, 1G), while 

troglitazone and diclofenac showed a similar cytotoxic effect, increasing proportionally with the dose 

(Fig. 1A, 1C). Hepatotoxicity induced by amiodarone, nefazodone, troglitazone, and diclofenac was 

successfully reproduced by our HepG2 in vitro model. Indeed, liver injuries induced by these 

compounds are amply described (LiverTox: Clinical and Research Information on Drug-Induced Liver 

Injury, 2012; Buggey J et al., 2015; Babatin M et al., 2008; Stewart DE, 2002; Voican CS et al., 2014; 

Masubuchi Y, 2006; Funk C et al., 2001; Dawson S et al., 2012; Helfgott SM et al., 1990; Boelsterli 

UA, 2003; Scully LJ et al., 1993). 

Conversely, the in vitro assessment did not show hepatotoxicity induced by acetaminophen. As already 

mentioned, liver damage induced by the antipyretic agent acetaminophen is very well known, and it is 

triggered by the toxic intermediate NAPQI, produced by acetaminophen metabolism operated by 

CYP2E1. The low toxicity observed in HepG2 is consistent with the fact that this cell line poorly 

expresses this isoform and, therefore, does not produce a sufficient amount of the toxic metabolite 

NAPQI (Kaplowitz N, 2004; Moyer AM et al., 2011; Guo L et al., 2011; Seo JE et al., 2019; Chen S et 

al., 2021). 

 

HK-2 (Human Kidney-2), an immortalized proximal tubular cell line, was adopted as a model for a 

healthy human kidney. This cell line retains the phenotypic characteristic of differentiated proximal 

tubular cells with the advantage of indefinite growth (Ryan MJ et al., 1994). Therefore, HK-2 cells 

represented a valuable in vitro model of the human kidney system and were used in the present study to 

assess drug-related nephrotoxicity. For the toxicity test, this cell line was incubated with colistin, 
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cyclophosphamide, rapamycin, amphotericin B, doxorubicin, vancomycin, and dexamethasone. Dose-

viability curves show the drugs’ effects in HK-2 monolayer cultures (Fig. 2). 
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Fig.2. Dose-viability curves of selected compounds in HK-2 monolayer cultures. Cells were treated with colistin (COL), 

cyclophosphamide (CYC), rapamycin (RAP), amphotericin B (AMB), doxorubicin (DOX), vancomycin (VAN), and 

dexamethasone (DEX) for 48h. Drug concentration is indicated in µM. Cell viability was expressed in percentage relative to 

the control, represented by cells treated with DMSO only. Data are presented as mean ± SEM of three separate experiments. 

LC50 values reported in Table (H) were calculated using non-linear regression analysis with a sigmoidal dose-response model 

(GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). 

 

 

All the compounds are known to induce acute kidney injury or nephrotoxicity, except for dexamethasone 

(Ordooei Javan A et al., 2015; Pike M, Saltiel E, et al., 2014; Fellström B, 2004; Deray G, 2002; 

Filippone EJ et al., 2017; Gupta S et al., 2021). For the latter, no toxicity at the therapeutic dose (12.5 

µM) was confirmed in this study (Fig. 2G), as expected. At dexamethasone's highest concentration of 

400 µM (32 times its therapeutic dose), cells’ viability dropped to 50%. This result shows that 

compounds with safe profiles become toxic at overdoses, highlighting the fundamental principle of 

toxicology: “the dose makes the poison,” introduced by Paracelsus.  

drugs LC0 (µM) LC50 (µM) 

COL <6.3 31.7 

CYC <6.3 >200 

RAP <6.3 6.6 

AMB <3.15 3.4 

DOX <12.5 <12.5 

VAN 200 373.9 

DEX 14 442.5 
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High cytotoxicity was observed in HK-2 treated with amphotericin B, doxorubicin, and rapamycin, as 

shown by the dose-viability curves (Fig. 2D, 2E, 2C) and by their LC50 values (LC50 of 3.4, <12.5, 6.6 

µM, respectively, Table in Fig.2H). As mentioned in the previous chapter, amphotericin B is known to 

induce tubular damage, impairing renal function (Deray G, 2002). Previous studies confirmed the toxic 

effects of amphotericin B in clinics, which had already been observed at a dose of 1 mg/kg/day (Eriksson 

U et al., 2001; Pasqualotto AC, 2008). Another study points out that amphotericin B dose should never 

exceed 3-4 mg/kg/day (Hamill RJ, 2013). For these doses, corresponding approximately to 15 µM and 

60 µM, respectively, cells’ viability in our assessment was zero, confirming the clinical findings in 

humans mentioned above.  

The anti-tumor drug doxorubicin has a broader toxicity, exerted in various body systems, including 

kidneys. The mechanism is believed to be related to ROS production inducing membrane lipids 

peroxidation (Chiruvella V et al., 2020; Afsar T et al., 2020; Elsherbiny NM, El-Sherbiny M, 2014; Ayla 

S et al., 2011). The immunosuppressant rapamycin is known to induce acute renal failure in transplanted 

patients following tubular necrosis (Marti HP and Frey FJ, 2005; Lawsin L and Light JA, 2003; 

Buhaescu I et al., 2006). The present in vitro cytotoxicity assessment enabled the reproduction of toxicity 

of amphotericin B, doxorubicin, and rapamycin.  

The chemotherapy drug cyclophosphamide, a well-known alkylating agent, is known to exert its action 

through DNA alkylation, causing high cell mortality. However, no severe cytotoxicity was detected in 

this study for cyclophosphamide, as shown in the dose-viability curve (Fig. 2C). At its highest dose, 200 

µM, viability was slightly affected, remaining around 80% (Fig. 2C).  This effect could be explained 

considering that the pharmacological effect of cyclophosphamide requires its transformation into the 

active compound by the CYP450 enzymes, mostly present in the liver, and only in the minority present 

in other body districts like intestine walls, lungs, kidney, and plasma (Clarke L and Waxman DJ, 1989). 

Pulmonary acute toxicity was investigated in MRC-5, a cell line from a human fetal lung fibroblast. 

According to the dose-response curves, amphotericin B, doxorubicin, and amiodarone showed the 

highest toxicity outcomes (Fig. 3C, 3E, 3G), whereas cyclophosphamide and ciprofloxacin did not 

significantly induce cell mortality (Fig. 3B, 3D). Also, the drugs bleomycin and nitrofurantoin exerted 

dose-dependent mortality in the MRC-5 population (Fig.3). 
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Fig.3. Dose-viability curves of selected compounds in MRC-5 monolayer cultures. Cells were treated with bleomycin (BLE), 

cyclophosphamide (CYC), amiodarone (AMI), ciprofloxacin (CIP), doxorubicin (DOX), nitrofurantoin (NIT) and 

amphotericin B (AMB) for 48h. Drug concentration is indicated in µM. Cell viability was expressed in percentage relative to 

the control, represented by cells treated with DMSO only. Data are presented as mean ± SEM of three separate experiments. 

LC50 values reported in Table (H) were calculated using non-linear regression analysis with a sigmoidal dose-response model 

(GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). 

 

The high lethality exerted by doxorubicin is not surprising, given its potency as a chemotherapeutic 

agent. Acting as an intercalating DNA agent, doxorubicin induces necrosis and apoptosis in various 

organs, mainly the heart, brain, kidneys, and liver (Tacar O et al., 2013). Although pulmonary toxicity 

is not considered a primary site where adverse effects of doxorubicin are exerted, some studies reported 

dose-dependent damage of pulmonary tissue after doxorubicin administration (Eisenbeis CF et al., 

2001). This effect was confirmed in our MRC-5 cell cultures. Indeed, at doxorubicin’s lowest dose (3.1 

µM), MRC-5 viability was already reduced to 40% (Fig. 3E).  

Amphotericin B, primarily recognized for its nephrotoxicity, has been associated with cases of acute 

respiratory adverse events during drug infusion (Collazos et al., 2001). In our assessment, at the lowest 

concentration tested (3.1 µM), cells’ viability was lower than 30%, and the entire cell population was 

killed after the single dose of 50 µM (Fig. 3G). 

Pulmonary toxicity is recognized as one of the most severe adverse effects of amiodarone, occurring 

acutely after a few days of treatment or after years of chronic regimens (Wolkove N and Baltzan M, 

2009; Papiris et al., 2010). Consistently with these findings, our assessment revealed a potent cytotoxic 

effect of a single dose of amiodarone on MRC-5 cells, evident as early as 48 hours. 

drugs LC0 (µM) LC50 (µM) 

BLE <6.3 11.8 

CYC <63.5 >2000 

AMI <6.3 13.6 

CIP 6.3 >200 

DOX <3.1 <3.1 

NIT 6.3 >200 

AMB <3.1 <3.1 
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As previously mentioned, cyclophosphamide, despite being a cytotoxic alkylating agent, does not 

exhibit toxicity in MRC-5 cells. This is likely due to the need for the drug to undergo transformation 

into its active metabolite in the liver to exert its effects. Similarly, ciprofloxacin, a commonly 

antibacterial agent used for treating respiratory infections, was included in our assessment to 

demonstrate its safety profile in our in vitro model using MRC-5 cells. Indeed, in our assessment, 

ciprofloxacin did not affect cell viability at increasing concentrations up to 100 µM, corresponding to 

16 times its therapeutic doses (Terp DK and Rybak, MJ 1987) (Fig. 3D). However, when at ciprofloxacin 

200 µM, MRC-5 viability decreased to approximately 65% (Fig. 3D).  

Although pulmonary toxicity is rarely associated with nitrofurantoin, acute pulmonary adverse events 

have been reported in humans (Milazzo et al., 2021; Suliman et al., 2023; Pinerua and Hartnett, 1974). 

Lung injuries triggered by nitrofurantoin are typically associated with its chronic use (Weir M and Daly 

GJ, 2013; Holmberg L and Boman G, 1981). However, acute pulmonary reactions occur with a 

frequency of 1 in every 5000 patients (Holmberg L and Boman G, 1981; Kabbara WK and Kordahi MC, 

2015; Huttner A et al., 2015). A recent case-report describes an acute pulmonary injury induced by 

nitrofurantoin at its therapeutic dose (Milazzo et al., 2021). Concordantly, our in vitro assessment 

indicates nitrofurantoin’s acute effect slightly escalating with the dose (Fig. 3F). 

Finally, the acute toxicity induced by bleomycin was clearly observed in MRC-5 cells, with an LC50 

value close to its Cmax (Table 1 and Fig. 3). Importantly, this result underscores the low therapeutic 

index of this drug. Bleomycin-induced lung injury can manifest with varying onset and severity, 

underscoring the importance of considering such factors when establishing antitumor therapy based on 

this drug (Ghalamkari et al., 2022). A study conducted on 835 patients reported that 6.8% of them 

developed bleomycin-pulmonary toxicity, and 1% of the patients died (O'Sullivan JM et al., 2003). It is 

also reported that bleomycin pulmonary toxicity starts to occur at doses above 450.000 UI (Comis RL, 

1992; Goldiner PL et al., 1978; Einhorn LH et al., 1989). 

To investigate the impairment in the central nervous system induced by commercial medications, 

another set of compounds was tested in both T98G and Neuro2a cells. T98G is a human glioblastoma 

cell line.  Despite not being neurons, T98G cells can still respond to neurotoxic insults and may exhibit 

some aspects of neurotoxicity. These cells express various signaling pathways relevant to neuronal 

function, making them a useful model for studying certain types of neurotoxicity. Neuro-2a are mouse 

neuroblasts isolated from brain tissue and were included in this assessment to compare neurotoxicity 

outcomes between species. Both cell lines were exposed to valproate, the antidepressant imipramine, 

the antibiotics gentamicin, isoniazid, and ciprofloxacin, and finally to bortezomib and amiodarone. 

Dose-viability curves show the acute effect of the drugs observed in the two species after a single dose 

administration (Fig. 4).  
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Fig.4. Dose-viability curves of selected compounds in T98G and Neuro2a monolayer cultures. Cells were treated with valproate 

(VAL), imipramine (IMI), gentamicin (GEN), bortezomib (BOR), isoniazid (ISO), amiodarone (AMI) and ciprofloxacin (CIP) 

for 48h. Drug concentration is indicated in µM. Cell viability was expressed in percentage relative to the control, represented 

by cells treated with DMSO only. Data are presented as mean ± SEM of three separate experiments. LC50 values (H) were 

calculated using non-linear regression analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad 

Software, San Diego, CA). 

 

Gentamicin did not induce mortality in either T98G or Neuro2a cells (Fig. 4C). The results of this in 

vitro acute neurotoxicity assessment are consistent with previous findings where it is reported that 

ototoxicity is the major adverse effects of aminoglycosides, like gentamicin, while brain lesions were 

very rarely reported (Grill MF and Maganti RK, 2011).  

Ciprofloxacin administration has been associated with peripheral neuropathy, cases of encephalopathy, 

and other neuropsychiatric events like seizures and confusion (Isaacson SH et al., 1993; Schwartz MT 

and Calvert JF, 1990; Refaeian A et al., 2023). However, toxicity in T98G and Neuro2a of ciprofloxacin 

was barely detected in our in vitro study (Fig.4G).  

Similarly, the neurotoxic effects of the antitubercular drug isoniazid include peripheral neuropathy and 

seizure triggered by the depletion of GABA neurotransmitters in the central nervous system (Badrinath 

 Neuro2a T98G 

drugs LC0 (µM) LC50 (µM) LC0 (µM) LC50 (µM) 

VAL <250 3.4 1000 3.9 

IMI <6.3 39.7 6.3 93.8 

GEN 902 >2000 >2000 >2000 

BOR <0.006 0.0063 <0.006 0.006 

ISO <156 >5000 980 >5000 

AMI <1.5 5.9 8.2 19.8 

CIP <6.3 >200 49.4 >200 
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M and John S, 2022). In our model, isoniazid did not induce mortality in T98G and slightly affected 

Neuro2a viability (Fig. 4E).  

Among all, bortezomib showed the highest cytotoxicity, inducing cell death in 50% of both cells’ 

populations already at its lowest dose (Fig. 4D). Bortezomib-induced peripheral neuropathy represents 

the major limit in its therapy. One of the principal mechanisms of neurotoxicity pathogenesis is 

proteasome inhibition, the mechanism of action of bortezomib, leading to impairment of the protein 

machinery that causes cell damage (Palanca A. et al., 2014). 

Bortezomib-induced cytotoxicity was observed as an acute effect of the drug in our in vitro models, 

although cell toxicity is more prominent with chronic treatments. 

The drugs valproate, imipramine, and amiodarone showed toxicity increasing proportionally with the 

dose (Fig. 4A, 4B, 4F). These drugs are, in general, well tolerated at therapeutic doses. However, at high 

doses, toxicity can occur. Imipramine, for its interaction with sodium ion channels, can induce alteration 

in neuronal electrical activity by giving abnormal EEGs (Fayez R and Gupta V, 2023). 

Sedation is the primary side effect of valproate due to inhibition of GABA reuptake in neurons (Rahman 

M et al., 2023). Several studies reported that in cases of mild valproic acid poisoning, blood 

concentration was found between 100-450 mg/L, whereas in severe intoxications, blood concentration 

of the drug reached up to 1000 mg/L (Patel AR and Nagalli S, 2024; Manoguerra AS et al., 2008). 

Valproate’s blood concentration of 1000 mg/L corresponds to a concentration of 6024 µM. Accordingly, 

in our study, valproate administered at 6000 µM reduced the viability of Neuro2a and T98G to 60% and 

40%, respectively (Fig. 4A).  

Although the mechanism of neurotoxicity of amiodarone is poorly understood, lipid intracellular 

accumulation, oxidative stress, and mitochondria dysfunction seem to trigger cell toxicity at amiodarone 

overdoses (Serviddio G et al., 2011). 

Overall, Neuro2a showed higher susceptibility to amiodarone (LC50 =5.9 µM), imipramine (LC50 =39.8 

µM), and valproate (LC50>8000 µM) compared to the human T98G cells (amiodarone LC50=19.8 µM; 

imipramine LC50= 93.8 µM; valproate LC50=2441 µM). 

The higher sensitivity of Neuro2a cells compared to T98G to drug insults can be explained by the 

different characteristics of the two cell lines. T98G are tumor cells originating from the glia; therefore, 

they lack specific features of neurons like the typical electric activity and synapse formation (Stein GH, 

1979; Pinevich AA et al., 2022). On the other hand, Neuro2a, deriving from neuronal tissue, expresses 

neurotransmitter receptors and ion channels found in neurons that make them relevant for neurotoxicity 

studies (LePage KT et al., 2005). 

To test the potential cardiotoxicity of drugs, the H9c2 cell line was selected as an in vitro model. H9c2 

cells are embryonic clone deriving from rat heart tissue, commonly used to study cardiac physiology 

and cardiotoxicity. H9c2 cells represent a valuable model in alternative to cardiomyocytes as they 

exhibit properties like spontaneous contractility and responsiveness to specific cardiac hormones and 

neurotransmitters (Kimes BW and Brandt BL, 1976; Louch WE et al., 2011). The embryonic derivation 
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of H9c2 gives the cells the advantage of high proliferation in vitro (Watkins SJ et al., 2011). On the 

other hand, they do not completely share features of primary differentiated cardiomyocytes. 

The viability of H9c2 cells after single doses administrations of drugs is illustrated in Fig. 5.  

 

50 100 150

0

25

50

75

100

125

150

DOX

conc M

v
ia

b
il
it

y
 %

3.1

A

5 10 15 20 25

0

50

100

150

AST

conc M

v
ia

b
il
it

y
 %

0.6

 B 

50 100 150

0

50

100

150

AMI

conc M

v
ia

b
il
it

y
 %

3.1

C 

200 400 600 800 1000

0

50

100

150

5FU

conc M

v
ia

b
il
it

y
 %

25

D

25 50 75 100 125 150

0

50

100

150

AZT

conc M

v
ia

b
il
it

y
 %

3.1

E

100 200 300 400

0

50

100

150

TRZ

conc M
v
ia

b
il
it

y
 %

9.4

F  

 

100 200 300 400 500

0

50

100

150

DCF

conc M

v
ia

b
il
it

y
 %

12.5

G                                         H 

 

 

Fig.5. Dose-viability curves of selected compounds in H9c2 monolayer cultures. Cells were treated with doxorubicin (DOX), 

astemizole (AST), amiodarone (AMI), 5-Fluororuracil (5FU), zidovudine (AZT), trazodone (TRZ) and diclofenac (DCF) for 

48h. Drug concentration is indicated in µM. Cell viability was expressed in percentage relative to the control, represented by 

cells treated with DMSO only. Data are presented as mean ± SEM of three separate experiments. LC50 values reported in Table 

(H) were calculated using non-linear regression analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; 

GraphPad Software, San Diego, CA). 

 

After 48h of exposure, the antitumor agent doxorubicin, known for inducing severe cardiomyopathy 

(Wallace KB et al., 2020; Abdullah CS et al., 2019; Singal PK and Iliskovic N, 1998), resulted in the 

compound with highest toxicity followed by astemizole, a second-generation anti-histaminic drug, and 

the antiarrhythmic amiodarone.  

The use of doxorubicin in cancer therapy is limited mainly for its well-known cardiac adverse effects. 

The mechanism of cardiomyocyte damage involves ROS production, lipid peroxidation, and 

mitochondria impairment, leading finally to heart failure, occurring in 10% of patients in therapy with 

drugs LC0 (µM) LC50 (µM) 

DOX <3.1 <3.1 

AST <0.6 2.9 

AMI <3.1 3.8 

5FU <25 >800 

AZT <3.1 >100 

TRZ 9.4 123.3 

DCF 100 281.5 
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doxorubicin (Octavia Y et al., 2012). As reported in Fig. 5A, a marked reduction of cell viability was 

observed in our in vitro assessment as well as in other in vitro studies after two days of doxorubicin 

exposure (Louisse J et al., 2017).  

Also, our cytotoxicity assessment on H9c2 cells confirmed the high acute toxicity of amiodarone and 

astemizole, consistent with findings reported in several studies (Hofmann et al., 2006; Varbiro et al., 

2003; Smith SJ, 1994; Yun JS and Kim SY, 2015). The high lethality of these compounds is further 

demonstrated by their narrow therapeutic window, as indicated by their LC50 values being very close to 

their respective LC0 values (see table in Fig. 5). 

A marked reduction of cells’ viability was observed only at high doses of diclofenac and trazodone. 

Indeed, the LC50 of these drugs (281.5 µM and 123.3 µM respectively) far exceed the respective values 

of Cmax (12.5 µM and 9.4 µM, refer to Table 1).  

Previous studies confirmed, in fact, trazodone’s and diclofenac’s cytotoxicity at overdoses or chronic 

use of the drugs (Soe KK and Lee MY, 2019; Service JA and Waring WS, 2008; Moore N, 2020; 

Schmidt M et al., 2018).  

Although cardiotoxicity is well recognized with the 5-fluorouracil therapy, this assessment showed only 

a slight decrease in H9c2 viability at 48h (Fig. 5D). 5-Fluorouracil is considered the second cause of 

cardiotoxicity, after anthracyclines (e.g., doxorubicin) in cancer therapy (Sara JD et al., 2018; Shiga T 

and Hiraide M, 2020). However, we did not observe significant effects on H9c2 viability in the acute 

exposure to the antiviral agent 5-Fluroruracil, probably because cardiotoxicity occurs at repeated and 

long-term exposures to the drug (Fig. 5D).   

Finally, AZT did not affect H9c2 viability at 48h in our test (Fig. 5E), despite dose-dependent cell death 

being described in heart tissue (Gao RY et al., 2010; Currie PF and Boon NA, 2003). 

The last cell line investigated to assess the toxicity of parent compounds was Jurkat, derived from 

immortalized human T lymphocyte cells. Percentages of viable cells at increasing concentrations of 

drugs are shown in Fig. 6. 
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Fig.6. Dose-viability curves of selected compounds in Jurkat monolayer cultures. Cells were treated with doxorubicin (DOX), 

acyclovir (ACI), 5-fluorouracil (5FU), dexamethasone (DEX), rapamycin (RAP), ciprofloxacin (CIP) and erythromycin (ERI) 

for 48h. Drug concentration is indicated in µM. Cell viability was expressed in percentage relative to the control, represented 

by cells treated with DMSO only. Data are presented as mean ± SEM of three separate experiments. LC50 values reported in 

Table (H) were calculated using non-linear regression analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; 

GraphPad Software, San Diego, CA). 

 

Jurkat cells exhibited the highest susceptibility to doxorubicin, which induced the complete eradication 

of the cell population at its lowest dose of 0.25 µM (see Fig. 6A). This observation aligns with findings 

reported in the scientific literature, where doxorubicin has been shown to markedly reduce lymphocyte 

proliferation and induce apoptosis (Minderman H et al., 1991; Kalivendi SV et al., 2005). 

On the contrary, acyclovir, dexamethasone, and rapamycin appear to be safer compounds in Jurkat cells, 

with their LC50 exceeding 32-fold their therapeutic concentration (the highest doses tested) (Fig. 6C, 

6D, 6E). The drugs ciprofloxacin and erythromycin exhibited medium-low toxicity, inducing cell death 

in 50% of Jurkat’s population at approximately 25 times their Cmax (refer to Table 1). In contrast, 5-

fluorouracil demonstrated medium-high toxicity, with an LC50 value approximately 6 times its 

therapeutic dose. Taken together, these results align with previous studies where cytotoxicity induced 

by these drugs was investigated (Kobuchi S et al., 2017; Riesbeck K et al., 1998; Forsgren A et al., 1989; 

Wu L et al., 2007). 

drugs LC0 (µM) LC50 (µM) 

DOX <0.25 <0.25 

5FU <5 29.5 

ACI >150 >150 

DEX >80 >80 

RAP <0.12 >4 

CIP 36.9 328.9 

ERI 53.3 318.8 
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Overall, the tests performed in cell lines representatives of specific human tissues effectively replicated 

in vitro the acute toxic effects of the selected drugs described in vivo. 

3. Liver toxicity assessment of drugs and their metabolites in human in vitro models 

Only a few drugs are eliminated without undergoing any transformation after administration. Most of 

them undergo biotransformation before excretion. The liver is the principal organ where drugs’ 

biotransformation occurs due to the presence of enzymes catalyzing Phase I and Phase II reactions.  

Normally, this biotransformation is necessary to convert the parent drug into a (more) hydro-soluble 

form; sometimes, this conversion can activate the compound itself or generate toxic metabolites 

responsible for adverse effects. For this reason, the liver is normally the first organ where drug toxicity 

occurs.  

In many cases, drugs’ toxicological properties are due to hepatic metabolites (Baillie TA et al., 2007; 

Lammert C et al., 2010; Gómez-Lechón MJ et al., 2016; Uetrecht J, 2008). Therefore, from now on in 

this study, the liver was used as the key experimental system to assess the adverse effects of human 

drugs.  

In the previous set of experiments, the toxicity of parent compounds was determined in several cell lines. 

In this section of the project, a subset of the investigated drugs was retested in liver in vitro models with 

the purpose of predicting toxicity related to parent drugs and their hepatic metabolites. 

With the aim to develop a reliable in vitro model for hepatotoxicity prediction in humans, the cell line 

HepaRG was selected and cultured in three different systems: monolayer (referred to as 2D), sandwich 

(referred to as SW), and spheroids (referred as 3D) to compare sensitivity to toxicants’ exposure across 

each cell culture model. Monolayer cultures were chosen as the simplest bidimensional system, whereas 

spheroids were chosen as a three-dimensional culture system. Sandwich cultures are considered 

bidimensional cultures as well, even though they exhibit some features of three-dimensional systems. 

Although they are constituted by a single cell layer, cells here are grown between two matrixes, 

resembling the interactions between cells and the extracellular environment occurring in the in vivo 

tissue. 

Even though primary human hepatocytes remain the gold standard to emulate the hepatic tissue, 

HepaRG cells represent an optimal alternative as they retain the main phenotypic characteristics of 

primary hepatocytes. HepaRG, in fact, express liver metabolizing enzymes (e.g., the enzymes of the 

CYP450 family), transporters, and proteins at comparable levels to those of primary hepatocytes 

(Guillouzo A et al., 2007; Marion MJ et al., 2010; Anthérieu S et al., 2010). In addition, HepaRG cells 

are characterized by a strong proliferative activity and do not undergo the process of dedifferentiation, 

unlike primary cells (Aninat C et al., 2006). For these reasons, they can be grown for long periods of 

time and are currently being adopted as human liver models for long-term studies. The other important 

advantage of HepaRG is the absence of inter-donor variability, which is one of the critical aspects typical 
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of primary cells that very often causes a lack of reproducibility of results. Therefore, the HepaRG cell 

line was employed in this work as an accurate model for in vitro human liver culture. 

To give a complete picture of the possible cases of drug toxicities, after exploring the effect of parent 

compounds, it is important to have a method that ensures the evaluation of adverse effects related to the 

drugs’ metabolites. As already mentioned, HepaRG cells exhibit very similar metabolic capacities to 

those of primary hepatocytes. HepaRG’s CYP450 enzymes are capable of detoxifying and transforming 

xenobiotics; therefore, they represent a precious tool for investigating liver injuries triggered by products 

of drugs’ metabolism. 

In this section of the study, a reduced set of drugs with different mechanisms of action and different 

proven toxicity in the liver was selected for cell treatment, consisting of diclofenac, acetaminophen, 

troglitazone, fialuridine, amiodarone, nefazodone and simvastatin (Fig. 8). 

 

A B C D

E F  G 

Figure 8. Chemical structures of the selected compounds tested in in vitro cultures of human and animal hepatocytes. diclofenac 

(A); acetaminophen (B); troglitazone (C); fialuridine (D); amiodarone (E); nefazodone (F); simvastatin (G). Source: PubChem 

website. 

 

All of them were tested in six concentrations ranging from their Cmax (the highest blood concentration 

of the drug after administration at therapeutic dosage) as the lowest to 32-fold Cmax as the highest, in 

order to appreciate an evident toxic effect, if present. Values of Cmax were found in published literature 

(Table 1, section 1 in “Results and Discussion”). 

For an exhaustive prediction of hepatotoxicity, it was important to select a panel of compounds 

encompassing different levels and mechanisms of toxicity. For this reason, drugs like troglitazone and 

nefazodone were included in this study as examples of severe DILI. The widely documented cases of 

fatal liver acute injuries induced in the early 2000s their withdrawal from the market (Henney JE, 2000; 

Yokoi T, 2010; Edwards IR, 2003;).  
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Amiodarone represents another example of a highly hepatotoxic compound in this study. The long-term 

therapy with this antiarrhythmic drug was associated with severe liver injury (Calderon-Martinez E et 

al., 2023; Hussain N et al., 2013; Buggey J et al., 2015; Essrani R et al., 2020; Wu IJ et al., 2021). 

The anti-inflammatory drug diclofenac was chosen to reproduce a medium-high acute hepatotoxicity. 

Compared to other NSAIDs, diclofenac was found to be one of the most frequently associated with DILI 

(Sriuttha P et al., 2018). Diclofenac is among the top ten drugs causing hepatotoxicity, with elevation of 

ALT being the major event occurring at chronic administration (O'Connor N et al., 2003; Laine L et al., 

2009). However, serious liver damage requiring hospitalization is very rare and can occur either with 

early or late onset (Laine L et al., 2009). 

The antipyretic drug acetaminophen was also included in the group of hepatotoxicants tested. 

Acetaminophen is safe if administered at therapeutic doses, but its hepatotoxic effect starts to develop 

if the dose exceeds 7.5 grams per day, about 2-fold the recommended daily dose in adults (Agrawal S, 

Khazaeni B, 2023). Acetaminophen is responsible every year in the US for 50% of the total cases of 

acute liver failure due to overdoses (Bunchorntavakul C, Reddy KR, 2013).  

An interesting example of drug-induced chronic hepatotoxicity is the case of fialuridine that never 

achieved approval due to fatal liver failures that occurred in clinical trials and were not revealed 

previously, during the preclinical phase (Manning FJ and Swartz M, 1995; McKenzie R et al., 1995). 

Fialuridine was included in this study to assess chronic liver toxicity.  

Simvastatin, whose related hepatotoxicity was occasionally reported, was finally comprised within the 

drugs set as representative of harmless or ambiguous hepatotoxic compounds. 

 

3a. HepaRG 2D and 3D cultures as models for acute hepatotoxicity prediction  

 
Drugs were administered in a single dose to the HepaRG monolayer, sandwich, and spheroids cultures 

to test their putative acute toxicity. Monolayer cultures of HepaRG were established by seeding cells on 

collagen-coated plates to improve cell attachment and stable growth. In sandwich cultures, HepaRG 

were seeded on a collagen layer and overlayed with Matrigel®. Hepatocytes are highly differentiated 

cells living in a well-coordinated and complex in vivo environment. However, after isolation, they often 

undergo dedifferentiation when cultured in vitro. Therefore, collagen and other matrixes are commonly 

used to reproduce the extracellular matrix component and maintain the cell phenotype and functionality 

of hepatocytes in vitro (De Hoyos-Vega JM et al., 2021).  

Three-dimensional culture techniques have been developed over time to recreate the hepatocyte's 

microenvironment and further improve cells’ function. In this section of the study, spheroids of HepaRG 

were generated as a three-dimensional model for toxicity testing. Spheroids were successfully created 
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by self-aggregation induced by centrifugation force and maintained for at least two weeks. Figure 9 

shows the HepaRG spheroids’ development over time. 

 

        
day 1                                                       day 2                                                        day 3 

 

         
day 5                                                         day 7                                                        day 9 

 

                  
day 10                                                       day 12                                                       day 14 

 

Figure 9. 3D HepaRG spheroids. HepaRG cells seeded at 1500 cells/well in ULA plates developed spheroids already on day 

3 and were maintained in culture for 2 weeks. Scale bar=100 µm. 

 

After two days, cell viability was assessed by detecting cells’ ATP levels. ATP values were normalized 

to controls, treated only with the vehicle DMSO, the drug solvent.  

Dose-response curves were generated by correlating each drug’s concentration to the respective 

percentage of viable cells, directly proportional to the ATP released by alive cells (Fig. 10). 
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Figure 10. Acute hepatotoxicity of selected compounds on HepaRG cultures. Drug toxicity was compared between three 

different HepaRG systems: monolayer (2D, green), sandwich (sand, red) and spheroids (3D, blue). Cells were treated with 

diclofenac (DCF), acetaminophen (ACP), troglitazone (TRG), fialuridine (FLD), amiodarone (AMI), nefazodone (NFZ) and 

simvastatin (SIM) for 48h. Drug concentration is indicated in µM. Cell viability was expressed in percentage relative to the 

control, represented by cells treated with DMSO only. Three independent experiments were carried out for each HepaRG 

system. Data are presented as mean ± SEM. LC50 values were calculated using non-linear regression analysis with a sigmoidal 

dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). Comparison between systems was made 

using two-way ANOVA followed by Tukey’s multiple comparison test (GraphPad Prism 8.3.0; GraphPad Software, San Diego, 

CA). p<0.05 was considered statistically significant. 
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The application of a single dose of drugs revealed that, after 48 hours, HepaRG spheroids resulted in 

general slightly more sensitive to compounds’ toxicity compared to the two-dimensional cultures 

(monolayer and sandwich) (Fig. 10). 

In fact, viability values related to spheroids (Fig. 10, blue) are lower than those of sandwich (Fig. 10, 

red) and monolayer cultures (Fig. 10, green). 

In general, these results are in line with our expectations and confirm previous studies proving the higher 

sensitivity of 3D spheroids than 2D cultures in detecting compounds’ hepatotoxicity (Li J et al., 2019). 

It is largely described in literature how the 3D asset is exceptionally capable to simulate the real tissue 

environment and to respond with high accuracy to external perturbations (Antoni D et al., 2015; 

Fitzgerald KA et al., 2015; Foglietta F et al., 2020; Kapałczyńska M et al., 2018; Habanjar O et al., 2021; 

Fang Y and Eglen RM, 2017). Spheroids are scaffold-free 3D systems that can be generated with 

different techniques (Białkowska K et al., 2020). An easy way to generate spheroids is to induce 

spontaneous adhesion between cells by applying centrifugation force (Białkowska K et al., 2020; 

Froehlich K et al., 2016). Differently from bidimensional systems, inside the spheroid, cells retain their 

natural morphology, and this is reflected in a more physiological orientation of surface proteins than that 

of 2D cultures, where cells are flattened (Białkowska K et al., 2020). In addition, the establishment of 

cell-cell interactions, which is poorly present in 2D cultures, increases cell communication and signaling 

(Langhans SA, 2018). Therefore, cells in a 3D environment behave differently from 2D systems and 

react differently to external insults, like xenobiotics, thus representing an appealing instrument to 

investigate liver toxicity and physiology. 

Globally, amiodarone, troglitazone, and nefazodone were found to be the most toxic compounds within 

the set of drugs investigated. In fact, it can be easily deduced from the dose-response curves as these 

drugs exhibit toxicity with a similar trend, causing a deep decrease in HepaRG vitality at low 

concentrations (Fig. 10C, 10E, 10F). Indeed, amiodarone, troglitazone, and nefazodone are referred to 

as compounds responsible for severe DILI, being responsible for the generation of reactive metabolites, 

mitochondrial and lysosomal dysfunction, and bile acid cycle impairment. As a consequence, those 

drugs have often been reported as a cause of steatosis, steatohepatitis, cholestasis, and liver failure 

(Vorrink SU et al., 2018; Donato MT 2022; Ott LM et al., 2017; NIH.LiverTox, 2018; Walker PA et al., 

2020; Sison-Young RL et al., 2017; Stewart DE, 2002).  

Additionally, remarkable differences were observed between 3D and 2D systems. At amiodarone 18.75 

µM cells’ viability was significantly lower in spheroids than in sandwich and monolayer cultures 

(p<0.0001). Similarly, significantly higher cytotoxicity was observed in 3D spheroids than in 2D 

systems at diclofenac 125 µM (p<0.0001), nefazodone 50 µM and 25 µM (p<0.001), and acetaminophen 

2000 µM (p<0.01). 
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On the other hand, fialuridine and simvastatin did not show any remarkable toxicity in any of the 

HepaRG formats (Fig. 10D, 10G). As expected, both drugs, even at their highest concentration, did not 

reduce HepaRG viability below 75% (Fig. 10D, 10G). Although their effect on viability was minor, it 

was still more visible in spheroids than in other bidimensional systems (Fig. 10D, 10G). According to 

previous findings, fialuridine’s hepatotoxicity is only related to chronic therapy and not to a single-dose 

administration (Bell CC et al., 2018; Hendriks DFG et al., 2019). Simvastatin-related liver injury is 

ambiguous and very rarely reported. It normally requires an onset of 1-6 months, and, in most cases, full 

recovery is achieved after therapy discontinuation (LiverTox-Simvastatin, updated 2021).  

Two fundamental parameters were considered to analyze drugs’ toxicity: Lethal Concentration 50 (LC50) 

and Lethal Concentration 0 (LC0), representing respectively the compounds´ concentration killing 50% 

and 0% of the cell population. Even though in many studies, LC50 is the only parameter reported for 

toxicity evaluation, we believe that to ensure compound safety, it is also important to determine the 

maximal safe concentration (LC0).  In this manner, it is possible to define a “toxic window” by 

comparing the drug concentration that kills 50% of cells (LC50) to the maximally effective dose without 

harmful effects (LC0). It follows that the greater the gap between these two values, the safer the 

compound will be.  

LC50 and LC0 values, extrapolated from the dose-response curves, are listed in Table 2. 

 HepaRG 2D HepaRG SW HepaRG 3D  

 LC0 LC50 LC0 LC50 LC0 LC50 Cmax 

DCF <15.7 511.2 <15.7 463.0 8.3 151.9 7.5 

ACP <125 >4000 125 >4000 191 3779 93-139 

TRG 13 86.7 9.6 56.9 6.9 47.1 6.39 

FLD >60 >60 >60 >60 <0.95 >60 0.64 

AMI 9.4 62.9 20.7 33.9 9 16.6 2 

NFZ 12.5 54.4 17.3 29.1 5.6 25.7 4.3 

SIM 0.16 >0.66 >0.66 >0.66 0.014 0.66 0.03 

 

Table 2. Comparison of LC0 and LC50 between three different HepaRG formats: 2D (monolayer), sandwich (SW), and 3D 

(spheroids) after 48 hours of drug exposure. Values are reported in µM. LC50 values were calculated using non-linear regression 

analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). The right column 

reports the Cmax values of drugs. 

 

Troglitazone, amiodarone, and nefazodone values of LC50 dropped, passing from bidimensional cultures 

to 3D spheroids (Table 2). Particularly, amiodarone’s LC50 values decreased linearly from 62.9 µM in 

monolayer cultures to 33.9 µM in sandwich, down to 16.6 µM in spheroids.  Troglitazone’s LC50 was 

reduced from 86.7 µM (in 2D) and 56.9 µM (in SW) to 47.1 µM in spheroids (3D). Reduced values of 

LC50 were progressively found also for nefazodone when applied to monolayer, sandwich, and 3D 

spheroids. Particularly, the LC50 diminished from 54.4 µM 29.1 µM to 25.7 µM respectively (Table 2). 



97 

 

In a similar manner, the different sensitivity of cell systems is evident for the drug diclofenac. Indeed, 

comparable values of LC50 were found for 2D and sandwich cultures (511.2 µM and 463.0 µM, 

respectively), whereas LC50 found for spheroids was only 151.9 µM, four times less than those of bi-

dimensional cultures (Tab. 2). 

Ultimately, all these findings confirm that HepaRG 3D models are more sensitive than 2D models in 

detecting acute liver toxicity. 

 LC0 values of the drugs tested in HepaRG spheroids were respectively: 8.3 µM (DCF), 191 µM (ACP), 

6.9 µM (TRG), <0.95 µM (FLD), 9 µM (AMI), 5.6 µM (NFZ), 0.014 µM (SIM) (Table 2). Notably, 

such values are comparable to the drugs’ Cmax in vivo in humans (Table 2). By definition, Cmax is the 

highest concentration of drug present in the blood when the drug is administered at the therapeutic dose, 

where no toxicity occurs. Analogously, in our experiment, LC0 is the maximum drug concentration 

found in vitro, at which no toxicity is manifested in human cells. This represents a very relevant result 

because it demonstrates that when a drug is administered, the concentration found in vivo is comparable, 

with high accuracy, to the safe drug concentration found experimentally in our spheroids cultures. Thus, 

we can assess that HepaRG spheroids represent a reliable model for the detection of drugs’ acute 

hepatotoxicity, expressed as LC0. 

The other important information that can be deduced from the results of this part of the study is the 

severity of the cytotoxic effect by comparing the LC50 and LC0 values of each compound.  

For instance, by examining the ratios LC50/LC0 of troglitazone, we found that these ratios were 6.6, 5.9, 

and 6.8 for monolayer, sandwich, and spheroids cultures, respectively. The same ratios were 6.7, 1.6, 

and 1.8 for amiodarone and 4.4, 1.7, and 4.6 for nefazodone. These values, all below 10, indicate that 

the drug concentration killing 50% of the cell population is of the same order of magnitude as the drug 

concentration that does not kill any cell. In other words, LC50 and LC0 are very close values, so the toxic 

window for these compounds is very narrow. This implies that the toxicity of troglitazone, amiodarone, 

and nefazodone is highly dose-dependent; therefore, the doses ensuring their safety have to be very close 

to their Cmax. 

By contrast, the safety range of fialuridine and simvastatin is large, as their LC50/LC0 ratios are 

comprised between 50 and 150. This means that in this case, toxicity is not strictly related to dose, and 

the product can be safely administered in a wide variety of doses.  

The LC50/LC0 ratios of diclofenac and acetaminophen range between 12 and 30, suggesting that these 

drugs show borderline toxicity, proportionally increasing with the concentration applied. 

In summary, the approach described here represents a valuable tool for acute DILI prediction. Three-

dimensional culture systems, like spheroids, resulted in an excellent model to describe drug-related 
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hepatotoxicity, as they were more sensitive than sandwich and monolayer cultures to compounds’ 

effects.  

Moreover, the similarity between the experimental LC0 values and the in vivo Cmax in humans of each 

drug demonstrates that the drugs’ concentration found in human plasma at therapeutic dose was closely 

reproduced as LC0 in our in vitro 3D model. 

Ultimately, by analyzing the LC50/LC0 ratios of each compound, we estimated the toxic window 

associated with each compound and the possible doses that can be administered without harmful effects. 

 

3b. HepaRG 2D and 3D cultures as models for long-term hepatotoxicity prediction 

 

Multiple doses of the drugs were added to the HepaRG cultures for two weeks to test the chronic toxicity 

of the compounds. For this assessment, differentiated HepaRG were seeded and cultured both in 

sandwich configuration and 3D spheroids. Monolayer cultures were excluded in this set of experiments 

as they cannot provide stable long-term cultures as sandwich and spheroids models. In fact, typical 

hepatic and metabolic functions are down-regulated in hepatocytes grown in monolayers while they are 

maintained closely to physiological levels in sandwich configuration (Kim et al., 2010).  

Comparative studies of HepaRG culture models demonstrated that 3D spheroids exhibit longer viability 

and higher expression of liver metabolizing enzymes than other models. More importantly, these 

characteristics and metabolic functions can be maintained for up to three weeks in HepaRG spheroids, 

while after the first week of culture, they start to decrease in bidimensional systems (Jinpeng L et al., 

2019). 

The possibility to maintain stable sandwich and spheroids cultures for a relatively long period of time 

allows their use in long-term testing to assess the chronic effect produced by multiple applications of 

compounds (Bell CC et al., 2016; Vorrink SU et al., 2017; Li J et al., 2019). In this section of the study, 

we compare the long-term drugs’ toxicity between sandwich and spheroids models of HepaRG. 

Drugs were added to the cultures starting from day 2 after seeding sandwich cultures. Drugs were added 

to spheroids starting from day 7 as this time was necessary to reach the mature spheroids’ formation.  

Repeated treatments of drugs were performed on alternate days for two weeks (7 doses added in total). 

On day 14, cells’ viability was evaluated through ATP detection. Results are presented in Fig.11.   
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Figure 11. Long-term hepatotoxicity assessment of selected compounds in HepaRG cultures. Drug toxicity was compared 

between two different HepaRG systems: sandwich (SW, red) and spheroids (3D, blue). Cells were treated every other day for 

14 days with diclofenac (DCF), acetaminophen (ACP), troglitazone (TRG), fialuridine (FLD), amiodarone (AMI), nefazodone 

(NFZ) and simvastatin (SIM). Drugs’ concentration is indicated in µM. Cell viability was expressed in percentage relative to 

the control, represented by cells treated with DMSO only. Three independent experiments were carried out for each HepaRG 

system. Data are presented as mean ± SEM of three or more independent experiments. Comparison between systems was made 

using two-way ANOVA followed by Tukey’s multiple comparison test (GraphPad Prism 8.3.0; GraphPad Software, San Diego, 

CA). p<0.05 was considered statistically significant. 
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Each graph, corresponding to a different drug, shows cell viability, expressed as the relative percentage 

of control, after repeated drug treatments of both HepaRG sandwich (Fig 11, red lines) and HepaRG 3D 

spheroids (Fig.11, blue lines). 

In some of our previous experiments, the repeated applications of the positive control, DMSO 0.5%, 

caused a high rate of cell mortality in HepaRG spheroids. Thus, the impossibility of distinguishing 

between cell mortality caused by DMSO itself and drugs led to a misinterpretation of the results. To 

overcome this problem, when testing 3D spheroids, we reduced DMSO concentrations by half to have 

a final concentration of 0.25% DMSO in each well, which was harmless to spheroids.  

Overall, compounds induced more evident cell mortality in HepaRG spheroids than in sandwich 

cultures, with the sole exception of the drugs amiodarone and nefazodone, whose toxicity was basically 

the same in both sandwich and spheroids systems (Fig 11E, 11F). Particularly, significantly different 

cytotoxic effects were observed between 2D and 3D cultures at diclofenac 62.5 µM and 31.3 µM; 

acetaminophen 500 µM; troglitazone 12.5 µM; amiodarone 9.4 µM and simvastatin 0.33 µM and 0.66 

µM (p< 0.05). Remarkably, simvastatin, which appears to have a safe profile in sandwich cultures, 

induced high cell mortality in spheroids (Fig. 11G, p<0.001). Therefore, we can assess that, in general, 

HepaRG spheroids are more susceptible to compound-induced chronic toxicity than 2D sandwich 

formats. This result is in line with our previous experiment, where we observed higher hepatotoxicity at 

48h in 3D spheroids than in 2D systems (see section 3a).  

Amiodarone’s liver injuries are primarily associated with the chronic administration of the drug. (Lv HJ 

and Zhao HW, 2020). As reported by several clinical cases, liver injuries can be reversible events such 

as transient elevation of liver enzymes or lead to very serious damages, like cirrhosis (Nagata T et al., 

2023; Tsuda T et al., 2018). In previous studies, amiodarone’s blood concentration found in patients who 

developed liver injuries ranged from 649 ng/mL (Nagata T et al., 2023) to 1.8 µg/mL (Tsuda, T et al., 

2018). Such values correspond to amiodarone’s molar concentration range of 0.9 µM-2.6 µM. 

Interestingly, in our assessment, LC50 of amiodarone found in HepaRG spheroids was 6.9 µM (Tab.3), 

and at concentrations lower than this, hepatotoxicity already started to occur (Fig. 11E). This result is 

compliant with the clinical outcomes described above, confirming the reliability of our in vitro 

assessment in determining long-term hepatotoxicity of amiodarone. 

Severe cases of liver injuries were associated with chronic administration of nefazodone (Choi S, 2003; 

Lucena MI et al., 1999; Aranda-Michel J et al., 1999; Ehrentraut S et al., 2002; Schirren CA et al., 2000; 

Stewart DE, 2002). The three cases reported by Aranda-Michel J et al. described a hepatocellular pattern 

of liver damage at chronic administration of the drug. In two of them, liver injury required 

transplantation after 14-28 weeks of nefazodone therapy (Aranda-Michel J et al., 1999). Previous works 

reported that cases of liver failure were associated with nefazodone’s therapeutic dose between 200 and 

400 mg/day. In such cases, nefazodone’s plasma concentration was found to be equal to or above 1 
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µg/mL (Barbhaiya RH et al., 1995; Dockens R et al., 1996), corresponding to a concentration of 2 µM. 

Remarkably, this concentration is very similar to the LC50 found in HepaRG spheroids in our 14-day 

assessment (5.9 µM, Tab.3) and quite different from the LC50 values found in PPH spheroids and RPH 

sandwich (17.8 µM and 22.4 µM respectively, Fig. 15H, 22H in chapter 4). This result shows the 

reliability of the proposed in vitro methods for toxicity prediction in humans, highlighting both the 

higher sensitivity of the human model (HepaRG) over animal models (PPH and RPH) and that of 3D 

systems compared to 2D systems. 

Since the metabolic capacity of HepaRG is more elevated in spheroids than in sandwich systems, it can 

be hypothesized that the production of toxic metabolites is enhanced in 3D spheroids, causing such 

systems to have more consistent adverse reactions than in sandwich systems.  

However, the difference in cell mortality observed between systems (SW and 3D) after repeated 

applications of amiodarone, nefazodone, and troglitazone is not as marked as that due to the single drugs’ 

application. This effect is probably due to the strong toxicity and cell mortality induced by these drugs, 

even at low doses (Fig. 11C, 11E, 11F). 

Cytotoxicity induced by the other drugs applied for two weeks showed a consistent increase compared 

to the toxicity measured at 48h after the single dose exposure (see section 3a).   

As expected, the drugs diclofenac and acetaminophen provoked more marked mortality in the cell 

population treated for two weeks than in those treated for 48h (Fig. 10A, 10B and Fig.11A, 11B). 

Notably, a consistent toxicity of fialuridine was observed in the chronic assessment, in contrast to its 

innocuous effect found at 48h (FLD 48h, Fig. 10D). Multiple doses of 30 µM and 60 µM applied to 

spheroid and sandwich HepaRG cultures, respectively, reduced cells viability to zero after 14 days of 

exposure (Fig. 11D) while the single administration of 60 µM, its highest dose, did not reveal significant 

reduction of cells viability at 48h (Fig. 10D). This result confirms the chronic toxicity of fialuridine 

already found in several studies (Bell CC et al., 2016; Bell CC et al., 2018; McKenzie R et al., 1995) 

and indicates that the proposed method is a reliable tool to detect both acute and chronic toxicity of 

drugs. As explained before, fialuridine was a very promising anti-hepatitis B compound whose failure 

was due to five fatal acute liver injuries, and two liver transplants occurred in clinical trials (Manning 

FJ, Swartz M,1995). Unfortunately, preclinical studies could not reveal the human-specific 

hepatotoxicity. Fialuridine is the exemplary case of a chronic hepatotoxicity inducer, as its effect can 

only be detected after repeated exposures to the drug and not after a single administration (McKenzie R 

et al., 1995). Recent in vitro studies have elucidated the mechanisms of chronic toxicity of fialuridine 

(Bell CC et al., 2018; Hendriks DFG et al., 2019). 

To better evaluate the severity of drugs’ effect on HepaRG, LC0 and LC50 values were generated from 

the dose-response curves (Tab. 3).  
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 HepaRG SW HepaRG 3D 

 LC0 LC50 LC0 LC50 

DCF <15.7 62.0 <7.8 20.1 

ACP <125 442.1 80.5 153.8 

TRG <6.3 11.9 <3.1 6.4 

FLD <1.87 4.6 0.9 3.2 

AMI <9.37 <9.37 4.8 6.9 

NFZ <6.3 <6.3 3.1 5.9 

SIM <0.02 >0.66 0.08 0.24 

 

Table 3. LC0 and LC50 values of compounds after two weeks of drug exposure (7 doses in total) found in HepaRG sandwich 

cultures (HepaRG SW) and spheroids (HepaRG 3D). LC50 values were calculated using non-linear regression analysis with a 

sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). 

 

LC50 and LC0 values clearly confirm the higher sensitivity to drugs of the 3D systems compared to that 

of the 2D sandwich in the chronic toxicity assessment. For example, acetaminophen’s LC50 decreased 

approximately 4 times from sandwich to spheroids cultures. Likewise, diclofenac’s LC50 was reduced 

by 3 times, and troglitazone’s LC50 by 2 times approximately (Tab.3). 

Remarkably, for all the compounds, the ratio LC50/LC0 ranged between 1 and 6, meaning that the drug 

concentration killing half of the cell population does not exceed by much the safe concentration. This 

result showed that chronic exposure to drugs increased drugs’ toxicity, narrowing the range of doses that 

could produce beneficial effects without causing adverse reactions. Therefore, the chronic 

administration of drugs reduced the “therapeutic window,” as demonstrated by the proposed method.  

The duration of exposure has a significant impact on the lethal concentrations of compounds, as shown 

by the large discrepancy between the 48-hour and the 14-days values of LC50 and LC0 found in spheroids 

cultures (Fig. 12).  
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Figure 12. LC0 (A) and LC50 (B) values compared between 48h (black columns) and 14 days (grey columns) of exposure in 

HepaRG spheroids. LC0 and LC50, respectively, the drug concentration killing 0% and 50% of the cell population, was 

calculated referring to dose-viability curves generated from three independent experiments where 3D spheroids of HepaRG 

were exposed to increasing drug concentrations.  
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Cells’ exposure to diclofenac (LC50=151.9µM at 48h and LC50=20.1 µM at 14d), acetaminophen (LC50= 

3779 µM at 48h and LC50=153.8 µM at 14d), fialuridine (LC50>60 µM at 48h and LC50=3.2 µM at 14d) 

and simvastatin (LC50>0.66 µM at 48h and LC50=0.24 µM at 14d) showed a major impact on spheroids 

at 14 days compared to 48h (Fig. 12). Conversely, a minor effect was seen for amiodarone, troglitazone, 

nefazodone which showed more similar values of LC50 at 48h and 14d of exposure (Fig. 12B). The same 

trend is visible for LC0 values (Fig. 12A) except for fialuridine, which showed similar LC0 in acute and 

chronic regimens. 

In summary, the method here provided successfully replicated the long-term toxicity of drugs in liver 

cells in vitro, confirming that toxicity increases when drugs are given repeatedly. Indeed, the temporal 

factor is a very relevant parameter as it reveals the cumulative toxic effects of the substances over time. 

Remarkably, the method was able to discriminate between the acute and chronic effects induced by 

specific therapeutic agents such as fialuridine and simvastatin. Finally, the proposed method was able to 

quantify the changes in the “therapeutic window” of drugs after repeated administrations. 

4. Liver toxicity assessment of drugs and their metabolites in animal in vitro models 

 
For a complete validation of the proposed in vitro method for toxicity prediction, we performed drugs’ 

hepatotoxicity analysis in animal cell lines to compare the results with those observed in our human 

model, the liver cell line HepaRG, previously tested in this study. 

Although animal models remain the consolidated strategy in preclinical trials, this approach often fails 

to translate into clinical success. Specifically, 90% of the drug candidates that pass preclinical tests turn 

out not successful in clinical trials, and a third of those fail due to safety issues (Sun D et al., 2022). 

Among all the adverse effects, DILI issues represent the most common cause of candidates’ failure and 

post-approval withdrawal (Walker PA et al., 2020; Cook D et al., 2014).  

The main reasons for such failure can be ascribed to inter-species differences between human and animal 

models, specifically regarding the metabolic profile, pharmacokinetics, and structures of drug targets, 

such as receptors and transporters (Dirven H et al., 2021; Olson et al., 2000; Mak IW et al., 2014).  

As the liver is the organ where the majority of xenobiotic transformations occur, the different expression 

of metabolizing enzymes between human and animal species could affect drugs’ metabolism and 

generate different products, such as toxic metabolites (Hammer H et al., 2021; Lewis DF et al., 1998; 

O’Brien PJ et al., 2004). 

Previous studies have compared the expression of the principal CYP450 subfamilies involved in drugs’ 

metabolism in both humans and the main species adopted in preclinical testing: mice, rats, donkeys, and 

dogs. They found that overall, the CYP2E1 was the only isoform conserved in all species, expressed at 

similar levels in animals and humans, while enzymes belonging to CYP1A, -2C, -2D, and -3A 

subclasses were differently expressed across species or expressed at low levels compared to humans 
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(Martignoni M et al., 2006). Hence, the lower expression or the reduced efficiency of a certain isoform 

in animals can reduce the efficiency of liver detoxification, leading to the accumulation of toxicants 

(Guengerich FP, 2006). On the other hand, the higher expression of metabolic enzymes in animals than 

in humans may incorrectly predict excessive toxicity during preclinical trials.  

If the toxicity prediction is not concordant between species, the risk is the underestimation of adverse 

effects in humans.  

To achieve our aim of developing a method that can efficiently predict adverse reactions in humans, it 

is important to demonstrate its specificity and demonstrate that it can produce different outcomes 

between animals and humans, as in reality. 

Considering that regulatory guidelines require the use of at least a rodent and non-rodent species in the 

preclinical phase of drug discovery, we decided to investigate hepatotoxicity in rat and pig in vitro 

models, assisting the same requirement in our toxicological assessment. 

 

4a. Acute and long-term toxicity evaluation in in vitro systems of rat primary 

hepatocytes  

 

To analyze the hepatotoxicity of drugs in animal in vitro models, we started by performing acute and 

chronic toxicity tests in different systems of rat primary hepatocytes (RPH). For comparison to the 

human model HepaRG, we tested the same set of compounds in the same concentrations and conditions. 

Therefore, monolayer and sandwich cultures were established as bidimensional models, while spheroids 

represented our 3D model of rat primary hepatocytes. Analogously to HepaRG cultures, spheroids of rat 

hepatocytes were obtained by self-aggregation under the application of centrifugation force. Already on 

day 2 after seeding, the spheroids’ morphology was visible, and on day 4, they were completely compact 

and mature. Spheroids retained a stable morphology up to day 7 of culture (Fig 13).  

              

         Day1                                                                                        Day2 
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          Day 4                                                                                      Day 7  

Figure 13. 3D spheroids of rat primary hepatocytes. Cells seeded at 1500 cells/well in ULA plates developed spheroids already 

at day 2 and were maintained in culture for 1 week. Day 1 scale bar =50 µm. Day 2, 4, 7 scale bars= 100 µm.  

 

However, after day 7 of culture, they started to spontaneously disaggregate. Spheroids rely on strong 

cell-cell interactions to maintain their structure. If these interactions weaken due to factors like changes 

in cell viability or altered cell adhesion properties, spheroids may disintegrate. Over time, cell properties 

such as the production of adhesion molecules, surface receptors, and secreted factors can decrease, 

affecting spheroid stability (Efremov YM et al., 2021). Some cell types naturally form more robust 

spheroids than others. In addition, spheroids grown without an extracellular matrix (ECM) lack the 

structural support provided by ECM components. Consequently, they may be more prone to 

disaggregation (Shulman M, Nahmias Y., 2013). 

As spheroid cultures of rat primary hepatocytes were found to be unreliable beyond one week, they were 

deemed unsuitable for assessing long-term toxicity. Consequently, results obtained from these cultures 

were not reported. Instead, long-term hepatotoxicity in rats was evaluated exclusively using sandwich 

cultures. This decision was made to ensure the accuracy and reliability of the long-term toxicity 

assessment, focusing on a culture system that could maintain viability and functionality over the 2 weeks 

period. 

To test the acute effect, rat primary hepatocytes, cultured in the three formats (monolayer, sandwich, and 

spheroids), were treated once with the drugs (diclofenac, acetaminophen, troglitazone, fialuridine, 

amiodarone, nefazodone, and simvastatin) and incubated for 48h. Then, cell viability was determined 

by measuring the ATP content, which reflects the number of living cells. Results of cells’ viability 

against increasing drugs concentrations were plotted (Fig. 14).  
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Figure 14. Acute hepatotoxicity assessment in rat primary hepatocyte systems (monolayer=2D; sandwich culture= SW; 

spheroids= 3D) of diclofenac (DCF), acetaminophen (ACP), troglitazone (TRG), fialuridine (FLD), amiodarone (AMI), 

nefazodone (NFZ) and simvastatin (SIM). Cell viability is expressed as a percentage of control (cells treated with DMSO only). 

Data are presented as mean ± SEM of three independent experiments. Table (h) reports LC0 and LC50 values, extrapolated 

from the dose-viability curves of each compound relative to RPH 2D, sand, and 3D systems exposed to a single drug dose. 

LC50 values were calculated using non-linear regression analysis with a sigmoidal dose-response model (GraphPad Prism 

8.3.0; GraphPad Software, San Diego, CA). Comparison between systems was made using two-way ANOVA followed by 

Tukey’s multiple comparison test (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). p<0.05 was considered 

statistically significant. 

 RPH 2D RPH SW RPH 3D 

 LC0 LC50 LC0 LC50 LC0 LC50 

DCF 122 347.8 126 328.7 20.7 232.5 

ACP 144.7 >4000 202.8 >4000 213 1481 

TRG 26.2 47 13.6 51.8 6.6 21 

FLD 18.3 >60 >60 >60 6.7 30.5 

AMI 15 33.9 14.9 32.4 8 16.7 

NFZ 12.5 30.6 11.9 47.8 17 22.4 

SIM 0.1 >0.66 >0.66 >0.66 0.02 >0.33 
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Overall, the compounds troglitazone, amiodarone, and nefazodone showed the highest lethality in rat 

primary hepatocytes, in concordance with what was observed previously for the human HepaRG cells. 

Troglitazone, nefazodone, and amiodarone killed the total cell population at a concentration <100 µM 

(Fig.14C, 14E, 14F), whereas all the other compounds, even at their highest concentrations, did not 

induce the same effect. The strong cytotoxic effect of troglitazone, amiodarone, and nefazodone in rat 

hepatocytes is well documented. 

To date, it is believed that the main cause of troglitazone’s hepatotoxicity is a quinone metabolite formed 

by CYP3A1 in rat hepatocytes. This highly reactive metabolite is responsible for ROS generation and 

adducts formation with cellular proteins, impairing numerous cell function functions (Lauer B et al., 

2009). 

Studies conducted in rat hepatocytes revealed that the mechanism of amiodarone’s hepatotoxicity is due 

to the inhibition of β-oxidation and respiration, leading to mitochondria dysfunction. The resulting ATP 

depletion and increasing reactive oxygen species with the following lipid peroxidation are responsible 

for triggering cell necrosis or apoptosis (Ruch RJ et al., 1991; Berson A et al., 1998; Spaniol M et al., 

2001).  

The mitochondrial toxicity of nefazodone has a similar mechanism to that of amiodarone. The inhibition 

of respiration in the mitochondria of rat hepatocytes can cause free radical formation and decreased 

energy production, resulting in cell death (Dykens JA et al., 2008). Moreover, nefazodone can also 

induce transient cholestasis in rats by inhibiting specific biliary transport systems (Kostrubsky SE et al., 

2006).  

All these findings are consistent with the high mortality induced by troglitazone, amiodarone, and 

nefazodone observed in our rat primary hepatocyte cultures (Fig. 14C, 14E, 14F). 

The dose-viability curves also revealed that acetaminophen and diclofenac showed moderately high 

cytotoxicity, proportionally increasing with doses (Fig. 14A, 14B).  

The dose-dependent acute toxicity of acetaminophen found in our experiment is principally due to 

NAPQI formation, an electrophile intermediate able to rapidly react with mitochondrial proteins, 

believed to be the major acetaminophen’s toxic metabolite (Nelson SD, 1990). NAPQI- protein adducts 

trigger oxidative stress and mitochondria dysfunction, leading to cell necrosis (Ramachandran A, 

Jaeschke H, 2019). Many animal models, including rats, share with humans the same metabolic 

pathways of acetaminophen. Therefore, the mechanism of toxicity induced by acetaminophen in rats’ 

hepatocytes that we observed in our study is similar to that observed in human hepatocytes. In fact, like 

humans, rats express the CYP2E1 isoform, responsible for NAPQI production, as well as sulfation and 

glucuronidation enzymes necessary for acetaminophen excretion (McGill MR, Jaeschke H 2013).  



108 

 

Diclofenac’s toxicity is mainly related to mitochondria impairment, which causes ATP depletion inside 

the cell (Syed M et al., 2016; Ramachandran A et al., 2018). Although diclofenac can exert this toxic 

effect as a parent compound, other metabolites were found to trigger mitochondria damage (Syed M et 

al., 2016). A study revealed that the co-administration of diclofenac with CYP inhibitors significantly 

increased ATP production in rat and human hepatocytes, indicating that toxicity is induced by 

diclofenac’s metabolites (Bort R et al., 1998). The same study showed a similar effect of diclofenac in 

freshly isolated rat hepatocytes to that of our study, highlighting the reliability of our results. The cell 

death rate increased with diclofenac exposure in a dose-dependent manner, and the LC50 in 2D systems 

was 300 µM, comparable to our value (347.8 µM, Fig. 14H).  

Fialuridine and simvastatin mildly affected cells’ viability. For both drugs, in fact, viability never went 

below 50% (Fig. 14D, 14G). 

Although acute hepatotoxicity of fialuridine in rat in vitro models is poorly documented, the review of 

fialuridine preclinical trials conducted in several animal species, including rats, showed that no sign of 

hepatotoxicity was reported when the drug is administered at a single dose. Noteworthy, only mild 

elevation of ALT and AST were observed in some cases, and no change in liver morphology was visible 

(Institute of Medicine (US) Committee to Review the Fialuridine (FIAU/FIAC) Clinical Trials).  These 

outcomes are in line with the low acute lethality of fialuridine observed in our systems of RPH. 

The effect of simvastatin on rat liver cells is still debated. Some authors found that simvastatin induced 

oxidative stress, lipid peroxidation, and mitochondria depolarization in freshly isolated rat hepatocytes 

(Abdoli N et al., 2015). Conversely, another study showed that simvastatin had a protective effect against 

the pathogenesis of some liver diseases by inhibiting intracellular lipid accumulation in rats (Zhang Q 

et al., 2020). The low lethality of simvastatin in RPH that we observed after the single exposure to the 

drug may contribute to elucidating the toxic effect of this drug in rat liver cells (Fig. 14G).  

Recent studies have also confirmed the reliability of the presented method in predicting drugs’ toxicity 

in rat hepatocytes. Our 2D cultures of rat hepatocytes showed similar LC50 values for amiodarone, 

diclofenac, troglitazone, and acetaminophen as those reported in previous assessments performed in 

bidimensional systems under the same conditions (Noor F et al., 2009; Jemnitz K et al., 2008) (Fig. 

14H). To our knowledge, however, LC50 of nefazodone, simvastatin, and fialuridine were never assessed 

before in in vitro rat liver cells; therefore, it was not possible to make a comparison with our data. 

Among the three culture formats investigated, the acute toxicity elicited by the drugs, except for 

simvastatin, was more evident in 3D spheroids than in bidimensional monolayer and sandwich cultures, 

confirming the results found for the human HepaRG models (Fig. 10). This discrepancy was particularly 

evident for acetaminophen, and fialuridine (Fig. 14B, 14D). According to the dose-response curves, 

when cells were exposed to acetaminophen 2000 µM, viability was reduced to 16% in spheroids, 

whereas only to 65% in sandwich and to 84% in monolayer, showing that the drug’s effect on 2D systems 
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was much less visible (Fig. 14B). The same conclusion is valid for the drug fialuridine. This drug, in 

fact, did not cause any significant acute toxicity in RPH monolayer and seems to exert even a beneficial 

effect on sandwich, where cell viability remained above 100% for any concentration applied (Fig. 14D). 

By contrast, when RPH spheroids were exposed to fialuridine 30 µM, cells viability was reduced by 

50% (Fig. 14D). Indeed, significant differences in cells viability between 2D and 3D systems were 

observed at the concentration of fialuridine 30 µM, as well as at amiodarone 18.75 µM and nefazodone 

25 µM (p< 0.05). 

Unexpectedly, simvastatin exerted the highest lethality in the monolayer culture of RPH among the three 

systems investigated (Fig. 14G).  

The higher sensitivity to drugs of the 3D RPH systems, compared to the 2Ds, can also be deduced by 

the analysis of the LC50 values shown in the table above (Fig. 14H). LC50s of all compounds relative to 

spheroids cultures were lower than LC50s of sandwich and monolayer cultures (Fig. 14H). Specifically, 

passing from 2D to 3D systems, LC50 of acetaminophen and troglitazone decreased approximately by 

60%; LC50s of fialuridine and amiodarone by 50%; nefazodone’s LC50 by 45% and diclofenac’s LC50 

decreased by 35%. Simvastatin, which induced higher cell mortality in monolayer cultures than in 

spheroids, represented the sole exception (Fig. 14H).  

LC0 values showed a similar trend to that of LC50 values. For example, LC0 values of acetaminophen, 

diclofenac, and simvastatin were much lower in 3D cultures than in 2D cultures, showing an 80% 

decrease. LC0 of fialuridine and troglitazone decreased by 65% in 3D cultures, and amiodarone’s LC0 

decreased by 45%. However, nefazodone’s LC0 values were similar in all the tested systems (Fig. 14H). 

The marked reduction of the parameters LC0 and LC50 that we observed in 3D spheroids, compared to 

2D systems, clearly indicates the superior impact of xenobiotics on three-dimensional assets. As 

previously mentioned, the toxicity of drugs investigated here is mainly related to the production of 

harmful metabolites rather than to parent compounds. The higher capacity of metabolism expressed by 

3D systems could explain why spheroids are more sensitive than 2D systems to the drugs (Bell CC et 

al., 2018). These findings demonstrate that the cells’ response to the drugs depends on the system used 

and highlight the importance of choosing the appropriate model for drug toxicity testing.  

To assess the long-term effects of the selected drugs in rat liver cells, sandwich cultures of rat primary 

hepatocytes were established and exposed to multiple doses of drugs every other day for 2 weeks. Then, 

viability was measured. As mentioned before, spheroids of rat hepatocytes started to disaggregate after 

the first week of culture.  Consequently, they could not be utilized for assessing hepatotoxicity at 14-

days. Therefore, the sandwich culture system was exclusively employed for this purpose, ensuring the 

viability and integrity of the cells throughout the duration of the experiment. 
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Figure 15. Fourteen days’ hepatotoxicity assessment in rat primary hepatocytes sandwich system (sandwich culture= SW) of 

Diclofenac (DCF), Acetaminophen (ACP), Troglitazone (TRG), Fialuridine (FLD), Amiodarone (AMI), Nefazodone (NFZ) 

and Simvastatin (SIM). Drug concentrations are expressed in µM. Cell viability is expressed as a percentage of control (cells 

treated with DMSO only). Data are presented as mean ± SEM of three independent experiments. Table (h) reports LC0 and 

LC50 values, extrapolated from the dose-viability curves of each compound relative to RPH sandwich (SW) exposed to repeated 

drug doses for 2 weeks. LC50 values were calculated using non-linear regression analysis with a sigmoidal dose-response model 

(GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). 

 

RPH SW 

   LC0 LC50 

DCF 31.3 293.3 

ACP <125 1734 

TRG <6.2 17.6 

FLD <1.9 >60 

AMI <9.4 <9.4 

NFZ <6.2 22.4 

SIM <0.02 0.03 

   



111 

 

Exposing rat hepatocyte cultures to repeated drug doses for 2 weeks resulted in increasing cytotoxicity 

of compounds, as expected. Comparing cells viability of sandwich cultures at 48h and 14 days of drug 

exposure, a significant difference is seen for all the compounds except for fialuridine (Fig. 14D and 

15D). This result is also supported by the LC50 values found for these drugs, which decreased markedly 

passing from short- to long-term exposures (Fig. 14H and 15H), especially for acetaminophen (from 

>4000 µM to 1734 µM), amiodarone (from 32.4 µM to <9.4 µM) and troglitazone (from 51.8 µM to 

17.6 µM). However, the difference between short- and long-term exposure to the drug diclofenac was 

minor (Fig. 14A and 15A).  

Overall, the long-term exposure to this set of compounds showed a similar outcome between our in vitro 

human model, HepaRG, and rat hepatocytes. All drugs induced a dose-dependent cytotoxic effect, 

increasing with the dose (Fig. 11 and Fig 15). However, although the trend was the same, rat hepatocytes 

were less sensitive than HepaRG to drugs’ effects, as demonstrated by the LC50 values, which were 

lower in HepaRG than in rat sandwich (Tab. 3 and Fig. 15H). 

Remarkably, there was a notable disparity in the response of rat hepatocytes compared to HepaRG cells 

when exposed to fialuridine. Specifically, the 14-days exposure to the drug resulted in high mortality of 

HepaRG cells, whereas it appeared to only have a minor effect on viability of rat sandwich culture (Fig. 

11D and Fig. 15D). This finding highlights the differences between animal and human models and 

emphasizes the significance of considering the species-specific aspects in toxicity assessments, as 

animal models may not always accurately reflect the response observed in human species. In addition, 

to the best of our knowledge, no previous data regarding the cytotoxicity of fialuridine in in vitro rat 

hepatocyte models are available in the literature.  

Overall, the toxicity prediction of compounds carried out in our in vitro models of RPH gave robust 

results in both short and long-term assessments. LC50 values obtained in this section of the study were 

comparable to LC50 values of previous studies conducted in similar conditions in rat hepatocytes (Kučera 

O et al., 2017; Wang K et al., 2002; Guo L et al., 2006; Kostrubsky SE et al., 2006; Gómez-Lechón MJ 

et al., 2003; Jurima-Romet M et al., 1994). Some discrepancies between values could be explained by 

the inter-donor variability of primary cells. Primary cells are always considered the “gold standard” in 

in vitro experiments, as they resemble in vivo tissues more closely than immortalized cell lines. On the 

other hand, as they are freshly isolated, their metabolic and physiologic characteristics may vary with 

the donor. This variation represents a limit and can significantly affect the results’ reproducibility.  

The comparison of LC50 values obtained from short- and long-term exposure of cells highlights the 

impact of multiple doses administered over 14 days on reducing cell viability compared to single-dose 

administration. This observation is critical in assessing the reliability of the proposed in vitro model for 

hepatotoxicity evaluation. 
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In your study, the LC50 and LC0 values were found to be significantly lower in the 14-day assessments 

(Fig. 16, grey columns) compared to the 48-hour assessments (Fig. 16, black columns) across the drugs 

tested.  
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Fig. 16 LC0 (a) and LC50 (b) comparison found at 48h (black columns) and 14 days (grey columns) of RPH exposure to drugs. 

LC0 and LC50, respectively, the drug concentration killing 0% and 50% of the cell population, was calculated referring to dose-

viability curves generated from three independent experiments where sandwich cultures of RPH were exposed to increasing 

drug concentrations. 

 

This indicates that prolonged exposure to drugs leads to a greater reduction in cell viability, highlighting 

the importance of considering the duration of exposure when evaluating hepatotoxicity.  

However, it's noteworthy that fialuridine and simvastatin were exceptions to this trend, with comparable 

LC50 values found in both short and long-term experiments (Fig. 14H, 15H).  

Overall, these results support the reliability of the proposed in vitro model for hepatotoxicity assessment, 

demonstrating its ability to capture the impact of prolonged drug exposure on cell viability. This 

information is critical for predicting the potential hepatotoxic effects of drugs over extended treatment 

durations. 

 

4b. Acute and long-term toxicity evaluation in in vitro systems of pig primary 

hepatocytes (PPH) 

Pig primary hepatocytes (PPH) represented in this study the non-rodent animal in vitro model used to 

investigate liver toxicity. In this manner, it was possible to compare two different animal models to our 

human liver model HepaRG.  

As this study is part of the multidisciplinary project INNOTARGETS, I had the opportunity to isolate 

fresh pig hepatocytes during my secondment at IRTA-CReSA, an animal health research institute 

member of the INNOTARGETS Consortium. As mentioned, primary hepatocytes retain all the 

phenotypic characteristics of the real liver tissue, such as the metabolic activity of in vivo cells. 

Therefore, right after the isolation, PPH were plated and used for drugs’ cytotoxicity assessments. 

Another fraction of the isolated cells was frozen for backups. 
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4b.i. Pig primary hepatocytes isolation and morphology changes 

 
Primary pig hepatocytes (PPH) were isolated twice during the secondment. The first time started from 

an adult healthy pig (3 years old, liver weight: 836 g); the second time started from two healthy piglets 

(4 months old, liver weights: 310 g and 295 g). The protocol used for the hepatocyte’s isolation was the 

same in both attempts except for an extra step added in the second one, consisting of erythrocytes 

separation to optimize the purity of the cell pellet. From the first attempt, we obtained a very low yield, 

probably due to erythrocytes’ contamination. 

From the second attempt, we successfully isolated a large number of viable cells from the sample using 

our optimized protocol. The final count was 50.35x106 cells, which corresponded to a viability of 82%. 

To enhance the adhesion and growth, cells were plated in flasks coated with collagen right after being 

isolated. In addition, some of the initial cell suspension was used to make backups that were 

cryopreserved in liquid nitrogen. Two different media were used in these cultures: DMEM and Williams’ 

E, both completed with supplements (see materials and methods section) to determine the optimal 

growing conditions. Media was renewed every two days for the entire culturing time. We observed that 

the two different media did not affect cells doubling time differently over time.  

The hepatocytes needed two days to recover completely from the isolation process (Fig 17A) and to 

assume the typical cuboid shape (Fig. 17C). After one week, they started growing in clusters (Fig 17B), 

and in 2 weeks, the confluency was reached (Fig 17C). PPH were maintained in culture for four weeks, 

during the latter of which, a substantial change in cell morphology was noticed (Fig 17D). Cells 

spontaneously switched from the typical hepatocyte-like shape (polygonal, binucleate cell morphology) 

(Fig. 17C) to an elongated spindle fibroblast-like shape (Fig.17D).  

A   B  

C     D 
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Figure 17. Primary pig hepatocyte (PPH) morphology during four weeks after isolation. Primary hepatocytes started to attach 

and showed their typical cuboidal morphology during the first week after isolation (A), then started to proliferate in clusters 

(B, week 2). After 100% confluency was reached on day 14 (C), PPH spontaneously changed their morphology in the last week 

of culture (D, week 4). 

 

This effect is expected to be observed when culturing primary cells in monolayer. It is well known that 

primary mature hepatocytes, after isolation, undergo dedifferentiation, a process where the hepatocyte 

progressively loses liver-specific functions. Disruption of the tissue architecture during isolation results 

in loss of cell-cell and cell-extracellular matrix interactions as well as loss of cell polarity. Cell stress 

caused by the isolation and the adaptation to the new in vitro environment is considered responsible for 

genetic and phenotypic changes in the hepatocyte (Luttringer O et al., 2002; Fraczek et al., 2013). It has 

been described that hepatocytes’ dedifferentiation is initiated by down or upregulation of numerous 

nuclear receptors and transcription factors, most of them belonging to LETFs (Liver-Enriched 

Transcription factors) resulting in a reduced expression of Phase I and II metabolic enzymes (e.g., 

CYP450, UGT, GST) and drugs’ transporters (e.g., BSEP, NTCP) (Elaut G et al., 2006). Consequently, 

the metabolizing capacity of hepatocytes becomes highly compromised, and several other liver-specific 

functions decline.  

These modifications also translate into important morphology changes that are visible just a few hours 

after isolation when hepatocytes assume a round shape due to loss of intercellular connections and 

polarity (Kaur I et al., 2023; Sugahara G et al., 2023). In general, it was described that about 12h after 

recovery, hepatocytes regain the typical polygonal shape and start to form bile canaliculi (Sugahara G 

et al., 2023). However, when dedifferentiation occurs, hepatocytes become flattened and start to acquire 

a fibroblast-like shape (Vinken M and Hengstler JG, 2018). The same transition was clearly seen in this 

study for our freshly isolated primary pig hepatocytes (Fig. 17D). 

Ultimately, the massive deregulation at the genetic and functional level, along with the oxidative stress 

occurring during isolation, can lead to hepatocytes’ death by apoptosis (Vinken et al. 2014). This is the 

main reason for the short lifespan of primary hepatocytes in 2D cultures, which represents a significant 

limit for their use in pharmacology and toxicology in vitro testing. However, several strategies were 

developed to reduce the dedifferentiation process and prevent early cell death by apoptosis. The more 

classical ones include the introduction of additives in cell culture media like hormones and growth 

factors (e.g., insulin, glucagon, dexamethasone, hydrocortisone) able to restore transcriptional factor-

mediated pathways and promote the typical morphology of the hepatocyte (Luttringer O et al., 2002; 

Fraczek et al. 2013). Another strategy is the introduction of an extra layer of matrix, like Matrigel®, to 

establish sandwich culture configuration. This layer on top of cells provided essential interactions and 

was demonstrated to reduce apoptosis to some extent (Fraczek et al. 2013). In this way, it is possible to 

preserve in vivo-like conditions of hepatocytes for a longer time. 
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Although it is described that a significant percentage of primary hepatocytes’ functionality is lost after 

freezing and thawing as well as after cell culture passaging (Baust JM et al., 2017; Stéphenne X et al., 

2010; Chesné C et al., 1993), frozen PPH isolated in this study, completely recovered after thawing, 

showing the same trend as that of fresh isolated PPH in terms of doubling time and morphology, when 

culture in the same conditions (Fig. 18A, 18B). 

A      B 

Figure 18. Morphology of PPH 14 days after thawing. Magnification 10X (a) and 20X (b). PPH recovered the typical 
hepatocyte morphology during the first week after thawing, and after two weeks of culture, they started to become confluent. 

 

PPH’s morphology and confluence reached after two weeks in monolayer cultures (Fig. 18A and 18B) 

were comparable to those of freshly isolated cells immediately used for plating (Fig. 17C). The same 

result was obtained for cryopreserved PPH for longer than one year, allowing their use for further 

toxicity tests within our study. Viability of thawed cells was always above 80%, and attachment was 

always reached after 4-5 h from seeding in monolayer cultures using collagen-coated plates. Despite the 

high viability of thawed PPH, a high fraction of cells did not attach, suggesting that cell death was likely 

induced by apoptosis in response to stress stimuli accumulated during the initial isolation process or 

following cryopreservation and thawing, as indicated by previous studies (Ölander M et al., 2019).  

 

4b.ii. Immunostain shows albumin production in isolated liver cells 

 
Albumin is the most abundant protein present in the bloodstream, and it is synthesized by hepatocytes 

in the liver. Albumin plays a principal role in osmotic pressure’s maintenance and in the transportation 

of both endogenous (e.g., hormones, unconjugated bilirubin, fatty acids) and exogenous substances (e.g., 

drugs) (Moman RN et al., 2024; Fanali G et al., 2011; Ascenzi P and Fasano M, 2009; Li Y et al., 2007; 

Roda A et al., 1982). Therefore, albumin represents a precious biomarker of liver functionality, and its 

biosynthesis was analyzed in this study in the isolated pig hepatocytes cultured in monolayer systems. 

To this aim, an antibody specifically directed against pig albumin was used to detect the protein 

expressed inside the isolated cells. As expected, a high yield of albumin was visible inside the cell 

cytoplasm, as shown by the green fluorescence in the image below (Fig.19B). This result characterized 

the isolated cells as metabolically active hepatocytes, allowing their use for drugs’ toxicological testing. 
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       A    B 

Figure 19. Albumin detection in PPH. Immunofluorescent staining imaging revealed the presence of a high yield of pig albumin 

inside the cytoplasm of isolated cells (green fluorescence, B). Isolated pig hepatocytes were stained with specific anti-pig 

Albumin antibodies revealed by anti-IgG-FITC (green). Nuclei, in blue, were counterstained with HOECST (A). The 

magnification of images is 20X. 

 

 

 

4b.iii. Drugs hepatotoxicity evaluation in PPH culture systems 

 
In order to set up a valuable method to predict drug-related hepatotoxicity, an important point of this 

study was to compare the effect of the selected compounds, known for their ability to induce different 

types and levels of toxicity in human and animal hepatocytes. Freshly isolated pig hepatocytes, 

characterized for their metabolic functionality, were therefore used as the other animal species, where 

drugs’ hepatotoxicity was compared to that found in rat and human hepatocytes. 

The cytotoxicity of selected drugs was previously assessed in HepaRG, and rat primary hepatocytes 

were cultured in monolayer, sandwich configuration, and three-dimensional spheroids. For comparison, 

the same compounds and culture systems were tested in PPH. 

Monolayer, sandwich, and spheroids cultures were established with freshly isolated pig hepatocytes and 

were treated with one dose or multiple doses of each compound to test short and long-term effects, 

respectively. All systems were cultured for one week before adding compounds. This time was necessary 

for the cells to recover after isolation, to adopt the typical hepatocyte morphology, and to reach 

confluence in monolayer and sandwich cultures. Analogously, the same time was needed for the 

complete maturation of 3D spheroids (Fig 20). Spheroids were generated by self-aggregation of 1500 

cells seeded in each well of ULA plates, induced only by gravity centrifugation. Surprisingly, after one 

day spheroids already showed a three-dimensional round shape. On day 7, spheroids became more 

compact and assumed a more homogenous morphology, which is typical of a mature spheroid (Fig.20).  
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Figure 20. Morphology of a mature 3D-spheroid of pig primary hepatocytes at day 7 of culture. Magnification 20X. 

 

To test acute cytotoxicity, six concentrations of the selected compounds, including diclofenac, 

acetaminophen, troglitazone, fialuridine, amiodarone, nefazodone, and simvastatin, were administered 

once to monolayer (2D), sandwich (SW) and mature spheroids (3D) cultures of PPH. Cell viability, 

expressed as a percentage of viable cells, was measured 48h after incubation with the drugs. The results 

of the cytotoxicity assay are shown in Fig. 21. Each graph shows cells’ viability in percentage versus 

increasing concentrations of compounds in the three PPH culture systems. 
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Figure 21. Viability percentage of PPH monolayer (2D), sandwich (SW), and spheroids (3D) cultures after 48h of drug 

exposure. Drugs abbreviations: DCF= Diclofenac; ACP= Acetaminophen; TRG= Troglitazone; FLD= Fialuridine; AMI= 

Amiodarone; NFZ= Nefazodone; SIM= Simvastatin. X-axis: drug concentrations, µM. Y-axes: Cell viability is expressed as a 

percentage of control cells (cells treated with DMSO only). Data are presented as mean ± SEM of three independent 

experiments. Table (H) reports LC0 and LC50 values, extrapolated from the dose-viability curves of each compound relative 

to PPH 2D, SW, and 3D systems exposed to a single drug administration. LC50 values were calculated using non-linear 

regression analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). 

 

From the analysis of the dose-response curves, the three systems show, in general, the same sensitivity 

to drugs’ lethality after the single administration (Fig. 21). In fact, except for diclofenac and to a lesser 

 PPH 2D PPH SW PPH 3D 

 LC0 LC50 LC0 LC50 LC0 LC50 

DCF 284 >500 59 >500 57 200.7 

ACP 2716 >4000 208 >4000 247 >4000 

TRG 24 80.7 29 74.1 6.2 >100 

FLD 1.8 >60 1.8 >60 >30 >30 

AMI 9.3 18.3 20.4 32.9 5.5 11.9 

NFZ 20.8 45.4 17 46.9 17 13.9 

SIM 0.02 >0.66 0.03 >0.66 0.01 >0.33 
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extent for nefazodone, we do not see significant discrepancies of cells’ viability between monolayer, 

sandwich, and spheroids within each drug application (Fig. 21A, 21F). This result is also confirmed by 

LC50 values reported in the table above (Fig. 21H). Indeed, for each compound LC50 values are 

comparable between the three systems. However, according to our previous findings, 3D models of rat 

and human hepatocytes demonstrated higher susceptibility to drug toxicity than bidimensional systems. 

Conversely, spheroids of PPH showed, in general, a similar susceptibility to drugs to that of 2D systems. 

Diclofenac and minorly nefazodone represented the sole exceptions, with PPH spheroids showing higher 

sensitivity than sandwich and monolayer cultures (Fig. 21A and 21F). Indeed, significant differences in 

cells’ viability between 2D and 3D systems were observed at diclofenac’s concentration of 250 µM and 

nefazodone’s 25 µM (p<0.05). Moreover, PPH spheroids were outright less sensitive than monolayer 

and sandwich to lethality induced by fialuridine and acetaminophen (Fig 21D and 21B).  

Overall, this result is quite unexpected since, for the drugs investigated, metabolites are the main 

responsible for toxicity. Therefore, 3D systems should be more sensitive to drugs, given their metabolic 

capacity, which is higher than that of 2D systems. There are two possible reasons to explain this effect: 

the first is that after a single dose of the drug, the amount of toxic metabolites produced does not reach 

a sufficient threshold to induce cell death; the second is that pig hepatocytes express different 

metabolizing enzymes than other species (e.g., humans and rats), so toxicity is no longer triggered by 

the same metabolites produced in rats and humans. Both cases imply a different metabolic activity 

between the species considered in terms of velocity in the first case and pathways in the second. 

In line with the results of HepaRG and RPH, within the acute toxicity assessment, fialuridine and 

simvastatin can be considered the safest compounds among the drugs tested in this study as they did not 

cause any cells’ viability decrease in PPH, even at high doses (Fig.21D and 21G).  

Acetaminophen did not cause significant cell damage in PPH at doses up to 2000 µM, as the cell’s 

viability remained above 100% in all systems. However, at 4000 µM, the highest dose tested, 

acetaminophen started to induce cell death in sandwich and monolayer cultures but not in spheroids 

(Fig. 21B). This is surprising since acetaminophen’s toxicity is mainly attributed to its reactive 

metabolite NAPQI. We expected that spheroids, which have a more active metabolism than 2D systems, 

would be more susceptible to the effects of toxic metabolites like NAPQI. Although acetaminophen is 

metabolized similarly to humans in pigs, some differences in the proportions of metabolites occur. A 

recent study revealed that in pigs, NAPQI is only a minor product of acetaminophen metabolism (Dargue 

R et al., 2020a). This could account for the low toxicity of the drug observed in our PPH spheroids.  

The drug troglitazone showed a peculiar effect in our PPH cultures. We found that while in monolayer 

and sandwich cultures, cells’ viability decreased proportionally with the increasing drug concentration, 

in spheroids, the same effect occurred only when the concentration applied was minor or equal to 50 

µM (Fig. 21C).  When cells were exposed to troglitazone 100 µM cell viability was unexpectedly higher 
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(Fig. 21C). A plausible explanation could be that a side metabolic pathway, only expressed in 3D 

systems, is able to convert troglitazone into non-toxic metabolites when troglitazone’s concentration 

reaches a certain threshold. However, previous experiments were not concordant with our results, as it 

was reported that troglitazone caused cell death in pig hepatocytes after acute exposure to 100 µM 

(Kostrubsky VE et al., 2000). 

Overall, amiodarone and nefazodone showed the highest acute toxicity in PPH (Fig. 21E, 21F). This can 

be easily inferred from the dose-response curved pattern (Fig 21E and 21F) and from the analysis of 

LC0 and LC50 values. Within each system, nefazodone’s and amiodarone’s LC50/LC0 ratios ranged 

between 1-3, meaning that for these compounds, LC0 values are very close to the respective LC50 values 

(Fig.21H). For compounds with such a narrow therapeutic index, the risk of toxicity is very high, as 

doses allowed for a therapeutic action without adverse effects are very limited. 

For the long-term cytotoxicity assessment, drugs were given to PPH sandwich and spheroids cultures 

repeatedly for 14 days. A marked rise in cell death rate was observed for every drug in both PPH 

sandwich and spheroids cultures compared to the single dose administration (Fig.21, Fig.22).  
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Figure 22. Viability percentage of PPH monolayer (2D), sandwich (SW), and spheroids (3D) cultures after 14 days of repeated 

doses of drugs. Drugs abbreviations: DCF= Diclofenac; ACP= Acetaminophen; TRG= Troglitazone; FLD= Fialuridine; AMI= 

Amiodarone; NFZ= Nefazodone; SIM= Simvastatin. X-axis: drug concentrations, µM. Y-axes: Cell viability is expressed as a 

percentage of control cells (cells treated with DMSO only). Data are presented as mean ± SEM of three independent 

experiments. Table (h) reports LC0 and LC50 values, extrapolated from the dose-viability curves of each compound relative to 

PPH 2D, SW, and 3D systems exposed to a single drug administration. LC50 values were calculated using non-linear regression 

analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). Comparison 

between systems was made using two-way ANOVA followed by Tukey’s multiple comparison test (GraphPad Prism 8.3.0; 

GraphPad Software, San Diego, CA). p<0.05 was considered statistically significant. 

 

Remarkably, fialuridine and simvastatin, which did not affect cell viability at 48h, induced high cell 

death when applied repeatedly for 14 days (Fig. 22D, 22G). This effect was more evident in spheroids 

than in sandwich cultures (Fig 22D). A significant difference in mortality was induced between sandwich 

and spheroids cultures at fialuridine concentrations of 60, 30, and 15 µM and at simvastatin 

concentrations of 0.66 µM and 0.33 µM (p<0.001). Particularly, fialuridine`s lethality increased 

proportionally with the dose after two weeks of treatment and caused 100% and 50% of cell mortality, 

respectively, in PPH spheroid and sandwich cultures at 60 µM (Fig. 22D).  This indicates the higher 

sensitivity of 3D systems to this compound. To the best of our knowledge, fialuridine’s toxicity was 

never tested in vitro in pig hepatocytes. However, in vivo preclinical studies conducted on other animal 

species subjected to one hundred times the human dose of fialuridine did not reveal any sign of acute 

hepatotoxicity, whereas chronic administration of the drug caused mitochondria damage in liver cells 

after 12 weeks (Attarwala H, 2010; Lewis W, Dalakas MC, 1995). This result is compliant with the 

different lethality of fialuridine observed between our short- and long-term toxicity assessments. In fact, 

as mentioned, fialuridine 60 µM induced a drastic reduction of PPH spheroid viability after two weeks 

 PPH SW PPH 3D 

 LC0 LC50 LC0 LC50 

DCF 55.6 301.1 <15.6 13.7 

ACP 602.6 1945 <125 535.4 

TRG 23.2 52.4 28.8 72.1 

FLD 1.8 54.9 6.5 11.6 

AMI <9.4 <9.4 <9.4 <9.4 

NFZ <6.3 14.7 10.1 17.8 

SIM 0.03 >0.66 0.02 0.15 
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of treatment (22D). Conversely, no cell mortality was detected when the drug was administered at a 

single dose (Fig 21D).  

The impact of simvastatin on cell viability resulted in a consistent difference between sandwich and 

spheroids cultures of PPH after two weeks of treatment. In fact, while the drug did not affect the viability 

of the PPH sandwich, the cell death rate of PPH spheroids rapidly increased, starting from the dose of 

0.16 µM onward (Fig. 22G). The toxicity of simvastatin in pig hepatocytes has not been extensively 

studied, but there is some evidence that it may be similar to that of human hepatocytes. Some molecular 

mechanisms of simvastatin’s toxicity seem to be related to the compound per se and its principal 

metabolites, both interfering with the synthesis and function of molecules responsible for membrane 

integrity like CoQ10. Depletion of CoQ10 is responsible for mitochondria dysfunction that could lead 

to impairment of ATP production and cell apoptosis (Kaminsky YG and Kosenko EA, 2010).  

Despite the administration of repeated doses of simvastatin causing high cell mortality in PPH spheroids, 

the single administration of the drug to the three systems did not provoke any cell death (Fig 21G and 

22G). Our in vitro prediction of simvastatin’s long-term toxicity performed in spheroids cultures 

confirmed the cytotoxicity found previously in other assessments. A recent in vivo study, where a group 

of female pigs were exposed to simvastatin for one month, showed a high propensity of hepatocytes to 

apoptosis and several histological signs of hepatocyte damage, indicating alterations of membrane 

permeability, alterations in glycogen and lipid metabolism as well as signs of fibrosis and hepatitis 

(Mikiewicz M et al., 2019).  

The different response to simvastatin observed in the present study between sandwich and spheroids at 

14 days of treatment highlights that spheroids were able to predict drug toxicity in pig hepatocytes 

analogously to in vivo systems, while sandwich cultures failed in this prediction. Thus, spheroids could 

represent an accurate in vitro model for hepatotoxicity prediction of simvastatin in pigs as their 

susceptibility to the drug reflects that of the in vivo environment.  

Similarly to simvastatin, diclofenac and acetaminophen revealed very different cytotoxic effects 

between PPH sandwich and spheroids cultures after two weeks of treatment (Fig. 22A, 22B). Cells’ 

viability resulted much higher in sandwich than spheroid cultures for every drug concentration tested, 

indicating the higher sensitivity of 3D systems in predicting drug adverse effects compared to 2D 

systems again. Particularly, a significant decrease in cells’ viability was detected in spheroids exposed 

to diclofenac 62.5 µM and acetaminophen 1000 µM (p<0.001) compared to sandwich cultures.  In line 

with these findings, LC50 of diclofenac diminished from 301.1 µM in sandwich to 13.7 µM in spheroids. 

Analogously, acetaminophen’s LC50 dropped from 1945 µM in sandwich to 535.4 µM in spheroids (Fig 

22H). A very high decrease was also seen for the LC0 values for both compounds passing from sandwich 

to spheroids cultures (Fig. 22H).  
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On the other hand, the drugs amiodarone and nefazodone did not show significant discrepancies in cell 

viability between 2D and 3D systems in our 14-days cytotoxicity assessment (Fig. 22E, 22F). As it is 

shown in the dose-response graphs, red and blue curves, representing respectively sandwich and 

spheroids, show a very similar trend (Fig. 22E, 22F). The hepatotoxicity induced by these compounds 

is so marked that cell death is rapidly induced, independently from the cell system tested. 

Toxicity exerted by troglitazone on 2D and 3D PPH cultures was similar, even though sandwich cultures 

showed higher sensitivity to the drug compared to spheroids at concentrations higher than 50 µM (Fig. 

22C, p<0.001). 

The comparison of lethal drug concentrations found in the short and long-term cytotoxicity evaluations 

clearly indicates that the lethality of drugs increases with the exposure time and the number of doses 

administered. LC0 and LC50 values, both recorded for PPH spheroids exposed to drugs for 48h and 14 

days, are shown in the following graph bars (Fig.23).  
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Figure 23. Comparison of LC0 (A) and LC50 (B) values of tested drugs between short (48h) and long-term (14d) treatment of 

PPH spheroids. 

For example, diclofenac’s LC50 decreased from 208 µM to 16.7 µM; acetaminophen’s LC50 decreased 

from >4000 µM to 535.4 µM; fialuridine’s LC50 from >30 µM to 11.6 µM; troglitazone’s LC50 from > 

100 µM to 72.1 µM (Fig.23B). A similar decreasing trend is shown for the LC0 values, except for 

troglitazone (Fig. 23A). Overall, this result shows the reliability of our in vitro toxicity prediction as it 

succeeded in reproducing the different lethality induced by toxic drugs during short- and long-term 

exposures.   

In summary, during this section of the study, primary hepatocytes were successfully isolated from pig 

liver. After recovering, primary cells showed the typical cuboid shape of hepatocytes, and the 

immunofluorescence stain revealed albumin production as a specific hepatic biomarker. Monolayer and 

sandwich cultures of primary pig hepatocytes (PPH) were maintained for four weeks. During this time, 

cells showed a significant change in morphology, shifting from the polygonal to the spindle shape, 

reflecting a phenotype mutation, before reaching senescence. 
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Spheroids of PPH were generated as a valuable 3D model with the aim to resemble the in vivo liver 

environment more accurately than 2D in vitro systems. After the first week of culture, spheroids 

gradually reached a homogeneous round shape, increasing their compactness.  

Monolayer, sandwich, and spheroids of isolated PPH were prepared to test drugs’ cytotoxicity. At acute 

drug administration, among all the compounds, nefazodone and amiodarone showed the highest toxicity 

(lowest LD50s) in all the systems tested. Acetaminophen and diclofenac showed medium-high toxicity, 

proportionally increasing with the concentration, while fialuridine and simvastatin did not induce cell 

death.  

Conversely, the results showed that repeated exposure to the drugs increased their toxicity and caused 

cell death even for drugs that did not show any acute lethality, such as fialuridine and simvastatin, in 

concordance with previous studies demonstrating their toxicity only in chronic regimens. 

In general, our toxicity evaluation performed on PPH showed that all drugs induced the same effects in 

the three experimental systems when added one time, while repeated applications of diclofenac, 

acetaminophen, fialuridine, and simvastatin over two weeks induced a higher cell mortality in 3D 

spheroids, indicating the higher sensitivity of 3D systems to these drugs. By contrast, amiodarone, 

nefazodone, and troglitazone exerted a very similar lethality on both sandwich and spheroids cultures 

of PPH in the long-term exposure.  

Ultimately, our prediction model of toxicity in PPH has proved to be accurate, as it successfully 

replicated short- and long-term effects of different drugs similarly to outcomes found in preclinical trials. 

 

5. In vitro hepatotoxicity comparison across human and animal species  

 
In this section of the study, we present a comparative analysis of the drugs’ cytotoxic effect observed 

across the three species tested: human, represented by the HepaRG cell line, and primary hepatocytes 

from pig and rat species. Our aim is to determine which cell line best represents the human liver 

environment in vitro and which culture system is the most reliable for predicting human hepatotoxicity.  

Comparing how drugs affected the viability of hepatocytes of each species was crucial to remark on 

species-specific differences in toxicity outcomes. 

 

5a. Comparison of drugs’ hepatotoxicity across species at 48h of exposure  

 
In this part of the study, we started by comparing the toxicity of the selected drugs at 48h after the single 

administration. The graphs in Fig. 24 report the drugs’ effect on cell viability of human (HepaRG, green), 
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pig (PPH, red), and rat hepatocytes (RPH, blue) cultured both in 2D sandwich (bold lines) and 3D 

spheroids (dashed lines) after two days of treatment.   
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Figure 24. Drugs’ effect on cell viability at 48h compared across species: HepaRG (human hepatocytes; green), PPH (pig 

primary hepatocytes; red), RPH (rat primary hepatocytes; blue). For each cell line, both sandwich cultures (SW, bold lines) and 

spheroids (3D, dashed lines) are shown. SW= sandwich cultures; 3D= spheroids. Drugs abbreviations: DCF= Diclofenac; 

ACP= Acetaminophen; TRG= Troglitazone; FLD= Fialuridine; AMI= Amiodarone; NFZ= Nefazodone; SIM= Simvastatin. X-

axis: drug concentrations, µM. Y-axes: Cell viability is expressed as a percentage of control cells (cells treated with DMSO 

only). Data are presented as mean ± SEM of three independent experiments. Plots were generated using non-linear regression 

analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). Comparison 

between systems was made using two-way ANOVA followed by Tukey’s multiple comparison test (GraphPad Prism 8.3.0; 

GraphPad Software, San Diego, CA). p<0.05 was considered statistically significant. 

 

 

 HepaRG SW            PPH SW RPH SW 

   LC0 LC50 LC0 LC50 LC0 LC50 

DCF <15.7 463.0 59 >500 126 328.7 

ACP 125 >4000 208 >4000 202.8 >4000 

TRG 9.6 56.9 29 74.1 13.6 51.8 

FLD >60 >60 1.8 >60 >60 >60 

AMI 20.7 33.9 20.4 32.9 14.9 32.4 

NFZ 17.3 29.1 17 46.9 11.9 47.8 

SIM >0.66 >0.66 0.03 >0.66 >0.66 >0.66 

                                                                                                                                                                 A 

 

 

 

 

 

 

                                                                                                                                                       B 

Table 4. Drugs LC0 and LC50 comparison between species after 48h of drug exposure. LC0 and LC50 values found in sandwich 

cultures (SW) of HepaRG (green), PPH (red), and RPH (blue) are shown in Table A; LC0 and LC50 found in 3D spheroids (3D) 

are shown in Table B. LC50 values were calculated using non-linear regression analysis of dose-response curves (Fig.24) with 

a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). 

 

 HepaRG 3D            PPH 3D RPH 3D 

   LC0 LC50 LC0 LC50 LC0 LC50 

DCF 8.3 151.9 57 200.7 20.7 232.5 

ACP 191 3779 247 >4000 213 1481 

TRG 6.9 47.1 6.2 280.2 6.6 21.0 

FLD <0.95 >60 >30 >60 6.7 30.5 

AMI 9 16.6 5.5 11.1 8 16.7 

NFZ 5.6 25.7 17 13.9 17 22.4 

   SIM 0.014 >0.66 0.01 >0.33 0.02 >0.33 
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As shown in Fig. 24A, the acute effect of diclofenac on cells’ viability was different in our tested species. 

Rat hepatocytes were the most susceptible to diclofenac’s toxicity among the three species cultured in 

sandwich configuration (Fig. 24A, bold lines), with the lowest LC50 of 328.7 µM (Table 4A). More 

precisely, although the drug seemed to not affect viability of any species at low concentrations (up to 

125 µM), at concentrations of diclofenac higher than 250 µM the gap between RPH and the other two 

species is significant (p<0.001), while at the concentration of diclofenac equal to 500 µM the drug effect 

between RPH and HepaRG is similar, and yet still marked in comparison to PPH cultures (p<0.01). 

By contrast, when diclofenac was administered to spheroids cultures, human HepaRG resulted in the 

most sensitive species, as clearly visible from the dose-response curve showing a decrease of viability 

significantly deeper than that of rat and pig hepatocytes (Fig. 24A, dashed lines). Both LC0 and LC50 of 

3D spheroids were lower in HepaRG than PPH and RPH. Particularly, LC50 of diclofenac reported for 

HepaRG was 151.9 µM (Table 4B), while that of PPH and RPH were 200.7 µM and 232.5 µM 

respectively (Table 4B).  

Remarkably, for each species considered, spheroids were more sensitive to diclofenac than the 

respective sandwich cultures, as shown by the curves (Fig. 24A) and by the LC50 values. Overall, these 

results demonstrate the superior sensibility of 3D systems to toxicity compared to 2D systems and 

highlight how the choice of the culture system can influence the outcome and completely change the 

toxicity interpretation.  

Besides idiosyncratic reactions due to diclofenac acyl glucuronide, the diclofenac’s metabolites 

responsible for rare but fatal acute hepatitis are mainly recognized in reactive benzo-quinone imines, 

formed by diclofenac oxidation in the liver, able to generate proteins adducts (Tang W, 2003). Both in 

rats and humans, these reactive metabolites were identified by previous studies. In humans, this 

oxidation is performed by CYP3A4 and CYP2C9; in rats, by CYP2C, 3A, and 2B subfamilies (Ponsoda 

X et al., 1995; Tang W et al., 1999; Kumar S et al., 2002; Boelsterli UA, 2003). Differences in such CYP 

subfamily expression between human and rat species may explain the different toxicity shown by the 

drug in our in vitro models (Hammer H et al., 2021). 

In pigs, diclofenac’s metabolism has not been studied in detail, but it is believed to be similar to that of 

humans, as CYPs’ expression in pigs is similar to humans. However, a study reported a lower CYP2C9 

activity in pigs than in humans (Thorn HA et al., 2011). Another study conducted in parallel in liver 

human and pig microsomes showed the reduced diclofenac’s metabolism by CYP2C9 in pigs (Thörn 

HA et al., 2011). This could account for the reduced formation of metabolites and, therefore, the lower 

toxicity observed in pigs compared to humans.  

Acute toxicity of diclofenac is very rarely reported and appears to be idiosyncratic (Aithal GP, 2004); 

therefore, it is very challenging to compare our data on acute hepatotoxicity to clinical data, as 

idiosyncrasy is an unpredictable immune-mediated reaction, not related to the dose (Uetrecht J, 2019; 

Roth AD and Lee MY, 2017). 
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Comparing the acute effect of acetaminophen within the three species, rat hepatocytes were the most 

susceptible to the drug, followed by HepaRG and pig hepatocytes, in both sandwich and spheroids 

cultures (Fig. 24B). Also, the different sensitivity to acetaminophen between species was much more 

evident in spheroids (Fig. 24B, dashed lines). Indeed, the discrepancy between rat hepatocytes’ viability 

and that of the other two species cultured in spheroids was significantly visible at acetaminophen’s 

concentration of 2000 µM (p<0.01). Additionally, the LC50 found for HepaRG was 3779 µM, and that 

of PPH spheroids was >4000 µM, whereas that of RPH spheroids was 1481 µM (Table 4B). This result 

suggests that rat hepatocytes are more susceptible to acetaminophen’s acute toxicity than pig and human 

species.  

Although acetaminophen metabolism follows essentially the same pathways in humans, rats, and pigs, 

there are some differences in the proportions of the metabolites produced among these species. In 

humans, at high doses, approximately 60% of acetaminophen is metabolized by glucuronidation, about 

35% by sulfation, and only 5% is oxidized by CYP2E1 into NAPQI, a toxic metabolite, which is further 

detoxified by GSH binding. At overdoses, GSH depletion leads to NAPQI accumulation, which triggers 

hepatic damage (Mazaleuskaya LL et al., 2015). Similarly to humans, when acetaminophen is 

overdosed, it causes hepatocyte necrosis in rat liver via the production of toxic metabolites (Kučera O 

et al., 2016). The principal metabolites identified in rats are the same as those found in humans (Nelson 

SD, 1990; Kučera O et al., 2016). Among all, NAPQI production, along with the depletion of GSH found 

in rat models, are responsible for the initiation of hepatocyte damage and suggest the same mechanism 

of toxicity as that observed in humans (Nelson SD, 1990; Kučera O et al., 2016).  

According to our findings, rat hepatocytes were more sensitive to acetaminophen than human HepaRG 

in 3D systems. Similarly, several studies have demonstrated that human hepatocytes are more resistant 

to acetaminophen’s toxicity than rat hepatocytes (Mitry RR et al., 2005; Jemnitz K et al., 2008). This 

may be related to the different expression of CYP2E1, the enzyme responsible for NAPQI formation. 

Previous studies reported that rat hepatocytes express higher levels of CYP2E1 and lower capacity for 

sulfation and glucuronidation than humans (Hammer H et al., 2021). Therefore, rats express a higher 

conversion rate of acetaminophen into the toxic metabolite NAPQI and a minor capacity of 

acetaminophen’s detoxification.  

In our study, pig primary hepatocytes were the least susceptible species to acetaminophen’s acute 

toxicity. The viability of both sandwich and spheroids cultures of PPH was not affected by the drug, as 

shown by the dose-response curves (Fig. 24A, red). A recent study reported important differences in 

acetaminophen’s metabolism between human and pig species that could explain our findings. The study 

showed that sulfation and oxidation are only minor routes of acetaminophen’s biotransformation in pigs 

compared to humans, while glucuronidation represents the major route (Dargue R et al., 2020a; Capel I 

D et al., 1972). Consequently, NAPQI is only minimally produced in pigs. This could explain the low 

hepatotoxicity observed in this species. The study attributed these differences to different expressions 
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of key metabolic enzymes in the liver between pigs and humans. The study also identified another toxic 

metabolite, PAP-G, which is formed by deacetylation and glucuronidation of acetaminophen. This toxic 

product seems to be responsible for methemoglobinemia and nephrotoxicity in pigs exposed to 

acetaminophen. However, it seems not to be related to hepatotoxicity (Dargue R et al., 2020b). These 

findings are consistent with our results, which indicate no acute hepatotoxicity induced by 

acetaminophen in pigs’ hepatocytes. This implies that pig hepatocyte cultures represent a poor 

translational model to evaluate acetaminophen’s hepatotoxicity in humans. 

Acute hepatotoxicity of acetaminophen is strictly dose-related. In humans, acetaminophen overdose 

with consequent liver injury occurs when doses over 7.5 g per day are administered in adults (Ye H et 

al., 2018). A blood concentration of acetaminophen superior to 150 µg/mL within four h after assumption 

is considered toxic (Agrawal S and Khazaeni B, 2024; McGill MR and Jaeschke H, 2018; Radke JB et 

al., 2018; Levine M et al., 2018). This blood concentration corresponds to the concentration of 1000 µM 

approximately. Remarkably, in our acetaminophen’s dose-viability curves (Fig. 24B), cells’ viability 

started to decrease at acetaminophen’s concentration of 1000 µM in both HepaRG and rat cultures, 

showing that hepatotoxicity started to occur at the same toxic concentration found in humans in vivo.  

The acute effect of the antidiabetic agent troglitazone on cell viability was consistent across HepaRG 

and RPH cultured in 2D sandwich mode (Fig. 24C, bold lines), as also indicated by the comparable 

values of LC0 and LC50 found for the two species (Table 4A), while troglitazone’s toxicity exerted on 

PPH sandwich cultures was lower (LC50= 74.1 µM, Table 4A). 

However, troglitazone caused different levels of cell death in the spheroids of the three species. Rat 

primary hepatocytes were the most sensitive to the drug, showing a sharp decline in cell viability even 

at low doses (Fig.24C, blue dashed line). Indeed, cell viability was already reduced by 50% at the 

concentration of 21 µM. On the other hand, when troglitazone was administered at 6.6 µM, viability 

was 100%. Such a narrow difference between LC50 and LC0 indicates a low therapeutic index for this 

drug, which, therefore, creates a high risk of hepatotoxicity in rat hepatocytes. HepaRG cells showed a 

less marked reduction of viability, as shown in Fig. 24C (green dashed line), with an LC50 of 47.1 µM 

(Table 4B). By contrast, the viability of pig hepatocyte spheroids was only slightly affected by 

troglitazone (Fig. 24C, dashed lines). Viability of pig and rat spheroids decreased proportionally with 

increasing drug concentrations up to 50 µM. However, at the highest troglitazone dose (100 µM), 

viability seems to increase slightly in pig spheroid cultures (Fig. 24C, red dashed lines). 

The molecular mechanism of troglitazone’s hepatotoxicity has been extensively studied (Kassahun K et 

al., 2001; Smith MT, 2003; Masubuchi Y, 2006; Vaibhav A, 2011). Both metabolic and non-metabolic 

factors are responsible for troglitazone’s toxicity (Masubuchi Y, 2006). In humans, troglitazone is 

detoxified into its sulfate conjugate and, in a minor percentage, by glucuronide conjugation. A third 

metabolic route, mediated by CYP3A4 and CYP2C8, oxidates troglitazone into a quinone-metabolite, 
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passing through the formation of a highly reactive intermediate, a quinone-methide, able to covalently 

bind cellular proteins and macromolecules, such as DNA, causing cellular damage (Vaibhav A, 2011). 

In addition, three other reactive intermediates were identified as a result of CYP3A4-mediated oxidation 

of the chroman ring of troglitazone (Smith MT, 2003).  

Besides troglitazone’s reactive metabolites, other mechanisms seem to be responsible for the drug 

toxicity in the liver. In fact, troglitazone as the parent compound was found to induce mitochondria 

impairment and apoptosis in several cell types, including human and rat hepatocytes (Yamamoto Y et 

al., 2001; Bae M et al., 2003).  

Similarly to the human species, in rats, about 60% of troglitazone is metabolized by sulfation, whereas 

only a small percentage undergoes conjugation and oxidation (Kawai K. et al., 1997). Although rats and 

humans share the same metabolic pathways of troglitazone, some differences in the gene expression 

patterns of metabolic enzymes were identified. In a comparative study, it was reported that in human 

hepatocytes exposed for 24h to troglitazone, the drug significantly induced CYP3A4, CYP2C, and other 

CYP subfamilies, enhancing the production of troglitazone toxic metabolites deriving from the 

compound oxidation catalyzed by these enzymes.  Conversely, the same upregulation did not occur in 

rats, suggesting that in this species, the drug has a reduced toxic metabolism (Lauer B et al., 2009). 

These findings confirm the higher sensitivity of human than rat hepatocytes to troglitazone-induced 

cytotoxicity that we observed in our 3D cultures.  

Overall, PPH were the most resistant cells to troglitazone’s toxic effects in both 2D and 3D cultures. 

Concordantly, in previous studies, PPH shows higher resistance than human primary hepatocytes to 

troglitazone. Some differences in the metabolic pathways of the drug were found between the two 

species. In fact, while in humans, the sulfate and quinone are the main metabolites produced and the 

glucuronide is the least, in pigs, the glucuronide form is the highest expressed (Kostrubsky V.E. et al., 

2000). Troglitazone’s glucuronidation is believed to be the main detoxification pathway of this drug 

(Hewitt NJ et al., 2002). Therefore, this would explain the lower susceptibility of pig hepatocytes to 

troglitazone’s toxicity, which was found in our assessment. 

In general, troglitazone’s acute cases of liver injuries are idiosyncratic; therefore, they are not considered 

predictable as they are not related to the drug’s dose, and they are very rare events (Jaeschke H, 2007). 

Therefore, predicting the acute drug’s effects through in vitro models is very challenging. 

The acute exposure to the drug fialuridine in sandwich cultures did not cause cell mortality in any of the 

three hepatocyte species. As it is visible from the graphs, cell viability remained around 100% for any 

fialuridine concentration added (Fig 24D, bold lines). However, in 3D spheroids, fialuridine 

significantly reduced the cell viability of RPH only at the highest concentration (p<0.01) while 

continuing to not affect the viability of PPH and HepaRG (Fig 14d, dashed lines). Overall, our results 

showed that the drug had a comparable impact on human and rat cells but no effect on pig cells, which 
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were completely resistant to the drug. In any case, however, 50% of cell mortality was never reached, 

even at fialuridine’s highest doses. Concordantly with our acute hepatotoxicity results of fialuridine, it 

is amply described in literature that fialuridine does not exert any hepatotoxicity at acute administration, 

whereas its repeated application over time was demonstrated to induce accumulation of toxic 

metabolites which could interfere with mitochondrial DNA synthesis and function, leading to oxidative 

stress and apoptosis (Bell CC et al., 2016; Bell CC et al., 2018; McKenzie R et al., 1995; Hendriks DFG 

et al., 2019). Therefore, as expected, we did not observe an important toxic effect of the drug at 48h of 

treatment. 

Analogously, simvastatin did not significantly affect the viability of any of the three species investigated 

in any system considered. As shown in Fig. 24G, viability stayed around 100% for every culture type 

and species. Only HepaRG and RPH spheroids cultures were slightly affected, but only at simvastatin 

0.66 µM, the highest concentration tested, corresponding to 32 times Cmax. This result was expected, 

as simvastatin was never reported, to our knowledge, to cause acute hepatotoxicity after a single 

administration (Averbukh LD et al., 2022). Indeed, the present assessment showed no acute 

hepatotoxicity reported in our human and animal models.  

Unlike fialuridine and simvastatin, which showed no acute hepatotoxic effects, amiodarone and 

nefazodone had a consistent and severe impact on liver cells across human, pig, and rat models. The 

hepatotoxic effects of these two drugs are well documented (Wu IJ and Tsai JH. & Ho, 2021; Ruch RJ 

et al., 1991; Spaniol M et al., 2001; Choi S, 2003; Dykens JA et al., 2008; Stratton A et al., 2015; 

Kostrubsky SE et al., 2006; Voican CS et al., 2014; Silva AM et al., 2016; Mueller SO et al., 2015). Our 

results corroborated the high toxicity reported in previous studies mentioned above. Both compounds 

significantly reduced cell viability after a single dose, regardless of the species, as indicated by the dose-

viability curves (Fig 24E, F). LC50 and LC0 values were very similar across human, pig, and rat 

hepatocytes in both sandwich and spheroids (Table 4).  

Although amiodarone is mainly associated with chronic liver injuries, several cases of fatal acute liver 

failure developed after a single bolus or intravenous administration of the drug have been described 

(Jaiswal P et al., 2018; Lwakatare JM et al., 1990; Kalantzis N et al., 1991; Akbal E et al., 2013). When 

amiodarone was given intravenously, blood concentration reached 1.5 mg/L, corresponding to 2.2 µM 

(Gregory SA et al., 2002). This value is slightly lower compared to our amiodarone’s LC0 found for the 

acute treatment of our spheroids’ cultures of human and animal species (9 µM in HepaRG; 5.5 µM in 

RPH; 8 µM in PPH, Tab. 4), indicating that in this case our model showed less accuracy in predicting 

amiodarone’s acute hepatotoxicity. 

Sandwich cultures of HepaRG showed higher sensitivity to nefazodone compared to the other species 

(LC50HepaRG=29.1µM; LC50PPH=46.9 µM LC50RPH=47.8 µM, Table 4). However, no significant 

differences were observed between species within the 3D cultures subjected to nefazodone, as shown 
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by the similar LC50 values of such systems (Tab. 4). To our knowledge, hepatotoxicity after a single dose 

of nefazodone was never reported. However, cases of fatal liver failure occurred after only four weeks 

of therapy (Tzimas G et al., 2003). However, in vitro studies showed that nefazodone produced acute 

toxic effects in hepatocytes in a concentration between 8.98 µM and 38.4 µM (Dykens JA et al., 2008). 

Comparable nefazodone’s LC50 values were found in this in vitro assessment (Tab. 4). 

In general, 3D cultures were slightly more sensitive than 2D sandwich to the drugs’ acute effects, as the 

LC50 values for spheroids were lower than those of sandwich (Table 4). Thus, the species’ type did not 

affect the detection of amiodarone’s and nefazodone’s toxicity, whereas the choice of a three-

dimensional system over a two-dimensional one was more important, as it showed more sensitivity to 

the drugs’ insults. 

In general, 3D spheroids demonstrated to be more sensitive to drugs’ acute toxicity across the three 

species investigated, although in some cases, this difference was not as marked (e.g., simvastatin and 

amiodarone). Overall, the human cell line HepaRG resulted more susceptible to diclofenac, troglitazone, 

and fialuridine than PPH and RPH, as demonstrated by the dose-viability curves and their reduced LC50 

values, compared to those of animal species. Conversely, rat hepatocytes were the most sensitive to the 

acute mortality induced by acetaminophen.  

As expected, the compounds troglitazone, amiodarone, and nefazodone showed the highest lethality in 

the acute treatment, in concordance with what is reported in previous clinical cases, therefore 

demonstrating the overall reliability of our model in the acute toxicity prediction. 

These assessments reveal how different species react differently to drugs, even in acute regimens. In 

fact, only a few drugs, such as amiodarone and nefazodone, showed similar toxic effects in our animal 

and human models, while the other drugs exerted species-specific effects. Thus, we can infer that human 

cells are more suitable for acute toxicity prediction than animal cells, which are only reliable in some 

cases. 

 

5b. Comparison of drugs’ hepatotoxicity across species at 14 days of exposure 

 

 
To complete the analysis of hepatotoxicity evaluation in our in vitro systems, we compared the effects 

of repeated treatments of drugs over 14 days between species. 

In each of the graphs below, it is reported the effect of increasing drug’s concentration on the viability 

of human hepatocytes HepaRG, pig primary hepatocytes (PPH), and rat primary hepatocytes (RPH) in 

sandwich and 3D cultures (Fig.25). 
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Figure 25. Drugs effect on cell viability at 14 days compared between species: HepaRG (human hepatocytes; green), PPH (pig 

primary hepatocytes; red), RPH (rat primary hepatocytes; blue). SW= sandwich cultures; 3D= spheroids. Drugs abbreviations: 

DCF= Diclofenac; ACP= Acetaminophen; TRG= Troglitazone; FLD= Fialuridine; AMI= Amiodarone; NFZ= Nefazodone; 

SIM= Simvastatin. X-axis: drug concentrations, µM. Y-axes: Cell viability is expressed as a percentage of control cells (cells 

treated with DMSO only). Data are presented as mean ± SEM of three independent experiments. Plots were generated using 

non-linear regression analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, 

CA). Comparison between systems was made using two-way ANOVA followed by Tukey’s multiple comparison test 

(GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). p<0.05 was considered statistically significant. 

 

 

 HepaRG SW            PPH SW RPH SW 

   LC0 LC50 LC0 LC50 LC0 LC50 

DCF <15.7 62.0 55.6 301.1 31.3 293.3 

ACP <125 442.1 602.6 1945 <125 1734 

TRG <6.3 11.9 23.2 52.4 <6.2 17.6 

FLD <1.87 4.6 1.8 54.9 <1.9 >60 

AMI <9.37 <9.37 <9.4 <9.4 <9.4 <9.4 

NFZ <6.3 <6.3 <6.3 14.7 <6.2 22.4 

SIM <0.02 >0.66 0.03 >0.66 <0.02 0.03 

                                                                                                                                    A 

 

 HepaRG 3D            PPH 3D 

   LC0 LC50 LC0 LC50 

DCF <7.8 20.1 <15.6 13.7 

ACP 80.5 153.8 <125 535.4 

TRG <3.1 6.4 28.8 72.1 

FLD 0.9 3.2 6.5 11.6 

AMI 4.8 6.9 <9.4 <9.4 

NFZ 3.1 5.9 10.1 17.8 

SIM 0.08 0.24 0.02 0.15 

                                                                                                                       B 

Table 5. LC50 and LC0 values comparison between species (HepaRG, PPH, and RPH) was obtained in the 14-days 

hepatotoxicity assessment. Table A refers to sandwich cultures, while Table B refers to 3D spheroids cultures. PPH= pig primary 

hepatocytes; RPH= rat primary hepatocytes; SW= sandwich cultures; 3D= three-dimensional cultures. 



139 

 

Analyzing the drugs’ effects in sandwich cultures, overall, HepaRG showed higher susceptibility than 

rat and pig species. Specifically, the doses of 125 µM and 250 µM of diclofenac induced a significantly 

higher cytotoxicity in HepaRG compared to PPH (p<0.01) and RPH (p<0.001). Also, a significant 

difference in cells’ viability was observed at the dose of 1000 µM of acetaminophen and 25 µM of 

troglitazone between HepaRG and PPH (p<0.001 and p<0.01, respectively), whereas in rat hepatocytes, 

the effect of these drugs was comparable to that of HepaRG. Importantly, the drug nefazodone induced 

significantly higher cell mortality in HepaRG than in both animal species, particularly visible at the drug 

concentration of 12.5 µM (p<0.01). 

It is worth noting that in our 14 days’ assessment, the drug fialuridine exerted a remarkably higher 

cytotoxicity in HepaRG than in pig and rat species. This high discrepancy between human and animal 

hepatocytes was particularly consistent at the drug’s concentrations of 60 µM (p<0.1 for PPH and 

p<0.001 for RPH), 30 µM (p<0.1 for PPH and p< 0.01 for RPH) and 15 µM (p<0.1 for both PPH and 

RPH). This is a remarkable result highlighting that the drug exerts much stronger cytotoxic effects in 

human than animal hepatocytes. As mentioned previously in this study, fialuridine was discontinued due 

to fatal liver toxicity issues that occurred in clinical phase II after multiple doses of the drug were 

administered over about two months. Unfortunately, such severe adverse effects were not observed 

previously in animal models during preclinical trials, making the drug advance to clinical studies in 

humans. Our in vitro model for toxicity prediction, already at 14 days, was able to assess that 

fialuridine’s hepatotoxic effect was remarkably higher in human HepaRG than in rat and pig 

hepatocytes, reproducing the real toxic effect of the drug faithfully. Additionally, this study showed that 

fialuridine’s hepatotoxicity was not elicited after the single administration of the drug (see section 5a, 

“Results and Discussion”) but only after repeated doses. This demonstrates the robustness of this in vitro 

model for toxicity prediction, which was able to discriminate between acute and chronic toxicity as well 

as different cytotoxic effects across species. 

In general, within each species, 3D spheroids (Fig. 25, dashed and solid lines) showed higher 

vulnerability to drugs than sandwich cultures, confirming the superior accuracy of three-dimensional 

systems in hepatotoxicity detection over the bidimensional ones. This effect was particularly evident for 

simvastatin (Fig. 25G). Here, in fact, the two weeks’ treatment of the drug did not affect sandwich 

cultures, which maintained cell viability at 100% (Fig. 25G, solid lines), whereas induced high mortality 

in HepaRG and PPH spheroids (Fig. 25G, dashed lines). The high disparity between the two systems 

could be explained by the different metabolizing capacities that they express. In fact, spheroids, 

expressing a metabolic activity more closely to that of in vivo hepatocytes, would produce toxic 

metabolites more efficiently than sandwich cultures. Although simvastatin-induced hepatotoxicity is 

rarely reported (Björnsson ES, 2016), it is believed that statins trigger hepatocytes’ damage through 

ROS production. Within the entire class of statins, simvastatin is the one responsible for the higher 

production of these reactive species (Karahalil B et al., 2017; Abdoli N et al., 2014).   
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Among the three species tested, HepaRG spheroids exhibited the highest sensitivity to drug toxicity, as 

indicated by their highest cell mortality shown in Fig. 25 (green dashed lines). This effect was 

particularly marked for troglitazone, fialuridine, and nefazodone and less marked for diclofenac, 

acetaminophen, simvastatin, and amiodarone. Indeed, cell death was significantly higher in HepaRG 

than PPH at the doses of 25 µM and 12.5 µM of troglitazone (p<0.01), 3.75 µM of fialuridine (p<0.01), 

and at the doses of 12.5 µM (p<0.0001) and 6.3 µM of nefazodone (p<0.0001). The superior sensitivity 

of HepaRG spheroids is further supported by the lower LC50 values compared to those of animal 

hepatocytes (Table 5B). 

These findings remark on the reliability of three-dimensional systems of HepaRG in our in vitro 

methodology for the detection of hepatotoxicity, particularly in long-term assessments. The higher 

sensitivity of HepaRG spheroids suggests that they represent a suitable model to accurately detect 

hepatotoxic effects over extended periods, similar to what was observed in the acute assessment. 

As expected, comparing drugs’ effects observed at 48h and 14 days, it is clearly visible that cell mortality 

was constantly higher in the long-term assessments than in the acute ones within each species considered 

(Fig. 24 and in Fig. 25). This result is further supported by the LC50 values (Fig. 26A and 26B).  

Also, compounds characterized by proven high hepatotoxicity, like amiodarone and nefazodone, 

showed a more marked toxic effect in the long-term assessment compared to the short-term assessment, 

and no significant different outcomes were observed between species.  

Conversely, compounds such as fialuridine and simvastatin exhibited markedly different outcomes 

when administered as single doses (48-hour assessment) compared to repeated doses (14 days 

assessment). It is worth noting that during the acute assessment, the single administration of fialuridine 

and simvastatin appeared to be completely harmless, as evidenced by the maintenance of cell viability 

around 100% in each cell line and system (Fig. 24D and 24G). However, upon multiple administrations 

of these drugs, a dose-dependent increase in cell mortality was observed, particularly pronounced in 

spheroid systems (Fig. 25D and 25G, dashed lines). This observation highlights the importance of 

considering prolonged exposure durations in toxicity assessments, as it more accurately reflects the 

potential effects of chronic drug exposure and assesses the reliability of the proposed in vitro procedure 

in the discrimination of short- and long-term drug hepatotoxicity evaluation. 

To summarize and provide a clearer understanding of the toxicity exerted by the drugs in each species, 

we compared the LC50 values of the drugs under both acute (Fig. 26A) and long-term exposure (Fig. 

26B), as illustrated in Figure 26.  
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Figure 26. Comparison of drugs’ LC50 values across human (green), pig (red) and rat (blue) species. The graphs refer to 

hepatocyte cultures treated for 48h (a) and 14 days (b) with the drugs diclofenac (DCF), acetaminophen (ACP), troglitazone 

(TRG), fialuridine (FLD), amiodarone (AMI), nefazodone (NFZ) and simvastatin (SIM). 

 

Based on the LC50 values of the 48-hour assessment shown in Fig. 26A and Table 5, differences between 

species are primarily observed for acetaminophen, troglitazone, and fialuridine. RPH demonstrated 

higher sensitivity to these drugs in the acute hepatotoxicity assessment. Additionally, PPH appears to be 

more resistant to the acute effects of troglitazone compared to human and rat hepatocytes. 

On the other hand, amiodarone and nefazodone demonstrated very low and similar LC50 values across 

all species, indicating very high cytotoxicity independent of the species considered. Furthermore, 

simvastatin exhibited similar LC50 values in short-term treatments (48 hours), comparable to their 

respective Cmax, suggesting no significant cytotoxicity for the compound. 

Remarkably, analyzing the LC50 values of the 14-days test, HepaRG cells exhibited overall the highest 

sensitivity to repeated drug exposure across species in both sandwich and spheroids cultures (Table 5 

and Fig. 26B).  

This observation underscores the robustness of HepaRG cells as a sensible in vitro model for detecting 

hepatotoxicity in humans. Although HepaRG cells showed similar sensitivity to drugs as rat hepatocytes 

in some instances, it is important to note that animal models may not always efficiently substitute human 

models for determining acute hepatotoxicity.  

Nonetheless, the higher sensitivity of HepaRG cells to repeated drug exposure highlights their utility in 

predicting the potential hepatotoxicity of drugs over extended periods.  

These findings contribute to our understanding of the comparative performance of different cell models 

in hepatotoxicity detection, aiding in the selection of appropriate models for drug safety evaluation in 

early-stage drug development. 
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6. In vitro strategy for identification of toxic metabolites 

 
As assessed in the previous sections of the present study, in vitro cell models demonstrated to be useful 

and accurate tools for determining compounds’ hepatotoxicity. However, this is not enough to explain 

the mechanism of drugs’ toxicity. In fact, in the hypothesis that hepatotoxicity is ascertained, it is 

important to assess if it is due to the parent drug or to its metabolites.   

Upon administration, only a few drugs are eliminated in their unmodified form; the majority of them 

undergo biotransformation before excretion in the liver, the principal organ where metabolism occurs, 

mainly operated by microsomal enzymes of the CYP450 family.  

Normally, this biotransformation is necessary to convert the parent drug into a (more) hydro-soluble 

form that can be easily eliminated. Sometimes, this conversion can activate the compound itself or 

generate toxic metabolites responsible for adverse effects. It turns out that, in many cases, the 

toxicological properties of drugs are due to hepatic metabolites. In general, there are three possible 

scenarios of toxicity occurring when a drug is administered: 

1. Both the parent drug and its metabolites are toxic 

2. The parent compound is toxic, but it is transformed into non-toxic metabolites (the desired 

outcome resulting from liver detoxification of xenobiotics) 

3. The parent drug is not toxic, but it is converted into toxic substances by liver metabolism. 

Therefore, to distinguish between the toxicity of parent drugs and that of their metabolites and fully 

elucidate the mechanism of DILI, an additional step is needed. Although this is not the main purpose of 

our study, we propose here an experimental approach that allows us to identify molecules responsible 

for hepatotoxicity. The strategy suggested here is based on the administration of drugs to two cell lines, 

HepaRG and HepG2, which express a different responsiveness to compounds.  

Although both HepaRG and HepG2 are human hepatocytes, they differ in several features. HepG2 is a 

human liver cancer cell line derived from hepatocellular carcinoma. HepG2 are immortalized and very 

easy to grow, so they are widely used as a liver in vitro model to study liver physiology, cancer, and liver 

metabolism disorders. However, they exhibit only a few of the key metabolizing enzymes of the liver 

(e.g., CYP450 superfamily) at low levels (Guo L et al., 2011; Seo JE et al., 2019; Chen S et al., 2021; 

Westerink WN and Schoonen WG; 2007a; Westerink WN and Schoonen WG; 2007b; Wilkening S et 

al., 2003). This represents a limit when drugs’ toxicity is studied, as many times, this toxicity is triggered 

by liver metabolites (Uetrecht J, 2008; Lammert C et al., 2010; Abboud G and Kaplowitz N, 2007).  

By contrast, the HepaRG is an immortalized hepatic cell line that retains the key features of primary 

hepatocytes such as morphology, expression of specific nuclear receptors, and most importantly, 

metabolic hepatic enzymes of the CYP450 superfamily, as well as phase II metabolic enzymes (e.g., 

UGT and SULT), at levels comparable to those expressed in primary hepatocytes (Guillouzo A et al., 

2007; Antherieu S et al., 2010; Yokoyama Y et al., 2018; Seo JE et al., 2019). Unlike primary 
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hepatocytes, which have a limited lifespan and variable characteristics depending on the donor, HepaRG 

is a stable hepatic cell line that retains the essential features of liver cells. Therefore, differentiated 

HepaRG cells are regarded as a valid alternative to primary hepatocytes, which have traditionally been 

the “gold standard” for in vitro liver models.  

Each of the three possible scenarios of toxicity previously mentioned was experimentally reproduced in 

this section, taking three commercial drugs as an example: nefazodone, astemizole, and acetaminophen. 

These drugs were selected to test whether adverse effects are related to the compound per se or to its 

metabolites. For the great majority of approved drugs, the entire metabolism is well known and 

described, although the effects related to each metabolite more often remain unknown.  

Nefazodone, a drug released in the market for depression treatment, was discontinued in 2003 due to 

fatal cases of DILI (Choi S, 2003; Edwards IR, 2003). Astemizole, a second-generation antihistaminic 

drug introduced in 1988 for allergy syndrome, was withdrawn in 1999 due to rare but potentially fatal 

cardiac effects (Gottlieb S, 1999; Charles O et al., 2019). To our knowledge, hepatotoxicity associated 

with astemizole has never been reported. Lastly, acetaminophen (also known as paracetamol), a widely 

used antipyretic drug, was chosen to validate its well-known hepatotoxicity induced at overdose, which 

results from its metabolism in the liver (Yan M et al., 2018).  

The compounds were tested in parallel in the same conditions in both HepaRG and HepG2. Six different 

concentrations of each drug were added, ranging from the human plasma peak at therapeutic dose 

(Cmax) to 32 times Cmax. After 48h of drug treatment, the percentage of viable cells was measured 

within the two cells’ populations to compare the cytotoxic effects. Dose-viability curves are reported in 

the figures below (Fig.1, 3, 4).  As shown in Fig. 1, the effect of astemizole in HepG2 and HepaRG cells 

was markedly different. 
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Figure 1. HepG2 and HepaRG viability % (y-axes) related to increasing concentrations of astemizole (x-axes), µM. Viability 

was expressed as a percentage of control (cells treated with 0.5% DMSO). Each value is reported in the plot as the average ± 

SEM of three or more values obtained in separate experiments. Plots were generated using non-linear regression analysis with 

a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). Comparison between cell lines’ 

viability was made using two-way ANOVA followed by Sidak’s multiple comparison test (GraphPad Prism 8.3.0; GraphPad 

Software, San Diego, CA). p<0.05 was considered statistically significant. 
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HepG2 cells showed a dose-dependent increase in toxicity with astemizole exposure (Fig. 1, black line). 

At 5 µM (4 times Cmax), cell death began to occur, and at 10 µM (8 times Cmax), all HepG2 cells were 

killed. In contrast, HepaRG cells remained almost unaffected by any concentration of astemizole tested 

(Fig. 1, green line). At astemizole’s concentrations of 5 µM and 10 µM the discrepancy in cells’ viability 

between HepaRG and HepG2 is significantly visible (p<0.0001). 

Astemizole undergoes extensive first-pass metabolism and represents an example of the typical 

detoxification operated by the liver. Astemizole’s metabolites are formed by multiple CYP450 enzymes, 

including CYP2D6 and CYP3A4, the latter metabolizing a minor percentage of the drug. CYP2D6 

catalyzes the formation of the main metabolite desmethylastemizole (DES-astemizole) and 

norastemizole (NOR-astemizole), while CYP3A4 catalyzes the formation of 6-hydroxyastemizole 

(6OH-astemizole) (Matsumoto S and Yamazoe Y, 2001; Matsumoto S et al., 2003).  

The different effects observed between the two cell lines could be explained by considering their 

different metabolic capability.  

While differentiated HepaRG expresses the high activity of both CYP3A4 and CYP2D6, the activity of 

these two enzymes was not, or barely detected in HepG2 (Seo J et al., 2019). Previous studies have 

demonstrated that HepaRG levels of the isoforms CYP3A4 and CYP2D6 are 19.1 and 1.82 times those 

of HepG2 cells, respectively (Gerets HH et al., 2012; Seo JE et al., 2019). Therefore, the results suggest 

that in HepaRG, astemizole was detoxified by its conversion into less toxic metabolites, while the same 

biotransformation could not occur in HepG2 due to a lack of CYP enzymes. Thus, the toxicological 

properties of the parent compound were exhibited. These findings indicate that astemizole is hepatotoxic 

as a compound per se while its metabolites are not and give a clear example of how potentially harmful 

xenobiotics are converted into safe products as a result of the liver’s detoxifying activity. 

However, in many cases, compound biotransformation in the liver generates metabolites characterized 

by high toxicity. This is the well-known case of paracetamol (also known as acetaminophen), the most 

used antipyretic drug in the world, whose metabolism is largely described and documented in scientific 

literature (Fig 2). 

 

Fig 2. Liver metabolic pathway of acetaminophen (paracetamol). Source: Baillie TA, 2020. 
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When acetaminophen reaches the liver through portal circulation, glucuronide, and sulfate conjugates 

are produced as its principal metabolites. Only a minor percentage of the drug is transformed by Phase 

I enzymes into a highly reactive intermediate, N-acetyl-p-benzoquinone imine (NAPQI). NAPQI is 

further neutralized into mercapturic acid, a non-toxic metabolite, by a conjugation reaction via the GSH-

S-transferase, a Phase II liver enzyme. However, when paracetamol is overdosed, the GSH-mediated 

detoxification pathway becomes saturated, and NAPQI accumulates inside the hepatocyte, causing cell 

damage, mostly related to the electrophilic nature of NAPQI that binds covalently proteins and causes 

suicide inhibition of enzymes. This process will lead to cell death and, in turn, to acute liver failure 

(Mingzhu Yan et al., 2018; Ramachandran A and Jaeschke H, 2017). 

In light of the widely known paracetamol-related toxicity, this drug was used as an example to elucidate 

the case where non-toxic parent compound is converted into toxic products by liver metabolism.  
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Fig. 3. HepG2 and HepaRG viability % (y-axes) related to increasing concentrations of paracetamol (acetaminophen) (x-axes), 

µM. Each value is reported in the plot as the average ± SEM of three or more values obtained in separate experiments. Plots 

were generated using non-linear regression analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad 

Software, San Diego, CA). Comparison between cell lines’ viability was made using two-way ANOVA followed by Sidak’s 

multiple comparison test (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). p<0.05 was considered statistically 

significant. 

 

When paracetamol (acetaminophen) was applied to HepG2, the effect on cell viability was only related 

to the compound per se, as this cell line does not express the needed enzyme for paracetamol’s 

metabolism. In fact, no toxicity is shown in HepG2 (Fig. 3, black line). In contrast, the increasing drug 

concentration was found to decrease viability within the HepaRG population due to this cell line 

capability to metabolize the parent drug (Fig. 3, green line). Indeed, at paracetamol concentrations higher 

than 2500 µM, the drug-induced a significantly higher mortality in HepaRG compared to HepG2 

(p<0.0001) (Fig. 3).  

The enzyme responsible for paracetamol’s oxidation into the toxic metabolite NAPQI is the isoform 

CYP2E1, poorly expressed by HepG2 and highly expressed by HepaRG (Chen S et al., 2021; Guo L et 
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al., 2010; Gullouzo A et al., 2007). Therefore, it can be easily deduced how toxicity induced by 

paracetamol is exhibited in HepaRG and not in HepG2 cells. These results are yet another confirmation 

of the effect linked to paracetamol’s toxic metabolites. 

Lastly, the effect induced by the drug nefazodone was examined as the third possible case of toxicity. 

When nefazodone was administered to HepaRG and HepG2, the cytotoxic effect was the same in both 

cell populations, meaning that the parent drug along with its metabolites (the latter produced in HepaRG) 

are toxic to the same extent (Fig. 4). In fact, cells’ viability decreases in HepG2 and HepaRG in a very 

similar manner with increasing concentrations of nefazodone (Fig.4). It can be inferred that in this case, 

liver metabolism does not detoxify the parent compound. 
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Fig 4. HepG2 (green line) and HepaRG (black line) viability % (y-axes) at 48h exposure to increasing concentrations of 

nefazodone (x-axes), µM. Each value is reported in the plot as the average ± SEM of three or more values obtained in separate 

experiments. Plots were generated using non-linear regression analysis with a sigmoidal dose-response model (GraphPad Prism 

8.3.0; GraphPad Software, San Diego, CA). Comparison between cell lines’ viability was made using two-way ANOVA 

followed by Sidak’s multiple comparison test (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). p<0.05 was 

considered statistically significant. 

 

The approach described here provides a valuable method to distinguish whether a biological event, like 

drug toxicity, could be related to the drug per se or to its metabolites. Although this could seem like an 

endpoint, in reality, it should be considered a starting point to deepen the mechanism of toxicity. In the 

case of nefazodone, for example, we assume that both the parent compound and nefazodone’s 

metabolites are toxic, but to understand which ones are responsible for toxicity, a further step is required 

to exhaustively elucidate the mechanism of toxicity. Thus, taking the drug nefazodone as a model, we 

decided to proceed by investigating the cytotoxicity of its principal metabolites.  

Nefazodone’s metabolism is very well documented. Previous studies reported that the drug is rapidly 

absorbed and metabolized. In total, at least nine metabolites were identified, and three of them represent 

the most abundant ones (Fig. 5, Rotzinger S and Baker GB, 2002). Nefazodone’s main metabolites are 

produced in the liver and derive from an initial hydroxylation of the compound into hydroxy-nefazodone 
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(NFZ-OH) catalyzed by CYP3A4 and the oxidation into the triazole-dione metabolite (NFZ-TD). The 

third principal metabolite is metaclorophenylpiperazine (m-CPP), which is formed by N-dealkylation of 

the parent drug (Schatzberg AF and Nemeroff CB, 2017; Davis R et al., 1997; Rotzinger S and Baker 

GB, 2002). All three metabolites are active, but while hydroxy-nefazodone and m-CPP maintain the 

same potency as that of the parent compound, the potency of NFZ-TD is reduced by 1/7 (Davis R et al., 

1997). A scheme of nefazodone's main metabolites is illustrated in Fig. 5. 

         

 

Fig.5. Principal metabolites of antidepressant nefazodone (NFZ). NFZ-OH: hydroxynefazodone; NFZ-TD: triazoledione-

nefazodone; m-cPP: meta-clorophenylpiperazine (Source: Rotzinger S and Baker GB, 2002). 

To the best of our knowledge, the toxicity of nefazodone’s metabolites has never been investigated in 

vitro. Hence, we decided to explore the effect of NFZ-OH and NFZ-TD because they represent 

nefazodone’s main metabolites with potential toxicity. We did not include m-CPP in our study as this 

molecule is considered a privileged scaffold largely employed in drug discovery, that is present in several 

drugs with different biological activities (Zhang RH et al., 2021).  

Metabolites NFZ-OH and NFZ-TD were tested, as well as the parent compound nefazodone in HepG2 

and HepaRG cells, to compare the effects on cells’ viability (Fig. 6). 
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 LC50 in HepG2 LC50 in HepaRG 

NFZ 19.9 µM 32.3 µM  

NFZ-TD 257.7 µM >200 µM 

NFZ-OH 32.3 µM 33.1 µM 

                                                                                                                                                                         C 

Figure 6. Dose-viability curves of HepG2 and HepaRG monolayer cultures treated 48h with the drug nefazodone (black line) 

and its metabolites NFZ-TD (triazoledione-nefazodone, green) and NFZ-OH (hydroxy-nefazodone, red). Cell viability is 

expressed as a percentage of control (cells treated with DMSO only). Data are presented as mean and 95% confidence interval. 

Data are presented as mean ± SEM of three or more independent experiments. LC50 values were calculated using non-linear 

regression analysis with a sigmoidal dose-response model (GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). 

Comparison between metabolites’ toxicities was done using two-way ANOVA followed by Tukey’s multiple comparison test 

(GraphPad Prism 8.3.0; GraphPad Software, San Diego, CA). p<0.05 was considered statistically significant. 

 

Interestingly, NFZ-TD did not affect HepG2 viability, while NFZ-OH drastically induced high cell 

mortality in HepG2 population, very similarly to the nefazodone parent compound (Fig. 6A). The three 

compounds tested in HepaRG gave similar results to those observed in HepG2, with nefazodone and its 

metabolite NFZ-OH being highly toxic whereas NFZ-TD, being non-toxic to the HepaRG cells (Fig. 

6B). Indeed, a significantly higher toxicity was observed between cells treated with NFZ or NFZ-OH, 
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and cells treated with NFZ-TD (p<0.0001). The LC50 values of the three compounds were comparable 

in both HepG2 and HepaRG (Fig 6C, table).  

It is worth noting that the HepaRG cell line expresses high metabolizing properties, particularly high 

levels of CYP3A4, the isoform required for hydroxylation of nefazodone into hydroxynefazodone (Von 

Moltke L et al., 1999; Rotzinger S, Baker GB, 2002). Therefore, the toxicity observed in the dose-

response curves (Fig. 6B) is caused by both compounds, nefazodone and NFZ-OH, the former being 

partly converted into the latter. On the other hand, NFZ-TD does not affect HepaRG’s viability and has 

a slightly better safety profile than in HepG2 cells, as shown by the dose-response curves (Fig.6A, 6B, 

green lines).  

We can conclude that nefazodone’s hepatotoxicity is caused by both the parent compound and the toxic 

metabolite NFZ-OH, whereas the NFZ-TD is demonstrated to be a safe metabolite. For the first time, 

the toxicity of the metabolite NFZ-OH was reported in vitro. Therefore, this approach enabled us to 

finally identify metabolites responsible for cytotoxicity.   

In summary, our findings show the reliability of this experimental method in discriminating toxicity 

induced by the parent drug from that induced by its metabolites. Although we used nefazodone as an 

example, this method could be useful for other drugs with similar challenges in metabolite analysis. In 

fact, for many compounds and approved drugs, toxicity of metabolites remains unknown. Our final goal 

will be to apply the approach described here to investigate compounds under development in order to 

prevent metabolic-related adverse events at later stages of drug discovery and optimize the go/no go 

decision, saving time and resources. 

 

 

 

 

 

 

 

 

 

 

 



150 

 

7. The use of a dynamic in vitro model based on the Hollow Fiber Bioreactor for an accurate 

prediction of chronic hepatotoxicity of drugs 

 

In the previous part of the project, we evaluated short- and long-term effects of drugs in in vitro systems 

such as monolayer, sandwich, and 3D spheroids. We showed that 3D systems were more sensitive to 

drugs’ toxic effects compared to bidimensional monolayer and sandwich cultures. However, all these 

systems, including spheroids, have two major limitations. The first is the fact that such systems cannot 

ensure stable cultures for more than 3-4 weeks. The second is that they are static systems, meaning that 

drug doses are added once at a time, and the concentration remains constant over the incubation time.  

The inability to maintain these cultures for extended periods limits their use for chronic toxicity studies, 

which is crucial for understanding the effects of multiple drug doses over a long time, like one month 

or more. Moreover, the static nature of these systems fails to replicate the dynamic pharmacokinetic 

processes observed in living organisms, where drug concentrations changes over time.  

Following administration, drug concentration increases in the blood, reaching a maximum defined as 

Cmax. The minimal time needed to reach Cmax is called Tmax. Then, the drug’s concentration 

decreases in plasma to a minimum value (Cmin), and then a second dose is added. The cycle repeats 

every time a new dose is administered (Fig.1).  

 

 

 
 

Figure 1. Typical pharmacokinetic profile of a drug administered orally. The main PK parameters are shown. Cmax=maximum 

plasma concentration. Tmax=minimum time to reach Cmax. T1/2= time required to reduce the plasma concentration of a drug by 

50%. Cmin=minimum plasma concentration at steady state. AUC=area under the curve after a single dose. Source: Cheung CY 

et al., 2008. 
 

The pharmacokinetic parameters are specific for each drug and characterize the drug properties in the 

human body, affecting intensity, duration, onset of pharmacological effects, and, ultimately, toxicity.  

A model that could efficiently predict the toxicity of drugs should mimic as much as possible the in vivo 

scenario following drug administration.  

Static in vitro systems cannot reproduce the PK/PD profile of a drug, therefore, more sophisticated in 

vitro models are needed to better replicate the complex and dynamic nature of human biology, 

potentially incorporating elements such as continuous media flow to simulate blood circulation. 
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The Hollow Fiber Bioreactor is a perfusion-based culture system where mammalian cells, grown in 3D, 

are subjected to a dynamic media flow resembling the in vivo-like environment. 

We hereby propose the use of the Hollow Fiber System (HFS) to accurately evaluate in vitro chronic 

hepatotoxicity of drugs. Its dynamic environment mimics the human body more closely than traditional 

static culture systems, potentially offering a more accurate assessment of chronic hepatotoxicity.  

By utilizing HFS in the early stages of drug discovery, researchers can identify compounds with toxic 

profiles earlier, allowing the selection of safer compounds, which ultimately could significantly reduce 

the attrition rate of drug candidates in subsequent animal and human trials.  

 

 

7a. The Hollow Fiber System technology 

 
 

The hollow fiber bioreactor was developed in the early 1970s by Knazek, who described for the first 

time an innovative in vitro approach for cell culture based on artificial capillaries in a perfusion circuit 

(Knazek RA et al., 1972). Later, these systems found application in research and commercial settings, 

including scale-up of cell-derived products like monoclonal antibodies, recombinant proteins, and 

viruses for vaccine manufacturing (Jyothilekshmi I and Jayaprakash NS, 2021 Merten OW et al., 2016; 

Chu L and Robinson DK, 2001; Hou Y et al., 2022).    

Recently, small-scale hollow fiber bioreactors have been used to create in vitro infection models, where 

antibiotic efficacy is tested against multi-drug resistant strains (Drusano GL, 2017). However, to the 

best of our knowledge, the HFS was never used to reproduce in vitro models for toxicity evaluation. 

A schematic representation of the Hollow Fiber System (HFS) is illustrated in Fig. 2. 

 

 



152 

 

 

 
Figure 2. Schematic representation of a basic Hollow Fiber System unit (HFS). The upper part of the image shows the fiber 

cartridge with its enlarged section on the right showing the intra-capillary space (ICS) and the cells cultured in the extra-

capillary space (ECS). Cells receive media pumped from the central reservoir (in green) into the cartridge.  Media is also 

pumped into the central reservoir from the diluent reservoir (in pink) and out into the waste reservoir (in grey). The drug is 

injected into the central circulation by a pumped-controlled syringe.  

 

 

A typical HFS is a dynamic multi-compartmental system used to grow cells in a controlled three-

dimensional environment. The HFS consists of a cartridge containing thousands of hollow fibers with a 

diameter ranging from 0.03 µm to 0.1 µm. Cells are inoculated in the extra capillary space (ECS) and 

receive media delivered from the fibers, which is pumped from the central reservoir. The presence of 

pores, with a molecular cut-off of 10 to 30 kDa, in the surface of each fiber allows the exchange of 

nutrients, drugs, and gases, like oxygen and CO2, between the media, flowing in the ICS and the cells, 

grown in the ECS. Media is continuously pumped through a system of tubes from the central reservoir 

into the cartridge and then back again into the central reservoir. This central circulation ensures the 

equality of composition between media in the central reservoir and media reaching the cells within the 

cartridge. Test compounds, like drugs, can be added through a direct injector connected to the central 

circulation at a selected and controlled rate. In order to reproduce a drug PK/PD profile, the drug 

concentration is finely set by regulating the volume in the central reservoir. Fresh media is pumped at a 

specific rate from the diluent reservoir into the central compartment, and media is also wasted from the 

central reservoir into the waste compartment. In this manner, by selecting the drug’s injection rate and 

the volume of media pumped in and out of the central reservoir, it is possible to reproduce the typical 

pharmacokinetic profile of multiple doses of a drug.  
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In addition, fibers serve as support for adherent cells for establishing 3D cultures resembling an in vivo-

like tissue. Here, the fibers act as blood capillaries, providing nutrients and oxygen. In this structure, 

cells maintain their natural morphology and cell-cell interactions, which are lost in conventional 2D 

cultures. These perfusion-based culture systems enable the continuous exchange of media, mimicking 

the dynamic nutrient and oxygen gradients found in vivo. As a result, the 3D culture generated in the 

HFS cells maintains their physiological functions closely to the in vivo environment and can be grown 

for a long time, allowing chronic toxicity testing. 

By the accurate simulation of the PK/PD drug profile, along with the possibility of recreating an in vivo-

like environment, the HFS represents an optimal tool to evaluate the toxic effects of drugs in human 

hepatocytes. The 3D architecture of hepatocytes cultured in the cartridge resembles the 

microenvironment of liver tissue and promotes the maintenance of liver-specific functions over extended 

culture periods, which is crucial for reliable drug safety evaluation. 

 

 

7b. Preliminary studies of compatibility of HepaRG cells and diclofenac in the HFS 

 

In order to proceed with the chronic hepatotoxicity evaluation of the selected drug using the HFS, it is 

necessary to perform preliminary studies to verify the compatibility between the fibers’ material and 

both HepaRG cells and the selected drug. To validate the ability of the HFS to reproduce chronic 

hepatotoxicity, we chose the drug diclofenac, as its adverse effects in the liver are widely known and 

well-described (Ponsoda X et al., 1995; Jung SH et al., 2020; Aithal GP, 2004; O'Connor N et al., 2003; 

Lim MS et al., 2006). 

The adequate compatibility between the fibers and the HepaRG cells is fundamental to allow cells’ 

adherence, to achieve the needed growth and thereby the formation of 3D in vivo-like structures.  

Preliminary studies involve the monitoring of cell proliferation rate, viability, and functionality, which 

must be maintained for the entire duration of the chronic tests. 

The growth dynamics of the HepaRG cell line in the cartridge will be assessed by analyzing samples 

taken at different time points from the HFS ports to ensure their maintenance in the system up to 14 

days of culture. HepaRG cells’ viability will be tested using the resazurin assay. 

The resazurin assay, also known as the trade name of Alamar blue™, is based on the reduction operated 

by living cells of the substrate resazurin into resofurin, a fluorescent and soluble product. Therefore, the 

evaluation of the amount of fluorescent and soluble resofurin gives an estimation of the number of living 

cells. The resazurin assay is not invasive as it does not require cell lysis. Previous studies showed the 

applicability of this assay for the real-time viability assessment of adherent mammalian cells cultured 

within the HFS. In this approach, samples of the culture medium are taken at multiple time points, and 

levels of resofurin in the medium are measured (Mueller D et al., 2012; Gloeckner H et al., 2001). In 
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the present project, resazurin will be used to evaluate the viability of HepaRG cultured in the HFS before 

and after exposure to the drug diclofenac for the evaluation of its chronic effects. 

The compatibility of cartridge materials with a specific drug is a critical factor in pharmacokinetic (PK) 

studies. This validation process ensures that the material does not interact with the drug, which could 

alter its stability, efficacy, or delivery profile. The drug selected for our chronic hepatotoxicity 

assessment is diclofenac, an anti-inflammatory agent developed in 1973 to treat various types of pain 

and inflammations (Menassé R et al., 1979; Brogden RN et al., 1980; Small RE, 1989). 

From the chemical point of view, diclofenac is a phenylacetic acid. Its constant acidity of 4 characterizes 

diclofenac as a weak acid. Its 13.4 partition coefficient indicates that the molecule is partially soluble in 

both aqueous and hydrophobic solvents. In addition, the possibility of generating the sodium salt from 

diclofenac’s molecule makes the drug highly water-soluble (Sallmann AR, 1986; Altman R et al., 2015). 

Diclofenac sodium salt was therefore selected for this study because of its compatibility with hydrophilic 

cell media. 

The compatibility of diclofenac with the cartridge will be tested by simulating the clinical PK profiles 

corresponding to the standard recommended dose of the drug (Table 1). The PK parameters of diclofenac 

mimicked in the HFS are available (Altman R et al., 2015) and indicated in Table 1. 

 

 

PK parameter Diclofenac 
Dose 25-100 mg (oral) 

Cmax 1.4-2.0 µg/mL (single dose of 50 mg; max dose allowed per day: 150 mg) 

Tmax 2.0-2.75 h 

T1/2 1.8 h 

Dosing frequency 50 mg 3 times per day 

% exposure to 2xLC50 (14 days) LC50= 331 µM in primary human hepatocytes (Bort R et al., 1999) 

 

Table 1. Pharmacokinetic parameters of the drug diclofenac (Altman R et al., 2015).  

 

 

Samples for drug quantification will be taken at different time points from the HFS ports. Aliquots will 

be stored at -80˚C until quantification is performed at UNIZAR Mass Spectrometry Service Capabilities 

at CEQMA (“Centro de Química y Materiales de Aragón”). 

This compatibility test is necessary to determine firstly that diclofenac is compatible with the fibers’ 

materials polyvinylidene fluoride (PVDF) and polysulfone (PS); second, that desired concentrations are 

achieved in the ECS (where cells actually reside) and third, to define the time needed for the drug to 

reach the equilibrium in ECS.  
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7c. PK/PD analysis of diclofenac for chronic toxicity evaluation in HepaRG cell line 

 

To characterize the PK/PD relationship of diclofenac, HepaRG cells will be grown in the ECS of the 

cartridge for one week, and the selected compound will be dosed daily for seven days, simulating three 

dosing schedules (low, medium, and high doses of diclofenac) and mimicking the corresponding PK 

profile. A growth control without any treatment will be included for a total of 14 days. 

For the PK analysis, samples will be taken from the HFS port for drug quantification. Specifically, five 

time-point samples will be taken during the first 24 hours. Additionally, time-point samples 

corresponding to diclofenac’s Cmax and Cmin will be taken on days 2, 4, and 7.   

A PD analysis will be performed to determine the toxic effect of the drug diclofenac in HepaRG cells. 

This will involve the measurement of cells’ viability after exposure to multiple doses of diclofenac for 

two weeks. For the PD analysis, samples of cells’ medium within the ECS will be taken on days 1, 7 

(pre-dose), 8 (post-dose), 10 and 14. Resazurin assay will be performed on the media samples to 

determine cells’ viability, which in turn will estimate the hepatotoxic effect of diclofenac on cells 

exposed to the drug in the long term. 

This technology holds great promise for improving the predictive accuracy of chronic toxicity of 

compounds that could be applied to discard toxic compounds in early drug discovery, thereby reducing 

failure of candidates in animal and human clinical studies. 

This part of the project has yet to be completed and constitutes the future work in continuation of the 

present research project. 
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8. In silico tools for drug toxicity prediction 

 
Two main challenges arise when a reliable method for toxicity prediction is developed. The first is 

related to the translatability from in vitro to the in vivo toxicity evaluation. In fact, one of the limits of 

in vitro models, such as the widely used monolayer cultures, is that they are far different from the 

functionality and morphology of a real tissue. On the other hand, although studies carried out on animal 

models will perfectly mimic in vivo conditions, they will not lead to reliable results due to the 

interspecies differences between humans and animals. 

Ideally, an in vitro model that could simulate the human in vivo environment would be the optimal 

solution. Many are the available 3D-like cell systems recently developed to simulate in vivo conditions 

used in drug discovery to investigate compounds’ toxicity. Some of them were used in this study for in 

vitro toxicity assessments and are already described in the appropriate sections.  

The second challenge in the development of a toxicity prediction model relies on the precise 

identification of the toxic molecule. In many cases, adverse effects are not related to the compound per 

se but to products of its metabolism (Baillie TA, 2007). This obviously represents a limit for the 

identification of metabolites responsible for toxicity because either metabolites are too many to be 

analyzed by in vitro tests or because, many times, they are unknown.  

In recent years, machine learning tools have contributed to ameliorating drug discovery. Particularly, 

algorithms predicting bioactivity and physical properties of compounds represent the most promising 

tools for decision-making in early drug discovery, allowing successful candidates to be selected for 

animal experimentation. 

 

8a. Metabolic modeling approach to predict compounds-proteins interactions 

within liver toxicity assessment. 

 
In the present study, a method based on machine learning tools was created for the preliminary prediction 

of compounds’ toxicity. 

As previously mentioned, a great percentage of adverse effects is owed to products of drug metabolism. 

The liver is the principal body site where the metabolic transformation of xenobiotics occurs. Although 

biotransformation serves primarily to detoxify xenobiotics and convert them into their respective 

excretable forms, in some cases, this conversion results in noxious products. Indeed, liver tissue is 

normally the first site where drug-induced toxicity takes place.  
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For a rational prediction of drugs’ toxic effects, we developed a method based on in silico tools to 

simulate the interaction between compounds and hepatic proteins with the aim of examining how 

compounds would affect liver pathways and eventually trigger any cell impairment. 

Firstly, liver-specific Phase I and II metabolic reactions were created using the RDKit tool, a 

cheminformatics software for 2D and 3D molecule representations. This module also allows molecular 

modifications by introducing specific functions.  

Secondly, the RDKit tool was again used to generate metabolites from Phase I and II reactions performed 

on a group of commercial drugs. Then, following criteria based on chemical rules, real compounds were 

selected among all the metabolites generated. The resulting “filtered” metabolites were used to simulate 

their interaction against a panel of 416 hepatic proteins comprised of both enzymes and transporters. 

A simplified scheme of the project workflow is shown in Fig.1. 

 

          

 

Figure 1. Development of the in silico method for compounds toxicity prediction: project workflow. 

 

Overall, 22 Phase I reactions and 9 Phase II reactions were created in RDKit. Phase I reactions initially 

performed on 29 commercial drugs generated in total about 2000 metabolites. However, as the system 

creates metabolites based only on molecular pattern matches defined in each reaction, many metabolites 

produced were theoretically possible but not necessarily real. Therefore, to select only real compounds, 

each metabolite was compared to the PubChem database and analyzed here, considering chemical 

criteria, such as atom valence, number and type of bonds, charge, etc. 

In this manner, all the invalid metabolites were discarded, and only metabolites that passed the “validity 

check” were kept to simulate the interaction against the hepatic proteins. All the simulations were 
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performed with KM Prediction, a software based on deep learning methods that accurately predicts the 

Michaelis-Menten constant values (Km) of enzyme-substrate couplings (Kroll A et al., 2020). 

Although in minimal percentage, drug’s adverse reactions can be triggered by parent drugs, so their 

effect cannot be neglected. Therefore, before simulating the interaction metabolites-proteins, we started 

by using parent drugs as substrates. The first simulation, executed with 29 parent drugs and 416 proteins 

(liver-specific enzymes and transporters), generated 13312 enzyme-substrate pairs, with Km ranging 

from 2 µM to 25 µM, that were listed from the lowest to the highest value of Km. The Michaelis-Menten 

constant, Km, is the parameter expressing the substrate affinity for an enzyme. The lower is the Km, the 

higher the affinity. To select overall the most representative interactions, we set 10 µM as the highest 

threshold for the Km, similar to the concentration’s threshold adopted when assessing target-compound 

bindings in early drug discovery (Hughes JP et al., 2010). 

At this stage of our study, filtering the interactions with a value of Km ≤ 10 µM allowed us to select a 

total of 1179 substrate-protein pairs, consistently reducing the amount of initial data. Within these 

interactions, 184 hepatic enzymes and transporters were involved, and they were all clustered according 

to their functional classes (Fig. 2). 

 

A B 

Figure 2.  Hepatic enzymes and transporters involved in high-affinity interactions with the substrates (Km ≤ 10 µM) were 

classified by functionality according to the COG, Clusters of Orthologous Groups (A). COG functional classification: class 

type and related protein functions. Significantly high percentages (≥ 7%) of proteins are marked * (B). 

 

Although the highest percentage of proteins (16%) that generated interactions resulted formed by 

unknown proteins (class “S”), other classes predominantly involved in the substrates binding were 

identified and characterized by function. Specifically, 10% of the total proteins belong to classes Q and 
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P, 9% to classes I and C, 8% to classes O and T, and 7% to class E. Therefore, relying on this prediction, 

the parent drugs tested here are more likely to affect lipid metabolism, ion transport, secondary 

metabolites biosynthesis and catabolism, signal transduction, amino acid, and energy metabolism.  

The initial analysis of data showed that, among all interactions generated, a reduced set of enzymes 

established high-affinity bindings with multiple drugs, with a Km ranging between 2-4 µM. The drugs 

involved in such interactions more often included nefazodone (NFZ), its metabolites NFZ-TD 

(nefazodone-triazoledione) and NFZ-T3 (nefazodone-triazole-3-one), troglitazone (TRG), trazodone 

(TRZ), astemizole (AST), amiodarone (AMI) and imipramine (IMI), out of the 29 compounds tested. 

According to our prediction results, this subset of compounds showed high affinity for GLYATL3 

(Glycine N-acyltransferase-like protein), DHB13 (17-beta-hydroxysteroid dehydrogenase 13), and 

ATP11C (P-type ATPase encoded by ATP11C gene).  

GLYATL3 is a mitochondrial enzyme catalyzing glycine-conjugation of xenobiotics before their 

excretion to bile and urine. Remarkably, a study showed that the expression of GLYATLs is suppressed 

in hepatocarcinoma cells but not in other liver disease models (Matsuo M et al., 2012). 

The enzyme DHB13 (17-beta-hydroxysteroid dehydrogenase 13) plays a central role in hepatic lipid 

metabolism. It catalyzes the oxidation of a variety of lipid substrates, including 17-beta-estradiol, retinol, 

retinal, and leukotriene B4. A genomic study conducted in 2018 in the US, involving 46544 participants, 

related genetic variants of DHB13 to patients’ serum levels of AST and ALT, two major biomarkers of 

liver injuries. They demonstrated that the loss-of-function of the gene encoding DHB13 enzyme reduced 

the risk of chronic hepatic diseases and the progression of steatosis to cirrhosis (Abul-Husn NS et al., 

2018). 

The ATP11C protein is a subunit of the ATP -dependent Flippase complex, a transporter essential to 

translocate phosphatidylserines and phosphatidylethanolamines across the plasma membrane. The 

mutated enzymes seem to be linked to impairment of bile flow in the familiar intrahepatic cholestatic 

disease (Segawa K et al., 2014) (Takatsu H et al., 2014).  

The organic anion transporter 1B3 (OATP-1B3) was predicted to interact with nefazodone with a Km 

of 5 µM. The inhibitory effect of this drug on the OATP-1B3 was described in a previous study (Karlgren 

M et al., 2012). OATP transporters are a family of polypeptides expressed in the basolateral membrane 

of the hepatocytes, fundamental for xenobiotics’ and bile acids’ uptake in the liver. OATPs inhibition 

was demonstrated to be associated with hyperbilirubinemia and to affect xenobiotics’ biodistribution 

through the portal system, thus causing specific drug-drug interactions (Smith NF et al., 2005; 

Kotsampasakou E et al., 2017).  

As expected, many compounds investigated were found to interact with liver metabolizing enzymes of 

the CYP450 family (isoforms: 3A4, 2C8, 4F2, 2A6, 2D6, 4A22, and 4A11) and the Sulfotransferase 
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family (SULT isoforms 1A1, 1A2 and 1E1). For instance, according to our prediction, nefazodone, 

troglitazone, astemizole, and amiodarone are specific substrates for CYP3A4, confirming other studies 

regarding the CYP3A4 oxidation activity described in the literature (Rotzinger S et al., 2002; Zahno A, 

2011; Dixit VA, Bharatam PV, 2011). The same drugs, along with trazodone, established high-affinity 

interaction with CYP2A6, while troglitazone seems to be the unique substrate for the CYP2C8. These 

results are consistent with previous investigations regarding CYP450 substrate specificity (Haduch A et 

al., 2005; Ramachandran V et al., 1999).  

Some of the interactions with CYP450 enzymes found in our predictions were never described in 

literature before. Such results could represent new insights to elucidate unexplored pathways of drug 

metabolism. Moreover, identifying new compounds’ targets within this class of enzymes is important 

not only to clarify the process of drug degradation but also to discover any other possible effect triggered 

by this enzyme-compounds binding. For instance, the discovery of CYP450 inhibitors or inducers can 

deeply impact other drugs` metabolism and lead to toxic products or generate drug-drug interactions. 

An accurate protein-protein network analysis was carried out among the 38 proteins belonging to class 

I, which are involved in lipid metabolism. In this class, the highest number of connections were found, 

compared to the other protein classes.  Here, three main clusters were identified (Fig. 3).  

 

Fig. 3. Protein network analysis of the 38 proteins involved in hepatic lipid metabolism. Three main clusters were identified: 

the green cluster (19 proteins) shows protein connections identified within FA (fatty acid) and BA (Bile Acid) metabolism. The 

blue cluster (10 proteins) includes enzymes required for triglyceride biosynthesis. The red cluster (9 proteins) contains enzymes 

belonging to sterols and phospholipids metabolism.  
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Proteins forming the green cluster are enzymes implicated in two main metabolic pathways: fatty acid 

metabolism (synthesis, β-oxidation, and degradation) and primary bile acid biosynthesis. In particular, 

the enzymes of fatty acids metabolism include the Acyl CoA Synthetase (ACS isoforms M2A, M5, F2, 

L6); Enoil-CoA Delta-Isomerase 1 and 2, (ECI-1 and 2); the acetyl-CoA acyltransferase 1 (ACAA1) 

and the Hydroxymethylglutaryl-CoA-synthase-2 (HMGCS2).  Interestingly, they all share the same 

substrates in our study: nefazodone (NFZ), nefazodone’s metabolites (NFZ-TD and NFZ-T3), 

troglitazone (TRG), trazodone (TRZ), astemizole (AST) and amiodarone (AMI).  

Three proteins were found in the primary bile acid biosynthesis cluster: AMACR (α-Methylacyl-CoA 

racemase), ACOX23 (acyl-CoA oxidase 23), and SCP2 (sterol carrier protein 2). While the first two are 

enzymes involved in bile acid intermediates’ metabolism, the third is a non-specific lipid carrier protein. 

According to our prediction, AMACR and ACOX23 were able to establish high-affinity bindings with 

the drugs TRG, NFZ, NFZ-T3, AST, and TRZ.  

The relationship between troglitazone, nefazodone, amiodarone, and drug-induced liver disease (DILI) 

is well documented. Several studies demonstrated disruption of lipid homeostasis and the consequent 

lipid accumulation leading to steatosis related to these drugs. Troglitazone was also associated with 

cholestasis, while amiodarone is responsible for phospholipidosis probably due to the inhibition of a 

specific phospholipase. Cirrhosis cases were reported as a severe adverse effect associated with 

amiodarone’s chronic therapies (Masubuchi Y, 2006; Boelsterli UA et al., 2002; Anthérieu S et al., 2011). 

Mechanisms of nefazodone-induced hepatotoxicity have been described. Cases of acute liver failure 

associated with nefazodone’s treatment led to drug withdrawal in 2003 (Babai S et al., 2021). Its toxicity 

seems to be mainly owed to mitochondria dysfunction, specifically caused by the impairment of the 

oxidative phosphorylation metabolizing enzymes (Silva AM et al., 2016). 

In the blue cluster, three proteins form the principal network: the enzymes DGAT2 (Diacylglycerol O-

acyltransferase 2), MOGAT-1 and 2 (respectively Mono-acylglycerol O-acyltransferase 1 and 2), all 

catalyzing essential steps in the triacylglycerol synthesis (Yen CL et al., 2008). DGAT2 is required in 

the liver for endogenous fatty acid incorporation into triacylglycerols and seems to have a pivotal role 

in lipid accumulation inside the cytosol (Brandt C et al., 2016). A recent study reported a clear 

connection between DGAT2 and severe diseases such as Non-alcoholic Fatty Liver Disease, hepatic 

inflammation, and fibrosis (Musso G et al., 2009).   

Remarkably, according to our results, DGAT2, MOGAT1, and MOGAT2 can establish high-affinity 

interactions with several drugs, including NFZ, NFZ-TD, TRG, TRZ, AMI, IMI, and SIM (Simvastatin). 

Interestingly, the same substrates were found to interact with SLC27A5 (solute carrier family 27 member 

5), a long-chain fatty acid transporter that also expresses catalytic properties in bile acids metabolism. 

It has been proposed that it could mediate bile acid conjugation with glycine and taurine before their 

excretion in the bile (Mihalik SJ et al., 2002). 
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FASN (Fatty Acid Synthase) is the enzyme required for the last step of palmitate fatty acid synthesis in 

the de novo lipogenesis. An enhancement of this pathway has been reported in patients with Non-

Alcoholic Fatty Liver Disease (NAFLD), which can progress into Non-Alcoholic Steatohepatitis 

(NASH) and cirrhosis. Also, FASN’s inhibition was demonstrated to reduce triglycerides intrahepatic 

accumulation, the necessary step for steatosis initiation (O’Farrell M et al., 2022; Che L et al., 2019). In 

our study, nefazodone and its metabolite NFZ-T3 were the only two specific ligands of FASN. 

The enzyme PCYT2 (ethanolamine-Phosphatase Cytidyl Transferase 2) is the rate-limiting enzyme in 

the synthesis of phosphatidylethanolamine, one of the principal phospholipids necessary for cell 

membrane homeostasis, also involved in several regulatory processes (Fig. 3, red cluster). It has been 

reported that the lack of PCYT2 is related to NASH (Grapentine S et al., 2022). In our prediction, the 

drugs TRG, NFZ-T3, NFZ, TRZ, AST, M7, and AMI showed high affinity for PCYT2. Therefore, it is 

plausible to assert that phosphatidylethanolamine’s synthesis could be affected by these drugs, which 

hypothetically could have a role in the pathogenesis of steatohepatitis. 

Results are summarized in Table 1. Here, a list of the enzymes involved in the highest number of 

interactions is presented with their respective substrates. The right column reports the function/activity 

or effects of each protein in the liver. 

 

Protein Function Substrates Related disease/effects 
GLYATL3 Xenobiotic metabolism NFZ, NFZ-T3, NFZ-TD, TRG, AMI, AST, TRZ, 

CIP, TMX, IMI, RAP, DCF, SIM, VAN, DOX  
 

Hepatocarcinoma 

DHB13 Lipid metabolism NFZ, NFZ-T3, NFZ-TD, TRG, AMI, AST, IMI, 

CIP, TMX, SIM, RAP, DOX 

Chronic hepatic diseases, 

steatohepatitis, cirrhosis 

 

ATP11C Phospholipid Transporter 

ATPase 

NFZ, NFZ-T3, NFZ-TD, TRG, AST, TRZ, IMI, 

CIP, TMX, SIM, RAP, DOX, AMI 

 

Cholestasis 

OATP-1B3 Bile Acids Transporter NFZ, NFZ-T3, NFZ-TD, TRG, AST, TRZ, CIP 

 
Hyperbilirubinemia 

CYP3A4 Xenobiotic metabolism NFZ, NFZ-T3, NFZ-TD, TRG, AST, IMI, TRZ, 
TMX 

 

Drugs interactions 

ECI-1 Fatty acid ẞ-oxidation NFZ-T3, NFZ-TD Non-alcoholic Fatty Liver 

Disease 

 

ECI-2 Fatty acid ẞ-oxidation NFZ, NFZ-T3, NFZ-TD, TRG, AMI, AST, IMI, 

CIP, TMX, SIM 

 

Non-alcoholic Fatty Liver 

Disease 

ACAA1 Lipid metabolism, 
peroxisomal ẞ-oxidation 

TRG, NFZ-T3, NFZ Non-alcoholic Fatty Liver 
Disease 

 

HMGCS2 Lipid metabolism NFZ, NFZ-T3, NFZ-TD, TRG, TRZ 

 

 

AMACR Bile acid biosynthesis NFZ, NFZ-T3, NFZ-TD, TRG, AST, TRZ, AMI, 

CIP, SIM 

Primary Bile Acid Disorder 

ACOX23 Lipid metabolism, 

peroxisomal ẞ-oxidation 

NFZ, NFZ-T3, NFZ-TD, TRG, AST, TRZ, CIP Primary Bile Acid Disorder 

MOGAT-1 Triacylglycerol 

biosynthesis 

NFZ, NFZ-T3, NFZ-TD, TRG, AMI, AST, TRZ, 

CIP, TMX, IMI, RAP, DCF, SIM, VAN, DOX, 

BLE, DCF, NIT 
 

Cytosolic lipid accumulation 

MOGAT-2 Triacylglycerol 

biosynthesis 

NFZ, NFZ-TD, TRG, TRZ, AMI, IMI, SIM Cytosolic lipid accumulation 
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DGAT2 Triacylglycerol 
biosynthesis 

NFZ, NFZ-T3, NFZ-TD, TRG, AST, TRZ, IMI, 
TMX, SIM, AMI, RAP, CIP 

 

Hepatic inflammation and 
fibrosis 

FASN Fatty Acids biosynthesis NFZ, NFZ-T3 NAFLD, NASH, 
hepatocarcinoma 

PCYT2 Phospholipid metabolism NFZ, NFZ-T3, NFZ-TD, TRG, AST, TRZ, CIP, 

TMX, AMI, IMI 

 

Non-alcoholic steatohepatitis 

 

Table 1. Summary table of results. Liver proteins and their respective substrates (drugs) are reported along with the proteins’ 

function/activity and their hepatotoxic effects. NFZ (nefazodone), NFZ-T3 (nefazodone-triazole-3-one), NFZ-TD (nefazodone-

triazoledione), TRG (troglitazone), AMI (amiodarone), AST (astemizole), TRZ (trazodone), CIP (ciprofloxacin), TMX 

(tamoxifen), IMI (imipramine), RAP (rapamycin), DCF (diclofenac), SIM (simvastatin), VAN (vancomycin), DOX 

(doxorubicin), BLE (bleomycin), NIT (nitrofurantoin). 

 

It is worth noting that the great majority of the target proteins here reported can establish high-affinity 

interaction with the same subset of drugs (NFZ, NFZ-T3, NFZ-TD, TRG, TRZ, AMI, AST) and that 

these substrates are associated with severe adverse reaction in the liver such as steatosis, cholestasis, 

phospholipidosis, NASH and cirrhosis originating from impairment of lipid metabolism and bile acid 

cycle. These notions are consistent with the forecasts provided by this study. However, although the 

model enables to predict interactions between drugs and liver proteins, it does not provide information 

about the type of interactions that could either inhibit or enhance the functions of the proteins involved. 

Accordingly, further investigations are needed to reveal the effect of such interactions in order to provide 

a plausible toxicological or pharmacological mechanism for the drugs concerned.  

The approach developed in this study, through the analysis of specific drug-target interactions, could 

allow the validation of toxic effects for a group of approved drugs already found experimentally in in 

vitro liver systems. Indeed, in vitro cytotoxicity tests were previously carried out under this project. In 

particular, the viability of HepaRG cells was measured after their exposure to several drugs, including 

nefazodone and its metabolites, troglitazone, and amiodarone. The results showed that the highest rate 

of cell mortality was precisely associated with the administration of these drugs. Therefore, it would be 

possible to make assumptions explaining the mechanism behind such toxic effects based on compounds-

proteins interactions assessed by our prediction and their influence on cellular pathways where the 

targeted proteins are involved. 

Moreover, by examining interactions not yet reported in the literature, it is possible to hypothesize 

further effects, which shall be experimentally demonstrated. In this manner, this approach can be very 

useful to understand, at molecular level, mechanisms of pathogenesis of a disease or to elucidate 

pharmacological processes. 

The next steps will be the analysis of the predicted interactions between all the metabolites generated 

by Phase I and II reactions, and the panel of hepatic proteins previously used. The enormous number of 

interactions expected to be generated from this simulation perhaps represents the main limitation of this 
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type of approach. On the other hand, the use of analytical tools available nowadays for interpreting data 

will certainly facilitate the analysis. 

The final aim of the developed tool will be its employment in drug discovery to predict the toxicity of 

compounds under investigation. This will constitute the complementary part of experimental studies 

before the compound´s entry into preclinical trials. 

 

8b. In silico structure-based analysis for drugs’ toxicity prediction (DEREK 

Nexus®6.1.0) 

 

A complementary work to the experimental part regarding the in vitro assessment of hepatotoxicity was 

carried out in silico using Derek Nexus®6.1.0. 

Derek Nexus®6.1.0 is a software platform used for computational toxicology that was used in this 

project to predict the toxicity of a set of compounds previously tested in liver cell lines to understand to 

what extent in silico predictions confirm experimental results. The software is designed to generate 

endpoint predictions for any chemical structure, and it is particularly useful in the field of safety 

assessment in drug discovery. The use of Derek Nexus aligns with ICH guidelines and supports the 3Rs 

principle, which is highly encouraged by EMA and FDA to reduce the need for animal testing in 

research. 

DEREK Nexus is a knowledge-based toxicology software of chemicals that provides predictions of 

compounds’ toxicity by examining chemical structures. By matching chemical features found in the 

investigated molecule to structurally-related compounds, the system looks for toxicophores, identifying 

which are the possible toxicological endpoints and how likely they will occur. The likelihood of toxicity 

is expressed as the assignment of various “alerts” that can range from “certain,” “probable,” “plausible,” 

“equivocal,” “improbable,” or “impossible.”  

Several toxicological patterns can be identified by examining compounds by Derek Nexus, including 

hepatotoxicity, cardiotoxicity, nephrotoxicity, carcinogenicity, genotoxicity, neurotoxicity, respiratory 

sensitization, reproductive toxicity, skin sensitization, and thyroid impairment. 

In the present study, we used this tool to process the following set of compounds: diclofenac, 

acetaminophen, troglitazone, fialuridine, amiodarone, nefazodone, nefazodone’s metabolite NFZ-TD 

and simvastatin. Results are summarized in Table 2, which reports the predicted toxicity outcomes for 

each drug along with the probability of occurrence (alert type). 
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Compound Function Hepatotoxicit

y 

Nephrotoxicit

y 

Cardiotoxicit

y 

Carcinogenicit

y 

Other

s 

Diclofenac antiinflammator

y 

++ ++ - - - 

Acetaminophe

n 

 

antipyretic +++ ++ - - +++ 

Troglitazone antidiabetic +++ - - ++ - 

Fialuridine antiviral - - - - - 

Amiodarone antiarrhythmic +++ - ++ ++ ++ 

Nefazodone antidepressant - - ++ - ++ 

NFZ-TD antidepressant - - ++ - ++ 

Simvastatin anticholesterol +++ - - - - 

 

Table 2. Summary of toxic effects of the selected compounds in different body systems predicted by DEREK Nexus 6.1.0. 

Alert types of adverse effects are indicated by symbols (++++ certain; +++ probable; ++ plausible; + improbable or equivocal; 

- impossible). Column “others” could include genotoxicity, neurotoxicity, respiratory tract irritation, reproductive toxicity, skin 

irritation, thyroid toxicity, androgen receptor modulation. 

 

For the drug diclofenac, the report generated by Derek revealed plausible hepatotoxicity and 

nephrotoxicity. The first alert found for diclofenac describes hepatotoxicity of 2-aryl acetic and 3-aryl 

propionic acids, chemical structures present in several NSAIDs, including diclofenac (Fig. 4 B, C).  

 

A B C D 

Figure 4. Diclofenac structure (A) and its alerts: 2-aryl acetic (B), 3-aryl propionic acid (C), halogenated benzene (D). 

Such structures have been associated with acute or chronic hepatitis, in most cases deriving from 

idiosyncratic metabolic reactions, mainly dose-independent (Boelsterli UA, 2003; Zimmerman HJ, 

1999). Most of the time, diclofenac’s hepatotoxic reactions are rare but can range from a mild elevation 

of serum transaminases to severe cholestasis and hepatocellular injuries leading progressively to 

fulminant hepatitis (Laine L et al., 2009). Moreover, Derek’s report indicates that acyl conjugates 

derived from diclofenac metabolism are another cause of hepatotoxicity resulting from protein adduct 

formation. Indeed, acyl glucuronides are very reactive species that can form covalent binding with 

plasma and tissue proteins (Li C et al., 2003; Bailey MJ and Dickinson RG, 2003). 

The second alert found for diclofenac describes nephrotoxicity also associated with aryl acetic or 2-

arylpropionic acid (4 B, C). These compounds have a carboxylic acid group that is transformed by UGT 
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enzymes into acyl glucuronides, which are the main way they are eliminated from the body (Regan SL 

et al., 2010; Ritter JK, 2000). These metabolites are reactive and can bind to proteins, such as in the 

kidneys, where they may cause damage (Regan SL et al., 2010; Ritter JK, 2000). Kidneys are more 

vulnerable because they filter out glucuronides (Regan SL et al., 2010) and also have specific UGT 

enzymes (Ritter JK, 2000) that may increase local toxicity. 

Three alerts were identified for the drug acetaminophen: probable hepatotoxicity, chromosome damage, 

and plausible nephrotoxicity. In this case, hepatotoxicity alert was associated with the exact match in 

the query molecule of the para-aminophenol moiety (Fig.5 B, C).  

A B C D 

Figure 5. Acetaminophen structure (A) and its alerts: phenol (B), para-aminophenol (C), para-aminophenol or derivative (D). 

 

The reactive metabolite is the N-acetylbenzoquinone imine (NAPQI), deriving from the metabolic 

transformation of the para-aminophenol moiety by the cytochrome P450 system. When glutathione is 

depleted after a toxic dose of the drug, NAPQI can bind to several target proteins inside the cell, leading 

to mitochondrial damage and ATP depletion. Acetaminophen can cause serious and sometimes fatal liver 

injuries if taken in doses higher than the maximum recommended daily dose of 4 g in humans 

(Zimmerman HJ, 1999; Larson AM et al., 2005). 

The effects of acetaminophen in the liver of mice and rats have been reviewed (Zimmerman HJ, 1999; 

James LP et al., 2003). The common pattern of injury seen with these models is necrosis with increased 

aminotransferase levels (Kikkawa R et al., 2006; Gujral JS et al., 2002).  

It is believed that nephrotoxicity of para-aminophenol derivatives, like acetaminophen, is likely to be 

mediated by the formation of a reactive para-benzoquinone imine metabolite (Hinson JA, 1983; 

Kalgutkar AS et al., 2005; Elseviers MM and De Broe ME, 2008). The p-benzoquinone imine metabolite 

can bind cellular macromolecules in the kidneys, causing nephrotoxicity. 

Lastly, the genetic damage, classified as a probable warning by Derek Nexus, is based on evidence from 

Hoffmann-La Roche AG. They showed that phenols with nitrogen or oxygen in the para position cause 

positive results in the test for chromosome aberrations in vitro (Fig. 5D). 

Derek’s report for the antidiabetic drug troglitazone revealed probable hepatotoxicity alert and plausible 

carcinogenicity in mammals. The carcinogenicity warning is due to the 4-Alkylether phenol present in 

the troglitazone’s structure (Fig. 6B).  
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A B  C 

 

Figure 6. Troglitazone structure (A) and its chemical alerts: 4-Alkylether phenol (B), thiazolidinedione(C). 

 

The assumption is funded by the analogy of this chemical feature with butyl-hydroxyanisole, found to 

cause squamous cell carcinomas and papillomas in rodents (IARC, 1986; Ito N et al., 1983).  

The second alert is due to the thiazolidinedione structure (Fig. 6C). 2,4-thiazolidinediones, commonly 

referred as glitazones, are a class of pharmaceuticals developed for type-2 diabetes treatment, including 

troglitazone, rosiglitazone, and pioglitazone. Troglitazone has been associated with cases of liver failure 

leading to transplantation and death (Lee WM, 2003; Kohlroser J et al., 2000; Graham DJ et al., 2003a, 

b). Rosiglitazone and pioglitazone, two newer analogs, do not show toxicity to the same extent. Toxicity 

may be due to an intrinsic effect of the thiazolidinedione moiety, as shown in a study conducted in rats 

by Kennedy et al. (2003). The oxidative breakage of the thiazolidinedione ring, along with the oxidation 

of the chromane ring, leads to the formation of highly reactive metabolites, which account for 

troglitazone’s toxicity as they are responsible for protein adduct formation. Moreover, a possible 

explanation for the increased liver toxicity of troglitazone compared to rosiglitazone is the difference in 

the dosages administered since troglitazone requires a much higher dose than the other drugs in the same 

class (Scheen AJ, 2001; Lebovitz HE et al., 2002). 

For the antiviral drug fialuridine, Derek Nexus did not detect any toxicity warnings. 

Several alerts are described in Derek Nexus’ report for the compound amiodarone (Fig 7). 

Hepatotoxicity in mammals is predicted as “probable,” and it is related, according to this prediction, to 

the part of amiodarone’s molecule containing the halogenated aromatic ring bond to the benzofuran ring 

(Fig. 7B, C, D, G, H). In fact, as amply documented, amiodarone is a potent antiarrhythmic agent found 

to be responsible for many hepatic injuries, including cholestasis, phospholipidosis, steatosis, acute and 

chronic hepatitis, and cirrhosis (Zimmerman HJ, 1999; Chang CC et al., 1999; Lewis JH et al., 1989). 

It is worth noting that the role of the benzofuran ring in the impairment of mitochondrial function and 

beta-oxidation has been proved (Spaniol M et al., 2001).  
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A B  C 

D                           E   F 

 

G H I 

J 

 

 

Figure 9.  Amiodarone structure (A) and its alerts: aromatic iodo-compound (B), aromatic iodo-compound (C), 

Polyhalogenated aromatic (D), hydrogen halide(E), ethanamine or piperidine (F), amiodarone or analog (G) HERG 

pharmacophore III (I), diaryl ketone (J). 

 

All the plausible alerts generated for amiodarone include HERG channel inhibition, thyroid toxicity, 

carcinogenicity, and irritation of the eye, skin, and respiratory tract. 

Aromatic iodo-compounds, such as amiodarone, are able to inhibit the enzyme converting the hormone 

T3 to T4 at the peripheral level, causing low T3 serum levels (Fig. 7). For compensation, the thyroid 

gland is continuously stimulated by increased TSH secretion to raise T3 levels. This chronic stimulation 

can induce over time hyperplasia or neoplasms of the thyroid gland (Capen CC, 1997;  McClain 

RM,1995; Hill RN et al., 1989; Burgi et al., 1976). 

The carcinogenic properties of amiodarone are due to the presence in the molecule of a di-iodo aromatic 

ring group (Fig.7 B, C, D, G, H, I). All aromatic polyhalogenated compounds (e.g., hexachlorobenzene, 
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para-dichlorobenzene) are classified according to IARC as carcinogens of group 2B (IARC 2001; IARC 

1999). For instance, para-dichlorobenzene may damage DNA in the liver and spleen of mice, so it is 

classified as possibly carcinogenic to humans (group 2B). Similarly, hexachlorobenzene caused tumors 

in the liver and kidney of mice, the liver and thyroid gland of hamsters, and in the liver, parathyroid 

glands, and adrenal glands of rats (IARC, 1999). The other feature responsible for the carcinogenicity 

of amiodarone is thought to be the diaryl-ketone moiety (Fig. 7J). Several compounds containing this 

feature were demonstrated to induce carcinogenesis in humans and animals with a non-genotoxic 

mechanism involving the activation of the PXR receptor (Mikamo E et al., 2002; NTP 2000; US EPA, 

2009). 

Amiodarone’s cardiac adverse effects are associated with its capacity to block HERG potassium 

channels, leading to an elongation of the ventricular repolarization phase and the consequent extension 

of the QT interval (Crumb W and Cavero I, 1999). Amiodarone shares the same pharmacophore of other 

HERG channel inhibitors, indicated as Pharmacophore III (Fig.7I) (Pearlstein RA et al., 2003; Cavalli 

A et al., 2002; Ekins S et al., 2002).  

Finally, potential irritation of eye, skin and respiratory tract induced by amiodarone is that of the 

hydrogen halides (Fig. 7E) (Holland G et al., 1996). 

Derek Nexus’ predicted three “probable” alerts for the antidepressant agent nefazodone: HERG channel 

inhibition, androgen receptor modulation and irritation of skin, eye and respiratory tract. Nefazodone 

contains a specific moiety shared with others HERG inhibitors, like astemizole and serindole, referred 

as Pharmacophore I (Fig. 8B, C) (Rampe D et al., 1998; Pearlstein RA et al., 2003; Zhou Z et al., 1999; 

Taglialatela Met al., 2000; Drolet Bet al., 2003).  

A B C                                  

                    D E 

Figure 8.  Nefazodone structure (A) and its alerts: HERG Pharmacophore I (B), HERG Pharmacophore I (C), hydrogen halide 

(D), 4-(2,5-Dioxopyrrolidin-1-yl)-benzonitrile (E). 

 

A common feature of these compounds is a positively charged amine linked to an aromatic ring by 2-8 

bonds (Fig. 8 B, C). They also have a tail opposite to the aromatic region, which can be different groups, 

such as an alkylbenzene in astemizole or an alkylimidazolidinone ring in sertindole. The blockage of the 
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HERG potassium channel, according to this prediction, could be responsible for the potentially severe 

cardiac side effects of nefazodone. 

The possible modulation of the androgen receptor by nefazodone is predicted to be associated with a 

specific moiety discovered by previous studies that analyzed more than 400 chemicals’ activity toward 

the androgen receptor. In nefazodone, this chemical alert is illustrated in Fig. 8E. This alert applies to 

compounds that display an aromatic ring with an electron-withdrawing group in para or meta position 

to a heteroatom (Guo C et al., 2011; Guo C et al., 2012; Hamann LG et al., 2007; Kinoyama I et al., 

2006; Nique F et al., 2012; Sexton KE et al., 2011).  

Nefazodone is a halogenated compound that can cause irritation of the skin, eye, and respiratory tract, 

according to Derek Nexus' prediction (Holland G et al., 1996). The chemical alert identified by Derek 

is shown in Fig. 8D. 

Despite nefazodone’s high hepatotoxicity being widely described and assessed in vitro and in vivo, 

unexpectedly, no hepatotoxicity was detected by Derek Nexus for this drug. 

As expected, for nefazodone’s metabolite NFZ-TD, the two alerts found, cardiotoxicity and androgen 

receptor modulation, were the same as those found for the parent compound. The plausible 

cardiotoxicity warning is due to the presence of Parmacophore I (Fig. 9 C, D) inhibiting cardiac HERG 

channels (Aronov AM, 2005; Mitcheson JS et al., 2000). The plausible androgen receptor modulation is 

associated with a specific feature shared by several compounds investigated by previous studies, able to 

strongly bind the androgen receptor, either as agonists or antagonists. The structure needed for the 

androgen receptor interaction is constituted by an aromatic ring containing a withdrawing atom in meta 

or para position (Chlorine in meta in the specific case of NFZ-TD) with respect to a heteroatom 

(Nitrogen, in the specific case of NFZ-TD), the latter being part of a separate ring or representing a 

linker for another ring system (Fig. 9B) (Guo C et al., 2011; Guo C et al., 2012; Hamann LG et al., 2007; 

Kinoyama I et al., 2006; Nique F et al., 2012; Sexton KE et al., 2011). 
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Figure 9. Nefazodone’s metabolite NFZ-TD structure (A) and its alerts: 4-(2,5-Dioxopyrrolidin-1-yl)-benzonitrile (B); 

Pharmacophore I (C); Pharmacophore I (D). 

Unexpectedly, for the anti-cholesterol drug simvastatin, which did not cause significant hepatotoxic 

effects in in vitro tests of the present work, Derek Nexus reported a probable alert of hepatotoxicity. 

Liver toxicity of statins, observed in rare cases, refers to ALT elevation. (Tolman KG, 2000). However, 

in 1-3% of cases, serious ALT elevation was associated with cholestatic liver injuries (Perger L et al., 

2003; Pelli N et al., 2003; Grimbert S et al., 1994; Feydy P and Bogomoletz WV; 1991). In animal 

species like rabbits, rats, and guinea pigs, administered with statins, ALT elevation and hepatic 

degeneration and necrosis were also observed (Kornbrust DJ et al., 1989; Horsmans Y et al., 1990; 

Gerson RJ et al., 1989).  

The putative mechanism of toxicity is not well known but it is thought to be the same as Statins’ 

mechanism of action, the inhibition of HMG-Coa reductase in the cholesterol synthesis (Steiner S et al., 

2001). Therefore, in this case pharmacophore and toxicophore coincide (Fig. 10B).  

 

                  A B 

 

Figure 10.  Simvastatin structure (A) and its alerts: Statin’s moiety (B). 
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Indeed, as described in Derek Nexus’ prediction for simvastatin, the feature of the molecule responsible 

for the hepatotoxic effect is the lactone moiety mimicking the HMG-CoA reductase’s natural substrate 

(Fig. 10B). 

The set of compounds analyzed through Derek Nexus was previously tested in vitro in this study in 

human and animal hepatocytes to assess liver toxicity. The prediction built by Derek was consistent in 

some cases with our experimental results. For instance, the high hepatotoxicity shown for amiodarone 

and troglitazone was confirmed by Derek Nexus, which predicted a “probable alert” for hepatotoxicity 

for these compounds.  

For acetaminophen, whose hepatotoxicity in vitro was highly expressed only after multiple doses of 

administration, Derek predicted high liver damage, with a “probable alert” as well.  

Derek assigned a plausible hepatotoxic effect to the drug diclofenac, which is consistent with our 

experimental observations, as the drug-induced high hepatocyte mortality only in long-term exposure. 

Finally, for nefazodone’s metabolite NFZ-TD, the in silico prediction confirmed the compound’s safety 

found experimentally.  

However, discordant results were found for the drugs nefazodone, simvastatin, and fialuridine. For 

nefazodone, in fact, Derek Nexus predicted no liver toxicity, while the drug was demonstrated to be one 

of the most noxious compounds in our in vitro testing of both human and animal hepatocytes. Although 

fialuridine showed no toxicity at acute administration, it induced high cell mortality in hepatocytes 

exposed to the drug for two weeks. However, in this case, Derek Nexus was unable to reveal such 

toxicity. In contrast, simvastatin, which showed a safe profile in all human and animal hepatocyte 

cultures, turned out to be a severe hepatotoxicant, according to Derek Nexus’ report (Table 2).  

In summary, the in silico toxicity predictions by Derek Nexus aligned with the experimental findings 

for the drugs diclofenac, acetaminophen, troglitazone, amiodarone, and the nefazodone’s metabolite 

NFZ-TD. However, Derek Nexus’ predictions were inconsistent with the experimental data for 

nefazodone (parent compound), simvastatin, and fialuridine. 

It is important to note that Derek Nexus is a powerful platform that can be used as a screening tool to 

predict the likely toxicity of any compound without the need for synthesis and testing. Derek Nexus 

integrates data from assays and structure-activity relationship predictions, linking chemical classes to 

the observation of key events, which are used to construct networks for toxicity predictions. This 

approach has been found useful for understanding sequences of events that lead to adverse outcomes 

such as toxicity. However, no predictive model is perfect, therefore, Derek should be used as part of a 

comprehensive assessment that includes other methods and expert judgment. In fact, the purpose of in 

silico tools like Derek Nexus is to generate predictions that could facilitate the Go/No-go decision in 

drug discovery phases, but, as with every prediction, it is not certain and, therefore, needs to be 

experimentally validated. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

 

The objective of the present study was to develop and validate in vitro and in silico methods to predict 

the toxicity of compounds that could be harnessed in early drug discovery. 

To this aim, in vitro toxicity was evaluated initially in monolayer culture of human cell lines 

representative of several organs in order to confirm the toxic effects of a set of commercial drugs. 

However, as the liver is the principal organ in the body affected by the toxicity of drugs due to its primary 

role in xenobiotics’ biotransformation and detoxification, we focused our in vitro study on the 

development of a reliable procedure to predict hepatotoxicity. 

Hepatotoxicity evaluation in vitro was carried out using three different cell culture formats. 

Bidimensional (2D) cell culture models included conventional monolayer and sandwich systems, 

whereas spheroids were used as models of 3D culture systems. Hepatotoxicity validation was assessed 

using approved drugs belonging to different medical classes, covering a broad range of known 

hepatotoxic effects, from low to high hepatotoxicity outcomes reported in clinics. Our set of drugs 

included simvastatin, an anti-cholesterol agent rarely associated with hepatotoxicity, as well as drugs 

withdrawn from the market following severe liver injuries, such as the antidiabetic troglitazone and the 

antidepressant nefazodone. The anti-inflammatory diclofenac and the widely used antipyretic 

acetaminophen were used as a model of liver toxicity occurring at high doses only. The drug fialuridine 

was used as a model to replicate long-term hepatotoxicity, as this compound, terminated in clinical trial 

II, induced five deaths and two liver transplantations due to severe liver injuries that occurred only at 

chronic administrations. Finally, the antiarrhythmic amiodarone was introduced in our set of drugs for 

its known severe and acute liver toxicity.  

In this study, both acute and long-term hepatotoxicity were assessed. Acute drugs’ effects, evaluated at 

48h after the single drug administration, were compared to long-term effects observed at 14 days after 

repeated drug doses.  

All in vitro hepatotoxicity tests were performed in human hepatocytes, using the HepaRG cell line as a 

model, as well as in pig primary hepatocytes (PPH) and rat primary hepatocytes (RPH) to compare 

species-specific hepatotoxic outcomes and to align with the authorities’ guidelines in drug discovery, 

which require the use of a rodent and a non-rodent animal model in drug discovery testing. The same 

set of drugs was tested in the same conditions in all hepatocyte species to test both short-term and long-

term toxicity. All tests were performed in monolayer, sandwich, and spheroids cultures within each 

species to compare cells’ sensitivity to compounds within each format. 

Our study showed that within each species, the acute effects of drugs did not show significant differences 

between monolayer, sandwich, and spheroids cultures of hepatocytes. However, at long-term exposure, 
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3D spheroids were more sensitive to drugs’ toxicity, demonstrated by lower viability and lower LC50 

values of drugs compared to those found in 2D systems (monolayer and sandwich cultures). This effect 

was particularly evident for the drugs simvastatin, fialuridine, and acetaminophen, which induced at 14 

days of treatment significantly higher mortality in spheroids compared to sandwich cultures.  

For the advantages provided, such as easy handling and maintenance, 2D formats remain valuable 

systems for acute hepatotoxicity prediction. However, our data indicate that they are not ideal for long-

term assessments. Conversely, 3D spheroids, demonstrating higher sensitivity at multiple doses of 

exposure, constitute a more reliable in vitro model to assess long-term hepatotoxicity. Although more 

complex than 2D systems, 3D spheroids are still amenable to HTS, offering the advantage of being 

applicable for compounds’ screening in early drug discovery.  

Overall, these results emphasize the importance of utilizing a suitable in vitro system for cytotoxicity 

studies. Particularly, our study highlights the superior sensitivity of 3D spheroids compared to sandwich 

and monolayer formats. Indeed, in 3D culture systems, cells retain their natural three-dimensional shape 

and morphology, reflecting the natural organization and disposition of surface receptors, fundamental 

for cell signalling, inter-cell communication, interaction with ECM components, and response to drugs. 

All these features provide an in vivo-like environment that allows cells to maintain their physiological 

status, retaining their natural functions for a longer time compared to 2D systems, which lack all these 

properties.  

In general, the viability of cells observed after two weeks of multiple treatments was lower than that 

observed after a single drug treatment for every drug tested. This indicates the importance of considering 

the duration and frequency of drugs’ exposure when evaluating their potential adverse effects, 

emphasizing the need for comprehensive and long-term toxicity assessments in drug development 

studies. Although this result was expected, it confirms the reliability of this in vitro model for long-term 

hepatotoxicity evaluation.   

Considering prolonged exposure durations enables us to capture the potential cumulative effects of drugs 

over time, which may not be evident during short-term assessments. This approach allows for a more 

accurate evaluation of the safety profile of drugs and provides valuable insights into their potential long-

term risks. Moreover, assessing both short- and long-term toxicity helps in identifying drugs that may 

exhibit delayed or progressive toxic effects, which could have significant implications for their clinical 

use. By adopting this comprehensive approach, we can enhance the predictive value of in vitro toxicity 

testing and improve our ability to identify potential safety concerns early in the drug development 

process. 

The comparison of drugs’ effects between species indicated further insights. While acute outcomes of 

hepatotoxicity were similar between HepaRG, PPH, and RPH cultured in sandwich format, differences 

across species were observed within spheroids’ cultures. Particularly, at 48h, spheroids of HepaRG were 
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more sensitive than other species to diclofenac, whereas toxicity of acetaminophen, troglitazone, and 

fialuridine was higher in RPH spheroids than in human and pig species. 

Remarkably, the scenario changed significantly when repeated doses of drugs were administered for two 

weeks. In this case, HepaRG spheroids showed a significantly higher sensitivity to diclofenac, 

acetaminophen, troglitazone, and fialuridine compared to pig and rat spheroids cultures, indicating the 

HepaRG cells’ high value in predicting long-term adverse effects in humans. However, no significant 

differences were observed between species exposed to amiodarone and nefazodone. Being these drugs 

high hepatotoxic compounds, they induced strong mortality in all cell types, already at low doses, 

without discrimination of species.  

It is worth noting that our in vitro study successfully replicated the documented case of fialuridine-

induced hepatotoxicity. During the preclinical phase, fialuridine did not exhibit hepatotoxicity in animal 

models, which allowed the drug to advance to clinical trials. In humans, no hepatotoxicity was initially 

observed at the acute administration; however, after a few months of exposure, severe liver injuries 

occurred, resulting in five deaths and leading to two liver transplantations. Our model effectively 

reproduced the marked differences in toxicity between human and animal species, as well as the different 

acute and chronic effects of the drug. Specifically, fialuridine showed a safe profile across all species 

after the single administration, with no mortality observed in HepaRG, PPH, or RPH at 48h. However, 

after two weeks of repeated treatments, the viability of the HepaRG population was dramatically 

affected, while RPH and PPH cultures were only slightly affected. These findings led to two key 

conclusions. First, our model successfully distinguished between the acute and long-term effects of 

fialuridine. Second, it revealed species-specific differences in the drug’s toxicity. This is a crucial 

observation because preclinical animal models failed to detect the hepatotoxicity of fialuridine, allowing 

the drug to proceed to human clinical trials, where severe liver injuries led to the trial’s termination. 

Collectively, these results highlight the reliability of our in vitro assessment, which accurately replicated 

the toxic profile of this drug in alignment with clinical results. 

Overall, our findings suggest the reliability of the present in vitro model for the acute and long-term 

hepatotoxicity evaluation, remarking the relevance of choosing a reliable in vitro system, such as 3D 

spheroids, when assessing long-term toxicity testing, and the importance of accounting for inter-species 

differences in the metabolic activity of each species. Differences in metabolism among humans, pigs, 

and rats may have implications for the pharmacokinetics, pharmacodynamics, and toxicity of drugs in 

these species. Therefore, caution should be exercised when extrapolating data from animal studies to 

human investigations.  

Despite the static systems described so far (2D and 3D) providing valuable models for drug toxicity 

screening, they have limitations. Static models do not rely on continuous medium flow, therefore 

nutrients, as well as the drug’s concentration in contact with cells, remain constant. As a consequence, 
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the in vivo microenvironment is not accurately mimicked, and the typical PK/PD profile of drugs cannot 

be reproduced. A further step in this study was the introduction of the Hollow Fiber Bioreactor System 

(HFS), a dynamic in vitro system where cells, cultured in a 3D-like format, are continuously perfused 

by media and are therefore subjected to a controlled fluctuation of nutrients oxygen, and drug 

concentration over time as it happens in vivo. Such a system allows a precise reproduction of the PK/PD 

profile of drugs, permitting the study of pharmacological and toxicological effects of drugs, which 

closely reflect the in vivo condition. Furthermore, in the HFS, cells can be maintained viable and 

functioning for a longer time compared to 2D or spheroids systems, allowing accurate studies of chronic 

toxicity. In this study, we planned to start with preliminary tests concerning long-term HepaRG cells’ 

viability within the HFS, compatibility tests between cells and scaffold materials of the HFS, as well as 

the PK/PD profile assessment of diclofenac, the selected compound for this part of the project. Once 

preliminary tests are done, we will proceed by testing the chronic toxicity of diclofenac in HepaRG cells 

to assess the potential of the HFS in predictive toxicology. Altogether, these studies will represent future 

steps in the progression of the present work. 

To complete the in vitro section of the study, we finally proposed a procedure for toxic metabolites 

identification based on testing drugs in metabolizing and non-metabolizing conditions, using HepaRG 

and HepG2 cells. The HepaRG cell line, known for its high expression of the main liver metabolic 

enzymes, expresses a high metabolizing capacity. Therefore, when exposed to drugs, the effects will be 

mostly related to metabolites. On the other hand, HepG2 cells, exhibiting a very reduced metabolic 

activity, will show the effects of the parent compounds.  

We used three different drugs to validate this method: astemizole, whose toxicity is known to be 

associated with the parent drug and not to its metabolites; acetaminophen, known to induce high 

hepatotoxicity through the production of its toxic metabolite NAPQI; nefazodone, which exerts liver 

toxicity through both the parent compound and its metabolites. This method successfully reproduced 

these different cases of toxicity, providing a useful tool to discriminate if toxicity is caused by parent 

compounds, liver metabolites, or both.  

Using this approach, we further explored nefazodone’s hepatotoxicity by testing nefazodone’s main 

metabolites, NFZ-OH and NFZ-TD, singularly in HepaRG and HepG2. We showed, for the first time, 

that nefazodone-induced hepatoxicity is triggered not only by nefazodone parent drug but also by the 

metabolite NFZ-OH, whereas the other main metabolite, NFZ-TD, was not toxic. Therefore, we believe 

that the proposed in vitro procedure could be exploited to identify toxic metabolites, elucidating the 

mechanism of drugs’ toxicity. Furthermore, this method could be used to guide leads’ selection and 

analogs’ design in drug discovery and to refine or enhance existing in silico models for toxicity 

prediction.  

The other section of this project included the use of computational models for toxicity prediction of 

compounds. The first in silico tool that we used, DEREK Nexus, is a software for structural alerts (SAs) 
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identification. DEREK Nexus is a knowledge-based software that compares substructures of a given 

molecule to its database, containing chemical structures associated with any type of toxicity reported in 

previous studies, identifying in this way the SAs of the query molecule.  By uploading a molecule, 

DEREK Nexus generates a report where, based on the SAs found, toxicity outcomes are listed as 

“certain,” “probable,” “plausible,” “improbable or equivocal,” and “not found,” giving in this way a 

prediction of toxicity.  

In this study, the toxicity prediction generated by DEREK Nexus for the drugs tested in vitro is not 

always aligned with the experimental findings. For instance, “probable” hepatotoxicity was correctly 

predicted for the drugs amiodarone, acetaminophen, and troglitazone, and “plausible” hepatotoxicity for 

diclofenac. Hepatotoxicity is well recognized in the literature and clinics of all these drugs, and it was 

additionally confirmed in the present study. However, DEREK Nexus erroneously did not predict 

hepatotoxicity for the drugs fialuridine and nefazodone, which were both withdrawn from the market 

following severe liver injuries. Finally, the software predicted “probable” hepatotoxicity for the drug 

simvastatin, which was rarely associated with liver adverse events.  

Despite the rationale behind DEREK Nexus and its advantage in providing a rapid and cost-effective 

toxicity prediction of chemicals with no need to synthesize and test compounds experimentally, our 

results suggest that DEREK Nexus’ prediction has sometimes proven inadequate. Therefore, these 

predictions should be validated through experimental findings. 

As the final part of the in silico work of this project, a computational model for toxicity prediction of 

drugs was developed in collaboration with the Quantitative and Theoretical Biology (QTB) department 

of the Heinrich Heine University (HHU). The model, based on in silico tools, allows the simulation of 

interactions between drugs and human liver proteins, including enzymes and transporters, to explore 

which liver pathways are affected and eventually identify pathways involved in hepatotoxicity. 

Within the model simulation, not only parent drugs are considered, but also metabolites generated by 

Phase I and Phase II liver reactions, as they are often implicated in hepatotoxic mechanisms. From the 

analysis of simulations generated with 28 parent drugs, we found that high-affinity interactions were 

established with 184 hepatic proteins, involving enzymes of lipid and energetic metabolism, organic 

anions transporters, and signal transduction proteins. Additionally, many interactions were found that 

involved several isoforms of CYP450 enzymes, confirming already known metabolic processes of the 

drugs investigated. Furthermore, some interactions involved isoforms never described before for these 

drugs, therefore providing insights of possible new metabolic pathways implicating these drugs. 

Noteworthy, proteins of lipid metabolism involved in liver diseases such as steatosis, non-alcoholic fatty 

liver disease, non-alcoholic steatohepatitis, and bile acid disorders were found in this model to establish 

high-affinity interactions with nefazodone, amiodarone, and troglitazone confirming their well-known 

association with such liver pathologies, adding knowledge of possible mechanisms of toxicity.   
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Ultimately, by generating specific drug-protein interactions, the computational model developed here 

could be used to validate ascertained toxic effects of drugs, such as those found experimentally, 

providing putative mechanisms of toxicity. Additionally, by predicting interactions never reported 

before, it could aid the elucidation of new mechanisms of toxicity triggered by drugs and their 

metabolites. 

In conclusion, we believe that the integration of the proposed in vitro and in silico methods marks a 

significant advancement in the early detection of compounds’ toxicity. It represents a key approach 

allowing us to accurately identify harmful compounds at early stages, thereby preventing the risk of 

adverse effects at late clinical phases. This combined approach not only enhances the reliability of 

toxicity predictions but also complies with the 3Rs principles by reducing reliance on animal testing. 

These innovations are crucial in the field of toxicology, providing a more ethical and efficient pathway 

for risk assessment of new compounds. 
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