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Evolution of  toxicology

 Although toxic characteristics of chemical compounds were already documented 
in ancient times, toxicology as a research field was shaped into its present form by the 
Swiss-German scientist Paracelsus (1493-1541), known as “the father of toxicology”. He 
defined and studied dose-response relationships [1], a concept that, nowadays, is still the 
basis of toxicology. Dose-response studies aim to determine the beneficial, therapeutic, 
or harmful concentration of any chemical compound in our living environment, diet, 
or medicines as a result of exposure [1]. Since the 16th century, Toxicology has achieved 
remarkable goals, from the dose-response relationship, which led to the famous “the dose 
makes the poison”, to finding alternative in vitro or in silico testing methods for several 
compounds. 
 Already in the late 18th century, the Spanish physician Matthieu Orfila studied 
the correlation between compounds and their biological properties, showing their 
organ-specific effects [2]. Two centuries later, the discovery of DNA/RNA and other 
molecules important in several cell functions opened doors to the investigation of 
molecular mechanisms underlying the toxic effects in different cells, tissues, and organs 
[1]. Toxicology is now considered a multidisciplinary science that is applied in different 
disciplines: environmental, forensic, and clinical toxicology [3]. The first one focuses on 
the toxic effects of compounds present in the atmosphere, food, or occupational and 
recreational spaces. Forensic toxicology deals with legal aspects of the toxic effects 
of a certain compound. Lastly, clinical toxicology, which is the focus of this project, 
investigates potential adverse or toxic effects of compounds occurring during treatments 
[1, 3]. Moreover, it studies alternatives to improve or prevent adverse effects derived 
from a certain treatment, such as cancer therapies. Other levels of toxicological studies 
include computational toxicology, which uses mathematics, informatics, and computer 
models to better understand toxicity mechanisms and predict toxic effects; molecular 
toxicology, which focuses on the adverse effects of chemicals on living organisms and 
how these affect cellular and molecular processes; in vitro toxicology, in which the effects 
of toxic chemical compounds are tested on cultured bacteria, animal or human-derived 
cells; or population toxicology, which studies possible toxicants and routes of exposure at 
the population level. Throughout the years, toxicology was also able to progress due to 
the improvement of analytical techniques and the possibility to use different biological 
matrices for drug analysis, screening, and testing, as well as to better monitor treatments 
[1]. 
 Analytical methods have come far since the first arsenic test in 1832 [1]. In the 20th 
century, more advanced techniques were developed namely gas-liquid chromatography 
(GLC) [4] and high-pressure liquid-chromatographic (HPLC) [5], coupled with a wide 
range of detection systems, such as UV-absorption, fluorescence, or mass-spectrometry 
(MS) [6]. Also, immunoassays have advanced since the first radioimmunoassay in 1970  
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[7] to currently used techniques such as enzyme-linked immunosorbent assay (ELISA) [8]. 
Improvement of these techniques has enabled the analysis of not only blood and urine 
but also hair, saliva, faeces, and breast milk samples
 In addition, exposure assessment and toxicity studies can be performed in 
vivo (animals or human intervention studies), in vitro (isolated cells or tissues), or, more 
recently, in silico, through computational modelling [9], even though animal testing 
remains the standard model to study chemicals or drugs responses. However, the 
recent implementation of the 3R’s guiding principles (i.e. replacement, reduction, and 
refinement) to minimize experiments with animals has contributed to the generation 
of alternative in vitro and in silico models [10]. Regarding in vitro models, systems such 
as three-dimensional (3D) cultures [11], organoids [12, 13], and organs-on-a-chip [14] 
are becoming more popular. Likewise, advances in technology provided the chance for 
computer modelling to progress, complementing in vitro and in vivo models [15]. Taken 
all together, toxicology has advanced over the years, a progress that is still ongoing.   

Evolution of  Toxicogenomics and “multi-omics” 

 Toxicogenomics has been described as the new era of toxicology, in which 
genomic technologies are applied to toxicological analyses of damaging effects induced 
by chemicals or drugs in humans, animals, and the environment [16]. Toxicogenomics 
revolutionized toxicity testing methods by evaluating alterations in gene, protein, and 
metabolite expression profiles [17]. Recently, the development of next-generation 
sequencing (NGS) technologies and machine learning for data analysis have allowed 
toxicogenomics to fully fulfil its potential. These advances are providing more complete 
insight into biological pathways and networks being affected upon exposure to certain 
compounds. 
 Toxicogenomic approaches comprise different “omics” techniques namely 
genomics, transcriptomics, proteomics, and metabolomics. An overview of the correlation 
between these omics with epigenetics, phenotypes, and data integration is represented in 
Figure 1. Epigenetics refers to the totality of processes that regulate gene expression and 
function that do not involve changes in the genetic code and which can be modulated 
by environmental (e.g. pollutants) and lifestyle factors ( e.g. diet, aging, stress) [18]. These 
changes may in turn result in different phenotypes, which comprise the observable 
physical characteristics or behaviour of an organism [19].  
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Figure 1. Overview of the different omics and how they are interconnected, and ultimately generate a certain 
phenotype. Besides, the impact of epigenetics in the normal flow of these omics influences phenotypic 
outcomes. Data integration is nowadays becoming an important asset in integrating the information gathered 
from omics technologies. 

Transcriptomics
 Transcriptomics refers to the measurement of the total RNA expression in a cell or 
tissue. The information stored in the DNA is expressed via transcription, generating mRNA, 
which in turn is translated into proteins that perform crucial cellular functions. Analysis of 
alterations in mRNA expression can reflect changes at the protein level as well as in the 
normal function of biological pathways [16, 20]. Nevertheless, the correlation between 
gene expression and protein levels and activity is limited due to regulatory mechanisms 
occurring during and after translation [21]. 
 The leading techniques in measuring gene expression profiles are microarray 
analysis and RNAseq [22, 23]. In this thesis, RNAseq performed in high-throughput NGS 
was used to evaluate gene expression changes in the whole genome [17]. RNAseq detects 
the presence and quantifies mRNA in a biological sample, in which transcripts’ abundance 
is obtained by counting their number. This technique has remarkably grown due to high-
throughput NGS technologies, which have become more efficient and sensitive, with a 
higher sequence cover and requiring a lower amount of RNA [22]. 
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Proteomics
 Proteomics refers to the measurement of protein levels in a cell. Proteins are 
indispensable components as they dictate most cellular functions. Proteomics has greatly 
benefited from the advances in transcriptomics and genetic information. These provided 
insight into messenger RNA (mRNA) expression as well as reference RNA sequences that 
enabled protein mass prediction, and identification [24]. One major limitation associated 
with proteomics is the rate of protein degradation, which affects its cellular content [21]. 
A very common proteomic technique is high-sensitivity protein MS in which differentially 
altered proteins can be identified and quantified. However, this technique fails in detecting 
a thorough overview of all proteins expressed in cells [16]. 
 For this thesis, ELISA (chapter 6) and computational methods (chapter 4) were 
used. ELISA is a technique that detects and quantifies proteins, based on specific antibodies 
against the target protein [8]. The computational methods were based on analysis of drug 
targets and interacting proteins available on databases such as ChEMBL [25], DrugBank 
[26], TTD [27], IUPHAR [28], PharmGKB [29]. These analyses, which are described in chapter 
4, provide the identification of proteins that are known to be targeted by doxorubicin 
(DOX) specifically in the gut. Hence, untargeted proteomic analysis was not applied in 
this work. The targeted computational proteomics is more valuable in confirming and 
comparing with the transcriptomics findings, as well as in improving the understanding 
of the mechanisms of DOX-induced toxicity.   

Metabolomics
 Metabolomics measures the levels of metabolites in the cells, which comprise 
small substrates, intermediates of cell metabolism, or its products. These metabolites can 
be involved in several essential biochemical processes, such as glycolysis, TCA cycle, or 
the metabolism of fatty acids [30]. Whereas transcriptomics and proteomics reflect the 
set of gene products generated by the cells, metabolomics reflects the biological activity 
of each cell, providing a functional assessment related to diseases and drug toxicity [31]. 
However, and similarly to proteomics, its major limitation is the challenging measurement 
of the complete set of metabolites in biological systems [31]. Currently, the most used 
metabolomic platforms are GC-MS or LC-MS [6, 16]. These platforms enable a more 
efficient measurement of millions of metabolites in biofluids, cells, or tissues. In chapter 2, 
LC-MS with flow injection-mass spectrometry spectroscopy [32] analysis was used for the 
measurement of metabolites present in the supernatant of human intestinal organoids.    
 Taken all together, toxicogenomics can provide information that is more selective, 
sensitive, and predictive than the standard toxicity evaluation methods. Still, one of the 
biggest challenges of toxicogenomics is the integration of the information collected from 
the “omics” platforms. There has been significant investment in multi-omics approaches to 
gain a more comprehensive overview of biological perturbations caused by compounds. 
Recently, omics integration has been successful in improving the understanding of 
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anthracycline cardiotoxicity in vitro [33] and colistin-mediated nephrotoxicity and 
hepatotoxicity [34], and in predicting drug responses in cancer treatment [35-37] and 
rheumatoid arthritis [38]. In this thesis, we also aimed at integrating different “omics” 
results to better understand the biological consequences of gene expression changes and 
the molecular mechanisms underlying drug-induced toxicity in intestinal cells.

A transcriptomic approach to investigate drug-induced 
intestinal toxicity 

 The intestines present a distinctive architecture that supports the important and 
complex functions of this organ and they are divided into small and large intestines. The 
small intestine (SI) comprises the duodenum, jejunum, and ileum (Figure 2), presenting a 
great absorptive surface area due to the villi and microvilli [39]. In turn, the large intestine 
is divided into cecum, colon (the major section), rectum, and anal canal, composed of villi 
and crypts mainly responsible for water and salts reabsorption [39] (Figure 2). Each part 
presents a unique structure and metabolic activity [40], has a different composition of 
cells [41], expression of genes/proteins [42], and composition of the microbiome [43]. The 
intestines exert highly important functions, being a key organ not only in the absorption 
and metabolism of nutrients, drugs and xenobiotics, but also as a defensive barrier, as part 
of the immune, endocrine and neuromotor systems [40]. Due to their important role in 
human physiology, intestinal injury has become an increasing concern among clinicians, 
particularly because toxicity can be dose-limiting in several drug-based therapies. This 
is particularly true for anti-cancer agents and nonsteroidal anti-inflammatory drugs 
(NSAIDs) and may lead to the adjustment, reduction or interruption of the therapy [44, 
45]. This problem can severely affect patients’ health not only due to the risk of developing 
intestinal toxicity but also because their treatment becomes compromised. 



Chapter 1

14

Figure 2. Small intestine, including duodenum, jejunum and ileum; and large intestine, including cecum, colon, 
rectum and anal canal. Created in BioRender.com (accessed on 17 February 2022).  

 Intestinal damage, one of the adverse reactions caused by therapeutics and other 
xenobiotics, often leads to inflammation, a condition commonly referred to as mucositis 
and introduced in 2006 by Medical Subject Headings (MeSH) [46]. Mucositis consists of 
damage of the mucous membrane and loss of mucosal integrity, thus compromising the 
body’s main barrier against infections, predisposing patients to inflammation, higher 
risk of developing bacterial, fungal or viral infections, and ultimately sepsis, particularly 
in already immunosuppressed patients [47]. Intestinal mucositis is an extremely 
common adverse effect of cytotoxic therapies, affecting approximately 40% of patients 
undergoing standard chemotherapy regimens [46]. Chemotherapeutic agents destroy 
the continuously dividing mucosal cells of the intestines, which can hamper the quick 
renewal of these cells. Consequently, inflammation processes arise, which may lead to 
ulcerations and alteration of mucosal barrier functional integrity [48]. More specifically, 
cancer-therapy induced mucositis may result in apoptosis of intestinal crypt cells and 
regenerative stem cells, villous atrophy, and reduction of enterocyte mass [42, 48]. 
Clinical common symptoms include nausea, vomiting, abdominal pain, constipation, and 
diarrhoea with blood or mucus, leading to a decrease in the absorptive capacity of the 
intestines [44, 49]. Clinical consequences generally comprise dehydration, malnutrition, 
ulceration, and perforation [44, 50], increasing the risk of general complications, such 
as infections and even mortality [50]. This affects the absorption of orally administered 
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pharmaceuticals [41] and hinders the efficacy of the correspondent therapies. The extent 
and severity of intestinal toxicity and its consequences depend on several factors such as 
dose, route and time of exposure, frequency of drug administration, combinations with 
other types of therapeutics, and the ability of the intestinal mucosa to regenerate after 
damage [51]. Furthermore, factors related to individual characteristics, either genetic or 
lifestyle factors, can also determine the severity of intestinal toxicity, even for patients 
taking the same therapy [46]. 
 Current diagnostic methods of intestinal toxicity are quite limited, lack specificity, 
are mostly invasive, and cause discomfort to patients [44, 46]. On the one hand, symptoms 
experienced by patients are non-specific, thus being an unreliable measure of intestinal 
toxicity [52]. On the other hand, evaluation of intestinal damage is challenging since it 
is not easily observed or detected without relying on invasive procedures. The current 
gold standard method to assess intestinal toxicity is histopathology [41], which relies on 
endoscopy, with or without biopsy, thus being invasive and presenting a risk of bleeding 
or other complications [52]. In addition, it might fail to identify focal or regional injuries 
without extensive sample collection [41]. There are also a few non-invasive tests, such 
as sugar permeability tests [53], 13C sucrose breath test and monitoring of diarrhoea/
constipation, but they all have limitations and lack specificity and reliability [44]. The lack 
of a reliable, specific, and validated tool to assess and measure intestine toxicity is evident 
and, consequently, available information is not consistent enough yet to allow both 
the development of clinical studies for treatment and management of this condition. 
Therefore, the possibility of predicting patients’ risk to develop intestinal toxicity could 
potentially improve the quality of therapy, which then could be addressed according to 
each individual situation [54].  
 Ideally, a biomarker of intestinal toxicity evaluation should be sensitive, non-
invasive, easily assessed by clinicians and quantified [55], early predictive, and disease-
specific [41]. It should also rapidly identify any changes related to intestine disease or 
injury, reflecting both the different stages of the development of intestinal toxicity and 
the stages of recovery [41, 46]. Furthermore, a toxicity biomarker should give information 
on the disease independently of patients` characteristics, metabolic activities, presence 
of other pathologies, or medication [55]. Blood, urine saliva, or faeces are among the 
main sources for measuring biomarkers due to their rather easy collection and analysis 
[46]. Nevertheless searching for intestinal toxicity biomarkers has been challenging and 
only some biomarkers have already been evaluated, such as diamine oxidase (DAO), 
calprotectin, granulocyte marker protein (GMP), CD64, gastrin, citrulline, and thymidylate 
synthase (TS) [46, 49, 56-58]. The application of these biomarkers in toxicity screening 
during drug design and development or in clinical diagnosis and monitoring is still limited 
because they correlate poorly with histologic evidence of intestinal toxicity or still require 
validation [56]. 
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 Measurement of gene expression after exposure to drugs has gained importance 
since it may provide information about regulation of genes and biological processes in 
response to that exposure. The transcriptomic analysis will reflect a particular pattern of 
genes that can be associated with drug-induced toxicity, providing a more sensitive and 
specific panel of biomarkers as well as insight into the mechanistic aspects of toxicity. In 
addition, traditional drug toxicity biomarkers are often detected when the damage has 
already been induced whereas gene expression changes may occur instantly, allowing 
a more efficient prediction of intestinal injury. Despite the promise that gene expression 
profiling has demonstrated in biomarker investigation [59-62], and in the understanding 
of the development of diseases and personalized medicine [63, 64], a lack of studies that 
address drug-induced gene expression responses is still evident.  
 Another important aspect that should be taken into account when developing 
intestinal toxicity biomarkers or therapeutic targets and new medicines, is the 
heterogeneity between small and large intestines, which is quite often underestimated. 
As mentioned earlier, the small and large intestines differ in composition, structure and, 
consequently, in their specific functions, which also reflects on their susceptibility to 
drug-induced toxicity [65]. Digestion and metabolism of compounds can occur to some 
extent in the SI but that does not occur in the colon, which can make it more prone to 
damage. Additionally, differences in the population of immune cells and bacteria [43, 
65] that have adapted to each region of the intestines can also influence the likelihood 
of developing certain diseases such as chronic inflammations or cancer. For instance, 
Celiac disease only develops in the SI whereas ulcerative colitis is specific to the colon 
[65]. Likewise, this heterogeneity within the intestines will dictate the capacity of both 
organs in metabolizing xenobiotics/drugs, the responses towards the interaction with 
those compounds, and subsequent development of toxicity. Indeed, the role of the 
microbiome of both organs has become an aspect of interest over the last years. The 
number of studies considering the microbiome has grown and interesting outcomes 
have been described related to drug metabolism and toxicity [43, 66-75]. For instance, 
in the study by Yan et al., the authors report that the deglycosylation of doxorubicin by 
gut bacteria Raoultella planticola decreases drug toxicity [75]. In contrast, Guthrie et al. 
observed that microbial β-glucuronidases reactivate irinotecan in the gut, causing severe 
diarrhoea [71]. Additionally, activation of certain pro-drugs, including prontosil and 
neoprontosil (antibacterial drugs), is dependent on microbiome drug metabolism [74]. 
Interestingly, gut microbiome capacity of metabolizing arbutin to hydroquinone, a more 
toxic compound, has been associated with inducing apoptosis of liver HepG2 cells [67].      
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Intestinal organoids as a new in vitro model to evaluate 
intestinal toxicity 

 In vitro toxicity studies are useful so far as they are able to give insight into possible 
pathways that relate to toxicity. However, translation of the results to the human situation 
has always been difficult and limited by the fact that standard 2D cultures can’t mimic in 
vivo cells’ environment and interactions. Furthermore, the cell lines used are often derived 
from malignant specimens, immortalized with virus infectious or with oncogenes, limiting 
their value for extrapolation to normal human conditions. This hampers the comparison of 
the in vitro data with data obtained from human tissues or biofluids because of differences 
related to cell responses, efficacy, and toxicity. Therefore, generating better models to 
study not only gastrointestinal (GI) toxicity but other medical conditions may improve 
translatability and has led to the development of three-dimensional (3D) culture models.
 First, explant cultures were developed [76], but despite their 3D and organotypic 
features, they could only be maintained in culture for a short period, from a few hours 
[77] up to 2 weeks [78]. For this reason, a new type of in vitro model was pursued, referred 
to as organoids. They consist of a 3D cell culture derived from human tissues [76, 79, 80] 
(Figure 3), embryonic stem cells, or induced pluripotent cells, and embedded in matrigel 
as a matrix to allow a 3D expansion [79]. Organoids are capable of self-renewal, self-
organization and can exhibit similar organ functions and morphology as the human tissue 
of origin [79, 80]. Such characteristics may advance both basic and translational research, as 
it allows overcoming the limitations associated with monolayer culture models. Moreover, 
these cultures offer the possibility of long-term culturing without inducing genomic and 
phenotypic alterations, enabling their application in several experimental techniques and 
the possibility of generating tissue material for transplantation or regenerative medicine 
[81, 82]. On the other hand, this model still presents its limitations. These are related to 
the challenging, complex, and specific culture methods. In addition, reproduction of 
inflammatory responses and in vivo gradients of factors for development and signalling 
are still lacking on the matrigel matrix [80]. 
 The development of intestinal organoid cultures took place in 2009 by Sato 
et al., who introduced Lgr5+ stem cells and the growth factors required to replicate 
the adult intestinal stem cell division and homeostasis [80, 83]. Since then, the culture 
of human intestinal organoids has been successfully generated as well as other organs 
provided with Lgr5+ stem cells, such as colon [12], stomach [84] and liver [85]. Colon and SI 
organoids, either generated from stem cells or isolated crypts, give rise to cystic structures 
with several crypt-like buds projecting from a central lumen to the outer space, showing 
proliferation, differentiation and behaviour features similar to in vivo [86]. These organoids 
are typically cultured in an extracellular matrix (e.g. Matrigel) surrounded by culture 
media supplemented with specific growth factors (e.g. R-spondin, Wnt-3a, epidermal 
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growth factor (EGF), Noggin, Gastrin, Rhokinase and p38 inhibitors [80]), so that stem cells 
multipotency and the normal karyotype are maintained throughout the culture. 
 After the successful establishment of the organoid systems, they have been 
used in a wide number of applications including evaluation of stem-cell niche, cellular 
differentiation, tissue development, homeostasis, and diseases, including infections 
caused by microorganisms, carcinogenesis, or those affecting the brain. Furthermore, 
organoids have been used for “omics” profiling to assess and better understand several 
signalling pathways under normal versus abnormal conditions; identify genetic mutations 
that might trigger diseases; and high-throughput screening for drugs efficacy and/or 
toxicity [79, 80]. Noteworthy, organoids are already being collected and organized in 
open-access biobanks [80]. 

Figure 3. Schematic representation of intestine organoid generation and culture from primary tissue. Legend: 
CTFR, cystic fibrosis transmembrane conductance regulator. Created in BioRender.com (accessed on 25 February 
2022).  

Selection of  drugs known to induce intestinal toxicity 

Fluoropyrimidines - 5-Fluorouracil
 5-Fluorouracil (5-FU) is widely used in the treatment of several cancer types 
and clinical studies demonstrate that responses to 5-FU vary among patients, evidenced 
by the fact that some of them display none or mild side effects whereas others present 
severe adverse reactions (AR) [87]. General common side-effects caused by 5-FU include 
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myelosuppression, dermatitis, cardiac toxicity, and mucositis [87, 88], being the latter the 
more serious one that can aff ect the intestines of 40-80% of patients taking this drug [46, 
89]. Intestinal mucositis usually results in nausea, abdominal pain, vomiting, and diarrhoea. 
This has a major impact on health and quality of life of patients, and increases the risk of 
other complications (e.g. fatigue, loss of weight), leading to the discontinuation of the 
cancer therapy or alteration to a less eff ective one and even of mortality [51]. Patients 
suff er from intestinal mucositis because 5-FU, as an oncological agent, kills mucosal cells 
at a higher rate than their renewal capacity. The severity of intestine injury caused by 5-FU 
depends on factors such as dosage, route, and frequency of administration, simultaneous 
radiotherapy, and regeneration capacity of the intestine. 
 The overall mechanism by which 5-FU exerts its eff ects is based on the 
incorporation of a fl uoronucleotide into RNA and DNA along with inhibition of thymidylate 
synthase (TS), a nucleotide synthetic enzyme [58]. Being an analogue of uracil, 5-FU can 
enter the cells easily through the same mechanism of transport as this nucleotide (Figure 
4). Afterwards, it is converted intracellularly into many active metabolites that disturb 
RNA synthesis and TS function [58, 90]. Several factors have been associated with 5-FU-
induced intestinal toxicity, from reactive oxygen species (ROS) to the production of pro-
infl ammatory cytokines (IL-1β, IL6, TNF-α) and platelet-activating factor (PAF) [91, 92]. 
Nevertheless, key factors, especially transcription factors that regulate genes involved in 
the development of toxicity, are not well understood yet. Whichever the mechanism of 
action of 5-FU, it can cause intestinal toxicity, and currently, there is no easy, non-invasive 
and reliable method available to detect it. Clinicians still rely on endoscopy and biopsies 
procedures, which can cause discomfort to patients or worsen the state of the intestinal 
mucosa, as well as on patients‘ reports about symptoms they might experience. 
 Overall, the number of studies investigating 5-FU-induced gene alterations that 
can be associated with its toxic eff ects in the intestines is limited. Possible biomarkers that 
have been associated with 5-FU eff ects are the increased expression of the genes SSAT and 
MAT-8 [93], the polymorphic genes DPYD, TYMS and MTHFR [54], combined with increased 
levels of citrulline and decreased levels of DAO [56], and cytokines including IL-6, TNF-α 
and IL-1β [87].

Figures
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Figure 4. Structure of 5-FU.Figure 4. Structure of 5-FU.
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Anthracyclines - doxorubicin
 Like 5-FU, DOX is a widely common chemotherapeutical drug used in the 
treatment of several cancers including solid tumours, acute myeloblastic and lymphoblastic 
leukaemia, breast, ovarian, prostate, gastric carcinomas, osteosarcomas, and soft tissue 
sarcomas [94]. Doxorubicin belongs to the class of anthracycline drugs (Figure 5), which 
are potent cytotoxic drugs whose origin derives from Streptomyces peucetius var. caesius
[95]. In the last 40 years, DOX has been one of the most standardized and recommended 
cancer drugs, despite causing severe side eff ects. Common side eff ects include hair loss, 
vomiting, weight loss, skin rash, and suppression of the bone marrow. More serious 
side eff ects observed during DOX therapies include cardiotoxicity, and consequent 
cardiomyopathy and congestive heart failure, hepatotoxicity, erythema, and GI toxicity by 
disrupting the intestinal epithelium [94, 96]. Disruption and subsequent infl ammation of 
the intestinal epithelium aggravates symptoms such as diarrhoea, vomiting, abdominal 
pain and nausea experienced by cancer patients. Again, these cancer treatments can be 
compromised, dramatically impairing patient’s survival. 
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Figure 5. Structure of DOX.

 DOX, being a cytotoxic agent, is known to promote cell death mechanisms of 
highly proliferative malignant cells. However, this drug is not cancer cell-specifi c thus 
it can also impact healthy cells of various tissues including the intestinal epithelium, 
heart, or liver, leading to severe damaging eff ects even in therapeutic doses [96]. The 
main mechanism of action associated with the anti-cancer eff ects of doxorubicin is the 
inhibition of DNA and RNA synthesis by intercalating into DNA and disrupting DNA 
topoisomerases [97, 98]. Consequently, this causes the unwinding of DNA, DNA replication, 
RNA transcription and translation, and ultimately, protein biosynthesis. Consequently, 
cell cycle and cell proliferation are interrupted [97, 99]. The other proposed mechanism 
through which DOX is thought to cause its toxic eff ect is the generation of radical oxygen 
species (ROS) [100]. ROS can be generated as a result of doxorubicin metabolism and 
conversion into a semiquinone at complex I of the electron transport chain (ETC) [101]. 
This semiquinone is a very unstable and reactive compound causing oxidative stress. This 
triggers a cascade of events including membrane damage, DNA damage, mitochondria 
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dysfunction, lipid peroxidation that ultimately lead to activation of cell death pathways 
[96, 97, 101]. Therefore, mechanisms associated with DOX-induced intestinal toxicity 
are closely related to infl ammation, impairment of mitochondria and ATP synthesis, cell 
cycle arrest, and induction of apoptosis [96, 102]. However, similarly to 5-FU, there is not a 
reliable, non-invasive method to monitor the adverse eff ects of this drug on the intestinal 
epithelium of cancer patients. Studies focusing on the understanding of the molecular 
mechanisms underlying DOX-induced intestinal toxicity are also rather poor. Most studies 
so far focused on cardiotoxicity. Nevertheless, two genes stood out, namely CCND1 (cyclin 
D1) and TP53I3 (Tumor Protein P53 Inducible Protein 3) in cardiomyocytes [103], as well 
as increased levels of infl ammatory markers (TNF-α, IL1-β and IL-10) and cytokines (CCL2, 
CC7, KC), even though being a in vivo mouse study [104].  

Tyrosine kinase inhibitors - gefi tinib 
 Tyrosine kinase inhibitors (TKIs) are low molecular weight pharmaceuticals whose 
main role is the selective inhibition of the activity of protein-tyrosine kinases [105]. These 
proteins are essential in modulating growth factor signals, thus they are highly associated 
with cancer development. When activated, they can promote proliferation and growth of 
tumour cells, anti-apoptotic eff ects, angiogenesis, and metastasis. Furthermore, activation 
of protein kinases by somatic mutation is a recognized mechanism of tumorigenesis [106]. 
This explains why these protein kinases are important targets in cancer treatment. TKIs 
have proven to be eff ective and somewhat more effi  cient than classical pharmaceuticals 
in the treatment of diseases that develop from dysregulated kinase activity, such as 
cancer. Therefore, they are considered as the novel class of anticancer drugs, some 
of them already being used as targeted treatment of several malignancies, including 
advanced or metastatic GI stromal tumours, leukaemia or severe forms of non-small cell 
lung cancer (NSCLC) [106]. Since the fi rst TKI drug (imatinib) got approved for cancer 
treatment, researchers have developed new compounds, managing to have seven more 
TKIs approved to date: dasatinib, gefi tinib (Figure 6), lapatinib, erlotinib, sorafenib and 
sunitinib [106]. There are other TKIs still under investigation or in clinical studies. Despite 
their diff erences in the target protein kinase, pharmacokinetic profi le, and specifi c adverse 
eff ects, TKIs share the same mechanism of action, which is based on competitive inhibition 
of ATP at the catalytic binding site of the target enzyme [106, 107].
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 A distinction can be made between receptor or non-receptor protein kinases, 
which are inhibited by different types of TKIs. Receptor tyrosine kinases are involved in 
the transduction of extracellular signals into the cytoplasm, which culminates in affected 
biological processes, whereas non-receptor ones are responsible for the propagation 
of intracellular signals [106]. There are four main types of TKIs according to the type 
of tyrosine kinase they target, namely BCR-ABL tyrosine kinase and c-KIT inhibitors 
(imatinib), epidermal growth factor receptor (EGFR) TKIs (gefitinib, erlotinib, lapatinib and 
canertinib), vascular endothelial growth factor (VEGF) TKIs (semaxinib, vatalanib, sunitinib 
and sorafenib) and platelet-derived growth factor receptor (PDGFR) inhibitors (imatinib 
and leflunomide) [106]. Sunitinib is regarded as a multi-targeted TKI [107]. Mutations 
in those factors lead to the development of different types of cancers. For instance, the 
mutation in the BCR-ABL tyrosine kinase is characteristic in patients with chronic myeloid 
leukaemia and acute lymphoblastic leukaemia, whereas mutation in the EGFR domain is 
highly associated with non-small cell lung cancer [106, 107].  
 Regarding adverse toxic effects, most TKIs have shown to cause anaemia, 
thrombopenia and neutropenia, as well as edema, hypothyroidism, nausea, vomiting, 
and diarrhoea. Among the already approved cancer therapy compounds, those in which 
diarrhoea is severe and dose-limiting include gefitinib, lapatinib, erlotinib, sorafenib 
and sunitinib [107]. Patients taking erlotinib have shown the most aggravated intestinal 
damage due to possible perforation [107]. Despite the promise and success of TKIs 
in the treatment of several malignancies, the challenge related to the development of 
cancer resistance is still a problem to overcome. Furthermore, as TKIs are still a novel 
class of drugs, studies on their safety and toxic profile, efficacy, mechanism of action, and 
resistance are needed to better understand how they function. This is important for their 
further improvement and application in clinical practice. Despite the scarcity of studies 
on intestinal toxicity, TKIs, in particular gefitinib, have shown to cause a decrease in mRNA 
expression levels of Cdh1 and Itgb1, and consequently, decrease in the levels of E-cadherin 
and β1-integrin, respectively [108]. Additionally, TKIs increased the levels of LDH, CHOP, 
and the cytokines IL-6, IL-17E and IL-4 in exposed intestinal cells [108].

Innovative experimental design 

 The present work is part of the Translational Quantitative Systems Toxicology 
project (TransQST, EU-IMI2‐2015‐06‐01) (Figure 7), which aims to develop alternative 
approaches that allow a better prediction of drug toxicity based on improved 
understanding of the mechanistic basis of adverse drug reactions (ADRs) [109]. ADRs 
have become a common concern among clinicians and pharmacists as they represent a 
major complication in the pharmaceutical therapy of patients as well as a major obstacle 
to the development of new, safe, effective pharmacotherapies. Such reactions may occur 
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in various organs including the GI system. For these reasons, the TransQST project is 
evaluating if molecular responses induced by diff erent classes of pharmaceuticals refl ect 
distinct mechanisms of action and if this information can be used to predict toxic eff ects 
of new drug candidates before initiating clinical trials.

Section Innovative experimental design

Figure 7

Chapter 3

Figure 1

Figure 7. TransQST project logo
Figure 7. TransQST project logo

 Animal experiments for toxicity assessment and prediction of molecular 
mechanisms and responses to chemicals have been considered the standard method so 
far. Nevertheless, animal testing has been decreasing, as shown in the offi  cial European 
Union (EU) report on animal use in research from 2015-2018 [110]. A 5% decrease in 
animal testing was observed between 2017 and 2018, as well as a decrease from 28% to 
24% in using genetically altered animals in 2018 [110]. This is in line with the increased 
ethical pressure and introduction of the 3R’s principles to reduce animal testing [10, 111]. 
Another factor that has been contributing to the reduction in animal testing is that animal 
and human responses are only around 71% concordant [112]. Therefore, the development 
of alternative methods is gradually taking place to improve not only the prediction of 
drug toxicity but also the understanding of the mechanisms underlying the development 
of toxic responses that are the basis of ADRs [113, 114].   
 In the context of this thesis, innovative in vitro experiments were performed to 
study intestinal toxicity induced by drugs aiming at mimicking as close as possible the 
human conditions and responses. On one hand, the experimental design included 3D 
human intestinal organoids derived from isolated crypts/villi of the SI and colon biopsies, 
which are described above. These models were introduced by Sato et al. [83], and resemble 
the in vivo features of the small and large intestines much better as compared to monolayer 
cell cultures of single cells (e.g. Caco-2 cells) [115]. On the other hand, the selection of drug 
concentration ranges used in this project was carefully selected based on physiologically 
based pharmacokinetic (PBPK) modelling [109, 116]. PBPK modelling takes into account 
the absorption, distribution, metabolism, and elimination of a particular concentration of 
a drug in the human body. Furthermore, PBPK modelling also considers the recommended 
clinical dose regimes given to patients [117]. This provided a more refi ned exposure profi le 
that better refl ects the concentration to which the human intestines are exposed during 
therapies. Therefore, adverse side eff ects and the potential mechanism of toxicity are more 
accurately investigated under therapeutic conditions [118].
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Aims and outline of  the thesis

 Over the last years, biomedical science and toxicology research have grown 
exponentially due to the development of more sensitive high-throughput techniques, 
improved in vitro models, and computational tools. This has introduced new approaches in 
toxicogenomics research, including the investigation of gene expression responses to drug 
exposure and how these reflect molecular mechanisms involved in drug-induced toxicity. 
Regarding the elucidation of transcriptomic signatures associated with drug-induced 
toxicity, the data available for the intestinal tract is rather limited compared to other organs, 
namely liver, kidney, or heart. Moreover, the discovery of biomarkers that can be used as tools 
to predict intestinal toxicity during the development of chemotherapeutics, or to assess the 
early onset of toxicity in cancer patients that are at risk of developing more severe intestinal 
injury is required. Given the lack of data and markers of intestinal toxicity, this thesis aims to 
generate new transcriptomic data that will aid in the identification of molecular mechanisms 
of drug-induced intestinal toxicity from different classes of compounds. To accomplish this, 
the suitability of 3D human intestinal organoid models is evaluated as a potential alternative 
to conventional in vitro models to investigate drug toxicity. Additionally, the comparison 
between colon and SI-derived organoids highlighted tissue-specific responses to the drugs. 
Likewise, the inclusion of different classes of compounds enables the identification of drug-
specific gene responses. Furthermore, in this thesis, the in vitro transcriptomic findings are 
validated by comparison with data generated from patients’ colon specimens. This is essential 
to assess the translatability of the organoids models. Finally, we test the potential upgrade of 
the colon organoid model by establishing a co-culture model including macrophages due 
to their role in intestinal inflammation during exposure to drugs. Meanwhile, the new data 
generated in this project is being applied in a quantitative systems toxicology (QST) model 
of the intestinal tract to predict the safety of potential medicines before clinical testing. 
 The thesis comprises five research chapters, aiming at accomplishing the thesis 
goals. Chapter 2 describes the new transcriptomic data generated after exposure of 
human healthy colon and SI organoids to 5-FU, a fluoropyrimidine widely used as an 
anti-cancer drug. In addition, cytotoxicity endpoints, imaging analysis of morphological 
changes, metabolomics, and omics integration are also described to complement the 
transcriptomic findings. In an attempt to validate these findings, chapter 3 compares 
the transcriptomic data obtained from healthy colon biopsies of advanced breast cancer 
patients receiving monotherapy with capecitabine, the pro-drug of 5-FU, with the gene 
expression data obtained from the human colon organoids exposed to 5-FU. 
 Next, a very common anthracycline and chemotherapeutical known to cause 
intestinal toxicity was evaluated, namely DOX. Chapter 4 describes the molecular 
mechanisms underlying DOX-induced intestinal toxicity, in human healthy colon 
and SI organoids. Similarly, cytotoxicity endpoints, morphological changes (imaging 
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analysis), and new transcriptomic data were generated, as well as proteomics based on 
computerized simulations. 
 Chapter 5 describes the toxicity effects and molecular mechanisms associated 
with exposure to gefitinib. Gefitinib is a chemotherapeutic agent from the class of TKIs 
that is known to induce intestinal toxicity, potentially via different molecular mechanisms 
than those of 5-FU and DOX. The same organoid models were used to generate new 
transcriptomic data and to look into gene expression profiles and biological pathways 
affected by the drug. 
 Immune system cell responses are highly important for the onset of inflammatory 
processes in the intestines, which may result in tissue damage, and make the tissues more 
sensitive to drug toxicity. Therefore, a new 3D in vitro model combining human colon 
organoids and macrophages was developed and tested. This work is described in chapter 6. 
 Finally, chapter 7 contains the summary and general discussion of the thesis’s 
main outcomes. In addition to the validation of known drug-induced toxicity mechanisms 
in the intestinal organoids, we unveiled new molecular mechanisms and gene responses 
related to drug-induced toxicity. Based on this, proposals are made for future validation 
of gene markers of intestinal damage in a larger clinical study, as well as to further 
explore intestinal organoid models, particularly co-cultures, in toxicity assessment of new 
medicines. 
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Abstract

 5-fluorouracil (5-FU) is a widely used chemotherapeutical that induces acute 
toxicity in the small and large intestine of patients. Symptoms can be severe and lead 
to the interruption of cancer treatments. However, there is limited understanding of 
the molecular mechanisms underlying 5-FU-induced intestinal toxicity. In this study, 
well-established 3D organoid models of human colon and small intestine (SI) were 
used to characterise 5-FU transcriptomic and metabolomic responses. Clinically 
relevant 5-FU concentrations for in vitro testing in organoids were established using 
physiologically-based pharmacokinetic simulation of dosing regimens recommended 
for cancer patients, resulting in exposures to 10, 100 and 1000 µM. After treatment, 
different measurements were performed: cell viability and apoptosis; image analysis 
of cell morphological changes; RNA sequencing; and metabolome analysis of 
supernatant from organoids cultures. Based on analysis of the differentially expressed 
genes, the most prominent molecular pathways affected by 5-FU included cell 
cycle, p53 signalling, mitochondrial ATP synthesis and apoptosis. Short time-series 
expression miner demonstrated tissue specific mechanisms affected by 5-FU, namely 
biosynthesis and transport of small molecules, and mRNA translation for colon; cell 
signalling mediated by Rho GTPases and fork-head box transcription factors for SI. 
Metabolomic results not only showed that TCA cycle and oxidative stress were affected 
in both organoids, but also tissue-specific alterations in the metabolome. Multi-omics 
integration identified transcription factor E2F1, a regulator of cell cycle and apoptosis, 
as the best key node across all samples. These results provide new insights into 5-FU 
toxicity mechanisms and underline the relevance of human organoid models in the 
safety assessment in drug development.  

Keywords: 5-FU toxicity, human organoid models, molecular mechanisms, 
transcriptomics, metabolomics
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Introduction

 5-fluorouracil (5-FU) is a chemotherapeutic agent that belongs to the class 
of fluoropyrimidines, the fluorinated derivatives of pyrimidines, and to the group of 
antimetabolite drugs. Fluoropyrimidines were developed in the 1950s [1] and are still one 
of the most widely used class of anticancer drugs. Despite the severe adverse reactions 
(ADRs) that some patients experience [2], these compounds, and particularly 5-FU, are 
standard treatments for breast and colorectal cancers. Treatment with 5-FU often results 
in myelosuppression, dermatitis, cardiac toxicity [2, 3], and in 40-80% of patients it may 
cause toxicity in the gastrointestinal tract, which particularly manifests as mucositis-related 
symptoms [4, 5]. Intestinal mucositis manifests as damage to the mucous membrane and 
loss of mucosal integrity [4], predisposing patients to inflammation, infections, or even 
sepsis [6]. Furthermore, intestinal mucositis is usually accompanied by nausea, abdominal 
pain, vomiting and diarrhoea, which has a major impact on health and the quality of life of 
patients. These ADRs and other complications, namely dose-limiting diarrhoea, may lead 
to the interruption or alteration of the cancer therapy [7]. 
 Although the mechanisms of 5-FU induced toxicity are not yet fully understood, 
its pharmacological mechanism of action is known. 5-FU, being an analogue of uracil, is 
readily transported into the cells, where it is converted into several active metabolites 
that can interfere with the function of thymidylate synthase (TS), an enzyme responsible 
for nucleotide synthesis, as well as the synthesis and function of DNA and RNA by 
incorporation in these molecules [1, 8]. Activation of p-53 expression by 5-FU was also 
observed in cells of intestinal crypts, which in turn lead to both inhibition of proliferation 
and induction of apoptosis [9]. 5-FU and its metabolites can also lead to the production 
of reactive oxygen species (ROS), with subsequent release of pro-inflammatory cytokines, 
and platelet-activating factors (PAF), causing inflammation of the intestinal tissue [10, 11]. 
Current diagnosis or predictive tests of the ADRs induced by 5-FU in the intestinal mucosa 
are still unreliable, invasive and challenging, as they rely on endoscopies, biopsies or even 
patients’ own reports. 
 Gastro-intestinal safety and toxicological assessment during development of 
drugs conventionally rely on experiments with animal models to investigate molecular 
mechanisms and biomarkers that are related to acute or chronic toxicity [12]. Nevertheless, 
the ethical considerations to reduce the number of animal experiments and the poor 
translation between animal, mainly rodents, and human in vivo gut cells’ responses, 
limit the investigation of drug-induced intestinal toxicity [13, 14] and emphasize the 
need for human relevant test systems. Standard 2D cell-based assays are widely used to 
perform toxicity studies, despite their poor reflection of human tissue responses. One of 
the most common examples is Caco-2 cells, enterocyte-like cells that are derived from 
human colorectal adenocarcinoma, whose differences in the expression of enzymes and 
transporters hampers the direct extrapolation to the in vivo situation [15]. Therefore, 
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a novel in vitro culture system has been established based on 3D culture of organoids 
[16] that may better reflect human in vivo responses. Organoids present similarities in 
proliferation, differentiation and functional behaviour with human in vivo cells and 
tissues [16-19], giving them a potential advantage over 2D in vitro models. Since human 
organoids may better represent the intestinal physiology as compared to 2D cultures, 
their application in translational research could be a good alternative to the current in 
vitro intestinal models. The use of intestinal organoids has increased exponentially in 
recent years and has shown potential for the investigation of intestinal development, 
homeostasis, and human disease development. However, these organoids have not 
yet been fully explored for the evaluation and screening of drug toxicity. Therefore, this 
study included a 3D culture of intestinal human organoids to better understand intestinal 
toxicity induced by 5-FU. 
 Human intestinal organoids used in the present work were derived from human 
biopsies of the colon and small intestine (SI), and acquired intestinal-like structures 
after being cultured with specific growth factors [20]. Relevant exposure concentrations 
were established using physiologically-based pharmacokinetic (PBPK) modelling 
and simulation of clinical dosing regimens for 5-FU [21-24]. Intestinal organoids were 
exposed to 3 different concentrations during 24h, 48h and 72h of treatment. Cytotoxicity 
parameters for cell viability, based on ATP quantification, and apoptosis, based on caspase 
3/7 activation, were measured. Nuclear and actin cytoskeletal imaging analysis were 
performed to characterize cell viability and structural morphology. Furthermore, in-depth 
quantitative RNA-sequencing and metabolomic analysis were performed to evaluate 
global changes in gene expression and metabolome profiles, respectively. Integration of 
both transcriptomics and metabolomics was ultimately performed in order to have a more 
detailed insight on 5-FU effects, as well as to check if gene and metabolomic responses 
are closely related. This study aimed at evaluating whether human intestinal organoids 
are a suitable model to investigate the mechanism of action underlying 5-FU induced 
intestinal toxicity by identifying differentially expressed genes (DEGs) and the most 
affected biological pathways, which can ultimately be translated to functional endpoints 
and human responses. 

Materials and methods

3D in vitro culture of  healthy intestinal organoids
 Human healthy colon organoids were kindly provided by Boehringer Ingelheim 
Pharmaceuticals Inc.  (Ridgefield, USA), whereas human healthy SI organoids were 
generated and cultured in the Boehringer Ingelheim laboratory (Ridgefield, USA). Colon 
and SI organoids were derived from a tissue biopsy of the respective regions, performed 
on different healthy male donors. Establishment of the 3D in vitro culture of the colon 
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and small intestine tissue was adapted from the methods described by Sato et al. [16, 20]. 
Initiation of intestinal organoids culture from tissue samples was based on EDTA chelation 
to allow collection of crypts [16, 20, 25]. Isolated crypts were seeded at approximately 
500 crypts/clumps per 50 uL matrigel/well in a 24-well plate, and 200µL of complete 
crypt medium composed of advanced Dulbecco’s modified eagle medium (DMEM)/F12 
medium (Life Technologies), Wnt3a conditioned medium, 1 µg/mL recombinant Human 
R-Spondin-1 (Peprotech), 10 mM nicotinamide (Sigma-Aldrich), 1x B27TM Supplement 
(50x) serum free (Invitrogen), 1,25 mM N-Acetyl-L-cysteine (Sigma-Aldrich), 50 ng/ml 
recombinant Human HB-EGF (Peprotech), 0,5 µM A 83-01 (Tocris), 10 µM SB 202190 
(p38i) (Sigma-Aldrich), 10 µM human [Leu15]-Gastrin I (Sigma-Aldrich), 1x Primocin (Fisher 
Scientific), 0,1 µg/mL recombinant human Noggin (Peprotech) and 10 µM inhibitor 
Y-27632 (AbMole bioscience) until the plate showed high confluency and signs of cell 
differentiation, i.e. changes in the morphology of the organoids. Afterwards, culture of 
organoids was transferred to 96-well plates. 
 Intestinal organoids were passaged every 3 - 7 days, depending on the rate of 
growth and/or changes in their morphology (differentiation). Culture plates containing 
organoids were firstly put on ice to promote easier disruption of the matrigel matrix 
(phenol-red free, Corning) and washed with cold Basal culture medium composed of 
advanced DMEM/F12 medium, Glutamax 100x, HEPES buffer and Foetal bovine serum 
(FBS), 10% (v/v) (Life Technologies). Organoids were collected into 15 ml conical tubes 
and centrifuged at 300 x g for 5 minutes, at 4 °C. Afterwards, the pellet was re-suspended 
in Tryple Express 1x (Life Technologies) containing inhibitor Y-27632 (AbMole bioscience), 
followed by a quick vortex and two minutes incubation at 37 °C. Basal culture medium 
was then added to the tube and organoids are dissociated into single cells. Two more 
centrifugations at 800 x g for 5 minutes, 4 °C, were performed to wash the pellet, which 
was re-suspended in ice-cold matrigel. Drops of 10 µL of matrigel containing organoids 
were seeded in pre-warmed culture plates and polymerized at 37 °C for 15-20 minutes. Pre-
warmed complete crypt medium was added to each well and incubated at 37 °C, 5% CO2. 
The medium was refreshed every 2-3 days. Before exposure to the drug, both organoids 
were also grown in Human IntestiCult™ Organoid Growth Medium (Stemcell), prepared 
according to manufacturer’s instructions, to mainly promote organoid differentiation. 

Selection of  5-FU in vitro concentrations
 The Simcyp® Human PBPK simulator (v18r2; Certara UK Ltd., Sheffield, UK) and the 
Simcyp Sim-Cancer population were used to develop and verify a model describing 5-FU 
PK in cancer patients following IV dosing. Physicochemical properties and experimentally 
derived plasma protein binding, clearance and distribution data were collected from 
the literature for the PBPK model development (Supplemental Table S1). The M-ADAM 
(Multi-layer gut wall) model, available within Simcyp’s advanced dissolution, absorption 
and metabolism (ADAM) model was used to predict the enterocyte drug concentration 
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in addition to the systemic plasma levels. Two different 5-FU clinical dosing regimens 
recommended for adult patients with colorectal cancer were simulated: regimen A - 500 
mg/m2 by IV bolus on Days 1, 8, 15, 22, 29, and 36 in 8-week cycles and regimen B - 400 
mg/m2 by IV bolus on Day 1, followed by 2400 mg/m2 as a continuous IV infusion over 46 
hours every 2 weeks [26]. Systemic plasma and enterocyte in vivo concentrations were 
simulated for both dosing regimens. The VIVD model [27] implemented in Simcyp’s In 
Vitro Data Analysis Toolkit (SIVA v3.0, Certara UK Ltd., Sheffield, UK) was used to model 
the in vitro distribution of 5-FU in human gut epithelial cells and predict the nominal test 
concentrations to achieve intracellular concentrations equivalent to those simulated 
using PBPK. The input parameters for this model can be found in Supplemental Table S2.

In vitro exposure to 5-FU
 5-Fluorouracil (5-FU) was purchased from Sigma -Aldrich (Germany), with ≥99% 
purity. Intestinal organoids were seeded in 96-well plates in complete crypt medium 
for 2 days. Afterwards, complete crypt medium was replaced with Human IntestiCult 
Growth medium, in which organoids remained for 3 days to stimulate differentiation. 
Differentiated intestinal organoids were exposed to 100 µL Human IntestiCult Growth 
medium with 10 µM, 100 µM and 1000 µM 5-FU for 0h, 24h, 48h and 72h, in repeated 
doses, i.e. medium was changed every 24h. The selected concentrations were within the 
range of therapeutic doses as described in section 2.2. Time points were selected based 
on previous experiments to evaluate the development of toxicity and transcriptomic 
responses. Vehicle controls, consisting of organoids seeded in 100 µL IntestiCult medium 
with 0,33% DMSO, and untreated controls, consisting of organoids seeded in 100 µL 
IntestiCult medium only, were also included for all time points. All samples were performed 
in technical triplicates in 96-well plates. A blank reaction was added to the treatment 
layout, consisting of matrigel without organoids in 100 µL IntestiCult medium. Empty 
wells were filled with 200 µL of Phosphate-buffered saline (PBS) to avoid edge effects. 
After exposure, samples were collected to perform toxicity assays and transcriptomic 
analyses.  

Cytotoxicity assays: ATP measurement and 3/7 caspase activity 
 Measurement of the toxicity profile was performed using viability (ATP 
measurement) and apoptosis (3/7 caspase activity) endpoints kits 3D Celltiter-Glo and 
Caspase-Glo 3/7 (Promega), respectively. After each time point of exposure, medium was 
removed from the plates and replaced by 100 µL of each kit reagent to the appropriate 
wells, followed by homogenization of the matrigel. The plates were placed in a Scilogex 
MX-M 96 well plate shaker for 1h (incubation time), at room temperature. Afterwards, 
samples were transferred to white opaque 96-well plates (Corning) and luminescence 
was measured in GloMax® 96 Microplate Luminometer (Promega). Luminescence values 
corresponding to the levels of either ATP or 3/7 caspase activation, were transferred 
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to Excel and corrected for the blank reaction to eliminate possible interferences of the 
matrigel matrix in both curves.

Image analysis
 Image-based morphological analysis of the organoids was performed in the 3D 
image analysis solution Ominer® (OcellO B.V.). For this, organoids were grown in matrigel 
for a total of 6 days during which they were exposed to 5-FU for 1, 2 or 3 days. After each 
time point of exposure, fixation and staining were performed to visualize the nuclei and 
actin cytoskeleton, by applying a solution containing Hoechst 33258 (Sigma-Aldrich; final 
concentration: 0.4 µg/mL) and Rhodamine-phalloidin (Sigma-Aldrich; final concentration: 
0.1 µM) [28]. Untreated controls and vehicle controls were also included. Images were 
captured as z-stacks using a 4x objective of ImageXpress Micro XLS (Molecular Devices) 
wide field microscope.

RNA isolation from intestinal organoids
 At each time point, medium was removed from the plates and 200 µL of QIazol 
Lysis reagent (Qiagen, The Netherlands) was added into the wells, followed by dissociation 
of the matrigel matrix and transfer of each sample to the respective tubes. This process was 
repeated several times, until all organoids were collected, and ensuring a total volume of 
QIazol Lysis reagent of 700 µL. Complete homogenization of organoids in the lysis reagent 
was reached by vigorous pipetting and vortex. RNA isolation was performed using the 
miRNeasy Mini Kit (Qiagen, The Netherlands), following manufacturer’s protocol for Animal 
Cells including a DNase treatment. Total RNA yield and quality (assessed by 260/230 and 
the 260/280 ratios) were measured on a Nanodrop® ND-1000 spectrophotometer (Thermo 
Fisher, The Netherlands). The integrity of total RNA was confirmed using RNA Nanochips 
on a 2100 Bioanalyzer (Agilent Technologies, The Netherlands). All samples with integrity 
number (RIN) > 6 and total amount of RNA ≥ 200 ng were approved for RNA sequencing, 
which was the case for all the samples generated. Samples presented on average a RIN of 
8.2 ± 0.5 and total RNA of 1134.8 ng and 1746.7 ng for colon and SI organoids, respectively.                       

Library-preparation and mRNA sequencing
 Samples containing purified RNA were prepared for sequencing using Lexogen 
SENSE mRNA library preparation kit (Lexogen, The Netherlands). After library preparation, 
the samples were sequenced on the HiSeq2500 (100bp paired-end). A pool of all 5-FU 
samples and controls was sequenced on all 8 lanes of a flow cell. Untreated control, vehicle 
control and 5-FU samples were sequenced with an average of 10 to 15 million raw reads. 
One replicate from the colon organoids samples (10 µM 5-FU, 24h) was excluded from the 
analyses due to low read counts (< 1,000 read counts).
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Pre-processing and data analysis 
 For all samples, due to the fact that the sequencing reads still contained Lexogen 
adapter sequences, the first 12 bases of the 5’end of all reads were removed using 
Trimmomatic version 0.33 [29]. Before and after trimming, the quality of the sequencing 
data was confirmed using FastQC version 0.11.3 [30] and only samples with satisfactory 
parameters were kept for downstream analysis. Following trimming, reads were aligned to 
the primary assembly of the human genome (Ensembl build v. 93 GRCh38) using Bowtie 
1.1.1 and quantified with RSEM 1.3.1. The profile and behaviour of the samples were 
assessed according to the amount of (mapped) reads, hierarchical clustering, principal 
component analysis (PCA), and sample dispersion. Following quantification of the read 
counts, normalization was performed on the expected read counts from all samples and 
the contrast function  from the R package DESeq 2 (v. 1.14.1) [31] was used to extract 
DEGs for each time point and concentration so that comparison between all conditions of 
the experiment is possible. For each specific time point, the following comparisons were 
performed: a) Untreated control vs Vehicle control; b) 10 µM 5-FU vs Vehicle control; c) 
100 µM 5-FU vs Vehicle control; d) 1000 µM 5-FU vs Vehicle control. Bonferroni correction 
[32] was applied to the genes obtained, after which genes with q<0.05 were considered 
as DEGs.

Pathway analysis 
 The lists of DEGs obtained for each time point and concentration were used 
as input for pathway over-representation analysis (ORA) using CPDB release 34 [33], 
considering a cut-off of 0.01, p-value≤0.05 and q-value<0.05. The Reactome database 
version 67 [34] and Kyoto Encyclopedia of Genes and Genomes (KEGG) [35] were selected 
as preferred databases for pathway analysis and interpretation of biological processes. The 
most relevant DEGs involved in cell cycle and apoptosis were visualized using PathVisio 
3.3.0 [36] to aid in the interpretation. Gene plots of the most relevant DEGs were also 
generated using Excel. Moreover, the STEM tool [37] was used in order to classify the DEGs 
according to their differential expression degrees during the exposure to 5-FU, considering 
a p-value≤0.05. For genes that were not differentially expressed in all the concentrations 
and duration of treatment in both colon and SI organoids, the missing expression value 
was assigned as zero. Clusters of time-dependent DEGs were ranked according to their 
significance (p-value), after which only the top 3 significant gene clusters were chosen 
for further analysis. The list of genes obtained from the most significant clusters in the 
STEM tool were further analysed by performing a List Enrichment Network using the 
NetworkAnalyst 3.0 [38]. 

Metabolomic analysis of  human organoids supernatant
 For each condition, 100 µL of media were collected and stored at -80°C until 
analysis. Prior to analysis samples were thawed at room temperature for 30 min and 
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diluted 10-fold in LC/MS-grade water. Non-targeted flow injection mass spectrometry 
spectroscopy analysis of polar metabolites was performed as described in [39]. Ten µL 
of each sample were injected in a randomized sequence using an Ultimate-3000 liquid 
chromatrography systems (Thermo Scientific) and analysed in negative  ion mode on a 
Q-Exactive mass spectrometer (Thermo Scientific) using a mobile phase consisting of 60% 
isopropanol, 40% water, 1 mM NH4F, 10 nM taurocholic acid and 20 nM homotaurine. The 
mass spectrometer was calibrated according to manufacturer protocols and operated in 
profile mode in a scan range of 50-1000 m/z. Resolution was set to 70,000 at 200 m/z with 
automatic gain control target of 3E6 ions, 3.0 kV spray voltage, 120 ms maximum injection 
time, and 60 sec acquisition time. Quality control samples were injected every 20 runs to 
ensure proper instrument performance. Peak detection and global alignment of all scans 
was performed using a custom metabolomics data processing pipeline. To tentatively 
annotated metabolites, detected ion m/z values and isotope distributions were matched 
against the Human Metabolome Database assuming [M-H] and [M-2H] species and 
at most two 13C/12C exchanges, with the method-inherent limitation of being unable 
to distinguish between isomers. Statistical analysis of the data was performed using R. 
Statistical significance between compared sample groups was assessed using unpaired 
t-tests, and resulting p-values were adjusted for multiple hypothesis testing using 
Bonferroni’s method.

Multi-omics integration
Transcription factor activity estimation
 A footprint-based approach [40] was used to estimate transcription factor activity. 
First, the log2-fold change RNA-sequencing data was processed and genes that were not 
expressed in the basal condition (determined from the raw counts) were removed, which 
would have led to an arbitrarily large fold change. This resulted in 16552 and 15045 genes 
in SI and colon samples, respectively. To determine the transcription factor activity in 
each sample, the VIPER algorithm [41] was used with the DOROTHEA regulons [40, 42] as 
implemented in the `dorothea` R package (version 1.2.0, available from Bioconductor). 
 In summary, the algorithm ranked the genes by their fold changes, then derived 
an enrichment score for each transcription factor based on the rank of their targeted 
genes. In this scoring method, the mode of action (i.e. up- or down-regulation of targets) 
was also considered.  Afterwards, this score was compared to a null-distribution of scores 
that were derived from randomised gene sets with the same size as the size of the regulon 
(Z-transformation). All the samples were provided to construct the null-distribution of 
enrichment scores. This way the normalised enrichment score of the transcription factors 
could be compared across samples. 
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Multi-omics integration
 COSMOS [43] was also used to integrate the transcriptomics and metabolomics 
data in a unified interaction network. COSMOS builds on a signed, directed prior knowledge 
network (PKN) that aggregates three main interaction resources: (1) Omnipath [44] for 
protein-protein interactions, STITCH [45] for allosteric regulations, and (3) RECON3D for 
human metabolic interactions [46].
 First, a specific prior knowledge network was created for the colon and SI 
samples separately. For that purpose, the expressed genes in each sample were identified 
separately using edgeR [47], followed by removal of the interactions that contain proteins 
which were not expressed in any conditions of the organoid samples. Afterwards, the 
transcription factors and the measured metabolites were mapped to the prior knowledge 
network. In total, 391 of the 2538 measured metabolites were found in the PKN, from 
which 319 were significantly changing in abundance in at least one sample. Afterwards, 
the optimisation step of COSMOS was run ten times for each sample to explore a family 
of networks. In this optimisation step, the algorithm finds a subset of the PKN that 
contains the maximum number of inputs (transcription factors) and outputs (measured 
metabolites) and it connects these nodes using the minimum number of edges (further 
details in [48]). Each optimisation run reported between one and one hundred equivalent 
solutions. The final objective function values of the independent optimisation runs were 
similar (less than 5% difference), therefore the quality of the solutions was also similar. 
These solutions were aggregated by taking the union of the interactions reported in each 
solution. Then the essentiality of each edge was computed by the relative number of times 
it appeared across the solutions, i.e. the essentiality of 1 means that the edge appeared in 
all the solutions.  

Results

Establishment of  healthy human intestinal organoids
 Organoids derived from biopsies of the SI and colon of healthy human donors 
were successfully generated in a 3D culture matrix. Both types of organoids showed 
fast growth and proliferation at the beginning of culture until 8 to 10 passages, after 
which organoid growth rate became stabilized. When the culture was started, organoids 
appeared as single undifferentiated cells, with a round shape. After approximately 3 to 
4 days, organoids started to differentiate and form buds, which resembled intestine-like 
features (Figure 1).
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Figure 3 

Figure 1. Images of colon and small intestine organoids obtained two distinct phases of development: a) single, 
undifferentiated organoids with no signs of budding/crypt-like formation; b) differentiated organoids with 
evident signs of budding/crypt-like formation. Total magnification of 200x.

Selection of  5-FU in vitro concentrations
 The performance of the 5-FU human PBPK model was validated using clinical 
observations (Supplemental Figure S1). Figure 2a shows the pharmacokinetics (PK) profile 
predicted for systemic plasma following dosing regimen A (500 mg/m2 intravenous (IV) 
bolus weekly). Since there was no pronounced systemic accumulation of 5-FU for regimen 
A (plasma t1/2 = 8-20 min) [49], drug disposition was simulated for 24 hours following the 
IV bolus. 
 Due to the short plasma half-life, 5-FU is increasingly being administered as an 
infusion to improve clinical efficacy [50]. The PK profile predicted for systemic plasma 
following the infusion regimen (regimen B - 400 mg/m2 IV bolus for 24h, plus 2400 mg/m2 
IV infusion over 46h every two weeks) is shown in Figure 2b. The time profiles predicted 
for the intracellular enterocyte concentration in jejunum and colon have a similar shape 
to the ones obtained for systemic plasma (data not shown). 
 Table 1 shows the maximum drug concentration (Cmax) predicted for both dosing 
regimens and the steady-state concentration (Css) achieved during infusion. While the Cmax 
represents a more conservative ‘worst-case’ scenario considered in safety assessment, 
the Css provides complementary information on the concentrations achieved following 
repeated or continued drug exposure. The predicted 5-FU Cmax is in the order of 103 µM 
in plasma and 102 µM in jejunum and colon enterocytes for both dosing regimens, while 
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the 5-FU Css is 2-3 orders of magnitude lower. These predictions are in line with the colon 
concentrations measured by Peters et al [51], in the range of 0.04 to 22 µM, in the first 
hours following an IV bolus. However, prolonged tissue retention was observed in the 
Peters’ study. Literature data supporting 5-FU tissue accumulation is limited [52, 53] 
and lacks a clear mechanistic explanation. For this reason, the PBPK model considers a 
relatively rapid exchange between plasma and tissue.

 
 

Figure 2 

a b 

  

 

Figure 3 
Figure 2. a - Simulated (black solid line) systemic plasma concentration following a 500 mg/m2 IV bolus. b - 
Simulated systemic plasma concentration profile (black solid line) for an IV bolus of 400 mg/m2 followed by 2400 
mg/m2 IV infusion over 46 hours. The dashed lines refer to the 5th and 95th percentiles of the virtual population 
simulated (10 trials with 10 cancer patients each, 50% female). 

Table 1. Maximum (Cmax) and steady-state (CSS) concentrations simulated for systemic plasma, jejunum 
enterocytes and colon enterocytes. The values presented are for the mean profile of the population (10 trials 
with 10 subjects each).

Dosing regimen Plasma Cmax 
(µM)

Plasma CSS 
(µM)

Jejunum 
Cmax (µM)

Jejunum CSS 
(µM)

Colon Cmax 
(µM)

Colon CSS 

(µM)

A) Bolus 1023 - 360 - 524 -

B) Infusion 1462 6.0 290 3.1 434 4.6
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 The virtual in vitro intracellular distribution (VIVD) [27] model was used to predict 
5-FU distribution in vitro. Based on the physicochemical properties of the drug and 
assay conditions, this steady-state model predicts a ratio of 0.4 between the intracellular 
concentration and the nominal test concentration used in the assay. Therefore, nominal 
concentrations of 10, 100 and 1000 µM results in intracellular concentrations of 4, 40 and 
400 µM, respectively. Following this, while the lowest nominal concentration (10 µM) better 
replicates intracellularly the steady-state concentrations (Css) achieved in vivo during 5-FU 
infusion, the highest concentration (1000 µM) better replicates the peak concentrations 
achieved in the gut immediately after an IV bolus (Cmax). Therefore, by combining PBPK 
modelling and VIVD, an in vitro testing strategy covering both predicted Cmax and Css was 
designed. 

Cytotoxicity and functional assessment of  organoids viability and 
apoptosis after exposure to 5-FU
 As expected, ATP levels of 5-FU treated organoids decrease with concentration 
and time (Figures 3a and b). For the low concentration (10 µM), there is no statistically 
significant difference between the time points and between treatments and the respective 
controls in both colon and SI organoid cultures. For the middle concentration (100 µM), 
there was a 20-30% decrease in ATP levels in colon organoids at all time points (p-value 
of 0.023), but this was not observed in SI organoids. At the high concentration (1000 
µM) there were further decreases in ATP levels at all time points in colon organoids, and 
from 48h and above, in SI organoids. At 72h, ATP levels had decreased by 60% in colon 
organoids (p-value of 0.0009) and 45% in SI organoids (p-value of 0.036). 
 For caspase 3/7 activation, which reflects apoptosis a positive trend was seen in 
colon organoids regarding both concentration and duration of treatment, particularly at 
the mid- and high concentrations (Figure 3c). Indeed caspase 3/7 activation was 2-fold 
greater than untreated control levels in the high concentration group (p-value of 0.0009). 
In contrast, caspase activation was not statistically significantly increased in SI organoids 
cultures below the high concentration or at any time point before 72h (Figure 3d, p-value 
of 0.0009). These changes in cell viability and caspase 3/7 activation were accompanied by 
changes to the size and shape of both organoids, which became smaller, their roundness 
decreased, cell death increased and the epithelial cell layer became thinner over time for 
each concentration of 5-FU used (colon, Figures 3e-h; SI, Figures 3i-l).  
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Figure 4 

 

Figure 9 

Figure 3. a to d: Evaluation of viability determined by ATP levels and caspase 3/7 activation of healthy colon (a 
and b, respectively) and SI (c and d, respectively) organoids when exposed to 10, 100 and 1000 µM 5-FU for 24h 
in blue, 48h in orange and 72h in green, compared with Untreated controls. Values are in % of Luminescence. For 
each time point the average of Unt. Ctrl was set to 100%. e and f: Morphological analysis of 5-FU treated colon 
(e to h) and SI (f to l) organoids. 24 hours 5-FU data on SI organoids is not available. SD was calculated for each 
condition. Legend: Ctrl, control; SD, standard deviation; SI, small intestine; Unt, untreated; Veh, vehicle. *p-value 
of 0.0011; **p-value of 0.0009; ***p-value<0.0001.

Analysis of  in vitro transcriptomic responses induced by 5-FU 
 Gene expression data from 5-FU exposed organoids was used to identify 
biological pathways involved in 5-FU-induced intestinal toxicity. First, alignment of the 
samples against the whole human genome was performed, ranging between 70 to 89%, 
thus further analysis could be performed. From those analyses, it was observed that the 
number of DEGs consistently increased with treatment time and concentration of 5-FU 
(Supplemental Figure S2), for both colon and SI. Moreover, the number of DEGs was 
significantly higher in the colon organoids as compared to the SI at all time points and 
concentrations. 
 Furthermore, PCA scatter plots were created to explore differences between 
treated and untreated organoids based on the gene expression profiles affected by 5-FU 
concentration and treatment duration (Figure 4). There was a clear separation between 
controls and treated samples and between 5-FU concentrations in both colon (Figure 4 
on the left) and SI organoids (Figure 4 on the right). Measurements at baseline (0h) and 
in controls (untreated or DMSO) from colon samples at all time points cluster closely 
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together, whereas from SI samples there seems to be a higher influence of time. Duration 
is also influencing the separation of treated samples, except for the 10 µM colon samples 
at 48h and 72h, which are clustering together. Moreover, from the PCAs, we can observe 
that time of exposure is affecting the organoids more than the concentration as the 
variance is lower for the latter.  

Figure 4 

 

Figure 9 Figure 4. PCA scatter plot based on the mRNA transcriptomic analysis of samples collected from colon organoids 
(left) and SI organoids (right). Direction of the arrows indicates the evolution in time of the samples (24h  48h 
 72h). The cluster on the left comprises non-treated samples (baseline at 0h, untreated and vehicle controls at 
all time points). Legend: Baseline (0h) is in light blue; untreated controls are in pink; Vehicle controls are in blue; 
10µM 5-FU is in green; 100µM 5-FU is in yellow; and 1000µM 5-FU is in orange.

 Subsequently, pathway overrepresentation analysis (ORA) was performed with 
Consensus Path Database (CPDB) [54] in order to obtain an overview of the altered 
pathways for treated samples compared to vehicle controls (DMSO) as there was no 
significant difference between the vehicle controls and untreated controls. Overall, 483 
pathways were found altered in colon and 306 in SI organoids after exposure to 5-FU, of 
which the most significantly overrepresented pathways were identified using the q-values 
and the number of DEGs involved. The pathways that were identified as more relevant over 
time and concentration of 5-FU in both organoids, considering lower q-values and number 
of DEGs affected, are shown in Table 2; these include cell cycle, DNA synthesis, replication 
and damage response, respiratory electron transport and ATP synthesis, p53 signalling 
pathway, apoptosis and metabolism. From the number of DEGs affected by 5-FU (Table 2), 
it is apparent that, overall, the responses from the colon organoids are stronger than the SI 
ones. The visualization of alterations in the expression levels of transcripts associated with 
cell cycle and apoptosis DEGs was performed using PathVisio for colon and SI organoids 
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exposed to 5-FU at 72h (Figure 5). These pathways were selected because, apart from 
being relevant for both colon and SI organoids response to 5-FU, they can be compared 
to the cytotoxicity and functional evaluations.

Table 2. Overview of the most relevant pathways and number of DEGs involved. Pathways obtained after 
identification of the DEGs using ORA with CPDB and ranked according to their q-values. Alterations in these 
pathways can be observed over time and concentration of 5-FU. The q-value was obtained after correction of 
the p-values for multiple testing using the false discovery rate method. q-values and total number of genes were 
considered as not applicable (NA) if not shown after ORA analysis. Legend: KEGG, Kyoto Encyclopaedia of Genes 
and Genomes; NA, not applicable; NS, not significant.

Name of the 
pathway

Pathway 
source

Time of 
exposure (h)

5-FU concentration  
(µM)

q-value
Total number 

of DEGs

Colon SI Colon SI

Cell Cycle Reactome 24h 10 3.49E-03 5.45E-12 9 14

100 3.08E-14 2.46E-59 64 67

1000 3.67E-03 4.87E-27 130 104

48h 10 2.77E-19 3.37E-46 75 57

100 1.71E-17 5.72E-52 96 78

1000 6.70E-06 4.97E-12 203 144

72h 10 1.44E-29 2.11E-40 94 49

100 1.64E-09 5.60E-31 142 57

1000 1.39E-10 6.70E-05 257 125

DNA 
replication

Reactome 24h 10 NA 4.30E-06 NA 5

100 1.75E-05 1.25E-19 10 18

1000 2.08E-02 4.30E-08 25 21

48h 10 6.08E-05 2.27E-04 14 6

100 8.36E-05 4.27E-08 18 12

1000 1.87E-03 NS 37 11

72h 10 4.33E-09 1.88E-04 20 6

100 3.41E-05 5.92E-03 30 6

1000 2.16E-06 NA 49 NA

DNA synthesis Reactome 24h 10 NA 3.63E-06 NA 5

100 5.99E-05 1.06E-18 13 17

1000 9.48E-03 7.71E-08 25 20

48h 10 2.95E-05 1.33E-03 14 5

100 3.28E-05 2.21E-07 18 11

1000 4.84E-04 NA 37 NA

72h 10 9.27E-09 1.39E-04 19 6

100 2.61E-05 4.49E-03 29 8

1000 1.57E-06 NA 47 NA
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Name of the 
pathway

Pathway 
source

Time of 
exposure (h)

5-FU concentration  
(µM)

q-value
Total number 

of DEGs
Colon SI Colon SI

DNA damage 
response

KEGG 24h 10 1.46E-04 NA 5 NA

100 6.06E-04 1.57E-10 11 11

1000 4.10E-02 6.57E-07 21 18

48h 10 2.49E-04 7.04E-07 12 8

100 5.53E-03 9.38E-06 13 9

1000 2.15E-02 1.57E-02 29 20

72h 10 5.95E-07 9.42E-05 16 6

100 1.63E-02 7.43E-06 20 9

1000 1.15E-04 2.27E-02 40 20

p53 signalling 
pathway

KEGG 24h 10 1.11E-07 8.30E-03 8 2

100 2.46E-05 3.42E-09 13 10

1000 7.21E-03 6.57E-07 24 18

48h 10 1.14E-05 7.04E-07 8 8

100 5.80E-04 1.01E-06 15 10

1000 3.63E-02 4.61E-04 28 24

72h 10 3.73E-06 9.42E-05 15 6

100 3.26E-02 6.17E-05 6 2

1000 2.62E-04 2.27E-02 11 20

Metabolism Reactome 24h 10 NA NA NA NA

100 2.18E-02 NA 92 NA

1000 7.89E-08 NA 435 NA

48h 10 3.49E-03 NA 103 NA

100 1.02E-04 NA 169 NA

1000 5.58E-13 2.21E-04 658 331

72h 10 2.22E-03 NA 113 NA

100 8.66E-11 NA 392 NA

1000 2.87E-19 1.13E-06 806 368

Apoptosis Reactome

 

24h 10 1.58E-02 NA 3 NA

100 7.31E-02 3.25E-02 10 4

1000 4.30E-03 4.11E-03 37 17

48h 10 5.42E-02 4.99E-02 12 4

100 2.94E-02 3.17E-02 20 5

1000 8.01E-04 NS 52 24

72h 10 NA 4.25E-02 NA 4

100 3.93E-02 5.10E-02 32 6

1000 9.22E-04 9.33E-03 58 32

Table 2 (cont.)
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Name of the 
pathway

Pathway 
source

Time of 
exposure (h)

5-FU concentration  
(µM)

q-value
Total number 

of DEGs
Colon SI Colon SI

Respiratory 
electron 

transport and 
ATP synthesis

Reactome 24h 10 NA NA NA NA

100 NA NA NA NA

1000 NA NA NA NA

48h 10 NA NA NA NA

100 NA NA NA NA

1000 8.69E-03 NA 49 NA

72h 10 NA NA NA NA

100 2.80E-02 NA 30 NA

1000 1.52E-04 NA 63 NA

Pathway analysis over time and concentration in colon organoids
 For the low concentration at the initial time point (24h), the two most prevalent 
pathways are p53-related, namely transcriptional regulation by p53 and p53 signalling 
pathways. The first one is significantly affected early on in colon organoids, and at later 
time points (48h and 72h) is superseded with pathways associated with cell cycle. At 
48h, p53 signalling pathway remains one of the most important pathways affected along 
with cell cycle, which stood out at this time point. As cell cycle becomes more affected 
across treatment conditions, p53 signalling pathway becomes less affected, based on the 
respective q-values (Table 2). At 72h, cell cycle becomes more affected (lowest q-value) 
along with synthesis of DNA. Consequently, DEGs involved in those pathways are more 
downregulated. On the other hand, for the intermediate concentration, at 24h and 
48h, perturbed pathways include cell cycle, DNA synthesis and replication as the most 
prominent. Noticeably, at 72h, apart from cell cycle, metabolism (i.e. of amino acids and 
proteins, nucleotides, folate, lipids and carbohydrates, mainly glucose and pyruvate) 
becomes a more affected pathway over time as well. Finally, at the high concentration, 
metabolism remains as the most affected pathway in all the time points, with a q-value 
higher at 72h. 
 Summarizing, the pathway analysis identified the modulated pathways in 
response to the toxic effects of 5-FU in a time and dose-dependent manner. Whereas 
initially p53 and cell cycle related pathways prevail as the most affected ones, at the 
highest concentration and latest time point, metabolism becomes most significantly 
affected. 

Pathway analysis over time and concentration in SI organoids
 Looking at the gene expression profile and pathways that are affected by 5-FU in 
SI organoids, cell cycle seems to be the most affected at all time points and concentrations, 
with q-values that are lower than those obtained in colon organoids (Table 2). At 10 µM, 

Table 2 (cont.)
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cell cycle becomes more affected over time, particularly from 24h to 48h. Hence, most cell 
cycle genes become more downregulated as the concentration of 5-FU increases from 
100 to 1000 µM and over time (from 24h until 72h). 
 In addition to cell cycle, other pathways that appear to be more significantly 
modulated in SI organoids are transcriptional regulation by p53 and DNA related pathways 
(replication, damage response and synthesis). Finally, metabolism is significantly affected 
at later time points, after exposure to 1000 µM only. Moreover, lower concentrations of 
5-FU at all time points didn’t affect metabolism as it was observed for colon organoids 
(Table 2).  Hence, biological pathways are similarly affected in colon and SI organoids, 
being the only difference the metabolic pathways, which are more affected and at earlier 
time points in colon than in SI (Table 2). 
 Overall, in both organoids, cell cycle related genes became more downregulated 
as the time and concentration of 5-FU increases. The decrease of cell cycle was 
accompanied by activation and increase of apoptosis at later stages, particularly at higher 
concentrations and latest time point (72h). After 72h of exposure to 1000 µM 5-FU the 
number of dead cells was also higher as compared to the other treatment conditions. The 
gene expression alterations of the cell cycle and apoptosis pathways are visualized with 
PathVisio as shown in Figure 5, based on transcriptomic data of all 5-FU concentrations 
at 72h exposure of both types of organoids. The colour-code in Figure 5 demonstrates a 
clear concentration-dependent up- and down-regulation of modulated genes. 

Concentration-dependent gene expression responses involved in ATP synthesis and 
apoptosis
 In order to link the phenotypic data with the transcriptomic data, we correlated 
the results obtained in the viability, apoptosis and morphology assessment with the 
expression of genes involved in the pathways “Respiratory electron transport and ATP 
synthesis” and “Apoptosis”. For this analysis, the longest time of exposure (72h) was 
selected since significant changes are more evident for both ATP synthesis and apoptosis. 
Gene plots were constructed using the log2 fold change of the DEGs involved in those 
pathways (Figure 6). Regarding ATP synthesis pathway, gene plots demonstrate that 
the most affected genes in both organoids were ACAD9, UCP2, NDUFAF3, SLC25A27 and 
ATP5PB (Figure 6). In turn, most affected genes involved in apoptosis were pro-apoptotic, 
of which FAS, TNFSF10 and CASP3/6/7/8/10 stood out as the genes that were found more 
up-regulated by 5-FU in both organoids (Figure 6). Two anti-apoptotic genes were also 
found, namely BIRC3, BCL2L1 and AKT1, being the first one up-regulated and the latter 
ones down-regulated. Despite up-regulation of BIRC3, up-regulation of pro-apoptotic 
genes had a greater impact on cell’s fate.
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Figure 5. Pathway representation of Apoptosis and Cell Cycle created with PathVisio based on transcriptomic 
data obtained from colon and SI organoids after 72h exposure to different concentrations of 5-FU (10, 100 and 
1000 µM). Blue colour represents downregulation and red colour represents upregulation. Colour gradient is 
based on the DEGs log2FC and indicates the strength of modulation.    
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 Moreover, the results represented in Figure 5 in combination with the gene 
plots (Figure 6) confirm the concentration-dependent trends in the gene responses that 
were mentioned earlier. In general, apoptosis is becoming more activated due to the 
upregulation of most pro-apoptotic DEGs involved in both extrinsic pathway with caspases 
activation and intrinsic pathway mediated by mitochondria via upregulation of BAX gene. 
Furthermore, variance in the expression of apoptotic genes and their upregulation as the 
concentration of 5-FU increases is stronger in the colon that in the SI organoids. This is 
consistent with the results obtained in the caspase 3/7 activation, imaging assessment 
(Figure 3) and the apoptosis gene plots (Figure 6), confirming the stronger effect of 5-FU 
in activation of apoptosis in the colon organoids. 

Figure 6. Gene plots summarizing the expression profiles of genes involved in ATP synthesis and apoptosis 
pathways after 72h exposure to 5-FU of organoids derived from colon (on the left) and SI (on the right). Values for 
gene profiles are based on the log2FC. Plot colours correspond to the different concentrations of 5-FU: orange 
represents 10 µM; green represents 100 µM; and blue represents 1000 µM.
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Time-dependent gene clustering
 To further investigate the dynamics in gene expression profiles, a time-series 
correlation analysis was performed on the DEGs of all time points (0, 24, 48 and 72h) for 
each condition (concentration of 5-FU), using the Short Time Series Expression Miner 
(STEM) tool [37]. Several clusters of time-dependent DEGs were observed and some 
conditions presented more than 3 significant gene clusters after Bonferroni correction 
(p-value<0.05), meaning more than 3 significant sets of genes presenting the same 
expression profiles across the treatment conditions. The top 3 were selected for further 
analysis and Figure 7a shows that the expression levels of DEGs among most clusters is 
gradually decreasing with time, except cluster 3 for the high concentration in colon and 
cluster 3 for the low concentration in SI. 
 The list of DEGs that clustered over time was generated and applied on 
NetworkAnalyst [38] to perform an enrichment network analysis. The lists of genes 
obtained from the two most significant clusters, which present the same gene expression 
profiles, were combined, providing a more complete enrichment network (Figure 7b). The 
third gene cluster obtained in STEM, and derived from both organoids, provided with less 
interesting networks as they were unrelated to 5-FU or intestinal biological pathways, 
thus they were not considered for further analyses. In the colon, at 10 µM, the most highly 
enriched and significant pathways were cell cycle, one carbon metabolism (pool by folate) 
and DNA replication. Considering 100 µM, cell cycle and biosynthesis of amino acids 
were the most enriched pathways, which are also linked to the effects of 5-FU on RNA 
synthesis. In turn, at 1000 µM, the number of enriched pathways increased significantly 
(Figure 7b), being metabolic pathways the most relevant one, followed by cell cycle, DNA 
replication, biosynthesis of amino acids and carbon metabolism. At this concentration, 
pentose phosphate pathway and TCA cycle were also observed. The results for the SI were 
rather different from those for the colon. Firstly, number of enriched pathways in colon 
was higher than in SI, for all concentrations, which was expected in view of the results 
already discussed above. At 10 µM, the most highly enriched pathways were cell cycle and 
p53 signalling pathway. At 100 µM cell cycle and p53 signalling pathway still prevailed 
along with fork-head box transcription factors (FoxO) signalling pathway. Finally, at 1000 
µM, metabolic pathways were also the most enriched, as observed in the colon, followed 
by glycerolipid metabolism, regulation of actin cytoskeleton and carbon metabolism 
(Figure 7b). Likewise colon, TCA cycle and pentose phosphate pathway were observed as 
considerably affected pathways.     
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Figure 7. a – Correlated expression clusters discovered using the short time series expression miner (STEM) 
algorithm for time series profile matching. Profiles were ordered based on p-value significance of number 
of genes versus expected. The top 3 clusters were selected for each concentration of 5-FU in both organs; 
Legend: for each profile box, axis x correspond to time points and axis y to the gene expression change based 
on log2FC; number on the top left of a profile box is the profile ID number; number on the bottom left is the 
profile enrichment p-value; background colour mean profiles have a statistically significant number of genes 
assigned and same colour represents profiles grouped into a single cluster; red lines represent the expression 
changes of the profile genes over time; b – Functional annotation of DEGs of time series clusters 1 and 2 for the 
highest concentration of 5-FU (1000 µM) in both colon and SI by performing list enrichment network in the 
NetworkAnalyst 3.0, based on KEGG pathways. Most relevant pathways can be observed for each organoid type. 
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 The most significantly affected genes derived from time-dependent clusters 
represented in Figure 7 are completely different between colon and SI organoids, 
suggesting  a tissue-specific response to 5-FU. The 5 most altered DEGs for both colon 
and SI are listed in Table 3. The main pathways in which these genes are involved and the 
diseases to which they have been associated are also described. Moreover, all the DEGs 
were downregulated after exposure to 5-FU as compared to the controls. In the colon, the 
5 DEGs that stood out were SLC9A3, involved in signal transduction; AQP6, an aquaporin 
encoding gene; JMJD4, involved in the termination of protein biosynthesis via the 
eukaryotic translation termination factor 1 (ETF1); FIBCD1, involved in endocytosis; and 
FASTK, which has a role in FAS-mediated apoptosis. Alterations in these genes have been 
associated with diarrhoea; colon and gastric cancers (Table 3). On the other hand, in SI it 
is observed KIF14, involved in signalling by RHO GTPases; AQP12B, an aquaporin encoding 
gene; SMIM10L2A, associated with p-53 signalling pathway; KIF26B, which mediates cell 
signalling pathways; and lastly, TMEM 187, whose function is still uncertain. The diseases 
associated fall into GI cancers and celiac disease, whose classic intestinal symptoms 
include diarrhoea and weigh loss (Table 3).      

Table 3. The most significantly altered DEGs selected after analysis with STEM, considering clusters 1 and 2, 
and the exposure to the high concentration over time are described. The DEGs are specific either to colon or SI. 
The complete name of the DEGs, as well as the main pathways in which they are involved and their associated 
diseases are also described. 

Gene symbol Name
Direction of 
expression 

(ctrl vs 5-FU)
Main pathway involved Associated diseases

Colon
SLC9A3 Solute Carrier 

Family 9 Member 
A3

↓ Transport of small 
molecules;

Signal transduction 

Congenital secretory 
sodium diarrhoea [55, 
56]; Ulcerative colitis 
[57]

AQP6 Aquaporin 6 ↓ Transport of small 
molecules;

Aquaporin-mediated 
transport

Diarrhoea

JMJD4 Jumonji domain 
containing protein 
4

↓ Translational termination 
efficiency of ETF1

Colon adenocarcinoma 
[58]

FIBCD1 Fibrinogen 
C Domain-
Containing Protein 
1

↓ Endocytosis of 
acetylated components

Gastric cancer [59]

FASTK Fas Activated 
Serine/Threonine 
Kinase

↓ Fas-mediated apoptosis NA
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Gene symbol Name
Direction of 
expression 

(ctrl vs 5-FU)
Main pathway involved Associated diseases

SI
KIF14 Kinesin Family 

Member 14
↓ Signalling by Rho 

GTPases
Colorectal cancer [60]

AQP12B Aquaporin 12B ↓ Aquapor in-mediated 
transport

Diarrhoea

SMIM10L2A Small Integral 
Membrane Protein 
10 Like 2A

↓ p-53 mediated cell cycle 
arrest

Gastric cancer [61]

KIF26B Kinesin Family 
Member 26B

↓ Cell signalling Colorectal adenoma [62]

TMEM187 Transmembrane 
Protein 187

↓ NA Celiac disease [63]

Legend: ctrl, control; ETF1, Eukaryotic Translation Termination Factor 1; NA, not available; SI, small intestine.

Evaluation of  metabolomic changes in culture supernatants of  exposed 
intestinal organoids
 To assess the role of cellular metabolism in 5-FU-induced growth inhibition, we 
employed flow injection-mass spectrometry-based untargeted metabolomics [39] to 
analyse supernatants from the same human colon and SI organoid cultures previously 
analysed by transcriptomics. Again, the samples comprised four different treatment 
groups (DMSO, 10 μM 5-FU, 100 μM 5-FU, 1000 μM 5-FU) and three time points (24h, 48h, 
72h) for each of the organoid models, with a minimum of four replicates per condition. In 
addition, control samples without any treatments were also included for each time point 
to assess potential DMSO effects. In colon organoids, we detected 5852 ions tentatively 
annotated as up to 3386 endogenous metabolites based on accurate mass.  In SI organoids, 
5259 ions mapping to up to 3158 metabolites were detected. Note that accurate mass-
based annotations can be ambiguous as, for instance, isomers cannot be distinguished. 
To identify metabolite ions significantly affected by 5-FU treatment, differential analyses 
comparing each 5-FU treatment to its time-matched DMSO control were performed. 
Strongly and significantly affected metabolite ions were defined as having a fold-change 
of at least 50% in either direction, and a corresponding false discovery rate below 0.05. 
Complete statistical analysis was performed for both organoid types separately to check 
most relevant metabolites for each treatment condition (Supplemental Spreadsheets 
1 and 2). DMSO treatment did not have a detectable effect on supernatant metabolite 
levels. 5-FU itself was detected as m/z 129.011 in both datasets and its levels remained 
stable over time for all three concentrations. As expected, in both colon and SI organoids 
the number of metabolite ions significantly responding to 5-FU treatment increased with 
increasing 5-FU treatment concentration and duration. The metabolic responses to 1000 
μM 5-FU treatment are visualized in Figures 8a and b. In general, significant metabolic 
responses in colon and SI organoids showed a substantial overlap, with log2 fold-changes 

Table 3 (cont.)



5-FU in vitro

Ch
ap

te
r 

2

61

upon 1000 µM 5-FU treatment correlating with Pearson’s R = 0.78 (Figure 8c). At the 
1000 μM concentration, it was observed a significant decrease in the secretion of the 
tricarboxylic acid cycle intermediates citric acid, malic acid and succinic acid. The secretion 
pattern of pyrimidine nucleosides was significantly altered as well. Other metabolic 
responses observed in both organoid models included changes in metabolites involved 
in oxidative stress management such as the disulfide cystine. Among the few model-
specific responses, lactic acid was found to only deplete in SI but not in colon organoids. 
Conversely, levels of the essential amino acids leucine and/or isoleucine was only depleted 
significantly in colon organoids. Data for selected metabolite ions mentioned above are 
visualized in Figures 8d and e.
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Figure 8. a – Metabolic response to 1000 µM 5-FU treatment for 72 h in human colon organoid supernatants 
versus DMSO treatment. P-values were calculated by unpaired t-tests and adjusted for multiple hypothesis 
testing using Storey’s and Tibshirani’s method. The horizontal line indicates a false-discovery rate cut-off of 0.05, 
and the two vertical lines indicate a fold-change cut-off of 50%. Data points represent metabolite ions and are 
coloured according to fold change and false discovery rate cut-offs. Yellow ions are tentatively annotated as 5-FU 
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itself as well as its known metabolites; b – Same analysis as shown in panel a but for SI organoid supernatants; 
c – Correlation of the log2 fold change values of metabolite ions in human colon and SI organoid supernatants 
as presented in panels a and b. Data points represent metabolite ions and are coloured according to the 
statistical significance of their response to 5-FU treatment as indicated in the legend; d – Visualization of selected 
metabolite ion data from human colon organoid supernatants. Points represent the mean and error bars the 
standard deviation of at least 4 biological replicates. Data are horizontally off-set for improved visualization; e – 
Same type of plots shown in d, but for human SI organoids.

Multi-omics analysis 
 5-FU perturbation significantly influenced both the transcriptomic and 
metabolomic state of the organoids. We applied COSMOS (Casual Oriented Search of Multi-
omics Space) (41) for an integrated analysis of the transcriptomics and metabolomics data 
to find mechanistic explanations for the observed changes. 
 First, the activity of the transcription factors was estimated based on a footprint 
method for each sample (Supplemental Figure S3). Based on the normalised enrichment 
score (NES), three members of the cell-cycle regulating E2F group of transcription factors 
(E2F1, E2F2 and E2F4) were found downregulated in all samples. Furthermore, ZNF263, a 
transcription repressor also involved in the regulation of cell growth and differentiation 
[64], was strongly upregulated in all colon samples and the activation increased over time 
and for a higher concentration of 5-FU. 
Secondly, we mapped the deregulated transcription factors and the measured metabolites 
to the prior knowledge network (PKN) of COSMOS, which contains 117065 interactions 
among 37863 proteins and metabolites. To make the prior knowledge specific to colon 
and SI organoids, the interactions that contained proteins for which the genes were not 
expressed in any measured conditions were removed (see details in methods 4.11). In 
total, 17180 and 16078 genes were found to be expressed at least in one condition in SI 
and colon samples, respectively. After removing the non-expressed nodes from the PKN, 
it was observed a SI-specific PKN containing 61203 interactions among 16972 nodes, 
and a colon-specific PKN with 58954 interactions among 16516 nodes. The measured 
metabolites and the previously estimated transcription factors were mapped to the 
PKNs, which resulted in 391 unique, significantly changing (q-value < 0.05) metabolites 
mapped to the PKN. Furthermore, the PKN contained 88 of the 113 strongly deregulated 
(abs(NES)>1.96) transcription factors. 
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Figure 9. Transcription factor E2F1 as key node in COSMOS networks correlated with cell cycle regulation and 
apoptosis, obtained after multi-omics integration of 5-FU data and the overlap between COSMOS and gene-set, 
for colon and SI organoids exposed to 1000 µM 5-FU during 24h and 72h. ->induce; −| inhibit.
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 COSMOS was then run in the forward mode in order to explain the changes 
in metabolites based on the estimated changes in the transcription factor activity. This 
resulted in multiple networks for each sample (Supplemental Figure S4), which were 
aggregated. In these aggregated networks of each sample, the edges were weighted 
based on the number of times they appeared across the multiple solutions. This way, the 
edge weight served as an essentiality score, which shows how important an edge is to 
explain the observed activity patterns of transcription factors and metabolites. 
 The above gene set enrichment analysis showed that 5-FU influences the genes 
involved in cell cycle and apoptosis, among other relevant pathways (Table 2). To explore 
this mechanism based on the results of COSMOS, the neighbourhood of those proteins 
in the COSMOS network that also appeared in the gene sets were visualized. As a result, 
it was observed that E2F1, a strongly down-regulated transcription factor, which plays a 
role in cell cycle, DNA damage checkpoints and apoptosis [65], appeared consistently in 
the networks of multiple samples. The obtained E2F1 related networks can be visualized 
in Figure 9, in which only the highest concentration for both organoids was considered 
since the changes were more significant. In these networks, transcription factor E2F1 
was found to influence MAPK1 signalling pathways as well as to be related to TP53 and 
TNFSF10 genes described above.

Discussion
 One of the main goals of this study was to apply a novel 3D in vitro model and 
evaluate its potential use in toxicological testing and translational research. To achieve this, 
5-FU toxic effects were evaluated in colon and SI organoids. The 3D in vitro model used in 
this study was developed to better resemble the human tissues in comparison to current 
standard 2D in vitro models. Cultures of organoids were derived from human healthy tissue 
biopsies and showed features that resemble the intestines, as reported previously [20, 66, 
67]. Both types of organoids were exposed to concentrations of 5-FU derived from PBPK 
modelling to mimic the in vivo concentrations following clinically relevant dosing. 
 In general, changes in expression of genes and biological pathways were quite 
similar in colon and SI organoids in response to 5-FU (Table 1). Despite the similarities 
between these two organs, the number of genes affected by 5-FU was higher in the 
colon than in SI organoids. Differences between the organoids were also observed 
in some pathways affected by 5-FU. This concerns the absence of pathways related to 
ATP synthesis in SI, which was concordant with the ATP-based viability measurements, 
as well as metabolism-related pathways, which appeared to be more strongly affected 
in colon than in SI organoids. Next, apoptosis was similarly affected in both organs, but 
the alteration in the gene expression in the caspase 3/7 assay became more statistically 
significant in colon as the concentration and duration of exposure increased. Cell cycle 
was one of the most affected pathways in both organoids, along with closely related 
pathways, such as DNA synthesis and repair, whose downregulation was observed in 
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especially a concentration–dependent manner. This is concordant with the known main 
mechanism of action of 5-FU, namely the incorporation of fluoronucleotides into DNA 
and RNA molecules [1], which perturbs DNA and RNA synthesis [1, 8]. Consequently, this 
may affect cell survival and proliferation particularly when the duration and concentration 
of the exposure are too high to provide time for recovery and regeneration. 
 We compared the trend of alteration of gene responses involved in either ATP 
synthesis or apoptosis with viability and caspase 3/7 activation to better understand 
the effects of 5-FU. The transcriptomic data in Table 2 showed that ATP synthesis and 
the respiratory electron transport chain are only affected in the colon. Results obtained 
from the viability assays showed that the variation in ATP levels was much stronger in the 
colon than in the SI, for which the viability remains almost unchanged until the higher 
concentration and duration are reached, in contrast to what was observed for the colon 
organoids (Figure 3). In concordance with these observations, the fold change of the DEGs 
was higher in the colon than SI (Figures 5 and 6). The most perturbed genes involved in ATP 
synthesis were ACAD9, UCP2, NDUFAF3, SLC25A27 and ATP5F1D. These genes are involved 
in the assembly of mitochondrial complex I proteins (ACAD9 and NDUFAF3), mitochondrial 
uncoupling proteins (UCP2 and SLC25A27) and as part of ATP synthase subunit (ATP5F1D). 
Therefore, proteins encoded by those genes are important components of mitochondrial 
function as they play a key role in cellular respiration, a well-known mechanism that 
results in the production of energy (ATP) and oxygen that keep cells alive [68]. As duration 
and concentration of 5-FU exposure increased, expression of those genes decreased, 
indicating impairment in ATP production via mitochondrial respiratory electron transport 
chain, which could also be related to mitochondrial dysfunction. The decrease in the 
levels of ATP in the organoids was also a continuous process throughout the exposure 
to 5-FU, particularly in the colon organoids. This demonstrates that ATP production and 
mitochondrial function in the colon organoids were more strongly affected by 5-FU 
toxicity than in the SI organoids.
 Furthermore, the results showed that apoptosis was activated as a concentration 
duration-response effect in both organoids. Apoptosis seemed to be more relevant 
in colon organoids at 10 µM but at the 1000 µM, it became more activated in the SI. 
Additionally, the caspase 3/7 assay clearly showed that concentration-effect is more 
significant than time-effect in colon organoids. On the other hand, in caspase 3/7 
activation in SI organoids, the time-effect was more prominent than the concentration-
effect, thus remaining almost unchanged until the high concentration was reached 
(Figure 3). Furthermore, pro-apoptotic genes were mostly upregulated in both organoids, 
particularly the genes, CASP3/6/7/8/10, FAS, and TNFSF10, TRAIL and BAX. These genes are 
involved in signalling pathways that induce apoptosis, p53 and NF-kB. Even though both 
intrinsic and extrinsic seem to have been activated, the latter is prevailing via the FAS-
ligand mechanism and subsequent activation of caspases that lead to the also observed 
DNA degradation, nuclear breakdown and cell shrinkage [69]. In support of these results, 
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down-regulation of anti-apoptotic genes was found, with the only exception of BIRC3, 
which could represent the fraction of cells still fighting against 5-FU effects. Despite 
up-regulation of BIRC3, the overall cell survival mechanisms were not as strong, hence 
activation of apoptosis prevailed. The gene plots represented in Figure 6 show that the 
perturbation in the expression of those genes was higher in the colon organoids. These 
results support the hypothesis of a tissue-specific response when colon and SI cells are 
exposed to the same drug at the same concentration.
 Pathways related to p53 signalling seemed to play an important role in both 
organoids as well. In colon organoids, p53 signalling pathways were strongly affected in 
the initial time of exposure at the low concentration, whereas in SI organoids, this pathway 
became more significantly affected at later time points and higher concentrations. 
Indeed, it has been reported that p53, as well as NF-kB, are key factors in mediating gene 
responses, particularly those involved in cell cycle arrest, apoptosis, ATP production and 
recruitment of inflammatory components including cytokines, which in turn, can be 
related to symptoms of toxicity and inflammation [2, 9].       
 Performing further time-dependency analysis with the STEM tool confirmed 
that cell cycle, DNA replication, p53 signalling and metabolism were affected in both 
colon and SI. Additionally, new pathways were identified as being affected after the 
STEM analysis. In the colon organoids, effects were found associated with one carbon 
metabolism mediated by folate and biosynthesis of amino acids. In the SI, FoxO signalling 
pathway was affected, which is responsible for regulating gene expression; glycerolipid 
metabolism and regulation of actin cytoskeleton, involved in tissue damage/repair [70]. 
Tissue specific DEGs derived from the most significant time dependent clusters (Figures 7a 
and b) were investigated at the high concentration, and, as a result, colon and SI presented 
a distinct set of 5 most affected genes (Table 2). The 5 DEGs found significantly altered 
in colon organoids include SLC9A3, AQP6, JMJD4, FIBCD1 and FASTK. SLC9A3 is a solute 
carrier encoding gene involved in signal transduction and as a result of the exposure to 
5-FU, it was found downregulated over time and concentration. Indeed, SLC9A3 has been 
found downregulated in patients with ulcerative colitis (colon inflammation) [57] and its 
loss of function has been linked to diarrhoea disorders [55, 56]. Since 5-FU is known to 
cause intestinal inflammation and diarrhoea, this gene may be an indicative of the risk 
of colon toxicity. AQP6 is an aquaporin encoding gene mainly involved in water transfer 
across membranes. Its downregulation due to 5-FU exposure, along with SLC9A3, can 
contribute to the development of diarrhoea. In turn, overexpression of JMJD4 and FIBCD1 
has been linked to cancers of the GI tract [58, 59]. Furthermore, FIBCD1 might play a role in 
inflammation and immune responses as well [71]. In this study, downregulation of these 
two genes was observed after exposure of organoids derived from healthy human cells 
to 5-FU, which can be regarded as a specific response of healthy cells towards the drug. 
Regarding FASTK, it encodes a member of the serine/threonine protein kinase family 
and regulates FAS alternative splicing that gives rise to isoforms that do not promote 
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apoptosis [72]. Downregulation of FASTK is thus consistent with the increasing activation 
of apoptosis in exposed cells. Regarding SI organoids, the most affected genes were also 
downregulated due to 5-FU, namely KIF14, KIF26B, AQP12B, SMIM10L2A and TMEM187 
(Table 3). KIF14 and KIF26B belong to the kinesin family encoding genes and are involved 
in cell signalling. In particular, KIF14 is known to participate in the Rho GTPases signalling 
pathways, which are important in several cellular functions such as cell cycle, cell dynamics 
and organelle development [73]. Overexpression of both genes has been linked to the 
development and poor prognosis of colorectal cancer [60, 62]. Likewise, Rho GTPases such 
as RhoA, RhoC and Rac1 were found to be upregulated in colorectal carcinoma [74, 75]. 
In contrast, in healthy SI cells exposed to 5-FU, expression levels of those genes decreased. 
In the SI also a different aquaporin encoding gene was found, AQP12B, although it has the 
same cellular function. Another interesting gene was SMIM10L2A, also known as a long 
noncoding RNA LINC00086, whose function has been associated with regulation of gene 
expression via p53 signalling pathway [76]. Overall, this pathway was indeed more affected 
in SI than in colon at higher concentrations. Lastly, TMEM187 encodes a transmembrane 
protein whose biological function remains unclear. Apart from celiac disease, a chronic 
immune disease of the small bowel [63], there is no other link between this gene and SI or 
5-FU exposure. Nevertheless, TMEM187 may still be valuable in evaluating 5-FU toxicity in SI. 
 The metabolomic analyses of the supernatant of exposed intestinal organoids 
showed that colon and SI presented very similar metabolic responses. As expected, the 
effect of 5-FU became more significant as the concentration and duration increased. In 
both colon and SI supernatants, considering exposure to 1000 µM 5-FU, the decrease in 
the levels of secreted TCA cycle intermediates can potentially be reflective of impaired 
cell growth, which is consistent with the data described above. It was also observed 
significant alterations in the secretion of pyrimidine nucleosides, which is in line with 
previous results as well as earlier reports of 5-FU inducing nucleotide overflow in human 
cancer cell lines [77]. Responses to oxidative stress were also significant and consistent 
with general cellular stress exerted by 5-FU.  Moreover, and likewise the transcriptomic 
data, colon and SI organoids presented tissue-specific metabolic responses. In colon 
organoids, a significant depletion of leucine and isoleucine was observed, supporting 
previously reported links in hepatocarcinoma cell lines between branched-chain amino 
acid metabolism and 5-FU efficacy [78]. In turn, only SI presented a significant depletion of 
lactic acid indicating that 5-FU might cause a stronger inhibition of the glycolytic pathway 
in this tissue. 
 Lastly, multi-omics integration of DEGs and metabolites was performed. As 
a result, relevant and complex networks were obtained, of which the ones that involve 
transcription factor E2F1 stood out as most consistent across the study. At the highest 
concentration and latest time point, E2F1 and downstream proteins and metabolites were 
generally more significantly downregulated, particularly MAPK1 kinase, involved in several 
cellular processes including proliferation and differentiation [79]. Also up-regulation 
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was observed as in the case of GSK3B, a negative regulator of glucose homeostasis and 
involved in inflammation, mitochondria dysfunction and apoptosis [80]. Transcription 
factor E2F1 plays an essential role in regulation of cell cycle and apoptosis [81], as well 
as in DNA damage response checkpoints [82]. Therefore, and dependent on the stimuli, 
E2F1 can either promote transcription of cell cycle genes, favouring cell growth and 
proliferation, or of cell death genes, leading to apoptosis [65, 81]. In this study, 5-FU 
caused the downregulation of transcription factor E2F1, which led to impairment of cell 
cycle progression, which is in line with the observed downregulation of cell cycle DEGS. 
In turn, 5-FU effects on this transcription factor favoured upregulation of apoptotic genes 
including TP53 and TNFSF10 (Figures 5, 6 and 9), consequently activating p53 signalling 
pathways and apoptosis, as described above. 
 Taken all together, the results obtained from phenotypic, transcriptomic and 
metabolomic data demonstrate that colon organoids are more sensitive to 5-FU as their 
responses were stronger than those of SI organoids. For this reason, we hypothesize that 
the colon is more affected by the toxic effects of the drug. Differences between colon 
and SI also support the hypothesis of tissue-specific responses that could be useful in 
future screening studies. Novel mechanisms prevailing in colon are the downregulation of 
biosynthesis and transport of small molecules such as amino acids, specifically leucine and 
isoleucine, and ETF1 efficiency in mRNA translation, which can negatively impact protein 
production. On the other hand, in SI, new mechanisms were related to Rho GTPases and 
FoxO cell signalling pathways, regulators of important cellular functions including glucose 
metabolism, which can be linked to alterations in lactic acid levels in the supernatant, 
and resistance to oxidative stress [70, 73]. Additionally, one of mechanisms by which 5-FU 
induces intestinal toxicity is likely to involve transcription factor E2F1 activity. Therefore, 
this study reveals a new set of molecular mechanisms and gene profiles that have not yet 
been associated with 5-FU. 
 Only a few studies have established 5-FU mechanisms of toxicity at the level 
of transcriptomic responses in humans [83]. Two of the most significantly altered DEGs 
found in SI organoids were previously reported, namely TYMS [84] and EML2 [85]. The 
first one codes for an important enzyme in DNA synthesis, thymidylate synthase, which 
generates thymidine. Deregulation of TYMS leads to an imbalance of deoxynucleotides, 
and consequently, it causes DNA damage, a well-known 5-FU mechanism of action. EML2 
is involved in cell signalling that influences cell growth. Nevertheless, those two studies with 
human interventions included only tumour colon samples and patients also received other 
drugs in addition to 5-FU [84, 85]. Therefore, validation of our findings with human clinical 
data is still rather limited. 
 In conclusion, this study demonstrates that the organoid-based 3D in vitro 
approaches, informed by modelling and simulation, are able to provide new insights in 
potential 5-FU mechanisms of toxicity in intestines, in addition to what is already known. 
This in-vitro model may potentially contribute to the improvement of quantitative in-silico 
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models that aim to predict adverse effects in the intestines of new compounds under 
development for future treatment of cancer patients. Future studies should include the 
evaluation of functional endpoints and transcriptomic responses in cancer patients taking 
5-FU monotherapy. This is crucial to demonstrate to what extent intestinal organoids 
more accurately reflect the responses in patients than other cell models. Ultimately, this 
new in-vitro model may be an alternative to perform drug experimental studies so that 
the use of animal studies can be minimized. 

Supplementary Information available here:
 https://static-content.springer.com/esm/art%3A10.1007%2Fs00204-021-03092- 
2/MediaObjects/204_2021_3092_MOESM1_ESM.pdf
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Abstract

 Capecitabine is a chemotherapeutic drug that is widely used as a 
monotherapy option in advanced cancer patients. After administration, it is converted 
into its active metabolite 5-fluorouracil (5-FU), a cytotoxic compound that may also 
induce adverse side effects in the gastrointestinal (GI) tract. Although these side 
effects can interfere with the continuation of the chemotherapy, diagnostic tools 
to detect early onset and prevention strategies are not available. In this explorative 
case study, we aim to identify differentially expressed genes (DEGs) that provide 
insight into the molecular mechanisms of toxicity induced by 5-FU in healthy colon 
tissue of breast cancer patients receiving capecitabine. Gene expression responses 
observed in patients were compared with those established in an in vitro model of 
healthy colon organoids. Colon biopsies from two patients with advanced breast 
cancer were collected before and after the treatment with capecitabine and used 
for RNA sequencing to determine transcriptomic responses. Differential expression 
analysis resulted in 31 affected genes, showing that the most affected pathways 
were the transport of small molecules, cellular responses to stress, folate metabolism, 
NF-kB signalling pathway, and immune system responses. The most biologically 
relevant genes were haemoglobin subunits encoding genes, involved in several 
processes; ATP12A, SLC26A3 and AQP8, involved in the transport of ions and water; 
TRIM31, a regulator of NF-kB signalling pathway; MST1P2 and MST1L, stimulators of 
macrophages. Comparison of human in vitro and in vivo responses showed that the 
expression of TRIM31 was similarly altered in the colon organoids exposed to 5-FU. 
Therefore, this gene constitutes a potential biomarker of colon toxicity that might be 
applied in future in vitro drug safety design and screening.
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Introduction

 In view of the many crucial functions of the small and large intestines [1], drug-
induced intestinal toxicity is a major concern among clinicians [2]. The development of 
intestinal toxicity, particularly the colon, is a very common adverse effect of cytotoxic 
chemotherapies in cancer patients [3]. It can severely affect patients’ health as it may lead 
to the interruption or alteration of their treatment, thus potentially affecting its efficacy. 
Colon toxicity, also referred to as colitis, is characterized by inflammation and damage 
of the mucosal lining of the colon, which can be acute or chronic [3, 4]. As a result, the 
body’s main barrier against infections becomes compromised, predisposing patients 
to infections and inflammation [5]. If colonic epithelial cells are damaged and do not 
have sufficient time for renewal, inflammatory processes can occur, which may lead to 
ulceration and decline of the mucosal barrier functional integrity [4, 6]. Finally, it can result 
in apoptosis of colon crypt cells and regenerative stem cells, and villous atrophy [7]. The 
inflammation and leakage of the intestinal barrier culminate in secretory diarrhoea [6, 
8], which is a consequence of colon toxicity experienced by patients during anti-cancer 
therapies. 
 Capecitabine is one of the most frequently used anti-cancer drugs, applied as 
adjuvant or monotherapy in the treatment of breast cancer, gastric cancer, and colorectal 
cancer. Capecitabine belongs to the class of fluoropyrimidines as it consists of a pro-drug 
that is ultimately metabolized into active 5-FU inside the body, through which it exerts 
its effects [9]. It is considered a less toxic alternative as compared to a direct IV bolus or 
infusion of 5-fluorouracil (5-FU) [9]. The mechanism of cytotoxicity of 5-FU is based on the 
incorporation of fluoronucleotides into DNA and RNA, which consequently disturbs their 
synthesis. Furthermore, 5-FU also inhibits the nucleotide synthetic enzyme thymidylate 
synthase (TS), resulting in the perturbation or inhibition of essential biosynthetic processes 
[9, 10]. Common side effects caused by 5-FU include myelosuppression, dermatitis, cardiac 
toxicity, and colitis, being the latter the more serious one that can affect 40-80% of patients 
[2, 4]. The severity of colitis  caused by this drug depends on factors such as dosage, route 
and frequency of administration [11]. Furthermore, factors related to individual genetic 
traits or lifestyle can also determine the severity of colon toxicity [3].
 Investigation on the molecular mechanisms underlying 5-FU-induced colon 
toxicity [10, 12-14], either in vitro or in clinical settings, is rather limited. Since drug toxicity 
is reflected on gene expression changes, which consequently perturb biological processes, 
we evaluated gene expression profiles via in-depth RNA sequencing of human colon 
biopsies from patients treated with capecitabine. The objective is to identify differentially 
expressed genes (DEGs) in human colon tissue that provide insight into 5-FU molecular 
mechanisms of toxicity. Ultimately, this may eventually contribute to the design of a 
molecular biomarker-based monitoring system for early detection of toxic side effects 
in individual patients, as well as in the process of safe drug design. Furthermore, the 
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transcriptomic data generated from human colon biopsies was compared with previous 
data collected from healthy human colon organoids [10]. The aim is to assess the in vitro 
model translatability so that this model can be applied in future drug development and 
screening studies. This study is part of the Translational Quantitative Systems Toxicology 
(transQST), which aims at improving the understanding of the safety profile of drug 
candidates and developing tools to assess drug toxicity before clinical trials are initiated 
[15].

Material and methods

Human clinical intervention 
Study design 
 The human study included two cancer patients who were diagnosed with 
metastatic breast cancer without known colon disease, and starting with capecitabine 
monotherapy as the first line of treatment. The treatment with capecitabine is regarded 
as standard chemotherapy for this type of patients, thus no alternative therapies were 
considered. The capecitabine dosing was adjusted according to the body surface area 
(BSA), as well as to dihydropyrimidine-dehydrogenase (DPD) polymorphism. This enzyme 
breaks down 5-FU into less toxic products. A genotype that results in enzyme deficiency 
may result in increased sensitivity for the therapy [16]. Standard dosing regimens consist 
of 1000 mg/m2 or 1250 mg/m2, and two daily doses, unless there is a DPD deficiency, in 
which only 50% of the dose is given. In this study, the cancer patients that were included 
did not present DPD deficiency. 
 One chemotherapy cycle had a duration of three weeks divided into two weeks 
of treatment followed by one week without treatment. Each patient was submitted to a 
proctoscopy without any bowel preparation before and after the first 2-weeks treatment, 
in which colon biopsies were harvested (Zuyderland Medical Centre, Sittard-Geleen, the 
Netherlands). Colonic biopsy specimens were put in tubes containing RNAlater (Thermo 
Fisher Scientific, The Netherlands) and stored at 4°C overnight, in the department of 
Toxicogenenomics of the University of Maastricht. Afterwards, RNAlater was removed, and 
tissues were frozen and stored at -80°C until further analysis. 
 Patients were asked to report to their physician and in the patient diary that was 
provided any (bowel) complaints, particularly diarrhoea, i.e. loose, watery stools at least 
two times a day, during the treatment. 

Study subjects 
 Female metastatic breast cancer patients were recruited by the Department of 
Oncology of Zuyderland Medical Center (Sittard-Geleen, the Netherlands). In order to be 
eligible to participate in this study, a subject had to meet certain criteria, including 1) 
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receiving capecitabine monotherapy as their regular first-line or second-line treatment, 
following a first-line treatment with taxanes and a recovery period of 3 weeks; 2) 
present healthy colon tissue. Exclusion criteria included: i) previous chemotherapy with 
capecitabine or other drugs in a period less than 6 months; ii) GI-related diseases or 
symptoms such as diarrhoea before the study started.  

In vitro study design
3D in vitro culture of  healthy colon organoids
 Human healthy colon organoids were derived from a tissue biopsy collected 
from a healthy male donor (67 years old) and kindly provided by Boehringer Ingelheim 
Pharmaceuticals Inc. (Ridgefield, USA), who purchased tissue biopsies from Discovery Life 
Sciences (Huntsville, Alabama, USA; formerly, Conversant Biologics Inc.) under the bio-
specimen purchase agreement. The development of the 3D culture of the colon tissue 
model was based on the methods described by Sato et al. [17]. Firstly, frozen organoids 
were recovered on a 24-well plate in complete crypt medium [10] until observation of high 
confluence and cell differentiation with budding formation. In the following passaging, 
the culture of organoids was transferred to 96-well plates. Passaging of colon organoids 
was performed every 3 – 7 days as described in our previous work [10]. 

Design of  exposure of  colon organoids to 5-FU
 5-FU was purchased from Merck (Darmstadt, Germany), with ≥99% purity. 
The design of the exposure of colon organoids to 5-FU is described in more detail by 
Rodrigues et al. [10]. In summary, differentiated colon organoids were exposed to 100 µL 
Human IntestiCult Growth medium containing 10 µM, 100 µM, and 1000 µM 5-FU for 0 h, 
24 h, 48 h, and 72 h, in repeated doses, i.e. medium was changed every 24h. The selected 
concentrations were within the range of therapeutic doses as they were calculated based 
on physiologically-based pharmacokinetic (PBPK) modelling by applying the Simcyp® 
Human PBPK simulator (v18r2; Certara UK Ltd., Sheffield, UK) and the Simcyp® Sim-Cancer 
population [10, 15]. Vehicle controls, consisting of organoids seeded in 100 µL IntestiCult 
medium with 0,33% DMSO, and untreated controls, consisting of organoids seeded in 100 
µL IntestiCult medium only, were also included for all time points. After exposure, samples 
were collected for RNA sequencing. 

RNA isolation and quality control 
 Frozen biopsies were homogenized in 700 µL of QIazol Lysis reagent in a Mini-
Bead-Beater-Plus (BioSpec Products, Inc., USA). RNA isolation was performed using 
the miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands), following the manufacturer’s 
protocol for Animal Tissues including a DNase treatment. Total RNA yield and quality 
(assessed by 260/230 and the 260/280 ratios) were measured on a Nanodrop® ND-1000 
spectrophotometer (Thermo Fisher, Waltham, Massachusetts, USA). The integrity of total 
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RNA was confirmed using RNA Nanochips on a 2100 Bioanalyzer (Agilent Technologies, 
Leuven, Belgium). Samples presented on average a RIN of 6.7 and total RNA of 1015.5 ng. 
 RNA isolation from the human organoids was performed as described previously 
[10, 18] using the miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands), following the 
manufacturer’s protocol for Animal Cells including a DNase treatment. All samples were 
approved for RNA sequencing as they presented integrity number (RIN) > 7 and total 
amount of RNA ≥ 200 ng. Samples presented on average a RIN of 8.2 ± 0.5 and total RNA 
of 1134.8 ng.

Library preparation for mRNA sequencing
 Purified RNA derived from human colon biopsies and organoids were prepared 
for sequencing using Lexogen SENSE mRNA library preparation kits (Lexogen, Vienna, 
Austria), and according to the manufacturer’s instructions. For the colon biopsies, the 
sample libraries were sequenced on the NovaSeq 6000 system (Illumina, Eindhoven, the 
Netherlands), in an S1 flow cell, with an average of 15 million raw reads per sample. For the 
colon organoids, the protocol for library preparation and RNA sequencing is described in 
our previous studies [10, 18]. 

Data pre-processing and analysis
 For all samples, the first 12 bases of the 5’end of all reads (i.e. Lexogen adapter 
sequences) were removed using Trimmomatic version 0.33 [19]. Before and after trimming, 
the quality of the sequencing data was confirmed using FastQC version 0.11.3 [20] and 
only samples with satisfactory parameters were kept for further analysis. Next, reads were 
aligned to the whole human genome (Ensembl build v. 93 GRCh38) using Bowtie 1.1.1 
and quantified with RSEM 1.3.1. The profile and behaviour of the samples were assessed 
according to the amount of (mapped) reads, hierarchical clustering, principal component 
analysis (PCA), and sample dispersion, after which samples were normalized. After 
normalization, the R package DESeq 2 (v. 1.14.1) [21] was used to obtain the differential 
expressed genes (DEGs)  for each time point and concentration. In the case of the colon 
biopsies, each patient served as their control, hence samples after the treatment were 
compared with samples before the treatment for the same patient. Bonferroni correction 
[22] was applied to the genes obtained, and genes with adjusted p-value<0.1 were 
considered as DEGs. For the colon organoids, the following comparisons were performed: 
a) Untreated control vs Vehicle control; b) 10 µM 5-FU vs Vehicle control; c) 100 µM 5-FU vs 
Vehicle control; d) 1000 µM 5-FU vs Vehicle control.
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Pathway analysis based on the DEGs
 The lists of the most relevant DEGs in colon organoids and human biopsies 
were generated using R version 4.0.4 and used as input for pathway over-representation 
analysis (ORA) using CPDB release 34 [23], considering a cut-off of 0.05. The Reactome 
database version 67 [24], Kyoto Encyclopedia of Genes and Genomes (KEGG) [25], and 
WikiPathways were selected as databases for pathway analysis and interpretation of 
biological processes. DEGs were further analysed by performing a List Enrichment 
Network using the NetworkAnalyst 3.0 [26]. 

Results

Processing of  transcriptomic data
 Upon processing of the mRNA sequencing data obtained from healthy human 
colon biopsy samples exposed to capecitabine, these samples were aligned against the 
whole human genome, which resulted in an alignment of 72%. Moreover, all samples 
yielded more than 5 million reads and were therefore included in the normalization steps 
and downstream analyses. Thirty-one DEGs were obtained by applying the Bonferroni 
correction [22] considering adjusted p-value<0.1, and taking into account each patient 
treatment sample versus the patient’s control sample. 
 Next, ORA was performed with the DEGs, resulting in an overview of the biological 
pathways that are modulated as a consequence of the treatment. The most statistically 
significantly overrepresented pathways were identified based on q-values (q<0.05). Table 
1 presents the list of DEGs, the main biological pathways in which they are involved and 
their expression changes after the treatment.   
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Table 1. List of DEGs obtained after sequencing data analysis of the patient data exposed to capecitabine 
compared to their control. The main(s) biological pathway(s) in which each gene is involved is also described. 

Ensembl Gene symbol Log2FC  
(treated vs ctrl)

Biological pathway(s)

ENSG00000075673 ATP12A 4.9 (↑) Transport of small molecules

ENSG00000091138 SLC26A3 3.3 (↑) Transport of small molecules

ENSG00000100373 UPK3A 5.0 (↑) NA

ENSG00000103375 AQP8 4.5 (↑) Transport of small molecules; cellular responses 
to stress

ENSG00000123358 NR4A1 -2.6 (↓) Nuclear receptors transcription pathway

ENSG00000125730 C3 -2.9 (↓) GPCR ligand binding

ENSG00000132185 FCRLA -6.2 (↓) B-cell differentiation

ENSG00000137077 CCL21 -4.3 (↓) NF-kB signalling pathway

ENSG00000142871 CCN1 -3.3 (↓) VEGFA-VEGFR2 signalling pathway

ENSG00000153234 NR4A2 -2.9 (↓) Nuclear receptors transcription pathway

ENSG00000156738 MS4A1 -4.0 (↓) Hematopoietic cell lineage

ENSG00000160221 GATD3A 3.3 (↑) NA

ENSG00000164308 ERAP2 -4.2 (↓) Immune system responses

ENSG00000172061 LRRC15 -5.3 (↓) Collagen binding activity

ENSG00000172724 CCL19 -4.5 (↓) NF-kB signalling pathway

ENSG00000186301 MST1P2 5.1 (↑) Macrophage Stimulation

ENSG00000186715 MST1L 4.4 (↑) Macrophage Stimulation

ENSG00000188536 HBA2 -3.3 (↓) Transport of small molecules; folate and vitamin 
B12 metabolism; haem signalling

ENSG00000189223 PAX8-AS1 5.6 (↑) NA

ENSG00000196092 PAX5 -6.1 (↓) NA

ENSG00000204616 TRIM31 4.0 (↑) Interferon signalling

ENSG00000206172 HBA1 -3.1 (↓) Transport of small molecules; folate and vitamin 
B12 metabolism; haem signalling

ENSG00000211935 IGHV1-3 -6.8 (↓) Immune system response (immunoglobulin)

ENSG00000237541 HLA-DQA1 -3.3 (↓) Hematopoietic cell lineage

ENSG00000244734 HBB -4.0 (↓) Transport of small molecules; folate and vitamin 
B12 metabolism; haem signalling

ENSG00000275063 LOC102723407 -3.8 (↓) Immune system response (immunoglobulin)

ENSG00000275993 SIK1B -3.9 (↓) Glucagon signalling pathway

ENSG00000276566 IGKV1D-13 4.9 (↑) Immune system response (immunoglobulin)

ENSG00000276775 IGHV4-4 -5.2 (↓) Immune system response (immunoglobulin)

ENSG00000277150 F8A3 -11.1 (↓) Copper ion binding/oxidoreductase activity

ENSG00000282651 IGHV5-10-1 -6.7 (↓) Immune system response (immunoglobulin)

Legend: FC – fold change; NA – not available; ↑ - upregulated; ↓ - downregulated
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Pathway analysis and identification of  relevant DEGs 
 Pathway analysis led to the identification of several biological pathways affected 
by capecitabine, of which the most relevant are: the transport of small molecules (including 
tissue exchange of O2/CO2 and transport via aquaporins), cellular responses to external 
stimuli and stress, folate and vitamin B12 metabolism, haem signalling, NF-kB signalling 
pathway, and immune system responses, including chemokines signalling (Table 1). 
 Looking into the transport of small molecules affected in colonocytes, the 
expression of six DEGs was significantly changed, of which HBA1, HBA2 and HBB were 
downregulated, and ATP12A, SLC26A3 and AQP8 were upregulated after the treatment. The 
first three genes (HBA1, HBA2 and HBB) encode for haemoglobin subunits, and thus they 
are involved in the transport of oxygen from the lungs to the tissues. These haemoglobin 
encoding genes are also relevant in cellular responses to stress, folate and vitamin B12 
metabolism. In turn, ATP12A, SLC26A3 and AQP8 are membrane transporters responsible 
for the exchange of H+/K+, anions or water, respectively. 
 Additionally, NF-kB signalling responses were modulated after treatment with 
capecitabine, which is in line with previous findings on molecular mechanism activated 
by 5-FU in vivo [27]. Downregulated DEGs linked to this pathway were CCL19/21 and C3, 
whereas TRIM31, MST1P2, MST1L were upregulated. All genes seem to be involved in 
the initiation of immune responses via cytokine generation and activation of immune 
system responses, which might be the origin of colon inflammation upon treatment with 
capecitabine. The pathways described above are interconnected in a network shown in 
Figure 1. 
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Figure 1

Figure 1. Functional annotation and link between relevant DEGs observed in colon tissue after treatment with 
capecitabine by performing list enrichment network in the NetworkAnalyst 3.0, based on Reactome database 
pathways. Most signifi cant pathways can be observed in red (q-value = 1.01E-05), followed by pink (q-value = 
1.76E-04), dark purple (q-value = 0.018) and light purple (q-value = 0.04). The size of the circles is determined by 
the number of genes involved in the pathways. The number of genes is represented in the circles. 

Comparison of  DEGs expression profi les between in vivo and in vitro 
 The transcriptomic responses observed in colon biopsy specimens of cancer 
patients after treatment with capecitabine were compared with those obtained for human 
colon organoids after exposure to 5-FU [10]. The number of DEGs observed in the colon 
biopsies was much lower than observed in the colon organoids. Nevertheless, eight genes 
were found in common between cancer patients’ tissue and the in vitro model, namely 
ERAP2, MST1P2, MST1L, NR4A1, NR4A2, PAX8-AS1 and TRIM31. However, only TRIM31 
presented the same direction of expression change, being upregulated after exposure to 
the drug in both situations. 
 Regarding the most aff ected biological processes by 5-FU in the colon organoids, 
we previously reported that these included cell cycle, DNA replication, p53 signalling 
pathway, mitochondrial ATP synthesis, apoptosis, folate metabolism, and amino acids 
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biosynthesis. Folate metabolism was, therefore, also a common pathway aff ected in colon 
organoids and colon tissue of patients. Furthermore, and to a lower extent, “transport 
of small molecules” was also aff ected in colon organoids. Genes SLC9A3 and AQP6 were 
downregulated in vitro. In contrast, a distinct solute carrier encoding gene SLC26A3 and 
aquaporin gene AQP8 were observed in vivo, and both were upregulated (Table 1). 
 An integrative overview of the potential mechanism of action of capecitabine 
and its active form, 5-FU, is represented in Figure 2, based on the pathway analysis and 
gene expression profi les of colonic tissue of patients and colon organoids. These aff ected 
pathways and genes can culminate in colonocytes damage and diarrhoea. This is in line 
with the patients’ report in which they described developing diarrhoea by the second 
week of chemotherapy. 

Figure 2. Mechanism of action of capecitabine upon conversion into active 5-FU. Diff erent pathways are 
aff ected including DNA synthesis, folate metabolism, RNA/DNA damage, p53 signalling pathway leading to 
cell cycle arrest and apoptosis, and NF-kB signalling leading to infl ammatory responses. These can culminate in 
colonocytes damage and diarrhoea. More relevant in vivo DEGs are also represented in blue (downregulation) 
and red (upregulation). The gene with a black border is the one found to be in common and with a similar 
expression change in cancer patients and the in vitro model.  

Discussion

 This study aimed at gaining insight into the mechanism underlying 5-FU-induced 
colon toxicity by identifying DEGs. Transcriptomic analysis was performed on colonic 
biopsy samples of two cancer patients taking capecitabine monotherapy, providing 
a starting point to investigate potential candidate molecular biomarkers. These will be 
useful in drug design and, ultimately, in the detection of adverse eff ects in individual 
patients. Gene responses to 5-FU and associated biological processes observed in the two 
cancer patients were further compared with previous data obtained in 3D human colon 
organoids to evaluate the translatability of the model. 
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 Transcriptomic analysis of the colon biopsies after the treatment showed that 
NF-kβ signalling pathway, immune system responses, folate metabolism, cell responses 
to stress, and transport of small molecules prevailed as the most relevant pathways 
affected by 5-FU in the patients (Figure 2). The strong effect on the immune system 
and inflammatory processes that were found in both patients was not observed in the 
organoid model, which in itself is not so strange since immune cells were not present in 
vitro. 
 In Figure 2, the potential mechanisms of action through which 5-FU exerts its 
damaging effects in vivo and in vitro are depicted. Starting with the transport of small 
molecules, this pathway provides cellular mechanisms that regulate and ensure the 
exchange of water, ions and oxygen, and the elimination of waste products. The biological 
pathway involving the exchange of O2/CO2 between erythrocytes and colon tissue was 
the most affected, presenting the lower q-value. In addition, the haemoglobin encoding 
genes HBA1, HBA2 and HBB were found significantly downregulated. This could be due to 
colon epithelial damage, compromising and decreasing the exchange of O2/CO2. On the 
other hand, genes involved in the transport of ions across the cell membranes (ATP12A and 
SLC26A3) and water (AQP8) were statistically significantly upregulated. These genes are 
also part of the mechanisms of response to chemical stress. Therefore, their upregulation 
could represent adaptive mechanisms aiming to keep the intracellular levels of ions and 
water in balance. In contrast, SLC26A3 depletion in colon has been linked to congenital 
chloride diarrhoea due to chloride malabsorption [28]. From a pathophysiological 
perspective, SLC26A3 could be a potential gene candidate for diarrhoea induced by 5-FU. 
 Likewise, folate metabolism-related genes that were modulated in the colon 
biopsies were HBA1 and HBB. Folic acid along with vitamin B12 is involved in haem 
synthesis, which composes haemoglobin [29] (Figure 2). The fact that the haemoglobin 
encoding genes were downregulated, may suggest that the normal generation of haem 
in the bone marrow was compromised during treatment with capecitabine. Hence, 
this finding is derived from blood vestiges in the colonic tissue. Perturbation in haem 
production is also an indicator of anaemia, a common side effect of cancer therapies [30]. 
Furthermore, a decrease in the levels of HBA1 and HBB hinders DNA synthesis [31]. Indeed, 
folate and vitamin B12 also play a role in DNA synthesis via thymidylate synthase (TS), 
in which a product derived from folate metabolism, N5,N10-methylene tetrahydrofolate, 
together with deoxyuridine monophosphate (dUMP), generate thymidine [31]. This 
pathway is directly affected by 5-FU as this drug alters TS function and it is incorporated 
in the DNA molecule. Therefore, the effects of 5-FU on folate metabolism and vitamin 
B12 activity are in line with the proposed mechanism of action. Folate metabolism (one-
carbon metabolism) was also found affected in colon organoids exposed to 5-FU [10]. 
In addition, perturbations in folate metabolism consequently impact stem cell renewal, 
tissue regenerative capacity, intracellular communication and energy sensing [32], which 
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could have determined the extent of damage in the colon epithelium of cancer patients 
and in colon organoids.
 A main function of the NF-kβ signalling pathway is to mediate immune and 
inflammatory responses to stress, as well as to regulate cell proliferation, apoptosis, and 
matrix remodelling [33] (Figure 2). Most DEGs found in the colonic biopsy samples exposed 
to capecitabine are involved in immune system responses (Table 1). Genes C3, FCRLA, 
CCL19, CCL21, ERAP2, and immunoglobulins were found downregulated, being more 
associated with B-cell differentiation, recirculation, and migration to secondary lymphoid 
organs. On the other hand, expression levels of MST1P2, MST1L, immunoglobulin encoding 
gene IGKV1D-13 (or L18), and TRIM31 were increased after the treatment. The first three 
genes are involved in macrophage stimulation, which can indicate activation of immune 
system responses and reaction to tissue damage caused by the drug. These inflammatory 
responses seem to be secondary effects of 5-FU, triggered by colonocytes damage and 
stress derived from the exposure to the drug [34]. This can also be implicated in the 
development of diarrhoea reported by the patients on the second week of chemotherapy.   
 Remarkably, TRIM31 was the only gene found in common between cancer 
patients and in vitro colon organoids with the same change in expression after exposure 
to 5-FU. This gene encodes for an intestine-specific protein localized in mitochondria that 
belongs to the E3 ubiquitin ligase family [35]. It is involved in several cellular processes 
that promote epithelial-mesenchymal transition (EMT), cell survival, and proliferation by 
regulating several signaling pathways namely those of Wnt, p53 signalling, TGF-β, PI3K/
Akt and NF-kβ/STAT3 [36]. Another role linked to TRIM31 is the regulation of the levels 
of cytokines TNF, IL-1 and IL-6 via the NF-kβ pathway. Upregulation of TRIM31 has also 
been correlated to the increase of the levels of the inflammatory cytokines, which can lead 
to chronic inflammation [37]. Taken all together, the results suggest that TRIM31 could 
be a potential and promising biomarker of colon toxicity induced by 5-FU, which needs 
confirmation in a larger study including patients who have diarrhoea and patients who do 
not have diarrhoea as an adverse effect of capecitabine.
 In conclusion, this explorative case study provides new insight into the molecular 
mechanisms of colon toxicity induced by capecitabine and its active form 5-FU in patients. 
DEG analysis provided a list of 31 statistically significantly affected genes, of which the 
allegedly most biologically relevant were HBA1/2, HBB, ATP12A, SLC26A3, AQ8, TRIM31, 
MST1P2 and MST1L. The most affected pathways comprised the transport of small 
molecules, cellular responses to stress, folate metabolism, NF-kB signalling pathway, 
and immune system responses. Previous clinical studies to support our findings are 
rather scarce and do not investigate effects of 5-FU monotherapy in healthy colon tissue. 
One study reported increased expression levels of an ATP transporter [38] and another 
study observed perturbations in folate metabolism with downregulation of MTHFR [39]. 
Comparison of 5-FU effects in colonic tissue derived from the cancer patients and human 
organoids showed that the gene expression of TRIM31 was similarly altered in both 



Chapter 3

92

situations. Future studies are needed to validate the potential applicability of the gene 
markers found in this study in detecting early toxicity effects in individual patients receiving 
similar chemotherapy. This could be accomplished by setting up a larger study including 
cancer patients who develop colon toxicity and patients who do not after treatment with 
capecitabine. Moreover, further assessment of the full potential of the colon organoid 
model in replacing current in vitro and animal models used in drug development and 
screening studies is necessary. In this context, the generation of patient-derived colon 
organoids can be useful in identifying colon-specific responses to pharmaceuticals and 
mechanisms of toxicity, which may ultimately contribute to advances in personalized 
medicine.   
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Abstract

 Doxorubicin is widely used in the treatment of different cancers, and its 
side effects can be severe in many tissues, including the intestines. Symptoms such 
as diarrhoea and abdominal pain caused by intestinal inflammation lead to the 
interruption of chemotherapy. Nevertheless, the molecular mechanisms associated 
with doxorubicin intestinal toxicity have been poorly explored. This study aims to 
investigate such mechanisms by exposing 3D small intestine and colon organoids 
to doxorubicin and to evaluate transcriptomic responses in relation to viability and 
apoptosis as physiological endpoints. The in vitro concentrations and dosing regimens 
of doxorubicin were selected based on physiologically based pharmacokinetic model 
simulations of treatment regimens recommended for cancer patients. Cytotoxicity and 
cell morphology were evaluated as well as gene expression and biological pathways 
affected by doxorubicin. In both types of organoids, cell cycle, the p53 signalling 
pathway, and oxidative stress were the most affected pathways. However, significant 
differences between colon and SI organoids were evident, particularly in essential 
metabolic pathways. Short time-series expression miner was used to further explore 
temporal changes in gene profiles, which identified distinct tissue responses. Finally, 
in silico proteomics revealed important proteins involved in doxorubicin metabolism 
and cellular processes that were in line with the transcriptomic responses, including 
cell cycle and senescence, transport of molecules, and mitochondria impairment. This 
study provides new insight into doxorubicin-induced effects on the gene expression 
levels in the intestines. Currently, we are exploring the potential use of these data 
in establishing quantitative systems toxicology models for the prediction of drug-
induced gastrointestinal toxicity.

Keywords: doxorubicin; toxicity; human organoid models; molecular mechanisms; 
transcriptomics
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Introduction

 Doxorubicin (DOX) is a chemotherapeutical drug that belongs to the class of 
anthracyclines, being first isolated from Streptomyces peucetius var. caesius in 1967 [1]. 
DOX has application in the treatment of a wide range of cancers, such as solid tumours, 
acute myeloblastic and lymphoblastic leukaemia, breast, ovarian, prostate, gastric 
carcinomas, osteosarcomas, and soft tissue sarcomas [2]. Despite being one of the most 
standardized and recommended drugs to treat such malignancies in the last 40 years, 
DOX is often associated with severe side effects. Common side effects include hair loss, 
vomiting, weight loss, rash and suppression of the bone marrow. DOX is also associated 
with rather serious effects including cardiotoxicity, leading to cardiomyopathy and 
subsequently congestive heart failure, hepatotoxicity, erythema, and disruption of the 
intestinal epithelium [2, 3]. Disruption and subsequent inflammation of the intestinal 
epithelium induce symptoms such as diarrhoea, vomiting, abdominal pain and nausea. 
Consequently, cancer treatments can be compromised, dramatically impairing patient’s 
survival and quality of life.
 The mechanisms by which DOX exerts its toxic effects in the intestinal cells are not 
fully understood yet. Although it is known that it targets and kills proliferative malignant 
cells, which divide at a higher rate than healthy ones, DOX is not cancer cell-specific and 
can, therefore, also affect healthy cells of multiple organs, leading to severe damaging 
effects even at therapeutic doses [3]. There are two proposed mechanisms of action linked 
to DOX: 1) intercalation into DNA and disruption of DNA topoisomerases and 2) generation 
of reactive oxygen species (ROS) [4, 5]. The first mechanism leads to the unwinding of DNA, 
DNA replication, RNA transcription and translation, and ultimately, protein biosynthesis. 
Consequently, cell cycle is interrupted and cells stop proliferating [4, 6]. This mechanism is 
thought to be the main anti-cancer activity of DOX whereas the generation of ROS is more 
associated with its toxic effect [7]. ROS can be generated as a result of DOX metabolism, 
in which a semiquinone, a rather unstable and oxidative molecule, is formed at complex I 
of the electron transport chain (ETC) [8]. Oxidative stress causes membrane damage, DNA 
damage, mitochondria dysfunction, lipid peroxidation, and triggers cell death pathways 
[3, 4, 8]. Taken all together, these mechanisms can be associated with DOX-induced toxicity 
due to inflammation, impairment of mitochondria and ATP synthesis, and ultimately the 
induction of apoptosis [3, 9]. However, the molecular mechanisms through which DOX 
causes intestinal damage have not been investigated as the great majority of studies focus 
on cardiotoxicity. For this reason, this study aimed at not only confirming the hypothetical 
mode of action of the drug, but mainly at generating new data to advance our knowledge 
of the mechanisms involved in DOX-induced intestinal toxicity. To accomplish this, high-
throughput transcriptomic analysis was performed on innovative 3D culture models of 
colon and small intestine (SI) organoids, derived from human tissue biopsies [10]. 
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 The development and application of three-dimensional (3D) culture systems in 
various fields, including disease modelling, drug discovery, screening, and drug target 
identification has exponentially increased as these models replicate tissue-like structures 
and characteristics more accurately than monolayer cultures [11, 12]. Moreover, the 
introduction of extracellular matrices (ECM), e.g. matrigel [13], in the establishment of 
3D cell cultures has enabled the replication of cell-environment interactions, leading to 
augmented cell proliferation, differentiation, and cellular functions [12]. This is important 
for creating cell culture conditions similar to the environment within tissues/organs, 
particularly in cancer and anticancer drug research. Several studies have been conducted 
on 3D culture technologies in which these are reported as potential tools to investigate 
drug combinations for the treatment of cancer, drug responses, and chemoresistance 
profiles [14-16]. More related to the gastrointestinal (GI) tract, the investigation of GI 
tissue development, homeostasis, diseases, and treatments has greatly benefited from 
3D organoid models [17, 18]. Likewise, intestinal organoids have shown to possess key 
features of human in vivo cells, i.e. they show similar cellular organization, behaviour, and 
crypt-like structures, which are more advantageous than other cell and rodent models 
[19, 20]. Therefore, 3D cell culture technologies hold promise in overcoming the limited 
cell conditions and drug responses observed in 2D systems [11], and, consequently, in 
improving pre-clinical drug development studies.    
 In this study, we hypothesized that DOX could affect colon and SI tissues differently 
since they have different cell physiology, dynamics, and function. Therefore, distinct gene 
expression profiles would be observed reflecting distinctive response mechanisms in 
both organoid types. The exposure concentrations of DOX were based on predictions 
from physiologically based pharmacokinetic (PBPK) model simulations to better represent 
the clinical dose regimens during cancer therapy [20-22]. Cytotoxicity measurements 
were evaluated and checked if they were in line with the transcriptomic responses. In 
addition, proteomics data was assessed through computational simulations [23, 24] 
based on known DOX protein targets in the gut available in online repositories [25-28]. 
This data was useful to assess if target proteins were reflected on the transcriptomic data 
generated on the organoids, as well as to gain a broader insight into the drug mechanisms 
of toxicity. The ultimate goal of this study is to further apply the new transcriptomic data 
and molecular gene markers in quantitative systems toxicology (QST) models to predict 
drug-induced GI toxicity (transQST project).
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Results 

PBPK simulation for selection of  DOX in vitro concentrations
 The predictive performance of the DOX PBPK model was verified against clinically 
observed total DOX concentrations in plasma (Figure S1). Observed plasma concentrations 
of DOX were generally captured within the 95% confidence interval of the simulated 
plasma concentration-time profile. Figure 1 shows the predicted pharmacokinetic profiles 
of systemic and gut DOX concentrations following 20 min infusions of 2.5, 15, and 40 mg/
m2 DOX, respectively, in humans. The gut tissue Cmax was selected as the target exposure 
level for in vitro experiments as it provides relevant tissue exposure and a ‘worst-case 
scenario’ to inform a conservative safety assessment. PBPK predicted gut tissue total 
concentrations were eight-fold higher than that of total plasma concentration for all 
doses simulated.
Chapter 4 
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Figure 1. Predicted (a) mean total systemic plasma concentration and (b) mean total gut tissue concentration of 
DOX following 2.5, 15 and 40 mg/m2 intravenous (IV) dose infused over 20 min in humans.

 Based on the PBPK predicted DOX Cmax in gut tissue, the nominal 
concentration to achieve equivalent intracellular steady-state concentration in 
human intestinal organoid in vitro was predicted using the VIVD model. Table 
1 shows the PBPK predicted gut tissue Cmax for the three dosing regimens and 
the VIVD predicted in vitro nominal concentration. A ratio of 1.10 between total 
intracellular concentration and nominal test concentration was predicted, which 
is in line with DOX as a fairly lipophilic compound (Log Pow of 1.27, [22]). These 
results were used to inform DOX dose ranges for subsequent in vitro experiments. 
The VIVD model assumes a monolayer cell culture, which is not representative 
of human intestinal organoids. However, the VIVD model does account for non-
specific binding to medium components and plastic culture-ware and can still 
inform on the design of in vitro studies using organoids.
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Table 1. Nominal in vitro DOX concentrations that reach intracellular concentrations equivalent to physiologically 
based pharmacokinetic (PBPK) predicted human in vivo gut tissue maximum concentration (Cmax) after various 
intravenous (IV) doses.

IV Dose Infused Over 20 min in 
Human (mg/m2)

In Vivo Gut Tissue Total Cmax 
(µM)

In Vitro Nominal 
Concentration (µM)

2.50 1.06 0.96

15.00 6.36 5.76

40.00 17.00 15.40

Cytotoxicity evaluation of  colon and SI organoids: viability and apoptosis 
after exposure to DOX
 Assessment of viability of organoids was based on quantification of ATP levels, 
whereas apoptosis was assessed with caspase 3/7 activation assay. Overall, as shown in 
Figure 2, the lowest dose (1 µM) did not have any significant effect on cell viability and 
caspase 3/7 activation at all time points, in both colon and SI organoids. The temporal 
concentration effect of DOX exposure was more evident at 10, 30 and 60 µM. ATP levels 
tended to decrease across time and concentration in both organoids, whereas caspase 
3/7 activation tended to increase in colon organoids but not as much in SI.

Figure 2. Functional assessment of healthy colon: (a) viability and (b) caspase 3/7 activation; and of SI organoids: 
(c) viability and (d) caspase 3/7 activation, when exposed to 1, 10, 30 and 60 µM DOX for 24 h in light grey, 48 
h in dark grey and 72 h in black, compared with untreated controls. Values are in % of Luminescence. SD was 
calculated for each condition. Ctrl, control; DOX, doxorubicin; SD, standard deviation; SI, small intestine; Unt, 
untreated; Veh, vehicle. * p value of 0.03; ** p value of 0.002; *** p value of 0.0004; **** p value of 0.0001.



Doxorubicin in vitro 

Ch
ap

te
r 

4

103

 ATP levels of colon organoids treated with 10 µM of DOX decreased by 20 to 
30% (p value = 0.0004). All time points were similar, and thus time did not have much 
effect at this concentration. Conversely, time played a more active role in the exposure of 
SI organoids, particularly at 72 h where ATP levels decreased by 40% (p value = 0.0001). 
Regarding the concentrations 30 and 60 µM, ATP levels decreased more significantly in 
the colon than in SI, particularly at 72 h. In colon organoids, differences between 24 and 
48 h were not significant, but at 72 h, ATP levels decreased by 60% at 30 µM and more than 
60% at 60 µM DOX, compared to the untreated controls (Figure 2a) (p value = 0.0001). 
In SI organoids, ATP levels decreased as drug concentrations increased. The effect of the 
exposure was similar in SI, where ATP decreased by 20% to 50% in all concentrations 
compared to the untreated controls (Figure 2c) (p value = 0.0001). Therefore, considering 
only ATP levels, colon and SI organoids were similarly affected by DOX.
 Conversely, caspase 3/7 activation in colon organoids was more affected by the 
drug concentration with over three-fold difference between the untreated and treated 
groups (Figure 2b) (p value = 0.0001). Similarly, in SI organoids, caspase 3/7 activation was 
also significantly affected by the drug concentration compared to the untreated controls 
(p value = 0.0001) (Figure 2d). Moreover, there was a three-time increase in caspase 3/7 
activation at 48 and 72 h when exposed to 10 µM, for which there is no clear indication 
of whether these are outliers or biological responses since transcriptomic analysis did 
not show significant changes in apoptosis or cell cycle-related genes for these particular 
treatment conditions in SI. In summary, although caspase 3/7 activation was significantly 
affected in both organoids and mainly concentration-dependent rather than time-
dependent, it seems that in colon organoids the impact of the exposure to DOX was 
higher and more progressive across treatment conditions.

Image analysis
 In addition to the evaluation of cell viability and caspase 3/7 activation, 
morphological changes caused by DOX, including size and volume of the organoids, 
and percentage of cell death, were observed after image processing (Figure 3). Total and 
average size of the colon organoids (Figure 3a) did not significantly decrease after 24 h 
exposure to DOX, whereas at higher concentrations after 48  and 72 h, the organoids 
became significantly smaller (p value = 0.0001). Statistically significant changes in cell 
death were evident in all treatment conditions (p value = 0.0001), except for 1 µM at 24 h, 
with an increase by 80% for the highest concentration at 72 h (Figure 3b). Additionally, the 
total and average sizes of SI organoids were affected at 1 µM after 24 h treatment (p value 
= 0.0001) (Figure 3c). Cell death (Figure 3d) increased significantly in the SI organoids as 
well, particularly after exposure to 10 µM DOX (p value = 0.0001), with an increase up to 
60%, lower than in colon organoids. Figure 3e,f show additional microscope images of 
colon and SI organoids, comparing the controls with the doxorubicin treatments. The auto-
fluorescence of DOX was taken into account when comparing the differences in staining 
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intensities such that the image analysis was independent of DOX staining interferences. 
The morphology image data confirmed the results of the viability and caspase 3/7 assays, 
demonstrating that DOX inhibited cell growth and activated cell death processes.
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Figure 3. Morphological changes assessed through imaging analysis of healthy colon: (a) size, (b) percentage 
of cell death, and (e) microscope image analysis; and SI organoids: (c) size, (d) percentage of cell death, and 
(f) microscope image analysis, when exposed to 1, 10, 30 and 60 µM DOX for 24 h in light grey, 48 h in dark 
grey and 72 h in black, compared with untreated controls. Values are in % based on fluorescent intensity for 
each measured parameter. SD was c alculated for each condition. Ctrl, control; DOX, doxorubicin; SD, standard 
deviation; SI, small intestine; Unt, untreated; Veh, vehicle. * p value of 0.04; ** p value of 0.008; *** p value of 
0.0009; **** p value of 0.0001. Staining in control wells: Phalloidin-FITC (actin, in red) and Hoechst (DAPI channel, 
nuclei, in blue); treated wells: DOX bound to the nuclei (TRITC channel, nuclei, in blue); 1 pixel is 3.25 µm.
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Identification of  biological pathways and gene responses affected by DOX
 Gene expression data from DOX-exposed organoids were used to identify 
biological pathways and differentially expressed genes (DEGs) involved in intestinal 
toxicity induced by the drug. Firstly, alignment of the reads to the whole human genome 
was performed, ranging between 65 to 81% in colon samples and between 57 to 68% in 
SI samples, and thus, further analysis could proceed. Secondly, two SI samples presented 
low-quality RNA (RIN < 7) and two SI samples yielded less than 5 million reads, the 
recommended cut-off for differential gene expression (DGE) analysis [29, 30]. Thus these 
samples were regarded as unsuitable for analysis. As a consequence, the measurements 
of 60 µM at 72 h in the SI were not included. All samples derived from colon organoids 
presented more than 5 million read counts. After Bonferroni correction, and considering 
adjusted p-value < 0.05, a consistent concentration-related increase in the number of 
DEGs was found in both organoids. Across time of exposure, the number of DEGs was 
lower at 48 h and higher again at 72 h. 
 PCA score scatter plots were generated to further explore the gene expression 
differences between treated and untreated organoids and how the DOX concentration 
and treatment duration would affect these (Figure S2). Regarding colon organoids 
(Figure S2a), there was a clear separation between controls and treated samples, as well 
as between the different DOX concentrations, although the two higher concentrations 
clustered together on the right. In turn, PCA plot of SI organoids (Figure S2b), showed 
that the controls were also clustering together along with the lower concentration of 
DOX. Similar to the colon organoids, the two higher concentrations also appeared in the 
same cluster on the right. Therefore, when comparing the distribution of samples from 
colon with SI organoids, in colon there was a more evident separation of samples and 
effect of concentration (PC1) and time (PC2). On the other hand, in SI, both the effect of 
concentration and time (particularly from 24 h and 48 h to 72 h) could be observed in 
PC1, whereas in PC2, there seemed to be a slight influence of earlier time points (24 h to 
48 h). Overall, the concentration of DOX affected more the organoids than the duration 
of exposure as the variance was lower for the latter. This is in line with the fact that, due 
to the limited metabolic clearance in the organoid assays, the exposure concentration 
is constant and, thus, it is the main driver of the observed drug effects rather than the 
duration of exposure.  
 The DEGs obtained for each treatment condition were used to perform ORA using 
CPDB. As a result, an overview of the altered pathways for treated samples compared 
to vehicle controls was obtained, from which the most significantly overrepresented 
pathways were identified using the q-values and the number of DEGs involved. 

Pathway analysis across time and concentration in colon and SI organoids
 Pathway analysis showed several biological pathways being affected by the 
drug. In both colon and SI, the most affected pathways were mostly related to cell cycle, 
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p53 signalling, and DNA methylation. Other pathways affected across the treatment 
conditions were metabolism (especially of lipids, amino acids, and carbohydrates), cellular 
senescence, oxidative stress-induced senescence, and DNA repair. On the other hand, ATP 
synthesis was only evident at the higher concentration in colon whereas apoptosis was 
observed neither in colon nor in SI organoids, except at 24 h, 10 µM. An overview of the 
q-values of these pathways, across time and concentration, for both organoids, is displayed 
in Table 2. Moreover, from the q-values of each of the selected pathways and the number 
of DEGs affected by DOX, the responses from the colon organoids were statistically more 
significant, and more pathways were significantly affected than in SI organoids. 

Table 2. Overview of the most relevant pathways and respective q values. Pathways identified by ORA in CPDB, 
considering Reactome and KEGG databases, and organized into main groups of biological pathways. Alterations 
in these pathways can be observed over time and concentration of DOX. The q values were obtained after using 
the false discovery rate method and they were considered as significant when below 0.05 (values in bold) or not 
applicable (NA) as the respective pathways were not present for a certain condition after CPDB analysis.

Name of the Pathway
Pathway 
Source

Time of Exposure (h)
DOX Conc. 

(µM)
q value

Colon SI

Cell Cycle Reactome

24

1 2.74 x 10-20 NA

10 1.64 x 10-13 3.04 x 10-4

30 2.57 x 10-8 0.14

60 2.04 x 10-6 NA

48

1 NA NA

10 4.19 x 10-3 9.96 x 10-3

30 1.08 x 10-3 0.16

60 NA 0.06

72

1 NA NA

10 0.01 0.06

30 0.04 0.24

60 0.09 NA

Cell cycle—DNA repair Reactome

24

1 0.027 NA

10 2.81 x 10-8 2.16 x 10-3

30 1.04 x 10-3 NA

60 5.19 x 10-3 NA

48

1 NA NA

10 0.04 1.08 x 10-3

30 0.01 NA

60 0.06 NA

72

1 NA NA

10 NA NA

30 NA NA

60 0.25 NA
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Name of the Pathway
Pathway 
Source

Time of Exposure (h)
DOX Conc. 

(µM)
q value

Colon SI

Gene expression—the 
p53 signalling

KEGG

24

1 1.32 x 10-5 NA

10 7.84 x 10-13 0.02

30 2.79 x 10-7 7.77 x 10-3

60 4.99 x 10-5 0.11

48

1 0.03 NA

10 6.60 x 10-5 0.05

30 3.92 x 10-5 0.12

60 8.63 x 10-4 NA

72

1 0.06 NA

10 2.65 x 10-6 0.17

30 8.25 x 10-7 NA

60 4.56 x 10-6 NA

Epigenetic regulation 
of gene expression—

DNA methylation
Reactome

24

1 NA 0.04

10 6.63 x 10-14 4.95 x 10-11

30 3.98 x 10-14 8.08 x 10-6

60 4.44 x 10-11 1.03 x 10-3

48

1 NA NA

10 2.60 x 10-7 2.58 x 10-6

30 3.12 x 10-8 7.41 x 10-5

60 5.58 x 10-7 7.49 x 10-4

72

1 NA NA

10 0.02 NA

30 2.96 x 10-3 NA

60 9.08 x 10-5 NA

Metabolism of 
carbohydrates—

Glycolysis/
Gluconeogenesis

KEGG

24

1 NA NA

10 NA NA

30 NA 0.15

60 NA NA

48

1 NA NA

10 6.81 x 10-3 NA

30 0.02 0.11

60 0.04 0.14

72

1 NA NA

10 6.43 x 10-4 NA

30 6.84 x 10-5 NA

60 7.95 x 10-6 NA

Table 2. (cont.)
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Name of the Pathway
Pathway 
Source

Time of Exposure (h)
DOX Conc. 

(µM)
q value

Colon SI

Metabolism—
Respiratory electron 

transport, ATP synthesis 
by chemiosmotic 
coupling, and eat 

production by 
uncoupling proteins

Reactome

24

1 NA NA

10 NA NA

30 NA NA

60 6.24 x 10-3 NA

48

1 NA NA

10 NA NA

30 NA NA

60 0.05 NA

72

1 NA NA

10 NA NA

30 NA NA

60 0.20 NA

Metabolism of lipids
Reactome

24

1 NA NA

10 0.15 0.09

30 7.01 x 10-3 0.15

60 0.07 NA

48

1 NA NA

10 8.49 x 10-5 NA

30 5.41 x 10-5 NA

60 9.11 x 10-6 NA

72

1 NA NA

10 1.00 x 10-3 NA

30 5.19 x 10-4 NA

60 3.91 x 10-3 NA

Metabolism of amino 
acids and derivatives

Reactome

24

1 NA NA

10 0.08 0.03

30 0.15 4.46 x 10-17

60 0.07 1.29 x 10-36

48

1 0.13 NA

10 1.00 x 10-3 NA

30 0.05 6.77 x 10-27

60 NA 1.99E-04

72

1 NA NA

10 3.12 x 10-4 NA

30 2.13 x 10-10 NA

60 6.34 x 10-7 NA

Table 2. (cont.)
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Name of the Pathway
Pathway 
Source

Time of Exposure (h)
DOX Conc. 

(µM)
q value

Colon SI

Cellular responses 
to external stimuli—

oxidative stress 
induced senescence

Reactome

24

1 NA 0.05

10 2.12 x 10-9 9.19 x 10-9

30 2.78 x 10-11 3.28 x 10-6

60 8.00 x 10-10 9.02 x 10-5

48

1 NA NA

10 1.45 x 10-5 1.88 x 10-5

30 3.09 x 10-7 1.82 x 10-4

60 4.63 x 10-6 2.00 x 10-3

72

1 NA NA

10 0.05 NA

30 4.82 x 10-3 NA

60 6.23 x 10-4 NA

 Further analysis on how these pathways were perturbed in colon and SI organoids 
across time and concentration of the drug, showed significant differences between both 
organoids’ responses, suggesting activation of different mechanisms in both cells. This is 
particularly the case for cell cycle and DNA repair mechanisms, which were highly affected 
at 24 h in colon, with a tendency to become less affected across concentration and time, 
whereas in SI these pathways were only significantly affected at 10 µM, after 24 h and 
48 h exposure. Furthermore, in colon, p53 signalling pathway was highly affected at 24 
h, especially at 10 µM, at which the peak of dysregulation of this pathway seemed to be 
reached, as across 48 and 72 h q-values tended to increase. In SI, p53 signalling pathway 
was similarly affected, with the exception that q-values were not significant at 48 h and 72 
h. Metabolic pathways were only significantly affected in colon: 1) glycolysis after 48 h and 
72 h exposure, with q-values more significant across concentration; 2) respiratory electron 
transport and ATP synthesis became affected only at the highest concentration, particularly 
at 24 h; and 3) metabolism of lipids was more significantly affected at 48 h. Metabolism 
of amino acids was also very different in colon and SI. Whereas in SI it was significantly 
affected at 24 h and 48 h, in colon only became affected after 72 h exposure. On the other 
hand, DNA methylation was significantly affected in both tissues, even though q-values 
were lower in colon overall. Similarly, oxidative stress-induced senescence was highly 
affected in both organoids, becoming less affected across time and concentration. Even 
though we measured increased caspase activities, at the gene expression level, apoptosis 
was not significantly activated throughout the treatment conditions, except for SI after 24 
h exposure to 10 µM of DOX. 

Table 2. (cont.)
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Expression profiles of  DEGs affected in colon and SI organoids
 Following pathway analysis, the expression levels of DEGs were further 
investigated to check for trends of alterations in the expression profiles, focusing on 
genes involved in cell cycle, p53 signalling pathway, respiratory electron transport and 
ATP synthesis, DNA methylation, and oxidative stress-induced senescence. Venn diagrams 
were used to identify DEGs that were in common and affected in the same direction of 
expression in colon and SI (Figure S3), considering all time points and DOX concentrations. 
DEGs involved in respiratory electron transport and ATP synthesis were not found for SI 
organoids as this pathway was not significantly affected (Table 2). 
 Regarding cell cycle, expression levels of 41 genes were altered by DOX in both 
organoids. Most DEGs were histone encoding genes, apart from cyclins and kinases, p53, 
and MDM4 regulator of p53. The expression level changes across treatment conditions of 
the two top genes involved in cell cycle in common between the organoids, H2BC11 (H2B 
clustered histone 11) and CCND1 (cyclin D1), are sown in Figure 4. Regarding the gene 
H2BC11, expression levels in colon organoids decreased over time considering the same 
concentration, but for each time point, expression levels were increased until the highest 
concentration was reached. This trend of alteration was similar in all time points. Likewise, 
in SI organoids, the same pattern of alteration was observed, except at 72 h, as at 10 µM 
DOX, expression levels of H2BC11 were higher as compared to the expression levels for 
the other concentrations. Moreover, expression levels of this gene were higher in colon 
than in SI organoids. In turn, expression levels of CCND1 tended to increase over time and 
concentration, particularly at 72 h in colon and earlier at 48 h in SI.  
 As for the DEGs involved in p53 signalling pathway, DNA methylation, and 
oxidative stress-induced senescence, 7, 16 and 23 genes were in common, respectively, 
between the organoids. Genes from each of these pathways were also selected to show 
the trend of alterations in their expression levels across all exposure conditions (Figure 4). 
Regarding p53 signalling pathway, MDM4, a regulator of p53 activity, and THBS1, which 
encodes for Trombospondin-1, an endogenous inhibitor of angiogenesis and whose 
promoter is activated by p53 [31], were the top two common genes. These genes presented 
different alterations in their expression levels. The first one, MDM4, was downregulated 
across concentrations, whereas over time there was an increase in the expression levels 
at 48 h and downregulation again at 72 h. The second one, THBS1, presented a gradual 
upregulation trend across time and concentration, particularly at 72 h, and its expression 
levels were higher in SI than in colon. 
 The gene H4C8, a different histone encoding gene involved in DNA methylation, 
had a similar change in the expression levels as the gene H2BC11 in colon, as it was 
upregulated across concentration; however, downregulated over time. In SI, H4C8 was 
also upregulated across concentration, but over time, unlike in colon, the trend was of 
upregulation as well. Lastly, the gene TNIK, involved in oxidative stress-induced senescence, 
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which encodes for a protein kinase involved in activation of the WNT signalling pathway, 
was downregulated across time and concentration, except at 72 h, in both organoids.

Figure 4. Gene plots representing the expression profiles of genes involved in cell cycle, the p53 signalling 
pathway, DNA methylation, and oxidative stress-induced senescence, after 24, 48 and 72 h exposure to all DOX 
concentrations of organoids derived from colon (on the left) and SI (on the right). Values for gene profiles are 
based on the log2FC. Plot colours correspond to the different concentrations of DOX: lighter grey represents 1 
µM; grey represents 10 µM; dark grey represents 30 µM; black represents 60 µM; and DEG: with or without stripes.
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 Taken all together, cell cycle- and DNA methylation-related genes had the most 
significant changes in their expression levels, in which histone encoding genes were 
downregulated over time but upregulated across concentration, whereas cyclin D1 was 
upregulated over time and concentration, except at 24 h. Genes associated with p53 
signalling regulation MDM4 was downregulated and angiogenesis inhibitor THBS1 was 
upregulated, particularly across concentration as time did not have a significant impact. 
Oxidative stress-related gene TNIK was downregulated across concentrations and similar 
for each time point, affecting also the WNT signalling. Therefore, the trend of alterations 
of the DEGs expression levels involved in conservative pathways was similar in both 
organoid types. Despite the similarities, major differences in DEGs expression levels and 
specific pathways were observed between colon and SI. These are described in the section 
below after performing STEM analysis.  

Time-dependent gene clustering analysis
 The DEGs, found significantly affected by DOX, were also used in time-series 
correlation analysis, using the STEM tool, in which all time points and DOX concentrations 
were included. Most conditions presented more than one significant time-dependent 
gene cluster (p < 0.05), except the condition 1 µM DOX, which had one significant cluster 
for colon organoids and no significant cluster for SI (Figure S4), as the expression levels 
of DEGs was not significant enough to provide a relevant cluster. In colon, the expression 
levels of DEGs among clusters were variable between concentrations, as gene expression 
levels seem to either decrease or increase, but mostly the latter. Regarding SI organoids, 
similar trends were observed, with time-dependent clusters showing either gene 
upregulation or downregulation. However, unlike in colon, the most significant cluster for 
each condition showed a decrease in the gene expression levels over time. 
 An enrichment network analysis using NetworkAnalyst tool was performed with 
the genes listed in the most significant time-dependent cluster of each condition. For 
each condition, clusters with the same colour had the same expression profiles, thus they 
were considered as one group. Furthermore, time-dependent clusters with p-value > 0.01 
showed pathways not related to DOX-induced toxicity and with intestinal cells function, 
hence they were not further investigated. In colon organoids, at 1 µM, the most enriched 
pathways were cell cycle and p53 signalling pathway. At 10 µM, pathways prevailing in 
clusters 1 and 3 were DNA methylation, replication, cell cycle-related processes, cellular 
senescence, p53 signalling, and RNA expression. Cluster 2 showed enriched pathways 
related to p53 signalling pathway and metabolism, including biosynthesis of steroids 
and amino acids, and carbon metabolism, which includes pyruvate metabolism and 
glycolysis. For the two higher doses (30 and 60 µM), p53 signalling pathway remained the 
most relevant pathway along with, particularly, beta-alanine and histidine metabolism. 
Regarding SI organoids, it was overall observed that the number of enriched pathways 
was lower than in colon organoids. Moreover, most of the pathways found in SI were 
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different from the ones found in colon organoids. At 10 µM, the most enriched pathways 
were pyrimidine metabolism and one carbon pool by folate. At 30 µM, pyrimidine 
metabolism remained as a relevant pathway followed by other metabolic pathways, 
particularly vitamin B6 and sphingolipid metabolism. For the highest concentration, the 
most relevant pathways were quite different, as they included HIF-1 and AMPK signalling 
pathways, RNA degradation, and glycolysis.  
 Following enrichment pathways analysis, the most significantly affected genes 
derived from those time-dependent clusters were investigated. As expected, the great 
majority of DEGs observed in colon and SI were different. For the two higher concentrations 
of DOX (30 and 60 µM), the five most affected DEGs in colon or SI were selected for further 
analysis and they are described in Table 3. These results demonstrate the tissue-specific 
responses that distinguish colon from SI organoids. 

Table 3. The most significantly altered DEGs selected after analysis with STEM, considering cluster 1 and similar, 
and the exposure to 30 and 60 µM DOX concentrations over time are described. The DEGs are either specific to 
colon or SI. The complete name of the DEGs as well as the main pathways in which they are involved.

Concentration 
(µM)

Gene 
Symbol Name

Direction of 
Expression 

(Control vs. DOX)

Main Pathway(s) 
Involved

Colon

30

DHRS2 Dehydrogenase/reductase 
SDR family member 2 ↑ Metabolism of several 

compounds 

RGCC Regulator of cell cycle ↑ Regulation of cell cycle 
progression via p53

LAMP3 Lysosome-associated 
membrane glycoprotein 3 ↑ Gene expression; 

adaptive immunity

TP53I3 Tumour Protein P53 
Inducible Protein 3 ↑ Cellular responses to 

oxidative stress

TNFSF15 TNF Superfamily Member 15 ↑ Apoptosis modulation 
and signalling

60

ABCA12 ATP Binding Cassette 
Subfamily A Member 12 ↑ Transport of molecules

RGCC Regulator of cell cycle ↑ Regulation of cell cycle 
progression via p53

DHRS2 Dehydrogenase/reductase 
SDR family member 2 ↑ Metabolism of several 

compounds 

MFAP3L Microfibril Associated 
Protein 3 Like ↑

Nuclear signalling 
pathways (EGFR and 

MAPK)

LAMP3 Lysosome-associated 
membrane glycoprotein 3 ↑ Gene expression; 

adaptive immunity
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Concentration 
(µM)

Gene 
Symbol Name

Direction of 
Expression 

(Control vs. DOX)

Main Pathway(s) 
Involved

SI

30

CAPN8 Calpain 8 ↓ Degradation of the 
extracellular matrix

CTNND1 Catenin Delta 1 ↓ Cell adhesion and signal 
transduction

MPRIP Myosin Phosphatase Rho 
Interacting Protein ↓ Signalling by BRAF and 

RAF fusions

TSPAN1 Tetraspanin 1 ↓

Regulation of cell 
development, 

activation, growth and 
motility

TPX2 Microtubule Nucleation 
Factor ↓

Cell cycle and 
Regulation of p53 

activity

60

MCM5
Minichromosome 

Maintenance Complex 
Component 5

↓ DNA replication

DHRS9 Dehydrogenase/Reductase 9 ↓ Metabolism 

SLC2A3 Solute Carrier Family 2 
Member 3 ↓ Transport of glucose

PPP1R3C Protein Phosphatase 1 
Regulatory Subunit 3C ↓ Glycogen synthesis

MT1X Metallothionein 1X ↓ Metallothioneins bind 
metals

Legend: ↑ - upregulated; ↓ - downregulated

Proteome analysis
 DOX is a well-studied drug with many activity data points available in public 
repositories. The workflow that was used to obtain single protein targets of DOX generated 
a diverse rather diverse profile of 39 proteins connected to DOX. Besides the obvious mode 
of action target DNA topoisomerase 2-alpha, other enzymes such as carbonyl reductase 
1, nitric oxide synthase (endothelial and brain), as well as different CYP enzymes are part 
of the list. Furthermore, transporters, such as the multidrug resistance-associated protein 
1, the bile salt export pump, solute carriers, as well as the carrier albumin are present. 
After applying the gut tissue filter, the number of target proteins decreased to 19 UniProt 
entries (Table 4).
 The NADH dehydrogenase iron-sulfur proteins are subunits of the mitochondrial 
membrane respiratory chain NADH dehydrogenase (Complex I). Disturbance of Complex 
I can lead to mitochondrial toxicity [32]. Pathological changes in the GI tract were linked 
to Nitric oxide synthetase [33]. CBR3 variants were discussed concerning DOX disposition 
and toxicity [34]. Consequently, the target profile correlates with the toxic properties of 
DOX.

Table 3. (cont.)
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Table 4. Tissue-specific target proteins of DOX.

UniProt Accession Gene Name Protein Name

O43488 AKR7A2 Aflatoxin B1 aldehyde reductase member 2

O75251 NDUFS7 NADH dehydrogenase [ubiquinone] iron–sulphur protein 7, 
mitochondrial

O75306 NDUFS2 NADH dehydrogenase [ubiquinone] iron–sulphur protein 2, 
mitochondrial

O75489 NDUFS3 NADH dehydrogenase [ubiquinone] iron–sulphur protein 3, 
mitochondrial

O75828 CBR3 Carbonyl reductase [NADPH] 3

P00352 ALDH1A1 Retinal dehydrogenase 1

P02768 ALB Albumin

P11388 TOP2A DNA topoisomerase 2-alpha

P14550 AKR1A1 Aldo-keto reductase family 1 member A1

P15559 NQO1 NAD(P)H dehydrogenase [quinone] 1

P16083 NQO2 Ribosyldihydronicotinamide dehydrogenase [quinone]

P16152 CBR1 Carbonyl reductase [NADPH] 1

P16435 POR NADPH--cytochrome P450 reductase

P29474 NOS3 Nitric oxide synthase, endothelial

P29475 NOS1 Nitric oxide synthase, brain

Q14978 NOLC1 Nucleolar and coiled-body phosphoprotein 1

Q15311 RALBP1 RalA-binding protein 1

Q92887 ABCC2 Canalicular multispecific organic anion transporter 1

Q9NUT2 ABCB8 Mitochondrial potassium channel ATP-binding subunit

 The list of various targets predicts a diverse systemic effect of the drug. This 
hypothesis is supported by the interactome profile. The 19 tissue-specific targets directly 
interact with 164 proteins. The network is sparse with three highly connected hubs (Figure 
5). There are several nodes with only one edge. The network topology implicates the 
systemic mechanisms triggered by DOX.
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Figure 5. Network of direct targets (red, from Table 4) and their first-degree interactors (blue) affected by DOX. 
The topology of the network implicates a systemic effect of the drug.

Comparing DOX effects on Transcriptomics and Proteomics
 A comparison between the transcriptomic and proteomic findings was performed 
in which the most relevant DEGs and proteins affected by DOX in both organoids were 
considered, after exposure to the higher concentrations. A representation of the overall 
changes in the expression levels of genes and their consequences can be observed in 
Figure 6.
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Figure 6. Comparison between transcriptomics and proteomics data, starting from DOX entrance to the cell 
to the several biological pathways and DEGs that are perturbed. For the alterations in the gene expression 
levels, concentrations of 30 and 60 µM were considered, at every time point. Genes in dark blue, significantly 
downregulated; light blue, not significantly downregulated; dark red, significantly upregulated; light red, not 
significantly upregulated; grey, not available. Image created with BioRender.com (accessed on 23/04/2021).

 The proteins were considered as their encoding genes, and these include mostly 
proteins that are involved in the metabolism of DOX and its elimination (membrane 
transporters). Two of them though are involved in DNA replication, namely TOP2A and 
NOLC1. The proteomic data were subsequently compared to the transcriptomic data to 
check which of those proteins were encoded by significantly affected DEGs. Overall, 16 out 
of the 19 gene encoding proteins were found in both organoids, considering the higher 
concentrations of exposure (30 and 60 µM) at 72 h. Nevertheless, only gene expression 
levels of ALDH1A1, CBR1, NQO1, NQO2, NDUFS2, and ABCC2 were significantly affected, 
particularly in the colon organoids as in SI organoids, only ABCC2 was found significant.
 In Figure 6, it is demonstrated that genes involved in DOX metabolism were 
downregulated after the exposure, except CBR3, which was upregulated, but not 
significantly. This is in line with the pathway analysis, as biological processes associated 
with drug metabolism were not found significantly affected. This could be linked to the 
fact that DOX metabolism is not the main function of intestinal cells [35] and, therefore, it 
does not prevail in the intestinal organoids, increasing the probability of intestinal damage 
caused by DOX and its metabolites. Likewise, genes that encode membrane transporters 
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responsible for the elimination of DOX and its metabolites were downregulated. 
Consequently, DOX inside the organoid cells may lead to the generation of ROS, which 
in turn triggers several negative effects. One of them is the downregulation of NDUFS2 
and NDUFS7, both part of complex I of the respiratory electron chain, and consequent 
mitochondria dysfunction. Another consequence is upregulation of p53, in line with 
the observed relevance of p53 signalling pathway, which correlates with changes in 
the expression levels of genes involved in cell cycle, DNA replication, and oxidative 
stress-induced senescence. In addition, ROS may lead to downregulation of TNIK, which 
contributes to the decrease in the transcription of WNT target genes.
 Moreover, the exposure to DOX also caused downregulation of DHSR9 (only in 
SI) and ALDH1A1 (only in colon), affecting signalling by the retinoic acid pathway. Next, 
other membrane transporters seem to be significantly affected, particularly ABCA12 
(upregulated only in colon) and SLC2A3 (downregulated only in SI), whose main functions 
are to export lipids and import glucose, respectively. Lastly, exposure to DOX led to the 
upregulation of TNFSF15 in colon organoids. However, pathways activated by that gene, 
including apoptosis or inflammatory responses, were not significantly upregulated. 
 In summary, the results showed that genes involved in DOX metabolism were 
not significantly affected in contrast to those involved in its elimination, since genes 
encoding membrane transporters were downregulated. The consequent accumulation of 
DOX and its metabolites may lead to mitochondria complex I dysfunction, upregulation of 
p53 signalling pathway, downregulation of WNT target genes and retinoic acid pathway. 
Additionally, transport of lipids and glucose were affected in colon and SI, respectively. 
Apoptosis activation did not seem to be significantly modulated in either colon or SI. 

Discussion

 The main goal of this study was to investigate molecular mechanisms of toxicity 
of DOX in 3D human organoid models of both colon and small intestine. These new and 
promising cell culture models have shown to be suitable for the investigation of diseases, 
targeted therapies, drug development and screening overcoming the limitations of 
the 2D systems [11, 12]. The ability to mimic the in vivo cell interactions, structures, and 
environment makes the 3D organoid models an advantageous alternative in research and 
pharmaceutical industry. 
 The 3D human colon and SI organoids were used to explore intestinal cell 
responses to DOX exposure on the gene expression level. Exposure concentrations were 
based on prediction from PBPK models used to simulate the clinical dosing that is usually 
recommended for cancer patient treatment. Organoids’ gene expression and in silico 
proteome responses were analysed to evaluate current hypotheses about DOX and to 
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gain novel insights into the molecular mechanisms of action involved in toxic effects on 
intestinal epithelial cells at clinically relevant doses. 
 Overall, the responses observed in colon were different from the responses 
observed in SI, despite some similarities. Cytotoxicity assays showed a similar trend in both 
organoids, although the decrease in ATP levels was stronger across conditions in colon 
than in SI organoids. Likewise, caspase activation assays showed similar increasing trends 
in both organoids, but it was more evident and progressive across treatment conditions 
in colon organoids. In SI, changes in caspase activation were not as strong as in colon. 
Nevertheless, apoptosis or caspase-related pathways were not significantly affected in the 
organoids. Additionally, substantial morphological changes were also observed in both 
organoids with regard to the organoids’ size and percentage of cell death, demonstrating 
the toxic effects of the drug. Taken together, exposure to DOX led to a strong proliferation 
inhibiting effect in both types of organoids.
 At the level of gene expression changes, exposure to DOX-induced alterations 
in cell cycle, DNA repair, and p53 signalling pathway, which are closely related to the 
inhibition of DNA replication and RNA transcription caused by DOX [4, 6] and, thus in 
line with the hypothesis of DOX-induced mode of action. Moreover, alterations in p53 
signalling pathway influence gene responses involved in cell cycle arrest, ATP production, 
apoptosis and recruitment of inflammatory components (e.g. cytokines) [36, 37]. These 
drug-induced alterations were more evident and consistent over time and concentrations 
in colon than in SI. This could indicate that colon was not only more responsive towards 
DOX exposure but also that a distinct timing occurs in the gene expression between 
both tissues. The gene expression changes in the DNA methylation pathway were 
similarly affected in both organoids in a time and concentration-dependent manner. DNA 
methylation is an essential mechanism for normal cell development and for controlling 
gene expression [38]. Therefore, a possible hypothesis is that gene expression changes 
affecting DNA methylation could be an important mechanism through which DOX 
interferes with DNA/RNA related processes in the intestinal cells. Furthermore, oxidative 
stress and cellular senescence were found significantly affected by DOX in both organoids, 
in a time and concentration-dependent manner. These biological pathways can be related 
to the generation of ROS, thus supporting the hypothesis of the second mode of action 
associated with the drug [4, 5]. Since oxidative stress caused by ROS leads to DNA damage, 
mitochondria impairment and lipid peroxidation [3, 4, 8], this mechanism can also be a 
major cause of the alterations in the biological pathways described above.
 Novel findings indicated distinctive tissue responses in glycolysis and lipids 
metabolism as they were only significantly affected in colon. Both pathways are important 
in energy generation that fuels biological processes, including TCA cycle or fatty acid 
β-oxidation [39], and consequently, the normal function of mitochondria. By perturbing 
these pathways and impairing mitochondria functions, longer exposures to DOX can 
potentially lead to cell death, especially if the time for recovery is limited. Furthermore, 
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and despite being relevant in both organoids, metabolism of amino acids was statistically 
significantly affected at earlier time points in SI whereas in colon, only at 72 h. Since colon 
organoids seem to rely on other metabolic pathways that were not modulated in SI, 
namely glycolysis, respiratory electron chain, and lipids metabolism, this might explain 
the later changes in the metabolism of amino acids in colon.
 Time series analysis of gene expression changes showed additional differences 
between colon and SI organoids’ responses, as well as it provided new insights into the 
molecular changes induced by DOX. In colon organoids, cell cycle and p53 signalling 
pathways were confirmed as the most relevant pathways along with energy generation 
metabolic pathways, including glycolysis, metabolism of pyruvate and amino acids, 
particularly metabolism of β-alanine and histidine, which showed to be relevant at the 
higher doses. Previously, it has been suggested that these two essential amino acids, apart 
from their role in energy production, might have antioxidant properties by participating 
in the scavenging of ROS and nitrogen species [40, 41]. Therefore, metabolism of β-alanine 
and histidine are new findings in colon and they may be involved in the protection against 
oxidative stress caused by the drug in colon cells. Regarding SI organoids, major effects 
were found in one-carbon metabolism mediated by folate, metabolism of pyrimidine, 
vitamin B6 and sphingolipids, HIF-1 and AMPK signalling pathways, and RNA degradation. 
One carbon metabolism mediated by the folate (vitamin B9) cofactor is essential for the 
maintenance of several biological processes including biosynthesis of nucleotides and 
redox defence [42]. Perturbations in the metabolism of pyrimidine, vitamin B6, important 
in the metabolism of amino acids [43], and consequent RNA degradation, are connected to 
one-carbon metabolism. As for sphingolipids metabolism, it was a unique and new finding 
in SI organoids. Sphingolipids are known key structural components of cell membranes 
but they seem to be also involved in signalling pathways that regulate cell growth, 
differentiation, senescence, and apoptosis [44]. Likewise, HIF-1 and AMPK signalling 
pathways were also uniquely observed in SI organoids for the highest concentration (60 
µM), being both involved in cell homeostasis and cellular adaptations to hypoxia [45]. A 
hypothesis could be that these new pathways resulting from SI cells’ responses to DOX are 
linked to the drop in cell viability (ATP levels), which didn’t necessarily reflect an increase 
in caspase activity. Additionally, the shift in carbon metabolism caused by DOX can be 
related to the drug inhibiting effect on the proliferation of colon and SI organoids.  
 Tissue-specific DEGs resulting from the STEM analysis in the most significant time-
dependent clusters were further evaluated for the two higher concentrations (Table 3). The 
novel DEGs found in colon included DHRS2, RGCC, LAMP3, TP53I3, TNFSF15, ABCA12 and 
MFAP3L. These genes are mainly involved in the regulation of cell cycle, gene expression, 
nuclear signalling pathways, cellular responses to oxidative stress, and metabolism of 
xenobiotics. The majority of these DEGs were upregulated in the colon organoids exposed 
to DOX. An exception was TNFSF15, which belongs to the TNF superfamily and whose role 
is linked to apoptosis modulation and signalling. SI novel specific DEGs included CAPN8, 
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CTNND1, MPRIP, TSPAN1, TPX2, MCM5, DHRS9, SLC2A3, PPP1R3C and MT1X, which were all 
found to be downregulated in treated organoids. These genes are involved in several 
pathways from cell cycle and DNA replication to cell adhesion and signal transduction. 
Alterations on the expression levels of these tissue-specific genes can potentially be 
indicators of DOX-induced toxicity in colon or SI cells. Further studies are required to 
establish how the DEGs can be used to detect DOX-induced toxicity in both colon and SI 
tissue of patients since these findings are new and there is no data available to support 
them. Additional pharmacogenomic studies should also be considered to investigate the 
impact of the genetic background on drug-gene effects [46] to validate the tissue-specific 
responses of colon and SI organoids as they derive from different donors. Nevertheless, 
it is still challenging to generate paired healthy colon and SI organoids as donors would 
need to undergo unnecessary surgical procedures, and these models are not commercially 
available.    
 Regarding the proteomics side, 19 in silico proteins were found associated 
with DOX-induced intestinal toxicity, the majority being involved in DOX metabolism 
and elimination, with few exceptions such as ALDH1A1, TOP2A, and NOLC1, as they are 
involved in cell growth, differentiation, and proliferation processes [47, 48]. Comparison 
between proteomic and transcriptomic responses resulted in a summary of DOX-
induced effects presented in Figure 6, starting from the entering of DOX into the cell to 
its elimination, through metabolism and generating the drug’s different metabolites, 
with consequent formation of radical oxygen species (ROS), and negative effects in 
several biological processes. It appears that genes encoding for enzymes involved in 
both metabolism and elimination of DOX and its metabolites were affected as they were 
found downregulated. Nevertheless, biological processes related to DOX metabolism into 
its different metabolites was not among the most significantly perturbed pathways, as 
these are not mechanisms that predominantly occur in the intestinal cells but rather in the 
liver. This could mean that DOX is less metabolized and eliminated from the organoids. 
As a result, the accumulation of this drug and its metabolites led to the formation of ROS, 
which caused mitochondria dysfunction, evidenced by the observed downregulation 
of complex I genes and the impairment of the respiratory electron transport and ATP 
synthesis pathway. Another consequence was the observed activation of oxidative 
stress-induced senescence pathway caused by not only the presence of ROS but also via 
p21 pathway upon upregulation of p53 and Cyclin D1, a mechanism also reported in a 
previous study [49]. Additionally, and due to oxidative stress, gene TNIK, an important 
activator of WNT target genes [50], was affected and led to perturbations in WNT 
signalling pathway, impairing cell growth and differentiation. DOX also contributed to 
upregulation of DHSR2 followed by downregulation of MDM4, a known inhibitor of p53, 
thus in line with the observed p53 upregulation and activation of p53 signalling pathway, 
as supported by previous studies [51, 52]. Next, downregulation of TPX2 led to increased 
levels of p53, as reported previously that depletion of TPX2 is required during the 
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synthesis of p53 [53]. In turn, upregulation of p53, apart from the already described effects 
on oxidative stress and cell cycle mechanisms, upregulates RGCC, a response associated 
with DNA damage that suppresses cell cycle progression [54]; inhibits THBS1, an inhibitor 
of angiogenesis processes [31]; and downregulates MCM5, involved in DNA replication. 
Likewise, impairment of signalling by retinoic acid, essential for cell growth and stem 
cell differentiation [55], was also observed after comparing the omics data since the 
DEGs involved, namely DHSR9 and ALDH1A1, were found downregulated [47]. Moreover, 
membrane transporters of lipids and glucose were found to be perturbed as well. Gene 
encoding membrane protein ABCA12, responsible for the export of lipids, was upregulated, 
in line with the metabolism of lipids being affected by DOX in colon organoids. In turn, 
glucose transporter SLC2A3 was found downregulated, which could mean that the cells 
are not taking in glucose necessary for glycolysis, in line with glycolysis being significantly 
affected in SI organoids exposed to DOX. Lastly, apoptosis and inflammation processes 
were not significantly affected pathways, despite the tendency of gene expression levels 
to increase. This shows that those pathways are not prevailing as mechanisms occurring 
in intestinal cells upon exposure to the drug. In summary, Figure 6 represents an overview 
of the potential mechanisms through which DOX exerts its toxicity in the intestinal cells.
 Even though clinical studies on DOX are lacking and the majority focus on 
cardiotoxicity, an attempt was made to compare the DEGs found in colon and SI 
exposed organoids with the transcriptomic data available. Interestingly, two of the DEGs 
mentioned above were found in cardiomyocytes exposed to DOX, namely CCND1 (cyclin 
D1) and TP53I3 (Tumor Protein P53 Inducible Protein 3). Cyclin D1 was found upregulated 
in cardiomyocytes of mice after a 16h treatment with DOX [56]. Similarly, the expression 
levels of CCND1 in colon and SI cells increased over time and concentrations of DOX. In 
turn, the TP53I3 gene was found in exposed cardiomyocytes that were originated from 
human embryonic stem cells [57]. These two genes, despite not being tissue-specific, 
could be of more relevance in the investigation of gene responses to DOX effects as they 
seem to be implicated not only in cardiotoxicity but also in intestinal toxicity. 
 Overall, this study demonstrates the usefulness and potential of the intestinal 
organoid-based 3D culture model to provide new insights into the molecular mechanisms 
of DOX-induced toxicity in the intestinal tissue, as most studies focus on cardiotoxicity. 
DOX caused perturbations in cell cycle, oxidative stress, mitochondria function, activation 
of p53 signalling pathway, signalling by retinoic acid and transport of molecules essential 
for energy metabolism, which in turn impaired the normal cell growth, proliferation and 
differentiation. Confirmation of the mode of action of DOX, as well as new findings on 
DOX-induced intestinal toxicity, are summarized in Figure 6. Promising new tissue-specific 
gene markers of DOX toxicity are also highlighted in Figure 6. Future studies should include 
the assessment of functional endpoints and transcriptomic responses at the intestinal 
level in cancer patients taking DOX monotherapy. This is important for the investigation of 
whether intestinal organoids can reflect these responses better than other cell or animal 
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models, and to check for potential translatability to clinical settings. Pharmacogenomic 
studies, once the challenge of finding paired healthy colon and SI organoids is overcome, 
should also be considered to confirm the tissue-specific responses of colon and SI to DOX 
as patients can respond to therapies in different fashions due to the variability of genetic 
backgrounds. The elucidation of the underlying mechanisms of toxicity is a starting point 
for finding pharmacogenomics candidate markers. Furthermore, the new insights on DOX 
mechanisms of toxicity and gene responses in the intestinal cells are being applied to the 
development of predictive models of GI toxicity caused by drugs. Ultimately, and in the 
context of the transQST project, integration of this work with in silico tools will be useful 
for new drugs’ design and to better assess the safety of drug candidates before clinical 
testing.

Materials and Methods

In vitro culture of  healthy intestinal organoids
 Human healthy colon and small intestinal (SI) organoids were kindly provided 
by Boehringer Ingelheim Pharmaceuticals Inc. (Ridgefield, USA) and established in a 3D 
culture at our laboratory. Colon and SI organoids were derived from the healthy tissue 
section of 67 and 74-year-old male donors, respectively, and purchased from Conversant 
Biologics (currently Discovery Life Sciences, Huntsville, Alabama, USA). The 3D in vitro 
culture of the colon and SI tissue was established following the methods described 
by Sato et al. [58]. Frozen organoids were recovered and cultured on a 24-well plate in 
complete crypt medium composed of advanced DMEM/F12 medium (Life Technologies, 
Bleiswijk, The Netherlands), Wnt3a conditioned medium, 1 µg/mL recombinant Human 
R-Spondin-1 (Peprotech, Hamburg, Germany), 10 mM nicotinamide (Merck, Darmstadt, 
Germany), 1x B27™ Supplement (50x) serum-free (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA), 1.25 mM N-Acetyl-L-cysteine (Merck, Darmstadt, Germany), 50 ng/
mL recombinant Human HB-EGF (Peprotech, Hamburg, Germany), 0.5 µM A 83-01 (Tocris, 
Abingdon, UK), 10 µM SB 202190 (p38i) (Merck, Darmstadt, Germany), 10 µM human 
[Leu15]-Gastrin I (Merck, Darmstadt, Germany), 1x Primocin (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA), 0.1 µg/mL recombinant human Noggin (Peprotech, 
Hamburg, Germany) and 10 µM inhibitor Y-27632 (AbMole Bioscience, Houston, Texas, 
USA) until the plate showed high confluency and signs of cell differentiation. At this stage, 
organoids were passaged, transferred, and cultured in 96-well plates.
 Colon and SI organoids were passaged every 3–7 days, depending on the rate 
of growth and/or differentiation. Culture plates containing organoids were put on ice to 
promote easier disruption of the matrigel matrix (phenol-red free, Corning, New York, USA) 
and washed with cold basal culture medium composed of advanced DMEM/F12 medium, 
Glutamax 100x, HEPES buffer and FBS (Life Technologies, Bleiswijk, The Netherlands). 
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Organoids were collected into 15 mL conical tubes and centrifuged at 300x g for 5 min, 
at 4 °C. The pellet was re-suspended in Tryple Express 1x (Life Technologies, Bleiswijk, The 
Netherlands) containing inhibitor Y-27632, followed by a quick vortex and two minutes 
incubation at 37 °C. Basal culture medium was then added to the tube and organoids 
were dissociated into single cells. Two more centrifugations at 800x g for 5 min, 4 °C, were 
performed to wash the pellet, which was re-suspended in ice-cold matrigel. Drops of 10–
15 µL of matrigel containing organoids were seeded in pre-warmed culture plates and 
polymerized at 37 °C for 15–20 min. Pre-warmed complete crypt medium was added to 
each well and incubated at 37 °C, 5% CO2. The medium was refreshed every 2–3 days. 
Colon and SI organoids were also grown in Human IntestiCult™ Organoid Growth Medium 
(Stemcell, Cologne, Germany), prepared according to manufacturer’s instructions, to 
promote organoid differentiation. Differentiation was verified after 2–3 days, showing 
that organoids started to form buds that resembled intestine-like features, as described in 
our previous study [10].

Selection of  DOX in vitro concentrations based on PBPK simulation
 The Simcyp® PBPK simulator (Version 18 Release 2, Certara UK Ltd., Sheffield, 
UK) was used to model and simulate DOX pharmacokinetics following intravenous 
(IV) dosing in humans. Based on the understanding of DOX physiochemical properties 
and absorption, distribution, metabolism, and excretion (ADME) in humans, the PBPK 
model was parameterized and verified using data from peer-reviewed literature. Details 
of the input parameters for the DOX PBPK model are listed in Table S1. The predictive 
performance of the DOX model was verified against DOX total plasma concentrations 
by simulating reported human dosing studies [21, 22]. The studies used for performance 
verification were independent of data used to parameterise the model. To encompass a 
clinically relevant range of DOX exposure, 20 min IV infusions at doses of 2.5, 15, and 40 
mg/m2 were simulated in a virtual population of North European Caucasian adults (n = 70, 
age 20 to 50 years, the proportion of females = 0.5). The minimum and maximum doses 
were selected based on 0.25-fold and 2-fold of the recommended weekly dosage of 10-
20mg/m2 [59]. 
 The Simcyp in vitro data analysis toolkit (SIVA Version 3, Certara UK Ltd., Sheffield, 
UK) for virtual in vitro intracellular distribution (VIVD) [60] was used to predict in vitro 
distribution of DOX in human intestinal organoids. This informed a selection of nominal 
in vitro concentrations to achieve equivalent drug exposure between in vitro human 
intestinal organoid intracellular concentrations and in vivo gut concentrations after IV 
administration in humans, which is the common administration route in patients. Details 
of the input parameters for the DOX in vitro distribution model based on intestinal 
organoid study design and DOX physiochemical properties are in Table S2.
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In vitro exposure to DOX
 DOX was purchased from Merck (Darmstadt, Germany), with ≥99% purity. 
Intestinal organoids were seeded in 96-well plates in complete crypt medium for 2 
days, after which it was replaced with Human IntestiCult Growth medium for 3 days to 
stimulate organoid differentiation, after which they were exposed to DOX. The selected 
concentrations were within the range of therapeutic doses except for the highest one due 
to previous organoid lack of response at lower concentrations of the drug. Differentiated 
intestinal organoids were exposed to 100 µL Human IntestiCult Growth medium with 
1, 10, 30 and 60 µM DOX, selected based on Symcyp simulations, for 24, 48 and 72 h, 
and with no change of medium in between. Control wells were also included for all time 
points, including vehicle and untreated controls, consisting of organoids seeded in 100 µL 
IntestiCult medium with 0.1% DMSO and medium only, respectively. All exposures were 
performed in biological triplicates in 96-well plates. A blank reaction was added to the 
treatment layout, consisting of matrigel without organoids in 100 µL IntestiCult medium. 
Empty wells were filled with 200 µL PBS to avoid edge effects. After exposure, samples 
were collected to perform cytotoxicity assays and transcriptomic analyses.

Cytotoxicity assays: ATP measurement and Caspase 3/7 activity
 Measurement of the toxicity profile was performed using viability (ATP 
measurement) and apoptosis (caspase 3/7 activity) endpoints using 3D Celltiter-Glo 
and Caspase-Glo 3/7 (Promega, Madison, Wisconsin, USA), respectively, according 
to the manufacturer’s instructions. After each exposure time point, the medium was 
removed from the plates and replaced by 100 µL of each kit reagent to the appropriate 
wells, followed by homogenization of the matrigel. The plates were placed in a Scilogex 
MX-M 96 well plate shaker for 1h (incubation time), at room temperature. Afterwards, 
samples were transferred to white opaque 96-well plates (Corning, New York, USA) and 
luminescence was measured in GloMax® 96 Microplate Luminometer (Promega, Madison, 
Wisconsin, USA). Luminescence values corresponding to the levels of either ATP or 
caspase 3/7 activation, were transferred to GraphPad Prism 9.0 (GraphPad Software) and 
corrected for the blank reaction to eliminate possible interferences of the matrigel matrix 
in both curves. Statistical differences between conditions were calculated by applying the 
analysis of variance (ANOVA) test.

Image analysis
 In parallel to viability and caspase assays, image-based analyses of the human 
intestinal organoids’ morphology after treatment with DOX were performed in the 
3D image analysis solution Ominer® (Crown Bioscience Netherlands B.V., Leiden, The 
Netherlands). These analyses aimed to support the cytotoxicity assessment data and to 
confirm changes in the size of the organoids and the percentage of cell death derived 
from the known mode of action of DOX. For this, organoids were grown and treated with 
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the same conditions as described previously (see methods 4.3), i.e., the cells were grown 
in matrigel for a total of 5 days after which they were exposed to DOX for 1, 2 or 3 days. 
Untreated controls and vehicle controls were also included. After each time point, fixation 
and staining were performed to visualize the nuclei and actin cytoskeleton, by applying 
a solution containing Hoechst 33258, final concentration 0.4 µg/mL (Merck, Darmstadt, 
Germany) and Phalloidin-FITC, final concentration 0.1 µM (Merck, Darmstadt, Germany) 
[61]. Images were captured as z-stacks in an ImageXpress Micro XLS (Molecular Devices, 
Silicon Valley, California, USA) wide-field microscope, using the 4x objective.

RNA isolation from intestinal organoids
 At each time point, the medium was removed from the plates and 200 µL of 
QIAzol Lysis reagent (Qiagen, Venlo, The Netherlands) was added into the wells to promote 
dissociation of the matrigel matrix and collection of each pellet to the respective tubes. 
This process was repeated several times, until all organoids were collected, ensuring a 
total volume of 700 µL of QIAzol Lysis reagent in each tube. Complete homogenization of 
organoids in the lysis reagent was reached by vigorous pipetting and vortex. RNA isolation 
was performed using the miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands), following 
the manufacturer’s protocol for Animal Cells including a DNase treatment. Total RNA yield 
was measured on Nanodrop® ND-1000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) and RNA quality was confirmed using RNA Nanochips on 
a 2100 Bioanalyzer (Agilent Technologies, Leuven, Belgium). All samples with integrity 
number (RIN) > 7 and total amount of RNA ≥ 200 ng were approved for RNA sequencing.

Library preparation and mRNA sequencing
 Samples containing purified RNA were prepared for sequencing using the Lexogen 
SENSE mRNA library preparation kit (Lexogen, Vienna, Austria). After library preparation, 
the samples were sequenced on the NovaSeq 6000 system (Illumina, Eindhoven, The 
Netherlands). A pool of all DOX samples and controls was sequenced on the 2 lanes of 
an S1 flow cell. Untreated, vehicle controls and DOX samples were sequenced with an 
average of 10 to 15 million raw reads.

Pre-processing and data analysis 
 For all samples, the first 12 bases of the 5’end of all reads were removed using 
Trimmomatic version 0.33 [62], because the sequencing reads still contained Lexogen 
adapter sequences. Before and after trimming, the quality of the sequencing data was 
confirmed using FastQC version 0.11.3 [63] and only samples with satisfactory parameters 
were kept for downstream analysis. In addition, a cut-off of 5 million mapped reads was 
applied to all samples, as recommended for DGE analysis [29, 30]. Following trimming, 
reads were aligned to the primary assembly of the human genome (Ensembl build v. 93 
GRCh38) using Bowtie 1.1.1 and quantified with RSEM 1.3.1. The profile and behaviour 
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of the samples were assessed according to the amount of (mapped) reads, hierarchical 
clustering, principal component analysis (PCA), and sample dispersion. Following 
quantification of the read counts, normalization was performed on the expected read 
counts from all samples and the contrast function from the R package DESeq 2 (v. 1.14.1) 
[64] was used to extract DEGs for each time point and concentration so that comparison 
between all conditions of the experiment is possible. For each specific time point, the 
following comparisons were performed: a) Untreated control vs Vehicle control; b) 1 µM 
DOX vs Vehicle control; c) 10 µM DOX vs Vehicle control; d) 30 µM DOX vs Vehicle control; 
e) 60 µM DOX vs Vehicle control. Bonferroni correction [65] was applied to the genes 
obtained, after which genes with adjusted p-value < 0.05 were considered as DEGs.

Proteome analysis
 Protein type targets of DOX were collected from open repositories such as ChEMBL 
[25], DrugBank [26], TTD [27], IUPHAR [28], PharmGKB [24] using a pre-constructed KNIME 
data science workflow [23]. The criteria for a target protein were individually adjusted to 
the guidelines of the corresponding database. For the list of target proteins, first-degree 
interactors were obtained from the MINT [66] and IntAct [67] protein-protein interaction 
databases, using the Reactome services [68]. A cut-off of 0.5 for the interacting scores 
secured that only reliable interactions with experimental evidence were taken into 
consideration. The curated list of targets and interacting proteins was filtered based on 
tissue-specific information. For that, the Proteomics DB was used. The output of the data 
mining is a table of target proteins and their first-degree interactors that can be connected 
to DOX and are expressed in the gut. 

Pathway analysis 
 The lists of DEGs obtained for each time point and concentration were used as 
input for pathway over-representation analysis (ORA) using ConsensusPathDB (CPDB) 
release 34 [69], considering a p-value cut-off of 0.01. The Reactome database version 67 
[70] and Kyoto Encyclopedia of Genes and Genomes (KEGG) [71] were selected as preferred 
databases for pathway analysis and interpretation of biological processes. Venn diagrams 
to compare genes in colon and SI organoids and gene plots of the most relevant DEGs 
were also generated using Venny 2.1 [72] and Excel, respectively. Moreover, the tool Short 
Time Series Expression Miner (STEM) [73] was used to classify the DEGs according to their 
differential expression degrees during the exposure to DOX, considering a p-value ≤ 0.05. 
This analysis aimed at identifying the time-dependency of the transcriptome response, 
following the hypothesis that over time, gene responses are functionally interrelated. The list 
of genes obtained from the most significant clusters in the STEM tool was further analysed 
by performing a List Enrichment Network using the NetworkAnalyst 3.0 [74]. Ultimately, 
the most relevant DEGs and proteins obtained from transcriptomics and proteomics data, 
respectively, were compared and visually summarised using BioRender illustration tool [75].
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Supplementary Materials

The following supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms23031286/s1. References [22, 35, 60, 76-81] are cited in the 
Supplementary Materials.
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Abstract

Gefitinib is a tyrosine kinase inhibitor (TKI) that selectively inhibits the epidermal 
growth factor receptor (EGFR), hampering cell growth and proliferation. Due to its 
action, gefitinib has been used in the treatment of cancers that present abnormally 
increased expression of EGFR. However, side effects from gefitinib therapy may 
occur, among which diarrhoea is most common, that can lead to interruption of the 
planned therapy in the more severe cases. The mechanisms underlying intestinal 
toxicity induced by gefitinib are not well understood. Therefore, this study aims at 
providing insight into these mechanisms based on transcriptomic responses induced 
in vitro. A 3D culture of healthy human colon and small intestine (SI) organoids was 
exposed to 0.1, 1, 10 and 30 µM of gefitinib, for a maximum of three days. These 
drug concentrations were selected using physiologically-based pharmacokinetic 
simulation considering patient dosing regimens. Samples were used for the analysis of 
viability and caspase 3/7 activation, image-based analysis of structural changes, as well 
as RNA isolation and sequencing via high-throughput techniques. Differential gene 
expression analysis showed that gefitinib perturbed signal transduction pathways, 
apoptosis, cell cycle, FOXO-mediated transcription, p53 signalling pathway, and 
metabolic pathways. Remarkably, opposite expression patterns of genes associated 
with metabolism of lipids and cholesterol biosynthesis were observed in colon versus 
SI organoids in response to gefitinib. These differences in the organoids’ responses 
could be linked to increased activated protein kinase (AMPK) activity in colon, which 
can influence the sensitivity of the colon to the drug. Therefore, this study sheds light 
on how gefitinib induces toxicity in intestinal organoids and provides an avenue 
towards the development of a potential tool for drug screening and development.

Keywords: gefitinib; human intestinal organoids; molecular mechanisms; 
transcriptomics; toxicity



Gefitinib in vitro

Ch
ap

te
r 

5

139

Introduction

 Gefitinib is a chemotherapeutic agent that belongs to the group of tyrosine kinase 
inhibitors (TKIs) and that selectively inhibits the activity of receptor tyrosine kinases (RTKs) 
[1]. In the case of gefitinib, it selectively inhibits epidermal growth factor receptor (EGFR) 
kinase [2] via competitive inhibition of ATP at the enzyme’s catalytic binding site [3]. 
Gefitinib is especially used in the treatment of locally advanced or metastatic non-small 
cell lung carcinoma (NSCLC), particularly in cases that derive from mutations in the EGFR 
gene [2, 4]. This drug has also shown efficacy in the treatment of cutaneous squamous cell 
carcinoma and advanced cervical cancer [5, 6]. After administration, gefitinib is extensively 
metabolized in an oxidation process that facilitates excretion of the compound and in 
which the enzymes CYP3A4/5 play an important role [4].
 Gefitinib is generally well-tolerated despite some reported adverse effects that 
can affect approximately 30% of patients. The known side effects most commonly include 
skin rashes and diarrhoea (30%), and less commonly nausea, vomiting and stomatitis/
mucositis (10–25%) [2, 7]. Due to the severity of the gastrointestinal (GI) symptoms among 
patients taking gefitinib, these patients are required to reduce or even stop their treatment, 
which hampers their chance of survival. Despite the promise and success of gefitinib in 
the treatment of cancer as compared with other chemotherapeutics, the mechanism 
underlying gefitinib-driven intestinal toxicity is not yet fully understood. Studies on the 
intestinal toxicity induced by gefitinib are still very limited as they focus only on efficacy, 
side effects and intestinal growth inhibition [8-13] without investigating the molecular 
responses underlying those adverse events. No previous studies have examined the 
gene expression responses of intestinal cells towards gefitinib. For these reasons, this 
study aimed at generating new transcriptomic data to improve understanding about the 
molecular mechanisms involved in gefitinib-induced intestinal toxicity. 
 In this study, three-dimensional (3D) innovative cell models of human colon and 
small intestine (SI) were established as described in our previous work [14] due to their 
potential in drug-response modulation. The establishment of 3D organoid systems has 
exponentially increased in recent years as they replicate in vivo cellular organization, 
behaviour, and cell-environment interactions more closely than conventional 2D cultures 
[15, 16]. 3D intestinal organoids are no exception as they have shown to possess key 
features of human in vivo intestinal tissue, namely crypt-like structures [17, 18]. These 
features have improved the understanding of tissue/organ development, homeostasis, 
and diseases [19-21], particularly in cancer modulation and anti-cancer drug research. 
Several studies on cancer research have applied 3D organoids to investigate tumorigenesis, 
cancer progression and therapeutic screening including brain [22], lung [23], breast [24] 
or GI organoids [25]. Therefore, 3D cell culture technologies are promising alternatives to 
2D systems in pre-clinical drug development and drug-specific responses studies [15]. 
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 Here, we applied 3D colon and SI organoids to investigate gefi tinib transcriptomic 
responses and gain new insights into the molecular mechanisms of the drug toxicity. 
Responses in colon and SI tissues were compared to establish if their diff erent cell 
composition, dynamics and function are refl ected by distinct gene expression profi les. 
The exposure concentrations for the in vitro experiments with gefi tinib were based on 
physiologically based pharmacokinetic (PBPK) modelling and simulation to guarantee 
that the in vitro concentrations of gefi tinib refl ect patients’ dose regimens during 
chemotherapy [14, 26]. Intestinal organoids were exposed to four diff erent concentrations 
(0.1, 1, 10 and 30 µM) for three days. After exposure, samples were evaluated for cytotoxicity 
and characterized for structural/morphological changes by image analysis, which can be 
associated with gefi tinib’s mode of action and transcriptomic data. In-depth quantitative 
RNA-sequencing was performed to investigate changes in the gene expression profi les of 
treated organoids. We aim to identify diff erentially expressed genes (DEGs) and the most 
relevant aff ected biological pathways that, when compared with functional endpoints, 
can provide new molecular markers associated with gefi tinib eff ects on the intestinal 
tissue. These results could be of future relevance in the development and screening of new 
TKIs and to better predict potential intestinal damages. In the context of the Translational 
Quantitative System Toxicology (transQST) project [26], the new transcriptomic data will 
be applied in a QST model to predict GI toxicity caused by drugs. This is a fundamental 
contribution to transQST as the project aims at improving the understanding of drug 
safety by developing tools that facilitate the assessment of safety profi les of potential 
medicines before clinical testing [26]. 

Results

VIVD and PBPK-Based Gefi tinib Exposure In Vitro Nominal Concentrations
 The predictive performance of the gefi tinib human PBPK model was validated 
using observed total plasma concentrations from peer-reviewed literature [27], shown 
in Figure 1. Observed total plasma concentrations of gefi tinib were generally captured 
within the 95% confi dence interval of the simulated plasma concentration-time profi le. 
The validated gefi tinib model was then used to predict gefi tinib PK after the therapeutic 
regimen of one daily 250 mg oral dose. The corresponding PK profi le of free gefi tinib in 
plasma and jejunum enterocytes are shown in Figure 2 and steady state PK are detailed 
in Table 1. Free gefi tinib concentrations in vivo were of interest as free compound drives 
the response. Steady state plasma concentrations are achieved after 10 days of one daily 
dosing of 250 mg oral gefi tinib [28]. In plasma, the maximum free concentration reached 
at steady state (Cmax,ss) was predicted as 0.03 µM and average concentration at steady 
state (Cav,ss) was predicted as 0.02 µM. In enterocytes, the predicted free Cmax,ss and Cav,ss

was 15.38 µM and 7.69 µM, respectively. Fraction of unbound gefi tinib in enterocytes was 
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assumed to be 1, i.e., gefi tinib is completely unbound in enterocytes. This assumption 
is likely an overestimation knowing that gefi tinib is highly protein bound in plasma (fu

= 0.064). However, in the absence of tissue specifi c data, this assumption allows the in 
vitro nominal concentrations selected based on predicted unbound in vivo enterocyte 
concentrations to reach the highest possible therapeutic exposure.

 
 

 

Chapter 5 

Figure 1 

 

 
 

 

 

 

 

 

 

Figure 1. Verifi cation of the gefi tinib human PBPK model: predicted geometric mean (solid black line) and 
observed geometric mean (data points) ± standard deviation (error bars) of total gefi tinib concentration post 
single oral dose of (A) 250 mg and (B) 500 mg [27]. The dashed lines refer to the predicted 95th percentile range. 
Virtual population demographic was simulated to be equivalent to the reported study (healthy volunteers, aged 
21–57 years old, 0% female, n = 100).

Figure 2

Figure 5

Figure 2. Predicted mean (solid black line) of unbound gefi tinib concentration in (A) plasma and (B) jejunum 
enterocyte for the last two doses during once daily 250 mg oral dose in human over 14 days. The dashed lines 
refer to the 95th percentile range of the simulated virtual population (healthy volunteers, aged 20–50 years old, 
50% female, n = 100).
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Table 1. VIVD-based predictions of in vitro human intestinal organoid intracellular concentrations at 
steady state for different in vitro nominal concentrations. PBPK-predicted in vivo mean gefitinib maximum 
concentration at steady state (Cmax,ss), minimum concentration at steady state (Cmin,ss) and average concentration 
at steady state (Cav,ss) for once daily dosing of 250 mg oral gefitinib in healthy volunteers (aged 20–50 years old, 
50% female, n = 100).

VIVD-based in vitro predictions
Nominal concentration 

(µM)
Human intestinal organoid intracellular concentration 

(µM)
0.01 0.91
0.1 9.14
1 91.37

10 913.67 †

PBPK-based in vivo predictions during 250 mg once daily dosing

Cav,ss (µM) Cmax,ss (µM) Cmin,ss (µM)

Total plasma 0.31 0.51 0.10
Unbound plasma 0.02 0.03 0.01

Total and unbound enterocyte * 7.69 15.38 5.98 × 10−14

† Prediction based on assumption of non-saturable binding, hence the ratio of nominal to intracellular 
concentration remains constant; * total and unbound gefitinib in enterocytes assumed equal.

 Intracellular gefitinib concentrations in vitro were predicted using VIVD that 
simulated the human intestinal organoid assay conditions (Table S1). The results of 
predicted intracellular gefitinib concentrations in a range of nominal concentrations at 
steady state are presented in Table 1. The predicted intracellular concentration to nominal 
concentration ratio was 91.37, which is in line with gefitinib as a highly lipophilic compound 
(LogPow = 4.15) [29]. A nominal concentration of 0.1 µM was predicted to correspond with 
an intracellular concentration of 9.14 µM, which is comparable to the predicted in vivo 
jejunum enterocyte Cav,ss of 7.69 µM from therapeutic dosing. Therefore, by combining 
PBPK modelling and VIVD, an in vitro testing strategy that achieved therapeutic tissue 
exposure was informed. 

Evaluation of  Viability and Apoptosis
 Cell viability was established for colon and SI organoids exposed to 0.1 µM–30 µM 
gefitinib based on measurements of ATP levels and apoptosis reflected by caspases 3/7 
activation (Figure 3). In colon organoids, there was no significant effect observed in either 
cell viability or caspase activation for the lower concentration (0.1 µM) as compared to the 
controls (Figure 3A,B). A decrease in viability was first noticeable at 1 µM, and continued 
to decrease significantly at 10 µM and 30 µM, in a concentration and time-dependent 
manner. At the highest concentration and longest time point, viability decreased by 
more than 60% (Figure 3A). On the other hand, caspase activation only presented a 
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significant increase after 10 µM exposure, particularly after 48 h and 72 h (Figure 3B). The 
experimental condition of 30 µM gefitinib at 72 h indicated a significant activation of 
apoptotic processes in the colon organoids (600% caspase activation). 
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Figure 3 
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Figure 3. (A–D): Evaluation of viability determined by ATP levels and caspase 3/7 activation of healthy colon 
(A and B, respectively) and SI (C and D, respectively) organoids when exposed to 0.1, 1, 10, and 30 µM gefitinib 
for 24 h in black, 48 h in dark grey and 72 h in light grey, compared with Untreated controls. Values are in % of 
luminescence. For each time point the average of Unt. Ctrl was set to 100%. SD was calculated for each condition. 
Legend: Ctrl, control; SD, standard deviation; SI, small intestine; Unt, untreated; Veh, vehicle (with 0.1% DMSO). * 
p-value = 0.01; ** p-value = 0.003; *** p-value = 0.0004; **** p-value = 0.0001.

 In the case of SI organoids (Figure 3C,D), no significant effect was found in 
either assay for the lower dose, except at 72 h. At 1 µM, viability starts to decrease with 
concentration and time. Similar to the effects in colon organoids, the greatest decrease 
in viability was observed at the highest concentration and longer time points, declining 
by approximately 80% (Figure 3C). In turn, there was no significant change in caspase 
activation until 30 µM exposure, particularly at 48 h and 72 h, which showed the largest 
increase in caspase activation (about 400%) relative to the controls (Figure 3D).

Evaluation of  Morphological Changes by Image-Based Analysis
 Effects of gefitinib on the morphology and structure of the human organoids 
were evaluated, namely organoid size (growth inhibition), roundness (loss of bud-like 
differentiated structure) and percentage of cell death (cell cycle arrest and apoptosis 
activation) (Figure 4), nuclei size and number (growth/cell cycle inhibition). Size of the 



Chapter 5

144

colon organoids (Figure 4A) did not change significantly upon exposure to gefitinib, 
whereas the size of SI organoids (Figure 4B) was significantly reduced in all treatment 
conditions, especially after 48 h and 72 h exposure. Moreover, SI organoids appeared 
more sensitive to changes in roundness with increases observed at 48 h with the lowest 
drug concentration, whereas colon organoid roundness only began to increase after 
exposure to 1 µM and showed an overall lower degree of change (Figure 4C,D). As for 
the % of cell death, it was more significantly increased after exposure to 10 µM for 72 h 
in both organoids (Figure 4E,F). However, this increase was more significant in colon than 
in SI organoids, particularly after exposure to the highest concentration at all time points, 
which is in line with the caspase 3/7 activation described above. 

Figure 4 
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Figure 4. Morphological changes assessed through imaging analysis of healthy colon (A,C,E) and SI (B,D,F) 
organoids when exposed to 0.1, 1, 10 and 30 µM gefitinib for 24 h in black, 48 h in light grey and 72 h in dark 
grey, compared with untreated controls. (A,B): organoid size; (C,D): organoid roundness; (E,F): percentage of 
dead cells. Values are in % based on fluorescent intensity for each measured parameter. SD was calculated for 
each condition. Legend: Ctrl, control; SD, standard deviation; SI, small intestine; Unt, untreated; Veh, vehicle. * 
p-value = 0.01; ** p-value = 0.008; *** p-value = 0.0008; **** p-value = 0.0001.
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 In addition, exposure of colon organoids to gefitinib induced a modest time and 
concentration-dependent decrease of the nucleus size, with significant decreases in the 
number of nuclei per organoid at 48 h and 72 h (Figure S1A,C), which corresponds to an 
increase in cell death. In SI organoids, exposure to gefitinib led to a modest reduction 
of both nucleus size and number per organoid, being more significantly decreased at 
30 µM and 72 h (Figure S1B,D), indicating an induction of cell death at later time points. 
Furthermore, Figure S1E,F show microscope images of colon and SI organoids, comparing 
the morphological changes between the controls and gefitinib treatments.
 In summary, the morphological changes reflected the results obtained for the 
viability and caspase3/7 assays, as gefitinib inhibited cell growth in both organoids and 
led to cell death mainly in colon organoids in a time- and concentration-dependent 
manner. Size and roundness of SI organoids were in line with the decrease in viability, 
whereas in colon organoids only the increased roundness was in line with the viability 
assay. This could suggest that colon organoids maintained their size throughout the 
exposure without growing further, rather than becoming smaller. The percentage of dead 
cells was also in line with the caspase activation assay, being more increased in colon than 
in SI organoids, thus suggesting activation of apoptotic events. 

mRNA Sequencing Data Processing and Pathway Analysis
 After the exposure of human colon and SI organoids to gefitinib, mRNA was 
isolated and sequenced. The obtained sequences were aligned with the human genome 
and ranged between 72.3% and 36.4% in colon samples and between 81.2% and 38.7% 
in SI samples. For normalization purposes, samples that yielded a number of read counts 
below 5 million were eliminated. As a result, 2 colon samples, from different treatment 
conditions, were not included in the analysis. All samples derived from SI organoids 
presented more than 5 million read counts. After applying the Bonferroni correction 
[30] and considering adjusted p value <0.05, the number of DEGs tends to increase 
with gefitinib concentration and time of exposure. Furthermore, the number of DEGs 
was significantly higher in the colon organoids as compared to the SI in all treatment 
conditions, except for the lowest concentration (0.1 µM).
 After data processing, PCA score scatter plots were generated to observe how 
the treatment conditions with gefitinib would affect the samples derived from colon and 
SI and to further explore differences between gene expression of treated and untreated 
organoids (Figure 5). Looking at the colon organoids PCA plot (Figure 5A), Principal 
component 1 (PC1) was more correlated with the effect of concentration, and PC2, with 
the effect of time. It was observed that the controls were clustering together along with the 
lower concentration of gefitinib. There was also a clear separation between the different 
concentrations of gefitinib, although the two higher concentrations also clustered 
together on the right. Furthermore, this separation increased across time, as samples at 24 
h and 48 h were closer and at 72 h there was a clearer separation. In the PCA plot obtained 
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for SI organoids (Figure 5B), PC1 was also more correlated with the eff ect of concentration, 
and PC2 with the eff ect of time from 24 h to 48 h and 72 h. There was a clear separation 
between 24 h and later time points. Moreover, 0.1 µM was separated from the rest of the 
concentrations, particularly at 48 h and 72 h, whereas higher concentrations appeared in 
a same cluster on the right and separation between them was more evident between 24 
h and 48 h/72 h. Therefore, when comparing the distribution of samples from colon to 
SI organoids, in colon there was a clearer separation of samples in a concentration (PC1) 
and time (PC2) dependent manner. Similarly, in SI, the eff ect of concentration could be 
observed in PC1, whereas in PC2, there seemed to be an infl uence of time.

Figure 2

Figure 5

Figure 5. PCA score scatter plot obtained for the mRNA transcriptomic analysis of samples collected from colon 
organoids (A) and SI organoids (B). Direction of the arrows indicates the evolution in time of the samples (24 h 
→ 48 h → 72 h). In colon plot, cluster on the left comprises non-treated samples (untreated and vehicle controls); 
in SI plot, cluster on the left comprises non-treated samples and treated samples with 0.1 µM gefi tinib. Legend: 
untreated controls are in pink; vehicle controls (DMSO) are in dark blue; 0.1 µM gefi tinib in red; 1 µM gefi tinib 
in dark yellow; 10 µM gefi tinib in green; and 30 µM gefi tinib in light blue. Circles represent 24 h; triangles, 48 h; 
squares, 72 h.

Pathways and DEGs Affected by Gefi tinib
 The eff ect of gefi tinib on gene expression was observed in both organoids in 
a concentration- and time-dependent manner, particularly after exposure to 1µM. The 
lowest concentration (0.1 µM) did not signifi cantly disturb the biological pathways and 
gene expression, in line with the results obtained in the cytotoxicity assays. The aff ected 
pathways and related DEGs were either on-target toxicity mechanisms (Table 2), i.e., 
modulated by gefi tinib in an EGFR signalling inhibition dependent manner, or off -target 
(Table S2), i.e., not directly related to EGFR signalling inhibition but by other toxicity 
mechanisms triggered by gefi tinib and its metabolites. 
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Table 2. Most relevant on-target pathways perturbed by gefitinib.

Name of the Pathway
Pathway 
Source

Time (h)
Gefitinib 

Concentration (µM)
q-Value/Number of DEGs

Colon SI

EGF/EGFR signalling 
pathway

Reactome

24

0.1 NA NA

1 NA NA

10 NA NA

30 NA NA

48

0.1 NA NA

1 NA NA

10 NA NA

30 NA NA

72

0.1 NA NA

1 NA NA

10 0.01/13 NA

30 0.01/17 NA

PI3K-Akt signalling 
pathway

KEGG

24

0.1 0.04/2 NA

1 0.001/38 0.04/11

10 1.0 × 10−4/48 NA

30 5.0 × 10−4/51 0.01/16

48

0.1 NA NA

1 0.002/14 0.13/14

10 3.44 × 10−5/55 0.1/13

30 4.98 × 10−5/54 NA

72

0.1 NA NA

1 0.09/18 0.05/23

10 0.04/58 NA

30 0.08/82 0.04/17

MAPK signalling 
pathway

Reactome

24

0.1 NA NA

1 0.01/25 0.02/10

10 0.003/31 NA

30 0.01/32 NA

48

0.1 NA NA

1 0.14/20 0.15/10

10 0.03/31 0.15/9

30 0.04/29 NA

72

0.1 NA NA

1 NA 0.08/16

10 0.02/44 NA

30 0.04/60 NA
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Name of the Pathway
Pathway 
Source

Time (h)
Gefitinib 

Concentration (µM)
q-Value/Number of DEGs

Colon SI

Signalling by MET Reactome

24

0.1 NA NA

1 0.002/12 0.14/3

10 0.003/13 NA

30 0.02/12 NA

48

0.1 NA NA

1 0.002/12 NA

10 0.004/14 NA

30 0.03/14 NA

72

0.1 NA NA

1 0.02/7 NA

10 4.0 × 10−4/20 NA

30 1.22 × 10−5/29 NA

Signalling by NOTCH Reactome

24

0.1 NA 0.06/4

1 0.01/16 0.005/8

10 0.003/20 0.1/5

30 0.005/21 NA

48

0.1 NA A

1 NA 0.06/8

10 0.16/15 NA

30 0.09/16 NA

72

0.1 NA NA

1 0.06/9 NA

10 0.005/28 NA

30 1.28 × 10−5/46 NA

FOXO-mediated 
transcription 

Reactome

24

0.1 NA NA

1 0.04/15 NA

10 0.01/19 NA

30 0.06/18 0.0003/12

48

0.1 NA NA

1 NA 0.07/8

10 0.12/17 0.003/10

30 NA 0.02/10

72

0.1 NA NA

1 NA 0.007/14

10 NA 0.002/12

30 0.05/36 0.04/9

Table 2. (cont.)
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Name of the Pathway
Pathway 
Source

Time (h)
Gefitinib 

Concentration (µM)
q-Value/Number of DEGs

Colon SI

p53 signalling pathway KEGG

24

0.1 NA NA

1 0.009/12 NA

10 0.02/12 NA

30 0.06/12 0.0003/9

48

0.1 NA NA

1 0.09/9 0.06/6

10 0.02/14 NA

30 0.06/12 0.0005/10

72

0.1 NA NA

1 NA 0.02/9

10 NA 0.001/9

30 NA 0.001/9

Regulation of mitotic 
cell cycle Reactome

24

0.1 NA NA

1 0.01/8 NA

10 0.001/11 NA

30 0.003/11 0.04/4

48

0.1 NA NA

1 NA NA

10 NA NA

30 NA NA

72

0.1 0.01/2 NA

1 NA NA

10 0.13/9 NA

30 0.09/13 NA

Cellular senescence KEGG

24

0.1 NA NA

1 0.01/19 NA

10 0.06/16 NA

30 0.004/26 0.01/10

48

0.1 NA NA

1 0.012/15 NA

10 0.05/22 NA

30 0.01/24 0.003/13

72

0.1 NA NA

1 NA 0.002/17

10 NA 3.0 × 10−4/15

30 0.14/39 3.0 × 10−4/15

Table 2. (cont.) 
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Name of the Pathway
Pathway 
Source

Time (h)
Gefitinib 

Concentration (µM)
q-Value/Number of DEGs

Colon SI

Apoptosis Reactome

24

0.1 NA NA

1 NA NA

10 0.11/14 NA

30 NA NA

48

0.1 NA NA

1 NA 0.09/7

10 0.15/15 NA

30 0.13/15 NA

72

0.1 NA NA

1 NA 0.008/13

10 0.06/23 NA

30 0.05/33 0.02/9

Legend: significant q-values < 0.05 (in bold) or not applicable (NA) when the respective pathways were 
not present; KEGG, Kyoto Encyclopaedia of Genes and Genomes.

Signalling Transduction Pathways
 The biological processes that stood out as significantly affected were signalling 
transduction pathways triggered by the EGFR, including EGF/EGFR, PI3K-Akt and MAPK 
signalling cascades, signalling by MET and signalling by NOTCH (Table 2), which are in 
line with the known mechanism of action of the drug (i.e., EGFR inhibition) [2]. In the 
colon these pathways were more affected than in SI since overall q-values were lower and 
the number of DEGs involved was higher for colon organoids. In view of the fact that the 
activity of these signalling pathways is dependent on phosphorylations and that mRNA 
sequencing data does not provide information on protein level changes, we next looked 
into the DEGs whose expression depends on those signalling cascades and pathways 
in which the DEGs are involved, using Reactome, Kyoto Encyclopaedia of Genes and 
Genomes (KEGG) and WikiPathways as references (Table 3).

Table 2. (cont.)
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Table 3. Expression changes of the DEGs affected by gefitinib in colon and SI organoids.

Gene 
Symbol

Pathways Involved/Function
Expression in Treated Colon/
SI Cells (Adjusted p-Value) *

Remarks

DEGs with same trend in colon and SI organoids

AREG
Interaction with EGFR to 

promote growth of epithelial 
cells

↓ (9.7 × 10−8)/↓ (6.5 × 10−7)

AURKA DNA repair; Cell cycle ↓ (3.9 × 10−6)/↓ (0.04)

BAX Induction of apoptosis ↑ (1.5 × 10−4)/↑ (1.0)
Activated in gefitinib 
treated gallbladder 

cancer cells [31]

BCL2L11 
(BIM)

Induction of apoptosis ↑ (2.1 × 10−5)/↑ (1.1 × 10−8)
↑ linked to higher 

sensitivity to gefitinib in 
NSCLC [32]

BTG2 Cell cycle arrest (G1/S) ↑ (5.5 × 10−29)/↑ (7.1 × 10−6)

c-MYC Cell cycle progression ↓ (8.1 × 10−30)/↓ (1.7 × 10−10)

CCND1 Cell cycle/proliferation ↓ (0.03)/↓ (2.8 × 10−32)
↓ in gefitinib treated 

IEC [33]

CCNG1 Cell cycle arrest ↓ (5.5 × 10−6)/↓ (1.0) 

CCNG2 Cell cycle arrest ↑ (1.0)/↑ (0.004)

CDH1
E-cadherin; cell adhesion 

molecule
↓ (8.5 × 10−8)/↓ (1.5 × 10−5)

↓ in TKI-treated IEC [33, 
34]

DDB2 DNA repair ↑ (0.13)/↑ (1.4 × 10−4)

FGF19
Cell growth, tissue repair, 

effects on glucose and lipid 
metabolism

↓ (9.6 × 10−9)/↓ (0.02)
↓ in chronic diarrhoea 

[35]

ITGB1
β1-integrin; cell adhesion, 

embryogenesis, homeostasis, 
tissue repair, immune response

↓ (8.3 × 10−17)/↓ (1.0) ↓ in TKI-treated IEC [34]

MUC20
Suppressor of MET signalling/

proliferation
↑ (9.0 × 10−9)/↑ (0.005)

MYBL2 Cell cycle/proliferation ↓ (1.0)/↓ (6.1 × 10−4)

PCNA DNA repair ↑ (1.4 × 10−8)/↑ (1.0)

PERP
Apoptosis effector; epithelial 

integrity and cell-cell adhesion
↓ (1.7 × 10−16)/↓ (0.03)

SFN Cell cycle arrest (G2/M) ↓ (1.1 × 10−7)/↓ (0.04)

SUSD6 
(KIAA0247)

Suppressor of cell growth; 
activator of apoptosis

↑ (8.8 × 10−6)/↑ (1.0)

TLR2 Inflammatory signals ↑ (0.005)/↑ (1.0)

TNFRSF10 
(TRAIL-R2)

Induction of apoptosis ↓ (0.007)/↓ (1.0)

TNS3 Cell motility/migration ↑ (6.5 × 10−14)/↑ (1.0)

TNS4 Cell motility/migration ↓ (0.01)/↓ (5.8 × 10−8)
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DEGs with opposite trend in colon and SI organoids

ABCA1 Efflux of cholesterol ↑ (0.02)/↓ (1.0)

c-FOS Cell cycle progression ↓ (3.2 × 10−6)/↑ (1.0)

CYP51A1 Cholesterol biosynthesis ↓ (1.4 × 10−22)/↑ (2.2 × 10−8)

DTX3 Regulator of Notch signalling ↑ (0.03)/↓ (1.0)

FUCA1
Degradation of glycoproteins 

and glycolipids
↓ (8.7 × 10−7)/↑ (1.0)

HMGCR Cholesterol biosynthesis ↓ (4.5 × 10−11)/↑ (7.4 × 10−4)

HMGCS1 Cholesterol biosynthesis ↓ (1.6 × 10−4 )/↑ (0.004)

PEPCK Glucose metabolism ↓ (3.1 × 10−6)/↑ (1.0)

PRKAB1 AMPK-mediated metabolism ↑ (7.9 × 10−10)/↓ (0.008)

SESN1
DNA damage and oxidative 
stress response; translation 

control
↑ (1.4 × 10−7)/↓ (1.0)

Legend: * adjusted p-values (in brackets) above 0.05 were considered as not significant; ↑—upregulated; ↓—
downregulated; IEC—intestinal epithelial cells; NSCLC—non-small cell lung cancer.

 Starting with the DEGs regulated by the EGFR pathway, the majority of genes 
found to be significantly affected are involved in cell cycle progression (phase G1/S) and 
proliferation, namely AURKA (also important in DNA repair), CCND1 (cyclin D1), c-MYC, 
c-FOS and MYBL2, with the only exception of BCL2L11, which is involved in regulation of 
apoptosis, being mostly pro-apoptotic. Additional genes PEPCK (glucose metabolism) and 
CCNG2 (cell cycle arrest), were also found to be significantly affected. These two genes 
are regulated by FOXO-mediated signalling, which is closely related to EGFR activity. 
Expression levels of AURKA were decreased in colon at 24 h, whereas in SI, only after 72 
h exposure to 30 µM. CCND1 and c-MYC presented similar profile changes, being more 
downregulated at 24 h in colon and after 48 h exposure in SI. Expression levels of c-FOS 
and PEPCK were only found significantly changed in the colon, the first being decreased 
in all treatment conditions and more at 24 h, and the second being decreased only after 
48 h and 72 h exposure to 10 and 30 µM. On the other hand, MYBL2 and CCNG2 were only 
observed in SI. Expression levels of MYBL2 tended to decrease across treatment conditions 
with the largest decrease at 24 h, 30 µM, while expression levels of CCNG2 tended to 
increase, being more upregulated at 72 h. In turn, pro-apoptotic gene BCL2L11 was found 
upregulated in both organoids. Expression levels of this gene were more increased at 24 
h in colon, whereas in SI they did not change much throughout the exposure. 
 Furthermore, PI3K signalling related gene AREG (cell growth) was found 
downregulated in both organoids, but more in the colon. Expression levels of FGF19, which 
is involved in several cellular processes (growth, tissue repair, and metabolism) tended to 
decrease across concentration and time in colon, and in SI, they were decreased only at 
1 µM, all time points, and 10 µM, 24 h. Another interesting gene, MUC20 (suppressor of 
signalling by MET), was found upregulated in both organoids but in different treatment 

Table 3. (cont.)
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conditions. In colon, MUC20 was only upregulated after 72 h exposure to 10 and 30 
µM, and in SI after exposure to 1 µM for 24 h and 48 h. In colon organoids, two other 
genes associated with signalling pathways were significantly upregulated, namely TLR2 
(inflammation signals) and DTX3 (signalling by NOTCH) whereas, in SI organoids, they 
were not significantly affected by the drug.

p53 Signalling Pathway
 Additionally, p53 signalling pathway, which regulates gene expression during 
stress conditions [36], was also significantly affected, presenting lower q-values for SI 
organoids but only significant after 72 h exposure to 1 µM, whereas in the colon q-values 
decreased after 24 h exposure to 1 µM (Table 1). More DEGs were significantly affected 
by the p53 signalling pathway in the colon upon exposure to gefitinib, all of which being 
involved in either gefitinib on-target processes, namely cell cycle arrest, cell growth, DNA 
repair, and apoptosis (Table 3), and off-target processes such as metabolism (Table S2). 
Starting with genes in common between colon and SI organoids, cell cycle arrest genes 
BTG2 (G1/S phase) and SFN (G2/M phase) were found upregulated and downregulated, 
respectively, for all treatment conditions, but more significantly in colon. Apoptotic gene 
PERP was significantly downregulated after 72 h exposure, especially in colon for the 
higher concentrations. The gene PRKAB1, an encoding gene of the regulatory subunit 
of the activated protein kinase (AMPK), was upregulated in colon after 72 h exposure 
whereas in SI, it was downregulated. Additionally, in colon organoids, the PCNA (DNA 
repair), SUSD6 and BAX (apoptosis), and SESN1 (response to DNA damage and oxidative 
stress) genes were significantly upregulated, at different treatment conditions. In turn, 
the CCNG1 (cell cycle), TNFRSF10 (apoptosis) and FUCA1 (metabolism of glycoproteins and 
glycolipids) genes were significantly downregulated after 72 h exposure to 30 µM. Only 
one gene was significantly changed in SI but not in colon, namely DDB2 (DNA repair), 
being only upregulated after 48 h exposure to 30 µM. 

Cell Cycle and Cellular Senescence
 In addition to signalling transduction pathways, other important gefitinib on-
target cellular processes were investigated to further understand gefitinib effects on the 
organoids. Firstly, cell cycle was not significantly affected overall, as well as DNA synthesis/
replication, except for regulation of mitotic cell cycle at 24 h (Table 2). This was more evident 
in colon (lower q-values) as also more genes had their levels decreased upon exposure. In 
contrast, mechanisms of cell cycle arrest prevailed with CCND1 and c-MYC downregulated 
as described above but expression levels of cell cycle inhibitors p27 and p21 were not 
found significantly affected in both organoids. However, cellular senescence, which 
consists of an irreversible cell cycle arrest, was affected in both organoids, but particularly 
earlier in colon than in SI. Induction of apoptosis was not significantly modulated by 
the exposure until later treatment conditions in both organoids, in which q-values were 
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lower in SI (Table 2). Nevertheless, expression levels of pro-apoptotic genes BCL2L11, 
BAX, TNFSF10, PERP and SUSD6 were more significantly increased in colon. Likewise, anti-
apoptotic genes BCL2L1, MCL1 and BIRC3 were more significantly downregulated in colon.

Cell Motility and Adhesion 
 We next looked into expression of genes associated with cell motility and 
adhesion since levels of cell adhesion molecules, namely E-cadherin, β1-integrin and ZO-1, 
were reported as significantly inhibited in previous studies [33, 34]. In our study, the genes 
encoding for E-cadherin (CDH1) and β1-integrin (ITGB1) were significantly downregulated, 
the first in both organoids and the second only in colon organoids (Table 3). Levels of ZO-1 
encoding gene TJP1 were not significantly affected. In addition, genes TNS3 and TNS4, 
involved in signal transduction pathways for cell motility/migration and whose expression 
is regulated by EGFR activity, were found upregulated and downregulated, respectively. 
Under normal circumstances, EFG activates TNS4 and inhibits TNS3, so exposure to 
gefitinib reversed their expression profile. 

Immune Responses
 The increase in the expression of the pro-inflammatory cytokines interleukin (IL)-
6 and IL-25 has been reported [33]. In our study, IL-6, IL-1 and IFN-ɣ signalling pathways 
were also significantly affected in colon organoids at 72 h, 10 and 30 µM based on q-values. 
Despite that, expression levels of cytokines were not significantly affected except for IL-
1, which was found downregulated. In SI organoids, immune responses and expression 
levels of cytokines were not found significantly changed. 
 In summary, the results show that gefitinib on-target toxicity signalling 
transduction pathways, namely EGFR, PI3K, MET and NOTCH signalling, were significantly 
affected, which consequently affected the expression of genes directly regulated by these 
signalling cascades including AURKA, CCND1, c-MYC, c-FOS and FGF19 (Table 3). Most of 
these genes were downregulated over time and concentrations of gefitinib, except c-FOS 
in the SI organoids. Regarding expression of p53 gene, it was not significantly changed 
but DEGs influenced by p53 signalling pathways, as well as on-target toxicity mechanisms, 
were affected across treatment conditions, namely cell cycle arrest-related genes BTG2 and 
CCNG1 (upregulated), and CCNG1 and SFN (downregulated), apoptotic genes BAX, BCL2L11 
and SUSD6 (upregulated), PERP and TNFRSF10 (downregulated), and impairment of cell 
growth and DNA repair-related genes DDB2, PCNA and SESN1 (upregulated). Gefitinib 
on-target DEGs involved in cell adhesion and motility (E-cadherin, β1-integrin and TNS4) 
were significantly downregulated across treatment conditions, which reflects additional 
damaging effects caused by gefitinib. Therefore, expression levels of the genes listed 
above (Table 3) and represented in Figure 6 were in line with the anti-proliferative effects 
of the drug, cell cycle arrest, DNA repair, and cell motility/migration. Immune signalling 
pathways and levels of pro-inflammatory cytokines, an off-target toxicity mechanism, 
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were only significantly modulated in colon. Furthermore, results also indicate that even 
though similar mechanisms are perturbed by gefitinib in colon and SI cells, genes and 
their expression levels are distinct. 

Figure 6. Representation of gefitinib effects on expression levels of on- and off-target genes in the colon 
(A) and SI (B) organoids, elucidating the drug’s potential mechanisms of toxicity. For the alterations 
in the gene expression levels, all treatment conditions were considered. Legend: genes in blue—
significantly downregulated; red—significantly upregulated, after Bonferroni correction (adjusted 
p-value < 0.05); green—not available/not significant; grey—protein expression not available. Image 
created with BioRender.com (accessed on 26 June 2021).
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2.5.6. Metabolic Pathways and Cholesterol Biosynthesis
 Metabolism is considered as an off-target toxicity mechanism induced by gefitinib 
and was significantly affected in both organoids. The effect was stronger in colon than in 
SI (Table S2) and at different treatment conditions. One exception was drug metabolism 
by cytochrome P450, which was more relevant for SI organoids throughout all treatment 
conditions, with q-values lower than those observed for colon. This could indicate a novel 
finding on a tissue-specific response to the drug by SI organoids. Indeed, looking at the 
expression of the CYP450 genes involved in gefitinib metabolism, CYP3A4 was only found 
significantly downregulated in colon (p-value = 5.1 × 10−16) whereas CYP3A5 was only 
found significantly upregulated in SI (p-value = 3.9 × 10−30). 
 Metabolism of proteins and amino acids were similarly affected, with q-values 
decreasing across concentrations, at earlier treatment conditions in SI (48) than in colon 
organoids (72 h). Key metabolic pathways for energy production, including glycolysis, TCA 
cycle, pyruvate metabolism, respiratory electron chain and ATP synthesis, and metabolism 
of lipids, were observed and q-values were overall lower for colon organoids and more 
significant at earlier treatment conditions than for SI (Table S2). TCA cycle and ATP synthesis 
were not significantly affected in SI organoids. Expression levels of DEGs involved in these 
energy generation pathways were decreased in both organoids, except for DEGs involved 
in metabolism of lipids. Interestingly, lipogenesis-related genes were downregulated in 
colon but upregulated in SI organoids. Likewise, cholesterol biosynthesis was differently 
affected in colon and SI. While this pathway was affected in colon organoids after 1 µM 
exposure and q-values tended to increase across concentrations, in SI q-values were only 
significantly increased after exposure to 30 µM. DEGs involved in cholesterol biosynthesis 
also presented opposite direction of expression, thus downregulated in colon and 
upregulated in SI organoids (Figures S2).
 Next, we looked into possible differences related to the endoplasmic reticulum 
(ER) stress responses and key regulatory genes of metabolic balance that could aid in 
understanding the distinct expression of DEGs involved in cholesterol biosynthesis. First, 
we checked the expression levels of SREBP1 since the pathway “regulation of cholesterol 
biosynthesis by SREBP” was as significantly affected as cholesterol biosynthesis (similar 
q-values). This gene regulates transcription of key enzymes that participate in cholesterol 
biosynthesis namely HMG-CoA synthase (HMGCS1) and HMG-CoA reductase (HMGCR). 
Nevertheless, expression of SREBP was not conclusive as it was found upregulated in colon 
and not significantly affected in SI. Nevertheless, as shown in Figures S2, the encoding 
genes HMGCS1 and HMGCR were downregulated in colon and upregulated in SI after the 
exposure. Next, we investigated if ER stress could have impacted cholesterol biosynthesis, 
as reported previously [33], but pathway and gene expression analysis showed that 
gefitinib did not induce ER stress in the organoids. 
 We also evaluated the expression of PRKAB1, which regulates metabolism via 
AMPK, depending on p53 signalling activity. The PRKAB1 gene was found upregulated in 
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colon and downregulated in SI. This could indicate that AMPK became activated in colon 
unlike in SI, which could explain the differences in the metabolic responses upon TKI-
induced stress, namely the contrast in the cholesterol de novo synthesis and metabolism 
of lipids. Further differences between colon and SI organoids were the expression levels 
of genes encoding CYP51A1 and ABCA1. The first is a crucial enzyme in cholesterol 
biosynthesis and expression levels were decreased in colon and increased in SI. In contrast, 
ABCA1, a membrane transporter responsible for cholesterol efflux in the form of HDL, was 
upregulated in colon organoids only. These metabolic genes are also indicated in Table 3.
 Taken all together, gefitinib off-target metabolic processes were differently 
affected in both organoid types. Drug metabolism prevailed in SI as CYP3A5 was 
upregulated across treatment conditions whereas, whereas CYP3A4 was downregulated 
in colon. Energy production pathways were more significantly affected in colon, involving 
TCA cycle and ATP synthesis exclusively in these organoids. DEGs involved in these 
pathways were downregulated over time and concentrations except genes involved in 
the metabolism of lipids and cholesterol biosynthesis, as these were upregulated in SI 
in contrast to colon. These novel and promising observations emphasize the different 
responses of colon and SI organoids to gefitinib. Figure 6 also provides an overview of 
the effects of gefitinib in the expression of key genes involved in metabolism, namely in 
cholesterol biosynthesis, highlighting the differences between colon and SI organoids.

Discussion

 Oral TKIs including gefitinib are becoming more common in the treatment of 
some cancers, such as NSCLC, renal cell carcinoma, metastatic breast cancer or colorectal 
cancer [37]. However, the side effects that this class of drugs may cause, particularly 
intestinal damage and diarrhoea [10], have been underestimated and are mechanistically 
not fully understood. 
 In this study, we investigated the molecular mechanisms underlying the 
toxic effects of gefitinib in a newly established 3D culture of healthy human intestinal 
organoids derived from colon and SI tissues. These in vitro models have been developed 
to better resemble the characteristics and responses of the human tissues [18, 38, 39] 
and they have been successfully applied in the research of drug toxicity induced by 5-FU 
[14] and doxorubicin [40]. PBPK modelling was used in order to determine in-vitro drug 
concentrations that are clinically relevant. Overall, the cytotoxicity and transcriptomic 
data corroborates the gefitinib inhibitory effect on EGFR kinase signalling pathways 
and on intestinal cells growth. EGFR-regulated genes (AURKA, CCND1, c-MYC, c-FOS and 
FGF19) were downregulated, hampering cell cycle progression and cell differentiation, 
in line with the decreased cell viability and increased organoid roundness reflecting 
reduced differentiation of the organoids. Adhesion-related genes were downregulated as 
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previously reported [33, 34]. Furthermore, p53 and FOXO-regulated genes involved in cell 
cycle arrest and pro-apoptotic processes were upregulated, whereas anti-apoptotic genes 
were downregulated, particularly in colon organoids, which also presented a higher 
percentage of dead cells than SI. Novel and promising findings were metabolism-related, 
showing more organ specific responses. Drug metabolism prevailed in SI with upregulation 
of CYP3A5, whereas in colon it was downregulated. Additionally, metabolism of lipids and 
cholesterol biosynthesis-related genes showed opposite direction of expression in colon 
and SI organoids after the exposure. These findings emphasize tissue-specific responses 
as colon seems to be more sensitive to the drug effects and SI seems to be more resistant. 
These gefitinib-induced gene expression changes are highlighted in Figure 6.
 As mentioned previously, the known on-target mechanism of action for gefitinib 
is the selective blockade of EGFR-tyrosine kinase domain, preventing ATP from binding 
to it. As a result, EGFR autophosphorylation is inhibited as well as the activation of the 
signalling cascades associated with the receptor that would promote cell proliferation, 
growth and inhibition of apoptosis [3] (Figure 6). In our study, we observed the anti-
proliferative ad apoptotic effects of gefitinib on the intestinal organoids, starting with the 
cytotoxicity assays and morphological changes. Gefitinib caused a decrease in cell viability 
and induction of apoptosis in both organoids, in a concentration- and time-dependent 
manner. Differences in the cytotoxicity results between the organoids were reflected in 
the viability being decreased already for the lowest dose, at 72 h, in SI organoids, but 
caspase 3/7 activation being increased more significantly and earlier in colon organoids 
(Figure 3). Likewise, image-based analysis (Figure 4) showed the drug effect on size and 
shape, which were more significantly perturbed in SI organoids, whereas percentage 
of cell death was more noticeable in colon organoids after exposure to 30 µM. The 
observations in the caspase activation assay were in line with the percentage of cell death. 
Nevertheless, pathway analysis showed that induction of apoptosis was not significantly 
affected throughout the treatment conditions. 
 Pathway analysis on genes that were differentially expressed after exposure 
showed that on-target signalling transduction cascades and gene expression regulators 
p53 and FOXO were affected by gefitinib, being the first to be more significantly affected 
in colon, and p53 and FOXO signalling pathways more affected in SI organoids (Table 
2). Downstream genes regulated by these signalling cascades and involved in cell cycle 
progression, cell growth and proliferation were downregulated, including CCND1, c-MYC, 
AURKA, AREG, FGF19, and tissue-specific c-FOS and MYBL2 (Table 2). Cyclin D1 (CCND1) 
and p27 have been reported as downregulated in a previous study with gefitinib-treated 
IEC [33]. In our study, neither p27 nor p21 were found as modulated genes, which could 
indicate that healthy intestinal organoids are sensitive to gefitinib through a mechanism 
dependent on Cyclin D1, c-MYC and p53 rather than p27/p21. In fact, similar findings were 
reported in a study with colon cancer cell lines HCT116 treated with TKIs [41]. Furthermore, 
increased expression of AREG and AURKA in lung cancer cells has been associated with 
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resistance to gefitinib treatment [42, 43]. Remarkably, FGF19 was found downregulated in 
cases of chronic diarrhoea caused by bile acid malabsorption [35], thus this gene could be 
an indicator of increased risk of diarrhoea in cancer patients taking gefitinib. Furthermore, 
DNA repair and damage/oxidative stress response genes PCNA and SESN1, in colon, and 
DDB2, in SI, were upregulated, which can represent a response of the organoids against 
the damaging effects of the drug. In contrast, downstream genes involved in cell cycle 
arrest, supressing proliferation, and activation of apoptosis were mostly upregulated. 
This relates to BCL2L11, BTG2, MUC20, and tissue-specific response genes BAX, CCNG2 
and SUSD6 (Table 3). In previous studies, overexpression of BCL2L11 and BAX have been 
associated with higher sensitivity of cancer cells to gefitinib [31, 32]. 
 Gefitinib also decreased the expression of adhesion molecules E-cadherin and 
β1-integrin, even though the effect on β1-integrin was only observed in colon organoids. 
Likewise, two previous studies on gefitinib and other TKIs corroborate these findings 
[33, 34]. Levels of PERP, important in the maintenance of epithelial integrity and cell–cell 
adhesion, were decreased by gefitinib, which could aggravate the damaging effects of 
the drug. Moreover, the balance of the levels of TNS3 and TNS4 was disrupted by gefitinib 
effects on EGFR, hindering cell motility/migration. 
 Gefitinib off-target immune responses were significantly affected in colon 
organoids (Table 3), particularly IL-6, IL-1 and IFN-ɣ signalling pathways at later treatment 
conditions. However, gene expression levels of IL6, IL25 and IFNG were not significantly 
changed, whereas IL1 was downregulated, which is in contrast with previous studies 
[33, 34]. In addition, levels of toll-like receptor encoding gene TLR2 were increased. 
Nevertheless, this is not an indication that inflammatory responses were increased, 
since no immune system cells were present during the exposure. Further studies are 
necessary with an in vitro model that includes immune cells (e.g., organoid-immune cell 
co-culture) to better understand how intestinal epithelial cells represented by organoids 
communicate with the local immune system, resulting in gefitinib-induced acute and/or 
chronic inflammation clinically. 
 Moreover, exposure to gefitinib had an impact on metabolism in both types 
of organoids (Table S2). Overall, energy production metabolic pathways including 
glycolysis, TCA cycle, pyruvate metabolism and respiratory electron chain/AT synthesis 
were more perturbed in colon organoids. DEGs involved in these pathways were mostly 
downregulated, reflecting the negative effect of gefitinib on the cells’ energy balance. 
In turn, effects on drug metabolism mediated by CYP450 were more prominent in 
SI organoids, particularly with the upregulation of CYP3A5. CYP450 enzymes play 
an important role in gefitinib metabolism and its clearance, lowering the drug’s 
concentration and, consequently, increasing resistance to the drug [4]. Noteworthily, 
studies have reported that protein levels of CYP3A are generally higher in SI than in 
colon [44, 45]. Therefore, this could explain SI organoids lower sensitivity to gefitinib as 
compared with colon organoids. Metabolism of proteins, amino acids and lipids, as well 
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as cholesterol biosynthesis were significantly affected in both types of organoids, but 
exposure concentration seemed to have more impact in colon whereas time of exposure 
had more impact in SI. An interesting finding was the different expression profiles of DEGs 
involved in the metabolism of lipids, important for energy production, and cholesterol 
biosynthesis, an essential component of cell membranes [46]. In colon, genes were clearly 
downregulated whereas in SI they were upregulated. After further investigation, we 
found that expression levels of PRKAB1, encoding for the regulatory subunit of AMPK and 
thus regulating its function, were upregulated in colon and downregulated in SI. AMPK is 
known to become activated and supress cell growth when cells are in stress and energy 
balance needs to be restored [47]. One of AMPK’s roles in response to cellular metabolic 
stresses is to phosphorylate and inactivate acetyl-CoA carboxylase (ACC) and β-hydroxy-
β-methylglutaryl-CoA reductase (HMGCR), which are key enzymes of the biosynthesis of 
lipids and cholesterol, respectively [47]. Therefore, this is a strong indicator that AMPK 
activity was regulated differently in colon and SI due to PRKAB1 expression, resulting in 
opposite metabolism of lipids and cholesterol. In addition, levels of CYP51A1 and ABCA1 
were also opposite in the two different organoid models (Table 3), suggesting that 
cholesterol biosynthesis might be activated in SI in contrast to the colon where the efflux 
of cholesterol is enhanced.
 Taken all together, these results show that colon organoids were more sensitive 
to exposure to gefitinib as compared with SI organoids, and the colon is therefore more 
likely to be damaged and lose epithelial integrity. This negative impact on the integrity 
of the colon’s epithelial barrier may explain the clinical side effects of gefitinib, namely 
diarrhoea. On the other hand, SI organoids seemed to possess a mechanism to better 
resist gefitinib’s effects by increasing cholesterol synthesis, unlike colon. In fact, some 
studies have reported that higher levels of cholesterol in the cellular membrane where 
EGFR is located, is associated with less sensitivity to gefitinib [48-50]. This novel finding 
brings promise to the improvement of cancer therapies in which increase of cholesterol 
levels in the colon tissue via co-administration may protect against the drug’s toxicity. 
 Future studies including organoids derived from different donors and patients, 
as well as measurement of protein levels involved in key response mechanisms identified 
in this study, are needed to confirm these results and if they are indeed tissue-specific 
or donor-specific. Nevertheless, generating healthy colon and SI organoids from the 
same individual remains either an ethical challenge, as donors would need to undergo 
unnecessary surgical procedures, or a commercial one, as paired organoid models are not 
available yet. Once these challenges are overcome, the inclusion of paired healthy colon and 
SI organoids will be possible in future studies, so that donor genetic background variability, 
which influences drug-gene responses, is investigated. Moreover, transcriptomic data 
generated from intestinal tissue biopsies of cancer patients taking gefitinib as treatment 
is important to validate the molecular mechanisms of gefitinib-induced intestinal toxicity 
in the organoids. Well-validated markers of toxicity may eventually be applied in clinical 
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settings to inform personalized therapies aiming to reduce the severity of drug-induced 
side effects. The new data generated from this study holds promise in supporting the 
development of tools to assess drug safety and de-risking strategies for novel therapeutic 
candidates before entering first-in-human trials. Furthermore, this data will be integrated 
in the development of computational GI drug toxicity prediction models being developed 
in the context of the transQST project [26].

Materials and Methods

Three-Dimensional In Vitro Culture of  Human Healthy Intestinal 
Organoids
 Human healthy colon and small intestine (SI) organoids were kindly provided 
by Boehringer Ingelheim Pharmaceuticals Inc. (Ridgefield, CT, USA) who purchased two 
tissue biopsies collected from healthy 67- and 74-year-old male donors, respectively, by 
Discovery Life Sciences (formerly, Conversant Biologics Inc., Huntsville, AL, USA) under 
the bio-specimen purchase agreement. All tissue samples were collected with written 
informed consent under an approval of the institutional review board (IRB). Noteworthily, 
the choice of healthy male donors to generate the organoids was based on tissue 
availability and did not consider the prevalence of adverse effects caused by gefitinib 
experienced by male and female patients. Cultivation and differentiation of the colon 
and SI tissue models was adapted from the methods described by Sato et al. [39]. Frozen 
organoids were recovered on a 24-well plate and grown in complete crypt medium [14] in 
order to maintain a stem cell state for propagation. Colon and SI cultures were passaged 
every 3–7 days as described in our previous work [14]. Prior to experimentation, organoids 
were transferred to 96-well plates and cultured in Human IntestiCult™ Organoid Growth 
Medium (Stemcell, Cologne, Germany) to promote cell differentiation. After 2–3 days, 
organoids started to differentiate and to exhibit intestine-like crypts and villi [14].

Selection of  Gefitinib In Vitro Concentrations Based on PBPK Simulation
 The Simcyp® simulator (Version 19 release 1; Certara UK Ltd., Sheffield, UK) 
was used to develop and verify a model describing human gefitinib pharmacokinetics 
(PK) following oral dosing based on gefitinib physiochemical properties and relevant 
absorption, distribution, metabolism, and excretion (ADME) properties. The advanced 
dissolution, absorption, and metabolism (ADAM) model [51, 52] was used to predict 
gefitinib concentrations in enterocytes in addition to concentrations in plasma. The details 
of parameters and sources used are listed in Table S1. The data used to verify the model 
performance [27] were not used for model parameterisation. The verified gefitinib PBPK 
model was then used to predict plasma and jejunum enterocyte drug concentrations 
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in healthy volunteers (aged 20–50 years old, 50% female, n = 100) after the therapeutic 
regimen of once daily 250 mg oral dose [28], over the course of 14 days. 
 Simcyp’s in vitro data analysis toolkit (SIVA Version 3, module 3; Certara UK Ltd., 
Sheffield, UK) for virtual in vitro distribution (VIVD) [53] was used to simulate the distribution 
of gefitinib in human intestinal organoids in vitro based on gefitinib physiochemical 
properties, experimental design, and intestinal cell composition from Simcyp V19r1. 
In vitro nominal gefitinib concentrations that achieved intracellular concentrations 
equivalent to those predicted using PBPK was explored. The input parameters for this 
model are detailed in Table S1.

Design of  In Vitro Exposure to Gefitinib
 Gefitinib was purchased from Merck (Darmstadt, Germany), with ≥99% purity. 
Selection of gefitinib concentrations was based on the PBPK calculation methods 
described above. After 3 days in Human IntestiCult Growth medium, differentiated 
intestinal organoids were exposed to 100 µL of medium containing 0.1 µM, 1 µM, 10 
µM and 30 µM gefitinib for 24 h, 48 h and 72 h. Controls containing only IntestiCult 
medium (untreated controls) and IntestiCult medium with 0.1% DMSO (vehicle controls) 
were included for all time points. All treatment conditions were performed in biological 
triplicates in 96-well plates. The remaining wells were filled with 100 µL PBS to eliminate 
possible edge effects. For all treatment conditions, samples were collected to evaluate 
toxicity assays and perform RNA sequencing.

Cytotoxicity Assays: ATP-Based Viability and Caspase 3/7 Activity 
Evaluation 
 Cytotoxicity endpoints for viability and caspase 3/7 activity were measured 
with 3D Celltiter-Glo and Caspase-Glo 3/7 (Promega, Madison, WI, USA), respectively, per 
manufacturer’s instructions. These endpoints were used to evaluate the toxicity profile of 
gefitinib and to check if they were reflected on the transcriptomic data. After each time 
point of exposure, medium was removed and replaced by 100 µL of either kit reagent to 
the appropriate wells and well homogenized. The plates were placed in a Scilogex MX-M 
96 well plate shaker for 1 h at room temperature. Afterwards, samples were transferred to 
white opaque 96-well plates (Corning, NY, USA) to measure luminescence values in GloMax® 
96 Microplate Luminometer (Promega, Madison, WI, USA). Luminescence values were 
transferred to GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA), normalized 
to the respective time-controls, and corrected for the blank reaction to eliminate possible 
interferences of the matrigel in the absorbance. Statistical differences between conditions 
were calculated by applying the analysis of variance (ANOVA) test.
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Image Analysis of  Morphological Changes
 Colon and SI organoids were grown and treated with the same conditions as 
described previously, after which changes in morphology and structure of the cells were 
analysed. This analysis aimed to support the cytotoxicity evaluation and to provide insight 
into significant structural changes associated with gefitinib’s mechanism of toxicity. After 
each time point, fixation in 3% Formaldehyde and staining were performed to visualize 
the nuclei (in blue) and actin cytoskeleton (in red), by applying a solution containing 
Hoechst 33258 (Merck, Darmstadt, Germany) with a final concentration of 0.4 µg/mL, and 
Rhodamine-phalloidin (Merck, Darmstadt, Germany), with final concentration of 0.1 µM 
[54]. Images were captured as z-stacks in an ImageXpress Micro XLS (Molecular Devices, 
Silicon Valley, CA, USA) wide field microscope, using the 4× objective, and analysed in 
the 3D image analysis solution Ominer® (Crown Bioscience Netherlands B.V., Leiden, the 
Netherlands). GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA) was used to 
obtain values for average organoids size, roundness and dead cells. The treatment values 
were normalized to the respective time-controls.

RNA Isolation and Quantification
 For each treatment condition, medium was removed and 200 µL of QIazol Lysis 
reagent (Qiagen, Venlo, The Netherlands) was added into each well, in which the matrigel 
was dissociated to collect each pellet. This process was repeated twice, ensuring collection 
of all organoids as well as ensuring a total volume of 700 µL of QIazol Lysis reagent in each 
tube containing pellet. An extra vigorous pipetting and vortex was performed to allow 
complete homogenization of organoids in the lysis reagent. RNA isolation and purification 
were performed using the miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands), following 
manufacturer’s protocol for Animal Cells including a DNase treatment. Total RNA yield 
was measured on Nanodrop® ND-1000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA). RNA quality was checked with RNA Nanochips or Picochips on a 2100 
Bioanalyzer (Agilent Technologies, Leuven, Belgium). All samples presented integrity 
number (RIN) > 7.5 and average RNA yield of 607 ng, for colon samples, and 262 ng, for SI 
samples.

Library Preparation and mRNA Sequencing
 Purified RNA from each sample was prepared for sequencing using the 
Lexogen SENSE mRNA library preparation kit (Lexogen, Vienna, Austria), following the 
manufacturer’s instructions. Quality checks were assessed for every library. Afterwards, 
the samples were sequenced on the NovaSeq 6000 system (Illumina, Eindhoven, The 
Netherlands). A pool of all treated and untreated samples was sequenced on the two 
lanes of a S1 flow cell. The average gene count was 14.58 million raw reads. 
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Data Processing and Analysis 
 The first step of pre-processing consisted in the removal of the 12 bases of the 
5′end of all reads, which correspond to the Lexogen adapter sequences, using Trimmomatic 
version 0.33 [55]. Before and after this trimming step, the quality of the sequencing data 
was confirmed using FastQC version 0.11.3 [56] and only samples that met the required 
parameters were used for subsequent analysis. Following trimming and QC check, gene 
reads were aligned to the complete human genome (Ensembl build v. 93 GRCh38) using 
Bowtie 1.1.1 and quantified with RSEM 1.3.1, with an average of 10 million reads per 
sample. Normalization of the quantified read counts from all samples was performed 
using the R package DESeq 2 (v. 1.14.1) (Bioconductor, Seattle, WA, USA) [57] resulting in 
a list of around 13,000 differentially expressed genes (DEGs) for each treatment condition. 
Moreover, the profile and distribution of the samples were obtained according to the 
amount of reads, hierarchical clustering, principal component analysis (PCA) and sample 
dispersion. For each time point, the following comparisons were possible: (a) Untreated 
control vs. Vehicle control; (b) 0.1 µM vs. Vehicle control; (c) 1 µM vs. Vehicle control; (d) 10 
µM vs. Vehicle control; (e) 30 µM vs. Vehicle control. In addition, Bonferroni correction [30] 
was applied to all genes obtained, after which genes with adjusted p-value < 0.05 were 
considered as differential expressed genes (DEGs). 

Pathway Analysis Based on DEGs
The lists of DEGs obtained for each time point and concentration were used 

as input for pathway overrepresentation analysis (ORA) using ConsensusPathDB 
(CPDB) release 34 [58], considering a cut-off of 0.01. ORA analysis provided an 
overview of biological pathways affected in treated samples as compared to vehicle 
controls. The Reactome database version 67 [59], WikiPathways [60] and KEGG 
[61] were selected as preferred databases for pathway analysis and interpretation 
of biological processes. The most significantly overrepresented pathways were 
identified using the q-values (q < 0.05) and the number of DEGs involved. The most 
relevant DEGs we visually summarised using BioRender illustration tool [62].

Supplementary Materials

 The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms23042213/s1, References [28, 29, 53, 63-70] are cited in the 
Supplementary Materials.
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Abstract

The development of co-culture systems combining different types of cells 
creates the opportunity to study cell-cell interactions more accurately, and their 
involvement in responses to chemical exposure or other stimuli. The interest in 
co-culture models has increased gradually over recent years given their added 
value in studying inflammatory diseases and idiosyncratic drug responses in the 
context of more complex multicellular systems. In this study, we characterize 
a new 3D co-culture model that directly combines human healthy colon 
organoids and THP-1 derived macrophages. Three co-culturing methods were 
tested, which showed that adding macrophages directly to the medium was the 
preferred way to establish a co-culture. Macrophages were able to cross the 
matrigel matrix and migrate into the organoids, a process that resembles quite 
well the in vivo situation. Next, we tested the co-culture model by exposing 
it to lipopolysaccharide (LPS) and doxorubicin, compounds known to induce 
inflammatory responses, and doxorubicin in combination with ibuprofen, an 
anti-inflammatory drug. This enabled testing different inflammatory conditions 
in vitro. Colon organoids and macrophages mono-cultures were exposed to 
the same treatment conditions to compare with the co-culture. Image analysis 
and measurement of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) were 
performed to check if adding macrophages to the colon organoids culture would 
have an impact on the responses to the exposures. Overall, results showed that 
LPS and doxorubicin stimulated the production of cytokines in the co-culture, 
and the addition of ibuprofen decreased the levels of cytokines to levels similar 
to those of the controls. Cell proliferation was visualized after Ki67 staining, 
showing that LPS inhibited the proliferation of colon organoids with or without 
macrophages. Our results show that the co-culture model provides a novel 
approach for drug screening and assessing drug-induced acute and/or chronic 
inflammation.     
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Introduction

 Advanced three-dimensional (3D) cell culture systems, including those of 
organoids, have been revolutionizing in vitro techniques in biomedical research. Due to 
their better resemblance in terms of structure and function of the in vivo tissue of origin 
[1], these new 3D in vitro models may outperform the more traditional 2D cell cultures, 
which poorly reflect in vivo tissue heterogeneity, cellular behaviour, and cell interactions 
[2]. Cell models such as organ-in-a-chip [3] or mini-guts [4] are rapidly gaining interest and 
have become valuable new tools in the study of organ development and homeostasis, 
disease modelling, and drug development [1, 5]. 
 Nevertheless, single cell type organoid models still lack some important in vivo 
characteristics, which relate to specific cellular interactions. This is particularly important 
concerning inflammatory responses that depend on the role of immune cells. This 
limitation can be circumvented by using co-culture systems in which two or more cell 
types are combined and grown together, thus allowing communication between each 
other. Several of these systems have already been used to study key cell-cell interactions, 
for instance in hepatic and gastrointestinal tissues [6, 7]. In addition, co-culture models 
have been regarded as relevant tools in drug research, as they may mimic the drug tissue 
responses and drug effects observed in patients better than conventional in vitro models, 
which lack tissue complexity, and animal models, which fail to predict all human risks due 
to species specificity [8, 9]. Therefore, the use of these advanced cell culture models can 
be time and cost-effective alternatives for drug discovery. 
 So far, four main different types of co-culture systems have been explored [10]: 1) 
direct co-culture, in which organoids are directly combined with other cells, e.g. immune 
cells, in the matrigel [11]; 2) incorporation of cells in the surface of organoids, e.g. to study 
interactions between intraepithelial cells and organoids, especially in cancer [12]; 3) 
direct microinjection of lumen cells (microbiota) into the lumen of organoids [13]; 4) via 
transwell inserts, in which organoids, after being seeded, generate polarized layers, and 
other cell types can be added under or on top of the well [14]. A schematic overview of the 
different co-culturing methods is illustrated in Figure 1. 
 In view of the advancements in cell culture systems, we established a 3D co-
culture model consisting of colon organoids and THP-1 derived macrophages combined 
based on direct co-culture. The mono-culture model of 3D healthy human colon organoids 
was well-established in our laboratory and it has been already applied in the investigation 
of drug-induced intestinal toxicity [15, 16].  
 The immune cell line THP-1 is derived from a human leukaemia monocyte 
that can be further stimulated and differentiated into macrophages, acquiring similar 
morphological and functional characteristics as those of macrophages in vivo [17]. 
Moreover, these cells have a fast growth rate and can be cultured for long periods 
without loss of viability and activity. Due to these advantages, the THP-1 cell line has 
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been widely used in the research of monocytes/macrophages functions, responses, 
signalling pathways, and effects of compounds, including drugs [17]. Additionally, THP-
1 cells have previously been combined with different cells particularly intestinal cells 
(Caco-2 monolayers) [18], adipocytes [19], and vascular smooth cells [20]. Noteworthy, the 
selection of macrophages over other types of immune cells was based on the presence 
of resident intestinal macrophages (Mφ) during innate and adaptive immunity in the 
mucosa and deeper layers of the colon epithelium [21]. Furthermore, Mφ are activated by 
several pathways including NF-kB signalling, after which these cells can either generate 
pro-inflammatory cytokines/chemokines, such as IL-1, IL-6, IL-12, IL-23, TNF-α, and CXCL10, 
or anti-inflammatory cytokines, especially IL-10 and TGF-β [21]. Additionally, colonic 
macrophages have a fundamental role in the maintenance of intestinal homeostasis [22].
 This study aims at providing a new in vitro model that can be used to investigate 
the role of immune system cells in drug-induced toxicity, resulting in gastrointestinal 
(GI) acute and/or chronic inflammation. The co-culture system will therefore be useful in 
better understanding drug-induced toxicity that implicates inflammatory responses and 
that contribute to intestinal damage. The co-culture model was tested by exposing it to 1) 
lipopolysaccharide (LPS), a bacterial endotoxin known to induce the immune system and, 
thus, widely used in in vivo and in vitro studies to reproduce infection and inflammatory 
conditions [2, 23]; 2) doxorubicin (DOX), an anthracycline used in the treatment of several 
cancers [24] that also triggers inflammatory responses in the GI tract, leading to intestinal 
mucositis [16, 25]; 3) combination of DOX with ibuprofen, a non-steroid anti-inflammatory 
drug (NSAID) commonly used to relieve inflammation [26]. This combination was tested to 
investigate if by adding ibuprofen, the toxicity effects caused by DOX would be reduced. 
The responses of the co-culture system were compared with the responses of the 3D 
mono-culture of colon organoids and macrophages cultured separately. 

Figure 1. Schematic representation of the different co-culturing approaches explored so far.
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Material and Methods

Culture of  3D healthy human colon organoids 
 Human healthy colon organoids were kindly provided by Boehringer Ingelheim 
Pharmaceuticals Inc. (Ridgefield, USA), who purchased tissue biopsies from Discovery Life 
Sciences (Huntsville, Alabama, USA; formerly, Conversant Biologics Inc.) under the bio-
specimen purchase agreement. All tissue samples were collected with written informed 
consent under the approval of the institutional review board (IRB). 3D colon organoids 
were established in a matrigel-based matrix (phenol-red free, Corning), at our laboratory. 
The establishment of the 3D culture of the colonic tissue was based on the methods 
described by Sato et al. [27]. Frozen organoids were recovered and cultured on a 24-well 
plate and grown in complete crypt medium to maintain a stem cell state for propagation. 
Colon organoid cultures were passaged every 3 – 7 days as described in our previous work 
[15]. Before experimentation, organoids were transferred to 96-well plates and cultured in 
Human IntestiCult™ Organoid Growth Medium (Stemcell, Cologne, Germany) to promote 
differentiation. After 2 – 3 days, organoids started exhibiting intestine-like crypts and villi, 
hallmarks of organoid differentiation [15]. 

Culture of  THP-1 cell line and differentiation to Mφ
 The THP-1 cell line was kindly provided by Alexandra Heinzmann (CARIM School, 
Department of Biochemistry, Maastricht University, the Netherlands). This cell line was 
derived from a human acute leukaemia monocytic cell line [17]. The THP-1 cell line was 
cultured in RPMI-1640 medium prepared with 20 % Fetal Bovine Serum (qualified, heat-
inactivated, Gibco) and 1% (v/v) penicillin/streptomycin (Gibco, Thermo Fisher Scientific, 
Waltham, Massachusetts, USA). For differentiation purposes, different concentrations of 
phorbol myristate acetate (PMA) ranging between 0 and 200 ng/mL were added to the 
culture medium to determine the optimal concentration for Mφ generation. After 3 days, 
Mφ were grown in culture medium without PMA for 3 – 5 days, and they were ready to be 
used in further experiments.  

3D co-culture system with colon organoids and THP-1-derived 
macrophages 
 Three different methods to combine colon organoids and THP-1 cells were 
tested in a 3D system containing matrigel so that we could determine the most effective 
procedure. First, colon organoids were combined with THP-1-derived monocytes in a ratio 
2:1 (organoids:Mφ), in matrigel, upon passaging the organoids. To this culture, 50 ng/mL 
of PMA was added to the organoids culture medium for 3 days, after which the cells were 
cultured without PMA for 3 – 5 days. Second, colon organoids were combined with THP-1 
differentiated Mφ, in matrigel, upon passaging the organoids, and kept in culture for 6 – 7 
days. Lastly, the THP-1 differentiated Mφ were added to the culture medium where colon 
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organoids were growing, for 24 h. In all co-culture systems, cells were grown in Human 
IntestiCult™ Organoid Growth medium.

In vitro exposures to LPS, DOX, and Ibuprofen 
 All compounds were purchased from Merck (Darmstadt, Germany). The selection 
of DOX and ibuprofen in vitro concentrations were based on Simcyp PBPK Modelling and 
Simulation performed by Certara (Sheffield, UK), taking into consideration the distribution 
of these drugs in the intestines in patients [16, 28]. The selected concentrations were, 
therefore, within the range of therapeutic doses. The LPS concentrations of 10 and 50 
ng/mL were selected based on previous experiments [2]. Mono-culture of differentiated 
colon organoids, Mφ, and co-culture were exposed to three different conditions: 10 ng/
mL LPS, 30 µM DOX, and 30 µM DOX with 1mM ibuprofen, for 24 h. Control wells were 
also included for all conditions, consisting of cells seeded in 100 µL IntestiCult medium. 
All exposures were performed in biological triplicates in 96-well plates. After exposure, 
samples were collected for image analysis, and the supernatant was collected to measure 
the levels of pro-inflammatory cytokines TNF-α, IL-6, and IL-1β.

Staining and image analysis of  cell culture models
CD11b marker for macrophages
 After collecting the culture medium, cells were fixed with 4% paraformaldehyde 
(PFA) for 1 h followed by a 3 times wash with phosphate-buffered saline (PBS). Next, cells 
were incubated with antibody Alexa Fluor 488 anti-human CD11b (301317, Biolegend, 
Amsterdam, the Netherlands), diluted 1:20, and washed with PBS. After, a solution 
containing Phalloidin-TRITC (Merck, Darmstadt, Germany), with final concentration of 
0.1 µM [29] was added to visualize the actin cytoskeleton. Fixed and stained cells were 
visualized under the Nikon Fluorescence microscope.

Proliferation marker Ki67
 After collecting the culture medium, cells were first fixed with 200 µl of 2% PFA 
for 1 h and then permeated with 200μl 0.5% Triton-100-PBS for 30 min. Afterwards, cells 
were blocked with 1% BSA-PBS solution for 30 min and incubated overnight, at 4°C, on 
a shaker, with anti-Ki67 antibody (ab1667, Abcam, Cambridge, UK), diluted 1:250. Next, 
cells were incubated with goat anti-rabbit 594 antibody (Abcam, Cambridge, UK) for 1 h. 
After the second incubation, cells were incubated with Hoechst 33258 (Merck, Darmstadt, 
Germany), diluted 1:500, for 20 min. Finally, cells were embedded with an anti-fluorescent 
quenching agent (Abcam, Cambridge, UK). Between each incubation step, cells were 
washed 3 times with PBS. Image analysis was performed under Leica SPE confocal 
microscope.
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Flow cytometry analysis: fluorescence-activated cell sorting (FACS)
 FACS was used to quantify the Mφ derived from THP-1 monocytes. It was 
performed using CD11b marker and MitoTracker deep red (mitochondria). First, 2 μl 1mM 
MitoTracker stock solution was added to 2 mL of culture medium and mixed well for 30 
min at 37°C. After the addition of MitoTracker, all the following steps were performed 
avoiding light. Second, THP-1 cells from each well (untreated and treated with PMA) were 
collected into different tubes and centrifuged at 800 rpm, for 3 min at 20 - 25°C, followed 
by one wash with DPBS and centrifugation. Next, the supernatant was discarded and 
cells were resuspended in 200 μl DPBS. To the cell resuspension, 2 μl of anti-CD11B-FITC 
antibody were added for an incubation period of 30 min at 20 - 25°C. Afterwards, 2 mL 
DPBS were added to each tube and centrifuged. Finally, the supernatant was discarded, 
cells were resuspended in 300 μl DPBS, and transferred into FACS tubes. The respective 
signals were measured in the FITC channel and APC channel for CD11b and MitoTracker, 
respectively.

Measurement of  cytokines in the supernatant 
 For each exposure condition, 50 µL of media were collected and kept on ice 
or stored at -80°C until analysis. Measurement of human inflammatory cytokines TNF-α 
and IL-1β was performed using the Human Instant ELISA kit (Invitrogen) specific for each 
cytokine, and following the manufacturer’s instructions. Human IL-6 was measured using 
the Uncoated ELISA kit (Invitrogen), following the manufacturer’s instructions. A standard 
curve for each cytokine was also calculated. The plates containing the standards and 
sample reactions were measured in a microwell spectrophotometer using a wavelength 
of 450 nm, as recommended. The absorbance values were transferred to Graphpad Prism 
9.0. First, the standard curve was determined, followed by the calculation of the levels of 
cytokines in each sample.

Results

Differentiation of  THP-1 cells to Mφ
 PMA is a specific activator of protein kinase C (PKC), hence activates nuclear factor-
kappa B (NF-κB), promoting the differentiation of THP1 monocytes into Mφ [17]. After 
adding different concentrations of PMA in the THP-1 cells’ medium, it was determined 
that 50ng/mL PMA was the best concentration to promote differentiation of THP-1 based 
on microscope visualization, FACs, and staining of the cells with CD11b and Mitotracker 
(Figure 2). After adding 0 and 5 ng/mL of PMA, the THP-1 cells presented weak ability of 
adherence, which contributed to the loss of cells (Figure 2A). Therefore, the number of Mφ 
was not different from the control (Figure 2B-D). The highest dose of PMA (200 ng/mL) 
seemed to be toxic for the cells rather than promoting growth and differentiation (Figure 
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2A, cell 2 cluster in 1B-D). Figures 2E and F show the differentiated Mφ after treatment 
with 50 ng/mL of PMA and staining with CD11b and Mitotracker. The signal of both 
CD11b marker and mitochondria viability is more intense in the treated group than in 
the untreated group. The 50 ng/mL concentration of PMA was determined as the optimal 
dose to promote THP-1 cells differentiation. 

Figure 2. THP-1 cells were treated with 0ng/mL, 5 ng/mL, 50 ng/mL, 100 ng/mL and 200 ng/mL 
PAM for 3days and then without PAM for 3 days. 50 ng/mL PAM was determined as the optimum 
concentration for inducing differentiation of THP-1 cell line to MФ. (A) Image of the cells after each 
treatment with PMA under the microscope (40×). (B) Analysis of cell size via flow cytometry with 
the percentage of two existing cell clusters. (C) Analysis of CD11b expression of the two cell clusters 
via flow cytometry. (D) Quantification of MФ with the relative mean value. Labelling of CD11b with 
Alexa Fluor® 488 anti-human CD11b antibody. (E)  Analysis of CD11b expression in MФ with and 
without 50 ng/mL PMA treatment. Labelling of CD11b with Alexa Fluor® 488 anti-human CD11b 
antibody (green). (F) Labelling of mitochondria with Mitotracker Deep Red 633 (red).
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Direct co-culturing of  3D colon organoids and THP-1 macrophages
 Three methods of co-culturing were tested so that the optimal one could be 
selected. First, we combined THP-1 monocytes with the colon organoids in matrigel, 
followed by the addition of 50ng/mL of PMA to the organoids culture medium for 3 days to 
stimulate monocytes differentiation. However, the PMA was toxic to the colon organoids 
at this concentration. Second, we combined the THP-1 differentiated Mφ with colon 
organoids directly in the matrigel upon passaging the organoids, which was successful. 
We additionally checked whether directly adding the THP-1 differentiated Mφ to the 
culture medium of colon organoids, rather than mixing the cells in the matrigel, would 
be successful. By doing so, we attempted to mimic the migration of Mφ to inflammation 
sites. This last method also succeeded, as macrophages were able to cross the matrigel 
barrier and migrate towards the organoids (Figure 3). Therefore, we selected the third co-
culturing approach for further experiments because, apart from being an easier and less 
time-consuming method, it mimics more closely the in vivo migration of macrophages to 
inflammation sites in the intestinal epithelium. The Mφ were visualized using the antibody 
CD11b. Staining for F-actin was performed to aid in the visualization of the interaction of 
Mφ with the organoids.  

Effect of  LPS, DOX, and ibuprofen on cell proliferation
 After treatment with LPS, DOX, and DOX with ibuprofen for 24 h, morphology 
and cell proliferation of the co-culture system and the colon organoids mono-culture 
were examined under the microscope (Figure 4). Exposure to LPS did not seem to cause 
significant changes in the morphology of the colon organoids mono-culture and the co-
culture system (Figure 4A). However, it decreased the Ki67 signal (Figure 4B), demonstrating 
that LPS perturbed cell proliferation. Moreover, Ki67 signal of colon organoids in co-
culture was lower than those in mono-culture, especially after exposure to LPS. This could 
suggest that the co-culture with macrophages decreased the proliferation capacity of 
human colon organoids. Alternatively, it could also be a result of the cytokines produced 
by the macrophages during the inflammatory stimulus by LPS. 
 Colon organoids treated with DOX became smaller and their lumen got darker 
(indication of cell death) as compared to the controls (Figure 4A). The impact of DOX on 
proliferation could not be measured due to DOX’s red colour, which interfered with the 
Ki67 signal (Figures 4C). On the other hand, the size of the colon organoids in mono- 
and co-culture exposed to DOX and ibuprofen seemed to have increased and the lumen 
became lighter than in the DOX group (Figure 4A). Again, proliferation could not be 
evaluated due to DOX interference on Ki67 signal (Figure 4C). 
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Figure 3. Selection of co-culture methods. (A) from left to right: colon organoids mono-culture in growth 
medium; co-culture of THP-1 monocytes (Mono) with colon organoids in matrigel; co-culture of THP-1 Mφ with 
colon organoids in matrigel for 6 days; co-culture by addition of THP-1 Mφ to the medium of colon organoids 
for 24h. Visualization of Mφ by labelling with Alexa Fluor® 488 anti-human CD11b Antibody (Green, 10×) and 
picture in the light field (4×). (B) Co-culture of THP-1 Mφ in culture medium with differentiated colon organoids. 
Labelling of CD11b with or without Alexa Fluor® 488 anti-human CD11b antibody (green, 40×). (C) Staining of 
the co-culture system and colon organoids mono-culture with Alexa Fluor® 488 anti-human CD11b antibody 
(green) and Phalloidin-TRITC for F-actin (red).
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Figure 4. Imaging of the co-culture system and colon organoids mono-culture without treatment (control) 
and after treatment with LPS, DOX, and DOX with ibuprofen for 24h. (A) Morphological changes of organoids 
without staining (40x). (B) and (C) Cell proliferation visualized by immunofluorescence with Ki67 marker (red) 
and nucleus stained with Hoechst 33258 (blue).
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Effect of  exposures on the cytokine levels in the culture systems
 Levels of pro-inflammatory cytokines TNF-α, IL-6, and IL-1β of treated and 
untreated co-culture, mono-culture of colon organoids, and Mφ were measured and 
compared. In the untreated cells (controls), levels of cytokines were very close to zero or 
not detected, as in the case of IL-6 (Figure 5). Likewise, levels of the cytokines in the colon 
organoids mono-culture in all exposure conditions were either very low or not detected. 
Exposure of the co-culture and Mφ in mono-culture to LPS significantly increased 
the production of cytokines. In the co-culture, TNF-α had the higher value (46 pg/ml, 
p-value=0.0001) upon exposure to LPS, followed by IL-6 and IL-1β, with a concentration 
around 10 pg/ml (p-value=0.009). Mφ in mono-culture, however, produced more IL-6 (66 
pg/ml, p-value=0.0001). 
 Exposure of the co-culture to DOX also significantly stimulated the production 
of TNF-α and IL-1β, as compared to the respective controls (p-value of 0.001 and 0.02, 
respectively). On the contrary, levels of cytokines in the Mφ supernatant were not 
increased upon exposure to DOX, as compared to the controls (Figure 5). The addition 
of ibuprofen to DOX exposure did not affect the Mφ in mono-culture whereas, in the co-
culture, levels of cytokines decreased to levels similar to those of the controls, as compared 
to the treated group with DOX only (p-value=0.02). Therefore, the addition of ibuprofen 
reduced the effects of DOX on cytokine production. 

Figure 5. Levels of pro-inflammatory cytokines TNF-α, IL-6 and IL-1β measured in the supernatant 
collected from the co-culture, colon organoids and Mφ upon exposure to 10 ng/ml LPS, 30 µM DOX 
and DOX with 1 mM ibuprofen. The respective controls were included and are represented as Ctrl.  
*p-value=0.02; **p-value=0.009; ***p-value=0.001; ****p-value=0.0001.
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 In summary, these results show that the presence of Mφ in the co-culture system 
delivered the intended effect. Cytokines production increased in the co-culture compared 
to the colon organoids mono-culture upon exposure to LPS and DOX. The addition of 
ibuprofen counter-acted the increase in the cytokines levels caused by DOX in the co-
culture.

Discussion

 In light of the recent advances in organoid technology [1, 4, 27, 30, 31] and 
the advantages it has brought to in vitro research, it is of great interest to exploit its full 
potential. For the organoid models to be regarded as alternative models to other in vitro 
and animal models, co-culturing with components including stromal cells, muscle cells, 
blood vessels, and immune cells is the next step.  
 In this study, we present a new 3D in vitro model in which differentiated colon 
organoids and THP-1 derived Mφ were combined and grown together in a co-culture 
system. The THP-1 derived monocytes were well-differentiated into Mφ after treatment 
with PMA, which was shown by the immunofluorescence and FACS results (CD11b and 
MitoTracker). Furthermore, three co-culturing methods were tested, of which the addition 
of the Mφ directly in the culture medium of the colon organoids proved successful, as Mφ 
could cross the matrigel matrix and interact with the colon organoids. In addition to being 
the easiest and least time-consuming co-culturing method, this approach resembles the 
migration of resident Mφ to inflammation sites in the colonic tissue.
 Further, we exposed the co-culture system to different compounds, namely 
LPS, which is known to activate inflammatory responses [23]; DOX, which is a 
chemotherapeutical known to cause intestinal damage and inflammation [16]; and its 
combination with ibuprofen, an NSAID, to test for a possible amelioration of the DOX-
induced toxic effects on the organoids. The same treatment conditions were applied to 
Mφ and colon organoids growing separately. The responses from the different in vitro 
systems were compared and the impact of adding immune cells was evaluated. Looking at 
the image data (Figure 4), differentiated colon organoids in the mono- and the co-culture 
exposed to LPS, DOX, and DOX with ibuprofen showed similar morphological changes. On 
the other hand, the results of the levels of pro-inflammatory cytokines reflected different 
responses with or without the Mφ.  
 First, LPS did not cause significant changes in the colon organoids’ morphology 
in both culture systems, but it decreased the proliferation signal of Ki67 as compared to 
the respective controls. Moreover, no signs of proliferation were visible on the organoids 
in the co-culture exposed to LPS, which suggests that Mφ decreased the proliferation 
capacity of the organoids, but maintained their differentiated state. In addition, it may 
also indicate that the cytokines produced by the Mφ during the exposure favoured the 
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organoids’ survival rather than proliferation. Indeed, exposure to LPS led to a significant 
increase in the levels of pro-inflammatory cytokines in the supernatant of the co-culture 
and Mφ in mono-culture, unlike in the organoids mono-culture (Figure 5). Levels of TNF-α 
had the highest increase in the co-culture followed by IL-6 and IL-1β, whereas in Mφ in 
mono-culture the highest levels were observed for IL-6, followed by TNF-α and IL-1β. A 
hypothesis could be that Mφ in mono-culture responded faster and, thus, stimulation of 
IL-6 took place earlier than when interacting with the colon organoids. TNF-α has been 
reported to be produced in an initial phase of acute inflammation, triggering signalling 
cascades within the target cells, ultimately leading to apoptosis [32]. Moreover, TNF-α 
can stimulate the production of IL-6 and IL-1β, which also have an important role in host 
defence, immune responses, and maintenance of cell homeostasis [32, 33]. Future studies 
are needed to fully grasp the cascade of events leading to cytokines stimulation during 
inflammatory responses.  
 Second, exposure to DOX caused significant changes in the morphology of the 
colon organoids in both culture systems. Although the number of dead cells seemed to be 
higher in the organoids mono-culture, the visualization with the proliferation marker was 
not conclusive. Nevertheless, measurement of cytokine levels demonstrated that exposure 
to DOX stimulated cytokine production, particularly TNF-α, only in the co-culture system. 
This may contribute to the activation of apoptotic processes in colon organoids since it is 
known that the binding of TNF-α to its receptor can induce caspase signalling [32]. This can 
be linked to caspase activation and consequent induction of apoptosis induced by DOX in 
colon organoids observed in our previous work [16]. Lastly, the addition of ibuprofen to 
the treatment with DOX seemed to reverse DOX’s effects, as the organoids’ morphology 
did not change further. Moreover, levels of cytokines in the co-culture were similar to 
the levels of the controls, which is in line with the anti-inflammatory action of ibuprofen. 
These results suggest that the combination of DOX and ibuprofen during chemotherapy 
could potentially minimize intestinal inflammation, which is beneficial to patients.
 In conclusion, we have successfully established a novel co-culture system that 
combines colon organoids and Mφ and that allows us to study the interaction between 
these cell types in response to chemical exposures. Further studies are planned for 
the establishment of a longer-term co-culture system as well as for testing different 
compounds. This co-culture technique holds marked promise for further investigating 
inflammation-associated drug toxicity, and for the development of novel medicines. 
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 The intestinal tract is a vital organ due to its numerous functions. It is not only 
involved in digestion, metabolism, and absorption of nutrients and drugs, but also in 
immune, endocrine, and neuromotor responses [1, 2]. Therefore, it is of great importance 
to maintain the intestines healthy and functional. In fact, intestinal damage during drug 
treatments, especially anti-cancer ones, is regarded as a serious adverse effect that may 
require dose reduction to prevent further damage [3]. Hence, intestinal damage can be 
dose-limiting and lead to dosing adjustment or interruption of the therapy. Nevertheless, 
intestinal toxicity caused by drugs has been underestimated thus far and a very limited 
number of studies have focused on this aspect of pharmacotherapy. Moreover, compared 
to other main organs such as the liver, heart, or kidneys, there has been less progress 
in investigating intestinal toxicity, thus available data is very limited. Therefore, one 
goal of our studies was to generate new data on intestinal toxicity induced by different 
chemotherapeutics. Transcriptomic responses were aligned with cytotoxicity endpoints, 
proteomics, and metabolomics in order to improve our understanding of the perturbed 
biological processes in intestinal cells and, ultimately, support the future establishment of 
intestinal toxicity predictive models for drug safety assessment. 
 Up until recently, the in vitro investigation of drug-induced intestinal toxicity has 
been conducted in conventional 2-dimensional (2D) cultures, which are mainly originated 
from colon cancer cells, such as the frequently used Caco-2 or HT-29 cell lines [4]. The 
use of these cancer-derived cells is not the most ideal approach to gain insight into 
drug-induced gene expression changes in healthy human tissue, as cancer cells often 
modulate their genetic traits to increase proliferation and resistance to drugs [5, 6]. As a 
result, this makes the already challenging translatability of in vitro to human conditions 
even more difficult. Although animal models take pharmacokinetic effects into account 
that cannot be studied in vitro, animal research is expensive and it does not accurately 
reflect drug responses in humans either. This is evidenced by attrition rates in clinical 
trials demonstrating that rodent-derived data poorly translate into human risks, being 
only 71% concordant [2, 7, 8]. Consequently, animal research often leads to failure of drug 
safety assessment during clinical testing phases, which delays drugs´ approval [8]. On the 
other hand, clinical studies performed so far are also limited in the sense that they usually 
include colon cancer samples from patients but do not include the healthy section of the 
exposed tissue. In addition, studies include therapies with a combination of drugs rather 
than monotherapy with the target drug. These complexities contribute to the limited 
investigation of transcriptomic signatures underlying drug-induced toxicity in healthy 
intestinal tissue. 
 In an attempt to overcome the fact that traditional 2D in vitro cultures and rodent 
models poorly reflect most human risks during clinical tests, a more advanced culture 
model was adopted in this work, namely three-dimensional (3D) culture models of human 
intestinal organoids. Sato et al. (2009) was the first investigator who developed long-term 
intestinal organoids from stem cells of the small intestine crypts, being the first major 
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technological advance in 3D culture [9]. Due to this remarkable work, it is now possible to 
perform long-term culture of organotypic 3D systems of any human tissue or organ [10-
15]. Organoids may present features quite similar to in vivo tissue regarding proliferation, 
differentiation, and behaviour [16]. Therefore, they are regarded as the future tool to study 
biological processes from cellular differentiation to homeostasis and the development 
of diseases [10, 17]. Moreover, organoids have shown potential for high-throughput 
screening of drugs efficacy and/or toxicity, and to investigate differential gene expression 
or signalling pathways that differ between normal and abnormal conditions [10, 11, 17-19]. 
Thus, these models are gradually becoming a promising alternative to more conventional 
models. 
 Chapters 2, 4, and 5 describe studies with organoid models of healthy human 
colon and small intestine (SI) that are exposed to various drugs to generate new data on 
intestinal drug-induced toxicity. Furthermore, we evaluated whether these models could 
identify both known and potential novel mechanisms of action of the different drugs 
tested. In order to expose our in vitro cell models to clinically relevant drug concentrations, 
physiologically-based pharmacokinetic (PBPK) simulations were performed taking into 
account the dose regimens recommended to patients [20-22]. Since the goal was to study 
the adverse effects during therapeutic conditions, we ensured that these concentrations 
were within the therapeutic range. Therefore, we applied concentrations that resemble the 
drug concentration range that occurs in the human gut epithelial cells upon treatments.
 
 In chapter 2, human intestinal organoids were exposed to 10, 100, and 1000 µM 
of 5-Fluorouracil (5-FU) for 24, 48, and 72 h. 5-FU is a widely used chemotherapeutic agent 
that is known to cause acute intestinal toxicity. 5-FU is an analogue of uracil, thus it is 
easily transported into the cells where it exerts its action by incorporation into DNA and 
RNA, perturbing their synthesis and function. It also interferes with thymidylate synthase 
(TS) function and stimulates the production of reactive oxygen species (ROS), thus 
increasing oxidative stress-related toxicity [23, 24]. After organoid treatment with 5-FU, 
cytotoxicity and functional endpoints were measured. The results demonstrated a time 
and concentration-dependent response with decreased viability (based on ATP levels), 
cell size, loss of shape, and increased caspase 3/7 activation, and percentage of cell death. 
Next, differentially expressed genes (DEGs) (q-value < 0.05) were identified and used for 
pathway analysis. We found that cell cycle, p53 signalling, mitochondrial ATP synthesis, 
and apoptosis were among the most strongly affected biological processes after exposure 
to 5-FU, and that correlated with the functional outcomes. The perturbations in gene 
expression and biological processes were, overall, stronger in colon than in SI organoids, 
supporting the hypothesis of a tissue-specific response. This was also demonstrated in 
the time-series analysis using Short Time-series Expression Miner (STEM), after which 
specific pathways and DEGs stood out for colon and SI. In colon, more affected pathways 
were biosynthesis and transport of small molecules, one-carbon metabolism (folate) and 
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mRNA translation, and the list of more relevant genes comprised SLC9A3 and AQP6, both 
involved in the transport of small molecules; JMJD4 (translational termination via ETF1), 
FIBCD1 (endocytosis and inflammation) and FASTK (FAS-mediated apoptosis). On the other 
hand, in SI organoids the strongest affected pathways were cell signalling mediated by Rho 
GTPases and fork-head box transcription factors, and the most relevant genes included 
KIF14, KIF26B and SMIM10L2A, involved in signalling pathways (p-53 and by RHO GTPases); 
AQP12B (transport of small molecules) and TMEM187 (function uncertain). In addition 
to transcriptomics, metabolomic data was generated by analysing the supernatant 
metabolome profile of untreated and treated organoids. Overall, TCA cycle and oxidative 
stress were the most perturbed pathways in both organoid types. Moreover, we reported 
tissue-specific alterations in the metabolome profile. In colon, a significant depletion of 
leucine and isoleucine (amino acid metabolism) was observed, whereas, in SI, there was 
a depletion in lactic acid (inhibition of the glycolytic pathway). After, transcriptomic and 
metabolomic data were integrated, taking into account that the data sets were derived 
from organoid pellet versus supernatant. This integrative exercise revealed a potential 
new mechanism involving factor E2F1 as a regulator of cell cycle and apoptosis. The 
next step will be to generate intracellular metabolomic data to complement the findings 
described in this chapter.  
 Regarding 5-FU mechanisms of toxicity in the intestines, few studies have looked 
into transcriptomic responses [2]. One rodent study on 5-FU toxicity reported p53-
dependent induced apoptosis and inhibition of cell cycle progression [25], similarly to our 
findings. Additionally, two DEGs found in our study were previously reported in human 
intervention studies, namely TYMS [26] and EML2 [27]. The first one codes for TS, which 
generates thymidine for DNA synthesis. Deregulation of TYMS leads to an imbalance of 
deoxynucleotides, and consequently, DNA damage, which is linked to 5-FU mechanism 
of action. EML2 is involved in cell signalling and cell growth. Nevertheless, those two clinical 
studies included only tumour colon samples and patients received other drugs in addition 
to 5-FU [26, 27]. Therefore, validation of our findings with human clinical data is still rather 
limited. Currently, one clinical study is looking into the best combinatory therapy with 5-FU 
including the measurement of potential biomarkers of gut toxicity in the faeces as one of the 
outcomes [28]. 

 In chapter 4, colon and SI organoids were exposed to 1, 10, 30, and 60 µM of 
doxorubicin (DOX) for 24, 48, and 72 h. Like 5-FU, DOX is a standard chemotherapeutic 
agent recommended for several cancers and belongs to the group of anthracyclines [29]. 
Key events in the mechanism of action of DOX include intercalation into DNA, disruption of 
DNA topoisomerases, and generation of ROS [30, 31]. Cardiotoxicity is a well-documented 
side effect induced by this drug, but only a very little number of studies have addressed 
intestinal toxicity. To fill this gap in toxicity data, we exposed our colon and SI organoids 
to study DOX-induced intestinal toxicity. The results showed that cell viability tended 
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to decrease in a concentration and time-dependent manner after exposure to 10 µM in 
both organoids, whereas caspase 3/7 activation tended to increase in colon but in SI, it 
remained almost unchanged. Transcriptomic analysis indicated perturbations in cell cycle, 
DNA repair, p53 signalling pathway, and oxidative stress, all linked to previously known 
DOX mechanisms of action. DNA methylation was also significantly affected in both 
organoids, whereas differences between colon and SI organoids were mainly observed 
in metabolic pathways. Energy generating pathways of glycolysis and lipids metabolism 
were only found affected in colon. On the other hand, metabolism of amino acids was 
affected at earlier time points in SI but later in colon. These results suggest potentially 
different mechanisms being involved in different parts of the intestinal tract. Gene 
expression analysis using STEM revealed different DEGs affected in colon (DHRS2, RGCC, 
LAMP3, TP53I3, TNFSF15, ABCA12 and MFAP3L) and SI (CAPN8, CTNND1, MPRIP, TSPAN1, TPX2, 
MCM5, DHRS9, SLC2A3, PPP1R3C and MT1X). The proteome analysis applied in chapter 4 
identified 19 proteins associated with DOX intestinal toxicity, which are involved in DOX 
metabolism, cell growth, differentiation and proliferation. Here, the proteomics data was 
obtained via computational simulations and not directly measured on the exposed cells. 
Therefore, some proteomic information might not have been fully covered as the in silico 
work was only based on known affected gut tissue proteins. However, for most proteins, 
the correspondent encoding genes were found significantly affected in the organoids after 
exposure to the drug. These results led us to conclude that exposure to DOX may result 
in a strong proliferation inhibition effect rather than apoptotic effect. Future integration 
of transcriptomics and proteomics generated from exposed organoids may complement 
the findings reported in this chapter. 
 Even though clinical studies on DOX intestinal toxicity are lacking, as these 
mostly focus on cardiotoxicity, we compared the DEGs found in exposed colon and SI 
organoids with the transcriptomic data available in cardiomyocytes. Interestingly, two of 
the DEGs observed in the organoids were also found in cardiomyocytes exposed to DOX, 
namely CCND1 (cyclin D1) and TP53I3 (Tumor Protein P53 Inducible Protein 3). Cyclin D1 
was upregulated in mice cardiomyocytes [32]. Likewise, the expression levels of CCND1 in 
colon and SI organoids increased over time and concentrations of DOX. In turn, the TP53I3 
gene was observed in exposed human-derived cardiomyocytes [33]. Despite not being 
tissue-specific, these two genes could be relevant in the investigation of gene responses 
to DOX as they seem to be implicated in cardiotoxicity and intestinal toxicity. Future clinical 
studies will be valuable in validating gene markers of DOX-induced intestinal toxicity.

 Next, chapter 5 is focused on the investigation of the transcriptomic signatures 
of gefitinib, a more recent anti-cancer drug than the previous ones. Gefitinib is a tyrosine 
kinase inhibitor (TKI) and acts by selectively inhibiting the epithermal growth factor 
receptor (EGFR), and subsequent inhibition of many signalling pathways that regulate cell 
cycle, proliferation, survival, and apoptosis [34, 35]. Among the most common adverse 
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effects, gefitinib causes diarrhoea in 30% of patients [34]. Also for this compound, only a 
limited number of investigations have looked at the effect on intestinal damage. Thereby it 
demonstrates the need to generate new data that can provide insight into the mechanisms 
by which TKIs induce toxic side effects in the intestinal tract. In our studies, we exposed 
colon and SI organoids to 0.1, 1, 10, and 30 µM of gefitinib for 24, 48, and 72 h. Evaluation 
of cell viability showed that it decreased across time and concentration in both organoids. 
Caspase 3/7 activation increased after exposure to the two highest concentrations 
in colon, but only at 30 µM in SI. Morphological changes were different as size and 
roundness were more significantly altered in SI unlike the percentage of cell death, which 
was higher in colon. Transcriptomic analysis identified that signal transduction pathways 
were amongst the most perturbed pathways, in line with gefitinib’s mechanism of action 
[34, 36]. Likewise, apoptosis, FOXO-mediated transcription, p53 signalling pathway, and 
metabolism, particularly glycolysis, TCA cycle, respiratory electron chain, metabolism 
of lipids and cholesterol, were affected by the drug. Moreover, genes that encode for 
cell adhesion molecules E-cadherin and β1-integrin were found downregulated hence 
contributing to the drug-induced toxic effects [37, 38]. Differences in gene expression 
were also observed between the organoids. For instance, pro-apoptotic genes BAX and 
SUSD6 were upregulated in colon but not in SI. Another interesting difference between the 
organoids was the opposite direction of expression of genes involved in the metabolism of 
lipids and cholesterol. These genes were mostly downregulated in colon and upregulated 
in SI. We hypothesized that these differences may be related to different expression 
levels of PRKAB1, which in turn regulates activated protein kinase (AMPK) activity. When 
activated in stress conditions, AMPK can inactivate key enzymes for the biosynthesis of 
lipids and cholesterol [39]. Overall, genes and biological processes were more affected 
in colon organoids, suggesting that the colon may be more sensitive to gefitinib as 
compared to the SI. In turn, SI organoids seemed to have triggered a mechanism to better 
resist gefitinib effects by increasing cholesterol synthesis, which has been associated with 
cell resistance to the drug [40-42]. 
 As far as our knowledge goes, there are no clinical studies with gefitinib addressing 
intestinal toxicity. Previous in vitro studies with cancer cell lines reported upregulation 
of BAX and BCL2L11 (apoptosis) [43, 44], as observed in our study with the intestinal 
organoids. Additionally, and similarly to our findings, exposure of mice and human 
intestinal epithelial cells (IEC-6 and CCD 84441 CoN, respectively) to gefitinib resulted in 
downregulation of CCND1 (cell cycle), CDH1 (E-cadherin), and ITGB1 (β-integrin) [37, 38]. 

 The transcriptomic data obtained for the colon organoids exposed to 5-FU 
(chapter 2) was compared with data generated from colon biopsies of patients with 
advanced breast cancer taking capecitabine, a pro-drug of 5-FU (chapter 3). This study 
aimed to investigate gene expression responses and biological processes affected in 
human healthy colon tissue biopsies after monotherapy with capecitabine and further 
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evaluate the translatability of the colon organoids model. First, transcriptomic analysis 
of the colon biopsies showed that the most perturbed pathways were the transport of 
small molecules, cellular responses to stress, folate metabolism, NF-kB signalling pathway, 
and immune system responses. The most relevant genes were ATP12A, SLC26A3 and AQP8, 
involved in the transport of ions and water; TRIM31, a regulator of Wnt, p-53 and NF-kB 
signalling pathways [45]; MST1P2 and MST1L, stimulators of macrophages. The expression 
changes in the three membrane transporters encoding genes suggest dysregulation in 
water/ions reabsorption, which leads to diarrhoea [46]. In turn, TRIM31, by regulating 
essential signalling pathways, is involved in cell growth, proliferation and apoptosis. 
Additionally, and along with MST1P2 and MST1L, TRIM31 has a role in activating immune 
system responses and in increasing levels of cytokines [47]. These inflammatory responses 
seem to be secondary effects of 5-FU, triggered by colon cells damage derived from the 
exposure to the drug [48]. These events can also suggest the onset of diarrhoea. From a 
clinical perspective, these genes could be potential candidates to predict diarrhoea induced 
by 5-FU. Second, the comparison of biological processes affected in the human patients with 
those of the colon organoids clearly identified an overlap related to the transport of small 
molecules, cellular responses to stress, and folate metabolism, as these were also affected in 
vitro. Remarkably, TRIM31 was also found upregulated in colon organoids exposed to 5-FU. 
Therefore, this gene could represent a promising biomarker of drug-induced colon toxicity 
in vitro that may contribute to the improvement of drug screening studies before clinical 
testing of new fluoropyrimidines-based medicines. TRIM31 may also constitute a starting 
point in investigating translatable gene markers in colon organoids. Further validation of 
these findings is needed by setting up a larger study, including patients who have and those 
who do not have diarrhoea as an adverse effect of 5-FU. The inclusion of more patients will 
also contribute to fully checking the translatability of the organoid model.

 An overview of the biological processes affected by the different drugs in the 
colon and SI organoids, as well as in the cancer patients, is represented in Figure 1. 
Comparing the molecular pathways and DEGs affected in the intestinal organoids by the 
different exposures, we can observe some similarities and differences in the responses to 
the drugs. Due to their distinct mechanism of action, different outcomes were observed, 
mainly in the transport of small molecules, respiratory electron chain and ATP synthesis, 
activation/inhibition of signalling pathways, apoptotic or cellular senescence events, cell 
adhesion, and metabolism of lipids and cholesterol. Concerning the differences between 
in vitro and in vivo, these rely on perturbations in inflammatory responses and NF-kB 
signalling pathway observed in the patients’ samples, similar to a previous animal study 
[49]. Looking at the gene expression level, each drug statistically significantly affected a 
different set of DEGs, as well as specific genes in colon and in SI.
 Although our results point out several different molecular events and DEGs, 
the drugs’ effects cause perturbations in cell cycle progression and energy production 
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processes, mainly glycolysis and TCA cycle, activated p-53 signalling pathway, and oxidative 
stress (except for gefitinib). Furthermore, aquaporins and membrane transporters were 
affected in vitro and in vivo, suggesting the same mechanism of toxicity, despite the 
encoding DEGs being distinct. Therefore, it seems that different pathways underlying each 
drug-induced toxicity culminate in the same biological processes that affect cell growth, 
proliferation, differentiation, ultimately contributing to intestinal damage and diarrhoea. 

Figure 1. Overview of the key molecular processes affected in the colon and SI organoids by the different 
drugs selected to investigate intestinal toxicity. Molecular processes affected in the colon biopsies of the cancer 
patients receiving 5-FU are also included. Consequently, intestinal toxicity can lead to diarrhoea. Pathways in 
blue are inhibited by the drug, in red are activated and in grey both depending on the type of organoid. Legend: 
MoA, mechanism of action. 

 The organoids models implemented in this work surely offer cellular traits that 
other in vitro models do not have. However, the absence of immune cells is a limiting 
factor in the comparison between in vivo and in vitro toxicity evaluation. Immune cells 
are important for the maintenance and homeostasis of SI and colon tissues, including 
residential colonic macrophages [50]. It is well documented that inflammatory processes 
can also play a role during adverse events in many tissues, such as in the liver [51], skin [52], 
eye [53], and the gastrointestinal (GI) tract [54]. Thus a co-culture model of macrophages 
and colonocytes may allow us to study the impact of immune cell-mediated toxic responses 
induced by pharmaceutical compounds. For this reason, we have established a new and 
promising 3D co-culture system combining the human colon organoids and THP-1 derived 
macrophages (Mφ), which is described in chapter 6. In the first experiments with the co-
culture, this in vitro system was exposed to lipopolysaccharide (LPS), a known activator of 
inflammatory responses; DOX, known to cause intestinal toxicity; and the combination of 
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DOX with ibuprofen, a non-steroid inflammatory drug (NSAID) that reduces inflammation. 
Compared to the mono-culture of colon organoids, the co-culture showed a significantly 
higher production of pro-inflammatory cytokines TNF-α, IL-6, and IL-1β upon exposure 
to LPS and DOX. The addition of ibuprofen decreased the levels of cytokines in the co-
culture to similar levels as observed in the controls, suggesting that ibuprofen decreased 
the inflammatory response. These results led us to conclude that interaction between 
colon organoids and Mφ triggered different inflammatory responses, based on cytokine 
production and image analysis. The co-culture model that we established might hence 
constitute a promising tool to investigate further inflammation-associated drug toxicity. 
Still, future studies are needed to fully explore the new in vitro model. These include the 
investigation of gene expression changes and biological pathways associated with colon-
Mφ interaction and its role in responses to drugs.

Future innovations to improve the translatability of  in vitro 
toxicity testing 

 This work has brought innovative in vitro models to study drug-induced 
intestinal toxicity and generate new data, particularly on transcriptomic signatures. 
Nevertheless, there is still room for advancing the in vitro models for toxicity testing and 
their translatability. 
 The combination of the colon and SI organoids models with residential 
macrophages [50, 55], and other immune cells [56, 57] in a co-culture system is a remarkable 
innovation. These immune cells are important for the maintenance and homeostasis of 
the tissues. The immune system also plays an important role in the onset of inflammatory 
processes triggered by exposure to compounds [54]. For these reasons, this thesis includes 
the development of a co-culture model as a starting point to advance the colon organoid 
model and the investigation of drug effects on the onset of tissue inflammation. Likewise, 
the intestinal organoid model would benefit from the addition of the microbiome, which 
can also affect the responses towards drugs [58-61]. It has been demonstrated that the 
microbiome contributes to the homeostasis of the intestinal epithelium, being involved 
in gut metabolism, nutrition, physiology, and immune responses [62, 63]. Although there 
have been already some advancements in generating gut-microbiome cultures, the full 
understanding of host-microbe interplay, microbiota’s genetic traits, and flux rates of 
microbiome-derived metabolites is still lacking [64, 65]. Other challenges comprise the 
combination of strictly anaerobic microbes with colonic cells, which require oxygen to 
grow [64], and the diversity of microbe strains that can vary per individual [65].
 An additional advancement would be overcoming the challenge of the donor 
variability of the colon and SI organoids generated in this thesis. Future studies including 
paired healthy colon and SI organoids would offer various advantages regarding the 
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validation of tissue-specific drug responses, as well as the exclusion of the potential 
impact of donors’ genetic background on relevant drug-gene responses. Nevertheless, 
it is challenging to generate colon and SI organoids from the same individual because 
donors would have to undergo unnecessary surgical procedures. Intestinal paired 
organoid models are not commercially available either yet.  

Concluding remarks and future perspectives 

 This thesis demonstrates the value of using advanced in vitro models and 
experimental methods in toxicogenomics. We established a 3D cell culture organoid 
model of colon and SI tissues that were exposed to physiologically relevant drugs’ 
concentrations to better reflect the human in vivo conditions. A high-throughput 
transcriptomic approach was also applied to gain insight into gene expression changes 
specific to each drug. New transcriptomic data was generated from different classes of 
chemotherapeutics, addressing the lack of data on intestinal toxicity compared to other 
tissues. As a result, this work contributes to the better understanding of relevant pathways 
affected by drugs. The main outcomes of the different exposures are summarized in Figure 
1, which highlights novel and different molecular mechanisms associated with each drug. 
Cell cycle and p-53 signalling pathway are common pathways perturbed by the drugs. 
This suggests that drug-specific molecular pathways and genes lead to cell cycle arrest. 
From a clinical toxicity perspective, these results created new avenues for the distinction 
of SI from colon toxicity, and in finding targetable genes to prevent, monitor, or attenuate 
drug adverse events. 
 Furthermore, the development and application of the intestinal organoids model 
and experimental design applied in this thesis can improve in vitro drug toxicity assessment 
studies. Potentially, the in vitro model could become an alternative to conventional in vitro 
and animal models in predicting human drug responses. Despite this, there is still room 
for improvement of the intestinal organoids model by combination with immune cells 
and microbiome to more closely replicate the human gut environment in healthy and 
disease conditions. The advanced approaches used in this thesis and proven successful, 
and their further exploration, will stimulate the future of toxicity research.  
 The work described in this thesis also represents a step forward in the development 
of safer medicines and a promise in improving translatability between the organoid model 
systems and human subjects. Noteworthy, the new transcriptomic data presented in this 
thesis will be integrated into a quantitative systems toxicology (QST) model to predict 
GI toxicity from different classes of compounds. In this sense, this will be a fundamental 
contribution to the Translational Quantitative System Toxicology (transQST) project [22] 
in developing new tools to improve drug safety assessment during pre-clinical studies. 
Finally, this work will open doors to the investigation of toxicity biomarkers that will aid in 
the prediction of clinical outcomes and improve the monitoring of adverse events.  
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Addendum I

 Drug development and safety evaluation is a costly and time-consuming process. 
In current drug safety research, animal models are predominantly used in pre-clinical 
testing phases, even though their accuracy to replicate human responses or adverse 
effects is only 50-70% [1, 2]. Consequently, approval of candidate compounds after clinical 
trials or regulatory checks by e.g. the United States Food and Drug Administration (USFDA) 
and the European Medicines Agency (EMA) often fails. This can be unrewarding to both 
the researchers and investors, including pharmaceutical companies, who spent resources 
and efforts on drug design and development [3]. In order to establish a more accurate 
alternative to drug research for the pharmaceutical industry, we evaluated the use of 
organoids as more advanced in vitro models. Intestinal organoids models were derived 
from healthy tissue samples of small intestine and colon of human subjects. A 3D co-
culture system was also designed combining human colon organoids with immune cells. 
These novel 3D in vitro models can potentially replace the standard 2D cultures of Caco-2 
or HT-29 cell lines, as these lack tissue complexity, and rodent studies, as these poorly 
reflect all human risks. Moreover, PBPK modelling was used to improve the experimental 
design that simulates drug concentrations that reach the intestines in vivo [4]. High-
throughput transcriptomics combined with other omics and functional endpoints was 
performed to generate new gene expression data that can be applied to predict intestinal 
toxicity [5, 6]. 
 The societal relevance of the present thesis lies in the further pharmacotherapies 
for cancer patients. 5-fluorouracil (5-FU), doxorubicin (DOX) and gefitinib, exerting 
different mechanisms of action elucidated in chapters 2 and 3, 4, and 5, respectively, can 
cause intestinal toxicity, which usually culminates in diarrhoea. As a result, anti-cancer 
therapies need to be adjusted or interrupted, hindering the treatment of cancer. Concerns 
about intestinal adverse effects, which have been underestimated compared to other 
tissues, are growing among clinicians. By unveiling the molecular mechanisms underlying 
drug-induced intestinal toxicity and differentially expressed genes (DEGs), this thesis 
contributes to the improvement of strategies to assess drug safety and risks, minimizing 
side effects. Consequently, this can decrease chemotherapeutics withdrawal and improve 
patients’ quality of life. In this context, the 3D organoid models are a noteworthy tool to 
identify gene markers that might aid the progress of personalized medicine applicable to 
patients’ specific responses to cancer therapies, as explored in chapter 3. 
 In addition, the societal and scientific impact this thesis brings would be the 
reduction of animal tests. Rodent studies are still an inevitable step in pharmaceutical 
and toxicological research, despite the efforts to reduce and substitute animal use [7, 
8]. However, translation of research from animals to humans is often not possible. For 
instance, distinct immune responses or composition of the microbiome in rodents versus 
humans constitutes a major setback when investigating drug responses [9]. Therefore, 
a more advanced model that reflects more closely the organization and behavior of the 
human intestinal tract may be better predictive and, thus reduce incorrect evaluations 
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of compounds. Furthermore, more accurate in vitro models can be faster in evaluating 
drug toxicity, and generate a larger and quicker turnover, hence delivering new treatment 
options more efficiently and less costly. This brings us to the economic impact of this 
thesis. The possibility of cheaper drug design and assessment opens doors to more 
accessible medicines and reduction of health care costs. This would greatly benefit not 
only the quality of medical care and all patients receiving pharmacotherapy but also 
pharmaceutical companies as these are interested in developing more efficient and safer 
medicines in a faster and less costly way.    
 Apart from improving the understanding of cellular processes taking place 
during drug exposure and providing opportunities to study new drugs, the work 
presented in this thesis also contributes to the progress of in vitro systems, particularly 
co-cultures as established in chapter 6. In turn, this can contribute to the improvement of 
the translatability from in vitro to human conditions. It is of great interest the translation 
of gene markers into clinical settings as biomarkers to detect and/or prevent intestinal 
toxicity during disease therapies, which in turn would improve personalized medicine 
approaches. Both the academic community and pharmaceutical companies can benefit 
from our results as they provide an opportunity for further research and they form a basis 
for future risk assessment of new medicines. Effectively, the new transcriptomic data 
described in this thesis is currently being applied and validated through in sillico models 
as part of the TransQST project [10]. This will be instrumental in establishing a quantitative 
systems toxicology (QST) model as a novel tool to predict intestinal toxicity induced by 
new compounds during pre-clinical studies. 
 Taken all together, in this thesis we showed the potential use of intestinal 
organoids as the future culture systems to study drug efficacy and toxicity. These 
models can be implemented in the research of gene expression profiles and biological 
processes affected by a certain compound. Potentially the organoid models may provide 
gene markers that facilitate the detection and monitoring of intestinal damage during 
therapies. The future of toxicity research would benefit from advancing co-culture models 
[11, 12] as endeavored in this work, in which organoids are combined with other cell types 
that are part of the in vivo tissue complex organization to obtain more accurate outcomes. 
Although the results described in this thesis are mainly useful for the toxicogenomics field 
and in vitro drug research, they can also be of great interest and value to pharmaceutical 
companies, clinics/hospitals, and patients in general. 
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