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Resumo 

O fígado é o principal órgão responsável pelo metabolismo e excreção de compostos 

endógenos e exógenos, sendo o órgão mais exposto a compostos tóxicos. A colestase 

induzida por fármacos é causada pela acumulação tóxica de ácidos biliares nos hepatócitos, 

podendo a sua manifestação ter um início retardado. A colestase é uma patologia onde a 

secreção da bílis para o duodeno está reduzida, quer por reduzida funcionalidade dos 

hepatócitos, quer por obstrução da via secretória da bílis. 

O principal objetivo desta investigação era o estudo dos efeitos da ciclosporina A a 

longo termo em culturas de esferóides de hepatócitos primários humanos. 

Foi efetuado um estudo de dose-resposta durante 28 dias, onde as células eram 

expostas a diversas concentrações de fármaco. A viabilidade celular era medida pela 

quantificação do conteúdo total de ATP. Foi observado que a ciclosporina A era tóxica de 

forma dependente da concentração e tempo. 

Para além disso, foi estudado os efeitos sinérgicos entre a ciclosporina A e os ácidos 

biliares. Os esferóides eram expostos a ciclosporina A na presença e na ausência de ácidos 

biliares durante 28 dias. Os resultados sugeriram que os esferóides ficavam sensibilizados 

pela ciclosporina A na presença de ácidos biliares, confirmando o seu sinergismo. 

O índice colestático foi calculado para determinar que concentrações de ciclosporina 

A tinham o potencial de causar colestase. O índice colestático correspondia ao rácio entre o 

conteúdo de ATP dos hepatócitos na presença de ácidos biliares e o conteúdo de ATP dos 

hepatócitos na ausência de ácidos biliares. Valores inferiores ou iguais a 0.8 indicam que o 

composto tem o potencial de causar colestase. Os resultados demonstraram valores de índice 

colestático inferiores a 0.8, quando os esferóides estavam expostos a ciclosporina A a 5 µM, 

após 14 dias de exposição. De acordo com os resultados, a ciclosporina A foi considerada 

como exibindo potencial para induzir colestase. 

Mais estudos podem ser realizados nesta área, de forma a descobrir por quais 

mecanismos a ciclosporina A induz colestase, dado que estes ainda não são totalmente 

compreendidos. Ensaios de RT-qPCR e Western Blot podem ser executados para estudar a 

expressão génica e proteica, respetivamente. 

Palavras-chave: colestase; esferóides de hepatócitos primários humanos; ciclosporina A; 

efeitos sinergísticos dos ácidos biliares; índice colestático. 
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Abstract 

 The liver is the major organ responsible for the metabolism and excretion of 

endogenous and exogenous compounds, being more exposed to toxic compounds than any 

organ. Drug-induced cholestasis is attributed to the toxic accumulation of bile acids inside the 

hepatocytes and its manifestation can be delayed in onset. Cholestasis is a pathology where 

bile secretion to duodenum is reduced, whether by reduced functionality of the hepatocytes or 

obstruction of the excretory pathway of bile.  

The main objective of this research was to study the long-term effects of cyclosporine 

A in primary human hepatocytes spheroid cultures. 

A dose-response assay was conducted for 28 days, where the cells were exposed to 

several drug concentrations. Cell viability was measured by quantification of the total ATP 

content. It was assessed that cyclosporine A was toxic in a dose and time dependent manner. 

Furthermore, it was studied the synergistic effects between cyclosporine A and bile 

acids. Spheroids were exposed to cyclosporine A in the presence and in the absence of bile 

acids for 28 days. Findings suggested that spheroids were sensitized to cyclosporine A in the 

presence of bile acids, therefore confirming their synergism. 

Cholestatic index was calculated to determine which cyclosporine A concentrations had 

the potential to cause cholestasis. Cholestatic index was the ratio between the ATP content of 

the hepatocytes in the presence of bile acids and the ATP content of the hepatocytes in the 

absence of bile acids. Values lower than or equal to 0.8 indicated that the compound had the 

potential to cause cholestasis. Results showed cholestatic index values lower than 0.8, when 

spheroids were exposed to 5 µM cyclosporine A after 14 days of drug exposure. According to 

the results, cyclosporine A was suggested to demonstrate potential to develop cholestasis. 

More studies should be done in this area to discover by which mechanisms 

cyclosporine A induces cholestasis, since it is not yet fully understood. This can be achieved 

by performing RT-qPCR and Western Blot assays to study gene and protein expression, 

respectively. 

Keywords: cholestasis; primary human hepatocyte spheroids; cyclosporine A; synergistic 

effects of bile acids; cholestatic index. 
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1. Introduction 
1.1. Cholestasis and drug-induced liver injury 

The liver is a major vital organ that has a relevant role in our bodies. It is responsible 

for the metabolism and excretion of numerous endogenous and exogenous compounds. Since 

the liver is always accumulating several toxic compounds for detoxification, it is more 

predisposed to drug toxicity than any other organ (1,2). There are different types of injury that 

a drug can cause to the liver, depending on the mechanism that is causing it: hepatocellular, 

mixed or cholestatic (3). In this case, a drug related injury is classified as a drug-induced liver 

injury (DILI) (1). 

DILI is one of the major concerns in drug development and chemical safety, with 

cholestasis accounting for almost 50% of all the DILI cases (4). DILI can lead to a wide variety 

of pathological conditions, but the predominant forms include acute hepatitis, cholestasis and 

a mixed pattern (5). The latter includes clinical manifestations of both hepatocellular and 

cholestatic injury (5). Despite rigorous testing practices, some severe adverse drug reactions 

are still only identified in the late stages of drug development and even post marketing, 

resulting in increased patient morbidity and expensive drug withdrawals (6). DILI is one of the 

primary causes for complications during clinical and preclinical studies and the main reason 

for drug withdrawal from the market (7,8). Therefore, DILI and cholestasis are important toxicity 

warnings to be taken into consideration in drug development (7). Current models to predict 

hepatotoxicity before a drug enters clinical stages include animal models and in vitro assays. 

However, the predictive power of animal models is limited due to relevant inter-species 

differences in the expression and activity of enzymes and transporters involved in drug 

absorption, distribution, metabolism and excretion (6,9). Consequently, the lack of ability of 

preclinical animal models to predict human potential for DILI is a substantial concern in the 

biotechnology and pharmaceutical industry (10). At last, in contrast to animal studies, in vitro 

experiments that use human cells represent models that offer the potential to investigate 

human-specific toxicity profiles (6,11,12). 

Drug-induced cholestasis is associated with the toxic accumulation of bile acids in 

hepatocytes and considered to result from the modified functioning of the bile salt export pump 

(BSEP) caused by drugs, since this ATP-dependent transporter is the main responsible for the 

transport of bile acids, at the canalicular membrane (13,14). Moreover, the manifestation of 

this pathology is often complex and delayed in onset (14,15). 

Cholestasis is characterized as a reduction in bile secretion and flow. There are many 

factors that can cause this pathology, such as reduced functionality of the hepatocytes in the 

secretion of bile and/or due to an obstruction of the excretory pathway of bile (16,17). 

Cholestasis can be caused by drugs, known as drug-induced cholestasis. Biochemical tests 

can be done to evaluate the liver function and to detect cholestasis. According to the Council 

of International Organizations of Medical Sciences (CIOMS), a cholestatic injury can be 

characterized by an elevation of serum alkaline phosphatase (AP) to greater than 2x the upper 

limit of normal (ULN) along with a major elevation of γ-glutamyl transpeptidase (GGT) in the 

presence of a normal alanine transaminase (ALT) value (1). Cholestasis may cause some 

unspecific symptoms such as nausea, anorexia and fatigue (18). 

The pathogenesis of cholestasis can be better understood, once bile acids synthesis 

and bile formation and flow are explained. Cholesterol is used to synthesize primary bile acids, 

in the liver. Approximately 16 enzymes are involved in the synthesis of bile acids and the rate 

limiting step is the 7α-hydroxylation by cytochrome P450 (CYP) isoform 7A1. In humans, the 

most common primary bile acids are chenodeoxycholic acid (CDCA) and cholic acid (CA) 
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(1,19). Primary bile acids can be converted to secondary bile acids by bacterial enzymes in 

the small and large intestine (19,20). The bile acids that enter the colon are metabolized by 

bacterial flora, where the primary bile acids, CDCA and CA, are converted into the secondary 

bile acids, lithocholic acid (LCA) and deoxycholic acid (DCA), respectively (Figure 1) (19). 

Under normal circumstances, bile acids are conjugated with glycine or taurine in hepatocytes, 

producing bile salts, to increase their hydrophilicity, facilitating their overall excretion (1,20). 

Bile acids enter hepatocytes, from the sinusoidal blood, mediated by the Na+-taurocholate 

cotransporting polypeptide (NTCP) and organic anion transporting polypeptides (OATPs) and 

are secreted into the bile flow principally by the bile salt export pump (BSEP) transport protein, 

at the canalicular membrane (Figure 2) (10,21). The multidrug resistance-associated protein 2 

(MRP2) is responsible for the secretion of organic anions into the bile, mainly exporting 

reduced glutathione through the canalicular membrane, but also transports glucuronide and 

sulfate conjugates of bile acids (1,22).  

Figure 1 – Simplified representation of the primary and secondary bile acids synthesis. 

After being released into the duodenum, bile acids have a relevant role in the digestion 

and absorption of dietary fat, fat-soluble vitamins and other lipophilic nutrients. Another 

important function of bile acids is that they facilitate the elimination of bile pigments, cholesterol 
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and other endogenous and exogenous metabolites (1,20). Bile acids can form mixed micelles 

with phospholipids and cholesterol in the bile, thus increasing cholesterol solubility and 

decreasing bile acids toxicity (20). This further promotes cholesterol elimination (1). 

However, bile acids are toxic when accumulated in high concentrations in hepatocytes 

(23). It is believed that the toxicity is associated with hydrophobicity, being more toxic to the 

cell bile acids with higher hydrophobicity. In hepatocytes, bile acids are highly bound to 

cytosolic proteins. The concentration of unbound bile acids in the cell is usually low. 

Nevertheless, if bile acids accumulate in hepatocytes, cytosolic proteins would become 

saturated and would not bind to additional bile acid molecules. Therefore, the concentration of 

unbound bile acids would significantly increase, leading to mitochondrial damage and 

eventually to apoptosis or necrosis (1,23). 

Figure 2 – Localization of bile acid transporters in human hepatocytes (1). 

1.2. Primary human hepatocytes spheroids 

A common strategy used to study different types of drug-induced liver injuries is by 

performing in vitro assays. Three-dimensional (3D) cell cultures have been used recently due 

to their similarity to in vivo systems and the advantages they have over two-dimensional (2D) 

cell cultures (24). Compared to in vivo, most of the cell-to-cell and cell-to-matrix interactions 

that are crucial for cell differentiation and proliferation, as well as cellular functions, are lost in 

2D cell cultures. 3D models are more useful concerning their ability to mimic in vivo settings. 

Therefore, 3D cell cultures have been utilized for many applications such as differentiation, 

drug discovery, gene and protein expression, cellular physiology and pharmacological studies 

as well as cancer research and tissue engineering (24). 

Some challenging obstacles arise when it comes to in vitro studies, including lack of 

cell systems to conduct long-term experiments, lack of scalability and cellular phenotype loss 

due to cell dedifferentiation, only allowing for short-term studies to be made (14,25). A cell 

model was required to study the potential effect of drugs to induce cholestasis in hepatocytes, 

in long-term studies. One approach to overcome these barriers involves the formation of 3D 

spheroids of primary human hepatocytes (PHH). This in vitro cellular system has been reported 

to mimic the in vivo human liver function (14,25,26). For the evaluation of DILI, PHH have been 

considered the gold standard model (6,27). There was an alternative cell model, the PHH 

sandwich culture, however, dedifferentiation started taking place after 2 weeks of culture, 

excluding its use for analysing the chronic toxicity of drugs (14). Overall, PHH spheroids 

provide a sensitive and robust system for long-term studies of drug-induced hepatotoxicity, 
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while the PHH sandwich culture has a more dedifferentiated phenotype and lower sensitivity 

to detect hepatotoxicity (6). 

Spheroid cultures are stable and functional for up to 35 days, maintaining its metabolic 

activity over time and showing a proteome that resembles the liver in vivo (14,25). Hepatocytes’ 

phenotype is less affected, as dedifferentiation occurs at a slower rate, which translates into 

stable liver-specific functionalities such as protein production and CYP activity. Additionally, 

cell-to-cell interactions are preserved and functional bile canaliculi are developed (14,25). 

Therefore, in order to study drug-induced cholestasis, PHH spheroids culture gathered all the 

requirements to perform a prolonged toxicity study. 

1.3. Cyclosporine A 

Cyclosporine A is a potent immunosuppressive agent and has been used against 

cellular rejection after solid organ transplantation (28,29). Cyclosporine A is a lipophilic cyclic 

polypeptide of 11 amino acids with a molecular weight of 1202 Daltons (Figure 3) (30). It is a 

secondary metabolite secreted by a fungal species, Tolypocladium inflatum (31,32). In plasma, 

only 10% is unbound and it binds to albumin and globulins, but predominantly to lipoproteins. 

The drug is mainly metabolized by CYP3A4 and CYP3A5, and approximately 95% of the 

metabolites are eliminated in the bile with only a small amount being excreted in the urine 

(29,30). 

Figure 3 – Molecular structure of cyclosporine A (32). 

As the major mechanism of action, cyclosporine A is a calcineurin inhibitor, leading to 

the suppression of the signal transduction pathway of T-cell activation (30,31). Calcineurin is 

a protein phosphatase that dephosphorylates regulatory sites on various transcription factors, 

when activated (30). In normal conditions, after calcineurin activation, the nuclear factor of 

activated T-lymphocytes (NFAT) is dephosphorylated by calcineurin, promoting cytokine 

genes transcription, including those of interleukin-2 (IL-2) and interleukin-4 (IL-4). However, 

when cyclosporine A enters T-cells, it binds to cyclophilins, leading to the blocking of 

calcineurin (30,31). Consequently, T-lymphocytes activation and cytokine genes transcription 

are inhibited, suppressing the overall immune response (30). 

Studies show that cyclosporine A exhibits cholestatic effect in humans and in in vitro 

models (28). Cyclosporine A is a substrate for an organic cation transporter, P-glycoprotein 
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(P-gp) (33). There are still some gaps in the establishment of the cyclosporine A-induced 

cholestasis mechanisms, but some authors reported that cyclosporine A revealed a 

competitive inhibition of ATP-dependent transport of bile acids at the canalicular membrane, 

that could lead to an impairment of bile acids homeostasis (28,33,34). Furthermore, 

cyclosporine A is capable of inhibiting BSEP, MRP2 and NTCP’s activity (34–36). Additionally, 

a reduction of the canalicular membrane fluidity was also another proposed explanation (28). 

2. Objectives 
 The main objectives of this research were to study the long-term effects of cyclosporine 

A in primary human hepatocytes (PHH) spheroid cultures and to dig deeper into the 

mechanisms by which cyclosporine A induces cholestasis. 

 The methods planned to explore the mechanisms of cholestasis induced by 

cyclosporine A were the RT-qPCR and Western Blot techniques. However, these procedures 

could not be performed due to the SARS-CoV-2 pandemic.  

3. Materials and methods 
3.1. Cell seeding 

 The vial with the cryopreserved primary human hepatocytes (PHH) (purchased from 

KaLy-Cell) was thawed in Milli-Q (MQ) water at 37ºC in the water bath. Once the contents were 

thawed, they were transferred to a falcon tube containing thawing medium (Universal 

Cryopreservation Recovery Medium) (IVAL), previously warmed at 37ºC. Then, the falcon tube 

was gently mixed and centrifuged at 100g for 10 minutes, at room temperature. After the 

centrifugation, the supernatant was discarded and the pellet was resuspended with the 

remaining medium. Later, 4 mL of cold seeding medium (see Appendix A) were added to the 

falcon tube. Cell viability was, then, determined by counting the cells using Trypan Blue 

staining (see 3.2). After, the cell suspension was diluted to 30 000 cells/mL in seeding medium. 

In 96-well ultra-low attachment (ULA) plates (Corning), 50 µL per well (1 500 cells/well) were 

seeded, after homogenization of the cell suspension, using a multichannel pipette with wide 

aperture tips (Eppendorf). Then, 50 µL of seeding medium were added per well and the plates 

were centrifuged at 130g for 2 minutes, at room temperature. At last, the plates were incubated 

at 37ºC with 5% CO2 and humidified atmosphere. The first medium change occurred after 5 

days of incubation: 50 µL of medium per well were removed and 50 µL of PHH medium (see 

Appendix A) per well were added. 

3.2. Assessment of lot viability 

 Trypan Blue exclusion test was used to calculate each lot’s cell viability. This test allows 

to confirm that the cell viability is not too low for a long-term experiment to take place. This 

assay is based on the principle that viable cells do not let the dye enter the cell because of 

their membrane’s integrity and selective permeability, whereas nonviable cells lack the latter 

properties, so they let the dye in. For that reason, viable cells are unstained and nonviable 

cells are stained blue. 

First, 1 part of cell suspension and 1 part of Trypan Blue (Bio-Rad) were pipetted into 

an Eppendorf tube and homogenized by gently pipetting up and down (37). Then, one drop of 

the mix was applied to a hemacytometer. The hemacytometer was placed on the stage of a 

binocular microscope and the cells were focused. Viable (unstained) and nonviable (stained) 

cells were counted separately using a manual cell counter. The percentage of viable cells was 

calculated with the following formula (37): 

Cell viability (%) = 
total number of viable cells

total number of cells
 × 100% (1) 
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3.3. Dose-response assay 

 Stock solution of cyclosporine A (Calbiochem), 50 mM, was used to prepare 9 diluted 

solutions in dimethyl sulfoxide (DMSO) (Sigma): 0.01 mM; 0.05 mM; 0.1 mM; 0.5 mM; 1 mM; 

2.5 mM; 5 mM; 10 mM and 25 mM (see Appendix B). These solutions were 1 000 times 

concentrated regarding the concentrations needed for the drug exposure. They were frozen, 

at -20ºC, and thawed, at room temperature, when needed. 

In order to prepare the final dilutions for the exposure, PHH medium, previously warmed 

at 37ºC, was pipetted into a 96-well deep well plate and, then, cyclosporine A was diluted 1:1 

000 in each well, from lowest to highest concentration (see Appendix C). The final cyclosporine 

A concentration, in each well, was, respectively: 0.01 µM; 0.05 µM; 0.1 µM; 0.5 µM; 1 µM; 2.5 

µM; 5 µM; 10 µM and 25 µM. A control solution was also prepared with DMSO (1:1 000 dilution) 

instead of cyclosporine A. Each mix was homogenized by aspirating and dispensing 3 times, 

in each well, using a multichannel pipette (Viaflo). 

Figure 4 – Dose-response assay’s representation. 

 The first cyclosporine A exposure was initiated 7 days after seeding the cells in the 96-

well ULA plates. The exposures were made every 2 to 3 days and the first exposure counted 
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as day 0 (see Appendix D). At days 1, 7, 14, 21 and 28 of the exposure, the spheroids were 

collected to perform an ATP quantification assay (Figure 4). In the first exposure, 80 µL of 

medium per well were removed and 90 µL of 1:1 000 diluted cyclosporine A/control solution 

per well were added. In the following exposures, 80 µL of medium per well were removed and 

80 µL of 1:1 000 diluted cyclosporine A/control solution per well were added. After the 

exposure, the plates were observed under the microscope to take note of the empty wells and, 

then, incubated at 37ºC with 5% CO2 and humidified atmosphere. The data obtained from this 

assay was converted into a chart using GraphPad software. 

3.4. Cholestatic index assay 

Stock solution of cyclosporine A, 50 mM, was used to prepare 4 diluted solutions in 

DMSO: 0.01 mM; 0.05 mM; 0.5 mM and 5 mM (see Appendix B). These solutions were 1 000 

times concentrated regarding the concentrations needed for the drug exposure. They were 

frozen, at -20ºC, and thawed, at room temperature, when needed for the exposure. 

 Five different bile acids were used in this assay: glycochenodeoxycholic acid (GCDCA), 

chenodeoxycholic acid (CDCA), glycodeoxycholic acid (GDCA), deoxycholic acid (DCA) and 

glycocholic acid (GCA). A mix of concentrated bile acids was prepared consisting of 79.2 mM 

of GCDCA; 23.4 mM of CDCA; 22.8 mM of GDCA; 24 mM of DCA and 21 mM of GCA (see 

Appendix E) (38). Since GCDCA and GDCA did not dissolve well in DMSO, one mix was made 

with Williams’ Medium E, containing GCDCA and GDCA, and the other with DMSO, containing 

CDCA, DCA and GCA. These mixtures were 2 000 times concentrated than the concentration 

required in the well (a 30 times higher concentration of bile acids than physiological) (13,39–

41). They were frozen, at -20ºC, and thawed, at room temperature, when needed for the 

exposure. 

Figure 5 – Dilution of each bile acids mix and DMSO in separate PHH media. 

Before the exposure, two separate PHH media, previously warmed at 37ºC, were 

prepared, one with a 1:2 000 dilution of DMSO and the other with a 1:2 000 dilution of each 

bile acids mix (Figure 5). This resulted in a 30 times concentrated bile acids mix consisting of 
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39.6 µM of GCDCA; 11.7 µM of CDCA; 11.4 µM of GDCA; 12 µM of DCA and 10.5 µM of GCA 

(see Appendix E). 

In order to prepare the final dilutions for the exposure, PHH medium with DMSO and 

PHH medium with the bile acids mix were pipetted separately into a 96-well deep well plate 

and, then, cyclosporine A was diluted 1:1 000 in each well, per condition, from lowest to highest 

concentration (see Appendix F). The final cyclosporine A concentration, in each well, was, 

respectively: 0.01 µM; 0.05 µM; 0.5 µM; 5 µM. A control solution was also prepared, per 

condition, with DMSO (1:1 000 dilution) instead of cyclosporine A. The mix was homogenized 

by aspirating and dispensing 3 times, in each well, using a multichannel pipette (Viaflo). 

 The first cyclosporine A exposure, with and without bile acids, was initiated 7 days after 

seeding the cells in the 96-well ULA plates. The exposures were made every 2 to 3 days and 

the first exposure counted as day 0 (see Appendix D). At days 1, 7, 14, 21 and 28 of the 

exposure, the spheroids were collected to perform an ATP quantification assay (see 3.5). In 

the first exposure, 80 µL of medium per well were removed and 90 µL of cyclosporine A, 

cyclosporine A with bile acids or control solution per well were added. In the following 

exposures, 80 µL of medium per well were removed and 80 µL of freshly prepared cyclosporine 

A, cyclosporine A with bile acids or control solution per well were added. After the exposure, 

the plates were observed under the microscope to take note of the empty wells and, then, 

incubated at 37ºC with 5% CO2 and humidified atmosphere. 

At last, to evaluate the effect of the bile acids mix simultaneously with cyclosporine A 

on the spheroids, a cholestatic index (CIx) was calculated using the following formula (38): 

Cholestatic Index (CIx) = 
ATP luminescence Cyclosporine A + Bile acids

ATP luminescence Cyclosporine A

 (2) 

 Cholestatic index was used to clarify the cholestatic potential of cyclosporine A (42). A 

cholestatic index value of less than or equal to 0.8 could be considered as an indication for 

enhanced risk for in vitro cholestasis. Cholestatic index values between 0.8 and 0.5 showed 

moderate in vitro cholestasis risk and cholestatic index values lower than or equal to 0.5 

demonstrated high in vitro cholestasis risk. Values higher than 0.8 did not represent in vitro 

cholestasis risk (38,43). 

 In addition, a safety margin (SM) was calculated for cyclosporine A, based on the lowest 

in vitro concentration (µM) yielding a CIx lower than or equal to 0.8 and the Cmax (µM, mean 

peak plasma concentration in human obtained from literature) (13,38). Cyclosporine A had a 

Cmax of 0.77 µM (13,15). SM was determined as follows (13,38): 

Safety Margin (SM) = 
Lowest concentration (µM) yielding a CIx ≤ 0.8

Cmax (µM)
 (3) 

This assay’s charts were made for better visualization of the obtained results using 

GraphPad software. 

3.5. ATP quantification viability assay 

 Total ATP content has been used as a marker of cell viability. After the death of a cell, 

it loses the ability to produce more ATP and endogenous ATPases consume the remaining 

ATP from the cell’s cytoplasm (44). A reagent containing detergent, ATPase inhibitors, luciferin 

and luciferase was employed to perform this assay (CellTiter-Glo 3D, Promega). The detergent 

is used to lyse the cells and release ATP from the cells. The ATPase inhibitors are used to 

stabilise the released ATP. Then, a reaction between the substrate, luciferin, and the ATP is 

catalysed by a luciferase, generating light proportional to the amount of ATP in the sample, 
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that can be recorded by a luminescence plate reader (44). A simplified representation of the 

reaction can be exemplified as follows: 

Luciferin + ATP 
Luciferase
→       Light (1) 

At days 1, 7, 14, 21 and 28 after the exposure, CellTiter-Glo 3D was thawed for at least 

1 hour, in the dark. Then, 70 µL of medium per well were removed from the respective 96-well 

ULA plate and the plate was observed under the microscope to take note of the empty wells. 

After, in a dark room, 30 µL of reagent per well were added in the dark. Homogenization of the 

mixture was achieved by pipetting up and down 10 times per well, using a multichannel pipette, 

starting from the wells with highest to lowest drug concentration, since lowest to highest ATP 

concentration was expected in that order. The plate was incubated at 37ºC for 20 minutes, in 

the dark. After 20 minutes, 50 µL of the mix per well were transferred to a white opaque 96-

well plate and protected from light. At last, the white opaque plate was inserted in a 

luminescence plate reader (PerkinElmer®, 1420, Victor3, USA) to measure luminescence. 

Raw luminescence data of ATP content collected from the luminescence plate reader 

was converted into percentage of the control spheroid and analysed. GraphPad software was 

used to make charts for better understanding and discussion of the obtained results. 

3.6. CDFDA and propidium iodide staining 

 Carboxydichlorofluroscein diacetate (CDFDA) staining was used to analyse the 

formation of bile canaliculi in the spheroids. CDFDA passively diffuses into hepatocytes and is 

hydrolysed by intracellular esterases to carboxydichlorofluroscein (CDF), which is, then, 

effluxed into the bile canaliculi by MRP2 transporters (45,46). This staining is used to evaluate 

MRP2 transporters’ activity by the CDF excretion in the bile canalicular networks (47). 

Furthermore, with this method it is possible to assess whether MRP2 is being inhibited or not. 

 Propidium iodide staining is based on the dye exclusion principle (48). Propidium iodide 

is a fluorescent agent that does not enter viable cells or cells with an intact membrane (48,49). 

For that reason, the dye diffuses into nonviable cells and binds to double-stranded DNA, 

increasing its fluorescence emission (48,49). 

At day 5 after the exposure, one control spheroid and two spheroids exposed to 0.5 µM 

and 5 µM of cyclosporine A were transferred from the 96-well ULA plate to three separate Petri 

dishes and pre-incubated at 37ºC with Hanks’ balanced salt solution (HBSS) (Gibco) 

containing 10 mM hydroxyethyl piperazineethanesulfonic acid (HEPES) for 10 minutes (see 

Appendix G). After 10 minutes, CDFDA in HBSS containing 10 mM HEPES (HBSS-HEPES) 

was added to all Petri dishes and the dishes were incubated at 37ºC for 15 minutes. Then, 

propidium iodide was added to all Petri dishes and the dishes were incubated at 37ºC for 5 

minutes, after which the dyes were removed and the spheroids were washed with HBSS-

HEPES. Subsequently, several pictures of each Petri dish with different staining were taken 

using fluorescence microscopy. 

4. Results 
4.1. Assessment of lot viability 

 After performing the Trypan Blue staining, a total of 158 cells were counted, being 136 

of them viable and 22 nonviable. Then, cell viability of the lot was assessed using the following 

formula: 

Cell viability (%) = 
136

158
 × 100% = 86.1% (4) 



17 
 

 Note: there were a total of 3 seedings of cells – 1 seeding for the cyclosporine A dose-

response curve assay and 2 seedings for the cyclosporine A and bile acids synergistic effect 

assay. This result was obtained from 1 of the 2 seedings of the latter experiment. 

4.2. Formation of PHH spheroids 

After seeding the cells in 96-well ULA plates, microscope images were taken to follow 

the spheroid’s development. At first, the cluster of cells did not have any particular shape. 

However, cells started to gradually group together as time passed by. By the end of seven 

days, the spheroid was fully formed and had a 3D structure that resembled a sphere (Figure 

6). 

Figure 6 – Spheroid formation after seeding the cells in 96-well ultra-low attachment plates. 

4.3. Cyclosporine A dose-response curve 

The results from this experiment can be seen in Figure 7. 

At day 1, ATP content did not differ much between different concentrations, except for 

the last two highest concentrations, 10 µM and 25 µM cyclosporine A, that had ATP content of 

approximately 80% of the control. At day 7, only the highest concentration had an ATP content 

below 50% of the control. At days 14, 21 and 28, the results were similar, showing that 

exposures of 10 µM and 25 µM cyclosporine A led to ATP content between 20% and 40%, and 

below 20% of the control, respectively. 

As seen in the dose-response curve, cyclosporine A displayed time and concentration-

dependent toxicity. Regarding the concentration-dependent toxicity, this translates into higher 

cell death when the spheroids are exposed to higher cyclosporine A concentrations. The time-

dependent toxicity is demonstrated when the same concentration of drug leads to higher cell 

death after repeated and prolonged exposures. 

The results from this assay helped to decide which cyclosporine A concentrations 

should be used on the cyclosporine A and bile acids synergistic effects assay. Highly toxic 
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concentrations could not be used, as the synergism with the bile acids would be difficult to be 

measured if most cells were killed by cyclosporine A alone. 

Figure 7 – Cyclosporine A dose-response curve from day 1 to day 28 of the exposure with 

concentrations ranging from 0.01 µM to 25 µM. 

4.4. Cyclosporine A and bile acids synergistic effect 

There was not a considerable variation of ATP content at 0.01 µM; 0.05 µM and 0.5 µM 

cyclosporine A concentrations without bile acids, on all endpoints. The most important 

variations in cell viability were noticed when PHH spheroids are exposed to cyclosporine A at 

5 µM both in the presence and in the absence of concentrated bile acids mix. The results are 

illustrated in Figure 8. 

Figure 8 – Synergistic effects of different concentrations of cyclosporine A with 30x 

concentrated bile acids mix. 

From day 1 to day 7, a considerable reduction of ATP content was observed at 5 µM 

cyclosporine A in the presence and absence of bile acids. Then, at day 14, the ATP content of 
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the condition with bile acids decreased to around 5% of the control and kept declining on the 

last two endpoints – days 21 and 28. However, the ATP content of 5 µM cyclosporine A alone 

did not vary much between days 7 and 28, remaining around and above 50%. 

The results confirmed that cyclosporine A and bile acids displayed synergistic effects. 

After repeated exposures at the highest drug concentration, the presence of bile acids led to 

higher loss of cell viability when compared to the same condition without bile acids. In other 

words, bile acids sensitized the hepatocytes towards the cholestatic action of cyclosporine A. 

4.5. Cholestatic index 

These results were obtained from the results of the previous assay by applying the 

formula (2) to calculate the cholestatic index values. The results are shown in Figure 9. 

 Cholestatic indexes are above the 0.8 threshold throughout 28 days of exposure for all 

conditions, except for the highest concentration of cyclosporine A tested, 5 µM. The cholestatic 

index was below 0.8 at days 14, 21 and 28 for the highest cyclosporine A concentration, while 

it remained above the threshold at days 1 and 7. According to the results, cyclosporine A 

demonstrates in vitro cholestasis risk with a SM of 6.49. SM was calculated using formula (3), 

knowing that the lowest cyclosporine A concentration yielding a cholestatic index lower than 

or equal to 0.8 was 5 µM. 

Figure 9 – Cholestatic index of different concentrations of cyclosporine A from day 1 to day 

28 of the exposure. 

4.6. Formation of bile canaliculi 

 Five days after the spheroids were first exposed to cyclosporine A, images were taken 

of a control spheroid and spheroids exposed to 0.5 µM and 5 µM cyclosporine A, respectively 

(Figure 10). CDFDA and propidium iodide staining were used to observe the activity of MRP2 

transporters and cell death, respectively, in the spheroids. 

Bile canaliculi can be seen in the control spheroid and in the 0.5 µM cyclosporine A-

treated spheroid, whereas the spheroid exposed to 5 µM cyclosporine A did not have any 

visible. This finding suggested that MRP2 transporters’ activity was inhibited when the spheroid 

was exposed to 5 µM cyclosporine A and MRP2 inhibition led to decreased transport of CDF 

into the bile canaliculi. Moreover, CDF was most likely trapped inside the hepatocytes, due to 

MRP2 inhibition, and the reduced fluorescence signal compared to the control condition could 
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be attributed to decreased cell viability, corroborated by the increased propidium iodide 

staining. CDFDA would only be converted to the fluorescent compound, CDF, if the cells were 

viable in the first place. 

 Compared to the control spheroid, the spheroid exposed to 5 µM cyclosporine A 

showed more stained nuclei and a greater fluorescence emission, translating into greater cell 

death. 

Figure 10 – Images taken at day 5 of incubation of spheroids in different cyclosporine A 

concentrations with CDFDA and propidium iodide staining (arrows indicate functional bile 

canaliculi). 

5. Discussion 
5.1. Assessment of lot viability 

Assessment of lot viability is always done before seeding the cells, since it is a way to 

guarantee that the cells have the expected viability after thawing the vial containing the PHH. 

In case of lower viabilities than expected, hepatocytes would not probably be suitable for long 

experiments, because the number of cells from the starting point would already be low. 

According to the lot’s certificate of analysis, lot viability after thawing should be higher 

than 70%. A value of 86.1% for lot viability was calculated after performing the Trypan Blue 

staining assay and counting the viable and nonviable cells under the microscope, meaning 

that a high cell viability was obtained. 

However, Trypan Blue staining despite being a quick and simple technique to execute, 

it has some limitations (37). The principle of this dye exclusion assay is based on the cell’s 

integrity. Therefore, the viability of a cell can still be compromised, while retaining its membrane 

integrity. It is possible that a compromised cell develops repairing mechanisms to become fully 

viable again. Additionally, another problem arises from the subjective character of this 

assessment. A nonviable cell can be easily dismissed if a small amount of dye is in the cell. A 
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possible alternative would be the use of a fluorescent dye and fluorescence microscopy, as it 

gives more accurate results compared to Trypan Blue (37). 

Furthermore, another alternative and a more advanced method of measuring cell 

viability is to determine the cell’s light scatter characteristics by using flow cytometry with the 

help of propidium iodide. Nevertheless, this technique is more time consuming and is required 

only when precise measurements on the number of nonviable cells in a cell mixture must be 

obtained (37). 

5.2. Formation of PHH spheroids 

Several images were taken after the seeding to track the aggregation of the cells and, 

consequently, the formation of the spheroid. At first, 1 500 cells are dispersed in the well but, 

then, these start to aggregate, until a spheroid with a well-defined cell membrane is finally 

formed. 

In line with a previous study, the spheroids took seven days to become fully developed 

(26). Once the spheroid culture is established, long-term experiments can take place to study 

drug-induced liver injuries, as it mimics human liver in vivo functions (26). 

5.3. Cyclosporine A dose-response curve 

This long-term assay consisted of treating spheroids with numerous concentrations of 

cyclosporine A for 28 days. Spheroids were exposed to nine different concentrations: 0.01 µM; 

0.05 µM; 0.1 µM; 0.5 µM; 1 µM; 2.5 µM; 5 µM; 10 µM and 25 µM. There was also a control 

condition in the absence of the compound. 

Cell viability is measured by quantification of the total ATP content. High percentage of 

ATP content correlates with high cell viability. 

As the results demonstrate, cyclosporine A’s toxicity is dose and time dependent. 

Higher cyclosporine A concentrations led to higher toxicity in hepatocytes. Cyclosporine A at 

10 µM and 25 µM showed considerable toxicity in the hepatocytes, as a relevant loss of cell 

viability was noted after the 14th day. In contrast, low concentrations of the drug, from 0.01 µM 

to 1 µM, suggested low toxicity in the spheroids, even in long-term exposures. 

Overall, a similar pattern of results was obtained in previous studies. In one of them, 

HepaRG spheroids were treated with concentrations of cyclosporine A between 0.1 µM and 

100 µM for 6 days and the drug showed a concentration-dependent toxicity – increased cell 

death was seen with higher compound concentrations (4). Additionally, other study 

demonstrated that PHH spheroids had lower viability when exposed to cyclosporine A for long 

periods of time (15). PHH spheroids were treated with the drug for 14 days at a concentration 

range of 0.7-20 µM. Time-dependent toxicity can be noticed, as the same compound 

concentration leads to higher cell death when the PHH spheroids are treated for a longer time. 

For example, nontoxic concentrations in short-term exposures may lead to cytotoxicity after 

repeated long-term exposures. Also, decreased cell viability was reported with higher 

cyclosporine A concentrations, revealing its dose-dependent toxicity (15). At last, it was 

observed, in another research, that cyclosporine A exhibited toxicity in some batches of 

sandwich-cultured rat hepatocytes (SCRH) when they were exposed for 24 hours at a 

concentration of 20 µM (47). 

5.4. Cyclosporine A and bile acids synergistic effect 

The main goal of this experiment was to assess if bile acids had synergistic effects with 

cyclosporine A in human hepatocytes, therefore supporting a cyclosporine A-associated 

cholestatic risk. PHH spheroids were exposed to cyclosporine A in the presence or absence 



22 
 

of a 30x concentrated bile acids mix for 28 days. Four different concentrations of the drug were 

employed: 0.01 µM; 0.05 µM; 0.5 µM and 5 µM. 

The bile acids mixture utilized in this experiment is 30 times more concentrated than 

the physiological concentration of bile acids in the plasma, since their accumulation becomes 

relevant in case of cholestasis (38). Physiological hepatic concentrations of bile acids have 

been reported to reach 430-800 µM during cholestasis (38,50,51). The 30x concentrated bile 

acids mix was selected regarding that it would not, per se, significantly affect the viability of the 

culture. However, when the spheroids are co-exposed with the bile acids mix and increasing 

concentrations of a cholestatic compound, increased toxicity should be noted (38). 

The previous experiment determined which cyclosporine A concentrations should be 

used on this assay. Concentrations that led to high loss of viability throughout the experiment 

could not be used, since it was expected that the presence of concentrated bile acids mix 

simultaneously with cyclosporine A would lead to lower cell viability compared to the exposure 

to cyclosporine A alone. If cell viability would be already low with the compound alone, the 

synergistic effects of bile acids could not be properly measured. Besides that, highly toxic 

cyclosporine A concentrations could not be utilized in an assay that lasted 28 days, as most of 

the cell viability would be lost by day 14 of the assay. 

From the results, it is clear that cyclosporine A and bile acids display synergistic effects, 

in PHH spheroids, in a dose and time-dependent manner. For concentrations from 0.01 µM to 

0.5 µM, no correlation could be seen that indicated the presence of synergistic effects. 

However, at 5 µM cyclosporine A, a small increase in toxicity could be observed on the 

condition with bile acids compared to the condition with the compound alone on day 7, that 

increased on the subsequent endpoints. By the end of the assay, a viability close to 0% of the 

control was obtained for cyclosporine A at 5 µM with bile acids, while in the absence of bile 

acids, cell viability remained around 70%. Although some loss of cell viability can be attributed 

to plate handling, the results appear to be in line with other findings (15). 

In conclusion, these findings suggest that at the highest concentration of cyclosporine 

A and in the presence of bile acids, the hepatocytes showed decreased ability to dispose of 

the added bile acids, consistent with the inhibition of the BSEP transporter, resulting in the 

accumulation of intracellular bile acids up to toxic concentrations that lead to cell death. 

Moreover, according to previous studies that also used PHH spheroid cultures, increasing the 

time of exposure intensified the synergistic toxicity of cholestatic drugs and bile acids (14,15). 

5.5. Cholestatic index 

Data collected from the previous assay was used to calculate the cholestatic index at 

different drug concentrations, on every endpoint. 

Cholestatic index is the ratio between the ATP content of the spheroids exposed to 

cyclosporine A in the presence of bile acids and the ATP content of the spheroids exposed to 

cyclosporine A in the absence of bile acids. A threshold of 0.8 was previously set to distinguish 

concentrations that can lead to cholestasis from concentrations that may have no potential to 

cause it. Cholestatic index values higher than 0.8 indicate mild or no potential to cause 

cholestasis, whereas values between 0.8 and 0.5 show moderate cholestasis risk (38). At last, 

a cholestatic index lower than or equal to 0.5 suggests high cholestasis risk (38). 

Cholestatic index values lower than 1 imply that cell death is greater when hepatocytes 

are in the presence of bile acids. For example, a value of 0.8 means that the cell viability of the 

condition with the compound and bile acids is 80% of the condition with the compound alone. 
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According to the results, cyclosporine A is suggested to demonstrate high risk to cause 

cholestasis, with a SM of 6.49, when present for prolonged periods of time at a concentration 

of 5 µM. The first evidence of cholestatic risk appeared on the 14th day of the exposure with a 

cholestatic index lower than 0.2. By the end of the assay, a value of cholestatic index lower 

than 0.1 was obtained. Lower concentrations did not show any sign of cholestatic risk 

throughout the assay, as cholestatic index values were constantly above the threshold. 

 A similar result was achieved by a previous study. PHH spheroids were exposed to 

different concentrations of cyclosporine A, ranging from 0.7 µM to 20 µM, in the presence and 

absence of a 30x concentrated bile acids mix for 14 days (15). The bile acids mix was 

composed by the same 5 bile acids used in our assay. The exposure was initiated after 

spheroid formation and they were treated every second day with cyclosporine A with and 

without the bile acids mix. The obtained cholestatic index values were calculated with the 

highest concentration of the compound employed (20 µM). The synergistic toxicity of 

cyclosporine A and bile acids became more evident over time, since cholestatic index values 

of 0.66, 0.22 and 0.01 were attained after 3, 7 and 14 days of repeated exposure, respectively 

(15). This suggests that prolonged and repeated exposures to cyclosporine A increase its 

cholestatic properties in PHH spheroids (15). A short-term exposure of 3 days with 20 µM 

cyclosporine A indicated to be sufficient to display the synergistic effects of cyclosporine A and 

bile acids. Comparing with our findings, the first sign of synergism was only observed after 14 

days of exposure to the drug. This could be explained by the fact that the highest concentration 

of cyclosporine A used in our assay was 4 times lower (5 µM) than in the previous study (20 

µM). Also, a similar cholestatic index was acquired between 7 days of exposure with 20 µM 

cyclosporine A and 14 days of exposure with 5 µM cyclosporine A. This comparison indicates 

that with a lower and more clinically relevant concentration of cyclosporine A, a longer time of 

exposure is required to achieve an equivalent level of toxicity. 

 Furthermore, another study, using a different cell model, was conducted in order to 

assess the cholestatic potential of cyclosporine A. Several batches of freshly isolated rat 

hepatocytes in sandwich culture were incubated with different concentrations of cyclosporine 

A in the presence and absence of a 60x concentrated bile acids mix for a period of 24h (47). 

SCRH were exposed to 10 µM, 15 µM and 20 µM cyclosporine A. The toxicity of 10 µM 

cyclosporine A slightly increased in the presence of bile acids. However, when SCRH were 

exposed to 15 µM and 20 µM cyclosporine A, a significantly higher toxicity was noticed in the 

presence of the 60x concentrated bile acids mixture (47). A concentration-dependent decrease 

of cholestatic index values was observed in all batches. The mean cholestatic index values at 

10 µM, 15 µM and 20 µM of cyclosporine A were found to be 0.89, 0.51 and 0.42, respectively 

(47). The compound can be considered as cholestatic, since both cholestatic indexes of the 

last 2 concentrations were lower than 0.8. Overall, a concentration-dependent increase in 

cholestatic potential was noted and an increased toxicity was detected when SCRH were co-

exposed with cyclosporine A and the bile acids mix (47). 

5.6. Formation of bile canaliculi 

CDFDA and propidium iodide staining was used to evaluate MRP2 transporters’ activity 

and cell death within the spheroid. Functional bile canaliculi can be seen in CDFDA staining 

via fluorescence microscopy, considering MRP2 is not being inhibited, since the hydrolysed 

product of CDFDA, CDF, can be transported from the hepatocytes into the bile canaliculi by 

MRP2 transporters (45). CDF is a specific substrate for MRP2 (36). 

The results suggested that MRP2 transporters’ activity was inhibited when hepatocytes 

were exposed to 5 µM cyclosporine A, as bile canaliculi were not seen compared to the control 

condition. Therefore, bile canaliculi could be found in the control and 0.5 µM cyclosporine A-

treated conditions, where MRP2 inhibition did not take place. A previous report shown that 
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cyclosporine A at 10 µM and 50 µM concentrations have inhibited canalicular efflux of CDF in 

HepaRG cells after 2 hours of exposure (36). 

Although it is not presented in this study’s results, questions regarding the effects of 

cyclosporine A in the stability of bile canaliculi may arise. In the aforementioned study, control 

cells as well as cells exposed to 10 µM cyclosporine A did not show any changes in the bile 

canaliculi (36). However, when exposed to 50 µM cyclosporine A, bile canaliculi were 

constricted after 2 hours of exposure. Further bile canaliculi structure modifications, such as 

retraction and disappearance, were seen in 50 µM cyclosporine A-treated cells (36). 

6. Conclusion 
The liver is constantly exposed to harmful compounds due to its main detoxifying 

function. Regarding its nature, the liver is more susceptible to injury than any other organ. 

When it develops a pathology due to the constant use of drugs, it can be classified as a DILI. 

Depending on the mechanism that is causing the injury, DILIs can be divided into 3 types: 

hepatocellular, mixed and cholestatic. 

Regarding the relevant impact of DILI on public health and drug development, it is 

crucial to better understand the underlying mechanisms that lead to injury, with the aim of 

preventing this major issue. Although thorough studies are conducted by the pharmaceutical 

industry to assure the safety of a drug, some adverse drug reactions may be found after the 

drug has been released to the market, potentially leading to its withdrawal from the 

marketplace. The delayed onset of drug-induced cholestasis is one of the main reasons for the 

market withdrawal of the drug, since it is difficult to be observed during preclinical studies. 

PHH spheroids are of great importance to study DILI due to their suitability for long-

term experiments to study prolonged effects of xenobiotics in vitro. This cellular model is stable 

for up to 35 days. In addition, spheroids take 7 days to be fully formed after seeding and, then, 

they can be employed in experiments for 28 days. 3D PHH cultures may help reduce the 

quantity of animal models used in toxicity studies, while obtaining reliable results, since PHH 

spheroids resemble the human liver in vivo in terms of function. 

Cyclosporine A is toxic in a time and concentration-dependent manner. A nontoxic drug 

concentration can become toxic after repeated exposures in an extended period of time. 

Furthermore, hepatocytes are more susceptible and sensitive to cyclosporine A at higher 

concentrations. 

Moreover, cyclosporine A and bile acids displayed synergistic effects. In the presence 

of bile acids, hepatocytes exhibited increased sensitivity to cyclosporine A. Bile acids 

enhanced cyclosporine A’s cytotoxicity. In a situation of cholestasis, bile acids’ homeostasis is 

already disturbed due to reduced bile flow and secretion, meaning that bile acids are 

accumulating in hepatocytes. Cyclosporine A inhibits BSEP activity, therefore hepatocytes 

cannot eliminate the excess of bile acids inside the cell, since this transporter is the main 

responsible for the transport of bile acids. 

Furthermore, cholestatic index values for cyclosporine A were below 0.8 after a long-

term treatment and the margin of safety was 6.49. This indicates in vitro risk to induce 

cholestasis. 

On a last note, further studies should be done to better understand cyclosporine A’s 

mechanism to induce cholestasis. Although it is known that cyclosporine A is a BSEP inhibitor, 

more information could be obtained by performing assays to evaluate gene and protein 
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expression. Laboratory techniques, such as, RT-qPCR and Western Blot, should be 

performed, respectively, to study gene and protein expression.  
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Appendix A 
Seeding medium and Primary Human Hepatocytes (PHH) medium composition 

 

Seeding medium composition: 

- Williams’ Medium E (Gibco) – 500 mL 

- L-glutamine-Penicillin-Streptomycin (Sigma-Aldrich) – 5.1 mL (0.91%) 

- Insulin-Transferrin-Selenium (Gibco) – 5.1 mL (0.91%) 

- Dexamethasone (1 mM in DMSO) – 51 µL (0.01%) 

- Fetal bovine serum (Gibco) – 50 mL (8.93%) 

 

PHH medium composition: 

- Williams’ Medium E (Gibco) – 500 mL 

- L-glutamine-Penicillin-Streptomycin (Sigma-Aldrich) – 5.1 mL (1.00%) 

- Insulin-Transferrin-Selenium (Gibco) – 5.1 mL (1.00%) 

- Dexamethasone (1 mM in DMSO) – 51 µL (0.01%) 

  



31 
 

Appendix B 
Cyclosporine A dilutions from stock solution 

 

Table 1 – Cyclosporine A dilutions from stock solution. 

[1 000x concentrated 
cyclosporine A solutions] 

(mM) 

Final volume 
(µL) 

Cyclosporine A 
(µL) 

DMSO 
(µL) 

 
25 
 

50 25 µL from 50 mM stock 25 

 
10 
 

50 10 µL from 50 mM stock 40 

 
5 
 

50 5 µL from 50 mM stock 45 

 
2.5 

 
50 2.5 µL from 50 mM stock 47.5 

 
1 
 

50 1 µL from 50 mM stock 49 

 
0.5 

 
50 5 µL from 5 mM dilution 45 

 
0.1 

 
50 1 µL from 5 mM dilution 49 

 
0.05 

 
50 5 µL from 0.5 mM dilution 45 

 
0.01 

 
50 1 µL from 0.5 mM dilution 49 
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Appendix C 
Dose-response assay plates layout 

 

96-well deep well plate layout: 

Figure 11 – 96-well deep well plate layout of cyclosporine A dilutions. 

96-well ultra-low attachment plate layout: 

Figure 12 – 96-well ultra-low attachment plate layout of cyclosporine A exposure.  



33 
 

Appendix D 
Dose-response and Cholestatic Index assays’ schedule 

 

Assays’ schedule: 

1. Day -7: Cell seeding. 

2. Day -2: 

a. Medium refreshment of five 96-well ULA plates. 

3. Day 0: First cyclosporine A exposure. 

a. Cyclosporine A exposure of five 96-well ULA plates. 

4. Day 1: 

a. ATP quantification assay of one 96-well ULA plate. 

5. Day 2: 

a. Medium refreshment of four 96-well ULA plates. 

6. Day 5: 

a. Medium refreshment of four 96-well ULA plates. 

7. Day 7: 

a. Medium refreshment of three 96-well ULA plates. 

b. ATP quantification assay of one 96-well ULA plate. 

8. Day 9: 

a. Medium refreshment of three 96-well ULA plates. 

9. Day 12: 

a. Medium refreshment of three 96-well ULA plates. 

10. Day 14: 

a. Medium refreshment of two 96-well ULA plates. 

b. ATP quantification assay of one 96-well ULA plate. 

11. Day 16: 

a. Medium refreshment of two 96-well ULA plates. 

12. Day 19: 

a. Medium refreshment of two 96-well ULA plates. 

13. Day 21: 

a. Medium refreshment of one 96-well ULA plate. 

b. ATP quantification assay of one 96-well ULA plate. 

14. Day 23: 

a. Medium refreshment of one 96-well ULA plate. 

15. Day 26: Last cyclosporine A exposure. 

a. Medium refreshment of one 96-well ULA plate. 

16. Day 28: End of the assay. 

a. ATP quantification assay of one 96-well ULA plate. 
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Appendix E 
Bile acids mix preparation 

 

Table 2 – Bile acids mix preparation. 

Bile acids 

[2 000x 
concentrated 

bile acids] 
(mM) 

Molecular 
weight 
(g/mol) 

Calculated 
mass 
(mg) 

DMSO 
(mL) 

Williams’ 
Medium E 

(mL) 

 
Glycochenodeoxycholic 

acid (GCDCA) 
 

79.2 471.61 37.35 - 1 

 
Chenodeoxycholic acid 

(CDCA) 
 

23.4 392.57 9.19 1 - 

 
Glycodeoxycholic acid 

(GDCA) 
 

22.8 471.6 10.75 - 1 

 
Deoxycholic acid (DCA) 

 
24 414.55 9.95 1 - 

 
Glycocholic acid (GCA) 

 
21 465.62 9.78 1 - 
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Appendix F 
Cholestatic Index assay plates layout 

96-well deep well plate layout: 

Figure 13 – 96-well deep well plate layout of cyclosporine A dilutions with and without bile 

acids. 

96-well ultra-low attachment plate layout: 

Figure 14 – 96-well ultra-low attachment plate layout of cyclosporine A exposure with and 

without bile acids. 
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Appendix G 
Hanks’ balanced salt solution (HBSS) composition (52) 

 

Inorganic salts: 

- Calcium chloride (CaCl2) (anhydrous) – 1.26 mM 

- Magnesium chloride (MgCl2 • 6 H2O) – 0.49 mM 

- Magnesium sulfate (MgSO4 • 7 H2O) – 0.41 mM 

- Potassium chloride (KCl) – 5.33 mM 

- Potassium phosphate monobasic (KH2PO4) – 0.44 mM 

- Sodium bicarbonate (NaHCO3) – 4.17 mM 

- Sodium chloride (NaCl) – 137.93 mM 

- Sodium phosphate dibasic (Na2HPO4) (anhydrous) – 0.34 mM 

 

Other components: 

- D-glucose (dextrose) – 5.56 mM 

 

 


