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Abstract

Cholestasis is a common pathological component of numerous liver diseases. The initiating event 

during cholestatic liver injury is widely believed to be the accumulation of bile acids in 

hepatocytes and the hepatic parenchyma. As bile acids are considered the primary toxic 

compounds in the injury, numerous in vitro models of bile acid-induced injury and bile acid-

induced changes in gene expression have been developed to attempt to better define cholestasis at 

a cellular level. This chapter focuses on the establishment of a system for determining the effects 

of cholestatic concentrations of bile acids on hepatocytes using primary hepatocytes or hepatoma 

cell lines. Moreover, this chapter addresses significant differences in the response of different 

species to bile acid exposure and novel information on the relevance of treating hepatocytes with 

concentrations of specific bile acids.
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1 Introduction

Cholestasis results from either blockade of any portion of the biliary tracts or inhibition of 

bile acid export from hepatocytes. When left untreated, chronic cholestasis proceeds to 

significant liver damage and cirrhosis. Common in vivo models for study include the bile 

duct ligation (BDL) model [1], which results in extrahepatic cholestasis, administration of 

lithocholic acid (LCA) [2] or alpha-naphthylisothiocyanate [3], which result in intrahepatic 

cholestasis, or use of the multi-drug resistance two transporter knockout mouse [4] or 

inhibition of the bile salt export pump (BSEP) [5], which mimic inhibition of export of bile 

acids from hepatocytes. As the accumulation of bile acids in hepatocytes and the hepatic 

parenchyma is considered to be the initiator of the injury process [6], considerable effort has 

gone into the establishment of a suitable in vitro model for directly studying the effects of 

increased bile acid levels on hepatocytes. In general, the administration of bile acids to 

cultured hepatocytes is a simple process. However, recent advances have illustrated 

numerous potential pitfalls that can be encountered during otherwise routine cell culture 

experiments. As a preface, current models for the study of cholestatic liver injury are 
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discussed in this chapter, along with potential pitfalls that must be considered before 

initiation of experimentation.

1.1 Differential Effects of Specific Bile Acids on Hepatocytes

Bile acids are the major constituents of bile. Numerous species are present in the body and 

are derived from the two primary bile acids, namely cholic acid (CA) and chenodeoxycholic 

acid (CDCA). Dehydroxylation reactions result in secondary bile acids, namely deoxycholic 

acid (DCA) and lithocholic acid (LCA) from cholic acid and chenodeoxycholic acid, 

respectively. A majority of these bile acids are then conjugated to either of the amino acids 

taurine or glycine before they enter enterohepatic circulation. Recent methodology has 

allowed for a quantitative assessment of individual bile acid concentrations in multiple 

species and in multiple tissue compartments during cholestasis [7–11]. Perhaps the most 

important aspect of these new data is the elucidation of vast differences in individual bile 

acid concentrations in rodents and humans, both in control patients and during cholestatic 

liver injury [1]. While numerous studies [6, 12, 13] have focused on administering 

micromolar levels of toxic bile acids or their conjugate salt, such as glycochenodeoxycholate 

(GCDC) or taurolithocholate (TLC), to hepatocytes in vitro, newer data based on mass 

spectrometric bile acid analysis questions the use of micromolar concentrations of these bile 

acids in rodent cultures, as they likely do not accumulate to similar values in any 

compartment in vivo [8, 10]. Moreover, murine hepatocytes are highly resistant to TLC-

induced injury in vitro, suggesting mechanisms of toxicity specific to the rat [10, 14]. 

Additionally, the use of unconjugated bile acids to investigate pathophysiology seems 

unwarranted as more than 99 % of bile acids in liver, plasma and bile are conjugated to 

taurine or glycine in multiple species [7–9, 11]. While intrahepatic concentrations of bile 

acids are considered to be integral to the injury, recent reports have asserted that the 

characteristic areas of necrosis seen after BDL or after administration of 1 % LCA via the 

diet are due to infarction of the small biliary tracts and the ensuing release of bile into the 

hepatic parenchyma, suggesting that biliary levels of bile acids may be driving the hepatic 

accumulation of bile acids during some models of cholestatic liver injury [2, 10]. Cholestasis 

models, such as BDL, display a lack of zonation in the area of injury. Instead, the necrosis 

correlates specifically with areas of biliary leakage, implicating leakage of biliary 

constituents onto the hepatic parenchyma as an initiator of injury [2, 4, 10, 11]. However, 

even in bile, a majority of the rodent bile acid milieu is largely composed of hydrophilic bile 

acids, such as taurocholic acid (TCA), that remain non-toxic up to millimolar concentrations 

[8, 10]. While the hydrophilic bile acids, like TCA, do not cause direct hepatotoxicity [8, 

10], exposing these bile acids to hepatocytes results in dramatic increases in pro-

inflammatory genes, such as macrophage inflammatory protein 2, mouse keratinocyte-

derived chemokine, intercellular adhesion molecule 1, early growth response protein 1 and 

others [15, 16]. Many of these genes play a significant role in the pathophysiology of 

cholestatic liver injury, as intercellular adhesion molecule 1 and early growth response 

protein 1 knock-out mice are protected against BDL injury [17, 18]. This reduction in injury 

is due to attenuation of neutrophil function and recruitment, as BDL injury is mediated by 

cytotoxic neutrophils [17, 19, 20]. In contrast to the BDL model, only in models where the 

bile is toxified, such as through administration of LCA via the diet, direct hepatotoxicity can 

be seen when hepatocytes are exposed to rodent bile [2, 10]. As such, experiments where 
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mouse or rat hepatocytes are exposed to 50–100 μM GCDC or TLC may not be relevant to 

the pathophysiology of cholestatic liver injury in mice or man. Furthermore, as hepatocytes 

are exposed to multiple bile acids simultaneously during cholestasis, exposure of 

hepatocytes to single bile acids may obscure the anti-apoptotic effects that hydrophilic bile 

acids can induce through activation of nuclear factor kappa beta via upregulation of 

cytokines [21]. Thus, while the simplicity of adding a single bile acid to hepatocytes can 

produce interesting and repeatable results, the relevance of exposure of hepatocytes to a 

single toxic bile acid may bear little resemblance to the in vivo pathophysiology. An 

increased focus is instead called for on how a complete bile acid milieu derived from 

pathophysiological assessment of levels in the appropriate species affects hepatocytes both 

in vitro and in vivo. Recent studies using complete mixtures of serum or biliary bile acid 

values suggest that hepatocytes may be less susceptible on a mole to mole basis to a total 

bile acid mixture than to direct exposure to a single bile acid [11, 22]. It is therefore 

imperative to carefully assess what bile acids and what models are being used to investigate 

biological effects of bile acids to ensure pathophysiological relevance.

1.2 Species Differences in In Vitro Bile Acid Toxicity

Bile acid levels in serum, liver, and bile, and the subsequent cellular response vary 

substantially between commonly used laboratory species and man. These differences have 

resulted in significant controversy in the field with regard to which method of cell death, 

apoptosis or necrosis occurs during cholestasis [2, 6, 23–25]. Part of this discussion revolves 

around differences seen during in vitro exposure to bile acids, particularly pro-apoptotic bile 

acids, such as GCDC. Humans produce a relatively larger amount of the more toxic glycine-

conjugated bile acids, particularly GCDC, whereas mice and rats produce larger quantities 

of the less toxic taurine-conjugated bile acids [7–9, 11, 26]. Numerous studies expose rat 

hepatocytes or transfected human hepatoma lines to about 50 μM GCDC, which then 

respond with prototypical apoptosis including nuclear condensation, cellular shrinkage, 

nuclear fragmentation, and activation of caspases [27]. Complete rescue is possible by 

pretreatment with the pan-caspase inhibitor z-VAD-fmk, indicating the injury is 

predominately apoptosis [28]. Even given this well-defined and established response, the 

validity of applying bile acids commonly observed in humans to rat hepatocytes does not 

accurately model the pathophysiology, especially as levels of these bile acids either do not 

reach or far exceed 50 μM during cholestasis [7, 12]. In contrast, human hepatocytes show 

little evidence for apoptosis at doses consistent with the pathophysiology and die primarily 

through necrosis, although only when exposed to higher concentrations of GCDC or a 

complete biliary bile salt mixture [11]. Interestingly, primary human hepatocytes are 

particularly resistant to GCDC-induced injury requiring near millimolar levels of specific 

toxic bile acids before the onset of toxicity [11, 29, 30]. Species differences also exist 

between mice and humans, as humans do not exhibit the same increases in cytokine 

production that mice do when stimulated with millimolar concentrations of TCA [11, 15]. 

As human bile is considerably more concentrated with glycine-conjugated toxic bile acids, 

this may be a by-product of the direct toxicity produced by human bile in comparison to the 

relatively less harmful murine bile. While inflammation is a noted part of multiple human 

cholestatic disorders, cytokine production likely results from another source. A final 

important note is the marked difference in transporter expression levels over time between 
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primary human and primary rodent hepatocytes. While human hepatocytes retain a majority 

of their transporter activity (e.g. BSEP) over the first 24 h of culture [31], rodent hepatocytes 

rapidly dedifferentiate and lose transporter expression [32, 33]. Loss of transporter activity 

rapidly decreases bile acid function in vitro. Thus, primary hepatocytes from rodents need to 

be used immediately after adherence for them to be useful. Bile salt efflux is considerably 

different between humans and rats as well. While humans have essentially similar levels of 

basolateral and canalicular efflux, rats rely predominantly on basolateral transport, 

increasing their resistance to canalicular BSEP inhibition-induced cholestasis [34]. Thus, 

critical differences are present between species in regard to bile acid toxicity and 

metabolism that merit consideration before experimentation in this field.

1.3 BSEP Inhibition In Vitro

BSEP is responsible for export of bile salts out of the hepatocytes into the biliary tracts [35]. 

Troglitazone, a peroxisome proliferator-activated receptor activator, and bosentan, an 

endothelin receptor antagonist, are currently the most widely recognized BSEP inhibitors 

[36]. Troglitazone was removed from the market due to hepatotoxicity and bosentan 

currently carries a black box warning label that requires monthly monitoring for liver 

damage associated with taking the drug. Drug-induced BSEP inhibition results in severe 

cholestasis, making it a pharmacological and a clinical issue [37]. While not directly 

cytotoxic, drugs that inhibit BSEP result in increases in serum transaminases and serum bile 

acid levels, suggesting they may kill cells through loss of homeostasis of native bile acid 

levels and subsequent liver injury [38]. Long-term drug-induced cholestasis also causes both 

a ductular reaction and hepatitis that may worsen the injury [36]. The mechanisms behind 

how BSEP inhibition produces hepatotoxicity are not well understood, although intrahepatic 

accumulation of bile acids and oxidative stress are implicated [39]. Both functional [40] and 

gene expression assays [41] have some predictive value in determining the degree by which 

a drug can inhibit BSEP. Thus, while these drugs are not directly cytotoxic, drug-induced 

cholestasis is a separate yet important issue. Multiple efforts are underway currently to 

establish a reproducible and appropriate model for drug-induced cholestasis, as it relates to 

liver injury in vitro [25].

1.4 Primary Cells Versus Hepatoma Cell Lines

Due to the difficulty in acquiring primary cells from animals or humans, hepatoma cell lines 

are sometimes used [42, 43]. Most commonly used hepatoma lines, such as the Huh7 line 

and HepG2 line, do not natively express the sodium taurocholate co-transporting 

polypeptide (NTCP), the primary bile acid uptake transporter, and must be transfected to 

express the protein, where-upon they will actively take up bile acids. Thus, non-transfected 

HepG2 or Huh7 cells make a poor model for bile acid-induced liver injury or cholestatic 

liver injury. Multiple reports have used HepG2 cells transfected with NTCP to assess the 

effects of bile acids [43–45]. In general, these cells recapitulate responses seen in the rat and 

not the human, which suggests that they may not be a suitable surrogate for primary human 

hepatocytes. In contrast, the recently isolated HepaRG cell line functionally expresses both 

canalicular and basolateral transporters [31, 46] and may serve as a novel human cell line for 

in vitro bile acid-induced toxicity. While hepatocytes from this line do not express 

transporters to the same degree primary human hepatocytes do, some functional activity is 
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retained [31, 39]. As this is a bipotential cell line that actively differentiates into both 

cholangiocytes and hepatocytes, it is imperative to establish bile acid toxicity without 

cholangiocyte toxicity when assessing cell death in this model.

Given these potential pitfalls, and the current state of knowledge of the field, a model for in 

vitro assessment of cholestatic liver injury is proposed herein.

2 Materials

1. Hepatocyte seeding and culture medium. William’s medium E containing 10 % 

fetal bovine serum (FBS), suitable antibiotics and 2 ng/mL insulin. Media should 

be warmed to 37 °C before use (see Note 1).

2. Phosphate-buffered saline (PBS). 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4·2H2O, 1.8 mM KH2PO4 in deionized water. Adjust to pH 7.4 and store 

for maximum 6 months at 4 °C.

3. Depending on the animal model used, cell death is best measured by lactate 

dehydrogenase (LDH) release into media and caspase-3 activation. For the LDH 

assay, potassium phosphate buffer is composed of 60 mM KH2PO4 and 60 mM 

K2HPO4 along with 100 mM pyruvate and 250 μM nicotinamide adenine 

dinucleotide (NADH), pH 7.5, in deionized water. This solution can be stored for 

up to 1 month at 4 °C. The fluorogenic substrate for caspase-3 assay, namely 

acetyl-aspartic acid-glutamic acid-valine-aspartic acid-7-

aminotrifluoromethylcoumarin (Ac-DEVD-AMC) is commercially available (Enzo 

Life Sciences, United States of America).

4. Depending on the animal model used, reverse transcriptase polymerase chain 

reaction (RT-PCR) analysis and immunoblotting can be used to assess changes in 

expression of pro-inflammatory genes and proteins, such as adhesion molecules, 

after bile acid exposure. Reagents and protocols for these assays are widely 

available from relevant manufacturers (Life Technologies, United States of 

America).

5. Incubator (see Note 2).

6. Spectrophotometer capable of reading at 340 nm.

7. Plate reader capable of exciting at 380 nm and reading emission at 460 nm.

8. Bicinchoninic acid (BCA) protein quantification reagents (Sigma-Aldrich, United 

States of America).

1Fetal bovine serum can be omitted, but may affect results in some assays. As cells are exposed to serum constantly in vivo, use of 
fetal bovine serum is recommended in all assays. If fetal bovine serum is not used, a direct comparison between cells given fetal 
bovine serum and cells not given fetal bovine serum should be done for the indicated assay.
2Use of room air can have profound effects on hepatocyte culture [48, 49]. Physiological levels of oxygen are protective against 
GCDC-induced apoptosis in rat hepatocytes [49]. Primary hepatocytes are typically incubated in ambient levels of oxygen (i.e. about 
20 %), whereas hepatic oxygen levels can be as low as 4 %, which results in substantial increases in available oxygen for reactive 
oxygen species generation in GCDC-treated cultured hepatocytes. Reactive oxygen species production likely mediates the apoptosis, 
although the source of the reactive oxygen species is not well established. Experiments may want to be repeated under conditions of 
both atmospheric oxygen and physiological hypoxia to verify changes observed during in vitro culture.
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9. Kits and reagents for RNA extraction and RT-PCR analysis (Invitrogen, United 

States of America).

3 Methods

3.1 Cell Culture and Bile Acid Administration

1. Use freshly isolated primary human, rat, or mouse hepatocytes (see Note 3). Cell 

viability is assessed by means of trypan blue exclusion [47].

2. Plate the hepatocytes on 6-well plastic culture dishes at a density of 0.5–1.0 × 106 

cells/well (see Note 4). Hepatocytes should be allowed to adhere for 3–4 h before 

the onset of experimentation (see Note 5).

3. Wash cells with 1 mL PBS and replace 1 mL culture medium.

4. Add the bile acid of interest to the appropriate concentration and incubate as 

desired (see Notes 6 and 7).

3.2 Measurement of LDH and Alanine Aminotransferase Activity (See Note 8)

1. Treat cells with bile acid of interest.

2. Remove 1 mL medium and store in a microcentrifuge tube at −80 °C. Upon 

thawing, centrifuge at 14,000 × g and room temperature for 3 min. Wash with 1 mL 

PBS.

3. Lyze cells in 300 μL appropriate protein buffer, scrape and store in a 

microcentrifuge tube at −80 °C. Upon beginning the assay, sonicate cellular 

mixture 3 times for 3 s at a low level to ensure complete disruption of membranes. 

Centrifuge at 14,000 × g and room temperature for 10 min.

4. LDH activity can be measured by analyzing the oxidation of NADH in an LDH 

buffer via a loss in absorbance at 340 nm on a spectrophotometer. LDH activity in 

both medium and cells should be analyzed. Approximate LDH release can be 

measured using the equation:

3The animal model used has profound effects on the results obtained.
4Typically, assays done in our laboratory are done in a 6-well plate. It is recommended to consult commercial literature on cell density 
numbers for other sizes of plates. About 80 % confluence is typical for these assays. For all assays listed, 1 well of a 6-well plate at the 
given cell density will be sufficient to complete the assay.
5NTCP is rapidly downregulated after culture in murine and rat hepatocytes [32]. To avoid loss of effects, experiments should be 
carried out immediately at this point. Avoid cultures that do not express NTCP, as there is a serious deficit of bile acid internalization 
and thus quite likely, bile acid function. These cell lines may be prone to generating results with limited relevance for the human 
pathophysiology.
6Longer incubation times will result in loss of NTCP function and alternations in read-out. Assays are best run over 4–6 h to avoid 
these problems. If longer time periods are needed, stably transfected cells or primary human hepatocytes, which do not lose NTCP 
activity as quickly, can be used [11, 31]. While the shorter timeframe likely does not mimic the consequences of long-term cholestasis, 
the loss of functional transporter activity is a more serious concern, as observed effects may be secondary to bile acid function.
7Bile acids have varied effects. Toxicity and gene induction can be acquired through multiple different bile acids or administration of 
a single bile acid. In general, the more hydrophobic bile acids are more toxic and also require hydrophobic solvents, such as dimethyl 
sulfoxide or methanol. Concentrations of solvent below 1 % are suggested to reduce solvent effects. Vehicle solvents should always 
be added to experiments as a control for the solvent effects [50].
8LDH is best used to measure necrosis, which may be secondary to apoptosis. The simultaneous use of LDH and caspase-3 is 
attainable in a single well from a 6-well plate and provides the best overall image of cell death using enzyme kinetics. Additional 
potential assays include staining necrotic nuclei with the cell permeable reagent propidium iodide.
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5. To analyze LDH activity, dilute media 1:7 into LDH buffer and analyze the 

oxidation of NADH (i.e. loss of absorbance at 340 nm) in the LDH buffer with a 

spectrophotometer over a 2 min period. In a matched sample, dilute cellular 

contents 1:30 and analyze the oxidation of NADH in the LDH buffer with a 

spectrophotometer over a 2 min period. Use the above equation to calculate the 

death ratio and report as percentage LDH release. A sample figure is presented 

showing increasing cell death in glycocholic acid treated mouse hepatocytes in Fig. 

1.

6. Alanine aminotransferase (ALT) activity can be measured similarly and involves a 

2-step process that also measures the oxidation of NADH via a loss in absorbance 

at 340 nm on a spectrophotometer. In some cases, measurement of ALT can be 

superior to measurement of LDH, as loss of LDH activity may occur during 

extended cell culture. To measure ALT instead of LDH, complete the steps above, 

but substitute the LDH buffer with an ALT buffer (Pointe Scientific, United States 

of America). All calculations and steps are otherwise identical as is the equation for 

calculation.

3.3 Measurement of Caspase-3 Activity (See Note 9)

1. Treat cells with bile acid of interest.

2. Remove media and wash cells with 1 mL PBS.

3. Lyze cells in 150 μL of appropriate protein buffer, scrape, and store in a 

microcentrifuge tube at −80 °C if necessary. Upon thawing or upon starting the 

assay, centrifuge at 14,000 × g and room temperature for 10 min.

4. Dilute Ac-DEVD-AMC substrate to 2 mM. Dilute z-VAD-fmk to 100 μM (see 

Note 10).

5. The assay is best completed in a 96-well plate on a plate reader. Generate 2 master 

mixes, for 1 caspase-3 activity and 1 for z-VAD-fmk inhibitable activity:

• Mix A: 50 μL protein homogenizing buffer and 10 μL diluted substrate.

9Caspase-3 activity is a specific and direct marker of apoptosis. As caspase-7 generally has the same substrate specificity, some 
groups will label assays as caspase-3/7 activity, which is also correct. Confirmation of caspase-3 activity can be obtained via 
immunoblotting for pro-caspase-3 and its cleaved active form. The antibody used in our laboratory is from Cell Signaling (United 
States of America). While antibodies specific for cleaved caspase-3 are available, acknowledgement of the proband in immunoblot 
imaging is encouraged, as its compensatory decrease can be seen as a confirmation of antibody specificity. Figure 2 depicts the proper 
representation of an immunoblot for caspase-3 that contains both the proform band and its cleaved form. Multiple cleavage products 
are sometimes formed from the 32 kDa precursor between 19 and 14 kDa.
10As there may be endogenous protease activity, the use of a pancaspase inhibitor (e.g. z-VAD-fmk) control ensures that the assay is 
specific for cellular caspase activity and excludes caspase-independent protease activities. This is a vital control, as some cell lysates 
will contain a great deal of endogenous protease activity.

Woolbright and Jaeschke Page 7

Methods Mol Biol. Author manuscript; available in PMC 2016 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



• Mix B: 40 μL protein homogenizing buffer, 10 μL diluted substrate, and 10 

μL diluted z-VAD-FMK.

6. Add 50 μL of cell lysate to each well and then pipette 50 μL of either mix A or mix 

B in with the samples. This yields 2 wells for each sample, namely mix A well (i.e. 

caspase-3 activity) and mix B well (i.e. z-VAD-inhibitable caspase activity).

7. Analyze activity over 1 h using an excitation of 380 nm and emission of 460 nm. 

Activity should be recalculated as caspase-3 activity minus z-VAD-inhibitable 

caspase-3 activity.

8. Measure protein quantity via the BCA assay as per manufacturer’s instructions and 

express as relative fluorescence/mg protein/min.

3.4 RNA Isolation and RT-PCR Analysis (See Note 11)

1. Treat cells with bile acid of interest.

2. Remove media and wash cells twice with PBS.

3. Lyse cells in Trizol buffer for RNA isolation.

4. Extract RNA and reverse transcribe to cDNA.

5. Use PCR to assess gene levels (see Note 12). Numerous protocols are available for 

simple quantitative PCR techniques. Following the manufacturer’s recommended 

instructions for the apparatus is advisable for this assay.

3.5 Immunoblot Analysis

1. Treat cells with bile acids of interest.

2. Remove media and wash cells twice with PBS.

3. Lyze and scrape cells in 100 μL of appropriate protein isolation buffer.

4. Measure protein and assess protein levels by immunoblot analysis (see Note 12). 

Numerous protocols are available for this process. Following the manufacturer’s 

recommended instructions for the apparatus and antibodies in use is advisable for 

this assay.
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Fig. 1. 
Bile acid-induced necrotic cell death in murine hepatocytes. Hepatocytes were isolated from 

livers of C57Bl/6 mice and exposed to various concentrations of glycocholic acid (GCA) for 

6 h after an initial 3 h attachment period. LDH was measured as an indicator of cell death (n 

= 3; *p < 0.05 vs. control by analysis of variance)
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Fig. 2. 
Bile acid-induced apoptosis in rat hepatocytes. Hepatocytes were isolated from rats and 

exposed to vehicle (i.e. 0.1 % dimethyl sulfoxide), 50 μM, or 100 μM GCDC for 6 h with 

and without a 30 min pretreatment with 10 μM of the pan-caspase inhibitor z-VAD-FMK. 

Caspase-3 activation after 50 μM GCDC was measured by immunoblot analysis (a) and 

through a fluorogenic caspase activity assay (b) (*p < 0.05 vs. control; #p < 0.05 vs. 

matched z-VAD-fmk treated sample)
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