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OECD GUIDELINE FOR THE TESTING OF CHEMICALS 1 

DRAFT PROPOSAL FOR A NEW PERFORMANCE BASED TEST GUIDELINE 2 

Human cytochrome P450 (CYP) n-fold induction in vitro test method 3 

 4 

GENERAL INTRODUCTION 5 

Performance-Based Test Guideline 6 

1. This PBTG describes the methodology to assess the potential of test chemicals to induce three 7 

cytochrome P450 (CYPs) isoforms CYP1A2, CYP2B6, and CYP3A4 in two human-derived 8 

metabolically competent hepatic in vitro test systems: 9 

(1) human primary hepatocytes (3 donors reflecting donor variability);  10 

(2) HepaRG cell line (3 batches derived from one donor).  11 

CYP induction, following multi-challenge exposure of the test systems to the test chemical (i.e. the 12 

medium with the test chemical is renewed every 24 hours over the duration of the in vitro test method), is 13 

assessed by analytical (LC/MS) measurement of the concentration of specific biotransformation products. 14 

A cocktail of the three specific CYP substrates is added and samples are then analyzed for the specific 15 

biotransformation products.  16 

 17 

2. As risk assessment is moving towards greater use of quantitative kinetic data, the test methods in 18 

this PBTG will be of increasing value. The information/data produced with this PBTG will help to gain 19 

more insight into toxicological Mode of Action. The test method is biologically relevant for the induction 20 

of enzymatic activity for CYPs that may be associated with receptor-activated pathways. This information 21 

can be integrated into a test strategy that could help to assign a test chemical to a particular Adverse 22 

Outcome Pathway, where CYP induction is identified as a key event. 23 

 24 

3. The fully validated reference in vitro test methods (Annex 2 and Annex 3) that provide the basis 25 

for this PBTG are: 26 

 The cryopreserved human HepaRG
®
 cells CYP n-fold  induction in vitro test method 27 

(CryoHepaRG
®
) 28 

 The cryopreserved human primary hepatocytes CYP n-fold  induction in vitro test method 29 

(Cryoheps) 30 

 31 

4. Performance standards (PS) are available to facilitate the development and validation of similar 32 

test methods (referred as “me-too” test methods) for the same endpoint and allow for timely amendment 33 

of this PBTG so that new similar test methods can be added to an updated PBTG. However, similar test 34 

methods will only be added after review and agreement that performance standards are met. The test 35 

methods included in this Test Guideline can be used indiscriminately to address countries’ requirements 36 

for test results on CYP induction while benefiting from the Mutual Acceptance of Data. 37 
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 38 

DEFINITIONS 39 

 40 

5. Definitions are provided in Annex 1. 41 

 42 

Background and principles of the tests method included in this PBTG 43 

 44 

6. One of the most important functions of hepatocytes is the biotransformation of endogenous and 45 

exogenous (xenobiotics) compounds. These liver parenchymal cells are very rich in smooth endoplasmic 46 

reticulum which incorporates a large amount of biotransformation enzymes. The characteristically 47 

polarised structure of hepatocytes allows the excretion of the biotransformation products into the bile or 48 

the blood (1). 49 

 50 

7. Biotransformation in the liver is accomplished by two classes of enzymes: phase I and phase II 51 

biotransformation enzymes (2). Cytochrome P450s are pivotal phase I mono-oxygenase enzymes 52 

involved in the synthesis and degradation of endogenous steroid hormones, vitamins and fatty acid 53 

derivates, but also in the transformation of xenobiotics such as drugs and environmental chemicals into 54 

more hydrophilic molecules, facilitating their excretion. 55 

 56 

8. Exposure to xenobiotics can lead to the induction of biotransformation enzymes including CYPs. 57 

CYP induction is defined as an increase in the amount and activity of a biotransformation enzyme due to 58 

de novo CYP protein synthesis or stabilisation of CYP enzymes. CYP induction may lead to a significant 59 

variation in the concentration of the xenobiotic and its metabolites at the target site enhance clearance or 60 

toxic accumulation of the parent compound (or its metabolites) or produce toxic metabolites. Due to the 61 

relatively broad substrate specificity of CYPs, many metabolic routes of elimination can be induced by 62 

concomitant xenobiotic administration/exposure (i.e. mixtures, chemical-chemical, drug-drug). 63 

 64 

9. The two human in vitro CYP induction test methods will contribute to knowledge gathering on: 65 

a) Identification of compounds that have CYP induction as a key event in a toxicity pathway 66 

b) Identification of compounds that lead to CYP induction and affect biotransformation of 67 

endogenous (=non-xenobiotics) substances and thus disturbing normal intermediary metabolism 68 

and physiological homeostasis.  69 

c) Identification of compounds in mixtures that induce CYP  70 

 71 

10. At the molecular level, CYP induction involves several cellular processes (3; 4; 5): 72 

 The chemical binds to a specific receptor, 73 

 The activated receptor forms heterodimer with factors, such as Ahrnt (Ahr nuclear translocator) 74 

and retinoid X receptor (RXR for both PXR and CAR) and migrates into the nucleus,  75 

 The heterodimer binds to the target xenobiotic response elements (XRE) located in both the 76 

proximal and distal P450 gene promoters,  77 

 The transcription of the respective CYP gene is enhanced, which is followed by the de novo 78 

protein synthesis and post-translational modification to a functional CYP enzyme.  79 

 80 
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11. Among the receptors, the Constitutive Androstane Receptor (CAR), the Pregnane X Receptor 81 

(PXR) and the Aryl Hydrocarbon Receptor (AhR) are involved in CYP-mediated metabolism. These 82 

receptors control the expression of CYP1A (AhR), CYP2, and CYP3A (PXR and CAR) families (6; 7; 8; 83 

9; 10; 11; 12; 13), as well as UGTs and glutathione-S-transferases and the transporters MDR1 and MRP2 84 

(14).  85 

 86 

12. Use of a human relevant system is important because the AhR, PXR and CAR found in 87 

toxicological animal models, such as mouse and rat, exhibit significant differences in specificity (15). 88 

Differences of induction among species are explained by discrepancies in the ligand-binding domain of 89 

the receptors implying that their ligand specificities may differ dramatically between species. Therefore, 90 

extrapolation of animal data with respect to the inducibility of CYP enzymes in humans is not relevant. 91 

 92 

13. The CYP n-fold  induction in vitro test method can be used to assess inducing capacity of 93 

chemicals irrespective of their use class, i.e. including pharmaceutical ingredients, pesticides, cosmetic 94 

ingredients, ingredients of household products etc. Since the CYP induction method is based on 95 

xenobiotic-receptor binding, any class of compounds that can interact with such receptors is predicted to 96 

be qualified to be used in in vitro CYP induction test method. Test chemicals other than pharmaceuticals 97 

have been shown to induce CYPs (16; 17). 98 

 99 

14. The validation study on which this PBTG is based was coordinated by EURL ECVAM and 100 

performed in accordance with the OECD Guidance Document No. 34 on the Validation and International 101 

Acceptance of New or Updated Test Methods for Hazard Assessment (18). The validation study 102 

demonstrated the relevance and reliability of the human CYP n-fold induction in vitro test method for the 103 

intended purpose of assessing the induction of specific CYP isoforms by measuring enzymatic activity 104 

(19). 105 

 106 

15. The validation study required reliable human clinical data on the induction of the four CYPs for a 107 

proper evaluation of the predictive capacity of the in vitro results. As human data of sufficient quality for 108 

the three CYPs are only available for pharmaceuticals, all the substances used in the validation study were 109 

pharmaceuticals. The test substances were tested at a wide range of concentrations in order to cover 110 

human clinically relevant concentrations of CYP inducers for comparison with the available human 111 

reference data. 112 

 113 

16. In the validation study, CYP n-fold induction was assessed at the enzyme (CYP1A2, CYP2B6, 114 

and CYP3A4) activity level. Levels of mRNA were not measured since it is well documented that there is 115 

a discrepancy between mRNA induction and enzyme activity and thus a lack of positive correlation 116 

between CYP enzyme activity and the specific CYP mRNA level (20; 21; 22; 23). Abass (17) observed 117 

that in HepaRG
®
 cells, phenobarbital induced the CYP activity in a dose dependent manner, in contrast 118 

with mRNA. As CYP induction is therefore not necessarily reflected by changes in mRNA levels, it was 119 

measured on the basis of the enzymatic activity for the isoforms after exposure of the cells to the test 120 

substance.  121 

 122 

Scope and limitations of the human-derived test system based CYP induction in vitro method 123 
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 124 

17.  While since 1997, the European Medicines Agency (EMA) and Food and Drug Administration 125 

(FDA) Guidelines (24; 25) require CYP induction assessment for new pharmaceuticals, human CYP 126 

induction for safety assessment of a broad spectrum of test chemicals (e.g. chemicals, cosmetics, food 127 

additives, pesticides, mixtures) is currently not systematically addressed by OECD Guidelines. 128 

 129 

18.  The human CYP induction in vitro test methods of this PBTG allow the identification of test 130 

chemicals that induce CYP1A2, CYP3A4 and CYP2B6, involving several cellular processes such as 131 

xenobiotic-receptor binding (CAR, PXR and AhR), de novo protein synthesis or protein stabilization. 132 

 133 

19.  The purpose of the human CYP induction in vitro test method of this PBTG is to evaluate the 134 

potential of a test chemical to induce CYP mediated via PXR/CAR (CYP3A4, CYP2B6) and the Ah-135 

receptor (CYP1A2). The selection of these three CYP isoforms, which are recommended by the EMA and 136 

FDA Guidelines, is based on the fact that in humans they are involved in the biotransformation of a wide 137 

variety of endogenous and exogenous chemicals and that they are target CYPs for classical model 138 

inducers: CYP1A2 for dioxins and PAHs, CYP2B6 for phenobarbital and CYP3A4 for rifampicin.  139 

 140 

20.  Data generated during the validation study showed that the test method performed well in terms 141 

of within laboratory reproducibility (WLR) and between laboratory reproducibility (BLR) and they can 142 

serve as references in developing similar methods (26; 27). 143 

 144 

21.  The human CYP induction test method has been validated using test substances that are well-145 

known PXR/CAR or Ah-receptor ligands, and for which human clinical data are available. However, the 146 

CYP n-fold induction test method can be used to assess the CYP induction capacity of any test chemical, 147 

(e.g. pharmaceutical ingredients, pesticides, cosmetic ingredients, ingredients of household products etc.) 148 

able to bind to one of the above mentioned receptors. 149 

 150 

22.  Cultured human primary hepatocytes (fresh or cryopreserved) are the most accepted (industry, 151 

academia) in vitro test system for assessing the potential for xenobiotics to induce human CYP isoforms 152 

and are still the gold standard for FDA Guidelines on drug-drug interaction studies (28; 24). One 153 

important advantage of using human hepatocytes is that one can get information on CYP induction in 154 

different donors. In the validation study on which this PBTG is based, information was generated for 155 

human CYP induction using three different donors, according to EMA and FDA guidelines. 156 

 157 

23.  Many researchers use pools of hepatocytes for other applications such as human hepatic 158 

metabolic stability/clearance. The use of separate hepatocyte donors or pools depends on the purpose of 159 

the study. Individual donors or pools could be used for the study of a phenomenon of human CYP 160 

induction, but the use of individual preparations enriches the information by providing at least some idea 161 

about intraspecies variability. 162 

 163 
24.  Primary human hepatocytes derived from 3 separate donors were considered in the past as a kind 164 

of gold standard for CYP induction studies. However, known donor variability and their limited 165 

availability stimulated a search for alternative test systems. HepaRG® cells represent a promising 166 

alternative to primary human hepatocytes as they combine long-term stability of chemical-metabolising 167 
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enzymes and transporters with the correct plasma membrane polarization. HepaRG is a cell line derived 168 

from one donor allowing the generation of comparable historical data that is considered by current 169 

industrial end-users to function like an adult liver cell, with unique characteristics such as the whole 170 

Hepatitis C cycle and ADME gene expression. 171 

 25. The human CYP n-fold induction in vitro method does not provide information on the number or 172 

nature of possible (reactive/non-reactive) metabolites or about human hepatic clearance/stability of the 173 

chemicals tested. To address this aspect, in vitro hepatic metabolic clearance/stability, metabolite 174 

identification and reactivity assessments would be needed. However, the two in vitro test systems used in 175 

the human in vitro CYP n-fold induction method might be employed, using a suitably modified protocol, 176 

for estimating an in vitro intrinsic human hepatic metabolic clearance, which is then used for the 177 

extrapolation of in vivo human hepatic metabolic clearance.  178 

26.  Before use of the test guideline on a mixture for generating data for an intended regulatory 179 

purpose, it should be considered whether, and if so why, it may provide adequate results for that purpose. 180 

Such considerations are not needed, when there is a regulatory requirement for testing of the mixture. 181 

 182 
CYP N-FOLD INDUCTION TEST METHOD COMPONENT 183 
 184 
Methodological standards 185 

 186 

27. Standard methodology used to provide specific essential information for, and evidence of good 187 

characterisation of the test systems for the basal and induced enzymatic activities for the three CYPs.  188 

 Exposure to a prototypical inducers β-naphthoflavone (BNF; 25 µM), phenobarbital (PB; 500 189 

µM), and rifampicin (RIF; 10 µM) must lead to a ≥ 2-fold increase of enzymatic activity at the 190 

defined fixed concentrations. 191 

 Reference substances should be classified as inducers or non-inducers according to Table 2 192 

Decision classification of proficiency substances. 193 

 194 

28. Such standards will guide the end-users of the OECD performance-based test guideline ultimately 195 

to obtain the information necessary for harmonised reporting formats for in vitro methods. 196 

 197 

Essential test method component 198 

 199 

29. The PBTG applies to methods using metabolically competent human-derived in vitro test 200 

systems. They should express the nuclear receptors PXR, CAR and AhR
1
 as well as transporters and the 201 

three CYP isoforms, CYP1A2, CYP2B6, and CYP3A4, should be functionally active and inducible. 202 

Other receptors, transporters and Phase I and II enzymes may be expressed. These are essential test 203 

method components. 204 

 205 

Control substances 206 

                                                           
1
 Strictly speaking, AhR does not belong to nuclear receptor family, but because of its role in mediating induction of 

some xenobiotic-metabolizing CYP and other enzymes, it is grouped here with PXR and CAR. 
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 207 

30. The basis for the proposed reference substances and controls should be described. Concurrent 208 

controls (negative, solvent, and prototypical inducers), as appropriate, serve as an indication that the test 209 

method is operative under the test conditions and provide a basis for experiment-to-experiment 210 

comparisons; they are usually part of the acceptance criteria for a given experiment (18). 211 

 212 

Standard Quality Procedures 213 

 214 

31. Standard quality control procedures should be performed to ensure that the CYPs investigated are 215 

inducible in the test system used. Table 1 shows the prototypical inducers to be included in every study. 216 

Exposure to a prototypical inducer must lead to a ≥ 2-fold increase of enzymatic activity at the defined 217 

fixed concentrations. 218 

Table 1: Prototypical inducers 219 

Isoenzyme CYP1A2 CYP2B6 CYP3A4 

Inducer 
-Naphthoflavone 

(BNF) [25 µM] 

Phenobarbital  

(PB) [500 µM] 

Rifampicin  

(RIF) [10 µM] 

 220 

Cells should be evaluated with regard to contamination of mycoplasma and other contaminants (e.g. 221 

fungi, yeast). Established acceptance criteria for morphology must be met. 222 

 223 

Proficiency substances 224 

32. Prior to using this PBTG for testing unknown chemicals, each laboratory should demonstrate 225 

proficiency in using the test method by first testing reference test substances. This proficiency testing will 226 

also confirm the responsiveness of the test system. The list of proficiency substances is a subset of the 227 

substances used in the CYP n-fold induction Validation Study. They represent different MoA covering 228 

the three main initiating molecular events (binding to the PXR, CAR or AhR receptors). These 229 

substances, all pharmaceuticals, are commercially available.  230 

 231 

Table 2: Decision classification of proficiency substances 232 

Proficiency 

substance 

Test 

concentration 

range [µM] 

LOEL [µM]
a
 Decision classification 

CYP1A2 CYP2B6 CYP3A4 CYP1A2 CYP2B6 CYP3A4 

Omeprazole 0.48-115.8 12.9 38.6 38.6 N-fold 

induction 

N-fold 

induction 

N-fold 

induction 

Carbamazepine 0.70-169.3 54.6 2.09 6.27 N-fold 

induction 

N-fold 

induction 

N-fold 

induction 

Phenytoin 0.45-145.8 16.2 0.60 1.80 N-fold N-fold N-fold 
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induction induction induction 

Rifampicin 0.20-48.6 0.2  0.2 0.2 N-fold 

induction 

N-fold 

induction 

N-fold 

induction 

Sulfinpyrazone 0.41-98.9 3.66 3.66 1.22 N-fold 

induction 

N-fold 

induction 

N-fold 

induction 

Bosentan 0.07-70.2 0.29 0.29 0.07 N-fold 

induction 

N-fold 

induction 

N-fold 

induction 

Metoprolol 0.62-149.6 NA NA NA No n-fold 

induction 

No n-fold 

induction 

No N-fold 

induction 

Sotatol 0.53-129.5 NA NA NA Non-fold 

induction 

No n-fold 

induction 

No n-fold 

induction 

Penicillin G 0.46-112.2 NA NA NA No n-fold 

induction 

No n-fold 

induction 

No n-fold 

induction 

a
Lowest F2 value from either CryoHepaRG or Cryoheps. NA = applicable because the CYP isoform was 233 

not induced. 234 

 235 

33. Reference compounds, concurrent controls (negative, solvent, and prototypical inducers) and 236 

unknown compounds should be tested in triplicate wells. 237 

34. Testing of these reference substances should be replicated once. If the acceptance criteria are met, 238 

no repetition is required. Proficiency is demonstrated by correct classification (inducer/non inducer) of 239 

each proficiency reference item. Proficiency testing should be repeated by each technician when learning 240 

the test method. 241 

 242 

Test run acceptability criteria  243 

 244 

35. Acceptance or rejection of a test run is based on the evaluation of the n-fold induction results 245 

obtained for the prototypical inducers, the reference substances and the controls. The 2-fold induction 246 

value for the reference substances should meet the acceptability criteria and all positive/negative controls 247 

should be correctly classified in each accepted run. 248 

 249 

Analysis of data  250 

 251 

36. The n-fold induction potential of a test chemical is calculated as n-fold induction of solvent-252 

treated control (0.1% DMSO), i.e. calculated by normalizing the enzymatic activity in the presence of the 253 

test chemical to the enzymatic activity in the absence of the test chemical, 254 

n-fold induction = activity of treated cells/activity of control cells, 255 
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A compound is classified an inducer in the in vitro system when ≥2-fold increase in enzyme activity of 256 

probe substrate at inducer concentrations ≤ 500 μM is observed.  257 

37. The CYP enzyme potency of a test compound in the in vitro model needs to be related to in vivo 258 

exposure to predict the propensity of the compound to be an inducer in vivo. For drug compounds the 259 

blood plasma concentrations are often known and can thus be used to evaluate the relevance of an n-fold 260 

induction response in the in vitro system. A simple correlation analysis using Cmax in vivo and the 261 

concentration in the cell system that results in a 2-fold (F2) induction can be applied. A ratio of Cmax/F2 262 

above 2 indicates an inducer in vivo. By applying this model the Sensitivity and the Specificity of the in 263 

vitro models can be analyzed (see Proficiency standards). 264 

 265 

38. Standard deviation (SD) or coefficient of variation (CV) for the means of the reference substances 266 

curve fitting parameters from multiple experiments may be used as a measure of within-laboratory 267 

reproducibility. 268 

The concentrations tested should remain within the solubility range of the test chemical and not 269 

demonstrate cytotoxicity. 270 

The defined data interpretation procedure for each test method should be used for classifying a compound 271 

as inducer or non-inducer. 272 

Meeting the acceptability criteria with the reference/proficiency substances indicates that the assay system 273 

is properly operating but it does not ensure that the test method will produce accurate data. Replicating 274 

the results of the first test is the best indication that accurate data have been produced. 275 

 276 

General data interpretation 277 

 278 

39. N-fold induction response is not an all-or-none response but a graded response that is both time- 279 

and inducer-dependent and results from a number of steps; consequently the criteria for defining inducer 280 

status consist of both objective statistically definable measures (extent of n-fold induction, statistically 281 

significant increase) and observations (shape of the concentration – response curve, possible outliers, 282 

distribution of statistically significant increases along concentration points, fit to Hill curve). 283 

Theoretically, n-fold induction response should preferably be characterized by quantitative measures as 284 

EC50, F2, Emax, Tmax, and perhaps a threshold concentration such as BMDL10. These quantitative 285 

coefficients could be determined for any response, including receptor binding, mRNA, enzyme protein, 286 

activity, or more distal biomarker. It is noteworthy that repeated experiments and/or extended range of 287 

concentrations for the test chemicals considered may provide information to determine the amplitude of 288 

induction eventually observed. 289 

 290 

40. There is currently no universally agreed method for interpreting the CYP n-fold induction data. 291 

The 2-fold induction cutoff for these test methods has been a general consensus among the scientific 292 

community based on past experience. The 2-fold induction response is a useful point for calculations of 293 

statistical significance and is applicable in assessing, interpreting and extrapolating the response, but it is 294 

possible to select other thresholds. It is also important to observe the shape of the dose response curve. It 295 

is suggested that at least 2 of the 6 concentrations tested should be above the background response to 296 

ensure relevant data.  297 

 298 
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Test report 299 

41. The test report should include the following information: 300 

Test method: 301 

− Test method used; 302 

Test chemicals: 303 

− Mono-constituent substance: 304 

physical appearance, water solubility, and additional relevant physicochemical properties; 305 

 chemical identification, such as IUPAC or CAS name, CAS number, SMILES or InChI code, structural 306 

formula, purity, chemical identity of impurities as appropriate and practically feasible, etc. (including the 307 

organic carbon content, if appropriate). 308 

− Multi-constituent substance, UVBCs and mixtures: 309 

characterized as far as possible by chemical identity (see above), quantitative occurrence and relevant 310 

physicochemical properties of the constituents.; 311 

− storage conditions and stability of the test chemical; 312 

 concentration tested 313 

Solvent/Vehicle: 314 

− solvent used and ratio of its constituents, if applicable; 315 

− chemical identification and CAS number; 316 

− physical appearance and purity and physicochemical properties in case other solvent/vehicle than that 317 

mentioned in the Test Guideline is used and to the extent available; 318 

- storage conditions and stability of the test chemical 319 

− justification for choice of solvent/vehicle; 320 

− solubility and stability of the test chemical in solvent/vehicle, if known; 321 

Cells: 322 

− type and source of cells: 323 

 Phase I and II enzymes expression; inducibility of CYPs (provided on the CoA for each cell batch) 324 

− passage number of cells at thawing; 325 

− methods for maintenance of cell cultures; 326 

Test conditions: 327 

− solubility limitations; 328 

- cytotoxicity limitations; 329 

− description of the methods applied for assessing viability; 330 

− composition of media; 331 

− concentrations of test chemical; 332 

− volume of vehicle and test chemical added; 333 

− incubation temperature and humidity; 334 

− duration of treatment; 335 

− cell density and morphology at the start of, during and at the end of treatment; 336 

− positive and negative reference substances; 337 

− criteria for considering tests as positive, negative or equivocal; 338 

LC/MS-MS: 339 

− Type of LC/MS instrument. Parameter relevant to the analysis. LC/MS operation and processing 340 

methods.   341 

Acceptability check: 342 
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− n-fold inductions for each assay plate and whether they meet the minimum required by the test method 343 

based on historical controls; 344 

− Results: 345 

− raw and normalised data; 346 

− the n-fold induction level; 347 

− cytotoxicity data; 348 

− concentration-response relationship, where possible; 349 

− statistical analyses, if any, together with a measure of error and confidence (e.g. SEM, SD, CV or 95% 350 

CI) and a description of how these values were obtained; 351 

Discussion of the results 352 

Conclusion  353 
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ANNEX 1 354 

Definitions and Abbreviations 355 

Acceptability criteria: Minimum standards for the performance of experimental controls and reference 356 

standards. All acceptability criteria should be met for an experiment to be considered valid. 357 

Accuracy (concordance): The closeness of agreement between test method results and an accepted 358 

reference values. It is a measure of test method performance and one aspect of relevance. The term is 359 

often used interchangeably with “concordance” to mean the proportion of correct outcomes of a test 360 

method. 361 

AOP (Adverse Outcome Pathway): An AOP is a sequence of events from the exposure of an individual 362 

or population to a chemical substance through a final adverse (toxic) effect at the individual level (for 363 

human health) or population level (for ecotoxicological endpoints). 364 

Cell morphology: The shape and appearance of cells grown in a monolayer in a single well of a tissue 365 

culture plate. Cells that are dying often exhibit abnormal cell morphology. 366 

Cytotoxicity: Harmful effects to cell structure or function that can ultimately cause cell death and can be 367 

reflected by a reduction in the number of cells present in the well at the end of the exposure period or a 368 

reduction of the capacity for a measure of cellular function when compared to the concurrent vehicle 369 

control. 370 

CV: Coefficient of variation 371 

DMSO: Dimethyl sulfoxide 372 

EC50: The half maximal effective concentration of a test chemical. 373 

ICCVAM: The Interagency Coordinating Committee on the Validation of Alternative Methods. 374 

Between-laboratory reproducibility: A measure of the extent to which different qualified laboratories, 375 

using the same protocol and testing the same substances, can produce qualitatively and quantitatively 376 

similar results. Between-laboratory reproducibility is determined during the validation processes, and 377 

indicates the extent to which a test method can be successfully transferred between laboratories. 378 

"Me-too test": A colloquial expression for a test method that is structurally and functionally similar to a 379 

validated and accepted reference test method. Interchangeably used with similar test method. 380 

PBTG: Performance-Based Test Guideline 381 

Performance standards: Standards, based on a validated test method, that provide a basis for evaluating 382 

the comparability of a proposed test method that is mechanistically and functionally similar. Included are 383 

(1) essential test method components; (2) a minimum list of reference substances selected from among the 384 

chemicals used to demonstrate the acceptable performance of the validated test method; and (3) the 385 

comparable levels of accuracy and reliability, based on what was obtained for the validated test method, 386 
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that the proposed test method should demonstrate when evaluated using the minimum list of reference 387 

substances. 388 

Proficiency substances: A subset of the reference substances included in the Performance Standards that 389 

can be used by laboratories to demonstrate technical competence with a standardized test method. 390 

Selection criteria for these substances typically include that they represent the range of responses, are 391 

commercially available, and have high quality reference data available. 392 

Proficiency: The demonstrated ability to properly conduct a test method prior to testing unknown 393 

substances. 394 

Reference standard: a reference substance used to demonstrate the adequacy of a test method.  395 

Reference test methods: The test methods upon which this PBTG is based. 396 

Relevance: Description of relationship of the test to the effect of interest and whether it is meaningful and 397 

useful for a particular purpose. It is the extent to which the test correctly measures or predicts the 398 

biological effect of interest. Relevance incorporates consideration of the accuracy (concordance) of a test 399 

method. 400 

Reliability: Measure of the extent that a test method can be performed reproducibly within and between 401 

laboratories over time, when performed using the same protocol. It is assessed by calculating intra- and 402 

inter-laboratory reproducibility. 403 

SD: Standard deviation. 404 

Sensitivity: The proportion of all positive/active substances that are correctly classified by the test. It is a 405 

measure of accuracy for a test method that produces categorical results, and is an important consideration 406 

in assessing the relevance of a test method. 407 

Specificity: The proportion of all negative/inactive substances that are correctly classified by the test. It is 408 

a measure of accuracy for a test method that produces categorical results, and is an important 409 

consideration in assessing the relevance of a test method. 410 

Substance: Used in the context of the UN GHS as chemical elements and their compounds in the natural 411 

state or obtained by any production process, including any additive necessary to preserve the stability of 412 

the product and any impurities deriving from the process used, but excluding any solvent which may be 413 

separated without affecting the stability of the substance or changing its composition. 414 

Validated test method: A test method for which validation studies have been completed to determine the 415 

relevance (including accuracy) and reliability for a specific purpose. It is important to note that a 416 

validated test method may not have sufficient performance in terms of accuracy and reliability to be found 417 

acceptable for the proposed purpose. 418 

Validation: The process by which the reliability and relevance of a particular approach, method, process 419 

or assessment is established for a defined purpose. 420 
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VC (Vehicle control): The solvent that is used to dissolve test chemicals and control substances is tested 421 

solely as vehicle without dissolved chemical/substance. 422 

Within-laboratory reproducibility: A determination of the extent that qualified people within the same 423 

laboratory can successfully replicate results using a specific protocol at different times.  424 

 425 

  426 
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ANNEX 2 427 

Cytochrome P450 n-fold induction in CryoHepaRG
®
 cells (N-in-one incubation on 96-well plate) 428 

INITIAL CONSIDERATIONS AND LIMITATIONS  (see also GENERAL INTRODUCTION, page 429 

1) 430 

1. Cytochrome P450 n-fold induction in CryoHepaRG
®
 cells (n-in-one incubations on 96-well 431 

plates) is an in vitro test method which assesses the potency of chemicals to induce Cytochrome P450 432 

(CYP) isoforms CYP1A2, CYP2B6, and CYP3A4 in the human cryopreserved HepaRG
®
 cell line.  433 

 434 

2. The test method does not provide information on the number or nature of possible (reactive/non-435 

reactive) metabolites nor about human hepatic clearance/stability of the chemicals investigated. 436 

 437 

3. The “GENERAL INTRODUCTION” and the “CYP N-FOLD INDUCTION TEST METHOD 438 

COMPONENTS” should be read before using this test method for regulatory purpose 439 

 440 

PRINCIPLE OF THE TEST METHOD (see also GENERAL INTRODUCTION, page 1) 441 

Procedure: summary 442 

4. Before performing the n-fold induction experiment, the test chemical is assessed for its solubility 443 

in DMSO (solvent) and in the induction medium under experimental conditions (37°C, 24 h). The highest 444 

soluble concentration is used as a starting concentration for cytotoxicity assessment on cryopreserved 445 

HepaRG
®
 cells. The highest non-cytotoxic concentration is then used as the starting concentration in n-446 

fold induction experiments. 447 

5. The in vitro CYP n-fold induction method is performed with one 96-well-plate (CryoHepaRG
®
) 448 

for one cell batch. Cells are exposed to the test chemicals and prototypical inducers in serum-free 449 

induction medium which is renewed after 24 ± 0.3 h (multi - challenge exposure). After a total induction 450 

time of 48 ± 0.3 h (CryoHepaRG
®
), the probe substrate reaction is carried out. A cocktail of three P450 451 

substrates is added to each well and incubated for 60 ± 3 min (CryoHepaRG
®
), at 37 ± 1°C. The reaction 452 

is then quenched by the addition of acetonitrile supplemented with internal standards for bioanalysis and 453 

the samples are analysed for the specific reaction products by means of LC/MS-MS. 454 

Test System: CryoHepaRG
®
6. CryoHepaRG

®
cells originate from a hepatocarcinoma of a human female 455 

patient. They maintain an efficient proliferation differentiation interplay accompanied by morphological 456 

changes leading to hepatocyte-like cells and a stable expression of P450 enzymes, phase II enzymes, 457 

transporters, and nuclear transcription factors for up to 6 weeks in cultures. They respond to prototypical 458 

inducers of CYP1A1, CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2E1 and CYP3A4 (29; 459 

30; 31; 32; 33). Due to these features, the CryoHepaRG® cell line is considered a valuable human-460 

relevant in vitro model for investigating P450 induction properties of drug compounds. 461 

Data analysis 462 

7. The endpoint value is n-fold induction defined as 463 
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 464 

8. Exposure to prototypical inducers must lead to a ≥ 2-fold increase of enzymatic activity (of 465 

statistical significance) at a concentration of ≤ 500 µM to classify the test chemical as an inducer (35). 466 

9. A test chemical is considered an inducer if a ≥2-fold increase of enzymatic activity (of statistical 467 

significance) is measured. Because a ≥2-fold increase is just one point of information, it is also important 468 

to observe the shape of the dose response curve. It is suggested that at least 2 of the 6 concentrations 469 

tested should be above the background response to ensure relevant data. 470 

PROCEDURE 471 

Cell line 472 

10. CryoHepaRG
®
 cells were first described in 2002 by Gripon (30).  For commercial purposes, cells 473 

and all media are available from Life Technologies or Millipore. 474 

Cell plating and culture  475 

11. CryoHepaRG
®
 cells are delivered as differentiated cryopreserved cells in vials on dry ice. For n-476 

fold induction assay, they are thawed according to the manufacturer’s instructions, counted (Trypan Blue 477 

dye exclusion method) and seeded into the inner wells of one collagen I coated 96-well plate at a density 478 

of 7.2 x 10
4
 cells per well in 100 µl CryoHepaRG

®
 Thaw, Seed and General Purpose Medium. The outer 479 

wells are filled with Dulbecco’s PBS. Seeded cells are maintained in a CO2 incubator (5% CO2) at 37°C 480 

and the following acceptance criteria should be met: (I) minimum cell viability: 80 % after thawing; (II) 481 

minimum recovery per vial: 4.5 x 10
6 
cells/vial. 482 

6 h after plating, cell morphology is checked and medium is renewed. 70 h after plating, cells are visually 483 

inspected and have to meet the morphological acceptance criteria (Figure 1). A few days after thawing 484 

and culture of CryoHepaRG
®
, the cells form a coculture of hepatocytes and of biliary-like epithelial cells. 485 

Figure 1: Cell morphology of CryoHepaRG
®
 6h after thawing (A), before induction (B) and at the end of 486 

the induction period (C), respectively (untreated control wells). 487 

 488 

-Approximately 80% confluent CryoHepaRG
®
 monolayer after the 72 h attachment period 489 

(morphological observation). 490 

 491 

A B C 
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TEST CHEMICALS, PROTOTYPICAL INDUCERS AND CONTROLS 492 

Vehicle 493 

12. Dimethyl sulfoxide (DMSO), or an appropriate solvent should be used for positive and negative 494 

controls and for the test chemicals. The final DMSO (or other solvent) concentration should not exceed 495 

0.1 % (v/v) since the solvent itself may have induction potential (e.g., DMSO induces CYP3A4). For any 496 

other vehicle, it should be demonstrated that the maximum concentration used is not cytotoxic and does 497 

not interfere with assay performance in terms of induction or inhibition of functional CYP activities. 498 

Preparation of reference test substances  499 

13. Reference test substances should be dissolved in DMSO or other suitable solvent and serially 500 

diluted with the same solvent in order to prepare solutions for dilution with CryoHepaRG
®
 Serum-Free 501 

induction Medium. In order to cover a full-dose response range, the highest concentration is serially 502 

diluted by a factor of 1:1.5, 1:2, 1:2.5 or 1:3 at 6 levels. 503 

Solubility: considerations for range findings 504 

14. Acceptance criteria for selection of appropriate test concentrations: 505 

- Test chemical must be dissolved at all concentrations chosen for induction in induction medium. 506 

- The highest concentration chosen for induction must not decrease cellular viability below 90% after 48 507 

hrs. 508 

Working solutions must be prepared freshly every day. Preliminary tests should be carried out to assess 509 

the appropriate concentration range of test chemical to be tested and to ascertain whether the test chemical 510 

may have any solubility and/or cytotoxicity problems. Test chemicals are tested up to a concentration in 511 

the range of Cmax in vivo, if data are available. Unless prior information such as information on solubility 512 

limits or cytotoxicity provides a basis for selecting test concentrations, it is recommended to use 1 mM as 513 

maximum concentration. Vortex-mix, ultrasound, and warming at 37°C might be used to facilitate the 514 

solubility. In case of un-dissolved particles, add additional solvent to a test chemical to obtain a dissolved 515 

concentration. 516 

Prototypical inducers 517 

15. -naphthoflavone (25 µM), phenobarbital (500 µM), and rifampicin (10 µM) are chemically 518 

defined compounds with a known n-fold induction potential. For each study, these reference substances 519 

are tested in parallel for n-fold induction of each tested P450 isoform in triplicate on each CryoHepaRG
®
 520 

plate, cultured under identical conditions.  521 

Exposure to reference substances must lead to a ≥ 2-fold increase of enzymatic activity at the defined 522 

fixed concentrations. 523 

Negative Control(s) 524 
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16. Solvent-treated controls, i.e., samples without test chemical (or control inducers) but organic 525 

solvent (e.g. 0.1% v/v DMSO) are included to determine the generation of specific products without 526 

inducing effects. Basal values of the respective negative controls are used for calculation of the n-fold 527 

induction potential of test and reference substances (n-fold induction). Additionally, solvent-free negative 528 

controls are run in parallel to observe possible effects of organic solvent on the cells.  529 

Cytotoxicity and assay plate layout 530 

17. Cytotoxicity of unknown test chemicals toward CryoHepaRG
®
 cells is determined before starting 531 

the induction experiments. The assay is based on the ability of living cells to convert a redox dye 532 

(resazurin) into a fluorescent end product (resorufin). Nonviable cells rapidly lose metabolic capacity and 533 

do not generate a fluorescent signal. The homogeneous assay procedure involves adding the single 534 

reagent (e.g., Cell Titer Blue reagent, Promega) directly to cells. The assay is performed according to the 535 

recommendations given by the manufacturer. The solvent concentration must not exceed 0.1% v/v 536 

DMSO. As the cytotoxicity assay should mimic the n-fold induction assay, the cells are exposed to the 537 

test chemcial for 48 h with the test chemical solution renewed after 24 h.  538 

Table 3: Exemplary time schedule for cytotoxicity in CryoHepaRG
®
 cells  539 

Day Action 

Fri (day 1) 

Morning: Thawing and seeding of CryoHepaRG
®
 in CryoHepaRG

®
 Thaw, Seed and 

General Purpose Medium 

Late afternoon (6 h after plating): Renewing of CryoHepaRG
®
 Thaw, Seed and 

General Purpose Medium 

Sat (day 2)  

Sun (day 3)  

Mon (day 4) 
Medium exchange: CryoHepaRG

®
 Serum-Free induction Medium + test chemical (t=0 

h) 

Tue (day 5) 
Medium exchange: CryoHepaRG

®
 Serum-Free induction Medium + test chemical 

(t=24 h) 

Wed (day 6) 
t=45 h addition of Cell Titer Blue reagent (Promega) 

t=48 h cytotoxicity assay 

 540 

General layout of 96-well plate for cytotoxicity testing  541 

18. 96-well plate: two test chemicals can be tested at eight concentrations in triplicates. The negative 542 

control for each test chemical (medium w/solvent) and the positive control (8 µM doxorubicin) are 543 

included. 544 

Figure 2: Plate layout for cytotoxicity assay 545 
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 546 

Test chemical dilutions 

o with medium, 
o without cells 

Medium  

o without cells 
o without test chemical dilutions 

Negative control (solvent) 

o with cells 
o without test chemical  

Test chemical dilution, positive control 

(B8-G8)  

o with medium 
o with cells  
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Cytotoxicity assay 547 

19. 50 µl of the test chemical dilutions are transferred to the CryoHepaRG® plate containing 50 µl 548 

medium. Freshly prepared test chemical dilutions are renewed after 24h. The CellTiter-Blue
®
 method is 549 

used according manufacturer’s instruction. By dispensing 20 µl (= 20% of incubation volume) to each 550 

well after 45 hours (±0.3h) of incubation and incubating at 37°C for additional 3 hours (±0.3h).  551 

Calculation of results 552 

20. Results are expressed as fractional survival (% FS) and are calculated using the relative 553 

fluorescent units.  554 

100x
RFUmeanRFUmean

RFUmeanRFU
FS%

backgroundcellsuntreated

backgroundcellstreated




  555 

In case of a fluorescence impact of the test chemical (wells A2-A11 and H2-H8), the Cell Titer Blue 556 

assay cannot be applied. Such an impact is given if the auto-fluorescence of the test chemical is 557 

depending on its concentration and is > 1.5 higher at the highest concentration than at the lowest test 558 

chemical concentration.  559 

The negative control acceptance criterion should be established based on the analysis of historical data set 560 

for the equipment used.  561 

8 µM doxorubicin must induce at least 30-70% of cell viability reduction (arithmetic mean) compared to 562 

the negative control. 563 

N-fold induction assay 564 

21. N-fold induction experiments are performed in a 96-well plate format. It is recommended to 565 

perform each experiment at least twice (once on each of two days).  566 

The following treatment groups are included on each plate: Test chemical(s) at six different 567 

concentrations (n=3); solvent-treated control corresponding to the solvent of the test chemical (each n=3); 568 

prototypical inducers at one specific concentration (n=3 per compound); solvent-treated control 569 

corresponding to prototypical inducers (n=3) solvent-free-control (n=3).  570 

Wells A1 to A12, B1 and B12, C1 and C12, D1 and D12, E1 and E12, F1 and F12, G1 and G12, H1 to 571 

H12 do not contain cells, are not used for testing and are filled with CryoHepaRG
®
 Thaw, Seed and 572 

General Purpose Medium.  573 

 574 

Table 4: Exemplary time schedule for n-fold induction in CryoHepaRG
®
 cells (1 assay to be 575 

performed with one batch) 576 
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Day Action 

Fri (day 1) 

Morning: Thawing and seeding of CryoHepaRG
®
 in CryoHepaRG

®
 Thaw, Seed and 

General Purpose Medium 

6 h after plating: renewing of CryoHepaRG
®
 Thaw, Seed and General Purpose 

Medium 

Sat (day 2)  

Sun (day 3)  

Mon (day 4) 
Medium exchange: CryoHepaRG

®
 Serum-Free induction Medium + test chemical 

(t=0 h) 

Tue (day 5) 
Medium exchange: CryoHepaRG

®
 Serum-Free induction Medium + test chemical 

(t=24 h) 

Wed (day 6) 

t=48 h: end of induction 

addition of probe substrate cocktail in incubation medium (1 h incubation) 

cell lysis, BCA assay 

 577 

Figure 3: Example set-up for n-fold induction testing (2 test chemicals, full dose-response range) 578 

 579 

ENDPOINT MEASUREMENT 580 

22. The CYPs functional activity is analysed after 48 h exposure of the cells to the inducers in 581 

incubation medium. The specific enzyme reactions are summarized in the table below. A cocktail of three 582 

P450 substrates is added to each well and incubated for 60 min at 37 ± 1°C. At the end of the incubation 583 

time, the reaction is quenched by the addition of stop solution (ACN + ISTD) and the samples are 584 

analysed for the specific products by means of LC/MS. 585 

Table 5: CYP Probe Substrates and Products 586 

Isoenzyme Probe Substrate Product 
Final test 

concentration [µM] 

Incubation 

time [min] 

1 2 3 4 5 6 7 8 9 10 11 12

A

B chemical 1 chemical 1 chemical 1
Solvent / 

chemical1

Solvent / 

chemical1

Solvent / 

chemical1
chemical 2 chemical 2 chemical 2 Solvent 0%

C chemical 1 chemical 1 chemical 1
Solvent / 

chemical2

Solvent / 

chemical2

Solvent / 

chemical2
chemical 2 chemical 2 chemical 2 Solvent 0%

D chemical 1 chemical 1 chemical 1 PB 500 µM PB 500 µM PB 500 µM chemical 2 chemical 2 chemical 2 Solvent 0%

E chemical 1 chemical 1 chemical 1 BNF 25 µM BNF 25 µM BNF 25 µM chemical 2 chemical 2 chemical 2

F chemical 1 chemical 1 chemical 1 RIF 10 µM RIF 10 µM RIF 10 µM chemical 2 chemical 2 chemical 2

G chemical 1 chemical 1 chemical 1 DMSO 0.1% DMSO 0.1% DMSO 0.1% chemical 2 chemical 2 chemical 2

H
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CYP1A2 
 

Phenacetin 
 

Acetaminophen 

26 

60 

 

CYP2B6 
 

 

Bupropion 

 
Hydroxybupropion 

100 

CYP3A4 

 
Midazolam 

 
1-Hydroxymidazolam 

3 

 587 

Protein determination is performed for each well e.g. according to the manual of the PierceMicro-BCA™ 588 

Protein Assay Kit (Thermo Scientific #23235) using BSA calibration standards in NaOH.  589 

Each laboratory may use an LC/MS system of its choice for the analysis of the probes as long as it meets 590 

performance criteria, including the limit of quantification (2.30 nM for acetaminophen, 1.15 nM for 591 

hydroxybupropion and 1.15 nM for 1-hydroxymidazolam). 592 

Calculation of results  593 

23. The absorbance of the blank standard is subtracted from the absorbance of all other individual 594 

standard and unknown sample replicates. 595 

A standard curve is prepared by plotting the average blank-corrected absorbance for each standard vs. its 596 

concentration in mg/ml. Unknowns are extrapolated from the standard curve using linear regression. 597 

curvedardtans

curvestandardsample

slope

interceptaxisabsorbance
]ml/mg[protein


  598 

Results [mg/ml] are corrected for the dilution factor.  599 

The n-fold induction potential of a test chemical is calculated by normalising the enzymatic activity in 600 

presence of the test chemical to the enzymatic activity in absence of the test chemicals. Results are 601 

expressed as n-fold induction.  602 

 activityP450 mean

activityP450
inductionoldfn

wells control untreated

 wellinduced
  603 

The standard curve should have a correlation coefficient (r²) equal or greater than 0.9.  604 

N
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O

N
H
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ANNEX 3 605 

Cytochrome P450 n-fold induction in human cryopreserved hepatocytes (n-in-one incubations on 606 

48-well plates) 607 

INITIAL CONSIDERATIONS AND LIMITATIONS (see also GENERAL INTRODUCTION, page 608 

1) 609 

1. The method described herein is applicable for the determination of n-fold induction of 610 

cytochrome P450 enzymes in Cryoheps monolayers after exposure to test chemicals. The analysis is 611 

performed by LC-MS/MS measurement of the concentrations of specific products formed by P450 612 

enzymes after cocktail incubation with specific substrates of the respective P450 enzymes. The use of 613 

human hepatic cell systems modeling xenobiotic biotransformation, in addition to the use of a user-614 

friendly substrate cocktail, will contribute to start building an in vitro platform for assessing metabolism 615 

and toxicity including assessment of compounds potency to induce CYP1A2, CYP2B6, and CYP3A4. 616 

2. The test method does not provide information on the number or nature of possible (reactive/non-617 

reactive) metabolites nor about human hepatic clearance/stability of the chemicals investigated. 618 

3. The “GENERAL INTRODUCTION” and the “CYP N-FOLD INDUCTION TEST METHOD 619 

COMPONENTS” should be read before using this test method for regulatory purpose. 620 

 621 

PRINCIPLE OF THE TEST METHOD (see also GENERAL INTRODUCTION, page 1) 622 

Procedure: summary 623 

4. The intended concentration range of the test chemicals depends on their solubility and toxicity. 624 

Before planning the n-fold induction assay, solubility and toxicity towards Cryoheps have to be 625 

determined in separate experiments. The final solvent concentration during the induction period should 626 

not exceed 0.1 % (v/v) DMSO. The highest test concentration for the n-fold induction assay will based on 627 

the results of solubility and cytotoxicity tests, and must not decrease the cellular viability < 80% within 628 

72 h of incubation. 629 

5. The functional activity is analyzed after 72 h (± 0.5 h) exposure of the cells to the inducer. P450 630 

iso-enzyme activities are tested in Incubation medium. A cocktail of three P450 substrates is added to 631 

each well and incubated for 30 min. At the end of the incubation time, the reaction is quenched by 632 

transfer of each cell supernatant to an Eppendorf tube. The samples are analyzed for the specific products 633 

by means of LC/MS, or stored at -20°C until analysis. 634 

 635 

Test System: Cryoheps 636 

6. The cryopreserved human hepatocytes functionally express drug detoxifying enzymes, drug 637 

transporter proteins and nuclear receptors at a level equivalent to freshly isolated human hepatocytes. 638 

Human hepatocytes are the gold standard for the in vitro evaluation of CYP n-fold induction and 639 

prediction of risk for drug-drug interactions in humans. Cryoheps have been shown to retain CYP 640 

expression, activity and response to inducers of their fresh counterparts (34, 35). 641 
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 642 

Data analysis 643 

7. The n-fold induction potential of a test chemical is calculated by normalizing the enzymatic 644 

activity in presence of the test chemical to the enzymatic activity in absence of the test chemical. Results 645 

are expressed as n-fold induction.  646 

 
wells control 

activityP450 mean

 wellinduced
activityP450

inductionfoldn 

 647 

Exposure to prototypical inducers must lead to a ≥ 2-fold increase of enzymatic activity (of statistical 648 

significance) at a concentration of ≤ 500 µM to classify the test chemical as an inducer (31; 32). 649 

8. A test chemical is considered an inducer if a ≥2-fold increase of enzymatic activity (of statistical 650 

significance) is measured. As a ≥2-fold increase is just point information, also it is important to observe 651 

the shape of a dose response n-fold induction curve and it is suggested that at least 2 out of the 6 652 

concentrations should be above the background to ensure relevant data. 653 

PROCEDURE 654 

 655 

Primary cells 656 

9. Human Hepatocytes are isolated, frozen and provided by KaLy-Cell (20 rue du Général Leclerc , 657 

67115 Plobsheim, France).   658 

Cell plating and culture 659 

10. Cryoheps are delivered in cryovials, and have to be thawed and seeded in in-house-collagen-660 

coated 96-well plates. The procedures to coat plates thaw and seed cells are according manufacturer’s 661 

instructions. After 72h of attachment, the morphology of the cells is checked microscopically. Confluence 662 

should be minimum 80%.  If the integrity of the cells is not given, the cells have to be discarded. If the 663 

monolayers are in good condition, cells are washed twice with warm DPBS (100 µL/well). Then 664 

cytotoxicity testing is initiated by replacing DPBS by induction medium containing the test chemical, 665 

positive control or the corresponding solvents, respectively. 666 

   

(a) (b) c) 
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Figure 4: example of picture taken to check morphological observations of Cryoheps seeded in 96-667 

well plate for cytotoxicity assays, respectively at 50% (a), 70% (b) and 90% (c) confluency. 668 

 669 

TEST CHEMICALS, PROTOTYPICAL INDUCERS AND CONTROLS 670 

Vehicle 671 

11. Dimethyl sulfoxide (DMSO), or an appropriate solvent should be used for positive and negative 672 

controls and for the test chemicals. The final DMSO (or other solvent) concentration should not exceed 673 

0.1 % (v/v) since the solvent itself may have induction potential (e.g., DMSO induces CYP3A4). For any 674 

vehicle, it should be demonstrated that the maximum concentration used is not cytotoxic and does not 675 

interfere with assay performance. 676 

Preparation of reference test substances 677 

12. Reference test substances are chemically defined compounds with a known induction potential. 678 

To ensure that the concentration of the reference inducers used during the n-fold induction assay will not 679 

be cytotoxic, reference inducers are tested (in triplicate) in parallel with test chemicals, using the same 680 

batch of cryopreserved human hepatocytes, and cultured under identical conditions. Concentration chosen 681 

for reference inducers must not decrease cellular viability to <80% after 72h of incubation. 682 

Solubility: considerations for range findings 683 

Acceptance criteria for selection of appropriate test concentrations: 684 

 Test chemical has to be dissolved at all concentrations chosen for induction in induction medium 685 

 The highest concentration chosen for n-fold induction must not decrease cellular viability below 80% 686 

after 72 hours of incubation. 687 

 In order to cover a full-dose response range, the highest concentration is serially diluted at 6 levels. 688 

13. Working solutions must be prepared freshly every day. Preliminary tests should be carried out to 689 

assess the appropriate concentration range of test chemical to be tested and to ascertain whether the test 690 

chemical may have any solubility and/or cytotoxicity problems. Test chemicals are tested up to a 691 

concentration in the range of Cmax in vivo, if data are available. Unless prior information such as 692 

information on solubility limits or cytotoxicity provides a basis for selecting test concentrations, it is 693 

recommended to use 1 mM as maximum concentration. Vortex-mix, ultrasounds and warming at 37°C 694 

might be used to facilitate the solubility. In case of un-dissolved particles, add additional solvent up to a 695 

test chemical to obtain a dissolved concentration. 696 

Prototypical inducers 697 

14. Prototypical inducers (e.g. β-naphthoflavone, phenobarbital, and rifampicin) are included in every 698 

study. The cells are exposed to the reference substances at a defined concentration for 72 hours in parallel 699 

to the exposure of the test chemicals. Exposure to reference substances has to lead to a > 2-fold increase 700 

of enzymatic activity (of statistical significance) at the defined concentrations. 701 
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Negative Control(s) 702 

15. Solvent-treated controls, i.e., samples without test chemical (or control inducers) but organic 703 

solvent (e.g. 0.1% v/v DMSO) are included to determine the generation of specific products without 704 

inducing effects. Basal values of the respective negative controls are used for calculation of the n-fold 705 

induction potential of test and reference substances (n-fold induction). 706 

Cytotoxicity and assay plate layout 707 

16. Cytotoxicity of unknown test chemicals towards Cryoheps is determined prior to the induction 708 

experiments. The assay is based on the ability of living cells to convert a redox dye (resazurin) into a 709 

fluorescent end product (resorufin). Non viable cells rapidly lose metabolic capacity and thus do not 710 

generate a fluorescent signal. The homogeneous assay procedure involves adding the single reagent 711 

directly to cells. After an incubation step, data are recorded using a plate-reading fluorometer. The solvent 712 

concentration must not exceed 0.1% (v/v) DMSO. According to the n-fold induction assay procedure, the 713 

cells are exposed to the test chemical for 72 h. After 24 h of exposure, the test chemical solution is 714 

renewed. 715 

Table 6: Exemplary time schedule for cytotoxicity in Cryoheps  716 

Day: Action 

Week 1 Thu 96-well plate coating 

Week 1 Fri  

Morning: Thawing and seeding of cells 

Late afternoon (≥4h after seeding): medium renewing  

(seeding medium+additive) 

Week 1 Sat   

Week 1 Sun  

Week 2 Mon Medium exchange: induction medium + test chemical (t=0 h ± 0.5h) 

Week 2 Tue Medium exchange: induction medium + additive + test chemical (t=24 h± 0.5h) 

Week 2 Wed Medium exchange: induction medium + test chemical (t=48 h± 0.5h) 

Week 2 Thu 
t=72 h± 0.5h enzyme 

cytotoxicity assay 

 717 

General layout of 96-well plate for cytotoxicity assays 718 

17. For each test chemical a corresponding negative control (containing medium with 0.1% DMSO) 719 

is included (n=3). Chlorpromazine (25 µM, n=3) serves as positive control and has to produce equal to or 720 

less than 70% fractional survival (FS) of the cells (calculated based on an arithmetic mean of replicates. 721 

Additionally, not only the background fluorescence (n=8 /test chemical) of the reagent is measured, but 722 

also the fluorescence of the test chemical in medium at each tested concentration. 723 

Figure 5: Plate layout for cytotoxicity assay 724 
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 725 

 726 

Cytotoxicity assay 727 

18. The CellTiter-Blue® method is used according manufacturer’s instruction. By dispensing 20 µl 728 

(= 20% of incubation volume) to each well after 69 hours (±1h) of incubation and incubating at 37°C for 729 

additional 3 hours (±1h).  730 

Calculation of results 731 

19. Results are expressed as fractional survival (% FS) and are calculated using the relative 732 

fluorescent units (RFU) as measured by the fluorometer. 733 

100x

backgroundRFUmeancellstreated solventRFU mean

backgroundRFUmeancellstreatedRFU
FS%





  734 

Acceptance criteria 735 

20. The assays will only be accepted, if the following criteria are met: 736 

Test item dilutions
•with medium,
•without cells

Medium
•without cells
•without test item dilutions

Solvent-treated control
•with cells
•without test item

Reference inducers and positive

control dilutions
•with medium

•without cells

Reference inducers and positive

control dilutions
•with medium

•with cells

Test item dilutions
•with medium
•with cells
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 The positive control chlorpromazine at 25 µM has to produce equal to or less than 70% fractional 737 

survival (FS) of the cells (calculated based on an arithmetic mean of replicates). 738 

 At least, two non toxic concentrations should be found or the cytotoxic assay should be repeated with 739 

lower test chemical concentrations. 740 

 Negative control and reference inducers should be ≥80% FS. 741 

 742 

N-fold induction assay 743 

21. N-fold induction experiments are performed in a 48-well format. It is recommended to perform 744 

the experiments for each treatment group at least in duplicates. The following treatment groups are 745 

included on each plate: Test chemical(s) at six different concentrations (n=3); reference substances at one 746 

specific concentration (n=3); medium control (0.1% (v/v) solvent) (n=3). 747 

Table 7: Exemplary time schedule for P450 n-fold induction in Cryoheps  748 

Day: Action 

Week 1 

Thu 
48-well plates coating 

Week 1 

Fri 

Morning: Thawing and seeding of cells  

Late afternoon (≥4h after seeding): medium renewing (seeding medium+additive) 

Week 1 

Sat 
- 

Week 1 

Sun 
- 

Week 2 

Mon 

Medium exchange: induction 

medium + test chemical (t=0 h± 

0.5h) 

Medium exchange: induction 

medium + test chemical (t=0 h± 

0.5h) 

Medium exchange: induction 

medium + test chemical (t=0 h± 

0.5h) 

Week 2 

Tue 

Medium exchange: induction 

medium + additive + test 

chemical (t=24 h± 0.5h) 

Medium exchange: induction 

medium + additive + test 

chemical (t=24 h± 0.5h) 

Medium exchange: induction 

medium + additive + test 

chemical (t=24 h± 0.5h) 

Week 2 

Wed 

Medium exchange: induction 

medium + test chemical (t=48 h± 

0.25h) 

Medium exchange: induction 

medium + test chemical (t=48 h± 

0.5h) 

Medium exchange: induction 

medium + test chemical (t=48 h± 

0.5h) 

Week 2 

Thu 

t=72 h ± 0.5h enzyme activity 

assay 

t=72 h ± 0.5h enzyme activity 

assay 

t=72 h ± 0.5h enzyme activity 

assay 

Week 2 

Fri 
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Figure 6: Example set-up for n-fold induction testing (2 test chemicals), full dose-response range) 749 
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 1 2 3 4 5 6 7 8 

 chemical 1 chemical 1 chemical 1 
Solvent/ 

chemical 1 

and 2 

PB 500 M chemical 2 chemical 2 chemical 2 

 chemical 1 chemical 1 chemical 1 
Solvent/ 

chemical 1 

and 2 

PB 500 M chemical 2 chemical 2 chemical 2 

 chemical 1 chemical 1 chemical 1 
Solvent/ 

chemical 1 

and 2 

PB 500 M chemical 2 chemical 2 chemical 2 

 chemical 1 chemical 1 chemical 1 BNF 25 M RIF 10 M chemical 2 chemical 2 chemical 2 

 chemical 1 chemical 1 chemical 1 BNF 25 M RIF 10 M chemical 2 chemical 2 chemical 2 

 chemical 1 chemical 1 chemical 1 BNF 25 M RIF 10 M chemical 2 chemical 2 chemical 2 

 750 

Endpoint measurement  751 

22. The CYPs functional activity is analyzed after 72 h (± 0.5 h) exposure of the cells to the inducer 752 

in Incubation medium. The specific enzyme reactions are summarized in the table below. A cocktail of 753 

three P450 substrates is added to each well and incubated for 30 min. At the end of the incubation time, 754 

the reaction is quenched by stop solution (ACN + ISTD). The samples are analyzed for the specific 755 

products shown in table below by means of LC/MS, or stored at -20°C until analysis. 756 

Table 8: Specific P450 reactions 757 

 758 

Isoenzyme CYP1A2 CYP2B6 CYP3A4 

Substrate 

N
H

O
O

 
Cl

O

N
H

 

N
N

N

F

Cl
 

Phenacetin Bupropion Midazolam 

Product 

N
H

OH
O

 

 

N
N

N

F

Cl

OH

 

Acetaminophen Hydroxybupropion 1-Hydroxymidazolam 

Concentration of substrate 

[µM] 10 100 3 

Incubation time [min] 30 30 30 

 759 

 

Cl

O

NH
OH
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23. Protein determination is performed for each well e.g. according to the manual of the PierceMicro-760 

BCA™ Protein Assay Kit using BSA calibration standards in NaOH. 761 

24. Each laboratory may use an LC/MS system of its choice for the analysis of the probes as long as 762 

it meets performance criteria, including the limit of quantification (2.30 nM for acetaminophen, 1.15 nM 763 

for hydroxybupropion and 1.15 nM for 1-hydroxymidazolam). 764 

Calculation of results 765 

25. A standard curve is prepared by plotting the average absorbance for each standard vs. its 766 

concentration (in mg/ml). Unknowns are extrapolated from the standard curve using linear regression. 767 

curvestandard
slope

curvestandard
interceptaxis

sample
absorbance

[mg/ml]protein



  768 

The standard curve should have a correlation coefficient (R
2
) equal or greater than 0.95 769 

The n-fold induction potential of a test chemical is calculated by normalizing the enzymatic activity in 770 

presence of the test chemical to the enzymatic activity in absence of the test chemical. Results are 771 

expressed as n-fold induction.  772 

 
wells control 

activityP450 mean

 wellinduced
activityP450

inductionfoldn 

 

773 

774 
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