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Abstract: The quantification of drug metabolites produced during drug metabolism is a 

growing concern for the pharmaceutical industry, regulatory agencies such as the US Food 

and Drug Administration, the European Medicines Agency, and others. As 70% of drugs 

are known reactive metabolites and have black box warnings, they are a major cause of 

drug-induced injury and lead to drug attrition in early or late clinical stages. According to 

a 2006 survey report of pharmaceutical companies, drug-induced liver injury was ranked 

first in terms of adverse events, and it remains the most common reason for restriction or 

withdrawal of a drug from the market by the Food and Drug Administration. Although there 

are many reasons underlying drug-induced liver injury, one of the most important is liver 

failure induced by drug metabolites. Generally, a drug produces metabolites that may bind to 

cellular molecules and trigger a toxicological effect, cause serious adverse drug reactions, or 

alter cellular functions. Experimental cellular models that attempt to qualify drug metabolites 

from cell cultures rely on human plasma and urine obtained from clinical trials and super-

natant during early in vitro experiments. However, there is a lack of information about the 

quantification of drug metabolites inside human hepatocytes, where the drug is extensively 

metabolized. To overcome this limitation, we used the highly accepted, gold standard orga-

notypic cellular model of primary human hepatocytes to investigate and quantify the parent 

drug, as well as drug metabolites inside human hepatocytes and outside human hepatocytes 

to evaluate the quantity of drug metabolites, which are assumed to have remained inside 

the primary human hepatocytes. We refer to this as a two-compartment model, where one 

compartment is supernatant compared with in vivo hepatic blood circulation, and the other 

is inside the hepatocyte cell compared with the inside of in vivo human liver. We detected 

the nanoconcentrations of all major metabolites (desmethyldiazepam, temazepam, and 

oxazepam) of the diazepam drug, both inside the cells (matrix) and outside the hepatocyte 

cells (supernatant) at different time points (primary human hepatocytes: 0, 1, 2, 4, 8, and 

24 hours; primary porcine hepatocytes: 0, 1, 2, 5, and 24 hours) during biotransformation 

in an organotypic sandwich cellular model. Although it is difficult to detect tissue distribu-

tion of metabolites in humans, we strongly recommend testing in a two-compartment model 

of primary human hepatocytes, as nonhuman models may not reflect human metabolism. 

Preclinical drug screening assessment tests that use this two-compartment strategy may 

facilitate safer registration of new drug candidates.
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Introduction
Drug- and drug metabolite-mediated toxicity in the post-

marketing stage or late clinical trial stage is an increasing 

economic and health concern for academics, clinicians, 

and the pharmaceutical industry. Presently, the spectrum of 

productivity in drug discovery has been inadequate, due to 

rapid postmarketing withdrawal, restricted use, and black 

box warnings.

Despite sophisticated instruments and advanced tech-

niques for drug development, the therapeutic benefits of 

medications and drug safety are unsatisfactory, with high 

attrition rates in clinical trials or in the postmarketing period, 

which affects the pharmaceutical industry, regulatory agen-

cies, physicians, and patients. The development of a single 

drug, from preclinical screening to use in the clinical setting, 

is a very lengthy (.12 years) and costly (.US$800  million) 

process.1,2 The pharmaceutical industry suffers heavy 

attrition rates due to more than 90% of new drugs failing 

regulatory approval in late preclinical or clinical phases of 

 investigation.3 According to a survey of pharmaceutical com-

panies in 2006, hepatotoxicity ranked first for withdrawal of 

approved drugs from market.4 In one report, many volunteers 

and patients suffered from liver failure that required surgery 

or liver transplantation (90 cases of liver failure, 70 of which 

resulted in death or transplantation) and died due to unex-

pected hepatotoxicity during Phase III clinical trials.5 In 2008, 

the European Commission estimated that adverse reactions 

kill 197,000 EU citizens annually, at a cost of €79 billion.6 

It is estimated that more than 900 drugs are associated with 

hepatotoxicity7 and have been withdrawn from the market, 

while many others are recalled or require labeling changes. 

Currently, the pharmaceutical industry is concerned over 

hepatotoxicity guidance.8 There are no signs of hepatotoxicity 

of market drugs in preclinical drug development. The inci-

dence of hepatotoxicity caused by drugs or their metabolites 

increases on a daily basis. Many approved drugs have been 

taken off the pharmaceutical market or given black box 

warnings over the past four years, due to unexpected liver 

failure/hepatotoxicity. Many approved drugs remained on 

the market for only 2 to 4 years. For example, sitaxsentan 

was approved in 2006 by regulatory agencies, such as the 

US Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA), but it was withdrawn from the 

market on December 10, 2010 because of a high incidence 

of hepatotoxicity. There are many examples of market drugs 

that have been quickly withdrawn from the market within this 

2-to-4-year window after agency approval. Although there 

are many reasons underlying drug-induced hepatotoxicity, 

one of the most important is hepatotoxicity induced by drug 

metabolites.

The safety testing of drug metabolites is of increasing 

concern to both the pharmaceutical industry and regulatory 

agencies,9 as many frequently prescribed drugs have been 

associated with warnings or have been withdrawn shortly 

after receiving clinical approval, due to toxicity of the 

metabolites.10 Furthermore, it has been considered that active 

metabolites have potentially superior therapeutic benefits 

relative to their parent compounds, as evidenced by the 

therapeutic roles of metabolites in 22% of drugs prescribed 

in the USA in 2003.11 Although metabolites have beneficial 

effects, if they accumulate inside hepatocytes (where the 

parent compound is metabolized), they may induce toxic 

effects. There are many publications on the mechanisms of 

wide-range toxic models, but there is a critical lack of publi-

cations regarding the safety assessment of drug metabolites, 

especially quantification of metabolites inside hepatocytes. 

Quantitative analyses of drug metabolites inside hepatocyte 

cells have not been conducted in early preclinical stages, 

which is a major limitation of the existing preclinical in vitro 

model.12,13 Very recently, various toxicology and regulatory 

agencies, including the FDA, have raised serious issues 

regarding complete drug metabolite profiles14–31 during the 

early clinical development of drug candidates, prior to initia-

tion of large human clinical trials.

The biotransformation of drugs into reactive, active, or 

stale silent metabolites, which can all bind to hepatic cellular 

biomolecules (protein and DNA), is a fundamental concept 

during drug development.12,13 We hypothesize that during 

drug biotransformation, drug metabolites not only escape to 

the supernatant or serum/plasma, but they also remain in vivo 

in the cell matrix phase in hepatic tissue or hepatocytes cells.12 

A hypothetical two-compartment model of drug metabolite 

quantification that compares the in vivo hepatic blood situ-

ation and plasma circulation, with special reference to drug 

metabolite detection during biotransformation, is provided 

in Figure 1. Conventional in vitro studies have been limited 

primarily to measurements of the quality and quantity of drug 

metabolites of parent compounds in cells. A key in the inves-

tigation of drug metabolites is to determine whether these 

metabolites are able to escape from the cells in which they 

are formed. To detect the drug metabolites in vivo, samples 

such as bile, urine, and plasma are collected from experi-

mental animals and humans, but without a focus on whole 

cell metabolite analysis. Our opinion is that some reactive 

metabolites may keep accumulating in the cell matrix phase 

and potentially create adverse reactions with other drugs. 
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Although it is difficult to detect tissue distribution of 

metabolites in humans, we strongly recommend testing in 

a two-compartment model of primary human hepatocytes, 

as nonhuman models may not reflect human metabolism. 

We hypothesize that it is of equal importance to understand 

the distribution of metabolites in both plasma and tissue, as 

drug-metabolizing enzymes are not equally distributed in the 

liver. In particular, two-compartment models may help detect 

silent metabolites as well as reactive metabolites.

Reliance on animal experimentation or cell lines for test-

ing metabolite safety profiles often yields irrelevant data for 

clinical trials of human volunteers and patients, resulting in 

failed treatments and hazardous health conditions. Several 

hepatic cell lines have been developed for drug metabolism, 

but low expression of drug-metabolizing enzymes of these 

cell lines is a significant limitation. The primary hepato-

cytes are diploid, whereas the immortalized cell lines are 

aneuploids. Aneuploid cell lines do not represent the entire 

population, due to their abnormal karyotype, possibly causing 

them to interfere with toxicology results. Although primary 

human hepatocytes have been considered the gold standard 

for in vitro drug metabolism studies, there should be an 

alternative, due to a scarcity of primary human hepatocytes. 

Recently, we compared primary rat, porcine, and human 

hepatocytes and found the porcine hepatocyte to be the closest 

human analog in terms of drug metabolism.32 Therefore, the 

pig is the best nonhuman model for drug biotransformation, 

because it is anatomically and physiologically similar to 

humans (Figure 2), and there are no major ethical issues. 

Not only can extracorporeal pig liver perfusion be used for 

liver failure,33 but the pig also has been considered for other 

human xenotransplantations, such as fetal pancreatic islets 

for diabetics34 and neural cells for Parkinson’s disease.35 

Consequently, it is sensible to use porcine hepatocytes when 

human hepatocytes are unavailable.

Organotypic sandwich models are always superior to 

conventional, collagen-coated cultures with respect to liver-

specific functions, drug-metabolizing enzymes,36–38 and other 
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Figure 1 A hypothetical two-compartment model of drug metabolite quantification to compare the in vivo hepatic blood situation and plasma circulation, with special 
reference to drug metabolite detection during biotransformation. (A) matrix phase (inside the human hepatocytes: Compartment I) compared to the interior of the in vivo 
hepatocyte cells and (B) supernatant (Compartment II) compared to blood plasma, as in vivo hepatocytes have direct contact with human plasma – hepatocytes can extract 
oxygen and nutrients and detoxify chemicals in the plasma, and their metabolites pass into the plasma.
Note: Preclinical drug screening assessment tests that utilize this two-compartment strategy may facilitate safer registration of new drug candidates.

Rat Mouse Pig Human

Porcine hepatocyte is best nonhuman model alternative of human hepatocyte

Figure 2 The pig liver is closer to human liver anatomy than rat or mouse liver.
Notes: Therefore, we investigated the drug metabolism of diazepam and its metabolites in both human and porcine hepatocytes. It is widely accepted that the porcine 
hepatocyte is the best nonhuman model to use as an alternative to human hepatocytes, due to shortages or unavailability of human hepatocytes.
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liver features, such as cuboidal morphology, bile canaliculi, 

tight junctions, and gap junctions.39,40 Advanced organotypic 

cellular models provide challenges in the biotransformation 

of drugs; the conventional in vitro model is highly criticized. 

Research (in both the pharmacological and toxicological fields) 

into the expression of drug-metabolizing enzymes also relies 

on cell culture models during the biotransformation of drugs. It 

has been reported that the expression of sensitive enzymes and 

rates of metabolite formation are much lower in conventional 

primary hepatocyte culture models than in the organotypic 

model.41 Therefore, in the organotypic model, the inductive 

potential of a drug is better, which may lead to the observation 

of a qualitative instead of a quantitative effect.

Diazepam has been used routinely in surgery for 40 years, 

for a wide range of disorders, including insomnia, alcohol 

withdrawal, epilepsy, and other neuropsychiatric disorders, 

in addition to its sedative and anxiolytic effects. Therefore, 

we designed this experiment to analyze the biotransforma-

tion of diazepam in an organotypic sandwich model of 

primary human hepatocytes (Figure 3) and primary porcine 

hepatocytes (Figure 4). Diazepam and its major metabolites, 

nordiazepam, temazepam, and oxazepam, in human primary 

hepatocytes and porcine hepatocytes, were analyzed by 

high-performance liquid chromatography (HPLC), using 

an easy and quick two-compartment strategy. Our approach 

addresses the challenges facing the pharmaceutical industry 

to provide safety profiles for metabolites of drug candidates 

during the various stages of drug development and allows 

for a direct comparison between the interior of the human 

liver and plasma/hepatic circulation.

Materials and methods
Chemicals and reagents
William’s medium E (WE) was obtained from BioWhittaker 

(Verviess, Belgium), Dulbecco’s Modified Eagle Medium 

(DMEM) without phenol red from Cell Concepts (Umkirch, 

Germany), collagenase type IV CLS and fetal calf serum 

(FCS) from Biochrom (Berlin, Germany), H-insulin from 

Hoechst AG (Frankfurt, Germany), and pentobarbital 

(Nembutal®) from Sanofi CEVA (Hannover, Germany). 

Ethylene glycol-bis(β-aminoethyl ether)N,N,N′,N′-
tetraacetic acid (EGTA), 2-[4-(hydroxyethyl)-1-piperazino]-

ethansulfonic acid (HEPES), bovine serum albumin (BSA), 

glucose, NaCl, prednisolone, albumin, tetramethylbenzidine 

(TMB), 7-ethoxyresorufin, dicumarol, β-glucuronidase, tes-

tosterone, testosterone-β-D-glucuronide, and ethoxycoumarin 

were purchased from Sigma (Taufkirchen, Germany), Hank’s 

balanced salt solution (HBSS), and trypan blue from PAA 

Laboratories (Linz, Austria), Ringer buffer from Delta Pharm 

(Pfullingen, Germany), and glycine from Baker Analyzed® 

Reagent (Deventer, The Netherlands). Glucagon, KCl, and 

CaCl
2
 were acquired from Merck (Frankfurt, Germany), 
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Figure 3 Timeline for diazepam metabolism experiment in human hepatocytes.
Notes: On Day 0, cells are isolated and placed on a dish precoated with collagen. Two days after the insulation, a second collagen layer is added to make the organotypic 
sandwich cellular model. The experiment begins on Day 3, with different incubation times. The experiment was performed three times at different isolations. Number of 
dishes per time point, n = 3 per experiment.
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penicillin, streptomycin, and L-glutamine from GIBCO 

(Eggenstein, Germany), and heparin from Serva GmbH 

(Heidelberg, Germany). H
2
O

2
 and H

2
SO

4
 were obtained 

from Roth (Karlsruhe, Germany), and goat antialbumin 

antibodies from Bethyl (Montgomery, TX, USA). [4-14C]-

testosterone was purchased from Amersham Buchler GmbH 

( Braunschweig, Germany), with a specific activity of 

59 mCi/mmol (7.51 MBq/mg). Steroid standards of the major 

monohydroxylated testosterone metabolites (OH-T) were 

acquired from Steraloids Inc (Wilton, NH). All other chemi-

cals were of either analytical, reagent, or HPLC grade.

Isolation of human hepatocytes
Human hepatocytes were isolated from specimens obtained 

from patients undergoing liver lobectomy as therapy for 

hepatic tumors. Small peripheral pieces (10–20 g) of healthy 

tissue were removed from the safety margin of healthy tis-

sue resected together with the nodular tumor to prevent the 

intraoperative tumor from spreading and to ensure total 

removal of the tumor. Specimens were transferred to ice-cold 

 Krebs–Ringer buffer (KRB) without Ca2+.  Vessels visible 

on the cut surface were cannulated. Perfusion started with 

400 mL Ca2+ free KRB for 8 minutes, followed by a perfu-

sion, for 12 minutes, of 200 mL KRB containing 21.5 U col-

lagenase type IV (Biochrom) and 9 mL of 11 M CaCl
2
. The 

collagenase perfusate was recirculated, and the perfusion was 

performed at the rate of 50 mL per minute−1. All perfusates 

were equilibrated with 95% oxygen and 5% carbon dioxide 

and warmed to 37°C. The resulting cell suspension was  filtered 

through nylon mesh with a 100-µm pore size and washed 

three times with cold KRB. Hepatocyte viability ranged 

from 90% to 95% as assessed by trypan blue exclusion assay. 

On average, 6 × 107 cells were obtained from one isolation 

 procedure. Prior to surgery, the patients gave informed consent 

for the use of their tissue for research purposes. Resections 

were performed at the Department of Abdominal and Trans-

plant Surgery, Medical School of Hannover.

Porcine hepatocyte isolation
Female pigs (6–8 weeks old, 20–30 kg in weight) belonging 

to the German Landrace were obtained from the Mariensee 

animal breeding institution (Germany). Anesthesia was 

administered to all the pigs by intramuscular application of 

10 mg/kg body weight azaperone and 0.025 mg/kg body 

weight atropine sulfate. The pigs were placed on an operating 

table equipped with a warming blanket. For oral intubations 

with a cuffed endotracheal tube, the animals received thio-

pental (12.5 mg/kg body weight) and fentanyl (0.005 mg/kg 

body weight) via a small venous catheter inserted into the 

ear vein. After intubating, the animals were ventilated with 

intermittent positive pressure, using a Ventilog respira-

tor (Drager Medical, Lubeck, Germany) with one-third 

 oxygen and two-thirds nitrous oxide flow. The tidal volume 

was kept between 300 and 400 mL, with a ventilation rate 

between 10 and 15 per minute−1. The animals were hepatec-

tomized, and the livers were transferred to the lab in sterile 
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Figure 4 Timeline for diazepam metabolism experiment in primary porcine hepatocytes.
Notes: On Day 0, the isolation was performed. Two days later, the cells were coated with the second layer of collagen. On the third day, the experiment took place at 
different incubation times. The experiment was conducted four times at different isolations. Number of dishes per time point, n = 3 per experiment.
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cold Ringer  buffer. The cells were isolated according to 

a modification of the methods described by Seglen42 and 

Hoogenboom et al.43 The liver was perfused at 37°C with 

buffer A containing KCl (6.71 mM), NaCl (142 mM), and 

HEPES (10 mM) substituted with EGTA (0.2 mM). When 

the excreting buffer stayed clear, the organ was perfused with 

the same volume of buffer B (same as buffer A, but without 

EGTA) to wash out the EGTA. Afterwards, 500 mL of buf-

fer C containing KCl (6.71 mM), NaCl (66.75 mM), HEPES 

(10 mM), glucose (11 mM), and collagenase (130 kU/l, type 

IV CLS; Biochrom) were recirculated through the liver for 

5 minutes, followed by an addition of 10 mL CaCl
2
 (200 mM) 

and a further recirculation for half an hour. The organ was 

then cut into pieces and placed into sterile 4°C cold buffer 

D, containing 10% HBSS, HEPES (10 mM), BSA (2.0 g/L), 

glucose (5.56 mM), and CaCl
2
 (2 mM). The liver cells were 

released from the liver and the suspension was filtered 

through a nylon membrane (pore size 100 µm) and then 

centrifuged at 55 × g for 5 minutes. The resulting pellet was 

resuspended in buffer D and washed three times. The cells 

were then resuspended in culture medium and counted in 

a hemocytometer in the presence of trypan blue and NaCl. 

A mean viability of 90.5% ± 1.0% was obtained.

Cell cultivation in an organotypic model
Primary human hepatocytes were enclosed within two lay-

ers of collagen, as described in the literature.36,37 Rat tail 

collagen was prepared according to the method of Elsdale 

and Bard.44 Final concentration was 1.5 mg mL−1. Glass Petri 

dishes, 60 mm in diameter (Schott, Mainz, Germany), were 

coated for 30 minutes with 100 µg cm−2 collagen. Hepato-

cytes were seeded at a density of 2 × 106 cells per dish. Four 

hours following the seeding and attachment of the cells, the 

culture medium (Williams E; Biochrom) was removed, along 

with nonadherent cells, and a second layer of liquid and ice-

cold collagen was pipetted on top of the hepatocytes. After 

gelation of this second matrix layer, a sandwich configura-

tion with two layers of hydrated collagen gel was formed, 

reflecting the in vivo bipolar hepatocellular enclosure within 

the matrix of the space of Dissé. Thirty minutes following 

gelation of this second matrix layer, the culture medium was 

placed on top. The pH of the collagen solution was adjusted 

to 7.4 using a 10 × DMEM (Biochrom) concentrate, which 

was diluted with the collagen solution at a ratio of 1:10. The 

total volume of cell culture supernatant was 4 mL, including 

the hydrated collagen matrix volume of 2 mL.

Culture media were supplemented with 2% (v/v−1) 

fetal bovine serum (Biochrom), prednisolone 9.6 µg mL−1, 

glucagon 0.014 µg mL−1 (Novo, Mainz, Germany), and 

insulin 0.16 U mL−1 (Hoechst). Penicillin 200 U mL−1 and 

streptomycin 200 µg mL−1 (Biochrom) were also added. 

The culture medium was replaced with fresh medium every 

24 hours.

In vitro studies for assessment  
of diazepam biotransformation
Human hepatocytes were exposed to 1 µg mL−1 diazepam on 

the second day in culture. At all the time points, the experi-

ments were run in duplicate. All experiments were repeated 

four times, using cells from five individual isolations. For each 

time point, a different petri dish was harvested: supernatants 

and cell matrix phase equaling 2 mL each were aspirated and 

frozen separately at −20°C until HPLC analysis.

Analysis of diazepam and metabolites  
by hPLC
Midazolam (1 µg), as internal standard, and 20 µL 4 M NaOH 

were added to 1 mL of each probe. After adding 100 µL 

isopropanol, the probes were extracted after 30  minutes 

with 5 mL ethyl acetate and centrifuged 10 minutes with 

200 g. The ethyl acetate phase was evaporated under 

 nitrogen atmosphere, and the remnant was dissolved in 

120 µL mobile phase of HPLC, consisting of acetonitrile + 

methanol + 0.04% triethylamine (40 + 10 + 50 volume parts) 

pH 7. 80 µL were loaded on a HPLC Nucleosil®-100-5 C
18

 

HD-column (Macherey-Nagel, Düren, Germany). The HPLC 

equipment was from Merck (Darmstadt, Germany) and 

Hitachi (Tokyo, Japan) and consisted of an L7100 HPLC 

pump, L7200 autosampler, L7450 UV detector, D7000 inter-

face module, and HPLC system manager, running on a 

Compaq computer. The flow rate of the mobile phase was 

0.8 mL minute−1; the column temperature was 22°C. For 

the quantification of temazepam, desmethyldiazepam and 

oxazepam standards of 10 ng–10 µg were extracted and 

measured, as described above.

Statistical analysis
Values are expressed as arithmetic means ± standard devia-

tion (SD). Statistical significance was analyzed for drug 

biotransformation data, representing five separate hepatocyte 

preparations. Prior to the statistical analysis, a logarithmic 

transformation was performed on raw data to account for 

variance heterogeneity and distributional irregularities. 

Thereafter, Student’s t-tests were used to assess the statistical 

relevance of all the acquired data. P-values less than 0.05 

were considered statistically significant.
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Results
Two-compartment strategy  
for biotransformation of diazepam  
and quantification of its metabolites  
in an organotypic cellular model  
of primary human hepatocytes
Diazepam
The metabolism of diazepam (parent compound) in the matrix 

and the supernatant is shown in Figures 3 and 4. At time t = 0, 

the diazepam concentration in the supernatant was higher 

than in the matrix (supernatant: 10840 ± 869.32 ng/mL; 

matrix: 8508.33 ± 1210.24 ng/mL; difference: 2331.67). 

After an hour, the concentration of diazepam in the super-

natant was lower than in the matrix. The time factor here 

compares the activity of the distribution, binding, and 

release of the drug, and is particularly evident in the fol-

lowing exposure times. Here, an analogy can be drawn to 

the pharmacokinetics of in vivo conditions (absorption, 

distribution, metabolism, elimination). The difference of 

diazepam in the matrix and what remained in the super-

natant during the exposure period, from an hour or less, 

was the same (Figure 7A and B). Furthermore, during the 

exposure period, the measured diazepam concentration in 

the supernatant was lower (at t = 0: 10840 ± 869.32 ng/mL; 

after 24 hours: 1238.33 ± 216.63 ng/mL) (Figure 5A). This 

means that only 11.42% of the parent compound (diazepam) 

was found in the supernatant (from t = 0), and 24.79% was in 

the matrix. The metabolized remaining portions are shown in 

Figure 6A and B. As the length of exposure of the substance 

increased, the measured amount of the parent compound 

decreased and metabolism increased. Thus, the decrease in 

the measured level is analogous to the metabolism of the 

respective metabolites.

Desmethyldiazepam
The concentration of desmethyldiazepam, a major metabo-

lite of diazepam, is shown in Figure 1A. In the matrix, the 

metabolite concentrations were higher than in the super-

natant (supernatant: 3732.66 ± 259.28 ng/mL; matrix: 

6284.33 ± 346.02 ng/mL; difference: 2551.67 ng/mL) after 

24 hours of exposure. Like diazepam, the concentration of 

desmethyldiazepam in the supernatant and matrix (Figure 5A) 

reflected a similar pattern during the exposure period. The 

diazepam was mainly metabolized by the cytochrome P450-

dependent monooxygenase system, the 3A4 gene family. 

The activity of these monooxygenases is different and 

dependent on time. We found a very low nanoconcentration 

(89.66 ± 12.34 ng/mL) of desmethyldiazepam in the super-

natant and in the matrix at 24 hours.

Temazepam
Temazepam is also one of the major metabolites of 

diazepam. The metabolism of diazepam to temazepam is lower 

compared to desmethyldiazepam. The highest concentration 

of desmethyldiazepam occurred at 24 hours, at a value of 

3732.66 ng/mL in the supernatant and 6284.33 ± 259.28 ng/mL 

in the matrix. However, the highest value of temazepam was 

1531.33 ± 171.19 ng/mL in the supernatant and 2031.66 ng/mL 

0
0 1 2

Time response (in hours)

T
em

az
ep

am
 n

g
/m

L

Primary human hepatocytes

Primary human hepatocytes

Primary human hepatocytes

4 8 24

500

1000

1500

2000

2500

0
0 1 2

Time response (in hours)

D
ia

ze
p

am
 n

g
/m

L

Primary human hepatocytes

4 8 24

2000

4000

6000

8000

10000

12000

14000

0

−1000 0 1 2

Time response (in hours)D
es

m
et

h
yl

d
ia

ze
p

am
 n

g
/m

L

4 8 24

1000

2000

3000

4000

5000

6000

7000

0
0 1 2

Time response (in hours)

O
xa

ze
p

am
 n

g
/m

L

4 8 24

200

100

300

400

500

600

700

Supernatant

Cell matrix

Supernatant

Cell matrix

Supernatant

Cell matrix

Supernatant

Cell matrix

A

B

C

D

Figure 5 Time course and concentration in the matrix and in the supernatant of 
primary human hepatocytes of (A) diazepam; (B) desmethyldiazepam; (C) temazepam 
metabolites; and (D) oxazepam metabolites.
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that of desmethyldiazepam. However, the concentrations 

of oxazepam, in both the supernatant and in the matrix, 

were much lower than those of desmethyldiazepam and 

temazepam. After 24 hours, the value of oxazepam in the 

supernatant was lower than in the matrix (supernatant: 

423.66 ± 42.25 ng/mL; matrix: 579.33 ± 43.43 ng/mL). We 

did not find any concentrations of oxazepam in the super-

natant or in the matrix at t = 0. We observed nanolevels of 

oxazepam (23.33 ± 9.07 ng/mL) after an hour of oxazepam 

exposure. The concentration of oxazepam was higher in 

both the supernatant (510 ± 30.34 ng/mL) and the matrix 

(650 ± 54.9 ng/mL) at 24 hours. We concluded that the 

concentration of oxazepam was also higher inside the human 

hepatocyte cells than in the supernatant.

Overview of diazepam metabolism and its major 
metabolites in human hepatocytes
Metabolism of the parent drug diazepam and its metabolites 

during the 0–24 hour exposure time is shown for the super-

natant (Figure 6A). The illustration presents a simplified 

overview of the concentration of individual metabolites 

and the temporal sequence in which they are formed in 

the supernatant. By contrast, the ratio of the individual 

metabolites and the parent compound to the total  number 

(diazepam + metabolites) during the exposure period 
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Figure 6 representation of diazepam metabolism status at different exposure time 
points in primary human hepatocytes in (A) the supernatant, and (B) the matrix.
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supernatant content in the human hepatocytes. (B) Percentage representation of 
diazepam in the matrix and the supernatant at different exposure times in relation 
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in the matrix ± 205.43 ng/mL, at 8 hours. Comparing these 

two values, the metabolism of diazepam to desmethyldiazepam 

is at least twice as high as that of diazepam to temazepam. 

 Temazepam was hardly measurable in the supernatant, but we 

found low nanolevels (80.66 ± 20.03 ng/mL) in the matrix at 

t = 0. The formation of desmethyldiazepam and temazepam 

during the exposure period exhibited different patterns. The 

graph of temazepam is curved, while the graph of desmeth-

yldiazepam is tangential. After an exposure time of 24 hours, 

the concentration of desmethyldiazepam (supernatant: 

625 ± 67.55 ng/mL; matrix: 1315 ± 165.54 ng/mL), compared 

with the 24-hour value (Figure 5B), was 16.74% in the superna-

tant and 20.93% in the matrix. On the other hand, the concen-

tration of temazepam (at 2 hours: 1059.33 ± 106.37 ng/mL in 

supernatant; 1431.33 ± 206.08 ng/mL in matrix) was 69.18% 

in the supernatant and 70.45% in the matrix at 8 hours. The 

observed concentrations of these two metabolites were com-

pletely different.

Oxazepam
Oxazepam is another metabolite of diazepam (Figure 5D). 

The time course of oxazepam exhibited a similar trend as 
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is shown in Figure 6B. The total sum of the individual time 

points is 100% in Figure 6B. After 24 hours, we found 

that the measured amount of diazepam only accounts 

for 18.61% ± 3.26% of the total number (diazepam + 

metabolites). Diazepam was metabolized within 24 hours 

of exposure time. Desmethyldiazepam accounted for 

18.92% ± 0.75% of the total number, whereas oxazepam 

and temazepam accounted for 6.37% ± 0.64%.

The total concentration was plotted on the basis of the 

individual measurements at different exposure times in the 

matrix and in the supernatant. Thus, it was possible to distin-

guish between the first and the second hour of exposure time 

to form a steady state of the drug between the matrix and the 

supernatant. Through the formation of the flow balance, the 

difference between the matrix and the supernatant remained 

relatively the same in the following exposure times. After 

24 hours of exposure, the concentration of diazepam was 

only 10.90% ± 2.03% in the matrix and 6.40% ± 1.12% in the 

supernatant (measured in total 17.30%) of diazepam. After a 

24-hour exposure period, over 80% of diazepam from t = 0 

was metabolized, which coincides with the in vivo half-life 

of diazepam (24–48 hours). Such a result confirms that our 

strategy may be the culture technique that mimics in vivo 

metabolism and, hence, can be used for the comparison of 

the metabolism.

The percentage representation of diazepam in the matrix 

and the supernatant at different exposure times in relation to 

the sum of matrix + supernatant content in human hepatocytes 

is shown in Figure 7B. The value of the sum is given 100% 

and the individual values of each compartment are fractions 

of this sum. Figure 7B shows a steady state between the 

matrix and the supernatant between the first and second hour 

of exposure time. The ratio of the individual measurement to 

the sum of the respective timing remained constant during 

the exposure period. The chart also indicates that a higher 

quantity of the drug remained inside the matrix of human 

hepatocytes.

Two-compartment strategy for 
biotransformation of diazepam and 
quantification of its metabolites in an 
organotypic cellular model of primary 
porcine hepatocytes
Diazepam
The time course of diazepam (parent compound) in the 

matrix and in the supernatant in porcine hepatocytes is 

shown in Figure 8A. Analogous to the human hepatocytes 

(Figures 5A–D; 6A and B), at t = 0, the diazepam concentration 

in the supernatant was higher than in the matrix (supernatant: 

11,145.33 ± 384.39 ng/mL; matrix: 8965 ± 226.03 ng/mL; 

difference: 2180.33 ng/mL). However, the amount of diaz-

epam was higher in the matrix compartment than in the 

supernatant at 1 hour and thereafter. The ratio of diazepam 

concentration in the matrix to the respective time of the super-

natant remained the same over the exposure time at 1 hour 

(Figure 7A). We noticed an initial diazepam concentration of 

11,145.33 ± 384.39 ng/mL, and after 24 hours, we observed 

a concentration of 383 ± 82.42 ng/mL. Thus, after a 24-hour 
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Figure 8 Time course and concentration of diazepam in the matrix and in the 
supernatant of (A) primary porcine hepatocytes; (B) desmethyldiazepam metabolites; 
(C) temazepam metabolites; and (D) diazepam oxazepam.
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exposure time, we measured only 3.44% of the parent com-

pound in the supernatant. The same process occurred in the 

matrix (at t = 0: matrix: 8965 ± 226.03 ng/mL; after 24 hours: 

130.39 ± 645 ng/mL). We measured 5.12% by adding the 

respective values of the matrix and the supernatant together 

(at t = 0: 20,110.33 ng/mL; at 24 hours: 1028.67 ng/mL). This 

means that 94.88% of the parent compound was further metabo-

lized (Figure 6A and B). Therefore, it follows that as the length 

of exposure of the substance increases, the measured amount of 

parent compound decreases and metabolism increases.

Desmethyldiazepam
The concentrations of desmethyldiazepam in the superna-

tant and the matrix are shown in Figure 8B. We observed 

that the distribution behavior of desmethyldiazepam is 

similar to its parent compound, diazepam (Figure 8A). 

The measured quantity of metabolites in the matrix 

was consistently higher during the entire exposure 

time than in the supernatant. In contrast to the matrix, 

there was almost no detectable desmethyldiazepam in the 

supernatant (supernatant: 13.67 ± 1.53 ng/mL; matrix: 

126 ± 27.73 ng/mL) at t = 0. The concentration of des-

methyldiazepam increased during the exposure period, both 

in the supernatant and in the matrix, so that the maximum 

value was reached after 5 hours of exposure (supernatant: 

936.67 ± 40.45 ng/mL; matrix: 1595 ± 109.53 ng/mL; 

difference: 658.33 ng/mL).

Temazepam
As mentioned previously, temazepam in also one of the major 

metabolites of diazepam; its metabolite profile is presented 

in Figure 8C. The concentration of temazepam was highest 

at 2 hours of exposure time and decreased at 5 hours and 

24 hours in the matrix and the supernatant, respectively. 

At t = 0, there was only a trace amount of temazepam 

measured in the supernatant (72 ± 17.09 ng/mL). The same 

measurement in the matrix resulted in a 5.5-fold higher value 

(396 ± 52.26 ng/mL) compared to the supernatant. The high-

est values (supernatant: 1460.33 ± 104.19 ng/mL; matrix: 

1805.33 ± 77.00 ng/mL) occurred at t = 2 hours.

Oxazepam
We also calculated the metabolism of oxazepam, a Phase 

II metabolite of diazepam (Figure 8D). The results were 

similar to the time course shown by desmethyldiazepam. 

The content of oxazepam, both in the supernatant and 

in the matrix, was significantly lower than that of des-

methyldiazepam and temazepam. The highest value of 

oxazepam was reached after 5 hours of exposure time 

(supernatant 39.67 ± 3.79 ng/mL and in the matrix 70.67 ± 

4.04 ng/mL) and fell off again thereafter, such that, after 

24 hours, we observed 18.67 ± 1.53 ng/mL in the supernatant 

and 31.33 ± 1.53 ng/mL in the matrix. Comparing the levels 

of desmethyldiazepam and oxazepam, the value of oxazepam 

in the supernatant was only 4.23%, whereas the value of des-

methyldiazepam was 4.43%. Oxazepam exhibited a similar 

pattern to that of the temazepam metabolites. Here, the value 

of temazepam was only 2.72% in the supernatant and 3.91% 

in the matrix. The metabolism of diazepam to oxazepam 

started later than in the previous two metabolites (desmeth-

yldiazepam and temazepam). At t = 0, the concentration of 

oxazepam was hardly measurable in both the supernatant 

and in the matrix (supernatant 1 ± 1 ng/mL and in the matrix 

6 ± 1 ng/mL). We observed trace levels of metabolite after 

1 hour of exposure (supernatant: 17.33 ± 5.77 ng/mL; matrix: 

36.33 ± 7.02 ng/mL).

Overview of diazepam metabolism and its major 
metabolites in porcine hepatocytes
Figure 9A shows a summary of the temporal course of 

diazepam metabolism in the supernatant. After 24 hours 
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of exposure, we measured diazepam concentration and 

found only 383 ± 82.42 ng/mL. This was 3.44% of the initial 

compound at t = 0 of the 100% value. Consequently, almost 

96.56% of diazepam had been metabolized within a 24-hour 

period. In contrast, Figure 9B shows the relationship of the 

individual metabolites and the parent compound in the total 

amount and in the supernatant, focussing on the correspond-

ing metabolites at different time points. The amount of parent 

compound (diazepam) decreased during the exposure time. 

Desmethyldiazepam had the highest proportion, because the 

further degradation of this metabolite is slower than the other 

metabolites and diazepam. However, when the 2-hour values 

are analyzed, temazepam (18.42% ± 1.31%) exhibited the 

highest proportion of metabolites compared to desmethyldi-

azepam (8.16% ± 0.61%) and oxazepam (0.42% ± 0.05%).

At t =  0, we observed a diazepam content of 

20,110.33 ± 444.69 ng/mL in the supernatant. The total 

concentration was plotted as a reference quantity to the 

individual measurements at different exposure times in 

the matrix and in the supernatant. The above sum is equal 

to 100% and the individual values of the different exposure 

times, hereby set in proportion. We found that between the 

first and second hours of exposure time, a steady state of 

the drug formed between the matrix and the supernatant. 

Through the formation of the metabolism flow balance, 

the relative difference between the matrix and the super-

natant remained the same until 5 hours. After 24 hours of 

exposure, we found very low concentrations of diazepam 

in both the matrix and in the supernatant. The majority 

of diazepam was metabolized completely over a 24-hour 

exposure time.

The sums of diazepam concentration percentages 

(matrix + supernatant) are plotted against the respective 

exposure times as a reference value for the individual values 

in the matrix and in the supernatant (Figure 10). The values 

of each point in time are separately set as the supernatant 

and matrix, with the sum of the matrix and the supernatant 

in percentage and proportion. The sum is given as 100% and 

a share of the individual values of each compartment, and 

in comparison, charged as a percentage. Between the first 

and second hour of exposure time, a steady state between 

the matrix and the supernatant formed. Furthermore, the 

ratio of the sum of the individual measurements of each 

point in time during the exposure time remained constant. 

The ratio of matrix to supernatant at each measurement 

time remained about the same. The cessation of the flow 

balance for a higher quantity of the drug was measured in 

the matrix.

Comparison of the temporal expression 
of diazepam metabolism of primary 
human hepatocytes and porcine 
hepatocytes
Diazepam
A number of differences are evident in a comparison of 

diazepam metabolite profiles (Figures 5A and 8A) between 

human and pig hepatocytes. The trajectories of the graphs 

are similar, and diazepam increases continuously during 

the exposure period. However, there is a significant differ-

ence in the proportion of diazepam in human hepatocytes 

in both the supernatant and in the matrix at 24 hours of 

exposure time, which is not reduced in comparison to 

porcine hepatocytes. At t = 0, the percentage of diazepam 

was 11.42% in the supernatant and 24.79% in the matrix. 

By contrast, the measured percentage of diazepam in 

porcine hepatocytes was 3.44% in the supernatant and 

7.20% in the matrix. Adding the supernatant and matrix 

value from t = 0 (19348.33 ± 1723.38 ng/mL) of human 

hepatocytes and comparing it with the sum at t = 24 hours 

(3347.67 ± 608.52 ng/mL, supernatant + matrix), we found 

17.3% of initial value of diazepam. The same process results 

in a value of 5.08% for the pig hepatocytes. When the two 

totals (3347.67 ng/mL human and pig 1028.67 ng/mL) are 

compared at t = 24 hours, the mean is 3.25 times higher in 

human hepatocytes than in pig hepatocytes. Thus, it appears 

that human hepatocytes require a longer time than pig 

hepatocytes do, and that the corresponding cytochromes in 

humans work at a slower rate.

Desmethyldiazepam
Comparing the desmethyldiazepam diagrams of human 

and porcine hepatocytes (Figures 5B and 8B) revealed 

that the time course of the performance is qualitatively 

and quantitatively different. The reaction proceeded tan-

gentially in humans, continuously rising to 24 hours of 

exposure time, with the maximum level at t = 24 hours. 

The course of the implementation of the pig has a similar 

growth as that of humans; however, it reached its highest 

value after t = 5 hours, after which it decreased. We ana-

lyzed and compared the values of desmethyldiazepam of 

both hepatocytes, and the t = 24 hour values of the human 

hepatocytes (supernatant: 3732.67 ± 259.28 ng/mL; matrix: 

6284.33 ± 346.02 ng/mL) were significantly higher than those 

of the pig hepatocytes (supernatant: 412 ± 95.28 ng/mL; 

matrix: 861.67 ± 115.70 ng/mL). Thus, the value of desmeth-

yldiazepam in human hepatocytes was 7.86 times higher than 

that of the pig.
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Temazepam
The time course and the increase of temazepam are similar to 

desmethyldiazepam. The increase of temazepam is similar to 

desmethyldiazepam, but with two differences. First, temaze-

pam had peak values at t = 2 hours after dosing exposure 

time, whereas desmethyldiazepam peaked after t = 5 hours. 

Secondly, the temazepam values fall off more rapidly. 

Comparing the temazepam graphs of human and pig, quali-

tative and quantitative differences are evident (Figures 5C 

and 8C). Temazepam reaches peak values in human hepa-

tocytes after 8 hours of incubation. When the t = 24 hour 

values are compared with each other, it is clear that the human 

hepatocytes (supernatant: 1258.67 ± 49.66 ng/mL; matrix: 

1669.67 ± 143.79 ng/mL) had a significantly higher value than 

the porcine hepatocytes (supernatant: 50.67 ± 7:23 ng/mL; 

matrix: 89.67 ± 22.74 ng/mL). The human hepatocytes 

showed a 20.87-fold higher temazepam concentration 

compared to those of the pig. If the two limits (t = 8 hour, 

supernatant human hepatocytes: 1531.33 ± 171.19 ng/mL, 

matrix: 2031.67 ± 205.43 ng/mL; supernatant porcine 

hepatocytes, t = 2 hour value: 1460.33 ± 104.19 ng/mL; 

matrix: 1805.33 ± 77.00 ng/mL) are compared with each 

other, there is no significant difference in the quantity of 

the metabolite.

Oxazepam
When considering the oxazepam graphs (Figures 5D and 8D), 

the time courses in the human and porcine hepatocytes are 

analogous to those of desmethyldiazepam. However, there is 

a difference in their measurement height, as oxazepam content 

was much lower than that of desmethyldiazepam (Figures 5D 

and 8D). When analyzing the values of human and pig 

together, the highest value of the oxazepam in humans occurs 

after t = 24 hours and in pigs after t = 5 hours. The oxazepam 

values of human hepatocytes were much higher (supernatant: 

423.67 ± 42.25 ng/mL; matrix: 579.33 ± 43.43 ng/mL) than 

those of the pig (supernatant: 18.67 ± 1.53 ng/mL; matrix: 

31.33 ± 1.53 ng/mL) at t = 24 hours. Oxazepam was 20.06 times 

higher in human hepatocytes than in porcine hepatocytes.

Discussion
The quantification of metabolites during drug biotransforma-

tion is one of the most significant parameters of preclinical 

screening tests for the registration of new drug candidates.12,13 

Evaluation of metabolites in human plasma at an early stage 

of drug development is routine, but there is a critical lack of 

information on metabolite concentrations remaining inside 

the hepatocytes. The present study provides suggestions 

that quantification of a drug and its metabolites should be 

undertaken both inside and outside of the hepatocytes before 

large-scale clinical trials. Early identification of complete 

drug metabolite profiles (metabolite detection in two stages: 

cell matrix phase and supernatant) can deliver clear justifica-

tions for nonclinical testing, as well as clinical studies. The 

notion of a two-compartment model may rapidly provide 

adequate results before beginning a large-scale clinical trial, 

thereby reducing the time and money invested during vari-

ous stages of drug development. By using this organotypic 

cellular in vitro model of primary hepatocytes (human and 

pig), one can quickly identify the metabolite concentrations 

of drug candidates at different stages of the drug development 

process. We believe that these types of in vitro metabolism 

studies should be conducted before initiation of clinical trials. 

Generally, in vivo metabolism studies of humans have been 

performed in the relatively late stages of clinical trials of drug 

development; however, we strongly recommend using the 

two-compartment organotypic models to mimic the in vivo 

metabolic evaluation in humans, with special reference to 

metabolite detection inside and out of the hepatocytes cells 

(Figure 1). These two-compartment organotypic models 

may confirm a variety of in vivo outcomes in a short amount 

of time, which is essential to the early stages of the drug 

development process.
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Figure 10 (A) Percentage representation of diazepam in the matrix and the 
supernatant at different exposure times in relation to the sum of matrix + 
supernatant content in the human hepatocytes. (B) Percentage representation of 
diazepam in the matrix and the supernatant at different exposure times in relation 
to the sum of matrix + supernatant content in the porcine hepatocytes.
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During drug discovery, it is imperative to monitor the 

complete dynamic profile of the parent compound and 

its metabolites in relevant in vitro and in vivo systems. 

It is critically important to recognize and quantify the 

metabolites in both the cell and the supernatant phases and 

to evaluate them properly in the in vivo system later. These 

types of rapid screening strategies may yield necessary 

information regarding the complete dynamic profile of both 

major and minor metabolites, which may provide indications 

of the efficacy and safety of the drug candidate. Accumulated 

metabolites can bind covalently with cellular macromol-

ecules and may cause organ or cellular toxicity sooner or 

later. There is a lack of publications regarding metabolite 

toxicity inside the cell, as accumulated metabolites may be 

involved in clinically adverse events, including idiosyn-

cratic drug toxicities. The covalent binding by reactive drug 

metabolites is a poorly understood cause of cellular  toxicity. 

Currently, the covalent binding of metabolites has been 

monitored by using radioactive drugs, which have limited 

applicability in drug discovery. Several marketed drugs are 

known to form reactive metabolites and have been shown to 

bind covalently to proteins, demonstrating a greater risk of 

adverse reactions, by themselves or with other medications. 

The quantification of drug metabolites is a long-standing 

issue for drug development. However, questions regarding 

the importance of accumulated metabolites still remain.

Generally, toxicology research is more often focused 

on the analysis of drug metabolites in the supernatant in 

experimental in vitro models and in the serum in in vivo, 

either in preclinical or animal models, without knowing the 

persistence of the drug metabolites in liver tissue in vivo 

and the matrix phase in vitro. Our experimental approach for 

detecting drug metabolites is based on the simple and quick 

methodologies of the two-compartment model. It is important 

to quantify the complete profiles of all metabolites and their 

potential to interact with other medications and bind with 

hepatic biomolecules noncovalently or covalently. Diazepam 

is a compound that the liver should clear; however, in our 

previous studies, we detected diazepam metabolites in the 

cell matrix phase,45 suggesting that, under some conditions, 

diazepam may not be cleared by the liver. Protein covalent 

binding by reactive metabolites of drugs can lead to acute or 

chronic hepatotoxicity. In many cases, reactive metabolites 

are also associated with idiosyncratic liver injury.18,28,46,47 

However, on the basis of the possible correlation between 

reactive metabolites and idiosyncratic drug reactions, 

formation of a large amount of reactive metabolites is 

regarded as a significant liability for a drug candidate in the 

preclinical stages. Increased attention is needed to improve 

our ability to predict whether metabolites remain inside the 

hepatocyte during the initial drug screening process, which 

provides valuable information for the clinical trials of drug 

candidates. It is widely acknowledged that nonspecific 

covalent binding should be avoided or minimized when 

optimizing drug properties during the lead optimization stage 

of drug discovery. To the best of our knowledge, no such 

two-compartment strategy has been used in the pharmaceuti-

cal industry to monitor the metabolites inside hepatocytes in 

an in vitro model. To improve the drug discovery process, 

we believe that this two-compartment organotypic cellular 

model will yield valuable information about the safety profile 

of drug metabolites inside and outside of hepatocytes, which 

marks an important milestone in drug development.
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