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Abstract Drug metabolism studies are essential and necessary during the evaluation of
drugs. This review discusses the in vitro human liver models to estimate the drug metabolic
fates in vivo. Different approaches are provided and emphasis is placed on the potential of
human liver microsomes for drug metabolism and inhibition studies. The methodology for
these studies using human liver microsomes, applications of human liver microsomes, and
the drugs studied by human liver microsomes are listed. Human liver microsomes represent
a critical experimental model for the evaluation of drug metabolites with a high probability
of clinical success.

Keywords Biotransformation . CYP450 . Drug . Human liver microsomes . In vitro
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Introduction

The development of a new therapeutic agent involves a preclinical screening stage. During this
stage, the main properties of the drug candidate such as pharmacodynamic, pharmacokinetic,
and toxicological properties are investigated. This preclinical investigation is based on both in
vitro models and in vivo experiments in various animal species [1, 2].

Drug metabolism determines adverse drug reactions; a toxic drug can be detoxified or a
nontoxic drug can be activated to a toxic metabolite by biotransformation. Generally, drug
metabolism involves a phase I reaction where nonpolar molecules are converted into a polar
compound or a phase II conjugation where suitable moieties such as glucuronic acid or
sulfate or glycine or methyl group or acetyl group is added to the organic group [3].

Biotransformation occurs in many tissues, liver as the most important organ, but also the
kidneys, intestines, lungs, brain, nasal epithelium, and skin can be involved [4]. The liver is
the largest internal organ of the human body and is located between the digestive tract and
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the other parts of the body [5]. Liver is the rich source of heme-containing enzymes,
CYP450, which play a major role in phase I oxidation reactions [6, 7]. CYPs are involved
in the biosynthesis and metabolism of steroids, bile acids, fatty acids, prostaglandins,
leukotriens, biogenic amines or retinoids, various carcinogens, and environmental
pollutants. These enzymes can also transform nontoxic chemicals into reactive intermedi-
ates that are toxic or carcinogenic [8]. These enzymes sometimes cause bioactivation of
drugs like Tegafur, an anticancer prodrug activated to 5-fluorouracil [9]. Phase II enzymes
such as uridine diphosphoglucuronosyl transferase (UGT), glutathione S-transferase (GST),
N-acetyl transferase (NAT), and sulfotransferase (ST) also have an important role in the
detoxification and excretion of xenobiotics [4].

It is apparent that drug transporters (phase III) influence not only the therapeutic
efficacy but also the absorption, distribution, and elimination of a drug [10]. The drug
transporters are located in the epithelial and endothelial cells of the liver, gastrointestinal
tract, blood–brain barrier, kidney, and other organs. These are responsible for the
transport of most of the prescribed drugs across cellular barriers and thus for the
concentration at the biotransformation site. Hence, the elucidation of the influence of
drug transporters on the absorption, distribution, metabolism, and excretion of a drug is
essential in the early development stage of new drugs. Thus, the objective was to provide
a review on model systems with a strong predictive power for human biotransformation
studies of drugs.

In vitro screening assays which include human liver-derived experimental systems
represent the effective approach to estimate the human drug metabolic fates in vivo [11,
12]. Several in vitro human liver models have been developed during the past few decades
[2]. They are: (1) perfused liver (2), liver slices (3), primary hepatocytes, (4) cytosol, (5) S9
fractions, (6) supersomes, (7) cell lines, (8) transgenic cell lines, and (9) microsomes.

In this review, an overview of different in vitro models, with a deep stress on human
liver microsomes and the metabolic reactions and CYP enzymes involved in the
metabolism of various drugs studied using human liver microsomes, is given.

All these models except primary hepatocytes, cell lines, liver slices, and isolated
perfused liver require exogenous cofactors for activity. The cofactors used consist of
NADPH-regenerating system (phase I oxidation) or uridine-5′-diphospho-α-D-glucuronic
acid (UDPGA; phase II glucuronidation). NADPH is required for the measurement of
oxidase activity catalyzed by P450s, flavin-containing monooxygenases, NADPH-P450
reductase, and many other oxidase enzymes [13].

Supersomes

Supersomes are a valuable supplement to human liver microsomes [14, 15]. Insect cells
lack endogenous cytochrome P450 and uridinediphosphoglucuronosyl transferase activity.
Therefore, microsomes which consist of vesicles of the hepatocyte endoplasmic reticulum
of human CYP- or UGT-transfected insect cells are used as tools in human biotransfor-
mation studies. These are too called baculosomes because the insect cells are infected by
baculo virus [16]. Hence, they have the added advantage of unique specification by
expressing enzyme activity of one single CYP isoform.

Incubation with non-transfected supersomes will be conducted as a control always [17].
A NADPH-regenerating system has to be added as a cofactor. The CYP and UGT activity is
provided by the supplier of the supersomes which are commercially available. The
advantages of supersomes are that they are used to study the influence of different
polymorphisms on drug metabolism patterns and to study drug–drug interactions (for, e.g.,
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fluvoxamine–theophylline interaction at CYP1A2; [18]). Supersomes too possess some
drawbacks; in UGT supersomes, the UGT active site is shielded behind a hydrophobic
barrier, resulting in latent glucuronidations, but this can be overcome using a pore-forming
agent like alamethicin [19].

Cytosol

Cytosol has not been used very often in drug biotransformation research so far [20–22]. The
liver cytosolic fractions contain phase II enzymes such as glutathione S-transferase,
N-acetyl transferase, and sulfotransferase. It is obtained by differential centrifugation of
whole-liver homogenate like microsomes. Cofactors like acetyl coenzyme A (acetyl CoA),
dithiothreitol and acetyl CoA regenerating system for NAT, adenosine-3′-phosphate-5′-
phosphosulfate for ST, and glutathione (GT) for GST are necessary. Human liver cytosol is
commercially available from different companies such as Gentest corporation (Becton
Dickinson Company, Woburn, MA, USA) and Xenotech (Kansas City, KS, USA). The
advantages of cytosol are that the biotransformation capacity of NAT, ST, and GST can be
studied using cytosol either separately or in combination depending on the cofactors added,
but only the soluble phase II enzymes present in the liver cytosol fraction can be
investigated. The metabolic pathways of UGT, which is located on the endoplasmic
reticulum, cannot be investigated with this model.

S9 Fractions

Liver S9 fractions have been used since the 1970s, but not as extensively as microsomes
[23–25]. The liver S9 fraction contains both microsomal and cytosolic fractions. Exogenous
cofactor, NADPH-regenerating system is supplied to meet the energy demand of the CYP
enzymes. These are useful in the study of xenobiotic metabolism and drug interactions
which represent the post-mitochondrial supernatant fraction from homogenized liver. They
offer a more complete representation of the metabolic profile because they contain both
phase I and phase II activities. In some cases, metabolites which are not produced by either
the cytosolic fraction or the microsomal fraction alone are formed with S9 fractions. As S9
fraction contains lower enzyme activity when compared to cytosol or microsomes, it may
leave unnoticed metabolites.

Cell Lines

Cell lines are used for drug metabolism studies only in enzyme-induced state and in
cytotoxicity studies of drug and its metabolites. These are less popular when compared
to other in vitro models because of their dedifferentiated cellular characteristics and
incomplete expression of all families of metabolic enzymes. Human liver cell lines can
be isolated from primary tumors of the liver parenchyma, seen after chronic hepatitis or
cirrhosis [26]. The important requirement of cell lines is that they must resemble the
normal physiology of human hepatocytes in vivo. Currently available human liver cell
lines are Hep G2 (from hepatocellular carcinoma), BC2 (hepatoma), Hep 3B
(hepatocellular carcinoma), C3A (hepatoblastoma), etc. (http://www.atcc.org). These are
easy to culture and have stable enzyme concentration relatively. As these have low
expression or absence of most important phase I and phase II drug-metabolizing enzymes,
it is difficult to investigate the individual CYPs or other enzymes and metabolites in cell
lines.
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Transgenic Cell Lines

Cell lines are transfected at high efficiency using centrifugation of lysozyme-treated
bacteria bearing the desired vector with the parent cells in the presence of polyethylene
glycol protoplast fusion [2]. Crespi et al. [27] was the first to achieve stable expression of
human CYPs in a human cell line. These cell lines have higher expression of CYP and
UGT isozymes. The transgenic cell lines can be readily obtained from specialized
companies such as ATCC and Gentest. These cell lines are used to generate metabolites
for structure elucidation and pharmacological characterization and to assess drug–drug
interactions. These possess the advantages of ease in culturing and the possibility of
studying the single enzyme reactions, with disadvantages of very expensive compared to
the other in vitro models and it will not reflect a complete in vivo situation as it expresses
only a few isozymes.

Hepatocytes

Hepatocytes are used to study both phase I and phase II liver drug metabolism pathways [3]
which reflect the heterogeneity of CYP expression in human liver [28]. Cultured
hepatocytes [29, 30] and suspensions of primary hepatocytes are powerful tools to analyze
the metabolic profile of a number of drugs with good in vitro–in vivo correlations [31–33].
Cultured hepatocytes are subject to a loss of liver-specific functions gradually with a
decrease in CYP expression.

Cryopreserved hepatocytes retain the activity of most of phase I and phase II
enzymes [34, 35] and are now available commercially [36]. A disadvantage is the lack of
liver non-hepatocyte cells, which may be necessary for cofactor supply. Another
disadvantage is that there may be inter-individual variation, which can be overcome by
using mixtures of hepatocytes from multiple donors [2]. Applications of human
hepatocytes in the development of a drug include the evaluation of metabolic stability,
metabolite profiling and identification, hepatotoxic and drug–drug interaction potentials
[28, 37].

Liver Slices

The incubation of liver slices in nutrient-rich media is another tool to study metabolism in
vitro. Owing to impaired diffusion of nutrients and oxygen in the liver slices, the duration
of activity of CYP is short. There are no commercially available human liver slices yet [2].
There is a possibility for studying the induction of CYP isoforms by new drugs. Its
disadvantages include inadequate penetration of culture medium into the slices and short
viability time period of 5 days.

Isolated Perfused Liver

Human liver is never used; only animal livers on small scale are used for biotransformation
studies, which are regarded as correct model always for human drug biotransformation.
Perfused animal liver is useful only in cases where bile secretion is of importance or when
validation of other in vitro methods is required. This model has poor reproducibility, is
labor-intensive, and its functional integrity is limited to 3 h [2].
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Human Liver Microsomes

Human liver microsomes account for the most popular in vitro model. These are subcellular
fractions derived from the endoplasmic reticulum of hepatic cells and are prepared by
homogenization of liver [3] followed by differential centrifugation [38]. These are used for
the evaluation of phase I oxidation by the addition of a cofactor such as NADP. They can as
well be used to study glucuronidation by the addition of UDPGA. Human liver microsomal
phospholipid comprises 49% phosphatidylcholine, 31% phosphatidylethanolamine, 14%
phosphatidylserine and phosphatidylinositol, and 6% sphingomyelin [39]. Liver slices, liver
cell lines, and primary hepatocytes can also be used for the preparation of microsomes [40,
41]. These subcellular fractions are a rich source of many drug-metabolizing enzymes like
cytochrome P450s, flavin monooxygenases, carboxyl esterases and epoxide hydrolase, and
UDP glucuronyl transferases. Therefore, they are widely used as an in vitro model system
in order to investigate the metabolic fate of xenobiotics [42]. The influence of specific
isozymes is studied using liver microsomes in the presence of specific inhibitors [43].

There are inter-individual variations in the activity of human liver microsomes, but this
problem can be overcome by the application of pooled microsomes [17]. Individual human
liver microsomes are useful in identifying critical CYP involved in the biotransformation of
drug by correlating enzyme activity of a particular CYP, using a bank of human donors, to
the metabolism of the drug. Gender-specific human liver microsomal pools are used to
investigate the influence of gender on drug biotransformation. Applications of microsomes
in drug discovery and development include metabolite identification, comparison of
metabolism by different species, prediction of in vivo clearance [44], and reaction
phenotyping [45, 46]. The advantages of human liver microsomes include: (a) low cost,
simplicity in use, and easy storage; (b) one of the best characterized in vitro models for
research in drug metabolism; (c) inter-individual variation can also be studied; and (d) the
enzyme activity can be kept in crystal (frozen) forms for many years. The disadvantages
include: (a) unsuitability for quantitative estimations of in vivo human biotransformation
because of the presence of high level CYPs and UGTs and no competition with other
enzymes; (b) the absence of other enzymes such as NAT, ST, GST, and cytosolic cofactors
leave the metabolites unnoticed which are formed in intact liver cells; and (c) the in vitro
incubation conditions used such as the ionic strength, pH value of the incubation medium,
and the effect of organic solvents used can affect the outcomes of microsomal studies.

Table 1 shows the biotransformation of some drugs studied using human liver
microsomes.

General Methodology for the Determination of Metabolites in Human Liver
Microsomes

Microsomes are prepared by differential centrifugation [69] and stored at −80 °C until use
[125, 153]. Microsomal protein concentration is determined by different methods using
folin phenol reagent [167] or Coomassie Brilliant Blue G-2520 dye [168], etc. CYP 450
content is determined by Omura and Sato [169] method. The microsomes are incubated
with the drug and incubation mixture consists of liver microsomes, test compound, NADPH
generating system (usually NADP + glucose-6-phosphate dehydrogenase) [69, 106, 153],
and buffers like phosphate buffer or sodium phosphate buffer [153]. The reaction is initiated
by adding NADPH generating system. Then, it is incubated at 37 °C for different time
points (10, 25, 40, 60 min, etc.) on a shaking water bath [153] or shaking incubator [170].
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The reaction is terminated by adding stop reagents such as sodium hydroxide [69] or
hydrochloric acid [147] or ice-cold carbonate/bicarbonate buffer [125] or cold acetonitrile
[105] or by trichloroacetic acid [137], etc. to precipitate proteins. Reaction mixtures are
extracted for metabolites with organic solvents and are centrifuged. Then, organic fraction is
evaporated under a gentle stream of air or nitrogen gas, etc. The dried extracts are refrigerated
at 4 °C before high-performance liquid chromatography (HPLC) analysis which is usually on
the following day [153]. Residue obtained is dissolved in mobile phase and metabolites
formed are determined by HPLC, mass spectrometry (MS), LC/MS, gas chromatography–
MS, LC/nuclear magnetic resonance spectra.

Enzyme Kinetics in Drug Metabolism

In vitro characterization of drug metabolism begins with an enzyme kinetic analysis of
metabolite formation rate using human liver microsomes. The two most important enzyme
kinetic parameters used to analyze the data are Km, Michaelis–Menten constant
(concentration at which 50% of the maximal velocity is observed), and Vmax (maximum
reaction velocity of the enzyme). Reaction velocities (V) are expressed as nanomoles per
hour per milligram protein when human liver microsomes are used and as nanomoles per
hour per nanomole CYP when activities of CYP isoforms are measured. If the conversion
of substrate to product is catalyzed by a single enzyme (one-enzyme model), the equation is
[96]:

V ¼ Vmax S½ �
Km þ S½ �

where Vmax is the maximal velocity of reaction, [S] is the substrate concentration, and v is
the rate of product formation (or substrate disappearance).

When two or more CYP forms with distinct affinities may catalyze a given drug
metabolism, the relationship between v and S is biphasic and may be described by a high-
and a low-affinity component using a two-enzyme model: V ¼ Vmax1 S½ �

Km1þ S½ � þ Vmax2 S½ �
Km2þ S½ � where Km 1

and Km 2 are the affinity constants for high- and low-affinity components and Vmax 1 and
Vmax 2 are the maximum enzyme velocities for the high- and low-affinity components,
respectively.

Nowadays, different softwares are used for calculating the parameters from untrans-
formed data using the Michaelis–Menten equation [106]. This gives more accurate and
more reproducible values than the graphical method.

F test indicates whether a one- or two-binding-site model is optimal. An Eadie–
Hofstee plot, V vs V/S (where S is substrate concentration), is used to illustrate multiple
binding sites [171, 172]. A Student’s t test is used to test for statistical significance [125].
Spearman rank test is used to determine correlations among various enzyme activities
[147].

Measures of Metabolism

Measures of metabolism include metabolic stability of a drug, metabolite and metabolic
route identification, identification of CYPs metabolizing a drug, utilization of CYP-
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selective chemical inhibitors, and CYP-specific antibodies correlation analysis. The
metabolic stability of a new drug, under developmental stage, determines its future as a
drug candidate. If a drug is metabolized rapidly in human liver preparations, its
bioavailability in vivo is most probably too low for it to be a drug candidate. This
depends on the route of administration of the drug. By determining the concentration
and time dependence of formation of a metabolite from a new drug on the
disappearance of the drug in vitro in an appropriate system, its metabolic fate and
half-life in vivo can be predicted. Such similar studies performed in human and test
species give valuable information in the selection of test species for pharmacokinetic
and toxicological studies. Metabolite identification is developed from incubation with
human liver microsomes [106]. By employing LC/MS methods, it is possible to
determine the exact molecular masses and metabolic structures with high accuracy. After
the characterization of metabolic stability and metabolic route, the in vivo prediction
requires clarification of drug-metabolizing enzymes which participate in the in vitro
biotransformation of the drug. After determining enzyme kinetic parameters, the CYPs
involved in the drug metabolism can be characterized by either chemical or antibody
inhibitors selective or specific for respective CYPs. The effect of chemical inhibitors is
investigated by incubating human liver microsomes with test compound in the presence
of various P450 isoform-specific inhibitors [137]. The reaction is initiated by the addition
of NADPH generating system. Many compounds are selective for only the desired
enzyme at relatively low concentration. CYP3A4 is inhibited by ketoconazole which is
the most widely used [47, 51, 69], quinidine for 2D6 [67, 76], and furafylline for 1A2
[112, 125, 132]; 2C9 is selectively inhibited by sulfaphenazole [65, 123], pyridine for
2E1 [173], etc. The inhibitory effects of these inhibitors on the metabolism of the drug
would reflect which P450 isoform is involved in the metabolism [3]. The inhibitory
potential is investigated by performing assays for specific cytochrome P450 activity in
the absence or presence of drug candidate using microsomes. IC50 values and inhibition
constant, Ki, are determined. The IC50 value is defined as a concentration of inhibitor that
causes 50% inhibition of an original enzyme activity. The IC50 value can be determined
by analyzing the relationship between inhibitor concentration and decrement in reaction
velocity performed at a fixed substrate concentration. The inhibitory constant (IC50) is
calculated using unweighted data from the equation [97] that follows:

v ¼ V0

1 þ I½ �
IC50

h iS

where V0 is the uninhibited velocity, v the observed velocity, [I] the inhibitor
concentration, and S the slope factor.

Another constant, Ki, is related to the affinity of a compound to an enzyme, which is
estimated either graphically by using plotting methods or by nonlinear regression analysis
(e.g., Dixon plot, Lineweaver–Burk plot, etc.). Various factors affect the accuracy of the
estimation of Ki such as incubation conditions, non-specific binding to microsomal
proteins, chemical inhibitors used, etc. [174]. The values of IC50 and Ki are determined by
taking the concentration of marker substrates around their corresponding Km values and
about 0.5- to 4-fold of their corresponding Km values, respectively. Alternatively, the
inhibition of enzyme activity is expressed as percent of control activities. Inhibition
results have been expressed as the mean ± SD when appropriate [96]. Antibodies are used
if there are no sufficient specific chemical inhibitors available for a certain enzyme (e.g.,
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CYP2B6 [175]). In correlation analysis, the measured CYP-specific activities are
correlated against the rate of the metabolic pathway of a drug in individual liver sample.
Another approach is to correlate the levels of an individual CYP determined by Western
blot analysis against the drug activity [176, 177]. The higher the correlation between the
activities, the larger is the likelihood that the respective CYP enzyme is responsible for
the drug metabolism. The values of correlation coefficient (r) may range from −1 to 1,
with 0 referring to an absent correlation and 1 to a perfect positive correlation between
the two activities.

Table 2 shows marker reactions for particular CYP isoform for correlation studies which
can be employed as quality criteria of the metabolic capability.

Conclusion

The metabolite profile of a drug obtained in vitro generally reflects the in vivo
metabolite pattern, although limited to qualitative aspects. From physiological and
biochemical points of view, human liver microsomes are useful to obtain the in vitro
metabolite profile of a drug. Human liver microsomes are the subcellular fractions
derived from the endoplasmic reticulum of hepatic cells and are a rich source of many
drug-metabolizing enzymes like cytochrome P450s, flavin monooxygenases, carboxyl
esterases, and epoxide hydrolase. Therefore, this system better simulates the in vivo
situation. The present review suggests that the overall metabolism of most of the drugs
appears to be mainly catalyzed by CYPs 3A4, 2C19, 2C9, 2D6, 1A2, and, to a less
extent, comparatively by CYPs 2B6, 2C8, 1A1, 2A6, 2E1, 2B1, and 2C10 in human
liver microsomes. The identification of drug-metabolizing enzymes involved in the
major metabolic pathways of a compound helps in predicting the probable drug–drug
interactions in humans. The different in vitro techniques used to study drug metabolism
in humans become increasingly important in the early development stages of a new
drug before starting in vivo experiments so that the most promising drugs are selected
and in vivo testing can be performed as efficiently as possible. Human liver
microsomes represent a critical experimental model for drug development, thus
allowing early evaluation of human drug properties to guide the design and selection
of drug candidates with a high probability of clinical success.

Table 2 Marker reactions showing CYP isoform involved in correlation studies.

S. no. CYP Marker reaction

1 1A2 7-Ethoxy resorufin o-deethylation [97]

2 2A6 Coumarin 7-hydroxylation [97]

3 2C8 Paclitaxel 6a-hydroxylation [138]

4 2C9 Diclofenac 4′-hydroxylation [153]

5 2C19 S-mephenytoin 4′-hydroxylation [163]

6 2D6 Bufuralol 1′-hydroxylation [54, 178]

7 2E1 Chlorzoxazone 6-hydroxylation [163]

8 3A4 Testosterone 6β-hydroxylation, Nifedipine oxidation [133, 145, 178]
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