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Development and evaluation of an in vivo assay in Caenorhabditis elegans
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Most drugs and xenobiotics induce the expression of cytochrome P450 (CYP) enzymes, which reduce the bioavailability
of the inducer and/or co-administered drugs. Therefore, evaluation of new drug candidates for their effect on CYP
expression is an essential step in drug development. The available methods for this purpose are expensive and
not amenable to high-throughput screening. We developed a ﬂuorescence-based in vivo assay using transgenic
Caenorhabditis elegans worms that express the green ﬂuorescent protein (GFP) under the control of various CYP
promoters. Using this assay, we found striking similarities between the worm CYPs and their human orthologs in their
response to treatment with various drugs. For example, the antibiotic rifampicin, one of the strongest inducers of the
human gene CYP3A4, was the strongest inducer of the worm ortholog CYP13A7. Since worms can be easily grown
in liquid medium in microtitre plates, the assay described in this paper is suitable for the screening of a large number
of potential lead compounds in the drug discovery process.
[Chakrapani B P S, Kumar S and Subramaniam J R 2008 Development and evaluation of an in vivo assay in Caenorhabditis elegans for screening
of compounds for their effect on cytochrome P450 expression; J. Biosci. 33 269–277]

1.

Introduction

Cytochrome P450 enzymes (CYPs) are nicotinamide adenine
dinucleotide phosphate (NADPH)-dependent monooxygenases that facilitate fast removal of hydrophobic
substances, including many drugs, from the system by
converting these compounds into their water-soluble forms
(Wong 1998). CYPs are encoded by a large multigene family
(Nebert and Russsell 2002). Several members of this family
differ in their primary sequences, substrate speciﬁcities,
immunological cross-reactivity and tissue distribution
(Guengerich 2003). Organic chemical compounds – referred
to as xenobiotics since they are foreign to the system
– often induce the expression of CYPs that catalyse their
metabolism (Yan and Cardwell 2001; Guengerich 2003;
Dickens 2004). In general, molecules that induce CYP
genes tend to have a short half-life and, as a consequence,
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are poor drug candidates. In addition, they reduce the effects
of co-administered drugs by shortening their half-lives as
well. Induction of CYPs is a serious problem in a wide
spectrum of diseases such as cancer (Guengerich 2003),
organ transplantation, chronic infectious diseases such as
AIDS (Barry et al 1997) and tuberculosis (Barry et al 1997),
to name a few. Therefore, to ascertain the efﬁcacy of new
drug candidates, as well as to evaluate existing drugs for
combination therapy, it is critical to determine their effect on
the expression of CYP genes.
The CYPs are present in organisms as diverse as yeast
and human. Members of this family have been classiﬁed
based on sequence similarity: members sharing about 40%
identity comprise a family and the ones with at least 55%
identity belong to a single subfamily (Nelson 2003). So
far, around 14 families have been identiﬁed in mammals.
CYPs belonging to families 1, 2, 3 and 4 are involved in

Caenorhabditis elegans; CYP induction; cytochrome P450; drug screening

Abbreviations used: CYP, cytochrome P450; GFP, green ﬂuorescent protein; PBS, phosphate buffered saline; PI-CYP, pharmacologically
important human CYP; RT-PCR, reverse transcriptase polymerase chain reaction
http://www.ias.ac.in/jbiosci

J. Biosci. 33(2), June 2008, 269–277, © Indian Academy
Sciences
269
J. Biosci.of33(2),
June 2008

270

Baby P S Chakrapani, Sandeep Kumar and Jamuna R Subramaniam

xenobiotic metabolism. Of the 57 genes in human (Nebert
and Russell 2002; Nelson 2003), the functions of only 15
of them are known (Guengerich 2003). Five among them,
CYP3A4, CYP2C9, CYP2C19, CYP1A2 and CYP2E1,
contribute close to 85% of drug metabolism (Guengerich
2003). As the drugs get metabolized/detoxiﬁed mainly in
the liver and small intestine, these CYPs are abundantly
expressed in these tissues. Expression of all these ﬁve CYPs
was highly inducible by xenobiotics (Guengerich 2003). A
single member of this family, CYP3A4, contributes to 30%
of the total CYP content of the liver, and metabolizes more
than 50% of the therapeutic compounds currently in clinical
usage (Guengerich 1999).
Various in vitro and in vivo methods have been developed
in recent years to assess the potential of therapeutic agents
for their effect on CYP expression. Since the liver is the
main organ involved in drug metabolism, many of the in
vitro methods employ human liver slices and liver perfusion
procedures. Other methods use human primary hepatocytes
(Silva et al 1999; Madan et al 2003) or transgenic cells lines
that express the various CYP isoforms in conjunction with
a reporter (Brandon et al 2003). Since cell culture needs
a sterile environment, often requiring a special dedicated
facility, these methods are relatively expensive. The animal
models used for in vivo experiments such as the mouse,
guinea pig and rat are not amenable for high-throughput
screening. Therefore, there is a need for an alternative animal
model that is inexpensive and suitable for high-throughput
drug screening. Hence, we evaluated the suitability of
Caenorhabditis elegans as one such model.
The free-living soil nematode C. elegans, a well
established model organism for the investigation of various
basic biological processes (Kraemer et al 2003; Driscoll and
Gerstbrein 2003), is being increasingly used to explore the
underlying mechanisms of various human diseases as well
as for drug screening (Brenner 1974; Riddle et al 1997;
Francis et al 2003).
The CYP orthologs of C. elegans were ﬁrst annotated
when the whole genome sequence of C. elegans became
available. Dr Neslon has predicted around 80 CYPs in C.
elegans. Further, their expression was shown using gene
array and reverse transcriptase polymerase chain reaction
(RT-PCR) analysis with and without induction with 18
different compounds (Menzel et al 2001). In addition, for
one C.elegans CYP, CYP35A2, a promoter–GFP reporter
has been shown to be strongly inducible by a speciﬁc drug,
β-napthoﬂavone, identiﬁed using gene array and RT-PCR
(Menzel et al 2001). In addition, CYP22A1, also known as
daf-9, is a well known CYP in C. elegans, which is predicted
to function as a steroidogenic or fatty acid hydroxylase
(Gerisch et al 2001). However, so far, there are no reports
on the C. elegans orthologs of highly drug-induced human
CYPs, which are important for the pharmaceutical industry.
J. Biosci. 33(2), June 2008

Here, we report the identiﬁcation of C. elegans orthologs
of the ﬁve xenobiotics-inducible human CYPs described
above and show that the worm CYPs respond to various
known drugs in a manner similar to the corresponding
human CYP genes. We generated transgenic worms that
expressed the GFP reporter under the control of various
CYP promoters. We evaluated these transgenic worms in
an in vivo assay for drug-speciﬁc induction. This assay
system, especially for the major human CYP3A4 ortholog
CYP13A7, can be adapted for large-scale screening of
potential drug candidates since GFP induction is highly
speciﬁc as evidenced with the hallmark human CYP3A4
inducer, rifampicin.
2. Materials and methods
2.1

C. elegans culture

The wild-type strain N2 and unc-119 (ed4) mutant worms
were cultured as per standard protocols (Brenner 1974). The
worms were grown at 20ºC unless otherwise speciﬁed.
2.2

Transgene constructs

About 2 kb of sequences upstream and downstream of the
CYP genes were PCR ampliﬁed. Suitable restriction sites
for cloning these fragments into the expression vector
pKS120 were incorporated through the PCR primers. The
upstream and downstream fragments were introduced
upstream and downstream, respectively, of the coding
region of GFP in pKS120. The selection marker, which is
the unc-119-rescuing cassette, is present in the backbone of
the vector pKS120. In addition, a suppressor tRNA sup7 is
present in pKS120, which helps to control the copy number
of integrating transgenes to <10 (Praitis et al 2001). PCR
and cloning methods were carried out following standard
protocols (Sambrook et al 1989).
2.3

Generation of transgenic worms

The transgenic constructs were introduced into the worms
by the biolistic particle bombardment method (Praitis et
al 2001), with modiﬁcations. Brieﬂy, the DNA was coated
onto tungsten particles and introduced into the unc-119
mutant worms using the Biolistic PDS-1000 bombardment
apparatus (Bio-Rad). After bombardment, the worms were
redistributed on Petri dishes containing a lawn of E. coli
culture, and allowed to grow and multiply for about 10 days.
Because of the expression of the unc-119-rescuing cassette,
the transgenic worms moved around very well and were
readily recognized in the background of non-transgenic
unc-119 mutant worms, which do not move much. Since
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the rescued worms from each plate were most likely the
progeny of a single rescued mother carrying the transgene
at a unique chromosomal locus, the rescued worms from
each plate were maintained separately as an independent
transgenic line. Multiple lines were generated for each
transgene construct.
2.4

Drug treatment

The drug screening assay was carried out as reported
(Menzel et al 2001) with some modiﬁcations. Brieﬂy, about
50–100 L2–L3 larvae were collected in 143 µl of M9 buffer
(Brenner 1974) in a 1.5 ml microfuge tube. To this, 2 µl of a
thick liquid culture of DH5α bacteria was added, mixed well
and incubated for about 15 h at 20oC with shaking. After this
period, a 5 µl aliquot of the drug in solution was added, mixed
well and incubated at 20oC with shaking for 72 h. The ﬁnal
concentrations of the drugs are given in table 2. The worms
were then examined for GFP expression using a ﬂuorescence
microscope. To determine the minimal concentration of drug
required to bring about induction, the worms were treated
with different concentrations of the drug as described above
and scored. The scoring was done in percentage in multiples
of 20 to the equivalent “+” scoring described in table 2.
2.5

Fluorescence microscopy

The expression of GFP in the live worms was observed using
the Axioskop 2 mot plus ﬂuorescence microscope (Carl
Zeiss). The worms were washed off the plates in phosphate
buffered saline (PBS), transferred into 1.5 ml microfuge
tubes and allowed to settle to the bottom of the tube. The
supernatant was then replaced with PBS containing 0.2 mM
levamisole, which anaesthetizes the worms and facilitates
microscopic observation. Levamisole itself did not have any
effect on the expression of CYPs. About 10 µl of the above
worm suspension, which on an average contained about 20
worms, was transferred onto a microscope slide, covered
with a cover slip and mounted on the microscope’s stage for
observation.
3.
3.1

Results

C. elegans orthologs of the pharmacologically important human cytochrome P450 genes

Availability of the complete C. elegans genome sequence
has enabled the prediction of all CYP genes in this organism.
There are a total of 80 CYP genes in the worm genome,
of which 5 are pseudogenes. Based on homology, these
have been grouped into 16 families and 25 subfamilies
(Wormbase, Nelson). To identify the worm homologs of the
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Table 1. C. elegans orthologs of highly xenobiotic-inducible
human CYP genes
C. elegans orthologs

Percentage similarity

CYP3A4

CYP13A7

52

CYP2C9

CYP35A2

48

CYP1A2

CYP14A3

45

CYP2E1

CYP33C2

53

CYP2C19

CYP33E1

54

Human CYP

ﬁve pharmacologically important human CYPs (PI-CYPs),
we performed a pair-wise comparison of the ﬁve human
PI-CYPs with all of the worm CYP genes. These sequence
comparisons revealed that, of the 80 worm CYP genes,
CYP13A7, CYP35A2, CYP14A3, CYP33C2 and CYP33E1
shared the highest sequence homology with the human genes
CYP3A4, CYP2C9, CYP1A2, CYP2E1 and CYP2C19,
respectively. The similarity ranged from 48% between
CYP35A2 and CYP2C9, to 54% between CYP33E1 and
CYP2C19 (table 1). Based on this, we tentatively identiﬁed
the ﬁve worm CYPs mentioned above as the C. elegans
orthologs of the human PI-CYPs. The most highly induced
human CYP, CYP3A4 and its homology alignment with its
C. elegans ortholog CYP13A7 is shown in ﬁgure 1.
Presence of RXR–PXR binding DNA elements in the
CYP13A7 5′UTR

3.2

Generally, CYP induction occurs through the binding of
the drug to a heterodimer of the human orphan receptor,
pregnane X receptor (PXR) and the 9-cis retinoic acid
receptor (RXR). The ligand-occupied receptors in turn
bind to their respective cognate elements in the promoter
region and bring about the transcription of the CYP genes
(Goodwin et al 1999). Extensive analysis using MatInspector
(Genomatix) for the putative transcription factor-binding
sites by comparison with the TransFac database revealed the
presence of PXR- and RXR-binding elements in the 5′UTR
region of the C. elegans CYP13A7 gene (ﬁgure 2), which
indicated that CYP gene expression could be induced by
xenobiotics in a manner analogous to the expression of the
corresponding human CYP3A4 gene.
Xenobiotic induction proﬁles of C. elegans CYPs,
especially the PI-CYP3A4 ortholog CYP13A7,
are similar to the corresponding human orthologs

3.3

To facilitate direct in vivo visualization of CYP expression,
we prepared expression constructs in which the reporter
protein GFP was fused to the upstream and downstream
regulatory elements of the ﬁve worm orthologs of the
J. Biosci. 33(2), June 2008

272

Baby P S Chakrapani, Sandeep Kumar and Jamuna R Subramaniam

Figure 1. Comparison of homology between human PI-CYP3A4 and C. elegans CYP13A7. Identical amino acid residues are shown by a
colon (:) and similar amino acid residues by a dot (.).

Figure 2. Potential drug-responsive elements in the 5′ untranslated region (5′UTR) of C. elegans CYP13A7. The different nuclear factors,
hepatocyte nuclear factor (HNF), nuclear factor (NF), retinoic acid receptor (RXR)- and pregnane X receptor (PXR)-binding elements are
indicated in boxes and the binding sequence is given in capital letters. The RXR–PXR heterodimer-binding region is shown in a box.

PI-CYPs (see Materials and methods for details). Several
independent transgenic lines carrying stable integration of
these ﬁve transgenes were then generated. The level and
pattern of CYP expression were determined by observing
the live worms under a ﬂuorescence microscope for GFP
ﬂuorescence. We treated these transgenic worms with
various xenobiotics of diverse classes, which included wellJ. Biosci. 33(2), June 2008

known inducers of human CYPs, to determine their effect
on CYP expression. Around 90% of the worms for each
CYP line showed a similar level of induction. The induction
proﬁles of the ﬁve C. elegans CYPs for these compounds are
presented in table 2.
The effects of various compounds on the expression
pattern of CYP13A7, the C. elegans ortholog of the human
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Table 2. Induction proﬁle of the C. elegans orthologs of human CYP genes that are responsible for the metabolism of most drugs
Compounds

Concentration

Level of induction
CYP13A7

CYP35A2

CYP33C2

CYP33E1

CYP14A3

+----

+----

+----

+----

+----

Control
Control+DMSO

+----

+----

+----

+----

10 µM

+++--

++---

+++--

+----

Fluoranthene

25 µM

+++--

++---

++---

Isoniazid

73 µM

++---

++---

++++-

Benzopyrene

+++-*

+---*

+++++++--

++++-

+++--

48 µM

+++--

++++-

++---

++---

++++-

β-napthoﬂavone

183 µM

++---

+++--

+----

+++--

+++--

Benzene

640 µM

++---

+++--

++---

+----

+++--

Hexadecane

220 µM

++---

++++-

+----

+++--

++---

Cloﬁbrate

413 µM

++++-

++++-

+----

++---

++---

Rifampicin

120 µM

*

++++-

++++-

++---

+++--

++---

Primaquine

439 µM

++++-

++++-

+++--

+----

+++--

Atrazine

1.15 mM

+++--

+++++

++---

++++-

++---

Toluene

0.4% v/v

++---

+----

+----

+----

+----

Propanol

1% v/v

++---

++---

++---

+++--

++++-

Acetone

2.5% v/v

++---

++---

+++--

++---

+++--

Ethanol

7.5% v/v

++---

+----

++---

+----

++---

2 mM

+++- - -

+----

+----

-

++- - -

-----

+----

-

Pyrazol

Omeprazole
Dexamethasone

100 µg/ml

The level of induction was measured as the intensity of green ﬂuorescent protein (GFP) ﬂuorescence observed using a ﬂuorescence
microscope and scored in the following way: +, close to the background; ++, weak, only in a small area of the intestine; +++, brighter
and/or all over the intestine; ++++, very bright with ﬂuorescence in most parts of the intestine; +++++, very bright and the entire intestine.
See ﬁgure 3 for more details.
* In these cases, in addition to the adult worms, ﬂuorescence was observed during the larval stages also.

gene CYP3A4, which is the single most important CYP in
drug metabolism, are shown in ﬁgure 3. In this case, the
basal level of expression, if any, was below the sensitivity
of the ﬂuorescence microscopy method that we adopted.
None of the solvents used had any effect on this basal
level. In contrast, the majority of compounds that we tested
signiﬁcantly induced the expression of CYP13A7 (ﬁgure 3).
The maximum induction was observed by treatment with
the antibiotic rifampicin. Signiﬁcantly, rifampicin is one of
the strongest inducers of CYP3A4. In addition, as seen with
human CYP3A4, its C. elgans ortholog, CYP13A7 was also
induced by several other xenobiotics (ﬁgure 3, table 2).
The expression of each of the ﬁve selected CYP genes
responded to a speciﬁc set of inducers. For instance, while
rifampicin was a strong inducer of CYP13A7, its effect on
the expression of CYP33C2 and CYP14A3 was marginal.
Similarly, the maximum effect of atrazine was on CYP35A2,
isoniazid on CYP33C2 and CYP33E1, and benzopyrene
on CYP14A3 (table 2). In worms, since most metabolic
reactions take place in the intestinal cells, the expression of
CYPs is mainly in the intestine (ﬁgures 3 and 4).

Rifampicin, an important antibiotic used in many bacterial
diseases, strongly induces expression of the human gene
CYP3A4 (Nelson 2003). Signiﬁcantly, the worm gene that
responded most to rifampicin treatment was CYP13A7, the
worm ortholog of human CYP3A7. Similar parallels were
observed for CYP33C2 and its human ortholog, CYP2E1:
treatment with isoniazid, a strong inducer of CYP2E1
(Madan et al 2003), greatly increased the level of expression
of CYP33C2 (table 2). In addition, the orthologs of 2C (35A2
and 33E1), 2E (33C2) and 3A (13A7) were signiﬁcantly
induced by rifampicin, as with their human counterparts.
The C. elegans ortholog of human CYP1A2 showed the
least induction among all the ﬁve orthologs. We noticed the
highest induction of the CYP1A2 ortholog CYP14A3 with
benzopyrene, whereas CYP1A2 showed robust induction
with β-napthoﬂavone. Though β-napthoﬂavone did induce
CYP14A3, the induction was only moderate. However,
omeprazole, known to induce human CYP1A2, did not
induce expression of the CYP1A2 C. elegans ortholog
CYP14A3. This was the only major difference we noticed
between the human and C. elegans CYP orthologs. This
J. Biosci. 33(2), June 2008
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Figure 3. Induction of CYP13A7-driven green ﬂuorescence protein (GFP) expression following treatment with the indicated xenobiotics.
Scale bar – 50 µm.

could be because of the overall lesser homology between
these compared with the other CYPs. These results indicate
that the basic machinery involved in xenobiotic metabolism
is conserved between the worm and human. In this respect,
the worms and humans have more similarity with rabbit,
guinea pig and rhesus monkey and is unlike mouse and rat
(Kocarek et al 1995; Silva et al 1999; Nelson 2003).
J. Biosci. 33(2), June 2008

3.4

C. elegans CYPs respond to drugs at a concentration
range similar to that of human CYPs

We measured the level of GFP ﬂuorescence at different
concentrations of the drugs (ﬁgure 5) to determine whether
the effective concentration required for a detectable level of
induction is in the same range as required for human CYPs.
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at 4 times the concentration at which maximum induction
was observed. For example, in the case of CYP13A7, the
maximum induction could be attained with 60 µM rifampicin
(ﬁgure 5A) and we used double that concentration of 120
µM (table 2); for CYP14A3 the maximal induction could be
obtained at 5 µM of benzopyrene (ﬁgure 5D) but the worms
did well at a 4-fold higher concentration of 20 µM (ﬁgure 4)
of the drug.
4.

Figure 4. Expression pattern of green ﬂuorescence protein (GFP)
under the control of the indicated C. elegans CYP regulatory
elements with and without drug treatment. Left panel – control;
right panel – treated with the indicated drugs. For each of the
CYPs, the expression patterns with the strongest inducer is shown
here. GFP ﬂuorescence is seen primarily in the intestine. Scale bar
– 50 µm.

Such an experiment would also give an estimate of the
maximum concentration that the worms could tolerate. As
shown in ﬁgure 5, the effect of the drugs could be conﬁdently
measured at concentrations similar to those used in assays
for human CYPs (Brandon et al 2003). These experiments
(ﬁgure 5) also revealed that the worms were unaffected even

Discussion

Any drug that induces CYPs can drastically reduce its
own half-life as well as that of a co-administered drug. For
example, the widely used antituberculosis drug rifampicin,
when administered along with the antidiabetic drug glicazide,
induces the expression of the major xenobiotic active
human CYP3A4 (Park et al 2003). Rifampicin can induce
a ~40-fold increase in the expression of CYP3A4 (Neimi
et al 2003; Dickens 2004). Rifampicin co-administration
leads to a 4-fold increase in the oral clearance of glicazide
compared with that in patients treated with glicazide alone.
Combination therapy is the norm for the treatment of many
diseases, especially cancer, organ transplantation, AIDS and
tuberculosis. CYP induction is a well-documented problem
in these treatments (Dickens 2004). Hence, the FDA has
made it imperative for the CYP induction proﬁle to be
provided for any newly developed drug.
At present, there is no CYP in vivo induction assay amenable
to high-throughput screening. Features such as small size (the
adult worm is about 1 mm long), short life cycle (the generation
time is 2.5 days), small genome (100 Mb) and transparent
body have made C. elegans an attractive model organism
for addressing various fundamental biological questions
(Francis et al 2003; Brenner 1974). Since the orthologs of
many human genes (Nelson D: http://drnelson.utmem.edu/
elegans.html; Wormbase: http://www.wormbase.org/; Menzel
et al 2001; Francis et al 2003) are present in this organism,
it is an excellent model for the investigation of human
diseases as well (Driscoll and Gerstbrein 2003; Kraemer et
al 2003). For many C. elegans genes, the expression patterns
of reporter genes driven by promoter fusion constructs have
been shown to accurately reﬂect the endogenous expression
pattern of the corresponding genes (Wolkow et al 2000).
Since the body of the worm is transparent, the expression of
ﬂuorescent reporters such as GFP can be directly observed in
live animals. In addition, as hundreds of worms can be grown
inexpensively in the individual wells of microtitre plates, it
is possible to develop automated assay system in which the
expression of transgenes can be monitored using ﬂuorescent
cell sorters capable of scanning microtitre plates.
The most striking observation is the conservation of
speciﬁcity of induction across such divergent species as C.
elegans and humans. Hence, this in vivo assay for induction
J. Biosci. 33(2), June 2008
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Figure 5. The effect of concentration of the speciﬁc inducers on the expression of the indicated CYPs. In each case, the drug with the
strongest effect was selected to determine the dose-response. For further details, see Methods.

of CYP expression by xenobiotics can be used to screen
potential candidate drugs.
In summary, we have demonstrated that the C. elegans
orthologs of human cytochrome P450 genes respond to
induction by drugs in a manner that reﬂects the induction
proﬁle of the corresponding genes in human. In addition,
we have shown that the expression can be easily monitored
in live animals using the ﬂuorescent reporter GFP. In our
experiments we used a ﬂuorescence microscope to examine
the GFP levels. This method can easily be upgraded to an
automated, high throughput with the use of the COPASBIOSORT ﬂuorescence C. elegans worm sorter system.
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