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In vitro drug metabolism studies are very critical in the preclinical drug discovery pipeline. During the recent
coronavirus disease-2019 (COVID-19) pandemic, many research laboratories were severely affected by the shortage of
reagents such as human liver microsomes, etc. In parallel, there was an urge to evaluate many new drugs for their
potential as antiviral agents to treat COVID-19 patients warranting the need for alternate and reliable sources of drug
metabolizing enzymes. In this study, we used the common broiler chicken (BCh) liver homogenates as the source of
enzymes and evaluated the metabolism of paracetamol. Our proton NMR spectra demonstrate that the BCh liver
homogenates were able to metabolize paracetamol. Additionally, we performed an extensive sequence homology-based
bioinformatics survey and identified BCh homologs that might potentially be involved in the metabolism of
paracetamol. Further, the binding profiles of paracetamol in the active sites of the homolog enzymes provided more
insights into the drug metabolism by our docking studies. Taken together, our studies serve as a prototype for in vitro
drug metabolism studies using BCh liver homogenates as a source of metabolizing enzymes in combination with
bioinformatics. Our prototype from this study will be expanded to evaluate the metabolism of various classes of drugs in
the future.
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Coronavirus disease-2019 (COVID-19) has been an ongoing
pandemic since the early 2020 with the omicron variant of the
severe acute respiratory syndrome coronavirus-2 (SARS
CoV-2) being the latest emerging mutant virus
(https://covid19. who.int/). Many countries have witnessed
lockdowns allowing only medical emergency vehicles on the
streets. Other than hospitals/clinics and drug stores, most of
the businesses were shut down denting the economies across
the globe (1). Vaccinations are usually the most effective way
to control viral pandemics (2). However, due to the
emergence of variants in SARS-CoV-2, the efficacy of
vaccines can be compromised. Recently we showed that
mutations in the viral spike protein can lead to significant
structural and topological changes thus altering the epitopes
that are crucial for the efficacy of vaccines (3, 4). In light of
the emergence of such variants, usage of antiviral drugs is
also important to support the efficacy of vaccines especially
in the case of the latest highly mutated variants such as the
omicron family (5). Hence, preclinical drug discovery,
including drug metabolism studies must go on even during
the pandemic situation.

These studies become challenging during the
pandemic where ordering and delivery logistics of research
chemicals, reagents, etc. are severely affected. Additionally,
lack of funding in low income countries and remote villages
warrants designing an alternative and reliable approach for
performing the drug metabolism studies in order to continue
the monitoring of small molecule drug efficacies and
toxicities. In this study, we used paracetamol (6, 7, 8) as a
model drug to evaluate its metabolism in vitro using the
broiler chicken (BCh) liver homogenate as a source of
cytochrome P450 (CYP) enzymes (9, 10), sulfotransferases
(SULT) and UDP-glucuronosyl transferases (UGT). As
shown in Figure 1, paracetamol is typically metabolized in
four major ways viz, glucuronidation, sulfation, oxidation and
deacetylation resulting in paracetamol glucuronide,
paracetamol sulfate, N-acetyl-p-benzoquinone imine
(NAPQI) and p-aminophenol, respectively (9, 10). The
1H-NMR spectra were obtained and analyzed to evaluate the
metabolism of paracetamol incubated with the BCh liver
homogenates at different concentrations.
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Figure 1. Overview of paracetamol metabolism in humans. This
diagram mainly shows the three main types of metabolizing
enzymes, CYPs, SULTs and UGTs. This diagram was generated
using ChemSketch software from ACD Labs.

In this study we performed an extensive
Bioinformatics analysis of the human and chicken CYPs,
SULTs and UGTs with a goal to understand not only the
sequence homology between the two but also the plausibility
of using BCh liver homogenates as a reliable alternative
source of drug metabolizing enzymes for preclinical drug
metabolism studies.

Materials & Methods:

NCBI search for sequences: The National Center for
Biotechnology Information (NCBI) web server was used to
search for the gene and protein sequences of both human
and chicken enzymes that are the focus of this study. For
each search, the RefSeq details were obtained to avoid any
ambiguity in the sequences followed by the Genbank and
Genpept reports for further technical details. The human
CYP2E1 (Gene ID: 1571) and CYP3A4 (Gene ID: 1576)
are involved in the metabolism of paracetamol (Figure 1).
Similarly, there are 3 sulfotransferases and 2 UDP-
glucuronosyltransferases involved in the metabolism of

paracetamol (Figure 1). The NCBI RefSeq protein accession
IDs for human CYP2E1, CYP3A4, SULT1A1, SULT1A3,
SULT1E1, UGT1A1 and UGT1A6 are given in Table 1.

NCBI BLAST: NCBI BLAST was performed by using the
human protein sequences with RefSeq accession IDs given
in Table 1. The BLAST (11, 12) search was streamlined for
chicken sequences so that the results will display only for
Gallus gallus. In order to choose the homolog from G.
gallus for each of the human enzymes, the sequence identity
was given first preference such that the best G. gallus
sequence matching the corresponding human enzyme
sequence with highest sequence homology can be identified.
The second preference was given to the sequence coverage
with respect to the total sequence length of the identified G.
gallus sequence. Additionally, we preferred the target
sequences with significantly low E values (<1.0). The final
identified G. gallus protein sequence accession IDs along
with the homology details are given in Table 2.

Pairwise and multiple sequence alignments: All pairwise
alignments were performed using the global align algorithm
in the NCBI-BLAST web server (11, 12, 13) and the
multiple sequence alignments (MSA) were performed using
the CLUSTAL OMEGA web server (14).
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Figure 2. Pairwise alignment of human CYP2E1 vs. chicken
CYP2C18 (left) and human CYP3A4 vs. chicken CYP3A80 (right).

Pairwise alignments for the human vs. chicken protein
sequences given in Table 1 are detailed in Figures S1 to S7.
The pairwise alignment of human and chicken CYPs are
shown in Figure 2. MSA for SULT1A1 isoforms is given in
Figure S8. MSA for human SULTs is given in Figure S9.
MSA for human UGTs is given in Figure S10.

CYP homology modeling: Due to the unavailability of
experimentally determined structure for the CYP-
paracetamol complex, SWISS MODEL web server (15, 16)
was used to build the 3-dimensional CYP models. The
FASTA sequences for human CYPs 2E1 and 3A4 as well as
for chicken CYPs, 2C18 and 3A80 were used as input for the
SWISS MODEL web server to calculate the homology
models. Experimentally determined structures downloaded
from the protein data bank (https://www.rcsb.org) were used
wherever possible.

Paracetamol docking: AutoDock-Vina (17) was used for
paracetamol (ligand) docking against the human (CYP2E1
and CYP3A4) and chicken (CYP2C18 and CYP3A80)
receptors. Docking was performed as described previously
(17, 18). The AutoDock tools (version 1.5.7) was used to set
the docking grid box, a virtual box of dimensions that is set
to cover the active site of the macromolecule/receptor,
including the Heme ring. Docking grid parameters are given
in Table S1. Vina was used for exhaustive conformational
sampling. The output docking poses were manually analyzed
for proper orientations in the active site and were chosen for
further analysis. The corresponding binding affinities of the

docking poses were also considered (Table 3) to compare the
binding of paracetamol in humans vs. chicken CYPs. The
best binding poses for all 4 CYPs for paracetamol are shown
in Figure 3.

Preparation of BCh liver homogenate: The BCh raw liver
that was used in this study was purchased from a local
butcher/meat shop that sells chicken liver as a delicacy. The
BCh liver was homogenized into a paste using a mortar and
pestle in the presence of prechilled 1X TAE buffer that was
added in aliquots making up to the final volume of 30 ml.
This volume was chosen so that the final slurry was easily
transferable using laboratory pipettes for the ease of further
experiments. The slurry was then carefully aliquoted into 5
tubes @ 6 ml per tube.

Paracetamol incubation with BCh liver homogenate:
Paracetamol was used as the model drug for the current
metabolism studies using the BCh liver homogenates. Over
the counter paracetamol tablets were crushed into fine
powder using a clean dry mortar and pestle. The powdered
tablet was then weighed and added to the five tubes
containing BCh liver homogenate prepared above. Tubes 1 to
5 received 0.01 g, 0.1 g, 0.25 g, 0.5 g and 1.0 g of powdered
tablets, respectively. Each tube was thoroughly mixed by
brief vortexing at lower speed to obtain a homogeneous
slurry containing the BCh liver homogenate and the
powdered tablet. An additional tube containing 1.0 g of
powdered tablets homogenized with 6 ml. of 1X TAE buffer
without the BCh liver homogenate was prepared as a control.
All 6 tubes were incubated at 37℃ overnight. The tubes were
then taken out of the incubator and processed further to
extract paracetamol and its metabolites from the incubations.
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Figure 3. Docking poses of paracetamol in the active sites of CYP
enzymes. Panels A and B show the paracetamol binding in the
active site of human CYP3A4 and its chicken homolog, CYP3A80,
respectively. Panels C and D show the paracetamol binding in the
active site of human CYP2E1 and its chicken homolog, CYP2C18,
respectively. In all panels the protein is shown as a cartoon in the
background while the heme ring along with the paracetamol is
shown as stick models with white carbon atoms, red oxygen atoms,
blue nitrogen atoms and the iron atom in the middle of the heme
ring is shown in blood red color.

Table 1. NCBI accession ID numbers for the human and the
corresponding homologs from chicken paracetamol metabolizing
enzymes focused on in this study.

Table 2. Sequence homology of human vs chicken enzymes.
(Details: Figures S1 to S7).

Preparation of extracts: Preparation of extracts was
performed using a modified protocol published before (19).
The contents of all 6 tubes (including the control) were
briefly centrifuged at 13,000 rpm to pellet the particulate
matter and the clear supernatant (labeled as supernant-1)
was carefully transferred into new tubes. The pellets were
then resuspended in 60% methanol solution and were boiled
at 95℃ briefly for 5 min. in the chemical fume hood to
avoid the methanol vapors with intermittent mild shaking.
The samples were then centrifuged at 13,000 rpm for 10
min. to pellet all the cellular debris. The methanol
containing supernatants were carefully collected and
transferred into new tubes labeled as supernant-2. The
supernatant-1 for all 6 tubes were air dried and methanol
extraction was performed as described above using 60%
methanol solution. These extracts were then mixed with the
supernatant-2 individually for all 6 tubes and the solvents
were evaporated using a rota-evaporator. The final samples
were prepared further for NMR studies.

NMR sample preparation: The dried product after the
solvent evaporation was then dissolved in 1 ml. of
deuterated-DMSO (DMSO-d6). The volume of DMSO-d6
was kept constant in all 6 tubes to maintain consistency in
the extraction and NMR sample preparation protocols
although the current study is purely qualitative based on the
proton NMR spectra of the 6 samples. The DMSO-d6
containing the extracts was then carefully transferred into
NMR tubes for data acquisition.

NMR Spectroscopy: BRUKER Ascend 400 MHz magnet was
used for the acquisition of 1H-NMR spectra for all the 6
samples (including the control without BCh liver
homogenate). The FIDs were deconvoluted and fourier
transformed into the individual spectra using TopSpin
software. All proton spectra are given in Figures S11 to S16.
A comprehensive diagram of all peaks from 6 samples are
shown in the hand-drawn circular plot (20) along with their
correlations in Figure 4.
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Table 3. Paracetamol-CYP docking results. (Details of docking
parameters: Table S1).

Results and Discussion:

Sequence homology between human and chicken CYPs: The
human enzymes that are involved in paracetamol metabolism
(Table 1) were used as the query sequences in NCBI
BLASTp with a focus on identifying the chicken
homologous enzymes. Multiple protein sequences from
chicken were obtained as search results for each of the 7
human enzymes listed in Table 1. The best homologous
sequences from chicken (Table 1) were chosen based on
several factors such as the sequence identity, coverage,
length of the query, E value, etc. as described in the material
and methods section of this study. As shown in Figure 2, the
human CYP2E1 has a sequence homology of 51% with an
overall 68% positives and 23 gaps aligned with the chicken
CYP2C18. The human CYP3A4 showed a sequence
homology of 56% with an overall 72% positives and 31 gaps
aligned with the chicken CYP3A80 (Figure 2). The sequence
homology details of all human paracetamol metabolizing
enzymes aligned with the chicken enzymes are given in
Table 2 (for details please see Figures S1 to S7). All the
chicken homologs have >50% sequence homology with
<10% gaps in the sequences compared to the query human
sequences suggesting that these chicken sequences can be
considered further with confidence.

Some of the human paracetamol metabolizing
enzymes such as SULT1A1 have multiple isoforms. In such
cases, all the isoforms were aligned using CLUSTAL
OMEGA first to identify any sequence discrepancies. Nine
out of 10 human SULT1A1 isoforms were completely
aligned with 100% sequence homology and no gaps (Figure
S8). The tenth isoform was not included because it is a
truncated form. The isoform 1 was considered for further
BLAST search in order to identify the chicken homolog. As
shown in Table 1, the chicken SULT1D1 was chosen as a
homolog for all three human SULTs (1A1, 1A3 and 1E1)
because the human SULT1A1 and SULT1A3 show a
sequence homology of >92% without any gaps (Figure S9)
although the overall sequence homology among all three
human SULTS is almost 49% (Figure S9). Moreover, the

chicken SULT1D1 showed an average sequence homology
of >60% against the human SULTs without any gaps (Table
2). The human UGTs showed a sequence homology of
>68% with <0.5% gaps (Figure S10). Both UGT1A1 and
UGT1A6 from humans showed sequence homologies of
>60% with the chicken UGT1A1 and UGT1A9,
respectively suggesting that these homologs can be
confidently used for further evaluations.

Binding profiles of paracetamol in human and
chicken CYPs: In order to analyze the binding profiles of
paracetamol in the active sites of the human and chicken
CYPs, the 3-dimensional molecular models were generated
for all 4 CYPs listed in Table 1. Due to non availability of
any structural data for CYP-paracetamol complex in the
protein data bank, we generated the molecular models for
CYPs in this study. Moreover, using the molecular models
for all 4 CYPs gives consistency in docking avoiding any
model vs. structure bias. Followed by the docking, each
binding pose of paracetamol was manually observed and the
final binding pose for further analysis was chosen
accordingly (Table 3). As shown in Table 3, the binding
affinity of paracetamol was found to be similar towards all
four CYPs analyzed in this study. Highest binding affinity
for paracetamol was found to be in the active site of the
human CYP2E1 (-6.3 kcal/mol.) and the lowest binding
affinity was found to be against the chicken CYP3A80 (-4.9
kcal/mol.). The difference in binding affinity values of
paracetamol against the human CYP2E1 and its chicken
homolog, CYP2C18 is 1.1 kcal/mol. while the difference in
paracetamol binding affinity against the human CYP3A4 vs
its chicken homolog, CYP3A80 is 0.1 kcal/mol. These
results suggest that paracetamol can not only bind in the
active sites of the chicken homologs of human CYPs but
also exhibit similar binding affinities that are comparable
with that of the human CYPs.

In vitro proton-NMR-based evaluation of paracetamol
metabolism: Paracetamol was used as a model drug to test
the in vitro drug metabolism using the BCh liver
homogenate as a source of metabolizing enzymes. In order
to evaluate the metabolism, the proton-NMR spectra
(Figures S11 to S16) were obtained and compared. We
performed a qualitative analysis without quantifying the
proton peaks in these spectra and summarized our finding in
Figure 4. As shown in Figure 4, a total of 6 concentric
circles were drawn to represent the 6 spectra that were
obtained for paracetamol concentrations, 0.01 g, 0.1 g, 0.25
g, 0.5 g, 1.0 g and control. The total number of peaks for
each of the 6 samples were plotted as a histogram
containing color coded bars. Correlation lines are drawn
from the bottom of each bar connecting to the peak
positions for each of the 6 samples. Additionally, the
number of peaks in each sample that are divided into
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various chemical groups such as aliphatic, aromatic, etc. are
also given in the circular plot.

Figure 4. Hand-drawn circular plot showing the qualitative
analysis of the proton NMR spectra. The 6 concentric circles
indicate the x-axes for the proton NMR spectra of the 6
samples: control, 0.01 g, 0.1 g, 0.25 g, 0.5 g, 1.0 g from the

center of the circle to the outer circumference. These axes
show ppms 1-3.5 ppm on the top left side of the plot and

6.5-10 ppm on the bottom right side of the plot. The
histogram contains color coded bars (cyan-control,
green-0.01 g, yellow-0.1 g, orange-0.25 g, red-0.5 g and
blue-1.0 g) representing the number of peaks in each sample
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along with correlation lines connecting to the peaks
represented by small wedges. The number of aromatic,
aliphatic, etc. peaks are shown for each axis/sample using
broken shaded bars. Individual y-axes are given for the data.

Evidently, the paracetamol concentrations 0.01 g,
0.1 g and 0.25 g displayed more proton peaks in their spectra
compared to the control, while the paracetamol
concentrations 0.5 g and 1.0 g yielded relatively lower
number of proton peaks yet more peaks compared to the
control. While the aldehyde and aromatic peaks were seen in
all 6 samples, the aliphatic/methyl peaks were seen in
variable proportions. Thus, our qualitative analysis of the
number of peaks suggest that the paracetamol is indeed
metabolized by the BCh liver homogenate containing the
drug metabolizing enzymes.

Discussion: In this study, we performed an extensive
Bioinformatics evaluation of the sequence homology
between the human paracetamol metabolizing enzymes
listed in Table 1 and the chicken enzymes in order to
support our in vitro proton NMR-based paracetamol
metabolism studies performed using the BCh liver
homogenate as the source of enzymes. In the initial round of
unbiased NCBI BLASTp search using human sequences as
queries, we were unable to obtain any corresponding
chicken sequences with reasonable homology (details not
mentioned here). Hence, in the second round of the NCBI
BLASTp search, we included chicken as the target organism
as the subject where we obtained results with high sequence
homology which were discussed in this article. Although all
the E values for our NCBI BLASTp searches were well
below 1.0, we did not give preference to the E values but we
focused on the sequence identities and query coverage
rather, in the context of the total length of the sequence
under analysis. In this way, we were able to obtain the
chicken homologs within a reasonable sequence homology
range of 51% to 67% (Table 2) that showed <10% gaps and
>68% positives. Typically higher sequence homology can
be expected in mammals such as sheep, goat, etc. rather than
chicken (avian) due to longer evolutionary distance from the
humans. However, the BCh liver availability is more
plausible at the local meat shops rather than that of a sheep
or goat. In order to support the reasonable sequence
homology between the human and chicken enzymes, we
further evaluated the binding orientations and related
binding affinities of paracetamol docked into the active sites
of both human and chicken CYPs. As shown in Figure 3, we
successfully obtained the docked poses of paracetamol in
the active sites of all four CYPs that are listed in Table 1.
These docking models are specifically important in this
study due to the lack of any structural data in the protein
data bank related to paracetamol binding to the CYPs. As of
September 2022, we were able to obtain 10 structures in the

protein data bank that contain paracetamol but none of them
contained CYPs. The binding affinities for paracetamol
bound in the active sites of human CYP2E1, human
CYP3A4, chicken CYP2C18 and chicken CYP3A80 were
-6.3 kcal/mol., -5.0 kcal/mol., -5.2 kcal/mol. and -4.9
kcal/mol., respectively. The docking results suggest that
paracetamol can bind both human and chicken CYPs with
similar binding affinities thus supporting our in vitro proton
NMR-based paracetamol metabolism studies performed
using the BCh liver homogenate.

Our study demonstrates the qualitative analysis of
paracetamol metabolism using BCh liver homogenate
containing the drug metabolizing enzymes. Considering the
similarity in paracetamol binding affinities docked against
the human vs. chicken CYPs, we safely conclude that the
paracetamol is indeed metabolized by the homologs
identified in this study (Table 1). However, we did not focus
on the quantitative analysis of paracetamol metabolism by
the BCh liver homogenate in this study because we are
currently in the process of evaluating the genetic
polymorphisms in human vs. BCh CYPs including the
paracetamol-protein adducts (PPA) (21, 22) studies to build
a comprehensive open source database that one can refer to
during the in vitro drug metabolism studies. Our current
study establishes direct support from the Bioinformatics
related sequence homology analysis followed by the
3-dimensional docking analysis for our in vitro paracetamol
metabolism evaluation using BCh liver homogenate. Our
future investigation will include similar studies with other
small molecules related to cancer chemotherapy and
antiviral agents in order to establish a strong platform for
utilization of BCh liver homogenate in the place of human
liver microsomes. Paracetamol has been shown to form
protein adducts especially with the cysteines. These PPA
may interfere with the normal protein function and may
even be fatal some times. Whether a similar PPA formation
mechanism exists in the BCh is yet to be evaluated in the
future.
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