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ABSTRACT 
The drawback of using hepatoma cell lines such as HepG2 instead of the “gold standard” primary hepatocytes in 
studying in vitro drug metabolism is that the phase I metabolism enzymes, cytochrome P450 (CYP450), are poorly 
expressed with lower activities. The accuracy of predicting drug metabolism and interactions could be jeopardized 
with these limitations. Human hepatic cell line WRL-68 exhibits similar morphology with hepatic primary cultures 
and is highly potential to be developed as an in vitro tool for metabolism-based study. This study aims to develop the 
CYP3A4 overexpression in vitro cell-based model as an efficient tool for drug metabolism and interactions study. 
WRL-68 exhibits optimum liver marker gene expression and is most suitable for the overexpression model compared 
to HepG2 and Chang liver cell lines. CYP3A4 overexpression in the transiently transfected cell model was measured 
using quantitative real-time PCR. Over 2000-fold, CYP3A4 expression was achieved 48 hours after transfection and 
Western blot analysis further confirmed CYP3A4 overexpression. In addition, CYP450 reductase and cytochrome b5 
expression in the cell model which are vital for CYP3A4 catalytic activity were found to remain intact after CYP3A4 
overexpression. This model was also optimized for its testosterone 6β-hydroxylation activity (Km: 20.60 ± 0.10 µM; 
Vmax: 43.23 ± 1.21 nM/minutes/mg total protein) and thus proven to be a useful tool for in vitro drug metabolism and 
interaction study involving CYP3A4. 

INTRODUCTION 
Drug–drug interaction (DDI) resulted from alteration of 

pharmacological effect of a drug by activity of another drug which 
may lead to decrease drug efficacy, delayed drug absorption, and 
harmful adverse effect (Lu et al., 2017). Apart from polypharmacy, 
which is the use of multiple drugs concurrently, potential 
interactions between medications with herbal medicinal products 
and dietary supplements could also increase the risk of adverse 
drug events (Agbabiaka et al., 2018). 

Pharmacokinetic interactions may occur during 
administration, absorption, distribution, metabolism, or 
elimination of a drug. In addition to the activation of prodrugs, 
the metabolism process also deactivates many drugs, creating 

more polar metabolites suitable for excretion. Phase I metabolism 
takes place in the endoplasmic reticulum of hepatocytes, often 
utilizing the cytochrome P450 (CYP450) enzyme system (Corrie 
and Hardman, 2011). The CYP450 enzymes are membrane-bound 
hemoproteins that play important roles in the detoxification of 
xenobiotics, cellular metabolism, and homeostasis. Induction or 
inhibition of CYP enzymes, especially CYP3A4 that is responsible 
for biotransformation of over 50% of therapeutic drugs, is a major 
underlying mechanism of DDIs (Manikandan and Nagini, 2018). 

In the field of drug discovery, it is worth considering how 
well a drug’s safety by in vitro screening of potential DDI could 
arise clinically. The development of a reliable in vitro model for 
screening of DDI such as CYP450 inhibition is crucial to reduce 
the number of animals used in preclinical experiments (Costa 
et al., 2013). Martignoni (2006) reported that various CYP3A 
isoforms are species-dependent in terms of substrate and inhibitor 
specificities, making the extrapolation from animal to human quite 
risky. There are many in vitro models that have been established 
to investigate CYP450 inhibitory activities of known and new 
drug compounds. Primary human hepatocytes are considered the 
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"gold standard" for in vitro evaluation of hepatic metabolism and 
toxicity of drugs as the primary cell culture maintains normal 
cellular physiology and intercellular contacts (LeCluyse et al., 
2005). However, genetic polymorphism of the donor and limited 
lifespan of primary hepatocyte culture may impair reproducibility. 

Human liver microsome (HLM), the subcellular fractions 
derived from the endoplasmic reticulum of hepatocytes, is one of 
the best characterized in vitro models for drug metabolism study 
(Asha and Vidyavathi, 2009). Despite its simplicity in use and 
easy storage, HLM is prone to degradation due to the freeze-thaw 
cycle and it has low specificity for single enzyme inhibition study 
due to its vast range of phase 1 and phase 2 metabolism enzymes. 
Hepatocyte cell lines are also used in metabolism studies as they 
are easy to be maintained and have an unlimited lifespan. The 
limitation of hepatocyte cell lines such as HepG2 (human liver 
carcinoma) is that the expression and activity of CYP3A4 are low 
and the cell responded weakly towards various inducers (Gerets 
et al., 2012). Another human hepatic cell line, WRL-68, preserves 
the activity and characteristic of specific liver enzymes, produces 
alpha-fetoprotein and albumin, and exhibits a cytokeratin pattern 
similar to other hepatic cultures (Gutiérrez-Ruiz et al., 1994). In 
addition, findings from a previous study indicated that WRL-68 
cells are able to undergo differentiation in vitro and exhibit an 
antigenic profile that highly resembles human liver cells (Cízková 
et al., 2005). This cell line however is understudied for its potential 
to be developed further as an in vitro tool for CYP450 metabolic 
activities evaluations.

In this study, three different hepatic cell lines known as 
WRL-68 (fetal normal liver), HepG2 (liver carcinoma), and Chang 
liver (normal liver) were evaluated for hepatic marker genes 
expressions in order to determine the best cell line to be developed 
as metabolism-based cell model with CYP3A4 overexpression. 
WRL-68 was used for the first time in this study as a host of cDNA 
overexpression of CYP3A4 and developed as an in vitro model 
for CYP3A4 inhibition study. This model was characterized for 
its CYP3A4, cytochrome P450 reductase (POR), and cytochrome 
b5 (CB5) expression, 6b-hydroxylation activity, and inhibition by 
luconazole.

MATERIALS AND METHODS

Cell culture
Normal hepatocyte cell line WRL-68 (ATCC® CL-

48™) was a gift from Pharmaco-Toxicology Laboratory, Faculty 
of Pharmacy, Universiti Teknologi MARA. The cell was cultured 
in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin at 37°C in an incubator supplied with 5% CO2. Cells 
between passages 10 and 20 were used for assay (Chen et al., 2018).

Transfection
A modified transient transfection protocol described by 

Longo et al. (2013) was used. 3 × 105 cells were seeded in each 
well of a 6-well plate. After 24-hour incubation in a humidified 
atmosphere of 95% air plus 5% CO2 in a 37°C incubator, media 
were replaced with DMEM without serum. A mixture of 140 µl 
Polyethylenimine (1 mg/ml) (Polysciences, Warrington, PA), 140 
µl of NaCl (150mM), and 3 µg of cDNA containing CYP3A4 
gene, pCMV-CYP3A4-green fluorescent protein (GFP) Spark®, or 

control vector, pCMV-C-GFP Spark® (Sinobiological, China), was 
incubated at room temperature for 10 minutes before being added 
to well. The plate was incubated for 4 hours before the media 
were replaced with DMEM supplemented with 10% FBS and 1% 
penicillin-streptomycin.

Western blot analysis
A protocol described by Casabar et al. (2010) was used 

with modifications for Western blot analysis. Cell lysate total 
protein was quantified using nanodrop A280 prior to separation 
by SDS-PAGE for 120 minutes at 120 V and transferred onto 0.2 
µm PVDF membranes (Merck, Kenilworth, New Jersey) using 
wet transfer technique. The blots were blocked for 1 hour in Tris-
buffered saline (TBS) containing 0.01% Tween 20 and 5% BSA at 
RT. The blots were then incubated with primary antibodies (1:1,000 
dilution) of CYP3A4, POR, CB5, or β-actin (loading control) for 
1 hour at room temperature. Then, the blots were washed with 
TBS containing 0.01% Tween 20 before incubation for 1 hour 
with horseradish-peroxidase-conjugated secondary antibody 
(1:10,000 dilutions). After further washing with TBS containing 
0.01% Tween 20, blots were incubated in chemiluminescence 
reagents (Azure Biosystems, Dublin, CA). Finally, Molecular 
Imaging System (Amersham, Kingsport, TN) was used to detect 
band intensities. 

qRT-PCR
mRNA extraction from the transfected cell was 

done using NucleoSpin® RNA Kit (Macherey-Nagel, Düren, 
Germany) according to the manufacturer’s protocol. Template 
DNA was produced from mRNA using ReverTra Ace® qPCR 
RT Kit (Toyobo, Japan). qRT-PCR reactions were performed 
using THUNDERBIRD® SYBR® qPCR Mix (Toyobo, Japan). 
Each reaction was performed in a total volume of 20 µl, 
containing 5 µl template DNA, 10 µl sterile RNase free water, 
0.3 µM final concentration of each forward and reverse primer, 
2 µl THUNDERBIRD® SYBR® qPCR Mix, and 0.4 µl 50× 
ROX reference dye. The temperature profile entailed the 
following steps: predenaturation (1 minute at 95°C), followed 
by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. 
Two control genes (β-actin and GAPDH) were included for 
each run (Feckler et al., 2017). Primers sequence were as 
follows: CYP3A4 fwd: 5′-CCGAGTGGATTTCCTTCAGC-3′, 
CYP3A4 rev: 5′-AGGTGGGTGGTGCCTTATTG-3′, POR fwd:  
5′-TCTACGACATCGTGGGTGAG-3′, CYP2C9 fwd: 5′-TCCT 
ATCATTGATTACTTCCCG-3′, CYP2C9 rev: 5′-AACTGC 
AGTGTTTTCCAAGC-3′, POR fwd: 5′-TCTACGACATCGT 
GGGTGAG-3′, POR rev: 5′-CCAAACACACCCAGGAGACT-3′, 
CB5 fwd: 5′-CCCTCGCCTTGATGTATCG-3′, GAPDH fwd:  
5′-GTCTCCTCTGACTTCAACAGCG-3′, GAPDH rev: 5′-ACCA 
CCCTGTTGCTGTAGCCAA-3′, BACTIN fwd: 5′-CACCATTG  
GCAATGAGCGGTTC-3′, BACTIN rev: 5′-AGGTCTTTGCGG 
ATGTCCACGT-3′, ALB fwd: 5′- GATGACAGGGCGGACC 
TTGCC -3′, ALB rev: 5′- GGCAAGGTCCGCCCTGTCATC 
-3′, Alpha-fetoprotein (AFP) fwd: 5′- ACACAAAAAGCCC 
ACTCCAG -3′, AFP rev: 5′- GGTGCATACAGGAAGGGATG -3′, 
HNF4A fwd: 5′- TGTCCCGACAGATCACCTC -3′, HNF4A rev:  
5′- CACTCAACGAGAACCAGCAG -3′, HPV18E6 fwd: 5′- 
CACAACATAGCTGGGCACT -3′, HPV18E6 rev: 5′- CTTGT 
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GTTTCTCTGCGTCGT -3′, CYP3A7 fwd: 5′- AAGGGCTAT 
TGGACGTTTGACA -3′, CYP3A7 rev: 5′- ATCCCACTGGC 
CCGAAAG -3′, CYP2A6 fwd: 5′- AAGATCAGTGAGCGCTTGG 
-3′, CYP2A6 rev: 5′- TGAATACCACGCCATAGCCT -3′.

6β-Hydroxylation assay
Transiently transfected cells in a 6-well plate with 80% 

confluency were treated with various concentrations of substrate 
testosterone (25–200 µM). After incubation of 150 minutes, the 
media were collected and processed using an optimized method 
to extract the metabolite 6β-hydroxytestosterone. 250 µl of media 
was added with 1 ml methanol before vigorous shaking for 5 
minutes and then was centrifuged at 14,000 rpm for 15 minutes 
at 4°C. The supernatant was evaporated to dryness. Samples were 
dissolved in 150 µl of 5% methanol prior to injection into the HPLC 
system. For inhibition study, various concentrations of fluconazole 
were incubated together with testosterone. Total protein was 
quantified using BCA Protein Assay Kit (Thermofisher, Waltham, 
MA). Maximum velocity (Vmax) of 6β-hydroxylation, Km of 
testosterone, IC50, inhibition constant (Ki), and mode of inhibition 
for fluconazole were determined.

HPLC analysis
The HPLC equipment used for quantifying the metabolite 

is Dionex Ultimate 3000 UHPLC systems equipped with Diode 
Array Detector (Thermo Fisher Scientific Inc., Waltham, MA). 
Separations were performed on Thermo Scientific HypersilTM 
ODS C18 (150 × 4.6 mm i.d., 3.5 µm particle size) HPLC column 
(Thermo Fisher Scientific Inc., Waltham, MA). HPLC conditions 
were adapted from the previously validated method with slight 
modifications (Purdon and Lehman-McKeeman, 1997). The 
separation was operated at a column oven temperature of 28°C 
at a flow rate of 0.7 ml/minutes. The mobile phases “A” and “B” 
consist of a mixture of water and methanol, respectively. A 50 
µl injection volume was injected and the elution gradient for the 
separation is as follows: initial 5% B (1.25 minutes), 5%–95% B 
(23.75 minutes), 95% B (5 minutes) 95–5% B (3 minutes), and 
5% B (5 minutes). Detection was set at a wavelength of 242 nm. 
All the standard and sample solutions were injected in triplicate. 
A 6-point concentration (0.156–5.000 ppm) standard curve of 
6β-hydroxytestosterone (R2 = 0.9941) was constructed. The limit 
of detection and limit of quantification of 6β-hydroxytestosterone 
are 0.104 ppm and 0.109 ppm, respectively.

RESULTS AND DISCUSSION
Ability to express the majority of drug-metabolizing 

enzymes, sensitivity to enzyme inducers, and producing similar 
in vitro metabolic profile as in vivo making primary human 
hepatocytes a reference cellular model in drug metabolism 
studies. However, due to its phenotypic instability and difficulty 
in accessibility, various alternatives have been explored in the 
previous years to overcome the limitations of the gold standard 
tool (Castell et al., 2006). While hepatocytes cell lines have 
advantages in lifespan and stability, one thing that makes them 
unable to represent in vivo hepatocytes is lacking major CYP450 
enzyme activities (Turpeinen et al., 2009). Human hepatoma 
Huh7 cells have significantly lower CYP450 gene expression 
and activity in comparison to primary hepatocytes but can be 

improved with 1 month of confluent culturing; however, this 
method has never been validated (Bulutoglu et al., 2020). Better 
hepatic cellular models such as HepaRG cells have also been 
developed to overcome the problem of low metabolic profiles 
observed in HepG2 cells (Gerets et al., 2012). However, this 
application is lacking specificity in studying different CYP450 
isozymes activities. For example, the widely accepted probe for 
phenotyping CYP3A activity, midazolam, acts as a substrate for 
both CYP3A4 and CYP3A5 (Eap et al., 2004). It is impossible to 
study the independent activity of both isozymes in metabolizing 
the same substrate using the HepaRG cell line due to its nonspecific 
expression of CYP450 enzymes.

One of the methods to overcome these limitations is cell 
lines with specific recombinant CYP450 enzyme overexpression 
and HepG2; a hepatocellular carcinoma cell line has been a 
popular host for the system. In this study, three different hepatic 
cell lines known as WRL-68, HepG2, and Chang were evaluated 
for hepatic marker gene expression to find the best host for the 
overexpression cell model. WRL-68 cell line is an embryonic or 
fetal normal liver cell which is known as a derivative of HeLa, a 
cervical carcinoma cell (Wong and Abdul Kadir, 2011). HepG2 
was derived from a liver biopsy of a 15-year-old Caucasian male 
with a differentiated hepatocellular carcinoma and widely used 
in pharmaco-toxicological research (Donato et al., 2014). Chang 
cell line established in 1954 was widely used as a human normal 
hepatocyte model in various studies and was found to have HeLa 
cell contamination based on isoenzyme analysis, HeLa marker 
chromosomes, and DNA fingerprinting (Gao et al., 2011). 

In choosing the most suitable cell line in this study, 
expression of several hepatic marker genes as well as CYP450 
isozymes genes was evaluated in order to find out whether 
the fetal liver WRL-68 has differentiated exhibiting adult 
liver marker genes expression as well as whether the HeLa 
contaminated liver cell lines possess more hepatic characteristics 
or indistinguishable from HeLa. This study also aims to find out 
whether the mentioned cell lines have any better potential to be 
developed into a metabolism-based cell model with CYP3A4 
overexpression in comparison to HepG2, the cell line popularly 
and widely used in studying CYP450 metabolism. Figure 1 
illustrates relative expression of hepatic marker genes as well as 
CYP450 genes normalized to housekeeping genes (GAPDH and 
β-actin) in WRL-68, HepG2, and Chang liver as well as HeLa 
as a control comparison. Figures 1A and B show that HepG2 has 
a significantly high expression of major CYP450 isozymes in 
hepatocytes which are CYP3A4 and CYP2C9, respectively. This 
is supported by a previous study which reported that transcripts of 
CYP450 isozymes including CYP3A4 and CYP2C9 were present 
in both cryopreserved hepatocytes and HepG2 cells (Westerink 
and Schoonen, 2011). However, the cell line that is expressing the 
lowest basal CYP450 isozymes expression, in this case WRL-68, 
is more favorable for the overexpression cell model because the 
enzyme activity has to be specific from exogenous CYP3A4 to 
avoid significant biotransformation by other basal CYP isozymes. 
This is because a single drug can be a substrate for different 
CYP450 isozymes. For instance, although CYP3A4 is the major 
enzyme responsible for ketamine N-demethylation in HLMs, 
CYP2B6 and CYP2C9 have also shown a minor contribution in 
its biotransformation (Hijazi and Boulieu, 2002). 
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A previous study reported that none of the CYP2A 
isozymes which include CYP2A6, CYP2A7, and CYP2A13 
appear to be expressed in fetal liver and it was suggested that 
the expression would continue to increase after birth (Kodidela 
et al., 2017). Figure 1C shows the highest expression of CYP2A6 
in HepG2 and is detected in Chang cell line. This is expected 
as both cell lines are not derived from fetal hepatocytes tissues. 
Interestingly, WRL-68 has the second highest expression of 
CYP2A6 suggesting that it has differentiated exhibiting adult liver 
characteristics. Accounting for 30%–50% of the total fetal CYP450 
and 87%–100% of total fetal hepatic CYP3A content, CYP3A7 is 
known as the most dominant CYP450 isozyme expressed in the 
human fetal liver (Pang et al., 2012). AFP is a plasma protein 
produced by the embryonic yolk sac and the fetal liver (Tomasi, 
1977). Figures 1D and E illustrate that the expression of CYP3A7 
and AFP, respectively, in both WRL-68 and Chang is lower than 
that of HepG2. AFP also serves as a tumor marker in hepatocellular 
carcinoma (Murugavel et al., 2008). Usually, mature hepatocytes 
in adults lose the ability to synthesize AFP; however, after 
undergoing malignant transformation, the liver cancer cells can 
regain the ability to synthesize AFP (Wang and Wang, 2018). 

HNF4α is a transcriptional regulator which controls 
the expression of hepatic genes serves as one of the earliest 
markers associated with the differentiated function of the liver 
(Gonzalez, 2008). Hepatocytes are responsible for the synthesis 
of many extracellular proteins and albumin is the most prominent 
one (Wiśniewski et al., 2016). Figures 1F and G show relative 
expression of HNF4α and albumin. Expression of HNF4α in 
WRL-68 is the highest among all cell lines and this suggests that 
the fetal liver cells have undergone differentiation. However, 
albumin expression is higher in HepG2 cell line. As shown in 
Figure 1H, Chang cell line has the highest expression of HPV18/
E6 gene among all liver cell lines. The human papillomavirus type 
18 (HPV 18) E6 and E7 proteins are continuously expressed in 
cervical carcinoma cells such as HeLa and seem to play a role 
in tumor development and the maintenance of the malignant 
phenotype (Goodwin et al., 2000). Chang cell line has the lowest 
expression of both hepatocyte marker genes among all cell lines 
and showed a similar expression profile with HeLa cells, which 
supports the fact that the cell line is HeLa derivative and should 
not be used for the overexpression cell model.

In addition, the expression of two important CYP450 
redox partners known as POR and CB5 was evaluated in the 
liver cell lines. Figures 1I and J show the highest expression of 
CB5 in HepG2 and the highest expression of POR in WRL-68, 
respectively. CYP450 redox partners can be limiting factors in 
their catalytic reactions. Therefore, it is important to choose the 
cell line with the optimum expression of CYP450 redox partners 
as the host for the CYP3A4 overexpression cell model. With a cell 
line that is readily expressing POR and CB5, no cotransfection 
with such electron carriers is needed for the enzymatic CYP450 
function (Steinbrecht et al., 2019). Although the two electrons 
required for CYP450 catalytic activity can be provided by POR, 
the second electron can also be shuttled by CB5 (Pearl et al., 
2016). Thus, lower expression of POR in HepG2 could potentially 
be a rate-limiting factor. Therefore, after evaluating the relative 
expression of the mentioned genes, WRL-68 is chosen to be 
developed for the CYP3A4 overexpression cell-based model.

WRL-68 has never been studied for its potential ability 
as a host for recombinant CYP3A4 overexpression despite its 
well-characterized hepatic features and morphology. In this study, 
the WRL-68 cell line was successfully developed into an in vitro 
metabolism-based assay specifically for CYP3A4 inhibition 
studies. The overexpressed CYP3A4 is tagged with a GFP at 
its C-terminal for visualization of transfection efficiency. Time-
dependent transfection efficiency and CYP3A4 expression were 
evaluated at 24, 48, and 72 hours after transfection as illustrated in 
Figure 2. It was observed that transfection efficiency is optimum 
(~80%) at 48 hours after transfection and started to decline after 
72 hours. Cobblestone-like morphology and doubling time of the 
transfected cells remain similar to parent cells as shown in Figure 3.  
No significant cell death or abnormal physical characteristic of the 
transfected cells has been observed.

Transfected cells at 24, 48, and 72 hours after transfection 
were further analyzed for CYP3A4 mRNA and protein expression 
using qRT-PCR and Western blot analysis, respectively, and the 
results are illustrated in Figure 4. mRNA expression was shown 
at the highest fold of expression (>2,000-fold) at 48 hours after 
transfection compared to control cells and supported with a 
significant band of overexpressed exogenous protein CYP3A4-
GFP (84 kDa). This shows that the significantly high mRNA and 
CYP3A4 expression is indeed due to transcription and translation 
of cDNA. There is a situation reported by Nowakowski et al. 
(2017); although exogenous gene is successfully transfected into 
cells, translation was a major roadblock to exogenous protein 
expression. In this case, WRL-68 was able to uptake cDNA as well 
as translate exogenous CYP3A4 resulting in overexpression, thus 
making WRL-68 an efficient host for CYP3A4 overexpression. 

To investigate its ability in performing CYP3A4 
metabolism reactions, WRL-68 overexpressing CYP3A4 at 48 
hours after transfection was further evaluated for its endogenous 
POR and CB5 expression. POR is located on the endoplasmic 
reticulum and an essential electron transfer protein that plays a 
vital role in CYP450 drug metabolism (Porter, 2012). CB5 is a 
small hemoprotein involved in many biochemical reactions such 
as fatty acid desaturation process, fatty acid elongation, and 
cholesterol biosynthesis and also interacts with CYP450 enzymes, 
taking part in the monohydroxylation process (Bhatt et al., 2017). 

CYP450 requires two electrons provided by its redox 
partners POR and CB5, where the catalytic activities involving 
substrate binding and metabolite release occur in the membrane 
landscape (Barnaba et al., 2017). During the catalytic activity of 
CYP450, CB5 could increase the coupling efficiency of NADPH 
oxidation and product formation (Porter, 2002). This reduces 
the chance of the uncoupling process where hydrogen peroxide 
is produced instead of metabolite due to delayed transfer of 
the second electron to complete the reduction cycle (Grinkova 
et al., 2013). This explains the ability of CB5 to enhance rates of 
metabolism and the importance to evaluate both endogenous POR 
and CB5 in WRL-68 to ensure that the catalytic activity in the 
system is efficient.

In Figure 5, Western blot analysis shows that both 
endogenous POR and CB5 expressions are stable with and 
without transfection. Therefore, the transfection process and 
overexpression of exogenous CYP3A4 did not affect the 
endogenous expression of these two enzymes negatively. CB5 is 
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Figure 1. (A) CYP3A4, (B) CYP2C9, (C) CYP2A6, (D) CYP3A7, (E) AFP, (F) HNF4A, (G) ALB, (H) HPV18/E6, (I) CB5, and (J) POR gene expression levels in 
HeLa, WRL-68, HepG2, and Chang cell lines, normalized to housekeeping genes (GAPDH and β-actin) and expressed as 2−ΔCT values. Bars represent the mean values 
(± SEM) of 2−ΔCT with different letters denoting significant difference (p < 0.05, ANOVA post hoc Tukey).
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observed to form multimer and complexes in the system and it is 
normal as CB5 interaction domain with other redox partners has 
been reported extensively in the literature (Samhan-Arias et al., 
2018). This information regarding the expression of CYP450 
redox partners in this cell model emphasized that there is no 
cotransfection with such electron carriers needed for functional 
CYP3A4 catalytic activity.

WRL-68–CYP3A4 model was optimized for 
6β-hydroxylation activity as well as inhibition by fluconazole. 
A well-characterized CYP3A4 selective substrate is required to 
probe the activity of CYP3A4 and testosterone hydroxylation, 
including 6β-hydroxylation which is one of the most commonly 

used metabolism assays for the assessment of CYP3A4 activity 
in human and other species (Usmani and Tang, 2004). While 
testosterone is used in this study to evaluate specific binding of 
substrate to the active site of the exogenous CYP3A4, fluconazole 
was selected to demonstrate binding of the inhibitor to the allosteric 
site of the enzyme. Fluconazole is a moderate inhibitor of CYP3A4 
and has been proven to inhibit the enzyme noncompetitively in 
vitro as well as clinically (Yang et al., 2012). 

Quantification of metabolite after 150 minutes 
incubation with various optimized concentrations of substrate 
and inhibitor was performed using UHPLC-UV at maximum 
absorption of 242 nm (tR 6β-hydroxytestosterone = 24.8 minutes) 

Figure 2. WRL-68 cells untransfected and transfected with control vector and transfected with PCMV–CYP3A4–GFP cDNA at different time points (24, 48, and 72 
hours) after transfection. Expression of GFP allowed visualization of transfection efficiency following different incubation periods. Scale bar: 500 µm, magnification 
40×, grayscale.

Figure 3. Morphology of cells (B) transfected with control vector and (C) transfected with PCMV–CYP3A4–GFP 48 hours after transfection is not different from (A) 
untransfected WRL-68. 40× magnification, greyscale.
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Figure 4. (A) Real-time RT-PCR and (B) Western blot analyses for endogenous and exogenous CYP3A4 expression after different posttransfection periods (24, 48, 
and 72 hours). Consistent with the mRNA changes, transfection is time-dependently an upregulated exogenous CYP3A4 protein expression and is at optimum after 48 
hours. β-actin was used as an internal control. Bars with different letters denote significant difference (p < 0.05, ANOVA and Tukey’s post hoc Tukey).

Figure 5. (A) Real-time RT-PCR and (B) Western blot analyses for endogenous cytochrome NADPH POR) and CB5 after 48 hours after transfection. U: untransfected, 
C: transfected with control vector, O: CYP3A4. β-actin was used as an internal control.
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and the chromatograms illustrated in Figure 6. Lineweaver–Burk 
plot was used as a tool to evaluate the maximum velocity (Vmax) 
of 6β-hydroxylation, Km of testosterone, IC50, inhibition constant 
(Ki), and mode of inhibition for fluconazole in WRL-68–CYP3A4 
system and the results summarized in Table 1. Km of testosterone 
(20.6 µM) is comparable to previously reported values in 
reconstituted enzyme system and HLMs 6β-hydroxylation activity 
which are 29.3 µM and 23.2 µM, respectively (Taguchi et al., 
2001). In noncompetitive inhibition, an increase in the y-intercept 
is seen before and after inhibition. The x-intercept remains 
unchanged, as the apparent substrate affinity to the enzyme (Km) is 
unchanged. The changes in Vmax, constant Km, and their graphical 
illustration on the Lineweaver–Burk plot are the primary way to 
recognize noncompetitive inhibition. 

This pattern is observed as shown in Figure 7 proving 
that the fluconazole mode of inhibition in this system is 
noncompetitive. The secondary plot constructed from the slopes 
of the primary plots against inhibitor concentration provides 
information on the inhibitor constant (Ki). For a noncompetitive 

inhibitor, Ki value is similar to that of IC50 of the inhibitor (Cer 
et al., 2009). In this study, Ki and IC50 values of fluconazole are 
438.82 ± 16.64 µM and 476.92 ± 9.01 µM, respectively, which is 
considerably alike.

Cell culture model such as WRL-68–CYP3A4 can never 
completely replace animal models in drug studies. However, the 
WRL-68–CYP3A4 model can reduce the use of animals in the 
early stages of drug candidate screening for exclusion criteria. 
This approach will also reduce the burden of cost in conducting 
many in vivo studies for CYP3A4 inhibition screening purpose.

CONCLUSION
Despite having low basal CYP3A4 activity, WRL-

68 is an efficient host harboring abundant functional redox 
partners suitable for overexpression of CYP450 enzymes in the 
development of a reliable tool for in vitro metabolism-based study. 
The established WRL-68–CYP3A4 model with overexpression 
of CYP3A4 protein is suitable for the in vitro evaluation of 
inhibition of that specific enzyme by various compounds or drugs. 

Figure 6. UV-HPLC chromatogram of testosterone 6β-hydroxylation by WRL-
68-CYP3A4 model, monitoring at A242. (A) Testosterone standard shown at tR = 
27.1 minute, (B) 6β-hydroxytestosterone standard shown at tR = 24.8 minute, (C) 
control incubation medium spiked with testosterone and 6β-hydroxytestosterone 
standards, and (D) product 6β-hydroxytestosterone after 150 minutes incubation 
with testosterone (200 µM).

Figure 7. (A) Lineweaver–Burk plots of inhibition of CYP3A4-catalyzed 
testosterone 6β-hydroxylase by fluconazole and (B) the secondary plot using 
the slopes of the primary Lineweaver–Burk plot versus the concentrations of 
fluconazole.

Table 1. Maximum velocity (Vmax) of 6β-hydroxylation, Km of testosterone, IC50, inhibition constant (Ki), and mode of inhibition for fluconazole 
on overexpressed CYP3A4.

6β-Hydroxylation Vmax (nM/minute/
mg total protein) Km [testosterone] µM IC50 [fluconazole] µM Ki [fluconazole] µM Mode of inhibition

43.23 ± 1.21 20.60 ± 0.10 476.92 ± 9.01 438.82 ± 16.64 Noncompetitive
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Inhibition assays using commercial purified CYP3A4 have the 
best specificity; however, it is costly and does not resemble in 
vivo cell physiological characteristics. WRL-68–CYP3A4 model 
provides a cost-effective and easy handling tool in studying in 
vitro CYP3A4 inhibition as DDI screening.
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