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Erectile dysfunction (ED) is a major health problem and is mainly associated with the persistent inability of men to maintain
sufficient erection for satisfactory sexual performance. Millions of men are using sildenafil, vardenafil, and/or tadalafil for ED
treatment. Cytochrome P450s (CYPs) play a central role in the metabolism of a wide range of xenobiotics as well as endogenous
compounds. Susceptibility of individuals to the adverse effects of different drugs is mainly dependent on the expression of
CYPs proteins. Therefore, changes in activities of phase I drug-metabolising enzymes [arylhydrocarbon hydroxylase (AHH),
dimethylnitrosamine N-demethylase (DMN-dI), 7-ethoxycoumarin-O-deethylase (ECOD), and ethoxyresorufin-O-deethylase
((EROD)] and the protein expression of different CYPs isozymes (CYP1A2, CYP2E1, CYP2B1/2, CYP3A4, CYP2C23, and CYP2C6)
were determined after treatment of male rats with either low or high doses of sildenafil (Viagra), tadalafil (Cialis), and/or vardenafil
(Levitra) for 3 weeks. The present study showed that low doses of tadalafil and vardenafil increased DMN-dI activity by 32 and
23%, respectively. On the other hand, high doses of tadalafil, vardenafil, and sildenafil decreased such activity by 50, 56, and 52%,
respectively. In addition, low doses of tadalafil and vardenafil induced the protein expression of CYP2E1. On the other hand, high
doses of either tadalafil or sildenafil weremore potent inhibitors to CYP2E1 expression than vardenafil. Moreover, low doses of both
vardenafil and sildenafil markedly increased AHH activity by 162 and 247%, respectively, whereas high doses of tadalafil, vardenafil,
and sildenafil inhibited such activity by 36, 49, and 57% and inhibited the EROD activity by 39, 49, and 33%, respectively. Low and
high doses of tadalafil, vardenafil, and sildenafil inhibited the activity of NADPH-cytochrome c reductase as well as its protein
expression. In addition, such drugs inhibited the expression of CYP B1/2 along with its corresponding enzyme marker ECOD
activity. It is concluded that changes in the expression and activity of phase I drug-metabolising enzymes could change the normal
metabolic pathways and might enhance the deleterious effects of exogenous as well as endogenous compounds.

1. Introduction

The male erectile dysfunction (ED) is a common and multi-
factorial disease, which strongly impairs the quality of man’s
life. According to the Massachusetts Male Aging Study, ED
affects more than 150 million men worldwide and 50%
of them are between the ages of 40 and 70 years [1].
Phosphodiesterase-5 inhibitors (PDE5Is) become the first-
line therapy for millions of men suffering from ED. PDE5

inhibitors are structurally similar to those of the cGMP
and competitively bind with PDE5 leading to inhibition
of the cGMP hydrolysis. Therefore, accumulation of cGMP
enhances the levels of nitric oxide (NO), which in turn
activates guanylate cyclase to producemore cGMP, leading to
smoothmuscles relaxation of the corpus cavernous tissue and
prolonged erection process [2]. The three EDDs (sildenafil
(Viagra), tadalafil (Tadalafil), and vardenafil (Vardenafil) are
well tolerated and effective, and the major clinical differences

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 4970906, 9 pages
http://dx.doi.org/10.1155/2016/4970906

http://dx.doi.org/10.1155/2016/4970906


2 Oxidative Medicine and Cellular Longevity

among them are the onset and duration of action providing
treatment options for men with ED [3, 4].

The cytochrome P450s (CYPs) are superfamily of hemo-
proteins, which metabolise various compounds. The cur-
rently known CYPs in humans are classified into 18 different
families and 44 subfamilies according to their amino acids
sequence homology [5]. CYPs are widely accepted to be the
key enzymes in cancer etiology and treatment, as they par-
ticipate in the inactivation and activation of many anticancer
drugs. They also mediate the metabolic activation of a vast
amount of procarcinogens. The tobacco smoke contained N-
nitrosamines that are metabolised to genotoxic products by
different P450 enzymes particularly P450 2E1 and 2A6 [6].
Dimethylnitrosamine (DMN) is metabolised by DMN-N-
demethylase I leading to the generation of carbonium ion that
methylates DNA and other macromolecules. Furthermore,
CYP2E1 isozyme is able to produce reactive oxygen species
(ROS), leading to oxidative stress resulting in cytotoxicity [7].
Polycyclic aromatic hydrocarbons (PAHs) and heterocyclic
aromatic amines (HAAs) are other potent carcinogens for
animals and humans. These compounds are usually acti-
vated by cytochrome P450 enzymes (1A2, 1A1, and 1B1)
[8]. The CYP1A-dependent aryl hydrocarbon hydroxylase
(AHH) activity activates benzo(a)pyrene (B(a)P) into 7,8-
diol-epoxides which covalently bind to DNA and initiate
cancer [6, 9]. In addition, PAHs are exogenous ligands that
directly bind to the aryl hydrocarbon receptor (AhR) and
activate them leading to induction of gene expression of
CYP1A1 and 1B1. This explains how AhR plays a key role
in cigarette smoke-induced lung cancer [10, 11]. In addition,
CYP1A2 takes part in the metabolism of some medications
such as acetaminophen, imipramine, propranolol, clozapine,
theophylline, and caffeine [12].

Sildenafil and vardenafil both are metabolised primarily
in the liver via the cytochrome P450 (CYP) pathway, mostly
by CYP 3A4 and to a lesser extent by CYP 2C9, while
tadalafil is metabolised almost solely by the cytochrome
P450 3A4 [13, 14]. The metabolism of these drugs was
inhibited by concomitant administration of potent CYP3A4
inhibitors, such as azole antifungal andmacrolide antibiotics.
Coadministration of 3A4 inhibitors with the EDDs may
elevate and prolong their serum concentrations and enhance
their pharmacological and toxicological effects. Conversely,
inducers of CYP 3A4 such as phenobarbital, phenytoin, and
carbamazepine increase the clearance of EDDs and decrease
their plasma concentrations. Therefore, the present study
investigates the alternatives in the expression of various CYP
isozymes (CYP1A2, 2B1/2, 3A4, 2C23, 2C6, and 2E1) and their
associated enzyme activities including DMN-N-demethylase
I, aryl hydrocarbon hydroxylase, ethoxyresorufin-O-deethyl-
ase, ethoxycoumarin-O-deethylase, and NADPH-cyto-
chrome c reductase after treatment of rats with either low or
high doses of tadalafil, vardenafil, and/or sildenafil. Inhibi-
tion or induction of the expression of various CYP isoforms
and their corresponding enzyme activities could provide
valuable information regarding the metabolic fate of a vast
array of drugs and in the prediction of both drug-drug
interactions and different responses to various drugs.

Table 1: Drug administration schedule of different EDDs.

Dose Tadalafil
(mg/Kg)

Vardenafil
(mg/Kg) Sildenafil (mg/Kg)

Low dose 0.280 0.28 1.43
High dose 1.43 1.43 7.15
All drugs were suspended in distilled water and the control group received
only distilled water.
Low administered dose of these drugswas chosen according to FDAapproval
to human.

2. Materials and Methods

2.1. Chemicals. Vardenafil (vardenafil 20mg), sildenafil
(sildenafil 100mg), and tadalafil (tadalafil 20mg) are
manufactured by Bayer�, Pfizer�, and Lilly� pharmaceutical
Cos., respectively. Western blotting detection kit, primary
antibody anti-CYP 2E1, 3A4, 2C23, 1A1, and 2B1/2, and
anti-rabbit secondary antibody were purchased from
ABCAM� pharmaceuticals Ponceau S stain; benzo(a)pyrene,
ethoxycoumarin, cytochrome c, sodium dithionite, and all
other chemicals were obtained from Sigma Chemical Co., St.
Louis, MO, USA.

2.2. Animal Treatments. This study was carried out in strict
accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the College of
Medicine, Alexandria University. The protocol was approved
by the Committee of Postgraduate Studies & Research on the
Ethics of Animal Experiments of the University of Alexan-
dria. Surgery was performed under diethyl ether anesthesia,
and all efforts were made to minimize suffering. Rats were
housed in stainless steel wire bottom cages placed in a
well-ventilated animal house, maintained for one week for
acclimatization period on food and water ad libitum, and
subjected to the natural photoperiod of 12 hours light : dark
cycle. Rats were housed in standard cages and given food
and water ad libitum. Rats were divided into eight groups
(10 rats each). EDDs were suspended in distilled water and
administered orally as repeated doses for 21 days (Table 1).

2.3. Enzymes Assay. At the designated time point, the tho-
racic cavity of rats was opened for the whole body. Liver
tissues were vigorously washed in an iced solution of 0.25M
sucrose, which contained 0.001M EDTA, to avoid contam-
ination from erythrocyte-containing enzymes. Liver tissues
were homogenized in 3 volumes of 0.1M phosphate buffer,
pH 7.4, and subsequently centrifuged at 10,000×g for 15min
at 4∘C. The supernatant was subsequently centrifuged at
105,000×g for 60 minutes at 4∘C to sediment microsomal
pellets, which were finally suspended in 0.1M phosphate
buffer, pH 7.4, and kept at −80∘C until used.

Total microsomal protein content was determined
according to the method of Lowry et al., 1951 [15], using BSA
as a standard protein. Totalmicrosomal CYP and cytochrome
b5 were measured according to the method of Omura and
Sato, 1964 [16], using the molar extinction coefficients 91
and 185mM−1 cm−1, respectively, for the reduced CYP-CO
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complex and reduced cytochrome b5, respectively. NADPH-
cytochrome c activity was assayed according to the method
of Williams Jr. and Kamin, 1962 [17], using extinction
coefficient 21mM−1 cm−1 for calculation of the activity.

Microsomal NDMA-dI activity was determined accord-
ing to the method of Venkatesan et al., 1968 [18], with the
modifications of Mostafa and Sheweita, 1992 [19]. Substrate
concentration was 4mM NDMA, which represents the sat-
uration level for NDMA-dI. The amount of formaldehyde
formed was determined. The enzymatic activity of NDMA-
dI was expressed as nmole of formaldehyde per mg pro-
tein per hour. Microsomal aryl hydrocarbon hydroxylase
(AHH) activity was determined according to the method
of Wiebel and Gelboin, 1975 [20]. Briefly, the volume of
the incubation mixture was 1mL containing 50mM Tris-
HCl buffer, pH 7.4; 3 𝜇mole MgCl

2
; 0.6 𝜇mole NADPH;

100 nmole benzo(a)pyrene; 0.1mL of microsomal protein
(10mg/mL). The reaction was incubated at 37∘C for 10min.
The reaction was terminated by the addition of 1mL acetone.
The 3-hydroxy benzo(a)pyrene was extracted with 2mL
hexane.Thefluorescence intensity wasmeasured at excitation
and emission wavelengths of 396 and 522 nm, respectively.
Ethoxycoumarin hydroxylase activity was assayed by the
method of Greenlee and Poland (1978) [21]. The intensity of
7-hydroxycoumarin fluorescence was measured at excitation
and emission wavelengths of 338 and 458 nm, respectively.
Ethoxyresorufin-O-deethylase activity was determined by
the methods of Pohl and Fouts, 1980 [22]. Product concen-
tration was interpolated from a standard curve for resorufin.

2.4. Western Immunoblotting. The protein concentration of
the pooled samples was determined according to the method
of Lowry et al., (1951) [15]. Twentymicrograms ofmicrosomal
proteins from each pooled group was mixed with the sample
application buffer (SAB), then boiled for 3 minutes, and
loaded on a 10% SDS-polyacrylamide gel. After electrophore-
sis, proteins were transferred to nitrocellulose membranes
using a semidry trans-blotter. After completion of trans-
blotting process, the membranes were washed three times
with TBS buffer pH 7.3 (8 g NaCl, 0.2 g KCl, and 3 g Tris-
base/1 liter) for 10 minutes. After those membranes were
incubatedwith 5% fat-free drymilk TBS buffer for 1 h at room
temperature and then washed in TBST buffer (phosphate
buffered saline containing 0.1% Tween 20) for 5min and
then in TBS buffer twice for 10min, then, membranes were
incubated for 2 hours using primary antibodies for CYPE1,
3A4, 2C23, 2C6, 2B1/2, and 1A1 using the dilution of 1 : 1000
and then washed twice using Tween-TBS (0.2mL Tween/liter
TBS) for 20min, then with TBS for 15min. All primary
antibodies are purified immunoglobulin IgG suspended in
buffered aqueous solution. After those membranes were
incubated with secondary antibody-HRP using dilution of
1 : 7000 in TBS, then they were washed twice with Tween-TBS
for 15min followed by washing with TBS twice for 15min.
An ECL kit was used and the proteins expression of different
CYPs isozymes was detected using X-ray film. The band
intensity wasmeasured using quantity one software program.

2.5. Statistical Analyses. SPSS software package (Version 17.0)
was used for statistical analysis. The differences between
means were analyzed using one-way analysis of variance
(ANOVA) and the differences between means of all groups
were tested using Least Significant Difference (LSD). Proba-
bility value less than 0.05 was considered statistically signifi-
cant.

3. Results

The present study showed that low doses of tadalafil and
vardenafil caused significant (𝑃 < 0.001) increase in the
DMN-dI activity by 32 and 23%, respectively (Table 2).
On the other hand, high doses of tadalafil, vardenafil, and
sildenafil caused significant (𝑃 < 0.001) decrease in the
DMN-dI activity by 50, 56, and 52%, respectively (Table 2).
In addition, low doses of tadalafil and vardenafil induced
the protein expression of CYP2E1 (Figure 1). However, such
expression was inhibited after treatment of rats with the daily
high dose of tadalafil, vardenafil, and sildenafil compared to
control group (Figure 1). It was observed that high doses
of either tadalafil or sildenafil are more potent inhibitors of
CYP2E1 expression than vardenafil, which is consistent with
the results of DMN-dI activity (Table 2 and Figure 1). More-
over, low doses of both vardenafil and sildenafil markedly
increased the AHH activity by 162 and 247%, respectively
(𝑃 < 0.001) (Table 2). On the other hand, high doses of
tadalafil, vardenafil, and sildenafil significantly (𝑃 < 0.001)
inhibited the AHH activity by 36, 49, and 57%, respectively
(Table 2). In addition, the expression of the hepatic CYP1A2
was changed with different intensities under the influence of
the EDDs (Figure 1).

Low and high doses of tadalafil, vardenafil, and sildenafil
decreased the NADPH-cytochrome c reductase activity as
well as its protein expression (Table 2 and Figure 1). In addi-
tion, such drugs inhibited the expression of CYP1B1/2 along
with its corresponding enzyme marker, 7-ethoxycoumarin-
O-deethylase (ECOD) activity (Table 2 and Figure 1). Low
dose of tadalafil increased EROD activity by 24%, whereas
sildenafil decreased such activity by 28% (Table 2). On the
other hand, high doses of tadalafil, vardenafil, and sildenafil
caused significant (𝑃 < 0.001) inhibition of the EROD
activity by 39, 49, and 33%, respectively (Table 2).

Western immunoblotting of themost clinically important
CYP isoforms revealed that low and high dose treatment of
male rats with tadalafil, vardenafil, and sildenafil inhibited
the expression of CYP3A4 and CYP2C23 with different
intensities (Figure 1). In particular, vardenafil showed a potent
inhibition of CYP3A4 expression compared to control group.
These drugs also altered the expression of CYP2C6 (Figure 1).

4. Discussion

N-Nitrosamines are metabolised predominantly by DMN-
N-demethylase I (DMN-dI) enzyme-CYP2E1 dependent in
order to exert their cytotoxic and carcinogenic effects [19, 23].
It is well known that induction of DMN-dI activity could
lead to the production of more reactive carbonium ions that
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Figure 1: Continued.
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Figure 1: Western immunoblotting showed the influence of tadalafil, vardenafil, and sildenafil on the expression of CYP2E1, CYP1A2, cyt. c
reductase, CYP2B1/2, CYP3A4, CYP2C23, and CYP2C6, respectively. Lane A is microsomal protein of matched control groups. Lanes B and
C are microsomal proteins of rats treated with low and high doses of tadalafil; lanes D and E are microsomal proteins of rats treated with low
and high doses of vardenafil; lanes F and G are microsomal proteins of rats treated with low and high doses of sildenafil, respectively.

alkylate DNA and other macromolecules [23, 24]. On the
other hand, inhibition of CYP2E1 expression was effective in
protecting the liver against the toxicity of a wide variety of
toxic agents including carcinogens [25]. Ye et al., 2012 [26],
reported that CYP2E1 induction increased oxidative stress,
released high levels of inflammatory cytokines, and induced
carcinogenesis. In accordance with this finding, inhibition of
the CYP2E1 expression after treatment of rats with high doses
of EDDs might significantly decrease the generation of reac-
tive oxygen species (ROS) and could also protect the liver and
probably other organs from cytotoxic and genotoxic effects of
carcinogenic compounds [27]. Supporting this finding, it has
been found that inhibition of CYP2E1 and DMN-dI activity
played a significant role in decreasing the tumorigenicity and
the carcinogenicity caused by N-nitrosamines [23, 28, 29].
Moreover, inhibitors of DMN-dI activity by diallyl sulfide
(DAS) were found to decrease the level of DNA adducts
(N7, O6-methyldeoxyguanosine) and consequently inhibited
the tumorigenicity in different organs of mice pretreated
with nitrosomethylbenzylamine, N-methyl-N-nitrosourea,
and/or N-nitrosodimethylamine [30, 31].

Benzo(a)pyrene predominantly metabolised by the aryl
hydrocarbon hydroxylase (AHH) into ultimately carcino-
genic products [8, 30]. It has been reported earlier that
the activity of AHH is mainly dependent on cytochrome
P450 1A1/2 content [23, 30]. The present study showed a
remarkable increase in the AHH activity after treatment of
rats with low doses of either vardenafil or sildenafil, whereas
high doses of such drugs inhibited the activity of this enzyme.
In addition, low dose of tadalafil and vardenafil induced the
expression of CYP1A1. The mechanism of induction of the
expression of CYP1A1 might be due to induction of the aryl
hydrocarbon receptor (AhR) [9, 31]. Moreover, induction of
CYP1A2 is implicated in colon and lung cancers [32, 33].
On the other hand, inhibition of AHH may increase the
bioavailability of the parent compound and may decrease
its elimination. Moreover, low dose of sildenafil reduced
the expression of CYP1A1 and may decrease the clearance
of CYP1A1 substrates such as theophylline and caffeine,
aromatic amines, and food-derived mutagens [12]. This inhi-
bition might alter the metabolism of benzo(a)pyrene and

other procarcinogens such as aryl arenes, nitroarenes, and
arylamines that are dependent on the level of this isozyme.
Interestingly, treatment of rats with low dose of sildenafil
reduced the expression of CYP1A1, whereas high dose
markedly induced such expression.With respect to other pre-
vious studies, the expression of CYP1A2 is not consistent with
the AHH activity; this conflict may be due to the involvement
of many other CYP isoforms such as 1A1, 1B1, and 3A4 in
the metabolism of B(a)P [34, 35]. In accordance with the
present study, it has been found that diallyl sulfide exerted
an inhibitory effect in the colon and renal carcinogenesis in
rats and also in human epidermal keratinocytes exposed to
benzo(a)pyrene which might be due to inhibition of CYP1A1
[36, 37]. In addition, the genotoxicities of bone marrow and
mammary tumors in mice caused by benzo(a)pyrene and
7,12-dimethylbenzo(a)anthracene, respectively, were reduced
after treatment with diallyl thioesters, selenium-enriched
garlic, and black tea [38–41].

It has been reported that EROD activity is the catalytic
monitor of CYP1A1 since CYP1A1 preferentially metabolises
ethoxyresorufin into resorufin [42, 43]. The present study
showed that high doses of EDDs significantly inhibited the
expression of CYP1A1 and its associated EROD activity.
Inhibition of CYP1A1 expression could protect the liver and
other organs against cancer progression. Supporting our sug-
gestion, Rodriguez and Potter found that CYP1A1 induction
promotes breast cancer proliferation and progression [44]. In
parallel with this finding, epidemiological studies showed an
inverse association between a higher intake of flavonoids and
breast cancer risk which was attributed to selective inhibition
of flavonoids to CYP1A1 expression [45, 46]. The expression
of CYP2B1/2 and its associated ECOD activity represents the
counterpart of human CYP2B6. The present data showed
that low and high doses of EDDs inhibited the expression of
CYP1B1/2 and its associated ECOD activity. This inhibition
may increase the bioavailability of a wide range of CYP1B1/2-
dependent drugs including antidepressants, anesthetics, and
anticancer agents which may subject patients to drug-drug
interactions [47]. The mechanism of inhibition might be
due to the presence of methylenedioxyphenyl (MDP) group
on EDDs which exerted high ability to bind and inhibit
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the protein expression of CYP3A4 [48] since low and high
dose treatment of male rats with tadalafil, vardenafil, and
sildenafil inhibited the expression of CYP3A4. In agreement
with the present study, it has been found that sildenafil was a
weak inhibitor of CYP3A4 [48, 49]. In addition, the previous
study showed that tadalafil reversibly inhibits CYP3A4-,
CYP2C9-, CYP2C19-, and CYP1A2-mediated metabolism
either competitively or noncompetitively [50].

Sildenafil is metabolically activated by CYP3A and is
converted to an active metabolite, N-desmethyl sildenafil,
that has similar properties to the parent drug [51]. Korzekwa
et al. (1998) evaluated two binding sites in CYP3A which can
bind to two substrate molecules simultaneously [52].The two
binding sites have been used to explain the activation and
substrate inhibition and biphasic saturation curves for the
cytochrome P450 enzymes [52]. The mechanism of substrate
inhibition was mainly due to the presence of the two sites
either neighboring or at a distance away from the active site.
It has been shown that one site is favorable for oxidation
while the other site is less favorable or nonproductive [53].
When the substrate binds to the inhibitory site, the inhibited
ternary complex (SES) is less capable of converting substrate
to a product than binary complex (ES) [53]. Thus, if both
binding sites of CYP3A are occupied with substrates at
high concentration, the velocity of enzymatic reactions was
underestimated by a loss in its activity [54]. This mechanism
may explain the inhibitory effects of sildenafil, vardenafil, and
tadalafil at high doses to different CYPs expression.

CYP2C6 of rats and its human counterpart CYP2C9
have a significant pharmacological importance in drug
metabolism [55]. In the present study, low and high dose
treatments of rats with either vardenafil or tadalafil moder-
ately altered the expression of CYP2C6. In addition, low and
high dose treatment of rats with vardenafil and/or sildenafil
caused significant inhibition ofCYP2C23 expression. It is well
known that CYP2C23 catalyzes epoxidation of arachidonic
acid to 11,12-epoxyeicosatrienoic acid (EET) which has an
important physiological function [56]. Therefore, inhibition
of CYP2C23 expression could reduce the production of EET
and decrease omega-3 fatty acids metabolism leading to loss
of their vasodilatory, anti-inflammatory, and cardioprotective
effects [57]. The mechanism of inhibition of CYP 2C23 and
probably other CYP isozymes might be due to the presence
of aromatic nitrogen in the chemical structure of sildenafil,
vardenafil, and tadalafil. It has been found that aromatic
nitrogen group is the more likely inhibitor of cytochrome
P450 isozymes due to its lipophilicity and ability to maintain
hydrogen bonding with the CYP isoforms and decreasing
their iron binding capacity [58].

NADPH-dependent cytochrome P450 reductase is a
flavoprotein that catalyzes the reduction of CYPs using
NADPHas a cofactor.Themitochondrial protein cytochrome
c has been used occasionally as amodel for analyzing theCYP
reductase activity [56]. In addition, cytochrome b5 serves
as an electron transfer intermediate between reductase and
oxidative enzymes [59]. The present data showed that low
and high doses of tadalafil, vardenafil, and sildenafil caused
significant inhibition in the activity of NADPH-cytochrome
c reductase which may consequently alter various metabolic

and physiological pathways. The selective suppression of
expression and activity of cytochrome P450 reductase under
the influence of different doses of EDDs could lead to a
number of metabolic changes in the liver tissue and may
also affect the cytochrome P450-mediated drug metabolism
[59]. In addition, mutations in the gene of cytochrome P450
reductase caused severe developmental malformations and
disorder of steroidogenesis. These impairments were due to
inhibition of the catalytic efficiency of 21-hydroxylation of
progesterone, 17𝛼-hydroxylation of progesterone, 17,20-lyase
on 17-OH-pregnenolone, and aromatization of androstene-
dione [59]. Therefore, inhibition of the cytochrome c reduc-
tase due to the administration of tadalafil, vardenafil, and
sildenafil to the male rats might affect these physiological
pathways.

In conclusion, the present study showed tadalafil, varde-
nafil, and sildenafil changed the expression of various CYP
isozymes (CYP1A2, 2B1/2, 3A4, 2C23, 2C6, and 2E1) and their
associated metabolic activities. In addition, these changes
may alter the metabolism of a wide range of xenobiotics as
well as endogenous substrates that may lead to adverse effects
of different xenobiotics.
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[30] C.Marie-Desvergne, A.Mâıtre,M. Bouchard, J.-L. Ravanat, and
C. Viau, “Evaluation of DNA adducts, DNA and RNA oxidative
lesions, and 3-hydroxybenzo(a)pyrene as biomarkers of DNA
damage in lung following intravenous injection of the parent
compound in rats,” Chemical Research in Toxicology, vol. 23, no.
7, pp. 1207–1214, 2010.

[31] J. J. Tsay, K.-M. Tchou-Wong, A. K. Greenberg, H. Pass, and
W. N. Rom, “Aryl hydrocarbon receptor and lung cancer,”
Anticancer Research, vol. 33, no. 4, pp. 1247–1256, 2013.

[32] B. Moorthy, L. Wang, and W. Jiang, “Abstract 3471: reciprocal
roles of cytochromes P4501A1 and 1A2 in polycyclic aromatic
hydrocarbon (PAH)-mediated tumorigenesis in mice: implica-
tions for lung cancer in humans,” Cancer Research, vol. 70, no.
8, supplement, pp. 3471–3471, 2014.

[33] J. X. Chen, H. Wang, G. Li, A. Liu, and C. S. Yang, “Rapid
induction and progression of PhIP+ DSS- induced colon
carcinogenesis in CYP1A-humanized mice,” Cancer Research,
vol. 74, supplement 19, p. 5344, 2014.

[34] K. Shiizaki, M. Kawanishi, and T. Yagi, “Dioxin suppresses
benzo[a]pyrene-induced mutations and DNA adduct forma-
tion through cytochrome P450 1A1 induction and (±)-anti-
benzo[a]pyrene-7,8-diol-9,10-epoxide inactivation in human
hepatoma cells,” Mutation Research/Genetic Toxicology and
Environmental Mutagenesis, vol. 750, no. 1-2, pp. 77–85, 2013.

[35] A. A. I. Hassanin, M. M. M. Osman, Y. Kaminishi, M. A.
H. El-Kady, and T. Itakura, “Molecular characterization of
cytochrome P450 1B1 and effect of benzo(a) pyrene on its



Oxidative Medicine and Cellular Longevity 9

expression in Nile tilapia (Oreochromis niloticus),” African
Journal of Biotechnology, vol. 12, no. 48, pp. 6682–6690, 2013.

[36] S. Takahashi, K. Hakoi, H. Yada, M. Hirose, N. Ito, and S.
Fukushima, “Enhancing effects of diallyl sulfide on hepatocar-
cinogenesis and inhibitory actions of the related diallyl disulfide
on colon and renal carcinogenesis in rats,” Carcinogenesis, vol.
13, no. 9, pp. 1513–1518, 1992.

[37] H. S. Chun, H. J. Kim, Y. Kim, and H. J. Chang, “Inhibition of
the benzo[a]pyrene-induced toxicity by allyl sulfides in human
epidermal keratinocytes,” Biotechnology Letters, vol. 26, no. 22,
pp. 1701–1706, 2004.

[38] H. S. Marks, J. L. Anderson, and G. S. Stoewsand, “Inhibition of
benzo (a)pyrene-induced bone marrow micronuclei formation
by diallyl thioesters in mice,” Journal of Toxicology and Environ-
mental Health, vol. 37, pp. 1–9, 1992.

[39] C. Ip, D. J. Lisk, and G. S. Stoewsand, “Mammary cancer
prevention by regular garlic and selenium-enriched garlic,”
Nutrition and Cancer, vol. 17, no. 3, pp. 279–286, 1992.

[40] A. Koul, M. Singh, and S. C. Gangar, “Modulatory effects of
different doses of alpha-tocopherol on benzo (a)pyrene-DNA
adduct formation in the pulmonary tissue of cigarette smoke
inhaling mice,” Indian Journal of Experimental Biology, vol. 43,
no. 12, pp. 1139–1143, 2005.

[41] A. Halder, R. Raychowdhury, A. Ghosh, and M. De, “Black tea
(Camellia sinensis) as a chemopreventive agent in oral precan-
cerous lesions,” Journal of Environmental Pathology, Toxicology
and Oncology, vol. 24, no. 2, pp. 141–144, 2005.

[42] M. D. Burke, S. Thompson, R. J. Weaver, C. R. Wolf, and R. T.
Mayers, “Cytochrome P450 specificities of alkoxyresorufin O-
dealkylation in human and rat liver,”Biochemical Pharmacology,
vol. 48, no. 5, pp. 923–936, 1994.

[43] B. Moorthy, S. R. Kondraganti, L. Wang, W. Jiang, and C. Chu,
“Role of cytochrome P450 (CYP)1A2 in the sustained induction
of CYP1A1 by the carcinogen, 3-methylcholanthrene (MC) in
mouse heptoma cells (hepa-1),” Cancer Research, vol. 72, no. 8,
supplement, p. 4427, 2012.

[44] M. Rodriguez andD. A. Potter, “CYP1A1 regulates breast cancer
proliferation and survival,” Molecular Cancer Research, vol. 11,
no. 7, pp. 780–792, 2013.

[45] V. P. Androutsopoulos, A. Papakyriakou, D. Vourloumis, A.
M. Tsatsakis, and D. A. Spandidos, “Dietary flavonoids in
cancer therapy and prevention: substrates and inhibitors of
cytochromeP450CYP1 enzymes,”Pharmacology andTherapeu-
tics, vol. 126, no. 1, pp. 9–20, 2010.

[46] J. Liu, J. Sridhar, and M. Foroozesh, “Cytochrome P450 family
1 inhibitors and structure-activity relationships,”Molecules, vol.
18, no. 12, pp. 14470–14495, 2013.

[47] M. Turpeinen and U. M. Zanger, “Cytochrome P450 2B6:
function, genetics, and clinical relevance,”DrugMetabolism and
Drug Interactions, vol. 27, no. 4, pp. 185–197, 2012.

[48] S. Pentyala, A. Rahman, S. Mishra et al., “Pharmacokinetic
drug interactions of phosphodiesterase-5 inhibitors mediated
by cytochrome P450 3A4 isoform,” International Journal of
Medicine and Medical Sciences, vol. 3, no. 2, pp. 22–31, 2011.

[49] M. Gupta, A. Kovar, and B. Meibohm, “The clinical phar-
macokinetics of phosphodiesterase-5 inhibitors for erectile
dysfunction,” Journal of Clinical Pharmacology, vol. 45, no. 9,
pp. 987–1003, 2005.

[50] B. J. Ring, B. E. Patterson,M. I. Mitchell et al., “Effect of tadalafil
on cytochrome P450 3A4-mediated clearance: studies in vitro
and in vivo,” Clinical Pharmacology & Therapeutics, vol. 77, no.
1, pp. 63–75, 2005.

[51] G. J. Muirhead, K. Wilner, W. Colburn, G. Haug-Pihale, and B.
Rouviex, “The effects of age and renal and hepatic impairment
on the pharmacokinetics of sildenafil,” British Journal of Clinical
Pharmacology, vol. 53, supplement 1, pp. 21S–30S, 2002.

[52] K. R. Korzekwa, N. Krishnamachary,M. Shou et al., “Evaluation
of atypical cytochrome P450 kinetics with two-substrate mod-
els: evidence that multiple substrates can simultaneously bind
to cytochrome P450 active sites,” Biochemistry, vol. 37, no. 12,
pp. 4137–4147, 1998.

[53] Y. Lin, P. Lu, C. Tang et al., “Substrate inhibition kinetics for
cytochrome P450-catalyzed reactions,” Drug Metabolism and
Disposition, vol. 29, no. 4, pp. 368–374, 2001.

[54] M. C. Reed, A. Lieb, and H. F. Nijhout, “The biological
significance of substrate inhibition: a mechanism with diverse
functions,” BioEssays, vol. 32, no. 5, pp. 422–429, 2010.

[55] H. Jiang, F. Zhong, L. Sun, W. Feng, Z.-X. Huang, and X. Tan,
“Structural and functional insights into polymorphic enzymes
of cytochrome P450 2C8,” Amino Acids, vol. 40, no. 4, pp. 1195–
1204, 2011.
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