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Abstract OBJECTIVES: Of several enzymes metabolizing xenobiotics, cytochrome P450 
(CYP) and peroxidase enzymes seem to be most important. One of the major 
challenges in studies investigating metabolism of xenobiotics is to resolve which 
of these two groups of enzymes is predominant to metabolize individual xeno-
biotic compounds. Utilization of selective inhibitors of CYP and peroxidase 
enzymes might be a useful tool to identify the contribution of these enzymes to 
metabolism of xenobiotics in samples, where both types of enzymes are pres-
ent. The aim of this study was to investigate specificities of several known CYP 
inhibitors to these enzymes; whether they inhibit only the CYP enzymes and do 
not inhibit peroxidases. METHODS: Since the oxidation of o-anisidine catalyzed 
by a model peroxidase used, horseradish peroxidase (HRP), is a two-substrate 
reaction, the inhibition potential of tested chemicals was studied with respect to 
both peroxidase substrates, o-anisidine and hydrogen peroxide. Initial velocities 
of o-anisidine oxidation by HRP under various conditions were determined spec-
trophotometrically. RESULTS: The CYP inhibitors metyrapone, troleandomycine, 
disulfiram, sulfaphenazole, quinidine and 1-aminobenzotriazole do not inhibit 
o-anisidine oxidation catalyzed by HRP. In contrast, ketoconazole, diethyldithio-
carbamate, ellipticine, α-naphtoflavone, proadifen SKF525A, piperonylbutoxide, 
were found to inhibit not only the CYPs, but also the HRP-mediated oxidation 
of o-anisidine. Interestingly, α-naphtoflavone inhibits oxidation of o-anisidine by 
HRP with respect to H2O2, but not with respect to o-anisidine. Diethyldithio-
carbamate is the most potent peroxidase inhibitor of o-anisidine oxidation with 
Ki with respect to o-anisidine of 10 μM and Ki with respect to H2O2 of 60 μM, 
being even the better peroxidase inhibitor than the classical “peroxidase inhibi-
tor” – propyl gallate (Ki with respect to o-anisidine of 60 μM and Ki with respect 
to H2O2 of 750 μM). CONCLUSIONS: The results of the present study demonstrate 
that 1-aminobenzotriazole, a potent inhibitor of various CYP enzymes, seems to 
be the best candidate suitable for utilization in studies evaluating participation of 
CYP enzymes in metabolism of xenobiotics in various complex biological materi-
als containing both CYP and peroxidase enzymes. Moreover, precaution to pre-
vent misinterpretation of results is necessary in cases when proadifen SKF525A, 
piperonylbutoxide, diethyldithiocarbamate, ketoconazole, α-naphtoflavone and 
ellipticine are used in similar studies (as CYP inhibitors in various complex 
biological materials containing both CYP and peroxidase enzymes), since these 
chemicals can except of CYP enzymes inhibit also peroxidase-mediated reactions.
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Abbreviations:
CYP  - cytochrome P450
HRP  - horseradish peroxidase 
Ki  - Inhibition constant
Km  - Michaelis constant 
UV  - ultraviolet
VIS  - visible
Vmax  - maximum reaction rate

INTRODUCTION

Cytochromes P450 (CYP) (EC 1.14.14.1) and peroxi-
dases (EC 1.11.1.7) are two distinctive families of hemo-
proteins that play an important role in the metabolism 
of a wide variety of xenobiotics such as drugs and other 
foreign compounds, i.e., carcinogens and endogenous 
substances (Guengerich & Shimada 1991; Gonzalez & 
Gelboin 1992; Stiborova et al. 2000; Miksanova et al. 
2001; Naiman et al. 2010). These enzymes are ubiq-
uitous among prokaryotic and eukaryotic organisms 
including plant and animal kingdom (Miksanova et al. 
2001; Stiborova et al. 2003)

Functions of both types of the enzymes in metabo-
lism of xenobiotics in organisms as well as their contri-
bution to such metabolism are the subject of extensive 
investigation (Guengerich & Shimada 1991, Gonzalez 
& Gelboin 1992; Rendic & DiCarlo 1997; Stiborova 
et al. 2000; Miksanova et al. 2001). It should be how-
ever mentioned that their contribution to metabolism 
of xenobiotics in a very complex biological material 
containing both CYPs and peroxidases is difficult to 
be resolved. One of the useful tools to identify partici-
pation of individual types of enzymes in metabolism 
of xenobiotics is employing the selective inhibitors of 
these enzymes. Nevertheless, whereas inhibitors of CYP 
enzymes have already been identified (Guengerich & 
Shimada 1991; Bourrie et al. 1996; Rendic & DiCarlo 
1997), there is essentially no information about their 
effects on peroxidases. In addition, selective inhibitors 
of peroxidases are not known. Only a few of the com-
pounds such as cyanide, azide and propyl gallate have 
been utilized as the “peroxidase inhibitors” (Grintsev-
ich et al. 2000), but again nothing is known about their 
specificities to inhibit only peroxidases. Namely, mini-
mum information exists whether these compounds can 
inhibit also other heme enzymes, including CYPs (Yang 
& Strickhart 1974).

Recently, some inhibitors of CYPs have been 
reported not to be selective enough to inhibit CYPs, 
exhibiting an inhibition potential also to several other 
enzymes metabolizing xenobiotics (Izumi et al. 1994). 
Moreover, the majority of CYP inhibitors has not been 
ever tested for their potential to inhibit peroxidase reac-
tion. Besides the CYP inhibitors selective to individual 
CYP enzymes such as CYP3A4, 1A, 2C, 2A6, 2D6 and 
2E1, the enzymes that are expressed at high levels in 
the major organ responsible for metabolism of xeno-
biotics – in the human liver, there are also compounds 
capable of inhibiting a majority of various individual 

CYP enzymes (Emoto et al. 2003; Kluwe & Hook 1981). 
Here, we investigated whether both groups of CYP 
inhibitors, (i) unspecific inhibitors, inhibiting the vari-
ous CYP enzymes (so called general CYP inhibitors) 
(1-aminobenzotriazole, proadifen SKF525A and piper-
onylbutoxide) and (ii) inhibitors of individual CYP 
enzymes (diethyldithiocarbamate, disulfiram, ketocon-
azole, methyrapone, α-naphtoflavone, sulfaphenazole, 
troleandomycine, quinidine, ellipticine) (Scheme 1) can 
influence the peroxidase activity. 

In this report, we investigated the effects of twelve 
CYP inhibitors with different structures (1-aminoben-
zotriazole, piperonylbutoxide and proadifen SKF525A, 
which inhibit various CYP isoforms; α-naphtoflavone, 
an inhibitor of CYP1A; sulfaphenazole, which inhibits 
CYP2C; quinidine, which inhibits CYP2D; diethyldi-
thiocarbamate, which inhibits CYP2E1 and CYP2A6; 
disulfiram, which inhibits CYP2E1; ellipticine, which 
inhibits CYP1A and 3A; ketoconazole, metyrapone 
and troleandomycine, which inhibit CYP3A) (Kluwe 
and Hook 1981, Bourrie et al. 1996, Rendic & DiCarlo 
1997, Emoto et al. 2003, Aimova & Stiborova 2005) and 
another compound that is used as an inhibitor of perox-
idase, propyl gallate (Reddan et al. 2003) (Scheme 1) on 
peroxidase activity. Propyl gallate, being a representa-
tive of classical “peroxidase inhibitor”, was also utilized 
in this study, in order to compare its inhibition poten-
tial on the peroxidase reaction with that of other tested 
compounds. Horseradish peroxidase (HRP) was used 
as a model peroxidase and oxidation of its substrate, 
o-anisidine (Stiborova et al. 2002) (Scheme 2), as a 
model reaction catalyzed by HRP. The aim of this study 
was to evaluate whether the well known CYP inhibi-
tors do not influence the peroxidase mediated reactions 
and, hence, to re-evaluate their CYP selectivity. 

MATERIAL AND METHODS

Chemicals and enzymes

Chemicals were obtained from the following sources: 
horseradish peroxidase type VIA, α-naphthoflavone, 
ketoconazole, diethyldithiocarbamate, sulfaphenazole, 
troleandomycine, quinidine, disulfiram, methyrapone, 
1-aminobenzotriazole, proadifen SKF525A and propyl 
gallate from Sigma Chemical Co. (St. Louis, MO, USA); 
2-methoxyaniline (o-anisidine), ellipticine, dimethyl 
sulfoxide, piperonylbutoxide from Fluka Chemie AG 
(Buchs, Switzerland). All chemicals were reagent grade 
purity or better. 

Incubation and analysis of the enzyme reaction

The reaction mixtures consisted of 0.1 μg HRP, 0.03–
0.6 mM H2O2, 0.07–0.75 mM o-anisidine in the final 
volume of 1.0 ml of 0.1 M phosphate buffer, pH 6.5. 
The reaction was started by addition of the H2O2 and 
the absorbance at 460 nm was followed for the initial 
30 seconds on a Hewlett Packard 8453 UV spectro-
photomer. An increase in absorbace at 460 nm clearly 
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reflects the initial formation of diimine of o-anisidine 
(λmax=460 nm) caused specifically by the peroxidase 
reaction (Scheme 2) (Stiborova et al. 2002).

Inhibition studies

In order to test the inhibition potential of the above 
mentioned compounds on the reactions catalyzed 
by HRP, inhibition experiments were performed as 

reported previously (Miksanova et al. 2001) with slight 
modifications. The compounds tested in the study 
were dissolved in 10.0 μl of methanol (sulfaphenazole, 
troleandomycine, propyl gallate), ethanol (quini-
dine), dimethyl sulfoxide (metyrapone, disulfiram, 
α-naphtoflavone, ellipticine) or buffer (diethyldithio-
carbamate) and added to the incubation mixtures, com-
position of which was the same as described above (see 

Scheme 1. Chemical structure of compounds tested for their potential to inhibit peroxidase reaction.
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chapter Incubation and analysis of the enzyme reac-
tion) to yield final concentrations of 0.01-10 mM. An 
equal volume of methanol, ethanol, dimethyl sulfoxide 
or buffer alone was added to the control incubations (0 
mM inhibitor). The reaction was started by addition of 
the H2O2 and the absorbance at 460 nm was followed 
for the initial 30 seconds on a Hewlett Packard 8453 
UV spectrophotomer. All experiments were performed 
at least three times and are shown in the Table 1 as the 
mean values. The oxidation of o-anisidine catalyzed by 
HRP is the two-substrate reaction obeying the ping-
pong mechanism (Stiborova et al. 2002). Therefore, the 
inhibition potential was studied with respect to both 
substrates separately. The inhibition study with respect 
to o-anisidine was performed under excess of H2O2 
(0.6 mM) and the inhibition study with respect to H2O2 
was performed under excess of o-anisidine (0.75 mM). 
The inhibition constants were obtained from the Dixon 
plots ([I] versus 1/v). Kinetic analyses were carried out 
using the non-linear least-squares method (Origin v7, 
OriginLab). 

RESULTS

Since oxidation of o-anisidine catalyzed by HRP is the 
two-substrate reaction (Stiborova et al. 2002), the inhi-
bition potential of the tested compounds was studied 
with respect to both substrates. 

Of the 13 compounds (Scheme 1) tested for their 
potential to inhibit oxidation of o-anisidine by HRP, 
1-aminobenzotriazole, which inhibit various CYP 
enzymes; disulfiram, which inhibits CYP2E1; metyra-
pone, which inhibit CYP3A; quinidine, which inhibits 
CYP2D; sulfaphenazole, which inhibits CYP2C and 
troleandomycine, a CYP3A inhibitor, do not inhibit 
o-anisidine oxidation catalyzed by HRP. In contrast to 
these results, α-naphtoflavone, an inhibitor of CYP1A; 
ketoconazole, an inhibitor of CYP3A; proadifen 
SKF525A and piperonylbutoxide, which inhibit various 
CYP enzymes, ellipticine, an inhibitor of CYP1A and 
3A, propyl gallate, a radical scavenger used as “peroxi-
dase inhibitor” (Reddan et al. 2003) and diethyldithio-
carbamate, which inhibit CYP2E1 and CYP2A6, inhibit 
the model peroxidase reaction, but with different effi-
ciencies (Table 1, Figures 1-4). 

The values of inhibition constants of these com-
pounds to inhibit oxidation of o-anisidine ranged 
between 0.01 to 3 mM (Table 1). The values of inhibition 
constants with respect to o-anisidine were usually more 
than five times lower than the values of inhibition con-
stants with respect to H2O2. Ketoconazole, proadifen 
SKF525A and piperonylbutoxide exhibited either very 
weak or no measurable efficiency to inhibit the model 
peroxidase reaction with respect to H2O2. Therefore, it 
was impossible to determine the values of their inhibi-
tion constants; no inhibition constants with respect to 
H2O2 could be determined for ketoconazole, proadifen 
SKF525A and piperonylbutoxide (Table 1). Different 
situation was, however, observed with α-naphtoflavone. 
α-Naphtoflavone did not inhibit HRP with respect to 
o-anisidne, but the inhibition with respect to H2O2 was 
measurable (Table 1, Figure 3). 

Ellipticine, propyl gallate and diethyldithiocarba-
mate exhibited classical competitive inhibition of HRP 
with respect to o-anisidine oxidation. The values of their 
inhibition constants with respect to H2O2 were signifi-
cantly lower than the values of inhibition constants with 
respect to o-anisidine (Table 1). It was seen from the 
absorption spectra measured during the inhibition of 
o-anisidine oxidation with ellipticine and propyl gallate 
that new peaks with characteristic wavelengths different 
from those of the original HRP substrate (o-anisidine) 
and/or o-anisidine metabolites were visible (data not 
shown). They might originate from oxidation of ellip-
ticine and/or propyl gallate by HRP. Therefore, these 
compounds seem to be the substrates of HRP, as it has 
already been found for ellipticine (Stiborova et al. 2007, 
2010, 2011). However, in the case of adding the diethyl-
dithiocarbamate to the reaction mixture, no new peaks 
corresponding to its metabolite were observed. 

Tab. 1. Inhibition constants Ki of chemicals for o-anisidine 
oxidation catalyzed by HRP.

Compound Ki
o-anisdine Ki

H
2

O
2

1-Aminobenzotriazole NO INHIBITION

Disulfiram NO INHIBITION

Metyrapone NO INHIBITION

Quinidine NO INHIBITION

Sulfaphenazole NO INHIBITION

Troleandomycine NO INHIBITION

α-Naphtoflavone NO INHIBITION
0.01mM 

competitive

Proadifen SKF525A
3.00 mM 

competitive
NO INHIBITION

Piperonylbutoxide
0.38 mM 

competitive
NO INHIBITION

Ketoconazole
0.13 mM 

competitive
NO INHIBITION

Propyl gallate
0.06 mM 

competitive
0.75 mM 

competitive

Ellipticine
0.03 mM 

competitive
0.35 mM 

competitive

Diethyldithiocarbamate
0.01 mM 

competitive
0.06 mM 

competitive

Experimental conditions are described in Material and methods, 
o-anisidine (0.07 – 0.75 mM), H2O2 (0.03 - 0.6 mM) and 0.1 μg HRP 
were present in the incubation. The inhibition study with respect to 
o-anisidine was performed under excess of H2O2 (0.6 mM) and the 
inhibition study with respect to H2O2 was performed under excess 
of o-anisidine (0.75 mM). Values in the table are averages of three 
determinations.
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Of the tested compounds, diethyldithiocarbamate 
was the strongest peroxidase inhibitor having values 
of the inhibition constants of Ki

o-anisidine equaled to 10 
μM and Ki

H2O2 equaled to 60 μM, followed by ellip-
ticine and propyl gallate (Table 1, Figures 1 and 2). 
Interestingly, the value of the inhibition constant of 
α-naphtoflavone with respect to H2O2 was estimated 
to be 10 μM. However, α-naphtoflavone did not show 
any inhibition of o-anisidine oxidation with respect to 
o-anisidine (Table 1, Figure 3).

DISCUSSION

The results of the present study show that both inhibi-
tors of individual CYP enzymes such as metyrapone, 
troleandomycine, disulfiram, sulfaphenazole and 

quinidine (Bourrie et al. 1996) and 1-aminobenzotri-
azole, which is considered to be a general inhibitor of 
CYPs (Emoto et al. 2003), do not inhibit o-anisidine 
oxidation catalyzed by HRP (Table 1). Therefore, these 
compounds proved their high selectivity only to CYP. 
In the case of sulfaphenazole, one could speculate that 
the aromatic amino group in its molecule (Scheme 1) 
could be a target of the peroxidase reaction, because 
chemicals containing aromatic amino groups are 
known to be the excellent peroxidase substrates (Sti-
borova et al. 2000, 2002). However, we proved that 
sulfaphenazole does not inhibit peroxidase-mediated 
oxidation of o-anisidine. Therefore it is probably not 
oxidized by peroxidase or the rate of its oxidation is 
several orders of magnitude lower than the rate of oxi-
dation of o-anisidine.
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Fig. 1. Initial velocities of o-anisidine oxidation by HRP to diimine in excess of o-anisidine (0.75 mM) (A) and in excess of H2O2 (0.6 mM) (B) 
either in the absence or in the presence of different concentrations of diethyldithicarbamate. Experimental conditions are described in 
Material and methods. DDTC, diethyldithiocarbamate. 

Fig. 2. Dixon plots of initial velocities of o-anisidine oxidation catalyzed by HRP versus concentrations of diethyldithicarbamate in the excess 
of o-anisidine (0.75 mM) (A) and in the excess of H2O2 (0.6 mM) (B). Experimental conditions are described in Material and methods. 
DDTC, diethyldithiocarbamate.
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α-Naphtoflavone, an inhibitor of CYP1A, ketocon-
azole, an inhibitor of CYP3A, proadifen SKF525A and 
piperonylbutoxide, which inhibit various CYP isoforms 
inhibit o-anisidine oxidation by HRP, but only to a cer-
tain extent (Table 1). These four chemicals inhibited 
the reaction either with respect to o-anisidine (keto-
conazole, proadifen SKF525A and piperonylbutoxide) 
or with respect to H2O2 (α-naphtoflavone). The reason, 
why the peroxidase inhibition by α-naphtoflavone 
with respect to o-anisidine was not found, might be 
the chemical structure of this compound. Whereas no 
binding of this compound to the HRP active centre 
probably occurs, the excess of H2O2 present in the 
reaction mixture might cause destroying the enzyme 

protein structure and therefore its enzymatic activity. 
Likewise, other chemicals with a low inhibition poten-
tial for HRP (ketoconazole, proadifen SKF525A and 
piperonylbutoxide) seem to be the compounds with 
much lower binding affinities to HRP (if any), com-
pared with o-anisidine. 

Another CYP inhibitor, diethyldithiocarbamate, 
known as an inhibitor of CYP2E1 and 2A6, was a 
strong inhibitor of o-anisidine oxidation by HRP. Of 
the compounds tested in this study, this compound was 
even the strongest peroxidase inhibitor with Ki

o-anisidine 
of 10 μM and Ki

H2O2 of 60 μM (Table 1, Figure 1 and 
Figure 2). Diethyldithiocarbamate has not been proven 
to be a true inhibitor of HRP or its real substrate, but it 
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Fig. 3. Initial velocities of o-anisidine oxidation by HRP to diimine in excess of o-anisidine (0.75 mM) (A) and in excess of H2O2 (0.6 mM) 
(B) either in the absence or in the presence of different concentrations of α-naphtoflavone. Experimental conditions are described in 
Material and methods. DMSO, dimethyl sulfoxide

Fig. 4. Initial velocities of o-anisidine oxidation by HRP to diimine in excess of o-anisidine (0.75 mM) (A) and in excess of H2O2 (0.6 mM) (B) 
either in the absence or in the presence of different concentrations of piperonylbutoxide. Experimental conditions are described in 
Material and methods. 
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is known that interacts directly with H2O2. Hydrogen 
peroxide oxidizes diethyldithiocarbamate, leading to 
the formation of disulfiram, a dimer of it having a disul-
fide group (Bottu 1989). Moreover, we found that disu-
firam did not inhibit o-anisidine oxidation catalyzed 
by HRP, however, its in vivo metabolite, diethyldithio-
carbamate (Cobby et al. 1977) causes a strong decrease 
in its oxidation. Mankhetkorn et al. (1994) found that 
no radical intermediate was observed in this process. 
In the presence of an excess of any of the reagents, the 
hydrated form of disulfiram transforms into different 
products corresponding to the fixation of oxygen by 
sulfur atoms or replacement of C = S group by ketone 
function, in the presence of an excess of hydrogen per-
oxide (Mankhetkorn et al. 1994). In addition, diethyldi-
thiocarbamate can reduce the radicals generated during 
the oxidation of o-anisidine by HRP (Stiborová et al. 
2002) back to the initial compound, o-anisidine. 

It should be noted that some of the CYP inhibitors 
tested in this work had already been analyzed for their 
efficiencies to inhibit peroxidases. For example, keto-
conazole has already been reported to inhibit lactoper-
oxidase with IC50 of 0.2 mM (Comby et al. 1994), while 
piperonylbutoxide has showed no effects on activity of 
another peroxidase, manganese peroxidase (Ning et al. 
2010). Likewise, diethyldithiocarbamate has already 
been shown that it can inhibit myeloperoxidase (Izumi 
et al. 1994) and tobacco cell peroxidases (as a non-
competitive inhibitor) (Plewa et al. 1991). However, 
the exact mechanisms of inhibition of peroxidases by 
diethyldithiocarbamate have not been evaluated as yet. 
Inhibition constants of diethyldithiocarbamate for HRP 
have been determined in this work for the first time. 

Besides the classical inhibitors of CYPs, we also 
examined the inhibition potential of propyl gallate and 
ellipticine to inhibit HRP activity. Both these chemicals 
were excellent inhibitors of o-anisidine oxidation cata-
lyzed by HRP. Ellipticine is a known substrate of HRP 
(Stiborova et al. 2007), competing with o-anisidine 
for oxidation by HRP, thereby inhibiting this reaction. 
Indeed, it has already been shown that ellipticine is 
oxidized by HRP, lactoperoxidase and cyclooxygenase 
I to ellipticine dimer (Stiborova et al. 2007). Propyl gal-
late is known as a peroxidase inhibitor and also as a 
potent radical scavenger (Reddan et al. 2003; Tayama 
& Nakagawa 2001). This chemical might probably be 
a peroxidase substrate, but it was also suggested that 
it interacts directly with H2O2 and decomposes it 
(Reddan et al. 2003; Tayama & Nakagawa 2001). Perox-
idase-catalyzed oxidation of 2,2‘-azino-di-(3-ethyl-2,3-
dihydrobenzthiazoline-6-sulfonate) was inhibited by 
propyl gallate, values of the inhibition constant equaled 
to 62 μM (Naumchik et al. 2005). Such results are in 
good agreement with our findings. 

Taken together the results found with ellipticine, 
propyl gallate and diethyldithiocarbamate, it should be 
emphasized that they are potent peroxidase inhibitors. 
These compounds are either substrates of the enzyme, 

can decompose the second enzyme substrate, hydrogen 
peroxide, or might reduce the radical intermediates 
generated during oxidation of o-anisidine by HRP back 
to the initial compound. However, such inhibitions 
seem not to be specific only for this enzyme. Ellipti-
cine is also a substrate and inhibitor of other enzymes 
metabolizing xenobiotics such as CYPs (Stiborova et al. 
2007, 2011), propyl gallate is a general radical scaven-
ger (Reddan et al. 2003) and diethyldithicarbamate also 
inhibits superoxidedismutase (Lushchak et al. 2005), 
CYPs and xanthine oxidase (Kober et al. 2003). 

To conclude, the results of our study demonstrate 
that 1-aminobenzotriazole, a potent general CYP 
inhibitor (Emoto et al. 2003), does not influence the 
peroxidase activity measured with o-anisidine as a sub-
strate. Therefore, 1-aminobenzotriazole seems to be the 
best candidate suitable for utilization in studies evalu-
ating participation of CYP and peroxidase enzymes in 
metabolism of xenobiotics in various complex biologi-
cal materials. Also disulfiram, metyrapone, quinidine, 
sulfaphenazole, and troleandomycine, can be utilized 
as selective inhibitors of individual CYP enzymes 
without risk that they can influence the peroxidase 
activity. However, precaution is necessary in the cases 
when proadifen SKF525A, piperonylbutoxide, diethyl-
dithiocarbamate, ketoconazole, α-naphtoflavone and 
ellipticine would be used in such studies, since these 
chemicals can except of CYP enzymes inhibit also per-
oxidase-mediated reactions. 
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