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ABSTRACT: Analyzing the literature resources used in our previous reports, we calculated
the fractions of the oxidoreductase enzymes FMO (microsomal flavin-containing
monooxygenase), AKR (aldo-keto reductase), MAO (monoamine oxidase), and cytochrome
P450 participating in metabolic reactions. The calculations show that the fractions of P450s
involved in the metabolism of all chemicals (general chemicals, natural, and physiological
compounds, and drugs) are rather consistent in the findings that >90% of enzymatic
reactions are catalyzed by P450s. Regarding drug metabolism, three-fourths of the human
P450 reactions can be accounted for by a set of five P450s: 1A2, 2C9, 2C19, 2D6, and 3A4,
and the largest fraction of the P450 reactions is catalyzed by P450 3A enzymes. P450 3A4
participation in metabolic reactions of drugs varied from 13% for general chemicals to 27%
for drugs.
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1. INTRODUCTION

In our previous report,1 we analyzed the literature reporting the
metabolism of carcinogens divided into the groups of general
chemicals (environmental/industrial), drugs, and natural/
physiological compounds. The results showed a dominant
role for cytochrome P450 (P450) in the activation of chemicals,
especially the three Family 1 P450 enzymes (1A1, 1A2, and
1B1) and P450s 2A6, 2E1, and 3A4. The aldo-keto reductase
(AKR) enzymes were also highly represented. In the metabolic
activation of the potential carcinogens, six P450s, 1A1, 1A2,
1B1, 2A6, 2E1, and 3A4, account for 77% of the reported
activations. In the present review, analyzing the literature
resources used in our previous reports,1−3 we calculated the

participation and the fractions of the oxidoreductase enzymes
FMO (microsomal flavin-containing monooxygenase), AKR
(aldo-keto reductase), and MAO (monoamine oxidase), and
P450s involved in metabolic reactions, as reported in the
literature. Typical reactions catalyzed by these enzymes are

where R denotes part of the molecule.
We compared the results with those obtained when fractions

of the enzymes participating in metabolic activation was
considered.1

To our knowledge, there has not been an effort to categorize
in detail the human P450 enzymes involved in the metabolism
of all chemicals, to compare the results with the fraction of the
enzymes involved in the metabolism of the chemicals as divided
into subgroups such as general chemicals (environmental/
industrial chemicals), natural and physiological compounds,
and drugs (as divided into marketed drugs and new chemical
entities or drug candidates), taking into account also the major

Received: November 3, 2014

Review

pubs.acs.org/crt

© XXXX American Chemical Society A dx.doi.org/10.1021/tx500444e | Chem. Res. Toxicol. XXXX, XXX, XXX−XXX

pubs.acs.org/crt


and minor metabolic reactions of each particular chemical or
drug. We thought that this would be a useful exercise in light of
continuing scientific interest in the metabolism of chemicals,
drugs, and natural products in relation to drug−general
chemical, drug−natural compound, and general chemicals−
natural compound interactions and the possible clinical
consequences of such interactions.

2. APPROACH

The analysis of the literature data was performed by calculating
the number of reactions in which a particular chemical
interacted with a specific enzyme. Furthermore, the reactions
were additionally divided into major and minor reactions based
on the kinetic values and/or description of the role of the
reaction in the overall metabolism of a particular chemical as
reported in the literature resources.1−3 In addition to the
reactions in which parent compounds participated as substrates,
reactions of metabolites were also counted when they
participate as substrates in particular reactions. Searches were
done using the PubMed database, accessing the MEDLINE
database of references and abstracts. In the latter stages, the
existing literature and the original papers were systematically
analyzed, extracting those data related to the metabolism of
chemicals by subdividing the compounds into three groups:
“general” chemicals, drugs, and physiological (i.e., natural)
compounds. This is a rather qualitative evaluation, and the
reader is referred to a more comprehensive list in the
Supporting Information. The literature sources used were
original, as well as review papers covering the publishing period
from the years 1976−2008. In addition to the cited references,
the literature sources, as well as the list of compounds and the
reactions taken into account for calculations, are presented in
the (Supporting Information) or can be searched by using the
Web searchable ADME database.4

The following limits were used when numerical values of the
kinetic parameters from the literature were interpreted as “low”
for minor reactions: kcat < 1 min−1, Km > 2 μM, and catalytic
efficiency (kcat/Km) < 0.02 min−1 μM−1.3

3. FMO, AKR, AND MAO ENZYMES

Participation of human oxidoreductases and cytochrome P450
enzymes in the metabolism of chemicals as a general group and
divided into separate subgroups (i.e., drugs, physiological
compounds, and general chemicals, environmental/industrial
chemicals) is presented in Figures 1−4 or Table 1. As
anticipated, the results (Figures 1−4) show that 92 to 96% of
metabolic oxidation−reduction reactions of all chemicals are
catalyzed by P450s. When the groups of chemicals were
analyzed, the results showed the highest value for participation
of P450 enzymes (∼96%, Figure 3A) in the metabolism of
drugs, and the lowest value (∼92%, Figure 2A) was calculated
for general chemicals as substrates. An intermediate value
(∼94%) for participation of the P450 enzymes was calculated
for natural and physiological compounds as substrates (Figure
4A). FMO, AKR, and MAO enzymes collectively participate in
the metabolism of all chemicals to the extent of ∼5%. When
general chemicals as a separate group are taken as substrates,
FMO and AKR enzymes participate at equally low extents
(∼3%, Figure 2A). However, the representation of FMO
enzymes is higher when drugs were analyzed as substrates
(∼2%, Figure 3A). Taking natural and physiological com-
pounds into calculation (Figure 4A), AKR enzymes predom-

inate (∼4%) over FMO and MAO enzymes (∼1% each).
However, it should be emphasized that the numbers presented
in this work are estimates and cannot be precise, in that they

Figure 1. (A) Human oxidoreductases participating in the metabolism
of all chemicals. n = 8320 reactions; 1829 compounds used in
calculations. (B) Human P450s participating in the metabolism of all
chemicals (drugs, physiological compounds, and general chemicals), n
= 7906 data reactions; 1829 compounds used in calculations.

Figure 2. (A) Human oxidoreductases participating in metabolism of
general chemicals. n = 2437 reactions; 638 compounds used in
calculations. (B) Human P450s participating in metabolism of general
chemicals. n = 2248 reactions; 638 compounds used in calculations.
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are influenced by a number of different factors such as quality
of the research done, conclusions and interpretations by
authors (of the articles in the database), and by the subjective
approach of the collector and interpreters of the published
results. Therefore, the small differences in percentages,
although minor, may exist, but our reuslts are supported by
the data used for the calculations.

4. P450s
Two prominent analyses of the literature5,6 show that fractions
of P450s involved in the metabolic clearance of the 200 most
prescribed drugs are rather consistent in the findings that (i)
∼75% of drugs are metabolically cleared mainly by P450s, (ii)
∼90% of the P450 reactions can be accounted for by a set of
five P450s, 1A2, 2C9, 2C19, 2D6, and 3A4, and that (iii) the
largest fraction (∼46%) of the P450 reactions is catalyzed by
P450 3A enzymes.
Our analysis showed the following: participation of P450s in

metabolism when data for all chemicals (drugs, physiological
compounds, and general chemicals) were analyzed showed, as
expected, that P450 3A4 is a major enzyme (20%), followed by
P450 2D6 and P450 1A2 (10% each), P450 2C9 (9%), P450
2C19 (8%), and P450 1A1 (7%) (Figure 1B and Table 1).
Minor contributions were seen for P450 2E1 (5%), P450s 3A5,
2A6, and 2C8 (4% each), and P450 1B1 (3%), while others of
the set of 57 human P450s contributed an additional 11% of
the metabolic reactions. Interestingly, the enzymes that are
responsible for activation of chemicals to toxic products, such as
P450s 1B1, 2A6, and 2E1,1 contributed to the metabolism of all
compounds only to a minor extent.
Analysis of P450s in the metabolism of general chemicals

(environmental/industrial) revealed that the major participat-

ing P450 enzymes were 1A2 (15%), 3A4 (13%), P450 1A1
(11%), 2D6 and 2E1 (8% each), 2C9 (7%), 2C19, and 1B1 and
P450 2B6 (6% each) (Figure 2B and Table 1). Minor
contributions were calculated for P450s 2A6 (5%), 2C8
(3%), and 3A5 (2%). Other P450 enzymes contributed a
total of 10% to the metabolic reactions. These results are in
good agreement with the results on the participation of the
major enzymes in activation of potential toxicants (i.e., P450s
1A1, 1A2, 1B1, 2A6, 2E1, and 3A4).1

Participation of P450s in metabolism, using the data for
drugs under development and marketed drugs, showed that the
major enzymes are P450s 3A4 (27%), 2D6 (13%), 2C9 (10%),
2C19 (9%), and 1A2 (9%) (Figure 3B and Table 1). Minor
contributions were seen for P450s 3A5 (6%), 1A1 and 2C8
(5% each), 2B6 (4%), 2E1 (3%), 2A6 (2%), and 1B1 (1%). All
other human P450s contributed a total of 6% to the metabolic
reactions.
Analysis of P450s in metabolism for natural and physiological

compounds gave the following results: the major enzymes were
P450s 3A4 (15%), 2C9 (8%), 1A2 (8%), 1A1 (7%), and 2C19
and 2D6 (6% each) (Figure 4B and Table 1). Minor
contributions were seen for P450s 1B1, 2E1, and 2A6 (4%
each), and 2B6, 2C8, and 3A5 (3% each). Other P450s
contributed a total of 29% to the metabolic reactions. Also in
this case, the percentages we calculated might be influenced by
factors mentioned before. In addition (and somewhat
surprisingly), drugs are not metabolized to a great extent by
AKR enzymes compared to that of the other groups of
compounds investigated.

Figure 3. (A) Human oxidoreductases participating in the metabolism
of drugs (calculation for drugs under development and marketed
drugs). n = 4192 reactions; 860 drugs used in calculations. (B) Human
P450 enzymes in the metabolism of drugs (data calculated for minor
and major reactions, drugs under development, and marketed drugs).
n = 4058 reactions; 860 drugs used in calculations.

Figure 4. (A) Human oxidoreductases participating in the metabolism
of natural and physiological compounds. n = 1693 reactions; 331
compounds used in calculations. (B) Human P450s participating in
the metabolism of natural/physiological compounds. n = 1601
reactions; 331 compounds used in calculations.

Chemical Research in Toxicology Review

dx.doi.org/10.1021/tx500444e | Chem. Res. Toxicol. XXXX, XXX, XXX−XXXC



To further analyze the participation of P450 enzymes in the
metabolism of drugs, calculations were performed using data
only for drugs which are on the market and data for both the
drugs on the market and drugs under development, selecting
also for the data for major reactions (Table 1). The results were
very similar to those presented in Figure 3B, with minor
differences. Calculated data show again that the major
participating enzymes are P450s 3A4 (22 and 29%, marketed
drugs and drugs under development, respectively), 2D6 (14%
and 12%, marketed drugs and drugs under development,
respectively), 2C9 (10%, both marketed drugs and drugs under
development,), 2C19 (9% and 8%, marketed drugs and drugs
under development, respectively), and 1A2 (8%, marketed
drugs and drugs under development) (Table 1). These data
correspond well to those presented in Figure 3B and show that
the method of calculation did not influence the results in a
major way.

5. DISCUSSION

This is an effort to add to our work on chemical carcinogens in
2012.1 The most commonly cited references on the topic are
papers by Williams et al.5 and Wienkers et al.,6 both of which
are from pharmaceutical industry authors and deal with drugs.
Ten years later, we note that the general conclusions are still
valid, with some possible changes. We have expanded the effort
to include other chemicals.
At the outset, we should discuss some caveats about

interpretation of the results. First, we emphasize that this
analysis is restricted to oxidation and reduction (Figures 1−4).
In previous analysis with drugs,5 UDP-glucuronosyl transferases
and esterases were the major non-450 enzymes involved in
metabolism, together accounting for most of the 25% of drug
metabolism outside of the P450s.
The second major caveat is that the percentages in the graphs

(Figures 1−4) and Table 1 reflect the groups of compounds
that have been studied the most. As we pointed out in our work
with chemical carcinogens,1 the fact that many polycyclic
aromatic hydrocarbons have been studied extensively skews the
charts in favor of Family 1 P450s. Likewise, the same point can

be made about some P450s oxidizing members of closely
related families of drugs or natural products.
The third caveat is that including a report of the involvement

of a particular enzyme in the oxidation of a compound does not
necessarily reflect the extent of the contribution of that enzyme
to the reaction/metabolism. For example, if one enzyme
contributed 20% to the clearance of a chemical and another
60%, both might be included. In many cases, the exact
contributions are not known, and there is no good way to
circumvent this issue in arriving at simple conclusions.
The fourth caveat deals with enzyme overlap. The most

apparent case is with P450s 3A4 and 3A5. Many reactions
catalyzed by P450 3A4 are also catalyzed by P450 3A5,
although generally (but not always) at lower rates. Therefore,
the contributions of P450 3A5 presented here may be
misleading in terms of the importance of that enzyme.
Finally, the fractions in Figures 1−4 may change as orphan

enzymes (P450s)7 are characterized. We cannot yet approx-
imate how much of an effect there will be.
Comparisons may be made with previous percentages, at

least for drugs.5,6 The main five P450s are still 1A2, 2C9, 2C19,
2D6, and 3A4. Collectively, these five P450s accounted for 74%
of the P450 metabolism of drugs (when P450 3A5 is included
along with 3A4). It is somewhat surprising that P450s 2C19
and 2D6 still account for such large fractions of drug
metabolism (8 and 12%, respectively, Figure 3B and Table
1), in spite of bias against these in development (due to their
extensive polymorphism).
Several reports indicate that several steroid metabolizing

P450s can bind to and oxidize drug molecules.8−12 These
results are unexpected, but the fraction of all drugs metabolized
by “other P450s” is still relatively low (8%, Table 1).
In this and our recent review of enzymes involved in

carcinogen metabolism,1 we have tried to catalog which
enzymes have major roles in chemical oxidations. We conclude
those P450s are the major ones for all chemicals. All of the
P450s are of interest for a variety of reasons. We present this
information as a guide to promote interest in these and to

Table 1. Summary of Percentages of Metabolism Attributed to Enzymesa

enzymes all chemicals general chemicals natural and physio- logical chemicals drugs marketed drugs drugs in development

FMO 2 3 1 2
MAO 1 2 1 1
AKR 2 3 4 1
other (non-P450) <1 <1 <1 <1
P450s
1A1 7 11 7 5 4 4
1A2 10 15 8 9 8 8
1B1 3 6 4 1 1 1
2A6 4 5 4 2 3 2
2B6 5 6 3 4 5 4
2C8 8 3 3 5 6 5
2C9 4 7 8 10 10 10
2C19 9 6 6 9 9 8
2D6 10 8 6 13 14 12
2E1 5 8 4 3 4 3
3A4 20 13 15 27 22 29
3A5 4 2 3 6 6 6
other P450s 11 10 29 6 8 8

aPercentages are derived from Figures 1−4. The percentages presented in the table (and Figures 1−4) are based on the number of reactions rather
than the number of compounds because many chemicals can undergo multiple reactions.
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consider priorities in terms of analysis of the enzymes involved
in metabolism of chemicals.
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