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crystallization of human AOX1 and mouse AOX3. Much 
less is known about the physiological function and physi-
ological substrates of human AOX1 and other mammalian 
AOX isoenzymes, although the importance of these pro-
teins in xenobiotic metabolism is fairly well established 
and their relevance in drug development is increasing. This 
review article provides an overview and a discussion of the 
current knowledge on mammalian AOX.
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Introduction

Mammalian aldehyde oxidases (AOXs; EC 1.2.3.1) are 
proteins belonging to the family of molybdoenzymes along 
with xanthine dehydrogenase (XDH) also known as xan-
thine oxidoreductase (XOR) (Carpani et al. 1990; Caz-
zaniga et al. 1994; Falciani et al. 1992, 1994; Hille 1996; 
Ichida et al. 1993; Nishino et al. 2008; Terao et al. 1992), 
sulfite oxidases (Cohen and Fridovich 1971a, b; Lee et al. 
2002; Rajapakshe et al. 2012), mitochondrial amidoxime 
reducing component (mARC) (Gruenewald et al. 2008; 
Havemeyer et al. 2011; Ott et al. 2015), and a number of 
other prokaryotic enzymes (Leimkuhler and Iobbi-Nivol 
2015). Molybdoenzymes require the molybdenum cofactor 
(Moco) for their catalytic activity (Mendel 2013; Mendel 
and Kruse 2012; Mendel and Leimkuhler 2015; Rajagopa-
lan and Johnson 1992; Schwarz and Mendel 2006; Schwarz 
et al. 2009). AOXs and XDHs (xanthine oxidase subfamily) 
are classified as molybdo-flavoenzymes, since they require 
FAD besides Moco to oxidize their substrates (Garattini 
et al. 2008). The primary structure of AOXs and XDHs is 
very similar and the catalytically active form of both types 
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of enzymes is a homodimer consisting of two 150 kDa 
subunits (Fig. 1a). The monomeric subunit of both AOXs 
and XDHs is divided into three distinct regions: an amino-
terminal 25-kDa domain containing two non-identical 
2Fe/2S redox centers, a central 40-kDa domain where the 
FAD-binding site is located and a carboxy-terminal 85-kDa 
domain consisting of the Moco-binding site mapping in 
close proximity to the substrate pocket. As detailed in one 
of the next sections, the structural similarities between ver-
tebrate XDHs and AOXs proteins (approximately 50 % 
average amino acid identity; Fig. 2) indicate that the two 
types of molybdo-flavoproteins have a common evolution-
ary origin. The idea is supported by the fact that verte-
brate AOX and XDH genes are characterized by very simi-
lar exon structures and by strict conservation of the exon/
intron junctions. Indeed, the data available indicate that the 
AOX genes evolved from an ancestral XDH via an initial 
gene duplication event. As detailed in the first section of 
the review article, the number of AOX enzymes is highly 
dependent on the mammalian species considered. Rodents, 

such as mice and rats, are characterized by the largest num-
ber of AOXs, synthesizing the so called AOX1, AOX2, 
AOX3, and AOX4 isoenzymes (Garattini et al. 2009). In 
contrast, humans and the majority of primates produce a 
single AOX isoform, i.e., the orthologue of mouse AOX1.

A major difference between XDHs and AOXs is rep-
resented by substrate specificity. XDHs act preferentially 

Fig. 1  General structure and 
catalytic activity of vertebrate 
AOXs. a The panel shows that 
all vertebrate AOXs consist of 
two identical subunits consist-
ing of an N-terminal domain 
containing the 2Fe/2S redox 
centers (orange). The N-termi-
nal domain is connected to the 
FAD-containing intermediate 
domain (green) via an unstruc-
tured and poorly conserved 
stretch of amino acids. A second 
unstructured hinge region 
links the intermediate domain 
with the C-terminal Moco 
domain which contains the 
substrate pocket. b The catalytic 
cycle of the AOX enzymes is 
schematically represented. A 
generic type of substrate, RH, 
is oxidized to the corresponding 
product, ROH with concomitant 
reduction of MoVI to MoIV. The 
electrons generated are sub-
sequently transferred to FAD, 
with the production of FADH2, 
and molecular O2 which is the 
final electron acceptor giving 
rise to H2O2

Fig. 2  Sequence alignment of human AOX1, mouse AOXs, and 
bovine XDH. The indicated amino acid sequences were aligned with 
the CLUSTAL-W algorithm. The bovine XDH (bXDH) sequence is 
shown as a reference to highlight the sequence similarities between 
mammalian AOXs and XDH. The dark blue line above the sequences 
indicates the 25-kDa domain I containing the two 2Fe/2S redox 
centers whose eight cystein residues chelating the iron atoms are 
indicated by a black solid circle. The red line indicates the 40-kDa 
domain II which contains the FAD-binding site. The light blue line 
indicates the 85-kDa domain III which is endowed with the Moco-
binding site (Moco fingerprint) and the substrate pocket as shown. 
The Glu residue playing a fundamental role in the mechanisms of 
catalysis is marked by a black solid circle. The color code of the 
amino acids is defined by the CLC Main Workbench (www.clcbio.
com)

▸

http://www.clcbio.com
http://www.clcbio.com
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on the two purines, hypoxanthine and xanthine, oxidizing 
them to xanthine and uric acid, respectively (Asai et al. 
2007; Coughlan and Rajagopalan 1980; Hille and Spre-
cher 1987; Nishino 1994; Yamaguchi et al. 2007). Given 
its ability to oxidize hypoxanthine and xanthine, XDH is 
a key enzyme in the catabolism of purines. In contrast, the 
substrate specificity of AOXs is broad, and the physiologi-
cal function of these enzymes is still largely undefined. 
The enzymes oxidize different types of organic aldehydes 
into the corresponding carboxylic acid, hydroxylate vari-
ous hetero-aromatic rings, and catalyze the reduction of 
amino- and sulfo-groups. Clearly, AOXs are not enzymes 
acting specifically on aldehydes. Thus, the general “alde-
hyde oxidase” term adopted to define EC 1.2.3.1 enzymes 
is misleading. The broad substrate specificity of AOXs is at 
the basis of the recognized role played by these enzymes in 
phase I xenobiotic metabolism (Garattini et al. 2008, 2009; 
Garattini and Terao 2011, 2012, 2013).

As for the mechanisms of catalysis, XDH can use both 
NAD+ and molecular oxygen as the final acceptors of the 
reducing equivalents generated during substrate oxida-
tion depending on the enzyme being under the dehydroge-
nase or oxidase form. Indeed, the enzyme can be revers-
ibly or irreversibly converted from the dehydrogenase 

to the oxidase form, which uses solely molecular oxy-
gen as the electron acceptor. In contrast, the classic reac-
tions catalyzed by AOXs produce electrons, which reduce 
only molecular oxygen and generate superoxide anions 
or hydrogen peroxide. A typical AOX catalytic cycle is 
represented in Fig. 1b. The generic substrate, RH, is oxi-
dized into its product, ROH, at the molybdenum center. 
The reducing equivalents generated are conveyed to FAD, 
generating FADH2. FADH2 is subsequently re-oxidized by 
molecular oxygen. The two 2Fe/2S redox centers mediate 
the transfer of electrons between Moco and FAD/FADH2 
serving as the electron sinks responsible for the storage of 
the reducing equivalents during the catalytic cycle.

Moco is central to the catalytic activity of AOXs and 
XDH. Moco synthesis and assembly into vertebrate AOX 
and XDH apo-proteins is a complex process controlled by 
multiple enzymes. Unlike various other cofactors, Moco 
is not a dietary component and it needs to be synthesized 
de novo by the living organism (Fig. 3). The first step in 
Moco biosynthesis is radical-mediated cyclization of GTP 
to (8S)-3′,8-cyclo-7,8-dihydroguanosine 5′-triphosphate 
(3′,8-cH2GTP) which is catalyzed by Moco Synthesis pro-
tein 1A (MOCS1A) in humans (Reiss et al. 1998, 1999). 
This is followed by the biotransformation of 3′,8-cH2GTP 

Fig. 3  Molybdenum cofac-
tor biosynthesis. The figure 
illustrates the last steps of the 
Moco biosynthetic pathway 
in humans. GTP guanosine 
triphosphate, cPMP cyclic 
pyranopterin monophos-
phate, MPT molybdopterin, 
Moco molybdenum cofactor. 
The enzymes involved in the 
sequential biosynthetic steps are 
indicated: MOCS1A molybde-
num cofactor synthetase synthe-
sis 1A, MOCS1B molybdenum 
cofactor synthetase synthesis 
1B, MOCS2A molybdenum 
cofactor synthetase synthesis 
2A, MOCS2B molybdenum 
cofactor synthesis 2B, MOCS3 
molybdenum cofactor syn-
thetase 3, HMCS human Moco 
sulfurase
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into cyclic pyranopterin monophosphate (cPMP) which 
is carried out by MOCS1B (Hover et al. 2013, 2015a, b). 
The second step is represented by the conversion of cPMP 
into molybdopterin (MPT) by MOCS2, which is a heter-
odimeric protein consisting of the two subunits, MOCS2A 
and MOCS2B generated by alternative splicing of the same 
MOCS2 gene (Hahnewald et al. 2006; Reiss et al. 1999) 
and by the adenylyltransferase MOCS3 protein (Matthies 
et al. 2005). Gephyrin catalyzes the last step of the biosyn-
thetic pathway which consists of molybdate insertion into 
MPT to generate Moco (Stallmeyer et al. 1999). The com-
plexity of Moco biosynthetic pathway is at the basis of the 
fact that the presence of detectable levels of AOX mRNAs 
and proteins in specific tissues and cell types does not nec-
essarily indicate the presence of a catalytically active holo-
enzyme. Deficits in single components of the biosynthetic 
pathway may also be responsible for the difficulties often 
encountered in over-expressing active mammalian AOXs 
and XDH holo-enzymes in many eukaryotic cell lines.

This review article is aimed at providing an overview of 
the current knowledge on mammalian AOXs. The first sec-
tion presents a summary of the information available on the 
structure, evolution and mechanisms of catalysis of mam-
malian AOXs. The second chapter focuses on a discussion 
of the few data available relating to the possible physi-
ological significance of AOXs. The emerging relevance of 
human AOX1 and mammalian AOXs in xenobiotic metabo-
lism is covered in the third section, which is followed by 
a chapter containing a series of concluding remarks and 
future perspectives.

Mammalian AOXs: evolution, structure, 
and mechanisms of catalysis

Although the physiological function of mammalian AOXs 
is still largely obscure, the studies conducted in the last 
few years have provided a rather detailed picture of the 
evolution and structure of this group of enzymes. Indeed, 
sequencing of an increasing number of prokaryotic and 
eukaryotic genomes has resulted in the prediction of the 
amino acid sequences of an ever increasing number of 
AOX proteins, providing the necessary basic informa-
tion on the primary structure of these enzymes and cor-
responding genes across many vertebrate species. Gather-
ing and analysis of the sequencing data have generated a 
first draft of AOXs evolutionary history (Kurosaki et al. 
2013). As for the definition of the structural characteristics 
of AOXs, the crystallization of the first mammalian AOX 
protein, i.e., mouse AOX3 (Coelho et al. 2012; Mahro 
et al. 2011), has represented a seminal advancement in the 
field. Further important insights into the structure of cata-
lytically active AOXs have been recently provided by the 

crystallization and structure determination of human AOX1 
(Coelho et al. 2015). The development of a reliable method 
for the expression of recombinant and catalytically active 
molybdo-flavoproteins of mammalian origin in E. coli has 
been instrumental in the conduction of these last structural 
studies. In addition the expression system is an invaluable 
tool for direct functional studies aimed at establishing the 
role played by single amino acids in the catalytic activity of 
mammalian AOXs.

The number of active mammalian AOX isoforms is 
species specific as a result of gene duplication and gene 
deletion/inactivation events during vertebrate evolution

AOXs are present throughout evolution from bacteria to 
man, and they are likely to have originated from a primor-
dial gene duplication event involving an ancestral XDH 
gene (Kurosaki et al. 2013). Subsequently, two distinct 
lines of AOXs evolved, as indicated by the phylogenetic 
tree shown in Fig. 4. Bacteria, algae, plant, and insects 
are characterized by a similar set of AOXs which map to 
one side of the phylogenetic tree whose central portion is 
occupied by XDHs. Conversely, vertebrate AOXs cluster 
together on the opposite side of the dendrogram relative to 
XDHs. Vertebrate AOXs and XDHs are characterized not 
only by high levels of similarity in terms of the amino acid 
sequence, but also as far as the structure of the correspond-
ing genes is concerned. In fact, all vertebrate AOX and 
XDH genes consist of 35 and 36 exons, respectively, and 
the position of the 35 exon–intron junctions within the pro-
tein-coding regions are strictly conserved throughout verte-
brate evolution (Garattini et al. 2008; Kurosaki et al. 2013).

A single and transcriptionally active XDH gene is 
observed in practically all vertebrate species. In contrast, 
sequencing of the available vertebrate genomes predicts 
the presence of one or more AOX genes, each coding for 
a distinct AOX isoenzyme. This is the consequence of a 
process of asynchronous AOX gene duplication events 
which occurred during the evolution of vertebrates, starting 
from fishes. Indeed, while the oldest vertebrate for which 
genomic data are available, i.e., the lamprey, a jawless fish, 
is characterized by a typical XDH gene, the animal is devoid 
of sequences with similarity to AOXs. Ray-finned fishes are 
the first vertebrates endowed with AOX genes and contain 
two such genetic loci, which we named AOXα and AOXβ 
(Garattini et al. 2008). On the basis of a series of considera-
tions, we propose that fish AOXα is the product of the first 
gene duplication event from vertebrate XDH, while AOXβ 
arose from a subsequent duplication involving AOXα.

Mammals are characterized by a maximum of four AOX 
genes coding for a corresponding number of AOX isoen-
zymes. The two extremes are represented by humans, 
which express a single AOX1 protein and rodents, such 
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as mice and rats, which synthesize the four AOX1, AOX2 
(also known as AOX3l1), AOX3 and AOX4 isoenzymes. 
In mice, rats and all the other mammals characterized by 
more than one AOX gene, the AOX loci form a small clus-
ter, as they map to a short region of the same chromosome, 
namely chromosome 1 in the case of mice (Kurosaki et al. 
2004). The four mouse genes are transcribed from the 
same DNA strand and are located in close proximity to 
each other in a head-to-tail configuration, according to the 
following order, AOX1, AOX3, AOX4, and AOX2 (Fig. 5). 
Although it is currently impossible to establish the exact 
order of appearance of the four genes during vertebrate 
evolution, AOX1 is likely to be the most ancient gene.

The presence of a single AOX isoform in humans and 
<4 AOX enzymes in different mammalian species is due to 
species-specific gene deletion or pseudogenization events. 
These deletions and pseudogenizations characterize the 
evolution of AOX genes in mammals. For instance, human 
chromosome 2 presents with the vestiges of the mouse 
AOX3 and AOX2 orthologous genes which underwent a 
process of pseudogenization involving the disappearance 
of several exons. No trace of nucleotide sequences corre-
sponding to the mouse Aox4 ortholog is evident on chro-
mosome 2 in the region separating the AOX3 and AOX2 
pseudogenes or in any other part of the human genome. 
As active AOX4 genes can be predicted in Rhesus mon-
keys, the results are consistent with an AOX4 deletion event 
along the process of evolution from primates to humans.

In conclusion, the evolutionary history of vertebrate 
AOXs involved a first phase which is characterized by a 
species-specific increase in the number of iso-enzymatic 
forms which may have been associated with the necessity 
to acquire new physiological functions. This was followed 
by a second evolutionary phase which resulted in a progres-
sive and species-specific inactivation of one or more of the 
AOXs which is particularly evident in primates and led to 
the maintenance of a single isoform in humans. Interest-
ingly, humans maintain AOX1, which is the most ancient 
AOX isoform, suggesting a non-redundant and common 
functional role of this enzyme in developing and/or adult 
vertebrates.

Crystallization of mouse AOX3 and human AOX1 
provides new insights into the structure and catalytic 
activity of mammalian AOXs: identification of a 
common inhibitor site in AOX and XDH enzymes

The first data on the structure of mammalian AOXs derive 
from the crystallization of native mouse liver AOX3 (Coe-
lho et al. 2012; Mahro et al. 2011) (PDB ID: 3ZYV; 2.9 Å 
resolution). Very recently the crystal structures of human 
AOX1, in its substrate-free form (PDB ID: 4UHW; 2.6 Å 
resolution), as well as in complex with the substrate, 
phthalazine, and the inhibitor, thioridazine (PDB ID: 
4UHX; 2.7 Å resolution), were solved (Coelho et al. 2015). 
In both cases, crystals were prepared using the recombinant 

Fig. 4  Unrooted phylogenetic 
tree of AOXs and XDHs. Phy-
logenesis of AOX isoenzymes 
and XDH proteins in eukaryotes 
and prokaryotes. The phyloge-
netic tree is constructed aligning 
a large number of publicly 
available sequences using a 
CLUSTAL omega algorithm
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protein expressed in E. coli, although better AOX3 crystals 
were produced with the protein isolated from mouse liver. 
Comparison of the human AOX1 and mouse AOX3 crystal 
structures provides fundamental information as to the com-
mon and specific structural features of the two main AOXs 
present in rodent and mouse liver. These data have far-
reaching implications in drug metabolism and drug devel-
opment, given the importance of the two enzymes in these 
areas of research.

The structural data indicate that both mouse AOX3 and 
human AOX1 are homodimers of the following approxi-
mate dimensions: 150 Å × 90 Å × 65 Å. The results con-
firm that each monomer can be divided into three different 
domains involved in cofactor binding: a small N-terminal 
domain I (25 kDa) which harbors the two distinct 2Fe/2S 
clusters: the FAD domain II (40 kDa); the large C-terminal 
domain III (85 kDa) containing the Moco- and substrate-
binding sites (Fig. 6). These different domains are con-
nected by two linker regions bridging domains I/II and 
domains II/III. The crystal structures of human AOX1 and 
mouse AOX3 are characterized by high overall similarity, 
although they show marked differences in the FAD-binding 
region: the Moco active site and the substrate funnel.

In all members of the molybdo-flavoprotein xanthine 
oxidase subfamily, the access of substrates to the active site 
is determined by the structural features of a wide and deep 

funnel. The crystal structure of substrate-free human AOX1 
indicates that several residues lining up the entrance of the 
funnel are mobile. These residues are located in two flex-
ible loops which influence the entrance of substrates and 
the release of products (Fig. 7a, b).

Thioridazine is an antipsychotic drug belonging to the 
phenothiazine group which possesses a ring system similar 
to that of other antidepressants, and it is known to inhibit 
AOX activity in liver extracts (Obach and Walsky 2005; 
Rani Basu et al. 2005). The crystal structure of the human 
AOX1-phthalazine-thioridazine ternary complex provides 
important information regarding the modifications in the 
active site induced by substrate/inhibitor binding. The 
side chain of Phe-885 is mobile, and one of the two gates 
becomes better ordered upon ligand interaction. In addi-
tion, the possibility of generating human AOX1 crystals 
containing both phthalazine and thioridazine reveals dis-
tinct binding sites for the substrate and the inhibitor. The 
thioridazine inhibitor-binding region is located far away 
from the active site. This binding site has not been reported 
previously, and it is structurally conserved in other mem-
bers of the xanthine oxidase family of molybdo-flavopro-
teins, i.e., mouse AOXs and bovine XDH. However, local 
structural differences in XDH and each mammalian AOX 
isoenzymes may account for differences in the affinity of 
thioridazine for each of these proteins. Complementation 

Fig. 5  AOX genes in humans and selected experimental animals. A 
schematic representation of AOX genes and pseudogenes in humans 
and selected primates or mammals used for studies of drug and xeno-
biotic metabolism. Orthologous AOX genes and pseudogenes are 

marked in the same color. Pseudogenes are crossed and marked with 
an asterisk. When determined, the chromosomal location is indicated 
on the right. CHR chromosome
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Fig. 6  Crystal structure the human AOX1 protein. Ribbon repre-
sentation of the hAOX1 crystal structure. Monomer A is in gray and 
monomer B shows the three different protein domains colored as: 
domain I in red, domain II in green and domain III in blue. Domain 
III is separated from the FAD domain by linker 2. The protein cofac-

tors (Moco, FeSI, FeSII, and FAD) are represented on the right in 
space-filling mode, with the shortest distances between them. The 
phthalazine and thioridazine (Pht and Thi) are also represented. The 
figure was created using PyMOL v1.7.2

Fig. 7  Structural features of the AOX active site. Close up of the 
human AOX1 (blue) and the AOX3 (pink) active site. a Superposition 
of hAOX1 and mAOX3 residues surrounding the Moco cofactor. The 
residues which account for the major differences between the human 
and mouse proteins are marked with (asterisk). The Na+ ion is rep-

resented in a gray sphere and is present only in the mAOX3 crystal 
structure. b Superposition of the residues from gate 1 and gate 2 in 
hAOX1 (blue) and mAOX3 (pink) with the missing residues repre-
sented in dashed lines. The figure was created using PyMOL v1.7.2
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of the crystallographic data with steady state kinetic meas-
urements shows a non-competitive inhibition pattern for 
human AOX1, mouse AOX3, and a mixed inhibition pat-
tern for bovine XDH. The inhibition studies further sug-
gest a more tight binding of the inhibitor thioridazine to 
human AOX1 than to mouse AOX3 or bovine XDH. In 
human AOX1 and mouse AOX3, thioridazine binding to the 
inhibitor pocket occurs in both the substrate-bound and free 
enzyme to the same extent. By contrast, the thioridazine 
inhibition constants calculated for the substrate-bound and 
free enzyme are different in bovine XDH. The mixed inhi-
bition mode observed in XDH suggests that substrate bind-
ing to the active site modulates the affinity of thioridazine 
for the inhibitor-binding site of this molybdo-flavoenzyme.

The crystal structure of mouse AOX3 is a useful model 
in computational studies aimed at evaluating the factors 
that modulate substrate specificity and activity of the other 
mouse AOX isoforms, i.e. AOX1, AOX2, and AOX4 (Cer-
queira et al. 2015). Combinations of homology modeling 
and molecular dynamics (MD) simulations demonstrate 
major differences among mouse AOX1, AOX2, AOX3, and 
AOX4 at the protein surface and in the substrate-binding 
region (Fig. 8). The differences found in some loops at the 
protein surface, far from the substrate funnel, should not 
affect the enzymatic activity of the four AOXs. In contrast, 
changes in the substrate-binding site are likely to be respon-
sible for differences in the catalytic activity, substrate and 
inhibitor specificities previously described for the differ-
ent mouse AOX isoforms (Vila et al. 2004). On the basis 
of all these data, we propose that the substrate-binding site 
consists of two different regions. The first region contains 
the inner active site consisting of conserved amino acid 

residues (in mouse AOX3: Gln-772, Ala-807, Phe-909, and 
Phe-1014) as well as Lys-889 and Glu-1266 which are rele-
vant for the catalytic activity of all AOX isoforms (Table 1). 
The second one is an isoform-specific region located in the 
distal half of the catalytic tunnel which shows remarkable 
differences in the four mouse AOX isoforms (Fig. 8). The 
conserved sequence is likely to be responsible for the direc-
tion and correct alignment of the substrates into the active 
site of all AOXs. The variable and isoform-specific region 
is likely to determine the nature and chemical shape of as 
yet undetermined ligands recognized selectively by AOX1, 
AOX2, AOX3, and AOX4. 

The above-mentioned computational studies suggest that 
mouse AOX1 is endowed with the largest isoform-specific 

Fig. 8  Substrate-binding site and tunnel in mouse AOX isoforms. 
Representation of the substrate-binding sites in mouse AOX1, AOX2, 
AOX3, and AOX4 as well as residues in the conserved region of the 

active site and in the non-conserved region which dictate substrate 
specificity. Residues in black indicate the amino acids whose nature is 
conserved in all mouse AOX isoforms

Table 1  Comparison of the relevant amino acid residues of human 
AOX1, mouse AOX1, mouse AOX2, mouse AOX3, mouse AOX4, 
and bovine XDH

Human 
AOX1

Mouse 
AOX1

Mouse 
AOX2

Mouse 
AOX3

Mouse 
AOX4

Bovine 
XDH

Gln-776 Gln-771 Gln-782 Gln-772 Gln-774 Gln-767

Val-811 Val-806 Val-817 Ala-807 Val-809 Glu-802

Met-889 Met-884 Phe-895 Tyr-885 Phe-887 Arg-880

Lys-893 Lys-888 Lys-899 Lys-889 Lys-891 His-884

Phe-923 Phe-918 Phe-929 Phe-919 Phe-921 Phe-914

Leu-1018 Leu-1013 Phe-1024 Phe-1014 Val-1016 Phe-1009

Glu-1270 Glu-1265 Glu-1276 Glu-1266 Glu-1267 Glu-1261

Red negatively charged residues, blue positively charged residues, 
green polar residues, black nonpolar residues
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region, which is able to accept a wide range of substrates 
with variable shape, size, and nature. By converse, mouse 
AOX4 is characterized by the narrowest isoform-specific 
region, which is predicted to bind only small and very 
hydrophobic substrates (Fig. 8). In addition, mouse AOX3 
and AOX2 seem to be very similar to each other. In con-
clusion, the crystal and computer simulation data predict 
that all isoforms are likely to be endowed with equivalent 
catalytic activities, although the observed differences in the 
binding site are foreseen to influence the substrate specific-
ity of each enzyme.

The expression system developed in E. coli provides 
information on the catalytic activity of mammalian 
AOXs

The development of an efficient system for the production 
and isolation of recombinant mammalian AOX proteins in 
their catalytically active forms (Alfaro et al. 2009; Hart-
mann et al. 2012; Mahro et al. 2011) has been a funda-
mental step in the structural characterization of this class 
of enzymes, as demonstrated by the results described in 
the previous section. In addition, the system has provided 
initial insights into the amino acid residues involved in the 
mechanisms of enzyme catalysis and inhibition.

One of the main problems in obtaining significant 
amounts of catalytically active mammalian AOXs in E. 
coli is related to the low saturation of sulfurated and active 
Moco (Hartmann et al. 2012; Mahro et al. 2011). In fact, 
the enzymatic system necessary for Moco sulfuration of 
mammalian AOXs is not present in E. coli. Sulfuration is 
the last important step in the biosynthesis of the mono-oxo 
Moco present in the various members of the xanthine oxi-
dase family of molybdoenzymes. The active enzyme Moco 
is fully sulfurated, with a sulfur ligand bound to the molyb-
denum atom at the equatorial position. In mammalian 
AOX and XDH, addition of the terminal inorganic sulfur 
ligand is catalyzed by a Moco sulfurase, which is known 
as HMCS (Human Moco Sulfurase) (Mendel and Leim-
kuhler 2015). The plant homologue, ABA3, has been inten-
sively studied, and it is a homodimeric two-domain protein 
(Bittner et al. 2001) with its N-terminal domain sharing 
structural and functional homologies to bacterial l-cysteine 
desulfurases, such as SufS or IscS. In a pyridoxal phos-
phate-dependent manner, the N-terminal domain of ABA3 
decomposes l-cysteine to yield alanine and elemental sul-
fur (Heidenreich et al. 2005), the latter being bound as a 
persulfide to a highly conserved cysteine residue of ABA3. 
The C-terminal domain of ABA3 binds Moco, which fur-
ther receives the terminal sulfur via an intramolecular per-
sulfide relay from the N-terminal l-cysteine desulfurase 
domain (Lehrke et al. 2012; Wollers et al. 2008). HMCS 
is likely to catalyze the sulfuration of Moco in the same 

manner. To overcome the sulfuration problem in E. coli, the 
original approach considered was based on the overexpres-
sion of human Moco sulfurase to increase the sulfuration 
levels of recombinant AOXs. However, all the attempts in 
this direction failed, due to expression in inclusion bod-
ies. Thus, we introduced a chemical sulfuration step suc-
cessfully used to increase the catalytic activity of native 
XDH (Massey and Edmondson 1970; Wahl and Rajago-
palan 1982). Chemical sulfuration increases the enzymatic 
activity of human recombinant AOX1 isolated from E. coli 
approximately tenfold and the activity of mouse AOX3 by 
a factor of three (Hartmann et al. 2012; Mahro et al. 2011).

The studies performed on the catalytically active recom-
binant forms of human and mouse AOX1 as well as mouse 
AOX3 expressed in E. coli have provided information on 
some of the amino acid residues critical for the enzymatic 
activity of these proteins, using site-directed mutagene-
sis approaches (Hartmann et al. 2012; Mahro et al. 2011; 
Schumann et al. 2009). As observed in XDH, the Glu 
residue contained in the active site of AOXs (Glu-1265 in 
mouse AOX1, Glu-1270 in human AOX1 and Glu-1266 in 
mouse AOX3) is essential for catalysis, since its substitu-
tion with a Gln residue in mouse and human AOX1 results 
in inactive enzymes (Mahro et al. 2013; Schumann et al. 
2009). In mouse AOX3 the situation is more complex, as 
the Glu-1266-Gln variant shows residual activity with ben-
zaldehyde (60 % reduction of activity relative to the wild-
type enzyme), while it is inactive when challenged with 
N-heterocyclic compounds (Mahro et al. 2013). Residual 
activity is explained by the higher electrophilicity of the 
carbonyl carbon atom in aldehydes, as compared to N-het-
erocyclic compounds.

The presence of some highly conserved residues at the 
catalytic center (Glu-1270, Phe-923, Gln-776; human 
AOX1 numbering) suggests that the reaction mechanism 
for both AOXs and XDHs is similar, although the two types 
of enzymes act on different substrates (Cerqueira et al. 
2015; Coelho et al. 2012; Mahro et al. 2013). One impor-
tant difference between AOXs and XDH is represented by 
the presence of Lys-893 (human AOX1 numbering). Lys-
893 is strictly conserved in all AOX enzymes, whereas it is 
replaced by an equally conserved His residue in XDH (His-
884; bovine XDH numbering). Lys-893 lies ~10 Å away 
from the Mo center and ~6 Å away from Glu-1270. Molec-
ular dynamics simulations performed with mouse AOX3 
(Coelho et al. 2012) demonstrate that substrate docking 
into the active site causes this Lys residue (Lys-889; mouse 
AOX3 numbering) to move from its original position, 
establishing new interactions with the residue equivalent 
to human Glu-1270 (Glu-1266; mouse AOX3 numbering) 
and/or the substrate itself. This illustrates the importance 
of human AOX1 Lys-893 and equivalent Lys residues in 
other mammalian AOXs for the interaction between the 
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above-mentioned Glu residue and the hydroxyl group of 
the molybdenum atom.

The proposed reaction mechanism for AOXs (Coelho 
et al. 2012) (Fig. 9) starts with a nucleophilic attack of 
the activated Mo-OH ligand (activated by Glu-1270) on 
the carbon atom of the substrate (carbon atom adjacent to 
an aromatic nitrogen atom for N-heterocycles). Concomi-
tantly, a hydride is transferred to the sulfido ligand with 
the formation of an intermediate species. This intermediate 
state is stabilized by hydrogen bonding interactions with 
residues of the active site, i.e., Glu-1270 and Lys-893, and 
it replaces the labile OH ligand. This concerted mechanism 
is supported by experimental evidence obtained with sub-
stituted N-heterocycles as well as by density functional the-
ory (DFT) calculations (Cerqueira et al. 2015; Coelho et al. 
2012; Mahro et al. 2013). In a subsequent step, the reaction 
product is released from the reduced Mo site, and a water 
molecule reoccupies the vacant coordination position. The 
reaction cycle is completed once Mo is re-oxidized, and 
the two reducing equivalents are transferred to molecular 

oxygen via the two [2Fe–2S] centers and the FAD cofac-
tor. The proton transfer from the hydroxyl ligand of Mo to 
Glu-1270 disrupts the interaction of Glu-1270 with Lys-
893. This forces Lys-893 to move away from Glu-1270 and 
from the Mo center to interact with the product before the 
latter is released from the active site.

The residues suggested to be involved in substrate bind-
ing and orientation in bovine XDH, Glu-802, and Arg-880 
are replaced by Val and Met, respectively, in human AOX1, 
as well as Ala and Tyr in mouse AOX3 (Schumann et al. 
2009) (Table 1). In human and R. capsulatus XDHs, sub-
stitution of these Glu and Arg residues to Val and Met, by 
site-directed mutagenesis, results in loss of activity toward 
purines as substrates and gain of activity toward aldehydes 
(Schumann et al. 2009; Yamaguchi et al. 2007). This indi-
cates that the two residues contribute to substrate binding 
and determine substrate specificity. Specular exchanges of 
Val-806 to Glu and Met-884 to Arg in mouse AOX1 abolish 
catalytic activity when both purines and aldehydes are used 
as substrates (Schumann et al. 2009). However, it should 

Fig. 9  Reaction mechanism for AOXs. Representation of the currently proposed reaction mechanism for aldehyde oxidases, exemplified for the 
substrate phthalazine and including, on the left, the interaction with the non-competitive inhibitor thioridazine forming the ESI complex
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be noticed that these last experiments are biased, since the 
activity of recombinant mouse AOX1 is generally very low 
and the complete loss of activity with both types of sub-
strates may be the result of the restricted detection limit of 
the steady state kinetic determinations.

In a more recent report (Mahro et al. 2011), we studied 
the influence of the residues involved in substrate bind-
ing at the active site, using mouse AOX3 and site-directed 
mutagenesis of two residues conserved in all AOX1 
enzymes (Ala-807 into Val and Tyr-885 into Met). The data 
obtained indicate that the Ala-807-Val mutation does not 
affect the kinetic constants when the enzyme is challenged 
with small substrates, like benzaldehyde or phthalazine. In 
contrast, the affinity for bulky substrates, such as phenan-
thridine, is decreased and the catalytic efficiency is slightly 
increased. As for the Tyr-885-Met mutation, the kinetic 
constants are also left largely unchanged in the presence 
of small hydrophobic substrates like benzaldehyde and 
phthalazine. Relative to the native enzyme, the variant oxi-
dizes these substrates with the same rate constants and with 
only a minor increase in KM (possibly due to the smaller 
hydrophobic pocket in the Tyr-885-Met variant). On the 
other hand, bulkier substrates, such as phenanthridine, and 
charged substrates, like N1-methylnicotinamide, are con-
verted by the Tyr-885-Met variant more efficiently. This is 
due to the greater flexibility of the Met side chain in com-
parison with Tyr, which may facilitate binding of these sub-
strates. All these effects are much more pronounced in the 
double site-directed mutants of mouse AOX3.

In a further study, the basis of mouse AOX3 substrate 
selectivity and catalytic activity were investigated in a site-
directed mutant containing numerous amino acid substitu-
tions of residues found in XDH and other AOX isoforms in 
and near the active site (Mahro et al. 2013). The Phe-776-
Lys/Ala-807-Glu/Asp-878-Leu/Leu-881-Ser/Tyr-885-Arg/
Pro-1015-Thr/Tyr-1019-Leu variant of mouse AOX3 shows 
drastically decreased activity with all the substrates tested. 
Introduction of a further Lys-889-His substitution rescues 
AOX enzymatic activity and results in XDH-like activ-
ity when challenged with hypoxanthine. This last finding 
confirms the importance of active site Lys-889, and it has 
potential implications for the reaction mechanism.

Toward the definition of mammalian AOXs 
physiological function

Except for the involvement of human AOX1 in xenobiotic 
metabolism and inactivation of environmental pollutants 
characterized by potential toxicity, the physiological func-
tions, substrates, and products of mammalian AOXs are 
still largely unknown or just hypothesized. It is equally 
unclear why certain mammalian species are endowed with 

multiple and catalytically active AOX isoforms, while many 
primates and humans are characterized by a single AOX 
isoenzyme. As the decrease in the number of active AOX 
isoenzymes from rodents to humans is the result of pro-
gressive deletion/inactivation of the corresponding genes, it 
is speculated that the function played by the lost enzymes is 
not necessary for the homeostasis of the human organism. 
Alternatively, it is possible that the function carried out by 
rodent AOX1, AOX2, AOX3, and AOX4 is concentrated in 
human AOX1. This may have resulted from evolutionary 
changes in the structure of human AOX1 which resulted in 
an increase in the ability of the enzyme to recognize physi-
ological substrates originally specific to AOX2, AOX3 and 
AOX4. It is equally possible that mouse AOX2, AOX3, and 
AOX4 exert specialized functions in organs and tissues 
which are no more active or have become dispensable in 
humans.

The tissue‑ and cell‑specific expression profiles 
of human AOX1 and mouse AOXs

A careful analysis of the data available on the tissue- and 
cell distribution of human AOX1 and mouse AOX1, AOX2, 
AOX3, and AOX4 is a prerequisite to formulate hypotheses 
on the role played by AOXs in homeostatic processes other 
than xenobiotic metabolism. The following discussion is 
limited to data obtained in humans and mice. The mouse 
was selected to provide a comparative picture of the mRNA 
and protein distribution in a popular experimental animal 
characterized by the presence of the maximum number of 
AOX isoenzymes observed in vertebrates.

The profile of human AOX1 mRNA tissue-specific 
expression (Fig. 10) is available in the UNIGENE section 
of the NCBI site (UniGene Hs.406238), and it is based 
on EST (Expression Sequence Tags) data indicating that 
detectable levels of the transcript are observed in many 
tissues. The adrenal gland, adipose tissue, and liver are 
the richest sources of human AOX1, followed by trachea, 
bone, kidney and connective tissue. The tissue-specific 
distribution of human AOX1 mRNA is in line with many 
of the results obtained at the protein level using immuno-
cytochemistry (Moriwaki et al. 2001). According to these 
last data, the richest source of human AOX1 protein is rep-
resented by the liver, although significant amounts of the 
protein are found in respiratory, digestive, urogenital, and 
endocrine organs. In the respiratory tract, the epithelial 
component of the trachea and bronchi as well as the lung 
alveolar cells contains relatively high levels of the protein. 
By the same token, the epithelial cells lining the cavity of 
the small and large intestine are endowed with detectable 
amounts of human AOX1. In the kidney, AOX1 expression 
is limited to the proximal, distal, and collecting tubules, 
while immunostaining of the glomeruli is not observed. 
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The glandular epithelium of the prostate is also particu-
larly rich of AOX1 protein. Consistent with the mRNA 
data, large amounts of the AOX1 protein are present in the 
adrenal gland cortex. This last observation is consistent 
with a potential role of AOX1 in the steroid hormone bio-
synthetic pathway. To the best of our knowledge, there is a 
single published study on the expression of human AOX1 
in the central nervous system (CNS) which was spurred by 

the unconfirmed hypothesis that the corresponding gene 
is involved in the etiopathogenesis of amyotrophic lateral 
sclerosis, a lethal disease characterized by motor neuron 
degeneration (Berger et al. 1995). The study demonstrates 
the presence of the AOX1 mRNA in the glial cell popula-
tion of the spinal cord, although this does not rule out the 
possibility the transcript is expressed in other cellular pop-
ulations of the CNS.

Fig. 10  Expression profiles 
of human AOX1 and mouse 
AOX1 to AOX4. The bar graphs 
indicate the normalized mRNA 
content of the indicated AOXs 
in the tissues considered. The 
values of the tissue mRNA 
contents were calculated 
using the data available in 
the UNIGENE section of the 
NCBI site: hAOX1 = human 
AOX1 (UniGene Hs.406238); 
mAOX1 = mouse AOX1 
(UNIGENE Mm.26787); 
mAOX2 = mouse AOX2 
(UNIGENE Mm.414292); 
mAOX3 = mouse AOX3 
(UNIGENE Mm.20108); 
mAOX4 = mouse AOX4 (UNI-
GENE Mm.244525)
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If the expression profiles of human and mouse AOX1 
(UNIGENE Mm.26787) transcripts are compared (Fig. 10), 
it is clear that significant levels of the murine orthologue 
are observed in a much more restricted number of tissues. 
The largest amounts of mouse AOX1 mRNA are present 
in the inner ear and the seminal vesicles, although measur-
able amounts of the AOX1 transcript are expressed in liver 
and lung. Mouse AOX1 mRNA is also detectable in the 
central nervous system (Bendotti et al. 1997). Consistent 
with what was reported for the human orthologue (Berger 
et al. 1995), the mRNA is expressed in the motor neurons 
of the spinal cord and specific populations of neuronal cells 
in the brain. Nevertheless, the largest amounts of the tran-
script are located in the epithelial component of the cho-
roid plexus, where AOX1 may play a role in the absorp-
tion/secretion of the cerebrospinal fluid. Interestingly, the 
major sources of human and mouse AOX1 are not overlap-
ping with the notable exception of liver. Similar to mouse 
AOX1, mouse AOX3 expression (UNIGENE Mm.20108) 
is also relatively restricted (Fig. 10), as significant amounts 
of the corresponding transcript are found only in the ovi-
duct, liver, lung and testis. The data indicate that mouse 
AOX3 and AOX1 are co-expressed only in liver and lung. 
The tissue distribution results obtained for mouse AOX1 
and AOX3 mRNA levels are fully confirmed for the cor-
responding proteins in a number of tissues, with particu-
lar reference to liver and lung (Kurosaki et al. 1999; Terao 
et al. 2000). In mouse liver, AOX1 and AOX3 are synthe-
sized by the hepatocyte, as demonstrated by in situ hybridi-
zation experiments. However, it is currently unknown 
whether the same or different hepatocytic population is 
responsible for the synthesis of AOX1 and AOX3. This 
specific point is of interest in terms of the physiological 
function exerted by hepatic AOX1 and AOX3, particularly 
in consideration of the fact that histological data obtained 
in rat liver indicate that the distribution of AOX enzymatic 
activity is uneven. In fact, rat AOX activity is much higher 
in hepatocytes located in the pericentral than the periportal 
area (Moriwaki et al. 1998a, b). From a functional perspec-
tive, it is currently difficult to understand the reasons as to 
why mouse and rat liver is endowed with AOX3 and AOX1, 
while the same organ in humans and various other mam-
malian species expresses only AOX1 (Vila et al. 2004). The 
point is particularly puzzling in consideration of the fact 
that mouse hepatic tissue contains much higher levels of 
AOX3 than AOX1.

Mouse AOX4 mRNA (UNIGENE Mm.244525) is very 
abundant in the fertilized ovum, the inner ear and tongue 
(Fig. 10). In the tongue, our in situ hybridization data indi-
cate that the AOX4 transcript is predominantly expressed 
by the keratin-rich epithelial cells lining the taste papil-
lae (Terao et al. 2001). AOX4 mRNA expression extends 
beyond the oral cavity as the keratinized epithelium lining 

the esophagus and the most proximal tract of the stomach 
contains significant amounts of the transcript. The pres-
ence of AOX4 mRNA in keratinized epithelia is a consist-
ent finding, as demonstrated by the observed expression 
in the epidermal layer of the skin (Terao et al. 2009). The 
data obtained at the protein level with the use of specific 
antibodies confirm the presence of AOX4 in the oral cavity, 
digestive tube and skin (Terao et al. 2009). However, recent 
results indicate that, by far, the richest source of AOX4 is 
represented by a largely overlooked organ present in most 
vertebrates, but not in humans and many other primates, 
i.e., the Harderian gland. In this organ, approximately 2 % 
of all the cytosolic proteins consist of AOX4. The Harde-
rian gland is a large exocrine gland located behind the eye 
bulb and characterized by the secretion of a lipid-rich fluid, 
which is believed to serve for the lubrication of the eye 
surface and the fur (Buzzell 1996; Hardeland et al. 2006; 
Payne 1994). In furred animals the fluid is purported to act 
as a thermic isolator and to contribute to regulation of the 
body temperature. It is interesting to notice that skin seba-
ceous glands, which are also involved in fur lubrication 
and thermoregulation, share the same developmental origin 
with the Harderian gland and contain significant amounts 
of AOX4 mRNA (Terao et al. 2009).

AOX2 is the mouse AOX characterized by the most 
restricted pattern of expression (Fig. 10). Indeed the corre-
sponding transcript (UNIGENE Mm.414292) is detectable 
only in the nasal cavity (Terao et al. 2000). In this location, 
high levels of the transcript and protein are expressed in the 
Bowman’s gland, which is the principal exocrine gland pre-
sent in the submucosal layer, and it is responsible for the 
production of the mucous fluid excreted in the nasal cav-
ity. AOX2 is also detectable in sustentacular cells which 
are located in the apical layer of the nasal neuroepithelium. 
Interestingly, this small cell population has been reported 
to have the same embryonal origin as the Bowman’s gland 
(Huard et al. 1998). Given this localization, it is speculated 
that AOX2 may play a role in olfaction, which is one of 
the phenotypic traits we are currently investigating in the 
AOX2 knockout mouse which we have generated and sta-
bilized on a homogeneous genetic background (Terao M., 
unpublished data). The olfactory function is much more 
developed in rodents and other mammalian species than in 
humans, possibly explaining pseudogenization and inacti-
vation of the human AOX2 gene.

The expression of mammalian AOXs is regulated 
by various intrinsic and extrinsic factors

Indirect clues as to the physiological function of AOXs can 
be obtained from an analysis of the intrinsic and extrinsic 
factors controlling the expression of human AOX1 and 
the other mammalian AOX isoenzymes. There are few 
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published studies focusing on the factors and mechanisms 
regulating the expression of human AOX1 and the other 
mammalian AOX isoforms.

Development and age are two factors controlling AOX 
expression, and their influence on AOX levels have been 
studied in humans and rodents. Given its importance in 
drug metabolism and the differences in the pharmacokinet-
ics and pharmacodynamics of many drugs in the pediatric 
and adult population, studies on the profiles of human liver 
AOX1 enzymatic activity in children and adults are avail-
able. Young children (13 days to 4 months after birth) are 
characterized by very low levels of liver AOX1 activity. 
AOX1 activity increases substantially after 4 months and 
reaches adult levels by approximately 2 years of age. The 
levels of AOX1 activity correlate with the amounts of the 
corresponding protein (Tayama et al. 2012). The results 
obtained in the study are largely in line with the data 
obtained on a larger cohort of children using a noninvasive 
method for the detection of total AOX1 activity based on 
the determination of the N(1)-methylnicotinamide product, 
pyridine, in the urine (Tayama et al. 2007a). Limited data 
on the age-dependent expression of rat and mouse liver 
AOXs are available. In a study focusing on rat liver, AOX 
enzymatic activity is undetectable or barely detectable 
until the second week from birth. From day 14 on, a rapid 
increase in AOX activity is observed, and this increase 
reaches a plateau at 4 weeks. The increase in AOX activity 
correlates with AOX1 protein levels, suggesting increased 
gene expression (Tayama et al. 2007b). However, one seri-
ous limitation of this study is represented by the fact that 
the main AOX isoenzyme expressed in rats is AOX3, for 
which information is not available. Indeed, the age-related 
expression profiles of liver AOX1 and AOX3 are differ-
ent, as indicated by the data obtained in mice which dem-
onstrate that the appearance of liver AOX3 is more preco-
cious (Terao et al. 2000). Mouse embryos are substantially 
devoid of AOX3 and AOX1 mRNAs as well as proteins. 
AOX3 mRNA and protein start to be visible in newborn 
animals and their levels plateau at 5 days, while the AOX1 
counterparts are detectable only in adult animals. At pre-
sent, no data on the effects that aging has on liver AOX1 
and AOX3 expression are available. Similarly, the develop-
mental profile of AOX2 and AOX4 expression in the tissues 
that express them has not been the object of any study.

A second and important determinant of AOX expres-
sion is gender which was shown to control the levels of 
liver AOX activity via sex hormones in a series of rela-
tively old studies performed in mice (Holmes 1979; 
Ventura and Dachtler 1980, 1981; Yoshihara and Tat-
sumi 1997). In summary, these studies demonstrate that 
liver AOX activity is higher in male than female animals. 
Castration of male mice causes a reduction in liver AOX 
activity, which is reconstituted upon administration of 

testosterone. Testosterone administration to female ani-
mals increases the levels of liver AOX activity, while 
challenge of male animals with estrogen causes the oppo-
site effect. Taken together, the results indicate that the 
androgen/estrogen ratio controls the levels of liver AOX 
enzymatic activity. We validated and extended these data, 
demonstrating that mouse AOX1 and AOX3 in liver as 
well as AOX4 in the Harderian Gland is under the con-
trol of sex via regulation by androgens and estrogens. In 
particular, testosterone administration to female animals 
increases the levels of AOX1 and AOX3 mRNAs, which 
results in an induction of the corresponding proteins and 
enzymatic activities (Kurosaki et al. 1999; Terao et al. 
2000). The action of testosterone accounts for the much 
larger amounts of AOX3 and AOX1 proteins observed in 
male than female mouse liver. In the Harderian gland, 
AOX4 expression is generally similar in adult male and 
female animals, although there is a restricted time win-
dow during postnatal development in which the enzyme 
shows sexual dimorphism. In fact, at 9 weeks of age, the 
levels of AOX4 in this organ are higher in females than 
male animals (Terao et al. 2009). This is due to the lev-
els of circulating testosterone, which has a suppressive 
action on AOX4 expression. Thus the effect of testoster-
one is the opposite on Harderian gland AOX4 and liver 
AOX1/AOX3. It is currently unknown whether gender 
and sex hormones are major factors influencing the lev-
els of human AOX1 as observed in mice and other animal 
species. In a single study, the levels of the human AOX1 
protein were determined in the liver of a small cohort of 
human donors using a specific mass spectrometry assay. 
No significant differences in the amounts of the protein 
were observed in female relative to male individuals, 
although males showed a significantly broader distribu-
tion of AOX1 levels than females (Fu et al. 2013).

Another intrinsic factor controlling the expression of 
mammalian AOXs is the circadian rhythm, as originally 
observed in guinea pig liver, where the diurnal variations 
in AOX and XDH activity are caused by the circadian 
variations in circulating melatonin (Beedham et al. 1989). 
Indeed both liver AOX and XDH enzymatic activities are 
stimulated by melatonin through as yet undefined mecha-
nisms. Diurnal variations in liver AOX enzymatic activity 
are due to circadian oscillations in the levels of the AOX1 
and AOX3 proteins, which tend to be induced during the 
dark phase of the diurnal cycle. Variations in the expression 
during the light/dark cycle are not a characteristic of mouse 
AOX1 and AOX3. In the Harderian gland, also AOX4 enzy-
matic activity varies with the diurnal cycle, being low dur-
ing the light phase and high at the end of the dark phase 
(Terao M., unpublished observations). Interestingly, the 
Aox4 knockout mice are characterized by alterations in the 
expression of clock genes, supporting an unexpected role 



768 Arch Toxicol (2016) 90:753–780

1 3

for AOX4 in the control of the circadian rhythms (Terao 
M., unpublished observations).

As for the extrinsic factors controlling AOXs, there are 
three studies indicating that AOX levels in humans and 
other animal species are modulated by components of the 
diet. In one study, the effect of vitamin E and selenium sup-
plementation on AOX activity is investigated in liver, kid-
ney, and heart of rats in which a diabetic state is induced by 
streptozotocin administration. Relative to control animals, 
diabetic rats are characterized by increased levels of AOX 
enzymatic activity. Oral administration of vitamin E and 
sodium selenite reduces AOX activity in the liver, although 
it does not affect it in the kidney and heart (Ghaffari et al. 
2012). In line with these results, selenium deficiency in rats 
is associated with an increase in AOX enzymatic activity 
which is accompanied by induction of the AOX1 protein, 
but not of the corresponding mRNA, suggesting transla-
tional control. At present, however, it is unknown whether 
selenium deficiency exert similar effects on the other rat 
hepatic AOX, i.e., AOX3 (Itoh et al. 2009). Consumption 
of tea beverages may also cause a decrease in AOX activity, 
as challenge of human and rat liver cytosolic preparations 
with epicatechin and epicatechin gallate, two important 
components of green tea causes substantial inhibition of 
AOX enzymatic activity (Tayama et al. 2011).

Some environmental pollutants, toxic agents and 
drugs modulate AOX levels or activity. Administration of 
phthalazine or 1-hydroxyphthalazine to rabbits increases 
the specific activity of liver AOX (Johnson et al. 1984). 
Similarly, induction of liver AOX activity is observed 
in rats administered the alkylating agents, N-methyl-N′-
nitro-N-nitrosoguanidine, N-methyl-N-nitrosourea, and 
methylmethansulfonate (Ohkubo et al. 1983a). In the 
hepatoma cell line Hepa-1, expression of the mouse Aox1 
gene is induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(dioxin). Induction is the result of a transcriptional effect 
mediated by the ligand-dependent transcription factor, 
aryl-hydrocarbon-receptor (AHR), which is activated by 
dioxin. Dioxin-dependent induction of the AOX1 mRNA 
is also observed in mouse liver (Rivera et al. 2005). In the 
same tissue, induction of the AOX3 mRNA and protein 
has been reported. Increased expression of the AOX1 and 
AOX3 mRNAs translate into an increase in AOX activity. 
A transcriptional mechanism is at the basis of the AOX1 
mRNA induction afforded by the chemopreventive agent, 
phenethyl isothiocyanate in mouse liver (Hu et al. 2006). In 
this case the transcription factor involved is NRF2, which 
seems to be a direct regulator of the mouse Aox1 gene. The 
rat and human AOX1 orthologous genes are also direct 
target genes of NRF2 (Maeda et al. 2012; Shintani et al. 
2015). Interestingly, two Nrf2-binding consensus elements 
(antioxidant responsive element, ARE) are located in the 5′ 
upstream region of the rat AOX1 gene. Nrf2 binds to the 

promoter region of the rat AOX1 gene and strongly acti-
vates its expression.

AOXs participate in numerous metabolic pathways 
recognizing various endogenous substrates

More direct insights into the physiological function of 
AOXs can be obtained from the identification of their 
endogenous substrates. In fact, AOXs are enzymes, and it is 
entirely possible that they play a role in specific physiologi-
cal processes via control of the local or circulating levels 
of substrates or products. There is very little knowledge on 
the potential endogenous substrates of human AOX1. The 
knowledge on common and specific substrates of the other 
mammalian AOX isoforms is even more limited.

The information available on the KEGG database (http://
www.kegg.jp) implicates mammalian AOXs in a number 
of metabolic pathways. In most cases, the involvement of 
AOXs in these pathways is only presumed, and it is based 
on in vitro studies which demonstrate that selected endoge-
nous molecule can be metabolized by AOX preparations of 
different origins. It should also be pointed out that KEGG 
annotations are based predominantly on the assumption 
that AOXs act only on aliphatic or aromatic aldehydes oxi-
dizing them to carboxylic acids. As already mentioned in 
the introduction, this is not correct, since AOXs are char-
acterized by broad substrate specificity and hydroxylate, 
a number of heterocyclic structures which do not contain 
aldehyde functionalities. Thus, the assumption is likely 
to underestimate the number and types of potential AOX 
physiological substrates and to overlook the involvement 
of AOXs in pathways other than the ones specified in the 
KEGG database. In addition, it must be stressed that there 
is no direct in vivo evidence supporting the role of AOXs 
in any of the metabolic steps and pathways hypothesized 
by KEGG annotations, with the exception of the few data 
obtained in the Aox4 knockout mouse which we generated 
(Terao et al. 2009). A final and major problem is repre-
sented by the virtual absence of data regarding the speci-
ficity of the proposed endogenous substrates for AOX1, 
AOX2, AOX3, or AOX4, which is a further source of biases 
for the various mammalian species presenting with multi-
ple AOX isoenzymatic forms. In spite of the above short-
comings, AOXs, including human AOX1, have been impli-
cated in the following metabolic pathways: (1) ec00280: 
valine, leucine, and isoleucine degradation; (2) ec00350: 
tyrosine metabolism; (3) ec00380: tryptophan metabolism; 
(4) ec00750: vitamin B6 metabolism; (5) ec00760: nico-
tinate and nicotinamide metabolism; (6) ec00830: retinol 
metabolism.

In ec00280, human AOX1 is purported to oxidize the 
l-valine catabolic product, (S)-methylmalonate semialde-
hyde, into methylmalonate. The same metabolic step is also 

http://www.kegg.jp
http://www.kegg.jp
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predicted to be catalyzed by one of the NAD-dependent 
aldehyde dehydrogenases (EC 1.2.1.3). In ec00350, the 
predicted AOX substrate is gentisate aldehyde which is 
metabolized into gentisate. In this case, AOX may compete 
with aryl-aldehyde dehydrogenase (EC 1.2.1.29) for the 
substrate.

The involvement of AOXs in tryptophan metabolism 
(ec00380) is due to the possibility that the enzymes catalyze 
the oxidation of 5-hydroxy indolacetaldehyde, a catabolite 
of serotonin, into 5-hydroxy-indolacetic acid. With respect 
to this, it is interesting to notice that a metabolomic analy-
sis, which we conducted, demonstrates that 5-hydroxy-
indolacetic acid levels are much higher in the Harderian 
gland of Aox4 knockout than control mice (M. Terao, 
unpublished data). This suggests that AOX4 is indeed 
involved in tryptophan catabolism. Interestingly, data 
obtained with purified AOX4 and AOX3 proteins demon-
strate that 5-hydroxy-indolacetic acid is not only a potential 
product, but it is also a substrate of the two enzymes, being 
metabolized into a mono-hydroxylation product (M. Terao, 
unpublished data). Further evidence for an involvement of 
AOXs in tryptophan metabolism comes from data obtained 
with the same approaches described for 5-hydroxy-indola-
cetic acid. These results demonstrate a substantial increase 
of tryptophan itself in the Harderian gland of Aox4 knock-
out mice relative to the control counterparts. In addition, 
they demonstrate that purified AOX4 and AOX3 hydroxy-
late the heteroaromatic structure of tryptophan, which is 
indeed likely to represent another physiological substrate 
of the two enzymes. Tryptophan and 5-hydroxy-indolacetic 
acid are paradigms of AOX physiological substrates devoid 
of an aldehyde function.

Pyridoxal is a well-known AOX substrate (Schwartz and 
Kjeldgaard 1951) and this justifies the inclusion of AOX in 
the ec00750 pathway. Pyridoxal (Vitamin B6) is biotrans-
formed into 4-pyridoxate, by AOXs, and the metabolic 
step seems to be of physiological significance in insects 
(Cypher et al. 1982; Stanulovic and Chaykin 1971). How-
ever, it remains to be established whether pyridoxal is a 
physiologically relevant substrate also in the case of mam-
malian AOXs. In this context, it is worthwhile mention-
ing that mouse AOX1 and AOX3 recognize pyridoxal as a 
substrate, while the compound is not a good substrate for 
mouse AOX4. In line with this last observation, the pheno-
types described in Aox4 knockout mice are not amenable to 
perturbations of vitamin B6 catabolism (Terao et al. 2009).

N1-methyl-nicotinamide, the most proximal nicotina-
mide catabolic product, can be oxidized into N1-methyl-
2-pyridone-5-carboxamide and N1-methyl-4-pyridone-
5-carboxamide by AOXs, which led to the inclusion of these 
enzymes into the ec00760 metabolic pathway. Along with 
tryptophan and 5-hydroxy-indolacetic acid, N1-methyl-
nicotinamide is another example of AOX substrate devoid 

of an aldehyde function, and it is the only example of non-
aldehydic AOX substrate present in the KEGG database. 
N1-methyl-nicotinamide is metabolized by AOX-enriched 
extracts obtained from human (Sugihara et al. 1997), mon-
key (Sugihara et al. 1997), rat (Ohkubo et al. 1983b), rabbit 
(Stoddart and Levine 1992) and guinea pig (Yoshihara and 
Tatsumi 1985) liver, which indicates that the AOX1 isoform 
is certainly recognizing it as a substrate. The finding is of 
significance for the human situation, as the AOX1 ortholo-
gous protein is the only active AOX in man.

A final endogenous substrate of AOXs that may be of 
interest in man is nicotinamide riboside. Indeed, human 
AOX1 is purported to be the major enzyme involved in 
the oxidation of nicotinamide riboside to 4-pyridone-3-
carboxamide-1-β-d-ribonucleoside (4PYR) (Pelikant-Mal-
ecka et al. 2015) (Fig. 11). This metabolic step is of pri-
mary importance in patients suffering from chronic renal 
disease, as PYR is an endothelial toxin which is purported 
to contribute to kidney insufficiency in uremic patients 
(Pelikant-Malecka et al. 2015).

The last KEGG pathway AOXs are involved in is 
ec00830 which controls vitamin A metabolism. In this 
pathway, AOXs are implicated in the oxidation of 9-cis and 
all-trans retinal (RAL) into the corresponding retinoic acid. 
All-trans retinoic acid (ATRA) is the active form of vita-
min A, and it controls many aspects of vertebrate homeo-
stasis in both the developing and adult organism. In verte-
brate embryos, ATRA is a well-known morphogen, and it 
regulates the development of numerous tissues and organs, 
including the central nervous system. In adult organisms, 
the molecule influences numerous biological process, 
including vision as well as growth and differentiation of 
skin epithelial cells and hematopoietic cells. At present, 
RAL is the candidate endogenous substrate of AOXs for 
which the largest number of supporting evidence is avail-
able (Fig. 11). For this reason and given the relevance of 
ATRA biosynthesis for the homeostasis of vertebrates and 
mammals in particular, this metabolic pathway is discussed 
in more detail.

In humans and rodents, β-carotene is the major dietary 
precursor of vitamin A, while retinyl esters are the predom-
inant storage products. Retinol and retinyl esters are the 
short- and long-term storage forms of vitamin A. Mobiliza-
tion of vitamin A for ATRA synthesis is a two-step process. 
First, retinol is oxidized to RAL in a reversible reaction 
by a number of alcohol dehydrogenases, such as the ubiq-
uitous alcohol dehydrogenase 3 (Molotkov et al. 2002). 
This is followed by an irreversible oxidation of RAL into 
ATRA. Three NAD-dependent aldehyde dehydrogenases, 
ALDH1A1, ALDH1A2, and ALDH1A3 are known to oxi-
dize RAL into ATRA and are deemed to play a major role 
in this metabolic step (Niederreither et al. 1999). In mice 
and other mammals AOXs are likely to carry out the same 
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metabolic step as ALDH1As, since RAL is an excellent 
substrate for most of the AOXs studied. In fact, early stud-
ies indicated that rabbit cytosolic fractions are capable of 
oxidizing RAL into ATRA in a NAD-independent fashion, 
implicating AOX activity in the process (Huang and Ichi-
kawa 1994). Subsequently, it was demonstrated that semi-
purified rabbit liver AOX is indeed the enzyme endowed 
with RAL oxidizing activity (Tomita et al. 1993; Tsujita 
et al. 1994). These original findings were extended to the 
mouse, with the demonstration that purified liver AOX1 
(Huang et al. 1999; Vila et al. 2004) and AOX3 (Terao 
et al. 2001) as well as purified Harderian gland AOX4 
(Terao et al. 2009) and nasal AOX2 (Kurosaki et al. 2004) 
recognize RAL as a substrate. The Vmax calculated for 
the RAL oxidizing activity of AOX1 (180 nmol/min/mg 
protein), AOX3 (57 nmol/min/mg protein), ALDH1A1 
(57 nmol/min/mg protein), and ALDH1A2 (105 nmol/
min/mg protein) are very similar. Instead the km values 
for AOX1 (31 µM) and AOX3 (31 µM) are significantly 
higher than those determined for the two dehydrogenases 

(ALDH1A1 = 1.4 µM; ALDH1A2 = 0.7 µM). It is 
unlikely that AOXs oxidize RAL in the developing mouse 
embryo, as AOX enzymatic activity is detectable only after 
birth. The low affinity of RAL for the two AOXs suggests 
that AOX1 and AOX3 are equally unlikely to play a major 
role in local ATRA production in adult mouse liver, since 
the hepatic tissue contains high levels of ALDH1A1 and 
cytosolic NAD-dependent RAL oxidizing activity (Terao 
et al. 2009). The same may be true for the majority of other 
mouse tissues showing no AOX expression or co-expres-
sion of AOXs with ALDH1As. Instead, in mouse organs 
expressing AOX4, like the Harderian gland, tongue and 
skin, the enzyme may exert a major role in local ATRA syn-
thesis. In fact, the Harderian glands of normal C57Bl/6J 
mice are devoid of ALDH1A1-3- and NAD-dependent 
RAL oxidizing activity in their cytosol (Terao et al. 2009). 
Consistent with this, Aox4 knockout mice are characterized 
by a marked decrease in the levels of ATRA measurable in 
the Harderian gland and skin relative to what is observed 
in wild-type animals (Terao et al. 2009).

Fig. 11  Endogenous compounds, drugs, and xenobiotics metabo-
lized by AOXs. The panel illustrates endogenous compounds 
(green), drugs (red) and xenobiotics of toxicological interest (blue) 
or derived metabolites which can be oxidized by mammalian AOXs. 

When AOXs act on metabolic intermediates of the parental drug, the 
enzymes involved in the primary metabolic step are indicated: MAO 
monoamine oxidase, CYP450 cytochrome P-450-dependent mono-
oxygenase, XDH xanthine dehydrogenase
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In conclusion, the data so far available support the 
idea that AOXs recognize multiple endogenous substrates 
and RAL is the physiological substrate for which sup-
portive evidence is particularly strong. Further and more 
direct functional in vivo approaches are needed to estab-
lish whether AOX4 is the only isoform of relevance for the 
bio-transformation of RAL to ATRA in mammalian spe-
cies endowed with multiple AOX isoforms. In addition, it 
would be important to establish whether RAL is a substrate 
of human AOX1, as this may shed new light into the physi-
ological function of this enzyme which is unlikely to be 
limited to xenobiotic metabolism.

The available indicate that AOXs are likely to be 
involved in a diverse array of physiological functions

The number of studies focusing on the potential involve-
ment of mammalian AOXs in specific cell or tissue homeo-
static processes using direct approaches is limited. Never-
theless, these studies indicate a role for AOXs in a rather 
varied array of physiological processes.

A recent paper demonstrates that human AOX1 is 
involved in maintaining the epithelial barrier integrity of 
lung cells. In fact, treatment with dexamethasone of the 
16HBE bronchial epithelial cell line causes a decrease in 
inter-cellular permeability which is reminiscent of what is 
happening in asthmatic patients, where inhaled corticoster-
oids enhance the airway epithelial barrier integrity. In these 
cells, dexamethasone causes a marked increase in AOX1 
expression. AOX1 knockdown blocks the decrease in inter-
cellular permeability afforded by dexamethasone indicating 
that AOX1 is involved in the control of cell-to-cell junc-
tions (Shintani et al. 2015). The mouse AOX1 ortholog has 
been implicated in myocyte differentiation, which leads to 
the formation of myotubes. Indeed, myocyte differentiation 
is associated with an increase in the levels of AOX1 and 
AOX1 silencing inhibits differentiation blocking myotube 
fusion (Kamli et al. 2014). Interestingly, the process of 
myotube fusion involves an early increase in inter-cellular 
contacts, suggesting that mouse and human AOX1 serve a 
similar function in bronchial epithelial cells and develop-
ing myocytes, i.e., control of cell–cell interactions. The 
mechanisms underlying the phenomena observed in human 
bronchial and mouse muscular cells are unknown although 
it is possible that they involve H2O2, a by-product of AOX1 
enzymatic activity, as suggested by the data obtained in the 
model of muscular differentiation (Kamli et al. 2014).

Other physiological functions mammalian AOXs seem 
to contribute to are adipogenesis and liver fat storage, two 
highly related processes. In the mouse preadipocyte 3T3L1 
cell line, mouse AOX1 is up-regulated during adipocytic 
differentiation, and it is down-regulated by the hypocho-
lesterolemic agent and PPARγ agonist, fenofibrate, in 

differentiated cells. AOX1 knockdown in preadipocytes 
suppresses lipid storage and secretion of adiponectin, a 
protein hormone-stimulating fatty acid oxidation, in the 
differentiated adipocytes (Weigert et al. 2008). The role of 
AOXs in adipogenesis is supported by the observations that 
human AOX1 mRNA and protein are detectable in human 
adipocytes, and the transcript is higher in visceral than sub-
cutaneous human adipose tissue (Weigert et al. 2008). The 
effect of AOXs on lipid homeostasis is not limited to the 
adipose tissue and extends to liver. In fact, AOX activity is 
increased in steatotic livers of rats exposed to high-fat diets 
(Neumeier et al. 2006). In addition, administration of adi-
ponectin or fenofibrate reduces the levels of hepatic AOX 
activity. These observations support the idea that human 
and mouse AOX1 are major determinants of adipocyte dif-
ferentiation and fat deposition in liver. The action of human 
and mouse AOX1 in lipid homeostasis may be independ-
ent of their enzymatic activity as suggested by the results 
contained in two published studies (Graessler and Fischer 
2007; Sigruener et al. 2007). The two studies suggest that 
the action of AOX1 is mediated by its capacity to interact 
with and modulate the activity of the ABCA-1 lipid trans-
porter which is involved in the control of lipid efflux from 
the cell. Human and mouse AOX1 are not the only AOX 
isoenzymes involved in lipid homeostasis, as AOX4 plays 
a role in this process as well. Indeed, our Aox4 knockout 
mice are characterized by a deficit in fat deposition at the 
level of the visceral adipose tissue and show resistance to 
obesity upon exposure to diets rich in fat (Terao M., unpub-
lished results). These effects are accompanied by reduced 
liver steatosis. AOX4 actions on adipose tissue and liver 
fat accumulation are due to systemic mechanisms, as 
mouse adipocytes and hepatocytes are completely devoid 
of this AOX isoenzyme. Interestingly, resistance to obe-
sity is observed also in Aldh1a1 knockout mice exposed 
to high-fat diets (Ziouzenkova et al. 2007). As AOX4 and 
ALDH1a1 are both involved in the oxidation of RAL into 
ATRA, this suggests a possible involvement of the two reti-
noids in fat deposition and resistance to obesity.

A last biological process AOXs may be involved in is the 
production of nitric oxide, a major vasodilator and intracel-
lular second messenger under hypoxic conditions. Although 
nitric oxide is biosynthesized from l-arginine, oxygen, and 
NADPH by various nitric oxide synthases, nitrite is deemed 
to be a nitric oxide “storage form” that can be made avail-
able, through its one-electron reduction, to maintain nitric 
oxide formation under hypoxia/anoxia. Mammalian AOXs 
and XDH can reduce nitrite into nitric oxide under hypoxic 
conditions (Li et al. 2008). A recent study performed in 
HepG2 hepatocytes and human mammary epithelial cells 
supports a major involvement of human AOX1 in the pro-
duction of nitric oxide under hypoxic conditions (Maia 
et al. 2015).
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The role played by mammalian AOXs 
in xenobiotic metabolism

Although human AOX1 and the other mammalian AOX 
isoenzymes are likely to be characterized by incompletely 
defined and tissue-specific functions, the role this class of 
enzymes in phase I metabolism of xenobiotics of both med-
ical and toxicological relevance is established (Garattini 
and Terao 2011, 2012, 2013). The interest in AOXs as drug-
metabolizing enzymes, particularly in the liver, is increas-
ing given the emerging significance of these enzymes in 
drug development programs, as discussed below.

Mammalian AOXs are an emerging class of enzymes 
in the metabolism of drugs

Mammalian AOXs are characterized by broad substrate 
specificity and are capable of recognizing a large range of 
organic molecules regardless of the presence of an alde-
hyde function, as already mentioned. Mammalian AOXs 
hydroxylate the rings of various aza-, oxo-, and sulfo-hete-
rocycles and oxidize iminium functions to cyclic lactames. 
There is also evidence that AOXs act not only as oxidases 
but also as reductases, reducing N-oxides, sufoxides, nitro-
compounds, and heterocycles, particularly under hypoxic 
conditions (Dick et al. 2006; Kitamura and Tatsumi 1984a, 
b). All this along with the high levels of human AOX1 and 
mammalian AOX1 and/or AOX3 in liver is at the basis of 
the relevance that these enzymes have in the metabolism of 
xenobiotics (Coelho et al. 2012; Sanoh et al. 2015; Zientek 
and Youdim 2015). Indeed, bio-transformation/inacti-
vation of drugs as well as toxicants is deemed to be the 
major physiological functions of AOXs in liver. Hepatic 
AOXs and cytochrome P-450-dependent mono-oxyge-
nases (CYP450) represent major phase I drug-metaboliz-
ing enzymes. While CYP450 enzymes are predominantly 
located in the endoplasmic reticulum of liver cells, AOX1 
and AOX3 are cytosolic proteins. Sometime AOXs and 
CYP450 s act in concert, as observed with citalopram, a 
non-tricyclic anti-depressant belonging to the family of 
selective serotonin re-uptake inhibitors (SSRI) (Fig. 11). 
In this case, the tertiary amino group of citalopram is oxi-
dized to an aldehyde by CYP450. Subsequently, the alde-
hyde is bio-transformed into the corresponding carboxylic 
acid by AOX. The number of drugs metabolized by AOXs 
is large and includes antitumor, immunosuppressive, anti-
malarial, and antiviral agents as well as molecules acting 
in the central nervous system. Among the antitumor and 
immunosuppressive agents, methotrexate and 6-mercap-
topurine are the oldest examples of drugs metabolized 
by AOXs. Methotrexate is a folic acid antagonist, and 
it is used in the treatment of lymphoma and rheumatoid 

arthritis. The drug is oxidized into 7-hydroxy-methotrexate 
(Fig. 11) by both human AOX1 and rabbit, rat, mouse and 
hamster AOXs (Chladek et al. 1997; Kitamura et al. 1999). 
The AOX-dependent hydroxylation step is of fundamen-
tal importance for the pharmacokinetics and side effects 
of methotrexate, as 7-hydroxy-metotrexate is endowed 
with cytotoxic activity. In humans a large inter-individual 
variability in the bio-transformation of methotrexate into 
the 7-hydroxy derivative is observed and the phenomenon 
is correlated with the levels of AOX1 enzymatic activity 
(Kitamura et al. 1999). Another example of immunosup-
pressant and cytotoxic agent which is a recognized sub-
strate of AOXs is 6-mercaptopurine, a major metabolite 
of the other immunosuppressant azathioprine (Beedham 
et al. 1987; Ding and Benet 1979; Rooseboom et al. 2004). 
The imidazole ring of 6-mercaptopurine undergoes two 
hydroxylation steps which are catalyzed by XOR and 
AOXs in sequence (Fig. 11). AOX-dependent hydroxyla-
tion in the liver and other tissues leads to metabolic inac-
tivation and contributes to the pharmacokinetic profile of 
the compound in man and experimental animals. A final 
example of immunosuppressant for which there is evi-
dence that some the identified toxic metabolites are due to 
AOX1 activity is thiopurine, a drug used in the treatment 
of inflammatory bowel disease (Chouchana et al. 2012).

Other drugs that are metabolized by AOXs belong to 
the classes of antimalarial and antiviral agents. Cryptole-
pine (Fig. 11) is an antimalarial agent, and it is oxidized to 
cryptolepine-11-one by rabbit liver AOX (Stell et al. 2012). 
Quinine is another example of antimalarial drug whose 
bio-disposition is partially dependent on AOXs, although 
the molecule is a CYP450 substrate as well. The 2-quinone 
derivative is the major metabolite produced by AOX enzy-
matic activity and its levels are different in different experi-
mental animals (Beedham et al. 1992), consistent with the 
different spectrum of AOXs present in liver (Beedham et al. 
1987). Dog and rat livers contain undetectable and low lev-
els of cytosolic quinine oxidase activity. The first observa-
tion is in line with the predicted absence of liver AOX1 and 
AOX3 proteins (Terao et al. 2006) due to pseudogeniza-
tion/inactivation of the corresponding genes in dogs (Kuro-
saki et al. 2013). By converse, the finding in rats suggests 
that AOX3 is much less efficient than AOX1 in oxidizing 
quinine to 2-oxo-quinone. The idea is supported by the data 
obtained in the hepatic tissue of baboons, which are char-
acterized by high levels of quinine oxidizing activity and 
pseudogenization/inactivation of the AOX3 gene (Kurosaki 
et al. 2013). In support of this hypothesis is also the obser-
vation that the liver of guinea pigs and marmosets, which 
show deletion and pseudogenization of the AOX3 gene 
(Kurosaki et al. 2013), oxidize quinine to the same extent 
as the human counterpart.
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In discussing the role of human AOX1 and other mam-
malian AOXs in the metabolism of drugs, there are at least 
three issues that should be considered. First, metabolic 
inactivation of drugs by AOXs does not simply involve oxi-
dation, as these enzymes are capable of reducing appropri-
ate substrates. A significant example of the reducing abil-
ity of AOXs is represented by ziprasidone, a drug which is 
approved by the US Food and Drug Administration (FDA) 
for the treatment of schizophrenia, acute mania and mixed 
states associated with bipolar disorder. Indeed, the main 
metabolic pathway for ziprasidone in humans occurs via 
AOX1 catalyzed reduction, followed by thiol-methyl-trans-
ferase catalyzed methylation (Obach et al. 2012). Second, 
oxidation of drugs by AOXs does not necessarily lead to 
metabolic inactivation. Metabolic activation of pro-drugs 
by human AOX1 has been exploited to circumvent phar-
macokinetic problems as exemplified by the clinical devel-
opment of the 5-iodo-2-deoxyuridine precursor, 5-iodo-
2-pyrimidinone-2-deoxyribose (Kinsella et al. 1994, 1998, 
2000). In prospective, human AOX1-dependent activation 
of pro-drugs may be a strategy to be pursued in the onco-
logic field to increase the therapeutic index of antitumor 
agents by increasing the tumor selectivity of their pharma-
cological action. In fact there are a number of tumor types 
which are characterized by the expression of detectable lev-
els of the human AOX1 mRNA, as observed in the case of 
glioblastoma, esophageal, and gastric cancer (Garattini and 
Terao 2011). A last point that must be mentioned regards 
the fact that AOX-dependent metabolism of drugs may be 
relevant in tissues and organs other than the liver. An appro-
priate example is represented by the skin, as human skin 
explants has been shown to metabolize carbarazepan and 
zoniporide, two well-known AOX substrates (Manevski 
et al. 2014). The presence of the AOX1 mRNA (Fig. 10) 
and the AOX4 protein (Terao et al. 2009) in human and 
mouse skin, respectively, indicates that AOXs may repre-
sent a problem for drugs and cosmetics which are adminis-
tered topically, as they may be metabolized and inactivated 
very rapidly in this location.

The importance of AOXs in drug development has 
increased over the course of the last few years with the 
development of organic synthesis strategies designed to 
avoid CYP450-dependent metabolism. In fact, this has 
resulted in the enrichment of chemical structures with a 
high probability to be metabolized by human AOX1 and 
related enzymes (Barr et al. 2014; Fratelli et al. 2013; Hut-
zler et al. 2013) and it has led to the development of new 
medicinal chemistry approaches to avoid AOX metabolism 
and inactivation of potential drugs (Pryde et al. 2012). In 
addition, the enrichment of potential substrates for human 
AOX1 underscores the necessity of adequate cell-free 
and whole-cell in vitro screening assays to confirm AOX-
dependent metabolism. These assays are likely to become 

invaluable tools in any drug development program (Garat-
tini and Terao 2011, 2013). A further problem in drug 
development is now represented by the selection of appro-
priate in vivo experimental models to study the pharma-
cokinetics and pharmacodynamics of drug candidates with 
the potential to be metabolized by human AOX1 to avoid 
failures in the clinics because of clearance and toxicity 
problems. This is becoming a major issue given the already 
discussed differences between humans and many mamma-
lian in the complement of active AOX genes expressed in 
the liver and other tissues (Figs. 5, 10).

AOXs metabolize compounds of toxicological interest

The role of AOXs in xenobiotic metabolism is not limited 
to drugs, as it extends to various molecules of toxicologi-
cal interest. Phthalazines are major environmental pollut-
ants and are classic AOX substrates. Indeed, several types 
of mammalian AOXs oxidize phthalazine into 1-hydroxy-
phthalazine which undergoes rapid and largely irreversible 
isomerization into 1-phthalazinone (Beedham et al. 1990; 
Coelho et al. 2015; Stubley et al. 1979). Oral administra-
tion of phthalazine causes an increase in rabbit liver AOX 
activity, indicating that the compound is not only a sub-
strate for but it is also a bona fide AOX inducer (Johnson 
et al. 1984). Another example of AOX substrate of poten-
tial significance in the toxicological field is represented 
by the xanthine, caffeine, which is rapidly metabolized to 
an oxo-derivative by both AOXs and XDH (Castro et al. 
2001) (Fig. 11). Vanillin, a widely used sweetener, is an 
aromatic aldehyde of nutritional interest which is rapidly 
metabolized by mammalian AOXs into the corresponding 
carboxylic acid (Fig. 11). A last example of toxicant which 
is deemed to be an AOX substrate is acetaldehyde, the pri-
mary product of ethanol metabolism. In this case, AOX has 
been proposed to be implicated in acute and chronic liver 
toxicity associated with alcohol consumption. The hypoth-
esized mechanism underlying this AOX-dependent action 
is related to the production of reactive oxygen species, like 
superoxide anions or hydrogen peroxide, during the oxi-
dation of acetaldehyde into the corresponding carboxylic 
acid (Shaw and Jayatilleke 1990). However, experiments 
conducted in the liver of AOX deficient DBA/2 and AOX 
proficient CD1 mice do not support this idea. In fact, CD1 
and DBA/2 mice, which are characterized by undetectable 
levels of AOX3 and markedly reduced amounts of AOX1 
relative to the CD1 counterpart, show the same amounts of 
liver acetaldehyde after chronic administration of ethanol 
(Vila et al. 2004). This indicates that neither liver AOX1 
nor AOX3 contributes to acetaldehyde metabolism in vivo. 
The observation is consistent with the fact that acetalde-
hyde is a poor substrate for both enzymes, although it does 
not rule out the possibility that AOX1 and AOX3 play a 
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role in acetaldehyde induced hepatotoxicity via other 
mechanisms. With respect to this, an alternative mecha-
nism is suggested by an old study (Kundu et al. 2012; Mira 
et al. 1995), which indicates that NADH is an AOX sub-
strate and oxidation of the dinucleotide by the enzyme pro-
duces toxic superoxide anions. According to the hypoth-
esis proposed in the article, NAD+-dependent alcohol 
dehydrogenase produces NADH and acetaldehyde from 
ethanol. NADH is oxidized to NAD+ by AOXs with the 
consequent generation of toxic oxygen radicals. All this 
ignites a vicious circle between AOXs and alcohol dehy-
drogenase which is at the basis of oxygen radical depend-
ent liver toxicity.

Another interesting class of toxicants which can be 
metabolized by different mammalian AOXs is represented 
by compounds containing a nitro function, as they exem-
plify the ability of these enzymes to act not only as oxi-
dases, but also as reductases in the presence of electron 
donors, such as 2-hydroxypyrimidine (Tatsumi et al. 1986; 
Ueda et al. 2003, 2005). In fact, like XDH, AOXs have 
been shown to carry out the nitro-reduction of the environ-
mental pollutants, 2-nitrofluorene (Fig. 11), 1-nitro-pyr-
ene, and 4-nitrobiphenyl into the corresponding amines. 
Noticeably, AOX-dependent nitro-reduction is observed 
not only in cytosolic fractions obtained from the liver (Tat-
sumi et al. 1986) but also from the skin of different experi-
mental animals, such as mice (Ueda et al. 2003, 2005). As 
mouse liver expresses AOX1 and AOX3, while mouse skin 
synthesizes predominantly AOX4, the data indicate that 
nitro-reduction is not a characteristic of specific AOX iso-
enzymes. The presence of AOX-dependent nitroreductase 
activity in the skin and the ability of mammalian AOX1 to 
carry out this reaction have implications for the human sit-
uation. In fact, human skin explants contain AOX1 enzy-
matic activity (Manevski et al. 2014), and AOX-dependent 
reduction of environmental nitro-compounds may repre-
sent a general defensive mechanism active in man as well 
as various mammalian species. A last example of AOX-
dependent nitro-reductive metabolism is represented by 
the neonicotinoid, imidacloprid, which provides support to 
the notion this type of enzymatic reaction has in vivo rel-
evance. Neonicotinoids are an important class of insecti-
cides whose nitroimino group is reduced in vitro by AOXs. 
A recent study carried out in the mouse demonstrates the 
relative contribution of liver AOXs and CYP450 s in the 
metabolism of the neonicotinoid, imidacloprid, using 
an in vivo approach (Swenson and Casida 2013). Addi-
tion of tungsten or hydralazine in the drinking water of 
C57BL/6J mice is associated with a selective reduction 
in the levels of liver AOX activity and no change in the 
amounts of CYP450 activity. In tungsten- and hydralazine-
exposed C57BL/6J mice, CYP450-dependent imidacloprid 

metabolism is unaffected, whereas the AOX-generated 
nitrosoguanidine metabolite is substantially decreased. 
This provides direct in vivo evidence that mouse liver 
AOX1 and AOX3 play a major role in the reductive metab-
olism of imidacloprid.

Single nucleotide polymorphisms affecting human 
AOX1 activity

Given the role played by human AOX1 in xenobiotic metab-
olism, there is interest in defining the presence of single 
nucleotide polymorphisms (SNPs) affecting the expression 
or the catalyitic activity of this enzyme. In fact, the iden-
tification of such SNPs should permit the classification of 
individuals into fast and slow metabolizers, with respect to 
drugs and toxicants which are recognized as human AOX1 
substrates. A major source of inter-individual variability 
in the levels of AOX1 activity is likely to be related to the 
presence of SNPs in the coding region of the corresponding 
gene. Numerous SNPs mapping to the human AOX1 gene 
are available in the NCBI database (http://www.ncbi.nlm.
nih.gov/snp). We determined the allelic frequency of some 
of these SNPs in a cohort of 180 volunteers representative 
of the Northern Italian population (Hartmann et al. 2012). 
In this population, one nonsense polymorphism, one syn-
onymous, and five non-synonymous polymorphisms were 
identified. The most frequent missense polymorphism 
involves a G/A substitution which results in the R1297K 
amino acid exchange. Other relatively frequent SNPs are 
represented by T/C and G/A substitutions giving rise to 
the L1271S and N1135S AOX1 variants. The frequency of 
two further amino acid substitutions (R802C and R921H) 
is much lower. The recombinant proteins corresponding to 
the four AOX1 variants generated in our modified E. coli 
system are catalytically active. Characterization of their 
enzymatic activity against a number of classic substrates 
indicates that the R802C and R921H AOX1 variants have 
reduced catalytic activity. By converse, the N1135S and 
H1297R amino acid exchanges result in increased catalytic 
activity. Thus, as observed in certain strain of rats (Adachi 
et al. 2007; Hartmann et al. 2012), some of the non-synoni-
mous polymorphisms affect the catalytic activity of human 
AOX1. Individuals characterized by the presence of the 
R802C or R921H variant are likely to be poor metaboliz-
ers, while those endowed with the N1135S or the H1297R 
are likely to be rapid or extensive metabolizers of drugs 
known to be bio-transformed by human AOX1. As this type 
of information is of great clinical relevance in terms of pre-
dicting the efficacy and toxicity of such drugs, further stud-
ies are necessary to evaluate the influence on enzyme activ-
ity exerted by these and other non-synonymous SNPs in the 
human population worldwide.

http://www.ncbi.nlm.nih.gov/snp
http://www.ncbi.nlm.nih.gov/snp
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Conclusions and future perspectives

The present review article provides an overview of the cur-
rent knowledge on the structure, evolution and function of 
mammalian AOXs, a small group of proteins of increasing 
interest particularly in the medical and toxicological fields, 
given the ability of these enzymes to metabolize a wide 
range of drugs and environmental toxicants.

Substantial progress in the definition of the primary and tri-
dimensional structure of mammalian AOXs has been accom-
plished in the last few years, particularly as a consequence 
of the very recent crystallization of mouse AOX3 (Coelho 
et al. 2012; Mahro et al. 2011) and human AOX1 (Coelho 
et al. 2015). This along with the development of simple and 
efficient methods for the purification of large quantities of 
recombinant mammalian AOXs has also resulted in a better 
understanding of the catalytic mechanisms responsible for the 
activity of these enzymes. Further insights into the structural 
determinants guiding the interactions of substrates and inhibi-
tors with the AOX enzymes as well as the release of prod-
ucts from their active site are likely to represent the object 
of intense efforts in the next future. We expect that some of 
these efforts will be directed toward the solution of one of the 
fundamental problems of AOX biology, i.e., the reason for the 
existence of multiple enzymatic isoforms in certain mamma-
lian species and the presence of a single enzyme in humans. 
With respect to this, integration of the primary sequence 
and crystallographic data with the results of site-directed 
mutagenesis studies and the recent advancements in the field 
of computational modeling are likely to establish whether dif-
ferent AOX have similar or divergent substrate specificities. 
These types of approaches are also likely to permit the design 
and synthesis of selective inhibitors for the various AOX iso-
forms which will represent useful tools to study the activity of 
each AOX isoenzyme in the experimental animal. Thus, the 
recent progress in the elucidation of mammalian AOXs struc-
ture is likely to be of interest not only in the specific field of 
structural biology but also in terms of functional biology, syn-
thetic and medicinal chemistry as well as toxicology.

The strictly conserved structure and sequence of vertebrate 
AOX genes and the public availability of sequencing dataset 
for a large number of prokaryotic and eukaryotic genomes 
has permitted the reconstruction of the primary amino acid 
structure of numerous AOX proteins (Kurosaki et al. 2013). 
In addition, the data have been instrumental in the prediction 
of the complement of active AOX genes, inactive AOX pseu-
dogenes and AOX gene deletions observed in a significant 
number of vertebrate species. This information is of funda-
mental relevance from both a basic and an applied perspec-
tive. In terms of basic science, it has led to a first picture of 
AOXs evolutionary history, which indicates that the evolution 
of vertebrates is characterized by a first phase of asynchronous 
gene duplications followed by a series of species-specific gene 

inactivation and gene deletion events. This has resulted in the 
extant complement of AOX proteins which varies from species 
to species. In the next few years, it is expected that this pic-
ture will become more detailed, as the number of sequenced 
genomes is likely to increase logarithmically. At the applied 
level, the available data are already of major interest in the 
pharmacological and toxicological areas. In fact, they provide 
information as to the complement of AOX isoenzymes present 
in animal species widely used for preclinical studies aimed at 
defining the metabolic and toxicologic profiles of new drug 
candidates and environmental pollutants. In the realm of drug 
development, AOX-dependent metabolism of an increas-
ing number of new molecules is becoming a serious problem 
(Garattini and Terao 2012, 2013). Indeed, the design of new 
drug candidate avoiding CYP450-dependent metabolism has 
resulted in an enrichment of chemical structures recognized as 
substrates by human AOX1 (Pryde et al. 2012). AOX-depend-
ent metabolism cannot be accurately recapitulated in common 
preclinical in vivo models, like mice and rats, because of the 
different complement of AOXs present in these animal species 
relative to humans. The difficulty of scaling clearance from 
preclinical species to humans is one of the reasons leading to 
the possible failure of drugs metabolized by human AOX1 in 
clinical trials (Choughule et al. 2013, 2015; Dalvie et al. 2013; 
Diamond et al. 2010). The available genomic data predicting 
the complement of AOX isoforms expressed in popular animal 
species used as pre-clinical models in drug metabolism studies 
(Fig. 5) indicate that the best proxies of the human situation 
are represented by the chimpanzee followed by the guinea pig 
and the pig. In fact, the liver of these animal species expresses 
only the orthologue of human AOX1. With respect to this 
point, however, it should be pointed out both types of animals 
are predicted to express AOX2 and AOX4 in tissues other than 
the liver, which may add a confounding factor in the study 
of drug candidates potentially metabolized by human AOX1. 
On the basis of these data, we propose that the chimpanzee is 
likely to be the best surrogate of humans in drug metabolism 
and pharmacokinetic studies. Clearly, the same considerations 
hold true for studies aimed at predicting the toxicity of mole-
cules metabolized by human AOX1 in appropriate experimen-
tal models in vivo. A potential resolution to the problem of 
finding simple and cost-effective experimental animals repre-
senting predictive proxies of the human situation in the area of 
xenobiotic metabolism is the development of genetically engi-
neered mice expressing human AOX1 in the context of AOX 
null mice, a direction we are currently pursuing. In the specific 
fields of drug development and environmental toxicology, 
another important issue to be addressed in the next future is 
the development of simple experimental paradigms to be used 
for the prediction of human AOX1-dependent metabolism.

Despite the wealth of information generated on the struc-
ture and reaction mechanisms in the last few years, there is 
still a substantial lack of information on the physiological 
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functions of mammalian AOXs. In fact, it is highly unlikely 
that the primary function of this class of enzymes is xeno-
biotic metabolism, given the expression of human AOX1 
and rodent AOX1, AOX2, AOX3, and AOX4 in multiple tis-
sues, some of which are characterized by very specialized 
functions. With respect to this, it is expected that further 
details on the physiological role of AOXs will be gained 
by the identification of relevant endogenous substrates 
and products using the direct approaches made possible 
by the development of current state-of-the-art method for 
the isolation of significant amounts of catalytically active 
recombinant and native mammalian AOXs discussed in this 
review article. Further details on the physiological role of 
mammalian AOXs will be gained by phenotypic analysis 
of the AOX knockout mice which are already available or 
will be generated in the next few years. At present, only 
knockout mice for AOX2 (Mineko Terao, personal commu-
nication) and AOX4 (Terao et al. 2009), two extra-hepatic 
enzymes, have been generated. Thus, there is an urgent 
need to extend the range of available knockout mice to the 
two liver enzymes, AOX1 and AOX3. The data obtained on 
the AOX2 and AOX4 knockout mice demonstrate that func-
tional inactivation of the two genes is not lethal and does 
not lead to malformations, supporting the idea that the cor-
responding enzymes are not involved in embryonal devel-
opment. This is in line with the data indicating that AOX 
enzymes start to be active only after birth. A very recent 
and in-depth phenotypic analysis of the Aox4 knockout ani-
mal demonstrates an involvement of AOX4 in the systemic 
control of circadian rhythms, locomotor activity, and adi-
pogenesis (M. Terao et al. unpublished results). Alterations 
of circadian rhythms and locomotor activity are in line with 
the purported involvement, of the Harderian gland, the rich-
est source of AOX4, in the control of the light/dark cycle. 
The effects exerted by AOX4 on fat deposition and homeo-
stasis are largely unexpected, although our data support the 
idea that the phenomenon can be explained by actions of 
the enzyme on thermogenesis and energy balance. In this 
context, future challenges are represented by the identifica-
tion of the AOX4-dependent substrates or products, if any, 
responsible for these systemic effects. In addition, it will be 
important to establish whether human AOX1 exert a similar 
action on lipid homeostasis, as supported by recent in vitro 
data (Sigruener et al. 2007; Weigert et al. 2008). If this is 
indeed the case, the enzyme may represent a new and via-
ble target for the development of antiobesity drugs.
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