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ABSTRACT: The widely employed antidiabetic drug pioglitazone (Actos) is shown
to be a specific and reversible inhibitor of human monoamine oxidase B (MAO B).
The crystal structure of the enzyme−inhibitor complex shows that the R-enantiomer
is bound with the thiazolidinedione ring near the flavin. The molecule occupies both
substrate and entrance cavities of the active site, establishing noncovalent interactions
with the surrounding amino acids. These binding properties differentiate pioglitazone
from the clinically used MAO inhibitors, which act through covalent inhibition mecha-
nisms and do not exhibit a high degree of MAO A versus B selectivity. Rosiglitazone
(Avandia) and troglitazone, other members of the glitazone class, are less selective in that they are weaker inhibitors of both MAO A and
MAO B. These results suggest that pioglitazone may have utility as a “repurposed” neuroprotectant drug in retarding the progression of
disease in Parkinson's patients. They also provide new insights for the development of reversible isoenzyme-specific MAO inhibitors.
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The incidence of type II diabetes has reached nearly
epidemic proportions in western countries and constitutes

a major health risk (current estimate of 19.7 million diagnosed
individuals in the United States).1−3 The antidiabetes drugs
belonging to the glitazone class act as peroxisome proliferator-
activated receptor-δ agonists and counter cellular insulin
resistance. Pioglitazone (Actos) accounted for $2.5 billion
in sales in the United States in 2009, being one of the nine
FDA-approved antidiabetes medications (Figure 1). Rosiglita-
zone (Avandia) is another member of this class; however,
its cardiotoxic side effects have resulted in restrictions in its
clinical use.4,5

Pioglitazone was shown to function as an effective
neuroprotectant in the MPTP-mouse model for Parkinson's
disease (PD).6 It was suggested to be an inhibitor of
monoamine oxidases (MAOs), which are flavin-dependent
mitochondrial enzymes that catalyze the oxidative degradation
of various aromatic amine-containing neurotransmitters.7 The
two human isoenzymes (MAO A and B) share considerable
sequence identity (73%)8 but exhibit only partly overlapping
substrate specificities.9 For instance, MAO A (but not MAO
B) is able to oxidize serotonin or epinephrine, whereas MAO B
preferentially acts on phenethylamine. On these bases, MAO A
has classically been considered a target for antidepressant
drugs, whereas MAO B inhibitors are currently used to support
treatment of PD.10 A further point of interest is that MAOs are
major sources of hydrogen peroxide in the cells, and their role
in pathological oxidative stress is under active investiga-
tion.11,12

Presently, there are several clinically used MAO inhibitors
(MAO-Is), including the recently developed rasagiline.13 A
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Figure 1. Structures of the glitazone (R-enantiomers) drugs used in
this study.
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property common to all of these compounds is that their
molecular mechanisms of inhibition feature the formation of a
covalent adducts between the flavin cofactor and the inhibitor
molecule.14 In this context, it was of interest to evaluate the
inhibitory activity of glitazones against MAOs, especially since a
number of clinical trials are now initiated to test the
effectiveness of pioglitazone in the treatment of Parkinson's
patients (http://parkinsontrial.ninds.nih.gov/). Here, we de-
monstrate that pioglitazone is a highly selective MAO B inhibitor,
highlighting potential additional pharmacological actions of this
widely used drug.
The main questions addressed in our study were as follows:

(i) Are these glitazone drugs effective MAO-Is? (ii) Do they
function as reversible or as irreversible inhibitors? (iii) Do they
discriminate between the isoenzymes? (iv) Can they become
lead compounds for further drug-design studies?
To quantitatively establish the inhibition activities of

glitazone compounds, we used recombinant human MAO A
and B heterologously expressed in Pichia pastoris.15,16 These
experiments were also performed using the recombinant rat
enzymes since the rat model is often employed in drug
development studies. We found that (R,S)-pioglitazone (see the
structures in Figure 1) competitively inhibits MAO B with a
submicromolar Ki value for the human enzyme. Of interest, the
drug does not exhibit any inhibitory activity in the accessible
concentration range (∼100 μM) against either human or rat
MAO A (Table 1). In contrast, (R,S)-rosiglitazone is

nonspecific and competitively inhibits both A and B
isoenzymes, although slightly more weakly MAO A. Studies
with troglitazone show complex inhibition behavior, which
appears as noncompetitive with both MAO A and MAO B with
Ki values ∼10 μM. Thus, these glitazone molecules are MAO-Is
with clearly different properties. In particular, pioglitazone
exhibits high specificity and submicromolar affinity to human
MAO B, and the others exhibit nonselectivity and weaker
inhibition with both isozymes.
We also tested the human histone demethylase LSD1 for any

inhibition by pioglitazone and by rosiglitazone.17,18 This
histone-modifying amine oxidase is weakly homologous to
MAO A and B and is emerging as potential target for anticancer
drugs. Of relevance to this study, LSD1 is inhibited by several
MAO-I compounds such as tranylcypromine, raising the
question of whether any glitazone inhibition may occur. No
inhibition of LSD1 is observed by these glitazones at
concentrations up to 100 μM, further highlighting their
specificities for MAOs.
The high-resolution crystal structures of human MAO B in

complex with both pioglitazone and rosiglitazone show no
evidence for any covalent attachment of the inhibitor

thiazolidinedione ring to the flavin or to active site residues
(Figure 2 and Table S1 in the Supporting Information).14,19

The noncovalent nature of the binding was further confirmed
by the absence of any change in the absorption spectrum of the
protein-bound flavin cofactor. The benzyl and pyridyl rings of
pioglitazone extend through the substrate cavity into the
entrance cavity of the bipartite active site of MAO B (Figure 3),

similar to safinamide, a compound in phase III clinical trials for
the treatment of PD (Figure 4).20 A detailed structural analysis
of pioglitazone in the active site of MAO B shows H-bonds of
oxygen and nitrogen in the thiazolidinedione ring with
conserved active site water molecules within the aromatic
cage of Tyr398 and Tyr435 (Figure 3b). Phe103, located in the
loop guarding the active site cavity, is displaced slightly in
conformation to avoid steric clashes with the ethyl side chain on

Table 1. Inhibition Properties of Glitazone Compounds with
Purified Human and Rat MAOs

MAO A (Ki μM) MAO B (Ki μM)

human rat human rat

pioglitazone nonea nonea 0.5 ± 0.1 2.1 ± 0.4
rosiglitazone 27.6 ± 3.0 32.6 ± 5.1 4.2 ± 0.8 5.8 ± 1.0
troglitazoneb 10.5 ± 1.2 4.8 ± 0.6 9.5 ± 0.7 10.9 ± 1.0

aNo inhibition observed at concentrations up to 100 μM.
bNoncompetitive inhibition patterns were observed with this
compound.

Figure 2. Unbiased electron density maps and stick models of
pioglitazone (left) and rosiglitazone (right; the pyridyl moiety of
rosiglitazone is not visible in the electron density; see the text) in
complex with human MAO B. A stick model of the flavin is shown at
the top of each structure.

Figure 3. Structural studies on pioglitazone binding to MAO B.
(a) Overall structure of the MAO B−pioglitazione complex. The binding
cavity is shown as a semitransparent red surface. (b) Detailed structure
of pioglitazone bound to the active site of human MAO B. Hydrogen
bonds are denoted by dashed lines. The carbon skeleton of the flavin
ring is in yellow, and that of pioglitazone is in green. Interacting amino
acid residues are in gray. Oxygen atoms are red, nitrogens are in blue,
and sulfurs are in yellow. Water molecules are depicted as red spheres.
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the pyridine ring (Figure 3b). These specific interactions and,
more generally, the bipartite structure of the MAO B active site
and its hydrophobic environment account for the specificity of
pioglitazone binding to MAO B and not to MAO A.
The crystallographic investigation shows that rosiglitazone

binds in the same position and conformation as does
pioglitazone (Figure 2). The electron density does not include
the pyridyl ring of the inhibitor. We have found that this
inhibitor is also a very slow substrate of both MAO A and MAO
B (in a time course of hours). The time required for crystal
formation may allow for the oxidative cleavage of the bond
adjacent to the tertiary anilino nitrogen with consequent loss of
the pyridyl ring. On the basis of model fitting to electron
density, the R-enantiomer of the racemic mixture of either
pioglitazone or rosiglitazone appears to preferentially bind to
the enzyme. Racemization of these compounds occurs
reasonably rapidly,21 which precludes the administration of
either enantiomer to enhance therapeutic specificity as well as a
more thorough analysis of their differences in binding affinities.
Attempts to determine the structure of the troglitazone−

MAO B complex were unsuccessful. No definitive electron
density of the bound ligand could be observed, which suggests
heterogeneity of binding modes to the oxidized enzyme or a

low affinity and no covalent binding. The inhibition behavior
observed suggests a higher affinity of this glitazone for the
enzyme−substrate/product intermediates in catalysis.
The fundamental conclusion of our study is that pioglitazone

is a reasonable MAO B inhibitor with two key features: its high
selectivity and its noncovalent binding mode. These properties
set it aside with respect to currently used MAO-I drugs, which
act through covalent inhibition mechanisms and do not exhibit
such a MAO A versus B selectivity.8 Pioglitazone is a widely and
routinely used drug that is known to reach plasma
concentrations in monkeys with induced symptoms character-
istic of PD22 (∼4.9 μM), which are ∼10- fold higher than the Ki
value determined here for MAO B. Moreover, pioglitazone can
cross the blood−brain barrier to reach therapeutic neuro-
protective concentrations22 (∼0.14 μM), which are in a
concentration range comparable to the Ki value (0.5 μM). A
knowledge of its inhibitory activity against MAO B should be
helpful in the evaluation of pioglitazone's clinical benefits and
possible side effects. These data provide a molecular basis for
“repurposing” pioglitazone as a neuroprotectant in the treatment
of patients at early stages of PD. Additional applications may
also be considered in pathological conditions known to involve
abnormal production of reactive oxygen species, as indicated by
preliminary studies on the beneficial effects of MAO-Is in heart
failure and muscular dystrophy.12 In this regard, glitazones may
represent clinically validated scaffolds to open new avenues for
the design of isoenzyme-selective noncovalent MAO-Is. These
findings support the recently emerging trends in current drug
development to probe existing drugs for therapeutic activities
beyond those currently exploited in clinical applications.23

Furthermore, they are fully consistent with NIH guidelines to
retrieve abandoned drugs for new uses.24

■ EXPERIMENTAL PROCEDURES
Rosiglitazone was purchased from Cayman Chemical, and pioglitazone
and troglitazone were from Sigma-Aldrich. MAO A and B recombinant
proteins were overexpressed in Pichia pastoris and purified following
previously published procedures.15,16 Enzymatic activities were
measured spectrophotometrically using the horseradish peroxidase
coupled Amplex red assay (Δϵ = 54 000 M−1 cm−1, λ = 560 nm) with
p-CF3-benzylamine and benzylamine or phenethylamine as substrates
for MAO A and MAO B, respectively. Inhibitor Ki values were
determined by measuring the initial rates of substrate oxidation (six
different concentrations) in the presence of varying concentrations of
inhibitor (a minimum of four different concentrations). Ki values were
determined using global fit analysis of the hyperbolic fits of enzyme
activity with inhibitor concentrations using Graphpad Prism 5.0
software. Crystals of MAO B complexes were grown under conditions
described previously14 in the presence of ∼500 μM inhibitors. X-ray
diffraction data were collected at the ESRF (Grenoble, France) and at
the SLS (Villigen, Switzerland) synchrotrons. Data processing and
structure refinement were performed using programs of the CCP4
package following standard protocols (Table S1 in the Supporting
Information).25 Structural representations were generated with CCP4
mg.26 Purification of recombinant human LSD1/CoREST complex
and inhibition assays against this enzyme were carried out as
described.27

■ ASSOCIATED CONTENT

*S Supporting Information
X-ray structural data collection and refinement statistics for the
human MAO B−glitazone complexes. This material is available
free of charge via the Internet at http://pubs.acs.org.

Figure 4. Overlay of the pioglitazone structure (green carbon chain)
with that of safinamide (blue chain) (PDB code: 2V5Z) in the binding
site of human MAO B. In both complexes, Ile199, the gating residue
between the substrate and the entrance cavities (Figure 3), is in its
open conformation. The conformations of Phe103 and Trp119 for the
two bound inhibitors are shown. The flavin rings are in yellow. Atom
designation is the same as in Figure 3.
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