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Abstract
The leukotriene A4 hydrolase enzyme is a dual functioning enzyme with the following two
catalytic activities: an epoxide hydrolase function that transforms the lipid metabolite leukotriene
A4 to leukotriene B4 and an aminopeptidase function that hydrolyzes short peptides. To date, all
drug discovery efforts have focused on the epoxide hydrolase activity of the enzyme, because of
extensive biological characterization of the pro- inflammatory properties of its metabolite,
leukotriene B4. Herein, we have designed a small molecule, 4-methoxydiphenylmethane, as a
pharmacological agent that is bioavailable and augments the aminopeptidase activity of the
leukotriene A4 hydrolase enzyme. Pre-clinical evaluation of our drug showed protection against
intranasal elastase-induced pulmonary emphysema in murine models.
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The leukotriene A4 hydrolase (LTA4H) enzyme has been a target for drug discovery,
because of its role in the biosynthesis of the lipid metabolite leukotriene B4 (LTB4). LTB4 is
a potent neutrophil chemo-attractant1-4 and has been described in the setting of several
human pathologies to include the following: sepsis, 5-8 shock,9, 10 cystic fibrosis,11-15

coronary artery disease,16-18 connective tissue disease,2, 19-23 and chronic obstructive
pulmonary disease (COPD).24-26 Studies on COPD and LTB4 have also demonstrated
significant association between LTB4 and emphysematous COPD. 14, 24, 27-29 Despite the
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relevance of LTB4 in several diseases, clinical trials in humans have failed to show similar
beneficial effects in inhibiting this metabolite for several diseases such as rheumatoid
arthritis, cystic fibrosis, and inflammatory bowel diseases.30-34

Recent work suggests that the LTA4H enzyme may also exert protective properties in the
inflammatory process. 35-37 The LTA4H enzyme is a dual functioning hydrolase that
catalyzes the addition of water to the epoxy lipid LTA4 to give rise to LTB4. However, in
the presence of short peptides, LTA4H acts as an aminopeptidase that cleaves the N-
terminus of the peptide.38 All previous drug discovery efforts targeting the LTA4H enzyme
have focused on the inhibition of LTB4 biosynthesis without regard to the aminopeptidase
activity of the enzyme.

The two reactions catalyzed by the LTA4H enzyme involve the hydrolysis of their
corresponding substrate. Haeggstrom and co-workers have shown that a carboxylic acid
group that participates in hydrogen-bonding interactions with Arg563 of the enzyme is
essential for catalytic hydrolysis.39 When the LTA4 substrate and a peptide substrate are
aligned at their carboxylic acid moieties, a simple two-dimensional analysis reveals that the
addition of water likely occurs at two different regions of the enzyme (Figure 1). Peptide
cleavage at the P1 site (the peptide bond of the N-terminal amino acid residue) occurs in the
S1 pocket of the peptidase as designated using the nomenclature of Schechter and Berger.40

This would place the hydrolytic site of the LTA4 lipid metabolite in approximately the S2
pocket, which is positioned 6 atoms away from the hydrolytic site of a peptide substrate
(Figure 1). Since the hydrolytic site of the two substrates occur at very different regions of
the enzyme, a pharmacological approach was envisioned to uncouple these two actions of
the enzyme.

In the course of our studies Lai group reported that 4-methoxyphenoxybenzene upregulates
the aminopeptidase activity of the LTA4H enzyme.41 We confirmed Lai's in vitro results
showing upregulation of LTA4H aminopeptidase activity in the presence of 4-
methoxyphenoxybenzene. Subsequently, we tested this compound in our intranasal (IN)
elastase-induced murine model of pulmonary emphysema. Surprisingly, our study resulted
in >90% mortality within 10 days. A chemical stability study revealed that 4-
methoxyphenoxybenzene decomposes rapidly (within minutes) in pH6.8 buffer solution to
give two peaks by HPLC of presumably toxic products. We exchanged the central oxygen
atom to a methylene group to afford a chemically stable entity, which retained the in vitro
activity of the lead compound and was suitable to test our hypothesis that the
aminopeptidase activity of the LTA4H enzyme is protective.

Chemical design and synthesis
On the basis of Lai's molecular model of 4-methoxyphenoxybenzene bound to the LTA4H
enzyme, we deduced that the central oxygen atom of the drug did not participate in binding.
Since this oxygen atom is the likely site for cleavage to give the toxic degradation products,
our strategy involved exchange of the ether linkage to a methylene bridge to the two aryl
groups. The compound 4-methoxydiphenylmethane (4-MDM), shown in Figure 2, was
synthesized in one step in >90% yield from commercially available materials.

In vitro characterizations
The compound 4-MDM is a close analog to the LTA4H augmentor reported by Lai and co-
workers, and we expected it to have increased chemical stability and in turn better
bioavailability. First, we conducted an in vitro aminopeptidase assay to confirm the effect of
the drug on augmenting the aminopeptidase activity of the LTA4H enzyme. In order to
measure the aminopeptidase activity of the enzyme, L-alanine p-nitroanilide (Ala-p-NA)
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was used as the reporter group. Cleavage of the peptide bond of the Ala-p-NA resulted in an
observable change in wavelength absorption at 430 nm. 41

As shown in Figure 2, the aminopeptidase activity assay of the LTA4H enzyme consisted of
two control experiments. First, the aminopeptidase activity experiment was carried out in the
absence of 4-MDM to determine the base line activity of the enzyme at the time of our
measurement. Second, the experiment was carried out in the absence of the LTA4H enzyme
to determine any inherent instability of the reporter group in the presence of 4-MDM. As
expected, the assay containing both the enzyme and the drug showed a dose-responsive
increase in the average absorbance measured at 430 nm, which indicates cleavage of the
Ala-p-NA reporter group. The estimated concentration for 50% activation (AC50) is 50 μM.

Effect of 4-MDM on elastase-induced murine emphysema
To assess the effect of 4-MDM on the pathogenesis of pulmonary emphysema, 4-MDM was
formulated in peanut oil. Mice were then treated with escalating doses of 4-MDM via IP
injection daily. The maximally tolerated dose of 4-MDM was 30 mg/kg mouse weight.
Subsequently, mice were treated daily with either 30 mg of 4-MDM/kg of mouse weight or
vehicle (peanut oil) via IP injection starting on day −1. The emphysema in wild type mice
was induced by IN administration of 0.75 μg of elastase per kilogram of mouse weight in
100 μL of PBS or PBS alone as vehicle on day 0.36 Multiple modalities were applied to
reliably assess the severity of pulmonary emphysema in these animals. Lung compliance
was measured by the Flexivent 28 days post IN elastase or IN vehicle exposure. Pre mortem
lung compliance measured by this method is expected to increase with worsening of
emphysema. As shown in Figure 3A, animals post IN elastase exposure show higher
compliances as compared to the animals post IN vehicle exposure. However, the animals
that received daily IP injections of 4-MDM showed significantly reduced lung compliances
post IN elastase exposure as compared to the animals that received IP vehicle post IN
elastase exposure. Post mortem lung volumes were measured by volume displacement
technique after harvesting the lungs en block, inflating the lungs with a uniform 25cm water
pressure, then fixing them in paraformaldehyde for 18 hours (Figure 3B & 3C). Lung
volume is expected to increase with the worsening of emphysema. As shown in Figure 3B &
3C, animals post IN elastase exposure showed larger lung volumes as compared to the
animals post IN vehicle exposure. The animals that received daily IP injections of 4-MDM
show significantly reduced lung volumes post IN elastase exposure as compared to the
animals that received IP vehicle post IN elastase exposure. Post mortem chord length is
indicative of alveolar sizes, and therefore larger chord lengths suggest more severe
emphysema (Figure 3D & 3E). Again, as shown in Figure 3D & 3E, animals post IN
elastase exposure showed longer chord lengths (larger alveolar sizes in the lung histology)
as compared to the animals post IN vehicle exposure. The animals that received daily IP
injections of 4-MDM showed significantly shorter chord lengths post IN elastase exposure
as compared to the animals that received IP vehicle post IN elastase exposure. Levels of
LTB4 in the BALF were assessed by R&D ELISA kit (Cat# KGE006). The 4-MDM IP
treatment did not alter the levels of LTB4 in these animals (E/V = 93.1 pg/mL ± 26.1 vs E/D
= 124.2 pg/mL ± 47.1, p-value = not significant, where E=IN elastase; V=IP peanut oil drug
vehicle; D=IP 4-MDM).

These data show that elastase treatment results in damaged emphysematous alveoli as
measured by lung compliance, gross lung inspection, lung volume, and chord length. Our
results further show that the IP administration of 4-MDM formulated in peanut oil resulted
in a significant decrease (p < 0.05) in emphysematous lung damages by multiple modalities
of assessment without any effect on in vivo LTB4 production. Overall, 4-MDM was found
to effectively protect murine lungs from emphysematous destruction.
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The LTB4 metabolite is a pro-inflammatory lipid derived from the 5-lipoxygenase pathways
and biosynthesized by the LTA4H enzyme. The targeting of the LTA4H enzyme has been
the subject of numerous drug discovery efforts over the past 20 years. 42-47 Despite the
tremendous amount of data suggesting the implications of this enzyme in numerous
diseases, a viable clinical agent has not yet come to market. Our speculation is that the
second function of this enzyme, that is, its aminopeptidase activity, is important in the
resolution phase of inflammation, and that indiscriminate inhibition may be responsible for
the divergent outcomes encountered when targeting this enzyme.

Only recently has an endogenous peptide substrate for the LTA4H enzyme been identified.
Blalock and co-workers reported that the proline-glycine-proline tripeptide (PGP) is a ligand
for the LTA4H enzyme, and processing of this peptide by LTA4H was found to be essential
for timely resolution of neutrophilic inflammation in a murine model for influenza.37

However, Orning and co-workers have termed the LTA4H aminopeptidase as an arginine
aminopeptidase, because of its high specificity and efficiency in cleaving tripeptides that
contain an N-terminal arginine residue.38 It is not clear if cleavage of a single peptide, such
as PGP, or cleavage of a combination of different peptides is responsible for the protective
properties of the LTA4H enzyme. Overall, these findings suggest that the biology of the
LTA4H enzyme is much more complex than previously appreciated.

We chose to use the Ala-p-NA to measure the aminopeptidase activity of the LTA4H
enzyme. Haeggstrom and co-workers have shown that Ala-p-NA is a good mimetic for
peptide substrates of the LTA4H enzyme on the basis of a series of aminopeptidase assays,
wherein the LTA4H enzyme was found to perform comparably with the Ala-p-NA reporter
system.48 Haeggstrom also concluded that the Ala-p-NA molecule is likely to bind in a
similar orientation as a peptide substrate to the LTA4H enzyme on the basis of a
comparative analysis of the crystal structure of the LTA4H enzyme and a molecular model
of Ala-p-NA in the binding pocket of the enzyme.48 Additionally, the aminopeptidase assay
using the Ala-p-NA reporter group is operationally simple to carry out and results can be
obtained rapidly.

Our previous work suggested a potential protective mechanism associated with the LTA4H
enzyme and neutrophilic inflammation.36 In that report, we showed that intranasal exposure
to elastase in the wild type mice resulted in accumulation of LTB4 and neutrophils in the
lungs. However, the LTA4H -/- mice unexpectedly showed a delayed influx of neutrophils
during the resolution phase of the inflammation. Even though the complete knockout of the
LTA4H loci was protective against emphysema, we interpreted this result as suggesting that
the lack of LTA4H function paradoxically promoted the influx of neutrophils by non-LTB4-
associated mechanisms. In conjunction with the report by Blalock and co-workers, we
rationally hypothesized that the aminopeptidase activity of the LTA4H enzyme was
responsible for the persistent neutrophilic inflammation in our murine model.

Conventional experimental approaches (i.e. transgenic knock-in, knock-out or available
pharmacological agents) are incapable of uncoupling the complex dual activities of the
LTA4H enzyme. Therefore, they are inherently inadequate to investigate the individual
enzymatic activities of the LTA4H enzyme. In order to test our hypothesis, we identified 4-
MDM as a small molecule that upregulates the aminopeptidase activity of the LTA4H
enzyme. This pharmacological agent was found to have the following properties: 1) the
compound 4-MDM is chemically stable in a pH6.8 buffer system, which is the typical pH of
the sites of inflammation; 2) 4-MDM upregulates LTA4H aminopeptidase activity in vitro
with an AC50 of approximately 50 μM; and, 3) multi-dimensional evaluations in an elastase-
induced murine model of pulmonary emphysema showed 4-MDM to be protective against
emphysematous damage. In combination, these results support our hypothesis that the
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aminopeptidase activity of the LTA4H enzyme is an important function of the enzyme and
may be responsible for the protective properties associated with the enzyme.

Overall, we have shown for the first time that a small molecule augmentor of the
aminopeptidase activity of the LTA4H enzyme protects murine lungs from IN elastase-
induced pulmonary emphysema. In light of recent developments in the understanding of
LTA4H biology, it is plausible that apparent protective properties of the LTA4H enzyme
noted in our in vivo study may reside in its aminopeptidase activity. The dichotomous nature
of this enzyme represents an intriguing problem for drug discovery efforts, which we
attempted to address with a small molecule as a pharmacological agent. Taken together, our
results suggest that the aminopeptidase activity of the LTA4H enzyme can be targeted as a
new strategy for treating inflammatory diseases.
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Abbreviations

4-MDM 4-methoxydiphenylmethane

AC50 concentration at 50% enzyme augmentation

Ala-p-NA L-alanine p-nitroanilide

COPD chronic obstructive pulmonary disease

IN intranasal

LTA4 leukotriene A4

LTA4H leukotriene A4 hydrolase

LTB4 leukotriene B4

PGP proline-glycine-proline

WT wild-type
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Figure 1. Two-Dimensional Analysis of LTA4H-mediated Hydrolysis
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Figure 2. In Vitro Aminopeptidase Assay of the LTA4H enzyme
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Figure 3. In Vivo Characterizations of 4-MDM in Murine Intra-nasal Elastase-induced
Pulmonary Emphysema
Mouse lungs were assessed 28 days after either intra-nasal (IN) elastase or vehicle exposure
with either daily intra-peritoneal (IP) injection of 4-MDM or vehicle treatment in WT mice
at the ages of 6-8 weeks. All mice were sacrificed at the ages of 10-12 weeks. P=IN
phosphate buffered saline vehicle, E=IN elastase; V=IP peanut oil drug vehicle; D=IP 4-
MDM; horizontal line is the mean of each group; vertical bars are +/- SEM; and * indicates
p < 0.05.
(A) Pre mortem lung compliance measurement with a Scireq Flexivent. As emphysema
worsens, compliance increases.
(B) Representative pictures of the gross mouse lungs after harvested en block, inflated at a
uniform 25cm water pressure, and fixed in paraformaldehyde for 18 hours. These are a
representative pictures of the lungs used for lung volume measurement.
(C) Post mortem lung size measurement by volume displacement technique after inflating
the lungs with a uniform 25cm water pressure. As emphysema worsens, the sizes of the
lungs increase.
(D) Representative H&E histology pictures of the mice lungs used for the chord length
measurement. Large holes are emphysematous alveoli. These pictures were taken at 5×
magnification.
(E) Post mortem computerized measurement of average alveolar sizes. As emphysema
worsens, lung loses elasticity, and therefore, alveolar sizes increase when inflated with a
uniform 25 cm water pressure.
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