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Abstract
Endogenous manganese based superoxide dismutase (Mn-SOD) provides the primary defense
against excess production of potentially toxic superoxide anion (O2

−). M40401 is a synthetic
enzyme mimetic that has a catalytic activity rate exceeding that of the native SOD enzymes. The
presence of a paramagnetic Mn(II) cation in M40401 suggests that the delivery and spatial
distribution of this enzyme mimetic in vivo may be directly detectible using magnetic resonance
imaging (MRI); however, the cardiotoxicity of Mn(II) severely limits the use of free M40401 in
living systems. To deliver M40401 in vivo in amounts sufficient for MRI detection and to limit
potential cardiotoxicity, we encapsulated M40401 into 170 nm liposomes composed of
phosphatidylcholine and PEGylated phosphatidylethanolamine to achieve extended circulation in
the bloodstream. The obtained liposomes efficiently catalyzed superoxide dismutation in vitro.
Using 3 T MRI we investigated the biokinetics of liposome-encapsulated M40401 in mice and
found that in addition to catalyzing superoxide dismutation in vitro, M40401 caused differential
and region-specific enhancement of mouse brain after the systemic administration. Thus, liposome
encapsulated M40401 is an ideal candidate for development as a theranostic compound useful for
simultaneous MRI-mediated tracking of delivery as well as for neuroprotective treatment of
ischemic brain.
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INTRODUCTION
The superoxide anion (O2

−) is an essential component of the immune system’s defense
against invasion of microorganisms, but its chronic production has been shown to cause
numerous deleterious effects which include the exacerbation of cardiovascular disease (1-3),
and central nervous system damage following reperfusion (4-8).

The superoxide dismutase (SOD) family of enzymes (9) counteract toxicity of O2
− by

catalyzing the dismutation of O2
− into oxygen (O2) and hydrogen peroxide (H2O2), followed

by the catalysis of H2O2 breakdown by catalase (Eqs. 1 and 2):
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[Eq.1]

[Eq.2]

Mitochondrial manganese-SOD (Mn-SOD) provides the primary defense against excess
production of O2

− (10). Mn-SOD deficiency in cells has been shown to exacerbate cerebral
infarction following focal cerebral ischemia in mice (11,12). Therapeutics such as
Tamoxifen (13), naloxone (14), and curcumin (15) that provide neuroprotection after
cerebral ischemia, appear to exert their beneficial effects in part by attenuating O2

−

production and increasing endogenous Mn-SOD. Furthermore, synthetic Mn-SOD mimetics
such as water-soluble Mn-porphyrins (reviewed in (16)), salen-manganese complexes (17),
and macrocyclic mimetics, e.g. M40401 (18), have been shown to protect against cerebral
damage.

M40401 (Fig. 1) is an SOD mimetic with a history of in vivo testing whose catalytic rate
exceeds 1.109 [M.s]−1, comparable to the native Cu/Zn SOD enzymes (16,19). The presence
of the paramagnetic Mn(II) (Mn2+) in M40401 suggests that the in vivo distribution and
kinetics of this compound should be directly detectable by MRI, thus giving M40401
combined therapeutic and diagnostic (theranostic) potential.

Mn2+ has been extensively used as a T1 contrast agent in manganese-enhanced MRI
(MEMRI) studies for animal neuroimaging (20,21) and as a redox-sensitive probe (22,23). It
has been proven reliable in visualizing brain neuroarchitecture (24,25). However, free Mn2+

cation exhibits toxicity which is partially due to the fact that it accumulates in mitochondria
similar to Ca2+, and cleared very slowly from the brain (26). The pronounced cardiotoxicity
of free Mn2+ has been investigated extensively and attributed to competitive calcium
antagonism due to Mn2+ permeation into cardiomyocytes (27,28). To circumvent the
problem of toxicity, various manganese compounds can be encapsulated into liposomes and
micelles which can be used for designing MR contrast agents (29-33). In the case of brain
imaging, liposomes can be delivered systemically through the vasculature or directly into the
brain using convection-enhanced delivery (CED) (34,35). In addition, liposomes provide
longer circulation times for contrast agent delivery to organs such as liver, spleen, brain and
cartilage (29,30,34-40). Studies utilizing liposomes loaded with neuroprotective agents such
as SOD (41), Fasudil (42), hemoglobin (43-45), and citicoline (46), have shown a reduction
in cerebral infarction in rat models of cerebral ischemia.

In this study, we tested the hypothesis that encapsulation of M40401 into long-circulating
PEGylated liposomes would enable delivery of M40401 to the brain following IV injection
of M40401-loaded liposomes that serve as a depot for the eventual release of the mimetic,
while simultaneously negating the toxic effects of Mn2+, and preserving catalytic activity of
the enzyme mimetic. We also tested the capability of MRI to follow the delivery and
subsequent distribution of M40401 or Mn2+ in neural tissue.

MATERIALS AND METHODS
Materials

(±)-trans-1,2-diaminocyclohexane (99%) was purchased from Sigma-Aldrich.
Manganese(II) Chloride (99.998% Mn content) was purchased from Alfa Aesar. All other
reagents were analytical grade and purchased from either Sigma-Aldrich or Acros Organics.
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Solvents were of the highest grade available and purchased from Fisher Scientific. All
reagents and solvents were used as received.

1. Synthesis of N,N’-bis-[trans-(2-amino)cyclohexyl]-1,2-diaminoethane
Racemic trans-diaminocylohexane (10.0 g, 87.6 mmol) was dissolved in anhydrous CH2Cl2
(150 ml) and cooled to 0° C. A solution of trityl chloride (10.1 g, 36.5 mmol) in CH2Cl2
(100 ml) was added drop-wise over 2 hours. The mixture was warmed to room temperature,
stirred overnight, washed with water to pH below 8.0, and dried over Na2SO4 to yield N-
(triphenylmethyl)-trans-diaminocyclohexane (compound 1) as an off-white glass.
Compound 1 was dissolved in MeOH (200 ml) and glyoxal (40% aq.) was added drop-wise
over 15 minutes. The cloudy mixture was stirred overnight and the precipitated product was
filtered and dried by lyophilization to yield N,N’-bis-[trans-(2-triphenylmethylamino)
cyclohexyl]-1,2-diiminoethane as a white powder. The latter product was dissolved in
anhydrous THF and NaBH4 was added slowly under a blanket of Ar. The mixture was
stirred at RT overnight then warmed to 40°C for 2h. The reaction was quenched with water
(25 ml) and the THF was removed under reduced pressure. The aqueous slurry was
partitioned between CH2Cl2 (200 ml) and water (100 ml) and the aqueous fraction was
extracted with CH2Cl2 (100 ml), dried over MgSO4, filtered, and concentrated to yield
N,N’-bis-[trans-(2-triphenylmethylamino)cyclohexyl]-1,2-diaminoethane (compound 2) as
an off-white foam. Compound 2 was dissolved in acetone and concentrated HCl was added.
The mixture was stirred for 2h and concentrated under reduced pressure. The slurry was
partitioned between CH2Cl2 and water and the organic phase was extracted with water. The
aqueous layers were combined, concentrated, and dried by lyophilization to yield N,N’-bis-
[trans-(2-amino)cyclohexyl]-1,2-diaminoethane (compound 3) as an off-white solid.

2. Synthesis of Manganese(II) dichloro [2S,21S-dimethyl-3,10,13,20,26-pentaazatetra-
cyclo[20.3.1.0.0]hexacosa-1(26),22(23),24-triene]

The synthesis was performed as described in (47) with modifications. N,N’-bis-[trans-(2-
amino)cyclohexyl]-1,2-diaminoethane (compound 3) (4.38g, 10.94mmol) was dissolved in
anhydrous ethanol (110ml) and flushed with Ar. KOH (2.46 g, 4 eq.) was added in one
portion and the mixture was warmed to 30° C and stirred until compound 3 was dissolved,
precipitating KCl. MnCl2 (1.38g, 10.94mmol) was added in one portion and stirring
continued for 1 h until all the MnCl2 had dissolved and a color change from white to green-
grey was observed. 2,6-diacetylpyridine (1.79g, 10.94mmol) was added in one portion and
stirred for 30 minutes at room temperature and refluxed for 96 h. The deep-red mixture was
filtered and the filtrate was concentrated to yield crude manganese bisimine macrocycle
(compound 4, 2.48g). Compound 4 was dissolved in MeOH and flushed with Ar. Pd/C (3%,
50% wet, 1.24 g) was added under Ar and the suspension was heated to 45° C. Ammonium
formate (1.24 g) was added and the solution was heated to reflux. One hour after reflux, a
second portion of formate was added (0.62 g) and the mixture was heated for another 2 h.
The suspension was cooled and filtered and MeOH was removed under reduced pressure to
yield the crude macrocycle as a red solid. A Bakerbond C18 (80 g, Baker) flash
chromatography column was equilibrated sequentially with CH3CN, 0.5 M NaCl/CH3CN
(1:1) followed by 18% CH3CN in 0.25 M NaCl. The sample was dissolved in water and the
pH was adjusted to 7.5. The product was eluted isocratically with 18% CH3CN in 0.25 M
NaCl. NaCl was added to the aqueous fractions containing the desired product to adjust the
concentration to approximately 1 M and the fractions were extracted with CH2Cl2, dried
over Na2SO4, and concentrated. The resultant compound was suspected to be a mixture of
two diastereomers (compounds 5 and 6), which were separated out by preparative reversed-
phase HPLC using a gradient of 0.25 M NaCl -80% of CH3CN/water. MS (MALDI) m/z =
509[M-H]−, 528[M+H3O]+.
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3. Liposome preparation
Liposomes containing M40401 were prepared using a mixture of distearoyl
phosphatidylcholine (DSPC) and PEGylated distearoyl phosphatidyl-ethanolamine (DSPE)-
PEG(2000) (90:10 mol/mol). Lipids were dissolved in chloroform and a thin lipid film was
created by rotary evaporation. Water solutions of M40401 were added to the film and the
lipids were hydrated for 60 min with the formation of multilamellar vesicles at 65°C.
Unilamellar liposomes were formed by extruding the liposomes using Liposo-Fast (Avestin)
assembly through stacked Nuclepore membranes with a 200 nm pore size at above the phase
transition temperature 20 times. Unencapsulated M40401 was removed using a PD-10
Sephadex G-25 size exclusion spin-column (GE Healthcare) equilibrated with DPBS buffer,
pH 6.8.

4. Liposome characterization
Quasi-elastic-light (QEL) scattering was used to determine liposome diameters and
population homogeneity using Zetasizer Nano NS (Malvern Instruments Inst., Westborough,
MA). Negative contrast transmission electron microscopy was performed using a Philips
CM 10 instrument at 60 kV using a staining protocol described in (48).

5. Superoxide dismutase activity measurements
The activity of various concentrations of SOD (from bovine erythrocytes, 2500 U/mg,
Sigma) and SOD mimetics (M40401 and M40401 liposomes) was assessed by using 0.1
mM xanthine and 20 mU/ml xanthine oxidase (from buttermilk, Sigma) to generate
superoxide in a reaction buffer (0.05M Tris hydrochloride, 0.025M NaCl, 0.025M KCl, pH
7.5). A mixture of 0.2U/ml horseradish peroxidase (HRP, Sigma)/50 μM Amplex Red was
used as a dismutation detection system. The formation of hydrogen peroxide (i.e. the
product of dismutation of superoxide) was detected by measuring the kinetics of the
formation of fluorescent resorufin product (λex 571/λem 585 nm) in the presence of
peroxidase or by measuring resorufin absorbance changes at 560 nm.

6. Animal imaging
All animal experiments were performed as approved by the Institute Animal Care and Use
Committee (IACUC) of the University of Massachusetts Medical School (Worcester, MA,
USA). DBA/2 female mice (NCI Frederick) (n=5), weighing 20-25 g, were injected with
M40401 liposomes. The animals were then imaged using MRI. For administration of
encapsulated M40401, a 29-gauge polyurethane catheter (Strategic Applications Inc.)
capped with a needle port was placed in the tail vein. A respiratory sensor was placed near
the chest area to monitor the respiration rate throughout the imaging session. Throughout the
imaging sessions, animals were anesthetized using 1% isofluorane in an oxygen gas mixture.
The mice were positioned in a 38 mm diameter, 55 mm long birdcage RF coil, the nose was
covered with a nose cone for administration of anesthesia, and the head was placed in the
center of the coil. A circulating water heating blanket was placed under the mouse/RF coil
assembly.

7. MRI protocol
A Philips Achieva 3.0T/60 cm MRI equipped with 80mT/m actively shielded gradients was
used for performing all MRI experiments. To monitor the temporal evolution of signal
enhancement in the brain following M40401 liposome delivery, multi-slice, T1-WT MR
images (TR/TE/FA = 192 ms/5.5 ms/75°) were acquired using gradient-echo sequence at
various time points after M40401 liposome administration. Other imaging parameters were:
slice thickness = 1 mm; slice separation (center-to-center) = 1.1 mm; field-of-view (FOV) =
15 mm × 15 mm; data acquisition matrix = 256 × 256; NEX = 8. Prior to M40401 liposome
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administration, pre-contrast images were acquired followed by IV injection of M40401
liposomes at an M40401 dose of 12 μmol/kg. Several T1-WT images were then acquired
sequentially every five minutes up to the first hour and then at longer time intervals upto 4
days. Imaging of in vitro phantom samples was done to perform relaxivity quantifications of
M40401 and M40401 liposomes at 0.47 T using a spin-echo sequence with TR/TE = 200/30
ms and NEX=1. Phantoms were also imaged at 3 T using the same gradient-echo sequence
used for animal imaging (TR/TE/FA/NEX = 192 ms/5.5 ms/75°/4). Saturation recovery was
also performed at 3 T using a spin-echo sequence at TR intervals ranging from 100-4000 ms
(TE/NEX = 8.2 ms/1) to estimate the T1 of the phantom samples.

8. Image analysis
Following IV infusion of M40401 liposomes, the temporal evolution of the signal change in
the mouse brain was evaluated separately for several regions of the brain: cerebellum,
subcortex, cortex, caudate nucleus, hippocampus, olfactory bulb as well is in pituitary gland
(Fig. 4). Depending on the region-of-interest (ROI), one to seven image slices were selected
covering the entire ROI at each time-point. The ROI was carefully drawn around the
boundary of the contrast-enhanced region for each slice using the ImageJ software package
(49). The mean signal intensity value within the ROI was then calculated using ImageJ. For
each animal, the ROI signal intensity data within each brain region was averaged to generate
a time-series plot for each ROI. Signal-intensities acquired post contrast administration were
normalized relative to pre-contrast signal intensities to correct for any variability in initial
M40401 dose:

[Eq.3]

where ROIΔ is the percent change in ROI intensity, ROIpost is the mean signal intensity at a
time after M40401 liposome administration, and ROIpre is the mean signal intensity prior to
the administration of M40401 liposomes. The signal-to-noise ratio of the brain ROI
(SNRregion) was calculated as:

[Eq.4]

where ROIregion is the mean signal intensity of the ROI, and SDnoise is the standard
deviation of noise in the corresponding slice. Analysis of variance (ANOVA) for mixed
models was used to determine if there was a significant change in brain signal enhancement:
(1) at different time-points after M40401 liposome injection, (2) between different brain
regions, and (3) due to interaction between the time after liposome injection and the
different brain regions. The Tukey-Kramer HSD multiple comparisons procedure was used
to determine if any significant differences existed between the groups. Statistical analyses
were carried out using the SAS statistical software package (SAS Institute Inc., Cary, NC,
USA).

RESULTS
Transmission electron microscopy using negative contrast demonstrated the formation of
DSPC/DSPE-PEG(2000) liposomes under the conditions chosen for loading with M40401
(Fig. 2). Quasi-elastic light scattering established the diameter of the liposomes to be 170 ±
50 nm (mean ± SD). Final liposome preparation contained approximately 0.8 μmol of
M40401 per milligram of lipid and the yield of M40401 encapsulation into liposome was
approximately 6%. The attempts to incorporate M40401 by mixing solutions of M40401 in
ethanol with lipids before preparing a lipid film did not result in improved encapsulation
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yields after hydrating the film in PBS. At 0.47 T, the relaxivity of free M40401 was
approximately 4.4 [mM.s]−1 (Fig. 3A). T1 measurements at 0.47 T showed relaxation times
of 2184 ± 29 ms and 747 ± 6 ms for intact and lysed liposomes, respectively (Fig. 3B). At 3
T, intact and lysed liposomes showed T1 relaxation times of 2981 ± 169 ms and 695 ± 33
ms, respectively, (Figs. 3C and 3D: samples 4 and 1) while T1 of free M40401 was 176 ± 12
ms and T1 of DPBS was 2833 ± 263 ms (Figs. 3C and 3D: samples 3 and 2). The relaxivity
of M40401 at 3 T was estimated to be approximately 1.2 [mM.s]−1, which is comparable to
that of MnDPDP at the same field strength (50).

The catalysis of superoxide dismutation was studied by detecting hydrogen peroxide in the
presence of a peroxidase/Amplex Red reporting system. The percent change in Vmax (initial
reaction rate) relative to background absorbance change is shown in Fig. 4 as a function of
M40401 and SOD concentrations. The change in Vmax increased steadily for SOD, M40401,
and M40401 liposomes with increasing concentrations of SOD and M40401, respectively.
The value of Vmax change was similar for M40401 liposomes and SOD up to 100 μM
M40401 and 20 mU/ml SOD. However, at M40401 concentrations of 150 μM and greater
and SOD concentrations of 30 mU/ml and greater, both free M40401 and M40401-loaded
liposomes displayed double the increase in Vmax than SOD at the same equivalent
concentrations. Vmax change in M40401 was greater than M40401 liposomes up to 150 μM;
the SOD-like activity of M40401 and M40401 liposomes were very similar at
concentrations greater than 150 μM.

In mouse experiments, within minutes after M40401 liposome injection IV, signal
enhancement was observed in several brain structures and in the pituitary gland (Fig. 5).
During the first hour, the pituitary gland showed the greatest signal enhancement with a
maximum of 50% of the pre-injection levels (Fig. 5E). The cerebellum and subcortex
regions showed signal enhancements of about 20%, and the cortex, caudate nucleus, and
hippocampus regions showed a 10% signal enhancement (Fig. 5D and 5E). The olfactory
bulb showed the least signal enhancement at about 5% (Fig. 5E). Fig. 6 shows the signal
enhancement throughout the brain of a representative animal after M40401 liposome
injection IV with the subcortex region showing greater enhancement than the cortex region.
The signal enhancement in all brain regions returned near the baseline by day 4. ANOVA
test for mixed models showed a significant effect of M40401 liposome injection for brain
region (p<0.0001) and time point (p<0.01) after liposome injection. The interaction of brain
region and post-liposome injection time point did not show a statistically significant result.

DISCUSSION
Mn-SOD mimetics have previously shown promise in treating of ischemic insult in the brain
due to their neuroprotective properties (18,51). Macrocyclic mimetic M40401 harbors two
molecules of water in the inner coordination sphere of paramagnetic Mn (II) cation (47).
Moreover, as shown by Wang and Westmoreland (52), Mn(II) complexes with lower
coordination numbers exhibit higher molar longitudinal relaxivity than Mn(II) complexes
with higher coordination numbers. In fact, the relaxivity of Mn complexes with coordination
number 7 ranged between 3.3 and 4.7 [mM.s]−1 which is in agreement with the relaxivity of
M40401 complex at 20 MHz and 40°C measured in our study. Thus, our assumption that the
SOD mimetic M40401 has a certain potential for development as a theranostic agent was
supported by solid theoretical and experimental background.

Due to its concentration-dependent toxicity, M40401 cannot be bolus-injected directly into
the bloodstream to afford sufficient MR contrast in the brain. Nevertheless, toxic manganese
chelates (e.g. boronated radiosensitizer Mn(II) porphyrin) in the past have been successfully
administered in high doses after formulating them into liposomes for systemic delivery
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(33,53). In this study, we encapsulated M40401 into PEGylated liposomes and administered
them in mice to investigate the uptake of M40401 in the normal brain. With M40401
liposomes, we were able to deliver twice the dose (12 μmol/kg) compared to other similar
macrocyclic Mn-SOD mimetics, e.g. M40403 (6 μmol/kg), into the bloodstream (54). We
assumed that M40401 liposomes would allow controlled and gradual release of amphiphilic
M40401, thus reducing its toxic effects, and the interaction of the released M40401 with
bulk water will shorten T1 relaxation time of water protons. Paramagnetic metals such as
gadolinium, manganese and iron have been encapsulated in liposomes and used to target
liver and spleen to observe the uptake via contrast-assisted MR images (29). Manganese-
based liposomes have also been used where the manganese is not simply entrapped in the
liposomes but also incorporated in the membrane bilayer of the liposomes due to binding of
Mn2+ to the headgroups of modified phospholipids and effectively used to visualize tumors
(31,32).

Our initial tests showed that M40401 could be encapsulated in liposomes with reasonable
yields by using a standard extrusion method. The gel-to-liquid crystalline phase-transition
temperature (Tm) of the liposomal lipid bilayer in the case of DSPC (Tm=55°C (55)) and its
mixtures with low amounts of PEGylated DSPC covers the entire range of physiological
temperatures. In the gel state of liposome bilayer, the r1 of liposomal M40401 is reduced
due to shielding of the paramagnetic centers of Mn complex from bulk water. In addition,
the r1 of liposomal M40401 is exchange limited due to slow water exchange between the
liposomal interior and the bulk water solvent (56). As a result, compared to lysed M40401
liposomes and free M40401, the intact M40401 liposomes showed little signal enhancement
at 3 T (Fig. 3D: sample 4). Our measurements showed that T1 relaxation times of lysed
liposomes decreased 3-fold at 0.47 T and 3 T compared to intact liposomes confirming the
encapsulation of M40401 within the liposomes (Fig. 3). This relaxation enhancement is
attributable to both marked increase in transmembrane water permeability, yielding fast
exchange conditions, and also to potential increased availability of amphiphilic Mn complex
coordinated water exchange with the bulk water (57).

Since O2
− is capable of traversing closed erythrocyte ghosts (58) and has limited ability to

penetrate pure lipid bilayer (58,59) we further tested whether the obtained PEGylated
liposome formulations of M40401 had SOD-like activity similar to that of free M40401
(Fig. 4). The obtained results suggest that M40401-loaded liposomes, unlike SOD
encapsulated in liposomes (58), are efficient catalysts of O2

− dismutation (Fig. 4) in their
intact state. Since intact liposomes were equally efficient as free M40401, the observed
effect suggests that amphiphilic M40401 is partially embedded in membranes and is
available for O2

− dismutation.

After IV injection of M40401-loaded liposomes, initial enhancement in the mouse brain was
visible within minutes, and gradually decreased over the course of the next 4 days (Fig. 6).
The release of M40401 from liposomes could have occurred due to one of the following
factors or a combination thereof: 1) the M40401 that resided within the lipid layer diffused
out into the plasma; 2) the plasma proteins caused disruption of the liposomes that led to the
release of M40401 from the liposomal aqueous region; 3) a fraction of the liposomes
released the M40401 due to membrane disruption at body temperature even though the Tm
of the liposomes is above the body temperature. Fossheim et al. demonstrated similar release
of contrast agent at temperatures well below the Tm of liposomes with liposomal Gd-DTPA-
BMA (56).

The pattern of enhancement and clearance of MR T1-weighted signal is consistent with the
entry of M40401 into the vascular bed of the brain. Previous studies have shown that
lipophilic Mn porphyrins are able to penetrate the blood-brain barrier (BBB) (60). Though
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there is a possibility for M40401 to enter the BBB due to its amphiphilicity, the regional
analysis of brain enhancement patterns (Fig. 5) suggests that M40401 enters the
cerebrospinal fluid (CSF) primarily via the choroid plexus into the ventricles. The
percolation of CSF in the ventricles towards the posterior and ventral region of the brain
(61) results in the observed characteristic enhancement of the cerebellum and subcortex
regions. The proximity of these regions to the ventricles in the line of CSF flow can explain
the constant influx of M40401. The pituitary gland showed the highest enhancement which
was equivalent to that of the vasculature, consistent with its location outside of the BBB.
The other regions, i.e. cortex, hippocampus, and caudate nucleus, though within the vicinity
of the ventricles, showed lower enhancement immediately after injection presumably
because the CSF in the ventricles flows away from the direction of these regions thereby
causing slower uptake of M40401. The olfactory bulb, being the most distal region of the
regions analyzed, showed the least overall enhancement. Clearance of contrast by the fourth
day from most of the regions suggests that the liposomes were cleared from the circulation
eventually by the mononuclear phagocyte system (62).

CONCLUSION
We established that M40401 is a highly efficient SOD mimetic that doubles as a
paramagnetic contrast agent, thus being one of the few truly theranostic compounds useful
for MR imaging. Liposomes loaded with paramagnetic M40401 resulted in transient
enhancement of several regions of the mouse brain. To the best of our knowledge, this is the
first such MRI study showing brain uptake of an Mn-SOD mimetic. Our results indicate that
M40401 liposomes enable systemic delivery of an SOD mimetic to the brain that can
potentially counteract high and damaging levels of O2

− produced during cerebral ischemia
while allowing MRI monitoring of therapeutic delivery to the diseased tissues.
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Fig. 1.
Synthesis of manganese-based superoxide dismutase mimetic, M40401 Manganese(II)
dichloro [2S,21S-dimethyl-3,10,13,20,26-pentaazatetracyclo[20.3.1.0.4,9014,19]
hexacosa-1(26),22(23),24-triene] (compound 5), ref. (47).
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Fig. 2.
(A) Transmission electron micrograph of DSPC/DSPE-PEG liposomes loaded with M40401
(magnification ×25,000). (B) Schematic of DSPC/DSPE-PEG liposomes with M40401 in
the aqueous layer. (C) Chemical formula of M40401 Mn complex.
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Fig. 3.
(A) Relaxivity of M40401 in DPBS at 0.47 T, r1 = 4.41 ± 0.05 [mM.s]−1. (B) Longitudinal
T1 relaxation time of intact and lysed M40401 liposomes at 0.47 T. (C) 3 T saturation
recovery images of four phantoms (1, M40401 liposomes plus detergent; 2, DPBS solution;
3, free M40401; 4, M40401 liposomes in DPBS solution ) using spin-echo sequence at
different repetition times (TR) and TE/NEX = 8.2 ms 1 1. The T1 values of each phantom
are: 1, 695 ± 33 ms; 2, 2833 ± 263 ms; 3, 176 ± 12; 4 , 2981± 169. (D) T1-weighted image
of the four phantoms shown in (C) at 3 T using gradient-echo sequence (TR/TE/FA/NEX =
192 ms/5.5ms/75°/4).
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Fig. 4.
The Vmax of superoxide dismutation measured as a function of M40401 and SOD
concentrations. The reaction kinetics were measured as an increase of resorufin absorbance
generated from Amplex Red in the presence of peroxidase and superoxide generating system
(xanthine/xanthine oxidase). Data is represented (n=2) as mean+SD (▲), mean–SD (□), and
mean±SD (×).
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Fig. 5.
ROI definitions for different brain regions and the pituitary gland. Normalized T1-WT signal
intensities were measured in different regions of the mouse brain (n=5) after the I.V.
injection of M40401 liposomes (12 μmol M40401/kg). Representative axial slices from T1-
weighted image of a mouse brain prior to liposome injection are shown (C) corresponding to
the shaded region in the coronal slices (A) which correlate with schematic brain slices (B)
from the mouse brain atlas (63). The schematic brain slices approximately correspond to the
central region of the 1-mm-thick MR image slices. The different ROI regions are: CER –
cerebellum; COR – cortex; SC – subcortex; CN – caudate nucleus; HP – hippocampus; PIT
– pituitary gland; OB – olfactory bulb. Panels (D) and (E) show change in signal intensities
normalized as percent change relative to the pre-contrast image in the different ROI regions.
The graphs show the change in MR signal intensity up to approximately 40 minutes. Data
are represented on both axes as mean±SEM. ANOVA test for mixed models showed a
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significant effect of M40401 liposome injection on the seven different brain regions
(p<0.0001) and time points after liposome injection (p<0.01).
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Fig. 6.
MR signal enhancement in the mouse brain with SNR as a function of time after IV
injection of M40401 liposomes. The inset shows T1-WT mouse brain images corresponding
to the signal intensity curve (time in minutes). Data is shown from a representative animal
across several slices in the cortex and subcortex regions as mean–SD (◆) and mean+SD (×),
respectively.
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