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Two cyclic polyamine-polycarboxylate ligands, 1,4,7,10-tetraazacyclododecane-1,7-diacetic acid
(H2L3) and 4,10-dimethyl-1,4,7,10-tetraazacyclododecane-1,7-diacetic acid (H2L4), and two noncyclic
scaffolds, N-(2-hydroxyethyl)ethylenediamine-N,N0,N0-triacetic acid (H3L1) and ethylene-bisglycol-
tetracetic acid (H4L2), form stable complexes withMn(II) in aqueous solutions. Cyclic voltammograms
show that the complexes with the most hydrophobic ligands, [MnL2]2- and [MnL4], are oxidized at
higher potential than [MnL1]- and [MnL3]. The pharmacological properties of these molecules were
evaluated as superoxide ion scavengers and anti-inflammatory compounds. Among the four complexes,
[MnL4] was the most bioactive, being effective in the nanomolar/micromolar range. It abates the levels
of key markers of oxidative injury on cultured cells and ameliorates the outcome parameters in animal
models of acute and chronic inflammation. [MnL4] toxicity was very low on both cell cultures in vitro
andmice in vivo. Hence, we propose [MnL4] as a novel stable oxygen radical scavengingmolecule, active
at low doses and with a low toxicity.

Introduction

Overproduction of harmful metabolic radicals overwhelm-

ing the endogenous catabolic systems is a major pathogenic

mechanism of disease and aging. Although O2 is required as
the ultimate oxidant for cellular respiration, varying amounts

of this molecule are reduced, through one-electron paths, to

superoxide anion (O2
•-a). In a healthy organism, the endo-

genous levels of O2
•- are limited by superoxide dismu-

tases (SOD), contained in mitochondria (Mn-SOD), cytosol

(Cu-/Zn-SOD), and outer plasma membrane (Cu-/Zn-SOD),
which catalyze the dismutation of O2

•- to O2 and hydrogen

peroxide bymeans of a transitionmetal at the active site.1,2 In

many chronic inflammatory and degenerative diseases,
the production of O2

•- is enhanced over the inactivating

capability of SODs, thereby resulting in O2
•--mediated cell

injury.3 Moreover, in animal models of inflammation and
hyperalgesia induced by reactive oxygen species (ROS),

Mn-SOD is rapidly inactivated,4 thus allowing an increase

in O2
•- in inflamed tissues.

In this context, besides the classical anti-inflammatory
drugs, extractive or recombinant Mn-SOD appeared to be
the most logical choice for a causative therapeutic approach.5

However, its actual clinical use has beenhamperedbymultiple
factors, including solution instability, limited cellular accessi-
bility, immunogenicity, bell-shaped dose response curves,
short half-life, and unfavorable yield/cost ratio.6,7 Because
of these limitations, pharmacological research pointed at
nonpeptidic, low molecular weight SOD-mimicking com-
pounds capable to catalyze O2

•- dismutation with rates
approaching that of the native Mn-SOD.8 To this purpose,
several manganese chelates with organic scaffolds have been
synthesized and tested as anti-inflammatory drugs, including
manganese complexes with phorphyrins,9 salen,10 and its
derivatives and cyclic polyamines (Scheme 1).11,12 Among
these, Mn(II) chelates with macrocyclic pentaamines have
shown good pharmacokinetic profile and specific O2

•--
scavenging properties in cellular and animal models.13-15

Despite their promising features, these SOD-mimetics have
not entered clinical use yet. Less attention has been paid to
Mn(II) complexes with polyamine-polycarboxylate ligands.
In principle, polyamine-polycarboxylate scaffolds may repre-
sent an optimal tool for the synthesis of stable Mn(II) com-
plexes with anti-ROS properties. In fact, they are known for
their ability to form highly stable metal chelates with many
metal cations, from alkali and alkaline earth to transition and
rare earth cations.16 This property has been exploited in
several industrial, biological, and medicinal applications.17

Some of them are used, for instance, as additives of detergents
to reduce the calcium hardness of water18 and, in medicinal
chemistry, as sequestering agents in the therapy of poison-
ing from heavy metals.19 Some complexes with highly
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Met-Leu-Phe peptide; RASM, Rat aorta smooth muscle cells;
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oral administration (per os); S.E.M., standard errors of means; ANO-
VA, analysis of variance; cytC, cytochrome C ; ROS, reactive oxygen
species.
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paramagneticmetal cationsare currently employed in humans
for diagnostic purposes, namely, the Gd(III) compounds
used as contrast agents for nuclear magnetic resonance ima-
ging.20,21 In a pharmacological perspective, transition metal
complexes with polyamine-polycarboxylic organic scaffolds
have been shown to act as potent scavengers of nitrogen
radicals.22,23 Typically, these organic scaffolds have a low
toxicity profile and are chemically stable, being resistant to
oxidizing and reducing agents.24 In comparison of Mn(II)
complexes with previously reported polyamine ligands, the
presence of the carboxylate groups may represent an impor-
tant advantage, as they can bind to the metal and increase the
thermodynamic stability of the complexes, thus reducing the
possibility to release the metal in biological fluids. Further-
more, the negatively charged carboxylate units reduce the
overall charge of the complex, which may favor a rapid and
homogeneous biodistributionand facilitate the transfer across
cell membranes.
On the above grounds, we designed the current study to

investigate the chemical and biological activity as O2
•--sca-

vengers of some Mn(II) complexes with polyamine-polycar-
boxylate scaffolds. We used two open-chain ligands, N-(2-
hydroxyethyl)ethylenediamine-N,N0,N0-triacetic acid (H3L1)
and ethylene-bisglycol-tetracetic acid (H4L2) (Scheme 2) and

two cyclic scaffolds, 1,4,7,10-tetraazacyclododenane-1,7-car-
boxylic acid (H2L3) and 1,7-dimethyl-1,4,7,10-tetraazacyclo-
dodenane-4,10-carboxylic acid (H2L4). In principle, Mn(II)
binding gives rise to complexes with different coordination
geometry, charge, hydrophobic characteristics, and redox
properties, whichmay influence their O2

•--scavenging ability.
We have also tested the therapeutic efficacy of the complexes
in animal models of inflammation. Comparison of the che-
mical and biological properties of the different compounds
allowed us to identify the most suitable ones for pharmaco-
logical purposes, as well as to collect useful indications for
drug design.

Results

Synthesis and Characterization of the Complexes. The
complexes with H2L3 and H2L4 were prepared by mixing
O2-free solutions of ligands andmetals at neutral pH under a
nitrogen atmosphere, to avoid Mn(II) oxidation during the
reaction of complex formation. The complexes were char-
acterized by elemental analysis, which revealed the forma-
tion of complexes with 1:1 metal to ligand stoichiometry.
The formation of the Mn(II) complexes in aqueous solu-

tions with ligands H2L3 and H2L4 was studied by potentio-
metric and microcalorimetric titrations in aqueous solutions
(0.1 MNMe4Cl, 25.0 �C). This method implies the prelimin-
ary determination of the thermodynamic parameters for
protonation of the ligands. These values were in the range
generally observed for polyaminocarboxylic acids25 and are
reported in the Supporting Information (Table S1). The
formed species, their stability constants, and the enthalpic
and entropic contributions to the processes of complex
formation are shown in Table 1, while Figure 1 shows plots
of the distribution curves of the complexes with H2L3 and
H2L4 as a function of pH. The previously reported thermo-
dynamic parameters for the complexes with H3L1 and
H4L2

23 are also shown in Table 1 for comparison.
Analysis of the formed species revealed that Mn(II) gave

stable 1:1 complexes in aqueous solutions with the fully
deprotonated species of the four ligands tested. The com-
plexes show a very weak tendency to bind acidic protons
to give protonated species in aqueous milieu: indeed,
only [MnL3] and [MnL4] produce very low concentrations
of protonated complexes like [Mn(HxL3)]

xþ and [Mn-
(HxL4)]

xþ (x = 1 or 2). As often observed for metal com-
plexes with polyamine-polycarboxylate scaffolds, in the
[MnL1]-, [MnL2]2-, [MnL3], and [MnL4] the carboxylate

Scheme 1. Examples ofManganeseComplexeswithPhorphyrins
(a, manganese(III)meso-tetrakis(N-ethylpyridinium-2-yl)porphy-
rin,) (AEOL 10113)),9 Salen Derivatives (b, manganese(III)-
[methoxy-N,N0-bis(salicyldene)ethylenediamine chloride]10 (EUK
134)), and Macrocyclic Polyamines (c, manganese(II)dichloro-
{(4R,9R,14R,19R)-3,10,13,20,26-pentaazatetracyclo[20.3.1.0.4,9

014,19]hexacosa-1(26),-22(23),24-triene} (M40403))11,12 Used As
SOD-Mimics

Scheme 2. Ligand Drawings

Table 1. Stability Constants and Thermodynamic Parameters for
Mn(II) Complexation with H3L1, H4L2, H2L3, and H2L4 (I = 0.1 M,
25 �C)a

reaction log K

-ΔH�
(kJ mol-1)

TΔS�
(kJ mol-1)

H3L1

Mn2þ þ L13- =[MnL1]- 11.96(1)a 15.8(8) 52.4(1)

H4L2

Mn2þ þ L24- = [MnL2]2- 12.09 (2) 41.8(1) 27.2(1)

H2L3

Mn2þ þ L32- = [MnL3] 14.66(8) 23.6(1) 60.2(1)

[MnL3] þ Hþ = [Mn(HL3)]þ 4.60(2) 32.9(1) -6.8(1)

[Mn(HL3)]þ þ Hþ = [Mn(H2L3)]
2þ 4.01(1) 33.4(2) -10.5(2)

H2L4

Mn2þ þ L42- = [MnL4] 14.73(2) 18.8(1) 64.9(1)

[MnL4] þ Hþ = [Mn(HL4)]þ 4.53(7) 27.2(1) -1.3(1)

[Mn(HL4)]þ þ Hþ = [Mn(H2L4)]
2þ 3.96(2) 26.1(1) -3.3(1)

aValues are means ( SEM.
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groups are likely bound to themetal, as sketched in Scheme 3
for the [MnL3] and [MnL4] complexes. This makes the
process of proton binding unlikely and unfavored, as this
would imply detachment of the coordinated carboxylate
group from the metal center. The Mn(II) complexes with
all ligands are completely formed in aqueous solutions above
pH 5-6, and no free metal was present in solution at neutral
pH (see Figure 1 for H2L3 and H2L4 and Supporting
Information, Figure S1, for H3L1 and H4L2).

Table 1 also shows that both enthalpy and entropic
changes promote the formation of the complexes. However,
with the only exception of [MnL2]2-, the entropic terms are
largely predominant, as expected considering that entropi-
cally driven reactions are typical of complexation processes
in which charge neutralization plays a major role. When
comparing stability of theMn(II) metal complexes (Table 1),

[MnL3] and [MnL4], i.e., the complexes with the two cyclic
scaffolds, were remarkablymore stable than those formed by
the two open-chain ligands, [MnL1]- and [MnL2]2-. The
higher stability of the Mn(II) complexes with H2L3 and
H2L4 is conceivably related to the larger entropic contribu-
tion to their formation.
The cellular and extracellular environments contain a

large amount of metal cations, such as K(I), Na(I), Ca(II),
and Mg(II), which could form stable complexes with poly-
amine-polycaboxylate ligands. For this reason, we deter-
mined the stability of the noted compounds in the presence of
the above metal cations by potentiometric titrations
(Table 2). The stability of the K(I) complexes is too low to
be confidently determined (log K < 2). Although the stabi-
lity constants of complexes with H3L1 and H4L2 are already
known,26,27 they have been redetermined in the current
experimental conditions to achieve comparable sets of data.
Table 2 shows that Na(I), Ca(II), and Mg(II) formed mark-
edly less stable complexes than Mn(II) with all four ligands.
To assess whether Na(I), Ca(II), and Mg(II) could compete
with Mn(II) in the complexation process, we considered
competitive systems containing each ligand and Mn(II) at
very low concentrations (1 μM) in the presence of excess
Na(I) (165mM), Ca(II) (2.5mM) andMg(II) (1.2mM). This
solution composition roughly reproduces that of themedium
used in the biological experiments. We then calculated the
overall percentages of the different metal cations complexed
with each ligand over a wide pH range.28,29 As shown in the
competition diagrams reported in Figure 2 (for H3L1 and
H2L4) and in Figure S2 of the Supporting Information (for
H3L2 and H2L3), Ca(II) competes with Mn(II) for com-
plexation to H3L1 and H4L2. In fact, Mn(II) is partially
released from H3L1 or completely from H4L2 upon Ca(II)
and/or Mg(II) complexation (see Figure 2a and Supporting
Information, Figure S1). Conversely, Mn(II) remains com-
pletely complexed to H2L3 andH2L4, as Ca(II), Mg(II), and
Na(I) were basically not bound by these ligands (Figure 2b
and Supporting Information Figure S2). Of note, Mn(II)
release from [MnL3] and [ML4] does not take place
even using higher Ca(II), Mg(II), or Na(I) concentra-
tions ([Ca(II)] = [Mg(II)] = 10 mM, [Na(I)] = 200 nM)
(see Supporting Information, Figure S3).

Electrochemical Properties of the Complexes. The redox
properties of the complexes were analyzed by cyclic voltam-
metry. Figure 3 reports the cyclic voltammograms for oxida-
tion of the four manganese complexes. [MnL1]-, [MnL2]2-,
and [MnL3] show successive broad, partially overlapped
oxidation peaks, while [MnL4] shows a single sharp peak
at about 1.15 V. The onset potentials, e.g., the potentials
where the complexes start oxidizingwere 0.80, 0.46, 0.49, and
0.86 for [MnL1]-, [MnL2]2-, [MnL3], and [MnL4], respec-
tively; and all the observed redox processes were irreversible.
The single oxidation process displayed by [MnL4] was also
studied by recording voltammograms (Figure 4a) with dif-
ferent scan rates (in the case of the other complexes, this

Scheme 3. Proposed Binding Mode of L32- and L42- in the
[MnL3] and [MnL4] Complexes

Table 2. Stability Constants of the Na(I), Mg(II), and Ca(II) Complexes with H3L1, H4L2, H2L3, and H2L4 (I = 0.1 M, 25 �C)
log K

reaction log K reaction log K reaction L = L3 L = L4

Naþ þ L13- = [NaL1]2- 2.60(9) Naþ þ L24- = [NaL2]3- 2.72(7) Naþ þ L2- = [NaL]- 2.17(5) 2.08(7)

Ca2þ þ L13- = [CaL1]- 7.59(7) Ca2þ þ L24- = [CaL2]2- 11.75(8) Ca2þ þ L2- = [CaL] 8.05(1) 7.67(8)

[CaL2]2- þ Hþ = [CaHL2]- 3.62(3)

Mg2þ þ L13- = [MgL1]- 6.23(5) Mg2þ þ L24- = [MgL2]2- 5.64(7) Mg2þ þ L2- = [MgL] 5.91(6) 5.74(7)

Figure 1. Distribution curves of the complexes with H2L3 (a) and
H2L4 (b) (25 �C, I = 0.1 M).
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analysis was prevented by the wide shape of the peaks and/or
by their extensive overlapping). In fact, analysis of the
potential of the oxidation peaks (Ep) at different scan rates
can give information on the nature of the step that controls
the rate of the oxidation process as well as on the number of
electrons involved in this process. In fact, for an irreversible
anodic process, Ep is related to the scan rate (vs) by eq 1:30

Ep ¼ K-ð2:3RT=2RaFÞ log vs (1Þ

where K is a constant and Ra depends on the number of
electrons, na, involved in the steps preceding the rate deter-
mining step (r.d.s) and on the charge transfer coefficient β, as
expressed by eq 2:

Ra ¼ na þ rð1- βÞ (2Þ
Here, r is a parameter that can assume two different

values; that is, r = 0 in the case of a chemical r.d.s or r =
0.5 in the case of an electrochemical r.d.s.
In the present case, anRa value of 1.07 could be determined

by the slope of the line obtained by plotting Ep values at
different scan rates (Figure 4b). According to eq 2, this value
can be rationalized considering a monoelectronic oxidation
process (na= 1), whose rate is chemically controlled (r=0).

Scavenging of O2
•- Generated by Xanthine/Xanthine Oxi-

dase. The scavenging properties of the Mn(II) complexes
were first evaluated by analyzing the time-course of NBT
oxidation induced by the xanthine/xanthine oxidase as
source of O2

•- (Table 3). In control conditions, the NBT
oxidation was complete in 498 ( 35.6 s, 50% of maximal
NBT oxidation being achieved after about 290. The xanthine
oxidase inhibitor allopurinol (100 μM) stronglymodified the
kinetic ofNBToxidation by shifting the time-course curve to

Figure 3. Cyclic voltammograms for oxidation of [MnL4] 3 2H2O,
[MnL3], Na2[MnL2] 3H2O, and Na[MnL1] 3H2O, on gold electrode
in KNO3 0.1M solution with a sweep rate of 50 mV/s ([complex] =
5 � 10-4 M, pH 7, and T = 25 �C). The cyclic voltammogram of
0.1 M pure KNO3 in the same conditions is also shown.

Figure 4. Cyclic voltammagrams of the [MnL4] 3 2H2O complex at
different scan rates (pH 7, 25 �C, I = 0.1 M) (a) and plot of the
potential of the oxidation peaks vs scan rate (b).

Figure 2. Overall percentages of the H3L1 (a) and H2L4 (b) com-
plexed species with Mn(II), Ca(II), Mg(II), and Na(I) as a function of
pH incompetitive systemscontainingMn(II) (1μM),Ca(II), (2.5mM),
Mg(II) (1.5 mM), and Na(I) (165 mM) and H3L1 (1 μM) or H2L4
(1μM).

P
[Mn(HxL4)]

xþ=[MnL4]þ [Mn(HL4)]þþ [Mn(H2L4)]
2þ;

[
P

[HxL1]
(x-3)þ = [L1]3- þ [HL1]2- þ [H2L1]

- þ [H3L1];
[
P

[HxL4]
(x-2)þ=[L4]2-þ [HL4]-þ [H2L4]þ [H3L4]

þ þ [H4L4]
2þ.
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the right in nonparallel mode. The time-course curve ofNBT
oxidationwas shifted to the right in a parallelmode by 10 μM
Na[MnL1] and [MnL4] 3 2H2O. Both these compounds sig-
nificantly increased the time required to oxidate 50%ofNBT
(Table 3), leaving maximum NBT oxidation unchanged. In
parallel experiments, the production of uric acid by
xanthine/xanthine oxidase was not modified by Na[MnL1]
and [MnL4] 3 2H2O (10 μM), suggesting that their inhibitory
effect on NBT oxidation was not dependent on the blockade
of xantine oxidase enzymatic activity, as did allopurinol, but
rather on specific quenching of O2

•-. [MnL2] 3H2O and
[MnL3] were almost ineffective.

Scavenging of O2
•- Generated by Activated Macrophages.

The scavenging properties of the Mn(II) complexes were
further evaluated on O2

•- produced by activated RAW264.7
cells (Figure 5). Compared with unstimulated cells, addition
of fMLP (0.1 μM) caused a 3-fold, statistically significant
elevation of O2

•- production (from 1.32 ( 0.19 to 4.2 (
0.78 μmol/mL/106 cells, P < 0.05, n = 4). All the Mn(II)
complexes reduced the levels of O2

•- released by fMLP-
stimulatedRAW264.7 cells, whereasMnSO4was ineffective.
Among these compounds, [MnL4] 3 2H2O was the most
potent in preventing O2

•--dependent cytC oxidation. In-
deed, it was capable of reducing cytC oxidation in a concen-
tration-related fashion in the 1 nM to 1 μM range, with its
IC50% being 59.2 ( 6.13 nM. By comparison, the other
compounds were less effective, with their concentra-
tion-response curves in the 0.1-10 μM range.

Intracellular Distribution of the Mn(II) Complexes. The
higher effectiveness of [MnL4] 3 2H2O in comparison to the
other Mn(II) compounds could be related to its higher
lipophilic properties, that can favor its trans-membrane
passage and distribution in the intracellular compartment.
To test this hypothesis, RASM cells were incubated for 6 h

with the different Mn(II) compounds (1 μM) or MnSO4

(1 μM) for 6 h and the total intracellular manganese content,
determined by ICP-AESmeasurements, is shown inFigure 6.
In control cultures, basal manganese cell content was
8.6 ( 2.89 ppb/mg of proteins (n = 3). Preincubation with
[MnL4] 3 2H2O increased significantly intracellular manga-
nese content, whereas preincubation with the other Mn(II)
compounds did not yield any significant increase over
the basal manganese levels. On the basis of these data,
[MnL4] 3 2H2O was selected for further investigations. As-
suming that this compound can cross the plasmamembrane,
RAW267.4 cells were preincubated with culture medium
containing 10 μM [MnL4] 3 2H2O for 18 h, which was then
replaced with plain medium before fMLP stimulation. Even
in these conditions, [MnL4] 3 2H2O prevented by 72% O2

•--
dependent cytC oxidation, as occurred when the compound
was present in the culture medium during fMLP stimulation
(98.9% inhibition).

In Vitro and in Vivo Toxicity of [MnL4] 3 2H2O. We next
investigated [MnL4] 3 2H2O toxicity onRAW264.7 cells. Cell
viability was assessed after 24, 48, and 72 h incubation in
culture medium added with this compound in the 0.1-
100 μM range (Figure 7). At 24 h, [MnL4] 3 2H2O only
reduced cell viability by 27% at the higher concentration
tested (100 μM), which is 100-fold higher than that capable
to fully abate O2

•- levels in fMLP-activated RAW264.7 cell
cultures. At 48 and 72 h, cell viability was reduced in a

Table 3. Effect of the Polyamine-Polycarboxylate Mn(II) Complexes
(10 μM)on theTime (s)Needed toAttain 50%MaximalNBTOxidation
upon Exposure to O2

•- Generated by Xanthine/Xanthine Oxidase

control Na[MnL1]

Na2[MnL2] 3
H2O [MnL3]

[MnL4] 3
2H2O H2L4

294( 12.3a 420( 41.5b 364( 14.0 306( 27.2 390( 15.9b 332( 24.6

aValues are means( SEM. Each group, n=4. b p<0.05 vs controls
(one-way ANOVA and Bonferroni’s posthoc test).

Figure 5. Effect of polyamine-polycarboxylate Mn(II) complexes
and MnSO4 on the levels of superoxide anion (O2

•-) produced by
RAW264.7 stimulated with 0.1 μM fMLP. Data are expressed as
percent reduction of O2

•- produced by fMLP-challenged
RAW264.7. The basal O2

•- production was 1.3 ( 0.96 mmol/mL/
4 h (106 cells) and 4.2( 0.78* mmol/mL/4 h (106 cells) after 0.1 μM
fMLP (n = 4, *p < 0.05).

Figure 6. Total content of manganese in homogenates of RASM
cells incubated in the absence (basal) or the presence of the Mn(II)
complexes (1 μM) or MnSO4 (1 μM) for 6 h. Values are reported as
means ( SEM. Significance of differences (one-way ANOVA,
n = 3): *p < 0.05 vs the other groups.

Figure 7. Viability of RAW264.7 cells, evaluated with the MTT
assay, upon 24, 48, and 72 h incubation of the cultures with
[MnL4] 3 2H2O. Values are expressed as percentage of the untreated
controls. Significance of differences (one-way ANOVA followed by
Bonferroni0s t test): ***p<0.001 72 h vs control, 24 and 48 h curves
(all doses); §§ p< 0.01, 48 h vs. control and 24 h (all doses); �� p<
0.01 24 h vs control (100 μM).
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concentration-dependent fashion; however, at the highest
100 μM concentration, it remained at 72% and 60% of the
time-matched untreated cultures, respectively.
To evaluate the in vivo toxicity of [MnL4] 3 2H2O, this

compound was administered i.p. to male albino CD1mice at
the doses of 200 and 400 mg/kg b.wt (each group, n = 5),
which are 20-40-fold higher than those found to have
therapeutic properties. At these doses, no signs of acute
toxicity were observed within the first 4 h after administra-
tion, nor did any animal die in the following 7 days.

Scavenging of O2
•-

Prevents Oxidative Cell Injury. Excess
ROS have been shown to target cell membrane lipids,
causing an increase in thiobarbituric acid reactive substances
(TBARS) which are considered a reliable index of oxidative
cell/tissue injury.31 Therefore, we evaluated the scavenging
properties of [MnL4] 3 2H2O on RASM cells in which lipid
peroxidation was induced by O2

•- generated by either xan-
tine/xantine oxidase or fMLP-activated RAW264.7 cells. As
shown inFigure 8a, addition of xanthine/xanthine oxidase to
the culture medium of RASM cells for 4 h significantly
increased TBARS of about 3-fold over the basal levels.
Addition of [MnL4] 3 2H2O (0.1 μM) reduced the TBARS
levels by about 21%. By comparison, addition of Mn-SOD
(300 U/mL) reduced the TBARS levels by about 32%. Since
in parallel experiments monitoring uric acid production by
xanthine/xanthine oxidase we observed that [MnL4] 3 2H2O
had no enzyme inhibitory effects, we can argue that the
antioxidant action of [MnL4] 3 2H2O does depend on effec-
tive O2

•- quenching.
Similar results were obtained when O2

•-was generated by
fMLP-activated RAW264.7 cells coincubated with RASM
cells (Figure 8b). TBARS levels in RASM cells cultured
alone or in the presence of quiescent RAW264.7 macro-
phages were very low. Upon stimulation of RAW264.7 cells
with 0.1 μM fMLP, TBARS levels increased significantly.
On the other hand, preincubation with either [MnL4] 3 2H2O
(0.1 μM) or MnSOD (300 U/mL) reduced fMLP-induced
TBARS elevation by 37% and 45%, respectively. Of note,
neither [MnL4] 3 2H2O nor MnSOD reduced TBARS eleva-
tion induced in RASM cells by the addition of Fe(III)/
ascorbic acid, an experimental system able to generate

hydroxyl radical. This finding accounts for the specificity
of [MnL4] 3 2H2O as a selective O2

•- scavenger.
Anti-Inflammatory Activity of [MnL4] 3 2H2O in Vivo. As

shown in Table 4, a 15 min pretreatment with [MnL4] 3 2H2O
at the doses of 5 and 15 mg/kg b.wt significantly and dose-
dependently reduced the number of writhes caused by acetic
acid-induced acute peritoneal inflammation, regardless of
the administration route (p.os: 67.7% and 66.5% of the
positive controls, respectively; i.p.: 63% and 56.9% of the
positive controls, respectively). At these doses, this com-
pound did not cause any reduction of consciousness or
spontaneous motility of the treated mice. By comparison,
p.os or i.p. treatment with indomethacin (10 mg/kg b.wt)
reduced the numbers of whites to 43% and 46.7% of the
positive controls, respectively. On the other hand, H2L4, the
organic scaffold lacking functional Mn(II) ion, showed a
modest anti-nociceptive activity when administered p.os
(81.8% of the positive controls with 15 mg/kg b.wt) but
was ineffective when administered i.p. at any dose. This is
conceivably due to its free amine and carboxylic functions,
which could avidly bind endogenous Mn(II), thereby trans-
forming this compound into an active O2

•- quencher. In this
case, H2L4 may behave as a pro-drug.

Tested at the same doses by i.p. route, [MnL4] 3 2H2O was
ineffective in the hot plate test, thus suggesting that the
molecule possesses anti-inflammatory properties, but not
pure analgesic morphine-like activity.

Discussion and Conclusions

The present study offers evidence that Mn(II) complexes
with polyamine-polycarboxylate scaffolds may be effective
O2

•- scavengers in biological systems and, therefore, may
prevent oxidative cell/tissue damage and exert anti-inflamma-
tory therapeutic effects. In aqueous solutions at physiological
pH, temperature, and molarity, Mn(II) formed stable com-
plexes with all the tested ligands in their fully deprotonated
forms, and no detectablemetal releasewas observed. The high
stability of the complexes is justified by the simultaneous
involvement in metal binding of both the amine donor atoms
and the negatively charged carboxylate groups, as shown in
Scheme 3 for [MnL3] and [MnL4].

Figure 8. Effect of MnSOD (300 U/mL) and [MnL4] 3 2H2O (10-7

M) on inhibition of lipid peroxidation, measured as TBARS
amounts, induced in RASM cells by O2

•-, generated by (a)
xanthine/xanthine oxidase (X/XO) or (b) fMLP-stimulated
RAW264.7 cells. Values are mean ( SEM of at least 4 experiments
and are expressed as a percentage of the positive controls. Signifi-
cance of differences (one-way ANOVA followed by Bonferroni0s
t test): *p < 0.05 vs the positive controls (left bar).

Table 4. Effects of [MnL4] 3 2H2O, the Metal-Free Congener H2L4 and
Indomethacin in the Mouse Writhing Test

no. of

mice

time before

acetic acid

dose

(mg/kg b.wt)

no. of

writhesa

p.os Treatment

controls (1% CMC) 19 15min - 41.8( 1.5

Indomethacin 5 15min 10 18.0( 1.8*

[MnL4] 3 2H2O 6 15min 1 40.0( 1.8

[MnL4] 3 2H2O 8 15min 5 28.3( 1.6**

[MnL4] 3 2H2O 8 15min 15 27.8( 1.3**

[MnL4] 3 2H2O 6 30min 15 33.3( 1.3*

H2L4 7 15min 5 30.3( 2.0*

H2L4 8 15min 15 34.2( 2.1*

i.p. treatment

Controls (saline) 8 15min - 38.5( 1.6

[MnL4] 3 2H2O 8 15min 1 36.7( 2.2

[MnL4] 3 2H2O 8 15min 5 24.3( 1.7**

[MnL4] 3 2H2O 8 15min 15 21.9 ( 1.9**

H2L4 9 15min 5 39.6( 2.0

H2L4 9 15min 15 37.8( 2.5
aValues are means ( SEM. *p < 0.05; **p < 0.01 versus CMC-

treated mice (one way ANOVA and Bonferroni’s posthoc test).
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Of note, the complexes of Mn(II) with the cyclic ligands
H2L3 and H2L4 show a higher stability than those with
H3L1 and H4L2. This result can be explained by the
presence of a higher number of amine groups available
for metal coordination as compared with the open-chain
scaffolds, as well as by their cyclic structure. In fact,
macrocyclic ligands are known to form more stable com-
plexes than their noncyclic counterparts.16 From a thermo-
dynamic point of view, the higher stability constants found
for [MnL3] and [MnL4] are related to the larger entropic
contribution to metal complexation, which can be reason-
ably due to a larger desolvation of the metal ion upon
complexation, in keeping with the proposed structure re-
ported in Scheme 3, which shows that the metal center is
coordinatively saturated by the four amine donors and the
two carboxylate groups.32 Furthermore, the cyclic structure
of H2L3 and H2L4 make them more rigid than H2L2 and
H2L1. The consequent lower loss of conformational free-
dom upon Mn(II) coordination can lead to a further
entropic stabilization of the [MnL3] and [MnL4] complexes
with respect to the [MnL1]- and [MnL2]2- ones.

The addition of carboxylate groups to the structure of
simple cyclic or acyclic polyamines may represent an added
value to the Mn(II) complexes in view of their use as O2

•--
scavengers. In fact, binding of carboxylate groups to Mn(II)
markedly increases stability of the complex, thus avoiding
metal release in solution. For instance, the stability constants
of the [MnL3] and [MnL4] complexes are more than 4 orders
of magnitude higher than the Mn(II) complexes with macro-
cyclic polyamines containing 4, 5, or 6 secondary nitrogen
donors.33 Furthermore, the presence of the anionic carbox-
ylate groups lead to the formation of neutral complexes, at
least in the case of [MnL3] and [MnL4], making them more
suitable for transfer processes across lipophilic membranes.
From this point of view, the presence of two N-Me groups
within the backbone of H2L4 makes [MnL4] less solvatated
and more lipophilic than [ML3].
Although all four ligands tested can also bind Mg(II),

Ca(II), and Na(I), the [MnL3] and [MnL4] complexes do
not releaseMn(II) at physiological pH even in the presence of
a large excess of these potentially competitivemetal cations. In
fact, in a simulated environment roughly reproducing the
metal ion composition of biological fluids, only [MnL2]2-

and, to a lesser extent, [MnL1]-, releasedMn(II) due toCa(II)
and Mg(II) complexation, while the other Mn(II) complexes
were not affected by themetal ion competitors in themedium.
This finding can address the major safety concerns about the
in vivo use of the complexes of Mn(II) with the cyclic ligands
H2L3 and H2L4, as it shows that no metal ion release may
occur in physiological extracellular or intracellular milieu.
Since the process of O2

•- scavenging is related to oxidation
processes involving the metal center, we then analyzed the
redox properties of the complexes by cyclic voltammetry. The
complexes displayed a markedly different tendency to oxida-
tion, [MnL2]2- and [MnL4] being oxidized at remarkably
higher potential than [MnL1]- and [MnL3]. This result can
be explained in terms of scarcely solvated hydrophobic en-
vironments surrounding the metal cations, which normally
stabilize the lower oxidation states.34 In fact, the presence of a
hydrophobic polyether chain in H4L2 or of two methylated
nitrogen donors in H2L4, which prevent the formation of
H2O 3 3 3HN hydrogen bonds, can reduce the overall solvation
of their complexes, making them more resistant to oxidation.
In the case of the [MnL1]-, [MnL2]2-, and [MnL3] the first

oxidation step, which is probably due to a Mn(II)fMn(III)
process, was followed by other partially overlapped oxidation
steps at the metal centers, which cannot be clearly identified.
Conversely, [MnL4], the most oxidation-resistant complex,
only displayed a monoelectronic single oxidation step, suita-
ble for more detailed electrochemical characterization. In
particular, the fast electron transfer step was followed by a
slow chemical process, which represents the rate-determining
step (r.d.s) of the overall [Mn(II)L] f [Mn(III)L]þ process.
This r.d.s canbe reasonably identifiedwitha rearrangement of
the set of donors of the ligand around the generated Mn(III)
ion, in keeping with the general consideration that rearrange-
ment processes of the metal coordination spheres are remark-
ably slower than electron transfer processes.30 At the same
time, an overall rearrangement of the ligand structure around
the Mn(III) cation is conceivable on the basis of its different
positive charge and electronic configuration with respect to
Mn(II).
In turn, the biological findings demonstrate that

[MnL4] 3 2H2O is a potent scavenger of O2
•- radicals gener-

atedbyboth exogenous and endogenous pathways, being able
to exert statistically significant effects in the low micromo-
lar-high nanomolar range. Among the studied Mn(II) com-
plexes, [MnL4] 3 2H2O has emerged as the most promising
O2

•- scavenger because of its superior chemical stability. In
fact, only [MnL4] did show clear-cut O2

•- scavenging proper-
ties in the in vitro cell models, allowing us to select this for the
in vivo assays. The higher efficacy of [MnL4] 3 2H2O compared
to the other Mn(II) compounds tested may conceivably
depend on several distinctive chemical properties of this
molecule. First, the [MnL4] 3 2H2O complex is partially lipo-
philic and not charged and can effectively cross the cell
membranes, thereby scavenging O2

•- directly into the cell,
where ROS are generated, and blunting the oxidative cascade
ab initio. Second, according to the data of cyclic voltammetry,
[MnL4] 3 2H2O is highly resistant to oxidation, thusmaintain-
ing its chemical integrity andO2

•--scavenging properties for a
long time even in the presence of harmful, inflammation-
induced oxidative burst. Third, [MnL4] 3 2H2O is highly stable
and does not release Mn(II), accounting for its low toxicity
both in vivo and in vitro.
Of note, [MnL4] 3 2H2O protects cell lipid peroxidation

when oxidation is induced by O2
•-, but not when hydroxyl

radicals play a predominant role. This implies a specific
mechanism of action for [MnL4] 3 2H2O which selectively
targets O2

•-. In keeping with this finding, MnSOD is also
unable to reduce lipid peroxidation by a hydroxyl radical,
indicating that theMn(II) core is crucial for O2

•- dismutation
and suggesting that [MnL4] 3 2H2O can function as a SOD-
mimetic drug.
A large body of evidence indicates that O2

•- radical plays a
key role in the pathogenesis of several inflammatory and
degenerative diseases. Moreover, in these pathological condi-
tions, endogenous SOD is rapidly oxidized and inactivated,
thus leading to ever-increasing concentrations of this harmful
radical.3,4 On these grounds, we have tested the therapeutic
efficacy of [MnL4] 3 2H2O in a model of inflammatory pain in
themouse, andwe observed that thismolecule exerts clear-cut
anti-inflammatory effects when administered p.os and i.p.
This finding further suggests that the lipophilic features of this
molecule allow its easy absorption and distribution within the
body. On the contrary, [MnL4] 3 2H2O is ineffective in the
relief of noninflammatory pain as determined on hot plate
test. This is in line with our hypothesis that [MnL4] 3 2H2O
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primarily acts as anO2
•- scavenger anddoes not interferewith

other inflammation-triggered metabolic pathways. In parti-
cular, [MnL4] 3 2H2O does not reduce prostaglandin produc-
tion, as tested by EIA (not shown), indicating that the
molecule does not act as a traditional nonsteroidal anti-
inflammatory drug.
In conclusion, our data show that several polyamine-poly-

carboxylic-manganese compounds can function as O2
•- sca-

vengers in biological systems. Among the tested compounds,
the lipophilic complex [MnL4] 3 2H2O has emerged as a novel,
chemically stable, potent O2

•- scavenger with safe toxicity
profile and optimal pharmacokinetic properties, allowing it to
attain therapeutic levels in the extracellular and intracellular
compartments. As such, [MnL4] 3 2H2O represents a promis-
ing member of a new class of MnSOD-mimetic anti-inflam-
matory drugs.

Experimental Section

Chemicals. Unless otherwise specified, the general purpose
chemicals used in this study were from Sigma-Aldrich (Milan,
Italy). All tissue culture media, supplements, growth factors,
and phosphate-buffered saline (PBS) were from Gibco/BRL
(Invitrogen, S.GiulianoMilanese, Italy). Cell culture disposable
plasticware was from Falcon (Steroglass, Perugia, Italy) or
Corning (VWR International, Milan, Italy). The aqueous solu-
tions used in complex synthesis, in potentiometric and calori-
metric measurements, were deoxygenated by bubbling N2 to
prevent possible oxidation of Mn(II). H3L1 and H4L2 were
purchased from Aldrich (purity g99%). 1H and 13C spectra
were recorded on a Varian Gemini 300 MHz Instrument. ESI-
MS spectra were recorded on a LTQ Orbitrap high-resolution
mass spectrometer, equipped with a conventional ESI source.
Elemental analyses (C, H, N content) were performed with
Perkin-Elmer 2400CHNelemental analyzer. The determination
of themanganese content of the complexes was performed using
a Varian 720-ES inductively coupled plasma atomic emission
spectrometer (ICP-AES). For all tested compounds, satisfac-
tory elemental analyses were obtained (all determined C, H, N,
andMn percentages are within(0.2%of theoretical value, with
the only exception of the Mn percentage in [MnL4] (þ0.25%);
see Table S1, Supporting Information), in keepingwith a>95%
purity for all compounds.

Synthesis of H2L4 and Mn(II) Complexes. H2L3,
35 Na-

[MnL1], and Na2[MnL2] 3H2O were prepared as previously
described.23 H2L4 was synthesized according to a Vizza
et al.,36 with minor modifications.

Synthesis of H2L4 3 3HCl. A solution of chloroacetic acid
(5.98 g, 63 mmol) in water (10 mL) was added to a solution of
1,7-dimethyl-1,4,7,10-tetraazacyclododecane (1.26 g, 6.3 mmol)
in water (10 mL), adjusting pH to 9.5 by using a 5 M NaOH
solution. Temperature was kept at 70 �C for 18 h. The pH of the
solution was maintained at 9.5 with drops of 5 M NaOH. The
solution was then dried under vacuum, the residue dissolved in
water (20 mL), and the pH of the solution adjusted to 7 by
addition of 5 M HCl. The solution was then passed through a
cation-exchange column (Amberlite IR 120; acidic form, bed
volume 60 cm3). The column was eluted with water (500 mL),
then with NH3 0.5 M solution (600 mL), and finally with water
(700 mL). Each fraction was vacuum evaporated and analyzed
by 1H NMR. The fractions containing the desired product were
pooled together, and the resulting solution was vacuum evapo-
rated, yielding the ligands as ammonium salt. This compound
was dissolved in 10 mL of water, and the solution passed
through a column filled with an anion-exchange resin
(Amberlite IRA 900, alkaline form, bed volume 50 mL). The
column was eluted before with water (350 mL), then with a HCl
5 M solution (350 mL), and finally with an HCl 0.1 M solution
(300 mL). Each fraction was vacuum evaporated and analyzed

by 1HNMR. The fractions containing the desired product were
combined and vacuum evaporated to dryness. The resulting
stick oil was suspended in diethyl ether to obtain a white solid,
which was filtered off. Yield 1.35 g (50.4%). 1H NMR (300.07
MHz, D2O, pH 3.0, 25 �C), δ (ppm): 3.57 (4H, s); 3.49 (4H, dd);
3.31 (4H, dd); δ 3.17 (4H, dd); δ 2.16 ppm (4H, dd). 13C NMR
(75 MHz, D2O, pH 3.0, 25 �C), δ (ppm): 177.0; 54.9; 54.3; 50.1.
ESI MS (m/z) 317 (H2L4 þ Hþ).

Synthesis of [MnL3]. A deoxygenated aqueous solution
(10 mL) of MnSO4 3H2O (170 mg, 1 mmol) was slowly added,
under stirring, to a boiling solution of H2L3 3 2HCl (360 mg,
1mmol) in 30mL of water under a nitrogen atmosphere. To this
solution was slowly added 20mL ofNaOH 0.1M. The resulting
solutionwas then refluxed for 3 h. The volume of the solvent was
then reduced to 5 mL by heating at 80 �C under a nitrogen flow.
To the resulting solution, ethanol (30 mL) was added to yield a
white precipitate, which was filtered off and recrystallized from
an water/ethanol 1:8 mixture. Yield 250 mg (72.3%). ESI MS
(m/z): 342 ([MnL3 þ H]þ).

Synthesis of [MnL4] 3 2H2O. A deoxygenated aqueous solu-
tion of NaOH 0.1 M (6.9 mL, 0.69 mmol) was added
to deoxygenated solution (10 mL) of H2L4 3 3HCl (100 mg,
0.23 mmol) in water. To this solution, heated to reflux, a
solution of MnCl2 3 4H2O (42 mg, 0.21 mmol) was slowly added
under stirring in deoxygenated water. The volume of the solvent
was then reduced at 5 mL by heating at 80 �C under nitrogen
flow. To the resulting solution, ethanol (20 mL) and diethyl
ether (10mL) were added, to yield a white precipitate which was
filtered off and recrystallized fromawater/ethanol 1:15mixture.
Yield 45 mg (52.9%). ESI MS (m/z): 370 ([MnL4 þ H]þ).

Potentiometric Measurements. pH-metric measurements (pH
= -log[Hþ]) were carried out with 0.1 M NMe4Cl (pKw =
13.83) at 25.0 ( 0.1 �C, by using the previously described
equipment and procedure.37 The computer program HYPER-
QUAD38 was used to calculate both protonation and stability
constants from emf data.Distribution diagramsand competition
plots were calculate by using the Hyss program.28 Full experi-
mental details are provided in the Supporting Information.

Microcalorimetric Measurements. The enthalpies of proton-
ation and metal complexation with H2L3 and H2L4 were
determined in 0.1 M NMe4Cl aqueous solution 25.0 ( 0.1 �C,
by the previously described equipment and procedure.39 In the
protonation and complexation studies, 1 � 10-3 ligand and
metal ions concentrations were employed, performing at least
three titration experiments. The corresponding enthalpies of
reaction were determined from calorimetric data by the AAAL
program.40

Electrochemical Measurements. Electrochemical characteri-
zation was performed using a computerized electrochemical
analyzer (CH Instruments Inc., Austin, TX). Electrochemical
tests were carried out at room temperature under nitrogen
atmosphere, using a conventional single-compartment, three-
electrode cell. A Au working electrode (Goodfellow, 3 mm
diameter wire, 99.99þ%pure) was inserted inside a Teflon tube.
The electrode was polished with 1 and 0.3 μm alumina powder
and then rinsed with distilled water and sonicated in an ultra-
sonic bath for 5min before use. The working electrode potential
was measured with respect to an aqueous KCl saturated
Ag/AgCl electrode. A platinum wire was used as auxiliary
electrode.Measurements were carried out on deareated aqueous
solutions at pH 7 containing theMn(II) complexes at a 5� 10-4

M concentration. Cyclic voltammograms were recorded on a
gold electrode in 0.1 M KNO3 adjusted to pH 7.0 with 0.1 M
NaOH. Superimposition of the oxidation peak of chloride with
those of the complexes prevented the use of NaCl as ionic
medium. The use of a gold electrode allows better resolution
of the oxidation peaks of the complexes.

Scavenging of O2
•- Generated by the Xanthine/Xanthine

Oxidase Reaction. In vitro generation of O2
•- by the enzymatic

reaction of xanthine oxidase (10 mU/mL) with xanthine
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(600 μM) was monitored spectrophotometrically at 560 nm
measuring the oxidation kinetics of 10 μM nitro blue tetrazo-
lium (NBT) as previously described.41 Experiments were per-
formed in triplicate. Full experimental details are provided in
the Supporting Information.

Scavenging of O2
•- Generated by Activated Macrophages.

This experiment aimed at testing the ability of the noted
compounds to scavenge O2

•- in a cellular system. RAW 264.7
cells were grown until confluent (5 � 103) in 96-well plates,
starved for 18 h, and incubated in phenol red-free DMEM
containing 1 mg/mL cytochrome C, in the presence or absence
of the Mn(II) complexes at different concentrations. Cells were
stimulated with 0.1 μMN-formyl-Met-Leu-Phe peptide (fMLP)
for 4 h at 37 �C. The cytochrome C reduced form was measured
spectrophotometrically at 550 nm. Blank tests were carried out
in the presence of 300 U/mL MnSOD, and these absorbance
values were subtracted to their respective values. The Mn(II)
complexes did not interfere with cytochrome C absorbance. In
parallel experiments, RAW264.7 cells were preincubated for
18 h with [MnL4] (0.1 μM), washed twice, and stimulated with
0.1 μM fMLP in the presence or absence of 0.1 μM [MnL4] for
4 h at 37 �C as described above. The SOD-inhibitable O2

•-

production was expressed as μmol/mL/106 cells using an extinc-
tion coefficient of 2.1� 104M/cm. Experiments were performed
in quadruplicate on at least 3 different cell batches. Full experi-
mental details are given in the Supporting Information.

Isolation and Culture of Rat Aorta Smooth Muscle Cells

(RASM). Smooth muscle cells were isolated from rat thoracic
aortas by enzymatic digestion as described42 and used between
the fifth and ninth passage in culture.

Mn(II)Complexes Bioavailability in Cell Culture. To evaluate
the cellular bioavailability of Mn(II) compounds, confluent
RASM cells were incubated for 6 h in PBS (containing CaCl2
and MgCl2) in control conditions or in the presence of MnSO4

or theMn(II) complexes (10 μM). Cells were then washed twice,
lysed in bidistilled H2O, frozen, and kept at -80 �C until use.
Aliquots were used for total protein dosage. Determination of
total manganese content in the cell lysates was performed by a
Varian 720-ES ICP-AES. Before analysis, about 3 mg of sample
was weighed in polyethylene tubes and solubilized in 10 mL of
0.1% suprapure nitric acid obtained by sub-boiling distillation.
To promote solubilization and homogenization of the solutions,
the tubes were placed into an ultrasonic bath for 15 min.
Samples were spiked with 1 ppm ofGe used as internal standard
and calibration standards were prepared by gravimetric serial
dilution from mono standards at 1000 mg/L. Wavelengths used
for ICP-AES analysis and operating conditions, optimized to
obtain a maximum signal intensity, instrumental conditions,
and measurement, are reported in the Supporting Information.
Within each sample, a rinsing solution composed by 2% v/v
HNO3 was used. The ICP torch, spray chamber, nebulizer, and
sample introduction tubes were accurately cleaned and, prior to
sample analysis, the instrument was purged for at least 1 h with
2% v/v HNO3 rinse solution. Experiments were performed on
3 different cell batches.

Cell Viability Assay. Cell viability was evaluated by the
reduction of 3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT). RAW264.7 cells were grown until con-
fluence (5 � 103) into 96 well plates cells, starved for 12 h, and
then treated for 24, 48, and 72 h with different concentrations of
[MnL4] 3 2H2O (0.1-100 μM) in 0.1% FBS medium. After
extensive washing, 1 mg/mL MTT was added into each well
and incubated for 2 h at 37 �C. After washing, the formazan
crystals were dissolved in 100 μL dimethyl sulfoxide. The
absorbance was measured at 580 nm. Experiments were per-
formed in quadruplicate on at least 3 different cell batches .

Inhibition of ROS-Induced Cell Oxidative Injury. Cell mem-
brane lipid peroxidation was evaluated as thiobarbituric acid
reagent substances (TBARS)31 in RASM cells (1.2-1.5 � 106).
To induce lipid peroxidation, two different sources of O2

•-

were used: xanthine/xanthine oxidase or fMLP-activated
RAW264.7 macrophages. RASM cells were treated for 4 h
at 37 �C either with 600 μM xanthine/xanthine oxidase
(10 mU/mL) or with unstimulated or 0.1 μM fMLP-stimulated
RAW264.7 (1-1.2 � 105, grown on trans-well inserts, 0.4 μm
pore size) . Both protocols were performed in the absence or
presence of either 0.1 μM[MnL4] 3 2H2O or 300U/mLMnSOD.
Lipid peroxidationwas also evaluated inRASMcells treated for
4 h at 37 �Cwith 20 μMFeCl3/100 μMascorbic acid, a chemical
source of hydroxyl radical.43After incubations, RASMcells were
placed in ice-cold bath, harvested, and centrifuged. After homo-
genization in 100 mM potassium phosphate buffer (pH7.4),
aliquots of homogenates were used to measure TBARS.31

TBARS were expressed as nmol/mg protein/mL by comparison
with a standard curve of 1,1,3,3-tetramethoxypropane. Experi-
ments were performed on 3 different cell batches. Full experi-
mental details are provided in the Supporting Information.

In Vivo Experiments. Animal handling was carried out ac-
cording to the European Community guidelines for animal care
(DL 116/92, application of the European Communities Council
Directive 86/609/EEC). The ethical policy of the University
of Florence conforms with the Guide for the Care and Use of
Laboratory Animals of the U.S. National Institutes of Health
(NIH Publication No. 85-23, revised 1996; University of
Florence assurance number: A5278-01). Formal approval to
conduct the experiments described hereinwas obtained from the
animal subjects review board of the University of Florence. For
the experiments described, male albino CD1 mice, 20-25 g,
were used. They were purchased from Harlan Italy (Udine,
Italy) and quarantined for 1 week before use.

Toxicity Assay. Animals were randomly assigned to 3 differ-
ent groups (each group, n = 5). [MnL4] 3 2H2O was dissolved
in saline and administered intraperitoneally (i.p.) at 100 and
200 mg/kg body weight (b.wt) and its effects observed for
4 h after injection. The negative controls (n = 5) received
the vehicle alone. The animals were monitored daily for up to
1 week.

Anti-Inflammatory and Analgesic Assay. The putative anti-
inflammatory properties of [MnL4] 3 2H2O were investigated in
the mouse writhing test.44 Mice, randomly distributed in differ-
ent groups, were injected i.p. with 0.6% acetic acid and, 5 min
later, the number of writhes due to abdominal constriction was
counted for further 10 min. [MnL4] 3 2H2O or H2L4 at the doses
of 1, 5, and 15mg/kg b.wt, indomethacin (10mg/kg b.wt), or the
vehicle (1% carboxymethylcellulose) were administered by a
gastric catheter (p.os) 15-30 min before acetic acid injection. In
parallel experiments, [MnL4] or H2L4, dissolved in saline at the
same doses, were administered i.p. 15 min before acetic acid
injection.Morphine-like analgesic activities of compounds were
determined on a hot-plate test.45 [MnL4] or H2L4, dissolved in
saline at the same doses, were administered i.p. 15 min before
testing mice reaction time (s) on a hot plate (52.5 �C).Morphine
(10 mg/kg b.wt) was used as reference drug.

Statistical Analysis. Data are reported as means ( standard
errors of means (S.E.M.) and were analyzed for statistical
comparison by one-way ANOVA followed by Bonferroni0s
posthoc test. Differences were considered significant if p<0.05.
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Supporting Information Available: Experimental details for
potentiometric measurements and for experiments on O2

•-

scavenging and on inhibition of ROS-induced cell oxidative
injury, elemental analysis for tested compounds, thermody-
namic parameters for protonation of H3L1, H4L2, H2L3, and
H2L4, operating conditions for ICP-AES measurements, dis-
tribution diagrams for the Mn(II) complexes with H3L1 and
H4L2, competition plots for H4L2 and H2L3 in the presence of
Mn(II) (1 μM), Ca(II), (2.5 mM), Mg(II) (1.2 mM), and Na(I)
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(165 mM), competition plots for H3L1, H4L2, H2L3, and H2L4
in the presence of Mn(II) (1 μM), Ca(II), (10 mM), Mg(II)
(10 mM), and Na(I) (200 mM). This material is available free of
charge via the Internet at http://pubs.acs.org.
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