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This study aimed to explore the mechanisms by which prodigiosin protects against hypoxia-induced oxidative/
nitrosative brain injury induced by middle cerebral artery occlusion/reperfusion (MCAo/r) injury in mice.
Hypoxia in vitro was modeled using oxygen-glucose deprivation (OGD) followed by reoxygenation of
BV-2 microglial cells. Our results showed that treatment of mice that have undergone MCAo/r injury with
prodigiosin (10 and 100 pg/kg, i.v.) at 1 h after hypoxia ameliorated MCAo/r-induced oxidative/nitrosative
stress, brain infarction, and neurological deficits in the mice, and enhanced their survival rate. MCAo/r
induced a remarkable production in the mouse brains of reactive oxygen species (ROS) and a significant
increase in protein nitrosylation; this primarily resulted from enhanced expression of NADPH oxidase 2
(gp91P"°%) inducible nitric oxide synthase (iNOS), and the infiltration of CD11b leukocytes due to breakdown
of blood-brain barrier (BBB) by activation of nuclear factor-kappa B (NF-<B). All these changes were significantly
diminished by prodigiosin. In BV-2 cells, OGD induced ROS and nitric oxide production by up-regulating gp91Pho*

Prodigiosin and iNOS via activation of the NF-«B pathway, and these changes were suppressed by prodigiosin. In conclusion,
our results indicate that prodigiosin reduces gp91P"™* and iNOS expression possibly by impairing NF-kB
activation. This compromises the activation of microglial and/or inflammatory cells, which then, in turn, medi-
ates prodigiosin's protective effect in the MCAo/r mice.

© 2011 Elsevier Inc. All rights reserved.
Introduction free radicals. This so-called oxidative stress involves recruited leukocytes,

active microglial cells, damaged neurons and astrocytes, all of which are

Stroke is still ranked as the third common cause of death in devel-
oped countries. Hypoxia-ischemic stroke induces brain injury through
energy deficiency-related inappropriate activation of ionotropic
N-methyl-p-aspartate receptors, which is caused by excessive gluta-
mate release exciting neurons to death via induced overproduction of

Abbreviations: BBB, blood-brain barrier; gp91°"°%, NADPH oxidase 2; iNOS, inducible
nitric oxide synthase; MCAo/R, middle cerebral artery occlusion/reperfusion; NF-kB,
nuclear factor-kappa B; OGD, oxygen-glucose deprivation; ROS, reactive oxygen species.
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present in the ischemic stroke-damaged tissues (Lo et al., 2003; Shen
et al,, 2008). Among the free radical producing-enzyme systems, the
activation of NADPH oxidase 2 (gp91P"°*) and inducible-nitric oxide
synthase (iNOS), in response to various proinflammatory mediators
(e.g., interleukin-13 (IL-1B)) produced through ischemia/hypoxia
induction, represents a major pathophysiological mechanism for
stroke-induced brain injury (Argaw et al,, 2006; Nagel et al., 2007;
Borutaite et al., 2006).

During cerebral ischemia, activation of various transcriptional
factor(s) such as nuclear factor-kappa B (NF-«B) plays a pivotal role
in mediating oxidative stress-induced cell injury and in regulating
post-ischemic inflammation. This occurs possibly through up-regulation
of the inflammatory genes and proteins that contribute to cell death
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(Harari and Liao, 2010). In addition, the accumulation of hypoxia-induc-
ible factor-1 (HIF-1) during cerebral ischemia triggers expression of the
target genes involved in various adaptive responses after injury
(Semenza, 2000; Sharp and Bernaudin, 2004). In this context, both
pro-death and pro-survival roles for HIF-1 have been discussed
(Chen et al.,, 2009). For example, HIF-1 has been reported to be neuro-
protective (Correia and Moreira, 2010), while on the other hand two
HIF-1 target genes (iNOS and cyclooxygenase 2) are known to
contribute to brain injury via inflammation induction (Mi et al., 2008).
Furthermore, we have showed that the NF-xB and/or HIF-1oe dependent
pathways are both underlying the hypoxia-ischemic stroke-induced
iNOS and/or gp91P"°* expression in microglial cells (Chern et al., 2011).

Prodigiosin (2-methyl-3-pentyl-6-methoxyprodiginine) is a
tripyrrole red pigment produced by microorganisms such as Serratia
marcescens (Chang et al., 2011). This bacterial secondary metabolite is
featured by a diverse range of bioactivities with therapeutic benefits,
including antibacterial, antimalarial (Demain, 1995; Williams and
Quadri, 1980), immunosuppressive (Han et al., 1998, 2001, 2005), anti-
cancer (Pérez-Tomas et al, 2003; Pérez-Tomds and Vifias, 2010)
and antimetastatic (Williamson et al., 2006). Intriguingly, prodigiosin
at non-cytotoxic doses functions as an immunosuppressant, while
inducing apoptosis selectively against malignant cells at higher concen-
trations (Williamson et al,, 2006). In addition to acting on T cells,
it is worth to note that prodigiosin was recently shown to suppress
lipopolysaccharide-initiated inflammatory responses of macrophages,
including nitric oxide (NO) production, through inhibiting the activa-
tion of p38 MPAK, JNK and NF-«xB (Huh et al, 2007). However,
the potential of exploiting the anti-inflammatory effect of prodigiosin
on inflammation-related disorders (e.g., ischemic stroke brain injury)
has never been reported yet and therefore remains to be elucidated.

In this study, we performed an ischemic stroke murine model to
elucidate whether treatment with prodigiosin (10 and 100 pg/kg,
i.v.) 1 h after ischemia is able to protect mice against middle cerebral
artery occlusion/reperfusion (MCAo/r)-induced oxidative/nitrosative
brain injury. In addition, hypoxia in vitro was modeled using oxygen-
glucose deprivation (OGD) followed by reoxygenation of BV-2 micro-
glial cells in order to explore the molecular mechanism(s) of action
involved when prodigiosin protects against hypoxia/ischemia-induced
microglial cell activation.

Materials and methods
Animals and induction of transient middle cerebral artery occlusion

All animal procedures and protocols were conducted in accor-
dance with The Guide for the Care and Use of Laboratory Animals
(NIH publication, 85-23, revised 1996) and were reviewed and
approved by our Animal Research Committee at National Research
Institute of Chinese Medicine (approval number: NRICM-IACUC-96-
A-11). Male ICR mice weighing 17-22 g (National Laboratory Animal
Breeding and Research Center, Taipei, Taiwan) were anesthetized
with a mixture of isoflurane (1.5-2%), oxygen, and nitrogen. Transient
focal cerebral ischemia was performed using a heat-blunted nylon
monofilament surgical suture (6-0) coated with silicone, which was
introduced into the exposed external carotid artery, advanced to the
internal carotid artery, and wedged into the circle of Willis to obstruct
the origin of the right middle cerebral artery (RMCA). The filament
was left in place for 40 min and then withdrawn. This procedure leads
toreproducible infarcts similar in size and distribution to those reported
by others using transient RMCA occlusion of a comparable duration
(Kim et al., 2008). Blood samples collected from femoral artery before
RMCA occlusion and 30 min after reperfusion were used for immediate
arterial blood gas analysis. Mice were randomly assigned to the various
groups. These consisted of one sham-operated group (sham, n=10),
two prodigiosin (PG10 or PG100 pg/kg)-treated groups (n=10, for
each dose), a reference drug undecylprodigiosin (UP100 pg/kg)-treated

group and one vehicle-control CI/R group (CI/R only, n = 10). The sham-
operated mice underwent the same surgical procedures without RMCA
occlusion.

Drug preparation and administration

Prodigiosin and undecylprodigiosin were isolated and purified
from Serratia marcescens as previously described (Wei and Chen,
2005; Wei et al.,, 2005). The purity and quantity of prodigiosin and
undecylprodigiosin were determined using high-performance liquid
chromatography equipped with a UV detector (Hitachi D-2000 system,
Tokyo, Japan) according to a reported protocol (Song et al., 2006).
Purified prodigiosin and undecylprodigiosin first dissolved in 100 pL of
ethanol (>99.5% purity, Sigma-Aldrich, St. Louis, MO, USA) to make a
stock solution of 1.0 mg/mL and was then diluted with normal saline
to a range of final concentrations (1-10 pug/mL). Mice were injected
via the tail vein with 0.3 mL of prodigiosin (PG, 10-100 pg/kg, i.v.) or
undecylprodigiosin (UP, an analog of PG) (100 pg/kg, i.v.), or normal
saline with 0.01% of ethanol as a vehicle control in the CI/R only and
sham-operated groups. Other chemicals used in this study including
pyrrolidine dithiocarbamate (PDTC, >99% purity, a NF-xB inhibitor),
diphenyleneiodonium chloride (DPI, >98% purity, a NADPH oxidase
inhibitor) and L-NAME (>98% purity, a non-specific NOS inhibitor)
and these were all purchased from Sigma-Aldrich (St. Louis, MO, USA).
For the in vitro study, all drugs were dissolved in dimethyl sulfoxide
(DMSO, >99% purity). The concentrations of prodigiosin and reference
drugs used in vitro, except as indicated, were used in the range from 5
to 20 uM.

Evaluation of infarct volume after MCAo/r injury

Twenty-four hours after reperfusion, the mice were terminated by
rapid decapitation under deep anesthesia. The whole brain was rapidly
removed and sliced into 1-mm-thick coronal sections for staining with
2,3,5-triphenyltetrazoliumchloride (TTC) (Sigma-Aldrich, USA) and
all brain slices were photographed to determine infarct volume as
described in our previous report (Shen et al., 2008).

Assessment of the neurological deficit and analysis of survival rate

The neurological deficit score for the mice was measured just
before termination (Kofler et al., 2006). The following neurological
deficit scoring (NDS) system was used: 0, no motor deficits (normal);
1, forelimb weakness and torso turning to the ipsilateral side when
held by tail (mild); 2, circling to the contralateral side but normal
posture at rest (moderate); 3, unable to bear weight on the affected
side at rest (severe); and 4, no spontaneous locomotor activity or
barrel rolling (critical). For survival rate analysis, mice were kept in
individually ventilated cage systems after stroke induction. Survival
rates were calculated immediately (day 0), 24 h (day 1), or 48h
(day 2) after stroke induction.

Immunohistochemical staining

Twenty-four hours after RMCA occlusion, the brains were prepared
for confocal imaging as described in our previous report (Chern et al.,
2011). Six consecutive brain sections (thickness, 20 um) were cut and
collected at the same rostrocaudal levels (bregma — 1.7 to — 1.9 mm)
from each group. After fixation, permeabilization and blocking, the
brain slices were randomly selected to be incubated with appropriate
first antibodies against nitrotyrosine (1:50, Upstate, Lake Placid, NY,
USA), gp91P"°* (NOX2, 1:50, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), CD11b (1:100, Biolegend, San Diego, CA, USA), iNOS (1:50)
and p65NF-kB (1:50) (all from BD PharMingen, San Diego, CA, USA) in
PBS containing 3% albumin at 4 °C overnight. After washing, the sections
were incubated with fluorescein isothiocyanate (FITC)-conjugated
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second antibodies. All coverslips were mounted with mounting medi-
um containing 4',6-diamidino-2-phenylindole (DAPI) to counterstain
the DNA in the nuclei. The sliced tissues were examined using a laser-
scanning confocal microscope (Leica TCS SPII; Heidelberg, Germa-
ny). The distribution and numbers of immuno-positively stained cells
were determined, and averaged in the entire field of the image after
sampling in the peri-infarct region under high magnification (x40 or
x63 objective) over five independent experiments. In some
experiments, dihydroethidium (DHE; Molecular Probes, Eugene, OR,
USA; 2 mg in 200 pL PBS) was given iv. to animals just before the
onset of reperfusion to monitor superoxide production. DHE is oxidized
by superoxide to ethidium (red fluorescence) which can be detected by
fluorescence microscopy as described by Chern et al. (2011). To eluci-
date blood-brain barrier (BBB) vascular permeability, an enhanced leak-
age of rhodamine isothiocyanate (RhITC) described by Kaur et al.
(2007) was followed. Briefly, an intraperitoneal (i.p.) injection of RhITC
(5 UL of 1% RhITC per gram body weight) dissolved in normal saline was
administered to hypoxic animals at 24 h after the MCAo/r exposure.

Cell culture of microglial cells and measurements of NO and intracellular
ROS production under oxygen-glucose deprivation (OGD)

Microglial cell line BV2 cells were cultured in Dulbecco's modified
Eagle medium (Gibco Laboratories, NY, USA). The production of NO or
ROS was measured after 8 h of oxygen-glucose deprivation (OGD)
followed by 16 h of reperfusion (Chern et al., 2011). The accumulation
of nitrite in the culture medium was measured by the Griess reagent
and used to assess NO production. Intracellular ROS accumulation was
measured using dichlorofluorescin diacetate (DCFH-DA) as an indicator
for ROS (Shen et al., 1998).

Western immunoblot analysis

Equal amounts (50 pg) of protein were subjected to 12% of sodi-
um dodecyl sulfate-polyacrylamide gel electrophoresis and electro-
transferred to a hydrophobic polyvinylidene difluoride membrane.
After blocking, the membrane was incubated overnight at 4 °C with an
antibody against gp91P"°* (Santa Cruz Biotechnology), IkBa,
p65NF-<B (BD Transduction Laboratories, BD Biosciences, San Diego,
CA, USA),iNOS (BD Bioscience Pharmingen), or 3-actin (Sigma-Aldrich).
After incubation with a properly titrated second antibody, the immuno-
blot on the membrane was visible after development with an enhanced
chemiluminescence (ECL) system and was quantified using an imaging
program.

Statistical analysis

All results in the text, tables, and figures are presented as the
mean 4+ S.E.M. (standard error of the mean). Data were analyzed
by one-way analysis of variance (ANOVA) followed by the post hoc
Student-Newman-Keuls (S-N-K) t-test for multiple comparisons.
The difference in neurological deficit score (NDS) was determined
by the Mann-Whitney analysis and y? test. Survival curves were
computed using the Kaplan-Meier method. Differences in survival
rates were assessed using the Log-Rank test followed by Holm-Sidak
method for all pairwise multiple comparisons. Values of p<0.05 were
considered significant.

Results
Effects of prodigiosin on changes in cerebral infarction and neurological
deficits (at 24 h), and survival rates (over 2 days) after cerebral ischemic/

reperfusion injury

In this study, the MCAo/r injury (stroke) was found to induce a
remarkable cerebral infarction (65 + 8 mm?) corresponding to around

46.5% of the whole brain. Importantly, treatment with prodigiosin (10
and 100 pg/kg, i.v.) 1 h after ischemia dose-dependently reduced the
MCAo/r-induced brain infarction by 45%-58% (Fig. 1A, one-way
ANOVA, p<0.05, n=6 for each group). On the other hand, treatment
with undecylprodigiosin (100 pg/kg, i.v.), an analogous of prodigiosin
as a reference drug, did not significantly reduce brain infarction (one-
way ANOVA followed by S-N-K t-test). The blood gas data (pH, pCO,,
and p0,) and physiological data (blood pressure and heart rate) were
all monitored, and no significant difference could be observed among
the various groups (data not shown). In parallel with the cerebral
infarction, MCAo/r injury also induced severe neurological deficits
(Fig. 1B) as compared to the sham-operated mice (NDS =0). Treatment
with prodigiosin (100 pg/kg, i.v.) also significantly reduced these
MCAo/r-induced neurological deficits (Fig. 1B; Mann-Whitney analysis
and y>-test, p<0.05, n = 6-9 for each group) and improved the survival
rate (Fig. 1C; Log-Rank test for the survival curves, p=0.015, followed
by all pairwise multiple comparisons using Holm-Sidak method,
p<0.05, n=10 for each group).

Effects of prodigiosin on changes in nitrotyrosine formation and superox-
ide formation at 24 h after cerebral ischemic/reperfusion (CI/R) injury in
mice

MCAo/r was also shown to provoke a significant increase in oxidative/
nitrosative-mediated tissue damage in the peri-infarct region (Fig. 2A), as
validated by the induction of protein tyrosine nitrosylation (nitro-
tyrosine) (Fig. 2B, upper panel) at 24 h after ischemic injury. It is
noteworthy that formation of nitrotyrosine was largely colocalized
with the production of superoxide anions in the damaged tissues,
which was revealed by intensive staining with dihydroethidine
(DHE) (Fig. 2B, upper panel). Of note, treatment with prodigiosin
(100 pg/kg, i.v.) extensively reduced MCAo/r-induced nitrotyrosine
formation (Fig. 2B, one-way ANOVA, p<0.05, n=>5 for each group),
as well as the production of superoxide anions (DHE staining) in
the ischemic/damaged tissues (Figs. 2, 4, and 6, one-way ANOVA,
p<0.05).

Effects of prodigiosin on changes in gp91P"°* (NOX2), iNOS, CD11b leukocytes
and BBB leakage at 24 h after cerebral ischemic/reperfusion (CI/R) injury in
mice

Stroke-induced brain injury is often associated with enhanced
inflammatory responses, leading to increased expression and activa-
tion of gp91P"°* (NOX2) and iNOS. In line with this notion, the
expression of gp91P"°* (NOX2) (Fig. 3), iNOS (Fig. 4), and the infil-
tration of CD11b-staining leukocytes (Fig. 5) were all increased by
MCAo/r injury at 24 h after ischemia. The increase in gp91P"°* and
iNOS expression and CD11b-positive cell infiltration was most
possibly due to blood-brain barrier (BBB) damage, as evidenced by
the enhanced leakage of rhodamine isothiocyanate (RhITC) (Figs. 3
and 5). Treatment with prodigiosin (100 pg/kg, i.v.) significantly
reduced the levels of gp91P"°% iNOS and CD11b immunoreactivity
as well as the RhITC-staining cells (Figs. 3 and 5, one-way ANOVA,
p<0.05, n=5 for each group). Moreover, it is noteworthy that the
expression of gp91P"°* and iNOS and the infiltration of CD11b cells
were largely colocalized with RhITC and/or DHE staining, a marker
of superoxide production, which was also significantly diminished
by prodigiosin (Figs. 2, 4 and 6, one-way ANOVA, p<0.05, n=5 for
each group). Taken together, our results indicate that prodigiosin
treatment is capable of reducing MCAo/r-induced activation and
accumulation of superoxide-producing cells, suppressing the up-
regulation of two pro-oxidative enzymes (gp91P"°* and iNOS) and
protecting BBB integrity, which in turn reduce the levels of CD11b cell
infiltration.
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Fig. 1. Effects of prodigiosin on changes in cerebral infarction and neurological deficits (at 24 h), and survival rates (over 2 days) after cerebral ischemic/reperfusion injury.
(A) Upper panel, typical TTC staining of the infarct tissue damaged by cerebral ischemic/reperfusion (CI/R) injury from mice treated with vehicle (CI/R), with prodigiosin (10 or
100 pg/kg, i.v.; CI/R+PG10 or CI/R+PG100) or with undecylprodigiosin (100 pg/kg, i.v.; CI/R+ UP100) or from sham operated mice (Sham). Lower panel, the statistical results
were calculated as the mean £+ S.EM. (n=6-9 for each group). *p<0.05, compared with the CI/R group only by one-way ANOVA followed by S-N-K t-test. N.A., not available.
(B) Statistical results of the neurological deficits score analysis (NDS), a noncontinuous variable (from NDS 1 to NDS 4; n=6-9 for each group). *p<0.05, as compared with CI/R
group by the Mann-Whitney analysis and y? test. N.A., not available. (C) Survival curves (within 2 days) after CI/R, these were assessed by the Log-Rank test followed by the
Holm-Sidak method for all pairwise multiple comparisons (n= 10 for each group), * p<0.05, as compared with CI/R group.

Effects of prodigiosin on changes in p65NF-kB up-expression, nuclear
translocation, and superoxide production (DHE, red) at 24 h after cerebral
ischemic/reperfusion (CI/R) injury in mice

It is well established that NF-kB is a central transcription factor to
elicit inflammatory responses. In accordance with the promoting role
of inflammation in stroke-induced brain injury, we observed that
ischemic stroke increased substantially the expression of p65NF-«B,
which was primarily located in the nucleus (DAPI staining) and largely
colocalized with ROS-producing cells (DHE staining) (Fig. 6). Important-
ly, the levels of nuclear translocation of p65NF-B and ROS-producing
cells were both significantly diminished by prodigiosin treatment
(Fig. 6B, one-way ANOVA, p<0.05, n=5 for each group), indicating
that the proinflammatory transcriptional factor-mediated ROS produc-
tion was lowered by prodigiosin.

Effects of prodigiosin on the production of NO and ROS, expressions of
inflammation-related proteins and signals after oxygen-glucose depriva-
tion (OGD) induction in microglial cells (BV2)

To further substantiate the inhibitory role of prodigiosin in stroke-
induced neurological injury and the underlying modes of action, we
examined the protective effect of prodigiosin on an in vitro hypoxia
model established by induction of BV-2 microglial cells under oxygen-
glucose deprivation (OGD) condition followed by reoxygenation
(Chern et al, 2011). Our results revealed that OGD dramatically
increased NO and ROS production after 8 h of hypoxia induction
followed by 16 h of reperfusion in BV-2 cells (Table 1, one-way
ANOVA, p<0.05, n=4-5 for each group). In contrast, treatment with

prodigiosin (10-20 uM) evidently inhibited the production of OGD-
induced NO and ROS in a concentration-dependent manner (Table 1).
In addition, NO production induced by OGD was also significantly
inhibited by PDTC (an NF-kB inhibitor) and L-NAME (a non-specific
NOS inhibitor); among these prodigiosin and PDTC being more potent
than L-NAME (Table 1). This indicates that NF-«B activation is involved
in OGD-induced NO production. Furthermore, ROS production induced
by OGD was also significantly inhibited by DPI (a gp91P"* inhibitor)
but not by PDTC, demonstrating that OGD-induced ROS production
mainly involves the activation of gp91P"* (Table 1). . In line with its
promoting effects on the activation of NF-xB and gp91P"°%, OGD was
found to increase the protein levels of gp91P"* and iNOS in BV-2 cells,
possibly through inducing the degradation of IkBa and the activation/
nuclear translocation of p65NF-<B (Fig. 7). Of note, prodigiosin
(20 uM) as well as PDTC (10 uM) both significantly inhibited the expres-
sion of gp91P"°* and iNOS with a concomitant increase in the levels of
IkBa as well as a decreased ratio of nuclear to cytosolic p65NF-KB
(Fig. 7, one-way ANOVA, p<0.05, n =4-5 for each group).

Discussion

Prodigiosin has been reported to exhibit anti-inflammatory effect
on macrophages (Huh et al., 2007), but its effect in vivo (e.g., mice)
and the mechanisms of action when a brain undergoes hypoxia/
ischemia are not fully understood. We demonstrated that prodigiosin
treatment in a pharmacologically applicable range (10-100 pg/kg, i.v.)
at 1h after cerebral ischemia is able to ameliorate MCAo/r injury
(both brain infarction and neurological deficits) in mice. We further
proved that this protective effect of prodigiosin is achieved by
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diminishing the massive oxidative/nitrosative brain injury and BBB
damage associated with the insult, and also by inhibiting the proinflam-
matory responses through reducing the expression of iNOS and
gp91P"°* yig inhibition of NF-kB activation. To our best knowledge,
this is the first report to demonstrate the therapeutic anti-stroke
activity of prodigiosin on an in vivo mouse disease model and implicate

the potential of exploiting prodigiosin's anti-inflammatory effect to
alleviate stroke-induced brain injury.

Both prodigiosin and undecylprodigiosin show immunosuppres-
sive activity, which is mainly attributed to their inhibitory effect on T
cell proliferation. Intriguingly, a prominent disparity between these
two prodiginines lies at their effect on macrophages. In particular,
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undecylprodigiosin was known to have limited effect on macrophages
(Lee et al., 1998, 2000), while prodigiosin's suppressive effect on the
pro-inflammatory action of macrophages has been well defined (Huh
et al, 2007). In line with this notion, prodigiosin is known to
repress NF-«B activation in macrophages (Huh et al., 2007), whereas
the anti-inflammatory activity of undecylprodigiosin and the effect of
undecylprodigiosin on NF-B activation has never been demonstrated.
This could be due to that undecylprodigiosin has been found to produce
too severe side effects in vivo (Songia et al., 1997) which could compro-
mise its protective effect in animal study. Accordingly, given that the
brain injury in our experimental system is primarily caused by the
pro-inflammatory action of microglial cells, which share the same line-
age as macrophages, it is plausible to argue that undecylprodigiosin's
effect on microglial cells is most likely limited in vivo (animals) and
consequently leads to the less efficacy of undecylprodigiosin to alleviate
brain infarction. Moreover, according to their chemical structures, it
reveals that undecylprodigiosin is relatively a non-polar molecule

with higher molecular weight (393) than that of prodigiosin (323).
The difference of the chemical properties between undecylprodigiosin
and prodigiosin could be one of the key factors that determine the
absorption, distribution and the bioavailability across BBB for brain
protection. Besides, according to our preliminary study, we have
performed three doses (10, 50 and 100 (pg/kg)) of prodigiosin in the
MCAo/r mice. But the efficacy between dose of 10 and 50 (ug/kg) did
not show significant difference in the reduction of infarction (TTC stain-
ing) and extension of the survival rate based on statistical analysis.
Therefore, we decided to elucidate the protective effect and the mecha-
nisms of action underlying prodigiosin using doses of 10 and 100 (pg/
kg) in this study.

In this study, prodigiosin effectively ameliorated MCAo/r-induced
brain damage by diminishing protein nitrosylation induced by peroxy-
nitrite (ONOO ™), a reaction product of superoxide anions with NO,
which is generated by gp91P"* and iNOS in inflammatory cells. This
effect is most important with respect to CD11b-positive staining cells
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Fig. 4. Effects of prodigiosin on changes in iNOS expression and superoxide formation at 24 h after cerebral ischemic/reperfusion (CI/R) injury in mice. Upper panel, confocal images
of iNOS and superoxide production (DHE, red) in the ipsilateral peri-infarct region. The nuclei of these cells were visualized by DAPI staining (blue). The arrows indicate the
colocalization (yellow) of green fluorescence (iNOS) and red fluorescence (DHE) in the merged columns. Lower panel, statistical results were calculated as the mean 4+ S.E.M.
(n=5 for each group). *p<0.05, compared with the corresponding CI/R group only by one-way ANOVA followed by S-N-K t-test. N.A., not available. PG100: Prodigiosin

(100 pg/kg, i.v.).

including microglial cells and leukocytes. A reduction in the infiltration
of these inflammatory cells could explain why prodigiosin (100 pg/kg,
i.v.) was effective in significantly enhancing the survival rate, which
was paralleled to the cerebral protective effect. Previous studies have
shown that prodigiosin is able to effectively inhibit the activation of
mouse peritoneal macrophages (Huh et al., 2007). In this study, we
found that prodigiosin was able to prevent OGD-induced ROS and NO
production in a concentration-dependent manner, as well as to reduce
the expression of gp91P"°* and iNOS expression in BV-2 cells. This sug-
gests that ROS and NO are primarily produced by inflammatory cells,
most likely microglial cells in the brain under hypoxia and the infiltrated
CD11b leukocytes following reperfusion conditions. Considering ROS
and NO further mediated MCAo/r-induced oxidative/nitrosative injury,
itis likely that prodigiosin's protective effects during hypoxia and reper-
fusion is ascribed to modulating the production of ROS and NO through
reducing gp91P"°* and iNOS expression, respectively. In line with this
notion, previous reports have demonstrated that a non-specific NOS

inhibitor (L-NAME) and various gp91P"* inhibitors (e.g., DPI and
apocynin) displayed potent anti-oxidative/nitrosative capacity and
are able to effectively reduce stroke injury (Nagel et al., 2007; Margaill
et al.,, 1997). Other studies have emphasized a dual-key mechanism, in
which microglial gp91P"°* or glial iNOS activation alone play a relatively
minor role in hypoxic neuronal injury or cell death. However, simulta-
neous activation of gp91P"** and iNOS synergistically induce neuronal
injury and/or cell death during hypoxia by the generation of peroxyni-
trite (Borutaite et al., 2006; Li et al, 2009). Therefore, given its
dual effect whereby it inhibits both gp91P"°* and iNOS expression, pro-
digiosin may be more potent at ameliorating hypoxia-mediated
inflammatory brain injury than, for example, a gp91P"°* inhibitor such
as DPI. Such a simultaneous reduction in ROS and NO production, in
turn, ought to lessen peroxynitrite-mediated amplification of MCAo/r
injury.

Most of the inflammatory-related proteins (e.g., iINOS) are down-
stream gene products of various transcriptional factors, which are



144 C.-C. Chang et al. / Toxicology and Applied Pharmacology 257 (2011) 137-147

sham @Jm

120 A
®©
o
S 400
E
= [ZZ4a CD11b
g 80 &2 RhITC
®
©
o 60 1
2 L
=
_9 40 1
] *
(0] *
>
= 20 1
n
[e]
o N.A.

0
Sham CI/R+PG100 CI/R+PG10

Fig. 5. Effects of prodigiosin on changes in CD11b staining and BBB damage at 24 h after cerebral ischemic/reperfusion (CI/R) injury in mice. Upper panel, confocal images of CD11b
(green) and an enhanced leakage of rhodamine isothiocyanate (RhITC) (RhITC, red), a marker for BBB damage in the ipsilateral peri-infarct region. The nuclei of these cells were
visualized by DAPI staining (blue). The arrows indicate the colocalization (yellow) of green fluorescence (CD11b) and red fluorescence (RhITC) in the merged columns. Lower panel,
statistical results were calculated as the mean + S.E.M. (n =5 for each group). * p<0.05, compared with the corresponding CI/R group only by one-way ANOVA followed by S-N-K ¢t-

test. N.A,, not available. PG100: Prodigiosin (100 pg/kg, i.v.).

activated during hypoxia/ischemia, particularly NF-xB (Harari and
Liao, 2010; Wang et al., 2006). Here, we found that prodigiosin treat-
ment decreased the activation/nuclear translocation of NF-kB in
MCAo/r-injured mouse brains as well as in OGD-activated microglial
cells. This suggests that prodigiosin suppresses NO production and
reduces the increase in the inflammation-related proteins such as
gp91P"°* and iNOS via a NF-xB-dependent mechanism rather than
by direct interfering with NOS activity. This observation is further
supported by a previous report showing that prodigiosin is able to
inhibit expression and transactivation of NF-kB in inflammatory cells
(Huh et al., 2007).

Here we have demonstrated that prodigiosin, like the NF-«B inhib-
itor PDTC, is able to inhibit the activation of NF-kB, and thus the
expression of iNOS and NO production on induction by OGD. These re-
sults suggested that the NF-<B may be responsible for the increased

expression of iNOS under hypoxia and/or OGD conditions. Further-
more, prodigiosin is effective in the inhibition of the ROS production
and gp91P"* expression induced by OGD, which suggests that reduction
of gp91P"* in vivo (MCAo/r mice) may be involved in the ameliorative
effect of prodigiosin against MCAo/r-induced brain injury through
reducing the nitrotyrosine formation and impediment of BBB leakage,
and in turn, the infiltration of CD11b leukocytes. Further experiments
are needed to elucidate the involvement of these signaling pathways.
In conclusion, our results demonstrate that prodigiosin signifi-
cantly ameliorates MCAo/r-induced mouse brain damage by reducing
the enormous ROS and NO production as well as protein nitrosylation
by limiting the expression of gp91P™* and iNOS in ischemia injured
tissue, most likely in microglial cells and CD11b leukocytes. This is
achieved, at least in part, by reducing the activation of the NF-xB path-
way. Our report therefore provides new insights into the therapeutic
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Fig. 6. Effects of prodigiosin on changes in p65NF-kB up-expression, nuclear translocation, and superoxide production (DHE, red) at 24 h after cerebral ischemic/reperfusion (CI/R)
injury in mice. Upper panel, confocal images of p65NF-kB up-expression and nuclear translocation in the ipsilateral peri-infarct region. The nuclei of these cells were visualized by
DAPI staining (blue). The arrows indicate the colocalization (yellow) of green fluorescence (p65NF-kB) and red fluorescence (DHE), and nuclear (DAPI) translocation of p65NF-xB
in the merged columns. Lower panel, statistical results were calculated as the mean 4 S.E.M. (n=5 for each group). *p<0.05, compared with the corresponding CI/R group only by
one-way ANOVA followed by S-N-K t-test. N.A., not available. PG100: Prodigiosin (100 pg/kg, i.v.).

Table 1

Effects of prodigiosin on oxygen-glucose deprivation (OGD) induced nitric oxide (NO)
and reactive oxygen species (ROS) production in murine microglial cells.

NO ROS
(M) (fluorescence intensity)
Control N.A. 10+1*
OGD alone 1.540.2 65+5
+ Prodigiosin (10 uM) 0.74+0.2" 46+ 5"
+ Prodigiosin (20 pM) 0440.3" 28+6*
+ PDTC (10 uM) 044+0.2* 5444
+ L-NAME (20 uM) 0.6+0.1* N.C.
+ DPI (0.1 pM) 09+0.1 18 +3*

Data are expressed as the mean + S.E.M. (n = 6) for each data point. *p<0.05, compared
with corresponding OGD only group by one-way ANOVA followed by post-hoc S-N-K
(S-N-K). N.A., not available, N.C., data not collected.

action and the underlying mechanism of prodigiosin to ameliorate brain
injury in ischemic stroke mice. As a potent anti-inflammatory drug with
neuroprotective activities, the beneficial effects of prodigiosin when
used to treat acute ischemic stroke in humans deserve further basic

and clinical investigations.
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