
Pharmacological induction of heme oxygenase-1 by a
triterpenoid protects neurons against ischemic injury

Feng Zhang, MD, PhD1,2,5, Suping Wang, MD1,2,5, Meijuan Zhang, MD1, Zhongfang Weng,
MD1,2,5, Peiying Li, MD, PhD1,2, Yu Gan, PhD1,2, Lili Zhang, MD1,2,5, Guodong Cao, PhD1,2,5,
Yanqin Gao, PhD1,2, Rehana K. Leak, PhD3, Michael B. Sporn, MD4, and Jun Chen, MD,
PhD1,2,5

1Department of Neurology, Pharmacology and Center of Cerebrovascular Disease Research,
University of Pittsburgh, Pittsburgh, PA
2State Key Laboratory of Medical Neurobiology, Fudan University, Shanghai, China
3Division of Pharmaceutical Sciences, Mylan School of Pharmacy, Duquesne University,
Pittsburgh, PA
4Departments of Pharmacology and Medicine, Dartmouth Medical School, Hanover, NH
5Geriatric Research, Education and Clinical Center, Veterans Affairs Pittsburgh Health Care
System, Pittsburgh, PA

Abstract
Background and Purpose—Heme oxygenase-1 (HO-1) is an inducible phase-2 enzyme that
degrades toxic heme; its role in cerebral ischemia is not fully understood. We hypothesize that
chemically induced HO-1 upregulation with the novel triterpenoid CDDO-Im (2-cyano-3,12
dioxooleana-1,9 dien-28-oyl imidazolide), a robust inducer of phase-2 genes, protects neurons
against ischemic injury.

Methods—Using three different models of ischemia, including oxygen-glucose deprivation
(OGD) in neuronal cultures, global ischemia in rats and focal ischemia in mice, we determined 1)
whether CDDO-Im induces HO-1 expression and protect against ischemic injury, and 2) whether
HO-1 inhibition disrupts the neuroprotective effect of CDDO-Im.

Results—CDDO-Im treatment (50–300 nmol/L) resulted in 8-fold HO-1 upregulation in cultured
neurons and protected against OGD. The protection was abolished when the cultures were
transfected with Nrf2-shRNA or co-incubated with tin protoporphyrin IX (Sn-PPIX), a specific
HO-1 inhibitor. In the rat model of global ischemia, intracerebroventricular (ICV) infusion of
CDDO-Im (0.5–1.5 μg) augmented HO-1 expression in hippocampal neurons and resulted in
significant increases in CA1 neuronal survival after global ischemia. To further strengthen the
clinical relevance of the CDDO-Im treatment, we tested its effects in the mouse model of
temporary focal ischemia (60 min). Post-ischemic intraperitoneal injection of CDDO-Im (10–100
μg) enhanced HO-1 expression and significantly reduced neurological dysfunction and infarct
volume. ICV infusion of Sn-PPIX reduced the neuroprotective effect of CDDO-Im against global
and focal ischemia.
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Conclusions—CDDO-Im confers neuroprotection against ischemic injury by upregulating
HO-1, suggesting that enhance of HO-1 expression may be a legitimate strategy for therapeutic
intervention of stroke.

Keywords
stroke; cytoprotective; CDDO; Nrf2

Introduction
Apart from its role in hemoglobin and myoglobin, heme is also a key component of several
cytoplasmic and mitochondrial enzyme complexes, such as NADPH oxidase,
cyclooxygenases and cytochrome c oxidase. Heme contains an iron and plays an important
role in the electron transfer mediated by these enzymes. When released under pathological
conditions such as cellular stresses and ischemia, free heme may still be functional and act
as a source of free radicals 1. Cells have therefore evolved a system to degrade heme, a
system composed of inducible heme oxygenases 1 (HO-1) and constitutive HO-2. The end-
products of the degradation include cytoprotective biliverdin and carbon monoxide; as a
result, heme oxygenases are potentially neuroprotective against ischemic brain injury 2, 3.
HO-1 is especially attractive because of its characteristic inducibility.

HO-1 expression is controlled by a transcription factor, nuclear factor (erythroid-derived 2)-
like 2 (Nrf2). Nrf2 is silent under physiological conditions, as it is bound by kelch-like
ECH-associated protein 1 (Keap1). This association to Keap1 facilitates its degradation via
the ubiquitin proteasome pathway. However, when Nrf2 is dissociated from Keap1, it
translocates to the nucleus and initiates transcription of phase-2 enzyme target genes, with
subsequent antioxidative and cytoprotective effects. Several compounds exert
neuroprotective effects against strokes through activation of Nrf2 and HO-1, such as
sulforaphane 4–6, Ginkgo biloba 7, 8 and polyphenols 9–11. However, the efficacy of these
compounds is low and high doses are required in order to achieve neuroprotection. Thus,
there remains a critical need to find potent compounds that can activate Nrf2 and HO-1 at
lower doses in order to avoid potential side effects.

To address this critical need, a group of triterpenoids that demonstrate extremely potent
effects in activating Nrf2 have been recently designed 12. Among them, 2-cyano-3,12
dioxooleana-1,9 dien-28-oyl imidazolide (CDDO-Im) is the most potent as it exerts effects
in the picomolar to nanomolar range 13–15, is 100 times more effective than sulforaphane
and 5000 times more effective than oltipraz 16. Additionally, CDDO-Im appears to be able
to across the blood-brain barrier (BBB), as oral administration of CDDO-Im increases Nrf2
activity by 1.5-fold in intact mouse brain 15. CDDO-Im therefore has the potential to provide
us with a potent method of inducing Nrf2 and HO-1 in injured neurons and may thereby
protect them against ischemic events. The purpose of this study was to test the hypothesis
that CDDO-Im protects the brain from ischemic injury via the activation of Nrf2 and
upregulation of HO-1 at a low nanomoler dose. If this potent compound is found to be
neuroprotective in multiple rodent animal models, this would open the door for experiments
in larger species and show promise for future clinical studies.

Methods
All experimental procedures were approved by the Institutional Animal Use and Care
Committee of the University of Pittsburgh, and all animals were randomly allocated into
control and treatment groups. CDDO-Im was dissolved in dimethyl sulfoxide (DMSO) at a
concentration of 10 mM as the stock solution. OGD (60 min) was induced in rat primary
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cortical neuronal cultures, transient global cerebral ischemia (12 min) was induced in rats
and transient focal cerebral ischemia (60 min) was induced in mice. Detailed methods are
available online (http://stroke.ahajournals.org).

Results
1. CDDO-Im upregulates HO-1 expression in primary neurons

A previous report showed that CDDO-Im was a strong inducer of HO-1 in several lines of
non-neural cells 14. To determine if CDDO-Im has a similar effect on neurons, we treated
primary neurons with CDDO-Im and detected HO-1 levels using Western blot. HO-1 levels
were barely detectable in the control group and at one hour after the CDDO-Im treatment
(data not shown). However, HO-1 was increased more than 8-fold after 6-hr treatments with
50, 100, 200 and 300 nmol/L CDDO-Im (Figure 1A), supporting previous report that CDDO
derivatives can activate Nrf2 pathway 17. HO-1 levels were further increased following
overnight incubation. We noticed that not all phase-2 enzymes were upregulated after
CDDO-Im treatment; one example was the modifier subunit of glutamate cysteine ligase
(Figure 1A), suggesting HO-1 upregulation is somewhat selective under these conditions.
We decided upon the 100 nmol/L concentration of CDDO for follow-up experiments,
because it is sufficient to induce HO1, and higher CCDO-Im concentrations such as 300 nM
may kill neurons.

To detect if CDDO-Im activates Nrf2 signaling, we incubated neurons with CDDO-Im for 2
or 6 hr and then extracted nuclear fractions. As shown in Figure 1B, CDDO-Im treatment
increased Nrf2 levels in nuclei at both 2 hr and 6 hr, which was accompanied by increased
expression of HO-1. To determine if Nrf2 is necessary for HO-1 upregulation after CDDO-
Im treatment, we transfected neurons with lentiviral particles containing either rat Nrf2
shRNA or scrambled shRNAs, and then treated them with CDDO-Im 3 days later. Figure 1C
shows that Nrf2 levels were decreased after Nrf2 shRNA silencing and CDDO-induced
HO-1 upregulation was blocked, while the scrambled shRNAs failed to suppress either Nrf2
or HO-1. Collectively, our findings reveal that CDDO-Im activates Nrf2 signaling and
upregulates HO-1 in primary neurons in both a concentration-dependent and a time-
dependent manner.

2. CDDO-Im protects primary neurons against OGD via Nrf2 and HO-1
We next determined whether CDDO-Im pretreatment protected neurons from ischemic
injury induced by OGD and if HO-1 and Nrf2 played a critical role in the protection.
Cultures were treated with CDDO-Im overnight, followed by 60 min OGD, and then
subjected to LDH release and Alamar blue assays 24 hr later. Compared to vehicle, CDDO-
Im treatment significantly reduced LDH release (Figure 2A) and maintained Alamar blue
fluorescence (Figure 2B), indicating that CDDO-Im attenuated neuronal injury. This was
further confirmed by Hoechst staining and cell counting (Figure 2C). The protective effects
of CDDO-Im were partially blocked when cultures were transfected with Nrf2 shRNA lenti-
particles or co-treated with Sn-PPIX, a competitive inhibitor of HO-1 activity (Figure 2),
indicating a critical role for both HO-1 and Nrf2 in CDDO-Im-mediated neuroprotection
against injury.

3. CDDO-Im upregulates HO-1 expression in hippocampal CA1
We next investigated whether CDDO-Im can upregulate HO-1 expression in rat brain and
render similar neuroprotection in vivo. To bypass the BBB 15 and avoid systemic effects of
CDDO-Im 18, 19, we injected 0.5 μg CDDO-Im into ICV, harvested cortex, striatum and
hippocampus at the indicated times. As in culture, HO-1 was barely detectable in vehicle-
infused brains, and little HO-1 upregulation was observed at 1 hour after the injection of
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CDDO-Im (data not shown). At 4 hr after the injection, HO-1 was only upregulated in
hippocampus; at 24 hr, HO-1 levels were significantly increased in all regions, with the
highest level in hippocampus (Figure 3A). The smallest effect was seen in the cortex, which
may simply reflect the longer distance of cortex from the injection center than striatum and
hippocampus. We next assessed the dose responsiveness of HO-1 to CDDO-Im in the
hippocampus. As shown in Figure 3B, higher doses (1.0 and 1.5 μg) of CDDO-Im led to
increased levels of HO-1 24 hr after the injection, indicating that CDDO-Im induced HO-1
expression in hippocampus in both a time-dependent and a dose-dependent manner. In
hippocampal CA1, one of the vulnerable structures to global ischemia, HO-1 level peaked at
48 hr after the injection and remained elevated for at least 3 days (Figure 3C). Finally, we
studied the cellular distribution of HO-1 in the CA1 region. With occasional exceptions,
HO-1 staining surrounded the nuclear NeuN signal within CA1 neurons (Figure 3D),
indicating a predominantly neuronal distribution of HO-1 following CDDO-Im treatment.

4. Time course and cellular distribution of HO-1 in CA1 after global ischemia in rats
HO-1 was barely detectable in sham-operated rats (Figure 4A). Following ischemia, HO-1
was slightly upregulated at 1 hour, further increased at 4 hr and thereafter, and peaked at 72
hr after ischemia. Immunostaining validated the Western data that global ischemia
stimulated HO-1 expression in hippocampal CA1 (Figure 4B). Double-labeling studies
revealed that HO-1 was primarily co-localized with NeuN-positive cells in CA1 24 hr after
ischemia, a time-point when CA1 neurons were still alive, indicating a neuronal expression
of HO-1 (upper panel, Figure 4C). HO-1 occasionally co-localized with Iba-1 positive cells
(lower panel, Figure 4C) but seldom with GFAP-positive cells at 24 hr (middle panel, Figure
4C). HO-1 distribution was dramatically altered 3 days after ischemia, however. While
HO-1 was still detectable in dead or injured neurons in the pyramidal layer, it was now also
detected in astrocytes and microglia in the pyramidal layer (Figure 4D, upper). The strongest
HO-1 signal appeared in the radiant layer of hippocampal CA1 (Figure 4D, lower), the white
matter that contains septal and commissural fibers. This HO-1 signal localized in GFAP-
and Iba1-positive cells, indicating a shift of HO-1 expression from a neuronal to a glial
distribution 3 days after ischemia, when CA1 neurons had died.

5. CDDO-Im pretreatment attenuates CA1 neuronal death after global ischemia in rats
We then investigated if CDDO-Im could protect CA1 neurons from ischemic injury induced
by global ischemia. EEG isoelectricity immediately after the occlusion of common carotid
arteries verified the success of ischemia (Figure 5A). In vehicle-treated rats, ischemia killed
about 90% of CA1 neurons; CDDO-Im treatment clearly attenuated neuronal injuries,
indicated by an increased number of viable neurons (Figure 5B) and a decreased number of
apoptotic neurons (Figure 5C). To determine the role of HO-1 in the protection, we
compared the time courses of HO-1 expression in CA1 between vehicle and CDDO-Im
groups early after ischemia, and found differences between these two groups, with a high
level of pre-existing HO-1 in the CDDO-Im group (Figure 5D). Administration of Sn-PPIX
(30 μg) partially but significantly blocked the protective effects of CDDO-Im against
ischemic neuronal death (Figure 5B&C).

6. Post-ischemic CDDO-Im treatment decreases infarct after focal ischemia in mice
To further strengthen the clinical relevance of the CDDO-Im treatment, we tested its effects
in a mouse model of focal ischemia, with a post-ischemia treatment. CDDO-Im was IP
injected immediately after ischemia when the permeability of the blood-brain barrier was
increased, and ischemic outcomes were evaluated 48 hr later. Infarct volume was 35.8 mm3

in the vehicle-treated group (Figure 6A). CDDO-Im at 10 μg per mouse did not protect the
brain (data not shown), while 25, 50 and 100 μg CDDO-Im reduced infarcts significantly,
with the best result in the 50 μg group, indicating that CDDO-Im protected brain from focal
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ischemia in a dose-dependent manner even when it was injected after ischemia. In
supportive, Fluoro-Jade B staining of brain sections at 48 hr after MCAO demonstrated that
CDDO-Im attenuated neuronal death compared with vehicle group (Figure S1). The
protection of CDDO-Im was also demonstrated at the behavioral level by improved
neurological function (Figure 6B). To investigate the role of HO-1 in this mouse model, we
injected 20 μg Sn-PPIX into ICV after ischemia, and found that the protective effect of
CDDO-Im was again partially blocked, indicated by the relapse of infarct volume (Figure
6A). Western blots showed CDDO-Im treatments resulted in increased HO-1 expression
early after middle cerebral artery occlusion (MCAO, Figure 6C). To confirm that HO-1
activity is changed after CDDO-Im treatment and ischemia, and that Sn-PPIX truly inhibits
HO-1 activity, we performed HO-1 activity assay in brain tissues, and found that HO-1
activities were increased after protein levels were upregulated, and that Sn-PPIX inhibited
HO-1 activity by half in CA1 and cortical tissues (Figure 6D). Ischemia by itself was a
strong inducer of HO-1, suggestive of endogenous neuroprotection in the brain after a stroke
and consistent with previous studies suggesting that HO-1 knockout increases infarcts 8.
Taken together, our results indicate that even a low dose of CDDO-Im is neuroprotective
against ischemic injury and that HO-1 mediated the protective effects of CDDO-Im in three
models and two species.

Discussion
In this study, we demonstrated that CDDO-Im, a synthetic triterpenoid and the strongest
inducer of the Nrf2 signaling pathway known so far, induced robust HO-1 expression in
neuronal cultures and brains. Using three ischemia models, one in vitro and two in vivo, we
found that CDDO-Im treatment attenuated ischemic neuronal injury at extremely low doses.
The protective effect of CDDO-Im was blocked when HO-1 activity was inhibited by Sn-
PPIX or when Nrf2 was knocked down with specific shRNA, indicating that HO-1
upregulation and Nrf2 activation played important roles in the neuroprotective effects of
CDDO-Im.

Triterpenoids belong to a group of five-ring compounds that are produced by many plants,
including ginsengs. Natural triterpenoids have been used as alternative medicines for
centuries for their mild anti-oxidative, anti-inflammatory and anti-carcinogenic effects. In an
effort to enhance their potency, oleanolic acid, a natural triterpenoid, has been further
modified by extensive synthetic steps, and a new set of synthetic triterpenoids has been
generated 12. Among them, CDDO-Im displays the strongest bioactivities, including anti-
cancer, anti-inflammatory and anti-oxidative effects 13–15, 19.

The anti-oxidative role of CDDO-Im is dependent on its ability to activate Nrf2, a master
transcription factor that governs phase-2 enzyme expression 14, 15. Under normal conditions,
Nrf2 is not active because it binds Keap1, which facilities their proteosomal degradation,
resulting in a short half-life and a low basal level of Nrf2 20. Keap1 is rich in cysteine, and
Cys-151 and Cys-275 are important for Nrf2 degradation 21. A recent study shows that
dihydro-CDDO-trifluoroethyl amide, another derivative of CDDO, dissociates Keap1 from
Nrf2 by interacting with Cys-151 of Keap1 via Michael addition 22, leading to upregulation
of phase-2 enzymes. CDDO-Im may function in a similar manner to upregulate phase-2
enzymes, though direct evidence for this is currently not available.

As a phase-2 enzyme, HO-1 is neuroprotective against stroke, as HO-1 knockout worsens
infarcts 8 and HO-1 overexpression reduces infarcts in mice 2. Our data support this notion.
In addition to an increase in levels, HO-1 location is also likely to contribute to its
neuroprotective capacity. HO-1 was primarily expressed in neurons after CDDO-Im
treatment, as shown in Figures 1&3 and in a previous report 17. This is likely to be important
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for its neuroprotective role in our hands. HO-1 was upregulated in CA1 neurons during the
early stage (<24 hr) after ischemia, further supporting the notion that HO-1 may contribute
to protection against ischemic neuronal injury. In the late stage, HO-1 was also strongly
expressed in astrocytes and microglia. The role of glial HO-1 remains unclear, though
previous reports showed that astrocytic Nrf2 and HO-1 also offered neuronal protection
against oxidative stress 4, 23. A prior report also showed that HO-1 could be expressed in
cultured astrocytes after CDDO treatment 17; however, we did not notice strong astrocytic
HO-1 in vivo, probably because astrocytes were not activated after CDDO-Im injection.

The potential benefits of CDDO-Im in the nervous system are not limited to stroke. For
example, CDDO-Im reduces retinal injury from photooxidation 24. Other CDDO derivatives
protect against Alzheimer’s disease 25, Huntington’s and Parkinson’s disease 26, and
amyotrophic lateral sclerosis 27. In future studies, the neuroprotective resume for CDDO-Im
could be extended to other forms of acute brain injuries such as hemorrhagic stroke and
traumatic brain injury. Compared to several Nrf2/HO-1 inducers such as sulforaphane 4, 5

and Gingko biloba 7 that have previously shown neuroprotective effects, a clear advantage
of using CDDO-Im is its low doses required to achieve neuroprotection. Thus, the strong
potency of CDDO-Im with no apparent toxicity makes this drug a potential candidate for
clinical neuroprotection. A caveat for the clinical application of CDDO-Im though is its
relatively mild capability to across BBB. However, since BBB is likely compromised after
stroke, it is possible to systemically administrate CDDO-Im shortly after stroke and achieve
neuroprotection, especially in conjunction with tPA treatment that would re-establish blood
flow in ischemic regions. Alternatively, a CDDO-Im derivative with increased BBB
penetrating properties may be designed and tested in future studies.

In summary, our data reveal for the first time that a low dose of a potent compound CDDO-
Im upregulates the inducible phase-2 enzyme HO-1 primarily in neurons and protects
neurons and brain from ischemic injury. The protection was apparent in three different
models and was blocked with a competitive inhibitor of HO-1. Therefore, CDDO-Im is a
promising candidate for protecting brain against human stroke in an Nrf2/HO-1 dependent
manner. Nonetheless, several issues still need to be addressed in the future. Examples
include whether other phase-2 enzymes or other signaling pathways are involved in the
neuroprotective effects of CDDO-Im, as the nuclear factor kappa B, phosphatase and tensin
homolog, and mammalian target of rapamycin appear to also mediate the effects of CDDO-
Im in non-neuronal cells 12, 28, 29. Clarification of these issues may help develop new
strategies for stroke treatment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CDDO-Im upregulates HO-1 in primary neurons
(A) Western blots show that CDDO-Im induced HO-1 expression in both a time- and a
concentration-dependent manner. n=3, *p<0.01 vs. control, #p<0.01 vs. control and p<0.05
vs. 6-hr groups of the same time-points. (B) CDDO-Im induces nuclear translocation of Nrf2
in neurons. Cultures were treated with 100 nmol/L CDDO-Im at indicated time-points, and
cytosolic and nuclear fractions were extracted and subjected to Western blot analysis. n=3,
*p<0.05 and **p<0.01 vs. controls. (C) Nrf2 knockdown with shRNA blocked CDDO-
induced HO-1 upregulation. Neurons were first transfected with scramble or Nrf2 shRNA
lentiviral particles, and then treated with for 6 hr. Whole cell proteins were extracted and
subjected to Western blots. n=3, * p<0.05 vs. vehicle, CDDO-Im only and CDDO-Im with
scramble shRNA; #p<0.01 vs. vehicle and Nrf2 shRNA groups.
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Figure 2. CDDO-Im protects primary neurons against OGD
Primary neurons were treated with 100 nM CDDO-Im in combination with HO-1 inhibitor
Sn-PPIX (10 μmol/L) or Nrf2 shRNA (2.0×105 IFU) or scramble shRNA. Neurons were
subjected to 60 min OGD, followed at 24 hr by the (A) LDH release and (B) Alamar blue
assays. n=3; *p<0.05 vs. control, #p<0.05 vs. OGD, &p<0.05 vs. CDDO-treated OGD
group. Another set of cultures underwent similar treatments but were stained with Hoechst
and are shown in (C). Dead neurons were counted and shown in the lower panel. *p<0.05
vs. control, #p<0.05 vs. OGD, and p<0.05 vs. CDDO-treated OGD group.
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Figure 3. CDDO-Im induces HO-1 expression in rat brains
(A) Western blots show that ICV injection of CDDO-Im (0.5 μg) induced strong HO-1
expression in hippocampus and striatum but modest expression in cortex. n=3, *p<0.05,
**p<0.01 vs. vehicle groups. (B) Western blots show that CDDO-Im upregulated CA1 HO-1
in a dose-dependent manner. n=3, *p<0.05, **p<0.01 vs. vehicle groups. (C) Time course of
HO-1 expression in CA1 after a single injection of CDDO-Im. (D) Immunohistochemical
staining for HO-1 expression in CA1 at 24 hr after CDDO-Im (1.0 μg) ICV injection. HO-1
was expressed predominantly in neurons. Bar=50 μm.
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Figure 4. HO-1 expression in CA1 after global cerebral ischemia in rats
(A) Representative Western blots showing the temporal profiles of HO-1 expression in
hippocampal CA1 after global ischemia. n=3, *p<0.05, **p<0.01 vs. veh.-groups. (B)
Representative low-magnification photomicrograph of HO-1 immunostaining in CA1,
showing increased levels of HO-1 after ischemia. Bar=100 μm. Boxes 1, 2, and 3 indicate
the areas where the high-magnification photos shown in Fig. 4C&D (upper and lower
panels) were taken. (C) Cellular distribution of HO-1 in CA1 region 24 hr after ischemia,
showing predominantly neuronal expression of HO-1. Bar=25 μm. (D) Cellular distribution
of HO-1 in CA1 region 72 hr after ischemia, indicating a primarily glial localization of
HO-1 in the radiant layer (stratum radiatum). Bar=25 μm.
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Figure 5. CDDO-Im induces HO-1 expression in hippocampal CA1 neurons in rats
(A) A representative EEG recording in a rat undergoing global cerebral ischemia, showing
rapid isoelectricity after the onset of ischemia. (B) H&E stain of CA1 regions and
quantitative analysis of viable neurons after global ischemia in rats. a, sham; b, vehicle-
treated ischemia; c, CDDO-Im-treated ischemia; and d, CDDO-Im- and Sn-PPIX-treated
ischemia. Bar=50 μm; n=8, *p<0.05 vs. sham, #p<0.05 vs. vehicle-treated ischemia, and
&p<0.05 vs. CDDO-treated ischemia. (C) PANT stain of CA1 regions and quantitative
analysis of dead neurons. a, sham; b, vehicle-treated ischemia; c, CDDO-Im-treated
ischemia; and d, CDDO-Im- and Sn-PPIX-treated ischemia. Bar=100 μm; n=8, *p<0.05 vs.
sham, #p<0.05 vs. vehicle-treated ischemia, and &p<0.05 vs. CDDO-treated ischemia. (D)
Western blots of HO-1 in CA1, demonstrating pre-existence of HO-1 in CA1 after CDDO-
Im treatments. n=3, **p<0.01 vs. sham, ##p<0.01 vs. sham and vehicle-treated ischemia. S,
sham; V, vehicle treated; CD, CDDO-Im treated.
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Figure 6. CDDO-Im post-treatment protected mice from focal cerebral ischemia
(A) TTC stains 48 hr after MCAO in mice, showing that CDDO-Im reduced infarct size in a
dose-dependent manner. n=6–8, *p<0.05 and **p<0.01 vs vehicle group, #p<0.05 vs 50 μg
CDDO-Im. (B) CDDO-Im attenuated neurological dysfunction after ischemia. n=8, *p<0.05
vs vehicle group, #p<0.05 vs CDDO-Im post-treatment. (C) CDDO-Im increased HO-1
level early after MCAO. S, sham; V, vehicle; CD, CDDO-Im. n=3, *p<0.01 vs control. (D)
HO-1 activity assay was performed with rat CA1 tissues (CDDO-Im and global ischemia) or
mouse cortical tissues (focal ischemia) at 24 hours after CDDO-Im injection or ischemia and
verified that Sn-PPIX was effective in inhibiting HO-1 activity. n=3, *p<0.01 vs control,
and #p<0.05 vs vehicle.
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