
Effects of deferoxamine on brain injury after transient focal
cerebral ischemia in rats with hyperglycemia

Yingqi Xing1,2, Ya Hua1, Richard F. Keep1, and Guohua Xi1
1Department of Neurosurgery, University of Michigan, Ann Arbor, Michigan, USA
2Department of Neurology, 1st Affiliated Hospital, Jilin University, Changchun, China

Abstract
Introduction—Hemorrhagic transformation (HT) is a major factor limiting the use of tissue
plasminogen activator (tPA) for stroke patients. This study examined the role of deferoxamine (DFX)
in brain injury and HT in a rat model of transient focal ischemia with hyperglycemia.

Methods—Rats received an injection of 50% glucose (6 mL/kg, i.p.) 15 minutes before undergoing
transient middle cerebral artery occlusion (tMCAO; two hours occlusion) with reperfusion. Rats were
treated with DFX (100mg/ kg, i.m.) or vehicle immediately after tMCAO. Rats were killed at 4, 8
and 24 hours later and used for brain edema, blood-brain barrier permeability, hemorrhage volume,
hemoglobin content, and infarct volume measurements. Mortality rate was also evaluated.

Results—DFX treatment reduced mortality at 24 hours (4% vs. 24% in the vehicle-treated group,
p<0.05). DFX also reduced infarct volume (85.1±56.3 vs. 164.3±93.4mm3 in vehicle, p<0.05) and
swelling in the basal ganglia (p<0.05) 24 hours after tMCAO. The total hemorrhage volume in the
ipsilateral hemisphere at 8 hours post-tMCAO was less in DFX treated animals (p<0.05). However,
blood-brain barrier permeability was same in DFX- and vehicle-treated groups.

Conclusions—DFX attenuates death rate, hemorrhagic transformation, infarct volume, brain
swelling in a rat transient focal ischemia with hyperglycemia model, suggesting that DFX could be
potential treatment to reduce the hemorrhagic transformation for stroke patients.
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1. Introduction
Currently there are no effective treatments for stroke except thrombolytic recanalization with
tissue plasminogen activator (tPA) within three hours (The NINDS rt-PA stroke study group,
1995). A major factor limiting the use of tPA to reduce ischemic brain damage in patients is
the risk of hemorrhagic transformation (HT) (Lyden and Zivin, 1993; Wang and Lo, 2003).

In recent years, the role of hyperglycemia in the pathophysiology and outcome of acute
ischemic stroke has gained significant attention. Hyperglycemia has a major impact on post-
ischemic HT. In experimental transient middle cerebral artery occlusion (tMCAO) models,
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acute hyperglycemia induced by glucose administration augments ischemic injury and
increases HT (de Courten-Myers et al., 1992; Kawai et al., 1997; Venables et al., 1985). More
importantly, human data shows that hyperglycemia is a predictor of HT in patients undergoing
tPA therapy (Garg et al., 2006).

Experimental studies suggest that deferoxamine (DFX), an iron chelator, has neuroprotective
properties in association with brain ischemia (Palmer et al., 1994). In our previous studies, we
found that DFX reduces intracerebral hemorrhage-induced brain edema, neuronal death,
neurological deficits and brain atrophy (Hua et al., 2006; Okauchi et al., 2009; Song et al.,
2007; Xi et al., 2006). However, it is not clear whether DFX can reduce brain injury and HT
after cerebral ischemia with hyperglycemia.

The present study investigated the effects of DFX on mortality rate, HT, brain edema formation,
BBB permeability and brain infarct volume after transient focal cerebral ischemia in a
hyperglycemic rat model.

2. Results
2.1 Physiological Parameters and Hemorrhagic Transformation

Physiological variables were measured immediately before the introduction of MCAO. The
levels of pH, pO2, and pCO2 were controlled in the normal range (Table 1). Blood glucose
levels just before tMCAO were not significantly different between vehicle and DFX treated
rats (386 ± 74 vs. 380 ± 87 mg/dL, respectively, p>0.05).

Either petechial or confluent petechial hemorrhage was found in the ipsilateral brain after
tMCAO in hyperglycemic rats (Figure 1), occurring mostly in the ipsilateral basal ganglia
(91%) and lateral cortex (59%), and occasionally in the ipsilateral cingulated cortex (14%) and
pre-optic area (4.5%). Red blood cells were contained in pockets of hemorrhage and but were
also found within congested blood vessels in the ipsilateral hemisphere.

2.2 Early Brain Injury (4-8 hours post tMCAO)
DFX treatment had no effect on mortality at 8 hours after tMCAO (7% in both DFX- and
vehicle-treated groups). Hemispheric swelling (edema) developed in the ipsilateral hemisphere
following tMCAO and DFX failed to reduce whole brain or basal ganglia swelling at 8 hours
(Figure 2). In agreement, when brain edema was assessed by the wet/dry weight method, there
was a marked increase in brain water content in the ipsilateral hemisphere (82.1 ± 1.3% vs.
79.4 ± 0.4% in the contralateral hemisphere, p<0.01) in vehicle-treated rats 8 hours after
tMCAO and this was not significantly affected by treatment (81.2 ± 1.6 vs. 82.1 ± 1.3% in the
vehicle-treated group). In addition, DFX did not significantly affect blood-brain damage as
assessed by Evans blue extravasation at 4 hours post tMCAO. Evans blue content was increased
in the ipsilateral compared to the contralateral hemisphere after tMCAO in both vehicle- (76
± 50 vs. 8 ±8 μg/g, p<0.01) and DFX-treated rats (107 ± 47 vs. 7±6 μg/g, p<0.01), and the
ipsilateral hemisphere values were not significantly different (p=0.3).

There was, however, a difference in the degree of HT as assessed at 8 hours after tMCAO with
DFX treatment (Figure 3). DFX reduced the total volume of HT (0.07±0.1 mm3) compared to
vehicle treated controls (0.46±0.33 mm3; p<0.05).

2.3 Delayed Brain Injury (24 hours post tMCAO)
In contrast to the general lack of effect on early brain injury, DFX significantly attenuated
mortality 24 hours after tMCAO (4% vs. 24% in vehicle-treated rats, p<0.05, Table 2). In
addition, 24 hours post MCAO, brain infarct volume in the ipsilateral hemispheres of DFX
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treated animals was significantly smaller than in vehicle-treated rats (85±56 vs. 164±93
mm3, p<0.05; Figure 4). Brain swelling in the basal ganglia expressed as the ipsilateral/
contralateral ratio was also smaller in DFX-treated rats (1.4 ± 0.2 vs. 1.8 ± 0.5 in the vehicle-
treated group, p<0.05; Figure 2) 24 hours after tMCAO, although hemispheric swelling was
not significantly affected.

Lysis of extravasated red blood cells occurred within the first 24 hours after tMCAO (i.e. in
vehicle treated rats, hemorrhagic volume decreased from 0.46±0.33 mm3 at 8 hours to 0.05
±0.06 mm3 at 24 hours, Figure 3). By 24 hours, there was only a tendency for the total volume
of hemorrhage to be lower in DFX-treated than vehicle-treated animals (0.01±0.02 vs. 0.05
±0.06 mm3, p>0.05). This was in accordance with results on hemoglobin content in the
ipsilateral hemisphere (0.47 ± 0.22 vs. 0.6 ± 0.31mg in DFX and vehicle-treated groups,
respectively; p>0.05).

In rats that survived after the tMCAO, there was a gradual improvement in neurological deficit
between 1 and 14 days. That improvement did not differ between DFX and vehicle treated rats
(Figure 5). The most common residual deficits consisting of gait abnormalities or minor ataxia.

3. Discussion
The major findings of our study using a hyperglycemic rat model of transient cerebral ischemia
are: 1) DFX reduces mortality after tMCAO at 24 hours; 2) DFX attenuates brain swelling in
the caudate at 24 hours, but has no effects on early Evans blue leakage and edema; 3) DFX
reduces HT at 8 hours and brain infarct at 24 hours. These results suggest DFX may be useful
for stroke patients especially these patients with hyperglycemia and treated with tPA. The
underlying hypothesis of the current study was that since DFX can reduce brain injury
following intracerebral hemorrhage (Hua et al., 2006; Okauchi et al., 2009; Song et al., 2007;
Xi et al., 2006) it might also reduce injury associated with HT after tMCAO. Mortality and
functional outcome are two major endpoints of stroke clinical trials. DFX did indeed reduce
mortality rate at 24 hours after tMCAO in this hyperglycemic stroke model (24 vs 4% in vehicle
treated rats). Excluding animals that died after tMCAO, there was no difference in neurological
deficit between DFX- and vehicle-treated rats. It should be noted, however, that the greater
death rate in the vehicle-treated rats may bias that analysis by causing a drop out of animals
with more severe stroke. Although our current study showed that DFX can reduce hemorrhagic
transformation in a rat model of cerebral ischemia with hyperglycemia, hyperglycemia is not
the only reason causing hemorrhagic transformation after stroke. Future studies should
examine whether or not DFX can reduce hemorrhagic transformation in other cerebral ischemic
models with normoglycemia.

In experimental animal models of tMCAO, hyperglycemia induces HT (de Courten-Myers et
al., 1989; de Courten-Myers et al., 1992). Although the precise mechanisms that enhance HT
are unknown, acidosis may be involved in hyperglycemia-induced HT (de Courten-Myers et
al., 1992). The resultant cellular acidosis include enzymatic dysfunction, enhanced free radical
production through increased iron-catalyzed hydroxyl radical production (Siesjo et al., 1985),
depressed mitochondrial function by inhibited ADP-stimulated respiratory activity (Hillered
et al., 1984), induction of endonucleases that may initiate programmed cell death (Kalimo et
al., 1981), increased intracellular Ca2+ accumulation (OuYang et al., 1994), and cellular
swelling (Kraig et al., 1987). Recent studies indicate that hyperglycemia can increase
production of matrix metalloproteinases, reactive oxygen species, and proinflammatory
cytokines that might result in vascular damage and lead to hemorrhage (Garg et al., 2006). We
studied hyperglycemia-induced hemorrhagic conversion in this ischemic model for two
reasons. First, hyperglycemia is strongly associated with HT and tPA-associated intracerebral
hemorrhage (Demchuk et al., 1999; Garg et al., 2006). Second, the model produces a consistent
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HT after 2 hours of tMCAO. In our previous study we have demonstrated this model of HT
induced by acute hyperglycemia is consistent and reliable (Qin et al., 2007).

The results in this study indicate that the lower mortality in the DFX-treated group was
associated with less hemorrhagic transformation (assessed at 8 hours), smaller infarcts and less
brain swelling. The effect on hemorrhagic transformation was unexpected. Our prior results
have shown an effect of DFX on the brain injury induced by a set size of intracerebral hematoma
but have not examined whether DFX can affect intracerebral bleeding and this merits further
investigation. In the current study, the difference in hemorrhagic transformation with DFX was
not associated with a reduction in blood-brain barrier disruption (as assessed by Evans blue
extravasation). It is possible that DFX may accelerate the clearance of red blood cells and
hemoglobin after a hemorrhage. In a study on porcine intracerebral hemorrhage, we found that
DFX reduced a red band found around the hematoma (Gu et al., 2009), suggesting an impact
on the clearance of hemoglobin.

In this study, we examined hemorrhagic transformation by two methods: histology and
hemoglobin assay. The study suggests that there may be potential problems with the latter.
Although the animals were perfused well transcardially, brain pathology showed red blood
cells contained within congested vessels besides red blood cells contained in pockets of
hemorrhage. Red blood cells in congested vessels in the ischemic area complicate HT
measurement. In addition, we recently found that hemoglobin is synthesized in neurons and is
upregulated after ischemia (He et al., 2009). This can explain why hemoglobin content in the
contralateral hemisphere is high (0.3±0.2 mg, n=6).

In the current study, DFX reduced brain infarct volume and brain swelling after tMCAO. It is
well known that brain edema and tissue damage develops after an intracerebral hemorrhage,
but the role of HT in the brain swelling and infarct that occurs in this model needs to be better
defined. It has been reported by several groups that DFX can decrease infarct volume (Soloniuk
et al., 1992) and brain edema after ischemia/reperfusion (Patt et al., 1990) in models where
hemorrhagic transformation probably did not occur. It is, thus, possible that DFX affects both
hemorrhage- and ischemia-induced brain damage in our model.

In general brain edema can be divided into two basic types, vasogenic and cytotoxic. Cytotoxic
brain edema is the main form of edema after cerebral ischemia, but vasogenic edema occurs
after BBB disruption. DFX may reduce both types of edema. We found that DFX reduces HT
at 8 hours but not Evans blue leakage at 4 hours. At 24 hours but not earlier there was a
difference in brain swelling. We examined Evans blue at 4 hours to see if there was a subtle
change in BBB function that was not reflected in brain water. These results indicate DFX given
after cerebral ischemia may be not able to limit BBB leakage at extremely early phase, but can
prevent further BBB disruption and reduce HT later.

The molecular mechanisms by which DFX reduces HT and brain damage after tMCAO with
hyperglycemia still remain to be fully elucidated. The mechanisms of DFX-induced brain
protection may include: 1) DFX reduces iron-related brain injury through iron chelation; 2)
DFX scavenges hydroxyl free radicals directly (Hurn et al., 1995; Liachenko et al., 2003); 3)
DFX inhibits cell cycle transition (Farinelli and Greene, 1996; Wang and Semenza, 1995).
Proliferating cells have an essential requirement for iron, and iron chelators block DNA
synthesis and halt the cell cycle before the G1/S boundary which is defined as the “safe point”
in the cell cycle. Thus DFX can suppress apoptotic death. 4) DFX increases hypoxia-inducible
factor-1 (HIF-1) levels which affect many neuroprotective genes such as heme oxygenase-1
(Llesuy and Tomaro, 1994) and erythropoietin.
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In conclusion, DFX reduces brain swelling, hemorrhagic transformation, infarct volumes, and
mortality in a model of cerebral ischemia with hyperglycemia suggesting DFX treatment may
be useful for stroke patients.

4. Experimental procedures
4.1. Animal Preparation and Middle Cerebral Artery Occlusion

Animal study protocols were approved by the University of Michigan Committee on the Use
and Care of Animals. Male Sprague-Dawley rats (Charles River Laboratories; Portage,
Michigan) weighing 275 to 300 g were used in this study. Rats were fasted for 12 hours before
surgery but had free access to water. Anesthesia was induced by inhalation of 5% isoflurane
in a nitrous oxide/oxygen mixture (70/30). Following induction of anesthesia, 1.5% isoflurane
was maintained with mechanical ventilation. Rectal temperature was maintained at 37.5°C
with use of a feedback-controlled heating pad. All rats had an injection of 50% glucose (6 mL/
kg) intraperitoneally to induce acute hyperglycemia 15 minutes prior to MCAO.

Middle cerebral artery occlusion was induced using the filament model as previously described
with some modification (Karabiyikoglu et al., 2004; Longa et al., 1989). In brief, under an
operating microscope, the left common, external, and internal carotid arteries were dissected
from connective tissue through a midline neck incision. The left external carotid artery and
pterygopalatine artery of the internal carotid artery were separated and ligated by 5-0 silk
sutures. A 23-mm segment of 3-0 nylon monofilament suture with the tip rounded by flame
was inserted into the stump of the left common carotid artery and advanced into the internal
carotid artery approximately 19 to 20 mm from the bifurcation to occlude origin of the middle
cerebral artery. The suture was removed after 2 hours of occlusion. The animal was allowed
to awaken and recover with free access to food and water.

The left femoral artery was catheterized for continuous blood pressure monitoring. Blood was
obtained from the catheter for analysis of pH, PaO2, PaCO2, hematocrit and glucose. We
measured blood gases before tMCAO to make sure the physiological conditions were the same
in vehicle- and DFX-treated animals at baseline.

4.2. Experimental Groups
All rats had tMCAO after injected with 50% glucose (6 mL/kg I.P.). Rats were treated with
DFX (100mg/ kg) or vehicle (equivalent volume of saline) directly after tMCAO. First, rats
were killed at 8 (n=6 per group) or 24 hours (n=8 to 10) after MCAO. Rat brains were used
for histological examination, including the measurements of infarct volume, brain swelling
and hemorrhage volume. Second, rat brains were sampled (n=9 to 13) for hemoglobin content
determination 24 hours after tMCAO. Third, rats (n=6 per group) were killed 4 hours after
tMCAO and brains were used for Evans blue content measurement. Fourth, brain water content
(n=9 per group) was determined 8 hours after tMCAO. Fifth, the neurological scores (n=8 per
group) were determined at days 1, 3, 5, 7 and 14 after tMCAO.

4.3. Histopathology
Eight or twenty-four hours after tMCAO, the animals were reanesthetized and perfused
intracardially with 4% paraformaldehyde in 0.1 mol/L phosphate-buffered saline (pH 7.4).
Brains were removed and kept in 4% paraformaldehyde for 6 hours and then immersed in 25%
sucrose for 3 to 4 days at 4°C. The brains were embedded in the mixture of 25% sucrose and
optimal cutting temperature compound (Sakura Finetek) and 20μm-thick coronal frozen
sections were made on a cryostat. After disposing the 2-mm anterior part of the forebrain, slices
for every 2mm-thick interval distance were stained with cresyl violet or hematoxylin-eosin
(HE). The cresyl violet staining was used for measurements of infarct volume and the HE
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staining was used for measure the brain swelling and hemorrhage volume. In total, five slices
of each brain were stained and analyzed.

(1) To quantify infarct volume, the areas of infarction at five coronal levels throughout the
brain were identified and the infarct and hemispheric volumes were measured with National
Institutes of Health Image by an investigator blind to the treatments. To avoid an artifact in
volume measurement from brain edema within the infarct, infarct volume was calculated by
measuring and subtracting the volume of the non-infarcted ipsilateral hemisphere from the
volume of the contralateral hemisphere (Lin et al., 1993).

(2) The extent of brain swelling was assessed by measuring the ratio of ipsilateral to
contralateral hemispheric volume. Swelling were measured and analyzed by whole hemisphere
and by region (basal ganglia).

(3) HT formation measurements. First, four images (4x) (pre-optic area, basal ganglia, lateral
cortex and cingulated cortex; Figure 3) of each tissue section were acquired by a microscope
(Olympus BX51, Japan). Second, brain areas containing extravasated blood in the four areas
were captured at magnification of 10x. Microscopic fields were identified at 40x magnification.
The investigators need to pick out red blood cells contained within congested blood vessels
from red blood cells contained in pockets of hemorrhage (Figure 3) until “all hemorrhages”
and “only hemorrhages” were included in areas for quantization. All brains' regions in the four
areas showing histological evidence of hemorrhage were measured in this fashion and summed
to provide a quantitative estimate of the extent of bleeding in each animal.

4.4. Brain hemoglobin measurement
HT formation was also quantified by spectrophotometric assay of brain hemoglobin content
(Choudhri et al., 1997). At 24 hours after MCAO, the animals were perfused transcardially
with 0.1mol/L phosphate-buffered saline under deep anesthesia until the outflow fluid from
the right atrium was colorless. The brain was rapidly removed and dissected into the left and
right hemispheres. The hemispheric brain tissue was then homogenized in 0.1mol/L phosphate-
buffered saline followed by 30-minute centrifugation (13 000 g). Then 200μL reagent
(QuantiChrom Hemoglobin Assay Kit; BioAssay Systems) was mixed with 50μL supernatant.
After 15 minutes, optical density was determined by a spectrophotometer (Ultrospec 3;
Pharmacia LKB) at 400nm wave-length. The total hemispheric hemoglobin content was
calculated as milligrams per hemisphere using a Hb standard curve.

4.5. Brain Water Content
Twenty-four hours after MCAO, animals were anesthetized and decapitated as described in
our previous study (Xi et al., 1998). The brains were removed and dissected into three parts:
the cerebellum and left and right hemispheres. Brain samples were immediately weighed on
an electronic balance (model AE 100; Mettler Instrument) to obtain wet weight. Brain samples
were then dried in a gravity oven (Blue M. Electric Co) at 100°C for 48 hours to obtain the dry
weight. Brain water content was then calculated as (wet weight-dry weight)*100/wet weight.

4.6. BBB integrity
Blood-brain barrier disruption was assessed using the extravasation of Evans blue into brain
tissue of the animals (n=6 each). Evans blue dye (2% in saline, 4 m/kg) was given intravenously
2 hours after tMCAO, immediately after of the intraluminal filament removal. Two hours after
Evans blue injection, the chest wall was opened under lethal anesthesia and the brains were
perfused with 0.1mol/L phosphate-buffered saline through the left ventricle to remove the
intravascular localized dye until colorless perfusion fluid was obtained from the right atrium.
After decapitation, the brain was removed and dissected into left and right hemispheres and
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each hemisphere weighed. Brain samples were then placed in 3 mL 50% trichloroacetic acid
solution, homogenized and centrifuged (10, 000 rpm for 20 minutes). The supernatant
absorbance was measured at 610 nm by spectrophotometer (Ultrospec 3; Pharmacia LKB).
The concentration of Evans blue was quantified from a linear standard curve and was expressed
as micrograms per gram of brain tissue.

4.7. Neurological Score
Two hours and 1, 3, 5, 7 and 14 days after MCAO, a neurological examination was performed
as previously described with modifications (Menzies et al., 1992). Briefly, the scores were: 0,
no apparent deficits; 1, contralateral forelimb flexion when suspended by tail; 2, decreased grip
of the contralateral forelimb while tail pulled; 3, spontaneous movement in all directions or
contralateral circling only if pulled by the tail; 4, spontaneous contralateral circling; and 5,
death after recovery from the anesthesia. Animals that showed the features of the higher scores
also showed all the features of the lower grades.

4.8. Statistical Analysis
Results are expressed as mean ± SD. Statistical significance was analyzed by two-tailed Student
t test and Mann-Whitney U test for continuous variable and by x2 test for mortality and HT
formation rate. Statistical significance was considered at p<0.05.
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Figure 1.
Hematoxylin and eosin brain sections captured at magnification of 4x demonstrating the four
portions: 1, pre-optic area, 2, basal ganglia, 3, lateral cortex and 4, cingulate cortex. B. Red
blood cells contained in pockets of hemorrhage in the lower (a, scale bar= 100μm) and higher
(b, scale bar=50μm) magnification and red blood cells contained within congested blood
vessels at lower (c, scale bar=100μm) and higher (d, scale bar=50μm) magnification.
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Figure 2.
Coronal rat brain sections 8 (A, B) and 24 (C, D) hours after 2 hours transient middle cerebral
artery occlusion with hyperglycemia treated with vehicle (A, C) or deferoxamine (B, D) with
H-E staining. (E) Brain swelling measurements. Values are mean ± SD, n=6 in 8 hours group
and n=7 to 9 in 24 hours group.
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Figure 3.
Hemorrhagic transformation 8 hours after 2 hours transient middle cerebral artery occlusion
with hyperglycemia treated with vehicle (A-C) or deferoxamine (D-F). Scale bar: 100μm.
(G) Hemorrhagic volume measurements. Values are mean ± SD, n=6 per group. *p<0.05.
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Figure 4.
Brain coronal sections in rats 24 hours after 2 hours transient middle cerebral artery occlusion
with hyperglycemia. Rats were treated with vehicle (A) or deferoxamine (B) with cresyl violet
staining. (C) Infarct volume. Values are mean ± SD, n=7-9, *p<0.05.
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Figure 5.
Neurological deficits in rats subjected to 2 hours of transient middle cerebral artery occlusion
with hyperglycemia. Rats were treated with vehicle (A) or deferoxamine (B). Animals that
died within the 14 days of the experiment were excluded from the analysis. Values are mean
± SD, n=6-8. There were no significant differences between the two treatments.
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Table 1
Physiological Parameters

Variables Vehicle DFX

Body weight (g) 291±17 295.26±21.53

pH 7.38±0.07 7.39±0.08

pO2 (mmHg) 100.3±8.1 99.6±8.9

pCO2 (mmHg) 35.8±3.5 35.4±3.7

Hematocrit (%) 35.7±5.7 34.7±6.0

Glucose (mg/dl) 385.6±73.7 379.7±87.4

MABP (mmHg) 80.2±17.1 75.7±13.3

Values are expressed as the mean ± SD.
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Table 2
Mortality Rate

Mortality rate

Group Animal # of Death Mortality(%)

8 Hour Vehicle 15 1 7

8 Hour DFX 15 1 7

24 Hour Vehicle 29 7 24*

24 Hour DFX 27 1 4

*
Significance set at p<0.05.
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