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Hyperglycemia accelerates apparent diffusion coefficient-defined
lesion growth after focal cerebral ischemia in rats with and without
features of metabolic syndrome
David Tarr1, Delyth Graham2, Lisa A Roy1, William M Holmes1, Christopher McCabe1, I Mhairi Macrae1, Keith W Muir1 and
Deborah Dewar1

Poststroke hyperglycemia is associated with a poor outcome yet clinical management is inadequately informed. We sought to
determine whether clinically relevant levels of hyperglycemia exert detrimental effects on the early evolution of focal ischemic
brain damage, as determined by magnetic resonance imaging, in normal rats and in those modeling the ‘metabolic syndrome’.
Wistar Kyoto (WKY) or fructose-fed spontaneously hypertensive stroke-prone (ffSHRSP) rats were randomly allocated to groups for
glucose or vehicle administration before permanent middle cerebral artery occlusion. Diffusion-weighted imaging was carried out
over the first 4 hours after middle cerebral artery occlusion and lesion volume calculated from apparent diffusion coefficient maps.
Infarct volume and immunostaining for markers of oxidative stress were measured in the fixed brain sections at 24 hours.
Hyperglycemia rapidly exacerbated early ischemic damage in both WKY and ffSHRSP rats but increased infarct volume only in WKY
rats. There was only limited evidence of oxidative stress in hyperglycemic animals. Acute hyperglycemia, at clinically relevant levels,
exacerbates early ischemic damage in both normal and metabolic syndrome rats. Management of hyperglycemia may have
greatest benefit when performed in the acute phase after stroke in the absence or presence of comorbidities.
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INTRODUCTION
Poststroke hyperglycemia predicts poor outcome independent
of age, stroke type, or severity and occurs in over 60% of patients
without a diagnosis of diabetes and in more than 90% of diabetic
patients.1,2 Around 56% of hyperglycemic acute stroke patients
are subsequently diagnosed with insulin resistance, manifesting
as impaired glucose tolerance, impaired fasting glucose, or the
‘metabolic syndrome.’ This phenotype is a significant risk factor
for cardiovascular disease and comprises combinations of insulin
resistance, hypertension, hypertriglyceridemia, and obesity.3,4

Current guidelines for stroke recommend routine blood glucose
monitoring, and intervention with insulin for hyperglycemia5,6

although clinical evidence of benefit from treatment is lacking.
Moreover, recent findings raise concerns about the safety of
insulin use in predominantly non-diabetic acute populations
with stroke7,8 or other medical conditions.9,10 In light of the
potential risk of hypoglycemia with insulin regimes in stroke,
it is important to question whether the harmful effects of
acute hyperglycemia pertain to all stroke patients, or whether
they differ in those with and without pre-existing co-morbidities.
Such evidence would aid the design of future glucose-lowering
clinical trials.

In animal models of focal cerebral ischemia, hyperglycemia is
widely reported to increase infarct size.11–18 However, a recent
systematic review highlighted the uncertain relevance of many

animal studies to the typical clinical picture of poststroke
hyperglycemia.19 Streptozotocin, which destroys the insulin
producing beta cells of the pancreas, has been used to induce
hyperglycemia in rats11,15,17,18 although this more closely models
type 1 diabetes rather than what is usually observed in the
clinic.7,20–22 Glucose infusion models have also been used to
emulate poststroke hyperglycemia; however, extremely high
levels of blood glucose have been used in many studies, and
such levels are rarely recorded clinically.12–14 In acute stroke, 24%
of the patients had blood glucose 48.6 mmol/L within the first
6 hours after onset, with a further 13% developing blood glucose
48.6 mmol/L in the first 48 hours.22 Very high blood glucose is
uncommon, however, in a combined data set of acute stroke trials
from the VISTA archive, blood glucose on hospital admission, a
median of 5 hours after stroke onset was 10 to 15 mmol/L in 9.6%
of patients and was 415 mmol/L in only 5.0%.1 It is currently not
clear whether clinically relevant elevations in blood glucose
exacerbate ischemic brain damage in animal models other than
those of type 1 diabetes, and if a detrimental effect occurs in
animals with and without co-morbidities.

Given the labor-intensive nature of glucose-lowering strategies
and the potential for patient harm from hypoglycemia, future
clinical trials need to optimally identify the target population.
A key issue still to be resolved is the time window within which
hyperglycemia exerts its detrimental effects. Final infarct size has
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been the focus in the majority of animal studies, which have
examined the effects of hyperglycemia. However, the progres-
sion of tissue at risk to infarction has been reported to be
exacerbated by elevated blood glucose levels in stroke patients
studied within the first hours after onset.23–25 Moreover,
hyperglycemia exacerbates risk of intracerebral hemorrhage in
patients treated with intravenous thrombolysis within 4.5 hours.
Other studies indicate that elevated glucose over extended
periods of up to 48 hours is also a strong predictor of adverse
outcome1,22 but guidelines offer no proposed time when an
intervention should be considered. Single-slice magnetic
resonance imaging studies indicate that the detrimental effects
of high blood glucose occur early during lesion evolution after
transient or permanent focal ischemia in the rat streptozotocin
model of type 1 diabetes.15,17 Subsequent developments in
multislice diffusion-weighted imaging (DWI) mean that it is now
possible to gain a comprehensive assessment of lesion expansion
in the acute phase. In the present study, we have used this
approach to investigate the effects of clinically relevant levels of
hyperglycemia in rats with and without comorbidities associated
with stroke, namely features of the ‘metabolic syndrome’. In
humans, this comprises the constellation of central obesity,
dyslipidemia, hypertension, and hyperglycemia that increase
liability to type 2 diabetes and atherosclerotic vascular disease,
with insulin resistance the unifying physiologic abnormality.26

More than 40% of stroke patients meet criteria for metabolic
syndrome,27 and the presence of the syndrome signifies
increased risk for incident stroke.28 Features of the metabolic
syndrome can be modeled using spontaneously hypertensive
stroke-prone (SHRSP) rats fed a fructose-rich diet for 14 days
(ffSHRSP). In addition to hypertension, these rats develop
hyperlipidemia and glucose intolerance.29 In the current
study, we examined the effects of hyperglycemia in both
ffSHRSP rats and the normotensive reference strain, Wistar
Kyoto, which do not exhibit the comorbidities listed above. We
hypothesized that hyperglycemia exerts its detrimental effects
on lesion growth after induction of ischemia and that this would
occur in both rats with and without features of metabolic
syndrome. Final infarct size was assessed by quantitative
histology and tissue markers of oxidative stress were examined
in fixed brain based on the proposed involvement of excess
superoxide production in the chronic effects of hyperglycemia in
diabetic complications.30

MATERIALS AND METHODS
Animals
Experiments were performed under license granted by the Home Office,
UK, according to the UK Animals (Scientific Procedures) Act, 1986. Male
adult rats (n¼ 10 per group; 10 weeks old) were obtained from breeding
colonies within the Institute of Cardiovascular and Medical Sciences,
University of Glasgow. Wistar Kyoto rats were randomly allocated to
normoglycemic (WKY) or hyperglycemic (WKYþG) groups and maintained
on normal rat chow for 2 weeks. Spontaneously hypertensive stroke-prone
(SHRSP) rats were maintained on chow containing 60% fructose (Hope
Farms, Woerden, The Netherlands) for 2 weeks29 and randomly allocated
to normoglycemic (ffSHRSP) or hyperglycemic (ffSHRSPþG) groups.
Separate cohorts of WKY (n¼ 5) and ffSHRSP (n¼ 5) rats to those used
for ischemia studies were examined for features of metabolic syndrome
according to previously described methods.29 Adiposity was calculated as
the sum of epididymal and retroperitoneal fat pad weights expressed as a
percentage of body weight. For measurements of cholesterol, triglycerides,
and insulin in blood, a terminal sample was collected after overnight
fasting. These technical requirements required that separate groups of
animals from those being subjected to focal cerebral ischemia be used. In
rats used for ischemic studies, systolic blood pressure was measured by tail
cuff plethysmography in the conscious state in all rats 3 to 5 days before
stroke surgery to confirm the hypertensive status of ffSHRSP compared
with WKY. Rats were fasted overnight before surgery and water was
available ad libitum.

Middle Cerebral Artery Occlusion
Anesthesia was induced (5% isoflurane) and maintained by artificial
ventilation with 2% to 3% isoflurane in nitrous oxide–oxygen (70:30). One
femoral artery was cannulated for continuous monitoring of mean arterial
blood pressure and heart rate (Biopac MP150, Biopac Systems, Goleta, CA,
USA). PaO2, PaCO2, and pH were measured (blood gas analyzer; Rapidlab
248, Bayer, Germany) from arterial blood samples obtained once during
surgery then hourly after middle cerebral artery occlusion (MCAO) for
4 hours. Blood gases were maintained within the physiologic range by
adjusting ventilator settings. Rectal temperature was continually mon-
itored and maintained at 37±0.51C during surgery. Ten minutes before
MCAO rats either received a single intraperitoneal injection (10 mL/kg) of
15% glucose in distilled water (WKYþG and ffSHRSPþG) or vehicle (WKY
and ffSHRSP). Permanent focal cerebral ischemia was induced by distal
occlusion of the middle cerebral artery (MCA) using diathermy with
modification.31 After exposure via a craniectomy, the point at which the
MCA crossed the inferior cerebral vein was identified and the MCA was
electrocoagulated using diathermy forceps 2 mm distally from this point.
After this, the MCA was cut with microscissors to confirm a complete occlu-
sion. Arterial blood glucose was measured immediately before glucose/
vehicle administration and at each subsequent hour for 4 hours using a
commercially available glucometer (Accu-Chek, Roche, Germany).

Magnetic Resonance Imaging
Magnetic resonance imaging data were acquired on a Bruker Biospec
7T/30 cm system equipped with an inserted gradient coil (121 mm ID,
400 mT/m) and a 72 mm birdcage resonator. Immediately after MCAO,
anesthetized animals were placed prone in a rat cradle and the head
restrained. A 4-channel rat brain phased-array surface coil was placed
above the head. Electrocardiography (ECG) leads and a pressure sensor
were attached for cardiac and respiratory monitoring, respectively. A water
jacket was used to maintain core temperature at 37±0.51C.

Diffusion-weighted imaging was performed each hour post MCAO for
4 hours to map the evolution of the ischemic lesion (Spin Echo-Echo planar
Imaging (SE-EPI) TE: 43 milliseconds; TR: 4,000.3 milliseconds; in plane
resolution of 260mm; 3 directions: x, y, z; B values: 0, 1,000 second/mm2,
eight slices of 1.5 mm thickness). Quantitative apparent diffusion
coefficient (ADC) maps (mm2/second) were calculated from the DWI
images using Paravision 5 software (Bruker, Germany) and subsequently
analyzed using ImageJ software (http://rsb.info.nih.gov/ij/). Diffusion
thresholds of abnormality may vary between different strains of rodent
because of potential differences in the evolution of ischemic damage and
the quality of collateral blood supply during the acute phase poststroke.
The diffusion threshold will also change depending on the time point after
stroke onset. Therefore, we have previously established strain-specific
thresholds for both diffusion- and perfusion-weighted imaging in both
WKY and SHRSP rats at 4 hours after MCAO.32 These diffusion thresholds
(WKY: 0.61 mm2/second, SHRSP 0.59 mm2/second) were applied in the
present study.

Infarct Measurement
Animals were recovered from anesthesia after magnetic resonance
scanning and re-anesthetized for perfusion fixation with 4% paraformal-
dehyde 24 hours after MCAO. Infarct volumes were determined by
quantitative histology using eight coronal sections stained with hematox-
ylin and eosin sampled from throughout MCA territory as described
previously.33

4-Hydroxynonenal and Nitrotyrosine Immunohistochemistry
Sections adjacent to those used for infarct measurements were processed
for immunohistochemistry with an antibody raised against the lipid
peroxidation by-product 4-hydroxynonenal (4-HNE, Clone 198960, R&D
Systems, Abingdon, UK) as described previously.34 Light microscopy was
used to transcribe the location of increased 4-HNE immunostaining
(compared with contralateral tissue) onto a separate set of eight coronal
stereotaxic line diagrams, to those used for infarct measurements, and
ImageJ was used to determine the volume of 4-HNE staining for each
animal. This analysis was performed masked to the infarct volume data.
Spare sections available for four coronal planes were stained with an
antibody raised against nitrotyrosine (AB5411, Millipore, Watford, UK), a
marker of nitric oxide-induced nitrative stress, and areas of increased
immunostaining calculated at each of the four planes examined.
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Sample Size Calculation, Randomization, Blinding, and Statistical
Analysis
Standard deviations of ADC lesion measurements obtained from a
previous study using single-slice imaging of SHRSP rats were used to
inform the sample size calculation.35 Animals were randomly allocated
upon arrival from the breeding colony to normoglycemic or hyperglycemic
groups by the toss of a coin. The investigator was masked to animal
identity during the analysis of ADC lesion, infarct size, and
immunohistochemistry. Blood glucose levels, ADC lesion volumes, and
nitrotyrosine immunopositive areas were assessed using a 2-way analysis
of variance repeated measures test with Bonferroni post hoc test. Infarct
and 4-HNE immunopositive volumes and physiologic variables were
assessed using a 1-way analysis of variance with Bonferroni post hoc test.
Data are presented as mean±standard deviation (s.d.) or a scatter plot
with means indicated.

RESULTS
Physiologic Variables
In the separate cohorts of rats not used in ischemia studies,
ffSHRSP rats displayed impaired glucose tolerance, hypertriglycer-
idemia, hyperinsulinemia, and increased adiposity compared with
WKY (Table 1). For those rats used in ischemia studies, ffSHRSP rats
exhibited hypertension and weighed significantly less compared
with WKY, consistent with previously reported differences
between these two strains (Table 2). During anesthesia, ffSHRSP
rats had significantly higher mean arterial blood pressure than
WKY rats. There was no difference in temperature, blood gas, or
pH measurements between any of the four groups (Table 2). After
intraperitoneal glucose administration, peak blood glucose levels
in both WKY and ffSHRSP rats were similar (Figure 1). At all time
points examined during the MR scanning period, blood glucose
levels in rats injected with glucose were significantly greater than
in vehicle-treated controls (Figure 1). There was no mortality in
any of the four groups after MCAO surgery.

Apparent Diffusion Coefficient Lesion Volume
At the earliest time point examined, 1 hour after MCAO, the mean
ADC lesion was significantly larger in hyperglycemic than in
normoglycemic WKY rats and the effect of hyperglycemia was
maintained over the subsequent 3 hours (Figure 2). The mean ADC
lesion in hyperglycemic ffSHRSP rats was larger than in
normoglycemic ffSHRSP at 1 hour after MCAO and the effect of
hyperglycemia on ADC lesion volume was maintained over
subsequent time points in this strain also (Figure 2). Thus,
hyperglycemia exacerbated early ischemic brain damage in rats
with or without features of metabolic syndrome. The comparative

Table 1. Features of metabolic syndrome in ffSHRSP rats

WKY ffSHRSP

Adiposity (% fat pad weight) 1.40±0.29 2.40±0.09**
Plasma triglycerides (mmol/L) 0.28±0.04 0.65±0.11***
Total cholesterol (mmol/L) 2.53±0.09 1.74±0.11***
HDL cholesterol (mmol/L) 2.212±0.07 1.58±0.12***
Insulin (mg/l) 0.30±0.07 0.46±0.14*

Abbreviations: ffSHRSP, fructose-fed spontaneously hypertensive
stroke-prone; WKY, Wistar-Kyoto.
Rats (n¼ 5 per group) were from the same breeding colonies as those used
for ischemia studies. Data are expressed as mean±s.d. Groups compared by
two-tailed Student t-test: *P40.05; **P40.001; ***P40.0001 compared with
WKY.

Table 2. Physiologic variables

Before anesthesia During anesthesia

Group Weight (g) Systolic BP (mmHg) PaO2(mm Hg) PaCO2 (mm Hg) pH MABP (mm Hg) Temperature (1C)

WKY 271±16 123.6±6.9 139.1±17.4 38.2±4.0 7.39±0.05 93.4±12.1 37.1±0.5
WKYþG 274±15 122.7±6.5 140.8±17.3 39.9±5.3 7.40±0.06 96.1±8.9 37.3±0.5
ffSHRSP 219±13** 177.9±5.9** 136.5±14.2 36.5±2.4 7.40±0.07 116.7±13.5** 37.2±0.4
ffSHRSPþG 225±13## 183.3±8.4## 134.2±13.9 37.0±2.1 7.41±0.06 114.6±10.2## 37.3±0.6

Abbreviations: BP, blood pressure; ffSHRSP, fructose-fed spontaneously hypertensive stroke-prone; MABP, mean arterial blood pressure; WKY, Wistar-Kyoto.
Body weight measured on the day of MCAO; systolic BP measured 3 to 5 days before MCAO; PaO2, PaCO2, pH measured at time of MCAO; MABP, temperature
(rectal) expressed as mean for anesthesia period. **Po0.001 versus WKY; ##Po0.001 versus WKYþglucose. Data presented as mean±s.d.

Figure 1. Blood glucose levels before and after middle cerebral
artery occlusion (MCAO) in Wistar Kyoto (WKY) (A) and fructose-fed
spontaneously hypertensive stroke-prone (ffSHRSP) (B) rats. Glucose
or vehicle was administered 10minutes before MCAO (� 10). Peak
blood glucose levels in WKY and ffSHRSP rats after glucose
administration were similar. In rats administered glucose, blood
glucose levels remained elevated above the vehicle-treated group
for at least 4 hours after MCAO. *Po0.001 glucose versus vehicle.
Data presented as mean±s.d. Filled symbols, vehicle; open symbols,
glucose.
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Figure 2. Apparent diffusion coefficient (ADC) lesion evolution. Representative ADC maps from a single slice illustrating ischemic damage
(white) at 1 hour in Wistar-Kyoto (WKY) (A) and fructose-fed spontaneously hypertensive stroke-prone (ffSHRSP) (B) rats. Volumetric analysis of
ADC lesions over eight coronal slices 1 to 4 hours after middle cerebral artery occlusion (MCAO) in WKY rats (C) and ffSHRSP rats (D) injected
with either vehicle or glucose solution prior to MCAO. Hyperglycemia exacerbated damage at all time points examined in both WKY and
ffSHRSP rats. *Po0.001 compared with normoglycemic, vehicle-treated controls. Data presented as mean±s.d.

Figure 3. Apparent diffusion coefficient lesions at 1 and 4 hours after middle cerebral artery occlusion (MCAO). (A,B): the eight coronal slices
collected from the median animal in each group with the areas of ischemic injury at 1 hour (red area) and 4 hours (white area) superimposed.
C,D: the rate of ADC lesion growth over each hour was calculated by subtraction. Hyperglycemic groups indicated by þG. Data are
mean±s.d. *Po0.001 compared with normoglycemic controls at that time period.
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spatial profiles of lesions at 1 and 4 hours are illustrated for
median animals in each of the four groups in Figure 3. Lesions are
anatomically more widespread in hyperglycemic animals in both
WKY and ffSHRSP groups and the apparent difference between
lesions at 1 and 4 hours is greater in hyperglycemic animals in the
majority of slices. The hourly rate of lesion growth was calculated
by subtracting the lesion volume at a given time point from the
subsequent measurement (Figure 3). There was a significant
effect of hyperglycemia on lesion growth between 0 to 1 hour
in both WKY and ffSHRSP groups. After this, hourly lesion
growth was similar in normo- and hyperglycemic groups in both
WKY and ffSHRSP rats. Thus, the detrimental impact of hypergly-
cemia was rapid, occurring predominantly in the first hour after
MCAO in the presence or absence of features of metabolic
syndrome.

Infarct Volume
Infarct volume was significantly larger in hyperglycemic than in
normoglycemic WKY rats (Figure 4). The most pronounced
differences were observed in sections at the rostral and caudal
poles of the infarct (Figure 4). Infarct volume in hyperglycemic
ffSHRSP rats was not increased compared with normoglycemic
controls (Figure 4), the rostro–caudal distribution of the lesion
being similar in both groups (Figure 4). Thus, hyperglycemia in the
early period after MCAO exacerbated infarct size at 24 hours only
in rats lacking features of metabolic syndrome.

Immunostaining for Markers of Oxidative stress
Compared with the contralateral hemisphere, 4-HNE immunor-
eactivity was higher in ischemically damaged tissue being present
in neurons and axons in both gray and white matter (Figure 5).
Volumetric analysis of the tissue containing increased 4-HNE
immunopositivity mirrored the group differences observed for
infarct volume and therefore for each animal, the data were
expressed as a % of infarct volume (Figure 5). In hyperglycemic
WKY rats, 4-HNE staining occupied 18% more of the infarct than in

the normoglycemic animals, a modest but statistically significant
increase (Figure 5). In ffSHRSP rats, ischemic tissue had more
intense 4-HNE staining than the contralateral hemisphere.
Although there was a trend towards the same direction of change
as in the WKY rats, there was no statistical difference between
normo- and hyperglycemic groups in the proportion of infarcted
tissue occupied by this lipid peroxidation marker in ffSHRSP rats.
This part of the study may have been underpowered. Nitrotyrosine
immunoreactivity was more intense in ischemically damaged
tissue compared with contralateral tissue, but this was less striking
than the hemispheric difference observed with 4-HNE staining.
The proportion of infarcted tissue occupied by nitrotyrosine
staining was similar in both normo- and hyperglycemic groups in
both WKY and ffSHRSP rats (Figure 6). Taken together with the
4-HNE data, the data indicate only limited evidence for increased
oxidative/nitrative stress associated with acute hyperglycemia.

DISCUSSION
The data reported here demonstrate that hyperglycemia at the
time of MCA occlusion significantly increases lesion growth in the
immediate postocclusion phase. The levels of blood glucose
observed were consistent with those previously reported in stroke
patients.1,22 The clinical significance of our observations is that the
earlier glucose-lowering therapies are initiated in hyperglycemic
stroke patients the greater the benefit is likely to be. Conversely,
such therapies may be futile in patients who do not have an
evolving lesion and this may have contributed to the lack of
clinical benefit reported in trials of insulin treatment.7,8 Previous
studies of hyperglycemia in animal models of stroke, while useful
in establishing the principle that elevated blood glucose
exacerbates brain damage, did not use models that reproduce
features of typical human poststroke hyperglycemia; the majority
used models of type 1 diabetes and/or very high concentrations of
blood glucose (16 to 30 mmol/L).19 The current study examined
levels of hyperglycemia, which are typically encountered clinically
in acute stroke patients and also assessed its impact in the context

Figure 4. Infarct volume 24 hours after middle cerebral artery occlusion (MCAO) in Wistar-Kyoto (WKY) (A) and fructose-fed spontaneously
hypertensive stroke-prone (ffSHRSP) rats (B). Data points indicate individual rats and the horizontal bar represents the mean. Hyperglycemia
increased the volume of infarction in WKY (*Po0.001 glucose compared with vehicle administration) but not ffSHRSP rats. The rostro–caudal
profile of the infarct is shown for WKY (C) and ffSHRSP (D). Infarct area was measured at eight coronal planes; the first and last points on the
x-axis are extrapolated for calculation of volume. Differences in the amount of ischemic damage between glucose and vehicle-treated WKY
rats are most evident at the rostral and caudal poles of the lesion (C). Data presented as mean±s.d.
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of stroke comorbidities. The detrimental effect of hyperglycemia
was pronounced as early as 1 hour after MCAO and persisted over
the subsequent 3 hours, which is consistent with data from a
previous diffusion-weighted magnetic resonance imaging study of
permanent MCAO in rats, although in the presence of substantially
higher levels of blood glucose (B25mmol/L) than those modeled
in the present study (B12 mmol/L).17 Our data further
demonstrate that clinically relevant levels of hyperglycemia
accelerate early lesion growth in both the absence and presence
of features associated with metabolic syndrome. Apparent
diffusion coefficient lesions in ffSHRSP rats were larger than
those in WKY groups regardless of glycemic status and this is likely
attributable to the known differences between SHRSP and WKY
strains.35 We have previously reported larger ADC lesions in SHRSP
rats (not fructose fed) compared with WKY over the first 4 hours
after intraluminal filament occlusion of the middle cerebral
artery.32 A potential explanation for a lesser effect of
hyperglycemia in ffSHRSP rats is that hypertension and poor

collateral flow36 have prevailing roles in exacerbating the
evolution of damage. In ffSHRSP, there may have been less
penumbral tissue than in WKY rats and therefore the amount of
target tissue where hyperglycemia could exert its detrimental
effect was smaller. However, the primary aim of the study was to
determine if hyperglycemia had a detrimental effect on lesion
evolution in the absence and presence of comorbid features
associated with the metabolic syndrome and the data
demonstrate that this was the case.

Figure 5. 4-HNE immunoreactivity at 24 hours after middle cerebral
artery occlusion. The intensity of 4-HNE immunopositivity was
greater in the ischemic (A) compared with the non-ischemic
(B) hemisphere in all rats examined. Images show 4-HNE immunor-
eactivity within the infarct (A) and in the equivalent area of the
contralateral hemisphere (B). The volume of tissue containing 4-HNE
immunoreactivity was determined using the method used to
calculate infarct volume over eight matching coronal planes. Group
differences in the volume of 4-HNE immunostaining simply mirrored
those observed for infarct volume and therefore data were
expressed as % of infarct volume in Wistar-Kyoto (WKY) (C) and
fructose-fed spontaneously hypertensive stroke-prone (ffSHRSP) (D)
rats administered vehicle or glucose. *Po0.001 glucose compared
with vehicle. Data points represent individual rats and the horizontal
bar represents the mean.

Figure 6. Nitrotyrosine immunoreactivity at 24 hours after middle
cerebral artery occlusion. The intensity of nitrotyrosine immunor-
eactivity was greater in the ischemic (A) compared with the non-
ischemic (B) hemisphere in all rats examined. Nitrotyrosine
immunoreactivity was present in cell bodies in gray and white
matter within the infarct. Because of limited tissue availability,
compared with that available for histology and 4-HNE immunostain-
ing, nitrotyrosine immunohistochemistry was performed at four of
the eight coronal levels used to measure infarct and 4-HNE
immunostaining and is therefore presented as area measurements
at each of the four planes. These correspond to the two most rostral
and caudal levels indicated in Figures 4C,B. Areas of nitrotyrosine
immunostaining were expressed as a % of infarct area at the
corresponding coronal plane in Wistar-Kyoto (WKY) (C) and
fructose-fed spontaneously hypertensive stroke-prone (ffSHRSP)
(D) rats administered vehicle (white bars) or glucose (black bars).
Data presented as mean±s.d.
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Infarct volume 24 hours post MCAO was increased by hypergly-
cemia only in animals lacking features of metabolic syndrome.
This is consistent with a systematic review of patient data, which
reported that for stress hyperglycemia, relative risks of mortality
and poor functional outcome were increased after stroke in
non-diabetic patients, but not in those with a diagnosis of
diabetes.37 This clinical observation may therefore reflect
the pathophysiological effects of hyperglycemia we have
demonstrated in ffSHRSP rats. An issue to be considered when
assessing factors that have detrimental effects on infarct size in
rodent models of stroke is the potential for a ‘ceiling effect.’ If
damage is near maximal in the baseline state, it will be difficult to
detect an increase induced by additional pathophysiology. To
allow for an adverse effect of hyperglycemia on infarct size to be
detected, we purposefully chose to use a distal MCAO model,
which produces smaller lesions than those created by intraluminal
filament placement. Even so, infarcts in normoglycemic ffSHRSP
rats were anatomically extensive; hence the ceiling effect is a
possible reason why hyperglycemia had minimal impact on infarct
volume. This should be taken into account when interpreting the
finding that hyperglycemia did not increase infarct size in ffSHRSP
rats. It will be important in future preclinical studies to determine
if glucose-lowering therapies administered in the acute phase
are beneficial both in terms of infarct evolution and func-
tional outcome in rats with and without co-morbidities such as
hypertension and insulin resistance. Moreover, it will be important
to examine the therapeutic window in such studies. The current
study measured blood glucose only for the first 4 hours after
MCAO but poststroke hyperglycemia in patients has been re-
ported up to 48 hours22 after onset so the persistently elevated
levels over the subsequent period may contribute to the
resolution of the final infarct size.

The primary endpoints in this study were ADC lesion growth
and infarct size; however, the method used for the latter also
presented a limited opportunity to examine sections by
immunohistochemistry for markers of oxidative and nitrative
stress. The rationale for this was based on evidence from studies
of chronic, rather than acute, hyperglycemia implicating exces-
sive release of superoxide from mitochondria, in complications,
including neuropathy, associated with diabetes.30,38 In addition,
oxidative stress due to activation of nicotinamide adenine
dinucleotide phosphate-oxidase has been implicated in the
exacerbation of ischemia/reperfusion injury.39 Our assumption
was that the presence of markers indicating free radical-
mediated damage in the tissue at 24 hours after MCAO would
reflect events that had previously taken place within the evolving
lesion while tissue was at risk. However, since the tissue
examined was already infarcted, we cannot exclude the possi-
bility that any such processes could have occurred secondary to
irreversible damage. In hyperglycemic WKY rats, 4-HNE staining
occupied 18% more of the infarcted tissue volume than in
normoglycemic animals, a modest but statistically significant
difference. However, this was not accompanied by an increase
in the amount of damaged tissue containing nitrotyrosine
immunoreactivity. Moreover, the extent of both 4-HNE and
nitrotyrosine staining within the infarct was not different
between normo- and hyperglycemic ffSHRSP rats. These data
do not provide convincing evidence in support of a role for
oxidative stress in the detrimental effects of hyperglycemia
during the evolution of focal ischemic damage, though as our
approach was limited more detailed and sensitive analyses at
earlier time points after MCAO are necessary to elucidate this
potential mechanism further. One further consideration is the
existing level of oxidative stress in SHRSP rat brain,40 which may
have precluded detection of additional damage consequent to
ischemia and hyperglycemia. Additional studies are required to
ascertain the mechanisms by which hyperglycemia impacts on
ischemic lesion growth.

In summary, our data demonstrate that hyperglycemia has a
significant detrimental effect on the evolution of ischemic brain
damage in the immediate postocclusion period both in the
absence and presence of comorbidities associated with metabolic
syndrome. In the GIST-UK trial, which failed to show a clinical
benefit of insulin treatment in hyperglycemic stroke patients, the
median time for treatment was 13 hours and of the 933 patients
recruited, only 8 received insulin treatment within 3 hours of
onset.7 Inclusion of patients who did not have penumbral tissue
on which hyperglycemia could exert its effects may therefore have
reduced the ability to detect its impact on outcome, in addition to
exposing many patients to the potential risk of hypoglycemia
when they were unlikely to benefit. Future clinical trials should
begin glycemic control regimes as early as possible in patients
with hyperglycemia and ensure balance of patients with and
without underlying metabolic syndrome between treatment arms.
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