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Abstract

It is a clinically well-established fact that patients with diabetes have very poor stroke outcomes. Yet, the underlying mechanisms
remain largely unknown. Our previous studies showed that male diabetic animals show greater hemorrhagic transformation (HT),
profound loss of cerebral vasculature in the recovery period, and poor sensorimotor and cognitive outcomes after ischemic stroke. This
study aimed to determine the impact of iron chelation with deferoxamine (DFX) on (1) cerebral vascularization patterns and (2)
functional outcomes after stroke in control and diabetic rats. After 8 weeks of type 2 diabetes induced by a combination of high-fat diet
and low-dose streptozotocin, male control and diabetic animals were subjected to thromboembolic middle cerebral artery occlusion
(MCAO) and randomized to vehicle, DFX, or tPA/DFX and followed for 14 days with behavioral tests. Vascular indices (vascular
volume and surface area), neurovascular remodeling (AQP4 polarity), and microglia activation were measured. Brain microvascular
endothelial cells (BMVEC) from control and diabetic animals were evaluated for the impact of DFX on ferroptotic cell death. DFX
treatment prevented vasoregression and microglia activation while improving AQP4 polarity as well as blood-brain barrier permeability
by day 14 in diabetic rats. These pathological changes were associated with improvement of functional outcomes. In control rats, DFX
did not have an effect. Iron increased markers of ferroptosis and lipid reactive oxygen species (ROS) to a greater extent in BMVECs
from diabetic animals, and this was prevented by DFX. These results strongly suggest that (1) HT impacts post-stroke vascularization
patterns and recovery responses in diabetes, (2) treatment of bleeding with iron chelation has differential effects on outcomes in
comorbid disease conditions, and (3) iron chelation and possibly inhibition of ferroptosis may provide a novel disease-modifying
therapeutic strategy in the prevention of post-stroke cognitive impairment in diabetes.

Keywords Diabetes - Stroke - Hemorrhagic transformation - Iron chelation - Vascularization - Ferroptosis - Post-stroke cognitive
impairment

Yasir Abdul and Weiguo Li contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12975-020-00844-7) contains supplementary
material, which is available to authorized users.

>4 Adviye Ergul 3 Department of Pharmaceutical Sciences, College of Pharmacy,
ergul @musc.edu Larkin University, Miami, FL, USA
! Ralph H. Johnson VA Medical Center, Charleston, SC, USA 6 Department of Neuroscience and Regenerative Medicine, Medical

Department of Pathology and Laboratory Sciences, Medical College of Georgia, Augusta, GA, USA

University of South Carolina, 171 Ashley Ave. MSC 908,
Charleston, SC 29425, USA Program in Clinical and Experimental Therapeutics, University of

Georgia College of Pharmacy, Augusta, GA, USA
Department of Medicine, Massachusetts General Hospital,

Boston, MA, USA 8 Charlie Norwood Veterans Affairs Medical Center, Augusta, GA,
4 School of Medicine, Mercer University, Savannah, GA, USA USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12975-020-00844-7&domain=pdf
http://orcid.org/0000-0003-0873-6015
https://doi.org/10.1007/s12975-020-00844-7
mailto:ergul@musc.edu

616

Transl. Stroke Res. (2021) 12:615-630

Introduction

Individuals with diabetes not only are at a two- to sixfold-
higher risk for having acute ischemic stroke but also suffer
from unfavorable functional outcomes and poor recovery
after ischemic brain injury for reasons that are not
completely understood [1, 2]. Secondary bleeding into
the brain known as hemorrhagic transformation (HT) oc-
curs more commonly in diabetes, especially with the use
of tissue plasminogen activator (tPA), the only pharmaco-
logical therapy for ischemic stroke [3-5]. The role and
mechanisms by which increased HT contributes to poor
recovery in diabetes are unknown. In general, space-occu-
pying, also referred to as symptomatic, bleeding into the
brain is believed to worsen outcomes by displacing the
brain tissue whereas asymptomatic petechial hemorrhage
is considered benign in acute ischemic stroke patients [6,
7]. However, evidence suggests increased odds of poor
outcomes in asymptomatic HT as well [8]. In light of
the growing evidence that iron accumulation in the brain
parenchyma contributes to the pathophysiology of intrace-
rebral hemorrhage (ICH) as well as neurodegenerative dis-
eases including Parkinson’s disease (PD) and Alzheimer’s
disease (AD) [9-11], the first goal of the current study
was to determine the impact of iron chelation on ischemic
stroke recovery in control and diabetic rats. The working
hypotheses were that excess iron resulting from greater
HT in diabetes worsens recovery and iron chelation with
deferoxamine (DFX) after thromboembolic stroke, treated
with or without tPA, will improve long-term sensorimotor
and cognitive function in diabetic rats.

Stroke research on solely neuroprotection strategies has
failed clinically, leading to support for the development of
the neurovascular unit concept, which emphasizes the in-
terdependence of brain cells and blood vessels for proper
brain function [12, 13]. It is likely that the vasculature
where the ischemic insult starts has to be closely studied
for the development of successful therapeutics for acute
protection as well as chronic restoration. We have shown
that diabetes promotes excessive pathological neovascular-
ization in the brain [14, 15] and an ischemic injury lay-
ered on this pathology causes greater HT and vascular
rarefaction that is associated with poor recovery [2,
16-18]. Accordingly, the second goal of this study was
to determine the impact of iron chelation on cerebral vas-
cularization after stroke in control and diabetic rats. The
working hypothesis was that DFX treatment will prevent
cerebral vasoregression and neurovascular remodeling after
stroke in diabetes and this will be associated with im-
proved functional outcomes. In addition, in vitro studies
will investigate iron-induced ferroptotic endothelial cell
death as the underlying mechanism of vasoregression after
stroke in diabetic conditions.
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Research Design and Methods
Study Design and Animal Groups

All ischemic stroke experiments were performed on male
Wistar rats procured from Envigo, Indianapolis, IN. Control
rats (10 to 12 weeks old) were procured 14 days prior to stroke
surgery. For the diabetic arm, animals were procured at
4 weeks of age and diabetes was induced and monitored as
described below. All the animals were within the 12- to 14-
week age range at the time of stroke surgery. In vivo studies
were conducted at the Augusta University in Augusta, GA,
before the investigators relocated to the Medical University of
South Carolina in Charleston, SC. The animals were housed at
the Augusta University animal care facility that is approved by
the American Association for Accreditation of Laboratory
Animal Care. All protocols were approved by the institutional
animal care and use committee. This study was conduct-
ed in accordance with the National Institutes of Health
guidelines for the care and use of animals in research,
and adhered to the current RIGOR guidelines for the
translational research [19]. The animals were randomly
selected (in a block size of 2 rats per cage) for the
embolic MCAO with or without tPA or DFX treatment.
All behavioral testing and data analyses were conducted
in a blinded manner. The animals were fed standard rat
chow or high-fat diet (45% fat content) for the control
and diabetic groups, respectively, were given tap water
ad libitum, and were maintained at 12 h light/dark cycle
(6 am./6 p.m.). Study design, number of animals that
entered and finished the study, mortality rate, and end-
points measured are illustrated in Fig. 1. Details of pro-
cedures are described below.

Induction of Diabetes

Animals were procured at 4 weeks of age and were immedi-
ately put on a high-fat diet (45% fat; Research Diets, New
Brunswick, NJ). A low dose of streptozotocin (35 mg/kg body
weight; STZ; Cayman Chemicals, Ann Arbor, MI) was
injected intraperitoneally at 6 weeks of age. If blood glucose
was not above 150 mg/dL 5 days post-injection, a second
small dose (20 mg/kg) was administered. The animals were
monitored for another 7-8 weeks. Blood glucose levels were
measured before noon twice a week from tail vein samples
using a commercially available glucometer (Freestyle, Abbott
Diabetes Care, Inc.; Alameda, CA). Control rats were main-
tained on regular chow. Blood glucose levels significantly
increased within 3 days of STZ injection in the diabetic group
and remained significantly elevated compared to those of the
control animals (Table 1). In the first 5 days of the post-
operative period, blood glucose and body weight were moni-
tored daily.
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Fig. 1 Schematic timeline and
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Thromboembolic Stroke Surgery

The method of clot preparation was adapted from earlier re-
ports and modified to increase clot stability as we reported [2].
Briefly, arterial blood from a donor rat was supplemented with
human fibrinogen (2 mg/mL) and immediately withdrawn in-
to 20 cm of polyethylene (PE)-50 tubing to clot at room tem-
perature for 6 h and subsequently kept at 4 °C for 18 h. The
PE-50 tube containing the clot was cut into 5-cm-long pieces.
The clots were then transferred to a Petri dish containing ster-
ilized saline and left for further retraction at room temperature
for 4 h. A single 4+0.5-cm-long clot was transferred to a
PTFE Sub-Lite catheter (Braintree Scientific Inc., Braintree,
MA) for surgery.

Male rats were randomly assigned in a block size of 2 rats
per cage to 6 different groups: control vehicle, control + DFX,
control + tPA/DFX, diabetes vehicle, diabetes + DFX, and
diabetes + tPA/DFX. The animals were anesthetized with
5% isoflurane and maintained with 2.0% isoflurane in 70%
N, and 30% O, using a face mask. The PTFE Sub-Lite cath-
eter containing the clot was inserted up to the origin of MCA
through the stump of external carotid artery (ECA), and the
clot was gently injected with 100 pL of the sterile saline. The
catheter was removed immediately after embolization. Laser

Doppler imaging with a scanning system (PIM3, Perimed,
North Royalton, OH) was used to confirm a successful occlu-
sion and ensure similar levels of cerebral blood flow (CBF)
reduction in all groups 10 min after emboli insertion. DFX
(100 mg/kg, ip) or vehicle was given every 12 h for 7 days
starting 3 h after the surgery. Our pilot studies showed that HT
starts by 2 h after reperfusion. In the tPA groups, the animals
received 1 mg/kg tPA (Cathflo Activase (Alteplase),
Genentech) intravenously infused over 20 min through the
femoral vein starting 90 min after cerebral ischemia induction.

Assessment of Neurological Deficits

Neurobehavioral tests were recorded and scored in a blinded
fashion as described before [2, 20]. The animals were handled
for 5—7 days prior to surgery in rooms where the tests were to
be carried out. Tests included Bederson score, beam walk,
adhesive removal test (ART), and Novel Object Recognition
(NOR) before and after stroke at days 3, 7, and 14. Mortality
occurred on days 1-3. The scores of these animals were not
included in the analyses.

The Bederson score for each rat was obtained by using 4
parameters which include (a) observation of spontaneous ip-
silateral circling (2 for no circling, 1 for partial circling, and 0

Table 1 Metabolic parameters at the time of MCAO
Control (C) C + DFX C + tPA/DFX Diabetes (D) n=12 D + DFX D + tPA/DFX
n=12 n=12 n==6 n=12 n==6
Body weight (BW, g) 389.0 £ 9.6 323.1 £4.7* 349.7 + 4.7 3292 +£243 3435 +93 387.5 £ 18.1
Blood glucose (BG, mg/dL) 75.9 +£3.7 83+ 1.6 71.7+1.2 3223 £ 258" 291.8 £ 16.03" 3373 +£33.3"

*p <0.05 vs C vehicle; "p <0.001 vs C
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for continuous circling), (b) contralateral hind limb and (c)
forelimb retraction which measures the ability of the animal
to replace the limb after it is displaced laterally by 2 to 3 cm (2
for immediate replacement, 1 for replacement after minutes,
and 0 for no replacement), and (d) resistance to push (1 or 0,
depending on whether the animal is able to resist pushing or
not). A maximum score of 7 was allotted to a normal rat.
Beam walking ability was graded based on a 7-point scale
method [21]. The composite neurological score was reported
as the sum of the Bederson score and the beam walking score
on a 1-14 scale. ART was carried out as previously described
with modification [2]. Contact and removal latency of the
adhesive paper dot was recorded. For each day, the average
was taken from 3 trials with a maximum removal latency of
180 s per trial.

Cognition was measured through the NOR task [14, 20].
The animals were habituated to the test apparatus for 4 days
prior to baseline testing for 10 min. On the day of testing, the
animal had 3 phases: acclimation, familiarization, and novel.
The acclimation phase allowed the animal to habituate to the
box each day without any objects present for 5 min. During
the familiarization phase, or A/A session, the animals were
allowed to explore two identical objects for 5 min. The rats
were placed back into their home cages for a 60-min delay,
followed by a 5-min novel phase (A/B session) in which the
familiar object from the A/A session was paired with a novel
object. Objects were placed equidistant from the walls, with
20 cm between the two objects. The rats were placed in the
center of the box for each session. Between each phase, ob-
jects and the testing apparatus were cleaned with 20% ethanol.
The time spent exploring each object was recorded. The rec-
ognition index (RI; total time (s) spent exploring the novel
object (T) divided by the total time spent exploring both
novel and familiar (7%) objects: RI = T\/(Tx + Tf)) and dis-
crimination index 2 (D2 = (T — Tp)/(T\ + Tf)) were calculat-
ed. The NOR test was administered at baseline and day 14
after stroke surgery. The following inclusion criteria were
used: RI must be between 0.40 and 0.60 in the A/A session
and the animals must explore objects a minimum of 30 s with-
in the 5-min trial.

Assessment of Vascularization

To visualize cerebral vessels, the rats were injected with
500 puL of 50 mg/mL FITC-dextran (MW, 2,000,000;
Sigma-Aldrich, St. Louis, MO) under anesthesia using
isoflurane via the jugular vein before euthanasia as we
previously reported [14, 15, 22]. FITC was perfused
throughout the animal for a minimum of 10 min. Prior
to sacrifice, plasma was obtained for metabolic analysis.
Brains were stored in 4% paraformaldehyde for 24-48 h
followed by 30% sucrose in PBS. Brains were sectioned
using a cryostat, and confocal images were obtained by
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a Zeiss 760 confocal microscope using 100-pum sections.
Specifically, Z-stacked images were obtained from re-
gions of interest in the cortex and striatum (bregma —
1 to +1). This region was chosen because of proximity
to the MCA and its branches that supply the frontal
motor cortex, and this is the region where we have
previously found hemorrhage in diabetic animals [14,
15, 22]. Images from 3 regions of interest in the ipsi-
lateral cortical and striatal areas in three different sec-
tions were captured. The mean value from these images
was calculated, and each animal had a total of nine
unique images analyzed from the cerebrovasculature.
The Z-stack referenced an image size of 1.984 um,
512 x 512 pixels, and %20 magnification. Raw images
were then imported into Volocity 6.0 (Improvision,
Lexington, MA) where they were 3D reconstructed to
determine the surface area and vascular volume. Percent
vascular volume references the vascular volume ratio in
comparison to total volume. Surface area represented the
absolute surface area of the total vasculature. Branch
density was calculated with FIJI by creating a binary
image, skeletonizing this image, and averaging the num-
ber of branches over the longest/shortest path multiplied
by 100%. For each image, 810 measurements were
averaged after being sorted by longest/shortest path.
Identical threshold parameters were used across all the
sections.

Assessment of BBB Permeability

Immunohistochemistry for IgG with the Vectastain ABC kit
(Vector Laboratories, Burlingame, CA) on 20-um sections
was used to measure BBB permeability [23]. For each rat,
three 20-pum sections that were 200 wm apart were averaged
together. Briefly, free-floating sections had exogenous perox-
idases quenched with 3% H,0, in methanol for 3 min. After
blocking for an hour, the primary IgG antibody in blocking
solution (1:250; BD Bioscience 559073) was incubated over-
night at 4 °C. Sections were rocked at room temperature for
30 min the next day. After 3 washes, sections were incubated
in the biotinylated secondary antibody provided in the
Vectastain ABC kit for 1 h. DAB was used as the peroxidase
substrate solution. For each animal, three sections were
stained and imaged with a x 20 objective using a Zeiss
Axioplan 2 Imaging (Carl Zeiss Micro-imaging,
Thornwood, NY). MetaMorph Image Analysis Software
(Molecular Devices, LLC; San Jose, CA) was used to analyze
staining intensity in three ROIs in the cortex and striatum by
determining the percent threshold area. Identical threshold
parameters were used across all sections. Threshold was aver-
aged for each animal ipsilaterally. Results were expressed as
IgG threshold.
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Assessment of Neurovascular Remodeling

Free-floating 20-um cryostat sections were incubated with
aquaporin-4 (AQP4) (1:250; Santa Cruz sc-32739) anti-
body at 4 °C overnight to examine AQP4 polarity as an
index of neurovascular remodeling [23]. Following the
primary incubation, sections were incubated with a
fluorescent-conjugated secondary antibody (1:1000;
Thermofisher) for 1 h at room temperature. Z-stacked im-
ages were captured for AQP4 and FITC-filled vessels for
10 slices. These images were then used to measure unpo-
larized AQP4 using Fiji software. The histogram was an-
alyzed and final quantification was calculated by reporting

the number of pixels at the 255-value over total number

#of pixels at 255 )*100
#of pixels at 0)+(#of pixels at 255) :

of pixels on the image: ((

Assessment of Microglia Morphology

Ibal (1:500; Wako 019-19741) was used to measure reactive
microglia/macrophages in the cortex and striatum as we de-
scribed [23]. Microglia were imaged at % 20 and x 60 magni-
fication using Cytation software. Five representative microg-
lia were isolated from each image in the cortex and striatum
and converted to binary followed by skeletonization using Fiji
software. The AnalyzeSkeleton plugin was used to analyze
the number of microglia process endpoints/cell and summed
microglia process length/cell. All data that had 2 or fewer
endpoints were discarded, and the sum of all endpoints was
used for the number of microglia process endpoints/cell. To
determine the summed microglia process length/cell, the sum
of all branch lengths was used after branch lengths less than
0.1 were removed. Fiji was also used to measure cell swelling
and number of protrusions per cell. Cell swelling was mea-
sured using the freehand selection tool to draw around the cell
soma. A blinded investigator counted the number of protru-
sions from the soma of each microglia.

To evaluate the activation status of microglia, 20-pum sec-
tions corresponding to the start, middle, and end of the brain
region (— 1 to + 1 bregma as in vascularization studies) were
processed with antibodies at 1:100 dilution for Ibal
(FUJIFILM Wako Pure Chemical Corporation, 019-19741)
as well as proinflammatory markers including TNFo (Novus
Biologicals; cat no: NBP2-34539) and CD16/32 (BD
Biosciences, 553142) and anti-inflammatory marker
Arginase 1 (Proteintech Group Inc., 6612911G). Slides were
imaged with a x 20 objective using an Olympus IX73 micro-
scope (Olympus Corporation, Japan).

Assessment of Hippocampal Neuronal Death

Identical threshold parameters were used across all the sec-
tions for all the following measurements. Cryostat sections

20 pm in thickness (100 um apart, 3 sections/rat) were incu-
bated in NeuN (1:500; Abcam) antibody at 4 °C overnight.
This was followed by incubation with a fluorescent conjugat-
ed (1:1000; Thermofisher Alexa Fluor 647) for 1 h at room
temperature. The number of NeuN-positive neurons in the
entire CA1 or DG was counted in a x 20 objective area using
the multi-point tool in Fiji by a blinded investigator.

Brain Microvascular Endothelial Cell Culture and
Treatments

Experiments were performed using brain microvascular endo-
thelial cells (BMVECS) isolated from normal Wistar and type
2 diabetic Goto-Kakizaki (GK) rats as reported previously
[14, 16]. Both Wistar and GK cells were grown in endothelial
growth media (VEC Technologies, Rensselaer, NY, USA)
and plated on flasks coated with 0.1% gelatin. Cells were
grown to 80-90% confluency and passages 5-8 were used
in current experiments. Cells were serum starved in
Dulbecco’s modified Eagle’s medium (DMEM) for 2 h and
incubated with/without iron(IIl) sulfate (0.1 mM; Sigma-
Aldrich) or DFX (100 uM; Sigma-Aldrich) or combination
of both for 6 h in 2% FBS containing DMEM. Cell lysates
were collected and prepared for Western blot analysis, lipid
peroxidation measurements, total glutathione measurements,
and immunofluorescence measurement.

Cell Viability Assay

Cell viability was measured by RealTime Glo-MT Viability
Assay kit (Promega, USA). Briefly, BMVECs were grown to
80-90% confluency in a 96-well plate. Media was replaced
with low FBS (2% FBS) containing DMEM and allowed to
stabilize for 4 h. Reagents in the kit were prepared according
to the manufacturer’s instructions. MT cell viability assay
substrate and NanoLuc enzyme were diluted with test com-
pounds (iron(IIl) sulfate, DFX or combination of both) in
media, and cells were treated for 48 h. Luminescence was
measured every 2 h up to 48 h after treatment. Relative lumi-
nescence unit (RLU) was plotted against time in hours.

Western Blot Analysis

Cell lysates of BMVECs were assessed for ferroptosis
markers. Briefly, equivalent amounts of cell lysates of
BMVECs (15 pg protein/lane) were loaded onto 10% SDS-
PAGE, proteins separated, and proteins transferred to nitrocel-
lulose membranes. The membranes were blocked with 5%
bovine serum albumin followed by incubation overnight at
4 °C with primary antibody anti-ferritin heavy chain
(ab65080, Abcam), anti-ferritin light chain (ab69090,
Abcam), anti-ACSL4 (acyl-CoA synthetase long-chain family
member 4) (PA5-27137, Invitrogen), and anti-IREB2 (iron
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responsive element binding protein 2) (ab181153, Abcam) at
1:1000 dilution or anti-(3-actin (A2854, Sigma) at 1:3000 di-
lution. After washing, the membranes were incubated for 1 h
at 20 °C with appropriate secondary antibodies (horseradish
peroxidase [HRP]-conjugated; dilution 1:3000). Pre-stained
molecular weight markers were run in parallel to identify the
molecular weight of proteins of interest. For chemilumines-
cent detection, the membranes were treated with enhanced
chemiluminescent reagent and the signals were monitored
on FluorChem-E Imager (Protein Simple, San Jose, CA).
Relative band intensity was determined by densitometry soft-
ware and normalized with [3-actin protein.

Immunofluorescence

Paraformaldehyde-fixed frozen brain sections or BMVECs
grown on slides were subsequently washed with TBS follow-
ed by treatment with 0.2% Triton X-100 for 3 min. After
washing, samples were blocked by 5% BSA for 1 h at room
temperature. Slides were then incubated with primary antibod-
ies like anti-IREB2 (iron responsive element binding protein
2) (ab181153, Abcam), anti-4 hydroxynonenal (anti-4HNE)
(ab46545, Abcam), anti-TLR4 (toll-like receptor 4) (ab22048,
Abcam), and anti-citrate synthase (14309, Cell Signaling) at a
1:100 dilution in 0.2% BSA at 4 °C overnight. Cells were
washed and incubated with AlexaFlour 488 conjugated sec-
ondary antibody (Jackson Immuno Research Laboratories,
Inc., West Grove, PA) at a 1:400 dilution at room temperature
for 1 h. Negative control slides were incubated with 0.2%
BSA in place of the primary antibody. Slides were imaged
on an Axiovert 200 microscope (Carl Zeiss Microlmaging,
Thornwood, NY).

Lipid Peroxidation (MDA) Assay

Cell lysates collected after the respective treatments were used
to measure the MDA formation by TBARS assay kit
(#10009055, Cayman Chemicals) following the manufac-
turer’s instruction. Results are normalized with the total pro-
tein in the cell lysate and expressed as micromolars MDA/
milligram protein.

Glutathione Assay

Cell lysates were collected after the respective treat-
ments were used to measure the total glutathione using
a glutathione assay kit (#703002, Cayman Chemicals)
following the manufacturer’s instruction. Results are
normalized with the total protein in the cell lysate and
expressed as total GSH/milligram protein.
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Data Analysis

Power analysis was made at alpha=0.05. Based on the hemo-
globin index data for HT in our past studies (control 1.5 +3.0 and
diabetic 13 +4.0, mean=+SD), a sample size of 8/group was
predicted to provide at least 85% power to detect the effect of
disease on bleeding and 40% extra were added due to the in-
creased mortality with diabetes (n = 12/group). Neurobehavioral
tests (Bederson’s and ART) were analyzed using a 2 day x 2
disease x 2 TRT (DFX vs. VEH or tPA/DFX) repeated-measures
ANOVA on day 3 and day 14 data. Cognition data (RI and D2)
were analyzed as change from baseline at day 14 using a 2
disease x 2 TRT (DFX vs. VEH or tPA/DFX) ANOVA.
Baseline data were compared for disease differences using a ¢
test. Vascularization, BBB permeability, neurovascular remodel-
ing, microglia morphology, and neuronal death were analyzed
using a 2 disease x 2 TRT (DFX vs. VEH) ANOVA. Area under
the curve of cell viability from 0 to 48 h and data from BMVEC
cell lysates were analyzed within Wistar or GK lines using a 2
DFX (yes vs. no) x 2 Iron (yes vs. no) ANOVA. A Tukey’s test
was used to determine differences for significant interactions for
all analyses. Significance was determined at a type I error rate of
5%. NCSS 2007 (NCSS, LLC, Kaysville, UT) was used to cal-
culate area under the curve for cell viability. SAS© 9.4 (SAS
Institute Inc., Cary, NC) was used for all analyses.

Results

Iron Chelation Improves Sensorimotor and Cognitive
Outcomes in Diabetic but Not in Control Rats:
Interaction with tPA

Ischemic injury induced by thromboembolic occlusion of MCA
resulted in greater mortality in diabetic rats which occurred in
days 1-3 (Fig. 1). Motor function measured by a composite score
indicated greater deficits in diabetic rats. While control rats
showed spontaneous recovery, deficits in diabetic rats remained
consistent. DFX treatment did not have an effect in the control
group whereas it improved motor deficits in diabetic animals
resulting in a treatment and disease interaction by days 3 and
14 (Fig. 2a). Fine sensorimotor skills measured by ART also
showed that the diabetic cohort suffers to a greater extent than
the controls. Interestingly, deficits remained greater in the DFX-
treated control rats compared to the vehicle group by day 14
whereas there was a steady decline in the diabetic animals (Fig.
2b). Cognitive function as measured by NOR (RI and d2)
showed differences at baseline. Data analyzed as change from
baseline showed no significant decline in the control group
whereas the diabetic vehicle group showed further decline and
DFX treatment prevented this by day 14 (Fig. 2c, d).

We next compared functional outcomes in control and di-
abetic animals treated with DFX or tPA plus DFX. There was
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Fig. 2 DFX improved functional outcomes in diabetic but not control
rats. Sensorimotor deficits were measured by composite score (a) and
ART (b). DFX improved the composite score in diabetic animals
starting at day 3. Interestingly, fine motor skills measured by ART
worsened by DFX treatment in the control group by day 14. ¢

no difference in composite scores among the four groups by
day 14 (Fig. 3a, b). For RI and d2, there was no difference for
cognitive decline among the groups indicating tPA neither
worsened nor improved DFX effects (Fig. 3c, d).

Deferoxamine Treatment Has a Differential Effect on
Cerebrovascularization in Control and Diabetic Rats

As we have shown previously, vehicle-treated diabetic rats had
lower vascular indices including vascular volume, surface area,
and branch density in the ipsilateral cortex as compared to the
control group (Fig. 4a—d). DFX treatment increased these indices
in diabetic rats while mediating a decrease in control animals
resulting in a significant disease by treatment interaction. We
obtained similar results in the ipsilateral striatum (Supplemental
Fig. 1A-C).

Deferoxamine Treatment Attenuates Post-Stroke
Neurovascular Remodeling in Diabetic Rats

Since cerebral vasculature is in close contact with astrocytes
within the neurovascular unit, we next measured AQP4 polarity
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Recognition index, a measure of working memory, was measured by
novel object recognition test. RI was lower in diabetic animals before
stroke and showed a further decline by day 14. DFX prevented this
response. Results are shown as scattered graphs with individual data
points and SEM

as an index of neurovascular remodeling. There was a significant
increase in unpolarized AQP4 in the diabetic group suggesting
that AQP4, typically located on astrocytic end feet, was
redistributed. There was a trend for an interaction (p =0.058)
such that DFX treatment prevented this in diabetic but not control
rats in the cortex (Fig. 5a). In the striatum, diabetes increased
remodeling but DFX had no effect (Fig. 5b).

Deferoxamine Treatment Attenuates Post-Stroke
Microglial Activation in Diabetic Rats

Given that microglia are the resident immune cells of the
brain, we assessed microglia morphology as increased cell
body size and/or decreased protrusions, endpoints, and branch
length indicate microglia activation. There was significantly
increased Ibal staining in the prefrontal cortex of diabetic
animals which was reduced by DFX (Fig. 6a). Cell body size
was increased in the diabetic groups with no treatment effect
(Fig. 6b). Number of protrusions was lower in samples from
diabetic rats, and DFX treatment had no effect in controls but
reversed this in diabetes resulting in an interaction (Fig. 6¢). A
similar effect was observed for branch length (Fig. 6¢) while it

@ Springer



622

Transl. Stroke Res. (2021) 12:615-630

Day p<0.0001
Disease p=0.8
TRT p=0.11

15= Interaction p=0.13
O ee | o)

Q

-
o
[l

5l

Composite score (0-14)

o Control DFX 0 Diabetes DFX
e Control tPA/DFX m  Diabetes tPA/DFX

(7]

O Control
o Diabetes

0.5+

(o]

o Disease p=0.44
TRT p=0.4
Interaction p=0.25

Recognition index
(Change from baseline)

DFX tPA/DFX DFX tPA/DFX
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Fig. 4 DFX has a differential
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Fig. 5 DFX prevents NVU Striatum

remodeling in the cortex of Cortex .

diabetic animals. Unpolarized a Control Diabetes b Control Diabetes

AQP4 was quantified as a
measure of NVU remodeling in
the cortex (a) and striatum (b).
Representative images of AQP4
staining with FITC-filled
vasculature are shown on the top
panels. Cumulative data show
that DFX prevents the disruption
in AQP4 polarity. Results are
shown as scattered graphs with
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was only a trend for number of endpoints (p = 0.068, Fig. 6d).
In the striatum, both control and diabetic animals showed
significant Ibal staining and DFX prevented this response.
In contrast to the cortex, DFX was able to increase the number
of microglia processes and branch length in both control and
diabetic animals (Supplemental Fig. 2). In a subset of samples,
the microglial phenotype was evaluated by immunohisto-
chemistry. Brain sections from diabetic animals showed great-
er staining for proinflammatory markers TNFo and CD16/32
that colocalized with Ibal. DFX treatment prevented the in-
crease in proinflammatory mediators in diabetes while pro-
moting an increase in anti-inflammatory arginase 1 especially
in control and animals (Supplemental Fig. 3).

Deferoxamine Treatment Reduces Diabetes-Mediated
Increase in BBB Permeability

IgG staining, a measure of increased permeability, was
greater in diabetic animals than in control rats and this
was more pronounced in the striatum than in the cortex
(Fig. 7a, b). DFX was effective in improving BBB in-
tegrity in the cortex in both groups, but in the striatum,
the effect was greater in diabetes.

Deferoxamine Treatment Attenuates Stroke-Induced
Remote Neuronal Damage in the Hippocampus in
Diabetes

The hippocampus is highly sensitive to ischemia, and even
remote injury can cause neuronal loss. The number of neurons
in the CA1l and DG region was significantly lower in the
diabetic animals as we have previously shown [20, 23].
Interestingly, DFX treatment increased neuronal loss in the
CAL region of control animals with no effect in diabetic
groups (Supplemental Fig. 4).

Deferoxamine Prevents Iron-Mediated Decrease in
Cell Viability and Lowers Ferroptosis Markers to a

Greater Extent in Brain Microvascular Endothelial

Cells Isolated from Diabetic Animals

We have previously reported that post-stroke cerebral
vasoregression is associated with endothelial cell death in
GK rats, a spontancous and lean model of type 2 diabetes
[15]. Ferroptosis is a recently discovered iron-dependent cell
death pathway and gaining increasing attention in neurode-
generative disorders [24, 25]. Thus, we evaluated two markers
of ferroptosis, IREB2 and citrate synthase (CS), by IHC in
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Fig. 6 DFX prevents microglia activation in the cortex after stroke to a
greater extent in diabetic animals. a Representative images of Ibal
staining in the cortex. Microglia morphology, summarized in panels b—
e, demonstrate that activated microglia phenotype with lower endpoints

post-stroke day 14 brain sections from control and diabetic
rats. There was greater staining for each protein in diabetic
animals, and this was prominent around the vasculature
(Supplemental Fig. 5).

BMVEC:s isolated from control Wistar and GK diabetic
rats were used to further evaluate the effect of iron on
ferroptosis in BMVECs. Ferroptosis which may contribute

Fig. 7 Stroke causes a greater
disruption of BBB integrity in the
striatum of diabetic animals.
Representative images of IgG
staining in the cortex (a) and
striatum (b) are given on top.
Cumulative data in the graphs
show that DFX treatment
prevented increased BBB
permeability in the diabetic
group. Results are shown as
scattered graphs with individual
data points and SEM
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to the greater vasoregression was observed in diabetic ani-
mals. Neither DFX alone nor iron alone had an effect in
Wistar cells but iron plus DFX-treated cells had lower
ACSLA levels (Fig. 8a). In GK cells, iron treatment signifi-
cantly increased ACSL4 protein, which was attenuated by
DFX. While IREB2 was not significantly increased (p =
0.13), DFX lowered it to control levels (Fig. 8b). Since
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ferroptosis is an oxidative form of regulated cell death featur-
ing glutathione (GSH) depletion and lipid peroxidation (Fig.
8c), we next measured GSH and lipid peroxidation (LPO).
Iron treatment lowered GSH only in the GK cells, and DFX
prevented this in iron- but not vehicle-treated cells (p = 0.029).
While we did not do a statistical comparison of Wistar versus
GK cells, baseline (control vehicle) LPO levels appeared to be
higher in GK cells. Iron increased LPO in both control Wistar
and diabetic GK cells. DFX prevented this effect only in iron-
treated GK cells. Furthermore, iron treatment increased 4-
hydroxynonenal (4-HNE), a product of lipid peroxidation, to
a greater extent in GK cells, and DFX prevented this effect
(Supplemental Fig. 6). Along with these changes in ferroptotic
pathway, iron treatment reduced cell viability (AUC, area un-
der the curve) significantly in GK cells. There was an interac-
tion such that DFX treatment prevented this decrease in iron
but not vehicle (control)-treated cells (Fig. 8). In Wistar cells,

Iron p=0.24 Iron p=0.23
IREB2 (Wistar) DFXp=0.96 ACSL4 (Wistar) DFXp=0.22
15 Interaction p=0.09 15 Interaction p=0.034
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15 DFX p=0.07 05

iron did not have an effect. Similar to GK cells, DFX treat-
ment improved viability only in iron-treated cells.

Discussion

Based upon our previous findings that (1) there is significant
loss of cerebrovasculature after stroke in diabetic animals and
(2) vasoregression correlates with the degree of vascular inju-
ry, i.e., presence of hemorrhagic transformation, and poor
functional outcomes, the objective of this study was to inves-
tigate the effect of free iron on long-term ischemic stroke
outcomes in a comorbid disease model. Our current novel
findings provide evidence that iron chelation with deferox-
amine started after ischemia/reperfusion injury induced by
thromboembolic stroke would prevent vascular drop out, im-
prove neurovascular integrity, and improve functional
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Fig. 8 DFX treatment improves survival of BMVECs isolated from
diabetic animals. BMVECs isolated from control (a) and diabetic GK
(b) rats were stimulated with iron in the absence and presence of DFX,
and markers of ferroptosis (depicted in bold in panel ¢) were measured.
Iron increased IREB2 and ACSL4 proteins as well as lipid peroxidation
(LPO) while causing a slight decrease in glutathione (GSH) in GK cells.

Time (Hours)

In control cells, only LPO was elevated. DFX prevented the increases in
these markers of ferroptosis in GK cells and improved viability.
Representative immunoblots of IREB2 and ACSL4 as well as 4HNE
IHC are given in Supplemental Fig. 5. Results are shown as mean and
SEM of n =4-6 per group
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outcomes in diabetic but not control animals. Furthermore,
in vitro studies suggest ferroptotic endothelial cell death con-
tributes to vascular loss that can be targeted by iron chelation.

Diabetes not only is a risk factor for occurrence [26, 27] but
also increases stroke-related mortality and rate of recurrent
stroke [28, 29]. It is estimated that more than 30% of patients
with stroke have diabetes and these patients suffer from a
greater risk of HT, an important complication of ischemic
stroke, as well as increased mortality and slower recovery
[30-33]. Clinical studies suggest that diabetes also contributes
to cognitive decline and dementia, which are amplified after
stroke, further compromising functional outcomes [34-36].
The underlying reasons contributing to poor outcomes in dia-
betes are far from understood. Proposed mechanisms so far
focused on the impact of acute injury including greater in-
farcts, rapid progression of infarction, increased edema, and
HT. With respect to HT, it is believed that space-occupying
symptomatic bleeding into the brain worsens stroke outcomes
by displacing the brain tissue whereas asymptomatic petechial
hemorrhage is nonthreatening [6, 7]. However, it is increas-
ingly recognized that blood products, especially iron, can be
detrimental and play an important role in neurodegenerative
diseases including PD and AD [10, 11, 37, 38]. ICH studies
also provided evidence that iron can be detrimental for repair
and restoration [9]. Collectively, it has been suggested that
iron chelation can improve outcomes in these diseases.
While the results of the phase 2 i-DEF trial failed to show
any potential beneficial effect of DFX in patients with ICH
based on 90-day modified Rankin scores to move forward to a
phase 3 trial, long-term cognitive outcomes remain unknown
[39]. As recently reviewed, a conservative iron chelation ther-
apy with DFX or deferiprone (DFP) is a viable and attractive
target in neurodegenerative diseases including post-stroke
cognitive impairment and HT [10, 37] but remains to be test-
ed. Given that there is greater HT in diabetes, we tested the
effect of DFX on post-stroke outcomes and the current study
provides novel information that when initiated after spontane-
ous or tPA-mediated reperfusion following thromboembolic
stroke in diabetic rats, DFX treatment improves sensorimotor
outcomes and prevents further deterioration of cognitive def-
icits. We used a thromboembolic model of stroke so we can
evaluate tPA interactions with iron chelation, which remains
to be the only pharmacological therapy for ischemic stroke.
This is important as recently demonstrated by the failure of
erythropoetin (EPO) in a clinical trial [40]. While single use of
EPO in suture occlusion models of stroke was protective, the
combination of EPO with tPA worsened the outcome in the
embolic model of stroke [40, 41]. In the current study, we did
not include a tPA-alone group as our goal was to assess the
interaction of tPA with DFX and as such compared only DFX
alone or tPA/DFX-treated control and diabetic animals. Our
data show that the combination treatment is equally effective
if not better in improving sensorimotor deficits, but working
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memory function appears to be worsened in the tPA/DFX
diabetic group. We acknowledge that this result may be due
to the small number of animals as a result of greater stroke
mortality in the diabetic group. However, a previous study
showed that tPA caused greater disruption of the BBB integ-
rity and failed to improve functional outcome in diabetic rats
[42]. The same study also reported that an amplified inflam-
matory response may contribute to the failed protective effects
of tPA treatment in this cohort [42]. Studies by us and others
showed that interventions that improve functional stroke out-
come including cognitive deficits in diabetic models are asso-
ciated with enhanced anti-inflammatory microglia phenotype
[43—45]. In this context, there is a need to further investigate
the neuroinflammatory response after DFEX/tPA treatment.

In this study, we focused on the effects of DFX treatment
on cerebral vascularization after stroke for several reasons.
First, the failure of all the neuroprotective strategies tested to
date led to the development of neurovascular niche for func-
tional recovery concept [46]. Angiogenesis is required for
neurogenesis and functional recovery to occur [46]. A seminal
study demonstrated that angiogenesis is required for
neuroblast migration from the subventricular zone, a key area
for endogenous neuronal progenitor cells, and inhibition of
angiogenesis worsens functional recovery [46]. Stimulation
of angiogenesis is being evaluated as a therapeutic modality
in stroke [47-49]. Second, we showed that in contrast to re-
parative angiogenesis in control animals, there is cerebrovas-
cular regression associated with poor recovery of motor and
cognitive functions after stroke in diabetes and the degree of
post-stroke vascular dropout correlates with the occurrence of
HT [15, 22]. Other studies also suggest impaired vascular
restoration after diabetic stroke [50, 51]. Type 2 diabetic mice
subjected to ischemia showed decreased number of
microvessels after stroke in the ischemic hemisphere.
Another study conducted with diabetic GK rats also showed
a reduced rate of angiogenesis 7 days after stroke [52].
However, the impact of HT and iron chelation on vasculari-
zation and neurovascular integrity remained unexplored. Our
current data show that vascularization indices such as vascular
volume, surface area, and branch density are lower in diabetic
animals than in control animals subjected to stroke as we have
previously reported [14, 22]. Interestingly, DFX restores these
indices to control levels in diabetic rats but causes a decrease
in control animals. In this study, we did not have a sham group
but our previous studies showed that typically control animals
show a reparative angiogenic response after stroke when
compared to sham animals and this vasoregression oc-
curs in the diabetic cohorts [15]. In this 14-day study,
we observed that fine sensorimotor skill deficits were
greater in DFX-treated control animals but whether
and to what extent this drop in the vascularization im-
pacts chronic outcomes especially post-stroke cognitive
impairment needs to be shown in longer-term studies.
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There is no doubt that cerebrovascular integrity and func-
tion are critical for brain health [12, 13] and neurovascular unit
is at the core of this concept. Given that astrocytes wrap
around blood vessels and provide critical communication be-
tween the vasculature and neurons, we measured AQP4 po-
larity as an index of NVU remodeling. Our results show that in
the diabetic group there is an increase in unpolarized AQP4
suggesting relocation of this protein from astrocytic end feet to
body only in the cortex, but not in striatum, and DFX has a
modest effect preventing this remodeling. BBB integrity in the
cortex is significantly compromised after stroke in both con-
trol and diabetes groups and DFX prevents this pathology,
more so in diabetic rats. In the striatum, there is increased
BBB permeability only in the diabetic group and again DFX
is effective in preventing a disruption of barrier function.

Ferroptosis is a recently discovered cell death mechanism
that is gaining attention in neurodegenerative diseases and
brain injury [11, 24, 25]. This nonapoptotic form of cell death
is differentiated by iron-dependent accumulation of ROS lead-
ing to lasting lipid damage and membrane permeabilization.
This mechanism of cell death is unique that it does not require
any transcriptional activation or post-translational modification
of any effector molecule but occurs when the cellular antioxi-
dant defense system is overwhelmed [53]. Inhibition of the
plasma membrane cystine/glutamate antiporter known as sys-
tem Xc leads to decreased cysteine levels, which is needed for
glutathione biosynthesis. When glutathione levels drop, gluta-
thione peroxidase 4 (GPX4) can no longer function to clear
lipid peroxides leading to cell death. This is particularly impor-
tant for the brain as glutamate, which causes excitotoxic cell
death, also inhibits system X . Ferroptosis pathways are fur-
ther enhanced by activation of IREB2 and acyl-CoA synthetase
long-chain family member 4 (ACSL4), which facilitates the
incorporation of polyunsaturated fatty acids into membrane
phospholipid layers rendering cells more ferroptosis suscepti-
ble. Given the neurotoxic effects of iron, the possible role of
ferroptosis in neurodegenerative diseases and brain injury, from
a neuronal perspective, was elegantly discussed in recent re-
view articles [10, 11, 25]. In the current study, given the
vasoregression observed in diabetic rats after stroke, we
approached ferroptosis from a vascular perspective. While we
did not perform cellular localization studies, initial immunohis-
tochemistry for markers of ferroptosis, IREB2, and CS showed
a strong vascular localization (Supplemental Fig. 5) prompting
us to investigate ferroptosis in vitro using BMVECs isolated
from control and diabetic animals. We have observed a robust
iron-mediated increase in lipid peroxidation in BMVECs from
both control and diabetic animals, but markers of ferroptosis
and lipid peroxidation end products were significantly in-
creased in the “diabetic” cells and DFX was effective in im-
proving cell viability in this group. A recent paper also reported
iron-mediated ROS-dependent changes in the endothelial cell
genome that is associated with senescence and ferroptosis and

the DFX-conjugated nanoparticle prevented these responses
in vitro as well as in vivo in an ICH model [54]. We recognize
the limitations of cell culture and phenotypic changes that can
occur when cells are grown in a dish. However, we have shown
that these primary cells retain some of the pro-angiogenic prop-
erties observed in vivo when used in early passages [16, 55].
Thus, in vitro results support the idea that excessive iron
resulting from HT may promote endothelial ferroptosis and
vasoregression. Additional studies focusing on the impact of
the inhibition of ferroptosis on vascularization patterns as well
as long-term sensorimotor and cognitive outcomes after stroke
may identify novel therapeutic approaches.

Brain and systemic inflammation contribute to the injury
and recovery after stroke. In this regard, microglia have taken
a central role as resident immune cells of the brain. Microglia
activation is highly relevant to HT as these cells take up the iron
from the brain parenchyma. We have observed a robust in-
crease in Ibal-positive cells in the ipsilateral cortex of diabetic
animals as well as a decrease in endpoints and branch length
suggesting activated microglia morphology. DFX treatment
prevented these changes. It is highly possible that chelation of
iron prevented the activation of microglia directly, but it is also
known that nonapoptotic forms of cell death can trigger sterile
inflammation through the release of damage-associated molec-
ular patterns, which are recognized by innate immune receptors
including toll-like receptors (TLRs). We have reported that iron
increases the expression of TLR4 in brain microvessels as well
as in endothelial cells obtained from diabetic animals and iron-
mediated endothelial cell death have features of both
necroptosis and ferroptosis that can be prevented by the inhi-
bition of TLR4 [56]. In the current study, we observed in-
creased TLR4 signal in the vasculature in diabetic rats
(Supplemental Fig. 7). A recent study reported that inflamma-
tory processes following cardiac transplant are initiated through
ferroptotic death of graft endothelial cells in a TLR4-dependent
manner [57]. It is reasonable to speculate that iron-induced
ferroptotic cell death can trigger a vasoneuronal inflammatory
loop that leads to chronic inflammation and progressive post-
stroke cognitive impairment in diabetes.

This study is not without limitations. Mortality is high in
diabetic animals, and as a result, numbers of animals that
completed the study are lower than those of control rats.
Animals were randomized to groups. When an interim analy-
sis showed the jump in mortality with tPA, especially in the
control tPA/DFX group (8% vehicle vs 33% tPA/DFX, Fig.
1), we stopped the tPA/DFX arm of the study, which resulted
in a very low number of animals. Another limitation is the
duration of the study. We followed the animals up to 14 days
because that was the time used in our previous studies in
which we showed cerebral vasoregression. Higher mortality
was also a factor in this decision. In other studies, we have
shown that comorbid diseases including hypertension and di-
abetes cause progressive post-stroke cognitive impairment
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(PSCI) and diabetic animals show further deterioration after
4 weeks when followed up to 8 weeks [58, 59]. While mor-
tality was an issue in diabetic rats, we recognize that longer-
term studies are needed to determine the impact of DFX on
PSCI. We were not able to determine the infarct size. Due to
extensive injury in untreated diabetic animals, brain tissue
collected on day 14 was extremely fragile and could not be
processed for thin sections needed for histology. Infarct size
measurements in this group were not reliable for group com-
parisons. However, we previously showed that infarct sizes
are similar between control and diabetic rats in this model of
embolic stroke when measured by TTC on day 3 [2].
Neuroinflammation was assessed by changes in microglia
morphology and expression of pro/anti-inflammatory markers
by immunohistochemistry. Flow cytometry-based approaches
would have been more desirable, but that would have neces-
sitated additional animals. It is increasingly recognized that
there is functional and regional microglial heterogeneity
[60—62]. As such, different microglial subtypes may respond
differently to any intervention, especially in combination with
tPA, and deserve further exploration. In the current study, we
report the results obtained with male animals. We have shown
very poor short-term outcomes in diabetic females [17] which
necessitated a study of its own in female animals. These re-
sults will be published separately. Finally, as discussed in
preceding paragraphs, we did not use inhibitors of ferroptosis
neither in vivo nor in vitro but rather assessed the impact of
DFX on this cell death pathway in the context of diabetes.
Nevertheless, our findings provide significant novel informa-
tion and suggest that therapeutic targets may differ in the
presence of comorbidities. Enhanced understanding of the im-
pact of HT on the endogenous reparative/restorative mecha-
nisms of the brain and long-term functional outcomes after
ischemic stroke will allow more targeted and effective thera-
peutic strategies for this debilitating disease and associated
complications.
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