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Obesity Drives Delayed Infarct Expansion, Inflammation, and Distinct
Gene Networks in a Mouse Stroke Model
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Abstract
Obesity is associated with chronic peripheral inflammation, is a risk factor for stroke, and causes increased infarct sizes. To
characterize how obesity increases infarct size, we fed a high-fat diet to wild-type C57BL/6J mice for either 6 weeks or 15 weeks
and then induced distal middle cerebral artery strokes. We found that infarct expansion happened late after stroke. There were no
differences in cortical neuroinflammation (astrogliosis, microgliosis, or pro-inflammatory cytokines) either prior to or 10 h after
stroke, and also no differences in stroke size at 10 h. However, by 3 days after stroke, animals fed a high-fat diet had a dramatic
increase in microgliosis and astrogliosis that was associated with larger strokes and worsened functional recovery. RNA se-
quencing revealed a dramatic increase in inflammatory genes in the high-fat diet-fed animals 3 days after stroke that were not
present prior to stroke. Genetic pathways unique to diet-induced obesity were primarily related to adaptive immunity, extracel-
lular matrix components, cell migration, and vasculogenesis. The late appearance of neuroinflammation and infarct expansion
indicates that there may be a therapeutic window between 10 and 36 h after stroke where inflammation and obesity-specific
transcriptional programs could be targeted to improve outcomes in people with obesity and stroke.
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Introduction

Neuroinflammation after stroke causes bystander death of
neurons that leads to infarct expansion [1–3]. Given that
neuroinflammation is instigated by stroke and lasts for
days afterward, it is an attractive therapeutic target.
However, much of this work has been done in otherwise
normal animals. To design therapies for people with
stroke, it is important to understand how the physiologic
state induced by common comorbid conditions influences
the neuroinflammatory response to stroke. Obesity is high-
ly relevant because it induces chronic low-grade peripheral
inflammation. Over one third of the US population is obese
(body mass index (BMI) > 30), and an additional third is
overweight (BMI 25–30) [4, 5]. In addition, people who
are overweight are 22% more likely to have a stroke, while
those who are obese are 64% more likely [6]. It is therefore
critical to study the effects of obesity on neuroinflamma-
tion and stroke.

Outside the brain, diet-induced obesity polarizes im-
mune cells towards a more pro-inflammatory state. In adi-
pose tissue, monocyte chemoattractant protein 1 (MCP-1)
and other cytokines released by adipocytes recruit both
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blood and tissue monocytes and macrophages to infiltrate
adipose tissue, where they adopt a more pro-inflammatory
state and recruit and polarize T lymphocytes towards a pro-
inflammatory Th1 state [7–10]. Adipose tissue then acts as
a pro-inflammatory organ and drives a concomitant in-
crease in pro-inflammatory cytokines in the blood [11–14].

Diet-induced obesity also increases blood-brain barrier
permeability, leading to neuroinflammation in specific
areas of the brain. After at least 6 weeks of high-fat diet,
there are reduced tight junction proteins in brain vascular
endothelial cells [15] and resultant increases in the infiltra-
tion of macromolecules into the hippocampus and hypo-
thalamus [16, 17]. This permeability results in chronic,
low-grade inflammation in these subcortical regions, man-
ifested by increased pro-inflammatory cytokine levels, glial
cell activation, and neuronal dysfunction [18–23].

When a stroke occurs in the pro-inflammatory context of
obesity or diabetes, infarct size is typically larger [24–32].
Only a small number of studies have examined the
neuroinflammatory response after stroke in diet-induced
obesity models, and these demonstrated increases in canon-
ical pro-inflammatory cytokines, tumor necrosis factor
(TNF) and interleukin-6 (IL-6) [28], and a qualitative in-
crease in microgliosis [27]. Following longer high-fat diet
exposure prior to stroke, Maysami et al. [33] reported
blood-brain barrier injury, increased pro-inflammatory cy-
tokine expression, and higher neutrophil numbers 1 day
after stroke.

These studies raised the possibility that the molecular
signature of the neuroinflammatory response to stroke in
obese animals might be different than that in non-obese
animals, and further that this might reflect a unique state
that would require a different therapeutic approach. It has
not been known whether pre-existing changes in the brain
in obesity are the primary driver of these worsened out-
comes or, alternatively, whether increased inflammation
in the peripheral immune system drives at least some of
the increased neuroinflammation after a stroke has oc-
curred. The latter would mean that there is potentially a
therapeutic window after stroke during which harmful neu-
roinflammation could be abrogated.

To address these questions, we used a standard paradigm
to produce diet-induced obesity [34]. We fed wild-type
C57BL/6J mice high-fat or control diet for 6 weeks or
15 weeks prior to stroke and examined neuroinflammation
before and at 10 hours and 3 days after stroke. We then
assessed infarct size and the effect on motor recovery. To
mimic the experience of patients in a hospital, all mice were
placed on control diet after stroke. Finally, we performed
RNA sequencing on cortical samples from naive and
stroked mice following normal or high-fat diet and deter-
mined transcriptional changes that occurred in the brain
from diet alone and after stroke.

Materials and Methods

Experimental Animals

Animals were utilized according to protocols approved by the
Stanford Institutional Animal Care and Use Committee and
the NIHGuide for Care and Use of Animals. One hundred and
forty-five 10–12-week-old female C57BL/6J mice (https://
www.jax.org/strain/000664) were used. Animals were fed a
60% kcal fat diet (no. D12492; Research Diets, Inc., New
Brunswick, NJ) or a normal 18% kcal fat diet (no. 2018SX;
Harlan Laboratories, Indianapolis, IN) for 6 weeks or
15 weeks. To measure glucose tolerance, animals fasted for
24 h, and then blood glucose (tail vein) was measured
(FreeStyle Freedom Lite (70827); Medline Industries, Inc.,
Northfield, IL) prior to and 5, 15, 30, 60, 90, 120, and
180 min after a bolus i.p. injection of 2 g of glucose/kg [35].
All of the experiments were completed in compliance with the
ARRIVE guidelines for how to report animal experiments.

Stroke Models

Animals were anesthetized with 2% isoflurane in 100% oxy-
gen and maintained at 37 °C. For the 10- and 72-hour (3 day)
sacrifice time points, animals underwent distal middle cerebral
artery occlusion (dMCAO), which creates a primarily cortical
infarct [36, 37]. Briefly, an incision was made along the ani-
mals’ skull, and the temporalis muscle transected to expose
the middle cerebral artery through the skull. A craniotomy
was then drilled, and the artery cauterized. The muscle and
skin were replaced, and after closure, the animals received
cefazolin (25 mg/kg s.c., no. 89149-888, VWR) and
buprenorphine SR (1 mg/kg s.c.; ZooPharm, Windsor, CO).
The dMCAOmodel provides a physiologically relevant mod-
el of ischemia, but no long-term functional deficits are
incurred.

Photothrombotic stroke was targeted over the motor cortex
to provide contralateral motor forelimb deficits and was only
utilized for behavioral experiments to measure functional re-
covery. Mice were injected intraperitoneally with 100 mg/kg
Rose Bengal (no. 330000 5G, Sigma) in sterile saline, placed
in a stereotactic frame, and a Metal Halide Fiber optic light
(no. 56371, Edmundonoptics) focused to a 1 mm diameter
with a × 10 microscope objective was placed directly over
the right motor cortex (− 0.5 mm posterior, + 1.75 mm lateral
to bregma) for 15 min.

Immunohistochemistry

Animals were perfused with 10 U/mL heparin in 0.9% NaCl,
and brains were drop fixed in 4% paraformaldehyde in phos-
phate buffer overnight, then sunk in 30% sucrose in PBS.
Forty-micrometer-thick coronal brain sections were sectioned
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using a freezing sliding microtome (MicromHM430), collect-
ed sequentially in 16 tubes, and then stored in cryoprotective
medium (30% glycerin, 30% ethylene glycol, and 40% 0.5 M
sodium phosphate buffer) at 20 °C until processed. Standard
immunohistochemistry procedures were used to stain free
floating sections using antibodies as described in
Supplementary Table 1. For cresyl violet counterstaining,
mounted sections were dehydrated and submerged in cresyl
violet for 5 min.

Quantification Procedures

To calculate stroke size, we immunostained ten coronal sec-
tions that spanned the infarct and were spaced exactly 320 μm
apart with NeuN, then counterstained with cresyl violet. We
imaged with a PathScan Enabler IV (Meyer Instruments,
Houston, TX) and traced the infarct and hemisphere volumes
with ImageJ software (version 1.51c, 2017). For dMCAO, the
percent of infarcted hemisphere (infarcted area (contralateral
hemisphere area / (ipsilateral area without infarcted area +
infarcted area)) / contralateral hemisphere × 100) was used
to quantify infarct core, which controls for edema that often
occurs in the side ipsilateral to the stroke [38]. For
photothrombotic stroke, the direct volume was used to mea-
sure the infarct volume as this model has very little associated
edema at 29 days.

To image microgliosis and astrogliosis, we immunostained
five sections spaced 640μmapart for CD68 and glial fibrillary
acidic protein (GFAP), respectively. Two × 40 images were
captured in the peri-infarct cortex, one medial to and one lat-
eral to the stroke core, each one view field distance (543 μm)
away from the stroke border. In ImageJ, images were set to an
8-bit color (black and white) and blindly quantified at a uni-
form threshold that encompassed area covered (density) of the
soma and processes of each cell type.

To count Iba1-expressing cells, two z-stacks were taken in
the peri-infarct area (similar to above) at × 40 magnification
on three tissue sections centered around the infarct and
640 μm apart. Iba1+ cells were quantified using ImageJ soft-
ware. To quantify Iba1 fluorescence area, images were con-
verted to 8-bit and thresholded using the default mode in the
ImageJ software.

Real-Time Quantitative PCR

To obtain RNA, mice were fed control diet or high-fat diet for
6 weeks, then sacrificed either prior to (naïve) or 10 h or 72 h
(3 days) after stroke. Strokes are visible by eye at this time
point, and cortical tissue was dissected that contained the
stroke core and 1–2 mm of surrounding penumbral tissue.
Cortical peri-infarct tissue was flash frozen, RNAwas extract-
ed (TRIzol, no. 15596-026, Invitrogen) and converted to com-
plementary DNA (cDNA) (High-Capacity cDNA RT kit, no.

4368814, Applied Bioscience). Quantitative PCR was used to
measure gene expression changes. Reactions were performed
in a 384-well plate with SYBR Green (no. 204143, Qiagen)
and run on a QuantStudio 6 Flex (no. 4484642, Thermo Fisher
Scient i f ic) qPCR machine. Primers are l is ted in
Supplementary Table 2. Results were normalized to Hprt
using the ΔΔCt method.

Behavioral Assessments

To measure functional recovery following photothrombotic
stroke to the motor cortex, we utilized the tapered beam, foot
fault, and rotating beam tasks [39–42]. For each task, there
was one habituation day and two pre-training days prior to
photothrombotic stroke. Animals were also tested on days 1,
3, 7, 14, and 28 following photothrombotic stroke. For tapered
beam, the number of contralateral forelimb faults was record-
ed as they progressed down the beam, during four trials each
day. For foot fault, animals were allowed to explore freely for
2 min and the number of contralateral forelimb faults was
recorded. As the rotarod is often used to measure gross motor
deficits that are not present in this model [43], we instead used
the rotating beam [42], animals were placed on a rotating
beam (6 rpm) which they transverse longitudinally, and the
distance covered prior to falling was recorded, for four trials
each day.

RNA Sequencing

RNA library preparation was performed using an Agilent
Bravo automated liquid handling platform using Illumina
TruSeq Stranded Total RNAHT reagents. Final libraries were
assessed for quantity and quality on a Fragment Analyzer
instrument (Advanced Analytical). Multiplexed paired-end li-
braries were pooled and sequenced on an IlluminaHiSeq 4000
instrument at 300 cycles, generating, on average, 20–30 mil-
lion reads per library sample. Following sequencing, reads
were trimmed of adapter sequences using Trim Galore! and
mapped to the mm9mouse reference genome using the STAR
aligner. Read counting was performed at the gene level using
the featureCounts function in HTSeq. Normalization and dif-
ferential expression testing were carried out using the edgeR
package in R/Bioconductor [44, 45]. Genes whose counts did
not average to 10 across all samples were filtered out as low/
non-expressing. Differential expression was then carried out,
and top genes were selected based on false discovery rate
(FDR), and adjusted p values calculated using the Benjamin-
Hochberg (BH) method of correction. We examined Gene
Ontology pathways with Cytoscape [46], using automatic
weighting, indicating to find “zero” top related genes in the
analysis [47]. Pathway analysis was conducted for association
with Gene Ontology categories using the GeneMANIA

333Transl. Stroke Res. (2021) 12:331–346



package [47] in Cytoscape [46] after filtering using DESeq2
(version 3.9) [48].

Rigor and Statistical Analyses

For all experiments, animals were randomized and
concealed, and experimenters blinded. The only animals
excluded from analysis were those that did not survive until
the final endpoint after photothrombotic stroke, and this is
noted in the results. GraphPad Prism software (version 8)
and R [49] were used for graphing and statistical analyses.
The difference of means was assessed by the two-tailed
Student’s t test for 2 groups and a two-way ANOVA and
Sidak post hoc analysis for > 3 groups. Results are presented
as means ± 95% confidence intervals (CIs). For functional
recovery assays, linear mixed-effects models were utilized
with the lme4 package in R statistical package [50], as it
shows greater sensitivity than a repeated-measures
ANOVA [51]. In the model, subjects (i.e., mice) were spec-
ified as a random factor to tolerate the unequal group sizes
by day due to mortality, and then ANOVA tests were used
for differences between the models. To assess the signifi-
cance of the survival curve, we used a Kaplan-Meier
analysis.

Data Availability

The RNA-seq datasets are uploaded to the NCBI Gene
Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE104882) with the number
GSE104882. The data is also available on our laboratory
website in an easily accessible format (buckwalterlab.
shinyapps.io/SixWeekHighFatDietStrokeData/).

Results

High-Fat Diet Causes Weight Gain, Glucose
Intolerance, and Larger Infarct Size

To generate diet-induced obesity, we fed C57BL/6J mice a
high-fat diet for either 6 weeks or 15 weeks (Supplementary
Fig. 1) and examined weight and glucose tolerance.
Animals fed a high-fat diet for 6 weeks were 19.8% heavier,
while animals fed a high-fat diet for 15 weeks were 53.9%
heavier than control diet–fed animals (Supplementary
Fig. 1B). Weight gain was similar to that reported [52, 53]
and consistent between cohorts (data not shown). We ver-
ified the expected glucose intolerance [54, 55] and found
high-fat diet-fed animals were indeed not diabetic but did
exhibit significantly (p < 0.001) impaired glucose tolerance
(Supplementary Fig. 1C).

To assess infarct volume, we performed dMCAO strokes.
This permanent ischemiamodel has the advantage that there is
a sharp delineation between the infarct and uninjured tissue
and relatively low variability [37], allowing precise measure-
ment of the inflammatory response relative to the stroke bor-
der. We induced dMCAO following either 6 weeks or
15 weeks of high-fat diet and measured infarct sizes at 3 days
(Fig. 1a). Animals fed high-fat diet for either 6 weeks or
15 weeks had significantly larger infarct volumes, 136.5%
larger infarct volume than those on a control diet (p < 0.05)
after 6 weeks, and 142.9% larger infarct volume (p < 0.01)
after 15 weeks of high-fat diet. There was no difference in
infarct enlargement between the two diet paradigms (p =
0.896).

Diet-Induced Obesity Animals Have Worsened
Functional Recovery Following Ischemia

The only experimental photothrombotic stroke was used to
assess functional recovery. This model, unlike dMCAO
(which targets the sensory cortex), produces a motor deficit
that persists after stroke [3, 56]. We used a photothrombotic
stroke model to target the motor cortex after 6 weeks of
control or high-fat diet. There was no effect of either diet
or weight on behavioral measures prior to stroke
(Supplementary Fig. 2 and data not shown for the gridwalk
foot fault task). We measured recovery over the next
28 days. Interestingly, we observed increased fatality in
the high-fat diet-fed animals (Fig. 1b), which was not ob-
served with the dMCAO strokes in either diet group (data
not shown).

We measured recovery of the limb contralateral to the
stroke 1, 3, 7, 14, and 28 days after stroke and found signifi-
cantly worse behavioral performance in high-fat diet-fed ani-
mals. In a linear mixed-effects model followed by type II
ANOVA, the main effect of diet and day after stroke signifi-
cantly predicted the number of errors during the tapered beam
task (p = 0.018 and p < 0.0001, respectively), with mice fed
high-fat diet displaying significantly more errors on the task
(Fig. 1c). Additionally, animals fed high-fat diet performed
significantly worse on the rotating beam task (Fig. 1d). Both
diet and day significantly predicted distance traveled in a lin-
ear mixed-effects model with the high-fat diet-fed animals
performing significantly worse (p < 0.0001). There were no
significant differences between groups in a gridwalk foot fault
task (p = 0.473, data not shown).

Following the behavioral assessments, on day 29, we per-
fused the animals and conducted an infarct analysis of the
photothrombotic stroke core. Even after excluding the mice
that died during the experiment, animals fed a high-fat diet
had significantly larger infarct volumes after photothrombotic
stroke than control diet–fed animals (p < 0.01, Fig. 1e).
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Diet-Induced Obesity Elicits Dramatic Increases in
Stroke-Induced Neuroinflammation

We next analyzed whether the neuroinflammation is elicited
by stroke, measured by the area covered by each cell type,
wh ich was inc rea s ed by d ie t - i nduced obes i ty .
Immunohistochemistry for GFAP was used to assess
astrogliosis in the peri-stroke cortex 3 days after stroke, when
the response is at peak. Animals fed a high-fat diet for either
6 weeks or 15 weeks had significantly more GFAP immuno-
staining, approximately a 150% increase in percent area cov-
ered over control diet–fed animals (Fig. 2a, b). CD68 immu-
nostaining was used to assess activated microglia and

monocyte-derived macrophages that come from the blood-
stream, as both are important for phagocytosis of the stroke
core but also can propagate harmful immune responses.
Differences in CD68 immunostaining were even greater.
Animals fed high-fat diet for 6 weeks had 202% more area
covered by staining for CD68, while the animals fed a high-fat
diet for 15 weeks had a 159% larger response than controls
(Fig. 2c, d). Because we found no differences between ani-
mals on 6 and 15 weeks of high-fat diet with either neuroin-
flammation measure or infarct size, we conducted the remain-
der of experiments on animals fed high-fat diet for 6 weeks.

To investigate the CD68 immunostaining differences, we
stained for Iba1 to capture all microglia and monocyte-derived

Fig. 1 High-fat diet-fed animals exhibit increased infarct size and are
more impaired after stroke than animals on control diet. a
Representative photomicrographs 3 days after dMCAO stroke, stained
with the neuronal marker NeuN and cresyl violet following either 6 weeks
or 15 weeks of control diet or high-fat diet, and quantification of infarct
size (as percent infarcted area) showed that in both conditions, animals
fed high-fat diet had larger infarct sizes than their control diet–fed coun-
terparts at 3 days after stroke. b–e An additional group of animals was
given photothrombotic stroke in the motor cortex to examine motor re-
covery. b Survival curve demonstrating a significant mortality rate of
40% in the high-fat diet-fed animals and a mortality rate of 0% in the
control diet–fed animals (n = 10/group). Performance on both c tapered
beam and d rotating beam tasks (bottom) is identical pre-stroke but worse

in animals fed high-fat diet for at least 28 days after stroke (linear mixed-
effects models, compared statistically with ANOVA: F = 35.27
(p < 0.001) for tapered beam and F = 103.21 (p < 0.0001) for rotating
beam). Linear-mixed effects model demonstrates significant differences
between diet groups in both tasks following stroke. e Representative
photomicrographs 29 days after photothrombotic stroke, stained with
the neuronal marker NeuN and counterstained with cresyl violet (top),
and quantification of absolute infarct volume (bottom) showed that ani-
mals fed 6 weeks of high-fat diet had significantly larger infarct sizes than
their control diet–fed counterparts at 29 days after photothrombotic
stroke. Error bars ± 95% CI; *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001
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macrophages (Fig. 2e). There were no significant differences
between the numbers of Iba1+ cells in the peri-infarct area
(Fig. 2f), but the average area covered per cell was significant-
ly larger in animals fed a high-fat diet for 6 weeks prior to
stroke (Fig. 2g). Thus, the microgliosis induced by high-fat
diet is due to a change in cell morphology rather than in-
creased number.

Diet-Induced Obesity Does Not Induce
Neuroinflammation in the Uninjured Brain

Next, we asked whether the increased neuroinflammation at
3 days was due to diet-induced neuroinflammation prior to
stroke. Interestingly, there were no differences in cell mor-
phology or the percent area covered by GFAP+ astrocytes or
CD68+ macrophages (Fig. 3a), indicating no gross change in
neuroinflammation from diet alone.

Animals Fed High-Fat Diet Do Not Have Larger Infarct
Volumes or Increased Neuroinflammation 10 Hours
After Stroke

Given that there was no prominent neuroinflammation before
stroke, we evaluated it shortly after stroke to determine if there

might be a therapeutic windowwhere the brain is not yet affected
by peripheral inflammation, choosing 10 hours as it is a clinically
tractable window. We fed mice a high-fat or control diet for
6 weeks and sacrificed them 10 hours after stroke. At this 10-
hour time point, there was no significant infarct volume differ-
ence (Fig. 3b). Notably, similar to the naïve (pre-stroke) mice,
there was no difference between the groups in either astrogliosis
or microgliosis (Fig. 3c) 10 hours after stroke. Thus, although
there is clearly increased inflammation measured by immunohis-
tochemistry by 3 days after stroke, both stroke expansion and the
increased neuroinflammation occur between 10 hours and 3 days
after stroke.

Animals with Diet-Induced Obesity Have Increased
Pro-inflammatory and Chemoattractant Gene
Expression at 3 Days, but Not Prior to or at 10 Hours
After Stroke

We next performed qPCR for neuroinflammatory genes to better
characterize the inflammatory changes and determine whether
transcriptional differences precede immunohistochemical chang-
es. We evaluated cortical tissue that contained the infarct and
peri-infarct cortex (or location-matched cortical tissue in mice
before stroke). We chose genes a priori that are implicated in

Fig. 2 Increased activation of
astrocytes and microglia 3 days
after stroke in high-fat diet-fed
animals. a Representative photo-
micrographs of GFAP-
immunostained cortex following
either 6 weeks or 15 weeks of
high-fat diet. b Quantification of
percent area covered by GFAP
immunostaining. cRepresentative
photomicrographs of CD68-
immunostained cortex following
either 6 weeks or 15 weeks of
high-fat diet. d Quantification of
percent area covered by CD68
immunostaining. e Confocal z-
stacks of Iba1-immunostained
cells in the peri-infarct cortex. f
Quantification of Iba1+ cell
numbers in the peri-infarct cortex.
g Quantification of average area
covered per Iba1+ cell. Scale bars
100 μm; error bars ± 95% CI;
*p < 0.05, **p < 0.01,
****p < 0.0001
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peripheral inflammation following obesity or in the peri-infarct
area following stroke. In high-fat diet-fed animals, 3 days after
stroke, there was increased expression of the pro-inflammatory
genes Nos1, Nfkb, Tnf, and Ccl2/MCP-1 (Fig. 4a–d) and the cell
adhesion molecules Vcam1 and Icam1 (Fig. 4e, f). As with our
immunohistochemical measures of neuroinflammation, there
were no significant differences in any of these genes between
the diet groups either prior to or 10 h after stroke. Thus, qPCR for
candidate genes confirmed that the neuroinflammation induced
by high-fat diet appears in the brain subsequent to the 10-h time
point after stroke.

High-Fat Diet Exerted Few Changes on Cortical Gene
Transcription Before Stroke

To delve more deeply into transcriptional changes induced by
high-fat diet, we performed RNA-seq on mice fed 6 weeks of
control or high-fat diet prior to stroke (naïve mice). In agree-
ment with immunohistochemistry results, there were minimal

differences between high-fat diet-fed and control diet–fed an-
imals (Fig. 5a). Comparing cortical RNA from mice on con-
trol versus high-fat diet, only 13 genes were significantly
(p < 0.01, log2 fold change, FDR < 0.01) different
(Supplementary Table 3). Eight were upregulated
transthyretin, prolactin receptor, a mitochondrial tRNA syn-
thetase, two predicted genes, a microRNA, and two ribosomal
genes. Calpain 11, Aim-1-like, and the proto-oncogene JunB
were among the five downregulated genes. There were no
significant Gene Ontology (GO) pathways represented by
these gene changes, and none were directly related to inflam-
matory pathways. This is consistent with only minimal tran-
scriptional changes in the cortex.

Genes Changed by High-Fat Diet After Stroke Are
Primarily Pro-inflammatory

We next compared gene expression 3 days after dMCAO stroke
(Fig. 5b) in infarct core and peri-infarct cortex. There were 313

Fig. 3 High-fat diet for 6 weeks
does not induce cortical
astrogliosis or microgliosis either
prior to or 10 h after stroke. a
Representative photomicrographs
and quantification of
immunohistochemistry for GFAP
and CD68 to measure astrogliosis
and microgliosis, respectively, in
cortical regions of animals fed
6 weeks of high-fat diet and con-
trol diet. b Infarct analysis
10 hours after dMCAO stroke in
animals fed control or fed high-fat
diet for 6 weeks prior to stroke.
Representative photomicro-
graphs, stained with the neuronal
marker NeuN and counterstained
with cresyl violet (left), and
quantification of infarct size (per-
cent infarcted area). c
Representative photomicrographs
and quantification of immunohis-
tochemistry for GFAP and CD68
to measure astrogliosis and
microgliosis, respectively, in the
peri-infarct cortex of animals that
were fed 6 weeks of high-fat diet
and control diet and then
sacrificed 10 h after stroke. Scale
bars 100 μm; error bars ± 95% CI
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genes that were different in high-fat diet-fed than control diet–fed
animals. Alsomirroring our previous immunohistochemistry and
qPCR assessments of neuroinflammation, and in contrast to pre-
stroke, the brain transcriptome after stroke was dramatically dif-
ferent in high-fat diet-fed animals versus the control diet–fed
animals, with 275 genes significantly upregulated in high-fat
diet-fed animals relative to control diet and 38 genes downregu-
lated (Fig. 5b). Thus, the vast majority of changes induced by
diet occurred after stroke (Fig. 5c). The top two upregulated
genes after stroke were transthyretin and folate receptor 1
(Supplementary Table 4), which were both also upregulated by
high-fat diet prior to stroke. The majority of the top 20 downreg-
ulated genes had a small log fold change and were predicted
genes (Supplementary Table 4).

We performed network visualization with Cytoscape to
identify significant relationships among genes changed in this
by diet comparison of high-fat diet versus control diet after
stroke (Fig. 5d). Differentially expressed genes were related to
inflammatory responses including IFNβ, defense response,
and antigen processing and to injury response and extracellu-
lar matrix. GO pathway analysis was consistent with this; the
predominant effect of high-fat diet on stroke was to upregulate
the immune response (Fig. 5e). The top 20 pathways were
related to extracellular matrix remodeling and cell migration
(10 pathways), general inflammation or innate immune re-
sponses (5 pathways), and antigen processing and adaptive
immune responses (5 pathways).

On Either Diet, the Majority of Genes Upregulated by
Stroke Are Pro-inflammatory

To ask what was similar versus different between the re-
sponse to stroke on the two diets, we performed a by stroke
comparison. We found that there were 1346 genes changed
by stroke in mice on control diet, and most of them were
upregulated (Fig. 6a). The most downregulated gene in
control mice after stroke was transthyretin, which was over
4-fold decreased (Supplementary Table 5). There were
nearly twice as many genes that were significantly different
after stroke in the high-fat diet-fed mice, 2140 total
(Fig. 6b). Many of the genes most upregulated in control
diet–fed mice were also among the top 20 most upregulated
in the high-fat diet-fed mice and were pro-inflammatory
(Supplementary Table 6). Top genes upregulated by stroke
in both diets included lipocalin-2, CD5 antigen-like, matrix
metallopeptidase 8, Mediterranean fever, platelet selectin,
and apolipoprotein C-II.

To further investigate the overlap between the genes
changed in stroke in mice on both diets, we segregated them
into three groups (Fig. 6c, d), (1) those changed in control
diet but not high-fat diet (199 genes), (2) those changed in
both diets (1147 genes), and (3) those only altered by stroke
in the high-fat diet-fed mice (993 genes). In the 199
changed by stroke in control mice alone, GO pathway anal-
ysis revealed only 7 significant GO pathways, most related

Fig. 4 High-fat diet fed animals had increased gene expression of pro-
inflammatory genes at 3 days after stroke, but not pre-stroke or 10 hours
after stroke. Groups are 6–10 animals, and gene expression was deter-
mined by quantitative real-time PCR. Nos1, nitric oxide synthase 1;

Nfκb, nuclear factor kappa B; Tnf, tumor necrosis factor α; Ccl2, C-C
motif chemokine ligand 2; Vcam1, vascular cell adhesion molecule 1;
Icam1, intercellular adhesion molecule 1; error bars ± 95% CI; *p < 0.05,
**p < 0.01.
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to muscle, perhaps not surprising given the relatively small
number of genes (Fig. 6d). On the other hand, the top twen-
ty GO pathways for the 1147 genes in common were nearly
all related to general and innate immune responses. The 993
upregulated by stroke in high-fat diet-fed animals but not
control diet animals were associated with additional innate
and general inflammatory pathways, and also extracellular
matrix remodeling, adaptive immune responses, and
angiogenesis/vasculogenesis (Fig. 6d).

A deeper look at the 1147 genes upregulated by stroke
in both diets demonstrated that in high-fat diet-fed ani-
mals, 1106 are upregulated by stroke, and of these, the
vast majority (993) are higher in high-fat diet-fed than
control diet–fed mice (Fig. 7a). Comparing the upregula-
tion of classical anti-inflammatory and pro-inflammatory
immune genes in this group of genes revealed that al-
though both types of genes were upregulated by stroke
in mice on both diets, in general, the relative upregulation

Fig. 5 Differential gene expression in the cortex of high-fat diet-fed com-
pared to control diet–fed animals before (naïve) and 3 days after stroke. a
Volcano plots indicating levels of differential gene expression for control
diet versus high-fat diet in mice fed diet for 6 weeks and before (a, naïve)
and 3 days after stroke (b). The log fold change in gene expression
between pairs of conditions is plotted against the false discovery rate
(FDR, in negative log base 10). Genes highlighted in red indicate signif-
icance at FDR < 0.01. c Venn diagram showing the number and overlap
in genes significantly different between diets (FDR< 0.01). d Cytoscape

network plot of significant genes (FDR < 0.01) that differ between high-
fat diet and control diet animals after stroke. Node (genes) connections are
determined by the GeneMANIA plugin corresponding to known physical
interactions (pink), shared protein domains (yellow), and protein co-
localization (blue). e Top Gene Ontology (GO) pathways altered in
high-fat diet-fed mice following stroke. Pathways are color coded into
three main biological effects: general and innate inflammation (yellow),
extracellular matrix and tissue reorganization (purple), and adaptive im-
munity (blue)
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by high-fat diet was higher for pro-inflammatory genes
than for anti-inflammatory genes (Fig. 7b). To provide
easily accessible data to stroke scientists interested in

obesity, we designed a website that displays our
transcriptomic data (buckwalterlab.shinyapps.io/
SixWeekHighFatDietStrokeData/).

Fig. 6 Differential gene expression in the cortex of naïve animals
compared to 3 days after stroke in control and high-fat diet-fed animals.
aVolcano plots indicating levels of differential gene expression in control
animals both before (naïve) and 3 days after stroke. b Volcano plots
indicating levels of differential gene expression in high-fat diet-fed ani-
mals both before (naïve) and 3 days after stroke. The log fold change in
gene expression between pairs of conditions is plotted against the false
discovery rate (FDR, in negative log base 10). Genes highlighted in red
indicate significance at FDR < 0.01. cVenn diagram showing the number

and overlap in genes significantly different between naïve and 3 days after
stroke (FDR< 0.01), comparing control and high-fat diet. d Tables of top
GO pathways altered in the gene sets upregulated by stroke in control
diet–fed animals only (left), in both conditions (middle), and only in high-
fat diet-fed animals (right). Pathways are color coded into four main
biological effects: general and innate inflammation (yellow),
vasculogenesis/angiogenesis (pink), extracellular matrix and tissue reor-
ganization (purple), and adaptive immunity (blue)
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Discussion

In summary, we examined the effects of diet-induced obesity
on stroke outcomes. We replicated other's results that high-fat
diet induced larger strokes at 3 days accompanied by increases
in neuroinflammation in diet paradigms lasting either 6 weeks
or 15weeks. After establishing this, we focused on the 6-week
paradigm and described for the first time that this is due to
increased infarct expansion between 10 hours and 3 days after
stroke in obese mice. Increases in neuroinflammation also
were not present prior to stroke and appeared after 10 hours,
highlighting a potential therapeutic window after stroke.
Finally, we report here the first transcriptome of obese stroke
and describe molecular responses, and make the data publicly
available on an easily accessed website for other researchers.
We observed very few gene expression changes in the cortex
prior to stroke. In addition to increased inflammatory gene
expression at 3 days (buckwalterlab.shinyapps.io/
SixWeekHighFatDietStrokeData/), obesity promoted genes
related specifically to extracellular matrix generation,
adap t ive immune responses , and angiogenes i s /
vasculogenesis. Importantly, in our studies, all animals were
fed a normal control diet after stroke to model standard patient
care. Thus, the observed effects are due to the chronic
influence of diet on neuroinflammation rather than an acute
effect of high-fat diet after stroke.

Our observation of increased infarct expansion from obe-
sity is novel; however, it is consistent with other reports of
larger infarcts in high-fat diet-fed animals, measured at a sin-
gle time point between 1 day and 1 week after stroke [24–26,
28, 30, 57–61]. In genetic animal models of obesity and dia-
betes, strokes are also typically larger, and inflammation has
been implicated (reviewed in [32, 62, 63]) and related to leptin
resistance [64], which we did not examine here. We were also
able to demonstrate larger infarct size in two separate models
of stroke, suggesting that this response is a physiologically
relevant response.

We employed two animal models of stroke to assure these
changes were not solely due to a consequence of using either a
thrombotic or an ischemic model. We utilized the dMCAO
model as a more clinically relevant model to measure neuro-
inflammation in the peri-infarct area as it portrays a very clear
infarct border. While the dMCAO model creates infarcted
tissue in the sensory cortices [37], it is difficult to test mice
for sensory deficits. Additionally, sensory tests that have been
used in the literature, like the adhesive removal task, and the
corner test only demonstrate functional deficits for 1 day fol-
lowing surgery [65, 66] due to rapid spontaneous recovery.
This time window does not allow enough time to measure the
functional results of later infarct expansion. While the
dMCAO model was the central focus of this study, the
photothrombotic model over the motor cortex was utilized
as a confirmatory experiment to measure functional deficits
that were exacerbated in the high-fat diet-fed animals. The
high-fat diet-fed animals had increased infarcts in both of
these stroke models.

Several mechanisms may lead to larger infarcts in obesity
and are likely related to infarct expansion that we report here.
Infarcts could be larger in obese animals due to endothelial
dysfunction and arterial stiffness, which are one of the initial
effects of obesity [67–69]. This would be expected to cause
strokes to be initially larger in models with a large penumbra
[32], but in our dMCAO model, there is a limited penumbra
and infarct size should be relatively resistant to stiffness-
induced changes in collateral blood flow. Thus, its contribu-
tion to stroke size is likely dependent on the availability of
collateral circulation, which was not a significant factor in our
study. This allowed us to isolate the effects of obesity on
neuroinflammation after stroke and learn more about this ther-
apeutically accessible target. However, vascular dysfunction
is likely an important contributorymechanism to stroke size in
people with obesity and stroke.

Second, the peripheral inflammation caused by diet-induced
obesity might lead to increased brain inflammation either prior to

Fig. 7 Increased pro-inflammatory gene expression in the cortex 3 days
after stroke in high-fat diet mice. All genes were significantly upregulated
by stroke in both control diet and high-fat diet-fed animals (FDR < 0.01).
Selected genes were colored according to their classical inflammatory

roles. a Scatterplot of log2 fold change induced by stroke in control diet
(x-axis) versus high-fat diet (y-axis). b Expression ratio (high-fat diet/
control diet) of gene fold changes between diets 3 days after stroke
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or at the time of stroke.We performed careful analysis by qPCR,
andRNA sequencing examined this inmice fed 6weeks of high-
fat diet and did not see increased brain inflammation, so in-
creased cortical inflammation prior to stroke was not a factor in
infarct expansion. Specifically, there was no upregulation of in-
flammatory genes in obese mice prior to stroke nor increases in
microgliosis and astrogliosis or key inflammatory genes before
and 10 hours after stroke. To our knowledge, others have not
examined very early time points ≤ 10 hours after stroke in stroke
and obesity studies. Since there is two-way communication be-
tween the brain and peripheral immune system following stroke,
it is important to consider systemic inflammation [70, 71].

Although we did not see cortical neuroinflammation
prior to stroke in obese mice, in other models and in some
obese people, there is likely obesity-induced neuroinflam-
mation that would amplify the effects we report here.
Prior studies in diet-induced obesity models are conflict-
ing. Some report an absence of cortical neuroinflamma-
tion [72–75] while others using longer diet regimens do
find it [76, 77]. For example, male C57B6/J mice fed up
to 4 months on high-fat diet had 1.5-fold increases in
TNF, IL-6, and IL-1β in the cortex [76]. Studies on the
hypothalamus, which has increased blood-brain barrier
permeability [78], more consistently report obesity-
induced neuroinflammation [18, 79–82]. We also used
female mice here, which exhibit less hypothalamic in-
flammation in diet-induced obesity [22], and there are
inter-model differences in diet composition, genetic back-
ground, and housing conditions that also may influence
neuroinflammation.

Finally, the most likely cause in our model is obesity-
induced systemic inflammation, where cells and/or inflamma-
tory mediators gain access to the brain after the stroke and
induce late neuroinflammation, after 10 hours [70, 71, 83].
The evidence for this is that we saw increased infarct expan-
sion between 10 hours and 3 days in high-fat diet-fedmice and
increased activation of astrocytes and microglia/macrophages
during the same time period. Notably, at 10 hours, we did not
see increased blood-brain barrier permeability (data not
shown) or increases in cytokine expression in high-fat diet-
fed mice compared to those on control diet. We counted peri-
infarct Iba1-expressing cells and saw morphology consistent
with increased activation but not increased cells in obese mice,
implying that the increased neuroinflammation was related to
increased activation of each cell rather than more cells invad-
ing the stroked brain. Indeed, hyper-activation of the periph-
eral immune system is well described in obesity [7–14], and in
obese mice following stroke, there are increases in plasma free
fatty acids, pro-inflammatory cytokines, and several mem-
brane lipids which affect both the metabolism and inflamma-
tory response following stroke and may lead to the worsened
outcomes associated with stroke and obesity [83]. In the fu-
ture, we may be able to target obesity-induced peripheral

inflammation prior to its effects on neuroinflammation and
infarct expansion.

Our RNA sequencing results frommice fed high-fat diet or
control diet for 6 weeks brought out several interesting path-
ways that are altered by diet-induced obesity and are potential
therapeutic targets. The innate inflammatory response to
stroke was similar but amplified in the obese mice compared
to those fed control diet, with almost all gene changes higher
in the high-fat diet-fed animals. GO pathways were over-
whelmingly related to innate inflammation and general im-
mune responses, and although pro-inflammatory genes were
slightly more upregulated than anti-inflammatory genes, there
was not a clear signal of differential polarization of the im-
mune response. This is distinct from obesity-induced inflam-
mation in adipose tissue, where macrophages are polarized
towards a more pro-inflammatory state [84–87]. Peripheral
blood mononuclear cells are also more activated in obesity
and demonstrate a propensity to excrete higher levels of pro-
inflammatory cytokines after stimulation [88, 89]. Stroke it-
self also acts as a highly pro-inflammatory stimulus to periph-
eral immune cells [90] as well as in the cortex as we report
here. So, the increased innate inflammation we see in obese
animals after stroke is likely a result of synergy between the
stimulus of obesity and that of stroke.

There were three biological processes that were altered by
stroke in high-fat diet-fed but not control diet–fed animals.
Each is implicated in the negative effects of obesity in other
organs, and effects on stroke recovery remain unknown but
are likely harmful. Extracellular matrix remodeling is impli-
cated in obesity-induced insulin resistance [91] and contrib-
utes to higher cancer risk [92, 93]. In stroke, extracellular
matrix differences could hinder normal axonal sprouting and
rewiring during recovery [94, 95]. Increased adaptive inflam-
mation in obese animals happens in adipose tissue [8, 9, 84,
87, 96]. In the brain after stroke, adaptive immune responses
may increase both chronic inflammation and autoreactivity
against brain antigens after stroke, both implicated in post-
stroke cognitive impairment [97]. Finally, obesity altered an-
giogenic and vasculogenic pathways after stroke, and it is
known to promote angiogenesis in adipose tissues [98], but
conversely to impair wound healing by impairing
vasculogenesis [99, 100]. Genes driving these GO pathways
in our stroke model included endothelial receptors like Tek
(Tie-2), Adgra2, Tie1, and Acvrl1, implying that obesity is
altering brain endothelial cell gene expression after stroke.
Notably, in obese animals, stroke did not increase Vegf ex-
pression, which is a strong driver of angiogenesis, plus there
was a 2-fold upregulation of the angiogenesis inhibitor
angiopoietin 2 (Angpt2). This may mean that the differences
in these pathways result in less angiogenesis in obese animals
after stroke.

It is important to consider that it is unlikely that all obesity-
induced molecular changes are harmful, and some are likely
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beneficial. Transthyretin was highly increased in high-fat diet-
fed animals both before and after stroke and was downregu-
lated by stroke in control diet–fed animals. However,
deciphering its role is challenging. Transthyretin is a multi-
functional pre-albumin that is named for its role in
transporting thyroid hormone (T4) but also transports many
other proteins [101]. One of these is retinol, or vitamin A, and
both T4 and retinol are neuroprotective, so Ttr upregulation
may be beneficial in stroke [102]. Indeed, Ttr has been directly
implicated in neuroprotection in the setting of impaired heat
shock responses [103]. Much less is known about the folate
receptor Folr1, which is also prominently upregulated by
high-fat diet. Its paralog Folr2 is a pro-resolution/M2 macro-
phage marker [104], so its upregulation may also be
advantageous.

Some advantageous gene expression changes may explain
the obesity paradox. The obesity paradox is that although
obesity is a risk factor for many diseases, it can also confer
some protection from the effects of those diseases. However,
this has not been consistently observed in mouse stroke stud-
ies and in human studies; although there are some positive
studies, there are also methodological concerns [105].

Despite the possibility of some benefit to obesity, the net
effect of diet-induced obesity in our study was not only to
promote infarct expansion but also to worsen outcomes after
stroke. Animals fed high-fat diet for up to 4 weeks after stroke
were more functionally impaired by stroke. This is also in
agreement with the literature which has shown deficits in motor
coordination, activity, and neurological function in high-fat di-
et-fed animals following ischemic insult [24, 25, 27, 57, 58].

There are several factors outside the scope of this study that
will be interesting to study in the future. First, we only exam-
ined females and effects of high-fat diet may be different in
males [22]. Second, mice fed a high-fat diet can acquire other
comorbidities like those seen in humanswhichmay play a role
in the initiation, magnitude, or prolongation of the
neuroinflammatory response. We replicated the established
evidence of the development of pathogenic glucose intoler-
ance in feeding paradigms similar to ours [106, 107]. In mice
fed high-fat diet for 15 weeks, there is likely type 2 diabetes in
conjunction with diet-induced obesity [106, 107]. Notably, we
did not see differences between the 6- and 15-week diet par-
adigms in stroke size, microgliosis, or astrogliosis at 3 days.

Our data is highly relevant to human health. The encour-
aging finding that infarct expansion has not yet occurred at
10 h after stroke means that there may be an accessible ther-
apeutic window after stroke in the obese where targeting of
inflammatory mechanisms can reduce stroke morbidity and
mortality. Our RNA sequencing data points to several inflam-
matory pathways likely to be upstream of infarct expansion
that are consistent with prior literature on diet-induced obesity
and peripheral inflammation in humans as well as in mice.
Future animal studies targeting these pathways in multiple

animal models of obesity and stroke have a high potential to
lead to treatments for obese people who suffer a stroke.
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